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ASSOCIATIONS BETWEEN RETROSPECTIVE REPORTS OF ADVERSE
CHILDHOOD EXPERIENCES, SYSTEMIC INFLAMMATION, AND RESTING BRAIN
CONNECTIVITY IN MIDLIFE ADULTS
Thomas Edward Kraynak, MS
University of Pittsburgh, 2018
Adverse childhood experiences (ACEs) confer risk for negative mental and physical health
outcomes across the life course. ACEs may confer this risk by affecting the functional
connectivity of corticolimbic brain circuits implicated in threat processing, emotion regulation,
contextual memory, and peripheral physiological regulation. Critically, the biological pathways
that link ACEs to the brain are not well understood. The present study addresses this knowledge
gap by considering mediators of systemic inflammation, in particular the proinflammatory
cytokine interleukin(IL)-6, which may be increased following ACEs and may also influence
corticolimbic brain circuits. In accordance with prior theoretical accounts, it was hypothesized
that circulating IL-6 would statistically link retrospective reports of ACEs to corticolimbic
connectivity in adulthood. Participants were 303 healthy midlife adults who retrospectively
reported ACEs, underwent a blood draw to assess circulating IL-6, and underwent resting-state
fMRI. Hierarchical linear regression analyses controlling for age, sex, race, BMI, and participant
motion tested whether retrospectively reported ACEs predicts circulating IL-6 and resting
corticolimbic connectivity, as well as whether circulating IL-6 predicts resting corticolimbic
connectivity. Ancillary analyses tested whether corticolimbic connectivity associated with
subclinical depressive symptoms, as well as whether ACEs moderated any brain-inflammation

associations. Retrospective reports of physical abuse associated with IL-6 (B(SE) = 0.14(0.05), p



= 0.009), but not with corticolimbic connectivity (p = 0.165). IL-6 associated negatively with
connectivity in a corticolimbic circuit comprising the amygdala, hippocampus, ventromedial
prefrontal cortex, and subgenual anterior cingulate cortex (B(SE) = -0.17(0.06) p = 0.006).
Subclinical depressive symptoms were unrelated to corticolimbic connectivity (p > 0.75) and
ACEs did not moderate any brain-inflammation associations (p > 0.29). These findings agree
with studies linking ACEs to systemic inflammation and systemic inflammation to adult
functional connectivity, yet they diverge from those linking ACEs and adult functional
connectivity. Collectively, these results do not fully support theoretical accounts linking ACEs to

adult corticolimbic connectivity via systemic inflammation.
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INTRODUCTION

1.1 ADVERSE CHILDHOOD EXPERIENCES: EPIDEMIOLOGY,

MEASUREMENT, AND UNDERLYING DIMENSIONS

Adverse childhood experiences (ACE) span a range of circumstances occurring during childhood
and adolescence, including socioeconomic disadvantage, familial violence, parental loss,
dysfunction, abuse, or neglect, environmental or national disasters, and acute traumas. These
experiences are not uncommon. For example, in a nationally representative sample of midlife
adults, over half endorsed experiencing one or more of these forms of adversity (Green et al.,
2010). Moreover, at least 10% reported growing up during economic adversity, and 8% reported
being physically abused by caregivers. While these experiences may have different
psychological effects during childhood, a body of epidemiological research indicates that they
further relate to negative mental health outcomes across the entire life course.

The most extensively documented mental health consequences of ACEs are increased
risks for developing mood disorders, including depression, anxiety, and posttraumatic stress
disorder (PTSD). As examples, the number of adverse experiences in childhood associates with a
greater lifetime risk of developing depression in adulthood (Kessler & Magee, 1993), and
retrospective reports of childhood abuse predict the onset of PTSD in individuals who are re-

exposed to trauma in adulthood (Bremner, Southwick, Johnson, Yehuda, & Charney, 1993).



Importantly, many associations that are reported between ACEs and adult health outcomes are
statistically independent of more recently experienced stress in adulthood. Collectively, this
suggests that ACEs might influence mental health outcomes many decades later.

In studies that examine associations between ACEs and adult health outcomes, childhood
experiences are often measured with one of two methodologies. Each of these methodologies
provides distinct advantages and disadvantages, all of which may affect the interpretations of any
observed associations with health outcomes. The first of these methodologies uses prospective
observations and reports of experiences and circumstances that are collected during longitudinal
studies. These are typically derived from caregiver reports or custodial agencies, and are
considered to be a gold standard in the field. The primary advantage of prospectively collected
measures is that, of the two methodologies, they are thought to be less sensitive to reporting
biases, because reports are usually provided by third-party (independent) observers. However,
because of the significant social stigma that surrounds these experiences (e.g., parental abuse),
there is a risk for potential underreporting by caregivers or under-detection by reporting agencies
(Hardt & Rutter, 2004; Teicher, Samson, Anderson, & Ohashi, 2016). Moreover, Teicher et al.
(2016) argue that by implementing regular screenings for childhood maltreatment and
establishing procedures for responding to documented circumstances, these longitudinal studies
ostensibly provide an intervention to what should otherwise be an observational study. Put
differently, caregivers who participate in these studies may change their behavior in response to
being monitored for activities such as parental abuse, in turn limiting the generalizability of
findings.

The second methodology uses retrospective reports of childhood experiences, which are

collected later in life, most commonly coinciding with collection of relevant health outcome



measures. These recollections are recorded via either self-report questionnaires [e.g., the
Childhood Trauma Questionnaire (Bernstein et al., 1994)] or structured interviews [e.g., the
Family History Screen (Milne et al., 2009)]. This methodology has the advantage of being
significantly less costly and time consuming than methodologies of longitudinal designs.
However, there are several disadvantages with this methodology, many of which involve
reporting biases. Specifically, adults may be unable to remember past events at all or with
certainty, particularly if they are traumatizing or stressful in nature (Pope & Hudson, 1995).
Similarly, adults might suppress or minimize the severity of traumatizing experiences; indeed,
studies that directly compare retrospective and prospective reports show that when using
retrospective methodologies, participants tend to report lower incidence and reduced severity of
ACEs (Shaffer, Huston, & Egeland, 2008). Therefore, these biases might increase false negatives
in retrospective reports of ACEs (Usher & Neisser, 1993) and lower statistical power in studies
that use them. Conversely, there is a possibility that personality or affective factors such as
negative affectivity or neuroticism may negatively “color” a participant’s subjective assessment
of past childhood experiences, in turn increasing false positive rates in these reports.
Furthermore, if these psychological factors are related to a health outcome under study (e.g.,
negative affectivity and depression diagnosis), there is a risk that recall biases related to
personality factors could actually confound the relationship between ACEs and the health
outcome (Watson & Pennebaker, 1989). However, the significance of these potential biases and
confounds have been questioned (Brewin, Andrews, & Gotlib, 1993). A recent empirical
comparison of prospective and retrospective reports (Reuben et al., 2016) found that the two
methodologies provided moderately correlated responses (r = 0.47), yet differed in how they

predicted physical and mental health outcomes. Retrospective reports more strongly associated



with mental illness diagnoses, subjective physical, and cognitive health; conversely, prospective
reports more strongly associated with objective markers of physical health. Taken together, while
it is not entirely clear which methodology is superior, both retrospective and prospective forms
of measurement appear to capture the incidence of ACEs, albeit with varying levels of accuracy
and with possible differential associations with health outcomes.

Broadly, different adversities are similar insofar as they occur over acute or chronic
periods of perceived or real stress during development. However, it is not clear how different
forms of ACEs may uniquely or commonly relate to later health outcomes. As an example,
although growing up in poverty and experiencing chronic physical abuse both fall under the
domain of ACEs, it is not clear whether the risk conferred by these different adversities would be
similar or different for different later life health outcomes. And, it is often difficult to dissociate
their associations or examine their synergistic or additive associations with later life health
outcomes when they occur together. To address some of these issues, researchers have used
various approaches to characterize the severity and dimensions of these experiences, three of
which will be briefly reviewed.

First, a conventional approach used to summarize the gradation of childhood adversity,
while maintaining the individual contributions of different forms of adversity, is to count the
number of types of adversities that exceed a cutoff criterion of ‘significance.” This approach is
based on a ‘cumulative risk model’, and relationships tested between this additive metric and
health risks hence test for a ‘dose-response’ relationship between adversity — broadly
conceptualized — and health. Numerous population-based studies have shown that this additive
metric of adversity significantly predicts mental health outcomes above-and-beyond individual

types of adversity (Edwards, Holden, Felitti, & Anda, 2003; Green et al., 2010). However, an



assumption behind this metric is that different types of adversity affect health to an equivalent
degree; moreover, the choices made in identifying different types of adversity and their threshold
criteria for ‘significance’ are not standardized. The latter poses problematic issues for replication
efforts.

Two other approaches each recognize that certain types of ACEs are more likely to be co-
reported than others, in turn forming clusters of features that may reflect meaningful dimensions
of adversity. One example of this approach groups together adversities that reflect aspects of the
family environment; examples here include parental psychopathology, discord, and neglect
(Repetti, Taylor, & Seeman, 2002). A more recent perspective separates types of adversity into
dimensions of deprivation and threat. Experiences of deprivation would include
institutionalization, neglect, socioeconomic disadvantage, and other conditions of environmental
impoverishment. Experiences of threat would include events that involve actual or threatened
death, serious injury, sexual violation, or other harm to one’s physical integrity (McLaughlin,
Sheridan, & Lambert, 2014). Critically, this latter approach is principally derived from
neurobiological models of early life adversity and later health, providing a basis for testable
hypotheses regarding the potential mechanistic pathways linking diverse forms of adversity and
later life neural processes linked to mental and physical health. More specifically, McLaughlin,
Sheridan, & Lambert argue that deprivation may affect sensory cortex development, as well as
result in poorer performance on complex cognitive tasks and poorer social cognition. Separately,
pathways that are hypothesized to relate to threat include changes in brain circuits that are
implicated in emotion and threat processing (Sheridan & McLaughlin, 2014). Regarding the
latter pathways, because many of the neurobiological pathways that align with the threat

dimension also overlap considerably with brain circuits that are implicated in the



pathophysiology of affective disorders, the present study focused on the threat dimension as

described by McLaughlin, Sheridan, & Lambert. The rationale for this focus is described next.

1.2 NEUROBIOLOGICAL PATHWAYS LINKING ACES TO MENTAL HEALTH

RISK: FOCUS ON THE CORTICOLIMBIC CIRCUIT

As discussed previously, studies have extensively characterized the presence and strength of
associations between ACEs and adult mental health outcomes. However, the biological pathways
that link these experiences to later outcomes are less clear. Understanding the nature of these
pathways is a critical step to developing interventions that can reduce poor health outcomes in
affected individuals. Emerging animal and human models study how various forms of adverse
experiences affect brain structure and function. This is because brain characteristics that
associate with adverse experiences might serve as markers of risk for later mental health
outcomes. Indeed, there is a diversity of alterations in brain structure and function that occur
following ACEs (for review, see Teicher et al., 2016). Of these neurobiological effects, perhaps
the most frequently observed alterations encompass those within a so-called corticolimbic
circuit, which is the focus of the present investigation.

The corticolimbic circuit is thought to comprise a set of limbic structures, specifically the
amygdala and hippocampus, along with prefrontal cortical regions, specifically the medial
prefrontal cortex (mPFC), anterior cingulate cortex (ACC), and orbitofrontal cortex (OFC).
Interactions between these networked brain systems are implicated in numerous psychological
and physiological processes, including emotion (M. L. Phillips, Drevets, Rauch, & Lane, 2003),

decision-making (Bechara, Damasio, Damasio, & Lee, 1999), and peripheral physiological



regulation (Beissner, Meissner, Bir, & Napadow, 2013). Relevant to ACEs and affective
disorders, however, are functions that involve detecting and maintaining vigilance to
environmental threats, regulating emotions, and encoding contextual memories. The amygdala
supports detecting and assigning salience to cues in the environment (Davis & Whalen, 2001).
These environmental cues engage the amygdala via input from lower level sensory systems (e.g.,
visual cortex) where they are rapidly evaluated in terms of their relevance and importance to the
individual. In particular, threatening and fearful stimuli are quickly registered by the amygdala,
which results in elevated attention to the stimulus as well as neuroendocrine and somatic signals
associated with fear (LeDoux, 2003). In the context of adversity, adaptive amygdala responsivity
may be critical for identifying potential sources of threat in the child’s environment. Following
exposure to the threatening stimulus, amygdala reactivity is quickly downregulated by PFC
subregions via dense inhibitory connections (Amaral & Price, 1984). By downregulating
amygdala reactivity in response to threat and negative affect, the PFC is thought to mediate
aspects of emotion regulation (Ochsner & Gross, 2005). While both the amygdala and
hippocampus are implicated in fear conditioning, the amygdala is more strongly involved in
automatic information processing, while the hippocampus supports adaptive and contextual
encoding of the stimulus (R. G. Phillips & LeDoux, 1992). More specifically, with respect to
ACEs, the hippocampus supports the pairing of a stimulus with the broader context of its
perception, and registers this pairing with previously remembered contexts. This is particularly
relevant to ACEs because it supports learning systematic patterns about the external environment
(Shohamy & Turk-Browne, 2013). In addition to downregulating amygdala responsivity, the
PFC components of this circuit presumably support the psychological appraisal of threatening

stimuli and their contexts (M. Roy, Shohamy, & Wager, 2012). Collectively, by identifying and



evaluating environmental cues that may signal threat or harm to the individual, the amygdala,
hippocampus, and PFC form a network of brain regions that appear to be crucial to ensuring
survival in the face of adversity.

Rodent studies using experimental models of early life stress, an animal model
homologue of ACEs, demonstrate effects on morphology and synaptic plasticity in the
hippocampus and amygdala (Derks, Krugers, Hoogenraad, Joé€ls, & Sarabdjitsingh, 2016). These
models also demonstrate reductions in dendritic spine expression and long term potentiation in
parvalbumin-containing inhibitory neurons in the mPFC (Chocyk et al., 2013; Holland, Ganguly,
Potter, Chartoff, & Brenhouse, 2014; Radley et al., 2008). Human neuroimaging studies also
show that ACEs associate with alterations in the corticolimbic circuit, and these associations
span multiple developmental periods across the life course. Specifically, reports of childhood
adversity relate to the volume of limbic structures (i.e., amygdala and hippocampus) in children,
(Tottenham et al., 2010), adolescents (Edmiston et al., 2011), and adults (Evans et al., 2016;
Gorka, Hanson, Radtke, & Hariri, 2014; Pechtel, Lyons-Ruth, Anderson, & Teicher, 2014).
Moreover, these associations are documented across a diversity of samples: childhood
maltreatment associates with limbic alterations in healthy adults (Dannlowski et al., 2012;
Teicher, Anderson, & Polcari, 2012), as well as adults with depression (Opel et al., 2014;
Vythilingam et al., 2002), and borderline personality disorder (Schmahl, Vermetten, Elzinga, &
Douglas Bremner, 2003). Similar associations have been observed for cortical structures,
including the mPFC (Ansell, Rando, Tuit, Guarnaccia, & Sinha, 2012; Hanson et al., 2012) and
the ACC (R. A. Cohen et al., 2006; Jensen et al., 2015). In many of these studies, childhood
adversity associated with reductions in limbic and cortical morphology, however it should be

noted that some studies observed opposite effects [e.g., (Tottenham et al., 2010)]. Despite this



heterogeneity, the overall consistency of most findings across age groups and samples raises the
possibility that alterations in the corticolimbic circuit may be a potential correlate of ACEs that
may bias individuals towards vulnerability for mood disorders, due to its role in emotion
processing and regulation .

Parallel to structural neural findings are those that identify ACE-related alterations in
corticolimbic function. Studies in this area often use functional magnetic resonance imaging
(fMRI) to examine changes in the blood-oxygen-level-dependent (BOLD) signal in response to
threatening or emotional stimuli. Several studies report associations of childhood maltreatment
with increased amygdala reactivity to fearful or angry faces in samples of children (McCrory et
al., 2011, 2013) and adults (Dannlowski et al., 2012). These effects are similarly observed in
samples of adults with mood disorders (Grant, Cannistraci, Hollon, Gore, & Shelton, 2011). In
contrast to findings of increased limbic activity, ACEs also associate with decreased mPFC
activity. For instance, early life adversity associated with a loss of sustained vimPFC activity over
the course of an emotional word encoding task (Wang, Paul, Stanton, Greeson, & Smoski, 2013).

As mentioned previously, a key putative function of the corticolimbic circuit is the
regulation of amygdala activity by the prefrontal cortex. Characterizing interactions across
multiple brain regions, such as regulation of one brain region by another, requires
conceptualizing them as a network. In this conceptual framework, the presence and strength of
relationships between brain regions in a network are characterized using functional connectivity
(Friston, 1994). Broadly, functional connectivity is indexed by the temporal covariation of
activity across two brain regions. For instance, changes in connectivity between the mPFC and
amygdala are thought to reflect changes in mPFC activity that ‘downregulate’ changes in

amygdala activity (S. J. Banks, Eddy, Angstadt, Nathan, & Phan, 2007). Alternatively, changes



in connectivity may index relationships that are more complicated than unidirectional
‘downregulation’; because of the bidirectional connections between the mPFC and amygdala,
functional connectivity could relate to bidirectional regulation between the mPFC and amygdala,
as well as dynamic interactions that involve unmeasured brain regions (Pessoa, 2017). Hence,
methods to determine the exact causal nature of inter-regional relationships from fMRI data are
not fully developed and remain an open area of work. Nonetheless, patterns of connectivity in
the corticolimbic circuit are widely documented both while performing a task [e.g., responding to
threat, (Gold, Morey, & McCarthy, 2015)] and in the absence of a task [i.e., resting state, (A. K.
Roy et al., 2009)]. Alterations in corticolimbic functional connectivity, in particular reduced
connectivity between the amygdala and PFC subregions, have been observed in depression
(Anand et al., 2005; Tang et al., 2013), anxiety (Kim, Gee, Loucks, Davis, & Whalen, 2011), and
PTSD (Stevens et al., 2013), and are thought to reflect deficits in emotion processing and
regulation that are commonly reported in these disorders (H. Lee, Heller, van Reekum, Nelson,
& Davidson, 2012). Taken together, interactions across distinct brain regions in the corticolimbic
circuit as indexed by functional connectivity are increasingly considered as a phenotype for
affective dysfunction.

Some emerging evidence suggests that connectivity in the corticolimbic circuit may be
sensitive to the effects of ACEs. In healthy adult males, reports of childhood emotional abuse
associated with reduced connectivity between the amygdala and ACC following a psychological
stress task (Fan et al., 2014). Similarly, in a large sample of adults with and without depression,
early life trauma, but not depression, associated with reduced connectivity between the mPFC
and amygdala in response to emotional faces (Grant et al., 2014). Similar findings have been

reported from experiments that did not utilize an overt task: in a sample of military veterans with
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a range of PTSD severity, retrospective reports of childhood maltreatment associated with
reduced mPFC connectivity with both the amygdala and hippocampus at rest (Birn, Patriat,
Phillips, Germain, & Herringa, 2014). However, these connectivity findings have not been
entirely consistent; trend-level increases in adversity-related amygdala-mPFC connectivity have
been observed (Philip et al., 2013), in addition to null effects of adversity (van der Werff et al.,

2013).

1.3 BIOLOGICAL PATHWAYS LINKING ACES TO THE BRAIN: FOCUS ON

INFLAMMATION

The evidence presented thus far suggests that ACEs may alter the structure, function, and
connectivity in a brain circuit that is implicated in threat processing, emotion regulation, and
contextual memory, and may moreover relate to risk for affective disorders. However, the
biological pathways and mediators that could link early adverse experiences to these changes are
not fully understood. One candidate biological pathway is inflammation, a complex innate
immunologic response to infectious agents or tissue injury. The inflammatory response is
primarily initiated by activation of macrophages and the production and release of cell-signaling
proteins called pro-inflammatory cytokines that serve a broad array of functions throughout the
body. In addition to mediating local inflammatory responses, cytokines enter the bloodstream
and facilitate the production and release of acute phase proteins, such as C-reactive protein
(CRP), by the liver. Inflammatory responses are critical to effectively mounting an immune
defense to pathogens and infections. Upon clearing the pathogen, levels of inflammation
typically decrease. However, sustained and chronically elevated levels of inflammation in the

absence of disease can be maladaptive and confer risk for myriad chronic diseases (Nathan &
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Ding, 2010).

A growing literature illustrates that ACEs consistently relate to alterations in
inflammatory physiology, and such alterations have been interpreted within the context of a
“biological embedding model” of early adversity (G. E. Miller, Chen, & Parker, 2011). This
model posits that early adversity sensitizes peripheral immune cells to promote inflammation,
eventually leading to a “pro-inflammatory phenotype”. This phenotype is characterized by
increased circulating markers of inflammation, such as interleukin-6 (IL-6) and CRP, and larger
inflammatory responses to pathogens or injury. Supporting this model are animal studies
showing, for example, that rats undergoing a postnatal maternal separation protocol during
infancy had increased plasma levels of pro-inflammatory cytokines, in particular IL-6, later in
adulthood (Wieck, Andersen, & Brenhouse, 2013). Separately, mice experiencing maternal
separation during two weeks of life exhibit increased inflammatory responses when subjected to
the influenza virus later in life (Avitsur, Hunzeker, & Sheridan, 2006). A separate line of human
observational and longitudinal studies supports this model: in a large British cohort study,
parental separation in childhood associated with adult CRP (Lacey, Kumari, & McMunn, 2013).
Other studies have identified associations between childhood maltreatment and increased CRP
(Andrea Danese, Pariante, Caspi, Taylor, & Poulton, 2007; Matthews, Chang, Thurston, &
Bromberger, 2014), as well as the co-occurrence of elevated CRP and depression (Andrea
Danese et al., 2008) in adulthood. These associations also extend to acute changes in
inflammatory physiology, reflecting propensities to respond to immune challenges. In two
studies, recollections of child abuse associated with increased stressor-evoked inflammatory
responses in both healthy adults as well as adults with depression (Carpenter et al., 2010; Pace et

al., 2006). Another study found that socioeconomic status during childhood associated with
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increased in vitro cellular inflammatory signaling (G. E. Miller et al., 2009). While the cellular
mechanisms of such effects are not fully known, there thus appears to be accumulating evidence
that increased systemic inflammation is a common biological outcome associated with ACEs.

Critically, systemic inflammation is implicated in negative mood states as well as
affective disorders such as depression (Slavich & Irwin, 2014). In addition to their previously
described immunological role of mounting responses to pathogens, pro-inflammatory cytokines
also signal the brain to influence ‘sickness behavior’, which is a constellation of cognitive,
affective, and behavioral changes that comprise subjective feelings of fatigue, nausea, loss of
pleasure, sleep difficulty, and irritability (Dantzer, O’Connor, Freund, Johnson, & Kelley, 2008).
These changes are adaptive insofar as they motivate the individual to conserve energy, increase
vigilance to threat, and send signals for aid from the social environment (Maier & Watkins,
1998). However, it is thought that chronic or dysregulated expression of these symptoms may
overlap with symptoms that are reported by individuals with affective disorders, particularly
depression (A. H. Miller, Maletic, & Raison, 2009). Moreover, associations between systemic
inflammation and subclinical levels of these specific symptoms are documented in individuals
without affective disorders (Jokela, Virtanen, Batty, & Kiviméki, 2016). Hence, sickness
behavior represents a possible psychological pathway that may link systemic inflammation to
risk for negative mental health outcomes.

Support for inflammation-related sickness behavior and its role in affective disorders
derives from a large body of evidence identifying at least 3 potential pathways by which
peripheral inflammation can access and modulate activity in the central nervous system (CNS)
(Quan & Banks, 2007). First, peripheral inflammatory cytokines can cross the blood-brain

barrier by way of an active transport mechanism (W. A. Banks & Kastin, 1991). Second,
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cytokines such as IL-1 can passively cross the blood-brain barrier in membranes with increased
diffusivity, such as the circumventricular organs (Blatteis et al., 1983). Finally, cytokines can
activate the vagus nerve, which is a major ascending immunosensory nerve (Ek, Kurosawa,
Lundeberg, & Ericsson, 1998). The vagus nerve subsequently propagates afferent immune
information into the CNS via its projections through the nucleus tractus solitarius and
ventrolateral medulla, stimulating a parallel central inflammatory response in the hypothalamus
and amygdala (Bluthé et al., 1994; Rinaman, 2007). It should be noted that, in addition to these
afferent pathways, there are efferent pathways through which the brain regulates peripheral
inflammation, particularly via autonomic and neuroendocrine mechanisms (Sternberg, 2006).
Together, these pathways establish a bidirectional feedback loop between the brain and
peripheral inflammatory processes, and provide mechanisms by which peripheral inflammation
can access and modulate brain function.

Peripheral inflammation can influence brain structure and function in the CNS, as
supported by animal models and human neuroimaging studies. In both lines of work, the effects
of peripheral inflammation on the CNS are interrogated by administering substances, such as
endotoxin or typhoid vaccine, that provoke a peripheral inflammatory response. In animal
models, peripherally stimulated inflammation results in the production of pro-inflammatory
cytokines by microglial cells in the brain (van Dam, Bauer, Tilders, & Berkenbosch, 1995).
Moreover, peripheral inflammation produces changes in activity (as measured by
immunohistochemistry) in the amygdala, hippocampus, and hypothalamus (Frenois et al., 2007),
and alters neurogenesis and long term potentiation in the hippocampus (Ekdahl, Claasen, Bonde,
Kokaia, & Lindvall, 2003; Katsuki et al., 1990). Parallel to these animal models are human

neuroimaging studies showing effects of peripheral inflammation on increased amygdala
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reactivity to threatening faces (Inagaki, Muscatell, Irwin, Cole, & Eisenberger, 2012); in
contrast, reducing peripheral inflammation via a tumor necrosis factor inhibitor has the opposite
effect (Harrison, Cooper, Tibble, Voon, & Critchley, 2017). In addition, stimulating peripheral
inflammation alters hippocampal activity and hippocampus-dependent memory function
(Harrison, Doeller, Voon, Burgess, & Critchley, 2014). Finally, these studies show effects of
systemic inflammation on activity in the ACC at rest (Harrison, Cooper, Voon, Miles, &
Critchley, 2013) and in response to stressful social and cognitive tasks (Harrison, Brydon,
Walker, Gray, Steptoe, Dolan, et al., 2009; Muscatell, Moieni, et al., 2016). In addition to the
effects on regional activity, there is some evidence that peripheral inflammation relates to
functional connectivity in the corticolimbic circuit. Specifically, typhoid vaccine-induced
systemic inflammation reduced functional connectivity between the subgenual division of the
ACC and amygdala during a face processing task (Harrison, Brydon, Walker, Gray, Steptoe, &
Critchley, 2009). Notably, connectivity between the ACC and amygdala associated with
individual differences in inflammation-related sickness behavior in this study. Separately,
individual differences in inflammatory responses to a social stress associate with stressor-evoked
changes in connectivity between the amygdala and mPFC (Muscatell et al., 2015). While human
neuroimaging studies have not yet identified inflammation-related changes connectivity between
the hippocampus and PFC, these studies collectively suggest that peripheral inflammatory
processes can alter functionality in the previously described brain circuits that are also affected
by ACEs.

It should be noted that not all the previously described mediators of systemic
inflammation access the CNS in healthy individuals. Specifically, while it is accepted that pro-

inflammatory cytokines, such as IL-6 and TNF, can influence CNS function (Sparkman et al.,
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2006), acute phase proteins such as CRP cannot. Instead, these acute phase proteins are thought
to be downstream indicators of ongoing inflammatory processes, and are therefore moderately
correlated with levels of pro-inflammatory cytokines across individuals. For instance, in a
sample of 645 midlife adults, IL-6 was moderately correlated (» = 0.33) with CRP (Marsland,
McCaffery, Muldoon, & Manuck, 2010). The moderate correlation between these features of
inflammation may explain why some studies show associations between CRP and brain function
across individuals, even though the mechanistic basis supporting such an association is not as
clear [e.g., (Swartz, Prather, & Hariri, 2017)]. Accordingly, the present study examined the pro-
inflammatory cytokine, IL-6, given stronger mechanistic evidence for cytokine-based influences

on the central nervous system.

1.4  AIMS AND HYPOTHESES

Taken together, ACEs may relate to changes in neurobiological and inflammatory mechanisms
that in turn associate with risks for negative health outcomes. While this suggests that ACEs may
induce parallel effects on multiple physiological systems, it is proposed here that, systemic
inflammation instead may represent a mechanistic pathway by which ACEs could relate to
neurobiological risk factors for affective disorders later in life. This inflammatory pathway has
been recently proposed to be a component of a broader “neuroimmune network hypothesis,”
which states that, “early-life adversity amplifies crosstalk between peripheral inflammation and
neural circuitries subserving threat-related, reward-related and executive control-related
processes” (Nusslock & Miller, 2016). While individual components of the neuroimmune
network hypothesis have been reviewed extensively (Andrea Danese & Baldwin, 2017; Hostinar,

Nusslock, & Miller, 2017), a more comprehensive study of this hypothesis linking experiences,
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physiology, neurobiology, and behavior has not yet been examined in a single human
neuroimaging study.
Accordingly, the present study had 4 primary aims, and 2 ancillary aims. Figure 1

describes how the primary aims relate to the presently hypothesized pathway.

# Circulating IL-6

Aim 1 Aim 3

A Threat-related —> ¥ Amygdala - PFC Connectivity
Adverse Childhood Experiences Aim 2 W Hippocampus — PFC Connectivity
im

Figure 1. Specific Aims.

Specifically, Aim 1 (Figure 1, red) examined associations between threat-related ACEs
and markers of pro-inflammatory cytokines in adulthood. As discussed previously, adverse
experiences associated with threat (i.e., caregiver abuse and parental death) are thought to
involve the corticolimbic circuit; accordingly, this dimension of adversity was the focus of the
present study. Separately, the pro-inflammatory cytokine of interest was circulating IL-6,
because it reflects ongoing inflammation in the periphery and can also influence CNS function. It
was therefore hypothesized that increased adversity will associate with increased circulating IL-
6, in line with existing evidence.

Aim 2 (blue) examined associations between threat-related ACEs and corticolimbic
connectivity at rest. It was hypothesized that increased adversity will associate with decreased
amygdala-PFC and hippocampus-PFC connectivity in these adults, in line with previous reports.

Aim 3 (green) examined associations between circulating IL-6 and corticolimbic
connectivity at rest. It was hypothesized that increased circulating IL-6 will associate with
decreased connectivity across the same brain regions.
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The goal of Aim 4 was to use mediation modeling to test whether inter-individual
variation in systemic inflammation statistically mediates the association between ACEs and brain
connectivity. This aim would accordingly provide a comprehensive test for the neuroimmune
network hypothesis in a sample of healthy midlife adults.

Finally, the present study had 2 ancillary aims. First, prior studies of ACEs and risk for
affective disorders proposed that altered corticolimbic connectivity may represent a neural
correlate of risk for and symptoms of affective disorders [e.g., (Herringa et al., 2013)], yet it is
unclear whether these relationships are apparent in psychiatrically healthy midlife adults. To this
end, the first ancillary aim will examine associations between corticolimbic connectivity metrics
and subclinical symptoms of depression. Significant associations between corticolimbic
connectivity and depressive symptoms would strengthen the clinical significance of the primary
aims. Second, emerging evidence suggesting that ACEs might alter the nature of the relationship
between peripheral inflammation and the brain. As mentioned previously, the neuroimmune
network hypothesis posits that adversity “amplifies the crosstalk” between peripheral
inflammation and the brain (Nusslock & Miller, 2016). By this premis, individuals reporting
ACEs would be expected to exhibit greater cross-system communication than individuals
without a history of ACEs. There is some emerging evidence in support of this notion. One study
examined associations between ACEs, inflammation, and frontal brain asymmetry, an
electroencephalography index that associates with negative emotionality (Wheeler, Davidson, &
Tomarken, 1993) and amygdala reactivity (Zotev et al.,, 2016). It was observed that ACEs
moderated the association between inflammation and frontal brain asymmetry, such that the two
measures were only associated in individuals reporting ACEs (Hostinar, Davidson, et al., 2017).

Similarly, a study of breast cancer survivors and healthy controls found that amygdala reactivity
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associated with peripheral CRP only in the breast cancer survivors; here, the authors raised the
possibility of a “stronger neural-immune pipeline among breast cancer survivors,” possibly due
to chronic stress (Muscatell, Eisenberger, Dutcher, Cole, & Bower, 2016). Given this somewhat
limited evidence, the secondary ancillary aim tested for moderating effects of ACEs on the
relationship between peripheral inflammation and corticolimbic connectivity, with the hypothesis

that the brain-inflammation relationship would be stronger in individuals reporting ACEs.
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20 METHODS

2.1  PARTICIPANTS

Participants were from a community sample of healthy midlife adults (age 30 — 51) recruited
using mass mailings to residents of Allegheny County, Pennsylvania. Participants were free of a
history of physical disease (e.g., inflammatory conditions, cardiovascular disease, prior
cardiovascular surgery, kidney or liver conditions, Type I or II diabetes) and psychiatric
diagnoses (e.g., mood disorder, substance abuse). In addition, participants were not taking any
psychotropic, lipid lowering, or cardiovascular medications. Finally, participants were free of

MRI contraindications (i.e., claustrophobia, head trauma, metallic implants, pregnancy).

2.2 PROCEDURES

Data relevant to the present study were collected during the first 2 Visits of the Pittsburgh
Imaging Project (PIP) baseline study. Data collection for Visits 1 and 2 were separated by a
period of 4 to 6 weeks. Measures encompass retrospectively recalled ACEs, circulating levels of
IL-6, resting-state fMRI connectivity and motion metrics, subclinical symptoms of depression,

and anthropometric attributes.
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2.3  MEASURES

2.3.1 Adverse childhood experiences

Data on multiple types of ACEs were collected. The Childhood Trauma Questionnaire [CTQ,
(Bernstein et al., 1994, 2003)] is a self-report questionnaire that assesses retrospective reports of
childhood abuse and neglect. The CTQ assesses five subscales of ACEs: physical abuse,
emotional abuse, sexual abuse, physical neglect, and emotional neglect. Each subscale comprises
five questions regarding experiences in childhood (e.g., “People in my family hit me so hard that
it left bruises or marks”) and responses are recorded using five-point Likert scales. Each subscale
is summed to form continuous scores, and these scores can be converted to binary scores using
clinical cutoffs; studies using these cutoffs have observed specificity and sensitivity above 0.85
when comparing to clinical interviews (Walker et al., 1999). The CTQ has also demonstrated
strong criterion-related reliability (Bernstein et al., 2003), test-retest reliability, and convergent
validity (Bernstein et al., 1994; Walker et al., 1999). In accordance with the hypothesis that
threat-related ACEs might relate to systemic inflammation and corticolimbic connectivity,
analyses focused on measures of physical and sexual abuse (both continuous and categorical

scores).

232 IL-6

Participants provided a fasting blood draw during the morning of Visit 2. Samples were stored at
-70°C and IL-6 levels were determined in duplicate by high sensitivity quantitative sandwich

enzyme immunoassay kit (R&D Systems, Minneapolis, MN) according to manufacturer’s
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directions. One participant with circulating IL-6 levels greater than 10 pg/mL was excluded from
analyses, as these levels may reflect ongoing infection. The distribution of IL-6 values was

positively skewed; accordingly, these values were log-transformed prior to statistical analyses.

2.3.3 Depression

Depressive symptoms were measured using the Beck Depression Inventory-II [BDI, (Beck,
Steer, & Brown, 1996)]. Because of previously described role of inflammatory cytokines in
sickness behavior and anhedonia (Swardfager, Rosenblat, Benlamri, & MclIntyre, 2016),
analyses focused on the somatic-affective dimension of the BDI, computed using factor
coefficients described previously (Steer, Ball, Ranieri, & Beck, 1999). This dimension
(henceforth referred to as ‘somatic symptoms’) principally includes measures of fatigue, loss of
appetite, and loss of pleasure. Although the distribution of this variable was positively skewed in
the sample, transformations were not applied, as this would plausibly obfuscate the clinical
significance of this measure. Instead, ancillary analyses using this measure were conducted using

nonparametric methods.

2.3.4 Covariates

All analyses controlled for age, sex, and race, as these demographic variables may confound
study associations. Race was coded as white and nonwhite. In addition, due to the role of
adiposity in producing pro-inflammatory cytokines such as IL-6, body mass index (BMI) was
included in all analyses. Participant height and weight measurements were obtained to determine

BMI (kg/m?). Finally, participant head motion during fMRI acquisition was examined as a
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possible confounding factor. This is because increased head motion during fMRI acquisition
spuriously biases functional connectivity estimates, due to motion-induced increases in the
BOLD signal across the brain (Van Dijk, Sabuncu, & Buckner, 2012). Importantly, it was
recently observed that circulating IL-6 significantly correlates with individual differences in
mean framewise displacement (FD), an index of frame-to-frame head motion (Marsland et al.,
2017). Although data preprocessing steps are thought to mitigate the confounding effects of
motion (see “Preprocessing” section), there nonetheless is a concern that increased ACEs or IL-6
may systematically associate with increased motion-related “spurious” connectivity, which may
confound results. This concern is in part due to the currently incomplete understanding of the
behavioral and physiological origins of individual differences in head motion (Hodgson et al.,
2016; Siegel et al., 2016). Hence, associations were examined between ACEs, IL-6, and FD. In
the presence of significant bivariate associations between these study variables, mean FD was
used as an additional covariate in all analyses in order to conservatively adjust for these potential

confounds (Power, Schlaggar, & Petersen, 2015).

2.3.5 Region of interest (ROI) definition

The following regions of interest (ROI) masks were used for connectivity analyses. The
amygdala and hippocampus ROI masks were derived from the Automated Anatomical Labeling
(AAL) atlas (Tzourio-Mazoyer et al., 2002) using the WFU PickAtlas Toolbox (Maldjian,
Laurienti, Kraft, & Burdette, 2003). Because there are not strong hypotheses about the laterality
of these structures regarding their relationships with inflammation and ACEs, left and right
regions were combined into a bilateral mask for each structure. Masks pertaining to subdivisions
of the ACC (dorsal, perigenual, subgenual) were created from the IBSM IBASPM 71 atlas
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(Aleman-Gomez, Melie-Garcia, & Valdés-Hernandez, 2006) according to (Gianaros et al.,
2014). Finally, the vmPFC mask was created using the rectus and orbital gyrus regions labeled in

the AAL atlas.

2.3.6 Functional connectivity estimation

Connectivity metrics were computed in the CONN toolbox using ROI-to-ROI procedures. For
ROI-to-ROI estimation, the average BOLD timeseries was extracted from each ROI and mean-
centered. For every pair of four cortical (e.g., perigenual ACC) and two limbic (e.g., amygdala)
ROIs, functional connectivity between the two respective timeseries was estimated using
Pearson’s correlation, resulting in estimates for eight corticolimbic connections. These estimates
were then each transformed using the Fisher r-fo-z transform. Because examining these eight
connectivity estimates would require conducting a large number of tests to address each study
aim, the eight estimates were further reduced using Factor Analysis. The number of components
was decided using visual inspection of the Scree plot (Cattell, 1966) and the eigenvalues-greater-
than-one rule (Kaiser, 1960). Factors were derived using varimax rotation and scores were
computed using regression. This resulted in two factors that explained 59% of the total variance
in corticolimbic connectivity. The first factor comprised functional connectivity (correlations)
between the ventral cortical subregions (i.e., vmPFC and sgACC), the amygdala, and the
hippocampus (factor loadings > 0.72), whereas the second factor comprised connections between
the dorsal cortical subregion (i.e., dACC), the amygdala, and the hippocampus (factor loadings >
0.71). In line with this ventral-dorsal distinction, connections between the pgACC, amygdala,

and hippocampus moderately loaded on both factors (0.40 - 0.62). These factors are henceforth
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referred to as ‘limbic - ventral PFC connectivity’ and ‘limbic - dorsal PFC connectivity’,

respectively.

24  STATISTIAL ANALYSES

Distributions of all study variables were examined to identify potential outliers or violations of
normality. Bivariate associations between continuous study variables were examined using
Pearson’s correlations. Differences in study variables based on categorical ACEs were examined
using independent sample t-tests. Associations between ACEs of interest, IL-6, and extracted
corticolimbic connectivity estimates (Aims 1-3), adjusting for covariates, were conducted using
separate linear regression models in R (R Development Core Team, 2016). Specifically, Aim 1
tested the prediction of IL-6 by each ACEs measure (categorical and continuous), controlling for
age, sex, race, BMI, and participant motion. Aim 2 tested the prediction of each resting state
connectivity factor by each ACEs measure, controlling for the above covariates. Finally, Aim 3
tested the prediction of each resting state connectivity factor by IL-6, controlling for the above
covariates.

Aim 4 brings the prior 3 aims together, and hence tests the neuroimmune network
hypothesis using a three-path mediational analysis (Baron & Kenny, 1986). To this end, the three
primary paths of this model, termed Path a, b, and c, align closely with the first three study aims.
According to this path model, associations of ACEs with IL-6 are tested as the effect of X on M,
corresponding to Path a. Associations of IL-6 with corticolimbic connectivity controlling for
ACEs are tested as the effect of M on Y, corresponding to Path 5. Associations between ACEs

and corticolimbic connectivity without controlling for IL-6 would are tested as the total effects of
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X on Y, or Path c. Standard approaches to mediation modeling require that point estimates for
Paths a, b, and c be statistically significant prior to testing for mediation within the full model
(Baron & Kenny, 1986). If these point estimates for these three paths were indeed significant,
then associations between ACEs and corticolimbic connectivity while controlling for IL-6 would
be subsequently tested as the direct effects of X on Y, or Path ¢’. Finally, indirect path effects of
the association of ACEs and corticolimbic connectivity — as mediated by IL-6, would be tested as
the indirect effects of X on Y through M, and calculated as the product of Paths a and b.
Statistical significance of the indirect effect will be assessed using nonparametric bootstrapping
(5000 iterations) of the indirect (a x b) path effects (Preacher & Hayes, 2008).

Analyses of the ancillary aims used Spearman’s rank-order correlation to test whether
corticolimbic connectivity associates with subclinical symptoms of depression. To test whether
ACEs moderate the association between IL-6 and corticolimbic connectivity, an interaction term
reflecting the centered product of ACEs (e.g., physical abuse) and IL-6 was calculated and
entered into a separate linear regression model, adjusting for main effects of the ACEs and IL-6

variables and covariates.
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3.0 RESULTS

3.1 DESCRIPTIVE STATISTICS

Of the 331 participants enrolled in the study, 303 had complete data on all study variables, and
hence comprised the analytic sample. Demographic characteristics for the analytic sample are in
Table 1. Participants in the analytic sample did not significantly differ from excluded participants

on any study variables (all p > 0.15).

Table 1. Descriptive statistics

Mean or N SD or %

Age (years) 40.3 6.24
Sex (female) 149 49.17
Race

White 213 70.30

Nonwhite 90 29.70
BMI (kg/m2) 26.82 5.03
Smoking Status

Never 191 63.04

Former 60 19.80

Current 52 17.16
BDI

Total 3.53 3.50

Somatic Symptoms 1.07 1.22
CTQ: Physical Abuse

Score 6.44 2.54

Meets cutoff 56 18.48
CTQ: Sexual Abuse

Score 6.09 3.28

Meets cutoff 37 12.21
IL-6 (pg/mL) 0.2 0.6
Framewise displacement (mm) 0.24 0.18
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3.2 BIVARIATE ASSOCIATIONS BETWEEN STUDY VARIABLES

Several bivariate associations between study variables were observed (Table 2). Of note, the
continuous measure of physical abuse associated positively with IL-6 (r = 0.18, p < 0.001), and
IL-6 associated negatively with the limbic — ventral PFC connectivity factor (r = -0.17, p <
0.001). Variables reflecting fMRI motion (framewise displacement, percent of scans flagged)
associated with BMI (r = 0.30, p < 0.001), consistent with prior reports (Siegel et al., 2016).
Because framewise displacement also associated with IL-6 (r = 0.11 p = 0.05), it was an
additional covariate for subsequent multivariate analyses. It should be noted, moreover, that
framewise displacement related to the limbic — dorsal PFC connectivity factor (r = -0.34, p <

0.001), but not the limbic — ventral PFC connectivity factor (p = 0.14).

Table 2. Bivariate correlations

1 2 3 4 5 6 7 8
1. Age
2. BMI 0.09
3. BDI: Somatic -0.00  0.05
4. Physical Abuse (continuous) -0.10 0.09 0.03
5. Sexual Abuse (continuous) 0.00 006 -0.02 0.28™
6. I1L-6 0.12" 0.35™ 0.14" 0.18™ -0.01

7. Mean Framewise Displacement 0.07 0.30™ 0.12* 0.8 0.07 011"
8. Limbic - Ventral PFC Connectivity -0.01 -0.14~ -0.01 -0.09 -0.07 -0.13" -0.15™

9. Limbic - Dorsal PFC Connectivity -0.05 -0.16™ -0.05 -0.12° -0.03 -006 -0.29" -0.05
Note: *** p < 0.001, ** p < 0.01, * p < 0.05
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Bivariate associations were additionally observed with respect to the binary measures of ACEs.
Individuals reporting physical abuse exhibited greater levels of IL-6 (t = 2.65, p = 0.009).
Individuals reporting sexual abuse also exhibited more motion during resting-state fMRI, but this
relationship did not reach conventional statistical significance (t = 1.80, p = 0.07). There were no
other statistical differences in study variables on the basis of binary ACEs variables. Sex
differences were observed in both continuous (t = 3.76 p < 0.001) and binary (3> = 13.08 p <
0.001) measures of sexual abuse, whereby women reported more abuse; however, statistical sex

differences in physical abuse were not observed (both p > 0.25).

33 TEST OF AIM 1

As noted above and depicted in Figure 2, IL-6 associated with both binary (t = 2.65 p = 0.009)
and continuous (r = 0.18, p < 0.001) measures and physical abuse. Sexual abuse was not

associated with IL-6 (both p > 0.59).
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Figure 2. Association of threat-related ACEs and circulating IL-6 (Aim 1).

Given the bivariate associations with physical abuse, hierarchical linear regressions were
conducted to determine the independent prediction of IL-6 by physical abuse, controlling for age,
sex, race, and BMI. In a base model comprising the predictors age, sex, race, and BMI, only BMI
associated with IL-6 (Table 3, Model 1, B(SE) = 0.33(0.05), p < 0.001), whereas age had a
weaker association (B(SE) = 0.09(0.05), p = 0.09). Adding the ACEs measures to this model in
independent second steps revealed that reporting physical abuse independently associated with
increased IL-6 (Model 2, B(SE) = 0.14(0.05), p = 0.009). Significant independent associations
were similarly observed for the continuous measure of physical abuse (Model 3, B(SE) =

0.16(0.05), p = 0.005). Hence, the hypothesis that threat-related ACEs relates to midlife

inflammation was supported by the present study.
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Table 3. Linear regressions predicting IL-6 (Aim 1).

Model 1 Model 2 Model 3 Model 4 Model 5

B SE B SE B SE B SE B SE
Age 0.09 0.05 0.1 0.05 0.11* 0.05 0.09 0.05 0.09 0.05
Sex -0.04  0.05 -0.04 0.05 -0.05  0.05 -0.03  0.06 -0.04  0.06
Race 0.08 0.05 0.05 0.06 0.05 0.05 0.09 0.06 0.09 0.06
BMI 0.33*** 0.05 0.33*** (.05 0.32*** (.05 0.34*** .05 0.33*** (.05
Physical
Abuse 0.14**  0.05
(binary)
Physical
Abuse 0.16** 0.05
(continuous)
Sexual
Abuse -0.08  0.06
(binary)
Sexual
Abuse -0.03  0.06
(continuous)
R?/adj. R? 139/.128 159 /.145 162 /.148 145/ .131 140/ .126
F-statistics 12.076*** 11.234%** 11.509*** 10.080*** 9.709***

Note: *** p < 0.001, ** p < 0.01, * p < 0.05

3.4 TEST OF AIM 2

As noted above and depicted in Figure 3, none of the binary or continuous ACEs measures

significantly associated with either the limbic — ventral PFC or the limbic — dorsal PFC

connectivity factors in bivariate analyses (all p > 0.26). Given these null findings, no further

multivariate testing of these relationships was performed. Hence, the hypothesis that threat-
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related ACEs relates to resting connectivity in the corticolimbic circuit was not supported by the

present study.
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Figure 3. Association of threat-related ACEs and corticolimbic connectivity (Aim 2).

3.5 TEST OF AIM 3

In bivariate analyses, IL-6 was negatively associated with the factor reflecting limbic — ventral
PFC connectivity (r = -0.16 p = 0.004), but not with the factor reflecting limbic — dorsal PFC
connectivity (r = -0.03 p = 0.57) (Figure 4). Given the bivariate associations with the ventral
connectivity factor, hierarchical linear regressions were conducted to determine the independent
prediction of this factor by IL-6, controlling for age, sex, race, BMI, and participant motion.
Model 1 of Table 4 shows that there were sex differences in this connectivity factor, with
females exhibiting less connectivity than males (B(SE) = -0.15(0.06), p = 0.009). Moreover,

individual differences in participant motion associated with this connectivity factor (B(SE) = -

32



0.14(0.06), p = 0.023), although it should be noted that this relationship was not significant in

bivariate analyses (p = 0.14).
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Figure 4. Association of circulating IL-6 and corticolimbic connectivity (Aim 3).

Table 4. Linear regressions predicting limbic — ventral PFC connectivity from IL-6 (Aim 3).

Model 1 Model 2
B SE B SE

Age -0.02 0.06 -0.01 0.06
Sex -0.15**  0.06 -0.16** 0.06
Race -0.1 0.06 -0.09 0.06
BMI -0.06 0.06 -0.01 0.06
Motion 0.14* 0.06 0.14* 0.06
IL-6 -0.17** 0.06
R?/ adj. R? .047/.031 .071/.052
F-statistics 2.927* 3.746**

Note: *** p < 0.001, ** p < 0.01, * p < 0.05
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3.6 TEST OF AIM 4

Prior to mediation modeling, the point estimates for the 3 primary paths were estimated,
controlling for prior covariates. For illustration purposes, the full model and point estimates for
each of the 3 primary paths, specifically using the continuous physical abuse measure and limbic
— ventral PFC connectivity factor, are depicted in Table 5. Here, in line with the findings of Aims
1 and 3, evidence for both the Path a and Path b estimates was observed. Put differently,
physical abuse predicted IL-6, and IL-6 predicted limbic — ventral PFC connectivity while
controlling for physical abuse. However, as shown in Table 5 and in line with the findings of
Aim 2, the Path c estimate (reflecting the Total Effect) did not reach statistical significance, as
physical abuse did not predict limbic — ventral PFC connectivity. Similar findings were observed
using the binary physical abuse variable (not shown). In line with the “causal steps approach” to
mediation modeling (Baron & Kenny, 1986), mediation was not tested because there was

insufficient evidence for Path c.
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Table 5. Linear regressions depicting paths of mediational model (Aim 4).

Path a Eath_ b, Path c,
DV = IL’-6 DV = I|mb|c—v_er_1tral or T(_)tal _Effect,
PFC connectivity DV = limbic-ventral
PFC connectivity

B SE B SE B SE
Age 0.11*  0.05 -0.01 0.06 -0.03 0.06
Sex -0.05  0.05 -0.16** 0.06 -0.15* 0.06
Race 0.06 0.06 -0.08 0.06 -0.09 0.06
BMI 0.33***  0.06 -0.01 0.06 -0.06 0.06
Motion -0.03  0.06 0.14* 0.06 0.14* 0.06
(Pcm'i%ﬂ OAUS)“SG 0.16**  0.05 002 006 005 0.6
IL-6 -0.16** 0.06
R?/ adj. R? .163/.146 .071/.049 .049/.030
F-statistics 9.604*** 3.222%* 2.545%

Note: *** p < 0.001, ** p < 0.01, * p < 0.05

3.7 TESTS OF ANCILLARY AIMS

Ancillary analyses first examined whether factors reflecting corticolimbic connectivity
associated with subclinical symptoms of depression. Spearman’s rank-order correlation analyses
demonstrated that neither of the connectivity factors statistically associated with depressive
symptoms (both p > 0.52).

A second set of ancillary analyses examined whether the presence of ACEs moderated
the relationship between peripheral inflammation and corticolimbic connectivity. Linear
regression models addressing this question are in Table 6. Centered product terms reflecting the
interaction of ACEs and IL-6 were computed and entered into regression models, controlling for

prior covariates, ACEs, and IL-6. These interaction terms did not statistically associate with
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either connectivity factor (all p > 0.29). Hence, ACEs did not appear to moderate any brain-

inflammation relationship in the present study.

Table 6. Linear regressions predicting corticolimbic connectivity from the interaction of ACEs and IL-6.

limbic-vmPFC limbic-vmPFC limbic-dmPFC limbic-dmPFC
connectivity connectivity connectivity connectivity
B SE B SE B SE B SE
Age -0.01 0.06 -0.01 0.06 -0.03 0.06 -0.03 0.06
Sex -0.16**  0.06 -0.16**  0.06 -0.03 0.05 -0.02 0.06
Race -0.09 0.06 -0.08 0.06 -0.09 0.06 -0.09 0.06
BMI -0.01 0.06 -0.00 0.06 0.03 0.06 0.03 0.06
IL-6 -0.17**  0.06 -0.17**  0.06 0.00 0.06 0.02 0.06
FD 0.14* 0.06 0.14* 0.06 -0.32***  0.06 -0.32%** 0.06
Physical Abuse 002 006 001  0.06
(binary)
Interaction of IL-6
and Physical Abuse 0.01 0.06 -0.00 0.06
(binary)
Physical Abuse 003 0.6 0.02 0.06
(continuous)
Interaction of IL-6
and Physical Abuse 0.02 0.06 -0.07 0.06
(continuous)
R?/ adj. R? .071/.046 .071/.046 127 17.103 .130/.107
F-statistics 2.818** 2.827** 5.349%** 5.508***

Note: *** p < 0.001, ** p <0.01, * p < 0.05
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4.0 DISCUSSION

The present study examined associations between retrospectively reported ACEs, circulating IL-
6, resting brain corticolimbic connectivity, and somatic depressive symptoms. There were two
main findings. First, retrospective reports of physical abuse, a threat-related form of adverse
childhood experiences, was associated with circulating IL-6 in midlife, independent of age, sex,
race, and BMI. Second, circulating IL-6 was associated with resting brain connectivity within a
limbic — ventral PFC network. The latter comprised the amygdala, hippocampus, vimPFC, and
sgACC. In contrast to these findings, several predicted associations were not observed. Foremost
was that retrospectively reported ACEs were not related to corticolimbic connectivity, a finding
that is discordant with some prior work (Birn et al., 2014). In addition, resting brain
corticolimbic connectivity was not found to associate with subclinical symptoms of depression,
calling into question its utility as a marker of risk for affective disorders (Fox & Greicius, 2010).
To our knowledge, this is the first study to examine ACEs, peripheral inflammation, and fMRI

metrics of brain connectivity in a single sample.

4.1 AIM 1: ACES AND SYSTEMIC INFLAMMATION

The present study found that retrospectively reported ACEs associated with midlife systemic

inflammation, consistent with prior reports (Carroll et al., 2013). A recent meta-analysis

37



summarized twenty-five studies on childhood trauma and adulthood inflammation, examining
heterogeneous samples and multiple markers of inflammation (Baumeister, Akhtar, Ciufolini,
Pariante, & Mondelli, 2016). Interestingly, our study as well as this meta-analysis observed
associations between IL-6 and physical abuse, but not sexual abuse. Moreover, this meta-
analysis did not observe associations between IL-6 and emotional abuse, which was not an a
priori focus of this study. Explanations for the heterogeneous associations between ACE types
and IL-6 are currently unclear. In the context of physical and sexual abuse, differences in factors
such as their timing, exposure, or other interpersonal characteristics could plausibly explain
differences in effects on peripheral physiology (Tottenham & Sheridan, 2010). Future studies
with more detailed phenotyping of ACEs and later health outcomes will be needed to explore
this area of research.

Conceptually, these findings are in line with the “biological embedding model” of early
adversity (G. E. Miller et al., 2011). The physiological basis for an effect of ACEs on midlife
systemic inflammation is not fully understood; however, according to this model, it is thought
that ACEs may promote inflammation later in life by sensitizing peripheral immune cells to
stress and other environmental inputs. Examining our results in the context of this model, it is not
entirely clear how the ACEs might be developmentally “embedded” in the body along the life
course to promote increased inflammation at midlife. By one perspective, ACEs may sensitize
immune cells and promote inflammation during childhood and adolescence, which subsequently
follows a normal rate of inflammatory aging. This is perspective is supported by several studies
linking ACEs to concurrent systemic inflammation in children and adolescents (A. Danese et al.,
2011; Slopen, Kubzansky, McLaughlin, & Koenen, 2013). By another perspective, the

physiological effects of ACEs may not be apparent until later in life. As an example, a recent
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study observed that individuals with ACEs displayed an accelerated age-related trajectory in
blood pressure that was not apparent until after the age of 30 (Su et al., 2015). Although to our
knowledge no studies have examined trajectories of peripheral inflammation across the life
course in the context of ACEs, these perspectives on ACEs, development, and inflammatory risk
for disease will be important for future studies to consider.

Both the binary (determined via a standard clinical cutoff) as well as the continuous
measures of physical abuse associated with IL-6, a pair of findings that might significantly
inform these relationships above and beyond their individual parts. Moreover, each of these two
findings may provide empirical support for different perspectives of the stress-health relationship
(S. Cohen, Gianaros, & Manuck, 2016). These perspectives are historical academic traditions
that have used differing approaches to describe how psychological stress can affect health.
Specifically, the finding with the binary physical abuse variable suggests that increased
inflammation at midlife may be a consequence of the mere exposure to clinically significant
levels of physical abuse. In the context of stress-health perspectives, this finding is consistent
with the psychological tradition, which posits that an individual’s response to stressful events is
influenced by their subjective appraisal of those events, as well as other factors such as the
availability of resources to cope with them (Folkman, Lazarus, Gruen, & DeLongis, 1986).
Along these lines, it may be interpreted that individuals experiencing physical abuse of sufficient
duration or severity to meet standard clinical criteria are likely to have fully appraised these
experiences as stressful, possibly exhausting their coping resources, and ultimately conferring
physiological risk. In contrast to this perspective, the finding with the continuous physical abuse
variable suggests that midlife inflammation may also associate with the magnitude of the

recollected physical abuse. In the context of stress-health perspectives, this finding is consistent
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with the biological tradition, which indicates that stress affects the body by influencing
physiological systems involved in homeostasis. Specifically, this tradition draws heavily from
the work of Selye, who emphasized that there should be a linear relationship between the
severity of stressful experiences and the magnitude of the physiological response (Weiner, 1992).
Our result is consistent with this perspective insofar as there appears to be a positive linear
relationship between individual differences in physical abuse severity and midlife inflammation.
It should be noted that these two perspectives are not mutually exclusive, yet likely explain
complementary features of the stress-health relationship (S. Cohen et al., 2016).

Finally, as described previously, systemic inflammation also associates with risk for
physical diseases of aging, including atherosclerosis (Libby, Ridker, & Maseri, 2002) and
hypertension (Vaziri & Rodriguez-Iturbe, 2006). Moreover, adults who report ACEs also are
more likely to have co-occuring risk for poor mental and physical health outcomes. Accordingly,
it has been suggested that inflammatory processes may provide a “common root” for these co-
occurring vulnerabilities (Nusslock & Miller, 2016). Taken together, these findings indicate that
ACEs such as physical abuse may be an important psychosocial construct for later physical

health outcomes, independent of its influence on the brain and other brain-related outcomes.

4.2 AIM 2: ACES AND CORTICOLIMBIC CONNECTIVITY

The present study found that ACEs did not associate with resting brain corticolimbic
connectivity. These results diverge from prior studies that observed associations between ACEs
and adulthood metrics of corticolimbic activity and functional connectivity (Birn et al., 2014;

Dannlowski et al.,, 2012). It is not entirely clear why the expected associations were not
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observed. On reason for the discrepant results may relate to the derivation of connectivity
estimates (M. H. Lee, Smyser, & Shimony, 2013). There is not a clearly accepted approach to
conducting resting-state connectivity studies on individual differences. Prior studies used
different approaches to examining functional connectivity, termed “voxel wise” analyses. In
voxel wise analyses, the connectivity between a “seed region” (e.g., the right amygdala) and
every voxel in the brain is estimated. Subsequently, at each voxel, the association between
connectivity and ACEs is accordingly estimated. This approach differs from the present study,
which aimed to identify latent patterns of corticolimbic connectivity, distributed across groups of
brain regions, that could be subsequently compared to ACEs. When examining hypotheses in
large areas of cortex (e.g., mPFC), voxel wise approaches are advantaged in that they can
localize the strongest effects in subregions or subdivisions of the brain that might not
demonstrate a clear anatomical boundary. However, these voxel wise approaches are
disadvantaged in that they require stringent statistical corrections for multiple comparisons,
which can have the effect of reducing statistical power and increasing the false negative rate, or,
in combination with insufficient approaches to statistical thresholding, can have the effect of
increasing the false positive rate (Eklund, Nichols, & Knutsson, 2016). As stated previously,
there is not a clearly accepted approach to this line of research, but in contrast to voxel wise
analyses, it is plausible that the analytic steps taken to average across large swaths of cortex and
decompose these averages into latent factors, while appropriate for reducing the number of
statistical tests at the analysis stage, could have obfuscated fine-grained signal in the
corticolimbic circuit that associates with ACEs.

Along with studies reporting associations between ACEs and resting corticolimbic

connectivity, several other studies have reported associations with task-evoked reactivity and

41



functional connectivity within and across these regions (Fan et al., 2014; Grant et al., 2014). The
correspondence between resting-state connectivity, task-evoked activity, and task-evoked
connectivity is not currently well understood, and likely depends on contextual factors such as
the nature of the task and the circuit under investigation (Cole, Ito, Bassett, & Schultz, 2016).
Moreover, this correspondence is understood even less in the context of ACEs and inflammation.
As such, there are too few studies to systematically examine the size and reliability of the effects
of ACEs on these metrics of brain activity and connectivity. Accordingly, it is plausible that
other metrics of brain activity or connectivity along the corticolimbic circuit may be better suited
to test aspects of the neuroimmune network hypothesis, particularly if they are more stable, more
reliable, or less subject to artifact or other confounds than resting state connectivity (Choe et al.,
2015).

It should be noted that the neuroimmune network hypothesis encompasses predictions
about other brain systems, namely the reward and executive control networks (Nusslock &
Miller, 2016). These networks were not examined in the present study and could potentially
provide a direction for future work. In the context of the present study, brain alterations linked to
retrospectively reported ACEs are likely to be found in circuits that are affected at a later stage
along the pathways described by the neuroimmune network hypothesis. In contrast, studies of
children recently exposed to ACEs are more likely to observe alterations in circuits that are more
proximally affected by their experiences. Indeed, this model proposes that ACEs may exert more
proximal effects on threat-related circuitry, and more delayed effects on reward and executive
control circuitry. In the context of the neuroimmune network hypothesis, the reward and
executive control networks may be a promising avenue for future research on retrospectively

reported ACEs.
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In addition to the reward and executive control networks, one brain region not considered
by the neuroimmune network hypothesis that may nonetheless be relevant to this study is the
insula. The insula is involved in sensing physiological condition of the body, as well as the
cortical regulation of peripheral physiological systems (e.g., inflammatory, autonomic)
(Aleksandrov & Aleksandrova, 2015). Moreover, the insula is implicated in integrating
peripheral physiological signals such as systemic inflammation into motivational biases and
feeling states (Craig, 2009) that may play a large role in depressive pathophysiology (Avery et
al., 2014). In line with this hypothesized role, activity and functional connectivity of the insula is
uniquely sensitive to systemic inflammation, both at rest and during cognitive and affective
processes (Hannestad et al., 2012; Lekander et al., 2015; Rosenkranz, Busse, Sheridan, Crisafi,
& Davidson, 2012). Finally, resting connectivity of the insula may be affected by ACEs in adults
(Teicher, Anderson, Ohashi, & Polcari, 2014). Given this set of findings, the insula may

comprise another candidate brain region that is suited to the neuroimmune network hypothesis.

4.3 AIM 3: SYSTEMIC INFLAMMATION AND CORTICOLIMBIC

CONNECTIVITY

The present study found that IL-6 associated with a factor reflecting resting brain limbic —
ventral PFC connectivity. This factor primarily comprised the amygdala, hippocampus, vimPFC,
and sgACC. To our knowledge, this is the first study to report inflammation-associated
connectivity within this network. A prior study examined associations between IL-6 and

connectivity of the default mode network, consisting of regions including the mPFC, but did not
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report inflammation-associated connectivity with limbic areas such as the amygdala or
hippocampus (Marsland et al., 2017).

The physiological basis for these findings can be described by both afferent and efferent
pathways linking the brain and peripheral inflammation. First, afferent pathways could describe
how IL-6 in the periphery influences corticolimbic connectivity. The hippocampus and mPFC
have dense IL-6 receptors, and systemic inflammation can influence local physiological
processes such as neurotransmitter metabolism, long term potentiation, and synaptic plasticity in
these areas (Yirmiya & Goshen, 2011). Gray matter morphometry in these areas have
accordingly been shown to associate with peripheral inflammation (Marsland et al., 2015;
Marsland, Gianaros, Abramowitch, Manuck, & Hariri, 2008), and it is thought that functional
connectivity across distributed circuits may in part depend on the structural integrity of those
circuits, including gray matter morphology (Honey et al., 2009). Given this, it is plausible that
peripheral inflammation could influence resting corticolimbic connectivity via its effects on local
morphological and functional properties of individual regions within the network. In contrast to
afferent pathways, efferent pathways could describe how corticolimbic connectivity influences
peripheral IL-6. Specifically, in addition to their role in threat processing and emotion regulation,
components of the corticolimbic circuit are implicated the generation and regulation of
autonomic, neuroendocrine, and inflammatory responses to stress (Beissner et al., 2013; Ginty,
Kraynak, Fisher, & Gianaros, 2017). Dysregulated physiological responses to stress in turn are
thought to associate with risk for stress-related physical disease. Hence, the association between
peripheral IL-6 and corticolimbic connectivity could alternatively be explained by reduced
functional integrity in a network involved in regulating peripheral physiology, in turn resulting in

dysregulation along inflammatory and other physiological systems. Future studies examining the
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temporal relationships between peripheral IL-6 and corticolimbic connectivity have the potential
to clarify the nature of these bidirectional pathways.

It should be noted that, given the latter perspectives on efferent neural control over
inflammation, ACEs may affect peripheral physiology (e.g., inflammation) via its effects on
homeostatic and visceral control circuits in the brain. The present study, however, does not
provide clear evidence in support of this notion, as ACEs related to peripheral inflammation in
the absence of any association with the brain.

Interestingly, IL-6 did not associate with connectivity in the other connectivity factor,
which primarily comprised the amygdala, hippocampus, and dACC. There is mixed evidence in
for this network’s role in peripheral inflammation. In one study, individual differences in
stressor-evoked inflammatory reactivity associated with connectivity between the amygdala and
dorsomedial PFC, an area anatomically located near the dACC. However, in a recent meta-
analysis on the neural correlates of peripheral inflammation, meta-analytic connectivity analyses
did not report connections between these dorsomedial cortical areas and limbic areas across
studies. Given these null results in the context of contradictory findings, it is unclear how limbic

- dorsal PFC connectivity may relate to ACEs or inflammation.

4.4  ANCILLARY AIMS

The findings that corticolimbic connectivity was unrelated to subclinical depressive symptoms
raise questions about the validity of these neuroimaging measures in the context of affective
disorder risk. More concretely, these findings cast doubt on prior studies that propose altered

limbic — PFC connectivity to be a state or trait marker of negative affect or risk for

45



psychopathology. Altered connectivity within this circuit has been previously described
reflecting the “regulatory capacity of the fear circuit”, (Herringa et al., 2013) and “the trait-like
ability to regulate negative emotion,” (H. Lee et al., 2012) yet our results are inconsistent with
these descriptions insofar as corticolimbic connectivity can relate to subclinical levels of
depression. However, in line with the limitations of Aim 2, it is possible that the relatively low
severity of depressive symptoms across this healthy sample may have reduced the power to
detect significant associations.

Ancillary aims did not support the notion that ACEs could statistically moderate
associations between corticolimbic connectivity and systemic inflammation, line with the
concept that early adversity “amplifies the crosstalk” between these two systems (Nusslock &
Miller, 2016). Despite the null findings, this hypothesis is in line with emerging theoretical
perspectives on the neurobiology of stress-related cardiovascular disease (CVD) risk. Here, acute
and chronic stress may confer CVD risk by altering viscerosensory and visceromotor networks in
the brain. These networks regulate peripheral autonomic and vascular physiology, (Ginty et al.,
2017) possibly by anticipating signals from the periphery and issuing commands via predictive
control (Jennings & Gianaros, in press). Critically, it is thought that psychological stress may
specifically impact the functionality of this predictive control mechanism and thereby influence
CVD risk. Anatomically, the brain networks for autonomic and vascular predictive control
appear to overlap substantially with those for peripheral inflammatory physiology (Beissner et
al., 2013; Kraynak, Marsland, Wager, & Gianaros, in prep), raising the possibility that a similar
perspective can be applied to ACEs-related physical and mental disease risk. Although these
ancillary aims do not appear to support this hypothesis in the context of the corticolimbic system

at rest, their motivating hypothesis may nonetheless be interesting for future research.
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5.0 LIMITATIONS AND FUTURE DIRECTIONS

There are a number of limitations to the present study that warrant attention. As described
previously, there is not a broadly accepted method of determining how ACEs should be
measured or computed to examine their effects on mental or physical health outcomes; however,
this study may have limitations with regard to its measurement of ACEs, for three reasons. First,
the retrospective nature of the ACEs measurement has the potential to introduce recall and other
forms of bias and therefore influence observed associations. However, to our knowledge, no
prospective studies have examined the effects of ACEs on both inflammatory and
neurobiological outcomes. Hence, the present study provides a reference point for future
prospective studies in this area. Second, the ACEs measurements accepted a broad perspective of
the developmental timing of adversity; put differently, measures of adversity in the present study
differentiate between events occurring at age 5 versus age 12. Indeed, there is some evidence
suggesting that the timing of adversity may have strong implications for mental and physical
health outcomes (Slopen, McLaughlin, Dunn, & Koenen, 2013). Hence, this study may not have
sufficiently addressed the role of developmental timing, which may be crucial to effectively
characterizing later life outcomes. Third, measurement of ACEs in the present study prespecified
certain qualitative features of ACEs to focus on threat, which may have ignored other important
features of ACEs that associate with systemic inflammation (e.g., deprivation) (McLaughlin et
al., 2014).

Some other limitations should be noted. First, the study design was cross-sectional, which
limits causal inferences that can be drawn from observed associations. Second, the present study
utilized a relatively healthy midlife adult sample that was free of physical health conditions and
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diagnosed psychiatric disorders. As a result, the base-rate of endorsing ACEs was relatively
lower than other samples with known trauma or diagnosed affective disorders. As a result, we
may have been underpowered to detect significant inflammatory or brain outcomes on the basis
of ACEs.

In conclusion, the present study provided empirical evidence in support of components of
the neuroimmune network hypothesis, namely, demonstrating associations between ACEs and
systemic inflammation, and between systemic inflammation and resting brain corticolimbic
connectivity. However, some important components of this hypothesis were not supported (i.e.,
associations between ACEs and corticolimbic connectivity). Collectively, future research in this
area may help to identify and increase our mechanistic understanding of potentially modifiable
biological processes, such as systemic inflammation, that may link ACEs to later mental and

physical health outcomes in adulthood.

48



BIBLIOGRAPHY

Aleksandrov, V. G., & Aleksandrova, N. P. (2015). The role of the insular cortex in the control
of visceral functions. Human Physiology, 41(5), 553-561.
https://doi.org/10.1134/S0362119715050023

Aleman-Gomez, Y., Melie-Garcia, L., & Valdés-Hernandez, P. (2006). IBASPM: toolbox for
automatic parcellation of brain structures. In 12th Annual Meeting of the Organization for
Human Brain Mapping (Vol. 27, pp. 11-15).

Amaral, D. G., & Price, J. L. (1984). Amygdalo-cortical projections in the monkey (Macaca
fascicularis). The Journal of Comparative Neurology, 230(4), 465-496.
https://doi.org/10.1002/cne.902300402

Anand, A., Li, Y., Wang, Y., Wu, J., Gao, S., Bukhari, L., ... Lowe, M. J. (2005). Activity and
Connectivity of Brain Mood Regulating Circuit in Depression: A Functional Magnetic
Resonance Study. Biological Psychiatry, 57(10), 1079-1088.
https://doi.org/10.1016/j.biopsych.2005.02.021

Ansell, E. B, Rando, K., Tuit, K., Guarnaccia, J., & Sinha, R. (2012). Cumulative Adversity and
Smaller Gray Matter Volume in Medial Prefrontal, Anterior Cingulate, and Insula
Regions. Biological Psychiatry, 72(1), 57-64.
https://doi.org/10.1016/j.biopsych.2011.11.022

Avery, J. A., Drevets, W. C., Moseman, S. E., Bodurka, J., Barcalow, J. C., & Simmons, W. K.
(2014). Major Depressive Disorder Is Associated With Abnormal Interoceptive Activity
and Functional Connectivity in the Insula. Biological Psychiatry, 76(3), 258-266.
https://doi.org/10.1016/j.biopsych.2013.11.027

Avitsur, R., Hunzeker, J., & Sheridan, J. F. (2006). Role of early stress in the individual
differences in host response to viral infection. Brain, Behavior, and Immunity, 20(4),
339-348. https://doi.org/10.1016/j.bbi.2005.09.006

Banks, S. J., Eddy, K. T., Angstadt, M., Nathan, P. J., & Phan, K. L. (2007). Amygdala—frontal
connectivity during emotion regulation. Social Cognitive and Affective Neuroscience,
2(4), 303-312. https://doi.org/10.1093/scan/nsm029

Banks, W. A., & Kastin, A. J. (1991). Blood to brain transport of interleukin links the immune
and central nervous systems. Life Sciences, 48(25), PL117-121.

49



Baron, R. M., & Kenny, D. A. (1986). The moderator—-mediator variable distinction in social
psychological research: Conceptual, strategic, and statistical considerations. Journal of
Personality and Social Psychology, 51(6), 1173.

Baumeister, D., Akhtar, R., Ciufolini, S., Pariante, C. M., & Mondelli, V. (2016). Childhood
trauma and adulthood inflammation: a meta-analysis of peripheral C-reactive protein,
interleukin-6 and tumour necrosis factor-a. Molecular Psychiatry, 21(5), 642—-649.
https://doi.org/10.1038/mp.2015.67

Bechara, A., Damasio, H., Damasio, A. R., & Lee, G. P. (1999). Different contributions of the
human amygdala and ventromedial prefrontal cortex to decision-making. The Journal of
Neuroscience, 19(13), 5473-5481.

Beck, A. T., Steer, R. A., & Brown, G. K. (1996). BDI-II, Beck depression inventory: manual.
San Antonio, Tex.; Boston: Psychological Corp. ; Harcourt Brace.

Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A Component Based Noise Correction
Method (CompCor) for BOLD and Perfusion Based fMRI. Neurolmage, 37(1), 90-101.
https://doi.org/10.1016/j.neuroimage.2007.04.042

Beissner, F., Meissner, K., Bér, K.-J., & Napadow, V. (2013). The Autonomic Brain: An
Activation Likelihood Estimation Meta-Analysis for Central Processing of Autonomic
Function. The Journal of Neuroscience, 33(25), 10503-10511.
https://doi.org/10.1523/JNEUROSCI.1103-13.2013

Bernstein, D. P., Fink, L., Handelsman, L., Foote, J., Lovejoy, M., Wenzel, K., ... Ruggiero, J.
(1994). Initial reliability and validity of a new retrospective measure of child abuse and
neglect. The American Journal of Psychiatry, 151(8), 1132-1136.
https://doi.org/10.1176/ajp.151.8.1132

Bernstein, D. P., Stein, J. A., Newcomb, M. D., Walker, E., Pogge, D., Ahluvalia, T., ... Zule,
W. (2003). Development and validation of a brief screening version of the Childhood
Trauma Questionnaire. Child Abuse & Neglect, 27(2), 169-190.

Birn, R. M., Patriat, R., Phillips, M. L., Germain, A., & Herringa, R. J. (2014). Childhood
Maltreatment and Combat Posttraumatic Stress Differentially Predict Fear-Related
Fronto-Subcortical Connectivity. Depression and Anxiety, 31(10), 880-892.
https://doi.org/10.1002/da.22291

Blatteis, C. M., Bealer, S. L., Hunter, W. S., Llanos-Q, J., Ahokas, R. A., & Mashburn, T. A.
(1983). Suppression of fever after lesions of the anteroventral third ventricle in guinea
pigs. Brain Research Bulletin, 11(5), 519-526.

Bluthé, R. M., Walter, V., Parnet, P., Lay¢, S., Lestage, J., Verrier, D., ... Dantzer, R. (1994).
Lipopolysaccharide induces sickness behaviour in rats by a vagal mediated mechanism.
Comptes Rendus de I’Academie Des Sciences. Serie 111, Sciences de La Vie, 317(6), 499-
503.

50



Bremner, J. D., Southwick, S. M., Johnson, D. R., Yehuda, R., & Charney, D. S. (1993).
Childhood physical abuse and combat-related posttraumatic stress disorder in Vietnam
veterans. The American Journal of Psychiatry, 150(2), 235-239.
https://doi.org/10.1176/ajp.150.2.235

Carpenter, L. L., Gawuga, C. E., Tyrka, A. R., Lee, J. K., Anderson, G. M., & Price, L. H.
(2010). Association between Plasma IL-6 Response to Acute Stress and Early-Life
Adversity in Healthy Adults. Neuropsychopharmacology, 35(13), 2617-2623.
https://doi.org/10.1038/npp.2010.159

Carroll, J. E., Gruenewald, T. L., Taylor, S. E., Janicki-Deverts, D., Matthews, K. A., & Seeman,
T. E. (2013). Childhood abuse, parental warmth, and adult multisystem biological risk in
the Coronary Artery Risk Development in Young Adults study. Proceedings of the
National Academy of Sciences, 110(42), 17149-17153.
https://doi.org/10.1073/pnas.1315458110

Cattell, R. B. (1966). The Scree Test For The Number Of Factors. Multivariate Behavioral
Research, 1(2), 245-276. https://doi.org/10.1207/s15327906mbr0102_10

Chocyk, A., Bobula, B., Dudys, D., Przyborowska, A., Majcher-Maslanka, 1., Hess, G., &
Wedzony, K. (2013). Early-life stress affects the structural and functional plasticity of the
medial prefrontal cortex in adolescent rats. European Journal of Neuroscience, 38(1),
2089-2107. https://doi.org/10.1111/ejn.12208

Choe, A. S., Jones, C. K., Joel, S. E., Muschelli, J., Belegu, V., Caffo, B. S., ... Pekar, J. J.
(2015). Reproducibility and Temporal Structure in Weekly Resting-State fMRI over a
Period of 3.5 Years. PLOS ONE, 10(10), e0140134.
https://doi.org/10.1371/journal.pone.0140134

Cohen, R. A., Grieve, S., Hoth, K. F., Paul, R. H., Sweet, L., Tate, D., ... Williams, L. M.
(2006). Early Life Stress and Morphometry of the Adult Anterior Cingulate Cortex and
Caudate Nuclei. Biological Psychiatry, 59(10), 975-982.
https://doi.org/10.1016/j.biopsych.2005.12.016

Cohen, S., Gianaros, P. J., & Manuck, S. B. (2016). A Stage Model of Stress and Disease.
Perspectives on Psychological Science: A Journal of the Association for Psychological
Science, 11(4), 456-463. https://doi.org/10.1177/1745691616646305

Cole, M. W., Ito, T., Bassett, D. S., & Schultz, D. H. (2016). Activity flow over resting-state
networks shapes cognitive task activations. Nature Neuroscience, 19(12), 1718-1726.
https://doi.org/10.1038/nn.4406

Craig, A. D. (2009). How do you feel — now? The anterior insula and human awareness. Nature
Reviews Neuroscience, 10(1), 59-70. https://doi.org/10.1038/nrn2555

Danese, A., & Baldwin, J. R. (2017). Hidden Wounds? Inflammatory Links Between Childhood
Trauma and Psychopathology. Annual Review of Psychology, 68(1), 517-544.
https://doi.org/10.1146/annurev-psych-010416-044208

51



Danese, A., Caspi, A., Williams, B., Ambler, A., Sugden, K., Mika, J., ... Arseneault, L. (2011).
Biological embedding of stress through inflammation processes in childhood. Molecular
Psychiatry, 16(3), 244-246. https://doi.org/10.1038/mp.2010.5

Danese, A., Moffitt, T. E., Pariante, C. M., Ambler, A., Poulton, R., & Caspi, A. (2008).
Elevated inflammation levels in depressed adults with a history of childhood
maltreatment. Archives of General Psychiatry, 65(4), 409-415.
https://doi.org/10.1001/archpsyc.65.4.409

Danese, A., Pariante, C. M., Caspi, A., Taylor, A., & Poulton, R. (2007). Childhood
maltreatment predicts adult inflammation in a life-course study. Proceedings of the
National Academy of Sciences, 104(4), 1319-1324.
https://doi.org/10.1073/pnas.0610362104

Dannlowski, U., Stuhrmann, A., Beutelmann, V., Zwanzger, P., Lenzen, T., Grotegerd, D., ...
Kugel, H. (2012). Limbic Scars: Long-Term Consequences of Childhood Maltreatment
Revealed by Functional and Structural Magnetic Resonance Imaging. Biological
Psychiatry, 71(4), 286-293. https://doi.org/10.1016/j.biopsych.2011.10.021

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., & Kelley, K. W. (2008). From
inflammation to sickness and depression: when the immune system subjugates the brain.
Nature Reviews Neuroscience, 9(1), 46-56. https://doi.org/10.1038/nrn2297

Davis, M., & Whalen, P. J. (2001). The amygdala: vigilance and emotion. Molecular Psychiatry,
6(1), 13-34.

Derks, N. A. V., Krugers, H. J., Hoogenraad, C. C., Joéls, M., & Sarabdjitsingh, R. A. (2016).
Effects of Early Life Stress on Synaptic Plasticity in the Developing Hippocampus of
Male and Female Rats. PLOS ONE, 11(10), e0164551.
https://doi.org/10.1371/journal.pone.0164551

Edmiston, E. E., Wang, F., Mazure, C. M., Guiney, J., Sinha, R., Mayes, L. C., & Blumberg, H.
P. (2011). Corticostriatal-limbic gray matter morphology in adolescents with self-
reported exposure to childhood maltreatment. Archives of Pediatrics & Adolescent
Medicine, 165(12), 1069-1077. https://doi.org/10.1001/archpediatrics.2011.565

Edwards, V. J., Holden, G. W., Felitti, V. J., & Anda, R. F. (2003). Relationship Between
Multiple Forms of Childhood Maltreatment and Adult Mental Health in Community
Respondents: Results From the Adverse Childhood Experiences Study. American Journal
of Psychiatry, 160(8), 1453-1460. https://doi.org/10.1176/appi.ajp.160.8.1453

Ek, M., Kurosawa, M., Lundeberg, T., & Ericsson, A. (1998). Activation of vagal afferents after
intravenous injection of interleukin-1beta: role of endogenous prostaglandins. The
Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 18(22),
9471-9479.

Ekdahl, C. T., Claasen, J.-H., Bonde, S., Kokaia, Z., & Lindvall, O. (2003). Inflammation is
detrimental for neurogenesis in adult brain. Proceedings of the National Academy of

52



Sciences of the United States of America, 100(23), 13632-13637.
https://doi.org/10.1073/pnas.2234031100

Eklund, A., Nichols, T. E., & Knutsson, H. (2016). Cluster failure: Why fMRI inferences for
spatial extent have inflated false-positive rates. Proceedings of the National Academy of
Sciences, 113(28), 7900-7905. https://doi.org/10.1073/pnas.1602413113

Evans, G. W., Swain, J. E., King, A. P., Wang, X., Javanbakht, A., Ho, S. S., ... Liberzon, L.
(2016). Childhood Cumulative Risk Exposure and Adult Amygdala VVolume and
Function. Journal of Neuroscience Research, 94(6), 535-543.
https://doi.org/10.1002/jnr.23681

Fan, Y., Herrera-Melendez, A. L., Pestke, K., Feeser, M., Aust, S., Otte, C., ... Grimm, S.
(2014). Early life stress modulates amygdala-prefrontal functional connectivity:
Implications for oxytocin effects. Human Brain Mapping, 35(10), 5328-5339.
https://doi.org/10.1002/hbm.22553

Folkman, S., Lazarus, R. S., Gruen, R. J., & DeLongis, A. (1986). Appraisal, coping, health
status, and psychological symptoms. Journal of Personality and Social Psychology,
50(3), 571-579.

Fox, M. D., & Greicius, M. (2010). Clinical Applications of Resting State Functional
Connectivity. Frontiers in Systems Neuroscience, 4.
https://doi.org/10.3389/fnsys.2010.00019

Frenois, F., Moreau, M., O’Connor, J., Lawson, M., Micon, C., Lestage, J., ... Castanon, N.
(2007). Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the
mouse extended amygdala, hippocampus and hypothalamus, that parallel the expression
of depressive-like behavior. Psychoneuroendocrinology, 32(5), 516-531.
https://doi.org/10.1016/j.psyneuen.2007.03.005

Friston, K. J. (1994). Functional and effective connectivity in neuroimaging: A synthesis. Human
Brain Mapping, 2(1-2), 56—78. https://doi.org/10.1002/hbm.460020107

Gianaros, P. J., Marsland, A. L., Kuan, D. C.-H., Schirda, B. L., Jennings, J. R., Sheu, L. K., ...
Manuck, S. B. (2014). An Inflammatory Pathway Links Atherosclerotic Cardiovascular
Disease Risk to Neural Activity Evoked by the Cognitive Regulation of Emotion.
Biological Psychiatry. https://doi.org/10.1016/j.biopsych.2013.10.012

Gianaros, P. J., Onyewuenyi, I. C., Sheu, L. K., Christie, I. C., & Critchley, H. D. (2012). Brain
systems for baroreflex suppression during stress in humans. Human Brain Mapping,
33(7), 1700-1716. https://doi.org/10.1002/hbm.21315

Ginty, A. T., Kraynak, T. E., Fisher, J. P., & Gianaros, P. J. (2017). Cardiovascular and
autonomic reactivity to psychological stress: Neurophysiological substrates and links to
cardiovascular disease. Autonomic Neuroscience, 207(Supplement C), 2-9.
https://doi.org/10.1016/j.autneu.2017.03.003

53



Gold, A. L., Morey, R. A., & McCarthy, G. (2015). Amygdala—Prefrontal Cortex Functional
Connectivity During Threat-Induced Anxiety and Goal Distraction. Biological
Psychiatry, 77(4), 394-403. https://doi.org/10.1016/j.biopsych.2014.03.030

Gorka, A. X., Hanson, J. L., Radtke, S. R., & Hariri, A. R. (2014). Reduced hippocampal and
medial prefrontal gray matter mediate the association between reported childhood
maltreatment and trait anxiety in adulthood and predict sensitivity to future life stress.
Biology of Mood & Anxiety Disorders, 4(1), 12. https://doi.org/10.1186/2045-5380-4-12

Grant, M. M., Cannistraci, C., Hollon, S. D., Gore, J., & Shelton, R. (2011). Childhood trauma
history differentiates amygdala response to sad faces within MDD. Journal of Psychiatric
Research, 45(7), 886-895. https://doi.org/10.1016/j.jpsychires.2010.12.004

Grant, M. M., White, D., Hadley, J., Hutcheson, N., Shelton, R., Sreenivasan, K., & Deshpande,
G. (2014). Early life trauma and directional brain connectivity within major depression.
Human Brain Mapping, n/a-n/a. https://doi.org/10.1002/hbm.22514

Green, J. G., McLaughlin, K. A., Berglund, P. A., Gruber, M. J., Sampson, N. A., Zaslavsky, A.
M., & Kessler, R. C. (2010). Childhood Adversities and Adult Psychiatric Disorders in
the National Comorbidity Survey Replication I: Associations With First Onset of DSM-
IV Disorders. Archives of General Psychiatry, 67(2), 113-123.
https://doi.org/10.1001/archgenpsychiatry.2009.186

Hannestad, J., Subramanyam, K., DellaGioia, N., Planeta-Wilson, B., Weinzimmer, D., Pittman,
B., & Carson, R. E. (2012). Glucose Metabolism in the Insula and Cingulate Is Affected
by Systemic Inflammation in Humans. Journal of Nuclear Medicine, 53(4), 601-607.
https://doi.org/10.2967/jnumed.111.097014

Hanson, J. L., Chung, M. K., Avants, B. B., Rudolph, K. D., Shirtcliff, E. A., Gee, J. C., ...
Pollak, S. D. (2012). Structural variations in prefrontal cortex mediate the relationship
between early childhood stress and spatial working memory. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 32(23), 7917-7925.
https://doi.org/10.1523/JNEUROSCI.0307-12.2012

Hardt, J., & Rutter, M. (2004). Validity of adult retrospective reports of adverse childhood
experiences: review of the evidence. Journal of Child Psychology and Psychiatry, 45(2),
260-273. https://doi.org/10.1111/j.1469-7610.2004.00218.x

Harrison, N. A., Brydon, L., Walker, C., Gray, M. A., Steptoe, A., & Critchley, H. D. (2009).
Inflammation Causes Mood Changes Through Alterations in Subgenual Cingulate
Activity and Mesolimbic Connectivity. Biological Psychiatry, 66(5), 407-414.
https://doi.org/10.1016/j.biopsych.2009.03.015

Harrison, N. A., Brydon, L., Walker, C., Gray, M. A., Steptoe, A., Dolan, R. J., & Critchley, H.
D. (2009). Neural Origins of Human Sickness in Interoceptive Responses to
Inflammation. Biological Psychiatry, 66(5), 415-422.
https://doi.org/10.1016/j.biopsych.2009.03.007

54



Harrison, N. A., Cooper, E., Tibble, J., Voon, V., & Critchley, H. D. (2017). Pro- and anti-
inflammatory challenges differentially modulate amygdala emotional reactivity and
predict development / amelioration of depressive symptoms. Presented at the American
Psychosomatic Society Annual Scientific Meeting.

Harrison, N. A., Cooper, E., Voon, V., Miles, K., & Critchley, H. D. (2013). Central autonomic
network mediates cardiovascular responses to acute inflammation: Relevance to
increased cardiovascular risk in depression? Brain, Behavior, and Immunity, 31, 189-
196. https://doi.org/10.1016/.bbi.2013.02.001

Harrison, N. A., Doeller, C. F., Voon, V., Burgess, N., & Critchley, H. D. (2014). Peripheral
Inflammation Acutely Impairs Human Spatial Memory via Actions on Medial Temporal
Lobe Glucose Metabolism. Biological Psychiatry, 76(7), 585-593.
https://doi.org/10.1016/j.biopsych.2014.01.005

Herringa, R. J., Birn, R. M., Ruttle, P. L., Burghy, C. A., Stodola, D. E., Davidson, R. J., &
Essex, M. J. (2013). Childhood maltreatment is associated with altered fear circuitry and
increased internalizing symptoms by late adolescence. Proceedings of the National
Academy of Sciences, 110(47), 19119-19124. https://doi.org/10.1073/pnas.1310766110

Hodgson, K., Poldrack, R. A., Curran, J. E., Knowles, E. E., Mathias, S., Goring, H. H,, ...
Glahn, D. C. (2016). Shared Genetic Factors Influence Head Motion During MRI and
Body Mass Index. Cerebral Cortex. https://doi.org/10.1093/cercor/bhw321

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

Honey, C. J., Sporns, O., Cammoun, L., Gigandet, X., Thiran, J. P., Meuli, R., & Hagmann, P.
(2009). Predicting human resting-state functional connectivity from structural
connectivity. Proceedings of the National Academy of Sciences, 106(6), 2035-2040.
https://doi.org/10.1073/pnas.0811168106

Hostinar, C. E., Davidson, R. J., Graham, E. K., Mroczek, D. K., Lachman, M. E., Seeman, T.
E., ... Miller, G. E. (2017). Frontal brain asymmetry, childhood maltreatment, and low-
grade inflammation at midlife. Psychoneuroendocrinology, 75, 152-163.
https://doi.org/10.1016/j.psyneuen.2016.10.026

Hostinar, C. E., Nusslock, R., & Miller, G. E. (2017). Future Directions in the Study of Early-
Life Stress and Physical and Emotional Health: Implications of the Neuroimmune
Network Hypothesis. Journal of Clinical Child & Adolescent Psychology, 1-15.
https://doi.org/10.1080/15374416.2016.1266647

Inagaki, T. K., Muscatell, K. A., Irwin, M. R., Cole, S. W., & Eisenberger, N. I. (2012).
Inflammation Selectively Enhances Amygdala Activity to Socially Threatening Images.
Neuroimage, 59(4), 3222-3226. https://doi.org/10.1016/j.neuroimage.2011.10.090

55



Jennings, J. R., & Gianaros, P. J. (in press). Host in the Machine: A Neurobiological Perspective
on Psychological Stress and Cardiovascular Disease. American Psychologist.

Jensen, S. K. G, Dickie, E. W., Schwartz, D. H., Evans, C. J., Dumontheil, I., Paus, T., &
Barker, E. D. (2015). Effect of Early Adversity and Childhood Internalizing Symptoms
on Brain Structure in Young Men. JAMA Pediatrics, 169(10), 938-946.
https://doi.org/10.1001/jamapediatrics.2015.1486

Jokela, M., Virtanen, M., Batty, G. D., & Kiviméki, M. (2016). Inflammation and Specific
Symptoms of Depression. JAMA Psychiatry, 73(1), 87—88.
https://doi.org/10.1001/jamapsychiatry.2015.1977

Kaiser, H. F. (1960). The application of electronic computers to factor analysis. Educational and
Psychological Measurement, 20(1), 141-151.

Katsuki, H., Nakai, S., Hirai, Y., Akaji, K., Kiso, Y., & Satoh, M. (1990). Interleukin-1 beta
inhibits long-term potentiation in the CA3 region of mouse hippocampal slices. European
Journal of Pharmacology, 181(3), 323-326.

Kessler, R. C., & Magee, W. J. (1993). Childhood adversities and adult depression: basic
patterns of association in a US national survey. Psychological Medicine, 23(3), 679-690.
https://doi.org/10.1017/S0033291700025460

Kim, M. J., Gee, D. G., Loucks, R. A,, Davis, F. C., & Whalen, P. J. (2011). Anxiety Dissociates
Dorsal and Ventral Medial Prefrontal Cortex Functional Connectivity with the Amygdala
at Rest. Cerebral Cortex, 21(7), 1667-1673. https://doi.org/10.1093/cercor/bhq237

Kraynak, T. E., Marsland, A. L., Wager, T. D., & Gianaros, P. J. (in prep). Functional
neuroanatomy of peripheral inflammatory physiology: A meta-analysis of human
neuroimaging studies.

Lacey, R. E., Kumari, M., & McMunn, A. (2013). Parental separation in childhood and adult
inflammation: The importance of material and psychosocial pathways.
Psychoneuroendocrinology, 38(11), 2476-2484.
https://doi.org/10.1016/j.psyneuen.2013.05.007

LeDoux, J. (2003). The emotional brain, fear, and the amygdala. Cellular and Molecular
Neurobiology, 23(4-5), 727-738.

Lee, H., Heller, A. S., van Reekum, C. M., Nelson, B., & Davidson, R. J. (2012). Amygdala—
prefrontal coupling underlies individual differences in emotion regulation. Neurolmage,
62(3), 1575-1581. https://doi.org/10.1016/j.neuroimage.2012.05.044

Lee, M. H., Smyser, C. D., & Shimony, J. S. (2013). Resting-State fMRI: A Review of Methods
and Clinical Applications. American Journal of Neuroradiology, 34(10), 1866-1872.
https://doi.org/10.3174/ajnr.A3263

56



Lekander, M., Karshikoff, B., Johansson, E., Soop, A., Fransson, P., Lundstrém, J. N, ...
Nilsonne, G. (2015). Intrinsic functional connectivity of insular cortex and symptoms of
sickness during acute experimental inflammation. Brain, Behavior, and Immunity.
https://doi.org/10.1016/j.bbi.2015.12.018

Libby, P., Ridker, P. M., & Maseri, A. (2002). Inflammation and Atherosclerosis. Circulation,
105(9), 1135-1143. https://doi.org/10.1161/hc0902.104353

Maier, S. F., & Watkins, L. R. (1998). Cytokines for psychologists: Implications of bidirectional
immune-to-brain communication for understanding behavior, mood, and cognition.
Psychological Review, 105(1), 83-107. http://dx.doi.org/10.1037/0033-295X.105.1.83

Maldjian, J. A., Laurienti, P. J., Kraft, R. A., & Burdette, J. H. (2003). An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets.
Neurolmage, 19(3), 1233-1239.

Marsland, A. L., Gianaros, P. J., Abramowitch, S. M., Manuck, S. B., & Hariri, A. R. (2008).
Interleukin-6 Covaries Inversely with Hippocampal Grey Matter Volume in Middle-Aged
Adults. Biological Psychiatry, 64(6), 484-490.
https://doi.org/10.1016/j.biopsych.2008.04.016

Marsland, A. L., Gianaros, P. J., Kuan, D. C.-H., Sheu, L. K., Krajina, K., & Manuck, S. B.
(2015). Brain morphology links systemic inflammation to cognitive function in midlife
adults. Brain, Behavior, and Immunity, 48, 195-204.
https://doi.org/10.1016/j.bbi.2015.03.015

Marsland, A. L., Kuan, D. C.-H., Sheu, L. K., Krajina, K., Kraynak, T. E., Manuck, S. B., &
Gianaros, P. J. (2017). Systemic inflammation and resting state connectivity of the
default mode network. Brain, Behavior, and Immunity, 62, 162-170.
https://doi.org/10.1016/j.bbi.2017.01.013

Marsland, A. L., McCaffery, J. M., Muldoon, M. F., & Manuck, S. B. (2010). Systemic
inflammation and the metabolic syndrome among middle-aged community volunteers.
Metabolism, 59(12), 1801-1808. https://doi.org/10.1016/j.metabol.2010.05.015

Matthews, K. A., Chang, Y.-F., Thurston, R. C., & Bromberger, J. T. (2014). Child abuse is
related to inflammation in mid-life women: role of obesity. Brain, Behavior, and
Immunity, 36, 29-34. https://doi.org/10.1016/j.bbi.2013.09.013

McCrory, E. J., Brito, S. A. D., Kelly, P. A., Bird, G., Sebastian, C. L., Mechelli, A., ... Viding,
E. (2013). Amygdala activation in maltreated children during pre-attentive emotional
processing. The British Journal of Psychiatry, 202(4), 269-276.
https://doi.org/10.1192/bjp.bp.112.116624

McCrory, E. J., De Brito, S. A., Sebastian, C. L., Mechelli, A., Bird, G., Kelly, P. A., & Viding,
E. (2011). Heightened neural reactivity to threat in child victims of family violence.
Current Biology, 21(23), R947—-R948. https://doi.org/10.1016/j.cub.2011.10.015

57



McLaughlin, K. A., Sheridan, M. A., & Lambert, H. K. (2014). Childhood adversity and neural
development: Deprivation and threat as distinct dimensions of early experience.
Neuroscience & Biobehavioral Reviews, 47, 578-591.
https://doi.org/10.1016/j.neubiorev.2014.10.012

Miller, A. H., Maletic, V., & Raison, C. L. (2009). Inflammation and Its Discontents: The Role
of Cytokines in the Pathophysiology of Major Depression. Biological Psychiatry, 65(9),
732-741. https://doi.org/10.1016/j.biopsych.2008.11.029

Miller, G. E., Chen, E., Fok, A. K., Walker, H., Lim, A., Nicholls, E. F., ... Kobor, M. S. (2009).
Low early-life social class leaves a biological residue manifested by decreased
glucocorticoid and increased proinflammatory signaling. Proceedings of the National
Academy of Sciences, 106(34), 14716-14721. https://doi.org/10.1073/pnas.0902971106

Miller, G. E., Chen, E., & Parker, K. J. (2011). Psychological stress in childhood and
susceptibility to the chronic diseases of aging: Moving toward a model of behavioral and
biological mechanisms. Psychological Bulletin, 137(6), 959-997.
https://doi.org/10.1037/a0024768

Milne, B. J., Caspi, A., Crump, R., Poulton, R., Rutter, M., Sears, M. R., & Moffitt, T. E. (2009).
The Validity of the Family History Screen for Assessing Family History of Mental
Disorders. American Journal of Medical Genetics. Part B, Neuropsychiatric Genetics :
The Official Publication of the International Society of Psychiatric Genetics, 0(1), 41-49.
https://doi.org/10.1002/ajmg.b.30764

Muscatell, K. A., Dedovic, K., Slavich, G. M., Jarcho, M. R., Breen, E. C., Bower, J. E., ...
Eisenberger, N. I. (2015). Greater amygdala activity and dorsomedial prefrontal-
amygdala coupling are associated with enhanced inflammatory responses to stress. Brain,
Behavior, and Immunity, 43, 46-53. https://doi.org/10.1016/j.bbi.2014.06.201

Muscatell, K. A., Eisenberger, N. I., Dutcher, J. M., Cole, S. W., & Bower, J. E. (2016). Links
between inflammation, amygdala reactivity, and social support in breast cancer survivors.
Brain, Behavior, and Immunity, 53, 34-38. https://doi.org/10.1016/j.bbi.2015.09.008

Muscatell, K. A., Moieni, M., Inagaki, T. K., Dutcher, J. M., Jevtic, L., Breen, E. C., ...
Eisenberger, N. 1. (2016). Exposure to an inflammatory challenge enhances neural
sensitivity to negative and positive social feedback. Brain, Behavior, and Immunity, 57,
21-29. https://doi.org/10.1016/j.bbi.2016.03.022

Nathan, C., & Ding, A. (2010). Nonresolving inflammation. Cell, 140(6), 871-882.
https://doi.org/10.1016/j.cell.2010.02.029

Nusslock, R., & Miller, G. E. (2016). Early-Life Adversity and Physical and Emotional Health
Across the Lifespan: A Neuroimmune Network Hypothesis. Biological Psychiatry, 80(1),
23-32. https://doi.org/10.1016/j.biopsych.2015.05.017

Ochsner, K., & Gross, J. (2005). The cognitive control of emotion. Trends in Cognitive Sciences,
9(5), 242-249. https://doi.org/10.1016/j.tics.2005.03.010

58



Opel, N., Redlich, R., Zwanzger, P., Grotegerd, D., Arolt, V., Heindel, W., ... Dannlowski, U.
(2014). Hippocampal Atrophy in Major Depression: a Function of Childhood
Maltreatment Rather than Diagnosis? Neuropsychopharmacology, 39(12), 2723-2731.
https://doi.org/10.1038/npp.2014.145

Pace, P. D., Thaddeus, Mletzko, M. S., Tanja, Alagbe, M. D., Oyetunde, Musselman, M. D., M.
S. ,Dominique, Nemeroff, M. D., Ph. D. ,Charles, Miller, M. D., Andrew, & Heim, P. D.,
Christine. (2006). Increased Stress-Induced Inflammatory Responses in Male Patients
With Major Depression and Increased Early Life Stress. American Journal of Psychiatry,
163(9), 1630-1633. https://doi.org/10.1176/appi.ajp.163.9.1630

Pechtel, P., Lyons-Ruth, K., Anderson, C. M., & Teicher, M. H. (2014). Sensitive periods of
amygdala development: The role of maltreatment in preadolescence. Neurolmage, 97,
236-244. https://doi.org/10.1016/j.neuroimage.2014.04.025

Pessoa, L. (2017). A Network Model of the Emotional Brain. Trends in Cognitive Sciences, 0(0).
https://doi.org/10.1016/j.tics.2017.03.002

Philip, N. S., Sweet, L. H., Tyrka, A. R., Price, L. H., Bloom, R. F., & Carpenter, L. L. (2013).
Decreased default network connectivity is associated with early life stress in medication-
free healthy adults. European Neuropsychopharmacology, 23(1), 24-32.
https://doi.org/10.1016/j.euroneuro.2012.10.008

Phillips, M. L., Drevets, W. C., Rauch, S. L., & Lane, R. (2003). Neurobiology of emotion
perception I: the neural basis of normal emotion perception. Biological Psychiatry, 54(5),
504-514. https://doi.org/10.1016/S0006-3223(03)00168-9

Phillips, R. G., & LeDoux, J. E. (1992). Differential contribution of amygdala and hippocampus
to cued and contextual fear conditioning. Behavioral Neuroscience, 106(2), 274-285.

Pope, H. G., & Hudson, J. I. (1995). Can memories of childhood sexual abuse be repressed?
Psychological Medicine, 25(1), 121-126. https://doi.org/10.1017/S0033291700028142

Power, J. D., Schlaggar, B. L., & Petersen, S. E. (2015). Recent progress and outstanding issues
in motion correction in resting state fMRI. Neurolmage, 0, 536-551.
https://doi.org/10.1016/j.neuroimage.2014.10.044

Preacher, K. J., & Hayes, A. F. (2008). Asymptotic and resampling strategies for assessing and
comparing indirect effects in multiple mediator models. Behavior Research Methods,
40(3), 879-891.

Quan, N., & Banks, W. A. (2007). Brain-immune communication pathways. Brain, Behavior,
and Immunity, 21(6), 727—735. https://doi.org/10.1016/j.bbi.2007.05.005

R Development Core Team. (2016). R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing.

59



Radley, J. J., Rocher, A. B., Rodriguez, A., Ehlenberger, D. B., Dammann, M., McEwen, B. S.,
... Hof, P. R. (2008). Repeated stress alters dendritic spine morphology in the rat medial
prefrontal cortex. The Journal of Comparative Neurology, 507(1), 1141-1150.
https://doi.org/10.1002/cne.21588

Repetti, R. L., Taylor, S. E., & Seeman, T. E. (2002). Risky families: family social environments
and the mental and physical health of offspring. Psychological Bulletin, 128(2), 330—366.

Reuben, A., Moffitt, T. E., Caspi, A., Belsky, D. W., Harrington, H., Schroeder, F., ... Danese,
A. (2016). Lest we forget: comparing retrospective and prospective assessments of
adverse childhood experiences in the prediction of adult health. Journal of Child
Psychology and Psychiatry, 57(10), 1103-1112. https://doi.org/10.1111/jcpp.12621

Rinaman, L. (2007). Visceral sensory inputs to the endocrine hypothalamus. Frontiers in
Neuroendocrinology, 28(1), 50-60. https://doi.org/10.1016/j.yfrne.2007.02.002

Rosenkranz, M. A., Busse, W. W., Sheridan, J. F., Crisafi, G. M., & Davidson, R. J. (2012). Are
there neurophenotypes for asthma? Functional brain imaging of the interaction between
emotion and inflammation in asthma. PloS One, 7(8), e40921.
https://doi.org/10.1371/journal.pone.0040921

Roy, A. K., Shehzad, Z., Margulies, D. S., Kelly, A. M. C., Uddin, L. Q., Gotimer, K., ...
Milham, M. P. (2009). Functional connectivity of the human amygdala using resting state
fMRI. Neurolmage, 45(2), 614-626. https://doi.org/10.1016/j.neuroimage.2008.11.030

Roy, M., Shohamy, D., & Wager, T. D. (2012). Ventromedial prefrontal-subcortical systems and
the generation of affective meaning. Trends in Cognitive Sciences, 16(3), 147-156.
https://doi.org/10.1016/j.tics.2012.01.005

Schmabhl, C. G., Vermetten, E., Elzinga, B. M., & Douglas Bremner, J. (2003). Magnetic
resonance imaging of hippocampal and amygdala volume in women with childhood
abuse and borderline personality disorder. Psychiatry Research: Neuroimaging, 122(3),
193-198. https://doi.org/10.1016/S0925-4927(03)00023-4

Shaffer, A., Huston, L., & Egeland, B. (2008). Identification of child maltreatment using
prospective and self-report methodologies: A comparison of maltreatment incidence and
relation to later psychopathology. Child Abuse & Neglect, 32(7), 682-692.
https://doi.org/10.1016/j.chiabu.2007.09.010

Sheridan, M. A., & McLaughlin, K. A. (2014). Dimensions of early experience and neural
development: deprivation and threat. Trends in Cognitive Sciences, 18(11), 580-585.
https://doi.org/10.1016/j.tics.2014.09.001

Shohamy, D., & Turk-Browne, N. B. (2013). Mechanisms for widespread hippocampal

involvement in cognition. Journal of Experimental Psychology: General, 142(4), 1159—
1170. https://doi.org/10.1037/a0034461

60



Siegel, J. S., Mitra, A., Laumann, T. O., Seitzman, B. A., Raichle, M., Corbetta, M., & Snyder,
A. Z. (2016). Data Quality Influences Observed Links Between Functional Connectivity
and Behavior. Cerebral Cortex. https://doi.org/10.1093/cercor/bhw253

Slavich, G. M., & Irwin, M. R. (2014). From Stress to Inflammation and Major Depressive
Disorder: A Social Signal Transduction Theory of Depression. Psychological Bulletin.
https://doi.org/10.1037/a0035302

Slopen, N., Kubzansky, L. D., McLaughlin, K. A., & Koenen, K. C. (2013). Childhood adversity
and inflammatory processes in youth: A prospective study. Psychoneuroendocrinology,
38(2), 188-200. https://doi.org/10.1016/j.psyneuen.2012.05.013

Slopen, N., McLaughlin, K. A., Dunn, E. C., & Koenen, K. C. (2013). Childhood adversity and
cell-mediated immunity in young adulthood: does type and timing matter? Brain,
Behavior, and Immunity, 28, 63—71. https://doi.org/10.1016/j.bbi.2012.10.018

Sparkman, N. L., Buchanan, J. B., Heyen, J. R. R., Chen, J., Beverly, J. L., & Johnson, R. W.
(2006). Interleukin-6 facilitates lipopolysaccharide-induced disruption in working
memory and expression of other proinflammatory cytokines in hippocampal neuronal cell
layers. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 26(42), 10709-10716. https://doi.org/10.1523/JNEUROSCI.3376-06.2006

Steer, R. A, Ball, R., Ranieri, W. F., & Beck, A. T. (1999). Dimensions of the Beck Depression
Inventory-I1 in clinically depressed outpatients. Journal of Clinical Psychology, 55(1),
117-128.

Sternberg, E. M. (2006). Neural regulation of innate immunity: a coordinated nonspecific host
response to pathogens. Nature Reviews Immunology, 6(4), 318-328.
https://doi.org/10.1038/nri1810

Stevens, J. S., Jovanovic, T., Fani, N., Ely, T. D., Glover, E. M., Bradley, B., & Ressler, K. J.
(2013). Disrupted amygdala-prefrontal functional connectivity in civilian women with
posttraumatic stress disorder. Journal of Psychiatric Research, 47(10), 1469-1478.
https://doi.org/10.1016/j.jpsychires.2013.05.031

Su, S., Wang, X., Pollock, J. S., Treiber, F. A., Xu, X., Snieder, H., ... Harshfield, G. A. (2015).
Adverse childhood experiences and blood pressure trajectories from childhood to young
adulthood: the Georgia stress and Heart study. Circulation, 131(19), 1674-1681.
https://doi.org/10.1161/CIRCULATIONAHA.114.013104

Swardfager, W., Rosenblat, J. D., Benlamri, M., & Mclintyre, R. S. (2016). Mapping
inflammation onto mood: Inflammatory mediators of anhedonia. Neuroscience &
Biobehavioral Reviews, 64, 148-166. https://doi.org/10.1016/j.neubiorev.2016.02.017

Swartz, J. R., Prather, A. A., & Hariri, A. R. (2017). Threat-related amygdala activity is
associated with peripheral CRP concentrations in men but not women.
Psychoneuroendocrinology, 78, 93-96. https://doi.org/10.1016/j.psyneuen.2017.01.024

61



Tang, Y., Kong, L., Wu, F., Womer, F., Jiang, W., Cao, Y., ... Wang, F. (2013). Decreased
functional connectivity between the amygdala and the left ventral prefrontal cortex in
treatment-naive patients with major depressive disorder: a resting-state functional
magnetic resonance imaging study. Psychological Medicine, 43(9), 1921-1927.
https://doi.org/10.1017/S0033291712002759

Teicher, M. H., Anderson, C. M., Ohashi, K., & Polcari, A. (2014). Childhood Maltreatment:
Altered Network Centrality of Cingulate, Precuneus, Temporal Pole and Insula.
Biological Psychiatry, 76(4), 297-305. https://doi.org/10.1016/j.biopsych.2013.09.016

Teicher, M. H., Anderson, C. M., & Polcari, A. (2012). Childhood maltreatment is associated
with reduced volume in the hippocampal subfields CA3, dentate gyrus, and subiculum.
Proceedings of the National Academy of Sciences, 109(9), E563-E572.
https://doi.org/10.1073/pnas.1115396109

Teicher, M. H., Samson, J. A., Anderson, C. M., & Ohashi, K. (2016). The effects of childhood
maltreatment on brain structure, function and connectivity. Nature Reviews
Neuroscience, 17(10), 652-666. https://doi.org/10.1038/nrn.2016.111

Tottenham, N., Hare, T. A., Quinn, B. T., McCarry, T. W., Nurse, M., Gilhooly, T., ... Casey, B.
J. (2010). Prolonged institutional rearing is associated with atypically large amygdala
volume and difficulties in emotion regulation. Developmental Science, 13(1), 46-61.
https://doi.org/10.1111/j.1467-7687.2009.00852.x

Tottenham, N., & Sheridan, M. A. (2010). A review of adversity, the amygdala and the
hippocampus: a consideration of developmental timing. Frontiers in Human
Neuroscience, 3. https://doi.org/10.3389/neuro.09.068.2009

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., ...
Joliot, M. (2002). Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neurolmage,
15(1), 273-289. https://doi.org/10.1006/nimg.2001.0978

Usher, J. A., & Neisser, U. (1993). Childhood amnesia and the beginnings of memaory for four
early life events. Journal of Experimental Psychology: General, 122(2), 155-165.
https://doi.org/10.1037/0096-3445.122.2.155

van Dam, A.-M., Bauer, J., Tilders, F. J. H., & Berkenbosch, F. (1995). Endotoxin-induced
appearance of immunoreactive interleukin-1p in ramified microglia in rat brain: A light
and electron microscopic study. Neuroscience, 65(3), 815-826.
https://doi.org/10.1016/0306-4522(94)00549-K

van der Werff, S. J. A., Pannekoek, J. N., Veer, |. M., van Tol, M.-J., Aleman, A., Veltman, D.
J., ... van der Wee, N. J. A. (2013). Resting-state functional connectivity in adults with
childhood emotional maltreatment. Psychological Medicine, 43(09), 1825-1836.
https://doi.org/10.1017/S0033291712002942

62



Van Dijk, K. R. A., Sabuncu, M. R., & Buckner, R. L. (2012). The influence of head motion on
intrinsic functional connectivity MRI. Neurolmage, 59(1), 431-438.
https://doi.org/10.1016/j.neuroimage.2011.07.044

Vaziri, N. D., & Rodriguez-Iturbe, B. (2006). Mechanisms of Disease: oxidative stress and
inflammation in the pathogenesis of hypertension. Nature Reviews Nephrology, 2(10),
582-593. https://doi.org/10.1038/ncpneph0283

Vythilingam, M., Heim, C., Newport, J., Miller, A. H., Anderson, E., Bronen, R., ... Charney, D.
S. (2002). Childhood trauma associated with smaller hippocampal volume in women with
major depression. The American Journal of Psychiatry, 159(12), 2072,

Walker, E. A., Gelfand, A., Katon, W. J., Koss, M. P., Korff, M. V., Bernstein, D., & Russo, J.
(1999). Adult health status of women with histories of childhood abuse and neglect. The
American Journal of Medicine, 107(4), 332—-339. https://doi.org/10.1016/S0002-
9343(99)00235-1

Wang, L., Paul, N., Stanton, S. J., Greeson, J. M., & Smoski, M. J. (2013). Loss of Sustained
Activity in the Ventromedial Prefrontal Cortex in Response to Repeated Stress in
Individuals with Early-Life Emotional Abuse: Implications for Depression Vulnerability.
Frontiers in Psychology, 4. https://doi.org/10.3389/fpsyg.2013.00320

Watson, D., & Pennebaker, J. W. (1989). Health complaints, stress, and distress: Exploring the
central role of negative affectivity. Psychological Review, 96(2), 234-254.
https://doi.org/10.1037/0033-295X.96.2.234

Weiner, H. (1992). Perturbing the Organism: The Biology of Stressful Experience. University of
Chicago Press.

Wheeler, R. E., Davidson, R. J., & Tomarken, A. J. (1993). Frontal brain asymmetry and
emotional reactivity: a biological substrate of affective style. Psychophysiology, 30(1),
82-89.

Whitfield-Gabrieli, S., & Nieto-Castanon, A. (2012). Conn: A Functional Connectivity Toolbox
for Correlated and Anticorrelated Brain Networks. Brain Connectivity, 2(3), 125-141.
https://doi.org/10.1089/brain.2012.0073

Wieck, A., Andersen, S. L., & Brenhouse, H. C. (2013). Evidence for a neuroinflammatory
mechanism in delayed effects of early life adversity in rats: Relationship to cortical
NMDA receptor expression. Brain, Behavior, and Immunity, 28, 218-226.
https://doi.org/10.1016/j.bbi.2012.11.012

Yirmiya, R., & Goshen, I. (2011). Immune modulation of learning, memory, neural plasticity
and neurogenesis. Brain, Behavior, and Immunity, 25(2), 181-213.
https://doi.org/10.1016/j.bbi.2010.10.015

Zotev, V., Yuan, H., Misaki, M., Phillips, R., Young, K. D., Feldner, M. T., & Bodurka, J.
(2016). Correlation between amygdala BOLD activity and frontal EEG asymmetry

63



during real-time fMRI neurofeedback training in patients with depression. Neurolmage:
Clinical, 11, 224-238. https://doi.org/10.1016/j.nicl.2016.02.003

64



	Title page
	Abstract
	Table of contents
	List of tables
	List of figures
	Introduction
	1.1 Adverse childhood experiences: epidemiology, measurement, and underlying dimensions
	1.2 Neurobiological pathways linking ACEs to mental health risk: focus on the corticolimbic circuit
	1.3 Biological pathways linking ACEs to the brain: focus on inflammation
	1.4 Aims and Hypotheses

	2.0  Methods
	2.1 Participants
	2.2 Procedures
	2.3 Measures
	2.3.1 Adverse childhood experiences
	2.3.2 IL-6
	2.3.3 Depression
	2.3.4 Covariates
	2.3.5 Region of interest (ROI) definition
	2.3.6 Functional connectivity estimation

	2.4 Statistial Analyses

	3.0  Results
	3.1 Descriptive statistics
	3.2 Bivariate associations between study variables
	3.3 Test of Aim 1
	3.4 Test of Aim 2
	3.5 Test of Aim 3
	3.6 Test of Aim 4
	3.7 Tests of Ancillary Aims

	4.0  Discussion
	4.1 Aim 1: ACEs and systemic inflammation
	4.2 Aim 2: ACEs and corticolimbic connectivity
	4.3 Aim 3: systemic inflammation and corticolimbic connectivity
	4.4 Ancillary Aims

	5.0  Limitations and Future Directions
	Bibliography

