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Abstract

Social Signal Transduction Theory of Depression is a biologically plausible, multi-level theory
that describes neural, physiologic, molecular, and genomic mechanisms that link experiences of
social-environmental adversity with internal biological processes that drive depression
pathogenesis, maintenance, and recurrence. Central to this theory is the hypothesis that
interpersonal stressors involving social threat (e.g., social conflict, evaluation, rejection, isolation,
and exclusion) upregulate inflammatory processes that can induce several depressive symptoms,
including sad mood, anhedonia, fatigue, psychomotor retardation, and social-behavioral
withdrawal. The original article describing this formulation (Psychol Bull 140:774-815,2014)
addressed critical questions involving depression onset and recurrence, as well as why depression
is strongly predicted by early life stress and comorbid with anxiety disorders and certain physical
disease conditions, such as asthma, rheumatoid arthritis, chronic pain, and cardiovascular disease.
Here, we extend the theory to help explain sex differences in depression prevalence, which is a
defining feature of this disorder. Central to this extension is research demonstrating that ovarian
hormone fluctuations modulate women’s susceptibility to stress, brain structure and function, and
inflammatory activity and reactivity. These effects are evident at multiple levels and are highly
context-dependent, varying as a function of several factors including sex, age, reproductive state,
endogenous versus exogenous hormones, and hormone administration mode and dose. Together,
these effects help explain why women are at greater risk for developing inflammation-related
depressed mood and other neuropsychiatric, neurodevelopmental, and neurodegenerative disorders
during the reproductive years, especially for those already at heightened risk for depression or in
the midst of a hormonal transition period.

George M. Slavich, gslavich@mednet.ucla.edu.

Conflict of interest The authors declare that they have no conflicts of interest.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
This article belongs to a Special Issue on Neuroimmune Signaling in Psychiatric Disease.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slavich and Sacher Page 2

Keywords

Life stress; Social threat; Cytokines; Inflammation; Sex differences; Sex hormones;
Neuroinflammation; Risk; Depression; Disease

Introduction

Depression is a serious psychiatric condition that often emerges early in life and exerts a
substantial social and economic impact on society that exceeds $200 billion per year in the
USA alone (Greenberg et al. 2015). Nearly 17% of all men and 25% of all women
experience a major depressive episode during their lifetime (Kessler et al. 2010), and
although not all individuals develop multiple episodes, recurrence is common with up to
60% of people experiencing more than one lifetime depressive episode (Monroe et al.
2014b). This impact is further compounded by the fact that depression is associated with
increased risk for several somatic health conditions that have an immunologic basis and can
greatly affect wellbeing, including asthma, rheumatoid arthritis, chronic pain, cardiovascular
disease, certain cancers, and neurodegenerative disorders (Slavich in press).

Given the serious implications of depression for overall health, one might expect that
researchers have long possessed biologically plausible theories of major depressive disorder
(MDD) that could be used to develop effective treatments. Progress on this front has been
slow, though, due in part to the high cost historically associated with assessing neural,
immunologic, genetic, and genomic processes underlying depression in humans. However,
these methods have become considerably more affordable in recent years, leading to a
proliferation of exciting new data revealing how social-environmental adversity influences
biological processes that promote risk for depression and related diseases.

One of the most recent and important insights from this work has involved the realization
that psychological stress can strongly upregulate components of the immune system
involved in inflammation (Segerstrom and Miller 2004; Steptoe et al. 2007). Inflammation,
in turn, is known to induce depression-like behavior in animals and several symptoms of
depression in many (although not all) individuals (Dantzer et al. 2008; Miller et al. 2009).
Inflammatory mediators, particularly pro-inflammatory cytokines, can also promote anxiety
symptoms and increase risk for the types of physical health problems that frequently co-
occur with MDD (O’Donovan et al. 2013), thus making a focus on inflammation critically
important for developing a more complete understanding of the full range of clinical
symptoms and somatic ailments that frequently accompany this disorder.

Although studies on stress and inflammation, and inflammation and depression, have largely
represented distinct lines of enquiry, Slavich and Irwin (2014) recently integrated these
literatures to describe how experiences of life stress influence neural, physiologic,
molecular, and genomic processes that drive depression pathogenesis, maintenance, and
recurrence. The resulting Social Signal Transduction Theory of Depression represents the
first biologically plausible, multi-level theory of MDD. In the original article describing this
formulation, the authors addressed several important questions in depression research,
including how depression develops, why it frequently recurs, why it is strongly predicted by
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early life stress, and why it often co-occurs with symptoms of anxiety and with certain
physical disease conditions. In the present paper, we extend this discussion to help explain
one of the most striking features of depression—namely, the dramatic increase in risk for
MDD in women relative to men following the pubertal transition in adolescence. To
accomplish this goal, we first summarize Social Signal Transduction Theory of Depression
and existing research supporting this theory. Second, we describe known sex differences in
depression and inflammation, and how sex hormones influence immunologic,
neuroinflammatory, and neuroendocrine processes that affect depression risk. Third, we
discuss the relevance of these findings for updating Social Signal Transduction Theory of
Depression. Finally, we suggest some possible avenues for future clarification and research.

Social Signal Transduction Theory of Depression

Several contemporary theories have attempted to explain how life stress increases risk for
depression by affecting social-environmental (e.g., Brown and Harris 1978), psychodynamic
(e.g., Blatt 2004), and cognitive (e.g., Beck 1967) processes. Although these formulations
have served as invaluable blueprints for studying factors that contribute to and affect
depression, their ability to provide a complete biopsychosocial picture of the disorder has
been limited by three main issues. First, these theories have accounted for some symptoms
and features of MDD—particularly those involving social, psychological, and cognitive
processes—but they have not provided satisfactory explanations for somatic or
neurovegetative aspects of the disorder. Second, they have not typically included biological
data and, consequently, have not described mechanisms that are most proximally responsible
for generating depressive symptoms, let alone the full clinical and biobehavioral phenotype.
Finally, these theories have generally characterized depression at one major level of analysis
(e.g., cognition) but have not drawn convincing links with other up-or down-stream
processes that are implicated in this disorder.

Social Signal Transduction Theory of Depression addresses these issues by spanning several
major levels of analysis to generate a biologically plausible explanation for both cognitive
and somatic symptoms of MDD, as well as several other clinical phenomena that are
frequently experienced by many depressed individuals (e.g., anxiety, chronic pain) but not
presently regarded as symptoms of the disorder. The theory is grounded in the basic
understanding that the primary purpose of the human brain and immune system is to keep
the body safe from physical and biological threats that could cause illness or death if left
unaddressed (Slavich in press; Slavich and Auerbach 2018). To accomplish this task, the
brain continually surveys the social environment for threats that historically increased an
individual’s risk ofphysical harm or wounding. These social-environmental stressors, which
include things like social conflict, isolation, rejection, and exclusion, get represented in brain
regions that play a role in processing experiences of social and physical threat, pain, and
interoceptive cues. These brain regions in turn project to lower-level regions that upregulate
systemic inflammatory activity via several non-mutually exclusive pathways, including the
sympathetic nervous system (SNS), hypothalamic-pituitary-adrenal (HPA) axis, vagus nerve,
and meningeal lymphatic vessels (Irwin and Cole 2011; Slavich and Cole 2013; Slavich and
Irwin 2014).
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This multi-level neurobiological response to social threat, which we have previously called
the Conserved Transcriptional Response to Adversity (CTRA,; Slavich and Cole 2013;
Slavich and Irwin 2014), is characterized by a systematic shifting of immune system
resources toward an increased pro-inflammatory and reduced anti-viral (i.e., type | interferon
response) state. Small soluble proteins called cyfokines play a central role in this response
and are critically relevant for understanding the pathogenesis of depression and depression-
related physical disease states, as they exert numerous physiologic, cognitive, and behavioral
effects that can strongly affect disease risk (Hennessy et al. 2009; Medzhitov 2001,
Medzhitov 2008). At specific sites of tissue damage or infection, for example, cytokines can
promote redness, heat, swelling, and pain that help accelerate wound healing, limit the
spread of infection, and heighten a host’s awareness of an injury (Murphy 2011). At a more
systemic level, cytokines can induce the production of the acute-phase protein C-reactive
protein (CRP), which acts together with different cytokines to increase body temperature,
heart rate, and respiratory rate (Irwin and Slavich 2017).

These biobehavioral effects are critical for survival as they combine to kill pathogens,
promote wound healing, and help the body conserve energy during times of injury and
infection (Poon et al. 2013; Ricciotti and FitzGerald 2011). Cytokines can also communicate
with the central nervous system to induce a constellation of behaviors called sickness
behaviors, which closely resemble several “official” depressive symptoms, but also many
other symptoms and somatic states that frequently accompany depression (Dantzer et al.
2008; Hart 1988). Included in this list of behaviors are anhedonia, fatigue, psychomotor
retardation, and social-behavioral withdrawal, in addition to increased pain and threat
sensitivity. Anhedonia and fatigue help individuals recuperate and recover from injury;
psychomotor retardation and social-behavioral withdrawal reduce the likelihood that an
infection will spread to nearby conspecifics; and pain and threat sensitivity draw an
individual’s attention to bodily injury and potential threats in the environment. This multi-
level biobehavioral response thus has notable benefits and costs. On the plus side, it
dramatically increases a person’s likelihood of survival during times of actual physical
injury or threat, which explains why it was highly conserved over the course of evolution.
The downside, however, is that this response can also increase a person’s risk of developing
MDD and other inflammation-related conditions, especially when it is prolonged or
repeatedly engaged.

Summary of supporting evidence

Seven lines of research presently support Social Signal Transduction Theory of Depression.
First, the specific types of life stressors that are most strongly associated with onset of MDD
are those that involve social threat in general, and a combination of interpersonal loss and
social rejection in particular (Kendler et al. 2003; Slavich et al. 2010a; Slavich et al. 2011).
Previously, we have called these stressors fargeted rejection life events (Slavich et al. 2009).
Second, a large literature including both naturalistic and laboratory-based experimental
studies has shown that these same social stressors are the strongest triggers of the CTRA
(e.g., Murphy et al. 2013; Murphy et al. 2015; Takizawa et al. 2015; for reviews, see Kiecolt-
Glaser et al. 2010; Marsland et al. 2017; Segerstrom and Miller 2004; Slavich and Irwin
2014). Third, depression is well-known to frequently co-occur with several somatic
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disorders and physical disease conditions that have an inflammatory basis, including
rheumatoid arthritis, inflammatory bowel disease, metabolic syndrome, coronary heart
disease, and chronic pain (Goodwin et al. 2004; Graff et al. 2009; Poole et al. 2009).

Fourth, basal levels of systemic inflammatory activity are elevated in a substantial
proportion of individuals with depression, as indexed by CRP and the pro-inflammatory
cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a. (Howren et al. 2009).
Moreover, there is evidence that elevations in these biomarkers precede the development of
MDD (Gimeno et al. 2009) and that at least some symptoms of depression that are
associated with inflammation can be alleviated with antidepressant medications (Hernandez
et al. 2008). Fifth, three different experimental inflammatory challenges—namely,
interferon-a (IFN-a) administration, typhoid vaccination, and endotoxin administration—
have been found to evoke depressive-like behaviors in animal models of depression and
diagnosable forms of MDD in approximately 45-50% of individuals exposed to these
challenges (Capuron and Miller 2004; Raison et al. 2006). In addition, depressive symptoms
elicited by these challenges can be blocked with cytokine synthesis blockers or cytokine
antagonists in animals and potentially alleviated with antidepressants in humans (Hannestad
et al. 2011). Sixth, the three inflammatory challenges mentioned above have been found to
alter neural or metabolic activity in the basal ganglia, cerebellum, anterior cingulate cortex,
and ventral striatum, all of which have been implicated in depression (Capuron and Miller
2011; Zunszain et al. 2011). Moreover, several studies have suggested that neural activity in
brain regions that have been implicated in MDD is associated with individuals’
inflammatory reactivity to social stress (Muscatell et al. 2015; Muscatell et al. 2016; Slavich
et al. 2010b; see also Kumar et al. 2015). Finally, several double-blind, randomized,
placebo-controlled trials have suggested that three anti-inflammatory agents—namely, the
COX-2 inhibitor, celecoxib, and the TNF-a antagonists, etanercept and infliximab—can
alleviate depressive symptoms in at least some individuals (Muller et al. 2006; Raison et al.
2013; Tyring et al. 2006).

Sex differences in risk for depression

Despite this large body of evidence supporting Social Signal Transduction Theory of
Depression, one feature of MDD not addressed in the original theoretical formulation
involves that of sex differences in risk for depression. This is notable given that sex-based
differences in lifetime rates of MDD are a defining characteristic of the disorder (Thapar et
al. 2012). Prior to the pubertal transition, for example, rates of depression are similar and
relatively low, with approximately 3% of children meeting diagnostic criteria for MDD over
the past year (Merikangas et al. 2010). Following puberty, though, rates of MDD increase
nearly fivefold for both boys and girls—which itself is striking—but substantial sex
differences also emerge such that adolescent girls become at least twice as likely as boys to
develop depression (Avenevoli et al. 2015; Hankin and Abramson 1999). Several
mechanisms have been proposed to explain this dramatic increase in risk for MDD for girls
relative to boys, including stress generation, negative cognitive biases, and altered HPA axis
reactivity to stress (e.g., Gold 2015; Hammen 2006; Hankin and Abramson 2001; Kuehner
2017). However, none of these mechanisms are directly capable of inducing depressive
symptoms.
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Highlighting possible interactions between sex hormones and Social Signal Transduction
Theory of Depression may be useful in this regard, as it provides a framework for
understanding how sex hormones can influence processes that are directly involved in
depression pathogenesis, maintenance, and recurrence. Indeed, an interplay between sex
hormones, psychosocial stress, and inflammation could be one pathway underpinning sex
differences in MDD susceptibility. In the following sections, therefore, we first review data
highlighting known sex differences in inflammation and the role that sex hormones play as
mediators of the immune system. Second, we review data linking sex hormones with
neuroinflammatory and neuroendocrine dynamics. Finally, we discuss how sex hormones
can interact with psychosocial stress and neuroinflammatory processes to modulate mood
and risk for depression.

Sex differences in inflammation

Sex differences in the human immune response and resistance to infection and inflammatory
disease are well documented (Ferretti et al. 2018; Klein and Flanagan 2016; McClelland and
Smith 2011; McCombe et al. 2009). Generally, females show greater susceptibility to
autoimmune disease development and males show increased susceptibility to non-
reproductive malignant cancers (Klein and Flanagan 2016). Sex differences have also been
described for a variety of infectious diseases, but with a lesser magnitude (for a review, see
Klein and Flanagan 2016).

Gender and sex both likely play a role in structuring these effects. For example, gender can
influence a variety of risk factors for immune-related disorders, including exposure to
infectious agents and environmental toxins, dietary habits, health behaviors, and healthcare-
seeking behavior and access (Ngo et al. 2014). Our main interest here, though, are sex
differences in inflammation-related health conditions that can result from environmental and
preprogrammed hormonal or genetic cues, and from the complex interaction of
environmental impacts mediated by epigenetic regulation driving gene expression for males
and females (Deak et al. 2015; Hanamsagar and Bilbo 2016). Sex differences in
immunologic activity can emerge early in life (e.g., during prenatal development) and lead to
sex-based differences in disease risk during childhood and adulthood. Indeed, this literature
is extensive and comprehensively reviewed elsewhere (see Goldstein et al. 2016; Klein and
Flanagan 2016). Relevant research using animal model systems has also been summarized in
detail elsewhere (e.g., see Deak et al. 2015). Given that age and reproductive status represent
important determinants of sex-related differences in the immune response, below, we mainly
examine sex differences in inflammation and inflammation-related health problems
beginning in puberty, which is when sex differences in depression first emerge, and focus
primarily on human studies, which are most directly relevant for understanding differences
in risk for MDD in women versus men.

Sex hormones as hormonal mediators of the immune system

Estrogen

Estrone (E1), 17beta-estradiol (E2), estriol (E3), and estetrol (E4) are the four major types of
endogenous estrogens (Thom as and Potter 2013). Estrogen production occurs primarily in
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the ovaries, and in the placenta during pregnancy, while small amounts are produced by
other tissues such as the liver, pancreas, bone, adrenal glands, skin, brain, and adipose tissue
(Hemsell et al. 1974). E2 is considered the most prevalent and potent form of circulating
estrogen (Thomas and Potter 2013). E2 effects on the immune system are reflected not only
by E2 concentration but also include density, distribution, and type of estrogen receptor
(Thomas and Potter 2013). Two main subtypes have been described—namely, ERa and ERB
—and both exhibit different expression in various lymphoid tissue cells, such as
lymphocytes, macrophages, and dendritic cells (Kovats 2015). For example, ERa. is highly
expressed in T cells and ER is highly expressed in B cells (Phiel et al. 2005). Furthermore,
non-classical ER signaling, which allows for protein-protein interactions between ERs and
ERE-independent transcription factors, also occurs in immune cells (Kovats 2015).

E2 affects both cell-mediated and humoral immune responses (Klein and Flanagan 2016).
For example, whereas a low E2 state stimulates cell-mediated immunity and Ty1-responses,
which promote interferon gamma (IFN-vy)-driv-en pro-inflammatory activity that is
responsible for killing intracellular parasites and perpetuating autoimmune responses, a high
E2 state promotes humoral immune reactions and T2-responses, which are driven by 1L-4,
IL-5, and IL-13 that promote the antibody immunoglobulin E (IgE) and eosinophilic
responses in atopy, and by IL-10, which has anti-inflammatory effects (Berger 2000; Straub
2007). E2 can increase the neutrophilic cell count in both blood (Jilma et al. 1994) and the
lungs (Robinson et al. 2014). Moreover, whereas in low concentrations E2 stimulates the
production of pro-inflammatory cytokines, such as IL-1, IL-6, and TNF-a, in high
concentrations, E2 impedes the production of these cytokines (Bouman et al. 2005). E2 can
also initiate the differentiation from monocytes into inflammatory dendritic cells, which in
turn leads to increased IFN-a production, stimulation of the TLR-signaling pathways, and
activation of nuclear factor-k B (NF-xB), interferon regulatory factors (IRFs), or mitogen-
activated protein (MAP) kinases (Kawasaki and Kawai 2014) to regulate the expression of
cytokines, chemokines, and type | IFNs, as well as greater internalization and antigen
presentation to naive T cells (Seillet et al. 2012).

Progesterone

Androgens

Progesterone (P4) is synthesized by the corpus luteum in the ovary during the second half of
the menstrual cycle (Barbieri 2014) and by the placenta during pregnancy (Morel et al.
2016). P4 signaling is mainly mediated via progesterone receptors but can also occur via
glucocorticoid and mineralocorticoid receptors. P4 also acts via S1-sigma receptors
(Johannessen et al. 2011), as well as through its neurosteroid-active metabolites (e.g., 5a-
dihydroprogesterone and allopregnanolone) as a modulator of the GABA-A receptor (Paul
and Purdy 1992). P4 mostly promotes an anti-inflammatory state by decreasing IL-1p and
TNF production (Butts et al. 2007; Jones et al. 2010), inhibiting TLR and NF-kB-signaling
(Hardy et al. 2006), and attenuating inducible nitric oxide synthase (iNOS) and nitric oxide
(NO) production (Menzies et al. 2011).

The most important androgens are testosterone (T); dihydrotestosterone (DHT), which is a
metabolite of testosterone; and dehydroepiandrosterone (DHEA), which is the primary
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precursor of both testosterone and estrogens (Antoniou-Tsigkos et al. 2000). Testosterone
can decrease NK cell activity; attenuate TNF, iNOS, and NO synthesis; and reduce the
activity of NF-xB (Klein and Flanagan 2016). As a result, androgens are thought to mainly
have immunosuppressive and antiinflammatory effects (Klein and Flanagan 2016).

In summary, immune cells have sex hormone receptors and thus respond directly to changes
in sex hormone levels (Buskiewicz et al. 2016). Sex hormones often do not act in isolation
but rather in synergy; therefore, their effects on immune system activity are complex and not
easy to characterize. In general, though, progesterone and testosterone have mostly been
described as anti-inflammatory (Klein 2000). For estrogens, a U-curve pattern seems to best
explain their effect on the immune system, wherein at low concentrations they are more
often associated with pro-inflammatory function and at high concentrations they seem to
promote an antiinflammatory state (Klein 2000). These dynamics are directly related to risk
for depression, as individual fluctuations across a woman’s own mean ovarian hormone
levels greatly affect within-person vulnerability for MDD over time (Freeman et al. 2006;
Frokjaer et al. 2015).

Sex hormones and regulation of neuroinflammation

Substantial support for a role for sex hormones in shaping inflammatory processes and risk
for depression comes from research linking sex hormones with the regulation of
neuroinflammatory activity, which has now been widely implicated in risk for MDD and
several other neuropsychiatric disorders (Brites and Fernandes 2015; Kim et al. 2016).
Research on this topic originates from the epidemiologic finding that women appear to be
more vulnerable to developing neurodegenerative diseases across the lifespan than men, but
especially during hormonal transition periods, as reviewed by Zsido et al. (2017). Over the
past several decades, for example, it has become increasingly evident that sex hormones
profoundly impact the occurrence and severity of neuropsychiatric and neurodegenerative
disorders, often in conjunction with neuroinflammation (Villa et al. 2016). Indeed, sex
hormones are now known to critically influence the activity of inflammatory mediators and
immune dynamics within the central nervous system (CNS). These effects emerge early on
in brain development and continue throughout adolescence (Juraska et al. 2013) and
adulthood (Wise et al. 2008).

Mechanistically speaking, estrogen and progesterone both act via classical genomic
receptors, as well as non-classical membrane-associated receptors. The estrogen receptors
(ERa/B) (Gundlah et al. 2001; Mitra et al. 2003) and progesterone receptors (PRa/g)
(Brinton et al. 2008) are highly expressed in brain areas involved in emotion and cognition,
such as the amygdala and hippocampus (Barth et al. 2015). Moreover, ovarian hormones can
act on multiple receptor types, such as voltage-gated ion channels including GABA,
(Gulinello et al. 2001), NMDA (Foy et al. 1999), serotonin (Sumner and Fink 1998), and
dopamine (Becker 1990) receptors.

Although these genomic actions of sex hormones require a comparably long time (e.g.,
ranging from minutes to hours) and are limited by the rate of protein biosynthesis, non-
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genomic modulation of membrane receptors is mostly faster and requires only milliseconds
to seconds to exert an influence (Cornil et al. 2006; McEwen 1991). Ovarian hormones can
also indirectly impact the CNS through the enhancement or mitigation of systemic processes
that affect brain structure and function, such as inflammation. For example, both estrogen
and progesterone exert acute effects on synaptic plasticity through the activation of multiple
intracellular signaling pathways (Krebs et al. 2000; Minami et al. 1990; Singh 2001),
including the mitogen-activated protein kinases/extracellular signal-regulated kinases
(MAPK/ERK) pathway and the protein kinase B (Akt) pathway, both of which are involved
in the promotion of cell survival (Singh 2001).

These dynamics have direct implications for neuropsychiatric disease risk, as synaptic
plasticity and neuroinflammatory processes are tightly linked, and a dysregulation in their
interplay has been proposed to underlie risk for depression as well as many
neurodevelopmental and neurode-generative disorders (Mottahedin et al. 2017). A key
marker of neuroinflammation is microglial activation, for example, which is considered a
hallmark of many CNS pathologies (Dheen et al. 2007). Additionally, most of these
pathologies display a strong sexual dimorphism, including multiple sclerosis (Whitacre et al.
1999), anti-NMDA-receptor encephalitis (Dalmau et al. 2011), stroke (Bushnell2008), and
Alzheimer’s disease (Andersen et al. 1999). Another such disorder is autism, which affects
boys nearly five times as often as girls (Werling and Geschwind 2013). Prenatal
inflammation induced by maternal infection has been associated with increased risk for
autism (Patterson 2011); abnormal levels of glial activation have been found in brains of
autism patients postmortem (Vargas et al. 2005); and a candidate gene for autism has been
identified that is responsive to sex hormones (Sarachana et al. 2011; see Baron-Cohen et al.
2005).

Importantly, a modulatory role for sex hormones has been described for all of the
abovementioned pathologies. Estrogen receptors are present in microglial cells and estrogen
clearly affects neuroinflammatory activity (Villa et al. 2016). Therefore, it should not be
surprising that research involving cell lines, animal models, and humans all indicate a key
role for sex hormones in regulating neuroinflammation. For example, 7n vitro experimental
studies demonstrate that E2 can prevent morphological changes induced by lipopolysaccha-
ride (LPS) and the subsequent synthesis of pro-inflammatory molecules (MVegeto et al. 2001).
In addition, ovariectomized mice exhibit a greater inflammatory response to LPS stimulation
than sham-operated mice (Bendusi et al., 2012). Moreover, tissue from the National Institute
on Aging Alzheimer ‘s Disease brain banks has revealed upregulated macrophage-associated
gene expression in brain samples from menopausal women as compared with those from
younger, pre-menopausal women (Sarvari et al. 2012). Finally, estrogen appears to attenuate
ischemic brain injury and inflammatory responding to LPS in females, especially when
progesterone levels are high (Sunday et al. 2006). In sum, therefore, there is substantial
evidence that sex hormones directly affect neuroinflammation, which in turn shapes lifespan
risk for depression and other inflammation-related neuropsychiatric, neurodevelopmental,
and neurodegenerative disorders.
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Sex hormones, inflammation, and the hypothalamic-pituitary-adrenal axis

Additional support for the role of sex hormones in influencing inflammatory activity and
risk for MDD comes from research demonstrating links between an imbalance of the HPA
axis and pathologies related to inflammation in humans (Tsigos and Chrousos 2002; Yudkin
et al. 2000). For example, the HPA axis is known to influence inflammatory responding and
microglial activation across the lifespan (Sternberg 2006; Talbot et al. 2016), and as
described above, neuroinflammatory processes play a central pathophysiologic role in
depression, as well as in dysregulation of the autonomic nervous system and vascular,
metabolic, and neurodegen-erative pathologies (Slavich in press). Therefore, social-
environmental stressors and exposure to other risk factors for dysregulated immune system
activity occurring during critical periods of sexual differentiation of the human brain can
strongly impact sexually dimorphic brain regions in sex-dependent ways (Goldstein et al.
2014). Consistent with this possibility, excesses in maternal glucocorticoids and
abnormalities in immunologic activity have been found to have sex-dependent effects on
fetal brain circuits that regulate mood, autonomic activity, blood pressure, and metabolism,
resulting in recurrent MDD across the lifespan that is characterized by autonomic
dysfunction, dysregulated immunologic stress reactivity, and cardiometabolic dysregulation
later in life (Goldstein et al. 2018). Ultimately, an attenuated maternal HPA axis stress
response may have important evolutionary value, as it can help protect the fetus from
maternal stress exposure (Kajantie and Phillips 2006). At the same time, an estrogen-
associated blunted HPA response has a distinct downside, as it confers increased risk for
depression for the mother by lessening the natural anti-inflammatory effects of cortisol
(Jarcho et al. 2013; Oldehinkel and Bouma 2011).

Interestingly, estrogen-related blunting of HPA axis activity appears to be relatively
consistent across species. In rodents, for example, gonadectomy stimulates HPA axis
response to endotoxin and IL-1 (Spinedi et al. 1992), and E2 administration has the opposite
(i.e., attenuating) effect in both rats (Spinedi et al. 1992) and monkeys (Xia-Zhang et al.
1995). In humans, a similar pattern for a physiologic E2 dose appears in response to
inflammatory challenge (Puder et al. 2001) and psychosocial stress (Komesaroff et al. 1999)
in postmenopausal women. This effect may represent a healthy biological strategy for
adapting to changing environmental circumstances during the reproductive years, as
evidenced by menstrual cycle-associated modulation of neural activity in response to
psychosocial stress (Goldstein et al. 2010) and E2 modulation of key stress-related circuitry
in the brain (Jacobs et al. 2015). Given that women in remission from depression do not
appear to show this hormonal capacity to regulate neural responsivity to stress (Jacobs et al.
2015), dysregulation of sex hormone—HPA axis dynamics may be a key trait of MDD.

Summary of evidence linking sex hormones with inflammatory and neuroendocrine

processes

In summary, a wealth of research demonstrates that sex hormones regulate inflammatory
activity in the CNS, where risk for depression is most directly constituted, and that they can
affect the activity of the HPA axis, which has long been associated with risk for MDD.
These effects are supported by findings highlighting sex-linked differences in inflammation
and several inflammation-related disorders, by studies showing that sex hormones are
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associated with changes in inflammatory activity across the lifespan, and by mechanistic
work demonstrating that sex hormones regulate inflammatory processes. These effects
appear to be especially evident in females during different reproductive stages (Larson
2018), making hormonal transition periods a critical time for sex hormone-driven changes in
risk for inflammation-related disorders such as depression (Eisenlohr-Moul et al. 2016;
Owens and Eisenlohr-Moul 2018).

Stress, sex hormones, inflammation, and depression

Having presented evidence documenting a role for sex hormones in influencing
inflammatory activity, we turn now to the relevance of these dynamics for depression. As
alluded to earlier, life stress is strongly associated with risk for depression (Monroe et al.
2014a; Slavich 2016a; Slavich et al. 2014; Toussaint et al. 2016), and this effect is especially
strong for women during most developmental periods but particularly earlier in life when
first onsets of MDD typically occur (Harkness et al. 2010; see also Massing-Schaffer et al.
2019). Conversely, research has shown that greater social support during stress predicts less
pronounced increases in depression for women but less so for men (Leifheit-Limson et al.
2010). Therefore, life stress exposure in general—and social stressors in particular—appear
to be especially strongly related to MDD for women relative to men.

Such effects of life stress on mood have in turn been found to be modulated by fluctuations
in ovarian hormones. For example, studies have shown that endogenous estradiol changes
across the menstrual cycle alter mood and neural responses to psychosocial stress (Albert et
al. 2015). In addition, perimenopausal variability in estradiol levels has been found to
increase sensitivity to psychosocial stress, and the interplay of estradiol variability and
psychosocial stress in turn predicts the subsequent development of depressed mood (Gordon
et al. 2016). Finally, estradiol supplementation has been found to attenuate cortisol reactivity
to acute social stress in perimenopausal women (Komesaroff et al. 1999), although the
effects of estradiol appear to be highly context-dependent, as indicated by studies reporting
enhanced negative mood to psychosocial stress after menopause (Newhouse et al. 2008).

Several theories of hormonal sensitivity to stress and depression have been proposed to
elucidate mechanisms that may underlie these effects. The mechanisms identified have
included estrogen-sensitive upregulation of monoaminergic metabolization (Rekkas et al.
2014; Sacher et al. 2015); differences at the cellular or molecular level in the actions of
aromatase or in the ability of estradiol to regulate gene transcription (Mehta et al. 2014); the
dynamic fluctuation in hippocampal estrogen receptor expression, which may be
compromised by chronic stress (McEwen et al. 2012); linking estrogen-sensitive epigenetic
mechanisms to serotonergic signaling changes (Mehta et al. in press); and the modulation of
GABA-ergic transmission following changes in allopregnanolone (a progesterone-
metabolite), induced by ovarian hormone fluctuations (Gordon et al. 2015). Moreover,
emerging evidence suggests neurosteroid GABA-ergic inhibition of the release of pro-
inflammatory mediators, such as TNF-a, via toll-like receptor 4 (TLR4) signal inhibition
(Balan et al. 2019).

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slavich and Sacher

Page 12

Support for the possibility that stress-related increases in inflammatory activity mediate sex-
based differences in depression risk must, however, also be considered in light of studies
showing male-specific associations between inflammatory markers (Ramsey et al., 2016)—
in particular, CRP—and symptoms of anxiety and depression (Elovainio et al. 2009;
Liukkonen et al. 2011; Vetter et al. 2013; Vogelzangs et al.2012;see Raison et al. 2005). At
the same time, exposure to social stress is associated with elevated basal levels of
inflammatory activity (Shields and Slavich 2017; Slavich 2015; Slavich 2016b; Slavich in
press) and with heightened inflammatory responses to social stress in women (Giletta et al.
2018). Second, increases in negative mood induced by inflammation have been well-
documented in both healthy control participants (Strike et al. 2004; Wright et al. 2005) and
in depressed patients (Niemegeers et al. 2016; Pace et al. 2006), and these effects are
particularly strong for women (Irwin and Slavich 2017). Likewise, elevated basal levels of
the pro-inflammatory cytokine IL-6 have been found to predict increases in depression
among women at risk for MDD who have a history of childhood adversity (Miller and Cole
2012; see also Han et al. 2016). Third, forms of marital support that are known to mitigate
the effects of stress on health are more strongly associated with reduced inflammatory
activity for women than for men (Donoho et al. 2013). Finally, a recent longitudinal study
that followed 2232 children from birth to 12 years old found that exposure to multiple forms
of childhood adversity was associated with prospective increases in systemic inflammatory
activity, but only for female youth (Baldwin et al. 2018).

Even stronger evidence linking sex-based differences in inflammatory processes with
heightened depression risk in women comes from experimental studies examining these
associations. First, some studies have shown that inflammatory challenges such as
interferon-a administration lead to greater risk for MDD in women relative to men (Fontana
et al. 2002; Gohier et al. 2003; Koskinas et al. 2002). Not all evidence consistently supports
this finding and some research has found no sex differences in depressive symptoms
following interferon-a treatment (Bonaccorso et al. 2002; Kraus et al. 2003; Miyaoka et al.
1999; see Raison et al. 2005). In contrast to these smaller individual studies, though, a recent
metaanalysis of this literature that included 26 studies found that females are significantly
more likely to develop MDD following interferon-a. treatment (odds ratio = 1.40; 95%
confidence interval = 1.02-1.91; Udina et al. 2012). This conclusion is consistent with prior
consensus, which ranks depressed mood prior to treatment as the strongest predictor of
developing depressive symptoms following interferon-a treatment, but views being female,
a history of depression, and a substantial interferon-a. dose or treatment duration as
additional key risk factors.

Second, several experimental fMRI studies have shown that standardized inflammatory
challenges alter associations between depression-relevant neural circuits, inflammation, and
mood in a sex-dependent manner. In an early fMRI study on this topic, for example, LPS-
induced increases in pro-inflammatory cytokine activity predicted changes in depressed
mood for women but not for men; moreover, neural activity in brain areas associated with
social pain (e.g., dorsal anterior cingulate cortex, anterior insula) mediated the relationship
between changes in inflammatory activity and depressed mood but, again, only for women
(Eisenberger et al. 2009). In a second study that used this same inflammatory challenge,
increases in the pro-inflammatory cytokines TNF-a and IL-6 were strongly associated with
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feeling more socially disconnected for women but not for men (Moieni et al. 2015). In a
third fMRI study that randomized male and female participants to receive either placebo or
endotoxin, endotoxin (but not placebo) administration led to reduced activity in the ventral
striatum, which mediates reward-related behavior, and this effect was found for females but
not for males. Additionally, decreases in ventral striatum activity in the endotoxin condition
were related to increases in inflammatory activity for females but not for males (Moieni et
al. 2019). Finally, a fourth fMRI study that recruited a large proportion (70%) of depressed
females found that higher CRP levels were associated with decreased functional connectivity
within reward-related circuits including the ventral striatum and ventromedial prefrontal
cortex, which was in turn related to greater anhedonia. Moreover, these effects mediated
associations between patients” CRP and anhedonia levels (Felger et al., 2016).

Inflammatory reactivity to endotoxin is not always related to changes in anxiety or depressed
mood (Engler et al. 2016). In fact, some studies have found that inflammatory responses are
more strongly associated with anxiety and depressive disorders in men than in women,
particularly later in life (Mogelzangs et al. 2012) and that links between CRP, depression, and
anxiety are more consistent in men (Elovainio et al. 2009; Liukkonen et al. 2011; Ramsey et
al. 2016; Vetter et al., 2013) than in women (Ma et al. 2010). Therefore, although women
may mount a greater inflammatory response to such challenges, other vulnerability factors
may exist that render certain women more susceptible to experiencing depression during
hormonal transition periods and immune system challenges. Because most fMRI studies in
this area of research have been conducted in either all-male or all-female samples, there is a
pressing need for additional research investigating sex-specific differences that includes both
males and females.

In sum, these data argue for a context-dependent role of sex hormones in shaping depression
susceptibility; highlight social stress as a potent risk factor for depression, particularly for
women with heightened sensitivity to hormonal fluctuation; and provide evidence of sex-
specific interconnections between life stress exposure, inflammation, and MDD. Overall,
women appear to exhibit relatively greater risk for inflammation-related depressed mood
than men, and this is especially true for those already at heightened risk for mood disorders
or in the midst of a hormonal transition period. Male-specific associations between elevated
inflammatory activity and depression have also been described. One possible conceptual
consolidation of these seemingly inconsistent findings proposes that women may exhibit a
stronger low-grade inflammatory response (Ahonen et al. 2012), whereas men may exhibit
higher levels of more general inflammatory activation markers (e.g., CRP), specifically later
in life (Mogelzangs et al. 2012). A recent review further argues that although women appear
to be more vulnerable to the depressogenic effects of chronic stress and inflammation than
men (Bekhbat et al. 2018), most research on this topic has been done in males. Given these
lingering questions, additional longitudinal studies examining sex differences in stress-
related disorders, neural and immune reactivity following stress exposure, and the negative
effects that these processes have for mood and behavior are needed.
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Social Signal Transduction Theory of Depression revisited

The original formulation of Social Signal Transduction Theory of Depression (Slavich and
Irwin 2014) did not tackle the issue of sex differences in depression because, at that point in
time, it was not sufficiently clear how sex hormones regulate the social signal transduction
pathways described. The evidence presented here addresses this important issue and begins
to explain how sex moderates activity at each of the major levels of analysis outlined in the
theory. As reviewed above, for example, women have a greater likelihood of experiencing
the types of major life stressors that most strongly trigger inflammatory activity; are more
likely to exhibit sex-hormone linked elevations in neuroinflammation, especially during
major hormonal transition periods; can experience estrogen-associated blunting of HPA axis
reactivity, which lessens anti-inflammatory signaling; and may demonstrate enhanced
stimulation of intracellular inflammatory signaling pathways by 17beta-estradiol (E2).
Together, these and other effects may lead to greater basal levels of several pro-
inflammatory cytokines, including IL-1, IL-6, TNF-a, and IFN-a, as well as to greater pro-
inflammatory cytokine reactivity to social-environmental adversity and immunologic
challenges that are known to heightened depression susceptibility. These responses possess
critical adaptive value, as they help promote survival for women and their offspring by
providing immunological protection during times of pathogenic threat. If repeatedly engaged
or sustained, however, these biological dynamics can also increase women’s risk for
depression, in addition to a wide range of other neuropsychiatric, neurodegenerative,
metabolic, and somatic disorders that have an inflammatory component. These processes are
depicted graphically in Fig. 1.

Turning windows of vulnerability into opportunities for discovery

Looking forward, much more research is needed to fully understand how sex moderates the
psychological and biological processes described in Social Signal Transduction Theory of
Depression. Recent studies have provided evidence that endogenous sex hormone
fluctuations across the menstrual cycle are associated with changes in brain network
connectivity (Andreano 2018; Arelin et al. 2015), that changes in gray matter occur during
pregnancy and postpartum (Hoekzema et al. 2017), and that changes in neurochemistry
occur during the immediate postpartum period (Sacher et al. 2010; Sacher et al. 2015) and
perimenopause (Rekkas et al. 2014). At the same time, the effects that these neurobiological
changes have on immune system activity and risk for mood disorders likely last long past the
hormonal transition period itself, highlighting the importance of better understanding the
longitudinal nature of this phenomenon.

Research on this topic should continue by further quantifying specific neurobiological
mechanisms that have the ability to directly evoke depressive symptoms. Positron emission
tomography (PET) is one tool that can be used for this purpose, as it enables researchers to
go beyond studying nonspecific relative changes in structural and functional connectivity in
the brain in order to quantitatively image neuroreceptor-ligand binding associated with
specific hormone-mediated neurochemical changes that promote depression. In fact, this
approach has already been used in studies investigating postpartum depression, which have
recently identified monoaminergic loss caused by estrogen depletion as a potential
mechanism explaining postpartum depressed mood (Sacher et al. 2010; Sacher et al. 2015).
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This finding has already led to clinical trials of a monoamine oxidase A inhibitor for
postpartum depression and to the development of selective dietary supplements for
preventing this disorder (Dowlati et al. 2017).

In vivo neuroreceptor ligand imaging with PET can also be applied to measure specific
markers of neuroinflammation using (for example) translocator protein (TSPO), which is an
18-kDa protein located on the outer mitochondrial membranes in microglia. Increases in
TSPO expression occur when microglia are activated during inflammatory events in the
brain (Rupprecht et al. 2010), and increased TSPO density has been shown in MDD patients
in the midst of a depressive episode (Setiawan et al. 2015). In addition to leveraging these
recent radiotracer developments for research on psychosocial stress, neuroinflammation, and
depression, we believe the field requires more targets that are specifically dedicated to
ovarian hormone receptors in the CNS. In this context, [18F]-FES is a PET tracer that is used
in clinical practice to image the estrogen receptor (ER) in breast cancer (Lin et al. 2017;
Venema et al. 2017). However, its potential suitability for imaging of ER in the human brain
remains unclear. The ER consists of two isoforms—namely, ERa and ERB—that have
distinct biologic functions. Whereas activation of ERa stimulates cell proliferation and cell
survival, ERB promotes apoptosis. A potential ERB-selective PET tracer—namely, 2-18F-
fluoro-6-(6-hydroxynaphthalen-2-yl)pyridin-3-ol (:8F-FHNP)—has been recently
introduced (Antunes et al. 2017), but has not yet been tested for human neuroimaging.

Two newer approaches for aromatase imaging are 11C-cetrozole and [ A-methyl-11C]-
vorozole. Aromatase converts androgens to estrogens, thus enabling us to control local
estrogen synthesis. Because it is challenging to measure local concentrations of estrogen in
the brain, suitable tracers for this enzyme may provide critical insight into the dynamics of
estrogen synthesis. A recent study found that ovarian uptake of 11C-vorozole varies across
the menstrual cycle in premenopausal women; however, the tracer did not reveal sensitivity
to such subtle endogenous ovarian hormone changes in the brain (Biegon et al. 2015). 11C-
cetrozole shows a promising signal-to-noise ratio in the amygdala, hypothalamus, and
nucleus accumbens in the brain of non-human primates (Takahashi et al. 2014), but remains
to be tested in humans.

More broadly. Social Signal Transduction Theory of Depression views MDD as a
biopsychosocial disease state characterized by disruptions in multiple systems; therefore,
multimodal methods are warranted. Integration of PET with other techniques and research
methods would vastly improve the identification of abnormalities in brain function that
increase risk for MDD. The MR-PET Hybrid scanner is an exceptional tool for
accomplishing this goal, as it enables researchers to examine neurochemical, structural, and
functional brain mechanisms simultaneously. This is especially relevant for studying ovarian
hormone changes that occur during the menstrual cycle, as ovulation lasts approximately 24
h, thus providing only a short and dynamic time window for obtaining multiple brain scans.
Furthermore, such an approach provides an unprecedented opportunity to test participants’
functional brain activation, associated dopaminergic response, and downstream HPA axis
and peripheral inflammatory activity during different types of laboratory-based stressors,
which can be done all at the same time and across different hormonal states (e.g., ovulation

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slavich and Sacher

Page 16

vs. pre-menstrual state) to more fully characterize changes that occur in social signal
transduction dynamics over time.

Finally, although assessing life stress exposure and menstrual cycle status can be highly
informative for quantifying women’s risk of developing mood disorders that are mediated by
ovarian hormones, a majority of studies still utilize self-report scales for evaluating stress
exposure and cycle phase that are highly imprecise (Monroe and Slavich in press; Slavich
2019; Wegienka and Baird 2005). To address these issues, we suggest using instruments for
measuring life stress exposure that assess stressors occurring in several domains across the
entire lifespan (e.g.. Stress and Adversity Inventory; Slavich and Shields 2018; Slavich et al.
in press). With respect to the menstrual cycle, we recommend adopting comprehensive cycle
monitoring that includes a combination of (a) recording body temperature daily to assess the
reproductive phase, as marked by an increase in core body temperature up to 1 degree, with
(b) assessing ovarian hormone serum blood levels at each time point to measure fluctuation
dynamics and menstrual cycle phase, and (c) confirming ovulation by lutropin surge in urine
or (d) employing vaginal ultrasounds to confirm and determine time of ovulation by
measuring follicle size. Employing such methods will greatly enhance the quantification of
life stress exposure and staging of the menstrual cycle phase of women (Barth et al. 2016;
Epel et al. 2018), which could ultimately enable personalized predictions of a particular
individual’s illness trajectory treatment response, and/or likelihood of relapse (i.e., precision
medicine/precision health; Schiissler-Fiorenza Rose et al. 2019).

Conclusion

In conclusion. Social Signal Transduction Theory of Depression provides the first
biologically plausible, multilevel account of neural, physiologic, molecular, and genomic
mechanisms linking experiences of social-environmental adversity with internal biological
processes that drive depression pathogenesis, maintenance, and recurrence. Here, we
extended this theory by highlighting the growing body of evidence showing that ovarian
hormone fluctuations influence a woman’s susceptibility to stress, brain structure and
function, and inflammatory activity and reactivity, all of which play important roles in
structuring risk for depression in addition to several other somatic and physical disease states
that have an inflammatory component. MDD is an extremely burdensome disorder, but this
burden is not equally distributed between the sexes (Gotlib and Hammen 2014). By studying
the roles that sex hormones play in Social Signal Transduction Theory of Depression, our
hope is that we may move one step closer to understanding why women become twice as
likely to experience depression than men following puberty to ultimately reduce their
depression risk and help improve women’s health.
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Fig. 1.

Tk?e role of sex hormones in Social Signal Transduction Theory of Depression. Social Signal
Transduction Theory of Depression describes neural, physiologic, molecular, and genomic
mechanisms that link experiences of social-environmental adversity with internal biological
processes that drive depression pathogenesis, maintenance, and recurrence, as well as the co-
occurrence of depression with other inflammation-related neuropsychiatric,
neurodevelopmental, and neurodegenerative disorders. a Briefly, social-environmental
circumstances that are neurocognitively appraised as threats are represented in the brain,
which in turn influences the activity of the SNS, HPA axis, and vagus nerve. Neuroeffector
molecules from these systems engage specific, highly conserved gene transcription
programs in differing target cells. In leukocytes, for example, SNS and HPA signaling
generally suppress innate antiviral genes (e.g., /FNA, IFNB), whereas SNS signaling
activates—and HPA signaling generally inhibits—pro-inflammatory cytokine genes (e.g.,
IL1B, IL6, IL8, TINF). These changes represent a systematic shifting of immune system
resources toward an increased pro-inflammatory and reduced anti-viral (i.e., type | interferon
response) state, with corresponding effects for several immune-mediated health outcomes
including depression. b These pathways can also be depicted conceptually, highlighting the
fact that experiences of social-environmental adversity can become self-promoting via both
external social recursion and internal physiologic recursion. Sex hormones can modulate
these processes on several levels. For example, sex hormones can affect external social
recursion by altering social behavior patterns including the tendency to socially isolate or
respond defensively or aggressively to perceived threat. Such behaviors can in turn alter the
actions of conspecifics in the surrounding environment and give rise to social stressors (e.g.,
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social conflict, evaluation, rejection, isolation, exclusion) that further heighten the actual
level of adversity in the environment and, therefore, an individual’s perception of such
threat. Sex hormones can also affect internal physiologic recursion at several levels,
including: (i) by influencing the perception, processing, and regulation of threat and fear via
brain regions rich in neurosteroid receptors, such as the amygdala, prefrontal cortex, and
hippocampus, and the direct and indirect interaction with key targets in monoaminergic
systems (e.g., MAO-A, 5-HTT) and the interplay of sex hormone metabolites with inhibitory
neurotransmission, such as ALLO-facilitated GABA-ergic inhibition of pro-inflammatory
mediators (e.g., TNF-a via TLR4 signal inhibition); (ii) via modulation of SNS and HPA
axis reactivity, as sex hormones can influence parasympathetic/sympathetic activity in
addition to cortisol responses to psychosocial stress given that estrogen can enhance the
activity of choline uptake and acetycholine synthesis, affect vascular endothelial properties,
and may blunt cortisol responsivity, whereas progesterone may increase HPA axis reactivity
to stress; and (iii) by influencing the activity of several cellular signal transduction processes
that directly modulate innate and adaptive immune system dynamics, including (a) genomic
signaling: for example, estrogen can bind directly to estrogen response elements in gene
promoters or serve as cofactors with other transcription factors (i.e., NF-xB, AP-1), thus
modulating IFN-y expression; (b) non-genomic signaling: sex hormones can exert rapid
effects via neurosteroid receptors on immune cells (e.g., by affecting dendritic and B cell
development and function via membrane-bound non-genomic signaling mechanisms and
membrane-associated specific kinase signaling pathways); (c) post-translational
modification of neurosteroid receptors by acetylation, lipophilic moieteism, and
ubiquitination; and (d) possible epigenetic mechanisms (e.g., microRNAS, histone
modifications, and acetylation). Importantly, the effects of sex hormones on all of these
levels are highly context-dependent. Therefore, factors like sex, age, reproductive state,
endogenous versus exogenous hormones, and hormone administration mode and dose need
to be carefully considered to fully understand the effects that sex hormones have on risk for
depression and other inflammation-related neuropsychiatric, neurodevelopmental, and
neurodegenerative diseases (e.g., asthma, rheumatoid arthritis, chronic pain, metabolic
syndrome, cardiovascular disease, Alzheimer’s disease, etc.). ACTH, adrenocorticotropin
hormone; ADRB2, B,-adrenergic receptor; CRH, corticotrophin releasing hormone; PRR,
pattern recognition receptor; SNS, sympathetic nervous system; HPA axis, hypothalamic-
pituitary-adrenal axis; MAO-A, monoamine oxidase-A; 5-HTT, serotonin transporter;
ALLO, allopregnanolone; GABA, gamma-aminobutyric acid; TLR4, toll-like receptor 4;
ER, estrogen receptor; NF-kB, nuclear factor-kB; AP-1, activator protein 1; IFN-y,
interferon-y; MDD, major depressive disorder. Adapted from Slavich and Cole 2013 and
Slavich and Irwin 2014
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