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Abstract—The development and exacerbation of depression

and anxiety are associated with exposure to repeated psy-

chosocial stress. Stress is known to affect the bidirectional

communication between the nervous and immune systems

leading to elevated levels of stress mediators including glu-

cocorticoids (GCs) and catecholamines and increased traf-

ficking of proinflammatory immune cells. Animal models,

like the repeated social defeat (RSD) paradigm, were devel-

oped to explore this connection between stress and affec-

tive disorders. RSD induces activation of the sympathetic

nervous system (SNS) and hypothalamic–pituitary–adrenal

(HPA) axis activation, increases bone marrow production

and egress of primed, GC-insensitive monocytes, and stim-

ulates the trafficking of these cells to tissues including the

spleen, lung, and brain. Recently, the observation that these

monocytes have the ability to traffic to the brain perivascular

spaces and parenchyma have provided mechanisms by

which these peripheral cells may contribute to the pro-

longed anxiety-like behavior associated with RSD. The data

that have been amassed from the RSD paradigm and others

recapitulate many of the behavioral and immunological phe-

notypes associated with human anxiety disorders and may

serve to elucidate potential avenues of treatment for

these disorders. Here, we will discuss novel and key data

that will present an overview of the neuroendocrine, immu-

nological and behavioral responses to social stressors.
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INTRODUCTION

Although the biological mechanisms are not fully

understood, the individual response to prolonged or

severe stressors contributes to the development and

exacerbation of depression and anxiety (Maes et al.,

1998; Kalynchuk et al., 2004; Raison et al., 2006;

Norman et al., 2010; Capuron and Miller, 2011; Gilman

et al., 2013). One potential contributor to the etiology of

stress-related mental health disorders involves the bidi-

rectional communication between the immune system

and the central nervous system (CNS) (Miller et al.,

2009). In humans, the experience of chronic stress is

associated with proinflammatory leukocytic phenotypes

that are unresponsive to the anti-inflammatory actions of

glucocorticoids (GCs) (Cohen et al., 2012) and a tran-

scriptional profile that is consistent with the expansion

and priming of myeloid-derived cells (Miller et al., 2008;

Powell et al., 2013). The mechanistic association between

inflammation and depression is particularly well-estab-

lished (Raison et al., 2006; Dantzer et al., 2008; Miller

et al., 2009; Norman et al., 2010; Capuron and Miller,

2011), while the case continues to build for the mechanis-

tic association between inflammation and anxiety (Maes

et al., 1998; Pitsavos et al., 2006; O’Donovan et al.,

2010; Pace and Heim, 2012).

The murine repeated social defeat (RSD) paradigm

recapitulates many key immunological and behavioral

features associated with psychosocial stress in humans.

In the bone marrow, RSD increases production, egress,

and trafficking of proinflammatory immune cells that are

insensitive to GCs (Avitsur et al., 2002; Engler et al.,

2004, 2005; Kinsey et al., 2007; Hanke et al., 2012;

Wohleb et al., 2012) (Fig. 1a) and traffic to the spleen

(Engler et al., 2004), lung (Curry et al., 2010), and brain

(Wohleb et al., 2013) (Fig. 1b). Furthermore, data from

the RSD paradigm support a conserved inflammatory

transcriptional response in leukocytes that is comparable

to that of chronically stressed human populations (Powell

et al., 2013).

RSD not only precipitates a proinflammatory

environment within the periphery, but also activates

brain regions associated with fear, anxiety, and threat

appraisal that appear to contribute to behavioral

changes. In many of these stress-responsive brain

regions, neuronal activation co-occurs with

neuroinflammatory events like microglial activation and

recruitment of primed monocytes from the periphery

(Wohleb et al., 2013). Studies suggest a connection

between monocyte trafficking to the brain and RSD-

induced anxiety-like behavior (Wohleb et al., 2013,

2014a). Moreover, RSD induces long-term stress-sensiti-

zation that is related to monocyte trafficking from the

spleen to the brain (Wohleb et al., 2014a). In this review,

we will introduce the concept of social defeat stress and

provide an overview of studies that have used the RSD

paradigm to elucidate the peripheral and central effects

of social stress. Finally, we will discuss monocyte traffick-

ing to the CNS and its relationship to anxiety-like

behavior.

Stress and inflammation

Inflammation is an adaptive biological response to tissue

injury and other immune challenges and is a key indicator

of mental and physical disease. Inflammation is

characterized, in part, by an increase in primed and

activated immune cells and the subsequent release of

proinflammatory immune products (Black and Garbutt,

2002). In particular, stress majorly impacts the expression

of cytokine and chemokine genes that are instrumental in

mobilizing immune cells to aid in the resolution of an insult

and restoration of tissue function (Black and Garbutt,

2002). In response to stress, a milieu of hormones, pep-

tides, and neurotransmitters are released by the nervous

and endocrine systems that pleiotropically function to

modulate the immune system. Specifically, the response

to stress activates the hypothalamic–pituitary–adrenal

(HPA) axis and sympathetic nervous system (SNS) sub-

sequently releasing GCs and catecholamines, respec-

tively. Depending on the nature, intensity, and duration

of the stressor and the type of immune challenge, stress

effects on the immune system differ. On the one hand,

chronic, unrelenting stress (e.g., prolonged restraint

stress) is able to induce immunosuppression and cause

a skew toward an anti-inflammatory immune cell pheno-

type that increases susceptibility to disease (Cohen

et al., 2012). On the other hand, bouts of repeated defeat

stress (e.g., RSD) can induce immunoenhancement and

cause a skew toward a proinflammatory phenotype by

inducing a state of GC-insensitivity to occur in innate

immune cells; this insensitivity prevents the GC-induced

suppression of inflammation through immune cell apopto-

sis and inhibition of nuclear factor j B (NFjB) pathways
(Chrousos et al., 1996; Barnes and Adcock, 2009). This

enhanced inflammation can be described as a double-

edged sword. In the short-term, inflammation beneficially

eradicates the immune challenge, but, over time, inflam-

mation can worsen tissue damage and negatively impact

disease outcome. Associated with the experience of

social stress, it is this prolonged inflammatory state that

has the potential to contribute to the etiology of depres-

sion and anxiety (Meduri and Yates, 2004; Barnes and

Adcock, 2009).

Social stressors

Numerous studies indicate that social status modulates

the immunological and physiological responses to

stress. Some of the first studies in this field examined

subordinate non-human primates, who, in response to

social reorganization (i.e., a shift in social hierarchy) had

reduced body weights, higher levels of circulating GCs

(i.e., cortisol), and increased susceptibility to upper

respiratory infections (Cohen et al., 1997; Sapolsky,
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