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There is by now substantial clinical evidence for an association between specific mood disorders and altered
immune function. More recently, a number of hypotheses have been forwarded to explain how components
of the innate immune system can regulate brain function at the cellular and systems levels and how these
may underlie the pathology of disorders such as depression, PTSD and bipolar disorder. In this review we
draw reference to biochemical, cellular and animal disease models, as well as clinical observations to eluci-
date the role of the innate immune system in psychiatric disorders. Proinflammatory cytokines, such as
IL-1β IL-6 and TNFα, which feature prominently in the immune response to pathogen in the periphery,
have unique and specific actions on neurons and circuits within the central nervous system. Effects of
these signaling molecules on neurotransmission, memory, and glucocorticoid function, as well as animal be-
haviors such as social withdrawal and fear conditioning relevant to psychiatric disorders are elucidated. Fi-
nally, we highlight future directions for studies, including the use of peripheral biomarkers, relevant for
developing new therapeutic approaches for treating psychiatric illnesses. This article is part of Special Issue
entitled 'neuroinflammation in neurodegeneration and neurodysfunction'.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Depression and other mood disorders are among the most com-
mon diseases worldwide and are associated with a tremendous bur-
den to the people affected as well as high rates of suicide. Despite
the fact that there has been substantial effort to develop new drugs
and that modern, selective antidepressants represent significant ther-
apeutic progress, there are still considerable unmet needs. To address
those needs particularly related to therapeutic non-responders a ra-
tional approach would be to search for novel mechanisms of action.
Most antidepressants function by modulating serotonergic and/or
noradrenergic neurotransmission, and while this is an important
mechanism therapeutically, its role in disease etiology is yet unclear.

As a result, the identification of additional pathophysiological
changes associated with depressive disorders is an important goal.
Growing evidence points to a significant role for elements of the im-
mune system to dramatically influence brain function in ways that
are relevant to facets of psychiatric and neurological diseases.

This reviewwill not attempt to cover all psychiatric disorders but in-
stead will focus on those, particularly depression, post-traumatic stress
disorder, and bipolar disorder that appear to share manifestations of
chronic maladaptive changes in central nervous system function by el-
ements of the innate immune system (“neuroinflammation”). We will
draw reference to biochemical, cellular, and animal disease models, as
well as clinical observations to elucidate the role of the innate immune
system in psychiatric disorders. Finally, we will point out potential new
directions for future studies relevant for developing therapeutic ap-
proaches for treating psychiatric illnesses.

Cytokines and cellularmediators of neuroinflammation—peripheral/
central interactions

There is a growing appreciation of the profound interrelationship
between the central nervous system (CNS) and immune systems,
and this is perhaps best exemplified within the context of the innate
immune system. In contrast to the more highly evolved adaptive

immune system which is able to recognize and remember specific
pathogens, and to mount stronger attacks each time the pathogen is
encountered, the innate immune system is genetically encoded to
stereotypically respond to specific signals derived from pathogens
or other danger signals. These signals derive from common patho-
gens, such as bacterial cell wall components (lipopolysaccharides,
LPS), and components from tissue damage, such as ATP, uric acid,
and heat shock proteins. The recently discovered family of toll-like re-
ceptors (TLRs — Gay and Keith, 1991) binds some of these compo-
nents and initiates a signal transduction cascade which results in
the release of pro-inflammatory cytokines and chemokines in order
to neutralize pathogen and initiate tissue repair.

Of the inflammatory mediators, the most well-studied are the cyto-
kines interleukin 1beta (IL-1β, interleukin 6 (IL-6) and tumor necrosis
factor alpha (TNFα). All of these are released bymacrophages, other pe-
ripheral immune cells, andmicroglia, as part of the early acute phase re-
action which provides defense against invading pathogens. These
cytokines are robustly stimulated by molecules associated with patho-
gens, such as LPS and viral nucleic acids, that bind to TLRs and activate
theNFкβ pathway (Fig 1). IL-1β is considered the “master cytokine” be-
cause its release is an early event that triggers release of others compo-
nents of the acute phase response, including IL-6 (Dinarello, 2009). The
production,maturation and release of IL-1β are controlled by dual path-
ways that involve TLRs,which activate transcription, and the interaction
of the P2X7 receptor, pannexin-1 and caspase-1, which process thema-
ture form of IL-1β prior to release (Abbracchio et al., 2009; Di Virgilio,
2007). These cytokines also serve to signal tissue injury, both locally,
in the case of microglia, and systemically, in the case of IL-6. Major
sources of IL-6 are liver and muscle as a result of hepatotoxicity and
muscle damage, respectively. Strenuous exercise also elevates IL-6,
and as a result it can show great variability as a plasma biomarker.
TNFα, together with IL-1β and IL-6 have well described actions on the
hypothalamus including induction of fever, suppression of appetite,
and stimulation of the hypothalamic pituitary axis (HPA) to release
corticotropin-releasing factor (Goshen et al., 2008; Goshen and
Yirmiya, 2009; Layé et al., 2000). TNFα in particular is involved in

Fig. 1. Pathways for regulation and secretion of IL-1β and other neuroactive cytokines and their effects on the nervous system. Regulation of IL-6, TNFα and IL-1β is primarily via the
NFкβ pathway through transcriptional activation. Inactive pro-IL-1β (as well as pro-IL-18 — not shown) requires further processing by the inflammasome component caspase-1.
Endogenous stimulants include extracellular ATP and bacterial LPS. There are many other endogenous and exogenous inflammatory mediators that cause acute inflammation via
other TLR subtypes and additional components of the inflammasome (not shown). See text for details on specific roles of each cytokine on cellular and behavioral effects.
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