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Abstract

Evolutionary imperatives bred a vigorous and highly orchestrated behavioral and immune
response to the microbial world that served to promote species survival and propagation. The
resultant legacy is an inflammatory bias which goes largely unchecked in the modern world and is
provoked not only by pathogens but also now by people. In this commentary, the authors’
contributions to the Special Issue on /nflammation and Mental Health are described, beginning
with the origins of the inflammatory bias, its roots in genetic predispositions to behavioral
adaptations and ultimately maladaptations, and its consequences on the developing brain. In
addition, the mechanisms by which the immune system engages behavior are described including
a central role for the inflammasome which may serve to link psychological stress with
inflammatory and behavioral responses. Neurotransmitter systems that mediate effects of the
immune system on behavior are also described along with interactions of the inflammatory bias
with depression and their convergent impact on the response to stress and medical illness. Finally,
translational implications are discussed including data from a clinical trial using a cytokine
antagonist in depressed patients, which suggests an interaction of the inflammatory bias with other
evolutionary legacies including those related to food consumption and their modern consequences
of obesity and the metabolic syndrome. Taken together, the articles offer a sampling of the rich
literature that has evolved regarding the role of the immune system in behavioral disorders. The
grounding of this relationship in our evolutionary past may serve to inform future research both
theoretically and therapeutically.
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1. Introduction

As we have learned more about interactions between the brain and the immune system, it is
increasingly apparent that cytokines and other immune molecules and cells play a Janus-
faced role in central nervous system (CNS) function. Indeed, immune system molecules and
cells are an essential component of numerous processes that are fundamental to the
maintenance of neuronal integrity including neurogenesis, synaptic remodeling, and
neurotransmission (Yirmiya and Goshen 2011). For example, inhibition of cytokines
through the use of antagonists or gene targeting is associated with significant impairments in
learning and memory in conjunction with deficits in the elemental processes that support
these functions including long-term potentiation (Yirmiya and Goshen 2011). Similar results
have been found following removal of cellular components of the immune system including
T cells and microglia (Kipnis et al. 2004; Sierra et al. 2013; Ziv et al. 2006). Recent data
suggest that even the healing effects of antidepressants may be in part dependent upon the
induction of an immune response (Warner-Schmidt et al. 2011).

Side-by-side with these sustaining influences of the immune system on neuronal function is
the specter of a destructive force driven by an overactive immune response or inflammation
that in its attempt to contain and control a perceived assault can wreak havoc on the body
and the brain, ultimately affecting behavior (Dantzer et al. 2008; Miller et al. 2009). While
the short-term goal to enact protective responses at the cellular and organismic level is
essential to survival, in the long run, chronic immune activation and inflammation, comes at
a high cost, contributing to the immense personal and economic burden of neuropsychiatric
disorders as well as other illnesses in our society. Much attention has appropriately been
paid to the mechanisms of the effects of inflammation on the pathways to pathology in
mental illnesses. However, it is important to recognize that there is a method to the madness,
beginning with the need to survive in a hostile microbial environment in ancestral times, and
ultimately resulting in the legacy of an inflammatory bias which when triggered or fostered
by environmental conditions can lead to a host of maladies that are overrepresented in the
modern world including allergic disorders, cardiovascular disease, diabetes, cancer and
neuropsychiatric disorders (Couzin-Frankel 2010). In this special issue of Brain Behavior
Immunity, we will begin with human evolution and through a series of papers will expand
upon the basis of the inflammatory bias, its genetic representations, the dire consequences
on a developing brain, the mechanisms impacting CNS function, the role of environmental
triggers and ultimately translational relevance (Figure 1).

2. Man meets microbe: the evolutionary imperative

Natural selection favors those individuals who can survive to reproductive age. In the
ancestral world, infant mortality secondary to infectious diseases was one of the primary
sources of evolutionary pressure applied to the human race (Volk In Press). As a result,
individuals with a more vigorous or targeted immune response to prevailing pathogens were
the ones most likely to survive and propagate the species (Raison and Miller 2013). So
important was the need to fend off these microbial assaults, data suggest that European and
Asian peoples were the beneficiaries of a critical immunologic boost through interbreeding
with Neanderthals and other now extinct human sub-species (Abi-Rached et al. 2011).
Indeed, analysis of modern human DNA reveals the presence of genes derived from
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Neanderthals that cluster in the human major histocompatibility locus and are associated
with a more aggressive immune response to pathogens including viruses (Abi-Rached et al.
2011). Taken together, this evolutionary mandate to mount a vigorous immune response to
early encounters with the microbial world has left humankind with an inflammatory legacy
that is as important to health today as it was then, albeit with dramatically contrasting
benefits and costs.

Given the intimate relationship between the brain and the immune system, it is important to
recognize that successful defense against pathogens involves the activation of a complex
interconnected suite of both immunologic and behavioral responses (Raison and Miller
2013). From the behavioral side, reorganization of priorities to fighting infection and wound
healing requires reduced exploratory behavior (which may be achieved by cytokine effects
on the basal ganglia) as well as hypervigilence against future attack (which may be achieved
by effects on the anterior cingulate cortex and the amygdala)(Miller 2009). Thus, as the
immune and nervous systems developed hand-in-hand through evolutionary time, it should
not be surprising that one of the consequences of our bias to inflammatory responses is a
vulnerability to behavioral disorders that are coupled to inflammation including reduced
exploratory behavior in the form of depression and hypervigilence in the form of anxiety. In
support of this notion are recent data indicating that depression risk alleles identified by both
candidate gene and genome-wide association study methodologies are regularly associated
with immune responses to infection that were likely to enhance survival in the ancestral
environment (Raison and Miller 2013).

In the paper by Anders et al. in this issue, the hypothesis that susceptibility genes for
depression persist in the human population because of their relevance to protective
behavioral and immune responses to microbial challenges is further developed and expanded
(Anders et al. 2012). The proposed /nfection-defense hypothesis not only incorporates the
above noted advantages of energy conservation through the depressive symptoms of
anhedonia, social withdrawal, fatigue and psychomotor retardation but also invokes the
impact of depressive behaviors on reducing exposure to further challenge from infectious or
other environmental stressors as well as decreasing the spread of infection to social
conspecifics. These conjectures place the impact of evolutionary selection pressures into a
larger social context that may ultimately involve the interaction of inflammatory pathways
with molecular mechanisms that underlie prosocial behavior. Indeed, data have shown that
depression is associated with decreased concentrations of oxytocin (Scantamburlo et al.
2007), a molecule believed to be intimately involved in social relationships, thereby
reducing the spread of infection through inhibitory effects on molecular pathways that
mediate social attachment.

In the paper by McDade et al. in this issue, an interesting twist on the inflammatory liability
imposed by natural selection is proposed and tested by data from a large cohort of young
adults residing in the Philippines, an ecological and epidemiological setting that differs
substantially from that of the United States (McDade et al. 2012). Borrowing from the
“hygiene hypothesis’” that suggests that the inflammatory bias may be tempered by
exposure to “old friends” in the form of minimally pathogenic bacteria, viruses and parasites
(Raison et al. 2010), McDade and colleagues show that the relationship between perceived
stress and inflammation [as measured by c-reactive protein (CRP)] is only significant in
individuals with low levels of microbial exposure in infancy. For individuals with increased
early exposure to infectious agents (e.g. exposure to animal feces in infancy and birth in the
dry season when post-natal infectious exposures tend to be high), perceived stress in
adulthood was not associated with elevated CRP. These data suggest that while an
inflammatory bias is an evolutionary legacy which has served mankind well, over
evolutionary time, checks and balances may have developed within the immune system that
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are dependent on exposure to some level of pathogenicty. Such exposure has been shown to
be commensurate with immune tolerance, responsible in part by elaboration of anti-
inflammatory T regulatory cells (Tregs) and their production of the anti-inflammatory
cytokines interleukin (IL)-10 and transforming growth factor (TGF)-beta (Raison et al.
2010). Indeed, clinical studies have shown for example that exposure of preghant women to
certain types of bacteria can reduce the likelihood of atopy in their offspring (Kalliomaki et
al. 2001). Unfortunately, in more developed countries like the United States, where
sanitation is held in high regard, not only is there an inflammatory bias, but there are few
“friendly” pathogens to engender a more tolerant immune response, thus potentially
contributing to the higher rates of allergic and other disorders related to inflammation in
more developed countries (Raison et al. 2010).

3. Genetic legacy of the inflammatory bias

Given the interconnection between the inflammatory and behavioral response to immune
challenge, in conjunction with the rich literature indicating that inflammatory markers are
increased in patients with a number of neuropsychiatric disorders including anxiety
disorders and major depression (Miller et al. 2009), there has been considerable interest in
whether a relationship exists between genes that regulate the inflammatory response and the
development of depressive disorders. Studies have focused on genes for a variety of
inflammatory cytokines as well as genetic variants in pathways related to inflammatory
signaling such as the enzymes involved in arachidonic acid (AA) metabolism. In the paper
by Bufalino et al. in this issue, the literature in this area is reviewed with the conclusion that
single nucleotide polymorphisms in a number of cytokine genes as well as genetic variants
influencing T cell function are associated not only with an increased risk for depression but
also reduced responsiveness to antidepressant therapy (Bufalino et al. 2012). Similar data
are reported for genetic variants in cyclooxygenase 2 and phospholipase 2, both enzymes
involved in AA metabolism. These data provide further evidence for a connection between a
genetic predisposition to an inflammatory bias and an increased vulnerability to behavioral
change including depression. In addition, these data complement findings that genetic
variants in IL-6 and phospholipase 2 can predict the behavioral response to cytokine
challenge. Indeed, in patients receiving treatment with interferon (IFN)-alpha, those with the
low IL-6 synthesizing genotype exhibited significantly fewer depressive symptoms (Bull et
al. 2009), while the “at risk” PLA2 polymorphism is associated with lower concentrations of
the long-chain omega-3 fatty acid eicosapentaenoic acid (EPA) and more somatic symptoms
of depression in both patients treated with IFN-alpha as well as in patients with idiopathic
major depression (Su et al. 2010). Of note, EPA and its omega-3 counterpart
docosahexaenoic acid (DHA) have been shown to inhibit inflammatory responses in vitro
(Li et al. 2005), and decreased plasma EPA and DHA concentrations have been associated
with major depression in a meta-analysis of the literature in this area (Lin et al. 2010).
Consistent with these data, in a related study in this issue, Lotrich et al. show that lower
plasma concentrations of DHA and an elevated AA/EPA+DHA ratio are associated with the
development of depression during IFN-alpha therapy (Lotrich et al. 2012).

4. Inflammation and the developing brain

During development, the brain is extremely vulnerable to the impact of physiologic assaults.
As indicated above, cytokines play an essential role in the modeling of synapses not only in
adulthood but especially during development. Immune cells such as microglia also play an
essential role in the developing brain, for example via regulation of neural precursor cell
numbers in the cerebral cortex through phagocytosis (Cunningham et al. 2013). Therefore,
any disruption in the relative balance or expression of cytokines and/or immune cell (e.g.
microglial) activation during this critical period may have dire consequences for the
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developing brain. An elegant series of papers involving early maternal infection and immune
stimulation has paved the way to an increasing appreciation of how infection early during
development may have lifelong behavioral consequences. Indeed, administration of poly I:C
to pregnant mice has been shown to lead to 1L-6 dependent changes in behaviors in the
offspring consistent with both autism spectrum disorders (ASD) and schizophrenia (Smith et
al. 2007).

In the paper by Garay et al. in this issue, the consequences of maternal immune activation
using poly I:C on cytokine expression are explored in multiple brain regions over time
(Garay et al. 2012). The results indicate that long-lasting region and age-specific changes
occur that persist until at least post-natal day 60. Interestingly, changes in cytokine
expression were not associated with immune cell infiltration into the brain or evidence of
gross changes in blood brain barrier permeability or microglial number. Moreover,
somewhat unexpectedly, significant decreases in a number of cytokines were found during
peak periods of synaptogenesis and synaptic plasticity. These data suggest that although
maternal immune activation leads to a variety of behavioral changes consistent with ASD
and schizophrenia, the mechanism of these alterations may be a consequence of more
nuanced changes in cytokine effects on neural plasticity during development as opposed to a
monolithic impact of increased inflammation leading to widespread neuronal endangerment.

Consistent with the notion that long lasting change in immune regulation may be associated
with ASD, Breece et al. in this issue report significant increases in the frequencies of
peripheral blood dendritic cells in patients with ASD (Breece et al. 2012). Dendritic cells
play a fundamental role in innate immunity as well as activation of T cells, the induction of
tolerance and cytokine and chemokine production. Interestingly, increases in dendritic cells
were associated with increased volumes of the left and right amygdala as well as repetitive
behaviors and gastrointestinal symptoms. Increased amygdala volumes have been previously
reported in children with ASD (Kim et al. 2010), and the link with immune dysregulation is
intriguing in light of studies indicating that the amygdala may be a target of peripheral
immune activation in studies from healthy individuals administered typhoid vaccination and
endotoxin (Harrison et al. 2009; Inagaki et al. 2012). The connection between altered
amygdala function and specific behavioral and bodily (gastrointestinal) responses in the
context of immune activation warrants further investigation, especially as it relates to the
potentially adaptive value of these reactions when viewed in an evolutionary context (e.g.
hypervigilance, social withdrawal, and anorexia as protective in response to infection — see
above). The paper of Ross et al. in this issue provides further support that a chronic
inflammatory response may be related to the development of altered behaviors consistent
with ASD (Ross et al. 2013). The study focuses on patients with the 22q11.2 deletion
syndrome (also known as DiGeorge syndrome), a genetic disorder that is associated with an
increased risk for ASD and schizophrenia as well as altered T cell function including
decreased Treg expression. In patients with 22¢q11.2 deletion, significant correlations were
found between increased inflammatory and decreased anti-inflammatory cytokines and ASD
symptoms including altered social behavior and increased repetitive behaviors. Given that a
number of 22g11.2 subjects do not exhibit ASD-like symptoms, this continuum between
increasing behavioral dysfunction and increased inflammation is especially intriguing and
provides even greater support for the link between ASD symptoms and immune
dysregulation.

Schizophrenia is another developmental disorder that is believed to be linked to immune
alterations (Fineberg and Ellman 2013). However studies of the immune response in
schizophrenic patients can be complicated by antipsychotic treatment, given that
antipsychotic medications significantly impact not only neurotransmitter function but also
bodily metabolism in ways that promote weight gain and obesity, which in themselves are
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associated with increased inflammation. Indeed, in the paper in this issue by Miller et al.,
patients with schizophrenia and the metabolic syndrome were found to exhibit significantly
higher total white blood cell counts, monocyte counts and c-reactive protein (CRP)
concentrations in the peripheral blood compared to patients without the metabolic syndrome
(Miller et al. 2012). In order to obviate some of the confounds introduced by chronic
antipsychotic treatment of the disorder, in the paper by Di Nicola et al. in this issue, serum
concentrations and levels of leukocyte gene expression of inflammatory cytokines in first-
episode schizophrenia patients were explored along with their association with psychosocial
stressors and duration of antipsychotic treatment (Di Nicola et al. 2012). Significantly higher
serum and gene expression levels of a variety of inflammatory cytokines were found in first-
episode schizophrenia patients compared to healthy controls. Interestingly, a history of
childhood trauma and recent stressful life events, which have been associated with
exacerbation of schizophrenia, were also associated with higher levels of inflammatory
cytokines in the serum and peripheral blood leukocytes of schizophrenia patients. These
findings of an inflammatory diathesis in schizophrenia patients relatively early in the course
of the disease support the notion that an inflammatory process may contribute to both the
development as well as the maintenance of the disorder.

The link between immune dysregulation and developmental disorders like ASD and
schizophrenia may have special translational relevance, given recent work suggesting that
early immune intervention may be able to reverse developmentally-driven disorders with an
immune component. For example, in a mouse model of Rett syndrome involving a genetic
mutation of the MECP2 gene, which encodes a methyl CpG-binding protein that affects
neuronal and glial function, the behavioral pathology was reversed by replacing genetically-
mutated microglia with wild-type (normally functioning) microglia, indicating the
therapeutic potential of immune-targeted therapies for developmental disorders (Derecki et
al. 2012).

5. Mechanisms of malaise and melancholy

Probably the most studied aspect of interactions between the brain and the immune system
are the mechanisms by which immune activation and inflammation can influence behavior
leading to symptoms including depression, fatigue, psychomotor retardation, and sleep
disturbances. The majority of studies in this area have focused on humans and laboratory
animals exposed to a variety of inflammatory stimuli. Mechanisms that have received the
most attention are the immune pathways that are involved and their impact on
neurotransmitter metabolism and neurocircuitry relevant to mood regulation (Dantzer et al.
2008; Miller In Press). Of note, these studies are highly dependent on animal models that
reflect the consequences of chronic inflammation. Although few such animal models exist,
in the paper by Kubera et al. in this issue, a novel strategy of chronic lipopolysaccharide
(LPS) administration to mice is presented which exhibits fidelity (to chronic inflammation in
humans) in terms of chronic inflammatory immune changes and response to antidepressants
which are apparent up to 2 months after the last LPS injection (Kubera et al. 2013).

5a. Immune Pathways and the Inflammasome

In a paper in this issue, /wata et al. propose the provocative hypothesis that the recently
characterized inflammasome may serve as a critical link between psychological stress and
depression, as well as other illnesses related to inflammation (Iwata et al. 2012). The
inflammasome is a protein complex that can detect diverse danger signals including not only
pathogen-associated molecules but also molecules associated with cellular damage such as
adenosine triphosphate (ATP). Upon activation, the inflammasome can generate an
inflammatory response notably through the production of IL-1-beta by activation of a
caspase that cleaves the precursor peptide pro-IL-1-beta. Given the capacity of the
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inflammasome to react to danger signals generated by stimuli other than pathogens, the
authors suggest that the inflammasome may be uniquely poised to serve as the molecular
mechanism that transduces psychological responses to stress into an inflammatory response
in the absence of pathogen challenge. Thus, the inflammasome may represent an
evolutionary adaptation that extends the immune and behavioral response to pathogens and
the microbial world to include challenges emanating from predators, people and the social
world. Although of significant value in detecting and responding to tissue damage and
destruction, by virtue of the inflammasome, the inflammatory bias may have been given an
entrée into the modern world where people, not pathogens or predators represent the primary
challenges.

5b. Neurotransmitter Pathways

Much of the attention in terms of the impact of inflammation on neurotransmitter systems
has focused on the effects of inflammatory cytokines on serotonin and dopamine pathways.
In the paper by Hayley at al. in this issue, special attention is paid to the impact of the
inflammatory cytokine IFN-alpha on serotonin and behavior in mice (Hayley et al. 2012).
Acute administration of IFN-alpha into the brain of mice was associated with a significant
induction of central cytokines along with significant decreases in the expression of serotonin
(5-HT) receptors as well as the induction of anhedonia-like behavior. Decreases in serotonin
receptor expression have been reported in other studies in laboratory animals and human cell
lines treated with IFN-alpha (Cai et al. 2005; Ping et al. 2012). Moreover, reduced serotonin
receptor mRNA has been described in patients with major depression who died by suicide
(Anisman et al. 2008). These alterations in serotonin receptor expression as a function of
cytokine exposure complement studies indicating that stimulation of cytokine signaling
pathways including p38 mitogen activated protein kinase may also reduce serotonin
signaling through activation of the expression and function of the serotonin transporter
(Haroon et al. 2012; Miller et al. 2009). Data also suggest that cytokine-induced stimulation
of the enzyme indoleamine 2,3 dioxygenase (IDO) can decrease the availability of
tryptophan, the primary amino acid precursor of serotonin, thereby further reducing
serotonin neurotransmission, while also increasing the production of kynurenine and its
neuroactive metabolites (see below) (Haroon et al. 2012; Miller et al. 2009). The salutary
effects of serotonin reuptake inhibitors on mood symptoms in IFN-alpha-treated patients are
consistent with the notion that depletion in serotonin activity may be a consequence of the
effects of IFN-alpha and other inflammatory cytokines on serotonin function (Musselman et
al. 2001). One of the other cytokines that may contribute to tryptophan depletion and
kynurenine generation is IFN-gamma. IFN-gamma is a potent activator of IDO, and in the
paper by Myint et al. in this issue, patients with depression were shown to have increased
kynurenine compared to controls in association with a polymorphism in the IFN-gamma
gene known to be associated with increased IFN-gamma production in vitro (Myint In
Press). These data further support the interaction of a genetic bias to inflammation that in
turn is associated with metabolic pathways that influence behavior.

In this issue, Corona et al. further explore the role of IDO and its impact on serotonin
metabolism using fractalkine-receptor deficient mice treated with lipopolysaccharide (LPS)
(Corona et al. 2012). Fractalkines are molecules released by neurons that have been shown
to reduce microglial activation during immune challenges with stimuli such as LPS.
Fractalkine-receptor deficient mice exhibit an exaggerated inflammatory and behavioral
response to LPS. Inhibition of IDO in fractalkine-receptor deficient mice was found to
prevent the LPS-induced decrease in the ratio of serotonin to its metabolites as well as block
LPS-induced depressive-like behavior. Interestingly, IDO inhibition also reversed LPS-
induced activation of microglia. These data suggest that in addition to effects on serotonin
metabolism, IDO generates kynurenine metabolites including 3-hydroxykynurenine and
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quinolinic acid, both of which promote oxidative stress that may chronically activate
microglia. Inhibition of IDO appears to block this effect.

The potential role of oxidative stress in the relationship between inflammation and behavior
is also explored in patients with major depression in this issue by Rawdlin et al. (Rawdin et
al. 2012). These investigators report that increased peripheral blood markers of oxidative
stress as measured by F2-isoprostanes were positively correlated with peripheral blood IL-6
and negatively correlated with IL-10 in patients with major depression before treatment.
After treatment with the antidepressant sertraline, markers of oxidative stress and
inflammatory cytokines no longer correlated in these subjects, indicating that reversal of
depressive symptoms by targeting the serotonin system may disassociate the connection
between oxidative stress and inflammation.

Oxidative stress may also play a role in the metabolism of dopamine. In a paper by Felger et
al. in this issue, the authors discuss the vulnerability of tetrahydrobiopterin (BH4) to
oxidative degradation (Felger et al. 2012). BH4 is a key cofactor for the enzymes
phenylalanine hydroxylase which converts phenylalanine (phen) to tyrosine (tyr) and
tyrosine hydroxylase which converts tyrosine to dopamine. In patients administered IFN-
alpha, the phen/tyr ratio was significantly increased and negatively correlated with
cerebrospinal fluid (CSF) concentrations of both dopamine and its metabolite homovanillic
acid. In addition, the phen/tyr ratio correlated positively with fatigue. Of note, CSF
concentrations of BH4 were negatively correlated with CSF IL-6 in this study. Taken
together, these data indicate that inflammatory cytokines can reduce BH4, possibly through
the induction of oxidative stress. Reduction in BH4 in turn can decrease the conversion of
phen to tyr and tyr to dopamine leading to fatigue. Although previous work has
demonstrated an association between the phen/tyr ratio and depressive symptoms in older
adults (Capuron et al. 2011), these data are the first to link peripheral amino acid biomarkers
of BH4 activity to both CNS monoamine synthesis as well as CNS concentrations of BH4
and behavior.

5c. Neurocircuitry

There has been considerable interest in the neurocircuits that are engaged by inflammation
to lead to changes in behavior. Studies in patients receiving IFN-alpha as well as studies in
healthy volunteers administered endotoxin and typhoid vaccination have revealed that in the
context of an inflammatory stimuli, multiple brain regions are involved in behavioral change
including the basal ganglia and limbic regions including the anterior cingulate cortex, the
amygdala and hippocampus (Miller et al. 2013; Miller In Press). In this issue, the paper by
Savitz et al. explores the relationship between gene expression in peripheral blood
mononuclear cells and brain hemodynamic responses and morphology in unmedicated
depressed patients versus healthy controls (Savitz et al. 2012). Interestingly, multiple
inflammation-related genes and gene networks were significantly correlated with
hemodynamic responses in the amygdala and hippocampus as well as the ventromedial
prefrontal cortex. In addition, genes related to nuclear factor-kappa B (NF-kB) and tumor
necrosis factor (TNF) were associated with gray matter volume of the caudate, and genes
associated with cytokine responses were correlated with the thickness of the left subgenual
anterior cingulate cortex. Of note, both the caudate and the subgenual anterior cingulate
cortex have been shown to be targets of induced immune responses in previous studies
(Miller et al. 2013). Moreover, these brain regions have been shown to be critical in the
expression of anhedonia and fatigue as well as depressed mood in the context of
inflammation (Miller et al. 2013). Furthermore, the subgenual anterior cingulate cortex is the
target of deep brain stimulation therapy in patients with severely treatment resistant
depression (Ressler and Mayberg 2007). Taken together, these data are some of the first to
support a relationship between peripheral inflammatory markers and activation and
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morphology of specific brain regions in the context of depression in the absence of
exogenous immune stimulation.

6. Environmental Enhancement of the Inflammatory Bias

There are many environmental factors that may interact with the inflammatory legacy to
facilitate an exaggerated inflammatory response in ways that ultimately affect our mental
and physical health. Probably the most obvious and common challenges in the modern
world include psychosocial stress and medical illness. In the paper by Fagundes et al. in this
issue, the impact of a laboratory psychosocial stressor on serum IL-6 was examined in
healthy adults (Fagundes et al. 2012). Individuals with higher depressive symptoms,
potentially indicating chronic stress exposure, exhibited a significantly higher IL-6 response
to the laboratory stressor than did individuals with fewer depressive symptoms, suggesting
that chronic stress exposure and the resultant depressive symptoms can enhance
inflammatory responses. In the paper by Smirnov et al. in this issue, unpredictable chronic
mild stress in mice (which induces depressive-like behavior) was found to block the
neuroprotective response of Copaxone, a drug widely used to treat multiple sclerosis that is
believed to act in part by stimulating a neuroprotective T cell response (Smirnov et al.
2013). The authors suggest that the inhibitory effect of stress on Copaxane-induced
neuroprotection may have been related to stress-induced decreases in T cell number and
possibly T cell function. Interestingly however, the inhibitory effects of chronic stress on the
neuroprotective effects of Copaxone were reversed by treatment with the antidepressant
drug fluoxetine. Taken together with the above study, these data suggest that stress-induced
depression may lead to immunologic consequences that subvert homeostatic mechanisms
that involve T cells and their role in immune regulation. Reversing depression and likely the
accompanying neuroendocrine alterations may restore immunoregulatory responses and
ultimately foster stress resilience.

In the paper by Steptoe in this issue, the inflammatory response generated during an acute
coronary syndrome (ACS, including myocardial infarction or unstable angina) was shown to
lead to the development of depression and anxiety. Indeed, white blood cell counts during
ACS were associated with depressive symptoms 3 weeks later and with symptoms of
anxiety and cognitive symptoms of depression 6 months following ACS (Steptoe et al.
2012). In the paper by Harrison et al. in this issue, an inflammatory stimulus (typhoid
vaccination) known to lead to an acute reduction in mood was shown to alter heart rate
variability and blood pressure through an impact on brain metabolism in the dorsal anterior
and posterior cingulate cortex and the pons (Harrison et al. 2013). These data suggest that a
central impact of inflammation on the brain can influence cardiovascular state by
contributing to potentially detrimental changes in autonomic cardiovascular control. Thus,
while activation of inflammatory pathways may engage neurocircuits relevant to mood, the
influence of inflammation on the brain may also affect the cardiovascular system in ways
that may contribute to cardiovascular disease.

7. Trials and Tribulations

Although there has been great interest in the hypothesis that the inflammatory bias may
contribute to the vulnerability to neuropsychiatric disorders such as depression, the
realization of the promise of these theoretical developments has not yet materialized in the
clinic. To date, there has been a dearth of studies examining the impact of anti-inflammatory
therapies on behavior. A handful of reports suggest that inhibition of inflammation may
reduce depressive symptoms in patients with autoimmune and inflammatory disorders,
advanced cancer, sleep disorders and depression (Irwin et al. 2009; Monk et al. 2006; Muller
et al. 2006; Raison et al. 2013; Tyring et al. 2006). However, few details have been
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elucidated regarding which patients may be most likely to respond to immune-targeted
interventions. Moreover, whether therapies can be successful by targeting the downstream
effects of inflammatory cytokines on pathways relevant to depression has yet to be resolved.
In the paper by DellaGioia et al. in this issue, 7 days pretreatment of healthy volunteers with
the norepinephrine and dopamine reuptake inhibitor bupropion was ineffective in blocking
the development of neurovegetative symptoms following LPS administration (Dellagioia et
al. 2012). These results were in contrast to the efficacy previously observed with citalopram
which blocked fatigue and anhedonia following LPS (Hannestad et al. 2011). The
differences between citalopram and bupropion may reflect differences in the pathways
targeted by these agents (serotonin versus dopamine and norepinephrine, respectively), or
there may be pharmacokinetic differences that favor citalopram over bupropion. For
example, citalopram has a significantly longer half-life than bupropion, and the last dose of
medication was given the night before LPS administration. Relevant to the identification of
which patients may preferentially respond to inflammation-targeted therapies, in the paper
by Mehta et al. in this issue, intriguing gene expression data are presented from a
randomized clinical trial on the efficacy of the TNF antagonist infliximab in patients with
treatment resistant depression (Mehta In Press). Examination of treatment response in the
infliximab versus the placebo group revealed a series of gene transcripts which were
associated with glucose and lipid metabolism, indicating that alterations in metabolic
processes related to obesity and the metabolic syndrome may have special relevance to both
inflammation as well as treatment response to anti-inflammatory medications. Of note, in
2014, Brain Behavior and Immunity will initiate a named series devoted to diet,
inflammation and the brain. Interestingly, alterations in gene transcripts related to glucose
and lipid metabolism were normalized by infliximab treatment in concert with a shift
(decrease) in gene transcripts representing inflammatory signaling including decreases in
genes related to TNF and NF-kB. Given that there was only one infliximab responder with
diabetes and there were no differences between infliximab responders and nonresponders in
BMI, these results suggest that incipient processes related to glucose and lipid metabolism
driven by inflammation may be some of the earliest indications of which patients may be
most likely to benefit from therapies that target the immune system and inflammation to
treat depression and other behavioral alterations.

8. Conclusion

This Special Issue of Brain Behavior and Immunity was designed to provide a context
within which to understand the complex inter-relationships between the immune system and
the brain as they relate to behavioral disorders and mental health. As described, the intimate
interconnection between the brain and the immune system exists within the framework of an
evolutionary past that has left a legacy of inflammatory bias that has gone unchecked in the
modern world with the consequence of excessive inflammation that contributes to multiple
diseases including those that affect the brain. The many mechanisms by which the brain can
be affected by inflammation are being elucidated, and therapeutic targets to arrest the
potential damage are being revealed. Obviously, much more work needs to be done,
however through the contributions of the authors of this special issue and the many other
scientists committed to understanding the role of the immune system in behavioral disorders,
new developments will occur, ultimately ushering in a new era whereby the immune system
and the brain can work side-by-side in harmony again.
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Figure 1. Mechanisms and Consequences of the Evolutionary L egacy of an Inflammatory Bias
Survival in the ancestral world was contingent upon successful negotiation of a hostile
microbial environment which ultimately contributed to a genetically-based inflammatory
bias. This inflammatory bias, while essential for survival against pathogens and predators,
has in the modern world (in the absence of temperance by exposure to minimally pathogenic
organisms and the elaboration of immunomodulatory T cells) been expanded to include the
response to psychosocial challenge. This capacity is achieved through immune mechanisms
such as the inflammasome, which can respond to a variety of environmental stressors
beyond pathogens including psychosocial stress. Once activated, the inflammasome can
trigger the release of inflammatory cytokines which in turn stimulate enzyme pathways such
as indoleamine 2,3 dioxygenase (IDO) as well as the production of reactive nitrogen and
oxygen species (RNS and ROS). Activation of these pathways can then lead to the release of
neurotoxic metabolites of kynurenine including quinolinic acid, while also disrupting the
synthesis of monoamine neurotransmitters including serotonin (5-HT), dopamine (DA) and
norepinephrine (NE) through effects on the availability of monoamine precursors such as
tryptophan (Tryp) and tyrosine as well as tetrahydrobiopterin (BH4), which is an essential
enzyme co-factor for phenylalanine hydroxylase (PAH), tryptophan hydroxylase (TPH) and
tyrosine hydroxylase (TH). These actions of inflammatory cytokines ultimately contribute to
alterations in neurocircuits in the brain including the anterior cingulate cortex (ACC) and the
prefrontal cortex (PFC) which elaborate a host of behavioral changes that are an essential
complement to the integrated immune and behavioral response to pathogens and predators
which ultimately aid survival. However, in the context of chronic or overwhelming
psychosocial challenge, these same responses can contribute to the malaise, melancholy and
madness which are the inflammatory legacy of our evolutionary past. NLRP3: NACHT
domain-, leucine-rich repeat-, and pyrin domain-containing protein 3; NO-nitric oxide;
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NOS-nitric oxide synthase; NSAIDS-non-steroidal anti-inflammatory drugs; PUFAs-
polyunsaturated fatty acids.
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