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Abstract

The relationships between immune and neural function are an increasingly important area of study
for neuropsychiatric disorders, in particular depression. This is exemplified by the growing
number of publications on cytokines and depression during the last 10 years, as compared to
earlier decades. This review summarizes the current theories and novel treatment strategies for
depression, with a focus on cytokine-induced depression. Neuroimmune mechanisms are now
viewed as central to the development of depressive symptoms and emerging evidence is beginning
to identify the neural circuits involved in cytokine-induced depression. The current diagnostic
categories for depression, as defined by the Diagnostic and Statistical Manual of Mental
Disorders, however, are not etiologically or biologically derived, and it has been proposed that
“depression”, likely reflects multiple pathogeneses leading to varying symptom constellations. As
we move toward a better biological understanding of depression-related symptom constellations or
syndromes, the term “depression” may prove inadequately broad, and an integration of
interdisciplinary literatures will increase in importance. Future research should aim to characterize
these depression-related symptom constellations or syndromes better with the goal of optimizing
treatment strategies.
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Introduction

Cytokines [e.g., interferons (IFN) and interleukins (IL)] are pleitropic, immunomodulatory
signaling molecules that have been increasingly implicated in the development of
neuropsychiatric disorders, especially major depressive disorder. In 1927 Julius Wagner-
Jauregg won the Nobel Prize for the seminal observation that activation of the immune
system by an infectious agent (i.e., malaria inoculation) can affect psychiatric functioning.
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On the basis of this and related discoveries, it was concluded that cytokines signal the brain
and can serve as mediators between the immune and central nervous systems. Subsequently,
Maes et al., investigated plasma concentrations and in vitro production of several cytokines,
including IL-1 and IL-6 which led to the additional conclusion that there is an increase in
pro-inflammatory cytokines in patients with major depression that seems to correlate with
severity of illness and measures of hypothalamic—pituitary—adrenal (HPA) axis hyperactivity
(Maes et al., 1993, 1995). Since the early 1990s there has been a dramatic increase in the
number of papers published on the topic of cytokines and major depression (Fig. 1).

It is debated whether or not cytokine-induced depression is analogous to major depressive
disorder or a major depressive episode, as defined by the DSM-IV-TR. A recent study
seeking an answer to this question investigated the similarities and differences between
cytokine-induced depression and idiopathic major depression in otherwise healthy
participants. The authors reported considerable overlap in the depressive symptom profiles
between the two groups, with the exception that, compared to medically healthy patients
with major depression, patients with IFN-o-induced depression had significantly greater
psychomotor retardation and weight loss and significantly less severe feelings of guilt
(Capuron et al., 2009). Thus, rather than differentiating between cytokine-induced
depression and idiopathic depression, this review focuses on (1) the neuroimmune
mechanisms that are central to the development or progression of depressive symptoms
across diagnostic categories, and (2) the need for improved diagnostic definitions that are
supported by biological as well as psychological data.

Depression (aka sickness, conservation-withdrawal and passive stress-
coping behaviors in animal models)

The Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision
(DSM-1V-TR) defines a depressive episode as a period of greater than 2 weeks that is
characterized by five or more symptoms ranging from depressed mood (sadness, emptiness,
tearfulness), anhedonia, feelings of worthlessness or guilt, and suicidal ideation, to changes
in weight, appetite, sleep, energy, and psychomotor function, to reduced ability to think or
concentrate (DSM-1V-TR, 2000). These symptoms must cause clinically significant stress or
impairment in social, occupational or other important areas of functioning, and they must be
present for most of the day, nearly every day during a depressive episode. DSM-IV-TR
diagnoses, however, are not etiologically or biologically derived, and it has been proposed
that various psychiatric disorders, including depression, likely reflect multiple pathogeneses
leading to assorted depressive symptom constellations. In turn, research variously
operationalizes depression in humans using clinical rating scales (e.g., Beck Depression
Inventory, Hamilton Depression Rating Scale, and Depression Anxiety Stress Scale) or
psychiatric interviews and in animals using models of sickness behavior, social or
behavioral withdrawal, or anhedonia. Table 1 provides a comparison between symptoms of
depression in humans with “depressive-like” behaviors in rodents. Collectively, these
studies show how behavioral alterations modeling various aspects of depressive illness can
be used to study specific depressive symptoms and to test mechanistic hypotheses and novel
treatment interventions. However, it is important to note that sickness behavior modeled in
an animal is not analogous to a major depressive episode experienced by a human. Although
there are a considerable number of overlapping features (Table 1), feelings of worthlessness
and recurrent thoughts of death cannot be assessed in animals. Similarly, pyrexia, a common
symptom of sickness behavior, is not a symptom typically associated with major depressive
episodes, suggesting that these conditions have some common as well as distinct biological
mechanisms. The similarities between sickness behavior and depression are thought to
result, in part, from an overproduction of endogenous proinflammatory cytokines and a
dysregulation of the HPA axis.
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In humans, exposure to endotoxins (e.g., LPS) or proinflammatory cytokines induces a
number of neuropsychiatric symptoms. When modeled in animals this constellation of
symptoms is often referred to as “sickness behavior”. Within the depression literature, it is at
times implied that “sickness behavior” refers to the transient and therefore adaptive response
to immune activation, while “depression” may be a chronic and therefore maladaptive
response to immune activation, especially chronic inflammation or stress. However, this
distinction is not universal across studies, and different studies utilize varying definitions as
well as paradigms to study depressive symptoms. For example, the literature on cytokine-
induced depression is frequently separate from the research on cytokine-induced cognitive
impairment. Yet, reduced ability to concentrate is a DSM-IV-TR symptom of depression
(Table 1). Moreover, inflammation, depression, and cognitive impairment co-occur across
many conditions including aging and dementia; medical conditions such as infectious
diseases [e.g., hepatitis C viral infection (HCV), HIV, malaria)], cardiovascular disease and
risk factors (e.g., stroke, ischemia, high cholesterol, diabetes, bypass surgery), inflammatory
conditions (e.g., arthritis), and autoimmune disorders (e.g., lupus, multiple sclerosis);
cytokine-based therapies (e.g., IFN-a for HCV); and substance use disorders (see also co-
morbid depression is common in patients with medical conditions). Given the high burden
of depression in medical conditions (and vice versa), it is important that psychiatric
assessments include questions to additionally evaluate general health status. As we move
toward a better biological understanding of etiologically related depressive symptom
constellations or syndromes, the term “depression” may prove inadequately broad, and an
integration of what now appears to be arbitrarily distinct literatures will increase in
importance. Identification of reliable biological measures of depressive symptoms will be
instrumental in this process. ldeally, a diagnosis of depression should be supported not only
by psychiatric rating scales but also by biological factors, as is the case with other medical
conditions and disorders (e.g., diabetes, hypertension, thyroid disease).

in the central nervous system

Cytokines in the central nervous system: 1) are constitutively expressed, 2) can have
functions such as neuroprotection or neurodegeneration, and 3) can be regulated by
nonimmune factors, such as neurotransmitters and hormones. Peripheral cytokines can also
access the brain and affect function via vagal nerve activation, a leaky or compromised
blood-brain barrier, and active transport across the blood—brain barrier, or binding to cell-
surface proteins on brain endothelial cells. The most recent findings in this area support and
extend these concepts by showing that during an immune and inflammatory response, acute
activation of tumor necrosis factor-alpha (TNF-a) leads to chronic increases in brain levels
of proinflammatory cytokines (Qin et al., 2007); administration of IFN activates expression
of several IFN-stimulated genes in brain as well as in peripheral organs (Wang et al., 2008);
exposure to a psychosocial stressor, greatly augments the effects of immune activation on
sickness, plasma corticosterone and hippocampal norepinephrine, as well as on the levels of
circulating IL-6, TNF-a and IL-10 (Anisman et al., 2007a,b; Gibb et al., 2008); IFN-y
participates in the death of dopaminergic neurons by regulating microglial activity (Mount et
al., 2007)—thus, IFN-y induced activation of microglia and consequent neuronal loss may
contribute to the modulatory effects of cytokines on depressive symptoms. Collectively, this
body of research has led investigators in the field to appreciate that hyperactivation of the
immune system and associated signaling cascades results in increased levels of
proinflammatory cytokines accompanied by glucocorticoid and immune system
dysregulation and deleterious neuropsychiatric effects (e.g., depression). In addition to
studying the up-regulation of inflammatory molecules, such as TNF-a or IL-1p, further
research to identify and investigate the role of proteins not increased or downregulated
during an immune challenge may contribute towards a better understanding of the pathways
and molecular targets involved in cytokine-induced depression.

Neurobiol Dis. Author manuscript; available in PMC 2011 March 1.
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Cytokines and other immune molecules impact neuropsychiatric functions such as mood and
cognition in part through their modulation of neuronal anatomy and function. Neuronal
plasticity is critical for normal regulation of mood, cognition, and behavior across the
lifespan. Cytokines and other immune factors play a key role in modulating early brain
development as well as adult neuronal plasticity; however, prolonged exposure to
proinflammatory cytokines can impair neuronal plasticity, thereby contributing to cognitive
and mood disorders (McAfoose and Baune, 2009). Although peripheral cytokines can enter
the CNS or impact central cytokine expression, cytokines are also constitutively expressed
in the healthy brain. Brain regions with the highest concentrations of proinflammatory
cytokine receptors, specifically receptors for IL-1f, IL-6, and TNF-q, include the
hypothalamus, hippocampus, and cortex (Boka et al., 1994; Khairova et al., 2009; Parnet et
al., 1994; Schobitz et al., 1993), regions critical for antidepressant response and cognitive
functioning. At pathophysiologically elevated levels, TNF-a and IL-1p have both been
shown to impair normal neuronal plasticity and to inhibit long-term potentiation (LTP)
(Butler et al., 2004; Cunningham et al., 1996). In short, a large and growing literature
indicates that central cytokines are critical to the regulation of neuronal plasticity and
survival, and that chronic disruption of the balance of these cytokines due to stress, disease
(e.g., Alzheimer's disease, infectious diseases, cardiovascular conditions, autoimmune
disorders), or medication/substance use (e.g., IFN therapy, substance use disorders) can lead
to long-lasting changes in brain anatomy and function, and therefore long-term impairments
in mood, cognition, and behavior (see also review on cytokines and Alzheimer's disease by
Landreth et al. in this issue of Neurobiology of Disease).

Co-morbid depression is common in patients with medical conditions

There is abundant evidence that depression involves alterations in multiple aspects of
immunity that may contribute to the development or exacerbation of a number of medical
disorders and also may play a role in the etiology of depressive symptoms. The relationship
between medical illness and depression has been particularly well-described in
cardiovascular disease (Wirtz et al., 2009; Grippo and Johnson, 2009; Halaris, 2009;
Davidson et al., 2009), multiple sclerosis (Gold and Irwin, 2006), cancer (Wood et al., 2006;
Orre et al., 2009), bone metabolism (Williams et al., 2009), rheumatoid arthritis (Malemud
and Miller, 2008; Uguz et al., 2009), irritable bowel syndrome (Lee et al., 2008; Tache and
Brunnhuber, 2008), Huntington's disease (Bjorkqvist et al., 2008), asthma (Van Lieshout et
al., 2009), fibromyalgia and other chronic pain conditions (Wang et al., 2009; Marchand et
al., 2005; Edwards et al., 2008), viral and bacterial infections (Loftis et al., 2008; Huckans et
al., 2009; Leslie et al., 2008), and substance use disorders (Friedman and Eisenstein, 2004;
Huckans et al., 2009). The role of the immune system in depression and co-morbid medical
conditions is also supported in animal models which provide additional insights into the
mechanisms associated with cytokine-induced depression (Varghese et al., 2006; Kiank et
al, 2006; O'Mahony et al., 2009; Ghia et al., 2009) (Table 2). Collectively, these studies
illustrate the prevalence of depressive symptoms observed across diverse medical
populations and highlight the importance of interdisciplinary research efforts.

Mechanisms of cytokine-induced depression

Cytokines play an active role in the molecular events influencing synaptic transmission,
neuronal plasticity, and depressive behaviors. However, although cytokine-induced
depression is well-established (Raison et al., 2009; Anisman, 2009), the specific
mechanisms by which activation of the innate immune system and expression of specific
depressive symptoms are related remain poorly understood, in part, because of the complex
and diverse processes involved. The potential mechanisms leading to cytokine-induced
depression are numerous and were recently reviewed by Miller et al. (2009b), Maes et al.
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(2009), Dantzer et al. (2008), Dantzer (2009), and others. Included among these mechanisms
are several lines of evidence demonstrating how cytokines can contribute to HPA axis
hyperactivity (Maes et al., 1993) as well as affect the serotonergic and dopaminergic
systems (Bonaccorso et al., 2002; Capuron et al., 2002a,b) and subsequently lead to
depressive symptomatology. There is, however, a need for a more integrated view of
depression. Given that in humans as well as in animal models of depression (Tables 1 and
2), treatment with cytokines produces depressive symptoms and that depression occurs more
frequently in those with medical conditions, cytokines and other inflammatory molecules
may function as mediators of depressive symptoms. Currently, there is not a consensus in
the literature regarding the role of the immune system and inflammatory pathways on the
etiology of depression. In fact, it is still debated whether or not inflammatory responses
occur in brain (Galea et al., 2007; Dantzer et al., 2008). Fig. 2 summarizes the putative
psychoneuroimmunological factors and biochemical correlates associated with depression.

Human biomarkers associated with cytokine-induced depression

Increasing evidence implicates proinflammatory cytokines (e.g., IL-1B, TNF-a, and I1L-6)
and a dysregulation of immune mediators [e.g., acute phase response protein, C-reactive
protein (CRP), nitric oxide and glucocorticoids] in the etiology of depression and related
symptoms of anorexia, sleep disturbance, fatigue, and cognitive impairment (Fig. 2). A
systematic review of articles published between January 1967 and January 2008 was
performed in order to assess the size and direction of the relationships among depression and
IL-1, IL-6 and CRP (Howren et al., 2009). Effect sizes were calculated and meta-analyzed,
and each inflammatory marker was positively associated with depression, with the strongest
associations found in clinically depressed patient groups (Howren et al., 2009). Maes et al.
(2009) similarly reviewed research showing that depression is associated with an increased
production of proinflammatory cytokines, IL-1p, IL-6, TNF-a, and IFN-y.

In addition to changes in peripheral levels of circulating or stimulated cytokine production,
cytokine alterations in the CNS accompanying depressive symptoms have also been
observed. Specifically, IL-1pB, IL-6, IL-8 and TNF-a were measured in the cerebrospinal
fluid of suicide attempters and healthy control participants. IL-6 was significantly higher in
suicide attempters than in healthy controls, with patients who performed more violent
suicide attempts showing the highest IL-6 levels. There was also a significant positive
correlation between depression rating scale scores and cerebrospinal fluid IL-6 levels in all
patients (Lindqvist et al., 2009). To further characterize and localize the central mechanisms
underlying mood disturbances and immune activation, a double-blind, randomized crossover
study was conducted which compared the effects of typhoid vaccination or saline injection
on changes in mood, cytokine levels and brain activity. Typhoid but not saline injections
produced an increase in circulating IL-6 accompanied by a significant increase in depressive
symptoms. Interestingly, typhoid-induced changes in mood correlated with enhanced
activity within subgenual anterior cingulate cortex (SACC) (a region implicated in the
etiology of depression) and reduced connectivity of SACC to amygdala, medial prefrontal
cortex, nucleus accumbens, and superior temporal sulcus, which was modulated by
peripheral IL-6 (Harrison et al., 2009). Collectively, these studies support a role for
proinflammatory cytokines and a dysregulation of immune mediators in the etiology of
depression and begin to suggest possible neural circuits involved in cytokine-induced
depression.

However, conflicting results regarding the relationship between elevated proinflammatory
cytokines and depressive symptoms have also been described (Brambilla et al., 2004;
Rothermundt et al., 2001; Ovaskainen et al., 2009; Wirtz et al., 2009). The discrepant results
exist, in part, because of methodological differences in the following:

Neurobiol Dis. Author manuscript; available in PMC 2011 March 1.
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1) The assessment and definition of depression—Depression rating scales are
known to differ in terms of the instruments' conceptualizations of depression. Clinical
studies vary in regard to the use of self-report (e.g., Beck Depression Inventory) or clinician-
administered (e.g., Hamilton Depression Rating Scale) depression rating scales, and this can
affect the depressive variables that are being measured. For example, compared to the
Hamilton Depression Rating Scale, a greater number of items on the Beck Depression
Inventory are related to depressive cognitive attitudes, as opposed to items that measure
functional impairments or somatic symptoms (Lambert et al., 1986). In addition, studies
based in clinical care as opposed to research settings may use medical chart diagnoses rather
than criterion-based symptom rating scales to assess depression. Interestingly, Gabbay et al.
(2009a) recently found that adolescents with major depressive disorder and suicidal
symptomatology had significantly lower TNF-a levels, as compared to nonsuicidal
adolescents with major depressive disorder. These results highlight the potential variability
in inflammatory markers associated with differing depressive symptom profiles.

2) The use of medication and relevant demographic controls—Given the putative
anti-inflammatory effects of many antidepressant medications (Hashioka et al., 2007;
Carvalho and Pariante, 2008; Lim et al., 2009), controlling for the use of antidepressants (as
well as other medications known to affect inflammation, such as is steroids) is an important
factor to consider when assessing the expression of cytokines and related proteins.
Differences in (a) body mass, (b) age, (c) sex, (d) the presence of medical conditions,
chronic or acute infections, and (e) substance use can also impact the expression of
depressive symptoms and inflammatory factors (Stewart et al., 2009; Karakelides et al.,
2009; Loftis et al., 2008).

3) Cytokine sampling—The variability in inflammatory markers associated with
depressive symptoms may also be due to the timing of the assessments and source of
cytokines measured. There is increasing evidence for a circadian influence on immune
function (Coogan and Wyse, 2008). Consequently, the timing of blood or tissue sampling
may affect the concentration of cytokines or other immune markers under investigation. In
addition for clinical studies, changes in cytokine expression can vary depending on whether
measurements are obtained from plasma, serum, cerebrospinal fluid (CSF) or stimulated
peripheral blood mononuclear samples. For example in plasma samples, TNF-a levels were
not significantly different in patients with major depressive disorder as compared to
controls, but TNF-a levels were significantly lower than normal in patients with dysthymia
(Brambilla et al., 2004). However, Boufidou et al. (2009) found that serum and CSF TNF-a.
levels were positively associated with depressive mood.

4) The failure to consider the role of genetic and environmental risk factors—
Genetic polymorphisms in genes [e.g., for IL-10 (Traks et al., 2008) and serotoninergic
proteins (Kraus et al., 2007; Lotrich et al., 2009)] may be involved in an increased risk for
major depressive disorder. Further, adverse childhood experiences have been described as
major environmental risk factors for depressive disorder. Aguilera et al. (2009) extended
previous reports and found that stressful childhood experiences, in particular childhood
sexual abuse, predicted higher levels of adult depressive symptoms and that polymorphisms
in the genes for brain-derived neurotrophic factor (BDNF) and the serotonin transporter
seemed to moderate the effects of childhood sexual abuse on adult depressive symptoms.
Thus, future studies may benefit from considering the role of genetic factors as well as
childhood history to determine the extent of prior stress exposure. Knowledge of genotypes
and prior stressors may further help identify protective or resiliency factors that could
prevent the development of neuropsychiatric disorders in patients at risk.

Neurobiol Dis. Author manuscript; available in PMC 2011 March 1.
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The lack of agreement in the literature regarding the role of cytokine pathology in
depressive symptoms described also shows that the psychoneuroimmunological processes
contributing to depression are complex and that the interrelationships among systems and
circuits are not completely understood.

The diagnostic category of major depressive disorder is composed of varied symptoms,
impacting mood, somatic, as well as cognitive functioning (Table 1). Thus, it is likely that
the biochemical markers associated with depression depend not only on the etiology of the
depressive disorder but also on its specific symptom profile. For example, patients
experiencing impaired thinking and concentration as the prominent depressive symptom
may show a different pattern of cytokine alterations, as compared to patients experiencing
somatic symptoms as the primary depressive concern. It has been suggested that by inducing
long-term activation of microglia to release TNF-a and IL-1 in a positive feedback manner,
immune-mediated glutamatergic alterations may be associated with cognitive impairments
(reviewed in McNally et al., 2008 and Khairova et al., 2009). Fatigue and other somatic
symptoms of depression; however, may be associated with a different pattern of immune
dysregulation (Loftis et al., 2008;Gold and Irwin, 2009).

The time course for cytokine-induced depression onset is different across symptom
dimensions. Capuron et al. (2002a,b) found that in patients with HCV, the neurovegetative
and somatic symptoms including weight loss, fatigue and pain appeared within 2 weeks of
IFN-a therapy, but symptoms of depressed mood, anxiety and cognitive dysfunction
appeared later during HCV treatment. A prospective study by Gimeno et al. (2009) further
demonstrated that inflammation precedes the cognitive symptoms of depression, as baseline
CRP and IL-6 levels were predictive of the development of cognitive symptoms of
depression (approximately 12 years later). More research is needed to better characterize the
temporal relationships among inflammatory mediators and the etiology of depressive
symptoms. However, these data suggest that different pathogenic mechanisms may mediate
the various behavioral manifestations of depression—an observation with direct clinical
relevance, as symptoms of fatigue and weight loss are less responsive to typical
antidepressant treatment (Capuron et al., 2002a,b) and improved treatment approaches are
needed (see Novel treatment strategies).

One strategy that has been used to describe the pattern of immune dysregulation associated
with cytokine-induced depression considers the balance of T helper lymphocyte 1 (Th1)
proinflammatory cytokines and Th2 anti-inflammatory cytokines, such that depression is
characterized by a shift in the pro/anti-inflammatory or Th1/Th2 cytokine ratio. Three
studies recently tested the hypothesis that patients with depression would show a
dysregulation of the immune system, as measured by a Th1/Th2 cytokine imbalance or shift.
Sixty-one bipolar patients were recruited for assessment of serum cytokine levels. Of these,
14 were in euthymic state, 23 and 24 were in manic and depressive episodes, respectively.
Cytokines involved in Th1/Th2 balance, such as TNF-a, IL-2, IL-4, IL-6, IL-10, and IFN-y
were measured. Patients in depressive episodes showed increased IL-6 levels but no
significant differences in Th2 cytokine expression (Brietzke et al., 2009). Gabbay et al.
(2009b) extended this work to adolescents to examine a similar hypothesis of immune
system dysregulation in adolescents with MDD. Thirty adolescents with MDD and 15
healthy comparisons, group-matched for age, were enrolled. Plasma cytokines (IFN-y, TNF-
a, IL-6, IL-1B, and IL-4) were measured. Adolescents with MDD had significantly elevated
plasma IFN-y levels and IFN-y/IL-4 ratios; however, IL-4 levels were not significantly
different across the groups. A trend for IL-6 to be elevated in the MDD group was also
observed (Gabbay et al., 2009b). In another study examining the role of pro- and anti-
inflammatory cytokines in depression, depressed participants (n=12) showed significantly
lower 1L-10 levels and higher IL-6/1L-10 ratios, as compared to controls (n=11). IL-6 levels
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were higher in the depressed group, but this difference did not reach statistical significance
(Dhabhar et al., 2009). Taken together, these studies provide support for the hypothesis that
alterations in certain cytokines such as IL-1, IL-6, TNF-a, and IL-10 are associated fatigue,
loss of appetite, anhedonia, and other depressive symptoms. However, to clarify the role of
Th2 responses in depression and to provide support for the hypothesis that depression is
characterized by a shift in the pro/anti-inflammatory or Th1/Th2 cytokine ratio, more
research is needed.

Proinflammatory cytokines, neurotransmission and oxidative stress

How does the cytokine hypothesis of depression fit with what is known about the role of
serotonin in depression? Proinflammatory cytokines such as IFN affect serotonin
metabolism by stimulating indoleamine-pyrrole 2,3-dioxygenase (IDO or INDO EC
1.13.11.52) which leads to a peripheral reduction of tryptophan and serotonin (Taylor and
Feng, 1991; Curreli et al., 2001; Bonaccorso et al., 2002). A number of papers have
identified IDO as an enzyme involved in depressogenesis, not only because of its affects on
serotonin biosynthesis (Turner et al., 2006) but also because of its putative contributions to
excitotoxicity and oxidative stress. IDO is highly inducible by proinflammatory cytokines
(e.g., IFN-y and TNF-a) and is secreted by activated macrophages and other
immunoregulatory cells, which catalyzes the degradation of tryptophan (serotonin precursor)
to kynurenine. As is shown in Fig. 2, kynurenine degradation leads to the formation of 3-
hydroxykynurenine (3-HK, generates free-radical species that can cause oxidative stress),
quinolinic acid (QA, a glutamate receptor agonist), and kynurenic acid (KA, an NMDA
receptor antagonist hypothesized to be neuroprotective). Given the evidence supporting a
role for increased glutamate receptor activity in depression, this IDO-mediated imbalance of
kynurenine pathway metabolites might contribute to cytokine-induced depression (Muller
and Schwarz, 2007). Thus, cytokine- and IDO-mediated degradation of tryptophan through
the kynurenine pathway is hypothesized to influence serotonergic biosynthesis and
neurotransmission in the brain resulting in significant neuropsychiatric consequences (Fig.
2).

Proinflammatory cytokines, such as IFN-y, stimulate not only IDO but also the biosynthesis
of 5,6,7,8-tetrahydrobiopterin (BH4), which is a cofactor for several aromatic amino acid
monooxygenases and thus is involved in the biosynthesis of the neurotransmitter serotonin
and the catecholamines dopamine, epinephrine, and norepinephrine. In macrophages, IFN-y
also causes the generation of reactive oxygen species, which can reduce BH4 levels. Recent
data suggest that oxidative loss of BH4 in chronic inflammatory conditions can lower the
biosynthesis of catecholamines, which may relate to altered neurotransmission in patients
with depression (Neurauter et al., 2008). Maes et al. (2009) further theorized that
inflammatory, oxidative, and nitrosative pathways and an increased translocation of
lipopolysaccharide from gram-negative bacteria are causally related to depression (i.e.,
“leaky gut” hypothesis). Maes et al. (2009) suggested that depression is associated with an
autoimmune response directed against disrupted lipid membrane components, such as
phosphatidyl-inositol, by-products of lipid peroxidation, and nitric oxide-modified amino
acids, which have become immunogenic (Maes et al., 2009).

The complexity of this pathophysiological framework is enriched by the growing evidence
showing that these inflammatory processes related to depression may be influenced by
psychological stress as well as by other environmental and genetic factors. In a study of 103
healthy women, participants reporting high levels of chronic interpersonal stress at baseline
displayed greater increases in their leukocyte messenger ribonucleic acid (mRNA) for the
transcription factor nuclear factor-kappaB (NF-kappaB) over the next 6 months. Chronic
interpersonal stress at baseline was also associated with increasingly pronounced IL-6
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responses to lipopolysaccharide, suggesting that chronic interpersonal difficulties contribute
to the dysregulation of pro- and anti-inflammatory signaling molecules (Miller et al., 2009a).

The relationships among inflammation, aging, and depression

In the absence of neurological disease or other medical conditions, aging is associated with
weakened peripheral immunity and increased neuroinflammation. Older adults evidence
weakened innate and humoral responses to novel antigens (in part due to reduced numbers
of naive T cells), an elevated peripheral and central inflammatory profile (e.g., reduced
expression of anti-inflammatory cytokines and increased expression of proinflammatory
cytokines), and an increased population of reactive or “primed” glial cells [e.g., increased
microglial expression of major histocompatibility complexes (MHC), scavenger receptors,
and complement receptors, and increased astroglial expression of glial fibrillary protein
(GFAP)] (Godbout and Johnson, 2009; Parachikova et al., 2007). These factors increase the
potential for exaggerated neuroinflammatory responses to peripheral immune stimulation
(e.g., due to pathogens, injury, or stress) and contribute to increased incidence of cognitive
and psychiatric disorders among older adults, particularly following illness (Penninx et al.,
1999).

Approximately 15-30% of older adults suffer from depression associated with a medical
condition (Mulsant and Ganguli, 1999), and older adults are at increased risk for delirium
and dementia following peripheral infections (Jackson et al., 2004). Depression is frequently
a prodrome of dementia, and the incidence of depression among patients with Alzheimer's
disease is estimated to be greater than 40%. Several recent reviews summarize how
neuroinflammation contributes to the cognitive and brain changes associated with
Alzheimer's disease (Maccioni et al., 2009), dementia and depression (Leonard, 2007), and
aging (Godbout and Johnson, 2009; Dilger and Johnson, 2008; Giunta, 2008). Overall, this
literature demonstrates that, similar to major depression without an associated medical
condition, Alzheimer's disease and dementia are associated with increased expression of
peripheral and central proinflammatory cytokines, increased microglial activation, increased
activation of TDO and IDO, reduced serotonin synthesis, and increased production of
neurotoxins including quinolinic acid and 3-hydroxykynurenine (Leonard, 2007). However,
the question of whether or not there is greater susceptibility to developing depression in
otherwise healthy individuals with no underlying medical conditions still needs to be
answered. Further investigation into the role of genetic (see Contribution of genetic factors
to the etiology of cytokine-induced depression) and environmental (e.g., history of prior
stress exposure) factors will help to answer this important question.

Contribution of genetic factors to the etiology of cytokine-induced depression

It is generally accepted that depressive symptoms are associated with increased expression
of inflammatory markers. Thus, some of the variability across studies with regard to
biomarker profiles in cytokine-induced depression may be due to differences in genetic risk
factors. Several studies have considered the possibility that there are common genes
associated with depressive symptoms and inflammation. Specifically, polymorphisms in the
IL-10 gene cluster may be involved in the increased risk for major depressive disorder
(Traks et al., 2008). In addition, gene expression microarray studies have shown that several
receptors for immune genes, such as the IFN o/p and IL-8 receptors were differentially
regulated in the frontal cortex of patients with bipolar disorder (Bezchlibnyk et al. 2001;
Iwamoto et al. 2004). Recently, another study found that, compared to healthy controls, the
expression of inflammatory genes (i.e., TNF-a, IL-1, and IL-6) was increased in the
monocytes of patients with bipolar disorder (62% euthymic, 17% depressed, 17% manic,
and 5% of unknown mood state) as well as in the offspring of bipolar patients (Padmos et
al., 2008). A subsequent study conducted in twins found further support for the heritability
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of cytokine-induced depression, as a significant association between severity of current
depressive symptoms and increased levels of inflammatory markers (e.g., CRP and IL-6)
was observed. The heritability of IL-6, CRP, and depressive symptoms was estimated at
0.37, 0.65, and 0.48, respectively (Su et al., 2009).

In addition to differences in the expression of immune genes, a study of 42 participants with
and without major depression also investigated the role of serotonergic genes and found that
the MRNA expression of the serotonin transporter, as well as IL-1p, IL-6, IFN-y and TNF-a
were higher in the patients with depression as compared with the healthy controls (Tsao et
al., 2006). Although Tsao et al. (2006) did not distinguish SERT mRNA expression in
depressed patients with and without immune activation, the investigators used strict
inclusion/exclusion criteria for their depressed participants and specifically excluded
individuals with major physical disorders as well as participants experiencing a common
cold, influenza, or any other inflammation over the 3 months prior to study entry. The
hypothesis that genetic differences in the serotonin reuptake transporter promoter (5-
HTTLPR) may interact with the immune system and influence depression risk in patients
undergoing IFN therapy for HCV was recently supported by Lotrich et al. (2009). In a
sample of 71 patients with HCV, the SS allele was associated with greater susceptibility to
depression and a higher rate of IFN-induced depression. In contrast, the LA allele was
associated with a lower rate of depression during IFN therapy, and analyses indicated that
genotype LA/LA was significantly different from S/S but not from S/LA (Lotrich et al.,
2009). These findings are consistent with an earlier study of 139 HCV patients treated with
IFN therapy designed to investigate the impact of serotonergic gene variants which found
that homozygosity for the HTR1A-1019G variant significantly increased both incidence and
severity of IFN-induced depression (Kraus et al., 2007).

Variability in cytokine and neurotransmitter genes may additionally be accompanied by
differences in neuroendocrine gene expression, as glucocorticoid (GC) receptor gene
polymorphisms could also explain the differences observed in depressive symptom profiles
(Kumsta et al., 2008). It is generally accepted that depression is accompanied by reduced
responses to GC on the dexamethasone suppression test (reviewed in Pariante, 2004). In a
sample of 206 healthy research participants, Kumsta et al. (2008) investigated the effects of
four GC receptor gene polymorphisms on GC responsiveness. No significant differences in
the ability of dexamethasone to suppress IL-6 production were detected across the genotype
groups. However, individuals with the intronic Bcll polymorphism had lower GC sensitivity
of subdermal blood vessels, as determined by the least degree of skin blanching when
compared to individuals with the other genotypes. Authors concluded that GC
responsiveness is highly variable not only between individuals but also between tissues in
the same individual, thus supporting the relevance of genetic variability in explaining
differential GC sensitivities. Taken together, the gene expression changes identified and
summarized herein are consistent with and extend the observations found in the clinical
biomarker literature. The following sections link this body of evidence to various animal
models of depression, thereby reinforcing the use of pre-clinical models to better understand
the pathogeneses of depressive symptoms and identify novel therapeutic targets.

Animal models and hypothesized mechanisms of cytokine-induced
depression

As in clinical studies, inflammatory factors and cytokine-specific alterations of monoamine
and neuroendocrine function are similarly observed in animal models of depression. Newly
developed animal models of depression based on induced inflammation are summarized in
Table 2; these animal models accompany and contribute to the studies using previously
established models of depression—which remain highly relevant, as these models not only
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result in the expression of depressive behaviors but also impact and alter immune function
[e.g., neonatal separation/early life stress models (VVarghese et al., 2006;0'Mahony et al.,
2009); chronic/repeated stress models (Kiank et al., 2006;Detanico et al., 2009;0'Mahony et
al., 2006;Anisman et al., 2007a,b); separation from group housing models (Martin and
Brown, 2010), olfactory bulbectomy models (Song et al., 2009a,b;Myint et al., 2007); and
social dominance/subordination models (Kroes et al., 2006)]. The long list of animal models
(including genetically altered animals—see Genetically engineered rodent models used to
study depression) and behavioral measures designed to investigate depression illustrate the
complexities associated with studying neuropsychiatric disorders.

The literature shows that a number of the behavioral responses accompanying immune
activation (e.g., increased immobility on the forced swim or tail suspension tests), are not
consistently observed across studies. For example, Deak et al. (2005) found that behavioral
responses during the forced swim test are not affected by systemic LPS injections, even
using doses of LPS sufficient to cause significant reductions in social behavior. Orsal et al.
(2008) similarly found that IFN-a had no effect on the tail suspension test (i.e., another
measure of behavioral despair or learned helplessness) and only modest effects on
swimming behavior during the forced swim test. Interestingly, Neveu et al. (1998) found
that lateralization in mice can affect IL-1-induced behavior on the forced swim test, such
that IL-1-induced immobility is less pronounced in left- as compared to right-pawed mice.
Taken together, these findings suggest that “depression” or sickness associated with immune
activation may not consistently affect behavioral despair, as measured using the forced swim
or tail suspension tests. Alternative measures of behavioral depression, such as sucrose
preference testing (Sammut et al., 2001) or social interaction assessments (Konsman et al.,
2008) may be more sensitive to the depressive-like effects of proinflammatory cytokines.

Of the behavioral measures described in Table 2, changes in sucrose preference appear to be
one of the more consistently observed behavioral responses. This measure of anhedonia has
been used in models of depression associated with and without direct immune activation
(Sammut et al., 2001;Moreau et al., 2008;Navarre et al., 2009) and is also responsive to
antidepressant treatment (Sammut et al., 2002;Pandey et al., 2009). Given that a diagnosis of
depression currently requires the presence of at least one of the two core symptoms,
depressed mood and anhedonia (DSM-1V-TR), including this measure in behavioral batteries
to assess depression seem critical.

Animals can theoretically be used to model all but two of the DSM-IV-TR criteria for a
major depressive episode—recurrent thoughts of death and feelings of worthlessness or
excessive guilt. Thus, the ideal animal study would use a combination of behavioral
assessments to most comprehensively model clinical depression using a rodent. There are,
however, a limited number of published studies that have used such a design to study
depression. This paucity results in part because of technical limitations, as the depressive-
like symptoms induced in some models can be transient and do not permit repeated
behavioral testing in the same animal.

Given the high percentage of patients who develop depressive symptoms during IFN therapy
(Loftis and Hauser, 2004), an animal model to investigate the etiology of these
neuropsychiatric side effects would be highly beneficial; however, there is considerable
debate in the literature regarding the utility of IFN to induce “depressive-like” symptoms in
rodents. Increasingly, investigators are appreciating the species specificity of IFN (Langer
and Pestka, 1988; De La Garza et al., 2005; Loftis et al., 2006a). Our data suggest that
recombinant human pegylated IFN-a does not bind type | IFN receptors in the rat CNS or
periphery, as immunoblotting of frontal cortex and liver tissue revealed that STAT1 was not
phosphorylated following IFN-a administration, an indicator of IFN receptor binding
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(Tanabe et al., 2005; Loftis et al., 2006a). Although our data do not rule out the possibility
that pegylated IFN-a may not have crossed the blood—brain barrier, our findings are in
agreement with De La Garza et al. (2005) who found that neither recombinant human
pegylated IFN-a nor non-pegylated IFN-a induced neuroendocrine or neuroimmune
activation in Wistar rats. To further address the issue of species specificity, we evaluated
sequence similarity between: 1) human and rat type I IFN receptors and 2) human and
mouse type | IFN receptors. Results indicated that there is approximately 40.9% identity
between rat and human receptors and 45.7% identity between mouse and human receptors
(Loftis et al., 2006b). While lack of IFN receptor species specificity is a plausible
explanation, Makino et al. (2000) found that when given to rats, human IFN-a but not rat
IFN-a, -p or -y changed the immobility time during the forced swim test (Makino et al.,
2000). In addition, IFN-a can bind to other neurotransmitter systems, such as opioid
receptors (Wang et al., 2006), suggesting that the neuropsychiatric side effects of IFN-a
might not be mediated through type I IFN receptors. Future studies using IFN to
behaviorally and biologically model depression in rodents should consider these factors.

Alternatively, investigators have used treatment with other proinflammatory cytokines (e.g.,
IL-1B, IL-2, IL-6) or endotoxin exposure [e.g., lippopolysaccharide (LPS)] to induced
depressive symptoms and associated biochemical changes, with varying effects (Table 2).
For example, IL-1p, produced by activated innate immune cells (i.e., macrophages and
monocytes) upon injury or infection, is an important cytokine not only for the induction of
sickness behavior (Dantzer, 2001) but also likely plays a significant role in depression
(Maes et al., 1993;0wen et al., 2001;van den Biggelaar et al., 2007).

Similar to the debate regarding cytokine-induced depression and idiopathic depression in
humans (Capuron et al., 2009), it has been argued that sickness behavior is not depression. A
recent study aimed to develop a novel model to identify the neurobiological basis of
depressive-like behavior induced by chronic inflammation, independent of sickness
behavior. Investigators measured the behavioral consequences of chronic inoculation of
mice with the bacteria, Bacillus Calmette-Guerin (BCG), which is used against tuberculosis
and activates both lung and brain IDO (Moreau et al., 2008). BCG treatment induced an
acute period of sickness (e.g., body weight loss, reduction of motor activity, and increased
body temperature) and delayed depressive-like behaviors (e.g., increased duration of
immobility in both forced swim and tail suspension tests, reduced voluntary wheel running,
and decreased preference for sucrose) lasting over several weeks. Mice treated with BCG
reportedly exhibited normal locomotor activity at the time of the forced swim test; however,
they evidenced significantly decreased swimming and climbing behaviors on the forced
swim test as well as significantly reduced wheel running 1 week after BCG treatment, thus
complicating the interpretation of these delayed depressive-like behaviors. Moreau et al.
(2008) additionally observed a temporally distinct pattern of IDO activation, as increased
lung IDO activation was associated with the delayed depressive-like but not with the
sickness behaviors. The authors suggest that IDO activation likely plays a role in the
development of depressive-like behavior during chronic immune activation. It would be
interesting to know if BCG-induced increases in IDO activation are also accompanied by
decreases in serotonin, as activation of IDO decreases the amount of tryptophan for
conversion to serotonin and is one hypothesized mechanism of cytokine-induced depression
(Fig. 2a).

Because it is known that preexisting vulnerability to depression may affect outcomes of an
immune challenge, a number of studies combine the use immune activation with other
depression risk factors, such as aging or exposure to stress to more comprehensively study
the disorder. Collectively, these studies generally report a more pronounced induction of
depressive-like behavior as well as greater peripheral and central changes in
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neurotransmitter and cytokine expression. Thus, in view of the combined and often
synergistic effects of immune activation and accompanying risk factors, it is suggested that
models of depression based on immune activation should consider the “stressor backdrop”
upon which acute or chronic immune activation occurs (Gibb et al., 2008).

Questions regarding the effects of chronic immune activation on neuropsychiatric
functioning are further complicated; however, by the observation that depressing the
immune system can also lead to depressive-like symptoms. Recently, experimentally
induced immunodepression was shown to reduce performance on cognitive behavioral tasks
in mice (Barnard et al., 2009), illustrating that the role of immune dysregulation in the
etiology of depressive symptoms is more than increased expression of proinflammatory
cytokines. Further, patients with alcohol use disorders show decreased immune responses
(Lau et al., 2009), yet these individual have an increased prevalence of mood disorders
(Grant et al., 2004). It appears that a delicate balance of cytokines is required for normal
regulation of neuropsychiatric functioning. A better understanding of the bidirectional
communication scheme which has been proposed to explain cytokine-induced depression
may be gained by considering the role not only of the innate but also of the adaptive immune
system, including processes such as immunological memory and tolerance. It was recently
suggested that immunity to certain self-antigens (or a lack thereof) when exposed to
increased levels of risk factors (e.g., environmental or genetic) may be an important
underlying factor in the etiology or pathophysiology of neurodegenerative processes and
neuropsychiatric impairments (Schwartz and Ziv, 2008).

Genetically engineered rodent models used to study depression

Cytokines and cytokine-mediated signaling appears to play a critical role in the etiology and
pathophysiology of depression, yet there exist a number of theories regarding their specific
effects on behavior. One strategy that has been used to test such hypotheses is to alter the
expression of genes that are involved in the central nervous and immune systems and to
study their respective roles in animal behavior and effects on neuroimmune and
neuroendocrine factors. Accordingly, chronic overexpression of brain IL-1f caused chronic
leukocyte recruitment, axonal injury and prolonged depression of spontaneous behavior (i.e.,
reduced food pellet burrowing) in rats. Interestingly, IL-1p was not detected in circulating
blood, despite the extended production of hepatic and circulating chemokines, liver damage
and weight loss observed (Campbell et al., 2007). IL-6, another proinflammatory cytokine
with a putative role in the pathogenesis of depression was investigated using a knockout
model. Specifically, IL-6-deficient mice [IL-6(—/—)] were evaluated with number of
depression-related tests (e.g., forced swim, tail suspension, and sucrose preference test).
IL-6(—/—) mice showed reduced behavioral despair in the forced swim, and tail suspension
test, and enhanced hedonic behavior in the sucrose preference test (Chourbaji et al., 2006).
A similar panel of behavioral tests (e.g., forced swim and sucrose consumption tests) was
used to assess TNF receptor deficient [TNFR1(—/-) and TNFR2(—/-)] mice for depressive-
like behaviors. Deletion of either TNFR1 or TNFR2 leads to an antidepressant-like response
in the forced swim test and mice lacking TNFR2 demonstrated a hedonic response in the
sucrose drinking test compared with controls (Simen et al., 2006). Taken together, these
results are consistent with the hypothesis that IL-1p, IL-6 and TNF-a can induce depressive-
like symptoms and show that both TNF receptor subtypes can be involved in this response,
with somewhat differing roles in regard to the expression of depressive symptoms (e.g.,
behavioral despair vs. anhedonia).

Given the hypothesized influence of stress on the development of depressive symptoms, it is
interesting to note that several knockout mouse models [e.g., p-opioid receptor knockout
mice (lde et al., 2010); norepinephrine transporter knockout mice (Haenisch et al., 2009);
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IL-1 receptor null mice (Koo and Duman, 2009)] show reduced emotional and biochemical
responses following certain types of stress exposure.

In addition to genetically altering the expression of cytokines to better understand
depression, investigators have also manipulated genes associated with the expression or
signaling functions of cytokines. For example, given that activation of the purinergic P2X
(7) receptors results in the rapid release of IL-1p, a study was conducted to behaviorally
profile P2X(7) receptor knockout mice using a panel of tests and measurements to assess
depressive-like behavior, including the forced swim and tail suspension tests and
spontaneous locomotor activity and food intake assessments. Mice lacking the P2X(7)
receptor exhibited antidepressant-like behavior in the tail suspension and forced swim tests
(Basso et al., 2009). The investigators found no significant effects of genotype on locomotor
activity or on novelty suppressed feeding, as measured by latency to start eating and time
spent eating. However, knockout mice consumed more food than wild-type mice in a
familiar environment, and the authors suggested that this difference may be attributed to the
role of IL-1 in the regulation of physiological functions such as food intake and body weight
(Basso et al., 2009). Manipulating the signaling functions of cytokines and their receptors by
altering downstream effector molecules may also provide information about relevant
inflammatory pathways involved in depression. Recently, we reported that treatment with
IL-1p increased the phosphorylation of p38 MAP kinase in rat frontal cortex (Loftis et al.,
2009a,b), a kinase that activates specific intracellular signaling pathways and transcription
factors leading to the increased production of proinflammatory modulators. Thus, use of a
conditional p38 MAP kinase knockout mouse model may also be useful in testing novel
therapeutic strategies for depression (Kim et al., 2008). Taken together, these data support
the relevance of proinflammatory cytokines in the expression of depressive-like behavior,
and suggest alternative targets that could be of potential interest for the treatment of
cytokine-induced depression.

Novel treatment strategies

The use of anti-inflammatory approaches for the treatment of depression is being examined
at both pre-clinical and clinical levels. Many antidepressant medications have specific anti-
inflammatory effects (Lim et al., 2009; Carvalho and Pariante, 2008) and significant
immunoregulatory activities, such as reducing the number of Th1 cells secreting IFN-y
(Bengtsson et al., 1992; Zhu et al., 1998), increasing the production of IL-6 and IL-10
(Kubera et al., 2000), and inhibiting IFN-y-induced microglial production of IL-6 and nitric
oxide (Hashioka et al., 2007). Increasing evidence suggests that antidepressants operate in
part to repair neurotransmission by enhancing neurogenesis (Malberg et al., 2000) as well as
axonal and dendritic sprouting (Fujioka et al., 2004; Vaidya et al., 1999). However, current
pharmacologic approaches are effective in less than 50% of patients and immune activation
in patients with depression is also associated with resistance to treatment with traditional
antidepressant medications. For example, (1) depressed patients non-responsive to drug
treatment have increased immunity shown by elevated CD4+ T-cell activity and
proinflammatory cytokine expression (Maes et al., 1997; O'Brien et al., 2007), (2)
suppression of 1L-6 and TNF-a does not occur in depressed patients who fail to respond to
antidepressants (O'Brien et al., 2007), and (3) higher levels of TNF-a in patients with
depression might predict a non-response to treatment with selective serotonin reuptake
inhibitors (SSRIs) (Eller et al., 2008).

Targeted anti-inflammatory compounds to replace or augment the existing therapies are
needed. The mechanism of action for these new treatments may involve modifying
proinflammatory cytokine signaling pathways in the brain to better ameliorate the
inflammation in depression and to improve the clinical efficacy of antidepressants
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(Malemud and Miller, 2008; Maes et al., 2009). Pre-clinical studies comparing the effects of
typical and novel antidepressant treatments show that a number of different
pharmacotherapeutic strategies have anti-inflammatory effects. For example, Pandey et al.
(2009) used an olfactory bulbectomized model of depression in rats to evaluate the
antidepressant effects of 5-((4-benzo [alpha] isothiazol-3-yl) piperazin-1-yl) methyl)-6-
chloroindolin-2-one (BIP-1), a compound with affinity for serotonin type 2A receptors.
Fourteen days of treatment with BIP-1 or the tricyclic antidepressant amitriptyline reduced
the behavioral changes induced by olfactory bulbectomy, as shown using open field
exploration, social interaction, hyperemotionality (i.e., behavioral responses to a variety of
physical stimuli), and sucrose preference testing. Further, the combination of BIP-1 and
amitryptyline administration resulted in a shorter course (7 days) of antidepressant treatment
to achieve similar behavioral outcomes; however inflammatory markers were not assessed in
this study (Pandey et al., 2009). In an earlier study, Hashioka et al. (2007) examined various
types of antidepressants (i.e., imipramine, fluvoxamine, reboxetine), as well as lithium
chloride on IFN-y activation in murine microglial cells. Pretreatment with imipramine,
fluvoxamine or reboxetine (but not lithium chloride) resulted in significant and dose-
dependent suppression of IL-6 production. However, it remains unknown how the reduction
in microglial IL-6 production specifically affects depressive-like behaviors. More research is
clearly needed to better evaluate the effects of different classes of antidepressants on
inflammatory pathways in relation to alterations in depressive-like symptoms.

Review of the clinical literature revealed a lack of studies directly comparing the efficacy of
different classes of antidepressants in treating immune-associated depression. There have
been a few clinical trials comparing the effects of placebo vs. SSRI antidepressants in
patients with HCV undergoing interferon therapy (e.g., Morasco et al., 2007; Kraus et al.,
2008). Recently Song et al. (2009a,b) compared the effects of electroacupuncture, fluoxetine
or placebo treatment in 95 patients with major depressive disorder. These investigators
found that both electroacupuncture and fluoxetine treatments had anti-inflammatory effects,
as indicated by a reduction in IL-1p levels. Electroacupuncture additionally increased TNF-o.
and decreased IL-4 levels, and these changes were interpreted as a treatment-induced
restoration of the balance between Th1 and Th2 cytokines (Song et al., 2009a,b).

In the development of new compounds as well as in the use of novel adjunctives to current
treatments, it will also be important to appreciate the existence of depressive subtypes which
could require different therapeutic approaches (Gold and Irwin, 2009; Charlton, 2009).
Ultimately, treatment guidelines may need to be adjusted to include subpopulations of
patients potentially resistant to typical antidepressant medications (e.g., SSRIs). The
development of biologically based screening tests and assessment tools to identify these
patient populations will help clinicians better identify such patients and subsequently target
their depressive symptom profile. Table 3 lists some of the more promising pharmaceutical,
dietary and psychosocial interventions currently under consideration for the treatment of
cytokine-induced and other depressive disorders.

Conclusions and future perspectives

This review summarized current theories regarding the relationships between immune
activation and neural function, as they relate to the development and expression of
depressive symptoms. Collectively, this body of clinical and pre-clinical research supports
the theory that inflammation and immune dysregulation can influence neurotransmitter
metabolism, neuroendocrine function, synaptic plasticity and growth factor production, thus
altering neural circuitry and contributing to depressive symptomatology. The current
diagnostic categories for depression, as defined by the Diagnostic and Statistical Manual of
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Mental Disorders, however, are not etiologically or biologically derived, and it suggested
that “depression” reflects multiple pathogeneses leading to varying symptom constellations.

Thus, there is a need for: 1) better tools (e.g., biological markers/neuroimmune disease
signatures in addition to self-report or clinician-administered rating scales) to diagnose and
treat depression, 2) a new definition of depression, one that can better differentiate among
the various symptom profiles and etiologies (e.g., depression in medically ill populations vs.
depression due to prolonged grief reactions)-this is important because treatment strategies
may need to be different depending on the pathophysiological mechanisms contributing to
the depressive symptoms, 3) more longitudinal studies in order to determine the direction
and time course associated with circulating levels of inflammatory markers and symptoms
of depression, and 4) improved animal models that allow for better a differentiation between
the neuroimmune and pathophysiologic mechanisms associated with sickness versus other
depressive-like behaviors.

Further research into the role of specific cytokines, inflammatory molecules and associated
signaling cascades in the etiology of depressive symptoms will be important, as indicated by
the promising results from recent treatment studies. Although there are some conflicting
reports in the literature, due in part to methodological differences, studies using novel
treatment strategies highlight the therapeutic potential of anti-inflammatory-based
approaches for treating patients with depressive disorders.
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The dramatic increase in research on the topic of cytokine-induced depression is illustrated
by the significantly higher number of original and review articles, rapid communications,
letters to the editor and case reports published in the last 9 years, as compared to earlier
decades. PubMed was searched from 1980 to present with “cytokines and major depression”
used as the search terms. It is noteworthy that from 2000 to present, of the 616 articles
published, 29% were review articles, highlighting the importance of this topic yet the need
for more original research.
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Fig. 2.

Immune and central nervous systems interact and contribute to the etiology and
pathophysiology of cytokine-induced depression. Text boxes summarize the putative factors
contributing to the development of depressive symptoms as well as the accompanying
alterations in peripheral and central neuroimmune modulators. Current theory proposes that
years of cumulative risk factors (e.g., genetic polymorphisms, repeated brain injuries or
vascular insults, exposure to stress and toxins, or oxidative stress) combine to activate
danger associated molecular pattern detectors (DAMPs) within the innate immune system,
in turn modifying microglial receptors [e.g., toll-like receptors (TLRs), receptors for highly
glycosylated end products (RAGES)], resulting in the chronic overproduction of
proinflammatory cytokines such as TNF-a, IL-1f, and IL-6 (Maccioni et al., 2009). Related
immune mechanisms activating pathogen associated molecular pattern molecules (PAMPS)
are also speculated to contribute to the etiology of depressive symptoms and may bhe
especially relevant for depression accompanying specific medical conditions. 2a. IDO
pathway and its role in mediating cytokine-induced depression. Cytokines, such as IFN-y,
can induce the enzyme indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase
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(TDO; an analogous enzyme located in the liver), which induces the metabolism of
tryptophan. Activation of IDO decreases the amount of tryptophan for conversion to
serotonin and increases the possibility of oxidative stress. Specifically, kynurenine, a
metabolite of tryptophan, can be transported across the blood-brain barrier into the brain
where it is further metabolized in macrophages, microglia and astrocytes leading to the
generation of potentially neurotoxic compounds: 3-hydroxykynurenine (3-HK) and
quinolinic acid (QA). Taken together, these studies provide support for the hypothesis that
alterations in the regulation of certain cytokines such as IL-1, IL-6, and TNF-a released
during an immune response activate the hepatic synthesis of CRP and components of the
HPA axis, alter neurotransmitter networks activity, and induce fatigue, loss of appetite,
anhedonia, and other depressive symptoms.
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Table 1

Comparison of DSM-1V-TR diagnostic criteria with features of “depressive-like” behavior in rodents.

DSM-1V-TR symptoms of
depression®

Cytokine-induced sickness or “depressive-like” Reference
behavior in rodents

Anhedonia Decrease in sucrose consumption and drinking rate; Anisman et al., 1998; Merali et al., 2003;
decrease in responding for rewarding brain Sammut et al.. 2002 2001
stimulation " '

Makino et al., 2000; Plata-Salaman et al.,
1988; Swiergiel et al., 1997

Krueger and Majde, 2003

Dantzer et al., 1991; Wood et al., 2006;
Pitychoutis et al., 2009

Significant loss of weight or appetite Weight loss and decreased food consumption

Insomnia or hypersomnia Increased sleeping

Psychomotor agitation or retardation Decreased locomotor activity, voluntary wheel-

running behavior, and social exploration

Decreased locomotor activity and voluntary wheel- Dantzer et al., 1991; Wood et al., 2006;
running behavior; increased conservation- Minor et al., 2006
withdrawal behavior

Fatigue or loss of energy

Bonaccorso et al., 2003; Kelly et al., 2003;
Song et al., 2006; reviewed in Khairova et
al., 2009

Diminished ability to think or
concentrate, or indecisiveness

Decreased spatial memory on Morris water maze;
increased latency of escape to a foot shock using a

shuttle box; inhibition of long-term potentiationb

aAdditionaI symptoms of depression listed in the DSM-1V-TR (and not shown in Table 1) include: feelings of worthlessness or excessive or
inappropriate guilt, and recurrent thoughts of death (DSM-IV-TR, 2000).

Decreased capacity for long-term potentiation is associated with stress exposure and this change in synaptic plasticity can be restored by treatment
with various types of antidepressants, such as tianeptine and fluoxetine (Dupin et al., 2006; Yaka et al., 2007).
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Animal models of depression—based on stimulation of the peripheral immune system to induce exaggerated
neuroinflammatory response and prolonged sickness.

Animal model@

Depressive symptoms investigated

Associated biomarkers measured

Main outcomes

References

IFN-a, rats

IFN-a, mice

IFN-a, rats

IFN-a, rats

IFN-a, rats

IFN-a, rats

LPS, rats

LPS, rats

Changes in neurogenesis in dentate
gyrus, as a correlate of depression

Anxiety, as measured by the elevated
plus maze (EPM)

Behavioral despair or learned
helplessness, as measured by forced
swim (FST) and tail suspension tests
(TST)

Somatic and psychomotor symptoms
(e.g., changes in temperature, body
weight, food intake, and locomotor
behavior)

Anhedonia, as measured by brain
stimulation reward (BSR) thresholds
elicited from the ventral tegmental area

Anhedonia, as measured by sucrose
consumption

Somatic symptoms (e.g., food
consumption, body weight changes)
Behavioral despair, as measured by FST
Anhedonia, as measured by sucrose
pellet self-administration

Somatic and psychomotor symptoms
(e.g., body weight changes and
locomotor behavior)

Behavioral despair, as measured by FST

Somatic and psychomotor symptoms
(e.g., changes in food intake, locomotor
behavior, and social exploration)
Behavioral despair, as measured by FST
Anhedonia, as measured by sucrose
consumption

Behavioral despair, as measured by FST
Psychomotor retardation, as measured
by social exploration

Hippocampal IL-1f protein levels
Number of bromo-deoxyuridine-
labeled cells

Expression of adhesion molecules on
leukocytes and the recruitment of
lymphocyte subsets into the brain

N/A

N/A

Monoamine turnover in several brain
regions

Corticosterone release

Plasma TNF-a and IL-6 and release
IL-1p and IL-6 mRNA expression in
hippocampus

Signal transducer and activator of
transcription 1 (STAT1)
Phospho-STAT1

Serotonergic and dopaminergic
activity in hypothalamus,
hippocampus, prefrontal cortex,
amygdala and striatum

N/A

Neurobiol Dis. Author manuscript; available in PMC 2011 March 1.

Increased IL-1f in
hippocampus
Decreased number of
proliferating cells in
the dentate gyrus

Increased immobility
of mice in the late
phase of FST, without
significant effects in
TST and EPM

The percentages of
CD4+ and CD8+
lymphocytes as well as
the percentages of
lymphocyte function-
associated antigen 1
(LFA-1)-expressing
CD4+ and CD8+
lymphocytes were
increased in brain

Increased sickness
behavior

No significant changes
in the hedonic status of
BSR

Decreased sucrose
consumption and
drinking rate

No significant changes
in sucrose
consumption

No significant changes
in corticosterone
release, plasma TNF-a
or IL-6 release

No significant
differences in IL-1p or
IL-6 mMRNA
expression in
hippocampus

No significant changes
in depressive-like
behaviors

No changes in the
expression or
phosphorylation of
STAT1

Enhanced serotonergic
function and increased
swimming duration in
FST for female rats
Increased suppression
of locomotor activity
for male rats

No effect on FST
Reduced social
interaction

Kaneko et
al., 2006

Orsal et al.,
2008

Kentner et
al., 2007

Sammut et
al., 2001,
2002

De La
Garzaetal.,
2005

Loftis et al.,
2006a,0

Pitychoutis
etal., 2009

Deak et al.,
2005
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Animal model@

Depressive symptoms investigated

Associated biomarkers measured

Main outcomes

References

LPS, rats

LPS and IL-1B,
mice

LPS and stress,
mice

LPS and aging,
mice

BCG inoculation

Somatic and psychomotor symptoms
(e.g., changes in body temperature and
social behavior)

Anxiety and psychomotor function, as
measured by the open field and elevated
plus maze (EPM) tests

Somatic and psychomotor symptoms, as
measured by locomotor and exploratory
activities, curled body posture, ptosis
(drooping eyelids), and the presence of
ruffled and greasy fur

Somatic and psychomotor symptoms, as
measured by feeding behavior and
locomotor, feeding activities

Behavioral despair, as measured by FST
and TST

Somatic and psychomotor symptoms
(e.g., changes in body weight and
voluntary wheel running)

Behavioral despair, as measured by FST
and TST

Anhedonia, as measured by sucrose
preference test
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c-fos in brain

IL-1B in periphery and
circumventricular organs and
choroid plexus

N/A

Plasma corticosterone, 1L-6, TNF-q,
IL-10, IL-1B, IFN-y TNF-a, IL-10,
IL-1B, IL-4, IFN-y mRNA in
hippocampus, prefrontal cortex,
nucleus tractus solitaries
Norepinephrine utilization in brain

Peripheral and brain IDO
Serotonin utilization in brain

Plasma IFN-y, TNF-a
Peripheral IDO activation

Reduced social
interaction, induction
of fever and body
weight loss

Increased IL-18
production in systemic
circulation as well as
in brain
circumventricular
organs and the choroid
plexus.

Induced c-fos
expression in the
amygdala and bed
nucleus of the stria
terminalis

Dose-dependent
decreases in open arm
entries and the time
spent on the open arms
of the EPM

IL-1p8 and LPS
decreased the number
of line crossings in the
center of the open field
The doses of IL-1
and LPS necessary to
induce these effects
also decreased
locomotor activity,
indicating a reduction
in general activity

Enhanced NE
utilization within the
prefrontal cortex and
hippocampus

The LPS-induced
elevation of IL-1,
IL-6 and TNF-a
MRNA expression in
the hippocampus,
prefrontal cortex and
nucleus tractus
solitaries was
diminished in animals
that experienced stress

Increased duration of
immobility in aged
mice

Induction of peripheral
and brain IDO and an
increased turnover of
brain serotonin

Transient body weight
loss, reduced
locomotor activity and
induction of fever;
these sickness
behaviors were
followed by...
Increased duration of
immobility in FST and
TST

Reduced voluntary
wheel running and
decreased preference
for sucrose

Increased plasma IFN-
y and TNF-a

Konsman et
al., 2008

Swiergiel
and Dunn,
2007

Gibb et al.,
2008

Godbout et
al., 2008

Moreau et
al., 2008
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Animal model@ ~ Depressive symptoms investigated Associated biomarkers measured Main outcomes References

concentrations and
IDO activation

Abbreviations: EPM, elevated plus maze; FST, forced swim test; IDO, indoleamine 2,3-dioxygenase; LPS, lipopolysaccharide; TST, tail
suspension tests

aThe route of administration, dose, duration, type and formulation of IFN-a (e.g., recombinant human, mouse or pegylated IFN) vary across
studies.
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Novel antidepressant treatment targets and strategies.
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Intervention

Antidepressant efficacy

Reference@

Cyclo-oxygenase-2 (COX-2)
inhibition (e.g., celecoxib)

Suppression of SAPK/MAPK and/or
JAK/STAT signaling components

TNF-a inhibition/antagonism (e.g.,
adalimumab, etanercept, and
infliximab)

Melatonin

Probiotics (e.g., Bifidobacteria)

Curcumin

Ethyl-eicosapentaenoate (EPA)

Folic acid

Psychotherapy (e.g., cognitive
behavioral therapy and mindfulness
interventions)

Vaccination (e.g., immunization with
CNS-related antigens as a therapeutic
means for treating depression)

In a 6-week double-blind, placebo-controlled trial, the combination of
fluoxetine + celecoxib (n = 20) showed superiority over fluoxetine +
placebo (n = 20), as measured using the Hamilton Depression Rating
Scale.

Administration of a p38 MAP kinase inhibitor resulted in an attenuation
of proinflammatory cytokines in the hippocampus and improved spatial
memory on the Y-maze.

A limited number of clinical trials and open-label studies suggest that
TNF-a antagonists may reduce depressive symptoms, in particular
fatigue, and improve quality of life.

Pre-clinical and clinical data show that melatonin reduces adhesion
molecules and proinflammatory cytokines (e.g., IL-6, IL-8 and TNF-a).
Using an unpredictable chronic stress model in mice, melatonin
counteracted the stress-induced degradation of coat and decrease in
grooming behavior in the splash test Melatonin treatment also decreased
corticosterone levels, similar to the decreases observed following
imipramine treatment.

Rats receiving probiotic treatment showed no significant differences on
the FST, as compared to controls. However, probiotic treatment resulted
in a reduction of IFN-y, TNF-a, and I1L-6 following mitogen stimulation
of whole blood cultures.

In chronically stressed rats, curcumin treatment increased hippocampal
neurogenesis (similar to imipramine treatment) and prevented stress-
induced decreases in hippocampal serotonin receptor mMRNA and BDNF
protein levels.

In a rat olfactory bulbectomy model of depression, EPA significantly
attenuated behavioral changes in the open field test and improved spatial
memory, as compared to control rats. EPA treatment additionally resulted
in a reduction of IL-1p and corticosterone levels.

A clinical study comparing fluoxetine+folic acid (n=14) with fluoxetine
+placebo (n=13) found that patients receiving folate supplementation had
significantly lower depression rating scale scores after 6 weeks of
treatment.

In a study comparing mindfulness meditation, cognitive behavioral
therapy and education, patients with recurrent depression benefited from
mindfulness meditation; in a separate group, IL-6 production was
decreased following cognitive behavioral therapy in patients with
depressive symptoms.

In rats, immunization with a modified peptide [i.e., a segment of myelin
basic protein (MBP)] resulted in the amelioration of anhedonia but no
treatment effect was seen on the FST. Vaccination also resulted in
significantly higher BDNF expression in hippocampus and increased cell
proliferation.

Myint et al., 2007;
Muller and Schwarz,
2008; Nery et al., 2008;
Song et al., 2009;
Akhondzadeh et al.,
2009

Malemud and Miller,
2008; Munoz et al.,
2007; Loftis et al., 2009

Jiang et al., 2008;
Soczynska et al., 2009

Detanico et al., 2009;
Maldonado et al., 2009

Desbonnet et al., 2008

Xu et al., 2007

Song et al., 2009

Resler et al., 2008

Fazzino et al., 2009;
Zautra et al., 2008

Lewitus et al., 2009

a, .. . . . - . . ]
Additional supporting references are provided for studies not specifically summarized under “Antidepressant efficacy”.
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