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Inflaming sex differences in mood disorders
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Men and women often experience different symptoms or rates of occurrence for a variety of mood disorders. Many of the
symptoms of mood disorders overlap with autoimmune disorders, which also have a higher prevalence in women. There is a
growing interest in exploring the immune system to provide biomarkers for diagnosis of mood disorders, along with new targets
for developing treatments. This review examines known sex differences in the immune system and their relationship to mood
disorders. We focus on immune alterations associated with unipolar depression, bipolar depression, and anxiety disorders. We
describe work from both basic and clinical research examining potential immune mechanisms thought to contribute to stress
susceptibility and associated mood disorders. We propose that sex and age are important, intertwined factors that need to be
included in future experimental designs if we are going to harness the power of the immune system to develop a new wave of

treatments for mood disorders.

Neuropsychopharmacology (2019) 44:184-199; https://doi.org/10.1038/s41386-018-0124-7

INTRODUCTION

There is an increasing understanding that mood disorders, such as
depression and anxiety, alter the body as well as the brain.
Immune function contributes to bio-phenotypes associated with
these disorders and can be measured as potential biomarkers that
may aid in diagnosing and treating mental illness. Mood and
immune disorders have a higher prevalence in women (2-10
times depending upon the disorder) but most pre-clinical studies
have used male animals to examine potential mechanisms [1, 2].
Clinical studies do include women but rarely examine sex or
gender as a factor. When sex is included as a variable, subjects are
often grouped across an age range of 18-65. This means that
menopause or andropause are not taken into consideration, even
given the extensive literature relating immune function to
gonadal hormones [3-6]. This review will cover the current
knowledge of sex differences in the immune system and the
potential mechanisms through which they may contribute to sex
differences in mood disorders.

SEX DIFFERENCES: MOOD DISORDERS

Mood disorders such as unipolar depression, generalized anxiety
disorder, social anxiety disorders, and post-traumatic stress
disorder (PTSD) are all more commonly diagnosed in women
than men [7-12]. Symptoms and impairments associated with
these disorders also vary by sex. Men reported that major
depressive disorder (MDD) impaired their ability to work or study,
including social and cognitive functioning, whereas women
reported more social impairment [13-15]. Men presented with
more symptoms of anger and addiction in response to MDD,
along with low self-esteem, self-dislike, and cognitive effects [16].
Women presented with symptoms including anhedonia, altera-
tions in sleep and feeding behavior, sadness, crying, somatization,
hostility, feelings of worthlessness, and a higher incidence of
comorbid anxiety [17-19]. Subtypes of depression differ by sex.

Women were diagnosed three times more often than men with
atypical depression, defined as a higher prevalence of mood
reactivity, paralysis, and increases in eating and sleeping [20].
Women had a higher incidence of depression with somatic
symptoms, i.e., experiencing physical symptoms that cause
distress [21], and anxious depression than men. Men had a higher
incidence of comorbid substance use disorder [20].

Bipolar depression has even distribution of occurrence across
the sexes [22]. Women have a higher incidence of diagnosis with
bipolar 2 and hypomania than men [23-25], but this remains
controversial [26, 27]. Women were reported to undergo rapid
cycling more often than men [28-30], in some but not all studies
[23, 24]. Female patients with bipolar depression had symptoms
associated with atypical depression including changes in appetite,
weight, and sleep [31, 32]. More men were diagnosed more often
with comorbid substance disorder, especially for alcohol [17, 26,
33]. Sex differences are also reported for comorbid anxiety
disorders but are dependent upon the type of anxiety disorder.
There was either no sex difference [23, 34] in comorbid
obsessive—compulsive disorder (OCD) or potentially a higher
expression in males than females [35]. Social phobia [34], and
PTSD [23, 34, 36], were more likely to occur in women diagnosed
with bipolar disorder. There is evidence that gonadal hormones
trigger episodes of bipolar disorder. Women diagnosed with
bipolar disorder had a higher risk of a manic or depressive episode
during periods of extreme hormonal fluctuations, such as
menopause [37-39] or childbirth [40-42].

Women are more often diagnosed with anxiety disorder [43—
45], with the exception of OCD, which is diagnosed at equal rates
in adulthood [46, 47], and has a higher incidence of early onset in
male children [46]. Symptoms of a number of anxiety disorders
differ between men and women, including social anxiety [48],
generalized anxiety disorder [49] and OCD. Whereas PTSD does
not differ in symptoms experienced by men and women [49],
there are differences in the rate of occurrence with two times the
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lifetime risk for women [43, 50, 51], even when controlling for type
of trauma [52-54]. Biomarkers for PTSD also differ by sex. Men
experiencing PTSD or trauma had changes in hippocampal
volume [55, 56]. In women, but not men, a molecular biomarker
and its related receptor’s genetic polymorphism were predictive of
an increased risk for PTSD [57]. Understanding the myriad ways
that males and females with mood disorders differ and overlap in
their biology will help us develop better screens and treatments
for all genders.

INFLAMMATION

Inflammation is a complex response and that involves the release
of a number of cellular signaling components into the blood or
injured tissue in order to remove threat, restore homeostasis,
resolve infection, and result in tissue repair [58, 59]. Immediately
after an insult occurs, there is an inflammatory response of the
innate immune system that can last for hours after exposure [60].
This includes activation of attack/scavenger cells and humoral
responses, such as release of complement and antimicrobial
peptides. These innate components are genetically programmed
in the germline, and have evolved to respond to common, but
essential, pathogen structures [60]. The adaptive immune system
responds slowly over days and weeks following an insult or
exposure. The cellular components respond to self vs. non-self/or
danger signals and release antibodies in response to specific
antigens. The adaptive immune system is flexible and capable of
recognizing and responding to virtually any foreign antigen [61].
Innate and adaptive immune responses cooperate to identify and
eliminate infectious elements through the actions of leukocytes/
lymphocytes, the cells of the immune system (Box 1).

Immune cells communicate with and affect the behavior of
other cells using cytokines. Levels of cytokines transiently spike
owing to acute infection or injury but normally return to a low
circulating baseline once the episode has passed. If the acute
response fails to remove the threat, then chronic inflammation is
activated. Chronic inflammation results in long-lasting alterations
in the circulating levels of cytokines. Cytokines can be classified as
pro-inflammatory when they trigger recruitment of leukocytes and
induce phagocytosis, or anti-inflammatory when they suppress
inflammation and increase healing [58, 59]. However, many
cytokines have both pro- and anti-inflammatory properties and
their role in inflammation can change depending on the amount
of cytokine expressed, the length of time it is expressed, or which
form of the receptor the cytokine activates [62]. New work is also

Box 1: cells of the peripheral immune system

Granulocytes. Include neutrophils, eosinophils, basophils, and mast cells. They
are short-lived granulocytes that can infiltrate tissue, release cytokines, and
toxins. They then scavenge debris and microbes. These cells are the first line of
defense against a pathogen.

Monocytes/macrophages. Monocytes are the immature, pro-inflammatory state
of macrophages, which are released into blood from the bone marrow.
Macrophages are scavenger cells and vary by type of tissue that they inhabit.
Monocytes and macrophages can be designated as polarized to M1 if they
produce pro-inflammatory cytokines or M2 if they produce anti-inflammatory
cytokines.

Natural killer (NK) cells. Originate from lymphoid progenitors but are a part of
the innate immune response. They have the ability to target and kill tumors,
bacteria, parasites, and cells infected with viruses.

Dendritic cells. Originate from myeloid progenitors. In the mature form, these
cells capture antigens and bring them to lymphoid organs to stimulate T-cell
response.

T cells. These cells mature in thymus. They have multiple forms and sub-forms
differentiated by function, types of cytokines released and indicated by cell
surface markers. These include cytotoxic (CD8+), helper (CD4 +or Ty), or
regulatory (Treq).

B cells. Cells mature in bone marrow. They have many forms depending on stage
of maturation. Plasma B cells produce antibodies.
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starting to examine which cytokines may be related to depression,
anxiety disorders and the antidepressant response.

SEX DIFFERENCES IN THE IMMUNE SYSTEM

Females have larger populations of most innate and adaptive
immune cells (Fig. 1) along with higher the basal level of
immunoglobulins [63]. Women respond more robustly to infec-
tions, with increased cytokine production and T-cell response [64],
and also have a lower incidence of parasitic infection [65]. Women
are more resistant to bacterial infections, and respond more
robustly to vaccines than men [65, 66]. It is possible that these
stronger immune responses to pathogens may contribute to the
higher incidences of autoimmune disease, allergies and asthma
that are also observed in women. These distinct, and sometimes
divergent, sex-specific responses to immune system challenges
are of particular importance when considering both therapeutic
interventions and pathological consequences of inflammation.

GENETICS & EPIGENETICS

Sex chromosomes are intricately involved in the development and
organization of the immune system (Fig. 1). The X chromosome
contains more immune-related genes than any other chromo-
some [67]. Some genes residing on the X chromosome are
resistant to inactivation, resulting in a double dose of the gene
product for females [68]. These include genes involved in T-cell
function such as CD40LG that regulates communication with B
cells, and the chemokine receptor CXCR3. The double dose of
these genes in women, resulting from escaping X-inactivation,
may contribute to increased autoimmune disease, as well as
improved immune responses to infection [69]. X-linked primary
immunodeficiencies, which affect males who have no backup for
mutations in genes on their single X chromosome (Fig. 1) can be
catastrophic and include severe immunodeficiency [70]. Other
mechanisms of sex differences in immune composition and
function include the microRNAs located on the X chromosome
[71], such as mir-98, which regulates the bacterial response of
epithelial cells resulting in sex differences in levels of pro-
inflammatory cytokines.

The Y chromosome contains genes that epigenetically regulate
immune system gene transcription. Y chromosome regulation of
alternative splicing in immune system-related genes, as well as
changes in chromatin dynamics, alter expression of genes
implicated in autoimmune disease [72]. The four-core genotype
mouse model, in which the Sry gene is manipulated, has allowed
researchers to further dissect out the role of genetic sex from
gonadal sex [73]. Sry is found only on the Y chromosome and is
necessary for differentiation and maturation of the testes. In the
four-core genotype model, Sry is removed from the Y chromo-
some in males, resulting in an XY™~ genotype that develops female
gonads. To make genetic females or XY~ males express male
gonads, the Sry gene is inserted onto an autosome [73]. When
four-core genotype mice were injected with myelin basic protein,
the Y chromosome stimulated immune function in the absence of
testosterone. In intact mice, testosterone was immunosuppressant
and occluded effects of the Y chromosome [74]. The XX genotype,
regardless of gonadal phenotype, was associated with increased
immune response [74], along with increased rate of development
of experimental autoimmune encephalomyelitis and pristane-
induced lupus compared with XY mice in other studies [75],
suggesting an important role for genetic sex in determining
immune function and response.

HORMONES
Gonadal hormones including estrogens, progestins, and andro-
gens all influence immune cell populations, activation by
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Genetic and hormonal sex contributes to differences in the immune system. Multiple immune genes such as CXCR3 and CD40LG on the

X chromosome escape inactivation resulting in dosage effects. Other genes such as the Wiskott-Aldrich syndrome (WAS) can undergo
mutations resulting in male-specific compromise of the immune system. In males, the gene Sry on the Y chromosome is a transcription factor
that begins the process of testis differentiation. Testosterone, synthesized and diffused from the testis, acts on androgen receptors to induce
apoptosis of stem cells in the bone marrow niche, resulting in reduced immune cells. Testosterone is also aromatized into estrogens to act on
estrogen receptors in immune cells. Low levels of estrogens act on T cells to produce a skew toward an anti-inflammatory Th2 profile, whereas
high levels of estrogens skew the population towards a Th1 pro-inflammatory profile

pathogens, antibody production, and even immune organ
development [76-81]. Gonadal hormones act to organize
aspects of the immune system during development [82]. For
example, estrogen receptor alpha (ER-a) is necessary for the
proper development of thymus and spleen in male mice [80].
Activational effects of estrogens are dose dependent [83] at low
doses they can stimulate the immune system [84], whereas, at
high doses estrogens are immunosuppressant [85, 86], which has
interesting implications for variation in immune response across
the estrous/menstrual cycle, puberty, parturition, and menopause
[87]. Estrogens can increase secretion of interleukins (IL) by
dendritic cells, increase specific antibody secretion by B cells and
increase populations of regulatory T cells (T.eqs), a type of
suppressor T cell, that decrease proliferation of effector T cells
and helps maintains tolerance to self [88]. Androgens are
generally immunosuppressive. Males have fewer effector T helper
(Ty) cells than females owing to apoptotic signaling via
testosterone in the bone marrow (Fig. 1) [77, 79]. As a result,
males experience less protection from vaccines and greater
susceptibility to infections [78, 89].

Sex differences in the hypothalamic-pituitary—adrenal (HPA)
axis mediate immune function differently in males and
females and likely contribute to sex differences in mood disorders.
Acutely stressful conditions increase the production of
corticotropin-releasing factor (CRF) in the hypothalamus, which
causes release of adrenocorticotropic hormone (ACTH) from
the anterior pituitary. ACTH acts on the adrenal cortex to
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stimulate the production and release of hormones termed
glucocorticoids; primarily cortisol in humans or corticosterone
in rodents. Glucocorticoids are released into the body to
mobilize glucose to fuel muscles. Glucocorticoids act to bring
the spike in pro-inflammatory cytokine expression back to
baseline [59], and provide negative feedback to stop the
production of CRF and ACTH in the brain. Therefore, immune
system activation in response to stress or attack may occur prior to
the release of the glucocorticoids and potentially triggers CRF
activation.

Acute and chronic stresses have opposite effects on directing
the immune response in animal models. There is a redistribution
of leukocytes from blood to organs following acute stress, [90, 91]
dependent upon GRs, that leads to an increased immune
response within the tissue [92]. Chronic stress reduces the
redistribution of cells into tissue, disrupts circadian corticosterone
rhythm, and attenuates its response to stress [93]. Glucocoticoids
bind to both the glucocorticoid (GR) and mineralocorticoid
receptor (MR). GR and MR are nuclear receptors that act as
transcription factors in both liganded and unliganded states;
therefore, specific concentrations of glucocorticoids and the ratio
of receptors present can result in very different responses
depending on cell type [75, 94]. GRs and MRs are expressed
throughout the body and brain, including on lymphocytes and
macrophages [95]. HPA axis activation following social stress in
male mice results in increased adrenal corticosterone production,
increased release of monocytes from the bone marrow into
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Fig. 2 Potential immune mechanisms of sex differences in mood disorders identified from pre-clinical studies of stress. There are sex
differences in the populations of lymphocytes and leukocytes released from bone marrow. Females have more circulating leukocytes and
lymphocytes than males. Females exhibit little or no glucocorticoid feedback on immune cell activation following stress, which may lead to a
dysregulated ratio of pro-inflammatory to anti- inflammatory cytokines in the periphery. In the nucleus accumbens, Claudin-5 a tight junction
protein is downregulated in patients with depression and male mice allowing increased permability of the blood brain barrier for cytokines
and possibly monocytes and T cells. Within the brain, adult female rodents are reported to have more primed microglia than males, which
may alter their activation by stress. In males only, stress increases spine density on medium spiny neurons in the nucleus accumbens

circulation (Fig. 2), and potentially increased recruitment of
monocytes to the brain [96, 97]. Adrenalectomy or pharmacolo-
gical inhibition of corticosterone synthesis attenuates mobilization
of monocytes from the bone marrow, suggesting that corticoster-
one signaling is necessary for the release of monocytes into
circulation [98].

Overall hyperactivity of the HPA axis, with decreased GR
sensitivity, is common in patients with major depression and
bipolar disorder [99, 100]. At baseline, cortisol levels are not
different between healthy controls or patients of either sex
with MDD, rather MDD increases plasma cortisol concentrations
during the period immediately following cessation of a stressor,
suggesting impaired stress recovery and resulting in extended
exposure to increased cortisol levels [101]. Perimenopausal
women in remission to MDD responded to mild stress with
hyperactivation of the HPA axis [102], although some responded
to psychosocial stress with hypoactivation of the HPA axis [103].
These seemingly contradictory findings may be explained by
patient age and the type of stress used. Hypoactivation was
observed following psychosocial stress in slightly older women,
49% of whom were postmenopausal [103], whereas hyperactiva-
tion was observed in perimenopausal women following mild
visual stress [102]. Therefore, differences may exist across
menopause, which along with stressor type may have different
effects on the HPA axis response. In patients with PTSD, there
are reports of both hyperactivity and hypoactivity of the HPA
axis in response to stress [104], which has implications for
immune regulation. Under non-pathological circumstances, stress
resulted in increased cortisol that decreased the production of
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pro-inflammatory cytokines and increased anti-inflammatory
cytokines produced from peripheral blood mononuclear cells
[105]. In pathological circumstances, excessive activation of pro-
inflammatory cytokines reduced the sensitivity of GR; for example,
IL-1a inhibited GR nuclear translocation, which caused a decrease
in GR-mediated transcriptional effects [106].

The interaction of the immune response to stress and
glucocorticoids is different in men and women. Male glucocorti-
coid sensitivity was increased 1 h following psychological stress,
whereas the opposite effect was observed in females (for review
see ref. 107) Anticipation of a stressor increased ACTH and free
cortisol as much as two times in men compared with women
[108]. When lipopolysaccharide (LPS) was injected into people
following stress, there was a reduced stimulation of cytokines in
men and an increased response in women, suggesting decreased
glucocorticoid feedback on the immune system in women [109].

Studies in rodents support the concept that HPA axis activity is
sexually differentiated. GR knockout in the forebrain increased
depression-associated behavior in male but not female mice [110].
GR knockout in the paraventricular nucleus of the hypothalamus
in male mice resulted in increased levels of stress hormones
following acute stress, whereas the opposite occurred in females
[111]. There are sex differences for CRF receptor 1 signaling and
trafficking that make females more sensitive to CRF than males
and alter their norepinephrine (NE) response, making them less
able to downregulate NE production in response to arousal [112].
The autonomic nervous system, in turn, is a key regulator of the
immune system. Release of NE through the sympathetic nervous
system activates [3-adrenergic receptors in perivascular niche cells

SPRINGER NATURE

187



Inflaming sex differences in mood disorders
JR Rainville and GE Hodes

188

that lead to diurnal release of hematopoietic stem cells [113]. Sex
differences in autonomic regulation of blood pressure are known
in the human medical literature and vary across reproductive
status in women [114]. Higher sympathetic activity oppositely
regulates augmented pressure in young men and women
[115] and a- and B-adrenergic receptors have different effects
on vasoconstriction [116-118]. If sex differences exist in the
autonomic regulation of blood pressure and the HPA axis, it
is probable that these sex differences also mediate immune
effects [119].

INTERACTIONS BETWEEN BODY AND BRAIN

Traditionally, the central nervous system (CNS) was characterized
as an immune privileged area, particularly under non-pathological
circumstances [120]. We now know there is more immune
trafficking between the periphery and the brain than previously
thought [121-124]. The CNS is an immunologically active organ
for which stress differentially activates various innate immune cells
and alters protection from a multitude of pathogens by the
blood-brain barrier (BBB). Many cytokines are selectively allowed
to cross the BBB, including IL-1q, IL-1B, IL-1ra, IL-6, tumor necrosis
factor alpha (TNF-a), leukemia inhibitory factor, and ciliary
neurotrophic factor [125], many of which have implications for
neuropathologies, including mood disorders [126].

A recent study using postmortem tissue from patients and
an animal model demonstrated a relationship between BBB
integrity and stress susceptibility [127]. Decreased expression of
the endothelial tight junction protein claudin-5 (Cldn5) was
found in the nucleus accumbens (NAc) of patients with MDD.
Antidepressant treatment at the time of death partially rescued
Cldn5 expression. The functional relevance of Cldn5 expression
was examined using social defeat stress, a resident/intruder
paradigm, which models depression and PTSD in mice [128].
After 10 days of social stress, there was a natural division in
which ~70% of mice engaged in behaviors associated with
depression, including social avoidance of a novel animal
and anhedonia, whereas ~30% of mice that had the same
stressful experience were resilient and behaved similarly to
controls [129]. Stress-susceptible mice had downregulation
of Cldn5, and conditional knockdown of Cldn5 in the NAc,
combined with subthreshold defeat, was sufficient to induce
depression-like  behaviors [127]. The effect of reducing
Cldn5 expression was to increase BBB permeability, allowing
cytokines to infiltrate the NAc (Fig. 2), including a labeled IL-6
demonstrating that peripheral cytokines were detectable in brain
after stress. Furthermore, IL-6 injection directly into the NAc
induced social avoidance behavior following micro defeat
demonstrating that increased IL-6 in NAc was sufficient to
produce a stress susceptible phenotype [127]. A new study using
a rodent model of learned helplessness further supports the role
of Cldn5 in stress induced BBB permeability. They found that
permeability was mediated by TNF-q, along with a potential role
for other tight junction proteins such as occludin and zona
occludens-1 [130].

Previous studies indicate that stress allow for infiltration of
monocytes from the periphery into the parenchyma of some brain
regions in males [124, 131]. Repeated social disruption stress
involves repeatedly changing the social dynamic of a group of
male mice by adding in a larger, aggressive intruder into the home
cage [132]. After stress, male mice display anxiogenic behavior
[124], altered monocyte transcriptome, including upregulation of
proliferation- and inflammatory-associated genes, and upregu-
lated myelopoiesis, resulting in potentially harmful inflammatory
states [133]. Neutrophils and monocytes accumulate in blood
circulation and spleen [132] and may also traffic to the brain and
release cytokines [134, 135], or potentially the meninges [127],
allowing them to release cytokines that can pass through or
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further act on the BBB (Fig. 2). These data provide strong evidence
for mechanisms by which inflammatory cytokines released
peripherally in response to stress may influence depression-like
behaviors through direct interactions with cells of the CNS.

Additional evidence of the relationship between mood
disorders and altered endothelial/epithelial cell integrity come
from studies of gut microbiota. Although most evidence of BBB
permeability is ongoing and unpublished, the tissues that line the
gut and brain are similar and there seems to be a synchronicity of
effects of stress on gut and brain through the same mechanisms
[136, 137]. Studies on germ-free mice or examining antibiotic
treatment in the early prenatal period have implicated gut
bacteria, acting on gut permeability, as playing an important role
in the development of anxiety-associated behavior and the
endocrine stress response [138]. Recolonizing the gut can change
anxiety-related behavior, particularly at early postnatal time points
[139]. Microbiota influence microglia development, along with
response to activation in adulthood [140]. Early evidence of a
relationship between gut microbiota and depression came from a
study of human subjects with depression. Depressed patients had
higher concentrations of antibodies against LPS, suggesting
increased gut permeability, which was thought to increase basal
concentrations of pro-inflammatory cytokines [141].

Fecal microbiota transplants from patients with depression into
germ-free rats increased anhedonia and anxiety-associated
behavior along with changing metabolism of tryptophan [142].
Depressed patients have decreased diversity of gut microbiota
and increased circulating levels of inflammatory cytokines [142].
Altered microbiota distribution was also found in patients with
polycystic ovarian syndrome [143], a disease that in a subset of
women is associated with increased circulating levels of andro-
gens, decreased fertility, obesity, increased insulin insensitivity,
and high rates of depression [144]. In patients with bipolar
disorder, there is a reduction in the variability of gut microbe
populations compared with healthy controls. The over-abundance
of specific types of gut bacteria correlate with the patient’s
physical health, depression symptoms, and sleep patterns [145].
Additional studies have implicated compromised gut and
increased serum antibody levels for fungal pathogens, such as
yeast, in female patients with bipolar depression and male
patients with schizophrenia [145, 146].

Studies on animals indicate there are sex differences in gut
microbiota [147-149]. Sex differences emerge at puberty, when
males start to diverge from females, and differences continue as
animals age [150]. These differences have implications for the
treatment of mood disorders; male mice given a fatty acid diet
supplementation had changed microbiome profiles and reduced
anxiety and depression-like behaviors following isolation stress,
whereas the same treatment had no effect in females [149]. Sex
will be an important factor in studies attempting to treat mood
disorders by changing the composition of the microbiome.

SEX DIFFERENCES IN THE PERIPHERAL IMMUNE SYSTEM
ACROSS HORMONAL MILESTONES

The relationship between the immune system and depression was
identified through studies that found administration of interferon-
a was sufficient to induce depression in patients being treated for
hepatitis, even in the absence of a history of mood disorders [151].
Cytokines elevated in patients diagnosed with depression include
IL-8/IL-1B in the elderly [152], along with TNF-a and IL-6 across
multiple studies, ages and sexes [153-155]. IL-6 can stimulate T
and B cells, which can contribute to chronic states of inflammation
[156], that may be implicated in depression.

The increased incidence of depression in women begins at
puberty [157], and continues during the reproductive years, when
estradiol levels are at their highest and undergo cyclic variation
[158]. Puberty, via the action of estrogens and androgens, induces
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activational sex differences in the immune system [159]. Early
maturation in girls, defined as the onset of menarche prior to 11.5
years of age, is associated with both increased circulating levels of
estrogen, and an increased risk of depressive symptoms during
adolescence [160]. Although gonadal hormones act on the
immune system during puberty, the immune system itself is also
involved in pubertal development. During adolescence, the
immune system is involved in breast maturation [161], changes
in the vaginal tract [162] and testis development/sperm produc-
tion [163, 164]. A longitudinal study in boys and girls from ages 8
to 15 suggests that increased circulating cytokines related to
obesity during puberty potentially contribute to female depres-
sion. Obesity, a factor in inflammation, depression, and early onset
of puberty, resulted in elevated levels of IL-6, IL-8, and IL-10 in girls
but not boys across pubertal development [165]. In healthy
normal weight children, IL-6 decreased across puberty in both
boys and girls and negatively correlated with both testosterone
and estradiol levels [166]. As circulating levels of IL-6 at age 9
predicted a greater likelihood of developing depression or
psychosis by age 18 in both genders [153], the obesity related
increases in IL-6 may be a contributing risk factor for pubescent
onset of depression in girls.

Postpartum depression also ties immune response to hormonal
changes. Approximately 10-20% of new mothers experience
postpartum depression [167]. Different stages of pregnancy are
normally associated with changes in inflammatory state. Preg-
nancy begins with an increase in pro-inflammatory cytokines that
shift to an anti-inflammatory state during the majority of
gestation, allowing for tolerance of the growing fetus. Right
before delivery there is a surge in pro-inflammatory cytokines
[168]. One theory holds that women who experience postpartum
depression have a shift toward greater pro-inflammatory T,1/T,17
activation during the pregnancy [169]. In women who later
developed postpartum depression, IL-10, an anti-inflammatory
cytokine, was found to be significantly decreased in late
pregnancy [168], providing further evidence that a stronger shift
to a pro-inflammatory state may influence susceptibility to
postpartum depression.

C-reactive protein (CRP), a marker of low-grade inflammation,
was increased in a subset of patients with immune-related
depression [154], and levels of CRP were also increased during
pregnancy in patients at risk for postpartum depression [170].
However, a longitudinal study reports that CRP during the third
trimester was not related to subsequent postpartum depression
scores [171]. They reported lower levels of circulating IL-6 and IL-
10 during the third trimester moderately predicted postpartum
depression scores. These data suggest a suppression of both pro
and anti-inflammatory cytokines during the third trimester was a
risk factor for postpartum depression rather than overactivation of
pro-inflammatory cytokines.

Women with a previous diagnosis of bipolar disorder are more
vulnerable to psychiatric complications associated with preg-
nancy, than the general population. Mothers with a previous
diagnosis of bipolar disorder had a relative risk, calculated as the
probability ratio of an event occurring in one group versus a
control group, of 37.22 of readmission for psychiatric illness within
10-19 days postpartum [172]. There was also an increased risk of
first episode of bipolar mania or psychosis following childbirth.
Around 14% of women, admitted for the first time with a
psychiatric episode following childbirth, developed bipolar
disorder [173]. In general, there is a higher incidence of first-
time postpartum psychiatric issues in women who experience
autoimmune attacks during or after pregnancy, including pre-
eclampsia [174] and thyroid dysfunction [175]. When defining
postpartum psychosis as any postpartum psychiatric diagnosis
that includes psychotic features (depressive, manic, or mixed),
researchers found an inflammatory shifted profile of cytokines and
immune cells in blood even in the absence of autoimmune
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disease [176, 177]. Pro-inflammatory alterations included
increased monocytes, failure to reduce NK, and B cells, along
with a reduction in T cells, particularly T,1 cells, which are
normally increased in healthy postpartum controls [177]. Addi-
tional studies have replicated the overall decrease in T cells in
mothers with postpartum psychosis and discovered that within T-
cell populations, activated CD8 + and T,.qs Were increased [176].

Recent work in animal models of normal pregnancy and
postpartum depression are starting to uncover potential
immune mechanisms contributing to the increased vulnerability
to mood disorders during this period of hormonal changes.
Studies on subthreshold stress during the last week of pregnancy
uncovered pregnancy specific changes of cytokine profiles
in the brain and decreased numbers of microglia that may
contribute to symptoms associated with mood disorders [178].
Both stressed and non-stressed postpartum females expressed
increased anhedonia. Subsequent examination of immune
changes in the brains of rats across late pregnancy and
postpartum report decreased microglia number in brain
areas associated with human mood disorders [179]. In particular,
the authors found that only ramified microglia were down-
regulated but all animals recovered to rates expressed in virgin
females by 21 days postpartum [179]. Protein levels of IL-6 and IL-
10 were elevated in the hippocampus of these females on
postpartum day 8 in the absence of other cytokine changes
supporting the previously reported dysregulation of the relation-
ship between pro- and anti-inflammatory cytokines in this region
and the pre-frontal cortex [178, 179]. As increased cytokine protein
levels were found when microglia were decreased, they poten-
tially have a different source. Previous studies of rodent
postpartum depression models report increased peripheral
cytokines produced by stimulated whole blood including IL-1(3,
TNF-qa, and IL-10 [180].

Many women experience their first episode of a mental illness,
or worsening symptoms, during perimenopause [181]. About 20%
of women experience extreme symptoms of menopause [182],
and there is an increased risk of newly diagnosed psychiatric
disorders in these women compared with those with low or
asymptomatic menopause. Menopause is also accompanied by
increased circulating levels of pro-inflammatory cytokines [183].
Long-term exposure to mental illness may result in different
profiles during aging. A study on bipolar disorder in both genders
during middle age found decreased T cells along with changes in
sub-populations of effector and regulatory T cells suggesting
dysregulation of inflammation in the adaptive immune system
[184]. The same patients did seem to have normal glucocorticoid
regulation of monocytes, indicated by increased GR-a and
decreased transcription for pro-inflammatory genes. The role of
gonadal hormones in depression and anxiety is not limited to
women [185]. Men with reduced testosterone levels owing to
hypogonadism also have a higher incidence of depression
compared with men with normal testosterone levels, and
testosterone replacement therapy has been shown to reduce
depressive symptoms [186]. Andropause, a constellation of
symptoms including changes in libido, mood, weight and energy
is associated with the naturally occurring decline in androgens
during middle age [187]. Andropause symptoms evaluated with
the Aging Males Symptom scale positively correlated with severity
of depression in men [188, 189]. Anxiety and depression were
associated with aging in human males but only depression was
also associated with some, but not all, sexual dysfunction [187]. As
androgens suppress the inflammatory response [89], the greater
activation of the immune system in males with reduced
testosterone levels may also be a potential mechanism of mood
disorders. It will be difficult to tease apart the normal influence of
aging on the immune system from the endocrine based effects in
humans [4], therefore, this would be an important area to study
using animal models.
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SEX DIFFERENCES IN CENTRAL IMMUNE MECHANISMS

The immune cells within the brain that have been studied the
most are microglia. Microglia are brain macrophages, and are
highly mobile in their quiescent/ramified state when they scan the
brain for pathogens [190]. Microglia transition through a primed/
activated state into a reactive/ameboid state to kill and
phagocytize anything that is recognized as dangerous or non-
self [190, 191]. Microglia have the ability to release pro- or anti-
inflammatory cytokines along with reactive oxygen species when
activated [190, 192-194].

The data from human postmortem studies on the relationship
between microglia activation and mood disorders is limited, in
part, because there is a stronger relationship between microglia
activation and suicide, regardless of the type of psychiatric
disorder. Studies that examined tissue from patients with
schizophrenia, affective disorders, or no history of a psychiatric
disorder who committed suicide, reported increased microglia
activation [195-197]. The majority of successful suicides were
committed by men [198], so any study that did not control for sex
of subject and/or type of death will skew male, which may further
cloud the relationship between depression and microglia activa-
tion if sex differences exist. A recent study examined large-scale
differences in gene expression across multiple mental illnesses
and demonstrated that transcriptional modules associated with
astrocytes and microglia differentiation were upregulated in
cortical tissue from patients with bipolar disorder, autism, and
schizophrenia, but were not significantly regulated in patients
with MDD [199]. However, the same study did show MDD-specific
upregulation of genes associated with cytokine-cytokine interac-
tions and hormone activity, suggesting there are different patterns
of regulation but perhaps not microglia activation.

In vivo imaging studies have used PET imagining of translocator
protein (TSPO) density in participants undergoing a major
depressive episode or following LPS administration [200-202].
TSPO is a labeled ligand that is expressed when microglia are
activated from their resting state. TSPO is also present in
astrocytes and endothelial cells [203], so specificity of the
described effects are limited. Subjects experiencing MDD or
administration of LPS had increased TSPO density across all
measured brain regions [200, 201]. TSPO density in the anterior
cingulate cortex significantly positively correlated with subject’s
score on the Hamilton depression rating scale. However, there is
conflicting data as a different study found a non-significant
decrease in TSPO density in all of the brain regions studied [202].
No studies have found a positive correlation between peripheral
cytokine levels and TSPO density; if anything, peripheral cytokine
levels and CRP were either not significantly correlated at all or
negatively correlated with TSPO density [201]. These data suggest
that a simple model where peripheral cytokines directly activate
all types of immune cells in the brain is unlikely. Because TSPO is
not specific only to microglia it is possible that there are opposite
effects of peripheral cytokines on astrocytes and microglia that
may cancel each other out. There is some evidence from
postmortem amygdala tissue that depression is involved in a
downregulation of the astrocyte marker glial fibrillary acidic
protein [204], and this downregulation is also found in multiple
limbic brain regions in a rodent depression model [205]. It is also
possible that peripheral immune activation is acting directly on
neurons rather than through microglia. To date, none of the
human imagining studies have examined sex as a factor, which
also may contribute to our limited understanding of the role of
microglia activation in depression.

Studies on animals indicate there are sex differences in
microglia, particularly during development [193, 206, 207], which
is reviewed elsewhere in this issue. The microbiome influences
microglia development sex-specifically in utero [208]. In the
embryonic period, male offspring of germ-free mothers had
altered microglia transcriptome profiles with over 1000 genes
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differing from male offspring of mothers with standard micro-
biota, whereas only 20 genes were differentially regulated in
females. Effects were reversed in adulthood, females born to
germ-free mothers had ~ 400 genes differently expressed in their
microglia, whereas only 26 genes differed in males. Female
microglia also had faster maturation and higher expression of
genes associated with inflammation, apoptosis, and response to
LPS [207, 208]. Immunohistochemistry data from adult female
rodents suggest that microglia are more frequently in a primed
state under baseline conditions than males [209]. This is in
opposition to what is found in the prenatal rodent brain in which
males have more primed microglia [210]. Exposure to acute or
chronic stress increased the proportion of ramified: primed
microglia in females, but not males, meaning female activational
state shifted to an anti-inflammatory profile after stress exposure.
Even when microglia in females were activated to the same
degree as males, their effects on mood related behavior were not
the same [211]. Male and female rats exposed to microembolic
stroke had different anxiety-related responses following recovery.
In males, there was some evidence that microglia activation drives
stress induced anxiety through a recruitment of IL-1B-expressing
monocytes [96]. Recent studies have also shown a role for
increased phagocytic activity and increased proliferation of
microglia in male mice exposed to social defeat stress [212].
Future research will be needed to determine if these effects on
microglia are sex specific.

IMMUNE RESPONSE TO SOCIAL STRESS IN ANIMAL MODELS

In animal models of mood disorders that utilize social stress, there
is growing evidence that immune mechanisms contribute to
vulnerability. Social defeat stress in mice induces social avoidance
and anhedonia in stress-susceptible mice, although some mice
remain resilient. Susceptible and resilient mice differed in the
amount of IL-6 measured from blood within 20 min of the first
exposure to an aggressor and these differences lasted up to
30 days after the last stress exposure [213]. Individual differences
in the immune system predated exposure to stress and predicted
subsequent behavior. Animals that were susceptible to social
defeat stress had a pre-defeat profile that included more
circulating white blood cells that, in turn, were more sensitive to
immune stimulation and released more IL-6 into circulation [213].

A new method of inducing male mice to attack female mice
through designer receptors exclusively activated by designer
drugs activation of ER-a in the ventral lateral subdivision of the
ventral medial hypothalamus has allowed for examination of
circulating IL-6 in female mice exposed to social defeat stress
[214]. After 10 days of social defeat stress susceptible group
housed females had higher circulating levels of IL-6 than resilient
or control mice. Single housing female mice after social defeat
elevated levels of IL-6, regardless of whether they were
behaviorally susceptible or resilient to the stress [214]. Males are
usually single housed after social defeat stress [128], therefore
these data suggest that the isolation in females may be a greater
additive stressor than in males, as it occludes any differences in IL-
6 caused by the defeat itself.

A variation on social defeat stress is vicarious social defeat,
which can also be performed in females [215-217]. Here, the
experimental animal watches a conspecific undergo social defeat
stress. The experimental animal has no physical contact with the
aggressor, he/she only witnesses the aggressor interact with
another animal. Therefore, any change in cytokines is due solely to
the emotional experience of watching the defeat and not caused
by wounding. Male mice had significantly elevated levels of IL-6
after witnessing social defeat [213]. A number of inflammatory
cardiac factors were altered following social defeat stress [218,
219], and were replicated in vicarious social defeat stress [220]. As
this model is now being used in females [215], it will be very
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interesting to examine cytokine profiles and determine whether
the same peripheral indicators of stress are activated in both
sexes.

There is some causal evidence implicating opposite effects of
the adaptive and innate peripheral immune system directly in
stress vulnerability in male mice. Studies of the adaptive immune
system suggest a protective role for the effects of stress on
immune function. Rag2”~ mice, which lack mature lymphocytes,
produced anxiolytic/antidepressant-associated behaviors when
given mature lymphocytes from animals exposed to social defeat
stress but not home cage controls [221, 222]. Even though the
animals originally exposed to stress had elevated circulating levels
of pro-inflammatory cytokines, adoptive transfer of their lympho-
cytes resulted in subsequent reduction in those same pro-
inflammatory cytokines and an increase in the anti-inflammatory
cytokine IL-4 [222]. Studies of the innate immune system found a
relationship between pro-inflammatory cytokines and the devel-
opment of stress susceptibility or resilience. Bone marrow
transplant from an IL-6 knockout (KO) mouse into a wild-type
host mouse prevented development of social avoidance following
either social defeat stress or vicarious social defeat stress [213]. IL-
6 peripheral KO acted in part by blocking the ability of stress to
increase plasticity in the nucleus accumbens, indicated by
changes in post-synaptic density protein 95 that were normalized
to control levels in mice given bone marrow transplants from IL-6
KO mice [223]. Bone marrow transplants from mice that were
already susceptible to social defeat stress shifted experimental
animals into expressing social avoidance behavior following
subthreshold defeat and increased their circulating levels of IL-6
[213, 223]. These functional peripheral immune responses are
thought to act through the innate immune system, in particular
through the action of monocytes [213, 223]. Peripheral cytokines
can influence stress susceptibility or can ameliorate its effects
directly through peripheral actions. Many studies have used
peripheral cytokines as proxies for changes occurring in the brain.
Data from a rat version of social defeat stress indicates that
peripheral cytokine expression does not match cytokine changes
occurring in the brain [224]. Together these data indicate that
peripheral cytokines have the potential to be useful biomarkers of
disease state in their own right and are potential targets for
treatment.

BIOMARKERS

One of the major issues with finding appropriate inflammatory
biomarkers for mood disorders is that the same cytokines are
elevated across different disorders. For example, circulating IL-6 is
elevated in depression, schizophrenia, bipolar disorder, anxiety
disorders, and autism spectrum disorders [225-228]. A few studies
have examined sex as a factor rather than controlling for it as a co-
variate when exploring biomarkers and are noted in Table 1. Sex is
an important variable in understanding acute and long-term
relationships between the immune system and mood disorders.
For example, a longitudinal study that examined circulating levels
of cytokines in mothers during pregnancy found different
relationships between immune activity during the pregnancy
and the risk of the offspring developing depression when the
baby reached adulthood. High maternal TNF-a:IL-10 during
pregnancy reduced the risk of depression in men but increased
it in women [229].

Non-cytokine focused studies also suggest that biomarkers may
be sex specific. Antibodies for the gram-negative gut bacteria
Helicobacter pylori, implicated in the presentation of gastritis and
ulcers, were associated with an increased risk of dysthymia in pre-
menopausal women but a decreased risk in men, a similar
relationship was found for depression and the herpes simplex
virus, cytomegalovirus [230]. Studies of white blood cell deviations
from the median were associated with reductions in appetite,
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reductions in sleep, severity of sadness, concentration issues,
apathy, and suicidal ideation [231]. This relationship was more
pronounced in men than in women, with correlations of white
blood cell deviations to Montgomery-Asberg depression rating
scale (MADRS) score only reaching significance in the male
subjects. Urinalysis studies using multiple methods have revealed
sex-specific metabolite biomarkers for MDD, with higher diag-
nostic accuracy than non-sex-specific screens [232]. Together
these studies highlight the need for sex-specific research in
developing diagnostic biomarkers for depression.

SEX DIFFERENCES IN TREATMENT RESPONSE

Selective serotonin reuptake inhibitors (SSRIs) are the first line of
treatment for both unipolar depression and anxiety disorders,
even though they are anxiogenic at the onset of treatment (for
review, see ref. 233). Remission occurs in ~40% of the population
following initial treatment and in those given successive
treatments the cumulative rate of remission is ~67% [234].
Women of reproductive age with depression have a higher rate of
remission when treated with SSRIs, such as sertraline, whereas,
men and postmenopausal women respond better to tricyclic
antidepressants, including imipramine [13, 235, 236]. There is also
evidence that monoamine oxidase inhibitors are the most
effective treatment for atypical depression, which is more
common in women than men [237]. Bipolar disorder has been
traditionally treated with lithium and/or valproates as mood
stabilizers [238, 239]. Response to lithium, valproate semisodium
or both drugs given in combination did not differ by sex
[240, 241]. Rates of response to lithium were ~60-65% and
rates of response to valproate were around 69%. Lithium in
combination with valproate or lithium monotherapy was more
likely to prevent relapse than valproate alone over a 2-year period
[241]. That said, women given lithium were around three times
more likely than men to develop hypothyroidism [242]. Together
these data indicate that ~30% of the population with mood
disorders are not responding to current treatments. There is a
developing interest in altering the immune system to treat
people with mood disorders, particularly those that are currently
treatment resistant.

CYCLOOXYGENASE (COX) INHIBITORS AND NON-STEROIDAL
ANTI-INFLAMMATORIES (NSAIDS)

Increased levels of prostaglandin E2 (PGE;) have been reported in
depressed patients, as well as in animal models of inflammation-
induced depression-like behaviors. NSAIDS decrease prostaglan-
din synthesis by COX inhibition, and studies in male mice
demonstrated a reduction in depression-like behaviors in
response to ibuprofen treatment that was similar in effect to
treatment with fluoxetine, potentially through elevation of PGE2
and nitric oxide levels in the brain [243]. However, it has also been
reported that concurrent treatment with SSRIs and NSAIDs in both
mouse models and in patients with diagnosed depression resulted
in reduction of the antidepressant effects of SSRI treatment alone
[244]. A study using men and women reported that the type of
NSAID impacts the interactions with SSRIs, and concluded that
ibuprofen or low-dose aspirin treatment may actually be beneficial
in the treatment of depression; SSRIs with acetaminophen also
decreased the risk of psychiatric contacts, but increased risk for
cardiovascular mortality [245]. Unfortunately, sex was not included
as a variable. Recommendations for dosage are the same for all
adults, regardless of body weight, despite the evidence for
differences in metabolism of these drugs in men and women
[246]. For example, acetaminophen clearance was 22% higher in
men than in women; interestingly, women using oral contra-
ceptives use had a 49% higher clearance than control women,
which made their clearance rates even higher than males [247].
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Table 1. Peripheral biomarkers of mood disorders
Disorder Biomarker Direction of effect Sex difference
MDD CRP Up or + correlation with Did not differentiate sex [265] In women only [266]
symptoms
G-CSF Up Did not differentiate by sex [226]
GM-CSF Up Did not differentiate by sex [226]
IFN-y Up Women only [266]
IL-1B Up or + Correlation with Did not differentiate sex [265] In women only [266]
symptoms
IL-2 Up Men and women [267]
IL-5 Down In women only [266]
IL-6 Up or + correlation with Did not differentiate sex [226, 265, 268, 269] In women [267] Higher in depressed
symptoms women than men [266]
IL-8 Up In women only [266]
IL-12 -correlation with symptoms Men only [266]
MCP-1 Up Did not differentiate by sex [226]
PDGF-BB Up Did not differentiate by sex [226]
STNF-aR Up (acute episodes of depression) Did not differentiate sex [270]
TNF-a Up or + correlation with Did not differentiate sex [265] In women only [266]
symptoms
adiponectin Down In women only [266]
Insulin Up Men and women, higher in women [271]
Leptin Up In women only/higher in depressed women than men [266]
White blood cells Up Men and Women [272]
Monocytes Up Men only [272]
MMP-9 Up Men and Women, higher in women [271]
Bipolar  CRP Up + correlation in manic stage  Did not differentiate by sex [273, 274]
IL-6 Up: higher in manic stage Did not differentiate by sex [275]
IL-18 Up in depressed stage Did not differentiate by sex [275]
sIL-2R Up in manic stage Did not differentiate by sex [227]
sTNF-aR Up in manic stage Did not differentiate by sex [227]
TNF-a Up in manic stage Did not differentiate by sex [227, 275]
White blood cells Down in depressed stage Men and women [231]
PTSD Cortisol Down Women [276]
DHEA Up Women [276]
Eotaxin Up Did not differentiate sex ([277]
IL-1x Up Did not differentiate sex [277]
IL-1B Up Did not differentiate sex [277]
IL-2 Up Did not differentiate sex [277]
IL-4 Up Did not differentiate sex [277]
IL-6 Up Did not differentiate sex [277] Men and women [276, 278]
IL-7 Up Did not differentiate sex [277]
IL-8 Up Did not differentiate sex [277]
IL-10 Up Did not differentiate sex [277]
IL-12(p40 & p70) Up Did not differentiate sex [277]
IL-13 Up Did not differentiate sex [277]
IL-15 Up Did not differentiate sex [277]
IP-10 Up Did not differentiate sex [277]
Mip-1a Up Did not differentiate sex [277]
TNF-a Up Did not differentiate sex [277], Women [276]
Anxiety IL-1p + correlation Women only [267]
IL-10 + correlation Women only [267]
IL-17 —correlation Women only [267]
TGF-p1 —correlation Men and women [267]
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Aspirin has a higher bioavailability in women than in men, and
oral contraceptives reverse these metabolic sex differences [248].

KETAMINE

Ketamine is an N-methyl-p-aspartate receptor antagonist that has
rapid and sustained antidepressant effects [249], which is
especially important as most pharmacological treatments for
depression requires weeks of administration. Ketamine reduced
depression-like symptoms in mice by attenuating stress-
associated increases in pro-inflammatory cytokines, reactive
microglia, and expression of the pattern recognition receptors in
the hippocampus [250]. A similar study of chronic unpredictable
mild stress in rats also reported a decrease in inflammatory
cytokines in the hippocampus, including IL-6, IL-13, and TNF-a
[251]. However, in mice that were not exposed to stress, ketamine
had the opposite effect on pro-inflammatory cytokines in the
hippocampus, and a single dose was sufficient to increase protein
levels of IL-6, IL-1f3, and TNF-a [252].

A recent study examined which cytokines changed in patients
with treatment-resistant depression (Table 1) following successful
or unsuccessful response to ketamine treatment [226]. In an
attempt to discern biomarkers that indicate the effectiveness of
ketamine, they found that IL-6, IL-1a, granulocyte colony-
stimulating factor, IL-13, and interferon-y-induced protein 10 were
all reduced compared with the baseline levels within 4h of
ketamine treatment, even though there were no differences
between baseline levels and circulating levels 24 h after ketamine
treatment. At 24h IL-7 was increased, and IL-8 and the
heterodimer of platelet-derived growth factor were decreased.
By further dividing the ketamine patients into responders and
non-responders using changes in their MADRS scores before and
after treatment, they found that fibroblast growth factor (FGF) 2
and IL-1RA were significantly lower in ketamine responders. In
particular, FGF-2 strongly negatively correlated with changes in
MADRS scores. This study underscores the need to examine more
than just baseline levels of cytokines to understand their complex
relationship to depression.

Depression-like behavior in male congenitally learned helpless
rats is dependent on burst activity in the lateral habenula (LHb), a
brain region involved in the pathophysiology of MDD that inhibits
reward centers [253]. Ketamine infusion directly into the LHb was
sufficient to rapidly rescue the depression-like behaviors [253]. The
astroglial potassium channel Kir4.1 was upregulated the LHb of
both learned helpless rats and in rats following LPS treatment.
Viral overexpression of Kir4.1 in astrocytes of the LHb of wild-type
male mice induced severe depression-like behaviors [254]. Viral
knockdown of Kir4.1 reduced depression-like behaviors in male
rats, and resulted in an overall increase in the depolarization of
neighboring neurons in the LHb [254]. These data provide strong
evidence for the role of astrocytic regulation of neuronal signaling
in depression, and suggest a novel mechanism for ketamine's
rapid antidepressant effects in male rodents.

Data from animal models suggest that there may be sex
differences in sensitivity to dose of ketamine and the biological
mechanisms through which it mediates the antidepressant
response. Ketamine had long-lasting antidepressant effects in
male mice exposed to chronic mild stress for 5 weeks, but not
females. Females instead were more sensitive to acute effects of
ketamine at both 30 min and 24 h [255]. Females responded to
doses of ketamine that were not effective in males suggesting
increased sensitivity [256-258]. Stage of the estrous cycle
contributed to a variable female behavioral and biochemical
response to ketamine [258]. Females were more sensitive to low
doses of ketamine when in proestrus, an effect that was mediated
by both isoforms of the estrogen receptor. Treatment of proestrus
females with ketamine resulted in changes in the protein kinase B
and Ca’*/calmodulin-dependent protein kinase pathways in pre-
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frontal cortex and hippocampus that only occurred in males or
females in diestrus at higher doses [258]. The mechanism of by
which ketamine affects behavior may also be different in males
and females. Ketamine has been proposed to act, in part, by
changing post-synaptic plasticity including dendritic spine density
[259]. Males exposed to chronic stress had decreased spine
density in the medial pre-frontal cortex, which along with
behavioral deficits, were rescued by treatment with ketamine.
Although ketamine reversed effects of stress on behavior in
females, it did not rescue effects on spine density, indicating a
different mechanism of action for the antidepressant properties of
the drug [256]. More data from studies on humans and animals
are needed to understand the ability of ketamine to treat
depression in males and females and how this relates to immune
changes associated with the actions of ketamine.

TARGETING THE IMMUNE SYSTEM TO TREAT MOOD
DISORDERS

Cytokine antibody therapy has been demonstrated in multiple
studies to be an effective treatment for depression in patients with
increased peripheral measures of inflammation, [260]. Infliximab is
a monoclonal antibody against TNF-a. Treatment with infliximab
was successful in decreasing depression symptoms in patients
that had higher baseline TNF-a, and TNF-a receptor concentra-
tions, as well as a baseline high CRP defined as >5mg/L [154].
These were the first data to suggest that the basal inflammatory
state of a person predicts their response to immune manipulation.
Going forward, many immunotherapy studies for mood disorders
are focused on testing specifically in patients that have elevated
CRP. A recent study examined the ability of IL-6-neutralizing
antibodies to treat feelings of depressed mood and anhedonia in
patients undergoing treatment for rheumatoid arthritis and
Castleman’s disease [261]. IL-6 antibody treatment improved
mood and anhedonia, and effects were only partially owing to
improvement in disease symptoms. There was a correlation
between basal levels of the soluble IL-6 receptor, which has pro-
inflammatory properties [62] and improvement of depressive
symptoms when treated with the antibody.

A new pre-clinical study aims to reverse depression-like
behaviors by targeting both the periphery and the brain [223].
Two phytochemicals were identified that acted together to
suppress increased IL-6 in the periphery and target epigenetic
modulation of Racl, a gene involved in plasticity in the brain.
When given to animals that had received bone marrow
transplants from stress susceptible mice and were subsequently
exposed to a subthreshold stress, it blocked effects on behavior
and reduced all inflammatory effects on cytokines and innate
immune cells to levels of unstressed controls. Treatment of these
compounds following social defeat stress reversed avoidance
behavior and anhedonia in previously stress susceptible mice. The
compound was also able to block the effects of variable stress in
both male and female mice indicating it works in both sexes and
on different types of stressors [223].

FUTURE RESEARCH DIRECTIONS

Targeting the peripheral immune system holds great promise
as a new form of therapy to treat mood disorders. The obvious
benefit is that drugs do not need to cross the BBB in order
to produce effects. Given the number of cells in the immune
system that phagocytize and are implicated in the stress
response, cell type-specific drug delivery could be done
through infusion and designed to be activated when ingested.
There are currently a number of nanoparticle drug delivery
systems being developed to deliver chemotherapy drugs or
targeting antigen-presenting cells to deliver vaccines [262]. Lipid
encapsulation of small interfering RNAs are deliverable to
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macrophages to knockdown the inflammatory response of
monocytes and dendritic cells in vivo [263], and this type of
delivery system could be adapted to alter molecular mechanisms
within immune cells that over respond to activation from stress.
Additional studies are examining the promise of transplanting
engineered cells, encapsulated in order to prevent rejection, to
treat diabetes, blood disease, and cancer [264]. Engineering
encapsulated pluripotent bone marrow stem cells could also be
used to target the development of an entire immune system.
Alternatively, specific cell types could be reprogramed to respond
less to stress and replaced. The first generation of immune-based
treatments currently being tested for antidepressant efficacy act
by suppressing specific cytokines and immunosuppression is not a
long-term solution. Ideally, combining what we learn from both
clinical and pre-clinical studies, we will be able to find targets to
modulate within specific immune cells and harness this next
generation of technology to temper biological triggers of mood
disorders.

Clearly, much more work is needed to understand how sex
differences in immune function contribute to the sex differences
reported in mood disorders. There is lack of understanding how
the sex of a subject’s immune system contributes to its response
to stress in pre-clinical studies. Examinations of sex differences in
immune function at more restricted age ranges are also needed
for both clinical and pre-clinical work. It is imperative that we find
new cell type-specific ways to examine immune response within
the brain and examine sex as a variable for studies of central
inflammation. We need studies that cross the barriers of basic and
clinical research, examine peripheral and central targets, and
include sex as a variable, to really understand how immune
activation is related to mood disorders. The future success of our
biomarker studies and treatment options depend upon taking this
personalized approach to research.
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