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Abstract

Regulation of emotions is generally associated exclusively with the brain. However,
there is evidence that peripheral systems are also involved in mood, stress vulner-
ability vs. resilience, and emotion-related memory encoding. Prevalence of stress
and mood disorders such as major depression, bipolar disorder, and post-traumatic
stress disorder is increasing in our modern societies. Unfortunately, 30%—50% of
individuals respond poorly to currently available treatments highlighting the need to
further investigate emotion-related biology to gain mechanistic insights that could
lead to innovative therapies. Here, we provide an overview of inflammation-related
mechanisms involved in mood regulation and stress responses discovered using ani-
mal models. If clinical studies are available, we discuss translational value of these
findings including limitations. Neuroimmune mechanisms of depression and mala-
daptive stress responses have been receiving increasing attention, and thus, the first
part is centered on inflammation and dysregulation of brain and circulating cytokines
in stress and mood disorders. Next, recent studies supporting a role for inflammation-
driven leakiness of the blood—brain and gut barriers in emotion regulation and mood
are highlighted. Stress-induced exacerbated inflammation fragilizes these barriers
which become hyperpermeable through loss of integrity and altered biology. At
the gut level, this could be associated with dysbiosis, an imbalance in microbial
communities, and alteration of the gut—brain axis which is central to production of
mood-related neurotransmitter serotonin. Novel therapeutic approaches such as anti-
inflammatory drugs, the fast-acting antidepressant ketamine, and probiotics could
directly act on the mechanisms described here improving mood disorder-associated
symptomatology. Discovery of biomarkers has been a challenging quest in psychia-

try, and we end by listing promising targets worth further investigation.
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1 | INTRODUCTION

1.1 | Current state of stress and mood
disorders: Prevalence and treatment

Stress is a psychological state that people experience in their
lifetime. It can be good in some situations to give us a needed
boost or motivation; however, it can become a chronic con-
dition in absence of coping strategies and may compromise
physical as well as mental health. Mood disorders, includ-
ing major depressive disorder (MDD) and bipolar disorder
(BD), and stress disorders, such as post-traumatic stress dis-
order (PTSD), are common around the world (see Table 1).
Comorbidity between these disorders is frequently observed,
as this is the case for PTSD and MDD with a 50% comorbid-
ity rate throughout the lifetime (Elhai et al., 2008; Kessler
et al., 1995, 2005).

Women are twice more susceptible than men to be di-
agnosed with PTSD or MDD, but the prevalence of BD is
similar (Bangasser & Valentino, 2014; Tolin & Foa, 2006).
Women experience differences in the symptomatology of
stress and mood disorders (Rincén-Cortés et al., 2019), and
sexual dimorphism is reported in treatment responses, in-
cluding commonly prescribed antidepressants (Kornstein
et al., 2000). Nevertheless, there is still an important lack
of data regarding sex differences for these conditions. Until
the early 2000s, sex was generally not considered as a fac-
tor that could affect health and illness, and clinical and pre-
clinical studies mainly used male subjects for homogeneity
purposes (Dudek et al., 2019). More recently, sex has been
increasingly considered a significant experimental variable
(Bangasser & Valentino, 2014; Pefia et al., 2019; Rubinow &
Schmidt, 2019) which could contribute to the adaptation of
diagnostics and treatments.

Treatment resistance represents another challenge in ex-
isting therapies, and it is a problem commonly observed for
MDD, PTSD, and BD patients (see Table 1). For example,
in MDD, approximately half of patients do not or poorly re-
spond to currently available antidepressant treatments (Akil
et al., 2018). Similar data are reported in BD patients, with
the added obstacle of curating treatments that target both
aspects of the disorder in order to keep them in the nor-
mal range, or euthymic phase (Gitlin, 2006). Furthermore,
a lack of reliable biomarkers complicates the diagnosis and
treatment of these disorders. Structural magnetic resonance
imaging (MRI) and measurements of neurotransmitters or
hormone levels, such as catecholamine and cortisol, revealed
differences between PTSD patients and healthy individuals,
but none of those are defined as a diagnostic tool of this con-
dition (Pitman et al., 2012). Therefore, there is an urgent need
for a deeper understanding of the causal biological mecha-
nisms to promote the discovery of biomarkers to improve di-
agnosis and development of new therapeutic strategies.

1.2 | Animal models of stress and mood
disorders: Characteristics and limits

Ample choices of animal models of stress and mood disor-
ders are available, developed according to human etiology
(Wang et al., 2017; refer to Box 1 and Table 2 for detailed
protocols). However, limitations in the validity, translat-
ability, and efficiency restrict their use and interpretation.
As chronic stress is the main environmental risk factor for
MDD, BD, and PTSD (Blackburn-Munro & Blackburn-
Munro, 2001; Negron-Oyarzo et al., 2016; Rowland &
Marwaha, 2018; Yehuda & Seckl, 2011), it is commonly
used in animals to induce anxiety- and depressive-like be-
haviors (for reviews, see Hodes, Kana, et al., 2015; Menard
et al., 2017; Verbitsky et al., 2020). Other models, namely,
genetic, surgical, or pharmacological approaches, exist, each
providing unique benefits and challenges (refer to Valvassori
etal., 2013). Here, we chose to focus on stress models, which
have increased in popularity due to their relevance for study-
ing major aspects of human disease which limit treatment
efficacy, such as sex differences, individual differences, and
underlying factors influencing vulnerability vs. resilience to
develop a disorder.

Asin humans, limited data exist from female rodent mod-
els of stress and mood disorders. In chronic stress models,
some sex differences have been depicted (Audet et al., 2011;
Menard et al., 2017; Takahashi et al., 2017); however, bar-
riers in replicating male behaviors are commonly observed
in the female paradigms. Furthermore, due to limitations
in the translation of animal models, novel clinical charac-
terization strategies are moving away from symptom-based
categories to domains of observable behaviors and neurobi-
ological measures (Richter-Levin et al., 2019). Symptoms
involving emotional and cognitive processing are currently
assessed by clinical interview alone and portraying these
complex features in rodents poses a serious risk of anthro-
pomorphizing. Researchers try to translate animal behav-
ior into a human emotional point of view, instead of truly
being emotions felt by the animal. Nonetheless, affect is an
aspect of the emotional process that exists in all animals,
corresponding to the response of an animal toward the va-
lence and arousal of a given situation (Bliss-Moreau, 2017).
Methods have been developed to extrapolate many mood-
related behavioral traits (Stuart et al., 2013; for review, see
Malkesman et al., 2009). Still, behaviors such as avoid-
ance, anhedonia, and exaggerated startle response overlap
with symptoms of PTSD, MDD, BD, or anxiety (Verbitsky
et al., 2020), posing a risk of misattribution biases. Recent
studies dissected animal behaviors and attempted to trans-
late them to respective behaviors and symptoms in humans
(Deslauriers et al., 2018; Scarpa et al., 2020), although an
ongoing caveat is that there are no longitudinal studies in
animals as we see in humans. BD models also present a
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BOX 1 Animal models of stress and mood disorders

Acute physical stress/fear conditioning

Stressors such as electric shock, restraint stress, and water submersion stress are commonly used, which are the same
in some of the chronic models mentioned below. By changing the stress exposure parameters to an acute stress (1 day
only), with increased intensity and duration, this paradigm becomes useful for modeling PTSD specifically. In this
way, it is less likely to show the symptom comorbidity with MDD and BD as seen in other models. These stressors are
often paired with fear conditioning, which is based on coupling a conditioned stimulus of a tone with an unconditioned
stress (Verbitsky et al., 2020; Young et al., 2018). Animals are later re-exposed to the conditioned stress allowing
evaluation of learning and memory such as fear memory, retrieval and extinction (Maren et al., 2013). This test can
be complexified via multiple parameters and can be combined to many stress models, depending on the fear response
evaluated.

Chronic social defeat stress (CSDS)

Stressed mice are exposed to a novel aggressor each day for 10 days, enduring physical stress from the dominant CD1.
Thereafter, stressed mice are exposed for the rest of the day to a sensory stress by being in the same cage as their ag-
gressor but separated by a clear and perforated divider (Golden et al., 2011). This paradigm leads to two phenotypes
of stressed mice: stress-susceptible, who present social avoidance, and resilient, which interact with a novel CD1 de-
spite the stress paradigm. These subgroups display distinct behavioral changes reminiscent of depressive symptoms in
humans (American Psychological Association [APA], 2013) and is a powerful model for investigating interindividual
differences. Witnessed social defeat stress is a variation of this model where the target mouse has no actual physical
contact with the dominant mouse, rather is exposed to daily inescapable sensory contact with the rodents undergoing
physical social defeat (Warren et al., 2013).

Chronic variable stress (CVS)

A repetitive sequence of three stressors, most often tube restraint, tail suspension, and foot shocks and others. Each
stressor endures about 1 hr daily and lasts from 6 days to several weeks (LaPlant et al., 2009; Hodes, Pfau, et al., 2015).
Afterwards, a battery of tests is run to assess anxiety and depressive-like behaviors (Hodes, Kana, et al., 2015). In this
paradigm, females and males develop depression-like symptoms at different time points (Hodes, Kana, et al., 2015)
making it a strong model for investigating sex differences.

Repeated social defeat (RSD)

In this paradigm, C57BL/6 resident mice are grouped in cohorts and are introduced to an aggressive intruder CD-1
mouse for 2 hr/day during 6 consecutive days (McKim et al., 2016). Resident mice usually show submissive behavior
as the intruder defeats them which induced anxiety-like behavior such as social avoidance (Wohleb et al., 2014).

Chronic mild stress (CMS)

Animals are submitted to multiple stressors from a few weeks to months, in different frequencies for each stressor
(Willner, 1997). Stress such as food or water deprivation, wet environment, new cage partner, changes in the cage
temperature, light during the dark phase, or flashlight, is randomly presented to the animals preventing their habitua-
tion (Goshen et al., 2008). This paradigm is quite similar to CVS, although it lasts for a longer period of time and does
not have a repeated order of stressors.

unique challenge to encompass the cyclical nature of the
disease phases (Covington et al., 2010). Pharmacological,
genetic, and environmental models are currently used which
induce behaviors of either the mania phase or the depression
phase, but not both (Logan & McClung, 2016; Valvassori
et al., 2013). Combined efforts for improving quantification

of clinical emotional and cognitive measures (Mukherjee
et al., 2020) and novel tracking software techniques in an-
imal research (Fung et al., 2019; Mathis & Mathis, 2020;
Murphy et al., 2020; Vouros et al., 2018) bring hope for
superior translation of rodent findings to human condition
in the future.
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TABLE 2 Mood and anxiety disorders associated to animal
models

Mood/anxiety disorder

Animal model MDD PTSD Anxiety BD?
Acute stress (] [ ) [ )

CSDS ([ J ([ [

CVS [ J [ ]

RSD [ J

CMS [

“None of the presented models is used for BD since they don't integrate the
manic phase.

1.3 | Central and peripheral mechanisms
involved in emotion regulation

The complexity of emotion management and how it impacts
the brain has been investigated for decades but remains a
hot topic. Emotional experience, such as stress, can have a
negative or positive valence, for example, if it is associated
with fear or reward, respectively. Different brain regions
are involved in emotion regulation and are affected under
stress conditions (McEwen, 2007). Indeed, alterations are
observed in the neurocircuitry of these crucial regions im-
plicated in the modulation of emotions and mood, such as
the hippocampus (HIPP), prefrontal cortex (PFC), amyg-
dala (AMY), and nucleus accumbens (NAc) in rodents and
humans (Jin & Maren, 2015). Although beyond the scope
of this review, other brain regions, namely, the locus coer-
uleus and the anterior cingulate cortex (ACC), are receiving
increasing attention for their roles in modulating arousal,
cognition and reward-related memory (for in-depth reviews,
see Rolls, 2019; Schwarz & Luo, 2015). In MDD patients,
changes in limbic neural circuits, for example, by over firing
in reward circuits or alterations in synaptic plasticity of neu-
rons (Russo & Nestler, 2013), correlate with symptoms such
as anhedonia and sadness (Post & Warden, 2018). Stressful
threatening events, via the release of stress hormones, di-
rectly modulate brain circuits involved in emotional pro-
cessing and cognitive functions, for instance, formation of
memory and reward making decisions (Joéls et al., 2018) as
well as sleep function in human subjects (Drake et al., 2014).
Stressors activate the hypothalamo—pituitary—adrenal (HPA)
axis and the sympathetic nervous system which among other
effects exert immunoregulatory influence. Stress can also
have direct effects on activation of the central immune sys-
tem (Jope et al., 2017) and its specialized cells, namely, mi-
croglia, which release inflammatory cytokines, factors that
target several systems (Leonard, 2018).

Inflammation is also implicated in peripheral maladap-
tive responses associated with mood disorders. Indeed,
increased circulating cytokines are a hallmark of MDD,
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and treatment-resistant patients show high levels of pro-
inflammatory cytokines (Hodes, Kana, et al., 2015; Ménard
et al., 2017). In this way, psychological stress induces many
of the same inflammatory signals linked to injury and
disease such as activation of peripheral immune cells, in-
cluding monocytes, lymphocytes, and mastocytes (Hodes,
Kana, et al., 2015; Kempuraj et al., 2017). Dysregulated
peripheral and central innate immune responses are shown
in MDD, BD and PTSD patients (Bauer & Teixeira, 2019;
Hoge et al., 2009; Hung et al., 2014; Ortiz-Dominguez
et al., 2007). Therefore, investigation of brain-induced acti-
vation of inflammatory pathways is crucial in the context of
mood and anxiety disorders. Inflammation processes initi-
ated in the periphery can not only signal to the brain regions
implicated in emotional processes (Harrison et al., 2009;
Thomson et al., 2014), in fact, administration of certain
pro-inflammatory cytokines or endotoxins is sufficient to
induce behavioral symptoms observed in depression, anxi-
ety, or PTSD (Dantzer et al., 2008; Zhao et al., 2019). Thus,
identification of cytokine profiles generated and correlated
to negative emotion-associated behaviors in rodents, such
as acute or chronic stress, could lead to signatures that may
be exploited for diagnosis and treatment of stress and mood
disorders in humans.

Increased peripheral inflammation is widely recog-
nized in the pathogenesis of various maladaptive stress
responses, yet there is still a lack of mechanistic insights
on how circulating inflammatory mediators can affect the
brain. The blood-brain barrier (BBB) is a highly selective
physical frontier between the central nervous system (CNS)
and peripheral circulation, formed by endothelial cells, a
basement membrane, astrocytes, and pericytes (Figure 1a).
Endothelial cells in the vasculature of the brain are held
together by dynamic barrier-forming proteins, including
the tight junctions (TJ) (Lee et al., 2018; see Figure 1b).
Specific pro-inflammatory cytokines have been shown to
alter BBB permeability through redistribution of TJ pro-
teins (Matkiewicz et al., 2019; Figure 1c). These cytokines
can also alter the expression of BBB transporters, increas-
ing their uptake into the brain while promoting transepithe-
lial migration of immune cells (Langgartner et al., 2019).
Unraveling the interactions between peripheral and central
inflammation with brain regions affected in these disor-
ders could provide strategies for future targeted therapies
(Dantzer et al., 2008; Hodes et al., 2014; Kim et al., 2007,
Maes et al., 2002; Muneer, 2016). Therefore, as discussed
in the upcoming sections, a proposed mechanism for the
precipitation of depressive or anxious behaviors is the con-
cept that stress-induced increased peripheral inflammation
affects BBB permeability, allowing infiltration of circulat-
ing inflammatory factors into the parenchyma of mood-
related brain regions, producing damage and altering neural
circuits (Beurel et al., 2020; Menard et al., 2017).
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FIGURE 1 Blood-brain barrier and intestinal barrier leakiness in stress and mood disorders. The blood-brain barrier (BBB) is formed by
endothelial cells, pericytes and astrocyte end-feet ensheathing the capillary wall (a). The restricted permeability between endothelial cells of the
BBB is maintained by junctional complexes, such as TJs, JAMs and adherens junctions (b). MDD, PTSD, and BD have all been associated with
increased levels of circulating pro-inflammatory cytokines, such as IL-6, TNF-«, and IL-1p. These cytokines are trafficked to the brain through
different transport mechanisms. Inflammation-induced increase in VCAM-1 and ICAM-1 expression leads to downregulation of TJ gene expression
and altered distribution at the endothelium. Together, these inflammation-induced adaptations lead to increased BBB permeability (c). The gut
barrier is formed by the mucosa, composed of an epithelial cell monolayer, a connective tissue layer, and the mucosal muscle (d). Epithelial cells
maintain intestinal integrity through TJ and adherens junction complexes, desmosomes, and GAP junctions (e). Increased peripheral inflammation
in mood disorders has been linked to increased TJ downregulation and redistribution, as well as decreased ZO expression through activation of the
NF-kB pathway (f). Moreover, MDD, PTSD, and BD are associated with dysbiosis, linked to increased intestinal permeability. Together, these
mechanisms induce excessive bacterial translocation to the bloodstream and increased pro-inflammatory cytokine production by gut-associated
lymphoid tissue, exacerbating the dysbiosis-induced inflammation (g). Abbreviations: JAM, junctional adhesion molecules; NF-kB, nuclear factor

kappa-B; TJ, tight junctions; ZO, zona occludens
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1.4 | The gut-brain axis and microbiome in
stress and mood disorders

Stress and mood disorders show high comorbidity with in-
flammatory bowel disease (IBD), Crohn's disease, ulcera-
tive colitis and other inflammatory gastrointestinal (GI)
diseases (Abautret-Daly et al., 2017; Camara et al., 2011;
Cole et al., 2006; Mclntyre & Calabrese, 2019; Mclntyre
et al., 2007; O’Donovan, Cohen, et al., 2015) suggesting
that inflammation-driven gut barrier dysfunction may af-
fect emotion regulation and vice versa. In these disorders,
elevated levels of pro-inflammatory cytokines promote
permeability in the intestinal tract by suppressing TJ bar-
rier function (Xu et al., 2020; Figure 1d—g) as described
above for the BBB (Figure la—c). Stress has been linked
to the deterioration of the intestinal barrier via gut-—brain
signaling in GI disorders (Sun et al., 2019; Vancamelbeke
& Vermeire, 2017). Furthermore, the microorganisms com-
posing gut bacteria, or the microbiome, play a critical role
in maintaining health (Daneman & Rescigno, 2009) and
influence the brain through complex bidirectional signal-
ing pathways known as the gut-brain axis (for reviews,
see Asai et al., 2013; Cryan & O’Mahony, 2011; Dinan &
Cryan, 2017; Grenham et al., 2011; Lach et al., 2018; Mayer
et al., 2014). Alternatively, stress, diet, and other environ-
mental factors can disrupt the microbiome homeostasis
triggering downstream signaling pathways at the intestinal
epithelium to the lamina propria beneath where immune cells
elicit a pro-inflammatory response (Schoultz & Keita, 2020).
Accumulating evidence implies a role for dysregulated gut—
brain axis signaling in stress and mood disorder pathogenesis
(Beurel et al., 2020; Dinan & Cryan, 2017; Mayer et al., 2014;
Wang & Kasper, 2014). Through this system, novel roles for
peripheral serotonin metabolism are implicated in inflamma-
tory, immune and metabolic signaling pathways (Banskota
et al., 2019; Maes et al., 2011). Serotonin does not cross the
BBB, albeit many precursors and metabolites can therefore
alterations in peripheral serotonin signaling could have di-
rect effects on the brain by altered precursor availability and
indirectly by interactions with inflammatory and immune
pathways (Fukui et al., 1991; Schwarcz et al., 2012).

In the following sections, we overview how negative
emotional valence induced by chronic stress or a trau-
matic event affects brain—body communication with an
emphasis on the immune system and inflammation. Also,
we highlight a role of gut barrier and BBB leakiness, a
consequence of exacerbated peripheral inflammation in
the pathophysiology of mood disorders. Finally, we dis-
cuss the potential role of serotonin as a modulator of in-
flammatory response in the context of mood and stress
disorders.
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2 | INFLAMMATION AND
NEGATIVE EMOTIONAL
BEHAVIORS

Emotion regulation is a highly complex process involving
networks throughout multiple brain areas. Mostly frontal and
limbic regions are part of the reward circuit, a key player of
emotion regulation which includes different inhibiting and
activating neuronal connections from the PFC, NAC, ven-
tral tegmental area (VTA), HIPP, and AMY, among others.
Those regions respond to environmental stimuli and react
depending on their rewarding or aversive nature, resulting in
an emotional answer or behavior (for review, see Russo &
Nestler, 2013). Abnormalities in connectivity or neurodegen-
eration lead to behavioral dysfunction like hyperarousal, atten-
tion deficit, or altered emotional processing (Park et al., 2019;
Pick et al., 2019). The reward circuitry is affected in stress and
mood disorders and functional or structural changes can be in-
vestigated by neuroimaging techniques. Cerebral blood flow,
an indirect measure of neuronal activity observable by func-
tional MRI (fMRI), is altered in multiple reward-associated re-
gions such as the PFC and correlated with symptoms in MDD
and BD patients (Cantisani et al., 2016; Harrison et al., 2009;
Orosz et al., 2012; Pizzagalli, 2011). In mice, MRI reveals
neuroanatomic changes in the VTA and HIPP following
chronic social stress, adding translational interest in this model
(Anacker et al., 2016). Negative emotions were induced by a
stressful challenge activate the HPA axis, directly impacting
not only the brain but also the immune system, the first de-
fense of our body. The innate immune system quickly recruits
several defense leukocyte cells, among others macrophages
and monocytes, leading to the release of pro-inflammatory
signals including cytokine interleukin-1f (IL-1p), interleukin-
6 (IL-6), and tumor necrosis factor alpha (TNF-a) (Ménard
et al., 2017; Powell et al., 2013) (for detailed reviews on im-
mune mechanisms of depression please refer to Hodes, Kana,
et al., 2015; Miller & Raison, 2016; Nettis & Pariante, 2020).
The HPA axis is overactivated in stress and mood disorders,
leading to abnormal activation or inhibition of key brain re-
gions involved in the maintenance of adapted response to
stressful events (Park et al., 2019). Similarly, increasing evi-
dence suggests that chronic stress promotes sustained periph-
eral inflammation and high levels of circulating inflammatory
mediators at least in subpopulations of patients. As discussed
in the next sections, these peripheral pro-inflammatory signals
could directly enter the brain or communicate with microglia,
the central primary immune cells, through the neurovascular
network. Thus, creating a highly reactive environment which
in long term would negatively affect neuronal circuits of mood
regulation (Beurel et al., 2020; Menard et al., 2017; Nettis &
Pariante, 2020; Schedlowski et al., 2014).



DONEY ET AL.

2858
—I—WILEY EJN Eropeanjounarorvewoscence - FENS

2.1 | Dysregulation of cytokines in
mood and stress disorders

Emotions are linked with inflammatory cytokine profiles
specific to a positive or negative valence (Graham-Engeland
et al., 2018). Fear is an influential challenge to the body;
baseline fear and post-stressor fear are both correlated with
an increase in circulating IL-6 and cortisol levels in humans
(Moons et al., 2010). These types of fear refer to the sim-
plest tasks such as doing a mathematical problem or speak-
ing in front of an audience. Traumatic events also change the
inflammatory response profile as is the case for individuals
with PTSD (Table 3). A recent study showed an increase
of plasma TNF-a and IL-6 levels compared to healthy con-
trols (Brahmajothi & Abou-Donia, 2020), but other pro-
inflammatory cytokines are also upregulated in PTSD men
and women (Hoge et al., 2009; see Figure 2a). Interestingly,
a study conducted in Japanese PTSD women reported that in-
creases in TNF-a and IL-6 blood levels were correlated with
self-reported resilience, while C-reactive protein (CRP) was
correlated with quality of life (Imai et al., 2019). Maladaptive
responses of the peripheral immune system were also ob-
served in MDD patients (Hodes, Kana, et al., 2015; Wohleb
et al., 2016; see Table 3). A recent meta-analysis regroup-
ing 5,166 patients and 5,083 controls reported that MDD
patients are characterized by higher circulating levels of pro-
inflammatory cytokines, including IL-1f, IL-6, soluble IL-6
receptor (SIL-6R), and decreased level of anti-inflammatory
interleukin-4 (IL-4) (Osimo et al., 2020; see Figure 2b).
Several studies directed their analysis by considering mood
profile, but also subjective symptoms perceived and obtained
similar results for peripheral cytokines levels including el-
evated IL-6 and TNF-a peripheral levels but without changes
for IL-1p (Kohler et al., 2017). Correlation was observed be-
tween inflammatory response, assessed by measurement of a
panel of serum cytokines, and the score of a self-assessment
questionnaire, which reflect the degree of the disorder as-
sociated with self-reported symptoms (Janssen et al., 2014).
Peripheral and central CRP levels correlate together and mul-
tiple pro-inflammatory peripheral cytokines are increased, in-
cluding CRP levels in MDD patients (Felger et al., 2020). In
a recent imaging study, increased serum CRP was associated
with reduced BBB permeability of the neuroinflammatory
indicator 18-kDa translocator protein (TSPO) radioligand in
healthy volunteers and depressed patients (Turkheimer et al.,
2021). This counterintuitive finding highlights the complex-
ity of peripheral-to-central immune interactions and possible
adaptations occurring under prolonged exacerbated periph-
eral inflammation. There are however limits using TSPO
as a biomarker as it may not be specific for local immune
cell activation (Al-Khishman et al., 2020). Finally, pro-
inflammatory cytokine changes were also observed in BD;
however, it is important to mention that pro-inflammatory

profiles can vary between the phases (Table 3). In the manic
phase, blood levels of interleukin-2 (IL-2), IL-6, and TNF-«
increased in pooled males and females BD patients compared
with healthy controls (Kim et al., 2007; Brietzke, Kauer-
Sant’Anna, et al., 2009; see Figure 2¢). In these same studies,
results report both increases and decreases of IL-4 levels in
the manic phase of BD patients. Additionally, IL-2 and IL-6
levels were correlated with mood symptoms such as irritabil-
ity and aggressive behaviors, based on the patient self-rating
of his symptoms during the previous 2 days (Brietzke, Kauer-
Sant’Anna, et al., 2009; Young et al., 1978). In the depressive
phase, patients only had an increase in IL-6 blood levels (Kim
et al., 2007). In another study where BD euthymic patients
were compared to healthy control, no significant changes
were observed for serum levels of sIL-6R, IL-1p and TNF-
o. However, IL-1P levels of patients were correlated with
a low Inventory of Depressive Symptoms (IDS-30) score
measuring the depressive symptoms in BD patients (Vares
et al., 2020). The variability of emotional state of BD pa-
tients throughout time could be related to different cytokines
release and potentially give a clear inflammatory profile that
defines the different stages of BD (Tondo et al., 2016; see
Figure 2f).

In addition to having a clear relation between increasing
levels of circulating inflammatory cytokines and mood disor-
ders, symptoms of patients also correlate with alterations of
central biological inflammatory markers (see Figure 2). IL-
1B, which main source is microglia, is known to be found in
the HIPP of depressed patients and to influence neurogene-
sis, thus impacting memory encoding (Zunszain et al., 2012).
Increased expression in genes related to pro-inflammatory
IL-6, interleukin-9 (IL-9), and interleukin-12 (IL-12) in the
HIPP is observed in MDD patients who committed suicide
(Mahajan et al., 2018; see Figure 2d). The increase of an-
other important acute inflammation marker, fibrinogen
(Luyendyk et al., 2019), is also associated with self-reported
factors in depressive individuals such as hospitalization,
psychological distress described by not-accomplishing and
giving-up, and use of antidepressant drugs (Wium-Andersen
et al., 2013). Moreover, changes in volume and connectivity
for important regions in mood regulation such as HIPP and
AMY are observed in MDD patients (Harrison et al., 2009;
Frodl et al., 2012; see Figure 2e). In line with the findings
discussed above, CRP reduces the functional connectivity
of the AMY and mPFC in MDD patients vs. healthy con-
trols (Mehta et al., 2018). In addition to morphological and
functional modifications in the HIPP and AMY, blood IL-6
levels were correlated with the atrophied volume of these
regions in female MDD patients (Ironside et al., 2019). As
for PTSD, increased symptom severity was accompanied
by upregulated TNF-a receptors and reduction of HIPP vol-
ume (O'Donovan, Chao et al., 2015). Similarly, HIPP and
AMY volumes are found to be decreased in PTSD patients



DONEY ET AL.

TABLE 3 Potential circulating cytokine biomarkers of stress and mood disorders

Marker
IL-1p (interleukin-1)

IL-4 (interleukin-4)

IL-6 (interleukin-6)

TNF-a (tumor necrosis
factor alpha)

Disorder

BD

MDD

PTSD

BD

MDD

PTSD

BD

MDD

PTSD

BD

MDD

PTSD

Changes

1

T—

17y

Clinical symptoms

Positive correlation with depressive symptoms (IDS-
30 score)

Euthymic phase
Manic Phase

Positive correlation with severity of the symptoms
(HAM-D)

Negative correlation with HIPP volume
Inflammation load (high IL-1 and IL-6) correlates
with symptom severity (re-experiencing, arousal,

CAPS and MADRS scores)

Contradictions on manic phase
Increase in euthymic phase

Decreases in suicide patients

N/A

Manic and depressive phase, correlates with irritability
and aggressivity in manic phase

Acute and remission phases

No association with depressive symptoms

Associated with symptom severity (HAM-D)

Anhedonia and avoidance correlation with PFC
activation in patients with high levels, correlation
with self-reported resilience

Manic phase

Euthymic and depressive phase

Acute and remission phases

Correlation with symptoms severity (HAM-D)

Correlation with self-reported resilience
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TABLE 3 (Continued)
Marker Disorder
CRP (C-reactive BD 1
protein) _
MDD T
PTSD )

Changes

DONEY ET AL.

Clinical symptoms

Manic phase
No changes in all phases

Correlation with depression symptom severity
(BDI-II).

Correlates with reduced functional connectivity of
AMY and PEC (in comorbid PTSD or anxiety only)

Significant association: baseline CRP and treatment

(venlafaxine) response (HAM-D), &

Negatively correlates with mPFC activation
Positively correlates with dissociation symptoms,
correlates with PTSD symptoms (CAPS)

Positive correlation with disease severity (re-
experiencing and arousal)

References
Evers et al. (2019)
Balukova et al. (2016)

Powers et al. (2019) and
Mehta et al., (2018)

Carboni et al., (2019)

Mehta et al., (2020) and
Powers et al. (2019)

Michopoulos et al. (2015)
Farr et al., (2015)

Abbreviations: BDI-II, Beck Depression Inventory-II; CAPS, Clinician-Administered PTSD Scale;HAM-D, Hamilton depression rating scale; HC, healthy controls;
IDS-30, Inventory of Depressive Symptoms; MADRS, Montgomery—Asberg Depression Rating Scale.

“All markers measured in the blood, with the exception of one measurement from frontal cortex (post-mortem tissue) (Rao et al., 2010).
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FIGURE 2 Effects of peripheral and central inflammation on emotion in stress and mood disorders (a—c.). PTSD, MDD, and BD have been
associated with a shift toward a pro-inflammatory profile in the periphery. However, in BD, the specific cytokines profiles have been found to
shift between phases of the disease (d). Increased AMY activation concomitant with decreased volume was reported in PTSD patients vs. healthy

controls and reduced hippocampal volume correlated to the severity of the symptoms, such as hypervigilance and memory deficits (e). Decreased

volume and connectivity of emotion-regulating brain regions, namely, the HIPP and the AMY, and increased expression of brain IL-6, IL-9, IL-10,
and IL-12 were reported in MDD patients, possibly contributing to the emergence of symptoms (f). Finally, increased functional connectivity has
been reported in BD patients between the mPFC-HIPP and mPFC-AMY, as well as decreased gray matter volume in the HIPP, suggesting that
different immune and neurophysiological profiles could correlate with the different phases of the disease. Abbreviations: AMY, amygdala; BD,
bipolar disorder; CNS, central nervous system; HIPP, hippocampus; IL, interleukin; MDD, major depressive disorder; mPFC, medial prefrontal
cortex; PTSD, post-traumatic stress disorder; sIL-6R, soluble interleukin 6 receptor; TNF-a, tumor necrosis factor alpha

compared to healthy individuals (Ahmed-Leitao et al., 2016;
see Figure 2d). PTSD symptoms such as hypervigilance
and exaggerated fear response are found to be linked to an
increased activation of the AMY (Fragkaki et al., 2016) as

blood IL-6 levels are increased following an induced stressor
(Muscatell et al., 2015). Moreover, in PTSD Afro-American
women, functional connectivity in the PFC is reported to
negatively correlate with IL-6 and CRP levels. Functional
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connectivity was also negatively correlated with anhedonia
and avoidance in women with high inflammatory response
as compared with those having adapted reactions to stress
(Mehta et al., 2020). Unfortunately, few studies investigate
inflammation impacts on mood-regulating brain regions in
BD. One interesting study noted a positive correlation be-
tween sIL-6R levels and functional connectivity from mPFC
to AMY and HIPP (Tu et al., 2017). Another study observed
a correlation between neuron activation in Positron emission
tomography (PET) imaging and inflammation in the left
HIPP (Haarman et al., 2016, 2017). HIPP gray matter volume
is negatively correlated with pro-inflammatory cytokines IL-
1B and soluble tumor necrosis factor receptor-1 (sTNF-R1)
in older BD patients (Tsai et al., 2019), as observed in MDD
patients (see Figure 2f). Brain-derived neurotrophic factor
(BDNF), a neuronal survival and growth factor crucial for
learning and memory (Tyler et al., 2002), which expression
is decreased in stressed rodents but also MDD and BD pa-
tients (Molendijk et al., 2011; Mora et al., 2019), is correlated
with cognitive functions in BD patients as IL-6 and IL-10
levels are increased (Mora et al., 2019). More investigations
are needed to determine the effects of inflammation in BD
on regions affected by the disorder, regarding the different
stages of the disease.

Overall, these results support the idea that dysregulated
activation of the peripheral and central immune systems al-
ters limbic brain regions functioning. In MDD, this would
be reflected by memory dysfunction and difficulty to con-
centrate (DSM-V), among other alterations. As observed in
rodent stress models which will be discussed in the next sec-
tion, changes in central and peripheral inflammation along
with brain connectivity in important limbic structures appear
to be involved in mood regulation of MDD patients (Kim &
Won, 2017). Similarly, studies including PTSD patients re-
vealed that cytokine changes are related to specific symptoms
and the mood perceived by the patients. This connection
could be an emergence of cytokine levels constituting a bi-
ological marker to complement self-reported patients' symp-
toms (Table 3). Many studies in the past did not consider sex
or gender as a biological variable, and thus, further inves-
tigations are required to better understand the dimorphism
observed in prevalence, symptomatology, and treatment of
mood disorders and possibly associated those with brain and/
or circulating cytokine profiles.

2.2 | Peripheral and central immune
activation by stress in animals

Subsets of emotional and cognitive symptoms associated
with PTSD, MDD, and/or BD are challenging to mimic in
animals as discussed previously. For instance, suicidal idea-
tion is a cognitive behavior afflicting many patients (Hallgren
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et al., 2019; Isometsd, 2014; Tondo et al., 2016) that does
not occur in animals. However, trait behaviors such as im-
pulsivity, hopelessness, and impaired decision making (for
review, see Gould et al., 2017) among others have been iden-
tified as putting individuals with stress or mood disorders
at increased risk for suicidal tendencies (Brezo et al., 20006;
Bridge et al., 2007). To assess these responses in rodents,
behavioral paradigms have been developed (see Box 1) to
gain mechanistic insights for potential therapies or promising
biological targets for drug development (Stuart et al., 2013;
for review, see Malkesman et al., 2009).

Stress paradigms, which are based on inducing behaviors
indicative of negative emotional valence, highlight the im-
plication of the peripheral immune system through changes
in circulating cytokine levels. These findings are in line with
clinical observations obtained in humans, presented in the
previous section. As an example, in the fear conditioning test
(see Box 1), fear memory is measured by freezing behavior of
the animal after previous exposure to a foot shock paired with
a tone (auditory stimulus). In these conditions, blood level
of IL-6 and mouse behavior, here retrieval of fear memory
through freezing at the tone, are positively correlated (Young
et al., 2018). Moreover, a second exposure to the conditioned
stimulus, a few days later, is again associated with increased
levels of IL-6 in these animals, revealing an association be-
tween peripheral inflammation and fear memory formation.
In line with these findings, both IL-6 knockout (KO) mice
and animals intraperitoneally injected with an IL-6 antago-
nist, reduction of the freezing behavior is observed, suggest-
ing improvement of the fear extinction (Young et al., 2018).
Conversely, injection of IL-6 in the AMY, a hub region for
memory processing, decision making, and emotional re-
sponses associated with fear, anxiety and aggression, delays
fear extinction. In rats, injection of IL-6 in the AMY at low
doses does not affect freezing during the conditioning and ex-
tinction session when the tone is played without the uncondi-
tioned stress, when compared with vehicle-injected controls
(Hao et al., 2014). However, higher doses have an impact on
conditioning and extinction suggesting that the role of AMY
in fear response and encoding is affected by IL-6 level (Hao
et al., 2014). Interestingly, injection of LPS, which is known
to induce inflammation including increased IL-6 levels,
in the AMY of young rats impairs fear extinction (Doenni
et al., 2017). Inflammation driven by stress thus has a direct
impact in the AMY by altering its sensitivity to fear. This
is where rodent models of depression can provide valuable
clues. Indeed, changes in IL-6 levels appear to be modulated
by negative, stressful events lived by animals, but they could
also be causal. Variations of IL-6 can be correlated not only
with one definite aspect but also with multiple behavioral
components. These cannot testify directly as how the animal
experienced or perceived the event but can give insight via
measurable physical changes.
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In the CSDS paradigm (see Box 1), stress-induced changes
in IL-6 serum levels are exacerbated in stress-susceptible vs.
resilient mice despite exposure to the same stressor. Indeed,
20 min after experiencing the first bout of social defeat, IL-6
levels are higher in mice later classified as susceptible as
compared to resilient and unstressed control mice (Hodes
et al., 2014; see Box 1). This exacerbated immune response
is maintained 48 hr after the last stressor of the classic 10-
day paradigm (Hodes et al., 2014), suggesting that circulat-
ing 1L-6 could represent a potential biomarker of social stress
vulnerability. No difference is observed prior to stress expo-
sure between future stress-susceptible vs. resilient mice when
compared to unstressed controls (Hodes et al., 2014) indi-
cating that an acute stress is necessary to reveal underlying
maladaptive immune responses. It is important to mention
the necessity of controlling wounding in CSDS, particularly
for immune-related studies. Cytokine release is not specific
to the CSDS model, as an elevation of blood IL-6 also occurs
after the chronic variable stress and witness defeat paradigms
(Hodes et al., 2014). Injection of bone marrow hematopoietic
progenitor cells harvested from a wild-type stress-susceptible
donor induces depression-like behaviors in receiving naive
mice. Conversely, injection of these cells from IL-6 KO mice
promotes stress resilience in naive mice, confirming causality
of increased peripheral IL-6 in stress responses. It is import-
ant to mention that IL-6 is not the only cytokine affected by
chronic social stress. TNF-a, IL-1p and interleukin-10 (IL-
10) are also increased in the periphery after CSDS (Hodes
et al., 2014; Zhu et al., 2019) reinforcing the relevance to
determine immune profiles or signatures of stress responses.

Recently emerged female models provide sex-specific
novel insights of biological mechanisms to social stress,
including the immune system. Differences in blood IL-6
levels are also observed between unstressed and stressed
female mice but not between resilient and susceptible an-
imals following CSDS, unlike their male counterparts.
Interestingly, differences between these two latter pheno-
types are only observed when the female animals are group-
housed (Takahashi et al., 2017), suggesting environmental
context could promote resilience by mediating the increase in
blood IL-6 levels observed when animals are single-housed
at least in females. In contrast, another group using the CSDS
model in male mice observed an increase in IL-6 and other
pro-inflammatory cytokines in the blood of stressed animals
as compared to the control group, but no significant differ-
ences are observed between resilient and susceptible ani-
mals (Elkhatib et al., 2020). Discrepancies might be related
to aggression level. While the social interaction test is the
golden standard following the CSDS paradigm, other behav-
ioral tests, such as the sucrose preference test which evalu-
ates anhedonia (Zhu et al., 2019), the open field test (Elkhatib
et al., 2020), and the light/dark box test (Nasca et al., 2019),
are commonly used to measure anxiety in rodents. In parallel

with these supplementary behavioral tests, increases in pe-
ripheral and brain IL-6 levels are observed in these animals
subjected to the CSDS. In fact, the co-presence of anxiety,
elevated systemic IL-6, and decreased hippocampal volume
was proposed as a multidimensional predictor of susceptibil-
ity vs. resilience to social defeat stress (Nasca et al., 2019).
Thus, combining performance in behavioral tests and blood
biomarkers could represent an interesting avenue to possibly
improve the diagnosis of mood disorders.

Stress-induced changes in central inflammatory cyto-
kines have been correlated with modifications in mood-
regulating regions such as the HIPP and AMY. The HIPP,
in addition to being involved in emotional response, is impli-
cated in memory formation, and spatial recognition (Strange
et al., 2014), while the AMY is implicated in memory for-
mation with positive or negative impacts, for example in
the reward system (Beyeler et al., 2016). Thus, interleukin
levels have been assessed not only in the periphery but also
these brain regions following CSDS and correlated with
behavioral components. TNF-a and IL-6 expression is up-
regulated in the whole brain after CSDS or chronic restraint
stress (Zhu et al., 2019). However, no significant difference
was observed for IL-6, TNF-a, and IL-1p in HIPP and PFC
between stress-susceptible and resilient mice (Szyszkowicz
et al., 2017). Inflammation is mediated by multiple, dynamic
events, and stress responses involve various circuits and pro-
cesses. Discrepancies between studies could be related to
different timelines or brain regions studied but also complex
interactions between the brain and the periphery. As an ex-
ample, microglial recruitment of IL-1p-producing monocytes
to the brain endothelium, favoring an inflamed environment,
is implicated in stress-induced anxiety after chronic social
stress exposure (McKim et al., 2018). Social defeat could
affect vulnerability to a subsequent aggressive or immune
challenge through brain cytokine release priming or damp-
ening from mood-related structures (Audet et al., 2011). As
for the chronic mild stress paradigm (Box 1), it induces an
increase in pro-inflammatory cytokine IL-1f brain levels
along with a decrease of neurogenesis in the HIPP dentate
gyrus (Goshen et al., 2008) suggesting that elevated inflam-
mation could impair memory formation. Accordingly, in
female mice exposed to repeated social defeat (RSD) (see
Box 1), an increase in IL-1 mRNA is observed in the AMY
and HIPP along with neuronal activation (Yin et al., 2019).
Furthermore, ionized calcium-binding adapter molecule 1
(Iba-1) level is enhanced, supporting microglia activation,
and even a significant number of monocytes were detected,
specifically in the AMY (Yin et al., 2019). Concomitantly,
these animals showed social avoidance and decreased explor-
atory behaviors in the open field test paired with an increase
of plasma IL-6 that was not detected in unstressed control fe-
male mice (Yin et al., 2019). Microglia priming toward a pro-
inflammatory condition following chronic stress exposure
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has been proposed since microglia from stressed mice over-
express IL-6, TNF-a, and IL-1p after LPS stimulation when
compared to unstressed controls, indicating potential re-
cruitment of these cells in future stress responses (Ramirez
et al., 2015). The role of microglia activation following
chronic stress has been largely reported; thus, it is beyond
the scope of our review (Stein et al., 2017). In a transgenic
mouse model of IL-1p overexpression, which promotes spon-
taneous inflammation, chronic isolation leads to impaired
memory cognition and decreased hippocampal neurogenesis
(Ben Menachem-Zidon et al., 2008), supporting a role for
stress-induced central inflammation in HIPP dysfunction. It
would be interesting to subject these animals, both males and
females, to the different stress paradigms to better define the
role of this cytokine in mood. Finally, BDNF is upregulated
in astrocytes by TNF-a (Saha et al., 2006). This factor is also
modulated in a chronic stress PTSD rat model along with
pro-inflammatory cytokines IL-1f and IL-6 in the AMY and
HIPP (Regue et al., 2019). These intriguing findings indicate
an influential role of inflammatory response on neurotrophic
factors implicated in key structures of cognitive functions
and synaptic plasticity underlying mood disorders and anti-
depressant action (for review, see Duman et al., 2016).

Together, these studies suggest that stress does not only
affect the peripheral immune system by modifying circulat-
ing components but also impairs neurogenesis and activation
in limbic regions which act as the center of emotions and
certain types of memory, such as fear, in rodents. This could
represent a loop in which the CNS and the immune system
would be affected by stress, leading to cognitive dysfunctions
(Leonard, 2018). In stress and mood disorders, this brain
dysregulation of emotion hubs would be reflected in symp-
toms such as memory dysfunction and psychological distress
including anhedonia, feelings of worthlessness and suicidal
attempts (DSM-V).

2.3 | Intestinal dysfunction and
inflammation in stress and mood disorders

Approximately 49% of people with IBD suffer from depres-
sive symptoms (Bhandari et al., 2017) and symptomatic IBD
patients have the highest depression and anxiety scores, coin-
cident with increased intestinal expression of IL-1p and IL-6
and extracellular matrix protein, matrix metalloproteinase-9
(MMP-9) (Abautret-Daly et al., 2017). Additionally, fMRI
studies demonstrate aberrant brain function in emotion pro-
cessing and regulation regions (Icenhour et al., 2019; Tadin
Hadjina et al., 2019) reflecting changes seen in patients with
MDD (Grandjean et al., 2016; Rzepa & McCabe, 2016;
Servaas et al., 2017). Shared profiles of upregulated pro-
inflammatory cytokines in the blood such as IL-1p, TNF-a,
IL-6, and IFN-y (Abautret-Daly et al., 2017; Martin-Subero
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et al., 2016) occur in GI disorders and mood disorders,
which could be related to increased intestinal permeability,
through local effects on TJs (Lee et al., 2018; Xu et al., 2020;
Figure 1). Permeability of the epithelial layer may increase
interaction of antigens with immune cells of the lamina pro-
pria, the layer beneath, encouraging robust pro-inflammatory
responses (Figure 1g). Microbial translocation, from the in-
testinal lumen into the systemic circulation in the absence
of acute infection, is proposed as a mechanism behind the
chronic inflammation in MDD (Alvarez-Mon et al., 2019;
Maes et al., 2008; Slyepchenko et al., 2016). Indeed, the
passage of bacterial products and immune factors as indi-
rect measures of bacterial translocation has been reported in
stress and mood disorders (see Table 5).

In MDD, BD, and PTSD changes in prominent micro-
biome species occur, some of which correspond to reports
in inflammatory GI disorders (Prosberg et al., 2016; Varela
et al., 2013). For MDD, distinct signatures within global
communities are associated with specific symptoms (Yang
et al., 2020; for review, see Li et al., 2019). Reinstating a
healthy microbiome with probiotics have improved gut symp-
toms in IBD (Nikfar et al., 2008; O’Mahony et al., 2005;
Whorwell, 2009), while reducing circulating CRP, TNF-a,
and IL-6 levels and improving depression scores and qual-
ity of life scores (Groeger et al., 2013). In healthy humans,
abundance of Lactobacillus spp. is directly related to positive
self-judgment (Heym et al., 2019), a cognitive process that
is reduced in patients with MDD and related to anhedonic
symptoms (Dunn et al., 2009). Hence, treatments for re-
establishing commensal populations could be beneficial for
mood symptoms both retroactively or as prophylaxis.

The gut microbiome is also sensitive to stressors
(Bharwani et al., 2016), and HPA axis activation can in-
fluence population levels (Rios et al., 2017). This stress-
induced dysbiosis upsets colonization resistance, the ability
of commensal bacteria to resist the expansion of opportunis-
tic pathogens (Lupp et al., 2007). Overexpansion of patho-
genic strains reduces the abundance of healthy species and
overall microbiome biodiversity (Livanos et al., 2018; Shen
et al., 2012; Wang et al., 2012), which is associated with neg-
ative health effects (de la Cuesta-Zuluaga et al., 2019) includ-
ing reduced intestinal barrier integrity (Ohlsson et al., 2019;
Parker et al., 2019). In MDD, reduced alpha diversity is re-
ported (Evans et al., 2017; Huang et al., 2018; Rong et al.,
2019), and additionally, in BD, this reduction correlates
negatively with illness duration (Painold et al., 2019). In
MDD and BD, reduced commensal Faecalibacterium is de-
scribed (Evans et al., 2017; Jiang et al., 2015; Naseribafrouei
et al., 2014). This species has anti-inflammatory properties,
and reductions are associated with inflammation in GI disor-
ders (Evans et al., 2017; Ferreira-Halder et al., 2017; Sokol
et al., 2008). Other health-promoting species, such as certain
Clostridium, break down carbohydrates to form short-chain
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fatty acids (SCFAs), metabolites with local and systemic im-
munomodulatory effects. SCFAs bolster intestinal epithelial
cell integrity by inhibiting enhancing anti-inflammatory cyto-
kine production (Kalina et al., 2002), modulating the mucous
layer (Singh et al., 2010), and activating regulatory T cells
(Arpaia et al., 2013). Therefore, stress-induced dysbiosis may
compromise the intestinal barrier, feeding into a loop of exac-
erbated pro-inflammatory environment (Huang et al., 2018).
Through the gut-brain axis, commensal microbes can also
influence the central immune system, such as modulation
of microglia proliferation and function (Erny et al., 2015).
Depletion of the microbiome by antibiotics or in germ-free
mice compromises microglia maturation and ability to re-
spond to pathogens such as LPS (Erny et al., 2015). Reversal
of this effect could be seen by reinstating a healthy microbi-
ome or by supplementation with the SCFA butyrate (Erny
et al.,, 2015). Gut-brain axis communication to microglia
may be occurring by two predominant routes, the vagus nerve
and/or signaling molecules such as SCFAs in the peripheral
circulation (for review, see Abdel-Haq et al., 2019; Forsythe
et al., 2014). The mechanisms by which the microbiome and
gut—brain axis signaling influence microglia phenotypes and
activity in the CNS are a complex system that is not well un-
derstood. However, this is a promising direction for research
unraveling how stress-induced dysbiosis could promote low-
grade systemic and central inflammation in mood disorders.
Future studies on the microbiome, gut barrier integrity, and
gut—brain axis signaling are critical for understanding how
chronic stress is implicated in these peripheral symptoms of
stress and mood disorders. In the next sections, we are pro-
posing that the brain and gut barriers could play a role and be
affected by stress-induced exacerbated inflammation.

2.4 | Peripheral serotonin impacts
inflammatory pathways and behaviors

Approximately 95% of all serotonin (5-HT) is found in the
gut, produced mostly by enterochromaffin cells and certain
microbial species (Banskota et al., 2019; Yang et al., 2020).
Tryptophan (TRP) is the sole precursor of 5-HT; however,
more than 90% of dietary TRP is degraded through the pre-
dominant kynurenine (KYN) pathway (Brundin et al., 2016;
Figure 3a). The KYN pathway is strictly immune-related
and evidence suggests that stress and inflammation increase
KYN production by activating TRP-degrading enzymes,
diverting away from 5-HT synthesis (Hattori et al., 2018;
Raison et al., 2010; Sforzini et al., 2019). IBD patients
have higher circulating KYN: TRP ratio (Abautret-Daly
et al., 2017), supporting this hypothesis. Increased KYN pro-
duction causing TRP depletion may be implicated in mood
disorder pathogenesis (Sforzini et al., 2019 see Figure 3c),
as hyper-function of the KYN pathway and its downstream

metabolites are implicated in other stress-related disorders
(for review, see Maes et al., 2011), but specific roles are still
unclear. KYN and other TRP metabolites can activate the
aryl hydrocarbon receptor, resulting in immunoregulatory ef-
fects such as induction of functional regulatory T cells that
suppress inflammation (Mezrich et al., 2010; Zelante et al.,
2013). Therefore, KYN upregulation may have a protective
function in acute stress, though overextending these path-
ways, resulting TRP depletion could have negative effects
in the context of chronic stress. Many studies have found
low circulating TRP in MDD patients with implication in
emotional and cognitive symptoms (Doolin et al., 2018;
Hughes et al., 2012; Ryan et al., 2020) such as suicidal idea-
tion (Messaoud et al., 2019). KYN pathway metabolites have
different neuroactive potentials in the brain, linked to neuro-
toxic or neuroprotective effects (Maes & Rief, 2012), and this
balance can be reflected by metabolite ratios in the blood and
thus TRP pathways' activity (Lanser et al., 2020; Figure 3a).

Low serum TRP levels are related to increased immune
activation in patients with inflammatory diseases through
Indoleamine 2,3 dioxygenase-1 (IDO-1) (Gupta et al., 2012).
IDO-1 is mainly expressed in innate immune cells and is the
main rate-limiting enzyme in the conversion of TRP into
KYN and other downstream metabolites (Gupta et al., 2012).
Elevated IDO-1 expression promotes TRP catabolism pathway
to favor KYN synthesis over 5-HT in the periphery and brain
(Ryan et al., 2020). In humans, IDO-1 is highly upregulated in
the gut epithelium during inflammation, injury, and infection
(Alvarado et al., 2019), induced by pro-inflammatory factors:
IFN-y, TNF-a, IL-1f, and IL-6 (Fujigaki et al., 2006) or di-
rectly by LPS (O’Connor et al., 2009; Troché et al., 2020).
Indeed, clinical IFN-a therapy in hepatitis C patients signifi-
cantly decreased blood TRP levels, while increasing KYN in
the blood and cerebrospinal fluid (CSF) (Raison et al., 2010),
showing evidence of altered IDO-1 activity. Furthermore,
KYN levels increased along with IFN-a, soluble TNF-« re-
ceptor 2, and monocyte chemoattractant protein-1 (MCP-1)
in the CSF positively correlated with depressive symptoms
(Raison et al., 2010). This evidence highlights the relation-
ship between TRP/KYN metabolites and the immune sys-
tem in the manifestation of mood symptoms. Indeed, low
serum 5-HT is detected in MDD patients in conjunction
with higher IDO-1 and increased pro-inflammatory cyto-
kines (Zoga et al., 2014). During depressive episodes, BD
patients show a strong interaction between serum IFN-y and
IL-6 with KYN and TRP (Ameele et al., 2020). Interestingly,
selective serotonin reuptake inhibitor (SSRI) treatment, the
most commonly prescribed class of antidepressants, reduced
concentrations of IDO-1 which positively correlated with
symptom improvement (Zoga et al., 2014). Therefore, IDO-1
function is proposed as a mechanism, connecting inflam-
mation and TRP depletion in the context of depression (see
Figure 3c). However, more work is needed considering that



DONEY ET AL. 2865
EJ N European Journal of Neuroscience  FENS Wl LEYJ—
(a) Serotonin pathway
T"VP(tT:g)ha“ —— 5-OH-tryptophan ——» Serotonin
INFLAMMATION O
O O IDO1
O O Serotonergic
/\Kynurenine (KYN)—*JKynurenic acid (KYNA) tanstalssion
5 !
< . NMDAR antagonist———————| Depressive symptoms
§ /\ 3-OH-Kynurenine (3HK)
Q
S
e ;
N i Glutamatergic
g /\ 3-OH-Anthranillic acid transmission
< / \‘ T
./Picolinic acid  /\ Quinolinic acid (QUIN) ———————  NMDARagonist
A Neurotoxic ability j Neuroprotective ability
Stress & mood disorders
(b) Microglia ) (c) Stress
‘ & / A Inflammation
;"
// Activation
[ of IDO1
4 Ny
\ v TRP AKYN
|
‘U‘ ) Serotonergic deficiency
Intestinal alterations
(Somatic symptomatology)
Glutamatergic synapse

FIGURE 3 Tryptophan metabolism alterations in stress and mood disorders. TRP is an essential amino acid involved in the metabolic
pathways for serotonin and KYN. In the latter pathway, TRP is first metabolized by IDO1 to KYN. Pro-inflammatory cytokines, such as IL-6,
TNF-a, and IFN-y (pink dots) increase IDO1 expression, thus the KYN pathway. Increased production of KYN metabolite KYNA and picolinic
acid provides neuroprotective effects, while increased production of 3-HK, 3-OH-anthranilic, acid and QUIN have neurotoxic effects (a). In stress
and mood disorders, characterized by increased peripheral and central inflammation, TRP-KYN pathway is favored. Macrophages in the periphery

and microglia in the central nervous system metabolize TRP through the KYN pathway to QUIN, a potent NMDAR agonist, which increases

glutamatergic neurotransmission and has been linked to depressive behaviors (b). Similarly, in the gut, increased stress-induced inflammation

promotes the metabolism of TRP in KYN, diverting serotonin production and contributing to TRP depletion. Serotonergic deficiency has been

linked to gastrointestinal symptoms in mood disorders. Moreover, peripheral TRP depletion leads to central reduction in TRP and serotonin, an

effect that is linked to mood symptoms in the disorders. Abbreviations: 3-HK, 3-OH-kynurenine; IDO1, indoleamine 2,3-dioxygenase-1; KYN,
kynurenine; KYNA, kynurenic acid; NMDAR, N-methyl-D-aspartate receptor; QUIN: quinolinic acid; TRP, Tryptophan

other studies did not find elevated peripheral IDO-1 expres-
sion or KYN pathway activity in MDD (Doolin et al., 2018;
Hughes et al., 2012), although TRP levels were still depleted
(Hughes et al., 2012), suggesting a missing link behind the
TRP decrease in these patients.

Analysis of IDO1 gene KO mice, show a significant de-
crease in brain 5-HT concentrations, highlighting the rele-
vancy of IDO1 in the central serotonergic transmission deficit
implicated in anxiety and depression (Too et al., 2016). CSDS
depletes 5-HT in the blood and increases KYN pathway ac-
tivity peripherally and in the brain (Xie et al., 2020; Box 1),

accentuating potential roles of IDO-1. Reflecting this effect,
peripheral L-kynurenine administration induced depressive-
like behavior in a dose-dependent manner (O'Connor et al.,
2009). Stress-induced metabolite changes could be ablated
by IDO-1 inhibition (Fuertig et al., 2016) with subsequent re-
duction of immune activation and depressive-like behaviors
(Sublette et al., 2011). In rats, chronic social stress exposure
increases plasma and hippocampal IDO-1 with a correlation
to anhedonia behaviors in the sucrose preference test. Further,
specific IDO-1 KO in the HIPP attenuates depressive-like
behaviors (Kim et al., 2012). Combined, these clinical and
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(Continued)

TABLE 4

References

Details/clinical symptoms

Changes

Disorder

Marker

Machado-Vieira et al. (2007) and Wiener et al. (2013)

Akcan et al. (2018)

Manic phase

BD

NSE (Neuron-specific enolase)

Chronic patients, not first episode

Tsai & Huang, (2017)

Manic phase

Abbreviations: BDI-II, Beck Depression Inventory-II; CES-D, Center of Epidemiologic Studies Depression Scale; HAM-A, Hamilton anxiety rating scale; HAM-D, Hamilton depression rating scale; HC, healthy controls; IDS,

Inventory of Depressive Symptoms; IDS-C, 30-item Inventory of Depressive Symptomatology Clinician-Rated; YMRS, Young Mania Rating Scale.
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animal studies highlight the imperative roles TRP plays in the
balance between immune tolerance and inflammation in the
context of stress and mood disorders.

3 | A ROLE FOR
INFLAMMATION-DRIVEN
LEAKINESS OF BARRIERS

Structural similarities exist between the intestinal barrier and
the BBB (Kelly et al., 2015; Figure 1); therefore, common
mechanisms behind barrier disruption have been receiving
increasing attention. Stress activates inflammatory and im-
mune pathways, as well as other aspects of the gut—brain axis
such as peripheral nerve neurotransmitters and direct neural
innervation influencing the gut in the context of stress and
mood disorders. This may drive dysbiosis and lead to greater
systemic inflammation. Contrarily, gut dysbiosis could be a
source of inflammation that then impacts the brain of indi-
viduals at risk for psychiatric illnesses. The origin and di-
rectionality of these dysregulated systems are still debated;
however, the clinical relevance remains promising. In the fol-
lowing sections, we provide an overview of recent preclinical
and clinical findings as well as mechanistic insights raising
the intriguing possibility of a direct implication of BBB and/
or the intestinal barrier in the development of maladaptive
stress responses and neuropsychiatric disorders.

3.1 | BBB leakiness in mood disorders and
animal models of stress

PTSD, MDD, and BD are associated with the concept
of BBB hyperpermeability, supported by many reports
of increased circulating markers in the blood (Jergovié
et al., 2015; Niklasson & Agren, 1984; Sumner et al., 2018)
(summarized in Table 4). Indeed, in MDD patients, region-
specific changes in barrier and transporter proteins reflecting
increased permeability occur in symptom-related brain struc-
tures. Claudin-5 (CLDNY), an important TJ which is predom-
inantly expressed by the BBB endothelial cells (Castro Dias
et al., 2019), is decreased in post-mortem human samples
from depressed individuals, specifically in the NAc (Menard
et al., 2017), a region associated with reward and motivation
(Dudek et al., 2020; Menard et al., 2017). As well, CLDN5
mRNA expression was reduced in the HIPP of patients di-
agnosed with depression (Greene et al., 2020). Interestingly,
CLDNS5 is increased in the occipital cortex and cerebellum of
BD patients, but not in MDD patients (Greene et al., 2020).
While occludin (OCLN) is significantly increased in the
MDD occipital cortex, no significant changes were detected
in other TJs such as CLDN12, tight junction protein 1 (ZO-1),
Z0-2, and Platelet And Endothelial Cell Adhesion Molecule
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Marker Disorder Changes  Details References
Zonulin (Pre-haptoglobin-2) MDD + Anxiety ) Stevens et al., (2018)
MDD 1 Specific to recent suicide attempt Ohlsson et al., (2019)
group
BD 3 No alteration between groups, Aydin et al. (2020)
treatment response, or symptoms
FABP2 (Fatty acid-binding protein 2) MDD + Anxiety T (Even if asymptomatic for Stevens et al., (2018)
gastrointestinal physical distress)
MDD T Alvarez-Mon
et al., (2019)
1 Specific to recent suicide attempt Ohlsson et al., (2019)
group
BD ) Along with claudin-5 (BBB) Kilig et al., (2020)
Citrulline MDD | Unmedicated Hess et al., (2017)
l Chrapko et al. (2004)
PTSD l Somvanshi et al., (2019)
TFF3 (Trefoil factor 3) MDD/Anxiety 1 3 - specific Ramsey et al. (2016)
CD14 MDD @ sCD14 Musil et al., (2011) and
Ohlsson et al., (2019)
BD 1 Severance et al., (2013)
LPS MDD/Anxiety T Stevens et al., (2018)
(LPS-specific Ig) MDD 1 IgM and IgA Maes et al. (2007, 2013)
MDD, BD ) Specific to recent suicide group. Dickerson et al. (2017)
No difference between disorders.
LBP (LPS-binding protein) MDD ) High-LBP coincided with 1 serum Alvarez-Mon
zonulin et al., (2019)
BD 3 Severance et al., (2013)
PTSD 0 Bajaj et al., (2019)
ASCA (Anti-Saccharomyces BD 1 ‘With and without recent onset of Severance et al., (2014)
cerevisiae antibodies) psychosis
MDD, BD 1 Specific to recent suicide group. Dickerson et al. (2017)
No difference between disorders
GLP-1 (Glucagon-like peptide-1) BD l Rosso et al., (2015)

1 (PECAM1) (Greene et al., 2020). Transcriptomic studies
have looked at the PFC of PTSD patients to discover sex-
specific genomic signatures, but no work seems to include TJ
genes specifically (Wang et al., 2021).

In vitro BBB models using human cerebral microvascu-
lar endothelial cells show that TNF-o downregulates CLDN5
and reduces barrier resistance (Forster et al., 2008). Similarly,
following application of either IL-1p, IFN-y, and TNF-a, a
notable induction of soluble adhesion proteins such as inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell ad-
hesion protein 1 (VCAM-1), that are implicated in immune
cell uptake into the BBB, is observed (Wong et al., 1999;
Banks, 2005; O’Carroll et al., 2015; see Figure 1c). Increased
ICAM-1 levels are described in late-life depression patients
in the dorsolateral prefrontal cortex (dIPFC), but not the

ACC (Thomas et al., 2000, 2003). However, other studies
either reported a decrease or no significant difference in post-
mortem tissue from MDD patients in dIPFC (Miguel-Hidalgo
et al., 2011; Thomas et al., 2004), suggesting potential age-
related impacts, but the evidence is contradictory. In BD,
significantly higher levels of ICAM-1 immunoreactivity is ob-
served in the ACC, and not the dIPFC (Thomas et al., 2004).
Pro-inflammatory cytokines cause the shedding of adhesion
proteins from the endothelium, and one mechanism sug-
gested in this process is the activation of MMP-9 which in-
duces sICAM-1 shedding (Fiore et al., 2002). Endothelial
VCAM-1 as a soluble form (sVCAM-1) binds to very late
antigen-4 (VLA-4) on peripheral blood mononuclear cells
and promotes their extravasation into the brain (Haarmann
et al., 2015). As well, sVCAM-1 can interact in an autocrine
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manner, binding to integrin a-4 on the endothelial cells and
increasing the permeability through downstream mecha-
nisms (Haarmann et al., 2015). Elevated levels of sVCAM-1
occur in the serum and CSF of patients with multiple sclero-
sis, correlating with enhanced lesions and BBB permeability
visualized with MRI (Rieckmann et al., 1997). Therefore, the
increased peripheral levels of these markers that are reported
in stress and mood disorders could reflect BBB damage.

In BD patients, the mean serum levels of CLDNS levels
were significantly higher than in healthy controls; however,
no differences occurred in levels between patients during
manic episodes compared to patients in remission (Kili¢
et al., 2020). Though these types of studies have yet to be
conducted in patients with MDD or PTSD, similar investi-
gations have been done recently in obsessive compulsive
disorder (Isik et al., 2020), schizophrenia (Maes et al., 2019;
Usta et al., 2020), and attention deficit hyperactivity disor-
der (Aydogan Avsar et al., 2021) patients, with significant
changes noted in each between patients and controls. In MDD,
BD, and PTSD, changes in circulating soluble VCAM-1 and
ICAM-1 are reported as summarized in Table 4. Most stud-
ies consistently display increased levels across all the dis-
orders; however, some contradict those findings (Jergovié¢
et al., 2015; Pantovié-Stefanovic¢ et al., 2018). Regardless, it
highlights the potential of evaluating circulating BBB mark-
ers, including adhesion molecules, in the context of stress and
mood disorders.

Reflecting post-mortem changes seen in the brain of MDD
patients, in mouse models of depression, loss of TJ pro-
tein CLDNS compromises BBB permeability and is linked
to the manifestation of depression-like behaviors (Dudek
et al., 2020; Menard et al., 2017). Using a viral approach,
artificial opening of the BBB through downregulation of
Cldn5 expression in a region-specific manner was sufficient
to induce depression-like behaviors in male mice (Menard
et al., 2017). Furthermore, this effect was reversible by rescu-
ing Cldn5 expression confirming the importance of BBB hy-
perpermeability in depression physiopathology. Loss of BBB
integrity provoked by chronic social stress was shown to allow
passage of circulating pro-inflammatory cytokine IL-6 in the
brain parenchyma (Menard et al., 2017), supporting the hy-
pothesis that inflammatory factors accessing the brain are im-
plicated in mood disorder pathogenesis. In rats, during acute
restraint stress, 1 day of stress was sufficient to significantly
reduce CLDNS in the HIPP (Santha et al., 2016). Electron mi-
croscopy confirmed that 1-day acute stress induced morpho-
logical changes indicating capillary endothelial cell damage
in the PFC and HIPP that had progressed by 21 days (Santha
et al., 2016), suggesting that stress-induced changes in BBB
integrity could be long-lasting or even cumulative.

In PTSD, repeated acute stress and hyperactivity of the
sympathetic nervous system diminishes glucocorticoid activ-
ity over time, potentially dysregulating immune signaling (Gill

et al., 2009; Pitman et al., 2012). Supporting this theory, in
mice, chronic but not acute social defeat stress reduces morn-
ing corticosterone levels in stress-susceptible mice (Verbitsky
et al., 2020). During acute stress, specific adaptive immune
responses are suppressed to preserve energy for a crisis.
Cortisol plays a role by reducing adaptive immune function
which defends against infection (Segerstrom & Miller, 2004),
shifting toward humoral immune activities (Gill et al., 2009).
However, during excessive or prolonged stress, downstream
effects of these changes can be increased inflammation (Gill
et al., 2009). IL-1p, TNF-a, and IL-6 can all cross the BBB
via specific transporters (Langgartner et al., 2019), and mu-
rine IL-1p and IL-la are transported into the mouse brain
after a peripheral injection (Banks et al., 1991). However,
saturable transport limits indicate that their peripheral upreg-
ulation alone would not be pathogenic except if paired with a
more permeable BBB. RSD stress induces increased vascu-
lar mRNA and protein expression of VCAM-1 and ICAM-1
in the cortex, hypothalamus, and AMY in an exposure-
dependent manner (Sawicki et al., 2015). This effect was me-
diated by pro-inflammatory cytokines in circulation and in
the brain, providing evidence supporting increased immune
trafficking into brain regions associated with threat appraisal.
RSD stress induces macrophage trafficking into the brain in
stressed mice, with subsequent anxiety-like behavior, per-
sisting for 8 days (Wohleb et al., 2014). Stressed mice later
re-exposed to an acute stressor, re-established anxiety-like
behavior and immune activation, showing effects of stress
sensitization (Wohleb et al., 2014) which could be relevant to
PTSD flashbacks triggering episodes of psychological stress.

Another theory of acute stress enhanced trafficking of T
lymphocytes to the brain via ICAM-1 (Lewitus et al., 2008;
Figure 1c) introduced a protective mechanistic standpoint on
monocyte recruitment into the brain. Here, enhanced T-cell
recruitment is associated with recovery of BDNF levels and
increased adaptation to stress (Lewitus et al., 2008), contrary
to previous findings suggesting monocyte recruitment to
the brain is pivotal to RSD-induced anxiety-like behaviors
(Wohleb et al., 2011, 2013) and involved in CNS autoimmune
disorders (Oukka & Bettelli, 2018; Reboldi et al., 2009).
Importantly, it seems T-cell recruitment in CNS immune
response is not always detrimental to the brain (Beurel
et al., 2020). During a spatial learning and memory task,
IL-4—producing T-cell accumulation in meningeal spaces
was crucial to cognitive function (Derecki et al., 2010).
Inhibiting the recruitment of T cells by blocking VCAM-1
impaired learning and memory in mice during this task
(Derecki et al., 2010). In conjunction with the previous study
(Lewitus et al., 2008), BDNF expression is suggested as a
possible mechanism underlying the beneficial role of T-cell
response in the brain. Furthermore, blocking T-cell recruit-
ment through the BBB skewed pro-inflammatory myeloid
phenotype, increasing TNF and IL-12 expression (Derecki
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et al.,, 2010), underscoring the complicated dynamics in-
volved in these systems. A better understanding of inflam-
matory phenotypes of mood disorders and their processes is
essential before considering novel therapeutics such as im-
munosuppressive agents or anti-inflammatory treatments for
these disorders.

3.2 | The gut barrier in stress and
mood disorders

The microbiome is critical in maintaining health through var-
ious functions including the facilitation of nutrient absorp-
tion, mediating immune functions and providing a barrier to
prevent pathogens from entering into circulation (Daneman
& Rescigno, 2009). A main function of the gut microbiota
is the development and maintenance of the intestinal barrier
across the lifespan, and generally, a diverse microbiome is
associated with integrity of the epithelial barrier (Ohlsson
et al., 2019) and maintenance of intestinal metabolic and im-
mune homeostasis (Parker et al., 2019). In mouse models,
chronic stressors have been shown to alter microbiome diver-
sity (Szyszkowicz et al., 2017) and promote intestinal perme-
ability (Wei et al., 2019). Furthermore, in mice, imbalances
of healthy gut microbes are also associated with increased
permeability of the BBB (Braniste et al., 2014) indicating
that perhaps, inflammatory gut responses can even trigger
BBB permeability, promoting depression behaviors.

A wide range of claudins existxs, which exert differ-
ent functions and tissue expression (Giinzel & Yu, 2013).
CLDNs 2, 3, 7, and 15 are the most highly expressed in
the intestine (Lu et al., 2013) and altered expression of
many intestinal claudins have been observed in GI disor-
ders (Garcia-Hernandez et al., 2017). Similar to the effects
of the BBB, upregulated pro-inflammatory cytokines in
the blood could be implicated in increased intestinal per-
meability (Lee et al., 2018), through local effects on TJs.
Pro-inflammatory cytokines such as TNF-a and IL-1 down-
regulate ZO-1 through activation of the NF-kB pathway and
subsequently increases intestinal paracellular permeability
(Ma et al., 2004; Al-Sadi & Ma, 2007, see Figure 1f). IL-6,
IFNy and TNF-a have been shown to regulate CLDN2 ex-
pression (Krishnan & McCole, 2017; Suzuki et al., 2011)
whereas the two latter can decrease CLDN3 and redistribute
CLDN4 (Mankertz et al., 2000; Prasad et al., 2005), CLDNI,
Z0-1, and OCLN (Mankertz et al., 2000) with marked in-
crease in the gut paracellular permeability (see Figure 1).
Zonulin (pre-haptoglobin-2) is a protein that regulates en-
dothelial and epithelial permeability (Stevens et al., 2018;
Sturgeon & Fasano, 2016; Wang et al., 2000) by dissociating
Z0-1 and OCLN from the junctional complex (Sturgeon &
Fasano, 2016; Wang, Llorente, et al., 2015). Zonulin regu-
lates permeability of both the BBB and the intestinal barrier
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permeability (Usta et al., 2020). Serum zonulin levels are sig-
nificantly higher in BD patients compared to healthy controls
(Kilig et al., 2020) and also elevated in patients with MDD
and anxiety (Stevens et al., 2018; refer to Table 4). Some
of these barrier proteins are expressed in both the BBB and
the gut barrier, such as zonulin, ZO-1, OCLN, and poten-
tially CLDN1 and CLDN3, though the presence of these in
the BBB are still debated (Berndt et al., 2019; Castro Dias
et al., 2019; Milatz et al., 2010; Steinemann et al., 2016).
Therefore, shared mechanisms could occur related to their
increased permeability in the context of stress and mood dis-
orders. To our knowledge, no study has yet been conducted
in vivo simultaneously investigating the BBB and gut barrier
in the same animals (in disease models for IBD or in chronic
stress models); therefore, this could be an interesting avenue
in the future.

3.3 | Microbial antigens and BBB disruption
in the pathophysiology of mood disorders

LPS is a product of the cell wall of gram-negative bacteria
and known to play an essential role in inflammatory patho-
genesis in IBD (Guo et al., 2015). In a microbiome investiga-
tion of MDD patients, KEGG (Kyoto Encyclopedia of Genes
and Genomes) analysis showed enriched pathways related to
these pathogenic enterotoxins (Huang et al., 2018). For in-
stance, LPS biosynthesis, cellular antigen production, and
lipoic acid metabolism, functions implicated in degradation of
mucus layer of the epithelial layer. Bacterial toxins from spe-
cies such as Vibrio cholerae and Escherichia coli gain access
to cells and disrupt ion flux (Schnaar & Taniguchi, 2017).
Indeed, Clostridium perfringens enterotoxin, a pathogen
involved in food-poisoning and necrotizing enteritis, binds
to CLDN3 and 4 causing reorganization which disrupts ion
flux and compromises the paracellular barrier (Barmeyer
et al., 2015). LPS from members of Gammaproteobacteria
are also known to be immunogenic (Maes et al., 2008; Dinan
& Cryan, 2012) with implications for gut barrier permeability
through the zonulin pathway. The zonulin analog, zonula oc-
cludens toxin (Zot) is an enterotoxin produced by V. cholerae
(Fasano et al., 1991), which can also activate these pathways,
ultimately dissociating TJ-associated proteins, ZO-1 and
OCLN, from CLDNI in intestinal epithelial cells (Goldblum
et al., 2011). Altered microbiome populations of V. cholerae
specifically have not been reported; however, other bacteria
within its class, Gammaproteobacteria, are associated with
MDD (Jiang et al., 2015). Other enteric pathogens, including
E. coli and Salmonella typhi have also been shown to release
zonulin from the intestine (Asmar et al., 2002). Considering
zonulin is also expressed in the BBB, circulating levels of
these toxins could influence permeability there as well. To
our knowledge, no researchers have looked into possible
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bacterial population variations in PTSD and BD patients, giv-
ing more importance to continue digging in how these intesti-
nal changes could play a role in these disorders.

Clinical trials have found higher serum levels of LPS in
patients with MDD (Ishimura et al., 2013) and in women
with post-partum depression (Zhou et al., 2018). High levels
of circulating IgM and IgA of certain pathogenic enterobac-
teria levels are related to symptoms of fatigue, autonomic,
and GI symptoms (Maes et al., 2008). Circulating LPS may
impact the brain, as PET imaging study shows healthy hu-
mans injected with LPS have increased uptake of TSPO,
an inflammatory marker (Woodcock et al., 2020); how-
ever, other studies show contradictory evidence (Sandiego
et al., 2015). PET imaging on MDD patients showed eleva-
tions of TSPO volume in PFC, correlating with depression
severity and duration (Setiawan et al., 2015, 2016). Using a
different TSPO ligand, Hannestad et al. did not observe this
elevation; however, a small sample size and patients classified
as having lower clinical severity of the disorder may explain
this discrepancy (Hannestad et al., 2013). Finally, intrave-
nous or intramuscular injection of LPS alters mood and pro-
duces related behavioral symptoms in humans (Schedlowski
etal., 2014).

LPS treatment causes expression of certain depression-
like symptoms in rodents (Yirmiya, 1996) and is clin-
ically relevant to human depression (Alvarez-Mon
et al., 2019). Administration of LPS is frequently used
to study neuroinflammation-associated diseases in mice
(Zhao et al., 2019); ergo this model enables a focus on the
inflammatory-related pathways in depression (Dantzer
et al., 2008; Mousavi et al., 2019; Remus & Dantzer, 2016;
Walker et al., 2019). Systemic LPS can trigger a pro-
inflammatory response and microbicidal responses through
engagement of pattern recognition receptors such as Toll-like
receptors on immune cells (Amarante-Mendes et al., 2018).
Binding initiates downstream pathway activation of tran-
scription factor NFkB, upregulating production of TN-Fa
and IL-1p, as well as VCAM-1 and ICAM-1 (Zhang &
Ghosh, 2001). Indeed, in mice, LPS administration signifi-
cantly increases pro-inflammatory cytokines and chemok-
ines, including IL-1a, IL-1f, IL-9 and MCP-1 in the blood
and the PFC, HIPP, and striatum (Banks et al., 2015). A
single injection of LPS induces symptoms of anorexia, re-
duction of locomotion, and decreased social interaction, par-
alleling effects in chronic stress models (Zhao et al., 2019).
Similarly, intraperitoneal injection of LPS increases TNF-
o, IL-1B, and IL-6 in stress-related structures such as the
AMY and the mPFC (Saavedra et al., 2011) linked to sub-
sequent cognitive impairments (Zhao et al., 2019), in mem-
ory (Iwai et al., 2014) and fear extinction training (Quifiones
et al., 2016). Furthermore, post-LPS administration, a strong
positive correlation exists between BBB disruption, demon-
strated by brain uptake tracer molecule 99mTc-DTPA, and

levels of blood and brain pro-inflammatory cytokines associ-
ated with innate immune cell trafficking (Banks et al., 2015;
Erickson et al., 2014, 2018). However, the BBB is relatively
resistant to effects of LPS on permeability, with some brain
regions being more vulnerable than others. Only high doses
(>3 mg/kg) increase BBB disruption (Banks et al., 2015) as
measured by permeability of small molecule 14C-sucrose
(340 Da) and three peripheral injections of 3 mg/kg LPS sig-
nificantly and consistently disrupts the BBB to large mole-
cule albumin as well (Erickson et al., 2018). LPS can also be
transported through extracellular vesicles, intercellular com-
munication systems which are released from many cell types
(Banks et al., 2020). These vesicles can cross the BBB and
stimulate trafficking of immune cells into the CNS (Banks
et al., 2020). Increased systemic LPS-positive extracellular
vesicles have been detected in the serum of IBD patients
(Tulkens et al., 2020). LPS treatment in mice stimulates the
trafficking of immune cell extracellular vesicles across the
BBB (Yuan et al., 2017) and differentially modulates extra-
cellular vesicles uptake into different regions of the brain
(Matsumoto et al., 2017). Little is known about the precise
function and mechanisms behind these vesicles; nevertheless,
they could be highly valuable to investigate for roles in mood
disorders and potential treatments.

Bacterial translocation may impact BBB integrity directly
or even be able to migrate into the parenchyma itself (Bested
et al., 2013). Mice peripherally injected with pathogenic
S. aureus exhibit evidence of BBB uptake, with inflamma-
tion and significant levels of brain bacterial counts (Sheen
et al., 2010). As well, the microbial product peptidoglycan
can translocate from the gut into the blood and ultimately
cross the BBB (Arentsen et al., 2017). Peptidoglycan can
trigger a pro-inflammatory response through activation of
engagement of pattern recognition receptors. In mice, ma-
nipulation of the microbiome shows corresponding changes
of peptidoglycan-recognition proteins in the brain (Arentsen
et al., 2017). Interestingly, KO of these receptors in mice
causes alterations in social behavior (Arentsen et al., 2017).
How peptidoglycan may be transported into the brain is un-
clear; however, this is a novel concept of a pathway by which
the microbiome could directly influence the brain. Further
studies to ascertain a potential role in the context of mood
disorders could provide valuable insight into implications in
social behaviors in these diseases.

3.4 | Mechanisms of peripheral serotonin
signaling and inflammation of barriers

Enhanced KYN/TRP ratio in the blood of MDD patients cor-
relates with anxiety and cognitive deficit symptoms specifi-
cally (Capuron et al., 2003; Maes et al., 2002). Shifts in serum
KYN metabolite levels are associated with volume changes
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in the PFC, HIPP, and striatum in MDD, with implications
for altered neuroplasticity, cognitive dysfunction and abnor-
mal reward response (Doolin et al., 2018; Savitz, Dantzer,
et al., 2015). KYN metabolite quinolinic acid (QUIN) is an
N-methyl-D-aspartate (NMDA) receptor agonist and over-
production can lead to its accumulation with excitotoxic ef-
fects (Lanser et al., 2020; see Figure 3b). It is proposed that
this effect of increased central QUIN production contributes
to MDD pathogenesis. In fact, the density of microglial cells
producing QUIN is increased in the ACC of post-mortem
tissue from depressed suicidal patients (Steiner et al., 2011),
a region implicated in depression etiology and specifically,
inflammation-associated mood deterioration (Harrison
et al., 2009). MRI shows decreased cortical thickness in
MDD patients in regions coinciding with increased QUIN
ratios, indicative of deleterious effects (Sforzini et al., 2019).
As QUIN can be released from monocytes/macrophages in
the periphery and microglia in the brain during neuroinflam-
matory states (Maes & Rief, 2012), changes in this and other
metabolites could be a mechanism linking chronic inflam-
matory pathology to affective symptoms in these disorders.
Increased peripheral QUIN is seen in MDD (Savitz, Drevets,
et al., 2015); however, it is still unclear if peripheral metabo-
lite levels reflect CNS concentrations (Jacobs et al., 2019),
and further studies are needed in this regard.

Increased brain KYN, 3-hydroxykynurenine (3-HK),
anthranilic acid, and QUIN Ilevels are linked to neurotoxic
effects (Maes et al., 2011; Wichers et al., 2005). In rats, in-
tracerebroventricular infusion of QUIN increased the perme-
ability of the BBB indicated by increased extravasation of
plasma albumin. Significantly higher tissue levels of plasma
albumin occurred in regions of the HIPP, which also exhib-
ited the highest neuronal loss (gt'astn}’/ et al., 2000). QUIN
cannot translocate to the brain; however, central synthesis by
microglia follows uptake of precursors (Doolin et al., 2018;
Guillemin et al., 2005; Torok et al., 2020; Figure 3b), such
as TRP, KYN and 3-HK which can all cross the BBB (Fukui
et al., 1991; Schwarcz et al., 2012; Walker et al., 2019).
Most cerebral KYN is suspected to be brought in from the
periphery (Savitz, 2020), though it can also be centrally
synthesized. In inflammatory conditions, active transport of
KYN across the BBB increases, mediated by the large neu-
tral amino acid transporter (Fukui et al., 1991). Therefore,
inflammation-driven increase in peripheral KYN produc-
tion and subsequent transport into the brain could lead to
heightened microglia production of QUIN with neurotoxic
potential. Furthermore, activated macrophages can produce
32-fold higher amounts of QUIN compared to microglia
(Espey et al., 1997), and as previously described in animal
models of depression, stress induces recruitment of circulat-
ing bone marrow-derived monocytes into the brain (McKim
et al., 2018; Wohleb et al., 2013; Yin et al., 2019). Though it
seems that this effect has not yet been directly demonstrated
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in stress and mood disorders, there have been hints toward
this concept in depressed patients. Indeed, increased /BAI,
CD45, and MCP-1 gene expression were increased in the
ACC white matter in depressed patients who died by suicide
(Torres-Platas et al., 2014), markers which are reflective of
activated microglia, monocyte recruitment and perivascular
macrophages. An encephalitis model in vitro showed that
downregulation of CLDNS and OCLN enhanced monocyte
passage across the BBB (Persidsky et al., 2006). Therefore,
downregulation of these TJs seen in depression could be me-
diating this effect as well. Despite evidence in vitro and in
vivo of monocyte recruitment through the endothelium by
way adhesion molecules, further evidence is needed to un-
derstand if there is a precise role in the context of stress and
mood disorders. Indeed, several studies demonstrated that
QUIN may be linked to mood disorders with implicated to
impact on the BBB integrity and monocyte recruitment into
the brain could be a significant link in this relationship.

4 | FUTURE DIRECTIONS

4.1 | Therapeutic approaches and strategies

Alterations in pro-inflammatory cytokines in MDD, BD, and
PTSD have been extensively studied and appear to be im-
pacted by the negative emotional valence of these disorders.
However, the underlying mechanisms linking activation of the
inflammatory system with stress and mood disorders are still
poorly defined. Clinical trials with anti-inflammatory treat-
ments have been conducted on groups of depressed patients
(for review, see Ménard et al., 2017). These novel therapeu-
tic approaches seemed to have a positive effect on depressive
symptoms, particularly in treatment-resistant patients char-
acterized by elevated circulating pro-inflammatory cytokine
levels, despite the heterogeneous results between the studies
(Kohler et al., 2014). Potential beneficial effects of celecoxib,
a nonsteroidal anti-inflammatory drug, have been assessed,
alone or in combination with other anti-inflammatory drugs
(Kohler et al., 2014). It improved the state of BD adolescents
with acute manic episodes (Mousavi et al., 2017) and depres-
sive symptoms of MDD patients with high inflammation when
combined with antidepressants (Kohler etal., 2014). However,
another recent study revealed that celecoxib and minocycline,
which targets activated microglia, do not improve symptoms
and state of BD patients (Husain et al., 2020). Although mi-
nocycline alters microglia as well as gut microbiome and
flora (Schmidtner et al., 2019), it can represent a challenge
to target central immune cells. Even if they are overactivated
by chronic stress and might be implicated in the establish-
ment of depressive behaviors, they do play crucial roles in
healthy brain processes (Stein et al., 2017). Older patients re-
spond differently to anti-inflammatory drugs like celecoxib
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(Fields et al., 2012), explained by the effects of aging on
multiple factors including immune responses, gut microbi-
ome, and memory encoding (Martinez-Canabal et al., 2013).
Cytokine neutralizing drugs, like Infliximab which targets
TNF-a, were shown to reduce depression and anxiety-like
behaviors in rats exposed to chronic mild stress (see Box 1)
(Karson et al., 2013). Infliximab has also improved depres-
sive symptoms in an MDD clinical trial (Raison et al., 2013).
Sirukumab, an anti-IL-6 monoclonal antibody, reduces CRP
and IL-6 levels in depressed patients with rheumatoid arthritis
(Ménard et al., 2017; Smolen et al., 2014; Zhou et al., 2017).
These possible treatments have not yet been reported in PTSD
patients to our knowledge (Hori & Kim, 2019). Potential of
anti-inflammatory treatments is still controversial with in-
consistent reports, but efficacy and benefits seem apparent in
subpopulations of individuals more affected by inflammation
(Miller & Pariante, 2020).

Ketamine, a non-competitive NMDA receptor antagonist,
is another promising recent treatment for stress and mood
disorders. Enthusiasm is mainly due to the rapid-acting anti-
depressant effect, vs. several weeks for commonly prescribed
drugs, making it an ideal candidate for relief of suicidal
ideation. Briefly, it promotes glutamatergic receptor activa-
tion, leading to an increase of BDNF growth factor, synap-
togenesis, and neurogenesis in mood-related brain regions
such as the PFC and HIPP (Abdallah et al., 2015; Duman
et al., 2016). In mice, ketamine reverses depressive-like
symptoms (Brachman et al., 2016; Ifiiguez et al., 2018), in-
duces a small increase in hippocampal volume, and decreases
pro-inflammatory cytokines levels (Wang, Yu, et al., 2015;
Zhou et al., 2020). In a clinical trial that included treatment-
resistant depressive patients, ketamine administration led
to a small decrease of circulating IL-6 and IL-la (Kiraly
et al., 2017). In addition, ketamine could have an impact on
the KYN pathway via its effects on NMDA receptors, as in-
vestigated in the context of depression (Allen et al., 2018;
Miller, 2013; Steiner et al., 2012). In BD patients, ketamine
has rapid effects on KYN and neuroprotective kynurenic acid
(KYNA) levels altogether with beneficial changes of cyto-
kine levels (Kadriu et al., 2019). Ketamine should be consid-
ered in more clinical experiments to assess its influence on
depressive symptoms and its long-term effects on them and
the disturbed inflammation profile of these patients.

As for PTSD, SSRIs are widely used for treatment
(Kim et al., 2019), but they are not specific for this disor-
der and its symptoms as they are commonly used in mood
disorders as antidepressants (Ravindran & Stein, 2010).
Galecki et al., (2018) performed a meta-analysis about
the response of different vascular and pro-inflammatory
factors following SSRI uptake, such as IL-1f and IL-6.
In animal model of PTSD, Sertraline, which belongs to
the SSRI family, successfully reduces expression of pro-
inflammatory cytokines in the brain and increased the

anti-inflammatory cytokines in the PFC and HIPP of rats
after a PTSD stress involving a predator threat (Wilson
et al., 2014). Obviously, more research needs to be done
in terms of the anti-inflammatory effects of SSRIs and
the possibility to combine them with treatments targeting
other systems like the gut or immune system. Mechanistic
insights for specific symptoms could help refine diagnosis
but also treatment approaches.

Modulation of the microbiome with probiotics could
complement psychotherapies and/or pharmacological
treatments possibly improving efficiency, especially in the
context of reducing inflammation. Reinstating a healthy mi-
crobiome with probiotics in IBD has shown positive results
on gut symptoms, peripheral inflammation (O’Mahony
et al., 2005; Nikfar et al., 2008; Whorwell, 2009) while
also improving depression scores and quality of life scores
(Groeger et al., 2013). Among MDD patients treated with
probiotics, no changes were seen in IL-6 or TNFa expres-
sion levels; however, IL-22 and TRANCE were signifi-
cantly upregulated in treatment responders specifically
(Okubo et al., 2019). These two cytokines play an import-
ant role in the gut barrier function, therefore improving
the permeability in the gut may contribute to an improved
mental state. Probiotic supplementation is associated with
a lower rate of rehospitalization in BD patients (Dickerson
et al., 2018), and some have shown a reduction of manic
symptoms (Reininghaus et al., 2020), while others found
no significant changes (Shahrbabaki et al., 2020). This
variability could be explained by factors not limited to
different combinations of microbial species in the sup-
plementation or using alternate BD psychiatric question-
naires. In MDD patients, probiotic supplementation has
had beneficial effects on Beck Depression Inventory scores
and serum hs-CRP compared with placebo or prebiotic
(Akkasheh et al., 2016; Kazemi et al., 2019). Circulating
BDNEF levels increased significantly in the probiotic group
only, correlating inversely with depression severity. Since
peripheral BDNF levels are linked with antidepressant re-
sponse in MDD (Bjorkholm & Monteggia, 2016; Carboni
et al., 2019), this could be pertinent for understanding the
neuroregulatory potential of microbiome changes in these
disorders. PTSD microbiome and probiotic studies are lim-
ited (Brenner et al., 2017); however, a recent pilot study
achieved results indicating safety of probiotic supple-
mentation and supporting further investigations (Brenner
et al., 2020). Additionally, an fMRI analysis showed that
probiotic treatments with certain species of Lactobacillus
spp. and Bifidobacterium can dampen brain responses to
negative emotional stimuli in the AMY and in the fron-
tal and temporal cortices of IBD patients (Pinto-Sanchez
et al., 2017), which could be relevant for PTSD patients.
These preliminary reports highlight the future possibilities
for the use of probiotics in mood disorders.
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4.2 | Biomarkers

Cytokines that have been studied in mood and anxiety disor-
ders have the exciting perspective to be used as biomarkers
and give a profile beyond symptoms based on self-reported
questionnaires (Table 3). For example, IL-6 is overexpressed
in the blood of all disorders studied in this review and cor-
related with patients' psychological state, although does not
indicate a specific modulation for a single mood (Hodes
et al., 2016). Therefore, it is relevant to say that this cytokine
plays a strong role in inflammation in the context of men-
tal health and negative stressful emotion, for humans and in
animal models (Wiener et al., 2019). Many other inflamma-
tion markers have been investigated in each disorder; some
have been seen to be modulated for a unique disorder, while
others are up or downregulated for multiple disorders (Yuan
et al., 2019). Extended stress and mood disorders than the
ones discussed in his review have been compared in this
study, but investigating these markers according to symp-
toms in these patients could generate a signature for specific
symptoms. The need for markers specific to symptoms is
also relevant and actual with the high comorbidity rates of
MDD and PTSD with many other mental disorders, which
have an impact on the precision of diagnosis based on dif-
ferent tests (Regier et al., 2013). Furthermore, measuring
pro-inflammatory cytokines in the blood could represent
promising biomarkers of mood disorders for older people
since studies have shown specific peripheral immune changes
in these patients (Gaarden et al., 2018). Among mood disor-
ders, elderly depression prevalence is quite comparable to the
general population, since 4.4% of women and 2.7% of men
in the United States are currently depressed, with a lifetime
prevalence of 16,5% (Aziz & Steffens, 2013). Some genes
signature in regions of interest for MDD have been looked
at in both sexes and could as well be considered for repre-
sentative markers specific for men and women (Fatma &
Labonte, 2019). More studies are needed to identify specific
biomarkers or signatures as a tool to diagnose and give infor-
mation about specific mental states associated with MDD,
BD, and PTSD.

BBB markers could also hold great promise as puta-
tive biomarkers of mood disorders as they are upregulated
in many of them, revealing the leakiness of this important
protective structure (Table 4). BBB disruption correlates
with many psychiatric symptoms, and having indications
of this dysfunction in the blood could reflect increased in-
teractions of inflammatory cytokines and other toxic mole-
cules with the brain, particularly in mood regulation brain
regions (Dudek et al., 2020; Menard et al., 2017). BBB in-
tegrity, mostly taken over by TJ CLDNS, is compromised
in multiple brain regions in depressive and BD patients,
considering its use as a hallmark of mood disorder (Kealy
et al., 2020). These studies provide compelling evidence to
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support the investigation of certain novel BBB-related bio-
markers for stress and mood disorders. Markers, such as
S1008, ICAM-1, and VCAM-1 are not specific to the BBB
and are expressed in cells throughout the body. Still, their ex-
pression can be an indication of increased pro-inflammatory
environment, trafficking of inflammatory cells, microbial
pathogenesis, and antigen presentation, which are relevant to
demonstrate the increased peripheral inflammation in these
patients (Hubbard & Rothlein, 2000; Kadry et al., 2020).
Studies have highlighted a potential role of the soluble form
of these two markers: SICAM and sVCAM as measurable
in the periphery in mood disorders as levels increase in the
blood of BD and MDD patients respectively (Lopez-Vilchez
et al., 2016; Schaefer et al., 2016). Potentially treatment of
peripheral symptoms related to disease comorbidities such as
therapies aiming at vascular dysfunction could improve the
cognitive and emotional symptoms for treatment-resistant pa-
tients. Plasminogen Activator Inhibitor 1 (PAI-1), indicative
of impaired fibrinolytic function in cardiovascular diseases,
is elevated in PTSD and MDD (Eskandari et al., 2005; Farr
etal.,2015; Han et al., 2019; Hou et al., 2009; Lahlou-Laforet
et al., 2006) and linked to treatment response in MDD pa-
tients (Carboni et al., 2019; Chan et al., 2016). Other markers
such as MMP-9 and soluble cell adhesion molecules are not
only related to cardiovascular disease but also indicative of
inflammatory BBB disturbances (Reininghaus et al., 2016).
Conversely, these blood biomarkers could help provide indi-
vidualized selection of pharmacotherapies or for monitoring
treatment response. Indeed, ICAM-1, PAI-1, and thrombo-
poietin are all associated with treatment response, and spe-
cific panels of immune-endocrine proteins are significantly
associated with treatment response to specific types of anti-
depressants (Chan et al., 2016). Patients with higher baseline
ICAM-1 levels responded better to mixed antidepressants
and had poorer responses to Venlafaxine treatment (Chan
et al., 2016). ICAM-1 and VCAM-1 also have potential as
vulnerability markers, as a compelling study assessing healthy
individuals linked affective temperaments and mood symp-
toms characteristic of MDD and BD to these markers. Using
MDD and BD diagnostic tests (Ivkovié et al., 2017) showed
a high negative correlation between depressive and irritable
temperament scores with sVCAM-1 levels and SICAM-1 was
related to the state severity of manic symptoms. These find-
ings align correlations between sSICAM-1 and subthreshold
depressive/hypomanic symptoms in BD patients even during
the euthymic stage (Reininghaus et al., 2016). Since affec-
tive temperaments are related to the development of mood
disorders, these molecules show potential as predictive mark-
ers for vulnerability. Investigation of the BBB in the context
of anxiety and mood disorders could enhance opportunities
for finding BBB markers specific to MDD, PTSD, and BD
patients and target them to prevent unwanted infiltration of
inflammatory molecules into the brain. Recently, Kamintsky
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et al., (2020) performed dynamic contrast-enhanced (DCE-)
MRI to assess BBB dysfunction in BD patients. A subset of
BD patients showed significantly increased BBB dysfunction
corresponding to a worse disease outcome. Comparable to
controls, the other BD group showed “normal” amounts of
BBB leakage and scored lower on measures of disease sever-
ity (Kamintsky et al., 2020). Since there is a lack of clinical
imaging studies investigating BBB permeability in mood dis-
orders, hopefully this breakthrough study will lead the way
for future DCE-MRI investigations for PTSD and MDD as
well. Also, comparing BBB imaging reports with peripheral
inflammatory factors in the various disorders could help to
uncover pertinent biomarkers.

Markers of gut dysfunction have also been noted in mood
disorders (MDD, Musil et al., 2011; Maes et al., 2013; Hess
et al., 2017; Stevens et al., 2018; Alvarez-Mon et al., 2019;
Ohlsson et al., 2019; PTSD, Bajaj et al., 2019; Somvanshi
et al.,, 2019; BD, Severance et al., 2013, 2014; Rosso
et al., 2015; Kili¢ et al., 2020), as summarized in Table 5.
Serum detection of specific microbes by testing for pathogen-
associated molecular patterns has proven insightful in GI
disorders (Fukui, 2016; Sitaraman et al., 2005; Ziegler
etal.,2008); however, high false-positive rates do occurin LPS
detection (Vancamelbeke & Vermeire, 2017). Alternatively,
endogenous immune responses to microbes can be tested
(Frohlich et al., 2015; Fukui, 2016; Stevens et al., 2018),
indicating immune activation secondary to microbial trans-
location (Landmann et al., 1996). However, some proteins,
such as CD14 can be released by immune cells via non-LPS
dependent mechanisms. Otherwise, serum levels of intestinal
cell proteins or intestinal TJs can be markers of gut damage
(Grootjans, 2010; Vancamelbeke & Vermeire, 2017), like
CLDN3 and zonulin, which have potential as valuable mark-
ers. However, questions of the tissue and protein specificity
of current tests limit the application of these measurements at
this time (Ajamian et al., 2019; Volynets et al., 2016). Still,
it will be interesting to compare in future studies circulating
TJ and cytokine profiles along with brain circuitry functional
assessments to possibly reveal commonalities between gut
and mood disorders.

Investigating the microbiome has become increasingly
popular, especially in the context of psychiatric disorders.
However, the use of different sequencing technologies, for
instance, 16S rRNA gene-sequencing compared to the more
sensitive metagenomic sequencing, introduces subtle differ-
ences in result interpretation. Even modern high-throughput
sequencing of DNA has limitations, highlighted recently
using a mock human gut microbiome for assessment of cur-
rent databases (Dias et al., 2020). Lack of specific microbi-
ota signatures of mood disorders is also an issue as many
disagree on even broad level changes in MDD patients
(Chung et al., 2019; Huang et al., 2018; Jiang et al., 2015;
Liu et al., 2016; Parker et al., 2019). Developing a cohesive

database with improved specificity of microbiome sequenc-
ing will be invaluable for future targeted therapeutic ap-
proaches, for monitoring treatment response, or assessing
predisposition to a disorder.

Combination of treatment with SSRI and probiotics
improves cognitive performance and decreases KYN con-
centration in MDD patients (Rudzki et al., 2019). Recent
studies suggest that TRP, KYN, or TRP/KYN ratios and
downstream metabolites could be implicated in the expres-
sion of specific symptoms (Brundin et al., 2016; Doolin
et al., 2018; Ryan et al., 2020). Decreased KYN metab-
olite, picolinic acid, and picolinic acid/QUIN ratio in
the blood and CSF are associated with suicidal behavior
across groups of psychiatric patients (Brundin et al., 2016).
Indeed, one study found TRP pathways unchanged in de-
pressed individuals; however, aberrations were observed
for MDD patients with symptoms of somatization (Maes &
Rief, 2012), such as aches and pain, muscular tension, fa-
tigue, irritable bowel, and headache. Identifying TRP me-
tabolite pathways related to specific symptoms may help
improve targeted therapies. Therapeutic intervention with
ketamine in MDD patients showed relative elevation in lev-
els of KYN, KYNA, and TRP after treatment, correlating
with depression symptom improvement (Zhou et al., 2020).
Therefore, monitoring of relevant mood-related TRP me-
tabolites could be a promising strategy to improve treat-
ment efficiency.

5 | CONCLUSION

In this review, we have compiled studies identifying the im-
pact of prolonged stress and negative emotions on inflam-
mation, BBB, and gut barrier environment and structure. We
also reported literature about the serotonin pathways link-
ing both the immune system and mood disorders. As stress
and mood disorders affect many people each year (Kessler
et al., 2005), the need of finding innovative diagnostic tools
and effective treatments is crucial. Many non-CNS systems
are modulated by stress in mood disorders and resulting in
unappropriated functions. The peripheral immune system
undergoes changes, leading to effects on the brain such as
dysregulated cognitive functions, BBB permeability in-
crease, and infiltration of undesired molecules. As well, ef-
fects stemming from the gut such as barrier dysregulation
and dysbiosis could lead to unwanted circulating molecules
in the blood, weakening the BBB and altering brain circuits.
Finally, the serotonin system and pathway which links both
CNS and the gut is modulated, resulting in downregulated
serotonin levels, immune alterations, and correlation with
cognitive dysfunctions. Animal models are crucial to un-
derstanding all the mechanisms involved: chronic stress
models allow us to reproduce as best as possible depressive
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and anxiety-like behaviors as seen in patients as stress is an
important cause of mood and anxiety disorders (Verbitsky
et al., 2020). It would be unethical to expose humans delib-
erately to a chronic stressful environment, and the technical
approaches such as MRI, blood analysis, and post-mortem
studies are limited for looking at molecular and structural
levels. Moreover, animal models are valuable for promot-
ing inflammatory body responses such as LPS injection
(Erickson et al., 2018). Sex differences are also a major
concern that needs to be considered not only because of the
higher prevalence of MDD, PTSD, and anxiety disorders
in women but also because of the differences in biological
mechanisms between men and women. Hopefully, this could
lead to representative treatments and specific biomarkers for
each sex, improving our understanding and way of treating
current, and also future mood and anxiety patients.
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