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Abstract: In 2011, it was reviewed that there is a strong co-occurrence between major
depression and chronic fatigue syndrome (CFS), with fatigue and physio-somatic symptoms
being key symptoms of depression, and depressive symptoms appearing during the course of
CFS. Moreover, the comorbidity between both conditions may in part be explained by activated
immune-inflammatory pathways, including increased translocation of Gram-negative bacteria
and increased levels of pro-inflammatory cytokines, such as interleukin (IL)-1. Nevertheless, the
possible involvement of activated microglia in this comorbidity has remained unclear. This paper
aims to review microglial disturbances in major depression, CFS and their comorbidity. A
comprehensive literature search was conducted using the PubMed / MEDLINE database to
identify studies that are relevant to this current review. Depressed patients present

neuroinflammatory alterations, probably related to microglial activation, while animal models
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show that a microglial response to immune challenges including lipopolysaccharides is
accompanied by depressive-like behaviors. Recent evidence from preclinical studies indicate
that activated microglia have a key role in the onset of fatigue. In chronic inflammatory
conditions, such as infections and senescence, microglia orchestrate an inflammatory
microenvironment thereby causing fatigue. In conclusion, based on our review we may posit
that shared immune-inflammatory pathways and activated microglia underpin comorbid
depression and CFS and that activated microglia are the main orchestrators of this comorbidity.
As such, microglial activation and neuro-inflammation may be promising targets to treat the

overlapping manifestations of both depression and CFS.

KEYWORDS: major depressive disorder, microglia, cytokines, neuro-immune, chronic fatigue,

oxidative stress
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1. Introduction

Microglial cells are the major myeloid cells of the central nervous system (CNS),
comprising ~ 5-15 % of the glial cells in the brain [1,2]. Accumulating evidence points towards a
role of microglia in brain homeostasis and pathological processes [3]. Indeed, under
physiological conditions microglia regulate neuronal function and morphology. During
neurodevelopment microglia are responsible for “synaptic pruning”, while in adult brain,
microglia are responsible for regular selection of adult synapses, called “synapse sampling”.
Under physiological conditions both synaptic pruning and sampling are important to the
maintenance of synaptic strength as well as elimination of redundant synapses thereby
contributing to synapse development and plasticity [4]. Microglia affect neural circuits through
the secretion of several bioactive factors, such as cytokines, chemokines, the gaseous
transmitter nitric oxide (NO) or neurotransmitters (ATP and glutamate), and metabolites (for
example the tryptophan catabolites kynurenine and quinolinic acid). These neuroactive
substances can rapidly modulate neuronal functions, thereby influencing membrane excitability
and synaptic strength, through gene expression-dependent mechanisms [4].

Under pathological conditions, microglial activation and the resulting inflammatory
response allow the elimination of pathogens and damaged cells [2]. Despite this, in
neurodegenerative disorders these cells induce an abnormal secretion of toxic substances,
such as reactive oxygen species, cytokines and catabolites, resulting in the elimination of
functional synapses [5].

Based on the reciprocal interactions between microglia and neurons, microglial cells
have been increasingly studied in the context of mental disorders [6-8]. It is important to
highlight that psychosocial stress, a major trigger of stress-related disorders, is known to induce
changes in microglia morphology in corticolimbic regions that regulate mood [9]. Therefore,
chronic stress exposure causes microglial activation thereby affecting synaptic function, a

mechanism related to depression neurobiology [10].
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In the last decades, more precisely since the 1990s, activated immune-inflammatory
pathways, including increased production of interleukin (IL)-1B, were found in major depression
(MDD). In this regard, the first evidence for immune-inflammatory alterations in depression
came from preclinical [11] and clinical studies [12]. Since then, preclinical models using the
endotoxin from gram-negative bacteria, lipopolysaccharide (LPS), as immune challenge
revealed time-related alterations induced by its exposure ranging from sickness behavior (as an
early response ~ 2 h post LPS) to depression (24 h post LPS) [11,13]. More recently, high
plasma levels of IgA/IgM responses to sonicated Gram-negative gut commensal bacteria and
LPS were observed in MDD and anxious patients confirming the participation of Gram-negative
bacteria and their endotoxins in the pathophysiology of affective disorders [14,15]. Moreover,
signs of increased translocation of Gram-negative bacteria and LPS were significantly
associated with activated immune-inflammatory pathways and increased oxidative and
nitrosative stress in MDD [16].

Mechanistic explanations to LPS-induced depressive-like alterations are related to the
activation of the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome in
microglial cell with a consequent release of pro-inflammatory cytokines such as interleukin (IL)-
18 [17]. Indeed, these brain pro-inflammatory alterations compromise neuroendocrine and
neurotransmission mechanisms, among others, contributing to depression symptomatology and
possibly to a future subclassification of depressed patients based on their inflammatory profile
[18].

Recently, it was reviewed that there is a strong co-occurrence between MDD and
chronic fatigue syndrome (CFS), with fatigue and physio-somatic symptoms being key
symptoms of depression, and depressive symptoms appearing during the course of CFS [19].
Furthermore, fatigue is one of the residual symptoms following MDD treatment being related to
lack of remission, poorer psychosocial functioning, lower health-related quality of life and a more

chronic course of depression [20]. Clinical research has shown that chronic fatigue is
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accompanied by activated immune pathways, including increased IL-1 production, oxidative and
nitrosative stress and increased bacterial translocation, as assayed by IgA/IgM responses to
sonicated Gram-negative bacteria [19,21]. Increased bacterial translocation in chronic fatigue is
accompanied by signs of peripheral inflammation, including increased IL-1 production [21].

Moreover, in MDD, increased levels of IL-1 are associated with higher levels of fatigue
and physio-somatic symptoms, including hyperalgesia, insomnia and neurocognitive deficits,
suggesting that activated immune-inflammatory pathways (including IL-1-related mechanisms)
may underpin the comorbidity between MDD and chronic fatigue [22]. Recent results obtained
from animal models of fatigue revealed that this condition is associated with activated microglia
and brain release of cytokines and chemokines [23]. In this regard, IL-1 is emerging as a
mediator of fatigue [24].

Thus, based on the importance of immune activation and activated microglia in MDD
and fatigue and their comorbidity this paper aims to review: i) microglia physiological and
pathological mechanisms, ii) microglial disturbances in depression and iii) microglial alterations
underlying fatigue and CFS. The results will expand the knowledge on microglia involvement in
depression and fatigue and their comorbidity and will provide new insights for a better treatment
approach for depression and fatigue based on therapeutic strategies targeting microglial

stabilization.

2. Search strategy

A comprehensive literature search was conducted with the PubMed/MEDLINE database to
identify studies that were relevant to this current review. The search terms “microglia” [MeSH]
OR “inflammation” [MeSH] OR “cytokines” [Mesh] OR “interleukins” [Mesh] OR “Tumor Necrosis
Factor-alpha” [MeSH] OR *“translocator protein (18 kDa)” [MeSH] OR “tryptophan” [MeSH] OR
“kynurenine” [MeSH] OR “serotonin” [MeSH] were cross-referenced with “Depression” [MeSH]

OR “Depressive Disorder” [MeSH] OR “Depressive Disorder, Major” [MeSH] AND “Fatigue”
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[MeSH] OR “Fatigue Syndrome, Chronic” [MeSH] OR “Somatization disorder” [MeSH]. Papers
published in English language until December 2018 were included. The inspection of the
reference lists of the included studies and tracking citations of included papers in Google
Scholar augmented this search strategy. Observational, experimental studies in human and
animal models and relevant literature reviews were included. The overall methodological quality

of retrieved references was considered for final inclusion.

3. Microglia physiology overview: the good and the bad

3.1 Microglia ontogeny

As firstly proposed by Rio-Hortega in 1919, different from other CNS cells that arise from
the neuro-ectoderm, microglial cells are derived from the mesodermal cell lineage during
embryogenesis [25]. Even when compared to mesoderm-originating myeloid cell, microglia
differentiate from other monocytic cells. In fact, monocytic and macrophage-resident cells
emerge from two waves of erythromyeloid pro-genitor (EMP) production (primitive and transient
definitive hematopoiesis) in the extra-embryonic yolk sac (YS) before the adult bone marrow
assumes the definitive hematopoiesis. Microglia, in turn, derives from the first hematopoietic
wave at embryonic day (E) 7.5 (in mice). These primitive cells spread via the bloodstream to the
neuroepithelium, which gets colonized by primitive macrophages (microglia) as early as E9.5.
By contrast, other tissue-resident macrophages originate from the late EMP wave arising after
the EB8.5 [26]. Nevertheless, the functional consequences of those ontogeny differences
between microglia and other resident macrophages are not clear. In fact, gene expression
profiling studies demonstrate that microglia express several genes typical from myeloid lineage,
such as receptors for pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), making their distinction from other macrophage cell
sometimes difficult, especially under pathological conditions [27]. After the first wave of

microglial ancestors, these primitive myeloid progenitors are in the essence the first glial cells in
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the CNS (as both astrogliogenesis and oligodendrogliogenesis occur later in a perinatal period).
This coincides with the first phase of embryonic synaptogenesis around E14. Here, microglia
assist, refine and even promote early synaptogenesis through secretion of growth factors, when

astrocytes are absent [28]

3.2 Microglia CNS morphology and functions

In mammalians, the density of microglial cells increases progressively during the
development of the CNS, ranging from 5 to 15% of the total cells in adult brain [29]. Throughout
life, microglial cells maintenance and local expansion are almost exclusively dependent on self-
renewal of CNS-resident microglia, whereas progenitor recruitment from the circulation occurs
only in special conditions. After migration to neuroepithelium, the precursor myeloid cells suffer
remarkable changes to achieve its specific morphology and related functions (a small cell body
endowed with several extra-thin and highly motile processes), which was termed “resting
microglia”’. Resting microglia integrate the neural circuits and assumes important functions to
CNS development, remodeling and plasticity [1]. However, increasing evidence has suggested
that microglia show a great morphological heterogeneity between brain regions, which has been
speculated to correspond to different physiological roles, which await further investigation [for
detailed revision see [30]].

The classical paradigm of microglia as “resting cells” has been intensively questioned in
the last years. A striking advance to this theory came from findings that showed microglial
process motility in the living mouse by in vivo two-photon laser-scanning microscopy [28]. In
these experiments, through a cranial window, microglial cells were observed in undisturbed
CNS tissue, revealing that microglial processes show continuous fast movement at the order of
1 to 3 mm of extensions and retractions per minute [31,32].

Subsequent evidence showed that neuronal products or metabolites can control

microglial movements. In this context, “resting” microglia morphology and process motility are
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tightly controlled by neurotransmission. They showed that ionotropic glutamatergic
neurotransmission  increased  microglia  motility, whereas ionotropic = GABAergic
neurotransmission reduced it. This effect was mediated indirectly via extracellular ATP
concentrations, released in response to glutamatergic neurotransmission through probenecid-
sensitive pannexin hemichannels [33]. Additionally, lowering extracellular ATP concentrations
results in reduction of microglia movements, and artificially creates ATP gradients progressively
stimulating their motility [34]. ATP concentrations control microglial process movements through
metabotropic P2Y12 purinoceptors expressed in their outer membranes [35].

Under conditions of disturbed brain homeostasis, including infection, injury,
neurodegeneration, or markedly altered neuronal activity, microglial structure and function are
rapidly and profoundly altered, assuming an ‘activated’ status characterized by (i) rapid and
targeted movements of microglial processes toward the site of infection or injury; (ii) proliferation
and resultant increase in the density of microglial cells; (iii) morphological alterations, including
enlargement of the soma, increase in the diameter of primary processes, shortening of distal
processes, and, in fully activated microglia, complete retraction of all processes and assumption
of an amoeboid morphology; (iv) enhanced phagocytic activity; and (v) production and secretion
of inflammatory cytokines and other mediators [36,37]. It is now evident that microglial activation
is not an ‘all or none’ process, in other words, microglia can undergo multiple functional
alterations or programs, which confer specific adaptation for coping with diverse pathological
conditions [28].

The process of microglial activation is controlled by exogenous and endogenous ‘alarm’
molecules (‘on’ signals) or by suppressed production of microglia-inhibitory molecules that are
constitutively produced in the brain, usually by neurons (‘off’ signals). Microglial activation and
associated neuroinflammation evolved as an adaptive process, allowing the elimination of
pathogenic challenges [1]; however, under many circumstances, activated microglial can

acquire neurodegenerative roles, abnormally secreting toxic and alarm substances, such as
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reactive oxygen species, cytokines and catabolites, as well as by a physical contact with

neurons these cell may eliminate functional synapses [38] (Figure 1).
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Figure 1. Microglia functions and phenotypes according to environmental stimuli.
Resident microglia actively survey their own parcel of brain parenchyma and are
referred to as surveying ramified microglia. Healthy neurons produce calming signals,
such as fractalkine, that prevent inappropriate microglial activation, whereas microglia
exert a trophic function via release of trophic factors, such as brain-derived neurotrophic
factor (BDNF). Microglial processes have dynamic structural interactions with dendritic
spines that physiologically regulate synaptic plasticity and pruning. Microglia respond to
several types of CNS injury, codified through DAMPs and PAMPs, switching state to
various types of activated (usually ameboid) phenotypes. In this activated state,
microglia overproduce proinflammatory cytokines, such as IL-1B and TNF-a, and
cytotoxic substances such as NO and reactive oxygen species (ROS). Microglia-neuron
and -astrocyte communication is also disturbed, for example, through increase in
complement (C19/C3q) and ATP released from astrocytes, accentuating the pro-
inflammatory milieu and glutamate uptake deficit by astrocytes. Also, trophic factors
production by microglia is usually impaired, also impacting the trophic support to
neurogenesis and gliogenesis. CNS: central nervous system; IL—1f3: interleukin-1beta;
TNF—a: tumor necrosis factor alpha; NO: nitric oxide; C1g/C3q: complement
component; NTs: neurotransmitters; ROS: reactive oxygen species; DAMPs: damage-
associated molecular patterns; PAMPs: pathogen-associated molecular patterns;
BDNF: brain-derived neurotrophic factor; GDNF: : glia-derived neurotrophic factor; NT3:
neurotrophin-3; NRLP3: inflammasome signaling pathway; ATP: adenosine
triphosphate; P2Y12R/P2XR7: purinergic receptors.
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3.3 Neuron-microglia interactions

In the absence of insults, the dynamic surveillant microglia is specifically close to
synaptic structures. Microglial processes situate near to presynaptic boutons, where they
remain about 5 min and then retract [39]. These dynamic neuron-microglia interactions are
activity-dependent, and this contact frequency reduces as neuronal firing diminishes. This
phenomenon was particularly demonstrated in sensory experience. For this end, it was
demonstrated that light deprivation reduced microglial processes motility and increased their
association just with larger dendrites of retinal neurons. Re-exposure to light reversed this
atrophy process and microglia ramifications contact more synapses [40].

Microglia regulate neuronal function and morphology through contact-dependent and
independent mechanisms. Contact-dependent mechanisms include engulfment and
phagocytoses of synaptic and dendritic elements [41]. Important studies demonstrated the
striking relevance of microglia phagocytose of synaptic elements during neurodevelopment, a
process called synaptic pruning [40]. In adult brain, microglia perform regular selection of adult
synapses, called “synapse sampling”. As abovementioned, microglia perform dynamic contacts
with proximal synapses, mainly most active synapses. Formative studies showed that the
prolonged contact with microglia results in synapse engulfment and loss [41]. For instance,
abnormal glutamate release rapidly draws microglia processes toward these sites, which
subsequently surrounding hyperactive neurons and leading to contact-dependent reductions in
neuronal activity [42].

Additionally, microglia affect neural circuits through secretion of several bioactive factors,
such as neurotransmitter, metabolites and neurotrophins (a contact-independent mechanism).
These agents include, but are not restricted to: several types of cytokines such as tumor
necrosis factor (TNF)-a; chemokines such as CCR1, 3, 5, 7 and CXCR1; trophic factors like
brain derived neurotrophic factor (BDNF); the gaseous transmitter nitric oxide (NO) or

neurotransmitters (ATP and glutamate), and metabolites, such as tryptophan catabolites
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(kynurenine and quinolinic acid) [for review, see [43]]. These neuroactive substances can
rapidly modulate neuronal functions, influencing membrane excitability and synaptic strength,
through gene expression-dependent mechanisms. Despite their involvement in pathological
processes, they can mediate interactions of microglia with synapses in the healthy brain. For
example, fractalkine and complement factors regulate the synaptic pruning during development,
while TNF-a has important participation in synapse sampling in adult brain [44,45].

Notably, pro-inflammatory cytokines dependent effects are the best demonstrated
mechanisms by which microglia control neuronal networks. For example, TNF-a is a pro-
inflammatory cytokine, which is exclusively released by microglial cells and stimulate the
production of other cytokines such as IL-13 and IL-6 [46]. Under physiological levels (about 100
picomolar concentrations), TNF-a is a potent effector of synaptic sampling, promoting a regular
adjustment of the synaptic strength on a given neuron in response to prolonged electrical
activity. At physiological concentrations, TNF-a can increase the ratio of AMPAR- to NMDAR-
mediated synaptic currents without affecting long-term potentiation (LTP) or long-term
depression (LTD) [46]. The TNF-a synaptic effect is mediated by its action on the astroglial TNF
receptor | (TNFR I). TNF-a, together with microglial release of ATP, causes an amplified ATP
signal on adjacent astrocytes. This mechanism activates astroglial P2Y1 receptors triggering
glutamate exocytosis [47]. In the hippocampus, increased astroglial glutamate release
stimulates neurotransmitter exocytosis on presynaptic neurons. The electrical consequence of
this phenomenon is the rinse in the excitatory postsynaptic current frequency of selected
neurons [46]. Taken together, through contact-dependent and through soluble factors, microglia

actively participate in homeostatic control of neural networks and synaptic activity (Figure 1).

3.4 Microglia and CNS IL-1B: close friends in health and disease
Disturbances in microglial morphology/function are one of the most common

neuropathological findings in several neuropsychiatric disorders. After acute injury, the
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surveillant spider-shaped ramified microglia assume an ameboid deramified phenotype
described as activated state. Compelling evidence has reported the involvement of microglial
activation in neurodegenerative and autoimmune CNS disorders, and as previously mentioned
in this text, in some psychiatric disorders including depression [3,36].

Activated microglia could differentiate into multiple states. Usually, the most
inflammatory type is designated as M1 and the most anti-inflammatory type is designated as
M2, despite there are some controversial opinions regarding microglia polarization into M1 and
M2 phenotypes [37]. According to the polarization theory, M1 microglia express inflammatory
cytokines including IL-1B, TNF-a, and iNOS, whereas M2 microglia express TGF-(, IL-4 or IL-
10, and arginase 1. Microglia are also the main, but not the only, source of IL-1 production in
the brain in the absence of infiltrated leukocytes. Low concentrations of IL-1p stimulate non-
inflammatory actions in neuronal and non-neuronal cells, such as synaptic pruning and
excitatory transmission, however, at high levels (as produced by microglia), IL-18 mounts the
immunological changes that characterize CNS inflammation with increased cytokine production,
reactive oxygen radical overexpression and neuronal damage [48].

The IL-1 family comprises 11 members, but two members are more prominent described
in the literature, IL-1alpha (IL-1a) and IL-13. Even though both cytokines bind and activate type
1 IL-1 receptor (IL- 1R1), IL-1B has been more associated to the inflammatory milieu. In fact, IL-
1B is synthetized by the subset of monocytic-like cells, including monocytes, macrophages,
dendritic cells and CNS microglia. This cytokine is produced as a precursor and in order to
become biologically active needs to be cleaved by caspase-1, an intracellular enzyme that is
activated by a complex of intracellular proteins termed “the inflammasome” [49]. IL-1[3 can also
be cleaved by an alternative mechanism dependent of neutrophil enzymes, such as elastase
and proteinase-3. After binding to its receptor, IL-18 induces the activation of a complex
cascade that culminates in activation of transcriptional factors, such as “nuclear factor kappa-

light-chain-enhancer of activated B cells” (NFkB), and subsequent gene expression [50].
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IL-18 presents important CNS effects, and most of them were investigated in the
context of immune activation with LPS, and the emergence of sickness-behavior. Hence, the
following brain functions are regulated by IL-1B: i) temperature in the preoptic-anterior
hypothalamus being one mediator of fever [51,52]; ii) sleep cycle, since increased expression of
this cytokine induces spontaneous sleep, a dose-dependent increase in non-rapid eye
movement (non-REM) sleep, as well as suppression of wakefulness and REM sleep [53-55]; iii)
neurotransmission by mechanisms such as inhibition of Ca+ channel currents, reduction of
GABA A receptor- and NMDA receptor- mediated responses, potentiation of non-selective
cationic conductance and activation of voltage-dependent sodium currents as well as voltage-
dependent potassium currents [56]; iv) memory formation based on findings that at low non-
inflammatory concentrations, IL-1 may facilitate long-term potentiation (LTP) and synaptic
strength, whereas at high inflammatory levels, this cytokine consistently impairs LTP and
memory process [57,58]; v) trophic effects in microglia by a purinergic action in microglial
activation and proliferation under injury conditions [59]; vi) neurogenesis, since IL-1B mediates
the inhibitory effects of interferon-y (IFN-y) treatment and chronic stress protocols in the rate of
neurogenesis in adult mice hippocampus [60]; vii) neuroendocrine functions based on the
findings that IL-1 receptor knockout or transgenic mice overexpressing brain IL-1ra present
reduced ACTH and glucocorticoid responses in psychological and metabolic stress models,
while intracerebral administration of IL-1 B induces the secretion of glucocorticoid hormones
[61,62].

It is worth mentioning that this regulation of metabolism by IL-1B occurs despite of
hypoglycemia [56]. In this regard, neuronal IL-1 synthesis is induced by stimulation of AMPA
receptors on neurons and the resulting release of IL-1B can stimulate glucose uptake by
neurons in an autocrine or paracrine fashion [63]. Overall, it is interesting to speculate that these

physiological activities of IL-1 might coordinate with its immune activities such that hyper-
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inflammation may be prevented, and brain energy usage may be spared even when immune
activity might be energetically costly [56].

Other cytokines, such as TNF-a and IL-6, also have several modulatory actions under
neurotransmission, circadian rhythms, glucocorticoid responses and neurogenesis [for detailed

review, see [64]].

4. Microglial disturbances in depression — depression as a microgliopathy
Animal models provided valuable evidence for the role of microglia in depression. The
evidence came from studies evaluating microglia responses to immune challenges such as LPS
(for detailed review, see [65]). On the other hand, depressed patients present
neuroinflammatory alterations, probably related to microglia activation [38], while recent

evidence point towards increased LPS levels in the plasma of depressed patients [14,66].

4.1 Preclinical findings based on immune challenge

LPS is an endotoxin from gram-negative bacteria whose systemic administration in
rodents induces time-dependent behavioral alterations that resemble depression, being thus
considered a useful inflammation-based model of depression. In this model, several findings
indicate the contribution of activated microglia to the onset of depressive-like behaviors [65].
Indeed, 24 h after a single LPS administration, a time point referred as depression, there is an
increased expression of markers of microglial activation in limbic brain areas. These changes
are followed by increased levels of pro-inflammatory cytokines, namely IL-18, IL-6, and TNF-q,
oxidative damage and impairment of hippocampal neurogenesis [67—69].

Also, mice with microglial hyper-reactivity, induced by a microglia-fractalkine receptor
mutation [70] or by traumatic brain injury [71], exhibit exacerbated LPS-induced depressive-like

symptoms. The tetracyclines, minocycline and doxycycline, known for their microglial inhibition
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properties, have the ability to counteract both behavioral and neuroinflammatory changes
induced by LPS [71,72].

Recently, brain region- and dose-dependent effects of LPS challenge were described in
microglia populations. In line with this, low doses of LPS (at 100 ug/kg) can induce robust
microglial proliferation in circumventricular organs (CVOs) and their neighboring brain
regions. In turn, immune stimulation with higher LPS doses (1 mg/kg) resulted in a rapid
increase in microglia density and proliferation not only in CVO, but also in hypothalamus,
medulla oblongata, and limbic system that was maintained for 3 weeks [73]. Recently, our
research group showed that a repeated (7 days out of 30 days) and intermittent exposure (4
months) of mice to fluctuating doses of LPS ranging from 750 to 1250 pg/kg, in each 7 days
treatment interval, causes long-lasting depressive-like behavioral changes accompanied by
hippocampal alterations. These hippocampal alterations included: i) increased
immunoexpression of ionized calcium-binding adapter molecule 1 (IBA1), a microglia marker,
ii) increased expression of NF-kB p65 and IL-1, iii) increased IDO1 mRNA expression, an
enzyme present in microglial cells and related to tryptophan catabolism, being activated by

pro-inflammatory cytokines [74].

4.2 Pre-clinical findings based on stress models

In stress-based models, microglia activation participates in the development of
depressive-like changes. For instance, acute stressors, such as restraint stress and electric
shock, induce microglial activation in many brain areas, but mainly in midbrain periaqueductal
gray (PAG), an area that plays important roles in behavioral responses to threat, anxiety, and
pain [75,76]. Interestingly, minocycline blocked the effects of foot-shock stress on hypothalamic
IL-18 and microglia activation [77]. Semi-chronic (2—-6 days) repeated restraint also induced a
dramatic increase in the proliferation of hippocampal microglia together with increased gene

expression and immunostaining of several markers of activated microglia [78].


http://dx.doi.org/10.20944/preprints201902.0029.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 February 2019 d0i:10.20944/preprints201902.0029.v1

16

Social defeat stress is an interesting model based on the exposition of intruder mice to
aggressive resident partners. In this model, social stress not only induces activation of brain
resident microglia, but also increases the infiltration of peripheral macrophages into the brain
and their transformation in microglia-like cells [79,80]. These latter cells produce higher levels of
IL-18 compared to resident microglia and show increased phagocytic activity [81]. Moreover, it
was reported that mice previously exposed to social defeat stress develop a more robust
inflammatory response and microglial activation to a subsequent immune challenge [79]. In fact,
socially-defeated mice when injected LPS show an increased expression of IL-13, TNF-a and
iINOS, together with increased density of CD11b* cells (microglial marker) and
CD11b*/CD45(high) cells, an index of bone marrow-derived microglia [82]. Therefore, social
stress may act as a priming event for microglia making them more vulnerable to secondary
immune-based events.

Chronic stress exposure also results in activation of brain microglia. Indeed, exposure to
homotypic chronic stress (restraint stress) for 14 and 21 days resulted in increased microglial
proliferation, hyper-ramification (i.e., branching) of processes, and expression of the microglia
marker IBA1. These changes were followed by depressive-like and anxiety alterations [83—-85].
Furthermore, exposure to chronic unpredictable stress (CUS) protocols also resulted in marked
microglial activation. In line with this evidence, a recent study showed that the exposure to 12
weeks of CUS induced remarkable hippocampal microglial activation detected through several
methodologies: TSPO-PET imaging, immunofluorescence staining and protein expression
(western blotting). Of note, TSPO is a protein present in the outer membrane of mitochondria in
central and peripheral tissues being robustly enhanced in reactive microglia and astrocytes.
These animals also show increased markers of NLRP3 inflammasome activation and pro-
inflammatory cytokines (IL-1B, IL-6, and IL-18) in the hippocampus. Interestingly, minocycline
treatment reversed both behavioral and neuroinflammatory changes [10]. In the context of

neuroinflammation, exposure to CUS exacerbated microglial activation induced by intracerebral
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administration of LPS [85]. Importantly, the effects of chronic stress on microglial activation are
heterogeneous and suffer influence of several parameters, including gender and age of the
animals, the intensity of stressful events applied, their frequency and the duration of protocol
[86].

Early-life stress adversity and trauma are major risk factors for the development of
depression [87]. Early-life stress can hamper the immune functioning at long-term, contributing
to abnormal endocrine, behavioral and neural response to subsequent stressful situations and
increased risk for psychopathology [88]. Indeed, prenatal stress, which is known to promote
subsequent depressive-like symptomatology in the offspring, was shown to induce in mice long-
lasting basal hippocampal microglial activation together with an exacerbated microglial
responsiveness to systemic LPS administration [89]. Furthermore, adult mice that were exposed
to neonatal maternal separation displayed increased number and motility of microglial
processes [90,91]. Also, maternally separated mice showed increased microglial response to a
second stressful event in adolescence (food deprivation), indicating that early-life adversity acts
as a priming event for microglia reactivity, increasing the risk of an abnormal response to a
second stimulatory event [92]. Further studies should be designed to confirm the possible
causal correlation between early-life stress induced microglia activation and psychopathology

outcomes in clinical samples.

4.3 Clinical findings

Various bacterial and viral infections (e.g., Gram-negative bacteria, influenza virus,
Epstein—Barr virus, herpesvirus, cytomegalovirus, Borna disease virus, and gastroenteritis-
related viruses) are associated with a range of depressive symptoms [93,94]. Many of these
pathogens induce not only a peripheral but also a central pro-inflammatory response, which
correlates with the emergence of neuropsychiatric symptoms [95]. In a similar way as seen in

rodents, systemic administration of LPS to healthy humans induces a wide-spectrum of
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neurobehavioral alterations with similarities to depression symptomatology. These behavioral
alterations in humans were tightly correlated to blood levels of pro-inflammatory markers
[96,97], and more recently, it was reported that systemic LPS also induces a remarkable
microglial activation, indicated by translocator protein 18 kDa (TSPO)-PET binding in the living
human brain. These authors also found that LPS caused a marked increase in peripheral
inflammatory cytokine levels and self-reported sickness symptoms [98].

Regarding depressed patients, the evidences of microglia activation in these patients are
controversial and still inconclusive. Specifically, in post-mortem studies, one study
demonstrated the presence of activated microglia in one of six affective disorder patients [99],
and sequential studies reported no differences between depressed patients and controls in
microglial density [38]. In PET imaging studies this scenario is a little clearer. In 2013,
Hannestad and coworkers did not find significant difference in total or specific brain region
TSPO binding between depressed and control patients [100]. Setiawan and coworkers showed
that TPSO binding in prefrontal cortex, anterior cingulate cortex, and insula keeps a strong
correlation with total illness duration (P=0.0021) and duration of antidepressant treatment
(P=0.037). Notably, in patients with untreated disorder for 10 years or longer, TSPO binding
was 29-33% greater in the mentioned areas than in participants who have less duration of
illness [101]. Additionally, Richards et al., 2018, corroborating the previous findings, showed an
increased TSPO binding in subgenual prefrontal cortex (sgPFC) and anterior cingulate cortex
(ACC) of untreated depressed patients compared to controls. Interestingly, these researchers
found a significant correlation between the TSPO results and IL-5 in cerebrospinal fluid of
patients [102]. One important finding that may explain microglial activation in depressed patients
is the presence of increased levels of plasma LPS due to increased intestinal barrier
permeability [14,66].

Suicide may also be associated with microglial activation. In fact, in the prefrontal cortex

of suicide patients (independently of psychiatric diagnoses), an increased density of activated
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microglia, as well as macrophage-derived microglia and microglia immunoreactive cells in
contact or within blood vessel was found [103]. Similar findings were reported in the
hippocampus [104] and dorsal anterior cingulate of suicide patients [105] (with depression or
other psychiatric diagnose). Regarding TSPO PET imaging studies, a recent study corroborated
the aforementioned post-mortem reports, showing that TSPO binding was robustly increased in
the anterior cingulate cortex and insula of depressed patients with suicidal thoughts in relation to
depressed patients without suicide thinking [106]. Despite the enthusiasm with the use of TSPO
ligands as neuroimaging markers of microglial activation, these results should be interpreted

with caution and some limitations should be considered [please, read [107] for more details].

5. Microglia disturbances and cytokine-mediated immune activation as core

mechanisms of fatigue
5.1 Central Inflammation as a mechanism for fatigue symptom in the course of diseases

There is now also evidence that central inflammation and pro-inflammatory cytokines are
essential factors for the development of fatigue in the course of psychiatric and non-psychiatric
diseases [108,109]. In this context, after an immune stimulatory event (such as bacterial or viral
infection), elevation of brain pro-inflammatory cytokines mediates the emergence of a cluster of
behavioral alterations described as “sickness behavior”. Sickness includes symptoms of fatigue,
loss of social interest, depressed mood, reduction in physical energy and circadian
disturbances. In the experimental setting, these alterations have been observed after systemic
and intrathecal administration of pro-inflammatory cytokines, and consistent data pointed to the
central role of IL-1 as inflammatory mediator of fatigue symptom.

It is important to emphasize that sickness behavior, depression and chronic fatigue are
not the same entities [110]. Sickness behavior is an adaptive response that enhances recovery
by conserving energy to combat acute inflammation, whereas depression and chronic fatigue

are related to a sensitization of immuno-inflammatory pathways, progressive damage by
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oxidative and nitrosative stress to lipids, proteins, and DNA, and autoimmune responses

directed against self-epitopes, being thus considered as neuroprogressive processes [111].

5.2 Microglial activation and pro-inflammatory cytokine overproduction as biological pathways
underlying fatigue

Growing evidence has linked inflammatory cytokines and chronic inflammation to the
suppression of neural drive of the circadian pacemaker. Circadian disruption represents one of
most established pathological changes involved in fatigue. Indeed, in chronic fatigue, it is
postulated that a muffled daily signal from the circadian clock lead to reduced energy arousal,
impaired mental concentration and increased fatigability [112]. This loss of rhythmic signal also
affects other brain areas potentially impairing central functions, such as motivation, appetite
control and pain threshold [112]. The unbalance in circadian synchrony also occurs in peripheral
organs and could bring general feelings of malaise like that experienced during jet lag or
rotating shift work. Reduced wakefulness and locomotor activity also impair the feedback that
locomotor activity normally exerts in the sculpting of daily rhythmic output, further damping
rhythm output. Circadian disorganization also influences metabolism and immune function
[113,114].

The key controller of circadian rhythm is the suprachiasmatic nuclei (SCN) in the
hypothalamus [115]. In humans and monkeys, SCN lesions produce a markedly reduction of
total wakefulness time and induces fatigue symptoms. As a master controller, SCN send
projections to important regions for regulating sleep/ wake cycle, locomotor arousal and reward.
Fibers from SCN reach both the wake-promoting neurons and the sleep-promoting systems by
direct and indirect routes, relayed through the dorsomedial hypothalamus (DMH) and the ventral
subparaventricular zone [116]. The SCN also modulates the firing rate of noradrenergic neurons
of Locus ceruleus through projections to orexin-positive neurons of DMH [117]. Finally, SCN

communicates with a subpopulation of neurons of ventral tegmental area (VTA), controlling the
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diurnal activity of dopaminergic neurons and the circadian oscillation of reward-seeking behavior
[118].

Cytokines can greatly affect SCN functioning. Indeed, receptors for IL-13, TNF-a. and
interferons are expressed in ventrolateral SCN of rodents, and immune challenges including
LPS or pro-inflammatory cytokines result in marked changes in circadian rhythm and in synaptic
activity of SCN [113]. For example, IFN-a, the type | interferon widely used for its antiviral and
antitumor agent properties is capable of inducing depressive symptoms, disrupt the ability of the
biological clock to drive endogenous rhythms, as well as suppress clock gene expression in the
SCN and periphery [119]. Gene expression in the SCN and its function also show time-
dependent changes after systemic LPS challenge [120] and these changes are dependent of
TLR4 activation as previously demonstrated [121]. Additionally, Bentivoglio et al. (2006)
performed intracerebroventricular (ICV) injections of pro-inflammatory cytokines and found an
important glial reactivity in several hypothalamic nuclei, but mainly in the circadian pacemaker
SCN [122]. These authors observed a robust increase in the density and immunoreactivity of
astrocyte and microglia markers. Regarding microglial cells there are marked morphological
changes: enlarged cell body and reduction of ramification processes, that characterizes as
activated microglia. These researchers also noted that this glial response was exacerbated with
aging, a condition that is accompanied by low-grade inflammation [122]. Similarly, activated
microglia and reduced circadian amplitude and alterations in spontaneous activity levels were
observed in mice infected with simian immunodeficiency virus, another condition characterized
by chronic low-grade inflammation [123].

Important evidence of microglial activation in circadian abnormalities and fatigue came
from studies on “sleeping sickness”, a condition caused by the protozoan
parasite Trypanosoma brucei (T. brucei). This parasite invades the CNS and induces several

clinical manifestations, including sleep/wake disturbances, cognitive deficits and marked
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fatigability. In rodents, T. brucei infection also showed reduced amplitude of circadian
rhythm, reduction in spontaneous activity and impairments in SCN spontaneous firing [124].
Previous research reported that this protozoan causes marked neuronal degeneration, astrocyte
reactivity [125] and glutamate receptor disturbances in the SCN [124].

Marked changes have also been observed in microglia of T. brucei infected mice. Firstly,
Chianella and coworkers showed a remarkable activation of hypothalamic microglia that follows
a progressive weekly course and parallels progressive sleep and activity alterations until
terminal stages [126]. Recently, Figarella et al. through an ultrastructural analysis confirmed the

ability to T. brucei to induce microglial activation [127].

5.3.1 Neuroinflammation in animal models of fatigue

There are some animal models based on neuroinflammatory alterations in fatigue.
The first one is called central fatigue model (CFM) and is based on the cortical spreading
depression (SD), that is, the propagation of neuronal membrane depolarization throughout
the cerebral cortex. In CFM there is an increased expression of COX-2 in cortical neurons
with the resulting production of prostaglandins (PG) including PGD2 and increased amount of
non-REM sleep, but not of REM sleep. Of note, a COX-2 inhibitor blocked the increase in
non-REM sleep.

The second model, the immunological fatigue model, is based on the systemic
administration of polyriboinosinic:polyribocytidylic acid (poly-1:C) to rodents. Poly I:C is a viral
mimetic particle that causes a sustained reduction in spontaneous activity and well-being in
rodents for weeks, when sickness-behavior and acute-phase responses already ends, being
considered as an useful model of inflammation-induced fatigue [128]. Intraperitoneal poly I.C
administration induces marked microglial activation and IL-18 in mice prefrontal cortex. This IL-
1B up-regulating effect was also observed in microglia cultures exposed to poly I:C [129]. The

importance of IL-1B for poly I:C-induced fatigue symptoms was demonstrated recently, once
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ICV administration of IL-1B neutralizing antibody [129] or of a IL-1 receptor antagonist [130]
prevented microglial activation and fatigue-related symptoms. Similarly, minocycline treatment
prevented IL-1B rise and induction of fatigue. These researchers also investigated the
participation of other cytokines, such as IFN-q, in this effect and concluded that poly I:C-induced
fatigue depends on IL-1B synthesis [129].

All in all, there is evidence that under conditions of chronic or abnormal inflammation,
such as infections and senescence, glial cells, mainly microglia, orchestrate an inflammatory
microenvironment in pacemaker circuits responsible for the control of circadian and energy

arousal which may cause symptoms of fatigue.

5.4 Evidence of microglial activation and pro-inflammatory cytokine disturbances in Chronic
Fatigue Syndrome (CFS)

Chronic Fatigue Syndrome is characterized by severe and prolonged fatigue as well as
by marked circadian abnormalities [131]. The pathophysiology of CFS is not well understood,
and as other chronic diseases, several pathways are probably involved. In this context, some
recent studies have reported that neuroinflammation can be an important underlying factor for
this disorder. In this context, direct evidence of microglial disturbances in CFS patient population
is very scarce. Just a single study tested TSPO binding through PET imaging study in CFS
patients and found an increased widespread brain signal for this marker, an promising indicative
of microglial activation [132]. Other imaging studies showed disturbed connectivity in prefrontal
cortex and frontal networks in these patients (19,20), as well as impaired glutamate levels in this
brain area [133,134]. On the other hand, regarding cytokines, several investigators have
measured these markers levels in the blood of CFS patients, and interesting associations
between IL-1 and other cytokine levels and fatigue symptoms have been reported [24].

In this context, a consistent systematic review was conducted by Blundell and

coworkers evaluating cytokine serum levels abnormalities in CFS patients. These researchers
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revised 38 studies between 1988 and 2015, including the first case report of CFS in the
literature. These authors found 28 studies measuring IL-1B levels, 25% of them reporting
increased levels of this cytokine in the plasma of CFS patients compared to controls, whereas
11 studies evaluated IL-1a levels with 27% of them observing increased levels of this cytokine.
Blundell et al. also reported increased levels of transforming growth factor-beta (TGF-B) in CFS
patients [135]. After Blundell's review, three new studies evaluating serum cytokines in CFS
patients were published. Russel et al., found no differences in IL-1 levels between patient
subgroups, although IL-1a appeared to have predictive value in recently ill adolescent patients
[136]. Hardcastle et al. found increased IL-13 levels in the serum of moderately ill patients
compared to controls [137], and the third study could not find any differences between patients
and controls for either IL-1B or IL-1a in a group of 100 patients and 79 controls [138].

Another approach in this study is to compare cytokine production of peripheral blood
mononuclear cells (PBMCs) after immune stimulation. An early study described increased IL-13
production after LPS challenge to PBMC of CFS patients compared to controls [139]. However,
subsequent studies did not confirm this finding, observing lower IL-1[3 response after an immune
challenge in CFS subjects or absence of differences between patients and controls [140,141].
IL-1B production by PBMCs has also been investigated in infection-related fatigue syndrome. It
was reported that during the acute phase of infection, IL-1B concentrations correlates positively
with fatigue symptoms, but this association was no longer present in the persistent phase of the
syndrome [142,143].

Since the CNS may be a key site underlying prolonged fatigue symptoms, studies have
also evaluated cytokine levels in the cerebrospinal fluid. While two studies found no significant
differences in cytokine levels in cerebrospinal fluid between patients and controls [144,145],
another study reported lower IL-13 and IL-1Ra concentrations in the cerebrospinal fluid of CFS
patients compared to multiple sclerosis and control groups [146], pointing to abnormalities in

this cytokine signaling in the CNS [24].
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Besides the involvement of IL-1 in fatigue symptoms and chronic fatigue syndrome, also
other cytokines may play a role in CFS. Montoya and coworkers evaluated the serum of 192
CFS patients and 392 controls using a cytokine multiplex system and traced correlations with
fatigue symptoms. They found that 17 cytokines positively correlated with fatigue symptom
severity: CCL11 (Eotaxin-1), CXCL1 (GROa), CXCL10 (IP-10), IFN-y, IL-4, IL-5, IL-7, IL-12p70,
IL-13, IL-17F, leptin, G-CSF, GM-CSF, LIF, NGF, SCF, and TGF-a. Of them, thirteen are pro-
inflammatory, confirming the strong involvement of immune activation in this disorder [147]. In
accordance, another recent study found correlations between worse sleep quality and higher
blood levels of IL-1B, IL-6 and TNF-a in CFS. Sleep symptoms, in turn, predicted more severe
fatiguability and impairment in daily activities in these patients [148].

Additionally, cell-mediated immune responses and autoimmunity have also been
highlighted in CFS biology. In fact, Maes et al., 2012 reported increased levels of pro-
inflammatory cytokines (IL-18 and TNF-a), PMN-elastase and lysozyme and cell-mediated
immunity markers (namely neopterin) in CFS serum. Interestingly, these cell immunity markers
were significantly correlated with severity of fatigue symptoms in these patients [149]. Also,
Maes et al., 2013 reported that increased inflammatory markers were accompanied by
increased autoimmune responses against 5- hydroxytryptamine (5-HT), as demonstrated by
increased auto-antibodies levels in the serum of these patients [150]. Other studies also
reported the high incidence of auto-antibodies to 5-HT and other neural epitopes, such as

gangliosides and phospholipids, in patients with CFS and their relatives [151-153].

5.5 Involvement of pro-inflammatory cytokine overproduction and possibly microglia activation in
depression and chronic fatigue and their comorbidity
Despite the evidence of the involvement of microglial disturbances and pro-inflammatory

activation in the neurobiology of depression and depression symptomatology, not many studies
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examined the associations between immune-inflammatory markers and fatigue and physio-
somatic symptoms in depression.

In this context, Jokela et al., 2016 provides a consistent evidence for the link between
systemic inflammation and fatigue/somatic symptoms in depression. These researchers
collected data of specific symptoms of depression and serum C-reactive protein from 3 cross-
sectional studies of more than 15,000 participants. They found an independent association of C-
reactive protein levels with physio-somatic symptoms of tiredness, fatigue, sleep problems and
changes in appetite [154]. Additionally, Maes et al., 2012 showed increased levels of pro-
inflammatory cytokines, namely TNF-a and IL-1 and neopterin in the serum of depressed
patients, as well as observed that these pro-inflammatory changes were predominantly
associated with the presence of fatigue and physio-somatic symptoms [149]. Recently, a
longitudinal population-representative birth cohort study reported that IL-6 and C-reactive
protein serum levels at childhood predict somatic/neurovegetative symptoms (including fatigue)
in adult depressed patients [155]. Somatic symptoms prevalence and severity in depression
were also associated with increased serum levels of slL-2R and sP-selectin, a marker of
vascular inflammatory dysfunction [156,157].

Additionally, in woman with perinatal depression, the physio-somatic symptoms of
pregnancy (fatigue, back pain, muscle pain, dyspepsia, obstipation) correlated positively with
serum acute-phase proteins (C-reactive protein and haptoglobin) and IgM responses to the
neurotoxic tryptophan catabolites (TRYCAT), such as quinolinic acid, whereas they were
inversely correlated with serum tryptophan (TRP) levels [158]. In line with these sex-specific
effects, Dannehl et al., 2014 reported that a history of fatigue and somatoform symptoms
represents an important predictor of prospective high levels of TNF-a in the serum of women
with major depression [159].

Interestingly, the reciprocal relationship between both depression and CF is also

observed in patients with CFS in whom depressive symptoms are correlated with pro-
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inflammatory markers. Raison et al. showed that depressive symptoms in CFS patients
correlates directly with serum high-sensitive C-reactive protein and white blood cell count
(WBC) levels [160]. Also, it was reported that plasma levels of TNF-a and IL-10 associate
positively with depression score at The Hospital Anxiety and Depression Scale (HADS)
and SCL-90-R cluster somatization in CFS patients and controls [161]. Additionally, Milrad and
coworkers using a structural equation modeling showed that depressive symptoms severity
predicts higher serum pro-inflammatory cytokines (IL-2, IL-6 and TNF-a) and elevated cortisol
levels at evening in CFS female patients [162]. Further, regarding TRYCATs pathway, Maes et
al., 2011 showed that severity of somatization more than other depressive symptoms positively
correlates with the increase in neurotoxic TRYCATSs in serum as indicated by the kynurenine/
tryptophan (KY/TRP) and kynurenine/kynurenic acid (KY/KA) ratios, and correlates negatively
with serum levels of tryptophan [163].

Despite the considerable evidence for the association between microglial activation
(through TSPO binding) with time of illness and severity in depression [10], as well as with the
increased signal of this marker in the brain of CFS patients [132], to date, no study
demonstrated the association of fatigue and somatic symptoms of depression with markers of
microglial activation in living human brain. Future research should prioritize the examination of

microglial activation in comorbid depression and CFS.

6. Conclusion and future remarks

In summary, current evidence indicates that an unbalanced immune response with a
systemic pro-inflammatory state is an important underlying biological mechanism explaining the
development of fatigue and other physio-somatic symptoms in depression. Likewise, in CFS,
immune activation is associated with increased severity of depression and depressive
symptoms, while shared immune pathways may also underpin the comorbidity between

depression and CFS [164]. Based on our review we may posit that shared immune-
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inflammatory pathways and activated microglia underpin comorbid depression and CFS and

that activated microglia is the main orchestrator of this comorbidity. As such, microglial

activation and neuro-inflammation may be promising targets to treat the overlapping

manifestations of both depression and CFS.
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