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In the past years, several theories have been advanced to explain the pathogenesis of Major Depressive Disorder (MDD), a neuropsychiatric disease that causes disability in general population. Several theories have been proposed to define the MDD pathophysiology such as the classic “monoamine-theory” or the “glutamate hypothesis.” All these theories have been recently integrated by evidence highlighting inflammation as a pivotal player in developing depressive symptoms. Proinflammatory cytokines have been indeed claimed to contribute to stress-induced mood disturbances and to major depression, indicating a widespread role of classical mediators of inflammation in emotional control. Moreover, during systemic inflammatory diseases, peripherally released cytokines circulate in the blood, reach the brain and cause anxiety, anhedonia, social withdrawal, fatigue, and sleep disturbances. Accordingly, chronic inflammatory disorders, such as the inflammatory autoimmune disease multiple sclerosis (MS), have been associated to higher risk of MDD, in comparison with overall population. Importantly, in both MS patients and in its experimental mouse model, Experimental Autoimmune Encephalomyelitis (EAE), the notion that depressive symptoms are reactive epiphenomenon to the MS pathology has been recently challenged by the evidence of their early manifestation, even before the onset of the disease. Furthermore, in association to such mood disturbance, inflammatory-dependent synaptic dysfunctions in several areas of MS/EAE brain have been observed independently of brain lesions and demyelination. This evidence suggests that a fine interplay between the immune and nervous systems can have a huge impact on several neurological functions, including depressive symptoms, in different pathological conditions. The aim of the present review is to shed light on common traits between MDD and MS, by looking at inflammatory-dependent synaptic alterations associated with depression in both diseases.
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INTRODUCTION

Depression is one of the most diagnosed mental disorders in adult patients as well as in children and adolescents. It is a heterogeneous disorder caused by a complex interaction between genetic and environmental factors (Wang et al., 2015; Fakhoury, 2016; Otte et al., 2016; Shadrina et al., 2018). Stress is a major risk factor for depression, in particular early life stress, and enduring stress exerted on susceptible individuals may ultimately lead to Major Depressive Disorder (MDD) and eventually suicide behavior (Bielau et al., 2005; Otte et al., 2016; Tauil et al., 2018). Pathophysiological hallmarks of depressive symptoms include monoamine depletion, glucocorticoid receptor (GR) resistance, corticotrophin- releasing hormone and cortisol levels as well as excess of glutamate (Boku et al., 2018; Seki et al., 2018). Several theories, such as the classic ‘monoamine-theory’ as well as the ‘glutamate hypothesis’ have been proposed to define the molecular and cellular mechanisms underlying this pathological condition (Paul-Savoie et al., 2011; Albert et al., 2012). Over the last years, all these theories have been challenged by evidence highlighting inflammation as a pivotal player in developing depressive symptoms (Alesci et al., 2005). In particular, proinflammatory cytokines have been claimed to play a role also in stress-induced mood disturbances and in major depression, indicating a widespread role of classical mediators of inflammation in emotional control (Khandaker et al., 2018). Moreover, during systemic inflammatory diseases, peripherally released cytokines circulate in the blood, reach the brain and cause anxiety, anhedonia, social withdrawal, fatigue, and sleep disturbances (Raison et al., 2006; Dantzer et al., 2008; Miller et al., 2009). Accordingly, chronic inflammatory diseases, as cardiovascular disease, type 2 diabetes, cancer, psoriasis, rheumatoid arthritis and the inflammatory autoimmune disease multiple sclerosis (MS), have been associated to high incidence of depressive symptoms and higher risk of MDD (Poole and Steptoe, 2018) in comparison with overall population (Raison et al., 2006; Finnell and Wood, 2016; Poole and Steptoe, 2018).

How inflammation contributes to depressive symptoms either in chronic inflammatory disease or in the context of MDD has been highly debated (Haroon et al., 2012) and is still under intense investigation considering the potential impact on therapy decision making and improvement of patients quality of life (Otte et al., 2016). Notably, in the inflammatory autoimmune disease MS and in its mouse model, namely experimental autoimmune encephalitis (EAE), it is emerging that proinflammatory cytokines may directly alter neuronal activity and cause mood alterations independently of their destructive effects on myelinated axons and of the associated disability. An early and diffuse inflammation-dependent enhancement of glutamatergic transmission as well as synaptic plasticity perturbation characterize the EAE/MS brains, resembling some of the MDD pathological hallmarks.

Although analogies between a neuropsychiatric disorder such as MDD and the inflammatory autoimmune MS disease are difficult to sustain, neuroinflammation is potentially recognized as a common disease factor. In this regard, it is worth considering the huge effect that small physiologic differences of inflammatory components can have over time if they are consistently skewed in one direction. The aim of the present review is to provide an overview of the several theories advanced to explain depressive symptoms in MDD and in MS (Figures 1, 2), with a particular emphasis on the role of inflammation and on its impact on synaptic alterations in mood disturbances (Figure 3). Ultimately, insights on clinical implications will be provided in the context of the cytokine and glutamate theories.
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FIGURE 1. Pathophysiological theories in MDD. The numebr of green arrows is proportional to the impact of each theory on the pathophysiology of the disease. Pathophysiological theories to explain the onset of depressive symptoms in MDD. The so-called monoamine hypothesis explains depression as a result of selective monoamine depletion (serotonin, dopamine, and noradrenaline) in several areas of the CNS. The neuroendocrine and neuroinflammatory theories could equally well explain depressive symptoms in MDD. The first hypothesis implies the hyperactivity of the hypothalamic-pituitary-adrenal axis (HPA), with an increase in the production of cortisol and a consequent reduction in hippocampal neurogenesis and plasticity in cortex. The second hypothesis emphasizes microglial activation mechanisms and the resulting neuroinflammatory response, that causes, in turn, hyperactivation of eloquent areas of the limbic system (amygdala, hippocampus, and cingulate gyrus). In addition, the glutamatergic theory postulates that also this neurotransmitter is relevant for the formation of depressive symptoms and cognitive impairment, through the overstimulation of glutamate NMDA receptors, the alteration of AMPA phosphorylation, impaired glutamate reuptake, and ECS dysfunction. The long-lasting effects will be excitotoxic damage, and synaptic plasticity impairment. The neuroinflammatory and glutamate theories are strictly interconnected with the inflammatory-synaptopathy hypothesis, as suggested in MS studies.
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FIGURE 2. Pathophysiological theories of depression in MS. The number of green arrows in windows is directly proportional to the importance of each theory in the pathophysiology of the disease. Pathophysiological theories to explain the onset of depressive symptoms in MDD. Depression in the course of MS/EAE presents a wide range of clinical presentations. Compared to MDD, monoamine dysfunction is likely less relevant, although it is fundamental in the genesis of depressive symptoms, as it is supported by a good pharmacological response to SSRIs (anti-inflammatory effect). The neuroendocrine theory, responsible of HPA-cortisol perturbation is less investigated in MS than in MDD. The neuroinflammatory theory stands out of importance in MS depressive disorder, sustained by activated T cells and macrophage/microglia that secrete proinflammatory cytokines, causing demyelination, axonal loss a neurodegeneration. Perturbation of limbic areas has been associated to microgliosis. Finally, the glutamate theory is essential in understanding depressive symptoms associated to MS/EAE, especially in the early phase of the disease even before clinical onset. Increased hyperexcitability, caused by enhanced glutamatergic transmission and by a reduced GABAergic tone, has been associated to early mood disturbances. Altered synaptic plasticity also causes cognitive impairment. The link between the neuroinflammatory theory and the glutamatergic hypothesis has been well characterized in MS and the inflammatory synaptopathy has been recognized as a reliable hallmark of MS/EAE.
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FIGURE 3. Inflammatory synaptopathy in early depressive symptoms of MS and MDD. MS and MDD are different brain diseases, induced by (1) environmental factors, genetic susceptibility and individual factors (most of these factors are still unknown and apparently not in common). In the early MS and MDD courses, a chronic inflammatory state can promote synaptic dysfunctions in brain areas involved in mood control, leading to depressive symptoms. (2) Immune dysfunction driven by T cells and monocytes/macrophages activation as well as by microgliosis in the CNS is responsible of detrimental synaptic dysfunctions. Proinflammatory cytokines, such IL-1β, TNF-α, and IL-6, are the main players of the crosstalk between the immune and the nervous system. (3) Glial cells lead to tryptophan conversion into kynurenine, a metabolite at the basis of the synthesis of quinolic acid. (4) Quinolic acid, produced by activated microglia, stimulates post-synaptic NMDA glutamate receptors, with an excitotoxic effect. (5) Moreover, proinflammatory cytokines cause an overstimulation of AMPA receptors and an impairment of glutamate reuptake, responsible of enhanced glutamatergic transmission. Hyperexcitability is also a consequence of a low GABAergic tone and ECS impairment. These alterations exacerbate excitotoxicity and lead to synaptic plasticity perturbation, eventually resulting in neurodegeneration.




PATHOPHYSIOLOGY OF MDD

Major depressive disorder is one of the most common psychiatric disorder in the world recognized by the World Health Organization (WHO) and affects general population across a broad spectrum of ages and social environmental factors (Malhi and Mann, 2018).

The one-year prevalence of MDD is 6% representing about twofold greater incidence in women than man (Malhi and Mann, 2018). The lifetime risk of developing MDD for a person is 15–18% and almost 40% of MDD population experiences the first episode before 20 years (Belmaker and Agam, 2008). MDD is mainly characterized by depressed mood and anhedonia as fundamental symptoms but it may be associated to several other clinical features including anorexia, weight loss, insomnia, hypersomnia, and suicidal thoughts. Moreover, other affections, including cognition, memory and motor dysfunctions have been associated to MDD (Malhi and Mann, 2018).

Clinical features coincide with the evidence of morphological and functional alterations of gray and white matter in the brain of MDD patients. In the recent years, magnetic resonance imaging (MRI) studies revealed cortical thinning in several brain regions of MDD patients including frontal lobe, temporal lobe, hippocampus, pre-frontal cortex (PFC), anterior cingulate cortex (ACC), orbito-frontal cortex, thalamus, and striatum (Suh et al., 2019). Worthy of note, alterations in the hippocampus, a brain area associated to cognition and memory, are hallmarks of MDD. This has also been supported by a large scale meta-analysis of structural neuroimaging studies showing that hippocampal abnormalities were more frequently discovered in MDD patients when compared to other psychiatric disorders (e.g., schizophrenia and bipolar disorder) and to healthy controls (Goodkind et al., 2015). Among neuroimaging investigations, functional MRI (fMRI) studies explore functional activity and connectivity between specific brain regions of interest measuring the extent of synchronization in the spontaneous fluctuations of blood oxygenation level dependent (BOLD) signal. In MDD patients, altered connectivity is frequently reported in several brain regions, including amygdala, frontal cortex, ACC and ventral striatum by BOLD-fMRI studies (Otte et al., 2016). Those studies suggest that MDD pathophysiology is not only associated to macroscopic alterations of specific brain areas but is also due to their dysfunctional activity (Figure 1). In the next chapters we will discuss the neurobiological bases of these phenomena.



MDD PATHOPHYSIOLOGY HYPOTHESIS: THE MONOAMINE THEORY AND THE NEUROENDOCRINE HYPOTHESIS

Various hypotheses have been proposed to explain the pathophysiology of MDD (Boku et al., 2018) (Figure 1). The most common is the monoamine hypothesis, based on the evidence that the concentrations of monoamines, such as serotonin, noradrenaline and dopamine, in synaptic gaps are decreased in the depressive state (Boku et al., 2018). The neurotransmitter 5-hydroxytryptamine (5-HT), namely serotonin, is implicated in the regulation of mood and pain. This monoamine is diffusely located in the whole body especially in the enterochromaffin cells of the gastrointestinal tract, in the platelets and in the central nervous system (CNS). It is synthetized from the essential amino acid L-tryptophan by the enzyme tryptophan hydroxylase in neurons located in the brainstem raphe nuclei (Mohammad-Zadeh et al., 2008). Conversely, the dopamine (DA) and noradrenaline (NA) neurotransmitters belong to the group of catecholamines and are derived from the amino acid L-tyrosine. Dopaminergic neurons originate from both the substantia nigra pars compacta and ventral tegmental area (VTA) and project to the dorsal and ventral striatum, respectively. Dopaminergic system is implicated in the motivation, addiction and motor function (Klein et al., 2019). Finally, NA released by noradrenergic neurons located in the locus coeruleus (LC) is implicated in modulation of arousal state and represents an important part of the stress response (Schwarz and Luo, 2015).

The modulation of monoamine synaptic transmission is still the main target of pharmacological treatment in MDD (Fakhoury, 2016). As historically demonstrated in the 1960s, depressive symptoms can be controlled by inhibiting several molecules involved into monoamine distribution and metabolism in the synaptic compartment. Indeed, the main target of antidepressants includes the serotonin and noradrenaline transporters (SERT and NET) involved in the re-uptake of monoamines, commonly blocked by tricyclic antidepressant (TCA) and more specifically by selective serotonin reuptake inhibitors (SSRI), or the metabolizing enzyme of monoamine, namely mono-amine oxidase (MAO), blocked by the MAO inhibitors (iMAO). The main neurotransmitter involved into MDD pathophysiology is serotonin, as demonstrated by clinical studies showing reduced serotonin metabolites in biological fluids and genetic variants associated with SERT in MDD patients (Dean and Keshavan, 2017). The role of NA in MDD is still controversial, while increasing NA levels by transporter inhibition with NA-reuptake inhibitors (NARI) ameliorates depressive symptoms, conversely, elevated NA levels in the CNS have been associated to stress and depressive symptoms (Seki et al., 2018). In the last years, the validity of the monoaminergic theory has been largely debated. Of note, it has been observed that antidepressants are rapidly effective on monoamine synaptic concentration, but the onset of therapeutic effect generally takes 2–4 weeks (Boku et al., 2018). Moreover, experimental depletion of NA and serotonin did not induce depressive symptoms in healthy individuals but only in previously depressed patients treated successfully with antidepressant drugs (Ruhé et al., 2007). Furthermore, 30% of MDD patients are resistant to antidepressant treatments (Boku et al., 2018). These findings strongly suggest that monoamine impairment is partially responsible of MDD development, and that additional neurobiological factors (i.e., second messengers and their cascade systems activation), environmental factors (i.e., socioeconomic status, early life stress, and violence exposure), chronic stress and genetic susceptibility (influencing early onset, recurrence, and severity of the disease) are required to fully trigger the pathological status (Wang et al., 2015; Fakhoury, 2016; Otte et al., 2016; Shadrina et al., 2018). Among these, chronic stress is the most important causal agent for MDD. Pre-clinical studies conducted on murine model also confirmed this causality. A chronic stress, such as exposure to a long-term inescapable stimulation or a chronic social defeat, is indeed able to induce depressive symptoms in rodents as revealed by specific behavioral tests such as forced swimming test, tail suspension test and sucrose preference test (Hao et al., 2019). Although modeling human depression in animals is challenging and present several limitations, rodent models have been useful in describing specific aspects of mood disturbances in well-designed experimental settings (Hao et al., 2019).

Early life stress is known to have an impact on neuroendocrine regulation and neurodevelopment; a neuroendocrine theory has been indeed proposed to explain depressive symptoms in MDD patients. Stress activates the hypothalamic-pituitary-adrenal axis (HPA) inducing hypothalamic release of corticotrophin releasing hormone (CRH). CRH stimulates anterior pituitary gland to release adrenocorticotropic hormone (ACTH) leading to glucocorticoid secretion by adrenal glands. This HPA hyperactivity has been associated with increased levels of glucocorticoids both in the plasma and in the cerebrospinal fluid (CSF). The hippocampus plays a key role in the feed-back regulation of HPA and increased CNS level of glucocorticoids overstimulates hippocampal neurons leading to volume decrement. Two main hypotheses have been proposed to explain hippocampal alterations: the neurogenesis hypothesis, in which glucocorticoids decrease the neurogenesis in the dentate gyrus (DG) of the hippocampus, and the neuroplasticity hypothesis, in which glucocorticoids induce the atrophy of mature neurons reducing the total dendritic spine density and length. These structural and functional alterations seem to be associated to lower levels of brain-derived neurotrophic factor (BDNF) in the hippocampus and have been proposed as the neural basis of cognitive alterations in chronic stress and MDD (Boku et al., 2018).



THE NEUROINFLAMMATORY THEORY IN MDD

Accumulating evidence has associated chronic inflammation to MDD and to chronic stress pathophysiology, but it is still a matter of debate how inflammation may contribute to the pathogenesis of these diseases (Kim and Won, 2017). As reported in the following paragraphs, alterations of immune cells, including lymphocytes, monocytes/macrophages and microglia, as well as soluble inflammatory mediators have been associated to several depressive states (Petralia et al., 2020) (Figures 1, 3).


The Cytokine Theory of MDD

The involvement of cytokines in psychiatric diseases was first postulated through the observation that patients treated with the pro-inflammatory cytokine IFN-α developed several depressive symptoms that disappeared when treatment was interrupted (Smith, 1991; Maes, 1995).

In 1991, Smith proposed the so-called cytokine theory of MDD, supported by clinical and pre-clinical studies (Dey and Giblin, 2018). According to this theory, MDD patients exhibit a chronic inflammatory status characterized by elevated serum levels of pro-inflammatory cytokines (Figures 1, 3), including tumor necrosis factor α (TNF-α), interleukin (IL-) 1β, IL-2, IL-6, IL-12, IL-13 interferon gamma (IFN-γ), and decreased level of anti-inflammatory cytokines, such as IL-10 and soluble receptor for IL-2 and IL-6, IL-1β receptor antagonist (IL-1ra), in respect to healthy controls (Petralia et al., 2020).

Clinical studies have also suggested that serum levels of cytokines may provide several information both on the risk to develop the disease and on clinical outcome. For example, a retrospective study demonstrated that children with higher levels of IL-6 have 10% greater risk of developing MDD (Khandaker et al., 2014). Moreover, elevated levels of TNF-α and IL-6 are predictive of a higher risk of suicide and more severe course of the disease (Janelidze et al., 2011; Haapakoski et al., 2015). Similarly, MDD patients with elevated plasmatic levels of IL-6, IL-8, IFN-γ, and TNF-α manifest slight responsiveness to sleep deprivation, a commonly approved approach to treat depressive symptoms in MDD (Petralia et al., 2020). Of note, all these studies have been limited to few cytokines such as TNF-α, IL-1β, IL-6, and IFN-γ. Furthermore, several genetic polymorphisms of cytokines genes have been involved in MDD pathophysiology. It has been demonstrated that the single nucleotide polymorphism (SNP) rs1800629 of the TNF-α gene is associated to a higher risk of developing MDD especially in Alzheimer disease and post stroke patients (Zhou et al., 2018). An higher risk to develop MDD has been associated to the IL-6 receptor polymorphisms Asp358Ala and rs2228145 (Khandaker et al., 2014) and to the SNPs rs187238 and rs1946518 on the IL-18 promoter gene in patients that are exposed to stressful events (Haastrup et al., 2012; Petralia et al., 2020).

The association between mood disturbances and cytokine levels has been explored also in several mouse models. For example, a preclinical study on knock out (KO) mice for TNF-α receptor 1 or 2 (TNFR1-2 KO) showed amelioration of conditional fear response and depressive behavior in comparison to control mice (Ma et al., 2016) as well as intracerebral infusion of TNF-α in healthy mice induces mood disturbances (Haji et al., 2012). Moreover, intraperitoneal injection of lipopolysaccharide (LPS), a proinflammatory agent obtained from Gram-negative bacteria, induces in rodents a transient flu-like syndrome in association with the activation of the immune system and consequent release of inflammatory cytokines (including TNF-α, IL-1β, IL-6, and IFNγ) (Dantzer and Kelley, 2007; Brydon et al., 2008; Musaelyan et al., 2018). The induction of sickness behavior has been useful to investigate some MDD symptoms, such as fatigue, anorexia, anxiety, pain and sleep disorders, despite the limitation of being mainly an acute and transitory inflammatory response to an external agent. Accordingly, a state of chronic inflammation is detectable in murine models of depression induced by chronic stress exposure. Mice exposed to chronic social stress present increased levels of plasmatic IL-6 and increased brain levels of TNF-α, IL-1β, and IL-6 (Ménard et al., 2016; McKim et al., 2018; Deng et al., 2019). Furthermore, increased plasmatic levels of IL-6 can predict susceptibility to chronic social stress in adult mice (Ménard et al., 2016).



The Role of Lymphocytes in MDD

It has been demonstrated that the main T helper phenotypes involved in the productions of pro-inflammatory cytokines in MDD are Th1, Th17, Th22 while reduced activity of Th2, Th3, Th9 has been reported (Petralia et al., 2020). These observations led some authors to propose an imbalance between Th1/Th17 and Th2/Th9 response at the basis of the MDD pathophysiology, reflecting an imbalance between pro-inflammatory and anti-inflammatory T lymphocyte phenotypes (Furtado and Katzman, 2015; Petralia et al., 2020). Unfortunately, this model is an oversimplification of a more complex mechanism. Recent studies suggest that differentiated T cells may turn into other T cell subsets, for example Th1 in specific conditions can release IL-10, while regulatory T cells can release IL-17 when expressing Foxp3 and RORγT, two genes commonly associated to Th17 (Petralia et al., 2020).



The Role of Microglia in MDD

Microglia cells, resident immune cells of CNS, are potent and far-reaching regulators of the extended neuron-glia network by secreting soluble mediators and by establishing direct contacts with the synaptic compartment (Kettenmann et al., 2013; Bar and Barak, 2019). In neuroinflammatory conditions, monocytes/macrophages and activated microglial cells can have detrimental effects on synaptic structure and function and neuronal survival. In accordance to the MDD neuroinflammatory theory, these immune cells are largely involved in the pathophysiology of the disease and deeply influence its course (Dey and Giblin, 2018) (Figures 1, 3). Of note, a positron emission tomography (PET) study demonstrated increased distribution volume of the translocator protein (TSPO), suggesting a glial activation throughout several brain areas (cingulate gyrus, amygdala, prefrontal cortex, and hippocampus) deeply involved in MDD pathophysiology (Setiawan et al., 2015; Meyer, 2017). Accordingly, post-mortem studies found activated microglia in several brain areas including dorsolateral prefrontal cortex (DLPFC), hippocampus, ACC and amygdala. Moreover, in both studies microglial activity was associated to frequency of acute episodes, disease course, and suicide risk (Bielau et al., 2005; Khairova et al., 2009; Oh et al., 2012; Schnieder et al., 2014; Torres-Platas et al., 2014; Rubinow et al., 2016).

Many preclinical studies have demonstrated that activated microglia lead to an up-regulation of pro-inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, prostaglandins, nitric oxide and glutamate causing functional and structural abnormalities of the synaptic compartment (Chen et al., 2018; Dey and Giblin, 2018). It has been demonstrated that, activated microglia may also indirectly contribute to cytokine release in brain tissue recruiting IL-1β releasing monocytes in mice exposed to chronic stress (McKim et al., 2018).

Interestingly, stress-induced activation of LC has been associated to increased NA levels in several projecting brain areas, including PFC and hippocampus (Seki et al., 2018), that in turn induce microglial activation mediated by α1- and β-adrenoceptors leading to the release of pro-inflammatory cytokines (Chen et al., 2018). Structural and functional alterations mediated by increased NA levels have been detected in association to cognitive impairment in chronic stress and MDD. In this regard, direct and indirect mechanisms have been proposed, NA neurotransmission potentiation induces not only microglia activation but exerts also an indirect effect by enhancing the release of CRH from the hypothalamus, influencing glucocorticoid levels and causing a synaptic dysregulation in the hippocampus of MDD patients (Pace et al., 2007; Pace and Miller, 2009; Wang et al., 2017). Moreover, elevated NA levels associated to fear response are reported in basolateral amygdala (BLA) and VTA, associated to anhedonia in MDD patients (Seki et al., 2018).



GLUTAMATERGIC THEORY, STRUCTURAL AND FUNCTIONAL SYNAPTIC ALTERATIONS IN MDD

Dysregulation between excitatory glutamatergic transmission and inhibitory GABAergic transmission is implicated in the pathophysiology of depression ascribing to the “glutamatergic theory of depression” that leads to excitotoxic damage, neurodegeneration and consequent brain damage (Lener et al., 2017; Meyer, 2017) (Figures 1, 3). Glutamate is the major excitatory neurotransmitter in the human brain and has a pivotal role in various brain functions and exerts its role by binding at glutamate receptors (GluRs). Neuronal GluR activation provides fast synaptic transmission activity and it is required for synaptic plasticity, learning and memory. The GluRs are represented by two main type of receptors, namely ionotropic glutamate receptors [N-methyl- D-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)], kainic acid receptors (KARs) and metabotropic glutamate receptors (mGluRs) expressed at both pre- and post-synaptic neurons (Popoli et al., 2012). In addition, the glial compartment of CNS, namely astrocytes, microglia, and oligodendrocytes exhibits GluR subtypes. To maintain homeostasis in the brain, the release of glutamate to the synaptic cleft is finely regulated by presynaptic metabotropic GluR (mGluR) activation or by inhibitory potential triggered by GABA but also from astrocytes through reuptake activity of excitatory amino acid transporters (EAATs).

Over the past decades, preclinical and clinical studies investigated the link between glutamatergic hyperactivity and the pathophysiology of depressive disorder, thus identifying the glutamate receptors (NMDA and AMPA) and glutamatergic synapse as a potential target for pharmacological treatments. Clinical studies suggest associations between glutamatergic hyperactivity and regional volume reductions in the brains of MDD patients as well as significant decrease in glial cell numbers, density and neuronal atrophy (Rajkowska et al., 1999; Sanacora et al., 2012). Furthermore, particularly relevant for the glutamate hypothesis of mood disorders is the association with specific SNPs in genes of GRIA3, GRIK4, GRIK2, and GRM7, which encode proteins of the AMPA, kainate and metabotropic receptors (de Sousa et al., 2017).

It is important to remind that the glutamate is an active player in synaptic brain plasticity (i.e., long term potentiation, LTP; long term depression, LTD) and cognitive impairment is considered as a core endophenotype of MDD (Hasler et al., 2004). Preclinical studies reported that exposure to stressful stimuli alters synaptic plasticity in animal models of MDD, suggesting that plasticity plays a key role in depressive behavioral state induction (Liu et al., 2015; Milior et al., 2016). NMDAR-dependent LTP is mediated by several signaling cascades activation including cAMP-dependent protein kinase (PKA), protein kinase C (PKC), the mitogen-activated protein kinase (MAPK) cascade that activates extracellular signal-regulated kinases (ERKs) and calcium/calmodulin-dependent protein kinase II (CaMKII) (Malenka and Bear, 2004). Genetic studies confirmed synaptic plasticity alterations in MDD by showing a constitutively decreased expression of components of the glutamatergic transmission machinery involved in glutamate homeostasis, such as glutamate transporters, and glutamine synthesis as well as oligodendrocyte and myelin related genes especially in frontal cortex tissue (Khairova et al., 2009; de Sousa et al., 2017).

The relevance of glutamatergic synaptic dysfunction in MDD is corroborated by pharmacological evidence that drugs with neuroprotective effects against excitotoxic mechanisms have antidepressant properties. Indeed, riluzole, by inactivating the voltage-dependent calcium and sodium channels exerts an inhibitory effect on glutamate release, has also antidepressant properties likely mediated by an enhancement of glutamate clearance by astrocytes, with consequent neuroprotective effects and synaptic plasticity preservation (Banasr and Duman, 2007). Similar results have been obtained in patients treated with ketamine, a high-affinity NMDA antagonist (Murrough et al., 2017). In a double-blind randomized clinical study, it has been demonstrated that patients suffering from treatment-resistant depression showed a rapid onset (i.e., after a single dose) antidepressant response to ketamine treatment with respect to untreated controls (Singh et al., 2016). Glutamatergic drugs have shed a light on the alternative possibility of treating MDD patients with a strong and rapid antidepressant effect induced by glutamatergic receptor antagonism. Accordingly, pre-clinical studies conducted on mice lacking various glutamatergic components (i.e., GLT-1 or GLAST proteins, NMDAR or AMPAR) as well as on behavioral mouse models, showed antidepressant effects mediated by modulation of synaptic glutamate concentrations (Li et al., 2011; Sanacora and Banasr, 2013; Fuchikami et al., 2015; Fullana et al., 2019a, b).

In addition, there is cumulating evidence that dysfunction of the GABAergic system is associated to the pathophysiology of MDD (Fogaça and Duman, 2019). By regulating the HPA axis, GABAergic neurons play an important role in the termination of stress response, and the failure of this regulatory path leads to anxiogenic and pro-depressive behaviors. Indeed, chronic stress exposure causes a disruption of GABA-mediated inhibition of the HPA axis by limiting the expression of the transmembrane K-Cl cotransporter (KCC2) (Hewitt et al., 2009). Moreover, it has been demonstrated that the downregulation of GABAA receptors in the frontal cortex and other limbic areas is involved in dendritic reorganization of interneurons (Gilabert-Juan et al., 2013) and alterations of electrophysiological responses (Northoff and Sibille, 2014). Of note, magnetic resonance spectroscopy (MRS) studies conducted on MDD patients reported reduced levels of GABA in several cortical areas and that a normalization of GABA levels is associated to the remission of depressive symptoms (Hasler et al., 2007; Godfrey et al., 2018).

Finally, components of the endocannabinoid system (ECS), such as the type-1 cannabinoid inhibitory receptors (CB1Rs), have been linked to MDD (Shen et al., 2019). It is well known that the ECS plays a key role in mood regulation, emotions, and stress response; it protects from the excitotoxic neuronal damage that impacts neuropsychiatric disorders by modulating the balance between excitatory and inhibitory activity (Rossi et al., 2009a; Ashton and Moore, 2011; Cristino et al., 2020). CB1Rs are distributed in various areas anatomically involved in mood control, particularly in the striatum, PFC and amygdala (McLaughlin et al., 2013). In a mouse model of MDD, a reduced expression of CB1Rs has been reported in the medium spiny neurons (MSN) of the nucleus accumbens, a group of GABAergic neurons expressing type-2 dopamine (D2) receptors and involved in mood-control circuitry. CB1Rs downregulation causes an increased activity of glutamatergic transmission at the level of the BLA projecting to nucleus accumbens, a key neuronal circuitry involved in MDD pathophysiology (Shen et al., 2019).

Altogether these findings suggest a complex dysregulation of neurotransmission in MDD (Figures 1, 3) and clarify the advantages of a pharmacological approach based on glutamate modulation in MDD, leading to a better knowledge of the complex neurobiology of depressive disorders and to the development of new therapeutic strategies (Gerhard et al., 2016; Lener et al., 2017).



INFLAMMATION-DEPENDENT SYNAPTIC ALTERATIONS IN MDD

A growing body of evidence is now looking at the link between neuroinflammation and neurotransmitter perturbations in MDD.

As previously mentioned, cytokines released from activated microglia in the HPA-axis can modulate glucocorticoid receptor signaling and induce alteration of hippocampal synaptic plasticity in MDD and chronic stress (Pace et al., 2007; Pace and Miller, 2009; Wang et al., 2017).

The effects of proinflammatory cytokines (IL-1β and TNF-α) released by activated microglia on synaptic plasticity include alteration of NMDA and AMPA receptor subunit expression and a decrease of AMPA receptor phosphorylation (Liu et al., 2015; Riazi et al., 2015) (Figure 3). Human studies reported changes in cortical excitability as well as reduced motor evoked potential amplitudes observed following LTP- and LTD – induction protocols in MDD patients (Cantone et al., 2017). Interestingly, modifications of synaptic transmission and plasticity can in turn influence peripheral cytokine levels as suggested by clinical studies based on transcranial magnetic stimulation (TMS), a non-invasive approach able to modulate brain activity and cortical excitability (Chung et al., 2015; Croarkin and MacMaster, 2019). In a group of MDD patients, modulation of cortical GABAergic and glutamatergic imbalance by TMS protocols caused a decrease of IL-1β and TNF-α serum levels (Zhao et al., 2019), suggesting a bidirectional interaction between the inflammatory and the neurotransmitter systems.

Moreover, a recent study investigated the biological mechanism underlying the associations between the proinflammatory cytokine IL-18 and depressive symptoms related to MDD. IL-18 lacking mice showed degenerated presynaptic terminals in the molecular and polymorphic layers of hippocampal DG in association to loss of motivation at motor behavioral tests and altered neurogenesis and apoptosis (Yamanishi et al., 2019). Overall, both animal and human studies indicate a possible involvement of cytokine-mediated synaptic plasticity alterations in the cognitive deficits in patients with depression (Innes et al., 2019).

Cytokines are also able to decrease serotonin synthesis by activating the indoleamine 2,3-dioxygenase enzyme (IDO) that metabolizes tryptophan to kynurenine (Raison et al., 2010). It is well known that kynurenine itself has immunosuppressive properties, such as induction of regulatory T cells and deactivation of Th1 and Th17 cells (Lanz et al., 2017). On the other hand, high levels of kynurenine can cross the blood brain barrier (BBB) generating kynurenic acid or quinolinic acid, both active at glutamatergic synapses. Inflammatory mediators acting on microglia increase the quinolinic acid to kynurenic acid ratio, leading to net NMDA receptor agonism. While kynurenic acid blocks NMDA receptors, thus exerting a neuroprotective effect against excitotoxicity, quinolinic acid, that is increased in MDD, acts as an agonist of the NMDA receptor and directly causes glutamate release contributing to neurotoxicity (Dantzer, 2016) (Figure 3). Moreover, inflammatory mediators adversely affect astroglial expression of EAAT thus impairing glutamate removal form the synaptic cleft (Haroon et al., 2017). Finally, activated microglia products (i.e., reactive oxygen and nitrogen radicals) induce an irreversible oxidation of enzymatic cofactors for the monoamines biosynthesis, such as tetrahydrobiopterin (BH4), leading to reduction of monoamine synthesis (Kalkman and Feuerbach, 2016).

Although further investigations are needed to fully elucidate the challenging relationship between inflammation and synaptic dysfunction in depressive symptoms, we propose that an inflammatory-mediated synaptopathy might be an integral part of the pathophysiology of MDD as suggested by studies conducted in MS and in its experimental model EAE (Figure 3).



PATHOPHYSIOLOGY OF MS AND OF THE ASSOCIATED DEPRESSIVE SYMPTOMS

MS is an autoimmune disorder of the CNS characterized by loss of myelin sheaths and gray matter damage, followed by neurodegeneration. Although its etiology is still unclear, it is now known that interactions between susceptible genes and environmental factors are involved in disease pathogenesis. MS is mainly driven by an inflammatory cascade in the CNS, triggered by autoreactive immune cells that attack myelin and neuronal epitopes leading to demyelination and axonal degeneration. Blood–brain barrier damage allows the infiltration of immune cells, including activated T and B cells, into the CNS. The local activation of microglia and astroglia cells exacerbates the immune response and causes further damage to the neuronal cell network resulting in the genesis of demyelinating plaques and excitotoxic damage (Dendrou et al., 2015; Mandolesi et al., 2015; Reich et al., 2018) (Figures 2, 3). The manifestations of inflammatory lesions/plaques in the CNS present heterogeneous temporal and pathological patterns, resulting in a variety of neurological symptoms, including motor, sensorial, cognitive and mood disorders. It is possible to distinguish various MS phenotypes: a relapsing-remitting (RR) form, mainly characterized by clinical relapses followed by a complete recovery from symptoms in 80% of patients, and progressive forms, classified as primary-progressive (PP) starting with a partial recovery from relapses followed by an increasing rate of disability, and secondary-progressive (SP) in which the progression phase is preceded by a relapsing-remitting (RR) phase. Other important variants of disease are represented by Clinically Isolated Syndrome (CIS), in which a single clinical episode typical of MS is accompanied by a radiologically active single lesion, symptomatic or not, and Radiologically Isolated Syndrome (RIS), characterized by one or more radiologically active demyelinating lesions in absence of clinical manifestations (Vaughn et al., 2019).


Depressive Symptoms in MS

Depression is the main psychiatric feature reported in MS patients (Di Legge et al., 2003; Marrie et al., 2015) and includes feelings of helplessness, reduced social participation and enjoyment of activities (Feinstein et al., 2014; Solaro et al., 2018). A clinical study conducted on a small cohort of RRMS patients with mood disorders reported a 38% prevalence of MDD (DSM-IV) (Byatt et al., 2011).

The main consequence of depressive symptoms is scarce adherence to pharmacological treatments or rehabilitative programs associated to worsening of functional outcomes (Binzer et al., 2019). Although these symptoms represent one of the main determinants for quality of life in MS, they are currently undervalued and undertreated in clinical practice. Depressive manifestations are part of a more complex disease and may influence other neurological and systemic symptoms, including motor, sensitive and cognitive impairment, fatigue, and pain. Furthermore, it is worth to mention that a bidirectional and detrimental interaction occurs between disease course and depression (Rossi et al., 2017) as suggested by the evidence that treatment of depression is effective in fatigue improvement (Solaro et al., 2018). Whether depressive syndrome in MS is “organic” in nature (an epiphenomenon due to increased inflammatory activity) or “reactive” (a functional reaction to neurological and physical symptoms) has been highly debated, highlighting the difficulties of its diagnosis (Feinstein et al., 2014; Rossi et al., 2017). This issue arises from the high variability of clinical measures and assessment methods used to identify clinical features of mood disorders in MS patients (Marrie et al., 2018). Therefore, it has been reported a wide range of general prevalence of depression from 4.27 to 59.6%, and of incidence from 4.0 to 34.7% in MS patients. These variable ranges are also attributable to an analysis conducted on a non-uniform population, including patients affected by RR and progressive forms of MS with an unclear distinction between active and non-active phase of the disease (Moore et al., 2012).

Of note, the risk to develop depression is two or five-times higher for MS patients than general population, with a lifetime prevalence of 50%, a rate of 44,5% during relapses but with no differences in terms of gender (Feinstein, 2011). In a recent meta-analysis, depressive symptoms have been reported in 35% of CIS and in the early phase of MS (Rintala et al., 2019). They may occur even in the absence of physical disability, sometimes anticipating the onset of clinical deficits (Haussleiter et al., 2009; Lo Fermo et al., 2010), suggesting that mood disturbances are not a reactive phenomenon to the pathology, but a considerable part of it (Feinstein et al., 2014). Furthermore, the occurrence of depressive symptoms has been associated with clinical relapses and progressive neurological disability, linking mood disturbance to immune attack and chronic neuroinflammation (McCabe, 2005; Moore et al., 2012).

Along with neuroinflammation, a combination of several predisposing factors, including environmental factors and aspects of individual personality (e.g., emotional focused, low self-esteem, maladaptive coping strategies, and other mood disturbances) are involved in the etiology of depressive symptoms in MS patients as reported for MDD (Pravatà et al., 2017; Di Filippo et al., 2018). On the contrary, some prominent risk factor such as age, sex, and family history of depression are less consistently associated to depressive symptoms in MS patients when compared to MDD (Patten et al., 2017). Differently from MDD, further studies are required to better clarify the involvement of genetic predisposing factors to depression in MS, especially concerning cytokine gene polymorphisms (Feinstein et al., 2014).

Regarding neuroimaging analysis, several MRI studies highlighted specific modifications, such as reduced cortical thickness, in the brain of depressed MS patients when compared to non-depressed MS patients. In overlap with MDD, the most involved areas include temporal pole, PFC, hippocampus with anterior and posterior cingulate cortex (Feinstein et al., 2014). Moreover, as it occurs in MRI studies conducted on MDD patients, altered connectivity between limbic system areas (i.e., amygdala and dorsolateral PFC) is extensively described in depressed MS patients (Feinstein et al., 2014; Nigro et al., 2015). On the other hand, it is worthy to note that there are radical differences between MDD and MS in their radiological features (Morris et al., 2018), considering the autoimmune etiology of MS disease. Cortical thickness and functional connectivity of the whole cortex are indeed diffusely altered in MS patients and are associated with subpial white matter demyelination and alteration of dendritic spines, the specific association between these radiological features and depressive symptoms in MS needs further investigations (Lassmann and Bradl, 2017).

The limited attention toward the mood aspects of MS symptomatology is in part due to an inadequate knowledge of their pathological basis. In this respect, some critical issues have been in part addressed by studies in animal models of MS that, despite several limitations, can reproduce some of the MS clinical and histopathological features (Ransohoff, 2012). One of the most accredited MS model is the myelin oligodendrocyte glycoprotein p35–55 (MOG35–55)-chronic EAE induced in C57BL/6 mice (Furlan et al., 2009). Such model presents different phases of the disease: the pre-symptomatic phase with absence of motor deficits, the acute phase starting from the onset to the peak of clinical symptoms and the following chronic phase, in which motor symptoms become milder. Several studies have reported depression-like behaviors in all EAE clinical phases in correlation with a number of cellular and molecular players (for review see Gentile et al., 2015). Sickness behavior (Pollak et al., 2002; Pollak, 2003) impairment in social relationships and a reduced self-preservation, expressed by social defeat and anhedonia, have been also detected in the EAE model (Rodrigues et al., 2011). EAE emotional changes have been linked to alterations of several brain regions that include the HPA (Pollak, 2003; Acharjee et al., 2013), the hippocampus (Musgrave et al., 2011; Peruga et al., 2011) and the striatum (Haji et al., 2012; Gentile et al., 2014, 2016) in association to inflammatory mediators affecting catecholamine and glutamatergic neurotransmission (Gentile et al., 2015).



THE MONOAMINE THEORY IN DEPRESSION ASSOCIATED WITH MS

As in MDD, monoamines are important determinants in neuroinflammation-based diseases. Low tryptophan serum concentration is observed in infectious, autoimmune, and malignant diseases and disorders that involve immune cells activation due to an increase in tryptophan metabolism (Schröcksnadel et al., 2006). Accordingly, recent studies strengthen a role of serotonin in the genesis of mood disorders in MS, as demonstrated by the successful recovery from depressive symptoms with administration of SSRI in MS depressed patients (Carta et al., 2018). However, among the several pathophysiological theories at the basis of MDD, the monoaminergic hypothesis seems to impact less the course of MS. In this context, neuroinflammatory and glutamatergic theories may play a major role (Figure 2).



THE NEUROINFLAMMATORY THEORY IN MS DEPRESSION

The immune-mediated hypothesis of depression in MS patients has been supported by evidence from both preclinical (Chen et al., 2016; Gentile et al., 2016) and clinical studies (Gold and Irwin, 2006; Rossi et al., 2017; Lee and Giuliani, 2019).


Cytokine Hypothesis in MS Depression

The cytokine profile of depressed MS patients is characterized by increased levels of proinflammatory cytokines, including TNF-α, IL-1β and IL-6 in both CSF and peripheral blood (Imitola et al., 2005; Rossi et al., 2017) (Figures 2, 3). Particular attention has been payed to TNF-α and IFN-γ as inflammatory mediators that drive severity of depressive symptoms during a clinical relapse in MS (Rossi et al., 2018). Similarly, peripheral levels of IL-1β in RRMS patients correlate with a negative psychiatric evaluation (Rossi et al., 2017). Furthermore, increased levels of IL-6 and decreased levels of IL-4 have been reported in depressed MS patients when compared to non-depressed MS patients and to healthy controls (Kallaur et al., 2016). This is also supported by the evidence that amelioration of depressive symptoms occurs when the inflammatory activity is attenuated (Rossi et al., 2015). Differently from MDD, CSF levels of IL-8 seems not to correlate with depressive symptoms in MS patients exposed to violence episodes during the adulthood (Brenner et al., 2018). However, further investigations are necessary to extend the cytokine profile associated to depressive symptoms in MS patients versus non-depressed MS patients, as well as to provide a comparative analysis with MDD. Few studies investigated genetic polymorphisms associated to depression in MS. In this regard, it has been reported that a favorable TNF-B1/B2 genotype is accompanied by a low inflammatory potential, decreased levels of TNF-α and increased IL-4 and IL-10 levels (Kallaur et al., 2016).

Preclinical studies investigated the link between mood disturbances and cytokines (Il-1β and TNF-α) in EAE (Mandolesi et al., 2012; Gentile et al., 2015). Regarding EAE behavioral symptoms, it is still debated whether mood disturbances are due to chronic alterations of both immune system and CNS or to an acute response to active or passive immunization used to induce EAE, resembling the LPS induced sickness behavior (Duarte-Silva et al., 2019). Differently from sickness behavior, EAE behavioral symptoms are associated to a chronic activation of HPA axis, increased inflammatory activity together with synaptic alterations (Duarte-Silva et al., 2019). These differences may suggest that EAE behavioral symptoms, and more specifically depressive symptoms, are probably not associated with sickness behavior (Duarte-Silva et al., 2019). Similarly to depressed MS patients, depressive-like symptoms in EAE have been associated to increased TNF-α and IL-1β plasmatic levels, increased inflammatory activity mediated by CD4+ and CD8+ T-lymphocytes in both peripheral blood and CNS and inflammation-mediated hypothalamic release of CRH (Duarte-Silva et al., 2019). EAE exhibits a depressive behavioral phenotype linked also to increased levels of IL-1β and TNF-α in the brain. Indeed, EAE behavioral abnormalities were reversed by blocking TNF-α or IL-1β signaling through central delivery of etanercept or IL-1ra, respectively (Haji et al., 2012; Gentile et al., 2015). These alterations have been associated to microglial activation (Gentile et al., 2015).



The Role of Lymphocytes in MS Depression

The main difference of the immunological profile between MDD and MS is the prominent role of CD8+ T lymphocytes in the genesis of depressive symptoms in MS, where CD4+ T lymphocytes seem to have a primary role (Solaro et al., 2018). Clinical studies reported that CD8+ T lymphocyte levels in MS depressed patients are significantly increased compared to non-depressed patients, although CD4+ T lymphocytes play an important role in triggering depressive symptoms in MS, as suggested by other authors (Morris et al., 2018). CD8+ T lymphocytes are more frequently detectable in serum of MS patients during active phases (Kaskow and Baecher-Allan, 2018), and the incidence of depressive symptoms in the course of MS is more elevated during clinical relapses, consequently related to the increase in CD8+-mediated cell immunity during disease exacerbation (Tauil et al., 2018).



The Role of Microglia in MS Depression

It is well known that activated microglia and infiltrating peripheral monocytes in CNS are crucial neuroinflammatory determinants in the pathophysiology of both MS and EAE. Together with primed T cells, they are the main inflammatory players involved in neuronal and oligodendrocyte alterations associated with synaptic dysfunction, subpial and axonal demyelination in MS/EAE (Mandolesi et al., 2015; Dong and Yong, 2019; Mecha et al., 2020). Increased microglial activity in brain regions involved in mood and cognitive control (including PFC and hippocampus) has been detected, by means of both PET and post-mortem clinical studies, in depressed MS patients in comparison to non-depressed MS patients and healthy controls (Politis, 2012). Accordingly, preclinical studies carried out on EAE investigated the link between inflammation and depressive states, revealing a direct role of microglia in the amplification of CNS neuroinflammatory response implicated in mood control (Gentile et al., 2015). In particular, depression- and anxiety-like behavior in EAE mice have been associated to the involvement of proinflammatory cytokines, such as TNF-α and IL-1β in the presence of intense microgliosis (Haji et al., 2012; Acharjee et al., 2013; Mandolesi et al., 2013; Gentile et al., 2015). Moreover, several studies demonstrated that the inflammatory milieu produced by activated microglia includes proinflammatory cytokines, prostaglandins, C3 and C4 complement proteins, reactive nitrogen species, glutamate and quinolinic acid (Gentile et al., 2015; Morris et al., 2018; Bar and Barak, 2019), suggesting a direct impact on the synaptic compartment at both structural and functional level. Of note, the inflammatory dysregulation of mechanisms responsible for synaptic homeostasis together with a dysfunction of brain area implicated in the mood control (Figures 2, 3) may occur even before the myelin damage and axonal loss in both MS patients and EAE mice (Zorrilla et al., 2001; Gentile et al., 2015; Zrzavy et al., 2017; Acharjee et al., 2018).



GLUTAMATERGIC THEORY, STRUCTURAL AND FUNCTIONAL SYNAPTIC ALTERATIONS IN MS DEPRESSION

Glutamate plays a role of primary importance both in MS and in EAE (Macrez et al., 2016) and elevated levels have been detected in the brain and CSF of MS patients with an impact on CNS integrity. Similar to MDD, an unbalance between the glutamatergic and GABAergic transmission, namely synaptopathy, has been described in several brain regions of the EAE mice and likely in MS. A long lasting synaptic pathology likely contributes to hyperexcitability and excitotoxic damage in the inflammation-driven neurodegeneration that occurs in MS/EAE (Mandolesi et al., 2015) (Figures 2, 3).

Electrophysiological studies conducted on EAE mice demonstrated that a diffuse enhancement of the glutamatergic transmission is strictly dependent on circulating pro-inflammatory cytokines, such as TNF-α and IL-1β. Of note, these synaptic dysfunctions have been detected in the gray matter not only during the symptomatic phase of the EAE disease, during which the detection of mood disturbances is challenging (Gentile et al., 2015), but also during the preclinical phases of the disease in association to depressive-like behaviors (see next paragraph). Similar alterations likely occur in MS brain as suggested by the recent development of a MS chimeric ex vivo models and TMS studies. In this regard, electrophysiological recordings from brain slices of healthy mice incubated with CSF of MS patients carrying elevated levels of IL-1β, revealed an IL-1β-dependent enhancement of the glutamate-mediated excitatory postsynaptic currents – through modulation of the transient receptor potential vanilloid 1channel (TRPV1) – and also an IL-1β-induced neuronal swelling (Rossi et al., 2012, 2014). Accordingly, neurophysiological measures of glutamate transmission in MS patients by TMS stimulation protocols demonstrated a positive correlation with CSF levels of IL-1β (Rossi et al., 2012). Furthermore, in a different MS chimeric ex vivo model, consisting in incubation of peripheral CD3+ lymphocytes derived from active RRMS patients on healthy mouse brain slices, it has been observed a TNF-α -dependent enhancement of the glutamatergic transmission similar to that observed in the EAE model (Musella et al., 2020).

Synaptopathy in the course of MS has been also associated to cognitive impairment. In fact, almost half of MS patients experience several cognitive deficits (Calabrese et al., 2011; Di Filippo et al., 2018). A preclinical counterpart has been noticed in EAE, revealing an early alteration in neurotransmission and synaptic connection without evidence of neuronal death at the hippocampal level. The excessive release of glutamate mediated by TNF-α causes the loss of the post-synaptic excitatory terminals in the CA1 region, with impairment of LTP and behavioral symptoms of memory loss and spatial disorientation (Bellizzi et al., 2016). Cognitive impairment is not only associated to a dysregulation in glutamate levels. Lower GABA levels can result in motor disability and cognitive dysfunction in MS patients, with loss of connectivity in several brain areas involved in executive functions and verbal memory (Nantes et al., 2017; Cao et al., 2018). These effects can be explained by the release of IL-1β by autoreactive lymphocytes, that has been suggested to cause a loss of synaptic inhibitory transmission in hippocampus, striatum, and cerebellum (Musella et al., 2020).

As observed for MDD, kynurenine system has been studied in depth in MS and identified as a possible biomarker for the development of disability in MS patients (Lim et al., 2017). MS patients do not differ in absolute CSF levels of tryptophan, kynurenine, kynurenic acid, and quinolinic acid compared with non-inflammatory neurological diseases but evidence shows an increase of quinolinic acid/kynurenine ratio during the relapsing phase (Aeinehband et al., 2016; Donia et al., 2019). Moreover, variable concentrations of tryptophan metabolites seem to be related to specific MS subtypes: SPMS displays a trend for lower tryptophan and kynurenic acid, while PPMS patients display increased levels of all metabolites (Aeinehband et al., 2016). It has been demonstrated that MS patients affected by depressive symptoms have higher kynurenine and lower tryptophan CSF levels (Aeinehband et al., 2016) in accordance with the above-mentioned association between depression and kynurenine levels (Raison et al., 2010) (Figure 3).



THE INFLAMMATION-DEPENDENT SYNAPTIC ALTERATIONS OF MS DEPRESSION

As already mentioned, most of the synaptopathy detected in the EAE brain is dependent on a direct neuronal effect of proinflammatory cytokines circulating in EAE/MS brain. The association between these inflammation-dependent synaptic dysfunction and mood alterations have been demonstrated by studies conducted in the EAE striatum during the pre-symptomatic phase of the disease or in mild-EAE mice (Haji et al., 2012; Gentile et al., 2015). The release of TNF-α by activated microglia, was demonstrated to cause an abnormal expression and phosphorylation of glutamate AMPA receptors in the EAE striatum leading to an enhancement of glutamatergic transmission during both the asymptomatic and the acute phase of the disease course (Centonze et al., 2009) (Figure 3). Accordingly, the preventive blockade of TNF-α signaling by intracerebroventricular treatment with an anti-TNF-α antibody rescued both anxiety-like behavior and synaptopathy in the EAE model. Such observations point to TNF-α as cytokine responsible of causing mood disorders mediated by glutamatergic alterations in the animal model (Haji et al., 2012).

IL-1β is also able to alter synaptic activity in EAE striatum in association to depressive-like behavior and to changing of neuronal excitability (Hewett et al., 2012; Gentile et al., 2016; Musella et al., 2020). These effects are in accordance with a burst of circulating IL-1β in EAE brain following leukocytes extravasation (Lévesque et al., 2016). Early mood disturbances have been also associated to the loss of CB1Rs-mediated control of GABA synaptic transmission in the EAE striatum, demonstrating an involvement of IL-β on CB1Rs function (Gentile et al., 2016). IL-1β is able to alter GABAergic synaptic activity by affecting CB1Rs in presynaptic compartment, not only during development of acute illness but also in a pre-symptomatic phase of disease. Moreover, IL-1β influences indirectly dopaminergic transmission in the striatum, with a detrimental over sensitization of D1 receptors and inhibition of D2 receptors that cause impairment of GABAergic activity (Gentile et al., 2016). Interestingly, EAE depressive-like symptoms were corrected by blocking IL-1β signaling through central delivery of IL-1ra, thus indicating the involvement of IL-1β in EAE depression. This effect was associated with the concomitant rescue of DA-related depressive behavior, DA CB1Rs neurotransmission and consequently to a functional rescue of striatal CB1Rs signaling (Gentile et al., 2014, 2016).

Regarding the involvement of ECS in the genesis of mood disorders in MS, many preclinical researches underlined that the stimulation of the ECS improves depressive-like symptoms in EAE mice (Poleszak et al., 2018). Clinical studies demonstrated that pharmacological activation of CB1Rs with exogenous cannabinoids causes the regression of depressive symptoms in MS patients (Ashton and Moore, 2011), suggesting a potential application in therapeutic treatments (Stampanoni et al., 2018).

It is worth noting that, besides depression, cognitive impairments are early symptoms in MS patients as a consequence of the inflammation driven dysregulation of glutamatergic and GABAergic activity. Proinflammatory cytokines are the main cause of synaptic plasticity alterations, a direct involvement of IL-1β was explored in MS patients (Mori et al., 2014) and in EAE models (Di Filippo et al., 2013; Nisticò et al., 2013).



CLINICAL INSIGHTS FOR CYTOKINE THEORY

In accordance with the emerging role of proinflammatory mediators in depressive states, cytokines represent potential markers as clinical response to treatment or as prognostic indicators of MDD course. For example, it has been proposed that TNF-α and IL-6 serum levels can predict a minor response to SSRI (O’Brien et al., 2007; Eller et al., 2008). Several studies conducted on SSRI and TCAs, have demonstrated a facilitation of noradrenergic neurotransmission associated with α2-adrenergic receptor activation that decreases TNF-α levels released from activated microglia in the CNS (Nickola et al., 2001; Reynolds et al., 2004). Moreover, TCAs are associated to a reduction of proinflammatory cytokines, such as TNF-α, IL-1β and IFN-γ, together with an increase of anti-inflammatory cytokines, such as IL-10, in serum of MDD patients (Maes, 1999). Interestingly, in MDD patients, that do not respond to typical antidepressant medications, elevated levels of inflammatory biomarkers were detected (Eller et al., 2008; Cattaneo et al., 2013). More specifically, lower IL-6 levels positively correlate with clinical response to antidepressant drugs (Cattaneo et al., 2013), while higher level of TNF-α are predictive of lower response to SSRI (Liu et al., 2019). The evidence suggesting a pathogenic role for proinflammatory cytokines in MDD has attracted attention on the possible use of specific anti-cytokines drugs. The antidepressant effects of drugs targeting TNF-α have already been demonstrated in preclinical models and in depressed patients suffering from autoimmune diseases. Accordingly, a recent metanalysis has shown that anti-cytokine drugs (adalimumab and tocilizumab) are associated with an antidepressant effect and increase the response to antidepressants (Kettenmann et al., 2013). Similar treatments with anti-inflammatory agents support such effect.

Interestingly, in rodent models of depression, TCA and SSRI are able to reduce the immune activation and to decrease the levels of TNF-α (Connor et al., 2000; Grippo et al., 2005). It is noteworthy that higher serotonin levels have been associated to immunomodulating effects, including T-cell and natural killer (NK) cell activation, delayed-type hypersensitivity response, production of chemotactic factors, and natural immunity derived from macrophages and microglia (León-Ponte et al., 2007; Lim et al., 2009; Dhami et al., 2013; Talmon et al., 2018).

Furthermore, the delayed effectiveness of current antidepressant drug treatment is associated with enhanced brain plasticity especially in regions commonly affected in MDD, such as the hippocampus, BLA and the PFC (Varea et al., 2012; Carceller et al., 2018). This effect could be explained by the so-called “neuroplastic hypothesis.” The activation of intracellular second messengers and the consequent effect on dendritic spine pruning may influence synaptic plasticity (Levy et al., 2018). Moreover, it has been observed that SSRI, such as fluoxetine, can reorganize the inhibitory circuitry which regulates interneural connectivity and enhance BDNF levels favoring synaptic plasticity in the hippocampus (Karpova et al., 2011). Accordingly, the role of somatostatinergic interneurons is fundamental to facilitate synaptic plasticity (Carceller et al., 2018).

Regarding treatment of MS depression, immunomodulatory and immunosuppressive drugs, namely disease modifying therapies (DMTs), such as oral dimethyl fumarate, teriflunomide, fingolimod, and intravenous drugs, such as natalizumab, and alemtuzumab (Kirzinger et al., 2013; Hunter et al., 2016; Montanari et al., 2016; Gasim et al., 2018) seem to modulate depressive symptoms in MS. Furthermore, some of these DMT drugs exert a direct beneficial effect on glutamatergic and GABAergic synaptic transmission by modulating inflammatory mediators (Gentile et al., 2016, 2018; Mandolesi et al., 2017). Although this evidence does not guarantee a unique interpretation of the relationship between DMTs and mood disorder amelioration in MS, such treatments could influence the disease course in its entirety. Regarding drugs that directly block cytokines signaling, worsening of MS symptoms was observed following treatment with anti-TNF-α due to still unclear dichotomous action of TNF-α. Drugs that act on the IL-1β system, that are effective/safe in other autoimmune diseases and show a therapeutic potential in preclinical studies have not yet been approved for MS (Musella et al., 2020).

Positive pharmacological response to SSRI, TCAs and iMAOIs in the treatment of depressive symptoms in MS may confirm that antidepressant drugs act simultaneously on both monoaminergic and glutamatergic system dysregulations. Indeed, recent studies demonstrated that SSRI treatment is effective not only on mood comorbidities related to MS, but also as a potential DMT to treat clinical relapses and progression of disability (Foley et al., 2014). Moreover, preclinical studies highlighted that administration of antidepressants, such as venlafaxine and fluoxetine, attenuates the release of proinflammatory cytokines in EAE mice (Bhat et al., 2017). These data are also supported by radiological evidence from depressed patients with MS (Grech et al., 2019). It has been demonstrated that treatment of MS patients with fluoxetine over a 24-week period is able to reduce the number of new, gadolinium-enhancing, demyelinating lesions detected at the MRI (Mostert et al., 2008). The effect of infusion drugs on depression is still a matter of debate and IFN-β or glatiramer acetate have not been associated to significant amelioration of the Beck Depression Inventory (BDI) score over 48 months of therapy (Kirzinger et al., 2013). On the other hand, the efficacy of IFN-1β on depressive symptoms has been demonstrated in another study (Comi et al., 2017). However, antidepressant treatment in combination with DMTs, particularly IFN-β, is not routinely used in clinical practice (Mirsky et al., 2016).

Finally, non-pharmacological therapeutic approaches may also improve mood symptoms in MS patients. Recent works suggest a beneficial role of physical exercise in patients with progressive MS and depression (Donia et al., 2019). In particular, it has been observed that rehabilitation is protective against neurodegeneration, improving long-term outcome and reducing the risk of depression relapses in MS patients (Joisten et al., 2019). Such effects have been related to a reduction of serum and liquor levels of proinflammatory cytokines, with a consequent modulation of glutamatergic neurotransmission and enhancement of tryptophan metabolites (Joisten et al., 2019). In EAE model, voluntary exercise improves motor disability and rescues the sensitivity of CB1Rs signaling at GABAergic synaptic terminals in the EAE striatum, suggesting a potential recovery of inflammatory mediated mood disturbances (Rossi et al., 2009b; Gentile et al., 2019).

Altogether, these observations concerning the treatment of depressive symptoms in both MDD and MS show a complex interaction between the immune and neuronal pathways suggesting the needed of further investigations, both at preclinical and clinical levels, to ameliorate the clinical outcomes.



CONCLUSION

In conclusion, based on the several evidences reported here, we point to the relevance of inflammation-dependent neurotransmitter alterations as potential contributors to depressive symptoms in both MDD and MS disease. At a first glance, these complex brain disorders that diverge in multiple aspects (simply by considering MS as an inflammatory neurodegenerative disease and MDD as a neuropsychiatric disorder) seems to share few pathological aspects such as damage of brain areas devoted to mood control and some neuroinflammatory mediators. However, clinical and preclinical investigations performed in both diseases revel common traits, from the monoamine- to the glutamate- and inflammatory theories, which are often interconnected and unbalanced in the diseases (Figures 1, 2). While in MDD the contribution of inflammatory synaptic mechanisms has been mainly related to hyperactivity of the HPA axis as well as to alterations of the monoamine pathways, in MS depression, an early inflammatory synaptopathy is likely responsible of a glutamatergic and GABAergic unbalance that in the long term can cause excitotoxic damage. These observations strengthen the idea that further investigations in both pathologies are necessary to reciprocally reinforce the hypothesis that inflammation-dependent synaptic perturbations are suitable substrate for the induction of depressive symptoms in both MS and MDD at early stages (Figure 3). Unfortunately, we are not yet able to establish what are the mechanisms that drive inflammation and/or synaptic dysfunction and more studies need to be conducted.

Finally, despite we are aware that the role of inflammation in the etiopathogenesis of depressive disorders is still debated and several questions still remain open, we would like to emphasize that inflammatory cytokines are potent modulators of the synaptic compartment and that even subtle changes in their levels can induce, likely in susceptible individuals, synaptic perturbations responsible of early depressive symptoms. The synaptic glutamatergic perturbation, in different entities and with different outcomes, could represent the keystone that connects the two pathologies, joined in different ways by neuroinflammation. It is remarkable that predisposing factors, especially genetic and epigenetic factors, may play a central role to identify their common role in both diseases.



AUTHOR CONTRIBUTIONS

AB, ED, DC, and GM conceived and designed the manuscript. All other authors made significant contributions and approved the manuscript.



FUNDING

The study was supported by FISM – Fondazione Italiana Sclerosi Multipla – cod. 2019/S/1 and financed or co-financed with the ‘5 per mille’ public funding to DC and FR, by the Italian Ministry of University and Research (MIUR)-PRIN 2017- cod. 2017K55HLC to DC, and by the Italian Ministry of Health (GR-2016-02361163 to AM; GR-2016-02362380 to DF; GR-2018-12366154 to AG; RF-2018-12366144 to DC; Ricerca corrente to IRCCS San Raffaele Pisana; Ricerca corrente to IRCCS Neuromed). FD was supported by a research fellowship FISM – Fondazione Italiana Sclerosi Multipla – cod. 2018/B/2 and financed or co-financed with the ‘5 per mille’ public funding.



REFERENCES

Acharjee, S., Nayani, N., Tsutsui, M., Hill, M. N., Ousman, S. S., and Pittman, Q. J. (2013). Altered cognitive-emotional behavior in early experimental autoimmune encephalitis – Cytokine and hormonal correlates. Brain. Behav. Immun. 33, 164–172. doi: 10.1016/j.bbi.2013.07.003

Acharjee, S., Verbeek, M., Gomez, C. D., Bisht, K., Lee, B., Benoit, L., et al. (2018). Reduced microglial activity and enhanced glutamate transmission in the basolateral amygdala in early CNS autoimmunity. J. Neurosci. 38, 9019–9033. doi: 10.1523/JNEUROSCI.0398-18.2018

Aeinehband, S., Brenner, P., Ståhl, S., Bhat, M., Fidock, M. D., Khademi, M., et al. (2016). Cerebrospinal fluid kynurenines in multiple sclerosis; relation to disease course and neurocognitive symptoms. Brain. Behav. Immun. 51, 47–55. doi: 10.1016/j.bbi.2015.07.016

Albert, P. R., Benkelfat, C., and Descarries, L. (2012). The neurobiology of depression—revisiting the serotonin hypothesis. I. Cellular and molecular mechanisms. Philos. Trans. R. Soc. B Biol. Sci. 367, 2378–2381. doi: 10.1098/rstb.2012.0190

Alesci, S., Martinez, P. E., Kelkar, S., Ilias, I., Ronsaville, D. S., Listwak, S. J., et al. (2005). Major depression is associated with significant diurnal elevations in plasma interleukin-6 levels, a shift of its circadian rhythm, and loss of physiological complexity in its secretion: clinical implications. J. Clin. Endocrinol. Metab. 90, 2522–2530. doi: 10.1210/jc.2004-1667

Ashton, C. H., and Moore, P. B. (2011). Endocannabinoid system dysfunction in mood and related disorders. Acta Psychiatr. Scand. 124, 250–261. doi: 10.1111/j.1600-0447.2011.01687.x

Banasr, M., and Duman, R. (2007). Regulation of neurogenesis and gliogenesis by stress and antidepressant treatment. CNS Neurol. Disord. Drug Targets 6, 311–320. doi: 10.2174/187152707783220929

Bar, E., and Barak, B. (2019). Microglia roles in synaptic plasticity and myelination in homeostatic conditions and neurodevelopmental disorders. Glia 67, 2125–2141. doi: 10.1002/glia.23637

Bellizzi, M. J., Geathers, J. S., Allan, K. C., and Gelbard, H. A. (2016). Platelet-activating factor receptors mediate excitatory postsynaptic hippocampal injury in experimental autoimmune encephalomyelitis. J. Neurosci. 36, 1336–1346. doi: 10.1523/JNEUROSCI.1171-15.2016

Belmaker, R. H., and Agam, G. (2008). Major depressive disorder. N. Engl. J. Med. 358, 55–68. doi: 10.1056/NEJMra073096

Bhat, R., Mahapatra, S., Axtell, R. C., and Steinman, L. (2017). Amelioration of ongoing experimental autoimmune encephalomyelitis with fluoxetine. J. Neuroimmunol. 313, 77–81. doi: 10.1016/j.jneuroim.2017.10.012

Bielau, H., Trübner, K., Krell, D., Agelink, M. W., Bernstein, H., Stauch, R., et al. (2005). Volume deficits of subcortical nuclei in mood disorders. Eur. Arch. Psychiatry Clin. Neurosci. 255, 401–412. doi: 10.1007/s00406-005-0581-y

Binzer, S., McKay, K. A., Brenner, P., Hillert, J., and Manouchehrinia, A. (2019). Disability worsening among persons with multiple sclerosis and depression. Neurology 93, e2216–e2223. doi: 10.1212/WNL.0000000000008617

Boku, S., Nakagawa, S., Toda, H., and Hishimoto, A. (2018). Neural basis of major depressive disorder: beyond monoamine hypothesis. Comput. Graph. Forum 37, 3–12. doi: 10.1111/pcn.12604

Brenner, P., Granqvist, M., Königsson, J., Al Nimer, F., Piehl, F., and Jokinen, J. (2018). Depression and fatigue in multiple sclerosis: relation to exposure to violence and cerebrospinal fluid immunomarkers. Psychoneuroendocrinology 89, 53–58. doi: 10.1016/j.psyneuen.2018.01.002

Brydon, L., Harrison, N. A., Walker, C., Steptoe, A., and Critchley, H. D. (2008). Peripheral inflammation is associated with altered substantia nigra activity and psychomotor slowing in humans. Biol. Psychiatry 63, 1022–1029. doi: 10.1016/j.biopsych.2007.12.007

Byatt, N., Rothschild, A. J., Riskind, P., Ionete, C., and Hunt, A. T. (2011). Relationships between multiple sclerosis and depression. J. Neuropsychiatry Clin. Neurosci. 23, 198–200. doi: 10.1176/jnp.23.2.jnp198

Calabrese, M., Rinaldi, F., Grossi, P., and Gallo, P. (2011). Cortical pathology and cognitive impairment in multiple sclerosis. Expert Rev. Neurother. 11, 425–432. doi: 10.1586/ern.10.155

Cantone, M., Bramanti, A., Lanza, G., Pennisi, M., Bramanti, P., Pennisi, G., et al. (2017). Cortical plasticity in depression. ASN Neuro 9, 175909141771151. doi: 10.1177/1759091417711512

Cao, G., Edden, R. A. E., Gao, F., Li, H., Gong, T., Chen, W., et al. (2018). Reduced GABA levels correlate with cognitive impairment in patients with relapsing-remitting multiple sclerosis. Eur. Radiol. 28, 1140–1148. doi: 10.1007/s00330-017-5064-9

Carceller, H., Perez-Rando, M., Castren, E., Nacher, J., and Guirado, R. (2018). Effects of the antidepressant fluoxetine on the somatostatin interneurons in the basolateral amygdala. Neuroscience 386, 205–213. doi: 10.1016/j.neuroscience.2018.06.041

Carta, M. G., Paribello, P., Anastasia, A., De Berardis, D., Nardi, A. E., and Fornaro, M. (2018). Pharmacological management of depression in patients with multiple sclerosis. Expert Opin. Pharmacother. 19, 1533–1540. doi: 10.1080/14656566.2018.1516207

Cattaneo, A., Gennarelli, M., Uher, R., Breen, G., Farmer, A., Aitchison, K. J., et al. (2013). Candidate genes expression profile associated with antidepressants response in the GENDEP study: differentiating between baseline ‘predictors’ and longitudinal ‘targets.’. Neuropsychopharmacology 38, 377–385. doi: 10.1038/npp.2012.191

Centonze, D., Muzio, L., Rossi, S., Cavasinni, F., De Chiara, V., Bergami, A., et al. (2009). Inflammation triggers synaptic alteration and degeneration in experimental autoimmune encephalomyelitis. J. Neurosci. 29, 3442–3452. doi: 10.1523/JNEUROSCI.5804-08.2009

Chen, C. Y., Yeh, Y. W., Kuo, S. C., Liang, C. S., Ho, P. S., Huang, C. C., et al. (2018). Differences in immunomodulatory properties between venlafaxine and paroxetine in patients with major depressive disorder. Psychoneuroendocrinology 87, 108–118. doi: 10.1016/j.psyneuen.2017.10.009

Chen, W.-W., Zhang, X., and Huang, W.-J. (2016). Role of neuroinflammation in neurodegenerative diseases (Review). Mol. Med. Rep. 13, 3391–3396. doi: 10.3892/mmr.2016.4948

Chung, S. W., Hoy, K. E., and Fitzgerald, P. B. (2015). THETA-BURST stimulation: a new form of TMS treatment for depressiON? Depress. Anxiety 32, 182–192. doi: 10.1002/da.22335

Comi, G., Patti, F., Rocca, M. A., Mattioli, F. C., Amato, M. P., Gallo, P., et al. (2017). Efficacy of fingolimod and interferon beta-1b on cognitive, MRI, and clinical outcomes in relapsing–remitting multiple sclerosis: an 18-month, open-label, rater-blinded, randomised, multicentre study (the GOLDEN study). J. Neurol. 264, 2436–2449. doi: 10.1007/s00415-017-8642-5

Connor, T. J., Harkin, A., Kelly, J. P., and Leonard, B. E. (2000). Olfactory bulbectomy provokes a suppression of interleukin-1β and tumour necrosis factor-α production in response to an in vivo challenge with lipopolysaccharide: effect of chronic desipramine treatment. Neuroimmunomodulation 7, 27–35. doi: 10.1159/000026417

Cristino, L., Bisogno, T., and Di Marzo, V. (2020). Cannabinoids and the expanded endocannabinoid system in neurological disorders. Nat. Rev. Neurol. 16, 9–29. doi: 10.1038/s41582-019-0284-z

Croarkin, P. E., and MacMaster, F. P. (2019). Transcranial magnetic stimulation for adolescent depression. Child Adolesc. Psychiatr. Clin. N. Am. 28, 33–43. doi: 10.1016/j.chc.2018.07.003

Dantzer, R. (2016). Role of the kynurenine metabolism pathway in inflammation-induced depression: preclinical approaches. Curr. Top. Behav. Neurosci. 31, 117–138. doi: 10.1007/7854_2016_6

Dantzer, R., and Kelley, K. W. (2007). Twenty years of research on cytokine-induced sickness behavior. Brain. Behav. Immun. 21, 153–160. doi: 10.1016/j.bbi.2006.09.006

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., and Kelley, K. W. (2008). From inflammation to sickness and depression: when the immune system subjugates the brain. Nat. Rev. Neurosci. 9, 46–56. doi: 10.1038/nrn2297

de Sousa, R. T., Loch, A. A., Carvalho, A. F., Brunoni, A. R., Haddad, M. R., Henter, I. D., et al. (2017). Genetic studies on the tripartite glutamate synapse in the pathophysiology and therapeutics of mood disorders. Neuropsychopharmacology 42, 787–800. doi: 10.1038/npp.2016.149

Dean, J., and Keshavan, M. (2017). The neurobiology of depression: an integrated view. Asian J. Psychiatr. 27, 101–111. doi: 10.1016/j.ajp.2017.01.025

Dendrou, C. A., Fugger, L., and Friese, M. A. (2015). Immunopathology of multiple sclerosis. Nat. Rev. Immunol. 15, 545–558. doi: 10.1038/nri3871

Deng, Z., Yuan, C., Yang, J., Peng, Y., Wang, W., Wang, Y., et al. (2019). Behavioral defects induced by chronic social defeat stress are protected by Momordica charantia polysaccharides via attenuation of JNK3/PI3K/AKT neuroinflammatory pathway. Ann. Transl. Med. 7:6. doi: 10.21037/atm.2018.12.08

Dey, A., and Giblin, P. A. H. (2018). Insights into macrophage heterogeneity and cytokine-induced neuroinflammation in major depressive disorder. Pharmaceuticals 11:64. doi: 10.3390/ph11030064

Dhami, K. S., Churchward, M. A., Baker, G. B., and Todd, K. G. (2013). Fluoxetine and citalopram decrease microglial release of glutamate and d-serine to promote cortical neuronal viability following ischemic insult. Mol. Cell. Neurosci. 56, 365–374. doi: 10.1016/j.mcn.2013.07.006

Di Filippo, M., Chiasserini, D., Gardoni, F., Viviani, B., Tozzi, A., Giampà, C., et al. (2013). Effects of central and peripheral inflammation on hippocampal synaptic plasticity. Neurobiol. Dis. 52, 229–236. doi: 10.1016/j.nbd.2012.12.009

Di Filippo, M., Portaccio, E., Mancini, A., and Calabresi, P. (2018). Multiple sclerosis and cognition: synaptic failure and network dysfunction. Nat. Rev. Neurosci. 19, 599–609. doi: 10.1038/s41583-018-0053-9

Di Legge, S., Piattella, M. C., Pozzilli, C., Pantano, P., Caramia, F., Pestalozza, I. F., et al. (2003). Longitudinal evaluation of depression and anxiety in patients with clinically isolated syndrome at high risk of developing early multiple sclerosis. Mult. Scler. 9, 302–306. doi: 10.1191/1352458503ms921oa

Dong, Y., and Yong, V. W. (2019). When encephalitogenic T cells collaborate with microglia in multiple sclerosis. Nat. Rev. Neurol. 15, 704–717. doi: 10.1038/s41582-019-0253-6

Donia, S. A., David, A., Gammage, K. L., and Ditor, D. S. (2019). The effects of acute aerobic exercise on mood and inflammation in individuals with multiple sclerosis and incomplete spinal cord injury. NeuroRehabilitation 45:773. doi: 10.3233/NRE-192773

Duarte-Silva, E., Macedo, D., Maes, M., and Peixoto, C. A. (2019). Novel insights into the mechanisms underlying depression-associated experimental autoimmune encephalomyelitis. Prog. Neuro Psychopharmacol. Biol. Psychiatry 93, 1–10. doi: 10.1016/j.pnpbp.2019.03.001

Eller, T., Vasar, V., Shlik, J., and Maron, E. (2008). Pro-inflammatory cytokines and treatment response to escitaloprsam in major depressive disorder. Prog. Neuro Psychopharmacol. Biol. Psychiatry 32, 445–450. doi: 10.1016/j.pnpbp.2007.09.015

Fakhoury, M. (2016). Revisiting the serotonin hypothesis: implications for major depressive disorders. Mol. Neurobiol. 53, 2778–2786. doi: 10.1007/s12035-015-9152-z

Feinstein, A. (2011). Multiple sclerosis and depression. Mult. Scler. J. 17, 1276–1281. doi: 10.1177/1352458511417835

Feinstein, A., Magalhaes, S., Richard, J. F., Audet, B., and Moore, C. (2014). The link between multiple sclerosis and depression. Nat. Rev. Neurol. 10, 507–517. doi: 10.1038/nrneurol.2014.139

Finnell, J. E., and Wood, S. K. (2016). Neuroinflammation at the interface of depression and cardiovascular disease: evidence from rodent models of social stress. Neurobiol. Stress 4, 1–14. doi: 10.1016/j.ynstr.2016.04.001

Fogaça, M. V., and Duman, R. S. (2019). Cortical GABAergic dysfunction in stress and depression: new insights for therapeutic interventions. Front. Cell. Neurosci. 13:87. doi: 10.3389/fncel.2019.00087

Foley, P., Lawler, A., Chandran, S., and Mead, G. (2014). Potential disease-modifying effects of selective serotonin reuptake inhibitors in multiple sclerosis: systematic review and meta-analysis. J. Neurol. Neurosurg. Psychiatry 85, 709–710. doi: 10.1136/jnnp-2013-306829

Fuchikami, M., Thomas, A., Liu, R., Wohleb, E. S., Land, B. B., DiLeone, R. J., et al. (2015). Optogenetic stimulation of infralimbic PFC reproduces ketamine’s rapid and sustained antidepressant actions. Proc. Natl. Acad. Sci. U.S.A. 112, 8106–8111. doi: 10.1073/pnas.1414728112

Fullana, M. N., Covelo, A., Bortolozzi, A., Araque, A., and Artigas, F. (2019a). In vivo knockdown of astroglial glutamate transporters GLT-1 and GLAST increases excitatory neurotransmission in mouse infralimbic cortex: relevance for depressive-like phenotypes. Eur. Neuropsychopharmacol. 29, 1288–1294. doi: 10.1016/j.euroneuro.2019.09.004

Fullana, M. N., Ruiz-Bronchal, E., Ferrés-Coy, A., Juárez-Escoto, E., Artigas, F., and Bortolozzi, A. (2019b). Regionally selective knockdown of astroglial glutamate transporters in infralimbic cortex induces a depressive phenotype in mice. Glia 67, 1122–1137. doi: 10.1002/glia.23593

Furlan, R., Cuomo, C., and Martino, G. (2009). Animal models of multiple sclerosis. Eur. J. Pharmacol. 759, 182–191. doi: 10.1007/978-1-60327-931-4_11

Furtado, M., and Katzman, M. A. (2015). Examining the role of neuroinflammation in major depression. Psychiatry Res. 229, 27–36. doi: 10.1016/j.psychres.2015.06.009

Gasim, M., Bernstein, C. N., Graff, L. A., Patten, S. B., El-Gabalawy, R., Sareen, J., et al. (2018). Adverse psychiatric effects of disease-modifying therapies in multiple sclerosis: a systematic review. Mult. Scler. Relat. Disord. 26, 124–156. doi: 10.1016/j.msard.2018.09.008

Gentile, A., De Vito, F., Fresegna, D., Musella, A., Buttari, F., Bullitta, S., et al. (2015). Exploring the role of microglia in mood disorders associated with experimental multiple sclerosis. Front. Cell. Neurosci. 9:243. doi: 10.3389/fncel.2015.00243

Gentile, A., Fresegna, D., Federici, M., Musella, A., Rizzo, F. R. F. R., Sepman, H., et al. (2014). Dopaminergic dysfunction is associated with IL-1β-dependent mood alterations in experimental autoimmune encephalomyelitis. Neurobiol. Dis. 74, 347–358. doi: 10.1016/j.nbd.2014.11.022

Gentile, A., Fresegna, D., Musella, A., Sepman, H., Bullitta, S., De Vito, F., et al. (2016). Interaction between interleukin-1β and type-1 cannabinoid receptor is involved in anxiety-like behavior in experimental autoimmune encephalomyelitis. J. Neuroinflamm. 13:231. doi: 10.1186/s12974-016-0682-8

Gentile, A., Musella, A., De Vito, F., Fresegna, D., Bullitta, S., Rizzo, F. R., et al. (2018). Laquinimod ameliorates excitotoxic damage by regulating glutamate re-uptake. J. Neuroinflamm. 15:5. doi: 10.1186/s12974-017-1048-6

Gentile, A., Musella, A., De Vito, F., Rizzo, F. R., Fresegna, D., Bullitta, S., et al. (2019). Immunomodulatory effects of exercise in experimental multiple sclerosis. Front. Immunol. 10:2197. doi: 10.3389/fimmu.2019.02197

Gerhard, D. M., Wohleb, E. S., and Duman, R. S. (2016). Emerging treatment mechanisms for depression: focus on glutamate and synaptic plasticity. Drug Discov. Today 21, 454–464. doi: 10.1016/j.drudis.2016.01.016

Gilabert-Juan, J., Castillo-Gomez, E., Guirado, R., Moltó, M. D., and Nacher, J. (2013). Chronic stress alters inhibitory networks in the medial prefrontal cortex of adult mice. Brain Struct. Funct. 218, 1591–1605. doi: 10.1007/s00429-012-0479-1

Godfrey, K. E. M., Gardner, A. C., Kwon, S., Chea, W., and Muthukumaraswamy, S. D. (2018). Differences in excitatory and inhibitory neurotransmitter levels between depressed patients and healthy controls: a systematic review and meta-analysis. J. Psychiatr. Res. 105, 33–44. doi: 10.1016/j.jpsychires.2018.08.015

Gold, S. M., and Irwin, M. R. (2006). Depression and immunity: inflammation and depressive symptoms in multiple sclerosis. Neurol. Clin. 24, 507–519. doi: 10.1016/j.ncl.2006.03.007

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata, L. B., et al. (2015). Identification of a common neurobiological substrate for mental illness. JAMA Psychiatry 72:305. doi: 10.1001/jamapsychiatry.2014.2206

Grech, L. B., Butler, E., Stuckey, S., and Hester, R. (2019). Neuroprotective benefits of antidepressants in multiple sclerosis: are we missing the mark? J. Neuropsychiatry Clin. Neurosci. 31, 289–297. doi: 10.1176/appi.neuropsych.18070164

Grippo, A. J., Francis, J., Beltz, T. G., Felder, R. B., and Johnson, A. K. (2005). Neuroendocrine and cytokine profile of chronic mild stress-induced anhedonia. Physiol. Behav. 84, 697–706. doi: 10.1016/j.physbeh.2005.02.011

Haapakoski, R., Mathieu, J., Ebmeier, K. P., Alenius, H., and Kivimäki, M. (2015). Cumulative meta-analysis of interleukins 6 and 1β, tumour necrosis factor α and C-reactive protein in patients with major depressive disorder. Brain. Behav. Immun. 49, 206–215. doi: 10.1016/j.bbi.2015.06.001

Haastrup, E., Bukh, J. D., Bock, C., Vinberg, M., Thørner, L. W., Hansen, T., et al. (2012). Promoter variants in IL18 are associated with onset of depression in patients previously exposed to stressful-life events. J. Affect. Disord. 136, 134–138. doi: 10.1016/j.jad.2011.08.025

Haji, N., Mandolesi, G., Gentile, A., Sacchetti, L., Fresegna, D., Rossi, S., et al. (2012). TNF-α-mediated anxiety in a mouse model of multiple sclerosis. Exp. Neurol. 237, 296–303. doi: 10.1016/j.expneurol.2012.07.010

Hao, Y., Ge, H., Sun, M., and Gao, Y. (2019). Selecting an appropriate animal model of depression. Int. J. Mol. Sci. 20, 1–16. doi: 10.3390/ijms20194827

Haroon, E., Miller, A. H., and Sanacora, G. (2017). Inflammation, glutamate, and glia: a trio of trouble in mood disorders. Neuropsychopharmacology 42, 193–215. doi: 10.1038/npp.2016.199

Haroon, E., Raison, C. L., and Miller, A. H. (2012). Psychoneuroimmunology meets neuropsychopharmacology: translational implications of the impact of inflammation on behavior. Neuropsychopharmacology 37, 137–162. doi: 10.1038/npp.2011.205

Hasler, G., Drevets, W. C., Manji, H. K., and Charney, D. S. (2004). Discovering endophenotypes for major depression. Neuropsychopharmacology 29, 1765–1781. doi: 10.1038/sj.npp.1300506

Hasler, G., van der Veen, J. W., Tumonis, T., Meyers, N., Shen, J., and Drevets, W. C. (2007). Reduced prefrontal glutamate/glutamine and γ-Aminobutyric Acid levels in major depression determined using proton magnetic resonance spectroscopy. Arch. Gen. Psychiatry 64:193. doi: 10.1001/archpsyc.64.2.193

Haussleiter, I. S., Brüne, M., and Juckel, G. (2009). Review: psychopathology in multiple sclerosis: diagnosis, prevalence and treatment. Ther. Adv. Neurol. Disord. 2, 13–29. doi: 10.1177/1756285608100325

Hewett, S. J., Jackman, N. A., and Claycomb, R. J. (2012). Interleukin-1β in central nervous system injury and repair. Eur. J. Neurodegener. Dis. 1, 195–211.

Hewitt, S. A., Wamsteeker, J. I., Kurz, E. U., and Bains, J. S. (2009). Altered chloride homeostasis removes synaptic inhibitory constraint of the stress axis. Nat. Neurosci. 12, 438–443. doi: 10.1038/nn.2274

Hunter, S. F., Agius, M., Miller, D. M., Cutter, G., Barbato, L., McCague, K., et al. (2016). Impact of a switch to fingolimod on depressive symptoms in patients with relapsing multiple sclerosis: an analysis from the EPOC (Evaluate Patient OutComes) trial. J. Neurol. Sci. 365, 190–198. doi: 10.1016/j.jns.2016.03.024

Imitola, J., Chitnis, T., and Khoury, S. (2005). Cytokines in multiple sclerosis: from bench to bedside. Pharmacol. Ther. 106, 163–177. doi: 10.1016/j.pharmthera.2004.11.007

Innes, S., Pariante, C. M., and Borsini, A. (2019). Microglial-driven changes in synaptic plasticity: a possible role in major depressive disorder. Psychoneuroendocrinology 102, 236–247. doi: 10.1016/j.psyneuen.2018.12.233

Janelidze, S., Mattei, D., Westrin, A., Träskman-Bendz, L., and Brundin, L. (2011). Cytokine levels in the blood may distinguish suicide attempters from depressed patients. Brain. Behav. Immun. 25, 335–339. doi: 10.1016/j.bbi.2010.10.010

Joisten, N., Rademacher, A., Bloch, W., Schenk, A., Oberste, M., Dalgas, U., et al. (2019). Influence of different rehabilitative aerobic exercise programs on (anti-) inflammatory immune signalling, cognitive and functional capacity in persons with MS – study protocol of a randomized controlled trial. BMC Neurol. 19:37. doi: 10.1186/s12883-019-1267-9

Kalkman, H. O., and Feuerbach, D. (2016). Antidepressant therapies inhibit inflammation and microglial M1-polarization. Pharmacol. Ther. 163, 82–93. doi: 10.1016/j.pharmthera.2016.04.001

Kallaur, A. P., Lopes, J., Oliveira, S. R., Simão, A. N. C., Reiche, E. M. V., de Almeida, E. R. D., et al. (2016). Immune-inflammatory and oxidative and nitrosative stress biomarkers of depression symptoms in subjects with multiple sclerosis: increased peripheral inflammation but less acute neuroinflammation. Mol. Neurobiol. 53, 5191–5202. doi: 10.1007/s12035-015-9443-4

Karpova, N. N., Pickenhagen, A., Lindholm, J., Tiraboschi, E., Kulesskaya, N., Agustsdottir, A., et al. (2011). Fear erasure in mice requires synergy between antidepressant drugs and extinction training. Science 334, 1731–1734. doi: 10.1126/science.1214592

Kaskow, B. J., and Baecher-Allan, C. (2018). Effector T cells in multiple sclerosis. Cold Spring Harb. Perspect. Med. 8:a029025. doi: 10.1101/cshperspect.a029025

Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new roles for the synaptic stripper. Neuron 77, 10–18. doi: 10.1016/j.neuron.2012.12.023

Khairova, R. A., Machado-Vieira, R., Du, J., and Manji, H. K. (2009). A potential role for pro-inflammatory cytokines in regulating synaptic plasticity in major depressive disorder. Int. J. Neuropsychopharmacol. 12:561. doi: 10.1017/S1461145709009924

Khandaker, G. M., Pearson, R. M., Zammit, S., Lewis, G., and Jones, P. B. (2014). Association of serum interleukin 6 and C-reactive protein in childhood with depression and psychosis in young adult life. JAMA Psychiatry 71:1121. doi: 10.1001/jamapsychiatry.2014.1332

Khandaker, G. M., Pearson, R. M., Zammit, S., Lewis, G., Jones, P. B., Lassmann, H., et al. (2018). Novel insights into the mechanisms underlying depression-associated experimental autoimmune encephalomyelitis. Transl. Psychiatry 32, 223–244.

Kim, Y. K., and Won, E. (2017). The influence of stress on neuroinflammation and alterations in brain structure and function in major depressive disorder. Behav. Brain Res. 329, 6–11. doi: 10.1016/j.bbr.2017.04.020

Kirzinger, S. S., Jones, J., Siegwald, A., and Crush, A. B. (2013). Relationship between disease-modifying therapy and depression in multiple sclerosis. Int. J. MS Care 15, 107–112. doi: 10.7224/1537-2073.2012-036

Klein, M. O., Battagello, D. S., Cardoso, A. R., Hauser, D. N., Bittencourt, J. C., and Correa, R. G. (2019). Dopamine: functions, signaling, and association with neurological diseases. Cell. Mol. Neurobiol. 39, 31–59. doi: 10.1007/s10571-018-0632-3

Lanz, T. V., Becker, S., Mohapatra, S. R., Opitz, C. A., Wick, W., and Platten, M. (2017). Suppression of Th1 differentiation by tryptophan supplementation in vivo. Amino Acids 49, 1169–1175. doi: 10.1007/s00726-017-2415-4

Lassmann, H., and Bradl, M. (2017). Multiple sclerosis: experimental models and reality. Acta Neuropathol. 133, 223–244. doi: 10.1007/s00401-016-1631-4

Lee, C.-H., and Giuliani, F. (2019). The role of inflammation in depression and fatigue. Front. Immunol. 10:1696. doi: 10.3389/fimmu.2019.01696

Lener, M. S., Niciu, M. J., Ballard, E. D., Park, M., Park, L. T., Nugent, A. C., et al. (2017). Glutamate and gamma-aminobutyric acid systems in the pathophysiology of major depression and antidepressant response to ketamine. Biol. Psychiatry 81, 886–897. doi: 10.1016/j.biopsych.2016.05.005

Leoón-Ponte, M., Ahern, G. P., and O’Connell, P. J. (2007). Serotonin provides an accessory signal to enhance T-cell activation by signaling through the 5-HT7 receptor. Blood 109, 3139–3146. doi: 10.1182/blood-2006-10-052787

Lévesque, S. A., Paré, A., Mailhot, B., Bellver-Landete, V., Kébir, H., Lécuyer, M.-A., et al. (2016). Myeloid cell transmigration across the CNS vasculature triggers IL-1β–driven neuroinflammation during autoimmune encephalomyelitis in mice. J. Exp. Med. 213, 929–949. doi: 10.1084/jem.20151437

Levy, M. J. F., Boulle, F., Steinbusch, H. W., van den Hove, D. L. A., Kenis, G., and Lanfumey, L. (2018). Neurotrophic factors and neuroplasticity pathways in the pathophysiology and treatment of depression. Psychopharmacology 235, 2195–2220. doi: 10.1007/s00213-018-4950-4

Li, C., Zhao, R., Gao, K., Wei, Z., Yin, M. Y., Lau, L. T., et al. (2011). Astrocytes: implications for neuroinflammatory pathogenesis of Alzheimer’s Disease. Curr. Alzheimer Res. 8, 67–80. doi: 10.2174/156720511794604543

Lim, C. K., Bilgin, A., Lovejoy, D. B., Tan, V., Bustamante, S., Taylor, B. V., et al. (2017). Kynurenine pathway metabolomics predicts and provides mechanistic insight into multiple sclerosis progression. Sci. Rep. 7:41473. doi: 10.1038/srep41473

Lim, C.-M., Kim, S.-W., Park, J.-Y., Kim, C., Yoon, S. H., and Lee, J.-K. (2009). Fluoxetine affords robust neuroprotection in the postischemic brain via its anti-inflammatory effect. J. Neurosci. Res. 87, 1037–1045. doi: 10.1002/jnr.21899

Liu, K., Zhao, X., Lu, X., Zhu, X., Chen, H., Wang, M., et al. (2019). Effect of selective serotonin reuptake inhibitor on prefrontal-striatal connectivity is dependent on the level of TNF-α in patients with major depressive disorder. Psychol. Med. 49, 2608–2616. doi: 10.1017/S0033291718003616

Liu, M., Li, J., Dai, P., Zhao, F., Zheng, G., Jing, J., et al. (2015). Microglia activation regulates GluR1 phosphorylation in chronic unpredictable stress-induced cognitive dysfunction. Stress 18, 96–106. doi: 10.3109/10253890.2014.995085

Lo Fermo, S., Barone, R., Patti, F., Laisa, P., Cavallaro, T. L., Nicoletti, A., et al. (2010). Outcome of psychiatric symptoms presenting at onset of multiple sclerosis: a retrospective study. Mult. Scler. J. 16, 742–748. doi: 10.1177/1352458510365157

Ma, K., Zhang, H., and Baloch, Z. (2016). Pathogenetic and therapeutic applications of tumor necrosis factor-α (TNF-α) in major depressive disorder: a systematic review. Int. J. Mol. Sci. 17:733. doi: 10.3390/ijms17050733

Macrez, R., Stys, P. K., Vivien, D., Lipton, S. A., and Docagne, F. (2016). Mechanisms of glutamate toxicity in multiple sclerosis: biomarker and therapeutic opportunities. Lancet Neurol. 15, 1089–1102. doi: 10.1016/S1474-4422(16)30165-X

Maes, M. (1995). Evidence for an immune response in major depression: a review and hypothesis. Prog. Neuro Psychopharmacol. Biol. Psychiatry 19, 11–38. doi: 10.1016/0278-5846(94)00101-M

Maes, M. (1999). Negative immunoregulatory effects of antidepressants inhibition of interferon-γ and stimulation of interleukin-10 secretion. Neuropsychopharmacology 20, 370–379. doi: 10.1016/S0893-133X(98)00088-8

Malenka, R. C., and Bear, M. F. (2004). LTP and LTD: an embarrassment of riches. Neuron 44, 5–21. doi: 10.1016/j.neuron.2004.09.012

Malhi, G. S., and Mann, J. J. (2018). Depression. Lancet 392, 2299–2312. doi: 10.1016/S0140-6736(18)31948-2

Mandolesi, G., Bullitta, S., Fresegna, D., Gentile, A., De Vito, F., Dolcetti, E., et al. (2017). Interferon-γ causes mood abnormalities by altering cannabinoid CB1 receptor function in the mouse striatum. Neurobiol. Dis. 108, 45–53. doi: 10.1016/j.nbd.2017.07.019

Mandolesi, G., Gentile, A., Musella, A., Fresegna, D., De Vito, F., Bullitta, S., et al. (2015). Synaptopathy connects inflammation and neurodegeneration in multiple sclerosis. Nat. Rev. Neurol. 11, 711–724. doi: 10.1038/nrneurol.2015.222

Mandolesi, G., Grasselli, G., Musella, A., Gentile, A., Musumeci, G., Sepman, H., et al. (2012). GABAergic signaling and connectivity on Purkinje cells are impaired in experimental autoimmune encephalomyelitis. Neurobiol. Dis. 46, 414–424. doi: 10.1016/j.nbd.2012.02.005

Mandolesi, G., Musella, A., Gentile, A., Grasselli, G., Haji, N., Sepman, H., et al. (2013). Interleukin-1 alters glutamate transmission at purkinje cell synapses in a mouse model of multiple sclerosis. J. Neurosci. 33, 12105–12121. doi: 10.1523/JNEUROSCI.5369-12.2013

Marrie, R. A., Patten, S. B., Berrigan, L. I., Tremlett, H., Wolfson, C., Warren, S., et al. (2018). Diagnoses of depression and anxiety versus current symptoms and quality of life in multiple sclerosis. Int. J. MS Care 20, 76–84. doi: 10.7224/1537-2073.2016-110

Marrie, R. A., Reingold, S., Cohen, J., Stuve, O., Trojano, M., Sorensen, P. S., et al. (2015). The incidence and prevalence of psychiatric disorders in multiple sclerosis: a systematic review. Mult. Scler. J. 21, 305–317. doi: 10.1177/1352458514564487

McCabe, M. P. (2005). Mood and self-esteem of persons with multiple sclerosis following an exacerbation. J. Psychosom. Res. 59, 161–166. doi: 10.1016/j.jpsychores.2005.04.010

McKim, D. B., Weber, M. D., Niraula, A., Sawicki, C. M., Liu, X., Jarrett, B. L., et al. (2018). Microglial recruitment of IL-1β-producing monocytes to brain endothelium causes stress-induced anxiety. Mol. Psychiatry 23, 1421–1431. doi: 10.1038/mp.2017.64

McLaughlin, R. J., Hill, M. N., Dang, S. S., Wainwright, S. R., Galea, L. A. M., Hillard, C. J., et al. (2013). Upregulation of CB1 receptor binding in the ventromedial prefrontal cortex promotes proactive stress-coping strategies following chronic stress exposure. Behav. Brain Res. 237, 333–337. doi: 10.1016/j.bbr.2012.09.053

Mecha, M., Yanguas-Casás, N., Feliú, A., Mestre, L., Carrillo-Salinas, F. J., Riecken, K., et al. (2020). Involvement of Wnt7a in the role of M2c microglia in neural stem cell oligodendrogenesis. J. Neuroinflamm. 17:88. doi: 10.1186/s12974-020-01734-3

Ménard, C., Hodes, G. E., and Russo, S. J. (2016). Pathogenesis of depression: insights from human and rodent studies. Neuroscience 321, 138–162. doi: 10.1016/j.neuroscience.2015.05.053

Meyer, J. H. (2017). Neuroprogression and immune activation in major depressive disorder. Mod. Trends Pharmacopsychiatr. 31, 27–36. doi: 10.1159/000470804

Milior, G., Lecours, C., Samson, L., Bisht, K., Poggini, S., Pagani, F., et al. (2016). Fractalkine receptor deficiency impairs microglial and neuronal responsiveness to chronic stress. Brain. Behav. Immun. 55, 114–125. doi: 10.1016/j.bbi.2015.07.024

Miller, A. H., Maletic, V., and Raison, C. L. (2009). Inflammation and its discontents: the role of cytokines in the pathophysiology of major depression. Biol. Psychiatry 65, 732–741. doi: 10.1016/j.biopsych.2008.11.029

Mirsky, M. M., Marrie, R. A., and Rae-Grant, A. (2016). Antidepressant drug treatment in association with multiple sclerosis disease-modifying therapy. Int. J. MS Care 18, 305–310. doi: 10.7224/1537-2073.2016-056

Mohammad-Zadeh, L. F., Moses, L., and Gwaltney-Brant, S. M. (2008). Serotonin: a review. J. Vet. Pharmacol. Ther. 31, 187–199. doi: 10.1111/j.1365-2885.2008.00944.x

Montanari, E., Rottoli, M., Maimone, D., Confalonieri, P., Plewnia, K., Frigo, M., et al. (2016). A 12-month prospective, observational study evaluating the impact of disease-modifying treatment on emotional burden in recently-diagnosed multiple sclerosis patients: the POSIDONIA study. J. Neurol. Sci. 364, 105–109. doi: 10.1016/j.jns.2016.02.047

Moore, P., Hirst, C., Harding, K. E., Clarkson, H., Pickersgill, T. P., and Robertson, N. P. (2012). Multiple sclerosis relapses and depression. J. Psychosom. Res. 73, 272–276. doi: 10.1016/j.jpsychores.2012.08.004

Mori, F., Nisticò, R., Mandolesi, G., Piccinin, S., Mango, D., Kusayanagi, H., et al. (2014). Interleukin-1β promotes long-term potentiation in patients with multiple sclerosis. Neuromol. Med. 16, 38–51. doi: 10.1007/s12017-013-8249-7

Morris, G., Berk, M., and Puri, B. K. (2018). A comparison of neuroimaging abnormalities in multiple sclerosis, major depression and chronic fatigue syndrome (Myalgic Encephalomyelitis): is there a common cause? Mol. Neurobiol. 55, 3592–3609. doi: 10.1007/s12035-017-0598-z

Mostert, J. P., Admiraal-Behloul, F., Hoogduin, J. M., Luyendijk, J., Heersema, D. J., van Buchem, M. A., et al. (2008). Effects of fluoxetine on disease activity in relapsing multiple sclerosis: a double-blind, placebo-controlled, exploratory study. J. Neurol. Neurosurg. Psychiatry 79, 1027–1031. doi: 10.1136/jnnp.2007.139345

Murrough, J. W., Abdallah, C. G., and Mathew, S. J. (2017). Targeting glutamate signalling in depression: progress and prospects. Nat. Rev. Drug Discov. 16, 472–486. doi: 10.1038/nrd.2017.16

Musaelyan, K., Aldridge, S., Du Preez, A., Egeland, M., Zunszain, P. A., Pariante, C. M., et al. (2018). Repeated lipopolysaccharide exposure modifies immune and sickness behaviour response in an animal model of chronic inflammation. J. Psychopharmacol. 32, 236–247. doi: 10.1177/0269881117746902

Musella, A., Fresegna, D., Rizzo, F. R., Gentile, A., De Vito, F., Caioli, S., et al. (2020). ‘Prototypical’ proinflammatory cytokine (IL-1) in multiple sclerosis: role in pathogenesis and therapeutic targeting. Expert Opin. Ther. Targets 24, 37–46. doi: 10.1080/14728222.2020.1709823

Musgrave, T., Benson, C., Wong, G., Browne, I., Tenorio, G., Rauw, G., et al. (2011). The MAO inhibitor phenelzine improves functional outcomes in mice with experimental autoimmune encephalomyelitis (EAE). Brain. Behav. Immun. 25, 1677–1688. doi: 10.1016/j.bbi.2011.06.011

Nantes, J. C., Proulx, S., Zhong, J., Holmes, S. A., Narayanan, S., Brown, R. A., et al. (2017). GABA and glutamate levels correlate with MTR and clinical disability: Insights from multiple sclerosis. Neuroimage 157, 705–715. doi: 10.1016/j.neuroimage.2017.01.033

Nickola, T. J., Ignatowski, T. A., Reynolds, J. L., and Spengler, R. N. (2001). Antidepressant drug-induced alterations in neuron-localized tumor necrosis factor-alpha mRNA and alpha(2)-adrenergic receptor sensitivity. J. Pharmacol. Exp. Ther. 297, 680–687.

Nigro, S., Passamonti, L., Riccelli, R., Toschi, N., Rocca, F., Valentino, P., et al. (2015). Structural connectomic alterations in the limbic system of multiple sclerosis patients with major depression. Mult. Scler. 21, 1003–1012. doi: 10.1177/1352458514558474

Nisticò, R., Mango, D., Mandolesi, G., Piccinin, S., Berretta, N., Pignatelli, M., et al. (2013). Inflammation subverts hippocampal synaptic plasticity in experimental multiple sclerosis. PLoS One 8:e54666. doi: 10.1371/journal.pone.0054666

Northoff, G., and Sibille, E. (2014). Why are cortical GABA neurons relevant to internal focus in depression? A cross-level model linking cellular, biochemical and neural network findings. Mol. Psychiatry 19, 966–977. doi: 10.1038/mp.2014.68

O’Brien, S. M., Scully, P., Fitzgerald, P., Scott, L. V., and Dinan, T. G. (2007). Plasma cytokine profiles in depressed patients who fail to respond to selective serotonin reuptake inhibitor therapy. J. Psychiatr. Res. 41, 326–331. doi: 10.1016/j.jpsychires.2006.05.013

Oh, D. H., Son, H., Hwang, S., and Kim, S. H. (2012). Neuropathological abnormalities of astrocytes, GABAergic neurons, and pyramidal neurons in the dorsolateral prefrontal cortices of patients with major depressive disorder. Eur. Neuropsychopharmacol. 22, 330–338. doi: 10.1016/j.euroneuro.2011.09.001

Otte, C., Gold, S. M., Penninx, B. W., Pariante, C. M., Etkin, A., Fava, M., et al. (2016). Major depressive disorder. Nat. Rev. Dis. Prim. 2:16065. doi: 10.1038/nrdp.2016.65

Pace, T. W. W., Hu, F., and Miller, A. H. (2007). Cytokine-effects on glucocorticoid receptor function: relevance to glucocorticoid resistance and the pathophysiology and treatment of major depression. Brain. Behav. Immun. 21, 9–19. doi: 10.1016/j.bbi.2006.08.009

Pace, T. W. W., and Miller, A. H. (2009). Cytokines and glucocorticoid receptor signaling. Ann. N. Y. Acad. Sci. 1179, 86–105. doi: 10.1111/j.1749-6632.2009.04984.x

Patten, S. B., Marrie, R. A., and Carta, M. G. (2017). Depression in multiple sclerosis. Int. Rev. Psychiatry 29, 463–472. doi: 10.1080/09540261.2017.1322555

Paul-Savoie, É, Potvin, S., Daigle, K., Normand, E., Corbin, J.-F., Gagnon, R., et al. (2011). A deficit in peripheral serotonin levels in major depressive disorder but not in chronic widespread pain. Clin. J. Pain 27, 529–534. doi: 10.1097/AJP.0b013e31820dfede

Peruga, I., Hartwig, S., Thöne, J., Hovemann, B., Gold, R., Juckel, G., et al. (2011). Inflammation modulates anxiety in an animal model of multiple sclerosis. Behav. Brain Res. 220, 20–29. doi: 10.1016/j.bbr.2011.01.018

Petralia, M. C., Mazzon, E., Fagone, P., Basile, M. S., Lenzo, V., Quattropani, M. C., et al. (2020). The cytokine network in the pathogenesis of major depressive disorder. Close to translation? Autoimmun. Rev. 19:102504. doi: 10.1016/j.autrev.2020.102504

Poleszak, E., Wośko, S., Sławińska, K., Szopa, A., Wróbel, A., and Serefko, A. (2018). Cannabinoids in depressive disorders. Life Sci. 213, 18–24. doi: 10.1016/j.lfs.2018.09.058

Politis, M. (2012). Imaging of microglia in patients with neurodegenerative disorders. Front. Pharmacol. 3:96. doi: 10.3389/fphar.2012.00096

Pollak, Y. (2003). The EAE-associated behavioral syndrome I. Temporal correlation with inflammatory mediators. J. Neuroimmunol. 137, 94–99. doi: 10.1016/S0165-5728(03)00075-4

Pollak, Y., Orion, E., Goshen, I., Ovadia, H., and Yirmiya, R. (2002). Experimental autoimmune encephalomyelitis-associated behavioral syndrome as a model of ‘depression due to multiple sclerosis’. Brain. Behav. Immun. 16, 533–543. doi: 10.1016/S0889-1591(02)00010-7

Poole, L., and Steptoe, A. (2018). Depressive symptoms predict incident chronic disease burden 10 years later: findings from the english longitudinal study of ageing (ELSA). J. Psychosom. Res. 113, 30–36. doi: 10.1016/j.jpsychores.2018.07.009

Popoli, M., Yan, Z., McEwen, B. S., and Sanacora, G. (2012). The stressed synapse: the impact of stress and glucocorticoids on glutamate transmission. Nat. Rev. Neurosci. 13, 22–37. doi: 10.1038/nrn3138

Pravatà, E., Rocca, M. A., Valsasina, P., Riccitelli, G. C., Gobbi, C., Comi, G., et al. (2017). Gray matter trophism, cognitive impairment, and depression in patients with multiple sclerosis. Mult. Scler. J. 23, 1864–1874. doi: 10.1177/1352458517692886

Raison, C. L., Capuron, L., and Miller, A. H. (2006). Cytokines sing the blues: inflammation and the pathogenesis of depression. Trends Immunol. 27, 24–31. doi: 10.1016/j.it.2005.11.006

Raison, C. L., Dantzer, R., Kelley, K. W., Lawson, M. A., Woolwine, B. J., Vogt, G., et al. (2010). CSF concentrations of brain tryptophan and kynurenines during immune stimulation with IFN-α: relationship to CNS immune responses and depression. Mol. Psychiatry 15, 393–403. doi: 10.1038/mp.2009.116

Rajkowska, G., Miguel-Hidalgo, J. J., Wei, J., Dilley, G., Pittman, S. D., Meltzer, H. Y., et al. (1999). Morphometric evidence for neuronal and glial prefrontal cell pathology in major depression∗∗See accompanying Editorial, in this issue. Biol. Psychiatry 45, 1085–1098. doi: 10.1016/S0006-3223(99)00041-4

Ransohoff, R. M. (2012). Animal models of multiple sclerosis: the good, the bad and the bottom line. Nat. Neurosci. 15, 1074–1077. doi: 10.1038/nn.3168

Reich, D. S., Lucchinetti, C. F., and Calabresi, P. A. (2018). Multiple sclerosis. N. Engl. J. Med. 378, 169–180. doi: 10.1056/NEJMra1401483

Reynolds, J. L., Ignatowski, T. A., Sud, R., and Spengler, R. N. (2004). Brain-derived tumor necrosis factor-α and Its involvement in noradrenergic neuron functioning involved in the mechanism of action of an antidepressant. J. Pharmacol. Exp. Ther. 310, 1216–1225. doi: 10.1124/jpet.104.067835

Riazi, K., Galic, M. A., Kentner, A. C., Reid, A. Y., Sharkey, K. A., and Pittman, Q. J. (2015). Microglia-dependent alteration of glutamatergic synaptic transmission and plasticity in the hippocampus during peripheral inflammation. J. Neurosci. 35, 4942–4952. doi: 10.1523/JNEUROSCI.4485-14.2015

Rintala, A., Matcham, F., Radaelli, M., Locafaro, G., Simblett, S., Barattieri di San Pietro, C., et al. (2019). Emotional outcomes in clinically isolated syndrome and early phase multiple sclerosis: a systematic review and meta-analysis. J. Psychosom. Res. 124:109761. doi: 10.1016/j.jpsychores.2019.109761

Rodrigues, D. H., Vilela, C., Lacerda-Queiroz, N., Miranda, A. S., de Sousa, L. F. C., Reis, H. J., et al. (2011). Behavioral investigation of mice with experimental autoimmune encephalomyelitis. Arq. Neuropsiquiatr. 69, 938–942. doi: 10.1590/S0004-282X2011000700018

Rossi, S., De Chiara, V., Musella, A., Mataluni, G., Sacchetti, L., Bernardi, G., et al. (2009a). Adaptations of striatal endocannabinoid system during stress. Mol. Neurobiol. 39, 178–184. doi: 10.1007/s12035-009-8061-4

Rossi, S., Furlan, R., De Chiara, V., Musella, A., Lo Giudice, T., Mataluni, G., et al. (2009b). Exercise attenuates the clinical, synaptic and dendritic abnormalities of experimental autoimmune encephalomyelitis. Neurobiol. Dis. 36, 51–59. doi: 10.1016/j.nbd.2009.06.013

Rossi, S., Furlan, R., De Chiara, V., Motta, C., Studer, V., Mori, F., et al. (2012). Interleukin-1β causes synaptic hyperexcitability in multiple sclerosis. Ann. Neurol. 71, 76–83. doi: 10.1002/ana.22512

Rossi, S., Motta, C., Musella, A., and Centonze, D. (2015). The interplay between inflammatory cytokines and the endocannabinoid system in the regulation of synaptic transmission. Neuropharmacology 96, 105–112. doi: 10.1016/j.neuropharm.2014.09.022

Rossi, S., Motta, C., Studer, V., Macchiarulo, G., Volpe, E., Barbieri, F., et al. (2014). Interleukin-1β causes excitotoxic neurodegeneration and multiple sclerosis disease progression by activating the apoptotic protein p53. Mol. Neurodegener. 9:56. doi: 10.1186/1750-1326-9-56

Rossi, S., Studer, V., Motta, C., Polidoro, S., Perugini, J., Macchiarulo, G., et al. (2017). Neuroinflammation drives anxiety and depression in relapsing-remitting multiple sclerosis. Neurology 89, 1338–1347. doi: 10.1212/WNL.0000000000004411

Rossi, S. S., Studer, V., Motta, C., Polidoro, S., Perugini, J., Macchiarulo, G., et al. (2018). Depression and fatigue in multiple sclerosis: relation to exposure to violence and cerebrospinal fluid immunomarkers. Ann. Neurol. 89, 206–215.

Rubinow, M. J., Mahajan, G., May, W., Overholser, J. C., Jurjus, G. J., Dieter, L., et al. (2016). Basolateral amygdala volume and cell numbers in major depressive disorder: a postmortem stereological study. Brain Struct. Funct. 221, 171–184. doi: 10.1007/s00429-014-0900-z

Ruhé, H. G., Mason, N. S., and Schene, A. H. (2007). Mood is indirectly related to serotonin, norepinephrine and dopamine levels in humans: a meta-analysis of monoamine depletion studies. Mol. Psychiatry 12, 331–359. doi: 10.1038/sj.mp.4001949

Sanacora, G., and Banasr, M. (2013). From pathophysiology to novel antidepressant drugs: glial contributions to the pathology and treatment of mood disorders. Biol. Psychiatry 73, 1172–1179. doi: 10.1016/j.biopsych.2013.03.032

Sanacora, G., Treccani, G., and Popoli, M. (2012). Towards a glutamate hypothesis of depression. Neuropharmacology 62, 63–77. doi: 10.1016/j.neuropharm.2011.07.036

Schnieder, T. P., Trencevska, I., Rosoklija, G., Stankov, A., Mann, J. J., Smiley, J., et al. (2014). Microglia of prefrontal white matter in suicide. J. Neuropathol. Exp. Neurol. 73, 880–890. doi: 10.1097/NEN.0000000000000107

Schröcksnadel, K., Wirleitner, B., Winkler, C., and Fuchs, D. (2006). Monitoring tryptophan metabolism in chronic immune activation. Clin. Chim. Acta 364, 82–90. doi: 10.1016/j.cca.2005.06.013

Schwarz, L. A., and Luo, L. (2015). Organization of the locus coeruleus-norepinephrine system. Curr. Biol. 25, R1051–R1056. doi: 10.1016/j.cub.2015.09.039

Seki, K., Yoshida, S., and Jaiswal, M. (2018). Molecular mechanism of noradrenaline during the stress-induced major depressive disorder. Neural Regen. Res. 13:1159. doi: 10.4103/1673-5374.235019

Setiawan, E., Wilson, A. A., Mizrahi, R., Rusjan, P. M., Miler, L., Rajkowska, G., et al. (2015). Role of translocator protein density, a marker of neuroinflammation, in the brain during major depressive episodes. JAMA Psychiatry 72:268. doi: 10.1001/jamapsychiatry.2014.2427

Shadrina, M., Bondarenko, E. A., and Slominsky, P. A. (2018). Genetics factors in major depression disease. Front. Psychiatry 9:334. doi: 10.3389/fpsyt.2018.00334

Shen, C.-J., Zheng, D., Li, K.-X., Yang, J.-M., Pan, H.-Q., Yu, X.-D., et al. (2019). Cannabinoid CB1 receptors in the amygdalar cholecystokinin glutamatergic afferents to nucleus accumbens modulate depressive-like behavior. Nat. Med. 25, 337–349. doi: 10.1038/s41591-018-0299-9

Singh, J. B., Fedgchin, M., Daly, E. J., De Boer, P., Cooper, K., Lim, P., et al. (2016). A double-blind, randomized, placebo-controlled, dose-frequency study of intravenous ketamine in patients with treatment-resistant depression. Am. J. Psychiatry 173, 816–826. doi: 10.1176/appi.ajp.2016.16010037

Smith, R. S. (1991). The macrophage theory of depression. Med. Hypotheses 35, 298–306. doi: 10.1016/0306-9877(91)90272-Z

Solaro, C., Gamberini, G., and Masuccio, F. G. (2018). Depression in multiple sclerosis: epidemiology, aetiology, diagnosis and treatment. CNS Drugs 32, 117–133. doi: 10.1007/s40263-018-0489-5

Stampanoni, B. M., Gilio, L., Maffei, P., Dolcetti, E., Bruno, A., Buttari, F., et al. (2018). Exploiting the multifaceted effects of cannabinoids on mood to boost their therapeutic use against anxiety and depression. Front. Mol. Neurosci. 11:424. doi: 10.3389/fnmol.2018.00424

Suh, J. S., Schneider, M. A., Minuzzi, L., MacQueen, G. M., Strother, S. C., Kennedy, S. H., et al. (2019). Cortical thickness in major depressive disorder: a systematic review and meta-analysis. Prog. Neuro Psychopharmacol. Biol. Psychiatry 88, 287–302. doi: 10.1016/j.pnpbp.2018.08.008

Talmon, M., Rossi, S., Pastore, A., Cattaneo, C. I., Brunelleschi, S., and Fresu, L. G. (2018). Vortioxetine exerts anti-inflammatory and immunomodulatory effects on human monocytes/macrophages. Br. J. Pharmacol. 175, 113–124. doi: 10.1111/bph.14074

Tauil, C. B., Grippe, T. C., Dias, R. M., Dias-Carneiro, R. P. C., Carneiro, N. M., Aguilar, A. C. R., et al. (2018). Suicidal ideation, anxiety, and depression in patients with multiple sclerosis. Arq. Neuropsiquiatr. 76, 296–301. doi: 10.1590/0004-282x20180036

Torres-Platas, S. G., Comeau, S., Rachalski, A., Bo, G., Cruceanu, C., Turecki, G., et al. (2014). Morphometric characterization of microglial phenotypes in human cerebral cortex. J. Neuroinflamm. 11:12. doi: 10.1186/1742-2094-11-12

Varea, E., Guirado, R., Gilabert-Juan, J., Martí, U., Castillo-Gomez, E., Blasco-Ibáñez, J. M., et al. (2012). Expression of PSA-NCAM and synaptic proteins in the amygdala of psychiatric disorder patients. J. Psychiatr. Res. 46, 189–197. doi: 10.1016/j.jpsychires.2011.10.011

Vaughn, C. B., Jakimovski, D., Kavak, K. S., Ramanathan, M., Benedict, R. H. B., Zivadinov, R., et al. (2019). Epidemiology and treatment of multiple sclerosis in elderly populations. Nat. Rev. Neurol. 15, 329–342. doi: 10.1038/s41582-019-0183-3

Wang, P., Yang, Y., Yang, X., Qiu, X., Qiao, Z., Wang, L., et al. (2015). CREB1 gene polymorphisms combined with environmental risk factors increase susceptibility to major depressive disorder (MDD). Int. J. Clin. Exp. Pathol. 8, 906–913.

Wang, S. S., Mu, R. H., Li, C. F., Dong, S. Q., Geng, D., Liu, Q., et al. (2017). microRNA-124 targets glucocorticoid receptor and is involved in depression-like behaviors. Prog. Neuro Psychopharmacol. Biol. Psychiatry 79, 417–425. doi: 10.1016/j.pnpbp.2017.07.024

Yamanishi, K., Doe, N., Mukai, K., Ikubo, K., Hashimoto, T., Uwa, N., et al. (2019). Interleukin-18-deficient mice develop hippocampal abnormalities related to possible depressive-like behaviors. Neuroscience 408, 147–160. doi: 10.1016/j.neuroscience.2019.04.003

Zhao, X., Li, Y., Tian, Q., Zhu, B., and Zhao, Z. (2019). Repetitive transcranial magnetic stimulation increases serum brain-derived neurotrophic factor and decreases interleukin-1β and tumor necrosis factor-α in elderly patients with refractory depression. J. Int. Med. Res. 47, 1848–1855. doi: 10.1177/0300060518817417

Zhou, R., Wang, F., Zhao, G., Xia, W., Peng, D., Mao, R., et al. (2018). Effects of tumor necrosis factor-α polymorphism on the brain structural changes of the patients with major depressive disorder. Transl. Psychiatry 8:217. doi: 10.1038/s41398-018-0256-x

Zorrilla, E. P., Luborsky, L., McKay, J. R., Rosenthal, R., Houldin, A., Tax, A., et al. (2001). The relationship of depression and stressors to immunological assays: a meta-analytic review. Brain. Behav. Immun. 15, 199–226. doi: 10.1006/brbi.2000.0597

Zrzavy, T., Hametner, S., Wimmer, I., Butovsky, O., Weiner, H. L., and Lassmann, H. (2017). Loss of ‘homeostatic’ microglia and patterns of their activation in active multiple sclerosis. Brain 140, 1900–1913. doi: 10.1093/brain/awx113


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Bruno, Dolcetti, Rizzo, Fresegna, Musella, Gentile, De Vito, Caioli, Guadalupi, Bullitta, Vanni, Balletta, Sanna, Buttari, Stampanoni Bassi, Centonze and Mandolesi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fncel-14-00169-g003.jpg
individual environmental genetic

factors factors factors *IL-1B
®IL-6

\ * / o TNF-a
» glutamate

« quinolic acid

inflammatory synaptopathy in early

depressive symptoms of MS and early MDD & |L-1BR
o |L-6R
& TNF-aR
quiescent T cell ) ® NMDAR
activated T cell W AMPAR

. ‘ glutamate
~—— transporter
\ monocyte  activated macrophage

A A R R %»’s(:"«)g? P L THILTERNTTTHITERAAET A2y sy

VYECS (D)
vGABA 46lu umbalance

@) Lo

activated
microglia

astroglia *

ameboid microglia

3) i,

o}
* Q]’Yu\“' tryptophan f O kynurenine
HN NH, N A9

OH

Created in BioRender.com bio





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Inflammation-Associated Synaptic Alterations as Shared Threads in Depression and Multiple Sclerosis



		INTRODUCTION



		PATHOPHYSIOLOGY OF MDD



		MDD PATHOPHYSIOLOGY HYPOTHESIS: THE MONOAMINE THEORY AND THE NEUROENDOCRINE HYPOTHESIS



		THE NEUROINFLAMMATORY THEORY IN MDD



		The Cytokine Theory of MDD



		The Role of Lymphocytes in MDD



		The Role of Microglia in MDD







		GLUTAMATERGIC THEORY, STRUCTURAL AND FUNCTIONAL SYNAPTIC ALTERATIONS IN MDD



		INFLAMMATION-DEPENDENT SYNAPTIC ALTERATIONS IN MDD



		PATHOPHYSIOLOGY OF MS AND OF THE ASSOCIATED DEPRESSIVE SYMPTOMS



		Depressive Symptoms in MS







		THE MONOAMINE THEORY IN DEPRESSION ASSOCIATED WITH MS



		THE NEUROINFLAMMATORY THEORY IN MS DEPRESSION



		Cytokine Hypothesis in MS Depression



		The Role of Lymphocytes in MS Depression



		The Role of Microglia in MS Depression







		GLUTAMATERGIC THEORY, STRUCTURAL AND FUNCTIONAL SYNAPTIC ALTERATIONS IN MS DEPRESSION



		THE INFLAMMATION-DEPENDENT SYNAPTIC ALTERATIONS OF MS DEPRESSION



		CLINICAL INSIGHTS FOR CYTOKINE THEORY



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fncel-14-00169-g001.jpg
MONOAMINE THEORY

¢ SEROTONIN * DOPAMINE ‘ NORADRENALINE

* * * raphe nuclei substantia nigra locus coeruleus
NEUROENDOCRINE THEORY l Wippocarmpel
neurogenesis

\\f\tincreased _}'T increased /v ‘@Ji

‘production of production ASES

CRH of cortisol |
\ /' cortical
; ? neuronal
atrophy

44

NEUROINFLAMMATORY THEORY

XM increased hippocampus,
P *. _» inflammatory activity s amygdala
* * microglia, T-cell and IL-1B, IL-6, TNF-q, —> A and cyngulate
macrophége eelivatiog prostaglandines o gyrus activation

GLUTAMATERGIC THEORY erstimlation |
GABAY  ° lutamate altered synaptic
GIU? g o © ) receptors ” p|aStICIty

7

ecsd € / ?Mf’\

* * altered/ >
glutarfuate /

transporter

excitotoxicity

Created in BioRender.com bio





OPS/images/fncel-14-00169-g002.jpg
MONOAMINE THEORY

‘ SEROTONIN

* rapt>17e/ n;rclei
NEUROENDOCRINE THEORY
)\T increased

1 production of
CRH

Tincreased -
"' production

of cortisol

4

NEUROINFLAMMATORY THEORY

%X increased

Ps _> inflammatory activity
IL-18, IL-6, TNF-q,
prostaglandines

444

microglia, T-cell and
macrophage activation

GLUTAMATERGIC THEORY et
GABAY .
Glu? 7 : = B receptors

(4 °AMPA

ECSy \ Ao
altered / b
] )

glutamate
transporter

444

substantia nigra

* NORADRENALINE

="

,-‘AI....\ e ‘A
. (4
o

locus coeruleus

hippocampal
neurogenesis

cortical
N
A ? neuronal
atrophy

M axonal loss,
- demyelination and
neurodegeneration

hippocampus,
amygdala

and cyngulate
gyrus activation

altered synaptic
plasticity

excitotoxicity

Created in BioRender.com bio





OPS/images/cover.jpg
frontiers _
in Cellular Neuroscience

Inflammation-Associated
Synaptic Alterations as Shared
Threads in Depression
and Multiple Sclerosis









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





