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A new experimental design to study inflammation-related versus non-inflammation-related depression in mice
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Background: Major depressive disorder (MDD) represents a major public health concern, particularly due to its steadily rising prevalence and the poor responsiveness to standard antidepressants notably in patients afflicted with chronic inflammatory conditions, such as obesity. This highlights the need to improve current therapeutic strategies, including by targeting inflammation based on its role in the pathophysiology and treatment responsiveness of MDD. Nevertheless, dissecting the relative contribution of inflammation in the development and treatment of MDD remains a major issue, further complicated by the lack of preclinical depression models suitable to experimentally dissociate inflammation-related vs. inflammation-unrelated depression.

Methods:

While current models usually focus on one particular MDD risk factor, we compared in male C57BL/6J mice the behavioral, inflammatory and neurobiological impact of chronic exposure to high-fat diet (HFD), a procedure known to induce inflammation-related depressive-like behaviors, and unpredictable chronic mild stress (UCMS), a stress-induced depression model notably renowned for its responsivity to antidepressants.

Results: While both paradigms induced neurovegetative, depressive-like and anxiety-like behaviors, inflammation and downstream neurobiological pathways contributing to inflammation-driven depression were specifically activated in HFD mice, as revealed by increased circulating levels of inflammatory factors, as well as brain expression of microglial activation markers and enzymes from the kynurenine and tetrahydrobiopterin (BH4) pathways. In addition, serotoninergic and dopaminergic systems were differentially impacted, depending on the experimental condition.

Conclusions: These data validate an experimental design suitable to deeply study the mechanisms underlying inflammation-driven depression comparatively to non-inflammatory depression. This design could help to better understand the pathophysiology of treatment resistant depression.

disease and one-third of them do not respond to conventional antidepressants [START_REF] Rush | Acute and longer-term outcomes in depressed outpatients requiring one or several treatment steps: a STAR*D report[END_REF]. To worsen the picture, MDD prevalence is steadily rising, notably in patients with chronic medical conditions associated with low-grade inflammation, including cardiovascular diseases, autoimmune diseases, metabolic disorders and obesity [START_REF] Beurel | The bidirectional relationship of depression and inflammation: double trouble[END_REF][START_REF] Capuron | Role of adiposity-driven Inflammation in depressive morbidity[END_REF][START_REF] Evans | Negative self-schemas and the onset of depression in women: longitudinal study[END_REF][START_REF] Huet | Obesity and depression: shared pathophysiology and translational implications[END_REF]. Importantly, these patients also often display increased resistance to antidepressants, as compared to those free from these comorbid conditions [START_REF] Jantaratnotai | The interface of depression and obesity[END_REF][START_REF] Kloiber | Overweight and obesity affect treatment response in major depression[END_REF][START_REF] Woo | Obesity and its potential effects on antidepressant treatment outcomes in patients with depressive disorders: a literature review[END_REF]. This alarming issue highlights the need for a better understanding of the pathophysiology of treatment resistant depression (TRD) and the identification of reliable phenotypic markers to characterize concerned patients, who represent a highly heterogeneous population.

TRD is likely a multidimensional condition, but recent evidence suggests the involvement of inflammatory processes [START_REF] Chamberlain | Treatment-resistant depression and peripheral C-reactive protein[END_REF][START_REF] Haroon | Antidepressant treatment resistance is associated with increased inflammatory markers in patients with major depressive disorder[END_REF], in line with their notorious role in the pathophysiology of MDD [START_REF] Beurel | The bidirectional relationship of depression and inflammation: double trouble[END_REF][START_REF] Capuron | Role of inflammation in the development of neuropsychiatric symptom domains: evidence and mechanisms[END_REF]. Enhanced baseline circulating levels of inflammatory markers predict poor antidepressant outcomes in depressed patients [START_REF] Chamberlain | Treatment-resistant depression and peripheral C-reactive protein[END_REF][START_REF] Haroon | Antidepressant treatment resistance is associated with increased inflammatory markers in patients with major depressive disorder[END_REF][START_REF] Cattaneo | Absolute measurements of macrophage migration inhibitory factor and interleukin-1-β mRNA levels accurately predict treatment response in depressed patients[END_REF][START_REF] Powell | Tumor necrosis factor and its targets in the inflammatory cytokine pathway are identified as putative transcriptomic biomarkers for escitalopram response[END_REF]. Moreover, obesity-related inflammation, which is known to contribute to depressive comorbidity in obese subjects [START_REF] Capuron | Role of adiposity-driven Inflammation in depressive morbidity[END_REF][START_REF] Huet | Obesity and depression: shared pathophysiology and translational implications[END_REF][START_REF] Barat | Inflammatory, endocrine and metabolic correlates of fatigue in obese children[END_REF][START_REF] Delgado | Depressive symptoms in obesity: relative contribution of low-grade inflammation and metabolic health[END_REF], was recently found to also compromise response to standard antidepressants [START_REF] Jantaratnotai | The interface of depression and obesity[END_REF][START_REF] Kloiber | Overweight and obesity affect treatment response in major depression[END_REF][START_REF] Woo | Obesity and its potential effects on antidepressant treatment outcomes in patients with depressive disorders: a literature review[END_REF]. These findings sparked interest in the possibility of targeting inflammation to improve this clinical response [START_REF] Arteaga-Henríquez | Low-grade inflammation as a predictor of antidepressant and anti-inflammatory therapy response in MDD patients: a systematic review of the literature in combination with an analysis of experimental data collected in the EU-MOODINFLAME Consortium[END_REF][START_REF] Köhler-Forsberg | Efficacy of anti-inflammatory treatment on major depressive disorder or depressive symptoms: meta-analysis of clinical trials[END_REF][START_REF] Nettis | Efficacy of dupilumab in concomitant atopic dermatitis and chronic rhinosinusitis with nasal polyps: a preliminary study[END_REF][START_REF] Raison | A randomized controlled trial of the tumor necrosis factor antagonist infliximab for treatment-resistant depression: the role of baseline inflammatory biomarkers[END_REF]. The first studies conducted on this topic have provided promising results, although they vary depending on the class of anti-inflammatory drugs tested, their respective mechanism of action and potential neuromodulatory properties. Importantly, results also differ based on the clinical profile of depressed patients, with those with elevated inflammatory markers and poor response to antidepressants exhibiting greater benefit from antiinflammatory interventions. Determining circulating levels of particular inflammatory markers in depressed patients was found to be useful for predicting responsiveness to regular antidepressants [START_REF] Arteaga-Henríquez | Low-grade inflammation as a predictor of antidepressant and anti-inflammatory therapy response in MDD patients: a systematic review of the literature in combination with an analysis of experimental data collected in the EU-MOODINFLAME Consortium[END_REF][START_REF] Nettis | Efficacy of dupilumab in concomitant atopic dermatitis and chronic rhinosinusitis with nasal polyps: a preliminary study[END_REF][START_REF] Felger | What does plasma CRP tell us about peripheral and central inflammation in depression?[END_REF]. Nevertheless, deeply understanding the relative contribution of inflammatory processes to the induction and treatment of different depressive symptom dimensions in these patients is needed to move toward more tailored and personalized anti-inflammatory therapeutic strategies. Addressing this challenging issue has been so far complicated, particularly due to the lack of relevant and reliable animal models of depression, i.e., models allowing experimentally dissociating inflammation-related vs. inflammationunrelated depressive-like behaviors.

Exposure to psychological and/or environmental stressor(s) represents one of the most robust and reproducible predictors of MDD [START_REF] Gilman | Psychosocial stressors and the prognosis of major depression: a test of Axis IV[END_REF][START_REF] Kendler | Causal relationship between stressful life events and the onset of major depression[END_REF] and the primary paradigm to experimentally induce depressive-like behaviors. Many stress-induced depression models have been developed overtime, the unpredictable chronic mild stress (UCMS) being one of the most commonly used, because of its high face validity (similar phenotype as in depressed patients), construct validity (similar risk factors) and predictive validity (positive response to treatments routinely used in humans) [START_REF] Willner | The chronic mild stress (CMS) model of depression: history, evaluation and usage[END_REF]. UCMS-induced depressive-like behaviors, which are usually reversed following chronic treatment with most classical antidepressants, have been primarily linked to hypothalamopituitary-adrenal (HPA) axis stimulation and related neurotoxicity [START_REF] Willner | The chronic mild stress (CMS) model of depression: history, evaluation and usage[END_REF][START_REF] Hill | Neurobiology of chronic mild stress: parallels to major depression[END_REF]. In addition, some studies also report activation of inflammatory processes, but this seems to depend on the stress protocol applied and/or its combination with additional direct immune stimulation [START_REF] Couch | Low-dose lipopolysaccharide (LPS) inhibits aggressive and augments depressive behaviours in a chronic mild stress model in mice[END_REF][START_REF] Farooq | Is unpredictable chronic mild stress (UCMS) a reliable model to study depression-induced neuroinflammation?[END_REF][START_REF] Géa | Anhedonic-like behavior correlates with IFNγ serum levels in a twohit model of depression[END_REF]. Taken together, these findings highlight the high translational potential of the UCMS model and its relevance to study the involvement of different pathophysiological bases of MDD, particularly by modulating stress intensity.

Regarding inflammation-driven depressive-like behaviors, infection models or direct administration of inflammatory cytokine inducers have largely contributed to unravel the mechanisms linking inflammation to depression [START_REF] Capuron | Role of inflammation in the development of neuropsychiatric symptom domains: evidence and mechanisms[END_REF][START_REF] Dantzer | From inflammation to sickness and depression: when the immune system subjugates the brain[END_REF][START_REF] Vancassel | Brain Kynurenine and BH4 pathways: relevance to the pathophysiology and treatment of inflammation-driven depressive symptoms[END_REF]. These approaches particularly enabled to show the critical role of indoleamine 2,3-dioxygenase (IDO) [START_REF] Godbout | Aging exacerbates depressive-like behavior in mice in response to activation of the peripheral innate immune system[END_REF][START_REF] O'connor | Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3-dioxygenase activation in mice[END_REF][START_REF] O'connor | Induction of IDO by bacille Calmette-Guérin is responsible for development of murine depressive-like behavior[END_REF][START_REF] O'connor | Interferon-gamma and tumor necrosis factor-alpha mediate the upregulation of indoleamine 2,3-dioxygenase and the induction of depressivelike behavior in mice in response to bacillus Calmette-Guerin[END_REF], an enzyme which, upon inflammatory activation, degrades tryptophan (TRP) into kynurenine (KYN) at the expense of serotonin (5-HT), a key factor in MDD pathophysiology. Concurrently, KYN pathway activation can also induce depressive symptoms by promoting glutamate-related neurotoxicity. In line with studies documenting the causal chain of events between excessive and/or unbalanced diets, induction of chronic low-grade inflammation and development of MDD [START_REF] Capuron | Role of adiposity-driven Inflammation in depressive morbidity[END_REF][START_REF] Huet | Obesity and depression: shared pathophysiology and translational implications[END_REF][START_REF] Delgado | Depressive symptoms in obesity: relative contribution of low-grade inflammation and metabolic health[END_REF], high-fat diet (HFD)-induced obesity has also been used as a relevant and reliable translational model of inflammatory depression [START_REF] André | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF][START_REF] Castanon | Role of neuroinflammation in the emotional and cognitive alterations displayed by animal models of obesity[END_REF][START_REF] Hassan | High-fat diet induces depression-like behaviour in mice associated with changes in microbiome, neuropeptide Y, and brain metabolome[END_REF][START_REF] Zemdegs | Metformin promotes anxiolytic and antidepressant-like responses in insulin-resistant mice by decreasing circulating branched-chain amino acids[END_REF]. As for the UCMS model, HFD-induced depressive-like phenotype develops over several weeks, which reflects the progressive alterations of neuronal networks and therefore closely models pathophysiological mechanisms of MDD. Inflammatory processes activation and associated brain function alterations, including those related to the KYN pathway, have also been reported in HFD models [START_REF] Capuron | Role of adiposity-driven Inflammation in depressive morbidity[END_REF][START_REF] André | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF][START_REF] Castanon | Role of neuroinflammation in the emotional and cognitive alterations displayed by animal models of obesity[END_REF][START_REF] Dinel | Lipopolysaccharide-induced brain activation of the indoleamine 2,3-dioxygenase and depressive-like behavior are impaired in a mouse model of metabolic syndrome[END_REF]. Moreover, they also display dysregulation of another important pathway for inflammation-driven depressive symptoms, the tetrahydrobiopterin (BH4) pathway that ultimately impairs dopamine (DA) neurotransmission [START_REF] Vancassel | Brain Kynurenine and BH4 pathways: relevance to the pathophysiology and treatment of inflammation-driven depressive symptoms[END_REF][START_REF] Capuron | Chronic low-grade inflammation in elderly persons is associated with altered tryptophan and tyrosine metabolism: role in neuropsychiatric symptoms[END_REF][START_REF] Fanet | Tetrahydrobiopterin (BH4) pathway: from metabolism to neuropsychiatry[END_REF], as reported in obesity and MDD [START_REF] Felger | Inflammation effects on motivation and motor activity: role of dopamine[END_REF][START_REF] Krishna | Neurochemical and electrophysiological deficits in the ventral hippocampus and selective behavioral alterations caused by high-fat diet in female C57BL/6 mice[END_REF][START_REF] Leite | Dopaminergic pathways in obesity-associated inflammation[END_REF][START_REF] Sharma | Diet-induced obesity promotes depressive-like behaviour that is associated with neural adaptations in brain reward circuitry[END_REF]. HFD models therefore recapitulate most of the neurobiological alterations linked to inflammation. Accordingly, they appear as particularly suitable to study the involvement of affected systems in the development of associated depressive symptoms, while offering the opportunity of considering the potential impact of obesity-related metabolic dysregulations [START_REF] Deal | High-fat diet negatively impacts both metabolic and behavioral health in outbred heterogeneous stock rats[END_REF].

Based on these findings, comparing the UCMS and HFD models appears as a suitable strategy to dissect the specific effects of inflammation on depressive-like symptoms, provided that experimental conditions used to induce depressive-like behaviors only activate inflammatory processes in the HFD model. This study thus aimed to define and validate the adequate experimental design allowing to investigate different depressive-like symptom dimensions and their neurobiological correlates characterizing inflammation-related vs. inflammationunrelated depression, respectively. Furthermore, in light of clinical findings suggesting that inflammation may interact with other risk factors, especially environmental stress, to induce MDD [START_REF] Beurel | The bidirectional relationship of depression and inflammation: double trouble[END_REF], we also combined HFD and UCMS. This is also relevant in the perspective of studying the impact of this combination on the therapeutic response, since it has been reported to be impaired in these conditions [START_REF] Isingrini | Association between repeated unpredictable chronic mild stress (UCMS) procedures with a high fat diet: a model of fluoxetine resistance in mice[END_REF], but the underlying neurobiological mechanisms have not yet been investigated. Altogether, this study validated an innovative experimental approach particularly suitable to study inflammation-driven depression and to further assess its likeliness to respond to antidepressant strategies in future investigations.

Methods

Details are provided in Additional file 1.

Animals and UCMS procedure

All procedures were in accordance with European Directives (2010/63/EU) and approved by the Institutional Animal Health and Care Committee (Approval ID: A13169). Upon arrival, 3-week-old male C57BL/6J mice (Janvier Labs, France) were collectively housed under a normal 12 h/12 h light/dark cycle and randomly allocated to standard diet (SD, A04, SAFE, France; 2.9 kcal/g) or HFD groups (D12492, Research Diets, New Brunswick, NJ; 5.24 kcal/g, 60% Kcal from fat), with free access to water and food (Fig. 1A). They were fed with their respective food upon arrival. The UCMS procedure began 19 weeks after the experiment onset and was applied until its end, except the days preceding behavioral tests to avoid potential interferences between acute effects of a particular stressor and impact of chronic stress on mice behavior. Unstressed mice remained group-housed unless transient isolation was required for specific behavioral tests. In this case, they were placed in individual 
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Fig. 1 HFD mice displayed expected overweight and related metabolic dysregulations as compared to SD-fed mice. A Experimental timeline and design. Male C57BL/6J mice (3 weeks old) were fed ad libitum as soon as they arrived and during the entire experiment with standard diet (SD; 2.9 kcal/g) or high-fat diet (HFD; 5.24 kcal/g). Behavioral measures included: coat-state, splash-test, novelty suppressed feeding test (NSFT), sucrose preference test (SPT), locomotor activity and forced swim test (FST). n = 32/group before UCMS onset and 14-16/group after. B Schematic representation of the different stressors randomly applied during the UCMS procedure. C Body weight was recorded weekly for the entire experiment. It became significantly higher in HFD mice than in their SD counterparts from the 9th week. *** P < 0.001 for Diet effect cages 2 days before performing the test, in order to let them habituate to these new housing conditions, and put back to collective cages immediately after. Stressed mice were individually housed during the entire procedure, which consisted to randomly apply several times a day different stressors (e.g., cage tilting, changes of housing conditions or light cycle, social stress, restraint stress; Fig. 1B) following a schedule changed weekly to prevent habituation (see Additional file 2: Table S1).

Behavioral characterization

Behavioral characterization was performed using wellvalidated tests allowing to assess different symptom dimensions of MDD: neurovegetative changes (coatstate, splash-test, locomotor activity), depressive-like behaviors (sucrose preference test, SPT; forced swim test, FST) and anxiety-like behaviors (novelty suppressed feeding test, NSFT). Methods were essentially similar to those described previously [START_REF] André | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF][START_REF] Dulawa | Recent advances in animal models of chronic antidepressant effects: the novelty-induced hypophagia test[END_REF][START_REF] Surget | Drug-dependent requirement of hippocampal neurogenesis in a model of depression and of antidepressant reversal[END_REF] and are detailed in Additional file 1. Each mouse was submitted to a maximum of 2 behavioral tests per week, with a between-test interval of at least 3 days. To reduce the number of tests per mouse, 2 cohorts that followed the same experimental protocol before behavioral characterization were used. The 1st was tested in the coat-state, splash-test, SPT and FST, while locomotor activity and NSFT were assessed in the 2nd. All biochemical measures were performed in the 1 st set of mice, except brain monoamines assays. Behavioral tests were conducted only once, except for the coatstate and splash-test (Fig. 1A).

Tissue sampling and biochemical measures

Fasted glycemia was measured in 6-h-fasted mice at the end of the UCMS procedure as previously described [START_REF] De Cossío | Impact of prebiotics on metabolic and behavioral alterations in a mouse model of metabolic syndrome[END_REF]. One week after completion of behavioral testing, mice were anesthetized by isoflurane inhalation and blood samples immediately collected via cardiac puncture [START_REF] De Cossío | Impact of prebiotics on metabolic and behavioral alterations in a mouse model of metabolic syndrome[END_REF]. Commercial kits were used to assay plasma corticosterone (Corticosterone-HS kit; ImmunoDiagnostic System, France), leptin, resistin and adiponectin concentrations (Metabolic-and Adiponectin-Milliplex kits; Merck-Millipore, France). Plasma chemokine and cytokine assays were conducted by Eve Technologies (Calgary, Canada) using a bead-based multiplex assay (Mouse Cytokine/ Chemokine Array 32-Plex [MD32]). After blood collection, mice were perfused with chilled 1X PBS and part of the brains rapidly dissected to collect and immediately frozen the hippocampus (HC), prefrontal cortex (PFC) and striatum. After homogenization, DA, 5-HT and their main metabolites (dihydroxyphenyl acetic acid (DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5-HIAA)) were measured by HPLC-EC [START_REF] Mir | The gut microbiota metabolite indole increases emotional responses and adrenal medulla activity in chronically stressed male mice[END_REF]. Brains used to measure mRNA expression were directly stored at -80 °C until they were micropunch-dissected as previously described [START_REF] Romaní-Pérez | Impact of perinatal exposure to high-fat diet and stress on responses to nutritional challenges, food-motivated behaviour and mesolimbic dopamine function[END_REF].

Taqman low-density arrays (TLDA)

Total RNAs from HC and PFC micropunches were extracted using Trizol (Invitrogen, Life Technologies, France) and reversed-transcribed to cDNA using the SuperScript-VILO ™ cDNA Synthesis Kit (Invitrogen, Thermo-Fisher Scientific, France). A custom-made TLDA card (Applied Biosystems, France) was designed to measure the expression of 48 genes (Additional file 3: Table S2) and processed at the Integrative Microgenomic platform (@BRIDGe, INRA, Jouy-en-Josas, France) following the manufacturer's protocol. All reactions were performed in duplicates and the relative mRNA expression was normalized against the endogenous controls using the comparative delta-delta Ct method.

Statistical analysis

Following the method described previously [START_REF] Mir | The gut microbiota metabolite indole increases emotional responses and adrenal medulla activity in chronically stressed male mice[END_REF][START_REF] Guilloux | Integrated behavioral z-scoring increases the sensitivity and reliability of behavioral phenotyping in mice: relevance to emotionality and sex[END_REF], we applied z-normalization across data obtained in the coat-state, splash-test, SPT and FST (all performed in the same mice) to calculate an integrated emotionality z-score representing a relevant index of the severity of HFD-and UCMS-induced depression-like behaviors. Z-normalization was also applied across complementary measures of plasma, HC and PFC inflammation, KYN and BH4 pathways, 5-HT and glutamate systems, and oxidative status. Regarding inflammatory z-scores, both inflammatory and anti-inflammatory factors, which contribute together to the inflammatory response, were integrated in order to better reflect what happens in conditions of chronic inflammation. For the same reasons, the KYN z-score included the enzymes promoting either neurotoxicity or neuroprotection. Depending on their distribution, data were analyzed using parametric statistics (two-way ANOVAs with repeated measures for the time factor and post hoc Fisher's LSD test when appropriate) or non-parametric statistics (Kruskal-Wallis test and Dunn's pairwise multiple comparison test).

Results

HFD mice displayed overweight and related metabolic dysregulations

As expected, HFD mice became progressively heavier than SD mice regardless of stress (Diet: F (1,56) = 166.2, P < 0.001; Diet × Time: F (5,5280) = 51.5, P < 0.001; Fig. 1C) and displayed significantly higher plasma leptin (F (1,55) = 298.8, P < 0.001), resistin (F (1,55) = 12.9, P < 0.001) and fasted glucose concentrations (F (1,56) = 58.8, P < 0.001; Additional file 4: Table S3). UCMS increased glycemia (F (1,56) = 12.5, P < 0.001) and tended to enhance plasma corticosterone levels (P = 0.06) whatever the diet.

HFD and UCMS induced emotional alterations

Neurovegetative changes were evaluated using the coatstate and splash-test, two paradigms related to self-care and classically used to characterize rodent depression models [START_REF] Surget | Drug-dependent requirement of hippocampal neurogenesis in a model of depression and of antidepressant reversal[END_REF][START_REF] Yalcin | Mouse strain differences in the unpredictable chronic mild stress: a four-antidepressant survey[END_REF]. Both HFD and UCMS degraded the coatstate, as revealed by the increased scores calculated for those groups (P < 0.001; Fig. 2A), these effects being exacerbated when both conditions were combined (P < 0.001).

In the splash-test, HFD mice groomed less than SD mice (F (1,56) = 4.9, P < 0.05; Fig. 2B), whereas behavior was unchanged by UCMS. Assessment of locomotor activity was used as an index of psychomotor changes (agitation/retardation) that are classically reported in MDD. It progressively decreased in all mice (Time: F (5,195) = 60.0, P < 0.001), reflecting the habituation that follows the initial exploration phase due to novelty. In addition, covered distance was reduced by HFD (F (1,39) = 65.7, P < 0.001; Diet × Time: F (5,195) = 3.5, P < 0.01; Fig. 2C), but this effect was damped by UCMS (F (1,39) = 6.3, P < 0.05). Anhedonia-related depressive-like behaviors were measured in the SPT. HFD significantly decreased sucrose preference (F (1,56) = 26.3, P < 0.001; Fig. 2D), but to different ranges depending on stress conditions (Diet × Stress: F (1,56) = 8.0, P < 0.01). UCMS slightly reduced sucrose preference in SD mice, while blunting diet effect in stressed-HFD mice, which still displayed, however lower preference than unstressed controls. In line with these data, increased depressive-like behaviors were also reported in the FST, immobility time being enhanced both by HFD (F (1,49) = 7.6, P < 0.01; Fig. 2E) or UCMS (F (1,49) = 6.3, P < 0.05). Of note, this was not just an unspecific consequence of impaired locomotor activity related to overweight since no significant differences were found between groups when swimming was assessed during the first minute of the FST, during which active behavior is classically very high (data not shown). Moreover, there was no significant correlation between body weight and duration of immobility.

The NSFT was used to assess anxiety-like behavior. Latency to eat in a novel environment was increased by HFD (F (1,34) = 24.5, P < 0.001; Fig. 2F), in interaction with UCMS (F (1,34) = 4.5, P < 0.05) that specifically enhanced this latency in SD mice. Importantly, this measure was similar in all groups when tested in their home cage (Fig. 2F) and not correlated with food intake assessed in each condition. Together, these results discard potential (n = 10-11 mice/group). D Sucrose preference, whose reduction reflects increased anhedonia, was calculated as the percentage of sucrose intake over the total fluid (sucrose + water) intake. (n = 14-16 mice/group). E Time spent immobile in the FST (n = 14-16 mice/group). F Latency to start eating after a 24 h-fasting period when the NSFT was conducted either in the familiar housing conditions (mice home cages and room) or unknown stressful conditions (new cages without bedding placed in an unknown room brightly illuminated). Delayed food intake in these last conditions, as compared to the familiar ones, was used as an index of anxiety (n = 10-11 mice/group). G Emotionality z-score calculated from data obtained in the coat-state, splash-test, SPT and FST (n = 14-16 mice/group). Data are graphed as means ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 for Diet effect; # P < 0.05, ### P < 0.001 for Stress effect; $ P ≤ 0.05, $$$ P < 0.001 for differences vs. unstressed-SD mice; + P < 0.05 for differences vs. unstressed-HFD mice; °°°P < 0.001 for effect of test conditions in the NSFT implication of differences in appetite and therefore confirm increased anxiety-like behavior in HFD and UCMS. In summary, both experimental conditions induced emotional alterations related to distinct symptom dimensions of MDD. Supporting this, HFD (F (1,56) = 146.6, P < 0.001) and UCMS (F (1,56) = 14.3, P < 0.001) independently increased the emotionality z-score (Fig. 2G). Of note, this effect appears however to be stronger in HFD than UCMS mice, which suggests that the neurobiological correlates of those behavioral alterations may be also differentially impacted.

Emotional alterations were associated with activation of inflammatory processes in HFD mice

To determine whether inflammatory status was differentially affected by HFD and UCMS, plasma levels of a large panel of inflammatory markers were measured. Consistent with the expected obesity-related systemic inflammation, the plasma inflammatory z-score calculated from data displayed in Fig. 3A was significantly increased by HFD (F (1,46) = 45.1, P < 0.001; Fig. 3B) but unchanged by UCMS. HFD particularly enhanced plasma levels of interleukin-6 (IL-6), IL-10, monokine induced by IFN-γ (MIG or CXCL9), IFN-γ-induced protein-10 (IP10 or CXCL10), keratinocytes-derived chemokine (KC or CXCL1) regardless of stress, as well as tumor necrosis factor-α (TNF-α) and eotaxin (CCL11) in unstressed-HFD mice (Fig. 3A and Additional file 5: Fig. S1). When acting, UCMS mainly reduced inflammation, as shown for levels of macrophage inflammatory protein-1β (MIP-1β or CCL4) whatever the diet, monocyte chemoattractant protein-1 (MCP-1 or CCL2) in SD mice, IL-13 and granulocyte-colony stimulating factor (G-CSF) in stressed-HFD mice, although it increased IL-5 levels in the latter.

Akin to peripheral inflammation, HFD upregulated gene expression of several markers of microglial activation in two central sites for emotional regulation, the HC (Fig. 4A and Additional file 6: Fig. S2A) and PFC (Fig. 5A and Additional file 7: Fig. S3A) [START_REF] De Cossío | Impact of prebiotics on metabolic and behavioral alterations in a mouse model of metabolic syndrome[END_REF][START_REF] Fourrier | Brain tumor necrosis factor-α mediates anxiety-like behavior in a mouse model of severe obesity[END_REF]. Accordingly, the HC inflammatory z-score (integrating data from inflammatory factors displayed in Fig. 4A) was significantly increased in unstressed-HFD mice (Diet activation of inflammatory processes in HFD mice, but not unstressed-or stressed-SD mice, while highlighting stress-related anti-inflammatory properties in the HC of HFD-UCMS mice.

HFD-induced inflammation was associated with modulation of KYN and BH4 pathways

We then assessed the impact of HFD and UCMS on the KYN and BH4 pathways (Figs. 4A, 5A), which contribute to inflammation-related depression [START_REF] Vancassel | Brain Kynurenine and BH4 pathways: relevance to the pathophysiology and treatment of inflammation-driven depressive symptoms[END_REF][START_REF] Fanet | Tetrahydrobiopterin (BH4) pathway: from metabolism to neuropsychiatry[END_REF]. In the HC, the KYN z-score, which integrated the expression of related enzymes (IDO, kynurenine aminotransferase (KAT), kynurenine 3-monoxygenase (KMO), kynureninase (KYNU) and hydroxyanthranilic acid oxygenase (HAAO)), was increased in stressed-SD and unstressed-HFD mice (Diet × Stress: F( 1,36) = 6.5, P < 0.05; Fig. 4C In the PFC, the impact of HFD on KYN z-score did not reach significance (F (1,36) = 3.6, P = 0.07; Fig. 5C), but it increased KMO (F (1,35) = 9.9, P = 0.05; Additional file 7: Fig. S3B) and HAAO expression (Diet × Stress: F (1,36) = 5.6, P < 0.05), which was also enhanced in stressed-SD mice. Supporting further HFD-induced KYN-related neurotoxicity, the neurotoxicity/neuroprotection ratio (KMO/KAT) was significantly increased by HFD (F (1,33) = 5.0, P < 0.05; Additional file 7: Fig. S3B) and reduced by UCMS (F (1,33) = 7.1, P < 0.05). BH4 z-score was similar in all mice (Fig. 5D), although UCMS and HFD interacted to increase PTPS expression in stressed-HFD mice (F (1,35) = 5.2, P < 0.05; Additional file 7: Fig. S3C) that also tended to display overexpression of GCH1 (F (1,36) = 3.6, P = 0.06). Lastly, glutamate and oxidative z-scores were not significantly changed (Fig. 5F,G), but UCMS increased CAT expression (F (1,34) = 8.4, P < 0.01; Additional file 7: Fig. S3E) and interacted with HFD to upregulated that of NOS2 (F (1,35) = 4.5, P < 0.05).

Changes in monoaminergic neurotransmission accompanied modulation of KYN and BH4 pathways

Because 5-HT system participates to MDD pathophysiology and can be impacted by inflammation and related modulation of KYN and BH4 pathways, we measured whether UCMS and HFD affected gene expression of key 5-HT elements (5-HT1A, 1B, 2C receptors, 5-HT transporter (5-HTT) and monoamine oxidases (MAO) degradation enzymes; Figs. 4A,5A). In the HC, the 5-HT z-score calculated from these elements was increased in stressed-SD and unstressed-HFD mice (Stress × Diet: F (1,36) = 8.9, P < 0.01; Fig. 4E). Accordingly, these 1), while 5-HIAA levels and 5-HIAA/5-HT ratio were unchanged. Conversely, HFD decreased 5-HT1B (F (1,36) = 4.8, P < 0.05; Additional file 6: Fig. S2D) and 5-HT2C expression (F (1,31) = 8.9, P < 0.01) and UCMS that of 5-HTT (F (1,31) = 6.4, P < 0.05). In the PFC, HFD increased 5-HT z-score (F (1,36) = 4.9, P < 0.05; Fig. 5E) and 5-HTT expression (F (1,30) = 7.8, P < 0.01; Additional file 7: Fig. S3D) regardless of stress, while slightly reducing MAOA expression (F (1,32) = 4.4, P < 0.05). No significant changes of 5-HT and 5-HIAA levels or their ratio were, however, reported (Table 1). Because impaired DA neurotransmission has been reported in obesity and MDD [START_REF] Felger | Inflammation effects on motivation and motor activity: role of dopamine[END_REF][START_REF] Krishna | Neurochemical and electrophysiological deficits in the ventral hippocampus and selective behavioral alterations caused by high-fat diet in female C57BL/6 mice[END_REF][START_REF] Leite | Dopaminergic pathways in obesity-associated inflammation[END_REF][START_REF] Sharma | Diet-induced obesity promotes depressive-like behaviour that is associated with neural adaptations in brain reward circuitry[END_REF], DA and its metabolites were measured in the HC, PFC, but also the striatum as an important dopaminergic site (Table 1). No significant changes were reported for DA levels in the PFC, but they were decreased by UCMS in the striatum (F (1,36) = 4.6, P < 0.05) and increased by HFD in the HC (F (1,34) = 6.5, P < 0.05), although they remained much lower here than in the other regions. Lastly, DA metabolite levels were similar whatever the groups.

Taken together, these results showed that emotional alterations instigated by HFD and UCMS were associated with differential induction of systemic and brain inflammation, specifically reported in HFD mice, distinct activation of KYN and BH4 pathways, particularly in the HC, together with increased oxidative status and dysregulated brain glutamate and monoaminergic neurotransmission (Fig. 6). In addition, they pointed to a particular regulation of HFD-induced inflammatory activation and related neurobiological alterations in the HC of HFD-UCMS mice.

Discussion

Dissecting the relative contribution of inflammatory processes in the occurrence of MDD remains a challenge in the field of immunopsychiatry, and the lack of suitable preclinical models of depression further complicates this issue. This study provides valuable findings relevant to this topic by validating an experimental strategy that enables dissociating inflammation-related vs.

Table 1 Impact of HFD and UCMS on brain concentrations of monoamines and their metabolites

Concentrations of 5-HT, DA and their metabolites (DOPAC and HVA for DA; 5-HIAA for 5-HT) measured by HPLC-EC at the end of the experiment in the HC, PFC and Striatum of unstressed (Controls) or stressed (UCMS) SD and HFD mice. Values are expressed as pmoles/g of tissue. n = 10-11 mice/group. ND: not detectable. * P < 0.05 for diet effect; # P < 0.05 for stress effect inflammation-unrelated depressive-like behaviors and to decipher the respective cascade of events underlying their induction. While most depression models usually focus on one particular MDD risk factor [START_REF] Willner | The chronic mild stress (CMS) model of depression: history, evaluation and usage[END_REF][START_REF] Gururajan | The future of rodent models in depression research[END_REF][START_REF] Planchez | Animal models of major depression: drawbacks and challenges[END_REF], we compared exposure to HFD and UCMS. Both paradigms induced neurovegetative alterations resembling MDD symptoms, including apathy and carelessness [START_REF] Hassan | High-fat diet induces depression-like behaviour in mice associated with changes in microbiome, neuropeptide Y, and brain metabolome[END_REF][START_REF] Surget | Drug-dependent requirement of hippocampal neurogenesis in a model of depression and of antidepressant reversal[END_REF][START_REF] Uher | Major depressive disorder in DSM-5: implications for clinical practice and research of changes from DSM-IV[END_REF][START_REF] Denmark | The effects of chronic social defeat stress on mouse self-grooming behavior and its patterning[END_REF], as notably evidenced by increased coat-state score. As HFD is greasy and friable, this could explain fur degradation in HFD mice. However, it is noteworthy that similar observation was reported in stressed-SD mice. Importantly, the splash-test confirmed impaired grooming in HFD mice, as previously shown in obese mice and other depression models [START_REF] Zemdegs | Metformin promotes anxiolytic and antidepressant-like responses in insulin-resistant mice by decreasing circulating branched-chain amino acids[END_REF][START_REF] Denmark | The effects of chronic social defeat stress on mouse self-grooming behavior and its patterning[END_REF][START_REF] Machado | Fluoxetine reverses depressive-like behaviors and increases hippocampal acetylcholinesterase activity induced by olfactory bulbectomy[END_REF][START_REF] Boulle | Hippocampal and behavioral dysfunctions in a mouse model of environmental stress: normalization by agomelatine[END_REF][START_REF] Mineur | Effects of unpredictable chronic mild stress on anxiety and depression-like behavior in mice[END_REF]. Regarding UCMS, published data changed depending on mouse strains used, and the intensity, nature and/ or duration of the stress protocol [START_REF] Willner | The chronic mild stress (CMS) model of depression: history, evaluation and usage[END_REF][START_REF] Isingrini | Association between repeated unpredictable chronic mild stress (UCMS) procedures with a high fat diet: a model of fluoxetine resistance in mice[END_REF][START_REF] Surget | Drug-dependent requirement of hippocampal neurogenesis in a model of depression and of antidepressant reversal[END_REF][START_REF] Yalcin | Mouse strain differences in the unpredictable chronic mild stress: a four-antidepressant survey[END_REF][START_REF] Mineur | Effects of unpredictable chronic mild stress on anxiety and depression-like behavior in mice[END_REF]. Here, C57BL/6J mice were chosen as classical strain for HFD-induced obesity studies, although they are not the most responsive to UCMS [START_REF] André | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF][START_REF] Zemdegs | Metformin promotes anxiolytic and antidepressant-like responses in insulin-resistant mice by decreasing circulating branched-chain amino acids[END_REF][START_REF] Krishna | Neurochemical and electrophysiological deficits in the ventral hippocampus and selective behavioral alterations caused by high-fat diet in female C57BL/6 mice[END_REF][START_REF] Sharma | Diet-induced obesity promotes depressive-like behaviour that is associated with neural adaptations in brain reward circuitry[END_REF]. Moreover, strong stressors such as food and water deprivation were discarded for ethical reasons. This likely explains why stressed-SD mice behaved as controls in the splash-test, while otherwise displaying higher emotional behaviors. As previously shown [START_REF] Sharma | Diet-induced obesity promotes depressive-like behaviour that is associated with neural adaptations in brain reward circuitry[END_REF][START_REF] Mir | The gut microbiota metabolite indole increases emotional responses and adrenal medulla activity in chronically stressed male mice[END_REF][START_REF] Mineur | Effects of unpredictable chronic mild stress on anxiety and depression-like behavior in mice[END_REF][START_REF] Preez | Chronic stress followed by social isolation promotes depressivelike behaviour, alters microglial and astrocyte biology and reduces hippocampal neurogenesis in male mice[END_REF], UCMS and HFD notably increased immobility in the FST. Although it could be postulated that HFD-related locomotor impairment may be a confounding factor in this test [START_REF] Deal | High-fat diet negatively impacts both metabolic and behavioral health in outbred heterogeneous stock rats[END_REF], changes in immobility likely reflected depressive-like behavior, consistent with impaired sucrose preference in the SPT, a reward-based test modeling anhedonia, which does not rely on locomotor response. Further ruling out potential interferences of motor impairment in the FST, we previously showed that changes in immobility can be reported in this test without general locomotion necessarily being altered [START_REF] Godbout | Aging exacerbates depressive-like behavior in mice in response to activation of the peripheral innate immune system[END_REF][START_REF] O'connor | Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3-dioxygenase activation in mice[END_REF][START_REF] O'connor | Induction of IDO by bacille Calmette-Guérin is responsible for development of murine depressive-like behavior[END_REF][START_REF] O'connor | Interferon-gamma and tumor necrosis factor-alpha mediate the upregulation of indoleamine 2,3-dioxygenase and the induction of depressivelike behavior in mice in response to bacillus Calmette-Guerin[END_REF]. In line with this, HFD-induced anxiety-like behavior, as assessed in behavioral tests involving locomotor response, were also independent of overall locomotion [START_REF] Deal | High-fat diet negatively impacts both metabolic and behavioral health in outbred heterogeneous stock rats[END_REF]. Akin to these findings, we showed here that both HFD and UCMS mice displayed prolonged latency to eat in the NSFT only when conducted in the new environment, which reflects increased anxiety-like behaviors unrelated to changes in appetite or locomotion [START_REF] Zemdegs | Metformin promotes anxiolytic and antidepressant-like responses in insulin-resistant mice by decreasing circulating branched-chain amino acids[END_REF][START_REF] Dulawa | Recent advances in animal models of chronic antidepressant effects: the novelty-induced hypophagia test[END_REF][START_REF] Surget | Drug-dependent requirement of hippocampal neurogenesis in a model of depression and of antidepressant reversal[END_REF][START_REF] Mir | The gut microbiota metabolite indole increases emotional responses and adrenal medulla activity in chronically stressed male mice[END_REF][START_REF] Preez | Chronic stress followed by social isolation promotes depressivelike behaviour, alters microglial and astrocyte biology and reduces hippocampal neurogenesis in male mice[END_REF]. Altogether, these data therefore confirmed that HFD and UCMS models displayed depressive phenotypes, although they did not necessarily induce similar behavioral alterations. Of note, a specific behavioral profile was also reported when the two conditions were combined, at least regarding some depressive dimensions. This agrees with previously published data [START_REF] Isingrini | Association between repeated unpredictable chronic mild stress (UCMS) procedures with a high fat diet: a model of fluoxetine resistance in mice[END_REF], which interestingly show that this was associated with a differential response to chronic HFD Emotional Alterations UCMS Fig. 6 Overview of the neurobiological processes, associated with HFD-induced and UCMS-induced emotional alterations respectively. In line with the initial expectations, inflammation was selectively reported in the model of HFD-related depression, as shown by increased expression of markers of microglial activation in the HC and PFC. Consistent with this, HFD mice also displayed activation of the KYN and BH4 pathways, which are known to trigger inflammation-driven depression. This activation, which was particularly sustained in the HC, was associated with impaired local monoaminergic neurotransmission, notably the 5-HT system. It concomitantly promoted glutamate excitotoxicity and oxidative stress, favoring in turn neurotoxicity. Of note, these neurobiological changes that likely contribute to emotional alterations were also found in the UCMS depression model, but importantly, upstream triggering mechanisms were in that case independent from inflammation. The two experimental conditions enable, respectively, to dissociate inflammation-related vs. inflammation-unrelated depressive symptoms. Arrows indicate activation and dotted T-bars inhibition/impairment antidepressant treatment, supporting further the interest of having several complementary preclinical models to study the pathophysiological bases of TRD.

As anticipated, both depression models displayed different neurobiological changes potentially contributing to their behavioral phenotype. This could include metabolic dysregulations specifically induced by HFD, as previously reported [START_REF] Deal | High-fat diet negatively impacts both metabolic and behavioral health in outbred heterogeneous stock rats[END_REF][START_REF] Mcgregor | Minireview: Food for thought: regulation of synaptic function by metabolic hormones[END_REF], but mounting evidence suggests that they unlikely play a direct predominant role. Indeed, impaired emotional behaviors were previously associated with low leptin levels or increased leptin resistance [START_REF] Dinel | Lipopolysaccharide-induced brain activation of the indoleamine 2,3-dioxygenase and depressive-like behavior are impaired in a mouse model of metabolic syndrome[END_REF][START_REF] Dinel | Cognitive and emotional alterations are related to hippocampal inflammation in a mouse model of metabolic syndrome[END_REF][START_REF] Lu | Leptin: a potential novel antidepressant[END_REF], while mice with high leptin levels, but no inflammation, exhibit normal depressive-like behavior [START_REF] André | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF]. Moreover, improving obesity-driven inflammation and emotional alterations can be achieved without concomitantly normalizing adipokine and/or glucose levels, and vice-versa [START_REF] De Cossío | Impact of prebiotics on metabolic and behavioral alterations in a mouse model of metabolic syndrome[END_REF][START_REF] Yalcin | Mouse strain differences in the unpredictable chronic mild stress: a four-antidepressant survey[END_REF][START_REF] Stranahan | Voluntary exercise and caloric restriction enhance hippocampal dendritic spine density and BDNF levels in diabetic mice[END_REF][START_REF] Zhao | Chitosan ameliorates cognitive and emotional deficits in an animal model of type 2 diabetes: possible involvement of cholinergic and VEGF/PDGF mechanisms in the brain[END_REF], although some studies report positive behavioral effects of anti-diabetic drugs [START_REF] Zemdegs | Metformin promotes anxiolytic and antidepressant-like responses in insulin-resistant mice by decreasing circulating branched-chain amino acids[END_REF][START_REF] Sharma | Rosiglitazone treatment reversed depression-but not psychosis-like behavior of db/db diabetic mice[END_REF]. Of note however, these drugs may act by reducing, beyond hyperglycemia, inflammation [START_REF] Gupta | Antidepressant effects of insulin in streptozotocin induced diabetic mice: modulation of brain serotonin system[END_REF][START_REF] Pomytkin | Endotoxaemia resulting from decreased serotonin tranporter (5-HTT) function: a reciprocal risk factor for depression and insulin resistance?[END_REF]. Here, elevated plasma levels of inflammatory factors contributing to the overall innate immune system activation [START_REF] Delgado | Depressive symptoms in obesity: relative contribution of low-grade inflammation and metabolic health[END_REF][START_REF] André | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF][START_REF] Dinel | Lipopolysaccharide-induced brain activation of the indoleamine 2,3-dioxygenase and depressive-like behavior are impaired in a mouse model of metabolic syndrome[END_REF][START_REF] Krishna | Neurochemical and electrophysiological deficits in the ventral hippocampus and selective behavioral alterations caused by high-fat diet in female C57BL/6 mice[END_REF][START_REF] Dinel | Cognitive and emotional alterations are related to hippocampal inflammation in a mouse model of metabolic syndrome[END_REF][START_REF] Lasselin | Adipose inflammation in obesity: relationship with circulating levels of inflammatory markers and association with surgery-induced weight loss[END_REF] and increased brain expression of classical markers of microglial activation [START_REF] Hassan | High-fat diet induces depression-like behaviour in mice associated with changes in microbiome, neuropeptide Y, and brain metabolome[END_REF][START_REF] Dinel | Cognitive and emotional alterations are related to hippocampal inflammation in a mouse model of metabolic syndrome[END_REF][START_REF] Dutheil | High-fat diet induced anxiety and anhedonia: impact on brain homeostasis and inflammation[END_REF] were selectively triggered by HFD. These results were in line with a wide literature also reporting other compelling signs of inflammation and immune activation related to obesity, such as adipose tissue production of inflammatory factors or local infiltration of activated immune cells [START_REF] Lasselin | Adipose inflammation in obesity: relationship with circulating levels of inflammatory markers and association with surgery-induced weight loss[END_REF][START_REF] Gregor | Inflammatory mechanisms in obesity[END_REF][START_REF] Harman-Boehm | Macrophage infiltration into omental versus subcutaneous fat across different populations: effect of regional adiposity and the comorbidities of obesity[END_REF]. Unlike other studies using stress protocols stronger than ours, different strains of mice and/or additional immune stimulations [START_REF] Couch | Low-dose lipopolysaccharide (LPS) inhibits aggressive and augments depressive behaviours in a chronic mild stress model in mice[END_REF][START_REF] Farooq | Is unpredictable chronic mild stress (UCMS) a reliable model to study depression-induced neuroinflammation?[END_REF][START_REF] Zhang | NLRP3 Inflammasome mediates chronic mild stress-induced depression in mice via neuroinflammation[END_REF], stressed-SD mice were not inflamed, which could likely account for the behavioral differences reported between these mice and unstressed-HFD mice. UCMS even occasionally altered HFD-induced inflammation, as also reported for some emotional behaviors. These results are consistent with the wide, although often conflicting literature illustrating the complexity of the bidirectional relationship between chronic stress and consumption of palatable food [START_REF] Cain | Immune regulation by glucocorticoids[END_REF][START_REF] Finger | High-fat diet selectively protects against the effects of chronic social stress in the mouse[END_REF][START_REF] Maniam | Palatable cafeteria diet ameliorates anxiety and depression-like symptoms following an adverse early environment[END_REF][START_REF] Rincel | Maternal high-fat diet prevents developmental programming by early-life stress[END_REF][START_REF] Shimba | Control of immunity by glucocorticoids in health and disease[END_REF]. Indeed, it has been shown that chronic stress exposure can mitigate the adverse effects of HFD, in particular through the anti-inflammatory properties of stressinduced HPA axis activation [START_REF] Cain | Immune regulation by glucocorticoids[END_REF][START_REF] Shimba | Control of immunity by glucocorticoids in health and disease[END_REF]. Conversely, HFD consumption has been reported to alleviate the deleterious effects of stress on depressive symptoms and related neurobiological impairments [START_REF] Finger | High-fat diet selectively protects against the effects of chronic social stress in the mouse[END_REF][START_REF] Maniam | Palatable cafeteria diet ameliorates anxiety and depression-like symptoms following an adverse early environment[END_REF][START_REF] Rincel | Maternal high-fat diet prevents developmental programming by early-life stress[END_REF]. Additional studies are needed to understand further how stress interacts with obesity-driven inflammation and related symptoms in the current experimental conditions. Meanwhile, we clearly showed that UCMS alone did not activate inflammation in our experimental conditions, thus meeting the specifications that were initially set.

Interestingly, both UCMS and HFD models also differed regarding some of the main downstream neurobiological events triggering inflammation-driven depression [START_REF] Capuron | Role of adiposity-driven Inflammation in depressive morbidity[END_REF][START_REF] Huet | Obesity and depression: shared pathophysiology and translational implications[END_REF][START_REF] Capuron | Role of inflammation in the development of neuropsychiatric symptom domains: evidence and mechanisms[END_REF][START_REF] Vancassel | Brain Kynurenine and BH4 pathways: relevance to the pathophysiology and treatment of inflammation-driven depressive symptoms[END_REF][START_REF] Fanet | Tetrahydrobiopterin (BH4) pathway: from metabolism to neuropsychiatry[END_REF]. This primarily included KYN pathway activation in HFD mice, together with reduced hippocampal 5-HT levels and imbalanced brain neurotoxic-neuroprotective ratio favoring neurotoxicity and oxidative stress, as previously reported in the adipose tissue and plasma of obese patients [START_REF] Cussotto | Tryptophan metabolic pathways are altered in obesity and are associated with systemic inflammation[END_REF][START_REF] Favennec | The kynurenine pathway is activated in human obesity and shifted toward kynurenine monooxygenase activation[END_REF]. Enzymes of the BH4 pathway were also differentially expressed, particularly in the HC of unstressed-HFD mice, with potential impact on monoaminergic neurotransmission, as BH4 is required for optimal DA and 5-HT synthesis [START_REF] Vancassel | Brain Kynurenine and BH4 pathways: relevance to the pathophysiology and treatment of inflammation-driven depressive symptoms[END_REF][START_REF] Fanet | Tetrahydrobiopterin (BH4) pathway: from metabolism to neuropsychiatry[END_REF]. Here, both HFD and UCMS differentially altered those systems in a monoamine-dependent and region-dependent manner, what was expected given their central role in the pathophysiology and treatment of MDD [START_REF] Capuron | Role of adiposity-driven Inflammation in depressive morbidity[END_REF][START_REF] Felger | Inflammation effects on motivation and motor activity: role of dopamine[END_REF]. The mechanisms, respectively, underlying stress-induced and HFD-induced modulation of monoamine neurotransmission and related neuropsychiatric symptoms still need to be deeply studied, what supports further the relevance of comparing the two models.

The current work bears some limitations that upcoming experiments should overcome. The main one is that data obtained are essentially correlative and do not therefore allow concluding about the causal role of the different neurobiological processes studied, as well as their potential links, in the development of reported emotional alterations, nor identifying other possible underlying mechanism, particularly regarding the combined impact of stress and HFD. Of note however, this was not the aim of the present study. Another limitation is that experiments were only performed on males, while women are at greater risk to suffer from MDD [START_REF] Altemus | Sex differences in anxiety and depression clinical perspectives[END_REF]. This is due to largely multifactorial reasons [START_REF] Altemus | Sex differences in anxiety and depression clinical perspectives[END_REF] that are not necessarily easy to control experimentally and might in any case complicate data interpretation when both sexes are studied together. Being aware of that, and in order to reduce the number of mice used, we decided not to address this issue here. This means that extrapolating the present findings to females needs to be taken with caution. Despite these limitations, the in-depth characterization of the two models of depression used in this study represents an essential first step in the further development of new pharmacological and/or more mechanistic studies.

Conclusions

In conclusion, by validating an experimental approach allowing the comparative analysis of inflammatory versus non-inflammatory depression models, this study highlights the relevance of this approach to unravel the role of inflammatory processes in the pathophysiology of MDD. It should notably help to identify the nature of inflammation-driven brain alterations specifically involved in the development of particular symptom dimensions and better understand the pathophysiological bases of the clinical phenotype resulting from the combination of stress and HFD. In addition, it should also enable addressing questions on the implication of inflammation in the treatment of those disorders, by comparing the response to antidepressants between the two conditions. In that context, the detailed insights into the behavioral and neurobiological changes they, respectively, induced would be useful for the potential development of new therapeutic strategies, particularly those targeting inflammation. They could also facilitate the identification of reliable phenotypic markers to characterize the profile of patients with TRD. Lastly, unlike studies combining stress and direct immune activation instead of obesitydriven inflammation [START_REF] Couch | Low-dose lipopolysaccharide (LPS) inhibits aggressive and augments depressive behaviours in a chronic mild stress model in mice[END_REF][START_REF] Farooq | Is unpredictable chronic mild stress (UCMS) a reliable model to study depression-induced neuroinflammation?[END_REF][START_REF] Géa | Anhedonic-like behavior correlates with IFNγ serum levels in a twohit model of depression[END_REF], our experimental strategy takes into account an important player in MDD pathophysiology, namely nutritional imbalance and its impact on brain function. Altogether, this study opens new avenues for future research.

Fig. 2

 2 Fig.2Both HFD and UCMS induced emotional alterations. A Total coat-state score assessed week 25 and calculated by summing, for each mouse, the scores given for different body parts that ranged from 0 for a well-groomed coat to 2 for a dirty coat. Each group was significantly different from the others, HFD-UCMS mice displaying the highest score, meaning lower self-care (n = 14-16 mice/group). B Duration of grooming measured in the splash-test after 4 weeks of UCMS (n = 14-16 mice/group). C Time-course of the distance traveled in a new cage over the 30-min test. (n = 10-11 mice/group). D Sucrose preference, whose reduction reflects increased anhedonia, was calculated as the percentage of sucrose intake over the total fluid (sucrose + water) intake. (n = 14-16 mice/group). E Time spent immobile in the FST (n = 14-16 mice/group). F Latency to start eating after a 24 h-fasting period when the NSFT was conducted either in the familiar housing conditions (mice home cages and room) or unknown stressful conditions (new cages without bedding placed in an unknown room brightly illuminated). Delayed food intake in these last conditions, as compared to the familiar ones, was used as an index of anxiety (n = 10-11 mice/group). G Emotionality z-score calculated from data obtained in the coat-state, splash-test, SPT and FST (n = 14-16 mice/group). Data are graphed as means ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 for Diet effect; # P < 0.05, ### P < 0.001 for Stress effect; $ P ≤ 0.05, $$$ P < 0.001 for differences vs. unstressed-SD mice; + P < 0.05 for differences vs. unstressed-HFD mice; °°°P < 0.001 for effect of test conditions in the NSFT

Fig. 3

 3 Fig.3Chronic HFD exposure increased circulating concentrations of inflammatory factors. Plasma levels of cytokines and chemokines analyzed at the end of the experiment in unstressed (Controls) or stressed (UCMS) SD and HFD mice. A Heatmap generated with R gplots package showing relative plasma levels (as compared to the control group) of detected inflammatory factors displaying notable differences between groups. Controls are not presented since their value was equal to 0 (white color). The table associated to the heatmap shows results of the statistical analysis reporting the effects of Diet, Stress and their interactions. * P < 0.05 ** P < 0.01, *** P < 0.001; ns = not significant. B Integrated plasma inflammatory z-score calculated from data displayed in the heatmap and graphed as means ± SEM. n = 8-15 mice/group. *** P < 0.001 for Diet effect

Fig. 4

 4 Fig.4HFD and UCMS differentially modulated HC gene expression of inflammatory markers and related neurobiological processes. A Heatmap generated with R gplots package displaying differential expression levels of hippocampus (HC) genes, as analyzed with the TLDA method in unstressed (Controls) or stressed (UCMS) SD and HFD mice. Results are plotted as fold changes relative to controls, which are not presented since their value was equal to 0 (white color). Genes showing poor or late amplification were not included in the analysis. The table associated to the heatmap displays results of the statistical analysis for genes related to: inflammation, KYN pathway, BH4 pathway, 5-HT system, glutamate system and oxidative status. * P < 0.05 ** P < 0.01; ns = not significant. B Inflammatory, C kynurenine, D BH4, E 5-HT, F glutamate and G oxidative z-scores calculated from expression of related genes displayed in the heatmap. All results are graphed as means ± SEM. n = 8-10 mice/group. $ P ≤ 0.05, $$ P < 0.01 for differences vs. unstressed-SD mice; + P ≤ 0.05 for differences vs. unstressed-HFD mice

Fig. 5

 5 Fig.5HFD and UCMS differentially modulated PFC gene expression of inflammatory markers and related neurobiological processes. (A) Heatmap generated with R gplots package displaying differential expression levels of prefrontal cortex (PFC) genes, as analyzed with the TLDA method in unstressed (Controls) or stressed (UCMS) SD and HFD mice. Results are plotted as fold changes relative to controls, which are not presented since their value was equal to 0 (white color). Genes showing poor or late amplification were not included in the analysis. The table associated to the heatmap displays results of the statistical analysis for genes related to: inflammation, KYN pathway, BH4 pathway, 5-HT System, glutamate system and oxidative status. * P < 0.05 ** P < 0.01; ns = not significant. (B) Inflammatory, (C) kynurenine, (D) BH4, (E) 5-HT, (F) glutamate and (G) oxidative z-scores calculated from expression of related genes displayed in the heatmap. (n = 8-10 mice/group). All results are graphed as means ± SEM. * P < 0.05 for Diet effect
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Additional file 6: Fig. S2. HFD and UCMS differentially modulated HC gene expression of inflammatory markers and related neurobiological processes. Relative gene expression (as compared to controls) measured by TLDA analysis in the hippocampus (HC) of unstressed (Controls) or stressed (UCMS) SD and HFD mice. Detailed analysis revealed significant impact of HFD and/or UCMS for: (A) inflammatory cytokines and markers of microglial activation (IL-1β, IL-6, CD11b, CD74); (B) enzymes from the kynurenine (KYN) pathway (KAT, KYNU); (C) enzymes from the tetrahydrobiopterin (BH4) pathway (GCH1, GFRP, SPR, DHFR, PTPS); (D) key elements of the 5-HT system (5-HT1A, 5-HT1B, 5-HT2C receptors, 5-HT transporter (5-HTT), monoamine oxidase A (MAOA)); (E) markers of glutamate system (vGLUT, GLT-1, GLAST) and (F) oxidative enzymes (NOS2, CAT ). (n = 8-10 mice/group). All results are graphed as means ± SEM. * P < 0.05, ** P < 0.01 for Diet effect; # P < 0.05, ## P < 0.01 for Stress effect; $ P < 0.05, $$ P < 0.01 for differences vs. unstressed-SD mice; + P ≤ 0.05 for differences vs. unstressed-HFD mice. Additional file 7: Fig. S3. HFD and UCMS differentially modulated PFC gene expression of inflammatory markers and related neurobiological processes. Relative gene expression (as compared to controls) measured by TLDA analysis in the prefrontal cortex (PFC) of unstressed (Controls) or stressed (UCMS) SD and HFD mice. Detailed analysis revealed significant impact of HFD and/or UCMS for: (A) Markers of microglial activation (CCL2, CXCL9, CXCL1, CD86, CD74); (B) enzymes from the KYN pathway (KMO, HAAO, KAT) and the neurotoxicity/neuroprotection ratio (expression level of KMO/KAT); (C) enzymes from the BH4 pathway (GCH1, PTPS); (D) key elements of the 5-HT system (5-HTT, MAOA) and (E) oxidative enzymes (NOS2, CAT ). (n = 8-10 mice/group). All results are graphed as means ± SEM. * P < 0.05, ** P < 0.01 for Diet effect; # P < 0.05 for Stress effect; $ P < 0.05 for differences vs. unstressed-SD mice; + P < 0.05 for differences vs. unstressed-SD mice.
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