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The Duration of Stress Determines Sex Specificities in the Vulnerability to Depression and in the Morphologic Remodeling of Neurons and Microglia
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Stress exposure has been shown to induce a variety of molecular and functional alterations associated with anxiety and depression. Some studies suggest that microglia, the immune cells of the brain, play a significant role in determining neuronal and behavioral responses to chronic stress and also contribute to the development of stress-related psychopathologies. However, little is known about the impact of the duration of stress exposure upon microglia and neurons morphology, particularly considering sex differences. This issue deserves particular investigation, considering that the process of morphologic remodeling of neurons and microglia is usually accompanied by functional changes with behavioral expression. Here, we examine the effects of short and long unpredictable chronic mild stress (uCMS) protocols on behavior, evaluating in parallel microglia and neurons morphology in the dorsal hippocampus (dHIP) and in the nucleus accumbens (NAc), two brain regions involved in the etiology of depression. We report that long-term uCMS induced more behavioral alterations in males, which present anxiety and depression-like phenotypes (anhedonia and helplessness behavior), while females only display anxiety-like behavior. After short-term uCMS, both sexes presented anxiety-like behavior. Microglia cells undergo a process of morphologic adaptation to short-term uCMS, dependent on sex, in the NAc: we observed a hypertrophy in males and an atrophy in females, transient effects that do not persist after long-term uCMS. In the dHIP, the morphologic adaptation of microglia is only observed in females (hypertrophy) and after the protocol of long uCMS. Interestingly, males are more vulnerable to neuronal morphological alterations in a region-specific manner: dendritic atrophy in granule neurons of the dHIP and hypertrophy in the medium spiny neurons of the NAc, both after short- or long-term uCMS. The morphology of neurons in these brain regions were not affected in females. These findings raise the possibility that, by differentially affecting neurons and microglia in dHIP and NAc, chronic stress may contribute for differences in the clinical presentation of stress-related disorders under the control of sex-specific mechanisms.
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INTRODUCTION

Exposure to stress has a detrimental impact on certain brain functions, depending on the duration, type, and severity of stress. Uncontrollable stress is a contributing factor for major depressive disorder (Iwata et al., 2013), a severe and debilitating psychiatric illness characterized by a significant change in mood and accompanied by symptoms such as anhedonia and disrupted sleeping, eating, and cognitive deficits (Kessler, 2012).

A wide variety of animal models have been used to mimic human depression, but, as a heterogeneous disorder, many of its symptoms (depressed mood, feelings of worthlessness, and suicidal ideation) are hard to be mimicked in laboratory animals and, for an animal model to be valid, it is not necessary to exhibit all the traits of depression, since patients do not manifest every symptoms of the disease (Belzung and Lemoine, 2011).

Unpredictable chronic mild stress (uCMS) protocol is widely used and involves a permanent exposure to a variety of mild stressors in an unpredictable manner. In adult rodents, uCMS is a valid model of depression (Willner, 2005) and induce a variety of behavioral alterations, including anxiety, anhedonia, decreased exploratory behavior, and increased immobility/despair behavior when exposed to stressful environments, as well as impaired spatial cognition (Henningsen et al., 2009; Hill et al., 2012; Bessa et al., 2013; Morais et al., 2014; Patricio et al., 2015).

Stress impact various aspects of immunity that in turn promote stress susceptibility. As innate immune cells of the brain, microglia play an integrative role in maintaining neuronal homeostasis (Salter and Stevens, 2017). These cells are distributed throughout the brain and function as a critical line of defense against injury and pathogenic insults (Hanisch and Kettenmann, 2007). It has been reported that stress induces morphologic changes of microglia (Sugama et al., 2007), namely promoting microglial hyper-ramification in the prefrontal cortex (PFC) (Tynan et al., 2013), which supports the theory that these cells play an important role in modulating stress responses (Reus et al., 2015). In the healthy adult central nervous system (CNS), microglia have a ramified morphology characterized by long and thin processes that support the ability for searching potential threats for local homeostasis (Nimmerjahn et al., 2005; Kettenmann et al., 2011; Xavier et al., 2014; Wu et al., 2015). Some studies have described that when microglia respond to insults, they change their morphology, the processes retract and the cell body enlarges, giving microglia an amoeboid shape (Davalos et al., 2005; Cho et al., 2006). However, in our recent studies we report a diversity of morphologic changes that globally depend on the time of stress exposure (prenatal versus adult stress), on the sex of the animal and on the brain region under study (Caetano et al., 2017; Duarte et al., 2019; Gaspar et al., 2021). Our observations suggest that microglia remodeling upon stress are not limited to the acquisition of an amoeboid phenotype, as previously described (Sugama et al., 2007; Tynan et al., 2010; Kreisel et al., 2014), but instead may vary from different degrees of atrophy to hypertrophy.

In addition to microglial changes, several studies also point toward stress-induced sex differences in neurons morphology (Galea et al., 1997; Garrett and Wellman, 2009; Bock et al., 2011; Breach et al., 2019), although the majority of studies were performed exclusively in males (Magarinos and McEwen, 1995; Lambert et al., 1998; Radley et al., 2006; Bessa et al., 2009a, 2013; Morais et al., 2014; Melo et al., 2015; Patricio et al., 2015). In fact, stress-induced morphologic changes in microglia and neurons are associated with behavioral alterations in rodent models, including anhedonia, anxiety-like behavior and despair-like behavior (Fonken et al., 2018; Liu et al., 2019).

Sexual dimorphism at multiple levels, including cellular, molecular, and immune system in stress response suggest that stress-elicited neuroinflammatory priming may vary between sexes (Couch et al., 2013; Kreisel et al., 2014; Bekhbat and Neigh, 2018; Wohleb et al., 2018). However, little is known about the morphologic adaptation of brain cells in its relation with depression vulnerability between sexes when subjected to stress protocols of different duration. Therefore, in this study, we examined the effects of the exposure to short and long uCMS in both sexes upon behavior and plastic changes of microglia and neurons. We used a set of different behavioral tests to evaluate anxiety- and depression-like profiles of adult rats exposed to uCMS. Using an automated methodology, we quantified how uCMS alters several morphologic properties of microglia and neurons in the dorsal hippocampus (dHIP) and nucleus accumbens (NAc), two key brain regions in stress responses.



MATERIALS AND METHODS

The timeline of all procedures is shown in Figure 1A.
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FIGURE 1. Unpredictable chronic mild stress (uCMS) induces a dysregulation of body weight in males and in the circadian corticosterone secretion pattern in both sexes. (A) Schematic drawing of the uCMS protocol. (B,C) Corticosterone serum levels measured at 8:00 a.m. in female and male rats exposed to stress in adulthood. (D,E) Body weight of female rats exposed to short- or a long-term protocol of chronic mild stress for 2 and 6 weeks, respectively. (F,G) Body weight of male rats exposed to short- or a long-term protocol of chronic mild stress for 2 and 6 weeks, respectively. Results are presented as the mean ± SEM of 10–20 animals (body weight) 6–10 animals (corticosterone); comparing with control, calculated using a two-way Analysis of Variance (ANOVA) followed by a Bonferroni post-hoc test. *p < 0.05 and **p < 0.01.



Animals

Adult male and female rats (Wistar Han), 3-months old (Charles River Laboratories, L’Arbresle, France) were housed and kept under standard laboratory conditions: 22°C, 55% relative humidity, and 12 h light/dark cycle with free access to food and water. A complete timeline of all manipulations and behavioral tests is provided in Figure 1A. The handling and health monitoring were performed according to federation of european laboratory animal science associations (FELASA) guidelines. All experimental procedures were approved by european union (EU) – Directive 2010/63/EU and the Portuguese National Authority for animal experimentation, Direção-Geral de Animal e Veterinária (DGAV). All protocols were approved by the Ethics Committee of the Life and Health Sciences Research Institute and by DGAV (#19074).



Unpredictable Chronic Mild Stress

At posnatal day (PND)90, animals were randomly divided into four experimental groups and placed in separate rooms: a group of animals exposed to uCMS for 2 weeks (Short-term uCMS – Stress); a group not exposed to uCMS for 2 weeks (Short-term uCMS – Control); a group of animals exposed to uCMS for 6 weeks (Long-term uCMS – Stress); a group not exposed to uCMS for 6 weeks (Long-term uCMS – Control). An adapted version of the previously described and validated uCMS protocol (Willner, 2005; Alves et al., 2017), was applied for two periods of different duration (2 and 6 weeks). The uCMS protocol consisted of a variety of unpredictable mild stressors, including confinement to a restricted space for 1 h, placement in a tilted cage (30°) for 3 h, housing on damp bedding, 15 h of food deprivation followed by exposure to inaccessible food for 1 h, water deprivation for 15 h followed by exposure to an empty bottle for 1 h, exposure to stroboscopic lights during 4 h and reversed light/dark cycle for 48 h, every 7 days. Rats subjected to stress were randomly exposed to 2–4 stressors every day for 2 or 6 weeks (Supplementary Figure 1). The controls were left undisturbed under the previously described maintenance conditions. Body weight was monitored weekly to monitor the overall effects of the stress paradigms.



Behavioral Analysis

At the end of the uCMS protocol, a series of behavioral tests were performed in sequence to evaluate anxiety and depressive-like behavior. The Elevated Plus Maze (EPM) and Forced Swimming Tests (FST) were conducted during the light period of animals (9:00 a.m.–5:00 p.m.); the Sucrose Preference Test (SPT) test was performed during the dark period, from 9:00 p.m. to 10:00 p.m.



Elevated Plus Maze

To assess anxiety-like behavior, the EPM test was performed at PND105 (short-term) and at PND133 (long-term). The maze (ENV-560; Med Associates Inc., St. Albans, VT, United States) has two closed (50.8 cm × 10.2 cm × 40.6 cm) and two open arms (50.8 cm × 10.2 cm), raised 72.4 cm above the floor and illuminated by a dim light. Each animal was positioned in the center of this elevated plus-shaped platform for 5 min. The performance of rats in EPM was video-recorded and subsequently analyzed. The ratio of time spent in the open arms per total time spent in the open and in close arms was calculated as an index of anxiety-like behavior.



Sucrose Preference Test

This test was performed at PND106 (short-term) and PND134 (long-term). Briefly, after 12 h of food and water deprivation, rats were presented with two pre-weighted bottles containing tap water or a solution of sucrose 2% for 1 h. The liquid intake from each bottle was calculated by comparing the differences in bottle weights before and after the test. The sucrose preference was determined as the percentage of sucrose solution intake that was calculated according to the formula: SP = [sucrose intake/(sucrose intake + water intake)] × 100, as previously described (Bekris et al., 2005). Low sucrose preference represented anhedonia, a core symptom of depression. When the preference test ended, rats were given free access to water and food.



Forced Swimming Test

The test was performed at PND107-108 (short-term) and PND135-136 (long-term) after SPT. On the 1st day, rats were placed individually in a glass cylinder with water (62 cm height; 25.4 cm diameter; depth no less than 50 cm, 23°C) for 5 min. Then, the rats were dried and transported back to their home cages. In the 2nd day, the rats were subjected to one 5-min session of swimming. The test session was video-recorded, and the immobility time of each rat was measured using the EthoVision XT 11.5 tracking system (Noldus Information Tecnhology, Wageningen, The Netherlands). Immobility was defined as floating state in the water, without struggling and making only those movements to keep the head above water. Depressive-like behavior was defined as an increase in the immobility time.



Immunohistochemistry and 3D Morphometric Analysis of Microglia

After completion of stress protocols and behavioral tests, all groups of rats were deeply anesthetized with sodium pentobarbital (20%; Eutasil ®, Sanofi, Gentilly, France) and transcardially perfused with 0.9% saline. The brains were removed and one hemisphere from each brain was used for Golgi staining technique and the other for immunohistochemistry for ionized calcium-binding adaptor protein-1 (Iba-1) followed by the 3D reconstruction of microglia cells. The right hemispheres, used for Iba-1 immunohistochemistry, were post-fixed in 4% paraformaldehyde (PFA), cryoprotected in 30% sucrose overnight, and then embedded in Optimal Cutting Temperature compound (OCT, ThermoScientific, Waltham, MA, United States), snap-frozen and stored at −80°C. Coronal sections (50 μm) of the hippocampal dentate gyrus (DG) (stereotaxic coordinates of interaural 5.20 mm and bregma −3.80 mm) and NAc (stereotaxic coordinates of interaural 10.20 mm and bregma 1.2 mm) were further stained to visualize microglia cells. Microglia were visualized using the following protocol: free-floating sections were blocked 2 h with 5% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) + 0.1% Triton X at room temperature (RT) and incubated for 48 h at 4°C with an antibody specific to Iba-1 (1:1,000; Wako Chemicals Inc., Richmond, VA, United States) in 5% BSA/0.1% Triton X/PBS. Iba-1 is constitutively expressed in microglia, being involved in cytoskeletal reorganization, and is up-regulated in response to microglial cell activation. Sections were then rinsed and incubated for 2 h at RT with the appropriate secondary antibody (donkey anti-rabbit, 1:1,000, Invitrogen, Waltham, MA, United States) and 4’,6-diamidino-2-phenylindole (DAPI, 1:5,000). Sections were rinsed and mounted on gelatinized slices, using glycergel (DAKO mounting medium, Santa Clara, CA, United States). Images of 10 random microglial cells from each animal were acquired with a laser scanning confocal microscope LSM 710 META connected to ZEN Black software (Zeiss Microscopy, Oberkochen, Germany) using a 63x objective lens (oil immersed, Plan-Apochromat 63x/1.40 Oil DIC M27). Microglia cells were reconstructed using the Neurolucida software (MBF Bioscience, Williston, VT, United States). Morphometric data related to branch analysis were extracted by the Neurolucida Explorer software (MBF Bioscience, Williston, VT, United States). The parameters analyzed were the total number and the length of cellular processes and their measures per branch order, considering processes of order 1 those emerging directly from the cell body, processes of order 2 those arising from processes of order 1, and so forth (Caetano et al., 2017).



Neuronal Morphology

To assess the dendritic morphology of granule neurons of DG and spiny medium neurons of NAc, three-dimensional morphological analysis was performed on Golgi-Cox stained material. The left hemispheres were immersed in a Golgi-Cox solution (1:1 solution of 5% potassium dichromate and 5% mercuric chloride diluted 4:10 with 5% potassium chromate) for 14 days, cryoprotected with 30% sucrose solution for 72 h, and sectioned at 200 μm in a vibratome in a 6% sucrose solution. Brain sections were mounted on gelatin-coated slides, lightly pressed and kept in moist container until developed, clarified, and then cover slipped. For each selected neuron, dendritic branches were reconstructed at 1,000× (oil) magnification, using a motorized microscope (Axioplan 2; Carl Zeiss, Oberkochen, Germany) and Neurolucida Neuron Tracing Software (MBF Bioscience, Williston, VT, United States). For each animal, approximately 10 neurons were analyzed in the dHIP and in the NAc. Data for process length was obtained using Neurolucida explorer (MBF Bioscience, Williston, VT, United States). Measurements from individual neurons from each animal were averaged. Total dendritic length was compared among the experimental groups. Branching of the neurons was evaluated using 3D Sholl analysis; for this, the number of dendritic intersections with concentric circles positioned at radial intervals of 20 μm was determined.



Corticosterone Levels Measurement

For all animals, serum corticosterone levels were measured using a commercially available ELISA kit (Abcam, Cambridge, United Kingdom), according to the manufacturer’s instructions. Blood sampling (tail venipuncture) was performed during the diurnal nadir (N, 8:00–9:00 a.m.) at the end of the stress protocol. Results are expressed as ng of corticosterone per ml of serum. Absorbance at 450 nm was determined using a microplate reader and corticosterone concentration (ng/ml) was extrapolated from a standard curve. The coefficient of variation for intra- assay was 5.7% and for inter-assay was 10.2%.



Estrous Cycle Analysis

In the day of sacrifice, vaginal cytology was performed. Exfoliate cytology was examined under light microscope (Leica DM 4000B, Leica, Wetzlar, Germany) with a 10x objective lens (Plan 63x/0.25PH1) and estrous cycle was determined based on the morphology of the cells present in the smear as previously described (Westwood, 2008).



Data Analysis

All data are presented as mean ± standard error of the mean (mean ± SEM). GraphPad Prism 6 Software was employed for statistical analysis. Outliers were identified using GraphPad Prism 6. Two-way Analysis of Variance (ANOVA) followed by a Bonferroni post-hoc test was used to assess the effects of stress (Control vs. Stress) and duration of stress (Short- vs. Long-term uCMS). The level of significance for all analysis was a set at p < 0.05.




RESULTS


Unpredictable Chronic Mild Stress Induces a Dysregulation of the Circadian Corticosterone Secretion Pattern in Both Sexes and in the Body Weight of Males

It is known that stress impairs the activity of the hypothalamus-pituitary-adrenal (HPA) axis and results in disrupted secretion of corticosteroids (Pariante and Lightman, 2008; Willner et al., 2013). In this work, we exposed animals of both sexes to a well-established uCMS protocol (Willner, 2005; Bessa et al., 2009a; Mateus-Pinheiro et al., 2013) for either 2 or 6 weeks. To validate the uCMS protocol, we measured corticosterone levels as an indicator of HPA axis function. In basal conditions, control females exhibited higher corticosterone levels than males. At the end of short- and long-term uCMS protocol, basal serum corticosterone levels were higher in both sexes exposed to stress [females: Figure 1B; F(1,24) = 10.94, p = 0.003; males: Figure 1C; F(1,30) = 15.28; p = 0.0005], although only statistically significant in the case of the short-term protocol. We also monitored weekly the body weight until the end of the uCMS protocol. In the case of females, short and long uCMS protocols did not significantly affect total body weight [F(1,55) = 1.79, p = 0.19; Figures 1D,E]. Male rats exposed to uCMS displayed a reduction of body weight [F(1,56) = 12.02, p = 0.001] after completion of short- (post-hoc analysis, p = 0.0277) or long- term (post-hoc analysis, p = 0.0388) uCMS protocols (Figures 1F,G).



Unpredictable Chronic Mild Stress Induces Anxiety- and Depressive-Like Behavior That Is More Pronounced in Males

Unpredictable chronic mild stress induced anxiety-like behavior in females [F(1,54) = 19.97, p < 0.0001], as demonstrated by the reduced time spent in open arms, after 2 (post-hoc analysis, p = 0.001) or 6 weeks of uCMS (post-hoc analysis, p = 0.029; Figure 2A). Like females, we also found a significant effect of stress in males [F(1,50) = 23.40, p < 0.0001]. Males exposed to a short- or long-term uCMS presented anxiety-like behavior (post-hoc analysis, p = 0.002; p = 0.003, respectively; Figure 2B).
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FIGURE 2. Unpredictable chronic mild stress induces anxiety and depressive-like behavior, an effect more pronounced in males. (A,B) Time spent in open arms per total time of the elevated plus maze (EPM) test performed to evaluate anxiety-related behavior of females and males. (C,D) Anhedonic-like behavior assessed by the preference for sucrose in the sucrose preference test (SPT) in females and males. (E,F) Depressive-like behavior assessed by the total time of immobility in the forced swimming test (FST) for females and males. Results are presented as the mean ± SEM of 10–20 animals comparing with control, calculated using a two-way Analysis of Variance (ANOVA) followed by a Bonferroni post-hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001. #p < 0.05 (stress effect).


In the SPT, that evaluates anhedonia, no main effect of stress [F(1,58) = 0.4701, p = 0.4957] or duration of exposure to uCMS [F(1,58) = 0.138, p = 0.712] was found in females when assessing the percentage of sucrose solution consumed (Figure 2C). In males, we observed a significant stress effect [F(1,55) = 14.24, p = 0.0004], although only males exposed to a long-term protocol of uCMS showed a decrease in sucrose consumption when compared with controls (post-hoc analysis, p = 0.004; Figure 2D) with an increase in water consumption (Supplementary Figure 2).

In the FST, behavioral despair was calculated as time of immobility. In females, no differences in immobility were observed (Figure 2E). In males, a main effect of duration of exposure to stress [F(1,61) = 12.41, p = 0.0008] was found since males exposed to a long-term uCMS showed significantly higher levels of despair behavior, when compared to controls (post-hoc analysis, p = 0.0019; Figure 2F).

The estrous cycle analysis was performed in females and demonstrated that females were distributed by all phases of the estrous cycle (Supplementary Table 1).



Unpredictable Chronic Mild Stress Induces Sex-Dependent Morphologic Adaptation of Microglia

Our group described that prenatal stress induces changes in the morphology of microglia (Caetano et al., 2017; Duarte et al., 2019; Gaspar et al., 2021), but the effect of uCMS with different duration and potential sex differences have not been explored. In order to better understand the role of stress in the morphology of microglia, we performed the morphometric analysis of microglia in adult female and male rats in two different brain regions, the dHIP and the NAc. A detailed analysis of microglia, including the number of processes per branch order, the total number of branches and the total length of branches was performed.

In the dHIP, short-term uCMS did not induce alterations in microglia morphology in females (Figures 3A–D and Supplementary Table 2). Conversely, long-term exposure to uCMS induced a hypertrophy of microglia in the dHIP in females, when compared to control animals, either in the total number of processes (post-hoc analysis, p = 0.002) and in total length [F(1,140) = 3.08, p = 0.005; Figures 3C,D]. In males, we did not observe any effect of stress (both short or long) in the morphology of microglia either in terms of total number or length (Figures 3E–H and Supplementary Table 2).
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FIGURE 3. Unpredictable chronic mild stress induces remodeling of microglia, an effect more pronounced in females. Microglial morphometric structure was manually reconstructed in the Neurolucida software based on 3D images of Iba-1 stained microglia. (A) Representative microglia cells of the dorsal hippocampus (dHIP) in females. (B) Number of processes per branch of microglia of the dHIP in females. (C,D) Total number and length of microglia cells of the dHIP in females. (E) Representative microglia cells of the dHIP in males. (F) Number of processes per branch of microglia of the dHIP in males. (G,H) Total number and length of microglia cells of the dHIP in males. (I) Representative microglia cells from of the nucleus accumbens (NAc) in females. (J) Number of processes per branch of microglia of the NAc in females. (K,L) Total number and length of microglia cells of the NAc in females. (M) Representative microglia cells of the NAc in males of the NAc. (N) Number of processes per branch of microglia of the NAc in males. (O,P) Total number and length of microglia cells of the NAc in females. Results are presented as the mean ± SEM of 40–50 cells from 4 to 5 animals; comparing with control, calculated using a two-way ANOVA followed by a Bonferroni post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ##p < 0.01 and ###p < 0.001 (stress effect).


In the NAc, we observed opposite differences between sexes. Short-term uCMS in females induced a general decrease in the total number of processes [F(1,126) = 19.47, p < 0.0001; Figures 3I,K] and in the length [F(1,126) = 14.23, p = 0.0002; Figures 3I,L] (atrophy). Long-term uCMS induced also a decrease of microglia morphology, but only in the number of processes per branch order (Figure 3J and Supplementary Table 3). On the other hand, males exposed to short-term uCMS presented an increase in the total number of processes [F(1,123) = 0.69; p = 0.0088] and in the length (hypertrophy) [F(1,123) = 3.49, p = 0.0069] of NAc microglia, but long-term uCMS did not induce alterations in microglia morphology in males (Figures 3M–P and Supplementary Table 3).

When we compared microglia morphology under physiological conditions in both regions, we observed that microglia cells of females in the NAc exhibited a more complex morphology compared with dHIP. No differences between dHIP and NAc were observed in males microglia (Supplementary Figures 3A,B and Supplementary Table 4).



Unpredictable Chronic Stress Induces Contrasting Patterns of Neuronal Dendritic Remodeling in the Dorsal Hippocampus and Nucleus Accumbens in Males

Neuronal morphology was assessed by three-dimensional morphometric analysis of Golgi impregnated granule neurons in the DG of dHIP and spiny medium neurons in NAc.

Unpredictable chronic mild stress revealed no significant effect in the morphology or in the Sholl analysis of neurons of the dHIP in females (Figures 4A–C). In males, exposure to stress induced an atrophy of granule neurons of the dHIP, with a significant decrease in their total dendritic length [F(1,10) = 59.75, p < 0.00001] as compared with neurons of control animals (Figures 4D–F). Both short- (post-hoc analysis, p = 0.0003) and long-term of CMS (post-hoc analysis, p = 0.0008) significantly decreased total dendritic length in granule neurons of the dHIP (Figure 4E). In Sholl analysis we also observed an effect of stress: males presented a less complex morphology when compared with controls [F(3,120) = 53.39, p < 0.00001; Figure 4F].
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FIGURE 4. Unpredictable chronic mild stress induces remodeling of neurons only in males. (A) Representative manual reconstruction of Golgi-impregned granule neurons of the dorsal hippocampus (dHIP) in females. (B,C) Total dendritic length and sholl analysis of dendritic distribution of neurons in the dentate gyrus of the dHIP in females. (D) Representative manual reconstruction of Golgi-impregned granule neurons of the dHIP in males. (E,F) Total dendritic length and sholl analysis of dendritic distribution of neurons in the dentate gyrus of the dHIP in males. (G) Representative manual reconstruction of Golgi-impregned medium spiny neurons of the nucleus accumbens (NAc) in females. (H,I) Total dendritic length and sholl analysis of dendritic distribution of neurons in the NAc in females. (J) Representative manual reconstruction of Golgi-impregned medium spiny neurons of the NAc in males. (K,L) Total dendritic length and sholl analysis of dendritic distribution of neurons of the NAc in males. Results are presented as the mean ± SEM of 30–40 cells from 3 to 4 animals; comparing with control, calculated using a two-way Analysis of Variance (ANOVA) followed by a Bonferroni post-hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001.


We next analyzed the morphological effects of stress in NAc neurons. In females we did not observe any effect of stress in the morphology or in the Sholl analysis of spiny medium neurons (Figures 4G–I). Contrarily to what we observed in the dHIP, uCMS induced a hypertrophy in the NAc medium spiny neurons of males, which displayed a significant increase in dendritic length [F(1,10) = 79.65, p < 0.00001; Figures 4J,K]. Both short- (post-hoc analysis, p = 0.0003) and long-term CMS (post-hoc analysis, p = 0.0001) significantly increased total dendritic length of medium spiny neurons (Figure 4K). Sholl analysis revealed more complex medium spiny neurons in males exposed to long-term uCMS compared to controls [F(3,112) = 3.122, p = 0.028; Figure 4L].




DISCUSSION

The present study explored how short- and long-term uCMS at adulthood alters behavior in males and females and identified changes in the morphology of microglia and neurons of the dHIP and NAc. This issue deserves particular investigation, considering that the process of morphologic remodeling of neurons and microglia is usually accompanied by functional changes with behavioral expression.

The uCMS model is one of the most widely used rodent models to produce behavioral deficits and neuroplastic changes with strong face validity to human depression, that include not only anhedonia, but also anxiety and cognitive impairments in spatial memory and object recognition tasks (Willner et al., 1987; Willner, 1997, 2005; Bessa et al., 2013). However, the differential risk for anxiety and depressive-like behavior between sexes considering a short- (2 weeks) and long-term (6 weeks) uCMS protocol is still not fully elucidated, in particular in what concerns to the characterization of cellular (neurons and microglia) plasticity in an attempt to find a correlation pattern. Considering the marked differences in the prevalence of depression in men and women (Marcus et al., 2005), there has been a considerable interest in sex specificities in anxiety- and depression-like symptoms expressed in animals exposed to stress. Nevertheless, sex differences in the risk and resilience to stress are complex and vary according to the characteristics of the stressor, such as timing, type and severity (Hodes and Epperson, 2019). The basis for these differences is unknown, in part because much of the work in the field is performed mostly in male rodents (Klein et al., 2015), perhaps due to the challenges associated with carrying out experiments influenced by fluctuating gonadal hormones in females (O’Connor and Barrett, 2014).

First, our results showed that body weight is affected (reduced) in males, but not in female rats after short- or long-term uCMS protocols. Although consistent with several studies, showing that chronic stress has a higher impact in reducing male weight gain (Konkle et al., 2003; Mateus-Pinheiro et al., 2013; Patricio et al., 2015), it is important to consider the influence of conditions, such as the type and the intensity of stressor, as well as the age of stress onset. For instance, chronic stress in late adolescent female animals reduces body weight gain (Wulsin et al., 2016).

Assessment of corticosterone levels as an index of the stress response revealed higher levels in both sexes exposed to uCMS comparing to control animals. It is important to note that females have higher basal concentrations of corticosterone and secrete higher levels after stress exposure, as previously described by other authors (Kitay, 1961; Goel et al., 2014; Oyola and Handa, 2017).

In behavioral tests, we showed that male rats are more affected than females by these protocols of stress. Both sexes exhibited anxiety-like behavior in response to stress, but only male rats presented anhedonia and despair-like behavior, cardinal symptoms of depression.

Unpredictable chronic mild stress-induced anxiety-like behavior in both sexes is consistent with other studies showing that animals exposed to chronic stress spent less time in the open arms in the EPM test (Kompagne et al., 2008; Yue et al., 2017; Wang et al., 2018).

Furthermore, 6 weeks of uCMS lead to anhedonia and helplessness/despair behaviors in male animals, core symptoms of depression that have been also described as characteristics of stress-related conditions (D’Aquila et al., 1994; Willner et al., 1996; Bekris et al., 2005; Bessa et al., 2009a; Patricio et al., 2015). Stress-induced differences in sucrose consumption between males and females were somehow expected due to sex differences in taste and/or ingestion responses (Clarke and Ossenkopp, 1998; Curtis et al., 2004) or in reactivity to reward (Michaels and Holtzman, 2007). Indeed, other studies support the present observation that stress-induced alterations in sucrose consumption are differently expressed between male and female animals (Dalla et al., 2005, 2008; Pitychoutis et al., 2009). Regarding despair behavior (here assessed by the FST), our data, although in line with other studies [showing that females exposed to CMS cope better and present increased active behavior in the FST, whereas males are more vulnerable (Bielajew et al., 2003; Dalla et al., 2005)] are particularly intriguing because in humans, depression is more prominent in females (Frank et al., 1988; Marcus et al., 2005; Wittchen et al., 2011).

In this study we explored the effect of stress on microglia morphology in the dHIP and NAc, two key brain regions in the control of depressive-like behavior (Di Chiara et al., 1999; Nestler, 2001; Nestler and Carlezon, 2006; Bessa et al., 2013; Alves et al., 2018). Microglia are diverse in shape and function and may present phenotypic differences according to the brain region analyzed (Caetano et al., 2017; De Biase et al., 2017; De Biase and Bonci, 2019; Duarte et al., 2019; Gaspar et al., 2021) and determined by sex (Lenz et al., 2013; Caetano et al., 2017; Villapol et al., 2017; Gaspar et al., 2021). All these variables may contribute to adapted functional responses to different insults (Schwarz et al., 2012; Villapol et al., 2017; Guneykaya et al., 2018; Perkins et al., 2018; Villa et al., 2018). Thus, it is not surprising that chronic stress elicits brain region- and sex-specific alterations in microglial phenotypes that likely contribute to divergent neurobiological and behavioral responses (Hinwood et al., 2013; Kreisel et al., 2014; Milior et al., 2016; Franklin et al., 2018). In the dHIP, microglia from males are not affected by chronic stress (shorter or longer periods of exposure), while females, although requiring a longer period of exposure to stress, present hypertrophied microglia (more and longer cellular processes). In line with these results, our group described that prenatal stress exposure induces a hypertrophy of microglia in females with no differences in males (Gaspar et al., 2021). These findings are consistent with other study reporting the absence of changes in the morphology of microglia in males in the HIP following chronic stress (Lehmann et al., 2016). In the case of NAc, microglia from both sexes is affected by stress, but changes observed after 2 weeks of stress are apparently transient and no longer observed after 6 weeks of stress exposure. To our knowledge, our group described for the first time alterations in microglia morphology in the NAc after stress exposure. Recently we showed that prenatal exposure to stress induced also sex-specific alterations in microglia (atrophy in females and hypertrophy in males) (Gaspar et al., 2021). It is becoming evident that microglia morphology is robustly and differently affected by stress in different brain regions. For example, 21 days of restraint stress increased the complexity of microglia in males, enhancing ramifications in the PFC (Hinwood et al., 2013). Studies from our team have shown that prenatal stress triggers long-lasting sex differences in microglia morphology in the mPFC, dHIP, and NAc (Caetano et al., 2017; Duarte et al., 2019; Gaspar et al., 2021). Given that microglia present sexual dimorphic features, namely density, function, and morphology in several brain regions (Bilbo et al., 2012; Schwarz and Bilbo, 2012; Schwarz et al., 2012; Caetano et al., 2017; Duarte et al., 2019; Gaspar et al., 2021), some of which conserved among species (Simoes-Henriques et al., 2019), sex differences after stress are not surprising.

The morphologic adaptation of neurons to stress has been also studied by several authors. In general, it is accepted that stress induces an atrophy of neurons in the HIP (Watanabe et al., 1992; Magarinos and McEwen, 1995; McLaughlin et al., 2007; Bessa et al., 2009a; Morais et al., 2014; Patricio et al., 2015) and a hypertrophy in the NAc (Bessa et al., 2013; Melo et al., 2015). One of the main goals of this work was to analyze behavior and, in parallel, microglia and neurons morphology. Interestingly, the morphometric analysis of neurons in the dHIP revealed that these cells are morphologically not responsive to stress in the case of females, but males present an atrophic pattern after 2 weeks of stress, an effect that persists until 6 weeks of stress. In the NAc, only males present changes (conversely to the dHIP, a hypertrophy was observed), which are observable after a short protocol of stress and persist after longer periods of exposure.

In summary, neuronal changes in this brain region seem to be exclusive to males and opposite between dHIP and NAc. In line with our results, some studies (only performed in males) demonstrated that chronic stress caused an atrophy of neurons in the DG of HIP (Bessa et al., 2009b; Morais et al., 2014; Patricio et al., 2015) and in the mPFC (Radley et al., 2005; Shansky et al., 2009; Melo et al., 2015). Interestingly, chronic adult stress triggered a hypertrophy of medium spiny neurons in the NAc, that was associated with a depressive-like phenotype (Bessa et al., 2013; Melo et al., 2015). Thus, the NAc neuronal hypertrophy that we observed in this study can contribute for the depressive-like phenotype that is observed in males. In this framework, the lack of changes in females is in agreement with the absence of a phenotype in the SPT and FST.



CONCLUSION

The present results show that chronic stress significantly alters the behavior and the morphology of microglia and neurons in a brain region- and sex-specific manner: males are more affected by stress, presenting anxiety- and depression-like behaviors, hypertrophy of microglia, and dendritic hypertrophy in the NAc. Females present anxiety-like behavior, but no depression-like behavior, with remodeling of microglia in dHIP (hypertrophy) and NAc (atrophy) (Figure 5). Globally, our results show that the morphology of neurons is not affected by chronic stress in females and this morphologic stability is accompanied by a process of microglia remodeling. In the case of males, neurons are affected in both regions, but microglia seem to be only and transiently affected in the NAc. This study led us to question if microglia plasticity is related with the morphologic stability of neurons observed in females, eventually underlying stress resilience, a hypothesis that deserves further investigation.


[image: image]

FIGURE 5. Unpredictable chronic mild stress alters the behavior and the morphology of microglia and neurons in a brain region- and sex-specific manner.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The animal study was reviewed and approved by EU-Directive 2010/63/EU and the Portuguese National Authority for animal experimentation, Direção-Geral de Animal e Veterinária (DGAV). All protocols were approved by the Ethics Committee of the Life and Health Sciences Research Institute and by DGAV (#19074).



AUTHOR CONTRIBUTIONS

RG designed the experiments with CS-C, AR, and CG, performed the experiments, and wrote the manuscript. CS-C, AR, and BC helped to perform behavioral experiments. CG and AR supervised RG, contributed to the design of the experiments, and revised the manuscript. All authors discussed the results, contributed to the article, and approved the final submitted version.



FUNDING

RG has an FCT grant (PD/BD/114116/2015). CS-C and AR have Scientific Employment Stimulus Contracts (CEEC) from FCT (CEECIND/03887/2017) and (CEECIND/00922/2018). AD has an FCT grant (SFRH/BD/147066/2019). This work was funded by BIAL Foundation 30/2016 and by the Foundation for Science and Technology (FCT), under the scope of the projects POCI-01-0145-FEDER-016428 (MEDPERSYST), PTDC/MEDNEU/29071/2017 (REWSTRESS), and PTDC/MED-NEU/4804/2020 (ENDOPIO). AR was funded by the “la Caixa” Foundation (ID 100010434), under the agreement LCF/PR/HR20/52400020, and by the European Research Council (ERC) (grant agreement No. 101003187). This work was also funded by National funds, through the FCT – UID/NEU/04539/2019, UIDB/50026/2020 and UIDP/50026/2020, and UIDB/04539/2020 and UIDP/04539/2020 (CIBB) and by the projects NORTE-01-0145-FEDER-000013 and NORTE-01-0145-FEDER-000023, supported by Norte Portugal Regional Operational Programme (NORTE 2020), and COMPETE-FEDER (POCI-01-0145-FEDER-007440), and by Centro Portugal Regional Operational Programme (CENTRO- 01-0145-FEDER-000008: BRAINHEALTH 2020).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2022.834821/full#supplementary-material



REFERENCES

Alves, N. D., Correia, J. S., Patricio, P., Mateus-Pinheiro, A., Machado-Santos, A. R., Loureiro-Campos, E., et al. (2017). Adult hippocampal neuroplasticity triggers susceptibility to recurrent depression. Transl. Psychiatry 7:e1058. doi: 10.1038/tp.2017.29

Alves, N. D., Patricio, P., Correia, J. S., Mateus-Pinheiro, A., Machado-Santos, A. R., Loureiro-Campos, E., et al. (2018). Chronic stress targets adult neurogenesis preferentially in the suprapyramidal blade of the rat dorsal dentate gyrus. Brain Struct. Funct. 223, 415–428. doi: 10.1007/s00429-017-1490-3

Bekhbat, M., and Neigh, G. N. (2018). Sex differences in the neuro-immune consequences of stress: focus on depression and anxiety. Brain Behav. Immun. 67, 1–12. doi: 10.1016/j.bbi.2017.02.006

Bekris, S., Antoniou, K., Daskas, S., and Papadopoulou-Daifoti, Z. (2005). Behavioural and neurochemical effects induced by chronic mild stress applied to two different rat strains. Behav. Brain Res. 161, 45–59. doi: 10.1016/j.bbr.2005.01.005

Belzung, C., and Lemoine, M. (2011). Criteria of validity for animal models of psychiatric disorders: focus on anxiety disorders and depression. Biol. Mood Anxiety Disord. 1:9. doi: 10.1186/2045-5380-1-9

Bessa, J. M., Ferreira, D., Melo, I., Marques, F., Cerqueira, J. J., Palha, J. A., et al. (2009a). The mood-improving actions of antidepressants do not depend on neurogenesis but are associated with neuronal remodeling. Mol. Psychiatry 14, 764–773. doi: 10.1038/mp.2008.119

Bessa, J. M., Mesquita, A. R., Oliveira, M., Pego, J. M., Cerqueira, J. J., Palha, J. A., et al. (2009b). A trans-dimensional approach to the behavioral aspects of depression. Front. Behav. Neurosci. 3:1. doi: 10.3389/neuro.08.001.2009

Bessa, J. M., Morais, M., Marques, F., Pinto, L., Palha, J. A., Almeida, O. F., et al. (2013). Stress-induced anhedonia is associated with hypertrophy of medium spiny neurons of the nucleus accumbens. Transl. Psychiatry 3:e266. doi: 10.1038/tp.2013.39

Bielajew, C., Konkle, A. T., Kentner, A. C., Baker, S. L., Stewart, A., Hutchins, A. A., et al. (2003). Strain and gender specific effects in the forced swim test: effects of previous stress exposure. Stress 6, 269–280. doi: 10.1080/10253890310001602829

Bilbo, S. D., Smith, S. H., and Schwarz, J. M. (2012). A lifespan approach to neuroinflammatory and cognitive disorders: a critical role for glia. J. Neuroimmune Pharmacol. 7, 24–41. doi: 10.1007/s11481-011-9299-y

Bock, J., Murmu, M. S., Biala, Y., Weinstock, M., and Braun, K. (2011). Prenatal stress and neonatal handling induce sex-specific changes in dendritic complexity and dendritic spine density in hippocampal subregions of prepubertal rats. Neuroscience 193, 34–43. doi: 10.1016/j.neuroscience.2011.07.048

Breach, M. R., Moench, K. M., and Wellman, C. L. (2019). Social instability in adolescence differentially alters dendritic morphology in the medial prefrontal cortex and its response to stress in adult male and female rats. Dev. Neurobiol. 79, 839–856. doi: 10.1002/dneu.22723

Caetano, L., Pinheiro, H., Patricio, P., Mateus-Pinheiro, A., Alves, N. D., Coimbra, B., et al. (2017). Adenosine A2A receptor regulation of microglia morphological remodeling-gender bias in physiology and in a model of chronic anxiety. Mol. Psychiatry 22, 1035–1043. doi: 10.1038/mp.2016.173

Cho, B. P., Song, D. Y., Sugama, S., Shin, D. H., Shimizu, Y., Kim, S. S., et al. (2006). Pathological dynamics of activated microglia following medial forebrain bundle transection. Glia 53, 92–102. doi: 10.1002/glia.20265

Clarke, S. N., and Ossenkopp, K. P. (1998). Taste reactivity responses in rats: influence of sex and the estrous cycle. Am. J. Physiol. 274, R718–R724. doi: 10.1152/ajpregu.1998.274.3.R718

Couch, Y., Anthony, D. C., Dolgov, O., Revischin, A., Festoff, B., Santos, A. I., et al. (2013). Microglial activation, increased TNF and SERT expression in the prefrontal cortex define stress-altered behaviour in mice susceptible to anhedonia. Brain Behav. Immun. 29, 136–146. doi: 10.1016/j.bbi.2012.12.017

Curtis, K. S., Davis, L. M., Johnson, A. L., Therrien, K. L., and Contreras, R. J. (2004). Sex differences in behavioral taste responses to and ingestion of sucrose and NaCl solutions by rats. Physiol. Behav. 80, 657–664. doi: 10.1016/j.physbeh.2003.11.007

Dalla, C., Antoniou, K., Drossopoulou, G., Xagoraris, M., Kokras, N., Sfikakis, A., et al. (2005). Chronic mild stress impact: are females more vulnerable? Neuroscience 135, 703–714. doi: 10.1016/j.neuroscience.2005.06.068

Dalla, C., Antoniou, K., Kokras, N., Drossopoulou, G., Papathanasiou, G., Bekris, S., et al. (2008). Sex differences in the effects of two stress paradigms on dopaminergic neurotransmission. Physiol. Behav. 93, 595–605. doi: 10.1016/j.physbeh.2007.10.020

D’Aquila, P. S., Brain, P., and Willner, P. (1994). Effects of chronic mild stress on performance in behavioural tests relevant to anxiety and depression. Physiol. Behav. 56, 861–867. doi: 10.1016/0031-9384(94)90316-6

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., et al. (2005). ATP mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci. 8, 752–758. doi: 10.1038/nn1472

De Biase, L. M., and Bonci, A. (2019). Region-specific phenotypes of microglia: the role of local regulatory cues. Neuroscientist 25, 314–333. doi: 10.1177/1073858418800996

De Biase, L. M., Schuebel, K. E., Fusfeld, Z. H., Jair, K., Hawes, I. A., Cimbro, R., et al. (2017). Local cues establish and maintain region-specific phenotypes of basal ganglia microglia. Neuron 95, 341.e6–356.e6. doi: 10.1016/j.neuron.2017.06.020

Di Chiara, G., Loddo, P., and Tanda, G. (1999). Reciprocal changes in prefrontal and limbic dopamine responsiveness to aversive and rewarding stimuli after chronic mild stress: implications for the psychobiology of depression. Biol. Psychiatry 46, 1624–1633. doi: 10.1016/s0006-3223(99)00236-x

Duarte, J. M., Gaspar, R., Caetano, L., Patricio, P., Soares-Cunha, C., Mateus-Pinheiro, A., et al. (2019). Region-specific control of microglia by adenosine A2A receptors: uncoupling anxiety and associated cognitive deficits in female rats. Glia 67, 182–192. doi: 10.1002/glia.23476

Fonken, L. K., Frank, M. G., Gaudet, A. D., D’Angelo, H. M., Daut, R. A., Hampson, E. C., et al. (2018). Neuroinflammatory priming to stress is differentially regulated in male and female rats. Brain Behav. Immun. 70, 257–267. doi: 10.1016/j.bbi.2018.03.005

Frank, E., Carpenter, L. L., and Kupfer, D. J. (1988). Sex differences in recurrent depression: are there any that are significant? Am. J. Psychiatry 145, 41–45. doi: 10.1176/ajp.145.1.41

Franklin, T. C., Wohleb, E. S., Zhang, Y., Fogaca, M., Hare, B., and Duman, R. S. (2018). Persistent increase in microglial RAGE contributes to chronic stress-induced priming of depressive-like behavior. Biol. Psychiatry 83, 50–60. doi: 10.1016/j.biopsych.2017.06.034

Galea, L. A., McEwen, B. S., Tanapat, P., Deak, T., Spencer, R. L., and Dhabhar, F. S. (1997). Sex differences in dendritic atrophy of CA3 pyramidal neurons in response to chronic restraint stress. Neuroscience 81, 689–697. doi: 10.1016/s0306-4522(97)00233-9

Garrett, J. E., and Wellman, C. L. (2009). Chronic stress effects on dendritic morphology in medial prefrontal cortex: sex differences and estrogen dependence. Neuroscience 162, 195–207. doi: 10.1016/j.neuroscience.2009.04.057

Gaspar, R., Soares-Cunha, C., Domingues, A. V., Coimbra, B., Baptista, F. I., Pinto, L., et al. (2021). Resilience to stress and sex-specific remodeling of microglia and neuronal morphology in a rat model of anxiety and anhedonia. Neurobiol. Stress 14:100302. doi: 10.1016/j.ynstr.2021.100302

Goel, N., Workman, J. L., Lee, T. T., Innala, L., and Viau, V. (2014). Sex differences in the HPA axis. Compr. Physiol. 4, 1121–1155. doi: 10.1002/cphy.c130054

Guneykaya, D., Ivanov, A., Hernandez, D. P., Haage, V., Wojtas, B., Meyer, N., et al. (2018). Transcriptional and translational differences of microglia from male and female brains. Cell Rep. 24, 2773.e6–2783.e6. doi: 10.1016/j.celrep.2018.08.001

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: active sensor and versatile effector cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387–1394. doi: 10.1038/nn1997

Henningsen, K., Andreasen, J. T., Bouzinova, E. V., Jayatissa, M. N., Jensen, M. S., Redrobe, J. P., et al. (2009). Cognitive deficits in the rat chronic mild stress model for depression: relation to anhedonic-like responses. Behav. Brain Res. 198, 136–141. doi: 10.1016/j.bbr.2008.10.039

Hill, M. N., Hellemans, K. G., Verma, P., Gorzalka, B. B., and Weinberg, J. (2012). Neurobiology of chronic mild stress: parallels to major depression. Neurosci. Biobehav. Rev. 36, 2085–2117. doi: 10.1016/j.neubiorev.2012.07.001

Hinwood, M., Tynan, R. J., Charnley, J. L., Beynon, S. B., Day, T. A., and Walker, F. R. (2013). Chronic stress induced remodeling of the prefrontal cortex: structural re-organization of microglia and the inhibitory effect of minocycline. Cerebr. Cortex 23, 1784–1797. doi: 10.1093/cercor/bhs151

Hodes, G. E., and Epperson, C. N. (2019). Sex differences in vulnerability and resilience to stress across the life span. Biol. Psychiatry 86, 421–432. doi: 10.1016/j.biopsych.2019.04.028

Iwata, M., Ota, K. T., and Duman, R. S. (2013). The inflammasome: pathways linking psychological stress, depression, and systemic illnesses. Brain Behav. Immun. 31, 105–114. doi: 10.1016/j.bbi.2012.12.008

Kessler, R. C. (2012). The costs of depression. Psychiatr. Clin. N. Am. 35, 1–14.

Kettenmann, H., Hanisch, U. K., Noda, M., and Verkhratsky, A. (2011). Physiology of microglia. Physiol. Rev. 91, 461–553.

Kitay, J. I. (1961). Sex differences in adrenal cortical secretion in the rat. Endocrinology 68, 818–824. doi: 10.1210/endo-68-5-818

Klein, S. L., Schiebinger, L., Stefanick, M. L., Cahill, L., Danska, J., de Vries, G. J., et al. (2015). Opinion: sex inclusion in basic research drives discovery. Proc. Natl. Acad. Sci. U.S.A. 112, 5257–5258. doi: 10.1073/pnas.1502843112

Kompagne, H., Bardos, G., Szenasi, G., Gacsalyi, I., Harsing, L. G., and Levay, G. (2008). Chronic mild stress generates clear depressive but ambiguous anxiety-like behaviour in rats. Behav. Brain Res. 193, 311–314. doi: 10.1016/j.bbr.2008.06.008

Konkle, A. T., Baker, S. L., Kentner, A. C., Barbagallo, L. S., Merali, Z., and Bielajew, C. (2003). Evaluation of the effects of chronic mild stressors on hedonic and physiological responses: sex and strain compared. Brain Res. 992, 227–238. doi: 10.1016/j.brainres.2003.08.047

Kreisel, T., Frank, M. G., Licht, T., Reshef, R., Ben-Menachem-Zidon, O., Baratta, M. V., et al. (2014). Dynamic microglial alterations underlie stress-induced depressive-like behavior and suppressed neurogenesis. Mol. Psychiatry 19, 699–709. doi: 10.1038/mp.2013.155

Lambert, K. G., Buckelew, S. K., Staffiso-Sandoz, G., Gaffga, S., Carpenter, W., Fisher, J., et al. (1998). Activity-stress induces atrophy of apical dendrites of hippocampal pyramidal neurons in male rats. Physiol. Behav. 65, 43–49. doi: 10.1016/s0031-9384(98)00114-0

Lehmann, M. L., Cooper, H. A., Maric, D., and Herkenham, M. (2016). Social defeat induces depressive-like states and microglial activation without involvement of peripheral macrophages. J. Neuroinflamm. 13:224. doi: 10.1186/s12974-016-0672-x

Lenz, K. M., Nugent, B. M., Haliyur, R., and McCarthy, M. M. (2013). Microglia are essential to masculinization of brain and behavior. J. Neurosci. 33, 2761–2772. doi: 10.1523/JNEUROSCI.1268-12.2013

Liu, L. L., Li, J. M., Su, W. J., Wang, B., and Jiang, C. L. (2019). Sex differences in depressive-like behaviour may relate to imbalance of microglia activation in the hippocampus. Brain Behav. Immun. 81, 188–197. doi: 10.1016/j.bbi.2019.06.012

Magarinos, A. M., and McEwen, B. S. (1995). Stress-induced atrophy of apical dendrites of hippocampal CA3c neurons: involvement of glucocorticoid secretion and excitatory amino acid receptors. Neuroscience 69, 89–98. doi: 10.1016/0306-4522(95)00259-l

Marcus, S. M., Young, E. A., Kerber, K. B., Kornstein, S., Farabaugh, A. H., Mitchell, J., et al. (2005). Gender differences in depression: findings from the STAR*D study. J. Affect. Disord. 87, 141–150. doi: 10.1016/j.jad.2004.09.008

Mateus-Pinheiro, A., Pinto, L., Bessa, J. M., Morais, M., Alves, N. D., Monteiro, S., et al. (2013). Sustained remission from depressive-like behavior depends on hippocampal neurogenesis. Transl. Psychiatry 3:e210. doi: 10.1038/tp.2012.141

McLaughlin, K. J., Gomez, J. L., Baran, S. E., and Conrad, C. D. (2007). The effects of chronic stress on hippocampal morphology and function: an evaluation of chronic restraint paradigms. Brain Res. 1161, 56–64. doi: 10.1016/j.brainres.2007.05.042

Melo, A., Kokras, N., Dalla, C., Ferreira, C., Ventura-Silva, A. P., Sousa, N., et al. (2015). The positive effect on ketamine as a priming adjuvant in antidepressant treatment. Transl. Psychiatry 5:e573. doi: 10.1038/tp.2015.66

Michaels, C. C., and Holtzman, S. G. (2007). Enhanced sensitivity to naltrexone-induced drinking suppression of fluid intake and sucrose consumption in maternally separated rats. Pharmacol. Biochem. Behav. 86, 784–796. doi: 10.1016/j.pbb.2007.03.007

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

Morais, M., Santos, P. A., Mateus-Pinheiro, A., Patricio, P., Pinto, L., Sousa, N., et al. (2014). The effects of chronic stress on hippocampal adult neurogenesis and dendritic plasticity are reversed by selective MAO-A inhibition. J. Psychopharmacol. 28, 1178–1183. doi: 10.1177/0269881114553646

Nestler, E. J. (2001). Molecular basis of long-term plasticity underlying addiction. Nat. Rev. Neurosci. 2, 119–128. doi: 10.1038/35053570

Nestler, E. J., and Carlezon, W. A. Jr. (2006). The mesolimbic dopamine reward circuit in depression. Biol. Psychiatry 59, 1151–1159. doi: 10.1016/j.biopsych.2005.09.018

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo. Science 308, 1314–1318. doi: 10.1126/science.1110647

O’Connor, T. G., and Barrett, E. S. (2014). Mechanisms of prenatal programing: identifying and distinguishing the impact of steroid hormones. Front. Endocrinol. 5:52. doi: 10.3389/fendo.2014.00052

Oyola, M. G., and Handa, R. J. (2017). Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: sex differences in regulation of stress responsivity. Stress 20, 476–494. doi: 10.1080/10253890.2017.1369523

Pariante, C. M., and Lightman, S. L. (2008). The HPA axis in major depression: classical theories and new developments. Trends Neurosci. 31, 464–468. doi: 10.1016/j.tins.2008.06.006

Patricio, P., Mateus-Pinheiro, A., Irmler, M., Alves, N. D., Machado-Santos, A. R., Morais, M., et al. (2015). Differential and converging molecular mechanisms of antidepressants’ action in the hippocampal dentate gyrus. Neuropsychopharmacology 40, 338–349. doi: 10.1038/npp.2014.176

Perkins, A. E., Piazza, M. K., and Deak, T. (2018). Stereological analysis of microglia in aged male and female fischer 344 rats in socially relevant brain regions. Neuroscience 377, 40–52. doi: 10.1016/j.neuroscience.2018.02.028

Pitychoutis, P. M., Nakamura, K., Tsonis, P. A., and Papadopoulou-Daifoti, Z. (2009). Neurochemical and behavioral alterations in an inflammatory model of depression: sex differences exposed. Neuroscience 159, 1216–1232. doi: 10.1016/j.neuroscience.2009.01.072

Radley, J. J., Rocher, A. B., Janssen, W. G., Hof, P. R., McEwen, B. S., and Morrison, J. H. (2005). Reversibility of apical dendritic retraction in the rat medial prefrontal cortex following repeated stress. Exp. Neurol. 196, 199–203. doi: 10.1016/j.expneurol.2005.07.008

Radley, J. J., Rocher, A. B., Miller, M., Janssen, W. G., Liston, C., Hof, P. R., et al. (2006). Repeated stress induces dendritic spine loss in the rat medial prefrontal cortex. Cerebr. Cortex 16, 313–320. doi: 10.1093/cercor/bhi104

Reus, G. Z., Fries, G. R., Stertz, L., Badawy, M., Passos, I. C., Barichello, T., et al. (2015). The role of inflammation and microglial activation in the pathophysiology of psychiatric disorders. Neuroscience 300, 141–154. doi: 10.1016/j.neuroscience.2015.05.018

Salter, M. W., and Stevens, B. (2017). Microglia emerge as central players in brain disease. Nat. Med. 23, 1018–1027. doi: 10.1038/nm.4397

Schwarz, J. M., and Bilbo, S. D. (2012). Sex, glia, and development: interactions in health and disease. Hormones Behav. 62, 243–253. doi: 10.1016/j.yhbeh.2012.02.018

Schwarz, J. M., Sholar, P. W., and Bilbo, S. D. (2012). Sex differences in microglial colonization of the developing rat brain. J. Neurochem. 120, 948–963. doi: 10.1111/j.1471-4159.2011.07630.x

Shansky, R. M., Hamo, C., Hof, P. R., McEwen, B. S., and Morrison, J. H. (2009). Stress-induced dendritic remodeling in the prefrontal cortex is circuit specific. Cerebr. Cortex 19, 2479–2484. doi: 10.1093/cercor/bhp003

Simoes-Henriques, C., Mateus-Pinheiro, M., Gaspar, R., Pinheiro, H., Mendes Duarte, J., Baptista, F. I., et al. (2019). Microglia cytoarchitecture in the brain of adenosine A2A receptor knockout mice: brain region and sex specificities. Eur. J. Neurosci. 51, 1377–1387. doi: 10.1111/ejn.14561

Sugama, S., Fujita, M., Hashimoto, M., and Conti, B. (2007). Stress induced morphological microglial activation in the rodent brain: involvement of interleukin-18. Neuroscience 146, 1388–1399. doi: 10.1016/j.neuroscience.2007.02.043

Tynan, R. J., Beynon, S. B., Hinwood, M., Johnson, S. J., Nilsson, M., Woods, J. J., et al. (2013). Chronic stress-induced disruption of the astrocyte network is driven by structural atrophy and not loss of astrocytes. Acta Neuropathol. 126, 75–91. doi: 10.1007/s00401-013-1102-0

Tynan, R. J., Naicker, S., Hinwood, M., Nalivaiko, E., Buller, K. M., Pow, D. V., et al. (2010). Chronic stress alters the density and morphology of microglia in a subset of stress-responsive brain regions. Brain Behav. Immun. 24, 1058–1068. doi: 10.1016/j.bbi.2010.02.001

Villa, A., Gelosa, P., Castiglioni, L., Cimino, M., Rizzi, N., Pepe, G., et al. (2018). Sex-specific features of microglia from adult mice. Cell Rep. 23, 3501–3511. doi: 10.1016/j.celrep.2018.05.048

Villapol, S., Loane, D. J., and Burns, M. P. (2017). Sexual dimorphism in the inflammatory response to traumatic brain injury. Glia 65, 1423–1438. doi: 10.1002/glia.23171

Wang, Y. L., Han, Q. Q., Gong, W. Q., Pan, D. H., Wang, L. Z., Hu, W., et al. (2018). Microglial activation mediates chronic mild stress-induced depressive- and anxiety-like behavior in adult rats. J. Neuroinflamm. 15:21. doi: 10.1186/s12974-018-1054-3

Watanabe, Y., Gould, E., and McEwen, B. S. (1992). Stress induces atrophy of apical dendrites of hippocampal CA3 pyramidal neurons. Brain Res. 588, 341–345.

Westwood, F. R. (2008). The female rat reproductive cycle: a practical histological guide to staging. Toxicol. Pathol. 36, 375–384. doi: 10.1177/0192623308315665

Willner, P. (1997). Validity, reliability and utility of the chronic mild stress model of depression: a 10-year review and evaluation. Psychopharmacology 134, 319–329. doi: 10.1007/s002130050456

Willner, P. (2005). Chronic mild stress (CMS) revisited: consistency and behavioural-neurobiological concordance in the effects of CMS. Neuropsychobiology 52, 90–110. doi: 10.1159/000087097

Willner, P., Moreau, J. L., Nielsen, C. K., Papp, M., and Sluzewska, A. (1996). Decreased hedonic responsiveness following chronic mild stress is not secondary to loss of body weight. Physiol. Behav. 60, 129–134. doi: 10.1016/0031-9384(95)02256-2

Willner, P., Scheel-Kruger, J., and Belzung, C. (2013). The neurobiology of depression and antidepressant action. Neurosci. Biobehav. Rev. 37(10 Pt 1), 2331–2371. doi: 10.1016/j.neubiorev.2012.12.007

Willner, P., Towell, A., Sampson, D., Sophokleous, S., and Muscat, R. (1987). Reduction of sucrose preference by chronic unpredictable mild stress, and its restoration by a tricyclic antidepressant. Psychopharmacology 93, 358–364. doi: 10.1007/BF00187257

Wittchen, H. U., Jacobi, F., Rehm, J., Gustavsson, A., Svensson, M., Jonsson, B., et al. (2011). The size and burden of mental disorders and other disorders of the brain in Europe 2010. Eur. Neuropsychopharmacol. 21, 655–679. doi: 10.1016/j.euroneuro.2011.07.018

Wohleb, E. S., Terwilliger, R., Duman, C. H., and Duman, R. S. (2018). Stress-induced neuronal colony stimulating factor 1 provokes microglia-mediated neuronal remodeling and depressive-like behavior. Biol. Psychiatry 83, 38–49. doi: 10.1016/j.biopsych.2017.05.026

Wu, Y., Dissing-Olesen, L., MacVicar, B. A., and Stevens, B. (2015). Microglia: dynamic mediators of synapse development and plasticity. Trends Immunol. 36, 605–613. doi: 10.1016/j.it.2015.08.008

Wulsin, A. C., Wick-Carlson, D., Packard, B. A., Morano, R., and Herman, J. P. (2016). Adolescent chronic stress causes hypothalamo-pituitary-adrenocortical hypo-responsiveness and depression-like behavior in adult female rats. Psychoneuroendocrinology 65, 109–117. doi: 10.1016/j.psyneuen.2015.12.004

Xavier, A. L., Menezes, J. R., Goldman, S. A., and Nedergaard, M. (2014). Fine-tuning the central nervous system: microglial modelling of cells and synapses. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130593. doi: 10.1098/rstb.2013.0593

Yue, N., Huang, H., Zhu, X., Han, Q., Wang, Y., Li, B., et al. (2017). Activation of P2X7 receptor and NLRP3 inflammasome assembly in hippocampal glial cells mediates chronic stress-induced depressive-like behaviors. J. Neuroinflamm. 14:102.


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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gaspar, Soares-Cunha, Domingues, Coimbra, Baptista, Pinto, Ambrósio, Rodrigues and Gomes. 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/fnbeh-16-834821-g003.jpg
MALES

CONTROL STRESS CONTROL STRESS
A C i E G
& r E 1w’ . .
= % e N O Codl & c B g 2 (S:t‘:"e:‘:
© 2} i > . .
< 2 sol ... B Stress - 880»%,-, x ]
- O @ o . ‘.. ’E Q -4 . #
e 5 g Sxe o = | 8 . .
O et e . o Q o o
e 8 60} *u ! = o o 60p
v a e wv a o.
‘6 40t .o- r .c :.u
2 had s = 40 | "
- S = = O 20t
n O ® O =
25 ot = v
= s“:g;;"" L:uchI si S Short-term Long-term
uCMS uCMS
B D i F H
20. - m’

-_: Control shot-sem uCIS 600r . e 3 Control : WM£M 5 1 ,\. i L 3 Control
§ o § o g @ Stress - ws"’""w"'m W @8 Stress
S © § - : -O- Longiem uCMS § iy ol
: ™ = - Bed
a & ':J E 1 S g o s e
s o '.: S = . .

- g ~‘ - a . .
g g2 - =
E - 5 :
= P
o - A L} L} L) L) L) L) L) L) L) L} o’ e K
Short-term Long-term e e "B . h; rd: b Short-term  Long-term
uCMs uCMs - d uCMs uCMS
CONTROL STRESS
- I K M CONTROL STRESS (o)
g saa
2 . “ahs
o e w e 3 Control g -
2 . . : 8 Stress w o » - . & 3 Control
'E' Q $ . 5 :Z = o e " W Stress
- } ! = : o U § . : . -
g §1m ' ..o :o O = 100» a u .
;) o 1 & o - 3 o - 2
& ‘e :‘. b o v a . o:
1<) -:. 0.0. 0:0. 3 a ot
E ‘_t S50t |« . = * sof
5w e & 3
’_; 2 .0. .o. & g b=
QO '
g = oL e g g OShon-eum Long-term
9 Short-term Long-teml o) uCMS uCMS
uCMS uCMsS =
J L LA LA N P .
800y —— 800 + . o
3 Control - . 3 Control
-8 Control short-term uCMS o ‘o’ oe. % o
- Sh:n-!ennuCMS § " o % W8 Stess 20 o TSP B § . - @8 Stress
@ Control long-term uCMS §soo w: I o - - 600} ‘oo ot W
1 - Long-term uCMS g . & g i\ r.!‘
. ': * 0 - ‘::
: Saoor 1) e | S 400} | K
5 § > > E, -E. -E.
é f 200} .:# 2t :! 200 . .
z -] g
. 8 h °
v Ll v L) Al L) Ll Al L) L) Ll o. H L 4 : L) L) L) L) L} Ll L) L} L) L] shon-t L
VR e T s":g;g"“ "°u"c9M”s"“ >R eekcas. T T @ UCMS uCMS






OPS/images/fnbeh-16-834821-g002.jpg
FEMALES MALES

A " B
04 * % * %
. 4 ' 3 Control 0.4 — = 3 Control
. . S Stress * B Stress
Q
Q
g 0.3} . oo £ 0.3} L
E & % ; .. o0
.2 L ... E .. ..0 .
;02 29 ® 2 202 o **
o ®e o o £ o
Qv L) e L)
£ 0.1 £0.1
= -
0.0t o ol L— -
Short-term Long-term Short-term Long-term
uCMms uCMms uCMS uCMmsS
C D i
b - . 3 Control | e . —_— C3J Control \
R . @ Stress -, e o B Stress %
Z 80 o+ iy R 80F ) . e %
(] b e o % 3 o o %
o t . . *
S eof | S 60}
o &
Y [}
Q bt
5 3 20}
2 29
ot — — Short-term Long-term
Short-term Long-term uCMS uCMS
uCMS uCMS
E F .
* %
200r e e 3 Control 200r . . £ 9 3 Control
e o0 B Stress . . B Stress
9150t . . S1s0p e
~— i o® L4 & i °®
Q .. L ] .. ) .. °
g .. o ° g .. 0:.
§1oo+ °:° :>1oop e
£ 50¢ E 50}
- 0. — —
Short-term Long-term Short-term Long-term

uCMsS uCMS uCMS uCMS





OPS/images/fnbeh-16-834821-g001.jpg
BEHAVIOR

Anxiety
Aedon
% I Despair |
2 weeks
PND 90 PND 104 PND |12

BEHAVIORALTEST  EPM SPT FSTI FST2 SACRIFICE

DAYOFTEST 1 2 3 4 5

POSNATALDAY 105 106 107 108 109 BEHAVIOR

LONG-TERM Amdety

Aedont
% I Despair I
|
PND 90 s PND 132 PND 138

BEHAVIORALTEST  EPM SPT FSTI FST2 SACRIFICE

DAYOFTEST 1 2 3 4 5§

POSNATAL DAY 133 134 135 136 137

FEMALES MALES
B . C
N | 3 Control i | 3 Control
=E‘ . @ Stress =-g - @ Stress
B400' : . 3400'
£ ¢ £
2 300p @ 300t
o o
§ 200} ga0p .
O O " ™ . 3
£ 100} Ij ﬂ £ 100} ' .
° il W
ot ot
Short-term Long-term Short-term Long-term
uCMS uCMS uCMSs uCMS

O
T

S00r 500 - Control
-& Control ~o- Short-term uCMS
-~ Short-term uCMS
C) S !—/’—l
~ 400F — 400} -~ — & N
S i —
2 =
g‘ 300} g 300k
e Days
E G
| 8 Control
8- Control 500 ¢
-6~ Long-term uCMS -©- Long-term uCMS
. S o_:ﬁd
— 2 g
= 400 i |
2 £
300
m-
» » wv - A q} ‘;
Days -_—





OPS/images/fnbeh-16-834821-g005.jpg
Q SHORT uCMS o} Q@ LONG uCMS d

ANXIETY
ANXIETY ANXIETY ANXIETY ANHEDONIA
DESPAIR

‘& Microglia cells - hypertrophy Microglia cells - atrophy %{Granule neurons - atrophy % Medium spiny neurons - hypertrophy

BEHAVIOR





OPS/images/fnbeh-16-834821-g004.jpg
FEMALES MALES

A CONTROL  STRESS CONTROL  STRESS D CONTROL  STRESS CONTROL  STRESS
T & < o 1) . I~
5 Eg ) y Ee (/4 E g
£ 9 M/ O O E o V4 ® O
o = 2 > o > I 2 3
% S - S
=& Control short-term uCMS = . =@ Control short-term uCMS
2000¢ - -8~ Short-term uCMS$ -~ Short-term uCMS$
: . : E gue:;d . 8- Control long-term uCMS e . : E ::,:::d - B Conm:llons-tcrm uCMs
1500} L L5 “w ~“©- Llong-term uCMS . o i -©- Llong-term uCMS
t : s _..‘m . . % 8-
| > = . W §
gw 0 '.: £ 6 g é 6
3 'é ak 3 E’ 4k
& i ¢
= 4
d.Shon-tmn long-term
s s PP PP PSPPI SESSSSFSS S PP
L G CONTROL STRESS CONTROL STRESS J CONTROL STRESS CONTROL STRESS
& = s b= s
% Z ., { S v A\ £
- wS = } TS
S > 25 € 9 %& Q3
5 S z S

L
A
r

=@~ Control short-term uCMS =& Control short-term uCMS
s 3 Contred b -~ Short-term uCMS 2000 o ™ &3 conal 10r @~ Short-term uCMS
v B e B Svess - Control long-term uCMS e . Stross 8- Control long-term uCMS
1500p s . 2 o -©- long-term uCMS 2840 s J -“©- Llong-term uCMS
T 2% &3 g 2 :
- (4 - :
£ 1000t o o 6 1000} £ o
£ * £ 4 £
3 ‘é 44 3 2 ar
500 & 500 g
F-
: ;
3 2F = 2F
¢ 0
Short-term  Long-term Shon-um l.ongum 0
uCMS uCMsS o

PSS PSSO P S S PEOSLP P LS FH P






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Duration of Stress Determines Sex Specificities in the Vulnerability to Depression and in the Morphologic Remodeling of Neurons and Microglia



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Unpredictable Chronic Mild Stress



		Behavioral Analysis



		Elevated Plus Maze



		Sucrose Preference Test



		Forced Swimming Test



		Immunohistochemistry and 3D Morphometric Analysis of Microglia



		Neuronal Morphology



		Corticosterone Levels Measurement



		Estrous Cycle Analysis



		Data Analysis







		RESULTS



		Unpredictable Chronic Mild Stress Induces a Dysregulation of the Circadian Corticosterone Secretion Pattern in Both Sexes and in the Body Weight of Males



		Unpredictable Chronic Mild Stress Induces Anxiety- and Depressive-Like Behavior That Is More Pronounced in Males



		Unpredictable Chronic Mild Stress Induces Sex-Dependent Morphologic Adaptation of Microglia



		Unpredictable Chronic Stress Induces Contrasting Patterns of Neuronal Dendritic Remodeling in the Dorsal Hippocampus and Nucleus Accumbens in Males







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
’ frontiers _
in Behavioral Neuroscience

The Duration of Stress
Determines Sex Specificities
in the Vulnerability to Depression
and in the Morphologic
Remodeling of Neurons
and Microglia









OPS/images/logo.jpg
, frontiers )
in Behavioral Neuroscience





