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A B S T R A C T   

Prenatal exposure to stress or glucocorticoids (GC) is associated with the appearance of psychiatric diseases later 
in life. Microglia, the immune cells of the brain, are altered in stress-related disorders. 

Synthetic GC such as dexamethasone (DEX) are commonly prescribed in case of preterm risk labour in order to 
promote fetal lung maturation. Recently, we reported long-lasting differences in microglia morphology in a 
model of in utero exposure to DEX (iuDEX), that presents an anxious phenotype. However, it is still unclear if 
stress differentially affects iuDEX males and females. 

In this work, we evaluated how iuDEX animals of both sexes cope with chronic mild stress for 2 weeks. We 
evaluated emotional behavior and microglia and neuronal morphology in the dorsal hippocampus (dHIP) and 
nucleus accumbens (NAc), two brain regions involved in emotion-related disorders. We report that males and 
females prenatally exposed to DEX have better performance in anxiety- and depression-related behavioral tests 
after chronic stress exposure in adulthood than non-exposed animals. Interestingly, iuDEX animals present sex- 
dependent changes in microglia morphology in the dHIP (hypertrophy in females) and in the NAc (atrophy in 
females and hypertrophy in males). After chronic stress, these cells undergo sex-specific morphological 
remodeling. Paralleled to these alterations in cytoarchitecture of microglia, we report inter-regional differences 
in dendritic morphology in a sex-specific manner. iuDEX females present fewer complex neurons in the NAc, 
whereas iuDEX males presented less complex neuronal morphology in the dHIP. Interestingly, these alterations 
were modified by stress exposure. 

Our work shows that stressful events during pregnancy can exert a preserved sex-specific effect in adulthood. 
Although the role of the observed cellular remodeling is still unknown, sex-specific differences in microglia 
plasticity induced by long-term stress exposure may anticipate differences in drug efficacy in the context of 
stress-induced anxiety- or depression-related behaviors.   

1. Introduction 

Early life adversity, namely prenatal exposure to stress or glucocor-
ticoids (GC), induce persistent effects in the brain, which may underlie 
increased risk for developing neuropsychiatric diseases later in life, such 

as anxious-like phenotype and increased susceptibility to depression in 
both animal models and humans (Heim and Nemeroff, 2001; Welberg 
and Seckl, 2001; Oliveira et al., 2012; Rodrigues et al., 2012; Borges 
et al., 2013; Drozdowicz and Bostwick, 2014). Anxiety is often comorbid 
with other psychiatric disorders, namely depression. Sex differences in 
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clinical manifestation, morbidity, and prevalence of these psychiatric 
disorders are well established (Bekhbat and Neigh, 2018). Among bio-
logical factors playing a role in psychiatric disorders, emerging evidence 
points to the relevance of glial cells in the etiology of psychiatric dis-
orders, as well as possible drug targets (Manev et al., 2003; Di Benedetto 
and Rupprecht, 2013). 

In rodents, the behavioral changes associated with elevated levels of 
GC during development, namely anxiety and depressive-like behavior, 
are paralleled by important deleterious effects on neuronal morphology 
(Sousa et al., 1998; Sousa and Almeida, 2002; Leao et al., 2007; Oliveira 
et al., 2012), and spine density (Oliveira et al., 2012; Rodrigues et al., 
2012; Tanokashira et al., 2012; Soares-Cunha et al., 2014) in several 
brain regions implicated in anxiety-like behavior, including the hippo-
campus (HIP) (Sousa et al., 1998; Li et al., 2014), the amygdala and the 
bed nucleus of stria terminalis (Oliveira et al., 2012). In vitro studies 
showed that exposure to GC leads to a differential modulation of 
neuronal morphology, characterized by dendritic atrophy and axonal 
hypertrophy (Pinheiro et al., 2018). 

Besides neurons, GC also affects microglial cells (Caetano et al., 
2017; Duarte et al., 2019). These immune cells colonize the brain early 
in development in a sex-specific manner (Ginhoux et al., 2010, 2013; 
Schwarz et al., 2012) and are crucial in immune surveillance and dy-
namic maintenance of homeostasis throughout the lifespan (Tremblay 
et al., 2011). In addition, they are implicated in adult neurogenesis and 
in the integration of these new neurons into neuronal circuits (Wake 
et al., 2013). Microglia express glucocorticoid receptors (GRs) and 
respond to GC (Sierra et al., 2008), emerging as prime candidates to 
mediate the effects of GC in the brain. In accordance, in a model of in 
utero exposure to dexamethasone (iuDEX), that presents prominent 
anxious behavior, we described that the pattern of microglia 
morphology impacts on anxious behavior and cognition in a sex-specific 
manner (Caetano et al., 2017; Duarte et al., 2019). We also reported that 
the pharmacologic blockade of adenosine A2A receptors (A2AR) is able to 
reshape microglia morphology in the prefrontal cortex (PFC) and in the 
dorsal hippocampus (dHIP), with behavioral normalization, an effect 
that is also sex-dependent (Caetano et al., 2017; Duarte et al., 2019). 

Considering that exposure to GC during neurodevelopment is asso-
ciated with anxiety-like behavior and sex-specific morphologic features 
of microglia, and that microglia has been implicated in the pathogenesis 
of depression (Yirmiya et al., 2015; Bollinger et al., 2016), we now 
investigated if microglia/neuronal changes may occur in parallel with 
increased vulnerability to stress-induced depressive behavior in both 
sexes. To do so, we subjected iuDEX animals to a short-term protocol of 
unpredictable chronic mild stress (uCMS) for two weeks, in order to 
induce a depressive-like phenotype. We evaluated eventual sex dimor-
phism in behavior and plastic changes in the morphology of microglia 
and neurons of the nucleus accumbens (NAc) and dHIP, two brain regions 
that have been associated with emotion-related disorders (Francis and 
Lobo, 2017; Liu et al., 2017). For example, dysfunction of the NAc has 
been associated with anhedonia, a cardinal symptom in this condition 
(Bessa et al., 2013). The HIP plays an important role in both cognitive 
function and emotional processing (Fanselow and Dong, 2010; Strange 
et al., 2014), and it is also one of the key brain structures involved in the 
regulation of the stress response (Herman et al., 2005). 

2. Methods 

The timeline of all procedures is shown in Fig. 1A. 

2.1. Animals 

Pregnant Wistar Han rats (Charles River Laboratories, L’Arbresle, 
France) were individually housed and kept under standard laboratory 
conditions (light/dark cycle of 12/12 h, lights on from 08:00 a.m. to 
08:00 p.m.; 22 ◦C, relative humidity of 55%); ad libitum access to food 
and water. Subcutaneous injections of DEX (iuDEX, 1 mg/kg) or vehicle 

(Control) were administered on gestation days 18 and 19 at 3:00 p.m. 
(light period). On postnatal day (PND) 21, the progeny was separated 
according to prenatal treatment and sex and house grouped until 
PND90. Health monitoring was performed according to FELASA guide-
lines. All procedures were carried out in accordance with European 
Union regulations (Directive, 2010/63/EU). Animal facilities and the 
people directly involved in animal experiments were certified by the 
Portuguese regulatory entity Direção-Geral de Alimentação e Veter-
inária (DGAV). All protocols were approved by the Ethics Committee of 
the Life and Health Sciences Research Institute and by DGAV (#19074). 

2.2. Unpredictable chronic mild stress (uCMS) 

At PND90, rats were randomly divided in four experimental groups: 
a group of animals not exposed to iuDEX or uCMS (Control); a group of 
animals prenatally exposed to DEX and not exposed to uCMS (iuDEX); a 
group of animals exposed to uCMS protocol (Stress); a group of animals 
prenatally exposed to DEX and exposed to uCMS (iuDEX + Stress). A 
validated uCMS protocol previously described (Willner, 2005; Alves 
et al., 2017) was applied for 2 weeks. The uCMS protocol consisted of a 
variety of mild stressors, as confinement to a restricted space, placement 
in a tilted cage (30◦), housing on damp bedding, exposure to noise, 
overnight illumination, food or water deprivation followed by exposure 
to inaccessible food/water, overcrowding, exposure to strobe lights, 
switch of cagemates and reversed light/dark cycle for 48 h every 7 days. 
Rats in the stress group were randomly exposed to 2–4 stressors every 
day for 2 weeks (Supplementary Fig. 1Supplementary Fig. 1). Control 
animals were pair-housed, daily handled and given access to water and 
standard chow diet ad libitum. Body weight was monitored weekly. 

2.3. Behavioral analysis 

At the end of the uCMS protocol, behavioral tests were performed to 
evaluate anxiety, anhedonia and depressive-like behavior. The Elevated 
Plus Maze (EPM) and Forced Swimming Tests (FST) were conducted 
during the light period of the light/dark cycle (9:00 a.m.–5:00 p.m.); the 
Sucrose Preference Test (SPT) was performed during the dark period, 
from (9:00 p.m.-10:00 p.m.). Rats were allowed to habituate to the test 
room prior to the beginning of the experiments. 

2.3.1. Elevated-plus maze (EPM) 
To assess anxiety-like behavior, the EPM test was used. At PND105, 

animals were placed for 5 min in the center of a plus-shaped platform 
elevated 72.4 cm above the floor and illuminated by a dim light. The 
behavioral apparatus (ENV-560; Med Associates Inc., St. Albans, VT, 
USA) consisted in two open arms (50.8 cm × 10.2 cm) and two closed 
arms (50.8 cm × 10.2 cm × 40.6 cm). The ratio of time spent in the open 
arms/total time spent in the open and in close arms was calculated as an 
index of anxiety-like behavior. 

2.3.2. Sucrose preference test (SPT) 
The SPT is widely used to assess anhedonia and is often related with 

individual’s degree of affective state and motivation. Baseline sucrose 
preference (SP) was determined immediately before the start of the 
uCMS protocol (three independent trials). Before each trial, rats were 
food and water deprived for 12 h. For testing, two pre-weighed bottles, 
containing water or a 2% (m/v) sucrose solution were presented to 
individually housed animals for 1 h. After uCMS, at PND106, rats were 
tested for SP that was calculated according to the formula: SP = (sucrose 
intake/(sucrose intake + water intake)) x 100, as previously described 
(Bekris et al., 2005). 

2.3.3. Forced swimming test (FST) 
Immobility time, a marker of a passive coping strategy (one of the 

components of depressive-like behavior) was assessed through the FST. 
Rats were individually placed in transparent glass cylinder (62 cm 
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Fig. 1. Prenatal exposure to DEX preserved from short-term chronic stress effects: anxiety- and anhedonic-like behavior. (A) Schematic drawing of the 
animal model and chronic mild stress protocol: pregnant female Wistar rats were injected with DEX (1 mg/kg/day, sc) or saline on days 18 and 19 of gestation. At 
postnatal (PND) 90 female and male offspring were exposed to a short-term protocol of chronic mild stress for 2 weeks. (B, C) Time spent in open arms per total time 
in the elevated plus maze (EPM) test, was assessed to evaluate anxiety-like behaviour of females and males. (D, E) Anhedonic-like behaviour assessed by the 
preference for sucrose in the sucrose preference test (SPT) in females and males. (F, G) Depressive-like behaviour 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 11–17 animals; *p < 0.05, comparing with control, #p < 0.05, 
comparing with iuDEX calculated using a two-way ANOVA followed by Bonferroni’s multiple comparisons test. 
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height and 25.4 cm diameter) filled with water (25 ◦C; 50 cm depth) for 
5 min. The test was conducted 24 h after a 5-min pre-test session. This 
test was performed at PND107-108. Trials were video-recorded, and the 
total time animals spent immobile (immobility time) was measured. 
Immobility time was registered and used as a measure of depressive-like 
behavior. 

2.4. Immunohistochemistry and 3D morphometric analysis of microglia 

At the end of the experimental procedures, 24 h after FST , animals 
were deeply anaesthetized with sodium pentobarbital (20%; Eutasil®, 
Sanofi, Gentilly, France) and transcardially perfused with 0.9% saline. 
Brains were removed, post-fixed in 4% paraformaldehyde (PFA), cry-
oprotected in 30% sucrose overnight, and then embedded in Optimal 
Cutting Temperature compound (OCT, ThermoScientific, Waltham, MA, 
USA), 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 assess 
microglia cells. Briefly, free-floating sections were blocked with 5% 
bovine serum albumin (BSA) and 0.1% Triton X-100 for 2 h at room 
temperature (RT) and incubated with rabbit anti-Iba-1, microglia/ 
macrophage marker (1:1000, WAKO, Osaka, Japan) antibody for 48 h at 
4 ◦C. Though we used Iba-1 as a marker of microglia cells, it is important 
to refer that this marker is also expressed in other types of immune cells. 
Though there is no evidence of compromised blood brain barrier in 
iuDEX or uCMS models, there is no absolute evidence that other immune 
cells are not present in the brain, so Iba-1 staining should be interpreted 
with caution. 

Afterwards, sections were washed and incubated with the appro-
priate secondary antibody (donkey anti-rabbit, 1:1000, Invitrogen, 
Waltham, MA, USA) and 4′,6-diamidino-2-phenylindole (DAPI, 1:5000) 
for 2 h at RT. Sections were washed and mounted on gelatinized slices, 
using glycergel (DAKO mounting medium). Images of 10 random 
microglial cells from each animal from dHIP and NAc were acquired 
with a laser scanning confocal microscope LSM 710 META connected to 
ZEN Black software (Zeiss Microscopy, Oberkochen, Germany), using a 
63× objective lens (oil immersed, Plan-Apochromat 63×/1.40 Oil DIC 
M27). Microglial cells were reconstructed using the Neurolucida soft-
ware (MBF Bioscience, Williston, VT, USA). Morphometric data related 
to branch analysis were extracted by the Neurolucida Explorer software 
(MBF Bioscience). The parameters analyzed were the total number of 
processes in each cell, the number of processes per branch order, the 
total length of processes and the length of processes 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). 

2.5. Neuronal morphology 

To assess the dendritic morphology of granule neurons of the DG and 
medium spiny neurons of the NAc, the Golgi-Cox staining was per-
formed. Animals, 24 h after FST, were transcardially perfused with 0.9% 
saline and brains removed and 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. Afterwards, brains were 
transferred to a 30% sucrose solution and cut on a vibrotome. Coronal 
sections (200 μm thick) were collected in 6% sucrose and blotted dry 
onto gelatin-coated microscope slides, alkalinized in 18.7% ammonia, 
developed in Dektol (Kodak, Rochester, NY, USA), fixed in Kodak Rapid 
Fix, dehydrated and xylene cleared. For each selected neuron, dendritic 
branches were reconstructed at ×1000 (oil) magnification, using a 
motorized microscope (Axioplan 2; Carl Zeiss, LLC, USA) and Neuro-
lucida software (MBF Bioscience, Williston, VT, USA). Three- 
dimensional analysis of the reconstructed neurons was performed 
using the NeuroExplorer software (MBF Bioscience). Structural analysis 

included the total dendritic length and the 3D arrangement of neuronal 
branching using the Sholl analysis (number of dendritic intersections 
with concentric circles positioned at radial intervals of 20 μm). For each 
animal, 10 neurons from dHIP and NAc per animal were analyzed and 
neurons from the same animal were averaged. Observers were blinded 
to the experimental condition of each subject. 

2.6. Corticosterone levels measurement 

Corticosterone levels in blood serum were measured using an ELISA 
kit (Abcam, Cambridge, UK), according to the manufacturer’s in-
structions. Absorbance at 450 nm was determined using a microplate 
reader and corticosterone concentration (ng/ml) was extrapolated from 
a standard curve. Blood sampling (tail venipuncture) was performed 
during the diurnal nadir (8:00 a.m.-9:00 a.m.) and diurnal zenith (8:00 
p.m.-9:00 p.m.). For ELISA, we only used one technical replicate and 
prioritized the number of biological samples. The lowest level of 
detection of the ELISA was 43.18 ng/ml. 

2.7. Estrous cycle analysis 

Smears were obtained by vaginal cytology collected at the end of 
behavioral tests and stained using the heamatoxylin-eosin method. 
Three cell types (nucleated epithelial cells, cornified epithelial cells and 
leukocytes) were counted to define the reproductive cycle (estrous), 
which is defined by the prevalence of each cell type: proestrus (nucle-
ated), estrus (cornified), metestrus (all types in same proportion) and 
diestrus (leukocytes) (Westwood, 2008). Images were acquired with a 
light microscope Leica DM 4000 B (Leica, Wetzlar, Germany) with a ×10 
objective lens (Plan 10×/0.25PH1). 

2.8. Statistical analysis 

All data are presented as mean ± standard error of the mean (SEM). 
All statistical analysis was performed using Graphpad Prism 6.0 and 
results were considered significant for p ≤ 0.05. Normality tests were 
performed for all data. Two-way analysis of variance (ANOVA) test was 
used for evaluating the main effects of iuDEX and stress exposure. 
Bonferroni’s correction was used for post hoc tests. 

3. Results 

3.1. Prenatal exposure to DEX preserved from short-term stress effect: 
anxiety-like behavior and anhedonia 

In the present study we used a validated model of anxiety-like 
behavior - iuDEX - in order to explore the effect of chronic stress in 
terms of behavior and microglia and neuronal morphology. We aimed to 
understand how iuDEX males and females that present anxiety-like 
behavior cope with a short-term protocol of stress in terms of 
behavior. We tested all groups in the EPM to assess anxiety-like 
behavior; and in the SPT and FST to assess anhedonic- and passive 
coping response, respectively. 

For the EPM test, we observed a significative interaction between the 
iuDEX and stress exposure in females and males (two-way ANOVA; fe-
males: F(1, 60) = 43.88, p < 0.0001; males: F(1, 51) = 19.33, p < 0.0001). 
In line with previous results for EPM (Oliveira et al., 2006; Caetano 
et al., 2017; Duarte et al., 2019), iuDEX females and males displayed 
anxiety-like behavior with a significant decrease in the time spent in the 
open arms of the EPM compared to sex-matched controls (post hoc 
analysis; females: t = 4.20, p = 0.0005; males: t = 3.55, p = 0.005). As 
anticipated, uCMS induced an anxiety-like behavior in both sexes (post 
hoc analysis; females: t = 4.94, p < 0,0001; males: t = 3.08, p = 0.020). 
Notably, the hyperanxious behavior in iuDEX female and male animals 
was no longer present after stress exposure in adulthood in both sexes 
(post hoc analysis; females: t = 4.46, p = 0.0002; males: t = 3.168, p =

R. Gaspar et al.                                                                                                                                                                                                                                 



Neurobiology of Stress 14 (2021) 100302

5

0.01; Fig. 1B and C). Analysis of the number of open arm entries revealed 
that, in both sexes, iuDEX showed a lower number of entries into open 
arms compared with control animals (post hoc analysis; females: t =
4.11, p = 0.0004; males: t = 2.45, p = 0.04); iuDEX females and males 
that were exposed to uCMS in adulthood have an increased number of 
entries into open arms compared to iuDEX animals (post hoc analysis; 
females: t = 4.34, p = 0.0011; males: t = 2.43, p < 0.04;Supplementary 
Fig. 2A and B). No differences were found in the number of entries in the 
closed arms in both sexes (Supplementary Fig. 2C and D). In the analysis 
of total arm entries, which could be an indicator of locomotor activity, 
we did not observe differences between groups in both sexes (Supple-
mentary Fig. 2E and F). 

In terms of anhedonia, evaluated using the SPT, a significant effect of 
iuDEX (two-way ANOVA; females: F(1, 66) = 7.36, p = 0.009; males: F(1, 

62) = 16.78, p = 0.0001) and stress exposure (two-way ANOVA; females: 
F(1, 66) = 13.75, p = 0.0004; males: F(1, 62) = 5.51, p = 0.022), as well as 
an iuDEX-Stress interaction (two-way ANOVA; females: F(1, 66) = 6.84, p 
= 0.011; males: F(1, 62) = 26.09, p < 0,0001) were observed. iuDEX 
females and males presented anhedonic-like behavior in comparison to 
control animals, with a significant decrease in the percentage of sucrose 
preference compared to sex-matched controls (post hoc analysis; fe-
males: t = 3.51, p = 0.0049; males: t = 6.15, p < 0.0001). The uCMS 
protocol did not affect the anhedonic phenotype in both males and fe-
males (post hoc analysis; females: t = 0.80, p > 0.9999; males: t = 1.98, 
p = 0.311). Conversely, iuDEX animals of both sexes that were exposed 
to uCMS in adulthood, no longer presented anhedonia compared to 
iuDEX animals that were not exposed to stress protocol (post hoc anal-
ysis; females: t = 4.309, p = 0.0003; males: t = 5.192, p < 0.0001; 
Fig. 1D and E). 

Neither control females nor males exposed to the short protocol of 
uCMS presented alterations in passive coping response (Fig. 1F and G), 
as assessed by the FST, in line with our previous results (Oliveira et al., 
2006; Caetano et al., 2017; Duarte et al., 2019). 

The reduction in body weight gain and a disruption in the pattern of 
corticosterone levels are well-known consequences of exposure to 
chronic stress. However, the effect of stress in animals prenatally 
exposed to DEX in these biological parameters is still unknown. 

Animal weight was monitored longitudinally throughout the exper-
iment in order to determine the weight gain of rats in all conditions. No 
differences were found in weight gain in females and males prenatally 
exposed to DEX when compared with age-matched controls. However, 
we observed a significant effect of stress in females (two-way ANOVA; 
F(1, 144) = 18.38, p < 0.0001) and males (two-way ANOVA; F(1, 130) =

32.90, p < 0.0001) (Fig. 2A and B). We also detected a reduced body 
weight in iuDEX males compared to controls at baseline (post hoc 
analysis; males: t = 4.78, p < 0.0001) with no differences in females 

(Supplementary Fig. 3A and B). 
At the end of uCMS, corticosterone levels were measured in the 

serum. We did not observe any effect of DEX per se in corticosterone 
levels in both sexes in both periods of the day. However, control females 
and males exposed to stress presented a disruption in the diurnal nadir 
pattern of corticosterone with an increase of the corticosterone serum 
levels (post hoc analysis; females: t = 4.629, p = 0.0003; males: t =
5.640, p < 0.0001) and a decrease in zenith diurnal levels (post hoc 
analysis; females: t = 3.139, p = 0.0203; males: t = 3.302, p = 0.0128). 
Remarkably, in the diurnal nadir pattern, we found a trend for normal 
corticosterone levels in iuDEX exposed to stress in both sexes that did not 
reach statistical significance (post hoc analysis; females: t = 0.4121, p >
0.9999; males: t = 0.6249, p > 0.9999). Interestingly, both iuDEX fe-
males and males exposed to stress secreted lower levels of corticosterone 
(post hoc analysis; females: t = 3.984, p = 0.0019; males: t = 4.549, p =
0.0003), suggesting an imbalance in the HPA axis activity caused by 
stress (Fig. 3A and B). 

The estrous cycle analysis was performed in females to verify if stress 
could affect the hormonal cycle. All females were distributed for the 4 
phases of the estrous cycle, being 24 (in a total of 55) in metestrus phase 
on the day of euthanasia (Supplementary Table 1; Supplementary 
Fig. 4). In this study, we did not correlate the estrous cycle with the 
behavior, but estrous cycle does not impact on behavior as previously 
described by us and other authors (Schwarz et al., 2012; Caetano et al., 
2017). 

3.2. Sex-specific remodeling of microglia in iuDEX model and impact of 
short-term stress 

We next aimed to evaluate how stress impacted microglia 
morphology in the iuDEX model. For that, we performed a detailed 
morphometric analysis of microglia in female and male adult rats in two 
different brain regions, the dHIP (Fig. 4A, F) and the NAc (Fig. 4K, P). In 
dHIP, iuDEX females presented an increase of the total number and total 
length of microglia ramifications when compared to control animals 
(post hoc analysis; number: t = 8.487, p < 0.0001; length: t = 6.913, p <
0.0001), as previously described by our group (Duarte et al., 2019) 
(Fig. 4B, C, D, E; Supplementary Fig. 5A; Supplementary Table 2). In 
males, no differences in microglia cells were observed in iuDEX animals 
when compared with controls (Fig. 4G, H, I, J; Supplementary Fig. 5B; 
Supplementary Table 3). Importantly, stress per se did not affect 
microglia morphology in both sexes. Interestingly, stress induced a 
normalization of the phenotype of iuDEX females (post hoc analysis; 
number: t = 6.668, p < 0.0001; length: t = 5.330, p < 0.0001 (Fig. 4B, C, 
D, E). 

In the NAc, we observed opposite differences between sexes. In line 

Fig. 2. Short-term stress induces a dysregulation of body weight gain. Pregnant female Wistar rats were injected with DEX (1 mg/kg/day, sc) or saline on days 
18 and 19 of gestation. At postnatal (PND) 90 female and male offspring were exposed to a short-term protocol of chronic mild stress for 2 weeks. (A, B) Body weight 
gain of female and male rats prenatally exposed to DEX and exposed to stress in adulthood. Results are presented as the mean ± SEM of 11–17 animals. *p < 0.05, 
comparing with control, #p < 0.05, comparing with iuDEX calculated using a two-way ANOVA followed by Bonferroni’s multiple comparisons test. 
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with what we already observed in the PFC (Caetano et al., 2017), iuDEX 
females exhibited a general decrease in the total number and length of 
microglia processes (post hoc analysis; number: t = 4.347, p = 0.0002; 
length: t = 4.672, p < 0,0001) (Fig. 4 L, N; Supplementary Fig. 6A; 
Supplementary Table 4). Conversely, iuDEX males presented an increase 
in all parameters (post hoc analysis; number: t = 5.042, p < 0.0001; 
length: t = 3.695, p = 0.0020) (Fig. 4 Q, S; Supplementary Fig. 6B; 
Supplementary Table 5) . Microglia remodeling associated with stress 
was similar to DEX, namely, atrophy in females (post hoc analysis; 
number: t = 4.918, p < 0.0001; length: t = 4.912, p < 0.0001) and 
hypertrophy in males (post hoc analysis; number: t = 2.587, p = 0.0656; 
length: t = 2.722, p = 0,0450). Furthermore, uCMS in combination to 
iuDEX (both stimuli together) normalized DEX-induced atrophy in fe-
males (post hoc analysis; number: t = 2.919, p = 0.0253; length: t =
2.645, p = 0.0558) (Fig. 4 L, M, N, O) and the DEX-induced hypertrophy 
in males (post hoc analysis; number: t = 3.546, p = 0.0034; length: t =
1.683, p = 0.5706) (Fig. 4 Q, R, S, T). We also analyzed the soma size and 
we did not observe any differences in the dHIP and in the NAc in terms of 
area and perimeter of the soma (Supplementary Fig. 7). 

3.3. Prenatal exposure to DEX is associated with sex-specific remodeling 
of neurons, an effect that is modulated by short-term stress 

Previous studies have demonstrated the importance of structural 
changes of neurons in dHIP and NAc in the pathophysiology of depres-
sion (Bessa et al., 2013; Patricio et al., 2015). Based on these observa-
tions, it became important to understand the impact of stress in neuronal 
complexity in the iuDEX model. 

We performed a detailed three-dimensional morphometric analysis 
of Golgi-impregnated neurons in the dHIP (Fig. 5A and B) and in NAc 
(Fig. 5G and H) in both sexes. In dHIP, the neuronal morphology was not 
altered in any condition analyzed in females (Fig. 5C and D). In males, 
we observed an effect of iuDEX (two-way ANOVA; F(1, 12) = 5.804, p =
0.0330) and a significant effect between iuDEX-stress exposure (two- 
way ANOVA; F(1, 12) = 38.91, p < 0.0001). iuDEX induced atrophy in 
neurons with a significant decrease in their total dendritic length in 
males when compared with controls (post hoc analysis; t = 6.114, p =
0.0003). Notably, uCMS per se induced a significant decrease in total 
dendritic length (post hoc analysis; t = 5.205, p = 0.0013). This atrophic 
effect was reverted in iuDEX males exposed to stress in adulthood (post 
hoc analysis; t = 3.617, p = 0.0212). In Sholl analysis we also observed a 
significant interaction between variables (two-way ANOVA; F(33, 144) =

2.012, p = 0.0026) (Fig. 5E and F). 
Concerning the NAc (Fig. 5G and H), and similar to microglia 

cytoarchitecture, we observed sex-dependent alterations in medium 

spiny neurons. Females that were prenatally exposed to DEX exhibited a 
dendritic remodeling characterized by a shortening of dendritic length 
(post hoc analysis; t = 7.976, p < 0.0001) (Fig. 5I). Contrary to females, 
iuDEX males presented a hypertrophy of neurons (post hoc analysis; t =
4.868, p = 0.0023) (Fig. 5K). Importantly, stress per se did not induce 
alterations in neurons morphology in females but induced a hypertrophy 
in males (post hoc analysis; t = 3.611, p = 0.0215). These structural 
changes in both sexes were reversed when iuDEX animals were exposed 
to stress in adulthood (post hoc analysis; females: t = 7.969, p < 0.0001; 
males: t = 4.429. p = 0.0049) (Fig. 5I, K). In addition, sholl analysis 
revealed less complex neurons in iuDEX females (two-way ANOVA; F(3, 

121) = 5.306, p = 0.0018 and more complex neurons in iuDEX males 
(two-way ANOVA; F(3, 139) = 10.71, p < 0.0001) (Fig. 5J, L). 

4. Discussion 

In this work, we show that the exposure to DEX during pregnancy 
induces major effects on adult behavior in both sexes and that these 
behavioral alterations are accompanied by sex-specific structural 
changes in microglia and neurons in the dHIP and NAc. 

Previously, we showed that iuDEX is associated with an anxious 
phenotype and impacts on microglia remodeling in a sex-specific 
manner. We observed microglia hypertrophy in males and atrophy in 
females in the PFC, an important brain region in the genesis of anxiety- 
related behavior (Caetano et al., 2017). In addition, iuDEX females 
presented hypertrophy of microglial cells in the dHIP, with impaired 
recognition memory and the loss of neuronal synchronization between 
dHIP and PFC (Duarte et al., 2019). This sexual dimorphism in remod-
eling of microglial cells was translated into a sex-selective resistance to a 
therapeutic intervention, since chronic treatment with a selective A2AR 
antagonist (modulator of microglia and an experimental anxiolytic 
drug) normalized anxiety-like behavior and microglia alterations in 
iuDEX males in the PFC, with a recovery of cognitive deficits; as well as 
microglia morphology in iuDEX females in the dHIP (Caetano et al., 
2017; Duarte et al., 2019). However, it is still unclear if/how stress in 
adulthood differentially affects iuDEX males and females. 

Interestingly, we now show that in response to stress in adulthood, 
iuDEX rats manage better with this challenge, improving their perfor-
mance in anxiety-like and anhedonic-like behaviors. Rats prenatally 
exposed to DEX and later subjected to a chronic mild stress protocol 
developed some type of stress resilience, similar to stress inoculation 
models (Santarelli et al., 2014; Hsiao et al., 2016). Literature strongly 
suggests that prenatal adverse events can enhance vulnerability for 
anxiety- and depressive-like phenotypes in adulthood (Lupien et al., 
2009; Weinstock, 2017), including the iuDEX model presented in this 

Fig. 3. Short-term stress induces a dysregulation of circadian corticosterone secretion pattern. Pregnant female Wistar rats were injected with DEX (1 mg/kg/ 
day, sc) or saline on days 18 and 19 of gestation. At postnatal (PND) 90 female and male offspring were exposed to a short-term protocol of chronic mild stress for 2 
weeks. (A, B) Corticosterone serum levels measured at 8:00 a.m. and 8:00 p.m. (circadian peaks of production) by ELISA in female and male rats prenatally exposed 
to DEX and exposed to a stress in adulthood. Results are presented as the mean ± SEM of 10–12 animals (corticosterone); *p < 0.05, comparing with control, #p <
0.05, comparing with iuDEX calculated using a two-way ANOVA followed by Bonferroni’s multiple comparisons test. 
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Fig. 4. Sex-specific remodeling of microglia at dHIP and NAc upon iuDEX and short-term chronic stress at adulthood in females and males. Pregnant female 
Wistar rats were injected with DEX (1 mg/kg/day, sc) or saline on days 18 and 19 of gestation. At postnatal (PND) 90 female and male were exposed to a short-term 
protocol of chronic mild stress for 2 weeks. Microglial morphometric structure was manually reconstructed in the Neurolucida software based on 3D images of Iba-1 
stained microglia (A, F, K, P) according to the morphological parameters: total number of cells (B,G, L, Q), number of processes per branch (C, H, M, R), total length of 
microglial processes (D, I, N, S) and length of processes per branch (E, J, O, T) in dHIP and NAc. Results are presented as the mean ± SEM of 40–50 cells from 4 to 5 
animals; *p < 0.05, comparing with control, #p < 0.05, comparing with iuDEX calculated using a two-way ANOVA followed by Bonferroni’s multiple compari-
sons test. 

R. Gaspar et al.                                                                                                                                                                                                                                 



Neurobiology of Stress 14 (2021) 100302

8

work. Paradoxically, iuDEX exposure adaptations also appear to confer 
some degree of protection to the effects of adult chronic stress. This 
phenomenon is reminiscent of a stress adaptive response or hormesis 
(Bateson et al., 2004), i.e., prenatal exposure to a certain adverse agent 
(GC) results in a protective effect to that same agent later in life (adult 
chronic stress), which is translated into an improved organism response 
(to stress in this case). In the case of the fetus, this adaptive response is 
hypothesized to allow individuals to cope better with the harsh condi-
tions of the environment after birth, which is evolutionary advantageous 
(Reynolds, 2013). However, when there is a mismatch between the 
adaptive response and the environment this can be detrimental, as in the 
case of iuDEX animals raised in non-stressful conditions, that manifest 
anxious- and depressive-like behaviors. So, iuDEX exposure can there-
fore be both a friend or a foe, depending on the postnatal environmental 
conditions. In humans there are also evidences that experiencing a 

moderate number of serious negative life events may contribute to a 
propensity for coping well when subjected to stress conditions (Seery 
et al., 2013; Domhardt et al., 2015). These effects can be reconciled with 
other studies which predict that adversity restricted to early life can 
trigger the acquisition of stable active coping strategies in adulthood 
(Daskalakis et al., 2012; Nederhof and Schmidt, 2012). However, the 
type and the duration of the stressor influences stress response and sex 
differences could be mediated in a complex way, since the gonadal 
hormones can exert both organizational and activational influences in 
response to stress (Arnold, 2009). One important consideration is that 
most of the studies perform uCMS for 6 weeks (Bessa et al., 2013; Morais 
et al., 2014; Patricio et al., 2015; Alves et al., 2018), but we decided to 
use a shorter uCMS protocol (2 weeks) in order to evaluate different 
susceptibility to depression, without reaching the “ceiling effect” of 
stress exposure. 

Fig. 5. Sex- and brain-specific remodeling of neurons at dHIP and NAc upon iuDEX and short-term chronic stress at adulthood. Pregnant female Wistar rats 
were injected with DEX (1 mg/kg/day, sc) or saline on days 18 and 19 of gestation. At postnatal (PND) 90 female and male offspring were exposed to a short-term 
protocol of chronic mild stress for 2 weeks. Representative manual reconstruction of Golgi-impregned granule neurons at dHIP (A, B) and spiny medium neurons at 
NAc (G, H). Total dendritic length of neurons in the dentate gyrus at dHIP (C, E) and of neurons at NAc (I, L). Sholl analysis of dendritic distribution of neurons in 
dHIP (D, F) and in NAc (J, L). Results are presented as the mean ± SEM of 30–40 cells from 3 to 4 animals; *p < 0.05, comparing with control, #p < 0.05, comparing 
with iuDEX calculated using a two-way ANOVA followed by Bonferroni’s multiple comparisons test. 
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It is important to note that iuDEX induces a decrease in body weight 
only in males, but not in body weight gain during the uCMS protocol. 
Other studies using this model already described that iuDEX males 
present reduced weight at birth that remained significantly reduced 
until young adults (Oliveira et al., 2006). This differences in males could 
reflect in a worse performance in behavioral tests, namely in locomotor 
activity. However, we did not observe any alteration in locomotor ac-
tivity in all groups that would provide more convincing support that the 
decrease in body weight in iuDEX affect the behavioral tasks. 

There is increasing evidence supporting a role of glial cells in the 
etiology of neuropsychiatric disorders (Hodes et al., 2015; Rial et al., 
2015). We previously reported that the pattern of microglia 
morphology, which is sex-specific, impacts anxiety- and cognition-like 
behaviors (Caetano et al., 2017; Duarte et al., 2019). Working on the 
premise that microglia morphology is implicated in the response to 
stress conditions and in the establishment of a depressive-like phenotype 
(Kreisel et al., 2014), we also explored the effect of chronic stress in 
microglia morphology in a model presenting anxiety-like behavior in 
two brain regions involved in the pathophysiology of depression, the 
NAc and the HIP. The HIP is a known stress-responsive brain area, which 
is also associated with depression (Patricio et al., 2015; Liu et al., 2017). 
Indeed, the DG appears to be highly vulnerable to the deleterious effects 
of stress, since it affects the generation of new granule neurons (Pham 
et al., 2003), which have been recognized as relevant players in the 
development and improvement of behavioral deficits, namely cognitive 
and emotional, that underlie neuropsychiatric disorders (Snyder et al., 
2011; Mateus-Pinheiro et al., 2013). However, if the microglial alter-
ations occur in parallel with mood- and anxiety-related deficits in the 
dHIP, following chronic exposure to stress in a model of prenatal 
exposure to DEX was still unknown. The major alterations observed in 
microglia morphology in the dHIP occur in females. Remarkably, in this 
brain region we also observed a normalization of microglia DEX-induced 
hypertrophy after exposure to the stress protocol. 

Since this model also presents anhedonia in both sexes, we tried to 
unveil if anhedonia was paralleled with structural alterations in 
microglia morphology in the NAc, which is recognized as a key 
component in the neural circuitry of reward (Gorwood, 2008). In 
addition, we evaluated whether DEX-induced alterations are influenced 
by stress in adulthood. We report, for the first time, that iuDEX signifi-
cantly altered the morphology of microglia in a sex-specific manner in 
the NAc. Similar to what happens in the PFC, iuDEX promoted a 
hyper-ramified state in males, which has been described as character-
istic of stress-related conditions (Hinwood et al., 2013; Kreisel et al., 
2014). Notably, iuDEX females in the NAc presented microglia with less 
and shorter processes as we already observed in mPFC (Caetano et al., 
2017). The NAc and mPFC form a functional PFC–striatal circuit that is 
critical for the control regulating reward-seeking processes and cogni-
tive functions (Goeders and Smith, 1983). Besides, mPFC is a core region 
in the control of anxiety (Calhoon and Tye, 2015). Importantly, our 
results suggest that the pattern of microglia morphology is similar in 
these two regions upon iuDEX exposure with impact in anxiety and 
anhedonia. Interestingly and in accordance with our observations in 
behavior after stress, we observed a normalization of the hypertrophy in 
males and of the atrophy in females induced by DEX. 

When microglial cells are primed in early life stages, they could show 
an exacerbated response to challenges later in life, that could explain 
these alterations in their morphology in the dHIP and NAc (Lenz and 
Nelson, 2018). These differences between sexes probably result from the 
when subjected to stress conditions in brain regions with a 
sex-dependent complexity typified by more complex cells in females 
than in males (Schwarz et al., 2012; Lenz and McCarthy, 2015). More-
over, the existence of sex- and brain region-specific morphologic dif-
ferentiation of microglia must be conserved among species, since we 
observed the same dichotomy in a mice model (Simoes-Henriques et al., 
2019). 

The observed dimorphic pattern of microglia highlights the 

importance of considering these cells in therapeutic strategies consid-
ering sex differences. These alterations in microglia may mediate func-
tional neuroimmune sex disparities. The dynamic morphology of 
microglia is closely related to their functional state, however further 
studies using additional markers of microglia cells and other tools to 
modulate microglia function are needed to infer about the potential 
changes in the function of microglia. Considering that microglia are in 
constant baseline motility (Franco-Bocanegra et al., 2019), allowing 
microglia to effectively explore the environment in order to clear 
cellular debris and remodel extracellular matrix (Nimmerjahn et al., 
2005; Garden and Moller, 2006), alterations in microglia morphology 
between sexes would anticipate functional changes. Past evidence has 
shown that early life stress exposure increased microglia motility in the 
adult mice brain (Takatsuru et al., 2015), which may indicate that these 
cells could have been recruited to support other brain regions that were 
affected by the stress protocol. 

In parallel, we also performed an analysis of neuronal morphology in 
the dHIP and NAc in order to clarify if the morphologic alterations 
observed in microglia were paralleled with alterations in neuronal 
morphology. The crosstalk microglia-neurons is important to maintain 
homeostasis and highlights the microglia involvement in regulating 
synapse formation and maturation, reshaping brain wiring and behavior 
(Paolicelli et al., 2011; Ji et al., 2013; Lim et al., 2013; Parkhurst et al., 
2013; Cristovao et al., 2014). iuDEX males presented an atrophy of 
granule neurons of the dHIP. Some studies already described dendritic 
atrophy after chronic stress, namely in hippocampal CA3 pyramidal 
neurons (Magarinos and McEwen, 1995; Bessa et al., 2009; Patricio 
et al., 2015). Those studies also showed that some antidepressants can 
revert alterations in the dendritic arborization modifications of the 
dorsal dentate granule cells of the HIP to pre-stress levels (Bessa et al., 
2009; Patricio et al., 2015). In spite of this, no differences were observed 
in the morphology of granule cells in females. Sex differences in the 
brain include regional volume differences due to differential cell death, 
neuronal and glial genesis, dendritic branching and synaptic patterning 
that could culminate in differences in neural morphology or different 
responses between sexes (McCarthy et al., 2015). Nevertheless, the 
majority of studies reporting the effect of stress in granule cells only 
studied males, indicating that there is still much to be studied regarding 
sex differences in this context. 

Chronic stress is known to induce anhedonia, impacting on the fine 
structure in the NAc neurons (Willner, 2005; Christoffel et al., 2011; 
Bessa et al., 2013). Here, we observed that, similar to what we observed 
in microglia, both sexes showed opposite patterns of dendritic remod-
eling. Many studies have suggested a role for the NAc in depression, in 
which anhedonia is a cardinal symptom (Liu et al., 1992; Di Chiara et al., 
1999; Rada et al., 2003; Gorwood, 2008). Additionally, studies 
described that prenatal administration of synthetic GC delays matura-
tion of neurons, myelination, glia and vasculature in the offspring, 
altering neuronal structure and synapse formation (Seckl, 2008) that 
could have an impact in the morphology and behavior later in life. Our 
results add important new data to support this view, since we showed 
that prenatal exposure to DEX induces a neuronal atrophy in males and a 
hypertrophy in females in parallel with an anhedonic-like behavior in 
both sexes. Remarkably, in this brain region we also observed a 
normalization of neuronal morphology in both female and male iuDEX 
offspring after stress protocol. In line with our previous results, in which 
we reported a sex-specific remodeling of microglia in the PFC associated 
with anxiety-like behavior (Caetano et al., 2017), here we were able to 
associate anhedonia with microglial and neuronal dimorphic morpho-
logical differences. 

The exposure to GCs can cause a profound impact on neuronal 
structure and function, which culminates in impairments of behavior 
(Lucassen et al., 2014). Moreover, remodeling of microglia could also 
affect other cells, namely neurons, with impact in behavior (Paolicelli 
and Ferretti, 2017). It is important to refer that, in the NAc, stress (iuDEX 
or uCMS) induce the same type of remodeling in neurons and microglia, 
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but is different between males and females. Contrasting patterns of 
cellular plasticity across the brain have already been described for 
neurons in response to stress conditions (Chattarji et al., 2015); how-
ever, the regional morphologic adaptation of microglia to stress medi-
ators, namely GC, was not yet well described. With our results, we 
demonstrated that brain regions of each sex adapt differently when 
prenatally exposed to DEX. 

Altogether, these findings provide further evidence that GCs and 
chronic stress cause brain region- and sex-specific alterations in micro-
glia and neurons responses, accompanied with behavioral and cognitive 
alterations. To date, we still cannot establish a direct relation between 
the behavioral and neurobiological underpinnings, however, we can 
speculate an association between behavioral phenotypes and changes in 
microglia and neurons morphology. Males and females presented a 
cellular plasticity that is sex-specific and results in similar behavioral 
phenotypes. Taken together, these findings illustrate the complex nature 
of microglia and neurons morphology, demonstrating the dynamic na-
ture of stress induced morphological alterations in both sexes. Microglia 
and neurons, therefore, may play different roles in the male and female 
brain, implicating them in sex-specific effects of adversity. 

5. Conclusion 

The results of the present study show that stressful events during 
pregnancy have an impact on behavior in both sexes, and animals were 
preserved from stress effects in adulthood by prenatal stress that are 
paralleled by marked, but reversible alterations in the morphology of 
neurons and microglia. The present characterization of microglia and 
neuronal morphology in iuDEX model and after uCMS constitutes one 
step ahead in understanding the role of microglia and neurons in the 
etiology of neuropsychiatric disorders. Prenatal exposure to DEX 
induced anhedonia, in association with fine structural alterations in 
neurons and microglia morphology in the NAc in a sex-specific manner. 
Importantly, the later behavioral and morphological adaptations were 
normalized upon a short-term protocol of uCMS. Although the role of 
cellular remodeling is still unknown, sex-specific differences in micro-
glia plasticity induced by long-term stress may anticipate differences in 
drug efficacy, as previously observed by our group and others. Our data 
raises the possibility that alterations in neuronal and microglia 
morphology in the dHIP and NAc represent highly relevant plastic 
events due to stress that may lead to the observed behavioral manifes-
tations of enhanced emotionality. 

Author contribution section 

RG designed the experiments with CS-C, AJR and CAG, performed 
the experiments, and wrote the manuscript. CSC, AVR and BC help to 
perform behavioral experiments. All authors discussed the results, 
contributed to and approved the final manuscript. CAG and AJR su-
pervised RG, contributed to the design of the experiments, and revised 
the manuscript. 

CRediT authorship contribution statement 

Rita Gaspar: Methodology, Validation, Formal analysis, Investiga-
tion, Visualization, Writing - original draft. Carina Soares-Cunha: 
Methodology, Investigation, Validation. Ana Verónica Domingues: 
Methodology, Investigation, Validation. Bárbara Coimbra: Methodol-
ogy, Investigation, Validation. Filipa I. Baptista: Validation, Writing - 
review & editing. Luísa Pinto: Methodology, Writing - review & editing. 
António F. Ambrósio: Funding acquisition, Writing - review & editing. 
Ana João Rodrigues: Conceptualization, Methodology, Supervision, 
Writing - review & editing. Catarina A. Gomes: Conceptualization, 
Methodology, Supervision, Writing - review & editing. 

Declaration of competing interest 

The authors report no conflicts of interest. 

Acknowledgments 

RG has an FCT grant (PD/BD/114116/2015). CS-C and AJR have 
Scientific Employment Stimulus Contracts (CEEC) from FCT (CEECIND/ 
03887/2017) and (CEECIND/00922/2018). BC has a research contract 
through REWSTRESS project (PTDC/MED-NEU/29071/2017). AVD has 
an FCT grant (SFRH/BD/147066/2019). 

This work was funded by Bial Foundation 30/2016; and funded by 
FEDER, through COMPETE2020 and by National funds, through the 
Foundation for Science and Technology (FCT), under the scope of the 
projects POCI-01-0145-FEDER-016428 (MEDPERSYST) and PTDC/ 
MED-NEU/29071/2017 (REWSTRESS). 

This work was funded by National funds, through the FCT - UID/ 
NEU/04539/2019; UIDB/50026/2020 and UIDP/50026/2020; UIDB/ 
04539/2020 and UIDP/04539/2020 (CIBB) and by the projects NORTE- 
01-0145-FEDER-000013 and NORTE-01-0145-FEDER-000023, sup-
ported by Norte Portugal Regional Operational Programme (NORTE 
2020), and COMPETE-FEDER (POCI-01-0145-FEDER-007440), sup-
ported by Centro Portugal Regional Operational Programme (CENTRO- 
01-0145-FEDER-000008: BRAINHEALTH 2020). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ynstr.2021.100302. 

References 

Alves, N.D., Correia, J.S., Patricio, P., Mateus-Pinheiro, A., Machado-Santos, A.R., 
Loureiro-Campos, E., Morais, M., Bessa, J.M., Sousa, N., Pinto, L., 2017. Adult 
hippocampal neuroplasticity triggers susceptibility to recurrent depression. Transl. 
Psychiatry 7 (3), e1058. https://doi.org/10.1038/tp.2017.29. 

Alves, N.D., Patricio, P., Correia, J.S., Mateus-Pinheiro, A., Machado-Santos, A.R., 
Loureiro-Campos, E., Morais, M., Bessa, J.M., Sousa, N., Pinto, L., 2018. Chronic 
stress targets adult neurogenesis preferentially in the suprapyramidal blade of the rat 
dorsal dentate gyrus. Brain Struct. Funct. 223 (1), 415–428. https://doi.org/ 
10.1007/s00429-017-1490-3. 

Arnold, A.P., 2009. The organizational-activational hypothesis as the foundation for a 
unified theory of sexual differentiation of all mammalian tissues. Horm. Behav. 55 
(5), 570–578. https://doi.org/10.1016/j.yhbeh.2009.03.011. 

Bateson, P., Barker, D., Clutton-Brock, T., Deb, D., D’Udine, B., Foley, R.A., 
Gluckman, P., Godfrey, K., Kirkwood, T., Lahr, M.M., McNamara, J., Metcalfe, N.B., 
Monaghan, P., Spencer, H.G., Sultan, S.E., 2004. Developmental plasticity and 
human health. Nature 430 (6998), 419–421. https://doi.org/10.1038/nature02725. 

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

Bekris, S., Antoniou, K., Daskas, S., Papadopoulou-Daifoti, Z., 2005. Behavioural and 
neurochemical effects induced by chronic mild stress applied to two different rat 
strains. Behav. Brain Res. 161 (1), 45–59. https://doi.org/10.1016/j. 
bbr.2005.01.005. 

Bessa, J.M., Ferreira, D., Melo, I., Marques, F., Cerqueira, J.J., Palha, J.A., Almeida, O.F., 
Sousa, N., 2009. The mood-improving actions of antidepressants do not depend on 
neurogenesis but are associated with neuronal remodeling. Mol. Psychiatr. 14 (8), 
764–773. https://doi.org/10.1038/mp.2008.119. 

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

Bollinger, J.L., Bergeon Burns, C.M., Wellman, C.L., 2016. Differential effects of stress on 
microglial cell activation in male and female medial prefrontal cortex. Brain Behav. 
Immun. 52, 88–97. https://doi.org/10.1016/j.bbi.2015.10.003. 

Borges, S., Coimbra, B., Soares-Cunha, C., Miguel Pego, J., Sousa, N., Joao Rodrigues, A., 
2013. Dopaminergic modulation of affective and social deficits induced by prenatal 
glucocorticoid exposure. Neuropsychopharmacology 38 (10), 2068–2079. https:// 
doi.org/10.1038/npp.2013.108. 

Caetano, L., Pinheiro, H., Patricio, P., Mateus-Pinheiro, A., Alves, N.D., Coimbra, B., 
Baptista, F.I., Henriques, S.N., Cunha, C., Santos, A.R., Ferreira, S.G., Sardinha, V.M., 
Oliveira, J.F., Ambrosio, A.F., Sousa, N., Cunha, R.A., Rodrigues, A.J., Pinto, L., 
Gomes, C.A., 2017. Adenosine A2A receptor regulation of microglia morphological 
remodeling-gender bias in physiology and in a model of chronic anxiety. Mol. 
Psychiatr. 22 (7), 1035–1043. https://doi.org/10.1038/mp.2016.173. 

R. Gaspar et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.ynstr.2021.100302
https://doi.org/10.1016/j.ynstr.2021.100302
https://doi.org/10.1038/tp.2017.29
https://doi.org/10.1007/s00429-017-1490-3
https://doi.org/10.1007/s00429-017-1490-3
https://doi.org/10.1016/j.yhbeh.2009.03.011
https://doi.org/10.1038/nature02725
https://doi.org/10.1016/j.bbi.2017.02.006
https://doi.org/10.1016/j.bbi.2017.02.006
https://doi.org/10.1016/j.bbr.2005.01.005
https://doi.org/10.1016/j.bbr.2005.01.005
https://doi.org/10.1038/mp.2008.119
https://doi.org/10.1038/tp.2013.39
https://doi.org/10.1038/tp.2013.39
https://doi.org/10.1016/j.bbi.2015.10.003
https://doi.org/10.1038/npp.2013.108
https://doi.org/10.1038/npp.2013.108
https://doi.org/10.1038/mp.2016.173


Neurobiology of Stress 14 (2021) 100302

11

Calhoon, G.G., Tye, K.M., 2015. Resolving the neural circuits of anxiety. Nat. Neurosci. 
18 (10), 1394–1404. https://doi.org/10.1038/nn.4101. 

Chattarji, S., Tomar, A., Suvrathan, A., Ghosh, S., Rahman, M.M., 2015. Neighborhood 
matters: divergent patterns of stress-induced plasticity across the brain. Nat. 
Neurosci. 18 (10), 1364–1375. https://doi.org/10.1038/nn.4115. 

Christoffel, D.J., Golden, S.A., Russo, S.J., 2011. Structural and synaptic plasticity in 
stress-related disorders. Rev. Neurosci. 22 (5), 535–549. https://doi.org/10.1515/ 
RNS.2011.044. 

Cristovao, G., Pinto, M.J., Cunha, R.A., Almeida, R.D., Gomes, C.A., 2014. Activation of 
microglia bolsters synapse formation. Front. Cell. Neurosci. 8, 153. https://doi.org/ 
10.3389/fncel.2014.00153. 

Daskalakis, N.P., Oitzl, M.S., Schachinger, H., Champagne, D.L., de Kloet, E.R., 2012. 
Testing the cumulative stress and mismatch hypotheses of psychopathology in a rat 
model of early-life adversity. Physiol. Behav. 106 (5), 707–721. https://doi.org/ 
10.1016/j.physbeh.2012.01.015. 

Di Benedetto, B., Rupprecht, R., 2013. Targeting glia cells: novel perspectives for the 
treatment of neuropsychiatric diseases. Curr. Neuropharmacol. 11 (2), 171–185. 
https://doi.org/10.2174/1570159X11311020004. 

Di Chiara, G., Loddo, P., 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. Psychiatr. 46 (12), 
1624–1633. https://doi.org/10.1016/s0006-3223(99)00236-x. 

Domhardt, M., Munzer, A., Fegert, J.M., Goldbeck, L., 2015. Resilience in survivors of 
child sexual abuse: a systematic review of the literature. Trauma Violence Abuse 16 
(4), 476–493. https://doi.org/10.1177/1524838014557288. 

Drozdowicz, L.B., Bostwick, J.M., 2014. Psychiatric adverse effects of pediatric 
corticosteroid use. Mayo Clin. Proc. 89 (6), 817–834. https://doi.org/10.1016/j. 
mayocp.2014.01.010. 

Duarte, J.M., Gaspar, R., Caetano, L., Patricio, P., Soares-Cunha, C., Mateus-Pinheiro, A., 
Alves, N.D., Santos, A.R., Ferreira, S.G., Sardinha, V., Oliveira, J.F., Fontes- 
Ribeiro, C., Sousa, N., Cunha, R.A., Ambrosio, A.F., Pinto, L., Rodrigues, A.J., 
Gomes, C.A., 2019. Region-specific control of microglia by adenosine A2A receptors: 
uncoupling anxiety and associated cognitive deficits in female rats. Glia 67 (1), 
182–192. https://doi.org/10.1002/glia.23476. 

Fanselow, M.S., Dong, H.W., 2010. Are the dorsal and ventral hippocampus functionally 
distinct structures? Neuron 65 (1), 7–19. https://doi.org/10.1016/j. 
neuron.2009.11.031. 

Francis, T.C., Lobo, M.K., 2017. Emerging role for nucleus accumbens medium spiny 
neuron subtypes in depression. Biol. Psychiatr. 81 (8), 645–653. https://doi.org/ 
10.1016/j.biopsych.2016.09.007. 

Franco-Bocanegra, D.K., McAuley, C., Nicoll, J.A.R., Boche, D., 2019. Molecular 
mechanisms of microglial motility: changes in ageing and alzheimer’s disease. Cells 
8 (6). https://doi.org/10.3390/cells8060639. 

Garden, G.A., Moller, T., 2006. Microglia biology in health and disease. J. Neuroimmune 
Pharmacol. 1 (2), 127–137. https://doi.org/10.1007/s11481-006-9015-5. 

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M.F., 
Conway, S.J., Ng, L.G., Stanley, E.R., Samokhvalov, I.M., Merad, M., 2010. Fate 
mapping analysis reveals that adult microglia derive from primitive macrophages. 
Science 330 (6005), 841–845. https://doi.org/10.1126/science.1194637. 

Ginhoux, F., Lim, S., Hoeffel, G., Low, D., Huber, T., 2013. Origin and differentiation of 
microglia. Front. Cell. Neurosci. 7, 45. https://doi.org/10.3389/fncel.2013.00045. 

Goeders, N.E., Smith, J.E., 1983. Cortical dopaminergic involvement in cocaine 
reinforcement. Science 221 (4612), 773–775. https://doi.org/10.1126/ 
science.6879176. 

Gorwood, P., 2008. Neurobiological mechanisms of anhedonia. Dialogues Clin. Neurosci. 
10 (3), 291–299. 

Heim, C., Nemeroff, C.B., 2001. The role of childhood trauma in the neurobiology of 
mood and anxiety disorders: preclinical and clinical studies. Biol. Psychiatr. 49 (12), 
1023–1039. https://doi.org/10.1016/s0006-3223(01)01157-x. 

Herman, J.P., Ostrander, M.M., Mueller, N.K., Figueiredo, H., 2005. Limbic system 
mechanisms of stress regulation: hypothalamo-pituitary-adrenocortical axis. Prog. 
Neuro-Psychopharmacol. Biol. Psychiatry 29 (8), 1201–1213. https://doi.org/ 
10.1016/j.pnpbp.2005.08.006. 

Hinwood, M., Tynan, R.J., Charnley, J.L., Beynon, S.B., Day, T.A., 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 
(8), 1784–1797. https://doi.org/10.1093/cercor/bhs151. 

Hodes, G.E., Kana, V., Menard, C., Merad, M., Russo, S.J., 2015. Neuroimmune 
mechanisms of depression. Nat. Neurosci. 18 (10), 1386–1393. https://doi.org/ 
10.1038/nn.4113. 

Hsiao, Y.M., Tsai, T.C., Lin, Y.T., Chen, C.C., Huang, C.C., Hsu, K.S., 2016. Early life 
stress dampens stress responsiveness in adolescence: evaluation of neuroendocrine 
reactivity and coping behavior. Psychoneuroendocrinology 67, 86–99. https://doi. 
org/10.1016/j.psyneuen.2016.02.004. 

Ji, K., Miyauchi, J., Tsirka, S.E., 2013. Microglia: an active player in the regulation of 
synaptic activity. Neural Plast. 627325. https://doi.org/10.1155/2013/627325. 

Kreisel, T., Frank, M.G., Licht, T., Reshef, R., Ben-Menachem-Zidon, O., Baratta, M.V., 
Maier, S.F., Yirmiya, R., 2014. Dynamic microglial alterations underlie stress- 
induced depressive-like behavior and suppressed neurogenesis. Mol. Psychiatr. 19 
(6), 699–709. https://doi.org/10.1038/mp.2013.155. 

Leao, P., Sousa, J.C., Oliveira, M., Silva, R., Almeida, O.F., Sousa, N., 2007. Programming 
effects of antenatal dexamethasone in the developing mesolimbic pathways. Synapse 
61 (1), 40–49. https://doi.org/10.1002/syn.20341. 

Lenz, K.M., McCarthy, M.M., 2015. A starring role for microglia in brain sex differences. 
Neuroscientist 21 (3), 306–321. https://doi.org/10.1177/1073858414536468. 

Lenz, K.M., Nelson, L.H., 2018. Microglia and beyond: innate immune cells as regulators 
of brain development and behavioral function. Front. Immunol. 9, 698. https://doi. 
org/10.3389/fimmu.2018.00698. 

Li, S.X., Fujita, Y., Zhang, J.C., Ren, Q., Ishima, T., Wu, J., Hashimoto, K., 2014. Role of 
the NMDA receptor in cognitive deficits, anxiety and depressive-like behavior in 
juvenile and adult mice after neonatal dexamethasone exposure. Neurobiol. Dis. 62, 
124–134. https://doi.org/10.1016/j.nbd.2013.09.004. 

Lim, S.H., Park, E., You, B., Jung, Y., Park, A.R., Park, S.G., Lee, J.R., 2013. Neuronal 
synapse formation induced by microglia and interleukin 10. PloS One 8 (11), 
e81218. https://doi.org/10.1371/journal.pone.0081218. 

Liu, J., Hua, G., Liu, W., Cui, Y., Huang, H., Zhao, S., Chu, Y., Yang, C., Chen, W., 1992. 
The effect of IH764-3 on fibroblast proliferation and function. Chin. Med. Sci. J. 7 
(3), 142–147. 

Liu, W., Ge, T., Leng, Y., Pan, Z., Fan, J., Yang, W., Cui, R., 2017. The role of neural 
plasticity in depression: from Hippocampus to prefrontal cortex. Neural Plast. 
6871089. https://doi.org/10.1155/2017/6871089. 

Lupien, S.J., McEwen, B.S., Gunnar, M.R., Heim, C., 2009. Effects of stress throughout 
the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci. 10 (6), 
434–445. https://doi.org/10.1038/nrn2639. 

Magarinos, A.M., 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 (1), 89–98. https://doi.org/10.1016/0306- 
4522(95)00259-l. 

Manev, H., Uz, T., Manev, R., 2003. Glia as a putative target for antidepressant 
treatments. J. Affect. Disord. 75 (1), 59–64. https://doi.org/10.1016/s0165-0327 
(02)00044-7. 

Mateus-Pinheiro, A., Pinto, L., Bessa, J.M., Morais, M., Alves, N.D., Monteiro, S., 
Patricio, P., Almeida, O.F., Sousa, N., 2013. Sustained remission from depressive-like 
behavior depends on hippocampal neurogenesis. Transl. Psychiatry 3, e210. https:// 
doi.org/10.1038/tp.2012.141. 

McCarthy, M.M., Pickett, L.A., VanRyzin, J.W., Kight, K.E., 2015. Surprising origins of 
sex differences in the brain. Horm. Behav. 76, 3–10. https://doi.org/10.1016/j. 
yhbeh.2015.04.013. 

Morais, M., Santos, P.A., Mateus-Pinheiro, A., Patricio, P., Pinto, L., Sousa, N., 
Pedroso, P., Almeida, S., Filipe, A., Bessa, J.M., 2014. The effects of chronic stress on 
hippocampal adult neurogenesis and dendritic plasticity are reversed by selective 
MAO-A inhibition. J. Psychopharmacol. 28 (12), 1178–1183. https://doi.org/ 
10.1177/0269881114553646. 

Nederhof, E., Schmidt, M.V., 2012. Mismatch or cumulative stress: toward an integrated 
hypothesis of programming effects. Physiol. Behav. 106 (5), 691–700. https://doi. 
org/10.1016/j.physbeh.2011.12.008. 

Nimmerjahn, A., Kirchhoff, F., Helmchen, F., 2005. Resting microglial cells are highly 
dynamic surveillants of brain parenchyma in vivo. Science 308 (5726), 1314–1318. 
https://doi.org/10.1126/science.1110647. 

Oliveira, M., Bessa, J.M., Mesquita, A., Tavares, H., Carvalho, A., Silva, R., Pego, J.M., 
Cerqueira, J.J., Palha, J.A., Almeida, O.F., Sousa, N., 2006. Induction of a 
hyperanxious state by antenatal dexamethasone: a case for less detrimental natural 
corticosteroids. Biol. Psychiatr. 59 (9), 844–852. https://doi.org/10.1016/j. 
biopsych.2005.08.020. 

Oliveira, M., Rodrigues, A.J., Leao, P., Cardona, D., Pego, J.M., Sousa, N., 2012. The bed 
nucleus of stria terminalis and the amygdala as targets of antenatal glucocorticoids: 
implications for fear and anxiety responses. Psychopharmacology (Berlin) 220 (3), 
443–453. https://doi.org/10.1007/s00213-011-2494-y. 

Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., 
Giustetto, M., Ferreira, T.A., Guiducci, E., Dumas, L., Ragozzino, D., Gross, C.T., 
2011. Synaptic pruning by microglia is necessary for normal brain development. 
Science 333 (6048), 1456–1458. https://doi.org/10.1126/science.1202529. 

Paolicelli, R.C., Ferretti, M.T., 2017. Function and dysfunction of microglia during brain 
development: consequences for synapses and neural circuits. Front. Synaptic 
Neurosci. 9, 9. https://doi.org/10.3389/fnsyn.2017.00009. 

Parkhurst, C.N., Yang, G., Ninan, I., Savas, J.N., Yates 3rd, J.R., Lafaille, J.J., 
Hempstead, B.L., Littman, D.R., Gan, W.B., 2013. Microglia promote learning- 
dependent synapse formation through brain-derived neurotrophic factor. Cell 155 
(7), 1596–1609. https://doi.org/10.1016/j.cell.2013.11.030. 

Patricio, P., Mateus-Pinheiro, A., Irmler, M., Alves, N.D., Machado-Santos, A.R., 
Morais, M., Correia, J.S., Korostynski, M., Piechota, M., Stoffel, R., Beckers, J., 
Bessa, J.M., Almeida, O.F., Sousa, N., Pinto, L., 2015. Differential and converging 
molecular mechanisms of antidepressants’ action in the hippocampal dentate gyrus. 
Neuropsychopharmacology 40 (2), 338–349. https://doi.org/10.1038/ 
npp.2014.176. 

Pham, K., Nacher, J., Hof, P.R., McEwen, B.S., 2003. Repeated restraint stress suppresses 
neurogenesis and induces biphasic PSA-NCAM expression in the adult rat dentate 
gyrus. Eur. J. Neurosci. 17 (4), 879–886. https://doi.org/10.1046/j.1460- 
9568.2003.02513.x. 

Pinheiro, H., Gaspar, R., Baptista, F.I., Fontes-Ribeiro, C.A., Ambrosio, A.F., Gomes, C.A., 
2018. Adenosine A2A receptor blockade modulates glucocorticoid-induced 
morphological alterations in axons, but not in dendrites, of hippocampal neurons. 
Front. Pharmacol. 9, 219. https://doi.org/10.3389/fphar.2018.00219. 

Rada, P., Moreno, S.A., Tucci, S., Gonzalez, L.E., Harrison, T., Chau, D.T., Hoebel, B.G., 
Hernandez, L., 2003. Glutamate release in the nucleus accumbens is involved in 
behavioral depression during the PORSOLT swim test. Neuroscience 119 (2), 
557–565. https://doi.org/10.1016/s0306-4522(03)00162-3. 

Reynolds, R.M., 2013. Glucocorticoid excess and the developmental origins of disease: 
two decades of testing the hypothesis–2012 Curt Richter Award Winner. 
Psychoneuroendocrinology 38 (1), 1–11. https://doi.org/10.1016/j. 
psyneuen.2012.08.012. 

R. Gaspar et al.                                                                                                                                                                                                                                 

https://doi.org/10.1038/nn.4101
https://doi.org/10.1038/nn.4115
https://doi.org/10.1515/RNS.2011.044
https://doi.org/10.1515/RNS.2011.044
https://doi.org/10.3389/fncel.2014.00153
https://doi.org/10.3389/fncel.2014.00153
https://doi.org/10.1016/j.physbeh.2012.01.015
https://doi.org/10.1016/j.physbeh.2012.01.015
https://doi.org/10.2174/1570159X11311020004
https://doi.org/10.1016/s0006-3223(99)00236-x
https://doi.org/10.1177/1524838014557288
https://doi.org/10.1016/j.mayocp.2014.01.010
https://doi.org/10.1016/j.mayocp.2014.01.010
https://doi.org/10.1002/glia.23476
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.biopsych.2016.09.007
https://doi.org/10.1016/j.biopsych.2016.09.007
https://doi.org/10.3390/cells8060639
https://doi.org/10.1007/s11481-006-9015-5
https://doi.org/10.1126/science.1194637
https://doi.org/10.3389/fncel.2013.00045
https://doi.org/10.1126/science.6879176
https://doi.org/10.1126/science.6879176
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref29
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref29
https://doi.org/10.1016/s0006-3223(01)01157-x
https://doi.org/10.1016/j.pnpbp.2005.08.006
https://doi.org/10.1016/j.pnpbp.2005.08.006
https://doi.org/10.1093/cercor/bhs151
https://doi.org/10.1038/nn.4113
https://doi.org/10.1038/nn.4113
https://doi.org/10.1016/j.psyneuen.2016.02.004
https://doi.org/10.1016/j.psyneuen.2016.02.004
https://doi.org/10.1155/2013/627325
https://doi.org/10.1038/mp.2013.155
https://doi.org/10.1002/syn.20341
https://doi.org/10.1177/1073858414536468
https://doi.org/10.3389/fimmu.2018.00698
https://doi.org/10.3389/fimmu.2018.00698
https://doi.org/10.1016/j.nbd.2013.09.004
https://doi.org/10.1371/journal.pone.0081218
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref42
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref42
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref42
https://doi.org/10.1155/2017/6871089
https://doi.org/10.1038/nrn2639
https://doi.org/10.1016/0306-4522(95)00259-l
https://doi.org/10.1016/0306-4522(95)00259-l
https://doi.org/10.1016/s0165-0327(02)00044-7
https://doi.org/10.1016/s0165-0327(02)00044-7
https://doi.org/10.1038/tp.2012.141
https://doi.org/10.1038/tp.2012.141
https://doi.org/10.1016/j.yhbeh.2015.04.013
https://doi.org/10.1016/j.yhbeh.2015.04.013
https://doi.org/10.1177/0269881114553646
https://doi.org/10.1177/0269881114553646
https://doi.org/10.1016/j.physbeh.2011.12.008
https://doi.org/10.1016/j.physbeh.2011.12.008
https://doi.org/10.1126/science.1110647
https://doi.org/10.1016/j.biopsych.2005.08.020
https://doi.org/10.1016/j.biopsych.2005.08.020
https://doi.org/10.1007/s00213-011-2494-y
https://doi.org/10.1126/science.1202529
https://doi.org/10.3389/fnsyn.2017.00009
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1038/npp.2014.176
https://doi.org/10.1038/npp.2014.176
https://doi.org/10.1046/j.1460-9568.2003.02513.x
https://doi.org/10.1046/j.1460-9568.2003.02513.x
https://doi.org/10.3389/fphar.2018.00219
https://doi.org/10.1016/s0306-4522(03)00162-3
https://doi.org/10.1016/j.psyneuen.2012.08.012
https://doi.org/10.1016/j.psyneuen.2012.08.012


Neurobiology of Stress 14 (2021) 100302

12

Rial, D., Lemos, C., Pinheiro, H., Duarte, J.M., Goncalves, F.Q., Real, J.I., Prediger, R.D., 
Goncalves, N., Gomes, C.A., Canas, P.M., Agostinho, P., Cunha, R.A., 2015. 
Depression as a glial-based synaptic dysfunction. Front. Cell. Neurosci. 9, 521. 
https://doi.org/10.3389/fncel.2015.00521. 

Rodrigues, A.J., Leao, P., Pego, J.M., Cardona, D., Carvalho, M.M., Oliveira, M., Costa, B. 
M., Carvalho, A.F., Morgado, P., Araujo, D., Palha, J.A., Almeida, O.F., Sousa, N., 
2012. Mechanisms of initiation and reversal of drug-seeking behavior induced by 
prenatal exposure to glucocorticoids. Mol. Psychiatr. 17 (12), 1295–1305. https:// 
doi.org/10.1038/mp.2011.126. 

Santarelli, S., Lesuis, S.L., Wang, X.D., Wagner, K.V., Hartmann, J., Labermaier, C., 
Scharf, S.H., Muller, M.B., Holsboer, F., Schmidt, M.V., 2014. Evidence supporting 
the match/mismatch hypothesis of psychiatric disorders. Eur. 
Neuropsychopharmacol 24 (6), 907–918. https://doi.org/10.1016/j. 
euroneuro.2014.02.002. 

Schwarz, J.M., Sholar, P.W., Bilbo, S.D., 2012. Sex differences in microglial colonization 
of the developing rat brain. J. Neurochem. 120 (6), 948–963. https://doi.org/ 
10.1111/j.1471-4159.2011.07630.x. 

Seckl, J.R., 2008. Glucocorticoids, developmental ’programming’ and the risk of 
affective dysfunction. Prog. Brain Res. 167, 17–34. https://doi.org/10.1016/S0079- 
6123(07)67002-2. 

Seery, M.D., Leo, R.J., Lupien, S.P., Kondrak, C.L., Almonte, J.L., 2013. An upside to 
adversity?: moderate cumulative lifetime adversity is associated with resilient 
responses in the face of controlled stressors. Psychol. Sci. 24 (7), 1181–1189. 
https://doi.org/10.1177/0956797612469210. 

Sierra, A., Gottfried-Blackmore, A., Milner, T.A., McEwen, B.S., Bulloch, K., 2008. Steroid 
hormone receptor expression and function in microglia. Glia 56 (6), 659–674. 
https://doi.org/10.1002/glia.20644. 

Simoes-Henriques, C., Mateus-Pinheiro, M., Gaspar, R., Pinheiro, H., Mendes Duarte, J., 
Baptista, F.I., Canas, P.M., Fontes-Ribeiro, C.A., Cunha, R.A., Ambrosio, A.F., 
Gomes, C.A., 2019. Microglia cytoarchitecture in the brain of adenosine A2A 
receptor knockout mice: brain region and sex specificities. Eur. J. Neurosci. https:// 
doi.org/10.1111/ejn.14561. 

Snyder, J.S., Soumier, A., Brewer, M., Pickel, J., Cameron, H.A., 2011. Adult 
hippocampal neurogenesis buffers stress responses and depressive behaviour. Nature 
476 (7361), 458–461. https://doi.org/10.1038/nature10287. 

Soares-Cunha, C., Coimbra, B., Borges, S., Carvalho, M.M., Rodrigues, A.J., Sousa, N., 
2014. The motivational drive to natural rewards is modulated by prenatal 

glucocorticoid exposure. Transl. Psychiatry 4, e397. https://doi.org/10.1038/ 
tp.2014.45. 

Sousa, N., Almeida, O.F., 2002. Corticosteroids: sculptors of the hippocampal formation. 
Rev. Neurosci. 13 (1), 59–84. 

Sousa, N., Madeira, M.D., Paula-Barbosa, M.M., 1998. Effects of corticosterone treatment 
and rehabilitation on the hippocampal formation of neonatal and adult rats. An 
unbiased stereological study. Brain Res. 794 (2), 199–210. https://doi.org/10.1016/ 
s0006-8993(98)00218-2. 

Strange, B.A., Witter, M.P., Lein, E.S., Moser, E.I., 2014. Functional organization of the 
hippocampal longitudinal axis. Nat. Rev. Neurosci. 15 (10), 655–669. https://doi. 
org/10.1038/nrn3785. 

Takatsuru, Y., Nabekura, J., Ishikawa, T., Kohsaka, S., Koibuchi, N., 2015. Early-life 
stress increases the motility of microglia in adulthood. J. Physiol. Sci. 65 (2), 
187–194. https://doi.org/10.1007/s12576-015-0361-z. 

Tanokashira, D., Morita, T., Hayashi, K., Mayanagi, T., Fukumoto, K., Kubota, Y., 
Yamashita, T., Sobue, K., 2012. Glucocorticoid suppresses dendritic spine 
development mediated by down-regulation of caldesmon expression. J. Neurosci. 32 
(42), 14583–14591. https://doi.org/10.1523/JNEUROSCI.2380-12.2012. 

Tremblay, M.E., Stevens, B., Sierra, A., Wake, H., Bessis, A., Nimmerjahn, A., 2011. The 
role of microglia in the healthy brain. J. Neurosci. 31 (45), 16064–16069. https:// 
doi.org/10.1523/JNEUROSCI.4158-11.2011. 

Wake, H., Moorhouse, A.J., Miyamoto, A., Nabekura, J., 2013. Microglia: actively 
surveying and shaping neuronal circuit structure and function. Trends Neurosci. 36 
(4), 209–217. https://doi.org/10.1016/j.tins.2012.11.007. 

Weinstock, M., 2017. Prenatal stressors in rodents: effects on behavior. Neurobiol Stress 
6, 3–13. https://doi.org/10.1016/j.ynstr.2016.08.004. 

Welberg, L.A., Seckl, J.R., 2001. Prenatal stress, glucocorticoids and the programming of 
the brain. J. Neuroendocrinol. 13 (2), 113–128. https://doi.org/10.1046/j.1365- 
2826.2001.00601.x. 

Westwood, F.R., 2008. The female rat reproductive cycle: a practical histological guide to 
staging. Toxicol. Pathol. 36 (3), 375–384. https://doi.org/10.1177/ 
0192623308315665. 

Willner, P., 2005. Chronic mild stress (CMS) revisited: consistency and behavioural- 
neurobiological concordance in the effects of CMS. Neuropsychobiology 52 (2), 
90–110. https://doi.org/10.1159/000087097. 

Yirmiya, R., Rimmerman, N., Reshef, R., 2015. Depression as a microglial disease. Trends 
Neurosci. 38 (10), 637–658. https://doi.org/10.1016/j.tins.2015.08.001. 

R. Gaspar et al.                                                                                                                                                                                                                                 

https://doi.org/10.3389/fncel.2015.00521
https://doi.org/10.1038/mp.2011.126
https://doi.org/10.1038/mp.2011.126
https://doi.org/10.1016/j.euroneuro.2014.02.002
https://doi.org/10.1016/j.euroneuro.2014.02.002
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1016/S0079-6123(07)67002-2
https://doi.org/10.1016/S0079-6123(07)67002-2
https://doi.org/10.1177/0956797612469210
https://doi.org/10.1002/glia.20644
https://doi.org/10.1111/ejn.14561
https://doi.org/10.1111/ejn.14561
https://doi.org/10.1038/nature10287
https://doi.org/10.1038/tp.2014.45
https://doi.org/10.1038/tp.2014.45
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref72
http://refhub.elsevier.com/S2352-2895(21)00010-2/sref72
https://doi.org/10.1016/s0006-8993(98)00218-2
https://doi.org/10.1016/s0006-8993(98)00218-2
https://doi.org/10.1038/nrn3785
https://doi.org/10.1038/nrn3785
https://doi.org/10.1007/s12576-015-0361-z
https://doi.org/10.1523/JNEUROSCI.2380-12.2012
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1523/JNEUROSCI.4158-11.2011
https://doi.org/10.1016/j.tins.2012.11.007
https://doi.org/10.1016/j.ynstr.2016.08.004
https://doi.org/10.1046/j.1365-2826.2001.00601.x
https://doi.org/10.1046/j.1365-2826.2001.00601.x
https://doi.org/10.1177/0192623308315665
https://doi.org/10.1177/0192623308315665
https://doi.org/10.1159/000087097
https://doi.org/10.1016/j.tins.2015.08.001

	Resilience to stress and sex-specific remodeling of microglia and neuronal morphology in a rat model of anxiety and anhedonia
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Unpredictable chronic mild stress (uCMS)
	2.3 Behavioral analysis
	2.3.1 Elevated-plus maze (EPM)
	2.3.2 Sucrose preference test (SPT)
	2.3.3 Forced swimming test (FST)

	2.4 Immunohistochemistry and 3D morphometric analysis of microglia
	2.5 Neuronal morphology
	2.6 Corticosterone levels measurement
	2.7 Estrous cycle analysis
	2.8 Statistical analysis

	3 Results
	3.1 Prenatal exposure to DEX preserved from short-term stress effect: anxiety-like behavior and anhedonia
	3.2 Sex-specific remodeling of microglia in iuDEX model and impact of short-term stress
	3.3 Prenatal exposure to DEX is associated with sex-specific remodeling of neurons, an effect that is modulated by short-te ...

	4 Discussion
	5 Conclusion
	Author contribution section
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


