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Highlights 

- PPS induces protracted depressive-like behaviors in H-CSR male rats. 

- H-CSR PPS rats have increased hippocampal TNF-α and microglia activation. 

- miR-342 is upregulated in the hippocampus of H-CSR PPS rats. 

- miR-342 expression positively correlates with TNF-α and microglial activation. 

- Depressive-like behaviors are associated with increased miR-342 expression. 

Abstract 

Neuroinflammation is increasingly recognized as playing a critical role in depression. 

Early-life stress exposure and constitutive differences in glucocorticoid 

responsiveness to stressors are two key risk factors for depression, but their impacts 

on the inflammatory status of the brain is still uncertain. Moreover, there is a need to 

identify specific molecules involved in these processes with the potential to be used 

as alternative therapeutic targets in inflammation-related depression. Here, we studied 

how peripubertal stress (PPS) combined with differential corticosterone (CORT)-

stress responsiveness (CSR) influences depressive-like behaviors and brain 

inflammatory markers in male rats in adulthood, and how these alterations relate to 

microglia activation and miR-342 expression. High-CORT stress-responsive (H-CSR) 

male rats that underwent PPS exhibited increased anhedonia and passive coping 

responses in adulthood. Also, animals exposed to PPS showed increased 

hippocampal TNF-α expression, which positively correlated with passive coping 

responses. In addition, PPS caused long-term effects on hippocampal microglia, 

particularly in H-CSR rats, with increased hippocampal IBA-1 expression and 

morphological alterations compatible with a higher degree of activation. H-CSR 

animals also showed upregulation of hippocampal miR-342, a mediator of TNF-α-
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driven microglial activation, and its expression was positively correlated with TNF-α 

expression, microglial activation and passive coping responses. Our findings indicate 

that individuals with constitutive H-CSR are particularly sensitive to developing 

protracted depression-like behaviors following PPS exposure. In addition, they show 

neuro-immunological alterations in adulthood, such as increased hippocampal TNF-α 

expression, microglial activation and miR-342 expression. Our work highlights miR-

342 as a potential therapeutic target in inflammation-related depression. 

Keywords: Peripubertal stress, corticosterone, neuroinflammation, cytokines, 

microRNAs  
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1. Introduction 

The immune system is emerging as a key player in depression symptomatology 

and treatment resistance (1-3). A segment of depression patients present with 

hyperactivation of the immune system (4), including increased levels of systemic and 

brain proinflammatory mediators, such as TNF-α, IL-6 and IL-1β (5-9); trafficking of 

immune cells to the brain; and activation of microglia (10, 11). Specifically, increased 

levels of TNF-α have been shown to impact neurocircuits and cause neuronal damage 

directly, and indirectly, by overstimulating astrocytes and microglia (12, 13). Activated 

microglia are characterized by the of release cytotoxic molecules, including TNF-α, 

produced by positive feedback of autocrine activation (14, 15). The mechanisms 

underlying the dysregulation of the immune system in depression-like behaviors have 

been studied in rodents, particularly using peripheral administration of 

lipopolysaccharide (LPS) (16). However, from a translational perspective, it is not clear 

whether and how well the behavioral effects of LPS injection and the magnitude of the 

resulting inflammatory response “translate” to the clinic and compare to human 

depression (17). Therefore, the use of alternative animal models focusing on risk 

factors that naturally increase the susceptibility to depression development is 

warranted, rather than models established by exacerbated induction of systemic and 

local inflammation. 

Risk factors for depression include early-life stress exposure and constitutive 

differences in glucocorticoid responsiveness to stressors (18, 19). Over the last 

decade, the impacts of these factors in the context of inflammation-related depression 

have received increasing attention (20, 21). The peripubertal period, comprising 

childhood and adolescence, is a critical time window in brain development that is 

sensitive to the deleterious effects of adverse experiences. An enhanced risk of 



 5 

developing depression in adulthood following stress exposure in early life has been 

reported in several studies (22, 23). In our laboratory, we have shown that peripubertal 

stress (PPS) in rats leads to enhanced anxiety-related behaviors and increased 

passive stress coping responses, a key symptom in depression (18, 24). Recent 

findings have shown that repeated social defeat stress in adulthood leads to increased 

neuroinflammation and microglial activation in rats (25). However, little is known about 

the long-term effect of early-life stressful events on the brain inflammatory status in 

adulthood. 

Glucocorticoids coordinate responses that enable an individual to cope with 

stressful challenges, mediating adaptation following a stressor’s cessation (26). 

However, there is substantial individual variability in the magnitude of glucocorticoid 

responsiveness to stressors, a trait highly related to differences in coping styles (19). 

Recently, the view that glucocorticoids are universally anti-inflammatory has been 

questioned (27, 28). Persistent activation of the hypothalamus-pituitary-adrenal (HPA) 

axis was shown to lead to downregulation of glucocorticoid receptors involved in the 

negative feedback controlling the HPA axis (29). This downregulation has been 

associated with a failure to suppress inflammatory responses (30). We previously 

established a selective breeding protocol that generates lines of rats enriched for 

different levels of corticosterone (CORT)-stress responsiveness (CSR) (19). However, 

it is not known whether early-life stress differentially affects individuals who show 

differences in glucocorticoid stress responsiveness, in terms of protracted 

inflammatory marker expression and microglial activation in the brain, nor are potential 

correlations with indexes of depression clear. Uncovering the regulatory mechanisms 

governing these processes can provide new targets for the development of alternative 

therapeutic strategies. 
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In this context, microRNAs (miRNAs), which are small noncoding RNAs 

(approximately 20 nucleotides long) that control the expression of multiple protein 

targets (31), have been implicated in several mechanisms of neural plasticity, 

neurogenesis, stress, antidepressant treatment response and neuroinflammation (32-

34), providing strong evidence that miRNAs not only can play critical roles in 

depression pathogenesis but are also potential therapeutic tools. Recently, we 

reported that miR-342 is a crucial player in TNF-a-mediated microglial activation (35). 

miR-342 is upregulated in TNF-a-activated microglia, and its overexpression 

activates, per se, the NF-kB pathway, leading to increased secretion of TNF-α and IL-

1β, which drastically affects neuron viability (35). However, it remains to be determined 

how depression-like behaviors correlate with the expression levels of miR-342, 

particularly in the brain. 

The aim of the study was to investigate how PPS and different CORT adaptations 

to stress impact depressive-like behaviors, inflammatory markers across different 

brain regions, microglial activation and miR-342 expression in adulthood. We showed 

that animals with high-CSR that underwent PPS exhibited increased hippocampal 

microglial activation and depressive-like behaviors in adulthood, which were 

associated with dysregulated expression of inflammatory markers, including miR-342, 

in the hippocampus. 

2. Materials and methods 

2.1. Animals 

Subjects were the offspring of Wistar Han rats (Charles River Laboratories, France) 

bred in the animal facility of the EPFL/SV CGP (Centre de PhénoGenómique). Male 

rats were maintained under standard housing conditions on a 12-h light-dark cycle 
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(lights on at 7:00 am). Food and water were available ad libitum. Animal care 

procedures were conducted in accordance with the Swiss Federal Guidelines for 

Animal Experimentation and were approved by the Cantonal Veterinary Office 

Committee for Animal Experimentation (Vaud, Switzerland). 

2.2.  Experimental design 

Selective breeding of rats according to their individual differences in CSR was 

performed as previously described by Walker et al. (19). This resulted in litters 

(generation F14) of N-CSR (inter-line) and H-CSR (high-line). At weaning i.e., 

postnatal day 21 (P 21), male rats from both groups were randomly assigned to control 

(CTR) and PPS conditions. Animals were distributed into home cages in groups of 

three non-siblings. Between P 28 and P 42, animals were maintained in control 

conditions (CTR group) or subjected to the PPS protocol (PPS group) (Figure 1A). In 

adulthood (P 90), CTR and PPS rats underwent five sequential behavioral tests for 

anxiety (elevated plus-maze and open field/novel object), sociability (social 

preference), and depressive-like behavior (saccharin preference and forced-swim 

test) with at least 3 days of interval between each test (Figure 1A). All behavior tests 

were performed in the morning. In total, 42 animals were used, namely 18 N-CSR (9 

CTR and 9 PPS) and 24 H-CSR (12 CTR and 12 PPS). The experimenter was blind 

during both testing and analysis. 

2.3. Peripubertal stress 

The PPS protocol was based on exposure to fear-induction procedures, according 

to Marquez et al. (24). The stressors were applied during the peripubertal period (a 

total of 7 days across P 28 to P 42) during the light phase and followed a variable 

schedule. Animals in the same cage were always assigned to the same experimental 
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group (either CTR or PPS). Briefly, following exposure to an open-field for 5 min on P 

28, the stress protocol consisted of presenting two different fear-inducing stressors, 

each one lasting for 25 min. Animals were either exposed to the synthetic fox odor 

2,4,5-Trimethylthiazole (TMT, Sigma-Aldrich, St. Louis, MO, USA) administered in a 

plastic box (38 × 27.5 × 31 cm) or to an elevated platform (EP) (12 × 12 cm) under 

bright light, presented alone or in combination. To assess the effect of stress exposure 

on the HPA axis activity, blood samples from PPS animals were collected by tail-nick 

(100–150 µl) at P 28, P 30, and P 42. The sampling was done immediately after stress 

offset and then 30 min after the first blood sampling. During this interval, rats were 

placed in a novel cage and were prevented of direct physical contact with their cage 

mates. After the second blood sampling, animals were placed back in their home cage. 

Control animals underwent brief handling on stress days, no blood samples were 

taken to minimize stress. 

2.4. Evaluation of corticosterone levels 

Blood samples were collected into ice-cold lithium heparin-coated capillary tubes 

(Sarstedt, Nümbrecht, Germany) and chilled on ice until centrifugation for plasma 

collection (10,000 rpm at 4°C for 4 min). Plasma was collected into new tubes and 

stored at −20ºC until subsequent analysis. CORT was measured in the plasma 

samples using an enzymatic immunoassay kit, performed according to manufacturer’s 

instructions (Enzo Life Sciences, Farmingdale, NY, USA). Levels were calculated 

using a standard curve method. 

2.5.  Behavioral testing 

2.5.1. Elevated plus maze 
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In adulthood, anxiety-like behavior was evaluated using the elevated plus-maze 

(EPM) test. The apparatus consisted of two opposing open arms (50-10 cm) 

perpendicular to two enclosed arms (50-10-50 cm) extending from a central platform 

(10-10 cm) and elevated 65 cm above the floor. Light levels were maintained at 14–

16 lx on the open arms and 5–7 lx on the closed arms. At the start of the test, rats 

were placed in the center of the platform facing a closed arm and allowed to explore 

the maze for 5 min. Between animals, the apparatus was cleaned with a 5% ethanol 

solution and dried. Behavior was monitored using a ceiling-mounted video camera and 

analyzed with the computerized tracking system EthoVision 11 (Noldus IT). The time 

spent in the open and closed arms and the distance moved were recorded. 

2.5.2. Open field/Novel object 

Anxiety-related behavior was tested in the open-field (OF) and novel object (NO) 

test, as previously described (36). The OF and NO tests consisted of land-based tasks 

performed in a near-dark arena with a diameter of 1 m and a depth of 40 cm. The floor 

of the arena was divided into three zones: the outer zone with a diameter of 1 m, the 

inner zone with a diameter of 75 cm, and the center zone with a diameter of 25 cm. 

The light was adjusted to a level of 7 lx in the center of the arena. Animals were placed 

close to the wall of the arena, and OF activity was tested for a 10 min period. 

Subsequently, a NO (a 0.5 mL opaque green filled bottle) introduced into the center of 

the arena, and rat behavior was observed during the following 5 min. The activity and 

behavior during the whole session were recorded with a video camera, and the time 

spent in each of the zones (wall, intermediate zone, and center) was automatically 

registered and analyzed with the computerized tracking system EthoVision 11. 

2.5.3. Social preference test 
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The social preference test (SocPT) was performed as previously described (24). 

Briefly, the test was performed in a rectangular, three-chambered box that included a 

central compartment and two side compartments. After 5 min of habituation to the 

central chamber, retractable doors were removed, and the rat was allowed to freely 

explore the whole apparatus for 10 min. The side compartments were equipped with 

a central, floor-fixed, transparent, perforated cylinder that contained either an 

unfamiliar juvenile male rat (25 ± 2 days old) or an object. The apparatus was cleaned 

with a 5% ethanol solution and dried between trials. The percentage of time spent 

exploring either the juvenile or the object was scored using Observer X11 software 

(Noldus IT, Wageningen, The Netherlands). 

2.5.4. Saccharin preference test 

Behavioral anhedonia was evaluated using the saccharin preference test (SacPT). 

Experimental and control groups were tested at the same time. Prior to the test, rats 

were single-housed and received two days of habituation to the new cage and bottle 

configuration (two bottles filled with tap water placed in the home cage for 24 h). A 

two-bottle choice procedure was used to determine baseline saccharin intake. During 

the test, single-housed rats were presented with two bottles (water and a 0.03% 

saccharin solution) in their home cage for a period of 72 h. The difference in bottle 

weight was determined (intake) every 24 h, and the bottle locations were 

counterbalanced. Saccharin preference was calculated as saccharin intake per total 

fluid intake (water + saccharin). 

2.5.5. Forced-swim test 

Rats were submitted to a forced-swim test (FST) to evaluate depression-like 

behavior, following previously described conditions (24). Animals were placed in a 
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plastic beaker (25-cm diameter x 46 cm) containing 30 cm of water (23-25°C) for 15 

min. A second session was performed 24 h later for 5 min. Both sessions were 

recorded using video cameras mounted in front of the beakers, and the time spent 

immobile, swimming or diving was quantified manually in a blinded manner using 

Observer X11 software. 

2.6. RNA extraction 

After rats were sacrificed by decapitation, the brain was rapidly removed, and the 

hemispheres were divided. Left hemispheres were freshly dissected for isolation of 

the medial prefrontal cortex (mPFC), nucleus accumbens (NAc), amygdala (Amg) and 

hippocampus (HPC). Each brain region was placed in an RNAse-free cryotube, fresh 

frozen in liquid nitrogen, and stored at -80°C prior to RNA extraction. Total RNA was 

extracted from brain sections using TRIzolâ reagent (Invitrogen, Waltham, MA, USA) 

according to the manufacturer’s instructions. RNA concentration was evaluated using 

a NanoQuant Plate™ in a Spark® multimode microplate reader (Tecan, Männedorf, 

Switzerland). RNA integrity was evaluated by agarose gel electrophoresis. 

2.7. Gene expression analysis 

For gene expression analysis, RNA was treated with the TURBO DNA-free™ Kit 

(Invitrogen), and cDNA was synthesized using qScript® SuperMix (Quanta 

Biosciences, Beverly, MA, USA) according to the supplier’s recommendations. Real-

time quantitative polymerase chain reaction (qPCR) was carried out on a 7900HT Fast 

Real-Time PCR System with the 384-Well Block Module (Applied Biosystems, 

Waltham, MA, USA) using cDNA, primers (Microsynth, Balgach, Switzerland) and 

SYBR™ Green PCR Master Mix (Applied Biosystems™). Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) and beta-actin (b-actin) were used as internal 
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controls. The expression of IBA-1 (a microglial marker) and the inflammation-related 

cytokines IL-1b, IL-6 and TNF-a was evaluated. The oligonucleotides used for qPCR 

experiments are shown in Table S1. 

2.8. miRNA expression analysis 

miR-342-3p expression was evaluated using TaqMan™ microRNA assays (Applied 

Biosystems™). Briefly, cDNA was synthesized using 30 ng of RNA as the template, a 

gene-specific stem-loop reverse transcription primer, and a TaqMan™ microRNA 

reverse transcription kit (Applied Biosystems™). qPCR was carried out on a CFX 

Real-Time PCR System with the 384-Well Block Module (Bio-Rad, Hercules, CA, 

USA) using cDNA, a TaqMan™ probe and SsoAdvanced™ Universal Probes 

Supermix (Bio-Rad). The small nuclear RNA U6 was used as a reference gene. 

Relative expression levels were calculated using the quantification cycle (Cq) method, 

according to MIQE guidelines (37). 

2.9. Immunofluorescence 

Right hemispheres were postfixed for 24 h in 4% PFA at 4°C, incubated for 48 h in 

a 30% sucrose solution at 4°C, flash frozen in isopentane and stored at -80°C before 

being further processed. Frozen brains were cut into 40-μm coronal sections with a 

cryostat (Leica, Wetzlar, Germany). Brain sections were blocked in PBS with 3% 

normal donkey serum (NDS, Jackson ImmunoResearch Laboratories, West Grove, 

PA, USA) and 0.3% Triton X-100 (Sigma-Aldrich) for 1 h at room temperature (RT) 

and incubated overnight at 4°C with goat anti-Iba-1 (ab5076, Abcam, Cambridge, UK) 

and rabbit anti-NeuN (ABN78, Merck Millipore, Burlington, MA, USA) primary 

antibodies (1:500) in PBS plus 1% donkey serum and 0.1% Triton X-100. Fluorophore-

labeled anti-goat (1:500, AlexaFluor-568) and anti-rabbit (1:500, AlexaFluor-488) IgGs 
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were used as secondary antibodies, and DAPI (1:10000 in PBS) was used to stain the 

nuclei (10 min at RT). Finally, sections were mounted on SuperFrost Plus™ Adhesion 

slides (Thermo Scientific, Waltham, MA, USA) with Fluoromount-G® mounting medium 

(Southern Biotech, Birmingham, AL, USA). 

2.10. Microglial morphological analysis 

Images of three different subregions (CA1, CA3 and dentate gyrus (DG)) in the 

dorsal hippocampus were acquired using an upright confocal laser scanning 

microscope (Leica SP8) with a 40x glycerine immersion objective. The pixel size was 

set to 0.230 microns with a z-step of 0.5 microns. The acquired images were 

deconvolved using the SVI Huygens Professional (Scientific Volume Imaging B.V., 

Hilversum, The Netherlands) software program called via Huygens Remote Manager 

v3.7, which uses the “Classic Maximum Likelihood Estimation” algorithm (SNR = 5, 

quality change = 0.001, max. iterations = 50). Analysis of the deconvolved images was 

performed with Fiji (38) and Imaris (BitPlane, South Windsor, CT, USA) using the 

EasyXT-Fiji (https://github.com/BIOP/EasyXT-FIJI) plugin via a custom groovy script. 

Briefly, Imaris surfaces were created to segment the arborization of cells 

(smoothing=0.230, threshold=7) and for their soma (smoothing=1, threshold=10). 

Next, cells were created by linking each soma to its corresponding arborization based 

on the nearest centers of mass. Next, for each cell, the mask of the arborization was 

sent to Fiji, 1) skeletonized and analyzed (average and maximum branch lengths, 

number of branches), and 2) downsampled to calculate its 3D Convex Hull (39), which 

was then upscaled back to the original size. Finally, the masks of the Skeleton and 3D 

Convex Hull were sent back to the Imaris Scene, and a results file was created with 

volumes and calculated ratios. This approach was chosen to avoid possible biases 

induced by a z-axis maximum intensity projection used to render 3D data in 2D. 
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2.11. Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 7 (GraphPad 

Software, San Diego, CA, USA). Gaussian distribution was tested by the D’Agostino 

& Pearson and Shapiro-Wilk normality tests. When analyzing the difference between 

the means of more than two groups, 2-way ANOVA was performed to estimate how 

the mean of the quantitative variables changed according to the levels of the 

independent variables (CSR and stress exposure). To test which levels were actually 

different between the CTR and PPS groups, Sidak’s post hoc multiple comparisons 

test was performed. Pearson correlation analysis were performed considering all 

animals (N=42), and the resulting r and p-values are represented in each plot. All bars 

and error bars represent the mean ± SEM. The sample size and the statistical tests 

used are indicated in each figure legend. p<0.05 was considered statistically 

significant. 

3. Results 

3.1. Exposure to peripubertal stress gives rise to dissociable 
alterations in social and depressive-like behaviors in adulthood 

After weaning, animals were exposed to a PPS protocol based on fear-induction 

procedures between P 28 and P 42 (Figure 1A). During the PPS protocol, CORT levels 

were measured in plasma samples collected on P 28, P 30, and P 42. Analysis of the 

CORT concentration revealed a significant interaction between selection CSR groups 

and sampling timepoints (2-way RM ANOVA: F(2,38) = 5.937, p = 0.0057, Figure 1B). 

In accordance with our previous data (19, 40), after the first stressor exposure (P 28), 

the N-CSR and H-CSR groups did not differ in their CORT response (2-way RM 

ANOVA post hoc test: P 28(N-CSR vs H-CSR): t = 1.389, p = 0.428) but showed significant 
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differences on the third (P 30(N-CSR vs H-CSR): t = 3.88, p < 0.001) and last days of the 

protocol (P 42(N-CSR vs H-CSR): t = 4.84, p < 0.001), with H-CSR rats showing increased 

CORT levels compared with N-CSR rats (Figure 1B). 

Anxiety-like behaviors 

To address the impact of different CSRs and PPS on anxiety-like behaviors in 

adulthood, EPM and OF/NO tests were performed (Figure 1C and D). In the EPM test, 

no significant interactions were found between different CSRs and PPS exposure in 

the time spent in the CA (F(1,38) = 0.864, n.s.) or in the OA (F(1,38) = 0.601, n.s.). Neither 

different CSRs nor PPS exposure influenced the time spent in the CA/OA (Figure 1C). 

Additionally, the number of entries in zone and total distance moved in the EPM test 

were not affected by either different CSRs or PPS exposure (Figure S1A). Generally, 

animals spent more time in the protected closed arms than in the open arms of the 

maze, independent of their CSR or stress exposure (F(3,76) = 13.69, p < 0.001; Figure 

1C). 

In the OF test, a significant interaction was observed between different CSRs and 

PPS exposure in the time spent in the wall (F(1,38) = 5.465, p = 0.025) and intermediate 

zones (F(1,38) = 9.003, p = 0.0248; Figure 1D). H-CSR rats submitted to the PPS 

protocol spent significantly more time in the wall zone (H-CSR (CTR vs PPS): wall: t = 

2.351, p = 0.047) and less time in the intermediate zone than those in the H-CSR non-

PPS control group (H-CSR (CTR vs PPS): inter: t = 3.077, p = 0.007; Figure 1D). 

Conversely, the time spent across the different zones by N-CSR rats was not affected 

by PPS exposure (Figure 1D). Of note, the total distance moved during the test was 

not affected by either different CSRs or PPS exposure (Figure S1B). After 10 min of 

open-field tracking, an NO was introduced into the center of the arena, and the 

behavior was recorded for an extra 5 min. The introduction of the NO induced high 
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variability in the behavioral responses across all experimental groups, and no 

differences were found (Figure S1C). 

Social behaviors 

In the SocPT, the time spent exploring the juvenile was significantly impacted by 

both different CSRs (F(1,38) = 5.350, p = 0.026) and PPS exposure (F(1,38) = 13.850, p 

< 0.001; Figure 1E), although the interaction between both factors was not statistically 

significant (F(1,38) = 0.052, n.s.). In fact, rats from both the N-CSR and H-CSR groups 

submitted to PPS interacted with the juvenile for significantly less time than the 

respective controls (N-CSR (CTR vs PPS): t = 2.612, p = 0.025; H-CSR (CTR vs PPS): t = 

2.669, p = 0.022; Figure 1E). In addition to the influence on the time spent exploring 

the juvenile, PPS rats showed a reduction in total exploration (juvenile + object) (F(1,38) 

= 13.22, p < 0.001; Figure S1D). These results show that PPS significantly decreases 

animals’ motivation to engage in social exploration and interaction, independently of 

their CSR. 

Depressive-like behaviors 

Depressive-like behaviors were evaluated by SacPT and FST. Anhedonia 

evaluation in rodents takes advantage of their innate preference for sweet tastes (41). 

The results showed that PPS exposure significantly impacted saccharin preference on 

the second (F(1,38) = 5.354, p = 0.026) and third days of the test (F(1,38) = 4.832, p = 

0.034). Post hoc analysis revealed that H-CSR rats subjected to PPS had a 

significantly lower preference for saccharin than the respective control non-PPS rats 

(H-CSR (CTR vs PPS): day 2: t = 2.603, p = 0.025; day 3: t = 3.085, p = 0.016; Figure 1F). 

On the other hand, no significant differences were found in N-CSR rats when 

comparing the PPS and CTR groups (Figure 1E). Importantly, total consumption 

(water + saccharin) did not change among the groups (Figure 1E). 
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The FST is widely used to assess animals’ coping behaviors. We exposed rats to 

a two-day forced-swimming procedure and quantified the time spent immobile. During 

the first episode of the FST, neither CSR (F(1,38) = 0.6479, n.s.) nor PPS (F(1,38) = 

0.0397, n.s.) influenced animals’ behavioral response in terms of time spent floating 

(Figure S1F). However, during the second exposure, the time spent floating was 

significantly increased by PPS exposure (F(1,38) = 7.696, p = 0.008). Post hoc analysis 

revealed that H-CSR rats but not N-CSR rats (N-CSR (CTR vs PPS): t = 1.449, n.s.) that 

underwent PPS spent significantly more time floating than H-CSR non-PPS control 

rats (H-CSR (CTR vs PPS): t = 2.564, p = 0.028; Figure 1G). Therefore, although there is 

no statistical interaction between CSR and PPS, H-CSR rats seem to be more 

susceptible to PPS exhibiting depressive-like behaviors in adulthood. 

 

Figure 1. Effects of peripubertal stress on anxiety-like, social and depression-

like behaviors in rats with differential CORT stress responsiveness in 
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adulthood. (A) Experimental procedures and timeline. (B) Plasma CORT levels of 

normative- (N-CSR) and high-CORT stress responsive (H-CSR) rats after stress 

exposure at P 28, P 30 and P 42. (C-G) In adulthood, animals went through a battery 

of tests for anxiety-like (EPM and OF), social (SocPT) and depressive-like behaviors 

(SacPT and FST). In the EPM (C) and OF (D) tests, the % of time spent in each zone 

was calculated using EthoVision 11. In SocPT (E), the % of time spent exploring either 

the juvenile or the object was scored using Observer X11. In the SacPT (F), single-

housed rats were presented with two bottles (water and a 0.03% saccharin solution) 

for 72 h, and saccharin preference (%, saccharin intake/total consumption) was 

calculated every 24h. In the FST (G), two trials were performed, recorded and 

quantified manually in a blinded manner using Observer X11. The graph represents 

the % of time spent floating/immobile in the second trial. N: N-CSR = 18 (9 CTR and 

9 PPS); H-CSR = 24 (12 CTR and 12 PPS). Results are expressed as the mean ± 

SEM. Two-way ANOVA followed by Sidak’s post hoc multiple comparisons test, *p < 

0.05, **p < 0.01, ***p < 0.001, n.s.: nonsignificant. CA - closed arms, OA - open arms. 

3.2. Hippocampal TNF-α expression is enhanced by peripubertal 
stress and positively correlates with depressive-like behaviors in 
adulthood 

Next, we evaluated the impact of PPS and different CSRs on proinflammatory 

markers across different brain regions known to be involved in the pathophysiology of 

depression. The expression levels of IL-1β, IL-6, TNF-α and IBA-1 were evaluated in 

the mPFC, NAc, Amg and HPC (Figure 2 and Table S2). 

In the mPFC, PPS did not significantly affect any of the tested inflammatory 

markers (Figure 2A and Table S2). In contrast, mPFC levels of IL-1β (F(1,38) = 17.12, 

p < 0.001), IL-6 (F(1,38) = 42.42, p < 0.001) and IBA-1 (F(1,38) = 67.76, p < 0.001), were 
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significantly increased in H-CSR rats compared with N-CSR rats, independently of 

PPS exposure (Table S2). In the NAc, PPS significantly impacted the levels of TNF-α 

(F(1,38) = 5.24, p = 0.0278). In particular, H-CSR PPS rats showed increased levels of 

TNF-α compared with H-CSR non-PPS control rats (H-CSR (CTR vs PPS): TNF-α: t = 

2.730, p = 0.019; Figure 2B and Table S2). Moreover, IL-1β (F(1,38) = 5.505, p = 0.025), 

IL-6 (F(1,38) = 11.40, p = 0.002) and TNF-α (F(1,38) = 5.955, p = 0.019) expression was 

upregulated in H-CSR rats compared with N-CSR rats, independently of PPS (Table 

S2). In the Amg, the expression levels of the tested inflammatory markers were not 

affected by PPS or different CSRs (Figure 2C and Table S2). In the HPC, PPS 

exposure significantly impacted the expression levels of TNF-α (F(1,38) = 11.37, p = 

0.002) and IBA-1 (F(1,38) = 7.18, p = 0.011; Figure 2D and Table S2), independently of 

CSR. Post hoc analysis revealed that when comparing PPS animals versus the 

respective control animals, IBA-1 expression was increased in H-CSR rats (H-CSR 

(CTR vs PPS): IBA-1: t = 3.777, p = 0.001), while TNF-α expression was increased in both 

N-CSR rats (N-CSR (CTR vs PPS): TNF-α: t = 2.40, p = 0.042) and H-CSR rats (H-CSR 

(CTR vs PPS): TNF-α: t = 2.385, p = 0.044; Figure 2D and Table S2). 
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Figure 2. Expression levels of inflammatory markers across different brain 

regions in adulthood. The mRNA expression levels of IL-1b, IL-6, TNF-a and IBA-1 

in the medial prefrontal cortex (mPFC) (A), nucleus accumbens (NAc) (B), amygdala 

(Amg) (C) and hippocampus (HPC) (D) were evaluated by RT-qPCR using GAPDH 

and b-actin as internal controls. Relative expression levels were calculated using the 

quantification cycle (Cq) method, according to the MIQE guidelines, and results are 

presented as the mean ± SEM. N-CSR = 18 (9 CTR and 9 PPS); H-CSR = 24 (12 

CTR and 12 PPS); 2-way ANOVA followed by Sidak’s post hoc multiple comparisons 

test was performed to evaluate significant differences among groups. Statistical 

differences between CTR and PPS animals are highlighted with asterisks *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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To explore possible correlations between the expression levels of inflammatory 

molecules and depressive-like behaviors, Pearson correlation analyses were 

performed. No significant correlations were found between the tested inflammatory 

markers in the mPFC, NAc and Amg and depressive-like behaviors (Figure S2, S3 

and S4). However, in the HPC, TNF-α (but not IL-1β, IL-6 or IBA-1) was positively 

correlated with the % of time spent floating on the second day of the FST (% time 

floating vs TNF-α: r = 0.3799, p = 0.014; Figure 3), suggesting that increased TNF-α 

expression levels in the hippocampus might contribute to or be a consequence of 

depressive-like behaviors. 
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Figure 3. Correlations between the expression levels of inflammatory markers 

in the hippocampus and depressive-like behaviors. Pearson correlation analyses 

were performed by comparing the mRNA expression levels of IL-1b, IL-6, TNF-a and 

IBA-1 in the hippocampus and % saccharin preference (SacPT) or % of time spent 

floating (FST). Correlations were performed considering all animals (N=42). The 
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coefficient r and p-value for each correlation are presented in a box. Statistically 

significant correlations are highlighted in green (p<0.05).  

3.3. Peripubertal stress induces microglial activation in the 
hippocampus of high-CORT stress-responsive rats 

Following the detection of increases in TNF-α and IBA-1 in the HPC of adult rats 

that had been exposed to PPS, particularly H-CSR animals, and considering that 

hippocampal TNF-α levels were positively correlated with depressive-like behavior, as 

measured by the FST (Figure 3), we next investigated the microglial activation status. 

This evaluation is important for understanding whether hippocampal homeostasis is 

partially compromised. Typically, activated microglia exhibit an ameboid morphology 

with an increased soma area, a decreased arborization area and a decreased number 

of branches (42). Microglial morphology was evaluated by immunofluorescence 

staining for IBA-1 (a marker of microglial activation) in the CA1, CA3 and dentate gyrus 

(DG) subregions of the dorsal hippocampus, and 3D morphological analysis was 

performed with IMARIS software for a more robust analysis (Figure 4A, Figure S5 and 

S6). On average, more than 20 cells per animal were analyzed to evaluate soma 

volume, arborization volume, convexHull volume, average branch length, max. branch 

length and total number of branches (Figure 4A-C and Figure S6). 

PPS induced alterations in hippocampal microglial morphology in adulthood, 

particularly in terms of arborization volume (F(1,38) = 7.045, p = 0.012) and total number 

of branches (F(1,38) = 5.186, p = 0.029; Figure 4B and C). Of note, a significant 

interaction between stress exposure and different CSRs was found in terms of the 

total number of branches (F(1,38) = 5.256, p = 0.027). Independent of PPS, different 

CSRs tended to induce similar alterations in microglial morphology, although the 

differences did not reach statistical significance (arbo vol: F(1,38) = 3.806, p = 0.058; 
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branch number: F(1,38) = 2.857, p = 0.099; Figure 4B and C). Importantly, post hoc 

analysis revealed that PPS H-CSR rats exhibited significant decreases in arborization 

volume (H-CSR(CTR vs PPS): t = 3.064, p = 0.008), convexHull volume (H-CSR(CTR vs PPS): 

t = 2.359, p = 0.047) and total number of branches (H-CSR(CTR vs PPS): t = 3.613, p = 

0.002) compared with H-CSR animals in control (non-PPS) conditions, suggesting 

alterations in PPS H-CSR rat microglial morphology compatible with a higher degree 

of activation (Figure 4B and C). 

Importantly, we found hippocampal IBA-1 expression levels to be negatively 

correlated with microglial arborization volume (arbo vol vs IBA-1: r = -0.371, p = 0.018) 

and with the number of branches (branch number vs IBA-1: r = -0.372, p = 0.018; 

Figure 4D). Moreover, although not statistically significant, hippocampal microglial 

arborization volume tended to be negatively correlated with the % of time spent floating 

on the second day of the FST (arbo vol vs % time floating: r = -0.300, p = 0.060; Figure 

4E). Overall, these results show increased hippocampal microglial activation in adult 

H-CSR rats subjected to PPS. 
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Figure 4. Morphological analysis of hippocampal microglia. To evaluate microglial 

activation, images of IBA-1-positive microglia in three different subregions of the 

dorsal hippocampus (CA1, CA3 and DG) were acquired, and microglial morphology 

analyzed. (A) Representative images showing IBA-1-positive microglia in the CA1 

subregion in green (left). IMARIS 3D arborization (center) and IMARIS convexHull 

(right) visualizations of H-CSR CTR and PPS rats (scale bar: 30 µm). (B) Radar chart 

containing the average results of the most relevant morphological features analyzed. 

(C) Quantitative analysis of hippocampal microglial morphology. Results represent the 

average values of the 3 subregions. Each dot represents an animal (N: N-CSR = 18 

(9 CTR and 9 PPS); H-CSR = 24 (12 CTR and 12 PPS)). On average, more than 20 

cells per rat were analyzed for soma volume, arborization volume, convexHull volume, 
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max. branch length and total number of branches. Results are expressed as the mean 

± SEM. Two-way ANOVA followed by Sidak’s multiple comparisons test, *p < 0.05. 

(D-E) Pearson correlation analyses were performed by comparing significantly altered 

morphological features (arborization volume and total number of branches) and IBA-

1 expression (D) and arborization volume and % of time spent floating (FST) (E). 

Correlations were performed considering all animals (N=42). The coefficient r and p-

value for each correlation are presented in a box. Statistically significant correlations 

are highlighted in green (p<0.05). 

3.4. miR-342 expression in the hippocampus is positively 
correlated with TNF-α expression, microglial activation and 
depressive-like behaviors 

In addition to cytokines, inflammatory miRNAs (called inflammiRs) are crucial 

molecules in the regulation of microglial activation (34). This is the case for miR-342, 

which we previously identified as a key player in TNF-α-driven microglial activation 

and a potential target for tackling microglia-driven neuroinflammation (35). 

Considering the morphological changes in the hippocampal microglia of H-CSR adult 

rats following PPS, we investigated miR-342 expression in the hippocampus. miR-342 

expression levels were significantly impacted by stress exposure (F(1,38) = 7.128, p = 

0.011; Figure 5A). Post hoc analysis revealed that miR-342 expression levels were 

significantly increased in H-CSR rats undergoing PPS compared with the respective 

non-PPS control rats (H-CSR(CTR vs PPS): t = 2.681, p = 0.021), while no significant 

differences were found for the N-CSR PPS versus CTR groups (N-CSR(CTR vs PPS): t = 

1.210, p = 0.412; Figure 5A). Interestingly, hippocampal miR-342 expression was 

positively correlated with TNF-α expression (miR-342 vs TNF-α: r = 0.400; p = 0.009; 
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Figure 5B) and negatively correlated with microglial arborization volume (miR-342 vs 

arbo vol: r = -0.351; p = 0.026; Figure 5C). 

Subsequently, the correlation between hippocampal miR-342 expression and 

depressive-like behaviors revealed a significant positive correlation between miR-342 

levels and the percentage of time spent floating on the second day of the FST (miR-

342 vs % time floating: r = 0.479; p = 0.0013; Figure 5D) and a tendency toward a 

negative correlation with saccharin preference (miR-342 vs % sac pref: r = -0.288; p 

= 0.063; Figure 5D). These results suggest that hippocampal miR-342 expression may 

be a factor in microglial activation and depression susceptibility. 
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Figure 5. miR-342 expression analysis in the hippocampus. (A) miR-342 

expression levels in the hippocampus were evaluated by RT-qPCR using U6 snRNA 

as an internal control. Relative expression levels were calculated using the 

quantification cycle (Cq) method, according to the MIQE guidelines, and results are 

presented as the mean ± SEM. N: N-CSR = 18 (9 CTR and 9 PPS); H-CSR = 24 (12 

CTR and 12 PPS). Two-way ANOVA followed by Sidak’s multiple comparisons test, 

*p < 0.05. (B-D) Pearson correlation analyses were performed to evaluate possible 

correlations between hippocampal miR-342 expression and TNF-a expression (B), 

microglial activation/altered morphological features (C) and depressive-like behaviors 
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(D). Correlations were performed considering all animals (N=42). The coefficient r and 

p-value for each correlation are presented in a box. Statistically significant correlations 

are highlighted in green (p<0.05). 

4. Discussion 

The “inflammation-related depression” hypothesis has been under debate, and 

recent findings increasingly support a link between inflammation and depression. First, 

it has been reported that a subgroup of depression patients exhibits increased levels 

of peripheral inflammatory markers (9, 43). Second, proinflammatory cytokines have 

been found to be elevated in the cerebrospinal fluid of a segment of depression 

patients (44). Third, while studies regarding the anti-inflammatory properties of 

traditional antidepressants are contradictory (45-48), inflammation is more aberrant in 

treatment nonresponders (49, 50), with significant associations between the number 

of failed treatment trials and increased levels of TNF-α, IL-6 and C-reactive protein 

(50). These findings have identified new challenges in the discovery of inflammatory 

mediators that can serve as biomarkers and/or alternative targets for the treatment of 

inflammation-related depression. 

Early-life stress exposure and constitutive differences in glucocorticoid 

responsiveness to stressors can influence the risk of depression (51-53), but their 

effect on inflammatory mediators in the brain remain largely unexplored. We 

investigated how these two factors influence depressive-like behaviors, 

neuroinflammation and their neurobiological correlates. PPS alone was sufficient to 

induce reduced sociability in adult male rats, independent of CORT stress 

responsiveness. However, only those with a lower degree of adaptation of their CORT 

responses (H-CSR group) and undergoing PPS, exhibited increased anhedonia and 
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passive coping responses, when compared to their respective CSR control group. 

Given the fact that the behavioral responses from N-CSR PPS rats did not differ from 

those of N-CSR CTR animals, this suggests that increased CORT levels enhance the 

susceptibility of animals to late effects of stress and, consequently, the exhibition of 

depressive-like behaviors in adulthood. Although a chronic increase in CORT was 

previously reported to be sufficient to induce depression-like behaviors in rats (54), we 

found that H-CSR alone, without priming by stressful events, was not sufficient to 

induce depressive-like behaviors in male rats. Nonetheless, a limitation of this study 

is the use of males only, while sex-specific mechanisms have been shown to regulate 

response to stress and the development of depression outcomes (55). A question to 

address in the future is whether sex differences influence the long-term effect of PPS 

in terms of brain inflammatory markers.  

Following our hypothesis that PPS in combination with H-CSR might contribute to 

increased inflammation and depression-like behaviors, we evaluated the expression 

of inflammatory markers across different brain regions in adulthood. We found that 

animals with high-CORT stress responsiveness exhibited increased levels of IL-1β, 

IL-6 and IBA-1 in the mPFC and IL-1β, IL-6 and TNF-α in the NAc. With the exception 

of TNF-α in the NAc, all these inflammatory markers were altered independently of 

PPS, suggesting that their levels in these regions may not be associated with 

depressive-like behaviors but rather with CORT regulation. In contrast, TNF-α 

expression in the NAc was increased in high-CSR rats that underwent PPS (i.e., rats 

exhibiting depressive-like behaviors). However, these levels in the NAc were not 

statistically correlated with either the % of saccharin preference or % of floating time 

in the FST. Interestingly, TNF-α expression was also increased in the hippocampus of 

both N-CSR and H-CSR rats submitted to PPS, and most importantly, hippocampal 
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TNF-α expression was positively correlated with the worsening of depressive-like 

behaviors (as shown by FST). In fact, several clinical trials have provided evidence on 

the efficacy of different anti-TNF-α drugs in depressive symptoms/disorder (56). 

Monoclonal antibody drugs against TNF-α, such as infliximab and adalimumab, were 

shown to be effective in improving mood in treatment-resistant depression patients 

(57), as well as in Chron’s disease and psoriasis patients (58, 59). On the other hand, 

etanercept, a TNF-α receptor blocker, was also shown to reduce secondary 

depressive symptoms to some extent in patients suffering from psoriasis (60, 61). 

Despite having an important role in brain development (62), a chronic increase in 

TNF-α levels is known to have deleterious effects on brain cells and neurocircuits. 

First, TNF-α is known to induce indoleamine 2,3 dioxygenase (IDO)-mediated 

tryptophan degradation through the kynurenine pathway, which generates neuroactive 

metabolites, including kynurenic acid and quinolinic acid, ultimately influencing 

serotonergic neurotransmission (63). Second, TNF-α can potentiate glutamate-

mediated excitoneurotoxicity indirectly by inhibiting glutamate transport on astrocytes 

and directly by stimulating extensive microglial and/or astrocyte glutamate release in 

an autocrine manner (12, 13, 64). Indeed, in response to their dynamic surrounding 

environment, microglia display a remarkable degree of phenotypic plasticity, in terms 

of both morphology and molecular markers (65). While microglial reactivity may initially 

contribute to the restoration of tissue homeostasis, persistent inflammation that 

overstimulates microglia leads to a sequence of events that compromise neuronal 

survival (66). 

In fact, we found that PPS produced late effects on hippocampal microglia, 

particularly in animals with high-CSR (i.e., animals exhibiting depressive-like 

behaviors), with increased hippocampal IBA-1 expression and morphological 



 32 

alterations compatible with a higher degree of activation. In line with our findings, Gong 

et al. reported that early social isolation in mice induced depressive-like behaviors and 

loss and dystrophy of hippocampal microglia in adulthood, caused by increased 

activation of these cells (67). Nonetheless, since separate hemispheres were used to 

perform gene expression and microglia morphological analysis, we do not exclude any 

laterality effect. Additionally, it is possible that the dysregulation of microglial activation 

and cytokine expression levels may also be occurring in other brain regions, as 

described by others (68). However, according to the expression levels of the 

inflammatory markers tested over distinct brain regions, alterations in TNF-α and IBA-

1 expression were more evident in the hippocampus. In agreement, multiple reports 

focusing on the late effects of early-life stress in terms of depressive-like behaviors 

highlight major alterations in the hippocampus compared with other regions of the 

brain (69). 

Identifying specific molecules underlying cytokine expression, microglial 

dysregulation and depression symptoms is of interest for the development of novel 

targeted therapeutic drugs. Since the first demonstration of their involvement in human 

diseases in 2002 (70), miRNAs have emerged as therapeutic targets in distinct 

pathologies due to their capacity to regulate protein levels, including those of 

inflammatory markers, and influence the course of disease, patient response to 

treatment and clinical outcome (71). However, few studies have referred to the late 

effects of early-life stress on depression and miRNA expression. Among studied 

miRNAs, miR-124a and miR-18a were shown to be upregulated in the PFC and HPC 

in adulthood and were associated with depressive-like behaviors (72), while miR-146a 

overexpression was shown to improve depressive-like behaviors in mice by inhibiting 

microglial activation (73) and to protect against cognitive decline-induced surgical 
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trauma by suppressing hippocampal neuroinflammation (74). In a previous in vitro 

study, we identified miR-342 as a potential target for resolving neuroinflammation (35). 

In particular, miR-342 was found to be upregulated in microglia primed with TNF-α, 

and its overexpression was shown to activate the NF-kB pathway, leading to increased 

secretion of TNF-a, IL-1b and nitrites and drastically affecting neuron viability (35). 

Herein, we associated hippocampal miR-342 expression with depressive-like 

behaviors for the first time. Strikingly, we found hippocampal miR-342 to be positively 

correlated with TNF-α expression and microglial activation. These results not only 

support the previously established hypothesis of strong interplay between miR-342 

and TNF-α in potentiating microglial activation but also identify miR-342 as a novel 

potential therapeutic target for microglial activation in the hippocampus and for 

inflammation-related depression. Moreover, since inflammatory mediators in the 

hippocampus were specifically correlated with forced swim performance, an 

alternative line of research is to address is how hippocampal TNF-α, microglia and 

miR-342 mediate the programming effects of PPS on memory performance in 

adulthood (75). 

Of note, preclinical studies in Alzheimer’s disease (AD) and Parkinson’s disease 

(PD) using miR-342-3p antagomir and anti-miR-342-3p constructs, respectively, have 

shown promising results (76, 77). Intrahippocampal miR-342 inhibition was shown to 

reduce β-amyloid plaques and ameliorate learning and memory in 3xTg-AD mice (76), 

a widely used murine model of pathological or behavioral abnormalities of AD, while 

suppression of miR-342 improved the expression of glutamate transporter, promoted 

dopaminergic neuron proliferation and suppressed apoptosis through the Wnt 

signaling pathway in mice with PD (77). Due to the interconnectivity and overlap of 

many neurocircuits and mechanisms between neurodegenerative and psychiatric 
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diseases, particularly in terms of neuroinflammation and microglial morphological and 

functional changes, we suggest miR-342 as a potential candidate target mediating 

inflammation-related depression. 

In conclusion, we show that stressful early-life events, combined with high-CORT 

stress responsiveness, potentiate the development of depression-like behaviors and 

neuro-immunological alterations in adulthood, particularly increased microglial 

activation, TNF-α and miR-342 expression levels in the hippocampus. The potential 

of miR-342 as a therapeutic target in inflammation-related depression should be 

further investigated. 
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Table S1 - Oligonucleotides sequences for RT-qPCR. Oligonucleotides used to amplify rat 

mRNAs encoding inflammatory markers and reference genes, based on GenBank sequences.  

Abbreviations: Iba1, ionized calcium-binding adapter molecule 1; Il1b, interleukin 1 beta; Il6, 

interleukin 6; Tnf, tumour necrosis factor; Gapdh, glyceraldehyde 3-phosphate 

dehydrogenase; B-actin, beta-actin. 

 

Gene Accession 
Number Forward (5’-3’) Reverse (5’-3’) 

Rat Iba1 NM_017196 GCCTCATCGTCATCTCCCCA AGGAAGTGCTTGTTGATCCCA 

Rat Il1b NM_031512 CACCTTCTTTTCCTTCATCTTTG GTCGTTGCTTGTCTCTCCTTGTA 

Rat Il6 NM_012589 CATATGTTCTCAGGGAGATCTTGGA CAGTGCATCATCGCTGTTCA 

Rat Tnf NM_012675 CCCAGACCCTCACACTCAGAT TTGTCCCTTGAAGAGAACCTG 

Rat Gapdh NM_017008 CCCCCAATGTATCCGTTGTG TAGCCCAGGATGCCCTTTAGT 

Rat B-actin NM_031144  AGAAGAGCTATGAGCTGCCTGACG TACTTGCGCTCAGGAGGAGCAATG 
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Table S2 - Expression levels of inflammatory markers across different brain regions in adulthood. The mRNA expression levels of IL-1b, 

IL-6, TNF-a and IBA-1 in the mPFC, NAc, Amg and HPC were evaluated by RT-qPCR using GAPDH and b-actin as internal controls. Relative 

expression levels were calculated using the quantification cycle (Cq) method, according to MIQE guidelines, and results are presented as mean 

± SEM. N: N-CSR = 18 (9 CTR and 9 PPS); H-CSR = 24 (12 CTR and 12 PPS); 2-way ANOVA test was performed to evaluate the impact of 

different CSRs and stress exposure in the expression levels of the inflammatory markers. Differences between corresponding CTR and PPS 

groups were evaluated by Sidak’s post-hoc multiple comparisons. Where a significant difference was found between CTR and PPS groups, gene 

names are shown in bold (n.s.: non-significant; *p < 0.05; **p<0.01; ***p<0.001). 

Brain 
Region Gene 

N-CSR  H-CSR  2-way ANOVA 

CTR (n=9) PPS (n=9)  CTR (n=12) PPS (n=12)  Row factor (N-
CSRvsH-CSR) 

 Post-hoc Comparison 

mean SEM mean SEM  mean SEM mean SEM  F p-value  N-CSR: 
CTRvsPPS 

H-CSR: 
CTRvsPPS 

mPFC Il1b 0.000046 0.000003 0.000053 0.000005  0.000075 0.000009 0.000082 0.000007  17.12 ***  n.s. n.s. 
  Il6 0.000074 0.000004 0.000065 0.000004  0.000112 0.000005 0.000100 0.000007  42.32 ***  n.s. n.s. 

  Tnf 0.000213 0.000015 0.000224 0.000020  0.000182 0.000011 0.000192 0.000020  3.56 n.s.  n.s. n.s. 
  Iba1 0.014040 0.000453 0.014730 0.000594  0.023110 0.001216 0.021510 0.000980  67.76 ***  n.s. n.s. 
                 

NAc Il1b 0.000240 0.000050 0.000560 0.000168  0.000727 0.000139 0.000930 0.000242  5.51 *  n.s. n.s. 

  Il6 0.025950 0.003921 0.031440 0.006846  0.040660 0.005745 0.053930 0.004819  11.40 **  n.s. n.s. 
  Tnf 0.006513 0.000943 0.008705 0.001661  0.009014 0.001989 0.016230 0.002476  5.96 *  n.s. * 
  Iba1 0.037230 0.006375 0.044400 0.006552  0.040000 0.004609 0.037750 0.004921  0.12 n.s.  n.s. n.s. 
                 

Amg Il1b 0.000297 0.000098 0.000142 0.000036  0.000137 0.000031 0.000181 0.000039  1.28 n.s.  n.s. n.s. 
  Il6 0.037020 0.004712 0.028200 0.005969  0.042220 0.006793 0.040810 0.007785  1.72 n.s.  n.s. n.s. 
  Tnf 0.012050 0.001540 0.009273 0.001821  0.014230 0.002587 0.012430 0.001346  1.92 n.s.  n.s. n.s. 
  Iba1 0.038760 0.003382 0.046600 0.002575  0.041680 0.003269 0.038450 0.002361  0.79 n.s.  n.s. n.s. 
                 

HPC Il1b 0.000545 0.000120 0.001020 0.000345  0.000405 0.000133 0.000549 0.000184  2.16 n.s.  n.s. n.s. 
  Il6 0.005385 0.001359 0.005464 0.000974  0.004722 0.000513 0.007372 0.000862  0.45 n.s.  n.s. n.s. 
  Tnf 0.000579 0.000108 0.001936 0.000475  0.001082 0.000155 0.001994 0.000362  1.12 n.s.  * * 

  Iba1 0.026440 0.004994 0.029170 0.006052  0.017010 0.002968 0.049720 0.009336  0.71 n.s.  n.s. ** 



 
 

 
Figure S1 – Supplementary behavioral results. Number of open entries in zone (A) and 

total distance moved (B) in the EPM and OF/NO were calculated using EthoVision 11. After 

the OF test, a NO was introduced in the center and the behavior observed for extra 5 min. % 

time spent in zone and was calculated using EthoVision 11 (C). In the SocPT, total exploration 

time was scored using Observer X11 (D). In the SacPT, total consumption (water + saccharin) 

was calculated (E). In the FST, two trials were performed and recorded. The graph represents 

the % time the animal spent floating in the first trial, lasting 15 min (F). N: N-CSR = 18 (9 CTR 

and 9 PPS); H-CSR = 24 (12 CTR and 12 PPS). Results are expressed as mean ± SEM. 2-

way ANOVA followed by Sidak’s multiple comparisons, *p < 0.05. CA - closed arms, OA - 

open arms. 
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Figure S2 – Correlations between the expression levels of inflammatory markers in the 

mPFC and depressive-like behaviors. Pearson correlations were performed by comparing 

mRNA expression levels of IL-1b, IL-6, TNF-a and IBA-1 in the medial pre-frontal cortex 

(mPFC) and % saccharin preference (SacPT) or % time floating (FST). Correlations were 

performed considering all animals (N=42). Coefficient r and p-value for each correlation are 

presented in a box. Statistically significant correlations are highlighted in green (p<0.05). 



 45 

 

 
Figure S3 – Correlations between the expression levels of inflammatory markers in the 

NAc and depressive-like behaviors. Pearson correlations were performed by comparing 

mRNA expression levels of IL-1b, IL-6, TNF-a and IBA-1 in the nucleus accumbens (NAc) and 

% saccharin preference (SacPT) or % time floating (FST). Correlations were performed 

considering all animals (N=42). Coefficient r and p-value for each correlation are presented in 

a box. Statistically significant correlations are highlighted in green (p<0.05). 
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Figure S4 – Correlations between the expression levels of inflammatory markers in the 

Amg and depressive-like behaviors. Pearson correlations were performed by comparing 

mRNA expression levels of IL-1b, IL-6, TNF-a and IBA-1 in the amygdala (Amg) and % 

saccharin preference (SacPT) or % time floating (FST). Correlations were performed 

considering all animals (N=42). Coefficient r and p-value for each correlation are presented in 

a box. Statistically significant correlations are highlighted in green (p<0.05). 
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Figure S5 – Microglia 3D morphological analysis: step-by-step. Images were acquired 

using Leica SP8 with a 40x glycerin immersion objective. The pixel size was set to 0.230 

microns. The acquired images were deconvolved using SVI Huygens Professional called via 

Huygens Remote Manager v3.7, using the “Classic Maximum Likelihood Estimation” 

algorithm. The analysis of the deconvolved images was performed with Fiji and Imaris using 

the EasyXT-Fiji plugin via a custom groovy script. Imaris surfaces were created to segment the 

arborization of the cells and for their soma. Next, cells were created by linking the soma to its 

corresponding arborization, based on the nearest centers of mass (Step Index 1-3). Next, for 

each cell, the mask of the arborization was sent to Fiji: 1) skeletonized and analyzed (average 

and maximum branch length, number of branches), and 2) down sampled, in order to calculate 

its 3D ConvexHull, which was then upscaled back to the original size (Step Index 4-7). Finally, 

the masks of the Skeleton and of the 3D ConvexHull were sent back to the Imaris Scene (Step 

Index 8 and 9) and a results file was created with volumes and calculated ratios (Step Index 

10). 
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Figure S6 - Quantitative analysis of microglial morphology in CA1, CA3 and DG 

hippocampal subregions. Results represent microglial morphological parameters quantified 

in the CA1 (A), CA3 (B) and DG (C) subregions. On average, more than 20 cells per animal 

were analysed in terms of soma volume, arborization volume, convexHull volume, max branch 

length and number of branches. Graph (D) show the ratio between soma volume and 

arborization volume and (E) the ratio between soma volume and ConvexHull volume, 

considering the average values of the 3 fields (CA1, CA3 and DG). Each dot represents an 

animal (N: N-CSR = 18 (9 CTR and 9 PPS); H-CSR = 24 (12 CTR and 12 PPS). Results are 

expressed as mean ± SEM. 2-way ANOVA followed by Sidak’s multiple comparisons, *p < 

0.05. 

 

 

 

 


