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Abstract 

Introduction: Chronic stress is associated with a deregulation of the hypothalamus-pituitary-adrenal 

(HPA) axis and can result in behavioral abnormalities, such as depressive behavior. Adrenalectomy 

(ADX) inhibits the production and release of corticosterone, impairing the response towards 

stressors, and thus may prevent stress-induced depressive behavior. Objective: the goal of this study 

was to assess if HPA axis disruption by ADX affects depressive- and anxious behavior and stress-

induced neuroinflammation in a repeated social defeat (RSD) stress model. Material and methods: 

male Wistar rats were submitted to ADX or sham-surgery. After recovery, the animals were 

submitted to RSD or control conditions for five days. Depressive-like behavior was assessed by the 

sucrose preference test (SPT) 1, 7 and 14 days after the RSD paradigm. Anxiety and locomotion were 

measured by the open field test (OF), and social behavior was measured by the social interaction test 

(SI). Neuroinflammation was measured 14 days after RSD by [11C]PBR28 PET imaging of the brain and 

confirmed by Iba-1 immunohistochemistry. Results: There was no effect of surgery or RSD in the SPT 

at any of the time points assessed, nor was there any effect on anxiety and locomotion behavior in 

the OF. In the SI, sham-surgery animals submitted to RSD spent a significantly shorter time in the 

interaction zone than the other groups. Neither [11C]PBR28 PET nor Iba-1 immunostaining did not 

show any significant differences in neuroinflammation between groups. Discussion and conclusion: 

The results of the SI test indicate that animals under social stress tended to have less social 

interaction. This effect was not observed in ADX animals submitted to RSD, suggesting that ADX 

inhibited the effect of social defeat in these animals. There was no difference between RSD or ADX 

animals in the OF test, the SPT tests or the PET imaging results, providing no evidence for anhedonia, 

abnormal locomotion behavior or neuroinflammation induced by RSD or ADX. A plausible 

explanation for these negative findings could be that the RSD protocol was not strong enough for its 

effects to last until the time of assessment. If so, the paradigm of RSD needs to be improved in order 

to augment the effects of RSD and ADX on stress-induced neuroinflammation and behavioral 

abnormalities. 

Keywords: Adrenalectomy; social stress; social interaction; neuroinflammation; PET imaging 
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Introduction 

Major depressive disorder (MDD) is a main psychiatric disorder, being responsible for more 

than 40% of the general years with disability associated with psychiatric disorders and drug abuse 1. 

Although this depression is observed in almost every stage of life, the highest incidence of depressive 

disorders is in the periods that the individual is most exposed to environmental challenges (e.g.: 

societal pressure) 2. As the stressful situation progresses over time, the organism loses its ability to 

cope with stressful stimuli and behavioral and physiological changes associated with depression will 

manifest 3–5. Therefore, an impaired stress response is regarded a key factor for the development 

and progression of depression 6. 

Exposure to endogenous or exogenous stressful stimuli triggers the hypothalamus to produce 

corticotropin-releasing hormone (CRH), which causes the pituitary to produce adrenocorticotrophic 

hormone (ACTH). ACTH signals the adrenal glands to produce a plethora of hormones, one of which 

is the stress hormone cortisol (or corticosterone in rodents). After reaching the brain and binding to 

glucocorticoid and mineralocorticoid receptors, cortisol decreases the expression of many genes 

associated with cortisol regulation 7. When this regulatory machinery is impaired, or when the stress 

stimulus is exacerbated to the point the organism is unable to cope with it, the symptomatology 

associated with mood disorders arises, as thoroughly described in the literature for humans 8–11 and 

animal models of depressive-like behavior 12–14. 

Chronic stress is characterized by a high concentration of cortisol/corticosterone in the brain, 

leading to neurotoxicity and eventually neuronal apoptosis, which is accompanied by the release of 

the intracellular content in the extracellular space 15,16. This results in microglial activation and 

release of pro-inflammatory cytokines, generating a regional inflammatory process 17,18. 

Neuroinflammation has been related to mood disorders and has become an increasingly relevant 

target for new therapeutic means to mitigate the symptoms of depression in humans 19,20. However, 

the exact nature of the interaction between stress response and neuroinflammation and how it 

affects mood disorders remains elusive. 

Emulating the symptoms of depression from humans in an animal model is extremely difficult 

and a challenge for behavioral researchers. Several models to mimic depression in rats and mice have 

been reported in the literature and of those, the ones that show the closest face-validity towards 

human disease are better suited. Repeated social defeat (RSD) has been shown to induce such effect 

in small animals by exploiting its natural social behavior of hierarchy and territoriality, and presents 

an interesting approach to study depressive-like behavior 23. Additionally, RSD is able to induce an 
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inflammatory response in the brain 24, which further supports RSD as a viable method for induction 

of depressive-like behavior. 

To better understand the molecular mechanisms of neuroinflammation in vivo, imaging 

approaches, such as Positron Emission Tomography (PET), have become an important tool both in 

human and small rodent research due to their relative non-invasiveness and applicability in 

longitudinal studies. A commonly used radiotracer for imaging of inflammation in the brain is 

[11C]PBR-28.  [11C]PBR-28 is a tracer that binds to the 18 kDa translocator protein (TSPO), which is 

found in the outer membrane of mitochondria of activated microglia, macrophages and astrocytes 21.   

The aim of this study was to assess how HPA-axis disruption by bilateral adrenalectomy affects 

depressive- and anxiety-like behaviors, as well as TSPO imaging as a biomarker for 

neuroinflammation in socially defeated rats. 

Material and methods 

Animals 

The study protocol complied with European Directive 2010/63/EU and the Law on Animal 

Experiments of The Netherlands; it was approved by the Central Committee on Animal Experiments 

of The Netherlands (The Hague, license no. AVD1050020171706) and the Institutional Animal Care 

and Use Committee of the University of Groningen (IvD 171706-01-004). Male Wistar rats 

(HsdCpb:WU, 8 weeks old – Envigo, The Netherlands) were placed in groups of four animals per cage 

and acclimated for at least seven days before any procedure. Animals were maintained in a room 

with controlled temperature (21±2 °C) and humidity and a light/dark cycle of 12/12 hours. Food was 

available ad libitum. Water was provided as described in the section below. After acclimation, 

animals were randomly distributed to one of the following experimental groups: 1) ADX + Control; 2) 

ADX + RSD; 3) Sham-surgery + Control; 4) Sham-surgery  + RSD. After surgery, all animals were singly 

housed until termination. 

Surgery 

For bilateral ADX, animals were anesthetized with isoflurane (5% induction, 2% maintenance) 

and placed on a heating pad to maintain temperature, while breathing was monitored constantly. 

Before the procedure, a veterinary shaver was used to remove the fur from the surgery sites on the 

dorsal part of the animal close to the kidneys The shaved sites were sterilized with ethanol and 

injected subcutaneously with analgesia (Carprofen: 5 mg/kg). On each side, an incision was made and 
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the tissue layer moved until the adrenal glands were visible, then the gland was removed with a 

cauterizer to stop blood flow. Sutures were applied both in the muscle layer and on the skin. For 

bilateral Sham surgery the adrenal glands were reached and touched by the experimenter, then 

suturing was placed. After completion of the surgery, animals were left for one week to recover. One 

animal of the ADX group had post-surgery complications and died before the start of the RSD 

protocol.  

As a result of bilateral ADX, complete depletion of corticosterone was reported to induce a 

severe inflammatory response and neuronal death in specific brain regions after a few weeks 25, and 

also deregulates the salt homeostasis. To avoid this, animals were administered with daily 

corticosterone and salt replenishment in the drinking water (final concentration: 25µg/ml 

corticosterone, 0.4% ethanol and 0.5% saline water). This concentration allows the animal to 

maintain a baseline level of the hormone and salt, while not being assayable to produce a stress 

response. Animals with a Sham surgery received a water bottle containing 0.4% ethanol and 0.5% 

saline for the day of surgery onward. Serum corticosterone levels were taken at termination by 

drawing blood from the heart, in order to confirm the effectiveness of adrenalectomy. Blood samples 

were centrifuged at 10000 rpm for three minutes. Samples were kept at -20 °C until being analyzed 

with an ELISA (K014-H1, Arbor Assays, U.S), according to the instructions of the manufacturer. 

Samples were read at 450 nm. As expected, serum corticosterone levels were negligible for ADX 

animals when compared with Sham. 

Repeated social defeat 

Training phase: 12-weeks old male Long Evans (residents: HsdBlu:LE – Harlan, The 

Netherlands; n=6; weight: 450-500 grams at the beginning of RSD protocol) were paired with 

surgically sterilized females of the same age in a large wooden cage (80x50x40 cm) with plastic 

sliding doors on the investigator side. Male residents were trained on 5 consecutive days by 

introducing a Wistar rat in their home cage according to the same procedure as described below for 

the experimental phase. Residents that showed an attack latency (i.e.: time to initiate the first attack) 

of less than 60 seconds and no signs of violent behavior (i.e.: attack latency of fewer than three 

seconds without threatening behavior before the first attack) were selected as residents for the 

experimental phase of the study. Residents that showed non-aggressive or over-aggressive behavior 

were not used for RSD in this study. 

Experimental phase: One hour before the beginning of RSD, female rats were removed from 

the resident cage. Then the experimental animals (intruders) were placed in the resident cage to 
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begin the defeat protocol. Attack latency and submission time (i.e.: time the intruder takes to show a 

submissive posture for at least three seconds) were timed. After the intruder displayed a submissive 

posture, a barrier was placed dividing the cage into two equal parts, each part containing one animal. 

By splitting the cage with the barrier, there is no physical contact between intruder and resident but 

animals can still share sensorial stimuli. After 60 minutes had elapsed, the intruder was removed 

from the RSD cage and placed back to its home cage, and the female is placed back in the resident 

cage. For the control group, the animals were placed in large, plastic cages for 60 minutes until they 

were placed back to their home cages. This protocol was repeated on five consecutive days, and the 

intruder was always introduced to a different resident during this period. 

Sucrose preference test (SP) 

Before the first RSD trial, animals were habituated to the sucrose solution. On three 

consecutive days, a bottle of water with 1% sucrose was placed in the home cage of the animal for 

one hour and the replace again by normal drinking water. For the SP test, animals received two 

water bottles: one containing their usual drinking water (as stated in the surgery section), and the 

other containing the same drinking water supplemented with 1% sucrose. The SPT was performed 

overnight on days 1, 7 and 14 after the last RSD trial. Both bottles were weighed before and after the 

test, and the amount of drinking water supplemented with sucrose ingested divided by the total 

amount of drinking water ingested provides the percentage of sucrose consumption as a 

measurement of anhedonic behavior. 

Open field test (OF) 

The open field test was performed 24 hours after the last RSD trial. For the OF test, a round 

wooden arena of 80 cm diameter was used. The animal was placed in the room one hour before the 

experiment and left alone during this period to acclimate to the environment. After one hour, the 

investigator placed the animal in the arena facing the wall and started recording the exploratory 

behavior of the animal on video for six minutes, after which the animal was returned to its home 

cage. After each test, the arena was cleaned with ethanol 70% and wiped with dry paper. For analysis 

of the videos, an inner and outer zone were delineated using Ethovision XT 14.0 software (Noldus, 

The Netherlands), and the setup was replicated for all trials. The distance traveled by the animal was 

automatically generated by the software, while the ratio of the time spent in the inner zone by the 

total time spent in both zones was calculated manually after the data was acquired. These 

parameters are measures of the general locomotion and anxiety-like behavior of the animals. 
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Social interaction test (SI) 

The social interaction test was performed 48 hours after the last RSD trial. For the test, a 50² 

cm arena was used with a fixed wire mesh cage in front of one of the walls of the arena. The test was 

performed in two stages: in the first stage, experimental animals were placed in the corner of the 

arena facing the wall opposite to an empty wire mesh cage and left exploring the environment for 

five minutes. After the time elapsed, another male Wistar rat (stimulus animal) was placed inside the 

wire mesh cage, and the procedure is repeated for five minutes. By the end of the experiment, both 

experimental and stimulus animals were placed back in their respective home cages. The arena 

cleaned with ethanol 70% and wiped with dry paper after each session. The time spent interacting 

with the stimulus animal (i.e. time spent in the interaction zone) and the time spent outside the 

interaction zone in both the training session and the experimental test were automatically quantified 

by Ethovision software. The ratio between the time spent in the interaction zone and the total time 

in the arena were calculated manually, as a measure of the sociability of the animals. During the 

automatized analysis, one animal from group 1 (adrenalectomy and without RSD) showed no 

movement on the arena, neither in the presence nor in the absence of the stimulus animal, and thus 

was excluded from the statistical analysis. 

[11C]-PBR28 positron emission tomography (PET) imaging 

[11C]-PBR28 scans were acquired with a small animal PET scanner (Focus 220, Siemens Medical 

Solutions, USA), while the heart rate and blood oxygen levels of the animals were constantly 

monitored. Before tracer injection, anesthesia was induced with 5% isoflurane and maintained with 

2% isoflurane. After induction, a tail cannula was inserted in the lateral tail vein of the animal and 

held in place until tracer injection. [11C]-PBR28 was then injected as a bolus and the animal was 

allowed to wake up and left to rest for 30 minutes until the second induction of anesthesia was done. 

Before data acquisition, a transmission scan was performed for 515 seconds with a Co-57 source for 

correction of attenuation and scatter. A 30-minute emission scan was started 45 minutes after tracer 

injection. Images were reconstructed (OSEM2D, 4 iterations and 16 subsets) after correction for 

attenuation, scatter and radioactive decay. Reconstructed images were co-registered automatically 

to a [11C] PBR-28 rat brain template and volumes of interest (VOI’s) were generated by applying a 

template using PMOD software (PMOD Technologies LLC, Switzerland). The VOI analyzed were: 

amygdala; cerebellum; corpus callosum; entorhinal cortex; insular cortex; prefrontal cortex; 

hippocampus; brainstem; hypothalamus; striatum. The standard uptake value (SUV) was calculated 

for each brain region by correcting the average radioactivity concentration (in kBq/cc) in each VOI for 

the injected dose and the body weight of the animals. 
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Immunohistochemistry for Iba-1 

Animals were terminated immediately after the PET scan by transcardial perfusion with PBS. 

Then the brains collected and stored in 4% paraformaldehyde at 4 °C. Three days before being 

analyzed, brains were placed in a solution of PBS with 30% sucrose. Brain tissue was cut sagittally and 

frozen in a sagittal position in a cryostat at -50 °C. Frozen slices of 30µm thick were cut and stored at 

-80 °C until further analysis. 

For Iba-1 staining, slides were left at room temperature for 30 minutes, before being 

incubated with 0.3% hydrogen peroxide for 30 minutes. After washing with PBS, slides were 

incubated in 5% goat serum in PBS+ (PBS with 0.3% Triton X-100) for 30 minutes and then incubated 

overnight at 4 °C with Iba-1 antibody in PBS+ with 1% normal goat serum (goat anti-mouse, 1:1000). 

Slides were washed with PBS and incubated with the secondary antibody (IgG, 1:400) for one hour. 

Slides were incubated for 30 minutes with Avidin-Biotin Complex (ABC – Vector Labs, USA) and 

stained using 3,3′-diaminobenzidine (DAB – Vector Labs, USA) for one minute. The slides were then 

washed with PBS, mounted and digitalized using a slide scanner (Hamamatsu, Japan). For image 

analysis, each slide was transformed into grey-scale image and circular areas of interest were drawn 

on the frontal cortex, hippocampus, and hypothalamus, based on coordinates from Paxinos and 

Watson rat brain atlas. From these ROI’s, the optical densities for each specific area were calculated 

and corrected for background staining. The average of all circular areas was calculated for each 

region of interest using Fiji software 26,27. 

Statistical analysis 

Behavioral and PET data were analyzed using a multifactorial generalized linear model (GLM), 

with surgery (adrenalectomy or sham-surgery) and social defeat (RSD or control) as factors. A 

repeated-measure GLM was performed with time as a within-subject factor for the SPT analysis. The 

main effects of RSD and ADX were evaluated, as well as the interaction between both factors and 

time, whenever needed. For all tests, p<0.05 was used as the threshold of statistical significance. 

SPSS 23 (IBM, United States) was used for statistical analysis. 
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Results 

No effect of social defeat or adrenalectomy on anxiety  

Anxiety was measured by the percentage of time the animal spent in the center of the arena of 

the OF test. There was no main effect of adrenalectomy or RSD on the time the animal spends in the 

center and neither was there any interaction between factors (RSD vs. Control; p=0.67; ADX vs. 

Sham, p=0.65; Interaction, p=0.92 – Figure 1). Additionally, there is no effect of both factors on the 

distance traveled by the animal (RSD vs. Control; p=0.89; ADX vs. Sham, p=0.91; Interaction, p=0.97 – 

Figure 1). 

 

Figure 1: No effect of surgery or RSD on the percentage of time spent in the center of the arena (A) or the total distance 
traveled (B). Boxes show the mean ± interquartile range; whiskers represent minimum and maximum values. N=9-10 
animals per group. 

No effect of social defeat or surgery on anhedonia  

Anhedonia was measured by the sucrose preference of the animals, which is defined as the 

percentage of intake of drinking water supplemented with sucrose compared to the total intake of 

drinking water. There was no significant effect of ADX or RSD on the percentage of drinking water 

with sucrose consumed, neither was there any significant interaction between factors (RSD vs. 

Control; p=0.82; ADX vs. Sham, p=0.06; Interaction, p=0.285). Additionally, no significant effect of 

time in the preference for water with sucrose was observed (Time, p=0.891; time and RSD vs Control, 

p=0.974; time and ADX vs Sham, p=0.427; time and interaction between surgery and social defeat, 

p=0.881 – Figure 2). 
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Figure 2: No effect of ADX, RSD, or time of sucrose preference in the SPT 1, 7 and 14 days after RSD. Boxes represent the 
mean ± interquartile range; whiskers represent minimum and maximum values. N=9-10 animals per group. 

Effect of surgery and social defeat on animal sociability 

Social interaction was measured by the ratio of the time the animal spends interacting with 

the stimulus animal and the total time in the arena (figure 3). There was a marginal but significant 

effect of ADX (F(1,34)=4.183; p=0.049), RSD (F(1,34)=4.672; p=0.038), and a significant interaction 

between factors (F(1,34)=4.456; p=0.042). Bonferroni correction for multiple comparisons shows that 

animals that were submitted to a sham-surgery and to the RSD protocol had a significantly lower 

interaction to the stimulus animal when compared to the other groups (Control + ADX, p=0.032; 

Control + Sham, p=0.023; ADX + RSD, p=0.035).  
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Figure 3: Effect of ADX and RSD on the time spent interacting with stimulus animal. Boxes represent the mean ± 
interquartile range; whiskers represent minimum and maximum values. N=9-10 animals per group. Numbers over lines 
indicate significant p-value when comparing Sham animals submitted to RSD to each group. N: 9-10 animals per group. 

No effect of ADX or RSD on neuroinflammation 

Neuroinflammation was measured by the uptake of [11C]PBR28 in different brain regions 14 

days after the last social defeat. The results showed no significant main effect of adrenalectomy, 

social defeat, or the interaction between factors in any of the brain regions assessed (all p>0.05 – 

figure 4). As [11C]PBR28 is not completely specific for activated microglia, Iba-1 

immunohistochemistry was performed to confirm the PET imaging results Iba-1 staining also could 

not reveal any significant difference in microglia density between the groups in the hippocampus, 

frontal cortex or hypothalamus (Figure 5). 
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Figure 4: No significant effect of ADX or social defeat on the uptake of [
11

C]PBR28 in various brain regions. Boxes 
represent the mean ± interquartile range; whiskers represent minimum and maximum values. 

 

Figure 5: Iba-1 Immunohistochemistry. A) Regions of interest were delineated following the Paxinos atlas for rats; 1: 
Frontal cortex; 2: Hippocampus; 3: Hypothalamic area; 4: Corpus callosum. B) Low magnification (1.5x) representative 
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images of each group. C) Optical density of each assessed area after correcting for background and negative control. Data 
represent the average of 4 random selections at each region of interest. N: 3-4 animals per group. 

Discussion 

This study aimed to evaluate how disruption of the HPA-axis through corticosterone depletion 

would affect the sub-chronic stress response inflicted by a 5 days RSD protocol. This study has shown 

a significant effect of RSD on social interaction of animals 2 days after RSD. This effect was not 

present anymore when the HPA-axis was disrupted by adrenalectomy before RSD. In contrast, no 

effects of RSD or adrenalectomy on anxiety, anhedonia, or neuroinflammation outcomes were 

observed on the time points of assessment. 

Altered social behavior in RSD animals is normalized by ADX   

The main effect seen in this study was the effect of RSD and ADX on the social behavior of rats. 

There was a significant decrease in the time spent in the interaction zone together with a stimulus 

animal for Sham-surgery animals submitted to RSD when compared to all other groups. This result 

supports the idea that RSD inflicts a fear response towards a completely novel – and thus unfamiliar 

– individual 28–31. Interestingly, adrenalectomized animals submitted to RSD did not show alteration 

in social behavior when compared with their controls for social defeat. The effect of stress on HPA-

axis physiology and consequently behavior is already reported in the literature 15,32,33. Previous 

research from our laboratory has shown a significant increase of corticosterone levels induced by 

RSD 24. Thus, by inhibiting corticosterone response through ADX, the stress response is impaired, 

making the animal less reactive to stressors, such as a novel environment and novel animal 

interactions. One study has shown that ADX animals were less responsive to novel environments 

when compared to controls. In this study, ADX animals showed a lower heart rate in the presence of 

an unfamiliar animal, and a decreased interaction with other animals in the social interaction test, as 

compared to controls. 34 In addition, the study showed that ADX animals - unlike control animals – 

did not show an increase in heart rate in the open arms of the elevated plus maze. Although the 

authors on the manuscript suggest that this might be an effect of an anxiety-like behavior of ADX, it 

is also possible that the impaired stress response modulates the reaction towards novel and unusual 

situations, leading to an anhedonic behavior towards social stimuli. Another study using mice found 

similar results 35. Thus, we suggest that fear response is mainly compromised in animals submitted to 

ADX, which explains the lack of avoidance towards other animals in the social interaction test.  
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No effect of RSD or ADX in anhedonia 

Anhedonia was measured at three different time points: 24 hours, one and two weeks after 

RSD. There was no effect of time, RSD or ADX on the sucrose preference of the animals. There are 

studies showing an effect of RSD on anhedonia, especially right after the last RSD 36–38. Two studies 

from the same group reported normalization of sucrose consumption in adrenalectomized animals 

submitted to stress when compared with controls 39,40, suggesting an antidepressant effect due to 

the decreased production of corticosterone. A plausible explanation for the absence of any effect of 

RSD and ADX in the SP test in our study could be the fact that in order to maintain basal levels of 

corticosterone and salt replenishment during the night of the test, the drinking water also included 

0.5% NaCl and 0.4% ethanol. This might have masked the sucrose taste, thus making these 

measurements less reliable. This hypothesis is supported by the relatively low sucrose preference of 

the animals (around 70% of preference in control animals with sham-surgery). Thus, in order to 

properly assess anhedonic behavior in this specific case, a shorter SPT protocol with a sucrose 

solution without additives should be used, which allows the abstinence of corticosterone for a short 

period of time. 

No effect of RSD or ADX in anxiety behavior 

Anxiety behavior, measured by the time the animal spent in the center of the open field arena, 

was not significantly different between groups after the last RSD trial. Although surprising, the results 

are not entirely unexpected. Reports using the open field test as a measure of anxiety-like behavior 

in the RSD protocol have shown conflicting results with some studies showing increased anxiety-like 

behavior 24,41, while others showed no effect whatsoever  31,42. The effect of adrenalectomy on 

anxiety behavior is less well studied. Two studies have shown that there was no effect of ADX in the 

open field measurement of anxiety 43,44. To the best of our knowledge, this is the first attempt to see 

the combined effect of RSD and ADX in the open field. Others have attempted to do so, using 

different behavioral paradigms. Lehmann and colleagues reported a significant effect of ADX in 

mitigating the stress caused by RSD in the light/dark box test, with adrenalectomized mice with or 

without submission to RSD showing a similar trend to explore the brighter side of the arena. In 

contrast, sham animals submitted to RSD preferred the darker side, indicating their unwillingness to 

explore the brighter and unsafe environment 35. A potential explanation why no effects of RSD were 

observed in our study could be that the stressor in our study was too weak to evoke a measurable 

effect in the OF test, or that the test was too insensitive to detect the effect. In this respect, the 

light/dark box could be a good alternative. 
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No effect of RSD or ADX in neuroinflammation 

This is the first attempt of in vivo PET imaging to assess microglial activation in 

adrenalectomized animals. In this study, [11C]PBR28  PET could not detect any difference in microglial 

activation between any of the groups two weeks after the end of the RSD protocol. The results found 

by the [11C]PBR28 were confirmed by the immunostaining of Iba-1 in different brain regions. There 

was no observable difference in number of Iba1-positive cells between groups in three different 

regions of interest (frontal cortex; hippocampus and hypothalamus). It is worth noting that, in our 

findings, there was a large variance within the defeated animals, which might suggest that some 

animals were more susceptible to develop the negative effects of RSD than others within the same 

group. Studies focusing on these variances and with a larger sample size might be able to define 

better the effect size of RSD on social interaction of animals. 

A likely cause for the lack of neuroinflammation observed by PET is the timing of the scan. The 

PET imaging of this study was performed two weeks after the last RSD protocol, thus the 

inflammatory process involving microglial activation might have resolved, and resolution of 

inflammation (astrocyte activation) is already underway 47,48. This would imply that the effect of RSD 

was not strong enough to cause inflammation that lasts long for 2 weeks. The best timepoint to 

assess neuroinflammation is a matter of debate, as it is influenced by the type of cells that are 

assessed. Some cell types are more or less active during a certain period of time than others 48. In this 

case, PET imaging at an earlier time point might have been better to show the influence that RSD has 

on microgliosis. One study from our laboratory has shown a significant effect of RSD at more acute 

stages of the stressor (i.e.: six days after last RSD trial) 24. Increasing the number of RSD trials, or 

using a priming effect – e.g. by performing an additional RSD trial at a time point closer to the PET 

scan – might be additional options to enhance the stress-induced inflammatory response.  

The main limitation of this study is the high variance of animals submitted to RSD, suggesting 

that some animals might be more affected by the protocol while others show no effect whatsoever. 

Thus, we suggest that increasing the sample size could largely benefit TSPO imaging in this specific 

model, especially in order to assess if the resilience/susceptibility hypothesis is valid.   

Conclusion 

Sham animals submitted to RSD had lower time interacting with a stimulus animal in the social 

interaction test, which was not found in adrenalectomized animals. This result shows that HPA-axis 

signaling disruption is able to counterbalance the impairment on the social behavior of these 
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animals. In contrast, no effects of ADX or RSD were observed in other behavioral paradigms, which 

could be due to the sensitivity of these tests and the relatively mild nature of the stressor. 

Neuroinflammation was also not observed two weeks after the RSD, suggesting that the 

inflammatory response of microglial cells is too mild to be detected by PET or Iba-1 staining or that 

neuroinflammation was only transient and already resolved at the time of measurement. Thus, 

future studies might consider different timepoints and RSD protocols (or other stressors) in order to 

evaluate the effect of stress in ADX animals by PET imaging. 
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