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A B S T R A C T   

Maternal infection during pregnancy and childhood social trauma have been associated with neuro-
developmental and affective disorders, such as schizophrenia, autism spectrum disorders, bipolar disorder and 
depression. These disorders are characterized by changes in microglial cells, which play a notable role in synaptic 
pruning, and synaptic deficits. Here, we investigated the effect of prenatal infection and social adversity during 
adolescence – either alone or in combination – on behavior, microglia, and synaptic density. Male offspring of 
pregnant rats injected with poly I:C, mimicking prenatal infection, were exposed to repeated social defeat during 
adolescence. We found that maternal infection during pregnancy prevented the reduction in social behavior and 
increase in anxiety induced by social adversity during adolescence. Furthermore, maternal infection and social 
adversity, alone or in combination, induced hyperlocomotion in adulthood. Longitudinal in vivo imaging with 
[11C]PBR28 positron emission tomography revealed that prenatal infection alone and social adversity during 
adolescence alone induced a transient increase in translocator protein TSPO density, an indicator of glial reac-
tivity, whereas their combination induced a long-lasting increase that remained until adulthood. Furthermore, 
only the combination of prenatal infection and social adversity during adolescence induced an increase in 
microglial cell density in the frontal cortex. Prenatal infection increased proinflammatory cytokine IL-1β protein 
levels in hippocampus and social adversity reduced anti-inflammatory cytokine IL-10 protein levels in hippo-
campus during adulthood. This reduction in IL-10 was prevented if rats were previously exposed to prenatal 
infection. Adult offspring exposed to prenatal infection or adolescent social adversity had a higher synaptic 
density in the frontal cortex, but not hippocampus, as evaluated by synaptophysin density. Interestingly, such an 
increase in synaptic density was not observed in rats exposed to the combination of prenatal infection and social 
adversity, perhaps due to the long-lasting increase in microglial density, which may lead to an increase in 
microglial synaptic pruning. These findings suggest that changes in microglia activity and cytokine release 
induced by prenatal infection and social adversity during adolescence may be related to a reduced synaptic 
pruning, resulting in a higher synaptic density and behavioral changes in adulthood.   

1. Introduction 

Exposure to environmental risk factors at different stages of brain 
development, such as maternal inflammation during pregnancy or 
childhood social trauma, has been associated with neurodevelopmental 
psychiatric disorders, such as schizophrenia, autism spectrum disorders 
(ASD), bipolar disorder and affective psychoses (Brown, 2011; Herbert, 

2010; Pedersen and Mortensen, 2001; Tsuchiya et al., 2003). Despite 
their relatively frequent occurrence, the individual impact of these 
factors and their effect size in large populations appear relatively weak 
(Selten et al., 2010; Stilo and Murray, 2010; Varese et al., 2012). To 
explain how environmental factors with such a relatively modest effect 
can lead to neurodevelopmental psychiatric disorders, it has been pro-
posed that genetic predisposition or prenatal maternal infection may 
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prime the individual to become more responsive to the pathological 
effects of a second environmental factor, such as early life social trauma 
(Bayer et al., 1999; Guerrin et al., 2021; Maynard et al., 2001). Recent 
epidemiological studies showed that the polygenic risk score and pre-
natal infection can act in synergy with psychological trauma in peri-
pubertal life to increase the risk of schizophrenia (Aas et al., 2021; 
Debost et al., 2017; Woolway et al., 2022). 

Maternal infection and early-life social trauma can disrupt various 
neurodevelopmental processes, including neurogenesis, neuronal dif-
ferentiation, axonal outgrowth, myelination, synaptogenesis, and syn-
aptic pruning (Germann et al., 2021; Howes and McCutcheon, 2017). 
Altered synaptic pruning has been implicated in neurodevelopmental 
disorders such as schizophrenia and ASD (Cardozo et al., 2019; Paolicelli 
et al., 2011). Synaptic pruning, a critical process for the establishment 
and maturation of functional neural networks, involves the elimination 
of rarely used synapses while maintaining frequently used connections. 
This process reaches its peak during adolescence. These alterations in 
synaptic pruning could be orchestrated by a deviant activity of the im-
mune system characterized by subtle changes in the number and func-
tion of microglia and the complement system (Germann et al., 2021; Kim 
et al., 2021; Koyama and Ikegaya, 2015). The complement system has 
been reported to trigger the opsonization of synapses, thereby inducing 
synapse phagocytosis by microglia (Lee et al., 2019). Consequently, 
abnormal microglial activity and complement system function during 
critical developmental periods can induce aberrant opsonization of 
synapses, leading to pathological synaptic pruning that would result in 
the lower synaptic connectivity observed in schizophrenia (Germann 
et al., 2021; Koyama and Ikegaya, 2015). Positron emission tomography 
(PET) imaging and post-mortem studies demonstrated a reduction in 
synaptic vesicle glycoprotein 2 A (SV2A), synaptophysin, 
synaptosomal-associated protein (SNAP25) and post synaptic density 95 
(PSD-95) protein, all markers of synaptic density, in the frontal cortex 
and hippocampus of schizophrenic patients (Corradini et al., 2009; 
Onwordi et al., 2020; Osimo et al., 2019). However, the extent to which 
maternal infection, social trauma during adolescence, or the combina-
tion of these factors may contribute to deviant microglial activity and 
altered synaptic connectivity in schizophrenia remains unclear. This 
may be challenging to study prospectively in patients but can be 
investigated using rodent models. 

In this study, we tested whether exposure to maternal infection, so-
cial adversity trauma during adolescence and the combination of these 
factors can affect glial activity and density, synaptic density, and 
behavior. To achieve maternal infection, we used a well-established 
rodent model of maternal treatment with the viral mimic polyinosinic: 
polycytidylic acid (poly I:C) during pregnancy, which is known to cap-
ture a wide range of behavioral and neuronal abnormalities in the 
offspring that are relevant to neurodevelopmental disorders, such as 
schizophrenia (Brown and Meyer, 2018; Careaga et al., 2017). Social 
trauma was induced in adolescent rats (PND32-36) through repeated 
social defeat (RSD), a model known to show behavioral phenotypes 
relevant to the negative symptoms of schizophrenia (Iñiguez et al., 2014; 
Vidal et al., 2007; Wang et al., 2021). We assessed symptoms commonly 
observed in psychopathologies by longitudinally measuring anxiety-like 
behavior, social behavior, anhedonia, and working memory using the 
open field (OFT), social interaction (SIT), sucrose preference (SPT), and 
Y-maze tests, respectively. 

To evaluate glial reactivity to these stressors, we performed non- 
invasive PET imaging with the tracer [11C]PBR28 to measure 18 kDa 
translocator protein (TSPO) levels. TSPO is a protein found on the outer 
mitochondrial membrane of glial cells including microglia, and is 
implicated, among other things, in cholesterol transport and steroid 
hormone synthesis within mitochondria and opening of the mitochon-
drial permeability transition pores, which results in energy depletion, 
release of reactive oxygen species and eventually apoptosis (Biswas 
et al., 2018; Nutma et al., 2022). TSPO ligands were found to have an 
anti-inflammatory effect, whereas knock-down of TSPO resulted in 

exacerbation of inflammation. TSPO levels also serve as a biomarker for 
microglial density and state as the protein is expressed in microglia and 
is upregulated when microglia respond to a specific stressor (Beckers 
et al., 2018; Herrera-Rivero et al., 2015; Van Camp et al., 2021). This 
upregulation reflects an increase in the number of mitochondria and 
changes in the mitochondrial membrane that are associated with the 
increased metabolic demand of microglia when responding to a stim-
ulus. PET imaging enables longitudinal within-group comparisons and 
non-invasive measurement of TSPO levels in vivo, while also providing 
translational value as TSPO tracers are clinically used to assess brain 
inflammation in patients. Potential differences in microglia density as 
observed with PET were confirmed post-mortem by quantification of 
immunoreactive cells for the ionized calcium-binding adaptor molecule 
1 (Iba1). Additionally, we measured the levels of interleukin 1 beta 
(IL-1β) and interleukin 10 (IL-10), prototypical pro- and 
anti-inflammatory cytokines, respectively, in the hippocampus and 
frontal cortex. Blood samples were collected to assess serum glucocor-
ticoid levels at various time points. Furthermore, we investigated the 
expression of synaptic proteins—synaptophysin, a major presynaptic 
protein, and SNAP25, a major postsynaptic protein—in the hippocam-
pus and frontal cortex, two regions strongly implicated in the neuro-
pathology of schizophrenia (Giovanoli et al., 2016a,b). 

2. Materials and methods 

2.1. Animals 

All experiments were performed in accordance with European 
Directive 2010/63/EU and the Law on Animal experiments in the 
Netherlands. Wistar rats (strain HsdCpb:WU) were used throughout the 
study. Only males were included in this study because the RSD model of 
social stress is well validated in males but not females due to the innate 
territorial aggression toward other males intruding their territory. A 
description of the animal housing, breeding and maintenance is pro-
vided in the Supplementary Materials. 

2.2. Experimental design 

Maternal immune activation (MIA) was induced by injecting preg-
nant rats (n = 6) with the viral mimic polyinosinic:polycytidylic acid 
potassium salt (poly I:C) on gestational day 15 (GD15). Control rats (n =
6) were injected with saline. Male offspring were subjected to a 5-day 
repeated social defeat (RSD) or a sham protocol between postnatal 
day (PND) 32–36.49 rats were randomly divided into four groups: (1) 
offspring from control mothers (control, n = 13 from 6 litters), (2) 
offspring from mothers injected with poly I:C (MIA, n = 11 from 6 lit-
ters), (3) offspring from control mothers that were exposed to repeated 
social defeat during adolescence (RSD, n = 13 from 6 litters), and (4) 
offspring from mothers injected with poly I:C that were exposed to 
repeated social defeat during adolescence (MIA + RSD, n = 12 from 6 
litters). All the male offspring were exposed to all the behavioral ex-
periments and the PET scans (Fig. 1A). 

2.3. Maternal immune activation 

Poly-I:C (potassium salt: Sigma-Aldrich, Germany) was freshly dis-
solved in 0.9% NaCl (2 mg/ml) on the day of administration. On GD15, 
12 pregnant dams were anesthetized with 5% isoflurane in oxygen and 
intravenously injected in the tail vein with 4 mg/kg poly-I:C in saline 
(MIA) or saline (control). Late gestation (GD15) corresponds to the 
second semester of pregnancy in humans and has been chosen by many 
previous studies in rats. Once awake, animals were returned to their 
home cages and checked for possible sickness behavior. A checklist with 
the methodological details of the MIA model can be found in the sup-
plemental materials (Kentner et al., 2019). To reduce the litter effect, 
one to three male offspring per litter were used for each group. Animals 
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were not cross-bred. 

2.4. Repeated social defeat 

Twelve 20-week old male Long Evans rats (HsdBlu:LE – Envigo, USA) 
were used as residents and screened for aggressive behavior at least five 
times before the experiment. Territoriality was encouraged by housing 
each male resident in a large cage (80*50*40 cm) with an ovariecto-
mized Long Evans female rat for at least one week before the screening. 
The screening consisted of measuring attack latency and submission 
time in RSD sessions conducted on five consecutive days to select rats 
displaying the desired aggressive behavior and exclude rats showing no 
aggressive behavior (attack latency > 60 s, absence of submission, or 
residents being submitted), or signs of violence (attack latency <10 s 
and attacking of vital zones). 

The RSD protocol was performed between 1 and 4 p.m. One hour 
before the exposure of the experimental rat to the resident rat, the fe-
male Long Evans rat was removed from the resident’s cage. The session 
lasted 1 h and started with the introduction of the experimental rat in the 
cage of the resident, after which the resident and experimental rats were 
allowed to interact until the experimental rat showed a submissive 
posture for at least 5 s or after 10 min of interaction. Then, the experi-
mental rat was placed inside a wire mesh cage and put back in the cage 
of the resident to allow for visual, auditory, and olfactory interactions 
for the remainder of the hour. The experimental rat was exposed to five 
different residents on five consecutive days. Control rats were placed in 
a wire mesh cage inside a clean cage for a duration of 1 h. The behavior 
(attack latency and intensity) of the resident rats was similar between 
control and MIA-exposed intruder animals. 

Rats exposed to RSD during adolescence were individually housed 
during the RSD protocol and until the first PET scan (PND32-42) to 
prevent the possibility that social interaction during group housing 
would counteract the effect of social defeat. The groups not exposed to 
RSD remained group-housed during and after the RSD protocol. 

2.5. Behavioral analysis 

Various behavioral tests were conducted at different time points to 
assess anhedonia, social behavior, anxiety, and working memory in rats. 
The sucrose preference test (SPT) was performed on PND37, 41, and 83 
to measure anhedonia. The elevated-plus maze test (EPM) was carried 
out on PND37 and 83 to measure anxiety and locomotion. The open field 
test (OFT) was performed on PND40 and 85 to measure anxiety-like 
behavior and locomotion. The social interaction test was conducted on 
PND40 and 85 to assess social behavior. The Y-maze test was conducted 
on PND41 and 86 to assess working memory and locomotion. A detailed 
description of the behavioral test apparatuses, procedures and analyses 
is provided in the Supplementary Materials. 

2.6. Positron emission tomography 

PET was used to measure TSPO levels as a marker of microglia 
reactivity during adolescence (PND42) and adulthood (PND90). A 
detailed description of the methods is provided in the Supplementary 
Materials. In short, rats were anesthetized with isoflurane in oxygen (5% 
for induction and 2% for maintenance) before intravenous injection of 
31.7 ± 5.3 MBq [11C]PBR28 in a tail vein. After injection, the rats were 
immediately placed back in their home cage. About 30 min after tracer 
injection, rats were again anesthetized with isoflurane and positioned 
into the PET camera (microPET Focus 220, Siemens) for a transmission 
scan of 10 min followed by an emission scan of 30 min, starting at 45 
min after tracer injection. 

2.7. Brain collection, and immunohistochemistry 

Within 10 min after the last PET scan, rats were perfused with PBS 

under deep anesthesia, and their brains were collected. The left hemi-
sphere was dissected to isolate the frontal cortex and hippocampus 
before being snap-frozen in liquid nitrogen. The right hemisphere was 
fixed for 48 h in 4% PFA at room temperature before being dehydrated 
in 25% sucrose solution at 4 ◦C, embedded with optimal cutting tem-
perature OCT compound and stored at − 80 ◦C. 

To ascertain the effects of MIA, RSD and their combination on 
microglia density, we performed immunohistochemical analysis of Iba1, 
a cellular marker expressed in the entire microglia population (Ran-
sohoff and Perry, 2009). Microglia densities and distance of the micro-
glia to their nearest neighbor in the parietal and frontal cortices were 
determined by counting all Iba1 positive cells in 6–10 regions of interest 
(ROI) per cortical region per animal. Four to six rats per group were 
randomly selected for analysis. A detailed description of the immuno-
histochemistry and microglial density and spatial distribution analysis 
can be found in the Supplementary materials. 

2.8. ELISA for plasma corticosterone and for brain synaptophysin, 
SNAP25, IL-1β, and IL-10 

The description of the ELISA for plasma corticosterone is provided in 
the Supplementary materials. Blood samples were collected from the tail 
vein, prior to each injection of the PET tracer. Blood samples were 
immediately centrifuged at 5000 g for 3 min. The supernatant (plasma) 
was collected, frozen in liquid nitrogen and stored at − 80 ◦C. Plasma 
corticosterone measurement was performed using an enzyme-linked 
immunoassay (ELISA) using a commercially available kit (Arbor As-
says, DetectX Corticosterone Immunoassay kit) according to the manu-
facturer’s recommendations. 

Snap-frozen samples of the hippocampus and frontal cortex were 
homogenized with a tissue homogenizer, the cell suspension was soni-
cated, the homogenate was centrifuged at 10,000×g for 5 min and the 
supernatant was collected. Synaptophysin, SNAP25, IL-1β, and IL-10 
protein levels were measured using commercially available kits 
(Abbexa Rat synaptophysin, SNAP25, IL-1β, and IL-10 ELISA kit) ac-
cording to the manufacturer’s recommendations. 

2.9. Statistical analysis 

Statistical analyses of body weight, behavior, and PET data were 
performed using SPSS (IBM SPSS Statistics, Version 22.0). A generalized 
estimating equation (GEE) analysis was performed, using ‘MIA’, ‘RSD’ 
and ‘time’ as factors for longitudinal statistical analyses as this analysis 
can account for missing data and was adjusted for multiple comparisons 
using the “least significant difference post-hoc correction”. Wald Chi- 
square (W) and degrees of freedom (df) are presented for GEE anal-
ysis. A one-way ANOVA, followed by a Tukey’s multiple comparisons 
post hoc test whenever appropriate, was performed using GraphPad 8 
software to assess differences in Iba1 staining, inflammatory cytokines, 
and synaptic protein levels between groups, as these parameters were 
assessed at only a single time point and no data was missing. F value and 
degree of freedom are presented for one-way ANOVA. An unpaired t-test 
was performed to assess differences in RSD severity (attack and sub-
mission latency). Direct statistical comparison between MIA and RSD 
are not shown. The data are presented as mean ± standard deviation 
(SD). In the figures, white empty circles represent control rats, yellow 
(MIA) and blue (RSD) half-filled circles represent rats exposed to a single 
stressor, while the green (MIA + RSD) filled circles represent rats 
exposed to the combination of the two stressors. 

3. Results 

3.1. Social defeat protocol 

Average attack latency (RSD = 76 ± 68 s, MIA + RSD = 84 ± 79 s, p 
= 0.57) was not significantly different between RSD and MIA + RSD rats 
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(Supplementary Fig. S1). 

3.2. MIA increased body weight during adolescence 

The body weight of all groups increased over time (W = 16,817, df =
10, p < 0.001, Fig. 1B). We observed no main effect of MIA and RSD on 
body weight. Pairwise analysis (W = 6,037,350, df = 43, p < 0.001) 
revealed that MIA rats had a higher body weight than control (+9%, p =
0.037) and MIA + RSD rats (+8%, p = 0.011) on PND36. A higher body 
weight of MIA rats compared to control (+7%, p = 0.002), and MIA +
RSD rats (+5%, p = 0.050) was also observed on PND49. 

3.3. No effect of MIA or RSD on sucrose preference 

The sucrose preference test was used to assess anhedonia (Fig. 1C). 
We observed a RSD*Time interaction (W = 7.4, df = 2, p = 0.025) in 
sucrose preference. We observed no significant differences in sucrose 
preference between the experimental groups and control rats at any time 
point. On PND37, MIA + RSD rats (− 10%, W = 40.9, df = 11, p = 0.010) 
had lower sucrose consumption than MIA rats. This difference was not 
observed anymore on PND41 and PND83. 

Fig. 1. Study design, bodyweight, anhedonia, social behavior, anxiety, locomotion and working memory in control, MIA, RSD, and MIA + RSD rats. (A) Study design. 
Pregnant dams were intravenously injected with either saline or poly I:C on gestational day (GD) 15. A 5-day repeated social defeat (RSD) protocol was performed 
between PND32-36. Behavioral experiments were conducted during adolescence (PND36-42) and adulthood (PND80-90). Blood samples were collected before each 
[11C]PBR28 PET scan (PND42, 90). Brains were collected for Iba1 staining and cytokine and synaptic protein analysis on PND90. All the offspring males were 
exposed to all the behavioral experiments and PET scans. (B) Bodyweight. (C) Anhedonia in the sucrose preference test. (D) Social behavior in the social interaction 
test. (E, G) Anxiety in the elevated plus maze and the open-field test. I. Working memory in the Y-maze. (F, H, J) Locomotion. N = 11–13 rats per group. Data is 
presented as mean ± SD. GEE was performed using ‘MIA’, ‘RSD’ and ‘time’ as factors for longitudinal statistical analyses. Statistically significant differences between 
groups are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001. Significant differences between time points and direct comparisons between MIA and RSD are 
not shown. 
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3.4. MIA overcompensated the RSD induced reduction in social 
interaction 

To test social behavior, we quantified the preference of the rats for 
interacting with another rat (Fig. 1D). We observed a main effect of MIA 
(W = 4.5, df = 1, p = 0.035) and of time (W = 191, df = 1, p < 0.001), 
but not of RSD (W = 0.83, df = 1, p = 0.364). We also observed sig-
nificant MIA*RSD (W = 9.0, df = 1, p = 0.003), and MIA*Time (W =
16.2, df = 1, p < 0.001) interactions. During adolescence, the RSD rats 
spent less time interacting with another rat than controls (− 28%, W =
261, df = 7, p < 0.001). The opposite effect was observed in rats exposed 
to the combination of MIA and RSD, as the pairwise comparison (W =
261, df = 7, p < 0.001) revealed that their time interacting with another 
rat was significantly higher than that of control (+19%, p = 0.006), MIA 
(+18%, p = 0.032) and RSD rats (+67%, p =<0.001). These differences 
were not observed at adulthood anymore. 

3.5. RSD increased anxiety-like behavior in the EPM 

The EPM was used to assess anxiety-like behavior (Fig. 1E) and 
locomotion (Fig. 1F). 

During adolescence, pairwise analysis revealed (W = 20.6, df = 7, p 
= 0.004) that RSD rats had a lower number of open arm entries 
compared to control (− 58%, p = 0.007), and MIA + RSD rats (− 62%, p 
= 0.001) (Fig. 1E). These differences were not observed in adulthood. 

We observed a main effect of MIA (W = 7.3, df = 1, p = 0.007) and 
time (W = 40.8, df = 1, p = 0.001) but not of RSD (W = 3.1, df = 1, p =
0.079) on the time spent in closed arms. RSD rats spent significantly 
more time in the closed arms than MIA + RSD rats (+16%, W = 63.2, df 
= 7, p = 0.014) in adolescence but not adulthood (Supplementary 
Fig. S2A). We observed no significant difference between groups in the 
time spent in the open arm at any time point (Supplementary Fig. S2B). 
We observed a main effect of MIA (W = 4.9, df = 1, p = 0.027), RSD (W 
= 10.1, df = 1, p = 0.001), and time (W = 63.2, df = 1, p < 0.001) on the 
time spent in the center of the EPM (Supplementary Fig. S2C). In 
adolescence, pairwise comparison (W = 154, df = 7, p < 0.001) revealed 
that RSD rats (− 65%, p < 0.001) spent significantly less time in the 
center of the EPM than controls and MIA + RSD rats spent significantly 
less time in the center of the EPM than control (− 67%, p < 0.001) and 
MIA rats (− 72%, p < 0.001). In adulthood, MIA rats spent significantly 
more time in the center of the EPM than controls (+59%, p = 0.047). 

We observed a main effect of time on the distance traveled (W =
64.1, df = 1, p < 0.001) (Fig. 1F). The pairwise comparison (W = 82.6, 
df = 7, p < 0.001) revealed that during adolescence, RSD rats traveled 
significantly less than control rats (− 20%, p = 0.025). At adulthood, 
RSD rats (+41%, 0.009) and RSD + MIA rats (+37%, 0.013) traveled 
significantly more than control animals. 

3.6. RSD and MIA increased locomotion during adulthood in the OFT 

The percentage of time spent in the center of the arena and the total 
distance traveled in the OFT were used to assess anxiety-like behavior 
(Fig. 1G) and locomotion (Fig. 1H), respectively. We observed no dif-
ferences in time spent in the center, or in the total number of center 
entries between groups at any time point. In adulthood, pairwise anal-
ysis (W = 64.3, df = 7, p < 0.001) revealed that MIA (+105%, p =
0.002), RSD (+82%, p = 0.026) and RSD +MIA rats (+115%, p < 0.001) 
traveled significantly more than control rats. 

3.7. RSD and MIA increased locomotion during adulthood in the Y-maze 

Spontaneous alternations and distance traveled in the Y-maze were 
measured to assess working memory (Fig. 1I) and locomotion (Fig. 1J) 
respectively. We observed no differences in spontaneous alternations 
between groups at any time point. We observed a main effect of RSD (W 
= 14.9, df = 1, p < 0.001) on distance traveled. In adolescence, RSD rats 

traveled significantly more than control (+30%, W = 25.1, df = 7, p =
0.006). Pairwise comparisons (W = 25.1, df = 1, p < 0.001) revealed 
that adult RSD (+34%, p = 0.030), MIA (+34%, p = 0.036) and RSD +
MIA rats (+64%, p < 0.001) traveled significantly more than controls. 
Furthermore, adult rats exposed to the combination of MIA + RSD 
traveled significantly more than rats exposed to RSD (+22%, p = 0.043) 
or MIA (+22%, p = 0.047) alone. 

3.8. RSD reduced the MIA-induced increase in plasma corticosterone 
levels during adolescence 

To determine the effect of MIA and RSD on the stress axis, serum 
concentrations of corticosterone were measured 1 week after exposure 
to adolescent RSD and in adulthood (Supplementary Fig. S3). We 
observed a MIA*Time interaction (W = 7.1, df = 1, p = 0.008) in 
corticosterone levels. Adolescent MIA rats had significantly higher 
corticosterone levels than controls (+63%, W = 46.9, df = 7, p = 0.019). 
Adulthood MIA rats had a significantly lower corticosterone levels than 
control rats (− 40%, W = 46.9, df = 7, p = 0.039). These differences were 
not observed in MIA + RSD rats. 

3.9. The combination of MIA and RSD induced a long-lasting increase in 
glial reactivity in the whole brain 

To determine if the MIA- and RSD-induced behavioral changes were 
associated with changes in glial reactivity to the stressors, [11C]PBR28 
PET was performed during adolescence and adulthood (Fig. 2, Table 1). 
A main effect of time (W = 154, df = 1, p = 0.001) and MIA (W = 21.0, 
df = 1, p < 0.001) was observed on whole brain tracer uptake (Fig. 2A). 
Comparison with control animals during adolescence showed that MIA 
induced a significant increase in tracer uptake in all the brain regions 
measured (Fig. 2, Table 1), except for the amygdala. In adolescence, RSD 
induced a significant increase in tracer uptake in the whole brain (Fig. 2, 
Table 1), except for the amygdala, basal ganglia, insular and temporal 
cortices, forebrain, nucleus accumbens, and thalamus as compared to 
control rats. Adolescent rats exposed to the combination of MIA and RSD 
had a significantly higher tracer uptake than controls in all the brain 
regions measured (Fig. 2, Table 1), except for the amygdala and insular 
cortex. No difference between the RSD, MIA and MIA + RSD group were 
observed in adolescence. 

In adulthood, MIA rats had a significantly higher tracer uptake in the 
brainstem (+17%, W = 153, df = 7, p = 0.004), cerebellum (+12%, W 
= 319, df = 7, p = 0.028), temporal cortex (+12%, W = 20.1, df = 7, p =
0.023), and hippocampus (+16%, W = 201, df = 7, p = 0.017) than 
controls. Pairwise comparisons (W = 250, df = 7, p < 0.001) showed 
that adult RSD rats had similar tracer uptake as controls in all brain 
regions. Rats exposed to the combination of MIA and RSD had a 
significantly enhanced tracer uptake in the whole brain as compared to 
control (+12%, p = 0.003) and RSD rats (+16%, p < 0.001), despite 
tracer uptake in several cortical areas being not significantly different 
between group (Fig. 2, Table 1). We observed no significant differences 
in tracer uptake between MIA and MIA + RSD rats. 

3.10. The combination of MIA and RSD increased microglial cell density 
in the frontal cortex during adulthood 

To further investigate the effect of MIA and RSD on microglia, the 
effect on microglia cell density was determined in the frontal and pari-
etal cortices by counting the number of Iba1-positive cells (Fig. 3A). In 
adulthood, one-way ANOVA (F (3, 16) = 7.3), p = 0.002) revealed that 
the density of microglial cells in the frontal cortex (Fig. 3B) was signif-
icantly higher in the rats exposed to the combination of MIA and RSD 
than in control (+39%, p = 0.007), MIA (+34%, p = 0.015), and RSD 
rats (+41%, p = 0.009). In line with the increased microglial cell den-
sity, a significant decrease in the nearest neighbor distance between 
microglia was found (one-way ANOVA, F (3, 16) = 6.9, p = 0.003) in the 
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frontal cortex of the rats exposed to the combination of MIA and RSD, as 
compared to control (− 13%, p = 0.013), MIA (− 12%, p = 0.016), and 
RSD rats (− 14%, p = 0.009) (Fig. 3D). In line with the PET data, we 
observed no difference in microglial density (Fig. 3C) and nearest 
neighbor distance (Fig. 3E) in the parietal cortex. 

3.11. MIA increased IL-1β and RSD reduces IL-10 levels in the 
hippocampus during adulthood 

IL-1β (Fig. 4A, B) and IL-10 (Fig. 4C, D) protein concentrations were 
measured in the hippocampus and frontal cortex with an ELISA as 
representative pro- and anti-inflammatory cytokines, respectively. In 
adulthood, one-way ANOVA (F (3, 38) = 12.9, p < 0.001) revealed that 
the IL-1β levels in the hippocampus were significantly higher in rats 
exposed to MIA, as compared to controls (+41%, p < 0.001) (Fig. 4A). 
The IL-1β levels in the hippocampus were also significantly higher in rats 
exposed to MIA + RSD, as compared to control (+27%, p < 0.02), and 
RSD rats (+36%, p = 0.003) (Fig. 4A). In adulthood, one-way ANOVA (F 
(3, 38) = 5.6, p = 0.003) revealed that the IL-10 levels in the hippo-
campus were significantly lower in rats exposed to RSD, as compared to 
control (− 27%, p = 0.004), and MIA + RSD rats (− 32%, p = 0.009) 
(Fig. 4C). IL-1β and IL-10 levels in the frontal cortex were similar in all 
groups (Fig. 4B, D). 

3.12. MIA and RSD increased synaptophysin in the frontal cortex in 
adulthood 

Synaptophysin (Fig. 5A, B) and SNAP25 (Fig. 5C, D) proteins were 
measured in the hippocampus and frontal cortex with ELISA. In adult-
hood, one-way ANOVA (F (3, 37) = 4.3, p = 0.011) revealed that the 
synaptophysin levels in the hippocampus were significantly higher in 
rats exposed to MIA, as compared to MIA + RSD rats (+42%, p = 0.048) 

(Fig. 5A). In the frontal cortex, one-way ANOVA (F (3, 35) = 5.2, p =
0.004) revealed that synaptophysin levels were significantly higher in 
the rats exposed to MIA (+64%, p = 0.0034) or RSD (+45%, p = 0.035), 
as compared to controls (Fig. 5B). SNAP25 levels were similar in all 
groups (Fig. 5C, D). 

4. Discussion 

In this study, we aimed to test whether exposure to maternal infec-
tion, social adversity trauma during adolescence and the combination of 
these factors can affect glial activity and density, synaptic density, and 
behavior. Although other studies have already investigated the dual hit 
hypothesis in rats, this study offers several new aspects that discriminate 
it from others. In particular, the combination of maternal infection with 
a specific second hit that consisted of exposing rats to social adversity 
during adolescence (while other studies used other stressors). Social 
adversity has the advantage of mimicking social stress that we experi-
ence as humans, and which is a known risk factor for psychiatric dis-
orders. Furthermore, our study used PET imaging to longitudinally 
measure TSPO expression levels in the brain of rats exposed to these two 
stressors. The advantage of this methods is that it allows to use the same 
rats in adolescence and adulthood. To the best of our knowledge, this 
study is also the first one showing synaptic marker changes in rats 
exposed to the combination of these two stressors and observing a 
mutually protective effect of prenatal infection and adolescent social 
adversity on social behavior and anxiety. 

More specifically, the present findings, summarized in Fig. 6, 
demonstrate that prenatal infection and social adversity during adoles-
cence can be mutually protective. Maternal infection prevented short- 
term RSD-induced anxiety and reduced social behavior. Each hit alone 
or their combination induced hyperactivity in adulthood. Longitudinal 
PET imaging and Iba1 staining revealed a transient increase in 

Fig. 2. TSPO expression level, associated with microglial reactivity, in the whole brain (A), Hippocampus (B), Frontal association cortex (C), and Parietal cortex (D) 
of control, MIA, RSD, and MIA + RSD rats as measure with [11C]PBR28 PET. N = 8–13 per group. Graphs represent mean ± SD. GEE was performed using ‘MIA’, 
‘RSD’ and ‘time’ as factors for longitudinal statistical analyses. Statistically significant differences between groups are indicated by asterisks: *p < 0.05, **p < 0.01, 
***p < 0.001. Significant differences between time points and direct comparisons between MIA and RSD are not shown. 
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microglial cell density and reactivity to the stressors in adolescent rats 
exposed to MIA or RSD alone, whereas their combination induced a 
persistent increase until adulthood. Furthermore, prenatal infection 
increased proinflammatory cytokine IL-1β levels, whereas social 
adversity reduced anti-inflammatory cytokine IL-10 levels in the hip-
pocampus during adulthood. This reduction in IL-10 levels was not 
observed in rats exposed to both MIA and RSD. Our study revealed that 
the increased synaptic markers in the frontal cortex of adult rats exposed 
to maternal infection or adolescent social adversity was absent in rats 
exposed to the combination of these stressors. 

RSD and MIA mimic some of the behavioral effects of bullying in 
humans and maternal infection, respectively (Björkqvist, 2001; Brown 
and Meyer, 2018; Careaga et al., 2017). In accordance with other studies 
(Calpe-López et al., 2022; Shimizu et al., 2020; Warren et al., 2014), we 
found that within a week after the adolescent RSD protocol, rats dis-
played a reduction in social behavior and increased anxiety as indicated 
by a reduced time spent playing with another rat and a reduced number 
of entries in the open arm of the EPM, respectively. These effects were 
not observed in MIA offspring exposed to the RSD protocol, suggesting a 
protective effect of MIA. The literature shows various effects of maternal 
infection during pregnancy as being either protective against stressors 
during adolescence or synergistically detrimental (reviewed in Guerrin 

et al., 2021). One study observed a protective effect of MIA on social 
isolation associated with higher levels of hippocampal oxytocin, a hor-
mone capable of reducing anxiety and social avoidance notably by 
modulating the glucocorticoid response (Engelmann et al., 2004; Goh 
et al., 2020; Yoon and Kim, 2020). Perhaps similar oxytocin changes 
have occurred in our study, which could explain the mutual protective 
effect of MIA and RSD on anxiety, social behavior, and plasma cortico-
sterone levels. The protective effect of MIA aligns with the suggestion 
that a certain level of adversity in humans can increase resilience (Seery 
et al., 2013). As group housing can counteract the effect of social 
adversity, rats exposed to social adversity during adolescence were so-
cially isolated during the RSD protocol and until the first PET scan (6 
days later). Thus, it should be emphasized that our findings are the result 
of the combined effect of RSD and social isolation, which is a plausible 
combination of stressors that is often observed in humans as well. 

In accordance with the literature, we observed that prenatal infec-
tion (Desbonnet et al., 2022; Gzielo et al., 2021; Howland et al., 2012; Li 
et al., 2018; Zhu et al., 2014), social adversity during adolescence or 
their combination (Burke et al., 2013, 2011; Watt et al., 2009; Giovanoli 
et al., 2013, 2016a,b) induced hyperlocomotion in adulthood in the 
OFT, EPM, and Y-maze. Hyperlocomotion has been attributed to alter-
ations in the mesolimbic dopaminergic pathway (Fabricius et al., 2011). 

Table 1 
[11C]-PBR28 PET: tracer uptake in the brain of control, RSD, MIA, and MIA + RSD animals in adolescence and adulthood. Tracer uptake (SUV) is presented for different 
brain areas. Data are shown as mean ± SD. Statistically significant differences compared to control animals on the same day are indicated with an asterisk: *p < 0.05; 
**p < 0.01, ***p < 0.001. Statistically significant differences between RSD and MIA + RSD animals on the same day are indicated with a $: $p < 0.05; $$p < 0.01, $$$p 
< 0.001. We observed no significant differences between MIA and MIA + RSD. Direct statistical comparisons between MIA and RSD are not shown.  

Brain regions Adolescence (PND42) Adulthood (PND90) 

Control MIA RSD MIA + RSD Control MIA RSD MIA + RSD 

Amygdala 0.193 ±
0.011 

0.214 ± 0.008 0.220 ± 0.012 0.224 ± 0.014 0.230 ±
0.011 

0.237 ± 0.014 0.220 ±
0.010 

0.256 ± 0.019 

Basal ganglia 0.127 ±
0.009 

0.156 ± 0.008* 0.148 ± 0.008 0.156 ± 0.008* 0.187 ±
0.007 

0.198 ± 0.006 0.189 ±
0.008 

0.221 ± 0.014* 

Brainstem 0.178 ±
0.011 

0.218 ± 0.011* 0.219 ± 
0.010** 

0.220 ± 
0.010*** 

0.288 ±
0.008 

0.337 ± 
0.015** 

0.275 ±
0.008 

0.328 ± 0.015*$$ 

Cerebellum 0.218 ±
0.014 

0.286 ± 
0.016*** 

0.279 ± 
0.018** 

0.278 ± 
0.018*** 

0.449 ±
0.012 

0.501 ± 
0.020* 

0.423 ±
0.017 

0.503 ± 0.019*$$ 

Corpus Callosum 0.119 ±
0.008 

0.175 ± 
0.010*** 

0.162 ± 
0.012*** 

0.158 ± 
0.010*** 

0.268 ±
0.011 

0.284 ± 0.020 0.259 ±
0.015 

0.301 ± 0.013*$ 

Cortex Entorhinal 0.221 ±
0.014 

0.270 ± 0.009* 0.264 ± 0.014* 0.274 ± 0.018* 0.256 ±
0.010 

0.284 ± 0.014 0.246 ±
0.009 

0.283 ± 0.020 

Cortex Frontal 0.261 ±
0.015 

0.346 ± 
0.022*** 

0.324 ± 0.023* 0.324 ± 
0.016** 

0.425 ±
0.015 

0.441 ± 0.029 0.407 ±
0.017 

0.467 ± 0.019$ 

Cortex Frontal 
Association 

0.408 ±
0.022 

0.530 ± 
0.031*** 

0.498 ± 0.034* 0.504 ± 
0.028** 

0.584 ±
0.024 

0.637 ± 0.028 0.567 ±
0.016 

0.672 ± 0.028*$$$ 

Cortex Insular 0.257 ±
0.015 

0.309 ± 0.017* 0.282 ± 0.016 0.299 ± 0.016 0.278 ±
0.007 

0.301 ± 0.010 0.284 ±
0.009 

0.293 ± 0.017 

Cortex Medial 
Prefrontal 

0.176 ±
0.012 

0.258 ± 
0.019*** 

0.231 ± 
0.017*** 

0.238 ± 
0.015*** 

0.302 ±
0.014 

0.338 ± 0.026 0.293 ±
0.021 

0.352 ± 0.013**$ 

Cortex Occipital 0.180 ±
0.013 

0.251 ± 
0.012*** 

0.238 ± 0.020* 0.240 ± 
0.018** 

0.436 ±
0.025 

0.436 ± 0.037 0.409 ±
0.015 

0.468 ± 0.033 

Cortex Orbitofrontal 0.291 ±
0.017 

0.382 ± 
0.029** 

0.358 ± 0.022* 0.369 ± 
0.018** 

0.375 ±
0.014 

0.421 ± 0.022 0.371 ±
0.014 

0.436 ± 0.019*$$ 

Cortex Parietal 0.203 ±
0.011 

0.274 ± 
0.014*** 

0.254 ± 0.018* 0.254 ± 
0.014** 

0.408 ±
0.017 

0.402 ± 0.033 0.390 ±
0.017 

0.441 ± 0.020 

Cortex Temporal 0.249 ±
0.014 

0.301 ± 0.014* 0.289 ± 0.016 0.301 ± 0.018* 0.285 ±
0.009 

0.320 ± 
0.012* 

0.282 ±
0.009 

0.322 ± 0.016*$ 

Forebrain 0.134 ±
0.008 

0.172 ± 
0.011*** 

0.154 ± 0.009 0.175 ± 
0.008*** 

0.237 ±
0.007 

0.253 ± 0.11 0.225 ±
0.009 

0.280 ± 0.008*$$$ 

Hippocampus 0.121 ±
0.008 

0.170 ± 
0.009*** 

0.164 ± 
0.011*** 

0.165 ± 
0.010*** 

0.220 ±
0.007 

0.256 ± 
0.013** 

0.222 ±
0.007 

0.261 ± 
0.010***$$$ 

Midbrain 0.114 ±
0.007 

0.159 ± 
0.010*** 

0.144 ± 
0.008** 

0.151 ± 
0.010** 

0.266 ±
0.010 

0.297 ± 0.014 0.254 ±
0.009 

0.300 ± 0.014*$$$ 

Nucleus accumbens 0.168 ±
0.010 

0.216 ± 
0.015** 

0.199 ± 0.014 0.207 ± 0.017* 0.230 ±
0.013 

0.254 ± 0.016 0.211 ±
0.009 

0.251 ± 0.015$ 

Striatum 0.116 ±
0.007 

0.157 ± 
0.008*** 

0.143 ± 0.009* 0.145 ± 
0.008** 

0.199 ±
0.007 

0.216 ± 0.007 0.194 ±
0.007 

0.220 ± 0.009$ 

Thalamus 0.137 ±
0.008 

0.175 ± 
0.011** 

0.157 ± 0.009 0.179 ± 
0.008*** 

0.244 ±
0.008 

0.259 ± 0.016 0.229 ±
0.006 

0.288 ± 0.017*$$$ 

Whole brain 0.188 ±
0.010 

0.244 ± 
0.016*** 

0.231 ± 
0.009** 

0.236 ± 
0.013** 

0.325 ±
0.009 

0.348 ± 0.016 0.312 ±
0.009 

0.362 ± 0.009**$$ 

$  
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Our results are in line with clinical studies showing hyperactivity and 
psychomotor symptoms in patients with schizophrenia (Sams-Dodd 
et al., 1997; Sano et al., 2012) and ASD (Lai et al., 2019). 

Rats exposed to MIA or RSD during adolescence, or the combination 
of both stressors showed no significant changes in social behavior, 
anhedonia, anxiety and working memory in the social interaction test, 
SPT, OFT, EPM and Y-maze during adulthood. Our findings contrast 
with other studies that observed adult MIA offspring displaying reduced 
social behavior (Andoh et al., 2019; Mattei et al., 2017; Mueller et al., 
2021; Pendyala et al., 2017; Van Den Eynde et al., 2014; Wang et al., 
2019; Zhu et al., 2014), increased anxiety in the OFT and EPM (Van Den 
Eynde et al., 2014; Wang et al., 2019) and reduced working memory in 
the Y-maze (Mueller et al., 2021; Richetto et al., 2013). Differences in 

the timing and dose of the maternal infection may explain these differ-
ences as these parameters have been shown to critically determine the 
patterns of behavioral abnormalities displayed in the offspring at adult 
age (Meyer et al., 2006, 2008). In contrast to our study, some studies 
observed that social adversity during adolescence resulted in a reduction 
in sucrose preference in the SPT, increased anxiety, and reduced social 
preference (Buwalda et al., 2013; Guerrin et al., 2023; Iñiguez et al., 
2014; Parise et al., 2020; Resende et al., 2016; Warren et al., 2013, 
2014), while others observed no long-lasting effects on these parameters 
(Buwalda et al., 2013; Mouri et al., 2018). One of the differences in the 
social interaction test between our and other studies is that we measured 
the willingness of the rat to socially interact, while other studies 
measured social avoidance by measuring the willingness of the 

Fig. 3. Density of microglia and nearest neighbor distance in adult control, MIA, RSD, and MIA + RSD rats. Representative Iba1 staining of microglia in the frontal 
and parietal cortex of control, MIA, RSD, and MIA + RSD rats (A). Number of Iba1-positive cells/mm2 in the frontal (B) and parietal cortex (C). Nearest neighbor 
distance analysis in the frontal (D) and parietal cortices (E). n = 4–6 rats per group. Graphs represent mean ± SD. A one-way ANOVA, followed by a Tukey’s multiple 
comparisons post hoc test was performed. Statistically significant differences between groups are indicated by asterisks: *p < 0.05, **p < 0.01. Direct comparisons 
between MIA and RSD are not shown. 
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experimental rodent to interact with a rodent by which it was defeated 
in the RSD protocol. Future studies should perform other behavioral 
tests to explore more thoroughly the behavioral pattern induced by the 
combination of maternal infection and social adversity during adoles-
cence. These tests could include marble burying or prepulse inhibition 
tests as they represent behavior related to ASD and schizophrenia, 
respectively. 

Deviant activity and density of microglia has been associated with 
several neurodevelopmental and affective disorders. To the best of our 
knowledge, this is the first longitudinal PET imaging study measuring 
TSPO levels in rats exposed to MIA and RSD. Our longitudinal within- 
group comparisons using [11C]PBR28 PET revealed increased TSPO 
levels, a protein associated with microglial reactivity, in the whole brain 
of adolescent rats exposed to MIA, adolescent RSD, or a combination of 
both stressors. While glial reactivity was transient in rats exposed to 
adolescent RSD, MIA offspring still showed higher PET tracer uptake in 
the hippocampus, temporal cortex, cerebellum, and brainstem in 
adulthood. Only the adult rats exposed to the combination of MIA and 
adolescent RSD showed a long-lasting increase microglial reactivity in 
the whole brain. Furthermore, the number of Iba1-positive cells was 
higher in the frontal, but not parietal, cortex of adult rats exposed to the 
combination of both stressors, as compared to healthy controls or rats 
exposed to a single stressor. These results suggest that the combination 

of two stressors, as opposed to a single stressor, has long-term effects on 
microglia reactivity and density. Our results are consistent with clinical 
studies observing increased microglial reactivity and density in the brain 
of patients with ASD (Morgan et al., 2010; Tetreault et al., 2012). 
Furthermore, our TSPO PET results have translational value as TSPO 
tracers can also be used in patients and imaging studies have observed 
increased proinflammatory states and TSPO upregulation in the brain of 
people suffering from major depressive disorder and schizophrenia 
(Gritti et al., 2021; Kim and Won, 2017; Marques et al., 2019). However, 
PET tracers for imaging of TSPO have limitations, as TSPO is not spe-
cifically expressed on microglia cells but also on other cells of the central 
nervous system, such as astrocytes and endothelial cells (Janssen et al., 
2018). In addition, its overexpression does not discriminate between a 
change in microglia density or reactivity as in both cases an increase in 
TSPO may be induced. Anesthesia may be a confounding factor in PET 
imaging studies, as it could potentially alter radiotracer pharmacoki-
netics and interact with neurotransmitter systems. A previous study 
noted a 26% reduction in PBR28 TSPO binding in healthy human sub-
jects under propofol anesthesia (Hines et al., 2013). Although we used a 
different anesthetic, isoflurane, similar effects are plausible in our study. 
In mice, prolonged isoflurane anesthesia (>2 h) indeed reduced TSPO 
binding in brown adipose tissue as compared to short-term anesthesia 
(<2 h) (Lee et al., 2022). Despite that the study was not conducted in the 

Fig. 4. IL-1β and IL-10 protein levels in the brain of adult control, MIA, RSD, and MIA + RSD rats. IL-1 β protein levels in the hippocampus (A) and the frontal cortex 
(B). IL-10 protein levels in the hippocampus (C) and the frontal cortex (D). N = 8–12 per group. Graphs represent mean ± SD. A one-way ANOVA, followed by a 
Tukey’s multiple comparisons post hoc test was performed. Statistically significant differences between groups are indicated by asterisks: *p < 0.05, **p < 0.01, ***p 
< 0.001. Direct comparisons between MIA and RSD are not shown. 
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brain, it suggests that the short anesthesia duration (45 min) performed 
in our PET imaging likely has a minimal impact on TSPO uptake. Be-
sides, any anesthesia-related effect in our study would likely result in an 
underestimation of the findings, if any. More importantly, anesthesia 
was applied uniformly across all groups, ensuring consistency in the 
effect of this potential confounder. 

Our study also found that MIA, alone or combined with RSD, induced 
an increase in the proinflammatory cytokine IL-1β protein levels, while 
RSD alone reduced the anti-inflammatory cytokine IL-10 protein levels 
in the hippocampus during adulthood. However, no differences in 
cytokine levels in frontal cortex were observed. These interesting find-
ings suggest that the increased TSPO levels and microglial density in the 
frontal cortex of adult rats exposed to MIA + RSD were not accompanied 
by release of IL-1β or IL-10, while in hippocampus they were. A possible 
explanation could be that the production of cytokines in stimulated 
microglia in frontal cortex was locally inhibited by activation of 
microglial cannabinoid receptors (Cabral and Marciano-Cabral, 2005). 
However, further investigation is needed to explain this apparent 
discrepancy. 

In addition, these findings differ from some other studies that 
observed increased microglial numbers without changes in pro- 
inflammatory cytokines (Giovanoli et al., 2016a,b; Mattei et al., 2017; 
Purves-Tyson et al., 2019), or no changes in both microglia density and 
pro-inflammatory cytokine levels (Giovanoli et al., 2015). In contrast 
with our study, another research group observed that the combination of 
MIA and mild stressors during adolescence was necessary to induce a 
transient increase in microglial density and pro-inflammatory cytokines 
in the hippocampus and frontal cortex, while each hit alone did not 

induce such changes (Giovanoli et al., 2013, 2016a,b). These apparent 
differences can be explained by difference in experimental protocols, 
such as injected dose of poly I:C, timing of injection, stress models, and 
species variations. 

As microglia are involved in neurodevelopmental processes such as 
synaptic pruning, we investigated potential changes in synaptic markers 
in adult rats (Germann et al., 2021; Kim et al., 2021; Koyama and Ike-
gaya, 2015; Lee et al., 2019). Unlike previous studies that explored 
synaptic markers in rats exposed to a single hit (Giovanoli et al., 2016a, 
b; Han et al., 2022), our study also explored synaptic markers in rats 
exposed to the combination of MIA and RSD. We observed that exposure 
to MIA and adolescent RSD alone increased synaptophysin levels in the 
frontal cortex but not hippocampus. Such an increase in synaptophysin 
was not observed if the two stressors were combined, perhaps because a 
higher number of microglia over a longer period of time could have 
counteracted the possible phagocytic dysfunction induced by a single hit 
alone, thus resulting in synaptophysin levels similar to controls. In 
support of this hypothesis, other studies observed an association be-
tween increased spine density and synaptic markers in MIA offspring 
with a reduction in CX3CR1 mRNA (involved in synaptic pruning) 
(Fernández de Cossío et al., 2017) and altered microglia-dependent 
synaptic engulfment (Andoh et al., 2019). Furthermore, another study 
observed that the phagocytic activity of hippocampal microglial cells 
was decreased in adult MIA offspring despite an increased density of 
Iba1-positive cells (Mattei et al., 2017). Maternal separation-induced 
higher spine density in the adolescent hippocampus was associated 
with an impaired phagocytic microglial ability (Dayananda et al., 2023). 
On the other hand, social defeat during adulthood was shown to increase 

Fig. 5. Synaptophysin and SNAP25 in adult control, MIA, RSD, and MIA + RSD rats. Synaptophysin protein levels in the hippocampus (A) and the frontal cortex (B). 
SNAP25 protein levels in the hippocampus (C) and the frontal cortex (D). N = 8–12 per group. Graphs represent mean ± SD. A one-way ANOVA, followed by a 
Tukey’s multiple comparisons post hoc test was performed. Statistically significant differences between groups are indicated by asterisks: *p < 0.05, **p < 0.01. 
Direct comparisons between MIA and RSD are not shown. 
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microglial phagocytic activity, thus resulting in a reduction in hippo-
campal PSD95 shortly after the stressor (Han et al., 2022). Furthermore, 
previous studies observed that RSD during adolescence induced an in-
crease in spine density in the nucleus accumbens (Warren et al., 2014) 
and a reduction in stubby spines in the hippocampus without a change in 
the density of dendritic spines (Iñiguez et al., 2016), 24 h following the 
last stressor. Our results are in line with clinical studies that observed 
increased synaptic density in the brain of patients with ASD (Ebrahi-
mi-Fakhari and Sahin, 2015; Gomot et al., 2008; Hutsler and Zhang, 
2010; Yizhar et al., 2011). Unfortunately, we did not find clear corre-
lations between behavior, immune system, and synaptic markers. Since 
we did not directly measure synaptic pruning, future studies should 
conduct an analysis of PSD95 engulfment in CD68+ cells, a marker of 
phagocytic microglia. 

Upstream mechanisms, such as synapse opsonization by the com-
plement system or astrocyte-related synaptic pruning, may be modified 
by MIA and adolescent RSD, thus resulting in reduced detection of 
synapses eligible for phagocytose by microglia (Germann et al., 2021; 
Mattei et al., 2017). Although our design does not allow differentiation 
between reduced synaptic pruning or increased synaptogenesis and 
neurogenesis, we found that MIA, RSD or the combination of both did 
not modify SNAP25 levels in the adult hippocampus and frontal cortex. 
SNAP25 is involved in the structure and/or function of postsynaptic 
compartment and spine morphogenesis (Antonucci et al., 2016; Corra-
dini et al., 2009), thus suggesting that spine morphogenesis was not 
modified by MIA and RSD in our study. This hypothesis, however, still 
awaits further confirmation. 

These changes in synaptic density markers may explain some of the 
behavior observed in our study. While anxiety, depression and cognitive 
deficits in humans and animals are associated with a reduced synaptic 
density, we observed an increase in synaptophysin, a synaptic marker. 
This may explain why we did not observe such behavioral alterations in 
adult rats exposed to MIA, RSD during adolescence or their combination 
(Duric et al., 2013; Han et al., 2022; Zeng et al., 2012; Zhao et al., 2012). 
Furthermore, the increased synaptophysin in the frontal cortex observed 
in our study may partly explain the increased excitatory output that 

results in increased motor activity (Flores et al., 2016). 

5. Conclusion 

In conclusion, our study we examined the impact of maternal 
infection, adolescent social adversity, and their combination on glial 
activity, synaptic density, and behavior in rats. Our research uniquely 
combined maternal infection with adolescent social adversity, mirroring 
human social stress, and employed longitudinal PET imaging. We 
observed that prenatal infection and social adversity during adolescence 
can be mutually protective as maternal infection during pregnancy 
prevented the reduction in social behavior and the increase in anxiety 
induced by social adversity during adolescence. Furthermore, each 
stressor alone or in combination induced hyperlocomotion in adulthood. 
Prenatal maternal infection and social defeat induced a transient in-
crease in the density of reactive microglia during adolescence, while 
their combination induced a long-lasting increase that remained until 
adulthood. Prenatal maternal infection and social adversity during 
adolescence also increased synaptic markers, in the frontal cortex, while 
sparing the hippocampus. The increase in synaptic markers was not 
observed in rats exposed to both stressors, perhaps due to the long- 
lasting increase in microglial cell density, likely accompanied by an 
increase in microglial synaptic pruning. Future studies are needed to 
further investigate these changes in synaptic pruning induced by 
maternal infection and social adversity during adolescence. 
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