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Abstract: Maternal immune activation (MIA), induced by infection during pregnancy, is an 

important risk factor for neuro-developmental disorders, such as autism. Abnormal maternal 

cytokine signaling may affect fetal brain development and contribute to neurobiological and 

behavioral changes in the offspring. Here, we examined the effect of lipopolysaccharide-induced 

MIA on neuro-inflammatory changes, as well as synaptic morphology and key synaptic protein 

level in cerebral cortex of adolescent male rat offspring. Adolescent MIA offspring showed elevated 

blood cytokine levels, microglial activation, increased pro-inflammatory cytokines expression and 

increased oxidative stress in the cerebral cortex. Moreover, pathological changes in synaptic 

ultrastructure of MIA offspring was detected, along with presynaptic protein deficits and down-

regulation of postsynaptic scaffolding proteins. Consequently, ability to unveil MIA-induced long-

term alterations in synapses structure and protein level may have consequences on postnatal 

behavioral changes, associated with, and predisposed to, the development of neuropsychiatric 

disorders. 
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1. Introduction 

There is increasing evidence indicating that maternal immune activation (MIA) during 

pregnancy is an important risk factor for the progeny to develop neuropsychiatric disorders 

including autism spectrum disorders (ASD). Infections during pregnancy activate the mother’s 

immune system leading to various alterations in the fetal environment that may have negative impact 

on offspring development [1]. In particular, activation of MIA during critical time points of fetal 

neurogenesis may negatively affect brain structure and function of progeny. The relevance of 

inflammation in these disorders suggests the correlation between brain dysfunction and alterations 

in pro-inflammatory cytokines and the number and/or morphology of microglial cells [2]. During 

brain development, the autocrine and paracrine signaling via cytokines regulates neuronal migration, 

growth, function and survival. Therefore, the MIA-evoked cytokine imbalance significantly affects 

developmental processes [3–5]. Throughout prenatal exposure to inflammation, there are apparent 

links between ASD and penetration of pro-inflammatory agents into the developing brain [6–9]. In 

vivo experimental data indicated that male offspring of rat dams treated with lipopolysaccharide 

(LPS), which mimics bacterial infection, displayed impaired communication and repetitive behavior, 

suggestive of autism-like behavior [10–12]. Moreover, preclinical studies on prenatal infection as well 

as on animal models of MIA demonstrated observable abnormalities in neuronal development of 

offspring along with an increase in microglia, which is linked to schizophrenia-like behavior [13–15]. 

Notably, microglial activation and an increase in the density of microglial cells have been also 

demonstrated post-mortem in the cerebral cortex of patients with autism [16] and schizophrenia [17]. 

However, the cellular and molecular links between MIA-mediated disturbances in fetal brain 

development, impaired brain function, and occurrence of neuropsychiatric disorders are still unclear. 

Current knowledge suggests a combination of genetic, epigenetic, and environmental factors, and 

their involvement in dysregulation of neurotransmission [6,18]. 

Despite multiple hypotheses concerning the etiology of ASD or schizophrenia, it is believed that 

the common pathological features for these disorders are associated with dysfunction in synaptic 

transmission, including trans-synaptic recognition and signaling processes, mediated by specific cell 

adhesion molecules. The main piece of evidence supporting this concept came from genetic studies 

showing that gene mutations in neuroligins (Nlgn), the cell adhesion molecules that mediate 

formation and maintenance of synapses, especially Nlgn3 and Nlgn4x, are key determinants of ASD 

[19–23]. Currently, almost 100 gene mutations associated with this system have been identified in 

patients with ASD [24–27]. A significant proportion of these genes encode proteins that are localized 

in the post-synaptic terminals or those regulating synaptic function. The best characterized are the 

intracellular binding partners: SHANK (SH3 and multiple ankyrin repeat domains protein) and PSD-

95 (post-synaptic density protein 95). Also neurexins, the adhesive partners for neuroligins, were 

previously demonstrated to be affected in individuals with ASD [22,28,29]. These synaptic 

scaffolding proteins are necessary for the proper organization of various receptors on post-synaptic 

densities (PSD), by linking them to their signaling effectors and to the cytoskeleton [30–32]. Despite 

the numerous links between MIA and the pathology of ASD and schizophrenia, data demonstrating 

the impact of MIA on synaptic structure are relatively scarce. Most recently, a study demonstrated 

that MIA deregulates the expression of genes associated with synaptogenesis, axonal guidance, 

synaptic contact and neurogenesis in rat fetal brain within 4 h post-LPS injection [33]. However, it is 

not known how those changes affect the structure and function of nerve terminals in offspring. 

Therefore, the aim of the present study was to characterize the effects of MIA on postnatal behavioral 

deficits, extent of inflammatory changes, and the most important, abnormalities in synaptic structure, 

and on the levels of synaptic proteins in adolescent rat offspring.  

2. Results 

2.1. Maternal Immune Activation Alters Behavioral Phenotypes in Rat Offspring 

The peripheral administration of LPS in a dose of 100 µg/kg b.w. to pregnant rats on gestational 

day 9.5 did not influence overall health and physical development of the offspring. Also, no 
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differences in maternal care were observed between saline- and LPS-treated dams. The body weights 

of control and MIA offspring, measured on PND 10 and 50, were not affected by prenatal LPS 

injection. However, maternal sickness behavior evoked by LPS administration was observed up to 

24 h after the LPS injection (see Figure 1b–e and Materials and Methods Section 4.2. Animals and the 

MIA model). 

 

Figure 1. Lipopolysaccharide induces sickness behavior in pregnant female rats. LPS (100 µg/kg body 

weight) was injected intraperitoneally to pregnant rats at gestation day 9.5. The body weight, food 

intake, water intake and body temperature were recorded. (a) Study design. GD—gestation day, 

PND—postanal day ISO—maternal isolation test, BD—bedding preference test, OF—open field test, 

TCK—tickling test, 3-CH—three chamber social test. (b) The change in body weight during 24 h post-

injection (n = 4). (c) Food intake during 24 h post-injection (n = 4). (d) Water intake during 24 h post-

injection (n = 4). (e) The change in rectal body temperature during 6 h post-injection (n = 4). * p < 0.05, 

compared to control group using Student’s t-test. 

To investigate whether exposure to MIA is associated with postnatal behavioral deficits, we 

analyzed social behaviors in the offspring of LPS-administered dams at various stages of their 

development (Figures 2–4, and Supplementary Figure S1).  

For the assessment of locomotor and exploratory activity of male MIA offspring, the open field 

test was performed at PND 40. We observed no major differences in the distance moved and the 

exploratory activity in the open field among MIA and control animals (Figure 2a,b). When anxiety-
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related behavior was analyzed, animals from the MIA group were not significantly differ from 

control in the time spent in the central or peripheral zone (Figure 2c,d).  

 

Figure 2. MIA does not affect exploration of open field (OF) in adolescent rats. Effects of MIA on 

general locomotor activity and anxiety were measured in open field test in PND 40 male rats. The 

locomotion behavior was analyzed by measuring total traveled distance (a) and velocity (b) of MIA 

animals and saline-treated controls. The anxiety-related behavior was examined by measurement of 

central (c) and peripheral (d) zone exploration of MIA animals and controls. N = 28 and 34 in control 

group and in MIA group, respectively. Data represent medians with interquartile range, minimum, 

and maximum. 

One of the hallmarks of ASD are deficits in social interaction [34]. In order to analyze social 

behavior of MIA and control animals, the play behavior test and the 3-chamber test were performed. 

The intensity of positive play behavior was determined by measuring the number of ultrasonic 

vocalizations (USV) emitted by the animals in response to tickling during and between tickling bouts. 

An analysis of variance (using Levene’s test) demonstrated that heterogeneity of data in MIA group 

was significantly higher than in control for both PND 48 and PND 49 (p = 0.0064 and p = 0.0138, 

respectively, Figure 3). Upon further examination of the data, we found that in the MIA group some 

animals vocalized less often than control animals, but other vocalized more often than control 

animals. However, the value of mean and median between control and MIA did not differ. 

 

Figure 3. MIA induces play behavior alterations in adolescent offspring. 

The effects of MIA on social play behavior were examined by analysis of USV emitted in 

response to tickling by an experimenter. The intensity of positive emotional states was determined 

by measuring the number of USV emitted by the animals during tickling sessions at PND 48 and 49. 

Data represent medians with interquartile range, minimum, and maximum (PND48, n = 19; PND49 
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n = 19 and 20). Lev p < 0.01, versus respective control group, Levene’s test for heterogeneity of 

variance. No statistical changes: p > 0.05, compared to control group using Mann-Whitney U test.  

The 3-chamber test was carried out at PND 50–51. None of the groups showed a preference to 

any of the chambers in phase I (data not shown). Analysis of the social preference in phase II showed 

that both the control and MIA group preferred to stay in a social chamber (chamber with unknown 

animal) (p < 0.0001 and p = 0.0014, respectively). However, animals from LPS-treated mother spent 

less time in the social chamber (p = 0.0020) compared to control (Figure 4a). In relation to the control 

group, MIA rats spent twice as much time in the central chamber (p = 0.0012, Figure 4b). Impairment 

of social behavior was also demonstrated by testing for social novelty—test phase III (Figure 4c). 

Control rats spent significantly more time in the chamber with novel animals than in the chamber 

with known animals (p = 0.0010), but this difference was not observed in MIA rats. Moreover, MIA 

rats explored significantly less in the chamber with the novel animal compared to control group (p = 

0.0266) and spent more time in the central chamber (p = 0.0037, Figure 4d).  

 

Figure 4. MIA induces social behavior alteration in adolescent offspring. Effects of prenatal LPS 

exposure on sociability assessed by three chambers test at PND 50-51. (a) Time spent exploring animal 

cage or empty cage. (b) Time spent in central chambers (during phase II). (c) Time spent exploring 

familiar animal or novel animal. (d) Time spent in central chambers (during phase III). Data represent 

medians with interquartile range, minimum, and maximum (control n = 15, MIA = 24). * p < 0.05, ** p 

< 0.01, *** p < 0.001, compared to control group, Mann-Whitney U test. 

2.2. Maternal Immune Activation Increases Neuroinflammation and Oxidative Stress in Cerebral Cortex of 

Rat Offspring 

At PND 52–54, male rats were sacrificed and the molecular and biochemical changes in cerebral 

cortex were analyzed. In order to measure inflammatory responses, the mRNA levels of selected 

cytokines were evaluated. Results showed increased gene expression of tumor necrosis factor α (Tnf) 

(p = 0.0226) and interleukin-6 (Il6) (p = 0.0177) in cerebral cortex of MIA offspring (Figure 5b,d), but 

without significant changes in interferon-γ (Ifng) and interleukin-1β (Il1b) expression (Figure 5a,c). 
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For deeper analysis of peripheral inflammatory processes in MIA animals, levels of pro-inflammatory 

cytokines in blood serum were evaluated by using immunoassay. Our data showed that protein 

levels of IFN-γ (p = 0.0465), TNF-α (p = 0.0459), IL-1 β (p = 0.0492) as well as IL-6 (p = 0.0221) was 

significantly higher compared to control animal (Figure 5e–h).  

 

Figure 5. MIA induces neuro-inflammatory responses in blood and brain of offspring rats. Offspring 

male rats at PND 52–54 were sacrificed and blood and brain tissues were collected. (a–d) Effects of 

prenatal LPS exposure on mRNA for pro-inflammatory proteins in cerebral cortex of offspring rats. 

The mRNA levels were measured by real time-PCR, and normalized to Actb (β-actin). (e–h) Effects 

of prenatal LPS exposure on pro-inflammatory cytokines in blood, as determined by using the Bio-

Plex Pro Rat Cytokine 23-Plex Assay. Data represent the mean value ± S.E.M. (a–n = 4, b–n = 4, c–n = 

4–5, d–n = 9–10, e–n = 7–14, f–n = 6–10, g–n = 6–10, h–n = 6–12). * p < 0.05, compared to control group 

using Student`s t-test. 

Observed activation of the peripheral immune system may elicit a response from the central 

nervous system [35] therefore, immuno-histochemical analysis of proteins which are commonly 

recognized as markers of activation of microglia and astrocytes was performed in rat somatosensory 

cortex. As shown in Figure 6a, the immunostaining of IL-1β (green), the marker of classical activation 

of microglia (also known as M1 or pro-inflammatory), co-localized with microglia cells (labeled by 

Iba-1, red) suggesting classical activation of microglia in MIA-exposed animals. This result was also 

confirmed by quantitative analysis of the degree of co-localization, using Manders’ overlap 

coefficient (Supplementary Materials Figure S2a, p < 0.001). This co-expression was not visible in the 

somatosensory cortex of control animals. Moreover, analysis of Arginase-1, the marker of alternative 

activation of microglia (also known as M2 or anti-inflammatory), showed its co-expression with Iba-

1 (Figure 6b). The quantitative analysis of the degree of co-localization using Manders’ overlap 

coefficient (Supplementary Materials Figure S2b, p < 0.0001) also confirmed activation of M2 

microglia in somatosensory cortex of MIA offspring. 
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Figure 6. MIA induces activation of microglia a in brain cortex of adolescent male rats. 

Immunohistochemical analysis of somatosensory cortex illustrating microglia cells (Iba-1—red) in 

control and MIA-exposed groups. Co-expression of activation markers, (a) IL-1β (green) and (b) 

arginase-1 (green), with Iba1-positive cells has been observed. The nuclei were counterstained with 

DAPI (blue). Scale bar = 50 µm. Yellow arrows indicate the cells which display the most evident co-

localisation.  

Additional immunochemical analysis of GFAP, marker of astrocytes, demonstrated that in our 

experimental conditions, there was no co-expression of IL-1β (green, Figure 7a) nor Arg1 (green, 

Figure 7b) with GFAP -positive cells (red). Therefore, no activation of astrocytes was observed in the 

MIA model. 
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Figure 7. MIA has no effect on activation of astrocytes in brain cortex of adolescent male rats. 

Immuno-histochemical analysis of somatosensory cortex illustrating astrocytes (GFAP- red) in control 

and MIA-exposed groups. Co-expression of activation markers, (a) IL-1β (green) and (b) arginase-1 

(green), with GFAP-positive cells has not been observed. The nuclei were counterstained with DAPI 

(blue). Scale bar = 50 µm. 

Next, the levels of mRNA for 12-lipoxygenase (Alox12) and cyclooxygenase-2 (Ptgs2), known 

partakers in inflammatory response and oxidative stress, were investigated. The data presented 

significant increase of Alox12 and Ptgs2 (Figure 8a, p = 0.0057, and Figure 8b, p = 0.0048, respectively) 

in MIA rats. To evaluate whether elevated expression of inflammatory and pro-oxidative mediators 

due to prenatal exposure to LPS leads to induction of oxidative stress, we measured the DCF 

fluorescence in cerebral cortex homogenate. The DCF may be oxidized by wide range of reactive 

oxygen species (ROS), which influences its fluorescence. As presented in Figure 8c, the fluorescence 

of oxidized DCF was increased (p = 0.0101) in MIA-exposed animals, indicating an increase in the 

ROS level in these animals. Moreover, the level of oxidative stress was evaluated by total glutathione 

(GSH) and oxidized glutathione (GSSG) content in the cerebral cortex. While, the level of total 

glutathione did not significantly differ between control and MIA rats (Figure 8d), a two-fold increase 

of oxidized glutathione (GSSG) (p = 0.0027, Figure 8e) was observed in the cerebral cortex of MIA as 

compared to the control offspring. Moreover, prenatal LPS administration evoked a significant (p = 

0.0087) decrease in the GSH/GSSG ratio in MIA offspring’s cortex (Figure 8f).  
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Figure 8. MIA induces oxidative stress in the brain of offspring rat. The effects of MIA on activation 

of oxidative stress were analyzed in cerebral cortex of PND 52-54 male offspring rats. The expression 

of pro-oxidative genes, such as Alox12 (a) and Ptgs2 (b) were measured by real-time PCR and 

normalized to Actb (β-actin), as a reference gene. The level of reactive oxygen species in tissue 

homogenate was determined with DCFH-DA probe (c). The levels of total GSH (d), oxidized GSSG 

glutathione (e), and ratio of GSH/GSSG (f) were determined by spectrophotometric assays, using 

Glutathione Assay Kit as described in the text. Data represent the mean value ± S.E.M. (a–n = 3, b–n = 

3–4, c–n = 8, d–n = 7–9, e–n = 5, f–n = 3–4). * p < 0.05, ** p < 0.01, compared to control group using 

Student`s t-test. 

2.3. Maternal Immune Activation Induces Ultrastructural Changes in the Cerebral Cortex of Rat Offspring 

Next, we investigated whether prenatal LPS exposure has an influence on the morphology of 

synapses in cerebral cortical of adolescent MIA rats. Figure 9 illustrates neurons and other brain cells 

in the somatosensory cortex of control and MIA animals. In control rats (Figure 9a), we observed 

morphologically normal neuropils as well as normal structure of synapses, synaptic vesicles (SV) and 

mitochondria (M). Synapses in the control group have a proper distribution of SV in the cytoplasm. 

Multiple vesicles are in direct contact with presynaptic membrane. The synaptic cleft is narrow with 

prominent and clearly stained postsynaptic densities. The nerve endings do not reveal features of 

swelling. However, the images of brain tissue of rats prenatally exposed to LPS-induced MIA (Figure 

9b–d) clearly demonstrated ultrastructural changes in synapses, with diminished packing density of 

synaptic vesicles in presynaptic area, as well as blurred and thickened structures of synaptic clefts. 

Moreover, disturbed synaptic membranes, mitochondria with blurred cristae structure, changed 

myelin and swollen endoplasmic reticulum were present. 

In order to statistically compare alterations of SV, randomly chosen EM images of synaptic 

boutons of neurons in the cerebral cortex were examined. We calculated the total number of SV of 

the presynaptic terminals. Results indicated that the number of SV in presynaptic terminals was 

significantly decreased in MIA animals as compared with control (p = 0.0081, Figure 9e). The synaptic 

vesicle protein synaptophysin (Syp, also known as the p38), as a marker for synaptic density. We 

observed that protein levels of Syp in MIA animals were significantly decreased when compared to 
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control (p = 0.0064, Figure 9f). However, the mRNA level for this protein was not changed (Figure 

9g). 

 

Figure 9. MIA evokes synaptic alteration in rat brain cortex. The effects of prenatal LPS exposure on 

ultrastructural changes of synapses in male offspring at PND 52 were examined in the somatosensory 

cortex by transmission electron microscopy. Representative pictures were presented (Figure a–d). In 

the control group (a), normal structure of neurons, neuropil, well-defined structure of synapses with 

accurate post-synaptic density (asterisks), distribution of synaptic vesicles (SV), and well preserved 

mitochondria (M) were observed. In the MIA group (b–d), observations include features of neurons 

and neuropil swelling, reduced packing density of SV in the presynaptic area, blurred structure of 

synaptic cleft without clearly marked pre- and postsynaptic membranes (short arrows on Figure b–

d). Moreover, disturbed synaptic membrane, ultrastructural changes in mitochondria with blurred 

cristae structure (M on Figure b,c), changes in myelin structure (long arrow on Figure d) and swollen 

endoplasmic reticulum (ER on Figure b) were present. (e) Quantitative analysis of synaptic vesicle 

numbers. (f) Densitometric analysis of synaptophysin normalized to GAPDH immunoreactivity with 

representative Western blot. (g) Gene expression of Syp as measured by real-time PCR and 

normalized to Actb (β-actin). Data represented the mean value ± S.E.M. (e–n = 4, f–n = 6–9, g–n = 3–4) 

for ultrastructural analysis and n = 6 for gene expression and protein levels. Data were analyzed using 

Student’s t-test. ** p < 0.01 compared to control group. 

2.4. Maternal Immune Activation Alters Pre- and Postsynaptic Protein Levels in the Cerebral Cortex of Rat 

Offspring 
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To evaluate the possible contribution of MIA to the regulation of synaptic structure and function 

in the developing rat brain, we examined cortical levels of proteins that form a soluble N-

ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, known to be 

involved in the formation and turnover of synaptic vesicles. Our results showed a significant 

reduction of the levels of key components of the SNARE complex, i.e., synaptobrevin1/2—VAMP1/2 

(vesicle-associated membrane protein, p = 0.0150) and syntaxin-1 (Stx-1, p = 0.0153), in the cerebral 

cortex of MIA rats (Figure 10a,d). However, the mRNA level for the particular VAMP and Stx-1 

isoforms remained unchanged among control and MIA groups (Figure 10b–f). Also, the gene 

expression and protein levels of SNAP-25 (synaptosomal-associated protein 25) were not changed 

(Figure 10g,h).  

 

Figure 10. MIA affects the levels of SNARE complex components in the brain of offspring rat. Effects 

of MIA on synaptic proteins SNARE complex in the cerebral cortex of rat offspring. Offspring male 

rats at PND 53-54 were sacrificed and brain tissues were collected. Immunoreactivities of 

synaptobrevin (VAMP1/2) (a), syntaxin-1 (d) and SNAP25 (g) normalized to GAPDH were analyzed 

by SDS-PAGE and Western blot. The mRNA levels of Vamp1 (b) and Vamp2 (c) of Stx1a (e) and Stx1b 

(f), and Snap25 (h) were determined using real-time PCR and normalized to Actb (β-actin). 

Representative Western blots are presented. Results of densitometric analysis of the investigated 

proteins and gene expressions are presented as the mean value ± S.E.M. (a–n = 9–10, b–n = 3–5, c–n = 
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3–5, d–n = 6–7, e–n = 3–5, f–n = 3–5, g–n = 8–9, h–n = 3–5). Data were analyzed using Student’s t-test. * 

p < 0.05, compared to control group. 

In addition to SNAREs, we also measured the protein levels and phosphorylation of 

synaptotagmin-1, vital for Ca2+-triggered synaptic vesicle fusion, and synapsin, the negative regulator 

of neurotransmission, but we did not observe statistically significant changes in these proteins (data 

not shown).  

Together with the alterations in pre-synaptic proteins, MIA also affects the levels of postsynaptic 

scaffolding proteins, postsynaptic density protein-95 (PSD-95) and SHANK that are essential in 

synaptogenesis and neurodevelopment. We observed a 20% reduction in the level of PSD-95 (p = 

0.0136) in the cortex of MIA rats as compared to the control, but the mRNA level for this protein was 

not significantly changed (Figure 11a,b).  

 

Figure 11. MIA evokes decrease of PSD-95 in offspring rats. The effects of prenatal MIA exposure on 

post-synaptic protein 95 (PSD-95) were analyzed in cerebral cortex of PND 53-54 offspring rats. (a) 

Immunoreactivity of PSD-95 protein and GAPDH were analyzed by SDS-PAGE and Western blot. 

Representative Western blots are presented. Results of densitometric analysis of the investigated 

protein are presented as the mean value ± S.E.M. (b) The mRNA level of PSD-95 gene, Dlg4, was 

determined using real time PCR and normalized to Actb (β-actin). Data represent the mean value ± 

S.E.M. (a–n = 8, b–n = 3–5). Data were analyzed using Student’s t-test. * p < 0.05 as compared to control 

group. 

Moreover, in the cerebral cortex of MIA rats, both the protein levels and gene expression of 

SHANK 1 (Figure 12a, p = 0.0125; Figure 12b, p = 0.0017), SHANK 2 (Figure 12c, p = 0.0290; Figure 

12d, p = 0.0028) and SHANK 3 (Figure 12e, p = 0.0207; Figure 12f, p = 0.0025) were significantly 

decreased.  
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Figure 12. MIA reduces the level of synaptic scaffold proteins—SHANK. Effects of MIA on post-

synaptic SHANK protein family members were analyzed in the cerebral cortex of PND 53-54 rats. 

Immunoreactivities of SHANK1 (a), SHANK2 (c), SHANK3 (e), and GAPDH were analyzed by SDS-

PAGE and western blot with representative blots presented. The mRNA levels of Shank1-3 (b,d,f) 

were determined using real-time PCR normalized to Actb (β-actin). Data represent the mean value ± 

S.E.M. (a–n = 3, b–n = 5–6, c–n = 3–4, d–n = 6–5, e–n = 3–4, f–n = 4). * p < 0.05, ** p < 0.01 compared to 

control group using Student’s t-test. 

2.5. Maternal Immune Activation Induces Neuroinflammatory Responses in Fetuses and in the Offspring 

Pups 

Inflammatory processes may regulate synaptic structure, which, as we presented, is altered in 

the MIA model. Therefore, we analyzed the level of pro-inflammatory factors in MIA-affected 

offspring at different stages of development. Already at 24 h after induction of MIA the increased 

levels of gene expression for pro-inflammatory Ifng (Figure 13a, p = 0.0244), Il1b (Figure 13b, p = 

0.0003) and Il6 (Figure 13c, p = 0.0437) were observed in the rat fetuses. Subsequently, the examination 
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of the same parameters in 7-day old MIA-affected pups also presented the elevated gene expression 

of Ifng (Figure 13d, p = 0.0205) and Il1b (Figure 13e, p = 0.040). The level of Il6 was not changed (Figure 

13f). What is more, in the analysis of the inflammatory proteins level in the pups brain, only amount 

of IFN-γ was increased (Figure 13g, p = 0.0474). The rest of the investigated proteins did not differ 

from the control animals (Figure 13h,i).  

 

Figure 13. MIA induces neuro-inflammatory responses in fetuses and in the brain of offspring rat 

pups. Rat fetuses, 24 h after induction of MIA, and offspring male rats at PND 7, were sacrificed and 

whole tissues, or brain tissues were collected, respectively. (a–c) The expression of pro-inflammatory 

genes in fetuses 24 h after induction of MIA was measured by real-time PCR and normalized to Actb 

(β-actin), as a reference gene. (d–f) The expression of pro-inflammatory genes in brain of offspring 



Int. J. Mol. Sci. 2020, 21, 4097 15 of 29 

 

male rats at PND 7 was measured by real-time PCR and normalized to Actb (β-actin), as a reference 

gene. (g–i) The level on pro-inflammatory cytokines in brain of offspring male rats at PND 7 was 

determined by using the immunoassay. Data represent the mean value ± S.E.M. (a–n = 8 and 7, b–n = 

8, c–n = 7 and 8, d–n = 5 and 4, e–n = 4 and 5, f–n = 5, g–n = 5, h–n = 6 and 5, i–n = 6). * p < 0.05, ** p < 

0.01, *** p < 0.001, compared to control group using Student’s t-test. 

3. Discussion 

Epidemiological studies have shown clear association between maternal infections and 

increased risk of developmental neuropsychiatric disorders such as ASD [36,37], schizophrenia 

[38,39], as well as bipolar disorder in the progeny [40,41]. Several animal studies have confirmed that 

MIA is a factor for molecular and behavioral abnormalities in the offspring [9,42–44]. However, key 

questions remain with regards to how MIA affects the development of the central nervous system, 

and whether MIA induces brain pathology persists to adulthood. In this study, we provided evidence 

that prenatal immune activation induces behavioral alterations, characteristic of the pathophysiology 

of autism and schizophrenia, and changes in pre- and post-synaptic proteins in the frontal cortex. 

Our study is consistent with previous findings showing that dysregulation in synaptic homeostasis 

can be a risk factor for these neuropsychiatric disorders [45].  

For better understanding the molecular, morphological and behavioral consequences of MIA, 

we have chosen the animal model corresponding to the first trimester of gestation in humans. We 

administered a single dose of LPS to pregnant dams on 9.5 gestational day in order to mimic bacterial-

like infections that activate TLR4 signaling, which in turn, stimulates the downstream secretion of 

maternal cytokines that pass through the placenta and affect fetal brain development [46]. As shown 

previously, a single episode of infection in pregnancy could induce neuronal and behavioral 

abnormalities, especially anxiety- and depression-like behaviors, as well as memory deficits in 

offspring [44,47,48]. In this study, we showed that offspring from LPS-treated mothers exhibit 

behavioral alterations, especially in relation to communication and social interaction. In the early 

stages of postnatal life, MIA offspring displayed altered communication-related behavior, as reflected 

by the reduced number of vocalizations when they were isolated from their mother and littermates 

(Supplementary Material Figure S1A). Similar deficits in pup USVs were observed in neonatal 

animals in other environmental risk factor models of autism [49,50]. The reduction in USV emission 

is unlikely related to delay in overall pup development or a difference in maternal care, but it rather 

reflects developmental abnormalities in communication [46]. Our study also demonstrated that 

behavioral deficits of MIA pups could propagate into adulthood, as evidenced by impairment in 

social interactions. Although MIA models display common behavioral features of autism and 

schizophrenia, such as impaired social interaction, elevated fear and abnormal responsiveness to 

stress [51], we observed only specific deficits in sociability. Our results indicate that anxiety-like 

behavior is not changed in MIA-affected animals. Published studies report increased levels of 

anxiety-like behavior while others found no effects of MIA on anxiety in offspring [15,48,52,53]. 

Nevertheless, these observations are in general agreement with the previous data emphasizing social 

discrimination as a major behavioral dysfunction of MIA rats [12,54,55]. Animals in our prenatal LPS 

model exhibited altered social behavior and impaired playfulness and social joyfulness behavior, 

which are believed to be the cardinal symptoms of autism [56,57].  

Several studies have suggested neuroinflammation as an important contributor to the pathology 

of ASD. This notion is supported by observations of altered expression of cytokines and markers of 

oxidative stress in blood, cerebrospinal fluid, as well as in the brain of ASD patients [58–60]. 

Treatment with LPS during pregnancy significantly elevated mRNA expression of pro-inflammatory 

cytokines and/or proteins in maternal serum, amniotic fluid, as well as placenta and fetal brain [61–

65]. Similar to the LPS model, polyinosinic–polycytidylic acid (poly(I:C)) treatment during pregnancy 

was also shown to activate maternal cytokine signaling subsequently disturbance of fetal brain 

development [66]. LPS treatment has been shown to cause a significantly larger and longer release of 

IL-6 and TNF [67,68] in the frontal cortex, and in the cerebrospinal fluid of autistic subjects [9,60,69–

71]. Additionally, prenatal administration of LPS not only activates inflammatory responses in 
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mothers, but also in the fetus [50,72]. LPS administration during early pregnancy may activate the 

TLR4 receptor in microglial cells and induce pro-inflammatory cytokines through the nuclear factor 

κB (NF-κB) pathway [46]. These changes may be sustained and remain upregulated throughout the 

postnatal ages [73,74]. In agreement with these data, our study demonstrated effects of prenatal LPS 

to result in activation of microglia cells, and elevated levels of IFN-γ, TNF-α, IL-6 and IL-1β in blood 

serum as well as increased expression of IL-6 and TNF-α in the cerebral cortex of adolescent offspring. 

These results suggest that a single event of bacterial infection, at this stage of pregnancy, is sufficient 

to cause long-lasting re-programming of microglia in adolescent individuals. 

In particular, IFN-γ seems to be another key factor involved in the MIA-induced this changes in 

offspring. Its elevated levels were observed in fetuses as well as in juveniles, and also persisted until 

adulthood. Our data suggest that IFN-γ may play an important role in alterations of synaptic proteins 

in MIA-exposed offspring. Cytokine dysregulation has been implicated in the pathophysiology of 

neurodevelopmental and neuropsychiatric disorders, and among them, IFN-γ appears to be an 

important cytokine to be considered [73–75]. The role of IFN-γ in the brain is not limited to immune 

responses. It may inhibit neurogenesis, induce the retraction of dendrites and affect 

neurotransmission, with consequences for cognitive function [76]. Therefore, future studies to assess 

the role of IFN-γ on neuronal activity is warranted. 

Among many inflammatory factors found during neuroinflammation, inducible 

cyclooxygenase-2 (COX-2) and 12-lipoxygenase (12-LOX) are believed to be critical enzymes 

expressed in response to cytokines, and pro-inflammatory mediators [77]. In this study, we found 

that Ptgs2, as well as Alox12 expression were significantly increased in the brains of MIA-offspring, 

supporting the role of these enzymes in neurodevelopmental disorders. It is worth noting that neuro-

inflammation could be a cause, as well as a consequence, of chronic oxidative stress, also observed in 

our model, and cytokine-stimulated microglia may generate reactive oxygen species (ROS) and other 

factors for damaging ambient neurons [78]. Activated microglia use NADPH oxidase to generate 

highly reactive superoxide, which can also damage neurons [79]. Concomitantly, our study revealed 

that the antioxidant capacity in cerebral cortex was significantly decreased in animals prenatally 

exposed to LPS. This includes elevated oxidation of glutathione (GSH), the main intracellular thiol 

antioxidant. GSH is a co-substrate of glutathione peroxidase (GPx) that is responsible for the 

reduction of organic and inorganic hydroperoxides with concomitant synthesis of glutathione 

disulfide (GSSG). Altered GSH concentrations were demonstrated in post-mortem brains of ASD 

patients [80]. There is evidence revealing decreased blood levels of reduced GSH and increased 

concentrations of GSSG that correlated with significant protein oxidation and DNA damage in ASD 

patients on meta-analytical level [80–82]. Our studies are consistent with observations suggesting that 

pro-oxidant environment, and oxidative stress, are pervasive and systemic in individuals with 

autism.  

Abnormalities in synaptic function have been observed in various neurodevelopmental brain 

disorders [83,84]. However, whether neuro-inflammation is responsible for the development of these 

abnormality remains uncertain [85]. Pathologies of ASD and schizophrenia largely originate from 

disturbances in the cortical connectome, which is correlated with impairments in cognition and 

deficits in social interaction [86–88]. Moreover, MIA-induced pathological conditions in rats are also 

based upon an altered connectivity among cortical areas [89,90]. Our data extend these previous 

findings by showing that MIA induces ultrastructural changes in synaptic morphology in rat 

somatosensory cortex, including swelling of the nerve endings, decreased density of synaptic 

vesicles, and disruption of presynaptic, and postsynaptic, membrane integrity. These findings 

indicate that this MIA may result in long lasting changes in morphology of nerve endings that might 

have a direct impact on dysregulation of neurotransmission observed in neuropsychiatric disorders. 

Post-mortem studies of the brains of children and adolescents with autism have shown significant 

changes in cortical morphology, as well as deficits in synaptic pruning [91–93]. Our study also 

showed evidence of synaptic loss in the cerebral cortex of MIA rats, in line with the notion that the 

‘synaptic autism pathway’ is associated with disruption of the level of Syp [94].  
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Our results demonstrated that MIA induces changes in major pre- and post-synaptic proteins in 

the cerebral cortex of rat offspring. Multiple biological processes throughout development require 

proper intracellular vesicular trafficking, where the SNARE complex may play a major role [95]. Our 

data showed that MIA evoked changes in key components of the SNARE complex, such as VAMP1/2 

and Stx-1. It has been shown that both Stx-1 and SNAP-25 are required for neuronal survival and 

development [95,96]. Moreover, Stx-1 may be involved in abnormal behavior in mice, due to 

dysregulation of the hypothalamic-pituitary adrenal axis, which plays a central role in abnormal 

development and psychiatric disorders [95,97]. Our findings are also consistent with those obtained 

by Li and colleagues who showed reduced Stx-1 level in maternal LPS treated animals [98]. Changes 

in the expression of Stx-1 can modify the mechanism of neurotransmitter release, resulting in 

significant functional changes in signal transduction pathways. In agreement with this assumption, 

it is reasonable to assume that alterations in the expression of Stx-1 are involved in the pathogenesis 

of neurodevelopmental disorders including ASD [99,100]. The lack of changes in the pre-synaptic 

protein SNAP-25, in our experimental conditions, are consistent with another study showing no 

association between SNAP-25 protein and ASD [95]. Alterations in pre-synaptic membrane proteins 

were accompanied by changes in post-synaptic scaffolding protein, such as PSD-95 and SHANK 

family proteins, the major components of PSD. There is increasing evidence from human and animal 

studies suggesting a link between PSD-95 disruption with the pathologies of schizophrenia and 

autism [101]. Significant decreases in PSD-95 were observed in the dorsolateral and dorsomedial 

prefrontal cortex of post-mortem schizophrenic patients [102]. PSD-95 and SHANK have also been 

shown in a network of interactions with high-risk ASD genes [102,103]. These proteins may control 

long-term neuronal synaptic plasticity, and are linked with NMDA and AMPA receptor signaling 

[104,105]. Numerous lines of evidence suggest strong relationships between mutations in SHANK 

family genes and the development of ASD [105–107]. Moreover, a recent study generated two novel 

SHANK3 mutant mouse lines harboring SHANK3 mutations that are found in patients with 

schizophrenia [105]. Different SHANK3 mutations associated with ASD or schizophrenia in these 

two mutant mouse lines exhibited both distinct and shared defects at molecular, synaptic, circuit and 

behavioral levels [108]. Consistent with the role of SHANK proteins as major scaffolding proteins in 

the postsynaptic site, alterations in the expression of these proteins could lead to changes in the PSD 

proteins including Homer, SAPAP proteins, NMDA as well as AMPA receptors [109]. Mei and co-

workers showed that adult restoration of the SHANK3 gene selectively rescues certain synaptic 

defects and autism-related behaviors, such as social interaction and stereotyped and/or repetitive 

behavior in mice [109]. The present data indicate that MIA also appears to impact SHANK and related 

presynaptic and postsynaptic structure. Thus, some of the synaptic and behavioral impairments 

could be associated with SHANK alteration. Based on our studies, it is possible to propose that 

prenatal exposure to MIA induces substantial changes in synaptic morphology and aberrant 

synthesis of pre-synaptic and post-synaptic proteins in the frontal cortical regions of adolescent rats. 

Alteration of these proteins could lead to changes in synaptic structure and plasticity, thus 

contributing to behavioral abnormalities relevant to psychiatric disorders, especially autism and 

schizophrenia.  

The weakness of our study, which should be avoided in future research, is that, due to technical 

and methodological issues, we were not able to correlate behavioral and biochemical data. This seems 

to be especially important in the case of analysis of USV (ISO and TCK tests) where we observed 

significantly increased data dispersion in MIA groups, with two sub-populations, one consisted of 

hyperactively vocalizing animals, and the second consisted of hypoactively vocalizing animals. In 

future experiments it would be reasonable to determine if biochemical, genetic and inflammatory 

factors differ in these sub-populations could give the basis for mechanistic explanation of this 

phenomenon. Moreover, studies using only male rats are limited in the scope with respect to our 

overall understanding of the development and progression of neurodevelopmental disorders, 

although ASD is characterized by manifesting primarily in males, so important information is still 

gained by examining the male rats. 
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4. Materials and Methods  

4.1. Ethical Statement 

All experiments conducted with animals were approved by the Local Ethics Committee for 

Animal Experimentation in Warsaw (reference number 4/2014, 60/2015, 64/2015, 361/2017 

WAW2/083/2018 and WAW2/148/2018), and were carried out in accordance with the EC Council 

Directive of 24 November 1986 (86/609/EEC), following the ARRIVE guidelines and guidelines 

published in the NIH Guide for the Care and Use of Laboratory Animals, and the principles 

presented in the “Guidelines for the Use of Animals in Neuroscience Research” by the Society for 

Neuroscience. Efforts were made to minimize animal suffering and to reduce the number of animals 

used. All manipulations were performed gently and quickly to avoid stress-induced alterations.  

4.2. Animals and the MIA Model 

In the study, 18 control and 19 LPS-treated dams were used. The diagram of the experimental 

design is shown in Figure S1A. In each trial the pregnant Wistar rats between 12 and 15 weeks of age 

and weighing 210–250 g were supplied by the Animal House of the Mossakowski Medical Research 

Centre, Polish Academy of Sciences (Warsaw, Poland), which operates breeding of small rodents 

with the SPF standard. The animals were maintained under controlled conditions of temperature and 

humidity with a 12-h light/dark cycle. The MIA was induced by a single i.p. injection of LPS of 

Escherichia coli (Sigma-Aldrich, Saint Louis, MO, USA; serotype 055:B5) at a dose of 100 µg/kg body 

weight on gestational day 9.5 in accordance with Kirsten and collaborators [11,12]. Controls received 

a single i.p. dose of solvent (sterile 0.9% NaCl). Maternal sickness behavior was monitored for 24 h 

from LPS administration. The body weight changes (Figure 1b), the food and water intake (Figure 

1c,d) as well as rectal body temperature measured by Fine Science Tool TR-200 thermometer (Figure 

1e) were analyzed. Furthermore, all dams subjected to LPS expressed symptoms including lethargy, 

frozen eyes and reduction of social activity. All dams were allowed to give birth and nurture 

offspring under normal conditions. The day of birth was recorded as postnatal day (PND) 1. On PND 

7 each litter was equalized (random selection) and the number of pups was limited to 10 (both male 

and female). The eliminated pups were sacrificed on the same day, their brains were removed, flash-

frozen in liquid nitrogen and were taken for biochemical analysis. On PND 22 to 23, rat pups were 

separated and housed in groups of 3 or 4 in open polycarbonate cages in an enriched environment. 

To avoid the interference of the hormonal disturbances/changes only males were selected for further 

experimental procedures. However, some additional behavioral experiments on mixed sex groups 

were performed and presented in Supplementary Materials. To reduce the risk of litter effect animals 

from at least 3 litters in each experimental group (random selection) were tested. Adolescent males 

were sacrificed at PND 52–54, their brains were removed, and cerebral cortex isolated on an ice-

cooled Petri dish and flash-frozen in liquid nitrogen.  

4.3. Behavioral Analysis  

All behavioral experiments were carried out during the light phase of the light-dark cycle. All 

tested male offspring rats were subjected to behavioral tests (Figure 1a—upper timeline). Additional 

mixed (males and females) group of animals was subjected only to ISO test (Figure 1a—lower 

timeline; results in Supplementary Materials). 

4.3.1. Open Field Test 

This test provides a unique opportunity to systematically assess novel environment exploration, 

general locomotor activity, as well as providing an initial screen for anxiety-related behavior in 

rodents [110]. Rats at 40 PND were individually placed in the corner of the open field chamber (dark 

gray PCV box, 55 × 55 × 50 cm) and the total distance travelled, average speed, distances covered in 

the border zone and in the center zone (the latter defined as middle 36.5 cm × 36.5 cm), were recorded 
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for 5 min with the Basler acA1300-60 GigE camera (Bassler AG, Ahrensburg, Germany), and 

calculation with Ethovision XT 10 (Noldus Information Technology, Wageningen, The Netherlands). 

4.3.2. Play Behavior (Tickling, TCK) 

USV, mostly 50-kHz-calls, are easily induced by manipulating the animal in a way that mimics 

the rough-and-tumble play in juvenile rats or, literally, by tickling them [111]. Tickling sessions can 

be used to induce playfulness and social joyfulness and the number of emitted USV may be used as 

a reflection and measure of positive affective states of rats [112]. Our rats were tickled for five 

consecutive days at PND 45–49, as described previously [113–115]. After the first three days of 

learning/habituation, at days 4 and 5, i.e., PND 48 and 49, the rats were taken for further analysis. 

Each day the rats were transported into the 58 × 37 × 20 cm tickling cage for a 30 s wait period. Then 

the tickling session was initiated with gentle poking of the animal’s sides, rubbing its scruff, then 

flipping the rat on its back and tickling it with rapid finger movements around the belly. The tickling 

lasted for 15 s and was followed by a 15 s period when the animal was allowed to follow 

experimenter’s hand. The tickling-follow scheme was repeated four times and the whole tickling 

session lasted for 120 s. USV were recorded with an UltraSoundGate CM16/CMPA microphone 

placed 30 cm above the cage, collected using Avisoft Recorder software, and analyzed using the 

SASLab Pro software (all from Avisoft Bioacustics, Glienicke/Nordbahn, Germany). 

4.3.3. 3-Chamber Social Interaction Test (Crawley’s Sociability and Preference for Social Novelty 

Test) 

This test assesses cognition in the form of general sociability and interest in social novelty in rats. 

Rats normally prefer to spend more time with another rodent (sociability) and will investigate a novel 

intruder more than a familiar one (social novelty). At PND 50–51, rats were introduced to three-

chamber social interaction apparatus (45 × 85 × 40 cm). Openings between the compartments (10 cm 

wide doors) allowed the animals to access all three chambers. In phase I, each tested rat was allowed 

to explore the environment freely for 10 min for habituation. After the habituation phase (phase I), 

the subject was gently guided to the central chamber, and the two entrances were blocked. Two metal 

wire cages, the first one containing an sex-, age- and weight-matched rat animal (animal 1) and the 

second one empty, were placed in the left and right chambers (the order was randomized). Then, the 

two entrances were opened to allow the tested rat to explore the new environment freely for 10 min 

and the social preference was measured (social stimulus vs. non-social stimulus)—phase II. In phase 

III, the test rat was gently guided to the center chamber again, and the entrances were blocked. The 

empty cage was replaced with an age- and weight-matched rat (novel animal 2), and the test rat was 

then allowed to explore novel rat and familiar rat for additional 10 min. In this phase, the social 

novelty index was measured (familiar social stimulus vs. novel social stimulus). Individual 

movement tracks were recorded by using a video system and analyzed using the BehaView software 

(Warsaw, Poland). Time spent in each chamber, and the time spent on direct interaction with the 

animal or cage, was measured by s blinded observer. The results that exceeded more than twice the 

standard deviation above or below the means (outliers) were excluded.  

4.4. Transmission Electron Microscopy (TEM) Analysis 

Rats at PND 53 were anaesthetized with ketamine and xylazine (100 and 10 mg/kg, respectively, 

i.p.) and perfused through the ascending aorta initially with 0.9% NaCl in 0.01 M sodium-potassium 

phosphate buffer, pH 7.4, and afterwards with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 

M cacodylate buffer, pH 7.4, at 20 °C (Sigma-Aldrich, Saint Louis, MO, USA). Tissue specimens were 

post-fixed in the ice-cold fixative solution for 20 h and placed in a mixture of 1% OsO4 and 0.8% 

K4[Fe(CN)6]. After dehydration in a series of ethanol gradients, tissue specimens were embedded in 

epoxy resin (Epon 812). Ultra-thin sections (60 nm) from the somatosensory cortex were examined by 

transmission electron microscopy (JEM-1200EX, Jeol, Japan) using the MORADA camera and iTEM 

1233 software. To assess the amount of synaptic vesicles in nerve terminals, electronograms under 
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magnification 50,000× were taken. The number of vesicles were counted in 30 nerve endings in each 

animal from both groups. The results were shown as a mean from 4 animals for both the MIA and 

control groups. 

4.5. Determination of Gene Expression (Real-Time PCR) 

RNA from cerebral cortex was isolated with TRI-reagent according to manufacturer’s protocol 

(Sigma-Aldrich, Saint Louis, MO, USA) and analyzed spectrophotometrically (A260/A280 ratio). 

Digestion of DNA was performed with DNase I according to the manufacturer’s protocol (Sigma-

Aldrich, Saint Louis, MO, USA). Reverse transcription was performed with a High Capacity cDNA 

Reverse Transcription Kit according to the manufacturer’s instructions (Applied Biosystems, Foster 

City, CA, USA). Expression levels of mRNA were measured with real-time PCR, using the TaqMan 

Gene Expression Assays (Applied Biosystems, Foster City, CA, USA): Vamp1 (Rn 00565308_m1), 

Vamp2 (Rn 00360268_g1), Stx1a (Rn 00587278_m1), Stx1b (Rn 01510167-m1), Snap25 (Rn 

00578534_m1), Syt1 (Rn 00436862_m1), Syp (Rn 01528256_m1), Shank1 (Rn 00582088_m1), Shank2 (Rn 

01479040_m1), Shank3 (Rn 00572344_m1), Il6 (Rn 01410339-m1), Tnf (Rn 01525859_g1), Alox12 (Rn 

01461081_m1), Ptgs2 (Rn 01483828-m1) and Actb (Rn 00667869_m1) as the reference gene, on an ABI 

PRISM 7500 apparatus. The relative changes of mRNA levels were calculated using the ΔΔCt method 

and expressed as RQ. 

4.6. Measurement of Cytokine Levels in Brain Tissue Extract 

Cerebral cortex samples were homogenized in ice-cold buffer (20mM Tris HCl, 0.15 M NaCl, 

2mM EDTA, 1mM EGTA, and Protease Inhibitor Cocktail) and centrifuged (1000× g, 10 min, 4 °C). 

The resulting supernatant was used to determine cytokines level of EPO, G-CSF, GM-CSF, GRO/KC, 

IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p40, IL-12p70, IL-13, IL-17A, IL-18, MCP-1, 

M-CSF, MIP-1α, MIP-2, MIP-3α, RANTES, TNF-α, VEGF, by using Bio-Plex Pro™ Rat Cytokine 23-

Plex Assay on the Luminex Bio-Plex 200 system (Bio-Rad Laboratories, Hercules, CA, USA) according 

to the manufacturer’s instructions. Data were calculated by generating a calibration curve obtained 

using recombinant cytokines specified above. Cytokines that were not detected were assigned a value 

of zero in al analyses. Data were normalized to protein level. 

4.7. Confocal Laser Scanning Analysis (Immunohistochemistry) 

Rats were anaesthetized with a ketamine/xylazine combination (100 mg/kg b.w. for ketamine 

and 10 mg/kg b.w. for xylazine) and perfused through the ascending aorta initially with 0.9% NaCl 

in 0.1 M PBS, pH 7.4, and after with 4% paraformaldehyde (PFA). Brains were removed and post 

fixed for 3 h at 4 °C in the same fixative solution. Following post fixation, brains were cryoprotected 

overnight night in 20% sucrose solution in 0.1 M PBS, frozen on dry ice and stored at −80 °C. Coronal 

sections from (40 µm thickness) were washed 3 times with 0.1 M PBS for 5 min and incubated in 15 

hydrogen peroxide in 0.1 M PBS for 30 min to inhibit/quench endogenous peroxidases. After washing 

with 0.1 M PBS (3 × 5 min), slices were incubated in blocking solution (5% Normal Donkey Serum in 

0.1 M PBS + 0.3% TritionX100) for 1 h at room temperature (RT). The incubation with primary 

antibodies: anti-IL-1 beta (1:200, ab9722, Abcam), anti-liver Arginase (1:300, ab91279 Abcam), anti-

Iba1 (1:500, ab5076 Abcam) and anti-GFAP antibody (1:200, ab53554 Abcam), was performed in 5% 

NDS, 1% BSA, 0.3% TritonX100 and 0.1 M PBS for 1 h at RT and overnight at 4 °C. The next day, the 

sections were washed with 0.1 M PBS (3 × 5 min), incubated in the dark with fluorescently labelled 

secondary antibody (anti-Goat IgG (H+L) Cross-Adsorbed, 1:500, Alexa Fluor 594 or anti-Rabbit IgG 

(H+L) Highly Cross-Adsorbed, 1:500 Alexa Fluor 488 A-21206) in 5% NDS, 1% BSA, 0.3% TritonX100 

and 0.1 M PBS for 1 h at RT, and washed with 0.1 M PBS (3 × 5 min). The sections were then mounted 

onto glass slides, air dried and coverslipped with ProLong Gold Antifade Mountant with DAPI. 

Negative controls were performed with the same procedure omitting the primary antibodies. 

Immunohistochemical (IHC) results from somatosensory cortex were examined using a confocal 

laser-scanning microscope, Zeiss LSM 780/ELYRA PS.1. (Carl Zeiss Meditec AG, Jena, Germany) 
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platform equipped with the ZEN 2012 software, lasers (488 or 561 nm), and a 405 nm diode lamp, 

using the Maximum Intensity Projection function (z-stack interval 1 µm, optical slices 13). Images 

were optimized for colour, brightness and contrast for best clarity. The multiple-channel images were 

overlaid using ZEN light software. For analysis of co-localization between fluorophores, automatic 

processing of images was performed using Zeiss ZEN 2012 software (co-localization algorithm). All 

Iba1-positive cells from 5 images in each group were analyzed. Manders’ overlap coefficient was 

calculated to quantify the degree of co-localization [116]. Immunohistochemistry studies were 

performed in the Laboratory of Advanced Microscopy Techniques MMRC PAS. 

4.8. Measurement of the Reactive Oxygen Species (ROS) Level 

Measurement of the ROS level was carried out using fluorescent probe 2′,7′-

dichlorodihydrofluorescein diacetate (DCFH-DA), as described previously [117]. DCFH-DA is 

deacetylated by cellular esterases to 2′,7′-dichlorodihydrofluorescein (DCFH) and then may be 

oxidized to a highly fluorescent compound, 2′,7′-dichlorofluorescein (DCF). Homogenate (1% in PBS) 

of cerebral cortex tissue was incubated in the dark in the presence of 10 µM DCFH-DA at 37 °C for 

45 min. DCF fluorescence was measured using a microplate reader TECAN Infinite M1000PRO at 

488 nm excitation and 525 nm emission wavelengths. Each sample was analysed in triplicate. To 

confirm that deacetylation of probe was not a limiting factor for the reaction, each sample was 

incubated additionally in the presence of 10 µM FeCl2 (positive control). The results of fluorescence 

measurements are presented as arbitrary units (AUs). 

4.9. Determination of Glutathione Levels 

The levels of oxidized (GSSG) and reduced forms of glutathione (GSH) as well as total GSH 

content were measured according to Dominiak et al. [117] using an enzymatic assay kit (Item No. 

703002, Cayman Chemical, Ann Arbor, MI, USA). Tissues were homogenized in ice cold buffer (50 

mM MES, pH 7; 1 mM EDTA) and centrifuged (10,000× g, 15 min, 4 °C). The resulted supernatant 

was used to determine protein content and was deproteinated. GSSG concentration was determined 

by derivatization technique according to manufacturer’s instructions. The reaction was initiated by 

adding a freshly prepared assay cocktail, and the change in absorbance was detected at 405 nm after 

25 min. The results were presented as µmol/mg of protein. 

4.10. Determination of Protein Level (BCA Method) 

Concentration of proteins in samples was determined using the Pierc™ BCA Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions, with 

BSA as a standard. Each measurement was performed in duplicate at 562 nm absorbance.  

4.11. Immunochemical Determination of Protein Levels (Western Blot) 

Cerebral cortex was homogenized in Cell Lysis Buffer (Cell Signaling Technology, Leiden, The 

Netherlands). After determination of protein level using the BCA method, the samples were 

denatured in Laemmli buffer at 95 °C for 5 min. After standard 7.5% SDS-PAGE separation, proteins 

were transferred onto PVDF membranes at 50 V. Next, the membranes were washed for 5 min in 

TBST (Tris-buffered saline–Tween buffer: 100 mM Tris, 140 mM NaCl and 0.1% Tween 20, pH 7.6), 

and non-specific binding sites were blocked for 1 h at room temperature (RT) with 2% or 0.5% BSA 

in TBST or with 5% non-fat milk solution in TBST. Membranes were incubated with the following 

primary antibodies diluted in TBST: arginase 1 (1:500, Santa Cruz Biotechnology, Dallas, TX, USA), 

Iba-1 (1:1000, Abcam), synaptobrevin1/2 (VAMP1/2, Santa Cruz Biotechnology) (1:500), syntaxin-1 

(Stx-1) (1:750, Santa Cruz Biotechnology), SNAP-25 (1:1000, Cell Signaling), synaptotagmin (1:500, 

Cell Signaling), synaptophysin (Syp) (1:1000, Santa Cruz Biotechnology), post synaptic density 

protein-95 (PSD-95) (1:1000, Santa Cruz Biotechnology), SHANK 1 (1:500, Novus Biologicals 

Centennial, CO, USA), SHANK 2 (1:500, Cell Signaling), SHANK 3 (1:500 Santa Cruz Biotechnology), 

and GAPDH (1:50,000, Sigma-Aldrich) as the loading control. The membranes were washed three 
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times in TBST, incubated for 60 min RT with appropriate secondary antibodies (1:8000 anti-rabbit, 

Sigma-Aldrich or 1:4000 anti-mouse IgG, GE Healthcare Bio-Sciences AB, Uppsala, Sweden), and 

washed three times in TBST. Bound antibodies were detected using enhanced chemiluminescence 

reagent Clarity Western ECL Substrate from Bio-Rad Laboratories (Hercules, CA, USA) under 

standard conditions. Densitometric analysis of scanned autoradiographic films was performed with 

TotalLab software. 

4.12. Statistical Analysis of Biochemical and Behavioral Results  

Results were expressed as mean values ± S.E.M and analyzed using GraphPad Prism 7.0 

(GraphPad Software, San Diego, CA, USA) and IBM SPSS Statistics (IBM Corporation, Armonk, NY, 

USA). Normality and equality of group variances were tested by Shapiro-Wilk, and Levene’s tests, 

respectively. Data having Gaussian distribution were analyzed using Student’s T-test for two groups. 

For non-normal distribution of data, the Mann-Whitney test was used. For all analyses, a p value < 

0.05 was considered significant.  

5. Conclusions 

In this study, MIA evoked by single LPS injection, induced increase cytokines and oxidative 

stress indices, together with changes in pre- and postsynaptic protein deficits in cerebral cortex of 

adolescent offspring. These changes could be responsible for impairment of synaptic structure, 

function and plasticity and in consequence, behavioral abnormalities relevant to autism and related 

disorders. These results also contribute to a better understanding of the synaptic pathology 

underlying these neuropsychiatric diseases. 
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DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate 

EM electron microscopy 
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GSSG oxidized glutathione 

IL-6 interleukin 6 
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NF-κB  nuclear factor κB 

PND postnatal day 

poly(I:C) polyinosinic-polycytidylic acid 

PSD post-synaptic density 

PSD-95 post-synaptic density protein 95 

ROS reactive oxygen species 

SHANK SH3 and multiple ankyrin repeat domains protein 

SNAP-25 synaptosomal-associated protein 25 

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

Stx-1 syntaxin-1 

SV synaptic vesicle(s) 

Syp synaptophysin 

TCK tickling test 

TEM transmission electron microscopy 

TNF-α tumor necrosis factor alpha 

USV ultrasonic vocalizations 

VAMP1/2 vesicle-associated membrane protein 1/2 

References 

1. Reus, G.Z.; Fries, G.R.; Stertz, L.; Badawy, M.; Passos, I.C.; Barichello, T.; Kapczinski, F.; Quevedo, J. The 

role of inflammation and microglial activation in the pathophysiology of psychiatric disorders. Neuroscience 

2015, 300, 141–154, doi:10.1016/j.neuroscience.2015.05.018. 

2. Najjar, S.; Pearlman, D.M.; Alper, K.; Najjar, A.; Devinsky, O. Neuroinflammation and psychiatric illness. 

J. Neuroinflamm. 2013, 10, 43, doi:10.1186/1742-2094-10-43. 

3. Glass, R.; Norton, S.; Fox, N.; Kusnecov, A.W. Maternal immune activation with staphylococcal enterotoxin 

A produces unique behavioral changes in C57BL/6 mouse offspring. Brain Behav. Immun. 2019, 75, 12–25, 

doi:10.1016/j.bbi.2018.05.005. 

4. Stolp, H.B. Neuropoietic cytokines in normal brain development and neurodevelopmental disorders. Mol. 

Cell. Neurosci. 2013, 53, 63–68, doi:10.1016/j.mcn.2012.08.009. 

5. Jiang, N.M.; Cowan, M.; Moonah, S.N.; Petri, W.A., Jr. The Impact of Systemic Inflammation on 

Neurodevelopment. Trends Mol. Med. 2018, 24, 794–804, doi:10.1016/j.molmed.2018.06.008. 

6. Abbott, P.W.; Gumusoglu, S.B.; Bittle, J.; Beversdorf, D.Q.; Stevens, H.E. Prenatal stress and genetic risk: 

How prenatal stress interacts with genetics to alter risk for psychiatric illness. Psychoneuroendocrinology 

2018, 90, 9–21, doi:10.1016/j.psyneuen.2018.01.019. 

7. Angelidou, A.; Asadi, S.; Alysandratos, K.D.; Karagkouni, A.; Kourembanas, S.; Theoharides, T.C. Perinatal 

stress, brain inflammation and risk of autism-review and proposal. BMC Pediatrics 2012, 12, 89, 

doi:10.1186/1471-2431-12-89. 

8. Meyer, U.; Feldon, J.; Dammann, O. Schizophrenia and autism: Both shared and disorder-specific 

pathogenesis via perinatal inflammation? Pediatric Res. 2011, 69, 26r–33r, 

doi:10.1203/PDR.0b013e318212c196. 

9. Parker-Athill, E.C.; Tan, J. Maternal immune activation and autism spectrum disorder: Interleukin-6 

signaling as a key mechanistic pathway. Neuro-Signals 2010, 18, 113–128, doi:10.1159/000319828. 

10. Kirsten, T.B.; Bernardi, M.M. Prenatal lipopolysaccharide induces hypothalamic dopaminergic 

hypoactivity and autistic-like behaviors: Repetitive self-grooming and stereotypies. Behav. Brain Res. 2017, 

331, 25–29, doi:10.1016/j.bbr.2017.05.013. 

11. Kirsten, T.B.; Chaves-Kirsten, G.P.; Bernardes, S.; Scavone, C.; Sarkis, J.E.; Bernardi, M.M.; Felicio, L.F. 

Lipopolysaccharide Exposure Induces Maternal Hypozincemia, and Prenatal Zinc Treatment Prevents 

Autistic-Like Behaviors and Disturbances in the Striatal Dopaminergic and mTOR Systems of Offspring. 

PLoS ONE 2015, 10, e0134565, doi:10.1371/journal.pone.0134565. 

12. Kirsten, T.B.; Chaves-Kirsten, G.P.; Chaible, L.M.; Silva, A.C.; Martins, D.O.; Britto, L.R.; Dagli, M.L.; 

Torrao, A.S.; Palermo-Neto, J.; Bernardi, M.M. Hypoactivity of the central dopaminergic system and 

autistic-like behavior induced by a single early prenatal exposure to lipopolysaccharide. J. Neurosci. Res. 

2012, 90, 1903–1912, doi:10.1002/jnr.23089. 



Int. J. Mol. Sci. 2020, 21, 4097 24 of 29 

 

13. Missault, S.; Van den Eynde, K.; Vanden Berghe, W.; Fransen, E.; Weeren, A.; Timmermans, J.P.; Kumar-

Singh, S.; Dedeurwaerdere, S. The risk for behavioural deficits is determined by the maternal immune 

response to prenatal immune challenge in a neurodevelopmental model. Brain Behav. Immun. 2014, 42, 138–

146, doi:10.1016/j.bbi.2014.06.013. 

14. Reisinger, S.; Khan, D.; Kong, E.; Berger, A.; Pollak, A.; Pollak, D.D. The poly(I:C)-induced maternal 

immune activation model in preclinical neuropsychiatric drug discovery. Pharmacol. Ther. 2015, 149, 213–

226, doi:10.1016/j.pharmthera.2015.01.001. 

15. Wischhof, L.; Irrsack, E.; Osorio, C.; Koch, M. Prenatal LPS-exposure—A neurodevelopmental rat model of 

schizophreni—Differentially affects cognitive functions, myelination and parvalbumin expression in male 

and female offspring. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2015, 57, 17–30, 

doi:10.1016/j.pnpbp.2014.10.004. 

16. Tetreault, N.A.; Hakeem, A.Y.; Jiang, S.; Williams, B.A.; Allman, E.; Wold, B.J.; Allman, J.M. Microglia in 

the cerebral cortex in autism. J. Autism Dev. Disord. 2012, 42, 2569–2584, doi:10.1007/s10803-012-1513-0. 

17. Radewicz, K.; Garey, L.J.; Gentleman, S.M.; Reynolds, R. Increase in HLA-DR immunoreactive microglia 

in frontal and temporal cortex of chronic schizophrenics. J. Neuropathol. Exp. Neurol. 2000, 59, 137–150. 

18. Beversdorf, D.Q. Phenotyping, Etiological Factors, and Biomarkers: Toward Precision Medicine in Autism 

Spectrum Disorders. J. Dev. Behav. Pediatrics: JDBP 2016, 37, 659–673, doi:10.1097/dbp.0000000000000351. 

19. Blundell, J.; Blaiss, C.A.; Etherton, M.R.; Espinosa, F.; Tabuchi, K.; Walz, C.; Bolliger, M.F.; Sudhof, T.C.; 

Powell, C.M. Neuroligin-1 deletion results in impaired spatial memory and increased repetitive behavior. 

J. Neurosci. Off. J. Soc. Neurosci. 2010, 30, 2115–2129, doi:10.1523/jneurosci.4517-09.2010. 

20. Giovedi, S.; Corradi, A.; Fassio, A.; Benfenati, F. Involvement of synaptic genes in the pathogenesis of 

autism spectrum disorders: The case of synapsins. Front. Pediatrics 2014, 2, 94, doi:10.3389/fped.2014.00094. 

21. Jamain, S.; Quach, H.; Betancur, C.; Rastam, M.; Colineaux, C.; Gillberg, I.C.; Soderstrom, H.; Giros, B.; 

Leboyer, M.; Gillberg, C.; et al. Mutations of the X-linked genes encoding neuroligins NLGN3 and NLGN4 

are associated with autism. Nat. Genet. 2003, 34, 27–29, doi:10.1038/ng1136. 

22. Sudhof, T.C. Neuroligins and neurexins link synaptic function to cognitive disease. Nature 2008, 455, 903–

911, doi:10.1038/nature07456. 

23. Zoghbi, H.Y. Postnatal neurodevelopmental disorders: Meeting at the synapse? Science (New York, N. Y.) 

2003, 302, 826–830, doi:10.1126/science.1089071. 

24. Betancur, C. Etiological heterogeneity in autism spectrum disorders: More than 100 genetic and genomic 

disorders and still counting. Brain Res. 2011, 1380, 42–77, doi:10.1016/j.brainres.2010.11.078. 

25. Pinto, D.; Delaby, E.; Merico, D.; Barbosa, M.; Merikangas, A.; Klei, L.; Thiruvahindrapuram, B.; Xu, X.; 

Ziman, R.; Wang, Z.; et al. Convergence of genes and cellular pathways dysregulated in autism spectrum 

disorders. Am. J. Hum. Genet. 2014, 94, 677–694, doi:10.1016/j.ajhg.2014.03.018. 

26. Shishido, E. Autism spectrum disorder and genes for synaptic proteins. Brain Nerve = Shinkei Kenkyu No 

Shinpo 2012, 64, 65–70. 

27. Veenstra-VanderWeele, J.; Blakely, R.D. Networking in autism: Leveraging genetic, biomarker and model 

system findings in the search for new treatments. Neuropsychopharmacol. Off. Publ. Am. Coll. 

Neuropsychopharmacol. 2012, 37, 196–212, doi:10.1038/npp.2011.185. 

28. Betancur, C.; Sakurai, T.; Buxbaum, J.D. The emerging role of synaptic cell-adhesion pathways in the 

pathogenesis of autism spectrum disorders. Trends Neurosci. 2009, 32, 402–412, 

doi:10.1016/j.tins.2009.04.003. 

29. Craig, A.M.; Kang, Y. Neurexin-neuroligin signaling in synapse development. Curr. Opin. Neurobiol. 2007, 

17, 43–52, doi:10.1016/j.conb.2007.01.011. 

30. Iasevoli, F.; Tomasetti, C.; de Bartolomeis, A. Scaffolding proteins of the post-synaptic density contribute 

to synaptic plasticity by regulating receptor localization and distribution: Relevance for neuropsychiatric 

diseases. Neurochem. Res. 2013, 38, 1–22, doi:10.1007/s11064-012-0886-y. 

31. Sheng, M.; Kim, E. The postsynaptic organization of synapses. Cold Spring Harb. Perspect. Biol. 2011, 3, 

doi:10.1101/cshperspect.a005678. 

32. Verpelli, C.; Schmeisser, M.J.; Sala, C.; Boeckers, T.M. Scaffold proteins at the postsynaptic density. Adv. 

Exp. Med. Biol. 2012, 970, 29–61, doi:10.1007/978-3-7091-0932-8_2. 

33. Lombardo, M.V.; Moon, H.M.; Su, J.; Palmer, T.D.; Courchesne, E.; Pramparo, T. Maternal immune 

activation dysregulation of the fetal brain transcriptome and relevance to the pathophysiology of autism 

spectrum disorder. Mol. Psychiatry 2018, 23, 1001–1013, doi:10.1038/mp.2017.15. 



Int. J. Mol. Sci. 2020, 21, 4097 25 of 29 

 

34. Haida, O.; Al Sagheer, T.; Balbous, A.; Francheteau, M.; Matas, E.; Soria, F.; Fernagut, P.O.; Jaber, M. Sex-

dependent behavioral deficits and neuropathology in a maternal immune activation model of autism. 

Transl. Psychiatry 2019, 9, 124, doi:10.1038/s41398-019-0457-y. 

35. Norden, D.M.; Trojanowski, P.J.; Villanueva, E.; Navarro, E.; Godbout, J.P. Sequential activation of 

microglia and astrocyte cytokine expression precedes increased Iba-1 or GFAP immunoreactivity following 

systemic immune challenge. Glia 2016, 64, 300–316, doi:10.1002/glia.22930. 

36. Atladottir, H.O.; Henriksen, T.B.; Schendel, D.E.; Parner, E.T. Autism after infection, febrile episodes, and 

antibiotic use during pregnancy: An exploratory study. Pediatrics 2012, 130, e1447–e1454, 

doi:10.1542/peds.2012-1107. 

37. Brown, A.S.; Sourander, A.; Hinkka-Yli-Salomaki, S.; McKeague, I.W.; Sundvall, J.; Surcel, H.M. Elevated 

maternal C-reactive protein and autism in a national birth cohort. Mol. Psychiatry 2014, 19, 259–264, 

doi:10.1038/mp.2012.197. 

38. Brown, A.S.; Derkits, E.J. Prenatal infection and schizophrenia: A review of epidemiologic and translational 

studies. Am. J. Psychiatry 2010, 167, 261–280, doi:10.1176/appi.ajp.2009.09030361. 

39. Canetta, S.; Sourander, A.; Surcel, H.M.; Hinkka-Yli-Salomaki, S.; Leiviska, J.; Kellendonk, C.; McKeague, 

I.W.; Brown, A.S. Elevated maternal C-reactive protein and increased risk of schizophrenia in a national 

birth cohort. Am. J. Psychiatry 2014, 171, 960–968, doi:10.1176/appi.ajp.2014.13121579. 

40. Canetta, S.E.; Bao, Y.; Co, M.D.; Ennis, F.A.; Cruz, J.; Terajima, M.; Shen, L.; Kellendonk, C.; Schaefer, C.A.; 

Brown, A.S. Serological documentation of maternal influenza exposure and bipolar disorder in adult 

offspring. Am. J. Psychiatry 2014, 171, 557–563, doi:10.1176/appi.ajp.2013.13070943. 

41. Parboosing, R.; Bao, Y.; Shen, L.; Schaefer, C.A.; Brown, A.S. Gestational influenza and bipolar disorder in 

adult offspring. JAMA Psychiatry 2013, 70, 677–685, doi:10.1001/jamapsychiatry.2013.896. 

42. Fernandez de Cossio, L.; Guzman, A.; van der Veldt, S.; Luheshi, G.N. Prenatal infection leads to ASD-like 

behavior and altered synaptic pruning in the mouse offspring. Brain Behav. Immun. 2017, 63, 88–98, 

doi:10.1016/j.bbi.2016.09.028. 

43. Giovanoli, S.; Weber-Stadlbauer, U.; Schedlowski, M.; Meyer, U.; Engler, H. Prenatal immune activation 

causes hippocampal synaptic deficits in the absence of overt microglia anomalies. Brain Behav. Immun. 2016, 

55, 25–38, doi:10.1016/j.bbi.2015.09.015. 

44. Meyer, U.; Nyffeler, M.; Yee, B.K.; Knuesel, I.; Feldon, J. Adult brain and behavioral pathological markers 

of prenatal immune challenge during early/middle and late fetal development in mice. Brain Behav. Immun. 

2008, 22, 469–486, doi:10.1016/j.bbi.2007.09.012. 

45. Bourgeron, T. From the genetic architecture to synaptic plasticity in autism spectrum disorder. Nat. Rev. 

Neurosci. 2015, 16, 551–563, doi:10.1038/nrn3992. 

46. Palsson-McDermott, E.M.; O’Neill, L.A. Signal transduction by the lipopolysaccharide receptor, Toll-like 

receptor-4. Immunology 2004, 113, 153–162, doi:10.1111/j.1365-2567.2004.01976.x. 

47. Enayati, M.; Solati, J.; Hosseini, M.H.; Shahi, H.R.; Saki, G.; Salari, A.A. Maternal infection during late 

pregnancy increases anxiety- and depression-like behaviors with increasing age in male offspring. Brain 

Res. Bull. 2012, 87, 295–302, doi:10.1016/j.brainresbull.2011.08.015. 

48. Meyer, U.; Nyffeler, M.; Engler, A.; Urwyler, A.; Schedlowski, M.; Knuesel, I.; Yee, B.K.; Feldon, J. The time 

of prenatal immune challenge determines the specificity of inflammation-mediated brain and behavioral 

pathology. J. Neurosci. Off. J. Soc. Neurosci. 2006, 26, 4752–4762, doi:10.1523/jneurosci.0099-06.2006. 

49. Morgan, K.N.; Thayer, J.E.; Frye, C.A. Prenatal stress suppresses rat pup ultrasonic vocalization and 

myoclonic twitching in response to separation. Dev. Psychobiol. 1999, 34, 205–215. 

50. Pendyala, G.; Chou, S.; Jung, Y.; Coiro, P.; Spartz, E.; Padmashri, R.; Li, M.; Dunaevsky, A. Maternal 

Immune Activation Causes Behavioral Impairments and Altered Cerebellar Cytokine and Synaptic Protein 

Expression. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2017, 42, 1435–1446, 

doi:10.1038/npp.2017.7. 

51. Tordjman, S.; Drapier, D.; Bonnot, O.; Graignic, R.; Fortes, S.; Cohen, D.; Millet, B.; Laurent, C.; Roubertoux, 

P.L. Animal models relevant to schizophrenia and autism: Validity and limitations. Behav. Genet. 2007, 37, 

61–78, doi:10.1007/s10519-006-9120-5. 

52. Schwendener, S.; Meyer, U.; Feldon, J. Deficient maternal care resulting from immunological stress during 

pregnancy is associated with a sex-dependent enhancement of conditioned fear in the offspring. J. 

Neurodev. Disord. 2009, 1, 15–32, doi:10.1007/s11689-008-9000-9. 



Int. J. Mol. Sci. 2020, 21, 4097 26 of 29 

 

53. Schaafsma, W.; Basterra, L.B.; Jacobs, S.; Brouwer, N.; Meerlo, P.; Schaafsma, A.; Boddeke, E.; Eggen, B.J.L. 

Maternal inflammation induces immune activation of fetal microglia and leads to disrupted microglia 

immune responses, behavior, and learning performance in adulthood. Neurobiol. Dis. 2017, 106, 291–300, 

doi:10.1016/j.nbd.2017.07.017. 

54. Baharnoori, M.; Bhardwaj, S.K.; Srivastava, L.K. Neonatal behavioral changes in rats with gestational 

exposure to lipopolysaccharide: A prenatal infection model for developmental neuropsychiatric disorders. 

Schizophr. Bull. 2012, 38, 444–456, doi:10.1093/schbul/sbq098. 

55. Hava, G.; Vered, L.; Yael, M.; Mordechai, H.; Mahoud, H. Alterations in behavior in adult offspring mice 

following maternal inflammation during pregnancy. Dev. Psychobiol. 2006, 48, 162–168, 

doi:10.1002/dev.20116. 

56. Goldman, S.; O’Brien, L.M.; Filipek, P.A.; Rapin, I.; Herbert, M.R. Motor stereotypies and volumetric brain 

alterations in children with Autistic Disorder. Res. Autism Spectr. Disord. 2013, 7, 82–92, 

doi:10.1016/j.rasd.2012.07.005. 

57. Mody, M.; Belliveau, J.W. Speech and Language Impairments in Autism: Insights from Behavior and 

Neuroimaging. North Am. J. Med. Sci. 2013, 5, 157–161. 

58. Ashwood, P.; Krakowiak, P.; Hertz-Picciotto, I.; Hansen, R.; Pessah, I.; Van de Water, J. Elevated plasma 

cytokines in autism spectrum disorders provide evidence of immune dysfunction and are associated with 

impaired behavioral outcome. Brain Behav. Immun. 2011, 25, 40–45, doi:10.1016/j.bbi.2010.08.003. 

59. Molloy, C.A.; Morrow, A.L.; Meinzen-Derr, J.; Schleifer, K.; Dienger, K.; Manning-Courtney, P.; Altaye, M.; 

Wills-Karp, M. Elevated cytokine levels in children with autism spectrum disorder. J. Neuroimmunol. 2006, 

172, 198–205, doi:10.1016/j.jneuroim.2005.11.007. 

60. Vargas, D.L.; Nascimbene, C.; Krishnan, C.; Zimmerman, A.W.; Pardo, C.A. Neuroglial activation and 

neuroinflammation in the brain of patients with autism. Ann. Neurol. 2005, 57, 67–81, doi:10.1002/ana.20315. 

61. Ling, Z.; Gayle, D.A.; Ma, S.Y.; Lipton, J.W.; Tong, C.W.; Hong, J.S.; Carvey, P.M. In utero bacterial 

endotoxin exposure causes loss of tyrosine hydroxylase neurons in the postnatal rat midbrain. Mov. Disord. 

Off. J. Mov. Disord. Soc. 2002, 17, 116–124. 

62. Ashdown, H.; Dumont, Y.; Ng, M.; Poole, S.; Boksa, P.; Luheshi, G.N. The role of cytokines in mediating 

effects of prenatal infection on the fetus: Implications for schizophrenia. Mol. Psychiatry 2006, 11, 47–55, 

doi:10.1038/sj.mp.4001748. 

63. Liverman, C.S.; Kaftan, H.A.; Cui, L.; Hersperger, S.G.; Taboada, E.; Klein, R.M.; Berman, N.E. Altered 

expression of pro-inflammatory and developmental genes in the fetal brain in a mouse model of maternal 

infection. Neurosci. Lett. 2006, 399, 220–225, doi:10.1016/j.neulet.2006.01.064. 

64. Oskvig, D.B.; Elkahloun, A.G.; Johnson, K.R.; Phillips, T.M.; Herkenham, M. Maternal immune activation 

by LPS selectively alters specific gene expression profiles of interneuron migration and oxidative stress in 

the fetus without triggering a fetal immune response. Brain Behav. Immun. 2012, 26, 623–634, 

doi:10.1016/j.bbi.2012.01.015. 

65. Urakubo, A.; Jarskog, L.F.; Lieberman, J.A.; Gilmore, J.H. Prenatal exposure to maternal infection alters 

cytokine expression in the placenta, amniotic fluid, and fetal brain. Schizophr. Res. 2001, 47, 27–36. 

66. Hsiao, E.Y.; Patterson, P.H. Activation of the maternal immune system induces endocrine changes in the 

placenta via IL-6. Brain Behav. Immun. 2011, 25, 604–615, doi:10.1016/j.bbi.2010.12.017. 

67. Lundberg, A.M.; Drexler, S.K.; Monaco, C.; Williams, L.M.; Sacre, S.M.; Feldmann, M.; Foxwell, B.M. Key 

differences in TLR3/poly I:C signaling and cytokine induction by human primary cells: A phenomenon 

absent from murine cell systems. Blood 2007, 110, 3245–3252, doi:10.1182/blood-2007-02-072934. 

68. Kimura, M.; Toth, L.A.; Agostini, H.; Cady, A.B.; Majde, J.A.; Krueger, J.M. Comparison of acute phase 

responses induced in rabbits by lipopolysaccharide and double-stranded RNA. Am. J. Physiol. 1994, 267, 

R1596–1605, doi:10.1152/ajpregu.1994.267.6.R1596. 

69. Chez, M.G.; Dowling, T.; Patel, P.B.; Khanna, P.; Kominsky, M. Elevation of tumor necrosis factor-alpha in 

cerebrospinal fluid of autistic children. Pediatric Neurol. 2007, 36, 361–365, 

doi:10.1016/j.pediatrneurol.2007.01.012. 

70. Li, X.; Chauhan, A.; Sheikh, A.M.; Patil, S.; Chauhan, V.; Li, X.M.; Ji, L.; Brown, T.; Malik, M. Elevated 

immune response in the brain of autistic patients. J. Neuroimmunol. 2009, 207, 111–116, 

doi:10.1016/j.jneuroim.2008.12.002. 

71. Wei, H.; Alberts, I.; Li, X. Brain IL-6 and autism. Neuroscience 2013, 252, 320–325, 

doi:10.1016/j.neuroscience.2013.08.025. 



Int. J. Mol. Sci. 2020, 21, 4097 27 of 29 

 

72. Meyer, U. Prenatal poly(i:C) exposure and other developmental immune activation models in rodent 

systems. Biol. Psychiatry 2014, 75, 307–315, doi:10.1016/j.biopsych.2013.07.011. 

73. Singh, V.K. Plasma increase of interleukin-12 and interferon-gamma. Pathological significance in autism. J. 

Neuroimmunol. 1996, 66, 143–145, doi:10.1016/0165-5728(96)00014-8. 

74. Croonenberghs, J.; Bosmans, E.; Deboutte, D.; Kenis, G.; Maes, M. Activation of the inflammatory response 

system in autism. Neuropsychobiology 2002, 45, 1–6, doi:10.1159/000048665. 

75. Tostes, M.H.F.S.; Teixeira, H.C.; Gattaz, W.F.; Brandão, M.A.F.; Raposo, N.R.B. Altered neurotrophin, 

neuropeptide, cytokines and nitric oxide levels in autism. Pharmacopsychiatry 2012, 45, 241–243, 

doi:10.1055/s-0032-1301914. 

76. Monteiro, S.; Roque, S.; Marques, F.; Correia-Neves, M.; Cerqueira, J.J. Brain interference: Revisiting the 

role of IFNγ in the central nervous system. Prog. Neurobiol. 2017, 156, 149–163, 

doi:10.1016/j.pneurobio.2017.05.003. 

77. Czapski, G.A.; Czubowicz, K.; Strosznajder, J.B.; Strosznajder, R.P. The Lipoxygenases: Their Regulation 

and Implication in Alzheimer’s Disease. Neurochem. Res. 2016, 41, 243–257, doi:10.1007/s11064-015-1776-x. 

78. Roy, A.; Jana, A.; Yatish, K.; Freidt, M.B.; Fung, Y.K.; Martinson, J.A.; Pahan, K. Reactive oxygen species 

up-regulate CD11b in microglia via nitric oxide: Implications for neurodegenerative diseases. Free Radic. 

Biol. Med. 2008, 45, 686–699, doi:10.1016/j.freeradbiomed.2008.05.026. 

79. Wilkinson, B.L.; Landreth, G.E. The microglial NADPH oxidase complex as a source of oxidative stress in 

Alzheimer’s disease. J. Neuroinflamm. 2006, 3, 30, doi:10.1186/1742-2094-3-30. 

80. Chauhan, A.; Audhya, T.; Chauhan, V. Brain region-specific glutathione redox imbalance in autism. 

Neurochem. Res. 2012, 37, 1681–1689, doi:10.1007/s11064-012-0775-4. 

81. Frustaci, A.; Neri, M.; Cesario, A.; Adams, J.B.; Domenici, E.; Dalla Bernardina, B.; Bonassi, S. Oxidative 

stress-related biomarkers in autism: Systematic review and meta-analyses. Free Radic. Biol. Med. 2012, 52, 

2128–2141, doi:10.1016/j.freeradbiomed.2012.03.011. 

82. Rose, S.; Melnyk, S.; Pavliv, O.; Bai, S.; Nick, T.G.; Frye, R.E.; James, S.J. Evidence of oxidative damage and 

inflammation associated with low glutathione redox status in the autism brain. Transl. Psychiatry 2012, 2, 

e134, doi:10.1038/tp.2012.61. 

83. Chen, J.; Yu, S.; Fu, Y.; Li, X. Synaptic proteins and receptors defects in autism spectrum disorders. Front. 

Cell. Neurosci. 2014, 8, 276, doi:10.3389/fncel.2014.00276. 

84. Frankle, W.G.; Lerma, J.; Laruelle, M. The synaptic hypothesis of schizophrenia. Neuron 2003, 39, 205–216. 

85. Martinez-Cerdeno, V. Dendrite and spine modifications in autism and related neurodevelopmental 

disorders in patients and animal models. Dev. Neurobiol. 2017, 77, 393–404, doi:10.1002/dneu.22417. 

86. Cheung, C.; Yu, K.; Fung, G.; Leung, M.; Wong, C.; Li, Q.; Sham, P.; Chua, S.; McAlonan, G. Autistic 

disorders and schizophrenia: Related or remote? An anatomical likelihood estimation. PLoS ONE 2010, 5, 

e12233, doi:10.1371/journal.pone.0012233. 

87. Wang, Q.; Deng, W.; Huang, C.; Li, M.; Ma, X.; Wang, Y.; Jiang, L.; Lui, S.; Huang, X.; Chua, S.E.; et al. 

Abnormalities in connectivity of white-matter tracts in patients with familial and non-familial 

schizophrenia. Psychol. Med. 2011, 41, 1691–1700, doi:10.1017/s0033291710002412. 

88. Sasson, N.J.; Pinkham, A.E.; Carpenter, K.L.; Belger, A. The benefit of directly comparing autism and 

schizophrenia for revealing mechanisms of social cognitive impairment. J. Neurodev. Disord. 2011, 3, 87–

100, doi:10.1007/s11689-010-9068-x. 

89. Budd, J.M.; Kisvarday, Z.F. Communication and wiring in the cortical connectome. Front. Neuroanat. 2012, 

6, 42, doi:10.3389/fnana.2012.00042. 

90. Dickerson, D.D.; Bilkey, D.K. Aberrant neural synchrony in the maternal immune activation model: Using 

translatable measures to explore targeted interventions. Front. Behav. Neurosci. 2013, 7, 217, 

doi:10.3389/fnbeh.2013.00217. 

91. Ecker, C. The neuroanatomy of autism spectrum disorder: An overview of structural neuroimaging 

findings and their translatability to the clinical setting. Autism: Int. J. Res. Pract. 2017, 21, 18–28, 

doi:10.1177/1362361315627136. 

92. Mensen, V.T.; Wierenga, L.M.; van Dijk, S.; Rijks, Y.; Oranje, B.; Mandl, R.C.W.; Durston, S. Development 

of cortical thickness and surface area in autism spectrum disorder. Neuroimage Clin. 2016, 13, 215–222, 

doi:10.1016/j.nicl.2016.12.003. 



Int. J. Mol. Sci. 2020, 21, 4097 28 of 29 

 

93. Tang, G.; Gudsnuk, K.; Kuo, S.H.; Cotrina, M.L.; Rosoklija, G.; Sosunov, A.; Sonders, M.S.; Kanter, E.; 

Castagna, C.; Yamamoto, A.; et al. Loss of mTOR-dependent macroautophagy causes autistic-like synaptic 

pruning deficits. Neuron 2014, 83, 1131–1143, doi:10.1016/j.neuron.2014.07.040. 

94. Corradi, A.; Fadda, M.; Piton, A.; Patry, L.; Marte, A.; Rossi, P.; Cadieux-Dion, M.; Gauthier, J.; Lapointe, 

L.; Mottron, L.; et al. SYN2 is an autism predisposing gene: Loss-of-function mutations alter synaptic vesicle 

cycling and axon outgrowth. Hum. Mol. Genet. 2014, 23, 90–103, doi:10.1093/hmg/ddt401. 

95. Cupertino, R.B.; Kappel, D.B.; Bandeira, C.E.; Schuch, J.B.; da Silva, B.S.; Muller, D.; Bau, C.H.; Mota, N.R. 

SNARE complex in developmental psychiatry: Neurotransmitter exocytosis and beyond. J. Neural Transm. 

(Vienna, Austria: 1996) 2016, 123, 867–883, doi:10.1007/s00702-016-1514-9. 

96. Wu, Y.J.; Tejero, R.; Arancillo, M.; Vardar, G.; Korotkova, T.; Kintscher, M.; Schmitz, D.; Ponomarenko, A.; 

Tabares, L.; Rosenmund, C. Syntaxin 1B is important for mouse postnatal survival and proper synaptic 

function at the mouse neuromuscular junctions. J. Neurophysiol. 2015, 114, 2404–2417, 

doi:10.1152/jn.00577.2015. 

97. Roberts, S.; Keers, R.; Lester, K.J.; Coleman, J.R.; Breen, G.; Arendt, K.; Blatter-Meunier, J.; Cooper, P.; 

Creswell, C.; Fjermestad, K.; et al. HPA axis related genes and response to psychological therapies: Genetics 

and epigenetics. Depress. Anxiety 2015, 32, 861–870, doi:10.1002/da.22430. 

98. Li, X.W.; Cao, L.; Wang, F.; Yang, Q.G.; Tong, J.J.; Li, X.Y.; Chen, G.H. Maternal inflammation linearly 

exacerbates offspring age-related changes of spatial learning and memory, and neurobiology until 

senectitude. Behav. Brain Res. 2016, 306, 178–196, doi:10.1016/j.bbr.2016.03.011. 

99. Chang, S.; Zhang, W.; Gao, L.; Wang, J. Prioritization of candidate genes for attention deficit hyperactivity 

disorder by computational analysis of multiple data sources. Protein Cell 2012, 3, 526–534, 

doi:10.1007/s13238-012-2931-7. 

100. Nakamura, K.; Iwata, Y.; Anitha, A.; Miyachi, T.; Toyota, T.; Yamada, S.; Tsujii, M.; Tsuchiya, K.J.; Iwayama, 

Y.; Yamada, K.; et al. Replication study of Japanese cohorts supports the role of STX1A in autism 

susceptibility. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2011, 35, 454–458, 

doi:10.1016/j.pnpbp.2010.11.033. 

101. Coley, A.A.; Gao, W.J. PSD95: A synaptic protein implicated in schizophrenia or autism? Prog. 

Neuropsychopharmacol. Biol. Psychiatry 2018, 82, 187–194, doi:10.1016/j.pnpbp.2017.11.016. 

102. Catts, V.S.; Derminio, D.S.; Hahn, C.G.; Weickert, C.S. Postsynaptic density levels of the NMDA receptor 

NR1 subunit and PSD-95 protein in prefrontal cortex from people with schizophrenia. NPJ Schizophr. 2015, 

1, 15037, doi:10.1038/npjschz.2015.37. 

103. De Rubeis, S.; He, X.; Goldberg, A.P.; Poultney, C.S.; Samocha, K.; Cicek, A.E.; Kou, Y.; Liu, L.; Fromer, M.; 

Walker, S.; et al. Synaptic, transcriptional and chromatin genes disrupted in autism. Nature 2014, 515, 209–

215, doi:10.1038/nature13772. 

104. El-Husseini, A.E.; Schnell, E.; Chetkovich, D.M.; Nicoll, R.A.; Bredt, D.S. PSD-95 involvement in maturation 

of excitatory synapses. Science (New York, N. Y.) 2000, 290, 1364–1368. 

105. Yoo, J.; Bakes, J.; Bradley, C.; Collingridge, G.L.; Kaang, B.K. Shank mutant mice as an animal model of 

autism. Philos. Trans. R. Soc. London Ser. B Biol. Sci. 2014, 369, 20130143, doi:10.1098/rstb.2013.0143. 

106. Monteiro, P.; Feng, G. SHANK proteins: Roles at the synapse and in autism spectrum disorder. Nat. Rev. 

Neurosci. 2017, 18, 147–157, doi:10.1038/nrn.2016.183. 

107. Sala, C.; Vicidomini, C.; Bigi, I.; Mossa, A.; Verpelli, C. Shank synaptic scaffold proteins: Keys to 

understanding the pathogenesis of autism and other synaptic disorders. J. Neurochem. 2015, 135, 849–858, 

doi:10.1111/jnc.13232. 

108. Zhou, Y.; Kaiser, T.; Monteiro, P.; Zhang, X.; Van der Goes, M.S.; Wang, D.; Barak, B.; Zeng, M.; Li, C.; Lu, 

C.; et al. Mice with Shank3 Mutations Associated with ASD and Schizophrenia Display Both Shared and 

Distinct Defects. Neuron 2016, 89, 147–162, doi:10.1016/j.neuron.2015.11.023. 

109. Mei, Y.; Monteiro, P.; Zhou, Y.; Kim, J.A.; Gao, X.; Fu, Z.; Feng, G. Adult restoration of Shank3 expression 

rescues selective autistic-like phenotypes. Nature 2016, 530, 481–484, doi:10.1038/nature16971. 

110. Tonkiss, J.; Harrison, R.H.; Galler, J.R. Differential effects of prenatal protein malnutrition and prenatal 

cocaine on a test of homing behavior in rat pups. Physiol. Behav. 1996, 60, 1013–1018. 

111. Panksepp, J.; Burgdorf, J. “Laughing” rats and the evolutionary antecedents of human joy? Physiol. Behav. 

2003, 79, 533–547, doi:10.1016/S0031-9384(03)00159-8. 

112. Panksepp, J.; Burgdorf, J. 50-kHz chirping (laughter?) in response to conditioned and unconditioned tickle-

induced reward in rats: Effects of social housing and genetic variables. Behav. Brain Res. 2000, 115, 25–38. 



Int. J. Mol. Sci. 2020, 21, 4097 29 of 29 

 

113. Wohr, M.; Kehl, M.; Borta, A.; Schanzer, A.; Schwarting, R.K.; Hoglinger, G.U. New insights into the 

relationship of neurogenesis and affect: Tickling induces hippocampal cell proliferation in rats emitting 

appetitive 50-kHz ultrasonic vocalizations. Neuroscience 2009, 163, 1024–1030, 

doi:10.1016/j.neuroscience.2009.07.043. 

114. Schwarting, R.K.; Jegan, N.; Wohr, M. Situational factors, conditions and individual variables which can 

determine ultrasonic vocalizations in male adult Wistar rats. Behav. Brain Res. 2007, 182, 208–222, 

doi:10.1016/j.bbr.2007.01.029. 

115. Ziemka-Nalecz, M.; Jaworska, J.; Sypecka, J.; Polowy, R.; Filipkowski, R.K.; Zalewska, T. Sodium Butyrate, 

a Histone Deacetylase Inhibitor, Exhibits Neuroprotective/Neurogenic Effects in a Rat Model of Neonatal 

Hypoxia-Ischemia. Mol. Neurobiol. 2017, 54, 5300–5318, doi:10.1007/s12035-016-0049-2. 

116. Manders, E.M.M.; Verbeek, F.J.; Aten, J.A. Measurement of co-localization of objects in dual-colour confocal 

images. J. Microsc. 1993, 169, 375–382. 

117. Dominiak, A.; Wilkaniec, A.; Jesko, H.; Czapski, G.A.; Lenkiewicz, A.M.; Kurek, E.; Wroczynski, P.; 

Adamczyk, A. Selol, an organic selenium donor, prevents lipopolysaccharide-induced oxidative stress and 

inflammatory reaction in the rat brain. Neurochem. Int. 2017, 108, 66–77, doi:10.1016/j.neuint.2017.02.014. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 


