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Objective: To investigate the role of TLR4 on the microglia activation in the pre-frontal cortex, which leads to autism-like behavior of the offspring induced by maternal lipopolysaccharide (LPS) exposure.

Methods: Pregnant TLR4−/− (knockout, KO) and WT (wild type, WT) dams were intraperitoneally injected with LPS or PBS, respectively. The levels of TNFα, IL-1β, and IL-6 in the maternal serum and fetal brain were assessed with ELISA following LPS exposure. The gestation period, litter size and weight of the offspring were evaluated. Three-chamber sociability test, open field test and olfactory habituation/dishabituation test were used to assess the offspring's autism-like behavior at 7 weeks of age. Western blotting was performed to examine the levels of TLR4, Phospho-NFκB p65, IKKα, IBA-1, iNOS, Arg-1, C3, CR3A, NMDAR2A, and Syn-1 expression in the pre-frontal cortex. The morphological changes in the microglia, the distribution and expression of TLR4 were observed by immunofluorescence staining. Golgi-Cox staining was conducted to evaluate the dendritic length and spine density of the neurons in 2-week-old offspring.

Results: Maternal LPS stimulation increased serum TNFα and IL-6, as well as fetal brain TNFα in the WT mice. The litter size and the weight of the WT offspring were significantly reduced following maternal LPS treatment. LPS-treated WT offspring had lower social and self-exploration behavior, and greater anxiety and repetitive behaviors. The protein expression levels of TLR4 signaling pathways, including TLR4, Phospho-NFκB p65, IKKα, and IBA-1, iNOS expression were increased in the LPS-treated WT offspring, whereas Arg-1 was decreased. Maternal LPS treatment resulted in the significant reduction in the levels of the synaptic pruning-related proteins, C3 and CR3A. Moreover, the neuronal dendritic length and spine density, as well as the expression levels of the synaptic plasticity-related proteins, NMDAR2A and Syn-1 were reduced in the WT offspring; however, gestational LPS exposure had no effect on the TLR4−/− offspring.

Conclusion: Activation of TLR4 signaling pathway following maternal LPS exposure induced the abnormal activation of microglia, which in turn was involved in excessive synaptic pruning to decrease synaptic plasticity in the offspring. This may be one of the reasons for the autism-like behavior in the offspring mice.
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INTRODUCTION

Autism spectrum disorder (ASD) represents a category of neurodevelopmental disorders characterized by social and communication impairments and restricted or repetitive behaviors; however, the precise etiology and pathophysiology remain unknown (Hyman et al., 2020). Epidemiological studies have shown that maternal infection during pregnancy may be associated with the onset of ASD in offspring (Bilbo et al., 2018). Therefore, a large number of animal studies that mimic infection during pregnancy have been established to induce an ASD-like behavior in offspring to study ASD pathogenesis (Filiano et al., 2016). Lipopolysaccharide (LPS) is a component of gram-negative bacteria and a common molecule that can imitate a maternal bacterial infection during pregnancy (Fortier et al., 2007). TLR4 is a specific LPS receptor, the specific binding of the two elements could activate the TLR4 signaling pathway and produce an inflammatory response (Lehnardt et al., 2002; Hromada-judycka, 2015; Takeda and Akira, 2015). In the central nervous system (CNS), TLR4 is primarily expressed on the microglia, which is resident in immune cells and phagocytes of the CNS (Schafer et al., 2013). Microglia immediately changes from stationary branches to phagocytic amoeboid, releasing inflammatory cytokines and chemokines, and participating in the immune response to inflammation or injury of the central nervous system (Ransohoff and Cardona, 2010). In addition, the microglia are also involved in regulating neurogenesis, myelin formation, and synaptic remodeling (Bilimoria and Stevens, 2015; Salter and Stevens, 2017); they shape neuronal connections by pruning redundant dendritic spines in early life. Moreover, inappropriate synaptic pruning is associated with several neurodegenerative diseases, including Parkinson's disease, Alzheimer's disease, and ASD (Mcdougle et al., 2015; Fernández de Cossío et al., 2017).

Studies have shown that activation of microglia through TLR4 stimulation leads to neuronal death and neuroinflammatory damage (Fernandez-lizarbe et al., 2009). Animal experiments have revealed that LPS exposure during pregnancy, leading to ASD-like behavior in offspring, as well as activation of microglia (Chen et al., 2012; Santra et al., 2016). Further studies confirmed that maternal LPS exposure is associated with abnormal synaptic pruning of the microglia in offspring with ASD-like behavior (Fernández de Cossío et al., 2017); however, the role of TLR4 in maternal LPS-induced microglia activation involved in the abnormal synaptic pruning that leads to an ASD-like behavior in offspring remains unclear.

Considering the critical role of both the microglia and TLR4 in the neuroinflammation and pathogenesis associated with many neurodegenerative disorders, our study aimed to assess whether maternal LPS exposure induces microglia activation through TLR4 stimulation and whether activation of the microglia triggers abnormal synaptic pruning leading to ASD-like behavior in offspring. Therefore, gestational WT and TLR4−/− mice were exposed to LPS to induce ASD-like behavior in the offspring, respectively, and confirmed the key role of TLR4. Next, we identified the relationship between the change in TLR4 and microglia in the offspring mice. Finally, early postnatal microglia changes were involved in abnormal synaptic pruning, to verify that microglia dysfunction may be a reason for the ASD-like behavior. The present study provides novel insight into the basic mechanism through which maternal LPS induces the activation of microglia and leads to an ASD-like behavior in the offspring.



MATERIALS AND METHODS


Animals, Grouping, and Sample Collection

This study was approved by the Animal Experimentation Ethics Committee of Chongqing Medical University (Chongqing, China) and conducted in accordance with the guidelines of the Animal Care Committee of Chongqing Medical University. TLR4−/− (knockout, KO) and WT (wild type, WT) mice were obtained from the Model Animal Research Center of Nanjing University (MARC). The TLR4−/− mouse strain, C57BL/10ScNJNju, was based on the C57BL/10JNju mouse strain (WT). These mice were housed in the same room with a constant airflow system, controlled temperature (22–24°C), and a 12-h light/dark cycle.

Female WT and TLR4−/− mice were mated with males of the same strain overnight, and female mice with a vaginal plug observed the next morning were recorded as the 0.5 day of gestation. Treated WT dams with a single i.p. injection of 50 μg/kg LPS (E. coli; O127:B8) or an equal-volume PBS on gestational day 14.5, the offspring were termed the WT LPS group and WT PBS group, respectively. Similarly, the TLR4−/− dams received an intraperitoneal injection of 50 μg/kg LPS (E. coli; O127:B8) or equal-volume PBS on 14.5 days of gestation. The offspring were termed as the KO LPS group and KO PBS group, respectively.

A total of 15 pregnant mice were randomly selected from each group. The maternal serum and fetal brains were collected 5 h post-intraperitoneal injection, and the remaining pregnant mice gave birth naturally. The day of birth was recorded as the 1st day after birth. Behavioral tests were performed between 49 and 56 days after birth. Part of the 2 and 7-week old pups were sacrificed, and the pre-frontal cortex of the pups were collected on ice and immediately frozen at −80°C for subsequent experiments.



Behavioral Testing

All of the mice were tested at an age of 7 weeks, and all the behavioral tests could be conducted in a quiet and gentle environment. A test box or cage were cleaned of urine and feces, then sterilized with 75% alcohol before the next mouse was tested.



Olfactory Habituation/Dishabituation Test

Urine was collected in advance from the adult C57 mice. The subjects were habituated in a clean, empty cage for 10 min before the experiment had been initiated. The fluid-filled swabs were suspended 10 cm from the bottom of the box to make sure the mice could smell them. Each mouse was required to sniff three types of cotton swabs containing water, mouse urine, and beer, respectively. The observation time of each cotton swab was 3 min, and the total time of the mouse sniffing cotton swabs during this period was recorded. The procedure described above was repeated twice, with the mice resting for 10 min between every two experimental intervals. The data were eventually presented as the average time of the mouse sniffing three types of cotton swabs.



Open-Field Test

Mice were habituated in the testing room and left undisturbed for 30 min prior to testing. Each mouse was placed in the same position of the box at the beginning of the experiment. Data were collected from each mouse placed in the plexiglass open-field arena (40 cm [length] × 40 cm [width] × 30 cm [high]) for a period of 5 min. The any-maze software and supporting camera system automatically recorded the total distance traveled, the number of lines crossed, time spent in the middle zone, and time spent self-grooming of each subject.



Three-Chamber Sociability Test

The test was performed in a 60 × 40 cm2 white plexiglass box divided into three chambers (20 × 40 cm2) by plexiglass dividers. The mice could freely move through a small opening (6 × 6 cm) on each divider for 5 min in the empty box to confirm that each animal had no bias for either of the chambers. A sex- and age-matched adult SPF C57 mice was placed in a small cage in one chamber (strange mice chamber), while a small object was placed in another chamber (novel-object chamber) in advance. The tested mice were placed in the center chamber and allowed to travel between chambers for 5 min, and an overhead camera recorded their movements. The data were eventually presented as the time spent in each of the three chambers.



Enzyme-Linked Immunosorbent Assay

The levels of TNFα, IL-1β, and IL-6 in the maternal serum and fetal brain of the different treatment groups were measured using commercial enzyme-linked immunosorbent assay kits (RayBiotech, ELM-TNFα, ELM-IL1β, and ELM-IL6, respectively). All procedures were performed strictly in accordance with the manufacturer's instructions. Absorbance was measured at a wavelength of 450 nm, and the optical density values were calculated based on standard curves constructed for each assay and performed in duplicate.



Western Blotting

The total protein extracted from the pre-frontal cortex was used for Western blotting. The membranes were incubated in primary antibodies, including TLR4 (1:1,000, Abcam, CA), NFκB p65 (1:1,000, Cell Signaling Technology, USA), Phospho-NFκB p65 (1:1,000, Cell Signaling Technology, USA), IKKα (1:1,000, Cell Signaling Technology, USA), IBA-1(1:1,000, Wako, Japan), Arg-1 (1:1,000, Abcam, CA), iNOS (1:1,000, Abcam, CA), C3 (1:1,000, Abcam, CA), CR3A (1:1,000, Abways, China), NAMDA2AR (1:1,000, ZENBIO, China), Syn-1 (1:1,000, Abcam, CA), and β-Actin (1:1,000, Santa Cruz, USA) at 4°C overnight, followed by an incubation with HRP-conjugated secondary antibodies (Santa Cruz, USA) at room temperature for 1 h. Protein bands were detected using a chemiluminescent HRP substrate (Millipore, USA). The images were captured using a Syngene GBox Imaging System (Gene Company, China).



Immunofluorescence Staining

The brain was completely exfoliated and fixed in 4% paraformaldehyde, and subsequently transplanted into 4% paraformaldehyde containing 30% sucrose for dehydration. After the tissue had sank to the bottom, the sections were frozen. Slices with a thickness of 15 μm were treated with 0.3% Triton x-100 for 20 min, and 5% BSA was used to block the samples at room temperature for 1 h. Primary antibodies, including IBA-1 (1:500, Wako, Japan) and TLR4 (1:300, Proteintech, USA) were incubated at 4°C overnight. The fluorescent secondary antibody was incubated at room temperature in the dark for 1 h and was photographed under a Nikon automatic bioluminescence microscope.



Golgi-Cox Staining

The brain was carefully extracted and washed in PBS, following by an immersion in a 20 mL Golgi-Cox solution and stored for 14 days in the dark. Fourteen days later, the solution was replaced with Solution 3 in the Hito Golgi-Cox OptimStain PreKit and maintained for 3 days. The brain was cut at the coronal plane (200-μm thick). The sections were placed on microslides and the blotted slides were maintained in a humified chamber overnight. The next day, the sections were stained and dehydrated according to the instructions of the Hito Golgi-Cox OptimStain PreKit.



Statistical Analysis

The data were expressed as the mean ± SEM. Significant differences were calculated via a two-way analysis of variance with a Bonferroni post-hoc test with the use of the GraphPad Prism version 5.0 software package. Where there was a statistically significant interaction, all experimental groups were compared using Bonferroni post-hoc test. When there was no significant interaction, a Student-Newman-Keuls test was used to analyze the main effect of LPS or TLR4−/−. P-values of < 0.05 were determined to be statistically significant.




RESULTS


Maternal LPS Treatment Increased the Level of Cytokines in the Maternal Serum and Fetal Brain, but Had No Effect on the TLR4–/– Mice

To investigate whether LPS treatment during mid-gestation leads to maternal immune activation and determine the fetal response to LPS, the levels of TNFα, IL-1β, and IL-6 in the maternal serum and fetal brain were detected 5 h after LPS exposure. As shown in Figure 1A, LPS exposure and TLR4−/− challenge had no effect on the level of IL-1β in the maternal serum. LPS significantly increased the levels of serum TNFα and IL-6 in the WT pregnant mice (Figure 1A, P < 0.01 and P < 0.001), but had no effect on the levels of serum TNFα and IL-6 in the TLR4−/− gravid mice (Figure 1A; P > 0.05 and P > 0.05). After combining the PBS and LPS group, the level of serum TNFα of the maternal mice in the combined LPS group was significantly higher than that in the combined PBS group (Figure 1B; P < 0.01).
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FIGURE 1. Changes in the levels of TNFα, IL-1β, and IL-6 in the maternal serum and fetal brain at 5 h following LPS treatment in the WT and TLR4−/− mice. (A) The effect of PBS and LPS treatment on the levels of TNFα, IL-1β, and IL-6 in the maternal serum in pregnant WT and TLR4−/− mice (n = 5). (B) The significant effect of LPS, independent of TLR4−/−, on the concentration of TNFα in the maternal serum in the combined PBS and LPS groups (n = 10). (C) Effect of PBS and LPS treatment on the levels of TNFα, IL-1β, and IL-6 in the fetal brain in the WT and TLR4−/− offspring (n = 5). (D) LPS independently affected the concentrations of TNFα on the fetal brain in the combined PBS and LPS groups (n = 10). (E) Significant effect of TLR4−/−, independent of LPS treatment, on the level of IL-1β on the fetal brain in the combined WT and KO groups (n = 10). The values are expressed as the means ± SEMs. “Interaction” indicates an effect of LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05; **P < 0.01; and ***P < 0.001.


Figure 1C shows that LPS exposure and TLR4−/− challenge had no effect on the level of IL-6 in the fetal brain. However, LPS exposure for 5 h increased the level of TNFα in the fetal brains of the WT mice compared to that of the TLR4−/− mice (Figure 1C, P < 0.05). Further analysis revealed that the level of TNFα in the fetal brain of the combined LPS group was significantly higher than that in the combined PBS group (Figure 1D, P < 0.05). Compared with the WT group, the level of IL-1β in the fetal brain of the TLR4−/− group was significantly reduced with or without LPS exposure (Figure 1C, P < 0.05). In addition, the level of IL-1β in the fetal brain of the combined WT group was significantly higher than that of the combined TLR4−/− group (Figure 1E, P < 0.001). The above data indicate that LPS exposure during pregnancy induced immune activation of WT dams and increased the release of inflammatory factors in the fetal brain, but had no effect on TLR4−/− mice.



Maternal LPS Treatment Decreased the Litter Size and Weight of Offspring in the WT but Not the TLR4–/– Mice

To evaluate the effect of LPS exposure during pregnancy on the dams and offspring, we assessed the gestation period, litter size, and offspring weight at seven weeks of age. As shown in Figure 2A, there was no statistical difference in the gestation period between PBS and LPS-exposed dams with or without TLR4−/− challenge (P > 0.05). LPS exposure during pregnancy significantly reduced the number of offspring in the WT mice (Figure 2B, P < 0.05), but not in TLR4−/− mice (Figure 2B, P > 0.05). Further analysis indicated that the litter size in the combined LPS group was significantly lower than that in the combined PBS group (Figure 2C, P < 0.05). Figure 2D shows the comparison of the offspring weight at seven weeks of age. The weight in the LPS group was lower than that of the PBS group in the WT mice (P < 0.001); however, no significant difference was observed between the PBS and LPS groups in the TLR4−/− mice (P > 0.05). A Bonferroni post-hoc analysis revealed a significant interaction between the LPS and TLR4−/− challenge (P < 0.0001). Therefore, these findings suggest that LPS treatment during pregnancy decreased the number of offspring and weight of the offspring at 7 weeks of age in the WT mice, but had no effect on TLR4−/− mice.
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FIGURE 2. Gestation and litter characteristics. (A) Effects of PBS and LPS treatment on the pregnant period between the WT and TLR4−/− pregnant mice (n = 10). (B) Effects of PBS and LPS treatment on the number of offspring between the WT and TLR4−/− mice (n = 10). (C) The main effect of LPS, independent of TLR4−/− challenge, on the number of offspring between the combined PBS and LPS groups (n = 20). (D) Comparison of the effects of PBS and LPS treatment on the weight of offspring between the WT and TLR4−/− mice at 7 weeks of age (n = 15). The values are expressed as the means ± SEMs. “Interaction” indicates the effect of LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05 and ***P < 0.001.




Maternal LPS Treatment Results in ASD-Like Behavior in the WT Offspring, but Had No Effect on the TLR4–/– Offspring

The results of the olfactory habituation/dishabituation experiments are shown in Figure 3A. The time spent on the three swabs of distilled water, mouse urine, and beer was compared among the four groups. LPS exposure and TLR4−/− challenge had no effect on the preference of the mice for beer and water. However, the time spent on the swabs of urine in the LPS group was lower than that of the PBS group in the WT offspring (Figure 3A, P < 0.01). No significant difference was observed regarding the time spent on the swabs of urine between the KO PBS and KO LPS groups (Figure 3A, P > 0.05). These results suggest that LPS treatment during pregnancy did not affect the olfactory ability of WT and TLR4−/− offspring; however, LPS exposure may reduce the interest of WT offspring for their peers, and it had no effect on the TLR4−/− offspring.
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FIGURE 3. The autism-like behavior tests of the WT and TLR4−/− offspring treated with or without LPS during the gestational period. (A) Olfactory habituation/dishabituation test: the cumulative time taken by the offspring mice to sniff cotton swabs. (B) Three-chamber sociability test: time spent by the offspring mice in different boxes. (C) Significant LPS effect, independent of TLR4−/− challenge, on the amount of time in the stranger mouse chamber between the combined PBS and LPS groups. (D) Open-field test: comparison of the self-grooming time of the offspring mice. (E) Open-field test: comparison of the time spent in the center zone among the four groups. (F) The main effect of LPS, independent of TLR4−/− challenge, on the time spent in the center zone between the combined PBS and LPS groups (n = 15). The values are expressed as the means ± SEMs. “Interaction” indicates an effect of the LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05; **P < 0.01; and ***P < 0.001.


A three-chamber sociability test was used to detect the social interaction ability of the mice. As shown in Figure 3B, LPS exposure and TLR4−/− challenge did not affect the duration of the mice in the novel object chamber. However, the LPS-treated offspring showed a much lower preference for the strange mouse chamber compared to PBS-treated offspring in the WT mice (P < 0.05). There was no significant difference in the time spent in the strange mouse chamber between the LPS and PBS groups in the TLR4−/− challenge (P > 0.05). Although no significant interaction was observed between the LPS and TLR4−/− challenges, the time spent in the strange mouse chamber in the combined LPS group was significantly lower than that of the combined PBS group (Figure 3C, P < 0.05). Based on these data, maternal LPS exposure may lead to a social impairment in the WT offspring rather than in the TLR4−/− offspring.

An open-field test is a classical method used to detect the autonomic inquiry activities and the accompanying tension and anxiety of the mice in an unfamiliar environment. Figure 3D shows that the grooming time in the LPS group was greater than that of PBS in the absence of TLR4−/− challenge (P < 0.001); however, no significant difference was observed between the PBS and LPS groups with the TLR4−/− challenge (P > 0.05). Furthermore, there was no significant interaction between the effects of LPS and TLR4−/− on the time spent in the center zone (Figure 3E). In the absence of TLR4−/−, the mice spent less time in the center zone in the LPS group compared with that of the PBS group (Figure 3E, P < 0.05). However, there was no statistically significant difference of the mice in the open field center zone between the KO PBS and KO LPS groups (Figure 3E, P > 0.05). After combining the PBS and LPS groups, the center zone duration in the combined LPS group was markedly shorter compared with that of the combined PBS group (Figure 3F, P < 0.05). These findings suggest that LPS-treated WT offspring had decreased self-exploration behavior, and they exhibited more anxiety and repetitive behaviors in the unfamiliar environment. However, maternal LPS exposure had no effect on the TLR4−/− offspring.



Maternal LPS Treatment Activated TLR4 and the Microglia Cells of the WT Offspring in Both the Adult and Early Postnatal Period, but Had No Effect on the TLR4–/– Offspring

To explore the role of TLR4 in LPS-induced maternal immune activation and determine the potential reason for the offspring's ASD-like behavior during adulthood, we examined the levels of TLR4 and IBA-1 protein expression in the pre-frontal cortex of offspring at 7 weeks of age. The results showed that the level of TLR4 expression in the WT LPS group was significantly higher than that of the WT PBS group (Figures 4A,C, P < 0.05). In the absence of TLR4−/−, maternal LPS exposure significantly increased IBA-1 expression in the pre-frontal cortex of the offspring (Figures 4B,D, P < 0.05), and there was no significant difference between the PBS and LPS group with the TLR4−/− challenge (Figures 4B,D, P > 0.05). Therefore, LPS treatment during pregnancy led to activation of TLR4 and the microglia cells in the pre-frontal cortex of WT adult offspring; however, microglia were not activated in the TLR4−/− offspring.
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FIGURE 4. The levels of TLR4 and IBA-1 protein expression in the pre-frontal cortex of 7-week-old WT and TLR4−/− offspring mice treated by PBS or LPS during gestation. (A) The level of TLR4 protein expression between the WT PBS and WT LPS groups. (B) The level of IBA-1 protein expression in the WT and TLR4−/− mice with or without LPS challenge during pregnancy. (C) Quantification analysis of the level of TLR4 protein expression with β-actin normalization. (D) Quantification analysis of level of IBA-1 protein expression with β-actin normalization (n = 3). The values are expressed as the means ± SEMs. “Interaction” indicates an effect of the LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05.


The involvement of microglia in synaptic pruning during early life is crucial for neural development. The peak of microglial density and the optimal time point to detect alterations in synaptic pruning occurred at 15 days after the mice were born (Fernández de Cossío et al., 2017). To investigate whether maternal LPS exposure affects the activation of microglia during the early postnatal period through TLR4, we detected TLR4 signaling pathway-associated proteins and IBA-1 in the pre-frontal cortex of the 2-week old offspring. As shown in the Figures 5A,C, the levels of TLR4, IKKα and Phospho-NFκB p65 protein expression were all increased in the LPS group compared with that of the PBS group in the WT offspring (P < 0.01, P < 0.01, and P < 0.01). Furthermore, the level of IBA-1 protein expression in the LPS group was higher than that of the PBS group in the WT mice (Figures 5B,D, P < 0.01). Moreover, maternal LPS treatment had no significant effect on the IBA-1 between the PBS and LPS groups of TLR4−/− mice (Figure 5D, P > 0.05), and there was a significant interaction between the LPS and TLR4−/− challenges for IBA-1, according to the post-hoc test (P = 0.0321).
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FIGURE 5. Comparison of the levels of IBA-1, TLR4 and its signaling pathway-associated protein expression, as well as fluctuations in the morphological changes of the microglia in the pre-frontal cortex of 2-week-old offspring mice treated by PBS or LPS during the gestation period. (A) The levels of TLR4, Phospho-NFκB p65, and IKKα protein expression between the WT PBS and WT LPS mice. (B) The level of IBA-1 protein expression in the PBS and LPS groups with or without TLR4−/− challenge. The quantification analysis of the level of (C) TLR4, Phospho-NFκB p65, IKKα, and (D) IBA-1 protein expression (n = 3). Immunofluorescence staining of (E) IBA-1 in the microglia and (F) TLR4 expression in different groups (×200). (G) The average branch length of the microglia in the PBS and LPS groups with or without TLR4−/− challenge (n = 12). (H) Quantification analysis of the level of TLR4 expression in immunofluorescence staining (n = 3). The values are expressed as the means ± SEMs. “Interaction” indicates an effect of the LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05; **P < 0.01; and ***P < 0.001.


Our study also observed the morphological changes in the microglia, as well as the expression and distribution of TLR4 in the pre-frontal cortex of the offspring at 2 weeks of age by immunofluorescence staining. As shown in Figure 5E, in the absence of TLR4−/−, the microglia body of the PBS group was condensed and obviously multibranched, while the branches of microglia in the LPS group were significantly reduced and shortened. However, the microglia in TLR4−/− mice displayed distinct branches in the pre-frontal cortex with or without LPS treatment. We quantified the average branch length of the microglia cells among the four groups. The average branch length in the LPS group was lower than that of the PBS group in the absence of TLR4−/− (Figure 5G, P < 0.001); however, no significant difference was observed between the PBS and LPS groups with the TLR4−/− challenge (Figure 5G, P > 0.05), and the average branch length of the KO LPS group was higher than that of the WT LPS group (Figure 5G, P < 0.001). Figure 5F compared the fluorescence expression area of TLR4 between the WT PBS group and WT LPS group. The quantified results showed that maternal LPS exposure significantly increased TLR4 expression in the pre-frontal cortex of the offspring (Figure 5H, P < 0.05). These results suggest that maternal LPS treatment resulted in microglia activation of the early postnatal period through the TLR4 signaling pathway in the pre-frontal cortex.



Maternal LPS Treatment Affected Microglial Polarization and Synaptic Pruning-Related Proteins in Early Postnatal WT Mice but Not in the TLR4–/– Offspring

To explore the specific changes in the M1 and M2 phenotypes of microglia in the offspring's pre-frontal cortex after maternal LPS treatment, we detected the levels of iNOS and Arg-1 expression. The level of iNOS expression in the LPS group was significantly upregulated compared with the PBS group in the absence of TLR4−/− challenge (Figures 6A,C, P < 0.001); however, LPS exposure had no significant effect on the level of iNOS expression between the PBS and LPS groups for the TLR4−/− challenge (Figures 6A,C, P > 0.05), while TLR4 and LPS had a significant interaction on iNOS expression (P = 0.0006). The level of Arg-1 protein expression was significantly down-regulated in the pre-frontal cortex of the WT offspring mice after LPS treatment (Figures 6A,D, P < 0.01), whereas there was no significant difference in the pre-frontal cortex of the TLR4−/− offspring mice between the PBS and LPS groups (Figures 6A,D, P > 0.05). The TLR4 and LPS interaction had a significant effect on Arg-1 expression (P = 0.0025).
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FIGURE 6. The levels of microglial M1 and M2 polarization and complement C3 pathway-related protein expression in the pre-frontal cortex of 2-week old offspring mice treated with PBS or LPS during gestation. The levels of (A) iNOS and Arg-1 (B) C3 and CR3A protein expression by Western blot. The quantification analysis of the levels of (C) iNOS, (D) Arg-1, (E) C3, and (F) CR3A protein expression with β-actin normalization (n = 3). The values are presented as the means ± SEMs. “Interaction” indicates an effect of the LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05; **P < 0.01; and ***P < 0.001.


We also examined the levels of C3 and CR3A protein expression involved in microglia synapse pruning. As shown in Figures 6B,E, in the absence of TLR4−/−, the level of C3 protein expression in the LPS group was higher than that of the mice in the PBS group (Figures 6B,E, P < 0.05), and there was no significant difference between the KO PBS and KO LPS groups (Figures 6B,E, P > 0.05). The level of CR3A protein expression in the LPS group was higher than that of the PBS group in the WT offspring (Figures 6B,F, P < 0.01); however, no significant difference was observed between the PBS and LPS groups with the TLR4−/− challenge (Figures 6B,F, P > 0.05). Together, the above results suggest that maternal LPS exposure may lead to M1 subtype polarization of the microglia and enhance the synaptic pruning of the WT offspring at 2 weeks of age, whereas there was no significant effect on the TLR4−/− offspring.



Effects of Maternal LPS Treatment on the Neuronal Morphology and Synaptic Plasticity-Related Protein Expression During the Early Postnatal Period of the Offspring

To further explore the relationship between microglia activation and the ASD-like behavior induced by maternal LPS exposure, a morphological analysis of the neurons was performed and synaptic plasticity in pre-frontal cortex of 2-week-old offspring mice was examined. Golgi staining was performed on neurons in the pre-frontal cortex of the 2-week old offspring. As shown in Figure 7A, the dendritic branches of the neurons in the WT LPS group were significantly shorter among the four groups. The results of the quantitative analysis showed that the dendrite length of the LPS group was significantly lower than that of the PBS group in the absence of a TLR4−/− challenge (Figure 7B, P < 0.001). Moreover, there was no difference in the dendrite length between the PBS group and LPS group with the TLR4−/− challenge (Figure 7B, P > 0.05). Furthermore, the dendrite length of the TLR4−/− mice was longer than that of the WT mice with or without LPS treatment (Figure 7B, P < 0.05 and P < 0.001). At the same time, we also performed a quantitative analysis of the spine density of the neurons. The results showed that in the absence of TLR4−/−, the spine density of the LPS group was significantly lower than that of the PBS group (Figure 7C, P < 0.05), and there was no statistical difference in the spine density between the LPS group and the PBS group following TLR4−/− challenge (Figure 7C, P > 0.05).
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FIGURE 7. Observation of the neuron synapses and expression of synaptic plasticity-related proteins in the pre-frontal cortex of 2-week old offspring mice treated with PBS or LPS during gestation. (A) Photomicrograph showing representative Golgi-Cox impregnation among the four groups (×400). The (B) dendritic length and (C) the number of spines /50 μm in the PBS and LPS groups with or without TLR4−/− challenge (n = 10). (D) The levels of NMDAR2A and Syn-1 protein expression in the PBS and LPS groups with or without TLR4−/− challenge. The quantification analysis of the levels of (E) NMDAR2A and (F) Syn-1 protein expression with β-actin normalization (n = 3). (G) Significant LPS effect, independent of TLR4−/− challenge, on the level of Syn-1 expression between the combined PBS and LPS groups (n = 3). The values are presented as the means ± SEMs. “Interaction” indicates an effect of the LPS in the TLR4−/− vs. WT mice; ns, not significant, *P < 0.05; **P < 0.01; and ***P < 0.001.


Both NMDAR2A and Syn-1 are proteins that represent synaptic plasticity. As shown in Figure 7D, the level of NMDAR2A protein expression in the LPS group was significantly lower than that of the PBS group in the WT mice (Figures 7D,E, P < 0.01). There was no statistical difference in the level of NMDAR2A protein expression between the LPS and PBS groups following TLR4−/− challenge (Figures 7D,E, P > 0.05). The level of Syn-1 expression in the LPS group was significantly lower than that in the PBS group without TLR4−/− challenge (Figures 7D,F, P < 0.05), and there was no statistical difference in the level of Syn-1 protein expression between the KO PBS and KO LPS groups (Figures 7D,F, P > 0.05). Further analysis revealed that the level of Syn-1 protein expression was significantly lower in the combined LPS treatment group (Figure 7G, P < 0.05) compared to that in the combined PBS group. The above results suggest that maternal LPS exposure impaired the neuronal connections and synaptic plasticity in the WT offspring during the early postnatal period. These results affect the behavior of the mice, whereas maternal LPS exposure had no effect on the TLR4−/− offspring.




DISCUSSION

Activation of the immune system during pregnancy, combined with genetic and environmental factors, may increase the risk of certain neurodevelopmental disorders in future offspring, including ASD (Meyer, 2019). Animal studies have shown that an excessive maternal immune response during pregnancy is closely related to brain changes and the behavioral development of offspring (Wischhof et al., 2015). LPS, a component of gram-negative bacteria, can induce immune activation and LPS stimulation during pregnancy, representing a classic and mature method of inducing an ASD-like behavior in an animal model (Oskvig et al., 2012; Belle et al., 2014). We observed that maternal LPS exposure could significantly reduce the WT offspring's interest in communication and play with their peers, whereas the stereotypical behavior increased. These findings suggest that the offspring exhibited the same phenotype as children with ASD. Interestingly, LPS had no effect on the behavior of the TLR4−/− offspring. Meyer's study found that pregnant mice exposed to immune stimulation had significantly increased levels of inflammatory cytokines in both the serum and fetal brains (Meyer et al., 2006). Moreover, high circulating levels of the cytokines, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6 (Smith et al., 2007; Crampton et al., 2012; Li et al., 2017) in the amniotic fluid and serum are associated with ASD (Olsen et al., 1989; Yoon et al., 1995). Our results are similar to that of Meyer et al.'s (2006), as the levels of serum TNF-α and IL-6 in the WT maternal mice were significantly increased 5 h after LPS exposure. In addition, exposure to LPS during pregnancy significantly increased the level of TNF-α in the fetal brains of WT mice; however, LPS treatment did not increase the levels of TNF-α, IL-1β, and IL-6 in TLR4−/− mice in the maternal serum or fetal brain. The prenatal status and weight of the offspring can reflect early neurological signs(Lucas et al., 1999). Our study found that the duration of pregnancy was not affected by LPS, and the weight of offspring was significantly reduced in the LPS-treated WT offspring, which is consistent with the findings of the study by Fernández de Cossío et al. (2017); however, unlike the Fernandez's study, our research showed that LPS also reduced the number of offspring in WT mice, which may be related to the dose and serotype of LPS. Furthermore, our study demonstrated that LPS had no effect on the number or weight of the TLR4−/− offspring. These data indicate that LPS treatment during pregnancy induced maternal immune activation and increased the fetal brain inflammatory response in WT mice. In addition, the number and the weight of offspring in the WT mice were significantly decreased. Following LPS stimulation during pregnancy, the offspring of WT mice showed significant ASD characteristics, suggesting that an animal model of LPS-induced offspring with ASD-like behavior was successfully constructed. In contrast, TLR4−/− mice lack an inflammatory response in maternal serum and fetal brain, and the TLR4−/− offspring did not exhibit ASD-like behavior following maternal LPS stimulation, indicating that TLR4 is a key contributor to ASD-like behavior in offspring due to maternal LPS exposure.

TLRs are a key family of membrane-anchored proteins expressed on immune cells and enterocytes (Xiao et al., 2019). Among these, TLR4 recognizes pathogen-related molecular patterns, including the specific recognition of LPS, and stimulates a series of complex pro-inflammatory cascade reactions by activating the TLR4/NFκB signaling pathway, leading to disease progression (Fernandez-lizarbe et al., 2009; Lucas and Maes, 2013; García-bueno et al., 2016). It has been reported that circulating LPS may lead to abnormal behavior by activating TLR4 in the CNS, whereas blocking LPS-induced TLR4 activation will suppress the transmission of brain immune signals and prevent disease occurrence (Hines et al., 2013). Our results showed that the TLR4 signaling pathway was activated in the pre-frontal cortex of the WT offspring after maternal LPS stimulation, whether it was a 7-week-old adult offspring or a 2-week-old offspring. This effect was not induced in the TLR4−/− offspring, indicating that TLR4 may represent a link between maternal immune activation and ASD-like behavior in mice.

As the main immune cell in the CNS, microglia represent the first line of defense for immune activation and injury (Ginhoux et al., 2010; Pascual et al., 2012). In the CNS, TLR4 is primarily expressed in microglia cells, involved in microglia-mediated inflammatory responses, and leads to cytokine production and secretion (Bueno et al., 2016). The study by Fernandez-lizarbe et al. (2009) showed that TLR4 plays a crucial role in the animal models of neuroinflammatory damage caused by alcohol-induced microglial activation. Activated microglia have two phenotypes, M1 and M2. The M1 phenotype induces the secretion of pro-inflammatory cytokines and inflammatory mediators (e.g., IL-6, TNFα, and iNOS), causing tissue damage, whereas the M2 phenotype secretes anti-inflammatory cytokines and Arg-1 to reduce the acute inflammatory response (Microglial et al., 2016). A large number of studies support the activation and increased number of microglia in the pre-frontal cortex of ASD patients (Morgan et al., 2010; Edmonson et al., 2014). In LPS-induced ASD-like behavior animal models, microglia activation has been demonstrated by numerous studies, exhibited by the upregulation of IBA-1, increased release of iNOS, and morphological changes (Juckel et al., 2011; Cunningham et al., 2013). Our results are consistent with the above studies, as the microglia polarized toward M1 phenotype following maternal LPS stimulation in WT mice. Interestingly, LPS could not activate the microglia in the pre-frontal cortex of the TLR4−/− offspring, which suggests that LPS treatment during pregnancy induces an ASD-like behavior in adult offspring that requires the TLR4 signaling pathway to activate the microglia in the pre-frontal cortex.

Recent studies have revealed that abnormally activated microglia can interfere with neural circuits through the phagocytosis and clearance of synaptic structures (dendritic spines), affecting synaptic plasticity, leading to neurodegenerative disease (Bilimoria and Stevens, 2015). During normal development, high CR3 expression in microglia cells recognizes C3 expression on immature neurons and prunes the dendrites of neurons to maintain normal connections between neurons, whereas abnormal microglia activation may affect the processing of synaptic pruning, resulting in neurological dysfunction (Matcovitch-Natan et al., 2016). Animal experiments confirm that maternal LPS exposure regulates the expression of genes related to synapse pruning in mice (Fernández de Cossío et al., 2017) and microglia synaptic pruning defects may be involved in the pathogenesis of ASD (Matcovitch-Natan et al., 2016). Despite some findings to the contrary, most studies show that maternal LPS exposure leads to a decrease in the number of dendritic spines and a shorter dendritic length in the offspring brain tissue (Baharnoori et al., 2009). Since the peak of microglia synaptic pruning and neuronal maturation occurred 5–15 days after the mice were born (Matcovitch-Natan et al., 2016; Fernández de Cossío et al., 2017), our study detected synaptic pruning-associated proteins in the pre-frontal cortex of 2-week-old mice. The level of C3 and CR3A expression in the WT mice was significantly increased following maternal LPS stimulation, whereas the dendrite length and spine density were significantly decreased. However, maternal LPS treatment did not affect the level of C3 and CR3A protein expression in the TLR4−/− offspring, nor did it reduce the length of neuronal dendrites and the density of the dendritic spines. These findings reveal that TLR4 is a key molecule involved in the synaptic pruning associated with LPS-induced microglia activation.

The synaptic proteins, NMDAR2A (N-methyl-D-aspartate receptors 2A) and Syn-1 (Synapsin1), play a key role in regulating neuron survival, which affect the development of dendrites and participate in the formation of synaptic plasticity (Forrest et al., 2012; Montesinos et al., 2015). The study by Forrest et al. found that maternal immune activation reduces the expression of the NMDA receptor subunits in the brains of offspring mice, suggesting that synaptic plasticity is impaired during brain development, which is consistent with the findings of our study (Forrest et al., 2012). Studies have shown that TLR4 impacts synaptic plasticity by regulating the expression of synaptic proteins, and treatment with a TLR4 antagonist can prevent decreased NR2A expression (Montesinos et al., 2015); however, the specific mechanism remains unclear. Our research results show that the levels of NMDAR2A and Syn-1 expression in WT mice were significantly decreased following maternal LPS stimulation, whereas LPS did not affect the level of NMDAR2A and Syn-1 protein expression in the TLR4−/− offspring, suggesting that TLR4 represents a key factor in the changes in synaptic plasticity in the offspring of LPS-induced ASD animal models.

Therefore, these results provide the first evidence of the role of TLR4 in microglia activation, leading to ASD-like behavior of offspring induced by maternal LPS exposure. However, it remains unclear how the TLR4 signaling pathway regulates microglial polarization from our study. So, studying the specific molecular mechanism of TLR4 in microglia activation is the next focus of our team.



CONCLUSIONS

This study suggested that activation of the TLR4 signaling pathway in the offspring induced abnormal microglia activation, which could, in turn, involve in excessive synaptic pruning and leading to decreased synaptic plasticity (Figure 8). This may be one of the reasons for ASD-like behavior in offspring mice exposed to maternal LPS. The findings presented herein provide new clues for further study of ASD pathogenesis.


[image: Figure 8]
FIGURE 8. Summary diagram showing the role of TLR4 signaling pathway in the microglia activation induced by maternal LPS exposure leading to ASD-like behavior of offspring. TLR4-deficient mice can protect against ASD-like behavior of offspring by maternal LPS exposure through inhibiting the M1 type polarization and abnormal synaptic pruning of microglia.
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