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Age-associated impairment of spatial learning and memory (AISLM) presents substantial challenges to our health and society. Increasing evidence has indicated that embryonic exposure to inflammation accelerates the AISLM, and this can be attributable, at least partly, to changed synaptic plasticity associated with the activities of various proteins. However, it is still uncertain whether social psychological factors affect this AISLM and/or the expression of synaptic protein-associated genes. Synaptotagmin-1 (Syt1) and activity-regulated cytoskeleton-associated protein (Arc) are two synaptic proteins closely related to cognitive functions. In this study, pregnant CD-1 mice received daily intraperitoneal injections of lipopolysaccharide (LPS) (50 μg/kg) or normal saline at days 15–17 of gestation, and half of the offspring of each group were then subjected to stress for 28 days in adolescence. The Morris water maze (MWM) test was used to separately evaluate spatial learning and memory at 3 and 15 months of age, while western blotting and RNAscope assays were used to measure the protein and mRNA levels of Arc and Syt1 in the hippocampus. The results showed that, at 15 months of age, control mice had worse cognitive ability and higher protein and mRNA levels of Arc and Syt1 than their younger counterparts. Embryonic exposure to inflammation or exposure to stress in adolescence aggravated the AISLM, as well as the age-related increase in Arc and Syt1 expression. Moreover, the hippocampal protein and mRNA levels of Arc and Syt1 were significantly correlated with the performance in the learning and memory periods of the MWM test, especially in the mice that had suffered adverse insults in early life. Our findings indicated that prenatal exposure to inflammation or stress exposure in adolescence exacerbated the AISLM and age-related upregulation of Arc and Syt1 expression, and these effects were linked to cognitive impairments in CD-1 mice exposed to adverse factors in early life.
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INTRODUCTION

Age-associated impairment of spatial learning and memory (AISLM) is a common phenomenon in humans and presents a substantial challenge to our health and society (Foster, 2012). However, the factors and neurobiological mechanisms underlying AISLM remain poorly understood. In humans, viral or bacterial infections during pregnancy can delay the normal development of the central nervous system in the offspring (Watanabe et al., 2010; Diz-Chaves et al., 2013). Chronic inflammation due to maternal infection during pregnancy contributes to the activation of astroglia and microglia and subsequently an increase in the production of proinflammatory cytokines in the brains of offspring. Studies using animal models have shown that inhibition of astrocytic activation through administration of minocycline, an anti-inflammatory, contributes to relieving postoperative cognitive impairment in aged mice (Jin et al., 2014). Lipopolysaccharide (LPS), the main toxic components of the cell wall of Gram-negative bacteria and other microorganisms such as Chlamydia, Rickettsia, and the spirochetes, can induce neuroinflammatory responses, including activation and proliferation of microglia and excessive production of proinflammatory cytokines such as interleukin-6, interferon-gamma, and tumor necrosis factor (Dantzer, 2001). These cytokines can affect the normal function of the brain and accelerate brain aging through specific signaling pathways (Schlotz and Phillips, 2009; Akbarian et al., 2013; Patterson, 2015). These proinflammatory factors can also enter the fetal blood circulation and brain through the placental barrier and the blood–brain barrier, leading to increased levels of inflammatory cytokines in the fetal brain. Increased inflammatory cytokine levels can stimulate glial cells, thereby causing lasting adverse effects on fetal growth, fetal development, and postnatal neurobehaviors, or lead to accelerated aging of progeny and AISLM (Guzowski et al., 2001; Arrode-Brusés and Brusés, 2012; Chang et al., 2018). This may align with an age-related decline in synaptic function, such as damaged synaptic plasticity and neurotransmission, in some brain regions (McAfoose and Baune, 2009; Nolan et al., 2011). These changes can impair the synaptic connections between axonal buttons and dendritic spines by affecting the levels of synaptic proteins or the size and number of synapses or dendritic spines in neurons (Zhu et al., 2015). We have previously shown that exposure to LPS during pregnancy can accelerate AISLM in middle-aged CD-1 mice (Li X. Y. et al., 2016) and that maternal inflammation due to LPS administration during pregnancy can affect AISLM in their offspring from midlife to senectitude (Li X. W. et al., 2016). Moreover, the levels of some synaptic proteins in the hippocampus also change with age, such as an increase in the levels of synaptotagmin-1 (Syt1) and a decrease in those of syntaxin-1 (Li X. W. et al., 2016). Together, these observations indicate that early life exposure to inflammation has a long-term effect on AISLM, especially after midlife.

Stress is a commonly encountered psychosocial factor. Maternal stress during pregnancy can affect fetal brain development and exert profound neurobiological effects on postnatal motor and affective development (Wadhwa et al., 2001; Huizink et al., 2003). Studies have shown that dams suffering stress during pregnancy exhibit hippocampal neuronal loss and reduced neurogenesis (Zhu et al., 2004; Lucassen et al., 2009), while prenatal stress in the rat causes long-term spatial memory deficits and hippocampal abnormalities as detected by magnetic resonance imaging (Liu et al., 2011). These studies on animals demonstrate the importance of exploring whether stress in adolescence accelerates the AISLM induced by prenatal exposure to inflammation.

Synaptic function is extensively impaired with aging, especially in the hippocampus, and may contribute to abnormal neuronal activity and ultimately to cognitive impairment (Vanguilder and Freeman, 2011; Bettio et al., 2017). This synaptic dysfunction may be associated, at least partially, with altered synaptic plasticity resulting from changed hippocampal levels of synaptic proteins such as Syt1, Munc18-1, and SNAP-25, which are associated with AISLM (Cao et al., 2012; Deak and Sonntag, 2012; Zhao et al., 2017). Although numerous synaptic proteins have been identified, which of these may be involved in AISLM remains poorly understood.

Synaptotagmin-1 is abundantly localized at presynaptic vesicles in the brain and acts as the major calcium sensor for mediating fast and synchronous neurotransmitter release (Inoue et al., 2015; Chang et al., 2018). This indicates that Syt1 is important for cognitive function, and further suggests that it may also play a role in AISLM. Additionally, Syt1 expression in the brain can be adversely affected by factors such as aging, inflammation, and stress. Current evidence suggests that dorsal hippocampal levels of Syt1 increase with age, as demonstrated in SAMP8 and CD-1 mice, and this increase is correlated with AISLM (Chen et al., 2007; Li X. W. et al., 2016). Moreover, maternal exposure to LPS during pregnancy can exacerbate age-related upregulation of hippocampal levels of Syt1 in both the mother and offspring (Li X. W. et al., 2016; Li X. Y. et al., 2016). However, it is not known whether prenatal exposure to inflammation affects Syt1 gene transcription, or how stress during adolescence affects the normal or accelerated age-related increase in Syt1 protein expression.

Activity-regulated cytoskeleton-associated protein (Arc, also known as Arg3.1) is a postsynaptic protein that shuttles between dendrites and nuclear compartments, and is essential for synaptic plasticity and synapse elimination (Barylko et al., 2018; Epstein and Finkbeiner, 2018; Newpher et al., 2018). Arc controls the transport of AMPA receptors (AMPARs), thereby regulating synaptic plasticity, and is necessary for spatial memory consolidation (Waung et al., 2008; Jakkamsetti et al., 2013). However, the relationship between the changes of Arc and cognition is difficult to draw. For instance, increased Arc levels may interfere with learning by altering the shape of spinous processes in transgenic mice (Kelly and Deadwyler, 2003). However, reducing Arc levels using genetics or antisense oligonucleotides also leads to impaired long-term memory formation (Plath et al., 2006; Ploski et al., 2008). In addition, a few studies have indicated that Arc expression in the brain can be affected by factors such as early life experience, age, and cranial irradiation. In Wistar rats, hippocampal Arc expression declines with age, and stress due to separation from the mother in the neonatal period exacerbates this age-related reduction (Solas et al., 2010). To date, it is not known whether prenatal exposure to inflammation changes Arc expression in the brain at different ages, and how stress in adolescence affects normal age-related Arc expression.

Accordingly, in this study, we explored whether prenatal exposure to inflammation either with or without stress during adolescence affected spatial learning and memory in young (3 months old) or aged (15 months old) CD-1 mice. We also evaluated whether the protein and mRNA levels of Syt1 and Arc were altered in different hippocampal subregions of mice of different ages and treatments. Finally, we determined the correlations between spatial learning and memory and the measured neurobiological indicators in the groups of different ages and treatments.



MATERIALS AND METHODS


Animals and Drugs

All CD-1 mice (6 weeks old, 20 males and 40 females) were purchased from the Medical Experimental Animal Center of Anhui Province, China. Adaptive feeding was provided for 2 weeks before the experiment. The mice were maintained under a 12-h light/dark schedule (lights on at 07:00) and a temperature of 24 ± 1°C with 55 ± 5% humidity. Males and females were mated at a 1:2 ratio. The next day, the presence of a vaginal plug was designated as gestational day (GD) 0. During GDs 15–17, the mice received a daily intraperitoneal injection of LPS (50 μg/kg) or the same volume of normal saline. After normal childbirth and breastfeeding, offspring were separated from their mothers on postnatal day 21. The offspring of mothers that had received LPS were randomly assigned into two groups (LPS groups), one of which was additionally exposed to stress for 28 days from 2 months of age (LPS + S group). The offspring of mothers receiving normal saline were randomly assigned into two control (CON) groups, one of which was additionally exposed to stress in adolescence (CON + S) for 28 days from 2 months of age. When they reached 3 and 15 months, six males from each group were used for experiments. The schematic representation of the experimental timeline was shown in Figure 1. All animal procedures were performed in compliance with the guidelines published in the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Experimental Animal Ethics Committee of Anhui Medical University (No. LLSC20160338).
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FIGURE 1. Timeline of experimental events. Pregnant mice were intraperitoneally injected with LPS or normal saline on days 15–17 of gestation (GD). All male offspring were weaned at postnatal day (PND) 21, and were divided into four groups. Between 2 and 3 months of age, the CON + S and LPS + S groups underwent variable stress treatment for 28 days. The MWM test was performed at 3 months (3 M) and 15 months (15 M) PND. Fifteen days after the MWM test, the mice were sacrificed for subsequent biochemical experiments. CON, untreated control group; LPS, lipopolysaccharide treatment group; S, group of mice exposed to stress; MWM, Morris water maze.




Stress Induction

The stress scheme was performed according to our previous study (Li et al., 2018). The LPS + S and CON + S groups were randomly and daily exposed to one of the following stress modes. They comprised of binding, suspension, lighting, or fasting at night. Four days constituted one cycle, and it lasted for seven cycles. For binding, the mice were fixed in a mesh made of soft wire (35 × 40 cm) to restrict their movement, resulting in psychological anxiety that did not affect their breathing. Binding lasted 30 min on the first day, and was increased by 10 min each time in the next time of binding. In the suspension test, the tail of the mouse was fixed on a crossbar (1.2 m in height) for 30 min on the first day and then increased by 10 min each time in the next time of suspension. For lighting at night, the light was switched on for 30 min at 30-min intervals from 19:00 to 07:00 the next morning. During fasting at night, the feed was removed from 19:00 to 07:00 the next morning, while drinking water was still provided.



Morris Water Maze

The maze consisted of a circular tank (150 cm in diameter, 30 cm in height) placed on a steel frame. The tank was filled with water (21–22°C, depth of 25 cm). A cylindrical platform (10 cm in diameter and 24 cm in height) was fixed in the center of a quadrant in the pool to allow the mouse to escape. The platform was 1 cm below the surface of the water. The periphery of the tank was surrounded by a white curtain, forming a cylindrical shape with a diameter of 3.5 m. Three black conspicuous markers (circles, squares, and triangles) were suspended equidistantly inside the curtain, 150 cm above the ground. A camera system was installed directly above the tank to record the performance of the mouse in the experimental task. In the positioning navigation (learning) phase, the mice were placed on the platform for 30 s on the first day. Then, and in subsequent days, the mice were randomly placed into the water from different quadrants (except for the quadrant of the platform) facing the pool wall. The mice were allowed to swim for 60 s to find the escape platform, and were allowed to rest on the platform for 30 s if they could not find the platform within the 60 s. They were then put back in their cages. The test was performed four times daily with 15-min intervals for 7 days. During the probe trial (to test the memory, on the last day of learning phase), the platform was withdrawn 2 h after the positioning navigation experiment, and the mouse was placed into the water from the opposite quadrant of the target quadrant and allowed to probe the pool for 60 s. Because the distance swam can better reflect the learning ability of aged and elderly mice in the learning phase (Wang et al., 2010), the average swimming distance was used as the learning ability, and the percent distance swam in the target quadrant was used as the memory performance. The distance swam was recorded using ANY-maze software (Stoelting, United States).



Tissue Preparation

Approximately 15 days after the behavioral test, the mice were sacrificed by cervical dislocation, decapitated, and their brains quickly removed from the skull. The brains were bisected in the midsagittal plane on dry ice. The left hippocampus was separated from the left hemisphere and stored at −80°C for western blotting. The right hemisphere was fixed in 4% paraformaldehyde at 4°C for 3 days and paraffin-embedded into blocks for hippocampal immunohistochemistry and RNAscope.



Immunohistochemistry

Paraffin-embedded sections of fixed brains (3 μm thick, in the coronal plane) were prepared on a Leica Microtome (Leica RM 2135, Germany). The hippocampal sections were deparaffinized and rehydrated through a series of xylene and ethanol washes. Antigen retrieval was performed by heating the samples in sodium citrate buffer (0.01 mol/L, pH 6.0) for 20 min in a microwave. Sections were treated with a 0.4% Triton X-100, H2O2, and 5% bovine serum albumin solution to minimize non-specific binding, and then incubated with anti-Syt1 (1:800; S2177, Sigma, United States) and anti-Arc (1:100; Proteintech, United States) primary antibodies overnight at 4°C. The next day, the sections were rewarmed for 45 min at 37°C, washed three times with PBS (Zsbio, ZLI-9062), incubated with a secondary antibody (biotin-labeled goat anti-rabbit IgG) for 20 min at 37°C, and then treated with a streptavidin-biotin-peroxidase complex (Zhongshan Golden Bridge Biotechnology, Beijing, China) at 37°C for 30 min. Sections that were not incubated with the primary antibody served as negative controls. Finally, the sections were washed three times with PBS, stained with diaminobenzidine (Zsbio, ZLI-9018) at room temperature until coloration became visible, and then quickly washed with tap water to stop color development. Two sections from each animal were stained for each protein. All slices were mounted with neutral gum.

Images of the whole hippocampus (4 × 10) and subfields (20 × 10) were acquired using a digital scanner (Panoramic MIDI). Images of three hippocampal subregions (cornu ammonis [CA]1, CA3, and dentate gyrus [DG]) were obtained.



Western Blotting

For protein isolation, the left hippocampus was added to a lysis buffer (RIPA buffer, Haiji Biotechnology Co., Ltd., China), disrupted by ultrasonication, and centrifuged at 4°C for 15 min (13,000 rpm). The supernatant was taken as the extracted protein. Protein concentration was measured using a bicinchoninic acid assay kit (Pierce Biotechnology, United States). The protein was solubilized into an equal concentration and added (4:1) to 5× protein electrophoresis loading buffer, mixed, and boiled (100°C, 10 min). The samples were then applied to a 10% SDS-polyacrylamide gel. Beta-actin (TA-09; Zhongshan Golden Bridge Bio-technology) was used as an internal standard. After cooling to room temperature, the protein samples were applied to polyacrylamide gels. Each gel contained hippocampal protein samples and a pre-stained molecular weight marker (Thermo Fisher, United States). The voltage used for the concentrated gel was 80 V for 30 min, and 120 V for 1 h for separating gels. After electrophoresis, the proteins were transferred to polyvinylidene fluoride membranes (Millipore, United States). The membranes were first blocked with 5% skimmed milk in TBS for 2 h at room temperature, and then incubated with rabbit anti-Arc polyclonal (16290-1-AP; Proteintech) and rabbit anti-Syt1 (S2177; Sigma) antibodies overnight at 4°C. After washing with TBS containing 0.1% Tween 20 (TBS-T; Solarbio, T8220; 3 × 10 min), the membranes were incubated with horse radish peroxidase (HRP)-conjugated anti-rabbit IgG (Zhongshan-Golden Bridge Bio-technology; 1/10000) for 2 h at room temperature. Then, the membranes were rinsed with PBS-T (3 × 10 min) and the immunoreactive protein bands were visualized using an enhanced chemiluminescent ECL reagent (Thermo Fisher, United States). Each antibody revealed a single immunoreactive band corresponding to Arc (45 kDa), beta-actin (43 kDa), or Syt1 (47 kDa). Densitometric quantification of band intensities was performed within the range of linear exposure of the film using Image-Pro Plus 6.0 software (Media Cybernetics, United States). Duplicate samples were averaged for each subject. To control for equal loading, ratios of the optical density for the antibody of interest to the optical density of the antibody directed against beta-actin was calculated for each sample.



RNAscope Assay for mRNA Detection


Experimental Procedure

For formalin-fixed, paraffin-embedded (FFPE) tissue, 5-μm thick sections were deparaffinized in xylene and then dehydrated using an ethanol series. A HybEZ hybridization oven was heated to 40°C and a humidity control tray containing distilled water was placed in the oven. Fresh 1× RNAscope Target Retrieval Reagent (ACD, 322000) was prepared and heated to boiling for use. A slide was placed on the slide holder and 5–8 drops of RNAscope H2O2 were added to the slide, followed by incubation for 10 min at room temperature. Then, the H2O2 was removed and the slide washed three times with distilled water. The slide was then immersed in 1× RNAscope Target Retrieval Reagent for 15–30 min, washed three times with distilled water, transferred to 100% ethanol for 3 min, and dried at room temperature. Subsequently, a hydrophobic circle was drawn three times around each slice with an Immedge pen and left to dry for 1 min at room temperature. The slide was placed on the holder and five drops of RNAscope protease Plus reagent (ACD, 322381) was added to completely cover the slide. The slide was placed in the HybEZ hybridization oven and incubated at 40°C for 30 min. Then, excess liquid was removed and the slide washed five times with distilled water. Excess liquid was removed and five drops of either the Arc (ACD, 316911) or Syt1 (ACD, 491831) mRNA probe mixture was added to the slide, which was placed in the HybEZ hybridization oven, followed by incubation for 2 h at 40°C. The slide was then washed with 1× wash buffer (2 × 1 min) at room temperature. The liquid on the slide was removed and 4–6 drops of RNAscope multichannel fluorescent second-generation AMP1 (contained in the Multiplex Fluorescent Reagent Kit) were added dropwise onto the slide, which was then incubated at 40°C for 30 min, followed by washing with 1× wash buffer for 2 min at room temperature. AMP2 was added dropwise using the same procedure, followed by incubation at 40°C for 30 min. AMP3 was added dropwise, followed by incubation at 40°C for 15 min. The slide was washed with 1× wash buffer for 2 min, excessive liquid was removed, and 4–6 drops of HRP-C1 were added to completely cover the entire section, following which the slide was placed in the HybEZ hybridization oven and incubated for 15 min at 40°C. Then, the slide was rinsed with fresh 1× wash buffer for 2 min at room temperature. After removing excess liquid, 150–200 μL of TSA plus fluorescent dye was added dropwise to the slide, which was then placed in the HybEZ hybridization oven, incubated at 40°C for 30 min, and rinsed with 1× wash buffer for 2 min. After removing the excess liquid, 4–6 drops of RNAscope multichannel fluorescent second-generation HRP blocker was added to the slide, which was again placed in the HybEZ hybridization oven, incubated for 15 min at 40°C, and rinsed with 1× wash buffer for 2 min. After removing excess liquid, four drops of DAPI were added to the slide which was then incubated for 30 s at room temperature. After removing the DAPI, 1–2 drops of Prolong Gold antiquenching seal was added, and the slide was dried for 30 min in the dark overnight. Slides were stored in the dark at 4°C. Brain sections were observed under a fluorescence microscope.



Morphometric Analysis and Quantification

Images were acquired using an Olympus IX71 fluorescent microscope (Olympus, Tokyo, Japan) equipped with a PXL37 CCD camera (Photometrics, Tucson, AZ, United States). For multiplex RNAscope staining and for studies with FFPE tissue specimens, images were acquired using a Zeiss Axioplan M1 microscope (Carl Zeiss Micro Imaging, Göttingen, Germany) equipped with a CRi Nuance multispectral imaging system (Caliper Life Sciences, Cambridge, MA, United States). Overlapping signals from different fluorophores were separated by comparing composite signals against a reference spectral library generated with samples stained with a single color. RNAscope hybridization fluorescence was imaged using a ×40 objective on a laser-scanning confocal microscope (Zeiss LSM700 or LSM780). During each imaging session, both Arc and Syt1 slices that were processed simultaneously in the same hybridization experiment were imaged. The microscope settings were fixed in each imaging session. Images were obtained for six brains per group (at least 6 sections/mouse) and Image J software was used to calculate the mean fluorescence intensity in the three subregions of the hippocampus, i.e., the CA1, CA3, and DG.



Statistical Analysis

All results were expressed as means ± standard error of the mean (SEM) for the parametric data or as 50th (25th/75th) quartiles for non-parametric data. For the performances in the learning phase of the Morris water maze (MWM) task, the data were analyzed using repeated measures analysis of variance (rm-ANOVAs) with day, age, or treatment as independent variables. For comparison of the results among the different groups, post hoc analysis was performed using Fisher’s least-significant difference test. The parametric data were analyzed using two-way ANOVA with age or treatment as independent variables. For non-normally distributed data, the Kruskal–Wallis H test was used, followed by an extended t-test for pair-wise analysis. Pearson’s correlation test was used to analyze the correlations between the relative Arc and Syt1 protein/mRNA levels in hippocampal subregions and the performance in all trials of the learning or memory phase in the MWM. Significance was assumed at P < 0.05. All the analyses were conducted using SPSS 21.0 for Windows.



RESULTS


Performances in the MWM


Learning Phase


Age effects

The distance swam declined progressively for all the control mice (F[6,60] = 173.18, P < 0.001), indicating that these mice were able to learn the task. There was a significant effect of age and interaction of ages × days on distance swam (F[1,10] = 24.67, P = 0.001; F[6,60] = 2.89, P = 0.015). Post hoc analysis indicated that 15-month-old mice from the CON group swam significantly longer distances than the 3-month-old mice from the same group (P < 0.01; Figure 2A). Similarly, 15-month-old mice swam significantly longer distances than 3-month-old mice in all the treatment groups (CON + S, LPS, and LPS + S) (Ps < 0.01, n = 6 per group; Supplementary Figures S1A–C).
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FIGURE 2. The distance swam in the learning phase and the percent swimming distance in the target quadrant in the memory phase of the MWM test in CD-1 mice. (A) Distance swam in the learning phase at different ages in the control groups. (B) Distance swam in the learning phase by 3-month-old (3 M) and (C) 15-month-old (15 M) CD-1 mice in the different treatment groups. (D) Percent distance swam in the target quadrant by mice of different ages from the control, untreated groups. (E) Comparisons among the different treatment groups of percent distance swam in the target quadrant by 3 M (F) and 15 M CD-1 mice. Error bars = SEM. *P < 0.05, **P < 0.01 compared with the control group; $P < 0.05, $$P < 0.01 compared with the CON + S group; #P < 0.05, ##P < 0.01 compared with the LPS group. CON, untreated control group; LPS, lipopolysaccharide treatment group; S, group of mice exposed to stress; MWM, Morris water maze.




Treatment effects

For the 3-month-old mice, there were significant differences in swimming distances among the different treatment groups (F[3,23] = 26.40, P < 0.001). The post hoc analysis showed that mice from the LPS and LPS + S groups swam significantly longer distances than the mice from the CON group (Ps < 0.01); however, the differences were only marginal compared with the CON + S group (P = 0.075). Meanwhile, there were significant differences between the LPS and CON + S groups (P = 0.001) and between the LPS and LPS + S groups (P = 0.025; Figure 2B). For the 15-month-old mice, significant differences in swimming distances were found among the different treatment groups (F[3,23] = 15.08, P < 0.001). Furthermore, the learning swimming distances in the LPS (P = 0.001) and LPS + S (P < 0.001) groups were significantly longer than those in the CON and CON + S groups; the difference between the CON and CON + S groups were not significant (P = 0.374). Moreover, mice from the LPS + S group exhibited significantly longer swimming distances than those from the LPS group (P < 0.05; Figure 2C).



Memory Phase


Age effects

The 15-month-old mice in the CON group had a significantly lower percentage of distance swam in the target quadrant than the 3-month-old mice from the same group (t = 5.64; P < 0.01; Figure 2D), as did those in the CON + S, LPS, and LPS + S groups (Ps < 0.05, n = 6 per group; Supplementary Figures S1D–F).



Treatment effects

There were significant differences in the percent distance swam among the four groups at both 3 months (F[3,23] = 55.09, P < 0.001) and 15 months of age (F[3,23] = 45.32, P < 0.001). The post hoc analyses showed that the distance percentage was significantly smaller in the CON + S, LPS, and LPS + S groups than in the CON group (n = 6 per group, Ps < 0.01), irrespective of age. Specifically, the distance percentage in the LPS group was smaller than in the CON + S group (Ps < 0.01), but larger than in the LPS + S group (Ps < 0.01; see Figures 2E,F).



Levels of Arc and Syt1 in the Hippocampus


Immunohistochemical Analysis

Representative photomicrographs of immunolabeled Arc and Syt1 proteins in hippocampal subfields (CA1, CA3, and DG) of 15-month-old mice from the LPS + S group are shown in Figure 3A. Punctate staining is distributed throughout every layer of the CA1, CA3, and DG subregions. Moreover, the distribution of immunoreactivity for both proteins from the different treatment groups differed between older (15 months old) and younger (3 months old) mice, but was more evident in 15-month-old mice (n = 6 per group; Supplementary Figure S2). The immunoreactivity in both 3- and 15-month-old mice was greater with than without embryonic exposure to inflammation. Meanwhile, stress exposure in adolescence increased the immunoreactivity in the mice also exposed to embryonic inflammation (Supplementary Figure S2).
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FIGURE 3. The hippocampal protein levels of Arc and Syt1 in CD-1 mice. (A) Representative photomicrographs of Arc and Syt1 protein immunolabeling in the dorsal hippocampus and its subfields in 15-month-old (15 M) LPS + S-treated mice (top row is the dorsal hippocampus, low magnification; second to fourth rows represent different subregions, high magnification). (B) Representative Arc and Syt1 immunoreactive bands in the hippocampi of mice in the different treatment groups at different ages. (C,E) Arc and (D,F) Syt1 protein levels in the hippocampi of mice of different ages in the different treatment groups. Scale bar = 200 μm at low magnification and 50 μm at high magnification. Error bars = SEM. *P < 0.05, **P < 0.01 compared with the control group; $P < 0.05, $$P < 0.01 compared with the CON + S group; #P < 0.05, ##P < 0.01 compared with the LPS group.




Western Blotting Analysis

The protein levels of Arc and Syt1 were significantly higher in 15-month-old mice from the CON group than in 3-month-old mice from the same group (Figures 3B–D). Interestingly, the different treatments significantly affected the hippocampal levels of Arc and Syt1, both in the young (n = 6 per group, F[3,23] = 626.78, 371.98; Ps < 0.001) and older mice (n = 6 per group, F[3,23] = 1460.14, 1357.49; Ps < 0.001). Among the 3-month-old mice, those in the CON + S, LPS, and LPS + S treatment groups exhibited significantly higher Arc and Syt1 protein levels than the 3-month-old mice from the CON group (Ps < 0.001). The Arc and Syt1 protein levels in the LPS treatment group were significantly higher than those in the CON + S group (n = 6 per group, Ps < 0.001), but lower than those in the LPS + S group (Ps < 0.001). Similarly, among the 15-month-old mice, the Arc and Syt1 protein levels were significantly higher in the three treatment groups than in the CON group (Ps < 0.001). However, the levels of both proteins in the LPS group were significantly higher than those in the CON + S group (Ps < 0.01), but significantly lower than those in the LPS + S group (Ps < 0.01; Figures 3E,F).



Arc and Syt1 mRNA Levels in Different Hippocampal Subregions

In situ hybridization fluorescent immunostaining showed that Arc and Syt1 transcripts were primarily localized in the pyramidal cell layer (Figure 4). In 3-month-old mice, a significant intergroup difference was found for Arc transcripts in the CA1 (F[3,23] = 38.71, P < 0.001) and CA3 (F[3,23] = 5.81, P < 0.01) subregions, and for Syt1 mRNA in the CA3 (F[3,23] = 124.261, P < 0.001) subregion. Similarly, in 15-month-old mice, significant intergroup differences in Arc and Syt1 mRNA levels were also found in the CA1 (F[3,23] = 13.98, 20.59; Ps < 0.001) and CA3 (F[3,23] = 21.42, 142.11; Ps < 0.001) subregions. In addition, for both mRNAs, significant differences were found in the corresponding hippocampal subregions for each treatment group in the 15-month-old mice compared with the 3-month-old mice (n = 6 per group; Supplementary Figures S3, S4).
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FIGURE 4. Representative photomicrographs of Arc and Syt1 mRNA levels in different hippocampal subregions in CD-1 mice of different ages and under different treatments. Hippocampal Arc (A,B) and Syt1 (C,D) mRNA levels representing three subregions of the dorsal hippocampus in 3-month-old (3 M) (A,C) and 15-month-old (15 M) (B,D) mice under different treatments. Scale bar = 20 μm in the CA1 and CA3, 50 μm in the DG. CA, cornu ammonis; DG, dentate gyrus.



Post hoc Analysis

In the 3-month-old mice, Arc and Syt1 transcript levels were both significantly increased in all the treatment groups (n = 6 per group, Ps < 0.05) compared with those in the CON group. Mice in the LPS + S group presented significantly higher Arc mRNA levels than the LPS, CON + S, and CON groups in the CA1 (Ps < 0.001) and CA3 (Ps < 0.05) subregions, as did Syt1 mRNA levels in the CA3 (Ps < 0.001). In the CA1 and DG, significant differences in Syt1 mRNA levels were found only between the LPS + S and CON groups (P = 0.039, P = 0.021). The 15-month-old mice from the LPS and LPS + S groups showed significantly increased Arc and Syt1 mRNA levels in the CA1 and CA3 subregions (n = 6 per group, Ps < 0.01) compared with the CON group, with similar changes observed in the LPS + S group relative to the LPS and CON + S groups (Ps < 0.05). The Arc and Syt1 mRNA levels in the CA3 subregion were higher in the LPS group than in the CON + S group (Ps < 0.01). However, in the DG, significant differences in Syt1 mRNA levels were found only between the LPS + S and CON groups (P = 0.024; Figure 5).
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FIGURE 5. The levels of Arc and Syt1 mRNA in different hippocampal subregions in CD-1 mice. (A,B) Arc mRNA, and (C,D) Syt1 mRNA levels in different hippocampal subregions (CA1, CA3, and DG) in the different treatment groups at 3 months (3 M) (A,C) and 15 months (15 M) (B,D) of age. Error bars = SEM. *P < 0.05, **P < 0.01 compared with the control group; $P < 0.05, $$P < 0.01 compared with the CON + S group; #P < 0.05, ##P < 0.01 compared with the LPS group. CA, cornu ammonis; DG, dentate gyrus; CON, untreated control group; LPS, lipopolysaccharide treatment group; S, group of mice exposed to stress.




Correlations Between Performance in the MWM Test and Arc and Syt1 Expression Levels


Correlations Between Performance and Protein Levels

In the 3-month-old mice, hippocampal Arc and Syt1 levels showed a significant positive correlation with the learning swimming distance (r = 0.908, 0.925; Ps < 0.01) and a negative correlation with the percent of distance swam in the target quadrant (Ps < 0.01) for the four groups combined. For each group, the learning swimming distance was positively correlated with Arc levels in the LPS + S group (P = 0.027) and with Syt1 levels in the LPS and LPS + S groups (Ps < 0.05), and the memory distance percentage was negatively correlated with Arc (r = −0.940, 0.890; P = 0.005, 0.017) and Syt1 levels (r = −0.976, −0.914; P = 0.001, 0.011) in the LPS and LPS + S groups. In the 15-month-old mice, the levels of Arc and Syt1 were also positively correlated with the learning swimming distance (r = 0.855, 0.837; Ps < 0.001), and negatively correlated with the percent distance swam in the target quadrant (Ps < 0.05) for all the groups combined. For individual treatments, there were negative correlations between performance and protein levels in almost four groups (Ps < 0.05; Table 1).


TABLE 1. The correlations between the performance in the MWM test and hippocampal synaptic protein levels.
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Correlations Between Performance and mRNA Levels

As shown in Table 2, in the 3-month-old mice, the swimming distances in the learning phase showed significant positive correlations with the levels of Arc mRNA in the CA1 of mice from the LPS and LPS + S groups (Ps < 0.05), and in the CA3 of mice from the CON + S group (r = 0.871; P = 0.024). There were significant positive correlations for Syt1 mRNA levels in the CA3 of mice from the LPS (r = 0.884, P = 0.019) and LPS + S groups (r = 0.882, P = 0.02). The memory distance percentage was negatively correlated with the CA1 levels of Arc mRNA in the LPS + S and LPS groups (Ps < 0.05), CA1 levels of Syt1 mRNA in the LPS + S, LPS, and CON + S groups (Ps < 0.05), and CA3 levels of Syt1 mRNA in the LPS + S group (P < 0.01).


TABLE 2. The correlations between the performance in the MWM test and hippocampal mRNA levels.

[image: Table 2]In the 15-month-old mice, a significant positive correlation was found between Arc mRNA levels and the learning swimming distance in the CA1 of the LPS + S, LPS, and CON + S groups (Ps < 0.05) and CA3 of the LPS + S and CON + S groups (Ps < 0.05). Additionally, a significant negative correlation was found between Arc mRNA levels and the memory distance percentage in the CA1 of the LPS + S and LPS groups (Ps < 0.05) and CA3 of the LPS + S, LPS, and CON + S groups (Ps < 0.05). A significant positive correlation was found between Syt1 mRNA levels and the learning swimming distance in the CA1 of the LPS + S, LPS, and CON + S groups (Ps < 0.05) and the CA3 of the LPS + S and LPS groups (Ps < 0.05). A significant negative correlation was also found between Syt1 mRNA levels and the memory distance percentage in the CA1 of the LPS + S and LPS groups (Ps < 0.05) and CA3 of the LPS + S, LPS, and CON + S groups (Ps < 0.05; Table 2).



DISCUSSION

Embryonic exposure to inflammation resulting from infections in pregnant mothers may be an important mechanism underlying age-related behavioral impairment, especially AISLM, in both humans and rodents. Several studies have demonstrated that there is a gender-dependent effect on memory in normal aging as well as on prenatal exposure to different insults; however, the results have not been consistent. For instance, we have previously shown that AISLM exists in older female, but not male, Kunming mice (Chen et al., 2004). Hernandez et al. (2020) demonstrated that there are no significant differences between the sexes in age-related cognitive impairment (including spatial and working memory) in rats. Wang et al. (2019) showed that prenatal exposure to inflammation leads to increased anxiety-related behavior in adult male offspring when compared with adult female offspring. Fernández de Cossío et al. (2017) also reported a male-specific effect for intrauterine LPS exposure on synaptic pruning in the hippocampus of adult offspring, while the observed LPS-induced anxiety-related behavior deficits did not differ between the sexes. Our recent study showed no difference between female and male offspring in the effect of maternal prenatal LPS exposure on AILSM in CD-1 mice (Li X. W. et al., 2016). In the present study, we only selected male offspring, and the results indicated that stress in male offspring during adolescence will accelerate the AISLM caused by exposure to inflammation during the embryonic stage. Moreover, we also demonstrated that there was an age-related increase in the expression of Arc and Syt1 at both the protein and mRNA levels in the dorsal hippocampus, which could be further increased following embryonic exposure to an inflammatory environment, with or without exposure to stress during adolescence. Interestingly, these altered expression levels of synaptic proteins might be linked to impaired spatial learning and memory caused by different treatments in embryos and/or adolescents.


The Effects of Prenatal Exposure to Inflammation Coupled With Stress Exposure in Adolescence on AISLM in Midlife

Several studies have confirmed that exposure to adverse environments in early life may lead to permanent changes in key organs or tissues during the developmental “window” period; in turn, these changes may trigger preset procedural and structural changes in relevant brain regions related to processes such as memory formation and stress response (Batinić et al., 2016; Weinstock, 2016). Our results indicated that learning and memory ability decreases gradually with age. Moreover, mice that were exposed to inflammatory environments as embryos showed a significantly worse performance in the MWM test than unexposed mice, regardless of age (3 or 15 months). Studies have shown that stressors presented in the late prenatal or early postnatal periods, the periods when the formation of brain circuits associated with early development occurs, have long-term effects on the behavior of offspring (Yang et al., 2007). In this study, all the mice from the LPS, LPS + S, and CON + S treatment groups exhibited worse memory performance than the CON group. Furthermore, mice from the LPS and LPS + S treatment groups had worse memory performance than those in the CON + S group at both ages. These results suggested that exposure to an inflammatory environment during the embryonic period is an important accelerator of AISLM, and exposure to stress during adolescence may further aggravate this effect.



The Age-Related Changes in Hippocampal Arc and Syt1 Expression

Arc is a postsynaptic protein critical for memory consolidation, especially that of spatial memory (Plath et al., 2006; Ramirez-Amaya et al., 2013). However, relatively few studies have reported on age-related changes in Arc gene expression in the brain, and the reported results have been inconsistent. The hippocampus from aged (24–27 months) male Fischer-344 rats has a similar number of Arc mRNA-expressing pyramidal cells in the CA1 and CA3 regions compared with that in the adult (10–12 months) hippocampus, as labeled by fluorescence in situ hybridization (Marrone et al., 2012). However, the hippocampus of aged mice (24 months old) has reduced levels of Arc mRNA, as detected with RT-RNA and in situ hybridization, in C57BL/6J mice relative to that in young (6 months old) mice (Qiu et al., 2016). In contrast, aged (24 months of age) Long-Evans male rats have increased basal Arc protein levels in the CA1 field of the hippocampus when compared with young rats (Fletcher et al., 2014). Our results suggested that in the hippocampi of aged CD-1 mice, Arc transcription and translation are both upregulated, in agreement with previous results (Fletcher et al., 2014; Maurer et al., 2017).

Syt1 plays a modulatory role in endocytosis, and has recently been implicated in the calcium-sensitive trafficking of postsynaptic AMPARs to facilitate long-term potentiation (Hussain et al., 2017; Wu et al., 2017). Therefore, Syt1 and Arc can synergistically regulate the number of AMPARs on the postsynaptic membrane to regulate synaptic plasticity and, consequently, learning and memory. In the current study, the hippocampal Syt1 and Syt1 mRNA levels were significantly higher in 15-month-old mice than in 3-month-old mice from the CON group. These findings about Syt1 protein levels were consistent with the results from CD-1 and SAMP8 mice (Tong et al., 2015; Li X. W. et al., 2016; Li X. Y. et al., 2016), but Syt1 mRNA levels were inconsistent with the result from SAMP8 mice (Chen et al., 2007). This discrepancy may be due to different strains of rodents and experimental manipulation.



The Effect of Prenatal Inflammatory Insult Coupled With Stress Exposure in Adolescence on Hippocampal Arc and Syt1 Gene Expression

To date, no study has investigated the effect of maternal inflammatory insult during gestation on the transcript levels of synaptic protein-related genes in the offspring, or the effects of prenatal exposure to inflammation coupled with stress exposure in adolescence on the expressions of synaptic protein-related genes in offspring of different ages. In the current study, aged mice had higher levels of Arc and Syt1 at both the protein (detected by western blotting) and mRNA (detected by RNAscope) levels in the whole hippocampus than young mice. Interestingly, different treatments significantly affected hippocampal Arc and Syt1 levels, regardless of age. These results suggested that prenatal exposure to inflammation can enhance hippocampal expression of the Arc and Syt1 genes in the offspring, irrespective of age, and additional exposure to stress in adolescence can further increase these levels. Notably, although exposure to stress (without LPS treatment) during adolescence could also significantly increase the expression levels of the Arc and Syt1 genes in the hippocampus from youth to midlife, the extent of this effect was significantly less than the effect of prenatal exposure to inflammation. The fact that the aged mice had higher hippocampal expression levels of the Arc and Syt1 genes than the young mice, and that the above-mentioned treatments elicited different effects, indicated that a prenatal inflammatory insult can aggravate the age-related increase in the hippocampal levels of Arc and Syt1, and exposure to stress during adolescence can further exacerbate this change in the levels of synaptic proteins.



The Correlation Between Cognitive Performance and Arc and Syt1 Gene Expression

Memory loss due to aging is accompanied by a downregulation of AMPARs that mediate fast excitatory synaptic transmission. The dynamic regulation of AMPARs is crucial for supporting basal synaptic transmission and plasticity. Arc-mediated regulation of the endocytic pathway modulates the basal levels of AMPARs and increased Arc expression leads to reduced AMPA transmission through GluR2/3 removal. To date, studies investigating the correlation between Arc expression and memory have shown inconsistent results. For example, Arc protein expression is decreased in the hippocampus during memory loss in C57/BL6 mice (Gautam et al., 2016), while a decline in Arc gene expression might be associated with age-dependent memory decline in male Swiss albino mice (Singh and Thakur, 2018). Aged Long-Evans male rats with memory impairment have increased basal Arc protein levels in the CA1 field of the hippocampus (Fletcher et al., 2014). In addition, cells with increased Arc levels exhibit impaired long-term depression, while chronic Arc overexpression is linked to abnormal spine structure (Kelly and Deadwyler, 2003). Syt1 may be a key regulator of AMPAR insertion in postsynaptic spine membranes (Hussain et al., 2017). Increased Syt1 levels can change synaptic transmission and also have a marked effect on the morphology of neurons (Inoue et al., 2015). In rats, stress can increase hippocampal Syt1 expression, which may be partially responsible for changes in neuronal morphology, biochemistry, and behavior, including learning and memory deficits (Thome et al., 2001). Therefore, we hypothesized that Arc and Syt1 overexpression are likely not to be beneficial for learning and memory.

Behavioral testing can induce stress-related changes in plasticity markers as well as in gene expression (Crawley et al., 1997). To mitigate this potential bias, we allowed 2 weeks of “recovery” from behavioral testing before performing biochemical analysis. In this study, the spatial learning and memory ability of 15-month-old mice decreased significantly and the protein and mRNA levels of Arc and Syt1 increased in parallel when compared with their younger (3 months old) siblings. This suggests that increased hippocampal expression of the Arc and Syt1 genes may be involved in the impaired spatial learning ability and memory resulting from conditions such as aging, stress, and prenatal exposure to inflammation. Indeed, the correlation analysis indicated that performance in the MWM test was significantly correlated with changed Arc and Syt1 protein and mRNA levels for all the mice. Specifically, in the normally aging mice, the learning swimming distance positively, and memory distance percentage negatively, correlated with the hippocampal levels of Arc and Syt1 in 15-month-old mice, but not in 3-month-old mice (Table 1). Interestingly, because prenatal exposure to inflammation or exposure to stress in adolescence affected the cognitive behaviors and hippocampal levels of Arc and Syt1 in the 3- and 15-month-old mice, the hippocampal protein levels of Arc and Syt1 in the treatment groups were positively correlated with the learning swimming distance and negatively correlated with the percent distance swam (Table 1).

Overall, the pattern of correlation between MWM performance and mRNA or protein levels was similar. However, in the untreated controls, no significant correlation was recorded between the MWM performance and Arc and Syt1 mRNA levels, irrespective of age. For the groups undergoing different treatments, learning swimming distance was positively, and memory distance percentage negatively, correlated with the levels of Arc and Syt1 mRNA in the CA1 and CA3, but not DG, hippocampal subregions of the 3-month-old mice (Table 2). Similar correlations were observed in the CA1 and/or CA3 subregions at 15 months of age in all the treatment groups (LPS, LPS + S, and CON + S; Table 2). The above results indicated that only the increased hippocampal expression of the Arc and Syt1 proteins was associated with AISLM. Moreover, increased hippocampal expression of Arc and Syt1 at both the protein and mRNA levels was associated with a decline in spatial learning and memory during “pathological” aging due to prenatal inflammatory insult, whether or not this course was exacerbated by exposure to stress in adolescence.

In conclusion, LPS administration to CD-1 mice during pregnancy can lead to long-lasting enhanced hippocampal expression of the Arc and Syt1 genes in offspring from adolescence onward, which can affect the behavior of the mice. In particular, increased expression of these genes can lead to impaired spatial learning and memory as well as the normal aging process. Moreover, exposure to stress during adolescence may further accelerate the AISLM and enhance the hippocampal expression of the Arc and Syt1 genes. Notably, functional differences exist between the left and right hippocampi of rodents, depending on the demand for short-term or long-term memory (Shipton et al., 2014; Sakaguchi and Sakurai, 2020). Due to experimental limitations, we did not consider the left–right anatomical and functional differences of the rodent hippocampus. However, all the animal experiments were performed using the same standards. Although this study was limited by the specimen number and gender, it did reveal that adverse events during pregnancy might contribute to accelerated aging and AISLM in male offspring. Further research is needed to explore whether similar effects occur in females.
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