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Brain aging is a chronic process linked to inflammation, microglial activation, and oxidative damage, which can ultimately lead to neuronal loss. Sialic acid-binding immunoglobulin-like lectin-11 (SIGLEC-11) is a human lineage-specific microglial cell surface receptor that recognizes α-2-8-linked oligo−/polysialylated glycomolecules with inhibitory effects on the microglial inflammatory pathways. Recently, the SIGLEC11 gene locus was prioritized as a top tier microglial gene with potential causality to Alzheimer’s disease, although its role in inflammation and neurodegeneration remains poorly understood. In this study, aged Siglec-11 transgenic (tg) mice, which expressed the human SIGLEC-11 receptor on microglia and tissue macrophages, were investigated. The brains of the Siglec-11 tg mice were analyzed in 6-month-old mature mice and 24-month-old aged mice using immunohistochemistry and transcriptomics. Results showed decreased density and fewer clusters of ionized calcium binding adaptor molecule 1 (Iba1)-positive microglial cells in the hippocampus and substantia nigra, as well as less lipid-laden microglia in the Siglec-11 tg in comparison to wildtype (WT) controls. Additionally, Siglec-11 tg mice exhibited less age-related neuronal loss in the substantia nigra pars compacta in comparison to WT mice. Transcriptome analysis revealed suppression of oxidative phosphorylation and inflammatory pathways in Siglec-11 tg brains at 6 months, with further suppression of complement and coagulation cascades at 24 months of age in comparison to WT mice. Gene transcript levels of the pro-inflammatory cytokines tumor necrosis factor alpha (Tnf) and interleukin 1 beta (Il-1β) as well as the oxidative stress markers cytochrome b-245 alpha and beta (Cyba and Cybb) and the nitric oxide synthase 2 (Nos2), were reduced in the brains of 24-month-old Siglec-11 tg mice relative to WT controls. Brains of 24-month-old Siglec-11 tg mice also exhibited lower gene transcription of complement components 3, 4, and integrin alpha M (C3, C4, and Itgam), along with the complement C1q subcomponents a-c (C1qa, C1qb, and C1qc). In summary, aged Siglec-11 tg mice displayed reduced brain inflammation and oxidative stress, as well as protection against age-related neuronal loss in the substantia nigra.
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Introduction

Brain aging is a complex process that affects various functions and often leads to cognitive decline (Rodrigue and Kennedy, 2011). Common changes in the aging brain include neurodegeneration, accumulation of lipid-laden microglia, impaired synaptic neurotransmission, and a buildup of oxidative damage-related molecules (Lee and Kim, 2022). Microglia, the resident innate immune cells in the central nervous system (CNS), continuously monitor the microenvironment, detecting misfolded protein plaques, damaged or apoptotic cells, and other injured or degenerated materials. Chronic reactive microgliosis and the resulting neuroinflammation have been implicated in age-related neurodegeneration, which can lead to dementia (Luo et al., 2010).

Variants of several SIGLEC genes have been associated with either increased risk or protection against the development of Alzheimer’s disease (AD) and dementia (Wißfeld et al., 2024). In addition to the SIGLEC3/CD33 gene, the SIGLEC11 gene locus has been identified as a key microglial gene with potential links to AD risk (Bellenguez et al., 2022). Bellenguez et al. (2022) prioritized AD/dementia-associated genes based on their relevance to disease processes, finding SIGLEC11 to be the most significant microglial gene linked to AD.

Sialic acid-binding immunoglobulin-type lectins (SIGLECs) are recognition receptors that bind sialylated glycoproteins and glycolipids, primarily expressed on immune cells (Macauley et al., 2014). Most CD33-related (CD33r) SIGLECs, including SIGLEC-11, contain one or more immunoreceptor tyrosine-based inhibition motifs (ITIMs) in the cytoplasmic domain. When SIGLEC receptors bind to their sialylated ligands, they typically inhibit signals from immunoreceptor tyrosine-based activation motif (ITAM) receptors, leading to the downregulation of pro-inflammatory immune responses and phagocytosis in microglia and tissue macrophages (Klaus et al., 2021; Wang and Neumann, 2010).

Interestingly, SIGLEC-11 has been identified as a “human-specific microglial receptor,” as it is not expressed on the microglia of non-human primates and is almost completely absent in rodents (Angata et al., 2002; Hayakawa et al., 2005; Khan et al., 2020; Wang et al., 2011, 2012). Previous in vitro studies showed that SIGLEC-11 preferentially binds to α2-8-linked sialic acid oligomers (oligoSia) and polymers (polySia) (Angata et al., 2002; Hayakawa et al., 2005; Shahraz et al., 2015). Furthermore, SIGLEC-11 reduces microglial neurotoxicity in culture by interacting with the intact oligo-/polysialylated glycocalyx of neighboring cells (Wang and Neumann, 2010).

In this study, we analyzed the effect of SIGLEC-11 on normal aging in 6-month-old mature and 24-month-old aged humanized Siglec-11 transgenic (tg) mice, which express the human SIGLEC-11 receptor on microglia and tissue macrophages (Karlstetter et al., 2017; Liao et al., 2021). We found that aged 24-month-old Siglec-11 tg mice exhibited reduced microglial density, fewer microglial clusters, and fewer lipid-laden microglia compared to the wildtype (WT) control mice. Additionally, Siglec-11 tg mice experienced less age-related neuronal loss in the substantia nigra at 24 months compared to WT mice. Furthermore, aged Siglec-11 tg mice demonstrated suppression of inflammatory, oxidative stress, and apoptotic pathways relative to WT mice.

Thus, SIGLEC-11 exerted anti-inflammatory effects that were neuroprotective in the aged brains of Siglec-11 tg mice.



Materials and methods


Animals and tissue collection

All animal experiments have been approved by the authors’ institutional and governmental review boards and have complied with the Helsinki Declaration. C57BL/6J mice were obtained from Charles River. Siglec-11 transgenic (tg) mice (SIGLEC-11+/−) were generated by pro-nuclear injection of a macrophage/microglial-specific Iba1 mini-promotor as previously described (Karlstetter et al., 2017; Liao et al., 2021) and were backcrossed for at least 10 generations with C57BL/6J mice before performing experiments. REDExtract-N-Amp Tissue polymerase chain reaction (PCR) Kit (Sigma) was used to perform SIGLEC11 genotyping PCR for the Siglec-11 tg mice. All mice were maintained in specific pathogen free environment with free access to both water and food. In this study, we analyzed 1.5-, 6-, and 24-month-old male mice as juvenile, mature, and aged groups, respectively. We only investigated male mice, as their substantia nigra dopaminergic neurons are more susceptible to the effects of aging in comparison to female mice (Howell et al., 2020). For tissue collection, mice were euthanized and then transcardially perfused with ice-cold phosphate buffer saline (PBS). Brains were collected and cut into right and left hemispheres for immunohistochemistry and RNA isolation, respectively.



RNA sequencing, gene transcript pathway, and sqRT-PCR analyses

Left brain hemispheres of mice were collected as described above and homogenized in 1 mL QIAzol Lysis reagent (Qiagen, Germany) for 6 min at 50 Hz using a Tissue Lyser LT (Qiagen, Germany) and stainless-steel beads (Qiagen, Germany). Total RNA was extracted using the spin column protocol of the RNeasy® Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol. The RNA concentration was measured using a Nanodrop system (NanoDrop 200c, Thermo Fisher Scientific, Waltham, MA) and diluted to 100 ng/μl. RNA integrity was assessed using 2,100 Bioanalyzer (Agilent, Santa Clara, CA). For transcriptome analysis, library preparation (QuantSeq 3′ mRNA-Seq Library Prep Kit, Lexogen) with an input of 100 ng total RNA, quality control (Tapestation 2,200, Fa. Agilent), and RNA sequencing were performed at the Next Generation Sequencing (NGS) Core Facility (Medical Faculty, University Hospital of Bonn) with 2 × 107 single-end reads per sample on a NovaSeq 6,000 (Illumina). After performing quality control on raw reads using FastQC (v0.11.8) and MultiQC (v1.7), adapters were trimmed from the reads using Bbmerge/BBDUK (Bushnell et al., 2017). Reads were aligned to the mouse reference genome mm10 (GRCm38) with the ensemble gene annotation version 101 using STAR [v2.7.3a] (Dobin et al., 2013) with standard parameters. Read count generation was performed using featureCounts/Subread [v2.0.0] (Liao et al., 2014) ignoring multimapping reads. Then, differential expression analysis was performed with R [v4.3.1] in RStudio [v2023.6.2, build 531] (RStudio Team, 2020) using DESeq2 [v1.42.0] (Love et al., 2014). Transcript annotations were retrieved using the Bioconductor package org.Mm.eg.db [v3.11.4] (Carlson, 2019), and plots were created using ggplot2 [v3.3.3] (Wickham, 2016). Pathway enrichment analyses were performed using clusterProfiler [v3.16.1] (Yu et al., 2012) and GSEA Desktop[v4.2.2] (Mootha et al., 2003; Subramanian et al., 2005) with log2FC ≥ 1 and adjusted p-value <0.05. Gene transcripts of each group within each age were contrasted and used for the differential analysis to extract the differentially expressed genes, enriched pathways, and hallmark gene sets. For reverse transcription (RT) of isolated RNA, Superscript® III Reverse Transcriptase (Invitrogen, Germany) and random hexamer oligonucleotides (Roche, Germany) were used following the manufacturers’ protocol for SuperScript First-Strand Synthesis (Invitrogen, Germany). The cDNA concentration was measured with a Nanodrop system (NanoDrop 200c, Thermo Fisher Scientific). Semi-quantitative real-time polymerase chain reaction (sqRT-PCR) with specific oligonucleotides (for sequences see Supplementary Table S1) was performed with SYBR Green PCR Master Mix (Invitrogen, Germany) using the Eppendorf epigradient S Mastercycler® (Eppendorf, Wesseling-Berzdorf, Germany). Amplification specificity was confirmed by the analysis of the melting curves. Transcripts of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene were used as internal controls. For sqRT-PCR gene transcription quantification, the values were adjusted relative to their corresponding GAPDH levels and assessed using the delta–delta CT approach. Initially, the average CT value for GAPDH was determined for each animal and deducted from the average CT value of each gene primer, resulting in the delta CT value. Subsequently, the mean delta CT value was calculated for the 6-month-old WT control group. The delta delta-CT value for each gene primer per animal was derived by subtracting the mean delta CT value of the control group from the delta CT value of the respective primer. The power of the negative delta delta-CT value for each gene primer per animal was then calculated and utilized as the relative measurement of gene transcription.



Immunohistochemistry

The right brain hemispheres were collected as described above and immersed in 4% paraformaldehyde (PFA, Sigma, Germany) for 24 h, followed by 30% sucrose (Sigma, Germany) supplemented with 0.1% sodium azide (Sigma, Germany) at 4°C until processed further. The hemispheres were embedded in O.C.T.™ Compound, Tissue Tek® (Sakura, Torrance, CA). Then, brains were sectioned in the rostral-caudal coronal plane with a thickness of 20 μm and mounted onto superfrost slides and stored at −20°C before staining. For SIGLEC-11 receptor staining, slides containing substantia nigra pars reticulata (SNpr) were blocked with PBS containing 10% bovine serum albumin (BSA; Roth), 0.2% triton X-100 (Sigma-Aldrich/Merck) and 5% normal goat serum (NGS; Sigma-Aldrich/Merck) for 2 h at room temperature (RT), followed by overnight incubation with anti-SIGLEC11 antibody (mouse anti-Siglec-11, clone 4C4, 1:100, BioLegend, #681702) and antibodies against the microglial marker ionized calcium binding adaptor molecule 1 (Iba1, 1:500, rabbit-anti, Synaptic Systems #234003) at 4°C. After three times washing with PBS, the slices were incubated with the corresponding secondary antibodies in blocking solution for 2 h at RT (Cy3-conjugated goat-anti-mouse IgG F[ab′]2 antibody, 1:200, Dianova #115–166-072 and Alexa-488-conjugated goat-anti-rabbit antibody, 1:400, Invitrogen #A11008). For neuronal quantifications, slides containing SN pars compacta (SNpc) matched levels (e.g., Bregma −3.20, −3.40 and −3.80 mm) per animal were blocked with blocking solution for 1 h followed by 2 h incubation with primary antibodies against the dopaminergic neuron marker tyrosine hydroxylase (TH; 1:500, rabbit-anti, Sigma-Aldrich/Merck #T8700-1VL) and against neuronal nuclei marker NeuN (1:500, mouse-anti-human/mouse, Millipore #MAB377) in blocking solution. After washing three times with PBS, the slices were incubated with the corresponding secondary antibodies in blocking solution for 2 h at RT (Alexa-488-conjugated goat-anti-rabbit antibody, 1:500, Invitrogen #A11008 and Cy3-conjugated goat anti-mouse IgG F[ab′]2 antibody, 1:200, Dianova #115–166-072). For microglia evaluation, sections at Bregma level −3.18 mm were blocked with blocking solution (PBS containing 10% BSA, 0.25% triton X-100) for 2 h at RT followed by overnight incubation at 4°C with primary antibodies against microglial marker ionized calcium binding adaptor molecule1 (Iba1, 1:500, rabbit-anti, Synaptic Systems #234003) and lysosomal marker Cluster of Differentiation 68 (CD68, 1:500, rat-anti-mouse, BioRad #MCA1957) in incubation solution (PBS containing 5% BSA and 0.05% triton X-100). After five times washing with 1× PBS, the slices were incubated with corresponding secondary antibodies in blocking solution for 2 h at RT (Alexa-488-conjugated goat-anti-rabbit antibody, 1:400, Invitrogen #A11008 and Cy3-conjugated goat-anti-rat IgG F[ab′]2 antibody, 1:200, Dianova #112–166-072). For lipid-droplet accumulation in Iba1+ cells analysis, sections were blocked and permeabilized using 10% BSA and 0.25% TritonX-100 in PBS followed by the primary antibody rabbit-anti-ionized calcium-binding adapter molecule 1 (Iba1, 1:500; Wako, Japan) in incubation solution (IS; 5% BSA and 0.05% TritonX-100 in PBS) overnight at 4°C. After three washing steps in IS, the sections were incubated in the corresponding Alexa-488-coupled secondary antibodies (1:400, Jackson ImmunoResearch Laboratories, United Kingdom) in IS for 2 h at RT. All stainings were finalized by washing twice with PBS, staining with 4′,6-diamidino-2-phenylindole (DAPI, 1:10,000) for 30 s, followed by washing once with PBS. Finally, the slides were mounted with Aqua-poly/mount (Polysciences) and stored at 4°C until images were taken.



Microglial density, activation, and clustering analysis

To assess the microglial activation status, five z-stacks of Iba1 stained hippocampus and substantia nigra pars reticulata (SNpr) were acquired with an SP8 confocal microscope using a 40× objective lens and the LAS-X software (Leica, Germany). All number-coded images were analyzed by a blinded investigator, and the levels were defined according to the mouse brain atlas of Paxinos and Franklin. Images were exported as TIFF files and analyzed with ImageJ software (National Institute of Health). Microglial density was quantified by counting Iba1-/DAPI-double-positive cells per area in each image and calculating the average for each mouse. For microglial cluster analysis, three or more Iba1 positive cells in close proximity to each other (found within a 50 μm radius) were defined as a microglial cell cluster. The clusters were then counted in each image, and the average for each mouse was calculated. To measure the CD68 intensity per soma, the soma area of five Iba1/CD68-positive cells in each image was selected. CD68 fluorescence intensity was measured in each soma, and the background fluorescence intensity was substracted. The mean measured CD68 fluorescence intensity for the five somas was calculated per animal, and the mean for each group was calculated.



Neuronal density quantification

To quantify the neurons, TH- and NeuN-stained cells in the substantia nigra pars compacta (SNpc) or only NeuN-positive cells in the Cornu Ammonis 3 (CA3) area of the hippocampus were acquired and analyzed by a blinded investigator with an AxioObserver Z1 inverted microscope with Apotome (Carl Zeiss) via AxioCam Rm (AxioVision software) as described before (Bodea et al., 2014; Shahraz et al., 2021). Using ImageJ software (National Institute of Health), TH- and NeuN-positive cells were counted, and the area was measured. Neuronal density was calculated as number of counted cells per area, and the mean for each mouse was taken.



Lipid-laden microglia quantification

Images of Iba1-stained hippocampal and SNpr were acquired with an SP8 confocal microscope using a 40× objective lens and the LAS-X software (Leica, Germany). The autofluorescence emission of lipid droplets was imaged using the same detection settings as the Cy3 dye emission spectrum. All number-coded images were analyzed by a blinded investigator using the ImageJ software. The levels were defined according to the mouse brain atlas of Paxinos and Franklin. For microglial lipid accumulation analysis, z-stacks were taken at the Bregma level −2.7 to −2.8 mm. Iba1+ cells were quantified in each image and divided by the measured image area to calculate the number of cells per area. The mean number of Iba1+ cells/area was then calculated for each group. Next, lipid droplets- and Iba1-double-positive cells were also counted, and their ratio to total Iba1+ number was calculated. The ratio was then divided by the imaged area, and the mean for each group was calculated.



Statistical analysis

Data are presented as mean ± SEM (if not stated otherwise). The mean from at least three mice was collected and analyzed, and the n-number represents the number of investigated mice. Results were normalized to the mean of the adult (6-month-old) WT control mice. Outliers were identified with Grubbs’ test and excluded. Data for 6- and 24-month-old age groups were analyzed with two-way analysis of variance (ANOVA) followed by Fisher’s Least Significance Variance (LSD) post hoc test. For the 1.5-month-old age group, data were tested for normality using Shapiro–Wilk test and analyzed with Student’s t-test. Statistical analysis was carried out using GraphPad Prism (v9.0.0). Only statistically significant comparisons were depicted in the figures as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Results


Decreased microglial density and less microglial clusters in aged Siglec-11 tg mice

Humanized Siglec-11 transgenic (tg) mice, that express the human SIGLEC-11 receptor on microglia and macrophages (Karlstetter et al., 2017; Liao et al., 2021), were used, since expression of SIGLEC-11 on microglia is human-lineage specific. First, we confirmed expression of Siglec-11 in the brain of this transgenic mouse line (Supplementary Figure S1). Immunohistochemistry showed expression of SIGLEC-11 on microglia in the brains of Siglec-11 tg mice co-stained with antibodies against the microglial marker protein ionized calcium-binding adaptor molecule 1 (Iba1). We analyzed microglial density, microglial expression of the phagolysosomal protein CD68, and microglial cluster formation in the brains of Siglec-11 tg mice at the 6- and 24-month age groups. Accordingly, we co-stained the hippocampus (Figure 1A) and substantia nigra pars reticulata (SNpr) (Figure 1C) with antibodies against Iba1 and CD68. In the hippocampus, the density of microglia, as determined by the number of Iba1-positive cells per selected area, was lower at 24 months of age in the Siglec-11 tg mice compared to WT control mice (Figure 1B). In detail, Siglec-11 tg mice showed substantially lower microglial density (84.05 ± 5.9%) at 24 months compared to WT mice (204.74 ± 12.7%; p < 0.001). We also analyzed Iba1 density in juvenile mice (1.5 months) to investigate whether the observed changes are possibly related to developmental abnormalities. However, there was no difference observed between WT and Siglec-11 tg mice in microglial density at 1.5 months of age (Supplementary Figure S2A). In addition, we studied the SNpr and found that the density of Iba1-positive cells was lower in the Siglec-11 tg mice compared to WT mice at 24 months of age (157.16 ± 31.5% vs. 227.19 ± 37%, p = 0.006) (Figure 1D). Again, analysis of 1.5-month-old mice showed no difference in the SNpr between the WT and Siglec-11 tg mice in microglial density (Supplementary Figure S2B).
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FIGURE 1
 Less microglial density in aged Siglec-11 transgenic compared to wildtype mice. Hippocampal and substantia nigra tissue was co-stained with antibodies directed against the microglial transmembrane protein Iba1 and the phagolysosomal protein CD68. (A) Representative images of Iba1 (green), Cd68 (red) and DAPI (blue) in the hippocampus of 24-month-old wildtype (WT) control and Siglec-11 transgenic (tg) mice are shown. (B) Quantification of hippocampal Iba1 cell density showed decreased levels at 24 months of age in Siglec-11 tg mice compared to WT mice. In addition, intensity of CD68 in the soma of microglia was decreased in 24-month-old Siglec-11 tg compared to the WT mice. (C) Representative images of Iba1 (green), Cd68 (red), and DAPI (blue) in the substantia nigra pars reticulata of 24-month-old WT and Siglec-11 tg mice are shown. (D) Quantification in the substantia nigra pars reticulata showed decreased Iba1 cell density in Siglec-11 tg mice at 24 months of age compared to WT mice. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM. n = 5–9 mice per group. Scale bars 50 μm. **p ≤ 0.01, ***p ≤ 0.001.


Next, we analyzed the intensity of CD68 in the soma of microglia at different ages. Here, we found a lower microglial expression of CD68 in the hippocampus from 254 ± 44.2% in WT mice to 132.6 ± 20.8% in Siglec-11 tg mice (p = 0.009) at 24 months of age (Figure 1B), while no difference was observed in the substantia nigra (Figure 1D) at the same age.

Finally, we analyzed the density of microglial cell clusters, which we defined as three or more microglial cell bodies in close proximity (within a radius of 50 μm) to each other (Figures 2A–D). While no difference was seen between both groups at 6 months of age, the density of microglial clusters was lower in Siglec-11 tg mice compared to WT mice at 24 months of age, both, in the hippocampus and the SNpr. In detail, at 24 months of age, hippocampal microglial cluster density was 96.73 ± 18% in Siglec-11 tg mice compared to 224.69 ± 42.6% in WT mice (p = 0.010) (Figure 2B), while in the SNpr, microglial cluster density was 108.41 ± 14.6% in Siglec-11 tg mice compared to 256.84 ± 27% in WT mice (p < 0.001) (Figure 2D).
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FIGURE 2
 Less microglial cell clusters in aged Siglec-11 transgenic compared to wildtype mice. Hippocampal and substantia nigra tissue was stained with the antibody directed against the microglial transmembrane protein Iba1. Red circles measuring 50 μm in diameter elucidating the clustering of two or more microglial cells. (A) Representative images of Iba1 (green) and DAPI (blue) in the hippocampus of 24-month-old wildtype (WT) control and Siglec-11 transgenic (tg) mice are shown. (B) Quantification of hippocampal Iba1 cell clusters showed decreased levels at 24 months of age in Siglec-11 tg mice compared to WT mice. (C) Representative images of Iba1 (green) and DAPI (blue) in the substantia nigra pars reticulata of 24-month-old WT and Siglec-11 tg mice are shown. (D) Quantification in the substantia nigra pars reticulata showed decreased Iba1 cell clusters in Siglec-11 tg at 24 months of age compared to WT mice. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM. n = 5–8 mice per group. Scale bars 50 μm. *p ≤ 0.05, ***p ≤ 0.001.


Altogether, our data show lower microglial cell density and fewer microglial clusters in the hippocampus and SNpr at 24 months of age, and lower hippocampal lysosomal expression of CD68 in microglia at 24 months of age in Siglec-11 tg mice compared to WT mice.



Less microglial lipid accumulation in the substantia nigra of Siglec-11 tg mice

In addition, we investigated lipid accumulation in microglia as a hallmark of aging and oxidative stress in the brain (Fan et al., 2024). Therefore, we assessed the autofluorescence of lipid droplets in Iba1+ microglia in the hippocampus (Figure 3A) as well as in the SNpr (Figure 3C). Our data showed a general decrease in the density of lipid-laden (lipid droplets plus Iba1-positive cells) microglia in the SNpr of both 6- and 24-month-old Siglec-11 tg compared to WT mice, while no difference was seen in the hippocampus (Figures 3B,D). In detail, at 6 months of age, relative density of lipid-laden microglia in the SNpr differed from 100 ± 15% in WT mice to 43.55 ± 9.9% (p = 0.002) in Siglec-11 tg mice, and at 24 months of age from 174.80 ± 11% in WT mice to 128.83 ± 8.4% in Siglec-11 tg mice (p = 0.012; Figure 3D).

[image: Figure 3]

FIGURE 3
 Decreased density of lipid-droplets containing microglia in the substantia nigra of Siglec-11 transgenic compared to wildtype mice. Hippocampal and substantia nigra tissue was stained with the antibody directed against the microglial transmembrane protein Iba1. (A) Representative images of lipid-droplets (red), Iba1 (green) and DAPI (blue) staining in the hippocampus at 24 months of age of wildtype (WT) and Siglec-11 transgenic (tg) mice. (B) Quantification of the number of lipid-droplets and Iba1 double-positive cells per area showed no significant change between Siglec-11 tg and WT control mice in the hippocampus. (C) Representative images of lipid-droplets (red), Iba1 (green), and DAPI (blue) staining in the substantia nigra pars reticulata (SNpr) at 24 months of age of WT and Siglec-11 tg mice. (D) Quantification of the number of lipid-droplets and Iba1 double-positive cells per area were decreased in the Siglec-11 tg mice at 6 and 24 months of age compared to WT control mice. Arrows pointing to microglial cells co-expressing lipid-droplet autofluorescence. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM; n = 5–8 mice per group. Scale bars 50 μm. *p ≤ 0.05, ** p ≤ 0.01.


In summary, our data showed lower density of lipid-laden microglia in the SNpr of 6- and 24-month old Siglec-11 tg compared to WT mice.



Higher neuronal density in the substantia nigra of aged Siglec-11 tg mice

To assess whether the decreased microglial activation observed in Siglec-11 tg mice has an impact on the neuronal numbers in the brain, neuronal density was quantified in the hippocampus and in the substantia nigra pars compacta (SNpc). Accordingly, we stained the hippocampal neurons with the neuronal nuclei marker (NeuN; Figure 4A), and in the SNpc, we used markers for NeuN and tyrosine hydroxylase (TH), a marker of dopaminergic neurons (Figure 4C). At 24 months of age, WT mice tended to have fewer numbers of hippocampal neurons in comparison to Siglec-11 tg mice, although it did not reach statistical significance (p = 0.531, Figure 4B). In the SNpc, we observed fewer NeuN-positive and TH-positive cells in WT mice compared to the Siglec-11 tg mice starting at 6 months of age, which became more prominently different for the TH-positive neurons at 24 months of age (Figure 4D). In detail, the relative NeuN-positive cells in the SNpc were lower in WT mice (100 ± 4.6%) compared to Siglec-11 tg mice (140 ± 9.2%, p < 0.001) at 6 months of age. Relative TH-positive cells were also fewer in WT (100 ± 7.7%) compared to Siglec-11 tg mice (147.3 ± 12.8%, p = 0.003) at 6 months of age, and between WT (68 ± 4%) and Siglec-11 tg mice (119 ± 14%, p = 0.003) at 24 months of age. We further quantified NeuN-positive cells in the hippocampus and NeuN-positive and TH-positive cells in the SNpc of 1.5-month-old juvenile mice to examine if the difference in neuronal numbers between both genotypes might already occur at an earlier time point. However, we found no significant differences in neuronal numbers at 1.5 months of age between WT and Siglec-11 tg mice (Supplementary Figures S3A,B).
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FIGURE 4
 Higher number of dopaminergic neurons in the substantial nigra pars compacta in Siglec-11 transgenic compared to wildtype mice. Hippocampal tissue stained with the antibody directed against the neuronal nuclei (NeuN) and substantia nigra tissue stained with the antibodies directed against NeuN and the dopaminergic marker tyrosine hydroxylase (TH). (A) Representative images of NeuN (red) and DAPI (blue) staining in the hippocampus CA3 region of wildtype (WT) and Siglec-11 transgenic (tg) mice. (B) Quantification of NeuN-positive cell density in the hippocampal region showed no significant difference between WT and Siglec-11 tg mice. (C) Representative images of TH (green), NeuN (red), and DAPI (blue) staining in the substantia nigra pars compacta of 24-month-old WT and Siglec-11 tg mice. (D) Quantification of NeuN-positive cell density in the substantia nigra showed increased NeuN-positive cell density in Siglec-11 tg compared to WT mice at 6 months of age. Quantification of TH-positive cell density in the substantia nigra showed increased TH-positive cell density in Siglec-11 tg compared to WT mice at 6 and 24 months of age. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM; n = 5–9 mice per group. Scale bars as indicated in the figures. **p ≤ 0.01, ***p ≤ 0.001.


Taken together, our results show more neuronal numbers in the SNpc of Siglec-11 tg compared to WT mice at 6 months of age, and prominent dopaminergic neuronal preservation in Siglec-11 tg mice at 24 months of age.



Reduced oxidative phosphorylation and inflammatory gene transcript pathways in Siglec-11 tg mice

To better understand the underlying pathways related to the SIGLEC-11 receptor in the brain, and to unravel the mechanisms behind the observed changes in the Siglec-11 tg mice, we isolated RNA from the brain of 6- and 24-month-old Siglec-11 tg and WT mice and performed RNA-seq analysis. Principal component (PC) analysis showed a clear separation between the groups at both ages (Supplementary Figure S4A). For 6-month-old mice, PC1 accounted for 52% of the variance and PC2 accounted for 18% of the variance. We then performed a differentially expressed gene (DEG) analysis (Supplementary Figure S4B), which showed an increased expression of hemoglobin alpha and beta adult chain-related genes in the Siglec-11 tg mice compared to WT mice. On the other hand, mitochondrial ribosomal protein-related genes (Mrps11 and Mrpl46), immune and inflammatory-related genes like S100 calcium-binding protein A9 (S100a9), cellular communication network factor 1 (Ccn1), ADAM metallopeptidase with thrombospondin type 1 motif 1 (Adamts1), and inhibitory synapses regulator gene neuronal PAS domain protein 4 (Npas4) were downregulated. We then performed a gene set enrichment analysis (GSEA) on Kyoto encyclopedia of genes and genomes (KEGG), which among hematopoietic cell lineage and inflammatory pathways, revealed the oxidative phosphorylation pathway to be the top suppressed pathway in the Siglec-11 tg mice compared to WT mice (Figure 5A). GSEA of mouse hallmark gene sets showed enrichment of 10 hallmark gene sets at FDR less than 25% and a nominal p-value of less than 0.05 in the WT mice compared to Siglec-11 tg mice. Out of these, the top enriched hallmark gene sets were the oxidative phosphorylation (nominal p < 0.02), along with the reactive oxygen species pathway (nominal p < 0.04), and apoptosis pathway (nominal p < 0.001; Supplementary Figure S4C).

[image: Figure 5]

FIGURE 5
 Suppressed oxidative phosphorylation, inflammatory, complement and coagulation transcriptome pathways in Siglec-11 transgenic compared to wildtype mice. Whole genome RNA sequencing of brain tissue was performed. Gene set enrichment on Kyoto encyclopedia of genes and genomes transcriptome pathway analysis was carried out with 6- and 24-month-old Siglec-11 transgenic (tg) in comparison to wildtype (WT) control mice of the same age. (A) At 6 months of age suppression of the oxidative phosphorylation and inflammatory pathways were observed in the Siglec-11 tg mice. (B) At 24 months of age suppression of complement and coagulation cascades, along with suppressed cytokine-cytokine receptor interaction pathways were found in the Siglec-11 tg mice. Data shown from n = 4–5 mice per group.


The 24-month-old mice showed 38% variance on PC1 and 19% variance on PC2 in the PC analysis (Supplementary Figure S5A). The DEG analysis revealed Snca coding the alpha-synuclein protein (α-synuclein) as the top downregulated gene in Siglec-11 tg mice compared to WT mice (Supplementary Figure S5B). As seen in the 6-month group, the Mrpl46 and Mrps11 genes were also downregulated at 24 months in the Siglec-11 tg mice. The Homeobox B8 (Hoxb8) gene was the only significantly upregulated gene in Siglec-11 tg mice at 24 months of age. Gene set enrichment analysis (GSEA) on KEGG showed the suppression of complement and coagulation cascades along with cytokine-cytokine receptor interaction in Siglec-11 tg mice compared to WT mice (Figure 5B). GSEA of hallmark gene sets showed three enriched gene sets at a nominal p-value of less than 0.05 in WT mice compared to Siglec-11 tg mice, which were angiogenesis, Kirsten rat sarcoma virus (KRAS) signaling, and epithelial-mesenchymal transition. Complement and inflammatory gene sets were also enriched in WT compared to Siglec-11 tg mice, although not reaching the significance threshold (Supplementary Figure S5C).

Taken together, the RNA-seq analysis showed suppressed oxidative stress and apoptotic pathways at 6 months of age and suppressed complement and inflammatory pathways at 24 months of age in Siglec-11 tg compared to WT mice.



Decreased gene transcription of microglial and astrocytic markers in aged Siglec-11 tg mice

Next, we measured the gene transcription levels of the macrophage/microglial markers allograft inflammatory factor 1 (Aif1) and transmembrane protein 119 (Tmem119), along with the macrophage lysosomal activation marker Cd68, in the whole-brain hemisphere homogenates of Siglec-11 tg mice and WT controls (Figure 6A). Siglec-11 tg mice showed lower gene transcription levels of all microglial markers in comparison to WT mice. In detail, at 24 months of age, the relative Aif1 gene transcription differed from 4.15 ± 0.6 fold change (FC) in WT mice to 1.37 ± 0.2 FC (p < 0.001) in Siglec-11 tg mice, Tmem119 differed from 4.10 ± 0.7 FC to 1.37 ± 0.2 FC (p < 0.001), and Cd68 differed from 3.16 ± 0.3 FC to 0.86 ± 0.1 FC (p < 0.001), respectively.
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FIGURE 6
 Decreased gene transcription of microglial and astrocytic markers in aged Siglec-11 transgenic compared to WT mice. Semi-quantitative real-time PCR (sqRT-PCR) of microglial and astrocytic markers in brain hemisphere homogenates of Siglec-11 transgenic (tg) and wildtype (WT) control mice. (A) Transcription of the microglial markers Aif1 (allograft inflammatory factor 1) and Tmem119 (transmembrane protein 119), along with the microglial activation marker Cd68 showed decreased levels at 24-months of age in Siglec-11 tg mice compared to WT control mice. (B) Transcription of the astrocytic markers Gfap (glial fibrillary acidic protein) and S100b (S100 calcium-binding protein B) showed decreased levels of S100b at 24-months of age in Siglec-11 tg mice compared to WT control mice. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM. n = 5–18 mice per group. **p ≤ 0.01, ***p ≤ 0.001.


We also tested the astrocytic markers glial fibrillary acidic protein (Gfap) and S100 calcium-binding protein B (S100b; Figure 6B). In comparison to WT at 24 months of age, Siglec-11 tg mice showed a lower Gfap gene transcription, differing from 5.36 ± 1.4 FC in WT mice to 2.21 ± 0.4 FC in Siglec-11 tg mice (p = 0.009), and S100b gene transcription, differed from 2.46 ± 0.5 FC in WT mice to 0.80 ± 0.1 FC in Siglec-11 tg mice (p < 0.001). We tested the microglial and astrocytic markers at the younger age of 1.5 months and found no difference between both genotype groups (Supplementary Figures S6A,B).

In summary, our data showed decreased gene transcription of microglial and astrocytic markers in 24-month-old Siglec-11 tg compared to WT mice.



Decreased inflammatory, oxidative burst, and complement gene transcripts in aged Siglec-11 tg mice

To affirm the results obtained from the RNA-seq analysis and to examine whether the reduced microglial activation in Siglec-11 tg mice also leads to reduced inflammatory/immune activated states in comparison to WT mice, we measured the gene expression levels of different pro-inflammatory, oxidative burst, and complement system markers via sqRT-PCR (Figures 7, 8). We investigated the transcription levels of the pro-inflammatory cytokines tumor necrosis factor alpha (Tnf) and interleukin-1ß (Il-1ß) (Figure 7A). In comparison to WT, Siglec-11 tg mice showed a lower gene transcription of Tnf, differing from 10.51 ± 2.3 FC in WT mice to 4.48 ± 0.8 FC in Siglec-11 tg mice (p = 0.006), and lower Il-1ß gene transcription, differing from 2.46 ± 0.5 FC in WT mice to 0.44 ± 0.1 FC in Siglec-11 tg mice (p < 0.001) at 24 months of age. We tested both markers at 1.5 months of age and found no difference between the groups (Supplementary Figure S6C).
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FIGURE 7
 Decreased transcription of pro-inflammatory cytokines and oxidative stress markers in aged Siglec-11 transgenic compared to wildtype mice. Semi-quantitative real-time PCR (sqRT-PCR) of brain hemisphere homogenates of Siglec-11 transgenic (tg) and wildtype (WT) control mice. (A) Transcription of the pro-inflammatory cytokines tumor necrosis factor-α (Tnf) and interleukin-1β (Il-1β) were decreased in Siglec-11 tg mice in comparison to WT control mice at 24-months of age. (B) Transcription levels of cytochrome b-245 alpha and beta (Cyba and Cybb) and the nitric oxide synthase 2 (Nos2) were decreased in 24-month-old Siglec-11 tg mice compared to WT mice. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM. n = 5–13 mice per group. **p ≤ 0.01, ***p ≤ 0.001.


[image: Figure 8]

FIGURE 8
 Decreased transcription of complement system associated factors in aged Siglec-11 transgenic compared to wildtype mice. Semi-quantitative real-time PCR (sqRT-PCR) of brain hemisphere homogenates of Siglec-11 transgenic (tg) and wildtype (WT) control mice. Transcription levels of complement components 3 and 4 (C3 and C4), Integrin alpha M (Itgam), and complement C1q subcomponent subunits A and C (C1qa and C1qc) were decreased in 24-month-old Siglec-11 tg mice compared to WT mice. C1qc was also decreased in 6-month-old Siglec-11 tg mice compared to WT mice. Data were analyzed with two-way ANOVA and Fisher’s LSD post hoc test and are shown as mean ± SEM. n = 5–14 mice per group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


To explore the effect of the SIGLEC-11 receptor on oxidative damage in the brain, we measured the gene transcript levels of the oxidative stress markers cytochrome b-245 alpha and beta (Cyba and Cybb) and the nitric oxide synthase 2 (Nos2) by sqRT-PCR (Figure 7B). Our results showed clearly lower gene transcription of these oxidative stress markers in the Siglec-11 tg mice compared to WT mice. In detail, at 24 months of age Cyba, Cybb, and Nos2 were all higher in WT mice compared to Siglec-11 tg mice, differing from 4.87 ± 0.9 FC to 0.33 ± 0.1 FC (p < 0.001), from 6.2 ± 1.2 FC to 2.03 ± 0.2 FC (p < 0.001), and from 5.83 ± 1.5 FC to 0.87 ± 0.1 FC (p < 0.001), respectively. Analyzing all three markers at 1.5 months of age revealed a higher Cyba gene transcription in WT mice compared to Siglec-11 tg mice, differing from 0.44 ± 0.02 FC to 0.02 (p < 0.001), while both Cybb and Nos2 were lower in WT mice compared to Siglec-11 tg mice, differing from 0.45 ± 0.03 FC to 0.98 ± 0.1 FC (p < 0.001) and from 1.7 ± 0.1 FC to 2.3 ± 0.1 FC (p = 0.001), respectively (Supplementary Figure S6D).

We then analyzed the gene transcript levels of complement components 3 and 4 (C3 and C4) along with the integrin alpha M (Itgam) and the complement C1q subcomponent subunits a-c (C1qa, C1qb, C1qc) to unravel the effect of SIGLEC-11 receptor on the complement system activation (Figure 8). We observed a general decrease of complement system genes in Siglec-11 tg mice compared to WT mice. In detail, at 24 months of age C3 differed from 3.48 ± 0.9 FC in WT mice to 1.33 ± 0.2 FC (p < 0.018) in Siglec-11 tg mice, C4 differed from 7.73 ± 1.2 FC in WT mice to 2.85 ± 0.6 FC (p < 0.001) in Siglec-11 tg mice, and Itgam differed from 4.23 ± 0.7 FC in WT mice to 2.44 ± 0.4 FC in Siglec-11 tg mice (p = 0.007). The gene transcript levels of complement C1q subcomponents were lower in Siglec-11 transgenic mice compared to WT mice at 24 months of age, differing from 0.77 ± 0.1 FC to 3.31 ± 0.7 FC (p < 0.001) for C1qa, from 0.85 ± 0.2 FC to 2.93 ± 0.9 FC (p = 0.014) for C1qb, and from 0.36 ± 0.1 FC to 1.31 ± 0.1 FC (p < 0.001), respectively. C1qc was also lower in Siglec-11 tg mice compared to WT mice at 6 months of age, differing from 1.00 ± 0.4 FC to 0.24 ± 0.03 FC (p < 0.001). Analysis of complement markers gene transcripts at 1.5 months of age revealed a lower C4 and a higher Itgam transcript level in WT mice compared to Siglec-11 tg mice, differing from 0.06 ± 0.01 FC to 0.25 ± 0.04 FC (p < 0.001), and from 2.29 ± 0.1 FC to 1.79 ± 0.08 FC (p = 0.002), respectively (Supplementary Figure S6E).

Overall, our results show a lower gene expression of inflammatory, oxidative stress, and complement system markers in 24-month-old Siglec-11 tg mice compared to WT mice, which also exhibited lower C1qc gene transcription at 6 months of age.




Discussion

Sialic acid-binding immunoglobulin-type lectin (SIGLEC) receptors of microglial cells and tissue macrophages recognize intact sialylation, acting as innate immune checkpoints to regulate inflammation and oxidative stress in the central nervous system (Klaus et al., 2021; Liao et al., 2020).

Recent studies, have identified SIGLEC-11 as the most significant microglial gene associated with Alzheimer’s disease (AD), following the categorization of AD and dementia-related genes based on their relevance to the disease process (Bellenguez et al., 2022). Genomic data suggest that in humans, both SIGLEC11 and the closely related SIGLEC16 gene likely originated through gene conversion from the non-functional pseudogene SIGLEC16P (Hayakawa et al., 2017; Wang et al., 2012). This event is believed to have led to the exclusive expression of SIGLEC-11 in human microglia. Notably, microglial SIGLEC-11 in the human brain appears to exist solely as an alternative splice variant, which lacks the exon encoding the final (fifth) Ig-like C2-set domain within the protein’s extracellular segment, a characteristic shared by the humanized Siglec-11 transgenic mice used in this study (Hane et al., 2021; Wang and Neumann, 2010).

Activation of microglial SIGLEC-11 by polysialic acid (polySia) attached to neural cell adhesion molecule (NCAM) on neighboring neurons suppressed lipopolysaccharide (LPS)-induced pro-inflammatory mediators, such as Il-1ß, in a murine neuron–microglia co-culture, demonstrating the neuroprotective effect of SIGLEC-11 (Wang and Neumann, 2010). Soluble polySia has also been explored therapeutically, targeting the SIGLEC-11 receptor in humanized Siglec-11 transgenic mice (Karlstetter et al., 2017; Liao et al., 2021). In an age-related macular degeneration animal model, intravitreal application of soluble polySia in humanized Siglec-11 transgenic mice reduced mononuclear phagocytes and vascular leakage, and prevented complement system activation (Karlstetter et al., 2017). In a Parkinson’s disease model using the same humanized Siglec-11 tg mice, intraperitoneal administration of soluble polySia reduced microglial immunoreactivity and protected against dopaminergic neuronal degeneration in the substantia nigra (Liao et al., 2021).

This study focused on the role of SIGLEC-11 receptor in normal brain aging, comparing aged 24-month-old humanized Siglec-11 tg mice to wild-type (WT) mice. As a baseline, we examined mature 6-month-old adult mice. Additionally, we analyzed 1.5-month-old juvenile mice to investigate potential developmental effects but found no significant developmental differences between Siglec-11 tg and WT mice at that age.

Under steady-state conditions, microglia typically exhibit a quiescent immune profile and only become activated when stimulated, but increased microglial activation has been observed in aging brains across various species (Luo et al., 2010). Microglial density has also been shown to increase with age in CNS regions such as the hippocampus, visual and auditory cortices, and the retina (Damani et al., 2011; Mouton et al., 2002; Tremblay et al., 2012). Additionally, increased microglial clustering is seen in aging brains, especially near senile plaques in humans (Dickson et al., 1992) and in the brains of 24-month-old mice (Raj et al., 2017). Microglial activation is further evidenced by increased expression of the lysosomal CD68 microglial activation marker in aging mice brains (Halder and Milner, 2022).

In line with these observations, our study revealed a reduction in Iba1-positive microglial cell density and clustering in the hippocampus and substantia nigra of 24-month-old Siglec-11 tg compared to age-matched WT controls. We also noted reduced microglial phagolysosomal activation in the hippocampus of Siglec-11 tg mice compared to WT control mice at 24 months of age, as depicted by lower CD68 intensity per soma.

Dopaminergic neuronal loss in the substantia nigra pars compacta (SNpc) of aging C57BL/6 mice has been previously reported (Noda et al., 2020). Consistently, we observed a reduction in dopaminergic neuron density in aged 24-month-old WT control mice, whereas dopaminergic neurons were preserved in the SNpc of the Siglec-11 tg mice. This suggests that microglial SIGLEC-11 receptor protects against age-related neuronal loss in the substantia nigra.

The normal aging process is associated with numerous subtle and selective changes in the brain, often linked to cognitive decline (Burke and Barnes, 2006). Prominent changes include alterations in synaptic physiology, mitochondrial metabolism, and oxidative phosphorylation (Bishop et al., 2010; Castelli et al., 2019; Yankner et al., 2008). Our RNA sequencing and transcriptomic KEGG pathway analyses revealed oxidative phosphorylation as the most suppressed gene transcript pathway in 6-month-old Siglec-11 tg mice compared to WT controls. In contrast, pathways associated with apoptosis, inflammation, coagulation, and oxidative stress were enriched in WT mice compared to Siglec-11 tg mice at 6 months of age. By the age of 24 months, KEGG pathway analysis of Siglec-11 tg mice showed suppression of coagulation, complement cascade, and cytokine-cytokine receptor interaction pathways compared to WT mice. Here, the discrepancy between the enriched pathways at different age groups could be related to the whole genome transcriptome approach or the heterogeneous nature of the brain tissue, which was collected at different time points. The current study also suggests to use in future a cell-specific single-cell transcriptomic analysis of microglia isolated from different age groups at the same time point that should allow to much better illustrate the effect of age on microglial-specific pathways. Similar transcriptome studies also demonstrated that brain aging in mice is associated with an inflammatory response, oxidative stress, and synaptic alterations (Jiang et al., 2001; Lee et al., 2000). Our data also showed that Snca, which encodes the alpha-synuclein (α-synuclein) protein, was the top downregulated gene in 24-month-old Siglec-11 tg mice. Increased α-synuclein expression and its accumulation in the aging brain have been implicated in cognitive and motor dysfunction, particularly in Parkinson’s disease (Xuan et al., 2011; Yang et al., 2020).

Previous studies have reported increased expression of Cd68 and elevated levels of pro-inflammatory cytokines, such as Tnf, Il-1ß, Il-6, and Il-10, in aged microglia (Griffin et al., 2006; Wong et al., 2005; Antignano et al., 2023). Specifically, the Trem2/Dap12 signaling pathway has been identified as critical for inducing the activated, phagocytic microglial phenotype (Konishi and Kiyama, 2020). Moreover, a study examining the aging microglial signature demarcated the Fc Fragment of IgE receptor Ig (FCER1G) as a microglial biomarker associated with aging and neurodegeneration (Mukherjee et al., 2019). In aged 24-month-old Siglec-11 tg mice, we observed a lower inflammatory profile and reduced immune activation compared to WT controls, with decreased gene transcription of microglial markers Aif1 and Tmem119, as well as inflammatory markers Tnf and Il1ß, as demonstrated by sqRT-PCR. Additionally, 24-month-old Siglec-11 tg mice exhibited lower gene transcription of the phagocytic marker Cd68 compared to WT mice, reflecting a more youthful microglial transcript profile.

Oxidative stress is a hallmark of both cognitive aging and neurodegenerative diseases, as neurons are particularly vulnerable to oxidative damage (Ionescu-Tucker and Cotman, 2021). SIGLECs have been shown to prevent oxidative stress-related aging. For instance, Siglec-E knockout mice displayed a reduced maximum lifespan, signs of oxidative damage, and accelerated aging (Schwarz et al., 2015). In our study, we examined the effect of the human microglial SIGLEC-11 receptor on oxidative stress gene transcript markers in the aging brain. Our sqRT-PCR analysis demonstrated that brains of aged Siglec-11 tg mice had lower gene transcription of phagocytosis-associated oxidative burst markers like Cyba, Cybb, and Nos2 in comparison to WT controls. This further validated our RNA sequencing findings of suppressed oxidative phosphorylation pathways shown in the Siglec-11 tg mice. Moreover, we were able to validate our RNA sequencing findings of suppressed complement system pathways in the aged Siglec-11 tg mice by showing decreased gene transcription of complement markers C3, C4, and Itgam by sqRT-PCR. It is important to note that the decrease in inflammatory, complement, and oxidative stress gene markers observed in Siglec-11 tg mice also could be a consequence of reduced microglial numbers. However, the observed reduction in inflammation, with decreased microglial numbers, is clearly associated with a protective phenotype of Siglec-11 tg mice with increased neuronal density in the substantia nigra.

Lipid accumulation and droplet formation in microglia have been implicated in brain aging and neurodegeneration (Haney et al., 2024; Shimabukuro et al., 2016). Lipid droplets have typical autofluorescence properties that can be easily monitored by characteristic wavelength of confocal laser scanning microscopy. We determined the density of lipid-laden microglia and showed that Siglec-11 tg mice had less lipid-laden microglia in the substantia nigra at 6- and 24-months of age compared to WT controls.

In summary, aged 24-month-old humanized Siglec-11 tg mice exhibited a less aged brain phenotype compared to WT controls. They lacked the typical age-related increase in microglial density, CD68 upregulation, and microglial clustering. Additionally, mature Siglec-11 tg mice showed decreased lipid-laden microglial accumulation, suppression of oxidative stress and inflammatory pathways at 6 months of age, and suppression of complement and coagulative pathways at 24 months of age compared to WT controls. Particularly, gene transcripts of the pro-inflammatory cytokines Tnf and Il-1β, complement components C3, C4, and Itgam, and oxidative stress markers Cyba, Cybb, and Nos2 were decreased in aged Siglec-11 tg mice. In addition, aged Siglec-11 tg mice presented less age-related neuronal loss in the substantia nigra at 24 months compared to WT mice. Collectively, these findings suggest that microglial SIGLEC-11 receptors play a crucial role in protecting the brain from “inflammaging.”
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