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TLR4-mediated chronic neuroinflammation has no effect on tangle pathology in a tauopathy mouse model
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Introduction: Alzheimer’s disease (AD) is marked by the accumulation of fibrillary aggregates composed of pathological tau protein. Although neuroinflammation is frequently observed in conjunction with tau pathology, current preclinical evidence does not sufficiently establish a direct causal role in tau tangle formation. This study aimed to evaluate whether chronic Toll-like receptor 4 (TLR4) stimulation, induced by a high dose of lipopolysaccharide (LPS, 5 mg/kg), exacerbates neurofibrillary tangle (NFT) pathology in a transgenic mouse model of tauopathy that expresses human truncated 151-391/3R tau, an early feature of sporadic AD.

Methods: We utilized a transgenic mouse model of tauopathy subjected to chronic TLR4 stimulation via weekly intraperitoneal injections of LPS over nine consecutive weeks. Neurofibrillary tangle formation, microglial activation, and tau hyperphosphorylation in the brainstem and hippocampus were assessed through immunohistochemistry, immunofluorescence, and detailed morphometric analysis of microglia.

Results: Chronic LPS treatment led to a significant increase in the number of Iba-1+ microglia in the LPS-treated group compared to the sham group (p < 0.0001). Notably, there was a 1.5- to 1.7-fold increase in microglia per tangle-bearing neuron in the LPS-treated group. These microglia exhibited a reactive yet exhausted phenotype, characterized by a significant reduction in cell area (p < 0.0001) without significant changes in other morphometric parameters, such as perimeter, circumference, solidity, aspect ratio, or arborization degree. Despite extensive microglial activation, there was no observed reduction in tau hyperphosphorylation or a decrease in tangle formation in the brainstem, where pathology predominantly develops in this model.

Discussion: These findings suggest that chronic TLR4 stimulation in tau-transgenic mice results in significant microglial activation but does not influence tau tangle formation. This underscores the complexity of the relationship between neuroinflammation and tau pathology, indicating that additional mechanisms may be required for neuroinflammation to directly contribute to tau tangle formation.
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1 Introduction

Alzheimer’s disease (AD) and related tauopathies are characterized by the stereotypical accumulation of fibrillary aggregates primarily composed of hyperphosphorylated and truncated tau (Novak et al., 1993; Grundke-Iqbal et al., 1986; Wang et al., 2013). The pathobiology of tauopathies consistently reveals an association with neuroinflammation, evidenced by the frequent presence of reactive microglia near tau inclusions (Bellucci et al., 2011; Ishizawa and Dickson, 2001; Sasaki et al., 2008; Serrano-Pozo et al., 2013). Neuroinflammation follows a similar temporal course to tau pathology (Eikelenboom et al., 2010; Jaworski et al., 2011; López-González et al., 2015; Yoshiyama et al., 2007; van Olst et al., 2020), suggesting a tight interplay between these processes.

Microglia, as the primary responders to neuronal distress, undergo substantial adaptive phenotypic and functional alterations during the course of pathology (Sobue et al., 2021; Grubman et al., 2019; Mathys et al., 2019; Zhou et al., 2020). While these alterations initially serve a protective role (Keren-Shaul et al., 2017), they can become deleterious (Liddelow et al., 2017) after reaching a “tipping-point” (Simons et al., 2023). In the context of tau pathology, microglial reactivity is thought to amplify tau hyperphosphorylation and the subsequent formation of tangles. Conversely, existing pathological inclusions may induce further microglial reactivity, suggesting a fatal vicious cycle between tau pathology and neuroinflammation (Laurent et al., 2018; Nilson et al., 2017; Leyns and Holtzman, 2017; Zilka et al., 2012). Several studies have investigated this hypothesis, predominantly examining acute effects through modeling neuroinflammation with lipopolysaccharide (LPS)-mediated TLR4 stimulation in wild-type animals that do not develop tangle pathology. In transgenic models, the fewer chronic studies often focus exclusively on levels of tau hyperphosphorylation at different epitopes rather than quantifying tangle pathology (Catorce and Gevorkian, 2016; Batista et al., 2019; Barron et al., 2017). Furthermore, the use of low doses of LPS in chronic inflammation setups is not justified, as rodents are much less sensitive to endotoxin than humans (Seok et al., 2013). Common experimental doses range from 0.1 to 20 mg/kg (Catorce and Gevorkian, 2016), but the studies investigating effect of chronic LPS administration employed lower doses of LPS (<1 mg/kg; Catorce and Gevorkian, 2016; Batista et al., 2019; Barron et al., 2017). Humans experience a 2-to-3-fold increase in circulating plasma levels of LPS with age (Sanchez-Tapia et al., 2023), and an even larger increase (approximately 2-to-10-fold) is observed in other chronic inflammatory disorders (Cani et al., 2007; Mohammad and Thiemermann, 2020; Beam et al., 2021; Jayashree et al., 2014; Wiedermann et al., 1999), significantly raising the risk of developing AD. Although LPS is rapidly cleared from the bloodstream, its tissue distribution can prolong the inflammatory response. However, the response to lower doses used in chronic inflammation setups in tau transgenic mice is not sustained long enough to be relevant to the chronic neuroinflammation observed in AD.

This study, therefore, focused on elucidating the impact of TLR4 stimulation mediated by LPS on tangle formation. We used higher dose of LPS that does not induce sepsis but is relevant to human conditions. We employed a tau-transgenic mouse model expressing truncated tau, which can develop full-blown tangle pathology that fulfils all criteria of human tangle pathology. We performed semiautomated quantification of the tangle-bearing neurons and microglia, followed by microglial morphometry to highlight their interaction.



2 Materials and methods


2.1 Animals

Adult C57BL/6J and tau-transgenic R3m4 mice expressing human truncated tau protein (3R tau, aa151-391) under the Thy1 promoter were utilized in this study. The expression of this transgene has been demonstrated to induce the formation of tau tangles in rats, making it the sole rat model that exhibits progressive, age-dependent neurofibrillary degeneration in the cortical brain regions (Filipcik et al., 2012; Koson et al., 2008; McMurray et al., 2021). R3m4 mice were genotyped by PCR of DNA extracted from tails (Zimova et al., 2016). All animals were housed under standard laboratory conditions, resided in plastic cages with four animals per cage, and were provided with ad libitum access to food and water. A diurnal lighting schedule of 12-h light/dark cycles with a light phase beginning at 7:00 a.m. was maintained, and the temperature (22 ± 2°C) and humidity (55 ± 10%) were controlled. All the ethical considerations were strictly followed, and all the experiments adhered to international and institutional animal care guidelines.



2.2 Methods of randomization, sex proportionality, and allocation concealment

Considering the observed variability in the inflammatory response following LPS challenge, attributed to factors such as the specific LPS serotype, mouse strain, injection site, administered LPS dose, and duration before the animals were sacrificed (Catorce and Gevorkian, 2016), our initial objective was to determine the neuroinflammatory efficacy of the chosen high dose of LPS (5 mg/kg) in wild-type C57BL/6J mice (n = 3, female, 2 months old, 20–23 g). To further investigate the effects of chronic TLR4 stimulation via LPS on tauopathy, a total of 20, age- and weight-matched, R3m4 mice were included in this study and randomly divided into two groups: a sham group (n = 10, 5 males and 5 females) and an LPS-treated group (n = 10, 5 males and 5 females). The animals were documented by their IDs and were randomly assigned to different cages at the time of birth considering equal representation of sex in each group. The individuals performing the randomization process were unaware of the grouping, ensuring blinding from the start. Mice from the same experimental group were housed together to ensure consistent conditions and minimize confounding variables. We maintained accurate records throughout the study to track the progress and outcomes of the individual mice.



2.3 LPS administration

LPS from E. coli O26:B6 (Sigma–Aldrich, USA) under sterile conditions was reconstituted in 1× phosphate-buffered saline (1 × PBS) to the concentration of 1 mg/ml. For the purpose of testing dose response, corresponding to a high dose of 5 mg/kg body weight, a total volume of 120 μl was injected intraperitoneally (i.p.) into two groups of 2-month-old C57BL/6 mice (n = 3/group; females). One group was sacrificed 24 h after the LPS injection, and the other was sacrificed after 7 days. The sham group received PBS injections in the same manner. To further investigate the effects of chronic TLR4 stimulation via LPS on tauopathy, 2-month-old tau-transgenic R3m4 mice were injected with either the tested LPS dose or PBS weekly for 9 consecutive weeks. Throughout the study, the body weight and general health status of each mouse were recorded on a weekly basis, and the mice were sacrificed 4 weeks after the last injection, to exclude the acute inflammatory effects of the last LPS insult (Figure 1).
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FIGURE 1
 Schematics of the experimental design.




2.4 Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) was performed on 40 μm thick coronal free-floating sections, as described in detail previously (Mate et al., 2022). For AT8-positive neurons in the hippocampus, we stained every sixth, for a total of six sections/animal (n = 8/group), spaced ~240 μm apart. For tau tangle counts in the brainstem, we stained every tenth section, for a total of eight sections per animal (n = 8/group), spaced ~400 μm apart. For microglial morphometry, we chose two sections from the brainstem ~400 μm apart (n = 3/group). All the sections were incubated overnight at 4°C with primary antibodies (Table 1), followed by incubation with the appropriate biotin-conjugated secondary antibodies and visualized using a Vectastain ABC Kit (Vector Laboratories, CA, United States) for IHC or with the appropriate secondary Alexa Fluor antibodies for IF. Finally, the sections were mounted, and the IHC-stained sections were evaluated using an Olympus BX51 microscope equipped with a Nikon digital camera (DS-Fi3) and the software NIS-Elements AR 5.02.01, whereas the IF-stained sections were examined with an LSM 710 laser scanning confocal microscope (Carl Zeiss, Jena, Germany).



TABLE 1 List of primary and secondary antibodies utilized for IHC.
[image: Table1]



2.5 Quantification of microglia, tau tangles, and tau phosphorylation: general analysis workflow

Following image acquisition, analysis was conducted on a MacBook Air with the Apple M1 chip running macOS Sonoma version 14.0 using QuPath (v0.4.3; https://qupath.github.io/; Bankhead et al., 2017). Six hippocampal and eight brainstem slices per animal (n = 8/group) were selected for quantification in separate projects within QuPath. Colour deconvolution was applied to whole-slide images to separate the stains into three channels: the VIP chromogen, methyl green, and a residual channel. To exclude potential false positives and eliminate folded tissue areas, manual annotations were created around tissue edges. To quantify Iba-1+ monocyte/macrophage/microglia and tau tangles, superpixel analysis was employed. QuPath systematically processes all the pixels within each image, grouping adjacent similar pixels into superpixels of a predetermined size. Pixel similarity is determined based on red–green–blue (RGB) values, reflecting colour and shade. In an annotated region, DoG (Difference of Gaussians) superpixel creator feature was applied with the following parameters: downsample factor = 0.1, Gaussian sigma = 0.5, minimum intensity threshold = 2, maximum intensity threshold = 2, and noise threshold = 0.5. After superpixel grouping, intensity features were set for the VIP channel. Using the brush tool, regions were labelled as ‘positive’ or ‘negative’. The object classifier feature was executed, optimized, and saved. The classifier was next loaded for application to tissue sections across the project. The resulting number of detections provided the count of observed tangles and microglia in each slice. A workflow with selected commands from both analyses was saved as a script and executed for the entire project, ensuring consistency in the analysis across individual projects.

Signal intensity of tau phosphorylation from hippocampal and brainstem slices was quantified using NIH ImageJ software (Fiji version). The images were converted to an 8-bit grayscale format. The scale was calibrated using the scale bar, and regions of interest (ROIs) were selected with the Rectangle or Freehand selection tool, managed through the ROI Manager. Signal intensity within each ROI was measured by obtaining the mean gray value, and background intensity was determined by measuring an unstained area. Corrected signal intensity was calculated by subtracting the background intensity from the signal intensity of the ROIs. Measurement results were exported as CSV files for further analysis. For batch processing of multiple images, a macro was recorded to automate the process, including steps for opening images, converting to 8-bit, defining ROIs, measuring intensities, and saving results.



2.6 Microgial morphological assessment: image acquisition, preprocessing, shape descriptors, and Sholl analysis

The morphological variables of the microglial cell population were evaluated by a condition-blind observer using the FIJI (Young and Morrison, 2018). Microglia were randomly selected from the Pontine Reticular Nucleus (PRN), where the AT8 signal was evident. Three z-stack images per PRN were acquired. Each original z-stack was processed in a semiautomated way with the same macro on FIJI. First, a subtract background filter was applied to maintain the quality of the image. The image was subsequently converted into an 8-bit grayscale image, and an Unsharp Mask filter was applied to sharpen the Iba-1 signal and cell processes. Next, a despeckle step was performed to eliminate salt-and-pepper noise. The images were then auto-thresholded to create a binary mask for each image. Once these binary masks were created, with the BioVoxxel Toolbox plug-in, a series of binary steps were performed to join the cell processes: the Close, Dilate, Close and Erode functions were applied. Each thresholded image was inspected to ensure that accurate reconstruction was performed by the software. Otherwise, the paintbrush tool was used to join evident ramifications of the cell. Finally, an analysis of particle function was performed to “clean” the final binary mask, allowing only the cells of interest to be subjected to further analysis.

Individualized microglial binary masks were randomly selected by the FIJI using the ROI Manager tool. Once the microglial mask was selected, each morphological parameter of interest was calculated by the Measure function. The area, perimeter, aspect ratio, circularity, and solidity were calculated for each random cell line as previously described for microglia (Fernandez-Arjona et al., 2017). At least 3 cells per image were quantified, generating a total of 33–35 cells per animal, and more than 100 cells were analysed per condition. The same individualized microglial binary masks used for the shape descriptors were utilized to perform Sholl analysis via the Neuroanatomy plug-in on FIJI. The starting radius was defined at 10 pixels to exclude the soma from the analysis, while the step size was set to three pixels. The length of the concentric circle drawing was set to 250 pixels, enabling us to ensure that all the processes of each different cell were counted. The data from each table generated were copied, and the mean number of intersections per radius per condition was used to generate the final Sholl plot (# of intersections vs. distance from the soma).



2.7 Statistics

Data processing and statistical analyses were performed in the R programming environment version 4.3.2 (R Development Core Team, 2023). All alternative hypotheses were two-sided, and statistical tests were performed at a significance level equal to 0.05. All the empirical confidence intervals (CIs) used were Wald type, 95%, and two-sided. For each treatment (LPS and Sham) and animal, the data were winsorized using the Tukey interquartile (Tukey, 1962) approach (due to the presence of outliers). The null hypothesis that the mean difference between the LPS and sham treatment is equal to zero, H0: μcontrols − μLPS = 0, was tested against the alternative hypothesis that the mean difference between the LPS and sham treatment is not equal to zero, H1: μcontrols − μLPS ≠ 0, by two-sample Wald statistics (t-statistics) with Satterthwaite error degrees of freedom taken from the mixed-effect linear regression model (MELRM; Pinheiro and Bates, 2006) calculated by the profile method with proportional weights. The MELRM model was used in the following form: variable ∼ treatment + (1|animal), where the variables were AT8-positive neurons (%), AT8-positive NFTs, DC217-positive NFTs, and Iba-1-positive cells; all the morphological variables (area (pixels), perimeter (pixels), circularity, solidity, and aspect ratio); and area under the curve (AUC, the curve defined as the number of intersections (ramifications) on the basis of the distance from the center of the soma (body cell)) as a part of the other morphological analysis. The treatment (coded as LPS and Sham) was the fixed main effect, and the animal was the random effect (random intercept). Applying this MELRM to repeated observations (here, e.g., 8 slices), the repeated observations per animal are taken into account individually; thus, the variability within and between animals is correctly estimated. The results are summarized numerically by the mean difference (sham minus LPS), lower and upper bounds of 95% CIs for the mean difference, and p value and graphically by boxplots. The repeated measures correlation coefficient was calculated from a linear regression model (Bakdash and Marusich, 2017) with the animal as a fixed effect (allowing for different intercepts for each animal), and the common slope was calculated separately for each treatment. The data were visualized as scatterplots with regression lines for each animal. The value of the coefficient does not depend on which variable is taken as dependent or independent (in this respect, it is symmetric). AT8-positive NFTs were compared with DC217-positive NFTs, AT8-positive NFTs were compared with Iba-1-positive cells, and DC217-positive NFTs were compared with Iba-1-positive cells. The results are summarized numerically by correlation coefficient, lower and upper bound of 95% CIs for correlation coefficient (back-transformed from Fisher Z-transformation) and p value.




3 Results


3.1 Administration of a single high dose of LPS induced neuroinflammation

LPS-treated mice exhibited classic signs of sickness behaviours, including decreased locomotion, a hunched posture, and anorexia. We observed a noticeable increase in microglial proliferation and heightened responsiveness in the hippocampus, brainstem, and cortex at 1 day post LPS administration (Figures 2D–F). Phenotypically, there was an augmentation in microglial process retraction, manifesting as bipolar or unipolar configurations with elongated, swollen processes and cell bodies, characteristic of microgliosis. In contrast, homeostatic microglia in the sham group persisted at baseline, maintaining their characteristic phenotype (Figures 2A–C). By day 7th post LPS administration, we observed an apparent decrease in the number of microglia, although the microglia still displayed signs of microgliosis (Figures 2G–I). Similarly, with upregulated expression of glial fibrillary acidic protein (GFAP), we observed the presence of astrocytes characterized by hypertrophic cell bodies and predominantly main processes, in the hippocampus, cortex and brainstem on day 1 post administration (Figures 3D–F). In contrast, the astrocytes in the sham group exhibited a homeostatic morphology (Figures 3A–C). Notably, a partial resolution of the phenotype in terms of the number of astrocytes was observed on day 7 (Figures 3G–I).
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FIGURE 2
 A single high dose of LPS induced microgliosis in WT mice. (A–C) In the sham group, 1 day post i.p. PBS administration, homeostatic Iba-1+ cells were detected in the hippocampus, cortex, and brainstem. (D–F) However, in the LPS group, an enhanced number of reactive Iba-1+ cells were detected in the hippocampus, cortex, and brainstem. (G–I) In the LPS group 7-days post administration, the characteristic reactive morphology of microglia was also evident in the hippocampus, cortex, and brainstem (2-month-old C57BL/6 mice, n = 3/group). Magnification, 20×; inset, 40×. Scale bar, 100 μm.


[image: Figure 3]

FIGURE 3
 A single high dose of LPS induced astrogliosis in WT mice. (A–C) In the sham group, 1 day post i.p. PBS administration, sparse GFAP+ astrocytes were detected in the hippocampus, cortex, and brainstem. (D–F) However, in the LPS group, an increased number of GFAP+ astrocytes were detected in the hippocampus, cortex, and brainstem. (G–I) In the LPS group, on 7 days post administration, the characteristic bushy morphology of astrocytes was evident in the hippocampus, cortex, and brainstem (2-month-old C57BL/6 mice, n = 3/group). Magnification, 20×; inset, 40×. Scale bar, 100 μm.




3.2 LPS-mediated chronic TLR4 stimulation led to an increase in Iba-1 positive monocyte/macrophage/microglia and sustained changes in microglial morphology

Based on tolerability and observed glial reactivity in wild-type mice, we investigated the effect of LPS-mediated chronic TLR4 stimulation in tau transgenic R3m4 mice. First, we quantified the number of microglia within the brainstem, where tau neurofibrillary pathology originally develops (Zimova et al., 2016). We found no apparent difference in CD68+ cells (Figures 4A,B). However, we observed a notable increase in the abundance of microglia in LPS-treated group compared to sham (mean difference, −746.13; 95% CI, −1007.618, −484.632; p < 0.0001; Figures 4C–E). Next, we conducted microglial morphometry in the pontine reticular nucleus (PRN) which is heavily burdened with NFT pathology (Figures 5A,B; Zimova et al., 2016). Microglia in the LPS-treated animals exhibited a statistically significant decrease in cell area (mean difference 437.79; 95% CI 244.309, 631.276; p < 0.0001; Figure 5C). Additionally, there was a trend toward a decrease in cell perimeter (mean difference 228.57; 95% CI −53.637, 510.781; p = 0.087; Figure 5D), although no statistically significant differences were observed compared to those in the control group. However, circularity (mean difference − 0.01; 95% CI −0.041, 0.011; p = 0.189; Figure 5E), solidity (mean difference − 0.03; 95% CI −0.103, 0.041; p = 0.298; Figure 5F), and aspect ratio (mean difference − 0.019; 95% CI −0.465, 0.094; p = 0.139; Figure 5G) did not exhibit any statistically significant differences between the treatments. On the other hand, the Sholl analysis (Figure 6A) indicated a trend toward a reduction in the number of ramifications in the LPS-treated group compared to the control group (Figure 6B). Nevertheless, the AUC analysis derived from the Sholl curves did not reveal statistically significant differences in the number of ramifications between the two groups (mean difference 71.36; 95% CI 0, 155.74; p = 0.078; Figure 6C).
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FIGURE 4
 No difference in the CD68+ microglia where significant proliferation of microglia was observed in the LPS-treated group. (A,B) Representative IHC sections of the brainstem probed for CD68 in both the sham and LPS-treated groups. (C,D) Representative IHC sections of the brainstem probed for Iba-1 in both the sham and LPS-treated groups. (E) A significant increase in the number of Iba-1+ cells was observed in the LPS-treated group compared to the sham-treated R3m4 mice (p < 0.0001). Boxes indicate medians and quartiles for Iba-1+ cells count per animal; whiskers indicate quartiles ± 1.5× IQR. The black dots indicate the microglial count per slice. The red dots indicate the arithmetic mean. Magnification, 20×; inset, 40×. Scale bar, 50 μm, 100 μm.
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FIGURE 5
 Subtle changes in microglial morphology were observed after LPS-mediated chronic TLR4 stimulation. (A) Schematic illustration of the region under investigation for morphological assessment of Iba-1+ cells. (B) Representative image of the IHC. (C) The area changed significantly in the LPS-treated animals compared to the sham animals (p < 0.0001). (D) The perimeter, (E) the circularity, (F) the solidity, and (G) the aspect ratio did not significantly differ. Boxes indicate medians and quartiles for morphometric parameters per animal; whiskers indicate quartiles ± 1.5× IQR. The black dots indicate the microglial count per slice. The red dots indicate the arithmetic mean.
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FIGURE 6
 Subtle LPS associated alterations in the arborization state of microglia were observed in the brainstem. (A) Schematic illustration of Iba-1+ cell masks, with concentric circles utilized for Sholl analysis. (B) Sholl plot per group showing the average number of microglial cell branch intersections per 3-pixel steps from the cell soma. (C) LPS preconditioning appears to induce a slight decrease in the number of ramifications of microglia in R3m4 mice; however, the Sholl-derived area under the curve (AUC) analysis did not reveal a statistically significant reduction in the number of microglial cell branches (p = 0.078). Boxes indicate medians and quartiles for AUCs per animal; whiskers indicate quartiles ± 1.5× IQR. The black dots indicate individual microglia. The red dots indicate the arithmetic mean.




3.3 LPS-mediated chronic TLR4 stimulation did not affect the number of tau inclusions

We next investigated whether chronic neuroinflammation could modify the number of tau tangles bearing neurons in the R3m4-transgenic mouse model. We quantified only neurons with apparent fibrillary inclusions (Figures 7A,B). A total NFT count was performed using the monoclonal antibodies AT8 (phospho-tau Ser202/Thr205) and DC217 (phospho-tau Thr217) within the selected sections of the brainstem. AT8 serves as a golden standard for staining of tau pathology in human brains (Alafuzoff et al., 2008), while p-tau Thr217 is considered the best available biomarker for AD (Ashton et al., 2024). We found no significant difference in the tangle-bearing neuron count between the LPS-treated group and the sham-treated group stained with AT8 (mean difference 2.63; 95% CI −7.856, 13.118; p = 0.599; Figures 7C,D) or DC217 (mean difference 0.63; 95% CI −8.761, 10.031; p = 0.8939; Figures 7E,F). We did not observe any significant difference between the sexes in sham treated with AT8 (p = 0.43) or DC217 (p = 0.65) and LPS-treated animals with AT8 (p = 0.11) or DC217 (p = 0.23).
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FIGURE 7
 LPS-mediated chronic TLR4 stimulation had no effect on the tangle load observed across the groups. (A) AT8 positive Neurofibrillary tangles (NFTs) in the brainstem of R3m4 mice, (B) in higher magnification that were detected (pointed with red arrows). (C) Representative IHC sections of the brainstem probed for AT8 in both the sham and LPS-treated groups and for DC217 in both the sham and LPS-treated (E) groups. (D,F) Quantification of the NFTs demonstrated no significant changes in the numbers of AT8 positive NFTs (p > 0.05) or DC217 (p > 0.05) in the LPS- and sham-treated group. Boxes indicate medians and quartiles for morphometric parameters per animal; whiskers indicate quartiles ± 1.5× IQR. The black dots indicate the tangle count per slice. The red dots indicate the arithmetic mean. Magnification, 40×, 60×, 20×. Scale bar, 100 μm.


We found a significant correlation between the number of AT8- and DC217-positive tangles in both sham (rho = 0.93, 95% CI 0.9019, 0.9629, p < 0.00001) and LPS-treated (rho = 0.983, 95% CI 0.9727, 0.9899, p < 0.00001) animals (Figure 8A). Interestingly, the number of microglia correlated well with the number of AT8-positive tangles in the sham (rho = 0.392, 95% CI 0.1621, 0.5819, p = 0.00121) and LPS-treated (rho = 0.387, 95% CI 0.1560, 0.5778, p = 0.00143) group (Figure 8B) and DC217-positive tangles in the sham (rho = 0.378, 95% CI 0.1459, 0.5709, p = 0.00188) and LPS-treated (rho = 0.373, 95% CI 0.1397, 0.5666, p = 0.00223) groups (Figure 8C). In the sham group, there were, on average, 13 microglia per AT8-positive tangles (AT8 mean = 92.22; Iba-1 mean = 1240.28), while in the LPS-treated group, there were 22 microglia per tangle (AT8 mean = 89.59; Iba-1 mean = 1986.41), indicating a 1.7-fold increase. Similarly, the sham group had 14 microglia per DC217positive tangle (DC217 mean = 89.29; Iba-1 mean = 1240.28), and the LPS-treated group had 21 microglia per tangle (DC217 mean = 88.65; Iba-1 mean = 1986.41), indicating a 1.5-fold increase in microglial presence in the respective experimental groups.
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FIGURE 8
 A strong positive correlation was observed between AT8- and DC217-positive tau tangles and each other and, interestingly, with microglial count. (A) Scatterplots with regression lines for each animal demonstrating that there was a positive correlation between DC217 and AT8-positive tau tangles in both sham (p < 0.00001)- and LPS (p < 0.00001)-treated animals; (B) AT8-positive tau tangles with Iba-1+ microglia in the sham (p = 0.00121)- and LPS-treated (p = 0.00143) groups; (C) DC217-positive tau tangles with Iba-1+ microglia in the sham (p = 0.00188) and LPS-treated (p = 0.00223) groups.




3.4 LPS-mediated chronic TLR4 stimulation led to a significant reduction in phosphorylated tau in the hippocampus but not in the brainstem

Finally, we aimed to investigate whether chronic neuroinflammation, simulated via LPS administration, could induce tau hyperphosphorylation in R3m4 mice. We quantified signal intensity across the entire hippocampal formation. It is to be noted here that, despite the expression of truncated tau, R3m4 mice do not develop tau tangle pathology in the hippocampus (Zimova et al., 2016). However, in the sham group, we identified abnormally phosphorylated tau in the somatodendritic compartment of CA3 pyramidal neurons, presenting as a diffuse signal (Figures 9A,B). Compared to the sham group, the LPS-treated group exhibited significantly reduced levels of tau hyperphosphorylation in the hippocampus (mean difference 21.95; 95% CI 19.631, 24.267; p < 0.0341; Figure 9C). To assess if similar changes occurred in the brainstem—the brain area affected by NFTs, we measured signal intensity across brainstem slices and compared the sham and LPS-treated groups (Figures 9D,E). Our analysis revealed no significant change in tau phosphorylation levels in the brainstem (mean difference 0.07; 95% CI −2.806, 2.948; p < 0.9584; Figure 9F). Notably, there was a significant correlation between the levels of phosphorylation and the number of tangles in sham (r = 0.876, p < 0.00001) and LPS-treated (r = 0.936, p < 0.00001) group (Figure 9G).
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FIGURE 9
 LPS-mediated chronic TLR4 stimulation led to a reduction in tau phosphorylation. (A,B) Representative image demonstrating abnormally phosphorylated tau within the somatodendritic compartment of pyramidal neurons in the CA3 subfield of the hippocampus, characterized by a diffuse signal that was more pronounced in sham-treated animals than in LPS-treated animals. (C) A significant reduction in tau phosphorylation was observed in the hippocampus (p < 0.05). (D,E) Representative image demonstrating abnormally phosphorylated tau and tangles bearing neurons in the brainstem. (F) No significant change in the brainstem was observed (p > 0.5). (G) Scatterplots with regression lines for each animal demonstrating that there was a positive correlation between AT8 signal intensity and AT8-positive tau tangles in both sham (p < 0.00001)- and LPS-treated (p < 0.00001) animals. Boxes indicate medians and quartiles for AT8-positive neurons per animal; whiskers indicate quartiles ± 1.5× IQR. The black dots indicate AT8-positive neurons per slice. The red dots indicate the arithmetic mean. Magnification, 20×. Scale bar, 100 μm.





4 Discussion

Glial-mediated neuroinflammation stands out as a shared hallmark among AD and related tauopathies (Odfalk et al., 2022). Where microglia wield a double-edged sword, engaging in a myriad of intricate protective, as well as deleterious functions (Kinney et al., 2018; Leng and Edison, 2021; Andreasson et al., 2016). These intricate functions are regulated by several innate immune modulators, among which the family of Toll-like receptors (TLRs) acts as a key determinant influencing susceptibility or resilience to the progression of tauopathies (Momtazmanesh et al., 2020). In this study, we induced chronic systemic inflammation by activating the TLR4 signaling pathway with LPS, a common pathogen-associated molecular pattern (PAMP). This inflammation, characterized by reactive microgliosis, leads to tau hyperphosphorylation in the CNS via bloodstream inflammatory mediators (Lykhmus et al., 2016). Additionally, LPS also primes nod-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome, elevating pro-interleukin-1β (pro-IL-1β) and NLRP3 levels (Hornung and Latz, 2010). Interestingly, tau can also activate the NLRP3 inflammasome in a similar fashion (Stancu et al., 2019). Knocking out NLRP3 in tau transgenic tau22 mice is shown to reduce tau deposition and memory loss which was associated with a reduction in the levels of cleaved-caspase-1 and IL-1β (Ising et al., 2019). Despite this evidence, a direct causal link between chronic LPS-induced TLR-4 stimulation and these effects remains unclear, hindering clinical translation.

Here we demonstrated that the TLR4-mediated chronic systemic inflammation had no effect on the formation of tangles in mouse model expressing sporadic truncation of tau native to AD, despite persistent microglial reactivity. In contrast, prior studies employed either biweekly i.p. LPS administration at a lower dose (0.5 mg/kg) for 6 weeks in amyloid- and tau-transgenic 3 × Tg-AD mice (Joshi et al., 2014; Kitazawa et al., 2005; Sy et al., 2011) or a similar weekly i.p. LPS administration but at a much lower dose (0.15 mg/kg) for 12 weeks in tau-transgenic PS19 mice (Qin et al., 2016), our experimental design employed chronic LPS preconditioning with weekly i.p. administration of a high dose (5 mg/kg) of LPS for 9 weeks followed by sacrifice 5 week later, to exclude the acute inflammatory effects of the last LPS insult. Considering the established lower sensitivity of mice to LPS than humans (Sauter and Wolfensberger, 1980) and rabbits (Redl et al., 1993), with a lethal dose ranging from 10 to 40 mg/kg (Tateda et al., 1996; Mahapatra et al., 2018), our selected dose was the highest possible dose without inducing sepsis which has been previously tested in acute inflammatory setups (Qin et al., 2007).

While we noted enhanced proliferation of microglia and significant retraction of processes in response to chronic LPS preconditioning, which are indicative of reactive microgliosis (Shankaran et al., 2007; Furube et al., 2015; Kloss et al., 2001; Kondo et al., 2011), the retraction of processes was evident from a significant reduction in cell area and a trend toward decreased cell perimeter values. Despite these changes, none of the other analysed shape descriptors (circularity, solidity, or aspect ratio) from the morphometric analysis showed differences in microglia between the groups. One potential explanation is that the overstimulation of microglia due to LPS, coupled with the developing pathology, as observed in tau-transgenic PS19 (van Olst et al., 2020), resulted in an “exhaustive phenotype” (Millet et al., 2024; Wendeln et al., 2018). This phenotype is also observed in aged and APOE4 genotype AD brains (Millet et al., 2024).

Interestingly, while microgliosis was evident, we observed no significant difference in the total tangle count between the groups. These results align with previous studies that reported no changes in insoluble tau levels (Joshi et al., 2014) or tangle count (Lee et al., 2010) upon chronic LPS challenge. Interestingly, we observed a significant correlation between the number of microglia per tangle in both the LPS- and the sham-treated group. However, despite the significant increase of 1.5–1.7-fold in the LPS-treated group, the presence of microglia did not lead to a reduction in the number of tangles. This finding aligns with prior studies indicating minimal tau internalization by microglia in AD brains (Nilson et al., 2017; Bolos et al., 2016; Bolos et al., 2017) and in transgenic animal models (Nilson et al., 2017; Clayton et al., 2021). This finding suggested that under inflammatory conditions, microglia may not be able to preferentially internalize tau.

Finally, our findings demonstrated a significant reduction in tau hyperphosphorylation in the hippocampus after a TLR4-mediated chronic LPS preconditioning in R3m4 mice. Conversely, such reduction was not observed in the brainstem. Despite the similar expression profiles of tau between the brainstem and hippocampus (Zimova et al., 2016), there are distinct differences in their phosphorylation patterns (Filipcik et al., 2012). This suggests that the specific tau phosphorylation signature in the hippocampus may confer protection against tangle formation (Schneider et al., 1999; Ittner et al., 2016; Strang et al., 2019). However, it is also unclear whether certain specific tau phospho-epitopes are added before or after the formation of tau inclusions, which may mitigate potential neuroprotective effects. Besides, R3m4 mouse model do not readily develop tangle pathology in the hippocampal formation during physiological aging or following chronic inflammation, as is observed here. However, robust tau tangle pathology is evident when intracerebral inoculation with human brain-derived AD-tau fibrils is performed.

Furthermore, the effect of LPS on tau phosphorylation remains controversial. While the reductions of tau phosphorylation were reported in the hippocampus of PS19 mice treated with TLR2-interaction domain of the MyD88 (wtTIDM) peptide (Dutta et al., 2023) and in 3 × Tg-AD mice treated with TLR9 agonists, short synthetic single-stranded DNA molecules containing unmethylated cytosine-guanosine oligodeoxynucleotides (CpG ODNs; Scholtzova et al., 2014). On the other hand, a dose-dependent increase in tau phosphorylation in 3 × Tg-AD mouse model was observed in other studies investigating chronic inflammation induced by LPS-mediated TLR4 activation (Joshi et al., 2014; Kitazawa et al., 2005; Sy et al., 2011). Interestingly, irrespective of whether TLR stimulation results in an increase or reduction in tau hyperphosphorylation, no discernible impact on tau tangle formation was noted in any of the abovementioned studies. These findings suggest that hyperphosphorylation alone may not be the exclusive factor driving tau tangle formation (Wegmann et al., 2021), characterizing the causal relationship between chronic inflammation-mediated tau phosphorylation and subsequent tangle formation as resembling a “distant analogy.”



5 Limitations

The selected model in this study exhibited tau pathology exclusively within the brainstem. The evaluation of behavioural and cognitive changes was omitted because the impact of LPS on cognition and behaviour has been comprehensively documented in previous studies. The short lifespan of this transgenic line presents a significant limitation, making it challenging to conduct analyses over extended and multiple meaningful time points. Additionally, no assessment of peripheral inflammation markers was conducted, again, given the well-established understanding of immune system activation via LPS.



6 Significance statement

This study demonstrates that chronic TLR4 stimulation via LPS-treatment does not exacerbate tau tangle pathology in a mouse model of sporadic AD, despite a significant increase in microglial number and an exhausted microglial phenotype. While we observed reduced tau phosphorylation levels in the hippocampus, no reduction in tau phosphorylation or tangles was noted in the brainstem, indicating that chronic TLR4 activation does not contribute to these processes. These findings offer new insights into the relationship between neuroinflammation and tau pathology, challenging the prevailing view that chronic inflammation uniformly exacerbates tau pathology in neurodegenerative diseases.
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