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            Abstract
The gut microbiota is increasingly recognized as an important regulator of host immunity and brain health. The aging process yields dramatic alterations in the microbiota, which is linked to poorer health and frailty in elderly populations. However, there is limited evidence for a mechanistic role of the gut microbiota in brain health and neuroimmunity during aging processes. Therefore, we conducted fecal microbiota transplantation from either young (3–4 months) or old (19–20 months) donor mice into aged recipient mice (19–20 months). Transplant of a microbiota from young donors reversed aging-associated differences in peripheral and brain immunity, as well as the hippocampal metabolome and transcriptome of aging recipient mice. Finally, the young donor-derived microbiota attenuated selective age-associated impairments in cognitive behavior when transplanted into an aged host. Our results reveal that the microbiome may be a suitable therapeutic target to promote healthy aging.
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                    Fig. 1: FMT alters the microbiota on a taxonomic and functional level.[image: ]


Fig. 2: FMT from young to aged mice modulate peripheral immunity and hippocampal neuroimmunity.[image: ]


Fig. 3: FMT from young to aged mice shapes the hippocampal metabolome.[image: ]


Fig. 4: FMT from young to aged mice influence behavior.[image: ]
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              Sequencing data have been deposited in the Sequence Read Archive. Microbiota sequencing data are available at http://www.ncbi.nlm.nih.gov/bioproject/737691 (accession PRJNA737691) and hippocampal RNA-seq data are available at http://www.ncbi.nlm.nih.gov/bioproject/738160 (accession PRJNA738160). Source data are provided with this paper. Other data that support the findings of this study are available from the corresponding author upon request.
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Extended data

Extended Data Fig. 1 Aging Impacts on Physiological Parameters.
a, No differences were found in telomere length amongst groups. n = 10 (young yFMT), 12 (aged oFMT), 12 (aged yFMT). b, Aged mice exhibited a decrease in intestinal motility independent of the donor FMT (F(2,50)=9.055, p < 0.001). Post-hoc analysis indicated decreased intestinal transit time in aged oFMT (p < 0.001) and aged yFMT (p = 0.002) compared to young yFMT. Aging decreased fecal water content independent of the donor FMT, respectively (F(2,50)=5.464, p = 0.007) with decreased fecal water content in both aged oFMT (p = 0.007) and aged yFMT (p = 0.041) compared to young yFMT. n = 16 (young yFMT), 16 (aged oFMT), 21 (aged yFMT). c, Aged mice exhibited decreased cecum weight (F(2,48)=22.78, p < 0.001; post-hoc: p < 0.001) which was unaltered by FMT from young to aged mice. n = 15 (young yFMT), 15 (aged oFMT), 20 (aged yFMT). d, Aged mice showed decreased plasma corticosterone levels independent of the donor FMT (F(2,48)=28.78, p < 0.001) with young yFMT compared to aged oFMT (p < 0.001) and aged yFMT (p < 0.001), respectively. n = 15 (young yFMT), 15 (aged oFMT), 20 (aged yFMT). e, Concomitant with the decreased corticosterone levels, both left and right adrenal weight were decreased by age. Organ weight is depicted as % relative to body weight. n = 14 (young yFMT), 12 (aged oFMT), 18 (aged yFMT). f, Treatment significantly altered spleen weight (H(3)=12.93, p = 0.016). Post-hoc analysis (Dunn’s) indicates reduced spleen weight in aged yFMT compared to young yFMT (p = 0.001). n = 16 (young yFMT), 15 (aged oFMT), 19 (aged yFMT). g, Aged mice, independent of the donor FMT, showed an accumulation of fat depots, subcutaneous (H(3)=12.84, p = 0.002, Kruskal-Wallis post-hoc Dunn’s) and retroperitoneal (H(3)=21.24, p < 0.001, Kruskal-Wallis post-hoc Dunn’s) while inter scapular brown fat (iBAT) remained unaltered. n = 15 (young yFMT), 16 (aged oFMT), 21 (aged yFMT). (a-g) If not otherwise indicated: data was analyzed by one-way ANOVA post-hoc Holm–Sidak. All statistical tests were conducted two-sided. Each datapoint represents one independent mouse. Mean ± s.e.m., *p < 0.05, **p < 0.01, ***p < 0.001.

                          Source data
                        


Extended Data Fig. 2 yFMT did not Improve the Aging-Associated Reduction in Survival of Newborn Hippocampal Neurons or alter Microglia Morphology.
a, Aging induced dramatic declines in the number of surviving new-born neurons, labelled with BrdU + /NeuN + (F(2,12)=55.23, p < 0.001; young yFMT vs aged oFMT (p < 0.001). However, there were no differences in neuron survival between aged oFMT and aged yFMT mice (p = 0.832). One-way ANOVA post-hoc Holm–Sidak. Mean ± s.e.m. n = 5 independent mice per group. b, There were no significant differences in microglia branching morphology revealed by Sholl analysis. Mean (number of intersections per µm radius from center) ± s.e.m. n = 5 independent mice per group. Scale bar = 200 µm.

                          Source data
                        


Extended Data Fig. 3 Impact of Aging on Peripheral Innate and Adaptive Immune System.
Adaptive and innate immunity was assessed by Flow Cytometry in both the mesenteric lymph nodes (at the end of the study) and the systemic circulation (before mice were assessed for behavior). a, Adaptive immunity in MLNs: A profound age effect was noted in the overall population of CD4+ T-cells (H(3)=30.49, p < 0.001, Kruskal-Wallis post-hoc Dunn’s) while CD8+ T-cells were not affected by age nor FMT. Subsequently, we assessed subpopulations of both, CD4+ and CD8+ T-cells, which both, early activated (F(2,47)=31.79, p < 0.001) and memory CD4+ T-cells (F(2,48)=45.47, p < 0.001), and memory CD8+ T-cells (F(2,44)=68.14, p < 0.001) showed an age-associated increase which was unaffected by yFMT into aged mice. n = 15-16 (young yFMT), 16 (aged oFMT), 19-21 (aged yFMT). b, Adaptive immunity in the circulation: A decrease of T-regulatory cells and their transcription factor, foxp3, was observed in both age groups (F(2,50)=6.789, p = 0.003 and F(2,50)=12.90, p < 0.001, respectively). In addition, CD4+, CD25+ T-cells were decreased in both age groups (F(2,50)=6.554, p = 0.003) while CD25 expression on CD4+, CD25+ T-cells were increased in aged yFMT compared to young yFMT (H(3)=6.179, p = 0.046, Kruskal-Wallis post-hoc Dunn’s: p = 0.041). Similarly to MLNs, the overall population of CD4+ T-cells was strongly decreased by age (F(2,50)=89.4, p < 0.001) while CD8+ T-cells remained unchanged. Subsequent assessment of the respective subpopulations revealed a strong increase in both age groups in early activated (H(3)=20.74, p < 0.001, Kruskal-Wallis post-hoc Dunn’s) and memory CD4+ T-cells (H(3)=23.05, p < 0.001, Kruskal-Wallis post-hoc Dunn’s), and memory CD8+ T-cells (F(2,49)=51.81, p < 0.001) while early activated CD8+ T-cells remained unchanged. Further, we assessed the expression of the adhesion marker, CD62L, on both overall CD4+ and CD8+ T-cells. A decrease of CD62L expression in both age groups were found in CD4+ T-cells (F(2,50)=4.875, p = 0.012). In contrast, aged mice exhibited an increase in CD62L expression in CD8+ T-cells (F(2,50)=4.684, p = 0.014) from which Aged yFMT was significantly different to Young yFMT (p = 0.013) while aged oFMT showed a trend (p = 0.068). n = 14-16 (young yFMT), 15-16 (aged oFMT), 20-21 (aged yFMT). (c) Innate immunity in circulation: assessment of three subpopulations of monocytes; Ly6Chi, Ly6Cint and Ly6Clow monocytes revealed a strong age impact on the overall population and subsequent protein expression levels of activation and trafficking markers. An age-related increase was found in the overall population of Ly6Chi (F(2,46)=5.489, p = 0.007), Ly6Cint (F(2,45)=3.316, p = 0.045) and Ly6Clow monocytes (H(3)=14.21, p < 0.001, Kruskal-Wallis post-hoc Dunn’s). Similarly, all three populations exhibited an age-related increased expression in the trafficking receptor CX3CR1 (Ly6Chi: F(2,44)=4.22, p = 0.021, Ly6Cint: F(2,44)=14.07, p < 0.001, and Ly6Clow monocytes: F(2,46)=5.832, p = 0.006) which remained unaffected by yFMT into aged mice. Moreover, aging triggered an increase in the activation marker CD11b on both Ly6Cint and Ly6Chi monocytes F(2,45)=29.51, p < 0.001, post-hoc: p < 0.001, and F(2,46)=3.872, p = 0.028, post-hoc: p = 0.032, respectively), and while these aging-related effects persisted in the Ly6Cint monocytes of aged yFMT mice (p < 0.001), there was no significant difference apparent in the CD11b marker on Ly6Chi monocytes in aged yFMT compared to young yFMT mice. Further, both aged groups showed a decreased expression of CD62L on Ly6Cint monocytes (F(2,43)=16.43, p < 0.001) while both, Ly6Chi and Ly6Clow monocytes remained unaffected. In addition, Aged oFMT showed an increase in Ly6C expression on Ly6Cint monocytes ((F(2,46)=6.819, p = 0.003; post-hoc: p = 0.002) which tended to be rescued in aged yFMT (p = 0.071). Assessment of CD11b+, CD11c+ dendritic cells revealed an age-related increase in both age groups regarding the overall population of CD11c+ dendritic cells in the circulation (F(2,46)=8.221, p < 0.001), the trafficking receptor CX3CR1 (F(2,46)=6.467, p = 0.003), and the activation marker CD11b (F(2,46)=6.867, p = 0.003). Notably, no differences were found in Ly6G+ neutrophils while CD49+ NK cells showed a strong increase in both aged groups (H(3)=15.86, p < 0.001, Kruskal-Wallis post-hoc Dunn’s). n = 12-15 (young yFMT), 15-16 (aged oFMT), 19-21 (aged yFMT). Mean ± s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001, & p < 0.1. (a-c) If not otherwise indicated: data was analyzed by one-way ANOVA post-hoc Holm–Sidak. All statistical tests were conducted two-sided. Each datapoint represents one individual mouse.
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Extended Data Fig. 4 Gating Strategy.
For MLNs, PBMCs were selected based on SSC-H and FSC-H using the FACSCalibur. F4/80+ Macrophages were further selected using CD11b+ and F4/80+. T-cells were gated through CD4+ and CD8+. To assess sub-populations of T-cells, each CD4+ and CD8+ T-cells were investigated with the markers for early activation (CD69) and memory cells (CD44hi). In addition, we assessed monocytes / neutrophils by gating on CD11b+ and Ly6C+, followed by differentiation with Ly6G for monocytes (CD11b+, Ly6C+, Ly6G−) and neutrophils (CD11b+, Ly6C+, Ly6G+). Monocytes were further determined for the proportion of Ly6Chi monocytes which express Ly6C on a high level (CD11b+, Ly6G−, Ly6Chi). Dendritic cells were investigated through gating for CD11c+ and MHCII+, and subsequent CD103+ marker expression. For the circulation assessment, we used a more comprehensive panel and utilized the FACSCelesta, which enabled initial gating for singlets, followed by selection of the PBMCs and live cells. We gated for CD4+ and CD8+ T-cells followed by subsequent assessment of each population for markers for early activation (CD69) and memory cells (CD44hi). We also investigated T-regulatory cells (CD4+, CD25+, Foxp3+) through gating for CD4+, CD25+ T-cell subpopulation followed by Foxp3+. In addition, we gated for CD49+ Natural killer (NK) cells through the CD4−, CD8− population. Neutrophils were selected based on SSChi, Ly6G+ and CD11b+. Monocytes were selected through SSChi and Ly6G−. Based on CD11b+ expression and their respective Ly6C expression, we differentiated the monocyte population into Ly6Cint monocytes and Ly6Chi monocytes. Dendritic cells were assessed through Ly6Clow and CD11c+. Ly6Clow monocytes were selected through Ly6Clow followed by CX3CR1+.


Extended Data Fig. 5 Additional behavioral readouts.
a, Short-term memory assessed by spontaneous alternation behavior (Y-maze). No significant differences were observed between groups. n = 16 (young yFMT), 15 (aged oFMT), 21 (aged yFMT). b, Short-term memory and exploration in the Novel Object Recognition (NOR) test. While long-term memory in the NOR was not significantly different across groups, there were significant differences in exploration of the objects (F(2,44)=3.388, p = 0.028), with aged mice receiving yFMT (aged yFMT) showing an increased exploration activity compared to aged oFMT (p = 0.043). n = 14 (young yFMT), 12 (aged oFMT), 19 (aged yFMT). c, Learning in Morris Water Maze: to better visualize the change in learning, readouts were further assessed by determining the % change from training day one (statistical analysis via RM One-Way ANOVA post-hoc Holm-Sidak followed by assessing differences per training day via one-way ANOVA; and AUC). Overall, there was a trend towards significant differences in learning in % change in mean distance from platform, path length, and average velocity, though there were no significance differences between groups following post-hoc corrections. Further assessment at each training day revealed significant age effects when comparing aged oFMT to young yFMT mice. Interestingly, aged yFMT mice showed no statistical difference compared to young yFMT mice, but significantly improved compared to aged oFMT mice in several parameters. First, aged oFMT mice displayed a reduced improvement in % change in mean distance from platform on Training Days 4 and 5 (F(2, 50)=4.349, p = 0.018, post-hoc p = 0.021; F(2, 50)=4.031, p = 0.024, post-hoc p = 0.046) as well as a trend on Day 3 (F(2, 50)=2.395, p = 0.102, post-hoc p = 0.097). Aged yFMT mice showed significant improvement compared to aged oFMT mice on Training Day 5 (p = 0.046) and trended towards significant difference on Day 4 (p = 0.056). This recovery in the effect of aging by yFMT was also evident in AUC, where aged oFMT mice had significantly higher AUC than young yFMT mice (F(2, 50)=3.842, p = 0.028, post-hoc p = 0.047) which was ameliorated by yFMT into aged mice. While there was no overall difference in % change in latency across training days, a significant age impairment is present on Training Day 4 (F(2, 50)=3.814, p = 0.029, post-hoc p = 0.031) where aged yFMT mice also trended towards significantly improving compared to aged oFMT (p = 0.089). Significant effects of age were apparent in % change in average path length on Training Days 3, 4, and 5 (Day 3: F(2, 50)=4.481, p = 0.016, post-hoc p = 0.022; Day 4: F(2, 50)=6.165, p = 0.004, post-hoc p = 0.004; and Day 5: F(2, 50)=5.580, p = 0.007, post-hoc p = 0.007). Furthermore, aged yFMT significantly improved compared to aged oFMT on these three training days (p = 0.039; p = 0.027; p = 0.030, respectively). This clear age effect was further evident when looking at AUC, where aged oFMT mice showed significantly increased AUC compared to young yFMT and aged yFMT mice (F(2, 50)=5.277, p = 0.008, post-hoc p = 0.016 and p = 0.016, respectively). Aged oFMT mice had significantly different % change in average velocity compared to both young yFMT and aged yFMT mice on Training Day 3 (F(2, 50)=4.351, p = 0.018, post-hoc p = 0.026 and p = 0.04, respectively), though this significance was not apparent in AUC. n = 16 (young yFMT), 16 (aged oFMT), 21 (aged yFMT). d, Social behavior and memory: Treatment affected social behavior with respect to the time the test mouse interacted with a con-specific mouse (over an object) in the second phase of the three-chamber social interaction test (F(2,49)=4.168, p = 0.021) while interaction with a novel mouse (over the now familiar mouse) in the third phase of the three-chamber social interaction test remained unaffected by the treatment. Post-hoc analysis indicated decreased interaction with a con-specific mouse in aged oFMT compared to young yFMT (p = 0.022), which trended towards being rescued by yFMT into aged mice (p = 0.077). n = 15 (young yFMT), 16 (aged oFMT), 21 (aged yFMT). e, Observation Battery: Bar plots show observation battery score prior to FMT compared to end of study. Both aged groups showed a decreased score prior to FMT compared to young yFMT (H(3)=13.33, p = 0.001; post-hoc: aged oFMT p = 0.001, and aged yFMT p = 0.038, respectively). In contrast, aged yFMT did not show a significant difference (p = 0.46) at the end of the study while aged oFMT retained a decreased score compared to young yFMT (H(3)=6.146, p = 0.046; Kruskal-Wallis post-hoc Dunn’s: p = 0.04). n = 16 (young yFMT), 16 (aged oFMT), 21 (Aged yFMT). f, Locomotion: Locomotion was unaltered by age (Aged oFMT) or FMT from young to aged mice (Aged yFMT). g, Anxiety-like behavior: neither age nor FMT affected time in center and number of entries into the center zone in the open field. n = 12-16 (young yFMT), 16 (aged oFMT), 20-21 (aged yFMT). h, No significant differences were observed in the Novelty-Induced Hypophagia behavioral test. n = 9 (young yFMT), 9 (aged oFMT), 7 (aged yFMT). Mean ± s.e.m. For MWM Training Day figures, young yFMT vs aged oFMT: #p < 0.10, *p < 0.05, **p < 0.01; aged yFMT vs aged oFMT: &p < 0.10, $p < 0.05; For all other figures: & p < 0.10, *p < 0.05, **p < 0.01. (a-i) If not otherwise indicated: data was analyzed by one-way ANOVA post-hoc Holm-Sidak. All statistical tests were conducted two-sided. Each datapoint represents one independent mouse.

                          Source data
                        


Extended Data Fig. 6 FMT samples have a high diversity and cluster with the fecal microbiome of their donors.
a, Principal component analysis showing the compositions of the fecal microbiome in young and aged mice as measured in Aitchison distance, as well as the donor samples in triplicates. Ellipses represent the 95% confidence intervals per group. b, Violin plots showing that pooled FMT samples have a higher alpha diversity compared to those of the murine microbiome. Black horizontal lines in violin plots represent the medians. c, Violin plots showing the number of genera gained, lost and unchanged per mouse after FMT. No differences in the amounts of genera gained, lost or unchanged were found. d, Stacked bar plots showing the composition of the microbiome per treatment group per time point, including both types of FMT donor material. Genera that were never detected above 1% reads abundance were aggregated and labeled as ‘Rare Taxa’ for this figure. No statistical testing was done for the FMT donor samples due to the low sample number (n = 3 per group). n = 25 (young yFMT), 23 (aged oFMT), 27 (aged yFMT) independent mice.

                          Source data
                        


Extended Data Fig. 7 yFMT influences hippocampal transcriptomics and yFMT-induced microbiome alterations functionally correlate with hippocampal metabolomics.
a, Pearson correlation coefficients for the hippocampal metabolites that were found to be altered in aging and restored towards young levels after yFMT. The vertical dashed lines depict a Pearson correlation coefficient of 0. Colors depict the treatment groups, whereas grey points represent the correlation coefficients after pooling all three groups. Opaque points with thick black borders display significant correlations after Benjamini-Hochberg correction at q < 0.1. Non-opaque points display the correlation coefficient for the other treatment groups. Full statistical information is available in Supplementary Table 4. b, Transcriptomics analysis revealed three hippocampal genes altered in aging and reversed by yFMT. Relative gene expression is depicted as violin plots. All three genes, Glul and mt-Rnr1 and mt-Rnr2 were significantly altered by aging (aged oFMT vs. young yFMT: p < 0.001, p = 0.001, p < 0.001, and q = 0.004, q = 0.016, and q = 0.007, respectively), and restored by yFMT (aged yFMT vs. aged oFMT: p = 0.003, p = 0.006, p = 0.003, and q = 0.125, q = 0.159, and q = 0.125, respectively). Mann-Whitney U-test followed by Storey’s q-value post-hoc tests: **p < 0.01, ***p < 0.001. n = 12 per group. Heatmap showing top 50 most differentially expressed genes between groups by FDR. Microglia sensome-related genes are indicated with a box.
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Extended Data Fig. 8 Graphical Summary.
Microbiota from young mice rejuvenated aspects of aging-related alterations in the gut microbiome, peripheral and brain immunity, and restored metabolites and behavior.
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