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            Abstract
Compelling experimental evidence suggests that microglial activation is involved in the spread of tau tangles over the neocortex in Alzheimer’s disease (AD). We tested the hypothesis that the spatial propagation of microglial activation and tau accumulation colocalize in a Braak-like pattern in the living human brain. We studied 130 individuals across the aging and AD clinical spectrum with positron emission tomography brain imaging for microglial activation ([11C]PBR28), amyloid-β (Aβ) ([18F]AZD4694) and tau ([18F]MK-6240) pathologies. We further assessed microglial triggering receptor expressed on myeloid cells 2 (TREM2) cerebrospinal fluid (CSF) concentrations and brain gene expression patterns. We found that [11C]PBR28 correlated with CSF soluble TREM2 and showed regional distribution resembling TREM2 gene expression. Network analysis revealed that microglial activation and tau correlated hierarchically with each other following Braak-like stages. Regression analysis revealed that the longitudinal tau propagation pathways depended on the baseline microglia network rather than the tau network circuits. The co-occurrence of Aβ, tau and microglia abnormalities was the strongest predictor of cognitive impairment in our study population. Our findings support a model where an interaction between Aβ and activated microglia sets the pace for tau spread across Braak stages.
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                    Fig. 1: [11C]PBR28 is associated with TREM2 microglial activation.[image: ]


Fig. 2: Microglial and tau networks spatially converge to Braak-like stages.[image: ]


Fig. 3: The patterns of longitudinal tau propagation depend on baseline microglial network circuits.[image: ]


Fig. 4: Aβ load potentiates microglial activation effects on tau spreading.[image: ]


Fig. 5: The concomitant presence of Aβ, tau and microglial activation abnormalities is associated with cognitive symptoms.[image: ]


Fig. 6: Schematic representation of the effect of microglial activation on tau propagation in the presence of Aβ pathology.[image: ]
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Extended data

Extended Data Fig. 1
Study flowchart.


Extended Data Fig. 2 Cross-sectional and longitudinal abnormalities in [18F]MK-6240 across clinical groups.
(A) The brain images (cross-sectional analyses) show voxel-wise AUC results obtained from ROC curves between [18F]MK-6240 SUVR values of CU Aβ - versus CU Aβ + , MCI, or AD dementia. [18F]MK-6240 SUVR was increased in CU Aβ + , MCI, and AD dementia individuals in regions comprising early PET Braak-like stages, intermediary Braak stages, and across the whole brain cortex, respectively. Cross-sectional analysis was performed in 64 CU elderly (14 males, mean age = 72 (6)), 28 MCI (17 males, mean age = 73 (9)), and 16 AD dementia (6 males, mean age = 70 (8)). (B) The brain images (longitudinal analyses) show the results of voxel-wise paired t-test comparison between the baseline and follow-up [18F]MK-6240 SUVR images. CU, MCI, and AD dementia showed a more preeminent longitudinal [18F]MK-6240 SUVR increase in early, intermediary, and late Braak regions, respectively. Longitudinal analysis was performed in 34 CU elderly (6 males, mean age = 73 (6)), 13 MCI (9 males, mean age = 74 (6)), and 9 AD dementia (4 males, mean age = 70 (7)). Results survived to false discovery rate correction for multiple comparisons at P < 0.05.


Extended Data Fig. 3
Demographics and key characteristics of the population.


Extended Data Fig. 4 Groups difference in [11C]PBR28 SUVR.
(a) Averaged [11C]PBR28 SUVR maps, overlaid on a structural MRI template, suggest a progressively higher uptake in typical AD-related region in the posterior cingulate/precuneus, inferior parietal, and lateral temporal cortices from CU young (n = 22 (8 males, mean age = 23 (2)) to CU elderly (n = 64 (14 males, mean age = 72 (6)), MCI (n = 28, 17 males, mean age = 73 (9)), and AD dementia (n = 16, 6 males, mean age = 70 (8)) individuals. (b) Voxel-wise AUC maps obtained from ROC curves supported the above-mentioned differences between groups. Voxel-wise AUC also revealed the regions with higher [11C]PBR28 SUVR uptake in CU elderly Aβ + than CU elderly Aβ - and higher uptake in MCI Aβ + than MCI Aβ - (for example, medial temporal, posterior cingulate, and precuneus cortices). Young = cognitively unimpaired young; Elderly = cognitively unimpaired elderly; AD = AD dementia.


Extended Data Fig. 5 Microglial activation positively associates with brain Aβ and tau.
T-statistical parametric maps (false discovery rate corrected for multiple comparison at P < 0.05) overlaid on an MRI template show the results of voxel-wise linear regressions analysis between [11C]PBR28 SUVR and (A) Aβ [18F]AZD4694 SUVR and (B) tau [18F]MK-6240 SUVR. This analysis was performed in CU young (n = 22 (8 males, mean age = 23 (2)), CU elderly (n = 64 (14 males, mean age = 72 (6)), and 44 CI elderly (23 males, mean age = 72 (8)). The scatter plots show the results of two-side Pearson correlations between CSF sTREM2 and (C) CSF Aβ42/40 ratio and (D) CSF p-tau181 levels (CU young (n = 19 (9 males, mean age = 23 (2)), CU elderly (n = 29 (7 males, mean age = 73 (5)), and CI elderly (n = 27, 15 males, mean age = 71 (7)). The error bands denote 95% confidence intervals.


Extended Data Fig. 6 Microglia and tau networks correlations.
The plots show the correlations across PET Braak-like regions used in the network analyses presented in Fig. 2 for (a) [11C]PBR28 and (b) [18F]MK-6240. P values reflect the results of two-sided Pearson’s correlation between PET SUVR values corrected for age, sex, education, APOE ε4 status, and the remaining Braak regions not used in the given correlation. A correlation was interpreted as significant if it survived Bonferroni correction for multiple comparisons (30 tests, P < 0.0017). ** indicates a significant positive correlation; ## indicates a significant negative correlation. This analysis was performed in the elderly population (n = 108, 64 CU elderly (14 males, mean age = 72 (6)), 28 MCI (17 males, mean age = 73 (9)), and 16 AD dementia (6 males, mean age = 70 (8)).


Extended Data Fig. 7 Longitudinal tau propagation network correlations.
The plots show the correlations across PET Braak-like regions used in the longitudinal tau network analysis presented in Fig. 3A. P values reflect the results of two-sided Pearson’s correlation between changes in [18F]MK-6240 SUVR corrected for age, sex, education, APOE ε4 status, and the changes in the remaining Braak regions not used in the given correlation. A correlation was interpreted as significant if it survived Bonferroni correction for multiple comparisons (15 tests, P < 0.0034). ** indicates a significant positive correlation (n = 56, 34 CU (6 males, mean age = 73 (6)), 13 MCI (9 males, mean age = 74 (6)), and 9 AD dementia (4 males, mean age = 70 (7)).


Extended Data Fig. 8 Baseline microglial activation in Braak I region was associated with longitudinal tau accumulation over the neocortex.
The linear regression analysis shows that [11C]PBR28 SUVR value in the transentorhinal cortex (PET Braak-like stage I) was positively associated with 1-year change in tau PET uptake in brain regions comprising PET Braak-like stages II-VI, accounting for age, sex, APOE ε4 carriage status, and global Aβ load. The analysis was performed in 34 CU elderly (6 males, mean age = 73 (6)) and 22 CI elderly (13 males, mean age = 72 (7)). The error bands denote 95% confidence intervals.


Extended Data Fig. 9 The association between CSF sTREM2 and tau PET load recapitulates Braak stages.
The figure shows the results of voxel-wise regressions (false discovery rate corrected for multiple comparisons at P < 0.05) overlaid in a structure template (top) between CSF sTREM2 and [18F]MK-6240 SUVR in (A) CU (n = 48, 15 males, mean age = 53 (25)) and (B) MCI (n = 18, MCI (12 males, mean age = 72 (6)) participants. The bar plots (bottom) represent the percentage of the area showing a significant association between CSF sTREM2 and [18F]MK-6240 across Braak-like stage regions. The bars show that in CU individuals, CSF sTREM2 associates with tau pathology in early Braak stages, whereas in MCI individuals, CSF sTREM2 associates with tau pathology in late Braak stages, supporting a role for microglial activation in the spatial spread of tau in the human brain. No significant association was found in AD dementia patients after correction for multiple comparisons.


Extended Data Fig. 10 Distribution of Aβ, tau, and microglia activation abnormalities across diagnostic groups.
The figure shows the distribution of Aβ [18F]AZD4694, tau [18F]MK-6240, and microglia activation [11C]PBR28 abnormalities (+/-) in clinical groups. The co-occurrence of Aβ (A), tau (T), and microglia activation (MA) abnormalities (A/T/MA) was more prevalent in AD dementia (67%), followed by MCI (27%), CU elderly (4.5%), and CU young (0%). CU young (n = 22 (8 males, mean age = 23 (2)), CU elderly (n = 64 (14 males, mean age = 72 (6)), MCI (n = 28, 17 males, mean age = 73 (9)), and AD dementia (n = 16, 6 males, mean age = 70 (8)).
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