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            Abstract
Animal studies implicate meningeal lymphatic dysfunction in the pathogenesis of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease (PD). However, there is no direct evidence in humans to support this role1,2,3,4,5. In this study, we used dynamic contrast-enhanced magnetic resonance imaging to assess meningeal lymphatic flow in cognitively normal controls and patients with idiopathic PD (iPD) or atypical Parkinsonian (AP) disorders. We found that patients with iPD exhibited significantly reduced flow through the meningeal lymphatic vessels (mLVs) along the superior sagittal sinus and sigmoid sinus, as well as a notable delay in deep cervical lymph node perfusion, compared to patients with AP. There was no significant difference in the size (cross-sectional area) of mLVs in patients with iPD or AP versus controls. In mice injected with α-synuclein (α-syn) preformed fibrils, we showed that the emergence of α-syn pathology was followed by delayed meningeal lymphatic drainage, loss of tight junctions among meningeal lymphatic endothelial cells and increased inflammation of the meninges. Finally, blocking flow through the mLVs in mice treated with α-syn preformed fibrils increased α-syn pathology and exacerbated motor and memory deficits. These results suggest that meningeal lymphatic drainage dysfunction aggravates α-syn pathology and contributes to the progression of PD.
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                    Fig. 1: Quantitative assessments of mLVs-SSS and mLVs-SS flow by DCE-MRI.[image: ]


Fig. 2: Quantitative assessment of mLVs drainage by DCE-MRI of dcLNs.[image: ]


Fig. 3: Impaired meningeal lymphatic drainage with strong meningeal inflammation and loss of meningeal lymphatic endothelial cells in α-syn PFF-injected mice.[image: ]
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Extended data

Extended Data Fig. 1 CONSORT diagram.
Consolidated Standards of Reporting Trials flow diagram showing study participants screening, eligibility and inclusion.


Extended Data Fig. 2 Patients’ demographics and clinical characteristics.
Demographics and characteristics of DLB, CBD and VP groups who performed DCE-MRI of dcLNs. Mean (standard deviation) and N (%) were reported. Demographic factors and clinical characteristics were compared using chi-square test and two-sided Mann-Whitney tests.
Source data


Extended Data Fig. 3 Demographics and clinical characteristics of iPD patients.
The demographics and clinical characteristics of I-iPD and II-iPD groups who completed the MRI scans. Mean (standard deviation) and N (%) were reported.
Source data


Extended Data Fig. 4 Visualization and measurement of mLVs-SSS and mLVs-SS by high-solution MRI sequences.
a, Visualization of mLVs-SSS in NC (i, v), iPD (ii, vi), MSA (iii, vii) and PSP-RS (iv, viii) groups on 2D T1 black-blood (i-iv) and 3D T2 FLAIR (v-viii) sequences. Visualization of mLVs-SS in NC (ix, xiii), iPD (x, xiv), MSA (xi, xv) and PSP-RS (xii, xvi) groups on 2D T1 black-blood (ix-xii) and 3D T2 FLAIR (xiii-xvi) sequences. The red rectangles represent three mLVs-SSS (L-, R- and Lo-mLVs-SSS) (i-viii) or three mLVs-SS (L-, R- and Lo-mLVs-SS) (ix-xvi), L-, R- and Lo-mLVs-SSS represent the left, right and lower mLVs-SSS, respectively; L-, R- and Lo-mLVs-SS represent the left, right and lower mLVs-SS, respectively. Scale bar, 1 cm. b, Measurement and comparison of the average cross-sectional areas of mLVs-SSS (i) in NC (n = 73), iPD (n = 61), MSA (n = 18) and PSP-RS (n = 19) groups, or mLVs-SS (ii) in NC (n = 47), iPD (n = 46), MSA (n = 18) and PSP-RS (n = 17) groups on 2D T1 black-blood, 3D T1 black-blood and 3D T2 FLAIR sequences (one-way ANOVA with Tukey’s multiple comparison correction, Supplementary Table 3). Measurement and comparison of the average cross-sectional areas of mLVs-SSS (iii) in NC (n = 73), I-iPD (n = 31) and II-iPD (n = 30) groups, or mLVs-SS (iv) in NC (n = 47), I-iPD (n = 23) and II-iPD (n = 23) groups on 2D T1 black-blood, 3D T1 black-blood and 3D T2 FLAIR sequences (one-way ANOVA with Tukey’s multiple comparison correction, Supplementary Table 4). I-iPD group, H&Y stage ≤ 2.5; II-iPD group, H&Y stage > 2.5. c, Correlations between the modified H&Y staging scale scores and the average cross-sectional areas of mLVs-SSS (i-iii) (n = 61) or mLVs-SS (iv-vi) (n = 46) in iPD patients on 2D T1 black-blood (i, iv), 3D T1 black-blood (ii, v) and 3D T2 FLAIR (iii, vi) sequences (two-sided Spearman correlation analysis, Supplementary Table 6). All box-and-whisker plots depict the median, quartiles and range.
Source data


Extended Data Fig. 5 The DCE-MRI parameters of dcLNs in NC, DLB, CBD and VP groups.
Comparison of the average TTP values (a), average wash-in rate values (b) and average AUC values (c) of bilateral dcLNs in NC (n = 95), DLB (n = 8), CBD (n = 4) and VP (n = 19) groups (Kruskal–Wallis test with Dunn’s multiple comparison test). All box-and-whisker plots depict the median, quartiles and range.
Source data


Extended Data Fig. 6 Diagnostic accuracy of the DCE-MRI parameters for distinguishing iPD from AP.
The sensitivity, specificity, threshold, AUROC and 95% CI of the AUROC, sensitivity and specificity were calculated by ROC curve.
Source data


Extended Data Fig. 7 Diagnostic accuracy of the DCE-MRI parameters for distinguishing I-iPD from AP.
The sensitivity, specificity, threshold, AUROC and 95% CI of the AUROC, sensitivity and specificity were calculated by ROC curve.
Source data


Extended Data Fig. 8 PD-like pathology induced by intrastriatal inoculation of α-syn PFFs in mice.
a, Representative transmission electron micrographs of mouse α-syn PFFs before (i) and after (ii) sonication (repeated three times). Scale bar, 100 nm. iii, Distribution of sonicated mouse α-syn PFFs lengths after 500 measurements. b, Representative immunohistochemical results of different segments from α-syn PFFs- (i-iii, v-vii, ix-xi, xiii-xv) and PBS- (iv, viii, xii, xvi) injected mice. Representative images displayed the distribution of pα-syn in the cortex (i-iv), striatum (v-viii), amygdala (ix-xii) and substantia nigra (xiii-xvi) at 1 mpi (i, v, ix, xiii), 3 mpi (ii, vi, x, xiv) and 6 mpi (iii, vii, xi, xv), but not in PBS-injected mice at 6 mpi (iv, viii, xii, xvi). Scale bar, 20 μm. xvii-xx, Quantification of pα-syn immunoreactivity of cortex (xvii), striatum (xviii), amygdala (xix), and substantia nigra (xx) from α-syn PFFs-injected mice at 1, 3 and 6 mpi and PBS-injected mice at 6 mpi; two-sided Student’s t-test. n = 6 mice/age/group. c, Representative immunoblot images of total α-syn (i, ii) or pS129 α-syn (iii, iv) in the soluble (i, iii) and insoluble (ii, iv) fractions of cortex of PBS- and α-syn PFFs-injected mice and quantification (v, vi); two-sided Mann–Whitney test. n = 6 mice/group. The loading controls (GAPDH) were run on different gels in the same experiment. All box-and-whisker plots depict the median, quartiles and range.
Source data


Extended Data Fig. 9 Ligation of the bilateral afferent lymphatics exacerbated PD-like pathology and motor deficits in ligated α-syn PFFs-injected mice.
a, b, Representative images of LYVE-1-positive (green) vessels in the meninges of sham-operated (a1) and ligated (a2) mice and the quantification of diameters (b); two-sided Student’s t-test. n = 6 mice/group. Scale bar, 2 mm. c, d, Representative images of EB (red) draining into the dcLNs (c1-c3, sham-operated; d1-d3, ligated) one hour after injection, stained with LYVE-1 (green) and Hoechst 33258 (blue). Scale bar, 200 µm. e, Quantification of EB percentage area by area in dcLNs of sham-operated and ligated mice; two-sided Mann-Whitney test. n = 6 mice/group. f-i, Representative immunohistochemical results of different segments from ligated α-syn PFFs-injected mice (f1-f3, g1-g3, h1-h3, i1-i3) and ligated PBS-injected mice (f4, g4, h4, i4). The images displayed the distribution of pα-syn in cortex (f1-f3), striatum (g1-g3), amygdala (h1-h3) and substantia nigra (i1-i3) at 1 mpi (f1, g1, h1, i1), 3 mpi (f2, g2, h2, i2) and 6 mpi (f3, g3, h3, i3), but not in ligated PBS-injected mice at 6 mpi (f4, g4, h4, i4). Scale bar, 20 µm. j-m, Quantification of pα-syn immunoreactivity of the cortex (j), striatum (k), amygdala (l) and substantia nigra (m) in non-ligated α-syn PFFs-injected and ligated α-syn PFFs-injected mice (n = 6 mice/age/group); two-sided Student’s t-test. n-p, Representative immunoblot images (n) of total (up) and pS129 (down) α-syn in soluble (left) and insoluble (right) fractions of cortex of non-ligated α-syn PFFs-injected and ligated α-syn PFFs-injected mice and quantification (o, p); two-sided Mann-Whitney test. n = 6 mice/group. The loading controls (GAPDH) were run on different gels in the same experiment. All box-and-whisker plots depict the median, quartiles and range.
Source data


Extended Data Fig. 10 Quantitative assessments of MMA, SSS and ECA flow by DCE-MRI.
a, Representative DCE-MRI scans of MMA (i, ii, vii, viii), SSS (iii, iv, ix, x) and ECA (v, vi, xi, xii) before (i-vi) and after (vii-xii) administration of gadobutrol in NC (i, iii, v, vii, ix, xi) and iPD (ii, iv, vi, viii, x, xii) groups. The red ellipses represent MMA (i, ii, vii, viii), SSS (iii, iv, ix, x) and ECA (v, vi, xi, xii), respectively. Scale bar, 2 cm. b, Representative TICs of MMA (i, iv), SSS (ii, v) and ECA (iii, vi) of NC (i-iii) and iPD groups (iv-vi) obtained by DCE-MRI. L-MMA and R-MMA represent the left and right MMA, respectively. L-ECA and R-ECA represent the left and right ECA, respectively. c, Comparison of the average TTP values (i), average wash-in rate values (iv) and average AUC values (vii) of bilateral MMA in NC (n = 39), iPD (n = 24), MSA (n = 17) and PSP-RS (n = 17) groups (Kruskal–Wallis test with Dunn’s multiple comparison test). Comparison of the TTP values (ii), wash-in rate values (v) and AUC values (viii) of SSS in NC (n = 38), iPD (n = 24), MSA (n = 17) and PSP-RS (n = 18) groups (Kruskal–Wallis test with Dunn’s multiple comparison test). Comparison of the average TTP values (iii), average wash-in rate values (vi) and average AUC values (ix) of bilateral ECA in NC (n = 40), iPD (n = 24), MSA (n = 17) and PSP-RS (n = 18) groups (Kruskal–Wallis test with Dunn’s multiple comparison test). All box-and-whisker plots depict the median, quartiles and range.
Source data
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Supplementary Video 1
3D reconstruction of mLVs (red) in a healthy participant from subtracted T1 black-blood images (horizontal view, 360°). The mLVs run alongside the venous sinus, especially the SSS and SS.
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3D reconstruction of mLVs (red) in an iPD patient from subtracted T1 black-blood images (horizontal view, 360°). The mLVs run alongside the venous sinus, especially the SSS and SS.
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