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            Abstract
Dietary habits and vascular risk factors promote both Alzheimerâ€™s disease and cognitive impairment caused by vascular factors1,2,3. Furthermore, accumulation of hyperphosphorylated tau, a microtubule-associated protein and a hallmark of Alzheimerâ€™s pathology4, is also linked to vascular cognitive impairment5,6. In mice, a salt-rich diet leads to cognitive dysfunction associated with a nitric oxide deficit in cerebral endothelial cells and cerebral hypoperfusion7. Here we report that dietary salt induces hyperphosphorylation of tau followed by cognitive dysfunction in mice, and that these effects are prevented by restoring endothelial nitric oxide production. The nitric oxide deficiency reduces neuronal calpain nitrosylation and results in enzyme activation, which, in turn, leads to tau phosphorylation by activating cyclin-dependent kinaseÂ 5. Salt-induced cognitive impairment is not observed in tau-null mice or in mice treated with anti-tau antibodies, despite persistent cerebral hypoperfusion and neurovascular dysfunction. These findings identify a causal link between dietary salt, endothelial dysfunction and tau pathology, independent of haemodynamic insufficiency. Avoidance of excessive salt intake and maintenance of vascular health may help to stave off the vascular and neurodegenerative pathologies that underlie dementia in the elderly.
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                    Fig. 1: HSD increases tau phosphorylation and insoluble tau.[image: ]


Fig. 2: The NO precursor l-arginine prevents the increase in p-tau induced by HSD.[image: ]


Fig. 3: HSD induces activation of calpain and CDK5 associated with calpain denitrosylation.[image: ]


Fig. 4: HSD-induced cognitive dysfunction is not observed in tauâˆ’/âˆ’ mice and is prevented by tau antibodies despite cerebrovascular insufficiency.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 HSD (4 or 8%) induced tau phosphorylation: brain localization, sex differences and time course.
a, HSD (8% NaCl) increases tau phosphorylation on Ser396 (PHF13) and on Ser199Ser202 in the hippocampus (HIPP) but not in the neocortex (CTX) (HIPP: PHF13, ND/HSD nÂ =Â 4/5, *PÂ =Â 0.0016; Ser199Ser202, ND/HSD nÂ =Â 4/5, *PÂ =Â 0.0337; two-tailed unpaired t-test versus ND), whereas acetylation of tau on Lys280 (K280) is not affected. MC1 immunoreactivity increases in both neocortex and hippocampus in HSD-fed mice but reaches statistical significance only in neocortex (MC1, ND/HSD nÂ =Â 4/5, *PÂ =Â 0.0321 versus ND, two-tailed unpaired t-test). b, Tau phosphorylation on Ser199Ser202 and Ser202Thr205 is abolished after treatment of brain samples with lambda phosphatase. c, HSD increases AT8 immunoreactivity (leftÂ graph) in neocortex and hippocampus of female mice, but RZ3 (middle) increases only in neocortex (AT8, cortex: ND/HSD nÂ =Â 8/10, *PÂ =Â 0.0159; hippocampus: ND/HSD nÂ =Â 10/9, *PÂ =Â 0.0151; RZ3, cortex: ND/HSD nÂ =Â 10/8, *PÂ =Â 0.0117; two-tailed unpaired t-test for HSD versus ND). Right, HSD induces a deficit in NOR in female mice (ND/HSD nÂ =Â 8/9, *PÂ =Â 0.0017 versus ND, two-tailed unpaired t-test). d, HSD increases AT8 immunoreactivity in neuronal cell bodies of the somatosensory cortex (scale bars,Â 100 Î¼m (main images); 10Â Âµm (insets)) and MC1 immunoreactivity in neuronal bodies of the pyriform cortex (scale bars,Â 500Â Î¼m (main images); 100Â Âµm (insets)). Representative images from ND- and HSD-fed mice (nÂ =Â 5 per group). e, Thioflavin S staining is not present in mice fed an HSD, indicating absence of neurofibrillary tangles, which can be observed in rTg4510 mice (scale bars,Â 500Â Î¼m (main images); 100Â Âµm (inset)). Representative images from nÂ =Â 5 ND- and HSD-fed mice and nÂ =Â 3 rTg4510 mice. f, HSD (4%) increases AT8 immunoreactivity in theÂ neocortex but not in theÂ hippocampus (AT8, cortex: ND/HSD nÂ =Â 5/5, *PÂ =Â 0.0148 versus ND, two-tailed unpaired t-test). RZ3 was not increased in both regions. g, Time course of the increase in AT8 and RZ3 induced by HSD in the hippocampus. AT8 levels are increased after 4 weeks of HSD. RZ3 levels are increased after 4, 12, 24 and 36 weeks of HSD (AT8, 4 weeks: ND/HSD nÂ =Â 4/5, *PÂ =Â 0.0386; 12 weeks: ND/HSD nÂ =Â 9/9, *PÂ <Â 0.0001; RZ3, 4 weeks: ND/HSD nÂ =Â 4/5, *PÂ =Â 0.0041; RZ3, 12 weeks: ND/HSD nÂ =Â 9/9, *PÂ =Â 0.0011; 24 weeks: ND/HSD nÂ =Â 7/10, *PÂ =Â 0.0017; 36 weeks: ND/HSD nÂ =Â 5/4, *PÂ =Â 0.0188; two-tailed unpaired t-test for HSD versus ND). For gel source data see Supplementary Fig. 1. Data are expressed as meanÂ Â±Â s.e.m.

Source data



Extended Data Fig. 2 Effect of HSD on neurons, astrocytes, microglia/macrophages, pericytes and white-matter integrity.
a, HSD (NaCl 8%) does not affect neurons (NEUN), astrocytes (GFAP), microglia/macrophages (IBA-1) (cortex: microglia, ND/HSD nÂ =Â 5/5, PÂ =Â 0.0570; hippocampus: ND/HSD nÂ =Â 5/5, PÂ =Â 0.0556; two-tailed unpaired t-test for HSD versus ND) or pericytes (CD13) in both the pyriform cortex and the hippocampus (scale bars,Â 500Â Î¼mÂ (except where specified)). b, No evidence of neuronal cell death is observed in HSD-fed mice by Fluoro-Jade B or TUNEL staining (scale bar,Â 500Â Î¼m). +DNase indicates positive control for TUNEL staining. Representative images from ND- and HSD-fed mice (nÂ =Â 5 per group). c, KlÃ¼verâ€“Barrera stain shows no white-matter damage in the corpus callosum of HSD-fed miceÂ (scale bar, 100Â Î¼m). Representative images from ND- and HSD-fed mice (nÂ =Â 4 per group). Data are expressed as meanÂ Â±Â s.e.m.

Source data



Extended Data Fig. 3 AÎ² levels in HSD-fed mice and correlation of behavioural deficits with p-tau, as well as p-tau in hypertension, HSD-treated tg2576 mice and hypothermia.
a, HSD (8% NaCl) does not alter the distance travelled before finding the escape hole in the Barnes maze (primary distance, ND/HSD nÂ =Â 13/13, diet: *PÂ =Â 0.0462, time: *PÂ <Â 0.0001, two-way repeated measures ANOVA and Bonferroniâ€™s test; primary distance day 5: ND/HSD nÂ =Â 13/13, PÂ =Â 0.0670 versus ND, two-tailed unpaired t-test) or the number of errors made (primary errors, ND/HSD nÂ =Â 13/13, diet: PÂ =Â 0.110, time: *PÂ =Â 0.0004, two-way repeated measures ANOVA and Bonferroniâ€™s test; primary errors day 5: PÂ =Â 0.1226 versus ND, two-tailed unpaired t-test). b, RZ3 levels in the cortex correlate with cognitive performance on the NOR test. No correlation was found between hippocampal RZ3 levels and cognitive performance on either the Barnes maze or the NOR test. RZ3 cortex: Barnes maze rÂ =Â 0.2828, *PÂ =Â 0.0133, nÂ =Â 76; NOR rÂ =Â âˆ’0.2806, *PÂ =Â 0.0170, nÂ =Â 72; RZ3 hippocampus: Barnes maze rÂ =Â 0.1739, PÂ =Â 0.1470, nÂ =Â 71; NOR rÂ =Â âˆ’0.1746, PÂ =Â 0.1577, nÂ =Â 67, Pearsonâ€™s correlation coefficient). c, HSD does not increase soluble or insoluble AÎ²38, AÎ²40 or AÎ²42 in the neocortex. AÎ²38, soluble ND/HSD nÂ =Â 11/9, insoluble ND/HSD nÂ =Â 7/6; AÎ²40, soluble ND/HSD nÂ =Â 11/14, insoluble ND/HSD nÂ =Â 7/6; AÎ²42, soluble ND/HSD nÂ =Â 9/9, insoluble ND/HSD nÂ =Â 7/6. d, Delivery of angiotensin II (ANGII; 600Â ngÂ kgâˆ’1Â minâˆ’1, subcutaneously (s.c.)) via osmotic minipumps over 6 weeks increases systolic blood pressure (SBP) and induces cognitive deficits (SBP: Veh/ANGII nÂ =Â 10/10, treatment: *PÂ <Â 0.0001, time: *PÂ <Â 0.0001, repeated measures two-way ANOVA and Bonferroniâ€™s test; NOR: 2 weeks Veh/ANGII nÂ =Â 12/12, 4 weeks Veh/ANGII nÂ =Â 10/11, 6 weeks Veh/ANGII nÂ =Â 7/7, treatment: *PÂ <Â 0.0021, time: *PÂ =Â 0.0208, two-way ANOVA and Bonferroniâ€™s test). e, Administration of angiotensin II increases AT8 and RZ3 immunoreactivity in the neocortex but not the hippocampus (cortex, AT8 6 weeks: Veh/ANGII nÂ =Â 4/4, *PÂ =Â 0.0324; RZ3 6 weeks: Veh/ANGII nÂ =Â 5/5, *PÂ =Â 0.0262; hippocampus, AT8 6 weeks: Veh/ANGII nÂ =Â 5/5, PÂ =Â 0.4056; RZ3 6 weeks: Veh/ANGII nÂ =Â 5/5, PÂ =Â 0.0556, two-tailed unpaired t-test versus vehicle). f, HSD increases AT8 and RZ3 levels in both the neocortex and the hippocampus of 6-month-old Tg2576 mice (cortex, AT8: *PÂ <Â 0.0001; hippocampus, AT8: *PÂ =Â 0.0153; cortex, RZ3: *PÂ <Â 0.0001; hippocampus, RZ3: *PÂ =Â 0.0239; two-tailed unpaired t-test for HSD versus ND). g, Hypothermia induces massive AT8 phosphorylation (cortex: AT8 nÂ =Â 4/5, *PÂ =Â 0.0159; hippocampus: AT8 nÂ =Â 4/5, *PÂ =Â 0.0159) and increases MC1 (cortex: MC1 nÂ =Â 4/5, *PÂ =Â 0.0317; hippocampus: MC1 nÂ =Â 4/5, *PÂ =Â 0.0159) and RZ3 (cortex: RZ3 nÂ =Â 4/5, *PÂ =Â 0.0201; hippocampus: RZ3 nÂ =Â 4/5, *PÂ =Â 0.0453). Unpaired two-tailed t-test for hypothermia (HYPO) versus normal temperature (NT). h, Unlike HSD (Fig. 1G), hypothermia does not shift tau from soluble to more insoluble fractions. For gel source data see Supplementary Fig. 1. Data are expressed as meanÂ Â±Â s.e.m.

Source data



Extended Data Fig. 4 Effect of l-arginine on p-tau and calpain expression, as well as p-tau in eNOSâˆ’/âˆ’ mice, calpain and CDK5 localization, pDARPP-32 with HSD, and IL-17 levels.
a, Administration of l-arginine (10 gÂ lâˆ’1 in drinking water), starting at week 8 of HSD and continuing through week 12, suppresses RZ3 levels inÂ the neocortex but not inÂ the hippocampus (cortex: RZ3, ND/HSD nÂ =Â 10/10, *PÂ <Â 0.0001; hippocampus: RZ3, ND/HSD nÂ =Â 10/10, *PÂ =Â 0.0005, two-tailed unpaired t-test versus normal diet with vehicle). b, l-Arginine does not affect the increase in serum IL-17 induced by HSD (Veh, ND/HSD nÂ =Â 9/11, *PÂ =Â 0.0002 versus ND Veh; l-arg, ND/HSD nÂ =Â 9/8, *PÂ <Â 0.0001 versus ND l-arg, two-tailed unpaired t-test). c, AT8 and RZ3 levels are elevated in the neocortex and hippocampus of eNOSâˆ’/âˆ’ mice on ND (AT8: cortex, ND/HSD nÂ =Â 5/4, *PÂ =Â 0.0029; hippocampus, ND/HSD nÂ =Â 5/4, *PÂ =Â 0.0078; RZ3: cortex, ND/HSD nÂ =Â 5/4, *PÂ =Â 0.0003; hippocampus, ND/HSD nÂ =Â 5/4, *PÂ =Â 0.0128, two-tailed unpaired t-test versus wild-type mice). d, HSD does not increase tau phosphorylation in eNOSâˆ’/âˆ’ mice (RZ3: hippocampus, ND/HSD nÂ =Â 7/8, *PÂ =Â 0.0224 versus ND, two-tailed unpaired t-test). e, Calpain 2 immunoreactivity is present in neuronal cell bodies of the somatosensory and piriform cortex (scale bars,Â 500Â Î¼m (left); 100Â Âµm (right)). Representative images from nÂ =Â 3 mice. f, Colocalization of Calpain 2 and CDK5 in neuronal cell bodies of the piriform cortex (scale bars,Â 50Â Î¼m (main images); 10Â Âµm (inset)). Representative images from nÂ =Â 3 mice. g, HSD has no effect on the phosphorylation of the CDK5 substrate DARPP-32 in neocortex; ND/HSD nÂ =Â 10/10. h, Administration of the CDK5 peptide inhibitor TFP5 has no effect on the increase in serum IL-17 levels induced by HSD (scrambled: ND/HSD nÂ =Â 5/4, *PÂ =Â 0.0002 versus ND scrambled; TFP5: ND/HSD nÂ =Â 7/8, *PÂ <Â 0.359 versus ND TFP5; two-tailed unpaired t-test). i, l-Arginine does not alter the levels of calpain 1 and 2 in the neocortex or hippocampus. ND/HSD nÂ =Â 3/5. For gel source data see Supplementary Fig. 1. Data are expressed as meanÂ Â±Â s.e.m.

Source data



Extended Data Fig. 5 GSK3Î², PIN-1, calpastatin and CDK5 nitrosylation in HSD-fed mice, as well as neurovascular coupling, effect of HJ8.8 on p-tau, serum IL-17, and summary.
a, HSD has no effect on the expression or activity of GSK3Î² in the neocortex. ND/HSD nÂ =Â 10/10. b, HSD does not alter the expression of the prolyl cis/trans isomerase PIN-1, a regulator of tau dephosphorylation. ND/HSD nÂ =Â 5/5. c, The expression of calpastatin, an endogenous inhibitor of calpain activity, is not reduced by HSD. ND/HSD nÂ =Â 10/10. d, Nitrosylation of CDK5 is reduced in the neocortex of HSD-fed mice (ND/HSD nÂ =Â 9/9, diet: *PÂ =Â 0.0143; ascorbate: *PÂ <Â 0.0001; two-way ANOVA and Tukeyâ€™s test). e, HJ8.8 reduces AT8 in the hippocampus (IgG: ND/HSD nÂ =Â 13/12; HJ8.8: ND/HSD nÂ =Â 9/13; *PÂ <Â 0.0001, Kruskalâ€“Wallis test and Dunnâ€™s test). RZ3 levels are not altered by HJ8.8. f, Administration of HJ8.8 does alter the increase in serum IL-17 levels induced by HSD (IgG: ND/HSD nÂ =Â 9/9, *PÂ =Â 0.0192 versus ND IgG; HJ8.8: ND/HSD nÂ =Â 7/5, *PÂ =Â 0.0421 versus ND HJ8.8, two-tailed unpaired t-test). g, The increase in somatosensory cortex CBF induced by neural activity evoked by mechanical stimulation of the whiskers is not reduced by HSD in wild-type, tauâˆ’/âˆ’ or HJ8.8-treated mice (wild-type ND/HSD nÂ =Â 5/7, tauâˆ’/âˆ’ ND/HSD nÂ =Â 9/8; IgG ND/HSD nÂ =Â 5/5, HJ8.8 ND/HSD nÂ =Â 5/5). h, Western blotting showing enrichment of tau in boiled RIPA neocortical samples (heat-stable fraction, HS). Note that Î²-actin is lost during the boiling process. Representative images from nÂ =Â 3 experiments. i, Cartoon depicting the mechanisms by which HSD leads to tau phosphorylation and cognitive impairment. HSD elicits a TH17 response in the small intestine, which leads to an increase in circulating IL-17. IL-17, in turn, suppresses endothelial NO production by inducing inhibitory phosphorylation of eNOS at Thr495. The NO deficit results in reduced nitrosylation of calpain in neurons, and increases in calpain activity, p35 to p25 cleavage, activation of CDK5, and tau phosphorylation, which is ultimately responsible for cognitive dysfunction. In support of this chain of events, rescuing the endothelial NO deficit with l-arginine, lack of tau in tau-null mice, treatment with the CDK5 peptide inhibitor TFP5 or treatment with antibodies directed against tau (Tau ab) prevent the cognitive dysfunction. For gel source data see Supplementary Fig. 1. Data are expressed as meanÂ Â±Â s.e.m.
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