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Dietary salt promotes cognitiveimpairment
through tau phosphorylation
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Dietary habits and vascular risk factors promote both Alzheimer’s disease and

cognitive impairment caused by vascular factors' . Furthermore, accumulation of
hyperphosphorylated tau, a microtubule-associated protein and a hallmark of
Alzheimer’s pathology?*, is also linked to vascular cognitive impairment>°, In mice, a
salt-rich diet leads to cognitive dysfunction associated with a nitric oxide deficitin
cerebral endothelial cells and cerebral hypoperfusion’. Here we report that dietary salt
induces hyperphosphorylation of tau followed by cognitive dysfunctionin 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
kinase 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
dementiainthe elderly.

Vascular risk factors, including excessive salt consumption, have long
been associated with cerebrovascular diseases and cognitive impair-
ment!>. A diet rich in salt is an independent risk factor for stroke and
dementia®>®*° and has been linked to the cerebral small vessel disease
thatunderlies vascular cognitive impairment", a condition that is asso-
ciated with endothelial dysfunction and reduced cerebral blood flow
(CBF)™.Inmice, a high-salt diet (HSD) induces cognitive dysfunction by
targeting the cerebral microvasculature through a gut-initiated adap-
tive immune response mediated by T,17 lymphocytes’. The resulting
increasein circulatingIL-17 leads to inhibition of endothelial nitric oxide
synthase (eNOS) and reduced vascular production of nitric oxide, which
in turnimpairs endothelial vasoactivity and lowers CBF by about 25%’.
However, it remains unclear how hypoperfusion, resulting from an HSD
or other vascularrisk factors, leads toimpaired cognition. The prevail-
ing viewis that hypoperfusion compromises the delivery of oxygen and
glucose to energy-demanding brain regions that are involved in cogni-
tion>, However, the relatively small reductionin CBF that is associated
with an HSD in mice’ and vascular cognitive impairment in humans™
may not be sufficient to impair cognitive function®, suggesting that
vascular factors beyond cerebral perfusion are involved.

Excessive phosphorylation of the microtubule-associated protein
tau promotes the formation of insoluble tau aggregates, which are
thought to mediate neuronal dysfunction and cognitive impairment
in Alzheimer’s disease and other tauopathies'. However, accumula-
tion of tau has also been detected in cerebrovascular pathologies

associated with endothelial dysfunction and cognitive impairment>®,
Therefore, we investigated whether tau accumulation rather than
cerebral hypoperfusion contributes to the cognitive dysfunction
induced by an HSD. First, we investigated whether an HSD induces
phosphorylation of tau. Male C56Bl/6 mice were fed anormal diet or
an HSD (4 or 8% NaCl—a commonly used model of excessive dietary
salt corresponding to a 8-16-fold increase in salt content compared
to regular mouse chow)””. Phosphorylation of tau epitopes that pro-
mote aggregation of tau and neuronal dysfunction'® was assessed
over time by western blotting. An HSD (8% NaCl) induced a sustained
increase in phosphorylated tau (p-tau; detected using AT8 (pSer202
and pThr205) and RZ3 (pThr231) antibodies) in the neocortex and
hippocampus without increasing total tau (detected using Tau 46;
Fig.1a). In the hippocampus, there was also an increase in tau phos-
phorylation measured using PHF13 and pSer199Ser202 antibodies
(Extended Data Fig. 1a). AT8 tau phosphorylation was abolished by
A\-protein phosphatase (Extended Data Fig. 1b). AT8 and RZ3 immu-
noreactivity were also increased in the neocortex of female mice fed
an HSD (Extended Data Fig. 1c). The HSD did not increase acetyla-
tion of tau at K280, a post-translational modification that has been
implicated in tau pathology'® (Extended Data Fig. 1a). AT8 and MC1
immunoreactivity was detected in the piriform cortex, but we found
no neurofibrillary tangles (Fig. 1b, Extended Data Fig. 1d, e). We found
neither neuronal or white-matter damage, nor significant changes
in astrocytes, microglia/macrophages or pericytes (Extended Data
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Fig.1|HSDincreases tau phosphorylation and insoluble tau.a, HSD
increases AT8 and RZ3 immunoreactivity (cortex: AT8, normal diet (ND)/HSD
n=8/9,*P<0.0001;RZ3,ND/HSD n=12/11,*P< 0.0001; hippocampus (Hipp):
AT8,ND/HSD n=9/9,*P<0.0001; RZ3,ND/HSD n=9/9,*P=0.0011; two-tailed
unpaired t-test for HSD versus ND). In all figures and legends, asterisks denote
significant differences. b, HSD increases neuronal AT8 immunoreactivity in the
piriform cortex. Right, magnified view of boxes on left (scale bars, 500 pm (left);
100 pm (right)). Representative images (n =5 mice per group). ¢, Time course of
neocorticalincreasein AT8 and RZ3. AT8, 4 weeks: ND/HSD n=4/5,*P=0.0116;
8weeks:ND/HSD n=9/8,*P=0.0066; 24 weeks: ND/HSD n=8/9,*P=0.0152;36
weeks:ND/HSD n=4/5,*P=0.0087;RZ3,4 weeks:ND/HSD n=4/5,*P=0.0097;
8weeks:ND/HSD n=7/8,*P=0.0084; 24 weeks: ND/HSD n=8/9,*P=0.0135;

36 weeks: ND/HSD n=4/5,*P=0.0204; two-tailed unpaired t-test for HSD versus
ND.d, HSD induces deficits in recognition memory. Diet: *P<0.0001, time:
*P=0.0002; 8 weeks: ND/HSD n=8/11;12 weeks: ND/HSD n=16/12; 24 weeks:
ND/HSD n=14/13 mice per group, two-way ANOVA and Tukey’s test.e, HSD
induces deficits in spatial memory. Diet: *P=0.0048, time: *P<0.0001; ND/HSD
n=13/12, two-way repeated measures ANOVA and Bonferroni’s test; primary

Fig.2a-c).Increased AT8 immunoreactivity was also observed in the
neocortex of mice fed with the 4% HSD (Extended Data Fig. If).
Inthe neocortex, AT8 immunoreactivity increased after 4 weeks and
RZ3immunoreactivity after 8 weeks of HSD, and both remained elevated
forupto 36 weeks, whereas in the hippocampus AT8 immunoreactivity
peaked at12 and 36 weeks (Fig. 1c, Extended Data Fig. 1g). Starting after
12weeks of HSD, mice exhibited difficulties inrecognizing novel objects

latency day 5, ND/HSD n=13/12,*P=0.0031versus ND, two-tailed unpaired
t-test.f,Neocortical and hippocampal levels of AT8 correlate with spatial
learning impairment. AT8 cortex: Barnes mazer=0.4491,*P<0.0001,n=84;
novel objectrecognition (NOR) r=-0.2621,*P=0.0188,n=80; AT8
hippocampus: Barnes mazer=0.2073,*P=0.0462,n=93;NORr=-0.2915,
*P=0.0053,n=90; Pearson’s correlation coefficient. g, HSD increases levels of
insoluble tau (western blotting) extracted in RIPA and FA fractions after

12 weeks. Cortex: RIPA,ND/HSD n=7/10, *P=0.0032; FA,ND/HSDn=8/7,
*P=0.0146; hippocampus: RIPA,ND/HSD n=7/9,*P=0.0418; FA,ND/HSD n=7/9,
*P=0.0494, two-tailed unpaired t-test for HSD versus ND. h, HSD increases levels
of insoluble tau (electrochemiluminescence). Cortex: RIPA, ND/HSD n=11,
*P=0.0050; FA,ND/HSD n=14/11,*P=0.0028; hippocampus: RIPA, ND/HSD
n=6/8,*P=0.0380; FA,ND/HSD n=7/8,*P=0.0037; two-tailed unpaired t-test
for HSD versus ND. i, HSD shifts tau from the RAB fraction to the less soluble
RIPA and FA fractions. Cortex: ND/HSD n=9/8,RAB, P=0.4234,RIPA, P=0.5414,
FA,*P=0.0325; hippocampus: ND/HSD n=5/6, RAB, P=0.2468,RIPA, P=0.3290,
FA,*P=0.0152; two-tailed unpaired t-test for HSD versus ND. For gel source data
see Supplementary Fig.1. Dataare expressed asmean +s.e.m.

and developed a deficit in spatial memory for the Barnes maze (Fig. 1d,
e, Extended Data Fig. 3a). Female mice fed an HSD also showed cognitive
dysfunction (Extended Data Fig. 1c). The magnitude of phosphoryla-
tion at the AT8 and RZ3 epitopes was correlated with performance on
the Barnes maze (Fig. 1f) and novel object recognition (Extended Data
Fig.3b). The HSD did not increase levels of amyloid-f3 (A5, A4, Or AB4,)
inthe neocortex (Extended Data Fig. 3¢). p-tau was also increased in
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Fig.2|The NO precursor L-arginine prevents theincreasein p-tauinduced by
HSD. a-c, Administration of L-arginine (10 g ' in drinking water), starting at
week 8 of HSD and continued through week 12, suppresses AT8 accumulationin
neocortex (a) and hippocampus (b); quantified in c. Cortex: vehicle (Veh), ND/HSD
n=10/10, L-arginine (L-arg), ND/HSD n=16/21, *P=0.0045; hippocampus: Veh,
ND/HSD n=10/8,*P=0.0067,-arg, ND/HSD n=7/12, two-tailed unpaired t-test
forHSD versusND.d, e, L-Arginine treatment reduces the cognitive deficits
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induced by HSD inboth the NOR test (Veh: ND/HSD n=12/10; L-arg: ND/HSD
n=6/11;diet:*P=0.0156, treatment: *P=0.0406; two-way ANOVA and Tukey’s
test) and the Barnes maze (primary latency, diet: *P=0.0182, time: *P<0.0001,
two-way repeated measures ANOVA and Tukey’s test; primary latency day S,
*P=0.0439; Kruskal-Wallis test). For gel source data see Supplementary Fig. 1.
Dataare expressed asmeanz+s.e.m.
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Fig.3|HSDinduces activation of calpain and CDK5 associated with calpain
denitrosylation. a, HSD did not alter expression of calpain1or 2 (ND/HSD,
n=10),butincreased enzyme activity. ND/HSD n=9/9,*P=0.0404 versus ND,
two-tailed unpaired t-test. b, HSD increases the cleavage of p35into p25.
ND/HSD n=8/8,*P=0.0426 versus ND, two-tailed unpaired t-test.c, HSD
increasesthe level of CDK5bound to p35p25 (ND/HSD n=10/10, *P=0.0347) and
CDKS5activity (ND/HSD n=10/10, *P=0.0274; two-tailed unpaired t-test for HSD
versus ND).d, The CDKS5 peptide inhibitor TFP5 counteracts the HSD-induced
increasein AT8 and RZ3 immunoreactivity. AT8, cortex: ND/HSD scrambled
n=10/9,ND/HSD TFP5n=9/9,diet:*P<0.0001, treatment: *P=0.0164; ATS,
hippocampus: ND/HSD scrambled n=11/10, ND/HSD TFP5n=10/7, diet:
*P=0.0004, treatment: *P=0.0360; RZ3, cortex: ND/HSD scrambled n=10/10,
ND/HSD TFP5n=10/11, diet:*P<0.0001, treatment: *P=0.0814; RZ3,
hippocampus: ND/HSD scrambled n=12/11, ND/HSD TFP5 n=10/12, diet:
*P<0.0001, treatment: *P=0.0066; two-way ANOVA and Tukey’s test. e, TFP5
rescues the spatial memory deficitsinduced by HSD. Primary latency, diet:
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P=0.6415, time:*P<0.0001, two-way repeated measures ANOVA and Tukey’s
test; primary latency day 5, diet: *P=0.0016, treatment: P=0.5797; two-way
ANOVA and Tukey’s test). TFP5 also improves cognitive performance of HSD-fed
miceonthe NORtest. Diet:*P=0.0383, treatment: P=0.1488; two-way ANOVA
and Tukey’s test. f, L-Arginine counteracts the increase in calpain (ND/HSD
n=8/10,*P=0.0335 versus ND, two-tailed unpaired t-test) and CDKS5 activity
induced by HSD and reduces CDK5 bound to p35p25 (ND/HSD n=7/9,*P=0.0137
versus ND, two-tailed unpaired t-test). g, Calpain 2 nitrosylation isreduced by
HSD (ND/HSD n=9/9, diet: *P=0.0189; ascorbate: *P<0.0001; two-way ANOVA
and Tukey’s test) and this effectis reversed by L-arginine. ND/HSD n = 6/6, diet:
P=0.9487,ascorbate: *P<0.0001, two-way ANOVA and Tukey’s test.

h, Nitrosylation is suppressed in eNOS™ (ND/HSD n = 6/6, genotype: *P=0.0223,
ascorbate: *P=0.0021, two-way ANOVA and Tukey’s test), but notin nNOS™ mice
(ND/HSD n=4/4,genotype: P=0.0843, ascorbate: P<0.0001; two-way ANOVA
and Tukey’s test). For gel source data see Supplementary Fig.1. Dataare

expressed asmean ts.e.m.
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Fig. 4| HSD-induced cognitive dysfunctionis not observedin tau” miceand
isprevented by tauantibodies despite cerebrovascular insufficiency. a, AT8
and Tau46 are absentin tau” micein RIPA and heat-stable (HS) RIPA fractions.
Representative blots from n=5ND-fed tau” mice. b, ¢, HSD does not alter
cognition in tau” mice on the NOR test (wild-type (WT): ND/HSD n=9/10; tau™":
ND/HSD n=7/9; diet:*P=0.0055, genotype: P=0.1827, two-way ANOVA and
Tukey’s test) or the Barnes maze (ND/HSD n=9/10, diet: P=0.9348, time:
*P<0001, two-way ANOVA and Tukey’s test).d, The increase in CBF produced by
neocortical application of acetylcholine is reduced in tau” mice (ND/HSD wild-
type,n=6/6,tau”",n=9/9;diet:*P<0.0001, genotype: P=0.7920, two-way
ANOVA and Tukey’s test). e, Anti-tau antibodies (H)8.8, 50 mg per kg per week,
intraperitonealinjection) do not prevent the reductionin resting CBF induced
by HSD (IgG: ND/HSD n=11/9; H)8.8:ND/HSD n = 6/5; diet:*P=0.0061,

mice with arterial hypertension induced by angiotensin-Il (Extended
DataFig.3d, e) orinamodel of AP accumulation (Tg2576 mice; Extended
DataFig. 3f), both of which are associated with endothelial dysfunction
and cognitive impairment**?°,

Todetermine whether an HSD alters the solubility of tau—a key deter-
minant of its harmful effects'*—we measured tau levels in brain tissue
after sequential biochemical extractionin RAB (salt buffer), RIPA (deter-
gent buffer) or 70% formic acid (FA), which contain, respectively, soluble,
less soluble and highly insoluble tau. In samples taken from mice after
12 weeks of the HSD, tau in the RIPA and FA fractions was increased over
that in samples from mice fed a normal diet, reflecting an increase in
insoluble tau (Fig.1g-i). Hypothermia, which does not cause cognitive
impairment, also increased p-tau®, but, unlike the HSD, did not lead to
anincreaseininsoluble species (Extended DataFig.3g, h). These obser-
vations indicate that an HSD not only promotes hyperphosphorylation
oftau, but also its aggregation.

As the nitric oxide precursor L-arginine counteracts the endothe-
lial nitric oxide deficit in mice fed an HSD?, mice were given L-arginine
in their drinking water (10 g1™) during the last 4 weeks of the 12-week
HSD course. L-Arginine suppressed accumulation of p-tau and pre-
vented HSD-induced cognitive dysfunction (Fig. 2a—e, Extended Data
Fig.4a), without affecting the HSD-induced increasein circulating IL-17

treatment: P=0.9367, two-way ANOVA and Tukey’s test). f, H)8.8 does not rescue
the CBF response to acetylcholine (IgG: ND/HSD n=5/5; H)8.8: ND/HSD n=5/5;
diet:*P=0.0005, treatment: P=0.8516, two-way ANOVA and Tukey’s test).

g, HJ8.8 ameliorates the cognitive dysfunctioninduced by HSD on both the
NORtest (IgG:ND/HSD n=15/13; H)8.8: ND/HSD n=13/15; diet: *P=0.0001,
treatment: *P=0.0054, two-way ANOVA and Tukey’s test) and the Barnes maze
test (primary latency: IgG: ND/HSD n=19/15; H)8.8:ND/HSD n=13/14; time:
*P<0.0001, diet: *P=0.0358, two-way repeated measures ANOVA and Tukey’s
test; primary latency day 5:1gG: ND/HSD n=19/16; H)8.8: ND/HSD n=13/14;
*P=0.0202, Kruskal-Wallis and Dunn’s test). Images on left show representative
tracks. For gel source datasee Supplementary Fig.1. Data are expressed as
meanzts.e.m.

(Extended DataFig. 4b). Consistent with akey role of endothelial nitric
oxide deficiency in accumulation of p-tau, eNOS-null (Nos3 ") mice fed
anormal diet showed elevated p-tau that was not increased further by
an HSD (Extended DataFig. 4c, d).

Cyclin-dependent kinase 5 (CDK5), a kinase that is responsible for
tau hyperphosphorylation®, is tightly regulated by its binding partner
p35%2, Calpains cleave p35 bound to CDKS5 into p25, which results in
dysregulated activation of CDK5 and hyperphosphorylation of tau?*,
Asreduced endothelial nitric oxide may lead to tau phosphorylation by
activating CDK5 via p25*, we investigated whether the HSD influenced
the activity of calpain and CDKS5. Calpain 2 is more abundant than cal-
painlintheneocortex (Fig.3a) and is colocalized with CDKS5 in neurons
(Extended DataFig. 4e, f). Mice fed an HSD showed increased calpain
activity compared to mice fed anormal diet, and thisled to anincrease
in the p25/p35 ratio and activation of CDKS5 (Fig. 3a-c). Other CDKS5
substrates besides tau, such as DARPP-32%, were not phosphorylated
(Extended Data Fig. 4g). Administration of the CDKS5 peptide inhibitor
TFP5 (40 mgkg ' twice per week; intraperitoneal)* attenuated phospho-
rylation of tau and prevented cognitive dysfunction (Fig. 3d, e), without
blunting the HSD-induced increase in circulating IL-17 (Extended Data
Fig.4h).L-Arginine prevented the HSD-induced activation of calpain and
CDKS5 (Fig. 3f) but did not alter calpain levels (Extended Data Fig. 4i).
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The HSD did not increase the activity of GSK3[3, an enzyme that has been
implicated in tau phosphorylation®, or the expression of the prolyl
cis/trans isomerase PIN-1, which regulates tau dephosphorylation®
(Extended Data Fig. 5a, b).

When calpain has been activated by Ca" it is regulated mainly by its
endogenousinhibitor calpastatin and by nitrosylation by nitric oxide?®,
which suppresses its activity?. As the HSD did not reduce calpastatin
expression (Extended Data Fig. 5¢), we used the biotin switch assay to
investigate the effect of an HSD on calpain nitrosylation. Calpain nitros-
ylation was reduced in mice fed an HSD compared with mice fed anormal
diet, and this effect was reversed by L-arginine (Fig. 3g). Nitrosylation was
markedly suppressed in eNOS-null mice, but notin nNOS-null (NosI™")
mice, attestingto the key role of eNOS-derived nitric oxide in regulating
nitrosylation and activity of calpain (Fig. 3h). As the HSD reduced CDKS5
nitrosylation (Extended Data Fig. 5d), it is unlikely that this modifica-
tion, which activates the enzyme®, is involved in the effects of the HSD.

Finally, we used tau-null (Mapt”") mice and anti-tau antibodies to
examine therelative contributions of p-tau and neurovascular dysfunc-
tion to the cognitive deficits induced by an HSD. Tau-null mice that
were fed an HSD for 12 weeks did not exhibit cognitive impairment,
butstill showed a marked attenuation of the increase in CBF evoked by
neocortical application of acetylcholine (Fig. 4a-d), a response medi-
ated by eNOS-derived nitric oxide®. Similarly, wild-type mice treated
withanti-tauantibodies (H)8.8)* or control IgG (50 mg per kg per week;
intraperitoneal) for the last 4 weeks of the 12-week HSD regimen showed
improved cognitive function (Fig. 4g) compared with untreated mice,
despite having reduced resting CBF and an attenuated CBF response to
acetylcholine (Fig. 4e, f). HJ8.8 lowered p-tau inthe hippocampus (meas-
ured by AT8 immunoreactivity; Extended DataFig. 5e) but did not blunt
the HSD-induced increase in circulating IL-17 (Extended Data Fig. 5f).
The HSD did not affect the increase in CBF induced by neural activity in
either tau-null mice or mice treated with H)8.8 (Extended Data Fig. 5g)

These observationsindicate that the cognitive dysfunctionassociated
with HSD is mediated by a deficitin endothelial nitric oxide that results
from denitrosylation of calpain. This deficit leads to activation of CDK5
and phosphorylation of tau in neurons (Extended Data Fig. 5h). Nota-
bly, the hypoperfusion and neurovascular dysfunction that also result
from the endothelial nitric oxide deficit do not mediate the cognitive
impairment. Rather, other aspects of endothelial function areinvolved—
namely, endothelial nitric oxide maintaining calpain homeostasis and
preventing CDKS dysregulation and tau hyperphosphorylation.

Although the HSD used in mice, in which the salt content is 8-16-fold
higher than in normal mouse chow””, may exceed the highest reported
levels of human salt consumption (12.5-20 g per day or 3-5 times the
recommended level of 4-5 g per day)®, our data provide a previously
unrecognized link between dietary habits, vascular dysfunction and tau
pathology, independent of cerebral hypoperfusion. Such relationships
may play arolein the frequent coexistence of vascular and neurogenera-
tive pathologiesin conditions that cause dementia, such as Alzheimer’s
disease and frontotemporal dementia>®>. Whereas the avoidance of
excessive salt consumption may help to prevent tau pathology, thera-
peutic efforts to counteract cerebrovascular dysfunction need to go
beyond rescuing cerebral perfusion and target vascular mediators that
govern the neurovascular interactions that are essential for cognitive
health.
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Methods

Most of the methods used in this study are well established in the labo-
ratory and have been described in detail in previous publications”**,
Here we provide only a brief description.

Mice

All procedures were approved by the institutional animal care and use
committee of Weill Cornell Medicine (animal protocol number: 0807-
777A). Studies were conducted, according to the ARRIVE guidelines
(https://www.nc3rs.org.uk/arrive-guidelines), in the following lines
of mice: C57BL/6 (JAX), B6.129X1-Mapttm1Hnd (Tau™", JAX, Stock
#007251), B6.129P2-Nos3™V/] (eNOS ™", JAX, Stock #002684), B6.12954-
NosI™"*h/) (nNOS™", JAX, Stock #002986), 12956.Cg-Tg(APPSWE)
2576Kha N20+? (Taconic, Stock #279) and Tg(Camk2a-tTA)IMmay
Fgf148ttOMAPT'PS0ILASIORa ) (1 T 4510, JAX, Stock#024854). Unless other-
wise indicated, 8-week-old male mice were used.

High-salt diet

Male or female mice (8 weeks old) received normal chow (0.5% NaCl)
and tap water ad libitum (normal diet (ND)) or sodium-rich chow (4 or
8% NaCl) and tap water containing 1% NaCl ad libitum (HSD) for 4-36
weeks as stated’.

Invivo treatments

The nitric oxide precursor L-arginine (10 g/I; Sigma) was administeredin
the drinking water starting after 8 weeks of HSD and continuing until 12
weeks. ND-and HSD-fed mice were treated (intraperitoneally (i.p.), weekly)
with 50 mg/kg of anti-tau (HJ8.8) or mouse IgGl isotype control (Clone
MOPC-21; bioXcell) antibodies for the last 4 weeks of the HSD treatment
period (12 weeks) before behavioural and cerebrovascular studies. H)8.8 is
ahigh-affinity antibody generated against human tau that can recognize
both human and mouse tau (K; (dissociation constant) = 0.926 nM to
mouse tau). In other experiments, ND- and HSD-fed mice were treated
(i.p. twice a week) with 40 mg/kg of TPF5 (KEAFWDRCLSVINLMSSKML-
QINAYARAARRAARR) or scrambled peptide (GGGFWDRCLSGKGKMSSK-
GGGINAYARAARRAARR) (Peptide 2.0)* for the last 4 weeks of the HSD
treatment period (12 weeks) before behavioural and molecular studies.

General surgical procedures for CBF studies

Mice were anaesthetized with isoflurane (induction, 5%; maintenance,
2%). The trachea was intubated and mice were artificially ventilated with
amixture of N, and O,. One of the femoral arteries was cannulated for
recording mean arterial pressure (MAP) and collecting blood samples
for blood gas analysis*. Rectal temperature was maintained at 37 °C.
Endtidal CO,, monitored by aCO,analyser (Capstar-100, CWE Inc.), was
maintained at 2.6-2.7% to provide a pCO, of 30-40 mm Hg and a pH of
7.3-7.437. After surgery, isoflurane was discontinued and anaesthesiawas
maintained with urethane (750 mg/kg, i.p.) and chloralose (50 mg/kg,
i.p.). Throughout the experiment the level of anaesthesia was monitored
by testing motor responses to a tail pinch.

Monitoring CBF

A small craniotomy (2 x 2 mm) was performed to expose the parietal
cortex, the durawas removed and the site was superfused with Ringer’s
solution (37 °C; pH7.3-7.4)*. CBF was continuously monitored at the site
of superfusion with alaser-Doppler probe (Perimed) positioned stere-
otaxically ~0.5 mm above the cortical surface and connected to a data
acquisition system (PowerLab). CBF values are expressed as percentage
increases relative to the resting level.

Protocol for CBF experiments

After MAP and blood gases stabilized, CBF responses were recorded”.
The whisker-barrel cortex was activated for 60 s by stroking the con-
tralateral vibrissae, and the evoked changes in CBF were recorded.

The endothelium-dependent vasodilator acetylcholine (ACh; 100 pM,
Sigma) was superfused onto the exposed neocortex for 5 min and the
associated changesin CBF were recorded by laser-Doppler flowmetry.
CBF and MAP data were collected using Chart 5 Pro (v.5.5.6).

Measurement of resting CBF by ASL-MRI

CBF was assessed quantitatively using arterial spin labelling magnetic
resonance imaging (ASL-MRI), performed on a 7.0-Tesla 70/30 Bruker
Biospec small-animal MRI system with 450 mT/m gradient amplitude
and a4,500 T/m/s slew rate. A volume coil was used for transmission and
asurface coil for reception. Anatomical localizer images were acquired
to find the transversal slice approximately corresponding to bregma
+ 0.5 mm. This position was used for subsequent ASL-MRI, which was
based on a flow-sensitive alternating inversion recovery rapid acquisi-
tion with relaxation enhancement (FAIR-RARE) pulse sequence labelling
the inflowing blood by global inversion of the equilibrium magnetiza-
tion. One axial slice was acquired with afield of view of 15 x 15 mm, spatial
resolution of 0.117 x 0.117 x 1mm, TE (echo time) of 5.368 ms, effective
TE of 48.32 ms, recovery time of 10 s and a RARE (rapid imaging with
refocused echoes) factor of 72. Twenty-two turbo inversion recovery
values ranging from 30 to 2,300 ms were used, and the inversion slab
thickness was 4 mm. For computation of resting CBF (rCBF), the Bruker
ASL perfusion processing macro was used. It uses a published model®”
andincludes steps to mask out the background. The masked rCBF images
were exported to Analyze format on the MRI console. The ASL images
were analysed by ImageJ and the average CBF value is reported as ml
per100 g of tissue per minute’.

Osmotic minipump implantation for delivery of angiotensin-II

Osmotic minipumps containing vehicle (saline) or angiotensin-II
(600 ng/kg/min) wereimplanted subcutaneously under isoflurane anaes-
thesia. Systolic blood pressure was monitored in awake mice using tail-
cuffplethysmography®. Forty-two days later, mice were anaesthetized
and their brains were collected for assessment of tau phosphorylation.

Hypothermia

C57BL/6 mice (12 weeks old) were anaesthetized by injection of
ketamine/xylazine (100/10 mg/kg). Rectal temperature was continuously
monitored and kept at 37 °C (normothermia) or 30 °C (hypothermia)
using athermostatically controlled heating pad. Mice were killed 30 min
after anaesthesia and their brains were collected and frozen ondry ice.
Tissues were kept at —80 °C until processing forimmunoblot analysis.

Immunoblot analysis

Cortex (~80-90 mg) and hippocampus (~15 mg) isolated from ND-
and HSD-fed mice were sonicated in 800 and 500 pl of RIPA buffer,
respectively (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.5% deoxycholic
acid, 0.1% SDS,1 mM EDTA pH 8.0, 1% IGEPAL CA-630,1 mM Na,VO,,
20 mM NaF and one tablet per 10 ml of cOmplete, EDTA-free Protease
Inhibitor Cocktail, Millipore Sigma) and equal volumes were mixed
with SDS sample buffer, boiled and analysed on 10% or 10-20% Novex
WedgeWell gels (Thermo Fisher Scientific). Proteins were transferred to
PVDF membranes (Millipore), blocked at room temperature for 1h with
5% milkin TBS, and incubated overnight at 4 °C, with primary antibod-
ies (see Reporting Summary) in 5% BSA in TBS/0.1% Tween-20 (TBST).
Membranes were washed in TBST and incubated with goat anti-mouse
or rabbit secondary antibodies conjugated to horseradish peroxidase
(Santa Cruz Biotechnology) for 1 h at room temperature, and protein
bands were visualized with Clarity Western ECL Substrate (BioRad) ona
Bio Rad ChemiDoc MP Imaging System. Quantification was performed
using Image Laboratory v.6.0 (Bio Rad).

Preparation of heat-stable RIPA fractions for tau enrichment
After homogenization in cold RIPA buffer and centrifugation, 150 pl of
the supernatant containing the proteins was boiled at 100 °C for 10 min.
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Samples were cooled onice for 20 min and then centrifuged at20,000g
at4 °Cfor15min. The supernatant corresponding to the heat-stable frac-
tionwas then harvested. This method is used to isolate proteins resist-
ant to heat, including tau and other microtubule-associated proteins.
Thus, endogenousimmunoglobulins are precipitated during the boiling
process and eliminated from the supernatant. The proteins were then
mixed with equal volumes of SDS sample buffer, boiled and analysed
on 10% Novex WedgeWell gels (Thermo Fisher Scientific). Although
tau protein is partially lost during the boiling process, the heat-stable
samples are enriched with tau (Extended Data Fig. 5h). Furthermore,
boiling substantially improves the specificity of certain antibodies,
such as AT8, RZ3 or MC1%,

Taudephosphorylation

After overnight dialysis to remove phosphatase inhibitors, protein
samples (40 pl) were incubated with 5 pl of 10x NEBuffer for Protein
MetalloPhosphatases (PMP), 5 pl of 10 mM MnCl, and 1 pl of Lambda
protein phosphatase (Lambda PP, New England Biolabs) at 30 °Cfor 3 h.
Reactions were stopped by addition of SDS sample buffer and boiling
for 5minat100 °C.

Brain tissue protein extraction

Extraction was performed as described previously®. The cortex (~80-
90 mg) and hippocampus (~15mg) of each brain were homogenized by
sonicationin800 and 300 pl, respectively, of RAB buffer (100 mM MES,
1mMEDTA, 0.5mMMgSO,, 750 mM NaCl,20 mM NaF,1mM Na,VO,, sup-
plemented by EDTA-free Protease Inhibitor Cocktail, Millipore Sigma). In
brief, the samples were centrifuged at 50,000g for 20 min at4 °Cusing
anOptimaMAX-TLA120.2 Ultracentrifuge (Beckman). The supernatants
were collected as RAB-soluble fractions and pellets were resuspended
in identical volumes of RIPA buffer (150 mM NaCl, 50 mM Tris, 0.5%
deoxycholicacid, 1% Triton X-100, 0.5% SDS, 25 mM EDTA, pH8.0,20 mM
NaF,1mM Na,;VO, supplemented by EDTA-free Protease Inhibitor Cock-
tail, Millipore Sigma), and centrifuged at 50,000g for 20 minat4 °C. The
supernatants were collected as RIPA-soluble fractions. The pellets were
sonicated in 70% FA (300 pl for cortex and 125 pl for hippocampus),
and centrifuged at 50,000g for 20 min at 4 °C. The supernatants were
collected as 70% FA fractions. All fractions were stored at —80 °C until
analysed. For western blotting, an aliquot of 100 pl of the FA fractions
was evaporated in aSavant SpeedVac concentrator at45°Cfor1h.The
samples were resuspended in 100 pl SDS sample buffer with the addition
of 1ul of 10 N NaOH, sonicated and then boiled for 5 min.

Measurement of tau, A and IL-17

Tau, AP and IL-17 were measured using an electrochemiluminescence-
based multi-array method through the Quickplex SQ120 system (Meso
Scale Diagnostics LLC). Tauand AP peptide levels (AB38, AB40 and Ap42)
were measured in the RAB, RIPA and FA fractions of both cortex and hip-
pocampus using the MSD Mouse Total Tau (K151DSD) and MSD V-PLEX
AP Peptide Panel 1(4G8) (K15199) kits according to the manufacturer’s
protocol. IL-17A was measured in the serum of ND- and HSD-fed mice
using the MSD V-PLEX Mouse IL-17A Kit (K152RFD) according to the
manufacturer’s protocol.

Immunohistochemistry

After 12 weeks of ND or HSD, mice were anaesthetized with intraperi-
toneal pentobarbital (200 mg/kg), and then perfused transcardiacally
with cold PBS, followed by cold 4% paraformaldehyde (PFA) in PBS.
The brains were removed and immersed first in 4% PFA overnight and
thenin 70% ethanol for 3 days. Brains were then embedded in paraffin
and cut into 6-pum sections using a microtome. After rehydration and
antigen retrieval in preheated citrate buffer (10 uM) for 30 min, brain
sections wereimmersed in 3% H,0, and then blocked with100% Sniper
(Biocare Medical) for 1 h. After blocking, sections were incubated for
2.5 days at 4 °C with the AT8 and MC1 antibodies (1:250 and 1:100 in

1:50 Sniper in PBS, respectively) and thereafter processed for 1 h with
the biotinylated secondary antibody in 1% normal donkey serum PBS
(anti-mouse IgGl, Jackson ImmunoResearch). Reactions were visual-
ized with the ABC-complex (Vectorlabs) and 3,3-diaminobenzidine.
A Nikon light microscope was used to visualize the signal associated
with each antibody.

Immunofluorescence

After 12 weeks of ND or HSD, mice were anaesthetized with intraperi-
toneal pentobarbital (200 mg/kg), and then perfused transcardiacally
with cold PBS, followed by cold 4% paraformaldehyde (PFA) in PBS. The
brains were removed and immersed first in 4% PFA overnight. Sections
(thickness, 40 pm) were cut through the whole brain using a vibratome.
After blocking with 5% normal donkey serumin 0.5% Triton-X/PBS, sec-
tions were incubated over the weekend at 4 °C with antibodies against
NEUN (1:200, mouse, Millipore Sigma, MAB377), GFAP (1:200, mouse,
Millipore Sigma, G3893), IBA1 (1:200, rabbit, Wako, 019-19741), CD13
(1:200, goat, R&D Systems, AF2335), calpain 2 (1:100, rabbit, Santa Cruz,
sc-373966) or CDKS5 (1:100, rabbit, Santa Cruz, sc-6247) in 0.5% Triton-X
in PBS and thereafter processed for 2 h with FITC, Cy3 or Cy5 second-
ary antibodiesin 0.5% Triton-X in PBS. An epifluorescence microscope
(IX83 Inverted Microscope, Olympus) or a confocal microscope (Leica
TCSSP5) was used to visualize the signal associated with each antibody.

Fluoro-Jade B staining

After rehydration, brain sections (6 pum) were immersed in 1% sodium
hydroxide in 80% alcohol for 5 min, followed by 2 min in 70% alcohol
and2minin distilled water. The slides were transferred to a solution of
0.06% potassium permanganate for 10 min on a shaker. After rinsing for
2 minin distilled water, the slides were immersed in the staining solu-
tion (0.0004% Fluoro-Jade B, Millipore Sigma, in 0.1% acetic acid) for
20 mininthe dark. Finally, the slides wererinsed three times for 1minin
distilled water and then placed on a slide warmer, set at approximately
50 °C, untilthey were fully dry. The dry slides were cleared by immersion
in xylene for at least a minute before coverslipping with DPX (Sigma).

TUNEL staining

After rehydration and antigen retrieval according to the manufacturer’s
protocol (In situ Cell Death Detection Kit, Fluorescein, Roche, #11 684
795910), brain sections were blocked for 30 minin Tris-HCI, 0.1IMpH 7.5,
containing 3% BSA and 20% normal donkey serum and then incubated
with the TUNEL reaction mixture for 60 min at 37 °C in a humidified
atmosphere in the dark. After washing, slides were evaluated by an
epifluorescence microscope (IX83 Inverted Microscope, Olympus). A
positive control was obtained by pre-incubating brainslices with DNase
Irecombinant (3,000 U/mlin 50 mM Tris-HCI, pH 7.5,1 mg/mlI BSA), for
10 min at room temperature, to induce DNA strand breaks.

Kliiver-Barrera white-matter staining

TheKliiver-Barrerastain was performed using the Luxol Fast Blue Stain
Kit (ScyTek Laboratory Inc.). Brains were removed after transcardiac
perfusion with PBS and 4% PFA and sectioned with a vibratome (thick-
ness,40 pum), and the positive (blue-stained) areain the corpus callosum
was quantified by ImageJ.

Thioflavin S staining

After mounting onslides and post-fixation with 4% PFA in PBS for 10 min,
coronal brainsections (40 um) were washed and labelled with 0.05% (w/v)
thioflavine-Sin 50% (v/v) ethanol for 10 min as previously described®. An
epifluorescence microscope (IX83 Inverted Microscope, Olympus) was
used to visualize the FITC signal associated with thioflavine-S.

Calpain activity
Calpain activity was measured using a Calpain Activity Assay Kit from
AbCam***, In brief, fresh cortex and hippocampus were homogenized



inthe extraction buffer provided with the kit, which specifically extracts
cytosolic proteins without contamination of cellmembrane or lysosome
proteases and prevents auto-activation of calpain during the extrac-
tion procedure. The fluorometric assay is based on the detection of
cleavage of the calpain substrate Ac-LLY-AFC. Ac-LLY-AFC emits blue
light (1.« =400 nm); upon cleavage of the substrate by calpain, free
AFC emits a yellow-green fluorescence (A,,,, = 505 nm), which can be
quantified using afluorometer or afluorescence plate reader. The speci-
ficity of the signal was confirmed using the calpaininhibitor Z-LLY-FMK
(100-200 pM). The activity is expressed as relative fluorescent units
(RFU) per milligram of protein for each sample.

p35/p25 and GSK3f immunoprecipitation

Immunoprecipitation was performed with anti-p35p25 (Cell Signaling),
anti-GSK3p (Cell Signaling) or anti-rabbit monoclonal IgGlisotype con-
trol antibodies (Santa Cruz Biotechnology). Samples were incubated
overnight with the primary antibodies and then with protein-A sepha-
rose (p35p25) (GE Healthcare Life Sciences) or protein-G Dynabeads
(GSK3B) (Thermo Fisher Scientific) for 2 h at 4 °C. Precipitates were
used for measurement of CDKS5 or GSK3p activity. Immunoprecipita-
tion was confirmed by loading the samples onto 10% Tris-glycine SDS
polyacrylamide gels and western blotting as described above.

Detection of S-nitrosylation with the biotin-switch technique
S-nitrosylated calpain 2 was detected using the biotin-switch technique,
as previously described*?. In brief, samples were sonicated in 800 pl of
RIPA buffer containing 0.1 mM neocuproine and, after centrifugation,
protein concentrations were measured. Cysteine thiol groupsin1mgof
proteins were blocked with 10% S-methylmethane thiosulfonate (MMTS)
(Sigma). After protein-precipitation with100% acetone, sodium ascor-
bate was added to the sample to convert each S-nitrothiol (SNO) to a free
thiol via a transnitrosation reaction to generate O-nitrosoascorbate.
Next, each nascent free thiol (previously an SNO site) was biotinylated
withbiotin—-HPDP (Pierce). Biotinylated proteins were then pulled down
using avidinbeads and analysed on10% Novex WedgeWell gels (Thermo
Fisher Scientific). Before avidin pull-down, asmallfraction of each sam-
plewas collected to determine protein ‘input’. The degree of pull-down
correlates with protein S-nitrosylation of calpain 2 or CDK5, which was
detected with an antibody against the two proteins. Nitrosylation of
calpain2 or CDK5is expressed as theratio between the pull-down signal
and theinput corrected for -actin levels.

CDKS5 and GSK3p activity

CDKS5activity in brainlysates was determined after pull-downwith p25/
p35antibody (Cell Signaling) from 500 pg total protein using a synthetic
histone H1 peptide substrate (PKTPKKAKKL, Enzo Life Sciences). GSK3[3
activity was determined after pull-down with GSK3f antibody (Cell
Signaling) from 100 pg total protein using phospho-glycogen synthase
peptide-2a as substrate (Tocris). Phosphorylation reactions were initi-
ated by mixing bead-coupled CDK5 with 40 pl reaction buffer contain-
ing the following: 50 MM HEPES.KOH (pH 7.4), 5 mM MgCl,, 0.05% BSA,
50 uM substrate, 50 pM cold ATP, 1 mM dithiothreitol, 1x complete
protease inhibitors without EDTA (Roche Applied Biosciences) and
5 Ci/mmole Y*?P-ATP. Companion reactions for every sample were
executed in the presence of the CDKS inhibitor ((R)-CR8, Tocris)
(10 uM) or the GSK3p inhibitor (CHIR 99021, Tocris) (10 uM) to correct
for non-specificactivity. Reactions were incubated at 30 °C for 30 min,
after which they were terminated by spotting on P81 phosphocellulose
cation-exchange chromatography paper. Filters were washed four times
for2minin 0.5% phosphoric acid, and the remaining radioactivity was
quantified in a scintillation counter by the Cherenkov method.

Novel object recognition test
The NOR test was conducted under dim light in a plastic box. Stimuli
consisted of plastic objects that varied in colour and shape but had

similar sizes****. A video camera mounted on the wall directly above
the box was used to record the testing session for off-line analysis. Mice
were acclimated to the testing room and chamber for one day before
testing. Twenty-four hours after habituation, mice were placed in the
same box in the presence of two identical sample objects and were
allowed to explore for 5 min. After anintersessioninterval of 24 h, mice
were placed in the same box but one of the two objects was replaced
by a novel object. Mice were allowed to explore for 5 min. Exploratory
behaviour was later assessed manually by an experimenter blinded to
the treatment group. Exploration of an object was defined as the mouse
sniffing the object or touching the object while looking atit. Placing the
forepaws on the objects was considered as exploratory behaviour but
climbing on the objects was not. A minimal exploration time for both
objects (total exploration time) during the test phase (-5 s) was used.
The amount of time taken to explore the novel object was expressed
as a percentage of the total exploration time and provides an index of
recognition memory***, Any-Maze v5.3 was used for collection and
analysis of the behavioural data.

The Barnes maze test

The Barnes maze consisted of acircular open surface (90 cmin diameter)
elevated to 90 cm on four wooden legs®. There were 20 circular holes
(5 cmin diameter) equally spaced around the perimeter, and posi-
tioned 2.5 cm from the edge of the maze. No wall and no intra-maze
visual cues were placed around the edge. A wooden plastic escape
box (11 x 6 x 5 cm) was positioned beneath one of the holes. Two neon
lamps and a buzzer were used as aversive stimuli. The Any-Maze
tracking system (Stoelting) was used to record the movement of
mice on the maze. Extra-maze visual cues consisted of objects within
the room (table, computer, sink, door and so on) and the experi-
menter. Mice were tested in groups of seven to ten, and between tri-
als they were placed into cages, which were placed in a dark room
adjacent to the test room for the inter-trial interval (20-30 min).
No habituation trial was performed. The acquisition phase consisted of
three consecutive training days with three trials per day with the escape
hole located at the same location across trials and days. On each trial
amouse was placed into a start tube located in the centre of the maze,
the start tube was raised, and the buzzer was turned on until the mouse
entered the escape hole. After each trial, mice remained in the escape
box for 60 sbefore being returned to their cage. Between trials the maze
floor was cleaned with 10% ethanol in water to minimize olfactory cues.
Foreach trialmice were given3 mintolocate the escape hole, after which
they were guided to the escape hole or placed directly into the escape
boxifthey failed to enter the escape hole. Four parameters of learning
performance were recorded: (1) the latency to locate (primary latency)
and (2) enter the escape hole (total latency), (3) the number of errors
made and (4) the distance travelled before locating the escape hole®.
Whenamousedippeditsheadintoahole that did not provide escape, it
was considered anerror. Ondays 4 and S5, the location of the escape hole
was moved 180° from its previous location (reverse learning) and two
trials per day were performed. Any-Maze v.5.3 was used for collection
and analysis of the behavioural data.

Statistics

Sample size was determined using power analysis based on work previ-
ously published by our laboratory on the effects of dietary salt on CBF
regulation and cognitive function’. On these bases, 10-15 mice per group
wererequired in studies involving assessment of cognitive function and
cerebrovascular function”?. Mice were randomized to the different
experimental conditions and treatments using the random number
generator function (RANDBETWEEN) in Microsoft Excel. Analysis of the
datawas performed in ablinded fashion using GraphPad Prism (v.7.0).
All datawere tested for normal distribution using the Shapiro-Wilk test.
Intergroup differences were analysed using the two-tailed unpaired ¢-test
for single comparison or using one- or two-way ANOVA (with Tukey’s or
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Bonferroni’s post-hoc analysis) for multiple comparisons. Non-normally
distributed data were tested using the Mann-Whitney Utest for single
comparison or the Kruskal-Wallis test for multiple comparisons. Data
are expressed as mean +s.e.m. and differences are considered statisti-
cally significant at P< 0.05.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability
Source data include final quantifications from in vivo animal work.
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Extended DataFig.1|HSD (4 or 8%) induced tau phosphorylation: brain
localization, sex differences and time course. a, HSD (8% NaCl) increases tau
phosphorylation onSer396 (PHF13) and on Ser199Ser202in the hippocampus
(HIPP) but notin the neocortex (CTX) (HIPP: PHF13, ND/HSD n=4/5,*P=0.0016;
Ser'?’Ser?*?, ND/HSD n=4/5,*P=0.0337; two-tailed unpaired t-test versus ND),
whereas acetylation of tau on Lys280 (K280) is not affected. MC1
immunoreactivity increasesin both neocortex and hippocampus in HSD-fed
mice but reaches statistical significance only in neocortex (MC1, ND/HSD n=4/5,
*P=0.0321versus ND, two-tailed unpaired t-test). b, Tau phosphorylation on
Ser199Ser202 and Ser202Thr205 is abolished after treatment of brain samples
withlambda phosphatase. ¢, HSD increases AT8 immunoreactivity (left graph)
inneocortex and hippocampus of female mice, but RZ3 (middle) increases only
inneocortex (AT8, cortex: ND/HSD n=8/10, *P=0.0159; hippocampus: ND/HSD
n=10/9,*P=0.0151;RZ3, cortex: ND/HSD n=10/8, *P=0.0117; two-tailed
unpaired t-test for HSD versus ND). Right, HSD induces adeficitinNOR in female
mice (ND/HSD n=8/9,*P=0.0017 versus ND, two-tailed unpaired t-test). d, HSD
increases AT8 immunoreactivity in neuronal cell bodies of the somatosensory

cortex (scale bars, 100 pm (mainimages); 10 um (insets)) and MC1
immunoreactivity in neuronal bodies of the pyriform cortex (scale bars, 500 um
(mainimages); 100 um (insets)). Representative images from ND-and HSD-fed
mice (n=>5per group). e, Thioflavin S stainingis not presentin mice fed an HSD,
indicating absence of neurofibrillary tangles, which can be observed in rTg4510
mice (scalebars, 500 pm (mainimages); 100 um (inset)). Representative images
from n=5ND-and HSD-fed mice and n=3rTg4510 mice. f, HSD (4%) increases
AT8immunoreactivity in the neocortex but notin the hippocampus (ATS,
cortex:ND/HSD n=5/5,*P=0.0148 versus ND, two-tailed unpaired t-test). RZ3
wasnotincreasedinbothregions.g, Time courseoftheincreasein AT8 and RZ3
induced by HSD in the hippocampus. AT8 levels are increased after 4 weeks of
HSD.RZ3levels areincreased after 4,12, 24 and 36 weeks of HSD (AT8, 4 weeks:
ND/HSD n=4/5,*P=0.0386;12 weeks:ND/HSD n=9/9,*P<0.0001; RZ3, 4 weeks:
ND/HSD n=4/5,*P=0.0041;RZ3,12 weeks: ND/HSD n=9/9,*P=0.0011; 24
weeks: ND/HSD n=7/10,*P=0.0017; 36 weeks: ND/HSD n=5/4,*P=0.0188; two-
tailed unpaired t-test for HSD versus ND). For gel source data see Supplementary
Fig.1.Dataare expressed asmean+s.e.m.
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Extended DataFig.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 n=5/5,P=0.0570; hippocampus: ND/HSD n=5/5,
P=0.0556; two-tailed unpaired t-test for HSD versus ND) or pericytes (CD13) in
both the pyriform cortex and the hippocampus (scale bars, 500 um (except
where specified)). b, No evidence of neuronal cell deathis observed in HSD-fed
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Extended DataFig.3|ABlevelsin HSD-fed mice and correlation of
behavioural deficits with p-tau, as well as p-tauinhypertension, HSD-
treated tg2576 mice and hypothermia. a, HSD (8% NaCl) does not alter the
distancetravelled before finding the escape hole in the Barnes maze (primary
distance, ND/HSD n=13/13, diet: *P=0.0462, time: *P< 0.0001, two-way repeated
measures ANOVA and Bonferroni’s test; primary distance day 5: ND/HSD
n=13/13,P=0.0670 versus ND, two-tailed unpaired t-test) or the number of
errorsmade (primary errors, ND/HSD n=13/13, diet: P=0.110, time: *P=0.0004,
two-way repeated measures ANOVA and Bonferroni’s test; primary errors day 5:
P=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 r=0.2828,*P=0.0133,
n=76;NORr=-0.2806,*P=0.0170,n=72;RZ3 hippocampus: Barnes maze
r=0.1739,P=0.1470,n=71;NORr=-0.1746, P=0.1577,n= 67, Pearson’s
correlation coefficient). ¢, HSD does not increase soluble or insoluble AR5, AB4,
or AP, inthe neocortex. AP, soluble ND/HSD n=11/9, insoluble ND/HSD n=7/6;
AP0, soluble ND/HSD n=11/14, insoluble ND/HSD n=7/6; AP,, soluble ND/HSD
n=9/9,insoluble ND/HSD n=7/6.d, Delivery of angiotensin Il (ANGII;

600 ng kg™ min, subcutaneously (s.c.)) viaosmotic minipumps over 6 weeks
increases systolic blood pressure (SBP) and induces cognitive deficits

(SBP: Veh/ANGII n=10/10, treatment: *P< 0.0001, time: *P<0.0001, repeated
measures two-way ANOVA and Bonferroni’s test; NOR: 2 weeks Veh/ANGII
n=12/12,4 weeks Veh/ANGII n=10/11, 6 weeks Veh/ANGIl n=7/7, treatment:
*P<0.0021, time: *P=0.0208, two-way ANOVA and Bonferroni’s test).

e, Administration of angiotensinIlincreases AT8 and RZ3 immunoreactivity in
the neocortex but not the hippocampus (cortex, AT8 6 weeks: Veh/ANGII n=4/4,
*P=0.0324;RZ3 6 weeks: Veh/ANGII n=5/5,*P=0.0262; hippocampus, AT8

6 weeks: Veh/ANGIIn=5/5,P=0.4056;RZ3 6 weeks: Veh/ANGIIn=5/5,
P=0.0556,two-tailed unpaired t-test versus vehicle). f, HSD increases AT8 and
RZ3levelsinboth the neocortex and the hippocampus of 6-month-old Tg2576
mice (cortex, AT8:*P<0.0001; hippocampus, AT8: *P=0.0153; cortex, RZ3:
*P<0.0001; hippocampus, RZ3:*P=0.0239; two-tailed unpaired t-test for HSD
versus ND). g, Hypothermiainduces massive AT8 phosphorylation (cortex: AT8
n=4/5,*P=0.0159; hippocampus: AT8 n=4/5,*P=0.0159) and increases MC1
(cortex:MC1n=4/5,*P=0.0317; hippocampus: MC1n=4/5,*P=0.0159) and RZ3
(cortex:RZ3n=4/5,*P=0.0201; hippocampus:RZ3 n=4/5,*P=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
moreinsoluble fractions. For gel source datasee Supplementary Fig.1. Dataare
expressed asmeanzts.e.m.



Article

a 8- RZ3 8- RZ3
CTX HIPP (CTX) (HIPP)
Veh L-Arg Veh L-Arg —~6 —6
kbDa ND HSD ND HSD ND HSD ND HSD ol No 20T
© 9 + [l HsD © 9 *
70 — 70 — é 1y I P
55 — - = RZ3 55 — - RZ3 = % 27
70 — 70 — s o sy Z
pa— [N a O o
55 — M8 . .| @9 W8 &= Taud6 55 — | - - - - - L4 Tau46 3 3
Veh L-Arg Veh L-Arg
b c CTX H 15,  AT8 5. RZ3
kba ~ WT eNOS*  WT eNOS* wT
B eNOS* 4k
: || o B ] ¢
£ 55 — L1 LY ATEgRtor 9%, B
; || [ il
~ = 0 = 0
S o5 — o o . av =|RzZ 58 S8l e
= _ ST 5F © o
70 a O a O
55 — | . ToU46 c c i
Veh L-Arg T CTX HIPP CTX HIPP
d eNOS™- 5 AT8 5
CTX HIPP 54 - ':ZD & 4
ND HSD ND HSD ©T )
Kb £5, £5 5
- £y £y
55 — AT8 35 2 8% 2
K] Kl
70— ef o@
55 — RZ3 =1 €,
70 — ||
55 — (I - - - - - - ) T2u46 CTX HIPP CTX _HIPP
e : vl ;
Calpain 2 ia C oo 03 f B3
; p ox' (s} A -
i c - Vel
° oV ¢
[
d N
et X o,
v o C
.- & i
- ’ Calpain2/
‘4 J ¥
ol NN W
QR Ny
4 v
5 * o
g ~ 3 pDARPP-32 h 34 Serum IL-17 i CTX 3 Calpain
CTX 2 . ND * _ L-Arg
) ND HSD 5
ND  HSD % g , -, ® HSD kDa ' £ % , ND
30— |pTh™DARPP-32 Q¢ 51 = 70— E Calpain 1 3 £ °| WMl HsD
0 [emmmemDARPP32 D2 = [[% gd
8 < . . 2
fa ) 4
e %° 40— |EBemes e (-Actin
ND HSD Scr TFP5

Extended DataFig. 4 | Effect of L-arginine on p-tau and calpain expression, as
wellas p-tauin eNOS™ mice, calpain and CDK5 localization, pDARPP-32
with HSD, and IL-17 levels. a, Administration of L-arginine (10 g I ' indrinking
water), starting at week 8 of HSD and continuing through week 12, suppresses
RZ3levelsinthe neocortexbutnotinthe hippocampus (cortex: RZ3, ND/HSD
n=10/10,*P<0.0001; hippocampus: RZ3, ND/HSD n=10/10, *P=0.0005, two-
tailed unpaired t-test versus normal diet with vehicle). b, L-Arginine does not
affect theincreaseinserumIL-17 induced by HSD (Veh, ND/HSD n=9/11,
*P=0.0002versus ND Veh; L-arg, ND/HSD n=9/8,*P<0.0001 versus ND L-arg,
two-tailed unpaired t-test). c, AT8 and RZ3 levels are elevated in the neocortex
and hippocampus of eNOS™ mice on ND (AT8: cortex, ND/HSD n=5/4,
*P=0.0029; hippocampus, ND/HSD n=5/4,*P=0.0078; RZ3: cortex, ND/HSD
n=5/4,*P=0.0003; hippocampus, ND/HSD n=5/4,*P=0.0128, two-tailed
unpaired t-test versus wild-type mice). d, HSD does not increase tau

1 2
Calpain

phosphorylationineNOS” mice (RZ3: hippocampus, ND/HSD n=7/8,
*P=0.0224 versus ND, two-tailed unpaired t-test). e, Calpain 2immunoreactivity
ispresentinneuronal cellbodies of the somatosensory and piriform cortex
(scalebars, 500 pm (left); 100 pm (right)). Representative images fromn=3
mice.f, Colocalization of Calpain 2and CDK5 in neuronal cellbodies of the
piriform cortex (scale bars, 50 um (mainimages); 10 um (inset)). Representative
images fromn=3 mice.g, HSD has no effect on the phosphorylation of the CDK5
substrate DARPP-32in neocortex; ND/HSD n=10/10. h, Administration of the
CDKS5 peptide inhibitor TFP5 has no effect ontheincreaseinserumIL-17 levels
induced by HSD (scrambled: ND/HSD n=5/4,*P=0.0002 versus ND scrambled;
TFP5:ND/HSD n=7/8,*P<0.359 versus ND TFP5; two-tailed unpaired t-test).

i, -Arginine does not alter the levels of calpainl1and 2 inthe neocortex or
hippocampus.ND/HSD n=3/5. For gel source data see Supplementary Fig. 1.
Dataareexpressed asmeanzts.e.m.
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Extended DataFig. 5| GSK3, PIN-1, calpastatin and CDK5 nitrosylationin
HSD-fed mice, as well as neurovascular coupling, effect of HJ8.8 on p-tau,
serumIL-17, and summary. a, HSD has no effect on the expression or activity of
GSK3Binthe neocortex. ND/HSD n=10/10.b, HSD does not alter the expression
ofthe prolyl cis/transisomerase PIN-1, aregulator of tau dephosphorylation.
ND/HSD n=5/5.¢, The expression of calpastatin, an endogenous inhibitor of
calpainactivity, isnot reduced by HSD.ND/HSD n=10/10. d, Nitrosylation of
CDKS5isreducedinthe neocortex of HSD-fed mice (ND/HSD n=9/9, diet:
*P=0.0143; ascorbate: *P< 0.0001; two-way ANOVA and Tukey’s test). e, H)8.8
reduces AT8in the hippocampus (IgG: ND/HSD n=13/12; H)8.8: ND/HSD n=9/13;
*P<0.0001, Kruskal-Wallis testand Dunn’s test). RZ3 levels are not altered by
HJ8.8.f, Administration of H]8.8 does alter the increase inserumIL-17 levels
induced by HSD (IgG:ND/HSD n=9/9,*P=0.0192 versus ND IgG; H)8.8: ND/HSD
n=7/5,*P=0.0421versus ND H)8.8, two-tailed unpaired t-test). g, Theincreasein
somatosensory cortex CBF induced by neural activity evoked by mechanical
stimulation of the whiskers is not reduced by HSD in wild-type, tau™ or H)8.8-

treated mice (wild-type ND/HSD n=5/7, tau””ND/HSD n=9/8;1gG ND/HSD
n=5/5,HJ8.8 ND/HSD n=5/5).h, Western blotting showing enrichment of tauin
boiled RIPA neocortical samples (heat-stable fraction, HS). Note that 3-actinis
lost during the boiling process. Representative images from n=3 experiments.

i, Cartoondepicting the mechanisms by which HSD leads to tau phosphorylation
and cognitiveimpairment. HSD elicitsa T,17 response in the small intestine,
whichleadstoanincreaseincirculating IL-17.IL-17, in turn, suppresses
endothelial NO production by inducinginhibitory phosphorylation of eNOS at
Thr495.The NO deficit results inreduced nitrosylation of calpainin neurons,
andincreases in calpainactivity, p35to p25 cleavage, activation of CDK5, and tau
phosphorylation, whichis ultimately responsible for cognitive dysfunction.
Insupportof 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
TFPSor treatment with antibodies directed against tau (Tau ab) prevent the
cognitive dysfunction. For gel source datasee Supplementary Fig.1. Dataare
expressed asmeanz*s.e.m.
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Sample size Sample size was determined according to power analysis based on previous published works published by our lab on CBF regulation and
behavior.

Data exclusions  No data were excluded.

Replication At least three independent experiments (with a number of subjects ranging from 3 to 5 each) were performed for all the findings in the
manuscript. All attempts at replication were successful and are included in the figures.

Randomization  Mouse randomization was based on the random number generator function (RANDBETWEEN) in Microsoft Excel software.

Blinding Analysis was performed in a blinded fashion.
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Antibodies

Antibodies used pTau Ser199Ser202, Rabbit polyclonal (ThermoFisher #44-768G); pTau Ser202Thr205 (AT8), Mouse monoclonal (ThermoFisher
#MN1020); pTau Ser396 (PHF13), Mouse monoclonal (Cell Signaling #9632); pThr231 (RZ3) Mouse monoclonal (Gift from Prof.
Peter Davies); MC-1 Mouse monoclonal (Gift from Prof. Peter Davies); K280, Rabbit polyclonal (Anaspec #AS-56077); pSer396
(PHF1), Mouse monoclonal (Gift from Prof. Peter Davies); Tau46, Mouse monoclonal (Cell Signaling #4019); p35/p25, Rabbit
monoclonal, Clone C64B10 (Cell Signaling #2680); Cdk5, Rabbit polyclonal (Cell Signaling #2506); GSK3B, Rabbit polyclonal, Cell
Signaling (#9315); Calpain 1, Rabbit polyclonal (Cell Signaling #2556); Calpain 2, Rabbit polyclonal (Cell Signaling #2539); Calpain
2 (IHC), Mouse monoclonal, E10 (Santa Cruz #373966); Calpastatin, Rabbit polyclonal (Cell Signaling #4146); pThr75 DARPP-32,
Rabbit polyclonal ( Cell Signaling #2301); DARPP-32 Rabbit polyclonal (Cell Signaling #2302); Pin1, Rabbit polyclonal (Cell
Signaling #3722); B-Actin, Mouse monoclonal (Sigma #A5441); NeuN, Mouse monoclonal (Millipore #MAB377); Ibal, Rabbit
ployclonal (Wako #WEG2172); GFAP, Mouse monoclonal, clone G-A-5 (Sigma #63893); N/CD13, Goat polyclonal (R&D Systems
#AF2335).




Validation

AT8 and pSer199Ser202 Tau antibody were validated by treating the brain samples with Lambda phosphatase. All phospho-Tau

antibodies and the K280 antibody were also validated in mice with deletion of Tau. Cdk5 and p35p25 antibodies have been
validated in immuno-precipitation experiments with IgG control antibody. All the other antibodies were extensively validated by
us and/or in the literature.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Studies were conducted, according to the ARRIVE guidelines (https://www.nc3rs.org.uk/arrive-guidelines), in the following lines

of male mice (age: 8weeks): C57BL/6 (JAX), B6.129X1-Mapttm1Hnd (Tau -/-, JAX, Stock #007251), Tg(Camk2a-tTA)IMmay
Fgf14Tg(tetO-MAPT*P301L)4510Kha/J (rTg4510, JAX, Stock#024854), B6.129P2-Nos3tm1Unc/J (eNOS-/-, JAX, Stock #002684),
B6.12954-Nos1tm1Plh/J (nNOS-/-, JAX, Stock #002986), and 12956.Cg-Tg(APPSWE)2576Kha N20+? (Tg2576 or APPSWE, Taconic,
Stock #279).

Wild animals

Field-collected samples

The study did not involve wild animals

The study did not involve field-collected samples.
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Diffusion MRI
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Preprocessing

Preprocessing software
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Noise and artifact removal

Volume censoring

Statistical modeling & inference

Model type and settings
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Specify type of analysis: D Whole brain

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Arterial Spin Labeling MRI

7.0 Tesla 70/30 Bruker Biospec small-animal MRI system with 450 mT/m gradient amplitude and a 4500 T - m-1 - s-1
slew rate.

ASL-MRI was based on a flow-sensitive alternating inversion recovery rapid acquisition with relaxation enhancement
(FAIR-RARE) pulse sequence labeling the inflowing blood by global inversion of the equilibrium magnetization.

The resting cerebral blood flow was measured in the cortex and in the hippocampus.

X] Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

We tested the effect of high salt diet on the resting CBF. Specifically, we tested whether anti-tau antibodies restored the
resting CBF reduction mediated by high salt diet.
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Describe how anatomical locations were determined (e.g. specify whether automated labeling algorithms

Anatomical location(s) or probabilistic atlases were used).

Statistic type for inference The images were analzyed by Image J and the average CBF value is reported as mL per 100g of tissue per minute.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte
Carlo).

Models & analysis
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