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SUMMARY

Although numerous studies have demonstrated that poor sleep increases the
development of AD, direct evidence elucidating the benefits of good sleep on
the AD pathogenesis is lacking. Familial Natural Short Sleepers (FNSS) are genet-
ically wired to have lifelong reduction in nightly sleep duration without evident
consequence on cognitive demise, implying that theymay have better sleep qual-
ity. Here we investigated two FNSS mutations, DEC2-P384R and Npsr1-Y206H,
on the development of tau and amyloid pathology in AD-like mouse models.
We found that the development of tau pathology is attenuated in the hippocam-
pus of tau mice carrying FNSS mutations. We also found that DEC2-
P384R;5XFAD and female Npsr1-Y206H;5XFAD mice exhibit significantly less
amyloid plaques than control mice at 6 months of age. Together, these results
reveal that these two FNSS alleles are strong genetic modifiers of AD pathology
andmay confer resilience to the progression of tau pathology and amyloid plaque
formation in neurodegeneration.

INTRODUCTION

Sleep is one of the most important factors necessary for human life, and dysregulation of sleep has been

associated with increased risk of a plethora of human diseases (Mander et al., 2017; Scullin and Bliwise,

2015). Increasingly in recent years, research has found a link between sleep and the progression of neuro-

degeneration including Alzheimer’s disease (AD). The quality and duration of sleep appear to be important

in stalling neurological decline, as older individuals with the most disturbed patterns tend to exhibit both

the greatest likelihood of developing cognitive impairment and more rapid progression after its onset

(Chang-Quan et al., 2012; Lee et al., 2020; Schmutte et al., 2007; Tafaro et al., 2007). In AD mouse models,

canonical biomarkers of AD disease-load display characteristics of exacerbated pathology in response to

sleep restriction (Holth et al., 2019; Kang et al., 2009; Roh et al., 2012; Rothman et al., 2013; Shi et al., 2017;

Zhao et al., 2019). In turn, elevated levels of these molecules are associated with poorer sleep behaviors,

together resulting in a positive feedback loop, where poor sleep and disease pathology each accelerate

progression of the other (Chen et al., 2018; Ju et al., 2014; Lucey et al., 2019; Spira et al., 2013; Spira and

Gottesman, 2017). Understanding the mechanism connecting sleep and AD pathology could provide

insight into potential new approaches for delaying the onset of AD (Mander et al., 2016; Miyata et al.,

2013; Tafaro et al., 2007).

Recent research has uncovered genetic influences upon human sleep duration through the identification of

sleep phenotypes at the extremes of normal population variation (Kalmbach et al., 2017; Toh et al., 2001).

Our team has reported a number of humanmutations causing Familial Natural Short Sleep (FNSS) (He et al.,

2009; Shi et al., 2019, 2021; Xing et al., 2019). These individuals sleep substantially fewer hours per night

(<6.5) than most humans, and many are elderly- in the age range where AD is most likely to develop. Anec-

dotally, however, they do not appear to exhibit the cognitive symptoms associated with the development

of these diseases. The reasons behind this phenomenon are entirely unknown and may support the possi-

bility of enhanced sleep efficiency, where certain sleep features or individual genetic factors confer more of

the positive benefits of sleep in a shorter period of time (Tkachenko and Dinges, 2018). To test this possi-

bility, we crossed two previously validated FNSS mouse models individually onto two mouse lines

commonly used to recapitulate the amyloid beta (Ab) and tau components of the AD-like phenotype-

5XFAD (Oblak et al., 2021; Tkachenko and Dinges, 2018) and PS19 (Yoshiyama et al., 2007). Our results re-

vealed that two different FNSS genes/mutations are strong genetic modifiers of Ab and tau pathology,
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suggesting improved sleep may have potential as a therapeutic target for delaying dementia onset and

progression.
RESULTS

Tangles and plaques in FNSS;AD mice

As both tau tangles and Ab plaques are considered hallmarks of AD pathology, we crossed our DEC2-

P384R FNSS mouse line (He et al., 2009; Hirano et al., 2018) separately to PS19 and 5XFAD transgenic lines.

Corresponding DEC2-WT;AD transgenic lines were also generated to serve as controls. To determine if

mutant and WT DEC2 mice exhibited differences in AD-like neurodegeneration, we employed a number

of well-characterized molecular metrics of disease progression. PS19 mice have been shown to develop

tau aggregates consisting of hyperphosphorylated forms of tau as paired helical filaments (PHFs) by six

months of age (Yoshiyama et al., 2007). Therefore, we performed immunohistological analysis of the den-

tate gyrus (DG) from six month old DEC2-P384R;PS19 and DEC2-WT;PS19 mice for phospho-tau aggre-

gates and found significantly less deposition in DEC2-P384R;PS19 hippocampus compared with either

DEC2-WT;PS19 or PS19 mice (Figures 1A and 1B).

We then measured Ab plaque load in DEC2-P384Rmice crossed with the 5XFAD line. Mice were sacrificed

and assessed at 3 months of age, which previous research has indicated is when AD phenotypes are begin-

ning to manifest in this model, and also at 6 months, when neurological decline is more evident (Jawhar

et al., 2012). There was little Ab plaque deposition in all genotypes at 3months (Figure S1A). But at 6months

of age, 5XFAD mice showed obvious Ab plaque deposition consistent with previous reports (Figure S1B).

We found that plaque load in DEC2-P384R;5XFAD mice was significantly lower than that in DEC2-

WT;5XFAD mice in both the cortex and hippocampus at 6 months of age (Figures 1C and 1D). Together,

these data demonstrate that the DEC2 mutation reduces tau tangles and Ab plaque formation in AD

mice, suggesting DEC2-P384R;AD mice may be protected from disease progression.

To discern whether the apparent protective effect of DEC2-P384R is specific to this mutation or a broader

phenomenon in FNSS, we examined the same metrics in PS19 and 5XFADmice crossed with another FNSS

mouse model harboring a mutation in a different FNSS gene (Npsr1-Y206H (Npsr1+/m)) (Xing et al., 2019).

At 6 months of age and similar to the PS19 allele on a DEC2-P384R background, Npsr1-Y206H;PS19

(Npsr1+/m;PS19) mice also exhibited diminished tau phosphorylation in the DG (Figures 1E and 1F). We

found that female Npsr1-Y206H;5XFAD mice showed significantly reduced plaque coverage in either hip-

pocampus or cortex compared to 5XFAD controls, although the data for male did not reach significance

(Figure 1D). This is not surprising because female 5XFAD mice have been shown to have more robust pa-

thology than males (Bundy and Vied, 2019).
Tau and Ab in brains of FNSS;AD mice

To shed some light on the process of reduced tangles and plaques observed in FNSS;AD double mutant

mice, we next examined tau/phospho-tau and Ab40/Ab42 levels. Human tau protein in the brain lysates of

three-month and 6-month-old WT and mutant DEC2;PS19 mice was sequentially obtained with buffers of

increasing extraction strength (Julien et al., 2012). At 3 months of age, before the onset of tau pathology,

DEC2-P384R;PS19 had comparable levels of total tau toDEC2-WT;PS19 in all tested fractions [labeled RAB

(soluble), RIPA (less soluble), and FA (insoluble)] (Figures 2A and S2A), indicating that overexpression of tau

from the transgene was maintained. We then detected the levels of phosphorylated tau (S202/T205) using

the AT8 antibody and found that phospho-tau (S202/T205) in the soluble fraction was dramatically higher in

DEC2-P384R;PS19 compared to DEC2-WT;PS19 (Figures 2B and S2B). Another antibody (AT270) that spe-

cifically recognizes phosphorylation at T181 displayed a similar pattern of distribution in all fractions to

those detected with AT8 antibody (Figures 2C and S2C), confirming that a higher portion of phospho-

tau is in the soluble form in the DEC2-P384R;PS19 than control mice at 3 months of age.

By 6 months of age, this pattern was lost. Instead, we found that both the total tau and phospho-tau in the

insoluble FA fraction were significantly lower in DEC2-P384R;PS19 compared with DEC2-WT;PS19 mice

(Figures 2D, 2E, S2D, and S2E). The phospho-tau in the less soluble RIPA fraction was also significantly

lower (Figures 2E and S2E). To assess the degree of tau phosphorylation in relation to total tau levels,

we calculated the ratios of phospho-tau to total tau. The ratio of phospho-tau to total tau was significantly

lower in both less soluble (RIPA) and insoluble (FA) fractions of DEC2-P384R;PS19 vs. DEC2-WT;PS19mice
2 iScience 25, 103964, April 15, 2022



Figure 1. DEC2-P384R;AD and Npsr1-Y206H;AD mice have less tangles and plaques

(A) Immunostaining of PHFs tau located within the DG region of six-month-old PS19 mice (left), DEC2-WT;PS19 mice

(middle) and DEC2-P384R;PS19 mice (right). PS19, n = 16; DEC2-WT;PS19, n = 10; DEC2-P384R;PS19, n = 17.

(B) Quantification of (A).

(C) Representative silver-stained slices for six-month-old female DEC2-WT or DEC2-P384R mice in 5XFAD background;

female 5XFAD and Npsr1+/m;5XFAD mice.

(D) % area of silver-stained brain slice from hippocampus and cortex covered by plaques in six-month-old mice. Male

hippocampus: DEC2-WT;5XFAD, n = 4 (N = 35 slices); DEC2-P384R;5XFAD, n = 6 (N = 49 slices); 5XFAD, n = 4 (N = 30

slices); Npsr1+/m;5XFAD, n = 8 (N = 58 slices). Female hippocampus: DEC2-WT;5XFAD, n = 3 (N = 21 slices); DEC2-

P384R;5XFAD, n = 3 (N = 21 slices); 5XFAD, n = 5 (N = 35 slices);Npsr1+/m;5XFAD, n = 7 (N = 48 slices). Male cortex:DEC2-

WT;5XFAD, n = 4 (N = 42 slices); DEC2-P384R;5XFAD, n = 7 (N = 61 slices); 5XFAD, n = 4 (N = 41 slices);Npsr1+/m;5XFAD,

n = 8 (N = 68 slices). Female cortex: DEC2-WT;5XFAD, n = 3 (N = 21 slices); DEC2-P384R;5XFAD, n = 3 (N = 21 slices);

5XFAD, n = 4 (N = 35 slices); Npsr1+/m;5XFAD, n = 7 (N = 48 slices).

(E) Immunostaining of PHFs tau located within the DG region of six-month-old mice from left to right: PS19, n = 12;

Npsr1+/m;PS19, n = 13; Npsr1+/m, n = 2; WT, n = 2.

(F) Quantification of (E). One-way ANOVA with Fisher’s LSD test (B). One-way ANOVA with post hoc Tukey’s multiple

comparisons test (D). Two-way ANOVA with post hoc Tukey’s multiple comparisons test (F).

Data expressed as mean G SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001; n.s., not significant. Scale bars, 50 mm (A and E)

and 1mm (C).
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(Figure 2F). These results suggest that the DEC2-P384Rmutation may play a role in suppressing the devel-

opment of tau phosphorylation and subsequent accumulation.

We then performed the same experiment with the Npsr1-Y206H;PS19 mouse line. We found lower phos-

pho-tau in both less soluble and insoluble fractions in Npsr1-Y206H;PS19 (Npsr1+/m;PS19) compared to

control mice (Figures 2G–2I and S2F–S2H) at 3 months of age. At 6 months of age, the phospho-tau is
iScience 25, 103964, April 15, 2022 3
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Figure 2. Less tissue phospho-tau in DEC2-P384R;PS19 and Npsr1-Y206H;PS19

(A–C) Quantification ofWestern blot analysis for total tau (A), phospho-tau by AT8 (B), and phospho-tau by AT270 (C) in the hippocampus of three-month-old

DEC2-WT;PS19 and DEC2-P384R;PS19 mice. n = 4 mice per group.

(D–F) Quantification of Western blot analysis for total tau (D), phospho-tau (E), and phospho-tau/total tau ratio (F) in the hippocampus of six-month-old

DEC2-WT;PS19 and DEC2-P384R;PS19 mice. n = 10 mice per group.

(G–I) Quantification of Western blot analysis for total tau (G), phospho-tau by AT8 (H), and phospho-tau by AT270 (I) in the hippocampus of three-month-old

PS19 and Npsr1+/m;PS19 mice. PS19, n = 6; Npsr1+/m;PS19, n = 7.

(J–L) Quantification of Western blot analysis for total tau (J), phospho-tau (K), and phospho-tau/total tau ratio (L) in the hippocampus of six-month-old PS19

and Npsr1+/m;PS19 mice. PS19, n = 10; Npsr1+/m;PS19, n = 9. Student’s two-tailed unpaired t-test was used for analysis.

Data expressed as mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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significantly lower only in the insoluble fraction forNpsr1-Y206H;PS19 (Figures 2J–2L, S2I, and S2J). Overall,

both DEC2-P384R;PS19 andNpsr1-Y206H;PS19 showed significantly lower relative phosphorylated tau/to-

tal tau ratios (relative to respective controls) in the less soluble and insoluble fractions. These results indi-

cate that these FNSSmutations are genetic modifiers of the development of tau pathology possibly by sup-

pressing tau phosphorylation.

In 5XFAD mice, we measured human Ab42 in tissue by ELISA. The insoluble fraction of cortical and hippo-

campal tissues was found to have higher Ab42 at 3 months of age in the cortex and hippocampus of DEC2-

P384R;5XFAD vs. DEC2-WT;5XFAD mice, but this discrepancy was diminished or lost by 6 months of age

(Figures 3A and 3B). Assessment of Ab40 in soluble fractions showed that the same pattern was observed in

the hippocampus, but there was no difference between conditions at either age in the cortex (Figure S3A).

In the Npsr1-Y206H;5XFAD, we found no obvious difference in the Ab42 and Ab40 ELISA compared to the

control 5XFAD (Figures 3A, 3B, and S3A). These results indicated that the FNSS;5XFAD mice have similar

tissue Ab42 and Ab40 levels as control mice at a late stage of disease (6 months) when plaque differences

were evident. We also examined the levels of amyloid precursor protein (APP) and one of the important

enzymes in the APP processing pathway (Beta-secretase 1, BACE1) and found no difference between

FNSS;5XFAD mice and their equivalent controls at both 3 and 6 months (Figure S4). Further investigation

on the APP processing pathway is needed to reveal the mechanism contributing to these observations.

CSF tau and Ab in FNSS;AD mice

One possible explanation for the observed reduction in tangles and plaques is a faster clearance rate out of

the brain via the glymphatic system (Rasmussen et al., 2018). Sleep also appears to reliably facilitate clear-

ance of these metabolites into the cerebrospinal fluid (CSF) (Holth et al., 2019; Xie et al., 2013). We there-

fore collected CSF from the cisterna magna of FNSS;ADmice and measured tau and Ab42 concentrations.

There was no significant difference in CSF tau in 6 month old DEC2-WT;PS19 vs. DEC2-P384R;PS19 mice,

though inNpsr1-Y206H;PS19 (Npsr1+/m;PS19) mice, we found reduced CSF tau compared to PS19 controls

(Figure 3C).

In DEC2-P384R;5XFAD mice, we found that there was significantly more CSF Ab42 than in DEC2-

WT;5XFAD mice at 3 months of age, an effect lost by 6 months (Figure 3D), indicating increased clearance

at 3 months. Interestingly, higher Ab42 levels were also found by ELISA in extracts from the cortex and hip-

pocampus at 3 months of age in mutant DEC2 mice. This difference was also lost by 6 months (Figures 3A

and 3B). CSF Ab42 is significantly higher in 6 month-old Npsr1-Y206H;5XFAD mice than the control mice,

suggesting this might be a contributing factor to the lower plaque burden observed in these mice at this

age (Figure 3D). There was no difference in plasma Ab42 between any of the 5XFAD lines (Figure S3B).

Synaptosome tau in Npsr1-Y206H;PS19

We previously demonstrated that the mutant NPSR1 receptor is more active than its WT counterpart and

that Npsr1-Y206H neurons are correspondingly hypersensitive to its ligand NPS (Neuropeptide S) (Xing

et al., 2019). Interestingly, neuronal activity is known to contribute to the presence of extracellular tau

(Pooler et al., 2013; Yamada et al., 2014), and the release of endogenous tau is mediated by activity at

the presynapse (Sokolow et al., 2015), yet we found CSF tau levels to be lower in Npsr1-Y206H;PS19

than in control mice (Figure 3C). To reconcile this discrepancy, synaptosomes were prepared from the hip-

pocampus of Npsr1-Y206H;PS19 and PS19mice (Figure S5), and the extracellular tau levels were analyzed.

At baseline, there was no difference in human tau release betweenNpsr1-Y206H;PS19 (Npsr1+/m;PS19) and

PS19 mice (Figures 4A and 4B), though upon NPS treatment, tau secretion was increased only in the syn-

aptosomes of Npsr1-Y206H;PS19 mice (Figures 4A and 4B). These observations, combined with the lower
iScience 25, 103964, April 15, 2022 5



Figure 3. Tissue Ab42 and CSF Ab42/tau in FNSS;AD mice

(A) Insoluble Ab42 from cortex measured by ELISA (3 months from left to right: n = 10, n = 9, n = 11, n = 10; 6 months from

left to right: n = 11, n = 12, n = 11, n = 7).

(B) Insoluble Ab42 from hippocampus measured by ELISA (3 months from left to right: n = 9, n = 6, n = 11, n = 10; 6 months

from left to right: n = 10, n = 12, n = 11, n = 8).

(C) CSF tau from indicated genotypes at 6 months measured by ELISA (from left to right: n = 12, n = 15; n = 2, n = 10,

n = 12).

(D) Human CSF Ab42 from indicated genotypes measured by ELISA (3 months from left to right: n = 9, n = 7, n = 13, n = 7;

6 months from left to right: n = 10, n = 8, n = 9, n = 10). One-way ANOVAwith Tukey’s multiple comparisons test for (A), (B),

and (D) Student’s two-tailed unpaired t-test for (C).

Data expressed as mean G SEM, *p < 0.05, **p < 0.01, ****p < 0.0001; n.s., not significant.
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level of CSF tau in theNpsr1-Y206H;PS19mice, suggests that alternative pathways in themutant brain, such

as degradation within glia, may participate in the clearance of extracellular tau.
Less synaptic loss and astrogliosis in Npsr1-Y206H;PS19

Synaptic deterioration and astrogliosis usually occur with the development of tau pathology in PS19 mice

(Yoshiyama et al., 2007). We next chose to examine these properties in one of the mouse lines (Npsr1-

Y206H;PS19) to further test the effects of FNSS mutations on tau pathology. We stained for synaptophysin

in CA3 and found that the signal significantly decreased fromWT controls in the PS19mice but not Npsr1-

Y206H;PS19mice at 6 months of age (Figures 4C and 4D). Similarly, using GFAP as a measure of gliosis, we

found reduced signal in the hippocampus of Npsr1-Y206H;PS19 compared with PS19mice (Figures 4E and

4F), a result confirmed by Western blot (Figures 4G and 4H). These results demonstrate that the Npsr1-

Y206H mutation attenuates synaptic loss and astrogliosis found in PS19 mice even though Npsr1 mutant

neurons are more active and release more tau in response to its agonist.
DISCUSSION

AD is the leading cause of age-related neurodegeneration, accounting for nearly 75% of all dementia

cases. AD is incredibly complex, and its etiology is characterized by the interplay between many physiolog-

ical, genetic, and environmental influences. Great effort has been put forward during the last few decades

in seeking cures for AD, yet most of this has focused on deleterious genetic influences over preventive

ones. FNSS individuals do not appear to suffer from increased risk of dementia despite lifelong shorter

sleep duration, implying a potential protective effect stemming from these mutations. Because our
6 iScience 25, 103964, April 15, 2022



Figure 4. Less synaptic loss and astrogliosis in Npsr1-Y206H background mice

(A) Western blot analysis of human tau levels released from synaptosomes (top) and in the synaptosomes (bottom) with or

without NPS treatment. PSD-95 and membranes (mem) stained with Coomassie brilliant blue (CBB) served as loading

control. n = 4 mice per group.

(B) Quantification of (A).

(C) Representative images of six-month-oldWT, PS19, andNpsr1+/m;PS19mice brain sections stained with synaptophysin

and DAPI. WT, n = 8; PS19, n = 9; Npsr1+/m;PS19, n = 8.

(D) Quantification of (C).

(E) GFAP staining for astrocytes in six-month-old PS19 (top) and Npsr1+/m;PS19 (bottom) hippocampus.

(F) Quantification of (E). PS19, n = 3; Npsr1+/m;PS19, n = 4.

(G) Western blot analysis of GFAP protein levels in PS19 and Npsr1+/m;PS19 mouse hippocampus. b-actin served as

loading control.
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Figure 4. Continued

(H) Quantification of (G). n = 3 mice per group.

Data expressed as mean G SEM, two-way ANOVA with Sidak’s multiple comparisons test (B), Student’s two-tailed

unpaired t-test was used for analysis. *p < 0.05, **p < 0.01; n.s., not significant. Scale bars, 50 mm (C) and 100 mm (E).
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database of FNSS families is not large enough to test this using epidemiology, we studied mice carrying

human AD alleles on mouse models of FNSS that we have developed. Here, we described the pathological

ramifications of two different FNSS mutations affecting upstream (sleep-related) phenotypes which have

been tied to AD, providing a perspective into genetic influences that may curtail AD disease progression.

In the first mutation we described (DEC2-P384R), the variant leads to decreased deposition of tau with a

significantly lower ratio of insoluble phospho-tau/total tau at 6 months of age when disease phenotypes

are evident. Similarly, we found a robust reduction in amyloid plaque deposition for DEC2-P384R;5XFAD

compared to control mice, although no difference was found for tissue Ab42 at this age. We also observed

that both tissue and CSF Ab42 concentrations in DEC2-P384R;5XFAD were higher than control mice at

3 months of age. The higher CSF Ab42 could be a consequence of the higher tissue Ab42. Future studies

on the APP processing pathways for the FNSS;5XFAD mice are necessary to understand the underlying

mechanism.

Of note, orexin levels have been shown to directly modulate the dynamics of Ab formation (Kang et al.,

2009), and higher orexin is expected to increase Ab plaques. We have previously shown that DEC2 regu-

lates orexin levels by serving as a transcription repressor, and mutant DEC2 is a weaker repressor which

leads to higher orexin, consistent with the higher Ab42 in tissue of 3 months oldDEC2-P384R;5XFAD. How-

ever, this phenomenon disappeared, and plaque was significantly reduced at 6 months old. Furthermore,

soluble phospho-tau was also significantly higher in DEC2-P384R;PS19 than control mice at 3 months of

age, which also disappeared at 6 months old. These observations together would suggest that mecha-

nisms occurring between 3 and 6 months will be important targets for future investigation to reveal the un-

derlying causes of this protective effect. Taken together, the evidence suggests that the DEC2-P384R mu-

tation may already provide an environment less conducive for the aggregation of amyloid plaques or

phospho-tau tangles at an age before manifestation of a severe neurodegeneration.

Interestingly, we found that plaque formation is significantly higher inDEC2-WT;5XFAD than 5XFAD alone,

implying that WT DEC2 might contribute to the Ab aggregation pathway. However, even with this caveat,

DEC2-P384R;5XFAD has a significant effect on reduced plaque accumulation. Further studies on whether

WT DEC2 participates in Ab aggregation and how this single point mutation can lead to significant reduc-

tion of Ab plaque formation will be important for understanding this effect.

For the second mutation (Npsr1-Y206H) and similar to DEC2-P384R, there was no difference found in tis-

sue Ab42 but the mutation likewise leads to reduced plaque pathology in double mutant mice, especially

in females. This is not completely surprising because 5XFAD female mice have a more robust phenotype

than male mice. Nonetheless, it is possible that the genetic protective effects of this FNSS mutation are

sexually dymorphic. Contrary to DEC2-P384R;5XFAD, the CSF Ab42 was increased in Npsr1-

Y206H;5XFAD vs. control, suggesting the possibility of increased Ab42 clearance in these mice. We

found that the Npsr1-Y206H;PS19 mice, despite elevated neuronal activity and greater extracellular

tau after stimulating the synapses, have fewer tangles, less phosphorylated tau, and less CSF tau than

PS19 mice without the FNSS mutation. These results indicate that mechanisms in addition to the glym-

phatic system warrant further investigation for clearance of Ab and tau to facilitate healthier brain aging.

In addition, we verified the preservation of neurons and astrocytes as benefits of reduced tau aggrega-

tion in Npsr1-Y206H;PS19 mice.

Introduction of the PS19 allele onto two different FNSS genotypes has a notable effect on phospho-tau

levels in less soluble and insoluble fractions. Both showed significantly lower phospho-tau/total tau ratios.

Because total tau levels for different genotypes seem to be comparable, this observation suggests that

reduced phospho-tau in the insoluble fractions is likely not caused by the production of total tau, but

rather, in the production (and/or clearance) of phospho-tau.

Recent advances in basic research are revealing that AD is a multifaceted degenerative process including

Ab, tau, and other pathophysiological mechanisms (Gallardo and Holtzman, 2019; Johnson and Dammer,
8 iScience 25, 103964, April 15, 2022
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2020). Our results support genetic interactions between FNSS alleles and dementia associated alleles

(APP and tau). The phenotype of two different AD/AD-like mouse models was dramatically attenuated

when crossed with two different FNSS alleles. We found significantly fewer amyloid plaques and tau tan-

gles for both of these double mutants. However, further characterization on sleep and behavior features

of these mice is necessary to confirm these protective effects. We found that the effect of the FNSS var-

iants on AD pathology was not identical. Because the pathological mechanism of AD is complex, it is not

surprising that there will be multiple mechanisms for slowing/preventing disease progression. Future

investigation such as introducing multiple FNSS alleles into different AD mouse models to determine

whether synergistic or additive effects are produced will shed additional light on these protective

mechanisms.

This study employs an understudied approach for AD (both Ab and tau) by investigating strong genetic

factors that have potential in conferring resistance to onset and progression of AD-like pathology. This

work was motivated by our idea that natural short sleepers are accomplishing restorative aspects of sleep

more efficiently. The results indicate that there is great potential in identifying the means to use improved

sleep as a target for protecting against neurodegeneration, thus decreasing the prevalence of AD, and

potentially, other forms of neurodegeneration.
Limitations of the study

There are more than 100 different genetically engineered mouse lines reported to capture some aspects of

AD disease and pathophysiology - so many that it has become impossible to exhaustively track them all

(Jankowsky and Zheng, 2017). We chose the mouse models that were used in previous reports on sleep

and AD to begin this line of investigation. Moreover, 5XFAD was recently demonstrated to be a good

mouse model for studying AD pathology (Oblak et al., 2021). The fact that two independent FNSS

genes/mutations are genetic modifiers suggests the possibility that the effect may be via sleep/restoration.

Studies with additional AD and FNSS mouse models will be beneficial for further studying these genetic

interactions. Another interesting question is when these effects are most important. It is attractive to think

that increased efficiency of restoration over the lifespan could be protective. Generating Cre-dependent

FNSS mouse models that can be modulated conditionally, temporally, and spatially will be necessary to

address these possibilities. In addition, follow up studies in detailed sleep structure using EEG/EMG

and behavioral cognitive analysis for these double mutant mice are necessary to confirm the phenotypical

characterization of these effects.
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We thank all members in the Ptá�cek and Fu labs for helpful discussions. This work was supported by NIH

grants NS117929, NS072360, and NS104782 (L.J.P. and Y-H.F.), and by the William Bowes Neurogenetics

Fund (L.J.P. and Y.H.F.).

AUTHOR CONTRIBUTIONS

Q.D., N.W.G., L.G., L.J.P., and Y.-H.F., conceived and designed the study. Q.D., T.M., N.W.G., T.W., and

L.B.R. performed experiments. M.Y. and Q.D. managed mouse colony resources and upkeep. Q.D.,

T.M., and N.W.G. statistically analyzed and interpreted data. Q.D., N.W.G., and Y.-H.F. wrote and orga-

nized the manuscript. Q.D., N.W.G., T.M., L.J.P., L.G., and Y.-H.F. edited the manuscript. All authors

approved the final manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: July 16, 2021

Revised: January 19, 2022

Accepted: February 18, 2022

Published: March 15, 2022
REFERENCES

Braak, H., Braak, E., Ohm, T., and Bohl, J. (1989).
Alzheimer’s disease: mismatch between amyloid
plaques and neuritic plaques. Neurosci. Lett. 103,
24–28. https://doi.org/10.1016/0304-3940(89)
90479-5.

Bundy, J.L., and Vied, C. (2019). Sex-biased
hippocampal pathology in the 5XFAD mouse
model of Alzheimer’s disease: a multi-omic
analysis. J. Comp. Neurol. 527, 462–475. https://
doi.org/10.1002/cne.24551.

Chang-Quan, H., Bi-Rong, D., and Yan, Z. (2012).
Association between sleep quality and cognitive
impairment among Chinese nonagenarians/
centenarians. J. Clin. Neurophysiol. 29, 250–255.
https://doi.org/10.1097/WNP.
0b013e3182570f2e.

Chen, D.W., Wang, J., Zhang, L.L., Wang, Y.J.,
and Gao, C.Y. (2018). Cerebrospinal fluid
amyloid-b levels are increased in patients with
insomnia. J. Alzheimer’s Dis.: JAD 61, 645–651.
https://doi.org/10.3233/jad-170032.

Gallardo, G., and Holtzman, D.M. (2019).
Amyloid-b and tau at the crossroads of
Alzheimer’s disease. Adv. Exp. Med. Biol. 1184,
187–203. https://doi.org/10.1007/978-981-32-
9358-8_16.

He, Y., Jones, C.R., Fujiki, N., Xu, Y., Guo, B.,
Holder, J.L., Jr., Rossner,M.J., Nishino, S., and Fu,
Y.H. (2009). The transcriptional repressor DEC2
regulates sleep length inmammals. Science (New
York, N.Y.) 325, 866–870. https://doi.org/10.1126/
science.1174443.

Hirano, A., Hsu, P.K., Zhang, L., Xing, L.,
McMahon, T., Yamazaki, M., Ptá�cek, L.J., and Fu,
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L.J., and Fu, Y.H. (2021). Mutations in
metabotropic glutamate receptor 1 contribute to
natural short sleep trait. Curr. Biol.: CB 31, 13–
24.e4. https://doi.org/10.1016/j.cub.2020.09.071.

Sokolow, S., Henkins, K.M., Bilousova, T.,
Gonzalez, B., Vinters, H.V., Miller, C.A., Cornwell,
L., Poon, W.W., and Gylys, K.H. (2015). Pre-
synaptic C-terminal truncated tau is released
from cortical synapses in Alzheimer’s disease.
J. Neurochem. 133, 368–379. https://doi.org/10.
1111/jnc.12991.

Spira, A.P., and Gottesman, R.F. (2017). Sleep
disturbance: an emerging opportunity for
Alzheimer’s disease prevention? Int.
Psychogeriatr. 29, 529–531. https://doi.org/10.
1017/s1041610216002131.

Spira, A.P., Gamaldo, A.A., An, Y., Wu, M.N.,
Simonsick, E.M., Bilgel, M., Zhou, Y., Wong, D.F.,
Ferrucci, L., and Resnick, S.M. (2013). Self-
reported sleep and b-amyloid deposition in
community-dwelling older adults. JAMA Neurol.
70, 1537–1543. https://doi.org/10.1001/
jamaneurol.2013.4258.

Tafaro, L., Cicconetti, P., Baratta, A., Brukner, N.,
Ettorre, E., Marigliano, V., and Cacciafesta, M.
(2007). Sleep quality of centenarians: cognitive
and survival implications. Arch. Gerontol. Geriatr.
44 (Suppl 1 ), 385–389. https://doi.org/10.1016/j.
archger.2007.01.054.
Tkachenko, O., and Dinges, D.F. (2018).
Interindividual variability in neurobehavioral
response to sleep loss: a comprehensive review.
Neurosci. Biobehav. Rev. 89, 29–48. https://doi.
org/10.1016/j.neubiorev.2018.03.017.

Toh, K.L., Jones, C.R., He, Y., Eide, E.J., Hinz,
W.A., Virshup, D.M., Ptácek, L.J., and Fu, Y.H.
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AT8 Thermo Scientific Cat# MN1020, RRID:AB_223647
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HT7 Thermo Scientific Cat# MN1000, RRID:AB_2314654

anti- b-actin Cell Signaling Technology Cat# 4967, RRID:AB_330288

anti-PSD-95 Abcam Cat# ab18258, RRID:AB_444362

anti-GFAP Millipore Cat# MAB3402, RRID:AB_94844

anti-Synaptophysin antibody Abcam Cat# ab8049, RRID:AB_2198854

Biological samples

Mouse brain tissues UCSF N/A

Chemicals, peptides, and recombinant proteins

NPS Tocris 5857

Critical commercial assays

human Amyloid beta 40 ELISA kit Invitrogen KHB3481

human Amyloid beta 42 ELISA kit Invitrogen KHB3544

Tau (Total) Human ELISA Kit Invitrogen KHB0041

Experimental models: Organisms/strains

Mouse: 5XFAD line (on a C57B/6J background) Jackson Labs JAX: 34848

Mouse: PS19 line (on a C57B/6J background) Li Gan Lab N/A

Mouse: DEC2-WT;PS19 This paper N/A

Mouse: DEC2-P384R;PS19 This paper N/A

Mouse: Npsr1-Y206H;PS19 This paper N/A

Mouse: DEC2-WT;5XFAD This paper N/A

Mouse: DEC2-P384R;5XFAD This paper N/A

Mouse: Npsr1-Y206H;5XFAD This paper N/A

Mouse: C57B/6J Jackson Labs JAX: 000664

Software and algorithms

Fiji-ImageJ National Institute of Health https://imagej.net/Fiji

GraphPad Prism 8 GraphPad https://www.graphpad.com/scientific-

software/prism
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ying-Hui Fu (Ying-Hui.Fu@ucsf.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experimental animals were singly housed on a light-dark cycle (LD 12:12) and given ad libitum access to

food and water. When possible, littermates were used for studies comparing WT and transgenic mice.

3 month-old and 6 month-old male mice were used for all experiments unless otherwise noted, in order

to control for the estrous cycle which can affect sleep-wake behaviors in female mice between experiments.

DEC2-WT and DEC2-P384Rmice have been reported by our group (He et al., 2009; Hirano et al., 2018). We

engineered a human BAC clone, CTD-2116MB, containing the entire DEC2 gene in a 125-kb genomic

insert. The BAC clone was modified by homologous recombination to introduce the P384R mutation

and to add a FLAG tag sequence to the C terminus of DEC2-P384R. All relevant segments generated by

PCR and recombination were sequence-confirmed. BAC DNA was injected into C57BL/6J embryos

following standard procedures. Npsr1-Y206H knock-in mice were generated via CRISPR/Cas9 (Xing

et al., 2019). Briefly, the sgRNA targeting Npsr1 gene was transcribed in vitro, and then brought together

with Cas9 protein and donor oligonucleotide and microinjected into pronucleus of fertilized C57BL/6J zy-

gotes. The injected zygotes were implanted into oviducts of pseudopregnant CD1 female mice to create

positive knock-in founders. Mice were backcrossed with C57BL/6J to dilute out potential off-target affects.

The PS19 mice express the human 1N4R tau isoform carrying P301S mutation, driven by the mouse prion

protein (Prnp) promoter. The 5XFAD line (on a C57B/6J background) was purchased from Jackson Labs

(34848-JAX). Each mouse line was maintained by backcrossing to C57B/6J mice. Double transgenics

were generated by crossing these FNSS mice with the 5XFAD or with the PS19 lines.

All experimental protocols were approved by the University of California, San Francisco Institutional Animal

Care and Use Committee following the NIH’s Guide for the Care and Use of Laboratory.
METHOD DETAILS

Tau protein extraction

Tau protein in mouse brain was analyzed by immunoblot using a sequential extraction method as

described with minor modifications (Yoshiyama et al., 2007). Briefly, the hippocampus of each brain was

weighed and homogenized in 15 mL/mg RAB buffer [0.1 M MES, 1 mM EGTA pH 7.0, 0.5 mM MgSO4,

0.75 M NaCl, supplemented by protease inhibitor (cOmplete�, Sigma), phosphatase inhibitor (PhosSTOP,

Roche) and 1 mM PMSF] and centrifuged at 35,000 g for 20 min at 4�C using an Optima MAX-TL Ultracen-

trifuge (Beckman). The supernatants were collected as RAB-soluble fractions and pellets were resuspended

in 15 mL/mg 1 M Sucrose-RAB buffer and centrifuged at 35,000 g for 20 min at 4�C to remove myelin and

related lipids. The supernatants were discarded and the resulting pellets were rehomogenized in 50 mL/mg

RIPA buffer [50 mM Tris pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% Nadeoxycholate, 5 mM EDTA, 0.1%

SDS, supplemented by protease inhibitor (cOmplete�, Sigma), phosphatase inhibitor (PhosSTOP, Roche)

and 1 mM PMSF], and sonicated for 5s in ice-water mixture (0.5s on, 8s off, amplitude 10%), then centri-

fuged at 35,000 g for 20 min at 4�C to generate RIPA-soluble fractions. The pellets were further dissolved

with 2 mL/mg 70% formic acid and incubated on ice for 1 h to recover highly insoluble protein. The samples

were diluted with 1:5 (v/v) neutralization buffer (1 M Tris pH 8.0, 0.5 MNaH2PO4), mixed well and kept as FA-

fractions. All fractions were stored at -80�C until analyzed.
Silver staining for plaque load

Silver stains were performed using the Campbell-Switzer method and kit from Neuroscience Associates

(Braak et al., 1989). Sections from embedded 4% paraformaldehyde and 30% sucrose treated mouse brains

were cut in 40 mM sections and washed 3 times for 10 min in ddH2O then treated for 5 min with 2% NH4OH.

After 2 3 1 min ddH2O washes, slices were placed in Silver-Pyridine-Carbonate solution for 40 min. Next,

the slices were washed in 1%Citric Acid for 3min, then placed in Neuroscience Associates’ proprietary ABC

developer solution until developed. The development was then halted with pH 4.99 Acetate buffer, which

was replaced multiple times. Finally, after one subsequent 30 s ddH2O wash, the slices were placed in 0.5%

Sodium Thiosulfate for 45 s before 33 2 min ddH2O washes and cover-slipping. At least seven consecutive

slices (bregma -1.34 mm to -2.18 mm) were analyzed from 4-8 mice each using ImageJ (https://imagej.net/

Auto_Threshold).
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Brain protein extraction and Western blot

Samples were isolated with RIPA buffer supplemented by protease inhibitor (cOmplete�, Sigma), phos-

phatase inhibitor (PhosSTOP, Roche) and 1 mM PMSF] then separated by 4–12% NuPAGE (Invitrogen)

gel with MOPS buffer then transferred to PVDF (Millipore) membrane. Primary antibodies used in this study

were AT8 (Thermo Scientific, MN1020), AT270 (Thermo Scientific, MN1050), HT7 (Thermo Scientific,

MN1000), anti- b-actin (Cell Signaling Technology, 4967S), anti-PSD-95 (Abcam, ab18258), and anti-

GFAP (Millipore, MAB3402). Membranes were developed using Chemiluminescent HRP Substrate (Milli-

pore) and exposed to CL-XPosure� Film (Thermo Scientific).

Synaptosome preparation

The crude synaptosome pellet was prepared from fresh mouse brain tissues (Pooler et al., 2013). Briefly,

fresh mouse hippocampus was gently homogenized in 15X volume of Syn-PER� Synaptic Protein Extrac-

tion Reagent (Thermo Scientific, 87793) containing protease and phosphatase inhibitors. The homogenate

was centrifuged at 1,200 g for 10 min at 4�C. The supernatant was transferred to a new tube and centrifuged

at 15,000 g for 20 min at 4�C to obtain the synaptosomes.

Freshly prepared synaptosome pellets were resuspended in Syn-PER reagent (500 mL for 200–400 mg of

tissue). One-half of the synaptosomes were treated with 0.4 mM NPS (Tocris, 5857). The other half were

treated with saline as control. The samples were incubated for 1 h at 37�C and centrifuged at 2,000 g for

4 min at room temperature. Supernatants were collected for analysis, and the remaining pellet was resus-

pended in RIPA buffer for the identification of synaptosomal components.

Immunohistological staining

The brain of each mouse was stored in 4% PFA overnight at 4�C and then incubated in a 30% sucrose so-

lution for 24 h at 4�C. Samples were sectioned coronally at 40 mmusing a freezing slidingmicrotome. Two to

three sections (bregma -1.4 mm to -2.0 mm) from each mouse were used for free-floating p-tau staining.

Brain sections were washed three times in 1X PBS followed by blocking with 5% donkey serum 1% BSA

in 0.5% PBS-X (Triton X-100) for 1 h. The sections were incubated with the primary antibody AT8 (Thermo

Scientific, MN1020, 1:1000) or anti-GFAP (Chemicon, MAB360, 1:1000) overnight at 4�C. The next day, the

sections were washed three times in 1X PBS, and incubated with fluorescence-labeled secondary antibody

Goat Anti-Mouse Alexa Fluor 488 (Abcam, ab150113, 1:1000) for 2 h at room temperature. The slices were

then washed three times in 1X PBS and placed in mounting medium with DAPI and DABCO� (EMS). For

analysis of synapses, the brain sections were incubated with primary anti-Synaptophysin antibody (Abcam,

ab8049, 1:50) for 48 h at 4�C and then incubated with secondary antibody (JIR, anti-mouse CyTM3, 1:500).

Data analysis was performed with blinding to animal genotypes.

CSF surgeries

Mice were anesthetized with isoflurane for surgery (Lim et al., 2018). Following head-fixation and testing for

withdrawal response, the skin and overlaying muscles were removed from the mouse’s posterior skull re-

gion until the cisterna magna was revealed. Positive pressure and expulsion of contaminants was achieved

by pumping a syringe connected to a sharpened glass capillary tube fixed within a micromanipulator de-

vice. This device was used to puncture the cisterna magna at a 30–45� angle with the capillary tube while

carefully avoiding puncturing nearby blood vessels or the underlying brain tissue. CSF was allowed to accu-

mulate in the tube before removal and expulsion into a tube immediately placed in liquid nitrogen. The

mouse was then sacrificed by cervical dislocation and decapitation, when blood for plasma analysis was

immediately collected in an additional tube. To avoid the fluctuation of CSF Ab/tau caused by circadian

rhythm and sleep-wake cycle, we started the CSF collection at ZT4 for each batch and completed within

2 h.

ELISA

The solid-phase sandwich ELISAs on brain tissue for human Amyloid Beta 40 and 42 were performed using

an Invitrogen (Cat Number EZBRAIN-SET) kit according to their recommended protocol. In brief, brain tis-

sue was lysed on ice with protease inhibitor, and equal weights of sample were extracted and homogenized

with a pestle. CSF samples skipped the pestle and lysis steps. Samples rotated for 2 h at 4�C before centri-

fugation and clearance of the lysate. Lysate, representing the sample containing soluble Amyloid beta, was

saved for subsequent steps. The pellet was resuspended in formic acid, sonicated for 30 min, and
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neutralized in 1M Tris. The resulting supernatant after centrifugation contained insoluble amyloid beta.

Both lysates were diluted evenly according to previous calibration and applied to the ELISA plate (in

quadruplicate) in solution with provided diluents and allowed to develop as described in supplier proto-

cols. Amyloid beta 40 was measured in the soluble fraction, and Amyloid beta 42 in the insoluble fraction.

All sample values were normalized to total protein levels, whose values were derived using the kit’s pro-

vided standard curve protocol and adjusted by dilution. ELISAs on CSF and plasma for human Amyloid

beta 40 and 42 were performed using an Invitrogen (Cat Number KHB3481 and KHB3544, respectively)

kit according to their recommended protocol. Finally, concentrations were calculated from colorimetric

measurements made using a Synergy H4 Hybrid Multi-Mode Microplate Reader (Biotek).

Human tau ELISAs were performed according to the manufacturer’s instructions for a human tau ELISA kit

(Invitrogen, KHB0041) with modifications. The ELISA plates were incubated with 100 mL of diluted tau stan-

dard or 50 times diluted CSF samples overnight at 4�C. The next morning, plates were washed four times

with 1X wash buffer. The human tau Biotin conjugated solution was added and incubated for 1 h at room

temperature. After washing four times with 1X wash buffer, 1X Streptavidin-HRP solution was added and

incubated for 30 min at room temperature. Chromogen solution was used as a substrate of peroxidase

and absorbance was read at 450 nm with a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All mouse data is shown as mean G SEM unless explicitly stated. Statistical differences between groups

were assessed by one-way ANOVA or two-way ANOVA with post hoc multiple comparisons, and unpaired

t-test. GraphPad Prism 8 software was used for analyzing the data and generating graphs.
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