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Introduction

Alzheimer’s disease (AD) is the most common cause of dementia in
the elderly and a major, growing public health problem. Currently,
approximately 47 million people worldwide are living with dementia
(1). Thus, identifying modifiable risk factors for AD is critical. AD is
pathologically characterized by extracellular amyloid-B (AB) plaques
and intraneuronal, aggregated, hyperphosphorylated tau that is
present in neurofibrillary tangles, dystrophic neurites, and neuropil
threads (2). In addition to tau and A, a large percentage of patients
with AD exhibit sleep disturbances (3, 4). Sleep disturbances are prev-
alent in patients with symptomatic AD and are a major risk factor for
early institutionalization (5). Recent studies show that sleep distur-
bances are detectable years before the onset of cognitive impairment,
during the preclinical phase of AD (6). In mouse models of AB-am-
yloidosis, sleep deprivation (SD) can accelerate Ap deposition, while
promoting sleep with an orexin receptor antagonist can reduce amy-
loid plaque pathology (7, 8). Previous work in our laboratory showed
that secreted forms of Ap and tau fluctuate in the brain interstitial
fluid (ISF) and cerebrospinal fluid (CSF) with the sleep-wake cycle
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Alzheimer’s disease (AD) is the most common cause of dementia. The APOE-¢4 allele of the apolipoprotein E (APOE) gene is
the strongest genetic risk factor for late-onset AD. The APOE genotype modulates the effect of sleep disruption on AD risk,
suggesting a possible link between apoE and sleep in AD pathogenesis, which is relatively unexplored. We hypothesized that
apoE modifies Ap deposition and Ap plaque-associated tau seeding and spreading in the form of neuritic plaque-tau (NP-
tau) pathology in response to chronic sleep deprivation (SD) in an apoE isoform-dependent fashion. To test this hypothesis,
we used APPPS1 mice expressing human APOE-&3 or -£4 with or without AD-tau injection. We found that SD in APPPS1

mice significantly increased Ap deposition and peri-plaque NP-tau pathology in the presence of APOE4 but not APOE3. SD in
APPPS1 mice significantly decreased microglial clustering around plaques and aquaporin-4 (AQP4) polarization around blood
vessels in the presence of APOE4 but not APOE3. We also found that sleep-deprived APPPS1:E4 mice injected with AD-tau
had significantly altered sleep behaviors compared with APPPS1:E3 mice. These findings suggest that the APOE-£4 genotype
is a critical modifier in the development of AD pathology in response to SD.

and that SD increases Af} and tau levels in mouse ISF and in human
CSF (7,9). Furthermore, we showed that acute SD induces a stronger
increase in extracellular tau than A, and that chronic SD increases
the spreading of tau aggregates (9). However, it is not clear how these
sleep disturbances impact the progression of AD in the presence of
other risk factors such as different apolipoprotein (APOE) genotypes.

ApoE is a major lipid and cholesterol transporter in the brain.
There are 3 common APOE alleles in humans: APOEg2, APOEg3,
and APOEg4 (10). The APOE-¢4 genotype is strongly associat-
ed with increased AD risk and amyloid plaque accumulation in
humans as compared with APOEe3, whereas APOEg2 reduc-
es the risk of AD (11). Prior studies have shown that APOE-g4
has deleterious effects on amyloid aggregation, plaque deposi-
tion, and tau-mediated neurodegeneration (12-14). There are
several human studies that found links between sleep and the
ApoE4 genotype. A study reported that the APOE4 genotype is
strongly associated with sleep-disordered breathing (15). Yaffe
and colleagues found in older cognitively normal women, those
with sleep-disordered breathing compared with those without
sleep-disordered breathing had an increased risk of developing
cognitive impairment (16). Another study reported that individ-
uals with the APOE4 genotype have an increased risk of devel-
oping obstructive sleep apnea (OSA) (17). OSA causes both inter-
mittent hypoxia and sleep disturbance and is estimated to affect
1%-4% of middle-aged adults (18) and 24%-30% of elderly indi-
viduals (19). Another recent study showed that disrupted sleep
was more frequent in males than in females and in carriers of the
APOE4 genotype than in noncarriers (20). They also reported
that the influence of the APOE4 genotype on sleep disturbances
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Figure 1. SD exacerbates amyloid plaque deposition in the presence of apoE4 but not apoE3. (A) Schematic of the experimental design. Four-month-old
APPPS1:E3 and APPPS1:E4 mice were placed in an automated sleep fragmentation chamber or a normal cage (n = 12-15 per group). (B) Body weight logs
under the SD condition. (C) Representative images of anti-AB antibody-stained (H)3.4-biotin) brain sections from APPPS1:E3 and APPPS1:E4 mice from
the NS and SD groups. Scale bars: 500 pm. Original magnification, x1.25 (insets). (D-F) Quantification of the percentage of area covered by Af staining in
cortex (D), hippocampus (E), and thalamus (F). Data are presented as the mean = SEM. Significance was determined by 3-way ANOVA with Sidak’s multi-
ple-comparison test (sex, apoE genotype, and sleep condition). There was a significant effect of the apoE genotype and sleep condition but not of sex. **P
< 0.01and ***P < 0.001. No other statistical comparisons were significant unless indicated. See also Supplemental Table 1.

depends on the severity of the AD load. These studies suggest
that, in humans, APOE4 is associated with disrupted sleep that
could be linked to AD pathogenesis (21).

In this study, we investigated the interactions between the
APOE genotype, SD, A, and Ap-induced tau seeding and spread-
ing using APPPS1 mice that express APOE3 or APOE4. We hypoth-
esized that chronic SD would accelerate Ap plaque deposition in
an APOE isoform-dependent manner and would also increase
seeded neuritic plaque tau (NP-tau) pathology. Specifically, we
hypothesized that the APOE-g4 genotype exacerbates the effects
of SD and AP pathology and AB-induced tau seeding and spread-
ing in the form of NP-tau pathology. We also hypothesized that A
and tau pathology in the presence of ApoE4 would be associated
with altered sleep-wake behavior.

Results

SD exacerbates AP plaque deposition in the presence of APOE4 but not
APOE3. Previously, we found that chronic SD significantly increased
ApB plaque deposition in 2 mouse models of B-amyloidosis that
expressed murine Apoe (7). Murine and human apoE proteins are
approximately 70% identical at the protein level and have function-
al differences (22). To determine whether human APOE isoforms
influence SD-induced exacerbation of AP pathology, we studied
APPPS1 mice expressing human APOE3 or APOE4 (APPPS1:E3 and
APPPS1:E4) (23). Mice were sleep deprived for 8 weeks, beginning
at 4 months of age (Figure 1A), a time point when these mice have a
moderate amount of A pathology in the cortex. To test the effects
of chronic SD on overall health, we measured the body weight of
sleep-deprived mice weekly and found no changes in body weight

J Clin Invest. 2023;133(14):e169131 https://doi.org/10.1172/)CI169131
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(Figure 1B). Chronic SD significantly increased AB plaque deposition
in the cortex, hippocampus, and thalamus of APPPS1:E4, but not
APPPS1:E3, mice (Figure 1, C-F). In each brain region, the overall AR
plaque burden increased by approximately 1.8-fold in SD male and
female APPPS1:E4 mice compared with non-sleep-deprived (nor-
mal sleep [NS]) control mice (Figure 1, D-F). Similarly, we found that
APPPS1:E4, but not in APPPS1:E3, mice with chronic SD had signifi-
cantly increased X34 fibrillar Af plaques in (Figure 2). These findings
suggest that APOE4, but not APOE3, synergizes with chronic SD to
exacerbate AB plaque deposition.

SD differentially affects microglial, and to some extent, astrocyte
clustering and dystrophic neurite formation around plaques in an apoE
isoform-dependent manner. Previous research showed that 5 days of
sleep restriction promotes astrocytic phagocytosis and microglial
activation in mouse cerebral cortex to potentially remove over-
stimulated synapses (24). We therefore investigated how chronic SD
affects astrocyte and microglia clustering around plaques in APPPS1
mice with different APOE genotypes (Figure 3, A and B). First, we
observed that SD differently affected astrocyte clustering in brain
regions in an apoE isoform-dependent manner (Figure 3, C-E). SD
resultedinadecrease in glial fibrillary acidic protein (GFAP) astrocyte

J Clin Invest. 2023;133(14):e169131 https://doi.org/10.1172/)CI169131
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Figure 2. SD in APPPS1 mice increases
fibrillar plaques in the presence of
apoE4 but not apoE3. (A) Representa-
tive images of brain sections stained
with X-34 dye, which recognizes only
fibrillar plagues. Brain sections were
from APPPS1:E3 and APPPS1:E4 mice
from the NS and SD groups. Scale bars:
400 um. Original magnification, x1.25
(insets). (B-D) Quantification of the
percentage of area covered by X-34
staining in cortex (B), hippocampus (C),
and thalamus (D) (n = 12-15 per group).
Data are presented as the mean + SEM.
Significance was determined by 3-way
ANOVA with Sidak’s multiple-com-
parison test (sex, apoE genotype, and
sleep condition). *P < 0.05, **P < 0.01,
and ***P < 0.001. No other statistical
comparisons are significant unless indi-
cated. See also Supplemental Table 1.
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clustering around plaques in the cortex in sleep-deprived APPPS1:E4
male mice but not in female APPPS1:E4 mice as compared with the
NS mice (Figure 3, C and D). In addition, GFAP" astrocyte clustering
around plaques was significantly increased in the thalamus of SD
APPPS1:E4 mice but not in APPPS1:E3 mice (Figure 3E). Second, we
found that clustering of ionized calcium-binding adaptor molecule
1 (IBA1) microglia around plaques was significantly decreased in
SD APPPS1:E4 mice but not in APPPS1:E3 mice. This suggests that
chronic SD in APPPSI in the presence of APOE4 reduced microglial
responsiveness to amyloid plaques (Figure 3, F-H, and Supplemental
Figure 1, A and B; supplemental material available online with this
article; https://doi.org/10.1172/JCI169131DS1). Given these results,
we tested whether chronic SD differentially affects the formation
of BACE1" dystrophic neurites around plaques in an apoE isoform-
dependent manner, since dystrophic neurite formation is strongly
influenced by reactive microglia and their ability to cluster around
plaques (25). Dystrophic neurites are abnormal neuronal processes
characterized by aberrant swelling that accumulates various cellu-
lar organelles and cytoskeletal/signaling proteins that are present
around amyloid plaques (25). We quantified BACE1* dystrophic neu-
rites around plaques and found that chronic SD induced an increase
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Figure 3. SD in APPPS1 mice differently affects the astrocyte population, microglia clustering, and dystrophic neurite formation around plaques in

an apoE isoform-dependent manner. (A) Confocal images of GFAP-labeled astrocytes (green) and neuritic dystrophy (BACE1, magenta costained around
X34+ plagues (blue) in cortex. Scale bars: 40 um. (B) Confocal images of IBA1-labeled microglia (green) and neuritic dystrophy (BACE1, magenta) costained
around X34+ plagues (blue) in hippocampus. Scale bars: 40 um. (C-E) Quantification of the percentage of GFAP* voxels within 15 pm of plaques in cortex
(C), hippocampus (D), and thalamus (E) from APPPS1:E3 and APPPS1:E4 mice from the NS and SD groups (n = 12-15 per group). (F-H) Quantification of

the number of microglial cells surrounding plaques in cortex (F), hippocampus (G), and thalamus (H) from APPPS1:E3 and APPPS1:E4 mice subjected to
the NS or SD condition. (I-K) Quantification of the percentage of BACE1* voxels within 15 um plagues in cortex (1), hippocampus (J), and thalamus (K) from
APPPS1:E3 and APPS1:E4 mice treated with the NS or SD condition. Data are presented as the mean + SEM. Significance was determined by 3-way ANOVA
with Sidak’s multiple-comparison test (sex, apoE genotype, and sleep condition). *P < 0.05 and **P < 0.01. See also Supplemental Table 1.
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Figure 4. SD in APPPS1 mice significantly increases NP-tau seeding and spreading in cortex in the presence of APOE4 but not APOE3. (A) Schematic of
the experimental design. Four-month-old APPPST:E3 and APPPS1:E4 mice were injected with AD-tau in the hippocampus and overlaying cortex and were
placed in sleep fragmentation chambers or normal cages for 8 weeks. All experimental mice were sacrificed at 6 months of age to evaluate tau seeding
and spreading (n = 13-15 per group). (B) Body weight logs with AD-tau injection (inj.) during the SD condition. (C and D) Representative images of the ipsi-
and contralateral hemisphere stained with AT8* to identify NP-tau pathology in AD-tau-injected APPPS1:E3 (C) and APPPS1:E4 mice (D). Scale bars: 100
um. Original magnification, x10 (insets). (E-H) Quantification of the percentage of area covered by AT8" staining in the ipsi- and contralateral cortices (E
and F, respectively) and hippocampi (G and H, respectively) of AD-tau-injected APPPS1:E3 and APPPS1:E4 mice. Data are presented as the mean + SEM.
Significance was determined by 3-way ANOVA with Sidak’s multiple-comparison test (sex, apoE genotype, and sleep condition). *P < 0.05, **P < 0.01, and

***P < 0.001. See also Supplemental Table 1.

in neuritic dystrophy in the hippocampus of female APPPS1:E4
mice and in the thalamus in male APPPS1:E4 mice. We observed no
significant changes in dystrophic neurites due to SD in APPPS1:E3
mice (Figure 3, I-K). These results suggest that in the presence of
amyloid deposition, SD combined with apoE4 results in a dysfunc-
tional microglial state resulting in less plaque-associated microglial
clustering and phagocytosis and subsequently greater damage to
surrounding neurites.

SD increases AB-associated tau seeding and spreading in the presence
of APOE4 but not APOE3. To determine whether APOE4 synergizes
with SD to exacerbate Ap-induced NP-tau pathology, we used a pre-
viously described model of amyloid-induced tau seeding and spread-
ing by injecting mouse brains with sarkosyl-insoluble tau aggregates
isolated from human AD brain tissue (AD-tau) (25-27). Four-month-
old APPPS1:E3 and APPPS1:E4 mice were injected unilaterally with
AD-tau into the dentate gyrus of the hippocampus and overlying cor-

J Clin Invest. 2023;133(14):e169131 https://doi.org/10.1172/)C1169131

tex. After 3 days of recovery from the AD-tau injection and adaptation
to the new environment, the mice were subjected to 8 weeks of SD or
NS conditions (Figure 4A). We measured the body weight of SD mice
weekly and found no changes in the body weight of AD-tau-injected
mice with or without SD, indicating no major change in health or stress
(Figure 4B). Using AT8 staining, which recognizes tau phosphorylation
at both serine 202 and threonine 205 (Figure 4, C and D), we observed
that chronic SD increased NP-tau seeding (ipsilateral) and spread-
ing (contralateral) in the cortex of APPPS1:E4, but not APPPS1:E3,
mice compared with the same mice under NS conditions (Figure 4,
E and F). We also observed a nonsignificant trend toward increased
NP-tau seeding and spreading in the hippocampus of sleep-deprived
APPPS1:E4, but not APPPS1:E3, mice (Figure 4, G and H). SD also sig-
nificantly increased Ap plaque deposition and fibrillar AB plaquesin an
apoE isoform-dependent fashion in the cortex and thalamus follow-
ing AD-tau injection (Supplemental Figures 2 and 3).
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Figure 5. NP tau pathology is significantly increased with SD in the presence of apoE4 but not apoE3. (A and B) Confocal images of cortical AT8* NP-tau
(red) around X34* plaques (blue) in the ipsi- and contralateral cortices of AD-tau-injected APPPS1:E3 (A) and APPPS1:E4 (B) mice (n = 13-15 per group).
Scale bars: 40 um. (C-H) Quantification of the percentage AT8* volume within 15 um plaques in the ipsi- and contralateral cortices (C and D, respectively),
hippocampi (E and F, respectively), and thalami (G and H, respectively) from AD-tau-injected APPPS1:E3 and APPPS1:E4 mice. Data are presented as the
mean * the SEM. Significance was determined by 3-way ANOVA with Sidak’s multiple-comparison test (sex, apoE genotype, and sleep condition). *P <

0.05 and **P < 0.01. See also Supplemental Table 1.

Given that SD can increase overall plaque burden in the pres-
ence of E4 but not E3, which could in turn affect amyloid-associ-
ated tau seeding, we quantified the amount of NP-tau surround-
ing individual X34+ Ap plaques (Figure 5, A and B). We confirmed
that NP-tau pathology was significantly increased on a per-plaque
basis in the ipsilateral cortex and thalamus but not in the hippo-
campus of APPPS1:E4 mice (Figure 5, C, E, and G). In contrast,
no significant differences were detected in NP-tau pathology on
a per-plaque basis in APPPS1:E3 mice. We also observed signifi-
cantly increased NP-tau spreading at a per-plaque level in the con-
tralateral cortex and hippocampus but not in the thalamus (Figure
5, D, F, and H). Interestingly, we observed that chronic SD did not
alter NP-tau seeding on a per-plaque basis in the hippocampus
of APPPS1:E4 mice, but there was significantly increased NP-tau
spreading on a per-plaque basis (Figure 5F). These results are

similar to those from our prior study, which showed that chronic
SD in mice does not alter tau seeding in the hippocampus in the
presence of murine apoE; however, it significantly increases tau
spreading in a model of primary tauopathy (9). Overall, our find-
ings suggest that chronic SD increases Af-associated tau seeding
and spreading in an apoE isoform-dependent manner.

SD significantly affects microglia clustering and neuritic dystro-
phy formation around plaques in an apoE-dependent manner. Giv-
en that previous studies found that microglial activation around
plaques regulates the amount of neuritic dystrophy and Ap-
induced NP-tau seeding and spreading, we investigated wheth-
er microgliosis around plaques is affected by SD in the presence
of AB-induced tau seeding and spreading (Figure 6, A and B).
We observed significantly decreased IBA1* microglial clustering
around plaques in both ipsilateral and contralateral quantified

J Clin Invest. 2023;133(14):e169131 https://doi.org/10.1172/)CI169131


https://doi.org/10.1172/JCI169131
https://www.jci.org/articles/view/169131#sd

The Journal of Clinical Investigation

A Ipsilateral cortex B

APPPS1:E3

x 34, IBA1,
BACE1

APPPS1:E4

Microglia
cm 6 ko kk D% 64
<3 s g% Kk *k
= & o 2 533 o
S = =3
gog s & f8RE oo L8 L s
S¥ 5 . s SO 4% sel T, eee shD 4
E® O R EYS 4 N
- XE S . - 5 Y BN o
IS vy £ La e
=52 =~ 5 28 T
SR < 24 2 [a
S vz N a -E""_’)E 7y 24
EZ-Q' 4 Sca A -
2E< A zce
= T T T T = 0 T
°© =~ 6 0@
EX0) * 3 3 67 Kk kk
=1 —_— o
git S5
a P’y a S ®
o, a8 2 ° A . o, 9 °
SHS 4 ol w2 a2l S¥8adan, . .
o o
txg S teFd b Ex 2 s 5 [ -
S g<c ol ol & v S £g= HEE
§33 [0 b |° SCET e [ s 2541 8 [of b i
Sy 21 S0 L 24
£~ 2 A A Er .
SclS Sc®
ZED ZEE
=% £5
3= 0T 2350 T T
[
o 6 S & 6
= Xk * S8z *%x P=0.075
L£s9 o4 £ — =
S’EE ® AAA g4 %
= o A,
g§S 4 o 8 " L oBps 2 EOEA] o e o9 . B B
EQ < 302 oo u, =X °o 3 H "y .
x = ®e 90 ool % A s 58 . o e
BT Ew® S 24" a SEo [ A A
SES o B PS + T 3 B o 2| 3
g2 2| E1[E] 1| | i feg : R
ET S ER- o 1°
EN-S ZES
zz& £8
270 =70
s T T T[T T T T T T T T T T 1
NS SD NS SD|NS SD NS SD NS SD NS SD|NS SD NS sD
Female  Male Female Male Female  Male Female Male
APPPS1:E3 APPPS1:E4 APPPS1:E3 APPPS1:E4

RESEARCH ARTICLE

Contralateral cortex

Neuritic dystrophy
| 2 J g 20q
08 0 8% Ak k
] © ot 159 .
Sy % 3% 38 .
o T0s . s
GeE GEE107 . ke, o, i
[SR=RC] O € © L. A A
58 -] 2 B S o e
o2y o e £ 5[ oo| [od 222 R
e X o ° ° A 2
£ CTEL 4 W
3 = o717 T T
3 g 157 3 2 154
w828 w8 E P=0081 _*
Rl : . 228
4 o d o a & 9
°gg1 . . .+ L S¥Bwd o, L .
- Xa o O e s . aa T XE ot e N g
Bec |, 2o Bes | o 8 s &,
<58 54 %0 BE] o FR <58 54 et o
[ra=tag o} P A A 0P wE o 232 2, u
Regl SR of 2] 5] =< 81 |5 . R &
£z . SETE €8 (BB B e g
< ot A R H § =TT T T
10 2 _ 107 *
- P=0.058 P=0.062 2T ' |P=0.070 P=0064 P=0.053
0 > . A @0 S E o &
[} £ 8- 0 v Qg 84 oo
34 S o~ ° 4@ . . .
Zog 6 . 8 h s SOE g © 33 00 - it
Bes ,| 8 TSN Let S 3 P
o S 44 a8 " O3 44 od o 2 %A
<58 |3 1 Lol ° 5 1 N
2z 21[3 [= [ QS odlal ol P11 15 1] B
Red ol IS s Iy LeE =) 3 2 [
= =0
O T—T 7 = T T T T T T T
NS SD NS sSD|NS SD NS NS SD NS SD|NS sSD NS SD
Female  Male Female Male Female Male Female Male
APPPS1:E3 APPPS1:E4 APPPS1:E3 APPPS1:E4

Figure 6. SD in AD-tau-injected APPPS1 mice significantly affects microglia clustering and neuritic dystrophy formation in an apoE isoform-dependent
manner. (A and B) Confocal image of IBA1-labeled microglia (green) and BACE-labeled neuritic dystrophy (magenta) costained around X34+ plagues (blue)
in ipsi- (A) and contralateral (B) cortices from APPPS1:E3 and APPPS1:E4 mice from the NS or SD groups (n = 13-15 per group). Scale bars: 20 pm. (C-H)
Quantification of the number of microglia surrounding plaques in the ipsi- and contralateral cortices (C and D, respectively), hippocampi (E and F, respec-
tively), and thalami (G and H, respectively) of AD-tau-injected APPPS1:E3 and APPPS1:E4 mice. (I-N) Quantification of the percentage of BACE1* voxels
within 15 um of plaques in the ipsi- and contralateral cortices (I and J, respectively), hippocampi (K and L, respectively), and thalami (M and N, respectively)
of AD-tau-injected APPPS1:E3 and APPPS1:E4 mice. Data are presented as the mean + SEM. Significance was determined by 3-way ANOVA with Sidak’s
multiple-comparison test (sex, apoE genotype, and sleep condition). *P < 0.05 and **P < 0.01. See also Supplemental Table 1.

brain regions of AD-tau-injected, sleep-deprived APPPS1:E4
mice compared with the NS group (Figure 6, C-H). Since previous
research from our laboratory showed a strong correlation between
the amount of BACE1" neuritic dystrophy around plaques and
NP-tau pathology (25), we next investigated whether chronic SD
in AD-tau-injected APPPS1 mice could facilitate the accumulation

of dystrophic neurites around plaques in an apoE-dependent man-
ner. Swollen, dystrophic neural processes that contain aggregated,
phosphorylated tau (p-tau) surrounding Af plaque deposits are a
key feature of NP-tau pathology. Therefore, we quantified BACE1*
neuritic dystrophy formation around plaques by confocal imaging
and found that chronic SD induced a significant increase in neurit-
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Figure 7. SD decreases
perivascular polarization of
AQP4 in an apoE isoform-
dependent manner. (A and
B) Confocal image of CD31-
labeled blood vessel (red) and
AQP4-labeled water channel
AQP4 (magenta) costained
with X34+ plaques (blue) in
cortex from APPPS1:E3 (A)
and APPPS1:E4 (B) mice from
the NS and SD groups (n =
13-15 per group). Scale bars:
70 um. Yellow arrows indicate
a significant decrease in
polarization of AQP4 around
blood vessels. (€) Quantifica-
tion of colocalized AQP4 and
CD31volumes in cortex from
APPPS1:E3 and APPPS1:E4
mice. (D) Quantification of
volume of CD31* voxels in
cortex from APPPS1:E3 and
APPPS1:E4 mice. Data are
presented as the mean + SEM.
Significance was determined
by 3-way ANOVA with Sidak’s
multiple-comparison test
(sex, apoE genotype, and
sleep condition). *P < 0.05
and **P < 0.01. See also Sup-
plemental Table 1.

NIS Sb NIS SII_') NIS SID NIS SD
Female Male Female Male
APPPS1:E3 APPPS1:E4

Female

ic dystrophy, particularly in the cortex, in the presence of APOE4,
but not APOE3, as compared with the NS groups (Figure 6, I-N).
SD decreases perivascular polarization and mRNA and protein
expression of aquaporin-4 in the presence of apoE4 but not apoE3. We
found that chronic SD significantly increased AP plaque deposition,
fibrillar AP plaques, and Ap-induced NP-tau seeding and spreading
in an apoE isoform-dependent manner. The specific effect of SD
only in APPPS1:E4, but not APPPS1:E3, mice may have been due to
the observed decrease in microglial clustering surrounding plaques
in the presence of E4 but not E3 following SD. However, we wanted
to explore whether additional mechanisms contributed to this phe-
nomenon. Previous work in our laboratory showed that human apoE
isoforms differentially regulate the clearance of AP in brain ISF of
PDAPP/ApoE mice, a mouse model of AR amyloidosis (12). Another

NIS SE) Né SIZI) NIS
Male Female Male
APPPS1:E3

T T T
SD NS sD

APPPS1:E4

potential mechanism underlying the differential effects of SD in the
presence of E4 could be that there are apoE-dependent differences
in the clearance of ISF AB (28-31). The aquaporin-4 (AQP4) water
channel is a major driver of glymphatic clearance and facilitates the
removal of extracellular A and tau from the brain ISF to the CSF
(30, 31). To determine whether chronic SD in APPPS1:E4, but not
APPPSI:E3, mice induces the disruption of perivascular polarization
of AQP4 that could influence ISF Ap and subsequent plaque pathol-
ogy, we performed confocal analysis and quantified the volume of
perivascular AQP4 surrounding platelet endothelial cell adhesion
molecule (PECAM-1), also known as cluster of differentiation 31
(CD31), blood vessels (Figure 7, A and B). Interestingly, we found that
chronic SD significantly decreased the volume of perivascular polar-
ized AQP4 in AD-tau-injected APPPS1:E4 mice as compared with
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Figure 8. SD affects AOP4 gene and protein expression in an apoE isoform-dependent manner. (A) Heatmap analysis of bulk RNA in cortices from
APPPS1:E3 and APPPS1:E4 male mice that were subjected to NS or SD, generated by hierarchical gene clustering based on groups (n = 6 per group). (B)
Selected heatmap analysis results from each cluster. Heatmap z scores were calculated for each gene and plotted instead of the normalized expression
values. (C) Western blot images of AQP4, SNAP25 (neuronal marker, mainly detected in the parenchyma fraction), a-SMA (vascular marker), CD31, and the
B-actin compartment from single mouse brain hemispheres (half-cerebral cortex) from APPPS1:E3 and APPPS1:E4 male mice that were subjected to NS or
SD (n = 4 per group). V, vessel fraction; P, parenchyma fraction. (D and E) Quantitative analysis of AQP4 expression levels after normalization to B-actin (D)
or CD31 (E). Data are presented as the mean + SEM. Significance was determined by 2-way ANOVA followed by a Tukey's post hoc test (apoE genotype and

sleep condition) (B, D, and E). *P < 0.05. See also Supplemental Table 1.

the NS group (Figure 7C). We observed a nonstatistically significant
trend toward a decreased volume of perivascular polarized AQP4 in
SD-APPPS1:E3 mice compared with the NS group (Figure 7C). We did
not observe significant changes in the volume of CD31* blood vessels
in either APPPS1:E3 or APPPS1:E4 mice (Figure 7D). After observ-
ing a decrease in perivascular polarized AQP4 in sleep-deprived
experimental mice, we decided to investigate whether chronic SD
affects the mRNA and protein levels of AQP4 in an apoE-dependent
manner. Interestingly, Agp4 mRNA expression was higher in the NS
APPPS1:E4 mice than in the APPPS1:E3 mice (Figure 8B). SD resulted
in decreased Agp4 gene expression in the presence of apoE4, but not
apoE3, relative to expression levels in NS controls, consistent with the
results of the reduced perivascular polarization of AQP4 (Figure 8B).
Simultaneously, we also investigated other gene expression profiles
associated with disease-associated microglia (DAM), neuroinflam-
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mation (cytokines), microglial homeostasis, astrocytes, and blood
vessels (Figure 8A). Evaluation of several inflammatory cytokine
genes revealed no significant decrease in proinflammatory mediators
such as IL-1a, IL-1B, TNF-a, and TGF-f in both SD-APPPS1:E3 and
SD-APPPS1:E4 mice. Chronic SD significantly decreased the expres-
sion of homeostatic microglial genes such as P2ry12 and TmemlI19 in
both APPPS1:E3 and APPPS1:E4 mice. After confirming decreased
expression of the Agp4 gene in sleep-deprived APPPS1:E4 mice, we
next investigated whether chronic SD decreases the protein levels of
AQP4 in anapoE isoform-dependent manner. Using arecently devel-
oped protocol (32) to separate the vascular compartment from brain
parenchyma to study the entire vascular niche, including AQP4 pro-
tein, we performed purification of vessels from the cortex followed by
Western blotting (Figure 8C). Vascular smooth muscle cell-specific o
smooth muscle actin (a-SMA) was heavily enriched in the vessel frac-
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tion (V) (Figure 8C). By contrast, the neuronal synaptosomal-associ-
ated protein 25 (SNAP25) was mainly enriched in the parenchymal
fraction (P) (Figure 8C). AQP4 was enriched in the vessel fraction,
indicating attachment of perivascular astrocyte endfeet processes to
the vessel fraction. Interestingly, baseline levels of AQP4 were high
in APPPS1:E4 mice and were significantly decreased after SD (Figure
8, D and E). The abnormalities in AQP4 polarization and expression
levels induced by SD in APPPS1:E4 mice resulted in disrupted astro-
cyte function as well as altered astrocyte clustering around plaques
(Figure 3, Cand E).

AP deposition and peri-plaque NP-tau pathology significantly
affects sleep behaviors in the presence of APOE4 but not APOE3. Our
previous study showed that Ap plaque deposition disrupts the sleep-
wake cycle and diurnal fluctuation of Ap in APPPS1 mice (33). Since
we observed that chronic SD increased Ap plaque deposition and
AB-induced NP-tau seeding and spreading in APPPS1:E4 but not
E3 mice, we hypothesized that chronic SD could induce significant
changes in sleep rebound behavior in the presence of APOE4 but
not APOE3, corresponding to the increased AB deposition and peri-
plaque NP-tau pathology. Sleep rebound behavior is an increase
in the amount of sleep following SD. To determine whether sleep
rebound behavior in APPPS1:E4 mice but not APPPS1:E3 mice
is significantly affected in response to chronic SD, we performed
PiezoSleep recording with chronic SD treatment using a piezo sen-
sor lining the bottom of the sleep fragmentation chamber (Figure
9, A and B). We also investigated the sleep rebound behavior of
AD-tau-injected APPPS1:E3 and APPPS1:E4 mice. We selected and
analyzed 3 time points (24-hour military time): 1400-1700 hours
(right after SD); 1800-2100 hours (right after dark onset); and
2400 to 0300 hours (after midnight) after the SD treatment time
(0800-1400 hours). We also compared sleep rebound behaviors
between the first week and the last week (eighth week) of the SD
treatment period (Figure 9A). We observed strong trends toward
decreased sleep percentages in both AD-tau-injected and non-
AD-tau-injected APPPS1:E4 mice after the SD time (1400-1700
hours) after 8 weeks of SD treatment compared with the first week
of SD. In addition, we observed strong trends toward increased
sleep percentages (1400-1700 hours) in both AD-tau-injected and
non-AD-tau-injected APPPS1:E3 mice after 8 weeks of SD treat-
ment compared with the first week of SD (Supplemental Figure 4,
A and B). We also observed strong trends toward increased sleep
percentages during the dark phase (1800-2100 and 0000-0300
hours, respectively) in all experimental groups after 8 weeks of SD
treatment compared with the first week of SD (Supplemental Fig-
ure 4, A and B). Interestingly, we observed significantly increased
sleep bout lengths during the dark phase (1800-2100 and 0000-
0300 hours, respectively) in AD-tau-injected APPPS1:E4 but not
APPPS1:E3 mice after 7 weeks of SD treatment compared with
the first week of SD (Figure 9, C and D). We did not observe sig-
nificant changes in sleep bout lengths in the non-AD-tau-injected
mouse groups (Figure 9, C and D). This suggests that signifi-
cantly increased AP plaque deposition and NP-tau pathology in
APPPS1:E4 mice may have induced decreased neuronal/synaptic
function controlling sleep and wake states because average sleep
bout lengths should not be high during the dark phase. Further-
more, we observed significantly lower wake bout lengths during
the dark phase (1800-2100 hours) in both AD-tau-injected and
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noninjected APPPS1:E4 mice compared with APPPSI:E3 mice
during the first week of SD (Supplemental Figure 4, C and D). How-
ever, the sleep behaviors of APPPS1:E4 and APPPS1:E3 mice were
similar during the last week of the SD treatment period (Supple-
mental Figure 4, C and D). Overall, these findings suggest that the
APOE genotype-dependent effect of SD may have led to different
changes in sleep rebound behavior in the experimental mice.

After observing that sleep rebound behaviors in AD-tau-
injected APPPS1:E4 mice were significantly affected, especially
in male APPPS1:E4 mice, we next assessed whether Af-induced
NP-tau pathology in APPPS1:E4 male mice exacerbates their sleep
quality and quantity under non-SD conditions compared with non-
injected APPPS1:E4 male mice. Using the PiezoSleep recording
system (Figure 9, E and F), we investigated sleep percentages, sleep
bout lengths, and wake bout lengths in AD-tau-injected APPPS1:E4
male mice at 6 months of age as well as noninjected APPPS1:E4
male mice at the same age, which served as the control group (Figure
9, G and H, and Supplemental Figure 5, A-D). To further investigate
the effects of AD-tau injection, we also recorded APOE4-knockin
male mice under the same conditions. Similar to our prior study,
which showed disrupted sleep phenotypes depending on the level
of AB deposition (33), we also observed that increased Ap deposi-
tion in APPPS1:E4 male mice with AD-tau injection at 6 months of
age was associated with decreased overall sleep percentages and
increased sleep bout lengths as compared with APOE4-knockin
(apoE4) male mice (Figure 9, G and H, and Supplemental Figure
5A and B). Interestingly, we noted a significant decrease in sleep
percentages in AD-tau-injected APPPS1:E4 mice during the light
phase compared with their control group (non-AD-tau-injected
APPPS1:E4 mice) (Figure 9H). However, we did not see any
changes in sleep percentages in the APOE4 mouse groups (Figure
9G). Additionally, we observed significantly increased sleep bout
lengths in AD-tau-injected APPPS1:E4 mice compared with their
control group (Supplemental Figure 5B). However, the wake bout
length for AD-tau-injected APPPS1:E4 mice was not significantly
changed compared with their control group except during the light
phase (Supplemental Figure 5D). Last, we observed increased sleep
bout lengths throughout a 24-hour day and during the light phase
in AD-tau-injected APOE4 male mice compared with their con-
trol group (Supplemental Figure 5A). We did not see any changes
in wake bout lengths in the APOE4 mouse groups (Supplemental
Figure 5C). Taken together, these results suggest that tau pathology
induced by AD-tau injection may differentially affect sleep behav-
ior in mice, in the presence or absence of Ap.

Finally, we assessed the sleep-wake regularity of several param-
eters such as mean sleep percentage, sleep bout length, and sleep
fragmentation across 24-hour periodsin APPPS1:E3and APPPS1:E4
mice at 6 months of age under non-SD conditions, with the goal of
providing further insight into how APOE4 may modify sleep-wake
behavior. First, using the PiezoSleep recording system, we ana-
lyzed the mean sleep percentage. We found that both APPPS1:E4
male and female mice had significantly decreased mean sleep per-
centages across 24-hour periods compared with APPPS1:E3 male
and female mice, respectively (Supplemental Figure 6A). We also
found that the mean sleep bout length was significantly decreased
in APPPS1:E4 male mice versus APPPS1:E3 male mice (Supplemen-
tal Figure 6B). There was no difference between mean sleep bout
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Figure 9. Ap deposition and peri-plaque NP-tau pathology significantly affect sleep behaviors in the presence of APOE4 but not APOE3. (A) Schematic

of the experimental design. Sleep-wake recording data were analyzed at 3 time points (14-17, 18-21, and 00-03) to investigate sleep rebound behaviors of
APPPS1:E3 and APPPS1:E4 mice after SD (n = 3-6 per group). (B) Representative percentage wake plot in the SD condition. (C and D) Average sleep bout
length for each group for 1400-1700, 1800-2100, and 0000-0300 hours for the first week of SD (C) and at week 8 of SD (D). F, female; M, male. (E) Schematic
of the experimental design (n = 6-9 per group). (F) Representative percentage wake plot for the NS condition. (G and H) Average sleep percentage for each
group for a 24-hour period, the light phase, and the dark phase in APPPS1:E4 male mice (G) and APPPS1:E4 male mice (H). 6M (control): n = 9; 6M (AD-tau
inj.): n = 6. Data are presented as the mean + SEM. Significance was determined by 3-way ANOVA with Sidak’s multiple-comparison test (sex, apoE geno-
type, and AD-tau injection) or Student’s t test (6M (control) versus 6M (AD-tau inj.)). *P < 0.05, **P < 0.01, and ***P < 0.001. See also Supplemental Table 1.

length in APPPS1:E4 female mice versus APPPS1:E3 female mice
(Supplemental Figure 6B). Second, after exporting activity data
from the PiezoSleep, which recorded the raw data, and using Clock-
lab software, we assessed sleep fragmentation across 24-hour peri-
ods by analyzing the intradaily variability (IV) results. We observed
that APPPS1:E4 male mice had significantly more sleep fragmen-

tation throughout 24-hour periods compared with APPPS1:E3 male
mice (Supplemental Figure 6C). We did not observe significant dif-
ferences in IV between the female mice in the presence of APOE4
or APOE3 (Supplemental Figure 6C). Third, we also analyzed the
interdaily stability (IS) results to check inter-day regularity in sleep
and wake parameters. We did not observe statistically significant
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differencesin IS between the APPPS1:E3 and APPPS1:E4 mice (Sup-
plemental Figure 6D). Last, we observed no significant differences
in the amplitude of activity between APPPS1:E3 and APPPS1:E4
mice (Supplemental Figure 6E).

Discussion

Sleep is essential to many biological functions, including mem-
ory consolidation, cognitive performance, nerve cell communi-
cation, and neurotoxin clearance (28, 34, 35). Chronic poor sleep
affects cognitive function and results in functional impairment
in patients with AD (21, 36). Despite the importance of sleep and
the prevalence of sleep disruptions observed across multiple neu-
rodegenerative diseases, especially AD, little is known about the
interactions between sleep, APOE genotype, and AD pathology.
In this study, we show that chronic SD markedly affected AD
pathology in an apoE isoform-dependent manner. First, as sleep
loss induces increased Ap deposition (7, 8), we hypothesized that
APOE4 might synergize with chronic SD to accelerate Ap plaque
deposition. Using APPPS1 mice expressing human APOE3 or
APOE4 in the absence of murine apoE, we confirmed that chron-
ic SD in APPPSI1 mice significantly increased (P < 0.01) both total
and fibrillar AP plaque deposition but only in the presence of
APOE4 and not APOE3.

We hypothesized that the differential increase in Ap plaque
deposition might be mediated by SD-induced changes in
plaque-associated microglia and/or astrocytes in an apoE iso-
form-dependent fashion. Indeed, we found that chronic SD
decreased both astrocyte, and particularly microglial, cluster-
ing around plaques, but only in the presence of APOE4 and not
APOES3. Astrocyte clustering around plaques in the cortex and
hippocampus showed strong trends toward decreased clustering
in the presence of APOE4 but not APOE3. However, astrocyte
clustering around plaques in the thalamus showed a significant
increase in the presence of APOE4 but not APOE3. The thala-
mus plays a vital role in sleep-wake regulation; it becomes qui-
et during most stages of sleep and then becomes active during
the wakened state (37). Chronic SD may affect the reactivity of
astrocytes to A plaques in the thalamus due to increased wake-
fulness. Surprisingly, we found that chronic SD significantly
decreased (P < 0.05) the number of microglia around plaques
in the presence of APOE4 but not APOE3. A previous study
showed that SD promotes microglial activation in the mouse
cerebral cortex in response to increased neuronal activity to
remove heavily used synapses that have accumulated presynap-
tic components (24). In regard to the role of APOE4 in microg-
lia, a recent in vitro study showed that microglia in the presence
of APOE4, but not APOE3, disrupts the coordinated activity of
neuronal ensembles because apoE4 induces a lipid-laden state
that impairs the microglial response to neuronal activity (38).
Our findings demonstrate that APOE4 might synergize with
chronic SD to impair the microglial response to the accumu-
lation of AB, which could accelerate AB plaque deposition via
impairment of microglial phagocytosis of plaques. In addition to
increased AP plaque deposition, previous studies suggested the
idea that microglia restrict the formation of peri-plaque neuritic
dystrophy (25, 39-41). Consistent with this idea, we also found
that the decreased microglia clustering around plaques due to
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chronic SD in APPPS1:E4 mice induced significant increases
in neuritic dystrophy around plaques (P < 0.05). Future studies
should explore whether selective removal of microglial or astro-
cytic APOE4 rescues the microglial response to changes in sol-
uble or insoluble AP in sleep-deprived APPPS1:E4 mouse brain
to determine whether this effect of ApoE4 is cell autonomous.

In humans, the progression of tau pathology into the limbic
cortex and neocortex is driven by the presence and progression
of AP plaque deposition (42-44). The presence of AB plaques
promotes local tau seeding in neuritic dystrophy, which leads
to the spreading and formation of p-tau in NP-tau aggregates
and neurofibrillary tangles (NFTs) in mice (26). Therefore,
using the previously described AD-tau injection model (25-27,
45), we investigated whether chronic SD in APPPS1:E4, but not
APPPS1:E3, mice significantly facilitates NP-tau pathology by
exacerbating tau seeding and spreading. We confirmed that
NP-tau pathology around the Af plaques in APPPS1:E4, but not
APPPSI1:E3, mice that represent both seeding and spreading
were also significantly increased by chronic SD. Importantly, we
demonstrated that NP-tau seeding and spreading induced by
chronic SD was associated with decreased microglia clustering
and increased neuritic dystrophy in the presence of APOE4. Fur-
ther analysis revealed a trend toward or significantly reduced
expression of microglial markers such as Cst7, Ibal, Trem2,
P2ry12, and Tmem119 in the presence of APOE4 but not APOE3.
This might be due to synergism of APOE4 with chronic SD to
induce microglia to assume a more static, lipid-accumulated
state, thereby rendering the microglia unable to appropriately
respond to the progression of AD pathology (38, 46). However,
we only treated mice with chronic SD from 4-6 months of age. It
is certainly possible that SD could exacerbate AB and tau pathol-
ogy in the presence of APOE3 if the mice were exposed to a lon-
ger period of SD and were followed for longer than 2 months.
Further experiments will be required to address this issue.

Our study demonstrates that the APOE4 genotype synergizes
with SD to exacerbate AB plaque deposition and NP-tau pathology
along with decreased microglia clustering and increased formation of
dystrophic neurites around plaques. On the basis of our findings, we
investigated whether the APOE genotype also alters the cellular ele-
ments important in the glymphatic system, which appears to be
involved in the clearance of extracellular molecule species in the brain
(47). Several studies suggest that the glymphatic clearance system
plays a role in the net clearance of Ap and tau from the brain (28-31).
Our previous research showed that the APOE genotype contributes to
AD risk by differentially regulating clearance of A from the brain (12,
22). Additionally, extended wakefulness due to chronic SD leads to a
significant increase in the release of soluble A and tau in the ISF as a
result of increased neuronal activity (7, 9). Therefore, we hypothesized
that the APOE4 genotype synergizes with chronic SD to induce the
disruption of perivascular polarization of AQP4, a major driver of
glymphatic clearance that facilitates the removal of extracellular solu-
ble AB and tau from the brain parenchyma (30, 31). Interestingly, we
found that chronic SD significantly decreased (P < 0.01) the volume of
perivascular polarized AQP4 staining in the cortex of AD-tau-injected
APPPS1:E4 mice. The decreased polarization of AQP4 is strongly
associated with less effective clearance of the AD-related proteins
from the brain parenchyma (31, 48, 49). This is further supported by
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our data showing that chronic SD significantly decreased (P < 0.05)
mRNA and protein expression of AQP4 in APPPS1:E4 mice. Our find-
ings suggest that chronic SD with APOE4 genotype synergizes to
impair AQP4 polarization, which may contribute to exacerbation of A
plaque deposition and AB-associated tau seeding and spreading via
less functional glymphatic clearance. Future studies will explore how
the APOE genotype coupled with chronic SD affects perivascular
polarization of AQP4 on astrocytic endfeet in relation to astrocytic
homeostasis. It is also possible that chronic SD, by influencing microg-
lia/myeloid function, worsens glymphatic function. A recent study
showed that perivascular macrophages regulate glymphatic function
(50). It was found that parenchymal border macrophages (PBMs) reg-
ulate CSF flow dynamics. In the homeostatic brain, the major popula-
tions of macrophages are microglia, which are located in the brain
parenchyma, and PBMs, which are located in the leptomeningeal and
perivascular spaces along the vasculature of the brain (50). As we
found that chronic SD significantly decreased microglial clustering
around plaques, chronic SD with the APOE4 genotype may synergize
to impair the function of PBMs in regulating CSF flow. This might then
affect astrocytes around blood vessels and impact the polarization of
AQP4. Future studies should explore how chronic SD coupled with the
APOE genotype affects CSF flow dynamics via assessment of PBM
function. The sleep-wake cycle regulates soluble Ap and tau levels in
the brain (7, 9). Both mouse models of p-amyloidosis and tauopathy
have shown disrupted sleep phenotypes, which correlated with
increases in each AD pathology (33, 51). Therefore, we hypothesized
that significantly increased NP-tau pathology in sleep-deprived,
AD-tau-injected APPPS1:E4 mice would further disrupt their sleep
rebound behavior, quantity, and quality compared with control
APPPS1:E4 mice. We found significantly increased sleep rebound
behavior (P < 0.05) during the dark phase (1800-2100 and 0000-
0300 hours, respectively) in AD-tau-injected APPPS1:E4 but not in
APPPS1:E3 mice under SD conditions using the PiezoSleep recording
system. Sleep rebound behavior after SD might be beneficial to recov-
ery from sleep deficiency. However, we observed that the chronically
sleep-deprived AD-tau-injected APPPS1:E4 mice showed fewer loco-
motor behaviors during the dark phase (active time for mice). We also
observed some sex differences in sleep bout lengths in our study. Spe-
cifically, we observed that AD-tau-injected APPPS1:E4 male mice had
significantly longer sleep bout lengths during the dark phase (1800-
2100 and 0000-0300 hours, respectively) than did female mice after
7 weeks of SD treatment compared with the first week of SD (Figure
9D). As we observed no sex-based differences in the amyloid deposi-
tion in the amyloid-depositing mice we used, it is unclear if these
changes in sleep behavior between male and female mice are mean-
ingful with regard to pathology. However, in other amyloid-depositing
mice such as 5XFAD, the females develop more amyloid pathology
than do males, and such changes in sleep could be relevant to those
changes (52). In humans, sleep and sleep disturbances differ between
women and men (53). For instance, insomnia is more prevalent in
women than in men. In animal studies in relation to age-related chang-
es in sleep and sleep rebound behavior, one study using C57BL/6]
mice reported that male mice at 8-10 weeks of age spent 25% more
time in non-rapid eye movement (NREM) sleep (i.e., “deep sleep”)
than did females over a 24-hour period, particularly in the dark phase.
Also, this study reported that recovery of sleep after 6 hours of SD was
similar between the sexes in terms of absolute amounts of sleep (54).
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Another study that used slightly older C57BL/6] mice (12 weeks old)
reported that male mice spent more time in NREM sleep than did
female mice over the 24-hour period, but homeostatic sleep pressure
accumulated faster during the 8 hours of SD treatment, and REM
sleep recovery after SD was more efficient in male mice than in female
mice (55). Finally, a study assessed older but not-yet middle-aged
C57BL/6] mice (4-6 months old) and found only slight sex differences
in baseline sleep patterns and sleep recovery after 6 hours of SD,
whereas much greater sex differences were observed in sleep respons-
es after 1 hour of restraint stress at the beginning of the daily light
phase (56). Based on our results, the sex differences in sleep rebound
behaviors after 7 weeks of chronic SD might be exacerbated by the
presence of APOE4 and NP-tau pathology induced by AD-tau injec-
tion. Furthermore, AD-tau-injected APPPS1:E4 mice under normal
sleep conditions showed markedly decreased sleep percentages
throughout a 24-hour day and during the dark phase and also a trend
toward decreased wake bout lengths during the dark phase as com-
pared with the control groups. In addition, we observed increased
sleep bout lengths during the light phase and decreased wake bout
lengths during the dark phase in AD-tau-injected apoE4 male mice
compared with their control group (noninjected control group). One
observation that might explain some of these findings is that AD-tau
injection induced the formation of NFTs in the supramammillary
nucleus (SuM), which is synaptically connected to the dentate gyrus
(one of the AD-tau injection sites) and is well known as a brain region
that controls wakefulness (data not shown). Moreover, we observed
more NFTs in the SuM in APOE4 mice than in APOE3 mice (data not
shown). These findings suggest that tau pathology induced by AD-tau
injection and/or AP plaque deposition in the presence of APOE4 may
synergize to weaken sleep-wake regulation and especially promote
wakefulness. Further studies are needed to explore the role of APOE4
in the synaptic spreading of tau and the regulation of the sleep-wake
cycle. Because the piezoelectric system we used for this study relies on
breathing patterns to distinguish between sleep and wake states, slight
movements during sleep states may have been misinterpreted as
wakefulness. Likewise, during the wake period, there may have been
moments of almost no movement and breathing patterns that hap-
pened to mimic sleep, causing some overscoring of sleep. However, in
awide variety of settings of PiezoSleep recording, both sensitivity and
specificity for scoring sleep versus wake have consistently been above
90% relative to the “gold standard” of electroencephalography/elec-
tromyography (EEG/EMG).

This study demonstrates that APOE4, one of the strongest
genetic risk factors for AD, exacerbated sleep disruption, acceler-
ating AP plaque deposition and Ap-mediated tau pathology. Our
results suggest that a primary mechanism may be the synergistic
effects of sleep disruption and APOE4, resulting in an impaired
response by microglia and astrocytes to amyloid deposition.
Approximately 25%-66% of patients with AD experience sleep
disturbances, which also occur during the preclinical stage of AD
(4). Further translational studies are required to explore wheth-
er improving sleep quality and quantity in individuals who are
APOE4 positive can delay the progression of AD pathology during
the preclinical and early clinical stages of AD. Taken together,
these findings offer a better understanding of the relationship
between the APOE genotype and sleep in A and AB-linked tauop-
athy and suggest unique early therapeutic strategies to treat AD.
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Methods

Animals. The APPPS1-21 mouse model of p-amyloidosis-expressing
human amyloid precursor protein (APP) with the Swedish mutation
(KM670/671NL) and L166P-mutated human presenilinl (PS1) under
the control of a neuron-specific Thyl promoter were a gift from M.
Jucker (Hertie Institute for Clinical Brain Research, University of
Tibingen, Tiibingen, Germany). Human ApoE-knockin (apoE3%" and
apoE4"1) and ApoE-KO mice were generated as previously described
(23). APPPS1-transgenic mice with different human APOE genotypes
(APOE-€3 or -g4) were generated as previously described (23). Male
and female mice were used in this study, unless otherwise specified.
All mice were bred on a C57BL/6 background and housed in specif-
ic pathogen-free conditions. All mice were housed under the same
12-hour light/12-hour dark cycle with food and water available ad libi-
tum. The room temperature was kept at around 22°C.

Preparation of AD-tau aggregates from human AD brain tissue. AD-tau
was isolated as previously described from human AD brain with Braak
stage VI tau pathology (25, 45, 57). The total protein concentration was
estimated to be 21.1 pg/pL using the Micro BCA protein assay kit (23225;
Thermo Fisher Scientific). A tau-specific sandwich ELISA measured the
tau concentration at 5.4 pug/uL. Before injection, AD-tau was diluted to a
final concentration of 0.4 ug/uL and sonicated in a water bath sonicator
(Q700; QSonica) for 30 seconds at 65% amplitude at 4°C.

Stereotactic intracerebral injections of AD-tau. Four-month-old
experimental mice were anesthetized using isoflurane, immobilized
in a stereotactic frame (model 942; David Kopf Instruments), and uni-
laterally injected with 2 ug AD-tau (1 pg at each injection site) in the
dentate gyrus (bregma: -2.5 mm; lateral: -2.0 mm; depth: 2.2 mm)
and overlying cortex (bregma: -2.5 mm; lateral: -2.0 mm; depth: -1.0
mm) using a Hamilton syringe (Hamilton; syringe: 80265-1702RNR;
needle:7803-07, type 4, 1.5 inch needle length, 60° angle) as previous-
ly described (25, 27, 45). Mice were allowed to recover on a heating pad
and monitored for 72 hours after surgery.

SD. Mice were placed in automated sleep fragmentation cham-
bers (model 80391; LaFayette Instruments) with corn cob bedding.
An automated swipe bar inside of the sleep fragmentation chamber
moved horizontally across the cage and was set at 30-second intervals
for 6 hours a day, starting 2 hours after light onset over 8 weeks. The
duration of SD was based on previous findings (7). Mice were moni-
tored daily for signs of stress or health decline. Control (NS) mice were
kept in their home cages in the same room.

Measurement of sleep and wake states. Sleep and wake states were
determined using a noninvasive piezoelectric system (Signal Solutions).
The piezoelectric system has been described in detail in previous publi-
cations (58, 59). Briefly, it is composed of a Plexiglass cage with a piezo-
electric sensor film lining the bottom that detects pressure variations
due to the movement of the experimental mice. Mice were individually
housed in each piezosensor cage with fresh water and food available ad
libitum and recorded without disturbance over a period of 6 days. The
sleep-wake states were analyzed by SleepStats software (Signal Solu-
tions). As noted in the Mang et al. study (59), the most common sleep
bout lengths (When scoring every 4-second window or epoch) are bout
lengths in the 32- to 60-second and 64- to 124-second range over a
24-hour period, which are nearly identical when using EEG/EMG or
PiezoSleep. However, PiezoSleep does appear to somewhat overscore
very short bouts, probably because of animal twitching or subtle move-
ments during sleep that are not enough to alter EEG/EMG scoring, or,
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in some cases, other sources of “noise” that cause 1 or more 4-second
windows to flip from sleep to wake for 1 or more 4-second windows.
Therefore, we used 30-second epochs for scoring sleep bout lengths fol-
lowing the manufacturer’s default setting in the current version of Sleep-
Stats software. The most common sleep bout length using 30-second
epochs is in the 400- to 600-second range over a 24-hour period. For
the measurement of sleep rebound behavior, we used piezosensors with
sleep fragmentation chambers. A specially designed metal part to protect
the piezosensor (gift from Bruce O’Hara and Signal Solutions for testing
the new setup) covered the piezosensor lining the bottom of the sleep
fragmentation chamber. The piezosensor and the protective metal part
were set up underneath fresh bedding. The same recording and analysis
software described above was used. For the measurement of sleep-wake
regularity (IV and IS), we used Clocklab software after exporting activity
data from the original PiezoSleep raw recording data.

Brain extraction and preparation. All mice were perfused during
the SD period, between 0800 and 1400 hours. Mice were anesthe-
tized by intraperitoneal injection of pentobarbital (200 mg/kg).
Blood samples were collected in EDTA-treated tubes prior to cardiac
perfusion with 3 U/mL heparin in cold Dulbecco’s PBS. For 6-month-
old AD-tau-injected or noninjected experimental mice, whole brains
were carefully extracted and fixed in 4% paraformaldehyde for 48
hours before being transferred to 30% sucrose and stored at 4°C until
they were sectioned. Brains were cut coronally into 30 um sections on
afreezing sliding microtome (SM1020R; Leica) and stored in cryopro-
tectant solution (0.2 M PBS, 15% sucrose, and 33% ethylene glycol) at
-20°C until use. A small notch was placed on the left hemisphere with
a clean razor blade to ensure identification of the ipsilateral injected
side. For biochemical analysis, the right hemispheres of some nonin-
jected experimental mice were dissected to isolate the cortex and the
hippocampus, and the tissues were kept at -80°C until analyzed.

Hippocampus. For staining of the hippocampus for total Ap (HJ]3.4
biotinylated, anti-Af1-13, mouse monoclonal, 1:1,000, 2.81 pg/mL;
generated in-house) and NP-tau (AT8 biotinylated, mouse mono-
clonal, 1:500, MN1020B; Thermo Fisher Scientific), sections were
washed 3 times in TBS for 5 minutes and incubated in 0.3% hydrogen
peroxide for 15 minutes. After washing, sections were blocked in 3%
milk in TBS with 0.25% Triton X-100 for 30 minutes. Primary anti-
bodies were diluted in 3% milk/Triton X-100, and the sections were
incubated with the primary antibodies overnight at 4°C. The next day,
sections were washed 3 times in TBS. For HJ3.4 and AT8 staining, after
washing, sections were incubated in ABC Elite solution (PK-6100;
VectaStain) for 1 hour, according to the manufacturer’s instructions.
After washing, sections were developed in 3,39-diaminobenzidine
(SK4103) solution (Vector Laboratories for HJ3.4B and D5905; Milli-
poreSigma for AT8B), washed, and mounted onto slides. After drying
overnight, the slides were dehydrated in increasing ethanol concen-
trations followed by xylene and coverslipped using Cytoseal 60 (8310;
Thermo Fisher Scientific). Slides were scanned on a NanoZoomer 2.0-
HT system (Hamamatsu Photonics). Images were processed using
NDP viewing software (Hamamatsu Photonics) and quantified with
the use of Fiji software, version 2.1.0 (NIH). All areas were quantified
in 2-3 sections (180 pm apart from each other) per mouse.

Immunofluorescence. For immunofluorescence (IF) staining,
costaining was performed for (a) X34, BACE1, AT8, and IBA; (b)
X34, BACEL, and GFAP; or (c) X34, CD31, and AQP4. Fibrillar Ap was
stained by X34 dye (SML-1954, 1:5,000; MilliporeSigma), and BACE1
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(ab108394, 1:500; Abcam), AT8 (MN1020B, 1:500; Thermo Fisher
Scientific), IBA1 (ab5076, 1:500; Abcam), GFAP (53-9892-82, 1:500;
Thermo Fisher Scientific), CD31 (MAB1398Z, 1:300; MilliporeSigma),
and AQP4 (CL647-16473, 1:500; Proteintech) antibodies were used to
evaluate peri-plaque pathologies. Free-floating sections were washed 3
times in PBS for 5 minutes each and then permeabilized in 0.25% Triton
X-100 PBS (PBS-X) for 30 minutes. Tissue sections were then incubated
in X34-0.1M NaOH for 20 minutes, washed in X34 buffer (40% EtOH in
PBS), and then washed twice in PBS. Sections were incubated in block-
ing solution for 30 minutes (3% BSA, 3% normal donkey serum, and
0.1% PBS-X) before incubation in primary antibodies in blocking solu-
tion overnight at 4°C. The next day, sections were washed 3 times in PBS
for 5 minutes each, placed in secondary antibodies for 2 hours (1:500;
Thermo Fisher Scientific; for anti-Armenian hamster [for CD31], 127-
295-099, 1:300; Jackson ImmunoResearch) at room temperature (RT),
and then washed 3 times in PBS for 20 minutes each. Lipofuscin was
quenched with 0.1% Sudan black in 70% ethanol through a 10-minute
incubation, rinsed with 70% ethanol, and washed once in 0.02% PBS-
Tween-20 for 5 minutes and then in PBS for 5 minutes. Sections were
mounted, sealed in Fluoromount-G (0100-01; SouthernBiotech), and
stored in the dark at 4°C until imaging.

Confocal imaging and analyses. IF images were acquired using a
Leica Stellaris 5 confocal microscope and the Leica Application Suite
X software (4.2.1.23810). Laser and detector settings were maintained
for the acquisition of each immunostaining. For all analyses, at least
3 images were taken per brain region and slide using a 20x objective
with 1x or 2x zoom, a 40x objective, and 1,024 x 1,024 resolution.
Quantification of confocal images for AT8, BACE1, and GFAP volume
around X34* plaques was performed on a semiautomated platform
using MATLAB and Imaris 9.5 software (Bitplane). To create surfaces
of each stain based on a threshold applied to all images, X34 surfaces
were dilated by 15 um and colocalized with various immunostained
surfaces. For quantification of the number of plaque-associated IBA1*
microglia, a threshold was applied across all images to assign spots to
each cell body or punctum. X34 surfaces were dilated to 15 pm, and
spots were counted within the X34+ dilated surface. Any spots fully
within or partially touching the extended surface were included in the
analysis. For quantification of AQP4 volume colocalized on the ves-
sel, CD31* surfaces were dilated by 1 pm, and the AQP4* volumes were
quantified within the CD31* dilated surface. All staining experiments
were quantified by a blinded investigator.

RNA extraction and gene expression analysis. Frozen hippocampal
tissue was weighed and homogenized in RNAase-free beaded tubes
(REDE, Next Advance) in chloroform with TRIzol (Invitrogen). Sam-
ples were centrifuged for 15 minutes at 12,000g at 4°C, and the aque-
ous upper supernatant was transferred for RNA isolation with the
RNeasy Plus Mini Kit (QIAGEN) following the manufacturer’s instruc-
tions. Gene expression analysis was performed using microarray in
collaboration with the Genome Technology Access Core at Washing-
ton University. Using TagMan probes probes (Thermo Fisher Scientif-
ic), relative gene expression was quantitatively measured using Flui-
digm Biomark HD with integrated fluidic circuits.
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Brain vessel parenchyma fractionation and immunoblotting. To analyze
AQP4 levels colocalized with the vessel in the cortex specifically, brain
vessels were separated from the parenchyma by a procedure previous-
ly described by Matthes et al. (32). This protocol was modified from the
original one (60) and scaled down for use with 1 mouse brain hemisphere
or less volume (see ref. 32 for more details). To extract protein, purified
vessels were thawed by mixing with 100 pL RIPA buffer containing 10
mM Tris (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 0.1% SDS, 140 mM NaCl, protease inhibitor (cOmplete, Roche),
and phosphatase inhibitor cocktails (PhosSTOP, Roche) and then homog-
enized using a pestle with at least 20 strokes (32). Total protein (3 pg) of
the vessel-enriched fraction and/or parenchymal fraction was subjected
to SDS-PAGE and Western blotting. Samples were loaded onto a 4%-12%
NuPAGE Bis-Tris gel (NP0329; Thermo Fisher Scientific) and transferred
onto a PVDF membrane. Membranes were blocked in 5% BSA-TBS with
0.02% Tween-20 for 1 hour and incubated in primary antibody solution
(AQP4, ab9512, 1:1,000, Abcam; SNAP25, 60159-1,1:5,000, Protein-
tech; a-SMA, 19245, 1:1,000, Cell Signaling Technology; CD31, 28083-
1, Proteintech; B-actin, 81115-1-RR, Proteintech) diluted in 5% BSA-TBS
with 0.02% Tween-20 overnight with shaking at 4°C. The next day, after
washing, secondary antibodies were applied for 1 hour and shaken at RT.
Membranes were washed 3 times for 5 minutes, developed using Lumi-
gen CL Ultra Western Blotting HRP Substrate (TMA-100; Lumigen), and
imaged using a ChemiDoc imaging system. Blots were converted to gray-
scale, and densitometric analysis was performed using Image] (NIH).

Statistics. Unless otherwise stated, all data are presented as the
mean * SEM. GraphPad Prism 8.0.0 (GraphPad Software) was used to
generate data plots and to perform all statistical analyses. A Student’s
t test or 2- or 3-way ANOVA multiple-comparison test was used to
assess significance between more than 2 groups. A Pvalue of less than
0.05 was considered statistically significant. See also Supplemental
Table 1 for the statistical analysis details.

Study approval. All animal procedures and protocols were
approved by the Animal Studies Committee at Washington University
School of Medicine, St. Louis, Missouri, USA.
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