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Abstract Cellular senescence may contribute to
chronic inflammation involved in the progression
of age-related diseases such as Alzheimer’s disease
(AD), and its removal prevents cognitive impairment
in a model of tauopathy. Nrf2, the major transcrip-
tion factor for damage response pathways and regula-
tors of inflammation, declines with age. Our previous
work showed that silencing Nrf2 gives rise to prema-
ture senescence in cells and mice. Others have shown
that Nrf2 ablation can exacerbate cognitive pheno-
types of some AD models. In this study, we aimed
to understand the relationship between Nrf2 elimina-
tion, senescence, and cognitive impairment in AD,
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by generating a mouse model expressing a mutant
human tau transgene in an Nrf2 knockout (Nrf2KO)
background. We assessed senescent cell burden and
cognitive decline of P301S mice in the presence and
absence of Nrf2. Lastly, we administered 4.5-month-
long treatments with two senotherapeutic drugs
to analyze their potential to prevent senescent cell
burden and cognitive decline: the senolytic drugs
dasatinib and quercetin (DQ) and the senomorphic
drug rapamycin. Nrf2 loss accelerated the onset of
hind-limb paralysis in P301S mice. At 8.5 months
of age, P301S mice did not exhibit memory deficits,
while P301S mice without Nrf2 were significantly
impaired. However, markers of senescence were not
elevated by Nrf2 ablation in any of tissues that we
examined. Neither drug treatment improved cogni-
tive performance, nor did it reduce expression of
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senescence markers in brains of P301S mice. Contra-
rily, rapamycin treatment at the doses used delayed
spatial learning and led to a modest decrease in spa-
tial memory. Taken together, our data suggests that
the emergence of senescence may be causally asso-
ciated with onset of cognitive decline in the P301S
model, indicate that Nrf2 protects brain function in a
model of AD through mechanisms that may include,
but do not require the inhibition of senescence, and
suggest possible limitations for DQ and rapamycin as
therapies for AD.

Keywords Ageing - Tauopathy - Nrf2 - Alzheimer’s
disease - Rapamycin - DQ

Introduction

Alzheimer’s disease (AD) is an age-driven neuro-
degenerative disease, characterized histopathologi-
cally by accumulation of amyloid-f plaques and tau
neurofibrillary tangles in the brain [1, 2]. Aside from
plaques and tangles, other brain changes such as brain
inflammation, synaptic loss, brain atrophy, and meta-
bolic dysregulation have been associated with AD
[3]. As immunosurveillance mechanisms weaken or
become overwhelmed by biological damage with age,
chronic inflammation sets in and likely contributes to
the development and progression of AD. Thus, under-
standing the underlying mechanisms aids in identify-
ing biomarkers for early detection and therapeutics
for slowing disease progression [4].

One potential source of chronic inflammation
in all age-related diseases, including AD, is cel-
lular senescence [5-7]. Cellular senescence is a
cellular state characterized by an irreversible cell-
cycle arrest and resistance to apoptosis that can
be induced through a variety of stimuli, including
telomere shortening, DNA damage, and mitotic
oncogenes where cells secrete a panel of molecules
deleterious to surrounding cells and tissue [8, 9].
Senescent cells have been shown to accumulate
in a variety of tissues with age, including the sites
of chronic diseases [10]. Research has shown that
senescent cells are implicated in the development of
AD [11-13] and aging pathologies [14] likely due
to their secretion of inflammatory molecules. Senes-
cence is identified by a set of biomarkers character-
izing different aspects of the senescence program
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[5, 15], including increased levels of cell cycle
arrest markers (such as pl6 and p21), secretion of
a variety of inflammatory cytokines and other fac-
tors referred to as the senescent associated secre-
tory phenotype (SASP), and lysosomal expansion
observed as senescence associated f-galactosidase
(SAp-gal) activity. The SASP has recently emerged
as a potential biomarker for early detection of AD,
though cellular senescence in the brain remains
largely unexplored [16]. Recently, multiple groups
have demonstrated that clearance of senescent cells
delays the onset of age-related pathologies (such as
physical frailty, loss of endurance, and cognitive
decline) in aged mice as well as in tau-based AD
mouse models [6, 11, 17].

There are a variety of senotherapeutic treatments
designed to target cellular senescence, which can be
classified as either senolytic or senomorphic drugs.
Senolytics, such as the combination drug dasatinib
and quercetin (DQ), clear senescent cells through the
induction of apoptosis. Senomorphics, such as rapa-
mycin, prevent accumulation of senescent cells by
modulating senescence markers or suppressing the
secretory phenotype [12, 18]. Long-term DQ treat-
ment has been shown to alleviate senescence-related
phenotypes in mice and clear senescent cells from
the hippocampus of aged mice, reducing cognitive
impairment [10]. However, the effects of DQ on
brain senescence and cognition in AD mouse mod-
els remain largely unexplored. Rapamycin has been
shown to extend lifespan and healthspan in various
species including mice [19-21]. mTOR attenuation
has positive impacts on a variety of age-related condi-
tions such as metabolic diseases, immune disorders,
neurodegenerative diseases, and the aging process in
general [20-26]. Furthermore, rapamycin prevents
senescent cell accumulation in different cell types and
from multiple senescent inducers [27-30]. Studies
indicate that rapamycin reduces AD-like pathology
and improves cognition in the hAPP(J20) [31-33],
P301S (PS19) [34], and viral vector-based P301L
[35] mouse models of AD and tauopathy. Previous
work in our lab showed that rapamycin can prevent,
but not clear senescence in mouse embryonic fibro-
blasts as well as in the lung and adipose tissue of mice
through the nuclear factor-erythroid factor 2-related
factor 2 (Nrf2)-related pathway [27]. Similarly, other
studies have also displayed that various senotherapeu-
tic treatments including quercetin, ginsenoside Rgl,
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and cordyceptin activate Nrf2 and result in increased
expression of Nrf2 target genes [36—42].

Nrf2, referred to as the master regulator of the redox
pathway, is also a key mediator of the beneficial effects
of caloric restriction, and acts as an important part of a
damage response pathway and regulator of inflamma-
tion [43]. Protein levels of Nrf2 are known to decline
with age, giving rise to an increased vulnerability to
biological damage [44, 45]. Translocation of Nrf2 to
the nucleus in neurons and glial cells has been seen
to be impaired the hippocampus of AD patients [46],
and levels of Nrf2 and Nrf2 target genes are known to
be further reduced in the brains of human and animal
models of AD and related dementias, specifically in the
neurons of the hippocampus [1, 46—48]. Furthermore,
decreased Nrf2 levels have been observed in senescent
fibroblasts and inhibition of Nrf2 promotes senescence
in vitro [36, 38, 49]. Nrf2 knock out (Nrf2KO) mice
exhibit cognitive decline, and seem to mimic the aging
phenotype [50]. Similarly, breeding Nrf2KO mice with
some AP mouse models of AD exacerbates the AD-
like symptoms [51]. To date, no study has assessed
how the loss of Nrf2 affects brain senescence in AD
mouse models.

In our study, we aimed to define how loss of Nrf2
affects cognition and brain cellular senescence of
transgenic MAPTP*'SPS19 (P301S) mice, which
expresses high levels of P301S mutant human tau
specifically in neurons. This model exhibits neurofi-
brillary tangle (NFT) deposition, neurodegeneration,
and impaired cognitive function [6] as well as severe
hind-limb paralysis and an inability to feed, resulting
in death at an early age [52]. Cognition of Nrf2KO
mice independent of P301S was not accessed in this
study because previous studies showed that Nrf2KO
mice in the C57BL/6 J genetic background did not
exhibit spatial learning deficits as late as 12 months
of age in the absence of AD-like mutations [53,
54]. To this end, we bred Nrf2KO mice with trans-
genic P301S mice to generate non-transgenic Nrf2
wildtype (WT), Nrf2KO, transgenic Nrf2 wildtype
(P30ISWT), and transgenic Nrf2KO (P301SKO)
mice, and treated transgenic mice with either DQ,
rapamycin, or vehicle from 4 to 8.5 months of age.
All WT mice were treated with vehicle. We aimed to
determine the potential of rapamycin and DQ treat-
ment to prevent the exacerbation of cognitive decline
resultant of Nrf2 ablation in P301S mice. Cognition
was assessed through MWM testing at 8.5 months.

Then, hippocampus, prefrontal cortex, whole brain,
lung, and adipose tissue, along with astrocytes iso-
lated from brain, were collected for analysis of senes-
cent markers. We found that loss of Nrf2 greatly
accelerated the development of hind-limb ataxia and
paralysis in P301S mice from 13 to 10 months of age.
P301SKO mice showed long-term memory impair-
ment at 8.5 months of age, while P301SWT mice did
not. However, loss of Nrf2 did not elevate levels of
senescence in any tissue of P301S mice. Further, both
high-dose rapamycin and DQ failed to improve cog-
nitive performance or reduce senescent cell burden
in the presence or absence of Nrf2. High-dose rapa-
mycin instead seemed to impair cognition and poten-
tially elevate levels of SA-gal activity.

Materials and methods
Mouse strains

This study received prior approval from Oregon State
University Institutional Animal Care and Use Com-
mittee. MAPTP*1SPS19 (P301S) mice (JAX stock
#008,169) [52] were purchased from The Jackson
Laboratory and bred to C57BL/6 J for six genera-
tions. Nrf2KO mice (ICR background) were obtained
from Dr. Masayuki and Yamamoto Kohoku, Univer-
sity of Japan, and then were backcrossed 10 times
into the C57BL6/J genetic background. P301S mice
were bred with Nrf2KO over multiple generations
to generate non-transgenic Nrf2 WT, transgenic
Nrf2 wildtype (P301SWT), and transgenic Nrf2KO
(P301SKO) mice.

Animal treatment

For both the DQ and rapamycin experiments, mice
were divided into five groups, each containing
between 11 and 15 mice per sex. For the senolytic
experiment, all WT mice received vehicle treatment,
while P30ISWT and P301SKO mice were randomly
divided into drug and vehicle treatment groups.
Treatment began at 4.5 months of age, continuing
for 5 days a week, every other week until 8.5 months
of age. Mice received dasatinib and quercetin by
oral gavage at a dose of 5 and 50 mg kg~!, respec-
tively, diluted into vehicle or with the same volume
of vehicle as controls [55-58]. For the rapamycin
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experiment, all WT mice received vehicle treatment,
while P301SWT and P301SKO mice were randomly
divided into drug and vehicle treatment groups. Treat-
ment began at 4.5 months of age, continuing every
other day until 8.5 months of age. Mice received rapa-
mycin by LP. injection at a dose of 8 mg kg~ diluted
into vehicle or with the same volume of vehicle as
controls [59]. This dose was chosen because it was
used previously for short-intervention lifespan stud-
ies [59], as well as intervention for short-lived models
of dilated cardiomyopathy, muscular dystrophy, and
Leigh syndrome [26], a severe mitochondrial disease
[60]. Although this dose is approximately fourfold
higher than that used in lifespan studies [20-22] and
in studies of rapamycin in mouse models of AD [25,
31-33, 61, 62], no toxic effects were described in any
of the studies previously used. Mice were euthanized
48 h after the last dose of rapamycin, DQ, or vehi-
cle, and a thorough necropsy was performed. Tis-
sues were snap frozen in liquid nitrogen, then stored
at— 80 °C for subsequent molecular work.

To determine onset of hind-limb ataxia, cohorts of
WT (n=10), P301SWT (n=11), P301SKO (n=11),
and Nrf2KO (n=4) mice were observed twice a week
for evidence of weight loss and hind-limb clamp-
ing and the age of phenotypic onset was recorded.
The data were plotted as a survival curve using the
GraphPad Prism software and analyzed by log-rank
test (Mantel-Cox test) comparing the P301SWT and
P301SKO groups.

Morris water maze

Male and female P301S (PS19) and P301S X
Nrf2KO mice at 8.5 months of age were tested in the
Morris water maze (MWM) task, including acclima-
tion (2 days); spatial memory testing, including 16
reference hidden trials or place trials, and a naive
probe (ran without knowledge of platform location)
and other probes at the beginning of every other
day (4 days), reversal training (1 day), and visible
(control) trials (1 day) as previously described [63].
Performance on the spatial and cued version of the
MWM task was analyzed using the Any-maze soft-
ware. Performance was measured as the corrected
integrated path length (CIPL) [64, 65] for spatial
learning and reversal trials. CIPL is a proximity
score which takes the sum of the mouse’s distances
from the platform, corrected for the mouse’s speed
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and initial distance from the platform [66]. Proxim-
ity scores such as CIPL have been found to be more
reliable than latency or distance swam, as they avoid
the variability in results introduced by differences in
swimming speed and release locations [63]. Mean
distance from the former platform location was used
as a measure of spatial memory on probe trials. Per-
forming probes at multiple points throughout training
allows us to see a progression of memory formation,
although it can negatively impact learning. Animals
may not show any differences in probe trials after
training, but may show it early on [63]. N=11-14
mice per group. Analyses were performed with
repeated measures ANOVA (Fishers LSD post hoc
tests were performed as indicated when main effects
of place trial or treatment/genotype were observed)
using Prism 6 (GraphPad, San Diego, CA, USA).

RT-gPCR analysis

mRNA was extracted using the RNeasy kit (Qiagen,
Valencia, CA, USA). RNA was reverse-transcribed to
cDNA using the SuperScript® IV FirstStrand Synthe-
sis SuperMix following the manufacturer’s instruc-
tions (Invitrogen). Target mRNA levels were meas-
ured by qPCR and normalized to beta actin (actb).
Amounts of specific mRNA were quantified by deter-
mining the point at which fluorescence accumulation
entered the exponential phase (Ct), and the Ct ratio of
the target gene to actb was calculated for each sam-
ple. Ct ratios were further normalized to average WT
expression. Information for gPCR primers is listed in
Supplementary Table 1.

Western blotting

Brain tissue was homogenized in RIPA buffer sup-
plemented with protease and protein phosphatase
inhibitors (Calbiochem, La Jolla, CA) and sub-
jected to SDS-PAGE followed by transferring to
PVDF membranes (Millipore, Billerica, MA, USA).
Membranes were incubated with antibodies specific
for phosphor-tau (Ser 199, Ser 202), tau monoclo-
nal antibody (Tau-5) (Thermo Fisher Scientific,
Waltham, MA), and actin (MP Biomedicals, Solon,
OH). The intensity of the bands was quantified by
densitometry using the Imagelab software (Bio-rad,
Hercules, CA).
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Saf3-gal staining

SA-Pgal staining was performed on coronal cryo-
sections of hemibrains using the SPiDER-fgal kit
(Dojindo Molecular Technologies, Rockville, MD,
USA). Briefly, brain sections in groups of 3 were
fixed onto slides with 4% paraformaldehyde, incu-
bated with 80 pl of SPiDER-fgal working solu-
tion at 37 °C for 2.5 h, washed 3 times with PBS,
then incubated with 4',6-diamidino-2-phenylin-
dole (DAPI), a fluorescent stain that binds tightly
to adenine—thymine-rich regions of DNA at 4 °C
overnight, and imaged (excitation: 488 nm; emis-
sion: 500-600 nm) using a Keyence fluorescence
microscope.

Statistical analysis

QPCR and western blot data were analyzed using
Prism 6 (GraphPad, San Diego, CA, USA). Sig-
nificance of differences between experimental group
means were defined using one-way ANOVA. Fisher’s
LSD tests were performed to ascertain differences
between genotype/treatment means, and p <0.05 was
considered significant and reported as indicated in the
legends to the figures.

Results

Nrf2 loss accelerated development of hind-limb
paralysis in P301S mice

P301S mice express high levels of mutant human
tau (hTau), roughly fivefold higher than endogenous
mouse tau, resulting in rapidly lethal, early onset
disease that is characterized by a severe hind-limb
dystonia, paralysis, an inability to feed, and death at
9 months of age [52]. We observed a cohort of 10—12
animals, WT, P301SWT, P301SKO, and Nrf2KO
mice over a period of 15 months after birth to gen-
erate a survival curve based on the onset of hind-
limb paralysis (Fig. 1). Over the 15-month period,
P301SKO mice developed hind-limb atrophy between
8.5 and 11 months of age, with 50% animals eutha-
nized by 10 months of age. This was compared to
P301SWT mice that developed hind-limb atrophy

between 10.5 and 15 months of age, with 50% of the
group euthanized by 13 months of age (Fig. 1).

No Nrf2KO mice and only one WT mouse were
euthanized over the 15-month period. Only 4 Nrf2KO
mice were observed for this study; however, mice
of this genotype do not display hind-limb dysfunc-
tion at least until 20 months of age in other studies
[67]. These results indicate that hind-limb ataxia was
delayed in P301SWT mice compared to previously
reported studies, and that loss of Nrf2 significantly
accelerated the hind-limb atrophy in the P301SKO
mice compared to the P301SWT group.

Nrf2 loss did not increase pTau levels in P301S brain

Elevated levels of tau and phosphorylated tau (pTau)
in the spinal cord of P301S mice result in severe
hind-limb ataxia [52], which is accelerated by loss of
Nrf2. We analyzed the effect of Nrf2 ablation on tau
and pTau levels in brains of P301S mice to determine
whether acceleration of hindlimb ataxia correlates
with increased pTau burden. Western blot analysis
of P301S mouse brains showed a roughly 12-fold
increase in tau levels and fourfold increase of pTau
levels compared to WT controls. However, loss of
Nrf2 did not increase either tau or pTau in P301SKO
mice compared to the P301SWT group (Fig. 2).

Loss of Nrf2 accelerated long term memory decline
of P301S mice

Our next goal was to determine if loss of Nrf2 wors-
ens the cognitive decline observed in the P301S
model. While it is common to measure senescence
and cognition by MWM at 6 months of age in this
model, our previous studies (Dorigatti et al. 2021)
showed that in our hands, P301S did not exhibit
senescence or cognitive decline at 6-7 months of
age but developed senescence at 10 months of age
[15]. Given that P301SKO mice begin developing
hind-limb ataxia at 8.5 months of age, we judged
8.5 months to be the best age to measure senescence
and cognition.

To assess spatial learning and memory and cogni-
tive flexibility, we used the MWM on WT, P301SWT,
and P301SKO mice at 8.5 months of age as described
[63]. We found significant main effects of genotype
and place trial in the MWM tasks (Supplementary
Table 2). There was a main effect of place trial in the
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Fig.1 Loss of Nrf2 accelerated the development of hind
limb ataxia in P301S mice. Hind-limb clamping was observed
and recorded weekly up to 8 months of age, and then moni-
tored every other day up to 15 months of age. The purple line
with squares represents Nrf2KO mice, the black line with
circles represents WT mice, the blue line with triangles rep-
resents P301SWT mice, and the red line with triangles rep-
resents P301SKO mice. Each point represents death or the
time at which hind-limb phenotype appeared, requiring mice

spatial learning task for both male (p <0.0001) and
female mice (p=0.0138). With data collapsed across
genotype, both sexes showed lower CIPL meas-
urements in the last trials as compared to the first
(»<0.0001).

There was a significant main effect of genotype
on CIPL scores for spatial learning in female mice
(»<0.001; Supplementary Table 2): P301SKO mice
had significantly higher CIPL scores on the spatial
learning trials than WT mice (p=0.0484), while
P301SWT mice did not differ from WT (p=0.3485;
Fig. 3A-B). There was no significant main effect
of genotype in the spatial learning task for males
(p=0.1506; Supplementary Table 2; Fig. 3C-D).

Probe trials were run at the beginning, mid-
dle, and end of the spatial learning process in
which the platform was removed to test memory
of the platform location. For female mice, there
was no significant main effect of genotype in the
probe trials (p=0.6763; Supplementary Table 2;
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to be euthanized. P301SKO mice developed hind limb ataxia
at 10 months of age, which was significantly earlier than
P301SWT mice at 13 months of age (log rank Mantel Cox test,
p<0.0001 for difference between P30ISWT and P301SKO
curves). Nrf2ZKO and WT mice largely did not experience
the hind-limb phenotype, with 100 and 90% surviving past
15 months of age respectively. P301SKO n=11, P30ISWT
n=10, WT n=10, Nrf2KO n=4

Fig. 3E-F). Males showed a trend for main effect
of genotype on mean distance scores for probe tri-
als (p =0.0562; Supplementary Table 2): P301SKO
mice had significantly higher mean distance
scores on probe trials than WT mice (p=0.0184),
while P301SWT mice did not differ from WT
(p=0.1262; Fig. 3G-H).

To test cognitive flexibility, the platform loca-
tion was moved, and mice were given four learning
trials to learn the new platform location followed
by a probe for the new and old platform locations.
Among males, there was no significant main effect
of genotype for reversal trials or the probe for new
or old platform location (p=0.8179-0.1726; Sup-
plementary Table 2; Fig. 3I-J). There was a sig-
nificant main effect of genotype on CIPL scores for
female mice on reversal trials (p =0.0003; Supple-
mentary Table 2): Neither P301SWT nor P301SKO
mice had significantly different CIPL scores than
WT (p=0.1154-0.0896; Fig. 3K-L).
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Fig. 2 Nrf2 ablation did not elevate brain levels of tau or
ptau. Western blot analysis of tau (A) and ptau (B) protein
expression in mouse brains at 8.5 months of age using anti-
Tau monoclonal antibody (Tau-5) and anti-phosphoTau (Ser
199, Ser 202) antibody, normalized first to f-actin, and then

Our data showed no main effect of genotype on
CIPL scores for cued trials of either sex, indicating no
visual deficiency (p=0.1674-0.1253; Supplementary
Table 2; Supplementary Fig. 2).

Loss of Nrf2 did not elevate levels of hippocampal
senescence

In previous studies, the elimination of Nrf2 resulted
in increased cellular senescence in vitro and in vivo
[27]. To define the effect of Nrf2 loss on the accumu-
lation of senescent cells in the hippocampus of P301S
mice, we performed QPCR analysis on cell cycle
arrest markers and common SASP factors from flash

WT expression. Representative western blot, Tau and pTau
appear ~50-55 kDA, and B-actin appears at~37-40 kDA (C).
*p <0.05 for differences between genotypes, one-way ANOVA
with multiple comparisons, data=mean + SEM)

frozen hippocampus tissue collected from 8.5-month-
old WT, P301SWT, and P301SKO mice, as well as
SAB-gal staining on hippocampus-containing brain
cryo-sections from the same groups.

QPCR analysis of hippocampal tissue showed
significant main effects of genotype for expression of
SASP factors (F (2, 205)=9.090; p=0.0002) and cell
cycle arrest markers (F (2, 65)=7.283; p=0.0014):
P301SWT and P301SKO mice had significantly elevated
levels of IL1-a, IL1-B, and pl6 (p=0.0288—<0.0001)
compared to WT mice. P30ISWT and P301SKO
mice also showed trends to elevations in ICAMI
and p2l1 expression (p=0.0669-0.0611) compared
to WT mice. However, P301SKO expression
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of all SASP factors and cell cycle arrest markers
was similar to P301SWT mice (p=0.998-0.7785;
Fig. 4A-B). This analysis was repeated in isolated
brain astrocytes as well as in whole prefrontal cortex
and in adipose tissue, yielding no significant increases
of senescence markers in P301S mice regardless of
Nrf2 status (Supplementary Fig. 1 a-j).

SAP-gal staining showed no increase in f-gal
activity in hippocampi of P301SWT or P301SKO
mice compared to WT mice. Similarly, p-gal activ-
ity was similar for P30ISWT mice compared to
P301SKO (Fig. 4C).

Due to the lack of senescent cell accumulation, we
searched for evidence of brain inflammation through
expression of GFAP to indicate astrocyte activation.

Hippocampus SASP
A 20 N

= awTt
B P301S WT
15 A [ P301S KO

10

Fold Change mRNA (Over WT)

Fig. 4 Nrf2 loss did not exacerbate senescent cell burden in
the hippocampus of P301S mice. Senescent cell burden was
determined by analysis of 3 biomarkers: SASP, cell cycle
arrest, and SAf-gal activity. qPCR analysis of SASP (A) and
cell cycle arrest markers (B) mRNA expression in hippocam-
pus tissue of WT (white bars), P301SWT (gray bars), and
P301SKO (black bars) mice at 8.5 months of age. P30ISWT
and P301SKO mice had significantly elevated levels of IL1-a,
IL1-B, and p16 (p=0.0288—<0.0001) and positive trends for

Fold Change mRNA (Over WT) 0

QPCR analysis showed a genotype effect of GFAP
expression for the hippocampus (F (4, 16)=3.567;
p=0.0291): P301SWT (p=0.0113) and P301SKO
(»p=0.0056) mice expressed higher levels of GFAP
than WT mice. However, P301SKO mice showed
similar levels of GFAP to P301SWT (p=tHi0.7537;
Supplementary Fig. 1 k-1).

Effect of senotherapeutic treatment on cognition

Previously, we showed that Nrf2KO mice exhibit
increased levels of cellular senescence in adipose tis-
sue and that rapamycin treatment mitigated levels of
SASP expression [27]. As elimination of Nrf2 accel-
erated the cognitive decline of our P301S mice, we

Hippocampus Cell Cycle Arrest

15

owT
B P301S WT
[ P301S KO

| Bl ~aa
& &

P301S WT P301S KO

ICAMI1 and p21 (p=0.0669-0.0611) compared to WT mice.
Analysis of Sap-gal activity (C), indicated by red fluorescence
(total cell number, blue fluorescence), in brain cryo-sections
from WT, P301SWT, or P301SKO mice (scale bar=500 um.
*p<0.05,~p<0.07 for differences between genotypes,
one-way ANOVA with multiple comparisons using Fishers
LSD post hoc test, n=8-11 per group at 8.5 months of age,
data=means + SEM)
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aimed to determine the ability of the senotherapeutic
treatments, DQ and rapamycin, to prevent the impact
of Nrf2 loss on cognition by MWM. For both thera-
peutics, either drug or vehicle treatment began at
4.5 months of age until completion of MWM testing
at 8.5 months of age.

We found no significant main effects of genotype/
treatment for spatial learning trials or long-term mem-
ory probes of DQ treated mice (p=0.1418-0.1144;
Supplementary Table 2; Fig. SA-D).

For rapamycin treatment, we found a main effect of
genotype/treatment for CIPL scores of spatial learn-
ing trials (»p =0.0001; Supplementary Table 2): Rapa-
mycin treated P301SWT mice had significantly higher
CIPL scores than vehicle treated WT (p =0.0065) and
P301SWT mice (p=0.0442; Fig. 6A-B). There was
also a significant main effect of genotype/treatment

>

DQ Spatial Learning - CIPL
- blocks of 4 trials

- WT Vehicle
= P301S WT Vehicle

N
o
1

O

L

B

o

2T

‘g % 15- -+ P301S KO Vehicle
g x o P301S WT DQ
=g 19 P301S KO DQ
(]

B E 57

o

8 0 T T T T

N a9 S [
Blocks of 4 place trials

DQ Spatial Memory - Mean distance

- probes
3 0.5+ - WT Vehicle
- = P301S WT Vehicle
2 0.4 -+ P301S KO Vehicle
,.g ’ - P301S WT DQ
S P301S KO DQ
c 0.3
1]
(]
£
0-2 T T T
\) N a4
Probe Trials

Fig. 5 DQ treatment did not improve cognitive perfor-
mance in P301S mice. MWM analysis of long-term mem-
ory of DQ treated mice (WT vehicle=black lines and bars
with circles, P301SWT vehicle=blue lines and bars with
squares, P301SKO vehicle=red lines and bars with trian-
gles, P301SWT DQ=striped blue with squares, P301SKO
DQ=striped red with triangles). Spatial learning trials of DQ
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Corrected integrated

mean distance (m)

for mean distance scores on spatial memory probes
for rapamycin treated mice (p <0.0001; Supplemen-
tary Table 2): Rapamycin treated P301SWT mice
had significantly higher mean distance scores than
vehicle treated WT (p=0.0002) and P301SWT mice
(»=0.0366). Rapamycin treated P301SKO mice had
significantly higher mean distance scores than vehicle
treated WT mice (p=0.0414), while vehicle treated
P301SKO mice did not differ from WT (p=0.1563;
Fig. 6C-D).

Effect of senotherapeutic treatment on brain
senescence

Hippocampal QPCR analysis of P301S mice treated
with DQ showed a significant main effect of genotype/
treatment for SASP (F (4, 338)=7.033; p<0.001)

DQ Spatial Learning - CIPL
- average 16 trials

® WT Vehicle

40- B P301S WT Vehicle
g A P301S KO Vehicle
< 301 . O P301S WTDQ
n A
Q
-
Q
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£
b=
©
Q.

Average Place Trials

DQ Spatial Memory - probes mean dist

- average

057 [ o 1

o WT Vehicle

m P301S WT Vehicle
P301S KO Vehicle
P301S WT DQ

Average Probe Trials

and vehicle treated mice shown in blocks of four and aver-
age of 16 trials. Long term memory probes of DQ and vehi-
cle treated mice shown in individual probes and average of 3
probes (n=11-14 per group, *p <0.05 for differences between
genotypes or treatment defined by Fishers LSD post hoc test on
a significant effect of genotype, ANOVA, data=mean+SEM)
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Fig. 6 Rapamycin treatment impaired cognition in P301S
mice. MWM analysis of spatial learning and memory of
rapamycin treated mice (WT vehicle=black lines and bars
with circles, P301SWT vehicle=blue lines and bars with
squares, P301SKO vehicle=red lines and bars with triangles,
P301SWT rapamycin=striped blue with squares, P301SKO
rapamycin =striped red with triangles). Spatial learning trials
of rapamycin and vehicle treated mice shown in blocks of four
and average of 16 trials. Rapamycin treated P301SWT mice
had significantly higher CIPL scores than vehicle treated WT
(p=0.0065) and P301SWT mice (p=0.0442). Spatial memory

and cell cycle arrest markers (F (4, 104)=4.087,
p=0.0041): DQ treated P301SWT and P301SKO mice
expressed similar levels of SASP factors and cell cycle
arrest markers compared to respective vehicle treated
mice (p=0.8052-0.0953; Fig. 7A-B), except for IL1p,
which was reduced in DQ treated P301SKO mice com-
pared to vehicle treated P301SKO mice (p<0.0001).
SAp-gal staining on brain cryosections of DQ treated
P301S mice showed no change in j-gal activity com-
pared to vehicle treated transgenic mice, independent
of Nrf2 status (Fig. 7C).

Hippocampal QPCR of transgenic mice treated
with rapamycin showed a significant main effect of
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probes of rapamycin and vehicle treated mice shown in indi-
vidual probes and average of 3 probes. Rapamycin treated
P301SWT mice showed significantly higher mean distance
scores than vehicle treated WT (p=0.0002) and P301SWT
mice (p=0.0366). Rapamycin treated P301SKO mice had
significantly higher mean distance scores than vehicle treated
WT mice (p=0.0414) (n=11-14 per group, *p <0.05 for dif-
ferences between genotypes or treatment defined by Fishers
LSD post hoc test on a significant effect of genotype, ANOVA,
data=mean + SEM)

expression for SASP (F (4, 104)=4.087; p=0.0009),
and a near significant main effect for cell cycle arrest
markers (F (4, 104)=2.248; p=0.068): SASP and
cell cycle arrest marker expression of rapamycin
treated P301SKO and P301SWT mice were similar to
respective vehicle treated mice (p=0.9826-0.3244;
Fig. 8A-B), except for IL1p which was reduced in
rapamycin treated P301SKO mice compared to vehi-
cle treated P301SKO mice (p=0.0313). SAp-gal
staining on brain cryosections of rapamycin treated
transgenic mice showed an increase in (-gal activity
compared to vehicle treated transgenic mice in both
the presence and absence of Nrf2 (Fig. 8C). Because
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Fig. 7 DQ treatment did not reduce markers of senescence in
the hippocampus of P301S mice. Senescent burden was deter-
mined by analysis of 3 biomarkers: SASP, cell cycle arrest,
and SAp-gal activity. qPCR analysis of SASP (A) and cell
cycle arrest markers (B) mRNA expression in hippocampus
tissue of WT vehicle (white bars), P30ISWT Vehicle (gray
bars), P301SKO vehicle (black bars), P301SWT DQ (striped
gray bars), and P301SKO DQ (striped black bars) mice at

mTOR is a repressor of the lysosomal pathway [68,
69], decreased mTOR activity resulting from rapamy-
cin treatment likely contributes to lysosomal expan-
sion, observed as increased SAB-gal activity. Further
analysis of isolated astrocytes, prefrontal cortex, and
adipose tissue showed no significant differences in
senescent marker expression between drug and vehi-
cle treated P301SWT or P301SKO mice (Supplemen-
tary Fig. 1 a-j).

Discussion

The P301S mouse model overexpresses phospho-
rylation-prone 4R isoforms of human tau at fivefold
higher levels than endogenous murine tau in the cen-
tral nervous system, leading to neuronal loss and brain
atrophy that involves hippocampus and neocortex.
Neurofibrillary tangle-like inclusions develop in these
regions as well as in brain stem and spinal cord, lead-
ing to severe hind-limb ataxia, paralysis, an inability
to feed, and death at 9 months of age due to seeding
of tau in the spinal cord [52]. It was recently reported
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8.5 months of age. Analysis of Sap-gal activity (C), indicated
by red fluorescence (total cell number, indicated by blue flu-
orescence), in brain cryo-sections from WT, P301SWT, or
P301SKO mice (scale bar=500 pum. *p <0.05,~p <0.06 for
differences between genotype defined by Fishers LSD post hoc
test on a significant effect of genotype, one-way ANOVA with
multiple comparisons, n=_8-11 per group at 8.5 months of age,
data=means + SEM)

that P301S develop senescence and cognitive impair-
ment at 6 months of age [6], followed by severe hind
limb atrophy at 9 months of age [6, 52]. Environmen-
tal factors can strongly modify the development of
AD-like phenotypes in mouse models of AD, leading
to substantial differences in the timing of emergence
of AD-like deficits at different research facilities [70,
71]. It is currently unknown whether this is driven
by differences in diet, genetic shift, or other factors.
Our previous studies where we measured the ability
of various mouse models of AD to model brain cel-
lular senescence of human disease showed that cog-
nition was not impaired at 6.5 months in the P301S
model and that the onset of senescent cell accumula-
tion was delayed until 10 months of age [15]. Con-
sistent with these prior findings, the present studies
did not demonstrate cognitive decline or senescence
at 8.5 months of age for P30ISWT mice. Further,
we found that the onset of hind-limb paralysis was
delayed to 13 months of age. It is worth considering
that these delays in cognitive and motor phenotypes
coincide with an absence of cellular senescence in
brain, indicating a potential for senescence to be a
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Fig. 8 Rapamycin treatment did not reduce markers of senes-
cence in the hippocampus of P301S mice. Senescent burden
was determined by analysis of 3 biomarkers: SASP, cell cycle
arrest, and SAf-gal activity. qPCR analysis of SASP (A) and
cell cycle arrest markers (B) mRNA expression in hippocam-
pus tissue of WT Vehicle (white bars), P30ISWT vehicle
(gray bars), P301SKO vehicle (black bars), P30ISWT rapa-
mycin (striped gray bars), and P301SKO rapamycin (striped

factor in phenotypic variability of AD mouse models.
However, significant progress needs to be made in our
understanding of AD mouse models and senescence
to establish this potential causal relationship.

In our colony, P301S mice express tau at 12-fold
higher levels than endogenous murine tau, and develop
hind-limb phenotype at 13 months of age. Genetic
ablation of Nrf2 in P301S mice accelerated the hind-
limb paralysis phenotype of this model from 13 months
of age to 10 months of age, but contrary to hind-limb
ataxia, loss of Nrf2 did not further increase brain lev-
els of tau or pTau in P301SKO mice compared to the
P301SWT group, indicating that accumulation of pTau
in brain was not the trigger for hind-limb paralysis
acceleration. It is possible that this discrepancy is due
to the robust immunosurveillance mechanisms of the
brain [72] as compared to the spinal cord. It is known
that the spinal cord is highly sensitive to damage from
oxidative stress compared to other tissues [73]; thus,
depletion of Nrf2 may increase seeding of tau in the
spinal cord and exacerbate the phenotype.

Fold Change mRNA (Over WT)

w

P301S KOV

1Ioiapamycin Hippocampus Cell Cycle Arrest

[0 WT Vehicle

[l P301S WT Vehicle

[ P301S KO Vehicle

1 P301S WT Rapa
P301S KO Rapa

P301S KOR

P301S WT R!

black bars) mice at 8.5 months of age. Analysis of Saf-gal
activity (C), indicated by red fluorescence (total cell num-
ber, indicated by blue fluorescence), in brain cryo-sections
from WT, P30ISWT, or P301SKO mice (scale bar=500 um;
*p<0.05,~p<0.06 for differences between genotype defined
by Fishers LSD post hoc test on a significant effect of geno-
type, one-way ANOVA with multiple comparisons, n=8-11
per group at 8.5 months of age, data=means + SEM)

At 8.5 months of age, P301SWT mice did not
exhibit long-term memory impairment or decline in
cognitive flexibility in the MWM. However, in the
absence of Nrf2, P301SKO mice performed mildly
but significantly worse than WT mice in tests of
memory of platform location, indicating that loss
of Nrf2 may have accelerated cognitive decline. At
8.5 months of age, P301SWT and P301SKO mice did
not show evidence of senescent cell accumulation.
While elimination of Nrf2 mildly impaired cognitive
performance, it did not rely on increased senescent
cell burden to do so. These data suggest that the cog-
nitive and physical impacts of Nrf2 depletion in tau
pathology are not dependent on cellular senescence
as a mechanism. However, we did not measure senes-
cent burden in spinal cord. It is thus possible that this
region was more sensitive to loss of Nrf2, resulting in
increased senescent cell burden that could be associ-
ated with hind-limb ataxia. Although cellular senes-
cence was the focus of this study, a different group
has shown that Nf2KO mice exhibit cognitive decline
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at 20 months of age as a result of mitochondrial dys-
function and increased synaptic dysfunction [67]. It
may thus be possible that the impact of Nrf2 ablation
on cognition and synaptic function relies on effects of
mitochondrial dysfunction unrelated to senescent cell
burden.

Lastly, a more detailed investigation on the onset
of senescent cell burden in our model is needed. In
our hands, P301S mice develop cellular senescence in
the hippocampus at 10 months of age, before emer-
gence of hind-limb ataxia [15]. It is possible that Nrf2
deficient mice may develop elevated levels of senes-
cence in the brain after 8.5 months of age, but before
the onset of hind-limb ataxia at 10 months of age.
Since we observed a significant acceleration of hind-
limb and cognitive phenotypes without an increase in
senescent burden in the brain, either another tissue
may play a role, or another cellular pathway may be
responsible for these impairments.

DQ has been shown to eliminate senescence of
aged mice in multiple tissues, including the brain,
alleviating brain inflammation, bone loss, and physi-
cal dysfunction [10, 74, 75]. DQ treatment also alle-
viated NFT burden in a mouse model of tauopathy,
although it was unclear whether DQ treatment had
effectively cleared senescent cells in brain [76]. In the
present study, long-term DQ treatment was unable to
improve cognitive performance or reduce senescent
burden in brains of P301S mice independent of Nrf2
status. This may be attributed to the lack of senescent
cell accumulation in brains of P301S mice at this age,
or alternatively, DQ might be ineffective at eliminat-
ing senescent cells from the brain of this model. It
has been noted that senescence is not a homogenous
event, in that senescent cells from different inducers,
cell types, and animal models produce unique SASP
profiles as well as senescent cell anti-apoptotic path-
ways (SCAPs) [18]. While DQ has been shown to
remove senescent cells from brains of aged mice by
targeting SCAP proteins [10, 12, 57, 75, 77], it has
not been shown to impact senescence in brains of
mouse models of AD, had not previously been tested
in the P301S or Nrf2KO models, and may not be the
ideal senolytic treatment for P301S mice or senes-
cence induced by Nrf2 ablation. Perhaps another
senolytic such as ABT-263 or navitoclax might be
more effective for this study [6, 17].

Rapamycin prevents senescent cell accumulation
in different cell types and from multiple senescence

@ Springer

inducers [28-30]. Numerous studies indicate that
rapamycin reduces amyloid plaque burden and
improves cognition in the hAPP(J20) [31-33, 78],
P301S(PS19) [34], 3XTg-AD [25, 61, 79], and viral
vector-based P301L [35] mouse models of AD and
tauopathy. Previous work in our lab showed that
rapamycin can prevent but not clear senescent accu-
mulation in mouse embryonic fibroblasts as well as
in the lung and adipose tissue of mice through an
Nrf2 dependent manner [27]. In the present study,
long-term treatment with rapamycin delayed spa-
tial learning and led to a modest decrease in spatial
memory. It is important to note that the dose that
was used in our studies is fourfold higher than the
dose that was used in prior studies in AD models
and it is currently unknown if rapamycin adminis-
tered by L.P. injection crosses the blood—brain bar-
rier to the same extent that drug administered orally
by supplementation in the chow [25, 31, 33, 61, 78,
79]. If rapamycin administered via I.P. did not effec-
tively cross the blood brain barrier, that may explain
why we did not observe equal or improved cogni-
tive performance as compared to vehicle treated
mice, although spatial learning and memory in this
group were indistinguishable from that of WT lit-
termate mice. However, we did not find that rapa-
mycin reduced senescence markers in peripheral
tissue. AD mouse models also tend to be sensitive
to mouse handling, so frequent L.P. injection could
have possibly been a confounding factor for our
results, although both rapamycin and vehicle treat-
ments were performed by I.P. injection. Apart from
being able to extend health and lifespan in various
animal models, rapamycin treatment can conversely
cause metabolic disorders including vascular and
mitochondrial dysfunction if given at too high of a
dose or for too long [80]. Because we treated our
experimental groups with doses higher than those
used in other prior studies in models of AD, it is
possible that we have engaged some of these det-
rimental mechanisms although other studies using
higher doses of rapamycin have shown substantial
beneficial effects in a variety of models of aging
and age-associated disease [59]. Taking this in con-
sideration with the fact that rapamycin alleviates
AD-like cognitive and histopathological deficits
both before [32] or after disease onset [31, 33] or
in other models only pre-symptomatically [79], and
termination of rapamycin treatment can result in the
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relapse of cancers [81], the use of rapamycin for
AD and other dementias will likely require careful
determination of adequate doses.

Ultimately, in this study, we found that elimi-
nation of Nrf2 could accelerate the progression of
cognitive decline in a tau-based AD model. Previ-
ous studies reported that crossing mouse models of
AD featuring amyloid pathology with Nrf2KO mice
results in advanced disease phenotypes [1, 47, 51,
53, 54], but had not assessed its potential impact on
models of tauopathy. Despite coinciding evidence
that increased levels of senescence [76, 82-84]
and decreased levels of Nrf2 [46-48] are features
observed in the brains of AD patients, the connec-
tion between Nrf2 and senescence in AD devel-
opment has yet to be fully explored. Our results
indicate that Nrf2 depletion affects tau pathology
similarly to its previously described impact on amy-
loid pathology. However, as cognition was impaired
before accumulation of senescent burden, this
impairment does not appear to be dependent on cel-
lular senescence as a mechanism. We found that a
lack of cellular senescence coincided with a delay
in phenotype development in P301S mice, indicat-
ing that cellular senescence may be a mechanism
subject to phenotypic drift between mice raised at
different animal facilities. Recently, a hypothesis
emerged which predicts that rather than senescence
driving plaque and tangle formation in AD, senes-
cence acts as an external mechanism for hyperphos-
phorylated tau and NFTs to promote neurotoxicity
[76]. In postmortem human and mouse brains, it
was reported that some markers of senescence are
found surrounding neurons containing NFTs, but
not in neurons near depositions of AP plaques [7,
76]. Our data, which showed that a lack of senes-
cence was associated with a delay in cognitive
phenotype and that senescence was not the mecha-
nism through which Nrf2 loss accelerated cognitive
decline, suggests that the emergence of senescence
may be causally associated with onset of cogni-
tive decline in the P301S model, and indicate that
Nrf2 protects brain function through mechanisms
that may include but not require the inhibition of
senescence.
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