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Purpose: Aging is the most significant risk factor for neurodegenerative disorders that are typified by cognitive deficits. Our
recent work utilizing BubR1 hypomorphic (BubRI"™™) mice, an accelerated aging model, has revealed that genetic inhibition
of the endogenous Wnt pathway inhibitor secreted frizzled related protein 3 (sFRP3) plays a neuroprotective role. Neuroin-
flammation has been suggested as a pathological hallmark of age-related neurodegeneration mediating cognitive impairment.
However, whether sFRP3 inhibition has a neuroprotective effect on neuroinflammatory gliosis in BubR1"* mice is unknown.

Methods: To investigate neuroprotection from aging-related neuroinflammation by sFRP3 in vivo, we generated double Bub
RI"™;sfrp3 knockout mice and performed immunohistological analysis with cell type-specific markers for astrocytes (glial fi-
brillary acidic protein), and microglia (ionized calcium-binding adapter molecule 1). Given that the hippocampus is a brain
structure critical for learning and memory, and is uniquely affected in aging-related neurodegeneration, we evaluated mor-
phological changes on astrocytes and microglia via confocal imaging.

Results: We demonstrate that BubR1™" mice exhibit significantly increased levels of astrogliosis and an increased trend of mi-
croglial activation in the hilus and molecular layer of the young adult hippocampus, thus suggesting that BubR1 insufficiency
accelerates glial reactivity. Importantly, our results further show that genetic inhibition of sFRP3 significantly recovers the as-
trogliosis and microglial activation observed in BubRI1™™ mice, suggesting a critical neuroprotective role for sSFRP3 in age-re-
lated neuroinflammation.

Conclusions: Our findings suggest that sSFRP3 inhibition may represent a novel therapeutic strategy for neurodegeneration.
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- Increased GFAP* astrocyte reactivity is observed in the hippocampus of young BubR1"" mice, suggesting BubR1 insufficiency accelerates astrogliosis.

- BubR1"™ mice show an increased trend in Iba-1*CD68" activated microglia.

- Genetic inhibition of sFRP3 significantly recovers increased astrogliosis and microglia activation observed in BubR1"" mice.
- sFRP3 inhibition may play a neuroprotective role in age-related neuroinflammation.

INTRODUCTION

Aging is the most significant risk factor for neurodegenerative
disorders typified by cognitive deficits, such as Alzheimer dis-
ease. Given the persistent rise of the world’s elderly population
as a result of medical advancements, improving cognitive func-
tion is critical to maintaining a healthy and productive elderly
population [1]. The mitotic checkpoint kinase BUB-related 1
(BubR1) is encoded by Budding Uninhibited by Benzimidazole
1B and is crucial for appropriate chromosome segregation. Mu-
tations in BubR1 can lead to cell aneuploidy; a feature associat-
ed with mosaic varied aneuploidy in patients [2,3]. Notably,
BubRl1 levels progressively decline with natural aging, and mu-
tant BubR1 hypomorphic (BubR1™™) mice that possess reduc-
tions in BubR1 levels exhibit accelerated aging phenotypes such
as a short lifespan, cataracts, cachectic dwarfism, and sarcope-
nia [4,5]. Recently, our studies have shown that age-related de-
clines in BubR1 impair hippocampal neurogenesis [6], myelin-
ation, reduces body and brain size [7], as well as contributes to
behavioral and memory dysfunction in mice [8]. These results
suggest that reduced levels of BubR1 contribute to age-related
neuropathology. Therefore, investigation of molecular targets
that can reverse detrimental BubR1-related biological processes
is of great interest.

Wnt signaling has emerged as an essential factor in regulating
embryonic development, neural stem cell (NSC) maintenance,
differentiation, adult neurogenesis, and synaptic plasticity [9].
While Wnt signaling deficits have been shown to lead to im-
pairments in these aforementioned biological processes, dys-
functional Wnt signaling is also associated with aging-related
impairments in cognitive function [10,11]. We have previously
identified the secreted frizzled related protein 3 (sFRP3), a nat-
ural antagonist of Wnt signaling, as a critical player that nega-
tively regulates adult hippocampal neurogenesis, the process by
which adult-born neurons are generated. Genetic inhibition of
sFRP3 stimulates activation of quiescent NSCs, neuronal matu-
ration, neuron production, dendritic growth and dendritic spine
formation [12]. These biological processes are associated with
promotion of antidepressant action in both mice and humans
[13]. However, while enhancing Wnt signaling can ameliorate
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age-dependent deficits in cellular and memory function [14],
whether inhibition of sFRP3 has a neuroprotective role in Bu-
bR1-mediated brain aging remains unknown.

Astrocytes and microglia are glial cells that play essential roles
for maintaining healthy brain function [15]. However, in both hu-
mans and mice, aging causes abnormal glial function and reactivi-
ty, thus impairing their ability to maintain healthy interactions
with neighboring brain cells. It is hypothesized that impaired glial
function contributes to the inflammatory state observed in aged
brains as well as age-related neurodegenerative conditions [16-18].
Although previous research shows that BubRI1™ mice exhibit ac-
celerated neuroinflammation, including increased astrogliosis and
microglia activation [5,19], it remains unknown if Wnt signaling
via sSFRP3 inhibition, can have a functional impact in age-related
neuroinflammation. Therefore, using double BubR1™";sfrp3
knockout (KO) mice in combination with histological and confo-
cal imaging analysis, we sought to explore whether inhibition of
sFRP3 prevents the neuroinflammatory phenotypes observed in
BubRI"™ mice.

MATERIALS AND METHODS

Mice
BubR1 hypomorphic (BubR1"™) and sFRP3 KO mice were

I1"" mice were

generated as previously described [4-6,12]. BubR
backcrossed to the C57BL/6 background for over 10 genera-
tions. Adult BubR1 heterozygous (HET; BubR1"") were crossed
to sfrp HET mice to generate BubR1 HET;sfrp3 HET mice.
Then, BubR1 HET;sfrp3 HET mice were interbred to BubR1
HET;sfrp3 HET mice to generate BubR1 wild-type (WT);sfrp3
WT mice, BubRI"™;sfrp3 WT mice, BubR1"";sfrp3 HET mice,
and BubR1"":sfrp3 KO mice [20]. For all experiments, female
mice were utilized unless otherwise specified. All groups of
mice used were 8-10 weeks of age at the time of initiating exper-
iments and housed in standard cages under a 12-hour light/dark
cycle. Standard rodent chow and water were provided ad libi-
tum. Animal care and handling procedures were approved by
the Mayo Clinic Institutional Animal Care and Use Committee
(IACUC; #A1756) in accordance with National Institutes of
Health guidelines.
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Perfusion Process and Immunostaining

Mice were perfused at 8-10 weeks of age with 4% paraformal-
dehyde (PFA). The brains were kept in 4% PFA overnight and
then switched to 30% sucrose. Coronal brain sections (40 um
thick) were prepared in serial order across the entire brain us-
ing a microtome (Leica SM 2010R; Leica Biosystems Inc., Buf-
falo Grove, IL, USA) and processed for histological analysis
(6,20].

Sets of approximately 4 sections per mouse with the follow-
ing coordinates (in mm: posterior =-2.53 from Bregma, anteri-
or=-1.31) from each animal were processed for immunostain-
ing with specific antibodies. To detect astrocytes, we used anti-
mouse glial fibrillary acidic protein (GFAP; 1:500; Cat# ab-
53554; Abcam, Cambridge, MA, USA). As a microglial marker
we used anti-rabbit ionized calcium-binding adaptor molecule
1 (Ibal; 1:500; Cat#019-19741; Fujifilm Wako, Tokyo, Japan).
To examine microglial activation, we used rat anti-mouse
CD68 (1:500; Cat# MCA1957T; Bio Rad, Hercules CA, USA).
For immunostaining with anti-GFAP, an antigen retrieval pro-
tocol was performed using a microwave in order to unmask
antigens in tissues. Briefly, the citrate buffer (10mM Sodium
Citrate, 0.05% Tween 20, pH 6) was heated for 5 minutes; the
sections were placed in the boiling buffer and heated for anoth-
er 5 minutes at maximum power [6,21]. The buffer was washed oft
in 1 xPBS and the sections were incubated overnight with anti-
GFAP. The sections were incubated with secondary conjugated
antibodies Cy3 and Cy5 (1:500; Jackson Immuno Research Lab-
oratories, West Grove, PA, USA). DAPI (Cat# D1306, Thermo
Fisher, Waltham MA, USA) was used for counterstaining.

Confocal Imaging and Analysis

Z-stack images of the hippocampus were acquired on a Zeiss
LSM 780 single-photon confocal system using n=4 sections of
each genotype. In order to count the number of astrocytes and
microglia in the molecular layer and dentate hilus, images were
acquired by performing a tile scan at 20x with a Z-stack of 7
slices and 2 pm thickness. The images were stitched in the Zeiss
Zen Blue program. We randomly selected 3-4 equal sized areas
per tissue on the molecular layer and outlined the area of the
dentate hilus in each mouse. The volume of the dentate hilus
and molecular layer were calculated by multiplying their re-
spective area by its thickness. The cell count was divided by the
resultant section volume to obtain the total cell density in the
dentate hilus and molecular layer per mm”.

S74 www.einj.org

Statistical Analysis

All assessments were performed by an observer blind to geno-
types using GraphPad Prism 8.0 (GraphPad Software, La Jolla,
CA, USA). One-way analysis of variance was performed on
each data set followed by Tukey post hoc multiple comparisons
with statistical significance reached at P<0.05.

RESULTS

Genetic Deletion of sFRP3 Prevents Increased Astrogliosis
Observed in Adult BubR1"" Mice

Reactive astrogliosis is defined by hypertrophic astrocytic mor-
phology and an abnormal increase in the number of astrocytes.
These phenotypes represent hallmarks of brain aging and age-
related neurodegeneration [22]. To investigate a possible neuro-
protective effect of sSFRP3 inhibition in age-related astrogliosis,
immunohistological staining was performed with the astrocyte
specific marker GFAP. Morphological image analysis revealed
an increased intensity of GFAP immunoreactivity and hyper-
trophy observed in the molecular layer of the hippocampus in
BubRI1"™;sfrp3 WT mice compared to those in BubR1 WT:sfrp3
WT mice. However, this hypertrophic astrocytic morphology
was ameliorated in BubRI"™:sfrp3 KO mice (Fig. 1A). In addi-
tion to hypertrophic astrocytic morphology, our quantitative
analysis showed a significant increase in the number of astro-
glia in the hippocampal hilus and molecular layer of BubR1™"
ssfrp3 WT mice when compared to those in BubR1 WT;sfrp3
WT mice, which were reversed by genetic inhibition of sFRP3
(Fig. 1B). Notably, a reduction of sFRP3 expression in sfrp3
HET mice, which was reduced to about 50% in WT littermates
[12], was sufficient to prevent increased astrogliosis in BubRI™™
mice. Taken together, these results suggest that genetic inhibi-

IH/H

tion of sSFRP3 can prevent reactive astrogliosis in BubRI"" mice.

Genetic Deletion of sFRP3 Prevents Increased Microglia
Activation in Adult BubR1"" Mice

Microglia are the primary resident immune cells in the brain.
During normal conditions, microglia are continuously surveil-
ling their environment and facilitating the maintenance of syn-
apses. However, these cells can be activated in response to a va-
riety of stimuli during brain damage or cellular degeneration,
and are thought to be the primary cells responsible for initiating
the immune response to neurodegenerative pathology [23]. To
explore a potential neuroprotective effect of sFRP3 inhibition
on microglia, we performed immunohistological staining with
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Fig. 1. Genetic inhibition of sSFRP3 prevents increased astrogliosis observed in BubRI™™ mice. (A) Representative confocal images of
glial fibrillary acidic protein (GFAP) staining in the hilus of the dentate gyrus in each group. Scale bars: 50 um (above) and 20 pm (be-
low). (B) Stereological quantification of GFAP" astrocytes in the molecular layer and the hilus of the dentate gyrus of the hippocampus.
Circles within each bar in graphs represent an individual mouse. Values represent mean + standard error of the mean. **P <0.01,
P <0.001, 1-way analysis of variance followed by Tukey post hoc corrections. All groups of mice at 8-10 weeks of age were used at the
time of initiating experiments. WT, wild-type; HET, heterozygous; KO, knockout.

the pan-microglia marker Ibal in combination with CD68, a
marker utilized to identify activated microglia. Confocal imag-
ing and quantitative analysis of the hilus and molecular layer of
the hippocampus did not reveal obvious morphological chang-
es or quantitative differences in the number of Ibal* microglia
populations between the genotypes (Fig. 2A, B). However, co-
localization analysis did identify an increased trend in Ibal*
CD68" activated microglia populations in BubR1";sfrp3 WT
mice compared to those in BubR1 WT;sfrp3 WT mice (Fig. 2A
insets and 2B lower panels). More importantly, our colocaliza-
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tion analysis detected a significant decrease in Ibal* CD68" cells
in the molecular layer of the hippocampus of BubRI"";sfrp3
HET mice and BubR1"";sfrp3 KO mice in comparison to Bub-
R1"™:sfrp3 WT mice, suggesting that genetic inhibition of
sFRP3 can successfully abolish age-related microglial reactivity
to similar or below BubRI WT;sfrp3 WT control levels (Fig. 2A
insets and 2B molecular layer lower panels). We similarly de-
tected a significant decrease in age-related microglial reactivity
in the hippocampal hilus of BubR1"";sfrp3 KO mice when
compared to BubRI"";sfrp3 WT mice. Interestingly, when

www.einjorg S75



INJ

Corujo-Ramirez, et al. « sFRP3 and Glial Reactivity

lbal/CD68

BubRI'WT; sfrp3 WT

BubRI™M™; sfrp3WT

BubR1™™; sfrp3 KO

10,000

Density of Ibal* cells (/mm’)

Density of Ibal* CD68" cells (/mm’)

B RubRIWT; sfrp3 WT (n=4)
B RubRI™™; sfrp3 HET (n=4)

B RubRI™; sfrp3 WT (n=4)
[ RubRI™™; sfrp3 KO (n=4)

15,000 n.s. r n.s.

5,000

0
Molecular layer Hilus
15,000 ok r
— x*
*
ns.
10000 | 2=%97_ L ns
o
5000 - 2
o]

(U -
Molecular layer

Hilus e

Fig. 2. Genetic inhibition of sSFRP3 prevents increased microglia activation observed in BubRI1™" mice. (A) Representative confocal
images of ionized calcium-binding adapter molecule 1 (Ibal) (green) and CD68 (red) staining in the hilus of the dentate gyrus in each
group. Scale bars: 100 pm (left) and 20 pm (right). (B) Stereological quantification of Ibal* microglia and Ibal* CD68" activated mi-
croglia in the molecular layer and the hilus of the dentate gyrus of the hippocampus. Circles within each bar in graphs represent an indi-
vidual mouse. Values represent mean + standard error of the mean. *P <0.05, **P <0.01, 1-way analysis of variance followed by Tukey
post hoc corrections. All groups of mice at 8-10 weeks of age were used at the time of initiating experiments. n.s., not significant; WT,

wild-type; HET, heterozygous; KO, knockout.

compared to BubRI™;sfrp3 WT mice, our analysis showed
lower levels of Ibal* CD68" reactive microglia in the hippocam-
pal hilus of BubR1"";sfrp3 HET mice, although there was no
statistical difference detected (Fig. 2B, hilus lower panels). This
suggests that although partial genetic sSFRP3 inhibition is effec-
tive in reducing age-related microglial reactivity, complete
global sFRP3 deletion provides a more substantial attenuation
of age-related microglial activation in the aging hippocampus
(Fig. 2B, hilus lower panels). Collectively, these results suggest a
preventative effect of sSFRP3 inhibition to the endogenous mi-

IH/H

croglia activation exhibited by BubRI1™" accelerated aged mice,
which highlight that reductions in neuroinflammatory astrogli-
osis and microgliosis during aging may provide improvements
in hippocampal BubR1 hypomorphic cellular dysfunctions as-

sociated with cognitive deficits.
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DISCUSSION

The hippocampus is particularly vulnerable to aging and its
dysfunction is implicated in age-related cognitive decline. How-
ever, the underlying molecular mechanism of why aging drives
neurodegeneration and how this process can be reversed re-
mains unknown. Previous studies from our group have shown
that BubR1™™ mice exhibit impairments in hippocampal neu-
rogenesis, oligodendrocyte development, and myelination that
may lead to memory dysfunction [6-8].

Here we demonstrated increased astrogliosis in a BubRI"™
accelerated aging mouse model. In addition, we detected an in-
crease in Ibal* CD68" microglial reactivity as a result of acceler-
ated aging due to BubR1 insufficiency. These results suggest
that age-related endogenous neuroinflammation may be addi-
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tional contributors to hippocampal cellular impairments in

1" mice

aged mice, and genetic inhibition of sFRP3 in BubR
reverse these aberrant biological processes. In addition to the
neuroprotective role that sFRP3 inhibition confers toward re-
1H/H

storing BubRI™" mediated reductions in brain and body size,
impaired neural progenitor proliferation, and myelination defi-
cits [6-8], our current study expands on sFRP3-mediated inhi-
bition of the Wnt signaling cascade, and its potential improve-
ment on the endogenous neuroinflammatory and neurodegen-
erative characteristics of BubRI™™ mice. However, there are
many unanswered questions that remain to be addressed. First,
BubR1 insufficiency leads to increased reactive astrogliosis and
microglia activation, suggesting a critical role for BubR1 in
maintaining appropriate glial function. However, it remains
unclear if increased neuroinflammatory processes are the main

1" mice or

cause of cognitive impairments observed in BubR
just a pathological consequence resulting from BubR1 insufhi-
ciency. To address this critical question, the generation and use
of BubR1 conditional KO mice to ablate protein expression in a
cell type-specific fashion will be a valuable approach to provide
further mechanistic insights by which BubR1 regulates aging-
related astrogliosis and microgliosis. Second, a number of re-
ports have found that increased Wnt signaling activity can re-
verse cognitive dysfunction in a wide spectrum of neurological,
neuropsychiatric and neurodegenerative disorders [10]. While
our findings show that sSFRP3 inhibition, which is known to in-
crease Wnt/[B-catenin activity [12] has a beneficial impact on
preventing neuroinflammation in BubRI™" accelerated aging
mice; it is of importance to determine whether the neuropro-
tective effects of sSFRP3 inhibition may also be applicable to
other cognitive disorders. If this is the case, sSFRP3 inhibition
could be a general therapeutic strategy to delay and/or prevent
the onset of cognitive decline associated with many brain disor-
ders. Lastly, whether and how declining BubR1 levels alter
sFRP3 expression to affect hippocampal function has never
been explored. Therefore, elucidating the relationship between
BubR1 and Wnt signaling contributions to the aging hippo-
campal phenotypes observed in this study will be critical to
identify a new mechanistic link between neuroinflammation
and aging. Additional research is warranted as this remains a
key open question.

In conclusion, the present study demonstrates a new and es-
sential role for sFRP3 inhibition in preventing endogenous

1H/H

neuroinflammatory gliosis exhibited by BubR1™" accelerated

aging mice. Given that neuroinflammation and neurodegenera-
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tion are pathological mechanisms that underlie age-related
cognitive disability, our study identifies that sSFRP3 inhibition
plays a neuroprotective role in neuroinflammation, thus pro-
viding a potentially novel investigative therapeutic strategy in
age-related degenerative pathology.
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