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SUMMARY

Alzheimer’s disease (AD) is the most common progressive neurodegenerative
disease. However, the underlying molecular mechanism is incompletely under-
stood. Here we report that the pro-apoptotic protein BAD as a key regulator
for neuronal apoptosis, neuroinflammation and A clearance in AD. BAD pro-
apoptotic activity is significantly increased in neurons of AD patients and
5XFAD mice. Conversely, genetic disruption of Bad alleles restores spatial
learning and memory deficits in 5XFAD mice. Mechanistically, phosphorylation
and inactivation of BAD by neurotropic factor-activated Akt is abrogated in
neurons under AD condition. Through reactive oxygen species (ROS)-oxidized
mitochondrial DNA (mtDNA) axis, BAD also promotes microglial NLRP3 inflam-
masome activation, thereby skewing microglia toward neuroinflammatory micro-
glia to inhibit microglial phagocytosis of AB in AD mice. Our results support a
model in which BAD contributes to AD pathologies by driving neuronal apoptosis
and neuroinflammation but suppressing microglial phagocytosis of Af, suggest-
ing that BAD is a potential therapeutic target for AD.

INTRODUCTION

Alzheimer's disease (AD), the most common form of dementia, is a progressive neurodegenerative disease
that is characterized by deposition of AB plaques, accumulation of neurofibrillary tangles, neuronal loss,
and neuroinflammation (Association, 2019; Long and Holtzman, 2019; Querfurth and LaFerla, 2010). Over-
whelming evidence shows that accumulation of AB plaques induces progressive neuronal degeneration
and synaptic loss, resulting in severe neuronal loss and subsequent memory and cognitive deficits in AD
patients and animal models (Crews and Masliah, 2010). Emerging evidence also shows that Ap promote
activation of inflammatory microglia, the brain resident macrophages, which suppress and prevent phago-
cytic microglia from clearing AB plaques, thereby aggravating the pathology of AD (Heneka et al., 2013;
Tejera et al., 2019). A better understanding of the molecular mechanism that drives the pathogenesis is
crucial for developing effective therapeutic strategies for AD.

Neuronal loss in AD has been reported to possess certain features of apoptosis, pyroptosis (programmed
necrosis) or necroptosis (Caccamo et al., 2017; Cotman and Su, 1996; Tan et al., 2014). DNA fragmentation
and caspase-3 activation are found in neurons in patients with AD (Cotman and Su, 1996; Su et al., 2002),
while AB is capable of inducing neuronal apoptosis in vitro (Biswas et al., 2007; Kudo et al., 2012), suggest-
ing that apoptosis is involved in neuronal loss in AD. In addition, expression of several pro- and anti-
apoptotic members of the BCL-2 family, such as BCL-2, BCL-XL, BAX, BAK, BAD and BIM, are changed
in brain extracts of AD patients (Avelina et al., 1998; Kitamura et al., 1998) or involved in AB-induced
neuronal apoptosis in cell culture experiments (Biswas et al., 2007; Feng et al., 2015; Kudo et al., 2012).
Overexpression of BCL-2 in 3xTg AD mice also improves place recognition memory (Rohn et al., 2008).
On the other hand, NLRP1, a key component in pyroptosis, is upregulated in neurons in the AD mouse
model, while knockdown of NLRP1 or caspase-1, another key component in pyroptosis, reduces neuronal
death and reverses cognitive impairments (Tan et al., 2014), indicating that pyroptosis contributes to
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are increased in brain tissues of patients with AD, while overexpression of MLKL in neurons exacerbates
cognitive deficits and necroptosis inhibitor Nec-1 is able to prevent neurodegeneration in AD mouse
models (Caccamo et al., 2017), indicating necroptosis may also be involved in neuronal loss in AD.
Although apoptosis, pyroptosis, or necroptosis may all contribute to AD, the pathological relevance and
genetic evidence of a specific component(s) of the programmed cell death machinery that is responsible
for neuropathology and memory deficits in AD remain elusive, so is the underlying mechanism.

Recent studies reveal that neuroinflammation has a crucial function in the development of AD (Heneka
et al., 2013; Ising et al., 2019; Tejera et al., 2019). Neuroinflammation is mediated by neuroinflammatory
microglia and neurotoxic Al astrocytes (Liddelow et al., 2017), which are typically co-localized with fibrillary
plaques and have elevated levels of biochemical markers and proinflammatory cytokines in the patient
brains (Querfurth and LaFerla, 2010). AB is a key stimulus of neuroinflammatory microglia through activation
of microglial NLRP3 inflammasome (Halle et al., 2008). AB can be sensed by microglial pattern recognition
receptors, such as Toll-like receptor 2 (TLR-2) (Liu et al., 2012) and CD36 (Yamanaka et al., 2012), thereby
engulfed by microglia through phagocytosis and degraded by lysosomes (Tarasoff-Conway et al., 2015).
However, chronic exposure to AB results in activation of microglia, as engulfed AB induce lysosomal dam-
age to induce NF-kB-dependent transcription of NLRP3 and pro-IL-1B (Heneka et al., 2015b) and subse-
quent assembly and activation of NLRP3 inflammasome to activate caspase-1 (Halle et al., 2008), which
inturn triggers pro-IL-1B processing and mature IL-1B release (Martinon et al., 2002) for neuroinflammation.
On the other hand, activation of NLRP3 inflammasome compromises phagocytic microglia-mediated clear-
ance of AB plaques, thereby providing a crosstalk between neuroinflammatory and phagocytic microgliain
AD (Tejera et al., 2019). Furthermore, neuroinflammatory microglia can induce the activation of neurotoxic
A1 astrocytes by secreting TNFa, IL-1a, and C1q, which induce neuronal apoptosis via releasing an un-
known toxic factor (Liddelow et al., 2017), thereby contributing to neuronal death in AD. However, the reg-
ulatory mechanism underlying NLRP3 inflammasome activation in AD is poorly understood.

The pro-apoptotic BCL-2 family member BAD plays a critical role in regulating mitochondrial-dependent
and caspase-mediated apoptosis (Danial, 2008). BAD is typically phosphorylated and thereby inactivated
by growth/survival factor-activated protein kinases, e.g., phosphorylation at Ser136 by growth factor-acti-
vated Akt (Datta et al., 1997), or by pro-inflammatory cytokine TNFa-activated IKK at Ser26 (Yan et al., 2013).
Hypo-phosphorylated BAD will translocate to the mitochondrial outer membrane, where it inactivates the
anti-apoptotic BCL-2 family proteins BCL-2 and BCL-XL to trigger the mitochondria-dependent apoptosis
(Yang et al., 1995). Although BAD protein level is increased in membranous fractions of the temporal cortex
of AD patients (Kitamura et al., 1998) or in platelets of AD patients (Zhao et al., 2016), there is no genetic link
or causative relationship between BAD with the deficits in spatial learning and memory of AD in genetic
animal models or patients specimens. Here, we show that BAD contributes to memory deficits and neuro-
pathology in AD by promoting neuronal apoptosis and neuroinflammation, while inhibiting microglial
phagocytosis of AB, thereby identifying BAD as a potential therapeutic target for AD.

RESULTS

BAD is involved in the pathogenesis of Alzheimer’s disease

To determine whether BAD involves in neuronal death in AD, we examined BAD pro-apoptotic activity and
neuronal apoptosis in the brain tissues of patients with AD and age-matched controls (see Table S1 for case
information). Cell fractionation assay showed that BAD translocation from cytosol to mitochondria was
significantly increased (~2 fold) in hippocampal and frontal cortical tissues of patients with AD compared
with age-matched controls (Figures 1A and 1B). This is not the result that brain BAD expression is changed
in AD, as BAD protein levels in the brain tissues were similar between patients and normal controls (Figures
1A and 1B). More importantly, immunofluorescent staining revealed that mitochondrial translocation of
BAD was significantly increased in frontal cortical neurons of patients with AD compared with the controls,
along with enhanced activation of caspase-3 (Casp-3), which is a specific executioner caspase in apoptosis
(Figures 1C and 1D), indicating that BAD contributes to neuronal apoptosis in patients with AD.

To interrogate the role of BAD in the pathology of AD and the underlying mechanism, we used 5XFAD
mice, which is a murine model of AD featured with severe neuronal loss, neuroinflammation, and behavioral
alterations when aged (Oakley et al., 2006). Bad™~ mice were crossed into 5XFAD mice to generate
5XFAD/Bad™"~ mice (Figure STA). Morris water maze test was used to assess spatial learning and memory
of 6-month-old wild type (WT) littermate, 5XFAD and 5XFAD/Bad™’~ mice. As expected, 5XFAD mice
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Figure 1. BAD pro-apoptotic activity is increased in hippocampal and frontal cortical neurons of patients with Alzheimer’s disease and contributes
to spatial learning and memory deficits in 5XFAD mice

(A) Detection of BAD mitochondrial translocation in hippocampus and frontal cortex of patients with Alzheimer's disease and age-matched healthy control
brains.

(B) Quantification of the ratio of mitochondrial BAD to Tom?20, the ratio of mitochondrial BAD to total BAD and the ratio of total BAD to total B-actin in
hippocampus (n = 8) and frontal cortex (n = 5). Data were presented as mean + SEM. *p < 0.05, **p < 0.01, student's t-test.

(C) Confocal image of co-localization of BAD with mitochondria in frontal cortical neurons of patients with Alzheimer’s disease and age-matched healthy
control brains (left panels). Scale bar, 10 um. The co-localization of BAD and mitochondria was analyzed by the overlap of BAD and COX-IV
immunofluorescent signals (right panels).

(D) Double immunofluorescent staining of active cleaved Casp-3 (cCasp-3) and NeuN in frontal cortical neurons of patients with Alzheimer’s disease and
age-matched healthy control brains. Scale bar, 20 pm. The average area of cCasp-3 in frontal cortical neurons was quantified (n = 4). Data were presented as
mean + SEM. **p < 0.01, student’s t-test.

(E) Escape latency of 6-month-old WT (n = 16), 5XFAD (n = 14) and 5XFAD/Bad™’~ (n = 16) mice in Morris water maze test. Data were presented as mean +
SEM. *p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey’s post hoc test. The swimming speed of the first trial on day 1 in Morris water maze test was
analyzed. Data were presented as mean + SEM. One-way ANOVA test.

(F) Target crossing times and the time (%) spent in target quadrant in the probe test of Morris water maze test. Data were presented as mean + SEM. *p <
0.05, **p < 0.01, one-way ANOVA test.

(G) Representative swimming track plots of WT, 5XFAD and 5XFAD/Bad™~ mice in the probe test of Morris water maze test.

(H) Spatial memory of 6-month-old WT (n = 10), 5XFAD (n = 9), 5XFAD/Bad™~ (n = 9) mice were tested by spontaneous alternation Y-maze test. Data were
presented as mean + SEM. *p < 0.05, **p < 0.01, one-way ANOVA test.

(I) Long-term potentiation (LTP) induced by theta burst stimulation (TBS) was recorded at hippocampus CA3-CA1 pathway for 8-month-old WT (n = 9),
5XFAD (n = 9) and 5XFAD/Bad ™~ (n = 6) mice, and the field excitatory postsynaptic potentials (fEPSP) of the last 10 min recording were quantified. Data were
presented as mean + SEM. *p < 0.05, **p < 0.01, one-way ANOVA test.

See also Figure S1 and Table S1.

displayed severe loss of spatial learning and memory compared with WT mice. By contrast, 5XFAD/Bad ™/~
mice were almost completely protected from spatial learning and memory deficits (Figures 1E-1G).
Consistently, while 5XFAD mice showed significantly poor performance compared with WT mice in the
spontaneous alternation Y-maze test, 5XFAD/Bad ™'~ mice performed as well as WT mice (Figure 1H).
Bad loss did not affect spatial learning and memory in WT mice (Figure S1B), suggesting that BAD is
only involved in impairing spatial learning and memory in mice with AD. This notion was further supported
by the analysis of long-term potentiation (LTP), which measures the hippocampal synaptic plasticity that
represents the newly formed declarative memories (Nicoll, 2017). The LTP was suppressed in hippocampal
slices prepared from 5XFAD mice compared with WT control and the suppression was restored in 5XFAD/
Bad™'~ mice (Figure 11), suggesting that BAD contributes to the cognitive dysfunction. Taken together, Bad
loss restores behavioral alterations and cognitive malfunctions in the 5XFAD mouse model.

BAD-mediated neuronal apoptosis contributes to neurodegeneration and neuronal loss in
S5XFAD mice

Given significantly increased pro-apoptotic activity of BAD along with enhanced Casp-3 activation in fron-
tal cortical neurons in patients with AD (Figures 1A-1D) and Bad loss restored spatial learning and memory
deficits in 5XFAD mice (Figures 1E-1TH), we hypothesized that BAD has a crucial role in mediating neuro-
degeneration and neuronal loss in 5XFAD mice. We found that the cortical layer 5, subiculum, and dentate
gyrus of 9-month-old 5XFAD mice had significantly reduced neuron density compared with WT mice, as
expected (Oakley et al., 2006). By contrast, reduction of neuronal density in cortical layer 5 and dentate
gyrus was prevented and neuronal loss in subiculum of hippocampus was partially rescued in 5XFAD/
Bad™~ mice when compared with WT mice (Figures 2A and 2B). Similar results were obtained when degen-
erated neurons were analyzed by Fluoro-Jade C (FJC), a specific neurodegeneration marker, in brain slices
of 6- and 9-month-old WT, 5XFAD and 5XFAD/Bad™~ mice (Figures 2C and 2D). This is not the result that
BAD affects basal neuronal density, as Bad loss alone did not affect neuronal density in 9-month-old WT
mice (Figures S1C and S1D). Interestingly, there was no significantly dynamic difference in the density of
degenerated neurons between 6- and 9-month-old 5XFAD and 5XFAD/Bad ™/~ mice, most likely because
the number of degenerated neurons in cortical layer 5 or hippocampus was very low and neurodegenera-
tion was a slowly progressive process (Figures 2C and 2D). These results demonstrate a progressive but
significant BAD-dependent neurodegeneration and neuronal loss in 5XFAD mice.

We next determined whether BAD promotes neurodegeneration and neuronal loss by triggering neuronal

apoptosis in 5XFAD mice. Cell fractionation assay revealed that mitochondrial BAD was significantly increased
in brain tissues of 9-month-old 5XFAD mice compared with that in WT mice (Figure 2E), while BAD protein level
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Figure 2. Bad loss suppresses neuronal degeneration and neuronal loss in 5XFAD mice

(A) Neuronal loss was analyzed in 9-month-old WT, 5XFAD and 5XFAD/Bad ™'~ mice. Neuronal density in cortical layer 5 of cortex and subiculum of
hippocampus was analyzed by Nissl staining. Scale bar, 1.0 mm; magnified inset, 200 pm. Neuronal density in dentate gyrus of hippocampus was analyzed by
immunofluorescent staining with anti-NeuN antibody. Scale bar, 200 pm; magnified inset, 50 pm.

(B) Quantification of neuronal density in cortical layer 5, subiculum and dentate gyrus (n = 5). Data were presented as mean + SEM. *p < 0.05, **p < 0.01,
***n < 0.001, one-way ANOVA test.

(C) Degenerated neurons in cortical layer 5 and hippocampus of 6- and 9-month-old WT, 5XFAD and 5XFAD/Bad ™~ mice were detected by Fluoro-Jade C
(FJC) staining. Scale bar, 200 um.

(D) Quantification of FJC positive neurons in cortical layer 5 and hippocampus of 6- and 9-month-old 5XFAD and 5XFAD/Bad ™~ mice (n = 5). Data were
presented as mean + SEM. **p < 0.01, ***p < 0.001, student's t-test.
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Figure 2. Continued

(E) Detection of BAD mitochondrial translocation by cytosol/mitochondria fractionation in brains of 9-month-old WT and 5XFAD mice. Age-matched
5XFAD/Bad~/~ mice were used as control. The band intensity of BAD in mitochondrial part was normalized to Tom20 (n = 4). Data were presented as mean +
SEM. **p < 0.01, student'’s t-test.

(F) Confocal image of the staining of BAD, COX-IV and NeuN in cortical neurons of 9-month-old WT, 5XFAD and 5XFAD/Bad ™~ mice (left panels). Scale bar,
10 pm. The co-localization of BAD with mitochondria was analyzed by the overlap of BAD and COX-IV immunofluorescent signals (right panels).

(G) Double staining of cCasp-3 and NeuN in cortex neurons of 9-month-old WT, 5XFAD and 5XFAD/Bad = mice. Scale bar, 50 pm; magnified inset, 10 pm.
The percentage of cCasp-3 positive neurons in cortex was quantified (n = 5). Data were presented as mean + SEM. ***p < 0.001, one-way ANOVA test.
See also Figures S2-S5.

was comparable between 9-month-old WT and 5XFAD mice (Figure S2A). Furthermore, immunofluorescent
staining showed that BAD significantly translocated to mitochondria in cortical neurons of 5XFAD mice
compared with that in WT mice (Figure 2F). Importantly, the percentage of active Casp-3 positive cortical and
hippocampal neurons was increased in 5XFAD mice (13.30 + 1.02% and 1.57 £ 0.11%, respectively), but was
reduced in 5XFAD/Bad ™"~ mice (5.36 + 0.43% and 0.42 + 0.09%, respectively) to the basal level of neuronal
apoptosis triggered by environmental cues such as aging (Hou et al.,, 2019) in WT mice (3.74 + 0.36% and
0.36 £ 0.15%, respectively) (Figures 2G, S2B, and S2C), suggesting that Bad loss blocked increased Casp-3 acti-
vation in cortical and hippocampal neurons of 5XFAD mice. Similar results were obtained in Casp-9 activation,
one of the specific initiator caspases in apoptosis, under the same conditions (Figure S3). These results demon-
strate that BAD is essential in mediating pathological neuron apoptosis in 5XFAD mice.

We wondered whether BAD is also involved in neuronal necroptosis or pyroptosis in AD. MLKL dimerization,
indicative of necroptosis activation in neurons, was significantly increased in brain extracts of 5XFAD mice as pre-
viously reported (Caccamo et al., 2017); however, it was not affected by Bad loss (Figure S4). Bad loss did not
affect activation of caspase-1 (Casp-1), indicative of activation of pyroptosis in cortical neurons, as analyzed
by immunofluorescent staining (Figure S5). Thus, it is unlikely that BAD affects neuronal necroptosis and pyrop-
tosis in 5XFAD mice. This notion is further supported by the observations that Bad loss significantly reduced, but
not completely blocked, neurodegeneration and neuronal loss in 5XFAD mice (Figures 2A-2D).

Impaired neurotrophic factor-mediated Akt activation results in increased BAD pro-
apoptotic activity in neurons of Alzheimer’s disease

To identify possible mechanisms underlying increased BAD pro-apoptotic activity in neurons of AD, we
compared the activities of BAD upstream kinases. One of the possibilities for increased BAD mitochondrial
translocation in the cortical neurons of patients with AD and 5XFAD mice is that activation of IKK was
impaired, which would lead to increased BAD pro-apoptotic activity (Yan et al., 2013, 2018). However,
immunofluorescent staining revealed that IKK phosphorylation (Ser176/Ser180 for IKKee and Ser177/
Ser181 for IKKB), indicative of IKK activation, remained unchanged in cortical neurons in patients with
AD and 5XFAD mice compared with the controls (Figure S6), indicating that increased neuronal BAD
pro-apoptotic activity in AD is not due to impaired IKK activation.

Another possibility is that activation of neurotrophic factor-activated BAD protein kinases such as Akt
(Datta et al., 1997) was impaired, considering that production of neurotrophic factors is significantly
reduced in AD (Peng et al., 2005). Indeed, immunofluorescent staining revealed that Akt phosphorylation
at Serd73, indicative of its activation, was significantly decreased in cortical neurons of 5XFAD mice
compared with that in WT mice (Figure 3A), in line with a previous report that direct pharmacological acti-
vation of Akt suppresses the development of AD in 5XFAD mice (Yi et al., 2018). Similar results were ob-
tained with Akt-mediated BAD Ser136-phosphorylation in cortical neurons of 9-month-old mice (Figure 3B).
Importantly, phosphorylation of Akt at S473 and BAD at S99, which is equivalent to murine BAD $136 (Wang
et al., 1999), was also significantly reduced in frontal cortical neurons in patients with AD compared with
that in the control (Figures 3C and 3D). The impairment of BAD inactivation by Akt is most likely due to
the downregulation of neurotrophic factors production in AD (Finkbeiner, 2000). We found that mature
BDNF level was decreased, while pro-NGF level was increased, the latter of which is consistent with
impaired procession of pro-NGF to matured NGF seen in AD (Bruno et al., 2009), in brain extracts of
5XFAD mice compared with that in WT mice, and the alterations of mature BDNF and pro-NGF levels
were restored in 5XFAD/Bad™’~ mice (Figures 3E and 3F). Similar results were obtained with brain extracts
of patients with AD and controls (Figures 3G and 3H). These observations also explain the restoration of Akt
activation in cortical neurons of 5XFAD/Bad™~ mice (Figure 3A), in which the levels of neurotrophic factors
BDNF and NGF were restored (Figures 3E and 3F). Thus, impaired neurotrophic factor-induced Akt
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Figure 3. Impaired Akt activation is responsible for increased BAD pro-apoptotic activity in neurons of Alzheimer’s disease

(A) Double staining of p-Akt (5473) and NeuN in cortical neurons of 9-month-old WT, 5XFAD and 5XFAD/Bad ™~ mice. Scale bar, 50 pm; magnified inset,
10 um. The average area of p-Akt in cortical neurons of 9-month-old mice (n = 5) was quantified. Data were presented as mean + SEM. **p < 0.01, one-way
ANOVA test.

(B) Double staining of p-BAD (S136) and NeuN in cortical neurons of 9-month-old WT, 5XFAD and 5XFAD/Bad™’~ mice. Scale bar, 50 pm; magnified inset,
10 um. The average area of p-BAD in cortical neurons of 9-month-old mice (n = 5) was quantified. Data were presented as mean + SEM. **p < 0.01, student’s
t-test.

(C) Double staining of p-Akt (S473) and NeuN in frontal cortical neurons of patients with Alzheimer’s disease and control brains. Scale bar, 10 um. The
average area of p-Akt in frontal cortical neurons of human samples (n = 5) was quantified. Data were presented as mean + SEM. ***p <0.001, student’s t-test.
(D) Double staining of p-BAD (S99) and NeuN in frontal cortical neurons of patients with Alzheimer’s disease and age-matched control brains. Scale bar,
10 pm. The average area of p-BAD in frontal cortical neurons of human samples (n = 5) was quantified. Data were presented as mean + SEM. **p < 0.01,
student’s t-test.

(E) Immunoblotting analysis of BDNF and proNGF protein levels in brain extracts of 9-month-old WT, 5XFAD and 5XFAD/Bad™~ mice.

(F) Quantification of the ratio of mBDNF and proNGF relative intensity to B-actin in mouse brain extracts (n = 3). Data were presented as mean + SEM. *p <
0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test.
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Figure 3. Continued

(G) Immunoblotting analysis of BDNF and proNGF protein levels in frontal cortex of patients with Alzheimer's disease and age-matched control brains.
(H) Quantification of the ratio of MBDNF and proNGF relative intensity to B-actin in frontal cortex (n = 5). Data were presented as mean + SEM. *p < 0.05,
**p < 0.01, student’s t-test.

See also Figure Sé.

activation is responsible, at least in part, for mitochondrial translocation of hypo-phosphorylated BAD and
consequent apoptosis of cortical neurons in 5XFAD mice and patients with AD.

Bad loss promotes microglial Ap clearance in 5XFAD mice

AB accumulation is considered as an initiator of AD, resulting in neuroinflammation, neurodegeneration,
neuronal death, and ultimately spatial learning and memory deficits (Ashe and Zahs, 2010). Unexpectedly, A
plague number and burden in cortex and hippocampus of the half brain sections and in the half brain section
itself were significantly reduced in 6- and 9-month-old 5XFAD/Bad™’~ mice compared with age-matched
5XFAD mice, respectively (Figures 4A, 4B, S7A, and S7B). Consistently, ELISA analysis revealed significant reduc-
tion of both soluble and insoluble ABag and ABa, in brain extracts of 6-month-old 5XFAD/Bad ™~ mice compared
with 5XFAD mice (Figure S7C), suggesting that BAD plays a crucial role in promoting AB deposition in 5XFAD
mice. The reduction of AB plaque deposition in 5XFAD/Bad ™'~ mice could be the result of decreased Ap pro-
duction or increased AB phagocytosis by microglia. Interestingly, except the reduction of AB protein level, there
was no significant difference between é-month-old 5XFAD/Bad ™"~ and 5XFAD mice in terms of the protein
levels of amyloid precursor protein (APP), carboxy (C)-terminal fragments (a-CTF and B-CTF), soluble amyloid
precursor protein-a. (sSAPPa) and B-site APP-converting enzyme 1 (BACE1) (Figures S8A and S8B), as well as
expression of two major AB degradation enzymes neprilysin (NEP) and insulin-degrading enzyme (IDE) (Figures
S8C and S8D). These results indicate that Bad loss reduces AB plaque deposition without significantly affecting
AB production and procession in 5XFAD mice.

The above observations prompted us to hypothesize that Bad loss promotes microglial phagocytosis of
AB. Confocal microscopy in combination with 3-dimentional (3D)-rendering quantitative analysis showed
that plaque-associated cortical microglia with increased soma volume but reduced branching and
complexity, the features of pro-inflammatory microglia in 5XFAD mice compared with WT mice (Figures
4C and 4D). Interestingly, Bad loss partially restored these pro-inflammatory microglia morphology
changes in 5XFAD mice (Figures 4C and 4D). In support of this notion, confocal microscopy imaging
showed that the distance between plaque-associated microglia and AB plaque was significantly increased
in 5XFAD/Bad™"~ mice compared with that in 5XFAD mice (Figures 4E and 4F), so were plaque-associated
microglia with upregulated expression of CDé8 (Figure 4G), which is a microglial phagocytosis marker
(Yuan et al., 2016). Expression of TREM2, which is required for uptaking AB (Zhao et al., 2018), however,
in plaque-associated microglia was comparable between 5XFAD and 5XFAD/Bad™~ mice (Figures S8E
and S8F). These results indicate that Bad loss skews microglia toward phagocytic microglia. In support
of this notion, Methoxy-X04-positive microglia, in which intraperitoneally administrated fluorescent deriv-
ative of Congo red Methoxy-X04 binds AB specifically, were significantly increased in 6-month-old 5XFAD/
Bad™’~ mice (26.28 + 2.35%) compared with 5XFAD mice (15.38 + 1.73%), as analyzed by flow cytometry
(Figures 4H and 4l). Thus, increased plaque-associated phagocytic microglia are responsible, at least in
part, for enhanced clearance of A plaques in 5XFAD/Bad™'~ mice.

BAD promotes activation of microglial NLRP3 inflammasome via ROS- oxidative mtDNA axis
We speculated that Bad loss augments microglial phagocytosis of AB plaques by inhibiting neuroinflammatory
microglia, which could otherwise suppress phagocytic microglia (Heneka et al., 2013, 2015b). Plaque-associated
neuroinflammatory microglia were significantly reduced in 6-month-old 5XFAD/Bad~"~mice compared to that in
SXFAD mice, as analyzed by immunofluorescent staining of Iba1 (Figures 5A and 5B), so were expression of pro-
inflammatory cytokines such as TNFa, IL-18 and IL-6 (Figures 5C and 5D). Consistently, neurotoxic A1 astrocytes,
which are activated by neuroinflammatory microglia (Liddelow et al., 2017), were significantly reduced in cortex
and hippocampus of 6-month-old 5XFAD/Bad ™"~ mice, as detected by anti-C3 antibody (Figures 5E and 5F).

To understand how Bad loss inhibits neuroinflammation, we determined the role of BAD in activation of
microglial NLRP3 inflammasome in 5XFAD mice. Immunofluorescent staining revealed that mitochondrial
translocation of BAD was significantly increased in cortical microglia of é6-month-old 5XFAD mice
compared with that in WT mice (Figure 6A). The cleavage of Casp-1, which is mainly expressed in microglia
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Figure 4. Bad loss promotes microglial phagocytosis of AR plaques in 5XFAD mice

(A) AB plaques in cortex and hippocampus of SXFAD and 5XFAD/Bad ™'~ mice were detected by immunofluorescent staining with anti-Ap antibody (6E10) at
different time points (1-, 3-, 6- and 9-month-old). Scale bar, 500 pm.

(B) Quantification of the number and burden (% area covered by AB plaques) of AB plagues in cortex and hippocampus (3-month-old mice, n = 3; 1-, 6- and 9-
month-old mice, n = 5). Data were presented as mean + SEM. **p < 0.01, ***p < 0.001, student’s t-test.

(C) Representative 3D rendering for plaque-associated microglia in cortex of 6-month-old mice. Scale bar, 20 um (upper panel), 10 um (lower panel).

(D) Quantification of microglial total branch length, the number of branch endpoints and the soma volume (n = 25 microglia from 5 mice for each group). Data
were presented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test.

(E) Representative confocal image of plaque-associated microglia in the cortex of 6-month-old 5XFAD and 5XFAD/Bad ™~ mice. Scale bar, 20 um. Circle
indicates the edge of AB plaque.

(F) Quantification of the distance between microglia and the center of AB plaques in 5XFAD (n = 38 microglia from 3 mice) and SXFAD/Bad™'~ mice (n = 55
microglia from 3 mice). Data were presented as mean + SEM. ***p < 0.001, student’s t-test.

(G) Representative confocal image of CD68 staining in plaque-associated microglia in the cortex of 6-month-old 5XFAD and 5XFAD/Bad ™~ mice. Scale bar,
20 um. The average CDé68 area in plaque-associated microglia was quantified (n = 4). Data were presented as mean = SEM. **p < 0.01, student’s t-test.
(H) Microglial phagocytosis of AB (labeled by Methoxy-X04) in 6-month-old 5XFAD and 5XFAD/Bad ™'~ mice were detected by flow cytometry. WT mice
served as control.

(1) Quantification of the percentage of Methoxy-X04 containing microglia in 6-month-old WT (n = 4), 5XFAD (n = 5) and 5XFAD/Bad /= (n = 4) mice. Data were
presented as mean + SEM. **p < 0.01, student's t-test.

See also Figures S7 and S8.

(Figure S9), was enhanced in brain extracts of 6-month-old 5XFAD mice compared with that in WT mice, but
was reduced to the control level in SXFAD/Bad ™'~ mice (Figure 6B). Consistently, confocal microscopy im-
aging showed that the percentage of ASC speck-containing microglia, which is a hallmark of NLRP3 inflam-
masome activation (Stutz et al., 2013), was increased in cortex of 6-month-old 5XFAD mice (39.94 + 1.71%),
as expected (Heneka et al., 2013; Venegas et al., 2017). By contrast, the percentage of ASC speck-contain-
ing microglia was significantly reduced in 5XFAD/Bad ™"~ mice (19.74 + 3.84%) (Figure 6C). More impor-
tantly, mitochondrial translocation of BAD was also significantly increased in microglia in frontal cortex
of patients with AD compared with that in control brains (Figure 6D), consistent with the increased number
of ASC speck-containing microglia (Figure 6E). These results demonstrate that BAD promotes microglial
NLRP3 inflammasome activation in both 5XFAD mice and patients with AD.

ROS is a key effector in BAD-dependent mitochondrial apoptotic pathway (Kamata et al., 2005; Yan et al.,
2013) and is also involved in activation of NLRP3 inflammasome (Zhou et al., 2011). To determine how BAD
activates microglial NLRP3 inflammasome, we measured oxidative mtDNA, which is known to mediate acti-
vation of NLRP3 inflammasome by ROS (Shimada et al., 2012; Zhong et al., 2018), rather than ROS itself due
to the technical difficulty of directly analyzing ROS accumulation in microglia in vivo. Immunofluorescent
staining using the antibody against 8-OHdG, a marker of oxidative mtDNA (Shimada et al., 2012), showed
that oxidative mtDNA was significantly increased in plaque-associated microglia in cortex of 6-month-old
5XFAD mice compared to cortical microglia in WT mice, but the increase was blunted in 5XFAD/Bad ™/~
mice (Figure 6F), which was consistent with increased oxidative mtDNA level in microglia in frontal cortex
of patients with AD compared with that in controls (Figure 6G). These results demonstrate that BAD via
ROS-oxidative mtDNA axis, at least in part, promotes NLRP3 inflammasome activation in plaque-associ-
ated microglia in both 5XFAD mice and patients with AD.

We also used APP/PS1 mice, another transgenic AD mouse model to test our hypothesis. Unlike SXFAD
mice, APP/PS1 mice have significant neuroinflammation without marked neuronal loss (Caccamo et al.,
2017; Jankowsky et al., 2004). To this end, APP/PS1 mice were crossbred Bad™'~ mice to generate APP/
PS1/Bad™~ mice. Like aged 5XFAD/Bad™~ mice, 9-month-old APP/PS1/Bad™'~ mice showed reduced
number and burden of AB plagues in both cortex and hippocampus compared with their age-matched
APP/PS1 mice (Figures 7A and 7B). Confocal microscopy revealed significant morphological changes of
plague-associated microglia in the cortex of APP/PS1 mice compared with WT mice, and importantly
the morphological changes of these microglia were partially reverted in APP/PS1/Bad ™'~ mice (Figures
7C and 7D), consistent with the results observed in 5XFAD mice. Furthermore, in line with the findings in
5XFAD mice, CDé8 expression in plague-associated microglia was increased (Figures 7E and 7F) but the
percentage of ASC speck-containing microglia was decreased in the cortex of APP/PS1/Bad™’~ mice
(36.18 + 2.86%) compared with that APP/PS1 mice (57.47 + 3.43%) (Figures 7G and 7H). This result indi-
cates that Bad loss also inhibited activation of neuroinflammatory microglia and skewed microglia toward
phagocytic state in APP/PS1 mice. APP/PS1 mice exhibited significant poor performance in Y-maze test
compared with WT mice, while this memory deficit was rescued in APP/PS1/Bad ™'~ mice (Figure 71). Taken
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Figure 5. Bad loss reduces neuroinflammation and A1 astrocytes activation in 5XFAD mice

(A) Inflammatory microglia in cortex and hippocampus of 6-month-old WT, 5XFAD and 5XFAD/Bad ™~ mice were detected by Ibal and 6E10 double
staining. Scale bar, 200 pm.

(B) Quantification of (A) for the area covered by inflammatory microglia in cortex and hippocampus (n = 5). Data were presented as mean + SEM. **p <0.01,
***p < 0.001, student’s t-test.
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Figure 5. Continued

(C) Relative mRNA expression levels of TNFa, IL-1B and IL-6 in whole brain extracts were detected by real-time gPCR (n = 6). Data were presented as mean +
SEM. **p < 0.01, ***p < 0.001, one-way ANOVA test.

(D) Protein concentration of TNFa, IL-18 and IL-6 in whole brain extracts were detected by ELISA (n = 5). Data were presented as mean + SEM. *p < 0.05,
***p < 0.001, one-way ANOVA test.

(E) Double immunofluorescent staining of astrocytic pan-active marker GFAP and A1 astrocytic marker C3 in cortex and hippocampus of 6-month-old mice.
Scale bar, 50 pm.

(F) Quantification of (E) for the area covered by GFAP and C3 double-positive astrocytes in cortex and hippocampus (n = 5). Data were presented as mean +
SEM. **p < 0.01, student’s t-test.

together, Bad loss reduces neuroinflammation by inhibiting NLRP3 inflammasome activation and reverts
the memory deficit in APP/PS1 mice as well.

Viral-mediated deletion of Bad in hippocampal neurons reduces neuronal apoptosis and
rescues memory deficits in SXFAD mice

To determine the intrinsic role of BAD in neuronal apoptosis, an AAV9 encoding guide RNA (sglLacZ or
sgBad) and a reversed SaCas9 that can only be expressed in the presence of Cre, and another AAV9 encod-
ing human synapsin promotor controlled Cre and RFP reporter (Figures 8A and 8B) were injected into dor-
sal and ventral hippocampus of 4-month-old 5XFAD mice (Figures 8C and 8D). Viral-mediated neuronal
deletion of Bad resulted in significantly reduced BAD protein level in the hippocampus of 5XFAD mice
injected with sgBad guide RNA (Figure 8E). The remaining BAD protein level in hippocampus most likely
reflected non-neuronal cells as well as neurons outside the area of AAV infection in the hippocampus.
Immunofluorescent staining revealed that AAV-mediated Bad loss reduced neuronal apoptosis in the den-
tate gyrus, as detected by cleaved caspase-3 in neurons (Figure 8F). More importantly, sgBad guide RNA-
expressing AAV rescued memory deficits in 5XFAD mice when compared with the control mice, as analyzed
by the Y-maze test (Figure 8G). Interestingly, AAV-mediated neuronal Bad loss did not significantly affect
the AB deposition and microglial activation phenotypes in 5XFAD mice (Figure S10). Taken together, these
results demonstrate that BAD contributes to neuronal apoptosis intrinsically and suggest that neuronal
apoptosis may not be the driver of neuronal inflammation in AD.

DISCUSSION

The pathology of AD is complex, involving major pathological events such as AB plaque deposition, neuro-
fibrillary tangle accumulation, neuroinflammation and neuronal loss, thereby leading to spatial learning
and memory deficits (Querfurth and LaFerla, 2010; Long and Holtzman, 2019). Despite significant pro-
gresses in understanding of the contribution by various pathological events to the development of AD,
the key factor that drives AD progression remains elusive. In this report, we demonstrate that BAD medi-
ates neuronal apoptosis and promotes neuroinflammation in both mouse models and patients with AD,
thereby identifying BAD as one of the drivers, at least, of the pathogenesis of AD.

BAD is a key regulator of neuronal apoptosis in AD. Previously, it has been reported that neuron death possesses
some key features of programmed cell death, i.e., apoptosis, necroptosis, and pyroptosis in mouse models or
patients with AD (Caccamo et al., 2017; Cotman and Su, 1996; Kitamura et al., 1998; Su et al., 2002; Tan et al.,
20714). However, the genetic link between apoptosis and AD pathology is missing. Our results show that BAD
pro-apoptotic activity was increased in frontal cortical and hippocampal tissues, so was Casp-3 activity in frontal
cortical neurons in patients with AD. Furthermore, Bad loss inhibited neuronal apoptosis and neuronal degen-
eration, thereby restoring behavioral alteration and cognitive malfunction in 5XFAD mice, which are known to
have overt neuronal loss (Eimer and Vassar, 2013; Oakley et al., 2006), indicating that BAD is one of the genetic
links between neuronal apoptosis and AD pathology. By contrast, Bad loss did not affect neuronal necroptosis or
pyroptosis in 5XFAD mice, consistent with the observation that Bad loss did not completely block neuronal loss
in brain. As expected, Bad loss did not have a detectable effect on neurodegeneration and neuronal loss in APP/
PS1 mice, which typically do not have detectable neuronal loss due to much slower A accumulation (Yue et al.,
2015). Given the fact that Bad loss improved spatial learning in APP/PST mice, it is possible that BAD may still
reduce the much slower and thereby hard to detect neuronal death in APP/PS1 mice (Shi, 2017) as well. Future
studies are needed to test this scenario.

The pro-apoptotic activity of BAD is upregulated in AD animal models. Previously, it has been shown that

BAD pro-apoptotic activity is typically suppressed by phosphorylation of “regulatory serines” by several
protein kinases, including growth factor/survival factor-activated Akt (Datta et al., 1997) and at Ser26 by
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Figure 6. BAD is involved in activation of microglial NLRP3 inflammasome via ROS-oxidative mtDNA axis
(A) Detection of BAD mitochondrial translocation in plaque-associated microglia in the cortex of 6-month-old mice (left panels). Scale bar, 5 um. The co-
localization of BAD and mitochondria was analyzed by the overlap of BAD and COX-IV immunofluorescent signals (right panels).
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Figure 6. Continued

(B) Immunoblotting analysis of caspase-1 (Casp-1) cleavage in 6-month-old mouse brain extracts. The ratio of Casp-1 p20 relative intensity to B-actin was
quantified (n = 3). Data were presented as mean + SEM. **p < 0.01, ***p < 0.001, one-way ANOVA test.

(C) ASC specks were detected in plaque-associated microglia in the cortex of 6-month-old WT, 5XFAD and 5XFAD/Bad™~’~ mice. Scale bar, 20 um. The
arrows indicate ASC speck-containing microglia. z stack images showed ASC speck was localized inside of microglia. The percentage of ASC speck-
containing microglia was quantified (n = 3). Data were presented as mean + SEM. **p < 0.01, one-way ANOVA test.

(D) Detection of BAD mitochondrial translocation in plague-associated microglia in the frontal cortex of patients with Alzheimer's disease and age-matched
healthy control brains (left panels). Scale bar, 5 um. The co-localization of BAD with mitochondria was analyzed by the overlap of BAD and COX-IV
immunofluorescent signals (right panels).

(E) ASC specks were detected in plaque-associated microglia in the frontal cortex of patients with Alzheimer’s disease and control brains. Scale bar, 20 pm.
The arrows indicate ASC speck-containing microglia. The percentage of ASC speck-containing microglia was quantified (n = 5). Data were presented as
mean + SEM. ***p < 0.001, student’s t-test.

(F) Oxidized mitochondrial DNA was detected by immunofluorescent analysis with anti-8-OHdG antibody in plaque-associated microglia in the cortex of 6-
month-old WT, 5XFAD and 5XFAD/Bad ™'~ mice. Scale bar, 20 um. The average area of 8-OHdG in plaque-associated microglia was quantified (n = 5). Data
were presented as mean + SEM. **p < 0.01, one-way ANOVA test.

(G) Oxidized mitochondrial DNA was detected in plaque-associated microglia in the frontal cortex of patients with Alzheimer’s disease and age-matched
healthy control brains. Scale bar, 20 um. The average area of 8-OHdG in plaque-associated microglia was quantified (n = 5). Data were presented as mean +
SEM. ***p < 0.001, student's t-test.

See also Figure S9.

pro-inflammatory cytokine TNFa-activated IKK(Yan et al., 2013). Our results show that activation of Akt was
profoundly reduced in cortical neurons of patients with AD and 5XFAD mice, so was BAD Ser136-phos-
phorylation, consistent with a recent finding that pharmacological activation of Akt rescues the memory
deficits and abnormal synaptic plasticity in 5XFAD mice (Yi et al., 2018). Interestingly, the altered ratio of
mBDNF and proNGF, indicative of impaired neuronal survival signaling (Brunet et al., 2001; Nagahara
et al., 2009), was significantly restored by Bad loss in the brains of 5XFAD mice, suggesting that Bad loss
not only protects neurons from apoptosis, but also contributes to neuronal survival signaling as survived
neuron can produce neurotrophic factors. By contrast, activation of IKK remained unchanged, indicating
that upregulation of neuronal BAD pro-apoptotic activity is not the result of downregulation of TNFa-acti-
vated IKK, consistent with the fact that the AD induces chronic inflammation in brain (Heneka et al., 2015a).
It appears that impaired neurotrophic factors-mediated Akt activation is responsible, at least in part, for
upregulation of BAD pro-apoptotic activity in neurons of patients with AD and 5XFAD mouse model.

Our finding that the pro-apoptotic protein BAD has a crucial role in AD pathology is consistent with pre-
vious reports regarding the role of neuronal apoptosis in AD (Ghosal et al., 2009; Liddelow et al., 2017;
Zhao et al., 2015). However, the pro-apoptotic activity of BAD appears to be selectively regulated, as
described above. TNFa is known to involve in AD via promoting neuroinflammation and neuronal death
(He et al., 2007) and inflammatory microglia secreted TNFa. contributes to neuronal apoptosis via activating
neurotoxic Al astrocytes in AD (Liddelow et al., 2017). However, the increased BAD pro-apoptotic activity
in neurons in AD may not result from impaired TNFa-induced IKK activation (Figure Sé; see above).
Although mice overexpressing APP intracellular domain (AICD) exhibit AD-like pathologies (Ghosal
et al., 2009). AICD contributes to neuronal loss via ER stress or p53-mediated apoptotic pathway (Kogel
et al., 2012; Ozaki et al., 2006). Thus, it is less likely that AICD is regulated by Bad loss. On the other
hand, appoptosin has been identified as a novel pro-apoptotic protein in mitochondria-mediated and cas-
pase-dependent intrinsic apoptotic pathway during neuronal death and neurodegeneration (Zhang et al.,
2012). Increased protein level of appoptosin has been observed in frontal cortical tissues of AD patients
and appoptosin-mediated caspase cleavage of tau aggravates tau pathology (Zhao et al., 2015). Although
overexpression of appoptosin does not affect the protein level or phosphorylation of BAD (Zhang et al.,
2012), mitochondrial translocation of BAD enhances the pro-apoptotic activity of BAX (Yang et al., 1995),
which is upstream of appoptosin-mediated apoptotic pathway. Thus, BAD may act upstream of appopto-
sin-mediated apoptosis.

BAD skews the polarization of microglia toward to neuroinflammatory microglia in AD. Previously, it has
been reported that although AB plaques can be cleaned by phagocytic microglia, gradual accumulation
of AB plaques during the development of AD activates pro-inflammatory microglia via activation of
NLRP3 inflammasome (Heneka et al., 2013), subsequent neuroinflammation and A1 astrocytes activation
(Liddelow et al., 2017) that suppress phagocytic microglia (Tejera et al., 2019), thereby providing a feedfor-
ward feedback on AB plague deposition and AD pathology (Estus et al., 1997; LaFerla et al., 1995; Toshiyuki
Nakagawa et al., 2000; Urbanc et al., 2002). Our results show that increased BAD pro-apoptotic activity,
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Figure 7. Bad loss inhibits Ap deposition, neuroinflammation and memory deficits in APP/PS1 mice

(A) AB plaques in half-brain slices of 9-month-old WT, APP/PS1 and APP/PS1/Bad™’~ mice were detected by immunofluorescent staining with anti-AB
antibody (6E10). Scale bar, 500 pm.

(B) Quantification of the number and burden of AB plaques in the cortex and hippocampus of 9-month-old APP/PS1 and APP/PS1/Bad ™~ mice (n = 5). Data
were presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, student’s t-test.

(C) Representative 3D rendering for plaque-associated microglia in the cortex of 9-month-old WT, APP/PS1 and APP/PS1/Bad™~ mice. Scale bar, 20 um
(upper panel), 10 um (lower panel).

(D) Quantification of microglial total branch length, the number of branch endpoints and the soma volume (n = 20, microglia from 5 mice for each group).
Data were presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test.

(E) Representative confocal image of CD68 immunofluorescent staining in plaque-associated microglia in the cortex of 9-month-old APP/PS1 and APP/PS1/
Bad™’~ mice. Scale bar, 20 pm.

(F) Quantification of the average CDé8 area in plaque-associated microglia in 9-month-old APP/PS1 and APP/PS1/Bad ™'~ mice (n = 5). Data were presented
as mean + SEM. *p < 0.05, student’s t-test.
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Figure 7. Continued

(G) ASC specks were detected in plaque-associated microglia in the cortex of 9-month-old WT, APP/PS1 and APP/PS1/Bad ™~ mice. Scale bar, 20 um. The
arrows indicate ASC speck-containing microglia.

(H) Quantification of the percentage of ASC speck-containing microglia in 9-month-old mice (n = 5). Data were presented as mean + SEM. **p < 0.01, one-
way ANOVA test.

(1) Spatial memory of 9-month-old WT (n = 9), APP/PS1 (n = 8), APP/PS1/Bad™~~ (n = 7) mice were tested by spontaneous alternation Y-maze test. Data were
presented as mean + SEM. *p < 0.05, ***p < 0.001, one-way ANOVA test.

most likely due to inactivation of Akt, in AB plague-associated microglia, most likely intrinsically, promote
microglial NLRP3 inflammasome activation via ROS-oxidative mtDNA axis in AB plaque-associated micro-
glia in 5XFAD and APP/PS1 mice, as well as in patients with AD. In addition, BAD contributes to Ap depo-
sition by suppressing microglial phagocytosis of AB. Our finding is consistent with a previous report that in
cultured microglia AB induced BAD pro-apoptotic activity (Shang et al., 2012), though it was puzzled that
under the same conditions AB activated Akt, one of the major protein kinases that inactivate BAD. Thus,
BAD appears to skew the polarization of microglia toward pro-inflammatory microglia, thereby contrib-
uting to suppression of the clearance of AB plagques by phagocytic microglia and promotion of AB-induced
neuronal death.

The identification of BAD orchestrating neuronal apoptosis, neuroinflammation and AB plaque accumula-
tion has important pathology significance and clinic relevance. Our results show that BAD contributes to
neuronal apoptosis in patients with AD, as its pro-apoptotic activity is significantly increased in frontal
cortical neurons, accompanying with impaired neurotrophic factor-activated Akt signaling pathway that
otherwise inactivates BAD, consistent with the observation that BAD is responsible for neuronal apoptosis
and behavior and cognitive functions in 5XFAD and APP/PS1 mice. Furthermore, BAD promotes microglial
NLRP3 activation and neuroinflammation in patients with Alzheimer’s disease, as BAD pro-apoptotic activ-
ity is increased in microglia, accompany with increased ASC speck-containing microglia and oxidative
mtDNA level, again consistent with the observation that BAD is responsible for microglial NLRP3 inflamma-
some activation via the ROS-oxidative mtDNA axis in 5XFAD mice. Thus, BAD may affect spatial learning
and memory directly by mediating neuronal apoptosis and indirectly by promoting neuroinflammation that
suppresses microglial phagocytosis of AB plaques and reinforces neuronal apoptosis. Despite extensive
basic and clinic researches focused on targeting AB and tau proteins for decades (Cummings et al.,
2018; Godyn et al., 2016), AD remains to be a deadly disease with neither a cure, nor effective therapies
(Association, 2019). Although therapeutically preventing or slowing down neuronal death has been hin-
dered by the poorly understanding of the mechanisms and molecular targets underlying neuronal death,
selectively targeting the key regulator in neuronal death, e.g., the pro-apoptotic molecule BAD, may pro-
vide a therapeutic strategy in treatment of AD, as viral-mediated Bad loss in hippocampal neurons can
reduce neuronal apoptosis and revert memory deficits in 5XFAD mice. Future studies are needed to test
this hypothesis.

Limitations of the study

Although our study demonstrated that BAD contributes to neuronal apoptosis, AB deposition and neuro-
inflammation in the pathogenesis of AD, we cannot precisely distinguish the intrinsic and extrinsic roles of
BAD in neurons and microglia with the conventional Bad-deficient AD murine models. Neuron- or micro-
glia-specific Bad-deficient AD murine models are required to address this question. In addition, although
our in vivo data demonstrated that Bad loss impairs activation of microglial NLRP3 inflammasome, the
mechanism by which BAD promotes microglial NLRP3 inflammasome activation has yet to be elucidated
in the future studies.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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® RESOURCE AVAILABILITY
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Figure 8. AAV-mediated Bad loss reduces neuronal apoptosis and memory deficits in 5XFAD mice

(A) Structures of AAV expression vectors.

(B) Graphical representation of the mouse Bad locus showing SaCas9 target location. Targeted genomic locus was indicated in blue and PAM sequence was
marked in red.

(C) Strategy of AAV injection in hippocampus of 5XFAD mice.

(D) RFP expression pattern in hippocampus from anterior to posterior after AAV injection. Scale bar, 1000 um.

(E) Immunoblotting analysis of BAD protein expression in hippocampus after AAV injection, mice injected with pAV-hSyn-RFP-P2A-Cre-WPRE and pAV-Ué6-
sglacZ-CMV-SaCas9-DIO served as controls.

(F) Double staining of cCasp-3 and NeuN in dentate gyrus from 6-month-old 5XFAD + SglLacZ and 5XFAD + SgBadmice. Scale bar, 50 um. The percentage of
cCasp-3 positive neurons in dentate gyrus was quantified (n = 5). Data were presented as mean + SEM. **p < 0.01, student’s t-test.

(G) Spatial memory of 6-month-old WT + SglacZ (n = 8), WT + SgBad (n = 8), 5XFAD + SglacZ (n = 10) and 5XFAD + SgBad (n = 10) mice were tested by
spontaneous alternation Y-maze test. The results were presented as mean + SEM. *p < 0.05, one-way ANOVA test.

See also Figure S10.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-BAD Abcam Cat# ab32445; RRID:AB_725614

Mouse anti-COX-IV Abcam Cat# ab33985; RRID:AB_879754

Rabbit anti-GFAP Abcam Cat# ab16997; RRID:AB_443592

Rabbit anti-CD68 Abcam Cat# ab125212; RRID:AB_10975465

Rabbit anti-BDNF Abcam Cat# ab108319; RRID:AB_10862052

Rabbit anti-p-Akt (5473)

Rabbit anti-p-BAD (S136)

Rabbit anti-p-IKKa/B (Ser176/180)
Rabbit anti-BACE

Rabbit anti-BAD

Rabbit anti-Cleaved caspase-9
Mouse anti-NGF

Mouse anti-a-tubulin

Mouse anti-Tom20

Mouse anti-B-actin

Goat anti-C3d

Sheep anti-TREM2

Mouse anti-Caspase-1 p20 (mouse)
Mouse anti-Caspase-1 p20 (human)
Mouse anti-ASC

Rabbit anti-Cleaved caspase-3
Guinea pig anti-NeuN

Mouse anti-B-amyloid

Mouse anti-APP C-terminal fragment
Rabbit anti-NEP (MME)

Rabbit anti-IDE

Mouse anti-human sAPPa

Rabbit anti-MLKL

Rabbit anti-8-OHdG

Goat anti-lba1l

Rat anti-mouse/human CD11b-APC
Rat anti-mouse CD45-FITC

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
R&D Systems

R&D Systems

AdipoGen

AdipoGen

Millipore

Millipore

Millipore

Covance

Covance

ABclonal

ABclonal
Immuno-Biological Laboratories
Biorbyt

Bioss

Novus Biologicals
Biolegend

Biolegend

Cat# 4060; RRID:AB_2315049

Cat# 4366; RRID:AB_10547878

Cat# 2697; RRID:AB_2079382

Cat# 5606; RRID:AB_1903900

Cat# 9292; RRID:AB_331419

Cat# 9509; RRID: AB_2073476

Cat# sc-365944; RRID:AB_10917399
Cat# sc-8035; RRID:AB_628408
Cat# sc-11415; RRID:AB_2207533
Cati# sc-47778; RRID:AB_2714189
Cat# AF2655; RRID:AB_2066622
Cat# AF1729; RRID:AB_354956
Cat# AG-20B-0042; RRID:AB_2490248
Cat# AG-20B-0048; RRID:AB_2490257
Cati# 04-147; RRID:AB_1977033
Cat# AB3623; RRID:AB_91556

Cat# ABN9OP; RRID:AB_2341095
Cat# SIG-39320; RRID:AB_662798
Cat# SIG-39152; RRID:AB_10717336
Cat# A5664; RRID:AB_2766424
Cat# A1630; RRID:AB_2861723
Cat# 11088; RRID:AB_494690

Cat# orb32399; RRID:AB_10927389
Cat# BS-1278R; RRID:AB_10856120
Cat# NB100-1028; RRID:AB_5215%94
Cat# 101211; RRID:AB_312794

Cat# 103107; RRID:AB_312972

Biological Samples

Frontal cortical samples from
AD patients and controls
Hippocampal samples from

AD patients and controls

Duke Kathleen Price Bryan
Brain Bank and Biorepository
Duke Kathleen Price Bryan
Brain Bank and Biorepository

For patient information, see Table S1

For patient information, see Table S1

Chemicals, Peptides, and Recombinant Proteins

Fluoro-Jade C
Methoxy-X04
DNase |

Millipore
Tocris

Roche

Cat# AG325
Cat# 4920
Cat# 11284932001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Dispase |l Roche Cat# 04942078001
Collagenase type IV Gibco Cat# 17104019
Percoll GE Healthcare Cat# 17089102
Mouse Fc block BD Bioscience Cat# 553141

Critical Commercial Assays

ABao Human ELISA Kit Invitrogen Cat# KHB3482
Ultrasensitive AB4, Human ELISA Kit Invitrogen Cat# KHB3544
Mouse TNFa Quantikine ELISA kit R&D Systems Cat# MTA00B
Mouse IL-1B Quantikine ELISA Kit R&D Systems Cat# MLBOOC

Mouse IL-6 Quantikine ELISA kit R&D Systems Cat# M6000B

Mitochondria Isolation Kit for Tissue Thermo Fisher Scientific Cat# 89801

Experimental Models: Organisms/Strains

Mouse: B6.Cg- The Jackson Laboratory Cat# 34848-JAX;

Tg(APPSwFILon,PSEN1*M146L*L286V) RRID:MMRRC_034848-JAX

6799Vas/Mmijax (SXFAD)

Mouse: B6.Cg-Tg(APPswe,PSEN1dE?)85Dbo/ The Jackson Laboratory Cat# 34832-JAX;

Mmijax (APP/PS1) RRID:MMRRC_034832-JAX

Mouse: C57BL/6J The Jackson Laboratory Cat# JAX:000664;
RRID:IMSR_JAX:000664

Mouse: Bad™/~ Nike N. Danial (Danial, 2008) N/A

Oligonucleotides

TNFagPCR primer, forward Integrated DNA Technologies N/A
(CCAAGGCGCCACATCTCCCT)

TNFaqPCR primer, reverse Integrated DNA Technologies N/A
(GCTTTCTGTGCTCATGGTGT)

IL-1BgPCR primer, forward Integrated DNA Technologies N/A
(GAAGAAGAGCCCATCCTCTG)

IL-1BgPCR primer, reverse Integrated DNA Technologies N/A
(TCATCTCGGAGCCTGTAGTG)

IL-6 gPCR primer, forward Integrated DNA Technologies N/A

(TAGTCCTTCCTACCCCAATTTCC)

IL-6 gPCR primer, reverse Integrated DNA Technologies N/A
(TTGGTCCTTAGCCACTCCTTC)

Software and Algorithms

Fiji-lmageJ National Institute of Health https://imagej.net/Fiji; RRID:SCR_003070

GraphPad Prism 6 GraphPad https://www.graphpad.com/scientific-
software/prism/; RRID:SCR_002798

FlowJo v10.4 Tree Star https://www.flowjo.com/solutions/flowjo;

RRID:SCR_008520

Imaris Bitplane http://www.bitplane.com/imaris/imaris;
RRID:SCR_007370

Other

BX51 microscope Olympus N/A
TCS SP5 two-photon confocal microscope Leica N/A
TCS SP8 confocal microscope Leica N/A
Celesta flow cytometer BD Biosciences N/A
LSRFortessa flow cytometer BD Biosciences N/A
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Anning Lin (anninglin@nju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
® Data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

5XFAD/Bad™'~ mice and APP/PS1/Bad™~ mice were generated by crossbreeding Bad™~ mice (Yan et al.,
2018) with 5XFAD mice and APP/PS1 mice (Yue et al., 2015), respectively. Detailed information of the mice
was indicated in key resources table. Male mice were used for all experiments. Age of the mice and sample
size (n) were mentioned in figure legend for each experiment. For behavioral test, electrophysiological
analysis and microscopic analysis of immunofluorescent staining, the experimenters were blinded to geno-
type. Animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee
in Shanghai Institute of Biochemistry and Cell Biology or the University of Chicago. All experiments
conform to the relevant regulatory standards.

Human brain samples

Frontal cortex and hippocampus brain tissues of patients with Alzheimer’s disease and age-matched
controls without neurological disease were obtained from Duke Kathleen Price Bryan Brain Bank and Bio-
repository, and informed consent was obtained from all subjects. The information of the patients was indi-
cated in Table S1. This study was approved by the Institutional Review Board at the University of Chicago.

METHODS DETAILS

Behavioral test

For Morris water maze test, a 12-cm diameter round platform was placed 1 cm underneath the water sur-
face, which was made opaque using nontoxic white paint at the center of a given quadrant in a circle tank
(120 cm diameter and 50 cm high). Invisible platform training was carried out for 6 consecutive days, and
4 trials were performed for each day. For each trial, mice were released from the wall of water tank and
allowed to search and stand on the platform for 20 s within 60 s. Mice were guided to the platform
and allowed to stand on the platform for 20 s if they failed to find the platform within 60 s. The starting quad-
rant from where mice were released and the sequence of four quadrants were randomly chosen for each
training session. Performances of testing mice were recorded by a video camera (Noldus system). 24 hr
after completion of the training stage, the platform in the tank was removed and the task performances
of each mouse were recorded for 60 s for probe test. Times that mouse crossing the region where the plat-
form was placed and time spent in target quadrant was analyzed as previously described (Vorhees and Wil-
liams, 2006).

For spontaneous alternation Y-maze test, there was no training, reward, or punishment when assessing the
spatial memory of the mice, which is dependent upon the hippocampus (Ohno et al., 2004). The Y maze
equipment has three arms separated by 120 degrees, and each arm is 35 cm long, 8 cm high and 5 cm
wide. During the Y-maze test, each mouse was allowed to explore the Y-maze freely from the center of
maze for 8 minutes. The total arm entrances and sequence were recorded for analysis. A completed
entrance was recorded only when hind paws of testing mouse had been placed into the arm completely.
The alternation percentage was calculated using the following formula:
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Number of triads containing entrances into three arms

X 1009
Total arm entrances — 2 00%

Alternation% =

Electrophysiology

Hippocampal recordings procedures were performed to compare the LTP (Cao et al., 2007). Briefly, 8-
month-old WT, 5XFAD and 5XFAD/Bad ™'~ mice were deeply anaesthetized. Mouse brain was quickly taken
out and put into modified artificial cerebrospinal fluid under cold (4°C) and oxygenated (95% O,, 5% CO5)
condition. Whole-brain coronal sections (370 um) containing the hippocampus were cut and then placed in
an incubation chamber with normal artificial cerebrospinal fluid for 60 min under oxygenated condition.
After incubation, a unipolar tungsten stimulating electrode was placed in CA3 region to deliver electro-
stimuli and a 3 MQ glass microelectrode was positioned in the CA1 region to record extracellular field po-
tentials. Test responses were elicited at 0.033 Hz. After obtaining a stable baseline response for at least
15 min, LTP was induced by three trains of theta burst stimulation.

Brain samples preparation

Mice were perfused with ice-cold PBS after deep anesthesia. Right-brain hemispheres were fixed in 4% PFA
for 24 hr and then placed sequentially in 15% and 30% sucrose overnight to dehydrate. Dehydrated hemi-
spheres were stored at —80°C for further frozen section. Dehydrated right-brain hemispheres were
sectioned for serial 30 um coronal sections using a vibratome (Leica) and stored in anti-freezing solution
(0.02 M NaH,PQy, 0.08 M NayHPO,, 1% PVP-40, 30% sucrose and 30% ethylene glycol) at -20°C before
staining. Left-brain hemispheres were flash frozen in liquid nitrogen for immunoblotting analysis,
cytosol/mitochondria fractionation, ELISA or mRNA expression analysis.

Cytosol/mitochondria fractionation

BAD mitochondrial translocation in human or mouse brain samples was analyzed by cytosol/mitochondria
fractionation using Mitochondria Isolation Kit for Tissue (#89801, Thermo Fisher Scientific). Tom20 was used
as a mitochondrial marker and a-tubulin or B-actin was used as the marker of cytosol.

Fluoro-Jade C staining

Neurodegeneration was analyzed by Fluoro-Jade C (AG325, Millipore) staining according to the manufac-
turer’s instructions with modification. Briefly, free-floating sections were washed with PBS 5 times 5 min
each time to remove anti-freezing solution and then pre-treated sequentially in 80% ethanol containing
1% NaOH for 5 min, 70% ethanol for 2 min, 50% ethanol for 2 min, 30% ethanol for 2 min, 10% ethanol
for 2 min, ddH,0O twice 2 min each time, 0.06% potassium permanganate for 10 min and ddH,O twice
2 min each time. After pre-treatment, brain sections were stained with 0.0001% FJC working solution con-
taining DAPI (Sigma) dye for 20 min and then washed with ddH,O for 3 times to remove extra FJC solution.
Brain sections were finally recovered in PBS and mounted on slides.

Nissl staining

Neuronal density in cortical layer 5 and subiculum were detected by Nissl| staining using Cresyl Violet
(Eimer and Vassar, 2013). Briefly, brain sections were thoroughly washed with PBS to remove anti-freezing
solution, mounted on charged slides and allowed to dry overnight. Sections were first rinsed in ddH,O and
then stained with 0.5% Cresyl Violet for 10 min. Sections were then rinsed in ddH,O and dehydrated in 70%
ethanol for 5 min, 95% ethanol for 1 min, and de-stained in 95% ethanol containing 0.7% glacial acetic acid
for 1 min. Sections were sequentially placed in 100% ethanol twice 2 min each time, ethanol: xylene (1: 1) for
5 minutes, xylene for 5 min and finally mounted.

Immunohistochemistry (mouse)

Mouse brain sections were washed with PBS to thoroughly remove anti-freezing solution and permeabi-
lized in 0.3% Triton X-100 in PBS for 30 minutes. Sections were incubated with primary antibodies overnight
at4°C after incubation in blocking buffer (3% BSA in PBS) for 1 hour. Before staining with anti-p-BAD (5136),
primary antibody solution (1:200) was incubated twice with membranes from SDS-PAGE loaded with
Bad™/~ mouse brain extracts overnight to eliminate non-specific bindings and immunoblotting analysis
was performed to confirm the elimination of non-specific bindings (See Figure S11). Sections were then
incubated with corresponding secondary antibodies (Jackson ImmunoResearch) diluted in blocking buffer
for 2 hr at room temperature to visualize primary antibodies, and incubated with DAPI to stain cell nuclei.
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Sections were mounted using fluorescent mounting medium and images were collected by BX51 micro-
scope (Olympus), Leica TCS SP5 two-photon confocal microscope or Leica TCS SP8 confocal microscope.
Typically, four to six fields per section were randomly pictured for quantification. All areas of fraction and
cell density quantifications were analyzed by ImageJ software. The BAD and COX-IV co-localization was
analyzed by ImageJ software with Plot Profile option.

Immunohistochemistry (human)

Human brain frozen tissues were embedded into OCT compound, carried out on 15 um thick sections and
mounted on microscope slides before staining. Sections were fixed in ice-cold acetone for 5 min and
washed with PBS three times. Immunofluorescent staining of human brain sections was performed as
described above.

Immunoblotting analysis

Snap-frozen brain hemispheres or human brain frozen samples were homogenized in RIPA buffer (50 mM
Tris-HCI, pH 7.6, 150 mM NaCl, 1% Sodium deoxycholate, 0.1% SDS, 1% NP-40, 1 mM EDTA and 1 mM
EGTA) supplemented with 1 mM DTT and various proteinase and phosphatase inhibitors (1 mM PMSF,
1 mM NaF, 1 mM Na3VOy, 1 pg/mL Leupeptin, 1 pg/mL Aprotinin and 1 ng/mL Pepstatin) by Precellys
24 (Bertin Technologies) with the program of 5,000 rpm - 3 x 15 s - 30 s and then rotated at 4°C for
30 min. Brain lysates were centrifuged at 4°C, 12,000 rpm for 30 min to remove cell debris and protein
concentration of the resulting supernatant was measured by BCA assay. Brain samples were separated
by SDS-PAGE gels and proteins were transferred to PVDF or nitrocellulose membranes at 100 Volts for
2 hr. Membranes were blocked in 5% skim milk or 3% BSA diluted in TBST for 1 hr at room temperature,
incubated with primary antibodies overnight at 4°C and secondary antibodies for 1 hr at room temperature.
Membranes were exposed by enhanced chemiluminescence method and signal intensities were quantified
by ImageJ software.

AB in brain samples was extracted with SDS buffer containing 2% SDS in 25 mM Tris-HCI, pH 7.5, and de-
tected by Tricine-SDS-PAGE (Schagger, 2006). Briefly, 10% Tricine gel containing 6 M urea was used for
protein separation. Proteins were transferred to 0.2 um PVDF membrane at 30 Volts for 2 hr and the mem-
brane was pre-boiled in PBS for 5 min to enhance sensitivity before blocking.

MLKL dimers were detected by non-reducing SDS-PAGE (Cai et al., 2014). Briefly, 9-month-old mouse brain
samples were homogenized and lysed in M2 buffer (20 mM Tris-HCI, pH 7.6, 0.5% NP40, 250 mM NaCl,
3mM EDTA and 1.5 mM EGTA) supplemented with various proteinase and phosphatase inhibitors without
DTT and then separated by SDS-PAGE without B-mercaptoethanol.

ELISA

AB4o Human ELISA Kit (KHB3482, Invitrogen) and Ultrasensitive AB4, Human ELISA Kit (KHB3544, Invitro-
gen) were used to detect soluble or insoluble ABso and AB4y. Snap-frozen brain hemispheres were
extracted by RIPA buffer for soluble AB4o and AB4y. The pellets were further extracted by SDS buffer for
insoluble AB4o and AB4,. Protein concentration of RIPA buffer extracts and SDS buffer extracts were
measured by BCA methods. ELISA procedures were performed following the manufacturer’s protocols.

To detect proinflammatory cytokines, snap-frozen brain hemispheres were homogenized in PBS using Pre-
cellys 24 with the program of 5,000 rom - 3 x 15 s - 30 s. Brain homogenates were centrifuged at 4°C,
12,000 rpm for 30 min to remove cell debris. Protein concentration of the resulting supernatant was
measured with BCA assay. Mouse TNFa Quantikine ELISA kit (MTAOOB, R&D system), IL-1B Quantikine
ELISAKit (MLBOOC, R&D System), and IL-6 Quantikine ELISA kit (M6000B, R&D system) were used for deter-
mination of TNFe, IL-1B, and IL-6, respectively.

Microglial morphology analysis

To analyze microglial morphology change, the brain slices of 6-month-old WT, 5XFAD and 5XFAD/Bad ™/~
mice or 9-month-old WT, APP/PS1 and APP/PS1/Bad™~ mice were analyzed by immunofluorescent stain-
ing with anti-lbal and anti-AB (6E10) antibodies. Plaque-associated microglia in the cortex were imaged
using confocal microscope by z-stack with 0.5 um for each step. Microglial morphology was further
analyzed by the Imaris software with the Filament and Surface options.
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Real-time quantitative PCR

About 50 mg region-matched brain tissue from 6-month-old WT, 5XFAD and 5XFAD/Bad ™~ mice were ho-
mogenized in 1T ml TRIZOL reagent (15596-018, Invitrogen) and incubated for 5 min at room temperature.
Tissue extracts were centrifuged at 4°C, 12,000 x g for 5 min. 500 ul supernatant was used for RNA extrac-
tion by TRIZOL reagent, according to the manufacturer’s instruction. RNA concentration was measured by
NanoDrop-2000. Reverse transcription of total RNA to complementary DNA was performed using M-MLV
Reverse Transcriptase (M1705, Promega). Quantitative PCR was performed using the ABI QuantStudio 6
System. PCR products were detected by SYBR Premix Ex Tag (RR420A, TaKaRa). The following primers
were used for mRNA expression detection: TNFa (forward: CCAAGGCGCCACATCTCCCT; reverse:
GCTTTCTGTGCTCATGGTGT), IL-1B (forward: GAAGAAGAGCCCATCCTCTG, reverse: TCATCTCGGA
GCCTGTAGTG), IL-6 (forward: TAGTCCTTCCTACCCCAATTTCC, reverse: TTGGTCCTTAGCCACT

CCTTCQ). Relative mRNA expression levels were calculated using the 2724t method.

In vivo phagocytosis assay

Six-month-old WT, 5XFAD and 5XFAD/Bad ™~ mice were injected with Methoxy-X04 (4920, Tocris) intra-
peritoneally, which was prepared in 50% DMSO/50% 0.9% NaCl at pH 12.0. Three hours later, mice were
anesthetized and perfused with ice-cold PBS. The mouse brains were extracted, chopped into pieces,
and then incubated in DMEM/F12 medium (21041025, Gibco) containing 10% FBS, 20 U/m| DNase |
(11284932001, Roche), 1.1 U/ml Dispase Il (04942078001, Roche) and 0.5 mg/ml collagenase type IV
(17104019, Gibco) at 37°C for 1 hr and homogenized with 19-G needles. The resulting homogenates
were filtered through 70 um cell strainers and then centrifuged at 250 x g for 10 min. Cell pellets from
each brain were resuspended in 4 ml 37% percoll (17089102, GE Healthcare). 4 ml 70% percoll was trans-
ferred to a 15 ml tube and carefully overlaid 4 ml 37% percoll containing cells, then overlaid 4 ml 30% percoll
and overlaid 2 ml PBS at last. The gradients were centrifuged at 18°C, 300 x g for 40 min without break. For
each brain sample, 2 ml 70%/37% interphase was collected and diluted with é ml ice-cold PBS and further
centrifuged at 4°C, 500 x g for 5 min. The pellets containing microglia were resuspended in 200 pl PBS.

For flow cytometric analysis of Methoxy-X04 containing microglia, binding of antibodies to Fc receptors
was pre-prevented by adding 1 pg anti-mouse Fc block (553141, BD Bioscience) and incubated on ice
for 10 min. Cells were centrifuged at 4°C, 250 x g for 5 min and resuspended in 200 pl PBS. Cells were im-
muno-stained with 2 ul CD11b-APC (101211, Biolegend) and 2 ul CD45-FITC (103107, Biolegend) on ice for
30 min. Cells were then centrifuged at 4°C, 250 x g for 5 min and resuspended in 400 pl PBS for flow cyto-
metric analysis. Cells were analyzed on BD Celesta or LSRFortessa machine, CD11b" and CD45'°" cell pop-
ulation was gated. Unstained WT cells were used to determine background fluorescence, while cells iso-
lated from WT mice injected with Methoxy-X04 were served as the threshold for non-phagocytic microglia.

Stereotactic injection of AAV

Four-month-old 5XFAD mice were deeply anesthetized, then Tul of 1:1 AAV mixture of AAV9-Uéb-sgBad-
CMV-SaCas9-DIO (6.2 x 10'? Vg/ml) or AAV9-Ub-sglacZ-CMV-SaCas9-DIO (6.8 x 10'% Vg/ml) with AAV9-
hSyn-RFP-P2A-Cre-WPRE (7.5 x 10'? Vg/ml) was injected into dorsal hippocampus (anterior/posterior:
-2.00; mediolateral: 1.50; dorsal/ventral: -1.80) and ventral hippocampus (anterior/posterior: -2.80; medio-
lateral: 3.00; dorsal/ventral: -4.00). Two months later, the spatial memory of the mice was analyzed by Y-
maze test. The BAD protein level in hippocampus was analyzed by immunoblotting analysis, and the Ap
plaques and microglial activation was analyzed by immunofluorescent staining.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

Comparison between two groups was analyzed by unpaired two-tailed Student’s t-test and comparison
among three groups was analyzed by one-way ANOVA test. GraphPad Prism 6 software was used for
analyzing data. Difference was considered to be significant when p value <0.05 (*), p value <0.01 (**)
and p value <0.001 (***).
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