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NEUROSCIENCE

Microglial Calhm2 regulates neuroinflammation
and contributes to Alzheimer’s disease pathology

Jinbo Cheng'- 2+

Shuoshuo Li? Pingfang Chen? Liang Wang®, Ye Yu*, Zengqiang Yuan

Alzheimer’s disease (AD) is the most common neurodegenerative disease in the world. Neuronal calcium dysfunc-
tion and microglial-mediated neuroinflammation are closely associated with the development of AD. However, it
remains unknown whether calcium dysfunction contributes to microglial activation and, in turn, AD pathology
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invivo. In this study, we demonstrated that the expression of calcium homeostasis modulator family protein 2
(Calhm2) is increased in an AD mouse model. In 5xFAD mice carrying five familial AD gene mutations, both con-
ventional knockout of Calhm2 and conditional microglial knockout of Calhm2 significantly reduced amyloid B
deposition, neuroinflammation, and cognitive impairments. Mechanistically, knockout of Calhm2 inhibited mi-
croglial proinflammatory activity but increased phagocytic activity, leading to restoration of the balance between
inflammation and phagocytosis. In addition, knockout of Calhm2 reduced acute LPS-induced neuroinflammation.
These results highlight an important role for Calhm2 in microglial activation and provide a potential therapeutic
target for diseases related to microglia-mediated neuroinflammation.

INTRODUCTION

Alzheimer’s disease (AD), the most common neurodegenerative
disease and form of dementia, is characterized by the accumulation
of extracellular amyloid plaques, intracellular neurofibrillary tan-
gles, and neuroinflammation (I, 2). AD is commonly seen in aging
individuals across the world; however, the molecular signaling
mechanisms underlying AD pathophysiology remains unclear. This
has hindered the development of effective research strategies and
led to ineffective treatment options.

Recently, genome-wide association studies have shown that neu-
roinflammation is a genetic risk factor that mediates both the initi-
ation and progression of AD (3). In human studies, more than 25
genetic loci have been associated with the risk of developing AD,
and most of them are primarily expressed in microglia and linked to
neuroinflammation, suggesting that microglial activation is involved
in the pathophysiology of AD. Moreover, an increasing number of
functional studies have demonstrated that neuroinflammation ac-
celerates cell death and the progression of AD. These studies have
uncovered and characterized the function of molecular regulators
in the neuroinflammatory mechanism of AD, such as triggering re-
ceptor expressed on myeloid cells-2 (TREM2) (4, 5), nucleotide-
binding domain leucine-rich repeat (NLR) and pyrin domain
containing receptor 3 (NLRP3) (6, 7), apoptosis-associated speck-
like protein containing a caspase recruitment domain (ASC) (8),
CD33 (9), and CD22 (10). In the brain, microglia are the most
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abundant immune cell type, accounting for more than 80% of all
immune cells (11). Microglia originate from the yolk sac and mi-
grate into the central nervous system (CNS) during embryogenesis
(12). Activated microglia are observed in multiple nervous system
diseases, including AD, Parkinson’s disease, and stroke. By using
single-cell sorting and sequencing, a previously unknown microglia
type named disease-associated microglia has been recently discovered
in an AD mouse model and has been further confirmed in AD post-
mortem brain samples (13), indicating that the role of microglia in
AD is more complex than previously thought. Our previous studies
have demonstrated that autophagy regulates microglia-induced
neuroinflammation and neurotoxicity by targeting mitochondrial
antiviral signaling protein signaling and the NLRP3 inflammasome
(14, 15). Moreover, switching anaerobic glycolysis to mitochondrial
oxidative phosphorylation could increase microglial phagocytosis and
microglia-mediated amyloid B (AB) clearance, leading to alleviation
of cognitive impairment in an AD model mouse model (16). Although
microglia are highly associated with the progression of AD, the
molecular mechanism underlying microglial activation or their
phenotype switch remains largely unknown.

Calcium homeostasis is closely associated with microglial activa-
tion. For example, AP increases intracellular calcium levels, which,
in turn, contributes to the activation of the NLRP3 inflammasome
in microglia (17). Meanwhile, it has been demonstrated that calcium-
sensing receptor activates the NLRP3 inflammasome by increasing
intracellular calcium levels and decreasing cyclic adenosine 3,5'-
monophosphate levels (18). Moreover, the calcium channel blocker
nicardipine significantly inhibits lipopolysaccharide (LPS)/interferon-y
(IFN-y)-induced microglial activation (19). Recently, the role of
calcium homeostasis modulator family proteins (Calhm, Calhml,
Calhm?2, and Calhm3) has gained increasing attention in the field of
AD research. As the most studied Calhm family member, Calhm1
controls calcium homeostasis, Ap production, and neuronal cell
vulnerability to AB-induced toxicity. Moreover, the P86L mutation
of Calhml is correlated with the incidence of AD (20). Our previous
study demonstrated that Calhm1 is expressed in human brain sam-
ples but not in mouse brain tissues and that Calhm1 knockout mice
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show no significant cognitive deficits (21). However, another study
showed that Calhm1, expressed specifically in type I taste bud cells,
functions as a voltage-gated adenosine 5'-triphosphate (ATP) re-
lease channel in regulating taste perception (22). Subsequent studies
showed that Calhm3 interacts with Calhm1 and that the deletion of
Calhm3 abolished taste-evoked ATP release (23). Accordingly, we
found that Calhm2, which is highly expressed in the murine brain,
could regulate ATP release in astrocytes and that Calhm2 deletion
induced a depression-like phenotype in mice (24). Among the Calhm
family members, only Calhm?2 is abundantly expressed in the CNS;
however, its role in the nervous system is still largely unknown, es-
pecially in AD-related processes.

In this study, we found that the levels of Calhm2 significantly
increased in AD mouse models. Conventional knockout of Calhm2
and microglial-specific knockout of Calhm2 both significantly
decreased AP deposition, neuroinflammation, and alleviated AD-
related cognitive impairments. Mechanistically, we found that Calhm?2
regulates calcium influx and inflammatory activation in microglia,
implicating a potential therapeutic target for AD.

RESULTS

Calhm2 levels are increased in patients with AD

and in AD mice

To assess the involvement of Calhm family members in AD, we
analyzed expression changes using the AlzData web server (www.
alzdata.org). In the GSE48350 dataset, human Calhm2 and Calhm3
were significantly increased in hippocampal tissue samples of pa-
tients with AD compared to the control group, with no change in
Calhm]I (Fig. 1A). In the GSE5281 dataset, only Calhm2 levels in-
creased in the hippocampal tissue samples of patients with AD,
shown in Fig. 1B. Moreover, we have used quantitative polymerase
chain reaction (qPCR) method to validate the levels of Calhm2
mRNA in the hippocampal tissue samples of patients with AD and
found that Calhm2 mRNA levels increased in patients with AD (fig.
S1A). These results suggest that Calhm2 might be involved in the
development of AD. To further confirm this, we analyzed Calhm2
levels in 6-month-old 5xFAD model mice, a commonly used AD
mouse model that expresses five familial AD gene mutations, and
found a significant increase in Calhm?2 levels within the hippocam-
pus of the AD mice (Fig. 1C).

To characterize the expression pattern of Calhm2 in the brain,
we used fluorescent RN Ascope probes, a sensitive in situ hybridiza-
tion (ISH) technique, and found that Calhm?2 is highly expressed in
the cortex and hippocampus in the mouse brain, with low levels in
the striatum. Meanwhile, expression of Calhm2 was not observed in
brain sections of Calhm2 knockout mice (fig. S2, A to C). Further-
more, to study the cellular expression pattern of Calhm2, we used
an ISH-immunofluorescence method [i.e., performed the ISH of
Calhm? first and then performed immunofluorescence staining for
ionized calcium-binding adaptor molecule 1 (Ibal) or glial fibrillary
acidic protein (GFAP)] in which Calhm2 signal can be easily de-
tected in microglia and astrocytes (fig. S2D). Moreover, we stained
Calhm2 with NeuN (neuron marker), Gfap (astrocyte marker), or
Cx3crl (microglia marker) and found that Calhm2 signal was detected
in neurons, astrocytes, and microglia, and the Calhm2 spot num-
ber per cell was higher in microglia compared with astrocyte and
neurons (Fig. 1, D and E). Furthermore, we found that Calhm?2 levels
were increased in activated microglia (characterized by decreased
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process length and increased soma area) in 6-month-old AD mice,
with no significant changes in astrocyte (Fig. 1, F and G). Together,
these results indicated that Calhm2 is increased in the AD brain,
suggesting that Calhm2 might have an important role in the patho-
physiology of AD.

Calhm2 knockout restores cognitive functions,

decreases AP deposition, and decreases glial numbers

in 5xFAD mice

To assess the role of Calhm?2 in the development of AD, we used a
Calhm2 knockout mouse line and crossed with a 5xFAD mouse
(Fig. 2A). Levels of Calhm2 were assessed in all four groups [wild-
type (WT) mice, Calhm2”~ mice, 5xFAD mice, and Calhm2™:5xFAD
mice] of mice at 5 months old. As shown in Fig. 2B, the levels of
Calhm?2 were increased in WT AD mice and were undetectable in
Calhm2 knockout mice. Next, we checked whether Calhm2 knock-
out affected the learning and memory impairment using the Morris
water maze (MWM) task. As shown in Fig. 2C, AD mice spent more
time reaching the platform in the training period, suggesting the
presence of a cognitive deficit. Notably, knockout of Calhm2 sig-
nificantly improved task learning. Consistently, during the test pe-
riod, knockout of Calhm?2 resulted in significantly decreased time to
reach the platform, increased preference for the target quarter, and
increased number of platform crossings but no significant alter-
ation in swimming speed (Fig. 2, D to H); this suggested alleviation
of the cognitive impairment.

Next, we checked whether knockout of Calhm2 altered A levels
within the brain. As shown in Fig. 2 (I and J), Calhm2 knockout
markedly decreased AP plaques within the cortex and hippocampus.
We then quantified the concentration of AP species by enzyme-
linked immunosorbent assay (ELISA). Notably, there were signifi-
cant reductions in soluble AB;_4, insoluble AB;_45, and insoluble
AP_4 levels, with a decreased trend of soluble AB;_4 levels (Fig. 2,
K to N), suggesting that Calhm2 knockout decreased the deposition
of total AP in the brain. Furthermore, we found that Calhm2 knock-
out failed to affect the levels of key regulators of amyloid precursor
protein (APP) metabolism, such as APP, B site APP cleaving en-
zyme, nicastrin, and presenilin 2 (fig. S3, A and B), suggesting that
Calhm2 knockout did not influence APP metabolism. To further
confirm this, we used a Calhm2™°* mouse line and crossed it with
a CamKlIlo-iCre mouse to get a conditional neuronal Calhm2
knockout mouse line. We then crossed this mouse with a 5xFAD
mouse (fig. S3C). At 6 months old, we found that Calhm?2 levels sig-
nificantly decreased in the Callm2¥/lox: CamKlla-iCre. 5 pA D mouse;
however, the key regulators involved in APP metabolism were not
significantly changed (fig. S3, D to F). In addition, neither soluble or
insoluble AB;_4 and AP;_4; levels were significantly changed, rela-
tive to the Calhm2™*f°*.5x FAD mice (fig. S3, G to ), suggesting
that neuronal Calhm2 may not be involved in the production and
the deposition of Ap.

Neuroinflammation is always present in AD and serves as a key
regulator for the development of AD (25). We thus checked the ef-
fect of Calhm2 knockout on the glial numbers. As shown in Fig. 2
(O to R), knockout of Calhm?2 significantly decreased the numbers
of microglia and astrocytes within the cortex and hippocampus.
The protein levels of Ibal and GFAP were also consistently signifi-
cantly reduced in Calhm2 knockout AD mice (fig. S3, K to M). To-
gether, these results suggest that knockout of Calhm?2 significantly
decreased both AB deposition and neuroinflammation.
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Fig. 1. Calhm2 levels are increased in patients with AD and in AD mice. (A and B) Transcriptional up-regulation of Calhm2 in hippocampal (Hip) tissue of patients with
AD in the GSE48350 database (control, n=19; AD patient, n=19) and GSE5281 database (control, n=13; AD patient, n=10). (C) Transcriptional up-regulation of Calhm2
in the hippocampus of 6-month-old 5xFAD mice (WT mice, n=9; AD mice, n=9). (D and E) Coexpression and quantification of Calhm2 mRNA [in situ hybridization (ISH)]
and Cx3cr1 mRNA (ISH), Gfap mRNA (ISH), and NeuN mRNA (ISH) in the hippocampus of 6-month-old WT mice. (F) RNA ISH of Calhm2 expression and its colocalization
with Ibal (immunostaining)- and GFAP (immunostaining)-positive cells in 6-month-old WT and 5xFAD mice. (G) The quantification of Calhm2 levels in microglia and
astrocytes from 6-month-old WT and 5xFAD mice. *P < 0.05, **P < 0.01, and ***P < 0.001.

Microglial Calhm2 knockout restores cognitive functioning
and decreases Ap deposition

We next asked in which cell type Calhm?2 functions in the develop-
ment of AD. Given that Calhm2 was expressed in microglia and
increased in activated microglia and that microglia play a key role in
AP clearance and neuroinflammation, we used a microglial-specific
knockout of Calhm2 mouse line using a Cx3cr1 CreER mouse (26) and
then crossed it with a 5xFAD mouse. To exclude the effects of
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Calhm?2 in peripheral macrophages, we injected tamoxifen at post-
natal day 45 and performed the behavioral tests at 5 months old and
pathological analysis at 6 months old, as peripheral macrophages
confer a rapid turnover and are replenished in 1 month (Fig. 3A).
At 5 months old, we isolated microglia from the brain and con-
firmed a high Calhm2 knockout efficiency (Fig. 3B). Furthermore,
we performed a visible platform task and found that microglial
Calhm2 knockout failed to influence the latency to the platform and
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Fig. 2. Calhm2 knockout restores cognitive functions, decreases A deposition, and decreases glial numbers in 5XFAD mice. (A) Schematic for the generation of
Calhm2™~:5xFAD mice, behavioral tests, and pathological analysis. KO, knockout. (B) Transcriptional levels of Calhm2in the hippocampus of 6-month-old WT (n=7),
Calhm2™~ (n=6), 5xFAD (n=6), and Calhm2™~:5xFAD mice (n = 10). (C) MWM analysis as latency (s) to target in the invisible platform trainings. (D to G) MWM analysis as
the latency (s), target quarter preference (%), target cross number, and mean speed (cm/s) in the invisible platform tests in 5-month-old WT (n =10 mice), Calhm2™/~
(n=10 mice), 5xFAD (n =10 mice), and Calhm2™~:5xFAD mice (n=10 mice). (H) Representative images of the track plots in the MWM tests. (I and J) Immunohistochem-
istry (IHC) and statistical analysis of AR plaques per pixel area in the prefrontal cortex (PFC) (n =13 to 18 slices from three mice per group), CA1 (n=6to 11 slices from three
mice per group), and dentate gyrus (DG) (n=11 to 13 slices from three mice per group) of 5XFAD and Calhm2~~:5xFAD mice. (K to N) ELISA method for detecting soluble
[radioimmunoprecipitation assay (RIPA) fraction] and insoluble (SDS fraction) contents of AB_40 and AB1-42 of 5XFAD and Calhm2™~:5xFAD mice (n=8 per group). (O and
P) IHC and statistical analysis of Iba1-positive cells (microglia) per pixel area in 6-month-old WT, Calhm2™~ mice, 5%FAD, and Calhm2™~:5xFAD mice. (Q and R) IHC and
statistical analysis of GFAP-positive cells (astrocytes) per pixel area in 6-month-old WT mice, Calhm2~~ mice, 5XFAD mice, and Calhm2™~:5xFAD mice (n=8 to 13 slices
from three mice per group). Scale bar, 50 um. One-way analysis of variance (ANOVA) for multiple groups in (C) to (G) were based on mouse number. Statistical analysis of
(1), (O), (P), (Q), and (R) were dependent on multiple sampling. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. Microglial Calhm2 knockout restores cognitive function and decreases amyloid beta deposition in 5XFAD mice. (A) Schematic for the generation of
Calhm2oX/loxOseri-CretR. 5o FAD miice, intragastric tamoxifen administration, behavioral testing, and pathological analysis. PO, postnatal day 0. (B) Transcriptional levels of Calhm2 in
isolated microglia of 5-month-old Calhm2°/f° and Calhm2/e/floxCaeri-CreER ice (n = 3 mice). (C) MWM analysis as latency (s) to target in the invisible platform trainings.
(D to G) MWM analysis as the latency (s), target quarter preference (%), target cross number, and mean speed (centimeters per second) in the invisible platform tests in
5-month-old Calhm2™/"°* (n = 11 mice), Calhm2e¥lexC3er1-CretR ( — 11 mice), Calhm2™/1%:5xFAD (n = 11 mice), and Calhm210/oxC3eri-CretR 5 FAD (n = 11 mice) mice.
(H) Representative images of track plots in the MWM tests. cKO, conditional knockout. (I) Open-field test and locomotor activity (distance traveled) over three consecutive
days. (J and K) IHC and immunofluorescent staining and statistical analysis of A plaques per pixel area in the PFC, CA1, and DG of Calhm2™/1°%:5xFAD and Calhm2®
floxCx3er1-CreR. 55 FAD mice (n=7 to 11 slices from three mice per group). (L and M) Statistical analysis of thioflavin S staining (compact AB plaque) of A plaques in the PFC of
Calhm2/#%:55 FAD and Calhm271ofloxC3eri-CretR 5 FAD mice (n = 8 slices from three mice per group). (N to Q) ELISA analysis of soluble (RIPA fraction) and insoluble (SDS
fraction) contents of AB;_so and AB;_s, of Calhm2™/#*:5x FAD and Calhm2o/loxO3er-CretR. s FAD mice (n =8 per group). One-way ANOVA for multiple groups in (C) to (G) and
(I) were based on mouse number. Statistical analysis of (J) to (M) were dependent on multiple sampling. NS, no significance; *P < 0.05, **P < 0.01, and ***P < 0.001.
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the distance traveled (fig. S4, A to C), suggesting that microglial
Calhm2 knockout had no effect on vision and swimming ability.
Notably, using the invisible platform MWM test, we found that mi-
croglial Calhm2 knockout significantly decreased the latency to the
platform and increased the target quarter preference and the cross-
ing numbers, with no significant difference in swimming speed
(Fig. 3, C to H), suggesting that microglial Calhm2 knockout allevi-
ates cognitive impairment in AD mice. To test whether microglial
Calhm2 knockout had any influences on emotion, we performed
the open-field test and found that center entries and the time spent
in center were not significant different among these four groups of
mice on day 1 of testing (fig. S4, D and E). However, after 3 days of
consecutive testing, microglial Calhm2 knockout significantly de-
creased the total distance moved (Fig. 3I), suggesting a reduction
in locomotion and habituation to the task. Together, these results
suggest a detrimental role of microglial Calhm2 in the behavioral
and cognitive dysfunction in the development of AD.

Next, we found that microglial Calhm2 knockout had no effect
on APP metabolism (fig. S5, A and B) but markedly reduced AB
plaques within the cortex and hippocampus (Fig. 3, ] and K). Con-
sistently, thioflavin S staining also showed a significant reduction,
suggesting a decrease in AP levels within the brain (Fig. 3,],L,and M).
Furthermore, using ELISA method, we found that the soluble and
insoluble AP;_4, were significantly decreased in microglial Calhm2
knockout mice. The insoluble AB;_4o was also significantly reduced,
with a decreasing trend of soluble AB,;_4 levels (Fig. 3, N to Q). To-
gether, these results demonstrated that microglial Calhm2 knock-
out decreased the AP levels and alleviated behavioral as well as
cognitive dysfunction in AD mice.

Microglial Calhm2 knockout increases phagocytotic

activity in microglia

To investigate the role of microglial Calhm2 knockout in neuroin-
flammation, we analyzed glial numbers and found that there was
the lower amount of reactive microglia and astrocytes within the
cortex and hippocampus in microglial Calhm2 knockout AD mice
(Fig. 4, A to C). Consistently, the protein levels of Ibal and GFAP
were also significantly decreased (Fig. 4, D and E). We then quanti-
fied the mRNA levels of the microglia marker CD11b, the astrocyte
marker GFAP, and various inflammatory cytokines, which revealed
that the levels of CD11b and GFAP were significantly inhibited in
microglial Calhm2 knockout AD mice. In addition, levels of the
proinflammatory cytokine interleukin-1p (IL-18), which is reported
to suppress microglial clearance activity (6, 27), were also largely
decreased. Levels of anti-inflammatory Argl were increased, with
no significant difference in inducible nitric oxide synthase, IL-6,
and CD206 (fig. S5C). Next, we analyzed the effect of Calhm2 on
microglial phagocytic activity. We found that microglial Calhm2
knockout significantly increased the numbers of microglia around
AB plaques (Fig. 4, F and G), suggesting increased activity of
microglial phagocytosis. In addition, we quantified the levels of CD68,
a lysosome marker indicating the degradative activity of microglia
(28), and found that the density of CD68 was significantly increased
in the Calhm2 knockout microglia, suggesting higher degradation
activity (Fig. 4, H and I). TREM2 is a phagocytic receptor that is
mainly expressed in microglia and has a critical role in AD (29). The
mutation R47H in TREM2 that leads to loss of ligand binding ability
has been linked to the risk of AD (30). TREM2 deficiency impairs
microglial metabolic fitness and AB degradation (4, 5). We found
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that microglial Calhm2 knockout increased TREM2 immunostaining
signals around AP plaques in the AD mouse brain (Fig. 4, ] and K).
Consistently, the numbers of A plaque sizes were decreased in mi-
croglial Calhm?2 knockout mice brain (fig. S5D). To further confirm
this, we isolated primary microglia and studied the effect of Calhm2
knockout on microglial phagocytosis of AB in vitro. We found that
Calhm2 knockout increased TREM2 levels in vitro (Fig. 4L and fig.
S5E). In addition, after 1 and 3 hours of aggregated Af incubation,
there were higher levels of AP in the Calhm2 knockout microglia,
with lower levels in the culture medium (Fig. 4M and fig. S5, F and G).
Consistently, by using fluorescein isothiocyanate (FITC)-labeled A,
we also observed more FITC-AB in Calhm2 knockout microglia
(fig. S5, H and I), suggesting an increased phagocytic ability.
Together, these in vivo and in vitro results demonstrated that
microglial Calhm2 knockout suppressed inflammatory levels and
increased the phagocytosis of Ap.

The microglial transcriptome analysis revealed a protective
role of Calhm2 knockout in 5xFAD mice
To further investigate the molecular mechanisms underlying the func-
tions of Calhm2 in AD, we isolated primary microglia from these four
groups of mice (Calhm2™/M°* mice, Callm 2ox/foxCx3erl-CreR e
Calhm2™1%.54 FAD mice, and Calhm2o¥/floxCx3erl-CreER 55 pa
mice) and performed RNA sequencing (RNA-seq) analysis (Fig. 5A).
We identified 1109 up-regulated genes and 1240 down-regulated
genes in the microglia of AD groups, compared to the WT groups.
Notably, microglial Calhm2 knockout restored the levels of most of
the up-regulated genes and increased the levels of many of the
down-regulated genes (Fig. 5B), which is consistent with the rescue
phenotype of microglia numbers and inflammatory cytokine levels.
Then, we performed the principal components analysis and gene
ontology (GO) analysis of the significantly changed genes in Calhm2
conditional knockout microglia, and WT microglia revealed a sig-
nificant functional reduction in cell migration and cell proliferation
in AD mice. In addition, immune response (including response to
oxidative stress and response to LPS), immune signaling, cell sur-
face, vesicle, ion transport, and channel activity were significantly
down-regulated in Calhm2 knockout microglia (fig. S6, A and B).
Meanwhile, proteolysis activity, protein ubiquitination, DNA repair,
neurogenesis, cognition, and learning/memory-related signaling were
increased and enriched, suggesting a protective role of Calhm2
deficiency in microglia-induced neurotoxicity (fig. S6C). Next, we
performed gene set enrichment analyses (GSEAs) and found that
G2M checkpoint genes were highly enriched in Calhm2 conditional
knockout microglia in AD mice, suggesting an inhibition of microglial
proliferation (fig. S6D). In addition, the unfolded protein response
gene set was increased, but the IFN-a response, IFN-y response, reactive
oxygen species (ROS) pathway, tumor necrosis factor-a (TNFa)
signaling via nuclear factor kB (NF-kB), and IL-6/Janus kinase
(JAK)/signal transducer and activator of transcription 3 (Stat3)
signaling were significantly down-regulated (Fig. 5, C and D, and
fig. S6, E to H), suggesting an inhibition of inflammatory activation.
To further characterize the inflammatory changes, we analyzed
the levels of microglial homeostasis genes, innate immunity signal-
ing genes, complement signaling genes, and inflammatory cyto-
kines. As shown in Fig. 5E, microglial markers Aif (Ibal) and Itgam
(CD11b) were not significantly changed in microglia in AD, and
knockout of Calhm2 also did not influence their expression levels.
Deletion of Calhm?2 significantly reduced the increases of complement
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Fig. 4. Microglial Calhm2 knockout increases microglial phagocytosis activation. (A to C) IHC and statistical analysis of Iba1- and GFAP-positive cells in PFC and CA1
of 6-month-old Calhm2//#°%.5xFAD and Calhm2/o¥/floxC3eri-CreER. 5o FAD mice (n=7 to 11 slices from three mice per group). (D and E) Immunoblotting and statistical
analysis of Iba1 and GFAP levels of 6-month-old Calhm2/1o% Calhm2fiox/ioxCer-CretR ¢ g1y pflox/fiox. s FAD, and Calhm21o/loxOser-CretR. 5 FAD miice (n =3 per group). (F and
G) Thioflavin S staining, immunofluorescent staining of Iba1 and AB, and statistical analysis of microglia number per AB plaque of 6-month-old Calhm2"/*:5%FAD and
Calhm2f1o¥/foxC3er-CreER. 5o FA D mice (n > 50 from three mice per group). (H and I) Immunofluorescent staining of Iba1, CD68, and AB and statistical analysis of CD68 density
of 6-month-old Calhm2®/"*:5xFAD and Calhm2{10X/floxC3eri-CretR. 5 FAD mice (n > 25 from three mice per group). (J and K) Immunofluorescent staining of Iba1, TREM2,
and AB and statistical analysis of TREM2 density of 6-month-old Calhm2®/"°%:5xFAD and Calhm2o/floxC3eri-CretR 5 FAD mice (n > 50 from three mice per group). (L) Im-
munoblotting TREM2 levels in primary microglia of WT and Calhm2~~ with and without AB (1 ug/ml, 3 hours) treatment. (M) Immunoblotting of AB levels of WT and
Calhm2™" in the supernatant (Sup) and pellet (Pel) of primary microglia. Statistical analysis of (B), (C), and (F) to (K) were dependent on multiple sampling. *P < 0.05 and
***P < 0.001. SE, short exposure; LE, long exposure.
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Fig. 5. Microglial transcriptome changes reveal a protective role for Calhm2 knockout in 5xFAD mice. (A) Schematic for microglia isolation, RNA extraction, RNA-seq,
and bioinformatic analysis. (B) Heatmap shows four groups of expressed genes that differentially expressed between 6-month-old Calhm2™/f mice and Calhm2™/1*:5xFAD
mice (log; fold change > 0.5, adjusted false discovery rate < 0.05). (C and D) GSEA of the ROS pathway and IL-6/JAK/Stat3 signaling of 6-month-old Calhm?2flox/floxCaeri-CretR. 5o pap)
versus Calhm2®/1%%.5x FAD. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (E) Heatmap of microglial markers, complement, NF-kB signaling, cytokines, chemokines,
and cytokines receptors in microglia from these four groups of mice. (F) qPCR assay to test the expression levels of indicated genes in isolated microglial cells from these
four groups mice (n =6 per group). (G) Schematic for intraperitoneal LPS injections in 2-month-old WT and Calhm2~~ mice. (H to J) Transcriptional levels of IL-1B, TNF-o,
and IL-6 in 2-month-old WT and Calhm2™~ mice after intraperitoneal LPS injections (n =3 mice per group). (K) Inmunofluorescence staining of Iba1-positive cells within
the hippocampus of WT and Calhm2™~ mice. (L to O) Skeletonized analysis: Representative images and statistical analysis of branch numbers, total branch length
(micrometers), average branch length (micrometers), and soma area (square micrometers) of Iba1-positive cells within the hippocampus of WT and Calhm2™~ mice
(n > 20 from three mice per group). Statistical analysis of (L) to (O) were dependent on multiple sampling. *P < 0.05, **P < 0.01, and ***P < 0.001.
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genes (Itgax, Clqa, Clrl, C4b, and Clu), NF-xB signaling genes (TIr4,
Myd88, Nfkbl, and Nfkb2), cytokines (IL-1B, TNFa, and IL-6),
chemokines (Ccl3, Ccl4, Ccl5, and Ccl27a), and some cytokines
receptors (Tnfrsfla, Tnfrsfl2a, and IL6rla), which are consistent with
the down-regulation of the immune response. Furthermore, we
performed qPCR assay to validate the changes in isolated microglia.
As shown in Fig. 5F, knockout of Calhm?2 significantly decreased the
NF-«B signaling gene Nfkb2, cytokines (IL-1, IL-6, and TNFa), and
the cytokines receptor Tnfrsfla in the isolated microglia from AD
mice. Together, these results suggested an inhibitory effect of Calhm2
knockout on the immune response in AD microglial cells.

Calhm2 knockout inhibits LPS-induced neuroinflammation
invivo andin vitro

To further investigate the role of Calhm2 in neuroinflammation, we
established an acute LPS injection mouse model as previously de-
scribed (31). Intraperitoneal injection of LPS significantly increased
the level of some inflammatory cytokines, including IL-1B, TNFa,
and IL-6. Notably, knockout of Calhm2 markedly inhibited the level
of these cytokines (Fig. 5, G to ]), suggesting a vital role for Calhm?2
in mediating neuroinflammation. Furthermore, we analyzed the
changes in microglial morphology by staining Ibal. Two LPS injec-
tions induced significant changes to the microglial morphology,
characterized by decreased branch numbers, total branch length,
and average branch length, and a significant increase in soma area.
Calhm2 knockout significantly rescued LPS-induced morphological
changes (Fig. 5, K to O). To specifically study the role of Calhm2 in
microglia, we used a conditional microglial Calhm2 knockout
mouse line and performed the same acute LPS injection treatment.
We found that levels of the cytokines IL-1B, TNFo, and IL-6 were
also significantly inhibited in the microglial Calhm2 knockout
mice (fig. S7, A to D). In addition, microglial Calhm2 knockout
rescued most of the microglial morphological changes induced by LPS
injection (fig. S7, E to J). We found that both conventional knockout
of Calhm2 and microglial conditional knockout of Calhm2 signifi-
cantly inhibited two LPS injection-induced decreases in TREM2
levels (fig. 7, K and L). Together, these results suggest that Calhm?2
is also involved in LPS-induced neuroinflammation in vivo.

To assess the direct role of Calhm2 in LPS-induced inflamma-
tion, we isolated primary microglial from WT mice and Calhm2
knockout mice. Calhm2 knockout significantly inhibited LPS-induced
increases in IL-1B and TNFa (fig. S8, A and B), suggesting a benefi-
cial role of Calhm2 in LPS-induced inflammatory activation. As
there are predicted functions of Calhm2 in NF-kB and mitogen-
activated protein kinase (MAPK) signaling, we checked the activa-
tion of NF-xB and MAPK signaling in the primary WT microglia
and Calhm2 knockout microglia. As shown in fig. 8 (Cto F), Calhm2
knockout decreased phosphorylated inhibitor of nuclear factor
kappa B kinase subunit alpha and beta (p-IKKo/p), phosphorylated
c-Jun N-terminal kinase (p-JNK), and phosphorylated extracellular
regulated protein kinases 1/2 (p-ERK1/2) levels, suggesting an inhi-
bition of NF-xB and MAPK signaling.

Calhm2 regulates microglial calcium influx

and inflammatory activation

Next, we explored how Calhm?2 regulates neuroinflammation. As a
member of the Calhm genes, we tested whether Calhm?2 regulates
calcium levels in microglia. We established a consecutive monitoring
system and found that Calhm2 knockout inhibited ATP-induced

Cheng et al., Sci. Adv. 2021; 7 : eabe3600 25 August 2021

increases of cytosolic calcium levels (Fig. 6, A and B), suggesting an
inhibition of calcium flux. Consistently, phosphorylated calcium/
calmodulin-dependent protein kinase II (p-CaMKII) levels were
inhibited in Calhm2 knockout microglia (Fig. 6C and fig. S9A).
Moreover, ATP-induced increase of p-CaMKII levels were abol-
ished by treatment with A438079, an inhibitor of P2X7. P2X7, an
adenosine receptor that is highly expressed in microglia, plays an
important role in AD (17, 32). ATP binds to P2X7 and promotes
calcium entry into the cytosolic space and, subsequently, activation
of the NLRP3 inflammasome (33, 34). We next checked whether
Calhm? regulates the activity of P2X7 in microglia. As shown in
Fig. 6 (D and E), a significant reduction of steady current density,
but not the peak current density, was observed in Calhm2 knockout
microglia, suggesting that Calhm2 knockout mainly affects P2X7
current in microglia (35). Given that Cahm2 and P2X7 are both
membrane proteins, we then checked whether Calhm?2 interacts
with P2X7. We found that Calhm2 could bind to P2X7 (fig. S9B)
and that Calhm2 knockout significantly decreased membrane-
bound P2X7, with no effect on the total levels of P2X7 in primary
microglia in vitro (Fig. 6F and fig. S9C).

It has been reported that P2X7 binds to NLRP3 and acts as an
upstream sensor for NLRP3 inflammasome activation, including
ATP and AP stimulation (33, 34). We then checked whether Calhm2
could influence the interaction between P2X7 and NLRP3. Over-
expression of Calhm2 could increase the interaction between P2X7
and NLRP3 (fig. S9D). In addition, we found that P2X7 interacted
with the NAIP, CIITA, HET-E, and TP1 (NACHT) and leucine-rich
repeat (LRR) domains of NLRP3, but not with the the expanded
form of PYD is pyrin-domain (PYD) domain (fig. SOE). Furthermore,
Calhm2 knockout significantly decreased ATP-induced NLRP3
inflammasome activation, and this effect was abolished by adding
the P2X7 inhibitor, A438079 (Fig. 6G and fig. SOF). However, treat-
ment with A438079 failed to affect IL-1B and TNFa levels (Fig. 6H),
suggesting that P2X7 has no effect on NF-kB signaling activation.
Moreover, we found that P2X7 levels were increased in AD mice and
that knockout of Calhm2 inhibited this increase (Fig. 6, 1and J). We
found that microglial deletion of Calhm2 reduced P2X7-positive microg-
lia around AP plaques (fig. S9, G and H). Furthermore, conventional
knockout Calhm?2 or conditional microglial knockout of Calhm2 both
decreased NLRP3 inflammasome activation in AD mice (Fig. 6,
KandL, and fig. S9, I and]), suggesting a beneficial role of Calhm2 in
the regulation of NLRP3 inflammasome activation. The combined
effects of Calhm2 on P2X7 membrane localization and downstream
activation of the NLRP3 inflammasome further demonstrated the
role of Calhm?2 in regulation of inflammatory activation.

In summary, our present work showed that microglial Calhm2
regulates inflammatory activation and contributes to the develop-
ment of AD and LPS-induced neuroinflammation, in which calcium
influx, NF-kB signaling, P2X7 membrane localization, and NLRP3
inflammasome activation are mutually involved in AD-associated
microglial dysfunction, presenting a potential therapeutic target for
neuroinflammation-related diseases (Fig. 6M).

DISCUSSION

As one of the most common neurodegenerative diseases, AD has
been studied for more than 100 years. Although multiple pathological
theories have been raised, the underlying mechanism is still unclear,
leading to few successful treatments to date. As the predominant
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immune cells, microglia are critical to the pathophysiology of AD
via the secretion of inflammatory cytokines and direct phagocytosis
of AB (36, 37). In this study, we found that Calhm?2 levels increased
in AD brains. By using a well-characterized 5xFAD mouse model
and crossing it with conventional Calhm2 knockout mice, neuronal
Calhm?2 knockout mice, and microglial Calhm2 knockout mice,
we found that conventional deletion of Calhm2 and conditional
deletion of microglial Calhm2 both significantly decreased AB
deposition/plaque formation and glial activation and led to signifi-
cant improvement in the cognitive impairments. Therefore, our
results strongly support the role of Calhm2-mediated microglial
activation in the progression of AD.

Mechanistically, knockout of Calhm2 largely inhibited innate
immunity signaling genes, especially NF-xB and MAPK signaling.
Furthermore, we demonstrated that knockout of Calhm2 inhibited
microglial immune response and inflammatory cytokines levels
in vivo and in vitro, suggesting that Calhm2 positively regulates mi-
croglial activation. Taking IL-1p as an example, this inflammatory
cytokine could suppress microglial phagocytosis of AP (6, 27). Here,
we found that IL-1 levels increased in AD mice; however, knock-
out of Calhm2 decreased IL-1p levels in both isolated microglia and
the brain of AD mice. Moreover, knockout of Calhm2 increased
microglial phagocytic activity of AP. Further, microglial RNA-seq
data and bioinformatic analysis showed that Calhm?2 deficiency also
reduced inflammatory activation levels but enhanced protein ubiq-
uitination and proteolysis pathways. We found that microglial
Calhm2 deficiency increased TREM2 levels in primary microglia
in vitro and TREM2 immunostaining signals in AB plaques sur-
rounding microglia in the brain. TREM2 has an important role in
AD development, which is demonstrated to be an A receptor (5).
TREM2-DNAX activating protein of 12 kDa (DAP12) signaling
facilitates microglial phagocytosis and suppresses neuroinflammation.
Moreover, the mutations or different cleavage forms of TREM2
make its role more complicated (38-40). Previous studies show that
TREM?2 signaling antagonizes Toll-like receptor (TLR) expression
and downstream inflammatory cytokine levels mediated by NF-xB
signaling. Meanwhile, activation of TLR signaling by LPS stimula-
tion decreases TREM2 expression (41, 42). Moreover, miR-34a, an
NF-«B signaling-sensitive microRNA that is highly expressed in patients
with AD, has been shown to regulate TREM2 expression in a post-
transcriptional manner (43). These results suggest that there is a balance
between NF-kB signaling activation and TREM2-mediated phagocytic
activity. Calhm2 knockout inhibited microglial proinflammato-
ry activation but increased phagocytic activity, leading to restoration
of the balance between inflammation and phagocytosis in AD.

In the CNS, multiple lines of research have shown that calcium
dysfunction, especially in neurons, is closely associated with the de-
velopment of AD, thus raising a calcium-centered hypothesis for
AD (44, 45). Involvement of multiple types of calcium channels in
AD have been reported, including voltage-operated calcium chan-
nels, store-operated calcium channels, neurotransmitter receptors,
and Calhm1 (46-48). Moreover, genetic knockout of calcium chan-
nels and specific pharmacological inhibition have protective roles
in AD pathology and even in the cognitive function in AD models
(46, 47). However, this knowledge does not rule out the role of
microglia in this process. Moreover, until now, the role of calcium
signaling in microglia in the context of AD has been largely unknown.
In vitro experiments show that stimulation of AB can increase intra-
cellular calcium levels and induce the activation of the NLRP3
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inflammasome in microglia (17). Furthermore, the calcium channel
blocker, nicardipine, could significantly inhibit LPS/IFN-y-induced
microglial activation (19). Activated microglia and increased inflam-
matory cytokines are observed in the brain of patients with AD. Re-
cently, impairments in calcium homeostasis has been observed in
cultured microglia from patients with AD (49), implicating a rela-
tionship between calcium signaling and microglial activation. In
this study, we found that Calhm?2 increased in AD mice, consistent
with the increase in human Calhm?2 from patients with AD. Condi-
tional knockout Calhm2 in microglia significantly decreased AB
deposition/plaque formation and cognitive impairment. Together,
we have identified Calhm?2 as a calcium channel in microglia that
plays an important role in the progress of AD in a mouse model.
This adds to the literature and provides a deeper understanding of
the mechanism underlying microglial activation, suggesting a po-
tential therapeutic candidate for AD treatment.

To better characterize the role of Calhm2 in microglia, in addition
to using an AD mouse model, we also used an acute LPS-induced
inflammatory model, finding that conventional knockout of Calhm2
markedly decreased inflammatory cytokines levels and prevented
microglial morphological changes. In addition, conditional knock-
out of Calhm2 in microglia also significantly inhibited these changes,
but with less marked effects compared with the conventional knock-
out. Moreover, the direct role of Calhm2 in microglia was confirmed
in vitro using primary microglia culture. Together, these results
demonstrate that Calhm?2 is also involved in LPS-induced acute in-
flammatory activation. Moreover, we argue that apart from microglia,
Calhm2 might also function in peripheral immune cells in related
diseases, such as sepsis and bacterial infections, warranting further
investigation. Recently, the protein structure of human Calhm?2 has
been identified (50, 51), which could be beneficial for the under-
standing of the functions of Calhm2 and designing a drug screen-
ing system.

The NLRP3 inflammasome is well characterized in AD. NLRP3
knockout or a dysfunction of its key signaling components signifi-
cantly reduces AB-induced microglial activation in vitro (52), de-
creases AP deposition or Tau pathology, and alleviates cognitive
impairment in AD mouse models (6, 7). Here, we found that
Calhm?2 knockout also significantly decreased NLRP3 inflammasome
activation. Mechanistically, we found that Calhm2 not only regu-
lates the transcriptional levels of IL-1p via NF-«B signaling but also
functions in the interaction between P2X7 and NLRP3. P2X7 acts as
a cation channel that is highly expressed on microglia, which inter-
acts with NLRP3 and regulates its activation (17, 32, 33). Inhibition
of P2X7 decreases microglial inflammatory activation and increases
phagocytic activity upon AP stimulation in vitro (53). Moreover,
P2X7 deficiency, induced by genetic deletion or pharmaceutical in-
hibition, also presents a beneficial role in AD (54, 55). Here, we
found that knockout of Calhm2 decreased the membrane-bound
P2X7 on microglia, density currents, and interaction with NLRP3,
suggesting an important role of Calhm?2 in regulating P2X7 in the
microglia. However, some interesting questions remain: (i) Why is
Calhm?2 increased in activated microglia? Our preliminary data
show that AP stimulation could induce an increase in the transcrip-
tional levels of Calhm2 in microglia. However, the downstream
signaling pathway needs to be investigated. (ii) How does Calhm2
regulate P2X7 membrane localization? P2X7 acts as a protein traf-
ficking molecule between the endoplasmic reticulum and the cell
surface (56). Until now, what regulates the P2X7 trafficking
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mechanism remains unknown. In our RNA-seq data analysis,
knockout of Calhm2 also inhibited vesicle formation and transport,
suggesting that vesicle processes might be involved in this
mechanism.

Together, in this study, we demonstrated that microglial Calhm2
is not only involved in chronic inflammatory diseases, such as
AD, but also has a role in acute inflammatory reactions, suggest-
ing an important role in microglial activation and providing a po-
tential therapeutic target for diseases related to microglia-mediated
neuroinflammation.

MATERIALS AND METHODS

Human brain tissue

The human brain tissue was provided by National Human Brain
Bank for Development and Function, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China. The
information of human brain samples of control and patients with
AD were included in table S1.

Mice
Calhm2™~ mice and Calhm2"™"** mice were generated as described
in our previous studies. The 5XFAD mice expressing five familial
AD gene mutations have been described (16) and were provided by
C. Zhang (Peking University, Beijing, China). Cx3cr1-CreER mice
(purchased from the Jackson laboratory) and CamKIlo-iCre mice
(57) were crossed with Calhm2fo* mice, respectively. Mice were
maintained in the Animal Care Facility at our institute, under am-
bient temperatures (26° £+ 1°C), with a 12-hour light/12-hour dark
cycle with unlimited access to standard rodent chow and clean water.
All animal experiments were approved by the Institutional Animal
Care and Use Committee at Beijing Institute of Basic Medical Sciences.
Tamoxifen (Sigma-Aldrich, catalog no. T5648) was dissolved in
corn oil (Sigma-Aldrich, catalog no. C8267). Mice were adminis-
trated a total dose of 20 mg of intragastric tamoxifen for three con-
secutive days.

RNA ISH

ISH experiments were performed in 6-month-old WT and AD
mouse brain sections (15 um) according to the manufacturer’s pro-
tocol (Advanced Cell Diagnostics).

MWM test

Learning and memory were measured using the MWM test as pre-
viously reported but with some modifications (15). For the visible
platform test, mice were trained in two trials per day for 4 days, with
visible platform tagged by a flag in the water maze (22°C) and tested
at day 5. For the invisible platform test, mice were trained three
times per day for 6 days with the platform hidden, spatial cues pre-
sented, and different starting locations for each trial. The average
latency to reach the platform was recorded for each trial. On day 7,
the platform was removed, and the time spent to cross the platform
for the first time, quarter preference, cross platform number, and
velocity were recorded.

Open-field test

Mice were subjected to the open-field tests for three consecutive
days. Briefly, mice were placed in a quiet and dimly lit environment,
and spontaneous activity was monitored for a 5-min period in the
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apparatus (50 cm x 50 cm x 20 cm). The movements of the mice
were analyzed by ANY-maze software.

Microglia isolation from mice brain

Microglial isolation from adult brains was performed as our recent
study with some modifications (58). Briefly, 6-month-old mice
were anesthetized by pentobarbital sodium (70 mg/kg, dissolved in
saline) via intraperitoneal injection and perfused transcardially
with saline. Whole brain tissue was freshly harvested, cut into small
pieces, suspended in Dounce buffer [1.5 mM Hepes and 0.5% glu-
cose in Hanks’ balanced salt solution (HBSS) buffer], and homoge-
nized gently using a Dounce homogenizer. Brain tissue homogenates
were suspended in phosphate-buffered saline [PBS; NaCl (8 g/liter),
KCI(0.2 g/liter), Na,HPOy (1.44 g/liter), and KH,PO, (0.24 g/liter)],
filtered with cell strainers (70 pm), and centrifuged at 600g for
6 min (4°C) to collect the cell pellets. Then, 100% Percoll solution
was prepared with absolute Percoll (GE Healthcare), dissolved in
10x PBS (9:1), and further diluted (v/v) to 70, 37, and 30% with
PBS. Cell pellets were suspended in a 37% Percoll solution. Microglia
were isolated by density gradient centrifugation. Density gradient
was added into 15-ml centrifuge tubes, by layers of Percoll solution
from bottom to top containing: 70%, 37% (with cell suspension),
and 30% Percoll solution and PBS. Centrifugation was carried out
in a horizontal centrifuge at 2000g for 30 min (4°C). Microglia were
converged on the interphase between the 37 and 70% Percoll solu-
tion. Isolated microglia were washed with 10x volumes of PBS and
centrifuged at 600g for 6 min (4°C). Microglia was further purified
by CD11b MicroBeads (Miltenyi Biotec, 130-093-634) according to
the manufacturer’s protocol.

RNA-seq and bioinformatics analysis
Six mice were chosen from each group. Isolated microglial cells from
every three mice were mixed to one sample, after which the RNA
extraction and purification were performed. Aliquots of mRNA
from three mice in each group were extracted and purified by the
NucleoSpin RNA Plus XS Kit (Macherey-Nagel). Libraries were
constructed using the Smart-Seq” method as previously described
(59) and sequenced with 10-G depth and paired-end reads on an
Ilumina HiSeq platform for PE150, performed by Annoroad Gene
Technology (Beijing, P. R. China; www.annoroad.com).
Differentially expressed genes (log, fold change > 0.5, adjusted
false discovery rate < 0.05) between two groups were analyzed using
DESeq2 v1.28.1. Since all mice used in this study were male, there
was no requirement to adjust the P value according to sex when dif-
ferentially expressed genes were identified. Enriched pathway analy-
sis for differentially expressed genes was conducted by KOBAS 3.0.
The rich factor was calculated by dividing the number of differen-
tially expressed genes by the number of all genes in this GO category.
GSEA was performed using GSEA v2.0.14 software (www.broadinstitute.
org/gsea/index.jsp). Heatmap representation of gene expression was
generated by the “pheatmap” package of R (https://CRAN.R-project.
org/package=pheatmap).

Acute LPS injection

LPS (0.5 mg/kg; Millipore) administration was done via intra-
peritoneal injections according to the procedure previously de-
scribed (31). Briefly, mice were treated with a single or double
dose of LPS. Each injection was separated by 24 hours. Saline
was injected to the control groups. Whole brains were collected
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3 hours after the final injection for immunofluorescence experi-
ments, and hippocampal and cortical tissue were collected for
qPCR experiments.

Calcium level detection

Primary microglial cells (2 x 10°) were cultured in a glass-bottom
petri dish overnight. Fluo-4 acetoxymethyl ester (5 ng/ul; Thermo
Fisher Scientific) was added into medium and incubated at 37°C for
30 min, followed by washing (x2) with wash buffer [20 mM Hepes
(pH 7.4), 0.5 mM MgCl,, 0.4 mM MgSOy, and 5 mM glucose in
1x HBSS]. The cells were incubated with culture medium at 37°C
for 30 min. The dish was affixed on a Leica confocal microscope,
and the medium was changed. Excitation was performed at 488 nm.
The average intensity of the 1-min recording was defined as Fy. The
buffer was replaced with an experimental buffer (1 mM ATP). The
peak of the 6-min recording was defined as F. Last, calcium activity
was calculated as AF/F,, in which AF = F — F,,.

Electrophysiology assay

Whole-cell patch-clamp recordings of microglial cells were performed
at room temperature using an Axopatch 200B amplifier (Molecular
Devices). Current signals were sampled at 10 kHz, filtered at 2 kHz,
and analyzed by pClamp 10 (Molecular Devices). Pipettes (resistance
ranged from 7 to 10 megohm) were filled with intracellular solution
containing 120 mM KCl, 30 mM NaCl, 0.5 mM CaCl,, 2 mM
Mg-ATP, 10 mM Hepes, and 5 mM EGTA (pH 7.2). The extracel-
lular recording solution comprised 150 mM NaCl, 5 mM KCl, 10 mM
glucose, 10 mM Hepes, 2 mM CaCl,, and 1 mM MgClL, (pH 7.4).
Voltage-dependent current was evoked by pulses from —170 to
+30 mV with a 20-mV increment at a holding potential of =70 mV.
The holding potential of gap-free recording was =70 mV. ATP and
A740003 were dissolved in extracellular recording solution (with-
out Ca**) and applied using a Y tube.

Primary microglial cell preparation and stimulation

Primary microglial cells were prepared from neonatal mice (ages 1 to
3 days old) as previously described (14). Before cell stimulation,
2 x 10° cells were collected and plated into 12-well plates and cul-
tured overnight. Medium was changed to opti-MEM (Thermo
Fisher Scientific, catalog no. 31985070) before cell stimulation. For
the transcriptional assessments of IL-18 and TNF-a, microglia were
stimulated with LPS (1 pg/ml) for 12 or 24 hours. For the analysis of
NEF-«B signaling activation, the microglia cells were stimulated with
LPS (1 pg/ml) for 0.5 or 1 hour. For the assessment of NLRP3
inflammasome activation, microglia cells were primed with LPS
(1 ug/ml) for 6 hours, followed by ATP treatment for 30 min.
A438079 (a selective antagonist of the P2X7 receptor) was added
into the medium 1 hour before the ATP stimulation.

Phagocytosis assays

The phagocytosis assays were performed as previously described
(16). Briefly, primary microglial cells were plated into 24-well plates
and cultured overnight. A final concentration of 1 pg/ml of aggre-
gated FITC-AB;_4, (AnaSpec, AS-60479) was added to the medium
and treated for an indicated time at 37°C. After washing twice with
prewarmed PBS, microglial cells were fixed in 4% paraformaldehyde
(w/v) for 30 min at room temperature, then washed three times
with PBS, and blocked with 10% goat serum (Abcam, catalog no.
ab7481) in PBS containing 0.2% Triton X-100 (Sigma-Aldrich,
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catalog no. V900502). Then, cells were incubated with Ibal anti-
body (1:500; WAKO, catalog no. NCNP24) overnight at 4°C. Alexa
Fluor 546-conjugated secondary antibody (1:500; Invitrogen, catalog
no. A10040) was added for 1 hour at room temperature. Moreover,
the phagocytosis assays were confirmed by adding sure aggregated
ABj_42 (AnaSpec, AS-60479) for indicated time at 37°C, and then
the supernatant and pellet AR were measured by Western Blotting.

Immunohistochemistry and immunofluorescence

All procedures were performed as our previously described studies
(15). Briefly, mice were perfused with saline, and brains were fixed
with 4% paraformaldehyde (w/v) for 1 week. Fixed mouse brains
were cryoprotected in 30% sucrose. Coronal sections were cut, and
sections were stained with GFAP (1:1000; Sigma- Aldrich, catalog no.
G3893), Ibal (1:500; WAKO, catalog no. NCNP24), CD68 (1:500;
Abcam, catalog no. ab53444), TREM2 (1:50; R&D Systems, catalog
no. AF1729), and AP (1:500; Covance, catalog no. SIG-39320).

The quantification of immunohistochemistry (IHC) was analyzed
by the software of Image-Pro Plus (Media Cybernetics Inc.). For
quantification of Calhm2 ISH levels, the spot number of Calhm2
staining in each cell was counted in the indicated brain area. For
Ibal or GFAP IHC levels, we have counted all the intact cells from
same pixel area in the indicated brain area.

Microglial skeleton analysis

The skeleton analysis of microglia was performed as previously
described (60). Briefly, the images were captured in 20 um using
a Z-series stack of Nikon A1 confocal microscope. Skeletonize
[two-dimensional (2D)/3D] plugin of the software Image] (National
Institutes of Health, USA) was used for the skeleton analysis, and
AnalyzeSkeleton plugin was used for the length and process num-
ber analysis.

Biotinylation of microglial cell surface P2X7

Biotinylation of surface P2X7 assay was performed as described
previously but with slight modification (61). Briefly, primary WT or
Calhm2 KO microglia were seeded in a 6-cm cell plate followed by
stimulation with LPS (1 pg/ml) for 6 hours. Then, the cells were
washed three times with ice-cold Dulbecco’s phosphate-buffered
saline (DPBS) (CaCl, and MgCl, free) and incubated with freshly
prepared Sulfo-NHS-SS-biotin (1 mg/ml, diluted in DPBS; Pierce,
catalog no. 21331) for 30 min at 12°C. Nonreactive biotin was
quenched with 50 mM glycine followed by three washes with cold
DPBS to remove unbound biotin. The cells were subsequently lysed
with 500 pl of cell lysis buffer [50 mM tris (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, and 0.1%
SDS] followed by sonication to further disrupt and homogenize the
cells. The resultant lysate was cleared by centrifugation at 14,000 rpm
for 15 min at 4°C. The biotinylated P2X7 in the supernatant was
precipitated by incubation with 30 pl of streptavidin beads (Pierce,
catalog no. 88816) on a rotating wheel at 4°C for 2 hours followed
by four washes with cell lysis buffer. The biotinylated P2X7 bound
to streptavidin beads was eluted with 1x SDS loading buffer and
analyzed by Western blotting.

Immunoprecipitation and immunoblot analysis

Coimmunoprecipitation and immunoblotting were performed as
described previously (14). Human embryonic kidney (HEK) 293T cells
were plated into a six-well plate and cultured overnight. The plamids
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were transfected into HEK293T cells as indicated. Twenty-four hours
later, coimmunoprecipitation and immunoblotting analysis were
performed. Samples were fractionated by SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes (GE
Amersham, catalog no. 10600002). Immunoblots were probed with
the primary antibodies (as shown in table S2) and visualized by
enhanced chemiluminescence (Thermo Fisher Scientific, catalog
no. 32106).

Enzyme-linked immunosorbent assay

Levels of AB;_4 and AB;_4 in soluble or insoluble mouse brain
hippocampal tissue extractions were measured as described before
(16), according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN, USA).

Quantitative RT-PCR

Total RNA was extracted from brain samples or cell samples using
TRIzol reagent (Invitrogen, catalog no. 15596018). One microgram
of RNA was used in a one-step first-strand cDNA synthesis kit
(TransGen Biotech, catalog no. AT341). Quantitative real-time (RT)
PCR was performed using 2x SYBR Green PCR master mix (TransGen
Biotech, catalog no. AQ131) and an Agilent Mx3005P RT-PCR sys-
tem. The primers used for analysis are listed in table S2. The mRNA
levels of tested genes were normalized to Gapdh expression levels.

Statistical analysis

Statistical analysis was performed using Student’s ¢ tests for com-
parisons between two groups, and one-way analysis of variance
(ANOVA) was performed for multiple groups using GraphPad (Prism
GraphPad software). All values are expressed as the means + SEM.
P values < 0.05 were considered significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/35/eabe3600/DC1

View/request a protocol for this paper from Bio-protocol.
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