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Increased dietary intake of niacin has been correlated with reduced risk of Alzheimer’s disease
(AD). Niacin serves as a high-affinity ligand for the receptor HCAR2 (GPR109A). In the

brain, HCAR2 is expressed selectively by microglia and is robustly induced by amyloid
pathology in AD. The genetic inactivation of Hcar2in 5XFAD mice, a model of AD, results

in impairment of the microglial response to amyloid deposition, including deficits in gene
expression, proliferation, envelopment of amyloid plaques, and uptake of amyloid-p (AB),
ultimately leading to exacerbation of amyloid burden, neuronal loss, and cognitive deficits. In
contrast, activation of HCAR2 with an FDA-approved formulation of niacin (Niaspan) in 5XFAD
mice leads to reduced plaque burden and neuronal dystrophy, attenuation of neuronal loss, and
rescue of working memory deficits. These data provide direct evidence that HCAR2 is required
for an efficient and neuroprotective response of microglia to amyloid pathology. Administration
of Niaspan potentiates the HCAR2-mediated microglial protective response and consequently
attenuates amyloid-induced pathology, suggesting that its use may be a promising therapeutic
approach to AD that specifically targets the neuroimmune response.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia for which there is no
effective treatment. Mounting evidence suggests that the accumulation and aggregation of
amyloid-B (AB) is a key initiating factor in a cascade of events that lead to AD (1). The

AD brain is typified by a robust microglial immune response triggered by Ap accumulation
(2). Furthermore, genetic studies have linked many immune genes subserving this microglial
response to the risk of AD (3, 4). Although microglia have emerged as an important player
in AD pathogenesis and progression, the role of these cells in disease is complex and still
not fully understood.

Increased dietary intake of niacin (nicotinic acid) has been associated with improved
cognitive performance (5) and reduced risk of age-associated cognitive decline and AD

(6). Niacin is obtained principally through diet and is able to cross the blood-brain barrier
(7), as evidenced by its detection in the mouse brain and human cerebrospinal fluid (8, 9).
Thus, we postulated that the actions of niacin within the brain may be of therapeutic utility
for AD. In the brain, it is unlikely that niacin acts through its canonical role as precursor of
nicotinamide adenine dinucleotide (10) because the expression and activity of the enzymatic
machinery required for this conversion are markedly low (11-14). Niacin has been identified
as a high-affinity ligand for the Gi-linked heterotrimeric guanine nucleotide-binding
protein—coupled receptor (GPCR) hydroxycarboxylic acid receptor 2 (HCAR?2), also known
as GPR109A (15-17), which is expressed in the brain and has been shown to modulate
microglial actions in several central nervous system (CNS) disease models (18-22).
Specifically, HCAR2 activation with niacin and other ligands inhibits lipopolysaccharide—
triggered inflammatory responses in microglial cells (18-20). Furthermore, niacin acts
broadly through HCAR?2 to elicit therapeutic effects in a demyelination model by improving
microglial surveillance and increasing phagocytosis and cytokine production (21). Similarly,
niacin treatment was beneficial in a glioblastoma model by increasing microglia chemotaxis
and cytokine production (22). However, it is unknown whether HCAR2 modulation can
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affect microglial functions in AD. We hypothesized that HCAR2 promotes a beneficial
microglia phenotype in AD that can be pharmacologically stimulated by niacin.

Here, we report a robust induction of HCAR?2 in the brain of the amyloidogenic 5XxFAD
mouse model and in patients with AD. Genetic inactivation of Hcar2in the 5XFAD mice
impairs the microglial response to amyloid pathology, accompanied by an exacerbation

of plaque burden, neuronal pathology, and ultimately, cognitive impairment. Conversely,
persistent activation of HCAR2 with a U.S. Food and Drug Administration (FDA)-approved
formulation of niacin, Niaspan, stimulates a broad and complex protective response
mediated by microglia, leading to decreased plaque burden, reduced neuronal loss, and
improved working memory deficits. Our findings support HCAR2 activation as a promising
therapeutic strategy for AD.

Induction of HCAR2 by microglia in AD

To examine whether the expression of the GPCR HCAR2 is altered in AD, we analyzed
Hcar? mRNA expression in the 5xFAD amyloidogenic mouse model and in human AD
brain tissue (Fig. 1). Hcar2 expression was increased in the hippocampus and cortex of
5xXFAD animals during a period of active plaque deposition between 4 and 6 months

of age in both females and males (Fig. 1A). To determine whether the expression of
Hecar2is specifically associated with microglia, we depleted these cells in 4-month-old
5XFAD mice using the CSF1R antagonist PLX5622 (23). The depletion of about 70% of
cortical microglia (24) reduced Hcar? mRNA expression in the 5xFAD brain (Fig. 1B, left).
Furthermore, withdrawal of the CSF1R antagonist (PLX°"°ff) resulted in the repopulation of
microglia and the restoration of Hcar2expression (Fig. 1B, right). These results demonstrate
that the induction of Hcar2 expression in the 5XFAD brain is specifically associated

with microglia. Because microgliosis could be the underlying reason for the increase in
Hcar2 mRNA expression, we analyzed a transcriptomic dataset of sorted microglia from
8.5-month-old 5xFAD mice (25, 26) and found that HcarZ2 expression increased within
microglia cells in the 5xFAD brain (Fig. 1C, top). Moreover, incubation of primary murine
microglia with 5 pM of AB1.4» aggregates for 24 hours resulted in a significant increase (P
< 0.001) in HcarZ expression (Fig. 1C, bottom), consistent with previous findings (27). To
visualize the induction of Hcar2in the 5XFAD brain, we crossed 5xFAD mice with mice
expressing a monomeric red fluorescent protein reporter (MRFP) under the endogenous
murine Hear2 (5XFAD; HcarZ"RFP) which has been previously reported to accurately
reflect Hcar2 expression (28, 29) and used to study Hcar2expression in microglia (30).
Immunohistochemistry (IHC) of4-month-old B6 and 5xFAD; Hcar2"RFP animals revealed
that Hcar2 expression is restricted to ionized calcium binding adaptor molecule 1 (Ibal)-
positive microglia (Fig. 1D), and it is markedly increased in cells surrounding Ap plaques
compared to adjacent uninvolved microglia (fig. S1A). Both mRFP and Ibal colocalize
with the microglia-specific marker P2RY 12 (fig. S1B), validating that HcarZis induced

by brain-resident microglia in the 5xFAD brain, consistent with previous studies showing
the lack of peripheral monocyte infiltration into the brain parenchyma of this model (31,
32). We also observed an induction of Hcar2 mRNA in the brains of 4-month-old APPPS1
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amyloidogenic mouse model (fig. S1C). Furthermore, published transcriptomic analysis of
sorted microglia from the APPPS1 model (33) revealed that Hcar2 mRNA was selectively
increased in microglia associated with neuritic Ap plaques [C-type lectin domain containing
7a (Clec7a)*] compared with microglia not associated with AB plaques (Clec7a™; fig. S1D),
which is in accordance with our results in the 5XFAD model. Analysis of transcriptomic
datasets revealed that Hcar2 expression increases in microglia of PS19 tauopathy mice (fig.
S1E) (34, 35), suggesting that tau pathology can also induce HCAR2 in AD.

We analyzed a human transcriptomic dataset of dorsolateral prefrontal cortex (BA9) tissue
of 157 nondemented controls and 310 patients with AD (GSE33000) (36), which revealed
increased HCARZexpression in AD (Fig. 1E). We validated this finding by analyzing
HCAR?Z2 expression in postmortem brain tissue samples of control subjects and patients
with AD by real-time quantitative polymerase chain reaction (qPCR; Fig. 1E). IHC of
nondemented control (CTRL) and AD postmortem brain sections revealed that HCAR?2
protein expression is selective for Ibal-positive cells and significantly increases (P < 0.05)
in AD (Fig. 1F), which is consistent with our findings in the 5xFAD model (Fig. 1D).
However, the induction of HCAR2 in the human AD brain does not seem limited to the
immediate surroundings of amyloid plaques (Fig. 1F), as observed in the amyloid mouse
models (Fig. 1D and fig. S1B), likely because of the robust and widespread presence of
other triggers such as tau (fig. S1C), but it also might arise from nonspecific interactions
of the antibody. Given the nonspecific immunoreactivity of many GPCR antibodies, we
evaluated the specificity of the anti-HCAR2 antibody by small interfering RNA-mediated
knockdown of HCAR?2 in the human microglial cell line HMC3, which resulted in a
corresponding reduction of HCAR2 immunoreactivity (fig. S1E). Overall, these findings
support that HCAR2 is selectively expressed by microglia in the brain, which is consistent
with RNA sequencing (RNA-seq) datasets (37, 38) and the previous identification of the
HCAR?Z2 gene as part of a core human microglial signature (39). Furthermore, these data
suggest an induction of HCAR2 in the AD brain.

Lack of Hcar2 disrupts microglial actions in the amyloidogenic 5xFAD brain

Amyloid deposition starts very early in AD progression, decades before symptom onset
(40) and initiates a microglial response that includes an increase in HCAR2 expression

(Fig. 1). Thus, we sought to examine the role of HCAR2 in amyloid pathology by

its genetic inactivation in the 5xFAD amyloidogenic model. We crossed 5XFAD with
HcarZ™~ animals to obtain 5XFAD mice lacking the Hcar2 gene (5xFAD; Hear2™").

Lack of Hcar2was validated in brain tissue and primary microglia cultures of Hcar2™”~
animals (fig. S2A). RNA from hippocampal tissue of 6-month-old female 5xFAD; Hcar2''*
and 5XFAD; Hcar2™/~ mice was analyzed using the nCounter Glial Profiling Panel from
NanoString, which comprises 770 genes mainly involved in glial cell biology and in
neurotransmission. Differentially expressed genes (DEGS) [adjusted (adj.) £< 0.05] are
shown in a heatmap (Fig. 2A). Inactivation of Hcar2lead to a significant down-regulation of
40 genes (adj. A< 0.05), and no genes were found to be significantly up-regulated (adj. 2

> 0.05). The Glial Profiling Panel contains genes that are expressed in microglia, astrocytes,
oligodendrocytes, and neurons. However, more than half of the genes down-regulated by
inactivation of Hcar2 are selectively expressed in microglia compared to other cell types, as
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documented in the Barres RNA-seq dataset (Fig. 2A) (37, 38), which is consistent with the
specificity of HCAR2 for microglial cells in the brain (Fig. 1). Furthermore, enrichment
analysis of Gene Ontology terms for Biological Process (GO BP) and WikiPathways
indicates that lack of HcarZrepresses pathways related to immune activation and response,
prominently phagocytosis and the transmembrane immune signaling adaptor TYROBP
pathway (Fig. 2B). Furthermore, GO Cellular Component enrichment analysis indicates
that there is a decrease in the expression of cell surface and membrane components, which
is consistent with reduced immune response and phagocytosis (Fig. 2B). The reduction of
synaptic components in the absence of Hcar2also suggests an effect on neuronal function
(Fig. 2B). We validated the reduction of several DEGs involved in microglia response and
phagocytosis (Sppl, Cst7, Cd68, Trem2, Tyrobp, and Axl) by qPCR in 5XFAD; Hcar2*
and 5XFAD; Hcar2™~. We also analyzed their expression in nontransgenic B6; Hcar2''* and
B6; Hcar2™~ (Fig. 2C). As expected, these genes were robustly increased in 5XFAD mice,
compared to B6 controls; however, this induction was dampened (Cst7, Cd68, TremZ2, and
Tyrobp) or even abolished (Spp and Ax/) by HcarZ? inactivation (Fig. 2C). We observed
no changes in gene expression between B6; Hcar2''* and B6; Hcar2”~ by qPCR, indicating
that Hcar2 does not affect these pathways in the nondiseased brain. Overall, these data
suggest that lack of Hcar2?leads to a deficient response by microglia to amyloid pathology,
prominently associated with decreased phagocytosis and TYROBP signaling.

Lack of Hcar2 curtails microglia engagement with plaques and increases plaque burden

We proceeded with further functional and phenotypic analysis of 5XFAD; Hcar2"!* and
5XFAD: Hcar2™~ mice to understand how the observed transcriptional differences (Fig. 2)
effectively translate into alterations of the microglial response and severity of amyloid
pathology. Thus, we investigated the impact of Hcar2 on plaque pathology and microglia-
plaque interactions in the 5XFAD brain. The subiculum region exhibits the earliest and
most aggressive amyloid accumulation in the 5XFAD model (41). We observed a significant
increase (P < 0.05) in the number of thioflavin S—positive plaques and the area occupied

by these plaques in the subiculum of 4- and 6-month-old 5XFAD mice lacking Hcar2 of
both sexes (Fig. 3A and fig. S3, A and B). Plaque burden was modestly increased in the
hippocampus (excluding subiculum) of 4-month-old animals (fig. S3C) and in the cortex

of 6-month-old female 5xFAD mice lacking Hcar2 (fig. S3A), which is accompanied by

an increase in astrocytosis (fig. S3D). The increased plaque burden in the subiculum of
4-month-old 5xFAD: Hcar2™~ mice is accompanied by reduced Ibal percent area (Fig. 3B).
In agreement, inactivation of Hcar2leads to reduced A/fZ expression in the hippocampus of
4-month-old 5xXFAD but not in nontransgenic control (B6) mice (Fig. 3B), indicating that
this effect is not present in a nondiseased brain. We further examined microglia response to
amyloid pathology by IHC at a later stage of disease in 6-month-old 5xFAD mice. Similar
to 4-month-old animals, lack of HcarZ2reduces Ibal percent area in the subiculum (Fig.
3C), accompanied by a decrease in microglial envelopment of plaques (Fig. 3C). A similar
reduction was observed in the cortex of 5XxFAD; Hcar2™~ mice (Fig. 3D). We quantified
microglia abundance within a radius of 25 um around each plaque to assess microglia
recruitment to plaques, which was significantly reduced (P < 0.001) in the absence of Hcar2
(Fig. 3E). Overall, these data support that lack of HcarZleads to a deficient microglia
coverage and engagement with plaques, which is associated with higher plaque burden.
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Hcar2 is required for efficient microglia proliferation and amyloid uptake

We observed an inhibition of the microglial response in 5XFAD; Hcar2”~ mice, which
results in aggravated plaque burden. Because the area occupied by microglia is decreased

in the brains of 5xFAD; Hcar2™~ compared to 5XFAD; Hcar2** mice, we hypothesized

that HCAR?2 regulates proliferation of microglia in response to amyloid pathology. We
analyzed whether the absence of Hcar2 affects the expression of the proliferation marker
Ki-67 in the brains of 4-month-old 5XxFAD animals. By IHC, we observed significantly
fewer (P< 0.05) Ki-67—positive microglia (Ki-67*/1bal*) in the brains of 5xFAD mice
lacking Hcar2 (Fig. 4A), indicating reduced proliferation. Ki-67 staining was observed
exclusively within cell nuclei (fig. S4A). Because microglial proliferative capacity has

been correlated with increased phagocytic activity (42-44), this reduction in proliferation,
together with the reduced expression of phagocytic genes (Fig. 2) and increased plaque
burden (Fig. 3) observed in 5XxFAD; Hcar2™~, suggests that the lack of Hcar2leads to
defects in Ap phagocytosis. Thus, we examined how HCAR?2 affects total number of
microglia and amyloid uptake in the 5XFAD brain by flow cytometry. We performed an

in vivo microglia phagocytosis assay by intraperitoneal administration of methoxy-X04

(AB marker) in 6-month-old 5xFAD; Hcar2™~ and 5XFAD; HcarZ"!* animals 3 hours before
proceeding to flow cytometry as previously described (45). Microglia were identified by
gating for CD11b* cells (fig. S4B), and in agreement with reduced microglia coverage and
proliferation, we observed a significant reduction (P < 0.05) in the number of microglia
cells in 5XxFAD; Hcar2™~ compared to 5XFAD; Hcar2''* animals (Fig. 4B). On the basis

of the expression of CD45, microglia can be stratified into CD45'W (less activated) and
CD45" (more activated) (fig. S4C). Hcar2 inactivation significantly reduced (P < 0.05)

the number of cells solely in the CD45!"t population, with no significant effects (P=

0.09) on CD45!°W cells (Fig. 4C). Thus, as expected, the absence of Hcar2 reduced the
proportion of CD45/ cells within the total microglia population (CD11b*) while increasing
the proportion of CD45!°W cells, suggesting that lack of AHcar2 limits the activation of
microglia triggered by amyloid pathology (Fig. 4C). The decrease in microglial numbers
(CD11b* cells) was also accompanied by a robust overall reduction of AB uptake (methoxy-
X04%) by this population in 5XFAD; Hcar2~~ animals (Fig. 4D). The percentage of CD11b*
cells positive for methoxy-X04 was only mildly reduced in Hcar2knockout animals (fig.
S4C), suggesting that HCAR2 exerts a minor effect on the intrinsic capacity of microglia

to take up Ap. However, this analysis might not accurately reflect the entire magnitude of
HCAR?2 effects on AP uptake. The percentage of cells phagocytosing AP might be inflated
in 5XFAD; Hcar2™~ animals purely because these mice rely on fewer microglia to clear more
AP, which can obscure deficits in their inherent capacity to uptake amyloid. Thus, to further
examine whether HCAR?2 affects the intrinsic ability of microglia to uptake AB, we cultured
primary murine microglia from Hcar2*'* and Hcar2”~ mice and incubated the cells with an
FDA-approved formulation of niacin (Niaspan) at 1 mM for 24 hours to activate HCAR2,
followed by incubation with 1.25 uM of HiLyte Fluor 488—labeled AR;.42 aggregates for 30
min. Our results show that the basal uptake of AB4.4» was decreased in Hcar2”~ microglia
(Fig. 4E). Moreover, Niaspan treatment increased AB1.4, uptake in Hcar2*'* cells but not in
Hcar2™~ microglia (Fig. 4E), validating that niacin acted through HCAR? to increase AB
uptake. Furthermore, treatment of Hcar2** microglia with lower concentrations of niacin
(100 pM) led to a significant increase (P < 0.05) in the uptake of A as well, which was
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not observed in Hcar2™~ cells (fig. S4E). These results are consistent with previous findings
showing that HCAR2 stimulates phagocytosis of beads and myelin debris by microglia (20,
21). In summary, these data demonstrate that HCAR?2 is required for efficient microglia
proliferation and AP uptake in the context of amyloid pathology.

Lack of Hcar2 exacerbates amyloid-associated neuropathology

Our transcriptomic analyses suggest a disruption of neuronal function in 5xFAD: Hcar2™~
compared to 5XFAD; Hcar2** mice (Fig. 2B). We evaluated working memory in B6 and
5XFAD mice (Hcar2"* and Hcar2™") using the Y-maze task. This assay has been widely
used in the 5XFAD maodel, which shows a robust deficit in working memory starting at
around 4 to 5 months of age (41). We analyzed 4-month-old mice, and although working
memory impairments are still not evident in 5XFAD; Hcar2** animals at this age, 5XxFAD
mice lacking Hcar2 already exhibited significant deficits (P < 0.05), which was not
associated with the number of arm entries (Fig. 5A). Both female and male mice were
analyzed together because we observed no sex-dependent differences within each genotype
at this age. We also assessed motor skills (speed and distance) and anxiety-like behavior
(time immobile) during the Y-maze task between all genotypes and found no significant
differences (P> 0.05; fig. S5A).

In the 5XFAD model, the subiculum undergoes severe neuronal loss as disease progresses.
IHC analysis of NeuN-positive cells revealed increased neuronal loss in the subiculum of
4-month-old 5xFAD; Hcar2™~ compared to 5XxFAD; Hcar2*'* mice (Fig. 5B). Dystrophic
neurites (DNs) are swollen abnormal neurites, abundant in the vicinity of Ap deposits
within the brains of patients with AD and 5XFAD mice (46, 47). DNs are enriched in
lysosomal-associated membrane protein 1 (LAMP-1) and ubiquitin and accumulate neuronal
N-terminal APP (N-APP) (48, 49). IHC analysis revealed an increased colocalization

of LAMP-1 and ubiquitin with N-APP within the subiculum of 5xFAD; Hcar2™~ (Fig.

5C), although the percent area of LAMP-1 and ubiquitin remained similar between

5XFAD; Hear2''* and 5xFAD; Hcar2™~ animals (fig. S5B). In agreement, analysis of
N-APP staining within individual DNs revealed increased accumulation of N-APP in
5XFAD; Hcar2™~ mice (Fig. 5C). We found a significant correlation (2 < 0.05) between
higher content of N-APP in DNs and reduced neuronal numbers (fig. S5C). These results
demonstrate that inactivation of Hcar2 exacerbates neuronal pathology in 5XFAD, including
increased neuronal loss that was associated with accelerated onset of working memory
deficits.

Pharmacological activation of HCAR2 with Niaspan reduces amyloid pathology in 5xFAD

mice

To determine whether the pharmacological activation of HCAR2 could stimulate a beneficial
microglial response after onset of amyloid pathology, we treated 5XFAD animals with

the FDA-approved oral formulation of niacin, Niaspan. It is well documented that female
5xFAD mice exhibit a more aggressive amyloid pathology compared to males (50). Because
both 5xFAD males and females revealed similar increase in Hcar2 expression and similar
exacerbation of amyloid pathology associated with the lack of Hcar2 (Figs. 1, 3, and

5), we opted to eliminate sex-dependent confounds by analyzing the effects of HCAR2
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activation only in male mice. To mimic treatment in a symptomatic stage of disease, we
started Niaspan administration in 5-month-old 5xFAD animals, which already exhibited
working memory deficits (fig. S6A). Animals were treated with Niaspan (100 mg/kg) for
30 days by oral gavage. This dose resulted in a significant increase (£ < 0.001) of niacin
concentration in 5XFAD brain (x6-fold) 30 min after administration (fig. S6B). Treatment
of 5XFAD mice with Niaspan rescued working memory deficits (Fig. 6A), demonstrating

a robust therapeutic effect of niacin. As expected, Niaspan did not alter working memory

in B6 mice (Fig. 6A). The behavioral improvement in 5XxFAD mice treated with Niaspan
was accompanied by reduced neuronal loss in the subiculum analyzed by NeuN staining
(Fig. 6B). Imaging of thioflavin S—positive plaques revealed that treatment of Niaspan
reduced plaque number and area, most prominently, not only in the subiculum but also in
the hippocampus and cortex. (Fig. 6B and fig. S6C). Furthermore, plaque size was reduced
in the subiculum of treated animals (fig. S6D). We have also observed by IHC that Ibal is
entirely colocalized with the microglia-specific marker P2RY 12 in Niaspan-treated animals,
supporting that this treatment does not induce infiltration of peripheral-derived monocytes
into the brain parenchyma of 5XFAD (fig. S6E). These data demonstrate that Niaspan is able
to reduce plaque burden and neuronal pathology in the 5XFAD mice. Because the subiculum
was shown to be the most sensitive area to Niaspan treatment, we analyzed the microglial
response in this region. Reduced plaque burden is accompanied by a mild decrease of Ibal
percent area in Niaspan-treated animals, although plaque coverage by microglia remains
similar between vehicle and treated animals (Fig. 6D). Because both plaque and Ibal areas
decrease with Niaspan treatment, to compare microglia response to amyloid deposition
between untreated and treated animals, we determined the ratio of microglia area to plaque
area. The ratio of Ibal area/thioflavin S area was increased in Niaspan-treated mice (Fig.
6E), which indicates that Niaspan induced a more efficient mobilization of microglia in
response to AP deposition. Furthermore, genes related to plague engagement and amyloid
uptake down-regulated in 5XFAD; Hcar2™~ mice (Fig. 2) were found to be increased in

the hippocampus of Niaspan-treated mice (7remZ2, Ax/, and Cd68) (Fig. 6F). We added
Mrel to the qPCR analysis because this microglial gene involved in phagocytosis has been
shown to be regulated by HCAR?2 (20) and is not included in the nCounter Glial Profiling
Panel. Mrc1 increases with Niaspan treatment (Fig. 6F). Furthermore, Clec7ais an important
marker of microglia engagement with plaques in AD (33), and we observed a significant
induction (P < 0.01) of its expression by Niaspan treatment (Fig. 6F), whereas NanoString
analysis of Hcar2”~ mice revealed no effects on Clec7a expression (fold change = 0.749,
P=0.032, adj. P=0.143). Although plagque envelopment is similar between untreated and
treated animals, the induction of genes related to plaque engagement and amyloid uptake by
Niaspan suggests increased efficiency of microglia in reducing amyloid deposition, which
is supported by our in vitro phagocytosis assay (Fig. 4E). Furthermore, using a Meso

Scale Discovery (MSD) cytokine panel, we observed that microglia stimulation by Niaspan
does not elicit overall changes in brain cytokine concentration, except for a mild increase
interferon-y (IFN-y) (Fig. 6G), which has been reported to have potential beneficial effects
in AD (51, 52).

To validate that Niaspan exerts its beneficial effects through HCAR2, we evaluated the same
dosage paradigm using 5XxFAD; Hcar2™~ mice. In the absence of Hcar2, we did not observe
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an improvement in working memory nor a reduction in neuronal loss in 5XFAD mice treated
with Niaspan (Fig. 7, A and B). In addition, neither plaque burden nor microglia coverage
were altered with Niaspan treatment in the 5xFAD; Hcar2™~ mice (Fig. 7, C and D). The
Niaspan-mediated induction of genes related to plaque envelopment and amyloid uptake and
the increase of IFN-y observed in 5XFAD; Hcar2*'* were abolished in the absence of Hcar2
(Fig. 7, E and F). These observations demonstrate that Niaspan acts through HCAR2 to
stimulate a beneficial microglia response and attenuate amyloid pathology, which validates
the targeting of this receptor as a potential therapeutic strategy for AD.

DISCUSSION

Microglia have emerged as a crucial player in AD pathogenesis and progression (2—4).

The characterization and systematization of microglia transcriptional signatures in AD and
other CNS disorders have led to a more nuanced understanding of the multifaceted roles

of these cells in the normal and diseased brain (33, 53, 54). Microglia represent a highly
plastic and heterogenous population that can exhibit a plethora of phenotypes in AD, which
confounds the development of effective therapeutic strategies directed at these cells. Thus,
the study of specific microglial phenotypes remains critical to understand how to modulate
microglia to achieve therapeutic effects in AD. Here, we report that the niacin receptor,
HCARZ2, acts to limit disease progression in the amyloidogenic mouse model 5XxFAD by
stimulating a protective response of microglia to amyloid pathology. HCAR?2 is required
for efficient microglia proliferation, engagement with amyloid deposits, and engulfment of
AP, which are important microglial features commonly implicated in microglia phenotypes
reported to be beneficial in AD (55-59). The present study reports a therapeutic strategy
for AD tailored to potentiate microglia neuroprotective actions through the stimulation of
HCARZ2. The pharmacological activation of HCAR2 could be achieved by an FDA-approved
formulation of niacin, Niaspan, with relatively minor adverse side effects (60), which might
be repurposed for AD in the clinical setting.

The strategy to pharmacologically stimulate HCAR2 in AD takes advantage that the
expression of this receptor is robustly induced by microglia in the AD brain, which
sensitizes these cells to the actions of HCAR2 ligands. The increase in HCAR2 expression
is robustly induced by amyloid deposition that starts very early in AD progression, and to
a lesser extent, by tau pathology that is present at later stages of AD progression and other
tauopathies.

Niaspan treatment leads to a broad range of positive effects in 5XFAD animals, including
reduction of plaque burden and neuronal loss, as well as rescue of working memory deficits.
The biological actions of niacin are not limited to HCAR2 activation (10); however, our
data show that the beneficial effects of Niaspan in the 5XFAD brain are dependent on

the presence of Hcar2. The dose of Niaspan (100 mg/kg) selected to treat 5XFAD mice

was determined on the basis of available literature (61-63). Furthermore, according to the
human equivalent doses based on body surface area (64), the dosage of Niaspan used to
treat mice corresponds to a daily dosage of about 500 mg of Niaspan in humans, which

is well below the daily maintenance dose used to treat dyslipidemia (1000 to 2000 mg).
Thus, our findings suggest that a low and safe dose of Niaspan might be sufficient to elicit
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therapeutic effects in AD and are consistent with the existing epidemiological data showing
that enhanced dietary niacin is associated with reduced risk for AD (6). Nonetheless, oral
administration of niacin often results in cutaneous flushing, which is triggered by HCAR2-
mediated production of prostaglandins D2 and E2 by COX-1 and COX-2 within epidermal
Langerhans cells and keratinocytes (29, 65). This side effect can be attenuated by aspirin
or other COX inhibitors or by antagonism of prostaglandin receptors such as DP1 (29,

65, 66). Niaspan treatment rapidly and robustly increases niacin concentration in the brain
of 5XFAD mice, validating niacin ability to cross the blood-brain barrier and exert direct
effects in the brain, namely, on microglia. Although we only used male 5xFAD mice in
our treatment cohort with Niaspan, our data clearly support an identical role of HCAR2

in amyloid pathology between sexes. Niaspan treatment of 5XFAD animals was initiated
after the onset of robust amyloid pathology. The animals were treated at 5 months, a stage
of disease in which cognitive deficits are already present because of widespread amyloid
deposition and associated neuropathology. These data support that niacin could potentially
be administered after onset of robust amyloid pathology and perhaps even in symptomatic
stages of AD. Nonetheless, further studies are necessary to assess the efficacy of Niaspan
after longer periods of treatment and its effects on different pathological aspects of AD,
namely, tau pathology.

The stimulation of microglial response through HCAR2 described in this work is consistent
with two recent studies using different models of CNS disease. In each of these cases,
niacin treatment induced a broad response from myeloid cells that attenuated pathogenic
effects. One study reported that niacin is beneficial in a model of demyelination by
modulating macrophages/microglia through HCARZ2, underlined by increased microglia
coverage, cytokine production, and phagocytosis efficiency (21). Another study using a
murine brain tumor model also reported that niacin functioned as immune stimulator and
reactivated inefficient macrophages/microglia to control tumor growth (22). Both studies
report a stimulatory effect of niacin on the myeloid population present in diseased CNS,
composed of both peripherally derived macrophages and microglia. These findings suggest
that the effects of Niaspan on microglia documented in this study might be extendable to
peripherally derived macrophages that may be present in the human AD brain. Furthermore,
niacin has also been investigated as a therapeutic agent for Parkinson’s disease because of
its immunomodulatory and neuroprotective properties (18, 67, 68). Clinical trials of niacin
for Parkinson’s disease and glioblastoma are currently in progress (NCT03808961 and
NCTO04677049, respectively). The ability of HCAR2 to modulate the functions of microglia
and other immune cells in different contexts suggests a broader role for this receptor in CNS
diseases with a neuroimmune component.

There are some limitations to this study. Although our results indicate that microglial
HCAR? acts directly to modulate amyloid pathology, a cautious interpretation is warranted
because our in vivo analysis focused on a constitutive knockout of Hcar2and systemic
delivery of Niaspan. Although it has been shown that 5XFAD mice do not exhibit infiltration
of peripheral monocytes into the brain (31, 32), we cannot rule out that peripheral cells
expressing HCAR2 may also indirectly contribute to the modulation of microglia and
amyloid pathology, for example, through soluble factors. The analysis of a murine model
with inducible microglia-specific inactivation of Hcar2will be an important extension of
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this study, as well as the identification of the molecular mechanisms underlying HCAR2
actions on microglia in AD. We report that 5XFAD mice lacking HcarZ exhibited a deficient
microglia response, which includes a reduction of a subset of transcripts involved in
phagocytosis and immune response. However, we did not assess whether the lack of Hcar2
leads to decreased expression and signaling of these genes by direct regulation or is due to
the observed reduction in microglia numbers or both, which will be important to analyze

in future studies. Although several reports have explored HCAR2 signaling pathways in
different cell types linked to its roles in regulating lipid metabolism and immune functions
(20, 69-73), the microglial pathways directly regulated by HCAR?2 in AD remain largely
unexplored.

In summary, we report a therapeutic strategy to modulate microglia functions in AD
through the niacin receptor HCAR2, which is required for an efficient microglia response
to pathology. We demonstrate that HCAR2 activation with an FDA-approved formulation
of niacin, Niaspan, leads to reduced plaque burden and neuronal pathology and rescue

of working memory deficits in the 5XxFAD mouse model. Thus, niacin is a promising
therapeutic agent for AD with a high translational potential for clinical use.

MATERIALS AND METHODS

Study design

The aim of this study was to determine the therapeutic potential of niacin receptor HCAR2
in AD. We first analyzed the role of HCAR2 in the progression of amyloid pathology

in the AD mouse model 5xFAD. Once we concluded that HCAR2 was responsible

for protective microglial phenotype in the 5XFAD brain, we tested the hypothesis that
pharmacological activation of HCAR2 with the FDA-approved niacin formulation Niaspan
could elicit therapeutic effects in the 5XFAD model. Mice were randomly divided into
vehicle or Niaspan groups. Sample sizes were selected on the basis of pilot experiments
and previous extensive experience with the 5XFAD model and microglia cultures (24, 74—
76). For biochemical outcomes, we used a minimum 7 of three mice in each experimental
group/genotype, mostly 7= 4. For behavioral outcomes, we used a minimum of six mice
per group/genotype. Y-maze and IHC analysis were performed by investigators blinded

to genotype/treatment. Gene expression and flow cytometry analysis were performed
unblinded. All animal studies have been approved by the Indiana University School of
Medicine Institutional American Association for Laboratory Animal Science Care and Use
Committee.

Animal models

5xFAD mice was obtained from the Jackson Laboratory (stock no. 34840-JAX) and
expresses five human familial AD mutations driven by the mouse Thy1 promoter
(APPSwFILon, PSEN1*M146L* L286V]6799Vas) (41). The APPPS1-21 mouse model
(provided by M. Jucker) expresses the Swedish APP mutation (KM670/671NL) and the
L166P mutation in PSEN1 driven under the Thy1 promoter (77). C57BL/6 HcarZ2™~ animals
(15) were provided by V. Ganapathy and S. Offermanns and crossed to 5XFAD animals.
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C57BL/6 Hcar2™?FP mice (28, 29) were provided by M. Schwaninger and S. Offermanns.
Four- and 6-month-old male and female mice were used as detailed in Results.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8 for Windows (GraphPad
Software; www.graphpad.com). Data were first analyzed for normality followed by
statistical tests. The tests used were Student’s ftest, Mann-Whitney test, one-way analysis
of variance (ANOVA) test followed by Tukey’s post hoc test, and Kruskal-Wallis test
followed by Dunn’s post hoc test. Two-way ANOVA test was also applied when it was
required to analyze the effect of two independent variables (factors) on a dependent variable.
If interaction between the factors (A") was found significant (2 < 0.05) for a particular
experiment, then the Pvalues for the main effects are not reported. Two-way ANOVA was
followed by Tukey’s post hoc tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Induction of HCAR2 by microgliain AD.
(A) qPCR analysis of Hcar2expression in the hippocampus and cortex of 4- and 6-month-

old male (&) and female (?) nontransgenic control (B6) and 5XFAD animals (1o = 3

to 8; R =5 to 12 per group). Statistical analysis was performed by two-way ANOVA
(Pt < 0.001) followed by Tukey’s post hoc test. (B) qPCR analysis of Hcar2 expression
in the cortex of 4-month-old 5XxFAD mice treated with the CSFR1 antagonist PLX5622
(PLX) for 28 days (n7= 4 to 9 per group) (left) and discontinued from PLX for 28 more
days (On-Off; 7= 6 per group) (right). Statistical analysis was performed by one-way
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ANOVA (P<0.001) followed by Tukey’s post hoc test (left) and Kruskal-Wallis test
(P<0.01) followed by Dunn’s test (right). (C) Hcar2 expression data obtained from a
dataset of sorted microglia from the brains of 5-month-old B6 and 5XFAD mice (n=5

per genotype) (GSE65067) (top). qPCR analysis of Hcar2 expression in murine primary
microglia cultures incubated with 5 uM AB;.4» aggregates for 24 hours (n= 3 per group)
(bottom). Statistical analysis was performed by Student’s ftest. (D) Visualization of Hcar2
induction (mRFP-red) with immunohistochemistry (IHC) staining for Ibal (green) and
amyloid plaques (MOAB2-blue) in the subiculum (Sub), Hippocampus (Hipp), and Cortex
(Cx) of B6 and 5xFAD; Hcar2RFP mice. Scale bars, 100 pm. (E) HCARZ2 expression
obtained from a human transcriptomic dataset of dorsolateral prefrontal cortex (BA9) tissue
of 157 nondemented controls and 310 patients with AD (GSE33000) (top). gPCR analysis
of HCARZin postmortem middle frontal gyrus tissue of 7 control (CTRL) and 12 patients
with AD (bottom). Statistical analysis was performed by Mann-Whitney test (bottom). (F)
IHC for HCAR2 (red), Ibal (green), and plaques (X-34-blue) in human CTRL and AD brain
and quantification of HCAR2 immunoreactivity (7= 4 to 5 per group). Scale bar, 100 pm.
Microarray datasets GSE65067 and GSE33000 were analyzed using the GEO2R online tool
(www.nchi.nlm.nih.gov/geo/geo?2r/). Data are expressed as mean values + SEM (*£< 0.05,
**p<0.01 and ***P< 0.001).
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Fig. 2. Lack of Hcar2 disrupts microglial pathwaysin the amyloidogenic 5XFAD brain.
(A) Gene expression heatmap of differentially expressed genes (DEGS) (adj. £< 0.05)

between the hippocampus of 6-month-old female 5xFAD; Hcar2*'* and 5XFAD; Hcar2 ™~
mice analyzed by the nCounter Glial Profiling Panel from NanoString (7= 5 per genotype).
ClustVis software (https://biit.cs.ut.ee/clustvis/) was used to perform clustering and generate
the heatmap. Clustering used Euclidean distance and average linkage. Data were subjected
to centering and unit variance scaling (zscores). (B) Top 6 Gene Ontology terms for
Biological Process (GO BP) (top graph), WikiPathways (WP) analysis (middle graph), and
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top 6 GO terms for Cellular Component (GO CC) (bottom graph), using DEGs from (A) and
threshold of adj. < 0.05 (dashed line). (C) qPCR analysis of several DEGs from (A) in
hippocampus of B6 and 5XFAD Hcar2'*, as well as B6 and 5XFAD Hcar2”~ animals (n=

4 to 6 per genotype). Statistical analysis was performed by two-way ANOVA (A" < 0.05)
followed by Tukey’s post hoc test. Data are expressed as mean values £ SEM (*£< 0.05,
**p<0.01, and ***P < 0.001).
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Fig. 3. Lack of Hcar2 curtails microglia engagement with plaques and increases plaque burden.
(A) IHC staining of amyloid plaques with thioflavin S (Thio-S; green) and quantification of

thioflavin S percent area and plague number in brain tissue of 4-month-old male (&) and
female (?) 5XxFAD; Hcar2'* and 5XFAD; HcarZ2™~ mice (16 = 4 to 5; /R = 4 per genotype).
Subiculum (Sub) is magnified on the right. Statistical analysis was performed by Student’s #
test. Scale bars, 500 um. (B) IHC staining for Ibal (green) in the subiculum of 4-month-old
female 5XFAD; Hcar2*!* and 5XFAD; Hcar2 ™~ mice and quantification of total Ibal area

in subiculum (left graph) (7= 4 per genotype). qPCR analysis of A/fI expression in the
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hippocampus of B6 and 5xFAD Hcar2"'* and B6 and 5XFAD Hcar2™/~ mice (n= 3 to 6 per
genotype). Statistical analysis was performed by Student’s #test for Ibal area and by two
way ANOVA (PNt < 0.05) followed by Tukey’s post hoc test for A/fZ expression. Scale bar,
200 pum. (C) IHC staining for Ibal (red) and Thio-S* amyloid plaques in the subiculum of 6-
month-old female 5XFAD; Hcar2"'* and 5xFAD; Hcar2™~ mice. Total Ibal area in subiculum
was quantified (top graph). Ibal coverage of Thio-S* plagues can be visualized by the

color gray in the right IHC panel. Ibal coverage of plagues were quantified and averaged
per animal (bottom graph) (n7= 4 to 5 mice and >200 plaques per genotype). Statistical
analysis was performed by Student’s ttest. Scale bars, 50 um. (D) IHC staining for Ibal
(red) and Thio-S* amyloid plaques in the cortex of 6-month-old female 5xFAD; Hcar2*'*
and 5XFAD; Hcar2”~ mice. Total Ibal area in subiculum was quantified (top graph). Ibal
coverage of Thio-S* plaques can be visualized by the color gray in the right IHC panel.

Ibal coverage of plaques were quantified and averaged per animal (bottom graph) (7=5

to 6 mice and >100 plaques per genotype). Statistical analysis was performed by Student’s
ttest. Scale bars, 50 um. (E) IHC staining of Ibal (red) and Thio-S* amyloid plaques

in the subiculum of 6-month-old female 5xFAD; Hcar2'* and 5XFAD; Hcar2”~ mice. Ibal
coverage was quantified within a circular area with a radius of 25 pm centered on thioflavin
S—positive plaques (7=5 to 6 mice and >100 plaques per genotype). Statistical analysis was
performed by Student’s ftest. Scale bar, 50 um. Data are expressed as mean values + SEM
(*P<0.05, **P<0.01, and ***P< 0.001).
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Fig. 4. Hcar2 isrequired for efficient microglia proliferation and amyloid uptake.
(A) IHC for the proliferation marker Ki-67 (green), Ibal (red), and Ap (6E10; gray) in the

cortex of 4-month-old female 5XFAD; Hcar2** and 5XxFAD; Hcar2™~ mice. The percent of
Ki-67—positive microglia (Ki-67*/Ibal*) cells within the total microglia population (lbal*)
was determined (/7= 4 per genotype). Statistical analysis was performed by Mann-Whitney
test. Scale bars, 100 pm. (B to D) Brain tissue of 6-month-old female 5xFAD; Hcar2!*

and 5XFAD; Hcar2™/~ mice previously injected intraperitoneally with methoxy-X04 were
analyzed by flow cytometry. Microglia cells were stained with CD11b-PeCy7- and CD45-
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FITC-conjugated antibodies. (B) The number and percent of CD11b-positive (CD11b™)
microglia cells were determined and (C) the number and percent of CD45-intermediate
(CD45'") and CD45-low (CD45!°W) within the CD11b* microglia population (CD11b*/
CD45i" and CD11b*/CD45!%W). (D) The number of methoxy-X04—positive (MTX™*) cells
within the CD11b* microglia population (CD11b*/MTX*) was also analyzed (1= 4 per
genotype). Statistical analysis was performed by Mann-Whitney test for the number of
CD11b*/CD45I", For the rest of the data, Student ¢test was performed. SSC-A, side
scatter area. (E) Immunofluorescence of primary murine microglia from Hcar2*'* and
HcarZ™~ mice incubated with Niaspan for 24 hours followed by a 30-min incubation

with aggregates of fluorescently labeled AB1.42 (green). Cells were stained with 4°,6-
diamidino-2-phenylindole (DAPI; nuclei staining, blue) and Ibal (red). Scale bar, 25 um.
Quantification of Ap1.42 uptake by analyzing fluorescence per cell of at least 600 cells for
each condition (n7= 3 per condition). Statistical analysis was performed by two-way ANOVA
(PNt < 0.05) followed by Tukey’s post hoc test. Scale bar, 25 pM. Data are expressed as
mean values + SEM (*P< 0.05, **P< 0.01, and ***P < 0.001).
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Fig. 5. Lack of Hcar2 exacer bates amyloid-associated neuropathology.

(A) Working memory of 4-month-old male (o'; green) and female (?; yellow) B6 and 5XxFAD
Hcar2*™*, as well as B6 and 5XFAD Hcar2™~ mice assessed by percent of spontaneous
alternation in the Y-maze task. Total arm entries were also analyzed. (n7= 25 to 32 mice

per genotype). Statistical analysis was performed by two-way ANOVA for spontaneous
alternation (A"t = 0.1514; pHcarZgenotype < ( 05; pAPgenotype < 0 01) and total arm entries
(PNt =0.1027; pHcaryenotype = g 42: pADgenotype = ) 547) followed by Tukey’s post hoc

test. (B) IHC for NeuN (neurons; red) in subiculum of 4-month-old female B6 and 5xFAD
Hear2*™* as well as B6 and 5XxFAD Hcar2™7~ mice. Quantification of the number of NeuN-
positive cells and total area of NeuN staining within the subiculum (7= 4 to 5 per genotype).
Statistical analysis was performed by two-way ANOVA (A" < 0.05) followed by Tukey’s
post hoc test. Scale bar, 100 pm. (C) IHC for ubiquitin (Ubgt), LAMP-1, and N-terminal
APP (N-APP) to visualize DNs and X-34 to stain for amyloid plaques in the subiculum of
4-month-old female 5xFAD; Hcar2"'* and 5xFAD; Hcar2~~ mice. Percent of colocalization
of LAMP-1 and Ubqt with N-APP was analyzed (left graphs). Visualization of N-APP
staining colocalized with DNs (LAMP-1 positive) (gray) in the right panel. The percent area
of N-APP staining within LAMP-1-positive DN was quantified and averaged per animal (7
=4 mice and >200 DN per genotype). Statistical analysis was performed by Student’s #test
for colocalization data and Mann-Whitney test for N-APP percent area in DN. Scale bar, 50
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pum. Data are expressed as mean values = SEM (*P< 0.05, **P< 0.01, and ***P< 0.001).
WT, wild type; KO, knockout.
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Fig. 6. Niaspan stimulates microglia response and reduces amyloid pathology in AD mice
(A) Working memory of 6-month-old male B6 and 5xFAD mice treated with vehicle (Veh)

or Niaspan (Nia) assessed by percent of spontaneous alternation in the Y-maze task. Total
arms entries were also analyzed (7= 8 to 14 mice per group). Statistical analysis was
performed by two-way ANOVA for spontaneous alternation (A" < 0.01) and total arm
entries (ANt = 0.491; Areatment = ( 123. pgenotype = 0 084) followed by Tukey’s post

hoc test. (B) IHC for NeuN (neurons; red) in hippocampus of 6-month-old male B6 and
5xFAD mice treated with vehicle or Niaspan with magnification of subiculum area (bottom).
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Quantification of total area of NeuN staining and number of NeuN-positive cells and within
the subiculum (n7= 5 to 6 per group). Scale bars, 250 pm. (C) IHC staining of amyloid
plaques with thioflavin S and quantification of thioflavin S percent and plaque number in the
subiculum, hippocampus, and cortex of 6-month-old male 5xFAD mice treated with vehicle
or Niaspan. Subiculum (Sub) is magnified on the right (7= 5 to 6 per group). Statistical
analysis was performed by one-way ANOVA (P < 0.001) followed by Tukey’s post hoc

test. Scale bars, 500 um. (D) IHC staining for Ibal (red) and amyloid plaques (thioflavin

S; green) in the subiculum of 6-month-old male 5XFAD mice treated with vehicle (\eh)

or Niaspan (Nia). Total Ibal area in subiculum was quantified (left graph) (7=5 to 6 per
group). Ibal coverage of thioflavin S—positive plaques can be visualized by the color gray
in the right IHC panel. Ibal coverage of plaques were quantified and averaged per animal
(right graph) (n=5 mice and >200 plaques per group). Scale bars, 100 um. Statistical
analysis was performed by Student’s ztest. (E) Ratio of Ibal and thioflavin S (Thio-S) areas
within the subiculum of 5XFAD animals treated with vehicle (\Veh) or Niaspan (Nia) (7=5
to 6 per group). Statistical analysis was performed by Mann-Whitney test. (F) Expression
analysis by gPCR of several genes implicated in HCAR2 signaling and AD pathology in the
hippocampus of male B6 and 5xFAD mice treated with vehicle and Niaspan (/7= 4 to 13 per
group). Statistical analysis was performed by two-way ANOVA (ANt < = 0.0767; Areatment
< 0.05 = 0.0767; Areatment < g 05 pgenotype = 0 084) followed by Tukey’s post hoc test. (G)
Cytokine concentration in cortical tissue of 5XFAD mice treated with vehicle or Niaspan (7
= 6 per group) quantified by the MSD V-PLEX Plus Proinflammatory Panel 1 Mouse Kit.
Statistical analysis was performed by Student’s ftest. Data are expressed as mean values +
SEM (*P<0.05, **P< 0.01, and ***P< 0.001).
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Fig. 7. Niaspan treatment does not lead to salutary effectsin 5xFAD lacking Hcar2.
(A) Working memory of 6-month-old male B6 and 5XFAD Hcar2”~ mice treated with

vehicle (Meh) and Niaspan (Nia) assessed by percent of spontaneous alternation in the
Y-maze task. Total arms entries were also analyzed (7= 7 to 9 mice per group). Statistical
analysis was performed by one-way ANOVA for spontaneous alternation (P < 0.01) and total
arm entries (P = 0.655) followed by Tukey’s post hoc test. (B) IHC for NeuN (neurons;

red) in hippocampus of 6-month-old male B6 and 5XFAD HcarZ”~ mice treated with vehicle
or Niaspan with magnification of subiculum area (bottom). Quantification of total area of
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NeuN staining within the subiculum (7= 4 per group). Statistical analysis was performed
by one-way ANOVA (P < 0.001) followed by Tukey’s post hoc test. Scale bars, 250 pum.
(C) IHC staining of amyloid plaques with thioflavin S and quantification of thioflavin S
percent and plaque number in the subiculum, hippocampus, and cortex of 6-month-old male
5xFAD treated with vehicle and Niaspan. Subiculum (Sub) is magnified on the right (7=

4 per group). Statistical analysis was performed by Student’s #test. Scale bars, 500 pum.

(D) IHC staining for Ibal (red) and amyloid plaques (thioflavin S; green) in the subiculum
of 6-month-old male 5xFAD; Hcar2~~ mice treated with vehicle (Veh) and Niaspan (Nia).
Total Ibal area in subiculum was quantified (left graph) (n7= 4 per group). Ibal covarage

of thioflavin S—positive plaques can be visualized by the color gray in the right IHC panel.
Ibal coverage of plaques were quantified and averaged per animal (right graph) (7= 4 mice
and >200 plaques per group). Scale bars, 100 um. Statistical analysis was performed by
Student’s ttest. (E) Expression analysis by qPCR of several genes implicated in HCAR2
signaling and AD pathology in the hippocampus of male B6 and 5xFAD Hcar2”~ mice
treated with vehicle and Niaspan (7= 4 to 5 per group). Statistical analysis was performed
by one-way ANOVA (P < 0.05 for TremZ2, Cd68, and Clec7a; P=0.1851 for Axl; P=
0.2377 for Mrcl) followed by Tukey’s post hoc test. (F) Cytokine concentration in cortical
tissue of 5XFAD; Hcar2™~ mice treated with vehicle or Niaspan (/7= 6 per group) quantified
by the MSD V-PLEX Plus Proinflammatory Panel 1 Mouse Kit. Statistical analysis was
performed by Student’s ftest. Data are expressed as mean values + SEM (*P< 0.05, **P<
0.01, and ***P< 0.001).
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