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eCentral Nervous System Group, Antisense Drug Discovery, Ionis Pharmaceuticals, Inc., Carlsbad, California, USA
fDepartment of Pathology and Laboratory Medicine, David Geffen School of Medicine, University of California—Los Angeles, Los Angeles, California, USA

ABSTRACT Brain lipoprotein receptors have been shown to regulate the metabo-
lism of ApoE and �-amyloid (A�) and are potential therapeutic targets for Alzhei-
mer’s disease (AD). Previously, we identified E3 ubiquitin ligase IDOL as a negative
regulator of brain lipoprotein receptors. Genetic ablation of Idol increases low-
density lipoprotein receptor protein levels, which facilitates A� uptake and clearance
by microglia. In this study, we utilized an antisense oligonucleotide (ASO) to reduce
IDOL expression therapeutically in the brains of APP/PS1 male mice. ASO treatment
led to decreased A� pathology and improved spatial learning and memory. Single-
cell transcriptomic analysis of hippocampus revealed that IDOL inhibition upregu-
lated lysosomal/phagocytic genes in microglia. Furthermore, clustering of microglia
revealed that IDOL-ASO treatment shifted the composition of the microglia popula-
tion by increasing the prevalence of disease-associated microglia. Our results sug-
gest that reducing IDOL expression in the adult brain promotes the phagocytic
clearance of A� and ameliorates A�-dependent pathology. Pharmacological inhibi-
tion of IDOL activity in the brain may represent a therapeutic strategy for the treat-
ment of AD.

KEYWORDS Alzheimers, IDOL, LXR, macrophage, microglia

The APOE genotype is the strongest genetic risk factor for Alzheimer’s disease
(AD). ApoE has been shown to independently influence several key factors that

drive pathogenesis of AD, including �-amyloidosis, tauopathy, and synaptic dys-
function (1–3). The impact of ApoE on amyloidosis has been the subject of intensive
research, since �-amyloid (A�) accumulation and aggregation are key initiators of
complex pathological changes in the brain that culminate in neurodegeneration
years later. Mounting evidence suggests that ApoE primarily influences AD pathol-
ogy via its effects on A� metabolism. ApoE exerts the greatest impact on amyloid-
osis during the initial seeding stage; accordingly, lowering ApoE levels prior to the
formation of A� plaque in APP/PS1 mice reduces A� plaque pathology (4). ApoE has
also been reported to promote A� aggregation (5) and to impair its clearance from
the brain interstitial fluid (6).

In the brain, ApoE functions as a ligand for members of the lipoprotein receptor
family, including low-density lipoprotein receptor (LDLR), LDL receptor-related protein
1 (LRP1), very low-density lipoprotein receptor (VLDLR), and ApoE receptor 2 (ApoER2).
Among ApoE receptors, LDLR and neuronal LRP1 are the principal regulators of ApoE
metabolism, acting to mediate the uptake and degradation of ApoE-containing lipo-
protein particles by brain cells (7). Overexpression of the LDLR in glia cells reduces brain
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ApoE and A� deposition level by enhancing A� clearance (8), suggesting that increas-
ing glial LDLR levels may represent a therapeutic strategy to treat AD.

We previously identified E3 ubiquitin ligase IDOL as a negative regulator of LDLR in
microglia. Loss of IDOL in microglia increases LDLR protein levels, which in turn
facilitates ApoE and A� uptake and clearance by microglia. Ablation of IDOL in both
male and female APP/PS1 mice—a transgenic mouse model of A� amyloidosis—led to
decreased soluble and insoluble A�, reduced amyloid plaque burden, and ameliorated
neuroinflammation (9). Whether pharmacological inhibition of IDOL in the adult brain
can serve as a safe and effective therapeutic strategy to ameliorate A�-related pathol-
ogy remains to be determined. In this study, we utilized an antisense oligonucleotide
(ASO) to therapeutically inhibit IDOL activity in the adult brain of APP/PS1 mouse model
of AD amyloidosis. IDOL ASO treatment reduced soluble and insoluble A� and amyloid
plaque load in the brain and also decreased neuritic dystrophy around plaques.
Importantly, IDOL ASO treatment also improved the cognitive performance of APP/PS1
mice in the Morris water maze. Our results provide validation of the potential utility of
IDOL as a therapeutic target for AD pathogenesis.

RESULTS
ASO treatment reduces IDOL expression in vivo. We optimized a central nervous

system (CNS)-acting ASO against IDOL to enable the inhibition of IDOL activity in the
adult mouse brain. To evaluate the efficacy of the anti-IDOL ASO (here referred to as
IDOL ASO) and determine the optimal dose, five groups of C57BL/6J male mice (n � 5
for each group) received intracerebroventricular (i.c.v.) injection of various doses of
IDOL ASO or PBS (vehicle control) into the lateral ventricle. After a 2-week incubation,
we measured IDOL mRNA level in total brain lysates. IDOL ASO showed high potency
with half-maximal inhibitory concentration (IC50) of 12.5 �g/mice and prolonged sta-
bility with an estimated half-life (t1/2) of 9 weeks (Fig. 1A). A single bolus dose of 40 �g
of IDOL ASO reduced IDOL mRNA level by at least 80% relative to controls by qPCR, and
knockdown of IDOL was seen in all the brain regions examined, including the hip-
pocampus, cortex, thalamus, and cerebellum (Fig. 1B). We chose a 40 �g of IDOL ASO
i.c.v. injection every 2 to 3 months as the optimal treatment strategy for the following
studies. This approach achieves close to maximum IDOL knockdown efficiency with
minimal amount of ASO, thereby minimizing nonspecific effects. Since IDOL is mainly
expressed in the microglia and neurons, we examined the cellular uptake of ASO by
immunohistochemical staining of brain sections with a pan-ASO antibody (Fig. 1C). This
analysis showed that the ASO was taken up by both microglia and neurons. Consistent
with reduced IDOL expression, the protein level of IDOL substrates—LDLR, VLDLR, and
ApoER2—were all increased in the brains of IDOL ASO-treated mice (Fig. 1D), despite
the fact that their mRNA levels remain unchanged (data not shown). We did not
observe changes in body weight or gross behavior associated with IDOL ASO treatment
in our study. When evaluated in contextual fear conditioning and the Morris water
maze, IDOL ASO treatment did not affect the cognitive performance of wild-type mice
(Fig. 1E and F).

IDOL-ASO treatment ameliorates A� plaque pathology. To assess the effects of
brain IDOL inhibition on amyloidosis in an AD mouse model, we administered IDOL
ASO (40 �g/mouse) or vehicle (phosphate-buffered saline [PBS]) via i.c.v. injection to a
cohort of APP/PS1 male mice (n � 8 to 10 per group) at 3 months of age (before the
onset of plaque formation), followed by a booster dose at 6 months of age. Mice were
sacrificed at 8 to 9 months of age and brains were collected for pathological analysis.
We first assessed A� deposition by immunostaining with an anti-A� antibody (82E1).
A� plaque area in IDOL ASO-treated APP/PS1 mice was reduced �50% compared to
controls (Fig. 2A). Quantification of fibrillar plaque load using X-34 dye also showed a
marked reduction (�50%) in the ASO-treated group (Fig. 2B). Next, we biochemically
assessed A�40 and A�42 levels in radioimmunoprecipitation assay (RIPA; soluble) and
Guan (insoluble) fractions of brain lysates. IDOL ASO treatment reduced A�40 and A�42
load in both soluble and insoluble fractions in APP/PS1 mice (Fig. 2C and D). Western
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FIG 1 (A) IDOL ASO administration via i.c.v. bolus injection led to dose-dependent reduction of IDOL mRNA levels in the
brains of C56BL/6j mice. (B) IDOL ASO (40 �g) administration suppresses the IDOL mRNA level across different brain regions
detected by RT-PCR. (C) Immunofluorescent staining of brain sections from PBS- or ASO-treated APP/PS1 mice. Primary
antibody against the general backbone of ASOs (a gift from Ionis Pharmaceuticals) was used to visualize the distribution
of ASOs in brain cells. ASOs (green) are taken up by both neurons and microglia (arrows). (D) Representative Western blot
analysis of total protein lysate from brains of WT mice. (E) Average freezing behavior during the fear conditioning training
(left), average freezing behavior over 5 min, 24 h after training, in the same context in which training was carried out on
day 1 (middle), and average freezing behavior in the different context 48 h after training (right), The tone was played for
the last 2 min. All values are expressed in means � the standard errors of the mean (SEM), using two-way repeated-
measures ANOVA for statistical analysis (*, P � 0.05; **, P � 0.01). (F) Escape latency to find the hidden platform during
training trials of wild-type mice in the Morris water maze (n � 5/group) (left) and time spent in the target quadrant
searching for the hidden platform within a 1-min test duration (n � 5/group) (right).
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FIG 2 (A) Brain sections from APP/PS1 mice were immunostained with anti-A� antibody 82E1, and the extent of A� deposition was
quantified from the cortex (right). (B) Brain sections from the same cohort were stained with X-34 dye, and the fibrillar plaque load was
quantified (right). *, P � 0.05; **, P � 0.01. (C) Soluble (RIPA fraction) A�40 and A�42 levels were measured from the cortex. (D) Insoluble
(guanidine fraction) A�40 and A�42 levels were measured from the same cohort (n � 8 per group). *, P � 0.05; **, P � 0.01. (E) Western
blot analysis of A� and ApoE from RIPA fractions of cortical lysates. (F) The densities of A� antibody-stained plaques and average plaque
sizes were analyzed in the same cohort of mice. (G) Analysis of plaque distribution based on size and the total area covered by plaques
in each group. *, P � 0.05; **, P � 0.01.
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blot analysis of RIPA fractions of brain lysates further confirmed that IDOL ASO
treatment led to reduction of total amyloid species and ApoE levels (Fig. 2E).

To examine the effects of IDOL knockdown on plaque size distribution, we analyzed
the X34-stained data set by grouping individual plaques based on size. We found
reduced plaque density and average size in the IDOL ASO group compared to controls
(Fig. 2F). We also observed a shift in the size distribution of the plaques between
groups. The total area covered by larger plaques (�1,000 �m2) was dramatically
reduced, and plaques larger than 2,000 �m2 were only rarely observed in the ASO
group (Fig. 2G). Together, these results suggested that pharmacological inhibition of
brain IDOL activity is sufficient to reduce A� levels and plaque burdens in APP/PS1
mice. These consequences of acute IDOL knockdown are consistent with our previous
findings of reduced AD-like pathology in IDOL-deficient APP/PS1 mice (9).

Plaque-associated neuritic dystrophy—a well-described consequence of A�-induced
neurotoxicity—is a key feature of pathological processes downstream A� in AD (10). To
investigate the effects of brain IDOL inhibition on plaque-associated neurotoxicity in
vivo, brain sections of control or IDOL ASO-treated APP/PS1 mice were costained with
X-34 and an antibody against lysosomal-associated membrane protein 1 (LAMP1), a
marker of dystrophic neurites. IDOL ASO-treated mice showed a reduction in the
volume of dystrophic neurites (Fig. 3A). We also costained brain sections with X-34 and
amyloid precursor protein (APP; another marker of dystrophic neurites) (11) and again
found a reduction in the volume of plaque-associated dystrophic neurites in IDOL
ASO-treated mice (Fig. 3B). These results suggest that IDOL inhibition in brain amelio-
rates plaque-associated neuritic dystrophy.

Glial cells, including microglia and astrocytes, play essential roles in neuroinflam-
mation and are believed to be responsible for neuronal toxicity and synaptic dysfunc-
tion downstream of A�. To determine the extent of A�-mediated gliosis in control and
IDOL ASO-treated mice, we examined anti-glial fibrillary acidic protein (anti-GFAP)-
positive reactive astrocytes in mice by immunostaining. The IDOL ASO group had fewer
GFAP-positive astrocytes than controls (Fig. 4A), consistent with the effects of IDOL ASO
on amyloid plaque load. To evaluate the changes in the microglial response to amyloid
plaque, we performed histological staining for ionized calcium-binding receptor 1
(Iba1), a marker of activated microglia. Plaque-associated microglial activation was
evident around A� deposits in both groups. However, when corrected with plaque
area, analysis of the Iba1-positive area did not reveal differences between treatment
and control groups (Fig. 4B). Microglia localized in close proximity to A� plaques were
distributed in a circumferential pattern around the plaque periphery and showed an
enlarged cell body size (Fig. 4C), a feature typical of amoeboid microglia with enhanced
phagocytic capacity. Interestingly, microglia in the IDOL ASO-treated group were less
hypertrophic and displayed a reduced cell body size compared to those in the
vehicle-treated group (Fig. 4C).

IDOL ASO treatment improves cognitive function in APP/PS1 mice. To deter-
mine whether reduced plaque load in ASO-treated APP/PS1 mice affected cognitive
functions, including the ability to learn, we treated another cohort of APP/PS1 male
mice (n � 12 per group) with IDOL ASO. Two groups of mice were administered IDOL
ASO (40 �g/mice) or vehicle (PBS) at 3 months of age (before the onset of plaque
formation), followed by two booster doses at 6 and 9 months of age. Mice were then
subjected to behavioral testing at 10 months of age. We first examined hippocampus-
dependent spatial memory acquisition with the Morris water maze (12). APP/PS1 mice
were trained to memorize the location of a hidden, submerged platform in a water-
filled pool over a 5-day period. The ASO-treated group required less time to reach the
platform compared to the control group on days 4 and 5 (Fig. 5A). To determine the
degree of reliance of the mice on spatial versus nonspatial cues to find the platform, we
performed probe trials on day 6 in which the platform was removed. The ASO-treated
group spent more time and traveled longer distances (Fig. 5B) in the quadrant of the
submerged platform. These results suggested that IDOL-ASO treatment improves

IDOL ASO Improves Cognitive Function in APP/PS1 Mice Molecular and Cellular Biology

April 2020 Volume 40 Issue 8 e00518-19 mcb.asm.org 5

https://mcb.asm.org


spatial memory acquisition in APP/PS1 mice. This improvement in performance could
not be attributed to vision or locomotor differences, since both groups performed
similarly in the visible platform test (Fig. 5C, left) and exhibited comparable swimming
speed (Fig. 5C, right).

We next tested cued and contextual-fear conditioning, a paradigm that assesses
hippocampus-dependent (context) and amygdala-dependent (context and cued) fear
learning (13) in vehicle- and IDOL ASO-treated APP/PS1 mice. On day 1, mice were
trained to associate environment and sound with a foot shock. On day 2, mice were
placed back into the same environment and assessed for freezing for 5 min to evaluate
the contextual association with the foot shock. On day 3, mice were placed in a novel
environment for 6 min and assessed for freezing during the last 3 min, when the same

FIG 3 (A) Representative images of brain sections from PBS- or IDOL ASO-treated APP/PS1 mice stained with LAMP1 (scale bars, 100 �m), and the volume of
LAMP1 staining in cortex was quantified (n � 8 per group). (B) Representative images of brain sections from PBS- or IDOL ASO-treated APP/PS1 mice costained
with X-34 and APP, and the volume of APP staining associated with amyloid plaques was quantified (n � 8 per group).
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FIG 4 (A) Representative images of brain sections from PBS- or IDOL ASO-treated APP/PS1 mice costained with X-34 and GFAP, and the volume
of GFAP staining was quantified (n � 8 per group). *, P � 0.05; **, P � 0.01. (B) Representative images of brain sections from PBS- or IDOL
ASO-treated APP/PS1 mice stained with Iba1 (scale bars, 100 �m), and the volume of Iba1 staining normalized to the plaque size was quantified
(n � 8 per group). (C) Representative images of brain sections from PBS- or IDOL ASO-treated APP/PS1 mice stained with Iba1 (scale bars, 10 �m),
and the diameters of the microglia cell bodies around the plaques were quantified (n � 50 microglia from each mouse, and eight mice for each
group were measured). *, P � 0.05; **, P � 0.01.
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tone was played to measure the association of tone with foot shock. Both groups of
mice displayed similar freezing behavior during training (Fig. 5D). On days 2 and 3, both
groups showed a high level of freezing when returned to the same context or
presented with the same tone. ASO-treated mice were not different from control mice
in their ability to memorize the association between shock and the context (Fig. 5E, left)
or auditory cue (Fig. 5E, right). The failure to detect a difference in this test may be due
to the fact that performance in both groups was comparable to wild-type mice (Fig. 1E).

Single cell RNA sequencing reveals enhanced phagocytic function of microglia
in IDOL knockdown mice. Local environmental cues are critical for shaping and
maintaining brain microglial phenotypes in both mice and humans (14, 15). Further-
more, recent studies have highlighted the heterogeneity of microglial populations

FIG 5 (A) Escape latency to find the hidden platform during training trials of APP/PS1 mice in the Morris water maze (n � 12/group). (B)
Representative swimming path of APP/PS1 mice treated with PBS or IDOL ASO (left) and time or distance spent in the target quadrant
searching for the hidden platform within 1 min test duration (n � 12/group) (right). *, P � 0.05 (one-way ANOVA with repeated measures).
(C) Escape latency to find the visible platform and swimming speeds of APP/PS1 mice in each group. (D) Average freezing behavior during
the fear conditioning training. (E) Average freezing behavior over 5 min, 24 h after training, in the same context in which training was
carried out on day 1 (left), and average freezing behavior in the different context 48 h after training. A tone was played for the last 2 min
(right). All values are expressed as means � the SEM, using two-way repeated-measures ANOVA for statistical analysis. *, P � 0.05; **, P �
0.01.
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during brain development (16), in different brain regions (17), and in various disease
states (18). We previously showed that loss of IDOL facilitates A� uptake and clearance
by microglia in vitro (9). However, the role of IDOL in the function of microglia within
physiological environments has not been investigated. To better capture heterogeneity
of microglia and other brain cells, we used single-cell RNA sequencing (scRNA-seq) to
profile the transcriptome of individual cells in mouse hippocampus. Hippocampal cells
from PBS- and ASO-treated APP/PS1 mice (n � 3/group) were isolated 1 week after
behavior testing, and subjected to scRNA-seq with the Drop-seq platform (19). We
obtained data for a total of 14,682 cells (6,888 from the PBS group and 7,794 from the
ASO-treated group) after quality control filtering.

We clustered the hippocampal cells based on their similarities in gene expression
pattern and projected the cells onto two dimensions using uniform manifold approx-
imation and projection (UMAP) (20), and determined cell-type identities of the main
clusters using a mouse hippocampal reference panel (21) (Fig. 6A). Each cell cluster
contained cells from all six samples without batch effects, and there were no clear
clustering differences between the PBS and ASO groups (Fig. 6B). To further confirm cell
cluster specificity, we highlighted known marker genes for each cell type and found
these key genes to be uniquely expressed in their respective clusters, such as C1qc for
microglia and Snap25 for neurons (Fig. 6C to F). By assessing IDOL expression in each
cell type, we confirmed that IDOL was highly expressed in microglia and that its
expression level was effectively reduced by ASO treatment (data not shown). To
determine specific genes and pathways that were altered by IDOL knockdown, we
identified differentially expressed genes (DEGs) between PBS- and ASO-treated groups
within each cell cluster (Table 1) at P � 0.05 and at a false discovery rate (FDR) of �0.05.
Microglia and oligodendrocytes had the largest numbers of DEGs between the PBS and
ASO groups. Annotation of the DEGs with curated biological pathways revealed the
lysosomal pathway as the top enriched biological pathway in microglia. IDOL-ASO
treatment upregulated lysosomal/phagocytic genes, such as those for cathepsins (Ctsb
and Ctsd) and CD63, strongly suggesting that knockdown of IDOL enhanced phagocytic
function of microglia in vivo (Table 1).

To further examine the impact of IDOL ASO treatment on microglia heterogeneity
in APP/PS1 mice, we reclustered and projected the microglia cells in two dimensions
using t-distributed stochastic neighbor embedding (t-SNE) (22) and identified four
distinct subgroups (Fig. 7A) that did not show apparent clustering distinction between
PBS and ASO mice (Fig. 7B). The gene expression patterns of subgroups 0 and 1
resembled the signatures of homeostatic microglia, with high expression of marker
genes such as P2ry12 and Cx3cr1 (Fig. 7C, F, and G), whereas subgroups 2 and 3
resembled disease-associated microglia (DAM), with high expression of marker genes
such as Cst7, Trem2, and ApoE (23) (Fig. 7D, F, and G). The separation of subgroups 0 and
3 from subgroups 1 and 2 was mainly due to differential expression of inflammatory
genes, such as the cytokine genes Il1a, Il1b, and Tnf (Fig. 7E to G). Interestingly,
IDOL-ASO treatment shifted the microglia population to a higher proportion of DAM-
like subgroups 2 and 3 (22.45% in PBS group versus 35.36% in ASO group; P � 0.04154
[Fisher exact test]) (Fig. 7A). Consistently, microglia in the ASO group displayed higher
expression levels of DAM markers, including B2m, Ctsb, Ctsd, Lpl, and Cd63 (Table 1). It
has been shown that DAM cells are abundant near amyloid plaques and actively
participate in phagocytic removal of amyloid plaques (23). Thus, this shift in microglial
populations in IDOL-ASO-treated mice could plausibly be responsible for the reduced
amyloid plaque load.

We also reclustered and projected the general neuronal population onto two
dimensions using t-SNE to identify neuronal subtypes (Fig. 8A and B). The CA neurons
and the subiculum neurons did not clearly separate, since their gene profiles and
physical locations are similar to one another. However, neurons of the dentate gyrus,
interneurons, and Cajal-Retzius neurons were clearly separated from the others and
demonstrated unique gene expression profiles (Fig. 8C and D). Pathway analysis of the
DEGs (P � 0.05) revealed that ASO treatment changed the expression of genes enriched
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FIG 6 (A) Uniform manifold approximation and projection (UMAP) dimensionality reduction plot showing hippocampal cell type cluster
separation. Each colored dot is a cell and different cell types are labeled with different colors. (B) UMAP plot showing no clear cell type
separation by treatment. Red cells originated from PBS-treated mice, and blue cells originated from IDOL ASO-treated mice. (C and D)
Feature plot highlighting the expression of known cell markers: C1qc for Microglia (C) and Snap25 for neuron (D). (E) Heat map showing
distinct cluster-specific gene expression patterns by plotting the top ten marker genes from each cluster (y axis) against the cell types (x
axis). (F) Normalized expression values of top cell-type-specific marker genes are plotted as violin plots, with cell types as rows and genes
as columns. Cells were from three PBS- and three ASO-treated mice.
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TABLE 1 Top enriched pathways among DEGs of major cell types (FDR � 5%) and representative DEGs in the select pathways

Cell type No. of DEGs Top DEG pathway Top four or five representative DEGs

Astrocyte 108 (6) Cholesterol homeostasis Up: Clu. Down: Hmgcs1, Cd9, Alcam
Mtorc1 signaling Up: Bhlhe40, Hspa9. Down: Gapdh, Hmgcs1, Cd9

Endothelial 129 (6) TNFA signaling via NF-�B Up: Fosb, Edn1, Egr1. Down: Klf9, Tsc22d1
Angiogenesis Up: Thbd. Down: Vtn, App, Kcnj8
P53 pathway Up: Fos. Down: Fas, Ccnd3, Tsc22d1, App
Androgen response Up: B2m, Elk4. Down: Sepp1, Ccnd3, Tsc22d1
UV response up Up: Fosb, Tfrc, Fos, Ptprd. Down: Ccnd3
Amyloids Up: Ttr, Cst3, B2m. Down: App, H2afz
Heme metabolism Up: Tfrc, Pqlc1. Down: Sec14l1, Slc2a1, Tcea1
Focal adhesion Up: Cav2, Actb. Down: Itga6, Vtn, Ccnd3

Fibroblast-like 61 Signaling by insulin receptor Down: Sos1, Atp6v1e1, Atp6v0b, Eif4g1
mRNA splicing Down: Hnrnpf, Srsf1, Srsf7, Prpf6
G2/M checkpoint Down: Srsf1, Ythdc1, Notch2, Amd1
Processing of capped intron containing pre-mRNA Down: Hnrnpf, Srsf1, Srsf7, Prpf6

Interneuron 39 Hemostasis Up: Ppp2r5c. Down: App, Zfpm2, Atp1b1, L1cam
Microglial macrophage 170 (16) Lysosome Up: Npc2, Ctsd, Ctsb, Cd63, Hexa

UV response up Up: Cxcl2. Down: Ccnd3, Rhob, Lyn, Junb
GPVI-mediated activation cascade Down: Rhob, Lyn, Plcg2, Vav1, Pik3r1
B cell receptor signaling pathway Down: Lyn, Inpp5d, Plcg2, Jun, Vav1
Phosphatidylinositol signaling system Up: Dgkd. Down: Inpp4b, Inpp5d, Plcg2, Pip4k2a
Androgen response Up: B2m. Down: Ccnd3, Inpp4b, Fkbp5, Mak
Biocarta Ppara pathway Up: Hsp90aa1, Lpl. Down: Nrip1, Jun, Pik3r1
Allograft rejection Up: B2m, Tlr2. Down: Ccnd3, Ccr5, Lyn
Antigen activates B cell receptor leading to

generation of second messengers
Down: Lyn, Plcg2, Vav1, Pik3r1

Hemostasis Up: Cd63. Down: Rhob, Slc8a1, Lyn, Dock4
Biocarta Fcer1 pathway Down: Lyn, Jun, Vav1, Pik3r1
Fc epsilon Ri signaling pathway Down: Lyn, Inpp5d, Plcg2, Vav1, Pik3r1
Leukocyte transendothelial migration Up: Cyba. Down: Rhoh, Arhgap5, Plcg2, Vav1
TNFA signaling via NF-�B Up: Tlr2, Cxcl2, Cdkn1a. Down: Rhob, Junb
Complement Up: Ctsd, Ctsb. Down: Lyn, Dock4, Lgmn
Inflammatory response Up: Tlr2, Rgs1, Cdkn1a. Down: Lyn, Stab1
Interleukin-2 Stat5 signaling Up: Cst7, Ctsz. Down: Ccnd3, Rhob, Rhoh
Pathways in cancer Up: Cdkn1a. Down: Tpm3, Tgfbr1, Runx1, Plcg2
Erbb signaling pathway Up: Cdkn1a. Down: Plcg2, Jun, Nrg3, Pik3r1
Antigen processing and presentation Up: B2m, Ctsb, Hsp90aa1, Tapbp. Down: Lgmn
Apoptosis Up: Cdkn1a. Down: Rhob, Txnip, Jun, Btg2
Signaling by Rho GTPases Down: Srgap2, Rhob, Rhoh, Ophn1, Arhgap25
Fc�R-mediated phagocytosis Down: Lyn, Inpp5d, Plcg2, Vav1, Pik3r1
Chemokine signaling pathway Up: Cxcl2, Ccl3. Down: Elmo1, Ccr5, Lyn
Platelet activation signaling and aggregation Up: Cd63, Dgkd. Down: Rhob, Lyn, Plcg2
Toll receptor cascades Up: Ctsb, Tlr2. Down: Plcg2, Lgmn, Jun
Glioma Up: Cdkn1a, Igf1. Down: Plcg2, Pik3r1
Leishmania infection Up: Tlr2, Cyba. Down: Jun, Ifngr1
P53 pathway Up: Ctsd, Cdkn1a. Down: Ccnd3, Txnip, Jun
Chronic myeloid leukemia Up: Cdkn1a. Down: Tgfbr1, Runx1, Pik3r1

Mural 88 (1) Smooth muscle contraction Up: Lmod1, Calm2, Acta2, Myh11. Down: Tpm4
Muscle contraction Up: Lmod1, Calm2, Acta2, Myh11. Down: Tpm4
Vascular smooth muscle contraction Up: Rock1, Calm2, Acta2, Myh11. Down: Ramp2
Myogenesis Up: Myh11, Smtn. Down: App, Igfbp7, Ablim1
Integrin cell surface interactions Down: Pecam1, Lamc1, Bsg, Vtn
Focal adhesion Up: Rock1, Mylk. Down: Flt1, Lamc1, Vtn

Cajal-Retzius neuron 46 (1) Wnt signaling pathway Down: Csnk1a1, Tbl1x, Ccnd2, Btrc
Neuron dentate 90 (2) Alzheimer’s disease Up: Itpr1. Down: Gapdh, Apbb1, Ndufb4, Ndufc2
Neuron subiculum 93 Oxidative phosphorylation Up: Vdac1, Atp5g3, Afg3l2, Cox6b1. Down: Pdhb
Oligodendrocyte 261 (54) Cardiac muscle contraction Up: Cox6a1, Cox7a2, Cacnb4, Cox4i1. Down: Atp1b3

Pathogenic E. coli infection Up: Arpc1a, Actb, Arhgef2, Actg1, Ywhaz
Biocarta Chrebp2 pathway Up: Ywhaz, Ywhab. Down: Ppp2r2a, Ywhae

Polydendrocyte 95 (4) Cardiac muscle contraction Up: Cox4i1, Cox6a1. Down: Cacna2d3, Cacna2d1
Parkinson’s disease Up: Cox4i1, Cox6a1, Ubb, Atp5e, Pink1
Oxidative phosphorylation Up: Cox4i1, Ldhb, Cox6a1, Atp5e. Down: Timm13
Alzheimer’s disease Up: Apoe, Cox4i1, Cox6a1, Atp5e. Down: Gsk3b
Amyloids Up: Ttr, Cst3, Itm2b, B2m
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FIG 7 (A) t-SNE plot showing microglia subtypes. Each colored dot is a cell, microglia subtypes are labeled with different colors (left), and the percentages
of each subtypes in each treatment group are indicated (right). (B) t-SNE plot shows no clear separation of microglia subtypes by treatment group. Microglia
originating from PBS-treated mice are labeled in red, and microglia originating from IDOL ASO-treated mice are labeled in blue. (C to E) Feature plot
highlighting key marker genes for microglia subtypes. P2ry12, a homeostatic microglia marker gene; Cst7, a disease associated microglia marker gene; Il1a,
an inflammatory microglia marker gene. (F) Heat map showing the distinct transcriptional patterns of the four microglia subgroups. (G) Normalized
expression values of top marker genes for microglia subtypes are plotted as violin plots, with subtypes as rows and genes as columns.
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FIG 8 (A) t-SNE plot showing neuronal subtypes. Each color indicates a different cell type cluster identified. (B) t-SNE plot showing no clear separation
of neuronal subtypes by treatment group. Red cells originated from PBS-treated mice, and blue cells originated from IDOL ASO-treated mice. (C) A heat
map of Drop-seq defined marker genes of major neuronal subtypes shows distinct gene expression patterns between each neuronal subtype. (D)
Normalized expression values of top marker genes for neuronal subtypes are plotted as violin plots, with subtypes as rows and genes as columns.
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in the Wnt signaling pathway in Cajal-Retzius neurons, the oxidative phosphorylation
pathway in subiculum neurons (mostly pyramidal cells), and the homeostatic responses
in interneurons (Table 1).

DISCUSSION

ApoE4 has a powerful impact on the development of late-onset AD. A� turnover
and clearance in the mouse brain in vivo is strongly dependent upon ApoE isoform (6),
suggesting that APOE alleles contribute to human AD risk by differentially regulating
clearance of A� from the brain and that enhancing A� clearance may be a therapeutic
strategy for AD prevention and treatment. It is reasonable to speculate that the
biological effects of ApoE are at least partially mediated by the receptors to which it
binds. LDLR is an ApoE receptor known to regulate brain A� clearance. LDLR deficiency
is associated with increased A� deposition in Tg2576 APP-transgenic mice (24, 25),
while overexpression of the LDLR in the brain enhances A� clearance and decreases A�

deposition (8). These findings suggest that increasing LDLR levels in brain cells could be
beneficial in AD, but it is pivotal to validate tractable approaches to regulate brain LDLR
levels in order to translate basic science knowledge to clinical application. We previ-
ously identified E3 ubiquitin ligase IDOL as a negative regulator of LDLR proteins levels
in microglia and neurons (9). In this study, we examined the effects of IDOL reduction
in adult APP/PS1 mice using an anti-IDOL ASO. IDOL inhibition led to a reduction in A�

pathology, a decrease in neuritic dystrophy around the plaques, and an improvement
in spatial memory. This study suggests that pharmacologically inhibiting IDOL could be
a feasible approach to ameliorate A�-related pathology.

Microglia are professional phagocytes capable of clearing targeted pathogens,
cellular debris, and pathogenic A� in the brain. Previous in vitro studies suggested that
loss of IDOL in microglia enhances the uptake and clearance of A�. In this study, our
scRNA-seq data showed that ASO treatment increased the expression of lysosomal/
phagocytic cell-related genes in microglia in vivo, corresponding to the enhanced
clearance of soluble A� and reduced plaque deposition in the brains of APP/PS1 mice.
High-level expression of genes in phagocytic and lipid metabolism pathways is the
molecular signature of disease-associated microglia (DAM), a recently identified subset
of CNS-resident microglia in the 5XFAD mouse model (23). The existence of DAM in
mice and humans has recently been confirmed in tauopathy AD models (26, 27), aging
(27, 28), and other neurodegenerative diseases, such as amyotrophic lateral sclerosis
(ALS) (29) and multiple sclerosis (30). DAM has been shown to associate with amyloid
plaques and actively participate in the dismantling and digestion of the amyloid
plaques (23). In our exploration of the impact of IDOL on microglia heterogeneity, we
found that IDOL-ASO treatment shifted the microglial populations to a higher propor-
tion of DAM-like subgroups (Fig. 6), despite the fact that ASO-treated APP/PS1 mice had
lower levels of A� and plaque deposition (Fig. 1 and 2). These findings suggest that the
IDOL-LDLR pathway regulates the phagocytotic function in microglia in response to A�

challenge. The underlying mechanisms through which increased LDLR levels enhanced
phagocytic function in microglia remain to be clarified.

Since LDLR is a major metabolic receptor for ApoE, the IDOL-LDLR pathway is
expected to regulate ApoE uptake and recycling in microglia. It has been reported that
ApoE facilitates the microglial response to amyloid plaque pathology (31). We reason
that LDLR may enhance phagocytic activity of microglia through the ApoE pathway.
Given that ApoE also serves as ligand for TREM2 (32), we further speculate that ApoE
may increase phagocytosis of A� by enhancing TREM2 signaling. Future experiments
will address whether the effect of the IDOL-LDLR pathway on microglial phagocytic
function is dependent on ApoE and different ApoE alleles.

When reclustering microglia, we detected two previously identified subtypes: the
homeostatic microglia (subgroups 0 and 1) and DAM (subgroups 2 and 3). Within each
of these subtypes, we also identified subgroups with different expressions of inflam-
matory genes, such as Il1b and Tnfa. Compared to subgroups 1 and 2, microglial
subgroups 0 and 3 were enriched for pathways involved in tumor necrosis factor alpha
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(TNF-�) signaling, interferon gamma (IFN-�) response, and the inflammatory response
(FDR �0.05). The exact role of these microglia subgroups in amyloid pathology remains
unclear and will be a topic for future investigation. Interestingly, inflammatory cytokine
genes (Il1a, Il1b, and Tnfa) were positively associated with the DAM-associated gene
Csf1 in our study (Fig. 6B). CSF-1 is considered a key regulator of inflammatory
responses in the brain. Several lines of evidence suggest that microglial activation is
mediated by a CSF-1/CSF-1R autocrine loop, which results in reactive microgliosis and
the release of inflammatory cytokines (33, 34). Our results are consistent with these
previous findings. It has been shown that CSF-1 increases microglial phagocytic activity
and stimulates clearance of A� (35); however, CSF-1 also mediates microglial-induced
neurotoxicity by promoting the release of inflammatory cytokines. Our result showed
both homeostatic microglia and DAM can be further divided into subgroups with
different Csf1 expression levels (Fig. 6B). It is plausible that these four subgroups may
contribute differently to the pathogenesis of AD. Discovering ways of precisely mod-
ulating microglial inflammation and phagocytosis in AD is an exciting area for future
investigation.

IDOL is also expressed in neurons, where it posttranslationally regulates the level of
neuronal lipoprotein receptors, including ApoER2/LRP8 and VLDLR. IDOL-dependent
regulation of synaptic ApoER2 has been implicated in the modulation of dendritic
filopodium initiation and synapse maturation during the early postnatal stage (36).
ApoER2 has also been shown to functionally couple to NMDA receptors (37) and to
protect against the loss of cortical neurons during normal aging (38). IDOL ASO
treatment increased brain ApoER2 levels in our study (Fig. 1C). Our scRNAseq results
yielded only small number of DEGs in neurons between PBS and ASO groups when
comparing to microglia, suggesting that knockdown of IDOL has more a prominent
impact on microglial functions. However, we cannot rule out the possibility that
enhanced neuronal ApoER2 levels also contribute to the neuroprotective effects of
IDOL knockdown, such as the decreased neuritic dystrophy around the plaques. We are
in the process of evaluating the impact of neuron- and microglia-specific IDOL deletion
on neuropathological progression and cognitive function in AD mouse models. The
results from these studies will offer a better understanding of the mechanisms through
which IDOL impacts AD-related pathology.

MATERIALS AND METHODS
Animals. Male C57BL/6J (000664) and B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax (005864) mice

were purchased from The Jackson Laboratory. All mouse experiments were approved and performed
under the guidelines of the Animal Care and Research Advisory Committees at the University of
California, Los Angeles (UCLA).

Antibodies and reagents. Primary antibodies used in this study are: anti-human amyloid � (N)
(82E1) from IBL Co., Ltd.; anti-amyloid precursor protein antibody [Y188] (ab32136), anti-apolipoprotein
E antibody (ab183596), anti-ApoER2 antibody (ab108208), and anti-LAMP1 antibody (ab25245) from
Abcam; anti-LDL receptor polyclonal antibody from Cayman; anti-Iba1 antibody from Wako; and anti-glial
fibrillary acidic protein (anti-GFAP) from Dako. Anti-VLDLR antibody was a gift from Joachim Herz,
University of Texas Southwestern Medical Center. All secondary antibodies were purchased from Thermo
Fisher or Jackson Immunoresearch. Antisense oligonucleotides (ASOs) targeting IDOL (5=-TTCCTTTTTTC
CACACGCCA-3=) were provided by Ionis Pharmaceuticals, Carlsbad CA. Complete ASO chemistry infor-
mation was as follows. IDOL ASO (Tes Tes mCes mCeo Tes Tds Tds Tds Tds Tds mCds mCds Ads mCds
Ads mCeo Ges mCes mCes Ae), where capital letters indicate base abbreviation, m is 5-methylcytosine,
e is 2=-O-methoxyethylribose (MOE), k is (S)-2=,4=onstrained 2=-O-ethyl (cEt), d is deoxyribose, s is phos-
phorothioate, and o is phosphodiester. When administrating IDOL ASO to a cohort of wild-type mice (two
groups, n � 5 for each group), IDOL mRNA levels were downregulated 92 and 62%, respectively, 1 week
or 2 months after ASO administration. The half-life of ASO was estimated around 9 weeks.

mRNA analysis. mRNA level was determined by real-time RT-qPCR (Diagenode, Denville, NJ) from
RNA isolated from frozen tissues with TRIzol (Life Technologies, Carlsbad, CA) according the manufac-
turer’s instructions. Statistical analysis was conducted using a two-tailed unpaired t test or one-way
ANOVA.

Protein analysis. Proteins were sequentially extracted from brain tissues with RIPA, and 5 M
guanidine buffer in the presence of protease inhibitors as described previously (9). For Western blots,
equal amounts of proteins (10 to 40 mg) were separated on NuPAGE bis-tris gels (Invitrogen), and
membranes were probed with primary and secondary antibodies. Signals were visualized by chemilu-
minescence (ECL Plus; GE Healthcare). Blots were quantified by densitometry with ImageJ software
(National Institutes of Health [NIH]). To quantify A�40 (KHB3481) and A�42 (KHB3441), human ELISA kits
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from Life Technologies were used. Statistical analysis was conducted using a two-tailed unpaired t test
or one-way analysis of variance (ANOVA).

Histological analysis. Brains were sectioned on a cryostat at a 40-mm thickness. For immunofluo-
rescence staining, free-floating sections were blocked with PBS containing 10% normal goat serum (NGS)
at room temperature for 30 min, incubated with primary antibody in blocking solution at 4°Covernight,
and then incubated with secondary antibody at room temperature for 1 h. Sections were mounted on
slides with ProLong Diamond (Life Technologies). For immunohistochemistry, free-floating sections were
treated with 0.3% H2O2 and blocked with 3% NGS. Sections were then incubated with biotinylated 82E1
(1:500) or anti-Iba1 (1:1,000) in blocking solution at 4°C for 24 h. Sections were incubated with biotin-
ylated anti-rat or anti-rabbit IgG antibody (Vector Laboratories) in blocking solution at room temperature
for 1 h. Antibody binding was detected with Vectastain ABC Elite (Vector Laboratories) and DAB
peroxidase (horseradish peroxidase) substrate kits (Vector Laboratories) supplemented with nickel
solution. Sections were dehydrated and mounted on slides with Permount (Fisher Scientific). Images
were captured on a confocal microscopy (Zeiss) and quantified using ImageJ software. Statistical analysis
was conducted using a two-tailed unpaired t test or one-way ANOVA.

Behavior tests. (i) Morris water maze test. The Morris water maze is a stainless-steel circular tank
with a 200-cm diameter. The tank is filled water dyed with white, using liquid tempera paint to make the
water opaque. A platform is placed in one of the quadrants of the pool and submerged 1 cm below the
surface. During the trial, mice were placed in the desired start position facing the tank wall and released
into the water at water level. If a mouse failed to find the platform within 60 s, it was then placed on the
platform for 15 s before being removed. Mice were then placed at a new start location, and the trial
repeated four times/day. On day 6, the probe test (wherein the mouse was allowed to free swim for 60
s with the submerged platform removed) was conducted. The percent time spent in the goal quadrant
was calculated and analyzed for each mouse. The experimenter was blind to the genotype of the animals.
Behavioral data from the training period were analyzed using repeated-measures ANOVA. Data from the
probe test were analyzed using one-way ANOVA. Data from the visual cue test were analyzed using a
two-tailed unpaired t test or repeated-measures ANOVA. All behavioral data were analyzed in Prism 7
(GraphPad Software, Inc.).

(ii) Fear conditioning. To assess fear conditioning, mice were placed in a shock chamber (Med
Associates, Inc.) on day 1 for a 7-min training period; during the last 5 min, the mice were exposed to
three pairings (1-min intervals) of a 20-s tone immediately followed by a 2-s, 0.38-mA foot shock. On day
2, the mice were placed in the training context for 5 min, and the level of freezing was recorded. On day
3, the mice were placed in a different context for 6 min, and during the last 3 min the tone was played.
Mouse freezing was recorded with the FreezeFrame program and analyzed using the FreezeView
program.

Normal nociception of all animal strains was ascertained by registering. One-way ANOVA was used
to analyze the percent freezing scores of the contextual and cue-dependent freezing. All behavioral data
were analyzed in Prism 7.

(iii) Single cell preparation. Single-cell suspensions from bulk tissue were generated as previously
described (39) at a final concentration of 100 cells/�l in 0.01% bovine serum albumin (BSA)-PBS by
digesting freshly dissected hippocampus tissue with papain (Worthington, Lakewood, NJ). Briefly, the
hippocampus was rapidly dissected and transferred into 4 ml of ice-cold Hibernate A (HA; BrainBits LLC,
Springfield, IL)-B27 (Invitrogen, Carlsbad, CA)-GlutaMAX (Fisher Scientific, Hampton, NH) (HABG) and then
incubated in a water bath at 30°C for 8 min (40). The supernatant was discarded, and the remaining tissue
was incubated with papain (12 mg in 6 ml of HA-Ca) at 30°C for 30 min. After incubation, the papain
solution was removed from the tissue and washed with HABG three times. Using a siliconized 9-in
Pasteur pipette with a fire-polished tip, the suspension was triturated approximately ten times in 45 s.
Next, the cell suspension was carefully applied to the top of the prepared Opti-Prep density gradient
(Sigma-Aldrich, St. Louis, MO). The gradient was then centrifuged at 800 � g for 15 min at 22°C. We
aspirated the top 6 ml containing cellular debris. To dilute the gradient material, we mixed the desired
cell fractions with 5 ml of HABG. The cell suspension containing the desired cell fractions was centrifuged
for 3 min at 22°C at 200 � g, and the supernatant containing the debris was discarded. Finally, the cell
pellet was loosened by flicking the tube, and the cells were resuspended in 1 ml of 0.01% BSA (in PBS).
This final cell suspension solution was passed through a 40-�m strainer (Fisher Scientific) to discard
debris, followed by cell counting.

(iv) Drop-seq single-cell barcoding, library preparation, and sequencing. Drop-seq was per-
formed as previously described (19), with the following modifications: (i) the number of beads in a single
PCR tube was increased to 4,000/tube, (ii) the number of PCR cycles was increased to 4 � 11 cycles, and
(iii) multiple PCR tubes were pooled prior to size selection and purification with AMPure XP (Beckman
Coulter, Brea, CA). The amplified cDNAs were then checked using the Agilent TapeStation system
(Agilent, Santa Clara, CA) for library quality, average size, and concentration estimation. The samples were
then tagmented using a Nextera DNA library preparation kit (Illumina, San Diego, CA), and multiplex
indices were added. The Drop-seq library molar concentration was determined by Qubit fluorometric
quantitation (Thermo Fisher, Canoga Park, CA), and library fragment length was estimated using a
TapeStation. Sequencing was performed on an Illumina HiSeq 4000 (Illumina, San Diego, CA) instrument
using the Drop-seq custom read 1B primer (IDT, Coralville, IA). 100-bp paired-end reads were generated
with an 8-bp index read for multiplexing. Read 1 consists of the 12-bp cell barcode, followed by the 8-bp
unique molecular identifier (UMI). Read 2 contains the single cell transcripts.

(v) Drop-seq data preprocessing and quality control. The demultiplexed fastq files from the
Drop-seq sequencing data were processed into a digital gene expression matrix using the dropSeqPipe
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(https://github.com/Hoohm/dropSeqPipe) SnakeMake wrapper for Drop-seq tools version 1.13. Briefly,
read pairs with quality score of �10 were discarded, transcript reads were trimmed to remove TSO
contamination, and poly(A) tails and then aligned to mm10 using STAR v2.5.0c with default settings. A
digital gene expression matrix for each sample was generated, wherein each row is the read count of a
gene, and each column represents a unique cell. The transcript counts of each cell were normalized by
the total number of UMIs for that cell. These values were then multiplied by 10,000 and Ln transformed.
Digital gene expression matrices from the six samples (three PBS- and three ASO-treated samples) were
combined to create a pooled digital gene expression matrix. Single cells were identified from back-
ground noise by using a threshold of at least 250 genes and 500 transcripts.

(vi) Identification of cell clusters. The Seurat R package (version 2.3.1; https://github.com/satijalab/
seurat) was used to project all sequenced cells onto two dimensions using uniform manifold approxi-
mation and projection (UMAP), and Louvain modularity clustering (41) was used to define clusters. To
further refine the microglia and neuronal cell clusters, clusters expressing either microglia- or neuron-
specific markers were pooled, projected onto two dimensions using t-distributed stochastic neighbor
embedding (t-SNE), and reanalyzed separately in a similar fashion, only considering this microglia or
neuronal subset. Briefly, the most highly variable genes were identified using the mean and dispersion
(variance/mean), which were used to scale and center the data. Principal component analysis was
performed on this normalized data, and significant principal components were identified using the
JackStraw permutation-based approach (42). These significant PCs were used in t-SNE and UMAP to
project the data onto two dimensions, and graph-based clustering was used to identify cell clusters.

(vii) Resolving cell identities of the cell clusters. To resolve the identities of the cell clusters, the
single-cell data were mapped with a hippocampal reference data set (21) using FindTransferAnchors and
TransferData in the Seurat Package (43). Cell types were confirmed by comparing marker genes to known
markers for hippocampal cell types and neuronal subtypes (44–46). These markers were sufficient to
confirm all major cell types, as well as neuronal subpopulations.

(viii) Identification of differentially expressed genes (DEGs). Differentially expressed genes were
determined using FindAllMarkers in the Seurat Package. The log fold change was 0.25, and the minimum
fraction of cells expressing each gene was set at 0.10. The Wilcoxon test was used to determine
differential expression. The Benjamini-Hochberg procedure was used to correct multiple testing, and an
FDR threshold of 0.05 was used to determine differentially expressed genes.

(ix) Pathway analysis of DEGs. P values for enriched pathways were determined using a hypergeo-
metric distribution, taking into account the number of overlapping differentially expressed genes with a
pathway, the total number of genes in the pathway, and the total number of genes, and the total number
of differentially expressed genes. All pathways were determined significant or suggestive with a
Bonferroni corrected P value of 0.05. Significant pathways were determined with Benjamini-Hochberg
corrected differentially expressed genes at a threshold of 0.05. Suggestive pathways were determined
with differentially expressed genes at a P value threshold of 0.01.

Data availability. The sequencing data have been deposited to GEO under accession number
GSE142535.
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