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Abstract

Alzheimer’s disease (AD) is characterized by impaired clearance of amyloid beta (ApB) peptides,
leading to the accumulation of A in the brain and subsequent neurodegeneration and cognitive
impairment. ApoE plays a critical role in the proteolytic degradation of soluble forms of AB. This
effect is dependent upon lipidation of ApoE by ABCA1-mediated transfer of phospholipids and
cholesterol. ApoE and ABCAL are induced by the action of the RXR agonist, bexarotene. We have
previously shown that bexarotene reduces AP levels in AD mouse models and we have
hypothesized that this effect requires ABCA1-mediated lipidation of ApoE. To test this

hypothesis, we crossed ABCA1-deficient (ABCA1 KO) mice with the APP/PS1 model of AD.
Aged ABCA1 WT and ABCA1 KO APP/PS1 mice were treated for 7 days with vehicle or
bexarotene (100 mg/kg/day). Bexarotene reduced levels of soluble AB 1-40 and 1-42 in the
hippocampus of ABCA1 WT but not ABCA1 KO APP/PS1 mice. In contrast, insoluble levels of
AP, and plaque loads were unaffected by bexarotene in this study. ABCA1 KO mice had increased
levels of inflammation compared with ABCAL WT mice. Bexarotene also increased most
inflammatory gene markers evaluated. The effect of bexarotene on microglial inflammatory
profiles, however, was independent of ABCA1 genotype. Importantly, bexarotene ameliorated
deficits in novel object recognition in ABCA1 WT but not ABCA1 KO APP/PS1 mice. These data
indicate that ABCA1-induced lipidation of ApoE is necessary for the ability of bexarotene to clear
hippocampal soluble Ap and ameliorate cognitive deficits.
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Introduction

Alzheimer’s disease (AD) is characterized by impaired clearance of amyloid beta (AB) from
the brain, leading to the accumulation of AR and subsequent deposition of A plaques,
hyperphosphorylation of tau, and neuronal death (Wildsmith et al. 2013). In non-diseased
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human brains, the rate of production and clearance of Ap are 7.6 % and 8.3 %, respectively
(Bateman et al. 2006). Thus, even minor deficits in Ap clearance will lead to accumulation
and deposition. Notably, the strongest genetic risk factor for AD is apolipoprotein E (APOE)
genotype, with the Apoe4 allele conferring an increased risk of AD (Verghese et al. 2011).
Furthermore, the rate of clearance of Ap is dependent on the apoE isoform, with the half-life
of AB in the brain of aged AD mice being drastically increased by possession of a human
ApoE4 allele (Castellano et al. 2011). These findings implicate cholesterol metabolism and
transport as being integral to the pathophysiology of AD.

ATP-binding cassette A1 (ABCAL1) is a six-transmembrane protein that shuttles lipids and
cholesterol onto lipid-free apolipoproteins, which act as a scaffold for the formation of HDL
particles. Apolipoprotein A1 (ApoALl) is the main lipoprotein in the periphery, while ApoE
is the principal lipoprotein in the brain. ABCAL1 is necessary for the creation of HDL
particles, as genetic deletion of ABCA1 nearly abolishes lipidiation of apoliproteins
throughout the body (Hirsch-Reinshagen et al. 2004). Thus, ABCAL is the essential step for
reverse cholesterol transport in the body. This is relevant because we, and others, have
identified lipidated ApoE as an essential mediator of proteolytic degradation of soluble
forms of AB in the context of AD (Cramer et al. 2012; Donkin et al. 2010; Jiang et al. 2008).
Furthermore, genetic inactivation of ABCAL resulted in increased levels of soluble and
insoluble AB and increased plaque pathology in various mouse models of AD (Hirsch-
Reinshagen et al. 2005; Koldamova et al. 2005; Wahrle et al. 2005). In contrast, genetic
overexpression of ABCAL caused a pronounced reduction in levels of soluble Ap and
plaques (Wahrle et al. 2008). These data strongly point to ABCA1-mediated lipidation of
ApoE being necessary for the efficient clearance of A from the brain.

ABCAL is transcriptionally regulated by nuclear receptors -Liver X receptors (LXRs) and
Peroxisome Proliferator-activated gamma receptors (PPARys) (Koldamova et al. 2010).
These receptors act as lipid sensors to regulate reverse cholesterol transport. LXRs and
PPAR-ys form obligate heterodimers with Retinoic X Receptors (RXRs), thus, both LXRs
and PPARys will be activated by agonists of RXR. Nuclear receptors have been identified as
potential therapeutic targets in AD. Indeed, agonists of nuclear receptors have been shown to
reduce AP pathology and improve cognition in mouse models of AD (Skerrett et al. 2014).
Importantly, functional ABCAL was necessary for the LXR agonist, GW3965, to reduce Ap
pathology and reverse deficits in novel object recognition (Donkin et al. 2010). However, it
is possible that nuclear receptor agonists may work through additional mechanisms, such as
altering the inflammatory status of microglia (Zelcer et al. 2007).

We have previously shown that bexarotene, an FDA approved RXR agonist, was effective in
reducing levels of AB and improving cognitive ability in the APP/PS1 mouse model of
amyloidosis (Cramer et al. 2012). In the present study, we test the hypothesis that ABCAL is
necessary for the action of bexarotene. We show that ABCAL1 is necessary for bexarotene-
mediated clearance of soluble AR from the hippocampus of APP/PS1 mice and for improved
cognition in novel object recognition. We also show that bexarotene induces inflammatory
changes that are independent of ABCAL genotype.
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Methods

Experimental Design and Animal Model

APP/PS1Ae9 (APP/PS1) mice on a C57BI/6 background from Jackson Labs were used.
APP/PS1 mice express human APP under the prion promoter with the Swedish (K670M/
N671L) mutations and the human PS1 gene deleted for exon 9 (Jankowsky et al. 2001).
ABCAL1 null (KO) mice on a DBA background were crossed with APP/PS1 mice to generate
ABCAL wild-type (WT) and ABCA1 KO APP/PS1 mice. All mice that were used were on a
mixed C57BI/6/ DBA background. Unless otherwise specified, ABCA1 WT and ABCA1
KO refer to these genotypes crossed with APP/PS1 mice. In addition, ABCAL KO and
ABCAL WT nontransgenic controls (i.e., not containing human APP and PS1 genes;
ABCA1 KO/nt and ABCA1 WT/nt), were included as behavioral controls and baseline
inflammation controls. To complete the study, 4 separate age-matched cohorts of female
mice were evaluated to yield an n of at least 10-12 for each group. Mice were treated for 7
days with vehicle (water) or bexarotene (Targretin™, Valaent Pharmaceuticals), and the
contents of the capsule was dispersed in water to maintain microcrystalline drug formulation
at 100 mg/kg/day then administered by oral gavage. In the last days of treatment, mice were
evaluated for cognitive performance in the open field test (OFT) and novel object
recognition test (NOR; day 5), and contextual fear conditioning (CFC; days 6 and 7).
Following drug treatment and behavioral testing on day 7, mice were sacrificed and the brain
was removed. The left hemisphere of the brain was fixed and processed for
immunohisotochemistry, and the right hemisphere of the brain was dissected separately into
the hippocampus (HP) and cortex (CX).

Western Blotting

CX or HP samples were mechanically dissociated in tissue homogenization buffer (THB; 2
mM Tris pH 7.4, 250 mM sucrose, 0.5 mM EDTA, 0.5 mM EGTA) containing 1:100
dilution of protease inhibitor cocktail (Roche). Homogenate was centrifuged and clarified
lysates were aliquoted, flash frozen on dry ice, and stored at —80 °C until further analysis.
Samples were diluted with 3x Laemmli’s buffer containing 1:20 1 M DTT and boiled for 1
min to denature samples. Total protein was determined by BCA assay, and an equal amount
of protein was loaded onto a precast 4-12 % bis-tris plus polyacrylamide gel (Novex) and
separated at 90 V for 1.5 h.

Native gel electrophoresis was performed to determine the amount of lipidated ApoE
(Cramer et al. 2012). Protein samples were prepared as described above except protein lysate
was used fresh immediately following homogenization, mixed with non-denaturing sample
buffer, and loaded onto a precast 4-20 % tris-glycine gel (Novex) and separated at 90 V for
3 h. A high molecular weight standard (GE High Molecular Weight Native Marker Kit
17044501) was included to differentiate lipidated vs unlipidated ApoE. Lipidated ApoE was
considered to be species that were larger than 8.0 nm.

Separated proteins on gel were transferred to nitrocellulose membranes which were blocked
in 5 % non-fat dry milk in PBS-T and probed with antibodies for ABCA1, ABCG1, ApoE,
and B-actin (catalog numbers and company). Western blots were developed using
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appropriate goat or rabbit HRP-labeled secondary antibodies and a chemiluminescent
substrate Kkit. Densitometry was performed using ImageJ and results are expressed as relative
percent of the control group.

ELISA analysis for soluble and insoluble Ap 1-40 and 1-42 was performed as described
previously (Jiang et al. 2008). Briefly, brain homogenate from the CX or HP was processed
by serial extractions in buffer containing 0.4 % diethyamine (DEA) followed by formic acid
(FA), to extract the soluble and insoluble protein fractions, respectively. DEA or FA samples
were diluted in ELISA buffer containing 0.05 % Tween-20 and 1 % BSA. Diluted samples
were loaded onto ELISA plates coated with 6E10 antibody (Biolegend) to capture Ap
peptides. Human amyloid beta 1-40 or 1-42 was loaded to determine a standard curve. A
was detected using an HRP labelled antibody for either Ap 1-40 or 1-42 (Biolegend).
ELISA was developed using TMB substrate and stopped with 1 N HCL. Plates were read at
450 nm and concentrations of Ap in sample were determined using the standard curve.
Values are expressed as a relative % of the control group (ABCAL1 WT/ APP/PS1 mice
treated with vehicle).

Immunohistochemistry

One hemisphere of the brain was immersion-fixed in 4 % PFA in 0.1 M Phosphate buffer
(PB) for at least 24 h followed by cryoprotection in a sequential gradient of 10, 15, and 30 %
sucrose in PBS for at least 24 h. Brains were then flash frozen in dry-ice-cooled isopentane.
Brains were mounted with O.C.T. compound (Sakura Finetek USA, Inc.) and sectioned on a
cryostat. Free-floating 25 um brain sections were collected sequentially in a 24-well plate in
cryoprotection buffer (30 % glycerol, 30 % ethylene glycol, in 0.1 M phosphate buffer) and
stored at —20 °C until staining.

Every 6th section through the hippocampus was stained with antibodies for Ap (6E10;
Covance) and Ibal (Wako). Antigen retrieval was performed by incubating free-floating
sections in 10 mM sodium citrate buffer (pH 6.0) at 80 °C for 1 h. Sections were washed in
PBS and then were blocked in 5 % normal goat serum in 1xPBS with 0.1 % TritonX-100 for
1 h at room temperature. Sections were then incubated with primary antibodies in blocking
buffer overnight at 4 °C. Sections were washed and stained with appropriate fluorescent
secondary antibodies in blocking buffer for 1 h at room temperature. After washing and
counterstaining with DAPI, sections were mounted on Superfrost Plus slides (Fisher
Scientific) and coverslipped with Prolong Gold anti-fade medium (Life Technologies,
Eugene, OR). For thioflavin-S (ThioS) staining, adjacent sections to those stained for 6E10
and Ibal were selected. Unstained sections were mounted on slides prior to staining in 1 %
ThioS in ddH,0. ThioS stained slides were counterstained with propidium iodide to stain
nuclei, washed in ddH,0 and coverslipped with Permount (Fisher Scientific). All images
were taken on a Leica epifluorescent microscope at 5x magnification. Images were analyzed
by a blinded observer using Image Pro-Plus software (Media Cybernetics, Silver Spring,
MD).
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Open Field Test (OFT)—OFT was performed to measure activity levels and anxiety-like
behavior. Breifly, Mice were removed from their home cage and placed individually in a
square open-field with a video camera positioned above. Mice were allowed to freely
explore the space for 15 min and then were returned to their home cage. Open-field
apparatus was cleaned with 70 % ethanol before and after each mouse to eliminate odor
cues. Data were analyzed using Ethovision software (Noldus). Total distance and time spent
in the periphery and the center of the field was determined.

Novel Object Recognition (NOR)—To asses cognitive ability, NOR was performed as
previously described (Donkin et al. 2010). Briefly, mice were placed in the same open-field
with two identical objects for the training phase of NOR. Mice were allowed to freely
explore the space and the objects for 10 min. Mice were then returned to their home cage for
3 h. For the testing phase of NOR, mice were returned to the same open-field, with one of
the objects they encountered in the training phase (familiar object), and a novel object. Mice
were allowed to freely explore the space and objects for 6 min. Time spent investigating
each object (t) was determined by manual scoring by a blinded observer using ODlog
software (Macropod Software). Mice that investigated for a total of less than 7 s, or only
investigated one object, were omitted from analysis (<5 % of mice evaluated). Investigation
index was determined by the following equation: (t(hovely - t(familiar)) / (total) = investigation
index.

Fear Conditioning—Fear conditioning was performed as described previously with minor
modifications (Cramer et al. 2012). Briefly, experiments were performed using two standard
conditioning chambers, each of which was housed in an isolation cubicle and equipped with
a stainless-steel grid floor connected to a solid-state shock scrambler. Each scrambler was
connected to an electronic constant-current shock source that was controlled via an interface
connected to a Windows XP computer running FreezeFrame software (Coulbourn
Instruments, Allentown, PA). A digital camera was mounted on the steel ceiling of each
chamber, and video signals were sent to the same computer for analysis. During training,
mice were placed in the conditioning chamber for 2.5 min and then received one mild
footshock (0.4 mA, 2 s), followed by another 2.5 min. Hippocampus-dependent contextual
fear memory formation and was evaluated by scoring freezing behavior for 5 min when the
mice were placed back into the same conditioning chamber 24 h after training.

Quantification of pro- or anti-inflammatory gene expression was performed as previously
described (Cameron et al. 2012). Briefly, RNA was isolated from RNA-Bee (Tel-Test)
preserved protein homogenate samples using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. RNA samples (0.5 pg) were reverse transcribed using
QuantiTect Reverse Transcription kit (Quiagen). cDNA was run in a 10 L reaction for 40
cycles on the StepOne Plus Real Time PCR system (Applied Biosystems) using the TagMan
Gene Expression Master Mix (Life Technologies). Primers were all TagMan assays labeled
with FAM (Life Technologies) and included 11-1f (Mm01336189_m1), IL6
(MmO00446190_m1), Tnfa (Mm99999068_m1), TGFp (Mm01178820_m1), CCL2

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2019 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corona et al. Page 6

(Mm00441242_m1), ATF3 (Mm00476032_m1), YM1 (Mm00657889_mH), and GAPD H
(4352339E-0904021). The comparative CT method (AACT) was used to normalize Ct values
to internal control (GAPDH) and analyze gene expression. Statistics were performed at the
ACq level (prior to exponential transformation). For ease of interpretation, results are
expressed in fold change from ABCA1 WT — Veh group. Graphs represent the average fold
change (RQ)+RQ min and max for each group.

Statistical Analysis

All graphs are represented as the mean of each group+SEM. Data was analyzed by two way
ANOVA followed by Bonferroni post-hoc tests, or select paired t-tests, as indicated. Results
were considered statistically significant when p-values were less 0.05. All statistical analysis
was performed using GraphPad Prism 5 software.

Results

Bexarotene-Induced Upregulation of Lipidated ApoE Requires ABCA1

We hypothesize that the mechanism of action of bexarotene in the clearance of soluble Ap
relies on the lipidation status of ApoE (Cramer et al. 2012). Western blot analysis of the HP
and CX revealed that bexarotene caused a significant upregulation of proteins associated
with reverse cholesterol transport, ABCAL and ApoE, in ABCA1 WT mice (Fig. 1). As
expected, ABCAL protein was undetectable in the HP or CX of ABCA1 KO mice (Fig. 1b,
d). ABCA1 KO mice exhibited a 50 % reduction in ApoE levels compared with ABCA1 WT
mice in the CX (F(1,48)=48.23, p<0.0001) and HP (F(1,44)= 168.1, p<0.0001), and these
ApoE levels were not increased by bexarotene treatment (Fig. 1c, e. In contrast, ApoE levels
were significantly increased by bexarotene treatment in ABCA1 WT mice. There was a
significant interaction between ABCA1 genotype and bexarotene treatment in the CX
(F(1,48)=8.636, p<0.01) and HP (F(1,48)=9.209, p<0.01), indicating that ABCA1 was
required for the bexarotene-mediated upregulation of ApoE.

Because the ability of ApoE to mediate AP clearance is dependent on lipidation status (Jiang
et al. 2008), ApoE HDL levels in CX and HP homogenates were also measured. Native gel
analysis, which resolved ApoE-based HDLs by size, revealed a bexarotene-mediated
increase in highly lipidated ApoE in ABCAL WT mice (Fig. 2). ABCAL deficiency was
associated with a significant decrease in lipidated ApoE in the CX (F(1,48)=261.8,
p<0.0001) and HP (F(1,48)=124.4, p<0.0001), and bexarotene treatment caused no changes
in lipidated ApoE in the CX or HP of ABCA1 KO mice (Fig. 2b, c). In addition, there was a
significant interaction between ABCA1 genotype and bexarotene treatment in the CX
(F(1,48)=14.51, p<0.001) and HP (F(1,48)=12.32, p<0.001), indicating that ABCAL is
necessary for the bexarotene to increase levels of highly-lipidated ApoE.

Bexarotene-Induced Decrease in Hippocampal Levels of Soluble AB 40 and 42 Requires
ABCAl

We next determined if the inability of ABCA1 KO mice to increase lipidation of ApoE
would alter the ability of bexarotene to clear soluble and insoluble Ap from the CX and HP.
We isolated DEA and FA soluble fractions of CX and HP homogenates to analyze the
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soluble and insoluble fractions of Ap, respectively. We found that soluble levels of AB 40
and 42 were significantly reduced in the HP of ABCAL WT mice after bexarotene treatment,
but not in ABCA1 KO mice (Fig. 3a, b). Insoluble levels of Ap 40 and 42 in the HP were
unaffected by bexarotene treatment (Fig. 3c, d). These data indicate that bexarotene caused a
reduction in hippocampal levels of soluble AB that was dependent on functional ABCAL.

In contrast with the HP, there were no bexarotene-induced changes in soluble or insoluble
levels of AP 40 or 42 in the CX regardless of ABCAL genotype (data not shown). Although,
soluble levels of Ap 40 were increased in the CX of ABCA1 KO mice compared with
ABCAL WT (data not shown). These data indicate that bexarotene may have region specific
effects in various mouse models, consistent with previous reports (Riddell et al. 2007).

Deficiency of ABCAL was associated with increased soluble and insoluble Ap pathology, as
has been shown previously (Koldamova et al. 2005; Wahrle et al. 2005). ABCA1 KO mice
showed an increase in soluble AB40 (F(1,48)=21.39, p<0.0001), but not soluble Ap 42,
when compared with ABCA1 WT mice (Fig. 3a, b). Levels of insoluble Ap 40
(F(1,48)=6.844; p<0.05) and Ap 42 (F(1,48)=14.92, p<0.001) were increased in ABCA1
KO mice (Fig. 3c, d).

ABCAZ1 Deficiency Causes an Increase in Plaque Pathology and Activated Microglial
Morphology

Because we saw an increase in insoluble Ap 40 and 42 in the HP of ABCAL KO mice we
hypothesized that this increase would be associated with increased plaque pathology in
ABCA1 KO mice. In addition, it was possible that reduced soluble AB in the HP of
bexarotene treated ABCAL1 WT mice would be associated with decreased plaque pathology.
To further investigate the ABCA1-dependent effects of bexarotene treatment on Ap
pathology, we used an immunohistochemical approach. Free-floating coronal brain sections
(25 um) were costained with antibodies to Ap (6E10) and Ibal to analyze diffuse and dense-
core plaque pathology and microglial phenotype, respectively. ABCA1 KO mice showed
increases in levels of 6E10 immunoreactivity and Ibal, compared with ABCA1 WT mice
(Fig. 4). For example, there were significant differences in plaque area in the CX between
ABCAL WT vehicle-treated mice and ABCAL KO treated mice (Fig. 4c; p<0.05) and
between ABCA1 WT bexarotene-treated mice and ABCA1 KO vehicle-treated mice (Fig.
4e; p<0.05). Similar trends in ibal immunoreactivity were observed in ABCAL1 KO mice in
the CX and HP (Fig. 4d, f). To better visualize microglial morphology, a higher
magnification image taken from the boxed region in Fig. 1a shows a marked increase in
activated microglial morphology in the ABCA1 KO mice (Fig. 1gi and ii). These results
indicate that ABCA1 KO mice show increased plaque pathology that is associated with
increased abundance of microglia with an activated morphology. Bexarotene did not
significantly alter plaque pathology in ABCA1 WT mice, as evaluated by 6E10 staining.
(Fig. 4c, e).

To determine if dense-core plaques were affected by bexarotene treatment, we stained brain
sections with ThioS and analyzed the area occupied by dense-core plaques. ABCA1 WT
mice showed no change in dense-core plaque pathology, while ABCA1 KO mice showed a
trend towards a bexarotene-induced decrease (Fig. 5). These results verify that the role of
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bexarotene-stimulated amyloid clearance is due principally to the action of ABCAL in
promoting degradation of soluble AB forms rather than plaques.

ABCAL is Necessary for Bexarotene-Induced Improvement in Novel Object Recognition

Because of the well-known link between changes in soluble A and cognitive function
(Palop and Mucke 2010), we hypothesized that the decreased HP levels of Ap 40 and 42 in
the ABCA1 WT mice following bexarotene treatment would be associated with improved
cognitive performance. In the novel object recognition (NOR) test, we found a pronounced
deficit in both ABCA1 WT (p=0.099) and KO (p<0.05) mice bred on an APP/PS1
background, compared with non-transgenic controls (Fig. 6a). Following bexarotene
treatment, ABCA1 WT mice showed a trend towards improved recognition of the novel
object (p=0.11), but this effect was absent in ABCAL1 KO mice (Fig. 6a). This effect was not
associated with reduced locomotion or increased anxiety, as measure by the open field
activity test (data not shown), indicating that bexarotene improved cognitive ability in
ABCA1 WT mice without causing changes in baseline behavior. These data indicate that
ABCAL is necessary for bexarotene to improve cognitive ability in the novel object
recognition test.

Contextual fear conditioning was also tested. ABCA1 WT mice bred on an APP/PS1
background showed significantly impaired fear memory compared to non-transgenic
controls, however, bexarotene did not improve this deficit (Fig. 6b). In contrast, ABCA1 KO
mice bred on an APP/PS1 background did not show a deficit in fear memory compared with
nontransgenic controls and did not show a change in behavior after bexarotene treatment.

ABCA1 Deficiency is Associated with Altered Inflammatory Gene Expression

Thus far, we have determined that ABCAL is necessary for bexarotene to induce a reduction
in soluble Ap from the HP and this reduction is associated with improved cognitive ability.
These data support our hypothesis that bexarotene requires ABCA1-mediated ApoE
lipidation for soluble Ap clearance. We have also hypothesized that bexarotene may affect
microglial inflammation states independently of functional ABCAL. Importantly, it is known
that HDL is an important mediator of inflammation in the brain (Hottman et al. 2014).
Previous studies have found that ABCAZ1-deficient mice exhibit increased levels of
inflammation (Karasinska et al. 2013). It is possible that bexarotene may cause different
inflammatory profiles in the absence of ABCAL. To explore this hypothesis, we isolated
total RNA from the CX and HP and performed gPCR on a panel of inflammatory genes. The
genes examined included classic proinflammatory cytokines, IL-1, IL-6, and TNFa. The
anti-inflammatory cytokine, TGFp was examined because of its known involvement with
AD pathology (Town et al. 2008). The proinflammatory chemokine CCL2 was examined as
a marker of inflammation and because of the potential role of peripheral macrophage
recruitment (El Khoury et al. 2007). ATF3 was also examined because of its role as a
transcription factor that is controlled by HDL and is a master regulator of inflammation (De
Nardo et al. 2014). As expected, both ABCA1 WT and KO mice on an APP/PS1
background had higher levels of inflammatory gene expression when compared to non-
transgenic controls (Fig. 7) (Mandrekar-Colucci et al. 2012). For example in 2 way ANOVA
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analysis, a main effect of APP/PS1 genotype was found for every gene examined in the HP
and CX, indicating an enhanced inflammatory environment in APP/PS1 mice.

ABCAL KO genotype was associated with higher levels of inflammation. Two way ANOVA
analysis was performed to determine the effects and interactions of ABCA1 genotype and
bexarotene treatment in APP/PS1 mice. Figure 7a shows that ABCA1 KO mice had higher
levels of TNFa, CCL2, and TGFp expression in the CX compared with ABCAL1 WT mice
(TNFa F(1,33)=50.43, p<0.0001; CCL2 F(1,33)=9.552, p<0.01; TGFp F(1,33)=20.15,
p<0.0001). In the HP, similar trends were observed (Fig. 7b). For example HP expression
levels of TNFa and YM1 were increased in ABCAL KO mice compared with ABCALWT
mice (TNFa F(1,32)=4.197, p<0.05; YM-1 F(1,32)=12.99, p<0.001). Interestingly, we
observed almost no difference in inflammatory gene expression between non-transgenic
ABCAL WT and non-transgenic ABCA1 KO control mice. The only exception was a
significant increase in IL-1p expression in the HP of non-transgenic ABCA1 KO mice
compared with non-transgenic ABCA1 WT mice (p<0.01). These data indicate that ABCA1
deficiency leads to an enhanced inflammatory environment in the context of APP/PS1
background.

Bexarotene treatment in both ABCA1 WT and KO mice caused increased levels of most
inflammatory genes in the CX, including IL-6, TGFp, CCL2, and ATF3 (IL-6,
F(1,33)=8.913, p<0.01; TGFP, F(1,33)=19.44, p<0.0001; CCL2, F(1,33)=17.23, p<0.001;
ATF3 F(1,33)=8.623, p,0.01). Similar results were found the HP, where IL-6 and TGF were
significantly increased by bexarotene treatment (IL-6, F(1,33)=13.53, p<0.001; TGF,
F(1,33)=6.882, p<0.05). In all genes where bexarotene induced an increase in inflammatory
gene expression, there was no interaction between bexarotene and ABCAL. This indicates
that although ABCA1 KO mice had higher inflammatory gene expression in general,
bexarotene induced a similar effect in both ABCA1 WT and ABCA1 KO mice. Notably, the
only gene where there was an interaction between ABCA1 genotype and bexarotene
treatment was in IL-1p. In the CX, IL-1p was decreased by bexarotene treatment in ABCA1
KO mice, but not in ABCAL WT mice (CX, F(1,33)=12.10, p<0.01). In the HP, this effect
was present but was not statistically significant (HP, F(1,33)=3.704, p=0.06). With the
exception of IL-1, bexarotene induced an increased expression of inflammatory markers
regardless of ABCAL1 deficiency, indicating that the inflammatory effects of bexarotene are
likely not essential for the mechanism of action of soluble Ap clearance.

Discussion

Our data support the hypothesis that ABCAL is necessary for the primary action of
bexarotene in clearing soluble Ap. We showed that ABCAL is necessary for bexarotene to
increase ApoE expression, and its lipidation (Figs. 1 and 2). ABCA1 WT mice showed a
~30 % decrease in soluble levels of AB40 and 42 in the HP following bexarotene treatment,
which was absent in the ABCA1 KO mice (Fig. 3). Furthermore, decreased levels of soluble
AP in the HP were associated with improved cognitive ability in the novel object recognition
test (Fig. 6). It has been previously shown that ABCAL1 is necessary for the LXR agonist,
GW3965, to reduce AP pathology and reverse deficits in novel object recognition (Donkin et
al. 2010). The present data are consistent with this previous finding. Taken together, the
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results of the current study show that ABCAL is necessary for the RXR agonist, bexarotene,
to clear soluble Ap and improve cognitive ability in a mouse model of AD.

Previous studies have shown ABCAL1 activity to be a potent modulator of Ap
pathophysiology in several mouse models of AD. The current study confirms and extends
these previous findings. For example, consistent with previous studies (Hirsch-Reinshagen et
al. 2005; Koldamova et al. 2005; Wahrle et al. 2005), we found increased soluble and
insoluble levels of AB, along with increased plaque pathology. It is likely that ABCA1
deficiency is at least a partial cause of the increased Ap pathology in ABCA1 KO mice,
because genetic overexpression of ABCA1 caused an opposing effect, with a pronounced
reduction in levels of soluble Ap and plaques (Wahrle et al. 2008). In agreement with
previous papers, we show that ABCA1 KO mice have a reduction in brain ApoE levels
(Hirsch-Reinshagen et al. 2004; Wahrle et al. 2004), and ApoE could not be induced by
bexarotene in ABCA1 KO mice (Figs. 1 and 2). Because bexarotene is believed to act at the
gene expression level (Skerrett et al. 2014), the lack of effect of bexarotene on ApoE
expression in ABCAL-deficient mice is not immediately intuitive. This apparent conflict is
likely caused by the instability of poorly-lipidated ApoE in ABCA1 KO mice, leading to
increased catabolism, rather than reduced Apoe gene expression (Hirsch-Reinshagen et al.
2004; Wahrle et al. 2004). In mouse models of AD crossed with ABCA1 KO mice, higher
levels of insoluble ApoE were found co-deposited with Ap, indicating that poorly lipidated
ApoE may exacerbate Ap pathology (Hirsch-Reinshagen et al. 2005). The findings of this
study support the important role of ABCA1-mediated ApoE lipidation in AD
pathophysiology.

Bexarotene treatment induced a marked decrease in soluble A in the hippocampus, but this
effect was not associated with decreased insoluble Ap levels, or decreased plaque pathology
(6E10 or ThioS staining; Figs. 4 and 5). Although some studies have shown that bexarotene
treatment was able to clear plaque deposition (Cramer et al. 2012; Savage et al. 2015) the
present findings are consistent with other studies where bexarotene induced a reduction in
levels of soluble, but not insoluble or deposited, A in mouse models of AD (Castellano et
al. 2011; Fitz et al. 2013; Price et al. 2013; Tesseur et al. 2013; Veeraraghavalu et al. 2013).
Indeed, we reported that the effect of bexarotene varies with age, the animal model, and
duration of treatment (Cramer et al. 2012). The reasons for inconsistent findings regarding
the ability of bexarotene to clear plaque pathology are unknown. However, plaque pathology
is generally a poor indicator of cognitive function in human AD patients and in animal
models (Landreth et al. 2013). However, in other studies of bexarotene where plaque
deposition was not observed, a bexarotene-induced benefit in cognition was still present
(Fitz et al. 2013; Tesseur et al. 2013). Here we show that reduced levels of soluble AB 40
and 42 in the hippocampus were associated with a trend towards improved performance in
the novel object recognition test. We interpret these data to indicate that bexarotene may
affect cognition primarily by clearing soluble AR rather than insoluble Ap and plaques.

In this study, we found that there were brain region-specific effects of bexarotene.
Specifically, we found a bexarotene-induced decrease of soluble AB in the HP but not in the
CX. This result is similar to a previous study using the LXR agonist, TO901317, where
hippocampal levels of Ap42 were reduced but there was no change in cortical Ap following
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LXR agonist treatment (Riddell et al. 2007). It is unknown why the effects of nuclear
receptor agonists on pathology would be region specific. Although, brain region specific
effects have been linked to relative levels of Ap pathology in another study where an AD
mouse model was treated with bexarotene (Tai et al. 2014). Specifically, bexarotene was
found to reduce levels of AB 42 in the HP, but not the CX, of an AD mouse model
expressing human ApoE4 (Tai et al. 2014). Thus, the hippocampus may be more susceptible
to the AB-clearing effects of nuclear receptor agonists, and this fact may contribute to
improved hippocampal-dependent cognitive ability following treatment.

In addition to stimulating reverse cholesterol transport and increased levels of lipidated
ApoE, nuclear receptor agonists influence the neuroinflammatory environment of the brain
(Zelcer et al. 2007). In addition it is known that HDL is an important mediator of
inflammation in the brain (Hottman et al. 2014). In this study we found that bexarotene
caused an increase in most inflammatory markers, regardless of ABCAL genotype. The
effect of bexarotene on inflammation in AD models has not previously been examined and
the basis of this paradoxical effect is unexplained. It is unknown how bexarotene may be
altering inflammation since RXRs are not found at the corepressor complex of the NFxB
promoter, but it is possible that ligation of RXR influences the actions of its heterdimeric
partner including LXRs and PPARs (Saijo et al. 2013). An alternative notion, is that
microglia may not be directly involved with clearance of soluble or insoluble A, as
depletion of microglia from the normal mouse brain with a CSF1R antagonist (PLX3397)
resulted in little effect on behavior or cognition, despite inflammatory changes (Elmore et al.
2014). These findings indicate that altered inflammatory profiles following bexarotene
treatment is not an essential component of soluble A clearance.

The inflammatory effects of ABCAL deficiency have not been studied extensively. We found
that ABCA1 KO mice had increased gene expression levels of several inflammatory
markers, including TNFa, TGFB, and CCL2. This exaggerated neuroinflammatory
phenotype in ABCA1 KO mice on an APP/PS1 background was associated in this study
with increased Ibal expression, indicating that a more reactive microglial phenotype may
underlie this effect. There was no effect of ABCA1-deficiency on neuroinflammatory pheno-
type in non-AD model mice, however, indicating that impaired ABCA1 activity may
predispose microglia to increased inflammation in the context of AD or another
inflammatory stimulus. In support of this notion, mice with ABCA1 deficiency specifically
in brain (ABCA1B/-B mice) had increased cortical expression of TNFa, TGFp, and INOS,
and increased MAPK signaling following peripheral LPS injection (Karasinska et al. 2013).
Thus, ABCA1 deficiency may pre-dispose the brain to an exaggerated inflammatory
response. Exaggerated inflammation in ABCA1 KO mice may depend on other factors, such
as ApoE genotype. For example, ABCA1 hemizygosity had a detrimental effect in ApoE4
targeted replacement mice, but had no effect on pathology in ApoE3 targeted replacement
mice on an APP/PS1 background (Fitz et al. 2012). We interpret these data to indicate that
altered inflammatory activity in the ABCAL1-deficient mice likely contributes to exaggerated
AP pathology.

Based on this study and previous work, we propose that lipidated ApoE is an important
factor in the clearance of soluble Ap. We show here that ABCA1-mediated lipidation of
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ApoE was a necessary factor for the mechanism of action of bexarotene. Nuclear receptor
agonists represent a useful tool for studying the mechanisms of AP clearance from the brain.
RXR agonists, such as bexarotene, are generally well-tolerated, but are not without side
effects. An alternative approach would be to increase ABCA1 expression through a direct
transcriptional approach. For example, a recent study used an miR-33 anti-sense
oligonucleotide to increase ABCAL at the transcriptional level (Jan et al. 2015). In
conclusion, this study lends support to the role of ABCA1-mediated lipidation of ApoE in
the clearance of soluble AB, and improvement of cognitive deficits in an AD mouse model.
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Fig. 1.
Bexarotene-induced upregulation of ABCA1 and ApoE requires ABCAL. ABCAL1 WT and

KO mice were crossed with APP/PS1 mice (females; 10 months). Mice were treated with
bexarotene (100 mg/kg/day p.o.) or vehicle for 7 days. Following drug treatment, mice were
sacrificed and cortex and hippocampus (CX and HP) were dissected separately from the
right hemisphere of the brain. Brain regions were homogenized and western blotting
analysis was performed for ABCAL, ApoE, and p-actin. a A representative blot is shown
from CX samples. Quantification of western blots are shown in b, ¢ for CX samples and d, e
for HP samples. Bands were normalized to p-actin to ensure equal loading, and then
expressed as a relative percentage of ABCAL1 WT vehicle-treated mice. Bars represent the
meanx SEM of each group (n=10-12). 2 way ANOVA analysis with Bonferroni posttest was
performed. * p<0.05, ** p<0.01, ***p<0.001
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Fig. 2.

Begxarotene—induced increase in lipidated ApoE requires ABCAL1. ABCA1 WT and KO mice
were crossed with APP/PS1 mice (females; 10 months). Mice were treated with bexarotene
(100 mg/kg/day p.o.) or vehicle for 7 days. Following drug treatment, mice were sacrificed
and cortex and hippocampus (CX and HP) were dissected separately from the right
hemisphere of the brain. Brain regions were homogenized and native western blots were
perfomed under non-denaturing conditions. a representative blot is shown for CX samples
with standard molecular weight marker in far left lane. Quantification of western blots are
shown for b CX and ¢ HP. Bands are expressed as a relative percentage of ABCA1 WT
vehicle-treated mice. Bars represent the mean+SEM of each group (n=10-12). 2 way
ANOVA analysis with Bonferroni posttest was performed. ** p<0.01, ***p<0.001
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Fig. 3.

ngarotene—induced decrease in HP levels of soluble AB 40 and 42 requires ABCAL.
ABCAL1 WT and KO mice were crossed with APP/ PS1 mice (females; 10 months). Mice
were treated with bexarotene (100 mg/kg/day p.o.) or vehicle for 7 days. Following drug
treatment, mice were sacrificed and hippocampus (HP) was dissected from the right
hemisphere of the brain. HP was homogenized and levels of soluble and insoluble AB40 and
42 were measured by ELISA. aand b show levels of soluble AB40 and 42, respectively. ¢
and d show levels of insoluble AB40 and 42, respectively. Bars represent the mean = SEM of
each group expressed as a relative percent of ABCA1 WT vehicle-treated mice (n=10-12).
Two way ANOVA analysis with Bonferroni posttest was performed. # indicates significant
main effect of ABCA1 genotype, # p<0.05, ## p<0.01, ### p<0.001. * indicates significant
difference in Bonferonni post-hoc test, * p<0.05
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Fig. 4.

ABCAL deficiency causes an increase in plague pathology and activated microglial
morphology. ABCA1 WT and KO mice were crossed with APP/PS1 mice (females; 10
months). Mice were treated with bexarotene (100 mg/kg/day p.o.) or vehicle for 7 days.
After sacrifice, brains were processed for 6E10 and Ibal immunostaining. a-b)
Representative staining for ABCA1 WT and ABCAL KO vehicle-treated mice is shown.
Staining for CX and HP is quantified in c-f. g Higher magnification image of ibal staining
from boxed region in i Aii, and ii Bii. Bars represent the mean+SEM of each group (n=10-
12). Select two tailed unpaired t-tests were performed. * p<0.05
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Dense-core plaque pathology was unaltered by bexarotene treatment. ABCAL1 WT and KO
mice were crossed with APP/PS1 mice (females; 10 months). Mice were treated with
bexarotene (100 mg/kg/day p.o.) or vehicle for 7 days. After sacrifice, brains sections were
stained for ThioS. a Representative staining of HP. Staining for CX and HP is quantified in b
and c, respectively. Bars represent the mean+SEM of each group (n=10-12). Select two

tailed unpaired t-tests were performed. * p<0.05
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Fig. 6.
ABCAL is necessary for bexarotene-induced improvement in novel object recognition.

ABCAL1 WT and KO mice were crossed with APP/PS1 or non-transgenic (nt) mice

(females; 10 months). Mice were treated with bexarotene (100 mg/kg/day p.o.) or vehicle for
7 days. Prior to sacrifice, mice were tested for a novel object recognition (NOR) ability, and
b memory in fear conditioning test. Bars represent the mean+SEM of each group (n=10-12).
One way ANOVA was performed. * p<0.05
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Fig. 7.
ABCAL KO mice show increased inflammatory markers at baseline and bexarotene

treatment increases inflammatory markers. ABCAL1 WT and KO mice were crossed with
APP/PS1 or nontransgenic (nt) mice (females; 10 months). Mice were treated with
bexarotene (100 mg/kg/day p.o.) or vehicle for 7 days. Total RNA was isolated from the a
CX and B) HP and gPCR for the indicated genes was performed. Results are expressed in
fold change from ABCAL1 WT - Veh group. Bars represent the average fold change (RQ) +
RQ min and max of each group (n=10-12). One-way ANOVA was performed. For ease of
interpretation, only significant interactions between ABCA1 WT-Veh vs. ABCA1 WT-Bex,
ABCA1 KO-Veh vs ABCAL KO-Bex, ABCA1 WTVeh vs. ABCA1 KO-Veh, and ABCA1
WT-Bex vs ABCA1 KO Bex, are shown. * p<0.05. ** p<0.01, ***p<0.001
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