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The cholesterol transpoter ATP-binding cassette transporter
A1l (ABCA1I) moves lipids onto apolipoproteins including apoli-
poprotein E (apoE), which is the major cholesterol carrier in
the brain and an established genetic risk factor for late-onset
Alzheimer disease (AD). In amyloid mouse models of AD,
ABCA1I deficiency exacerbates amyloidogenesis, whereas
ABCAI overexpression ameliorates amyloid load, suggesting a
role for ABCA1 in A3 metabolism. Agonists of liver X receptors
(LXR), including GW3965, induce transcription of several genes
including ABCA1 and apoE, and reduce A levels and improve
cognition in AD mice. However, the specific role of ABCAI in
mediating beneficial responses to LXR agonists in AD mice is
unknown. We evaluated behavioral and neuropathogical
outcomes in GW3965-treated female APP/PS1 mice with and
without ABCA1. Treatment of APP/PS1 mice with GW3965
increased ABCA I and apoE protein levels. ABCA 1 was required
to observe significantly elevated apoE levels in brain tissue and
cerebrospinal fluid upon therapeutic (33 mg/kg/day) GW3965
treatment. At 33 mg/kg/day, GW3965 was also associated with a
trend toward redistribution of A 3 to the carbonate-soluble pool
independent of ABCA 1. APP/PS1 mice treated with either 2.5 or
33 mg/kg/day of GW3965 showed a clear trend toward reduced
amyloid burden in hippocampus and whole brain, whereas APP/
PS1-treated mice lacking ABCAI1 failed to display reduced amy-
loid load in the whole brain and showed trends toward increased
hippocampal amyloid. Treatment of APP/PS1 mice with either
dose of GW3965 completely restored novel object recognition
memory to wild-type levels, which required ABCAI. These
results suggest that ABCAI contributes to several beneficial
effects of the LXR agonist GW3965 in APP/PS1 mice.

* This work was supported in part by operating grants from the Canadian
Institutes of Health Research and the Pacific Alzheimer’s Research Founda-
tion and a New Scientist Award (to C. L. W.).

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-54.

' Supported by University of British Columbia Arthur and June Williams Post-
doctoral Fellowship and the Roy Congdon fellowship from the Alzheimer’s
Society of Canada.

2 Supported by a Vanier Canada Graduate Scholarship (Canadian Institutes of
Health Research) and a University of British Columbia Ph.D. fellowship.

3 To whom correspondence should be addressed: 980 West 28th Ave., Van-
couver, BCV5Z 4H4, Canada. Tel.: 604-875-2000 (ext. 6825); Fax: 604-875-
3120; E-mail: Cheryl@cmmt.ubc.ca.

34144 JOURNAL OF BIOLOGICAL CHEMISTRY

Lipid metabolism is increasingly recognized to play a key role
in the pathogenesis of Alzheimer disease (AD),* which is the
leading cause of dementia in the elderly (1). AD is characterized
by the presence of two neuropathological hallmarks including
extracellular amyloid plaques that consist mainly of aggregated
AP peptides and intracellular neurofibrillary tangles consisting
of hyperphosphorylated Tau protein (2). Although the patho-
genesis of AD is not completely understood, a leading hypoth-
esis is that aberrant metabolism of AB peptides, which are
derived by proteolytic cleavage from amyloid precursor protein
(APP), triggers many of the toxic events in AD and eventually
leads to both Tau and amyloid pathologies (3). Less than 5% of
AD patients exhibit disease onset in their 40s and 50s due to
genetic mutations that lead to increased production of A3 pep-
tides, particularly of the most detrimental A 342 species (4). The
cause of AD in more than 95% of subjects that typically develop
AD in late life is unknown. As production of A3 is generally not
altered in these patients, age-related defects in A degradation
and clearance is emerging as a leading hypothesis for develop-
ment of AD in the majority of patients (5).

In mice, apoE exists in only one allelic state, whereas humans
possess three allelic isoforms: apoE2 (Cys''? and Cys'>®), apoE3
(Cys''? and Arg'®®), and apoE4 (Arg''? and Arg'®®) (14). In
1993, apoE genotype was identified as a robust genetic risk fac-
tor for late-onset AD. Specifically, inheritance of apoE4
increases the risk and reduces the age of onset of AD (15),
whereas apoE2 delays onset and reduces risk (16). Precisely
how apoE functions in AD pathogenesis remains incompletely
understood. ApoE binds AB (17) and affects amyloid load in
mice in an isoform-specific manner (18). ApoE is the primary
lipid transporter in the brain and plays major roles in the repair
and regeneration of neuronal membranes (8). Additionally,
apoE possesses anti-inflammatory activity, and inflammation
has a key role in AD pathogenesis (19). Several recent studies
have demonstrated that the amount of lipids carried by apoE is
a critical determinant of A3 metabolism. Specifically, lipid-en-
riched apoE may facilitate AB degradation and clearance
(6-14).

*The abbreviations used are: AD, Alzheimer disease; APP, amyloid precursor
protein; PS1, presenilin 1; MWM, Morris water maze; CSF, cerebrospinal
fluid; CTF, COOH-terminal fragment; BisTris, 2-[bis(2-hydroxyethyl)amino]-
2-(hydroxymethyl)propane-1,3-diol; NOR, novel object recognition; LXR,
liver X receptor.
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The most cholesterol-rich organ in the body is the brain,
which contains ~25% of total body cholesterol in only 2% of
total body weight (15). Lipid metabolism in the central nervous
system is based entirely upon lipoproteins that resemble plasma
high-density lipoproteins (HDL: the “good cholesterol”) in den-
sity, size, and composition (16). The major difference between
brain and plasma HDL is that apoE is the predominant protein
constituent of brain HDL, whereas apoA-I is the predominant
protein on plasma HDL (16, 17).

The rate-limiting step in HDL biogenesis is catalyzed by the
lipid transporter ABCA 1, which effluxes cholesterol and phos-
pholipids from the plasma membrane to lipid-free apolipopro-
teins (18 —20). In peripheral tissues, the primary apolipoprotein
acceptor for ABCAI activity is apoA-I (18 -20), whereas it is
apoE in the brain (6, 9). Deficiency of murine ABCA1 leads to
poorly lipidated apoE in the central nervous system (6, 9),
which facilitates the formation of amyloid deposits in AD mice
(7, 8, 11). Conversely, selective overexpression of ABCAI by
6-fold or more is sufficient to increase central nervous system
apoE lipidation and prevent the formation of amyloid plaques
in mice (10).

Consistent with the hypothesis that ABCA 1-mediated lipida-
tion of apoE affects AB metabolism are the results of genetic
and pharmacological manipulation of pathways regulated by «
and B liver X receptors (LXRs). LXRa/B are ligand-activated
transcription factors of the nuclear hormone receptor super-
family that stimulate transcription of several genes, including
ABCA1 and apoE (21, 22). LXRa and LXRf respond to the
same oxysterol ligands and activate transcription as obligate
heterodimeric complexes with retinoid X receptors (21, 22).
Most LXR target genes, including ABCA I and apoE, have func-
tions related to cholesterol and lipoprotein metabolism,
whereas other LXR target genes act to reduce inflammation
(23). Genetic deficiency of either LXRa or LXRB increases amy-
loid burden in AD mice (24). Conversely, synthetic LXR ago-
nists, including TO901317 and GW3965, activate both LXR«
and LXRB (25-27), cross the blood-brain barrier, and effi-
ciently induce expression of LXR target genes including ABCA 1
and apoE. Treatment of AD mice with either compound has
been shown to improve memory and reduce brain AS levels,
particularly hippocampal AB42 (13, 14, 28 -30). Importantly,
beneficial effects could be observed after only 6 -7 days of treat-
ment (28, 29), suggesting that stimulation of LXR-responsive
genes may be of interest as a therapeutic approach for sympto-
matic AD.

However, existing LXR agonists have the unavoidable side
effect of activating fatty acid synthase and sterol response ele-
ment-binding protein-1c in the liver, which leads to hypertri-
glyceridemia and hepatic steatosis, particularly in species such
as humans that express cholesterol ester transfer protein (31).
Although LXR agonists such as GW3965 can safely be used in
mice, which lack cholesterol ester transfer protein, LXR ago-
nists have not yet been evaluated in humans. As a result, the
therapeutic potential of LXR agonists remains untapped.

Determining which LXR target genes mediate the beneficial
effects of LXR agonists on behavior and neuropathology may
offer insights into new strategies that avoid the undesirable side
effects of current compounds. Therefore, the objective of this
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study was to assess the specific contribution of ABCAI in the
beneficial response to LXR agonists in APP/PS1 mice, an estab-
lished model of amyloidogenesis, which co-express both APP
and presenilin 1 (PS1) transgenes (37). We generated female
APP/PS1 mice with and without functional ABCA I and treated
individual cohorts with the LXR agonist GW3965 using low
dose (2.5 mg/kg/day) prophylactic, low dose (2.5 mg/kg/day)
therapeutic, and high dose (33 mg/kg/day) therapeutic treat-
ment arms. We report that ABCAI contributes to both behav-
ioral and biochemical end points in response to GW3965.

EXPERIMENTAL PROCEDURES

Animals and GW3965 Treatment—APP/PS1 (line 85) mice
(Jackson Laboratories) co-express two transgenes from the
murine prion promoter: a chimeric mouse/human APP650
c¢DNA containing the Swedish (K670M/N671L) mutations, and
the human PS1 gene deleted for exon 9 (32). APP/PS1 mice are
maintained on a mixed F1 C3H/H3] X C57Bl/6 background
and develop thioflavin S-positive amyloid deposits at 36 —40
weeks of age (32). ABCAI '~ mice (Jackson Laboratories) are
on a mixed DBA/C57BI/6 background (33) and are maintained
by heterozygous matings. ABCAI-deficient APP/PS1 mice
were generated by crossing APP/PS1 mice ABCA1 ™'~ mice fol-
lowed by one backcross. ABCA1"/" littermates were generated
using a similar backcrossing strategy to control for admixture of
genetic background in experimental cohorts. Animals were
randomized into four study arms, each containing n = 10-19
APP/PS1 or n = 4—13 APP/PS1/ABCA1 '~ female mice. Ani-
mals in the control groups were fed a standard chow diet (PMI
LabDiet 5010, containing 24% protein, 5.1% fat, and 0.03% cho-
lesterol). Treated groups were fed chow in which GW3965 was
compounded (Research Diets) at 10 mg/kg to result in an aver-
age dose of 2.5 mg/kg/day/mouse (low dose) or at 120 mg/kg to
result in an average dose of 33 mg/kg/day/mouse (high dose).
Mice in the prophylactic group were treated with 2.5 mg/kg/
day of GW3965 from 16 weeks up to 40 weeks of age (24-week
duration), whereas mice in the therapeutic groups were treated
from 32 to 40 weeks of age (8 week duration). Behavioral anal-
yses were performed at 40 weeks of age after which animals
were sacrificed. All procedures involving animals were
approved by the Canadian Council of Animal Care and the
University of British Columbia Committee on Animal Care.

Behavioral Testing—Animals were housed for 10 days prior
to behavioral testing in a quiet room with a reversed 12-h dark/
12-h light cycle. All testing was performed during the dark
cycle.

Novel Object Recognition—The novel object recognition task,
which uses cortical and hippocampal inputs, was administered
as described (34, 35). The objects to be discriminated were
made of biologically neutral materials and weighted to prevent
movement in the open field. Twenty-four hours prior to train-
ing, mice were habituated to an empty open field (14 X 24 X 14
inch) for 10 min. During training, mice were placed in the cen-
ter of the open field, which did not contain shavings, in a
brightly lit testing room. The time spent exploring two identical
objects (yellow, plastic duck-shaped toys) located in the north
and south quadrant, spaced equidistant from the walls and ani-
mal, was quantified. The definition of exploring was that the
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mouse was sniffing, climbing on, or touching the object and was
a body length or less away from the object (i.e. less then 3 cm)
while facing the object or orientated toward it. Trials were
tracked using an overhead digital camera and analyzed using
the ANY-maze video tracking software (Stoelting). Between
each trial, the open field was cleaned with 70% ethanol to elim-
inate olfactory cues. Four hours after training, mice were tested.
For testing, one of the identical objects was replaced with a
novel object (purple, plastic hippopotamus-shaped toy) of sim-
ilar size. The side of the open field with the novel object was
alternated for each mouse to avoid a side preference. The time
spent exploring the identical and novel objects were recorded.
An increased percentage of time spent exploring the novel
object (duration spent with novel object/(duration spent with
novel object + duration spent with familiar object) X 100) is
considered an index of enhanced cognitive performance in this
task. The training and testing trails were each 5 min long.
Morris Water Maze—Hippocampal-dependent spatial mem-
ory was examined using the Morris water maze (MWM) (36).
The water maze consisted of a plastic pool (100 cm in diameter
and 54 ¢cm high). An overhead video camera coupled to a com-
puter and tracking software (ANY-maze video tracking system,
Stoelting) was used to track movements. The water remained a
constant temperature of 22—-25 °C and was made opaque with
non-toxic, water-based, white tempera paint. Distinct geomet-
ric shapes were attached to the walls of the pool on three sides,
and the experimenter and computer system were hidden. Mice
were assessed for latency to find a hidden platform that
remained in the same quadrant of the pool for the entire train-
ing period. The training consisted of four blocks of trials (4
trials/block, with a 5-min trial interval). Each trial lasted until
the mouse climbed onto the hidden platform within 60 s, and
the escape latency onto the platform was recorded.
Cerebrospinal Fluid and Tissue Collection—Mice were fasted
for 4 h prior to anesthetization with a mixture of 20 mg/kg of
xylazine (Bayer) and 150 mg/kg of ketamine (Bimeda-MTC) via
intraperitoneal injection. Cerebrospinal fluid (CSF) was col-
lected as described (37). Approximately 15 ul was obtained
from each mouse. Mice were then transcardially perfused with
phosphate-buffered saline (PBS) for 7 min. Brains were
removed and divided into right and left hemispheres. Cortex
and hippocampus were dissected from the right hemisphere
and kept frozen at —80 °C until analysis. The left hemisphere
was immersion-fixed in 10% neutral buffered formalin for at
least 48 h and cryoprotected in 30% sucrose in PBS at 4 °C.
Protein Extraction—Tissues were homogenized in ~8 vol-
umes (cortex 500 wl, hippocampus 250 ul) of ice-cold carbon-
ate buffer (100 mm Na,CO;, 50 mm NaCl, pH 11.5) containing
Complete protease inhibitor (Roche Applied Science) in a Tis-
suemite homogenizer at full speed for 20 s. The homogenate
was sonicated at 20% output for 10 s, then centrifuged at 4 °C
for 45 min at 12,500 X g in a microcentrifuge (Eppendorf). The
supernatant (carbonate-soluble fraction) was removed and
neutralized by adding ~1.5 volumes of 1 m Tris, pH 6.8, to give
a solution with a final pH ~7.4. This fraction was then used to
evaluate apoE, ABCA1, APP, APP-CTFs, and AB. The pellet
(carbonate insoluble fraction) was resuspended in an equal
amount of 5 M guanidine hydrochloride in 50 mm Tris-HCI, pH
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8.0, at room temperature for 2.5-3 h with continuous rotation
to evaluate plaque-associated A. Brain tissue from all animals
was extracted in an identical manner, and all fractions were
aliquoted and immediately frozen at —80 °C until analysis. Pro-
tein concentration was determined by DC Protein assay
(Bio-Rad).

Western Blot Analysis of ABCA1, ApoE, APP, and APP-CTF—
For analysis of ABCA I, apoE, and APP, 50-100 ug of carbonate
lysate was electrophoresed through 10% SDS-polyacrylamide
gels, transferred to PVDF membrane (Millipore), and immuno-
detected using a monoclonal anti-ABCAI antibody, AC10
(1:1000, a kind gift from Dr. M. R. Hayden), a murine-specific
apoE antibody (1:1000, Santa Cruz Biotechnology), an anti-
APP antibody that recognizes both murine and human APP
(clone 22C11, 1:2000, Chemicon), or an anti-actin antibody
(1:5000, Chemicon) as a loading control. APP and APP-CTF
were analyzed by resolving 25 ug of carbonate lysate through
4-12% NuPAGE BisTris gradient gels (Invitrogen, NP0335).
Following transfer to a PVDF membrane, blots were probed
using an anti-APP-CTF antibody (1:2000, Sigma), 22C11 or
anti-actin. Blots were developed using enhanced chemilumi-
nescence (Amersham Biosciences) according to the manufac-
turer’s recommendations and quantitated using densitometry.
Films were scanned into TIFF format at 600 dpi resolution and
pixel counts were determined using Image] (NIH) software.
Levels of ABCA 1, apoE, APP, and APP-CTF were normalized to
actin and expressed as fold-difference compared with non-
treated APP/PS1 controls. For APP, values obtained from SDS-
PAGE and BisTris Western blots were averaged. Each mouse
was analyzed at least in duplicate, using independent gels run
on different days with different ordering of samples to avoid
edge effects and different pairings to avoid bias. For ABCA I and
apoE quantitations, each sample was evaluated on at least 2
independent gels.

Western Blot Analysis of CSF—For analysis of CSF apoE par-
ticles, 10 ul of CSF was pooled from two mice and electrophore-
sed through 6% native polyacrylamide gels, transferred to
PVDF membrane (Millipore), and immunodetected using an
apoFE antibody (1:500, Chemicon) followed by an anti-albumin
antibody (1:2000, Bethyl Laboratories) as a loading control.
Blots were developed using enhanced chemiluminescence
(Amersham Biosciences) according to the manufacturer’s
recommendations.

Dot Blot Analysis of Total and Oligomeric AB—2 to 4 pg of
cortical carbonate soluble lysate was spotted onto a dry nitro-
cellulose membrane and allowed to absorb. Following rehydra-
tion in 20% methanol and blocking in a solution of 5% milk in
TBS, blots were probed with a monoclonal antibody against
amino acid residues 1-17 of AB (1:1000, clone 6E10, Chemi-
con) to detect total AB or an anti-oligomeric antibody (1:1000,
clone A11, BIOSOURCE) to detect oligomeric AB. Blots were
developed and quantitated as above. Levels of oligomeric A3
were normalized to total AB for each individual mouse and
expressed as fold-difference compared with non-treated APP/
PS1 controls.

AB ELISA—APB40 and AB42 ELISAs were performed using
commercial kits (KHB3442/KHB3441, BIOSOURCE) follow-
ing the manufacturer’s instructions. Carbonate soluble and
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FIGURE 1. ABCAT1 protein levels reflect GW3965 dose. Cortical and hippocampal extracts from untreated (—:
black) and treated (+: white) mice were immunoblotted for ABCAT. Left panels are representative blots using
undiluted samples from individual mice from the following cohorts: APP/PS1 untreated control: n = 7 (cortex),
n =7 (hippocampus); APP/PS1 prophylactic: n = 8 (cortex) n = 5 (hippocampus); APP/PS1 low dose therapeu-
tic:n = 8 (cortex), n = 6 (hippocampus); APP/PS1 high dose therapeutic: n = 10 (cortex), n = 9 (hippocampus);
ABCA1~/~ APP/PS1 untreated control: n = 4 (cortex), n = 4 (hippocampus); ABCA1~/~ APP/PS1 prophylactic:
n = 8 (cortex) n = 8 (hippocampus): ABCAT~/~ APP/PS1 low dose therapeutic: n = 8 (cortex), n = 8 (hippocam-

hippocampus. Each section was
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2.5 mglkg/day Vvariations in plaque burden. Images
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Pro software.
Th ’ Statistical Analysis—Results were
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2.5 mg/kg/day 5.0).Y Treatedgcohorts were com-
* pared with their corresponding
untreated control arm of the same
genotype. Biochemistry results,
including Western blots and Af
ELISA, were analyzed by one-way
analysis of variance followed by a
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Student’s ¢ test was used for NOR,
and two-way analysis of variance
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pus); ABCA1~/~ APP/PS1 high dose therapeutic: n = 4 (cortex), n = 4 (hippocampus). Samples from each

mouse were normalized to actin and expressed as fold-difference compared with ABCAT levels in untreated

RESULTS

APP/PS1 controls. Data represent mean = S.E., where * represents p < 0.05, ** represents p < 0.01, and ***

represents p < 0.001 by Students t test.

insoluble lysates were analyzed diluted in reaction buffer sup-
plied by the manufacturer. Levels of AB40 and A342 were nor-
malized to total protein concentration.

Histology—25-um thick, coronal sections were cut on a cryo-
stat from fixed brains from the genu of the corpus callosum to
the most caudal hippocampus. Sections were immersed for 10
min in 1% thioflavin S solution followed by washing and dehy-
dration in increasing ethanol concentrations from 70 to 10%
followed by xylene. Slides were mounted in dibutyl phthalate
xylene mounting medium (DBH) and visualized within 24 h.
Quantification of amyloid load was performed from six half-
brain sections, 300 wm apart, spanning the entire length of the
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GW3965 Increases ABCAI and

ApoE Protein Levels in a Dose-de-

pendent Manner but Does Not Affect APP Levels—Four treat-
ment groups were generated for both APP/PS1 and ABCAI-
deficient APP/PS1 cohorts. The first group consisted of
untreated APP/PS1 and ABCAI-deficient APP/PS1 mice to
serve as baseline controls for disease progression in the pres-
ence and absence of ABCAI. The second group consisted of
pre-symptomatic APP/PS1 and ABCAI-deficient APP/PS1
mice treated prophylactically with low dose (2.5 mg/kg/day)
GW3965, beginning at 16 weeks of age, for a total duration of 24
weeks. The remaining groups consisted of symptomatic APP/
PS1 and ABCAI-deficient APP/PS1 mice treated therapeuti-
cally with low dose (2.5 mg/kg/day) or high dose (33 mg/kg/
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FIGURE 2. High dose GW3965 is required for elevated apoE levels in tissue. Cortical and hippocampal
extracts from APP/PS1 untreated (—: white), APP/PS1 treated (+: dark gray), APP/PS1 ABCA1~/~ untreated (—:
light gray), and APP/PS1 ABCA1~'~ treated (+: black) mice were immunoblotted for apoE. Left panels are
representative blots using undiluted samples from individual mice from the following cohorts: APP/PS1
untreated control: n = 7 (cortex), n = 8 (hippocampus); APP/PS1 prophylactic: n = 8 (cortex) n = 8 (hippocam-
pus); APP/PS1 low dose therapeutic: n = 8 (cortex), n = 8 (hippocampus); APP/PS1 high dose therapeutic:n =
10 (cortex), n = 9 (hippocampus); ABCA1~/~ APP/PS1 untreated control: n = 4 (cortex), n = 4 (hippocampus);
ABCA1~/~ APP/PS1 prophylactic: n = 8 (cortex) n = 8 (hippocampus): ABCA1~/~ APP/PS1 low dose therapeu-
tic: n = 7 (cortex), n = 6 (hippocampus); ABCAT~/~ APP/PS1 high dose therapeutic: n = 4 (cortex), n = 4
(hippocampus). Samples from each mouse were blotted at least twice, normalized to actin, and expressed as
fold-difference compared with apoE levels in untreated APP/PS1 controls. Data represent mean * S.E., where
* represents p < 0.05 and ** represents p < 0.01 by one-way analysis of variance followed by Tukey post test.

day) GW3965, beginning at 32 weeks of age, for a total duration
of 8 weeks. All animals were analyzed at 40 weeks of age.
Western blot analysis of cortical and hippocampal tissue
revealed that low dose prophylactic, low dose therapeutic, and
high dose therapeutic treatment with GW3965 led to a signifi-
cant 1.5-fold (n = 7 control, 8 treated, p < 0.05), 1.6-fold (n = 7
control, 8 treated, p < 0.05), and 3.8-fold (n = 7 control, 10
treated, p < 0.001) increase in ABCA1 protein levels in cortex,
and a significant 2.4-fold (n = 7 control, 5 treated, p < 0.05),
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2.6-fold (n = 7 control, 6 treated,
p < 0.01), and 5.8-fold (n = 7 con-
trol, 8 treated, p < 0.001) increase in
ABCAI protein levels in hippocam-
pus (Fig. 1 and supplemental Fig.
S1). Compared with ABCA1, apoE
is less responsive to GW3965 and
apoE protein levels were signifi-
cantly increased only in the high
dose therapeutic group with func-
tional ABCAI in both cortex (1.5
fold, n = 7 control, 10 treated, p <
0.05) and hippocampus (1.4-fold,
n = 8 control, 9 treated, p < 0.01) in
treated APP/PS1 mice relative to
untreated APP/PS1 controls (Fig. 2).

As predicted from previous stud-
ies, apoE protein levels were signi-
ficantly lower by ~60% (n = 4
control, p < 0.001) in all ABCAI-
deficient animals, as poorly lipi-
dated apoFE is rapidly catabolized.
Because apoE is independently acti-
vated by GW3965, we observed a
subtle but insignificant increase in
apoE protein levels in GW3965-
treated ABCAI ™/~ animals. How-
ever, no treatment strategy achieved
statistically significant increases in
apoE protein levels in ABCA I-defi-
cient APP/PS1 mice relative to
untreated ABCAI-deficient APP/
PS1 controls, nor restored apoE
protein levels in any ABCAI '~
group to the wild-type levels
observed in untreated APP/PS1
mice. These results suggest that
increased transcription of apoE
mRNA may be offset by catabolism
of poorly lipidated apoE protein in
ABCAI-deficient animals, leading
to a trend but not a significant
increase in steady state apoE protein
levels in response to GW3965
treatment.

As expected, neither ABCA I defi-
ciency nor GW3965 treatment sig-
nificantly altered total APP levels in
either hippocampus or cortex (sup-

plemental Fig. S2), confirming that LXR agonists do not alter
APP abundance. Previous studies have demonstrated that car-
boxyl-terminal fragments (CTF) of APP impair calcium home-
ostasis and learning and memory and are an important toxic
component in the neuropathy of AD (38). Intriguingly, we
observed a trend toward increased CTFa and CTE levels only
in the hippocampus of mice treated with 33 mg/kg/day of
GW3965 (supplemental Fig. S3), suggesting the possibility that
APP processing may be affected at this dose. Levels of CTF were
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FIGURE 3. ABCAT1 is required for increased CSF apoE levels in response to
GW3965. Equal volumes of CSF from individual mice from untreated control
(C), prophylactic (P), low dose therapeutic (), and high dose therapeutic (TH)
groups of APP/PS1 and APP/PS1 ABCA1~/~ mice were pooled, separated by
6% native PAGE, and immunoblotted for apoE and albumin. Stokes diameter
markers are shown on the right.

not altered at low dose GW3965 treatment or upon deletion of
ABCAI.

ABCA1 Is Required to Observe Increased CSF apoE in
Response to GW3965—Immunoblot analysis of CSF showed
that treatment of APP/PS1 mice with functional ABCAI with
2.5 mg/kg/day of GW3965 have slightly increased CSF apoE
levels (Fig. 3), consistent with modestly elevated apoE protein
in tissue. APP/PS1 animals receiving 33 mg/kg/day of GW3965
exhibited a dramatic, ~10-fold, increase in lipidated CSF apoE
particles. CSF apoE levels in ABCA1-deficient mice are ~20-
fold lower than in wild-type animals, and therefore as expected
from these previous studies, untreated ABCA I-deficient APP/
PS1 mice displayed greatly reduced CSF apoE levels relative to
APP/PS1 controls. Furthermore, ABCAI-deficient APP/PS1
animals completely failed to exhibit elevated apoE levels in CSF
under any treatment strategy.

High Dose GW3965 Shifts AB from Guanidine to Soluble
Pools Independent of ABCA1—Proteolytic cleavage of APP by
B-secretase initiates the production of soluble, monomeric A3
peptides that aggregate to form the insoluble, fibrillar form of
AB commonly found in senile plaques. In APP/PS1 mice with
functional ABCA1,low dose (2.5 mg/kg/day) GW3965 had little
effect on carbonate-soluble or guanidine-soluble (fibrillar)
pools of AB40 and AB342 in the cortex and hippocampal regard-
less of prophylactic (24 weeks) or therapeutic (8 weeks) treat-
ment duration (Fig. 4). The only exception to this observation
that reached statistical significance was an increase in hip-
pocampal carbonate-soluble AB42 (2.9-fold, p < 0.05) in APP/
PS1 mice receiving 2.5 mg/kg/day of GW3965 for 8 weeks
(therapeutic group). In ABCA1-deficient APP/PS1 mice, low
dose GW3965 tended to increase AB40 and AB42 levels in both
carbonate- and guanidine-soluble pools in both cortex and hip-
pocampus, particularly in animals in the therapeutic arm,
although no increase reached statistical significance. These
observations are consistent with previous studies showing that
that loss of ABCA1 does not markedly affect baseline A levels
(7,8,11, 14) and that less than 30 mg/kg/day of the LXR agonist
TO901317 for 7 days does not alter A3 levels in Tg2576 mice
(29).

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

APP/PS1 mice treated with high dose (33 mg/kg/day)
GW3965 for 8 weeks showed elevated carbonate-soluble AB40
and AB42 in both cortex and hippocampus. Specifically, car-
bonate-soluble AB40 levels were increased in the cortex (5.2-
fold, p < 0.01) and hippocampus (3.0-fold, p < 0.001), whereas
carbonate-soluble AB42 levels were increased in the cortex
(1.9-fold, p < 0.001) and showed a trend toward elevated levels
in the hippocampus (2.3-fold, p > 0.05). In these animals, A3
levels in the corresponding cortical guanidine-soluble fractions
tended to decrease, although no decrease reached statistical
significance. Similar trends were observed in ABCA1-deficient
APP/PS1 mice treated with high dose GW3965, however, the
only significant increase compared with untreated genotype-
matched controls was for carbonate-soluble AB40 in the cortex
(3.6-fold, p < 0.001). These observations suggest that treatment
of APP/PS1 mice with a high dose of GW3965 may promote the
retention of AB in soluble rather than deposited pools irrespec-
tive of ABCAI.

Because neurotoxicity has been suggested to correlate better
with oligomeric rather than total A levels (39), we performed
dot blot experiments on carbonate-soluble cortical extracts
using the oligomer-specific A11 antibody and the 6E10 anti-
body that detects all forms of AB. Animals treated with high
dose GW3965 showed a balanced increase in oligomeric and
total AB, which resulted in no net change in the A11:6E0
ratio irrespective of ABCAI (supplemental Fig. S4).
Although animals treated with low dose GW3965 showed no
significant changes in oligomeric or total AB, we noted that
the A11:6E10 ratio was significantly elevated in the ABCA1I-
deficient APP/PS1 cohort treated for 8 weeks with 2.5
mg/kg/day of GW 3965, which is likely due to a non-signifi-
cant decease in total Af detected on a dot blot. The most
conservative conclusion from this experiment is that neither
GW3965 treatment nor ABCA1 genotype affects the relative
amount of A oligomers.

ABCAI Is Required for a GW3975-mediated Reduction
in Amyloid Burden—Thioflavin-S histology revealed that
GW3965 tended to reduce the amyloid load in the hippocam-
pus and whole brain in the treated APP/PS1 cohorts examined
here (Fig. 5). In contrast, ABCAI-deficient APP/PS1 animals
failed to exhibit lowered amyloid levels when treated with high
dose GW3965 in whole brain and showed a clear trend toward
increased hippocampal amyloid load that was significant in ani-
mals receiving 33 mg/kg/day of GW3965. These observations
suggest that ABCA1 contributes to the reduced amyloid burden
in response to GW3965 treatment.

ABCA1 Deficiency Compromises Gains in Cognitive Function
in APP/PS1 Mice Treated with GW3965—To determine
whether ABCAI contributes to improved cognition upon
GW3965 treatment, we evaluated APP/PS1 mice with and
without ABCA1 in both novel object recognition (NOR) and
MWM tasks relative to wild-type strain-matched controls (Fig.
6). Each treatment strategy showed consistent results in the
NOR. All animals showed equivalent responses in the training
phase of this task, indicating that the presence of AB or the
absence of ABCA I did not affect baseline exploratory behavior.
As expected, wild-type animals showed a significant preference
for novelty, spending ~60% of their time exploring the novel
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FIGURE 4. Effect of GW3965 and ABCAT on cortical and hippocampal A levels. Tissues were serially
extracted with carbonate followed by guanidine hydrochloride and AB40 and AB42 levels in each fraction were
measured by ELISA. Data represent mean * S.E. of 1-4 measurements from each mouse. Cohorts consisted of
the following Ns: APP/PS1 untreated control: n = 7 (cortex), n = 8 (hippocampus); APP/PS1 prophylactic: n =
8 (cortex) n = 8 (hippocampus); APP/PS1 low dose therapeutic: n = 8 (cortex), n = 8 (hippocampus); APP/PS1
high dose therapeutic: n = 10 (cortex), n = 10 (hippocampus); ABCAT~/~ APP/PS1 untreated control: n = 4
(cortex), n = 4 (hippocampus); ABCA1~/~ APP/PS1 prophylactic:n = 8 (cortex) n = 8 (hippocampus): ABCA1 '~
APP/PS1 low dose therapeutic: n = 8 (cortex), n = 8 (hippocampus); ABCAT~/~ APP/PS1 high dose therapeutic:
n =4 (cortex), n = 4 (hippocampus). Data represent mean = S.E., where * represents p < 0.05, ** represents p <
0.01, and *** represents p < 0.001 by one-way analysis of variance followed by Tukey post test. C, control; P,
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improved over untreated APP/PS1
mice on days 3 and 4 (p < 0.01).
ABCA1I deficiency had subtler
effects on MWM performance than
for the NOR task. In both prophy-
lactic and low dose therapeutic
groups, ABCAI-deficient APP/PS1
mice displayed similar latency times
as similarly treated APP/PS1 con-
trols. The impact of ABCAI defi-
ciency was evident only upon high
dose therapeutic treatment, where
lack of ABCAI was associated with
significantly poorer performance
on all days except day 3. On day 4,
the performance of ABCAI-defi-
cient APP/PS1 mice treated with
high dose GW3965 was similar to
untreated APP/PS1 mice (p >
0.05), and significantly poorer
than treated APP/PS1 and wild-
type animals (p < 0.001). These
results suggest that neuronal cir-
cuits required for improvement
in the MWM task may be less
responsive to LXR agonists com-
pared with NOR, as only high dose
treatment improved MWM per-
formance of APP/PS1 mice to

prophylactic; T, low dose therapeutic; TH, high dose therapeutic.

object (p = 0.001), whereas untreated APP/PS1 mice were con-
siderably impaired and explored the known object as frequently
as the novel one. All treatments significantly improved cogni-
tive performance of APP/PS1 mice nearly to wild-type levels
(prophylactic GW3965, p = 0.047; low dose therapeutic
GW3965, p = 0.001; high dose therapeutic GW3965, p =
0.0001), demonstrating that the hippocampal and perirhinal
cortical pathways are important for NOR (40) to respond
positively to LXR agonists even after the onset of amyloid
deposition. Notably, no treatment strategy was able to
achieve significant improvements in NOR performance of
ABCAI-deficient APP/PS1 mice and these animals were
nearly as impaired as untreated APP/PS1 mice in each of the
treatment groups.

In the MWM task, wild-type mice readily learned the loca-
tion of the platform, whereas untreated APP/PS1 mice did not
show any significant decrease in escape latency over 4 days of
trials. Wild-type mice performed significantly better than
untreated APP/PS1 mice on day 4 (p < 0.001). Treatment of
APP/PS1 mice with GW3965 in both prophylactic and low
dose therapeutic arms improved MWM performance, which
initially was similar to wild-type animals over the first 3 trials
and reached an intermediate performance level significantly
different from both wild-type (p < 0.05) and untreated APP/
PS1 mice (p < 0.05) on the 4th day. The performance of
APP/PS1 mice treated with high dose GW3965 was similar
to wild-type mice on each trial day (p > 0.05) and significantly
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approach that of wild-type ani-
mals, and the effect of ABCAI
deficiency was observed only in the high dose arm.

DISCUSSION

LXR agonists have clear beneficial effects on both cognitive
and biochemical end points in AD mice. Koldamova et al. (28)
showed that 11-week-old APP23 mice treated for 6 days with 50
mg/kg/day of TO901317 displayed increased ABCA1 expres-
sion, no change in apoE levels, decreased RIPA-soluble AB40
and AB42 levels, and a shift in APP processing from f3- to
a-secretase cleavage. Riddel et al. (29) showed that sympto-
matic 20-week-old Tg2576 mice treated for 7 days with 50
mg/kg/day of TO901317 displayed improved performance in
contextual fear conditioning. ABCA1 and apoE mRNA levels
were increased to a greater extent in hippocampus compared
with cortex in animals treated with 30 mg/kg/day of TO901317,
accompanied by a selective decrease in guanidine-soluble hip-
pocampal AB42 (29). Jiang et al. (13) treated 12-month-old
symptomatic Tg2765 mice for 4 months with 33 mg/kg/day of
GW3965 and observed increased ABCA I expression accompa-
nied by a dramatic reduction in plaque load and decreased
AB40 and AB42 levels, without altering APP processing. In this
study, a 6-day treatment with 50 mg/kg/day of GW3965 was
sufficient to fully restore performance in the contextual fear
conditioning task (13). Vanmierlo et al. (30) treated 21-month-
old APPSLxPS1 mice with 30 mg/kg/day of TO901317 and
observed improved performance on both object memory and
object location tasks with no alteration in amyloid load. Finally,
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T-HD performance and increased tissue
and CSF apoE levels. ABCAI was
also clearly implicated in the ten-
dency to exhibit reduced amyloid
load in GW3965-treated animals.
Cognitive performance in the
NOR task was the most sensitive
measure of improvement identified
in this study, as treated APP/PS1
mice displayed equivalent ABCAI-
dependent gains in object memory
when treated with 2.5 or 33 mg/kg/
day of GW3965. That ABCAI-de-
pendent object recognition memory
can be substantially improved in the
absence of reduced AB or amyloid
levels suggests that AB and amyloid
deposits may not markedly affect
cognitive function. Alternatively,
ABCAI1 may play a particularly
important role in promoting the
clearance of A pools that are criti-
cal for cognitive function, and that

ckP T ™ these pools may be distinct from

APP/PS1
ABCA1-/-
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FIGURE 5. High dose GW3965 solubilizes amyloid in APP/PS1 mice with functional ABCA1. top, thioflavin-S
staining of hemicoronal sections from APP/PS1 mice in the presence or absence of ABCAT, with or without
GW3965 treatment. Scale bar represents 1000 um. Amyloid load was quantitated in the hippocampus (bottom
left) and whole hemi-brain (bottom right) as described under “Experimental Procedures.” Values represent
mean * S.E. of total amyloid load from 6 hemi-coronal brain sections per mouse, n = 2—-6 mice per group.
C, control; P, prophylactic; T, low dose therapeutic; TH, high dose therapeutic.

Burns ef al. (14) observed a dose-dependent increase in ABCA1
and apoE expression concomitant with decreased endogenous
murine AB42 levels in wild-type mice treated for 7 days with 50
mg/kg/day of TO901317. Furthermore, genetic deficiency of
the LXR target gene ABCA1 reduces apoE levels and lipidation
in the central nervous system and exacerbates amyloidogenesis
(6-9,11), whereas selective overexpression of ABCA 1 by 6-fold
or more is sufficient to nearly eliminate the formation of amy-
loid plaques (10). This body of work suggests that LXR agonists
may promote beneficial responses in APP transgenic mice
through ABCAI. The present study was therefore designed to
address three questions: 1) do LXR agonists require ABCAI to
produce beneficial outcomes in APP/PS1 mice; 2) how does the
LXR agonist dose affect target gene induction, cognitive per-
formance, and AB metabolism; 3) is prophylactic treatment
superior to therapeutic treatment with respect to behavioral
and biochemical end points. We therefore evaluated cognitive,
biochemical, and neuropathological end points in female APP/
PS1 mice, with and without ABCA1I, that were treated with
GW965 for different durations and at different doses. We
selected females for our study as female APP/PS1 mice display a
more severe accumulation of amyloid load and because women
have an increased prevalence of AD compared with men.

We show that ABCA1I is an important LXR target gene that
contributes to several positive effects of LXR agonists in female
APP/PS1 mice. Specifically, APP/PS1 animals lacking ABCA 1
completely failed to respond to GW3965 with respect to NOR
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APP/PS1

APP/PS1

ABGRL carbonate- or guanidine-soluble

AB, oligomeric AB, and mature
amyloid. Our results are similar to
those of Vanmierlo et al. (30), who
reported significantly improved
behavior in object recognition and
object location tasks in APPSLxPS1
mice treated with 30 mg/kg/day of TO901317 for 6 -9 weeks.
Intriguingly, they also observed significant improvements in
behavior without significant changes in amyloid burden. Our
study, along with that of Vanmierlo ez al. (30), suggests that
clinical improvement in cognitive functioning in humans may
be possible without necessarily reducing total AB or amyloid
levels.

Unlike NOR, performance on the MWM task was not fully
rescued with low dose GW3965 and required 33 mg/kg/day to
reach wild-type performance on the 4th trial day. Object recog-
nition tasks, like NOR, require cooperative function between
hippocampal and perirhinal cortex (40), rather than reliance
largely on hippocampal function for spatial memory involved in
the MWM. Previous work by Riddell (13) and Jiang et al. (29)
showed that performance of Tg2576 mice in a contextual fear
conditioning task, which uses inputs from hippocampus and
amygdala, also respond positively to LXR agonists. It would be
interesting to determine whether there are other differential
sensitivities to LXR agonists in behavioral tasks in these and
other murine models of amyloid deposition, as such informa-
tion could help to refine functional pathways that could benefit
from therapies involving the ABCA 1-apoE pathway.

We observed several dose-dependent effects of GW3965 in
our study. ABCAI was up-regulated at lower doses than apoFE,
consistent with previous observations that apoE is less sensitive
to LXR-mediated induction (13, 14, 29). Unlike previous
reports in Tg2576 mice, we did not observe selective responses
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FIGURE 6. ABCAT is required for LXR-mediated improvement in object but not spatial memory. A-C, percentage of NOR in APP/PS1 mice with and without
ABCAT treated prophylactically with GW3965 for 24 weeks (A) or treated therapeutically at a low dose (B) or therapeutically at a high dose (C) for 8 weeks.
Littermate controls include wild-type and untreated APP/PS1 animals. N represents the novel object, and cohort size is listed below the column. D-F, latency
tolocate a hidden platformin the MWM task in the same animals treated prophylactically (D) or therapeutically at alow dose (E) or therapeutically at a high dose
(F) with GW3965. Columns represent the mean = S.D. and, for the MWM task, are grouped into 4-day trial blocks. Cohort size for the MWM task are: wild-type,
n = 8; untreated APP/PS1, n = 19; 24 weeks (prophylactic) APP/PS1 treated, n = 11; 24 weeks (prophylactic) APP/PS1/ABCAT /" treated, n = 8; 8 weeks
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APP/PS1/ABCAT~’~ to wild-type littermate controls. C, control; T, low dose therapeutic.

of ABCA1 in the hippocampus, perhaps reflecting differences
among animal models, particularly if PS1 mutations are
included as these have been implicated in bi-directional regu-
latory loops involving cholesterol and sphingomyelin homeo-
stasis and APP processing (41). Low dose GW3965 did not
affect total APP levels or processing in APP/PS1 mice, but high
dose GW3965 led to a trend toward increased production of
CTFa and CTER in hippocampus. Previously, Koldamova et al.
(28) observed a shift in APP processing from -secretase cleav-
age to a-secretase cleavage in Tg2576 mice treated with 50
mg/kg/day of TO901317, suggesting that high doses of LXR
agonists may have some impact on APP processing.
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Because LXR agonists activate a wide variety of genes in the
brain (42), an important follow-up study will be to assess differ-
ential gene expression changes by LXR dose, which would be
particularly informative for genes that influence inflammatory
status. ApoE has a multitude of different functions and may
contribute to lipid mobilization, A clearance, and anti-inflam-
matory responses to LXR activation (43).

In APP/PS1 mice, the effect of GW3965 on A levels and
distribution between soluble and insoluble pools was markedly
different from the reported effects for LXR agonists in the
Tg2576 model. Previous studies with Tg2576 mice have dem-
onstrated reduced hippocampal A levels upon treatment with
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TO901317 or GW3965. In contrast, APP/PS1 mice treated with
2.5 mg/kg/day of GW3965 had no change in A levels other
than a nonsignificant trend toward increased carbonate soluble
AB42 in hippocampus. APP/PS1 receiving 33 mg/kg/day of
GW3965 did show significantly increased carbonate soluble
AB40 and AB42 in cortex- and carbonate-soluble AB40 in hip-
pocampus, with similar trends observed in animals lacking
ABCA 1. However, none of the cohorts examined here displayed
significant reductions in guanidine-soluble AB nor mature
amyloid. Intriguingly, because the APPSLxPSImut animals
used by Vanmierlo et al. (30) also failed to exhibit significant
reductions in deposited AB upon extended TO901317 treat-
ment, it will be interesting to specifically examine the effect of
the PS1 69 mutation in response to LXR agonists.

In vitro, lipidated apoE and apoA-I facilitate A3 degradation
by neprilysin and insulin degrading enzyme (13). Microglia effi-
ciently take up and degrade soluble AB, and this process is
enhanced if AB is added together with apoA-I or apoE (13).
Neprilysin and related proteinases mediate intracellular degra-
dation of soluble AB, whereas insulin degrading enzyme and
related proteinases regulate A3 degradation in the extracellular
milieu (13). Importantly, loss of apoE or ABCA I activity greatly
impairs the ability of primary microglia to degrade AB (13). An
important question raised by our study is whether ABCA1-me-
diated lipidation of apoE clears A B via these proteinases in vivo,
and whether the LXR dose affects insulin degrading enzyme or
neprilysin levels or activity.

Interestingly, prophylactic treatment of asymptomatic APP/
PS1 mice provided no advantage compared with therapeutic
treatment of diseased APP/PS1 in any outcome measured.
Indeed, therapeutic administration often led to subtly better
responses with respect to tissue apoFE levels and AB distribu-
tion. This observation is consistent with a previous example of
atemporal response to LXR agonists. For example, cynomolgus
monkeys treated with 10 mg/kg/day of GW3965 exhibited a
transient increase in plasma LDL, TC, and apoB levels that
peaked after 7 days of treatment and returned to baseline con-
ditions by 14 days (31). It will be interesting to determine the
temporal response of LXR target genes in brain and correlate
these changes with improved cognitive function.

Our study used exclusively female APP/PS1 mice, whereas
APPSLxPS1mut males were used by Vanmielo et al. (30) and
Tg2576 males were used by Riddell ez al. (29). The gender of the
Tg2576 cohort investigated by Jiang et al. (13) is not reported.
LXR agonists therefore consistently result in improved behav-
ior across three different AD models, in either gender and with
distinct agonists.

In conclusion, this study provides further support for the
beneficial role LXR-responsive gene products have for benefi-
cial effects on cognitive functions relevant for AD in multiple
mouse models of amyloidogenesis. Furthermore, of the hun-
dreds of genes activated by LXR agonists, our study is the first to
specifically implicate ABCAI as a key component of this bene-
ficial response, as without ABCAI, apoE cannot carry out its
normal beneficial functions in the brain. Therefore, therapeutic
strategies that specifically target ABCAI may be a viable
approach for bypassing the deleterious side effects of existing
LXR agonists for AD.
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