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Apolipoprotein E4 (apoE4) plays a major role in the pathogenesis of Alzheimer’s disease. Brain amyloid-� (A�) accumulation depends
on age and apoE isoforms (apoE4 � apoE3) both in humans and in transgenic mouse models. Brain apoE levels are also isoform
dependent, but in the opposite direction (apoE4 � apoE3). Thus, one prevailing hypothesis is to increase brain apoE expression to reduce
A� levels. To test this hypothesis, we generated mutant human amyloid precursor protein transgenic mice expressing one or two copies
of the human APOE3 or APOE4 gene that was knocked in and flanked by LoxP sites. We report that reducing apoE3 or apoE4 expression
by 50% in 6-month-old mice results in efficient A� clearance and does not increase A� accumulation. However, 12-month-old mice with
one copy of the human APOE gene had significantly reduced A� levels and plaque loads compared with mice with two copies, regardless
of which human apoE isoform was expressed, suggesting a gene dose-dependent effect of apoE on A� accumulation in aged mice.
Additionally, 12-month-old mice expressing one or two copies of the human APOE4 gene had significantly higher levels of A� accumu-
lation and plaque loads than age-matched mice expressing one or two copies of the human APOE3 gene, suggesting an isoform-dependent
effect of apoE on A� accumulation in aged mice. Moreover, Cre-mediated APOE4 gene excision in hippocampal astrocytes significantly
reduced insoluble A� in adult mice. Thus, reducing, rather than increasing, apoE expression is an attractive approach to lowering brain
A� levels.

Introduction
Apolipoprotein E4 (apoE4) is a major genetic risk factor for Alz-
heimer’s disease (AD) (Corder et al., 1993; Saunders et al., 1993;
Strittmatter et al., 1993a). AD is pathologically characterized by
the presence of amyloid plaques and neurofibrillary tangles, both
of which contain apoE (Namba et al., 1991; Wisniewski and Fran-
gione, 1992). Amyloid plaques consist primarily of amyloid-�
(A�) peptides that are produced from the sequential cleavage of
human amyloid precursor protein (hAPP) (Hardy and Selkoe,
2002). Early studies suggested that apoE4 functions as a patho-
logical chaperone to accelerate A� fibrillization and deposition
(Wisniewski and Frangione, 1992; Strittmatter et al., 1993b;
Sanan et al., 1994; Castano et al., 1995). Studies in both humans
and transgenic mice showed that brain A� levels and amyloid
plaque formation are apoE isoform dependent (apoE4 �
apoE3 � apoE2) (Bales et al., 2009; Reiman et al., 2009; Cas-

tellano et al., 2011). However, apoE isoforms also differentially
facilitate the proteolytic degradation of A� by microglia and as-
trocytes, with apoE3 being more effective (Koistinaho et al., 2004;
Jiang et al., 2008; Zhao et al., 2009).

Analysis of human plasma samples revealed that apoE4 levels
were lower and further decreased in AD patients versus controls
(Gupta et al., 2011). Analysis of human brain samples yielded
controversial results, with some studies showing decreased apoE
mRNA or protein levels and others showing no change or in-
creased apoE mRNA or protein levels in AD versus control brains
(Bertrand et al., 1995; Harr et al., 1996; Pirttilä et al., 1996; Lam-
bert et al., 1997; Beffert et al., 1999; Growdon et al., 1999; Bray et
al., 2004; Jones et al., 2011). Several studies have shown that brain
apoE levels in human apoE knock-in mice vary according to the
isoform expressed (apoE4 � apoE3) (Ramaswamy et al., 2005;
Riddell et al., 2008; Sullivan et al., 2011). Further studies that
measured apoE in hAPP transgenic mouse CSF and brain lysates
again found reduced levels of apoE4 versus apoE3 (Bales et al.,
2009). These findings suggest a possible mechanism for apoE4’s
detrimental effects, whereby apoE4, being inherently unstable,
becomes targeted for degradation more often, which results in
insufficient levels of apoE to facilitate A� clearance and leads to
A� accumulation (Bales et al., 2009). These studies thus suggest a
therapeutic strategy whereby elevating apoE expression in the brain
stimulates A� clearance and thus lowers A� levels (Dodart et al.,
2005; Riddell et al., 2008; Bales et al., 2009; Sullivan et al., 2011).
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To directly test this hypothesis, we
generated mutant hAPP transgenic mice
expressing one or two copies of the
APOE3 or APOE4 gene that was knocked
into the endogenous mouse locus. Hemi-
zygous mice expressing one copy of the
human APOE gene (and one APOE
knock-out allele) or homozygous mice
with two copies of the human APOE gene
were analyzed at 6 and 12 months for lev-
els of total A�, A� deposition, and fibrillar
amyloid-plaque formation in the hip-
pocampus. Strikingly, we found that re-
ducing human apoE levels attenuates age-
dependent A� accumulation in mutant
hAPP transgenic mice.

Materials and Methods
Mice. The floxed apoE knock-in (APOE-fKI )
mice were generated by homologous recombi-
nation of a gene-targeting vector containing
exons 2 through 4 of the human APOE gene.
LoxP sites were added before exon 2 and after
exon 4. The apoE3- and apoE4-targeting vec-
tors were electroporated into embryonic stem
cells (ESCs) from mouse strain 129/Svjae, and
positive clones were selected and screened as
described previously (Xu et al., 2006). One of
each of the positive apoE3 and apoE4 ESC
clones was microinjected into C57BL/6 blasto-
cysts in the Gladstone Blastocyst Core, yielding
�10 chimeric mice. Four to six male chimeras
(�80% brown fur) were crossed with C57BL/6
females to generate heterozygous human
apoE3 or apoE4 knock-in mice. Multiple addi-
tional backcrosses using marker-assisted selec-
tion resulted in mice that are �99% C57BL/6.
ApoE3/3 and apoE4/4 mice were crossbred
with hAPP transgenic mice (line J20 with the
Swedish/Indiana mutations) on a mouse apoE
knock-out background to generate E3 �/�/
hAPP and E4 �/�/hAPP mice. E3 �/�/hAPP
mice were then crossbred with E3 �/� mice,
and E4 �/�/hAPP mice were crossbred with
E4 �/� mice to generate mice with the follow-
ing genotypes: E3 �/�/hAPP, E3 �/�/hAPP,
E4 �/�/hAPP, E4 �/�/hAPP, and E �/�/hAPP.
Mice at 6 – 8 or 12 months of age were used for
most studies. All experimental groups contained
6–13 mice with equal proportions of males and females. For tissue collec-
tion, mice were anesthetized with avertin and transcardially perfused with
0.9% saline. Brains were rapidly harvested, right hemibrains were drop-fixed
in 4% paraformaldehyde, and left hemibrains were snap frozen on dry ice.

Western blot analyses. Snap-frozen tissue was allowed to thaw slowly
on ice, dissected to isolate the hippocampus and cortex, and weighed to
determine the amount of ice-cold lysis buffer used (10� w/v). For mice
not expressing hAPP, the hippocampus and cortex were separately ho-
mogenized in a high-detergent buffer (50 mM Tris, 150 mM NaCl, 2%
NP-40, 0.5% sodium deoxycholate, 4% SDS, and protease and phospha-
tase inhibitor cocktails) and centrifuged at 30,000 rpm for 30 min. The
supernatant was collected, and protein concentrations were measured
with a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific).
Snap-frozen hemibrains of APOE-fKI mice that coexpressed the hAPP
transgene were dissected to isolate the hippocampus, weighed, resus-
pended in a low-detergent buffer (50 mM Tris, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and protease and phosphatase
inhibitor cocktails) (10� w/v), and homogenized with a Kontes hand-

held homogenizer. Fifty microliters was removed and centrifuged at
30,000 rpm for 30 min. The supernatant, which represented the soluble
fraction, was collected, and the pellet was rehomogenized in high-
detergent buffer and centrifuged at 30,000 rpm for 30 min, which repre-
sented the insoluble fraction. Total protein concentrations in these
separate fractions were assessed by BCA assay and analyzed by Western
blot for relative apoE, APP, and tubulin levels. Fifteen micrograms of
total protein were loaded onto 12% Bis-Tris Novex SDS-PAGE gels (In-
vitrogen). Proteins were transferred onto a nitrocellulose membrane and
blocked using LI-COR Biosciences blocking buffer for 2 h before over-
night incubation with polyclonal anti-apoE (1:5000), monoclonal anti-
APP (1:2000, clone 22C11), and monoclonal anti-tubulin (1:40,000)
antibodies. Secondary antibodies coupled to an 800 nm fluorophore were
used to detect and quantify the intensity of the resulting bands representing
apoE, APP, and tubulin (Odyssey Imager, LI-COR Biosciences).

A� ELISA. The remaining hippocampal homogenates solubilized in
low-detergent buffer were centrifuged at 14,000 rpm for 20 min. The
pellet was rehomogenized in 5 M guanidine-HCl (GuHCl) and 7.5 M

GuHCl was added to the supernatant at a 1:2 (v/v) ratio to obtain a final

Figure 1. Generation and characterization of floxed human apoE knock-in mice. A, Targeting vector containing human apoE
exons 2– 4 (represented by black rectangles) flanked by loxP sites with endogenous mouse exon 1 and mouse upstream and
downstream elements used for homologous recombination (mouse exons represented by gray rectangles). B, C, E, F, Represen-
tative immunofluorescence images for apoE (green) and GFAP (red) in the hippocampal subfield highlighting apoE-producing
astrocytes in APOE-fKI mice (B, C) and APOE-KI mice (E, F ). D, G, Western blot and densitometric quantification of apoE protein
levels in the hippocampus of homozygous APOE-fKI mice (D) and homozygous APOE-KI mice (G). N � 3– 4 mice per genotype.
Values are mean � SEM. *p � 0.05 by two-tailed, unpaired t test. Scale bar, 10 �m.
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concentration of 5 M GuHCl. Both the soluble and insoluble fractions
were mixed on a nutator for 4 h at room temperature and stored at
�20°C before A� analyses. Ninety-six-well immunoassay plates were
coated with clone m266 or 21F12 anti-A� antibodies to capture total A�
(A�1-x) or A�42 from the samples, respectively. Samples were diluted
from 5 to 0.5 M GuHCl with a casein blocking buffer to final concentra-
tions within range of a simultaneously generated standard curve for each
assay. Detection was performed with biotinylated anti-A� clone 3D6,
HRP-avidin, and TMB as the substrate.

Immunohistochemistry, image collection, and quantitative analysis. Sec-
tions were collected (30 �m) from paraformaldehyde-fixed right hemi-
brains on a sliding microtome fitted with a freezing stage as described
previously (Andrews-Zwilling et al., 2010; Bien-Ly et al., 2011). Briefly,
every 10th section for each mouse was immunostained using anti-A�
3D6 (1:2000), biotinylated donkey-anti-mouse IgG, HRP-avidin, and
diaminobenzidine as the substrate. Stained sections were mounted on
Superfrost slides using 1% gelatin, allowed to air dry, and coverslipped.
Three sections per mouse were imaged with a 10� objective, and the
hippocampal area was outlined and quantified for the percentage area
stained using ImageJ software as described previously (Bien-Ly et al.,
2011). Before quantification, slides were coded for blind analysis. For
immunofluorescent staining, polyclonal anti-apoE (1:4000) and anti-A�
(1:2000) were incubated overnight and detected with Alexa Fluor 488
donkey anti-goat and Alexa Fluor 594 donkey anti-mouse secondary

antibodies (1:2000). Imaging was performed as
described previously (Andrews-Zwilling et al.,
2010; Bien-Ly et al., 2011).

Thioflavin S staining and quantitative analy-
sis. One subseries containing every 10th section
(30 �m) from each hAPP transgenic mouse
was rinsed free of cryoprotectant media with
PBS, mounted onto Superfrost slides, and al-
lowed to air dry overnight. The slides were then
rinsed in PBS twice, incubated in 0.25% potas-
sium permanganate for 5–10 min, washed
three times in PBS, incubated in 2% K2O5S2

and 1% oxalic acid for 5 min, washed three
times in PBS, and stained with 0.015% thiofla-
vin S in 50% ethanol for 10 min. Afterward, the
slides were differentiated in 50% ethanol,
rinsed with water and PBS, and then cover-
slipped. Analyses were performed on three sec-
tions starting from bregma �1.6 on
fluorescent images collected with a 10� objec-
tive. The hippocampal area was outlined and
quantified for the percentage of the area occu-
pied by thioflavin S-positive plaques using Im-
ageJ software. Data were collected by an
investigator blinded to the genotypes of the
mice and reflect the averages of the percentage
area from the three sections.

Stereotaxic brain injection of Ad-Cre virus.
Anesthetized apoE4 �/�/hAPP mice aged 6 –7
months were given a single unilateral stereotaxic
injection of adenovirus expressing a vector con-
taining Cre-recombinase and an EGFP-reporter
cassette (Ad-Cre) into the left hippocampus or
saline into the right hippocampus using the fol-
lowing coordinates (x � �1.5, y � 2.1, z � 2.1;
distances are from bregma). Injections were in-
fused at 200 nl/min for a total of 2 �l. After 1
month, the brains were collected and analyzed for
A� levels by the sandwich ELISA or fixed for flu-
orescent immunostaining as described.

Statistical analysis. Values are expressed as
mean � SEM. The statistical significance of
differences between means was assessed by Stu-
dent’s t test or one-way ANOVA followed by
Bonferroni post hoc tests. A p value �0.05 was
considered statistically significant.

Results
Generation of floxed human apoE3 and apoE4 knock-in mice
We generated new lines of mice expressing human apoE3 and
apoE4 in which a knocked-in human APOE3 or APOE4 gene was
flanked with a pair of LoxP sites, allowing for excision of the
APOE gene in the presence of Cre-recombinase (Fig. 1A). The
“floxed” knock-in mouse lines, herein referred to as APOE3/3-
fKI and APOE4/4-fKI (or E3�/� and E4�/�, respectively), were
characterized for apoE expression by immunohistochemistry
and Western blot at 6 months of age. Confocal imaging of brain
sections immunostained for apoE and glial fibrillary acidic pro-
tein (GFAP) revealed that apoE was primarily expressed in astro-
cytes (Fig. 1B,C), identical to a commercially available
traditional apoE knock-in mouse line (apoE-KI) (Fig. 1,E,F).
Western blot analysis of hippocampal lysates showed signifi-
cantly lower levels of apoE4 than apoE3 in both the floxed (two-
tailed t test; t(6) � 2.449, p � 0.05) and traditional knock-in mice
(two-tailed t test; t(4) � 3.189, p � 0.05) (Fig. 1D,G). We found a
similar decrease in cortical lysates, as reported previously (Ra-
maswamy et al., 2005; Riddell et al., 2008).

Figure 2. Reducing apoE levels by half does not increase A� accumulation in young mice. A–C, Levels of A�1-x were measured
by sandwich ELISA in combined soluble and insoluble hippocampal lysates (A), low-detergent-soluble lysates (B), and insoluble
lysates (C) for E3 �/�/hAPP, E3 �/�/hAPP, E4 �/�/hAPP, E4 �/�/hAPP, and E �/�/hAPP mice at 6 – 8 months of age. D–F,
Levels of A�42 in combined soluble and insoluble lysates (D), low-detergent-soluble lysates (E), and insoluble lysates (F ). G–K,
Representative sections from an A� immunostain of the hippocampal subfield of E3 �/�/hAPP (G), E3 �/�/hAPP (H ), E4 �/�/
hAPP (J ), E4 �/�/hAPP (K ), and E �/�/hAPP (I ) mice. L, Quantification by densitometry of the percentage area covered by A�
deposition. N �7–12 mice per genotype, three sections per mouse. Values are mean�SEM. *p �0.05, **p �0.01, and ***p �
0.001 versus all other groups by one-way ANOVA with Bonferroni’s post hoc test. Scale bar, 250 �m.
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Reducing apoE levels by half does not
increase A� accumulation in
young mice
J20 hAPP mice bred onto a murine apoE
knock-out (EKO) background were crossed
to APOE-fKI mice to generate the F0 gener-
ation of human apoE/hAPP mice hemizy-
gous for apoE3 or apoE4 and with one EKO
allele, as well as mice homozygous for the
EKO allele (abbreviated E3�/�/hAPP, E4�/

�/hAPP, and E�/�/hAPP, respectively).
The first generation of hemizygous mice
was subsequently crossed to generate ho-
mozygous apoE3�/�/hAPP (abbreviated
E3�/�/hAPP) and apoE4�/�/hAPP (ab-
breviated E4�/�/hAPP) mice. In A� ELI-
SAs, we found that levels of A�1-x in mice
expressing one or two copies of APOE3 or
APOE4 were similarly low at 6 months of
age in low-detergent-soluble and insoluble
fractions, as well as the sum of both fractions
(Fig. 2A–C). Analysis of A�42 levels revealed
a similar trend (Fig. 2D–F). Interestingly,
E�/�/hAPP mice had significantly higher
levels of A�1-x and A�42 (5-10-fold) in both
the soluble (ANOVA with Bonferroni’s post
hoc test: A�1-x, p � 0.001, E�/�/hAPP vs all
other genotypes; A�42, p � 0.001, E�/�/
hAPP vs all other genotypes) and insoluble
(ANOVA with Bonferroni’s post hoc test:
A�1-x, p � 0.01, E�/�/hAPP vs all other ge-
notypes; A�42, p � 0.001, E�/�/hAPP vs all
other genotypes) fractions, suggesting that
expression of human apoE facilitates A�
clearance. Anti-A� immunostaining of the
mouse brain sections revealed that the per-
centage area of A� deposition was minimal
and not significantly different, regardless of
whether the mice expressed one or two cop-
ies of either APOE3 or APOE4 (Fig.
2G,H,J,K). However, E�/�/hAPP mice had
extensive and diffuse A� deposition in the
hippocampal subfield, resulting in a greater
A� load than the other genotypes (ANOVA
with Bonferroni’s post hoc test: p � 0.05, E�/

�/hAPP vs all other genotypes), confirming
that expression of human apoE facilitates
A� clearance (Fig. 2L). These findings sug-
gest that in young adult mice reducing apoE
levels by half does not increase A� accumu-
lation, regardless of the apoE isoform.

To determine whether differences in
apoE levels alter hAPP expression, we an-
alyzed the hippocampal extracts from the
6-month-old mice by Western blot for
apoE and hAPP protein levels (Fig. 3A,B).
As expected, hemizygous mice with one
copy of the APOE3 or APOE4 gene
(E3�/� and E4�/�) expressed half as much apoE as mice with
two copies (E3�/� and E4�/�) (Fig. 3C–E). In addition, homozy-
gous apoE4 mice had significantly lower apoE levels than ho-
mozygous apoE3 mice (two-tailed t test; total apoE, t(6) � 2.78,
p � 0.05; soluble apoE, t(6) � 8.492, p � 0.001) (Fig. 3C,D). This

decreased level in E4�/� mice was found in the soluble fraction,
while the insoluble lysate fraction was similar for E3�/� and
E4�/� mice (Fig. 3E). The ratio of apoE levels from the insoluble
to soluble lysate fractions revealed a significant isoform-specific
(apoE4 � apoE3) but not gene dose-specific increase in ratio

Figure 3. Human apoE expression levels are reduced in young hemizygous apoE mice without altering APP expression levels. A,
B, Western blotting was performed on low-detergent-soluble (A) and insoluble (B) hippocampal lysates and probed for apoE,
tubulin, and human full-length APP protein levels in E3 �/�/hAPP, E3 �/�/hAPP, E4 �/�/hAPP, E4 �/�/hAPP, and E �/�/hAPP
mice at 6 – 8 months of age. C–F, Quantification of Western blots by densitometry for total apoE levels (C), low-detergent-soluble
apoE (D), insoluble apoE (E), and ratios of soluble to insoluble pools of apoE (F ). G, H, Western blot quantification of total
full-length APP levels (G) and total tubulin levels as loading controls (H ). Values are mean � SEM. N � 3– 4 mice per genotype.
*p � 0.05, ***p � 0.001, by two-tailed, unpaired t test.

Figure 4. Halving the levels of apoE significantly attenuates A� accumulation in aged mice. A–F, Levels of A�1-x (A–C) and A�42

(D–F ) were measured by sandwich ELISA in both soluble and insoluble lysates (A, D), low-detergent-soluble lysates (B, E), and insoluble
lysates (C, F ) in the hippocampus of E3 �/�/hAPP, E3 �/�/hAPP, E4 �/�/hAPP, E4 �/�/hAPP, and E �/�/hAPP mice at 12 months of
age. Values are mean � SEM. N � 6 –13 mice per genotype. *p � 0.05, **p � 0.01, and ***p � 0.001, by two-tailed, unpaired t test.
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(two-tailed t test; E3�/� vs E4�/�, t(4) � 2.942, p � 0.05; E3�/�

vs E4�/�, t(6) � 2.51, p � 0.05) (Fig. 3F), suggesting that the
apoE4 isoform may accumulate more in the insoluble fraction.
Analysis of the relative levels of hAPP did not reveal an apoE gene
dose-dependent or isoform-dependent difference between the
groups (Fig. 3G), and no significant hAPP was isolated or re-
solved from the insoluble fraction (Fig. 3B). Thus, differences in
apoE expression levels did not affect the levels of hAPP
expression.

Halving the levels of apoE significantly attenuates A�
accumulation in aged mice
To determine whether apoE gene dose and isoform affect A�
levels in aged mice, we analyzed soluble and insoluble hippocam-
pal lysates from mice at 12 months of age. We observed that
apoE3 hemizygous mice (E3�/�/hAPP) had significantly lower
levels of both A�1-x and A�42 than homozygous mice (E3�/�/
hAPP), within the soluble fractions and the combined insoluble
and soluble fractions (two-tailed t test; soluble A�1-x, t(20) �
2.723, p � 0.05; total A�1-x, t(20) � 2.502, p � 0.05; soluble A�42,
t(20) � 2.843, p � 0.05; total A�42, t(20) � 2.526, p � 0.05) (Fig.
4A,B,D,E). In E3�/�/hAPP and E4�/�/hAPP mice, the levels of
A�1-x in the insoluble fractions were significantly lower than their
homozygous counterparts (two-tailed t test; E3�/� vs E3�/�,
t(20) � 2.252, p � 0.05; E4�/� vs E4�/�, t(15) � 3.409, p � 0.01)
(Fig. 4C). A similar decrease was observed for A�42 in E4�/�/
hAPP mice versus E4�/�/hAPP mice (two-tailed t test; t(15) �
4.636, p � 0.001) (Fig. 4F). Thus, there was an apparent gene
dose effect on A� accumulation in aged mice, whereby increases

in apoE resulted in higher soluble as well
as insoluble A� levels. Interestingly, this
effect is independent of isoform, as the ge-
netic reduction of either apoE3 or apoE4
attenuates A� accumulation.

To ensure that the effects of apoE levels
on A� accumulation were not due to al-
tered expression of hAPP in the hip-
pocampus, we probed the soluble and
insoluble lysates by Western blot for apoE
and hAPP (Fig. 5). Levels of soluble hAPP
were not altered by apoE gene dose or iso-
form (Fig. 5G). In addition, the hemizy-
gous apoE3 and apoE4 mice had half the
apoE protein levels as their homozygous
littermates in both the soluble and insolu-
ble fractions, as expected (Fig. 5A–F).
There were no significant differences in
apoE levels between the isoforms.

Halving the levels of apoE significantly
attenuates A� deposition in aged mice
To visualize A� accumulation in the 12-
month-old aged mice, we immunostained
for A� and quantified the percentage area of
A� deposition in the hippocampus. E3�/�/
hAPP mice displayed lower levels of A� de-
position than E3�/�/hAPP, E4�/�/hAPP,
and E4�/�/hAPP mice (Fig. 6A–D). Quan-
tification of the area stained for A� revealed
that the E3�/�/hAPP mice had a signifi-
cantly lower A� load in the hippocampus
than the other groups (ANOVA with Bon-
ferroni’s post hoc test; p � 0.01, E3�/�/

hAPP vs all other genotypes) (Fig. 6F). The aged E�/�/hAPP mice
had a similar A� load but exhibited a more diffuse and widespread
pattern of deposition than E3�/�/hAPP, E4�/�/hAPP, and E4�/�/
hAPP mice (Fig. 6E,F). To investigate whether the A� deposition
was truly amyloid in nature, neighboring sections were stained with
the fluorescent dye thioflavin S for fibrillar A� plaques. We analyzed
the percentage area occupied by thioflavin S-positive amyloid
plaques and found that apoE homozygous mice had significantly
more fibrillar A� plaques compared with apoE hemizygous mice,
and this effect was even more pronounced for apoE4 than apoE3
(two-tailed t test; E3�/� vs E3�/�, t(20) � 2.178, p � 0.05; E4�/� vs
E4�/�, t(13) �2.932, p�0.05) (Fig. 6G–L). Conversely, although the
E�/�/hAPP mice had high levels of A� and extensive A� deposition
detected by immunohistochemistry, there was minimal fibrillar A�
as detected by thioflavin S (Fig. 6K,L), which corroborates previous
reports (Holtzman et al., 1999; Fagan et al., 2002; Bien-Ly et al.,
2011).

To determine whether the A� deposits in the aged mice con-
tained apoE, immunofluorescent staining was performed on brain
sections from all five groups of mice. We observed codistribution of
apoE and A� within plaques from all groups except the E�/�/hAPP
mice (Fig. 7A–J). Quantification of the number of A� plaques con-
taining apoE revealed a clear gene dose- and isoform-dependent
pattern (two-tailed t test; E3�/� vs E3�/�, t(5) � 3.183, p � 0.01;
E4�/� vs E4�/�, t(6) � 2.725, p � 0.05) (Fig. 7K). Importantly,
apoE3 and apoE4 homozygous mice had a greater number of A�
plaques containing apoE than their hemizygous littermates (Fig.
7K). These data suggest that in aged mice, apoE promotes A� accu-

Figure 5. Human apoE expression levels are reduced in aged hemizygous apoE mice without altering APP expression levels. A,
B, Western blotting was performed on low-detergent-soluble (A) and insoluble (B) hippocampal lysates, and probed for apoE,
tubulin, and human full-length APP protein levels in E3 �/�/hAPP, E3 �/�/hAPP, E4 �/�/hAPP, E4 �/�/hAPP, and E �/�/hAPP
mice at 12 months of age. C–F, Quantification of Western blots by densitometry for total apoE levels (C), low-detergent-soluble
apoE (D), insoluble apoE (E), and ratios of soluble to insoluble pools of apoE (F ). G, H, Western blot quantification of total
full-length APP levels (G) and total tubulin levels as loading controls (H ). Values are mean � SEM. N � 3– 4 mice per genotype.
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mulation rather than clearance, and that the
apoE4 isoform has a greater propensity to
codeposit with A� and cause its
accumulation.

Cre-mediated apoE gene excision in
hippocampal astrocytes decreases A�
levels in adult mice
To determine whether acutely decreasing
apoE levels in adult mice also lowers A�
levels, we performed unilateral stereotaxic
injections of an adenoviral vector carrying
Cre-recombinase and an EGFP reporter
(Ad-Cre) into one side of the hippocam-
pus of E4�/�/hAPP mice at 6 –7 months
of age. The contralateral hippocampus
was injected with saline as an internal con-
trol. Analysis of the EGFP reporter expres-
sion by confocal microscopy revealed that
the Ad-Cre-injected hippocampus had
EGFP-positive cells concentrated in the
dentate gyrus (Fig. 8A). As expected, the
saline-injected side of the hippocampus did
not have EGFP-positive cells (Fig. 8B). Im-
munostaining sections for GFP (green),
GFAP (blue), and apoE (red) revealed that
all EGFP-positive cells were also positive for
GFAP (Fig. 8C,E), indicating that the virus
selectively targeted astrocytes. Furthermore,
all EGFP-positive astrocytes were nega-
tive for apoE (Fig. 8 D, F ), confirming
effective excision of the human APOE
gene. Interestingly, the area surround-
ing the EGFP-positive astrocytes lacked
apoE immunostaining (Fig. 8 D, E),
which suggests that the secreted pool of
apoE from nontransduced astrocytes
does not diffuse into the transduced
areas.

Strikingly, insoluble A�42 decreased by �50% in Ad-Cre-
injected hippocampi compared with saline-injected controls
(two-tailed paired t test; t(7) � 3.43, p � 0.05), although soluble
A�42 was not altered significantly (Fig. 8H). Insoluble A�1-x also
showed a trend toward lower levels (�25%) in Ad-Cre-injected
hippocampi, although this difference did not reach statistical sig-
nificance (Fig. 8G). Thus, Cre-mediated APOE gene excision in
hippocampal astrocytes decreases A� levels in adult mice.

Discussion
This study shows that genetic modulation of apoE levels signifi-
cantly alters A� accumulation with age. We found that young
mice with one copy of either the APOE3 or APOE4 gene had A�
levels and deposition similar to mice with two copies of the apoE
gene, suggesting that one copy of APOE is sufficient to maintain
effective A� clearance at this age. However, significantly more
soluble and insoluble A� accumulated in aged mice expressing
two copies of APOE than one copy, and these increases were even
more pronounced for apoE4- than apoE3-expressing mice. A�
deposition, thioflavin S-positive plaque formation, and apoE ac-
cumulation within plaques were also APOE gene dose dependent
and isoform dependent in aged mice. Furthermore, Cre-
mediated APOE gene excision in hippocampal astrocytes de-
creases A� levels in adult mice. Thus, reducing apoE expression

levels, regardless of apoE isoform or age at treatment, attenuates
A� accumulation in the brain. Our previous studies suggested
that lowering apoE4 levels has beneficial effects independent of
A� (Huang, 2006, 2010; Mahley et al., 2006). The current study
reveals a positive effect of reducing apoE levels directly on A�
accumulation and plaque formation.

Several studies reported isoform-specific differences in apoE
levels in humans and in mouse models. Some human studies
demonstrated that AD patients had lower brain apoE levels than
controls, although other studies showed no change or increased
apoE levels in AD brains (Bertrand et al., 1995; Harr et al., 1996;
Pirttilä et al., 1996; Lambert et al., 1997; Beffert et al., 1999; Grow-
don et al., 1999; Bray et al., 2004; Jones et al., 2011). The differing
results are likely due to heterogeneity in patient populations, with
subjects at different stages and duration of AD (Kim et al., 2009).
A recent study reported that AD patients had lower plasma levels
of total apoE and apoE4 than controls, which is associated with
higher brain A� loads (Gupta et al., 2011). In mouse models
where human apoE was expressed under the control of an endog-
enous murine promoter, apoE4 levels were decreased in plasma,
CSF, hippocampus, and/or cortical lysates, compared with apoE3
mice, with no apparent differences in mRNA levels (Ramaswamy
et al., 2005; Riddell et al., 2008; Bales et al., 2009; Sullivan et al.,
2011). Based on these differences in protein levels, the APOE4

Figure 6. Halving the levels of apoE significantly attenuates A� deposition in aged mice. A–E, Representative sections from
12-month-old aged E3 �/�/hAPP (A), E3 �/�/hAPP (B), E4 �/�/hAPP (C), E4 �/�/hAPP (D), and E �/�/APP (E) mice immu-
nostained for A�. F, Quantification of A� immunostain by densitometry for the percentage area of A� deposition in the five
genotypes of mice. G–K, Representative sections from 12-month-old E3 �/�/hAPP (G), E3 �/�/hAPP (H ), E4 �/�/hAPP (I ),
E4 �/�/hAPP (J ), and E �/�/hAPP (K ) mice stained with thioflavin S dye to fluorescently label fibrillar/amyloid plaques. L,
Quantification of percentage area positive for thioflavin S by densitometry. Values are mean � SEM. N � 6 –13 mice per
genotype, three sections per mouse. *p � 0.05, by two-tailed, unpaired t test; **p � 0.01 versus all other groups by one-way
ANOVA with Bonferroni’s post hoc test. Scale bars, 250 �m.

4808 • J. Neurosci., April 4, 2012 • 32(14):4803– 4811 Bien-Ly et al. • Reducing ApoE Levels Attenuates A� Accumulation



allele was deemed hypomorphic due to relatively lower availabil-
ity and thus reduced functionality. Further studies in mutant
hAPP transgenic mice expressing two copies of the human
APOE3 or APOE4 gene demonstrated that lower levels of apoE4
in brains were associated with an increase in A� accumulation
(Bales et al., 2009). From these studies, the hypothesis was put
forward that increasing apoE expression facilitates A� clearance
(Riddell et al., 2008; Bales et al., 2009; Sullivan et al., 2011). Our
current study directly tested this hypothesis and found that de-
creasing apoE expression reduces A� accumulation. It is thus
conceivable that increases in apoE expression would enhance A�
accumulation. In support of this possibility, a recent study
showed that brain apoE levels were higher in AD cases than con-
trols, especially in those with apoE4/4, and that more apoE4 than
apoE3 interacted with A� in amyloid plaques (Jones et al., 2011).
Thus, strategies aimed at reducing apoE levels, even for apoE3,
may be more beneficial for maintaining lower A� levels through-
out the lifetime of an individual.

Recently, liver X receptor agonists were shown to elevate mu-
rine apoE expression levels in brains of mutant hAPP transgenic
mice, which is associated with reduced A� levels (Donkin et al.,
2010; Fitz et al., 2010). While intriguing, further studies are
needed to determine whether these treatments decrease A�
levels by increasing apoE expression or by altering other lipid
metabolism-related processes. In addition, these studies did not
test the effect of increasing human apoE3 or apoE4 specifically,

and they have not been conducted in aged mice. The effect of
murine apoE on A� clearly differs from human apoE, particularly
with respect to A� deposition, which occurs more aggressively in
hAPP transgenic mice expressing murine apoE compared with
human apoE isoforms (Holtzman et al., 1999; Fagan et al., 2002;
Bien-Ly et al., 2011). Additionally, the direct effect of apoE4 on
A� accumulation may outweigh any beneficial effect of human
apoE4 on A� clearance, particularly in aged brains, which would
not be evident in models testing the effect of increasing murine
apoE.

While this article was in preparation, a study reported that
haploinsufficiency of the human APOE gene, regardless of iso-
form, reduces amyloid deposition in mutant hAPP and mutant
PS1 double-transgenic mice at a young age (Kim et al., 2011). Our
study extends this finding by focusing on the effects of apoE levels
on A� accumulation in both young and aged mice, and by using
an hAPP transgenic mouse model in which A� accumulation and
plaque formation is less aggressive and more age dependent than
mutant hAPP/PS1 double-transgenic mice. In the presence of
human apoE expression, the mutant hAPP mice used in the cur-
rent study do not develop significant brain A� deposition at a
young age (6 months), providing a model to study the effect of
lowering apoE levels on A� clearance. However, these mutant
hAPP mice do develop A� deposition at an older age (12
months), providing a model to study the effect of lowering apoE
levels on A� deposition. We showed that in young mice, halving

Figure 7. Gene dose- and isoform-dependent codistribution of apoE with A� plaques in aged mice. A–J, Representative fluorescent immunostaining for apoE (green) and A� (red) in various
subregions of the hippocampus in E3 �/�/hAPP (A, B), E3 �/�/hAPP (C, D), E4 �/�/hAPP (E, F ), E4 �/�/hAPP (G, H ), and E �/�/hAPP (I, J ) mice at 12 months of age. K, Quantification of A�
deposits and codistribution with apoE. Mice with two copies of apoE3 or apoE4 have a greater percentage of plaques containing apoE. Values are mean � SEM. N � 3– 4 mice per genotype, two
sections per mouse. *p � 0.05, **p � 0.01, by two-tailed, unpaired t test. Scale bar, 25 �m.
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the expression levels of human apoE, re-
gardless of isoform, preserves efficient A�
clearance, and in aged mice expressing
one-half levels of apoE, A� accumulation
is significantly attenuated. Thus, our
study suggests that higher levels of apoE
expression, rather than being beneficial,
likely stimulate A� accumulation and de-
position during aging. We also took ad-
vantage of our floxed human apoE
knock-in mice and used adenovirus-
mediated Cre expression to show that
excision of the human APOE gene in
hippocampal astrocytes decreases A� lev-
els in adult mice. Thus, our study shows
the feasibility of therapeutically lowering
apoE levels to substantially reduce A�
accumulation.
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