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Neurobiology of Disease

Human APOE Isoform-Dependent Effects on Brain (3-
Amyloid Levels in PDAPP Transgenic Mice

Kelly R. Bales,' Feng Liu,' Su Wu,' Suizhen Lin,' Deanna Koger,' Cynthia DeLong,' Jeffrey C. Hansen,

Patrick M. Sullivan,’ and Steven M. Paul!

Neuroscience Discovery Research and 2Discovery Informatics, Eli Lilly and Company, Indianapolis, Indiana 46285, and *Department of Medicine, Centers
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To investigate the role of human apolipoprotein E (apoE) on ASB deposition in vivo, we crossed PDAPP mice lacking mouse Apoe to
targeted replacement mice expressing human apoE (PDAPP/TRE2, PDAPP/TRE3, or PDAPP/TRE4). We then measured the levels of apoE
protein and A3 peptides in plasma, CSF, and brain homogenates in these mice at different ages. We also quantified the amount of brain
A and amyloid burden in 18-month-old mice. In young PDAPP/TRE4 mice that were analyzed at an age before brain A3 deposition, we
observed a significant decrease in the levels of apoE in CSF and brain when compared with age-matched mice expressing either human E2
or E3. The brain levels of A342 in PDAPP/TRE4 mice were substantially elevated even at this very early time point. In older PDAPP/TRE4
mice, the levels of insoluble apoE protein increased in parallel to the dramatic rise in brain AB burden, and the majority of apoE was
associated with A 3. In TRE4 only mice, we also observed a significant decrease in the level of apoE in brain homogenates. Since the relative
level of apoE mRNA was equivalentin PDAPP/TRE and TRE only mice, it appears that post-translational mechanisms influence the levels
of apoE protein in brain (E4 < E3 << E2), resulting in early and dramatic apoE isoform-dependent effects on brain A3 levels (E4 >>> E3 >
E2) that increase with age. Therapeutic strategies aimed at increasing the soluble levels of apoE protein, regardless of isoform, may

effectively prevent and (or) treat Alzheimer’s disease.

Introduction

The &4 allele of the apolipoprotein E gene is a well established risk
factor for late-onset Alzheimer’s disease (AD), even in popula-
tions where the &4 allele is under-represented (Saunders et al.,
1993; Farrer et al., 1997). Conversely, the less frequent &2 allele
appears to delay as well as reduce the relative risk for developing
AD (Corder et al., 1994). Exactly how these APOE alleles influ-
ence disease risk is unclear, since individuals who are homozy-
gous for €4 do not invariably develop AD (Meyer et al., 1998).
Neuropathological examination of brain tissue from &4 patients
suggests that apoE influences the amount of B-amyloid (AB)
deposition in addition to the number of neurofibrillary tangles
(Schmechel et al., 1993; Nagy et al., 1995).

In brain, apolipoprotein E (apoE) is synthesized primarily
by glia and represents the most abundant apolipoprotein
within the CNS (Boyles et al., 1985). ApoE appears to play a
critical role in cholesterol homeostasis, synaptic plasticity, and
neuronal repair (Mahley and Rall, 2000). Although apoE can
be internalized by neurons, it is widely believed that de novo
synthesis of apoE by neurons occurs rarely and perhaps only
under conditions of injury and (or) disease (Boschert et al.,
1999).
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We have previously reported an important role for apoE in the
development of brain amyloid burden in the PDAPP transgenic
mouse model of AD (Bales et al., 1997). Surprisingly, when these
same transgenic mice were crossed to mice expressing human
apoE from astrocytes, a dramatic reduction in brain A burden
was observed (Holtzman et al., 1999). However, as these animals
age, we observed greater A deposition in the brains of mice
expressing human E4 (Holtzman et al., 2000). Here, we extend
those findings by characterizing PDAPP mice that express human
apoE under control of the mouse regulatory elements (Sullivan et
al., 1997). We demonstrate an apoE isoform-dependent differ-
ence in the level of apoE in brain and CSF with the lowest levels
observed in mice expressing E4 (PDAPP/TRE4). Importantly,
PDAPP/TRE4 mice manifest elevated levels of soluble brain A3
when measured at an early age. In old PDAPP/TRE4 mice, brain
AB/amyloid burden was also significantly greater, and nearly all
of the apoE measured by immunohistochemistry was associated
with deposited AB. To investigate whether or not AB was influ-
encing the levels of apoE in PDAPP/TRE mice, we also measured
apoE in TRE mice. The levels of soluble apoE in brain homoge-
nates from TRE4 mice were also significantly reduced. The
levels of apoE mRNA were identical between the various ge-
notypes and, therefore, could not account for the reduced
apoE protein that we observed in mice expressing human E4,
suggesting that post-translational mechanisms strongly influ-
ence brain levels of apoE as well as brain AB/amyloid deposi-
tion. Thus, a persistent decrease in the level of soluble apoE
protein in brain as observed in PDAPP/TRE4 mice results in
dramatic effects on brain A levels and deposition over a life-
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and Use Committee, Lilly Research Laborato- E F
ries, Eli Lilly and Company. 0.8+
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try. Animals were anesthetized (Avertin 0.032 " . E3 0.6
mg/ml), and CSF was collected from the cis- o 06 9
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with heparinized saline. Each brain from mice 2 0.3+ A * 9 0.34
that were 3 or 12 months of age was microdis- o # 9 0.24
sected into hippocampus and cortex before 0.1+ ﬂ |1| |—'=|
storage at —80°C until use. For mice that were 0.0 Ll
18 months of age, the brain was divided along ’
the sagittal plane, and one-half of the brain was age 3 12 18 age 3 12 18
microdissected into hippocampus and cortex.
The remaining half was frozen in liquid nitro- ~ Figure 1. A-F, Levels of apoE in plasma, CSF, and brain homogenates in PDAPP mice expressing human apoE at various ages.

gen and stored at —80°C until sectioning. For
quantification of brain AB and amyloid burden,
five sagittal sections (10 wm) representing the
extent of the hippocampus and cortex from
each mouse per genotype were selected and
processed as described previously (Bales et al.,
1999). Quantification of brain AB burden was
completed after immunostaining with the
anti-Af antibody 3D6 which recognizes the N
terminus of the human A peptide (Johnson-
Wood et al., 1997). The signal was visualized
using a fluorescein conjugated secondary anti-
body (Invitrogen). For investigating apoE and

A, B, ApoE levels in plasma (A) and CSF (B) were significantly greater in PDAPP/TRE2 mice, whereas the levels of apoE were the
lowestin PDAPP/TRE4 mice. (, D, Soluble levels of apoE in hippocampal (C) or cortical (D) homogenates were significantly greater
in PDAPP/TRE2 mice at all ages examined, whereas the levels of soluble apoE were significantly lower in PDAPP/TRE4 mice. E, F,
Insoluble levels of apoE measured in the hippocampus (E) were significantly lower in PDAPP/TRE4 mice ata young age. There was
anage-dependentincrease ininsoluble apoE levelsin hippocampus () and cortex (F ) of PDAPP mice expressing one of the human
apoE alleles. A, ***p << 0.001 versus all other groups ANOVA, Tukey—Kramer post test, *p << 0.05 t test. B, ***p << 0.001 versus
allother groups ANOVA, Tukey—Kramer post test, **p << 0.01 ttest. €, “""p << 0.001 versus all other groups, **p << 0.001 versus
all other groups except *p << 0.05 versus 4 at 3 months ANOVA, Tukey—Kramer post test, *p << 0.05, **p < 0.01,***p << 0,001
ttest.D,"""p < 0.001 versus all other groups, “**p << 0.001 versus all other groups except E4 at 3 months, &p << 0.001 versus
all other groups except E2 and E3 at 3 months ANOVA, Tukey—Kramer post test, **p << 0.05, ***p < 0,001 ¢ test. £, “p << 0.001
versus all other groups except E4 at 18 months "p << 0.05 versus E3 at 12 months, *p << 0.05 versus E4 at 18 months, ANOVA,
Tukey—Kramer post test, *p << 0.05 t test. F, “p << 0.001 versus all other groups, *p << 0.05 versus al other groups, ANOVA,

Tukey—Kramer post test.

AB colocalization in brain, hemisections from

the 18-month-old PDAPP/TRE mice used

above were double stained with anti-Af3 (as de-

scribed above) and anti-apoE antibody that was biotinylated (Biodesign
International) followed by detection with secondary antibodies that were
labeled with rhodamine (anti-A; red) or fluorescent-labeled streptavi-
din (anti-apoE, green; Invitrogen). The specificity of anti-apoE staining
was verified by the lack of staining in an apoE knock-out mouse brain
section as well as the lack of signal when the primary antibody was omit-
ted (supplemental Fig. 1, available at www.jneurosci.org as supplemental
material). Brain amyloid was quantified after thioflavine S histochemis-
try (Bales et al., 1997).

Quantification of amyloid/AP burden. AB (immunoreactive AB depos-
its) and amyloid (thioflavine S-positive deposits) burden was quantified
by capturing stained images using Image Pro plus software (Media Cy-
bernetics), defining an area of interest within the hippocampus or cortex,

and setting a threshold (in control mice) to discriminate nonspecific
staining. The percentage of surface area covered by AB immunoreactivity
(AB burden) or thioflavine S (amyloid burden) was determined for two
areas: an area of parietal cortex comprising layers 1-V1 and an area of the
hippocampal formation comprising layers oriens, pyramidal layer, stra-
tum radiatum, and the dentate gyrus. Brain A or thioflavine S burden
was then represented as a percentage of total area quantified. For quan-
tifying apoE and A colocalization, regions of hemibrain (that included
cortex and hippocampus) were captured and the relative area of fluores-
cence for each protein was quantified using Image Pro (v5.1; Media
Cybernetics). Intensity thresholds were set based on visual review of the
images and were used consistently for analysis of all images. A macro was
computed in Image-Pro to facilitate data collection that included total
amount of A or apoE signal as well as the amount of apoE/A signal that
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hippocampus and 400 ul for cortex). After cen-
trifugation (14,000 rpm, 4°C for 15 min), the

0.5+ 0.5+

c c . supernatant was collected, and the pellet was
'3 0.44 T 0.44 re-extracted in the same volume of PBS as de-
g_ 0.5 g 0 = scribed above. The two PBS fractions were
2 2" combined and represented the soluble pool.
D .24 " 2 0.2 o The remaining pellet was extracted in 5.0 M gua-
w —_— "g nidine in 50 mm Tris-HCI, pH 8.0 (400 ul for
S 0.14 g 019 hippocampus and 800 ul for cortex) by rotating
0.0 0.0 the samples at room temperature for at least 4 h.
' E2 E4 E2 E3 E4 The samples were then centrifuged at 14,000
rpm for 15 min and diluted with cold PBS-T
C (1% BSA, 0.05% Tween) before measurement
" 0.20- 0.20- of AB40 or AB42 as described previously (Bales
c c et al., 1997). AB measured after guanidine ex-
% 0.154 % 0.154 * traction represented the insoluble pool. Levels
s —I— s ok of AB40 and AB42 in plasma and CSF were
20104 ok 2 0.101 measured using the same sandwich ELISA as
2 2 —= brain homogenates, except plasma samples
'-g 0.054 “5 0.054 were diluted 1:2 (in PBS-T) and CSF samples

& & were diluted 1:10 (in PBS-T) before loading.
0.00 0. ApoE ELISA measurements. ApoE levels were
E2 E3 E4 E2 Es E4 measured in plasma, CSF, and brain homoge-
Figure2. A-D,LevelsofapoEin brain homogenates from mice expressing human apoE2, 3, or 4 (E2, E3, or E4; 3 months of age) nates from PDAPP mice expressing one of the

only. A, B, Soluble levels of apoE in hippocampal (4) or cortical (B) homogenates were significantly greater in TRE2 mice, whereas
the levels of soluble apoE were significantly lower in TRE4 mice. C, D, Insoluble levels of apoE measured in the hippocampus (C) or
cortex (D) were significantly lower in TRE4 mice. A-C, ***p << 0.001, **p << 0.01 versus all other groups ANOVA, Tukey—Kramer

post test. D, **p << 0.05, *p << 0.01 £ test.

A. B.

three human apoE alleles at various ages using a
sandwich ELISA. Additionally, we measured
apoE in brain homogenates from 3-month-old
mice expressing the human apoE alleles only
using this same ELISA that we had cross vali-
dated with plasma samples using a quantitative
mass spectrometry method (our unpublished
observation). Briefly, plasma, CSF, or brain ho-

age(months) age(months) mogenates (diluted 3000-, 100-, and 50-fold,
604 E 138 150+ E 138 respectively, in PBS-T and 0.4% glycine) were
loaded into a 96-well plate that had been coated
T a0 = with an anti-apoE antibody (goat anti-apoE; 1
?g ?5.’ bicd to 2000 dilution; Millipore Bioscience Research
o =y Reagents). After overnight incubation at 4°C,
g g
2 2 g 5 the samples were removed and the plate washed
3X with PBS-T before incubation with a biotin-
ylated anti-apoE antibody (goat anti-apoE;
o o X !
1:5000; Biodesign) for 1 h at room temperature.
APOE E2 E3 E4
APOE  E2 E3 E4 The plates were then washed again 3X with
D PBS-T and incubated with streptavidin-HRP
C . . age (months) for an additional 1 h at room temperature. The
=1 i I ted with TMB sub
age (months) 10000- — R immunocomplex was reacted wi sub-
das 9000+ _T_ strate and detected using a Spectra MAX 190
40004 18 _x 8000 (Molecular Devices) plate reader. Levels of
_ ‘E 70004 apoE were normalized to a standard curve gen-
E 3000 S 6000 erated using recombinant human apoE (Biode-
2 S 50004 sign). Plasma and CSF apoE levels were deter-
§ 20001 :L 400} mined in triplicate and expressed as the amount
g < f llli Is of apoF in brai
1000- 2000- of apoE per milliliter. Levels of apoE in brain
10004 homogenates were determined in triplicate,
0. o0 normalized to protein content, and expressed
AFOE B2 E3 E4 APOE E2 E3 E4 as the amount of apoE per milligram of protein.
Amyloid precursor protein ELISA measure-
Figure3. A-D, Levelsof ABin plasma (4, B) or CSF (C, D) in PDAPP mice expressing one of the human apolipoprotein Ealleles  ;;07:s. Amyloid precursor protein (APP) holo-

(E2, E3, or E4) at 3 or 18 months. B, €, ***p << 0.001 versus all groups at 18 months of age, **p << 0.01 versus E2 at 3 months of
age, *p << 0.01 versus E4 at 3 months of age, ANOVA, Tukey—Kramer post test, ***p << 0.001, **p < 0.01 ¢ test.

was colocalized. The amount of colocalized signal was then expressed as
a percentage of the apoE signal.

AB ELISA measurements. Previously microdissected brain regions
(hippocampus or cortex) were frozen on dry ice and stored at —80°C
until processing. A serial extraction method was used to determine the
levels of AB in soluble (PBS) or insoluble (guanidine) pools (Johnson-
Wood et al., 1997). Soluble levels of A3 were measured from hippocam-
pal or cortical regions that were rapidly homogenized in PBS (200 ul for

protein levels were measured in guanidine ho-
mogenates from the hippocampus and cortex in
the same 12-month-old cohort used for AB and
apoE brain measurements described above (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental material).
Briefly, measurement of APP holoprotein levels followed the same ELISA
protocol for measuring AB levels, except the anti-APP antibody 8E5 was
used as the capture antibody and an anti-APP C-terminal antibody was used
as the reporter antibody (Johnson-Wood et al., 1997) (Invitrogen). Levels of
APP were normalized to a standard curve generated using recombinant hu-
man APP. The levels of APP holoprotein in brain homogenates were mea-
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sured in triplicate, normalized to protein, and ex-
pressed as the amount of APP per milligram of
protein.

>
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RNA analysis. Total RNA was isolated from 20001 & 700 2

cortical samples collected from 12-month-old s CJ E2 T = # I
. . . - I E3 600 WEME3

PDAPP mice expressing human apoE using a o 1500 1 E4 o CIE4
BioRobot M48, with the MagAttract RNA mini -g 1250+ B -E., 5004
M48 kit (supplemental Fig. 3, available at £ 1000 2 400
www.jneurosci.org as supplemental material) 9 m0d e S 3004
(Qiagen). Total RNA (~1-2 ug) was reverse & 500 ik fé" 2004
transcribed using the High-Capacity cDNA Ar- 250 # 1004
chive kit (Perkin Elmer Applied Biosystems), o 0- -
according to the manufacturers’ recommenda- age age 3 12 18
tions. A dilution of the reverse transcribed
¢DNA (1/25) was used as the template for the C D
PCR. An equivalent volume of template without L] n
reverse transcription served as a negative control.
The PCR primers and probe for detecting human
APOE or the 695 aa isoform of the amyloid pre- 1,007 1000000+
cursor protein transgene were designed using ’ O E2 # g CE2
Primer Express 1.0 software program (supple-  _  1.040% . E3 e ~H S 1oo000{ WEME3 i 2
mental Methods, available at www.jneurosci.org E’ == E4 = E CIE4 T s
as supplemental material). Primers correspond- @ 1.0:40% 1 g 10000-
ing to rodent glyceraldehyde-3-phosphate dehy- 1004 g
drogenase (GAPDH) were purchased from Per- 3 e a =
kin Elmer Applied Biosystems. For PCR s 1.0:10%° - = % 1 -
amplification, 2 ul of cDNA with 8 pmol of each ﬂlﬂ - ﬂ l H

: ; ; 02 J
primer and 2 pmol of the probe primer in a total LMaoge 3 12 18 age 3 12 18

volume of 10 ul was used. Cycling conditions
were 2 min at 50°C, 10 min at 95°C for 40 cycles
with the final cycle consisting of 95°C for 15 s,
60°C for 1 min in a PE Applied Biosystems
7900HT sequence detection system. Each sample
wasrunin triplicate, and the relative level of APOE
mRNA was calculated by the standard curve
method and normalized to levels of GAPDH.

Figure 4.  A-D, Levels of soluble (4, B) and insoluble (C, D) AB in hippocampal homogenates from PDAPP mice expressing
human apolipoprotein E alleles at different ages. A, %p << 0.001 versus all groups, #*#p << 0.001 versus E2 or E3 at 12 months; E4
at 3 months, *p << 0.01 versus E3 18 months, ANOVA, Tukey—Kramer post test, ***p << 0.001, t test. B, &p < 0.001 versus all
groups except E4 at 12 months, “p << 0.01versus E4 at 3 months and E3 at 12 months, ANOVA, Tukey—Kramer post test, ***p <
0.001 ¢ test. €, % << 0.01 versus all other groups expect E3 at 18 months; #p < 0.01 versus all other groups except 4 at 18
months; Ap < 0.01 versus E2 at 3 and 12 months, ANOVA, Tukey—Kramer post test, **p < 0.01, ***p < 0.001, t test. D, &p <

0.001 versus all other groups, ANOVA, Tukey—Kramer post test, ***p << 0.001, **p << 0.05 ¢ test.

Results

Isoform-dependent differences in the

level of apolipoprotein E protein in brain

Using a sensitive ELISA, we determined the levels of apoE protein
in plasma, CSF, and brain (hippocampus and cortex) in PDAPP/
TRE2, 3, or 4 mice at various ages. The level of apoE in the plasma
of PDAPP/TRE2 mice was significantly greater at 3 and 18
months of age than that measured in either PDAPP/TRE3 or
PDAPP/TRE4 mice at the same age (Fig. 1 A). Similarly, the level
of apoE in CSF was significantly greater in PDAPP/TRE2 mice
when compared with PDAPP/TRE3 or PDAPP/TRE4 mice at
either 3 or 18 months of age (Fig. 1 B). At 18 months of age, there
was also an age-dependent increase in the level of apoE measured
in the CSF of PDAPP/TRE3 or PDAPP/TRE4 mice that was not
observed in PDAPP/TRE2 (Fig. 1B). Importantly, the levels of
apoE in CSF samples from PDAPP/TRE3 mice were significantly
greater (~50%) than those measured in PDAPP/TRE4 samples at
either 3 or 18 months of age (Fig. 1B).

We then measured the level of apoE in two brain regions:
hippocampus and cerebral cortex, using a serial extraction
method to quantify apoE in the soluble (PBS) and insoluble (gua-
nidine) compartments. At 3 months of age, there was a significant
isoform-dependent difference in the level of apoE protein mea-
sured in either the soluble or insoluble fractions from the hip-
pocampus or cortex (Fig. 1). PDAPP/TRE4 mice had signifi-
cantly reduced levels of apoE protein in both the cortex and
hippocampus in both fractions analyzed. In contrast, young
PDAPP/TRE2 mice had the highest levels of apoE in the solu-
ble fraction after extraction of hippocampal or cortical tissue

(Fig. 1C,D). By 12 months of age, the levels of insoluble apoE
measured in the hippocampus of PDAPP/TRE4 mice began to
increase (Fig. 1 E). In very old mice, the level of insoluble apoE
increased in an apoE-isoform dependent manner with 18-
month-old PDAPP/TRE4 mice having significantly more
apoE present in the insoluble cortical fraction when compared
with age-matched PDAPP/TRE2 or PDAPP/TRE3 mice (Fig.
1F). The age-dependent increase in insoluble apoE we ob-
served in old PDAPP/TRE4 mice most likely reflects apoE that
has codeposited with AB in brain parenchyma (Bales et al,,
1999) (see Figs. 6, 7).

Since the expression of AB in PDAPP mice could affect the
overall levels of apoE that we measured, we next measured the
levels of both soluble (PBS extractable) and insoluble (guanidine
extractable) apoE in brain (hippocampus and cortex) homoge-
nates from mice expressing human apoE only (TRE mice) (Fig.
2). Similar to the results observed in PDAPP/TRE4 mice, TRE4
mice had the lowest levels of apoE regardless of extraction
method or brain region (Fig. 2). In both PDAPP/TRE4 as well as
TRE4 mice, the relative level of soluble apoE4 was very similar
with PDAPP/TRE4 mice having ~40% and TRE4 mice having
~37% of the levels of apoE measured in PDAPP/TRE2 or TRE2
mice of a similar age (Figs. 1C, 2A). Additionally, the levels of
insoluble apoE that we measured in hippocampal and cortical
homogenates from TRE2 and TRE3 mice were virtually identical
(Fig. 2C,D).
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measured in PDAPP/TRE4 mice at all ages
sampled (Fig. 5). In contrast to PDAPP/

& TRE4 mice, the levels of both AB40 and
AB42 measured in any of the brain regions
sampled were lowest in PDAPP/TRE2
mice (Figs. 4, 5).

=

ApoE isoform-dependent amyloid

I deposition and apoE/Af3 colocalization

We next determined brain AB and amy-
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Figure 5.  A-D, Levels of soluble (4, B) and insoluble AB (C, D) in cortical homogenates from PDAPP mice expressing human
apolipoprotein E alleles at different ages. A, %p << 0.001 versus all other groups, ANOVA, Tukey—Kramer post test, *p << 0.05,
5% < 0,001 t test. B, %p < 0.001 versus all other groups except E4 at 12 months, *p << 0.05 versus E3 at 12 months ANOVA,
Tukey—Kramer post test, **p << 0.01, ttest. €, p << 0.001 versus all other groups, ANOVA, Tukey—Kramer post test, *p < 0.05,
*%p < 0.01, ***p < 0.001, t test. D, %p << 0.001 versus all other groups, ANOVA, Tukey—Kramer post test, *p << 0.05, **p <

0.01, ***p < 0.001, ¢ test.

Isoform-dependent differences in the level of A peptides

We next determined the levels of AB40 and AB42 in plasma, CSF,
and brain (hippocampus and cortex) in the same cohort of
PDAPP/TRE mice that we had used to determine the levels of
apoE. The levels of plasma A342 were not significantly different
at any of the ages sampled, nor were there any apoE-isoform-
dependent effects (Fig. 3A). There was an age-dependent de-
crease in the levels of AB40, such that by 18 months of age, the
level of AB40 in plasma was reduced to only ~50% of that ob-
served in younger 3-month-old mice (Fig. 3B). The significant
decrease in plasma A 40 levels occurred without regard to apoE-
isoform, although the highest levels of plasma AB40 were mea-
sured in PDAPP/TRE3 mice. In CSF, the levels of AB42 and AB40
did not differ according to age or apoE allele status, except for a
highly significant decrease in AB42 levels observed in CSF from
18-month-old PDAPP/TRE4 mice (Fig. 3C,D).

We then measured the levels of AB40 and AB42 in the hip-
pocampus or cortex after extraction of soluble (PBS) or insoluble
(guanidine) pools of A (Figs. 4, 5). There was an age-dependent
increase in both AB42 and AB40, regardless of apoE isoform or
fraction (soluble or insoluble) analyzed, which was more pro-
nounced in the PDAPP/TRE4 mice (Figs. 4, 5). Soluble levels of
both AB40 as well as AB42 measured in the hippocampus of
3-month-old PDAPP/TRE4 exceeded or were equivalent to 12-
month-old PDAPP/TRE3 or PDAPP/TRE2 mice (Fig. 4A,B). In
the hippocampus, insoluble AB40 and AB42 levels increased in
both an age- and apoE isoform-dependent manner, with the
greatest levels observed in PDAPP/TRE4 mice even when mea-
sured at a young age (Fig. 4C,D). Soluble and insoluble levels of
AB40 and AB42 measured in the cortex followed a pattern similar
to that we observed in the hippocampus with the highest levels

if

12 18

loid burden in very old PDAPP mice (18
months of age) that expressed apoE2, E3,
or E4 (Fig. 6). There was an apoE-isoform-
dependent difference in the amount of A3
deposited in both the hippocampus and
cortex with PDAPP/TRE4 mice, demon-
strating significantly more brain Af bur-
den than either PDAPP/TRE3 or PDAPP/
TRE2 mice (Fig. 6). Although the level of
brain AB burden that we measured in the
hippocampus of PDAPP/TRE2 or
PDAPP/TRE3 mice was roughly equiva-
lent (6.5 vs 9.3%), the amount of AB in the
cortex of PDAPP/TRE3 mice was ~7.5X
greater than in PDAPP/TRE2 mice (3.0 vs
0.4%) (Fig. 6 A, B). The amount of fibrillar
amyloid (thioflavine S-positive material)
was significantly greater in PDAPP/TRE4
mice compared with PDAPP/TRE2 or
PDAPP/TRE3 mice, whereas the amount
of amyloid quantified in the hippocampi
of PDAPP/TRE2 or PDAPP/TRE3 mice
was virtually identical (Fig. 6C) (0.06 vs 0.04%).

To determine if the dramatic rise in insoluble apoE levels that
we observed in old PDAPP/TRE4 mice was the result of apoE
codepositing with AB, we quantified colocalized apoE and Af3
immunoreactivity in the brains of old PDAPP/TRE mice (Fig. 7).
Nearly all (~90%) of the apoE that we quantified in old PDAPP/
TREA4 brain sections was associated with A3, whereas only ~25%
of the apoE in PDAPP/TRE2 mice was associated with A
(Fig. 7B).

Heo

Significant correlation between soluble levels of apoE and
AB42 in PDAPP/TRE2 mice

We next investigated the correlation between the levels of soluble
apoE and AB42 in hippocampal homogenates from PDAPP/TRE
mice. We observed a significant inverse correlation between the
levels of soluble apoE and AB42 in hippocampal homogenates
from PDAPP/TRE2 mice (Fig. 8). We did not observe a signifi-
cant correlation between soluble apoE and AB42 levels in hip-
pocampal extracts from either PDAPP/TRE3 or PDAPP/TRE4
mice (supplemental Fig. 4, available at www.jneurosci.org as sup-
plemental material).

APP protein levels in PDAPP/TRE mice

We next measured the level of APP holoprotein in 12-month-old
PDAPP/TRE mice to ensure that an increase in APP substrate was
not responsible for the dramatic increase in A3 that we observed
in PDAPP/TRE4 mice. There was a small but significant reduc-
tion in the level of APP holoprotein in hippocampal homoge-
nates from PDAPP/TRE2 mice that was not apparent in the cor-
tex (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material).
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No change in APOE or APP mRNA
To ensure that the differences we mea-

>

sured in apoE or A were not attributable 207

to apoE isoform-dependent differencesin ~ _ i

the relative levels of apoE or APP trans-  §

gene mRNA, we quantified mRNA levels @ 1o

for these two genes in brain samples from & —
PDAPP/TRE2, PDAPP/TRES3, and ¥ 5
PDAPP/TRE4 mice using quantitative N

PCR (supplemental Fig. 3 A, B, available at E2
www.jneurosci.org as supplemental mate-
rial). Additionally, we quantified the level
of mRNA in brain (cortex and hippocam-
pus) samples from mice expressing apoE
only (supplemental Fig. 3C,D, available at

o
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www.jneurosci.org as supplemental mate- o

rial). There was no significant differencein o , *%]

the level of APP mRNA regardless of £ Zoas]

APOE isoform (supplemental Fig. 3B, &8 . |

available at www.jneurosci.org as supple- £ §

mental material) in PDAPP/TRE mice as =~ %% l__l__‘ i
well as no significant difference in the level 0.00

of APOE in either PDAPP/TRE or TRE E2

only mice (supplemental Fig. 3A,C,D,
available at www.jneurosci.org as supple-
mental material).

Discussion

The &4 allele of the APOE gene represents
the most important genetic risk factor
identified to date for the development of
late onset AD, since &4 carriers have an
increased risk for and an earlier age of dis-
ease onset (Saunders et al., 1993). Addi-
tionally, £4 carriers have an increased risk
of dementia after acute head injury or stoke and an increased rate
of mortality after intracerebral hemorrhage (Nicoll et al., 1996;
Slooter et al., 1997; Teasdale et al., 1997). The &4 allele also con-
fers susceptibility to other neurological conditions such as Par-
kinson’s disease, multiple sclerosis, and amyotrophic lateral scle-
rosis, as well as an increased risk of CNS-permissive viral
infections such as HIV (human immunodeficiency virus) and
HSV (herpes simplex virus) (Mahley et al., 2006; Burt et al., 2008;
Miller and Federoft, 2008). Additionally, £4 carriers have a more
rapid decline in memory function associated with aging (Deary et
al., 2002). In contrast, the e2 allele appears to be in some way
“protective” even when other genetic risk factors such as muta-
tions associated with familial forms of AD or the €4 allele are
present (Corder et al., 1994; Royston et al., 1994).

Although the exact mechanisms underlying the relationship
between the different APOE alleles and increased susceptibility to
or protection from AD remain to be defined, several possibilities
exist. Each of the apoE isoforms differ from one another by a
single amino acid at residue 112 or 158; however, divergence at
these key residues has profound effects on the stability of the
protein as well as how apoE interacts with its receptors (Weisgra-
ber, 1994). Although little is known about the binding preference
of the various apoE isoforms for lipoproteins in the CNS, in the
periphery, apoE3 and apoE2 bind preferentially to smaller more
phospholipid-enriched high-density lipoprotein (HDL), whereas
apoE4 prefers very low-density lipoprotein particles (Weisgraber,
1994). In vitro studies with the various apoE isoforms have also

E3 E4

Figure 6.  A-D, Brain A and amyloid burden in PDAPP mice expressing human apolipoprotein E alleles at 18 months of age.
Significantly more A3 is deposited in the hippocampus (4, ***p << 0.001, ANOVA, Tukey—Kramer post test) or cortex (B, ***p <
0.001,**p << 0.01,*p << 0.05, ttest) of PDAPP/TRE4 mice at 18 months of age. Significantly more amyloid (thioflavine S material)
is present in the hippocampus of PDAPP/TRE4 mice at 18 months of age (C, **p << 0.01, ANOVA, Tukey—Kramer post test). D,
Representative photomicrographs of A3 immunoreactivity and amyloid (thioflavine S staining) in PDAPP mice expressing various
human apok alleles at 18 months of age.

documented an isoform-specific effect on neurite outgrowth
with apoE2 >> apoE3 > apoE4 (Holtzman and Fagan, 1998).
An important role for apoE in determining brain AB burden
in vivo has been established and numerous studies have docu-
mented an increase in brain AB burden in AD patients who are £4
carriers (Bales et al., 1999; Walker et al., 2000; DeMattos, 2004).
Previous studies from our laboratory used PDAPP mice that were
crossed to transgenic mice expressing human apoE exclusively in
astrocytes (Fagan et al., 2002). Additionally, we investigated the
formation of cerebral amyloid angiopathy in APP,,. mice crossed
to TRE mice (Fryer etal., 2005). In both reports and similar to the
findings reported here, the levels of AB were significantly in-
creased in transgenic mice expressing human apoE4. Here, we
present data in PDAPP mice expressing various human apoE
isoforms in all relevant tissues, and, once again, PDAPP/TRE4
mice had the highest levels of brain AB/amyloid burden (Fig. 6).
Nearly all (~90%) of the apoE that we measured in the brains of
old PDAPP/TRE4 mice was associated with AB, whereas only
~25% of the apoE in PDAPP/TRE2 mice was colocalized with A3
(Fig. 7). We also observed an increase in the levels of soluble
AB42, the more profibrillogenic AB species, in brain homoge-
nates from young PDAPP/TRE4 mice at an age when deposited
Apisrarely detected by sensitive immunohistochemical methods
(Fig. 4). We also observed a significant decrease in apoE levels in
plasma, CSF, and brain homogenates in young PDAPP/TRE4
(Fig. 1). Several reports have documented a significant decrease
in apoE levels in TRE4 mice, and we also observed a significant
reduction (Fig. 2) (Ramaswamy et al., 2005; Riddell et al., 2008).
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A, Representative images from 18-month-old PDAPP/TRE mice double stained with anti-apoE (apoE, green) or anti-A[3 (A3, red) and merged (yellow). B, Quantification of apoE and

A colocalization in PDAPP/TRE brain sections. The vast majority (~90%) the apoE signal that is measured in the brain from PDAPP/TRE4 mice is associated with A3, whereas only ~25% of apoE
and A3 are colocalized in very old PDAPP/TRE2 mice. ***p << 0.001 versus all other groups, ANOVA, Tukey—Kramer post test.
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Figure8. Significantinverse correlation between soluble levels of apolipoprotein E2and A3
4) extracted from the hippocampus of PDAPP mice expressing human E2 (r> = 0.46, p <
0.001).

An apoE isoform-dependent difference in the level of plasma
apoE has been reported in healthy control subjects with £2/g2
individuals having the highest and £4/e4 individuals having the
lowest levels (Utermann et al,, 1980). Reports of isoform-
dependent differences in apoE levels in CSF have been inconsis-
tent, most probably because of methodological differences in
sample collection and analysis. However, several reports have
consistently documented lower apoE levels in the hippocampus
of AD patients who are &4 carriers (Beffert et al., 1999, Poirier,
2008). The cumulative effect of this significant decrease in apoE4
levels on brain AB burden over time appears to be quite dramatic,
since the level of brain A/amyloid burden was quite substantial
in PDAPP/TRE4 mice (Fig. 6). Conversely, PDAPP/TRE2 mice
had the highest levels of soluble apoE measured in any of the
sampled compartments, along with the lowest levels of brain AB.
In fact, the levels of soluble apoE2 and AB42 in hippocampal
homogenates were significantly and inversely correlated in
PDAPP/TRE2 mice only (Fig. 8).

Since several studies have reported an effect of apoE on APP
processing, we measured the levels of APP in hippocampal and

cortical homogenates from PDAPP/TRE mice (Irizarry et al.,
2004; Yeetal., 2005). There was a small but significant decrease in
APP protein levels in hippocampal homogenates from PDAPP/
TRE2 mice, whereas the levels of cortical APP were equivalent
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Additional studies will be required to elucidate
the exact mechanisms, whereby apoE might influence APP holo-
protein levels in the hippocampus; however, a recent report sug-
gests that y-secretase-dependent cleavage of APP plays a central
role in regulating cholesterol and apoE via lipoprotein receptor-
related protein (Liu et al., 2007).

Since apoE mRNA levels are equivalent in PDAPP/TRE and
TRE mice, post-translational mechanisms must be responsible
for the differences in protein levels that we measured. Although
apoE undergoes biochemical modifications, these changes do not
appear to affect apoE’s interaction with its receptors; however,
these modifications may influence the association of apoE for
particular HDL’s, especially in brain parenchyma (Marmillot et
al., 1999). Previously, several reports have characterized lipopro-
teins in CSF and apoE-containing particles that are secreted from
immortalized cells in culture that express human apoE (LaDu et
al., 1998; DeMattos et al., 2001; Koch et al., 2001). Although no
apoE isoform-specific differences were found, critical differences
in the ability of these particles to form a complex with A3 under
native conditions were reported (Morikawa et al., 2005).

Although little is known about the characteristics of apoE—
HDL particles in brain, the lipidation status of apoE appears to be
critical for the removal of brain AB (Wahrle et al., 2004, 2005;
Hirsch-Reinshagen et al., 2005; Jiang et al., 2008). When ABCA1,
a transmembrane transporter critical for lipidating apoE, is de-
leted, poorly lipidated brain apoE results in an increase in brain
ABburden in PDAPP transgenic mice (Wahrle et al., 2005). Con-
versely, when ABCAL is overexpressed, apoE appears to be max-
imally lipidated, and brain AB burden is significantly reduced
(Wahrle et al., 2008). Unlike apoE-HDL particles isolated from
CSF, the exact composition of brain “HDL-like” particles is un-
known, and as AB is cleared from brain parenchyma via the peri-
arterial instersitial drainage pathway, the protein composition of
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these particles is likely to change (Weller et al., 1998; Deane et al.,
2008). Just as the presence of apoE is required for the formation
of fibrillar amyloid, the lipidation status of apoE is also critical for
amyloid formation, since poorly lipidated apoE results in more
thioflavine S AB deposits (Bales et al., 1997; Wahrle et al., 2004).
In PDAPP transgenic mice, the neuroanatomical distribution of
brain A is determined by APOE genotype and Apoe deficiency,
as well as apoE lipidation status, since mice expressing human
apoE2, deficient in apoE or ABCAL, display an identical pheno-
type with no AB deposits evident in the molecular layer of the
hippocampus (Fig. 6) (Bales et al.,, 1999; Fagan et al., 2002;
Wabhrle et al., 2004).

Although little is known about the cellular trafficking and
metabolism of apoE in brain, several important observations
about apoE secretion and internalization from macrophages are
worth mentioning. Nearly one-third of the apoE that is secreted
by macrophages is internalized and then re-released (Hasty et al.,
2005). Similarly, apoE bound to cell surface proteoglycans may
represent an important and “accessible” pool of apoE, suggesting
that an important attribute of apoE in the periphery, and perhaps
also a critical requirement for CNS-derived apoE, is to maintain a
basal as well as a “readily accessible” pool of apoE (Rees et al.,
1999). Similarly, newly synthesized apoE4, but not apoE3, is rap-
idly degraded intracellularly, thus minimizing potential “reserve”
pools available for secretion (Riddell et al., 2008).

Regardless of the exact pathophysiological mechanisms by
which the &4 allele confers AD susceptibility, our results recapit-
ulate in a transgenic mouse model an isoform-dependent in-
crease in AB/amyloid burden that appears to be tightly coupled to
soluble apoE levels. Our results presented here suggest that the
most physiologically relevant pool of apoE is represented by the
soluble fraction and reductions in this pool, which appear to
occur post-translationally, may compromise normal Af clear-
ance. This compromised apoE-dependent clearance capacity for
brain-derived A results in a very early and persistent increase in
soluble AB42, as well as age-dependent increases in brain A/
amyloid burden. Brain penetrable compounds that can elevate
apoE levels (regardless of isoform) may, therefore, provide novel
therapeutic approaches for the treatment and prevention of late
onset AD.
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