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Neuron-Specific Apolipoprotein E4 Proteolysis Is Associated
with Increased Tau Phosphorylation in Brains of
Transgenic Mice
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Apolipoprotein E (apoE) is found in amyloid plaques and neurofibrillary tangles (NFTs) in Alzheimer’s disease (AD) brains, but its role
in their pathogenesis is unclear. Previously, we found C-terminal-truncated fragments of apoE in AD brains and showed that such
fragments can cause neurodegeneration and can induce NFT-like inclusions in cultured neuronal cells and in transgenic mice. Here, we
analyzed apoE fragmentation in brain tissue homogenates from transgenic mice expressing apoE3 or apoE4 in neurons [neuron-specific
enolase (NSE)-apoE] or astrocytes [glial fibrillary acidic protein (GFAP)-apoE] by Western blotting. The C-terminal-truncated fragments
of apoE accumulated, in an age-dependent manner, in the brains of NSE-apoE4 and, to a significantly lesser extent, NSE-apoE3 mice;
however, no fragments were detected in GFAP-apoE3 or GFAP-apoE4 mice. In NSE-apoE mice, the pattern of apoE fragmentation
resembled that seenin AD brains, and the fragmentation was specific for certain brain regions, occurring in the neocortex and hippocam-
pus, which are vulnerable to AD-related neurodegeneration, but not in the less vulnerable cerebellum. Excitotoxic challenge with kainic
acid significantly increased apoE fragmentation in NSE-apoE4 but not NSE-apoE3 mice. Phosphorylated tau (p-tau) also accumulated in
an age-dependent manner in NSE-apoE4 mice and, to a much lesser extent, in NSE-apoE3 mice but not in GFAP-apoE3 or GFAP-apoE4
mice. Intraneuronal p-tau inclusions in the hippocampus were prominent in 21-month-old NSE-apoE4 mice but barely detectable in
NSE-apoE3 mice. Thus, the accumulation of potentially pathogenic C-terminal-truncated fragments of apoE depends on both the isoform
and the cellular source of apoE. Neuron-specific proteolytic cleavage of apoE4 is associated with increased phosphorylation of tau and

may play a key role in the development of AD-related neuronal deficits.
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Introduction

Alzheimer’s disease (AD) is one of the fastest growing neurolog-
ical conditions in developed countries and is the leading cause of
dementia (Hebert et al., 2003). The APOE €4 allele has been ge-
netically linked to late-onset familial and sporadic AD and has a
gene dose effect on the risk and age of onset of the disease (Corder
et al., 1993; Saunders et al., 1993; Roses, 1996; Tang et al., 1998;
Romas et al., 2002). Individuals with two copies of the €4 allele
have a 50-90% chance of developing AD by the age of 85 years,
and those with one copy have an ~45% chance (Corder et al.,
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1993; Farrer et al., 1997). Only 20% of the general population will
develop AD by the age of 85 years (Corder et al., 1993).

Several hypotheses have been proposed to explain the associ-
ation of the APOE €4 allele with AD. They include the modula-
tion of the deposition and clearance of amyloid 8 (A3) peptides
and the formation of plaques (Strittmatter et al., 1993b; LaDu et
al., 1994; Ma et al., 1994; Wisniewski et al., 1994; Bales et al., 1999;
Holtzman et al., 2000; Irizarry et al., 2000), impairment of the
antioxidative defense system (Miyata and Smith, 1996), dysregu-
lation of neuronal signaling pathways (Herz and Beffert, 2000),
disruption of cytoskeletal structure and function (Nathan et al.,
1994; Nathan et al., 1995), altered phosphorylation of tau and the
formation of neurofibrillary tangles (NFTs; Strittmatter et al.,
1994; Tesseur et al., 2000a; Huang et al., 2001; Ljungberg et al.,
2002; Harris et al., 2003), depletion of cytosolic androgen recep-
tor levels in the brain (Raber et al., 1998; Raber et al., 2002),
potentiation of AB-induced lysosomal leakage and apoptosis in
neuronal cells (Ji et al., 2002), and promotion of endosomal ab-
normalities linked to AB overproduction (Cataldo et al., 1997,
2000; Grbovic et al., 2003). However, the molecular mechanisms
of these detrimental effects mediated by apolipoprotein E4
(apoE4) are still mostly unknown, and it is unclear whether these
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diverse effects reflect parallel processes or different components
of a causal chain.

Although it was initially thought that apoE was synthesized in
the brain by astrocytes but not by neurons (Boyles et al., 1985),
numerous subsequent studies have demonstrated that CNS neu-
rons can also express apoE, albeit at lower levels than astrocytes,
under diverse physiological and pathological conditions
(Diedrich et al., 1991; Poirier et al., 1991; Han et al., 1994; Bao et
al., 1996; Beffert and Poirier, 1996; Metzger et al., 1996; Xu et al.,
1996; Dupont-Wallois et al., 1997; Boschert et al., 1999; Xu et al.,
1999a,b; Ferreira et al., 2000; Dekroon and Armati, 2001; Hart-
man et al., 2001; Aoki et al., 2003; Harris et al., 2004).

ApoE is also detected in amyloid plaques and NFTs, two neu-
ropathological hallmarks of AD (Namba et al., 1991; Selkoe,
1991; Wisniewski and Frangione, 1992; Crowther, 1993; Stritt-
matter et al., 1993a; Roses, 1994; Tanzi and Bertram, 2001). How-
ever, the role of apoE in the pathogenesis of these two lesions is
unclear. Histopathological and behavioral analyses of transgenic
mice expressing different human apoE isoforms in the brain have
provided clear evidence for a dominant adverse effect of apoE4
(Raber et al., 1998, 2000; Buttini et al., 1999), but the underlying
mechanisms remain unknown. Recently, we demonstrated a bi-
ological event that could play a major causal role in apoE4-related
neuropathology. Specifically, we found that apoE, especially
apoE4, undergoes intracellular proteolytic cleavage, resulting in
bioactive C-terminal-truncated fragments (Huang et al., 2001).
These apoE fragments are generated inside cultured neurons and
in AD brains; they can cause neurodegeneration and the forma-
tion of NFT-like intracellular inclusions in cultured neuronal
cells as well as in CNS neurons of transgenic mice (Huang et al.,
2001; Harris et al., 2003).

Here we demonstrate in apoE transgenic mice that produc-
tion of apoE by neurons is associated with apoE fragmentation,
whereas production of apoE by astrocytes is not. The intraneu-
ronal proteolysis of apoE occurs preferentially in regions of the
brain that are susceptible to AD-related neurodegeneration, af-
fects apoE4 much more than apoE3, and is associated with en-
hanced phosphorylation of tau. Similar processes may contribute
to neuronal deficits in AD patients and related animal models.

Materials and Methods

Reagents. Minimum essential medium, N2 medium supplements, and
fetal bovine serum were purchased from Invitrogen (Rockville, MD).
ECL was from Amersham Biosciences (Arlington Heights, IL). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was from
Sigma (St. Louis, MO). Polyclonal goat anti-human apoE and kainic acid
were purchased from Calbiochem (San Diego, CA). Anti-C-terminal
apoE (amino acids 272-299) was prepared as described (Huang et al.,
2001). Phosphorylation-dependent monoclonal tau antibodies AT8 (p-
Ser202), AT100 (p-Ser212), AT180 (p-Thr231), and AT270 (p-Th181)
were purchased from Endogen (Woburn, MA). Phosphorylation-
dependent monoclonal neurofilament of high molecular weight (p-
NEF-H) antibody SM-31 was from Sternberger Monoclonals (Lutherville,
MD). Fluorescein isothiocyanate (FITC)-, rodamine-, and Cy5-coupled
anti-rabbit, anti-mouse, and anti-goat IgG were from Vector Laborato-
ries (Burlingame, CA). Horseradish peroxidase-coupled anti-rabbit,
anti-mouse, and anti-goat IgG were from Dako (Carpinteria, CA).

Transgenic mice expressing apoE3 or apoE4 in neurons or in astrocytes.
We studied transgenic mice expressing human apoE3 or apoE4 in CNS
neurons under the control of a neuron-specific enolase promoter (NSE-
apoE3 or NSE-apoE4) on a mouse apoE-deficient background (Raber et
al., 1998; Buttini et al., 1999). All NSE-apoE transgenic mice had been
backcrossed >10 times with apoE-deficient mice (C57BL/6J-Apoetm-
1Ung; The Jackson Laboratory, Bar Harbor, ME). ApoE-deficient litter-
mates of NSE-apoE3 or NSE-apoE4 mice served as controls.
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Transgenic mice expressing human apoE3 or apoE4 in astrocytes
driven by a glial fibrillary acidic protein promoter (GFAP-apoE3 or
GFAP-apoE4) on a mouse apoE-deficient background (>10 times of
backcross) were generated as described (Raber et al., 1998, 2002). Two
sets of expression-matched GFAP-apoE3 and GFAP-apoE4 lines were
analyzed. Cerebral expression levels of apoE were similar to those of our
NSE-apoE3 and NSE-apoE4 mice (Raber et al., 1998; Buttini et al., 1999)
in one set of GFAP-apoE mice and sixfold higher in the other set.

Because apoE4-induced behavioral deficits in NSE-apoE mice were
gender-dependent (Raber et al., 1998, 2002), only female transgenic mice
(1-21 months old) were used. Mice were kept under a 12 hr light/dark
cycle with ad libitum access to sterile water and food (PicoLab Rodent
Diet 20, 5053; PMI Nutrition International, St. Louis, MO).

Genotyping of transgenic mice. The five different genotypes analyzed in
this study (apoE-deficient, NSE-apoE3, NSE-apoE4, GFAP-apoE3, and
GFAP-apoE4) were identified by PCR using DNA purified from tail clips
(Raber et al., 1998; Buttini et al., 1999). Because the human APOE intron
3 was included in the apoE4 but not in the apoE3 construct, the amplicon
generated with intron 3-spanning primers (forward primer, nucleotides
3158-3175; reverse primer, nucleotides 3815-3834, GenBank accession
number M10065) was 670 bp in apoE4 mice and 100 bp in apoE3 mice.
The PCR reactions were run on a PTC-100 programmable thermal con-
troller (MJ Research), and the products were analyzed on 1.5% agarose
gels. To assess the Apoe knockout status of the mice, total plasma choles-
terol levels were measured with a cholesterol measurement kit (Abbott
Laboratories, Abbott Park, IL) as described (Huang et al., 1998).

Preparation of mouse brain tissues. Brains from apoE-deficient mice,
hemizygous NSE-apoE3, NSE-apoE4, GFAP-apoE3, or GFAP-apoE4
transgenic mice, or doubly transgenic NSE-apoE4/NSE-apoE3 mice on a
mouse apoE-deficient background were collected after a 2 min transcar-
dial perfusion with PBS. One hemibrain from each mouse was homoge-
nized and analyzed for apoE and phosphorylated tau (p-tau; Huangetal.,
2001). In brief, brain tissues were homogenized in ice-cold lysis buffer I
(50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 0.1% SDS, 0.5% Nonidet P-40,
0.5% sodium deoxycholate, and a mixture of protease and phosphatase
inhibitors). After centrifugation at 35,000 rpm for 30 min at 4°C using a
TLA 100.3 rotor of an Optima TL Ultracentrifuge (Beckman) to separate
the solubilized proteins (supernatant), the pellet was further homoge-
nized in ice-cold lysis buffer IT (50 mm Tris-HC, pH 8.0, 150 mm NaCl,
4% SDS, 1% Nonidet P-40, 1% sodium deoxycholate, and a mixture of
protease and phosphatase inhibitors) and centrifuged at 35,000 rpm for
30 min at 4°C using the TLA 100.3 rotor to obtain the second supernatant
(solubilized pellet).

Western blotting and quantitative analysis of apoE and p-tau. The su-
pernatant and the solubilized pellet (150-200 pg of protein) were sub-
jected to SDS-PAGE and analyzed by Western blotting with antibodies
against human full-length apoE, C-terminal apoE, or p-tau (Huang et al.,
2001). The bands of full-length apoE, apoE fragments, or p-tau were
scanned, and their intensities were calculated (Huang et al., 2001). ApoE
fragmentation was expressed as the ratio of truncated apoE to full-length
apoE, and p-tau was reported as arbitrary units.

Immunohistochemistry. The other hemibrain from each mouse was
fixed in 3% paraformaldehyde, sectioned, and stained with anti-apoE
and anti-p-tau (Buttini et al., 1999; Huang et al., 2001). Vibratome sec-
tions were incubated in 0.3% H,0O, in PBS for 20 min to quench endog-
enous peroxidase activity. To facilitate penetration of antibodies, sec-
tions used for immunoperoxidase staining were preincubated for 4 min
in 1 ug/ml proteinase K in a buffer containing (in mwm): 250 NaCl, 25
EDTA, and 50 Tris-HCl, pH 8. To block nonspecific reactions, all sec-
tions were incubated for 1 hr in 15% normal serum from the same species
that produced the secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) in PBS or for 7 min in Superblock (Scytec, Logan, UT),
followed by a 1 hr incubation in PBS with primary antibody (anti-apoE,
anti-p-tau, or anti-p-NF-H). Sections were then washed three times in
PBS and incubated for 1 hr with the corresponding secondary antibodies
coupled to FITC (Jackson ImmunoResearch) or biotin (Vector Labora-
tories). After three washes in PBS, the sections were mounted in VectaSh-
ield (Vector Laboratories) and viewed with a Radiance 2000 laser-
scanning confocal system (Bio-Rad, Hercules, CA) mounted on an
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induces excitotoxic CNS injury, particularly in
A Humans B c : T, P Y
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Figure 1.  ApoE fragmentation occurs in brains of humans and NSE-apoE mice but not in brains of GFAP-apoE mice. Brain  all the mice. Mice in the control groups were

homogenates from a nondemented human control (age 73 years) and a case with AD (age 71 years; A), NSE-apoE mice (age 7-9
months; B), and GFAP-apoE mice (age 8 —10 months; () were analyzed by Western blotting with antibodies against full-length
apoE or C-terminal apok. In C, apoE in brains of GFAP-apoE mice expressing apoE at levels similar to (2 right lanes) or sixfold higher

than (3 left lanes) those in NSE-apoE mice was analyzed.
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Figure2.  Region specificity of apoE fragmentation in NSE-apoE4 mouse brains. Brain tissues

from NSE-apoE4 mice (n = 4; age 4—5 months) were dissected into neocortex, hippocampus,
and cerebellum and homogenized. ApoE in the homogenates was detected by Western blotting
withapolyclonal antibody against full-length apoE. A, Representative Western blot. B, The apoE
fragmentation was quantified by measuring the ratio of apoE fragments to full-length apoE.
Note that the apoE fragmentation is much more prominent in the neocortex and hippocampus
than in the cerebellum ( p << 0.001, neocortex or hippocampus vs cerebellum).

Optiphot-2 microscope (Nikon, Tokyo, Japan). For immunoperoxidase
staining, secondary antibody binding was detected with the ABC-Elite kit
(Vector Laboratories). Six sections were stained for each antibody and
each mouse brain.

Double labeling for human apoE and p-tau or p-NF-H was performed
essentially as described above, except that brain sections were incubated with
anti-apoE together with anti-p-tau. To detect primary antibody binding,
sections were incubated for 1 hr in a mixture of secondary antibodies
(FITC- and Cy5-conjugated antibodies, respectively). After three 10 min
washes in PBS, sections were mounted under glass coverslips with
VectaShield and viewed by confocal microscopy as described above. The
Cy5 and FITC channels were viewed individually, and the resulting im-
ages were pseudocolored in red (Cy5) or green (FITC) with Photoshop
version 6.0 (Adobe Systems, San Jose, CA). Six sections were stained for
each antibody and each mouse brain.

Kainic acid injections. Kainic acid crosses the blood—brain barrier and

injected intraperitoneally with saline and did
not develop seizures. All mice were killed 6 d
after the injection of kainic acid or saline.

Electron microscopy. Mouse brain tissues
were sectioned with a vibratome, fixed in 2.5%
glutaraldehyde for 1 hrand in 2% OsO, for 1 hr,
dehydrated, embedded, sectioned, and stained with uranyl acetate and
lead citrate. Hippocampal neurons were examined using a JEOL JEM
100CX transmission electron microscope.

Statistical analysis. Results are reported as mean * SD. Differences
were evaluated by f test or ANOVA.

Results
Similar patterns of apoE fragmentation in NSE-apoE mice
and humans with AD
We previously demonstrated that C-terminal-truncated 29 kDa
and 14-20 kDa fragments accumulate in human AD brains, and
APOE €4 carriers have substantially higher levels of these frag-
ments than people carrying other APOE alleles (Huang et al.,
2001; Harris et al., 2003). Figure 1A illustrates typical levels of
apoE fragmentation in an AD case with one APOE €4 and one
APOE €3 allele. To determine whether apoE fragmentation also
occurs in apoE transgenic mice, brain homogenates from singly
(apoE3 or apoE4) or doubly (apoE4/3) transgenic NSE-apoE
mice were analyzed by anti-apoE western blotting. Polyclonal
anti-apoE revealed full-length 34 kDa apoE and apoE fragments
in both NSE-apoE3 and NSE-apoE4 mouse brains (Fig. 1 B), sug-
gesting that apoE proteolysis also occurred in mouse brains. Im-
portantly, the pattern of apoE fragmentation in NSE-apoE mice
was similar to that in humans (Fig. 1, compare A, B). In doubly
transgenic NSE-apoE4/3 mice and in apoE4/3 AD patients, both
the 29 and 1420 kDa apoE fragments were observed. In contrast,
NSE-apoE3 mice and apoE3/3 nondemented humans primarily
had the 29 kDa fragment and relatively few 14—20 kDa fragments.
The NSE-apoE4 and NSE-apoE4/3 mice had similar levels of
the 14-20 kDa fragments, but NSE-apoE4 mice had lower levels
of the 29 kDa fragment, suggesting that the 29 kDa fragment in
the NSE-apoE4/3 mice might be primarily generated from
apoE3. Our previous study demonstrated that the 29 kDa frag-
ment generated from apoE4 is rapidly cleaved to generate the
14-20 kDa fragments, whereas the 29 kDa fragment generated
from apoE3 appears to be resistant to further cleavage (Harris et
al., 2003). All the apoE fragments in human and mouse brains
were the C-terminal-truncated forms: anti-C-terminal apoE rec-
ognizing the last 27 amino acids failed to detect them (Fig. 1 A,B).
These results suggest that the NSE-apoE mouse represents a good
animal model of apoE proteolysis in humans.
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ApoE fragmentation does not occur in brains of

GFAP-apoE mice

Next, we assessed apoE fragmentation in transgenic mice express-
ing apoE3 or apoE4 in astrocytes (GFAP-apoE). Surprisingly, no
apoE fragmentation was detected in GFAP-apoE3 or GFAP-apoE4
mouse brains no matter whether apoE was expressed at a level sim-
ilar to or sixfold higher than that in NSE-apoE mice (Fig. 1C). These
results suggest that apoE undergoes neuron-specific proteolytic pro-
cessing to generate the C-terminal-truncated fragments. Further-
more, because neurons take up apoE secreted from astrocytes in
GFAP-apoE mice, these results also suggest that the apoE proteolysis
occurs in the secretory pathway in neurons but not in the internal-
ization pathway.

Region specificity of apoE fragmentation in NSE-apoE4
mouse brains

To determine whether apoE4 fragmentation occurs predomi-
nantly in specific brain regions, homogenates from the neocor-
tex, hippocampus, or cerebellum of NSE-apoE4 mice were sub-
jected to SDS-PAGE and analyzed by anti-apoE Western blotting.
As shown in Figure 2, apoE4 fragmentation occurred in the neo-
cortex and hippocampus but not in the cerebellum. These results
indicate that the apoE4 fragmentation is brain region-dependent,
occurring predominantly in areas vulnerable to AD-related neuro-
degeneration (Morrison and Hof, 2002).

Excitotoxic challenge increases apoE
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Figure3. ApoEfragmentationin NSE-apoE mice challenged with kainicacid. At 7— 8 months
of age, NSE-apoE3 and NSE-apoE4 mice were injected intraperitoneally with saline or kainicacid
(KA; n = 4 per genotype and treatment). They were analyzed 6 d later. ApoE in brain homog-
enates (150 g of total proteins) was subjected to SDS-PAGE and detected by Western blotting
with a polyclonal antibody against full-length apoE. 4, The apoE fragmentation was quantified
by measuring the ratios of all apoE fragments (14 —30 kDa) to the full-length apoE ( p < 0.01,
KA vs saline for NSE-apoE4 mice). B, The total apoE levels were determined by comparing the
bands of samples (full-length apoE plus fragments of apoE) with standards of various amounts
of recombinant human apoE3 or apoE4 by densitometric analysis.
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(Fig. 3B). These results suggest that the
kainic acid treatment enhances the neuro-
nal proteolysis of apoE4 but not apoE3 and
raise the possibility that C-terminal-
truncated apoE4 fragments contribute to
the dominant adverse effects of apoE4
identified previously (Buttini et al., 2000).

Age-dependent accumulation of the truncated apoE in brains
of NSE-apoE4 mice

Anti-apoE immunoblotting also revealed an age-dependent ac-
cumulation of the C-terminal-truncated apoE in the brains of 1-
to 9-month-old NSE-apoE4 mice (Fig. 4A). ApoE4 fragmentation
increased progressively between the ages of 3 and 9 months, reaching
a plateau at 7-9 months, an age at which neuronal and behavioral
deficits have been observed in NSE-apoE4 mice (Raber et al., 1998;
Buttini et al., 1999). Fewer apoE fragments were found in age-
matched NSE-apoE3 mice (Fig. 4 A). The ratios of apoE fragments to
full-length apoE were significantly higher in NSE-apoE4 mice than
in NSE-apoE3 mice at all ages (Fig. 4 B). These results suggest that the
generation or accumulation of apoE4 fragments in brains of trans-
genic mice is age-dependent.

Figure 4.  Age-dependent accumulation of C-terminal-truncated fragments of apoE in brains of NSE-apoE4 mice. A, ApoE in
brain homogenates of NSE-apoE3 or NSE-apoE4 mice was detected by Western blotting with antibodies against full-length apoE.
B, Quantitative analysis of the ratios of the C-terminal-truncated fragments of apoE to the full-length apoE in brain homogenates
of NSE-apoE3 and NSE-apoE4 mice (n = 4 -6 per genotype and age; p << 0.01, apoE3 vs apoE4 mice at all ages).

Age-dependent accumulation of p-tau in NSE-apoE4 but not
GFAP-apoE4 mice

Because the C-terminal-truncated apoE induces the formation of
NFT-like inclusions in cultured neuronal cells (Huang et al.,
2001), we next examined whether there was an age-dependent
accumulation of p-tau in the brains of NSE-apoE4 mice. Brain
homogenates of 3- to 9-month-old NSE-apoE4 or NSE-apoE3
mice were analyzed by Western blotting with monoclonal anti-
body AT8, which recognizes p-tau. P-tau with a molecular mass
of 55-60 kDa increased gradually with age in both groups but to
a much greater extent in NSE-apoE4 mice (Fig. 5A). In addition,
asmall amount of SDS-resistant p-tau aggregate, which remained
at the top of the gel, was found in 5- to 9-month-old NSE-apoE4
mice but not in age-matched NSE-apoE3 mice (Fig. 5A). At 18
months of age, NSE-apoE4 mice had much higher levels of the
SDS-resistant p-tau aggregates than NSE-apoE3 or mice lacking
both murine and human apoE (Fig. 5B). Densitometric analysis
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Figure5. Age-dependentaccumulation of p-tauin brains of NSE-apoE4 mice. p-Tauin brain

homogenates of NSE-apoE mice (4, B) and GFAP-apoE mice () at different ages was analyzed
by Western blotting with monoclonal antibody AT8. Note the higher levels of SDS-resistant
p-tau aggregates at the top of the gelin aged NSE-apoE4 mice compared with aged NSE-apoE3
mice. D, Quantitative analysis of the SDS-resistant p-tau aggregates in brain homogenates of
NSE-apoE3 and NSE-apoE4 mice (n = 4 — 6 per genotype and age; p << 0.01, apoE3 vs apoE4
mice at 7-21 months). mE, mouse apoE.

of Western blots revealed an age-dependent accumulation of
SDS-resistant p-tau aggregates in both NSE-apoE3 and NSE-
apoE4 mice that was much more prominent in NSE-apoE4 mice,
especially in the oldest groups (Fig. 5D). The pattern of tau phos-
phorylation in brain homogenates of NSE-apoE4 mice, analyzed
with monoclonal antibodies that recognize different phosphory-
lation sites in p-tau in NFTs of AD brains, showed that the in-
creased p-tau was positive for AT8, AT100, and AT270 but neg-
ative for AT180, suggesting that tau was hyperphosphorylated at
multiple sites in NSE-apoE4 mice. No significant increase in
p-tau was found in brains of GFAP-apoE3 or GFAP-apoE4 mice
at 8—21 months (Fig. 5C). These data suggest that neuronal ac-
cumulation of apoE fragments is associated with increased phos-
phorylation of tau in vivo, consistent with results obtained in
cultured neuronal cells (Huang et al., 2001).
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Figure 6.  Formation of intraneuronal p-tau-containing inclusions in the hippocampus of
aged NSE-apoE4 mice. Brain sections from 21-month-old NSE-apoE4 (A) and NSE-apoE3 (B)
mice were immunostained with monoclonal antibody AT8. p-tau-positive intraneuronal inclu-
sions were abundant in the CA3 region of NSE-apoE4 mice (A) but barely detected in the CA3
region of NSE-apoE3 mice (B). (, Quantitative analysis of neurons containing p-tau-positive
inclusions in 21-month-old NSE-apoE4 and NSE-apoE3 mice (n = 5 per genotype; p < 0.01,
apoE3 vs apoE4 mice). D—F, Colocalization of apoE4 and p-tau in intraneuronal inclusions in the
hippocampus of a 21-month-old NSE-apoE4 mouse as determined by anti-apoE and anti-p-tau
double immunofluorescent staining. G—/, Colocalization of apoE4 and phosphorylated neuro-
filament (p-NF) in intraneuronal inclusions in the hippocampus of a 21-month-old NSE-apoE4
mouse as determined by anti-apoE and anti-p-NF double immunofluorescence staining. J, In-
traneuronal straight filaments with diameters of 17 == 3 nm visualized by electron microscopy

in the hippocampus of the NSE-apoE4 transgenic mice (magpnification, 30,000<).

Formation of intraneuronal p-tau-containing inclusions in
the hippocampus of aged NSE-apoE4 mice

Immunostaining of brain sections with monoclonal antibody
AT8, which recognizes p-tau in NFTs, revealed p-tau-positive
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intraneuronal inclusions in the hippocampal CA3 region (Fig.
6A) and in the hilus of the dentate gyrus (data not shown) in
21-month-old NSE-apoE4 mice. Such p-tau-positive intraneu-
ronal inclusions were detected much less frequently in age-
matched NSE-apoE3 mice (Fig. 6 B). Aged NSE-apoE4 mice had
four times more neurons containing p-tau-positive inclusions
than aged NSE-apoE3 mice (Fig. 6C). Double immunostaining
revealed that p-tau and apoE were colocalized in the inclusions
(Fig. 6 D—F). The inclusions also contained phosphorylated neu-
rofilament of high molecular weight as detected by monoclonal
antibody SM31 (Fig. 6G-I). Electron microscopy revealed cyto-
solic straight filaments with diameters of 17 = 3 nm in CA3
neurons of the hippocampus (Fig. 6]), resembling pre-NFTs in
AD brains (Crowther, 1993). The filaments were densely packed
and usually closely related to mitochondria (Fig. 6]). No p-tau-
positive intraneuronal inclusions were found in the hippocam-
pus of GFAP-apoE3 or GFAP-apoE4 mice (data not shown).
These results suggest a neuron-specific association of apoE4 frag-
ments with increased phosphorylation and aggregation of tau.

Discussion
This study demonstrates in vivo that the accumulation of patho-
genic C-terminal-truncated apoE fragments in the brain depends
on the isoform and cellular source of apoE, as well as on brain
region, aging, and neural injury. ApoE proteolysis occurs in neu-
rons but not in astrocytes, with more fragments being generated
from apoE4 than from apoE3. Accumulation of apoE fragments
increased with age and was exacerbated by kainic acid challenge
in NSE-apoE4 but not NSE-apoE3 mice. Accumulation of apoE4
fragments was greater in the cortex and hippocampus, which are
vulnerable to AD-related neurodegeneration, than in the cerebel-
lum, which is less vulnerable. Our results also suggest that the
neuron-specific production of C-terminal-truncated fragments
of apoE4 stimulates tau phosphorylation and contributes to the
formation of intraneuronal p-tau-containing filamentous inclu-
sions in the hippocampus, consistent with previous observations
in cultured neuronal cells and related transgenic models (Tesseur
et al., 2000a,b; Huang et al., 2001; Harris et al., 2003). Interest-
ingly, the intraneuronal p-tau-containing inclusions were found
primarily in the hippocampal CA3 region and in the hilus of the
dentate gyrus of aged NSE-apoE4 mice, although the apoE frag-
mentation occurred in both the cortex and the hippocampus.
Our preliminary studies suggest that this brain region-specific
accumulation of p-tau-containing inclusions might be related to
a synergistic effect of apoE fragments and zinc (F. M. Harris and
Y. Huang, unpublished observation), which accumulates signif-
icantly in the CA3 and the hilus regions of the hippocampus.

ApoE fragments similar to those observed in our study were
generated in primary cultured cortical neurons but not in pri-
mary cultured astrocytes obtained from transgenic mice express-
ing apoE4 in both cell types (Lesuisse et al., 2001). Others have
shown that the N-terminal 22 kDa thrombin cleavage fragment
(amino acids 1-191) of apoE4 is neurotoxic in vitro (Tolar et al.,
1997, 1999); however, this toxicity appears to require relatively
high concentrations of the fragment and has not yet been con-
firmed in vivo. In addition, the lipid-binding domain of apoE
(amino acids 244-272; Huang and Mahley, 1999; Mahley and
Huang, 1999, 2000) appears to be essential for apoE fragments to
have neurotoxic effects in vivo, as demonstrated in our previous
study (Harris et al., 2003).

It is tempting to speculate that the isoform-dependent and
excitotoxin-enhanced accumulation of pathogenic apoE frag-
ments could contribute to the greater susceptibility of APOE e4
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carriers to AD (Corder et al., 1993; Saunders et al., 1993; Roses,
1996; Farrer et al., 1997; Tang et al., 1998; Romas et al., 2002). It
is possible that the neuronal and behavioral deficits elicited by the
expression of full-length apoE4 in neurons of transgenic mice
(Raber et al., 1998, 2002; Buttini et al., 1999) are also related to the
intraneuronal generation of apoE4 fragments. These hypotheses
are supported by our recent observation that overexpression of
the C-terminal-truncated apoE4 in neurons is sufficient to cause
cortical and hippocampal neurodegeneration in transgenic mice
(Harris et al., 2003). The greater susceptibility of apoE4 to prote-
olysis helps explain the dominant negative effects of apoE4 re-
vealed in NSE-apoE4/3 doubly transgenic mice (Buttini et al.,
2000). The dependence of apoE4 fragmentation on the produc-
tion of apoE in neurons might also explain why NSE-apoE4 mice
are susceptible to age-related neurodegeneration (Buttini et al.,
1999, 2002), whereas GFAP-apoE4 mice are not (Hartman et al.,
2001).

Neuronal expression of apoE, which can be induced in vivo
under a variety of conditions (Diedrich et al., 1991; Poirier et al.,
1991; Han et al., 1994; Bao et al., 1996; Beffert and Poirier, 1996;
Metzger et al., 1996; Xu et al., 1996, 1999a,b; Dupont-Wallois et
al., 1997; Boschert et al., 1999; Ferreira et al., 2000; Dekroon and
Armati, 2001; Hartman et al., 2001; Aoki et al., 2003; Harris et al.,
2004), may participate in neuronal repair and remodeling and
may protect neurons from additional injury (Boschert et al.,
1999; Huang and Mahley, 1999; Mahley and Huang, 1999, 2000;
Harris et al., 2004). However, in neurons expressing apoE4, the
proteolytic processing of apoE and fragment generation we have
identified (Huang et al., 2001; Harris et al., 2003; this study) may
turn this neuroprotective process into a pathogenic process.

Interestingly, apoE3 was also proteolytically cleaved, albeit
less effectively than apoE4, especially in brains of NSE-apoE4/3
mice. This finding raises the possibility that apoE fragments
could contribute to the development of neuronal deficits also in
APOE €3 carriers, although it would likely take longer for adverse
effects to become apparent than in APOE €4 carriers, consistent
with the differential effects of apoE3 and apoE4 on AD risk and
onset (Corder et al., 1993; Farrer et al., 1997). Thus, the putative
protease that cleaves apoE at its C terminus may serve as a ther-
apeutic target for prevention and treatment of neurodegenerative
diseases in people with diverse apoE genotypes.
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