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Apolipoprotein (apo) E4 increases the risk and accelerates the
onset of Alzheimer’s disease (AD). However, the underlying mechanisms remain to be determined. We previously found that apoE
undergoes proteolytic cleavage in AD brains and in cultured
neuronal cells, resulting in the accumulation of carboxyl-terminaltruncated fragments of apoE that are neurotoxic. Here we show
that this fragmentation is caused by proteolysis of apoE by a
chymotrypsin-like serine protease that cleaves apoE4 more efficiently than apoE3. Transgenic mice expressing the carboxylterminal-cleaved product, apoE4(⌬272–299), at high levels in the
brain died at 2– 4 months of age. The cortex and hippocampus of
these mice displayed AD-like neurodegenerative alterations, including abnormally phosphorylated tau (p-tau) and Gallyas silverpositive neurons that contained cytosolic straight filaments with
diameters of 15–20 nm, resembling preneurofibrillary tangles.
Transgenic mice expressing lower levels of the truncated apoE4
survived longer but showed impaired learning and memory at 6 –7
months of age. Thus, carboxyl-terminal-truncated fragments of
apoE4, which occur in AD brains, are sufficient to elicit AD-like
neurodegeneration and behavioral deficits in vivo. Inhibiting their
formation might inhibit apoE4-associated neuronal deficits.

H

uman apolipoprotein (apo) E, a 34-kDa protein composed
of 299 amino acids, occurs as three major isoforms, apoE2,
apoE3, and apoE4 (1–4). ApoE4 is a major risk or susceptibility
factor for Alzheimer’s disease (AD) (5–7). The apoE4 allele,
which is found in 40–65% of cases of sporadic and familial AD,
increases the occurrence and lowers the age of onset of the
disease (7, 8).
Biochemical, cell biological, and transgenic animal studies
have suggested several potential mechanisms to explain apoE4’s
contribution to the pathogenesis of AD. These include the
modulation of the deposition and clearance of amyloid ␤ peptides and the formation of plaques (9–15), impairment of the
antioxidative defense system (16), dysregulation of neuronal
signaling pathways (17), disruption of cytoskeletal structure and
function (18, 19), and altered phosphorylation of tau and the
formation of neurofibrillary tangles (NFTs) (20–23). However,
the mechanisms of these apoE4-mediated detrimental effects
are still largely unknown, and it is not known which are the
primary effects and which are subsequent or downstream effects.
The neuropathological hallmarks of AD include extracellular
amyloid plaques and intracellular NFTs in the brain (24–27).
The plaques consist primarily of amyloid ␤ peptides (24–26). The
NFTs are composed largely of the highly phosphorylated
microtubule-associated protein tau (p-tau) (25) and, to a lesser
extent, of phosphorylated neurofilaments (28, 29). Both amyloid
plaques and NFTs contain apoE (5, 30, 31); however, the role of
apoE in the pathogenesis of these two lesions is uncertain.
Histopathological and behavioral analyses of transgenic mice
expressing different human apoE isoforms in the brain have
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revealed clear evidence for a dominant adverse effect of apoE4
(32–34), but the underlying mechanism is unknown.
Recently, we demonstrated that apoE is subject to proteolytic
cleavage, resulting in bioactive carboxyl-terminal-truncated fragments (22). These apoE fragments are generated inside cultured
neurons and in AD brains and can interact with p-tau and phosphorylated neurofilaments of high molecular weight, resulting in
large, filamentous intracellular inclusions in neuronal cells (22).
We hypothesized that generation of these toxic apoE fragments is one of the early events in the pathogenesis of AD. In this
study, we evaluated the pathogenic potential of the apoE fragments in vivo. Our results demonstrate that the carboxylterminal-truncated fragments of apoE4 elicited AD-like neurodegeneration and behavioral deficits in transgenic mice. Because
apoE is synthesized by neurons under diverse pathological
conditions (35–47), intraneuronal proteolytic processing of
apoE could trigger apoE4-related neuropathology and promote
the development of AD.
Materials and Methods
ApoE and Antibodies. Recombinant human apoE3 and apoE4 and

anti-carboxyl-terminal apoE (amino acids 272–299) were prepared as described (22). Polyclonal goat anti-human apoE was
purchased from Calbiochem. The phosphorylation-dependent
monoclonal tau antibodies AT8 (p-Ser-202) and AT270 (p-Th181) were purchased from Endogen (Cambridge, MA).

Human and Mouse Brain Tissues. Brain tissues from 17 nondemented subjects (10 apoE3兾3, mean age 72 ⫾ 6 years; seven
apoE4兾3, 70 ⫾ 5 years) and 19 AD patients (nine apoE3兾3, 75 ⫾
7 years; 10 apoE4兾3 and apoE4兾4, 72 ⫾ 6 years) were collected
at the Alzheimer Disease Research Center of the University of
California at San Diego, at 5–14 h after death, frozen immediately on dry ice, and stored at ⫺80°C until used. The tissue from
the midfrontal gyrus (1–2 g) was homogenized with a Polytron
homogenizer as described (22). The brain lysates (150 g of total
proteins) were subjected to SDS兾PAGE and analyzed by antiapoE Western blotting.
Brain tissues from 2- to 7-month-old wild-type and hemizygous transgenic mice were collected after a 2-min transcardial
perfusion with PBS. One hemibrain from each mouse was
homogenized and analyzed for apoE and p-tau as described (22).
The other hemibrain was fixed in 3% paraformaldehyde, sectioned, and stained with hematoxylin and eosin, Gallyas silver,
anti-apoE, and anti-p-tau as described (22, 34).

Abbreviations: AD, Alzheimer’s disease; apo, apolipoprotein; AECE, apoE-cleaving enzyme;
NFTs, neurofibrillary tangles; p-tau, phosphorylated tau.
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Fig. 1. Cleavage of apoE by a chymotrypsin-like serine protease. ApoE fragmentation in human brain lysates was detected by Western blotting with antibodies
against full-length apoE (a) or the carboxyl-terminal 28 amino acids of apoE (b) and quantified by densitometry (c). Brain tissues were from 17 nondemented
subjects (10 apoE3兾3, mean age 72 ⫾ 6 years; seven apoE4兾3, 70 ⫾ 5 years) and 19 AD cases (nine apoE3兾3, 75 ⫾ 7 years; 10 apoE4兾3 and apoE4兾4, 72 ⫾ 6 years).
(d) ApoE fragmentation was assessed in vitro by incubating recombinant human apoE3 or apoE4 (1 g) with brain lysate (20 l) from apoE-deficient mice at 37°C
for 3 h followed by anti-apoE Western blotting. (e) Effects of protease inhibitors (1–20 mM) on apoE4 cleavage by partially purified AECE. ( f) Determination of
substrate specificity of AECE with synthetic peptides (50 –100 M). (g) Time-dependent cleavage of apoE4 (1 g) by partially purified AECE (5 l) in vitro. (h) Effect
of the Leu-268 to Ala mutation on apoE4 cleavage by AECE in transfected Neuro-2a cells. Neuro-2a cells were transiently transfected with cDNA constructs
encoding wild-type apoE4 or apoE4 –Ala-268. ApoE fragmentation was determined by SDS兾PAGE and anti-apoE Western blotting 24 h after transfection. (i)
Effect of the Met-272 to Ala mutation on apoE4 cleavage by AECE in Neuro-2a cells transfected with wild-type apoE4 or apoE4 –Ala-272. ApoE fragmentation
was determined by SDS兾PAGE and anti-apoE Western blotting 24 h after transfection.

homogenates or Neuro-2a cell lysates were passed through a
DEAE column, and the bound proteins were eluted with a NaCl
gradient (50–500 mM). The enzymatic activity of each fraction
was assayed by incubating column fractions with recombinant
apoE4 and observing the fragmentation pattern by SDS兾PAGE
and anti-apoE Western blotting. The AECE activity was eluted
from the column at ⬇200–250 mM NaCl. Fractions with AECE
activity were pooled and passed through a Sephacryl S-200 gel
filtration column. The AECE activity eluted primarily in fractions corresponding to proteins with molecular masses of 35–45
kDa (⬇90% of AECE activity appeared in this peak, although
silver-stained gels revealed several protein bands).

Assays of AECE Activity. For Western blotting, 1 g of apoE4 was

incubated with 5 l of partially purified AECE in PBS (pH 7.4)
at 37°C for 2 h, separated by SDS兾PAGE, blotted to a nitrocellulose membrane, and probed with anti-apoE (22). For a chromogenic assay, chromogenic peptide substrates (50–100 M;
Sigma or Roche Diagnostics) were incubated with 5 l of
partially purified AECE in PBS (pH 7.4) at 37°C for 2–6 h, and
absorbance at 410 nm was measured with a plate reader. For
AECE inhibition studies, various protease inhibitors (1–10 mM;
Sigma or Roche Diagnostics, see Fig. 1) were incubated with 5
l of partially purified AECE in PBS (pH 7.4) at 37°C for 1 h and
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then with 1 g of apoE4 at 37°C for 4 h. After incubation, apoE
proteolysis was determined by SDS兾PAGE and anti-apoE Western blotting.
Generation of Truncated ApoE4 Constructs and Transgenic Mice. PCR

products encoding human apoE4(⌬272–299) or apoE4(⌬241–299),
both with a signal peptide for secretion and a FLAG tag at the
amino terminus, were subcloned into a Thy-1.2 vector (kindly
provided by H. van der Putten, Ciba-Geigy, Basel). Both DNA
constructs were confirmed by DNA sequence analysis. Transgenic
mice expressing apoE4(⌬272–299) or apoE4(⌬241–299) were generated by microinjecting these DNA constructs into C57BL兾6J
mouse eggs (Harlan Breeders, Indianapolis), as described (34). The
presence and expression of transgenes were detected by PCR, in situ
hybridization, and anti-apoE Western blotting (34). All hemizygous
transgenic mice were on a pure C57BL兾6J background and still
expressed endogenous mouse apoE. Thus, wild-type mice were
used as controls for all experiments.
Electron Microscopy. Mouse brain tissues were sectioned with a

vibratome, fixed in 2.5% glutaraldehyde for 1 h and in 2% OsO4
for 1 h, dehydrated, embedded, sectioned, and stained with
uranyl acetate and lead citrate. Cortical and hippocampal neurons were photographed with a JEOL JEM 100CX transmission
electron microscope.
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Partial Purification of ApoE-Cleaving Enzyme (AECE). Mouse brain

Behavioral Tests. Learning and memory were assessed with a
Morris water maze test. Briefly, the ability of mice to locate a
hidden platform submerged in a pool (122 cm in diameter) filled
with opaque water (22°C) was determined in two sessions (2.5 h
apart) per day for 5 days. Each session consisted of three
consecutive trials. The platform location was constant for each
mouse; the starting point at which the mouse was placed into the
water was changed for each trial. On days 6–8, the ability of the
mice to locate a visible platform was tested to exclude differences
in vision, swim speed, and motivation. Decreases in the time it
took the mice to reach the hidden platform (latencies) and
decreasing path lengths were used as putative measures of spatial
learning. On the mornings of days 3, 5, and 7, a probe trial
(platform removed) was performed, and the time the mice spent
in the quadrant where the platform was previously located was
recorded as a measure of memory retention.
Emotionality was assessed with the elevated plus maze and
basic motor function with rotorod tests as described (48).

Results
Isoform-Dependent Proteolysis of ApoE in Human Brains. To deter-

mine whether the fragmentation of apoE in AD brains is
isoform-dependent, we measured the amounts of 29-kDa and 14to 20-kDa fragments of apoE by anti-apoE Western blotting of
brain lysates of AD cases that were homozygous for the most
common apoE isoform, apoE3, or heterozygous or homozygous
for apoE4 (Fig. 1 a–c). The ratios of 29-kDa and 14- to 20-kDa
fragments to the full-length apoE (34-kDa) were higher in AD
cases than in age- and sex-matched nondemented controls with
the corresponding apoE genotypes (Fig. 1c, P ⬍ 0.01). Both AD
and control cases with apoE4 had more apoE fragments than
those without apoE4 (Fig. 1c, P ⬍ 0.01). This association
between apoE fragmentation and AD raised several important
questions.

ApoE4 Is More Susceptible than ApoE3 to Proteolysis in Vitro. We first

examined whether apoE4 is also more susceptible to fragmentation than apoE3 in vitro. We incubated recombinant human
apoE3 and apoE4 with lysates from apoE-deficient mouse brains
(Fig. 1d) or from Neuro-2a cells (data not shown) and analyzed
the fragmentation of apoE by anti-apoE Western blotting.
ApoE-deficient mice were used in this experiment to avoid
confusion of mouse and human apoEs. Polyclonal anti-apoE
revealed full-length apoE and the 29-kDa and 14- to 20-kDa
apoE fragments in apoE samples exposed to brain lysates (Fig.
1d). The fragments were detected by antibodies against the
full-length apoE but not by an antibody against the carboxyl
terminus of apoE (amino acids 272–299), indicating that they are
carboxyl-terminal-truncated forms of apoE (data not shown).
More fragments were generated from apoE4 than from apoE3
(Fig. 1d). These results raised the intriguing possibility that an
AECE in mouse brain and Neuro-2a cells preferentially cleaves
apoE4 to generate carboxyl-terminal-truncated fragments similar to those seen in human AD brains.

AECE Is a Chymotrypsin-Like Serine Protease. We partially purified
the putative AECE from apoE-deficient mouse brains and from
Neuro-2a cells and tested it with inhibitors of the four major
categories of proteases. EDTA and EGTA did not inhibit the
cleavage of apoE4 (Fig. 1e), suggesting that the enzyme is not a
metalloprotease. Likewise, pepstatin and iodoacetamide or E-64
did not inhibit the cleavage (Fig. 1e), indicating that the enzyme
is not an aspartate protease or a cysteine protease. However,
PMSF abolished the cleavage activity, suggesting that the enzyme is a serine protease (Fig. 1e). A complete inhibitor mixture
containing PMSF also significantly inhibited the cleavage of
apoE4.
Serine proteases can be categorized into three groups: trypsin10968 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.1434398100

like, chymotrypsin-like, and elastase-like. To test the specificity
of the AECE, we incubated the partially purified AECE with
chromogenic tri- or tetra-peptides containing arginine兾lysine
(Arg兾Lys or R兾K), phenylalanine兾methionine兾leucine (Phe兾
Met兾Leu or F兾M兾L), or valine兾alanine (Val兾Ala or V兾A) at the
carboxyl-terminal end, which are substrates for trypsin-like,
chymotrypsin-like, and elastase-like serine proteases, respectively (49). The partially purified AECE cleaved the carboxyl end
of hydrophobic amino acids with an aromatic side chain (F) or
with a larger side chain (L or M) (Fig. 1f ), suggesting that the
putative AECE is a chymotrypsin-like serine protease.
Leu-268 and Met-272 Are the Primary Cleavage Sites in ApoE4. When

apoE4 was incubated with the partially purified AECE for
various times, the 29-kDa-fragment was generated before the 14to 20-kDa fragments (Fig. 1g), indicating that the 29-kDa
fragment might be the first product of the proteolysis and the 14to 20-kDa fragments might be derived from the 29-kDa fragment. None of the fragments reacted with the antibodies that
recognized only the carboxyl-terminal 28 amino acids. The
apparent molecular mass of the 29-kDa apoE fragments and the
substrate specificity of AECE suggest that the primary cleavage
site in apoE4 was probably at Phe-265, Leu-268, or Met-272. To
test these possibilities, we produced a series of mutations.
Mutating Leu-268 or Met-272 to Ala decreased the susceptibility
of apoE4 to proteolysis by 78 ⫾ 11% and 72 ⫾ 9%, respectively,
compared with wild-type apoE4 (Fig. 1 h and i), and mutating
Phe-265 to Ala enhanced apoE4’s susceptibility to cleavage (data
not shown), suggesting that Leu-268 and Met-272 are the
primary cleavage sites.
AD-Like Neurodegeneration in Transgenic Mice Expressing
ApoE4(⌬272–299). The carboxyl-terminal-truncated apoE induces

NFT-like inclusions in cultured neuronal cells (22, 23). To assess
the pathogenic potential of the carboxyl-terminal-truncated
apoE in vivo, we established transgenic mouse lines expressing
apoE4(⌬272–299) at different levels in the brain, including levels
similar to those in the brains of previously established neuronspecific enolase–apoE mice (Fig. 2c, high expressers) and to
those in human cortex (34). To avoid the potential for neurotoxic
effects of the truncated apoE4 (22) on embryonic development,
we used a neuron-specific Thy-1 promoter that initiates transgene expression around day 15 after birth (Fig. 2a) (21). In situ
hybridization demonstrated that the transgene was expressed in
the cortex (Fig. 2b), hippocampus (Fig. 2b), cerebellum, olfactory bulb, and spinal cord (data not shown) in all transgenic
founder mice (n ⫽ 9). All four founders expressing the truncated
apoE4(⌬272–299) at high levels (Fig. 2c) died at 2–4 months of
age. Anti-apoE immunostaining demonstrated expression of the
carboxyl-terminal-truncated apoE4 in neurons in the neocortex
(Fig. 3A), hippocampus (Fig. 3 B and C), cerebellum, and spinal
cord (data not shown). These mice also had neuronal inclusion
bodies containing truncated apoE4 (Fig. 3 A–C). Hematoxylin
and eosin staining revealed degeneration of the neurons expressing the truncated apoE4 in the CA1 (Fig. 3D) and CA3 (Fig.
3E) subfields of the hippocampus.
Importantly, mice with high-level expression of apoE4(⌬272–
299) had neurodegeneration, whereas mice expressing a
shorter, truncated apoE4(⌬241–299) lacking the carboxylterminal 59 amino acids at similar levels (Fig. 2c, high expressers) did not develop either intracellular inclusion bodies
in neurons or neurodegeneration (Fig. 3 F and G). These
results suggest that neurodegeneration is not caused simply by
expressing a truncated form of apoE4, but specifically by
expressing the truncated apoE4(⌬272–299) that contains the
lipid-binding region (amino acids 244 –272) (2). The importance of this region of apoE in neurotoxicity is consistent with
our previous in vitro observations (22).
Harris et al.

Fig. 3. Neurodegeneration in the brains of hemizygous transgenic mice
expressing apoE4(⌬272–299) in neurons. Brain sections from 2- to 4-month-old
transgenic mice (C57BL兾6J background) expressing high levels of apoE4(⌬272–
299) (A–E) or apoE4(⌬241–299) (F and G) at comparable levels were stained
with anti-apoE (A–C and F) or hematoxylin and eosin (D, E, and G). Nontransgenic wild-type (Wt) mice (D and E) served as additional controls. Note the
formation of truncated apoE4-containing inclusions in cortical (A), CA1 (B),
and CA3 (C) neurons and degeneration of neurons in CA1 (D Upper) and CA3
(E Upper) in apoE4(⌬272–299) mice. Original magnifications: A, C, and F, ⫻600;
B, D, E, and G, ⫻400.

Monomeric p-tau and SDS-resistant p-tau polymers accumulated in the brains of the high-expresser apoE4(⌬272–299) mice
at 2–4 months of age, as determined by Western blotting with
anti-p-tau (Fig. 4 a and c). The p-tau levels were 6- to 11-fold
higher in the high expressers than in nontransgenic littermates
at the same age (Fig. 4 b and d). Thus, the truncated apoE4 elicits
abnormal phosphorylation of tau in vivo. Neurons in the neocortex (Fig. 4e) and hippocampus (data not shown) were labeled
with the AT8 antibody (Fig. 4e), which recognizes abnormally
phosphorylated tau (21). They were also labeled by Gallyas silver
staining (Fig. 4f ) and contained cytosolic straight filaments with
diameters of 15–20 nm (Fig. 4g), resembling pre-NFTs in AD
brains (50). Nontransgenic mice of similar ages had no such
alterations (data not shown).
Transgenic Mice Expressing Lower Levels of ApoE4(⌬272–299) Show
Deficits in Spatial Learning and Memory. Transgenic founder mice

(n ⫽ 5) expressing lower levels of apoE4(⌬272–299) were viable
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Discussion
This study demonstrates that apoE4 is more susceptible than
apoE3 to proteolytic cleavage by a chymotrypsin-like serine
protease and that the resulting bioactive carboxyl-terminaltruncated fragments induce AD-like neuropathology and behavioral deficits in transgenic mice. It is tempting to speculate that
the neuronal alterations elicited by the expression of the truncated apoE4 in transgenic mice relate to neuronal alterations
observed in AD and in transgenic mice expressing full-length
apoE4 in neurons (32–34).
Importantly, apoE3 was also cleaved by the putative AECE,
albeit less effectively than apoE4. Thus, AECE-generated apoE
fragments might contribute to the development of neuronal
deficits also in APOE 3 carriers, although it would take longer
for adverse effects to become apparent than in APOE 4 carriers,
consistent with the different effects of apoE3 and apoE4 on AD
onset (7, 8). Our previous studies suggested that apoE fragments
can exert adverse effects on the cytoskeleton (22). Alternatively,
apoE fragments might contribute to AD pathogenesis more
indirectly by increasing the susceptibility of neurons to copathogens. These possibilities are not mutually exclusive.
PNAS 兩 September 16, 2003 兩 vol. 100 兩 no. 19 兩 10969
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Fig. 2. Expression of human apoE4(⌬272–299) or apoE4(⌬241–299) in neurons of transgenic mice. (a) Thy-1-apoE cDNA constructs used for generating
transgenic mice. (b) In situ hybridization of human apoE mRNA in the neocortex and hippocampus of transgenic mice expressing apoE4(⌬272–299) and
nontransgenic wild-type (WT) controls. (c) Human apoE-specific Western blot
analysis of brain homogenates from different founder mice. NSE, neuronspecific enolase.

and fertile. However, in a water maze test, they required longer
times to reach the hidden target platform (escape latency) (Fig.
5), indicating impaired spatial learning and memory. Analysis of
the path lengths of the mice confirmed the impairment of
transgenic mice for the hidden (P ⬍ 0.05) but not the visible (P ⬎
0.05) platform. There was no significant difference in the
swimming speeds of transgenic and nontransgenic mice (data
not shown). Furthermore, after 3 days of hidden platform
training, the nontransgenic mice, but not the transgenic mice,
showed a significant preference for the target quadrant during
the probe trial, indicating impaired memory retention of the
transgenic mice. Transgenic and nontransgenic mice showed
comparable probe trial performance after 5 days of training.
Transgenic and nontransgenic mice performed similarly in the
plus maze test (63 ⫾ 17 versus 69 ⫾ 22 s) and rotorod test (74 ⫾
13 versus 82 ⫾ 10 s), indicating that the impairments of
transgenic mice in the water maze test were not caused by
changes in emotionality or motor functions.

Fig. 5. Learning and memory deficits of hemizygous transgenic mice expressing low levels of apoE4(⌬272–299). Five transgenic (Tg) founder mice
(C57BL兾6J) expressing low levels of apoE4(⌬272–299) on a wild-type mouse
apoE background and five nontransgenic (Non Tg) wild-type littermates (all
males) from the same founder generation were tested in the water maze at
6 –7 months of age. Mice were tested in two sessions per day (three trials for
each session). The y axis indicates the time to reach the target platform
(mean ⫾ SEM). For sessions 1–10, the platform was hidden under the opaque
water in a constant location. For sessions 11–15, the platform was visible and
changed in location between sessions. Repeated-measures ANOVA revealed
significant differences in the learning curves of transgenic and nontransgenic
mice for the hidden (P ⬍ 0.01), but not the visible (P ⬎ 0.05), component of the
water maze test.

Fig. 4. Hyperphosphorylation of tau and formation of preNFT-like filaments
in the brains of hemizygous transgenic mice expressing apoE4(⌬272–299).
P-tau in the supernatants (a and b) and the solubilized pellets (c and d) of brain
lysates of 2- to 4-month-old wild-type (n ⫽ 6) or high-expresser apoE4(⌬272–
299) (n ⫽ 4) mice was detected by Western blotting with monoclonal antibody
AT8 (a and c) and quantified by densitometry (b and d). (e) Cortical neurons
positive for AT8 immunostaining in transgenic mice. ( f) Cortical neurons
positive for Gallyas silver staining in transgenic mice. (g) Intraneuronal
straight filaments with diameters of 15–20 nm visualized by electron microscopy in transgenic mice. Original magnifications: e and f, ⫻600; g, ⫻60,000.

Neurodegeneration was not caused simply by expressing a
truncated form of apoE4 but specifically by expressing
apoE4(⌬272–299), which contains the lipid-binding region
(amino acids 244–272) (2). The importance of this region of
apoE in neurotoxicity is consistent with our previous in vitro
observations in which the lipid-binding region of apoE is toxic to
cultured neuronal cells (22). The amino-terminal 22-kDa thrombin-cleavage fragment (amino acids 1–191) of apoE4 is also
neurotoxic in vitro (51, 52), but this toxicity appears to require
relatively high concentrations of the fragment and has not yet
been confirmed in vivo. The apoE fragments generated in AD
brains are different from the 22-kDa thrombin-cleavage products (22), which lack the lipid-binding domain (amino acids
244–272). Indeed, the lipid-binding domain is present in all of
the major apoE fragments generated in AD brains (22) and, in
light of the current study, appears to be essential for apoE
10970 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.1434398100

fragments to have neurotoxic effects in vivo. Interestingly, the
lipid-binding domain of apoE is also responsible for interaction
of apoE with amyloid ␤ peptides (9, 53). Thus, it is reasonable
to speculate that the apoE fragments released from neurons
might also interact with amyloid ␤ and act synergistically to
induce neuronal deficits.
Initially, apoE was thought to be synthesized in the brain by
astrocytes, oligodendrocytes, activated microglia, and ependymal layer cells, but not by neurons (54). However, numerous
subsequent studies have demonstrated that CNS neurons can
also express apoE, albeit at lower levels than astrocytes (35–47).
Both apoE protein and mRNA are found in cortical and
hippocampal neurons in humans (42) and in transgenic mice
expressing human apoE under the control of the human apoE
promoter (43). In rats treated with kainic acid, apoE expression
is induced in hippocampal neurons that survive excitotoxic
stress, as determined by both in situ hybridization and anti-apoE
immunohistochemistry (44). Furthermore, expression of neuronal apoE can be induced in human brains after cerebral infarction (47). ApoE is also expressed in primary cultured human
CNS neurons (45) and in many human neuronal cell lines,
including SY-5Y, Kelly, and NT2 cells (46, 55–57). CNS injury
may induce neuronal expression of apoE to participate in
neuronal repair or remodeling or to protect neurons from injury
(44). However, in neurons expressing apoE4, the proteolytic
processing and fragment generation identified by our studies
may turn a neuroprotective response into a pathogenic process.
In conclusion, this study demonstrates that the carboxylterminal-truncated fragments of apoE4 elicit AD-like neurodegeneration and behavioral deficits in transgenic mice. We hypothesize that apoE4 produced in neurons under diverse
pathological conditions is cleaved by AECE. The resulting
bioactive carboxyl-terminal-truncated fragments, probably together with other AD-related factors (e.g., amyloid ␤ peptides),
induce neuropathology and behavioral deficits characteristic of
AD. Consequently, AECE represents a potential new target for
drugs aimed at inhibiting the detrimental effects of apoE4 in AD
(58) and other neurological diseases (59–61).
Harris et al.
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