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Human apolipoprotein E4 (apoE4) binds preferentially to lower
density lipoproteins, including very low density lipoproteins, and
is associated with increased risk of atherosclerosis and neurode-
generative disorders, including Alzheimer’s disease. This binding
preference is the result of the presence of Arg-112, which causes
Arg-61 in the amino-terminal domain to interact with Glu-255 in
the carboxyl-terminal domain. ApoE2 and apoE3, which have
Cys-112, bind preferentially to high density lipoproteins (HDL) and
do not display apoE4 domain interaction. Mouse apoE, like apoE4,
contains the equivalent of Arg-112 and Glu-255, but lacks the
critical Arg-61 equivalent (it contains Thr-61). Thus, mouse apoE
does not display apoE4 domain interaction and, as a result, be-
haves like human apoE3, including preferential binding to HDL. To
assess the potential role of apoE4 domain interaction in athero-
sclerosis and neurodegeneration, we sought to introduce apoE4
domain interaction into mouse apoE. Replacing Thr-61 in mouse
apoE with arginine converted the binding preference from HDL to
very low density lipoproteins in vitro, suggesting that apoE4
domain interaction could be introduced into mouse apoE in vivo.
Using gene targeting in embryonic stem cells, we created mice
expressing Arg-61 apoE. Heterozygous Arg-61ywild-type apoE
mice displayed two phenotypes found in human apoE4yE3 het-
erozygotes: preferential binding to lower density lipoproteins and
reduced abundance of Arg-61 apoE in the plasma, reflecting its
more rapid catabolism. These findings demonstrate the successful
introduction of apoE4 domain interaction into mouse apoE in vivo.
The Arg-61 apoE mouse model will allow the effects of apoE4
domain interaction in lipoprotein metabolism, atherosclerosis, and
neurodegeneration to be determined.

Apolipoprotein E (apoE) is a 34-kDa plasma protein that
participates in diverse biological processes, including

plasma lipoprotein metabolism (1), intracellular cholesterol
utilization (2), cell growth (3), immunoregulation (4–6), and
neuronal growth and repair (7). The three common isoforms of
human apoE—apoE2, apoE3, and apoE4—differ at two posi-
tions (8). ApoE3 has cysteine at position 112 and arginine at
position 158, whereas apoE2 has cysteines at both positions and
apoE4 has arginines. Metabolically and physiologically, the most
prevalent isoform, apoE3, is considered to be normal. ApoE2
has reduced affinity for the low density lipoprotein (LDL)
receptor and is associated with type III hyperlipoproteinemia
(9). ApoE4 is associated with elevated plasma cholesterol and
LDL levels and predisposes to cardiovascular disease and neu-
rodegenerative disorders, including Alzheimer’s disease (9–12).
The mechanisms of apoE4’s effects on lipoprotein metabolism
and neurodegeneration remain elusive. Unlike apoE2 and
apoE3, apoE4 associates preferentially with very low density
lipoproteins (VLDL) (13–15). This preference contributes to the
accelerated catabolism of apoE4 in plasma, which results in
lower levels of apoE4 than of apoE3 and apoE2, and to its effects
on plasma cholesterol and LDL levels (13, 15).

ApoE possesses two structural domains (16, 17). The amino-
terminal domain (22 kDa) contains the binding site for the LDL
receptor, and the carboxyl-terminal domain (12 kDa) contains
the major lipoprotein-binding region (8). Although the two

domains fulfill different biological roles and can function inde-
pendently, they interact in apoE4 (15, 18, 19). Site-directed
mutagenesis and x-ray crystallography studies have shown that
Arg-61 in the amino-terminal domain of apoE4 is exposed,
allowing it to interact with Glu-255 in the carboxyl-terminal
domain, leading to a compact structure. In apoE2 and apoE3,
however, Arg-61 is not exposed, and thus apoE4 domain inter-
action (interaction between Arg-61 and Glu-255) does not occur
in these isoforms. Domain interaction in human apoE4 has been
suggested to represent a major underlying factor contributing to
the adverse effects of this isoform (19). Mouse apoE contains the
equivalent of Arg-112 and Glu-255 but lacks the equivalent of
Arg-61 and would be expected to resemble apoE3 in terms of
lipoprotein-binding preference and metabolism. All other mam-
malian species examined also have Thr-61 and, therefore, lack
the critical Arg-61 equivalent (8).

In this study, we sought to introduce apoE4 domain interaction
into mouse apoE by supplying the critical Arg-61. Our goal was
to generate an in vivo model suitable for testing the hypothesis
that domain interaction contributes to the effects of apoE4 in
plasma lipoprotein metabolism and neurodegeneration. Here,
we report the successful application of gene targeting in embry-
onic stem (ES) cells to generate mice displaying apoE4 domain
interaction in vivo.

Materials and Methods
Expression and Purification of Wild-Type (wt) and Arg-61 Mouse ApoE.
A cDNA clone encoding mouse apoE (obtained from Aldons
Lusis, University of California, Los Angeles) was subcloned into
the glutathione S-transferase fusion protein expression vector
pGEX3X (20). Mouse Arg-61 apoE was generated by substitut-
ing arginine for threonine at the equivalent of position 61 in
human apoE by PCR with mutagenic oligonucleotide primers
(21). Both Arg-61 and wt mouse apoE were expressed as
glutathione S-transferase fusion proteins in Escherichia coli,
cleaved from glutathione S-transferase, and purified as de-
scribed (19).

Distribution of ApoE Among Plasma Lipoproteins and Fractionation of
Mouse Plasma. ApoE was iodinated with the Bolton–Hunter
reagent (DuPont) (22) and incubated with normal human
plasma at 37°C for 2 h. The plasma was fractionated into various
lipoprotein classes by FPLC on a Superose 6 column (Amersham
Pharmacia), as described (19). The 125I content was determined
in a Beckman 8000 counter (Beckman Coulter). Mouse plasma
was fractionated by FPLC, and the total cholesterol level in each
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fraction was determined with a colorimetric assay (Spectrum;
Abbott).

Generation of an Arg-61 Apoe Allele. A sequence-replacement,
gene-targeting vector was constructed from subclones of an
8.3-kb EcoRI fragment spanning exons 1–4 of the mouse Apoe
gene isolated from a 129ySvJae mouse genomic bacterial arti-
ficial chromosome library (Research Genetics, Huntsville, AL)
(Fig. 1). Site-directed mutagenesis by PCR substituted a G for a
C at the last nucleotide position of exon 3 that codes for Thr-61
to create an arginine codon and a unique DdeI restriction site.

Generation of Homozygous Arg-61 Apoe Mice. The gene-targeting
vector was electroporated into strain 129ySVJae ES cells as
described (23), and drug-resistant clones were screened by
Southern blot analysis. Several targeted clones were microin-
jected into C57BLy6 blastocysts to generate chimeric mice
harboring a mutant Apoe allele, Arg-61 neo1, in which Thr-61
was converted to arginine and intron 3 contained the neo
cassette. Male chimeras were crossed with C57BLy6 females to
generate heterozygous neo1ywt mice. The neo1ywt mice were
intercrossed to generate neo1yneo1 mice and were crossed with
a Cre-deleter transgenic mouse (24) to remove the neo cassette
and generate heterozygous Arg-61ywt mice. Heterozygous mice
were backcrossed to C57BLy6 to eliminate the Cre transgene
and intercrossed to generate homozygous Arg-61 apoE mice. All
of the mice had a mixed genetic background ('87% C57BLy6).
The mice were weaned at 21 days of age, housed in a barrier
facility with a 12-h lighty12-h dark cycle, and fed a chow diet
containing 4.5% fat (Ralston Purina).

Northern Blot Analysis of Total RNA in Various Tissues. Total RNA
was extracted from several tissues and organs according to the
method of Chomczynski and Sacchi (25) by using Triazol reagent
(GIBCOyBRL). Total RNA ('20 mg) was electrophoresed in a
1% agarose gel containing 20% formaldehyde, transferred to
Hybond membrane (Amersham Pharmacia), and hybridized to
a mouse apoE cDNA probe labeled with [32P]dCTP in Quickhyb

solution (Stratagene) at 65°C overnight. The blot was washed in
0.33 standard sodium citrate (150 mM NaCly15 mM sodium
citrate) and 0.1% SDS at 55°C for 1 h and exposed to x-ray film
overnight. A second blot of identical samples run on the same gel
was hybridized with a mouse b-actin probe.

Isolation of Primary Hepatocytes from Mouse Liver. Primary mouse
hepatocytes were isolated and prepared as described (26). A
confluent layer of hepatocytes was plated in each well of six-well
plates coated with collagen type I (Becton Dickinson). Cells
were incubated at 37°C under 5% CO2 with 2 ml of culture
medium consisting of DMEM (GIBCOyBRL) supplemented
with 1% (volyvol) glutamine, 1% (volyvol) 10 mM nonessential
amino acids, and 10% (volyvol) FBS.

Isolation of Cerebrospinal Fluid. Cerebrospinal f luid (CSF) was
isolated by perfusing anesthetized mice with PBS, pH 7.4, for 3
min at a flow rate of 3 mlymin. The skull then was exposed and
punctured with a 28-gauge needle. CSF was retracted slowly into
a 1-ml syringe connected to the needle with 0.012-inch sili-
conized tubing.

Isoelectric-Focusing (IEF)–PAGE. Primary hepatocyte culture me-
dium and plasma FPLC fractions were dialyzed against deion-
ized water and lyophilized. Serum samples and CSF (5 ml) were
directly lyophilized. Freeze-dried material was resuspended into
sample buffer (10% sucrosey0.1% decyl sulfatey0.2 mM Tris, pH
9.0), incubated for 30 min at 37°C, and run on a 5% polyacryl-
amide gel containing 8 M urea and 200 mM ampholites, pH
3.5–6.5 (Amersham Pharmacia). The gel was run at 200 V
overnight at 4°C and was transferred to a nitrocellulose mem-
brane for immunodetection.

Determination of Plasma Lipid Levels. Plasma lipid measurements
were performed on 8- to 15-week-old mice, which were fasted for
4 h, anesthetized, and bled by retroorbital puncture. Total levels
of cholesterol and triglycerides in whole plasma or in FPLC
fractions were determined with colorimetric assays (Spectrum;
Abbott; and Triglycerides; Boehringer Mannheim). Statistical
analysis was performed by using Student’s t test.

Generation of Polyclonal Antiserum Against Mouse ApoE. Polyclonal
antiserum specific to mouse apoE was raised by immunizing New
Zealand White rabbits with a 100-mg mixture of pure recombi-
nant wt and Arg-61 mouse apoE emulsified in complete Freund’s
adjuvant. Rabbits were boosted twice with the antigens emulsi-
fied in incomplete Freund’s adjuvant. The presence of apoE in
mouse plasma or FPLC fractions was detected by Western blot
analysis with a horseradish peroxidase-conjugated anti-rabbit
antibody (GIBCOyBRL) and chemiluminescent reagent (Am-
ersham Pharmacia) and quantified with a PhosphorImager
(Bio-Rad) and quantification software (Bio-Rad QUANTITY
ONE).

Results
Introduction of ApoE4 Domain Interaction into Mouse ApoE. Site-
directed mutagenesis was used to substitute arginine for threo-
nine at the position equivalent to 61 in human apoE. The effect
of the mutation on the lipoprotein-binding preference was
examined in an in vitro human plasma assay. Recombinant wt
mouse apoE, like human apoE3, bound preferentially to HDL;
in contrast, mouse Arg-61 apoE, like human apoE4, displayed a
preference for VLDL (Fig. 2), indicating that domain interaction
could be introduced into mouse apoE.

Arg-61 Apoe Gene-Targeted Mice. We next sought to extend this
observation in vivo. Mice expressing Arg-61 apoE were gener-
ated by gene targeting in ES cells (Fig. 1), and homozygous

Fig. 1. Generation and characterization of an Arg-61 Apoe allele. (A) The
sequence-replacement, gene-targeting strategy. A 7-kb EcoRI-BstB1 fragment
containing exons 1, 2, and 3 and 59 flanking sequences was inserted upstream
of a neo cassette flanked by loxP sites. A 1.3-kb fragment containing exon 4
and 39 flanking sequences was amplified by PCR and cloned into the Asc1 site
downstream of the neo cassette. Homologous recombination between the
gene-targeting vector and the Apoe locus in ES cells introduced a G-for-C
change in the second position of codon 61 at the 39 end of exon 3 and
introduced a unique DdeI restriction site. A neo cassette flanked by loxP sites
was placed in close proximity to the novel Arg-61 codon in intron 3 to monitor
the correct integration of the point mutation. Targeted ES cell clones and mice
were identified by digestion of genomic DNA with EcoRI and Southern blot-
ting with an Apoe exon 4 probe, which revealed an expanded 10.3-kb frag-
ment vs. a wt 8.3-kb fragment. Cre-mediated excision of the neo cassette
produces a mutant Apoe allele (designated Arg-61 Apoe).
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gene-targeted mice were identified by Southern blot analysis of
tail DNA. Digestion of genomic DNA with EcoRI revealed an
expanded Apoe locus due to presence of the neo cassette (not
shown). A DdeI digest revealed the mutated Arg-61 codon in
exon 3 (data not shown). Homozygous Arg-61 apoE gene-
targeted mice were mated with Cre-deleter transgenic mice, in
which Cre recombinase expression in germ cells causes organ-
wide recombination of DNA flanked by loxP sites (24). Removal
of the neo cassette resulted in normal levels of the Arg-61 apoE
mRNA compared with wt in all tissues examined (Fig. 3). An
identical Northern blot was hybridized to a b-actin probe to
control for levels of total mRNA in the tissue samples. Levels of
b-actin mRNA were similar in all pairs of tissue (Fig. 3).

Analysis of Arg-61 ApoE Protein in Mouse Plasma. IEF–PAGEy
Western blot analysis of mouse plasma demonstrated that
Arg-61 apoE migrated with one additional positive charge unit
relative to wt mouse apoE (Fig. 4). This finding is consistent with
the substitution of arginine for Thr-61 and confirms that the

mutation is carried in the expressed protein. As shown in plasma
from heterozygous Arg-61ywt mice, the Arg-61 apoE levels were
consistently 60–70% (n 5 30) lower than the levels of wt apoE
(Fig. 4). This finding indicates that Arg-61 apoE is catabolized
more rapidly in plasma, because homozygous gene-targeted mice
had Arg-61 apoE mRNA levels identical to those of apoE in wt
mice (Fig. 3). To exclude the possibility that the lower levels of
Arg-61 apoE in plasma resulted from reduced Arg-61 apoE
secretion by the liver, cultures of primary hepatocytes from two
Arg-61ywt heterozygous mice were examined. The culture me-
dium contained equivalent levels of both apoE isoforms, dem-
onstrating that the Arg-61 Apoe allele retained full transcrip-
tional and translational activity (Fig. 5).

Plasma Lipid Levels. Levels of plasma cholesterol in homozygous
Arg-61 mice were not significantly different from those of wt
mice (60.5 6 9.1 vs. 59.7 6 8.0 mgydl, n 5 16, P 5 0.8). Plasma
triglyceride levels in Arg-61 mice also were not significantly
different from those of wt mice (20.5 6 8.2 vs. 24.1 6 12.1 mgydl,
n 5 8, P 5 0.5). Fractionation of mouse plasma also showed no
marked change in the lipid distribution of plasma lipoproteins
(data not shown).

Distribution of Arg-61 and Wt ApoE in Plasma Lipoproteins. On a
chow diet, mice normally have low levels of circulating VLDL,
reflecting low levels of hepatic apoB100 expression. To study the
distribution of Arg-61 apoE relative to wt apoE in plasma
lipoproteins in vivo, the plasma VLDL level in Arg-61ywt mice
was raised by feeding them a cholesterol-rich (Paigen) diet (ICN,
Costa Mesa, CA) for 6 days (Fig. 6). The lipoprotein-binding
preferences of Arg-61 and wt apoE were then examined by
fractionating mouse plasma by size-exclusion FPLC chromatog-

Fig. 2. Plasma lipoprotein-binding preferences of human apoE and mouse
apoE. Recombinant mouse apoE and human apoE isoforms were radiolabeled,
incubated with human plasma, and fractionated into various lipoprotein
classes by size-exclusion FPLC.

Fig. 3. Comparison of apoE mRNA levels in various tissues and organs from
wt (1) mice and Arg-61-targeted mice crossed with Cre-deleter mice (R). (A)
Total RNA from various tissues and organs was isolated from wt and Agr-61
mice and subjected to Northern blot analysis with an Apoe exon 4 probe.
Tissues and organs included: B, brain; Li, liver; Lu, lung; M, muscle; Si, small
intestine; T, testis; H, heart; St, stomach; K, kidney; Sk, skin; Sp, spleen; and E,
eye. (B) A control mouse b-actin hybridization is shown.

Fig. 4. IEF and Western blot of mouse plasma and CSF apoE. Mouse apoE
isoforms in plasma and CSF were monitored by IEF and Western blot detection.
Mice were fasted for 4 h before bleeding.

Fig. 5. IEF and Western blot of apoE secreted from primary hepatocytes into
the culture medium. Primary hepatocytes were isolated from wt and Arg-
61ywt heterozygous mice and placed into culture for 2 days, and the medium
was collected. Mouse wt and Arg-61 apoE in medium were assessed by IEF and
Western blot detection.
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raphy and IEF–PAGE. Relative to wt apoE, Arg-61 apoE bound
preferentially to lower density lipoproteins (Fig. 6), and little, if
any, Arg-61 apoE was found in the HDL fraction. This finding
confirms the shift in lipoprotein-binding preference observed in
vitro (Fig. 2).

These results are consistent with the notion that the catabo-
lism of Arg-61 apoE, relative to wt apoE, is enhanced because
it binds preferentially with lipoproteins of lower density, which
turn over more rapidly in plasma. Similar levels of Arg-61 and wt
apoE were present in CSF (Fig. 4), suggesting an equal produc-
tion and similar metabolism of both apoE isoforms in CSF.

Discussion
This study demonstrates that apoE4 domain interaction can be
introduced into mouse apoE by supplying the critical equivalent
of Arg-61. Both in vitro and in vivo, Arg-61 mouse apoE, like
human apoE4, bound preferentially to VLDL. In contrast, wt
mouse apoE (Thr-61) displayed an apoE3-like preference for
HDL. Thus, although it has the equivalent of Arg-112 found in
apoE4, wt mouse apoE (and presumably all other mammalian
forms of apoE that also have Thr-61) behaves functionally like
apoE3, reflecting the absence of apoE4 domain interaction. In
parallel with human apoE4, the introduction of apoE4 domain
interaction into mouse apoE likely involves the interaction
between Arg-61 and the Glu-255 equivalent. However, it is
possible that another glutamic acid residue in the vicinity of the
Glu-255 equivalent participates. Establishing this point will
require additional mutagenesis studies. The Arg-61 mouse apoE
model reported here will facilitate studies of the role of apoE4
domain interaction in lipoprotein metabolism, atherosclerosis,
and neurodegeneration.

Heterozygous Arg-61ywt apoE mice displayed a lipoprotein
metabolism phenotype resembling that in human apoE4y3
subjects. Like apoE4y3 subjects, who have lower levels of
apoE4 than of apoE3 (15), Arg-61ywt mice had lower levels of
Arg-61 apoE than wt apoE. In fact, the relative levels of the

mouse apoE isoforms mirrored that in apoE4y3 subjects (15).
This finding is consistent with the more rapid catabolism, and
lower plasma levels, of apoE4 than of apoE3 or apoE2 (13, 27).
Other findings provided additional evidence for enhanced
catabolism of Arg-61 apoE. In vivo, the level of Arg-61 apoE
mRNA in the liver (the primary source of plasma apoE) was
normal. In vitro, primary hepatocytes from heterozygous Arg-
61ywt mice secreted equal amounts of each isoform. Another
similarity to human apoE4 was the preference of Arg-61 apoE
for lower-density apoB-containing lipoproteins, which turn
over more rapidly than HDL in plasma. In CSF, which lacks
apoB-containing lipoproteins, the levels of Arg-61 and wt
apoE were equal. Taken together, these results demonstrate
that apoE4 domain interaction was introduced in vivo into
Arg-61 apoE mice.

ApoE4 is associated with elevated plasma LDL levels and with
a predisposition to atherosclerosis (28). Recently, the effects of
apoE4 on the metabolism of apoB48 and apoB100 were deter-
mined with a stable isotope approach in humans (29). The
presence of one APOE4 allele was associated with higher LDL
levels, owing to lower fractional catabolism of LDL and a 33%
increase in the conversion of VLDL to LDL.

Because Arg-61 mice reproduce key features of apoE4
metabolism in plasma, they will be invaluable for understand-
ing how apoE4 domain interaction contributes to increased
plasma LDL levels and atherosclerosis in humans. However, in
mice, plasma cholesterol is transported mostly by HDL, and
plasma LDL levels are intrinsically low because of low
apoB100 expression. In contrast, human plasma cholesterol is
transported largely by LDL, which contain apoB100. The lower
levels of plasma apoB in mice likely explain the absence of
detectable differences in plasma and VLDL lipid levels in
Arg-61 mice, despite a marked alteration in apoE catabolism.
To reproduce more closely the human apoE4 phenotype in
human lipoprotein metabolism, we will cross Arg-61 mice with
transgenic mice expressing high levels of human apoB100 (30).

The APOE4 allele is a major susceptibility gene associated
with neurodegenerative disorders, including Alzheimer’s disease
(31), and with poor clinical outcome after head trauma and
stroke (32, 33). The isoform-specific effects of apoE in the
human nervous system are thought to include effects on lipid
transport (34), on the metabolism of tau protein and amyloid
b-peptide, and on susceptibility to oxidation (35, 36). The precise
role of apoE4 in neurodegenerative disorders remains unclear;
however, apoE4 is less able than apoE2 or apoE3 to promote the
growth and repair of neurons after injury (7, 37). Studies of
transgenic mice expressing apoE isoforms in neurons have
provided evidence that, relative to apoE3, apoE4 predisposes to
neuronal loss and hyperphosphorylation of tau protein and
exerts a dominant-negative effect in neurodegeneration (38–40).
These mice also suffer from a loss of cognitive function (41). The
Arg-61 mouse apoE model will allow the determination of which
of the above effects results directly from apoE4 domain
interaction.

The Arg-61 apoE mouse model has unique features that avoid
some potential complications of other mouse models of human
apoE isoforms. First, the ‘‘humanized’’ Arg-61 mouse Apoe gene
is expressed under the control of the endogenous, tissue-specific
control elements. Thus, site-of-integration effects on protein
expression levels, species effects, and the use of nonnatural apoE
promoters are eliminated. Recent mouse models of apoE iso-
forms have been generated by gene targeting in ES cells to
replace the murine Apoe locus with human APOE alleles (42–
45), and some lines displayed unexpected lipoprotein metabo-
lism phenotypes. For example, gene-targeted mice expressing
human apoE3 showed increased diet-induced hyperlipidemia,
demonstrating that, in mice, human apoE3 is less efficient at
clearing lipoproteins than wt mouse apoE (42). Similarly, one

Fig. 6. Distribution of wt and Arg-61 apoE in plasma from a heterozygous,
gene-targeted mouse on a high-cholesterol diet. Arg-61ywt apoE heterozy-
gous mice were fed the Paigen diet for 6 days to increase VLDL levels.
Nonfasted plasma was fractionated by size-exclusion FPLC. (Upper) Fractions
corresponding to the different lipoprotein classes were resolved by IEF, and
apoE was detected by Western blotting.
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line of gene-targeted mice expressing human apoE4, unlike
human apoE4 subjects, had normal levels of plasma cholesterol
and LDL and retarded clearance of VLDL (44). However,
elevated levels of plasma cholesterol were found in human
apoE4 gene-targeted mice created by using a different gene-
targeting strategy (45). These observations demonstrate that
several factors complicate the development of faithful mouse
models for human proteins, including apoE isoforms. In addi-
tion, the presence of the neo cassette in a knock-in allele can
result in a phenotype that is independent of the proposed
contribution of the targeted allele (46).

In summary, we report the development of an in vivo model
designed to test the role of apoE4 domain interaction in lipopro-
tein metabolism, atherosclerosis, and neurodegeneration. Gene-
targeted mice expressing Arg-61 apoE display two key pheno-
types associated with apoE4 in humans. Arg-61 apoE has a
preference for lower density lipoproteins, and it is less abundant

than wt mouse apoE in plasma likely because of a more rapid
catabolism. Taken together, these results indicate that Arg-61
gene-targeted mice will serve as a model to study the effect of
domain interaction in apoE4 as a cause for disease in humans,
opening the possibility of developing isoform-specific therapeu-
tic strategies.
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