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Neurobiology of Disease

Effect of Domain Interaction on Apolipoprotein E Levels in
Mouse Brain

Gayathri Ramaswamy,1 Qin Xu,1 Yadong Huang,1,2,3 and Karl H. Weisgraber1,2,4

1Gladstone Institute of Neurological Disease, Departments of 2Pathology and 3Neurology, and 4Cardiovascular Research Institute, University of California,
San Francisco, California 94158

Apolipoprotein (apo) E4 is a risk factor for heart disease, Alzheimer’s disease, and other forms of neurodegeneration, but the underlying
mechanisms are unknown. Domain interaction, a structural property that distinguishes apoE4 from apoE2 and apoE3, results in more
rapid turnover and lower plasma levels of apoE4. To determine whether domain interaction affects brain apoE levels, we analyzed brain
homogenates from human apoE3 and apoE4 knock-in mice, wild-type mice, and Arg-61 apoE mice, in which domain interaction was
introduced by gene targeting. As determined on Western blots, the hemibrain, cortex, hippocampus, and cerebellum of knock-in mice
had 30 – 40% lower levels of apoE4 than apoE3, and Arg-61 mice had 25–50% lower apoE levels than wild-type mice. In the CSF, Arg-61
apoE level was 40% lower than the wild-type level. Arg-61 apoE mRNA levels were similar to or slightly higher than wild-type apoE mRNA
levels. Thus, the lower Arg-61 apoE levels were not attributable to decreased mRNA levels. In culture medium from heterozygous
Arg-61/wild-type and apoE4/apoE3 primary astrocytes, Arg-61 apoE and apoE4 levels were lower than wild-type apoE and apoE3,
respectively, suggesting that primary astrocytes secrete lower amounts of Arg-61 apoE and apoE4. These results demonstrate that domain
interaction is responsible for the lower levels of both human apoE4 and mouse Arg-61 apoE in mouse brain. Cells may recognize apoE4
and Arg-61 apoE as misfolded proteins and target them for degradation or accumulation. Thus, degradation/accumulation or lower levels
of apoE4 may contribute to the association of apoE4 with Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD), a neurodegenerative disorder whose
incidence is rapidly increasing, is the leading cause of dementia in
developed countries (Hebert et al., 2003). Apolipoprotein (apo)
E, a plasma lipid transport protein that contains two structural
domains, also plays a major role in the brain (Weisgraber and
Mahley, 1996). There are three common apoE isoforms (apoE2,
apoE3, and apoE4) that differ at positions 112 and 158: apoE3
contains cysteine 112 and arginine 158, whereas apoE2 has cys-
teines at both positions and apoE4 has arginines (Weisgraber et
al., 1981). ApoE4 is associated with increased risk of late-onset
familial and sporadic AD and has a gene dose effect on the risk
and age of onset (Corder et al., 1993; Saunders et al., 1993; Stritt-
matter et al., 1993; Roses, 1996; Tang et al., 1998). It is also asso-
ciated with poor outcome from head trauma, more rapid pro-
gression of multiple sclerosis and amyotrophic lateral sclerosis,
and a modest increase in risk for cardiovascular disease (Uter-
mann et al., 1984; Luc et al., 1994; Mayeux et al., 1995; Slooter et
al., 1997; Teasdale et al., 1997; Drory et al., 2001; Fazekas et al.,

2001; Eichner et al., 2002). The exact function of apoE in the CNS
is not clear.

ApoE4 has two major structural and biophysical characteris-
tics that distinguish it from the other isoforms. One is domain
interaction, an interaction between the N- and C-terminal do-
mains mediated by Arg-61 and Glu-255 (Weisgraber, 1990, 1994;
Dong and Weisgraber, 1996). The second is the lower stability of
apoE4 and its propensity to form folding intermediates or assume
a molten globule state (Morrow et al., 2002). Although domain
interaction has been suggested to contribute to the detrimental
effects of apoE4 in disease (Dong and Weisgraber, 1996; Weisgra-
ber and Mahley, 1996), the existing transgenic or knock-in mod-
els cannot distinguish between the relative contributions of
domain interaction versus the stability differences to the detri-
mental effects of apoE4.

Wild-type mouse apoE does not display domain interaction
because it contains threonine rather than arginine at a position
equivalent to 61. Using gene targeting, we replaced the threonine
codon with an arginine codon in wild-type mouse Apoe (Raffaı̈ et
al., 2001). Arg-61 mouse apoE has stability characteristics similar
to those of wild-type apoE (Hatters et al., 2005). Therefore, the
gene-targeted Arg-61 mouse is a specific model for apoE4 do-
main interaction. In vivo, Arg-61 apoE mouse reproduced the
turnover characteristics of apoE4 in plasma, demonstrating that
domain interaction occurs in this model. Heterozygous mice ex-
pressing wild-type and Arg-61 apoE had lower plasma levels of
Arg-61 apoE than of wild-type apoE (Raffaı̈ et al., 2001), indicat-
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ing a more rapid turnover rate resulting from domain interac-
tion, consistent with plasma apoE4 levels and turnover studies in
humans (Gregg et al., 1986).

In this study, we sought to determine whether domain inter-
action also causes lower levels of apoE in the CNS. To address this
question, we measured apoE protein levels in the brains of hu-
man apoE3 and apoE4 knock-in mice and wild-type and Arg-61
apoE mice.

Materials and Methods
Reagents. DMEM and fetal bovine serum were from Invitrogen (Carls-
bad, CA), ECL was from Amersham Biosciences (Piscataway, NJ), goat
anti-human apoE antibody was from Calbiochem (San Diego, CA), and
horseradish peroxidase-coupled anti-rabbit and anti-goat IgG were from
Dako (Carpinteria, CA).

Mice. Human apoE3 and apoE4 knock-in mice were from Taconic
(Hudson, NY). Arg-61 apoE mice were generated as described previously
(Raffaı̈ et al., 2001) and backcrossed with wild-type C57BL/6J mice eight
times.

Preparation of mouse brain tissue homogenates. Brains from human
apoE knock-in, wild-type, and Arg-61 apoE mice were collected after a 3
min transcardial perfusion with PBS. One hemibrain from each mouse
was analyzed separately; the other was dissected into subregions (cortex,
hippocampus, and cerebellum). All tissues were homogenized in ice-cold
lysis buffer (50 mM Tris-HCl, 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) and centrifuged at 30,000 rpm for 30 min at 4°C
using a TLA 100.3 rotor in an Optima TL Ultracentrifuge (Beckman
Instruments, Fullerton, CA). The supernatant was collected and analyzed
for apoE.

Western blotting and quantitation of apoE levels. The supernatant (150
�g of protein) was subjected to SDS-PAGE and Western blotting. Hu-
man apoE3 and apoE4 were detected with antibody against full-length
human apoE. Mouse wild-type apoE and Arg-61 apoE were detected with
an antibody against recombinant, full-length wild-type mouse apoE. The
protein bands were detected by chemiluminescence, using horseradish
peroxidase-coupled anti-rabbit or anti-goat IgG as the secondary anti-
body. The blots were scanned, and the protein was quantitated by den-
sitometry. The goat anti-human apoE antibody has equal affinity for
apoE3 and apoE4 (Huang et al., 1998). The anti-mouse apoE antibody
did not distinguish between the mouse isoforms (Fig. 1).

Extraction of CSF. Five-month-old heterozygous (Arg-61/wild-type
apoE) mice were perfused with PBS for 7 min. The skull was exposed and
punctured with a 30 gauge needle. CSF was slowly extracted using a 1 ml
syringe connected to the needle (Raffaı̈ et al., 2001).

Preparation of primary astrocyte-conditioned medium. Primary astro-
cytes from 3-d-old pups were grown to 80% confluence in medium
containing DMEM and 20% fetal bovine serum in T75 flasks. The cells
were washed three times with serum-free DMEM and incubated with 5
ml of serum-free DMEM containing B27 supplement (Invitrogen) for
72 h (Fagan et al., 1999). The conditioned medium was collected and
dialyzed against 0.1 M ammonium bicarbonate for analysis of apoE levels
by isoelectric focusing.

Isoelectric focusing. CSF and conditioned medium were lyophilized and
delipidated in a mixture of chloroform and methanol (2:1, v/v). The
delipidated samples were dried, resuspended in sample buffer (10% su-
crose, 0.1% decyl sulfate, and 0.2 mM Tris, pH 9.0), and run on a 5%
polyacrylamide gel containing 8 M urea and 200 mM ampholines, pH

3.5– 6.5 (Amersham Biosciences). Mouse wild-type and Arg-61 apoE and
human apoE3 and apoE4 were detected and quantitated as described
above.

Extraction of RNA and reverse-transcription–real-time PCR. Total RNA
from brain tissue and primary astrocytes was extracted with the RNeasy
kit (Qiagen, Valencia, CA). Reverse transcription was performed with
300 ng of total RNA, oligo dT, random primers, and TaqMan reverse
transcription reagents (Applied Biosystems, Foster City, CA) according
to the manufacturer’s instructions. PCR was performed in real time with
6 ng of cDNA and the ABI PRISM-7700 sequence detector (Applied
Biosystems). Mouse wild-type and Arg-61 apoE were amplified with
forward primer 5�-AAGCAACCAACCCTGGGAG-3� and reverse
primer 5�-TGCACCCAGCGCAGGTA-3�. The mouse 18s gene was
used as an internal standard and amplified with forward primer
5�-AGGAATTGACGGAAGGGCAC-3� and reverse primer 5�-
GGACATCTAAGGGCATCACA-3�. Mouse apoE mRNA levels were cal-
culated and normalized to 18s mRNA.

Statistical analysis. Values are reported as mean � SEM. Statistical
significance was determined with the t test.

Results
Lower brain levels of apoE4 than apoE3 in human
knock-in mice
Levels of apoE3 and apoE4 in the brains from 5-month-old
apoE3 and apoE4 knock-in mice were determined by Western
blot analysis of brain homogenates (Fig. 2). Significant differ-
ences were observed between apoE3 and apoE4 levels (p � 0.01,
n � 3). In the hemibrain, the apoE4 level was 28% lower than the
apoE3 level. ApoE4 levels were 37% lower in the cortex, 36%
lower in the cerebellum, and 26% lower in the hippocampus.

Lower brain levels of Arg-61 apoE than wild-type apoE
To determine whether domain interaction is responsible for the
difference in apoE3 and apoE4 levels in the brains of human apoE
knock-in mice, we analyzed tissue homogenates from hemibrains
of 5-month-old wild-type and Arg-61 apoE mice. In female mice,
the Arg-61 apoE level was 43% lower than the wild-type apoE
level (Fig. 3) ( p � 0.01; n � 6). Anaylsis of subregions showed
that the Arg-61 apoE level was 33% lower in the cortex, 45%
lower in the hippocampus, and 47% lower in the cerebellum (Fig.

Figure 1. Specificity of mouse apoE antibody for wild-type (WT) and Arg-61 apoE. Purified
mouse WT and Arg-61 apoE (250 and 500 ng) were subjected to SDS-PAGE and Western blotting
with an antibody against full-length mouse apoE.

Figure 2. ApoE levels in human apoE knock-in mouse brains. The hemibrain, cortex, hip-
pocampus, and cerebellum from 5-month-old female human apoE3 and apoE4 knock-in mice
were subjected to SDS-PAGE and Western blotting with an antibody against full-length human
apoE.
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3) ( p � 0.01; n � 6). Similar differences were observed in
5-month-old male mice (data not shown).

Lower level of Arg-61 apoE is not age dependent or
gender specific
To investigate the effect of age on apoE levels, we analyzed brain-
tissue homogenates from embryonic day 18 (E18) embryos, 3-d-
old pups, and 1- and 2-year-old mice. The Arg-61 apoE level was
39% lower than the wild-type level in the embryos and 49% lower
in the 3-d-old pups (Table 1). Analysis of hemibrains showed that
the Arg-61 apoE level was 44% lower in 1-year-old mice and 36%
lower in 2-year-old mice (Fig. 4) ( p � 0.01; n � 6). In both 1- and
2-year-old mice, the cortical, cerebellar, and hippocampal levels
of Arg-61 apoE were �25–50% lower than those of wild-type
apoE (data not shown).

To assess gender effects, we examined apoE levels in the brains
of male and female mice at 5 months and 1 and 2 years of age. In

all mice, the Arg-61 apoE levels were �25–50% lower than the
levels of wild-type apoE (data not shown), indicating that there
was no gender-specific effect.

These findings demonstrate that Arg-61 apoE levels are lower
than wild-type apoE levels in the brains of E18 mouse embryos
and remain lower up to 2 years of age.

Arg-61 apoE level is lower than wild-type apoE level in CSF
Next, the levels of wild-type and Arg-61 apoE in CSF from
5-month-old Arg-61/wild-type heterozygous mice were com-
pared by isoelectric focusing. The Arg-61 apoE level was 40 �
2.4% lower (Fig. 5) ( p � 0.01; n � 5).

Lower level of Arg-61 apoE is not attributable to lower
mRNA level
Next, we assessed the levels of Arg-61 and wild-type apoE mRNA
in the hemibrain, cortex, hippocampus, and cerebellum from
5-month-old male and female mice. In both sexes, the levels of
Arg-61 apoE mRNA were similar to or slightly higher than the
levels of wild-type mRNA in the hemibrain, cortex, and hip-
pocampus (Fig. 6). The Arg-61 and wild-type apoE mRNA levels
were also similar in the cerebellum (data not shown).

Lower levels of Arg-61 apoE and apoE4 than wild-type
apoE and apoE3 in conditioned medium from primary
astrocyte cultures
Differential secretion of wild-type and Arg-61 apoE by astrocytes,
the major producers of apoE in the brain (Boyles et al., 1985; Pitas
et al., 1987), is a potential mechanism for the lower level of
Arg-61 apoE. To evaluate this possibility, we compared the
amount of Arg-61 and wild-type apoE in conditioned media
from primary cultures of astrocytes obtained from 3-d-old Arg-
61/wild-type heterozygous pups. The medium contained 45.7 �
8.4% ( p � 0.01; n � 3) less Arg-61 apoE than wild-type apoE
(Fig. 7A). Further analysis showed no significant difference in the
levels of Arg-61 and wild-type apoE mRNA (data not shown),
demonstrating that the lower amount of Arg-61 apoE in condi-
tioned medium was not attributable to a lower mRNA level.
These results suggest that the primary astrocytes secrete less
Arg-61 apoE than wild-type apoE.

We also compared the levels of human apoE3 and apoE4 in
the conditioned medium from heterozygous apoE3/apoE4 pri-
mary astrocyte cultures obtained from 3-d-old pups. ApoE4 lev-
els were �24.6 � 3.2% ( p � 0.01; n � 3) lower than apoE3 levels
in the conditioned medium (Fig. 7B), suggesting that primary
astrocytes secrete less apoE4 than apoE3. Together, these results
indicate that domain interaction contributes to primary astro-
cytes secreting lower levels of human apoE4 and mouse Arg-61
apoE compared with apoE3 and mouse wild-type apoE,
respectively.

Discussion
This study shows that, in the CNS, apoE4 is present at lower levels
than apoE3 and Arg-61 apoE is present at lower levels than wild-
type apoE. Lower levels of Arg-61 apoE were found in E18 em-
bryos through 2 years of age. The lower levels of Arg-61 apoE

Figure 3. ApoE levels in wild-type (WT) and Arg-61 apoE mouse brains. The hemibrain,
cortex, hippocampus, and cerebellum from 5-month-old WT and Arg-61 apoE homozygous
female mice were subjected to SDS-PAGE and Western blotting with an antibody against full-
length WT mouse apoE.

Table 1. ApoE levels in E18 embryos and 3-d-old pups

Protein level relative to WT apoE

Wild type Arg-61

E18 embryos (n � 6) 100% 61%
Three-day-old pups (n � 6) 100% 51%

Figure 4. ApoE levels in 1- and 2-year-old wild-type (WT) and Arg-61 apoE mouse brains.
The hemibrains from 1- and 2-year-old WT and Arg-61 apoE homozygous female mice were
subjected to SDS-PAGE and Western blotting with an antibody to full-length mouse apoE.

Figure 5. ApoE levels in CSF. CSF from 5-month-old heterozygous Arg-61/wild-type (WT)
apoE heterozygous mice was subjected to isoelectric focusing and Western blotting.
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were not as a result of decreased mRNA levels, suggesting a post-
translational effect. Consistent with this possibility, conditioned
medium from primary astrocytes contained less Arg-61 apoE and
apoE4 than wild-type apoE and apoE3, respectively.

ApoE4 levels are also lower than apoE3 levels in human
plasma, reflecting the more rapid turnover of apoE4 (Gregg et al.,
1986). Because of domain interaction (Dong and Weisgraber,
1996), apoE4 binds preferentially to large, triglyceride-rich, very
low density lipoproteins, which are more rapidly removed from
plasma than other lipoprotein classes such as high-density li-
poproteins, to which apoE3 binds preferentially (Gregg et al.,
1986; Steinmetz et al., 1989; Weisgraber, 1990). The Arg-61 apoE
mouse model reproduces these features of apoE4 in plasma and is
therefore a model for apoE4 domain interaction. The lower
plasma levels of Arg-61 apoE do not stem from reduced secretion
because cultured primary hepatocytes, the major source of apoE
in the plasma, from heterozygous Arg-61/wild-type mice secrete
similar amounts of each mouse isoform (Raffaı̈ et al., 2001).

Because large triglyceride-rich lipoproteins are not present in
the CNS, the lower levels of Arg-61 apoE cannot be explained by
a more rapid clearance through this mechanism. One potential
mechanism is that the cellular quality control machinery recog-
nizes Arg-61 apoE as a misfolded protein and targets it for deg-
radation. This would reduce secretion of the mature protein.
Fluorescence resonance energy transfer studies showed that
apoE4 domain interaction occurs in living cells (Xu et al., 2004).
Although the exact mechanism responsible for the lower levels of
apoE4 and Arg-61 apoE in mouse brains is not entirely clear, our

results demonstrate that domain interac-
tion is a major contributing factor.

Our finding of the lower levels of
apoE4 than of apoE3 in knock-in mice
contradicts a previous report in which
equal levels of the two proteins were
shown (Sullivan et al., 2004). Similarly, we
found lower levels of Arg-61 apoE than of
wild-type apoE in CSF from heterozygous
mice. In contrast, previous studies showed
higher apoE4 levels in CSF from apoE3/
apoE4 heterozygous humans (Fukumoto
et al., 2003; Wahrle and Holtzman, 2003).
These differences may reflect method-
ological differences of analysis (i.e., im-
munoassay versus Western blotting) and
methods of extracting brain apoE.

The previous studies did not use deter-
gents to extract brain apoE, likely leading
to incomplete and variable efficiency of

extraction. In addition, detergents were not included in the im-
munoassays, also likely leading to variable results on apoE levels.
This is based on the fact that apoE is a lipid-binding protein and
binds to membrane fragments, released lipids, and lipoproteins,
making the extraction difficult in the absence of detergents. Even
in soluble fractions, lipid binding can be problematic. This was
recognized more than 20 years ago as immunoassays were being
developed for quantitation of apoE in plasma. All successful apoE
assays require a delipidation step using a variety of detergents
(Lippel et al., 1983; Labeur et al., 1990; Krul and Cole, 1996).
Epitopes on apoE3 and apoE4 can be masked to different degrees
because each isoform has different preferences for lipids, making
it difficult for the antibody to recognize the two proteins with
equal intensity without detergent treatment. In addition, apoE
tends to oligiomerize and stick to surfaces.

To avoid these problems, we used a mixture of detergents to
extract apoE from the brain tissue and quantitated apoE under
denaturing conditions (SDS) by Western blotting. The advantage
of using detergents is that any lipid bound to apoE will be re-
moved, making all of the epitopes on apoE equally available for
recognition by the antibody. Using denaturing conditions pre-
vents oligomerization. These strategies provide an accurate and
quantitative method to determine total apoE levels in the brain.
In addition, much of our data were obtained with Arg-61/wild-
type and apoE4/apoE3 heterozygous mice, in which we could
compare the levels of wild-type and Arg-61 apoE, and apoE3 and
apoE4 in the same heterozygous mouse brain and the wild-type
apoE and apoE3 served as internal controls to normalize the apoE
protein level. This reduced the effect of variations between ani-
mals. Also, the possibility that the lower Arg-61 apoE level may be
attributable to a specific effect of mouse apoE is ruled out because
the Arg-61 apoE and the human apoE4 essentially behaved iden-
tically in the two mouse models that were examined. Lower levels
of apoE4 than of apoE3 have been shown in AD brains (Bertrand
et al., 1995; Beffert et al., 1999; Poirier, 2005). However, difficulty
in controlling for the variation in protein level because of differ-
ent stages of the disease and the low numbers of samples exam-
ined confound the interpretation.

The lower level of apoE4 than of apoE3 in the brain suggests
new potential mechanisms by which apoE4 could contribute to
AD. Although a gain of toxic function for apoE4 was demon-
strated in transgenic mice producing apoE3 and apoE4 in neu-
rons in a behavioral paradigm (Buttini et al., 1999), it is possible

Figure 6. ApoE mRNA levels in mouse brain. Total RNA from the hemibrain (A), cortex (B), and hippocampus (C) was extracted
from 5-month-old male and female wild-type (WT) and Arg-61 apoE homozygous mice (n � 6 each) and analyzed for apoE mRNA
levels by reverse transcription, followed by real-time PCR. The apoE mRNA levels were normalized to 18s mRNA. Error bars
represent values � SEM.

Figure 7. ApoE levels in conditioned medium from primary astrocytes. Primary astrocytes
from 3-d-old Arg-61/wild-type (WT) apoE (A) and apoE4/apoE3 (B) heterozygous pups were
cultured in serum-free medium for 72 h, and the conditioned medium was subjected to isoelec-
tric focusing and Western blotting.
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that apoE4 functions less effectively because it is present at lower
levels with expression driven by endogenous promoters. In addi-
tion, the fraction of the apoE4, which is recognized as a misfolded
protein, may be degraded into toxic fragments or accumulate as
toxic aggregates. Emerging evidence indicates that apoE is ex-
pressed in neurons in response to stress (Bao et al., 1996; Metzger
et al., 1996; Boschert et al., 1999; Xu et al., 1999; Harris et al.,
2004), and apoE4 expressed in neurons is more susceptible than
apoE3 to C-terminal cleavage, which results in the formation of
cytotoxic fragments (Huang et al., 2001; Harris et al., 2003). This
enhanced cleavage of apoE4 is mediated by domain interaction
(Q. Xu and Y. Huang, unpublished observation). Cleavage of
apoE leading to generation of these fragments in neurons in re-
sponse to a stress to the brain may be an early event in the patho-
genesis of AD (Huang et al., 2001; Harris et al., 2003; Brecht et al.,
2004). Another possibility is that in astrocytes, domain interac-
tion in apoE4 is recognized as a misfolded protein in the endo-
plasmic reticulum (ER) by the quality control machinery, activat-
ing an ER stress response pathway and targeting the protein for
degradation. Alternatively, accumulation of apoE4 in the ER may
lead to an ER overload response (Pahl and Baeuerle, 1997) and
subsequent activation of nuclear factor �B (NF-�B), which could
have a negative impact on normal astrocyte function because of a
chronic inflammatory response. Interestingly, inflammation,
NF-�B activation, and apoE have been recently connected (Ophir
et al., 2005). All of these possibilities are not necessarily mutually
exclusive.

In conclusion, our results demonstrate that domain interac-
tion, which is one of the structural features distinguishing apoE4
from the other apoE isoforms, is responsible for lower levels of
apoE4 in the brain. This finding emphasizes the importance of
structural differences among apoE isoforms as likely contributing
factors to the association of apoE4 with AD and other forms of
neurodegeneration.
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