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Domain interaction, a structural property of apolipoprotein
E4 (apoE4), is predicted to contribute to the association of
apoE4 with Alzheimer disease. Arg-61 apoE mice, a gene-tar-
geted mouse model specific for domain interaction, have lower
brain apoE levels and synaptic, functional, and cognitive defi-
cits. We hypothesized that domain interaction elicits an endo-
plasmic reticulum (ER) stress in astrocytes and an unfolded pro-
tein response that targets Arg-61 apoE for degradation. Primary
Arg-61 apoE astrocytes had less intracellular apoE than wild-
type astrocytes, and unfolded protein response markers OASIS
(old astrocyte specifically induced substance), ATF4, andXBP-1
and downstream effectors were up-regulated. ER stress appears
to cause global astrocyte dysfunction as glucose uptake was
decreased inArg-61 apoE astrocytes, and astrocyte-conditioned
medium promoted neurite outgrowth less efficiently than wild-
typemedium inNeuro-2a cell cultures.We showed age-depend-
ent up-regulation of brain OASIS levels and processing in
Arg-61 apoE mice. ER stress and astrocyte dysfunction repre-
sent a new paradigm underlying the association of apoE4 with
neurodegeneration.

Apolipoprotein (apo)2 E4 is amajor risk factor for Alzheimer
disease (AD) and other forms of neurodegeneration, but the
mechanisms are unknown (1, 2). ApoE4 is less effective than
apoE3 in neuronal maintenance and injury repair, which may
explain the increased risk (1). The basis for these isoform-spe-
cific differences must reflect differences in their structural
properties (3, 4). One difficulty in linking a given structural
property of apoE4 to the mechanisms or pathways associated

with the higher risk for AD is that apoE4 differs from apoE3 and
apoE2 in at least two ways; it has lower stability to protein
unfolding with a greater tendency to form a molten globule
state, and it exhibits domain interaction. Either or both of these
structural properties could underlie the association of apoE4
with AD (3, 5, 6). From amechanistic and therapeutic prospec-
tive, it is essential to single out the relative contributions of
these structural features to neurodegeneration. This is impos-
sible with currently available human apoE4 knock-in and trans-
genic mouse models, as they express all of the structural fea-
tures of apoE4 simultaneously.
To circumvent this roadblock, we took advantage of the fact

that wild-type (WT) mouse apoE does not exhibit apoE4 insta-
bility/molten globule formation or domain interaction. There-
fore, we identified the amino acid differences in human apoE4
responsible for each of those structural features and “human-
ized” mouse apoE by introducing those residues into WT
mouse Apoe (7, 8). To introduce domain interaction, we used
gene targeting to generate Arg-61 apoE mice. These mice are a
specific model of human apoE4 domain interaction, as mouse
Arg-61 apoE exhibits this property but does not form a molten
globule state (7, 8).
Previously, we demonstrated that, in the absence of stress

(ischemia, trauma, amyloid-� protein toxicity, etc.), Arg-61
apoE mice have reduced levels of the synaptic proteins synap-
tophysin and neurolignin-1 in the brain, indicating neurode-
generation, and exhibit both functional synaptic deficits and
memory deficits as a result of domain interaction (9). Domain
interaction also resulted in lower levels of Arg-61 apoE in the
brain,whichwere caused by reduced secretion of apoEby astro-
cytes and not by differential transcription (10). In this study, we
demonstrate that in astrocytes, the major source of apoE in
nonstressed brains (11), domain interaction in Arg-61 apoE is
recognized as an abnormally folded protein by the endoplasmic
reticulum (ER) protein quality control machinery. This recog-
nition activates an ER stress response that affects astrocyte
function and neuronal support.

EXPERIMENTAL PROCEDURES

Mice—Arg-61 apoE mice were generated as described and
backcrossed with WT C57BL/6J mice for eight generations
(8–10). Primary astrocyte cultures were dissociated from
3-day-old neonatal and 3-month-old adult mouse brains. Mice
were housed and handled in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.
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Primary Astrocyte Cultures—Neonatal astrocytes were cul-
tured as described (10). Primary adult astrocyte cultures were
prepared from the brains of 3-month-old WT, Arg-61 apoE,
and apoE knock-out/WTheterozygousmice, according to pub-
lished procedureswithmodifications (12). In brief,mouse brain
cortex and hippocampus were dissected with a sterile razor
blade and trypsinized for 20min at 37 °C. Dissociated cells were
filtered and suspended in fresh Dulbecco’s modified Eagle’s
F-12 medium (Invitrogen) containing 10% fetal bovine serum,
1% penicillin-streptomycin, and 1% Primocin (Invitrogen). The
cell suspensions were plated and cultured in Dulbecco’s modi-
fied Eagle’s F-12 medium at 37 °C in a 5% CO2 atmosphere. To
confirm that the cells were astrocytes, cultures were stained
with a monoclonal antibody against intermediate filament glial
fibrillary acidic protein. All cells were glial fibrillary acidic protein-
positive under our culture conditions (see supplemental Fig. 1).
Astrocytes from neonatal and 3-month-old mouse brains were
used in quantitative real-time PCR experiments. Astrocytes from
3-month-oldmouse brains were used in functional studies, as the
transporter systemmatures in adult astrocytes.
Western Blot—Astrocyte intracellular levels of apoE and

OASIS (old astrocyte specifically induced substance) and the
brain levels ofOASISwere quantitated by immunoblotting. Pri-
mary astrocyte cultureswere grown to 80% confluence in 6-well
plates, harvested, and lysed. Brain tissues were homogenized in
ice-cold lysis buffer (50mmol/liter Tris-HCl, pH8.0, 150mmol/
liter NaCl, 0.1% SDS, 0.5% Nonidet P-40, 0.5% sodium deoxy-
cholate, andamixtureofproteaseandphosphatase inhibitors) and
centrifugedat30,000rpmfor30minat4 °C inaTLA100.3 rotor in
an Optima TL ultracentrifuge (Beckman Instruments). Superna-
tants from both cell lysate and brain homogenates were collected,
and 25 �g of protein from each sample were analyzed by SDS-
PAGE gel electrophoresis. OASIS was detected with an antibody
against recombinant mouse OASIS peptide (1:10,000, Strategic
Diagnostics, Newark, DE). The sensitivity and specificity of anti-
OASIS antibody was tested (see supplemental methods and sup-
plemental Fig. 2). Mouse WT apoE and Arg-61 apoE were
detected with an antibody against recombinant, full-length WT
mouse apoE (1:10,000). Protein bands were detected by chemilu-
minescence with horseradish peroxidase-coupled anti-rabbit IgG
secondary antibody. The blots were scanned, and protein levels
were quantitated by densitometry (ImageJ, National Institutes of
Health, Bethesda, MD).
Quantitative Fluorogenic Real-time PCR—Total RNA from

primary astrocyte cultures (over 80% confluence in T-75 flask)
was isolatedwithRNeasymini columns (Qiagen,Valencia, CA).
Reverse transcription reactions (Applied Biosystems, Foster
City, CA) contained 300 ng of DNase-treated total RNA and
randomhexamer and oligo(dT) primers (2.5�M each) (see sup-
plemental Table 1). Diluted reactions (6 ng of cDNA)were ana-
lyzed with SYBR green PCR reagents in duplicate on an ABI
Prism 7700 sequence detector (Applied Biosystems). OASIS,
ATF4, and XBP-1 mRNA levels and the mRNA levels of down-
stream effectors were determined relative to standard curves
made with serial dilutions of pooled cDNAs (30, 6, and 1.2 ng)
from all samples. Values were normalized to mouse 18 S RNA.
Fluorescence-activated Cell Sorting—Primary astrocytes

were plated at a density of 5 � 104 cells/ml and cultured for

48 h. Cell viability or apoptosis was detected by the Vybrant
apoptosis assay kit 2 (Molecular Probes). Apoptotic cells and
dead cells were stained with Alexa Fluor 488-conjugated
annexin V or propidium iodide and separated by fluorescence
emission at 530 and �575 nm, respectively. Cell distribution
was detected and analyzed by flow cytometry.
Glucose Uptake—Primary astrocytes were plated at 2500 cells/

well in a 96-well plate and cultured for 48 h. Glucose uptake was
detected with a fluorescent glucose derivative, 2-[N-(7-nito-
benz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG,
MolecularProbes) (13, 14).Theconcentrationof2-NBDGand the
incubation time were optimized for measurement of glucose
uptake in primary astrocyte cultures. Intracellular 2-NBDG was
measured with amicroplate reader with excitation at 475 nm and
emission 545 nm (13). The intracellular 2-NBDG fluorescence
intensities were normalized to total cellular protein levels to avoid
the bias from the different cell numbers.
Astrocyte-conditioned Medium—Primary astrocyte cultures

(over 80% confluence in T-75 flask) were conditioned with
serum-free Opti-MEM I medium for 48 h. The conditioned
media from WT, Arg-61 apoE, and apoE knock-out/WT het-
erozygous mouse astrocytes were collected and filtered.
Neurite Outgrowth—Neuro-2a cells (AmericanTypeCulture

Collection, Manassas, VA) were maintained at 37 °C in a
humidified 5% CO2 incubator in MEM containing 10% fetal
bovine serum supplemented with nonessential amino acids,
penicillin, and streptomycin. Neuro-2a cells were plated in
24-well plates at 12,000 cells/well. To induce neurite out-
growth, serum-containing medium was replaced with serum-
free Opti-MEM I medium containing 50% astrocyte-condi-
tioned medium (ACM). Neuro-2a cells were cultured in
Opti-MEM I/ACM for 72 h, fixed, and stained with Coomassie
Blue (Bio-Rad) to enhance visualization of cell bodies and neu-
rites. Neurite outgrowth was quantified as the percentage of
cells with neurites longer than 1� the cell body diameter.
Statistical Analysis—Quantitative data are expressed as

mean � S.E. Differences between two means were assessed
with unpaired, two-tailed t tests. Differences among multiple
means were evaluated by analysis of variance followed by a
Tukey-Kramer post hoc test. For the age-dependent changes of
OASIS levels, a two-way analysis of variance tested the effects of
genotype and age.

RESULTS

Domain Interaction Results in Lower Levels of Intracellular
Arg-61 ApoE in Primary Astrocytes

Previously, using WT and Arg-61 apoE mice and human
apoE3 and apoE4 knock-inmice, we demonstrated that domain
interaction results in lower levels of Arg-61 apoE and apoE4
than ofWTmouse apoE and apoE3 in the brain, as reflected by
reduced secretion and not differences in transcription (10). To
determine whether Arg-61 apoE accumulated in astrocytes or
was degraded, cell lysates were examined. In lysates of primary
astrocyte cultures, Arg-61 apoE levels were 49.6 � 3.8% (p �
0.01) lower than WT levels, indicating that Arg-61 apoE was
targeted for degradation (Fig. 1).
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Domain Interaction Up-regulates Unfolded Protein Response
(UPR) Pathways

Next, we determined the levels of UPR components in primary
astrocyte cultures by reverse transcription and real-timePCR.The
levels ofOASIS, an astrocyte-specificUPR transducer in theATF6
(activating transcription factor) pathway (15), were 2.0 � 0.2-fold
higher inArg-61 than inWTastrocytes, demonstrating transcrip-
tional up-regulation (Fig. 2A). Expression of ATF4 and XBP-1
(X-box binding protein 1), components of two other common
UPR pathways, PERK (PKR-like ER kinase) and IRE1 (inositol-
requiring enzyme 1), were also up-regulated in Arg-61 astrocytes
(1.3 � 0.1- and 1.4 � 0.2-fold higher than in WT astrocytes,

respectively) (Fig. 2,B andC). Thus, domain interaction inArg-61
apoE astrocytes elicited an ER stress response and activated all
three UPR pathways.

Cleavage of Astrocyte OASIS in Response to ER Stress Induced
by Domain Interaction

An ER stress response should result in cleavage of OASIS, gen-
erating anN-terminal fragment that is translocated to thenucleus,
activating its target genes (16).Western blot analysis with an anti-
OASIS antibody showed that OASIS was expressed as an �80-
kDaproteinwithminimal cleavage inWTastrocytes.However, in
Arg-61 apoE astrocytes, a 55-kDa band was more prominent,
demonstrating increasedcleavage (Fig. 2D).Arg-61astrocytes also
expressed higher levels of OASIS protein, indicating that domain
interaction induced ER stress and up-regulated UPR pathways.
Total OASIS protein expression was 1.7 � 0.2-fold higher in
Arg-61apoEastrocytes,whichhadhigher levels ofboth full-length
protein (Fig. 2E) and the 55-kDa fragment (Fig. 2F) (2.5 � 0.1
versusWT 2.0 � 0.1 and 1.9 � 0.2 versusWT 1.2 � 0.3 arbitrary
units, respectively; both p � 0.05).

UPR Pathway Effectors Are Activated in Arg-61 ApoE
Astrocytes

The cleaved cytosolic N-terminal fragment of OASIS is a
transcription factor that, together with ATF4 and spliced
XBP-1, increases the expression of genes encoding effectors of
UPR pathways, including ER chaperones, such as BiP (immu-
noglobulin heavy chain binding protein) and GRP 94 (glucose-
regulated protein 94), and proteins that catalyze protein fold-
ing, such as protein disulfide isomerases (PDIs) (17–19). BiP,
GRP94, and PDI mRNA levels were 1.3 � 0.1-, 1.4 � 0.1-, and

1.3 � 0.1-fold higher, respectively,
in Arg-61 apoE astrocytes thanWT;
p � 0.05) (Fig. 3, A–C). mRNA lev-
els of GADD34 (growth arrest and
DNA damage-inducible gene 34),
which may protect against the
destructive attenuation of transla-
tion mediated by PERK pathway
activation (20), were also higher in
Arg-61 apoE astrocytes (1.5 � 0.2-
fold, p � 0.05) (Fig. 3D).
ER-associated degradation is one

of the common response mecha-
nisms. Homocysteine-inducible ER
protein (Herp), an ER-resident
membrane protein, was hypothe-
sized to function for ER-associated
degradation (21, 22). The mRNA
level of Herp was 1.4 � 0.2-fold
higher in Arg-61 apoE astrocytes
(p � 0.05) (Fig. 3E). CHOP (C/EBP
homologous protein), a member of
the C/EBP family of bZIP transcrip-
tion factors, is expressed at high lev-
els in response to ER stress and is
believed to be a downstream effec-
tor in all three common UPR path-

FIGURE 1. ApoE levels in lysates of primary astrocytes from 3-day-old
Arg-61 and WT apoE mice. Lysates were analyzed by SDS-PAGE and Western
blotting with an antibody against full-length mouse apoE. ApoE protein lev-
els were quantitated by densitometry. Error bars represent S.E. n � 9 mice/
group (*, p � 0.01 Arg-61 apoE mice versus WT).

FIGURE 2. UPR components are up-regulated in neonatal Arg-61 apoE astrocytes. A–C, OASIS (A), ATF4
(B), and XBP-1 (C) mRNA levels were notably higher in Arg-61 apoE astrocytes than in WT astrocytes. OASIS
was cleaved at the transmembrane region in response to ER stress induced by domain interaction in
Arg-61 apoE astrocytes. D, expression of OASIS in primary astrocytes. Cell lysates from Arg-61 apoE and WT
primary astrocytes were analyzed by Western blot with anti-OASIS antibody. Full-length OASIS appeared
as a 80-kDa band in both WT and Arg-61 apoE astrocyte lysates. A 55-kDa band (cleaved OASIS fragment)
appeared predominantly in Arg-61 apoE astrocytes. E and F, protein levels of full-length OASIS (E) and the
55-kDa OASIS fragment (F) were quantitated by densitometry (n � 11 WT mice and n � 13 Arg-61 apoE
mice; *, p � 0.05 versus WT).
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ways (23, 24). CHOP expression levels were 1.7 � 0.2-fold
higher (p � 0.05) in Arg-61 apoE astrocytes (Fig. 3F).

ER Stress Exists in Adult Arg-61 ApoE Astrocytes and Is Not Due
to Lower ApoE Protein Levels

Previously, we showed that brain levels of Arg-61 apoE are
lower than those of WT in E18 mouse embryos and remain
lower up to 2 years of age (10). We, therefore, determined

whether ER stress induced by
domain interaction also existed in
adult astrocytes. Indeed,mRNA lev-
els of OASIS (Fig. 4A), ATF4 (Fig.
4C), and XBP-1 (Fig. 4D) were
higher in cultures of astrocytes from
adult (3-month-old) Arg-61 apoE
mice (2.4 � 0.6-, 2.2 � 0.5-, and
3.1 � 1.0-fold higher, respectively,
than WT; p � 0.05).
A two-way analysis of variance test

was used to determine whether there
wasanageeffectonOASISmRNAlev-
els between the WT and Arg-61 apoE
astrocytes from neonatal and adult
brains. InWT adult astrocytes, OASIS
mRNA levels were increased �25%
(Fig. 4B). However, age had a major
effect on OASIS expression in Arg-61
apoE astrocytes. The mRNA levels of
OASIS were markedly elevated with
�70%morethanArg-61apoEneonatal
astrocytes (p�0.01,Fig. 4B), indicating
that age-dependent expression of
abnormally foldedArg-61apoEexacer-
bates ER stress andUPR.
To rule out the possibility that the

ER stress induced by domain inter-
action is due to the lower apoE pro-
tein levels, we examined astrocytes
from 3-month-old heterozygous
Apoe�/�mice, with 50% lower apoE
levels. mRNA levels of OASIS,
ATF4, and XBP-1 were not elevated
(83 � 10%, 92 � 11%, and 72 � 15%
ofWT levels, respectively, p � 0.05)
(Fig. 4). Thus, simply reducing the
apoEprotein level is not sufficient to
induce ER stress in primary astro-
cyte cultures, indicating a specific
effect of Arg-61 apoE or domain
interaction.

ER Stress Induced by Domain
Interaction Causes Astrocyte
Dysfunction

Cell Viability—Arg-61 apoE did
not affect astrocyte viability or
induce apoptosis. Flow cytometric
analysis of primary cultures
co-stained with Alexa Fluor 488-

conjugated annexin V and propidium iodide showed no differ-
ence in the percentage of viable cells in WT (94.5 � 0.8%) and
Arg-61 apoE (93 � 2.1%) astrocyte cultures (p � 0.05), and no
apoptosis was detected (Fig. 5A).
Glucose Uptake—After a 2-min incubation with 2-NBDG

(500�M), ametabolic fluorescentmarker of glucose uptake (13,
14, 25), Arg-61 apoE astrocytes had lower levels of fluorescence

FIGURE 3. Up-regulation of ER stress response and UPR downstream effectors. mRNA levels of BiP (A),
GRP94 (B), PDI (C), GADD34 (D), Herp (E), and CHOP (F) were determined by real-time PCR in neonatal Arg-61
apoE astrocytes (n � 9 mice/group; *, p � 0.01 versus WT).

FIGURE 4. UPR components were up-regulated in 3-month-old adult Arg-61 apoE astrocytes. A–D, OASIS
(A and B), ATF4 (C), and XBP-1 (D), mRNA levels were notably increased in Arg-61 apoE astrocytes. In Apoe�/�

astrocytes, which had 50% lower apoE levels than WT astrocytes, UPR components were not up-regulated (n �
8 WT, n � 6 Arg-61 apoE, and n � 7 Apoe�/� mice; *, p � 0.05 versus WT for OASIS, XBP-1, and ATF4; *, p � 0.05
versus WT). D, the mRNA levels of OASIS were markedly elevated with �70% more than Arg-61 apoE neonatal
astrocytes (*, p � 0.01).
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than WT astrocytes (13.4 � 0.8 versus 36.2 � 3.2 normalized
relative fluorescence units; p � 0.05) (Fig. 5B).
Neurite Outgrowth—The percentage of Neuro-2a cells with

neurite outgrowth in serum-freemediumwas 26�2.0%.Tocom-
pare the abilities of Arg-61 apoE and WT astrocytes to support
neurite outgrowth, we incubated Neuro-2a cells with ACM from
Arg-61 apoE astrocytes andWT astrocytes for 48 h. Arg-61 apoE
ACMwas less effective at promoting neurite outgrowth thanWT
apoEACM,as shownbythe lowerpercentageofcellswithneurites
(31 � 4.8% versus 46 � 4.8%, p � 0.01) (Fig. 5C).

Astrocyte Dysfunction Is Not Due to a Lower Level of ApoE or
Cholesterol

To examine the effect of apoE levels on glucose uptake and
neurite outgrowth, we examined Apoe�/� astrocytes (50%
reduction in apoE and cholesterol) and ACM from these cells.
Glucose uptake was not impaired in Apoe�/� astrocytes (Fig.
5B), andApoe�/� ACM supported neurite outgrowth (Fig. 5C).
Thus, the adverse deficiencies in Arg-61 apoE astrocytes were
not due to the lower levels of apoE or cholesterol.

Domain Interaction Up-regulates Astrocyte-specific OASIS
Protein Expression and Cleavage in Vivo

To determine whether ER stress also occurs in Arg-61 apoE
mice, we assessed OASIS protein expression in brain homoge-

nates of 6-month-old and 1- and 2-year-old mice by immuno-
blotting. Because cleavage of full-length OASIS induces activa-
tion of an ER stress response, we also examined the amounts of
full-length (80-kDa) and cleaved (55-kDa fragment) OASIS in
WT and Arg-61 apoE mice.
At 6 months of age, full-length OASIS was expressed at sim-

ilar low levels in both WT and Arg-61 mouse brains (Fig. 6, A
and B, p � 0.05 versus WT) with no detectable cleavage. In
1-year-old WT brains, levels of full-length OASIS were
increased about 30%, and 36 � 1.9% of the protein was cleaved.
The percentage of cleaved OASIS (43 � 1.8%) was significantly
higher in 1-year-oldArg-61mouse brains (p� 0.05 versusWT),
and full-length OASIS protein levels were increased 60% (p �
0.05 versusWT).
Age itself is a brain stressor and a risk factor for AD.

Although we noticed a further increase of full-length OASIS
levels in aged (2-year-old)WTmouse brains, the percentage of
cleaved fragments remained similar (35 � 1.2%) to that of
1-year-old WT brains, demonstrating no further OASIS proc-
essing. However, both full-length OASIS protein levels (96%
increase from 1-year levels, p� 0.01 versusWT, Fig. 6,B andC)
and cleavage (Fig. 6, B and D) were markedly increased in
2-year-old Arg-61 mouse brains. The percentage of cleaved
OASIS increased to 52� 2.1% (p� 0.01 versusWT), indicating
an increased and constitutively active ER stress response in

FIGURE 5. Domain interaction in Arg-61 apoE astrocytes results in global astrocyte dysfunctions. A, cell viability was not different in Arg-61 apoE and WT
astrocytes, and no apoptosis or cell death was detected. Max, maximum. B, glucose uptake was lower in Arg-61 apoE astrocytes than WT (*, p � 0.05 versus WT),
but the reduction of apoE levels by 50% in Apoe�/� astrocytes did not affect the glucose uptake in astrocytes (n � 8 WT, n � 8 Arg-61 apoE, and n � 7 Apoe�/�

mice). rfu, relative light units. C, ACM from Arg-61 apoE astrocytes was less efficient in promoting neurite outgrowth in Neuro-2a cells than WT ACM (*, p � 0.01
versus WT). Apoe�/� ACM was sufficient to support neurite outgrowth (n � 6 mice/group).

FIGURE 6. Expression of OASIS in the brains of 6-month- and 1- and 2-year-old mice and age-dependent up-regulation of brain OASIS protein levels
and processing in Arg-61 apoE mice. A and B, full-length OASIS appeared as an 80-kDa band in both WT and Arg-61 apoE brain homogenates from different
age groups. B, a 55-kDa band (cleaved OASIS fragment) appeared predominantly in Arg-61 apoE mouse brains. C and D, quantitation of OASIS expression and
processing. Densitometry was used to quantitate protein levels of full-length OASIS (C) and the 55-kDa OASIS fragment (D) in brain samples from 1- and
2-year-old mice (n � 6 6-month, n � 9 1-year, and n � 11 2-year-old mice). The cleaved OASIS and full-length OASIS protein levels were markedly increased in
both 1-year-old and 2-year-old Arg-61 apoE mouse brains (p � 0.05 versus WT).
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aged Arg-61 mouse brains due to domain interaction. The age-
dependent, astrocyte-specific up-regulation of OASIS protein
levels and processing in Arg-61 apoE mice correlates with our
previous observation of an age-dependent loss of the synaptic
vesicle protein, synaptophysin, indicating that age-dependent
and astrocyte-specific ER stress in Arg-61 apoE mice has an
impact on global brain functions (9).

DISCUSSION

Using the Arg-61 apoE domain interaction mouse model to
determine the effect of domain interaction on astrocytes and
their function, we demonstrated that domain interaction
induces an ER stress response and activates the three common
UPR pathways, IRE1, PERK, and OASIS. In addition, several
UPR downstream effector genes were up-regulated. Further-
more, the ER stress response and UPR adversely affected
Arg-61 apoE astrocyte functions, as demonstrated by reduced
glucose uptake and reduced support for neuronal neurite out-
growth. Finally, consistentwith the cell culture studies, the pro-
tein levels of OASIS and its processing were increased in aged
Arg-61 apoEmouse brains, indicating an age-dependent, astro-
cyte-specific stress response in vivo. These results reveal a novel
role for astrocytes in apoE4-mediated neurodegeneration.
Until recently, astrocytes were considered to be an inert sup-

port scaffold for neurons and their interactions (26). However,
astrocytes are now appreciated for exerting a major influence
on the extracellular environment and are essential for glial-
neuronal interactions, which are believed to be critical inmech-
anisms of neurodegenerative diseases (27–29).
Normally, secreted proteins such as apoE are correctly

folded, modified, and assembled in the ER. Within the ER,
smooth transit of proteins to the cis-Golgi is monitored and

assisted by an elaborate quality con-
trol process, which includes chaper-
ones and folding enzymes (30).
When misfolded or abnormally
folded proteins are recognized and
accumulate in the ER, the cell acti-
vates a signaling response that up-
regulates UPR pathways (17, 18, 20,
31).
In this study, we demonstrated

that Arg-61 apoE does not accumu-
late intracellularly in astrocytes,
suggesting that it is targeted for deg-
radation. Recent pulse-chase stud-
ies confirm this possibility (32).
Degradation of Arg-61 apoE sug-
gests that domain interaction is rec-
ognized as an abnormally folded
protein in the ER, eliciting an ER
stress response and activating three
common UPR pathways. Most
important in the case of domain
interaction is the age-dependent
astrocyte-specific up-regulation
and increased processing (cleavage)
of OASIS in both Arg-61 apoE

astrocyte cultures and mouse brains, clearly demonstrating an
astrocyte-specific constitutive ER stress in vitro and in vivo.
Signaling from the stress-sensing proteins initially activates the
cellular processes to protect the cell. Ultimately, it promotes
cell injury with a chronic ER stress response (23, 24, 33).
Although not specifically associated with astrocytes, ER stress
and dysfunction are believed to be linked to the pathogenesis of
several neurological and neurodegenerative diseases, including
AD (34–37).
The chronic ER stress response has the potential to globally

impair the function of astrocytes, compromising their ability to
support and maintain neurons, by sequestering chaperones or
reducing protein translation. Consistent with this possibility,
glucose uptake by Arg-61 apoE astrocytes was impaired, sug-
gesting a metabolic defect. Interestingly, positron emission
tomography studies in humans have shown glucose hypome-
tabolism in nondemented apoE4 carriers as young as theirmid-
twenties (38–42). Glucose metabolism examined in positron
emission tomography studies actually reflects astrocyte func-
tion (13, 43), suggesting that the hypometabolism in nonde-
mented apoE4 carriers is due to decreased glucose uptake by
astrocytes. In addition, ACM from Arg-61 apoE astrocytes was
less effective in promoting neurite outgrowth, which indicates
impaired ability to support synaptogenesis and neuronal repair.
Together, these results demonstrate that domain interaction
and the associated ER stress have a global effect on astrocyte
function. Chronic ER stress in astrocytes might suppress the
expression and activity of glial glutamate transporters and
affect the balance of glutamate homeostasis (44). Consistent
with this possibility, we previously found that levels of astro-
cyte-specific glutamate transporter, GLT1, are reduced in
Arg-61 apoE mouse brains, indicating an in vivo astrocyte dys-

FIGURE 7. Role of astrocyte ER stress in neurodegeneration and AD. A, Arg-61 apoE domain interaction
induces astrocyte dysfunction, resulting in less effective neuronal maintenance. B, as the effects of stress
accumulate over time, astrocytes are signaled to express additional apoE for neuronal repair. This exacerbates
ER stress and further compromises astrocyte support. Lacking support from astrocytes, stressed neurons begin
to express apoE to repair themselves. In the case of apoE4, this leads to the generation of neurotoxic fragments,
leading to more extensive neuronal damage and degeneration and ultimately to AD.
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function and a possible excitotoxic effect (9). It is reasonable to
speculate that activated chronic ER stress responses in Arg-61
apoE astrocytes results in decreased GLT1 expression and
activity, thus linking astrocyte ER stress and dysfunction to a
chronic glutamate excitotoxicity (44). Chronic glutamate exci-
totoxicity is believed to be one of themechanisms in the patho-
genesis of a range of neurodegenerative diseases, including AD
(45). All of these effects could contribute to the synaptic, func-
tional, and cognitive deficits that we have identified in the
Arg-61 apoE model (9).
Astrocytes are the major source of apoE in nonstressed

brains to support andmaintain normal neuronal functions (11).
Because astrocytes play critical roles in many brain functions,
even a slight impairment could eventually compromise the
response to further stress and contribute to the phenotype in
these mice and to neurological disease in humans (Fig. 7). Our
present findings support the conclusion that astrocytes con-
tribute more directly, in the absence of ischemia, trauma and
amyloid-� protein toxicity, to the association of apoE4 with
neurodegenerative diseases, possibly also including AD.
A potential scenario is that apoE4 domain interaction

impairs the ability of astrocytes to support neuronal function
over a lifetime (Fig. 7). Early in life in the absence of brain stress,
Arg-61 apoE astrocytes exert a low level of ER stress response,
as evidenced by low OASIS protein levels and minimal OASIS
cleavage in 6-month-old Arg-61 apoE mouse brains. This indi-
cates that young Arg-61 apoE astrocytes can sufficiently main-
tain the protein quality control machinery and astrocyte func-
tion to support neuronal function in vivo (Fig. 7A). As the
effects of stress accumulate over time, from aging, ischemia,
oxidative stress, head trauma, or antibody toxicity, astrocytes
are called upon to express additional apoE for neuronal repair.
WithWTapoE, the increased demand for apoE does not elicit a
significant ER stress, as shown by no further increase in OASIS
processing as animals age. In marked contrast, with Arg-61
apoE, ER stress is exacerbated (Fig. 7B), as shown by the prom-
inent age-dependent up-regulation of OASIS brain levels and
increased OASIS cleavage in Arg-61 apoE mice. Therefore,
Arg-61 apoE astrocyte support of neurons becomesmore com-
promised and even less effective. Consistent with this scenario
is our observation that synaptophysin brain levels in Arg-61
apoE mice at 6 months are identical to WT, but at 12 months,
the levels are significantly reduced and further decline at 24
months (9). Without the necessary support from astrocytes,
stressed neurons begin to express apoE and try to support
themselves, as demonstrated previously (11). In the case of
apoE4, this leads to the generation of neurotoxic C-terminal-
truncated fragments and more extensive neuronal damage and
degeneration, setting up a destructive cycle that ultimately
leads to AD (1, 46–49) (Fig. 7B). Alternatively, compromised
neurons may be more susceptible to the recently described
death receptor 6/APP pathway that activates caspase-depend-
ent programs, leading to axon pruning and neuronal death (50).
Another possibility is a shift in APP processing to generation of
APP fragments that lead to neuronal death resulting from an
imbalance in signal transduction (51). These scenarios, all
potentially initiated by astrocyte dysfunction, represent a

potential explanation for the greater risk and lower age of onset
of AD in apoE4 carriers (49).
Our findings in Arg-61 apoEmice suggest that domain inter-

action is a therapeutic target in AD and other neurodegenera-
tive diseases. Proof of principle for an approach to target
domain interaction by converting apoE4 into an apoE3-like
molecule has been established (52). In addition, it is clear that
AD is a multifactorial disease. Several pathways and processes
that have been implicated in AD are downstream of astrocyte
influence (29). Therefore, astrocytes are ideally positioned to
impactmultiple pathways simultaneously, at least in apoE4 car-
riers, who constitute �65–80% of AD patients. Thus, targeting
the reduction of astrocyte ER stress represents another poten-
tially important therapeutic strategy.
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