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The e4 allele of apolipoprotein E (apoE) is associated with
increased risk for Alzheimer’s disease (AD) and poor outcome
after brain injury. In the CNS, apoE is expressed by glia, pre-
dominantly astrocytes. To define the potential biological func-
tions of different human apoE isoforms produced within the
brain, transgenic mice were generated in which human apoE3
and apoE4 expression is under control of the astrocyte-specific
glial fibrillary acidic protein (GFAP) promoter. These animals
were then bred back to apoE knock-out mice. Human apoE
protein is found within astrocytes and the neuropil throughout
development and into the adult period, as assessed by immu-
nocytochemistry and immunoblot analysis in several GFAP-
apoE3 and E4 lines. Cultured astrocytes from these mice se-
crete apoE3 and apoE4 in lipoproteins that are high-density
lipoprotein-like in size. When primary hippocampal neurons are

grown in the presence of astrocyte monolayers derived from
these transgenic mice, there is significantly greater neurite
outgrowth from neurons grown in the presence of apoE3-
secreting astrocytes compared with apoE4-secreting or apoE
knock-out astrocytes. These effects are not dependent on di-
rect astrocyte–neuron contact and appear to require the low-
density lipoprotein receptor-related protein. These data sug-
gest that astrocyte-secreted, apoE3-containing lipoproteins
have different biological effects than apoE4-containing lipopro-
teins. In addition to providing information regarding the role of
astrocyte-secreted apoE lipoproteins in the normal brain, these
animals will also be useful in models of both AD and CNS injury.
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Apolipoprotein E (apoE) is a 299 amino acid lipid transport
protein that participates in the regulation of plasma cholesterol
and lipid metabolism. In humans, apoE has three major protein
isoforms: E2 (Cys112-Cys158), E3 (Cys112-Arg158), and E4
(Arg112-Arg158), products of alleles at a single gene locus
(Mahley, 1988). Numerous epidemiological studies have shown
that the e4 allele of apoE is a major risk factor for Alzheimer’s
disease (AD) (for review, see Strittmatter and Roses, 1996). In
addition, recent data suggest that apoE4 appears to be a risk
factor for poor outcome after head trauma (Nicoll et al., 1995;
Teasdale et al., 1997), cerebral hemorrhage (Alberts et al., 1995),
cardiac bypass (Tardiff et al., 1997), and possibly stroke (Slooter
et al., 1997), as well as to influence the age of onset of Parkinson’s
disease (Zarepesi et al., 1997). These data suggest that apoE may
play a direct role in the pathophysiology of both AD and response
to CNS injury.

In addition to the liver, apoE is expressed at high levels in the
brain (Mahley, 1988). Within the CSF, apoE is found in high-
density lipoprotein (HDL)-like lipoprotein particles (Pitas et al.,

1987b). A study in humans demonstrated that apoE in CSF is
produced within the blood–brain barrier and is not derived from
plasma (Linton et al., 1991). Thus, apoE derived from cells within
the CNS is likely to mediate the neurobiological effects of apoE
in different settings. ApoE within the CNS is produced primarily
by astrocytes (Boyles et al., 1985; Pitas et al., 1987a), with micro-
glia also capable of apoE synthesis (Nakai et al., 1996; Stone et
al., 1997). ApoE receptors are also present on neural cells. As-
trocytes express the low-density lipoprotein receptor (LDLR)
(Pitas et al., 1987a; Poirier et al., 1993), and neurons primarily
express the LDLR-related protein (LRP) (Moestrup et al., 1992;
Wolf et al., 1992; Rebeck et al., 1993; Bu et al., 1994), although
expression of other LDLR family members by neurons has been
reported (Christie et al., 1996; Kim et al., 1996). In vitro, astro-
cytes secrete apoE (Pitas et al., 1987a), and our recent studies
demonstrate that nascent astrocyte-secreted apoE is associated
with discoidal HDL-like particles, distinct from spherical apoE-
containing CSF lipoprotein particles (LaDu et al., 1998). In vivo,
expression of apoE by astrocytes is upregulated after injury
(Poirier et al., 1991). Several in vitro studies have demonstrated
that certain forms of apoE and lipoproteins can affect functions
such as neurite outgrowth (Handelmann et al., 1992; Nathan et
al., 1994; Holtzman et al., 1995b). In vivo studies with apoE
knock-out mice also suggest that apoE may play a role in struc-
tural plasticity during aging (Masliah et al., 1995) and cell death
after injury (Chen et al., 1997; Laskowitz et al., 1997).

To study the in vitro and in vivo role of human apoE isoforms
expressed specifically by astrocytes, we have generated transgenic
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mice in which expression of human apoE3 and apoE4 is under the
control of the glial fibrillary acid protein (GFAP) promoter.
These animals were then bred back to apoE knock-out (2/2)
mice so that only human apoE protein is expressed in the animals.
We demonstrate that (1) apoE3 and apoE4 are expressed in the
brain by astrocytes during development and in adult mice; (2)
apoE3 and apoE4 are secreted by cultured astrocytes in lipopro-
tein particles that are HDL-like in size; (3) hippocampal neurite
outgrowth is greater in the presence of astrocytes that secrete
apoE3 versus those that secrete apoE4 or no apoE; and (4) the
effect of astrocyte-secreted apoE3 appears to require LRP and is
not dependent on neuron–glia contact. Our results suggest that
astrocyte-secreted human apoE isoforms have different neurobi-
ological activities and that GFAP-apoE transgenic mice may be
useful to dissect the functions of apoE isoforms produced by
astrocytes in normal and disease states.

MATERIALS AND METHODS
Construct preparation and generation of transgenic mice. The lacZ frag-
ment was removed from the hgfa2-lacZ transgene (Brenner et al., 1994)
after BamHI digestion. A 1050 bp fragment of apoE3 and apoE4 was
amplified by the PCR from the cytomegalovirus-apoE3 plasmid (pCMV-
apoE3) and pCMV-apoE4 plasmids (LaDu et al., 1994) to add a BamHI
site at the 59 and 39 ends of the apoE cDNA with the following primers:
59-ccggggatcccgccaatcacagg-39 and 59-ccggggatcctctagaggatccc-39. The
reaction was performed at 94°C for 5 min, followed by 25 cycles at 94°C
for 1 min, 65°C for 1 min, and 72°C for 30 sec, and then the reaction was
completed at 72°C for 10 min. The PCR reaction mixture was the same
as listed in the following section, except that amplification was performed
in 10% dimethylsulfoxide (DMSO). The PCR products were purified and
digested with BamHI. The apoE3 and apoE4 cDNAs were ligated into
the BamHI site between the hgfa2 and mP1-poly(A) fragments (see Fig.
1 A) to form plasmids pgfa2-apoE3 and pgfa2-apoE4. The entire apoE
region of these plasmids was sequenced before preparing the DNA for
oocyte injection. These plasmids were then digested with EcoRI, and the
3.2 kb transgene fragment (Fig. 1 A) was eluted from an agarose gel,
purified, and used for pronuclear injection (strain B6/CBA) as described
(Hogan et al., 1986). Integration of the transgene was determined by
PCR and Southern blot analysis on genomic DNA isolated from mouse
tails (see below). Once GFAP-apoE3 and GFAP-apoE4 transgenic mice
were produced, they were bred to apoE knock-out (2/2) mice (.10
backcrosses onto C57Bl6 background; The Jackson Laboratory, Bar
Harbor, ME).

Southern blot and PCR analysis. Twenty micrograms of genomic DNA
extracted from a mouse tail was digested with EcoRI, separated in 1.0%
agarose gel and transferred to a positively charged nylon membrane
(GeneScreen; DuPont NEN, Boston, MA) by capillary blotting as de-
scribed (Sambrook et al., 1989). Blots were placed in a vacuum oven at
80°C for 2 hr, hybridized with a random-primed 32P-labeled mouse apoE
cDNA probe as described (Holtzman et al., 1992), air-dried, and exposed
to x-ray film (Hyperfilm MP, Amersham) at 270°C with intensifying
screens. In addition, films were exposed to a phosphorimaging screen,
and transgene copy number was determined by comparison of the signal
obtained for the endogenous mouse (;3 kb) and transgenic human apoE
(;1 kb) bands. In separate experiments, we found that the mouse apoE
cDNA probe recognized full-length human and mouse apoE cDNAs to
the same extent on slot blots performed as described (Mobley et al.,
1988). To determine the presence of the GFAP-apoE transgene by PCR,
we analyzed mouse tail DNA with the following primers: 59-
ccagggggtgttgccaggggcacc-39 and 59-tccagttccgatttgtaggccttcaactcc-39.
The PCR reaction was in 50 ml and contained 2 ml of DNA (;50 ng), 2.5
ml of each primer (10 mM stock solution), 103 PCR buffer (20 mM
Tris-HCl, pH 8.0, 0.1 mM EDTA, 1 mM DTT, and 50% glycerol), 200 mM
dNTP, and 0.25 ml of Taq polymerase (5 U/ml; Life Technologies, Grand
Island, NY). The reaction was performed at 94°C for 3 min, followed by
35 cycles at 94°C for 45 sec, 65°C for 40 sec, and 72°C for 1 min, and then
the reaction was completed at 72°C for 10 min. This reaction generates a
PCR product of ;500 bp. To analyze for the presence of the intact or
neo-disrupted version of the mouse apoE gene (Piedrahita et al., 1992),
we used the following primers: 59-tgtcttccactattggctcg-39 and 59-
ctctgtgggccgtgctgttg-39. The PCR mixture was the same as listed above

except for the addition of 10% DMSO. The reaction was performed at
94°C for 3 min, followed by 35 cycles at 94°C for 45 sec, 60°C for 40 sec,
and 72°C for 1 min 30 sec, and then the reaction was completed at 72°C
for 10 min. This reaction generates a PCR product of ;2.5 kb for the
neo-disrupted mouse apoE gene and a fragment of ;1.75 kb for the
wild-type mouse apoE gene.

Tissue preparation and animal surgery. For histological analyses, ani-
mals were perfused transcardially with 0.1 M PBS, pH 7.4. The brain was
removed, and one hemibrain was frozen in powdered dry ice and stored
at 270°C until used for Western blot analysis. The other hemibrain was
immersion-fixed in 4% paraformaldehyde in PBS for 24 hr at 4°C. After
fixation, the brain was cryoprotected in 30% sucrose in PBS at 4°C and
frozen in powdered dry ice. Tissue sections were then cut in the coronal
plane at 40 mm on a freezing sliding microtome. For entorhinal cortex
lesions, mice were anesthetized and then given unilateral (right-sided)
aspirative lesions of the perforant path as described previously (Fagan et
al., 1996b). Lesion placement was verified by examination of cresyl
violet-stained sections through the lesion site.

Immunohistochemistry, immunofluorescence, and Western blotting.
Forty-micrometer free-floating sections through the forebrain and hind-
brain were processed for peroxidase immunohistochemistry or immuno-
fluorescence using the following primary antibodies: goat anti-apoE
(1:30,000; Calbiochem, La Jolla, CA), rabbit anti-apoE (1:8000) raised
against recombinant human apoE (Fagan et al., 1996a), and a rat anti-
GFAP (1:500) monoclonal antibody (Zymed, San Francisco, CA). Tissue
sections were incubated in biotinylated secondary antibodies, and detec-
tion of the peroxidase reaction product with diaminobenzidine (DAB)
was performed with the ABC Elite kit (Vector Laboratories, Burlin-
game, CA) as described previously (Holtzman et al., 1995a). For double-
labeling immunofluorescence studies, goat anti-apoE and rat anti-GFAP
were applied sequentially to sections, followed by coapplication of
fluorescein-labeled anti-rat and indocarbocyanine-labeled anti-goat sec-
ondary antibodies as described (Fagan et al., 1996b). Sections were
mounted on slides with Vectashield mounting media (Vector) and
viewed via fluorescence microscopy. For Western blots, forebrain sam-
ples were lysed in 20 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40,
10% glycerol, 1 mg/ml leupeptin, and 10 mg/ml aprotinin and then
centrifuged at 15,000 rpm in a microfuge. Protein assays were then
performed on the supernatant of each sample. For SDS-PAGE, samples
containing 23 reducing Laemmli buffer (4% SDS) were boiled for 5 min
and electrophoresed on 10% gels with equal amounts of total protein
loaded per lane. Proteins were then transferred to nitrocellulose, and
immunoblotting was performed with goat (1:5000) or rabbit anti-apoE
(1:5000) antibodies described above. Bands were visualized with en-
hanced chemiluminescence (ECL, Amersham).

Gel filtration chromatography of astrocyte-conditioned media. Serum-
free, astrocyte-conditioned media (see below) was concentrated (Cen-
triplus-10; Amicon, Beverly, MA) ;50-fold before fractionation. One
milliliter of concentrated astrocyte-conditioned media was fractionated
by gel filtration chromatography using FPLC with tandem Superose 6
columns (Pharmacia, Piscataway, NJ) in 0.02 M sodium phosphate, 0.05 M
NaCl, pH 7.4, 0.03% EDTA, and 0.02% sodium azide. Sixty fractions of
400 ml each were collected and analyzed. Flow rate of the column was 4
ml/min at 20°C. For SDS-PAGE, samples containing 23 nonreducing
Laemmli buffer (4% SDS) were boiled for 5 min and electrophoresed on
10–20% SDS-Tricine gels. Gels were transferred to Immobilon-P mem-
branes and probed for apoE immunoreactivity as described (LaDu et al.,
1998) (see above) and visualized by ECL (Amersham).

Primary astrocyte and hippocampal cultures. Forebrain astrocytes were
prepared from individual postnatal day 1–2 (P1–P2) mouse pups and
cultured in either T-75 flasks or in 24-well plates as described (Rose et al.,
1993; Narita et al., 1997). PCR was performed on pup tail DNA to
determine the presence or absence of the GFAP-apoE transgene. Once
astrocytes were confluent, they were washed with serum-free media, and
then E19 hippocampal neurons from C57Bl6 mice (density, ;100 cells/
mm 2) were plated either (1) directly on top of the astrocytes in N2 media
as described (Narita et al., 1997), or (2) onto poly-D-lysine-coated cov-
erslips in N2 media with four paraffin balls on the surface around the
edge of each coverslip. For the latter experiments, once the neurons
attached (within 4 hr), the coverslips were removed and flipped over into
24-well plates containing an astrocyte monolayer and N2 media such that
the neurons were ;2–3 mm above the surface of the astrocytes but not
in direct contact, as described (Goslin and Banker, 1991). Purified
recombinant 39 kDa receptor-associated protein (RAP), anti-LRP IgG,
and nonimmune rabbit IgG, prepared as described (Bu et al., 1993), were
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added to media at the time of neuronal plating in some experiments.
Cells were cultured for 44 hr at 37°C in a humidified 5% CO2 incubator,
fixed with 4% paraformaldehyde in PBS, and stained with antibodies to
MAP-2 as described (Narita et al., 1997) to identify neuronal cells.
MAP-2-IR neurites and cells were assessed using images from a video
camera projected onto a computer screen and then analyzed with the
NIH Image analysis program (version 1.57). For neurons grown on
astrocyte monolayers, neurites were identified based on visualization of
MAP-2-IR neurites. Neurites were traced from the cell body along the
neurite until the MAP-2-IR was no longer visualized. For neurons grown
on coverslips, neurites were identified with both MAP-2-IR as well as
with phase-contrast microscopy. The entire extent of all neurites could
unambiguously be identified in this manner. Beginning at the center of
each tissue culture well or the center of each coverslip, all isolated
neurons were evaluated until 20 were encountered per well. To deter-
mine the number of neurites per neuron, the total number of neurites
longer than one cell diameter was counted. To determine mean neurite
length, the lengths of all neurites greater than one cell body were
measured and the lengths of the neurites were divided by the number of
neurites measured. To determine mean neurite length per cell, the
lengths of all neurites greater than one cell body were measured and
divided by the number of cells assessed. All assays were performed in
triplicate or quadruplicate, and each experiment was repeated two or
three times with each transgenic line. The investigator assessing neurite
length was blind to astrocyte genotype. Data are presented as mean 6
SEM and were analyzed with ANOVA followed by Bonferroni t test with
significance set at p , 0.05.

RESULTS
To express human apoE isoforms in astrocytes, we subcloned
apoE3 and apoE4 cDNAs behind the gfa2 segment of the human
GFAP promoter construct (Fig. 1A). This construct has been
shown previously to direct in vivo expression of a lacZ reporter
gene to astrocytes in a developmental pattern similar to that seen
for both endogenous GFAP and apoE (Brenner et al., 1994;
Mouchel et al., 1995). GFAP-apoE transgenic mice were gener-
ated by microinjection of DNA into fertilized mouse eggs. Four
GFAP-apoE3 and 9 GFAP-apoE4 founder mice were produced

and identified as transgenic using the PCR as well as by Southern
blotting of tail DNA. An example of a Southern blot demonstrat-
ing the presence of both the endogenous mouse apoE gene as well
as GFAP-apoE transgene DNA in several founder animals is
shown in Figure 1B. Transgene copy number was variable be-
tween transgenic lines and ranged from 3 to 13.

To obtain mice that expressed human apoE in the absence of
mouse apoE, all founder mice were bred to apoE knock-out
(2/2) mice for two generations to produce F2 mice that were
hemizygous for the GFAP-apoE3 or E4 transgene and that were
mouse apoE2/2. To determine which transgenic lines expressed
human apoE protein, we analyzed these F2 offspring by perform-
ing immunohistochemistry and Western blotting with both rabbit
and goat anti-apoE antibodies. Analysis revealed that two GFAP-
apoE3 (lines 2 and 37) and five GFAP-apoE4 (lines 1, 3, 11, 19,
and 22) expressed human apoE. The expression of human apoE
was developmentally regulated in a pattern similar to that seen for
both endogenous GFAP and apoE (Poirier et al., 1991; Mouchel
et al., 1995), with detectable levels at P1 (data not shown), higher
levels at P14, and slightly lower levels in adults (Fig. 2). In
quantitative Western blots, we found that expression of apoE in
GFAP-apoE hemizygous animals varied between lines. Levels of
apoE in forebrain samples of adult hemizygous animals ranged
from 0.12 to 0.3 mg/mg of detergent-soluble protein, similar to
levels of human apoE detected in samples of adult human cortex
(;0.4–0.5 mg/mg detergent-soluble protein; data not shown).

In immunohistochemical experiments, human apoE immuno-
reactivity (IR) in the GFAP-apoE transgenics appeared to label
astrocytes and the neuropil throughout the brain, with an exam-
ple of typical staining in hippocampus shown in Figure 3A–D.
This pattern of staining is very similar to that seen for endoge-
nous mouse apoE in wild-type animals (Fig. 3E,F). During de-
velopment and in adult animals, human apoE-IR remained con-

Figure 1. GFAP-apoE construct used to generate transgenic mice ex-
pressing human apoE3 and apoE4 in the brain and Southern blot analysis
for apoE in founder mice. A, Human apoE3 and apoE4 cDNAs (h ApoE)
were subcloned behind a human glial fibrillary acidic protein ( gfap)
promoter described by Brenner et al. (1994). B, Southern blot analysis
using a 32P-labeled cDNA probe to mouse apoE reveals the presence of
human (;1 kb) and mouse apoE (;3 kb) DNA in different apoE3 (hE3)
and apoE4 (hE4 ) transgenic lines. Copy number is variable from line to
line.

Figure 2. Western blot analysis of human apoE in forebrain lysates and
concentrated astrocyte-conditioned media (ACM ) from transgenic mice
expressing apoE3 (hE3; A) or apoE4 (hE4; B). In forebrain samples, 50 mg
of detergent-soluble protein was loaded per lane. Human apoE protein is
detected with goat anti-human apoE antibody in the P14 and adult (Ad)
brains of hE3 (lines 2 and 37) and hE4 (lines 11 and 22) transgenic mice
but not in nontransgenic (2) apoE knock-out littermates. Astrocytes
derived from transgenic (1) animals (hE3, line 37; hE4, line 22) and from
nontransgenic (2) apoE knock-out littermates were cultured until con-
fluent and washed, and serum-free media were collected for 48 hr. Media
were concentrated 50-fold, and 3 ml was loaded per lane. Human apoE is
detected in the serum-free ACM from GFAP-apoE3 line 37 and GFAP-
apoE4 line 22 but not in the media of astrocytes derived from nontrans-
genic apoE knock-out littermates. Arrow indicates position of apoE.
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Figure 3. ApoE immunoreactivity is present in the brain of GFAP-apoE3 and GFAP-apoE4 mice. GFAP-apoE3 line 37 (A, B) and GFAP-apoE4 line
22 (C, D) mice on a mouse apoE2/2 background were immunostained with a goat anti-apoE antibody. There was strong staining of cells, which by
morphology appear to be astrocytes in the hippocampus in both P14 (A, C) and adult (B, D) mice. In addition to staining in glial cell bodies and their
processes, apoE-IR also appears to be present in the neuropil. Qualitatively similar apoE-IR is seen in cells that appear to be glial in C57Bl6 apoE1/1
mice in both P14 (E) and adult animals (F). ApoE-IR is not observed in the hippocampus of an apoE2/2 adult mouse (G). Scale bar, 130 mm.
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fined to glia and the neuropil, with no clear staining of neuronal
cell bodies. To confirm that apoE-IR was in astrocytes, we per-
formed double-labeling experiments with GFAP and apoE anti-
bodies on adult brain sections and used immunofluorescence
microscopy to visualize stained cells. We observed an overlapping
pattern of cellular staining for apoE and GFAP in all brain
regions examined, including the hippocampus (Fig. 4A,B). To
examine the regulation of human apoE expression by the GFAP
promoter in response to brain injury, we performed lesions of the
entorhinal cortex in several GFAP-apoE3 (lines 2 and 37) and
GFAP-apoE4 (lines 11 and 19) adult animals. The results were
similar with all animals, and an example from a GFAP-apoE4 line
19 animal that expresses apoE4 at high levels during development
(P1–P21) but at lower levels in the adult period than other lines
is illustrated here. Three days after entorhinal cortex lesion, there
was a clear upregulation of apoE-IR in the denervated outer
molecular layer of the dentate gyrus (Fig. 4C,D), the terminal
zone of axotomized neurons in the entorhinal cortex. The in-
crease in apoE-IR was seen in astrocytes as well as in the
surrounding neuropil. Endogenous rat apoE and GFAP have
been shown previously to be regulated in a similar pattern after
entorhinal cortex lesion (Poirier et al., 1991; Fagan and Gage,
1994), demonstrating that in our model, apoE expression in the
brain is recapitulated in a similar way to that seen normally and
after injury.

In addition to detection of apoE-IR in astrocytes in vivo, we
also produced forebrain glial cultures (.95% astrocytes) from
GFAP-apoE transgenic mice and looked for evidence of apoE
expression. All GFAP-apoE3 and apoE4 lines were found to
secrete apoE, whereas apoE was not detectable in the media from
cultures of nontransgenic apoE2/2 littermates (Fig. 2). Levels of
apoE present in the culture media after 3 d ranged from ;0.5 to
2 mg/ml in different lines. To determine whether apoE from
astrocytes was secreted in lipoprotein particles, serum-free
astrocyte-conditioned media was collected, concentrated 50-fold,
and fractionated by gel filtration chromatography. The majority
of the apoE was detected in fractions corresponding to particles
the size of plasma HDL (Fig. 5).

Several previous studies have demonstrated that apoE3-
enriched lipoproteins enhance, whereas apoE4-enriched lipopro-
teins either decrease or have no effect on neurite outgrowth in
PNS neurons and in neuronal cell lines (Nathan et al., 1994;
Bellosta et al., 1995; Holtzman et al., 1995b; Fagan et al., 1996a).
We sought to determine whether apoE3 and apoE4 secreted
directly by cells that normally produce apoE in the brain (i.e.,
astrocytes) would affect neurite outgrowth from primary CNS
neurons. First, we generated primary forebrain glial cultures from
individual P1 pups from the different GFAP-apoE3 and GFAP-
apoE4 transgenic lines as well as from nontransgenic apoE2/2
littermates. Once astrocyte monolayers were confluent, two dif-

Figure 4. GFAP and human apoE are co-localized, and apoE immunoreactivity is increased in regions of denervation in GFAP-apoE transgenic mice.
A section through the hippocampus of an adult GFAP-apoE3 line 37 mouse was stained with a rat anti-GFAP antibody (A, green) and a goat anti-apoE
antibody (B, red). Cells that are GFAP-immunoreactive are also immunoreactive for apoE (arrows). Three days after unilateral (right) entorhinal cortex
lesion in an adult GFAP-apoE4 line 19 mouse, apoE-IR is clearly increased within astrocytes and the neuropil of the denervated outer molecular layer
of the dentate gyrus (C). On the nonlesioned side ( D), apoE-IR is present but is not upregulated. In C and D, the dorsal blade of the outer molecular
layer is bracketed by arrowheads. Scale bars: A, B, 2 mm; C, D, 100 mm.
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ferent kinds of experiments were performed. In the first set of
experiments, glial cultures were washed with serum-free media,
and embryonic day 19 (E19) primary hippocampal neurons (from
C57Bl6 mice) were plated at low density directly on top of the
astrocyte monolayers. In a second set of experiments, E19 pri-
mary hippocampal neurons were plated on poly-D-lysine-coated
coverslips with small paraffin balls around the edge of the cover-
slip according to the method of Goslin and Banker (1991). Once
the neurons attached (3–4 hr), the coverslips were flipped over
and placed on top of either GFAP-apoE3, GFAP-apoE4, or
apoE2/2 astrocytes. Thus, in the second set of experiments, the
neurons were exposed to the astrocyte-conditioned media but
were not in direct contact with the glial monolayer. In both
experiments described, cells were fixed 44 hr after plating and
stained with an antibody to MAP-2 to assist in identifying neu-
rons and their processes, and neurite outgrowth was quantified
using an image analysis system. We found that regardless of
whether neurons were plated directly on top of the glial mono-
layer or were grown on coverslips in the presence of astrocyte-
conditioned media, neurite outgrowth was greater in the presence
of GFAP-apoE3 compared with GFAP-apoE4 and apoE2/2
astrocytes (Figs. 6–8). Both mean MAP-2-IR neurite length as
well as total MAP-2-IR neurite length per neuron were signifi-
cantly greater in the presence of GFAP-apoE3 astrocytes (Fig. 8).
In contrast, the number of MAP-2-IR neurites per neuron was
not significantly different among the different transgenic lines
(data not shown). The differential effects on neurite outgrowth
were seen using two apoE3 and three apoE4 transgenic lines.
Attenuated neurite outgrowth in the presence of GFAP-apoE4
astrocytes was not caused by lower levels of apoE secretion by
these cells compared with GFAP-apoE3 astrocytes. ApoE4 levels
in astrocyte-conditioned media were equal to or greater than
levels of apoE3 in some experiments. It is of note that MAP-2 is
a neuron-specific marker that strongly stains cell bodies and
dendrites, although it may be excluded from some axons as they
mature in culture (Goslin and Banker, 1991). In the neurons
plated on astrocytes, MAP-2-IR was used to identify and assess
neurite length. It is possible that the tip of every neurite was not

visualized under these conditions. In experiments with neurons
grown directly on coverslips, however, this was not the case rule.
Under these conditions, we used both MAP-2-IR as well as
phase-contrast microscopy to assist in tracing neurites. The full
extent of all neurites could be unambiguously determined in this
manner. Because stimulatory effects of astrocyte-secreted apoE3
were observed using this technique, apoE3 is clearly influencing
total neurite outgrowth under these conditions.

In previous studies, it was shown that the stimulatory effects of
apoE3-enriched, plasma-derived lipoproteins on neurite out-
growth appear to require interactions with the LRP (Bellosta et
al., 1995; Holtzman et al., 1995b; Fagan et al., 1996a). To deter-
mine whether LRP is also required for the neurite-promoting
effects of nascent astrocyte-secreted apoE3 lipoproteins, we per-
formed neurite outgrowth experiments in the presence and ab-
sence of the RAP. RAP is a competitive antagonist of all known
LRP ligands (Herz et al., 1991; Strickland et al., 1991; Krieger
and Herz, 1994). In the presence of RAP (0.5 mM), the neurite-
promoting effect of apoE3 was blocked (mean neurite length on
coverslips: GFAP-apoE3, 67.4 6 2.2 vs GFAP-apoE3 and RAP,
48.0 6 1.7; p , 0.001), whereas there was no effect of RAP on
neurite outgrowth in the presence of apoE4 or the absence of
apoE (data not shown). Because RAP can also interact with other
members of the LDL receptor family (Battey et al., 1994), we also
assessed the effects of anti-LRP and nonimmune IgG on neurite
outgrowth. Anti-LRP IgG, at concentrations previously shown to
block effects of apoE3-enriched b-very low-density lipoprotein
(VLDL) on neurite outgrowth (2 mM) (Holtzman et al., 1995b;
Fagan et al., 1996a), also blocked the neurite-promoting effects of
apoE3 secreted by GFAP-apoE3 astrocytes (Figs. 6–8). Anti-
LRP IgG had no effect on neurite outgrowth in the presence of
GFAP-apoE4 or apoE2/2 astrocytes. These findings suggest that
under conditions that attempt to model those that occur physio-
logically in brain parenchyma, astrocyte-secreted HDL-like par-
ticles containing apoE3 but not apoE4 can mediate biological
effects on neurons through interactions with LRP, an apoE re-
ceptor expressed at high levels in neurons.

Figure 5. Western blot analysis of selected fractions from
gel filtration chromatography of serum-free conditioned me-
dia from transgenic astrocytes expressing apoE3 (E3, line
37 ) or apoE4 (E4, line 22). Human apoE, as detected with
rabbit anti-human apoE antisera, was present in fractions
eluting in the size range of plasma HDL. The blot was
developed with ECL. Arrows indicate positions of apoE
(;36 kDa) monomer (E3, E4 ), and (;72 kDa) dimer (E3).
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DISCUSSION
Because the discovery that the e4 allele of apoE is a risk factor for
AD as well as for poor outcome after various brain insults,
investigators have been studying a variety of potential avenues
through which the apoE protein could account for these effects.
Most of these studies have used delipidated apoE, delipidated
apoE used to enrich artificial or plasma lipoproteins, or non-CNS
cell line-derived apoE. Although these studies have provided
useful information, the apoE produced in brain is expressed
predominantly by glia (Boyles et al., 1985; Pitas et al., 1987a;
Poirier et al., 1991; Nakai et al., 1996; Stone et al., 1997). Because
(1) apoE in the extracellular space is found in vivo as a compo-
nent of lipoproteins (including in the CNS), (2) different cell
types secrete cell- and context-specific lipoproteins, and (3) the
size and composition of lipoproteins affects their function, we
produced a model in which human apoE isoforms are expressed
by astrocytes in vivo and are regulated in a manner similar to that
seen for endogenous apoE in the brain. Interestingly, cultured
astrocytes from these animals secrete apoE in particles that are
the size of plasma HDL and appear to influence neurite out-
growth in primary hippocampal neurons in an isoform-specific
manner through the apoE receptor LRP. Further studies with this
model should be useful to better understand the cellular and
molecular interactions of astrocyte-produced human apoE iso-
forms with specific cell types and proteins in vitro and their effects
in models of AD and other CNS disorders in vivo.

The GFAP-apoE transgenic animals expressed human apoE in
astrocytes throughout postnatal brain development and into the
adult period. This expression pattern is similar to what is ob-

served for endogenous GFAP and apoE (Mouchel et al., 1995).
The fact that apoE-IR is increased after brain injury is also
similar to what is observed for the regulation of endogenous apoE
(Poirier et al., 1991). The level of human apoE protein in fore-
brain samples from hemizygous animals was dependent on the
transgenic line and in general correlated with copy number. We
also found that apoE levels in adult GFAP-apoE hemizygous
animals were comparable with those found in samples from adult
human cortex. Although we are in the process of determining the
exact amount of cross-reactivity between human and mouse apoE
identified by the goat anti-apoE antibody we used to quantify
human apoE in these studies, our preliminary experiments sug-
gest that levels of mouse apoE in normal mouse brain are very
similar to levels of human apoE detected in the GFAP-apoE
transgenic brains (Y. Sun and D. Holtzman, unpublished obser-
vations). Thus, the level of human apoE expression in this model
appears to closely mimic normal physiological levels.

Studies of CSF constituents first suggested that lipoprotein
metabolism within the brain is distinct from that in the periphery
(Roheim et al., 1979; Pitas et al., 1987b). The apoE in the CSF is
derived from within the CNS (Linton et al., 1991). Thus, whereas
apoE in plasma and other organs could influence cells within the
brain through indirect mechanisms (e.g., through effects on blood
vessels), effects of apoE in the brain are likely to be mediated by
apoE produced within the brain itself. The GFAP-apoE trans-
genic mice described herein may be useful to sort out effects of
astrocyte-produced apoE isoforms from effects of apoE derived
from outside the brain (e.g., plasma) as well as within the brain
(by astrocytes and other cells), as is seen in other human apoE

Figure 6. Neurite outgrowth from E19 primary hippocampal neurons is increased when neurons are cultured on the surface of GFAP-apoE3-secreting
astrocytes. E19 primary hippocampal neurons (C57Bl6) were plated onto confluent astrocyte monolayers derived from the forebrain of P1 GFAP-apoE3
line 2 (C, D), GFAP-apoE4 line 22 (B), or apoE2/2 (A) littermate pups. After 44 hr in culture, MAP-2-IR neurites were on average longer in the
presence of the apoE3-secreting astrocytes than in the presence of the apoE4 or apoE2/2 astrocytes. The increase in neurite outgrowth seen in the
presence of apoE3 was blocked by anti-LRP IgG (D). Scale bar, 26 mm.
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transgenic models. For example, human apoE transgenic mice
have been produced by using different promoters driving apoE
expression in brain. Mice generated with a transferrin promoter
have apoE-IR in astrocytes (Bowman et al., 1995, 1996). Sullivan
et al. (1997) have produced mice with a targeted replacement of
human apoE3 for mouse apoE. Similar to our mice, those of
Bowman et al. (1996), and wild-type mice, these mice also have
apoE-IR in glia (Roses, 1997). In contrast to these three models,
Xu et al. (1996) produced apoE transgenic animals in which large
regions of human genomic DNA surrounding and including the
apoE locus drive apoE expression. In these animals, apoE-IR is
found in both glia and some neurons. Because apoE staining is
not seen in neurons in other models, this suggests that apoE
is expressed by both glia and neurons in the mice produced by
Xu et al. (1996). Whether the structure or function of apoE and
lipoproteins produced in brain by these mice (by neurons and
glia) will alter the biological effects of human apoE compared
with the other models in which there is only glial apoE-IR
remains to be determined.

In contrast to human CSF, which contains apoE, apoAI,
apoAII, apoJ, and smaller amounts of other apolipoproteins
(Roheim et al., 1979; Pitas et al., 1987b; Borghini et al., 1995), our
recent studies suggest that rat astrocytes secrete lipoprotein par-
ticles that are HDL-like in size, contain only apoE and apoJ, and
are composed of free cholesterol and phospholipid with little
cholesteryl-ester (LaDu et al., 1998). Although we have not yet
determined the composition of the lipoprotein particles secreted

by the GFAP-apoE transgenic mice, the apoE that they secrete is
also in particles that are HDL-like in size. In our co-culture
experiments, hippocampal neurite outgrowth was augmented in
the presence of apoE3-secreting astrocytes compared with that
observed in the presence of apoE2/2 or apoE4-secreting astro-
cytes. Thus, despite likely compositional and structural differ-
ences between apoE3- and apoE4-enriched plasma lipoproteins
and apoE-containing, astrocyte-secreted lipoproteins, astrocyte-
secreted apoE isoforms appear to have similar differential effects
on neurite outgrowth, as has been described in other studies with
PNS neurons and on neuronal cell lines (Nathan et al., 1994;
Holtzman et al., 1995b; Nathan et al., 1995). In a previous study
using astrocyte–neuron co-culture techniques, we found that hip-
pocampal neurite outgrowth is greater in the presence of astro-
cytes derived from wild-type mice compared with astrocytes
derived from apoE2/2 mice (Narita et al., 1997). Thus, with
regard to neurite outgrowth, glial-derived mouse apoE particles
seem to have effects similar to glial-derived human apoE3 rather
than apoE4-containing particles. Although mouse apoE resem-
bles human apoE4 at positions 112 and 158, other amino acid
differences between mouse and human apoE such as at position
61 may result in mouse apoE having structural properties and
lipid interactions that are more similar to human apoE3
(Weisgraber and Mahley, 1996). Whether the different effects
induced by apoE3 versus apoE4 are related to differential effects
on intracellular lipid metabolism (Schwiegelshohn et al., 1995),
differential interactions with growth factors (Gutman et al., 1997),

Figure 7. Neurite outgrowth from E19 primary hippocampal neurons is increased when neurons are cultured in the presence of media derived from
GFAP-apoE3-secreting astrocytes. E19 primary hippocampal neurons (C57Bl6) were plated onto poly-D-lysine-coated coverslips and after attachment
were incubated in the presence (but not in direct contact with) confluent astrocyte monolayers derived from the forebrain of P1 GFAP-apoE3 line 2 (C,
D), GFAP-apoE4 line 22 (B), or apoE2/2 (A) littermate pups. After 44 hr in culture, neurites, here identified by MAP-2-IR but also identified by
phase-contrast microscopy, were on average longer in the presence of the apoE3-secreting astrocytes than in the presence of the apoE4 or apoE2/2
astrocytes. The increase in neurite outgrowth seen in the presence of apoE3 was blocked by anti-LRP IgG (D). The tips of two axons are identified with
arrows in C. Scale bar, 35 mm.
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effects on antioxidant activity (Miyata and Smith, 1996), or effects
on the cytoskeleton (Strittmatter et al., 1994; Nathan et al., 1995)
remains unclear. Another possibility is that apoE isoforms differ-
entially potentiate effects of neurite outgrowth of a protein di-
rectly linked to AD pathology. In fact, recent in vitro data suggest
that apoE can directly interact with the secreted form of the
amyloid precursor protein (sAPP) and can potentiate its calcium-
lowering effects with apoE3 having greater effects than apoE4
(Barger and Mattson, 1997). This may be important, because
sAPP can itself influence neurite outgrowth (Mattson, 1994). It
will be interesting to determine whether these effects require
LRP. Because LRP is required for the stimulatory effects of
apoE3 on neurite outgrowth in our experiments, this suggests
that receptor-mediated endocytosis is in some way involved.

Previous studies with apoE3- and apoE4-enriched b-VLDL have
shown no clear differences in binding to LRP (Kowal et al., 1990).
Unless differences in LRP binding or uptake are found using
astrocyte-derived lipoproteins, it seems likely that differential
effects of apoE isoforms on neurite outgrowth will be attributed
to effects of apoE on lipid and cholesterol utilization or other
process subsequent to LRP-mediated endocytosis. At the devel-
opmental period during which our experiments were performed,
LRP was expressed on all neuritic processes (Y. Sun and D.
Holtzman, unpublished observations). However, with maturation
in vitro, LRP becomes restricted to the somatodendritic domain of
cultured hippocampal neurons (Brown et al., 1997). Whether this
compartmentalization influences potential effects of apoE on
neurons is not known. It is conceivable that differential effects of

Figure 8. Quantification of neurite outgrowth in the presence of human apoE transgenic astrocytes in vitro. Primary hippocampal neurons (C57Bl6)
were grown either directly on top of astrocyte monolayers (A, B) or on poly-D-lysine-coated coverslips suspended above the astrocyte layer (C, D). Mean
values in a representative experiment were obtained from n 5 4 wells per condition for each transgenic line (GFAP-E3, line 2; GFAP-apoE4, line 22).
In both conditions, mean neurite length and mean neurite length per neuron were significantly greater in the presence of apoE3-expressing astrocytes
(E3) compared with apoE4-expressing astrocytes (E4 ) or those expressing no apoE (KO). In addition, anti-LRP IgG significantly attenuated neurite
outgrowth in the presence of apoE3-expressing astrocytes, whereas nonimmune IgG had no effect. Data are presented as mean 6 SEM. *p , 0.05
compared with apoE3-secreting astrocytes in the presence of anti-LRP IgG as well as apoE4 and apoE KO astrocytes under all conditions (ANOVA
followed by Bonferroni t test).
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human apoE isoforms on neurons play a role in structural plas-
ticity and response to brain injury that occurs in aging, in AD
(Flood and Coleman, 1986), and after CNS insults.

Although the neurite-promoting effects of astrocyte-
secreted apoE3 and apoE4 suggest that these particles have
similar biological activities to apoE3 and apoE4-enriched
plasma b-VLDL and HDL, this does not mean that astrocyte-
secreted, apoE-containing particles have similar activities with
regard to other potentially important interactions related to
injury and disease. In addition to differential effects of apoE on
structural plasticity or neuronal injury, another mechanism by
which apoE4 could influence AD risk is through interactions
with the b-amyloid (Ab) protein, the deposition of which is
thought to contribute to AD pathogenesis (Selkoe, 1994).
Differential interactions between apoE isoforms and Ab in
brain parenchyma (Wisniewski and Frangione, 1992;
Schmechel et al., 1993) may result in altered deposition or
clearance of Ab from the brain. Studies suggest that apoE
(Strittmatter et al., 1993) and apoE-containing lipoproteins
(LaDu et al., 1994, 1995) can interact with Ab both in vivo
(Naslund et al., 1995) and in vitro, and that apoE can also
influence Ab fibril formation in vitro (Evans et al., 1994; Ma et
al., 1994). Soluble Ab has been shown to interact with lipopro-
teins in both plasma (Biere et al., 1996) and CSF (Koudinov et
al., 1996). A recent study using transgenic mice that overex-
press a mutant APP transgene demonstrated than when these
mice were bred onto a mouse apoE2/2 background, there was
a marked decrease in Ab deposition and thioflavin S-positive
deposits compared with animals expressing endogenous mouse
apoE (Bayles et al., 1997). It will be important to determine the
effects that different human apoE isoforms have on similar
parameters. ApoE isoform-specific differences in astrocyte-
secreted particle structure may lead to differential interactions
with Ab. Studying such interactions may give novel insights
into whether apoE-containing particles secreted by astrocytes
may affect Ab deposition through enhancing Ab fibrillogenesis
or inhibiting Ab clearance in vivo.
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