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Two distal downstream enhancers controlling astrocyte expres-
sion of the human apolipoprotein E (apoE) gene in the brain
were identified by analysis of transgenic mice generated with
various constructs of the apoE/C-I/C-IV/C-II gene cluster. In
wild-type mice, the highest overall levels of apoE mRNA were
found in astrocytes in the glomerular layer of olfactory bulbs
and in Bergmann glia in the cerebellum. This pattern of expres-
sion was reproduced in transgenic mice expressing the entire
human apoE gene cluster and also in transgenic mice express-
ing specific enhancer segments within the cluster. Expression
of the human apoE transgene at these sites was specified by
two enhancer domains: one enhancer is located 3.3 kb down-
stream of the apoE gene, and a duplication of this sequence is
located 15 kb downstream of the apoE gene. Astrocyte en-

hancer activity was contained within 620 and 619 bp segments
of these domains that show subtle differences in regional ex-
pression. In the absence of these distal enhancers, the apoE
gene was not expressed in astrocytes. The relatively high levels
of apoE expression at specific sites in the olfactory bulb and
cerebellum suggest the presence of unique regulatory signals
at these locations that may reflect common cellular properties
and apoE gene functions. The localization of the two astrocytic
enhancers reveals an unexpected complexity in the control of
apoE production that is essential to understanding apoE func-
tion in the brain.
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Apolipoprotein E (apoE) is a protein (Mr 5 35,000) that func-
tions in the CNS. This conclusion is supported by the abundance
of apoE mRNA in the brain (Elshourbagy et al., 1985), the
presence of immunoreactive apoE in subsets of brain glial cells
(Boyles et al., 1985), and the finding of apoE in CSF lipoproteins
(Pitas et al., 1987). Several studies suggest that apoE contributes
to neural homeostasis. ApoE may help to repair and maintain
neuronal integrity after lesion-induced damage (Poirier et al.,
1993), acute head injury (Chen et al., 1997), stroke (Slooter et al.,
1997), and during aging (Masliah et al., 1995a). ApoE is present
in extracellular insoluble amyloid plaques and intracellular neu-
rofibrillary tangles that are characteristic of Alzheimer’s disease
(Namba et al., 1991).

The presence of either arginine or cysteine at amino acid
positions 112 and 158 (Rall et al., 1982) defines three common
human apoE variants, E2, E3, and E4 (Zannis and Breslow, 1981;
Sing and Davignon, 1985) that affect plaque formation and the
progression of neurodegenerative disorders. ApoE4 is an impor-
tant risk factor for late-onset Alzheimer’s disease (Corder et al.,
1993; Strittmatter et al., 1993; Roses, 1996). Isoform-specific
differences on maintaining neuronal integrity have also been

described for apoE. For example, neurite outgrowth by cultured
neuronal cells is enhanced by apoE3 and inhibited by apoE4
(Nathan et al., 1994; Sun et al., 1998). Furthermore, apoE3 has a
greater neuroprotective effect than apoE4 in aged transgenic mice
and after excitotoxin-induced neuronal damage (Buttini et al.,
1999). In vivo studies have also supported a role for apoE in
learning and memory. ApoE4 is linked to memory deficits asso-
ciated with human hippocampal disorders (Soininen and Riekki-
nen, 1996). In addition, synaptic and dendritic alterations corre-
lated with learning deficits are observed in apoE-deficient mice
(Masliah et al., 1995b).

Astrocytes are the major site of immunoreactive apoE through-
out the CNS (Boyles et al., 1985). ApoE is particularly abundant
in Bergmann glia of the cerebellum. Changes in astrocyte protein
expression, including an upregulation of apoE synthesis, are
initiated by inflammatory and neurodegenerative insults. The
production of apoE by hippocampal astrocytes increases dramat-
ically in response to kainic acid excitotoxicity and after surgical
lesioning in or near the hippocampus (Page et al., 1998), and
apoE accumulates at sites of neuronal degeneration (Ong et al.,
1997). Reactive astrocytes have been described that respond to
inflammatory mediators, including interleukin-1, tumor necrosis
factor, and glucocorticoids (Eddleston and Mucke, 1993; Merrill
and Benveniste, 1996; Rutka et al., 1997). However, little is
known about the regulatory mechanisms that control the initia-
tion of gene expression in astrocytes in response to inflammatory
and degenerative signals. Because the production of apoE by
astrocytes appears to be induced in response to multiple physio-
logical signals, we investigated the regulatory elements that spec-
ify its expression in these cells.

We used transgenic mouse models generated with constructs of
the human apoE gene to identify regulatory domains that direct
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apoE expression to astrocytes. We found that two enhancers
control apoE production in astrocytes and that they have inde-
pendent differences in the patterns of their activity. The apoE
gene promoter cannot direct transcription of the apoE gene in
astrocytes in the absence of an astrocyte enhancer. Our results
show an unexpected complexity in the regulation of apoE in the
brain and permit the use of astrocyte-specific enhancers of apoE
expression to help understand the role of apoE in the brain in
response to a wide variety of regulatory signals in health and
disease.

MATERIALS AND METHODS
Transgenic mice. Transgenic mice were generated with constructs of the
human apoE gene cluster using the inbred FVB/N strain. The apoE3-
expressing p198.KK, HEG1, HEG.LE1, HEG.LE2, and HEG.LE6
constructs (Fig. 1) have been described previously (Simonet et al., 1993;
Allan et al., 1995a). The LE8 fragment was derived from the LE1
fragment and ligated to the 39 end of HEG1 to generate HEG.LE8. A
single nucleotide substitution was introduced into the codon for amino
acid 112 in the fourth exon of the apoE gene in HEG.LE1 to yield an
apoE4-expressing construct that was confirmed by nucleotide sequencing
and demonstrated to be otherwise identical with the apoE3-expressing
HEG.LE1 construct (data not shown). The HEG.EC1 and HEG.EC4
constructs were prepared by ligating 2.6 kb and 620 bp fragments of the
apoE/C-I intergenic region to the 39 end of HEG1; these fragments were
generated by PCR extension of oligonucleotides beginning 2.7 and 3.3 kb
downstream of the apoE gene. The HEG.EC2 construct was generated
by SphI restriction endonuclease digestion of p198.KK.

To confirm brain enhancer activity, we modified a transgene expres-
sion vector (Fan et al., 1994; Ji et al., 1994) constructed with sequences
from the human apoE gene. ApoE gene sequences in the vector include
3.0 kb of 59 flanking sequence, the first exon, the first intron, and six

nucleotides of the second exon ligated to a polylinker that serves as a
cDNA insertion site. The cDNA site is followed by the 39 terminal 124
nucleotides of the human apoE gene fourth exon and 112 nucleotides of
39 flanking sequence ligated to a polylinker into which the LE1 and LE8
fragments (Fig. 1) were inserted (see Fig. 9). Additional polylinker sites
at both ends of the construct permit insertion into and excision from
plasmids. An enhanced green fluorescent protein (EGFP) cDNA (Strat-
agene, San Diego, CA) was inserted into the cDNA site to generate a
reporter construct for our studies.

To analyze transgene expression, the F1 progeny from two to four
different transgenic lines (derived from independent founders) were
examined for each construct, including at least two males and two
females in each transgenic line. The activity of each enhancer was
confirmed by analysis of transgenic mice generated with at least two
different subfragments of the p198.KK parent construct. In addition,
expression of the heterologous EGFP reporter construct further con-
firmed the action of the LE1 and LE8 fragments. Thus, multi-enhancer
2 (ME.2) activity was confirmed by analysis of four lines of transgenic
mice generated with HEG.LE1, three lines generated with HEG.LE2,
and two lines generated with HEG.LE8 (Fig. 1). In addition, three lines
from each of two different constructs in which the EGFP vector was
ligated to either the LE1 or LE8 fragment were also analyzed (see Fig.
9). Similarly, the activity of ME.1 was confirmed in multiple lines of
HEG.EC1, HEG.EC2, and HEG.EC4 transgenic mice (Fig. 1). We show
representative data for constructs that reveal the activities of the two
different astrocyte enhancers.

In situ hybridization. To prepare tissues, control FVB/N and transgenic
mice were perfused with 4% paraformaldehyde. Brains were removed
quickly and stored in 4% paraformaldehyde at 4°C for 24–36 hr. Per-
fused brains were paraffin-embedded, and then 7 mm sections were cut
with a rotary microtome, mounted on slides (Superfrost Plus; Fisher
Scientific, Pittsburgh, PA), and stored at 4°C until use. Before hybridiza-
tion, slides were warmed to room temperature and baked at 55°C for 30
min. Paraffin was removed from the slides by two successive 10 min
immersions in xylene. Tissue sections were hydrated in a progressive
series of 3 min washes in ethanol (100, 90, 70, 50, and 30%), followed by
three successive 5 min immersions in 13 PBS (in mM): 137 NaCl, 2.7
KCl, 4.3 Na2HPO4 z 7H2O, 1.4 KH2PO4 , pH 7.3. The sections were
incubated with 20 mg/ml proteinase K (Boehringer Mannheim, India-
napolis, IN) in 50 mM Tris-HCl, pH 8.0, 5 mM EDTA, and 150 mM NaCl
for 15 min at room temperature. Proteolytic activity was stopped by
immersion for 10 min in 0.2% glycine in 13 PBS. Tissues were rinsed in
13 PBS for 5 min, fixed in 4% paraformaldehyde in 13 PBS for 5 min,
rinsed in 13 PBS for 5 min, and then acetylated with 0.25% acetic
anhydride in 0.1 mM triethanolamine buffer at pH 8.0 for 10 min. Tissue
sections were given a final rinse in 13 PBS for 5 min and then dehydrated
in a progressive series of 3 min washes in ethanol (30, 50, 80, 95, and
100%). RNA probes complementary to nucleotides 492–783 of mouse
apoE mRNA and 20–411 of human apoE mRNA were labeled with
[a-33P]UTP to a specific activity of at least 2 3 10 4 Ci /mmol using a
RNA transcription kit (Stratagene). Labeled probes were purified
through Micro Bio-Spin 30 chromatography columns (Bio-Rad, Her-
cules, CA).

Tissue sections were incubated for 14–18 hr in a humidified chamber
at 42°C with probes diluted to 2.0 3 10 6 cpm per slide in a buffer
containing 50% formamide, 300 mM NaCl, 20 mM Tris, pH 8.0, 5 mM
EDTA, 13 Denhardt’s solution [0.2% polyvinylpyrrolidone, 0.02% Fi-
coll, 0.02% bovine serum albumin (BSA)] 10% dextran sulfate, 250
mg/ml sperm DNA, and 0.1 mg/ml tRNA. The sections were washed
twice at room temperature in 23 SSC, 1.0 mM EDTA for 10 min, and
immersed in 20 mg/ml ribonuclease (RNase) A (Sigma, St. Louis, MO)
in 500 mM NaCl and 10 mM Tris, pH 8.0, and 10 U/ml T1 RNase
(Boehringer Mannheim) for 1 hr at 37°C. Tissue sections were washed at
55°C in six changes of 0.13 SSC with 1.0 mM EDTA for 4 hr, rinsed twice
for 10 min each in 0.53 SSC, and dehydrated. For autoradiography, the
slides were exposed at 220°C to b-max film (Amersham, Arlington
Heights, IL) for 4 d. For dark-field and bright-field microscopy imaging,
the slides were dipped in NTB2 nuclear track emulsion (Eastman Kodak,
Rochester, NY), incubated at 4°C for 5 d, and developed with D19
developer (Eastman Kodak). The sections were stained for 2 min with
hematoxylin (Fisher Scientific), washed in Scott’s Tap Water Substitute
(Fisher Scientific) for 3 min and 80% ethanol for 1 min, and then
restained with eosin (Fisher Scientific) for 3 min. After dehydration by
rinsing in a graded series of ethanol (80, 95, and 100%), the slides were
rinsed three times in xylene and overlaid with coverslips.

Figure 1. Transgenic constructs. The bold horizontal lines represent hu-
man genomic DNA. The apolipoprotein genes are illustrated as solid
vertical lines for exons and open boxes for introns, and the scale in
kilobases is shown. Transcription is in the 59 to 39 orientation for all genes.
The 12 kb/11 kb duplication that yielded the apoC-I and apoC-I9 genes is
shown as inverted brackets. The locations of hepatocyte-expressing he-
patic control regions (HCR.1 and HCR.2) (Allan et al., 1995b, 1997) and
astrocyte-expressing multienhancers (ME.1 and ME.2) are indicated by
ovals. The inverted lines illustrate segments downstream of the apoE gene
that were deleted in preparing constructs as indicated in Materials and
Methods. The HEG.EC1 construct deleted 1.0 kb and the HEG.EC4
construct deleted 1.6 kb from the intergenic region. The LE8 (0.06 kb),
LE6 (0.77 kb), and LE2 (1.7 kb) fragments were derived from the LE1
(3.8 kb) fragment and ligated to HEG1. The 39 end of HEG1 is located
1.7 kb downstream of the apoE gene. The 59 end of LE1 is located 14.3
kb downstream of the apoE gene. The HEG.EC2 construct consists of an
SphI–SphI subfragment of p198.KK.
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Cellular localization studies. Immunohistochemistry was done with a
tyramide signal amplification (TSA) kit (MA, TSA-fluorescein system,
NEL701; TSA-tetramethylrhodamine system, NEL702; NEN, Boston,
MA) according to the manufacturer’s recommendations with the follow-
ing changes. Paraffin was removed from the slides by three successive 10
min immersions in 100% xylene. Sections were rehydrated by immersion
in 100% ethanol twice for 10 min each, 50% ethanol for 10 min, and H2O
twice for 10 min each. Sections were washed three times in PBS–glycine
(13 PBS, 0.02 M glycine) containing 1% BSA for 2 min each and were
treated with 3% H2O2 , 1% BSA in PBS–glycine for 18 min. Slides were
rinsed three times in PBS–glycine containing 0.1% BSA for 2 min each
and blocked using 3% BSA in PBS–glycine for 60 min at room temper-
ature. Then sections were incubated with a primary antibody for
astrocyte-specific glial fibrillary acidic protein (GFAP) or human apoE in
1% BSA in PBS–glycine overnight at 4°C in a humid chamber. Tissues
were rinsed three times for 5 min each in PBS–glycine containing 0.1%
BSA and blocked with Peroxoblock solution (Zymed, South San Fran-
cisco, CA) for 45 sec. After three 5 min washes in PBS–glycine contain-
ing 1% BSA, sections were incubated with biotinylated secondary anti-
bodies in 1% BSA in PBS–glycine for 1 hr at room temperature. Slides
were washed three times in TNT buffer (0.1 M Tris-HCl, 0.15 M NaCl,
0.05% Tween 20) for 5 min each with gentle agitation, incubated in TNB
blocking buffer (0.1 M Tris-HCl, 0.15 M NaCl, 0.5% blocking reagent
supplied in the TSA kit) for 30 min at room temperature, and incubated
for 30 min at room temperature in streptavidin–horseradish peroxidase
(provided in the TSA kit). Sections were washed three times in TNT
buffer for 5 min each with gentle agitation, incubated in fluorescein
tyramide or tetramethylrhodamine (supplied in the TSA kit) for 7 min at
room temperature, and washed again five times in TNT buffer for 5 min
each. Sections were overlaid with coverslips using Vectashield mounting
medium for fluorescence (H-1000; Vector Laboratories, Burlingame,
CA), and the coverslips were sealed with nail polish. For dual-labeling
studies, sequential labelings were performed on each section, including
appropriate controls to detect any cross reaction of antibodies. Tissue
sections were imaged by fluorescence microscopy. In control experiments

in which primary antibody was omitted, no staining of cells could be
detected.

RESULTS
Endogenous mouse apoE mRNA expression in
the brain
Endogenous apoE mRNA was detected at various levels of ex-
pression throughout the brain as shown by autoradiograms after
in situ hybridization of both horizontal and sagittal sections from
nontransgenic control mice brains (Fig. 2A,B). Human apoE
mRNA in transgenic mice generated with the complete apoE
gene cluster, p198.KK (Fig. 2D,E), had an expression pattern
similar to that of endogenous mouse apoE mRNA, although
subtle differences in apoE expression were found between trans-
genic and control brains. The highest level of apoE mRNA in
both nontransgenic control (Fig. 2A,B) and p198.KK transgenic
(Fig. 2D,E) mice was found in the glomerular layer in the olfac-
tory bulb and at the interface of the molecular and granular cell
layers in the cerebellum. A strong signal was found at selected
ventricular margins, and a less prominent signal that varied in
intensity was observed throughout the remaining regions of the
brain. These results support the probability that the p198.KK
construct contains all of the regulatory sequences needed for
complete expression of the apoE gene in transgenic mouse brains.
No significant signal was detected with an apoE mRNA sense
probe (Fig. 2C) or when the human anti-apoE probe was reacted
with a nontransgenic control mouse brain (Fig. 2F), showing that
our results with transgene expression are specific for human apoE
mRNA.

Figure 2. Distribution of expression of endogenous apoE
mRNA in nontransgenic control and p198.KK transgenic
mouse brains. Horizontal and sagittal sections of nontrans-
genic control (A, B) and p198.KK transgenic (D, E) mouse
brains were radioactively labeled by in situ hybridization and
examined by autoradiography. A, B, Distribution pattern of
endogenous mouse apoE mRNA (dark grains) as revealed by
a mouse antisense probe. C, Hybridization to a sagittal brain
section with a sense probe does not produce a signal. D, E,
Distribution pattern of p198.KK human transgene apoE
mRNA (dark grains) as revealed by a human antisense probe.
F, Hybridization to a sagittal nontransgenic control brain
section with a human antisense probe does not produce a
signal.
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Examination of the olfactory bulbs at higher magnification by
dark-field microscopy confirmed the intense expression of apoE
mRNA in the glomerular layer and revealed high levels of mouse
(Fig. 3A) and human (Fig. 3B) apoE mRNA in cells bordering
both sides of the mitral cell layer. In addition, a strong hybridiza-
tion signal was detected in scattered cells distributed throughout
the olfactory bulb, including the olfactory neuronal layer, exter-
nal plexiform layer, granular layer, and accessory olfactory bulb.
The majority of this signal resembled the distribution of astro-
cytes in the olfactory bulb, as shown by the reaction of a compa-
rable tissue section with anti-GFAP (Fig. 3C). Thus, the glomer-
ular layer is characterized by a prominent GFAP signal that
reflects the abundance of astrocytes in this region of the olfactory
bulb.

In the cerebellum of both nontransgenic control (Fig. 3D) and
p198.KK transgenic (Fig. 3E) mice, an intense hybridization
signal was detected at the interface of the molecular layer and the
granular layer. The signal radiated into the molecular layer,
consistent with the morphology of GFAP-positive cellular pro-
cesses emanating from Bergmann glia cells (Fig. 3F). An apoE
mRNA hybridization signal was also detected in a few cells
scattered throughout the granular region of the cerebellum, com-
patible with the distribution of protoplasmic astrocytes. No hy-
bridization signal was observed over the nuclei of Purkinje cells at
the interface of the molecular layer and the granular layer or over
granular neurons (data not shown), indicating that these cells do
not normally express detectable levels of apoE. The localization
of endogenous mouse and transgenic human apoE mRNA in the
mouse cerebellum is similar to the previously reported distribu-
tion of immunodetectable apoE in Bergmann glia and protoplas-
mic astrocytes in the rat cerebellum (Boyles et al., 1985).

An enhancer directs apoE expression in Bergmann glia
and olfactory astrocytes
Previous studies have shown astrocytes to be the major site of
immunoreactive apoE throughout the brain (Boyles et al., 1985).
To determine that astrocytes were the primary sites of apoE
mRNA in the brain, we searched for regulatory sequences that

control apoE gene expression in this cell type. We investigated
the expression of several constructs of the human apoE gene
cluster in the brains of transgenic mice by in situ hybridization.

We first examined transgenic mice generated with a 10 kb
construct of the intact apoE gene (HEG1) (Fig. 1) having 5 kb of
59 flanking sequence and 1.7 kb of 39 flanking sequence. No

Figure 4. Distribution of expression of human apoE mRNA in trans-
genic mouse brains. Horizontal (A, C, E, G, I, K ) and sagittal (B, D, F, H,
J, L) sections from the brains of transgenic mice generated with HEG1,
HEG.LE1, HEG.LE6, HEG.LE8, HEG.EC1, and HEG.EC4 constructs
were examined by in situ hybridization followed by autoradiography.

Figure 3. Region-specific expression of
endogenous and transgene apoE mRNA
in nontransgenic control (A, D) and in
p198.KK transgenic (B, E) mouse
brains. Tissue sections were labeled by
in situ hybridization and examined at
103 or 503 magnification by dark-field
microscopy (A, B, D, E). Separate tissue
sections were reacted with anti-GFAP,
stained with hematoxylin/eosin, and vi-
sualized by bright-field microscopy at
503 or 1003 magnification (C, F ). A, B,
D, E, The distribution of endogenous
mouse and p198.KK transgenic mouse
apoE mRNA is shown by white grains in
the olfactory bulb and the cerebellum.
C, GFAP-positive cells in the olfactory
bulb are indicated by red staining. The
granular (Gr), internal plexiform (IP),
mitral (Mi), external plexiform (EP), glo-
merular (Glo), olfactory neuronal (ON )
layers, and accessory olfactory bulb
(AOB) are indicated. F, GFAP-positive
processes radiating into the molecular
layer from the interface of the molecular
(Mol ) and granular (Gr) layers.

Grehan et al. • Region-Specific ApoE Gene Expression in the Brain J. Neurosci., February 1, 2001, 21(3):812–822 815



significant expression of the HEG1 transgene was detected in
astrocytes in any region of the brain (Fig. 4A,B). This result
agrees with our earlier study in which expression of the HEG1
construct was not detected in the transgenic mouse brain as
determined by an RNase protection assay (Simonet et al., 1990).
In agreement with these studies, we reconfirmed that the HEG1
construct was expressed in kidney proximal tubule epithelial cells
to verify the integrity of the transgene (data not shown).

We then investigated the activity of an enhancer domain lo-
cated 15 kb downstream of the apoE gene. Our previous results
showed that this domain contains the liver-specific hepatic control
region, HCR.1 (Simonet et al., 1993; Dang et al., 1995), with
evidence for additional enhancers nearby (Allan et al., 1997).
Therefore, transgenic mice generated with the HEG.LE1 con-
struct (Fig. 1) in which the 3.8 kb LE1 fragment was ligated to the
39 end of HEG1 (Simonet et al., 1993) were analyzed. We found
that the HEG.LE1 transgene was expressed at high levels in the
olfactory bulbs and the cerebellum, but only low levels of human
apoE transgenic mRNA were detected elsewhere in the brain
(Fig. 4C,D).

The olfactory bulb expression of the HEG.LE1 construct was
prominent in the glomerular layer; additional expression was
limited to scattered cells elsewhere in the olfactory bulb (Fig.
5A,B). In the cerebellum, the hybridization signal was relatively
intense at the interface of the molecular and granular layers (Fig.
5C). Little or no hybridization signal above background was
detected over the large distinctive Purkinje cell bodies (Fig. 5D).
The same expression pattern was observed in independent trans-
genic lines generated with two variants of the HEG.LE1 con-
struct in which one variant expressed the apoE3 isoform (Figs. 4,
5), and the other variant expressed the apoE4 isoform (data not
shown). This pattern of apoE mRNA expression in astrocytes of
the olfactory bulb and cerebellum in HEG.LE1 transgenic mice
(Fig. 4C,D) was also observed in multiple lines of transgenic mice
generated with the closely related constructs HEG.LE2 (data not

shown) and HEG.LE8 (Fig. 4G,H). Thus apoE mRNA expres-
sion in these two regions of the brain is consistent between
multiple lines of transgenic mice carrying derived subfragments
from the same region of the apoE gene cluster.

The cellular source of apoE expression in brains of HEG.LE1
mice was confirmed by double immunohistochemistry. Tissue
sections were labeled with antibodies to the astrocyte-specific
marker GFAP and with antibodies to human apoE. Both human
apoE protein and GFAP protein colocalized in astrocytes at the
margins of glomeruli in the olfactory bulb (Fig. 6A1,A2,A3) and
in Bergmann glia in the cerebellum (Fig. 6A4,A5,A6). To ensure
the specificity of the antibody for the human apoE protein,
control immunohistochemistry for human apoE and GFAP was
done on brains of HEG1 mice. No cross reaction of the antibodies
to human apoE was detected in the cerebellum of these control
transgenic mice (Fig. 6A7), consistent with the in situ hybridiza-
tion analysis (Fig. 4A,B). The only staining observed in the
double antibody analysis was for endogenous GFAP (Fig.
6A8,A9).

The HCR.1 liver enhancer sequence has been precisely local-
ized within the 774 bp LE6 fragment of the LE1 domain (Simo-
net et al., 1993; Dang et al., 1995). Therefore, we examined the
brains of HEG.LE6 (Fig. 1) transgenic mice for apoE expression
by in situ hybridization to determine if the astrocyte enhancer was
located nearby. No transgenic human apoE mRNA was found in
HEG.LE6 transgenic mouse brains (Fig. 4E,F); however, the
transgene was expressed in the liver as expected (data not shown).
Because the astrocyte enhancer activity of HEG.LE1 for apoE
expression was not located in the LE6 subfragment, we examined
the expression of the apoE gene in other subfragments of the LE1
domain. We found that human apoE mRNA was expressed in
brains of transgenic mice generated with HEG.LE2 (data not
shown) and with its HEG.LE8 subfragment (Fig. 4G,H). There
were no detectable differences in the pattern of apoE expression
between these two constructs.

All transgenes were expressed at high intensity in astrocytes of
olfactory bulb glomeruli and in Bergmann glia of the cerebellum.
In HEG.LE8 transgenic mouse brains, apoE mRNA was also
detected in astrocytes in white matter of the cerebellum, in
multiple layers of the olfactory bulb, and in the thalamus (Fig.
7A). However, the 3.8 kb LE1 fragment showed a somewhat
restricted pattern of apoE gene expression compared with the
expression pattern in mice generated with the 619 bp LE8 sub-
fragment (Fig. 4). These results show that sequences within the
LE8 fragment are required for apoE expression in astrocytes
throughout the brain and that adjacent sequences may modulate
that activity.

Immunohistochemistry for transgenic apoE and endogenous
GFAP in the brains of HEG.LE8 mice confirmed the cellular site
of the apoE mRNA signal. Human transgenic apoE protein and
endogenous mouse GFAP protein signals colocalized in astro-
cytes throughout the brain as illustrated by a section from the
thalamus (Fig. 6B).

A comparison of the nucleotide sequence of the LE8 fragment
with the remainder of the human apoE gene cluster revealed a
620 nucleotide region of homology in the apoE/C-I intergenic
region, located 3.3 kb downstream of the apoE gene. We termed
this 620 nucleotide region ME.1 and termed the corresponding
downstream LE8 sequence ME.2 (Fig. 8). The two regions are
95% identical in sequence, suggesting that the astrocyte enhancer
activity demonstrated by ME.2 was likely to be preserved in the
ME.1 domain. Comparison of the human ME.1 or ME.2 se-

Figure 5. Region-specific expression of human apoE mRNA in trans-
genic mouse brains after in situ hybridization. Tissue sections from the
brains of HEG.LE1 transgenic mice were analyzed by dark-field (A, B, C)
or bright-field (D) microscopy. A, B, Olfactory bulb at 103 and 503
magnification. ON, Olfactory neuronal layer; Glo, glomerular layer; EP,
external plexiform layer. C, D, Molecular and granular layers of the
cerebellum at 503 and 1003 magnification. BG, Bergmann glia nuclei; P,
Purkinje cell nuclei.
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quence with the mouse apoE/C-I intergenic region (D. Walker
and J. Taylor, unpublished observation) revealed a single segment
of high homology (Fig. 8, ME Mo). The mouse ME is 60%
identical in sequence to each of the human ME domains. The
highest level of identity between the mouse and human sequences
was found in the internal region of the ME domain, suggestive of
conserved regulatory sequences in this location. The mouse ME
domain is likely to account for all astrocyte enhancer activity in
the mouse, because the apoC-I/apoC-I9 gene duplication event
did not occur in this species (Raisonnier, 1991).

We investigated the activity of the upstream ME.1 domain in
the duplicated segment of the gene cluster within the apoE/C-I
intergenic region. Transgenic mice generated with the HEG.EC1,
HEG.EC2, and HEG.EC4 constructs (Fig. 1), all containing the
ME.1 domain, were analyzed. They were found to express human
apoE mRNA at high levels in astrocytes of the olfactory bulbs and
in the cerebellum. ApoE mRNA was found at variable levels in
astrocytes elsewhere in the brain, most notably in white matter of
the cerebellum, in the external plexiform layer of the olfactory
bulb, and in the hippocampus (Fig. 4 I,J,K,L). The patterns of
apoE expression in astrocytes of HEG.EC1 mice (Figs. 4 I,J) and
HEG.EC2 mice (data not shown) were similar. Subtle but con-
sistent differences were observed between HEG.EC1 (Figs. 4 I,J)
and HEG.EC4 (Figs. 4K,L) mice. Immunohistochemistry for

transgenic human apoE and endogenous mouse GFAP in the
brains of HEG.EC1 mice colocalized in astrocytes (data not
shown). These results demonstrate that the ME.1 domain, in
addition to the ME.2 domain, controls apoE gene expression in
astrocytes throughout the brain.

No significant differences between the ME.1 and ME.2 do-
mains were observed in the intensity of apoE expression in
Bergmann glia in the cerebellum and in astrocytes surrounding
olfactory glomeruli in transgenic mice generated with minimal
length 620 bp (EC4) and 619 bp (LE8) fragments. However, there
were notable differences in the intensity of transgene expression
observed in other regions of the brain between the ME.1 and
ME.2 domains. In white matter of the cerebellum and in thalamic
nuclei, apoE mRNA in transgenic mice was increased by the
ME.2 domain (in HEG.LE8) (Fig. 4G,H) and decreased by the
ME.1 domain [(in HEG.EC1) (Fig. 4 I,J) and HEG.EC4 (Fig.
4K,L)]. Thus, nucleotide differences within the ME.1 and ME.2
domains resulted in altered expression of the apoE gene in
subsets of astrocytes.

The astrocyte enhancer activity of the LE1 and LE8 fragments
containing the ME.2 domain was confirmed by examining the
expression of a heterologous reporter construct in transgenic mice
in which green fluorescent protein (GFP) cDNA was placed
under the control of apoE promoter sequences and the ME.2

Figure 6. Immunohistochemistry of
transgenic mouse brains was detected by
fluorescence microscopy. A, Antibody
labeling for human apoE protein in
HEG.LE1 transgenic mice is shown in
green (A1, A4, A7 ), endogenous mouse
GFAP is shown in red (A2, A5, A8), and
double antibody labeling for both anti-
bodies, which colocalize, is shown in
yellow (A3, A6, A9). Sections are shown
for double antibody labeling of human
apoE and mouse GFAP in astrocytes
surrounding glomeruli in the olfactory
bulb (A1, A2, A3) and in Bergmann glia
of the cerebellum (A4, A5, A6 ). As a
control, sections are shown for dual la-
beling of human apoE and mouse GFAP
in Bergmann glia of the cerebellum (A7,
A8, A9) in HEG1 transgenic mice. B,
Antibody labeling for human apoE in
the thalamus of HEG.LE8 transgenic
mice is shown in green (B1), mouse
GFAP is shown in red (B2), and double
antibody labeling of human apoE and
mouse GFAP is shown in yellow (B3).
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regulatory domain (Fig. 9). For both constructs, intense GFP
expression was detected in distinct cells of the glomerular layer in
the olfactory bulb having the distribution expected for astrocytes
(Fig. 10A). Prominent GFP expression was also found in Berg-
mann glia in the molecular layer of the cerebellum (Fig. 10B).

Additional expression of the GFP.LE8 transgene was detected in
astrocytes in the white matter of the cerebellum, the external
plexiform layer of the olfactory bulb, the hippocampus, and the
thalamus (Fig. 11) and was not observed in the GFP.LE1 pattern
of expression.

Figure 7. Distribution of expression of
endogenous apoE mRNA in ME.2 (in
HEG.LE8) (A) and ME.1 (in HE-
G.EC1 and HEG.EC4) (B) transgenic
mouse brains. Horizontal and sagittal
sections of transgenic mouse brains were
radioactively labeled by in situ hybrid-
ization and examined at 503 magnifica-
tion by dark-field microscopy. The dis-
tribution patterns of human transgene
apoE mRNA (white grains) are shown as
revealed by a human antisense probe.
Arrows indicate representative cell bod-
ies showing intense apoE mRNA signal.
Signal location and tissue integrity were
confirmed by phase-contrast imaging
(A5–A8, B5–B8). A5, B5, Cerebellum.
Wh, White matter; Gr, granular layer;
Mol, molecular layer. A6, B6, Olfactory
bulb. Gr, Granular layer; Mi, mitral lay-
er; EP, external plexiform layer; Glo,
glomerular layer; ON, olfactory neuro-
nal layer. A7, B7, Hippocampus. Al,
Alveus; Or, oriens; CA, cornu ammons;
Py, pyramidal; Ra, radiens. A8, B8,
Thalamus.

Figure 8. ME domains of the apoE gene clus-
ter in humans and mice. Dark boxes show re-
gions of identity, and dashes show deletions.
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DISCUSSION
We report several new findings that are essential for understand-
ing how apoE is regulated in the brain. The highest levels of apoE
mRNA in both control and transgenic mice were found in astro-
cytes of the olfactory bulb and in Bergmann glia of the cerebel-
lum. Analysis of multiple independent lines for each construct
minimizes the possibility that differences in apoE mRNA trans-
gene expression between constructs are because of integration
artifacts or position effects. In the brain, apoE gene expression
under the control of the ME.1 and ME.2 domains was detected
only in astrocytes. Our data further suggest that astrocytes are
responsible for a majority of apoE expression in the absence of
inflammatory signals.

Astrocyte apoE expression was specified by distal regions lo-
cated 3.3 kb and 15 kb downstream of the apoE gene. These distal
sequences are 95% identical in nucleotide sequence, and they
probably arose from the duplication event that yielded the two
apoC-I genes (Fig. 1). In the absence of ME.1 and ME.2, the
apoE promoter failed to direct gene transcription in the brain in
vivo. These properties are characteristic of cell-specific enhancers
that can be separated from promoters by distances of up to
several hundred kilobases (for review, see Dillon and Sabbattini,
2000). The interaction of distal regulatory elements with the
transcription complex in a promoter is likely to be mediated by
chromatin folding and nucleosome orientation (Workman and
Kingston, 1998). Analysis of the ME.1 and ME.2 sequences using
the TRANSFAC regulatory sequence database (Heinemeyer et
al., 1999) revealed binding motifs for several common transcrip-
tion factors including CAAT/enhancer-binding protein b (C/
EBPb) and steroid hormone receptors (data not shown). Both
factors have been identified in regulatory domains of genes ex-

pressed in many genes and cell types, and C/EBPb has been
proposed as a major determinant of combinational regulation for
its target genes (Kowenz-Leutz and Leutz, 1999). Identification
of the unique combination of ME.1/ME.2 and promoter factors

Figure 9. Reporter transgene expression
vectors. The regulatory components of the
vector were derived from the human apoE
gene cluster, and details of vector sequences
are described in Materials and Methods.
The 3.8 kb LE1 and the 0.6 kb LE8 frag-
ments were inserted into the internal flank-
ing polylinker.

Figure 10. Astrocyte enhancer control of reporter gene expression in
GFP.LE1 and GFP.LE8 mice. Transgenic expression of the constructs
shown in Figure 9 was detected by fluorescence microscopy. A, Olfactory
bulb. EP, External plexiform layer; Glo, glomerular layer; ON, olfactory
neuronal layer. B, Cerebellum. BG, Bergmann glia; P, Purkinje cells.

Figure 11. Astrocyte enhancer control of reporter gene expression.
Transgenic expression of the GFP.LE8 construct shown in Figure 9 was
detected by fluorescence microscopy (A, C, E, G). Signal location and
tissue integrity were confirmed by phase imaging (B, D, F, H ). A, B,
Cerebellum. Wh, White matter; Gr, granular layer. C, D, Olfactory bulb.
Gr, Granular layer; Mi, mitral layer; EP, external plexiform layer; Glo,
glomerular layer. E, F, Hippocampus. Al, Alveus; Or, oriens; CA, cornu
ammons; Py, pyramidal; Ra, radiens. G, H, Thalamus.
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that specify apoE expression in astrocytes remains to be
determined.

The finding of exceptionally high levels of apoE mRNA in the
olfactory bulb was unexpected. ApoE mRNA was especially
prominent in astrocytes in the glomerular layer of both control
and transgenic mice. Olfactory glomeruli are spherical modules in
which incoming sensory signals from olfactory neuronal axons are
processed and consolidated by various interneurons before con-
tinuing on through mitral cell dendrites (Mori et al., 1999).
Numerous astrocytes spread their processes at the periphery of
the glomeruli, partially surrounding small groups of neurites
(Valverde and Lopez-Mascaraque, 1991; Treloar et al., 1999).
This arrangement would be expected to facilitate delivery of
apoE to the glomerular functional unit.

The same distal enhancer domain active in olfactory glomer-
ular astrocytes also directed apoE gene expression at high levels
in Bergmann glia of the cerebellum. This finding suggests that the
two cell types may have cellular properties in common and that
they may be derived from a common progenitor cell type. Both
populations of cells may be the mature derivatives of embryonic
radial glia (Cameron and Rakic, 1991; Misson et al., 1991). The
processes of radial glia serve as scaffolds for the migration of
neurons in fetal and neonatal life (Hatten, 1999). Late in rodent
embryonic life just before birth, radial glia in developing olfactory
protoglomeruli begin a morphological change that ultimately re-
sults in mature cells with properties (e.g., GFAP expression)
shared by other astrocytes (Treloar et al., 1999). Similarly, radial
glia in the developing fetal and neonatal cerebellum undergo a
morphological change near the time of birth that results in the
subsequent appearance of Bergmann glia (Gasser and Hatten,
1990; Hatten, 1999).

The 3.8 kb LE1 fragment showed a more restricted pattern of
apoE gene expression than the subfragments LE2 (1683 bp) and
LE8 (619 bp), each of which contains the ME.2 domain. This
finding likely reflects the presence of silencing activity in the LE1
fragment, which is not present in the shorter LE2 and LE8
fragments. In support of this possibility, strong silencer sequences
in the LE1 fragment have been reported to reduce transgene
expression in the liver and other tissues (Simonet et al., 1993).
Because no significant difference in apoE mRNA patterns was
observed in multiple independent lines expressing the LE2 and
LE8 transgenes, silencing activity is most likely located in the 2.7
kb of LE1 that lie outside of the LE2 region.

The HEG.EC4 construct containing the ME.1 domain with no
flanking sequences yielded an expression pattern (Fig. 4K,L) that
showed a consistent difference from that of ME.2 in the
HEG.LE8 construct (Fig. 4G,H). Including flanking sequences
with the ME.1 domain (the HEG.EC1 construct) results in a
somewhat restricted pattern of apoE expression (Fig. 4 I,J). These
observations suggest that elements in the flanking regions restrict
ME.1 activity in a subset of astrocytes. Thus, both ME.1 and
ME.2 activities show regional restrictions in their expression
pattern because of apparent interactions with regulatory elements
in their flanking sequences. Fundamental differences between
ME.1 and ME.2 expression patterns also may be because of
internal sequence differences between ME.1 and ME.2. It is
noteworthy that apoE expression in astrocytes surrounding glo-
meruli in the olfactory bulb and in Bergmann glia of the cerebel-
lum did not appear to be affected by silencer or modifying activity
in the transgenes. This finding supports the possibility of a dis-
tinct functional similarity in astrocytes at these two widely sepa-
rated sites.

The especially high levels of apoE mRNA in astrocytes of
olfactory glomeruli may provide a critical production capacity
necessary for both development and normal homeostasis in the
olfactory bulb. In the 3 month postnatal development period of
the mouse, the number and size of glomeruli increase dramati-
cally (Pomeroy et al., 1990). In the adult, many neuronal terminals
in each glomerulus undergo degeneration and regeneration as a
consequence of the ongoing turnover of the sensory neuroepithe-
lia that occurs throughout life (Graziadei and Monti Graziadei,
1978). The potential role of apoE in facilitating these processes is
suggested by the increased amount of apoE that accumulates
during the degeneration and regeneration at sites of peripheral
nerve injury (Boyles et al., 1989; 1990). The importance of apoE
in olfactory function is supported by the correlation of the apoE4
isoform with the profound olfactory deficits associated with Alz-
heimer’s disease (Bacon et al., 1998; Graves et al., 1999). In
apoE4-linked Alzheimer’s disease, both the ability to identify
odors and the threshold of odor detection become impaired
(Graves et al., 1999). Furthermore, quantitative assessments of
olfaction may be more reliable than global cognitive tests in the
assessment of the progression of the disease (Graves et al., 1999).
The deleterious effect of apoE4 may be a consequence of its
deficiency in supporting neurite remodeling compared with
apoE3 (Nathan et al., 1994).

The remarkably high level of apoE mRNA in Bergmann glia of
the cerebellum was equally striking. These astrocytic cells are in
intimate contact with Purkinje cells, the major GABAergic inhib-
itory neuron in the cerebellum (Grosche et al., 1999). An indi-
vidual Bergmann glial cell may form hundreds of organized
microdomains that ensheath synapses between axon terminals of
parallel fibers and dendritic spines of Purkinje cells. This rela-
tionship is intriguing because Purkinje cells are relatively en-
riched in the apoE receptor 2 (apoER2), a member of the
low-density lipoprotein receptor family (Clatworthy et al., 1999),
and because apoE is a high-affinity ligand for this receptor (Herz
and Willnow, 1995). These findings raise the possibility that
glial–neuronal microdomains use rapid apoE ligand–receptor in-
teraction as part of an intercellular signaling pathway or that
apoE facilitates active neurite remodeling in this region.

Alternatively, apoE may be involved in the development and
homeostasis of the cerebellum by competing with reelin for
binding to apoER2. Reelin, a 385 kDa glycoprotein component of
the extracellular matrix, is a ligand for apoER2, and reelin
binding can be modulated by apoE (D’Arcangelo et al., 1999).
Reelin is produced at several sites in the brain, and it plays a key
role in determining cellular organization (summarized in Curran
and D’Arcangelo, 1998). In the cerebellum, reelin mediates the
development of the Purkinje cell layer (Curran and D’Arcangelo,
1998). Postmitotic cells in the external granular layer secrete
reelin, and reelin is present in the molecular layer in close
association with Purkinje cell dendrites (Miyata et al., 1996). The
disruption of the reelin gene resulting in the lack of reelin
production in reeler mutant mice (Bar et al., 1995; D’Arcangelo et
al., 1995) or the targeted knock-out of apoER2 reelin receptors
(Trommsdorff et al., 1999) disrupts neural cell positioning and the
development of laminar structures in the brain. These properties
suggest that reelin interacts with Purkinje cells to promote as-
sembly of the Purkinje cell layer (D’Arcangelo and Curran,
1998). A similar role for reelin in neuronal organization may exist
in other sites in the brain. For example, structural abnormalities
have been detected in the olfactory bulbs of reeler mutant mice
(Wyss et al., 1980). The production of high levels of apoE by cells
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derived from radial glia suggests that an interaction between
apoE and reelin contributes to neuron progenitor migration and
layer development.

Our finding of two astrocyte enhancer domains that direct
apoE expression to specific sites of active neurite remodeling in
the olfactory bulb and the cerebellum provides a new tool for
investigating the functions of apoE in the brain. The potential
value of these enhancers was demonstrated by directing expres-
sion of a GFP reporter sequence to these sites. These transgene
reporter constructs will permit a mapping of the astrocytic do-
mains that express the apoE gene in the olfactory bulb and the
cerebellum that should expand our knowledge of apoE action in
the brain. The striking pattern of apoE expression in olfactory
glomeruli and in the cerebellum suggests a common function for
apoE at these sites in regional brain homeostasis that remains to
be investigated. Our findings permit the use of astrocyte-specific
enhancers of apoE expression to help understand the functions of
human apoE isoforms produced by astrocytes and their effects in
models of Alzheimer’s disease and other neurodegenerative
states.
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