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Neuronal expression of apolipoprotein (apo) E4 may contribute to the pathogenesis of Alzheimer’s disease (AD). In studying how apoE
expression is regulated in neurons, we identified a splicing variant of apoE mRNA with intron-3 retention (apoE-I3). ApoE-I3 mRNA was
detected in neuronal cell lines and primary neurons, but not in astrocytic cell lines or primary astrocytes, from humans and mice by
reverse transcription (RT)-PCR. In both wild-type and human apoE knock-in mice, apoE-I3 was found predominantly in cortical and
hippocampal neurons by in situ hybridization. Cell fractionation and quantitative RT-PCR revealed that over 98% of the apoE-I3 mRNA
was retained in the nucleus without protein translation. In transfected primary neurons, apoE expression increased dramatically when
intron-3 was deleted from a genomic DNA construct and decreased markedly when intron-3 was inserted into a cDNA construct,
suggesting that intron-3 retention/splicing controls apoE expression in neurons. In response to excitotoxic challenge, the apoE-I3 mRNA
was markedly increased in morphologically normal hippocampal neurons but reduced in degenerating hippocampal neurons in mice;
apoE mRNA showed the opposite pattern. This apparent precursor–product relationship between apoE-I3 and apoE mRNA was sup-
ported by a transcriptional inhibition study. Thus, neuronal expression of apoE is controlled by transcription of apoE-I3 under normal
conditions and by processing of apoE-I3 into mature apoE mRNA in response to injury.
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Introduction
Apolipoprotein (apo) E is a multifunctional protein with central
roles in lipid metabolism and neurobiology. It has three common
isoforms (apoE2, apoE3, and apoE4) with different effects on
lipid and neuronal homeostasis (Mahley, 1988; Weisgraber and
Mahley, 1996; Huang et al., 2004; Huang, 2006a,b; Mahley et al.,
2006). ApoE4 is a major risk factor or susceptibility gene that
increases the occurrence and lowers the age of onset of the spo-
radic and some familial forms of Alzheimer’s disease (AD)
(Corder et al., 1993; Saunders et al., 1993; Strittmatter et al.,
1993). ApoE4 is also associated with earlier onset, progression, or
severity of head trauma (Teasdale et al., 1997), stroke (Alberts et
al., 1995; Slooter et al., 1997), Parkinson’s disease (Li et al., 2004),
multiple sclerosis (Schmidt et al., 2002; Kantarci et al., 2004), and
amyotrophic lateral sclerosis (Moulard et al., 1996; Lacomblez et
al., 2002). Although the mechanisms underlying the pathogenic
effects of apoE4 in AD and other neurodegenerative disorders are
still poorly understood, emerging data strongly suggest that
apoE4, with its multiple cellular origins and multiple structural
and biophysical properties, contributes to these diseases by inter-

acting with different factors through various pathways (Weisgra-
ber and Mahley, 1996; Huang et al., 2004, 2006a,b; Mahley et al.,
2006).

ApoE is produced by several types of cells in the CNS, includ-
ing astrocytes (Pitas et al., 1987; Grehan et al., 2001) and activated
microglia (Uchihara et al., 1995; Xu et al., 2000). Neuronal ex-
pression of apoE has been controversial (Page et al., 1998; Xu et
al., 1999; Nishio et al., 2003; Harris et al., 2004b; Huang et al.,
2004, 2006a,b). Using knock-in mice in which enhanced green
fluorescent protein (EGFP) cDNA was inserted into the mouse
apoE locus immediately after the translation initiation site (EGF-
PapoE reporter mice), we laid this controversy to rest by demon-
strating that neurons express apoE in response to injury (Xu et al.,
2006). The diverse cellular pattern of expression implies multiple
functions of apoE. ApoE derived from different cellular sources
probably has distinct roles in both physiological and pathophys-
iological pathways, influencing its effects on AD pathology
(Huang et al., 2004, 2006a,b; Mahley et al., 2006). For example,
astrocyte-derived apoE3 and apoE4 have different effects on the
production, deposition, and clearance of A� (Wisniewski et al.,
1994; Bales et al., 1999; Holtzman et al., 2000; Ye et al., 2005).
Neuron-derived apoE3 and apoE4 differ in their susceptibility to
proteolysis and in their effects on mitochondrial function, tau
phosphorylation, lysosomal leakage, neurodegeneration, andro-
gen receptor deficiency, and cognitive decline (Tolar et al., 1997,
1999; Raber et al., 1998, 2002; Buttini et al., 1999, 2002; Tesseur et
al., 2000; Huang et al., 2001; Ji et al., 2002; Harris et al., 2003,
2004a; Brecht et al., 2004; Chang et al., 2005). Thus, understand-
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ing how apoE expression is regulated in different types of cells in
the brain during aging and in response to various insults should
provide fundamental insights into the varied effects of apoE iso-
forms in neurobiology and neurodegenerative disorders, includ-
ing AD.

Previously, intron retention was identified as a molecular
mechanism to regulate gene expression and protein translation in
mammalian cells (Kan et al., 2002; Galante et al., 2004). Many
studies suggest that most transcripts with intron retention are
restricted in the nuclei for degradation or have a regulatory role
for its own or other transcripts (Cui et al., 2004; Mansilla et al.,
2005; Qin et al., 2005). In the current study, we identified a splic-
ing variant of apoE mRNA with intron-3 retention (apoE-I3)
specifically in neurons. Both in vitro and in vivo studies indicate
that intron-3 retention/splicing controls neuronal expression of
apoE in the CNS.

Materials and Methods
Reagents and animals. Minimum essential medium (MEM), Opti-MEM,
and fetal bovine serum were from Invitrogen (Carlsbad, CA). ECL was
from GE Healthcare Bio-Sciences (Piscataway, NJ). Polyclonal goat anti-
human apoE antibody was from Calbiochem (La Jolla, CA). Kainic acid
was from Sigma (St. Louis, MO). Wild-type mice were from The Jackson
Laboratory (Bar Harbor, ME). Human apoE3 or apoE4 knock-in mice
were from Taconic (Hudson, NY). EGFPapoE reporter mice were gener-
ated in our laboratory and reported previously (Xu et al., 2006). All mice
were weaned at 21 d of age, housed in a barrier facility at the Gladstone
Animal Core with a 12 h light/dark cycle, and fed a chow diet containing
4.5% fat (Ralston Purina, St. Louis, MO).

Determination of the full-length cDNA of apoE-I3 by 3�- and 5�-RACE.
Human and mouse brain total RNA from Ambion (Austin, TX) was used

as templates in the reverse transcription (RT) reaction. For 3�-rapid am-
plification of cDNA ends (3�-RACE), an anchored oligo-dT primer (or-
dered from Invitrogen) was used as reverse transcription primer. After
the RT reaction, a forward primer corresponding to a sequence within
intron-3 and a backward primer corresponding to the anchor sequence
of the RT primer was used to amplify the 3�-end of apoE-I3. The PCR
products were subcloned into a topoisomerase (TOPO) vector (Invitro-
gen) and sequenced. A 5�-RACE kit (Ambion) was used to detect the
5�-end of apoE-I3. Through the RNA ligation reaction, an anchored poly
G sequence was added to the 5�-end of different RNAs from human or
mouse brains. The RT reaction was then performed with an oligo-dT
primer, and the 5�-end of apoE-I3 was amplified by a forward primer
corresponding to the anchor sequence and a backward primer corre-
sponding to a sequence within intron-3. The PCR products were then
subcloned into a TOPO vector and sequenced.

Cell cultures. Neuro-2a, U87, and C6 cells (American Type Culture
Collection, Manassas, VA) were maintained at 37°C in a humidified 5%
CO2 incubator in MEM containing 10% FBS supplemented with nones-
sential amino acids, sodium pyruvate, and penicillin/streptomycin.
Neuro-2a cells stably transfected with human apoE3 or apoE4 genomic
DNA were established in our laboratory and reported previously (Harris
et al., 2004b). Human neuronal precursor NT2/D1 cells were kindly
provided by Dr. Virginia M.-Y. Lee (University of Pennsylvania School of
Medicine, Philadelphia, PA) and maintained in Opti-MEM-I (Invitro-
gen) containing 5% FBS and penicillin/streptomycin. The cells were
treated with retinoic acid to induce differentiation into NT2 neurons.

Primary cultures of cortical or hippocampal neurons were prepared
from postnatal day 1 (P1) wild-type mice or rats (Harris et al., 2004b).
Primary astrocytes were prepared from P3 wild-type mice (Harris et al.,
2004b). As determined by immunostaining with cell-specific antibodies,
�95% of cells in 10- to 14-d-old cortical cultures in vitro are positive for

Figure 1. Identification of apoE-I3 transcript in human and mouse brain total mRNA. A, The
apoE gene structure, including four exons and three introns, and the positions of primers 1, 2,
and 3. B, The RT-PCR results of primers 1 and 3 or primers 1 and 2 using mouse brain total RNAs
as templates. Omission of the reverse transcriptase in the RT reaction was used as a negative
control. C, Organization of apoE-I3 mRNA and apoE mRNA. GU and AG indicate the 5� and 3�
splicing sites of intron-3 of apoE, respectively.

Table 1. Primers used in ApoE-I3 studies

Primer Sequence

Human apoE-I3/apoE RT-PCR primers
P1 (in human exon 1) CAGCGGAGGTGAAGGACGT
P2 (in human intron 3) AGAGGCCGAGAGAAGGAGAC
P3 (in human exon 4) TTGTTCCTCCAGTTCCGATTTGTA

Mouse apoE-I3/apoE RT-PCR primers
P1 (in mouse exon 1) GCTCAGACCCTGGAGGCTAA
P2 (in mouse intron 3) TGGGCTACACACTAATTGAGAAA
P3 (in mouse exon 4) CTGTTCCTCCAGCTCCTTTTTGTA

Mouse apoE-I3 3�-RACE primer
mApoE-2830-1 TGCCGCAGCTTCTCAACTTCTGGGAAC

Mouse apoE-I3 5�-RACE primer
mApoE-2681-2 TGGGCTACACACTAATTGAGAAA

Human apoE-I3 3�-RACE primer
hApoE-3499 –1 GGCTGGTCTTGAACTTCTGG

Human apoE-I3 5�-RACE primer
hApoE-3649-2 AGAGGCCGAGAGAAGGAGAC

Human apoE-I3 qRT-PCR primers
I3-mRNA-77-1 GCGTTGCTGGTCACATTCCT
I3-mRNA-324-2 AGGGTCAAGGGCCAGGATG

Human apoE qRT-PCR primers
ApoE-3F CCCAGGTCACCCAGGAACT
ApoE-4B TCCGATTTGTAGGCCTTCAACT

Human GAPDH qRT-PCR primers
H-GAPDH-1 AACAGCGACACCCATCCTC
H-GAPDH-2 CATACCAGGAAATGAGCTTGACAA

Mouse GAPDH qRT-PCR primers
M-GAPDH-1 GTCTCCTGCGACTTCAGC
M-GAPDH-2 TCATTGTCATACCAGGAAATGAGC

Mouse U3B snoRNA qRT-PCR primers
M-U3B-1 TGTAGAGCACCCGAAACCAC
M-U3B-2 GTCCACTCAGACTGCGTTCC
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neuron-specific enolase, and �95% of cells in
6- to 10-d-old astrocyte cultures in vitro are
positive for glial fibrillary acidic protein
(GFAP).

The primary neurons were treated with 100
ng/ml actinomycin D for 6 h to block transcrip-
tion. The cells were then treated with C6-
conditioned medium for 24 h, as described pre-
viously (Harris et al., 2004b) and harvested for
additional Western or quantitative fluorogenic
RT (qRT)-PCR assay of apoE.

Preparation of cell lysates and Western blot-
ting. Cultured cells transfected with or without
various apoE constructs were grown to 80%
confluence in six-well plates. The cells were har-
vested, lysed in ice-cold lysis buffer (50 mM

Tris/HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1%
Nonidet P-40, 0.5% sodium deoxycholate, and
a mixture of protease inhibitors) for 30 min,
and centrifuged at 13,000 rpm for 15 min. The
same amount of proteins in the supernatant
was subjected to SDS-PAGE and detected by
anti-apoE Western blotting (Huang et al.,
2001). The apoE bands were scanned and quan-
tified (Harris et al., 2004b).

Analyses of apoE and apoE-I3 mRNA by RT-
PCR and qRT-PCR. Total RNA was isolated
from cell lines with the RNeasy Mini Kit (Qia-
gen, Valencia, CA) and from mouse brains with
Triazol (Invitrogen). RT-PCR of apoE and
apoE-I3 was performed with 1 �g of total RNA
and Superscript First-Strand Synthesis System
kits (Invitrogen). All primers are listed in Table
1.

ApoE-I3 and apoE mRNA levels were determined in triplicate by qRT-
PCR with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA as an internal control. RT reactions were performed as described
above. qRT-PCRs consisted of 10 �l of diluted cDNA reaction mixture
(equivalent to 4.0 ng of RNA template), 12.5 �l of SYBR Green PCR
master mix (Applied Biosystems, Foster City, CA), and 300 nM of each
forward and backward primer in a final volume of 25 �l. Serial dilution of
pooled cDNA samples from all cells or tissues were used to generate
standard curves to determine the relative levels of specific mRNAs in
individual samples. ApoE-I3 mRNA levels were then calculated and nor-
malized to the internal GAPDH mRNA standards. In some experiments,
mRNAs of apoE and apoE-I3 were determined in the nucleus and cytosol
separately, using U3B small nucleolar RNA (snoRNA) as a control for
successful separation of the cytosolic and nuclear fractions (Speckmann
et al., 1999).

Kainic acid injections. Kainic acid crosses the blood– brain barrier and
induces excitotoxic CNS injury, particularly in the hippocampus and
neocortex (Masliah et al., 1997). Wild-type and human apoE3 or apoE4
knock-in mice at 4 – 6 months of age were injected intraperitoneally with
kainic acid (Sigma) dissolved in saline (0.9%) at 25 mg/kg body weight in
one dose, as described previously (Buttini et al., 1999). Mice were killed
1– 6 d after the injection.

Preparation of mouse brain tissues. Brains from kainic acid-treated
wild-type and human apoE knock-in mice and untreated controls were
collected after a 2 min transcardial perfusion with PBS. One hemibrain
from each mouse was used for purifying total RNA as described above.
The other hemibrain was fixed in 3% paraformaldehyde, embedded in
paraffin, and cut into 7 �m sections. Hematoxylin and eosin (H&E) and
silver staining were used to assess the severity of neurodegeneration after
kainic acid treatment.

Laser-capture microdissection of hippocampal neurons. Homozygous
EGFPapoE reporter mice were cross-bred with homozygous human
apoE4 knock-in mice to generate mice with one human apoE4-targeted
allele and one EGFP-targeted allele (apoE4/EGFPapoE). The apoE4/EGF-
PapoE mice at 4 –5 months of age were injected intraperitoneally with

kainic acid, as described above. Brains from kainic acid-treated apoE4/
EGFPapoE mice and untreated controls were collected and frozen at
�70°C. The frozen brains were sectioned (8 �m), fixed on glass slides,
and stained with 1% neutral red. Approximately 300 – 400 EGFP-positive
CA1 neurons were collected from each kainic acid-treated apoE4/EGF-
PapoE mouse by laser-capture microdissection (LCM) with an Arcturus
(Mountain View, CA) laser-capture microdissection system. Similar
numbers of EGFP-negative CA1 neurons were collected from each un-
treated control mouse. Cells were collected into CapSure Macro LCM
Caps (Arcturus). Total RNA was isolated from the collected cells using
the PicoPure RNA Isolation Kit (Arcturus). RT-PCR of apoE and
apoE-I3 was performed as described above. RT-PCR of GFAP, an astro-
cyte marker, was used to assess neuronal cell purity.

In situ hybridization. RNA probes specific for mouse and human
apoE-I3 mRNA are complementary to nucleotides 216 –374 in intron-3

Figure 2. Neuron-specific expression of apoE-I3. A, RT-PCR of mouse apoE-I3 and GAPDH using total RNA from mouse primary
cortical or hippocampal neurons as RT templates. B, RT-PCR of mouse apoE-I3 and GAPDH using total RNA from mouse primary
neurons or primary astrocytes as RT templates. C, RT-PCR of human apoE-I3 and GAPDH using total RNA from human NT2 neurons
and U87 astrocytes as RT templates. D, The apoE-I3 mRNA levels in Neuro-2a and C6 cells transfected with a human apoE genomic
DNA construct were determined by qRT-PCR (n � 5; *p � 0.001 vs N2a). E, In situ hybridization of apoE-I3 mRNA in the
hippocampus of human apoE knock-in mice. F, Negative control (RNase treatment) of in situ hybridization of apoE-I3 mRNA in the
hippocampus of human apoE knock-in mice.

Figure 3. The apoE-I3 mRNA is retained in the nucleus. The apoE-I3 mRNA levels in the nuclei
(Nuc) and cytosol (Cyto) of Neuro-2a cells transfected with a human apoE genomic DNA con-
struct were determined by qRT-PCR (n � 3; *p � 0.001 vs nucleus). The apoE mRNA levels in
the nuclei and cytosol of Neuro-2a cells transfected with a human apoE genomic DNA construct
were determined by qRT-PCR (n � 3; *p � 0.01 vs nucleus). The U3B small nucleolar mRNA
levels in the nuclei and cytosol of Neuro-2a cells used above were determined by qRT-PCR (n �
3; *p � 0.001 vs nucleus).
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of the mouse apoE gene and to nucleotides 425–580 in intron-3 of the
human apoE gene, respectively. RNA probes specific for mouse and hu-
man apoE mRNA are complementary to nucleotides 228 –283 in the
mouse apoE mRNA (NM_009696) and to the nucleotides 298 –340 in the
human apoE mRNA (NM_000041), respectively, which covers both ex-
ons 3 and 4. All RNA probes were labeled with [ 33P]UTP with an RNA
transcription kit (Stratagene, La Jolla, CA). The labeled probes were pu-
rified through Micro Bio-Spin-30 chromatography columns (Bio-Rad,
Hercules, CA). In situ hybridization was performed as described previ-
ously (Grehan et al., 2001). As a negative control, some slides were pre-
treated with 100 �g/ml RNase A and 50 U/ml T1 RNase for 1 h at 37°C
followed by five washes in PBS (5 min each).

Statistical analysis. A two-tailed t test assuming equal variance was
used for statistical analyses. p � 0.05 was considered significant
difference.

Results
A novel apoE-I3 transcript in mouse and human brains
To measure apoE mRNA expression in mouse brains, we per-
formed RT-PCR with a pair of primers located in exons 1 and 4
(Fig. 1A, p1, p3, B) and control primers located in exon 1 and
intron-3 (Fig. 1A, p1, p2). Surprisingly, the control primers gen-
erated an unexpected DNA product that disappeared when the
reverse transcriptase was omitted (Fig. 1B), indicating that it was
a product from reverse transcription of an mRNA, but not from
genomic DNA. After exclusion of primer contamination and en-

dogenous priming (with an EndoFree RT kit; Ambion), the un-
expected product was still present (data not shown). Its size
(�600 bp) suggested that it was not from apoE pre-mRNA con-
taining exons 1–3 and introns 1–3 (�1.6 kb). Sequencing analysis
revealed the sequences of exons 1–3 and intron-3 before primer 2
(Fig. 1A). Similar results were obtained with total RNA from
human brain (data not shown). Thus, the product appeared to be
a splicing variant containing at least portion of the intron-3
sequence.

To identify the ends of the potential splicing variant, we used
3�- and 5�-RACE. Sequencing analyses of �10 clones of both 3�-
and 5�-RACE products demonstrated a novel transcript that dif-
fered from apoE mRNA only by having the intron-3 retention
(Fig. 1C). This apoE-I3 transcript was present in mouse brains
and at a relatively higher level in human brains as determined by
RT-PCR (data not shown). BLAST (basic local alignment search
tool) searches of the expression sequence tag database with the
human apoE intron-3 sequence identified two apoE-related se-
quences (AI147021 and AA902874). Both contained part of the
intron-3 sequence of the apoE gene, supporting the existence of
the apoE-I3 transcript.

ApoE-I3 is neuron specific in the CNS
RT-PCR specific for apoE-I3 revealed that it was transcribed in
mouse primary cortical and hippocampal neurons (Fig. 2A), but
not in mouse primary astrocytes (Fig. 2B). ApoE-I3 was also
expressed in neuronal cell lines, including differentiated human
NT2 neurons (Fig. 2C) and mouse neuroblastoma Neuro-2a cells
(data not shown), but not in astrocytic cell lines, such as human
U87 (Fig. 2C). Furthermore, as shown by real-time qRT-PCR,
significant levels of human apoE-I3 mRNA were present in
Neuro-2a cells, but not C6 cells, after transfection with a human
apoE genomic DNA construct containing 5 kb of 5�-flanking
region, four exons, three introns, and 8 kb of 3�-flanking region
of the apoE gene (Fig. 2D). In situ hybridization with an apoE-
I3-specific probe detected a signal highlighting the hippocampal
pyramidal neurons in human apoE knock-in mice (Fig. 2E) and
wild-type mice (data not shown). As a negative control, pretreat-
ment of brain sections with RNase abolished the apoE-I3 signal

Figure 4. Intron-3 retention/splicing controls neuronal expression of apoE. A, Schematic
models of human apoE cDNA and genomic DNA constructs. B, RT-PCR of human apoE-I3 and
apoE using total RNA isolated from Neuro-2a cells transfected with a human apoE4 cDNA or a
genomic DNA construct as templates. C, ApoE Western blotting of cell lysates from Neuro-2a
cells transfected with a human apoE4 cDNA or a genomic DNA construct. D, The human apoE4 or
apoE4-�I3 genomic DNA construct was transfected into Neuro-2a or rat primary hippocampal
neurons. The intracellular apoE protein levels were determined by anti-apoE Western blotting
and compared by calculating the ratio of apoE protein in apoE4-�I3-transfected cells to that in
apoE4-transfected cells (N2a, 4 � 1, n � 6; primary neuron, 5 � 1, n � 6).

Figure 5. Astroglial regulation of neuronal apoE expression acts via the processing of apoE-
I3. A, Neuro-2a cells were transfected with apoE4 or apoE4-�I3 genomic DNA construct in the
presence or absence of C6-conditoned medium. The cells were lysed 24 h after transfection as
described in Materials and Methods. The same amounts of total proteins were subjected to
SDS-PAGE and detected by anti-apoE Western blotting. B, Quantitative results of A, as deter-
mined by scanning the apoE bands, were reported as relative to apoE4 (n � 3). C, The effect of
astrocyte-conditioned medium on apoE promoter activity was determined in Neuro-2a cells
stably transfected with an apoE promoter–alkaline phosphatase reporter construct (n � 9).
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(Fig. 2F). Cortical neurons were also pos-
itive for the apoE-I3 signal (data not
shown).

ApoE-I3 is retained in the nucleus and is
not translated
In Neuro-2a cells stably transfected with
an apoE genomic DNA, �98% of apoE-I3
mRNA was retained in the nucleus, as
shown by qRT-PCR, whereas �60% of
apoE mRNA was in the cytosol (Fig. 3).
Importantly, �98% of U3B small nucleo-
lar mRNA was also found in the nuclear
fraction (Fig. 3), indicating the purity of
nuclear and cytosolic fractions (Speck-
mann et al., 1999). We then examined the
potential protein sequence encoded by
apoE-I3 mRNA. Because there is a stop
codon at the junction of exon 3 and
intron-3 in the apoE-I3 transcript, the ex-
pected translation product was a short
peptide containing the first 60 aa of apoE.
Extensive anti-apoE Western blotting with
various polyclonal and monoclonal anti-
bodies, which recognize the N terminus of
apoE, failed to reveal such a peptide in dif-
ferent neuronal cells transfected with or
without apoE genomic DNA or in mouse and human brains (data
not shown).

Intron-3 retention/splicing controls neuronal expression
of apoE
To determine the role of intron-3 in neuronal expression of apoE,
we measured apoE expression in Neuro-2a cells transfected with
a cDNA or a genomic DNA construct (Fig. 4A). ApoE was ex-
pressed at much higher levels in cells transfected with cDNA (Fig.
4B,C), whereas apoE-I3 was expressed only in cells transfected
with genomic DNA (Fig. 4B). When intron-3 was deleted from
the apoE genomic DNA construct (apoE4-�I3) (Fig. 4D), apoE
expression was fourfold to fivefold higher in Neuro-2a and rat
primary hippocampal neurons transfected with that construct
than in cells transfected with the wild-type apoE4 genomic DNA
construct (Fig. 4D). And when intron-3 was inserted into the
apoE cDNA (apoE-I3-cDNA), the apoE expression level in cells
transfected with that construct was �30% of that in cells trans-
fected with wild-type apoE-cDNA (data not shown). Thus,
intron-3 is associated with a low level of apoE expression in neu-
ronal cells.

Astroglia regulate neuronal apoE expression through the
processing of apoE-I3
Previously, we showed that astrocyte-conditioned medium up-
regulates apoE expression in transfected Neuro-2a cells and
mouse primary neurons (Fig. 5A, six left lanes, B) (Harris et al.,
2004b). However, astrocyte-conditioned medium did not signif-
icantly alter apoE promoter activity in an alkaline phosphatase
reporter assay (Fig. 5C), and removal of intron-3 from the apoE
genomic DNA abolished the regulatory role of the conditioned
medium (Fig. 5A, six right lanes, B). Thus, upregulation of neu-
ronal apoE expression by an astrocytic factor (or factors) likely
reflects increased processing of apoE-I3.

Expression and processing of apoE-I3 is regulated by
neuronal injury in the hippocampus
To determine whether apoE-I3 processing is involved in the con-
trol of apoE expression by neurons in response to excitotoxic
injury (Boschert et al., 1999; Xu et al., 2006), we treated human
apoE knock-in mice with kainic acid and assessed neuronal in-
jury by H&E and silver staining. In situ hybridization demon-
strated that excitotoxic stress dramatically increased apoE-I3
mRNA levels in morphologically normal hippocampal neurons
(Fig. 6A,B). RT-PCR analyses using a serial dilution of cDNA
templates demonstrated higher levels of apoE-I3 mRNA in the
brains of treated mice than in controls (Fig. 6C). qRT-PCR dem-
onstrated a twofold increase of apoE-I3 expression in the hip-
pocampus, but not in the cortex (Fig. 6D).

In degenerating hippocampal CA1 neurons in the treated
mice, however, apoE-I3 mRNA disappeared, although it was still
present in uninjured CA3 neurons and dentate gyrus granular
cells (Fig. 7B,C). In contrast, apoE mRNA was clearly present in
the degenerating CA1 neurons but not in CA3 and dentate gyrus
granular cells (Fig. 7A,C). Thus, in response to excitotoxic stress,
apoE-I3 expression increased in neurons with normal morphol-
ogy, but disappeared in degenerating neurons. Conversely, apoE
mRNA was expressed in degenerating neurons but not in normal
neurons, as reported previously (Xu et al., 2006).

We then compared the expression of apoE-I3 and apoE
mRNA by RT-PCR in CA1 neurons collected by laser-capture
microdissection from untreated and kainic acid-treated apoE4/
EGFPapoE reporter mice, in which one apoE allele is targeted
apoE4 and the other is targeted EGFP (Xu et al., 2006). In these
mice, neurons express EGFP and apoE in response to injury (Xu
et al., 2006). The EGFP-negative CA1 neurons collected from
untreated apoE4/EGFPapoE mice by laser-capture microdissec-
tion expressed apoE-I3 mRNA, but not apoE mRNA, as deter-
mined by RT-PCR (Fig. 7D). However, the EGFP-positive CA1
neurons collected from kainic acid-treated apoE4/EGFPapoE mice
expressed apoE mRNA, but not apoE-I3 mRNA (Fig. 7E). Impor-

Figure 6. Expression of apoE-I3 in mouse brains in response to excitotoxic injury induced by kainic acid (KA). A, B, In situ
hybridization of apoE-I3 mRNA in control (A) and KA-treated (B) human apoE knock-in mice. C, RT-PCR of apoE-I3 using a serial
dilution of total RNA from the brains of KA-treated and untreated mice as templates. D, qRT-PCR of apoE-I3 in the hippocampus
(Hippo) and cortex of control (Con) and KA-treated mice (n � 3; *p � 0.001 vs the corresponding control).
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tantly, both cells expressed similar levels of GAPDH (Fig. 7F),
indicating the quality of RNA and an appropriate RT-PCR, and
did not express GFAP (data not shown), suggesting no significant
contamination of astrocytes. Thus, apoE-I3 and apoE mRNA
levels are inversely correlated in neurons in vivo.

ApoE-I3 is likely a precursor of apoE mRNA
Next, we determined whether apoE-I3 functions as a noncoding
RNA that regulates neuronal expression of apoE or as a precursor

of apoE mRNA. First, the splicing acceptor site of intron-3 in the
apoE-I3-cDNA construct was mutated to eliminate the splicing
of intron-3 (Fig. 8A). In transfected Neuro-2a cells, this mutant
construct was transcribed into an mRNA with intron-3 retention,
without protein translation (data not shown). Importantly, apoE
expression was not significantly altered by transfection of the
mutant construct at different doses into Neuro-2a cells stably
expressing apoE4 from a genomic DNA construct (Fig. 8A,B).
Thus, it is unlikely that apoE-I3 is a noncoding RNA that regu-
lates neuronal expression of apoE.

To determine whether apoE-I3 is a precursor of apoE mRNA,
we cultured primary hippocampal neurons from human apoE4
knock-in mice for 14 d, treated them with the transcription in-
hibitor actinomycin D for 6 h, and induced apoE expression with
astrocyte-conditioned medium. ApoE-I3 mRNA levels decreased
and apoE mRNA levels increased, despite the transcription inhi-
bition (Fig. 8C,D). These results suggest that apoE-I3 is likely a
precursor of apoE mRNA and that the astrocyte-derived factor
(or factors) upregulates neuronal expression of apoE by stimu-
lating the processing of apoE-I3 into apoE mRNA.

Discussion
This study shows that intron-3 retention governs apoE expres-
sion in CNS neurons. This finding suggests a model in which
neuronal expression of apoE is controlled by two switches (Fig.
9). The first, transcription of the apoE gene, is constitutively on
under normal conditions and generates apoE-I3 that is retained
in the nucleus and is not translated. The second switch, the pro-

Figure 7. ApoE-I3 expression is inversely correlated with apoE expression in mouse hip-
pocampus in response to excitotoxic injury. A, In situ hybridization of apoE mRNA showed
positive signals in injured CA1 neurons in a kainic acid (KA)–treated mouse. B, In situ hybrid-
ization of apoE-I3 mRNA showed the opposite pattern to that of apoE mRNA (e.g., negative
signals of apoE-I3 mRNA in degenerating CA1 neurons). C, H&E staining showed neurodegen-
eration in the CA1 region, but not in CA3 or the dentate gyrus. D, RT-PCR of apoE and apoE-I3 in
EGFP-negative CA1 neurons collected from untreated apoE4/EGFPapoE reporter mice (n � 4) by
LCM. E, RT-PCR of apoE and apoE-I3 in EGFP-positive CA1 neurons collected from KA-treated
apoE4/EGFPapoE mice (n � 4) by LCM. F, RT-PCR of GAPDH in EGFP-negative and EGFP-positive
CA1 neurons collected from untreated and KA-treated apoE4/EGFPapoE mice (n � 4), respec-
tively, by LCM.

Figure 8. ApoE-I3 is a precursor of apoE mRNA. A, A schematic model of an unspliceable
apoE-I3 cDNA construct, in which the splicing acceptor site of intron-3 was mutated to eliminate
the splicing. B, Neuro-2a cells stably expressing apoE4 from a wild-type genomic DNA construct
were transfected with different amounts of the unspliceable apoE-I3 cDNA construct. Intracel-
lular apoE protein levels were determined by anti-apoE Western blotting 24 h after transfection.
C, D, Primary hippocampal neurons from human apoE4 knock-in mice were cultured in vitro for
14 d and then treated with the transcription inhibitor actinomycin D for 6 h, and apoE expression
was then induced with astrocyte-conditioned medium. The levels of apoE-I3 (C) and apoE (D)
mRNA were quantified by qRT-PCR (n � 6; *p � 0.01 vs actinomycin D).
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cessing of apoE-I3 into mature apoE mRNA, is turned on in
response to neuronal injury. Although the mechanisms and mol-
ecules that control the processing of apoE-I3 into apoE mRNA
remain to be elucidated, our findings reveal a novel mechanism
underlying the control of apoE expression in CNS neurons.

Previously, three alternative transcripts of the apoE gene in
humans and mice were reported (Seitz et al., 2005). Although the
5�- and 3�-ends of those transcripts were not clearly defined by 5�-
and 3�-RACE, the apoE-I3 mRNA we identified does not match
those transcripts. Thus, it appears to be a novel alternative tran-
script of the apoE gene. Interestingly, the 5� (GU) and 3� (AG)
splicing sites of apoE intron-3 are optimal for canonical splicing
and conserved among human, chimp, baboon, mouse, rat, and
pig, suggesting that the intron-3 retention of apoE is not caused
by suboptimal splicing sites.

Intron retention of alternative transcripts has been demonstrated
in 5–15% of genes, as shown by genome-wide screening in humans
and mice (Kan et al., 2002; Galante et al., 2004). Although some
retained introns are translated, others are not and participate in the
regulation of gene expression, including proinsulin (Mansilla et al.,
2005), cyclooxygenase-1 (Cui et al., 2004; Qin et al., 2005), mito-
chondrial transcription termination factor (Li et al., 2005),
gonadotropin-releasing hormone (Seong et al., 1999), and phe-
nylethanolamine N-methyltransferase (Unsworth et al., 1999). Our
findings show that apoE-I3 is an untranslated precursor of mature
apoE mRNA and that neuronal expression of apoE is controlled by
intron-3 retention/splicing. These findings raise several important
questions. Do neurons have an intron-3-specific splicing inhibitor
or lack an intron-3-specific splicing factor under normal conditions?
What signaling pathway links neuronal injury to the activation of
intron-3 splicing, and how is this pathway regulated by an astrocyte-
derived factor (or factors)?

Another question is why neurons control apoE expression by
intron-3 retention/splicing. Previously, we and others demon-
strated that neurons produce apoE quickly in response to injury
(Boschert et al., 1999; Xu et al., 2006). Because protein is pro-
duced more rapidly from pre-existing mRNA than from tran-
scription of a gene, it is conceivable that apoE-I3 mRNA enables
neurons to respond quickly to injury by making apoE immedi-
ately available for neuronal repair and remodeling. Because only

injured neurons generate apoE from the processing of apoE-I3
mRNA, this might not add significant abundance, compared
with those generated in astrocytes, into the overall pool of brain
apoE. However, neuron-generated apoE may play important
roles intracellularly in neuronal maintenance and repair. Fur-
thermore, because neuron-generated apoE4 has many detrimen-
tal effects (Huang et al., 2004, 2006a,b; Mahley et al., 2006), in-
hibiting neuronal expression of apoE might be beneficial for AD
patients carrying apoE4. This might be achieved by inhibiting the
processing of apoE-I3 to mature apoE mRNA. Because apoE-I3
retention is a neuron-specific event, it could be targeted thera-
peutically without affecting apoE expression in other cells.
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