
Experimental Neurology 166, 415–421 (2000)
doi:10.1006/exnr.2000.7510, available online at http://www.idealibrary.com on
Synthesis and Regulation of Apolipoprotein E during the Differentiation
of Human Neuronal Precursor NT2/D1 Cells into Postmitotic Neurons
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Recently, we showed expression of apolipoprotein E
(apoE) in human neuronal-type cells such as neuro-
blastoma SK N SH–SY 5Y cells. In this model, a nega-
tive effect of neuronal differentiation on apoE synthe-
sis was suspected. To check this hypothesis, we stud-
ied the regulation of apoE in human postmitotic
neurons. The presence of apoE was investigated in
undifferentiated human teratocarcinoma NT2/D1
(NT2) cells and during their differentiation into post-
mitotic hNT neurons induced by retinoic acid (RA)
treatment. Before differentiation, apoE protein and
mRNA were detected in NT2 cells by Western blotting
and RT-PCR experiments. Immunofluorescence study
showed that apoE was present in all cells. For longer
times of RA treatment (3 weeks), the apoE labeling
became heterogeneous: only some cells were immu-
nopositive and among them were some differentiating
cells in which apoE was located in both cellular body
and neuritic process. Interestingly, terminally differ-
entiated hNT cells no longer expressed apoE. These
results demonstrate that neuronal precursor and dif-
ferentiating cells were able to synthesize apoE while
the fully neuronal differentiation exerted a negative
effect on apoE neuronal expression. Our results are
compatible with a weak expression of apoE in neurons
of adult brains. © 2000 Academic Press

Key Words: apolipoprotein E; retinoic acid differen-
tiation; NT2/D1 cells; hNT cells; neuron.

INTRODUCTION

In humans, apolipoprotein E (apoE) exists as three
major structural isoforms: apoE2, apoE3, and apoE4
(34, 35). For a few years, apoE has been thought to play
an important role in the central nervous system (CNS).
Indeed, according to the expressed isoforms, apoE
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might be involved (1) in maintaining the integrity of
the ageing CNS (18, 28); (2) in repair, growth, and
maintenance of myelin and axonal membranes during
development and after an injury (15, 20, 27); (3) in
neurite outgrowth in presence (2, 23) or in absence of
b-VLDL (5); (4) in neurotoxicity (17, 32); (5) in patho-
logical processes such as Alzheimer’s disease (28, 31).

Immunohistochemistry of brain tissues shows that
cerebral apoE protein is mainly located in glial cells,
particularly in astrocytes (4, 27) and microglia under
certain conditions (22, 33). Nevertheless, apoE protein
has also been detected in some neurons from Alzhei-
mer brain (11, 12), control brain (19), patients with
pontosubicular necrosis (1), and rat pyramidal neurons
after a transient ischemia injury (14). In situ hybrid-
zation studies on brain slices confirmed that apoE

RNA synthesis mainly occurred in glial cells, partic-
larly in astrocytes (6, 27, 40). Thus, neuronal apoE
as supposed to originate from extracellular medium
y neuronal uptake. However, studies on neuroblas-
oma SY 5Y and Kelly cells have shown that apoE
ould be synthesized by human neuronal-type cells (8).
urthermore, Xu et al. (38) have recently reported that
uman apoE mRNA could actually be transcribed and
xpressed in selected populations of neurons in frontal
ortex and hippocampus in control and Alzheimer’s
isease brains. This neuronal expression seems to be
pecific to humans (37, 38).
To understand the normal role of apoE in the CNS as
ell as its potential role in CNS diseases such as Alz-
eimer’s disease, it is important to determine the fac-
ors regulating the expression of apoE in neuronal
ells. In a previous study, we showed that the expres-
ion of apoE in neuronal-type NGF-differentiated SY
Y cells could be modified by both neuronal differenti-
tion and the presence of exogenous apoE protein (30).
he decrease of apoE mRNA level, observed in SY 5Y
ells after 4 days of NGF differentiation, suggested a
egative effect of neuronal differentiation on apoE syn-
hesis. To clearly establish the role of the differentia-
ion process on the apoE expression in neurons, it was
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important to investigate the consequence of a complete
differentiation on apoE expression. For this purpose,
we have chosen to study human teratocarcinoma
NT2/D1 (NT2) cells, which are able to differentiate in
postmitotic neurons, named hNT, after retinoic acid
treatment. In this paper, we show the presence of both
apoE mRNA and proteins in undifferentiated NT2 cells
and variations of apoE expression during cell differen-
tiation.

MATERIALS AND METHODS

Cell Cultures

NT2 cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) (Gibco BRL) supplemented
with 10% fetal calf serum, 2 mM glutamine, and peni-
cillin–streptomycin mix. Differentiation was per-
formed according to Stratagene’s protocol. Briefly, 10
mM retinoic acid (RA) (Sigma, St Louis, MO) was added
in the culture medium for 4–5 weeks. Afterward, cells
were replated at dilution 1

4 and, 2 days later, treated
with a mitotic inhibitor mix (MI) (10 mM 5-fluoro-29-
deoxyuridine, 10 mM uridine, 1 mM cytosine-b-D-ar-
binofuranoside) added in DMEM culture medium, in
bsence of retinoic acid, for 2 additional weeks. At last,
y mild trypsinization enrichment protocol, the cellu-
ar population was divided into two cellular groups
nriched either in nonneuronal (NN) or neuronal
hNT) cells.

DS–PAGE, Western Blotting, and ApoE
Quantification

Cell pellets were collected by centrifugation at dif-
erent times of differentiation treatment as indicated
or each experiment. Cellular extracts were prepared
y heating the cell pellet (3–4 3 106 cells) at 100°C,
hich was then resuspended in Laemmli’s buffer (0.1
l) as previously described (7). Samples were run

hrough a 15% polyacrylamide gel (ratio acrylamide/
is-acrylamide 37.5/2) and then blotted onto a nitrocel-
ulose sheet as previously described (7).

ApoE detection was performed by using either a
onoclonal antibody directed against apoE (E01) or a

olyclonal serum as primary antibody (16, 8). Poly-
lonal M19G antibodies (1/2000) bind specifically to the
rst 19 amino acids of Tau proteins (7). NSE (neuron-
pecific enolase), a neuronal-specific marker, was rec-
gnized by the polyclonal-specific serum (1/10000) pur-
hased from Affiniti (Tebu, France). The secondary an-
i-mouse or anti-rabbit antibodies were purchased
rom Sigma. Immunobinding was revealed using the
CL (enhanced chemiluminescence) detection kit from
mersham.
Quantification was performed as described in (29).
riefly, red Ponceau-stained blot and immunoblot were
digitized on a Power Macintosh 7200 with a StudioSca-
nII Agfa scan unit and assessed for densitometric
quantitative analysis using NIH Image 1.62. The scan-
ning of red Ponceau-stained blot allowed the correction
of the apoE intracellular level values in function of a
known amount of transferred cellular proteins.

Immunofluorescence

Cell preparation. To observe the cellular localiza-
tion of apoE during the first 3 days of RA differentia-
tion, NT2 cells were plated onto Lab-Tek chamber
slides previously coated with poly-L-lysine (5 mg/cm2;
Sigma). On the following day, 1025 M RA was added in
the medium culture and cells were observed by immu-
nofluorescence technique after 24, 48, or 72 h.

For longer times of RA differentiation, cells derived
from the same passage as those analyzed for short
differentiation times were plated onto a 25-cm2 flask
for 1 week. Cells were then split 1:50 onto Lab-Tek
coated chamber slides. RA treatment lasted for 2 addi-
tional weeks. Half of the slides were fixed to be exam-
ined by immunofluorescence, whereas the other half
were later treated with MI for 2 additional weeks.

For the observation of the terminally differentiated
cells, hNT cells were plated onto Lab-Tek chamber
slides previously coated with poly-D-lysine (10 mg/ml)
and Matrigel and maintained in culture for 1 addi-
tional week, in DMEM/SVF 10% culture medium in
absence of retinoic acid and mitotic inhibitors.

Immunofluorescence technique. A better detection
of apoE was observed after a permeabilization step
except for hNT, which lost their neurites and came off
of the slide. Thus, except for hNT cells, permeabiliza-
tion of the cells was performed by incubating the cells
for 30 s in a buffer containing 80 mM Pipes, 5 mM
EGTA, 1 mM MgCl2, 0.1% Triton X-100, 1 mM GTP,
30% glycerol before the fixation step. The cells were
fixed at room temperature with a 4% paraformalde-
hyde solution in phosphate buffer (PB) (NaH2PO4 10
mM, Na2HPO4 50 mM, pH 7.4) for 15 min. Before
incubation with the primary antibodies, cells were first
treated with 0.1 M glycine in PB containing 0.25%
Triton and then saturated with donkey serum (5% in
PB containing 0.25% Triton) (Interchim, France) to
decrease the background. The primary antibodies used
were E01 monoclonal antibodies or M19G polyclonal
serum, specific for apoE and Tau, respectively, as de-
scribed under SDS–PAGE, Western blotting, and apoE
quantification. The antibodies were diluted at 1/1000
in PB containing 0.25% Triton X-100. The incubation
lasted 90 min at room temperature and was followed
by three PB washes and by incubation for 90 min at
room temperature with FITC- or TRITC-conjugated
donkey anti-mouse IgG or anti-rabbit IgG (1/400) (In-
terchim). After three PB washes, samples were
mounted in Vectashield (Vector Laboratories, Burlin-
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game, CA) and examined under a confocal epifluores-
cence microscope (Leica).

The specificity of the immunoreactivity was con-
trolled either by omitting the primary antibody (Fig. 3)
or by using a normal mouse serum as primary antibody
(not shown).

Reverse Transcriptase–Polymerase Chain Reaction

Total cellular RNA was extracted using the Total
Quick RNA C&T kit (Euromedex) according to the
manufacturer’s instructions. RT-PCR experiments
were performed using the Superscript One Step RT-
PCR system (Gibco BRL). ApoE-specific primers were
selected in exons 1 and 4 to be able to detect an even-
tual amplification of contaminating genomic DNA: 59
CCA GCG GAG GTG AAG GAC 39 for the forward
primer and 59 CGC TTC TGC AGG TCA TCG 39 for the
reverse. These primers allowed the amplification of a
585-bp band. Control experiments were performed by
omitting the RNA sample. As internal control, the LDL
receptor (LDL-R) cDNA was amplified. The LDL-R
primers were the same as those used in (25): 59 CAA
TGT CTC ACC AAG CTC TG 39 (forward primer) and
59 TCT GTC TCG AGG GGT AGC TG 39 (reverse prim-
er). Reverse transcription was performed at 55°C for 30
min in a Thermojet thermal cycler and was followed by
30 cycles consisting of denaturation at 94°C for 30 s,
annealing for 30 s at 58°C (for both apoE and LDL-R
amplification), and DNA extension at 68°C for 2 min.
Under these experimental conditions, the linearity of
the amplification was observed up to 35 cycles for apoE
and 40 cycles for LDL-R cDNAs. The amplified cDNAs
were analyzed by migration through a 2% agarose gel.
The estimation of the band size was performed using
the 100 bp DNA ladder marker (Life Technologies).
The identity of the amplified apoE band was confirmed
by restriction enzyme digestion with CfoI.

apoE Genotyping

ApoE genotype was determined by CfoI digestion of
the PCR-amplified product according to Hixson and
Vernier’s method (13). Briefly, the exon 4 region was
amplified, giving a band of 244 bp (Fig. 1C). After
migration through a 5% agarose gel, the CfoI fragment
pattern was compared to those of previously genotyped
brain DNA (24).

RESULTS

ApoE Synthesis during NT2 Differentiation

By RT-PCR, we looked for the presence of apoE
mRNA in NT2 cells using oligonucleotides described
under Materials and Methods. A 585-bp fragment was
amplified and corresponded to the correct size (Fig.
1A). The same band was amplified using RNA ex-
tracted from RA-treated cells and from NN cells. ApoE
mRNA was faintly present in enriched hNT cell popu-
lation compared to NT2 and NN cells. LDL-R served as
the positive control for the cDNA content (Fig. 1A).

ApoE genotype was determined by CfoI digestion of
the band amplified using the two primers located in
apoE exon 4 and described in the literature. The CfoI
profile corresponded to the e3/e3 genotype (Fig. 1B).

By Western blotting, we investigated the presence of
apoE, NSE, and Tau proteins in cells during the dif-
ferentiation process (Fig. 2). ApoE was detected by
monoclonal antibodies (Fig. 2A) or polyclonal serum
(not shown) in cellular samples from undifferentiated
NT2 cells and RA-treated cells. The quantification of
the intracellular apoE level in RA-treated cells re-
vealed a peak of intracellular apoE presence after 2
days of treatment, then the apoE level decreased (Fig.
3). ApoE protein was hardly detected in samples from

FIG. 1. Synthesis of apoE mRNA during the differentiation of
NT2 cells. (A) RT-PCR experiments. RNA was extracted from undif-
ferentiated NT2 cells; NT2 cells treated with RA for 2, 4, or 6 weeks
(2w, 4w, 6w); and NN and hNT cell subpopulations. ApoE cDNA was
amplified as a band of 585 bp. LDL-R served as positive control for
cDNA content. ApoE mRNA was faintly present in the enriched hNT
cell population compared to NT2 and NN cells. Left lane: DNA 100 bp
ladder. (B) Genotyping. The exon 4 region was amplified, giving a
band of 244 bp. This band was digested by CfoI enzyme. PCR prod-
ucts from e3/e3 (lane e3/e3) and e2/e4 (lane e2/e4) and e2/e3 (lane
e2/e3) brain DNA were used as controls. Ld 2, DNA 10 bp ladder. (C)
Representation of the different CfoI restriction sites located on exon
4 of the three apoE alleles. Small and large arrows show the common
and the polymorphic CfoI restriction sites, respectively.
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cells treated with both RA and MI or in hNT extracts
(Fig. 2). Intracellular NSE increased after 2 weeks of
RA treatment, whereas Tau proteins were detected
only after a 4-week treatment (Figs. 2B and 2C; left
side). When looking at the hNT cell population ob-
tained after 6 weeks of culture, we can see that apoE
was nearly absent, whereas NSE and Tau proteins
were abundant compared to the NN cell population
(Fig. 2, right side).

Changes in ApoE Cellular Localization during
Neuronal Differentiation and Lack of ApoE
Detection in hNT Cells

We looked for apoE cellular localization by the im-
munofluorescence method. Figure 4 shows that, before
RA treatment, apoE was present in all NT2 cells and
was located throughout the cytoplasm and around the
nucleus. A variation in the localization of apoE was
induced by RA treatment: the apoE label was concen-
trated in a perinuclear fraction of the cytoplasm after
24 h of treatment and a vesicular label was observed
after 48 h. After 72 h of RA treatment, the apoE signal
seemed to decrease but was still concentrated in vesi-
cles in the majority of cells. For intermediate times of
RA treatment (3 weeks), only some cells were clearly
immunoreactive, whereas the labeling was weaker in

FIG. 2. Western blotting analysis of undifferentiated and RA-
treated NT2 cells. Cell extracts from untreated (control) or RA-
treated cells for 2 days (RA 2d), 5 days (RA 5d), 7 days (RA 7d), 2
weeks (RA 2w), 4 weeks (RA 4w), and 4 weeks plus 2 weeks with MI
(RA 4w 1 MI 2w) were run through a 15% polyacrylamide gel,
lotted onto a nitrocellulose sheet, and analyzed for their content of
poE (A), NSE (B), and Tau proteins (C). The same experiments were
erformed on enriched nonneuronal (NN) and differentiated (hNT)
ell populations obtained after treatment of cells for 4 weeks with RA
nd 2 weeks with MI. ApoE protein was detected in samples of cells
A-treated as long as 4 weeks and in NN cells but was nearly absent

n RA plus MI-treated cells and in hNT cells. The NSE protein was
etected in all lysates but was more abundant in RA- and MI-treated
ells and in hNT. A 4-week RA treatment was needed to detect Tau
roteins.
the others. In this heterogeneous population, we ob-
served a few differentiating cells in which apoE was
located in both cytoplasm (arrow) and along the neu-
ritic extension (arrowhead). When treating these cells
with MI for 2 additional weeks, the cell population was
enriched with differentiating cells. The cellular body
and neuritic process of these cells contained apoE. In
contrast, the fully differentiated hNT cells were no
longer reactive for apoE (Fig. 4). As some nonneuronal
cells which coexisted with the hNT cells were immu-
noreactive with apoE antibodies, we were sure that
EO1 antibodies were functional under our experimen-
tal conditions (Fig. 5A). Furthermore, we checked the
ability of the fully differentiated hNT neuronal cells to
be immunodetected with an anti-Tau protein antibody
under the same conditions of culture and immunoflu-
orescence observation (Fig. 5B). Thus, the fact that
hNT cells failed to be detected by EO1 antibodies re-
sulted from the absence of apoE protein in these cells.

DISCUSSION

In this paper, we show a regulation of the apoE
expression during neuronal differentiation. We studied
NT2 cells, which represent a clonal subpopulation of
the original human teratocarcinoma tumor and resem-
ble immortalized neuronal precursor cells. RA treat-
ment induces the progeny of NT2 cells to adopt a stable
neuronal phenotype reminiscent of human postmitotic
CNS neurons (26).

The presence of apoE in undifferentiated NT2 cells
was detected by Western blotting or immunofluores-
cence. All undifferentiated NT2 cells were immunore-
active with anti-apoE antibodies and apoE was located
throughout the cell cytoplasm. The specificity of the

FIG. 3. ApoE quantification in cells during the first week of RA
treatment. Cells were not treated (control) or treated with RA for 2
days (2d), 5 days (5d), or 7 days (7d). (A) Western blotting using EO1
antibodies. (B) Quantification of the Western blot. This experiment is
representative of two distinct experiments.
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antibodies used in this study was established in previ-
ous papers (8, 16) and the fetal calf serum did not
contain any detectable ratio of exogenous apoE as men-
tioned in (8). So, the presence of intracellular apoE was
probably due to cellular synthesis. This was confirmed
by RT-PCR experiments which allowed us to amplify
the apoE cDNA. The genotype of the DNA corre-
sponded to e3/e3 polymorphism and was in accordance
with the NT2 cell genotype reported by Williams et al.
(36). In contrast, our immunofluorescence data differ
from those of that group (36), who did not detect apoE
by immunofluorescence on these cells. This could be
explained by the fact that the antibodies directed

FIG. 4. Cellular apoE localization in NT2 cells at different stag
antibodies was performed on untreated cells; cells treated with RA
cells. A control was performed by omitting the primary antibody. A m
differentiation process. Furthermore, all the cells were labeled whe
tiation. After 3 weeks of RA treatment without or with MI treatment,
weaker in the others. A few cells (“differentiating cells”) showed a
extension (arrowhead). Note that the apoE detection disappeared in

FIG. 5. (A) ApoE detection in contaminating nonneuronal cells
(NN cells) grown together in a hNT cell subpopulation. (B) Tau
protein detection in hNT cells. Objective, 633 for NN cells, 163 for
hNT cells.
against apoE used in these two studies are different.
The most important difference between the two studies
came, however, from the cell fixation method. Indeed,
we observed changes in the apoE detection according to
the cell fixation method. The best result was obtained
after a cell fixation with paraformaldehyde 4% for 20
min and a previous permeabilization step. In Wil-
liams’s report, cells were fixed by chilled methanol for
20 min. With that method, we also failed to detect
apoE.

RA treatment of cells for 2 days induced an increase
of apoE as quantified by Western blotting. Such an
effect of RA on human apoE expression was already
reported for astrocytic cells (10). Thus, RA seemed to
act, at first, as an inducer of apoE expression. Simul-
taneous with the increased expression of apoE, a mod-
ification of its intracellular localization was observed
during that period: a possible localization of apoE in
endoplasmic reticulum and trans-Golgi compartments
was suspected thanks to a confocal microscopy obser-
vation.

For intermediate times of RA treatment, we ob-
served a clear increase of apoE protein level after 2 and
4 weeks of RA treatment, whereas the RT-PCR exper-
iments favored a light decrease of mRNA apoE from
the corresponding treated cells compared to the un-
treated cells. This probably meant that the ApoE pro-
tein synthesis was tightly controlled during the cell RA
treatment, perhaps via a variation in the stability of
the corresponding mRNA. During this period of the
treatment, the cell population became heterogeneous

of neuronal differentiation. ApoE detection using monoclonal EO1
24 h, 48 h, 72 h, 3 weeks, or 3 weeks 1 2 weeks with MI; and hNT
ification of the cellular localization of apoE was observed during the
ey were undifferentiated or during the first 3 days of the differen-

ly some cells were clearly immunoreactive, whereas the labeling was
poE localization both in cytoplasm (arrow) and along the neuritic
T cells. Objective, 633.
es
for
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as seen by immunofluorescence: some cells were immu-
nonegative, others immunopositive, and, among these,
the differentiating cells were distinguishable from the
others by their neuritic process. In these last cells,
apoE was located in both cellular body and neuritic
process. This result was similar to our previous obser-
vations concerning apoE expression in NGF-differenti-
ated SY 5Y cells. In both cases, the apoE label was
located in both cellular body and neuritic extensions
(30; this paper). Thus, the expression of apoE by dif-
ferentiating neuronal-type cells was probably mean-
ingful in regard to the neuronal differentiation. The
neurites of these two types of cells (NGF-treated SY 5Y
and differentiating NT2 cells) were immature com-
pared to the extensive and mature neuritic processes
(similar to those of primary neurons) of hNT cells (26).
Interestingly, these fully differentiated hNT cells no
longer contained apoE. The technical validity of the
experiment was confirmed on the one hand by the fact
that these cells could be successfully immunolabeled
with other antibodies such as anti-Tau protein serum.
On the other hand, apoE antibodies were functional
since they were able to detect apoE in nonneuronal
cells contaminating the hNT population. The observa-
tion of these immunopositive apoE cells in the hNT
population explained the light amplification of apoE
cDNA observed by RT-PCR.

In conclusion, all these results suggest that (1) pro-
neuronal and differentiating cells are able to synthe-
size apoE and (2) the apoE expression was down reg-
ulated after a complete neuronal differentiation. Our
results are compatible with a weak expression of apoE
in neurons of adult brains (38). The in vivo neuronal
poE synthesis might be due either to an expression
imited to some species of neurons or to a neuronal
eexpression of apoE under certain physiological or
athological conditions. These two conditions are not
xclusive and are compatible with the facts (1) that
poE mRNAs were found in some but not in all regions
f human or transgenic mouse brains expressing hu-
an apoE (37–39) and (2) that neuronal apoE mRNA

xpression was increased by neurons surviving excito-
oxic stress (3). This neuronal synthesis could become
articularly important in degenerative diseases during
hich neurons can reenter the cell mitotic cycle (9, 21).
inally, this study shows that these cells seem to be a
ood model for looking for molecular events likely to
einitiate the apoE expression in neuronal cells and
ainly during normal or pathological ageing.
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