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Microglial apolipoprotein E and astroglial apolipoprotein J
expression in vitro: opposite effects of lipopolysaccharide
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Abstract

Apolipoprotein E (apoE) and apodJ are lipid carriers produced
in the brain primarily by glial cells. A variety of glial-activating
stimuli induce a parallel upregulation of both apolipoproteins
expression in vivo and in vitro. To further characterize the
cell type and mechanisms by which apoE and apoJ
expression are upregulated in activated glia, mixed glial
cultures from neonatal rat cortex were treated with the
endotoxin lipopolysaccharide (LPS). LPS induced dose-
dependent increases in apoJ and decreases in apoE expres-
sion and secretion with maximum effects at 1-10 ng/mL
and 0.1-1 pg/mL, respectively. Experiments with enriched
astroglial and microglial cultures demonstrated that apoE and
apod expression are predominantly microglial and astroglial,
respectively. Given the pivotal role that nuclear factor-xB

(NF-xB) plays in glial activation, we assessed its possible
role in mediating apoE and apoJ expression by activated
glia. LPS robustly increased NF-kB activation in mixed glial
cultures. Two NF-«xB inhibitors, aspirin (10 mm) and MG-132
(0.1 um), blocked basal apoE and apoJ secretion as well as
LPS-induced apodJ secretion. These data demonstrate that
glial apoE and apoJ expression are independently regulated
by LPS in microglia and astroglia, respectively, and that
activated microglia are the predominant source of apoE in
mixed glial cultures. The transcription factor NF-kB appears
to be a critical mediator of LPS-stimulated apoJ expression
from astroglia.
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Apolipoprotein E (apoE) and apolipoprotein J (apol; also
known as clusterin among many other names) are compo-
nents of plasma and cerebrospinal fluid (CSF) lipoprotein
particles (Holtzman et al. 1999b). By binding to specific
receptors they direct the utilization and clearance of lipids
contained in lipoprotein particles by various cells and
tissues. ApoE has recently attracted the attention of
neuroscientists as it has been consistently shown to be a
major susceptibility gene for late-onset Alzheimer’s disease
(AD; Strittmatter et al. 1993). While it is still unclear
exactly how apoE contributes to AD pathogenesis, we have
recently reported a marked reduction in amyloid-f peptide
(AP) deposition and an almost complete absence of
thioflavine-S-positive amyloid in transgenic mice over-
expressing a human mutant amyloid precursor protein
transgene that lack apoE (Bales et al. 1997, 1999b).
Expression of human apoE in these mice suppressed early
thioflavine-S-negative AP deposition (Holtzman et al.
1999a) but resulted in fibrillar AP deposits at a later age
(Holtzman et al. 2000). These data suggest that apoE is
critical for AP fibrillization into amyloid plaques in brain.

In line with these findings, it has previously been shown
that apoE is an avid AP binding protein (Wisniewski et al.
1993) and is localized to amyloid plaques in AD brain
(Namba et al. 1991; Kida et al. 1994). Interestingly, apoJ
is also an AP binding protein (Wisniewski et al. 1993) and
reportedly the major AP binding protein in human CSF
(Golabek et al. 1995). In vitro reports suggest an anti-
amyloidogenic role for apoJ as apoJ binding to AP
prevents AP aggregation and polymerization in vitro (Oda
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et al. 1995; Matsubara et al. 1996), whereas in vivo data
point to a proamyloidogenic role for apoJ (DeMattos et al.
2002). Understanding how apoE and apol] expression and
secretion are regulated in brain may therefore be critical to
understanding the role these two apolipoproteins play in
the pathogenesis of AD. ApoE and apoJ are highly
expressed in brain (Elshourbagy ef al. 1985; de Silva
et al. 1990), mainly in glial cells (Boyles et al. 1985;
Murakami et al. 1988; Pasinetti et al. 1994), and both
apolipoproteins are upregulated when glia are activated by
neuronal injury (Messmer-Joudrier ef al. 1996; Page et al.
1998; Schauwecker ef al. 1998; Petegnief et al. 2001)
possibly to mediate the lipid transport required for
membrane repair and recycling.

Nuclear factor-kB (NF-kB) has been shown to be a key
transcription factor in glia which upon activation in the
cytosol translocates to the nucleus and transactivates the
transcription of proinflammatory cytokine genes (O’Neill
and Kaltschmidt 1997). We and others (Bales ef al. 1998;
Akama et al. 1998; Akama and Van Eldik 2000; Yates et al.
2000) have previously demonstrated that exposure of
cultured glia to AP robustly increases NF-kB activation
and expression of proinflammatory cytokine genes.
Although apoE and apol] have also been reported to be
upregulated upon glial activation induced by various stimuli,
little is known about the possible involvement of NF-kB in
this process.

In the current study, we have further examined the effects
of NF-kB inhibitors on apoE and apol] expression and
secretion by glial cells activated in vitro with lipopolysac-
charide (LPS), a widely used in vitro model of glial
activation. In neurodegenerative disorders, glial activation
is most often induced by neuronal injury and in the case of
AD probably also by Ap. Differences may exist in the
activated state of glia depending on the inducing stimulus
and therefore caution should be exercised when extrapolating
the LPS effects to the pathological condition. However, LPS-
induced glial activation results in typical features of glial
activation induced by inflammatory stimuli such as NF-kB
activation (Nishiya et al. 1995; Pahan et al. 1997; Petrova
et al. 1999), upregulation of proinflammatory cytokines
(Lieberman et al. 1989; Kong et al. 1997; Pahan et al.
1997), inducible nitric oxide (NO) synthase and increased
NO release (Boje and Arora 1992; Pahan et al. 1997). We
observed that LPS exposure markedly induces apoJ secretion
and expression in mixed glial cultures, but unexpectedly
decreased apoE expression. Using cultures highly enriched in
astrocytes or microglia, we found that the effects of LPS on
apoE and apoJ were primarily due to its effect on microglia
and astrocytes, respectively. Finally, we observed that NF-kB
inhibitors reduce basal apoE secretion from microglia
and markedly suppress LPS-induced apol secretion from
astroglia.

Materials and methods

Materials

Cell culture media, serum, antibiotics, Trizol reagent and Super-
script-1I kit were from Life Technologies (Gaithersburg, MD, USA).
Deoxyribonuclease I and LPS (055:B5) were from Sigma (St Louis,
MO, USA). Dil-acetylated low-density lipoprotein (LDL) was from
Biomedical Technologies Inc. (Stoughton, MA, USA). Protease
inhibitor cocktail Complete and lactate dehydrogenase (LDH)
release kit were from Roche Molecular Biochemicals (Indianapolis,
IN, USA). BCA Protein Assay kit was from Pierce (Rockford, IL,
USA). NuPAGE 4-12% Bis Tris and 6% DNA retardation gels were
from Novex (San Diego, CA, USA). Hybond-ECL nitrocellulose
membranes, ECL chemiluminescence kit, Hybond-NX nylon
membranes, Ready To Go random priming kit and all radiochem-
icals were from Amersham Pharmacia Biotech (Piscataway, NJ,
USA). The 28S rRNA internal control oligonucleotide was from
Ambion Inc. (Austin, TX, USA).

Goat anti-human apoE and apoJ antibodies were from Chemicon
(Temecula, CA, USA), mouse anti-rat clusterin o subunit antibody
was from Upstate Biotechnology (Lake Placid, NY, USA), mouse
ED-1 monoclonal antibody was from Serotec (Kindlington, UK),
rabbit anti-cow glial fibrillary acidic protein (GFAP) antibody was
from Dako (Glostrup, Denmark), mouse monoclonal anti-MAP-2
and anti-galactocerebroside-C were from Roche Molecular Bio-
chemicals (Indianapolis, IN). All horseradish peroxidase-conjugated
antibodies and antibodies for supershift experiments were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Human apoE
was obtained from PanVera (Madison, WI, USA). SYTO-16 was
from Molecular Probes (Eugene, OR, USA). The gel shift assay kit
containing T4 kinase and transcription factors consensus sequences
and the Griess Reagent System kit for NO determination were from
Promega (Madison, WI, USA).

Cell cultures

Mixed glial cultures were prepared according to the method of
Giulian and Baker (1986). Cerebral cortices from 1-day-old neonatal
Sprague-Dawley rats were dissected, stripped of their meninges and
digested for 30 min with 0.25% trypsin at 37°C. Trypsinization was
stopped by addition of an equal volume of glial culture medium
(Dulbecco’s modified Eagle medium : F-12 nutrient mixture : fetal
bovine serum 45 : 45 : 10, penicillin 100 U/mL and streptomycin
100 pg/mL) containing 0.02% deoxyribonuclease 1. The solution
was pelleted, resuspended in glial culture medium and brought to a
single-cell suspension by repeated pipetting followed by passage
through a 105-pum pore mesh. Cells were seeded onto 6- or 48-well
plates at a density of 2.5 x 10° cells/mL and cultured at 37°C in
humidified 5% CO,—95% air. Medium was replaced by 50% after
6 days in vitro (DIV). Cells reached confluency on 6-8 DIV and
were used between 8 and 12 DIV.

To obtain enriched astroglial cultures a 75-mL flask of rat primary
mixed glial cultures on 10-12 DIV was shaken for 2 h at 200 rpm,
trypsinized (0.05%) and subcultured at low density (4 x 10* cells/mL)
in 6- or 48-well plates with glial culture medium (see above). One
day after subculturing, plates were manually shaken for 1 min and
medium was fully replaced with glial culture medium. Cells reached
confluency on 5-7 DIV and were used on DIV 7-10.
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Table 1 Characteristics of the glial cell
cultures used in this study

Mixed glial Astroglial Microglial
% Astrocytes 75% >99% <1%
% Microglia 20% <1% >98%
% Oligodendrocytes <5% <1% <2%
% Neurons <1% ND ND
Cell density (total cells/mm?) 1669 + 406 374 £ 130 424 + 184
Astroglial density (astrocytes/mm?) 1251 + 305 370 + 129 <6
Microglial density (microglia/mm?) 334 + 81 <5 416 + 180
Other Primary Secondary Secondary
Confluent Confluent Non-confluent

Total cell density was estimated by SYTO-16 staining. The proportion of the various cell types was
estimated by immunocytochemistry with specific antibodies as indicated in Materials. All cultures
were prepared from P1 rat cerebral cortex. ND, not detected.

Microglial cultures were prepared by shaking 75-mL flasks of rat
primary mixed glial cultures on 7-8 DIV for 2 h at 200 rpm.
Floating cells were pelleted and subcultured at 400 000 cells/mL in
6- or 96-well plates. One day after subculturing, medium was fully
replaced by macrophage serum-free medium. Cells were used on 2
DIV.

The cell density as well as the percentage of the various cell types
in mixed glial, astroglial and microglial cultures are listed in
Table 1. The total cell density on the day of the experiment was
estimated by counting cells stained with SYTO-16. Astrocytes were
identified by GFAP immunocytochemistry, microglia by Dil-acet-
ylated-LDL uptake (in live cultures) or by ED-1 immunocytochem-
istry (in fixed cultures), neurons by MAP-2 immunocytochemistry
and oligodendrocytes by Gal-C immunocytochemistry.

In all experiments, the medium was completely changed to
serum-free medium 16-24 h prior to LPS addition. Treatment with
aspirin or MG-132 was carried out 6 h prior to LPS. LDH release
and NO were determined with kits according to manufacturer’s
instructions.

Western blot analyses
For analysis of secreted apoE and apol, aliquots of 50 pL of
conditioned medium were collected and, after addition of Complete
protease inhibitor cocktail, aliquots were either stored at 4°C for
immediate assay or frozen at —20°C for subsequent analyses. For
analysis of cellular proteins, cultures were washed with cold
phosphate-buffered saline (PBS) and harvested in a lysis buffer
[50 mm Tris—HCI, 150 mm NaCl, 1% Nonidet P-40, 1% sodium
dodecyl sulfate (SDS), 0.5% deoxycholate] containing Complete
protease inhibitor cocktail. Cell extracts were kept at —20°C until
protein determination was performed with the BCA Protein Assay kit.
Samples of conditioned medium (10 pL) or cell lysates (4 pg
protein except for GFAP, 0.5 pg protein) were denatured and
separated on a NuPAGE 4-12% Bis Tris gel under reducing
conditions and transferred to a nitrocellulose sheet. Blots were
blocked overnight at 4°C in PBS containing 5% non-fat dry milk
followed by a 60-min incubation at room temperature with one of
the following antibodies: goat anti-human apoE 1 : 3000, mouse
anti-rat clusterin o subunit 1 : 400, mouse ED-1 1 : 300 or rabbit
anti-cow GFAP. After 3 X 7-min washes in PBS—0.05% Tween,
blots were incubated for 60 min at room temperature in the
appropriate horseradish peroxidase-conjugated antibody, washed

extensively and developed by chemiluminescence (ECL). Autora-
diograms were scanned with a Molecular Dynamics laser scanner
and band density was quantified with IPLab Gel (Signal Analytics
Corporation, Vienna, VA, USA) image analysis software. The linear
range of the relationship between protein concentration and optical
density of the autoradiogram was established in pilot experiments
using known amounts of human apoE.

Northern blots
The apoE ¢cDNA was prepared by RT-PCR using total RNA from
rat cortical astrocytes. RNA was reversed transcribed using a
Superscript-II kit and PCR performed on a PTC-100 thermal
controller (MJ Research, Waltham, MA, USA) using 30 cycles of
55°C 2 min, 72°C 3 min and 94°C 1 min. The rat apoE probe used
for the northern blots was 349 bp and was amplified with the
forward primer 5-TGATGGAGGACACTATGACGG and the
reverse primer 5-TCACGGATAGCCACTCACACC. The apoJ
probe was produced by PCR from rat brain cDNA using the
forward primer 5-TTCTGGATGAACGGGGACCGCATC and the
reverse primer 5’CGTTTAGCTCCTGGCGCAGGTTAG. The result-
ing amplified fragment is 533 bp. After PCR-product resolution by
agarose electrophoresis, the cDNAs were purified from agarose
slices and labeled with o-[*>P]JdCTP using a random priming
labeling kit. The probe for the 28S rRNA internal control is an
oligonucleotide 5" end-labeled with y-[**P]ATP using T4 kinase.
Six to 24 h after LPS treatment, mixed glial, pure astrocyte or
microglia cultures were lysed with Trizol reagent for RNA isolation
according to the phenol-chloroform protocol. RNA was isolated
from two 950-mm? wells. For northern blot analysis, 5 pg of total
RNA were separated on 1.3% agarose-formaldehyde gel, transferred
to a nylon membrane and UV cross-linked. The membrane was
prehybridized for 2—4 h at 42°C and hybridized overnight at 42°C
with apoE probe. The hybridization solution consisted of 5 x saline—
sodium phosphate—EDTA (SSPE), 10 x Denhart’s, 50% formamide,
0.5% SDS and 0.1 mg/mL denatured salmon sperm DNA. Blots
were washed with 2 X saline-sodium citrate (SSC)/0.1% SDS at
37°C for 30 min, 1 x SSC/0.1% SDS at 37°C for 30 min and
0.1 x SSC/0.1% SDS at 45°C for 15 min. After several strippings
in a 0.1% SDS solution, membranes were briefly washed in
2 x SSC and hybridized with the apoJ probe at 42°C. Confirma-
tion of equivalent RNA loading was done after a second
stripping by rehybridizing membranes with the 28S rRNA probe.
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Autoradiograms were scanned in a phosphoimager and quantified
using the ImageQuant computer program (Molecular Dynamics).

Electrophoretic mobility shift assay

Nuclear proteins were extracted from mixed glial cultures at various
times after treatment with 1 or 100 ng/mL LPS. Cells from two
950-mm? wells were scrapped in cold PBS, centrifuged for 4 min at
7000 g. The resulting pellet was resuspended in 400 pL of buffer A:
10 mm HEPES pH 7.9, 10 mm KCI, 0.1 mm EDTA, | mm
phenylmethylsulphonyl fluoride (PMSF), 1 mm dithiothreitol
(DTT) and 0.1 mm EGTA and cells were swollen on ice for
15 min. After addition of 25 pL of 10% Nonidet-40 (buffer B), cells
were vigorously vortexed for 10 s. After a 10-min incubation on ice,
the broken cells were successively spun for 10 min at 3000 g and for
5 min at 14 000 g. The pellet was resuspended in 30-50 pL of
buffer C consisting of 20 mm HEPES pH 7.9, 0.4 m NaCl, 1 mm
EDTA, 1 mm EGTA, 1 mMm PMSF and 1 mm DTT. Solutions A, B,
C and PBS were supplemented with 1 x Complete. After a 90-min
gentle shaking at 4°C, nuclei were pelleted by a 5-min spin at
2000 g. The supernatant containing nuclear proteins was collected
and protein amount was determined by BCA assay. The gel shifts
were performed using the Promega gel shift assay kit: 3 pg of nuclear
proteins were incubated for 20 min at 25°C with y-[>’P]NF-kB
consensus sequence (25 000 cpm/reaction assay) and separated by
electrophoresis on 6% polyacrilamide gels in native conditions at
4°C. The composition of protein in the DNA-protein complexes was
determined by supershift in presence of anti-p65 and anti-p50
antibodies for NF-kB. Competitive binding was performed by
incubation with 20x of cold specific or unrelated consensus
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sequence DNA. Gels were dried and scanned in a phosphoimager.
Optic density of the specific bands was quantified using IPLab Gel
software.

Statistics

Differences in means of multiple groups were analyzed by anova
and individual group differences were assessed by ANOVA contrast.
All data are means + SD. p-Values < 0.05 were considered
significant. Data were analyzed with JMP (SAS Institute Inc., Cary,
NC, USA).

Results

LPS decreases apoE and increases apoJ release

in mixed glial cultures

Mixed rat glial cultures were treated with LPS and the apoE
and apoJ content was analyzed in the medium at various
points in time. LPS induced a significant decrease in
extracellular apoE at 48 h, with a weaker effect at 24 h
and no effect at 6 or 12 h (Fig. la). In contrast, LPS
markedly increased apol levels in the medium. The effect
was first observed 12 h after treatment with LPS and was
very robust after 24 and 48 h (Fig. 1b). We next examined
the concentration—response relationship for the effects of
LPS on apoE and apoJ release measured in the medium at
48 h. As shown in Fig. 1(c), the LPS-induced decrease in
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Fig. 1 Effect of LPS on apoE and apoJ secretion by mixed glial
cultures. Time-course (a and b) and dose-response (c and d) of LPS-
induced changes in secreted apoE (a and c) and apoJ (b and d).
Samples from medium conditioned by mixed glial cultures were sep-
arated by electrophoresis and analyzed by western blot (see Materials

and methods for details). Data are expressed as mean + SD of either
four (a and b) or eight (c and d) independent determinations. In (a) and
(b) *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant differ-
ences versus control. (e) Representative western blot of a dose—
response experiment at 48 h.
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apoE was concentration-dependent with a maximal effect at
1 pg/mL LPS (91% inhibition) and an ICs, of approximately
3 ng/mL. Interestingly, LPS was far more potent at increas-
ing the level of apoJ than decreasing the level of apoE. The
maximal effect on apoJ, a 7.2-fold increase, was obtained
with 10 ng/mL and a half-maximal increase in apol] was
obtained at 0.1 ng/mL (Fig. 1d), a concentration that did not
affect secreted apoE. At LPS concentrations higher than
10 ng/mL, apol levels typically reached a plateau, but in
some experiments a moderate decrease was observed at
2100 ng/mL. LPS was not toxic to mixed glial cultures at
concentrations <1 pg/mL. The latter resulted in a 20%
increase in LDH release (data not shown). From these
experiments, the concentrations of 1 ng/mL and 100 ng/mL
were selected to further characterize the LPS effects on apol
and apoE, respectively.

The observed decrease or increase in apoE or apoJ induced
by LPS in glial-conditioned medium, respectively, could be
caused by a corresponding change in lipoprotein uptake or
secretion. To address this question, we first analyzed
intracellular apoE and apol] levels in mixed glial cultures
treated with LPS for 24 h. LPS at 1 and 100 ng/mL reduced
the intracellular apoE content by 47-48% and increased the
intracellular apoJ content by 5.7- to 6.2-fold (Fig. 2). These
data are consistent with the effects of LPS on extracellular
apoE and apoJ being caused by changes in synthesis and
secretion rather than in uptake. We also analyzed the effects
of LPS on two intracellular glial markers: GFAP, the
prototypical astroglial marker, and ED-1, a lysosomal
microglial marker. Whereas GFAP levels were unchanged
by LPS, ED-1 levels were decreased by 1 ng/mL (—28%)
and 100 ng/mL (—44%) of LPS (Fig. 2).

To confirm that the LPS-induced decrease in intracellular
apoE and increase in intracellular apoJ proteins were

900 1
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800 1 OLPS 1ng/ml
700 4 ***l ELPS 100ng/ml
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500 A

% control

400 1
300 1
200

0

ApoE ApodJ GFAP ED1

Fig. 2 Effect of LPS on intracellular apoE, apoJ, GFAP, and ED-1 in
mixed glial cultures. Western blot analysis of intracellular proteins 24 h
after 0, 1 or 100 ng/mL LPS (see Materials and methods for details).
LPS induces a significant increase in intracellular apoJ and decreases
in apoE and ED-1. Data are expressed as mean + SD of eight inde-
pendent determinations. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3 Effect of LPS on apoE and apoJ mRNA expression in mixed
glial cultures. (a) Northern blot analysis of apoE, apod, and 28S mRNA
obtained from mixed glial cells treated for 6, 12 or 24 h with 0, 1 or
100 ng/mL LPS (see Materials and methods for details). (b and c) The
quantitation of the northern blot bands, expressed as apoE/28S (b)
and apoJ/28S (c) ratios. The values are the mean and range of two
independent experiments.

preceded by changes in their corresponding mRNA levels,
we analyzed total RNA from mixed glial cultures treated
with 1 or 100 ng/mL LPS for 6, 12 or 24 h using northern
blots. LPS at 100 ng/mL (but not at 1 ng/mL) decreased
apoE mRNA levels by 40-55% and this effect was already
apparent by 6 h (Fig. 3). In contrast, LPS induced a 2.7- and
4.5-fold increase in apoJ] mRNA at 12 h and 48 h, respect-
ively. As seen with intracellular and secreted apoJ, 1 and
100 ng/mL LPS had a similar quantitative effect on apol
mRNA (Fig. 3).

LPS increases apoJ secretion and expression

in astroglial cultures

The most abundant cell type in mixed glial cultures is the
astrocyte, a cell type known to synthesize both apoE and
apoJ. To explore whether the LPS-induced changes in apoE
and apolJ secretion in mixed glial cultures could be explained
solely by the actions of LPS on astrocytes, we analyzed apoE
and apol levels in medium following LPS treatment of
astroglial cultures. In control astroglial cultures, extracellular
levels of apoE were very low, 0—4% of the levels found in
medium conditioned by control mixed glial cultures. LPS did
not induce significant changes in extracellular apoE in
astroglial cultures (Fig. 4a). On the other hand, apolJ levels in
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Fig. 4 Effect of LPS on apoE and apoJ secretion by astrocytes. As-
troglial cultures were treated with 0, 1 or 100 ng/mL LPS and condi-
tioned medium was sampled 48 h later and analyzed by western blot
for apoE (a) and apoJ (b) content. Data in (a) and (b) are expressed as
mean + SD of 12 independent determinations. **p < 0.01 and
***p < 0.001 denote significant differences from control. (c) A repre-
sentative image of apoE and apodJ levels in medium conditioned by
LPS-treated astroglial cultures. For comparison a sample of medium
conditioned by mixed glial cultures for 48 h was run in parallel.

control astroglia-conditioned medium were 5-10% of apoJ
levels in control mixed glia-conditioned medium. However,
in astroglial cultures, LPS treatment induced a marked
increase in extracellular apolJ levels, especially at 1 ng/mL
(5.9-fold increase) but also at 100 ng/mL (1.9-fold increase;
Fig. 4b). We next analyzed apoE and apoJ mRNA levels in
control and LPS-treated (24 h) astroglial cultures. ApoE
mRNA levels in control astroglial cultures represented only
10.5% of apoE mRNA levels measured in control mixed glial
cultures and, as seen for secreted apoE protein, they were
unaffected by LPS treatment of 1 or 100 ng/mL (Fig. 5). By
contrast, apoJ] mRNA in astroglial cultures represented 30%
of apoJ] mRNA levels measured in control mixed cultures
and were significantly increased 24 h after LPS treatment of
1 ng/mL (3.3-fold increase, p < 0.01) and 100 ng/mL (4.0-
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o OControl
§ 0057 OLPS 1ng/ml
ApoE . 20‘04 ELPS 100ng/ml
Eo0s
2
apod e | E
u
285 | B0 BN W W '

ApoE ApoJ

Fig. 5 ApoE and apoJ mRNA in astroglial cultures. (a) Northern blot
analysis of apoE, apoJ, and 28S mRNA obtained from control mixed
glial and astroglial and from astroglial cultures treated for 24 h with 1
or 100 ng/mL LPS. (b) The quantitation of the hybridization signals
detected by northern blots. Data are expressed as apoE/28S and
apoJ/28S ratios. The values are the mean and error bars SD (n = 3).
**p < 0.01 and ***p > 0.001.

fold increase, p < 0.001; Fig. 5), also in agreement with the
protein data. As seen in mixed glial cultures, LPS at 1 or
100 ng/mL did not induce cell death in astroglial cultures
measured by LDH release (not shown).

LPS decreases apoE secretion by microglial cultures

In medium conditioned by control microglial cultures for
48 h, apoE levels were similar (80-200%) to those measured
in medium conditioned by control mixed glial cultures for
48 h. Furthermore, LPS at 100 ng/mL, but not at 1 ng/mL,
significantly reduced (—63%) the apoE concentration in
microglia-conditioned medium (Fig. 6a), similar to that
induced by LPS in mixed glial cultures. In contrast, apoJ
levels in medium conditioned by microglial cultures for 48 h
were very low, representing 0-7% of apolJ levels in mixed
glia-conditioned medium, and were unaffected by LPS
(Fig. 6b). In microglial cultures apoE mRNA levels were
similar (112%) to the levels in mixed glial cultures whereas
no apoJ mRNA could be detected in microglial cultures (not
shown). LPS did not induce toxicity in microglial cultures as
analyzed by LDH release (not shown).

LPS induces morphological changes in microglia

and stimulates NO release in mixed glial

and microglial cultures

The LPS-induced decrease in ED-1 (Fig. 2) indicates a less
phagocytic state of microglia that in some models, especially
in vivo, is concomitant with a less activated state of
microglia. In order to better characterize the state of
activation of microglial cells after LPS we analyzed their
morphology and NO release. LPS at 100 ng/mL, but not at
1 ng/mL, changed the morphology of microglial cells from
round with few and short processes or no processes at all, to
an elongated shape with more and longer processes. This
pattern of microglial changes was observed both in isolated
cultures (Fig. 7a) and in mixed glial cultures (not shown).
The typical ‘fried-egg’ morphology and increase in size that
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Fig. 6 The effect of LPS on apoE and apodJ secretion by microglia.
Microglial cultures were treated with 0, 1 or 100 ng/mL LPS and
conditioned medium was sampled 48 h later and analyzed by western
blot for apoE (a) and apoJ (b) content. Data in (a) and (b) are the
mean + SD of eight independent determinations. ***p < 0.001 denotes
a significant difference with control. (c) A representative image of apoE
and apoJ levels in medium conditioned by LPS-treated microglial
cultures. For comparison samples of medium conditioned by mixed
glial cultures for 48 h were run in parallel.

LPS induces in microglia at higher doses and that is
associated with an increased phagocytic state was not
observed.

LPS-induced NO release was measured by NO,  accumu-
lation in conditioned medium for 48 h. The NO,  concen-
tration in medium conditioned by control mixed glial,
astroglial and microglial cultures was 1.6, 1.3 and 0.9 pm,
respectively. In mixed glia LPS significantly increased NO
release at 1 ng/mL (7.2 pm) and 100 ng/mL (26.2 pm). In
microglial cultures, LPS induced a significant increase in NO
release at 100 ng/mL (16.8 pum). In contrast, LPS did not
induce changes in NO release by astroglial cultures (Fig. 7b).

LPS activates NF-kB in mixed glial cultures and NF-xB
inhibitors suppress LPS-induced apoJ secretion

In mixed glial cultures, LPS induced an upregulation of two
NF-kB-binding complexes that were identified by supershift
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Fig. 7 LPS-induced changes in morphology and NO release. (a)
Morphological changes induced by LPS in microglial cultures. Cells
were treated with LPS or vehicle for 24 h. Note the absence of marked
morphological changes after 1 ng/mL and the elongation and ramifi-
cation of cells treated with 100 ng/mL. The same pattern of morpho-
logical changes was seen induced by LPS to microglia in mixed glial
cultures (not shown). (b) LPS-induced NO release in mixed glial,
astroglial and microglial cultures. NO,~ concentrations were measured
by the Griess method in medium conditioned by control or LPS-treated
cultures for 48 h. Results are expressed as the mean of 4-8 experi-
ments and error bars show SD. **p < 0.01 and ***p < 0.001 denote
significant differences from control.

experiments as p65/p50 and p50/p50 (Fig. 8). The activation
of p65/p50 was maximal 2 h after LPS treatment and was
sustained until at least 16 h (Fig. 8). A similar effect was
observed for p5S0/p50 with a somewhat delayed time-course
of activation (Fig. 8). LPS concentrations of 1 and 100 ng/mL
were equally effective at inducing NF-xB activation. We
next studied how NF-kB inhibitors affected basal and LPS
(1 ng/mL)-induced changes on apoE and apol secretion.
Aspirin (10 mm) and MG-132 (0.1 pm) significantly reduced
apoE secretion in both control and LPS-treated (1 ng/mL)
mixed glial cultures (—65% to —77%; Fig. 9). Basal apoJ
secretion was reduced by aspirin (10 mm) but not by
MG-132. LPS-induced apoJ secretion, however, was reduced
by aspirin at 3 mM (—34%) and 10 mm (—95%) and by
MG-132 at 0.03 pm (=31%) and 0.1 um (= 90%; Fig. 9).
Gel shifts experiments showed that aspirin and MG-132 did
not affect basal NF-kB activation. However, aspirin (10 mm)
and MG-132 (0.1 pm) completely blocked LPS-induced
activation of NF-«xB (Fig. 9). Interestingly, MG-132
inhibited the LPS-induced translocation of p65/p50 and
p50/p50 complexes, whereas aspirin only decreased p65/p50
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Fig. 8 LPS treatment induces NF-«kB activation in mixed glial cultures.
(a) Three DNA/protein retardation bands were seen in EMSA with
control and LPS-treated mixed glial nuclear extracts. The anti-p65
antibody supershifted only band 1, whereas the anti-p50 antibody
supershifted bands 1 and 2, indicating that band 1 corresponds to the
p65/p50 complex and band 2 to the p50/p50 complex. All retardation
bands were supressed by incubation with a 20-fold excess of the
non-labeled NF-kB consensus-containing oligonucleotide, whereas a

translocation. At the concentrations used, aspirin and MG-
132 were not toxic to mixed glial cultures as assessed by
LDH release (not shown).

Discussion

Our initial observation that LPS treatment upregulates apoJ
but downregulates apoE in mixed glial cultures was to a
certain extent unexpected. There have been reports of LPS-
induced downregulation of apoE expression/release in
macrophages (Werb and Chin 1983; Menju ef al. 1989;
Zuckerman and O’Neal 1994) and astrocytes (Mouchel et al.
1995) and of LPS-induced increases in apoJ expression and
decreases in apoE expression in peripheral organs (Hardar-
dottir et al. 1997). In a recent study on the effects of A on
glial apoE and apoJ secretion, LaDu ef al. (2000) reported
that LPS, at a concentration higher than those used in our
study (10 pg/mL), stimulated apoJ secretion without affect-
ing apoE secretion from astroglial cultures. However, in
most studies apoE and apol levels have been shown to
concomitantly increase upon glial activation, e.g. following
rat striatal deafferentation by unilateral cortical ablation

(b)

0.5hr 2hr 6hr 16hr

LPS 01100 0 1100 0 1 100 0 1 100

p65/p50- -
p50/p50- -
- s - } -

ns-

p65/p50

150

Band density
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20-fold excess of an oligonucleotide containing an AP-1 consensus
site had no effect. (b) Nuclear extracts of mixed glial cultures treated
with 0, 1 or 100 ng/mL LPS for 30 min, 2, 6 or 16 h were analyzed by
NF-kB EMSA. Note that the p65/p50 and p50/p50 complexes are
upregulated by LPS from 2 h on. (c) Quantitation of the p65/p50 and
p50/p50 retardation bands from mixed glial cultures treated with LPS.
Data show the mean and range of two independent experiments.

(Schauwecker et al. 1998), in excitotoxic neuronal injury
induced by AMPA infusion into the rat hippocampus (Page
et al. 1998) or in neuronal/glial spinal cord rat cultures
treated with glutamate (Messmer-Joudrier et al. 1996). It
therefore appears that in terms of apolipoprotein response,
glial activation induced by LPS differs from that of most
other models. Whereas apoJ expression is upregulated in all
cases, suggesting that this is an intrinsic component of glial
activation, apoE is upregulated in most but not all glial
activation models, showing that upregulation of apoE
expression is not an invariable feature of glial activation
although it often accompanies it. What are the differences
between glial activation induced by LPS and the other
models that may explain the different apoE response? It is
interesting to note that most previous reports describing
upregulation of apoE expression or release by activated glia
involve neuronal injury. It is possible that cell debris or
factors released by injured neurons are necessary for apoE
upregulation by activated glia (see Petegnief et al. 2001).
The morphological changes and ED-1 decrease observed in
microglia treated with LPS in the present study reflect a
less phagocytic state and support an association between
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phagocytic activity and apoE expression. Another factor that
may trigger apoE expression in some cases of glial activation
is glial cell division, as LPS, in contrast to neuronal injury,
activates glial cells without inducing cell proliferation
(Suzumura et al. 1991; Lee et al. 1994; Casal et al. 2001).

Our finding of a completely opposite regulation of apoE
versus apo] expression and secretion by LPS-activated glial
cells indicates that, at least in some cases, the physiological
need for the two apolipoproteins is different. Little is known
about the role of apoJ in the CNS but it is often assumed that
apoE and apolJ, the two major CNS apolipoproteins, play a
similar role in lipid trafficking within the CNS. Unlike apoE
receptors, the only known receptor for mamalian apol
(megalin/LRP2; Kounnas et al. 1995) is not expressed by
neurons or glial cells, but by ependymal and endothelial cells
(Kounnas et al. 1994). This different receptor localization
suggests that brain apoJ could be involved in lipid blood—
brain and brain—CSF transport, whereas brain apoE would be
involved in neuron<>glia lipid transport (Zlokovic et al.
1996).

M

e

b -

S—

LPS increased apoJ secretion and expression in astroglial
cultures, as in mixed glial cultures, but not in microglial
cultures. On the other hand, LPS decreased apoE secretion
and expression in microglial cultures, as in mixed cultures,
but not in astroglial cultures. These results suggest that in
mixed glial cultures apoJ expression is primarily astroglial in
origin and is upregulated by LPS, whereas apoE expression
is primarily microglial in origin and is downregulated by
LPS. That astrocytes, and not microglia, synthesize and
secrete apol is in agreement with previous reports (Garden
et al. 1991; Danik et al. 1993; Pasinetti et al. 1994; Zwain
et al. 1994; see, however, Xu et al. 2000). However, our
finding that in mixed glial cultures microglia are the main
apoE-producing cell type was unexpected. In vivo studies
have shown that astrocytes contain apoE mRNA (Diedrich
et al. 1991; Poirier et al. 1991; Lorent et al. 1995; Stone
et al. 1997) and protein (Boyles ef al. 1985; Pitas et al.
1987; Diedrich et al. 1991; Baskin et al. 1997), whereas
only some microglial cells contain apoE mRNA (Poirier
et al. 1991; Stone et al. 1997) or protein (Schmechel et al.
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1996). Most studies conclude that astrocytes are the main
apoE-producing cell in the brain (Danik ef al. 1999 for
review). However, a recent study showed that entorhinal
cortex lesion induced an increase in apoE immunoreactivity
in some astrocytes but the majority of apoE-positive cells
were reactive microglia (White et al. 2001). In vitro it has
also been shown that astrocytes produce apoE (Pitas et al.
1987; Baskin et al. 1997) and in microglia apoE mRNA has
been detected (Nakai et al. 1996; Stone et al. 1997) but apoE
secretion has been shown only in the BV2 cell line (Bales
et al. 1999a; Xu et al. 2000). While our results confirm that
astrocytes synthesize and secrete apoE, we show that in point
of fact microglia produce more apoE than astrocytes in our
cultures and they appear to be the main apoE-producing cell
type in rat mixed glial cultures.

Microglia have been reported to be in a very activated state
in pure microglial and mixed neonatal glial cultures as shown
by their phagocytic activity and the expression of antigens
characteristic of activation (Giulian and Baker 1986; Glenn
et al. 1992). Clearly, this condition does not mimic their state
in the healthy adult brain. It is possible therefore that
astrocytes are the main source of apoE in non-diseased brain.
However, our findings indicate that in pathological situations
in which microglia become activated, e.g. following stroke,
aging or AD, microglia may become a significant source of
brain apoE. In this line, it is interesting to note that despite
astrocytes express apoE in human control and diseased brain,
in the close vicinity of senile plaques apoE is located in
microglial cells but not in astrocytes (Shao et al. 1997;
Uchihara et al. 1995), suggesting that microglial apoE may
be especially relevant to AD pathogenesis.

NF-xB is a transcription factor that translocates to the
nucleus in activated glial cells promoting the transcription of
proinflammatory genes (O’Neill and Kaltschmidt 1997).
NF-xB is thought to play a pivotal role in the inflammatory
process in many cell types and, consequently, we examined
the role of NF-xB in regulating apoE and apoJ expression by
activated glia. We observed a strong activation of NF-xB in
glial cells induced by LPS, in agreement with previous
reports (Bonaiuto et al. 1997; Ferrari et al. 1997; Tanaka
et al. 1997). This activation could be fully blocked by aspirin
and MG-132, two NF-«kB inhibitors with totally different
mechanisms of action. Aspirin prevents the phosphorylation
of IxB, an inhibitory protein that binds to NF-xB (Grilli et al.
1996) and MG-132 is a proteasome inhibitor (Nasuhara et al.
1999). Phosphorylation and subsequent degradation of IkB
in the proteasome are essential steps in the mechanism of
activation of NF-xB (Palombella et al. 1994; Bauerle 1998).
In mixed glial cultures, both aspirin and MG-132 inhibited
LPS-induced secretion of apoJ with the same potency they
inhibited LPS-induced NF-kB activation, suggesting the
involvement of NF-kB in mediating LPS-induced apol]
expression in astroglia. There are to our knowledge no
previous reports of NF-xB regulating apol] expression. By

means of Matlnspector 2.2 (Quandt ef al. 1995) we have
identified putative NF-kB binding sites in the apoJ gene
promoter region (GenBank accession number M64733),
which could mediate a direct activation of apoJ expression by
NF-kB. However, the possibility that NF-kB may stimulate
apolJ expression indirectly (e.g. by promoting the expression/
release of glial cytokines) must be considered.

Finally, we also observed a marked reduction of glial apoE
secretion induced by both NF-«B inhibitors. In line with this
finding, we have previously reported that NF-kB inhibitors
decrease glial apoE secretion induced by neuronal injury
(Petegnief et al. 2001) and microglial apoE secretion induced
by AP (Bales et al. 1999a). Taken together, these observa-
tions further support the involvement of NF-xB in mediating
glial apoE expression. However, in microglia, LPS induced
NF-kB activation but decreased apoE expression and release,
indicating that factors other than NF-xB are able to suppress
glial apoE expression, even in the presence of activated
NF-xB. In the light of the proposed pro-amyloidogenic role
for apoE in AD (Wisniewski ef al. 1993; Bales et al. 1997,
1999b) elucidating the mechanisms by which LPS downreg-
ulates apoE expression in microglia may be very relevant as
it could lead to the identification of novel targets for AD
prevention or treatment.
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