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Estrogen provides neuroprotection against neurodege-
nerative diseases, including Parkinson’s disease. Its
effects may stem from interactions with neurons, astro-
cytes, and microglia. We demonstrate here in primary
cultures of rat mesencephalic neurons that estrogen
protects them from injury induced by conditioned
medium obtained from lipopolysaccharide (LPS)-acti-
vated microglia. LPS-induced nitrite production and
tumor necrosis factor-a up-regulation in microglia were
blocked by estrogen pretreatment. Estrogen neuropro-
tection was related to microglial activation of estrogen
receptors (ERs), insofar as the protective effect of the
microglia-conditioned medium was overridden by pre-
treatment of microglia with the ER antagonist ICI
182,780. On the other hand, the specific ERa antago-
nist, MPP dihydrochloride, only partially blocked the
effects of estrogen, suggesting that estrogen protection
was mediated via both ERa and ERB. LPS treatment
did not change ERa mRNA levels in microglia, astro-
cytes, and neurons, but it up-regulated ERB mRNA lev-
els in microglia and astrocytes. Similarly, increased
ERB protein levels were detected in LPS-activated
microglia. More interesting was that immunocytochemi-
cal analysis revealed that ERB was localized in the
cytoplasm of microglia and in the cell nucleus of astro-
cytes and neurons. In summary, our results support the
notion that estrogen inhibits microglial activation and
thus exhibits neuroprotective effects through both ER«
and ERp activation. The cytoplasm location of micro-
glial ERB suggests the possible involvement of non-
classical effects of estrogen on microglia. Changes in
microglial ERB expression levels may modulate such
effects of estrogen. © 2005 Wiley-Liss, Inc.
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Parkinson’s disease (PD) has been accepted for a
long time to be more prevalent in males than in females,
with a relative male to female ratio of 1.4 to 3.7. This
sexual difference has recently been confirmed again by
using metaanalysis to analyze the results from seven stud-
ies (Wooten et al., 2004). The reason for this gender dif-
ference is not fully understood. There is some indication
that levels of estrogens or progesterones or differences in
their cognate receptor levels could account for this dis-
parity. For example, estrogen deficiency following men-
opause might partially explain age and gender differences
in late-onset dopaminergic (DA)-related disorders (Craig
et al., 2004). Consistently with this finding, postmeno-
pausal estrogen therapy reduced the risk of PD onset
(Currie et al., 2004). Many reports have indicated that
estrogen has neuroprotective effects on midbrain DA
neuronal function both in vitro and in vivo (for reviews
see Dluzen and Horstink, 2003; Kompoliti, 2003;
Sawada and Shimohama, 2003). Even though estrogen
was widely used by 38% of postmenopausal American
women in 1999, its use sharply declined after the publi-
cation of a report from the Woman’s Health Initiative in
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2002, which announced that the standard estrogen-pro-
gestin combination poses risks for breast cancer and coa-
gulopathies (Women’s Health Initiative, 2002). Further-
more, estrogen clinical trial results for PD treatment
were inconclusive; in some studies estrogen appeared to
display slight prodopaminergic (or antiparkinsonian)
effects (Marder et al., 1998; Blanchet et al., 1999; Tsang
et al., 2000), but in others estrogen showed no beneficial
effect (Strijks et al., 1999). However, recent studies have
suggested that selective estrogen receptor (ER) modula-
tors (SERMs) may be alternative PD therapeutics, insofar
as they also confer neuroprotective effects (Grandbois
et al., 2000; Callier et al., 2001) and have less adverse
effects. Some of the SERMs are tissue selective and may
have mixed agonist-antagonist properties. A better
understanding of the mechanisms of the neuroprotective
effects of estrogen is required for further studies on
SER M.

Reported possible mechanisms of estrogen neuro-
protection include direct neuronal antiapoptotic effects
(Sawada et al., 2000) as well as effects on astrocytes
(Dhandapani and Brann, 2002). A recent study indicated
that indirect activation of insulin-like growth factor-1
receptors, which localized in both neurons and glial cells,
also contributes to the neuroprotection of DA neurons
(Quesada and Micevych, 2004). Since microglial activa-
tion is thought to participate in the pathogenesis of PD
(for reviews see McGeer and McGeer, 2004; Teismann
and Schulz, 2004), we proposed that estrogen’s neuro-
protective mechanisms may involve interaction with
microglia, which in turn may modulate DA neuronal
function. There are some reports indicating that estrogen
can inhibit microglial activation (Bruce-Keller et al,
2000; Vegeto et al., 2001; Baker et al., 2004). Microglia
are central nervous system (CNS)-resident cells that
function in host defense. Upon CNS injury or inflam-
mation, microglia become activated. Nitric oxide (NO)
and a variety of cytokines including tumor necrosis fac-
tor-a (TNF-a) produced by activated microglia are sup-
posedly injurious to neurons (McGeer and McGeer,
2004; Teismann and Schulz, 2004). There is no report
indicating that estrogen suppresses DA neuronal injury
through inhibition of activated microglial function. We
evaluated this possibility by determining the effects of
estrogen (17B-estradiol) on DA neuron injury induced
by conditioned medium from lipopolysaccharide (LPS)-
activated microglia. To determine the individual role of
the two ER subtypes (i.e., ERa and ERB) in mediating
such effects, we used a nonspecific ER blocker, ICI
182,780, and a relatively selective ERa blocker, MPP
dihydrochloride, in our study. Furthermore, a previous
study reported that ER expression in glia could be up-
regulated by excitoxic injury as well as stab injury (Gar-
cia-Ovejero et al., 2002), so we investigated whether
regulation of ER gene expression in microglia, astro-
cytes, or neurons might contribute to the neuroprotec-
tive effects of estrogen. Moreover, the ER[P protein
expression levels and its subcellular distribution were also
evaluated.

MATERIALS AND METHODS

Cell Cultures and Treatments

Primary microglial cells were isolated from cultures of
newborn Spraque-Dawley rat brains as described in our pre-
vious paper (Le et al., 2001). Briefly, cerebral cortices were
isolated from 1-day-old Sprague Dawley rats (Animal Center,
Chinese Academy of Sciences, Shanghai), stripped of the
meninges, minced in Hank’s buffer, dissociated by trituration,
and digested in the presence of 0.2% trypsin (Sigma, St. Louis,
MO) and 0.01% DNase I (Sigma) for 15 min at 37°C. Cells
were resuspended in DMEM (Life Technologies, Gaithers-
burg, MD) supplemented with 10% fetal calf serum (FCS; Life
Technologies), 100 mg/ml streptomycin, and 100 IU/ml pen-
icillin and then seeded in 75 cm? flasks at a density of 107 cells
per flask. After cells grew to confluence (7-10 days), the flasks
were shaken at 180 rpm for 15 hr at 37°C in an orbital shaker
to loosen microglia and oligodendrocytes from the more
adherent astrocytes. Floating cells were collected and allowed
to adhere to a flask for 1 hr before gentle shaking to separate
oligodendrocytes from the relatively more adherent microglia.
The microglia attached to flasks were then collected and
plated on 24-well plates at a density of 2 x 10> cells/well for
further experimental treatments. Obtained primary microglia
had greater than 95% purity as determined by staining with
1,1"-dioctadecyl-3,3,3’,3'~tetramethyl-lindocarbocyanine  per-
chlorate-acetylated low-density lipoprotein (DIL-ac-LDL)
labeling. DIL-ac-LDL can be taken up specifically by micro-
glia and then degraded by lysosomal enzymes. DIL (fluores-
cent probe) accumulates in the intracellular membranes then
can be viewed under fluorescence microscopy (Giulian and
Baker, 1986). After incubation with 5 pg/ml DIL-ac-LDL at
37°C for 4 hr, microglia were rinsed three times with DMEM
and then visualized via fluorescence microscopy. Microglia
were cultured in DMEM with 2% FCS for 24 hr before the
following treatments for another 24 hr: 1) control group,
without treatment; 2) LPS group, incubated with Escherichia
coli LPS (serotype 0.111:B4; Sigma) at a final concentration of
500 ng/ml; 3) estrogen groups, incubated with 17(-estradiol
(Sigma) at a final concentration of 1 nM (E-1 group) or
10 nM (E-2 group); 4) LPS + estrogen groups, incubated
with 1 nM (LPS 4 E-1 group) or 10 nM (LPS + E-2 group)
17B-estradiol for 1 hr before and continually present when
incubated with 500 ng/ml LPS; 5) ICI group, incubated with
100 nM ICI 182,780 (Tocris Cookson Inc., Ellisville, MO);
6) LPS + ICI + E-2 group, incubated with 100 nM ICI
182,780 for 0.5 hr before with 10 nM 17(-estradiol and then,
1 hr later, incubated with 500 ng/ml LPS; 7) MPP group,
incubated with 1 pM MPP dihydrochloride (Tocris Cookson
Inc.); and 8) LPS + MPP + E-2 group, incubated with 1 pM
MPP dihydrochloride for 0.5 hr before with 10 nM 17[3-
estradiol and then, 1 hr later, incubated with 500 ng/ml LPS.
After treatment, the conditioned medium was collected for
nitrite assay or stored at —80°C for neuron treatment. The
cells were either collected to extract RNA for RT-PCR anal-
ysis or to extract protein for Western blot assay or to be
stained for immunocytochemical assay.

Primary culture of astrocyte was obtained from the same
mixed glial culture for microglia culture as described previ-
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ously (Hoffmann et al., 1996). Briefly, after shaking to remove
microglia and oligodendrocytes, the adherent cells were
allowed to grow for another 3 days. Then, flasks were shaken
again under the same condition to remove the remaining
microglia and oligodendrocytes. Then, the remaining adherent
cells were released with 0.25% trypsin and reseeded. Third-
passage astrocytes were used in subsequent experiments. Astro-
cyte purity was >95% based on immunocytochemical staining
of a specific astrocyte marker, glial fibrillary acidic protein
(GFAP). Astrocytes were seeded at a density of 10° cells/well
in a 24-well plate and subjected to the same treatment as
microglia and later harvested to extract either RNA or protein
or processed for immuncytochemical evaluation.

Primary culture of mesencephalic neurons from embry-
onic Spraque-Dawley rat mesencephalon was performed as
described previously (Le et al., 2001), with some modification.
Briefly, region of the mesencephalon were dissected from
embryonic 14-day rat brains and then minced and treated
with trypsin (0.02%) and DNase I (0.01%). After mechanical
dissociation by pipetting, the cells were seeded at a density of
10> cells/well in 24-well poly-L-lysine-coated plates and cul-
tured for 6 days in DMEM/F12 (1:1) supplemented with 2%
B27 (Sigma). Neurons purity was about 98% based on immu-
nocytochemical staining with a specific neuron marker, MAP-
2. About 5% of the neurons were DA neurons, which exhib-
ited tyrosine hydroxylase (TH) positivity. The following con-
ditions were employed: 1) negative control, no treatment; 2)
control, the neuron medium was replaced with the microglia
medium, ie., DMEM with 2% FCS; 3) LPS group, medium
was replaced with DMEM containing 2% FCS and 500 ng/ml
LPS; 4) conditioned microglia medium (CMM) groups,
medium for neuron was changed to CMM (including the
groups of microglia treatment) and named CMM-control,
CMM-LPS, CMM-E-1, CMM-LPS + E-1, CMM-E-2,
CMM-LPS + E-2, CMM-ICI, CMM-LPS + ICI 4 E-2,
CMM-MPP, or CMM-LPS + MPP -+ E-2; 5) estrogen -+
CMM-LPS (E-1 + CMM-LPS or E-2 + CMM-LPS) groups,
medium was changed to CMM-LPS, and 1 nM or 10 nM
estrogen was freshly added.

Evaluation of Cytotoxicity

The number of surviving DA neurons was determined
by immunostaining as described previously (Le et al., 2001).
Briefly, after fixation, cultured cells were incubated with
monoclonal anti-TH antibody (1:3,000; Sigma) at 4°C for
24 hr and then with fluorescein isothiocyanate (FITC)-bound
anti-mouse secondary antibody (1:100; Sigma) at RT for 2 hr.
Then, they were incubated with polyclonal anti-MAP-2 anti-
body (1:1,000; Sigma) at 4°C for 24 hr, followed by TRITC-
bound anti-rabbit secondary antibody (1:50; Sigma) at RT for
2 hr. MAP-2-positive cells were reflective of neurons (includ-
ing DA neuron), whereas the TH and MAP-2 double-positive
cells were designated as DA neurons. The number of TH-posi-
tive cells in 10 randomly selected fields (each of about 1 mm?
surface area) was determined based on the number of surviv-
ing dopaminergic neurons. Counts were performed without
knowledge of the correspondence to different experimental
treatments.
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MTT assay was used to evaluate cell viability of micro-
glia. Briefly, cells were cultured in 96-well plates and incu-
bated with the reagents. At the end of the incubation, 20 pl
of the dye 3,[4,5-dimethylthiazol-2-yl-]diphenyltetrazolium
bromide (MTT; 5 mg/ml) was added to each well, and the
plates were incubated for 3 hr at 37°C. Then, 100 pl of lysis
buffer [20% sodium dodecyl sulfate (SDS) in 50% N,N-dime-
thylformamide, containing 0.5% (v:iv) 80% acetic acid and
0.4% (v:v) 1 N HCI] was added to each well, and the optical
density (proportional to the number of live cells) was assessed
with a microplate reader at 570 nm. Each experiment was
performed in triplicate. Results of three independent experi-
ments were used for statistical analysis.

Nitrite Production Assay

Levels of the nitric oxide (NO) derivative nitrite were
determined in the conditioned medium of microglia with the
Griess reaction. A nitrite detection kit (Beyotime Biotech
Inc., Jiangsu, People’s Republic of China) was used according
to instructions provided by the manufacturer. The samples
were assayed in triplicate, and a standard curve using NaNO,
was generated for each experiment for quantification. Briefly,
100 wl of medium or standard NaNO, was mixed with
100 pl of Griess reagent in a 96-well plate. After 15 min,
optical density was read in a microplate reader at 540 nm with
the reference filter set at 630 nm. Each experiment was per-
formed in triplicate. Results of three independent experiments
were used for statistical analysis.

RNA Extraction and PCR

RNA was extracted with Trizol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instruction. To eliminate
any residual genomic DNA, the RNA samples were incubated
with DNase I for 15 min at room temperature. Thereafter,
DNase I was inactivated by the addition of 1 pl of 25 mM
EDTA and heating at 65°C for 10 min. Yield of total RNA
was determined by A,y measurement with a spectrophotome-
ter. Aliquots of 2 pg of total cellular RNA were used for
first-strand ¢cDNA synthesis in 20 pl of reaction volume using
SuperScript II Rnase H— Reverse Transcriptase (Invitrogen)
according to the manufacturer’s instructions. The primers used
for PCR assay are listed in Table I. The primers were the
same as previously reported for TNF-a (Melhus, 2001) and
for ERa (Ohsako et al., 2003) and ER[B (Zschocke et al,
2002). The primer pairs for ERs (either ERa or ER3) were
located on different exons of the gene to avoid amplification
of possible genomic DNA. Primers for GAPDH were used to
ensure RNA equivalence among the different conditions. All
primers were purchased from Sangon Biotech. Inc. (Shanghai,
People’s Republic of China). PCR was carried out in a 25-pl
reaction volume that contained 2 pl of cDNA, 2.5 pl of 10x
PCR bufter (Invitrogen), 0.75 pl of 50 mM MgCl, (Invitro-
gen), 0.5 pl of 10 mM dNTPs (Invitrogen), 0.5 pl of 15 pmol
forward and reverse primers, and 0.5 U of DNA Taq poly-
merase (Invitrogen). PCR cycle conditions were 94°C for
30 sec, 58 or 61°C for 30 sec, and 72°C for 45 sec for 25—
35 cycles, with an initial denaturation at 94°C for 5 min and
a final extension of 5 min at 72°C. The PCR products were
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TABLE I. Primers Used for PCR

Product  Cycle GeneBank
Gene Forward primer Reverse primer size (bp)  used  accession No.
TNF-a  5-AGTCTTCCAGCTGGAGAAGG-3' 5-GCCACTACTTCAGCATCTCG-3' 318 35 AF329987
ERa 5-TTACGAAGTGGGCATGATGA-3 5-ATCTTGTCCAGGACTCGGTG-3 711 35 NM_012389
ERB 5-GAGGCCTCCATGATGATGTC-3 5-TCTCCAGCAGCAGGTCATAC-3' 610 35 AJ002602
GAPDH 5'-CCATGTTCGTCATGGGTGTGAACCA-3" 5-GCCAGTAGAGGCAGGGATGATGTTC-3' 229 25 XM_227696

size fractionated on agarose gels and visualized with ethidium
bromide. The densities of the PCR products were quantified
with Quantity One software. The relative expression level of
each targeted gene was calculated as the band density of the
product of that gene divided by that of the GAPDH gene
derived from the same cDNA.

Western Blot

Cells were washed three times with cold TBS, harvested
with a cell scraper, and lysed in 10 volume of cold lysis buffer
[50 mM Tris-HCI, pH 7.2, 250 mM NaCl, 0.1% NP-40,
2 mM EDTA, 10% glycerol, 1 mM phenylmethylsulfonyl flu-
oride (PMSF), 5 pg/ml aprotinin, 5 pg/ml leupeptin] on ice.
Lysates were centrifuged, and then the supernatant protein
was denatured by mixing with an equal volume of 2X sample
loading buffer and then boiling at 100°C for 5 min. An ali-
quot (15 mg as protein) of the supernatant was loaded onto
an SDS-polyacrylamide gel, separated electrophoretically, and
transferred to a polyvinylidene difluoride (PVDF) membrane
(Bio-Rad, Hercules, CA). After the PVDF membrane had
been incubated with 10 mM TBS with 1.0% Tween 20 and
10% dehydrated skim milk to block nonspecific protein bind-
ing, the membrane was incubated with monoclonal anti-ER 3
antibody (1:1,000; clone 9.88; Sigma) overnight at 4°C. This
antibody recognizes a 53-kDa protein, which is designated as
ERP. Blots were then incubated with horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (Sigma) for 45 min at
room temperature at a 1:3,000 dilution and then resolved by
enhanced chemiluminsecence (ECL; Amersham Life Sciences,
Arlington Heights, IL). The densities of the Western products
were quantified with Quantity One. The relative protein
expression level of each targeted protein was calculated as the
band density of the protein divided by that of the [-actin
derived from the same protein sample.

Immunocytochemical Assay

Cells were washed three times and then fixed for
15 min at 4°C in 4% paraformaldehyde. After incubation with
phosphate-buftered saline (PBS) containing 0.2% Triton X-
100 for 10 min at 4°C, cells were incubated with PBS con-
taining 5% bovine serum albumin (BSA) and 1% normal goat
serum to block nonspecific protein binding. For microglia,
cells were then incubated with primary antibody (anti-ER[3;
1:1,000; Sigma) overnight at 4°C, then incubated with secon-
dary antibody (FITC-bound anti-mouse IgG; 1:100; Sigma) at
RT for 2 hr, and finally nuclear DNA was stained by incubat-
ing with 100 ng/ml 4,6'-diamidino-2-phenylindole hydro-
chloride (DAPI) in PBS at RT for 3 min. For astrocytes, cells
were subjected to similar procedures, but the primary antibod-
ies used were the anti-ER{ antibody and the polyclonal anti-
GFAP antibody (1:500; Sigma) and the secondary antibodies
were FITC-bound anti-mouse IgG and TRITC-bound anti-
rabbit IgG (1:100; Sigma). For neuron, cells were subjected to
similar procedures, and the primary antibodies used were the
anti-ER 3 antibody and the polyclonal anti-MAP-2 antibody
(1:1,000; Sigma) and the secondary antibodies were FITC-
bound anti-mouse IgG and TRITC-bound anti-rabbit IgG
(1:100; Sigma).

Statistical Analysis

One-way ANOVA were performed in Graphpad Prism
4. Based on the one-way analysis of variance, a posttest (Bon-
ferroni’s multiple comparison test) was conducted. Statistical
significance was set at the 95% confidence limit (P < 0.05).
Data are expressed as mean = SEM of at least three independ-
ent experiments.

»

Fig. 1. Neuroprotective effects of estrogen on DA neurons against
injury induced by conditioned medium of LPS-activated microglia.
A: Immunocytochemical staining of primary cultured mesencephalon
neuron. In merged figures, non-DA neurons appeared as red (stained
with MAP-2) and DA neurons appeared as yellow (doubly stained
with MAP-2 and TH). Compared with CMM-control (incubated
with medium of microglia without treatment), the number of DA
neurons decreased after incubated with medium of LPS-activated
microglia for 24 hr (CMM-LPS group). Pretreatment of microglia
with 10 nM estrogen for 1 hr before LPS activation (CMM-LPS +
E-2) blocked the injury of LPS-activated microglia medium on DA
neurons. Shown are representative images from three independent

experiments. B: Result of counting the number of DA (TH-positive)
neurons in primary cultured mesencephalic neuron. Conditioned
medium of LPS-activated microglia (CMM-LPS) caused a decrease
in the number of DA neurons. Pretreatment of microglia before LPS
activation with 1 nM or 10 nM estrogen (CMM-LPS + E-1 or
CMM-LPS + E-2) protected DA neurons from the injury. Blocking
ERs with ICI almost totally blocked the neuroprotective effects of
estrogen, whereas specific blocking of ERa with MPP only partially
attenuated the estrogen effects. Values are expressed as percentage of
control and represent the mean * SEM of at least three separate
experiments. **P < 0.01 vs. control.
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RESULTS

Neuroprotection of Estrogen Against Injury
Induced by CMM

The conditioned medium of LPS-activated micro-
glia (CMM-LPS group) caused significant injury to DA
neurons (Fig. 1). Figure 1A shows representative figures
of MAP-2 and TH immunocytochemically stained pri-
mary mesencephalon neurons. In merged figures, non-
DA neurons are MAP-2 positive (red) and DA neurons
appear yellow because of double staining with MAP-2
(red) and TH (green). After exposure to conditioned
medium of LPS-activated microglia for 24 hr (CMM-
LPS), the neurites of DA neurons were attenuated and
their numbers decreased. Pretreatment of microglia with
10 nM estrogen for 1 hr before LPS activation (CMM-
LPS + E-2) inhibited injury to DA neurons following
exposure to conditioned medium. Conditioned medium
of nonactivated microglia treated only with 10 nM
estrogen (E-2) had no effect on DA neurons. Figure 1B
shows the number of TH-positive DA neurons in pri-
mary mesencephalon neuron culture after treatment.
There is no difference among negative control group
(without treatment), control group (neuron medium
replaced with the microglia medium), and CMM-con-
trol group (conditioned medium of microglia without
treatment). Also, no significant change was observed in
the LPS group (500 ng/ml LPS added directly into
neuron culture). In a separate study, to rule out the pos-
sibility that LPS might have direct toxic effects on mes-
encephalon neurons, we added LPS up to 4 pg/ml in
the cultures for 24 hr, and we did not detect any mor-
phological changes upon visual inspection and cytotoxic-
ity assay, which is consistent with an earlier report (Le
et al.,, 2001). Estrogen itself (CMM-E-1 and CMM-E-2
groups) had no effect on neuronal survival or growth.
The conditioned medium of LPS-activated microglia
decreased the number of DA neurons. Pretreatment with
either 1 nM or 10 nM estrogen before LPS activation
decreased DA neuronal injury equally. Furthermore, the
neuroprotective effects of estrogen pretreatment may be
based mainly on the effects of estrogen on microglia and
not directly on the neuron. This is indicated by the fact

that estrogen supplementation of the conditioned
medium of LPS-activated microglia was less protective
against DA neuronal loss (data not shown). Blocking ER
(both ERa and ER) with ICI 182, 780 almost totally
blocked the neuroprotective effects of estrogen. MPP
dihydrochloride is a new specific ERa antagonist, which
at 1 uM had no eftect on ER3 (Sun et al., 2002). In the
current study, 1 pM MPP dihydrochloride only partially
attenuated estrogen-induced neuroprotection. This sug-
gests that both ERa and ER[3 contribute to neuropro-
tection. It is not possible to delineate definitively their
relative contributions to neuroprotection because of the

lack of availability of a specitic ER3 blocker.

Inhibition of Microglial Activation by Estrogen

To test whether estrogen has inhibitory effects on
LPS-induced microglial activation as a possible mecha-
nism of neuroprotection in our cell model, we examined
the morphology of microglia with low-density lipopro-
tein (LDL) staining (Fig. 2A), determined TNF-a
mRNA levels in the microglia (Fig. 2B), and assayed
nitrite production in the culture medium of microglia
(Fig. 2C) in the presence or absence of estrogen. In the
control group, microglia exhibited the ramified mor-
phology typical of the resting state, which is character-
ized by long secondary and tertiary branched processes
arising from a flattened and elongated cell body. After
exposure to LPS (500 ng/ml for 24 hr), most microglial
cells changed into amoeboid morphology, typical of the
phagocytic and activated state. However, with estrogen
(10 nM) incubation for 1 hr before LPS stimulation, the
microglia showed less activation than with LPS treat-
ment alone (Fig. 2A), which is similar to findings in pre-
vious reports (Bruce-Keller et al., 2000; Vegeto et al.,
2001; Baker et al., 2004). This result indicates that estro-
gen can inhibit LPS-induced activation of microglia.

LPS-induced increases in the levels of TNF-a
expression and nitrite production were used as indices of
microglial activation. As shown in Figure 2B,C, LPS
increased the expression of TNF-a and nitrite production.
Pretreatment  estrogen inhibited increases in TNF-a

»

Fig. 2. Estrogen inhibition of microglia activation induced by LPS.
A: The LPS-induced morphological activation of microglia is pre-
vented by pretreatment with estrogen (10 nM) for 1 hr. Microglia
were stained with LDL to show the purity (more than 95%) of pri-
mary cultured microglia by comparison with the bright field photo
(control). Control microglia exhibited the ramified morphology typi-
cal of the resting state, and this changed to amoeboid, activated mor-
phology after treated with LPS (500 ng/ml) for 24 hr. Pretreatment
with estrogen (10 nM) for 1 hr before LPS activation could decrease
activation of microglia. Shown are representative images from three
independent experiments. B: The LPS-induced increase of TNF-a
mRNA expression in microglia is prevented by pretreatment with
estrogen (10 nM) for 1 hr. The GAPDH expression level was used as
internal control. The ER antagonist ICI blocked the inhibitory
effects of estrogen on the TNF-a expression increase in LPS-treated
microglia, whereas the specific ERa antagonist MPP can only parti-

ally block the estrogen eftects. Shown are representative figures and
the statistical results of three independent experiments. Values (per-
centage of control) are expressed as mean = SEM. **P < 0.01 vs.
control. C: The LPS-induced increase of nitrite production in micro-
glia is prevented by pretreatment with estrogen (10 nM) for 1 hr.
The treatments are the same as for B. The ER antagonist ICI
blocked the inhibitory effects of estrogen on nitrite production in
LPS-treated microglia, whereas the specific ERa antagonist MPP can
only partially block the estrogen effects. Values are expressed as per-
centage of LPS-treated group and represent the mean * SEM of at
least three separate experiments. *P < 0.05 vs. LPS group. **P <
0.01 vs. LPS group. D: The cell viability of microglia was not
affected by treatment with estrogen (1 nM or 10 nM), ICI 182,780
(100 nM), or MPP dihydrochloride (1 uM). Values are expressed as
percentage of control and represent the mean * SEM of at least
three separate experiments.
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Fig. 3. Expression of ERa and ER3Z mRNA in primary cultured
microglia, astrocytes, and mesencephalon neurons. The expression of
GAPDH was used as internal control. LPS treatment had no eftect
on ERa expression in all kinds of cells. For ER expression, LPS
induced an increase in microglia. Treatment with only estrogen (1
nM or 10 nM) had no effect on either ERa or ER} expression. Pre-

expression and nitrite production. The nonselective ER
antagonist ICI 182, 780 blocked the inhibitory effects of
estrogen on LPS-induced increases in TNF-a expression
and nitrite production. The specific ERa antagonist MPP
dihydrochloride only partially blocked the estrogen effects
on microglial activation. Neither estrogen (I nM or 10
nM), nor ICI 182,780, nor MPP dihydrochloride was
toxic to microglia at these concentrations based on invari-
ance of the MTT assay (Fig. 2D). Thus, estrogen inhibi-
tion of LPS-induced microglial activation is not due to
effects on cell viability. Because activated microglia are
believed to contribute to neuronal injury at least partially
resulting from NO and TNF-a production, estrogen-
induced neuroprotection may be related to declines in
TNF-a expression and NO production.

mRMA Level of ER in Microglia, Astrocyte,
and Neuron

By using PCR, we can detect both ERa and ERf3
expression in microglia, astrocytes, and neurons (Fig. 3).
In all cases, LPS had no effect on ERa expression but
significantly increased the expression of ER[3 in micro-

wm
=

ER level (% of control)

TR Rmnm

ERo

ERB ERa. ERB

treatment with estrogen for 1 hr before LPS stimulation did not
affect the up-regulation of ERP in microglia and astrocyte. Shown
are representative figures and the statistical result of three independ-
ent experiments. Values (percentage of control) are expressed as mean
+ SEM. *P < 0.05 vs. control.

glia and caused slight increase of ER[3 in astrocytes, but
not in neurons (Fig. 3). Estrogen (E-1 or E-2) had no
effect on the mRNA level of either ERa or ERf3. In
addition, pretreatment of estrogen before LPS stimula-
tion (LPS + E-1 or LPS + E-2) did not totally block
the increase of ER3 mRNA induced by LPS in micro-
glia and astrocytes.

ER( Protein Levels in Microglia, Astrocyte,
and Neuron

Because LPS induced increases of ER[ gene
expression in microglia, its corresponding effects on
ERB protein expression was determined by Western
blot assay (Fig. 4). In microglia, an increase in ER3 pro-
tein was clearly observed after LPS activation. Estrogen
(E-2) had no eftect on the protein levels of ERf3, and
pretreatment of estrogen before LPS stimulation (LPS +
E-2) did not block, although it partially inhibited, the
increase in ERP protein induced by LPS in microglia,
and no change in ER[ protein was observed in astro-
cytes and neurons after LPS stimulation. Estrogen (E-2)
also had no eftect on the protein levels of ER3 in either
astrocytes or neurons.
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Fig. 4. Expression of ER[3 protein in primary cultured microglia, astro-
cytes, and mesencephalon neurons. The expression of [3-actin was used as
internal control. LPS treatment induced an increase in microglia. Treat-
ment with estrogen (E-2, 10 nM) had no effect on ER[3 protein level.

Subcellular Location of ERf3 in Microglia,
Astrocyte, and Neuron

Subcellular localization of ER3 in microglia (nor-
mal and activated), astrocytes, and neurons is shown in
Figure 5. ER[3 was expressed almost exclusively in the
cytoplasm but not in the nuclei of resting microglia.
This assignment is based on the immunocytochemical
finding that ER green staining was almost completely
overlayed with the LDL red signal, which marked the
cytoplasm of microglia, whereas no ER[ signal was
overlayed with blue nuclear DAPI staining. In LPS-acti-
vated microglia, the ERB was also almost exclusively
localized in the cytoplasm. The cytoplasmic localization
of ER[3 indicated that the effects of estrogen on micro-
glia may be different from the classical nuclear ER-
mediated pathway. On the contrary, ER[3 was localized
almost exclusively in the nuclei of astrocytes and neurons
and not in the cytoplasm. To avoid the possible influ-
ence of multiple staining on ER[ detection, single
immunocytochemical staining of ER( was also con-
ducted in the three kinds of cells (data not shown). The
results of single ERB staining were similar to the multi-
ple staining results and clearly suggested that most of the
ER[ expression is restricted to microglia cytoplasm and
nuclei of astrocytes and neurons.

DISCUSSION

Evidence from post-mortem study indicated the
involvement of microglial activation in PD (Rogers

Astrocyte

———= Control
=3 E-2

== LPS+E-2

Neuron

Pretreatment with estrogen for 1 hr before LPS stimulation did not aftect
the up-regulation of ER in microglia. Shown are representative figures
and the statistical result of three independent experiments. Values (percentage
of control) are expressed as mean = SEM. **P < (.01 vs. control.

et al, 1988). Although it is still an open question
whether microglial activation plays a role in initiating
PD or occurs merely as a response to neuronal death, a
positive correlation with early-life brain injuries, such as
antecedent traumatic brain injury, exposure to certain
viruses or other infectious agents, and late development
of PD, implies that inflammation in the brain, and spe-
cifically microglial activation, plays a critical role in the
early stage(s) of the pathogenesis of PD (Liu and Hong,
2003). An inflammation-mediated model of PD using
continuous supranigal infusion of nanogram quantities of
LPS has been established (Gao et al., 2002). LPS has no
known direct toxic effects on neurons but is a powerful
tool for inducing activated microglia that release a host
of neurotoxic factors. The substantia nigra region of the
brain is reported to be particularly susceptible to LPS-
induced injury because it is rich in microglia (Kim et al.,
2000). Thus, it is important to unravel mechanisms reg-
ulating microglial activation to provide insight into effi-
cient therapeutic intervention.

The current study demonstrates that conditioned
medium of LPS-activated microglia induces injury in
primary rat mesencephalon DA neurons. Pretreatment of
microglia before LPS activation with 1 nM or 10 nM
estrogen could protect neural cells from the injury. Our
result supports the hypothesis that, together with the
direct effects on neurons, the neuroprotective mecha-
nism of estrogen in DA neurons in vivo may include
direct effects on microglia. In agreement with previous
reports (Bruce-Keller et al., 2000; Vegeto et al., 2001;
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Fig. 5. Subcellular location of ER protein detected by immunocy-
tochemistry in primary cultured resting microglia, LPS-activated
microglia, astrocytes, and mesencephalon neurons. Microglia were
stained with ER3 (green) or LDL (red), and the nuclei were coun-
terstained with DAPI (blue). Overlay of ERf3 and LDL but not
DAPI indicated that the almost exclusive expression of ERP in the
cytoplasm of both resting and LPS-activated microglia. Astrocytes
were stained with ERf (green) or GFAP (red), and the nuclei were

Baker et al., 2004), in the present study estrogen inhib-
ited the activation of microglia by LPS. The inhibition
of increases in NO and TNF-a levels in activated
microglia might partially contribute to the neuroprotec-
tive effect of estrogen against DA neuronal injury. Fur-
thermore, estrogen was reported to affect in vivo both

DAPI

Merge

counterstained with DAPI (blue). Overlay of most of the ER[3 signal
and DAPI indicated the nuclear expression of ERP in astrocytes.
Neurons were stained with ER (green) or MAP-2 (red), and the
nuclei were counterstained with DAPI (blue). Overlay of most of the
ER signal and DAPI indicated the nuclear expression of ERB in
neuron. Shown are representative figures from three independent
experiments.

the activation of glial cells and the number of glial cells.
Estrogen treatment could inhibit the activation of glial
cells associated with estrogen deprivation in aged female
animal (Mor et al., 1999). In female mice, accompanying
the increase in age, there is a significant 20—25% increase
in the numbers of microglia and astrocytes in the hippo-
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campal formation (Mouton et al., 2002), although 178-
estradiol treatment significantly lowered the numbers of
glial cells compared with placebo (Lei et al., 2003).

It is well known that the biological effects of estro-
gen are manifested through two genetically distinct
estrogen receptors (ERa and ER) that display different
expression patterns in target tissues. Mice with genetic
disruptions of ERa and ER[3 displayed difterent pheno-
types, demonstrating that each receptor subtype has a
distinct biological property (Couse and Korach, 1999).
However, the mechanism for the difference in ERa-
and ER B-mediated biological activities is not fully clear.
It has been reported that estrogen acting at the AP-1 site
enhances transcription of ERa but suppresses that of
ERa with the activation of ER[3 (Paech et al., 1997).
ERo and ERB can interact with each other (Linberg
et al., 2003). The contributions of the two ER subtypes
in mediating the effects of estrogen on microglia were
inconclusive. In an in vivo study in which LPS was
injected into ER-null mouse brains or was systemically
administered, estrogen inhibited microglial activation
through the ERa subtype but not the ERP (Vegeto
et al.,, 2003). On the contrary, Baker et al. (2004)
showed that ER3 mediated the inhibition of microglia
by using BV-2 microglia thar expressed only ER{. Pre-
viously, the lack of subtype-specific antagonists has made
it difficult to define the processes that are regulated by
ERa and/or ERB. Although there is still no specific
ER[ antagonist available, we were able to employ a
new specific ERoa antagonist, MPP dihydrochloride.
The primary cultured microglia in the present study
express both ERa and ER3. The ER blocker ICI 182,
780 both blocked the estrogen-induced neuroprotective
effects on neurons and inhibited its effects on microglia.
The ERa-specific antagonist MPP dihydrochloride only
partially blocked the effects of estrogen. Our results indi-
cate that both ER subtypes contribute to the effects of
estrogen on microglia. Furthermore, the mRNA levels
of ERP but not ERa can be up-regulated by LPS treat-
ment in microglia. Western blot changes also paralleled
variations in ER[3 gene expression in microglia. The fact
that the ER[3 expression can be up-regulated by LPS
stimulation supports the view that the role of ER[3 may
be more important in the activated microglia than in
resting microglia. A previous report also showed that
ERs on microglia and astrocytes are highly up-regulated
following excitotoxic insults and stab wounds to cortical
regions of rat brain (Garcia-Ovejero et al., 2002). The
up-regulation of ERf3 expression in microglia as well as
astrocytes also indicates that the increased reactivity to
estrogen after injury contributes to the effects of estrogen
on glial cells.

We also detected the expression of both ER' sub-
types in astrocyte as well as in primary cultured mesen-
cephalon neurons. Unlike ERo, which plays a major
role in the reproductive tissues, ER3 was shown in pre-
vious reports to be very important in brain development
and function, especially for the midbrain. In the ER[3
knockout mice, there was degeneration of neuronal cell
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bodies throughout the brain, and the degeneration was
particularly evident in the substantia nigra. As the mice
aged, the neuronal deficit became more pronounced. A
remarkable proliferation of astroglial cells was also
observed (Wang et al., 2001). A recent report showed
that genetic variation in the ER[ gene may influence
the age of onset of PD (Westberg et al.,, 2004). ERP
was expressed in neuron, microglia, and astrocyte, so the
role of ERB in midbrain may include its function in all
cell types. ERB may have an important influence on
neuronal survival and glial cell activation and conse-
quently affect the development of neurodegenerative dis-
eases such as PD.

Although estrogen receptors have been studied for
many years, the exact molecular mechanism by which
estrogen receptors mediate the effects of estrogen has not
yet been fully clarified. In the classic model of estrogen
action, the unoccupied nuclear ER resides in the nuclei
of target cells in an inactive form. Binding to an agonist,
such as estradiol, alters the physicochemical properties of
the ER, allowing the receptor dimer to interact with
specific DNA sequences (estrogen response elements)
within the promoters of responsive genes. The DNA-
bound ER then regulates target-gene transcription,
either positively or negatively. However, it is now
accepted that extranuclear ERs exist. The discovery of
nonnuclear localization of ER challenged the classical
mechanism of action of ERs and made the situation
more complicated. A number of membrane ER and
cytoplasmic ER have been reported. There is a relatively
smaller plasma membrane pool than nuclear receptor
pool, and signals elicited by plasma membrane ER acti-
vation initiate both posttranscriptional and transcriptional
actions of estrogen (Levin, 2001; Losel and Wehling,
2003; Razandi et al., 2004; Arvanitis et al., 2004). In
oligodendrocytes, ER[3 was found mainly in the cyto-
plasm and veins (Zhang et al., 2004). In astrocytes and
some kinds of neurons, ER3 was located mainly in
nuclei but was also reported to be localized to the cyto-
plasm and plasma membrane of these cell types (McE-
wen, 2002; Zhang et al., 2002; Nishio et al., 2004). In a
recent report using a mitochondrial marker, the ER[3
colocalized almost exclusively with a mitochondrial
marker in rat primary cerebral cortical and hippocampal
neurons (Yang et al., 2004). In the present study, immu-
nocytochemical staining of ER[3 was located mostly in
the cell nucleus of astrocyte and mesencephalon neurons
but also in the cytoplasm of microglia. The localization
of ERP in primary cultured DA neuron is in agreement
with a previous report (Sawada et al., 2002). The exclu-
sive nuclear expression of ER3 in neuron and astrocyte
suggests that estrogen may act through a classical
genomic mechanism in these two kinds of cells. On the
contrary, the cytoplasmic localization of ER3 in primary
cultured microglia in the present study indicates the
involvement of a nonclassical mechanism of estrogen
action on microglia. As far as we know, the cytoplasmic
localization of ER in microglia has not been reported
previously. Further study is required to identify down-



664 Liu et al.

stream cytoplasmic kinase cascade pathways, which will help
to unravel the mechanism of estrogen’s action on microglia.

In summary, the present study has demonstrated
that estrogen-mediated neuroprotection against DA neu-
ron degeneration may result from inhibition of micro-
glial activation. Furthermore, the present study indicates
that both ERa and ER[3 may contribute to the estro-
gen-mediated microglial activation and neuroprotection.
In addition, the present study shows that the inflamma-
tory factor LPS can induce ER[3 expression in microglia
but not in neurons, implying that the microenviron-
ments in the brain may play an important role in elicit-
ing a response to estrogen. ER[3 is localized in the cyto-
plasm of microglia, suggesting that some of the effects of
estrogen on microglia may be mediated by a nonclassical
mechanism.
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