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Abstract
Estrogen has been shown to attenuate the inflammatory response following injury or
lipopolysaccharide treatment in several organ systems. Estrogen's actions are transduced through
two estrogen receptor sub-types, estrogen receptor (ER) -alpha and estrogen receptor-beta, whose
actions may be overlapping or independent of each other. The present study examined the effects of
ERα- and ERβ-specific ligands in regulating the inflammatory response in primary astrocyte cultures.
Pre-treatment with 17β-estradiol (ERα/ERβ agonist), HPTE (ERα agonist/ERβ antagonist) and DPN
(ERβ agonist) led to attenuation of IL-1β, TNFα, and MMP-9 in astrocyte media derived from young
adult (3-4 mos.) and reproductive senescent female (9-11 mos., acyclic) astrocyte cultures, while
pretreatment with PPT (ERα agonist) attenuated IL-1β (but not TNFα or MMP-9) in both young and
senescent-derived astrocyte cultures. Our previous work determined that 17β-estradiol was unable
to attenuate the LPS-induced increase in IL-1β in olfactory bulb primary microglial cultures derived
from either young adult or reproductive senescent females. In young adult-derived microglial
cultures, the LPS-induced increase in IL-1β was not attenuated by pre-treatment with 17β-estradiol,
PPT or HPTE. Interestingly, the ERβ agonist, DPN significantly decreased IL-1β following LPS
treatment in young adult-derived microglia. Thus while both microglia and astrocytes synthesize and
release inflammatory mediators, the present data shows that compounds which bind ERβ are more
effective in attenuating proinflammatory cytokines in both cell types and may therefore be a more
effective agent for future therapeutic use.
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1. Introduction
Inflammation contributes to the etiology of many neurodegenerative diseases and in women,
the risk for such diseases is further affected by the menopause, where ovarian hormones, which
are capable of modulating the inflammatory response, are decreased (Andersen et al., 1999;
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Brann et al., 2007; Gao et al., 1998). Estrogen has been shown to affect inflammatory mediators
such as cytokines in a number of systems and has been shown to decrease inflammation in
experimental models of anterior uveitis (Miyamoto et al., 1999), carrageenan-induced pleurisy
in the lungs (Cuzzocrea et al., 2001; Cuzzocrea et al., 2000) and adjuvant-induced arthritis
(Badger et al., 1999). On the other hand, estrogen promotes prostatitis (Naslund et al., 1988),
stimulates edema (Tchernitchin and Galand, 1983) and increases vascular permeability and
influx of macrophages in the uterus (De and Wood, 1990; Kaushic et al., 1998). In central
nervous system cells, estrogen pretreatment has been shown to attenuate LPS-induced
superoxide release, phagocytic activity and an increase in iNOS (Bruce-Keller et al., 2000;
Drew and Chavis, 2000; Vegeto et al., 2001; Vegeto et al., 2000) in microglial cells. Estrogen's
actions are transduced through two nuclear receptors estrogen receptor alpha (ERα) (Green et
al., 1986; Greene et al., 1986) and estrogen receptor beta (ERβ) (Kuiper et al., 1996) and studies
with the ER knockout animals indicate that ERα may be important for estrogen's anti-
inflammatory actions (Suzuki et al., 2007; Vegeto et al., 2003). However, the role of the
receptors using receptor specific agonists is less well understood, especially in neural support
cells.

In our previous studies, acyclic older female rats were used to understand neural changes
associated with the ovarian aging process. By comparing these animals with their younger
normally cycling counterparts, we have shown that the blood brain barrier is compromised in
the olfactory bulb and hippocampus of acyclic rats and following estrogen replacement there
is increased permeability of the blood-brain barrier in the hippocampus (Bake and Sohrabji,
2004). Moreover, estrogen replacement also increased expression of the pro-inflammatory
cytokine interleukin 1-beta (IL-1β) following an excitotoxic injury in the olfactory bulb in
ovarian-aged females but attenuated IL-1β expression in young adult females (Nordell et al.,
2003). Together these studies show there are constitutive differences between the young and
senescent females and that estrogen replacement in ovarian-aged females but not young adult
females results in a poor outcome. In order to determine the mechanism underlying these
paradoxical age-related actions of estrogen, we adopted a reductionist approach to first
determine the cell type most affected by ovarian age. A previous study examined microglial
cells in culture, and this study showed that although microglia from both ages of animals
responded equally well to an inflammatory stimulus, 17β-estradiol failed to reduce
inflammatory mediators in either young or senescent microglial cultures (Johnson and
Sohrabji, 2005). The present study focuses on young and senescent astrocytes. Astrocytes are
an important neural support cell in the brain, maintaining blood-brain-barrier integrity (for
review see (Benarroch, 2005), mediating the brain inflammatory response by secretion of
specific cytokines (Kyrkanides et al., 2001) and are estrogen-responsive (Amateau and
McCarthy, 2002; Parducz et al., 1993). A microarray analysis indicated that the astrocyte-
specific marker, glial fibrillary acidic protein (GFAP) was significantly elevated by excitotoxic
injury and further elevated by estrogen, suggesting that astrocytes may be key mediators of the
inflammatory response or the injury resolution response in this model.

In the present study, three interrelated issues were examined. First, we addressed whether
17β-estradiol would mediate the inflammatory response in astrocytes derived from young and
senescent animals in a manner similar to the in vivo situation. Next, we determined whether
ERα- and ERβ-specific agonists would affect the astrocyte inflammatory response differently
from 17β-estradiol. Finally, we compared whether estrogen receptor agonists would be
effective in mediating the inflammatory response in microglial cells from adult animals. The
data indicate that agonists that bind ER-beta (ERβ) or both receptors effectively suppressed all
inflammatory mediators measured here in astrocytes from young and senescent animals.
Furthermore, in microglial cultures, while 17-β estradiol and the ER-alpha (ERα) agonist were
ineffective in reducing LPS-induced cytokine expression, the ERβ agonist DPN effectively
reduced cytokine expression in these cultures. Collectively, these data suggest that astrocytes
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are more broadly responsive to the anti-inflammatory actions of estrogen agonists as compared
to microglia. Furthermore, compounds that bind ERβ appear to mediate anti-inflammatory
actions in both these neural cells and may therefore be an effective therapeutic target for neuro-
inflammatory disease.

2. Materials and Methods
2.1 Animals

All animals were purchased from Harlan Laboratories (IN), as young adults (approx. 250g, 3-4
months). Reproductive senescent animals (9-11 months; 280-350g) were used after they were
retired from breeding and had been used solely for breeding purposes. Reproductive senescent
animals used in this study met previously established criteria (Jezierski and Sohrabji, 2000;
Nordell et al., 2003) to include 4-5 successful prior pregnancies followed by two consecutive
failures and were in continuous diestrus as established by daily vaginal smears. All animals
were maintained in an AALAC-approved facility on a 12h light:dark cycle with lights on at
06:00 h and with food and water available ad libitum. All procedures were in accordance with
NIH and institutional guidelines governing animal welfare. For collection of the olfactory bulb,
animals were deeply anesthetized (ketamine: 87 mg/kg; xylazine: 13 mg/kg) and decapitated.

2.2 Surgical procedures & experimental paradigm
Young adult and reproductive senescent female rats were bilaterally ovariectomized as
described previously (Jezierski and Sohrabji, 2000; Jezierski and Sohrabji, 2001) at the start
of the experiment and assigned to one of four conditions, placebo replaced/sham-injected (OS),
placebo replaced/NMDA-lesioned (OL), estrogen treated/sham-injected (ES) and estrogen
treated/NMDA-lesioned (EL). Three weeks later, animals were prepared for stereotaxic
injections as described previously (Nordell et al., 2005; Nordell et al., 2003) directed toward
the olfactory bulbs.

2.3 Tissue Preparation
Twenty-four hours following stereotaxic surgery (1 dpi) all animals were sacrificed by
perfusion with cold phosphate buffered saline pH = 7 at a rate of 2 mL/min. The brains were
then removed from the cranial vault. Both olfactory bulbs were removed and stored at −80°C.
Uterine weight was used to confirm ovariectomy and estrogen replacement. The olfactory bulb
was processed for protein extraction.

2.4 RNA extraction and Quantitative Real-Time Polymerase Chain Reaction
RNA was extracted as described previously (Nordell et al., 2005). Reverse transcription of
total RNA (2 μg) was performed with the Gibco Superscript™ First Strand Synthesis System.
Real-time polymerase chain reactions were analyzed on a BioRad MyIQ™ ICycler Real-time
machine using 96-well pcr plates (iCycler 96 well, Biorad, CA). The Real-time cycling
parameters were as follows: 95°C, 2:30; 40 cycles of 55°C, 0:30, 72°C, 1:00; 95°C, 1:00, 55°
C, 1:00. Reactions consisted of 1X iQ SYBR Green Supermix (BioRad), and a starting primer
concentration of 10 μM. RNA was amplified using primers to glial fibrillary acidic protein
(5′-3′: GFAP-For: CCG AGA AAC CAG CCT GGA C; GFAP-Rev: GGT GTG GAT GGG
AAT TGG G). Samples were normalized to cyclophilin (5′-3′: CP1-1: TGG TCA ACC CCA
CCG TGT TCT TCG; CP1-2: TGC CAT CCA GCC ACT CAG TCT TGG). Standard curves
were created for each primer set using various concentrations (ranging from 250 ng/μL to 25
ng/μL) of female, Sprague Dawley, whole brain rat RNA. The target gene examined was
compared to cyclophilin and “no-template” controls were included for each primer set. The
relative expression of each mRNA was calculated by the comparative CT method using the
following formula 2-ΔΔCt [where the amount of the target (GFAP) was normalized to the
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endogenous reference (Cyclophilin) and relative to a calibrator constant (3.317)] according to
the protocol described in Bulletin #2 (Applied Biosystems, CA). The tissue used for real time
PCR had previously been used for microarray analysis in which RNA from 6 replicate samples
were pooled (microarray data not shown). Real time PCR from 3 of the 6 replicates was used
for verification of microarray data.

2.5 Tissue Culture – Astrocytes
Astrocyte cultures were established using a modification of methods described by (Guilian and
Baker, 1986) and (Lehnardt et al., 2002), expert advice from Dr. E. Tiffany-Castiglioni
(Lindahl et al., 1999; Qian et al., 2005) and a previously established laboratory protocol
(Johnson and Sohrabji, 2005). The experimental protocol is similar to those used in other
published studies using astrocyte cultures (Wu et al., 2004). Briefly, rats were decapitated and
the olfactory bulbs removed in a semi-sterile hood. Olfactory bulb tissue was washed with
Optimem and N2 supplement (99:1, Invitrogen, CA) in a sterile hood. Tissue was mechanically
dissociated with a surgical blade and then chemically dissociated with 1X trypsin/EDTA
(Invitrogen) for 20 minutes at room temperature. The cell suspension was centrifuged at 700
rpm for 5 min. to pellet the cells. The supernatant was removed and the cells were re-suspended
in an astrocyte-specific growth media (DMEM/F12 [1:1], 10% FBS, 4.6g/L glucose) and plated
onto poly-d-lysine hydrobromide (0.05 mg/ml. Sigma, MO) coated dishes. Cells were
maintained at 37° C with 5% CO2 for 10 days. The cells were cultured with a 1% streptomycin/
penicillin antibiotic mixture for the first four days. At day 10, cells were shaken at 400 rpm on
a plate shaker for 10 minutes at room temperature to remove microglia and oligodendrocytes.
Microglia and oligodendrocytes were removed from the plate by washing the dishes 3 times
with DMEM. The astrocytes were trypsinized for 2-3 minutes and re-plated at a density of
150,000 cells for 35 mm culture dishes (immunohistochemistry) or at 50,000 cells for 24-well
plates (estrogen pre-treatment experiments). Astrocytes used for immunohistochemistry were
plated onto poly-d-lysine coated glass coverslips. The purity of the astrocyte population was
determined by the ratio of the astrocyte specific marker, glial fibrillary acidic protein (GFAP),
the neuronal marker, microtubule-associated protein (MAP-2, Chemicon, CA) and two
microglial markers, ionized-calcium binding adapter molecule 1 (Iba1, Santa Cruz, CA) and
the cell surface glycoprotein Mac-1 (CD11b, Serotec, NC) relative to the total number of
stained nuclei. To ensure that the primary astrocyte cultures would respond to LPS, the cells
were assayed for the toll-like receptor 4 (TLR4), the receptor known to activate LPS-induced
signaling pathways (Chow et al., 1999).

2.6 Tissue Culture - Microglial cultures
Microglial cultures were established as described in (Johnson and Sohrabji, 2005) using a
modification of the procedures described in Giulian and Baker (1986) and Lehnardt et al.
(2002). Characterization of these cultures has been reported elsewhere and hence not described
here.

2.7 Immunohistochemistry
The purity of the astrocyte population and the presence or absence of the toll-like receptor-4
in these cultures was determined by assaying the astrocytes for GFAP, MAP-2, Iba1, CD11b
or TLR4. Cultures were washed briefly in 1X phosphate-buffered saline (dPBS, Invitrogen,
CA) and fixed for one hour in 2% paraformaldehyde. Astrocytes were washed and incubated
in block solution for 1h followed by incubation with the primary for 2h at room temperature
(GFAP, 1:80, Chemicon, CA) or 24 hr at 4° C (MAP-2, 1:500; Iba1, 1:50; CD11b, 1:100;
TLR4, 1:200). The primary was diluted in dPBS, 1% normal goat serum or fetal bovine serum
(TLR4 only), and 0.3% Triton. Controls were incubated in diluent only. Following washes,
astrocytes were labeled with a fluorescent secondary Alexa Fluor 594 (GFAP & Iba1, 1:2000,
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Molecular Probes, CA), Texas Red (TLR4, 1:500, Santa Cruz), Oregon Green 488 (Map-2,
1:500, Molecular Probes, CA) or Fluorescein (CD11b, 1:500, Vector Laboratories, CA) to
visualize the labeling for 1 or 2 hours (Texas Red) at room temperature. Astrocytes were
counterstained with the nuclear stain, Hoechst 33258 (Polysciences Inc., PA) for 1h at room
temperature and cover-slipped with ProLong® Antifade kit (Molecular Probes). Slides were
visualized by epifluorescence and photographed using an Olympus BX2 microscope and
QCapture imaging software (v2.7.3, QImaging Corporation, Canada).

2.8 Reverse transcription-polymerase chain reaction (RT-PCR) for ERα and ERβ
To verify that the ERα and ERβ receptors were present on astrocytes in vitro, gene expression
of both receptors was determined by reverse transcription-polymerase chain reaction (RT-
PCR). RNA was extracted and reverse transcription of total RNA was performed as described
above. RNA was amplified using primers to estrogen receptor-alpha (5′-3′: ERα-For: TTC
AGT GAA GCC TCA ATG ATG GGC; ERα-Rev: GCG GAA TCG ACT TGA CGT AG)
and estrogen receptor-beta (5′-3′: ERβ-For: GAC AAG AAC CGG CGT AAA AG; ERβ-Rev:
CAC CAG TTG CTC TGG ACT CA). Samples were normalized to cyclophilin (described
above). The PCR cycles used for ER-α and ER-β are as follows: 95°C 2 min; 30 cycles of 95°
C 30 sec., 60° C 1 min., 72°C 2min. The PCR cycles for cyclophilin are as follows: 95°C 2
min; 20 cycles of 95° C 30 sec., 62° C 1 min., 72°C 2 min. Initial analyses were performed to
ensure that both estrogen receptors and cyclophilin amplified in the linear range. The PCR
reaction was separated on a 1.5% agarose gel and visualized using Molecular Analyst™
(BioRad, CA). The ERα-specific primers span Exon 4 to Exon 6 while the ERβ-specific primers
span from Exon 4 to Exon 5 and the sequence of both gene products was verified by gene
sequencing (Gene Technologies Laboratory, Texas A & M University, College Station, TX).

2.9 Lipopolysaccharide Treatments- Estrogen agonist/antagonist treatments
Astrocytes and microglia were re-plated into 24-well tissue culture plates (astrocytes) or 4
chamber slides (microglia) and at confluence were switched to non-serum containing medium.
Coincident with the change to non-serum containing medium, astrocytes/microglia were pre-
treated with an estrogen agonist or saline for 4 hours. The following compounds and doses
were used for the astrocytes: 17β-estradiol (17bE, 20 nM, Sigma, St. Louis; activates both
estrogen receptor alpha and estrogen receptor beta), propyl pyrazole triol (PPT, 2 nM, alpha
agonist, Tocris), diarylpropionitrile (DPN, 10 nM, beta agonist, Tocris, MO), 2,2-bis(p-
hydroxyphenyl)-1,1,1-trichloroethane (HPTE, 1μM, alpha agonist/beta antagonist, kind gift
from Dr. K. Jefferson, NIEHS). All compounds used in the astrocyte cultures were tested at
two different concentrations (data not shown) with the exception of HPTE in which the first
dose used was effective in attenuating the LPS-induced increase in cytokines. The following
compounds and doses were used for microglia: 17β-estradiol (2nM), HPTE (2μM), PPT (2nM),
DPN (10nM). Since only a limited number of microglia can be harvested from the adult
olfactory bulbs, only one treatment dose was selected for each agonist/antagonist based on
either binding affinity/EC50 (Gaido et al., 1999; Kuiper et al., 1996) and/or effective doses as
reported in the literature: 17β-estradiol (Zhao et al., 2004), HPTE (Hodges et al., 2000), PPT
(Zhao et al., 2004) and DPN (Zhao et al., 2004). Following the 4 hour pre-treatment, astrocytes
or microglia were treated with LPS (10μg/mL) in the presence or absence of the selective
estrogen receptor sub-type ligand for 24 hours.

2.10 Examination of Inflammatory Markers
Three measures were used to examine the effect of acute estrogen treatment following an LPS
challenge: protein expression of IL-1β (BioRad Rat IL-1β X-plex assay system, BioRad, CA),
protein expression of tumor necrosis factor-alpha (TNFα ELISA, BioSource, CA) and activity
of matrix metalloproteinase-9 (MMP-9, gelatin zymography). IL-1β Cytokine Bioplex
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Assay: Protein expression of IL-1β was determined using the Bio-Plex Suspension Array
Systems with High-Throughput Fluidics in glia-conditioned media. Calibration of the Bio-Plex
Suspension System was performed using CAL2 (High PMT, Bio-Plex Calibration Kit).
Standard and sample preparation was performed according to manufacturer's directions.
Briefly, the 96-well filter plate was pre-wet with Bio-Plex assay buffer and removed by
calibrated vacuum filtration prior to application of the IL-1β conjugated beads (1X). After
addition of the beads, the filter plate was washed 2 times and then a total of 50 μL of sample
or standard was added to each well in duplicate and incubated for 30 min. at room temperature
with agitation. The filter plate was washed preceding addition of 25 μL of 1X Bio-Plex
detection antibody and again incubated for another 30 minutes at room temperature. Detection
of IL-1β occurred following incubation with 1X BioRad Streptavidin-PE for 10 min. at room
temperature. Following 3 washes, the beads were resuspended in 125 μL of BioReady assay
buffer and read by the BioPlex Suspension System. TNF-α: Manufacturer's instructions were
used to determine the expression of TNF-α in astrocyte media. Briefly, standards, controls,
samples, and biotinylated TNF-α were pipetted into a 96-well plate pre-coated with antibodies
specific for rat TNF-α and incubated at room temperature for 1.5h. Following washes, plates
were sequentially incubated with 100 μL streptavidin peroxidase for 45 min. Following the
next set of washes, 100 μL of stabilized chromogen was added to each well and incubated for
an additional 30 min. The color reaction was stopped by an equal volume of stop solution and
read at 450 nm in a microplate reader (Bio-Tek, VT). Standard curves were established from
optical densities of wells containing known dilutions of standard, using KC3 software (Bio-
Tek, VT) and sample measurements were interpolated from standard curves. Gelatin
zymography: Procedures used here are consistent with our previous protocol (Johnson and
Sohrabji, 2005; Nordell et al., 2005) except astrocyte media was used. An equal volume of cell
culture media (40 μL) from each treatment group were size fractionated on a 10%
polyacrylamide gel containing 0.01% gelatin, along with pre-stained protein size markers. Each
gel contained a positive control of conditioned media from human umbilical vein endothelial
cells (kind gift from G.E. Davis, Department of Medical Pharmacology and Physiology,
University of Missouri, Columbia). After electrophoresis, the gels were rinsed with water and
incubated with renaturing buffer (2% Triton X-100) at room temperature for 1h with 3 buffer
changes. Gels were then rinsed 3 times with water and incubated with developing buffer (50mM
Tris, 0.2M NaCl, 5mM CaCl2, 0.02% Brij 35) overnight at 25° C with gentle shaking. After a
brief rinse with water, gels were stained with a 0.25% Coomassie blue solution (50% methanol,
20% acetic acid) for 30 minutes and destained in 20% methanol: 10% acetic acid. Gels were
dried at 55° C for 2 h, and later digitized. A standard densitometric program (Molecular
Analyst, BioRad, CA) was used to calculate the density of the lytic area.

2.11 Statistical Analysis
Statistical analysis was performed using a statistical software package (SPSS Inc., IL), and
group differences were considered significant at p≤0.05. The astrocyte data was analyzed using
a three-way analysis of variance (ANOVA) with age (young adult versus reproductive
senescent), hormone (saline-treated versus estrogen-treatment) and treatment (saline versus
LPS) as independent variables. The microglial data was analyzed using a two-way ANOVA
with hormone and treatment as independent variables. For astrocyte and microglial cultures,
all experiments were performed at least twice and a total of 6 replicates were used for each
iteration.

3. Results
3.1 Effect of an Excitotoxic Injury to the Olfactory Bulb on GFAP Expression

Following an N-methyl-d-aspartic acid (NMDA)-lesion to the olfactory bulb, GFAP relative
mRNA expression was increased significantly in young adults and reproductive senescent
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females (Fig. 1). GFAP expression increased 4.8-fold in lesioned young adults in the absence
of estrogen and doubled in the presence of estrogen (F(1,16): 8.31, p≤0.011, hormone × injury
interaction). In lesioned reproductive senescent females, GFAP expression increased 5.7-fold
in the absence and 6.7-fold in the presence of estrogen. Thus, in both young and ovarian-aged
females the astrocytic marker is elevated by injury and estrogen.

3.2 Characterization of Primary Astrocyte Cultures
Since astrocytes are known to mediate inflammatory and neurodegenerative actions following
injury, an in vitro model was established to determine if estrogen and reproductive age altered
these properties of astrocytes. Primary adult astrocytes were harvested from the olfactory bulb
of young adult and reproductive senescent females and the purity of these cultures was
determined using immunohistochemistry for an astrocyte marker (GFAP, Fig. 2a, 2b) (Cohen
et al., 1979), a neuronal marker (MAP2, Fig. 2c, 2d) (Bernhardt and Matus, 1884; Caceres et
al., 1984) and two microglial markers, Iba-1 (Ito et al., 1998) (Fig. 2e, 2f) and CD11b (Fig. 2g,
2h) (Akiyama and McGeer, 1990). Virtually all cells in these cultures were immunoreactive
for GFAP indicating that these cultures are mainly composed of astrocytes (young adult: 94.44
±2.99%, Fig. 2a; reproductive senescent: 93.88±3.37%, Fig. 2b). A small proportion of the
cells were immunoreactive for the microglial markers Iba1 and CD11b (Iba1: young adult:
4.80±1.32%, Fig. 2e; reproductive senescent: 5.48±2.02%, Fig. 2f; CD11b: young adult: 5.46
±3.2% Fig. 2g; reproductive senescent: 8.5±7.17%, Fig. 2h) and differences in microglial
contamination was not significantly different between young adult-derived astrocytes and
reproductive senescent-derived astrocytes. No MAP2 staining was found in astrocyte cultures
derived from either young adults (Fig. 2c) or reproductive senescent females (Fig. 2d).

To determine whether estrogen receptors were present in the young adult-derived and
reproductive senescent-derived astrocyte cultures, RT-PCR was used to detect the ERα and
ERβ transcripts using receptor-specific primers. Two gene-specific products approximately
300 base pairs long (ERα) and 200 bases long (ERβ) were transcribed and sequenced. As shown
in Figure 3, the appropriate gene product was present in astrocytes from young and ovarian-
aged animals.

3.3 Treatment Paradigm and Astrocyte Response to an LPS Challenge
Primary astrocytes were treated with 17β-estradiol, PPT, HPTE or DPN 4h prior to LPS and
several LPS-induced inflammatory markers (IL-1β, TNFα and MMP-9) were examined in
culture media 24 hours later. In all primary astrocyte cultures, the 24 hour LPS treatment was
effective in stimulating an increase in all three inflammatory mediators examined and the
cultures were immunoreactive for the toll-like receptor 4 (TLR4 receptor), a receptor known
to transduce LPS-mediated signaling (Chow et al., 1999). As shown in Figure 4, TLR4
receptors were present on astrocytes derived from young adult and reproductive senescent
females (4a).

3.4 Effect of 17β-Estradiol
When primary astrocytes from young adults were pre-treated with 17β-estradiol, which has
binding affinity for both ERα/ERβ (Kuiper et al., 1997), the LPS-induced increase in IL-β
protein expression was attenuated by 27% (F(1,15): 57.423, p≤1.67×10-6, interaction LPS ×
17β-estradiol treatment, Fig. 4b) and by 44% (F(1,14): 6.5744, p≤2.249×10-2, interaction LPS
× 17β-estradiol treatment, Fig. 4b) in primary astrocyte cultures using astrocytes derived from
young and reproductive senescent females, respectively. TNFα protein expression was
attenuated by 15% (F(1,14): 4.8924, p≤ 4.4×10-2, interaction LPS × 17β-estradiol treatment,
Fig. 5) and by 21% (F(1,12): 10.1202, p≤ 7.903×10-3, interaction LPS × 17β-estradiol treatment,
Fig. 5) in astrocytes derived from young adults or senescent females, respectively. Matrix
metalloproteinases are enzymes that target the extracellular matrix, chemokines, cytokines and
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growth factors (for review see Milward et al., 2007). MMP-9 activity was activated only with
LPS (Fig. 6). In astrocytes derived from young adults, LPS-induced MMP-9 activity was
attenuated by 38% (F(1,20): 13.3092, p≤1.599×10-3, interaction LPS × 17β-estradiol treatment,
Fig. 7). When senescent-derived astrocytes were pre-treated with 17β-estradiol the LPS
induced increase in MMP-9 activity was attenuated by 49% (F(1,19): 7.1299, p≤1.513×10-2,
interaction LPS × 17β-estradiol treatment, Fig. 7).

3.5 Effect of PPT
When primary astrocytes from young adults or reproductive senescent animals were pre-treated
with PPT, an ERα agonist (Stauffer et al., 2000), the LPS-induced increase in IL-1β was
attenuated by 54% (F(1,15): 9.2061, p≤8.369×10-3, interaction LPS × PPT treatment, Fig. 4b)
and 58% (F(1,16): 60.654, p≤7.84×10-7, interaction LPS × PPT treatment, Fig. 4b), respectively.
TNFα protein expression was not attenuated by the ERα agonist, PPT (F(1,10): 48.6532,
p≤3.83×10-5, main effect LPS, Fig. 5) in astrocytes derived from young adults but was
attenuated by 40% (F(1,14): 17.904, p≤8.38×10-4, interaction LPS × PPT treatment, Fig. 5) in
primary cultures of senescent-derived astrocytes. PPT was not effective in attenuating the LPS
induced increase in MMP-9 activity in either or young adult- or senescent-derived astrocytes
(young adult: F(1,20): 21.5570, p≤1.57×10-4; reproductive senescent: F(1,19): 39.25,
p≤5.14×10-6, main effect LPS, Fig. 6).

3.6 Effect of HPTE
HPTE is an ERβ antagonist/ERα agonist (Gaido et al., 1999). Pre-treatment of astrocyte
cultures derived from young adults or reproductive senescent females with HPTE resulted in
a 68% (F(1,14): 163.52, p≤4.12×10-9, interaction LPS × HPTE treatment, Fig. 4b) and a 55%
(F(1,16): 107.5959, p≤1.65×10-8, interaction LPS × HPTE treatment, Fig. 4b) reduction in the
LPS-mediated increase in IL-1β, respectively. TNFα protein expression was also attenuated
by 11% (F(1,14): 85.6516, p≤ 3.93×10-2, interaction LPS × HPTE treatment, Fig. 5) and 70%
(F(1,13): 61.5349, p≤ 2.77×10-6, interaction LPS and HPTE treatment, Fig. 5) in young adult-
and reproductive senescent-derived astrocyte cultures, respectively. In astrocytes derived from
young adults, the LPS-induced increase in MMP-9 activity was attenuated by 37% (F(1,20):
10.7478, p≤3.758×10-3, interaction LPS × HPTE treatment, Fig. 6) and by 33% (F(1,12):
102.4602, p≤3.14×10-7, interaction LPS × HPTE treatment, Fig. 6) in senescent astrocyte
cultures.

3.7 Effect of DPN
Pre-treatment of astrocyte cultures with DPN, the ERβ specific agonist (Meyers et al., 2001),
resulted in a 36% decrease in IL-1β protein expression (F(1,11): 32.47619, p≤1.38×10-4,
interaction LPS × DPN treatment, Fig. 4b) when the cultures were derived from young adults
and a 39% reduction (F(1,13): 21.1127, p≤5.02×10-4, interaction LPS × DPN treatment, Fig.
4b) when applied to astrocyte cultures derived from reproductive senescent females. The LPS-
induced increase in TNFα protein expression was attenuated by 69% (F(1,17): 10.0566, p≤
5.583×10-3, interaction LPS × DPN treatment, Fig. 5) and by 74% (F(1,13): 28.4219,
p≤1.36×10-4, interaction LPS × DPN treatment, Fig. 5) in young adult- and reproductive
senescent-derived astrocytes. While the LPS-induced increase in MMP-9 activity was
attenuated by 95% with DPN pretreatment (F(1,19): 6.0133, p≤2.403×10-2, interaction LPS ×
DPN treatment, Fig. 6) in young adult-derived astrocytes cultures and by 38% (F(1,19): 6.3871,
p≤2.05×10-2, interaction LPS × DPN treatment, Fig. 6) in senescent-derived astrocyte cultures.

3.8 Effect of ER agonists on microglial cultures
Previous work has shown that 17β-estradiol did not suppress IL-1β expression in these cells
when obtained from either young or senescent animals (Johnson and Sohrabji, 2005), but the
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action of other estrogen receptor agonists is not known. In order to determine the effects of
estrogen agonists, microglial cells were cultured and exposed to LPS as before. This analysis
was limited to cells obtained from young adult animals and IL-1β was assayed as a prototypic
inflammatory mediator, shown in a summary histogram in Fig 7. As reported before (Johnson
and Sohrabji, 2005), 17β-estradiol failed to suppress IL-1β expression in media from microglia
exposed to LPS. Furthermore, unlike the astrocyte cultures, both PPT and HPTE also failed to
suppress this cytokine. However, DPN, the ERβ agonist significantly reduced LPS-induced
IL-1β expression (F(1,11): 12.6811, p≤4.465×10-3, interaction LPS × DPN treatment, Fig. 7)
in microglial cultures indicating that this compound may have a more general anti-
inflammatory effect on neural support cells.

4. Discussion
The present study examined the effect of ERα and ERβ agonists on cultured astrocytes obtained
from young and senescent females. 17β-estradiol, a compound that has ligand specificity for
both receptor sub-types, was able to suppress the LPS-induced increase in IL-1β, TNF-α and
MMP-9 activity, which were used as surrogate markers for inflammation. Furthermore this
effect was seen uniformly in astrocytes derived from either young adult and reproductive
senescent animals. This is in contrast to our findings from microglial cultures where 17β-
estradiol did not suppress LPS-induced inflammatory mediators. Moreover, DPN (ERβ
agonist) and HPTE (ERα agonist/ERβ antagonist) were also able to suppress LPS-induced
IL-1β, TNFα and MMP-9 in both “ages” of astrocytes. PPT, the ERα agonist acted selectively;
reducing IL-1β in young and senescent derived astrocytes but not TNFα or MMP-9. These data
indicate that ligands for either receptor sub-type (ERα or ERβ) attenuated some aspect of the
inflammatory response in astrocytes and that compounds known to bind ERβ effectively
suppressed LPS-induced cytokine expression in both cell types. Such overlapping actions of
ERα and ERβ agonists have been demonstrated in other systems such as the cardiovasculature
(Arias-Loza et al., 2007) and peripheral blood leukocytes (Stygar et al., 2007).

Astrocytes are one of the most abundant cell types in the brain and are critical for neuronal
health. Astrocytes support the blood-brain barrier, they regulate neurotransmitter
concentrations and modulate osmolarity and pH in the extracellular space surrounding neurons
(for review see Benarroch, 2005). Astrocytes respond to and/or produce pro-inflammatory
factors and thus have the potential to contribute to increased neurodegeneration in the brain
(for review see Chen and Swanson, 2003). Immunohistochemistry of tissue collected from
Alzheimer's patients and Down's syndrome patients showed that the astrocyte-specific protein,
glial fibrillary acidic protein (GFAP) and the pro-inflammatory cytokines, IL-1β and S-100
were significantly increased in astrocytes from the temporal lobe as compared to tissue
collected from age-matched controls (Griffin et al., 1989). In this same study, IL-1β was also
increased in microglia and this increase was implicated in increased astrogliosis (Griffin et al.,
1989). Moreover, astrocytes have also been targeted as potential contributors to motor neuron
death in animal models of amyotrophic lateral sclerosis (ALS) through secretion of astrocyte-
specific factor(s) (Nagai et al., 2007) and through a breakdown in the blood-brain barrier due
to swelling of astrocyte end foot processes (Garbuzova-Davis et al., 2007). Further, reactive
astrocytes have been implicated in the neuropathophysiology observed in Parkinson's disease
(for review see Mrak and Griffin, 2005). In the present study, excitotoxic injury increased
GFAP mRNA which was further exacerbated by estrogen. This is consistent with our previous
observation that the excitotoxic injury increased GFAP immunoreactivity in all cell layers of
the olfactory bulb while GFAP immunoreactivity was limited to the needle tract in sham-
injected females (Sohrabji et al., 2000). Increased GFAP mRNA expression could be
interpreted in two ways: either estrogen increases the reactivity of a stable number of glia, or
that estrogen increases the number of glia with no increase in the individual complement of
GFAP mRNA per cell. However, while estrogen increases GFAP mRNA in both ages after
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injury, our previous in vivo study shows that 17β-estradiol suppresses IL-1β in young females
but exacerbates cytokine expression in the senescent female (Nordell et al., 2003), indicating
that the increase in GFAP is not predictive of cytokine expression. While the precise role of
this GFAP increase in not clear, these data unequivocally indicate that astroglial cells are
significantly involved in neural injury or the resolution phase of the injury and that these cells
are sensitive to 17β-estradiol.

In a series of studies, we have shown that estrogen replacement is beneficial to young adult
females and has deleterious actions in the forebrain of acyclic older females (for review see
Sohrabji, 2005). For example, in older acyclic females, estrogen decreases growth factor
expression in the forebrain (Jezierski and Sohrabji, 2001), increases the permeability of the
blood brain barrier in the hippocampus (Bake and Sohrabji, 2004) and increased the pro-
inflammatory cytokine IL-1β following an excitotoxic injury (Nordell et al., 2003). Estrogen's
modulation of the neural inflammatory response is important to understand since inflammation
underlies the etiology of many neurodegenerative diseases. By separately culturing microglia
from young and senescent animals, it was noted that microglia from either age group responded
appropriately to LPS, however, estrogen failed to decrease IL-1β in either young or senescent-
derived microglia (Johnson and Sohrabji, 2005). The present study therefore focused on
astrocytes, which are also activated by neural injury and capable of synthesizing inflammatory
cytokines when activated, in order to determine if this cell type is affected by ovarian aging.

In the NMDA injury model of the olfactory bulb, GFAP (the putative marker for astrocytes)
was significantly up-regulated, indicating that astrocytes are may mediate the tissue response
to excitotoxic injury (Burtrum and Silverstein, 1993; Kunkler and Kraig, 1997). Both estrogen
receptor alpha and beta were present in these cells, indicating the presence of a substrate that
could mediate estrogens effects. 17β-estradiol, which binds both receptors, successfully
suppressed several markers of inflammation in these cells. However, paradoxical to the in
vivo situation, 17β-estradiol was an effective anti-inflammatory in astrocytes derived from both
young and senescent animals. Hence neither microglia (Johnson and Sohrabji, 2005) nor
astrocytes are differentially sensitive to estrogen when cultured individually from young and
senescent animals. If the in vitro situation is reflective of the in vivo condition, the present data
supports our previous hypothesis that the age-dependent alterations in estrogen's actions is
likely due to estrogens actions on non-neural immune cells (Johnson and Sohrabji, 2005) or
possibly through gating actions at the blood brain barrier (Johnson et al., 2006).

Several studies have argued that ERα is solely responsible for estrogen's anti-inflammatory
action. For example, LPS-induced inflammation was not attenuated by estrogen in ERα knock-
out (ERKO) animals as compared to wild type animals or ERβ knock out animals (Vegeto et
al., 2003). Furthermore, ERα inactivation abolished the protective effects of estrogen in an
experimental autoimmune encephalomyelitis model of injury (Morales et al., 2006). ERα-
mediated attenuation of 1-methyl-4-phenyl-pyridinium (MPP) toxicity has also been recently
reported in mixed cultures containing dopaminergic neurons and astrocytes (Bains et al.,
2007). However, other studies show that ERα may be necessary to mount an effective immune
response. For example, ERKO mice do not show the expected increase in the LPS receptor
TLR-2, after intracerebral LPS injections (Soucy et al., 2005), suggesting that the general innate
immune response may be compromised in the absence of ERα.

The role of ERβ, on the other hand, has only recently gained more attention. Although not as
potent a transcription factor as ERα, ERβ has several cell-specific functions, including
mediating vascular wall relaxation in response to 17β-estradiol in the aorta (Nilsson et al.,
2000) and CREB phosphorylation in hypothalamic neurons (Abraham et al., 2003). ERβ has
been implicated in cell survival in the developing and aging brain and the ERβ knock-out
(BERKO) mouse develops major brain malformations due to neuronal loss as the animal ages
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(Wang et al., 2003). ERβ has been localized to mitochondria of many cells including neurons
and may play a role in neuroprotection (Yang et al., 2004). In the BV-2 cell line, a murine-
derived microglial cell line that expresses only ERβ, estrogen attenuates the inflammatory
effects of LPS (Baker et al., 2004). In rodent models of stroke, DPN was not effective in
reducing the infarct size following permanent middle cerebral artery occlusion (Farr et al.,
2007) but it was effective in reducing infarct volume in mice following global transient
ischemia involving bilateral occlusion of the carotid artery (Carswell et al., 2004). Our finding
that only the ERβ agonist was effective in modulating the inflammatory response in both
astrocytes and microglia, has implications for estrogen-replacement therapies. In neural injury
a temporal lag exists between microglial and astrocyte activation. Studies have shown that
microglial cells proliferate earlier than astrocytes in adult rats following an acute stab wound
(Norton, 1999) and the peak concentration of microglia following an acute inflammatory
reaction (Lemke et al., 1999; Seeger et al., 1997) occurs almost 1-2 weeks ahead of the peak
concentration of astrocytes (Lemke et al., 1998; Lemke et al., 1999). Thus, our data suggests
that one strategy for suppressing neural inflammation would be early dosing with an ERβ
agonist to attenuate the microglial response and a subsequent dosing with an ERα or pan
receptor agonist for the astrocyte wave. Future studies will examine the efficacy of this
treatment regimen in an in vivo model.

The present study also sheds light on the role of receptor mechanisms involved in the
inflammatory pathway, especially due to the paradoxical role of the receptor antagonists. In
these astrocyte cultures, HPTE, an ERα agonist/ERβ antagonist, was equally potent at
suppressing the inflammatory response as DPN, which is an ER-β agonist. These paradoxical
effects suggest that the actions of estrogen agonists may not be due to conventional estrogen
receptor activation. The use of receptor antagonists would typically resolve this issue, however,
our studies indicate that the ERα antagonist methyl-piperidino-pyrazole (MPP) independently
suppressed LPS-induced IL-1β in microglial cultures (unpublished observations). In fact, in
primary rat microglial cultures, the non-specific ER antagonists ICI 182,780 and tamoxifen
also have been shown to attenuate the expression of IL-6 and NO (Suuronen et al., 2005). Based
on the anti-inflammatory actions of these compounds, these authors have speculated that the
response is therefore more like a selective estrogen receptor modulator (SERM) rather than a
conventional estrogen-receptor mediated event.

One interesting observation from this study is that several of the agonists caused a moderate
increase in TNFα and MMP-9 expression in the absence of LPS. It should be recognized that
these molecules may serve diverse functions. Besides their well known roles in inflammation,
glia-derived TNFα has been shown to modulate synaptic efficacy (Beattie et al., 2002) and
transport of low doses of this cytokine across the blood brain barrier may be cytoprotective
following stroke (Pan and Kastin, 2007). Further, MMP-9 may play a role in regulating synaptic
plasticity in the brain (Dzwonek et al., 2004). Thus, the agonist-induced expression of these
factors in the absence of LPS stimulation suggests that these ligands may activate neuroplastic
pathways in addition to their roles in inflammation. In the presence of LPS, however, where
TNFα and MMP-9 are vastly elevated, these estrogen agonists serve to decrease these
inflammatory molecules indicating that these estrogen-receptor specific ligands may regulate
the levels of these immune molecules within a narrow homeostatic range.

The interplay between various cells types likely influences the effects of estrogen on
attenuating the immune response. For example, in mixed cultures of neurons and astrocytes,
the maximal attenuation of N-methyl-4-phenylpyridine (MPP+) toxicity required the presence
of both cell types (Bains et al., 2007). In mixed astrocyte/microglial cultures, astrocytes
attenuated the microglial-derived increases in IL-12, a cytokine important for regulating the
immune response, following LPS treatment (Aloisi et al., 1997). Astrocytes have also been
shown to suppress microglia phagocytosis (DeWitt et al., 1998) and astrocyte-derived
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transforming growth factor beta (TGFb)-1 is responsible for converting activated (phagocytic)
microglia to resting microglia (Schilling et al., 2001). Moreover, the effect of cytokines can
be differentially regulated depending on the presence or absence of a particular cell type. For
example, interleukin 4 enhanced IL-1β production in mixed astrocyte/microglial cultures but
inhibited IL-1β production in microglial only cultures (Cao et al., 2007). Hence one approach
for future experiments is to address the effects of estrogenic agonists in mixed cultures of
astrocytes and microglia derived from young and senescent animals.

The present data suggest that modulation of ERβ may be a viable therapeutic target for
neuroinflammatory disease. While estrogen receptors have been detected in astrocytes and
microglial cells, injury can lead to a selective up-regulation of these receptors. LPS treatment
to astrocytes and microglia resulted in increased expression of ERβ but not ERα (Liu et al.,
2005). ERα labeling was identified in reactive astrocytes following brain injury in three Macaca
fascicularis (cynomolgous) monkeys following brain injury (Blurton-Jones and Tuszynski,
2001). In humans, both ERα (Lu et al., 2003) and ERβ (Savaskan et al., 2001) immunoreactivity
has been reported to be more highly expressed in the astrocytes of patients with Alzheimer's
disease when compared to control brains. One possible hypothesis is that this injury-mediated
up-regulation of ERβ underlies the effectiveness of ERβ agonist/antagonists in suppressing the
inflammatory cascade. In view of the evidence that ERβ agonists are non-uterotropic (Frasor
et al., 2003) and the present data where the ERβ specific compound was effective in both young
and senescent animals and in both astrocytes and microglial cells indicates that this would be
a good candidate for neural anti-inflammatory therapies.
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Figure 1.
Glial fibrillary acidic protein (GFAP) mRNA expression levels increase in the olfactory bulb
following an excitotoxic injury. Ovariectomized, placebo-replaced or estrogen-replaced
female rats were subjected to a 24 hour NMDA lesion directed to the olfactory bulb. RNA was
extracted and subjected to real time PCR. The relative expression of each mRNA was calculated
by the comparative CT method using the following formula 2-ΔΔCt [where the amount of the
target (GFAP) was normalized to the endogenous reference (Cyclophilin) and relative to a
calibrator constant; ABI methods]. Main effect of hormone (a), main effect of injury (b),
interaction effect (c) was significant at p≤0.05. OS: ovariectomized, placebo-replaced, sham-
lesioned; OL: ovariectomized, NMDA-lesioned; ES: ovariectomized, estrogen-replaced,
sham-lesioned; EL: ovariectomized, estrogen-replaced, NMDA-lesioned.
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Figure 2.
Characterization of primary astrocyte cultures derived from the olfactory bulb of young adult
and reproductive senescent female rats. Primary astrocytes cultures were immunoreactive for
GFAP (red: a,b) and were counter-stained with the nuclear dye, Hoechst (blue). Primary
astrocyte cultures derived from young adult (c) and reproductive senescent females (d) were
not immunoreactive for the neuronal marker, microtubule-associated protein-2 (MAP2). A
small proportion (5-8%) of cells in these primary cultures derived from young adults (e,g) and
reproductive senescent females (f,h) were immunopositive for the microglial markers, ionized-
calcium binding adapter molecule 1 (Iba1) and the cell surface glycoprotein Mac-1 (CD11b).
Iba-1 and CD11b immunopositive cells and their associated nuclei stained with Hoechst are
indicated by white arrows. Immunohistochemistry with the nuclear dye Hoechst is shown in
the bottom panel (c-h). Bar: 50 μm.
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Figure 3.
Gene expression of estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) in primary
astrocyte cultures derived from young adult and reproductive senescent females as determined
by RT-PCR. The ERα-specific primers span Exon 4 to Exon 6 while the ERβ-specific primers
span from Exon 4 to Exon 5. Two gene-specific products approximately 300 base pairs long
(ERα) and 200 bases long (ERβ) were present in both young and senescent astrocyte cultures.
Cyclophilin was used as a loading control (cy) for the transcription of each gene. The bands
were visualized on a 1.5% agarose gel and verified by sequencing.
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Figure 4.
Primary astrocyte cultures derived from young adult and reproductive senescent females
express the toll like recepter-4 (TLR-4). TLR4 (a, red) was observed in astrocytes derived from
young adult and reproductive senescent females. Cells were counter-stained with the nuclear
dye Hoechst (a, blue). Bar: 50 μm. IL-1β protein expression in astrocyte media from young
adults (left panel, b) and reproductive senescent females (right panel,b) was determined
following a 4-hour pre-treatment with 17β-estradiol (17bE, 20 nM), PPT (2 nM), HPTE
(1μM) and DPN (10 nM) followed by a 24 hour treatment with LPS (10 μg/mL) and appropriate
agonist. Asterisk (*) indicates significance at p≤0.05 relative to the saline/LPS-treated
condition. Zero (0) indicates no detectable levels of expression in saline controls.
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Figure 5.
TNF-α protein expression in astrocyte media from young adults (left panel) and reproductive
senescent females (right panel) was determined following a 4-hour pretreatment with 17β-
estradiol (17bE, 20 nM), PPT (2 nM), HPTE (1μM) and DPN (10 nM) followed by a 24 hour
treatment with LPS (10 μg/mL) and appropriate agonist. Asterisk (*) indicates significance at
p≤0.05 relative to the saline/LPS-treated condition. Zero (0) indicates no detectable levels of
expression in saline controls.
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Figure 6.
MMP-9 activity was measured by zymography in astrocyte media derived from young adults
and reproductive senescent females following a 4-hour pretreatment with 17β-estradiol (17bE,
20 nM), PPT (2 nM), HPTE (1μM) and DPN (10 nM) followed by a 24 hour treatment with
LPS (10 μg/mL) and appropriate agonist. Asterisk (*) indicates significance at p≤0.05 relative
to the saline/LPS-treated condition. Zero (0) indicates no detectable levels of expression in
saline controls.
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Figure 7.
IL-1β protein expression in microglial media from young adults was determined following a
4-hour pretreatment with 17β-estradiol (17bE, 2 nM), PPT (2 nM), HPTE (2μM) and DPN (10
nM) followed by a 24 hour treatment with LPS (10 μg/mL) and appropriate agonist. Asterisk
(*) indicates significance at p≤0.05 relative to the saline/LPS-treated condition. Zero (0)
indicates no detectable levels of expression in saline controls.

Lewis et al. Page 23

J Neuroimmunol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


