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It has been previously demonstrated that 178-estradiol (E,)
inhibits the response of microglia, the resident brain macro-
phages, to acute injuries in specific brain regions. We here
show that the effect of E, in acute brain inflammation is wide-
spread and that the hormone reduces the expression of in-
flammatory mediators, such as monocyte chemoattractant
protein-1, macrophage inflammatory protein-2, and TNF-q,
induced by lipopolysaccharide, demonstrating that microglia
are a direct target of estrogen action in brain. Using the APP23
mice, an animal model of Alzheimer’s disease reproducing
chronic neuroinflammation, we demonstrate that ovary ab-
lation increases microglia activation at g-amyloid (AB) depos-

its and facilitates the progression of these cells toward a
highly reactive state. Long-term administration of E, reverts
the effects of ovariectomy and decreases microglia reactivity
compared with control animals. In this animal model, these
events do not correlate with a reduced number of A deposits.
Finally, we show that E, inhibits AB-induced expression of
scavenger receptor-A in macrophage cells, providing a mech-
anism for the effect of E, on AB signaling observed in the
APP23 mice. Altogether, our observations reveal a substantial
involvement of endogenous estrogen in neuroinflammatory
processes and provide novel mechanisms for hormone action
in the brain. (Endocrinology 147: 2263-2272, 2006)

IT IS WELL ESTABLISHED that 17B-estradiol (E,) protects
neurons against a vast variety of toxic insults and induces
the expression in these cells of growth factors and their
receptors as well as structural components and proteins in-
volved in apoptosis in a receptor-dependent manner (1, 2).
The neuronal expression of estrogen receptors (ERs) has been
shown to vary among brain regions, with low levels being
detected in areas such as the hippocampus, cortex, and sub-
stantia nigra (3, 4). Recently, it has been proposed that E,
exerts neuroprotection not only by directly targeting neurons
but also by inhibiting the brain inflammatory reaction (5). In
fact, several lines of evidence highlighted the role of E, as a
regulatory agent of acute brain inflammation. Studies using
animal models of acute central nervous system inflammation
provided in vivo evidence for the inhibitory activity of E, on
the immediate inflammatory response of the brain (6-9).
Hormone action in inflammation is believed to be mediated
by the activation of the endogenous ER« (10-12), a ligand-
dependent transcriptional factor expressed in several cell
types including monocyte-macrophage cells (13). In cell-
based assays, E, was shown to inhibit the metabolic activa-
tion of monocytes-macrophages induced by inflammatory
stimuli by inhibiting the expression of inflammatory medi-
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Abbreviations: AB, B-Amyloid; AD, Alzheimer’s disease; APP, amy-
loid precursor protein; E,, 17 B-estradiol; ER, estrogen receptor; GAPDH,
glyceraldehyde phosphodehydrogenase; HS, horse serum; HI, hyper-
trophic inflammatory; I, inflammatory; icv, intracerebroventricular; LPS,
lipopolysaccharide; MCP-1, monocyte chemoattractant protein 1; MIP-2,
macrophage inflammatory protein 2; NI, noninflammatory; NSAID,
nonsteroidal antiinflammatory drug; ovx, ovariectomized; SR-A, scav-
enger receptor-A.
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ators, such as the inducible form of nitric oxide (iNOS) and
TNF-a (14-16). However, it is still unknown whether ex-
pression of inflammatory molecules is regulated by E, also
in vivo and whether the antiinflammatory activity of E, is
present in brain areas with low neuronal expression of ERs.
In addition, despite the debated role of E, as a protective drug
against brain degenerative disorders associated with the
menopause (17), little is known on the activity of E, on
chronic brain inflammation.

Activation of microglia cells, the resident macrophage cells
of the brain, is a hallmark for neurodegenerative diseases,
such as Alzheimer’s disease (AD), Parkinson’s disease, and
amyotrophic lateral sclerosis. In these disorders, microglia
activation appears at the early phases of disease develop-
ment (18, 19). Increased microglia reactivity has been de-
tected in postmortem histological studies of AD patients (20,
21), and the use of nonsteroidal antiinflammatory drugs
(NSAID) has been associated with a reduced incidence of AD
(22, 23). On the basis of these observations it has been pro-
posed that microglia activation contributes to the onset and
progression of the degenerative process in neurons. How-
ever, a direct demonstration of the functional role of micro-
glia activation in chronic neurodegeneration is still lacking,
and whether activation of microglia is beneficial or detri-
mental to brain remains a debated issue (24, 25).

The aim of this study was to assess the modalities of
estrogen action in brain inflammation and the effect of hor-
mone withdrawal/replacement on microglia reactivity in
chronic neuroinflammatory pathologies affecting the brain.
Our results point to the widespread distribution of E, anti-
inflammatory action in the murine brain. To study the effect
of E, on chronic microglia reactivity, we used the APP23
transgenic mice, which express the human amyloid precur-
sor protein (APP) with a mutation reported in familial AD in
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neurons (26). These transgenic mice represent a suitable
model to study the chronic neuroinflammatory process, be-
cause microglia cells display the characteristic activated mor-
phology and immunoreactive phenotype induced by amy-
loid deposits, similarly to AD pathogenesis (27). The results
show that long-term hormone deprivation exacerbates mi-
croglia reactivity at amyloid deposits, an event that is pre-
vented by E, replacement.

Materials and Methods
Animals

The study was conducted according the guidelines of the Institutional
Animal Care Committee of the University of Milan.

Hormone and lipopolysaccharide (LPS) treatments

Female Sprague Dawley rats or C57/B6 mice (Charles River Breeding
Laboratories, Oggiono, Italy) were ovariectomized (ovx) at 6 wk of age.
For acute hormonal treatments, 3 wk after ovx, animals were injected sc
with vehicle (purified corn oil) or 50 ug/kg E, (Sigma, Milan, Italy) 6 h
before the intracerebroventricular (icv) injection of Escherichia coli LPS
(serotype 0.111:B4 from Sigma) (for rats, 10 ug LPS in 3 ul of saline; for
mice, 1 pg LPSin 1 ul) in the third cerebral ventricle according to specific
stereotaxic coordinates (for rats, bregma, —4 mm; lateral, 1 mm; depth,
5 mm; for mice, bregma, —0.25 mm; lateral, 1 mm; depth, 2.25 mm) and
using a Hamilton syringe rotated on the coronal plane of about 3° from
the orthogonal position, as previously described (10). Chronic estrogen
replacement settings were as follows: E, was administered for 6 wk by
implanting pellets (Innovative Research of America, Sarasota, FL) re-
leasing for 21 d 0.025 mg/d for rats and 0.010 mg/d for mice of placebo
or E,. Pellets were replaced at the end of the third week. No alteration
in animal behavior or body temperature and no acute-phase proinflam-
matory proteins in plasma were detected after LPS icv injection (data not
shown). Effect of estrogen withdrawal or replacement was evaluated in
each animal using the uterotrophic assay, a standard test for measuring
estrogen activity (data not shown). The blood levels of E, achieved by
pellet release were 20-35 pg/ml, as measured in a subset of mice/rats
(data not shown). Experiments were repeated at least two times; each
experimental group consisted of at least five animals.

APP23 mice treatment

APP23 mice overexpress human APP,5, with the familial Swedish AD
double mutation at positions 670/671 under the control of neuronal
Thy.1 promoter element (26). Heterozygous APP23 mice underwent ovx
or sham surgery at 5 months of age and immediately implanted sc with
90-d pellets (Innovative Research of America) releasing 0.01 mg/d of
either placebo (for the ovx and sham groups) or E, for the replacement
group. Pellets were replaced every 80th day. Animals were killed with
an overdose of pentobarbital at 10 and 14 months of age and transcar-
dially perfused with 4% paraformaldehyde. Before perfusion, uteri were
weighted to sample the effect of ovx and E, replacement. Each exper-
imental group consisted of at least six animals.

Immunohistochemistry

Animals were killed under deep anesthesia and transcardially per-
fused with 4% paraformaldehyde. Brains were removed and postfixed
in 4% paraformaldehyde, cryoprotected, snap-frozen in liquid nitrogen,
and stored at —80 C until analyzed. Using a cryostat (Microm, Walldorf,
Germany) 30-um thickness sections were collected: for rat, coronal sec-
tions were obtained from level 1, bregma +1.2 mm; level 2, bregma —3
mm; level 3, bregma —5.7 mm; for APP23 mice, hemibrain sagittal
sections from bregma to lateral margin 1, +1.65 mm; margin 2, +2.6 mm;
margin 3, +3.2 mm. The term margin was used to distinguish the levels
analyzed in sagittal sections. Three free-floating sections, 120 um distant,
were analyzed for each level by immunohistochemistry; for rat, the
rat-specific antibody ED-1 was used to detect activated microglia,
whereas the horseradish peroxidase-conjugated isolectin-B4 (Sigma)
was used as a macrophage-specific marker. The distinction between
resting and activated microglia was based on morphological analysis; for

Vegeto et al. ® Estrogen and Brain Inflammation

the APP23 mice, the mouse antibody Mac-1 (Serotec, Oxford, UK) was
used to specifically stain activated microglia cells. Before the immuno-
logical assay, sections were incubated in 0.05 M NH,Cl in PBS for 20 min
at room temperature to saturate aldehyde residues, washed in PBS,
incubated for 5 min in 1% H,O, in PBS at room temperature to inhibit
endogenous peroxidases, and washed three times with PBS.

ED-1 staining. Sections were incubated with 10% horse serum (HS) in
blocking solution (0.1% Triton X-100 and 3% BSA in PBS) for 1 h at room
temperature and then with ED-1 antibody (5 ug/ml in PBS with 1% BSA)
overnight at room temperature.

Isolectin-B4 staining. After incubation for 30 min at room temperature
with bivalent cations (0.1 mm MgCl,, 0.1 mm MnCl,, 0.1 mm CaCl, 0.1%
Triton X-100 in PBS), horseradish peroxidase-conjugated isolectin-B4
was added at the final concentration of 20 ug/ml in PBS with 0.1% Triton
X-100 and left overnight at 4 C.

Mac-1 staining. Mac-1 antibody was used at the final concentration of 2
png/ml in PBS with 10% HS overnight at 4 C.

After PBS washes, secondary biotinylated antibodies were used after
ED-1 and Mac-1 reactions in PBS with 1% HS for 1 h at room temper-
ature. Staining was obtained after incubation with the avidin-biotin-
horseradish peroxidase complex (ABC kit from Vector Laboratories,
Burlingame, CA) for 1 h at room temperature and the 3,3’-diaminoben-
zidine substrate (Sigma), as suggested by the manufacturers.

To identify fibrillar amyloid deposits, Congo Red staining was per-
formed on Mac-1-immunostained sections according to standard pro-
tocols and counterstained with hematoxylin. Dehydrated sections
mounted on slides were observed using a Zeiss Axioskop microscope
(Zeiss, Milan, Italy) at magnification X1000 and analyzed with a color-
video image analysis system linked to the microscope.

Quantitative analysis

Brain areas were identified according to the rat and mouse brain atlas
of Franklin and Paxinos. ED-1 and isolectin-B4-positive cells were
counted using a counting frame area of 0.75 mm? in three sections of each
brain level. Counting was done twice by two different researchers work-
ing blind. Results are the average of the observations made. Activated
microglia were recognized by the presence of immunoreactive cell bod-
ies of increased size emanating shorter and thicker cytoplasmic protru-
sions; in case of a phenotype not clearly definable, especially in the
APP23 mice, assignment of cells to the activated state was done by the
presence of cytoplasmic extensions without ramifications that were
lower than 5 and with a thickness higher than 3 um. Macroanatomical
evaluation of the brain from different groups in the icv LPS experiment
did not show any variation in tissue size or blood perfusion, and ho-
mogenous immunoreactivity was detected throughout all histological
sections. This seems to exclude that tissue shrinkage or expansion oc-
curred as a consequence of our experimental conditions; if this were the
case, variation in brain or cell volume seems to have similarly affected
all experimental groups. In the APP23 mice, fibrillary amlyoid load was
quantified by counting the number of Congo Red-positive plaques rang-
ing from 20-100 um diameter. The number of Congo Red-positive
plaques surrounded by Mac-1-immunoreactive microglia were counted
and subdivided into inflammatory (I) or hypertrophic inflammatory
(HI) plaques on the basis of microglia morphological appearance. All
three levels of APP23 brain were analyzed. Data on the APP23 mice refer
only to margin 1; margins 2 and 3, although showing a lower number
of plaques, had a similar inflammatory profile as that of level 1.

Cell culture

RAW 264.7 cells were purchased from American Type Culture Col-
lection (Manassas, VA) and grown in DMEM plus 10% FBS (American
Type Culture Collection) supplemented with 2 g/liter sodium carbon-
ate, 0.11 g/liter sodium pyruvate, 5 ml/liter of a 10,000-IU streptomycin
and penicillin mix, under a humidified 5% CO,/95% air atmosphere at
37 C. For the experiments, cells were starved in medium without phenol
red and without serum for 4 h; 1 nm E, was added 30 min before an
overnight treatment with 1 pug/ml LPS or 1 um B-amyloid (Ap).
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RT-PCR

RNA preparation. RAW 264.7 cells were harvested and resuspended in
TRIzol Reagent (Invitrogen, Milan, Italy). RNA was isolated according
to the manufacturer’s instructions.

cDNA preparation. One microgram of RNA was used for cDNA prepa-
ration using the Moloney murine leukemia virus reverse transcriptase
(Promega, Milan, Italy) as previously described (15). Control reactions
without addition of the enzyme were performed for each sample.

PCR

PCRs were performed using 1 ul cDNA and 0.4 U DynaZyme DNA
polymerase (Finnzymes Oy, Espoo, Finland). The following primers
(from MWG Biotech, Ebersberg, Germany) were used to amplify the
following mouse genes: monocyte chemoattractant protein 1 (MCP-1),
a-5'" AGCCAACTCTCACTGAAG3' and b-5TGGAAAAGGTAGTG-
GATG3'; macrophage inflammatory protein 2 (MIP-2), a-5" TGGCCA-
GTGAACTGCGCTG3' and b-5"CCAGGTCAGTTAGCCTTG3’; TNF-q,
a-5" ATGAGCACAGAAAGCATGATCCS3' and b-5'CCAAAGTAGAC-
CTGCCCGGACTC3’; scavenger receptor-A (SR-A), a-5" ATGACA-
GAGAATCAGAGG3' and b-5'CCCTCTGTCTCCCTTTTC-3". The OD
of the bands separated by agarose gel electrophoresis and relative to
each amplification product was evaluated; standard internal controls
were run in each gel and the OD units evaluated and used to normalize
the values from different gels. Amplification of the constitutively ex-
pressed enzyme glyceraldehyde phosphodehydrogenase (GAPDH) was
performed in parallel to assess for RT-PCR efficiency with the primers
a-5'" ATGACCCCTTCATTGACC3’ and b-5TGCTTCACCACCTTC-
TTG3'. PCR were performed as follows: for TNF-a, MIP-2, and GAPDH
at 95 C for 30 sec, then 30 cycles at 94 C for 1 min, 60 C for 45 sec, and
72 C for 2 min; for MCP-1 and SR-A, the annealing temperature was
adjusted at 55 and 47 C, respectively. PCR were performed on a
PerkinElmer Thermal Cycler 480 (PerkinElmer, Milan, Italy).

Western blotting

RAW 264.7 cells were treated, washed with ice-cold PBS, and har-
vested in ice-cold hypotonic lysis buffer [50 mm HEPES (pH 7.4), 1 mm
MgCl,, 2 mm EDTA, 1 mm phenylmethylsulfonyl fluoride, 10 ug/ml
leupeptin, 1 mM Naz;VO,, 5 mm NaF, 1 mm dithiothreitol, 0.1% Triton
X-100). After 5 min incubation, cells were centrifuged at 24,000 X g for
15 min. The supernatant was collected as the cytosolic fraction. Protein
content was determined with the Bradford assay (Pierce Chemical, Rock-
ford, IL). Proteins (10 ug) were separated on a 7.5% SDS-polyacrylamide
gel and transferred to a Hybond ECL nitrocellulose membrane (Amer-
sham, Little Chalfont, UK). The membrane was blocked for 45 min with
5% skim milk in TBS-T [20 mm Tris (pH 7.5), 150 mm NaCl, 0.2% Tween
20]. Rat polyclonal antibody for mouse SR-A 2F8 clone (Serotec) was
applied at 1:250 dilution at 4 C overnight. After extensive washing in
TBS-T, the secondary horseradish peroxidase-conjugated antibody
(Chemicon, Milan, Italy) was applied at 1:2000 dilution for 60 min;
detection was performed using an ECL kit (Amersham).

Statistical analysis

Values are given as mean * seM for Figs. 1-3 and * sp for Figs. 4-6.
P values were calculated with ANOVA analysis followed by the Bon-
ferroni test.

Results
Estrogen-induced decrease in brain macrophage reactivity

Neurons of the cerebral cortex are primarily and largely
affected by pathological conditions, such as ischemia and
AD, which show a strong neuroinflammatory reaction that
progresses in parallel with the neuropathological lesions. To
understand the extent to which E, hinders the reactivity of
microglia cells in brain regions, such as the cortex and hip-
pocampus, where neuronal expression of ERs is very low, we
induced brain inflammation by the icv injection of LPS in ovx
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rats treated with E, or vehicle 6 h before the endotoxin and
evaluated the spatial distribution of E, activity at different
levels of the brain. Notably, macrophage activation was re-
duced by E, by 60-90% in the hippocampus and cerebral
cortex at all levels analyzed, as shown in Fig. 1. E, action
extended with similar potency also to other noncortical re-
gions and at all levels; in areas such as the cingulate cortex
and caudatus putamen in level 2 and the rhinal cortex in level
1, E, was able to inhibit LPS activity only by 20%. In general,
brain regions from levels 2 and 3 showed higher microglia
reactivity toward the mechanical damage, as in the case of the
hippocampus, cortex, or thalamic nuclei (Fig. 1); in all cases,
LPS injection resulted in an average 3-fold increase in ED-
1-positive cells. The reason for the different reactivity of
microglia in these regions is not yet clear; however, the
higher number and susceptibility described for microglia
cells in these brain areas (28) as well as their proximity to the
injection site could account for the different reactivity ob-
served in our study. Thus, the data demonstrate that E, is a
potent inhibitor of microglia reactivity in several regions of
the brain, including the cerebral cortex, hippocampus and
noncortical areas.

Because the effect reported in Fig. 1 was observed after 24 h
of LPS injection, we then asked whether E, maintained its
inhibitory activity for a longer period of time. Animals were
analyzed 1, 3, 5, and 7 d after LPS injection, and brain mac-
rophages were stained with isolectin-B4; this macrophage-
specific marker allowed us to distinguish between resting
and activated microglia cells on the basis of their morpho-
logical appearance. In addition to microglia cells, we also
scored the number of round-shaped cells reminiscent of in-
filtrated monocytes. It has been suggested that the appear-
ance of round-shaped cells in brain parenchyma after 24 h of
LPS icv administration corresponds to monocytes recruit-
ment (29, 30), although isolectin-B4 staining does not clearly
allow one to distinguish between monocytes and highly re-
active microglia, which display an ameboid-like morphol-
ogy. Cells were counted in the CA1, and results are shown
in Fig. 2. LPS induced a 6-, 44-, and 13-fold increase in the
number of activated microglia cells after 1, 3, and 5 d, re-
spectively, whereas no effect could be observed after 7 d (Fig.
2A); at any time point analyzed, E, treatment strongly lim-
ited microglia activation resulting in 70, 80, and 33% inhi-
bition of LPS activity after 1, 3, and 5 d, respectively. In
according with these data, E, also blocked the increase in
monocyte-like cells. In fact, after 1 d of LPS injection, the
number of round-shaped cells reached an average of 326 =
22 cells/mm?, which decreased to 61 * 23 cells/mm? after 3 d
and returned to control levels after 5 d. At all time points, E,
decreased the number of monocyte-like cells, which was
reduced by 84 and 54% after 1 and 3 d (Fig. 2B). Thus, these
data showed that also after longer periods of time after LPS
administration, activation of brain macrophages does not
occur when E, is injected before the endotoxin, thus indi-
cating that in E,-treated animals the absence of inflammatory
signs is not because of a delay in the response to LPS.

Interestingly, the antiinflammatory effect of E, was ob-
served not only when hormone was administered a few
hours before LPS but also when a physiological, nanomolar
concentration of E, was delivered to the animals for a pro-
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Fia. 1. Effect of estrogen on acute inflammatory response in brain. Animals were icv injected with vehicle (white bars), LPS (black bars), or
LPS preceded by a 6-h E, treatment (dashed bars); after 24 h, brain coronal sections were analyzed for the presence of reactive microglia by
immunohistochemistry using the ED-1 antibody. Immunopositive cells were counted in various regions of the central nervous system at level
1, 1.2 mm (A); level 2, —3 mm (B); and level 3, —5.7 mm (C) from bregma. Data are the mean * SEM; n = 5. ¥, P < 0.01 vs. control (CTRL);
°, P <0.01vs. LPS. Cortical areas included the following: fCX, frontal cortex; rhCx, rhinal cortex; pirCx, piriform cortex; cgCx, cingulate cortex;
ptCx, parietal cortex; rsCx, retrospinal cortex; 0oCx, occipital cortex; tCx, temporal cortex; entCx entorhinal cortex. Hippocampal areas included
the following: DG, dentate gyrus; CA, CA region of the hippocampus. Noncortical areas included the following: Cpu, Caudatus Putamen; Sd,
dorsal septal nuclei; OB, olfactory bulb; AN, amygdaloid nuclei; TITlp, thalamic nuclei; MFB, medial forbrain bundle; SN, substantia nigra;

Cgm, geniculate medial nuclei; SO, superior culliculus.

longed period of time before the endotoxin. Figure 3 shows
that a 6-wk treatment with physiological doses of E, strongly
limited microglia activation, resulting in 40 and 80% inhibi-
tion, and reduced the increase of monocyte-like cells by 40
and 67% compared with LPS alone 1 and 3 d after endotoxin
injection. In repeated experiments using 3-wk-old and 6-wk-
old ovx animals, we observed that a longer time of hormone
deprivation increases brain macrophage reactivity toward
both the mechanical injury and LPS (data not shown).
Altogether, these data show that the antiinflammatory
activity of E, is widespread in the rodent brain and that
physiological levels of hormone strongly limit the inflam-
matory response of the brain. These results thus supported
a study in which the antiinflammatory activity of E, could be
tested in an animal model of chronic neuroinflammation.

Estrogen replacement delays activation of microglia cells in
the APP23 mice

Neurodegenerative pathologies are associated with a
chronic inflammatory reaction, which increases gradually in
parallel with disease progression. To test whether E, was able
to limit the inflammatory response associated with neuro-
degenerative insults, we used the APP23 mice, a mouse
model of AD (26), in which amyloid deposits have been
shown to stimulate activation of surrounding microglia cells
(31). Five-month-old female APP23 mice were either ovx or
sham operated; immediately after surgery, animals were im-
planted with pellets chronically releasing physiological
doses of E, or placebo. Animals were killed at 10 and 14
months of age; this age was chosen because it corresponds to
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Fic. 2. Acute E, administration hinders brain macrophage reactivity
induced by LPS. A, Activation of microglia cells; B, infiltration of
monocyte-like cells in the CA1 region of animals injected icv with
vehicle (@, control), LPS (M), or LPS preceded by a 6-h E, treatment
(A). Brain sections were analyzed by immunohistochemistry using
the isolectin-B4 1, 3, 5, and 7 d after the icv injections. Activated
microglia and monocyte-like cells were scored on the basis of their
morphological appearance. Data are the mean = SEM; n = 5. *, P <
0.05 vs. control; °, P < 0.05 vs. LPS.

an early stage of disease development, in which amyloid
deposits and reactive microglia are already observed. Brain
sections were analyzed by immunohistochemistry using
Mac-1 antibody to recognize activated microglia cells and
stained with Congo Red to visualize fibrillar amyloid de-
posits. The analysis of brain samples revealed the presence
of three kinds of congophilic plaques: 1) Congo Red-positive
amyloid deposits devoid of activated microglia cells, named
noninflammatory (NI) plaques (shown in panel a of Fig. 4A);
2) amyloid plaques surrounded by Mac-1-positive, reactive
microglia cells, named inflammatory (I) plaques (shown in
panel b of Fig. 4A); and 3) plaques surrounded by microglia
cells with a more advanced degree of morphological activa-
tion, defined as hypertrophic inflammatory (HI) plaques
(shown in panel ¢ of Fig. 4A). In fact, microglia cells asso-
ciated with HI plaques show an increased cell body size with
shorter and thicker cytoplasmic processes (see insets in Fig.
4A). We noticed that HI plaques could be observed only in
the motor cortex of 14-month-old mice, suggesting that the
inflammatory reaction was indeed progressing within the
time frame analyzed in our study. We thus counted the
number of NI, I, or HI plaques in the sensory cortex and
motor cortex, the brain regions that show relevant plaque
formation and microglia reactivity at these early stages of
disease progression in APP23 mice. Ten-month-old animals
were analyzed first. Sham-operated mice revealed an aver-
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Fic. 3. A chronic treatment with E, is effective in reducing brain
macrophage reactivity. A, Activation of microglia cells; B, infiltration
of monocyte-like cells in the CA1 region of animals injected icv with
vehicle (white bar, control) or LPS (black bar) or pretreated for 6 h
with E, (dashed bar). Brain sections were analyzed by immunohis-
tochemistry using the isolectin-B4 1 and 3 d after the icv injections.
Activated microglia and monocyte-like cells were scored on the basis
of their morphological appearance. Values are expressed as fold in-
duction with respect to control animals. Data are the mean = SEM; n =
5. % P < 0.05 vs. control; °, P < 0.05 vs. LPS.

age 22% of plaques bearing activated microglia (I plaques) in
the sensory cortex and 10% in the motor cortex (see Fig. 4B).
The number of I plaques increased significantly in the brain
of ovx mice, reaching an average of 58% in the two cortices;
on the contrary, E, replacement resulted in a sharp decrease
of I plaques compared with the ovx group, and interestingly,
E, reduced the number of I plaques below the level observed
in control animals, leading to an average 3% of I plaques in
both brain areas (Fig. 4B). Thus, these results indicate that
ovx increases microglia reactivity induced by amyloid dep-
osition; chronic replacement with E, is able to reduce the
neuroinflammatory signs associated with the APP genetic
defect and to prevent the effect caused by ovx.

We then analyzed 14-month-old mice. In the sensory cor-
tex, the percentages of I plaques among the experimental
groups were similar to those observed in 10-month-old an-
imals, although E, was less efficacious and resulted in a
number of I plaques similar to that observed in sham-oper-
ated animals (Fig. 4C). The HI plaques number reflected a
similar pattern of regulation compared with I plaques, sug-
gesting that hormone is able to regulate the degree of acti-
vation of microglia cells. This observation was further con-
firmed by analyzing the data from the motor cortex. In fact,
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Fic. 4. Ablation of circulating estrogens or replacement with E, influences the brain inflammatory phenotype in APP23 mice. A, representative
Congo Red-stained amyloid deposits showing three different kinds of plaques: a, NI plaques surrounded by Mac-1-negative cells; b, I plaque
associated with Mac-1-positive reactive microglia; and ¢, HI plaque showing highly reactive microglia cells. The number of Congo Red-positive
I (black symbols) and HI plaques (white symbols) were counted in the sensory and motor cortex (Cx) of 10-month-old (B) or 14-month-old (C)
animals. Data represent the percentage of I or HI plaques vs. total plaque number in sham (® and O), ovx (l and [), and E,-replaced APP23
mice (A and A). Bar, mean value for the treatment group; *, P < 0.05 vs. sham. D, Brain amyloid deposition was analyzed by counting the number
of Congo Red-positive plaques in the sensory and motor cortex of sham (white bar), ovx (black bar), and Ey-replaced APP23 mice (dashed bar)
at 10 months of age. For 10-month-old animals, n = 6 sham, n = 7 ovx, and n = 6 ovx + E,; for 14-month-old mice, n = 6 sham, n = 7 ovx,
and n = 6 ovx + E,.
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control APP23 mice showed an increased percentage of I
plaques compared with that observed at 10 months of age,
reaching an average of 46%, whereas HI plaques were about
5% of all plaques (see Fig. 4C). Remarkably, hypertrophic
microglia was the most frequent phenotype observed in the
ovx group, whereas HI plaques were almost absent in E,-
replaced mice, and the I plaques number was similar to that
observed in control mice (see Fig. 4C). Thus, these data
showed that E, levels clearly affect the state and degree of
microglia activation also in 14-month-old APP23 mice.

Because it is known that inflammatory cells play a key role
in AB processing and deposition, we asked whether the
hormonal status might influence the amount of AB deposi-
tion in the APP23 mice. As shown in Fig. 4D, the number of
ApB deposits and the size of these plaques (data not shown)
did not vary significantly among the experimental groups,
thus showing that the hormonal levels do not modify amy-
loid deposition in this experimental model of AD.

In conclusion, these results show that the degree of acti-
vation of microglia cells increases in parallel with the pro-
gression of the pathology and that hormone deprivation
facilitates this process and leads to the earlier appearance of
highly reactive microglia at amyloid deposition sites. Phys-
iological levels of hormone delay the appearance of activated
microglia and prevent the effect induced by ovx; this differ-
ent neuroinflammatory phenotype does not correlate with a
modification in AB deposition.

Estrogen prevents induction of inflammatory mediators in
the brain

To demonstrate that microglia cells are a direct target of E,
action in vivo, we analyzed the expression levels of inflam-
matory markers, such as MCP-1, MIP-2, and TNF-«, known
to be involved in the immediate response of the brain to
inflammatory stimuli and to participate in the early events
that lead to chronic neurodegenerative disorders. We ana-
lyzed the mRNA levels of MIP-2, MCP-1, and TNF-« in the
cortex and hippocampus of mice under different hormonal
status after the icv injection of LPS. This endotoxin induces
a 5- to 7-fold induction of MCP-1, MIP-2, and TNF-a mRNA
levels with respect to control levels (see Fig. 5), whereas the
chronic administration of E, results in a significant reduction
of the mRNA of these inflammatory markers. Thus, these
data show that E, prevents the burst of cytokines and che-
mokines induced by inflammatory stimuli, suggesting that
E, is able to inhibit the induction of inflammatory mediators
also in vivo.

Estrogen inhibits the induction of AB-binding proteins

It is well known that SR-A is primarily responsible for
initiating the process of cell activation induced by AB in
microglia cells; in fact, SR-A has been shown to interact with
A fibrils and activate membrane-associated signaling path-
ways (32). SR-A is highly expressed in microglia cells from
aged APP23 mice (31), and itis used as a marker for microglia
activation induced by diverse signals, such as Af or LPS.
Because we observed that E, regulates microglia activation
in APP23 mice, we postulated that inhibition of SR-A ex-
pression induced by A may underlie the inhibitory effect of
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strongly increased SR-A mRNA levels, and this effect was
significantly prevented by the addition of a physiological
concentration of E,. A similar expression profile was also
observed using LPS, further confirming that E, prevents
SR-A expression induced by inflammatory agents (Fig. 6A).
Concordantly, when we analyzed SR-A expression at the
protein level, we observed that induction of SR-A mediated
by AB or LPS was strongly reduced by E, treatment (Fig. 6B).
Thus, these data suggest that induction of SR-A expression
by A is inhibited by E, in macrophage cells, providing a
potential mechanism for E, inhibitory activity on microglia
responsiveness observed in the APP23 mouse model.

Discussion

The present study shows the wide distribution of E, action
in brain inflammatory cells and provides the first experi-
mental evidence for the key role played by this hormone
against chronic neuroinflammatory stimuli. Using the APP23
mice, an animal model of chronic neuroinflammation, re-
moval of endogenous ovarian hormones results in a robust
increase in microglia reactivity, and replacement with E,
delays this neuroinflammatory process and prevents the ef-
fect induced by ovx. These data thus extend our knowledge
on the role of E, in brain and sustain the hypothesis of the
hormone as a key regulator of the inflammatory process in
the central nervous system.

The widespread effect of E, on microglia reactivity in brain

Our previous work described the effect of E, on acute
inflammation in selected brain areas (10). To analyze in more
detail the responsiveness of brain macrophages to E,, several
cerebral regions at different brain levels were analyzed in the
present study. We observe that E, is a general inhibitor of
microglia activation in brain, because its activity extends
with similar potency in all regions analyzed. Our present
observation may be particularly relevant considering some
areas, such as the cerebral cortex, where E, has been shown
to limit neuronal cell death induced by hypoxia (33), despite
the fact that expression of ERs in cortical neurons is ex-
tremely low (3, 4). Our data suggest that the antiinflamma-
tory activity of E, may play a key role in the neuroprotective
effect of hormone in these regions. We also show that long-
term replacement with E,, administered to maintain a con-
stant physiological concentration of the hormone, is as active
as an acute administration in inhibiting microglia activation.
These data imply that physiological levels of circulating E,
modulate the intensity of the inflammatory response to acute
brain injuries.

Expression of ERs in microglia cells in brain has not been
demonstrated yet. The small size of microglia cells as well as
the low abundance of ERs hinders receptor immunodetec-
tion in microglia; nevertheless, microglia cells in culture were
shown to express ERs (15). Considering that ERs are ex-
pressed and activated by E, also in astrocytes and that this
interaction is certainly involved in the neuroprotective action
of E, (34, 35), it is possible that astrocytes influence some of
the effects observed on microglia. However, it has been
shown that in brain parenchyma, the LPS receptor, Toll-like
receptor-4, is expressed in microglial cells and not in astro-
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cytes (36); thus, the inhibitory activity of E, on the induction
of inflammatory mediators observed shortly after LPS ad-
ministration (Fig. 5) leads us to assume that indeed microglia
cells are primary targets for estrogen in brain.

In conclusion, our observations further sustain the hy-
pothesis that the endogenous E, status regulates brain phys-
iology through a concerted action on diverse cell types and
molecular targets (2).

E, and chronic inflammation

A progressive inflammatory phenotype is reproduced in
the APP23 mice model, as indicated by the increased state of
microglia activation observed in aging APP23 mice. We
chose to analyze animals of 10 and 14 months of age, with the
intention to examine the effect of estrogen on the initial
phases of microglia activation at amyloid deposits. Our re-
sults show that hormone deprivation accelerates the appear-
ance of highly reactive microglia and that this event is re-
versed by E, administration; this suggests that E, has a
physiological role in the susceptibility of the innate immune
system of the brain toward chronic inflammatory stimuli.
Thus, it can be hypothesized that changes in hormonal levels,
such as those occurring in women at menopause, may impact
on brain innate immunity and modify the susceptibility toward
chronic inflammatory stimuli, whereas a continuous adminis-
tration of exogenous hormone reduces this reactivity.

It has been previously shown that the chronic inflamma-
tory response in bone is regulated by endogenous E,, because
ovx causes an increase of macrophage activity (37). Although
the functional outcome of the inhibitory activity of the hor-
mone on bone macrophages is clear, because E, administra-
tion prevents bone loss, the final effect of E, action in brain
inflammation has been poorly analyzed and is still a matter
of controversy. In the present study, we show that E, levels,
although affecting microglia reactivity, do not modify dis-
ease progression, as shown by the lack of alteration in AB
deposition. The reason for this lack of effect is still unknown.
However, it is possible that the animal model used does not
allow a regulatory event, such as microglia reactivity, to
affect the mutated APP processing. Moreover, it has been
shown that the oxidative damage induced by AB overex-
pression might compromise the beneficial activity of estro-
gen (38), suggesting that the cumulative oxidative damage
occurring in the APP23 mice may hinder E, activity on APP
processing. Finally, it is possible that a different time of onset
and duration of hormone withdrawal/replacement may
modify the final effect of E,. In fact, although our results are
in line with previous work (39, 40), a study by Zheng et al.
(41) did show a modification of A levels by E, in Tg2576
animals under different experimental conditions. We do not
rule out the hypothesis that E,, through its activity on mi-
croglia, might exert a protective effect in other diseases. For
instance, it is important to mention the role of inflammation
on neuronal damage after induction of experimental auto-
immune encephalomyelitis, an animal model of multiple
sclerosis (42—-44), and the beneficial antiinflammatory effects
of E, administration, which abolishes neuron loss induced by
cytokines (45) and prevents tissue damage stimulated by the
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neuroinflammatory reaction in experimental autoimmune
encephalomyelitis (8, 11, 12, 46-48).

The molecular mechanism of estrogen action in
brain inflammation

SR-A is expressed by microglia cells under inflammatory
conditions and acts to recognize extracellular AB and activate
specific intracellular signaling pathways (49). The demon-
stration that E, inhibits SR-A induction in macrophage cells
suggests that E, is able to reduce the reactivity of microglia
toward AB by inhibiting the expression of molecules, such as
SR-A (this study) or CD-14 (50), that mediate A signaling
(32, 34). The identification of SR-A as a target of estrogen
antiinflammatory action might provide a novel marker for
the identification of candidate drugs that, by modifying the
neuroinflammatory process, might be of benefit for delaying
neuroinflammatory diseases.

We recently demonstrated a specific mechanism for E,
action in inflammatory cells, showing that hormone acts to
inhibit the intracellular transport of nuclear factor-«B, a fam-
ily of transcription factors that stimulate inflammatory gene
transcription (51). This mechanism of action is not shared by
other antiinflammatory drugs, such as the NSAIDs. NSAID
administration was shown to decrease microglia activation
and reduce AB deposition in animal models of AD (52, 53).
These drugs were shown to act on microglia and APP pro-
cessing by targeting specific molecules, including cyclooxy-
genase, peroxisome-proliferating activator receptor-y, and
v-secretase (54-56). Thus, it is plausible that drugs acting on
the inflammatory pathway elicit different outcomes on brain
diseases depending on the molecular mechanism of action.
The identification of the intracellular effectors of E, action
will help in identifying new targets for the control of brain
inflammation.

Conclusions

Recent clinical trials using hormone replacement therapy
in AD reported conflicting results on the therapeutic poten-
tial of these drugs (57-59). Yet the menopause is considered
as a risk factor for AD. Our data show that withdrawal of
ovarian hormones induces a higher neuroinflammatory re-
action, whereas continuous administration of E, prevents
this effect, thus revealing a substantial involvement of en-
dogenous E, to the inflammatory process in the brain of
female rodents.
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