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Abstract

The apolipoprotein E4 (APOE4) gene is a well-known risk factor for Alzheimer’s disease (AD) and
other neurological disorders. Post-menopausal women with AD who express at least one APOE4
gene have more severe neuropathology and worsened cognitive scores than their non-expressing
counterparts. Since 17p-estradiol down-regulates inflammation as part of its neuroprotective role,
we examined the effect of 17p-estradiol on the response of microglia to immune activation as a
function of APOE genotype. Our data show that the anti-inflammatory activity of 17p-estradiol is
significantly reduced in APOE4 targeted replacement mice compared to APOE3 mice. A significant
interaction between APOE genotype and the response to 17p-estradiol was observed for NO and
cytokine production by immune activated microglia. The genotype specific effect was not restricted
to brain macrophages since peritoneal macrophages from APOE4 ovariectomized mice also
demonstrated a significant difference in 17p-estradiol responsiveness. ERp protein levels in
APOE4 microglia were higher than APOE3 microglia, suggesting a difference in post-translational
protein regulation in the presence of the APOE4 gene. Overall, our data indicate that the APOE
genotype may be a critical component in assessing the effectiveness of 17p-estradiol’s action and
may impact the neuroprotective role of 17p-estradiol and of hormone replacement therapy on brain
function when the APOE4 gene is expressed.
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1. Introduction

The presence of the APOE4 gene has been established as a risk factor for Alzheimer’s disease
(AD) [16] and individuals who are heterozygous (3/4) or homozygous (4/4) for APOE4
demonstrate earlier cognitive changes and increased density of amyloid plaques and
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neurofibrillary tangles, characteristic neuropathological lesions in AD, than those individuals
who do not carry an APOE4 gene [48;53]. The widespread association of APOE4 with
enhanced risk and poorer outcomes in neurological diseases such as head injury, stroke and
multiple sclerosis [9;24;29] suggests that the APOE4 gene may contribute to a common
pathophysiological pathway in multiple types of CNS damage. Our previous studies
demonstrate that apolipoprotein E protein regulates innate immunity in an isoform specific
manner [7;12;14;62]. Expression of either one or two copies of the APOE4 gene is associated
with increased in vitro activation of microglia, the CNS macrophage, and a pro-inflammatory
state. Lynch et al. [32] have confirmed this finding in vivo by demonstrating increased mRNA
and protein levels of inflammatory cytokines such as tumor necrosis factor-alpha (TNFa) and
interleukin-6 (I1L-6) in the brains of APOE4 targeted replacement mice injected with
lipopolysaccharide (LPS). A similar enhancement of inflammation after LPS injection was
also demonstrated in the hippocampi of transgenic APOE4 mice compared to transgenic
APOE3 mice [43].

Our previous findings in targeted replacement APOE4 mice suggest that the inflammatory
response may be different in male and female mice [7]. Although controversial, gender
differences in AD have been observed [4;50]. Women have slightly, but significantly, more
global neuropathology and worsened dementia ratings than men [4]. In large part, the gender
differences can be correlated with APOE genotype. Women who express an APOE4 gene have
lower hippocampal volumes, more senile plaque pathology and worsened cognitive scores than
their counterparts who do not express APOE4 [4]. While the women included in the studies
were post-menopausal, the roles of sex steroid status or hormone replacement therapy in the
observed results were not examined.

Estrogenic compounds are particularly important since 17p-estradiol regulates the innate
immune response of macrophages and serves as an anti-inflammatory agent [8;45;60;61]. For
example, treatment of brain macrophages (microglia) and peripheral macrophages with
physiological doses of 17p-estradiol reduces the release of pro-inflammatory factors such as
nitric oxide (NO) and TNFa. [8;13;61]. Furthermore, the loss of estrogen with ovariectomy or
with aging results in a shift of macrophage function towards a pro-inflammatory state [2;45;
46]. Part of the neuroprotective effect of estrogen in the brain that is lost during aging and in
post-menopausal women with AD may, in fact, stem from loss of 17p-estradiol’s regulation
of the innate immune response.

We have examined the effect of the APOE4 gene on 17-estradiol’s anti-inflammatory action
in brain macrophages (microglia) derived from targeted replacement (TR) mice expressing the
human APOE4 gene at the mouse APOE locus compared to mice expressing the human
APOES3 gene at the same locus [56]. Our data presented here demonstrate a significant
difference in the responsiveness of microglia and peripheral macrophages to 17p-estradiol.
These results demonstrate that the presence of an APOE4 gene reduces the effectiveness of
17p-estradiol as an anti-inflammatory agent.

2. Methods

2.1 Animals

Homozygous apolipoprotein E targeted replacement (APOE3 or APOE4) mice contain a
targeted insertion of exons 2—4 of the human APOE3 or APOE4 genes that replace the
corresponding genomic DNA at the mouse APOE locus [56]. All animals were bred from in-
house stock and were housed under a standard light:dark cycle and received food and water
ad libitum. Ages of the female mice used in this study ranged from 55-60 weeks of age and
were within the age range for reproductive senescence in C57BL/6J mice (48-64 weeks for
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cessation of cycling and entrance into either persistent vaginal cornification or into persistent
diestrus) [21].

2.2 Ovariectomy

Adult female mice were anesthetized using ip sodium pentobarbital (40-70 mg/kg) and a dorsal
sterile surgical field prepared. A 2 cm dorsal midline incision was made with its cranial
terminus 1.5 to 2.5 cm caudal to the 13t rib. After trimming fascia away, the muscle wall was
pierced with forceps, 1.5 to 2 cm lateral to the spine. The ovary is located in a fat pad under
the dorsal muscle mass. With blunt forceps, the ovary was drawn through the muscle and skin
incisions, clamped and then ligated to the level of the fallopian tube. The ovary was removed,
the uterine horn returned to the body cavity and the skin incision closed with 1-2 wound clips.
The second ovary was removed similarly. Mice were returned to their normal environment for
an additional 4 weeks before use in the experimental protocols. In some cases, a sterile, 60-
day time release pellet containing 17p-estradiol (0.36 mg; Innovative Research of America,
Sarasota FL) was subcutaneously implanted into ovariectomized females one day following
ovariectomy.

2.3 17B-estradiol Radioimmunoassay

Prior to harvesting peritoneal macrophages, blood was collected via cardiac puncture in order
to determine the serum 17p-estradiol concentrations and was measured using the 17p-
estradiol 125 RIA Kit from ICN Diagnostics (Costa Mesa, CA) per the manufacturer’s
instructions. Prior to measurement, each blood sample was extracted using diethyl ether (4ml
diethyl ether; 0.300 ml saline/serum sample), nitrogen evaporated at 37°C and reconstituted
into diluent buffer. Values of serum estradiol in animals receiving time-release pellets for the
4 week period were 92 + 35 pg/ml and 109 + 29 pg/ml for APOE3 and APOE4 females,
respectively. Although there was a tendency for the average values to be greater in the
ovariectomized females implanted with an estradiol pellet from intact females, these values
were not significantly different. The measured values of estradiol represent the integrated
values after 4 weeks of treatment with slow release pellets. It is possible, however, that serum
estradiol levels may have fluctuated due to non uniform release from the implanted pellet.
Serum estradiol levels were below the detectable range (less than 10 pg/ml) in ovariectomized
females.

2.4 Peritoneal macrophage isolation and culture

Peritoneal macrophages were isolated as previously described [7]. Prior to harvesting,
macrophages were elicited by intraperitoneal (ip) injection of each adult mouse with 5mM
sodium periodate. This process is well known to promote the entry of circulating monocytic
cells into the peritoneum. After 72 hours, the mice were killed and the peritoneal cavities were
flushed 2 times with warm PBS to obtain macrophages. Lavage fluid containing cells was
carefully extracted from the peritoneum and the fluid containing cells from 2 to 3 mice of the
same genotype and gender was pooled. In this manner a sufficient number of macrophages
were obtained for the experimental assays. The cells were pelleted by centrifugation at 1000
g and then re-suspended into phenol red—free, serum-free media (high glucose DMEM
containing 2 mM glutamine and 50 pg/ml gentamycin). Cells were counted, plated directly
into 96 well plates and cultured for 2 days in a humidified 5% CO,, 95% air atmosphere. During
this time the macrophages attach to the plastic of the culture plate and spread, resembling
typical tissue macrophages.

2.5 Microglial cultures

Enriched microglial cultures were prepared from postnatal day 0-2 APOE3 and APOE4 pups
using previously published methods [17]. Briefly, whole brains were removed and placed into
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sterile 1X phosphate buffered saline (1X PBS) containing 100ug/ml penicillin/streptomycin
and 0.5% fungizone (Invitrogen, Rockville, MD). Meninges were removed under a dissecting
microscope and cortices were placed directly into microglial growth media (high glucose
phenol-red free DMEM containing 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin
streptomycin/0.5% fungizone, all from Invitrogen). The cortical tissue was dissociated using
the Papain Dissociation System (Worthington Biochemicals Corp, Lakewood NJ) as described
by the manufacturer and cells in suspension were plated into T-75 tissue culture flasks. Cells
were grown at 37°C in a 95% air 5% CO, humidified atmosphere for approximately 5 days at
which time the culture media was replaced with fresh growth media containing 10% horse
serum in place of fetal bovine serum (FBS). After an additional 3-5 days, loosely adherent
cells were removed from the culture by shaking on a rotary shaker (240 rpm) for 2 hours. The
cells were pelleted by centrifugation (1000g; 10 min) and resuspended into phenol red free,
serum free medium. The cells were then plated into 6 or 96 well dishes and were cultured for
an additional 48 hrs in serum free, phenol red free media. Once plated, serum withdrawal or
extended culture in serum free medium does not adversely affect microglial survival (data not
shown). Microglial or macrophage viability prior to the experimental protocols was assessed
in sister cultures using the MTT assay as previously described. Viability was greater than 98%
(data not shown). The percentage of microglia was periodically measured in sister cultures
using lectin cytochemistry. In this case, cells were reacted with lectin, Griffonia simplicifolia
(GS-1), coupled to peroxidase. Color was then developed using nickel-enhanced
diaminobenzidine (DAB) according to the manufacturer’s instructions (SigmaFast DAB,
Sigma) and cells were visualized using a Nikon inverted microscope (Nikon, Melville, NY).
Cultures prepared as described above were greater than 95% microglia.

2.6 Immune activation in vitro

Microglial cultures were pre-treated with 17B-estradiol for 15 hrs (overnight) prior to immune
activation. Stock solutions of 1 mM 17-estradiol (Sigma) was prepared in sterile DMSO and
diluted to a final concentration in the nanomolar range in serum free, phenol red free microglial
media for the experimental protocols. DMSO concentrations in all final media were below
0.001% and considered to be negligible. The estrogen receptor antagonist ICI 182,780 (Tocris
Cookson, Ellisville, MO) was prepared as a 1 mM stock in DMSO and used at a final
concentration of 10nM. For detection of supernatant nitrite, 17(3-estradiol - treated and
untreated macrophages were immune activated for 20-24 hours using the combination of
recombinant mouse interferon-y (rmIFNy) plus either lipopolysaccharide (LPS), a bacterial
endotoxin prepared from E. coli serotype O11:B5 (100ng/ml) or polyinosinic-polycytidylic
acid (PIC) (50 ug/ml), a double stranded RNA that serves as a viral mimetic (all from Sigma,
St. Louis, MO), diluted into phenol red free, serum free microglial media. To maintain exposure
of the pre-treated cells to 17B-estradiol, the same concentration of 17f-estradiol that was used
in the pre-treatment protocol was also added to the media containing immune activators. For
quantitative analysis of mMRNA, 17B-estradiol - treated or untreated cells were immune
activated for 3 hrs using the same activating agents as above.

2.7 Measurement of nitrite and protein

The supernatant levels of nitrite, the stable oxidation product of NO in biological solutions,
was used as a measure of microglial NO production. Nitrite levels in microglial cultures were
measured by chemiluminescence using a Sievers 280 Nitric Oxide Analyzer (Sievers, Boulder
CO) and nitrite levels in peritoneal macrophages or were measured using the Griess reaction
as described [7]. Standard curves were prepared from sodium nitrite diluted into the treatment
media. Total protein (ug/well) was measured using the BCA method (Pierce, Rockford, IL)
based on the manufacturer’s directions using BSA (ug/ml) as standard. Nitrite levels in each
well were normalized to total ug protein and expressed as pmoles nitrite/ug protein.
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2.8 Measurement of cytokine levels

Supernatant levels of TNFa or IL-6 were determined using an ELISA per the manufacturer’s
instructions (BioSource International, Camarillo, CA). TMB-One (Promega, Madison, WI)
was used for substrate color development and the reaction was stopped using 1M H,SO4.
Absorbance was measured at 450 nm using a Molecular Devices microplate reader (Molecular
Devices, Sunnydale, CA). Cytokine values were normalized to pg protein and presented as pg
TNFa (or IL-6)/ug protein.

2.9 Western blot

Western blot from microglial or cortical lysates were performed in a standard manner.
Antibodies for detection of ERa and ER were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA; ERa (MC-20) and used at a dilution of 1:1000 or from Affinity
Bioreagents (Golden, CO; ERB (PA1-311) and used at a dilution 1:500.

2.10 RNA extraction, preparation, quantitative RT-PCR

RNA was extracted from microglial cultures of each genotype using the RNA Easy Mini Kit
(Qiagen, Valencia, CA) according to manufacturer’s instructions. RNA was quantified using
a Beckman DV530 Life Science UV/Visible Spectrophotometer (Beckman-Coulter, Fullerton,
CA). RNA was reverse transcribed to cDNA using High Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA) with MultiScribe Reverse Transcriptase and random primers.
MRNA expression levels were determined by quantitative real-time PCR. Essentially, g°PCR
reactions were performed using 100ng cDNA per reaction with a ABI PRISM 7900 HT
Sequence Detection System (Applied Biosystems) and Tagman Assays-on-Demand Gene
Expression primer/probe sets and the Tagman Universal PCR master mix (all from Applied
Biosystems) for the following primer sets of mouse genes: nitric oxide synthase 2 (NOS2)
(Genbank: NM_010927; Assay-on-Demand 1D: Mm00440485_m1); estrogen receptor a
(ERa; esrl) (Genbank: NM_007956; Assay-on-Demand ID: MmO00433149_m1); estrogen
receptor B (ERS; esr2) (Genbank: NM_010157; Assay-on-Demand ID: Mm00599819 m1);
and eukaryotic 18S, a standard housekeeping gene, (Genbank: X03205; Assay-on-Demand ID:
Hs99999901 s1). To confirm the primer sequences, PCR products from ERa and ERp real-
time PCR reactions were cloned into PCR2.1 —TOPO vector using the TOPO TA cloning kit
(Invitrogen, Carlsbad, CA) and sequenced. Sequences of ERa and ERB PCR products 100%
matched corresponding Genbank sequences (NM_007956 for ERa. and NM_010157 for
ERp) after a BLAST search (NCBI).

Relative mRNA quantitation was calculated using the 272AC+ method [36] by normalizing the
value of the target gene for each sample to its endogenous 18S control value, and then
normalizing these values to a baseline sample, designated as the calibrator. In these
experiments, the APOE3 untreated microglia served as the calibrator for each gene analyzed.

2.11 Statistical analysis

For microglia and macrophage cultures, average values (£ SEM) for each treatment condition
were compared between similarly treated APOE3 or APOE4 cultures. Samples were assayed
and averaged from at least 3 different litter groups (where a litter group is defined as those cells
grown from different mouse litters; 3-5 mouse pups/litter), with a minimum of triplicate wells
analyzed per experimental paradigm for each litter group. Data were analyzed using 2-way
ANOVA with Bonferroni’s post hoc test where appropriate using the Prism 4.0 software
package (Graphpad, San Diego, CA). Significance was set at P < 0.05 in all cases.
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3. Results

3.1 The anti-inflammatory effect of estrogen is reduced in APOE4 microglia

To examine the effect of 17p-estradiol on immune activation in APOE3 and APOE4 microglia,
microglial cultures were treated overnight with physiological doses of 17p-estradiol (0.1-5
nM) or remained untreated. The cells were then immune activated by stimulation for an
additional 24 hrs with lipopolysaccharide (LPS; 100 ng/ml) plus recombinant murine
interferon-y (IFNy;100 U/ml) in the continuing presence of 173-estradiol. The microglial
inflammatory response was then detected by measuring the supernatant levels of nitrite (for
NO production) and TNFa. or IL-6 levels (for cytokine production) and the response of
APOE4 microglia was compared to the response of APOE3 microglia. Figure 1A-1C shows
nitrite and cytokine levels measured in the same cell supernatants collected from a single
representative APOE3 or APOEA4 litter group. This matched data set demonstrates that the
APOE genotype systematically and significantly affects microglial nitrite and cytokine
production. As shown in Fig 1, the levels of nitrite, TNFa or IL-6 are higher in APOE4
microglia compared to APOE3 microglia, a finding that is consistent with our previously
published data [6;11]. However, these representative data also show a direct effect of APOE
genotype on the anti-inflammatory action of 17p-estradiol. Microglia derived from APOE4
brain are less responsive to 17p—estradiol over a physiological range of concentrations. A
significant interaction (p = 0.022) between the genotype and the response to 17p-estradiol was
observed for nitrite production (Fig 1A) in the matched data but did not reach significance for
either TNFa or IL-6 production (Fig 1B-1C). A strong interaction between genotype and the
response to 17B-estradiol is more clearly observed in the grouped data shown in Figure 1D-1F.
In this case, data are presented as the relative change from LPS + IFNy alone (where 1.0 =0
nM 17pB-estradiol) for all litter groups. Relative values were used to reduce the variance
observed in the absolute values of nitrite, TNFo or IL-6 produced by different litter groups in
response to the same immune stimulation. Significant statistical interaction between the
APOE genotype and the microglial anti-inflammatory response to 17f-estradiol was observed
for nitrite, TNFa or IL-6 production (p = 0.0005 for IL-6; p <0.0001 for TNFa and p = 0.013
for nitrite). These data strongly indicate that APOE4 microglia are less responsive to 17p-
estradiol compared to APOE3 microglia.

Since 17B-estradiol has been previously reported to reduce the expression of NOS2, the gene
that codes for inducible nitric oxide synthase [3;60;61;68], we also measured changes in the
level of mMRNA for NOS2 in APOE3 and APOE4 microglia using quantitative RT-PCR. As
predicted for immune induction [41], NOS2 mRNA expression dramatically increased over
background levels on treatment of the microglia with LPS+IFNy in both APOE3 and APOE4
microglia (Table 1). A significantly higher level of NOS2 mRNA was observed for APOE4
microglia compared to APOE3 microglia and is likely to underlie the increased production of
NO in APOE4 microglia. However, pre-treatment with 1 nM 17-estradiol had no effect on
the stimulated NOS2 mRNA levels in either APOE3 or APOE4 microglia.

3.2 Expression of ERa and ERB mRNA and protein is APOE4 genotype dependent

To determine if the response to 17p—estradiol in APOE3 or APO4 microglia was mediated by
the classical estrogen receptors ERa or ERB, microglia were pre-treated with either 17p-
estradiol or 17p—estradiol plus ICI 182,780, followed by immune activation in the continuing
presence of 17B—estradiol with or without ICI. ICI 182,780 is a well-known global antagonist
of ERa and ERp [28], although it has recently been shown to act as an agonist for an estrogen-
binding G-protein coupled receptor [71]. In APOE3 microglia, 17p—estradiol-mediated
suppression of immune-activated NO production was blocked by ICI 182,780 (Fig. 2).
However, nitrite levels in APOE3 microglia were not simply returned by IC1 182,780 treatment
to the control values found in LPS + IFNy-only treated cells, but instead significantly increased
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to levels greater than baseline. Under identical treatment conditions, immune activated
APOE4 microglia were poorly responsive to 17p-estradiol and did not respond to ICI 182,780
at the concentrations studied. Using 2-way ANOVA, a significant interaction (p = 0.005) was
observed between genotype and the microglial response to treatment suggesting that the
APOE genotype strongly influences the effect of 17f3-estradiol.

Expression of ERo and/or ERp has been previously reported for primary cultures of microglia
and murine macrophage cell lines such as BV2 and N9 cells [3;19;59]. To determine if the
genotype-specific differences in 17B-estradiol’s action could be explained by different profiles
of ERs, we measured mRNA levels for ERa and ERf in untreated and immune activated
APOE3 and APOE4 microglia using quantitative RT-PCR. In all cases, untreated APOE3
microglia were used as the calibrator for the 272AC analysis. ERa mRNA levels were
significantly higher (p < 0.01) in untreated APOE4 microglia compared to untreated APOE3
microglia while ERS mRNA levels were the same for both genotypes (Fig. 3A, B). Stimulation
with LPS+IFNy for 3 hrs reduced ERS mRNA in both APOE3 and APOE4 cells to the same
level compared to no treatment (Fig 3B). Interestingly, immune stimulation altered the
APOE genotype-specific difference in ERa mRNA levels. The high basal levels of ERa mMRNA
in APOE4 microglia were decreased by LPS+IFNy treatment to the same level as observed in
immune stimulated APOE3 microglia (Fig 3).

Protein levels of estrogen receptors demonstrated a distinctly different profile. Untreated levels
of ERa protein expression were the same in APOE3 and APOE4 microglia while untreated
levels of ERP protein were greater in APOE4 microglia compared to APOE3 microglia (Fig
3C). Protein levels were also measured in LPS +IFNy-treated microglia after 20—-24 hrs of
treatment. Immune stimulated- ERa and ERf protein expression levels were not different from
untreated levels at this time point (data not shown) with ERS levels remaining higher in
APOE4 microglia compared to APOE3 microglia.

3.3 Peritoneal macrophages from ovariectomized mice also demonstrate an APOE genotype-
specific difference in the response to 17B-estradiol

Since microglia were derived from neonatal, pre-pubertal animals, we examined the isoform
specificity of 17p-estradiol on immune-stimulated macrophage function in aged, 50-66 week
old ovariectomized (OVX) adult female mice. Baseline serum estrogen levels after
ovariectomy were negligible (<10pg/ml) in both the APOE3 and APOE4 mice, thereby
eliminating differences in circulating estrogen levels as a confounding factor. In addition, all
female mice used in the study were within the age range for reproductive senescence in C57BL/
6J mice (48-64 weeks for cessation of cycling and entrance into either persistent vaginal
cornification or into persistent diestrus) [20]. Similarly to the microglial experiments, we
treated peritoneal macrophages isolated from APOE3 and APOE4 ovariectomized female mice
with immune activators and measured supernatant nitrite or cytokine levels in the presence and
absence of exogenously added 173-estradiol (Fig 4). As shown in Figure 4 NO production by
immune stimulated macrophages derived from APOE3 OV X mice was significantly higher
than NO production by macrophages derived from APOE4 OV X mice. Since the level of NO
generated by macrophages from OV X mice reflects the effect of the chronic lack of exposure
to circulating estrogens, the higher levels of NO production in APOE3 compared to APOE4
macrophages is consistent with the removal of a larger “suppressive” factor controlling NO
production in APOE3 macrophages. Increased pro-inflammatory cytokine production by
macrophages derived from ovariectomized mice compared to intact mice has been previously
demonstrated [45]. Treatment with 1nM 17p-estradiol significantly reduced nitrite levels by
approximately 50% in LPS + IFNy —activated APOE3 macrophages but did not significantly
reduce nitrite levels in macrophages from APOE4 mice. In addition to using LPS + IFNy as
the immune stimulation, we also stimulated with a viral mediator of the immune response,
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polycytidylic-polyinosinic acid (P1C) coupled with IFNy. PIC is a well-known induction agent
for TLR3-type responses in contrast to TLR4-type responses that are typical of a response to
LPS [51]. 17p-estradiol also significantly reduced PIC + IFNy-stimulated nitrite production in
APOE3 macrophages but did not affect nitrite levels produced in APOE4 macrophages at the
concentration studied (Fig 4B).

We also determined if circulating (endogenous) levels of 17B-estradiol would affect the
function of peritoneal macrophages in APOE3 and APOE4 mice in a genotype specific manner.
For these experiments we isolated and cultured peritoneal macrophages from aged, female
mice that had been exposed to continuous replacement of 17B-estradiol using a time-release
pellet implanted after ovariectomy (OVX + Est. Pellet). Macrophage responses to immune
stimulation from these mice were then compared to macrophages derived from untreated
ovariectomized mice (OVX). As shown in Figure 5A and 5B, immune stimulated supernatant
nitrite levels were significantly lower in cultured macrophages from OVX mice treated with
time release 17p-estradiol pellets compared to untreated OV X mice from both genotypes.
However, macrophages from APOE4 female mice did not respond to the endogenous 17p-
estradiol treatment in the same manner as macrophages from APOE3 mice. Treatment with
17p-estradiol pellets reduced the average nitrite levels in APOE3 macrophages by
approximately 79% and 54% for LPS + IFNy and PIC + IFNy, respectively while only a 40%
and 26% drop was observed in macrophages from APOE4 mice. These data suggest that 17-
estradiol replacement is less effective in APOE4 macrophages. Statistical analysis revealed a
significant interaction between APOE genotype and the response to treatment (p= 0.014 for
LPS + IFNy treatment and p < 0.0001 for PIC + IFNy treatment), indicating that the observed
changes were dependent on APOE genotype.

Asimilar effect was observed for TNFa production inimmune stimulated macrophages derived
from OV X and OV X+Est. Pellet mice (Fig 6A; B). TNFa levels were decreased by 17p-
estradiol replacement in both APOE3 and APOE4 macrophages compared to OV X alone. In
this case, TNFa production was reduced by 71% and 81% for LPS + IFNy and PIC + IFNy
immune induction, respectively. Similar treatment in OVX + Est. Pellet APOE4 mice,
however, produced only a 59% drop in TNFa, for LPS + IFNy activation and a 54% drop in
TNFa for PIC + IFNy activation. The genotype specific differences for both induction
paradigms was judged as significant using 2-way ANOVA followed by Bonferroni post hoc
analysis. In addition, we found a significant interaction (p<0.0001) between APOE genotype
and the treatment in PIC+IFNy activated macrophages. These data indicate that the
effectiveness of endogenous 173-estradiol replacement was reduced in APOE4 ovariectomized
mice.

4. Discussion

17B-estradiol is well known to protect the brain from various types of insults or injury, including
ischemic stroke [27;39;65], beta-amyloid-mediated neurotoxicity [35;66] and oxidative
damage [5;58]. Part of 17p-estradiol’s neuroprotective mechanism stems from its ability to
enhance neurite extension and synaptic remodeling, increase growth and survival factors, and
reduce mitochondrial damage and oxidative stress [25;33;63;70]. Since neuroinflammation is
an important component of injury or disease in the CNS [20;55], the anti-inflammatory role of
17pB-estradiol is also an important factor in CNS pathophysiology. 17B-estradiol -mediated
suppression of immune activation in microglia, the CNS macrophage, has now been well
established and includes decreased production of cytokines such as TNFa, of proteases and of
NO [3;8;13;45;60;61]. Our data confirm this previously published work and show that both
microgliaand peritoneal macrophages from mice expressing the human APOE3 gene are down-
regulated by 17p-estradiol. For peritoneal macrophages, direct treatment with 173-estradiol or
endogenous replacement of 17p-estradiol via a slow release pellet reduced immune activation
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in normal (APOE3) macrophages. As further shown in our study, the reduction of microglial
NO and cytokines occurred within a range of 17p-estradiol concentrations (0.5 to 5 nM)
typically associated with normal physiological levels of estradiol activity and was blocked by
IC1 182,780, a pan-estrogen receptor blocker [28]. The effect of ICI 182,780, however,
appeared to be more complex than a pure ER antagonist. In microglia, co-treatment with 17-
estradiol plus ICI 182,780 not only blocked 17B-estradiol -mediated suppression of NO
production but actually increased the level of NO to values above the baseline. The presence
of a robust immune response in 173-estradiol plus ICI 182,780-treated microglia indicate that
ICI 182,780 did not directly damage microglial function. Rather, these data imply that ICI
182,780 acts on additional pathways to influence immune-activated NO production. Zhao et
al [71] have shown that ICI 182,780 can act as an ER agonist in neurons where it activates
ERK and Akt signaling pathways. Since 173-estradiol has also been shown to have pro-
inflammatory effects that include increasing the production of IFNy and increasing NOS2
expression, [26;30], part of the observed effect of ICI 182,780 in our study may involve
activation of pro-inflammatory signaling pathways.

In contrast to other published data [3;60], we did not observe an 17p-estradiol - mediated
reduction in NOS2 mRNA despite a 40% reduction in NO production initiated by 17p-estradiol
treatment. Part of the difference may be due to the type of immune activation used in our study.
We used co-treatment of LPS and IFNy as our standard immune activation paradigm whereas
other studies used LPS only [3;60]. IFNy works synergistically with immune activators such
as LPS or PIC to generate a maximal immune response [1]. Thus, it is possible that detection
of statistically significant changes in NOS2 mRNA mediated by 17p-estradiol under conditions
of maximal induction are technically more difficult. Although we used quantitative real time
PCR to detect NOS2 mRNA changes, we cannot completely rule out assay sensitivity as a
factor in our results. However, there is another compelling alternate explanation. Using gene
screen technology, Fertuck et al. [22] have recently shown that 17f-estradiol induces arginase
I (AGI), an enzyme that utilizes arginine to produce ornithine, the first step in polyamine
production. Since polyamines are well known to have critical roles in cell physiology, including
enhancement of transcription factor binding and coactivator function, modulation of
polyamines is a likely outcome of estrogen’s action on cells. Importantly, the arginase enzyme
competes directly with NOS for arginine, their common substrate, and has been clearly shown
to reduce NO production as a consequence of this competition [15;31]. Thus, it is tempting to
speculate that 17p-estradiol may actually upregulate arginase 1 rather than down-regulating
NOS2 in APOE3 microglia as part of its enhanced anti-inflammatory activity compared to
APOE4 microglia. We cannot rule out, however, that other post-translational modifications
that regulate iNOS function may also occur.

Our data on APOE3 microglia and peritoneal macrophages confirm and extend the role of
17p-estradiol in immune regulation. The uniqueness of our study, however, centers on the
comparison of 17p-estradiol -mediated immune regulation in mice expressing only the human
APOES3 gene to mice expressing only the human APOE4 gene. Our data clearly demonstrate
that the anti-inflammatory activity of 17p-estradiol is reduced in APOE4 mice. The strong,
statistically significant interaction between APOE genotype and the response to 17p-estradiol
was observed for nitrite and cytokine production by immune activated microglia. The genotype
specific effect was not restricted to brain macrophages since APOE4 peritoneal macrophages
also demonstrated a significant reduction in 17p-estradiol responsiveness. However, the
change in the 17B-estradiol response in peritoneal macrophages from adult ovariectomized
APOE4 mice was not as robust as observed for microglia from APOE4 mice. The exact reasons
for this difference are unclear but may be related to the age of the animal or to prior exposure
to circulating steroid hormones, including 17B-estradiol. Finally, the genotype specific effect
was observed with immune activation involving either TLR4 (LPS) or TLR3 (PIC) receptors
suggesting that multiple pathways may be altered in the presence of the APOE4 gene.
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The effect of 17p-estradiol on macrophage function is dependent on the interaction of 17p-
estradiol with ERa and ERpB, members of the nuclear receptor superfamily [40;69]. To detect
any differences in ERa or ERp that may contribute to the observed APOE genotype specific
effect, we examined the basal and immune stimulated levels of mMRNA and protein expression
for ERa and ERp in APOE3 and APOE4 microglia. Two major APOE genotype specific
differences were observed. Basal (untreated) ERa mRNA levels were significantly higher in
APOE4 microglia compared to APOE3 microglia. Despite the approximate 80% increase in
mRNA, however, basal ERa protein expression was similar in APOE3 and APOE4 microglia.
Messenger RNA levels for ER3 were the same in APOE3 and APOE4 microglia but ER(
protein levels were higher in APOE4 microglia. Overall, these data show that protein
expression levels do not follow mRNA levels. The failure of ERa protein levels to change in
response to increased ERo mRNA levels was also observed in microglia by Vegeto et al [59],
where immune stimulation produced similar diverse results between mRNA and protein levels.
In our study, despite equivalent expression of ER mRNA in LPS+IFNy-treated APOE3 and
APOE4 microglia, the ERp protein levels remained higher in treated APOE4 cells. Overall,
our data suggest that ERp protein levels in microglia are altered by the presence of an
APOE4 gene. The recent discovery of multiple ERp isoforms [34] may eventually provide
insight into the apparent dichotomy between ER mRNA and protein expression levels in
microglia.

ERP has been implicated in the anti-inflammatory responses mediated by 17p-estradiol and is
critical to aspects of neuronal survival [3;64]. If this is the case, then the high ERp protein
levels observed in the APOE4 microglia are inconsistent with the depressed responsiveness to
estrogen-immune regulation observed in APOE4 macrophages. However, high levels of ERp
may disrupt normal estrogen-mediated signaling. Studies of ERs show that in cells that co-
express ERpB and ERa, ERP acts as dominant regulator of estrogen signaling by inhibiting
ERa transcriptional activation [36;38]. The increased level of ERB in APOE4 microglia, thus,
may block ERa signaling and its associated neuroprotection [57;65]. High levels of ERp may
also disrupt estrogen-mediated regulation of apolipoprotein E, itself. Stone [54] and others
[49;64] have shown that 17B-estradiol treatment increases the production and release of
apoliporotein E from astrocytes and microglia. More recently, Wang et al [64] have shown that
ERoa activation is responsible for up-regulation of apolipoprotein Ein HTT cells and in primary
neuronal cultures while ERB down-regulates apolipoprotein E production. Thus, the high levels
of ERB in APOE4 microglia compared to APOE3 microglia may account, at least in part, for
the lower level of apolipoprotein E protein that has been observed in APOE4 mice brain [47].
However, there are many potential points within the immune activation signaling pathway that
may be defective in APOE4 microglia compared to APOE3 microglia. The fact that immune
activation using either TLR4 or TLR3 are similarly affected by the APOE4 genotype suggests
that common downstream pathways may be regulated in a genotype-specific manner.

Regardless of the exact mechanism, the functional changes observed in the response to 17p-
estradiol in APOE4 microglia and macrophages are likely to impact inflammation in the brain
as well as in other regions of the body. If our data in mice can be translated to the human
population, then we would suggest that women with an APOE4 gene may also demonstrate
altered 17B-estradiol responsiveness. Studies have now shown a significantly greater risk for
cognitive loss and dementia in women compared to men expressing an APOE4 gene [10;23;
42]. This isoform specific difference is associated with a significant reduction of hippocampal
volume in women with mild cognitive impairment or AD [23]. Decreased hippocampal volume
is also observed in healthy 60 year old women expressing an APOE4 gene compared to women
who only express the APOE3 gene [11]. Importantly, Yaffe et al. [67] have reported that
estrogen therapy in postmenopausal women was associated with less cognitive decline only if
they did not express an APOE4 gene. The inability of estrogen replacement therapy to
compensate for the lost responsiveness in the presence of the APOE4 gene implies that simply
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adding estrogens back may not accomplish the goals of reactivating the protective, anti-
inflammatory effects of estrogens. Thus, the APOE genotype may be a critical component in
assessing the effectiveness of different estrogen replacement therapies in human populations.
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Figure 1. APOE genotype influences the effect of 17p-estradiol on immune activated microglia
Cultured microglia from either APOE3 or APOE4 mice were pretreated with varying doses of
17pB-estradiol (0.1 to 5 nM) followed by the addition of 100U/ml IFNy and 100 ng/ml LPS.
A-C: Supernatant nitrite and cytokine levels were measured in the same cell supernatants
collected from a single representative APOE3 or APOEA4 litter group. Significance was
determined using 2-way ANOVA with the Bonferroni post-hoc test. (A) Supernatant nitrite
levels demonstrated a significant interaction between APOE genotype and 17p-estradiol dose;
p =0.022; ** = p < 0.01 for 1 nM 17p-estradiol compared to LPS+IFNy alone in APOE 3
microglia; * = p < 0.05 for 1 or 5 nM 17p-estradiol compared to LPS+IFNy alone for
APOE4 microglia. (B) Supernatant TNFa levels demonstrated a significant effect of genotype
(p = 0.0001) and of estrogen dose (p = 0.037). (C) Supernatant IL-6 levels demonstrated a
significant effect of genotype (p = 0.0001). D-F: Data represent the average relative change
(xSEM) from LPS+1FNy alone (=1.0) for 6-12 different litter groups, 3 wells cultured per litter
group. (D) The change in supernatant nitrite levels demonstrated a significant interaction
between APOE genotype and estrogen response (p= 0.0134);* = p < 0.05 for APOE3 vs
APOE4; *** = p < 0.001 for APOE3 vs APOE4 (E) The change in supernatant TNFa levels
demonstrated a significant interaction between genotype and estrogen dose (p < 0.0001); ** =
p < 0.01 for APOE3 vs APOE4; *** = p < 0.001 for APOE3 vs APOE4. (F) The change in
supernatant IL-6 levels demonstrated a significant interaction between genotype and estrogen
dose (p < 0.0005); *** = p < 0.001 for APOE3 vs APOEA4.
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Figure 2. ICI 182,780 blocks 17g-estradiol in APOE3 microglia

Microglia from APOE3 and APOE4 mice were pretreated with 17p3-estradiol in the presence
and absence of ICI 182,780 followed by the addition of LPS+ IFNy. Average (SEM)
supernatant nitrite levels were determined and the effect of 17p-estradiol and ICI 182,780
treatment compared between APOE3 and APOE4 mice. Significance was determined using 2-
way ANOVA with the Bonferroni post-hoc test. A significant interaction was observed
between genotype and the response to treatment (p = 0.005); *** = p < 0.001 for treatments
compared to LPS+ IFNy alone.
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Figure 3. Expression of mRNA and protein for ERa and ERp in microglia from APOE3 and
APOE4 mice

(A and B) Quantitative RT-PCR was used to measure the average fold change (:tSEM) in
ERa and ERS mRNA in microglia using untreated APOES3 as the calibrator. (A) Basal
(untreated) levels of ERa mRNA were significantly higher in APOE4 microglia. Significance
was determined using 2-way ANOVA with the Bonferroni post-hoc test. A significant effect
of genotype was observed (p = 0.0025) for n = 7-12 cultures from a minimum of 3 different
litter groups per genotype; ** = p < 0.01 for APOE4 compared to APOE3. (B) No significant
difference was observed between untreated or treated APOE3 and APOE4 ERS mRNA levels.
A significant effect of LPS+IFNy treatment compared to untreated was observed for both
APOE3 and APOE4 mRNA (***=p<0.001). (C) ERoa. (top panel) and ERB (middle and bottom
panels) protein levels in untreated microglial lysates were determined using Western blot
(labeled- Mg) from APOE3 (labeled- 3) and APOE4 (labeled- 4) mice. For ERS, blots are
presented from 3 different untreated microglial litter groups. Permanently transfected neuronal
cells derived from the N2a cell line expressing human APOES3 (labeled -3) or human APOE4
(labeled -4) [6] were used as controls to demonstrate ER antibody specificity. N2a cells only
express ERa and do not express ERB. GADPH served as a loading control.
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Figure 4. Peritoneal macrophages from ovariectomized APOE4 mice also demonstrate decreased
responsiveness to exogenous treatment with 17g-estradiol

Cultured peritoneal macrophages from ovariectomized APOE3 or APOE4 mice were
pretreated with 1nM 17p-estradiol followed by the addition of 100 ng/ml LPS plus 100 U/ml
IFNy (4A: LPS + IFNy) or 50ug/ml PIC + 100 U/ml IFNy (4B; PIC + IFNy) in the continuing
presence of 1 nM 17pB-estradiol. Data are presented as the average supernatant nitrite levels (+
SEM) and a 2-way ANOV A with the Bonferroni post-hoc test was used to determine significant
differences. A significant interaction was observed between APOE genotype and the 17p-
estradiol dose for either LPS + IFNy or PIC + IFNy-stimulated conditions (p < 0.0001). *** =
p < 0.001 compared to LPS + IFNy alone; # = p < 0.05 for APOE3 compared to APOE4; ## =
p < 0.01 for APOE3 compared to APOEA4.
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Figure 5. Nitrite production in peritoneal macrophages derived from ovariectomized APOE3 and
APOE4 mice after replacement of endogenous estrogen

Peritoneal macrophages from ovariectomized (OVX) mice and OV X mice treated with a slow
release estrogen pellet (OVX + Est Pellet) were immune activated with LPS+IFNy (A) or PIC
+IFNy (B). Average (SEM) supernatant nitrite concentrations were determined and
significant differences were calculated using 2-way ANOVA with the Bonferroni post-hoc
test. A significant interaction was observed between APOE genotype and the treatment
condition for both types of immune induction (p < 0.0001). # = p < 0.05 for APOE3 compared
to APOE4; ## = p < 0.01 for APOE3 compared to APOE4; * = p < 0.05 for OVX + Est pellet
compared to OVX alone; *** = p < 0.001 for OVX + Est pellet compared to OV X alone.
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Figure 6. TNFa levels in peritoneal macrophages derived from ovariectomized APOE3 and
APOE4 mice after replacement of endogenous estrogen

Average supernatant levels of TNFa (SEM) were measured in PIC+IFNy or LPS+IFNy-
treated macrophages cultured from OVX or OVX + Est. Pellet mice. For treatment with LPS
+IFNy (A), a significant effect of genotype (p = 0.024) or of treatment was observed (p <
0.0001). No significant interaction was found. For treatment with PIC+IFNy (B), a significant
interaction between genotype and treatment was observed (p < 0.0001). # = p < 0.05 for
APOE3 compared to APOE4; ## = p < 0.01 for APOE3 compared to APOE4; *** = p < 0.001
for OVX + pellet compared to OV X alone.
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Table 1
Effect of 17B-estradiol treatment on the fold increase in NOS2 mMRNA in APOE3 and APOE4 microglia
Untreated LPS + IFNy LPS + IFNy + 17B-estradiol
APOE3 0.8+0.15 (7) 1391 + 379 (3) 2056 + 547 (4)
APOE/4| 1.2+ 0.3 (10) 3479 + 440* (10) 3295 + 394 (7)

*
=p < 0.03 when comparing LPS + IFNy treated APOE4 microglia compared to LPS + IFNy treated APOE3 microglia. Data points represent the average
(+SEM) fold increase in mMRNA. (n)= number of litter groups assayed. LPS= 10 ng/ml; IFNy = 10 U/ml; 17B-estradiol = 1 nM
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