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Abstract

Estrogen exerts beneficial effects on the brain throughout life. Studies demonstrate that estrogen is
neuroprotective and that reduced brain estrogen activity may influence the clinical course of
Alzheimer’s disease (AD). Changes in levels of estrogen receptors have been detected in
postmortem brain tissue of AD patients. Very little is known about the relationship between
clinical stage and levels of estrogen receptors in postmortem brain. We hypothesized that estrogen
receptor levels would be related to severity of cognitive impairment assessed proximate to death.
Western blotting was used to quantify ER-a and ER-f in nuclear, cytosolic, and crude membrane
fractions of superior frontal cortex from 25 AD patients. Multiple linear regression analyses
adjusted for age, sex, and education showed a significant linear relationship between Mini-Mental
State Examination score (MMSE) and wild-type nuclear ER-a (& = 5.463, p = 0.03), but none
between MMSE and wild-type nuclear ER-B (& = 2.29, p = 0.36). We incidentally observed
additional higher and lower molecular mass bands for ER-a in study subjects. Additional
experiments performed on frontal cortex nuclear fractions prepared from subjects enrolled in a
different study confirmed that these same bands are present in female and males with and without
AD. Together our data show a relationship between wild-type ER-a and level of cognitive
impairment in AD, and also suggest the possibility that variant isoforms of ER-o. may be present
in frontal cortex of patients with and without AD.
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INTRODUCTION

Estrogen exerts complex effects on the brain which may influence the development and
progression of Alzheimer's disease (AD). In vitro and animal studies have shown that
estrogen modulates proteolytic processing of 3-amyloid precursor protein (3-APP) [1,2] and
protects neurons from cell death produced by amyloid beta peptide (AB) [3,4] as well as
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ischemia [5,6], inflammation [7,8], oxidative stress [9,10], and excitotoxicity [11,12]. An
increasing number of studies demonstrate significant but regionally variable changes in
brain estrogen receptor expression and localization in patients with AD compared to persons
without disease [13-20].

Two estrogen receptor subtypes, ER-o and ER-p, have been fully characterized to date. Both
mediate classical nuclear genomic as well as membrane non-genomic signaling cascades.
Animal [21,22] and human [23] studies reveal that ER-o. and ER- are both expressed in
brain, but display different patterns of regional localization. ER-a expression is highest in
hypothalamus, forebrain nuclei, and amygdala whereas ER-3 expression is highest in the
hippocampus and neocortex. ER-o and ER- are co-expressed in neurons, glial cells, and
vascular endothelial cells in multiple brain regions. In vitro and transgenic mouse studies
show that ER-a. and ER-J exert opposing effects on the cell at the level of gene transcription
[24]. Accumulating data indicate that ER-a and ER-J that localize within the cell membrane
mediate many of the neuroprotective effects of estrogen [25].

Currently there is very little information available about the relationship between clinical
Alzheimer's disease severity and the quantity of ER-a and ER-f in postmortem brain tissue.
We hypothesized that levels of estrogen receptors in frontal cortex would be related to Mini-
Mental State Examination scores (MMSE) of AD patients determined proximate to death.

MATERIALS AND METHODS

Subjects

Subjects were patients evaluated at the Rush Alzheimer's Disease Center, a tertiary care
referral center in Chicago. Each participant agreed to a detailed clinical evaluation and
annual re-evaluation. At the time of death, a family member agreed to brain donation. The
Human Investigations Subcommittee of Rush University Medical Center Institutional
Review Board approved the study. All subjects met criteria for AD [26] as previously
reported [27]. All subjects underwent brain autopsy and met criteria for the
neuropathological diagnosis of AD following commonly accepted procedures[28] as
previously described [29]. Superior frontal cortex samples were obtained from 25 subjects,
19 female and 7 male, patients with AD. MMSE scores [30] were obtained from patients at
the last examination session occurring before death (mean test-death interval 14 months, s.d
= 2.5). The mean age of subjects was 79.8 years, s.d. = 2.0 and the postmortem interval 5.6
hours, s.d. = 0.6). Mean frontal cortex tissue pH was 6.58, s.d.= 0.04 measured using a
modification of a method published by Harrison [31].

Homogenization of Brain Tissue

Frozen superior frontal cortex tissue (0.5-1 gm) was stored at —80° C until the time of
processing. Cortical gray matter was dissected away from white matter and meninges on ice,
immediately immersed in ice cold homogenization buffer (20 mM HEPES, pH 7.6, 20 mM
NaCl, 230 mM sucrose, 1 mM ethylene diamine tetra-acetic acid [EDTA], 1 mM
dithiothreitol [DTT], COMPLETE protease inhibitor [Roche Applied Science, Indianapolis,
IN], pepstatin, and soybean trypsin inhibitor and then homogenized with 0.2% butylated
hydroxytoluene for each 1 gram of tissue using a Brinkman Polytron homogenizer at setting
6 for 10 seconds.

Preparation of Subcellular Fractions

The tissue homogenate was centrifuged at 1,000 x g for 15 minutes at 0 °C, and the resulting
nuclear pellet washed once with homogenization buffer, removed, and saved as the nuclear
fraction. The post-nuclear supernatant was divided into two separate aliquots. The first was
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centrifuged at 20,000 x g for 30 minutes to create a crude membrane fraction. Cytosolic
fractions were prepared from the supernatant of postnuclear fractions centrifuged at 100,000
x g for 1 hour. Multiple aliquots of nuclear, cytosolic, and crude membrane fractions were
prepared and frozen at —80°C until needed for analyses.

Protein Electrophoresis and Western Immunoblotting of Study Subject Samples

Levels of ER-a. and ER-B in nuclear, cytosolic and crude membrane fractions were
determined by western blot analysis following protein electrophoresis and electrotransfer of
proteins to PVDF membranes. Samples were normalized for total protein concentration
before addition to Invitrogen Laemmli sample buffer and subjected to protein
electrophoresis on Invitrogen 4-12% NuPage Bis-Tris 9-well pre-cast minigels using
Invitrogen NuPage MOPS SDS running buffer and Invitrogen electrophoresis apparatus.

After electrotransfer of proteins PVDF membranes were blocked in TBS-Tween20-nonfat
milk blocking buffer for one hour and washed three times for five minutes prior to
incubation with the primary antibodies to ER-a 1:200 (SC H-184) and ER-f 1:500 (SC
H-150) for two hours at room temperature (both purchased from Santa Cruz Biotech, Santa
Cruz CA). H-184 is a rabbit polyclonal antibody raised against amino acids 2-185 of ER-a
of human origin and H-150 a rabbit polyclonal antibody raised against amino acids 1-150 of
ER-pB of human origin. The antibodies were chosen based on the results of a series of
otpimization experiments that carefully compared the sensitivity and specificity of three or
more candidate antibodies used for ER-a and ER-f that are commonly cited in the literature.
Samples of recombinant human estrogen receptors (RP-312 for ER-a and RP-310 for ER-j,
Affinity BioReagents, Golden, CO.) were run as positive controls. Non-immune serum and
pre-incubation of primary antibodies with blocking peptides supplied by the manufacturer
were used as negative controls.

After incubation with primary antibodies the membranes were washed three times and
incubated with secondary antibody, 1:5,000 anti-rabbit IgG-HRP (Amersham Biosciences,
Paskateway, NJ), for one hour. After washing three times the blots were processed using
Amersham ECL-plus kits and Amersham ECL film. Bands of interest on each film were
then imaged and quantified using Phoretix® ID software, version 2003.02 (Nonlinear
Dynamics, Newcastle upon Tyne).

Western Blot Comparison of ER Variant Bands in Brain and Other Human Tissues

Nuclear Fraction samples prepared from medial frontal cortex of male and female Rush
Religious Orders Subjects without AD and whole tissue homogenates of human breast,
uterus, ovary, testes (for ER-B quantitation only) and frontal lobe obtained from ProSci
(Poway, CA) adjusted to a total final protein concentration of 20 g and were run on
Invitrogen single 4-12% NuPage Bis-Tris 9-well pre-cast minigels using Invitrogen NuPage
MOPS SDS running buffer run. After electrotransfer of proteins the PVDF membranes were
blocked and washed as described above and then incubated at 4° C overnight with SC
HC-20 1:300 for ER-o (Santa Cruz Biotech, Santa Cruz, CA) and Ab5767 1:2000 for ER-B
(Abcam Inc, Cambridge, MA.) SC H-20 is an affinity purified rabbit polyclonal antibody
raised against a peptide mapping at the C-terminus of the ER-a of human origin (Santa Cruz
Biotech, Santa Cruz, CA) and Ab3576 a rabbit polyclonal antibody raised against a peptide
mapping at amino acids 467-485 of ER-p of rat origin (Abcam Inc, Cambridge, MA). SC
H-20 and Ab3567 were optimized using the methods described above. Membranes were also
probed with Ab6276-100 1:7000 for B-actin (Abcam, Cambridge, MA) at room termperature
for two hours to serve as a loading control. Following incubation with the primary
antibodies the membranes were incubated for one hour with 1:5,000 antirabbit or anti-mouse
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IgG-HRP, then washed and processed using Amersham ECL-plus kits and Amersham ECL
film.

Statistical Analysis

Univariate statistics were computed for ER-a and ER-f quantities within nuclear, cytosolic
and membrane fractions. Because raw pixel density values of western blot bands calculated
by Phoretix® ID software were exceedingly large, we converted raw values to z-scores to
facilitate data interpretation. Z-scores place pixel values from different measurements on the
same scale, with a mean of zero and a standard deviation of one; that is, a one unit change in
the z-score represents a change of one standard deviation on the original scale. We used
linear regression to examine the relationship between levels of nuclear, cytosolic, and
membrane levels of ER-o and ER-B and MMSE. All linear regression models were adjusted
for the effects of age, sex, and education. All regression analyses were performed using SAS
Version 9 (SAS Institute Inc., 2004. SAS OnlineDoc® 9.1.3. Cary, NC: SAS Institute Inc.),
and were validated graphically and analytically.

RESULTS

ER-a and ER-B are Detectable in Nuclear, Cytosolic, and Membrane Fractions

Specific ER-a and ER-PB bands were present in each of the three subcellular fractions. Fig.
la displays western blots of frontal cortex nuclear fractions that show the 65-67 kDa band
for ER-a and a 52-55 kDa band for ER-f detected using the antibodies SC H-184 for ER-a
and SC H-150 for ER-B (see the Materials and Methods section for details on antibody
optimization). The location of the bands correspond to bands observed with recombinant
human ER-o and ER- and approximate the estimated molecular mass of wild-type
(unmodified) ER-a and ER-P detected by other investigators [32]. Fig. 1b displays western
blots comparing the sensitivity of SC H-184 and SC H-150 antibodies and several other
antibodies using serial dilutions of recombinant ER-a and ER-f3. Western blots of serial
dilutions of nuclear fractions of frontal cortex run under the same conditions showed a
similar favorable pattern of sensitivity of H-184 and H-150 for detection of wild-type ER-a
and ER-B.

Levels of Nuclear ER-a, But Not Nuclear ER-B, Are Related to MMSE Score

We performed linear regression analyses to determine the relationship between levels of
wild-type ER-a. and ER-p in each of the subcellular fractions with MMSE measured at the
last testing session. The regression models controlled for the effects of age, sex, and
education. Table 1 summarizes the results of these analyses. As can be seen, levels of
nuclear ER-a were significantly associated with MMSE (a = 13.231, p =0.032). Fig. 2
displays a scatterplot of MMSE scores plotted against z-scores of nuclear ER-a and a
predicted regression line from the model, using average values for the other covariates (age,
sex, and education). For these analyses we eliminated one subject from the dataset who had
a value of ER-a that had a disproportionately large influence on the analyses of this
relatively small number of subjects. When the outlier was included in analyses, the
relationship between nuclear ER-a and MMSE was marginally significant (& = 4.478, p =
0.083). In contrast, levels of nuclear ER-B were not significant predictors of MMSE (see
Table 1).

Because of the variability in MMSE test-death intervals, we also examined whether it
altered the significance of the relationship between MMSE and nuclear ER-a. Linear
regression analyses with MMSE test-death interval added as a term in the model did not
change the significance of the relationship between ER-a and MMSE (& = 4.809, p =
0.0278). As an additional check, we ran an additional model including a term for the
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interaction between ER-o and MMSE test-death interval to explicitly test whether the
relationship between nuclear ER-a and MMSE differed by interval. The interaction was not
significant (& = —1.914, p = 0.3486).

Potential Variant ER-a Isoforms in Frontal Cortex

In addition to the expected band observed for wild-type ER-o we consistently detected
additional antibody-specific bands in AD subjects that migrated at a lower or higher
molecular mass. Data from human studies have demonstrated the existence of splice variants
of ER-a as well as ER-f in normal and neoplastic tissues of multiple organs including
breast, uterus, ovary and bone [32]. To determine whether the additional bands that we
observed on western blots of AD subjects are present in subjects without AD, we prepared
frontal cortex nuclear fractions from a subset of male and female subjects of the Rush
Religious Orders Study, some of whom had AD proximate to death and some of whom had
no evidence of cognitive impairment (NCI) at their last clinical evaluation proximate to
death [see Bennett et al. 2005 [33] for details of the Study]. We used SC H-20 to detect ER-
a (Santa Cruz Biotech, Santa Cruz CA) and Ab5767 (Abcam Inc, Cambridge, MA) to detect
ER-B. Fig. 3 displays western blots of frontal cortex nuclear fraction samples of four
representative Religious Orders Study subjects with NCI probed sequentially for wild-type
ER-a, ER-B and B-actin as a loading control.

In order to compare western blot band patterns found in brain tissue to those found in other
human tissues we probed samples of frontal cortex nuclear fractions run along with samples
of human breast, uterus, ovary and frontal cortex homogenate for ER-a and samples of
nuclear fractions run with breast, uterus, ovary and testicle homogenate for ER-B. All
samples were adjusted to contain the same amount of total protein. The western blot in Fig.
4a shows ER-a bands detected in medial frontal cortex nuclear fractions of male and female
subjects with NCI compared to samples of frontal lobe, breast, ovary and uterus
homogenates. Bands for wild-type ER-a (67 kDa) are present in nuclear fractions of frontal
cortex, but absent in other samples at this exposure time, a finding that is most likely
explained by a relative enrichment of wild-type ER-a in the nuclear fractions compared to
whole tissue homogenates. However, bands several-fold greater in density than wild-type
ER-a are present at estimated molecular masses of 80, 50 and 46 kDa in frontal cortex
nuclear fractions as well as whole frontal lobe homogenate. Bands of approximately 80 and
46 kDa can also be seen in samples of breast, ovary and uterus.

In contrast to the complex band pattern observed for ER-a, the western blot ER- shown in
Fig. 4b shows a single prominent band for wild type ER-B (52-55 kDa) in frontal cortex
nuclear fractions of male and female subjects with NCI and homogenates of frontal lobe,
breast, ovary, uterus and testicle.

DISCUSSION

Estrogen exerts potent neuroprotective effects against beta amyloid peptide toxicity,
oxidative stress, excitoxicity, and inflammation. We hypothesized that there would be a
relationship between levels of estrogen receptors and severity of cognitive impairment in
persons with AD. Multiple linear regression analyses that were adjusted for age, sex and
education showed that levels of nuclear fraction ER-a, but not nuclear fraction ER-B in
frontal cortex, were related to MMSE scores measured proximate to death.

To the best of our knowledge ours is the first study to use western blotting to investigate the
relationship between cognitive function in subjects with AD and levels of ER-a and ER-f
present in postmortem frontal cortex. Data from immunocytochemical studies of
postmortem brain tissue of AD and control subjects show that there are significant
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differences between subjects with AD and controls that differ by brain region. Levels of
both ER-a and ER-P were found to be increased in nucleus basalis of Meynert [13] and the
vertical limb of the diagonal band of Broca [16]. In medial mamillary nucleus, levels of ER-
o were increased, but there was no change in the level of ER-B expression. In hippocampus,
neurons staining for ER-a were found to be decreased in two different studies [17,34]. Lu
and colleagues [34] also examined ER-f expression in hippocampus and found it to be
decreased in AD. In contrast, Savaskan et. al. [19] found an increase in hippocampal ER-f,
but was unable to detect any ER-a.

The primary aim of the study was to quantify levels of wild-type ER-o. and ER-f in frontal
cortex using western blotting. In addition to a wild-type band, we unexpectedly detected
antibody-specific higher and lower molecular mass ER-a bands in frontal cortex of subjects
with and without AD. We hypothesized that these might represent variant isoforms of ER-a..
We excluded the possibility of sample preparation- related proteolytic degradation and show
that bands of approximately the same molecular mass are present in samples of human
frontal lobe homogenate and homogenates of breast, ovary and uterus. Our findings should
not be surprising because mMRNA splice variants of ER-a as well as ER- have been
identified in neoplastic as well as normal human and animal tissues [32,35-39]. Osterlund et
al., [40,41], using in situ hybridization histochemistry examined the distribution of variant
mMRNA isoforms of ER-a and ER-f in human brain and detected multiple variants
transcribed from alternative promoters. Perlman and colleagues [42], using nested RT-PCR,
detected 12 different splice variants of ER-a. in normal human frontal cortex. 83% of adult
humans expressed at least one variant; single exon 2, 5 and 7 deletion variants were most
frequently expressed in human frontal cortices. In a small scale study Ishunina and
colleagues using quantitative RT-PCR on RNA isolated from the tubero-mammalary region
of 5 controls and 6 AD patients, detected single exon 2, 4 and 7 deletion variants in all of the
subjects, but did not find any AD-associated differences in expression [43]. Recently the
same group of investigators has examined a larger group of subjects and show that ER-a.
MRNA splice variants are present in hippocampus of women and men with and without AD
and that both wild-type and alternatively spliced ER-a mMRNA are downregulated in subjects
with AD [44].

The results of our study must be viewed with several caveats in mind. First, the sample size
is relatively small and predominantly female, characteristics that limit our ability to detect
more subtle associations between MMSE and estrogen receptors in other fractions and any
gender-specific effects. Second, in light of the regional differences found in
immunocytochemical studies, it is possible that a similar study conducted on another brain
region might yield different findings.

In conclusion, our study shows that there is a relationship between MMSE and levels of
wild-type nuclear fraction ER-a in superior frontal cortex of patients with AD. This finding
raises the question of whether decreased levels of ER-o and/or changes in the balance
between cellular ER-a and ER-B-mediated signaling might compromise the neuroprotective
effects of estrogen on the brain and thereby contribute to the clinical progression of
Alzheimer's disease. We also present data that suggest that variant forms of ER-a are present
in frontal cortex of subjects with and without Alzheimer’s disease. Future larger scale
studies of multiple brain regions from postmortem brain tissue of subjects with and without
AD will be needed to confirm the presence of potential variant ER-a isoforms and define the
relationship between levels of wild-type and variant estrogen receptors in different
subcellular compartments and measures of cognitive function and hallmark
neuropathological changes found in AD.
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Fig. (la-1b).
1a) Western blots of frontal cortex nuclear fractions probed for wild-type ER-a with SC
H-184 and wild-type ER-B with SC H-150 show a 65-67 kDa band for ER-a and a 52-55
kDa band for ER-f respectively; 1b) Top figure shows western blots of recombinant ER-a
run at 10 and 50 ng concentrations to compare the sensitivity of SC H-184 1:200 to that of
SC D-12, 1:200, and SC MC-20, 1:200; bottom figure shows western blots of recombinant
ER-B run at 0.5 and 1 pg concentrations to compare the sensitivity of SC H-150 1:500 to SC
L-20, 1:500 and SC N-19, 1:500. All primary antibody incubations were conducted at room
temperature for two hours.
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Relationship of Nuclear ER-o to MMSE Score
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Fig. (2).

A scatterplot and predicted linear regression line adjusted for age, sex, and years of
education displays the relationship between z-scores of wild-type nuclear ER-a levels and
total MMSE score.
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ER-a, ER-B and B-Actin Detected in Frontal
Cortex Nuclear Fractions of Four Subjects:
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Fig. (3).
Displays western blots of frontal cortex nuclear fractions of four representative Religious
Orders Study subjects without AD that are probed sequentially for ER-a, ER-B and B-actin
as a loading control. ER-a is detected by SC H-20, ER-B by Ab5767 and B-actin by
Ab6276-100. Each of the samples was adjusted to contain 20 pg total protein.
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ER-a and ER-B Bands Detected in Frontal Cortex Nuclear
Fractions Compared to Other Tissues
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Fig. (4a-b).

4a) Displays a western blot of samples of frontal cortex nuclear fractions of a male and
female subject without AD (nuclear fraction fctx) and samples of frontal lobe, breast, ovary
and uterus homogenate probed for ER-a with SC HC-20; and 4b) samples of frontal cortex
nuclear fractions, breast, ovary, uterus and testicle probed for ER-f with Ab5767. Each
sample was adjusted to contain 20 pg total protein. Also displayed below each blot are
western blots of the same gels that were probed with Ab6276-100 for B-actin as a loading
control.
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Table 1

Multiple Linear Regression Analyses that Examined Display the Relationship Between MMSE Scores and z-
Scores of (a) Wild-Type ER-a, and (b) Wild-Type ER-B Levels in Nuclear, Cytosolic, and Membrane
Fractions of Frontal Cortex. Regression Models are Adjusted for the Effects of Age, Sex, and Level of
Education.

ER a Fraction | N B p-value

Nuclear 24 13.231 0.032*

Cytosolic 25 2.752 0.190

Membrane 25 3.067 0.154

ER B Fraction | N B p-value

Nuclear 25 1.210 0.615

Cytosolic 25 | —2.716 0.218

Membrane 25 | —0.082 0.997

*
p < 0.05.
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