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Alzheimer’s disease (AD) is characterized by the accumulation of cerebral plagues composed of
40- and 42-amino acid B-amyloid (AB) peptides, and autosomal dominant forms of AD appear to
cause disease by promoting brain A accumulation. Recent studies indicate that postmenopausal
estrogen replacement therapy may prevent or delay the onset of AD. Here we present evidence
that physiological levels of 178-estradiol reduce the generation of AR by neuroblastoma cells and
by primary cultures of rat, mouse and human embryonic cerebrocortical neurons. These results
suggest a mechanism by which estrogen replacement therapy can delay or prevent AD.

Alzheimer’s disease is associated with neuronal cell loss, neu-
rofibrillary tangle formation and deposition of B-amyloid (AB)
plaques in susceptible brain regions. The main constituents of
these plaques are 40-42 amino acid AP peptides"? which are de-
rived from a ~700 amino acid A precursor protein (BAPP). Full
length BAPP can undergo proteolytic cleavage at the N-terminus
of the AP region by an enzymatic activity designated “B-secre-
tase”. Further cleavages, by “y-secretases”, lead to the production
of 40 and 42 amino acid Af peptides. In addition to this amy-
loidogenic pathway for BAPP metabolism, full length BAPP mol-
ecules can also be proteolyzed by an enzyme termed
“a-secretase”, which cleaves BAPP within its AP region, releasing
a soluble fragment (spAPP,) from the BAPP extracellular domain
and precluding the formation of AB'* and AR peptides. In cer-
tain cell types (e.g., HEK293 cells®), successive cleavage by both
o- and y- secretases results in the release of a 3 kD peptide, desig-
nated “p3” (AB'7*%*?) (see ref. 4 for review of BAPP metabolism).

The relative utilization of BAPP processing pathways is controlled
by certain signal transduction systems. In an earlier study we ob-
served that treatment of a breast carcinoma-derived cell line with
physiological concentrations of 17B-estradiol (17B-E,) led to in-
creased sBAPP, release’. Here we have investigated the potential abil-
ity of estrogen to regulate A release by neuroblastoma cells and by
primary cultures of rat, mouse and human embryonic cerebrocorti-
cal neurons. We demonstrate that treatment with 173-E, not only
increases spAPP, release but also significantly decreases the produc-
tion of the AB peptides which are believed to play a major role in the
etiology of all forms of AD. Of therapeutic relevance, physiological
levels of estrogen diminished AP release by primary cultures derived
from rodent and human fetal cerebral cortex.
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Estrogen decreases AR and AB'“release

Treatment of N2a cells with 17B-E, resulted in increased spAPP,
release and decreased A"~ release in a dose-dependent manner
(Fig. 1la—c). A protein of 3 kD also decreased in response to 178-E,
(Fig. 1a). Immunoprecipitation-mass spectrometry (IP-MS)
analysis® (Fig. 1b), and radiosequencing of the peptide (Gouras et
al., manuscript in preparation), indicated that the 3 kD peptide
was composed of two species; a major component was AR
while a minor component was A"’ (conventional “p3”; ref. 3).
In response to 17B-E,, AR release decreased, and AR ap-
peared to increase (Fig. 1b). Thus, the novel 3 kDa(AB''*)-gener-
ating pathway is regulated in a fashion similar to that of the
conventional B-secretase pathway and, as expected, the AB7~-
generating pathway seems to be regulated in a fashion similar to
that of the sBAPP,-generating a-secretase pathway.

The effects of 17B-E, were apparently not due to a change in
the transcription of BAPP, since BAPP protein levels were unaf-
fected by treatment with 178-E, using either a 4 hour or a 10
minute metabolic labelling procedure (data not shown). In sup-
port of this interpretation, the level of BAPP,; mRNA was unal-
tered (102 1 6%) by 17B-E,, as demonstrated by RNAse protection
assay’ (data not shown).

The responses of sBAPP, and AR’ to 178-E, were studied as a
function of duration of hormone treatment. Maximal increases
in sPAPP, and decreases in AP generation were observed when
cells were treated with 17p-E, for seven to ten days (Fig. 1d).

In view of recent evidence indicating that mutations in the
presenilin proteins (PS1, PS2) can influence AB metabolism®*",
presenilin metabolism was examined in the absence and pres-
ence of 17B-E, . The levels of the N- and C-terminal fragments of
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PS1 were unaffected by 178-E,, indicating that PS1 metabolism is
not an important target for estrogen action (data not shown).

Although AR accounts for most of the AB generated by
cells®, AR~ j5 apparently crucial in initiating A deposition'?.
Therefore, it was important to determine specifically whether
AR production was altered by 17B-E,. Since most cells {in-
cluding N2a cells transfected with human PBAPPg;) generate ex-
tremely low levels of AB™**% (refs. 8-11), we used N2a cells
coexpressing human BAPP; and the familial AD-linked PS1 vari-
ant which lacks amino acids 290-319 encoded by exon 10 of the
PS1 gene (PS1AE10) (ref. 13). These PS1AE10 cells have been doc-
umented to generate excessive (and therefore readily detectable)
levels of AR (ref. 9).

These doubly-transfected cells were maintained for seven days
in the absence or presence of 178-E,. sBAPP, and A peptide re-
lease were determined by sequential immunoprecipitation,
using antibodies of defined specificities'*!* (see Methods). These
cells released sBAPP,, AR, AR and AR, but no AB"*? was
detected. Treatment with 17B-E, caused an increase in spAPP, re-
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lease and a decrease in AR, AR"* and AP'* release (Fig. 2).
Notably, AR generation was reduced by approximately 50% at
200 nM 17B-E,, roughly equivalent to that observed for AR
(Fig. 2b). The ratio of AB'™*/AB"* was not altered by estrogen
treatment at any concentration (Fig. 2b). IP-MS analysis (Fig. 2c)
corroborated the metabolic labeling data, confirming that gener-
ation of AR, AB'"* and AB"* was diminished in response to
17B-E, treatment.

Decreased Af release by rodent and human neurons

Based on the observation that 17B-E, reduces Af generation by
N2a cells, we examined primary cultures of rodent and human
embryonic neurons. Primary cultures were prepared from E17 rat
cerebral cortical tissue'* and incubated either in standard
medium or in 178-E,-supplemented medium. Following meta-
bolic labeling, neuronal conditioned media were subjected to
immunoprecipitation with antibody 4G8. Release of both 4 kD
and 3 kD AB-like species were reduced by approximately 50% in
the presence of 178-E, (Fig. 3a). IP-MS analysis (Fig. 3b) and ra-
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Fig. 2 Effect of estrogen treatment on
release of sBAPP, and AP from mouse N2a
neuroblastoma cells doubly transfected
with human BAPP, and exon-10-deleted
PS1. a, Autoradiographic analysis. Cells
treated for 7-10 days with the indicated
concentrations of 17p-E, were subjected to
metabolic labelling. Conditioned media
were sequentially treated, first with an an-
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tibody to immunoprecipitate AR
(FCA3542), then with an antibody to im-
munoprecipitate AR and AR
(FCA3340), and finally with an antibody to
immuoprecipitate sBAPP, (6E10). The im-
munoprecipitated proteins were subjected
to SDS-PAGE. b, Quantitation of AR and
AR release as a function of estrogen
concentration. Data were normalized to
the amount of AB' or AR™*, respectively,
generated by untreated cells, and repre-
sent means = SD. The average ratio of
AB'/AB'? was 8.35 + 1.5 in untreated
cells and was not changed by 17(-E, treat-
ment. ¢, Immunoprecipitation-mass spec-
trometry analyses of AB release into
conditioned media. Experimental proce-
dures were as described in the legend to
Fig. 1b. Human AB'™ (h1-40) and AB'-*
(h1-42), and mouse AR'* (m1-40) and
ARV (m11-40) levels measured in the
presence of 17f-E, were significantly lower
(P < 0.02; n = 4) than control levels.
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diosequencing (Gouras et al., manuscript in preparation) indi-
cated that the 4 kD species was “conventional” AP, bearing an
aspartyl residue at position 1. As had been the case for the condi-
tioned media of neuroblastoma cells, the more abundant species
migrating at ~3 kD was an A variant bearing Glu'' at its amino-
terminus. This Ap (Glu'') generated by rat neurons may be de-
rived from an ~100 amino acid intermediate bearing the
corresponding glutamate at its N-terminus”. The estrogen-re-
lated diminution in AB generation was accompanied by an ap-
proximate 30-40% increase in SBAPD release (Fig. 3a). IP-MS
analysis confirmed that levels of both Ap"* and AB''"* were re-
duced by 17B-E, (Fig. 3b). No changes in protein levels of neu-
ronal BAPP, PS1 or their derivatives, occurred in association with
17B-E, treatment (data not shown).

The reduction in levels of AB42 derived from neurons may be
central to estrogen’s effects on amyloid accumulation in the
brain. Since AB42 species were readily detectable in primary cul-
tures of mouse neurons but not rat neurons, we studied the ef-
fect of 17B-E, treatment on AB42 generation in cortical cultures
derived from E14 mouse cortex. In mouse cortical cultures
treated for five days with 200 nM 17B-E,, AB"* and AB'"* were
decreased by 45% and 40% (P < 0.01; n = 3), respectively, follow-
ing 178-E, treatment, whereas sBAPP, release was increased by
55% (P < 0.01; n = 3) (Fig. 3¢). Also, in the mouse cortical cul-
tures, released AP~ and AB'? were reduced following 178-E,
treatment by 52% and 55% (P < 0.01; n = 3), respectively.

Fetal human cerebrocortical neurons were cultured in the ab-
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sence or presence of 17B-E, for seven to ten days. In three experi-
ments, cells were metabolically labeled and AP release was ana-
lyzed by immunoprecipitation with antibody 4G8. As compared
to untreated neurons, Ap generation was reduced by approxi-
mately 45% in human primary neuronal cultures by incubation
with 17B-E, (Fig. 4). Importantly, the half-maximal effect for
diminution of AB generation by 178-E, was observed at approxi-
mately 3-4 nM, a level within the physiological range (2-10 nM)
of circulating estrogen in premenopausal women', In two other
experiments, ELISA assays of human neuronal culture media
confirmed these results: the levels of B-amyloid released by cells
treated with 17B-E, for eight days were 48% and 56% of the re-
spective untreated control values.

Discussion

The observation that postmenopausal estrogen replacement ther-
apy is associated with a decreased risk of AD (ref. 19) provides an
important lead for understanding the basis of AD and for devel-
oping improved medications for treating the disease. It should
now be possible to dissect the mechanism(s) through which es-
trogen exerts its anti-neurodegenerative effect. The central role of
AP in AD pathogenesis, together with the indication that estro-
gen replacement therapy may prevent AD, suggests to us that one
mechanism of action of estrogen in the brain might be to modu-
late AP generation. The data reported here demonstrate that
physiological concentrations of estrogen can reduce neuronal AB
generation, revealing an attractive mechanism through which es-
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a, Autoradiographic analysis of sBAPP, and AB
from rat neuronal cultures. Cells treated with C 178-E;: * +
200 nM 17f-E, for 7-10 days were subjected to -
metabolic fabeling. Conditioned media were
sequentially immunoprecipitated (first with an sBAPP

antibody for AB (4G8) and then with an anti-
body for sBAPP (22C11; ref. 35)), and proteins
were then subjected to SDS-PAGE. b, immuno-
precipitation-mass spectrometry analyses of A
release into conditioned media of rat neurons cultured in the absence or
presence of 17B-E,. Experimental procedures were as described in the leg-
end to Fig. 1b. Rat AB' (r1-40) and AB"'~* (r11-40) levels measured in the
presence of 178-E, were significantly lower (P < 0.04 and P < 0.01, respec-
tively; n = 3) than control levels. ¢, Autoradiographic analysis of sPAPP,
AR and AB'¥1"2 from mouse neuronal cultures. Cells treated with

97 kD

200 nM 17B-E, for five days were subjected to metabolic labeling.
Conditioned media were sequentially treated, first with an antibody to im-
munoprecipitate AB'*? and AR (FCA3542), then with an antibody to im-
munoprecipitate AB'® and AB''* (FCA3340), and finally with an antibody
to immunoprecipitate sBAPP (22C11). Immunoprecipitated proteins were
then subjected to SDS-PAGE.

trogen may protect against AD. We cannot exclude the possibility
that additional estrogen activities might also be relevant, includ-
ing modulation of (i) basal forebrain cholinergic activity and in-
tegrity?, (ii) dendritic plasticity?, (iii) NMDA receptor density?,
and (iv) neurotrophin signaling®, as well as prevention of oxida-
tive toxicity due to glutamate, free radicals and Ap (ref. 24).

The biological basis for the regulation by estrogen of AB forma-
tion, as reported here, is unknown. It has been shown that estro-
gen can affect the morphology of the trans-Golgi network (TGN),
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thereby enhancing the biogenesis and trafficking of post-TGN
constitutive secretory vesicles and granules®?. AB can be gener-
ated in the TGN from BAPP (ref. 27). Moreover, formation of AB in
the TGN and its export from that organelle are regulated by signal
transduction pathways?*®*. We hypothesize that 17-E, promotes
egress of BAPP from the TGN and thereby reduces the local con-
centration of BAPP available as a substrate for Af production.

In summaty, we have provided evidence that 17B-E, can signif-
icantly decrease the amount of plaque-forming AB released from
neuroblastoma cells as well as from cells in primary cultures de-
rived from rodent and human neocortex. These results support
the notion that one relevant neuropharmacological activity of
estrogen replacement therapy is to reduce AB generation and
that such an activity contributes to the ability of estrogen re-
placement therapy to protect against AD.

Methods
Cell cultures and estrogen treatment. N2a cells, transfected with human
BAPP,,; or doubly transfected with human BAPPgs and mutant PS1 (ref. 9),
were maintained in medium containing 50% DMEM, 50% Opti-MEM, sup-
plemented with 5% FBS, 200ug/ml G418, and antibiotics (Gibco, BRL), in the
absence or presence of water-soluble 17B-E; (Sigma). Cells were trypsinized
once each week, and medium was replaced every 2 days. The effects of estro-
gen on BAPP processing were similar when either charcoal-stripped FBS was
substituted for FBS or when phenol red-free RPMI was substituted for
DMEM/Opti-MEM. Standard conditions for studying N2a cells involved main-
taining ~2 x 10° cells per 60mm dish for 7 days in the absence or presence of
17B-E,. On day 7, the cells were subjected to metabolic labeling for 4 hr with
500 uCi/ml [**S]methionine (NEN/Dupont) in the absence of 17B-E;, and the
media analyzed by immunoprecipitation followed by SDS-PAGE.
Cerebrocortical tissue derived from embryonic day 17 rats or day 14 mice
was used to prepare primary neuronal cultures as described’® ** with the fol-
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lowing modifications: dissociated cells were plated in 10 ¢cm dishes (~107
cells per dish) in fully defined Neurobasal media with N2 supplement
(Gibco) for rat neuronal cultures and in F12 with 10%FCS (Gibco) for
mouse neuronal cultures. For human mixed brain cultures, cerebrocortical
tissue was isolated from gestational age 8-12 week aborted fetuses
(Karolinska Hospital, Sweden). Cultures were maintained in the absence or
presence of 178-E, for 7 days. Media were replaced every 2 days. For analy-
sis, cells were subjected to metabolic labeling for 4 hrs with 500uCi/ml
[**SImethionine in the absence or presence of 17B-E,, and the media were
analyzed by immunoprecipitation followed by SDS-PAGE.

Immunoprecipitation and western analysis. Media were collected and se-

quentially

immunoprecipitated as described in the figure legends.

Immunoprecipitates were subjected to SDS-PAGE analysis using 10-20%
Tricine gels (for AB species) or 4-129% Tris-Glycine gels (for sBAPP, detection).
To assay full-length BAPP, aliquots of metabolically labeled cell lysates were
equalized for protein content and subjected to immunoprecipitation using an-
tibody 369 (ref. 31) and SDS-PAGE analysis. For western analysis of PS1 and
PS1 fragments, protein content was standardized using aliquots of lysates of
nonradioactive cells. These samples were analyzed on 4-20% SDS-PAGE,
transferred to PVDF membrane (Millipore) and immunoblotted, using anti-
body Ab14 for detection of the PST N-terminal fragment or antibody “anti-
loop” for detection of the PS1 C-terminal fragment®.

To assay for estrogen receptors in N2a cells or rat neurons, nuclear ex-

tracts from these cells were subjected to SDS-PAGE, electrotransferred to ni-
trocellulose, and immunoblotted using an antibody against amino acids
495-595 of the estrogen receptor-o. (ERa; ref. 33) (NeoMarker, Inc.).
Immunoreactive ERo was readily detectable in 30 pg of total cellular protein
as a 67 kD species (data not shown).

For all quantitative analyses, autoradiographic densities were quantified

using a Bio-Rad phosphorimager using software 2.0.

Immunoprecipitation-mass spectrometry assay of Ap peptides. Following
various treatments, serum-free media were conditioned by cells for 24 hours in
the continued absence or presence of 17B-E,. Aliquots of conditioned media
(1 ml from N2a cells and 5 ml from primary neuronal cultures) were immuno-
precipitated by monoclonal antibody 4G8 and Protein G/A agarose®. The mol-
ecular masses and concentrations of immunoprecipitated AB species were
measured by MALDI-TOF-mass spectrometry analysis®. In each display the var-
ious regions of the spectra are shown with the indicated amplification factors.
For analyses, AB'>? (10 nM, final concentration) was added to samples and
served as an internal standard®.

ELISA detection of AB. Sandwich ELISA was performed essentially as de-
scribed™. Aliquots (100 pl} of conditioned media were assayed for AR using an-
tibodies 3134C (specific for AP residues 32-40) and 6E10 (specific for AB
residues 5-10). The sandwich ELISA was developed using fluorometric detec-
tion. Under the conditions used, the ELISA accurately detected levels of AB of
25 pg/ml or greater.
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