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Alzheimer’s disease (AD) is characterized by the age-related dep-
osition of b-amyloid (Ab) 40y42 peptide aggregates in vulnerable
brain regions. Multiple levels of evidence implicate a central role
for Ab in the pathophysiology of AD. Ab peptides are generated
by the regulated cleavage of an '700-aa Ab precursor protein
(bAPP). Full-length bAPP can undergo proteolytic cleavage either
within the Ab domain to generate secreted sbAPPa or at the N- and
C-terminal domain(s) of Ab to generate amyloidogenic Ab pep-
tides. Several epidemiological studies have reported that estrogen
replacement therapy protects against the development of AD in
postmenopausal women. We previously reported that treating
cultured neurons with 17b-estradiol reduced the secretion of
Ab40y42 peptides, suggesting that estrogen replacement therapy
may protect women against the development of AD by regulating
bAPP metabolism. Increasing evidence indicates that testosterone,
especially bioavailable testosterone, decreases with age in older
men and in postmenopausal women. We report here that treat-
ment with testosterone increases the secretion of the nonamyloi-
dogenic APP fragment, sbAPPa, and decreases the secretion of Ab
peptides from N2a cells and rat primary cerebrocortical neurons.
These results raise the possibility that testosterone supplementa-
tion in elderly men may be protective in the treatment of AD.

A lzheimer’s disease (AD) is characterized by the deposition
of senile plaques and neurofibrillary tangles in vulnerable

brain regions. Senile plaques are composed of aggregated
b-amyloid (Ab) 40y42(43) peptides. Evidence implicates a cen-
tral role for Ab in the pathophysiology of AD (1). Epidemio-
logical studies have reported that estrogen replacement therapy
protects against the development of AD in postmenopausal
women (2, 3). We previously reported that treating cultured
neurons with 17b-estradiol reduced the secretion of Ab40y42
peptides, suggesting that estrogen replacement therapy may
protect women against the development of AD by regulating Ab
precursor protein (bAPP) metabolism (4). Although it has long
been established that estrogen declines during menopause in
aging women, declines in testosterone in aging men, until more
recently, have been more controversial. Increasing numbers of
reports indicate that testosterone, especially bioavailable free
testosterone, declines significantly in aging men (5, 6) and in
postmenopausal women (7). Although the relative decrease in
the level of testosterone in men is modest compared with those
of estrogen in perimenopausal women, aging men develop
clinical signs of hypogonadism, such as reduced muscle and bone
mass and an increase in visceral fat. Recent studies suggest that
declining testosterone levels in older men are associated with
disorders similar to those associated with estrogen deficiency in
postmenopausal aging women, including osteoporosis (8, 9).
Testosterone supplementation in orchiectomized, aging male
rats protected these animals from osteoporosis and the decrease
in the rate of periosteal bone formation found in their non-
supplemented littermates (8). A decrease in serum testosterone
levels has been associated with depression in aging men, with
clinical improvement reported after testosterone supplementa-

tion (9). Despite reports of beneficial effects on cognition and
emotional tone, there are no published data on the effects of
testosterone supplementation in AD. Results from a recent
small, double-blind, placebo-controlled study indicated that
testosterone supplementation in older men improved both ver-
bal and spatial memory function,i supporting its possible efficacy
in the treatment of the cognitive dysfunction that characterizes
AD. Testosterone treatment has been shown to up-regulate the
p75 NGF receptor and increase NGF levels in limbic areas,
especially the hippocampus (10). However, the effects of testos-
terone in the brain are considerably less well characterized
compared with those of estrogen.

Materials and Methods
Antibodies. See schematic diagram for amino acid sequence of
human Ab and antibody recognition sites in Fig. 1. mAb 22C11
recognizes the N terminus of bAPP (and APLP1) (Boehringer
Mannheim); mAb 6E10 (Senetek, Maryland Heights, MO) is
directed at human Ab1–10; polyclonal antibody 314N recognizes
the N-terminal region of rodent Ab; mAb 4G8 (Senetek) is
directed at Ab17–24; polyclonal antibody 369 recognizes the C
terminus of bAPP.

Neuroblastoma (N2a) Cells. Murine N2a cells transfected with
human bAPP695 were maintained in medium containing 50%
DMEM and 50% Opti-MEM, supplemented with 5% FBS, 200
mgyml G418, and antibiotics (GIBCOyBRL), in the absence or
presence of hormone. Cells were trypsinized at 0 and 7 days, and
medium was replaced every 2 days. We previously reported that
the effects of estrogen treatment on bAPP processing were
similar when either charcoal-stripped FBS was substituted for
FBS or when phenol red-free RPMI 1640 medium was substi-
tuted for DMEMyOpti-MEM (4). Standard conditions for
studying N2a cells involved maintaining '2 3 106 cells per
60-mm dish for 10 days in the absence or presence of the
indicated hormone (Sigma) followed by metabolic labeling.

Primary Neuronal Cultures. Primary neuronal cultures were de-
rived from the cerebral cortices of embryonic day 17 fetuses
obtained from timed-pregnant Sprague–Dawley rats (Charles
River Breeding Laboratories) as described previously (4, 11).
Cells were plated in serum-free Neurobasal medium with N2
supplement (GIBCO) (which contains 20 nM progesterone) and
0.5 mM L-glutamine on poly-D-lysine-treated (0.1 mgyml; Sigma)
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100-mm dishes (approximately 8–10 3 106 cells per plate).
Neurons were maintained with or without hormone, and me-
dium was replaced every 2 days, as described previously (4).

Metabolic Labeling and Immunoprecipitation. Cells were washed
and incubated at 37°C for 20–30 min in methionine-freey
glutamine-free DMEM (GIBCO). Cells then were pulse-labeled
with 750 mCiyml [35S]methionine (DupontyNEN) in methi-
onine-free medium supplemented with L-glutamine for 4 h. Cell
lysates were prepared by scraping the cells in ice-cold PBS with
a rubber policeman and then centrifuged briefly. The superna-
tant was aspirated, 100 ml of lysis buffer (0.5% deoxycholatey
0.5% Nonidet P-40y5 mg/ml Trasyloly5 mg/ml leupeptiny0.25
mM PMSF) was added, and the extract was subjected to agita-
tion, repeat centrifugation, and collection of supernatant. Sam-
ples of lysates and media were adjusted to a concentration of
0.5% SDS, and samples were heated for 1–2 min at 70–75°C.
Samples were adjusted to 190 mM NaCly50 mM TriszHCl, pH
8.3y6 mM EDTAy2.5% Triton X-100. Samples of conditioned
media were subjected to sequential immunoprecipitation, first
with antibody 4G8 for Ab, and then with antibody 6E10 for
human and antibody 3134N for rat sbAPPa. Lysates were
incubated with antibody 369 for full-length bAPP. Samples were
incubated overnight with the primary antibody, followed by
addition of secondary rabbit–anti-mouse antibody (Cappel) for
1 h and then addition of protein A-Sepharose beads (Pharmacia)
for 2 h (all at 4°C). Samples were analyzed by 10–20% Tris-
Tricine SDSyPAGE gels for Ab and 4–12% Tris-Glycine SDSy
PAGE gels for bAPP, followed by autoradiography on Kodak
X-Omat AR5 film.

Immunoprecipitation–Mass Spectrometry Analyses of Ab Release into
Conditioned Medium. Neurons were incubated in the absence or
presence of 200 nM testosterone for 10 days. Serum-free me-
dium was conditioned by cells overnight in the continued
absence or presence of hormone. Aliquots of medium (5 ml)
were immunoprecipitated by using antibody 4G8 and protein
GyA-agarose beads. The molecular masses and concentrations
of immunoprecipitated Ab species were measured by matrix-
assisted laser desorption ionization–time-of-f light–mass spec-
trometry analysis, as described previously (4). For analysis,
Ab12–28 and insulin (Ins21) internal standards were added to
samples.

Results
When N2a cells, which had been transfected with human wild-
type bAPP695, were treated with testosterone, an increase in
sbAPPa and a decrease in Ab release were observed in the
medium (Fig. 2). Treatment for 10 days with testosterone or

Fig. 1. Schematic diagram of b-amyloid. The amino acid sequence of human Ab (box), the major known sites of Ab cleavage and of secretase actions (a, b, and
g), and the antibodies used (22C11 directed at the N-terminal region of bAPP; 6E10 directed at human Ab1–10; 3431N directed at the N-terminal region of rodent
Ab; 4G8 directed at Ab17–24; and 369 directed at the C-terminal region of bAPP) are shown.

Fig. 2. Effect of testosterone and other steroids on secretion of sbAPPa and Ab

from murine N2a neuroblastoma cells transfected with human bAPP695. (a)
Representative autoradiographic analysis of sbAPPa (Lower) and Ab (Upper). (b)
Effects of steroids on the release of sbAPPa (Left) and Ab (Right) represented as
means 6 SD, n 5 3 (statistically different from controls by Student’s t test; *, P ,
0.01; **, P , 0.02). Effects of 17b-estradiol and testosterone were not statistically
different fromeachotherateither200nMor1 mM.(c)QuantitationofAb release
in response to treatment with 200 nM testosterone for 0–14 days. Data are
represented as means 6 SD, n 5 3 (statistically different from control cells
incubated for the same duration in the absence of hormone; *, P , 0.02).
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17b-estradiol, at 200 nM or 1 mM, stimulated secretion of
sbAPPa by 50–75%. Concomitantly, these steroids reduced
secretion of Ab40y42 by 30–45%. The effect of testosterone on
Ab release was studied as a function of days of treatment and
concentration of steroid. No additional effect on release could
be observed either by increasing the treatment time to 14 days
(Fig. 2c) or by increasing the steroid concentration to 2 mM (data
not shown). The effects of testosterone were slightly less in

magnitude than those of 17b-estradiol, but none of the differ-
ences observed was statistically significant.

When primary neuronal cultures were treated with testoster-
one, an increase in sbAPPa and a decrease in Ab release also
were observed (Fig. 3). Treatment for 10 days with testosterone
or 17b-estradiol, at 200 nM or 1 mM, stimulated secretion of
sbAPPa by 20–30%. Concomitantly, these steroids reduced
secretion of Ab40y42 by 30–40%. The effect of testosterone on
Ab release increased with days of treatment up to 10 days (Fig.
3c). Primary neuronal cultures were not consistently viable in the
absence of serum for periods longer than 10 days. Increasing the
concentration of testosterone to 2 mM did not reduce Ab release
further.

Testosterone caused reductions in the secretion of both the
4-kDa Ab1–40y42 peptides and the 3-kDa Abx-40y42 peptides
from both N2a cells (Fig. 2a) and primary neuronal cultures (Fig.
3a). Using both radiosequencing and immunoprecipitationy
mass spectrometry, we demonstrated previously in primary rat
neuronal cultures that the predominant 3-kDa secreted Abx-
40y42 species are composed mainly of Ab11–40y42 peptides
and, to a lesser extent, Ab17–40y42 peptides (11). Immunopre-
cipitationymass spectrometric analysis of Ab peptides secreted
from primary neuronal cultures incubated in the presence or
absence of 200 nM testosterone confirmed and expanded the

Fig. 3. Effect of testosterone and other steroids on secretion of sbAPPa and
Ab from primary cultures of embryonic rat cerebrocortical neurons. (a) Rep-
resentative autoradiographic analysis of sbAPPa (Lower) and Ab (Upper). (b)
Effects of steroids on the release of sbAPPa (Left) and Ab (Right) in neurons
represented as means 6 SD, n 5 3–4 (statistically different from control; *, P ,
0.01; **, P , 0.03). Effects of 17b-estradiol and testosterone were not statis-
tically different from each other at either 200 nM or 1 mM. (c) Quantitation of
Ab release in response to treatment with 200 nM testosterone for 0–10 days
represented as means 6 SD, n 5 3 (statistically different from control cells
incubated for the same duration in the absence of hormone; *, P , 0.03).

Fig. 4. Immunoprecipitationymass spectrometry analyses of Ab release into
conditioned medium. Neurons were incubated in the absence or presence of
200 nM testosterone for 10 days. Levels of Abx-40 and Abx-42 species mea-
sured in the presence of testosterone (Lower) were significantly lower than
control (Upper) levels in each of three experiments, including the one illus-
trated here.
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observations on the testosterone-induced decrease in secretion
of Ab peptide species by neurons (Fig. 4). Testosterone treat-
ment reduced Ab1–40 and Ab1–42, as well as various N- and
C-terminal-truncated Ab peptides.

No change was seen in the level of bAPP holoprotein in either
N2a cells or neurons with any of the steroids used (data not shown).
To test the specificity of the effects of testosterone and estrogen on
neuronal bAPP metabolism, we also examined the adrenal steroid
hormone, corticosterone, and the ubiquitous sterol, cholesterol.
Several previous studies have reported that cholesterol regulates
sbAPPa secretion (12–15). Reported changes in Ab release appear
less clear. Studies using cultured cells demonstrated a decline in Ab
secretion under conditions that caused reductions in cholesterol
(14, 16), whereas another group reported a decrease in total brain
Ab in animals fed a high cholesterol diet (13). In the present study,
cholesterol treatment (200 nM) caused a 30–35% increase in
Ab40y42 secretion in both types of cultured cells but no significant
effect on sbAPPa release (Figs. 2 and 3).

Levels of adrenal glucocorticoid hormones increase with aging
and especially in AD, and these hormones are known for their
potential deleterious effects on learning and memory (17, 18). In
fact, glucocorticoid administration in experimental animals has
been shown to cause memory impairments and selective cell
death in the hippocampus. Interestingly, it was reported that
orchiectomized, testosterone-deficient rats had an even greater
propensity to exhibit glucocorticoid-induced hippocampal cell
death and memory impairment, which was reversible upon
testosterone treatment (19). However, no studies of potential
glucocorticoid effects on bAPP metabolism have been reported.
Apart from a slight decrease in sbAAPa secretion from neurons,
corticosterone (200 nM) had no significant effect on sbAPPa or
Ab secretion from either cell type (Figs. 2 and 3).

Discussion
Our results indicate that neuronal cultures treated with testos-
terone secrete less amyloidogenic Ab40y42 peptides and suggest
that androgen supplementation for aging men, similar to estro-
gen replacement therapy in postmenopausal women, may be
protective against the development of AD. Moreover, because
testosterone also declines in postmenopausal women, estrogen
replacement therapy supplemented with androgens might pro-
vide additional protection against the development of AD in
women. These possible benefits must be weighed against poten-
tial deleterious effects of testosterone, including the develop-
ment of prostate cancer in men and endometrial cancer in
women. Our results support the biological specificity of the
actions of testosterone and estrogen in altering bAPP metabo-
lism, because equal concentrations of cholesterol and the glu-
cocorticoid hormone, corticosterone, were not effective at re-
ducing Ab secretion. Given (i) the demonstrated therapeutic
efficacy of estrogen in reducing the risk of dementia in women
and (ii) the effects of testosterone and estrogen in reducing Ab
secretion in cell culture, it will be important to elucidate the
molecular mechanisms by which these steroid hormones regulate
bAPP metabolism.
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