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Neurobiology of Disease

Genetic Targeting Aromatase in Male Amyloid Precursor
Protein Transgenic Mice Down-Regulates 3-Secretase
(BACE1) and Prevents Alzheimer-Like Pathology and
Cognitive Impairment
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As brain testosterone plays both androgenic and estrogenic actions due to its conversion into estrogen via aromatase naturally, it is
unclear that the age-related reduction of testosterone increased risk of Alzheimer’s disease (AD) in men is mediated through androgen
alone or both androgen and estrogen mechanisms. Our previous studies using a gene-based approach in mouse model to block the
conversion of testosterone into estrogen (aromatase gene knock-out, ArKO), found a depletion of estrogen and increase in testosterone
endogenously in males. Here, we use crossing the ArKO mice with APP23 transgenic mice, a mouse model of AD, to produce APP23/
Ar™'™ mice to study the estrogen-independent effect of testosterone on AD. We found a significant reduction in brain plaque formation,
improved cognitive function and increase NEP activity in male APP23/Ar */~ mice compared with age-matched male APP23 controls. In
addition, we found, for the first time, a reduction of 3-secretase (BACE1) enzyme activity, nRNA level and protein expression in the male
APP23/Ar™'™ mice, suggesting that endogenous testosterone, independent from estrogen, may protect against AD in males via two
major mechanisms, downregulation of BACE1 activities at transcriptional level to reduce 8 amyloid production and upregulation of NEP

activities to enhance bate amyloid degradation.

Introduction

Recent studies have suggested that testosterone may play an im-
portant role in the prevention of Alzheimer’s disease (AD) in
men. One study found that men with AD have ~50% less brain
testosterone than do age-matched men without AD (Rosario et
al., 2004). Decreased circulating testosterone in aged men is as-
sociated with impaired cognitive function and increased risk of
dementia and AD (Hogervorst et al., 2001; Moffat et al., 2004;
Rosario and Pike, 2008). Conversely, testosterone replacement
therapy and high free testosterone levels in men are associated
with improved verbal and spatial memory (Sternbach, 1998)
and reduced risk of AD (Moffat et al., 2006). The association
between circulating testosterone and AD has also been dem-
onstrated in AD-like transgenic (APP23) mice (Rosario et al.,
2006). However, the mechanism underlying this association
remains unclear.
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Because testosterone can be converted into estrogen by aro-
matase in vivo, it is difficult to determine whether the link be-
tween testosterone and AD neuropathology is due to the
aromatization of testosterone into estrogen or is estrogen-inde-
pendent— especially as studies have found that estrogen may be
neuroprotective in women (Inestrosa et al., 1998; Farrag et al.,
2002; Sherwin, 2003; Tsolaki et al., 2005) and may regulate amy-
loid B (AB), a hallmark of AD (Xu et al., 1998).

ABis generated from proteolytic cleavages of amyloid precur-
sor protein (APP) by B- and +y-secretases (Hardy and Selkoe,
2002). B-site APP cleaving enzyme 1 (BACE1) plays a particularly
important role in AB production, by cleaving APP at the
N-terminal end of the AB sequence, producing a 14 kDa
C-terminal fragment (CTF) 8 or C99 (Pinnix etal., 2001). BACE1
gene knock-out has been shown to prevent Af synthesis in mice
(Caietal.,2001; Luo et al., 2001; Roberds et al., 2001; Dominguez
etal., 2005), and studies have found that BACE1 activity levels are
significantly increased in sporadic AD cases (Fukumoto et al.,
2002; Holsinger et al., 2002; Yang et al., 2003; Li et al., 2004),
particularly in neurons around Af plaques (Zhao et al., 2007).
Because of the role of BACE1 in A3 production, the inhibition of
BACE1 has been one of the most hopeful approaches for AD
therapy in addition to amyloid B-peptide vaccination (Haass,
2004; Marjaux et al., 2004).
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Impaired AB clearance may also contribute to the accumula-
tion of AB in the AD brain. Studies have shown that insulin-
degrading enzyme (IDE) and neprilysin (NEP) are involved in
AP clearance. IDE degrades the intracellular domain of APP and
is involved in clearing AB from the brain (Qiu et al., 1998;
Mukherjee et al., 2000; Leissring et al., 2003). Genetic linkage
studies found that late-onset AD loci are linked to sequences of
the IDE gene (Bertram et al., 2000; Ertekin-Taner et al., 2000).
Other studies have suggested that NEP, whose mRNA and pro-
tein levels are significantly decreased in AD brains compared with
age-matched normal brains (Yasojima et al., 2001a,b), may be the
principal AB-degrading enzyme (Iwata et al., 2001; Marr et al.,
2003).

In this study, we used a genetic approach to deplete aromatase
in male APP23 mice to investigate the estrogen-independent ef-
fect of testosterone on AD-related processes and to identify the
mechanisms involved. We found that endogenous testosterone,
independent of estrogen, protects against A3 neuropathology via
BACE1 reduction and NEP upregulation and improves cognitive
function in the male double-transgenic mice.

Materials and Methods

Experimental mice. All mice were maintained in accordance with the NIH
Guide for the Care and Use of Laboratory Animals, and all experimental
protocols were approved by the local IRB. Generation of the B6, D2-TgN
(Thy1-APP23g.) line of transgenic mice (APP23) and the aromatase
gene knock-out (ArKO) line of mice on a C57BL/6 background have
been described previously (Sturchler-Pierrat et al., 1997; Azcoitia et al.,
2001). Heterozygous APP23 transgenic mice (APP23 ™/ 7) were crossed
with homozygous ArKO mice (Ar~'"), and the resulting APP23/Ar ™/~
(APP23 "/~ Ar*/™) offspring were intercrossed through brother-sister
mating to obtain the genotypes for the present study. Age-matched lit-
termates having the following genotypes were used as controls: APP23
(APP23 "/~ Ar*'") and wild-type (WT) (APP23 /T Ar*t'"). The line
was maintained by crossing heterozygous transgenic mice with F1 breed-
ers having a C57BL/6 background. Mice were housed two to four per cage
in standard plastic cages with bedding and were maintained on a 12 h
light/dark cycle with access to food (NIH-07 formula) and acidified and
filtered water ad libitum.

Genotyping. The mice were genotyped using PCR. Tail tissue was di-
gested with Proteinase K overnight at 56°C, and genomic DNA was iso-
lated using a DNeasy Tissue Kit (Qiagen) and amplified by PCR using the
following primer pairs: pair 1: 5'-ACCACCGTGGAGCTCCTTCC-
CGTGAA-3" and 5'-GCAACTGCAGTGTGTACTGTTTCTTC-3', for
APP; pair 2: 5'-CCTTGACGATCGTTCATAC-3" and 5'-GAGAGT-
TCATGAGAGTCTGG-3', for the aromatase mutated gene. PCR was
performed at the following parameters: 94°C, 1 min; 65°C, 2 min; 72°C, 3
min; 35 cycles. The PCR products were separated by 1% agarose gel
electrophoresis and detected by staining with ethidium bromide.

Tissue preparation and immunohistochemistry. Male mice of each ge-
notype were anesthetized and their brains were quickly removed and
bisected. One hemisphere was frozen for use in Western blot, ELISA,
enzyme activity and RIA analyses, while the other hemisphere was pre-
pared for immunohistochemical analyses. For immunohistochemistry,
hemispheres were either fixed with 4% paraformaldehyde or were frozen
at —80°C, then serially sectioned (15-30 wm in thickness) in the sagittal
plane with a Leica CA 1900 cryostat. Eight to 10 sections (~120 um
apart) were immunostained for Af (rabbit anti-AB-peptide; 1:250;
Zymed), neuronal marker NeuN (mouse anti-NeuN; 1:500; Millipore
Bioscience Research Reagents), or APP intracellular c-terminal fragment
AICD (rabbit anti-APP-CT20; 1:1000; Calbiochem). After incubation in
primary antisera, the sections were incubated with the appropriate
species-specific biotinylated secondary antibodies for 30 min followed by
ABC reagent (Vectastain Elite, Vector Laboratories) for 30 min at room
temperature. Immunoreactivity was visualized using 3,3'-diaminoben-
zidine as the chromagen (DAB Substrate kit, Vector Laboratories). A
immunostaining was documented by digital imaging then processed
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with a Leica DMLS complementary software package (MagnaFire SP).
Tissue sections containing CA1 and CA3 regions of the hippocampus
were imaged at 20X magnification. ImagePro Plus software (Media Cy-
bernetics) was used to count neurons and measure positive area. To
standardize measurements, the field of interest was defined as the image
taken at 20 X.

Testosterone radioimmunoassay. Testosterone levels were determined
with a competitive radioimmunoassay (RIA) method (Diagnostic Sys-
tems Laboratories). Either serum or brain homogenate (200 wl) was
mixed with 100 ul of anti-testosterone serum. Following an incubation
of 4 h at 4°C, [1'?°] testosterone was added to this mixture, which was
incubated for an additional 24 h at 4°C. Proteins were precipitated, re-
moved after centrifugation, and the radioactivity of the remaining super-
natant was counted with a gamma counter. The sensitivity of the
testosterone RIA was 3.0 pg/ml.

Enzyme activities of IDE, NEP and BACEI. IDE enzyme activity was
measured as described previously (Song etal., 2003). In brief, brains were
homogenized in 50 mm potassium phosphate buffer, pH 7.3, containing
200 pm PMSF and a proteinase inhibitor mix (Sigma-Aldrich). The
samples were centrifuged, and the supernatant fraction was used for IDE
activity measurement. The hydrolysis of fluorogenic substrate peptides
(2 wm Abz-GGFLRKHGQED-Dnp as substrate in 20 mmM potassium
phosphate buffer, pH 7.3) was measured by detecting an increase in
fluorescence (excitation at 318 nm and emission at 419 nm) that oc-
curred upon peptide bond cleavage. The max velocity of IDE activity was
calculated during the first 20 min and was indicated as fluorescence
unit/min per microgram of protein. For the NEP activity assay, the
mouse brains were homogenized in 100 mm MES buffer, pH 6.5, with
proteinase inhibitors (Sigma-Aldrich). The homogenate was centrifuged
at 20,000 X g for 45 min to separate the membrane fraction, and the
supernatant was removed. The membrane pellet was resuspended in
MES buffer and was directly used in the NEP activity assay as previously
described (Liand Hersh, 1995). Activity assays for BACE were performed
by using synthetic peptide substrates containing either the APPwt BACE
site (MCA-Glu-Val-Lys-Met-Asp-Ala-Glu-Phe-(Lys-DNP)-OH) or
APPsw, in which Lys-Met are substituted with NL. In the MV mutant, M
is substituted with V. Substrates were used at 50 mm and reactions were
performed in 50 mm [2-(N-morpholino)ethanesulfonic acid] with 50
mM acetic acid, pH 5.5. Enzymatic crude extracts and fluorescent-labeled
peptides were incubated for various times at 37°C. The reaction mixtures
were quenched and absorbed at 383 nm with a fluorescent plate reader.

AB ELISA. To quantify the levels of soluble AB, mouse brains were
homogenized in 0.1 M carbonate/50 mm NaCl buffer (pH 11.5) contain-
ing 10 wg/ml leupeptin and 20 ug/ml aprotinin. Lysates were centrifuged
at 14,000 rpm and 4°C for 20 min, and the supernatants were used for
measurement of soluble A3 with an ELISA kit for human AB,,and A3,
(Invitrogen). The pellets were dissolved in 5 M guanidine (in 50 mm
Tris-HCI, pH 8.0) for 4 h at room temperature and used for measure-
ment of insoluble AB,, and AB,, with an ELISA kit, as above. The final
values were normalized to the amount of loaded wet tissue and analyzed
for significance using the Student’s  test.

Western blot. Aliquots of brain homogenates from APP23, APP23/
Ar*’~, and wild-type mice were lysed with RIPA buffer, and 50150 ug
of total protein was subjected to SDS-PAGE (8—-12% acrylamide). Sepa-
rated proteins were then transferred onto polyvinylidene fluoride mem-
branes. The blots were probed with the following antibodies: anti-BACE1
monoclonal antibody (R&D Systems), anti-APP C-terminal fragment
C99 (APPCS8,; 1:500; a kind gift from Dr. Dennis J. Selkoe, Harvard
University School of Medicine, Boston, MA), anti-AICD (rabbit anti-
APP-CT20; 1:1000; Calbiochem), anti-IDE polyclonal antibody (Onco-
gene Research Products), anti-NEP polyclonal antibody (Millipore
Bioscience Research Reagents), and anti-B actin antibody (Sigma-
Aldrich) as described previously (He et al., 2007).

RNA isolation and reverse transcription PCR. To compare BACE1 ex-
pression levels, we used the following primers for reverse transcription
(RT)-PCR: mouse BACEI1 forward primer, 5'-AGACGCTACACATC-
CTGGTG-3', and backward primer, 5’CCTGGGTGTAGGGCAC-
ATAC-3". The amplified BACE1 fragment was 146 bp. Mouse s18 was
used as a loading control: forward primer, 5'-CAGAAGGACGTG-
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AAGGATGG-3', and backward primer, 5'CAGTGGTCTTGGTGTG-
CTGA-3'. The amplified mouse s18 fragment was 159 bp. Total RNA was
extracted from the brains of 18-month-old APP23 and APP23/Ar ™"/~
mice (n = 5) using an RNeasy mini kit (Qiagen). RT-PCR was performed
using a One-Step RT-PCR kit (Invitrogen) and the following PCR cycles:
50°C for 30 min, 94°C for 2 min, followed by 25 cycles at 94°C for 15 s,
49°C for 30 s, and 68°C for 1 min. Real-time RT-PCR was performed as
described previously by Zhao et al. (2007). In addition, to study the effect
of testosterone on BACE transcription activity in vitro, we transfected 293
cells with pBIP-A vector containing a BACEI promoter (—1941 to
+292) upstream as previous published (He et al., 2007). After cells
treated with vehicle or testosterone at 2 or 4 num for 24 h, we isolated RNA
and performed RT-PCR or real-time RT-PCR as described above.

Hole-board behavioral task. The same testing protocol as described by
Brosnan-Watters and Wozniak (1997) was used with a few minor mod-
ifications (He et al., 2007). The testing area for the hole-board was done
in an isolated laboratory room. Extra-maze spatial cues were provided in
the form of the experimenter in front of the board, a computer on one
side of the board, a large desk on the other side of the board, and a large
window behind the board that provided an external light source. The
rotating hole-board (San Diego Instruments) used in our experiment is a
46 X 46 cm white plastic square floor enclosed by 4 clear plastic sides. The
floor has 4 holes 2.5 cm in diameter cut into it, spaced evenly near each
corner of the board with 28 cm between each hole. Each hole is ~2 cm
deep with a metal screen covering the bottom.

Testing was done over a 2 week period with 10 d of habituation and 2 d
of data collection. Mice were handled for 1 min and placed in the hole-
board for 3 min during each day of handling to acquaint them with the
experimenter, hole-board, and procedure. During the first 5 d of habit-
uation, the holes were covered and 8 pieces of sharp cheddar cheese (8
mm X 3 mm blocks) were scattered around the hole-board. In thelast 5d
of habituation, the holes were uncovered and 4 pieces of cheese were
used, one in each hole, to train the mice to poke their heads into the hole
to retrieve the food. On the ninth day of habituation, each mouse was
single-caged with only two pellets of rodent chow ~2 cm in length. The
amount of food eaten overnight on the ninth day was measured. On day
10, the food was removed from the cage and the mouse was fasted over-
night before testing.

During data collection, a piece of cheese was placed in three of the
holes beneath a screen, allowing the odor of the food to emanate from the
hole but restricting access to it. A fourth piece of cheese was placed on top
of the screen in the target hole, making it accessible to the mouse. Each
mouse was given 10 trials in which to find the baited (target) hole. The
first 2 trials are each 15 min long and the following 8 trials are each 5 min
long. The first 2 trials are longer to allow the mouse time to get adjusted
to the testing and explore the board. A trial consisted of placing the
mouse in a start tube in the center of the hole-board, then removing
the tube and allowing the mouse to explore. A trial ended when the
mouse retrieved the cheese from the target hole or the trial time elapsed
and the experimenter manually ended the trial. A computer was used to
measure the response of each mouse via infrared beams at the bottom of
each hole. A correct response was recorded when the mouse poked its
head into the target hole, while an error was recorded when the mouse
poked its head into a hole that was not the target. A good trial was defined
as a trial in which the first head-poke was in the target hole.

The board was rotated and cleaned between each trial with water, and
between each mouse with a mild Virex solution, precluding mice from
using proximal visual, olfactory, or tactile cues to locate the target hole.
After the first day of testing, the mouse was given V4 the amount of food
eaten between days 9 and 10. Retention testing or memory testing was
done 24 h after the first day of data collection. The procedure performed
was exactly the same as the first day with the only difference being that the
mouse had a quarter the amount of its diet available the day before,
instead of being fasted.

In brief, the memory performance was measured cumulatively across
the 10 trials. Each mouse was awarded a score of “1” when its first poke
was a correct poke (into the target hole), “0” when its first poke was
incorrect but it made a correct poke within the given time, or “—1” when
it failed to make a correct poke. Scores were averaged within each group,
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Figure 1.
tosterone was detected by RIA in serum (4) and brain (B) extractions from male APP23/Ar
(n=10),APP23 (n = 10),and WT (n = 10) mice at 6, 12, and 18 months of age. *p << 0.05 and
*¥p <0.001 compared with WT and APP23 control mice.

and each subsequent score was added to those before it, so that a perfect
performance (first poke = correct poke for every trial) would yield a scale
value score of 10 by the tenth trial.

Statistics. Data were expressed as means = SEM. Statistical analyses
were performed either with ANOVA followed by least significant differ-
ence post hoc analysis (multiple comparisons) or unpaired t test (pairwise
comparisons). Pearson’s correlation coefficients were used for correla-
tional analyses. The level of significance was set at p < 0.05.

Results

Genetic knock-out of aromatase in male APP23 mice
increases endogenous testosterone levels and decreases
estrogen levels in serum and in the brain

To examine the estrogen-independent effect of testosterone on
AD pathology in males, we detected age-related changes in sex
hormone levels in the brains and sera of male APP23/Ar ™/~
APP23,and WT mice at 6, 12, and 18 months of age. The levels of
testosterone in the serum and in the brain decreased gradually
with age in all male mice regardless of genotype. However, the
levels of testosterone in APP23/Ar "/~ male mice of all ages were
significantly higher than those in age-matched APP23 and WT
male mice (Fig. 1A,B). Additionally, no estrogen could be de-
tected in the APP23/Ar™'~ mice (data not shown), suggesting
that aromatase gene knock-out prevented the conversion of en-
dogenous testosterone into estrogen.

APP23/Ar "'~ male mice exhibit reduced amyloid
accumulation and plaque formation in the brain

compared with control mice

To study whether increased endogenous testosterone in APP23
male mice would alter APP processing and amyloid plaque for-
mation in the brain, we used ELISA (Invitrogen) to detect Af,,
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B icant reduction in BACE1 and C99 pro-
tein levels compared with age-matched
APP23 mice, while no difference in APP
level was found (Fig. 3A,B). To examine
the effect of testosterone on AB produc-
tion at the cellular level, we also used im-

C munohistochemical staining to detect

APP intracellular c-terminal fragment

ACID. The 18-month-old APP23/Ar™'~

male mice exhibited a reduction in AICD

compared with APP23 mice (Fig. 3A-C),
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suggesting that testosterone may attenu-
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n = 8) were analyzed. The density of plaques in APP23/Ar
same age.

and AB,, in the brains of APP23 and APP23/Ar*'~ male mice at
the ages of 3, 6, 9 and 18 months. As shown in Figure 2 A, the ratio
of AB,, to AB,, in APP23/Ar ™/~ mice was significantly reduced
at 9 and 18 months of age compared with the ratio in age-
matched APP23 mice, suggesting the possible role of testoster-
one in prohibiting AB,, accumulation. Immunohistochemical
analysis of amyloid plaque formation and brain plaque density
in 18-month-old APP23 (n = 11) and APP23/Ar ™'~ (n = 8)
mice revealed a significant reduction in the numbers of
plaques in the cortices of APP23/Ar "'~ mice compared with
APP23 mice (Fig. 2B, C).

APP23/Ar "'~ male mice exhibit less neuronal loss than do
control mice

Another major hallmark of AD neuropathology is neuronal loss.
To further examine the effect of endogenous testosterone on AD-
like neuropathology, we performed immunohistochemical stain-
ing with a neuronal marker, NeuN, and compared neuron
densities in the hippocampi of APP23 and APP23/Ar "/~ male
mice at 18 months of age. Male APP23/Ar ™/~ mice exhibited less
neuronal loss than did male APP23 mice in the CA3 region of the
hippocampus (Fig. 2D), suggesting that the increased endoge-
nous testosterone in male APP23/Ar "/~ mice not only prevented
amyloid deposition in the brain, but also protected against age-
related neuronal loss.

APP23/Ar*'~ male mice exhibit decreased BACE1 protein
expression and activity compared with control mice

To investigate whether the reduction of ABin APP23/Ar ™/~ male
mice is partially mediated by the attenuation of BACE1, we used
Western blot analysis to detect APP, BACE1, and C99 protein
expression levels in the brains of APP23/Ar '~ and APP23 mice.
Eighteen-month-old APP23/Ar ™'~ male mice exhibited a signif-

APP23/Ar+/- 18 months

: ,jY' BACE1 activity was significantly reduced
in the male APP23/Ar "/ mice at age of 12
and 18 months as showed in Figure 3D.

Analysis of amyloid levels, amyloid plaques and neuronal loss in the brains of 18-month-old APP23 and APP23/
Ar™~ male mice. A, ELISA analysis of the reduced AB,,/AB,, ratio in male APP23/Ar */~ mice compared with age-matched
APP23. B, APP23 mice developed massive plaques in the cortex at the age of 18 months while small plaques were observed in the
APP23/Ar '~ mice at the same age. €, The density of plaques from 19 mouse brain samples (APP23 n = 11and APP23/Ar ™/~
mice were significantly less than in APP23 mice (**p << 0.001).
D, Immunostaining of NeuN (1:1000) in the brain from an 18-month-old APP23 male mouse showed extensive neuronal loss in the
(A3 region of the hippocampus (indicated in box) compared with the hippocampi from WT and APP23/Ar

Reduction of BACEI protein expression
and activities in the brain of male
APP23/Ar*'~ mice is mediated through
transcriptional mechanisms

To investigate whether reduced BACE1
protein levels in APP23/Ar™'~ mice are
partially caused by changes in BACEl
mRNA abundance, we performed RT-
PCR and found that BACE1 mRNA levels were significantly de-
creased in 18-month-old APP23/Ar™'~ mice compared with
age-matched, APP23 male mice (n = 5 each genotype) (Fig.
3E,F). Our findings suggest that the reduction of BACEI
mRNA abundance may contribute to the decreased BACE1
activity exhibited by APP23/Ar ™'~ mice (Fig. 3D).

To further understand whether testosterone’s regulation of
BACEI is mediated at the transcriptional level, we transfected the
BACE1 cDNA into 293 cells, treated the cells with testosterone with
or without actinomycin D, a transcription inhibitor, and detected
BACE1 mRNA levels using real-time RT-PCR. As shown in Figure 3,
G and H, the levels of BACE1 mRNA were reduced by testosterone
treatment alone (2 or 4 nm), and that cotreatment with actinomycin
D (1.7 pug/ml) and testosterone did not cause further reduction in
mRNA levels while a significant reduction was found in cells treated
with retinoic acid (our experimental positive control) combined
with actinomycin D (data not show). Our data suggest that
testosterone-induced reduction of BACEI protein and activity is
mediated through transcriptional mechanisms.

*/~ male mice at the

APP23/Ar "'~ male mice exhibit increased protein expression
of NEP and IDE as well as increased activity of NEP compared
with control mice

To examine whether the reduction of amyloid plaque formation
in APP23/Ar ™'~ male mice is partially mediated by the enhance-
ment of A clearance by NEP and IDE, we compared the protein
levels and activities of NEP and IDE in 18-month-old APP23/
Ar*’~ and APP23 male mice. Our data showed a great increase in
protein expression of NEP in 18-month-old APP23/Ar ™/~ male
mice compared with age-matched APP23 and WT mice (Fig.
4A,B). The IDE protein levels in 18-month-old APP23/Ar™'~
mice were also elevated compared with age-matched APP23 mice
but were the same as the levels in age-matched WT mice (Fig.
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4 A, B). In addition, we examined the en-
zyme activities of NEP and IDE from the
same mice. We found an enhancement of
NEP activity in the male APP23/Ar "'~
mice compared with age-matched APP23
mice from 6 to 18 months of age (Fig. 4 D);
however, the increase in mean IDE activ-
ity in APP23/Ar "/~ mice compared with
APP23 mice failed to reach statistical sig-
nificance (Fig. 4C). Our data suggest that
the testosterone-induced increase in NEP
activity might enhance Af clearance in
male APP23/Ar "'~ mice.

APP23/Ar ™'~ male mice display
enhanced cognitive function

compared with control mice

We evaluated the effect of aging and tes-
tosterone levels on the cognitive function
of male APP23/Ar™/~, APP23, and WT
mice using a hole-board memory task
as described in previous publications
(Dodart et al., 2002; He et al., 2007). Cog-
nitive performance was evaluated by abil-
ity of the mice to quickly and successfully
to recognize the target hole. In brief, each
mouse was awarded a score of “1” when its
first poke was a correct poke (into the tar-
get hole), “0” when its first poke was in-
correct but it made a correct poke within
the given time, or “—1” when it failed to
make a correct poke. Although the scores
of WT and APP23 mice did not change sig-
nificantly with age (data not shown), the
APP23/Ar"’~ male mice showed a great
improvement in memory performance at
the ages of 12 and 18 months compared
with 6 months of age (Fig. 5A). At age of 18
months, WT animals showed initial good
performance (trials 1-3) which then leveled
off, showing that the animals, while not fail-
ing to find the target, were not improving in
their ability to locate the correct hole on the
first try. The APP23 mice did steadily worse
in their ability to locate the target, while the
APP23/Ar ™'~ showed improved learning
compared with both WT and APP23 mice
(Fig. 5B).

These results are reiterated in Figure
5C, which shows the percentage of good
trials (defined as trials in which the first
poke was into the target hole) for APP23/
Ar*'~, APP23, and WT male mice at 6,
12, and 18 months of age. The percentage
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Figure3. Testosterone downregulates BACET both in vivo and in vitro. At 18 months of age, the brains from male APP23 (n =
10)and APP23/Ar */~ (n = 8) mice were harvested and prepared for Western blot, immunostaining, enzyme activity analysis and
mRNA measurement. A, The Western blot of APP, BACE1, c-terminal fragment, and (99 from 18-month-old mice is shown. B, The
protein levels from the Western blot are presented as the ratio of the integrated optical density value (IDV) of the protein of interest
to the IDV of B-actin. €, The levels of APP c-terminal fragment in the hippocampi of 18-month-old WT, APP23 and APP23/Ar */~
mice was detected by immunohistochemistry with anti-C-terminal antibody CT-20 (1:1000) and appears as intracellular dark
brown staining as indicated by the arrows. D, BACE1 enzyme activity was measured from brain homogenize of 12- and 18-month-
old APP23 and APP23/Ar */~ mice. E~H, The mRNA levels of BACET in 18-month old APP23 and APP23/Ar ™/~ male mice brains
were detected by RT-PCR using 185 mRNA as a control (E), and the ratios of BACE1/185 mRNA were determined by densitometric
analysis (F). The effect of testosterone (T) and actinomycin D (ActD) treatments on BACET and 185 mRNA levelsin BACE transfected
293 cells was measured by real-time RT-PCR (G); the BACET mRNA levels were normalized to the 185 mRNA levels and were
expressed relative to the vehicle-treated cells (H). *p << 0.05 compared with APP23 mice for B, D, and F; *p << 0.05 compared with
vehicle-treated cells for H.

of good trials for 6-month-old mice did not vary by genotype. As
expected, 18-month-old APP23 mice tended to have a lower
percentage of good trials compared with age-matched WT
mice and compared with the percentage of good trials for
6-month-old APP23 mice. The APP23/Ar ™/~ mice, on the other
hand, showed an increase in percentage of good trials at 12 and 18
months of age compared with age-matched WT and APP23 mice
and compared with the percentage of good trials for their
6-month-old APP23/Ar '~ counterparts (Fig. 5C).

We also measured the target latencies (i.e., the amount of time
it took for the mice to find the target hole) averaged over all 10 trials.
The target latency for a trial in which the mouse never found the
target hole was recorded at the time-limit of the trial. The 12- and
18-month-old APP23/Ar ™'~ male mice had significantly shorter
target latencies than did age-matched WT and APP23 mice (Fig.
5D), showing that aged APP23/Ar ™'~ were able to recognize the
target hole not only more reliably (Fig. 5B, C) but also more quickly
(Fig. 5D) than age-matched WT and APP23 mice.
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Protein expression and enzyme activity of IDE and NEP in APP23 and APP23/Ar */~ mice at various ages. A, Brain

samples from APP23, APP23/Ar /=, and WT mice at age of 18 months old were examined for IDE and NEP protein expression by
Western blot. B, The relative amounts of IDE and NEP protein were determined by standard scanning densitometry. C, D, The
enzyme activity levels of IDE (€) and NEP (D) in brains from APP23, APP23/Ar ¥/~ and WT mice at ages of 6, 12 and 18 months
were detected. The brains were homogenized and incubated with fluorogenic substrate peptides. The increase in fluorescence
occurred upon peptide bond cleavage and was detected during the first 20 min as fluorescence unit/min microgram protein. *p <
0.05 compared with APP23 mice; *p << 0.05 compared with WT mice.
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Figure5.  Hole-board performance of APP23/Ar */~, APP23, and WT male mice at various ages. Male APP23/Ar ™/, APP23,

and WT mice were tested in the hole-board learning and memory paradigm (see Materials and Methods) at 6, 12, and 18 months

ofage. A, The scale value scores of male APP23/Ar ™/~

mice were higher at 12 and 18 months of age than at 6 months of age; and

p < 0.05 compared with 6 months old. B-D, At the age of 18 months, APP23/Ar */~ mice (n = 6) demonstrated significantly
better scale value scores (B), percentages of good trials (€), and target latencies (D) than did WT (n = 10) and APP23 (n = 7) mice.
Data were expressed as mean of each score per trial (= SF) for the 10 trials of testing. The APP23/Ar ™/~ male mice not only found
the target holes with fewer mistakes, but also found the target holes more quickly. *p << 0.05 compared with age-matched APP23

mice; p << 0.05 compared with age-matched WT mice; % << 0.05 compared to 6-month-old APP/Ar

Discussion

Recent studies have suggested that testosterone reduction might be a
risk factor for AD in aged males (Hogervorst et al.,, 2001; Moffat et al.,
2004; Rosario et al., 2004; Rosario and Pike, 2008). Consistent
with this hypothesis, research data has shown that testosterone treat-
ment can reduce AD neuropathology both in clinical observation

' mice.
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(Moffat et al., 2006) and in cell culture re-
search (Gouras et al., 2000). Because testos-
terone can be converted into estrogen by
aromatase, some researchers have sug-
gested that the effects of testosterone on
preventing AD may be a secondary ef-
fect of estrogen (estrogen-dependent)
and/or may be estrogen-independent (Li
and Shen, 2005). To differentiate between
the estrogen-dependent and -independent
mechanisms of testosterone’s association
with AD neuropathology, previous studies
have used nonaromatized androgen dihy-
drotestosterone  (DHT) as estrogen-
independent agent and have found that
DHT treatment caused a reduction in amy-
loid levels in the brains of male mice that was
similar to the effect of testosterone treat-
ment (Ramsden etal., 2003), suggesting that
estrogen-independent mechanisms may
be involved. However, recent studies
showed that the DHT metabolite 5a-
androgestan-3(3,173-diol can stimulate es-
trogen receptor subtype 8 (ERB) (Lund et
al., 2006). Therefore, there is a need for a
more specific model to investigate the
possible estrogen-independent pathways
of testosterone’s action on amyloid
deposition.

Here, we used genetic knock-out of
aromatase in APP transgenic mice as a
model to study the estrogen-independent
effect of testosterone on AD-like neuropa-
thology and on cognition. This model was
advantageous because it allowed us to
study the effects of increased testosterone
levels in males while avoiding a corre-
sponding increase in estrogen generated
from the aromatization of testosterone.
As expected, the APP23/Ar*'~ male
mice showed elevated levels of endoge-
nous testosterone and reduced levels of
endogenous estrogen compared with
age-matched APP23 male mice due to
the depletion of aromatase. Therefore,
the improvements in AD-like neuropa-
thology and cognitive function that
were exhibited in the male APP23/
Ar™'™ mice compared with the APP23
mice are most likely due to the estrogen-
independent action of testosterone rather
than due to the aromatization of testoster-
one into estrogen.

We predicted that if testosterone plays
a role in preventing amyloid deposition
independently from estrogen, we should
see a decrease in amyloid levels in the

APP23/Ar ™'~ male mice. Indeed, we found reductions not only

in amyloid plaque formation but also in the AB,,/AB,, ratio and
in neuronal loss in the male APP23/Ar ™/~ mice compared with
age-matched APP23 control mice, suggesting that increased
endogenous testosterone limited amyloid deposition via an
estrogen-independent mechanism.
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One of the major enzymes responsible for AB production is
BACEL. To examine whether testosterone plays a role in the reg-
ulation of BACE1, we detected levels of BACE1 protein from the
brains of male APP23/Ar ¥/~ and APP23 mice. Our data showed
that BACE1 protein levels are reduced in APP23/Ar*'~ com-
pared with APP23 mice at the age of 18 months (Fig. 3A,B),
suggesting that the inhibitory action of testosterone on Af3 pro-
duction involves the reduction of BACE1 protein expression. To
confirm the effect of testosterone on BACE] activity, in addition
to examine the protein levels of C99 and APP c-terminal frag-
ments (both of which result from the cleavage of APP by BACE1),
we also measured BACE1 enzyme activity. We found a reduction
of BACE1L enzyme activity as well as lower levels of C99 and
intracellular c-terminal fragments in APP23/Ar "'~ male mice
compared with APP23 mice (Fig. 3A-D), suggesting that BACE1
activity was reduced in the APP23/Ar™/~ mice. This is the first
time, to our knowledge, that testosterone has been shown to
regulate AB levels by reducing BACEL1 activity in the brain.

To further understand molecular mechanisms by which tes-
tosterone regulates BACE1 expression in APP23/Ar /™ mice, we
performed RT-PCR and found that the level of BACE1 mRNA is
significantly reduced in APP23/Ar '~ male mice at 18 months of
age compared with that in age-matched APP23 mice (Fig. 3E,F),
suggesting the testosterone-induced reduction of BACEI activity
and protein expression may be mediated at the transcriptional
level. To confirm the action of testosterone on BACE1 mRNA, we
also transfected BACE1 cDNA into 293 cells and found that tes-
tosterone treatment alone caused a decrease in BACE1 mRNA
levels (Fig. 3G,H ). To study the stability of mRNA, we also treated
the cells with testosterone and actinomycin D and found no fur-
ther reduction of BACE1 mRNA compared with cells receiving
testosterone alone while actinomycin D did block retinoic acid-
induced BACE] transcription. Because we found that testosterone
reduces the activity, protein expression, and mRNA abundance of
BACE], we conclude that the effect of testosterone on BACEI regu-
lation is more likely mediated at the transcriptional level through
estrogen-independent mechanism.

To examine whether increased endogenous testosterone pro-
motes A3 clearance, we examined protein levels and enzyme ac-
tivities of IDE and NEP in the brains of APP23/Ar*/~, APP23,
and WT mice. Our results showed that NEP protein levels and
activities were increased in APP23/Ar™/™ mice compared with
APP23 control mice (Fig. 4B,D), which is in line with a recent
study which showed that androgen (DHT) treatment upregulates
NEP protein expression in APP transfected cells (Yao etal., 2008).
The effect of testosterone on NEP protein expression might be
mediated by promoting NEP transcription via stimulation of the
androgen response element located on the NEP promoter (Shen
etal., 2000; Zheng et al., 2006). Although IDE protein expression
was increased in male APP23/Ar™/™ mice compared with age-
matched APP23 mice (Fig. 4B), the differences in IDE enzyme
activity failed to reach significance (Fig. 4C). Further investiga-
tion of the connection between androgen and IDE-mediated A3
degradation is needed.

The effect of testosterone on learning and memory has been con-
troversial. Many studies have found that androgens improve spatial
learning and memory (Flood and Roberts, 1988; Alexander et al.,
1994; Janowsky et al., 1994; Ishunina et al., 2002; Raber et al.,
2002). However, other studies have reported that androgens have
the opposite effect (Goudsmit et al., 1990; Gouchie and Kimura,
1991; Galea et al., 1995; Hampson, 1995; Naghdi et al., 2001).
One possible explanation for this discrepancy is that some studies
only looked at serum levels of testosterone rather than the levels
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of testosterone in the brain. Because our APP23/Ar ¥/~ male mice
exhibited increased testosterone levels in the brain as well as in
the serum (Fig. 1A, B), the effect of systemic testosterone levels
versus brain-localized testosterone levels is not an issue.

To investigate the estrogen-independent effect of endogenous
testosterone on cognitive function in aged male mice, we exam-
ined cognitive function in male APP23/Ar™'~, APP23, and WT
mice at various ages by hole-board testing. The hole-board test is
a measurement of spatial learning and memory, both of which
have been attributed to hippocampal function (Kesner et al.,
1993; Dodart et al., 2002). At the age of 6 months, there were no
differences in performance among the three genotypes (Fig.
5C,D), suggesting that the increase of endogenous testosterone at
young ages does not alter cognitive function in males. At the age
of 18 months, however, male APP23/Ar "'~ mice showed a great
improvement in spatial memory compared with APP23 and WT
mice (Fig. 5B-D). The 12- and 18-month old APP23/Ar '~ mice
not only found the target hole with greater accuracy (Fig. 5B,C),
but they also found the target hole in less time (Fig. 5D). In
contrast, APP23 mice, at 18 months old, showed a great reduc-
tion of memory performance and made more mistakes than did
WT or APP23/Ar ™/~ mice (Fig. 5B). Together, these data suggest
that increased endogenous testosterone, independent of estro-
gen, not only prevents AB-induced impairment of spatial mem-
ory and cognitive function, but also may prevent deficits due to
normal aging.

In summary, the genetic knock-out of aromatase in male
APP23 mice leads to increased endogenous testosterone levels in
the serum and brain without a corresponding increase in estro-
gen (Fig. 1A, B) and prevents the development of AD-like neuro-
pathology as measured by the AB,,/AB,, ratio, the level of
amyloid plaque formation, and the extent of neuronal loss in
the hippocampus (Fig. 2A-D). Furthermore, the estrogen-
independent mechanisms by which testosterone reduces plaque
formation in the brain involves the reduction of AB production
through attenuation of BACEI enzyme activity via downregula-
tion of BACE1 protein expression at transcription level (Fig.
3A-H) as well as the promotion of AB clearance through the
enhancement of NEP protein expression and enzyme activity
(Fig. 4B, D). The APP23/Ar ™'~ mice also showed improved spa-
tial memory and cognitive function compared with APP23 and
WT mice (Fig. 5B—D), suggesting that endogenous testosterone
in males is essential in preventing age- and AD-related cognitive
declines.
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