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Transgenic mice (Tg2576) overexpressing human
b-amyloid precursor protein with the Swedish muta-
tion (APP695SWE) develop Alzheimer’s disease-like
amyloid b protein (Ab) deposits by 8 to 10 months of
age. These mice show elevated levels of Ab40 and
Ab42, as well as an age-related increase in diffuse and
compact senile plaques in the brain. Senile plaque
load was quantitated in the hippocampus and neocor-
tex of 8- to 19-month-old male and female Tg2576
mice. In all mice, plaque burden increased markedly
after the age of 12 months. At 15 and 19 months of
age, senile plaque load was significantly greater in
females than in males; in 91 mice studied at 15
months of age, the area occupied by plaques in fe-
male Tg2576 mice was nearly three times that of
males. By enzyme-linked immunosorbent assay, fe-
male mice also had more Ab40 and Ab42 in the brain
than did males, although this difference was less pro-
nounced than the difference in histological plaque
load. These data show that senescent female Tg2576
mice deposit more amyloid in the brain than do male
mice, and may provide an animal model in which the
influence of sex differences on cerebral amyloid pa-
thology can be evaluated. (Am J Pathol 2001,
158:1173–1177)

Alzheimer’s disease (AD), the most common cause of
dementia, is characterized neuropathologically by senile
plaques, neurofibrillary tangles, and neuronal degenera-
tion. The cores of senile plaques consist mainly of the
amyloidogenic peptide Ab, which is derived from the
b-amyloid precursor protein (bAPP).1 Mutations in the
genes for bAPP and presenilins 1 and 2 cause rare,
familial forms of AD that are indistinguishable clinically
and pathologically from sporadic AD.1–4 Specific muta-
tions in both bAPP and the presenilins alter the process-

ing of bAPP, thereby increasing the generation of Ab,
especially Ab42.

Women have been reported to be disproportionately
susceptible to AD, even after accounting for their longer
survival.5,6 After 85 years of age, the preponderance of
dementia in women increases even further.7 The basis for
this sex difference remains unknown, although the post-
menopausal decline in circulating estrogen8 has been
implicated, in part because estrogen replacement ther-
apy decreases the risk, or delays the onset, of AD in
women.9

Mice transgenic for mutated human bAPP exhibit age-
related deposition of cerebral Ab.10–12 Tg2576 mice
overexpressing human bAPP with the Swedish mutation
begin to develop Ab-positive senile plaques by 8 to 10
months of age,11,13 and have a substantial plaque bur-
den by ;15 months. We report that senile plaques are
significantly more abundant in female Tg2576 mice than
in males, suggesting that sex and/or endocrine factors
strongly modulate cerebral b-amyloidogenesis in bAPP-
transgenic mice.

Materials and Methods

Animals

Tg2576 mice (n 5 134) with the Swedish mutation
(APP695SWE) were bred from lines described previous-
ly.11 Male Tg2576 mice were backcrossed to (C57BL/6 3
SJL)F1 female breeders. Mice were singly housed under
a 12-hour light:12-hour dark schedule with food and wa-
ter provided ad libitum. Animal care and surgical proce-
dures were conducted in accordance with the Declara-
tion of Helsinki and with the Guide for the Care and Use
of Laboratory Animals as adopted and promulgated by
the National Institutes of Health. Housing facilities were
accredited by the American Association for the Accred-
itation of Laboratory Animal Care. All experimental pro-
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cedures were approved by an internal animal use com-
mittee.

Ninety-one mice (32 males, 59 females) were studied
at 15 months of age. Additional mice were analyzed at
the ages of 8 (five males, seven females), 12 (nine males,
nine females), and 19 (six males, seven females) months.
Mice were killed under deep pentobarbital anesthesia
(200 mg/kg, intraperitoneally) and perfused for 2 minutes
with cold phosphate-buffered saline. The cerebellum and
caudal brainstem were removed and the forebrain bi-
sected midsagittally. The left hemisphere of the brain was
placed in fixative (4% paraformaldehyde) for histopathol-
ogy, and the right hemisphere was quickly frozen for
enzyme-linked immunosorbent assay (ELISA) measure-
ment of Ab40 and Ab42 levels.

Quantitative Histopathological Analysis

Sagittal sections (30 mm) through the entire left hemi-
sphere were stained with the Campbell-Switzer silver AD
stain (Neuroscience Assoc., Knoxville, TN), a highly sen-
sitive marker of Ab deposits.14 Four sections, starting at a
random plane near the midline and evenly spaced from
medial to lateral, were quantitated by point-counting
techniques15,16 using CAST-Grid software version 1.20
(Olympus, Albertslund, Denmark). The PC-based, color-
video image analysis system was linked to an Olympus
microscope. A motorized stage for movement in the x-y-z
axes was interfaced between the microscope and the
computer. To determine the combined area of the hip-
pocampus and neocortex, the system software superim-
posed grid marks over a low-magnification video image
of each tissue section, and the grid marks overlying the
area of interest were counted. A calibration slide was
used to calculate the area in mm2 represented by each
grid mark in the field. A similar calibration was performed
at higher magnification (320 objective) and used to es-
timate the percent area occupied by amyloid deposits in
the hippocampus and neocortex. In addition, tissue sec-
tions from 15-month-old mice were stained immunohisto-
chemically with monoclonal antibody 4G8 (Senetek,
Maryland Heights, MO) to amino acids 17 to 24 of Ab, or
with Congo Red (n 5 17 and 10, respectively).

ELISA Analysis

Ab40 and Ab42 were quantitated by sandwich ELISAs in
the right forebrain of 32 15-month-old mice (11 males, 21
females). The tissues were maintained at 280°C until the
day of assay and then brought up to 4°C by placing the
samples on ice and covering each one with 1 ml of 0.5
mol/L Tris-buffered saline (TBS) that contained a pro-
tease inhibitor cocktail and 0.05 mol/L ethylenediami-
netetraacetic acid. Tissues were Dounce-homogenized
and then centrifuged at 100,000 3 g for 45 minutes. The
supernatants were drawn off and Tween-20 was added to
bring the final concentration to 0.02%. The pellet was
resuspended in 1 ml of 2% diethylamine (DEA) in 50
mmol/L NaCl with a probe-sonicator and centrifuged at
100,000 3 g for 45 minutes at 4°C. The supernatant was

drawn off and 0.5 ml of 2 mol/L Tris-HCl was added to
each sample to bring the pH to 8.0. The remaining pellet
was dissolved in 1 ml of 88% glass-distilled formic acid,
probe-sonicated, and centrifuged at 100,000 3 g for 45
minutes. The aqueous supernatant layer, between the
small pellet at the bottom and the lipid layer on top, was
carefully removed. These supernatant samples were
completely dried overnight in a speed-vac (Savant Instru-
ments, Holbrook, NY). The dried pellets were resolubi-
lized in DEA buffer, sonicated, and centrifuged at
1,000 3 g for 15 minutes to pellet the DEA-insoluble
fraction. The resolubilized, acid-extracted supernatant
samples were then neutralized to pH 8.0 by addition of 2
mol/L Tris-HCl. The supernatants from each of the above
extraction steps were analyzed for Ab40 and Ab42 by
ELISA using a biotinylated detection antibody as de-
scribed previously.17 In all assays the monoclonal anti-
body 4G8 was biotinylated and used as the detection
antibody. Capture antibodies for coating the wells of the
microtiter plates were the rabbit polyclonal antibodies
R163 or R165 (5 mg/ml), which specifically recognize
AbX-40 or AbX-42, respectively.18 No cross-reactivity of
R165 against Ab1-40 or of R163 for Ab1-42 was detected
at peptide concentrations ,100 ng/ml. The limit of sen-
sitivity for both assays was 0.3 ng/ml Ab1-40 or Ab1-42.
A protein assay was run on the Triton-TBS (TTBS) ex-
tracts and this value was used to express Ab concentra-
tions obtained from the ELISA assay in ng/mg protein.
The amount of soluble Ab in TTBS was obtained from the
assay of the initial TTBS extracts. Insoluble Ab was de-
rived by summing the values obtained in the DEA and
formic acid extraction assays.

Statistics

Differences between the groups were evaluated for sta-
tistical significance using analysis of variance followed by
pairwise comparison of the means using a post hoc
Newman-Keuls test. The analyses were performed using
Sigmastat version 2.03 software (SPSS Inc., Chicago, IL).

Results

Tg2576 mice show a marked age-related increase in
amyloid deposition in the hippocampus and neocortex
[F(3,130) 5 36.51, P , 0.001] (Figure 1). Amyloid depo-
sition in female Tg2576 mice was consistently greater
than in males (Figure 2). This difference between males
and females was statistically significant in 15- and 19-
month-old animals [F(7,126) 5 34.42, P , 0.001], when
amyloid burden is high (Figure 3). Within each age group,
the percent area of the hippocampus and neocortex
occupied by amyloid deposits was quite variable. For
example, in 15-month-old mice, the percent area occu-
pied by amyloid in males ranged from 0.3% to 13.8%,
and in females from 0.4% to 15.3%. However, in a given
mouse, the calculated percent plaque area was usually
consistent in all of the four tissue sections analyzed.
Quantitation of Ab deposits immunostained with antibody
4G8 showed a strong correlation with the areal density
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seen with the Campbell-Switzer method (r 5 0.82, P ,
0.0001). Congo Red staining revealed a number of con-
gophilic deposits at 15 months of age, but the majority
(98%) of the plaque area assessed was occupied by
diffuse, noncongophilic plaques.

Ab40 and Ab42 levels in 15-month-old mice, mea-
sured by ELISA, also were higher in females than in
males (Figure 4). This difference was statistically signifi-
cant for Ab40 measured in the soluble TTBS extract
[F(3,60) 5 87.3, P , 0.001] and in the insoluble DEA and
formic acid extract [F(3,60) 5 18.5, P , 0.001]. Ab42
levels, though slightly higher in females, did not differ
significantly between males and females. The levels of
Ab measured by ELISA correlated with the calculated
percent plaque area in the opposite hemisphere of the
same mice. Statistically significant correlations were seen
between amyloid plaques and soluble Ab40 (r 5 0.57,
P , 0.001) and Ab42 (r 5 0.36, P , 0.05), and insoluble
Ab40 (r 5 0.58, P , 0.001), and Ab42 (r 5 0.71, P ,
0.0001).

Discussion

Aged female Tg2576 mice with the human bAPP695SWE
transgene deposit significantly more Ab in the brain than
do aged male mice. This sex difference in amyloid load
was apparent by 12 months of age, but was most pro-
nounced at 15 and 19 months. At 15 months (the age at
which our largest group of mice was studied) female
transgenic mice had approximately three times the senile
plaque load of males. By ELISA, Ab levels also were
higher in female mice than in males; this difference was
particularly true for Ab40, which is the most abundant

Ab-peptide species in Tg2576 mice. Although Ab-pep-
tide levels in these mice correlated significantly with se-
nile plaque load, the correlation coefficients were not as
high as might be expected (r 5 0.36 to 0.57 for soluble
Ab, and 0.58 to 0.71 for insoluble Ab). The reasons for
this partial disconnection are unknown, but the results
suggest the possible presence of a significant pool of Ab
in the aged brain that is not histologically detectable.

Our preliminary data suggest that 15-month-old female
Tg2576 mice perform slightly, but not significantly, worse
than males on the Morris Water Maze task (Lipinski WJ,
Pack A, Callahan MJ and Walker LC, unpublished). How-
ever, we have seen no correlation between Ab load and
water maze performance, at least in mice up to 15
months of age.19 More sensitive tests are needed to rule
out an influence of b-amyloid deposition on behavior in
male and female Tg2576 mice.

The higher age-specific rate of AD in women than in
men7,20 may be linked to changes in hormonal levels at
menopause;21 senescent men are thought to be slightly
more resistant to AD because they secrete relatively con-

Figure 1. Tg2576 mice have an age-related increase in the percent area of the
hippocampus and neocortex occupied by Ab deposits as quantitated using a
point-counting technique. Data evaluated by analysis of variance followed by
a post hoc Newman-Keuls test. ***, P , 0.001, compared to all other age
groups.

Figure 2. Campbell-Switzer silver AD-stained sagittal tissue sections under
low (34 objective) magnification from male (a) and female (b) Tg2576 mice
representing mean percent plaque areas of 2.31% and 6.11%, respectively, at
15 months of age. The Ab deposits are stained black or dark brown with this
method. The silver stain normally turns myelinated pathways a golden brown
color; these are easily distinguished from Ab deposits under the microscope.
Scale bar, 200 mm.
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stant levels of testosterone, which is partially converted to
estradiol. Epidemiological studies indicate that estrogen
replacement therapy in postmenopausal women de-
creases the risk of AD or delays its onset.9 The interaction
of estrogen with neurotrophins,22 oxidative stress,23,24

apolipoprotein E levels,25 and Ab processing26–28 are
among the mechanisms suggested to modulate the
pathogenesis of AD. Although AD treatment trials with
estrogen have been disappointing to date,29–31 preven-
tion trials may be necessary to demonstrate the beneficial
effects of estrogen.29

The appearance of senile plaques in Tg2576 mice
coincides approximately with the onset of reproductive
senescence. In mice, females display normal signs of
estrus, including mating behavior, every 4 to 5 days. The
estrous cycle is constantly repeated until ;11 months of
age and becomes irregular between 12 and 14 months,
with cessation of the cycles and ultimately persistent

anestrus thereafter.32 These changes indicate that fe-
male mice, like humans and nonhuman primates,33 ex-
perience pronounced age-related changes in reproduc-
tive physiology.

Various reports have suggested a role for gonadal
hormones in Ab processing. Physiological concentra-
tions of 17b-estradiol reduce the release of Ab40 and
Ab42 by primary neuronal cultures.27 In vivo, ovariecto-
mized guinea pigs demonstrate elevated levels of Ab that
are partially reversed by estrogen replacement.28 How-
ever, preliminary studies in neuroblastoma cells bearing
bAPPSWE suggest that estrogen actually increases the
release of Ab40 and Ab42, in contrast to the reduction of
Ab in neuroblastoma cells expressing wild-type bAPP (H.
Xu, P. Greengard, and S. Gandy, personal communica-
tion). Thus, it may be that the augmented plaque load in
female Tg2576 mice is because of this paradoxical ability
of estrogen to stimulate Ab generation from bAPPSWE
during development and young adulthood (stages asso-
ciated with normal levels of circulating estrogen), rather
than to hormonal changes that occur in later life.

bAPP-transgenic mice are now widely used in aca-
demic and industrial laboratories to decipher the mech-
anisms of b-amyloidogenesis and to test therapeutic
compounds. The discovery that female Tg2576 mice are
particularly disposed to deposit Ab suggests that b-amy-
loid pathogenesis may differ in subtle but important ways
in males and females. The experimental manipulation of
hormonal (and other) parameters in bAPP-transgenic
mice may yield clues to the factors regulating the age-
related accumulation of cerebral Ab and the pathogene-
sis of AD. Our results also caution that the gender of
bAPP-transgenic mice should be considered in the de-
sign of studies on murine b-amyloid pathology.
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