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Abstract Alzheimer’s disease (AD) is the most common

form of dementia among the elderly, characterized by

amyloid plaques, neurofibrillary tangles, and neuroinflam-

mation in the brain, as well as impaired cognitive behaviors.

A sex difference in the prevalence of AD has been noted,

while sex differences in the cerebral pathology and relevant

molecular mechanisms are not well clarified. In the present

study, we systematically investigated the sex differences in

pathological characteristics and cognitive behavior in

12-month-old male and female APP/PS1/tau triple-trans-

genic AD mice (39Tg-AD mice) and examined the

molecular mechanisms. We found that female 39Tg-AD

mice displayed more prominent amyloid plaques, neurofib-

rillary tangles, neuroinflammation, and spatial cognitive

deficits than male 39Tg-AD mice. Furthermore, the expres-

sion levels of hippocampal protein kinase A–cAMP

response element-binding protein (PKA-CREB) and p38–

mitogen-activated protein kinases (MAPK) also showed sex

difference in the AD mice, with a significant increase in the

levels of p-PKA/p-CREB and a decrease in the p-p38 in

female, but not male, 39Tg-AD mice. We suggest that an

estrogen deficiency-induced PKA-CREB-MAPK signaling

disorder in 12-month-old female 39Tg-AD mice might be

involved in the serious pathological and cognitive damage in

these mice. Therefore, sex differences should be taken into

account in investigating AD biomarkers and related target

molecules, and estrogen supplementation or PKA-CREB-

MAPK stabilization could be beneficial in relieving the

pathological damage in AD and improving the cognitive

behavior of reproductively-senescent females.
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Introduction

Alzheimer’s disease (AD) is a progressive and irreversible

neurodegenerative disorder characterized by memory loss

and cognitive decline [1]. Its pathological features include a

high density of senile plaques, neurofibrillary tangles, and

neuroinflammation in the brain. Amyloid b (Ab) peptides,

cleaved from amyloid precursor protein (APP) by b- and c-

secretases, are the main components of senile plaques and

play a key role in the onset and progression of AD [2, 3].

Hyperphosphorylated tau protein, the main component of

neurofibrillary tangles in neurons, ultimately leads to

neuronal death [4]. Moreover, a highly significant correla-

tion has been found between the number of neurofibrillary

tangles and the severity of dementia [5]. The neurotoxic Ab
and hyperphosphorylated tau increase the levels of pro-

inflammatory cytokines in the brain and lead to neuronal

damage or death, which induces further activation of glial

cells and results in a self-propagating, detrimental cycle of

neuroinflammation and neurodegeneration [6]. Taken
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together, the Ab accumulation and tau hyperphosphoryla-

tion, as well as neuroinflammation, constitute the major

pathological characteristics of AD.

Sex differences in the prevalence, risk, and severity in

AD patients have been demonstrated in numerous studies.

Epidemiological and clinical studies have provided evi-

dence for these differences, women being more susceptible

to developing AD than men [7]. Both neuroimaging and

postmortem human studies have revealed that the pathol-

ogy of AD is stronger in women than in men [8]. Most

currently, Koran et al. reported an interaction between sex

and total tau levels in longitudinal hippocampal atrophy,

and found that women with Ab1-42 and total tau levels

indicative of worse pathological changes showed more

rapid hippocampal atrophy [9]. Although sex differences

have been reported in AD patients, there is still a lack of

systematic pathological evidence from assessing Ab
plaques, phosphorylated tau, and neuroinflammation in

the same AD animals. Besides, the sex differences in the

tau protein levels in AD patients and animals are contro-

versial. For instance, Koppel et al. precisely quanti-

fied tau abnormalities in postmortem samples from

psychotic AD patients, and found that females, but not

males, had significantly higher levels of phosphory-

lated tau in the frontal cortex [10]. Carroll et al. reported

a most pronounced sex difference in Ab accumulation in

the frontal cortex of 6–8 month-old AD mice, with higher

Ab levels and more severe cognitive deficits in females

than age-matched males [11], but they did not test the

levels of phosphorylated tau because of the age of the mice

they used. At almost the same time, Hirata-Fukae and

colleagues reported that females exhibit more extensive

amyloid, but not tau, pathology in a transgenic AD model

[12]. In view of the facts that the hippocampus is the key

central area most severely affected by increased AD

biomarkers and that there is a high correlation between

the severity of dementia and the number of neurofibrillary

tangles [5], it is still necessary to further clarify the sex

differences in the neuropathological characteristics of the

hippocampus in the transgenic mouse model of AD. The

present study systematically compared the pathological

Ab, phosphorylated tau, and neuroinflammation in the

brain between male and female 39Tg-AD mice. The sex

differences in cognitive behavior and pathology-related

molecular mechanisms were also investigated.

Materials and Methods

Animals

APP/PS1/tau 39Tg-AD mice over-expressing mutant APP

(APPSWE), presenilin 1 (PS1M146V), and tau (tauP301L) were

obtained from the Jackson Laboratory (Bar Harbor, ME).

Age-matched C57 wild-type (WT) mice served as normal

controls. All animals were bred in the Research Animal

Center of Shanxi Medical University and the procedures

were approved by the Shanxi Committee on Ethics in

Animal Research. The animals were maintained under a

12/12-h light/dark cycle at 23 ± 1 �C and 60% relative

humidity. Food and water were available ad libitum. The

mice were divided into four groups according to transgene

and sex: WT ? Male, WT ? Female, 39Tg-AD ? Male,

and 39Tg-AD ? Female. In the pathological examina-

tions, n = 6/group, and in the behavioral tests, n = 10/group.

Immunohistochemistry

The mice were sacrificed by cardiac perfusion-fixation with

phosphate-buffered saline (PBS) and 4% paraformaldehyde

(PFA). For frozen section experiments, the left hemisphere

was fixed in 4% PFA (pH 7.4) for 24 h and incubated in

30% sucrose at room temperature for another 24 h.

Immediately afterward, the tissues were embedded in

OCT frozen embedding medium (Heidelberger Strasse

17-19, Nussloch, Germany). Coronal sections were cut at

25 lm on a freezing microtome (Leica, CM1850) and

stored at 4 �C in PBS. Then, the sections were incubated

with 5% hydrogen peroxide at room temperature for 15

min and blocked with 5% goat serum (Solarbio, Beijing,

China) for 30 min. The sections were incubated with

primary antibodies (anti-Ab1-16, 6E10, dilution 1:500,

803105, Biolegend; anti-GFAP, 1:200, bs-0199R, Bioss,

Beijing, China; anti-Iba-1, 1:200, 019-19741, Wako Pure

Chemical Industries, Ltd, Japan) overnight at 4 �C, fol-

lowed by incubation with secondary antibody (peroxidase-

conjugated Affinipure goat anti-rabbit IgG (H ? L), 1:200,

ZSGB-BIO, Beijing, China) at 37 �C for 2 h. For paraffin

section experiments, the other hemisphere was processed

into paraffin-embedded blocks. Sections were cut at 2 lm

on a Leica microtome (RM2255) and attached to glass

slides. The paraffin was removed with xylene. Next, the

tissues were rehydrated in 100%, 90%, 80%, 70%, and

50% ethanol and washed twice with distilled water. Then,

the sections were incubated with 3% hydrogen peroxide at

room temperature for 15 min, and heated in a microwave

oven for 3 min with pH 6.0 citrate acid buffer. The sections

were washed three times (15 min each) with PBS (0.5%

TritonX-100) and blocked with 5% goat serum for 30 min.

The sections were incubated with monoclonal anti-tau

(phospho-T231) antibody (1:200, ab151559, Abcam, Cam-

bridge, UK) at 37 �C for 1 h, and then with secondary

antibody (peroxidase-conjugated Affinipure goat anti-rab-

bit IgG (H ? L), 1:200, ZSGB-BIO) at 37 �C for 20 min.

The diaminobenzidine method was used for positive cell

and positive area staining. The average percentage area of
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antigen-antibody complexes and the average numbers of

cells positive for anti-p-tau were measured using Image-

Pro Plus 6.0 (Fryer, Huntley, IL) from at least three

hippocampal sections per mouse.

Western Blotting

The hippocampi of mice were dissected and the proteins

extracted (Tissue Protein Extraction Reagent; Boster,

Beijing, China) and supplemented with complete protease

inhibitor (Boster). The protein concentration was measured

using a bicinchoninic acid protein assay kit after removing

debris by low-speed centrifugation. A 30-lg protein

sample was separated on 12% SDS–polyacrylamide gel.

After electrophoresis, proteins were transferred onto a

PVDF membrane and nonspecific binding was blocked

with 5% BSA in Tris-buffered saline containing 0.05%

Tween-20 (TBST). The membrane was incubated with the

primary antibody overnight at 4 �C, followed by the

secondary antibody at room temperature for 2 h. The

following primary antibodies (all from Abcam) were used:

monoclonal anti-phospho-PKA (1:1000), monoclonal anti-

PKA (1:1000); monoclonal anti-phospho-CREB (1:2500),

monoclonal anti-CREB (1:1000), monoclonal anti-phos-

pho-p38 (1:1000), and monoclonal anti-p38 (1:1000).

GAPDH and b-actin were used as loading controls. The

secondary antibody was anti-rabbit IgG-HRP (1:5000,

ZSGB-BIO). The membrane was rinsed with TBST and

the immunocomplex was visualized using an enhanced

chemiluminescence detection kit (Beyotime, Shanghai,

China). The signals on the membrane were scanned with

a FluorChem scanner (ProteinSimple) and quantified with

Alpha View SA software (Azure C300 Biosystems, Inc,

USA).

Morris Water Maze (MWM) Test

The MWM test was conducted to examine spatial learning

and memory. The MWM comprised a circular pool

(Zhenghua Bio Instruments Ltd., Huaibei, China), an

automatic camera, and an analysis system [13]. The pool

(1.2 m in diameter) was filled with non-toxic opaque water

to a depth of 50 cm. The water temperature was adjusted to

23 ± 2 �C. The MWM was divided into four equal

quadrants, and four different equidistant visual cues were

placed on the inner wall of the pool for mouse positioning.

The cylindrical escape platform (12 cm in diameter) was

placed in the center of a designated quadrant with its top 1

cm below the water surface. After 7 days of environmental

adaptation, the mice were first trained for 5 consecutive

days on spatial learning. In the hidden-platform test, each

mouse received 4 trials per day to find the submerged

platform at a fixed quadrant center and escape latencies

were recorded as the arithmetic mean of the 4 trials. In each

training unit, the mouse was placed into the water facing

the pool wall, and allowed to swim freely to the escape

platform. After reaching the platform, the mouse was

allowed to stay there for 5 s. If it failed to find the platform

within 60 s, the mouse was manually guided and allowed to

stay on the platform for 30 s. The mouse was subsequently

returned to the home cage for 60 s before the next trial. A

probe test for spatial memory was conducted on day 6. The

platform was removed and the swimming time was limited

to 60 s. The escape latency (s), the time in target quadrant,

and swimming speed (cm/s) were recorded and analyzed

with Ethovision 3.0 software (Noldus Information Tech-

nology, Wageningen, Netherlands).

Statistics

All values are expressed as mean ± standard error (SEM).

For the MWM tests, the escape latencies were analyzed

using three-way repeated measures analysis of variance

(ANOVA). SPSS 13.0 (SPSS Inc., Chicago, IL) and

SigmaPlot 11.0 (Jandel Scientifi, Costa Madre, CA) were

used for statistical analyses. The data were analyzed by

two-way repeated measures ANOVA and Tukey’s post hoc

test. The significance level was set at P\ 0.05.

Results

Female 33Tg-AD Mice Showed More Amyloid

Plaques in the Hippocampus

Ab plaques are the main pathological biomarker of AD.

Representative immunohistochemical images of amyloid

plaques in the hippocampus of 39Tg-AD and WT mice are

shown in Fig. 1A. As expected, the number and size of Ab-

immunopositive particles were markedly higher in the

hippocampus of 39Tg-AD mice (male or female) than in

corresponding WT mice. Importantly, in the 39Tg-AD

mice, the number and size of Ab-immunopositive particles

in females were significantly higher than in males. Two-

way ANOVA showed that gene mutation and sex differ-

ence had significant main effects and an interaction effect

on amyloid plaque load in the hippocampus [gene muta-

tion: F(1, 36) = 7.154, P = 0.045; sex difference: F(1, 36) =

8.373, P = 0.041; gene mutation 9 sex difference: F(1, 36)

= 6.541, P = 0.046]. Post hoc Tukey’s test (Fig. 1B)

showed that the percentage area of Ab in the 39Tg-AD

groups was significantly higher than in the WT groups (P\
0.05 for both). Further, in the 39Tg-AD groups, the

percentage area of Ab in the females (7.6% ± 0.9%) was

significantly greater (P\0.05) than in the males (3.7% ±

0.8%).
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Female 33Tg-AD Mice Had More Neurofibrillary

Tangles in the Hippocampus

The extent of neurofibrillary tangles is positively corre-

lated with the severity of AD. It was evident that a high

density of p-tau-positive staining and more p-tau-positive

cells and dendrites occurred in the 39Tg-AD groups,

especially in females (Fig. 2A). Two-way ANOVA

showed that gene mutation and sex difference had

significant main effects and interaction effects on p-tau-

positive cells in the hippocampus [gene mutation: F(1, 36)

= 8.342, P = 0.042; sex difference: F(1, 36) = 9.190, P =

0.034; gene mutation 9 sex difference: F(1, 36) = 9.217,

P = 0.033]. Tukey’s post hoc test showed that the

percentage of p-tau-positive cells in the hippocampus of

39Tg-AD mice (male and female) was significantly

higher than in WT mice (P \ 0.05 for both; Fig. 2B).

Moreover, the percentage of p-tau-positive cells in the

39Tg-AD ? Female group (95.3% ± 4.1%) was higher

(P \ 0.05) than that in the 39Tg-AD ? Male group

(84.2% ± 3.2%). Similar results were found for the p-tau

area measurements (Fig. 2C). Two-way ANOVA showed

that gene mutation and sex difference had significant main

effects and interaction effects on p-tau [gene mutation:

F(1, 36) = 7.988, P = 0.043; sex difference: F(1, 36) =

7.631, P = 0.044; gene mutation 9 sex difference: F (1,

36) = 9.004, P = 0.036]. Tukey’s post hoc test showed that

the percentage area of p-tau in the hippocampus of 39Tg-

AD mice (male and female) was higher than in WT mice

(P \ 0.05 for both; Fig. 2C). Tukey’s post hoc test

showed a higher percentage area of p-tau in the hip-

pocampus of 39Tg-AD ? Female mice (22.1% ± 2.1%,

P\ 0.05) than in the 39Tg-AD ? Male mice (16.3% ±

1.3%).

Fig. 1 Amyloid plaques in the hippocampus of 39Tg-AD and WT

mice. A Representative immunohistochemical images of amyloid

plaques in both groups. B Histograms showing the percentage area of

Ab in the hippocampus was significantly higher in the 39Tg-AD

groups, especially in females (n = 6 mice/group; *P\ 0.05).
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Female 33Tg-AD Mice Displayed Stronger Activa-

tion of Microglia and Astrocytes

in the Hippocampus

Both Ab and hyperphosphorylated tau protein can induce

neuroinflammation. We found clear activation of micro-

glia in the APP/PS1/tau mice, especially in females, with

enhanced Iba-1 immunopositive optical density and

increased area of Iba-1 (Fig. 3A). Two-way ANOVA

showed that gene mutation and sex difference had

significant main effects [gene mutation: F(1, 36) =

10.02, P = 0.031; sex difference: F (1, 36) = 8.783, P =

0.037] and an interaction effect [gene mutation 9 sex

difference: F (1, 36) = 9.452, P = 0.032] on the activation

of microglia in the hippocampus. Tukey’s post hoc test

(Fig. 3B) showed that the percentage area of Iba-1 in the

hippocampus of 39Tg-AD mice (male and female) was

higher than that in WT mice (P\0.05 for both). Tukey’s

post hoc test indicated a higher (P\0.05) percentage area

of Iba-1 in the 39Tg-AD ? Female mice (14.9% ± 1.2%)

than in 39Tg-AD ? Male mice (10.5% ± 1.0%). Similar

to the microglial reaction, astrocytes were activated in the

hippocampus of APP/PS1/tau mice (Fig. 4A). Two-way

ANOVA showed that gene mutation and sex difference

had significant main effects on the activation of astrocytes

[gene mutation: F(1, 36) = 8.53, P = 0.039; sex

difference: F(1, 36) = 9.05, P = 0.035; gene mutation 9

sex difference: F(1, 36) = 8.772, P = 0.038]. Tukey’s post

hoc test (Fig. 4B) showed that the percentage area of

GFAP in the hippocampus of 39Tg-AD mice (male and

female) was higher than in WT mice (P\0.05 for both).

Tukey’s post hoc test showed a greater increment in

GFAP area in the hippocampus of the APP/PS1/tau

groups than the WT groups, higher (P \ 0.05) in the

39Tg-AD ? Female group (22.6% ± 3.0%) than in the

39Tg-AD ? Male group (16.6% ± 1.8%).

Fig. 2 Neurofibrillary tangles in the hippocampus of 39Tg-AD and

WT mice. A Representative immunohistochemical images of neu-

rofibrillary tangles in both groups. B and C Histograms showing

p-tau-positive cell numbers (B) and p-tau area (C), with significant

increases in the 39Tg-AD groups, especially in females (n = 6

mice/group; *P\ 0.05).

740 Neurosci. Bull. October, 2018, 34(5):736–746

123



Sex Differences in the PKA-CREB-MAPK signaling

Pathway in the Hippocampus of 33Tg-AD Mice

Considering that Ab can affect hippocampal PKA-CREB-

MAPK signaling, we further compared the sex differences

in the PKA-CREB-MAPK signal molecules in the APP/

PS1/tau mice. We found that the expression levels of

p-PKA and p-CREB were markedly lower and p38-

MAPK was higher in 39Tg-AD mice (Fig. 5A–C). Two-

way ANOVA indicated that gene mutation and sex

difference had significant main effects and interaction

effects on the levels of p-PKA and p-CREB [p-PKA: gene

mutation, F(1, 36) = 7.305, P = 0.045; sex difference, F(1,

36) = 8.397, P = 0.042; gene mutation 9 sex difference,

F(1, 36) = 8.470, P = 0.041; p-CREB: gene mutation, F(1,

36) = 7.891, P = 0.043; sex difference, F(1, 36) = 9.056,

P = 0.035; gene mutation 9 sex difference, F(1, 36) =

9.323, P = 0.032]. Tukey’s Post hoc tests showed that the

levels of p-PKA (37.3% ± 5.3%) and p-CREB (29.7% ±

3.5%) in the 39Tg-AD ? Female group were lower than

in the 39Tg-AD ? Male group (58.2% ± 4.9% and

48.7% ± 4.5%, P\ 0.05; Fig. 5D, E). In contrast, p38-

MAPK was clearly activated in the 39Tg-AD mice

(Fig. 5C). Two-way ANOVA showed that gene mutation

and sex difference had significant main effects on the

level of p-p38 [gene mutation: F(1, 36) = 6.333, P =

0.047; sex difference: F(1, 36) = 8.436, P = 0.041; gene

mutation 9 sex difference: F(1, 36) = 7.225, P = 0.045].

With Tukey’s post hoc test, the level of p-p38 in the

39Tg-AD ? Female mice (80.0% ± 3.3%) was higher

than in the 39Tg-AD ? Male mice (71.2% ± 3.9%) (P\
0.05; Fig. 5F).

Fig. 3 Activation of microglia in the hippocampus of 39Tg-AD and

WT mice. A Representative immunohistochemical images of

microglial activation in both groups. B Histograms showing the

percentage areas of Iba-1 immunopositivity. Compared to the two WT

groups, the percentage areas in both 39Tg-AD groups were

significantly higher. In the 39Tg-AD groups, females showed greater

microglial activation (n = 6/group; *P\ 0.05).
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Female 33Tg-AD Mice Exhibited Worse Cognitive

Behaviors than Age- and Gene-Matched Male Mice

in Morris Water Maze Tests

Based on the sex differences in the pathological features of

39Tg-AD mice, we further found sex differences in

cognitive function. The average escape latency in the hidden

platform tests decreased with training [F(4,148) = 84.150;

P\0.001] (Fig. 6A). Two-way ANOVA showed that gene

mutation and sex difference had significant effects on the

average escape latency of all mice [gene mutation: F(1, 37)

= 17.797, P\0.001; sex difference: F(1, 37) = 12.657, P =

0.001; gene mutation 9 sex difference: F(1, 37) = 5.823, P =

0.048]. Tukey’s post hoc test showed that the escape latency

of female 39Tg-AD mice (n = 10) was higher on training

days 3 (50.60 ± 2.80 s, P = 0.038), 4 (41.10 ± 3.18 s, P =

0.019), and 5 (27.30 ± 3.53 s, P = 0.021) than of male

39Tg-AD mice (40.95 ± 2.91 s on day 3, 32.15 ± 3.51 s on

day 4, and 20.55 ± 3.53 s on day 5), indicating that the

females had worse spatial learning than age-matched males.

Representative swimming traces of mice in searching for the

underwater platform on training day 4 are shown in Fig. 6C.

In order to assess spatial memory, a probe trial was

performed on day 6. Two-way ANOVA showed that gene

and sex had significant effects on the swimming time in the

target quadrant [gene mutation: F(1, 36) = 21.695, P \
0.001; sex difference: F(1, 36) = 14.067, P = 0.001; gene

mutation 9 sex difference: F(1, 36) = 4.322, P = 0.045]

(Fig. 6B). Tukey’s post hoc test showed that the target

quadrant swimming time in female 39Tg-AD mice (12.46%

± 3.75%, P = 0.001, n = 10) was significantly lower than in

male 39Tg-AD mice (35.06% ± 3.54%, n = 10), indicating

that the females had worse spatial memory than age-

matched males.

Fig. 4 Activation of astrocytes in the hippocampus of 39Tg-AD and

WT mice. A Representative immunohistochemical images of astro-

cytes in both groups. B Histograms showing the GFAP-

immunopositive area in both groups. Similar to microglia, there

was significant astrocyte activation in 39Tg-AD males and females,

especially in the latter (n = 6/group; *P\ 0.05).
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Fig. 5 Sex differences in the hippocampal PKA-CREB-MAPK

signal molecules in 39Tg-AD and WT mice. A–C Representative

Western blots showing the expression levels of p-PKA (A), p-CREB

(B), and p-p38 (C). D and E Histograms showing the statistical

analysis of p-PKA and p-CREB, with a significant decrease in the

percentages of p-PKA/PKA and p-CREB/CREB in the 39Tg-AD

groups, especially in females. F Histograms showing statistical

analysis of the p-p38 level, with a significant increase in the

percentages of p-p38/p38 in the 39Tg-AD groups, especially in

females (n = 6/group; *P\ 0.05).

Fig. 6 Female 39Tg-AD mice exhibited worse cognitive behaviors

than age- and gene-matched males in Morris water maze tests. A Plots

showing the average escape latencies during 5 continuous days of

acquisition trials (*P\ 0.05). B Histograms showing the percentage

of time spent in the target quadrant in probe trials (**P \ 0.01,

***P\0.001). C Representative swimming tracks on training day 4

in hidden platform tests (large circles, water maze pool; small circles,

platform; black dots, starting points; n = 10/group).

J.-T. Yang et al.: Sex Differences in Neuropathology and Cognition in APP/PS1/tau Transgenic Mice 743

123



Discussion

APP/PS1/tau 39Tg-AD mice exhibit amyloid plaques and

neurofibrillary tangles at 12–15 months [14] and these

pathological changes match the profiles of AD patients

[15]. The APP/PS1/tau 39Tg-AD mice may be superior to

the APP/PS1 dual transgenic mice, because the latter are

relatively deficient in the pathology of hyperphosphory-

lated tau protein, an important characteristic correlated

with the severity of dementia in AD. To systematically

investigate the pathological characteristics, including neu-

rofibrillary tangles, we used 12-month-old APP/PS1/tau

39Tg-AD mice as the animal model.

Sex differences in the prevalence, risk, and severity of

AD have been demonstrated in numerous clinical and

epidemiological studies. Animal research with mouse

models of AD also supports the greater susceptibility to

AD in females. For example, it has recently been reported

that female APP/PS1 AD mice have more severe cognitive

impairments than males [16]; females have a higher Ab
burden as well as greater neuronal and synaptic degener-

ation than males; and the levels of pro-inflammatory

cytokines such as IL-1b and TNF-a in the brain of female

APP/PS1 mice are all higher than those in males [17].

Consistent with these results, our findings revealed that

female APP/PS1/tau 39Tg-AD mice not only carried a

more dramatic amyloid plaque load, more marked neu-

rofibrillary tangle aggregation, and stronger neuroinflam-

mation in the hippocampus, but also worse cognitive

behaviors in the MWM test than age- and gene-matched

males. Therefore, the full sex differences in AD patho-

physiology, including tau protein, are well displayed in

12-month-old APP/PS1/tau 39Tg-AD mice. The more

serious pathology in the female 39Tg-AD mice could

explain why the cognitive behaviors of 39Tg-AD mice are

worse in females than in males [18].

All of the AD biomarkers, including Ab plaques,

phosphorylated tau, and neuroinflammation in the brain,

are closely associated with the down-regulation of PKA-

CREB and up-regulation of the p38-MAPK signaling

pathway [19]. It is known that PKA physiologically

activated by cAMP enters the nucleus and thereby activates

the CREB transcription factor (P-CREB) [20]. The PKA-

CREB pathway is vital for synaptic plasticity and memory

formation [21–24], and is crucial for the maintenance of

long-term potentiation [25, 26]. So, the downregulation of

cAMP-PKA-CREB activity is closely associated with

impairments in cognition and memory [21, 27–29]. This

finding is consistent with reports showing decreased PKA

and CREB activity in the AD brain [30–32]. In fact, Ab
toxicity in AD has been attributed to impairment of the

PKA/CREB pathway [33] by decreasing p-PKA and

p-CREB in hippocampal neurons [34] and inhibiting

CREB-regulated transcription coactivator 1 (CRTC1)

[35]. In addition, it has been reported that Ab1–40 treatment

induces time-dependent activation of p38-MAPK in

hCMEC/D3 cells [36]. The P38-MAPK pathway mainly

participates in tau phosphorylation [37] and neuroinflam-

matory responses such as IL-6 secretion [38], which in turn

aggravates Ab pathology. So, the activation of p38-MAPK

in neuronal cells is closely associated with the tau

hyperphosphorylation, neuronal inflammation, and mem-

ory loss in AD [39–41]. In the present study, we found that

the expression levels of p-PKA and p-CREB in the

hippocampus were lower, while p-p38-MAPK was higher

in 39Tg-AD mice, especially in females, and this probably

accounts for the more serious cerebral pathology and

behavioral impairments in female 39Tg-AD mice.

An important primary mechanism involved in the more

serious pathological damage and behavioral deficits in

females could be the decline of estrogen in the AD mice. It

is well known that estrogen and its receptors play multiple

key neuroprotective roles in preventing a variety of

neurodegenerative disorders, including AD. For example,

estrogen protects against the toxicity of Ab by promoting

the non-amyloidogenic metabolism of APP [42, 43];

promotes the health of cholinergic neurons by increasing

cholinergic activity [44, 45]; has antioxidant [46] and anti-

inflammatory properties [47]; significantly increases axonal

outgrowth and dendritic spines in cultured mouse hip-

pocampal neurons [48, 49]; significantly increases the

amplitude of long-term potentiation in hippocampal slices

[50]; and increases neurogenesis in various brain regions

such as the hippocampus. We noted that 12-month-old

female mice have reached reproductive senescence and the

estrogen level has significantly decreased [18]. Therefore,

the neuroprotective effects of estrogen on the 12-month-old

female mice in the present study were sharply reduced,

exposing them to a variety of insults such as the neurotoxic

Ab and p-tau. This probably forms the basis of the more

serious AD pathology in females. Therefore, maintaining

estrogen synthesis might be critically important for reduc-

ing the risk of AD in females. In fact, estrogen replacement

therapy (ERT) has been assessed. Most recently, Chris-

tensen et al. [51] reported that 17b-estradiol (E2) treatment

for four months in 7–9 month-old female 39Tg-AD mice

significantly decreases the Ab load in the hippocampus and

improves cognitive performance in the Y maze. Continu-

ation of ERT appears to be effective in protecting cognition

in women with a heightened risk for AD when initiated

close to the onset of menopause [52]. We are currently

performing an ERT experiment with E2 in bilater-

ally ovariectomized 39Tg-AD female mice, and have

found that ERT decreases the escape latency and increases
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the target zone swimming time in the MWM test,

suggesting that ERT improves spatial learning and memory

in female AD mice (data not shown). Other phenotypes

such as Ab pathology and neuroinflammation are being

investigated. The neuroprotection by estrogen is mediated

partly through activation of the PKA-CREB and inhibition

of the p38-MAPK signaling pathways [53–55]. These

results are consistent with and support our findings that the

levels of p-PKA and p-CREB were significantly lower,

while p38-MAPK was significantly activated in 12-month-

old female 39Tg-AD mice.

In summary, we systematically investigated sex differ-

ences in the neuropathology and cognitive function in

12-month-old 39Tg-AD mice. Compared to males, the

females exhibited more prominent pathological character-

istics including not only extracellular Ab plaques but also

intracellular neurofibrillary tangles and neuroinflammation

in the hippocampus, as well as worse behavior in the

MWM test. A PKA-CREB-MAPK signaling disorder

induced by estrogen deficiency in the 12-month-old female

39Tg-AD mice might be involved in the more serious

pathological damage and worse cognitive deficits in the

female AD mice. Therefore, we suggest that sex differ-

ences should be taken into account when examining the

pathological characteristics of AD and related target

molecules. Furthermore, estrogen supplementation or

PKA-CREB-MAPK signal stabilization could be beneficial

in relieving the pathological damage and behavioral

deficits of AD in reproductively senescent females.
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