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Abstract

Exposure to chronic stress or elevated glucocorticoid hormone levels in adult 
life has been associated with cognitive deficits and an increased risk for 
Alzheimer’s disease (AD). Since exposure to stress during early life enhances 
stress-responsiveness and lastingly affects cognition in adult life, we here 
investigated; i) whether chronic early life stress (ELS) affects AD pathology 
and cognition in middle-aged APPswe/PS1dE9 mice, and ii) whether it is 
still possible to rescue these late effects by briefly blocking glucocorticoid 
receptors (GRs) at a translationally relevant, middle age. Transgenic 
APPswe/PS1dE9 mice were subjected to ELS by housing dams and pups 
with limited nesting and bedding material from postnatal days 2-9. In 6 and 
12 month old offspring, this resulted in enhanced hippocampal amyloid-β 
(Aβ)-40 and -42 levels, and in reduced cognitive flexibility, that correlated 
well with the Aβ-42 levels. In parallel, corticosterone levels and BACE1 levels 
were significantly elevated. Surprisingly, blocking GRs for only 3 days at 12 
months of age, reduced corticosterone levels, reduced hippocampal Aβ-
40 and -42, and β-site APP-cleaving enzyme 1 (BACE1) levels, and notably 
rescued the cognitive deficits in 12 month old APPswe/PS1dE9 mice. These 
mouse data demonstrate that exposure to stress during the sensitive period 
early in life influences later amyloid pathology and cognition in genetically 
predisposed, mutant mice, and as such, may increase AD vulnerability. The 
fact that a short treatment with a GR antagonist at middle age lastingly 
reduced Aβ levels and rescued the cognitive deficits after ELS, highlights 
the therapeutic potential of this drug for reducing amyloid pathology.



95

Targeting glucocorticoid receptors in APPswe/PS1dE9 mice

4

1. Introduction

The mechanisms that underlie sporadic Alzheimer’s disease (AD) remain 
largely elusive, which hampers the development of successful intervention 
strategies for AD. While familial forms of AD can be explained by genetic 
causes - often related to changes in amyloid-β (Aβ) e.g.1,2) - sporadic AD likely 
has a multifactorial aetiology, in which, next to amyloid, also lifestyle factors 
play an important role2–5. 

Stress is an important environmental risk factor that has been implicated 
in AD progression6,7. Clinical observations e.g. suggest that stressful life events 
can reduce the age of onset in AD6, while stress-related disorders like depression 
can promote AD symptoms and neuropathology (see8). Glucocorticoid 
hormones (GCs; cortisol in humans, corticosterone (CORT) in rodents) are 
powerful steroids released in response to stress. They are often increased in 
AD, notably already in early stages of the disease9,10, and dysregulation of the 
hypothalamus–pituitary–adrenal (HPA) axis is also associated with a higher 
AD risk8,10,11. Rodent studies further demonstrate that exposure to stress and/
or elevated GC levels at an adult age impairs cognition and enhances Aβ levels 
both in mutant12–16 and in wild type animals17,18. 

The early postnatal period is a particularly sensitive time window that 
determines sensitivity to stress and cognitive function in later life. As exposure 
to early life stress (ELS) in wild type mice is well known to accelerate cognitive 
decline19,20, we here tested the hypothesis that ELS – induced by housing 
mice with limited nesting and bedding material from postnatal days 2-921–24 – 
increases the development of AD pathology and cognitive decline in APPswe/
PS1dE9 mice, a classic mouse model for amyloid pathology25. Secondly, in order 
to study whether glucocorticoids are instrumental, we tested whether briefly 
targeting glucocorticoid receptors (GR) could rescue late effects of ELS on AD-
related pathology and cognitive performance. We therefore treated animals 
with mifepristone, which is an FDA-approved drug that selectively blocks 
GRs at high concentrations and is prescribed to treat Cushing’s disease. It has 
further been tested in preliminary studies on (aspects of) AD26 and psychotic 
depression27,28 (see 29 for a review about the function and applicability of 
mifepristone in humans).
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2. Materials and Methods 

2.1. Mice and breeding

In this study we conducted experiments under Dutch national law as well as 
under European Union directives on animal experiments. The animal welfare 
committee of the University of Amsterdam approved all experiments. Mice 
were housed at a temperature of 20-22 °C. Humidity was between 40–60%, 
and animals were fed ad libitum with standard chow and water. Lights were 
on between 8.00 a.m. and 8.00 p.m. unless stated otherwise. Wild type (WT) 
and APPswe/PS1dE9 male littermates25 of 6 and 12 (± 1) months of age were 
used. To obtain mice, two 10 weeks old C57Bl/6J virgin wild type (WT) females 
(Harlan Laboratories B.V., Venray, The Netherlands) and one heterozygous 
male APPswe/PS1dE9 mouse were housed together for one week to allow 
mating. Individually housed pregnant females were monitored daily for the 
birth of pups21–2321–23. For litters born before 10.00 a.m., the day of birth (postnatal 
day 0; PND 0) was considered the previous day, after which the early life stress 
paradigm was initiated from PND 2-9. At PND 21, mice were weaned and 
ear tissue was collected for identification and genotyping. Littermates were 
housed with 2-6 mice per cage. All animals were left undisturbed (except for 
cage cleaning once a week) until the start of the experimental procedures. 
Number of mice: 6 months: Ctrl-WT: 12, Ctrl-APPswe/PS1dE9: 10, ELS-WT: 11, 
ELS-APPswe/PS1dE9: 14; 12 months; Ctrl-WT: 16, Ctrl-APPswe/PS1dE9: 11, ELS-
WT: 19, ELS-APPswe/PS1dE9: 12. Group sizes were chosen to ensure sufficient 
statistical power. 

2.2. Early life stress

At postnatal day (PND) 2, litters were culled to 6 pups per litter, and dams and 
their litters were randomly assigned to the early life stress (ELS) or control 
condition until PND 9, after which all mice were treated equally, as described 
before21–24. Briefly, the control condition consisted of cages with standard 
amounts of nesting and bedding material (one piece of nesting material (5x5 
cm; Technilab-BMI, Someren, the Netherlands)). In the ELS condition, a fine-
gauge stainless steel mesh was placed in the cage, with a small amount of 
sawdust bedding and ½ piece of nesting material. 

2.3. Maternal behaviour

Maternal behaviour was observed daily from PND 3 until PND 8 at 9.00 a.m. 
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and 8.30 p.m as described previously30. Briefly, the level of activity of the dam 
was scored in 16 one-minute epochs per day, spread over 48 min observation 
sessions. The behaviours that were scored were: licking and grooming 
behaviour, nursing behaviour, and the time that the dam spent off the pups. 

2.4. Barnes maze

Six and twelve month old APPswe/PS1dE9 and WT male mice were tested 
for spatial memory in the spatial Barnes maze task. Testing occurred during 
the dark, active phase in the afternoon (1 p.m.). A classic set up was used (110 
cm diameter, 12 exit holes) in which mice were placed in the centre of the 
maze twice daily (inter-trial interval of 30 minutes) for 4 consecutive days and 
allowed to navigate to the exit hole leading to the home cage (acquisition 
learning). A probe trial (all holes closed) was conducted 24 hours after the last 
trial. Following the probe trial, behavioural flexibility was tested by relocating 
the exit hole to another location on the maze (150 degrees) for 4 days (reversal 
learning), followed by a probe trial. Cages containing used bedding material 
were placed at equal distances under the maze to avoid guidance by odour 
cues, the board was rotated after each trial, and the maze was cleaned with 
25 % EtOH to dissipate odour cues. Distal extra-maze cues were always fixed 
relative to the exit hole. Performance of the mouse was assessed by an observer 
blind to the experimental condition of the mouse.

2.5. Stress response

Two acute stressors were used to determine stress responsiveness; a six-
minute forced swim test (original experiment) or an acute 0.4 mA foot shock 
(mifepristone experiment). Blood samples were collected by a tail cut at 30 
minutes (peak stress response) and 90 minutes (stress recovery) after the 
stressor. A commercially available radioimmunoassay kit (MP Biomedicals, 
Eindhoven, The Netherlands) was used to measure plasma CORT levels. 

2.6. Tissue preparation

Following behavioural testing, mice were sacrificed by quick decapitation, 
between 8.00 and 9.00 p.m. (beginning of the inactive phase), i.e. when 
plasma CORT levels are low. Plasma blood was collected and CORT levels were 
determined as described above. 
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2.7. DAB immunohistochemistry

For DAB immunohistochemistry, pre-mounted sections (40 µm) on glass 
slides (Superfrost Plus slides, Menzel) were dried overnight. 15 min of 0.3% 
H2O2 was used to block endogenous peroxidase activity, after which sections 
were boiled in a microwave (±95 °C) in citrate buffer (0.01 M, pH 6.0, 15 min). 
To block non-specific staining, slices were incubated for 1 h in blocking mix 
(0.05 M TBS containing 1% bovine albumin serum (BSA) and 0.1% triton), and 
primary antibody mix (6E10 (1:1500, Bioline) in blocking mix) was applied for 2 h 
at room temperature and overnight at 4 °C. Secondary antibody (1:200, sheep 
anti-mouse biotinylated (GE Healtcare)) was applied for 2 hours, after which 
sections were treated with avidin-biotin complex (ABC, 1:800, Vectastain elite 
ABCc-peroxidase kit, Brunschwig Chemie). Chromogen development was 
conducted by incubation in 0.05 M TB containing 0.01% H2O2 and 0.2 mg/ml 
diaminobenzidine (DAB). 

2.8. Imaging and quantification

Plaque load was quantified for all APPswe/PS1dE9 mice by an experimenter who 
was blind to the experimental conditions. Using a Nikon DS-Ri2 microscope, 
representative images (10x magnification) were captured and analysed using 
ImageJ. A fixed intensity threshold was applied to 8-bit binarised pictures to 
define the DAB staining. The percentage of area covered by DAB staining was 
analysed as described previously31. 

2.9. Western blotting

Following quick decapitation and dissection, hippocampi were snap frozen 
and homogenised in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS, pH = 6.8). Homogenates were sonicated for 2x30 sec 
(max intensity), and centrifuged for 1 min (10000 g, 4 °C). Protein concentration 
was determined in the supernatant by BCA Protein Assay (Pierce, The 
Netherlands). 15 µg protein was separated on 12.5% polyacrylamide-SDS gels 
using electrophoresis, and proteins were transferred to PVDF membranes at 
75 V in Towbin buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH = 8.3). 5% 
BSA in TBST (0.1 M TBS + 0.1% Tween-20) was used to block the membranes, and 
membranes were incubated overnight at 4 °C with primary antibody. Proteins 
studied were: APP (6E10, 1:1500, BioLegend, 100 kDa), β-site amyloid precursor 
protein cleaving enzyme 1 (BACE1) (D10E5, 1:1000, Cell Signalling, 70 kDa), actin 
(A2066, Sigma-Aldrich, 42 kDa), and GAPDH (14C10, 1:3000, Cell Signalling, 
37 kDa). Secondary antibodies were incubated for 2 hours, and signal was 
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developed (Licor Odyssey FC; Leusden, the Netherlands). Using ImageJ (NIH; 
Bethesda) signal intensities were measured and normalised against GAPDH 
or actin as internal marker. 3 independent replications were made, and protein 
levels were analysed as the mean of these replicates, and expressed as % of 
Ctrl-APPswe/PS1dE9 levels. 

2.10. SDS-soluble Aβ levels

Aβ40 and -42 peptide levels were determined in whole hippocampal 
homogenates using a sandwich ELISA assay as described previously32. 

2.11. Mifepristone treatment

Mifepristone (Sigma) (40 mg/ml dissolved in 99.9 % EtOH and diluted 20x 
in arachide oil) was injected i.p. for 3 consecutive days (final dose: 10 mg/kg, 
injection volume: 5 µl/g body weight) between PND 339-341 (± 7 days)23. The 
appropriate vehicle solution was administered to control mice accordingly.

2.12. Statistical analysis

Data were analysed using SPSS 22.0 (IBM software). Data are expressed as 
mean ± standard error of the mean (S.E.M.). Data were considered statistically 
significant when p<0.05 (two-sided testing). Animals/observations were 
excluded in case of technical failures, following spontaneous death, and/or 
if identified as a significant outlier using a Grubb’s test. Unpaired student’s 
t-tests (or non-parametric equivalent) were performed to assess differences 
between two groups. To compare between groups accounting for the main 
and interaction effects of genotype (WT vs. APPswe/PS1dE9) and condition 
(control vs. ELS), a two-way analysis of variance (ANOVA) was performed, 
with a post hoc Tukey test. A repeated measures ANOVA was performed to 
assess Barnes maze learning curves over the different trials, and to measure 
differences in plasma CORT response values. Greenhouse-Geisser correction 
was applied when the assumption of sphericity was violated. One sample 
t-test was used to compare performance on the probe trials of the Barnes 
maze against chance level (25%). Pearson's correlation test was conducted to 
determine correlations. 
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3. Results

3.1. ELS results in fragmented maternal care for the offspring.

We subjected APPswe/PS1dE925 and WT mice to the well-characterised 
paradigm of housing with limited nesting and bedding material from PND 
2 to 9. This resulted in fragmented maternal care, as indicated by increased 
exits of the dam from the nest, increased numbers of pups outside the nest 
and a reduced body weight gain of the pups between PND 2 to 9, consistent 
with previous reports21–24 (Supplementary Table 1). Since the effects of ELS are 
particularly sex-specific24, all experiments were further conducted with male 
mice.

3.2.ELS increases amyloid pathology

ELISA analysis of whole hippocampal homogenates revealed that the levels 
of both Aβ40 and the more aggregation-prone Aβ42 peptide were strongly 
elevated in ELS-APPswe/PS1dE9 transgenic mice at 6 months of age (Aβ40: 
t(10.35) =−2.39, p = 0.038; Aβ42: t(10.74) = −2.74, p = 0.02; Figure 1A). At 12 months 
of age, when the amyloid plaque pathology had progressed substantially, SDS-
soluble Aβ42, but not Aβ40, levels were significantly elevated in ELS-APPswe/
PS1dE9 mice (Aβ40: t(16) =−0.80, p = 0.44; Aβ42: t(8.36) =−2.97, p = 0.017; Figure 
1B). Protein levels of full-length APP were not different between Ctrl and ELS 
APPswe/PS1dE9 mice at these ages (6 months: t(8) = 0.66, p = 0.53; 12 months: 
t(13) = 0.59, p = 0.57; Figure 1C,D). Stereological quantification revealed that 
the percentage of area covered by Aβ plaques was significantly increased in 
the subiculum of 6-month-old ELS-APPswe/PS1dE9 mice (t(7) = 2.52, p = 0.04) 
relative to Ctrl-APPswe/ PS1dE9 mice, but was not different in the dentate 
gyrus (DG) (t(11) = 0.57, p = 0.57) or cornu ammonis (CA) subregions (t(9) = 0.19, 
p = 0.85; Figure 1E). In 12-month- old AD mice, no differences were observed in 
the subiculum (t(15) = 1.60, p = 0.13), DG (t(15) = 1.89, p = 0.08) or CA areas (t(16) = 
0.88, p = 0.39) between Ctrl and ELS conditions (Figure 1F). As no Aβ peptides, 
APP or plaques were detected in Ctrl and ELS WT mice (data not shown), these 
results reveal that ELS lastingly increases hippocampal SDS-soluble Aβ peptide 
levels in APPswe/PS1dE9 mice, starting from a relatively early age onwards. As 
a potential mechanism by which ELS could increase Aβ levels, we examined 
the expression of BACE1. In 6 and 12 month-old-mice of age, ELS significantly 
increased BACE1 expression in APPswe/PS1dE9 mice relative to Ctrl-APPswe/
PS1dE9 mice (6 months: t(13) = 2.46, p = 0.03; 12 months: t(11) = 2.72, p = 0.01; 
Figure 1G,H).
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3.3. ELS does not alter cognitive performance in 6-month-old 
APPswe/PS1dE9 mice

To assess whether the alterations in amyloid levels after ELS were accompanied 

Figure 1. Hippocampal amyloid pathology in male APPswe/PS1dE9 mice. A. The 
levels of SDS-soluble Aβ-40 and Aβ-42 are elevated as a consequence of ELS at 6 
months. B. At 12 months of age, ELS led to an elevation in Aβ42 levels, but not in Aβ40 
levels. C, D. No difference was observed between Ctrl and ELS mice for full-length APP 
levels as measured with 6E10 antibody at 100 kDa at 6 months (C) and 12 months (D). 
E. ELS significantly increased amyloid plaque load as measured with 6E10 antibody 
in the subiculum, but not in the dentate gyrus and cornu ammonis (CA) 1, 2 and 3 
areas at 6 months. F. ELS did not affect plaque load in the subiculum, dentate gyrus 
or CA areas at 12 months. G, H. BACE1 expression was significantly increased in ELS-
APPswe/PS1dE9 mice at 6 (G) and 12 months (H). Six months: Ctrl, N = 5 and ELS, N = 
8–10; 12 months: Ctrl, N = 7–9 and ELS, N = 8-9 mice/group.
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by behavioural changes, we tested spatial navigation and cognitive flexibility 
in the Barnes maze (see time line in Figure 2A). At 6 months of age, mice from 
all groups were able to locate the exit hole comparably (acquisition learning: 
condition effect: F(1,38) = 0.02, p = 0.90; genotype effect: F(1,38) = 1.03, p = 0.32; 
interaction effect: F(1,38) = 0.02, p = 0.88), (average: condition effect: F(1,43) = 0.13, 
p = 0.72; genotype effect: F(1,43) = 0.54, p = 0.47; interaction effect: F(1,43) = 0.03, 
p = 0.87; Figure 2B,C). All mice could identify the exit quadrant in the probe 
trial, as assessed by significantly more than 25% (chance level) of time spend 
in the exit quadrant (Ctrl-WT: t(10) = 10.51, p < 0.001; Ctrl-APPswe/PS1dE9: t(6) = 
3.69, p = 0.01; ELS-WT: t(9) = 11.97, p < 0.001; ELS-APPswe/PS1dE9: t(14) = 5.33, p 
< 0.001; Figure 2D). However, during the probe trial, ELS-APPswe/PS1dE9 mice 
performed less well compared to ELS-WT mice (genotype effect: F(1,39) = 11.56, 
p < 0.001; ELS-WT vs. ELS-APPswe/PS1dE9: p < 0.001). After acquisition learning, 
the same mice were trained in a reversal paradigm, in which the exit hole was 
relocated 150° (reversal learning). No differences in the time required to locate 
the exit hole were present between the groups (reversal learning: condition 
effect: F(1,39) = 1.97, p = 0.17; genotype effect: F(1,39) = 3.61, p = 0.07; inter- action 
effect: F(1,39) = 0.02, p = 0.88), (average: condition effect: F(1,41) = 1.52, p = 0.23; 
genotype effect: F(1,41) = 2.85, p = 0.10; interaction effect: F(1,41) = 0.00, p = 0.98; 
Figure 2E,F), and no between-group effects were present on the probe trial 
either (condition effect: F(1,40) = 0.12, p = 0.74; genotype effect: (F1,40) = 2.03, p 
= 0.16; inter- action effect: F(1,40) = 0.04, p = 0.84; Figure 2G).

3.4. ELS hampers reversal learning in 12-month-old APPswe/ 
PS1dE9 mice 

At 12 months of age, APPswe/PS1dE9 mice overall required more time to locate 
the exit hole when compared to WT type mice (genotype effect: F(1,47) = 37.25, 
p < 0.001), and displayed significantly longer latencies to find the exit hole 
over training days 2–4 (day 2: F(1,47) = 31.22, p < 0.001; day 3: F(1,47) = 27.28, p 
< 0.001; day 4: F (1,47) = 16.33, p < 0.001; Figure 3A). These findings were also 
reflected in the average time that the mice required to locate the exit hole, 
which was higher in both groups of APPswe/PS1dE9 mice when compared to 
WT mice (F (1,47) = 32.72, p < 0.001; post hoc: Ctrl-WT vs. Ctrl-APPswe/PS1dE9, 
p = 0.02; ELS-WT vs. ELS-APPswe/PS1dE9, p < 0.001; Figure 3B). During the 
probe trial, Ctrl- APPswe/PS1dE9 mice spend less time in the exit quadrant 
than Ctrl-WT mice (genotype effect: F(1,45) = 7.54, p = 0.01; post hoc: p = 0.04; 
Figure 3C). Importantly, no differences were observed between the groups in 
walking distance or speed during habituation (genotype effect: F (1,46) = 2.66, 
p = 0.11; condition effect: F(1,46) = 2.81, p = 0.10), ruling out a priori differences in 
locomotor activity (data not shown).
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During reversal learning, only ELS-APPswe/PS1dE9 mice were unable to 
locate the exit hole, as indicated by a significant overall difference in reversal 
learning (interaction effect: F(1,43) = 9.52, p = 0.004) and their failure to decrease 
the time to the exit hole over the trials (Ctrl-WT: F(1.58,18.90) = 12.11, p < 0.001; 
ELS-WT: F(1.54,26.15) = 13.64, p < 0.001; Ctrl-APPswe/PS1dE9: F(3,21) = 4.25, 
p = 0.02; ELS-APPswe/PS1dE9: F(3,21) = 0.35, p = 0.79; Figure 3D) and higher 
average escape latencies across all trials (interaction effect: F(1,43) = 9.52, p < 
0.001; post hoc test: ELS-WT vs. ELS-APPswe/PS1dE9, p < 0.001; Ctrl-APPswe/
PS1dE9 vs. ELS-APPswe/PS1dE9, p = 0.02; Figure 3E). This was confirmed by 
the probe trial, where ELS- APPswe/PS1dE9 mice spend less time in the exit 
quadrant than ELS-WT mice (genotype effect: F(1,45) = 4.32, p = 0.04; post hoc 
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Figure 2. Barnes maze performance of 6-month-old WT and APPswe/PS1dE9 
mice. A. Schematic overview of the experimental design. B. Acquisition learning was 
comparable between all four groups. All groups display a significant learning curve 
over the trials. C. No difference in the average time to find the exit hole. D. During the 
probe trial all groups spend significantly more than 25% of the time in the quadrant 
where the exit hole was located. ELS-APPswe/PS1dE9 mice spend significantly less 
time in the exit quadrant than ELS-WT mice. E. During reversal learning, all groups 
show comparable latencies to find the exit hole, and all groups had a significant 
decrease in latency over the days. F. No differences were observed in the average 
time to find the exit hole. G. On the probe trial after reversal learning, only WT mice 
spend more than 25% of the total time in the exit quadrant. N = 8–12 mice/group. * 
indicates a significant post hoc Tukey test. # indicates a significant learning curve 
over the days. ^ indicates significant performance compared to chance level.
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Figure 3. Barnes maze performance of 12-month-old mice. A. Acquisition learning 
was significantly slower in APPswe/PS1dE9 mice compared to WT mice on days 2, 3 
and 4. All groups showed a significant learning curve over the trials. B. The average 
time to locate the exit hole was higher in APPswe/PS1dE9 mice, with significant post 
hoc differences between Ctrl-WT and Ctrl-APPswe/PS1dE9 mice, and between ELS-
WT and ELS-APPswe/PS1dE9 mice. C. On the probe trial, Ctrl-APPswe/PS1dE9 mice 
performed significantly worse than Ctrl-WT mice. D. During reversal learning, there 
was a significant difference between the groups on day 2, 3 and 4 in the latency to find 
the exit hole. Overall, all groups showed a significant learning curve, except for ELS-
APPswe/PS1dE9 mice. E. The average time to locate the exit hole was higher in the 
ELS-APPswe/PS1dE9 mice compared to Ctrl-APPswe/PS1dE9 mice, and compared to 
ELS-WT mice. F. On the probe trial, ELS-APPswe/PS1dE9 mice were the only group, 
which did not spend more than 25% of the total time in the exit quadrant. G. A typical 
search pattern of APPswe/PS1dE9 mice reared under control (left) or ELS (right) 
conditions. H. Performance on the final trial during acquisition learning of the Barnes 
maze correlated significantly with Aβ42 levels (r = 0.69, p < 0.05). I. Performance on the 
second trial of reversal learning of the Barnes maze correlated significantly with Aβ42 
levels in APPswe/PS1dE9 mice (r = 0.62, p < 0.05). N = 8–18 mice/group. * indicates a 
significant post hoc Tukey test. # indicates a significant learning curve over the days. 
^ indicates significant performance compared to chance level.
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test: p = 0.02), and only the ELS-APPswe/ PS1dE9 mice spend <25% of the time 
(chance level) in the escape quadrant (Figure 3F). This effect is illustrated by 
the movement trajectories of the ELS-APPswe/PS1dE9 mice, which showed 
little improvement in these animals over the trial days compared to Ctrl-
APPswe/PS1dE9 mice (Figure 3G). Notably, the latency to locate the exit hole 
on the final trial of the acquisition phase of the Barnes maze (trial 4.2), which 
is the most reliable trial to assess the extent to which mice have learned to 
successfully navigate to the exit hole, correlated positively with hippocampal 
Aβ42 levels in 12-month-old APPswe/PS1dE9 mice (r= 0.69, n = 16, p < 0.001; 
Figure 3H). Moreover, hippocampal Aβ42 levels correlated positively with the 
latency to locate the exit hole on the second trial of the reversal learning phase 
(trial 1.2; r= 0.62, n= 16, p = 0.01; Figure 3I), which is the first trial in which the 
ability of the animal to adapt to the relocated position of the exit hole becomes 
apparent (i.e., the trial in which the mice need cognitive flexibility). Since the 
behavioural tests revealed a phenotype only in ELS-APPswe/PS1dE9 mice at 
12 months of age, all sub- sequent experiments were conducted with this age 
group.

3.5. CORT levels and ELS

To evaluate whether alterations in responsiveness of the HPA axis were indeed 
induced by ELS in APPswe/PS1dE9 mice, we measured plasma CORT levels 
under basal conditions, and at 30 and 90 min after a forced swim stress. Basal 
plasma CORT levels were comparable between the groups (Figure 4A). Thirty 
minutes after acute stress, ELS-APPswe/PS1dE9 mice had higher plasma CORT 
levels than Ctrl-APPswe/PS1dE9 mice, while ELS-WT mice had lower plasma 
CORT levels than Ctrl-WT mice (interaction effect: F(1,40) = 14.54, p < 0.001; post 
hoc test: ELS-WT vs. ELS-APPswe/PS1dE9, p < 0.001; Ctrl-APPswe/PS1dE9 vs. 
ELS-APPswe/PS1dE9, p < 0.001; Ctrl-WT vs. ELS-WT, p = 0.03). 

Ninety minutes after stressor onset, plasma CORT levels in ELS-APPswe/
PS1dE9 mice were still elevated when compared to Ctrl-APPswe/PS1dE9 mice 
(interaction effect: F(1,41) = 8.22, p = 0.01; post hoc Tukey test: Ctrl-WT vs. ELS-
WT, p = 0.04; ELS-WT vs. ELS-APPswe/PS1dE9, p = 0.02). Determining the 
total area under the curve of the plasma CORT response from 0 to 90 min 
after stressor onset revealed that ELS-APPswe/ PS1dE9 mice were exposed to 
elevated plasma CORT levels after stress, relative to Ctrl-APPswe/PS1dE9 mice, 
and relative to ELS-WT mice (interaction effect: F(1,40) = 22.67, p < 0.001; post 
hoc Tukey test: ELS-WT vs. ELS-APPswe/PS1dE9, p < 0.001, Ctrl-APPswe/PS1dE9 
vs. ELS-APPswe/PS1dE9, p < 0.001; Figure 4B). Plasma CORT levels (area under 
the curve) further correlated positively with the latency on trial 1.2 of the 
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reversal learning test (r= 0.40, n = 44, p = 0.01), i.e., the trial in which cognitive 
flexibility is best reflected (Figure 4C).

3.6. Brief treatment with mifepristone reduces Aβ pathology and 
rescues spatial memory deficit

To investigate whether blocking the GR, i.e., the receptor that becomes 
selectively occupied by CORT only during stress, could interfere with Aβ 
pathology and cognitive decline in ELS-APPswe/PS1dE9 mice, animals were 
treated for 3 days with mifepristone at 12 months of age (Figure 5A). To validate 
the acute effects of mifepristone treatment on relevant parameters, APPswe/
PS1dE9 mice were sacrificed 24 h after the last treatment. Mifepristone reduced 
both basal plasma CORT levels (treatment effect: F(1,31) = 111.46, p < 0.001; post 
hoc: Ctrl-WT-veh vs. Ctrl-WT-Mif, p < 0.001; ELS-WT-veh vs. ELS-WT-Mif, p < 0.001; 

Figure 4. HPA axis activity is affected by early life experiences and a transgenic 
background at 12 months of age. A. In 12-month-old mice, ELS-APPswe/PS1dE9 
mice have elevated CORT levels 30 and 90 min after a stressor compared to Ctrl-
APPswe/PS1dE9 mice and ELS-WT mice. B. The overall CORT exposure after a stressor 
is higher in 12-month-old ELS-APPswe/PS1dE9 mice compared to all other groups. 
ELS-WT mice have lower CORT levels than Ctrl-WT mice and ELS-APPswe/PS1dE9 
mice. C. CORT levels are significantly correlated to performance on trial 1.2 of the 
reversal learning phase of the Barnes maze (r = 0.40, N = 44, p = 0.01). N = 8–18 mice/
group. *Significant post hoc Tukey test.
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Ctrl-APPswe/PS1dE9-veh vs. Ctrl-APPswe/PS1dE9-Mif, p < 0.001; ELS-APPswe/
PS1dE9-veh vs. ELS-APPswe/ PS1dE9-Mif, p < 0.001) and the elevation in plasma 
CORT levels after foot shock stress (F(1,56)=53.53, p < 0.001; post hoc: Ctrl-WT-
veh vs. Ctrl-WT-Mif, p < 0.01; ELS-WT-veh vs. ELS-WT-Mif, p=0.001; Ctrl-APPswe/
PS1dE9-veh vs. Ctrl-APPswe/PS1dE9-Mif, p=0.05; ELS-APPswe/PS1dE9- veh 
vs. ELS-APPswe/PS1dE9-Mif, p < 0.001; ELS-WT-veh vs. ELS-APPswe/PS1dE9-
veh, p= 0.04; Figure 5B,C). Twenty-four hours after mifepristone treatment, 
hippocampal levels of Aβ40 and of Aβ42 were reduced by 60% and 45%, 
respectively (Aβ40: t(4) =4.81, p= 0.01; Aβ42: t(4) =3.52, p= 0.02; Figure 5D), 
while BACE1 levels in the hippocampus were also reduced (t(6) =3.12, p=0.02; 
Figure 5E). Twenty-one days after mifepristone treatment, no differences were 
present in basal plasma CORT levels between any of the groups (t(15) =0.89, p= 
0.39; Figure 5F). However, the levels of Aβ42 remained significantly reduced 
in ELS mice that had been treated with mifepristone (F(1,18) =15.08, p < 0.001; 
post hoc: ELS-mifepristone vs. ELS-vehicle, p < 0.001), while Aβ40 levels were 
comparable between vehicle and mifepristone-treated APPswe/PS1dE9 mice 
(treatment effect: F(1,20) = 0.73, p= 0.40; condition effect: F(1,20) = 0.56, p= 0.46; 
Figure 5G). No effects of mifepristone on BACE1 were present at twenty-one 
days after treatment (condition effect: F(1,20) = 1.62, p=0.22; treatment effect: 
F(1,20) = 2.57, p= 0.12; interaction effect: F(1,20) = 4.32, p =0.051; Figure 5H). 
During acquisition learning, APPswe/PS1dE9 mice were slower in acquisition 
learning on the Barnes maze (F(1,32) = 14.94, p < 0.001; Figure 5I,J). Notably, 
mifepristone improved cognitive performance in both ELS- APPswe/PS1dE9 
and Ctrl-APPswe/PS1dE9 mice (acquisition learning: treatment effect, F(1,25) = 
11.78 and p < 0.001; probe trial treatment effect, F(1,58) = 4.66 and p = 0.035; no 
post hoc Tukey differences detected; Figure 5J,K), while the treatment did not 
affect performance in WT mice (F(1,38) = 1.05, p = 0.31; Figure 5I). Upon reversal 
learning, mifepristone also rescued the cognitive impairments specifically in 
ELS-APPswe/PS1dE9 mice, but did not alter performance in WT mice (WT: 
F(1,38) = 0.21, p = 0.65; APPswe/PS1dE9: F(1,60) = 4.80, p = 0.03; post hoc Tukey: 
p = 0.01; Figure 5L-O).

4. Discussion

We report that exposure of genetically predisposed mice to early life stress 
(ELS) from PND 2-9 exacerbates the development of amyloid pathology and 
accelerates cognitive decline, notably in close association with enhanced HPA 
axis activity. Blocking glucocorticoid receptors (GRs) with the GR antagonist 
mifepristone for only 3 days normalised the elevated plasma corticosterone 
levels, reduced Aβ levels and BACE1, and rescued the cognitive impairments in 
12 month old ELS-APPswe/PS1dE9 mice.
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Acquisition learning in the Barnes maze was clearly impaired in 12 month 
old APPswe/PS1dE9 mice, consistent with earlier observations33. Only the ELS-
APPswe/PS1dE9 mice, however, were hampered in their reversal learning/
cognitive flexibility, a domain also specifically affected in early stages of 
AD34. This reduction in cognitive flexibility was not observed in ELS-WT mice. 
Since the ELS-APPswe/PS1dE9 mice also showed enhanced Aβ pathology, 
this suggests these behavioural deficits are mediated by elevations in brain 
amyloid levels. In line with this, the Aβ42 levels and Barnes maze performance 
were strongly correlated, both during acquisition and retrieval. ELS may thus 
specifically promote increases in Aβ42 levels, likely via changes in BACE1, which, 
over time, could accelerate the reduction in cognitive flexibility. Clearly, age is 
a relevant factor too as increases in hippocampal Aβ42 levels and plaque load 
were already found after ELS in 6 month old APPswe/PS1dE9 mice, but reduced 
cognitive flexibility was not apparent yet at that age. Possibly, the absolute Aβ 
levels may need to be further increased before they affect cognition. 

Figure 5. Three-day treatment with mifepristone lowers CORT levels, reduces 
Aβ pathology and improves spatial memory in ELS-APPswe/PS1dE9 mice. A. 
Time schedule of the experiment. B. Basal CORT levels are reduced 24 h after the 
last mifepristone treatment (N= 5 mice/group). C. In response to an acute stressor, 
mifepristone treatment reduced plasma CORT levels (N= 8–10 mice/group). D. Twenty-
four hours after the last treatment, mifepristone treatment reduced hippocampal 
Aβ40 and Aβ42 levels (N= 4–5 mice/group). E. BACE1 expression is reduced 24 h after 
the last mifepristone treatment.

Figure continues on next page
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Figure 5 (continued). F. Twenty-one days after the last treatment, no differences in 
basal CORT levels were observed. G. Twenty-one days after the last treatment, there 
were no differences in the levels of Aβ40 between the groups. Aβ42 levels remained 
lower after mifepristone treatment, with significant post hoc tests between the 
ELS groups. H. Twenty-one days after the mifepristone treatment, no differences 
are observed in the expression of BACE1. I. In WT mice, mifepristone treatment 
had no effect on acquisition learning on the Barnes maze, and all mice learned to 
locate the exit hole. J. In APPswe/PS1dE9 mice, mifepristone treatment resulted 
in a decreased time to locate the exit hole. K. During the probe trial, all groups 
spend significantly more than 25% of the time in the exit quadrant. L. In WT mice, 
mifepristone treatment had no effect on reversal learning. M. In APPswe/PS1dE9 
mice, mifepristone treatment resulted in a decreased time to locate the exit hole, 
specifically in ELS-APPswe/PS1dE9 mice. All mice treated with mifepristone learned 
to locate the exit hole; vehicle treated mice did not. N. In the probe trial of the reversal 
learning, mifepristone treatment resulted in an increase in the time spend in the 
exit quadrant. Post hoc Tukey revealed a significant difference between ELS-APPswe/ 
PS1dE9-veh and ELS-APPswe/PS1dE9-mifepristone mice. O. A typical search pattern 
of ELS-APPswe/PS1dE9 mice with and without mifepristone. All experiments at 21 
days used N= 7–13 mice/group. Mif. mifepristone. * indicates a significant post hoc 
Tukey test. # indicates a significant learning curve over the days. ̂  indicates significant 
performance compared to chance level.
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Age-related cognitive decline has previously been associated with age-
related increases in HPA-axis activity35,36. In addition, elevated basal levels 
of circulating cortisol in the early disease stages37–39, as well as the failure to 
suppress cortisol after the dexamethasone challenge40–42, indicates that HPA 
axis activity is altered in AD patients. Notwithstanding, HPA dysfunction does 
not seem to worsen further with disease progression in patients43,44, implying 
that early alterations in HPA axis, likely acting via glucocorticoids, in particular 
contribute to the onset and subsequent acceleration of AD pathogenesis. 
When this occurs in the context of an early life stress history, such changes 
may possibly be amplified with increasing age45–47. In agreement, stress-
induced corticosterone levels were exclusively enhanced in the ELS-APPswe/
PS1dE9 mice. 

In addition, and in line with the hypothesis that changes in HPA-axis 
activity contribute to the accelerated cognitive decline in ELS-APPswe/
PS1dE9 mice, we could rescue the reduction in cognitive flexibility by a brief 
treatment with the glucocorticoid receptor antagonist mifepristone, an effect 
that, notably, was most prominent in the ELS-APPswe/PS1dE9 mice. Moreover, 
ELS caused increases in both Aβ40 and Aβ42 levels at 6, and in Aβ42 levels at 
12 months of age (Figure 1A,B), while mifepristone treatment at 12 months 
of age strongly reduced both Aβ species (Figure 5E,F) in the APPswe/PS1dE9 
mice, again indicative of an amyloid-related mechanism. This is supported by 
earlier studies that used a much longer treatment period or a much higher 
dosage in other AD mouse models12,48. Because of its short treatment duration 
and relatively low dose, our current 3 day mifepristone treatment provides 
considerable practical advantages. The rescue effects we report here occur 
at an age at which the cognitive impairments and amyloid pathology have 
already manifested. Moreover, this short treatment regime not only rescued 
the cognitive and neuropathological phenotypes, but, importantly, these 
effects also persisted for at least 3 weeks. 

An outstanding question remains how early stress and mifepristone 
treatment could affect amyloid pathology in the APPswe/PS1dE9 mice. 
ELS did not affect the levels of full-length APP, indicating that the changes 
in Aβ levels result either from altered processing of APP, or from altered Aβ 
clearance. The rate-limiting enzyme involved in processing of APP to Aβ is β-site 
amyloid precursor protein cleaving enzyme 1 (BACE1), an enzyme that also 
contains glucocorticoid binding sites49. Hence, increases in BACE1 expression 
following elevated CORT levels could, in time, lead to a higher and prolonged 
Aβ production, and hence an earlier plaque accumulation. Indeed, BACE1 
expression was significantly enhanced following ELS in APPswe/PS1dE9 mice, 
and also mifepristone treatment rapidly reduced BACE1 expression, indicative 
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of a common mechanism via which ELS and mifepristone affect Aβ levels. 

Although the exact cellular mechanisms through which mifepristone 
reduces Aβ levels and prevents cognitive decline remain to be further 
investigated, blocking GC actions is an attractive option for possible future 
therapeutic interventions. So far, a small clinical trial in AD patients and old 
macaques monkeys reported improvements in cognition after mifepristone 
treatment26,50, although the short time window and small sample size warrants 
caution in interpreting these results. Furthermore, AD patients with the highest 
baseline cortisol levels benefited most from a mifepristone intervention and 
showed persistent memory improvements up to 8 weeks after discontinuation 
of the treatment26. This is in line with our findings that after 3 weeks, Aβ42 
levels were still strongly reduced in the ELS-APPswe/PS1dE9 mice treated for 
3 days with mifepristone. While this highlights an interesting translational 
potential of the drug and suggests it can 're-set' earlier established changes, 
it also calls for further study of the mechanisms underlying these intriguing 
lasting effects already induced after such a short treatment with mifepristone. 

Taken together, exposure to stress early in life, likely via the associated 
alterations in HPA axis activity, can exacerbate amyloid pathology at a later 
age. ELS upregulates Aβ levels and BACE1 expression, which may underlie 
cognitive deficits such as reversal learning, and as such may be a risk factor for 
AD in vulnerable individuals. Given the current rescue effects on both Aβ levels 
and cognitive flexibility in middle aged mice already after a short mifepristone 
treatment, interventions with this classic drug, or other compounds targeting 
the HPA axis, may provide potential therapeutic benefits for AD, even at ages 
when symptoms have already manifested.

5. Funding and disclosure

HJK and SLL are supported by a grant from Internationale Stichting Alzheimer 
Onderzoek (ISAO)/Alzheimer Nederland (grant: #12534 to HJK). PJL is supported 
by ISAO/Alzheimer Nederland (grant WE.03.2012.041). The authors declare no 
conflict of interest.

6. Acknowledgements

The authors thank B.A.C.E van Hoek and L.A.E. Catsburg for their assistance 
with the experimental animal work.



112

Chapter 4

7. References
1 	 Querfurth HW, LaFerla FM. Alzheimer’s Disease. 

N Engl J Med 2010; 362: 329–344.
2 	 Scheltens P, Blennow K, Breteler MMB, 

de Strooper B, Frisoni GB, Salloway S et al. 
Alzheimer’s disease. Lancet 2016; 388: 505–517.

3 	 Matthews FE, Arthur A, Barnes LE, Bond J, 
Jagger C, Robinson L et al. A two-decade 
comparison of prevalence of dementia in 
individuals aged 65 years and older from three 
geographical areas of England: results of the 
Cognitive Function and Ageing Study I and II. 
Lancet 2013; 382: 1405–1412.

4 	 Baumgart M, Snyder HM, Carrillo MC, Fazio S, 
Kim H, Johns H. Summary of the evidence on 
modifiable risk factors for cognitive decline and 
dementia: A population-based perspective. 
Alzheimer’s Dement 2015; 11: 718–726.

5 	 Xu W, Tan L, Wang H-F, Jiang T, Tan M-S, Tan 
L et al. Meta-analysis of modifiable risk factors 
for Alzheimer’s disease. Cogn Neurol 2015; 86: 
1299–1306.

6 	 Mejía S, Giraldo M, Pineda D, Ardila A, Lopera 
F. Nongenetic factors as modifiers of the age 
of onset of familial Alzheimer’s disease. Int 
Psychogeriatr 2003; 15: 337–49.

7 	 Arsenault-Lapierre G, Chertkow H, Lupien 
S. Seasonal effects on cortisol secretion in 
normal aging, mild cognitive impairment and 
Alzheimer’s disease. Neurobiol Aging 2010; 31: 
1051–1054.

8 	 Herbert J, Lucassen P. Depression as a risk 
factor for Alzheimer’s disease: Genes, steroids, 
cytokines and neurogenesis - What do we need 
to know? Neuroendocrinol 2016; 41: 153–171.

9 	 Csernansky JG, Dong H, Fagan AM, Wang L, 
Xiong C, Holtzman DM et al. Plasma cortisol 
and progression of dementia in subjects with 
Alzheimer-type dementia. Am J Psychiatry 
2006; 163: 2164–2169.

10 	 Hoogendijk WJG, Meynen G, Endert E, Hofman 
MA, Swaab DF. Increased cerebrospinal fluid 
cortisol level in Alzheimer’s disease is not 
related to depression. Neurobiol Aging 2006; 
27: 780.e1-780.e2.

11 	 Raadsheer FC, Van Heerikhuize JJ, Lucassen 
PJ, Hoogendijk WJG, Tilders FJH, Swaab DF. 
Corticotropin-Releasing Hormone mRNA levels 
in the paraventricular nucleus of patients with 
Alzheimer’s disease and depression. Am J 
Psychiatry 1995; 152: 1372–6.

12 	 Baglietto-Vargas D, Medeiros R, Martinez-
Coria H, Laferla FM, Green KN. Mifepristone 
alters amyloid precursor protein processing to 
preclude amyloid beta and also reduces tau 
pathology. Biol Psychiatry 2013; 74: 357–366.

13 	 Catania C, Sotiropoulos I, Silva R, Onofri C, 
Breen KC, Sousa N et al. The amyloidogenic 
potential and behavioral correlates of stress. 
Mol Psychiatry 2009; 14: 95–105.

14 	 Sotiropoulos I, Catania C, Riedemann T, 
Fry JP, Breen KC, Michaelidis TM et al. 
Glucocorticoids trigger Alzheimer disease-
like pathobiochemistry in rat neuronal cells 
expressing human tau. J Neurochem 2008; 107: 
385–397.

15 	 Grigoryan G, Biella G, Albani D, Forloni G, Segal 
M. Stress impairs synaptic plasticity in triple-
transgenic Alzheimer’s disease mice: rescue by 
ryanodine. Neurodegener Dis 2014; 13: 135–138.

16 	 Green K, Billings L, Roozendaal B, McGaugh J, 
LaFerla F. Glucocorticoids increase Amyloid-β 
and tau pathology in a mouse model of 
Alzheimer’s disease. J Neurosci 2006; 26: 9047–
9056.

17 	 Sotiropoulos I, Catania C, Pinto LG, Silva R, 
Pollerberg GE, Takashima A et al. Stress acts 
cumulatively to precipitate Alzheimer’s disease-
like tau pathology and cognitive deficits. J 
Neurosci 2011; 31: 7840–7847.

18 	 Lopes S, Vaz-Silva J, Pinto V, Dalla C, Kokras 
N, Bedenk B et al. Tau protein is essential for 
stress-induced brain pathology. Proc Natl Acad 
Sci 2016; 113: E3733-63.

19 	 Maccari S, Krugers HJ, Morley-Fletcher S, Szyf 
M, Brunton PJ. The consequences of early-life 
adversity: Neurobiological, behavioural and 
epigenetic adaptations. J Neuroendocrinol 
2014; 26: 707–723.

20 	 Chen Y, Baram TZ. Toward understanding 
how early-life stress reprograms 
cognitive and emotional brain networks. 
Neuropsychopharmacology 2016; 41: 197–206.

21 	 Rice CJ, Sandman CA, Lenjavi MR, Baram TZ. A 
novel mouse model for acute and long-lasting 
consequences of early life stress. Endocrinology 
2008; 149: 4892–4900.

22 	 Lesuis SL, Maurin H, Borghgraef P, Lucassen PJ, 
Van Leuven F, Krugers HJ. Positive and negative 
early life experiences differentially modulate 
long term survival and amyloid protein levels 



113

Targeting glucocorticoid receptors in APP/PS1 mice

4

1291–1302.
33 	 Reiserer RS, Harrison FE, Syverud DC, McDonald 

MP. Impaired spatial learning in the APPSwe 
+ PSEN1DeltaE9 bigenic mouse model of 
Alzheimer’s disease. Genes Brain Behav 2007; 
6: 54–65.

34 	 Lafleche G, Albert MS. Executive function 
deficits in mild Alzheimer’s disease. 
Neuropsychology 1995; 9: 313–320.

35 	 Gupta D, Morley JE. Hypothalamic-
Pituitary-Adrenal (HPA) axis and aging. In: 
Comprehensive Physiology. John Wiley & Sons, 
Inc.: Hoboken, NJ, USA, 2014, pp 1495–1510.

36 	 Brureau A, Zussy C, Delair B, Ogier C, Ixart G, 
Maurice T et al. Deregulation of hypothalamic-
pituitary-adrenal axis functions in an 
Alzheimer’s disease rat model. Neurobiol Aging 
2013; 34: 1426–1439.

37 	 Davis KL, Davis BM, Greenwald BS, Mohs 
RC, Mathé AA, Johns CA et al. Cortisol and 
Alzheimer’s disease. I: Basal studies. Am J 
Psychiatry 1986; 143: 300–305.

38 	 Masugi F, Ogihara T, Sakaguchi K, Otsuka A, 
Tsuchiya Y, Morimoto S et al. High plasma levels 
of cortisol in patients with senile dementia of 
the Alzheimer’s type. Methods Find Exp Clin 
Pharmacol 1989; 11: 707–10.

39 	 Elgh E, Lindqvist Astot A, Fagerlund M, Eriksson 
S, Olsson T, Näsman B. Cognitive dysfunction, 
hippocampal atrophy and glucocorticoid 
feedback in Alzheimer’s disease. Biol Psychiatry 
2006; 59: 155–61.

40 	 Näsman B, Olsson T, Fagerlund M, Eriksson 
S, Viitanen M, Carlström K. Blunted 
adrenocorticotropin and increased adrenal 
steroid response to human corticotropin-
releasing hormone in Alzheimer’s disease. Biol 
Psychiatry 1996; 39: 311–318.

41 	 Näsman B, Olsson T, Viitanen M, Carlström 
K. A subtle disturbance in the feedback 
regulation hypothalamic-pituitary-adrenal 
axis in the early phase of Alzheimer’s disease. 
Psychoneuroendocrinology 1995; 20: 211–220.

42 	 Greenwald BS, Mathé AA, Mohs RC, Levy M, 
Johns CA, Davis KL. Cortisol and Alzheimer’s 
disease, II: Dexamethasone suppression, 
dementia severity, and affective symptoms. Am 
J Psychiatry 1986; 143: 442–446.

43 	 Swanwick GRJ, Kirby M, Bruce I, Buggy F, Coen 
RF, Coakley D et al. Hypothalamic-pituitary-
adrenal axis dysfunction in Alzheimer’s disease: 
Lack of association between longitudinal and 
cross-sectional findings. Am J Psychiatry 1998; 

in a mouse model of Alzheimer’s disease. 
Oncotarget 2016; 7: 118-135.

23 	 Arp J, ter Horst JP, Loi M, den Blaauwen 
J, Bangert E, Fernández G et al. Blocking 
glucocorticoid receptors at adolescent age 
prevents enhanced freezing between repeated 
cue-exposures after conditioned fear in adult 
mice raised under chronic early life stress. 
Neurobiol Learn Mem 2016; 133: 30–38.

24 	 Naninck EFG, Hoeijmakers L, Kakava-
Georgiadou N, Meesters A, Lazic SE, Lucassen 
PJ et al. Chronic early life stress alters 
developmental and adult neurogenesis 
and impairs cognitive function in mice. 
Hippocampus 2015; 25: 309–328.

25 	 Jankowsky JL, Slunt HH, Ratovitski T, Jenkins 
NA, Copeland NG, Borchelt DR. Co-expression 
of multiple transgenes in mouse CNS: a 
comparison of strategies. Biomol Eng 2001; 17: 
157–165.

26 	 Pomara N, Doraiswamy PM, Tun H, Ferris S. 
Mifepristone (RU 486) for Alzheimer’s disease. 
Neurology 2002; 58: 1436.

27 	 Blasey C, Block T, Belanoff J, Roe R. Efficacy 
and safety of mifepristone for the treatment of 
psychotic depression. J Clin Psychopharmacol 
2011; 31: 436–40.

28 	 Flores B, Kenna H, Keller J, Solvason H, 
Schatzberg A. Clinical and biological effects 
of mifepristone treatment for psychotic 
depression. Neuropsychopharmacology 2006; 
31: 628–36.

29 	 DeBattista C, Belanoff J. The use of mifepristone 
in the treatment of neuropsychiatric disorders. 
Trends in Endocrinol Metab 2006; 17: 117–21.

30 	 Lesuis SL, van Hoek BACE, Lucassen PJ, 
Krugers HJ. Early postnatal handling reduces 
hippocampal amyloid plaque formation and 
enhances cognitive performance in APPswe/
PS1dE9 mice at middle age. Neurobiol Learn 
Mem 2017; 144: 27–35.

31 	 Marlatt MW, Potter MC, Bayer TA, van Praag H, 
Lucassen PJ. Prolonged running, not fluoxetine 
treatment, increases neurogenesis, but does 
not alter neuropathology, in the 3xTg mouse 
model of Alzheimer’s disease. In: Curr Topics 
Behav Neurosci. Springer-Verlag: Berlin 
Heidelberg, 2013, pp 313–340.

32 	 Hüttenrauch M, Baches S, Gerth J, Bayer TA, 
Weggen S, Wirths O. Neprilysin deficiency 
alters the neuropathological and behavioral 
phenotype in the 5xFAD mouse model of 
Alzheimer’s disease. J Alzheimer’s Dis 2015; 44: 



114

Chapter 4

155: 286–289.
44 	 Swaab DF, Bao A-M, Lucassen PJ. The stress 

system in the human brain in depression and 
neurodegeneration. Ageing Res Rev 2005; 4: 
141–194.

45 	 Hebda-Bauer EK, Simmons TA, Sugg A, Ural E, 
Stewart JA, Beals JL et al. 3xTg-AD mice exhibit 
an activated central stress axis during early-
stage pathology. J Alzheimers Dis 2013; 33: 407–
22.

46 	 Sierksma ASR, Prickaerts J, Chouliaras L, 
Rostamian S, Delbroek L, Rutten BPF et al. 
Behavioral and neurobiological effects of 
prenatal stress exposure in male and female 
APPswe/PS1dE9 mice. Neurobiol Aging 2013; 
34: 319–337.

47 	 Martisova E, Aisa B, Guerenu G, Ramirez 
M. Effects of early maternal separation on 
biobehavioral and neuropathological markers 
of Alzheimer’s disease in adult male rats. Curr 
Alzheimer Res 2013; 10: 420–32.

48 	 Lanté F, Chafai M, Raymond EF, Pereira 
ARS, Mouska X, Kootar S et al. Subchronic 
glucocorticoid receptor inhibition rescues 
early episodic memory and synaptic plasticity 
deficits in a mouse model of Alzheimer’s 
disease. Neuropsychopharmacology 2015; 40: 
1772–81.

49 	 Sambamurti K, Kinsey R, Maloney B, Ge Y, Lahiri 
D. Gene structure and organization of the 
human β-secretase (BACE) promoter. FASEB J 
2004; 18: 1034–6.

50 	 Kulstad JJ, McMillan PJ, Leverenz JB, Cook DG, 
Green PS, Peskind ER et al. Effects of chronic 
glucocorticoid administration on insulin-
degrading enzyme and amyloid-β peptide in 
the aged macaque. J Neuropathol Exp Neurol 
2005; 64: 139–146.



115

Targeting glucocorticoid receptors in APPswe/PS1dE9 mice

4

Ctrl ELS
Light phase Dark phase Light phase Dark phase

M
at

er
n

al
 c

ar
e 

Duration nursing (s) 2667 ± 46 (8) 484 ± 45 (8) 2323 ± 50 
(10)* 458 ± 52 (8)

Duration off pups 
(s) 182 ± 40 (8) 561 ± 43 (8) 454 ± 54 

(10)* 469 ± 54 (8)

Number of exits 0.5 ± 0.2 (8) 2.4 ± 0.4 (8) 2.4 ± 0.4 
(10)* 4.7 ± 0.9 (8)*

# pup(s) out of nest 0.0 ± 0.0 (8) 0.0 ± 0.0 (8) 4.8 ± 1.3 (10)* 3.4 ± 0.8 (8)*

Ctrl ELS

P
u

p
s

Body weight gain 
PND 2-9 (g) 3.47 ± 0.11 (24) 2.60 ± 0.09 (27)*

Body weight PND 
21 (g) 8.80 ± 0.23 (24) 8.42 ± 0.23 (27)

Ctrl - WT Ctrl – 
APP/PS1 ELS – WT ELS – 

APP/PS1

6 
m

on
th

s Body weight (g) 29.4 ± 0.89 
(12)

29.7 ± 0.34 
(10)

28.9 ± 0.55 
(11)

29.7 ± 0.38 
(14)

Thymus weight (% 
of BW)

0.159 ± 0.01 
(8)

0.154 ± 0.03 
(6)

0.147 ± 0.01 
(10)

0.148 ± 0.00 
(6)

Adrenal gland 
weight (% of BW)

0.0062 ± 
0.00 (8)

0.0076 ± 
0.01 (7)

0.0096 ± 
0.00 (11)a

0.0085 ± 
0.00 (7)a

12
 m

on
th

s Body weight (g) 39.43 ± 1.50 
(13)

39.13 ± 1.24 
(9)

38.65 ± 1.13 
(17)

42.43 ± 1.75 
(9)

Thymus weight (% 
of BW)

0.109 ± 0.01 
(13)

0.092 ± 0.04 
(7)b

0.090 ± 0.01 
(16) b

0.107 ± 0.01 
(9) b

Adrenal gland 
weight (% of BW)

0.013 ± 0.00 
(14)

0.013 ± 0.00 
(9)

0.011 ± 0.00 
(15)a

0.011 ± 0.01 
(7)a

Data expressed as mean ± S.E.M. (N).
*: p<0.05, t-test compared to Ctrl mice
a: p<0.05, two-way ANOVA, main effect for condition
b: p<0.05, two-way ANOVA, interaction effect

8. Supplementary data
Supplementary table 1. Effects of chronic ELS exposure on pups (PND 9), 6 and 12 
month old mice.


