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Abstract

Cognitive deficits and alterations in emotional behaviour are typical features 
of Alzheimer’s disease (AD). Moreover, exposure to stress or adversity during 
the early life period has been associated with an acceleration of cognitive 
deficits and increased AD pathology in transgenic AD mouse models. 
Whether and how early life adversity affects emotional behaviour in AD 
mice remains elusive. 

We therefore investigated whether exposure to early life stress (ELS) 
alters fear learning in APPswe/PS1dE9 mice, a classic mouse model for AD, 
and whether this is accompanied by alterations in hippocampal synaptic 
potentiation, an important cellular substrate for learning and memory. 

Transgenic APPswe/PS1dE9 mice were subjected to ELS by housing the 
dams and her pups with limited nesting and bedding material from postnatal 
days 2-9. Following a fear conditioning paradigm, 12 month old ELS-exposed 
APPswe/PS1dE9 mice displayed enhanced contextual freezing behaviour, 
both in the adverse training environment and in a novel, “potentially safe” 
environment. ELS-exposed APPswe/PS1dE9 mice also displayed enhanced 
hippocampal synaptic potentiation, even in the presence of the GluN2B 
antagonist Ro25-6981 (which prevented synaptic potentiation in control 
mice). No differences in the level of PSD-95 or synaptophysin were observed 
between the groups. 

We conclude that ELS disrupts fear memory formation in APPswe/PS1dE9 
mice, which is accompanied by aberrant hippocampal synaptic potentiation. 
These results may help to understand how individual differences in the 
vulnerability to develop AD pathology arise and emphasise the importance 
of the early postnatal time window in determining the later vulnerability to 
AD.

Keywords: plasticity, memory, Alzheimer’s disease, Ro25-6981, LTP, early life 
stress, fear, emotionality

Brain Plasticity Group, Swammerdam Institute for Life Sciences, Center for 
Neuroscience, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, 
The Netherlands
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1. Introduction

The sensitivity and responsiveness to stressors at adult age is largely 
determined during the early postnatal period1–4. In general, different models of 
early life adversity during the postnatal time window enhance the sensitivity 
to stress later in life, reduces spatial cognitive function, and enhances fear 
responses4–7. For instance, offspring that received low amounts of maternal 
care showed impaired spatial memory and object recognition performance4,8–10 
and increased conditioned fear responses11–13, while impaired spatial memory 
was reported following maternal separation14,15, and maternal deprivation16–19. 
Furthermore, maternal separation results in more anxious animals in the 
light/dark exploration test20 and after fear conditioning21. In addition, we have 
recently reported that exposure to limited nesting and bedding material 
from postnatal day (PND) 2-9 in transgenic Alzheimer (AD) mice enhances 
Aβ levels22,23 and enhances spatial reversal learning deficits23. Yet, whether and 
how early life adversity affects emotional learning in AD mice remains elusive. 

AD is an age-related neurodegenerative disease characterised by 
progressive memory loss and enhanced emotionality24. Amyloid-β (Aβ) 
containing plaques are a major hallmark of AD and Aβ oligomers have 
been implicated in loss of synaptic function and cognitive decline25,26. While 
genetic mutations result in familial forms of AD27,28, environmental factors 
may contribute to the progression of AD pathology in sporadic AD. Exposure 
to stressors has frequently been implicated in AD29,30. Major stressful events 
accelerate the age of onset of familial AD31 and amplify the progression of 
AD-related symptoms and neuropathology in sporadic AD32,33. In line with 
this, rodent studies have reported that stress exposure in AD transgenic 
mice results in stronger cognitive decline, increased amyloid precursor 
protein (APP) misprocessing, reduced Aβ clearance and enhanced tau 
hyperphosphorylation22,23,34–37, whereas environmental enrichment mitigates 
these effects22,38,39.

Synaptic function is critically involved in (emotional) learning and 
memory40–42, and impairments in synaptic function, as present in mouse 
models for AD, are increasingly viewed as an early manifestation of AD43,44. 
Since long-term potentiation (LTP), an important cellular model for learning 
and memory40,45, is impaired in mouse models with transgenic overexpression 
of Aβ46,47, we here examined whether early life stress (ELS) modulates synaptic 
plasticity and fear memory formation in APPswe/PS1dE9 transgenic mice, 
which develop progressive spatial cognitive deficits and Aβ accumulation in 
the brain48,49. Mice were exposed to ELS by housing them with limited nesting 
and bedding material from PND 2-9, a well-described model for ELS6,22,23,50, 
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after which we examined synaptic potentiation and fear memory in 12 month 
old APPswe/PS1dE9 animals and their appropriate controls.

2. Materials and Methods

2.1. Mice and breeding

All mice were kept under standard housing conditions (temperature 20-22 °C, 
40-60% humidity). Standard chow and water were available ad libitum. Mice 
were housed on a 12/12 h light/dark schedule (lights on at 8 a.m.) in standard 
cages (325x170x140 mm, Tecnilab-BMI, Someren, The Netherlands). A radio 
provided background noise39. Wild type-like (hereafter referred to as “WT”) 
and APPswe/PS1dE9 male mice51 at the age of 12 months were used. To obtain 
mice, two 10-weeks old C57BL/6J virgin 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. After another week of 
paired-housing, pregnant females were housed individually in a standard 
cage covered with a filter top and monitored daily for the birth of pups. When 
a litter was born before 10.00 a.m., the previous day was considered as the 
day of birth (postnatal day 0; PND 0), after which the early life paradigm was 
initiated at PND 2. At PND 21, the male mice used for this study were weaned 
and ear biopsies were collected to identify and genotype the mice. Mice were 
housed with 2-5 male littermates per cage after weaning. All experimental 
mice were left undisturbed (except for cage cleaning once a week) until start 
of experimental procedures. All experiments were conducted under the EU 
directive 2010/63/EU for animal experiments and were approved by the animal 
welfare committee of the University of Amsterdam.

2.2. Early life stress

At PND 2, litters were culled to 6 pups per litter, and dams and their litters 
were weighed and randomly assigned to the early life stress (ELS) or control 
condition as described before6,22,23,50,52. Eighteen litters were assigned to the 
control condition and 17 litters were assigned to the ELS condition. Control 
dams were provided with a standard amount of sawdust bedding and nesting 
material (one square piece of cotton nesting material (5 x 5 cm; Tecnilab-BMI, 
Someren, the Netherlands)). As described and discussed before, the ELS dams 
were provided with reduced amounts of sawdust bedding (approximately 
10% of control cages) and half the nesting material (1/2 square piece of cotton 
nesting material (2.5 x 5 cm)), and a fine-gauge stainless steel mesh was placed 
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1 cm above the cage floor6,53. Both control and ELS cages were left undisturbed 
until PND 9, after which all litters were weighed and placed in standard cages, 
with standard amounts of bedding and nesting material until weaning at PND 
21. The average body weight gain between PND 2 to 9 of all males in a litter was 
analysed. 

2.3. Fear conditioning

One month prior to behavioural testing male mice were weighed and housed 
under a reversed light/dark schedule (lights on at 8 p.m.) and testing was 
conducted during the dark (active phase) between 1 and 6 p.m. in a testing room 
that was illuminated by two red spots (EGB, 25 Watt). Mice were single housed 
one week prior to fear conditioning. During testing, mice were recorded by a 
camera connected to a computer with Ethovision software (version 6.1, Noldus, 
The Netherlands) and videos were manually scored by an experimenter blind 
to the experimental condition of the mouse.

Twelve month old (± 7 days) APPswe/PS1dE9 and WT male mice were 
tested for contextual fear memory. On day 1, mice were placed in a chamber 
which had a stainless steel grid floor connected to a shock generator54,55, which 
had been cleaned with 1% acidic acid to create a recognisable odour trace. 
Mice were allowed to explore the context for three minutes, after which a tone 
was administered (2.8 kHz, 76 dB). During the last 2 seconds mice received 
a single mild foot shock (0.4 mA) for 2 seconds. After this shock, the mice 
remained in the chamber for 30 seconds. Twenty-four hours later, the mice 
were reintroduced in the same chamber for 3 minutes. One hour later, mice 
were introduced in a completely novel chamber (cleaned with 25% EtOH). 
Freezing behaviour was scored by an observer blind to the experimental 
condition, with “freezing” being defined as “no body movements except those 
related to breathing”56.

2.4. Field potential recordings 

Field potential recordings were conducted in a separate batch of animals. At 
PND 360 ± 14, male mice were sacrificed between 9 and 10 a.m. through quick 
decapitation. Immediately after decapitation, the brain was rapidly removed, 
and collected in ice-cold oxygenated (95% O2/5% CO2) solution containing 
(in mM): Cholinechloride (120), glucose (10), NaHCO3 (25), MgSO4 (6), KCl (3.5), 
NaH2PO4 (1.25), CaCl2 (0.5). Coronal slices (350 mm) were cut using a microtome 
(Leica VT1000S). For recovery, slices were incubated for 20 minutes in warm 
(32 °C) oxygenated standard artificial cerebrospinal fluid (aCSF) containing (in 
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mM): NaCl (120), KCl (3.5), MgSO4 (1.3), NaH2PO4 (1.25), CaCl2 (2.5), glucose (10), 
NaHCO3 (25), after which the sections were maintained at room temperature 
(22 °C). Sections containing the dorsal hippocampal CA1 area (bregma -2.0 
mm to -3.2 mm) were placed in a recording chamber with a constant flow of 
oxygenated aCSF. Field excitatory synaptic potentials (fEPSPs) were recorded 
as described previously57–59. fEPSPs were evoked using a stainless steel bipolar 
stimulation electrode (60 µm diameter, insulated except for the tip) positioned 
on the Schaffer collaterals and recorded through a glass electrode (2-5 MΩ 
impedance, filled with aCSF) positioned in the CA1 stratum radiatum. A 
stimulus-response curve was generated by gradually increasing the stimulus 
intensity to define a level that generated the half-maximal response that was 
used for the remainder of the experiment. Once the input-output curve for 
each recording was established, baseline synaptic transmission was monitored 
(0.033 Hz) during 10 minutes. When recordings were stable, afferent fibres 
were stimulated at 10 Hz for 90 seconds59,60. Next, the degree of potentiation 
was determined by recording of fEPSPs every 30 seconds during 1 hours (0.033 
Hz). The magnitude of the fEPSP was assessed by analysing the slope of the 
signal. The average baseline value was normalised to 100% and all values of the 
experiment were normalised to this baseline average. Synaptic potentiation 
was measured in the presence and absence of the GluN2B antagonist Ro25-
6981 (3 µM; Sigma) in order to investigate plasticity under conditions that 
normally do not elicit potentiation (i.e. in the presence of Ro25-6981).

2.5. Plasma corticosterone levels

At 9 a.m., when plasma corticosterone levels are low, mice that were used 
for electrophysiology experiments were taken from the stables and within 
90 seconds decapitated, after which trunk blood was collected for the 
determination of basal plasma corticosterone (CORT) levels. Samples were 
collected in ice cold EDTA-coated tubes (Sarstedt, Etten-leur, The Netherlands), 
placed on ice and centrifuged at 14.000 rpm for 15 minutes after which plasma 
was stored at -20 °C. Plasma CORT levels were measured using a commercially 
available radioimmunoassay kit (MP Biomedicals, Eindhoven, The Netherlands).

2.6. Western blots 

To compare hippocampal protein levels between the groups, male 12 month old 
mice were decapitated and hippocampi were dissected in saline on ice. Tissue 
was stored at −80 °C. For protein extraction, hippocampi were homogenised in 
RIPA buffer (150 mM NaCl, 1% Triton X100, 0.5% Sodium deoxycholate, 0.1% SDS 



123

ELS amplifies fear in AD

5

at pH 7.6) using a small syringe. The samples were incubated on ice for 30 min 
and then centrifuged for 20 min at 16,000 rpm at 4 °C. Protein lysate was stored 
at −20 °C. For each sample the protein concentration was measured using a 
BCA Protein Assay (23225, Pierce (Thermo Fischer) The Netherlands). Samples 
containing between 10-30 μg protein in sample buffer were denaturised 
at 95 °C for 5 min. A polyacrylamide-SDS gel (Biorad, The Netherlands) was 
used for protein separation by electrophoresis. The proteins were transferred 
to a PVDF membrane (162-0177, Biorad, The Netherlands) in a tris-glycine 
buffer. The membranes were cut for incubation with different antibodies. 
The membrane strips were blocked in TBST containing 5% BSA for 1 h. After 
blocking, blots were washed with TBST and incubated with primary antibodies 
at 4 °C overnight. Primary antibodies included PSD-95 (1:3000, D27E11, Cell 
Signaling), synaptophysin (1:3000, SY38, Abcam), α-tubulin (1:1000, 10D8, Santa 
Cruz) and GAPDH (1:3000, 2118S, Cell Signaling (Bioke) The Netherlands). After 
washing with TBS, blots were incubated with secondary antibodies for 2 h 
at room temperature (HRP conjugate, Biorad, The Netherlands). Blots were 
washed again and bands were visualised by chemiluminescence using an ECL 
Prime kit (RPN2232, Amersham, (GE Healthcare) The Netherlands). A Li-COR 
machine was used to measure the chemiluminescence. Optical density was 
determined in ImageJ. Measurements of the protein of interest were corrected 
for total protein (GAPDH band).

2.7. Statistical analysis

Data were analysed using SPSS 22.0 (IBM software). All data are expressed as 
mean ± standard error of the mean (SEM). Data were considered statistically 
significant when p<0.05. Outliers were determined using a Grubb’s test. 
Independent-samples t-tests were performed to assess differences in 
body weight up until PND 21. Appropriate corrections were applied when 
assumption of homogeneity of variance was not met. When assumption of 
normality was not met, Mann-Whitney test was conducted. To determine 
the effects of condition and genotype on the degree of LTP, a three factor 
repeated-measures ANOVA was performed using condition (control vs. ELS) 
and genotype (WT vs. APPswe/PS1dE9) as between-subject factors and 
slope of the pre- and post-stimulation fEPSP as the within-subject factor. 
We compared the baseline (-10 to 0 min) with total LTP (0 – 60 min after 
10 Hz stimulation) and late LTP (50 – 60 min after 10 Hz stimulation). When 
significant, a post hoc Tukey test was performed to compare groups. Two-way 
analysis of variance (ANOVA) was performed for comparison between groups 
accounting for the main and interaction effects of genotype (WT vs. APPswe/
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PS1dE9) and condition (control vs. ELS). If a significant difference was detected, 
post hoc analyses were performed using Tukey multiple comparison tests. A 
repeated measure ANOVA was performed to assess freezing behaviour during 
the different tones. Greenhouse-Geisser correction was applied when the 
assumption of sphericity was violated. If a significant main or interaction effect 
was found, two-way ANOVAs for the separate tones were conducted. 

3. Results

3.1. Early life stress

Housing APPswe/PS1dE9 and WT litters in a cage with limited nesting and 
bedding material from PND 2-9 reduced body weight gain in the male early 
life stress (ELS) offspring compared to control-reared litters over this period 
(t(33)=2.57, p=0.015) (Table 1). At 21 days and at 12 months of age, no differences 
in body weight were present between the groups (P21: t(17)=0.24, p=0.81; 12 
months: genotype: F(1,26)=1.38, p=0.25; condition: F(1,26)=0.72, p=0.40). No 
differences in basal plasma CORT levels (genotype: F(1,25)=0.38, p=0.54; 
condition: F(1,25)=2.60, p=0.12) were observed at 12 months of age. These 
findings are consistent with previous reports of the model23,50,52,61, validating the 
effective application of the ELS paradigm. Since male mice are more sensitive 
to the effects of ELS7,50,62, all experiments were further conducted with male 
mice.

Table 1. Effects of ELS on body weight, CORT levels, locomotion and anxiety-like 
behaviour. 

Ctrl ELS

Body weight gain 
PND 2-9 (g)

3.20 ± 0.12 (18) 2.78 ± 0.11 (17)*

Body weight PND 21 

(g)

8.54 ± 0.28 (30) 8.45 ± 0.20 (29)

12 months: Ctrl – WT Ctrl – 
APP/PS1

ELS – WT ELS – 
APP/PS1

Body weight (g) 39.43 ± 1.50 (8) 39.13 ± 2.01 (7) 38.65 ± 1.13 (8) 42.43 ± 1.75 (7)

Basal CORT (ng/ml) 6.6 ± 1.9 (9) 7.7 ± 1.7 (6) 3.9 ± 1.1 (8) 4.9 ± 1.8 (6)

Data expressed as mean ± S.E.M (N). * p<0.05, t-test compared to Ctrl mice.
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Figure 1. Fear conditioning results obtained in mice of 12 months of age. A. 
Schematic overview of the testing protocol. B. No difference in freezing levels were 
present prior to the foot shock (genotype: F(1,26)=0.13, p=0.72; condition: F(1,26)=0.24, 
p=0.63). C. When mice are placed back in context A 24 hours after the foot shock, 
Ctrl-APPswe/pS1dE9 mice freeze significantly less than Ctrl-WT mice (genotype x 
condition interaction effect: F(1,26)=12.48, p=0.002; post hoc: 0.004), but ELS-APPswe/
PS1dE9 mice freeze more than Ctrl-APPswe/PS1dE9 mice (p=0.02). D. In a neutral 
context, ELS-APPswe/PS1dE9 mice still freeze more than any other group (interaction 
effect: F(1,26)=14.90, post hoc Tukey compared to WT-APPswe/PS1dE9: p<0.001, 
compared to Ctrl-APPswe/PS1dE9: p=0.007). *: post hoc Tukey: p<0.05.
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3.2. Fear conditioning

Mice were trained in a fear conditioning paradigm to assess emotional 
memory formation (Figure 1A). Freezing behaviour before the foot shock was 
comparable between all experimental groups (genotype: F(1,26)=0.13, p=0.72; 
condition: F(1,26)=0.24, p=0.63) (Figure 1B). Twenty-four hours later, when 
animals were placed back in the same context as where the foot shock was 
received, Ctrl-APPswe/PS1dE9 mice showed reduced freezing compared to 
Ctrl-WT mice (genotype x condition interaction effect: F(1,26)=12.48, p=0.002; 
post hoc: 0.004) (Figure 1C). ELS-APPswe/PS1dE9 mice showed higher 
freezing levels than Ctrl-APPswe/PS1dE9 mice (p=0.02). To determine whether 
this freezing behaviour was specific for the context, mice were placed in a 
non-familiar and non-aversive context B one hour later. Interestingly, here, 
too, ELS-APPswe/PS1dE9 mice showed higher freezing levels than any of the 
other groups (interaction effect: F(1,26)=14.90, post hoc Tukey compared to WT-
APPswe/PS1dE9: p<0.001, compared to Ctrl-APPswe/PS1dE9: p=0.007) (Figure 
1D). 
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Figure 2. Synaptic potentiation of is enhanced in 12 month old APPswe/PS1dE9 
mice exposed to ELS after 10 Hz stimulation for 90 seconds. A. Typical examples 
of fEPSP traces, with signal before (black) and after (gray) the 10 Hz stimulation. B. 
There was an interaction effect between the groups in the slope of the fEPSP over 
the entire 60 minutes after stimulation (F(1,52)=4.22, p=0.045). ELS-APPswe/PS1dE9 
mice show stronger potentiation than Ctrl-APPswe/PS1dE9 mice (post hoc Tukey: 
p=0.02). C. During the last 10 minutes of recording, there was an interaction effect 
in the potentiation (F(1,52)=5.05, p=0.03), with a post hoc Tukey difference between 
Ctrl-APPswe/PS1dE9 and ELS-APPswe/PS1dE9 mice (p=0.02). The post-stimulation 
fEPSPs during this period were significantly higher than 100% in Ctrl-WT (t(17)=2.376, 
p=0.030), ELS-WT (t(18)=3.32, p=0.004), and ELS-APPswe/PS1dE9 (t(8)=3.58, p=0.007), 
but not in Ctrl-APPswe/PS1dE9 mice (t(10)=1.118, p=0.29). D. In the presence of Ro25-
6981, there was a main condition effect, and an condition*genotype interaction effect 
(interaction effect: F(1,31)=5.68, p=0.02), with significant post hoc Tukey tests between 
ELS-APPswe/PS1dE9 and Ctrl-APPswe/PS1dE9 mice (p=0.022), and ELS-APPswe/
PS1dE9 and ELS-WT mice (p=0.035). E. In the presence of Ro25-6981, there was a 
significant condition*genotype effect (F(1,30)=10.1, p=0.003), with post hoc differences 
between Ctrl-APPswe/PS1dE9 and ELS-APPswe/PS1dE9 mice (F(1,30)=10.15, p=0.003). 
No synaptic potentiation is induced in Ctrl-WT and ELS-WT mice 50 to 60 minutes 
after the stimulation (average of last 50-60 min compared to 100: Ctrl-WT: t(6)=1.65, 
p=0.15, ELS-WT: t(12)=1.11, p=0.29). Ctrl-APPswe/PS1dE9 mice show synaptic depression 
(average of last 50-60 min compared to baseline: t(8)=3.46, p=0.01), whereas ELS-
APPswe/PS1dE9, synaptic potentiation can still be induced (average of last 50-60 min 
compared to 100: t(4)=4.97, p=0.008). ^: significantly different from baseline (100%). *: 
post hoc Tukey: p<0.05. 
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3.3. Synaptic potentiation

We first assessed the effects of early life stress and the APPswe/PS1dE9 
background on baseline synaptic properties of hippocampal CA1 neurons. 
Input output curves were fitted with a Boltzmann equation (Table 2). There 
was a main genotype and an interaction effect on the maximal slope of the 
fEPSP (genotype effect: F(1,119)=7.58, p=0.01; interaction effect: F(1,119)=4.17, 
p=0.04). Post hoc tests indicated that ELS-WT mice showed an increased 
maximal slope compared to Ctrl-WT mice, while it was reduced in ELS-APPswe/
PS1dE9 mice compared to ELS-WT mice (post hoc tests: Ctrl-WT vs. ELS-WT: 
p=0.02; ELS-WT vs. ELS-APPswe/PS1dE9: p=0.004). No differences in the half-
maximum stimulus intensity were observed (genotype effect: F(1,119)=0.77, 
p=0.38; condition effect: F(1,119)=2.01, p=0.15). The slope of the input-output 
curve (interaction effect: F(1,119)=9.95, p=0.002, post hoc: p=0.009) was also 
reduced in ELS-APPswe/PS1dE9 mice compared to ELS-WT mice. 

Next, we investigated synaptic potentiation in the CA1 of the hippocampus 
using a mild stimulation paradigm (10 Hz, 90 seconds)59,60 (Figure 2A). Following 
10 Hz stimulation, ELS-APPswe/PS1dE9 mice showed stronger potentiation of 
the fEPSP over the entire 60 minutes after stimulation (F(1,52)=4.22, p=0.045, 
post hoc Tukey: Ctrl-APPswe/PS1dE9 vs. ELS-APPswe/PS1dE9: p=0.02) (Figure 
2B), as well as during the 50-60 min after stimulation (F(1,52)=5.05, p=0.03, 
post hoc: p=0.016) (Figure 2C). To assess whether post-stimulation fEPSPs 
were different from baseline (100%), we compared the signal during the last 
10 minutes to 100. While it was possible to induce significant amounts of LTP 
in all WT mice (Ctrl-WT: 123.3 ± 9.8%, ELS-WT: 124.1 ± 7.3%; average of last 50-
60 min compared to 100: Ctrl-WT: t(17)=2.376, p=0.030; ELS-WT: t(18)=3.324, 

Table 2. Basal field potential characteristics for hippocampal CA1 area.

Ctrl–WT ELS–WT Ctr l –APP/
PS1

E L S – A P P/
PS1

Statistics:

Rmax (mV/ms) -0.17 ± 0.02 b -0.39 ± 0.09 
a,b

-0.21 ± 0.04 -0.12 ± 0.02 a G, CxG

Ih (µA) 3.41 ± 0.13 3.37 ± 0.12 3.44 ± 0.13 3.12 ± 0.11

S 0.10 ± 0.01b 0.15 ± 0.02 a 0.13 ± 0.02 0.08 ± 0.01 a CxG

N (mice 
(slices))

9 (35) 8 (35)  6 (24) 6 (29) 

Data expressed as mean ± S.E.M (N). Maximal slope of the fEPSP (Rmax), half-maximum 
stimulus intensity (Ih), and the slope of the input-output curve (slope factor S) in the CA1 
area. C: main condition effect, G: main genotype effect, CxG: interaction effect, a,b: equal 
letters indicate a significant post hoc Tukey difference between the two groups. 
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p=0.004), it was not possible to significantly induce potentiation in the Ctrl-
APPswe/PS1dE9 mice (107.3 ± 7.4%; Ctrl-APPswe/PS1dE9: t(10)=1.118, p=0.290). 
Interestingly, we observed that APPswe/PS1dE9 mice that had been exposed to 
ELS displayed enhanced potentiation (154.3 ± 14.3%; average of last 50-60 min 
compared to 100: (t(8)=3.579, p=0.007), which was also post hoc significantly 
higher than in Ctrl-APPswe/PS1dE9 mice (p=0.016) (Figure 2B,C). 

To assess mechanisms that may underlie changes in synaptic potentiation 
we applied Ro25-6981, which blocks the GluN2B subunit of the NMDA 
receptor63. When measuring LTP in the presence of Ro25-6981 (3 mM), ELS-
APPswe/PS1dE9 displayed more potentiation than Ctrl-APPswe/PS1dE9 mice 
(p=0.022), and also more than ELS-WT mice (p=0.035) (interaction effect: 
F(1,30)=5.68, p=0.02) (Figure 2D). In the presence of Ro25-6981, ELS-APPswe/
PS1dE9 mice also showed higher levels of potentiation during the last 10 
minutes of recording (F(1,30)=10.1, p=0.003) (Figure 2E). Under these conditions, 
LTP was absent in WT mice (Ctrl-WT: 92.2 ± 4.7%, ELS-WT: 95.6 ± 3.9%; average 
of last 50-60 min compared to 100: Ctrl-WT: t(6)=1.65, p=0.15, ELS-WT: t(12)=1.11, 
p=0.29), while Ctrl-APPswe/PS1dE9 mice even showed synaptic depression 
(81.5 ± 5.3 %;). However, in the presence of Ro25-6981, synaptic potentiation was 
still present in slices of APPswe/PS1dE9 mice that had been exposed to ELS 
(116.6 ± 3.3%; average of last 50-60 min compared to 100: t(4)=4.97, p=0.008). 
Together, this indicates that ELS amplifies synaptic potentiation in APPswe/
PS1dE9 mice, even under conditions where LTP is absent in control animals. 

Figure 3. Synaptic proteins in the hippocampus of 12 month old mice. A, B. The 
levels of the postsynaptic protein PSD-95 (A) and presynaptic synaptophysin (B) were 
unaltered following either rearing condition or APPswe/PS1dE9 background. 

A. B.



129

ELS amplifies fear in AD

5

3.4. Synaptic protein expression

To assess potential effects on synaptic proteins, we also examined the expression 
of PSD-95 and synaptophysin. In the hippocampus of twelve month old mice, 
no differences in the expression of PSD-95 (condition effect: F(1,12)=0.26, p=0.62; 
genotype effect: F(1,12)=0.13, p=0.73) or synaptophysin were present (condition 
effect: F(1,12)=0.03, p=0.87; genotype effect: F(1,12)=1.14, p=0.31) (Figure 3A,B).

4. Discussion 

In this study, we examined whether APPswe/PS1dE9 mice, a classic model 
for AD, displayed alterations in fear memory formation and hippocampal 
synaptic potentiation, in particular when animals were exposed to early life 
stress. We report that contextual fear memory formation was impaired in 
12 month old APPswe/PS1dE9 mice. Interestingly, following ELS exposure, 
contextual fear expression was enhanced in APPswe/PS1dE9 mice. In addition, 
ELS enhanced hippocampal synaptic potentiation in APPswe/PS1dE9 mice, 
even under conditions where synaptic potentiation was absent in control 
animals (through the presence of Ro25-6981). These observations coincide 
with enhanced amyloid pathology after ELS at this age23. We conclude that 
ELS enhances fear responsiveness in response to aversive and non-aversive 
contexts, accompanied by aberrantly enhanced synaptic hippocampal 
synaptic potentiation.

The enhanced freezing levels of ELS-APPswe/PS1dE9 mice in the neutral 
context suggests that ELS-APPswe/PS1dE9 mice, rather than forming a 
stronger specific memory of the aversive event, exhibit a stronger anxiety-like 
response to novel environments following the aversive foot shock than Ctrl-
APPswe/PS1dE9 or WT mice. This is not due to differences in basal anxiety-
like behaviour, but becomes only apparent after animals had received a mild 
foot shock. It has previously been reported that APPswe/PS1dE9 mice display 
disinhibitory tendencies (Lalonde et al., 2004), a phenotype that may have been 
amplified by ELS exposure. Alternatively, the enhanced fear responsiveness 
following ELS in APPswe/PS1dE9 mice could reflect enhanced responsiveness 
and adaptation to fearful experiences. The enhanced fear behaviour in ELS-
APPswe/PS1dE9 mice therefore indicates a gene x environment interaction 
in the expression of fear, in line with observations in humans that emotional 
memories are relatively spared or even enhanced in AD patients, when 
compared to matched controls64,65. 

To further understand the mechanisms that underlie these differences in 
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fear memory, we investigated synaptic potentiation in the hippocampal CA1 
area, which is known to be strongly correlated to contextual fear memory66. 
Using a mild 10 Hz stimulation protocol, we found that Ctrl-APPswe/PS1dE9 
mice displayed no synaptic potentiation. This is in line with other studies 
showing that synaptic potentiation is hampered in these mice and with 
reports that Aβ down-regulates the strength of excitatory glutamatergic 
synaptic transmission, results in loss of dendritic spines, and hampers NMDA-
receptor-dependent LTP47,67–71. In our current study we did not observe that 
ELS affected synaptic potentiation in the hippocampal CA1 area of WT mice. 
In rats however, deficits in synaptic potentiation have been observed after 
ELS at middle age (Brunson et al., 2005), which may indicate either a timing 
and/or species difference. Intriguingly, we further found a strong potentiation 
(>50 % an hour after the stimulation) in APPswe/PS1dE9 mice exposed to ELS. 
We consider this degree of synaptic potentiation atypical since other studies 
using 10 Hz stimulation paradigms in mice, typically report potentiation 
levels of not more than approximately ±25%59,60,72. This suggests that either an 
enhanced potentiation or a reduced depression of synapses occurs in ELS-
APPswe/PS1dE9 mice. Moreover, synaptic potentiation in APPswe/PS1dE9 
mice that were exposed to ELS was still present when the GluN2B antagonist 
Ro25-6981 was applied. In control animals, Ro25-6981 completely prevented 
synaptic potentiation, but it failed to block LTP in ELS-APPswe/PS1dE9 mice. 
This supports the notion that plasticity mechanisms may be impaired in ELS-
APPswe/PS1dE9 mice resulting in enhanced synaptic potentiation.  

Networks composed of synapses that exhibit aberrant synaptic potentiation, 
rather than synapses in which synaptic strength is bi-directionally well 
controlled, decrease their storage capacity and may increase errors, thereby 
failing to adequately store memories73–75. Indeed, APPswe/PS1dE9 mice exposed 
to ELS displayed impaired cognitive flexibility in a hippocampus-dependent 
spatial navigation task previously23, supporting the idea that the observed 
aberrant synaptic potentiation in ELS-APPswe/PS1dE9 mice may contribute to 
impaired cognitive performance. Yet, excessive synaptic potentiation has also 
been related to impaired memory performance before73. One interpretation 
could be that the currently observed increase in synaptic potentiation in 
ELS exposed APPswe/PS1dE9 mice hampers information processing, which 
possibly results in enhanced fear responsiveness. It is unlikely that differences 
in the total number of synapses underlie these effects, as the hippocampal 
levels of PSD-95 and synaptophysin were unaffected by either condition or 
genotype. While PSD-95 and synaptophysin most likely reflect synaptic protein 
levels given the fact that their proteins are known to be enriched in synaptic 
fraction, studies on dendritic spines need to be carried out in more detail to 
examine potential alterations in synaptic connections.
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The atypical potentiation observed in ELS-APPswe/PS1dE9 is not the 
mere result of exposure to ELS, as wild type mice exposed to ELS did not 
display enhanced levels of potentiation. From PND 2 to 9, when the ELS was 
applied, both glutamatergic and GABA-ergic transmission are still under 
development76–80, which ultimately determines network activity. Potentially, 
exposure to early life adversity during this period can lead to profound and 
long lasting changes in synaptic potentiation throughout life5,81,82. The early 
life period appears to be particularly sensitive in this respect, as later life 
stress induced a reduction in synaptic potentiation in transgenic AD mice83-

85. Secondly, we have recently reported that, using the same early life stress 
paradigm and age of the mice, ELS enhances the level of soluble Aβ42 in 
the hippocampus of APPswe/PS1dE9 mice23. Since Aβ has been reported to 
impair LTP, this suggests that another mechanism besides Aβ-induced effects 
on synaptic plasticity underlies the enhanced synaptic potentiation in ELS-
APPswe/PS1dE9 mice. In this respect, it will be interesting to investigate not 
only excitation, but also effects on inhibition. 

Taken together, exposure of APPswe/PS1dE9 mice to stress early in life 
exaggerates the expression of fear behaviour and synaptic potentiation. 
This novel gene x environment interaction may be associated to the 
decreased cognitive flexibility and enhanced expression of fear behaviour, 
observed specifically in APPswe/PS1dE9 mice exposed to ELS. As such, it 
bears considerable relevance for AD aetiology and further emphasises the 
importance of the early postnatal time window in determining the later 
vulnerability to develop AD pathology.

5. Funding

This work was supported by the Internationale Stichting Alzheimer Onderzoek 
(ISAO)/Alzheimer Nederland (grant: #12534 to HJK). 

6. Author contributions

SLL and HJK contributed to the conception and design of the study; SLL 
organised the database; SLL conducted the experiments, SLL performed the 
statistical analysis; SLL wrote the first draft of the manuscript; SlL, HJK and PJL 
contributed to manuscript revision, read and approved the submitted version.



132

Chapter 5

7. References
1 	 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.

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

3 	 Meaney M. Maternal care, gene expression, and 
the transmission of individual differences in 
stress reactivity across generations. Annu Rev 
Neurosci 2001; 24: 1161–92.

4 	 Liu D, Diorio J, Day JC, Francis DD, Meaney MJ. 
Maternal care, hippocampal synaptogenesis 
and cognitive development in rats. Nat 
Neurosci 2000; 3: 799–806.

5 	 Brunson KL, Kramár E, Lin B, Chen Y, Colgin 
LL, Yanagihara TK et al. Mechanisms of late-
onset cognitive decline after early-life stress. J 
Neurosci 2005; 25: 9328–9338.

6 	 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.

7 	 Krugers HJ, Arp J, Xiong H, Kanatsou S, 
Lesuis SL, Korosi A et al. Early life adversity: 
Lasting consequences for emotional learning. 
Neurobiol Stress 2016. 

8 	 Bredy TW, Humpartzoomian RA, Cain DP, 
Meaney MJ. Partial reversal of the effect of 
maternal care on cognitive function through 
environmental enrichment. Neuroscience 
2003; 118: 571–6.

9 	 Bredy TW, Zhang TY, Grant RJ, Diorio J, Meaney 
MJ. Peripubertal environmental enrichment 
reverses the effects of maternal care on 
hippocampal development and glutamate 
receptor subunit expression. Eur J Neurosci 
2004; 20: 1355–1362.

10 	 Toki S, Morinobu S, Imanaka A, Yamamoto S, 
Yamawaki S, Honma K. Importance of early 
lighting conditions in maternal care by dam 
as well as anxiety and memory later in life of 
offspring. Eur J Neurosci 2007; 25: 815–829.

11 	 Caldji C, Tannenbaum B, Sharma S, Francis 
D, Plotsky PM, Meaney MJ. Maternal care 
during infancy regulates the development of 
neural systems mediating the expression of 
fearfulness in the rat. Proc Natl Acad Sci U S A 

1998; 95: 5335–40.
12 	 Menard J, Hakvoort R. Variations of maternal 

care alter offspring levels of behavioural 
defensiveness in adulthood: Evidence for a 
threshold model. Behav Brain Res 2007; 176: 
302–313.

13 	 Champagne D, Bagot R, van Hasselt F, 
Ramakers G, Meaney M, de Kloet E et al. 
Maternal care and hippocampal plasticity: 
evidence for experience-dependent structural 
plasticity, altered synaptic functioning, and 
differential responsiveness to glucocorticoids 
and stress. J Neurosci 2008; 28: 6037–45.

14 	 Huot RL, Plotsky PM, Lenox RH, McNamara 
RK. Neonatal maternal separation reduces 
hippocampal mossy fiber density in adult Long 
Evans rats. Brain Res 2002; 950: 52–63.

15 	 Aisa B, Tordera R, Lasheras B, Del Río J, Ramírez 
MJ. Cognitive impairment associated to HPA 
axis hyperactivity after maternal separation in 
rats. Psychoneuroendocrinology 2007; 32: 256–
266.

16 	 Oomen CA, Soeters H, Audureau N, Vermunt 
L, van Hasselt FN, Manders EMM et al. Severe 
early life stress hampers spatial learning and 
neurogenesis, but improves hippocampal 
synaptic plasticity and emotional learning 
under high-stress conditions in adulthood. J 
Neurosci 2010; 30: 6635–45.

17 	 Oitzl MS, Workel JO, Fluttert M, Frösch F, De 
Kloet ER. Maternal deprivation affects behaviour 
from youth to senescence: amplification of 
individual differences in spatial learning and 
memory in senescent Brown Norway rats. Eur 
J Neurosci 2000; 12: 3771–80.

18 	 Uysal N, Ozdemir D, Dayi A, Yalaz G, Baltaci 
AK, Bediz CS. Effects of maternal deprivation 
on melatonin production and cognition in 
adolescent male and female rats. Neuro 
Endocrinol Lett 2005; 26: 555–60.

19 	 Garner B, Wood SJ, Pantelis C, van den Buuse 
M. Early maternal deprivation reduces prepulse 
inhibition and impairs spatial learning ability in 
adulthood: no further effect of post-pubertal 
chronic corticosterone treatment. Behav Brain 
Res 2007; 176: 323–32.

20 	 Chocyk A, Bobula B, Dudys D, Przyborowska A, 
Majcher-Maślanka I, Hess G et al. Early-life stress 
affects the structural and functional plasticity of 
the medial prefrontal cortex in adolescent rats. 



133

ELS amplifies fear in AD

5

Eur J Neurosci 2013; 38: 2089–2107.
21 	 Arnett MG, Pan MS, Doak W, Cyr PEP, Muglia 

LM, Muglia LJ. The role of glucocorticoid 
receptor-dependent activity in the amygdala 
central nucleus and reversibility of early-life 
stress programmed behavior. Transl Psychiatry 
2015; 5: e542–e542.

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 
in a mouse model of Alzheimer’s disease. 
Oncotarget 2016; 7.

23 	 Lesuis SL, Weggen S, Baches S, Lucassen PJ, 
Krugers HJ. Targeting glucocorticoid receptors 
prevents the effects of early life stress on 
amyloid pathology and cognitive performance 
in APP/PS1 mice. Transl Psychiatry 2018; 8: 53.

24 	 Selkoe DJ, Schenk D. Alzheimer’s disease: 
molecular understanding predicts Amyloid-
based therapeutics. Annu Rev Pharmacol 
Toxicol 2003; 43: 545–584.

25 	 Selkoe DJ. Soluble oligomers of the amyloid 
β-protein impair synaptic plasticity and 
behavior. Behav Brain Res 2008; 192: 106–113.

26 	 Wei W, Nguyen LN, Kessels HW, Hagiwara H, 
Sisodia S, Malinow R. Amyloid beta from axons 
and dendrites reduces local spine number and 
plasticity. Nat Neurosci 2010; 13: 190–196.

27 	 Querfurth HW, LaFerla FM. Alzheimer’s Disease. 
N Engl J Med 2010; 362: 329–344.

28 	 Scheltens P, Blennow K, Breteler MMB, 
de Strooper B, Frisoni GB, Salloway S et al. 
Alzheimer’s disease. Lancet 2016; 388: 505–517.

29 	 Machado A, Herrera AJ, de Pablos RM, Espinosa-
Oliva AM, Sarmiento M, Ayala A et al. Chronic 
stress as a risk factor for Alzheimer’s disease. 
Rev Neurosci 2014; 25: 785–804.

30 	 Hoeijmakers L, Lesuis SL, Krugers H, Lucassen 
PJ, Korosi A. A preclinical perspective on the 
enhanced vulnerability to Alzheimer’s disease 
after early-life stress. Neurobiol Stress 2018; 8: 
172–185.

31 	 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.

32 	 Wilson RS, Begeny CT, Boyle PA, Schneider 
JA, Bennett DA. Vulnerability to stress, anxiety, 
and development of dementia in old age. Am J 
Geriatr Psychiatry 2011; 19: 327–334.

33 	 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.

34 	 Lee L-J. Neonatal fluoxetine exposure affects 
the neuronal structure in the somatosensory 
cortex and somatosensory-related behaviors in 
adolescent rats. Neurotox Res 2009; 15: 212–23.

35 	 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.

36 	 Tran TT, Srivareerat M, Alkadhi KA. Chronic 
psychosocial stress triggers cognitive 
impairment in a novel at-risk model of 
Alzheimer’s disease. Neurobiol Dis 2010; 37: 
756–763.

37 	 Hsiao Y-H, Kuo J-R, Chen S-H, Gean P-W. 
Amelioration of social isolation-triggered onset 
of early Alzheimer’s disease-related cognitive 
deficit by N-acetylcysteine in a transgenic 
mouse model. Neurobiol Dis 2012; 45: 1111–1120.

38 	 Jankowsky JL, Melnikova T, Fadale DJ, Xu GM, 
Slunt HH, Gonzales V et al. Environmental 
enrichment mitigates cognitive deficits in a 
mouse model of Alzheimer’s disease. J Neurosci 
2005; 25..

39 	 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.

40 	 Kessels HW, Malinow R. Synaptic AMPA 
receptor plasticity and behavior. Neuron 2009; 
61: 340–50.

41 	 Nabavi S, Fox R, Proulx CD, Lin JY, Tsien RY, 
Malinow R. Engineering a memory with LTD 
and LTP. Nature 2014; 511: 348–352.

42 	 Whitlock JR, Heynen AJ, Shuler MG, Bear MF. 
Learning induces long-term potentiation in the 
hippocampus. Science 2006; 313: 1093–1097.

43 	 Hyman BT, Van Hoesen GW, Kromer LJ, 
Damasio AR. Perforant pathway changes 
and the memory impairment of Alzheimer’s 
disease. Ann Neurol 1986; 20: 472–481.

44 	 Harris JA, Devidze N, Verret L, Ho K, Halabisky 
B, Thwin MT et al. Transsynaptic progression 
of Amyloid-β-induced neuronal dysfunction 
within the entorhinal-hippocampal network. 
Neuron 2010; 68: 428–441.

45 	 Malinow R, Malenka RC. AMPA receptor 
trafficking and synaptic plasticity. Annu Rev 



134

Chapter 5

memory in mice. Neurobiol Learn Mem 2010; 
94: 530–537.

56 	 Zhou M, Conboy L, Sandi C, Joëls M, Krugers 
HJ. Fear conditioning enhances spontaneous 
AMPA receptor-mediated synaptic 
transmission in mouse hippocampal CA1 area. 
Eur J Neurosci 2009; 30: 1559–1564.

57 	 Bagot R, van Hasselt F, Champagne D, Meaney 
M, Krugers H, Joëls M. Maternal care determines 
rapid effects of stress mediators on synaptic 
plasticity in adult rat hippocampal dentate 
gyrus. Neurobiol Learn Mem 2009; 92: 292–300.

58 	 Pu Z, Krugers HJ, Joëls M. Corticosterone 
time-dependently modulates beta-adrenergic 
effects on long-term potentiation in the 
hippocampal dentate gyrus. Learn Mem 2007; 
14: 359–67.

59 	 Wiegert O, Joëls M, Krugers H. Timing is essential 
for rapid effects of corticosterone on synaptic 
potentiation in the mouse hippocampus. Learn 
Mem 2006; 13: 110–3.

60 	 Mayford M, Bach ME, Huang Y-Y, Wang L, 
Hawkins RD, Kandel ER. Control of memory 
formation through regulated expression of a 
CaMKII transgene. Science 1996; 274: 1678–83.

61 	 Yam KY, Naninck EFG, Abbink MR, la Fleur SE, 
Schipper L, van den Beukel JC et al. Exposure 
to chronic early-life stress lastingly alters the 
adipose tissue, the leptin system and changes 
the vulnerability to western-style diet later in 
life in mice. Psychoneuroendocrinology 2017; 
77: 186–195.

62 	 Loi M, Mossink JCL, Meerhoff GF, Den Blaauwen 
JL, Lucassen PJ, Joëls M. Effects of early-life 
stress on cognitive function and hippocampal 
structure in female rodents. Neuroscience 2017; 
342: 101–119.

63 	 Kessels HW, Nabavi S, Malinow R. Metabotropic 
NMDA receptor function is required for 
β-amyloid-induced synaptic depression. Proc 
Natl Acad Sci 2013; 110: 4033–4038.

64 	 Satler C, Garrido LM, Sarmiento EP, Leme 
S, Conde C, Tomaz C. Emotional arousal 
enhances declarative memory in patients with 
Alzheimer’s disease. Acta Neurol Scand 2007; 
116: 355–360.

65 	 Moayeri SE, Cahill L, Jin Y, Potkin SG. Relative 
sparing of emotionally influenced memory in 
Alzheimer’s disease. Neuroreport 2000; 11: 653–
5.

66 	 Maren S, De Oca B, Fanselow MS. Sex differences 
in hippocampal long-term potentiation (LTP) 
and Pavlovian fear conditioning in rats: positive 

Neurosci 2002; 25: 103–26.
46 	 Jacobsen JS, Wu C-C, Redwine JM, Comery TA, 

Arias R, Bowlby M et al. Early-onset behavioral 
and synaptic deficits in a mouse model of 
Alzheimer’s disease. Proc Natl Acad Sci U S A 
2006; 103: 5161–6.

47 	 Rowan M, Klyubin I, Cullen WK, Anwyl R. 
Synaptic plasticity in animal models of early 
Alzheimer’s disease. Philos Trans R Soc Lond B 
Biol Sci 2003; 358: 821–8.

48 	 Janus C, Flores AY, Xu G, Borchelt DR. Behavioral 
abnormalities in APPSwe/PS1dE9 mouse model 
of AD-like pathology: comparative analysis 
across multiple behavioral domains. Neurobiol 
Aging 2015; 36: 2519–2532.

49 	 Savonenko A, Xu GM, Melnikova T, Morton JL, 
Gonzales V, Wong MPF et al. Episodic-like 
memory deficits in the APPswe/PS1dE9 mouse 
model of Alzheimer’s disease: Relationships to 
β-amyloid deposition and neurotransmitter 
abnormalities. Neurobiol Dis 2005; 18: 602–617.

50 	 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.

51 	 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.

52 	 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.

53 	 Walker C-D, Bath KG, Joels M, Korosi A, Larauche 
M, Lucassen PJ et al. Chronic early life stress 
induced by limited bedding and nesting (LBN) 
material in rodents: critical considerations of 
methodology, outcomes and translational 
potential. Stress 2017; 20: 421–448.

54 	 Xiong H, Casse F, Zhou Y, Zhou M, Xiong Z-Q, 
Joëls M et al. mTOR is essential for corticosteroid 
effects on hippocampal AMPA receptor 
function and fear memory. Learn Mem 2015; 22: 
577–583.

55 	 Zhou M, Bakker EHM, Velzing EH, Berger S, Oitzl 
M, Joëls M et al. Both mineralocorticoid and 
glucocorticoid receptors regulate emotional 



135

ELS amplifies fear in AD

5

potentiation and functional synapse induction 
in developing hippocampus. Nature 1996; 381: 
71–75.

80 	 Hsia AY, Malenka RC, Nicoll RA. Development 
of excitatory circuitry in the hippocampus. J 
Neurophysiol 1998; 79.

81 	 Rodenas-Ruano A, Chávez AE, Cossio MJ, Castillo 
PE, Zukin RS. REST-dependent epigenetic 
remodeling promotes the developmental 
switch in synaptic NMDA receptors. Nat 
Neurosci 2012; 15: 1382–1390.

82 	 Derks N, Krugers HJ, Hoogenraad CC, Joëls 
M, Sarabdjitsingh RA. Effects of early life 
stress on synaptic plasticity in the developing 
hippocampus of male and female rats. PLoS 
One 2016; 11: e0164551.

83 	 Baglietto-Vargas D, Chen Y, Suh D, Ager RR, 
Rodriguez-Ortiz CJ, Medeiros R et al. Short-
term modern life-like stress exacerbates Aβ-
pathology and synapse loss in 3xTg-AD mice. J 
Neurochem 2015; 134: 915–926.

84 	 Alkadhi KA, Tran TT. Chronic psychosocial stress 
impairs early LTP but not late LTP in the dentate 
gyrus of at-risk rat model of Alzheimer's disease. 
Brain Res 2014; 1588: 150–158.

85 	 Srivareerat M, Tran TT, Alzoubi KH, Alkadhi 
KA. Chronic psychosocial stress exacerbates 
impairment of cognition and long-term 
potentiation in β-Amyloid rat model of 
Alzheimer’s disease. Biol Psychiatry 2009; 65: 
918–926.

86 	 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.

correlation between LTP and contextual 
learning. Brain Res 1994; 661: 25–34.

67 	 Haass C, Selkoe DJ. Soluble protein oligomers 
in neurodegeneration: lessons from the 
Alzheimer’s amyloid β-peptide. Nat Rev Mol 
Cell Biol 2007; 8: 101–112.

68 	 Townsend M, Shankar GM, Mehta T, Walsh 
DM, Selkoe DJ. Effects of secreted oligomers 
of amyloid β-protein on hippocampal synaptic 
plasticity: a potent role for trimers. J Physiol 
2006; 572: 477–492.

69 	 Turner PR, O’Connor K, Tate WP, Abraham 
WC. Roles of amyloid precursor protein and 
its fragments in regulating neural activity, 
plasticity and memory. Prog Neurobiol 2003; 
70: 1–32.

70 	 Walsh DM, Klyubin I, Fadeeva J V., Cullen WK, 
Anwyl R, Wolfe MS et al. Naturally secreted 
oligomers of amyloid β protein potently inhibit 
hippocampal long-term potentiation in vivo. 
Nature 2002; 416: 535–539.

71 	 Kamenetz F, Tomita T, Hsieh H, Seabrook G, 
Borchelt D, Iwatsubo T et al. APP processing 
and synaptic function. Neuron 2003; 37: 925–
937.

72 	 Sarabdjitsingh RA, Pasricha N, Smeets 
JAS, Kerkhofs A, Mikasova L, Karst H et al. 
Hippocampal fast glutamatergic transmission 
is transiently regulated by corticosterone 
pulsatility. PLoS One 2016; 11: e0145858.

73 	 Migaud M, Charlesworth P, Dempster M, 
Webster LC, Watabe AM, Makhinson M et 
al. Enhanced long-term potentiation and 
impaired learning in mice with mutant 
postsynaptic density-95 protein. Nature 1998; 
396..

74 	 Willshaw D, Dayan P. Optimal plasticity from 
matrix memories: What goes up must come 
down. Neural Comput 1990; 2: 85–93.

75 	 Hancock PJB, Smith LS, Phillips WA. A 
biologically supported error-correcting learning 
rule. Neural Comput 1991; 3: 201–212.

76 	 Liao D, Malinow R. Deficiency in induction but 
not expression of LTP in hippocampal slices 
from young rats. Learn Mem 1996; 3: 138–49.

77 	 Cellot G, Cherubini E. Functional role of 
ambient GABA in refining neuronal circuits 
early in postnatal development. Front Neural 
Circuits 2013; 7: 136.

78 	 Cherubini E, Gaiarsa JL, Ben-Ari Y. GABA: an 
excitatory transmitter in early postnatal life. 
Trends Neurosci. 1991; 14: 515–519.

79 	 Durand G, Kovalchuk Y, Konnerth A. Long-term 


