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Introduction
The period during peri- and early postnatal life is a critical developmental
phase that plays an important role in shaping adult health, a concept that
has been widely described in the context of the so called Developmental
Origins of Health and Disease (DOHaD) hypothesis1,2. This hypothesis centres
around the notion that the early life environment impacts later health and the
vulnerability to develop diseases throughout the entire lifespan, for instance
in relation to mental health3,4, obesity, diabetes, coronary heart disease
(e.g.5,6). Indeed, accumulating preclinical and clinical evidence highlights the
association between early life adversity and impaired cognitive function, the
predisposition to develop psychopathology, and neurological disorders such
as Alzheimer’s disease.
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1. Early life experiences and cognitive function later in life
During early postnatal development, the brain undergoes an impressive
growth that involves a massive growth and migration of glia and the
proliferation of stem cells and their differentiation into young neurons, that
are guided by migration along glia, their formation of early axonal connections
and the functional maturation of these neural connections into (early)
neuronal networks. These developmental phases involve a carefully controlled
orchestration of numerous specific genes being expressed in a well-defined
spatiotemporal pattern, allowing complex neuronal networks to be formed.
This delicate, developing brain is very sensitive to external influences and
environmental factors, particularly during stages when massive proliferation
and migration of neurons occur. As such, stressful experiences and the
presence of elevated levels of glucocorticoid hormones (cortisol in humans;
corticosterone in rodents) during the early life period have been reported to
interfere with ongoing brain development and can exert long-lasting effects
on adult brain function and behaviour. Indeed, adverse events during prenatal
and early postnatal life (early life stress, ELS) are associated with stress exposure
and an increased vulnerability to subsequent stressors and compromised
physical and mental health later in life, both in humans and rodents7–12. In
contrast, more positive and ‘stimulating’ experiences during early life are, at
least in rodents, associated with an apparent resilience to later-life challenges,
with a good physical and mental health, as well as with decreased chances to
develop later anxiety- and depressive-like behaviour13–17.
The vulnerability of the brain, and in particular the hippocampus (box 1),
23
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Box 1. Brain regions most relevant to the studies in this thesis
While the stress response starts in the hypothalamus, in this thesis,
the main focus will be on the hippocampus, an extremely plastic brain
region with high relevance for cognition205 and regulation of the stress
response32. The hippocampus is highly relevant for processing contextual
information and spatial learning. The hippocampus continues to develop
postnatally, until two years of age in humans and up to two weeks after
birth in rodents206, 207, making it particularly sensitive to events early
in life. This is supported by clinical evidence showing that early life
adversity results in decreased cognitive functioning in adulthood208–210,
and correlates with reduced hippocampal volume211–213. Furthermore,
hippocampus dysfunction is among the first presentation of Alzheimer’s
disease. Different hippocampal subfields each exert their distinct roles in
information processing, among which processing of spatial (CA1214; CA3215)
or temporal information216,217, novelty (CA1218), and social memory (CA2219).
The dentate gyrus (DG), another hippocampal subregion, is critically
involved in separation, the ability to independently represent and store
similar experiences220.
The amygdala plays a key role in the circuitry underlying
emotional learning and memory221–223, with a crucial role in auditory fear
conditioning224–226. Specific subregions have further been associated with
encoding cues (basolateral amygdala (BLA)227), in mediating the effects of
stress hormones on memory consolidation (BLA226), and with fear memory
extinction (BLA228; central amygdala229; lateral amygdala230).The amygdala
further interacts closely with the medial prefrontal cortex (mPFC), which
is involved in appraisal of threat or safety and through which, together
with other brain regions, many emotional and cognitive processes are
affected231–234. The mPFC is also involved in planning, behavioural flexibility
and inhibitory behaviour235,236.

to an age-related loss of function seems to parallel the effects of negative or
positive early life experiences on cognitive performance. For example, prenatal
stress increases, while neonatal handling (which increases maternal care)
decreases the rate of brain and/or hippocampal aging and plasticity18–20. This
has, in part, been attributed to lasting alterations in hypothalamic-pituitaryadrenal (HPA) axis activity that occurs following such early life experiences.
The changes in reactivity of the adult life HPA axis e.g., play a major role in
determining the rate of brain and body aging21–29.
24
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During the early postnatal period, the dam is a critical factor for her pups
and a disturbance of the mother-pup interaction can have lasting effects on
the HPA axis and memory of her offspring later in life (see section 1.1). In rodent
models (see box 2 for a summary of the different rodent models of early life
stress or enrichment), perinatal stress impairs cognitive performance at an
adult age, while generally increasing emotionality and reactivity of the HPA
axis and autonomic nervous system in the offspring, effects that generally also
last throughout life1,2.

1

1.1. Hypothalamic-pituitary-adrenal (HPA) axis
Experiences early in life can change HPA axis responsiveness in a long-lasting
manner, thereby programming the (cumulative) extent of glucocorticoid
exposure over life30. Activation of the HPA axis drives glucocorticoid hormone
secretion from the adrenal cortex, both in a circadian manner and in response
to stress3,4. HPA axis activity is initiated by internal and external signals that
trigger the hypothalamus to release corticotropin-releasing hormone (CRH),
which stimulates the anterior pituitary to secrete adrenocorticotropic hormone
(ACTH). ACTH acts on the adrenal cortex to stimulate the synthesis and secretion
of glucocorticoids. In turn, glucocorticoids also target the hypothalamus and
anterior pituitary to inhibit the production and release of CRH and ACTH and
thereby GCs control their own release via a negative feedback loop31. Elevations
of basal corticosterone levels and a reduced capacity to adapt to and recover
from stressors are an inherent part of aging5,6, and an acceleration or delay of
these processes may directly influence brain and cognitive aging.
Glucocorticoid hormones can bind to the mineralocorticoid receptor
(MR) and the glucocorticoid receptor (GR). The MR has a high affinity for
glucocorticoid hormones, is occupied under basal conditions, and is involved in
the initial rise of the endocrine stress response32. GRs, which have a tenfold lower
affinity to glucocorticoids, are occupied when glucocorticoid levels are high in
response to a stressor. They are involved in terminating the stress response7–12.
Both receptors are present in the cytosol and activate or suppress nuclear
gene expression upon the binding of the ligand32, important for adaptation
and termination of the stress response as well as the storage of information
for future use. In addition, activation of these receptors can also exert rapid,
non-genomic effects13–17. These rapid effects affect neuronal excitability and
are important for the initial stress response and rapid behavioural effects22.
Combining non-genomic and genomic actions, MRs and GRs can affect
behaviour over a wide time range18–20.
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Box 2. Rodent models of early life stress and enhancement
In the early life period, the brain shows massive development and is
highly sensitive to environmental factors that can disturb this process
and affect brain function for life. The consequences of the interferences
depend on the maturity of the brain at the moment of birth. For instance,
the rat brain at birth is about as mature as the human brain at midgestation. This programming is critically determined by, amongst others,
interactions between the mother and her offspring. In animal models, the
critical components shaping the local environment are; the intrauterine
environment, that can be affected by specific medication or e.g. stress
hormones that reach the pregnant dam and her fetus(es), as well as
postnatal interactions between the dam and her offspring. This involves
elements like tactile stimulation, nutrition and warmth. Both time
windows can be manipulated experimentally to study the consequences
of such early life experiences. We will here highlight some relevant models.
Prenatal stress20 is a model most commonly induced in pregnant
rodents by a single or repeated session of maternal restraint stress and/or
defeat during specific gestational periods (mostly during the last week of
gestation, sometimes earlier).
Models in which the naturally occurring variation in maternal care
is used to select for pups that received high amounts of maternal care
compared to pups receiving low amounts of maternal care (low vs. high
licking and grooming). This represents a model to test the consequences
of ‘negative’ and stressful vs. a ‘positive’ early life environment for later
brain structure and function94,96.
Box continues on next page

Persistent increases in HPA axis activity can result in higher basal
glucocorticoid levels, and in a stronger and more prolonged exposure to
glucocorticoid levels following a stressor. Chronic early life stress, induced
by housing dams and pups with limited nesting and bedding material (LBN,
see box 2) results in elevated corticosterone level, increased adrenal gland
weight33, as well as reduced glucocorticoid receptor (GR), mineralocorticoid
receptor (MR) and CRH expression21–29. The MR is involved in the appraisal of
stressful situations and in the maintenance of basal corticosterone levels,
while GR regulates the stress response when endogenous GC levels are
26
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Box 2 (continued)
Alterations in the postnatal mother-pup interaction can also be
induced experimentally. Postnatally, early life stress is e.g. induced
by a single, prolonged separation of dam and pups, called maternal
deprivation99, which usually lasts for 24 hours and is conducted at
postnatal day (PND) 3 or 4. Alternatively, with maternal separation97, the
dam and pups are separated repeatedly for 2-5 hours/day. To introduce
chronic early life stress54, a reduction in the available nesting and bedding
material (limited nesting and bedding material, LBN) triggers erratic and
fragmented maternal care and stress in the dam which is transmitted to
her offspring.

1

In contrast, a ‘positive’ early life environment is typically installed by
separating the dam and her pups for a brief period of up to 15 minutes
on a daily basis, during a time window from PND 2-9 or until weaning.
This model is generally called postnatal or neonatal handling19,56,237 and,
results in increased levels of maternal care of the dam towards her pups
upon reunion.

high by regulating the negative feedback of the HPA axis to stress. Naturally
occurring low levels of maternal care also result in increased corticosterone
levels and enhanced CRH release in response to a stressor34–37 and in a lower
expression of hippocampal GRs30. Maternal separation increases corticosterone
levels in response to a stressor38,39, which is accompanied by reduced GR31
and increased CRH levels40–46. Maternal deprivation also increases basal and
stress induced corticosterone levels but decreases expression of GR32. Finally,
prenatal stress in rats, applied during the last week of gestation, increased HPA
axis responsiveness to subsequent stressors in the adult offspring45,47–49. Also,
the maintenance of basal levels of HPA axis activity is altered, possibly due to a
reduced hippocampal MR expression32, thus highlighting the sensitivity of the
HPA axis for early life adverse experiences.
Conversely, increased levels of maternal care early in life, e.g. introduced
experimentally by subjecting animals to neonatal handling (see box 2), exerts
opposite effects; both corticosterone and ACTH levels are reduced following
stress exposure36,50, accompanied by higher hippocampal GR22, lower MR33,
and changes in CRH levels51–55. Even studies in which both prenatal stress
and cross-fostering were combined, which can also be considered a form of
neonatal handling as it involves intense licking of the pups upon the return of
the mother34–37, show that the effects of prenatal stress on HPA axis activity can
27
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be reversed by cross-fostering the pups to new mothers56,57. This emphasises
the strong protective effect of positive early life experiences on HPA-axis
responsiveness.
Alterations in glucocorticoid hormone levels and changes in HPA axis
feedback have often been associated with hippocampal aging and accelerated
cognitive decline38,39, although exceptions exist as well58–60. In humans, those
aged individuals who exhibited elevated basal cortisol levels, were the ones
who displayed impaired explicit memory performance and selective attention
deficits40–46. Their hippocampus was also found to be 14 % smaller than that
of age-matched controls who did not show progressive cortisol increases and
who were not cognitively impaired59. Rats with increased HPA-reactivity show
an earlier age-related decline of several hippocampus-dependent cognitive
functions45,47–49, while older, cognitively impaired animals also display higher
HPA axis activity61. Besides the deleterious effects of prolonged glucocorticoid
hormone exposure, early life stress also affects the CRH and CRH receptor 1
system (see below), resulting in functional and behavioural impairments in
adult life36,50. Together, the specific effects of glucocorticoid hormones on
neural development and HPA axis reactivity may change qualitatively as the
nervous system matures and ages61, indicating that the timing of the applied
procedure and the stress hormone exposure, relative to the developmental
stage of the different brain regions, is important for its later effects.

1.2. Behaviour
Early life experiences have also been correlated to behavioural alterations later
in life, which may be related to HPA axis activity. Chronic early life stress (see
box 2 for details) e.g. increases adult anxiety-like behaviour in the elevated plus
maze51–55, in the open field and in the light/dark box62. Furthermore, various
types of chronic early life stress induce memory deficits in the Morris Water
Maze56,57, novel object recognition test63 and Y-maze58–60, while conditioned
fear responses are increased31,64. Offspring that received low amounts of
maternal care also shows impaired spatial memory and object recognition
performance59 and increased conditioned fear responses64,65. Impaired spatial
memory was also reported following maternal separation61, and maternal
deprivation17,19,61,66–68. Furthermore, maternal separation results in more anxious
animals in the light/dark exploration test61 and after fear conditioning14,61. Finally,
prenatal stress has been found to increase anxiety in an open field test62, and
to impair spatial learning at adulthood61. Neonatal handling on the other hand,
has been associated with a slower rate of cognitive aging and a reduced loss of
hippocampal function throughout life63. It also results in improved behavioural
28
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performance in different learning and memory paradigms69 and a reduction in
conditioned and unconditioned fear responses31,64.

1

1.3. Synaptic plasticity
Cognitive and memory impairments may be related to deficits in synaptic
plasticity58. The capacity to display long-term potentiation (LTP) is one of the
major cellular mechanisms thought to underlie learning and memory64,65.
Indeed, chronic early life stress results in a reduced capacity to trigger LTP in
the hippocampal CA370,71 and CA1 area17,19,61,66–68. Similarly, pups that received low
amounts of maternal care failed to show LTP induction in the dentate gyrus21–29
or hippocampal CA1 area14,61. Maternal separation further impaired LTP in the
prefrontal cortex (PFC)72–77, whereas maternal deprivation impaired LTP in the
dentate gyrus61 and CA1 area78. In line with this, exposure to prenatal stress was
found to impair the induction of LTP in hippocampal areas at a young adult
age69. Interestingly, neonatal handling paradigms, which lower corticosterone
exposure, have also been shown to prevent age-related hippocampal and
cortical neuronal atrophy and dysfunction79, and to enhance LTP in the CA1
area of adult rats58 (more extensively reviewed by18).

1.4. Dendritic morphology
Various studies have shown that pre- and neonatal experiences cause
persistent morphological changes to individual neurons in specific limbic
brain regions and the PFC70,71. For example, following early life stress, dendritic
atrophy of CA1 pyramidal cells and expansions in the CA3 mossy fibres were
observed, while the number of granule cells in the hippocampal CA1 area and
its innervation of CA3 pyramidal neurons was reduced28, possibly via stressinduced increases in CRH neurons21–29. Furthermore, exposure to chronic early
life stress reduces the number of dendritic spines, i.e. the anatomical substrate
for memory storage and synaptic transmission, in both CA1 and CA3 areas.
Also, a reduced inhibitory synaptic density was found in the CA1 area and in
parallel, a reduction in excitatory synaptic density in the hippocampal CA1 and
CA3 areas80,81.
Although less well described, also other brain regions are affected, and
chronic early life stress hampers dendritic development and spine density in
the PFC72–77, whereas it increases spine density in the basolateral amygdala (see
box 1)82,83. In addition, pups that received low amounts of maternal care early
in life show reduced dendritic complexity in the CA1 area and dentate gyrus at
adulthood, compared to pups that received high amounts of maternal care78.
29
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Also, the number of spines in hippocampal neurons is higher in pups that
received high compared to low amounts of maternal care79. Finally, maternal
separation caused atrophy of the basal dendritic tree and reduces spine density
on both the apical and basal dendrites in layer II/III of the PFC84,85. Maternal
deprivation reduced the number of granule cells and dendritic complexity in
the dentate gyrus18, but had no effects in the amygdala86.

1.5. Adult neurogenesis
Aging is a prominent inhibitor of adult hippocampal neurogenesis, a form of
structural plasticity referring to the continued production of new hippocampal
neurons throughout adulthood. These adult-generated neurons are derived
from stem cells present in the adult hippocampal dentate gyrus that go through
distinct developmental stages before they become fully functional and well
integrated within the hippocampal tri-synaptic circuitry28. The process of adult
neurogenesis is regulated by various hormonal and environmental factors,
including a stimulation by enriched environmental housing or exercise52,81,87,88
and in general an inhibition by stress80,81. Some exceptions exist as well, but in
these cases, stress was often predictable, controllable and/or mild, and may
actually have resulted in enrichment and could thus have been perceived as
positive and rewarding experiences52,54,81,88. Neurogenesis plays a role in stress
regulation82,83 and is involved in various forms of (hippocampus-dependent)
learning and memory87, including pattern separation84,85.
Depending on the animal model used, early life stress generally impairs
hippocampal neurogenesis at adult ages51,89, whereas ‘positive’ stimuli like
(adult life) environmental enrichment or exercise increase the number of
newborn cell numbers in the dentate gyrus86, but this also depends on earlier
treatments and experiences, possibly in a sex-dependent manner90–93. For
instance, exercise, which enhances neurogenesis in males, failed to increase
neurogenesis in middle-aged female mice that had been exposed to chronic
early life stress in their first week of life52,81,87,88. Thus, early life experiences
can modify the aging-associated decrease in neurogenesis as well as its
subsequent sensitivity to environmental stimuli applied later in life94–96.

2. Early life experiences and Alzheimer’s disease
Alzheimer’s disease (AD) is a neurodegenerative disorder that is highly
prevalent among the elderly population. AD is characterised by progressive
impairments in various behavioural and cognitive functions52,54,81,88 that have
a profound impact on AD patients, their families, caregivers, and society.
30
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Prominent neuropathological hallmarks in the brains of AD patients include
amyloid-β (Aβ)-peptide-containing plaques and neurofibrillary tangles (NFTs)
containing hyperphosphorylated tau. In humans and rodents, the gradual
accumulation of Aβ-containing plaques and NFTs has been associated a.o.
with spine loss and glial activation. Together, they may trigger the age-related
cognitive decline and behavioural symptoms characteristic for AD87.

1

Seminal genetic studies have identified mutations in the amyloid precursor
protein (APP), Presenilin-1, Presenilin-2 genes and variations in ApoE in relation
to early and late-onset familial AD (see e.g.97,98). While these mutations explain
a small percentage, the vast majority of AD cases likely has a multifactorial
aetiology, in which both age and lifestyle factors play an important modulatory
role51,89. Epidemiological studies have shown that factors like higher education,
a more healthy diet, more social and physical activities, bilingualism, and
measures for lifelong learning and mental stimulation correlate with a slower
rate of memory decline during aging, a delayed onset of mild cognitive
impairment (MCI) and/or a lower incidence of AD99–102. These positive lifestyle
factors may therefore delay AD onset and increase the resilience to develop
AD.
On the other hand, adverse environmental experiences such as prolonged
stress, have been associated with a faster progression of AD symptoms and an
earlier development of pathology90–93. Stressful life events have been reported
to reduce the age of onset in familial AD103, while major depression, which has a
strong stress-related component, has been associated with an increased risk to
develop AD earlier in life (e.g.94–96). Furthermore, glucocorticoid (GC) hormones,
the main mediators of the stress response, are often increased in AD, notably
already early in the disease104 and dysregulation of the hypothalamus–pituitary–
adrenal (HPA) axis, i.e. the main neuro-endocrine axis controlling GC release
and feedback, may increase the risk to develop AD97,98. Together, these studies
highlight a possible interaction between genetic predisposition and lifestyle
factors such as stress and/or low socio-economic status, in determining the
vulnerability and resilience to develop AD.
In a recent study, Wang et al.31,64 have identified in particular the early
postnatal period in humans as a sensitive time window for lasting effects
on brain structure and function and also on the risk to develop AD105,106.
Indeed, stressful and traumatic experiences during the early life period have
been strongly associated with an increased vulnerability to stressors, and
compromised physical and mental health in later life, both in humans and
rodents99–102. On the other hand, ‘positive’ or stimulating early life experiences
in humans83,107 and rodents103 have been associated with an apparent resilience
31
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Box 3. Rodent models of AD neuropathology
Preclinical studies have so far employed transgenic and non-transgenic
approaches to model aspects of Alzheimer’s Disease. These models
generally reproduce various disease aspects; memory impairments, Aβ
containing plaques, and/or tau/tangles, and neuronal loss (only in a few
Aβ based models).
Transgenic models most frequently (over)express single or multiple
mutations in the APP, presenilin (PS) and/or tau genes, or combinations
of these genes, that relate to familial forms of AD. Non-transgenic
models are generated by the injection of specific toxins into the brain,
such as Aβ, tau or inflammatory-related compounds, or use naturalistic
models of aging. Although none of these models fully captures the entire
human disease profile and often model only one specific aspect of AD
neuropathology, the existing models have made important contributions
to our current understanding of AD pathophysiology. There are, however
distinct differences in the presentation of neuropathology in transgenic
models and the human presentation of dementia, in particular with
regard to animal models of amyloid pathology which overall display
severe hippocampal amyloidosis, which is different from the human
presentation of plaque pathology. Also, no tau mutations have been
identified that cause autosomal dominant AD, unlike mutations in Aβ
-associated genes. Tau mutations in contrast, produce fronto-temporal
dementia. The Aβ and tau-based models will be discussed in more detail
in the second part of this box.
Box continues on next page

to later-life challenges and a better later physical and mental health.
Together, several human studies suggest that stressful events early in life
are associated with a higher chance to develop AD104 whereas, in contrast, early
life enrichment, longer education and more cognitive ‘stimulation’ during
early periods, are correlated with a later presentation of AD symptoms19,66–68,108.
While the association between early life experiences, HPA axis responsiveness,
brain structure, synaptic plasticity and memory underscores the possible
importance of the early postnatal period also for AD symptomatology and
neuropathology, the long time lag in between the early environment and the
onset of AD symptoms has so far hampered a deeper understanding of the
underlying causes and possible mechanisms. To address this, animal models
32
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Box 3. Continued
Aβ neuropathology: The amyloidogenic pathway of amyloid precursor
protein (APP) processing occurs through APP cleavage by β- and
γ-secretases, producing C83, C99 and Aβ fragments. Aβ peptides can
aggregate to form oligomers, which exist in different forms (e.g. soluble/
insoluble, oligomeric, fibrillary plaques) and have different pathogenic
properties. The most commonly used mouse models overexpress
a mutant form of APP (isoform 695) with the Swedish mutation
(KM670/671NL) (“Tg2576” mice), resulting in elevated levels of Aβ and
cognitive impairments by 1 year of age238. The introduction of an additional
PSEN1 mutation, which increases γ-secretase activity, yields the widely
used APPswe/PS1dE9 mouse, which develop progressive Aβ deposits
and cognitive impairments as early as 6 months239,240.

1

Tau neuropathology: Tau proteins are the product of the microtubuleassociated protein tau (MAPT)-gene, and mutations in this gene lead to
hyperphosphorylation. Excessive levels of this protein, or its abnormal
phosphorylation, both result in the formation of NFTs and pathogenic
paired-helical filament-tau. The PS19241, Tau.P301L242 and JNPL3243 models
overexpress the MAPTP301L gene, and show progressive tangle-like
pathology in the midbrain and brain stem, parallel to cognitive deficits
(not reported in JNPL3 mice). Given the preferential targeting of the
disease gene to these brain regions and the important role of tau for
(large) motor neurons, many tau mutant mice develop motor problems
prior to the onset of hippocampal and cognitive impairments, which is a
drawback of these models.
Combined neuropathology: When multiple transgenes are
combined, both Aβ and tau neuropathology is induced, for instance in
the bi-genic model overexpression APPV717I and Tau.P301L mutation
(“biAT”)244. Other commonly used models are the 3xTg-AD, harbouring
the APP Swedish, the MAPT P301L, as well as the PSEN1 M146V mutations,
displaying learning deficits from 6 months onwards245. The 5xFAD model,
harbouring the APP Swedish, Florida and London mutations, as well as
the PSEN1 M146V, and PSEN1 L286V mutations show aggressive and
early presentation of amyloid pathology, starting at 1.5 months of age246.
Additional and related models have been generated as well247–250.

allow for a more detailed investigation of these relationships that may help to
identify the mechanisms by which environmental factors during the early life
33
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period can affect AD symptoms and pathology. The ability to e.g. model specific
genetic risk factors for AD and the precise control over (timing of) life events
make such animal models highly suitable for investigating the mechanisms
underlying the interactions between genes, the (early) environment and AD
(see box 3 for an overview of animal models of AD neuropathology).

3. Conclusion
In conclusion, lifelong patterns of adrenocortical function and (cumulative)
stress hormone exposure, in part determined by changes in set point due
to early life experiences, can contribute to the rate of brain aging, at least
in experimental animals. Healthy aging is often characterised by a gradient
elevation of glucocorticoid levels, a process that is also modulated by early
life experiences and that may influence the vulnerability or resilience of the
brain to additional insults. This may be mediated by (epi)genetic alterations in
GR, MR and/or CRH expression31,64, that can have persistent consequences for
glucocorticoid feedback sensitivity and the function and structure of neurons
in specific brain regions. This lifelong programming of the brain by early life
experiences thus contributes to the vulnerability or resilience to develop
cognitive impairment and psychopathologies later in life, and may further
determine the onset, severity, and/or progression of Alzheimer’s disease.

34

General Introduction

4. References
1

Barker DJ, Winter PD, Osmond C, Margetts B,

in rats: a role for insulin-like growth factor 1. J

Simmonds SJ. Weight in infancy and death
from ischaemic heart disease. Lancet (London,
2

Neurosci 2013; 33: 11715–23.
14

development of the glucocorticoid receptor

Barker DJP. Developmental origins of adult

system in the rat limbic brain. I. Ontogeny and

health and disease. J Epidemiol Community
Health 2004; 58: 114–5.
3

4

5

response

molecular biology, and the childhood roots of

significance. Dev Psychobiol 2010; 52: 661–670.
16

psychological development and mental health.

receptor expression involves activation of the

Scand J Psychol 2009; 50: 583–591.

corticotropin-releasing factor type 1 receptor.

Barker DJP. The origins of the developmental

enhancement
function

of

and

hippocampal
glucocorticoid

Endocrinology 2005; 146: 4090–4096.
17

Hanson MA. Developmental origins of obesity

Francis DD, Meaney MJ. Maternal care and the
development of stress responses. Curr Opin
Neurobiol 1999; 9: 128–34.

18

Dellu F, Mayo W, Vallée M, Le Moal M, Simon

Andersen SL, Teicher MH. Stress, sensitive

H. Reactivity to novelty during youth as a

periods and maturational events in adolescent

predictive factor of cognitive impairment in the

depression. Trends Neurosci 2008; 31: 183–191.

elderly: a longitudinal study in rats. Brain Res

Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel
neurodevelopmental

disorders.

1994; 653: 51–6.
19

Biol

Meaney MJ, Aitken D, van Berkel C, Bhatnagar
S, Sapolsky RM. Effect of neonatal handling on
age-related impairments associated with the

Davidson RJ, McEwen BS. Social influences

hippocampus. Science 1988; 239: 766–8.

on neuroplasticity: stress and interventions to

20 Lemaire V, Koehl M, Le Moal M, Abrous DN.

promote well-being. Nat Neurosci 2012; 15: 689–

Prenatal stress produces learning deficits

695.

associated with an inhibition of neurogenesis

Heim C, Binder EB. Current research trends

in the hippocampus. Proc Natl Acad Sci U S A

human studies on sensitive periods, gene–

2000; 97: 11032–7.
21

Sapolsky RM, Krey LC, McEwen BS. The

environment interactions, and epigenetics. Exp

neuroendocrinology of stress and aging: The

Neurol 2012; 233: 102–111.

glucocorticoid cascade hypothesis. Endocr Rev

McEwen BS. Central effects of stress hormones

1986.

in health and disease: Understanding the

22 Sapolsky

RM,

Krey

LC,

McEwen

BS.

protective and damaging effects of stress and

Glucocorticoid-sensitive hippocampal neurons

stress mediators. Eur J Pharmacol 2008; 583:

are involved in terminating the adrenocortical

174–85.

stress response. Proc Natl Acad Sci U S A 1984;

Raineki C, Szawka RE, Gomes CM, Lucion MK,

81: 6174–7.

Barp J, Belló-Klein A et al. Effects of neonatal

23 Sapolsky RM, Krey LC, McEwen BS. Prolonged

handling on central noradrenergic and nitric

glucocorticoid exposure reduces hippocampal

oxidergic systems and reproductive parameters

neuron number: implications for aging. J

in female rats. Neuroendocrinology 2008; 87:
151–9.
13

Fenoglio KA, Brunson KL, Avishai-Eliner S, Stone

memory

in early life stress and depression: Review of

12

and

evoked

Psychiatry 2010; 68: 314–9.

11

Mechanisms

Räikkönen K, Pesonen A-K. Early life origins of

and

10

life:

JAMA 2009; 301: 2252–9.

TR, McCarthy MM et al. Early life programming

9

in

BA, Kapadia BJ, Baram TZ. Enduring, handling-

Nutr 2013; 60 Suppl 1: 10–1.

8

early

for health promotion and disease prevention.

and non-communicable disease. Endocrinol
7

Korosi A, Baram TZ. Plasticity of the stress

Shonkoff JP, Boyce W, McEwen B. Neuroscience,

origins theory. J Intern Med 2007; 261: 412–417.
6

autoregulation. Brain Res 1985; 350: 159–164.
15

health disparities: building a new framework

1

Meaney MJ, Sapolsky RM, McEwen BS. The

England) 1989; 2: 577–80.

Neurosci 1985; 5: 1222–7.
24 Kerr DS, Campbell LW, Hao SY, Landfield PW.

Baldini S, Restani L, Baroncelli L, Coltelli M,

Corticosteroid modulation of hippocampal

Franco R, Cenni MC et al. Enriched early life

potentials: increased effect with aging. Science

experiences reduce adult anxiety-like behavior

1989; 245: 1505–9.

35

Chapter 1
25 Angelucci

L,

Patacchioli

FR,

al.

Pharmacol 2013; 719: 53–62.

Scaccianoce

S, Di Sciullo A, Catalani A, Taglialatela G et

37 Joëls M, Pu Z, Wiegert O, Oitzl MS, Krugers

Hypothalamo-pituitary-adrenocortical

HJ. Learning under stress: how does it work?
Trends Cogn Sci 2006; 10: 152–158.

function and process of brain aging. Adv
Biochem Psychopharmacol 1987; 43: 293–304.

38 Beato

26 Deuschle M, Gotthardt U, Schweiger U, Weber

of

B, Körner A, Schmider J et al. With aging in

hormone

A.

Receptors

Interaction
with

the

1996; 17: 587–609.

pituitary-adrenal system increases and its

39 Datson NA, van der Perk J, de Kloet ER,

diurnal amplitude flattens. Life Sci 1997; 61:

Vreugdenhil E. Identification of corticosteroid-

2239–46.

responsive genes in rat hippocampus using

27 Gallagher M, Nicolle MM. Animal models of

serial analysis of gene expression. Eur J Neurosci
2001; 14: 675–89.

normal aging: relationship between cognitive
decline and markers in hippocampal circuitry.

40 Karst H, Berger S, Turiault M, Tronche F, Schutz

Behav Brain Res 1993; 57: 155–62.

G, Joels M. Mineralocorticoid receptors are

28 Issa AM, Rowe W, Gauthier S, Meaney MJ.
Hypothalamic-pituitary-adrenal

activity

indispensable for nongenomic modulation

in

of hippocampal glutamate transmission by

aged, cognitively impaired and cognitively

corticosterone. Proc Natl Acad Sci 2005; 102:

unimpaired rats. J Neurosci 1990; 10: 3247–54.
29 McEwen

BS,

Seeman

T.

Protective

and

damaging effects of mediators of stress.

19204–19207.
41

Karst H, Berger S, Erdmann G, Schütz G, Joëls
M. Metaplasticity of amygdalar responses to the

Elaborating and testing the concepts of

stress hormone corticosterone. Proc Natl Acad

allostasis and allostatic load. Ann N Y Acad Sci

Sci U S A 2010; 107: 14449–54.

1999; 896: 30–47.

42 Di S, Malcher-Lopes R, Halmos KC, Tasker JG.

30 Krugers HJ, Arp J, Xiong H, Kanatsou S,

Nongenomic

glucocorticoid

inhibition

via

Lesuis SL, Korosi A et al. Early life adversity:

endocannabinoid release in the hypothalamus:

Lasting consequences for emotional learning.

a fast feedback mechanism. J Neurosci 2003;
23: 4850–7.

Neurobiol Stress 2016.
Vallée M, Mayo W, Dellu F, Le Moal M, Simon H,

43 Tasker JG, Di S, Malcher-Lopes R. Minireview:

Maccari S. Prenatal stress induces high anxiety

rapid glucocorticoid signaling via membrane-

and postnatal handling induces low anxiety in

associated receptors. Endocrinology 2006; 147:

adult offspring: correlation with stress-induced
corticosterone secretion. J Neurosci 1997; 17:
2626–36.
the brain: from adaptation to disease. Nat Rev
Neurosci 2005; 6: 463–75.
C, Oelkers W, Pfeiffer AFH et al. Transactivation
the

human

252: 1848–51.
45 Groeneweg FL, Karst H, de Kloet ER, Joels M.
Rapid non-genomic effects of corticosteroids

33 Grossmann C, Scholz T, Rochel M, Bumke-Vogt
via

5549–56.
44 Orchinik M, Murray TF, Moore FL. A corticosteroid
receptor in neuronal membranes. Science 1991;

32 de Kloet ER, Joëls M, Holsboer F. Stress and

and their role in the central stress response. J
Endocrinol 2011; 209: 153–167.

and

46 Groeneweg FL, Karst H, de Kloet ER, Joëls M.

mineralocorticoid receptor by therapeutically

Mineralocorticoid and glucocorticoid receptors

used steroids in CV-1 cells: a comparison of

at the neuronal membrane, regulators of

their

nongenomic corticosteroid signalling. Mol Cell

glucocorticoid

glucocorticoid

and

mineralocorticoid

properties. Eur J Endocrinol 2004; 151: 397–406.
34 de Kloet ER, Reul JM, Sutanto W. Corticosteroids
and the brain. J Steroid Biochem Mol Biol 1990;
37: 387–94.
35 de Kloet ER, Oitzl M, Joëls M. Stress and
cognition: are corticosteroids good or bad
guys? Trends Neurosci 1999; 22: 422–426.

36

Sanchez-Pacheco

transcription initiation complex. Endocr Rev

humans the activity of the hypothalamus-

31

M,

steroid

Endocrinol 2012; 350: 299–309.
47 Joëls M, Baram TZ. The neuro-symphony of
stress. Nat Rev Neurosci 2009; 10: 459–466.
48 de Quervain DJ-F, Aerni A, Schelling G,
Roozendaal

B.

Glucocorticoids

and

the

regulation of memory in health and disease.
Front Neuroendocrinol 2009; 30: 358–370.

36 de Kloet ER. Functional profile of the binary

49 Joëls M, Karst H, DeRijk R, de Kloet ER. The

brain corticosteroid receptor system: mediating,

coming out of the brain mineralocorticoid

multitasking, coordinating, integrating. Eur J

receptor. Trends Neurosci 2008; 31: 1–7.

General Introduction
50 Joëls M, Sarabdjitsingh RA, Karst H. Unraveling

offspring through methyl supplementation:

the time domains of corticosteroid hormone

altering epigenetic marking later in life. J
Neurosci 2005; 25: 11045–54.

influences on brain activity: rapid, slow, and
chronic modes. Pharmacol Rev 2012; 64: 901–
51

61

Ladd CO, Huot RL, Thrivikraman K., Nemeroff

38.

CB, Plotsky PM. Long-term adaptations in

Arp J, ter Horst JP, Loi M, den Blaauwen

glucocorticoid receptor and mineralocorticoid

J, Bangert E, Fernández G et al. Blocking

receptor mRNA and negative feedback on the

glucocorticoid receptors at adolescent age

hypothalamo-pituitary-adrenal axis following

prevents enhanced freezing between repeated

neonatal maternal separation. Biol Psychiatry

cue-exposures after conditioned fear in adult
mice raised under chronic early life stress.
Neurobiol Learn Mem 2016; 133: 30–38.

2004; 55: 367–375.
62 Chen A, Kelley LDS, Janušonis S. Effects
of

prenatal

stress

and

monoaminergic

52 Brunson KL, Kramár E, Lin B, Chen Y, Colgin

perturbations on the expression of serotonin

LL, Yanagihara TK et al. Mechanisms of late-

5-HT₄ and adrenergic β₂ receptors in the

onset cognitive decline after early-life stress. J

embryonic mouse telencephalon. Brain Res

Neurosci 2005; 25: 9328–9338.

2012; 1459: 27–34.

53 Gilles EE, Schultz L, Baram TZ. Abnormal

63 Vázquez DM, Van Oers H, Levine S, Akil

corticosterone regulation in an immature rat

H.

model of continuous chronic stress. Pediatr

mineralocorticoid receptor mRNAs in the

Neurol 1996; 15: 114–9.

hippocampus of the maternally deprived infant

54 Rice CJ, Sandman CA, Lenjavi MR, Baram TZ. A

Regulation

of

glucocorticoid

and

rat. Brain Res 1996; 731: 79–90.

novel mouse model for acute and long-lasting

64 Vallée M, Mayo W, Maccari S, Le Moal M, Simon

consequences of early life stress. Endocrinology

H. Long-term effects of prenatal stress and

2008; 149: 4892–4900.

handling on metabolic parameters: relationship

55 Avishai-Eliner S, Gilles EE, Eghbal-Ahmadi
M, Bar-El Y, Baram TZ. Altered regulation of
gene and protein expression of hypothalamicpituitary-adrenal

axis

components

in

to corticosterone secretion response. Brain Res
1996; 712: 287–292.
65 Henry C, Kabbaj M, Simon H, Le Moal M, Maccari

an

S. Prenatal stress increases the hypothalamo-

immature rat model of chronic stress. J

pituitary-adrenal axis response in young and

Neuroendocrinol 2001; 13: 799–807.

adult rats. J Neuroendocrinol 1994; 6: 341–5.

56 Avishai-Eliner S, Eghbal-Ahmadi M, Tabachnik

66 Núñez JF, Ferré P, Escorihuela RM, Tobeña

E, Brunson KL, Baram TZ. Down-regulation of

A, Fernández-Teruel A. Effects of postnatal

hypothalamic corticotropin-releasing hormone

handling of rats on emotional, HPA-axis, and

messenger ribonucleic acid (mRNA) precedes

prolactin reactivity to novelty and conflict.

early-life

experience-induced

changes

in

hippocampal glucocorticoid receptor mRNA.
Endocrinology 2001; 142: 89–97.

Physiol Behav 1996; 60: 1355–1359.
67 Papaioannou A, Gerozissis K, Prokopiou A,
Bolaris S, Stylianopoulou F. Sex differences in

57 Bath KG, Manzano-Nieves G, Goodwill H. Early

the effects of neonatal handling on the animal’s

life stress accelerates behavioral and neural

response to stress and the vulnerability for

maturation of the hippocampus in male mice.

depressive behaviour. Behav Brain Res 2002;

Horm Behav 2016; 82: 64–71.

129: 131–139.

58 Liu D, Diorio J, Tannenbaum B, Caldji C,

68 Zaharia MD, Kulczycki J, Shanks N, Meaney

Francis D, Freedman A et al. Maternal care,

MJ, Anisman H. The effects of early postnatal

hippocampal glucocorticoid receptors, and

stimulation on Morris water-maze acquisition

hypothalamic-pituitary-adrenal responses to

in adult mice: genetic and maternal factors.

stress. Science (80- ) 1997; 277: 1659–1662.

Psychopharmacology (Berl) 1996; 128: 227–239.

59 Weaver I, Cervoni N, Champagne F, D’Alessio
A,

Sharma

S,

programming

Seckl
by

J

et

maternal

1

al.

Epigenetic

behavior.

Nat

Neurosci 2004; 7: 847–54.
60 Weaver I, Champagne F, Brown S, Dymov S,
Sharma S, Meaney M et al. Reversal of maternal
programming of stress responses in adult

69 Korosi A, Shanabrough M, McClelland S, Liu
Z-W, Borok E, Gao X-B et al. Early-life experience
reduces

excitation

to

stress-responsive

hypothalamic neurons and reprograms the
expression of corticotropin-releasing hormone.
J Neurosci 2010; 30: 703–713.
70 Maccari S, Piazza PV, Kabbaj M, Barbazanges

37

Chapter 1
A, Simon H, Le Moal M. Adoption reverses

abnormalities and dysfunction of the prefrontal

the long-term impairment in glucocorticoid

cortex via CRF1. Neuropsychopharmacology
2015; 40: 1203–1215.

feedback induced by prenatal stress. J Neurosci
1995; 15: 110–6.
71

81

DE, Gall CM et al. Hippocampal dysfunction and

H, Le Moal M et al. Early and later adoptions

cognitive impairments provoked by chronic

have different long-term effects on male rat

early-life stress involve excessive activation of

offspring. J Neurosci 1996; 16: 7783–90.

CRH receptors. 2010; 30: 13005–13015.

72 Leverenz JB, Wilkinson CW, Wamble M, Corbin

82 Barbazanges A, Piazza PV, Le Moal M, Maccari

S, Grabber JE, Raskind MA et al. Effect of chronic

S. Maternal glucocorticoid secretion mediates

high-dose exogenous cortisol on hippocampal

long-term effects of prenatal stress. J Neurosci

neuronal number in aged nonhuman primates.
J Neurosci 1999; 19: 2356–61.

1996; 16: 3943–9.
83 Catalani A, Marinelli M, Scaccianoce S, Nicolai R,

73 Lucassen PJ, Mü MB, Holsboer F, Bauer

Muscolo LA, Porcu A et al. Progeny of mothers

J, Holtrop A, Wouda J et al. Hippocampal

drinking corticosterone during lactation has

apoptosis in major depression is a minor

lower stress-induced corticosterone secretion

event and absent from subareas at risk for

and better cognitive performance. Brain Res

glucocorticoid overexposure. Am J Pathol 2001;
158: 453–468.
74 Müller

MB,

1993; 624: 209–15.
84 Dalle

Lucassen

PJ,

Yassouridis

A,

Molle

Kapczinski

R,
FP,

Portella

AK,

Leistner-Segal

Goldani
S,

MZ,

Leistner-

Hoogendijk WJ, Holsboer F, Swaab DF. Neither

Segala S et al. Associations between parenting

major depression nor glucocorticoid treatment

behavior and anxiety in a rodent model and a

affects the cellular integrity of the human

clinical sample: relationship to peripheral BDNF

hippocampus. Eur J Neurosci 2001; 14: 1603–12.

levels. Transl Psychiatry 2012; 2: e195.

75 van der Beek EM, Wiegant VM, Schouten WGP,

85 Maniam J, Antoniadis CP, Youngson NA, Sinha

van Eerdenburg FJCM, Loijens LWS, van der

JK, Morris MJ. Sugar consumption produces

Plas C et al. Neuronal number, volume, and

effects similar to early life stress exposure on

apoptosis of the left dentate gyrus of chronically

hippocampal markers of neurogenesis and

stressed pigs correlate negatively with basal
saliva cortisol levels. Hippocampus 2004; 14:
688–700.

stress response. Front Mol Neurosci 2016; 8: 86.
86 Wang X-D, Labermaier C, Holsboer F, Wurst W,
Deussing JM, Müller MB et al. Early-life stress-

76 Fuchs E, Flügge G, Ohl F, Lucassen PJ, Vollmann-

induced anxiety-related behavior in adult

Honsdorf GK, Michaelis T. Psychosocial stress,

mice partially requires forebrain corticotropin-

glucocorticoids, and structural alterations in

releasing hormone receptor 1. Eur J Neurosci

the tree shrew hippocampus. Physiol Behav
2001; 73: 285–91.

2012; 36: 2360–7.
87 Wang X-D, Rammes G, Kraev I, Wolf M, Liebl

77 Yang S, Gerow KG, Huber HF, Considine MM, Li

C, Scharf SH et al. Forebrain CRF₁ modulates

C, Mattern V et al. A decline in female baboon

early-life stress-programmed cognitive deficits.

hypothalamo-pituitary-adrenal

axis

activity

anticipates aging. Aging (Albany NY) 2017; 9:
1375–1385.

J Neurosci 2011; 31: 13625–34.
88 Naninck

EFG,

Hoeijmakers

L,

Kakava-

Georgiadou N, Meesters A, Lazic SE, Lucassen

78 Lupien SJ, Lecours AR, Lussier I, Schwartz G,

PJ et al. Chronic early life stress alters

Nair NP, Meaney MJ. Basal cortisol levels and

developmental

cognitive deficits in human aging. J Neurosci

and

1994; 14: 2893–903.

Hippocampus 2015; 25: 309–328.

79 Lupien SJ, de Leon M, de Santi S, Convit A,

impairs

89 Guadagno

A,

and

adult

cognitive
Wong

neurogenesis

function
TP,

in

mice.

Walker

C-D.

Tarshish C, Nair NP V. et al. Cortisol levels during

Morphological and functional changes in the

human aging predict hippocampal atrophy

preweaning basolateral amygdala induced by

and memory deficits. Nat Neurosci 1998; 1: 69–

early chronic stress associate with anxiety and

73.

fear behavior in adult male, but not female

80 Yang X, Liao X, Uribe-Mariño A, Liu R, Xie X,
Jia J et al. Stress during a critical postnatal
period

38

Ivy AS, Rex CS, Chen Y, Maras PM, Grigoriadis

Barbazanges A, Vallée M, Mayo W, Day J, Simon

induces

region-specific

structural

rats. Prog Neuro-Psychopharmacology Biol
Psychiatry 2018; 81: 25–37.
90 Liu D, Diorio J, Day JC, Francis DD, Meaney MJ.

General Introduction
Maternal care, hippocampal synaptogenesis
and
91

cognitive

development

in

rats.

Nat

100 Oitzl MS, Workel JO, Fluttert M, Frösch F, De
Kloet ER. Maternal deprivation affects behaviour

Neurosci 2000; 3: 799–806.

from youth to senescence: amplification of

Bredy TW, Humpartzoomian RA, Cain DP,

individual differences in spatial learning and

Meaney MJ. Partial reversal of the effect of

memory in senescent Brown Norway rats. Eur

maternal care on cognitive function through
environmental

enrichment.

Neuroscience

2003; 118: 571–6.

AK, Bediz CS. Effects of maternal deprivation

92 Bredy TW, Zhang TY, Grant RJ, Diorio J, Meaney

on melatonin production and cognition in

MJ. Peripubertal environmental enrichment

adolescent male and female rats. Neuro

reverses the effects of maternal care on

Endocrinol Lett 2005; 26: 555–60.

hippocampal development and glutamate

102 Garner B, Wood SJ, Pantelis C, van den Buuse

receptor subunit expression. Eur J Neurosci

M. Early maternal deprivation reduces prepulse

2004; 20: 1355–1362.

inhibition and impairs spatial learning ability in

93 Toki S, Morinobu S, Imanaka A, Yamamoto S,

adulthood: no further effect of post-pubertal

Yamawaki S, Honma K. Importance of early

chronic corticosterone treatment. Behav Brain

lighting conditions in maternal care by dam
as well as anxiety and memory later in life of

Res 2007; 176: 323–32.
103 Chocyk A, Bobula B, Dudys D, Przyborowska A,

offspring. Eur J Neurosci 2007; 25: 815–829.

Majcher-Maślanka I, Hess G et al. Early-life stress

94 Caldji C, Tannenbaum B, Sharma S, Francis

affects the structural and functional plasticity of

D, Plotsky PM, Meaney MJ. Maternal care

the medial prefrontal cortex in adolescent rats.

during infancy regulates the development of

Eur J Neurosci 2013; 38: 2089–2107.

neural systems mediating the expression of

104 Arnett MG, Pan MS, Doak W, Cyr PEP, Muglia

fearfulness in the rat. Proc Natl Acad Sci U S A

LM, Muglia LJ. The role of glucocorticoid

1998; 95: 5335–40.

receptor-dependent activity in the amygdala

95 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.

central nucleus and reversibility of early-life
stress programmed behavior. Transl Psychiatry
2015; 5: e542–e542.
105 Yaka R, Salomon S, Matzner H, Weinstock M.
Effect of varied gestational stress on acquisition

96 Champagne D, Bagot R, van Hasselt F,

of spatial memory, hippocampal LTP and

Ramakers G, Meaney MJ, de Kloet ER et al.

synaptic proteins in juvenile male rats. Behav

Maternal care and hippocampal plasticity:
evidence for experience-dependent structural

Brain Res 2007; 179: 126–132.
106 Yang J, Han H, Cao J, Li L, Xu L. Prenatal stress

plasticity, altered synaptic functioning, and

modifies

differential responsiveness to glucocorticoids

and spatial learning in young rat offspring.

and stress. J Neurosci 2008; 28: 6037–45.
97 Huot RL, Plotsky PM, Lenox RH, McNamara

hippocampal

synaptic

plasticity

Hippocampus 2006; 16: 431–436.
107 Meaney

MJ,

Tannenbaum

B,

Francis

D,

RK. Neonatal maternal separation reduces

Bhatnagar S, Shanks N, Viau V et al. Early

hippocampal mossy fiber density in adult Long

environmental programming hypothalamic-

Evans rats. Brain Res 2002; 950: 52–63.

pituitary-adrenal responses to stress. Semin

98 Aisa B, Tordera R, Lasheras B, Del Río J, Ramírez
MJ. Cognitive impairment associated to HPA

Neurosci 1994; 6: 247–259.
108 Stamatakis

A,

Pondiki

Kitraki

rats. Psychoneuroendocrinology 2007; 32: 256–

Raftogianni A, Stylianopoulou F. Effect of

266.

neonatal handling on adult rat spatial learning

L, van Hasselt FN, Manders EMM et al. Severe
early life stress hampers spatial learning and
but

improves

Panagiotaropoulos

E,

Diamantopoulou

99 Oomen CA, Soeters H, Audureau N, Vermunt

A,

S,

axis hyperactivity after maternal separation in

neurogenesis,

1

J Neurosci 2000; 12: 3771–80.
101 Uysal N, Ozdemir D, Dayi A, Yalaz G, Baltaci

T,

and memory following acute stress. Stress
2008; 11: 148–159.
109 Fernández-Teruel A, Escorihuela RM, Castellano

hippocampal

B, Gonzalez B, Tobena A. Neonatal handling

synaptic plasticity and emotional learning

and environmental enrichment effects on

under high-stress conditions in adulthood. J

emotionality,

Neurosci 2010; 30: 6635–45.

age-related

novelty/reward
cognitive

and

seeking,

and

hippocampal

39

Chapter 1
impairments: focus on the roman rat lines.
Behav Genet 1997; 27.

2006; 59: 786–792.

110 Ferré P, Núñez JF, García E, Tobeña A,

120 Pondiki S, Stamatakis A, Fragkouli A, Philippidis

Escorihuela RM, Fernández-Teruel A. Postnatal

H, Stylianopoulou F. Effects of neonatal handling

handling reduces anxiety as measured by

on the basal forebrain cholinergic system of

emotionality rating and hyponeophagia tests

adult male and female rats. Neuroscience 2006;

in female rats. Pharmacol Biochem Behav
1995; 51: 199–203.

142: 305–314.
121 Tang AC, Zou B. Neonatal exposure to novelty

111 Perez-Cruz C, Nolte MW, Van-Gaalen MM,

enhances long-term potentiation in CA1 of the

Rustay NR, Termont A, Tanghe A et al. Reduced

rat hippocampus. Hippocampus 2002; 12: 398–

spine density in specific regions of CA1
pyramidal neurons in two transgenic mouse

404.
122 Tang AC, Zou B, Reeb BC, Connor JA. An

models of Alzheimer’s disease. J Neurosci 2011;

epigenetic

31: 3926–34.

hippocampal asymmetry: Selectivity for short-

112 Kessels

HW,

Malinow

R.

Synaptic

induction

of

a

right-shift

in

AMPA

and long-term potentiation but not post-

receptor plasticity and behavior. Neuron 2009;

tetanic potentiation. Hippocampus 2008; 18:

61: 340–50.

5–10.

113 Bagot R, van Hasselt F, Champagne D,

123 Ali I, Salzberg MR, French C, Jones NC.

Meaney MJ, Krugers HJ, Joëls M. Maternal care

Electrophysiological insights into the enduring

determines rapid effects of stress mediators

effects of early life stress on the brain.

on synaptic plasticity in adult rat hippocampal
dentate gyrus. Neurobiol Learn Mem 2009; 92:
292–300.
114 Bagot

Psychopharmacology (Berl) 2011; 214: 155–173.
124 Bock J, Gruss M, Becker S, Braun K. Experienceinduced changes of dendritic spine densities in

RC,

Tse

YC,

Nguyen

H-B,

Wong

the prefrontal and sensory cortex: correlation

AS, Meaney MJ, Wong TP. Maternal care

with developmental time windows. Cereb

influences hippocampal N-Methyl-D-Aspartate

Cortex 2005; 15: 802–8.

receptor function and dynamic regulation by

125 Bock J, Murmu MS, Biala Y, Weinstock M, Braun

corticosterone in adulthood. Biol Psychiatry

K. Prenatal stress and neonatal handling induce

2012; 72: 491–498.

sex-specific changes in dendritic complexity

115 Nguyen H-B, Bagot RC, Diorio J, Wong TP,

and dendritic spine density in hippocampal

Meaney MJ. Maternal care differentially affects

subregions of prepubertal rats. Neuroscience

neuronal excitability and synaptic plasticity
in

the

dorsal

and

ventral

2011; 193: 34–43.

hippocampus.

126 Murmu MS, Salomon S, Biala Y, Weinstock M,

Neuropsychopharmacology 2015; 40: 1590–

Braun K, Bock J. Changes of spine density and

1599.

dendritic complexity in the prefrontal cortex in

116 Derks N, Krugers HJ, Hoogenraad CC, Joëls
M, Sarabdjitsingh RA. Effects of early life

offspring of mothers exposed to stress during
pregnancy. Eur J Neurosci 2006; 24: 1477–1487.

stress on synaptic plasticity in the developing

127 Kolb B, Mychasiuk R, Muhammad A, Li Y, Frost

hippocampus of male and female rats. PLoS

DO, Gibb R. Experience and the developing

One 2016; 11: e0164551.

prefrontal cortex. Proc Natl Acad Sci U S A 2012;

117 Son GH, Geum D, Chung S, Kim EJ, Jo J-H, Kim

109: 17186–93.

C-M et al. Maternal stress produces learning

128 McEwen BS, Eiland L, Hunter RG, Miller MM.

deficits associated with impairment of NMDA

Stress and anxiety: structural plasticity and

receptor-mediated

epigenetic regulation as a consequence of

synaptic

plasticity.

J

Neurosci 2006; 26: 3309–3318.
118 Yang J, Hou C, Ma N, Liu J, Zhang Y, Zhou J et
al. Enriched environment treatment restores
impaired hippocampal synaptic plasticity and
cognitive deficits induced by prenatal chronic
stress. Neurobiol Learn Mem 2007; 87: 257–263.
119 Lemaire V, Lamarque S, Le Moal M, Piazza P-V,
Abrous DN. Postnatal stimulation of the pups
counteracts prenatal stress-induced deficits

40

in hippocampal neurogenesis. Biol Psychiatry

stress. Neuropharmacology 2012; 62: 3–12.

