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Early-life stress shapes the brain for life

Early-life stress shapes the brain for life
Developmental

origins of health and disease

Early-life is a critical developmental period that plays an important role
in determining adult health. This concept has been formulated as the
developmental origins of health and disease (DOHaD) hypothesis [1-3],
and implies that the quality of the early life environment will have a lasting
impact on our health and vulnerability to develop diseases later in life. While
this hypothesis was originally formulated as a framework to explain the
differential vulnerability to cardiovascular [4,5] and metabolic [6,7] diseases,
it is also of major importance for mental health [8,9]. Indeed, emerging clinical
and preclinical evidence firmly establishes the association between adverse
early-life experiences and predisposition to develop psychopathology (e.g.
depression, schizophrenia) and impaired cognitive functioning in adulthood.
The concept that brain structure and function can be shaped ‘for life’ by
experiences during the perinatal period is termed ‘programming’. The
implications of this concept are major and imply that, once we understand
the exact processes involved in this programming, we can potentially
intervene and prevent the development of deleterious effects. Until the 80’s,
programming of the offspring’s brain has often been viewed as the result of
the unidirectional influence of parental care, described by e.g. psychological
conflict, parental attachment and ‘toxic’ parenting theories. Nowadays these
concepts are increasingly being replaced by (neuro-)biological theories
focusing on a more complex interplay between the genetic makeup of the
offspring and his/her environment (including parental care) during critical
developmental periods [10]. However, while the theories have evolved, the
exact underlying mechanisms responsible for the life-long effects of early
experiences remain largely elusive.
Sadly, early-life stress (ES) is no exception in the contemporary world and many
children experience one or more forms of ES, ranging from e.g. physical/sexual
abuse, to neglect, exposure to war, poverty, illness or institutionalization (e.g.
in the US over 3.7 million cases are referred to child protective services every
year [11]). Prevention of ES is in most cases not feasible and currently no
intervention strategies are available to protect a vulnerable population against
the lasting ES-induced consequences for mental health. Today’s children are
tomorrow’s future, so there is a high need for effective interventions, both
from a societal as well as an economic point of view. In order to develop these,
we need a better understanding of the processes involved in programming of
the brain by ES.
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Outstanding

questions

The main goal of this thesis is to provide insight into some of the biological
processes at play when experience, hormones and nutrition act together
during early sensitive postnatal period(s) in life and confer enduring effects
on later brain structure and cognitive and emotional function. The following
outstanding questions will be addressed:
1. Which key elements of the early-life environment are critical in
programming ES effects?
2. Are the ES effects progressive or irreversible alterations that impact
the brain from the start, and can we define critical time-windows for
possible intervention?
3. Is ES differentially affecting males and females, and if so, what could be
the possible underlying biological substrates?
Answering these fundamental questions can have high translational value.
In fact, in the past decades, insights from preclinical ES research have had
important implications for human health. For instance, knowledge obtained
from rodent studies addressing the role of early maternal sensory stimulation
in regulating the offspring’s stress system [12-15] has led to changes in clinical
practice, facilitating and promoting contact between parent and infant in the
stressful environment of the newborn IC unit. Indeed massage, kangaroo care
(skin-to skin contact between mother and infant) and other forms of sensory
stimulation are now often applied in these clinical settings and have beneficial
effects on pain responsiveness [16], reactivity to stress [17] and short-term
weight gain [18].
It is however important to realize that it is not one single element of the earlylife environment, but rather the synergistic action of various components (e.g.
maternal sensory stimuli, stress hormones, neuropeptides and nutrition) that
programs the brain during early-life, at least in part via epigenetic mechanisms.
Epigenetic modulation of DNA and chromatin reflects a way for environmental
factors to lastingly, or transiently, modify the degree of gene transcription
[15]. While the essential role of maternal care in programming the brain is well
established, the role of early nutrition has been largely ignored. However, earlylife is a period of high nutritional demand, during which diet not only provides
the building blocks required for growth and (brain) development, but also the
essential elements for many biochemical processes, such as the production of
neurotransmitters and epigenetic modifications. Therefore, in this thesis, the
role of nutritional elements, their interactions with the stress system and their
influence on the epigenetic machinery are addressed. Understanding the role
and influence of early nutrition can alter the way we think about programming
of the brain by ES and may create a platform for novel nutritional interventions,
which are typically non-invasive and easily applicable.
12
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For optimal intervention, it is important to identify the critical time windows
during which the brain is most sensitive to early-life experiences. Therefore
we need to understand if programming is mediated by acute and/or lasting
effects on the stress-neuroendocrine and cognitive systems, which are still
developing at that time. Such insights have important ramifications, not only for
the design of specific interventions but also for policymaking. As an example,
in the case of institutionalized children, researchers have tried to identify an
optimal time for placement in foster families, resulting in evidence that the
beneficial effects on behavior and cognitive function are much larger with
earlier placements [19]. Accordingly, for many neurobiological mechanisms
during development, optimal periods for intervention exist as well.
Another issue that needs clarification is the sex-specific sensitivity to earlylife experiences. There is an obvious difference in the sex-ratio of many (ESassociated) psychopathologies; e.g. depression occurs twice as often in girls as
in boys [20,21], while autism and attention deficit/hyperactivity disorders are
3-7 times more prevalent in boys than in girls [22]. However, so far surprisingly
little is known as to how early-life experiences can alter postnatal or adolescent
brain development and plasticity in a sexually dimorphic manner. Is there a
difference between males and females in the vulnerability to ES experiences?
What determines this, are sex hormones involved, and could this also relate to
the sex differences in later susceptibility to neurodevelopmental diseases and
psychopathology? Answering these questions will help to identify populations
that are at risk and will provide more insight into how we can optimize
differential intervention strategies for males versus females.

The

scope of this thesis

To enable the investigation of processes involved in the programming of brain
structure and function by ES, we have established and validated a mouse
model of chronic ES (based on [23]). In this model, chronic ES is induced by
fragmentation of maternal care via limiting the amount of nesting and bedding
material in the cage during the first postnatal week. This model recapitulates
important aspects of human neglect/abuse situations and, in contrast to
related mother-pup separation paradigms, here the mother is present but
stressed and unable to provide the appropriate care [24].
As causality between ES and long-term outcomes is difficult to prove in
clinical research, animal models provide a clear advantage as they do allow
us to directly address the above-mentioned questions. In addition, working
with mice enables us to control for genetic background and life history and
allows behavioral testing with direct access to brain material (within the same
individual), for e.g. the assessment of hormone/nutrient content, neuronal
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plasticity measures, gene expression and epigenetic modifications within
specific brain regions of interest under well-controlled conditions.
The key brain region that we will focus on in this thesis, is the hippocampus, an
extremely plastic brain structure important for cognition [25] and regulation
of the stress response [26,27]. There is clinical evidence that ES exposure is not
only associated with an impaired cognitive function in adulthood [28-30] but
that this impairment also correlates with reductions in hippocampal volume
[31-33]. In addition, reduced hippocampal volumes have been found in adults
born with a low birth weight and are very common in ES-associated disorders,
including major depression [34]. A possible explanation for the heightened
sensitivity of particularly the hippocampus to early-life environments, is its
extended development and postnatal maturation; the hippocampus continues
to develop until 2 years of age in humans and up to 2 weeks after birth in
rodents [35,36].
The dentate gyrus (DG), the hippocampal subregion that develops last, is of
our particular interest, not only because its development largely coincides
with the period of ES [36,37], but also because the DG exhibits a unique form
of hippocampal plasticity, termed adult neurogenesis (AN). AN comprises the
generation of new neurons from neuronal precursor cells in the adult brain,
a process limited to very few brain regions, that occurs in most mammals
(including human and rodents) and is implicated in cognitive functioning
[38]. Although other forms of hippocampal plasticity might also contribute
to ES-induced cognitive impairments, we focus here on AN as it is strongly
modulated by life experiences and environmental influences. For example,
physical activity [39], treatment with antidepressant drugs [40,41] and
hippocampus-dependent learning [42] can increase AN, while ageing [43] and
exposure to stress are potent inhibitors of AN [44,45]. It has been suggested
that early-life experiences can also have large, even more persistent, effects on
hippocampal plasticity [46] and that these play a role in mediating ES-induced
later cognitive impairments. In that respect, the remarkable responsiveness
of AN to adult life experiences might offer possibilities to restore cognitive
function via modulation of AN via environmental stimuli later in life.
In this thesis we address if altered hippocampal plasticity is one of the
neurobiological substrates of ES-induced cognitive impairments and we study
if neurogenic capacity in adulthood is programmed by early-life experiences.

14
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Thesis Outline
The main objective of this thesis is to gain more insight in the biological
processes at play during the programming of the brain by early-life experiences.
By understanding how sensory stimuli, hormones and nutrition confer
enduring effects on brain structure and function, and by testing the efficacy
of interventions that are designed on this acquired knowledge, we hope to
generate new ideas for intervention strategies that can prevent or restore
lasting effects of ES on brain function and structure. To achieve the highest
translational value, this research concentrates on clarifying unresolved issues
regarding the programming of hippocampal structure and function by chronic
ES. They concern: the complexity of the early-life environment, critical timewindows and sex-specific vulnerability.
Chapter 1 provides an introduction into the perinatal programming effects
of stress, nutrition and epigenetics on adult hippocampal structure and
functions, including cognition and emotion. Next to an extensive overview of
the literature, we hypothesize that stress during gestation, or early lactation,
affects nutrient availability in the dam and her offspring. We propose that this
may persistently modulate gene expression via epigenetic programming and
thereby alters hippocampal properties.
In chapter 2, we validate the chronic early life stress model in mice, a paradigm
inducing chronic ES by fragmentation of maternal care, which is induced by
an impoverished cage environment. We characterize the direct and lasting
effects of this ES paradigm on postnatal and adult hippocampal neurogenesis
and cognitive functions in male and female mice. ES induced alterations in
neurogenesis appear (at least partly) involved in the later development of
cognitive deficits. In addition, we describe a sex-specific effect of ES, with
males being more vulnerable than females.
Next, we set out to determine if essential micronutrients are critically involved
in programming hippocampal structure and function by ES. The focus is on
methyl-donors (methionine, homocysteine, vitamins B6, B12, B9 and their
metabolites), as these are required for neuronal development and functioning
of the epigenetic machinery, which has been implicated in lasting effects of
ES. As described in chapter 3, we first developed a novel methodology for
the detection and exact measurement of these nutrients in milk, plasma and
brain of neonatal mice. With this method, simultaneous and highly precise
measurement of these micronutrients is now possible in these three different
matrices, allowing us to study their concentration in maternal milk, their
absorption by the offspring and their uptake in the brain under healthy or
pathological conditions.
15

Preface

In chapter 4, we use our newly developed methodology to test how exposure to
early-life stress affects the availability, absorption and uptake of these essential
micronutrients. We show, for the first time, that ES affects levels of methionine
in the plasma and brain of the offspring. Next, we show that supplementing
the maternal diet during ES with methyl donors can restore nutrient levels
in the offspring and can prevent ES-induced alterations. This short and early
nutritional supplementation, with a specific group of micronutrients, is thus
already able to ameliorate ES-induced cognitive impairments in adulthood, and
thereby presents a novel ‘window of opportunity’ to modulate programming
effects on the pup brain. To understand what mediates the effects of this
successful dietary intervention, we further investigated maternal behavior,
offspring HPA-axis activity, hippocampal neurogenesis, gene expression and
DNA methylation.
In chapter 5, we investigate the potential of other environmental factors to
stimulate brain plasticity and thereby protect against the lasting consequences
of ES. While we focused on males in the previous chapter, we here specifically
study female mice. As females seem more resilient to ES-effects than
males under basal conditions (chapter 2), we were interested whether the
neurogenic capacity of the adult female brain was differentially affected by
ES in response to stimuli known to modulate AN and cognition. We tested
the effects of: i) exercise in adulthood and ii) dietary supplementation with
essential micronutrients in early life.
In chapter 6 we review and discuss the sex-specific vulnerability to develop
psychopathologies and address whether such sex specific susceptibility could
be explained by differences in sex hormones during specific developmental
time windows.
The main findings of this thesis and their implications are summarized and
discussed in chapter 7.
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Chapter 1
Perinatal programming of adult
hippocampal structure and function;
emerging roles of stress, nutrition and
epigenetics

E.F.G. Naninck*, P.J. Lucassen*, J.B. van Goudoever,
C. Fitzsimons, M. Joels and A. Korosi
* Shared first authors

TRENDS in Neurosciences 36: 621-631 (2013)

Introduction

Abstract
Early-life stress lastingly affects adult cognition and increases vulnerability
to psychopathology, but the underlying mechanisms remain elusive. In this
Opinion article, we propose that early nutritional input together with stress
hormones and sensory stimuli from the mother during the perinatal period act
synergistically to program the adult brain, possibly via epigenetic mechanisms.
We hypothesize that stress during gestation or lactation affects the intake of
macro and micronutrients including dietary methyl donors, and/or impairs
the dam’s metabolism, thereby altering nutrient composition and intake by
the offspring. In turn, this may persistently modulate gene expression via
epigenetic programming, thus altering hippocampal structure and cognition.
Understanding how the combination of stress, nutrition and epigenetics
shapes the adult brain is essential for effective therapies.
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Early-life

environment programs brain structure and function

1

Early-life (EL) is a period of unique sensitivity. It is well known that perinatal
environmental conditions exert lasting effects on adult brain structure and
function, and on the susceptibility to developing psychopathology [1,2]. Most
EL experiences are embedded in the parent-offspring relationship [3], and
alterations in maternal care [4], including sensory stimulation, warmth and
nutrition [5] can all affect development and function of the offspring’s brain
(figure 1). Furthermore, clinical data suggest a direct association between earlylife stress (ELS) (e.g. maternal depression [2], the 9/11 attacks [6] and abuse
[7-9]), and the incidence of psychiatric disorders and cognitive impairments.
Interestingly, very similar impairments to those observed following
ELS are found in children exposed
to perinatal malnutrition [5,10-12]
or famine [13] (but see [14]). The
quality of early nutrition has major
effects on adult cognitive function
[15], suggesting that dietary elements are possibly instrumental in
mediating the early-life stress and
early-life malnutrition induced impairments. To develop appropriate
interventions, it is important to understand the mechanisms by which
early-life stress and early-life malnutrition exert their long-lasting
effects on the brain and disease
susceptibility. As evident from
the above-mentioned examples,
stress and malnutrition often occur
simultaneously, and are very interrelated. While feeding behavior and
metabolism are closely regulated
by neuroendocrine mechanisms
that are influenced by stressful
events, malnutrition in turn affects
the stress system as well (see fig 1).
While up to now, most research
directed at understanding the
processes underlying programming
by EL environment views the stress

Glossary
Programming:
The process whereby a stimulus or insult,
given or occurring during a critical period,
has irreversible long-term effects on the
organism.
Adult neurogenesis:
A unique form of adult brain plasticity
consisting of a multi-step process in which
neuronal progenitor cells proliferate,
differentiate, migrate and integrate into
the existing circuit. This occurs primarily
in the subventricular zone and in the
subgranular zone of the dentate gyrus
in the hippocampus. Adult hippocampal
neurogenesis is upregulated by several
environmental factors such as physical
exercise and hippocampus-dependent
learning and downregulated by ageing
and stress.
Epigenetic modifications:
Epigenetic modifications alter patterns
of gene expression without changing
the primary DNA sequence. Epigenetic
modifications include DNA methylation
and post-translational modifications of
histone proteins and regulation by noncoding RNAs. These control accessibility of
the DNA transcription machinery and thus
determine if a region of DNA is open and
transcriptionally active (euchromatin), or
condensed and largely transcriptionally
inactive (heterochromatin).
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Glossary (continued)
DNA-methylation:
The covalent modification of DNA by the attachment of a methyl (CH3) group to a
cytosine, usually in the context of cytosine-guanine (CpG) dinucleotide sequences.
This generally results in gene silencing.
DNA methyl transferases (DNMTs):
Enzymes regulating cytosine methylation. Three DNMTs are identified in mammals:
DNMT1, DNMT3a and DNMT3b. DNMT1 is considered to be a maintenance
methyltransferase, while DNMT3a and DNMT3b are considered to be involved in de
novo DNA methylation. DNMT3b expression peaks during embryonic development,
while DNMT1 and DNMT3a are also expressed in mature neurons.
Histone modifications:
Modifications on the N-terminal tails of histone proteins (e.g. methylation,
phosphorylation, acetylation and uibiquitination). These modifications largely define
the state of the chromatin (euochromatin or heterocromatin).
Folate (folic acid or Vitamin B9):

It is an essential micronutrient because most mammals cannot endogenously
synthesize folate and must be obtained from the diet. As folate can carry and
chemically activate methyl groups it is essential for methylation of DNA and for
nucleotide synthesis. It is an essential B-vitamin that plays a critical role in brain
development; folate supplementation during early pregnancy protects against neural
tube defects.
One-carbon metabolism (homocysteine metabolism):
The essential mirconutrients folate, vitamin B6 and vitamin B12 are critically involved
in homocysteine metabolism and a lack in any of these micronutrients may result in
excess homocysteine and/or deficiency in S-adenosyl-methionine (SAM), a universal
donor of methyl groups required for DNA methylation and the synthesis of DNA,
RNA, hormones, proteins and neurotransmitters. Folate and vitamin B12 are required
to re-methylate homocysteine into methionine (essential for the formation of SAM),
while vitamin B6-dependent enzymes can metabolize homocysteine to form cysteine.

hormones and the nutritional elements as independent factors [16-18], we
propose that to fully understand the processes underlying the programming
of the brain by ELS, it is key to study the interplay of these elements and
how these mediate the programming of the brain, possibly via epigenetic
mechanisms.
In the following sections we will review some of the evidence that EL stress as
well as EL nutrition affect the hippocampal structure, plasticity and function
(see box 1). After addressing the role of maternal sensory stimuli, circulating
stress hormones/neuropeptides and nutrient availability in these effects, we
will bring forward the importance of examining the coordinated interaction of
these elements and discuss how these effects could be mediated by epigenetic
mechanisms.
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Quality/quantity of maternal care
Sensory stimuli
Maternal diet

Early-life stress
altered HPA-axis activity

Epigenetic
mechanisms

1
Early-life nutrition
altered macro-/micro
nutrient availability

Food intake/metabolism
Metabolic signals
and micro-/marconutrient levels

Neuronal plasticity in the hippocampus
e.g. dendritic complexity, spine shape/density, neurogenesis, excitability

Cognitive function
hippocampus-dependent
learning & memory

Figure 1.
Schematic representation of the pathways via which alterations in the quality and/
or quantity of maternal care, sensory stimuli and maternal diet during early-life
influence both HPA-axis activity and micro-/macronutrient availability. Although
early-life stress and early-life nutrition are often studied as independent factors they
can be modulated by the same environmental conditions and they largely influence
each other. Both factors can lastingly affect (possibly via epigenetic mechanisms)
neuronal plasticity in the hippocampus, which in turn results in permanent alterations
in hippocampus-dependent cognitive function
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Box 1. The hippocampus: a brain structure with a high degree of
plasticity
The hippocampal formation (Figure I) includes: the hippocampus proper, including
cornu ammonis (CA) 1 and CA3, dentate gyrus (DG), subiculum and enthorinal cortex
(EC). The trisynaptic circuit, the main hippocampal information-processing unit,
connects EC-DG-CA3-CA1-EC (see arrows). The DG receives input from the EC via
perforant path axons; from the DG, mossy fibers connect to CA3 pyramidal cells,
which connect to CA1 pyramidal cells via Schaffer collaterals. The hippocampus has
a high degree of plasticity throughout life. Dynamic changes in dendritic arborisation
and synapse formation/elimination continuously alter neuronal connectivity. These
changes can be assessed morphologically (e.g. by characterization of dendritic
arborisation and spine shape/density) or functionally (e.g. by electrophysiological
recordings). Additionally, within the subgranular zone (SGZ) of the DG, adult
neurogenesis occurs. This process comprises the proliferation of neuronal progenitor
cells (NPCs), their migration into the granular cell layer (GCL) and their differentiation
into functional mature granule cells.

CA1

Schaffer collaterals

EC

CA3

Perforant pathway
Mossy fibers

Dentate Gyrus

Spine shape/density

Dendritic
arborisation

100
potentiation

Adult
neurogenesis
GCL
SGZ

Long-term potentiation

50

NPC

0

-50
Time (h) 0

Figure I.
The hippocampal
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hippocampus , highly susceptible to early - life experiences
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To understand how EL experiences affect mental health and cognition,
numerous studies have focused on the hippocampus, as this brain region is
implicated in both cognition [19] and regulation of the stress response [20]. In
fact, the hippocampus is particularly sensitive to the EL environment because
it largely develops postnatally, is highly plastic and is rich in stress hormone
receptors.
The human hippocampus develops between the last trimester of gestation
and 16 years of age [21] while the rodent hippocampus develops between
embryonic day 18 and postnatal weeks 2-3 [22]. The hippocampus exhibits
a high degree of structural and synaptic plasticity and undergoes dynamic
changes in neuronal connectivity that can be assessed morphologically or
functionally (see box 1).
Furthermore, the dentate gyrus of the hippocampus is one of the very
few brain regions that exhibits the ability to generate new neurons during
adulthood [23]. This fundamental form of structural plasticity is termed adult
neurogenesis and it is regulated by various factors (e.g. inhibited by stress and
stimulated by exercise or enrichment [24]). Dysregulation of neurogenesis [25]
and impairments in long term potentiation (LTP) [26] or dendritic complexity
[27] have been implicated in reduced hippocampus-dependent cognition (e.g.
spatial memory, declarative memory and pattern separation). In the following
sections, we will discuss the evidence that alterations in hippocampal structure
and plasticity might underlie the lasting effects of EL stress and malnutrition.

Programming

effects of perinatal stress

Stressful experiences occurring during critical developmental time windows
impair cognitive function. Considering the vulnerability of the developing
hippocampus, exposure to stress during this period is expected to interfere
with its structural and functional maturation in a permanent manner. Indeed,
adverse EL experiences in human (e.g. childhood abuse or maltreatment)
[9] as well as perinatal stress in rodents (see box 2) [28-30] correlate with
cognitive impairments in association with affected hippocampal structure. For
instance, in rats exposure to stress during gestation impaired spatial learning
in adult offspring, suppressed LTP [31,32], altered spine density and dendritic
length [33], and reduced levels of proliferation and newborn cell survival
[29,34] starting already at postnatal day 1 (P1) [35,36] and lasting up to 22
months of age [29]. Similarly, postnatal stressors in rodents like maternal
deprivation [30], repeated maternal separation (MS) [37,38] or chronic ELS
[26,39] impair the acquisition of spatial information, and are associated with
impaired LTP, aberrant mossy fiber growth, dendritic atrophy [26,40,41] and
changes in levels of adult neurogenesis [30,42-46].
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Importantly, while stress-effects during adulthood are often reversible [47,48],
ELS-induced hippocampal structural changes and cognitive deficits persist
throughout life [49]. Interestingly, whereas adult rat offspring from maternally
deprived or from low-caring mothers show impaired learning and reduced
synaptic plasticity under basal conditions, they exhibit improved contextual
learning and enhanced LTP under stressful conditions [30,41]. This suggests
that ELS, rather than exerting ‘deleterious effects’ in general, prepares the
organism to respond optimally under comparable situations encountered
later in life, a concept known as the match-mismatch theory [50].
In conclusion, perinatal stress alters cognition into and throughout adulthood.
Although alterations in hippocampal plasticity and synaptic integrity are likely
instrumental, the specific elements in the early environment (e.g. sensory
stimuli, nutrition), and the molecules and molecular mechanisms mediating
these long-term effects are only partly resolved.

Programming

effects of perinatal nutrition

Given the high metabolic activity and energy demand of the brain, its functioning
requires adequate supply of micro- and macronutrients. Even minor dietary
insufficiencies can have adverse effects, especially when they occur during
critical stages of development these can permanently change brain structure
and cognitive functioning. For instance, children exposed to perinatal
malnutrition exhibit cognitive deficits and increased risks for psychopathology
in adulthood [5,10-12,14]. Pre-clinical studies also demonstrate that offspring
of malnourished dams exhibit cognitive deficits [51-53] (but see [54]). Many
nutrients are essential for neuronal growth and brain development, but
during the perinatal period overall protein intake, iron, zinc, selenium, iodine,
folate, vitamin A, B6, B12 choline and long-chain polyunsaturated fatty acids
are of particular importance. For example, fetal and neonatal iron and protein
deficiency results in long-term deficits in memory functions [12].
Although it is unclear whether alterations in hippocampal structure and
synaptic plasticity are instrumental in mediating these cognitive deficits, there
is evidence that perinatal manipulations in nutritional status induce alterations
in hippocampal neurogenesis [55,56], reduced granular cell size, dendritic
complexity and synaptic spine density [57]. These structural changes are
associated with enhanced interneuron-mediated inhibition [58] and deficits in
LTP in malnourished animals [59]. Furthermore, vitamin B6 and B12 deficiencies
during gestation and lactation persistently impair hippocampal structure and
functioning [12,60] while protein malnutrition results in reduced neuronal
DNA and RNA content and an altered fatty acid profile which in turn, could
change neuronal function, synapse number and/or dendritic arborisation
[61,62].
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These data indicate that synapses in the malnourished hippocampus might
be less capable to support plasticity and that alterations in the hippocampal
circuitry during development could account for cognitive deficits induced by
perinatal malnutrition. However, further research is needed to understand
which nutrients are most relevant and how exactly nutritional deficiencies
affect hippocampal structure and function.

The

1

role of sensory stimuli by the mother and stress hormones

Alterations in tactile stimulation from the mother (potentially induced
by maternal stress exposure as well as malnutrition; see next section) are
instrumental in mediating the consequences of EL experiences. The key role of
this sensory stimuli is established as both artificial manipulation of maternal
care (via maternal separation/deprivation, chronic ELS and handling; see box
2) [40,63,64] as well as the natural variation in maternal care between [41,65]
and within litters [66], programs brain and behaviour of the adult offspring.
In line with this, importantly stroking (simulating maternal tactile stimuli)
reversed the effects of maternal separation in rats [67] and in (pre-)term
human neonates, moderate touch (e.g. massage) reduces reactivity to stress
at adult ages [68]. In the next section we will examine how these sensory
stimuli can be affected by the other elements of the early-environment (stress
and nutrition).
Next to maternal sensory stimulation, also the EL experience induced alterations
in circulating levels of stress hormones and stress-related peptides are
considered to be instrumental in mediating the lasting effects of EL experience
on the brain and behavior including the lasting changes in hippocampus and
cognitive functions. EL experience programs, the neuroendocrine system
activated upon stress exposure (hypothalamic-pituitary-adrenal (HPA) axis).
When the HPA-axis is activated, corticotrophin releasing hormone (CRH)
is released from the hypothalamic paraventricular nucleus. In turn CRH
stimulates the pituitary to release adrenocorticotrophic hormone (ACTH),
resulting in the synthesis and release of glucocorticoids (corticosterone
(CORT)) from the adrenal glands. There is ample evidence that EL experience
affects CRH [69], glucocorticoid and mineralocorticoid receptors (GRs and
MRs) [70], arginine vasopressin (AVP) [71] and brain derived neurotrophic
factor (BDNF) [72]. If these persistently altered factors are responsible for the
functional consequences, then modulating these changes pharmacologically
should prevent or reverse the functional consequences. Because CORT-GR/
MR and CRH-CRFR1 received most attention so far, we will discuss these in
detail.
EL experience has lasting consequences on CORT levels [39,73,74] and
affects GR and MR expression [70,75] and an elegant series of experiments
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Box 2. Animal models to study the programming effects of early-life
stress and nutrition
The ‘developmental origins of health and disease’ hypothesis proposes that the
early-life (EL) environment, from gestation till puberty, can set the stage for adult
pathology. During this developmental period, quality of the EL environment critically
depends on the mother providing the prenatal environment and forming the primary
source of nutrition, warmth and tactile stimulation during postnatal EL. These critical
components are often manipulated in animal models used to study the long-term
effects of EL experiences.
Commonly used manipulations to induce prenatal stress in rodents include exposure
of the pregnant dam to: single or repeated stress (see Figure Ia). Postnatal ELS can
be induced by: single prolonged separation of dam and pups for 24 hours e.g.
at post-natal day 3 (maternal deprivation (see Figure Ib); MD) or repeated daily
separations for 2-5 hours (maternal separation (see Figure Ic); MS). Furthermore,
a powerful method to induce chronic EL stress consists of reducing the amount of
nesting and bedding material during the first postnatal week (see Figure Id). This
induces fragmented maternal care, thereby mimicking aspects of a human chronic
ELS situation where the mother is present but unable to provide appropriate care.
Besides experimentally induced alterations in maternal care, selection based on
natural variation is used to compare offspring that received low versus high levels
of maternal care (see Ie). For the above-described models, the effects on the level of
maternal sensory stimuli are well characterized. Indeed the lasting effects of these
manipulations on brain structure and function have been mostly attributed to altered
maternal sensory input, although other key components of the dam-pup interaction
(e.g. nutrition and warmth) also play a role.
A.

G14

P0

Maternal restraint

B.

P0

P3
Maternal deprivation

C.

P14

P0
Maternal seperation
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Figure I. Frequently

used experimental manipulations to induce early - life stress in rodents
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Figure II. Frequently

used experimental manipulations to alter early - life nutrition in rodents

EL malnutrition is usually induced by altering maternal diet during pregnancy and/
or lactation (e.g. overnutrition with high fat diet (HF; see Figure IIa), protein intake
restriction (PR; see Figure IIb) or global dietary restriction (see Figure IIc)). Again,
in most of these studies, only the manipulated element is considered as the main
player, ignoring the fact that nutritional manipulation itself might affect maternal
care and stress hormones. However, when addressing the mechanisms underlying
EL programming of the brain, it is key to consider which environmental elements are
involved and how these components interact.

highlighted the relevance of GR exon I-7 for later life consequences and its
potential as a target for reversal of EL effects [70]. However it is not clear
whether these alterations are directly responsible for mediating the lasting
effects of EL. In fact even though CORT is a logical candidate, there is some
controversy in the literature because CORT alteration is not consistent across
animal models [40,45,76]. Neonatal treatment with the synthetic glucocorticoid
dexamethasone lastingly impairs spatial learning and reduces hippocampal
synaptic plasticity [77,78], and reducing CORT levels by adrenalectomy of adult
mice exposed to ELS restores neurogenesis to control levels [45]. However,
permanently reducing CORT levels by adrenalectomy at P10 does not alter
subsequent levels of adult neurogenesis [79] and suppressing rise of CORT
induced by maternal deprivation does not prevent the HPA-axis alterations
[80]. Thus, the complexity of corticosteroid regulation, points to the need for
further research in this area.
CRH expression is persistently altered by EL experience in the hypothalamic
paraventricular nucleus (PVN) [39,40,63,69,81] and in the hippocampus
[26]. Several lines of evidence indicate a critical role for CRH in mediating
lasting EL effects. For example chronic exposure to CRH has similar effects
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on hippocampal structure as chronic ELS [40]. Moreover, CRH repression is
the first alteration that occurs after handling [82]. Blocking the CRF receptor
type 1 (CRFR1) in control rats (P10-P17) improves cognitive functions [75] and
blocking of CRFR1 after chronic ELS prevents ELS induced LTP impairment
and dendritic atrophy and preserves hippocampal cognition [26]. Finally, in
conditional CRFR1 knockout mice subjected to chronic ELS, cognition, LTP
and spine density are restored [83]. In line with these pre-clinical data, single
nucleotide polymorphisms in the Crhr1 gene protect against depression
in childhood-maltreated individual [84]. Therefore, next to behavioural
intervention strategies, pharmacological targeting of GR and CRF-receptor
signalling may enhance resilience to ELS-related cognitive impairment and
affective disorders [40]Interaction between maternal care, stress system and
nutrient availability
Based on the studies discussed so far, it is clear that maternal tactile stimulation,
stress hormones and neuropeptides and nutrient availability are instrumental
in mediating lasting effects of EL experiences. While most studies consider
these elements individually, for optimal intervention it is fundamental to
understand how these environmental elements and molecules interact and
influence each other. We will therefore next examine the available evidence
supporting a coordinated interaction of these elements in the lasting effects
of EL experience.
Food intake and HPA-axis activity are closely interrelated with overlaying
neuronal pathways that respond to (and integrate) both nutritional and
stressful stimuli. Indeed basal HPA-axis activity and stress responsiveness are
altered in genetically obese rats [85], and in rodents fed a high-fat (HF) diet
[86] or subjected to perinatal food restriction (FR) [87]. Conversely, chronic
stress conditions have been correlated with changes in food intake [16]. The
HPA-axis is sensitive to modulation by metabolic signals including: leptin,
insulin, glucose and ghrelin [88,89]. This is also true early in life [90,91] when
food intake and nutrition of the progeny depend on maternal care and diet.
Indeed, next to quality and quantity of maternal care and circulating stress
hormones, metabolic signals are crucial in programming the HPA-axis [90].
For instance, only combined food administration and sensory stimulation
of pups during maternal deprivation prevents the effects on HPA-axis and
hippocampal GR expression, while stroking alone is not sufficient to achieve
this recovery [80]. In addition to changes in HPA-axis tone, MS also reduces
plasma glucose and leptin levels, and increases ghrelin levels in the offspring
[90]. Blocking pharmacologically the reduction of glucose, or the increase
in ghrelin, attenuates the HPA-axis response to MS [90]. This suggests that
metabolic signals play an important role in triggering the HPA-axis response
of the neonate to MS.
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Furthermore, plasma leptin levels in the offspring are modified by the
availability and the composition of the maternal milk. Maternal milk is rich in
fat and is required for growth and brain development [91-93]. Feeding mothers
HF diet from gestational day 14 throughout lactation increased maternal milk
fatty acid and leptin content and persistently increased the offspring’s plasma
fat and leptin levels [92]. These metabolic changes are associated with a
blunted hormonal stress response [94], increased GR expression and anxiety
[95]. While this effect on HPA-axis could be directly due to the elevations in
leptin levels [91], differences in maternal diet might have affected maternal
behaviour as well [17], thereby contributing indirectly to the observed effects.

1

Similarly to fat content, protein restriction (PR) [96] and general undernutrition
during gestation and/or lactation [97], affect the HPA-axis of the progeny. Next
to the direct effects of PR on the quality of maternal milk, these nutritional
restrictions increased CORT and decreased placental 11β-hydroxy-steroid
dehydrogenase type 2 (11β-HSD2) gene expression possibly leading to fetal
overexposure to maternal CORT, which could be partly responsible for some
of the effects of maternal food restriction, exemplifying again the tight
relationship between stress, nutrition and metabolic signals.
Interestingly, the effects of perinatal malnutrition on adult stress
responsiveness and cognitive function resembles several of the long-term
deficits induced by perinatal stress. Both insults result in cognitive deficits
and an increased susceptibility to psychiatric disorders [98,99]. One possibility
is that impairments in adult cognition and stress responsiveness observed
following both perinatal stress and malnutrition depend on the combined
effects of lack of key nutrients, affected maternal behaviour and altered
HPA-axis activity (Fig. 1). In line with this hypothesis, maternal undernutrition
results in altered maternal behaviour [17] and in high plasma CORT levels in
the adult offspring along with reduced GR expression [100] suggesting that
the deleterious effects of maternal nutrient restriction could also result from
differential sensory input from the mother and enhanced HPA-axis activity.
Certainly, the opposite possibility should be considered as well. During
(early-life) stress, regulation of appetite and metabolism are altered, thereby
affecting the intake of essential macro- and micronutrients [101]. For instance
exposure to perinatal stress increased risk to develop obesity later in life
and affect feeding regulation evident both from clinical [102,103] as well as
pre-clinical studies [104-106]. These effects of stress on appetite regulation
and metabolism are in great part mediated by glucocorticoids and stress
related peptides as CRH and Urocortins [107] affecting the neural circuits and
hormones involved in the regulation of feeding behavior. A detailed analysis
of how these systems interact has been extensively reviewed by Spencer [18].
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In conclusion there is some evidence that, next to maternal sensory
stimulation and stress hormones, the lack of key nutrients also affects the
brain directly, both in the case of restricted nutrition as well as in case of
perinatal stress. The next question is which molecular mechanisms mediate
the programming effects of EL experience. We will here explore the role of
epigenetic mechanisms.

Early

life stress and epigenetic mechanisms

Various reports have implicated epigenetic mechanisms in mediating
persistent effects of EL experience [69-72] (see Table 1). Epigenetic
modifications determine whether a gene is transcribed or repressed without
changing the DNA sequence. In contrast to the genome, the epigenome is
dynamic, thereby allowing the organism to adapt to the environment and are
therefore excellent candidates to mediate the effects of EL experiences on
the brain. For example, increased hippocampal GR expression induced by
high levels of maternal care is associated with decreased DNA-methylation
and increased histone acetylation binding to GR promoter [70] (but see [108]).
Translational research has found lower hippocampal GR expression and
increased GR promoter DNA-methylation in suicide victims with a history of
childhood abuse/neglect [109].
Furthermore, ELS-induced increased AVP levels are associated with DNAhypomethylation [71], while ELS-induced reduced BDNF expression in the
prefrontal cortex is accompanied by increased DNA-methylation [72]. Maternal
deprivation induced increase in CRH expression is accompanied by decreased
DNA-methylation [69]. Accordingly, the handling induced reduction in CRH
expression is associated with persistently elevated levels of neuron restrictive
silencing factor [81], further indicating that environmental factors during EL
can trigger the epigenetic machinery and persistently change transcription of
important regulatory genes.
There is evidence that the epigenome is also affected more globally,
as the epigenetic response to maternal care is coordinated in clusters
across broad genomic areas [110] and MS in mice changed global levels of
histone deacetylases [111]. Accordingly, whole-genome DNA-methylation is
significantly different between institutionalized children and children raised
by their biological parents [112]. Thus epigenetic mechanisms both targeted
at specific genes as well as genome wide seem to be a good candidate in
mediating the programming effects of EL.

Effects

of nutrition on the epigenome

Interestingly, early nutrition modulates the epigenome in several peripheral
tissues. In both humans and animals, diet is a potent modulator of epigenetic
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marks during the perinatal period [113-115]. EL nutrition can modulate the
epigenome by alterations in i) the supply of methyl donors, ii) the activities
of DNA methyl-transferases (DNMTs) or iii) activities of specific transcription
factors [116]. What is the evidence that such mechanisms could be at play in
the brain?
Early-life intervention

Gene expression

Tissue

Epigentic change

Species

Ref

Low

6 GR

Brain

5 DNA

methylation

Rats

[70]

(Hippocampus)

of exon

I7

Mice

[71]

maternal care
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1

GR

promoter
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(P1-10 for 3 hours)

5AVP
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to stress -

abusive dam
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(Hypothalamus)

6 DNA

6 BDNF

Brain
(PFC)

5 DNA methylation
IV exon promoter

Rats

[72]

5 CRH

Brain

6 DNA methylation
of CRH promoter

Rats

[69]

(P1-7)

deprivation

(Hypothalamus)

methylation

6MeCP2

binding

CRE
Handling
Maternal

6 CRH
separation

Childhood

abuse / neglect

Insitutionalized

children

Genome

wide

Brain
(Hypothalamus)

5 NRSF

Rats

[81]

Brain

6 HDAC expression
5 H4K12ac

Mice

[111]

Human

[109]

Human

[112]

Rats

[134]

Rats

[127]

Sheep

[113]

Human

[115]

alterations

(Forebrain)

6 GR

Brain
(Hippocampus)

5 DNA

Periphery

Differential

(Blood)

patterns of

Genome

wide

alterations

methylation

DNA

methylation

Postnatal
Protein

overfeeding

restriction

5 GR

Periphery
(Adipose tissue)

5 GR

Periphery
(Liver)

during gestation

?
6 DNA

methylation

of exon

I10

of

GR

promoter

Periconceptional
maternal vitamin

Genome
B/

wide

alterations

Periphery
(fetal liver)

methionine restriction

High

maternal choline

intake

(3rd trimester)

Differential
patterns of

DNA

methylation

6 CRH

Periphery
(Placenta)

5 DNA methylation
of CRH promoter
5 Global DNA
methylation

5 H3K9me2

Table 1. epigenetic modifications induced by early-life experiences
Abbreviations: GR, glucocorticoid receptor; AVP, arginine vasopressin; MeCP2,
methyl CpG binding protein 2; BDNF, brain derived neurotrophic factor; CRH,
corticotrophin releasing hormone; NRSF, neuron restrictive silencing factor; HDAC,
histone deacetylase
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The dietary methyl donors: folate, vitamin B6/B12, methionine, choline and
betaine all affect DNA and histone methylation [117]. Fetal choline availability
is essential for brain development and maternal choline deficiency alters
development and neurogenesis in the fetal mouse hippocampus [118]. Choline
availability during fetal brain development induces epigenetic modifications
of genes directly involved in epigenetic machinery [119], signal transduction
[120], HPA-axis reactivity [115] and neuronal differentiation [121,122]. In fact,
pregnant and lactating women possess a system assuring the necessary choline
intake by the fetus and infant [123]. In rodents, maternal diets supplemented
with choline improved offspring’s memory and were associated with increases
in neurogenesis in the embryonic brain [124,125].
Furthermore, perturbations in maternal diet can alter DNMT expression;
pregnant rats fed a PR diet e.g. showed increased blood homocysteine
concentration [126] which was associated with a reduction in DNMT1
expression and inhibited binding of DNMT1 at the liver GR promoter [127].
Because DNMT1 expression is regulated by homocysteine and folic acid [127],
modulation of DNMT1 expression by differences in 1-carbon metabolism
could provide a link between maternal diet and epigenetic regulation of the
offspring’s gene expression. However, whether a lack of specific nutrients
during the critical developmental period affects brain structure and function
and whether this involves epigenetic mechanisms, remains to be determined.

Can

dietary intervention reverse the effects of perinatal stress and /

or malnutrition ?

Despite the apparent stability of methylation marks, alterations in DNAmethylation induced by maternal diet or differential nurturing behaviour can
be prevented and reversed by interventions in postnatal life [128]. Both folate
and glycine supplementation to maternal diet reversed the effects of PR during
pregnancy on blood pressure and vascular function of the offspring [129]
and prevented the aforementioned epigenetic changes [130]. In addition, the
phenotype and gene expression of the offspring from PR dams were altered
by folate supplementation during the juvenile-pubertal period [131]. Finally,
central infusion of L-methionine at P90, reversed the maternal care induced
effects on DNA-methylation [132]. Accordingly, formula fortified with protein
and high energy improved neural development of children who suffered brain
damage [133]. Taken together, early nutrition appears to be a promising
candidate to modulate (some of) the lasting consequences of EL experience
on adult brain structure and function.
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conclusion

1

In summary, adverse experiences during critical developmental periods
persistently affect gene expression, which ultimately may determine cognitive
outcomes and disease susceptibility in adulthood. Hippocampal development,
various forms of neuronal plasticity and synapse formation are tightly regulated
by maternal sensory stimuli, exposure to hormones and neuropeptides (e.g.
CORT and CRH), the availability of macro- and micronutrients and epigenetic
mechanisms. Therefore, EL events that alter any of these components will
interfere with outcome measures later in life.
It remains difficult to dissect the contributions of the EL environment and
nutrition on (epigenetic) programming of hippocampal structure and function
as they influence each other and often occur simultaneously. Yet, understanding
the mechanisms by which nutrition and other environmental cues influence
epigenetic regulation and identifying the periods of susceptibility and stability
of the induced changes is critical for the identification of individuals at risk
and for the development of novel intervention strategies.
Much evidence points towards a crucial role for epigenetic mechanisms in
mediating the lasting effects of adverse EL experiences on hippocampal
structure and function. Next to maternal care, stress hormones and
neuropeptides, early nutrition seems to play an important role. Non-invasive
interventions, targeted at maternal nutrition, are thus relatively easy to
implement and could have a significant effect on the health outcome of the
offspring.

Outstanding questions
• Do the lasting alterations caused by early-life malnutrition involve the same
mechanisms as the early-life stress (ES)-induced cognitive impairments and
alterations in neuronal plasticity?
• How does early-life stress affect nutrient intake during the critical developmental
period? How does early-life malnutrition affect the stress system? What is the
interaction between stress hormones/neuropeptides and essential nutrients?
• Are epigenetic mechanisms responsible for maintaining the lasting changes in
brain structure and function after adverse early-life experiences? And what is it that
actually triggers these epigenetic mechanisms? What makes these modifications
specific for certain brain structures or certain genes?
• Can a lack of essential micronutrients (e.g. dietary methyl donors) be involved in the
ES induced cognitive impairments?
• Is there a critical time-window during which the deleterious effects of adverse earlylife experiences can be reversed by therapeutic intervention?
• Can the lasting deleterious effects of adverse early-life experiences be prevented or
treated by nutrition-based intervention?
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Chapter 2

ABSTRACT
Early-life stress (ES) increases vulnerability to psychopathology and impairs
cognition in adulthood. These ES-induced deficits are associated with
lasting changes in hippocampal plasticity. Detailed information on the
neurobiological basis, the onset and progression of such changes and their
sex-specificity is currently lacking but is required to tailor specific intervention
strategies. Here we use a chronic ES mouse model based on limited nesting
and bedding material from postnatal day (P) 2-9 to investigate; i) if ES leads to
impairments in hippocampus-dependent cognitive function in adulthood, and
ii) if these alterations are paralleled by changes in developmental and/or adult
hippocampal neurogenesis.
ES increased developmental neurogenesis (proliferation and differentiation)
in the dentate gyrus (DG) at P9, and the number of immature (NeurD1+) cells
migrating postnatally from the secondary dentate matrix, indicating prompt
changes in DG structure in both sexes. ES lastingly reduced DG volume and the
long-term survival of developmentally born neurons in both sexes at P150. In
adult male mice only, ES reduced survival of adult-born neurons (BrdU/NeuN+
cells), while proliferation (Ki67+) and differentiation (DCX+) were unaffected.
These changes correlated with impaired performance in all learning and
memory tasks used here. In contrast, in female mice, despite early alterations
in developmental neurogenesis, no lasting changes were present in adult
neurogenesis after ES and the cognitive impairments were less prominent
and only apparent in some cognitive tasks. We further show that, although
neurogenesis and cognition correlate positively, only the hippocampusdependent functions depend on changes in neurogenesis, whereas cognitive
functions that are not exclusively hippocampus-dependent do not.
This study indicates that chronic ES has lasting consequences on hippocampal
structure and function in mice and suggests that male mice are more
susceptible to ES than females. Unraveling the mechanisms that underlie the
persistent ES-induced effects may have clinical implications for treatments to
counteract ES-induced deficits.
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INTRODUCTION
Early-life stress (ES) programs the brain for life. Both clinical (Pesonen et al.,
2013; Alastalo et al., 2013; Gatt et al., 2009; Yasik et al., 2007; Chugani et al., 2001;
Mueller et al., 2010; Nelson et al., 2007) and pre-clinical studies (Oomen et al.,
2010; Aisa et al., 2007; Brunson et al., 2005), reveal a very strong association
between stressful early-life experiences and impaired cognitive function
and emotional health later in life. Sadly, stressful early-life experiences (e.g.
experiencing parental loss or family disruption, physical/sexual abuse, neglect,
war, poverty, illness or institutionalization) concern children anywhere in the
contemporary world. For example, in the United States, every year more than
1 million children are exposed to sexual or physical abuse or severe neglect
(Sedlak et al., 2013). Hence, from both a societal as well as an economic point
of view, it is critical to better understand the underlying mechanisms in order
to find effective interventions to prevent or reverse the lasting consequences
of ES on mental health.

2

There is increasing evidence that the ES-induced cognitive deficits might result
from permanent alterations in structure and function of the hippocampus.
This brain region is key for cognitive functions (Squire, 1992) and continues its
development into the postnatal period (Pleasure et al., 2000), making it highly
sensitive to the early-life environment. Indeed, both human as well as animal
studies have shown that ES exposure is associated with persistently diminished
hippocampal volume (Herpfer et al., 2012; Gatt et al., 2009; Bremner et al.,
1997; Frodl et al., 2010; Andersen et al., 2008; Teicher et al., 2012; Vythilingam
et al., 2002) and with altered hippocampal dendritic complexity and synaptic
integrity (Brunson et al., 2005; Huot et al., 2002; Leventopoulos et al., 2007;
Champagne et al., 2008; Ivy et al., 2010; Oomen et al., 2011), indicative of an
inappropriate development and altered structure of this brain region.
A sub-region of the hippocampus, the dentate gyrus (DG), is critically involved
in learning and memory (Zhao et al., 2008) and in regulating the stress
response (Fitzsimons et al., 2013; Snyder et al., 2011). It is also one of the
very few brain regions that maintain the ability to generate new neurons
throughout adult life. This process, named adult neurogenesis, originates
from the proliferation of neuronal progenitor cells located in the subgranular
zone (SGZ), which is followed by the differentiation and maturation of a subset
of these newly generated cells into fully functional neurons that subsequently
integrate into the existing hippocampal circuitry. It is well established that the
newly formed neurons make critical contributions to hippocampal functioning
and are involved in specific aspects of hippocampus-dependent learning and
memory (Deng et al., 2010 Oomen et al., 2014), such as long-term retention of
spatial memory (Snyder et al., 2005; Imayoshi et al., 2008; Jessberger et al., 2009),
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object recognition memory (Jessberger et al., 2009; Bruel-Jungerman et al.,
2005) and spatial pattern separation (Clelland et al., 2009; Sahay et al., 2011).
This unique form of neuronal plasticity is lastingly affected by the early-life
environment (Korosi et al., 2012), pointing to an important role for adult
neurogenesis in mediating ES-induced cognitive impairments.
The negative effects of ES on hippocampal neurogenesis in adulthood (Mirescu
et al., 2004; Oomen et al., 2010) and/or in (early) puberty (Nair et al., 2007;
Oomen et al., 2009; Suri et al., 2013) have been established in rat models
of acute or recurrent early-life stress (e.g. maternal separation or maternal
deprivation). These studies indicated that the various phases of the adult
neurogenic process can be persistently altered by exposure to stress early
in life. However it is not known if ES also disturbs levels of developmental
neurogenesis (between P0 and P15) (Tanapat et al., 1998; Gould et al., 1991).
This could be important because altered developmental neurogenesis
might affect DG structure and adult neurogenic capacity. In fact, while both
developmentally- and adult- generated granule cells follow similar maturation
steps and reach high degree of functional similarity eight weeks after they are
born (Laplagne et al., 2006), important differences between developmental and
adult neurogenesis exist. Indeed during the early postnatal period there is a
higher rate of neurogenesis in a proliferative zone, next to the ventricle, which
is not yet restricted to the SGZ (Mathews et al., 2010). These developmentally
born cells will migrate to form the granular cell layer (GCL) and the future
neurogenic niche. In order to understand whether alterations in postnatal
and/or adult neurogenesis after ES are indeed involved in the later cognitive
decline, we wondered: i) if the ES-induced alterations in neurogenesis have
an early onset, ii) if these early changes then result in altered levels of adult
neurogenesis, and importantly iii) if the ES-induced cognitive impairments are
neurogenesis dependent or independent (Lazic, 2012). In other words, are
the changes in cognition and neurogenesis just merely correlative or are the
ES-induced changes in neurogenesis determinant in the ES-induced cognitive
impairments?
A final issue that needs clarification is the emerging evidence for a sexdependent effect of ES on hippocampal structure and function (Oomen et al.,
2011; 2010; Frodl et al., 2010, Oomen et al., 2009; Llorente et al., 2009; Mak et
al., 2013) with males generally being more vulnerable to ES. This phenomenon
might underlie existing sex differences in stress-related psychopathologies
such as schizophrenia and depression (Loi et al., 2014). However very little is
known about the nature of these differences as very few studies compare the
ES effects of female and males simultaneously (Oomen et al., 2009). Here we
study both male and female offspring to reveal if ES has sex-specific effects on
hippocampal structure and function.
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In the present study we will address effects of early-life stress in mice. As
mentioned above, rat models have been used most frequently but given the
current availability of (recombinant) inbred strains of mice, expanding our
knowledge of ES effects in mouse models becomes increasingly relevant. To
this end we will use a chronic ES mouse model, which recapitulates important
elements of human neglect/abuse situations, where the mother is present but
provides unpredictable and fragmented care (Rice et al., 2008; Baram et al.,
2012). We will here present how chronic ES affects: i) DG volume, ii) levels of
developmental as well as adult neurogenesis, iii) the long-term survival and
cell fate of developmentally generated granule cells and iv) adult cognitive
function. We will further study sex-specific effects and thereby also address
for the first time effects of chronic ES in female mice offspring. Finally, for the
first time we will apply a novel and validated statistical causal model (Lazic,
2012) to test whether the ES-induced cognitive impairments are neurogenesisdependent.

2

Our findings provide evidence for early-onset alterations in neurogenesis after
ES exposure, increased vulnerability of male mice to the lasting consequences
of chronic ES, and a functional relevance of altered levels of neurogenesis in
the observed cognitive impairments in adulthood.

MATERIALS AND METHODS
Mice

and breeding

A total of 26 litters (13 Ctl and 13 ES litters), containing five-six pups each, was
used. All mice were kept under standard housing conditions (temperature 2022°C, 40-60% humidity, with standard chow and water ad libitum). Animals
were kept on a standard 12/12h light/dark schedule (lights on at 8 AM). For
the long-term studies, animals were allowed to mature; these animals were
weaned at P21 and housed in groups of the same sex and age (2-3 animals/
cage). All experimental procedures were conducted under national law and
European Union directives on animal experiments, and were approved by the
animal welfare committee of the University of Amsterdam. To standardize
the perinatal environment, mice were bred in house; 8-weeks old male and
10-week old female C57Bl/6J mice were purchased from Harlan Laboratories
B.V. (Venray, the Netherlands) and allowed to habituate for one week before
breeding. After acclimatization, two females and one male were housed
together for one week to allow mating. After another week of paired-housing,
pregnant primiparous females were housed individually in a standard cage
covered with a filtertop and monitored every 12h for the birth of pups. When
a litter was born before 9.00 AM, the previous day was designated the day of
birth (postnatal day 0; P0).
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Early-life

stress paradigm

The early-life stress paradigm consisted of the limited nesting/bedding-material
procedure described previously (Rice et al., 2008) ES model was initiated on
the morning of P2. After the litters were culled to six pups (including both
sexes), the dams and pups were weighted and housed in the ES or control
condition. Throughout all procedures, manipulation was kept to a minimum to
avoid handling effects. Control cages were equipped with standard amounts
of sawdust bedding and nesting material (one square piece of cotton nesting
material (5x5cm; Technilab-BMI, Someren, the Netherlands). In the ES cages,
the bottom was covered with a little amount of sawdust bedding and a finegauge stainless steel mesh was placed 1 cm above the cage floor. On top
of the mesh, half a square piece of cotton nesting material (2,5 x 5 cm) was
placed (see figure 2a). Cages were covered with a filtertop. Both groups were
left completely undisturbed until P9.
Maternal behavior was observed twice daily from P2 till P8: in the light phase
(9.00 AM) and in the dark phase (8.30 PM) during 48-minute observation
sessions. Levels of activity of the dam were scored every third minute, resulting
in 16 one-minute epochs per observations session. The behaviors that were
scored, included: exits of the dam from the nest, nursing behavior (arched
back nursing, low nursing, side nursing), licking and grooming of the pups,
carrying the pups, time spent reconstructing the nest (nesting behavior) and
dam-related behaviors off the nest (eating, drinking, self-licking or grooming).
On the morning of P9, dams and pups were moved to standard cages. For shortterm studies, animals were sacrificed on the morning of P9 (between 8.009.30 AM) by rapid decapitation or by transcardial perfusion (see below). The
pups used to measure levels of stress hormones, were rapidly removed from
their cage, weighted and decapitated within two minutes of their disturbance.
Trunk blood was collected in ice-cold EDTA-coated tubes (Sarstedt, Etten-leur,
The Netherlands), placed on ice and centrifuged at 13000 rpm for 15 minutes
after which plasma was stored at -20°C. Basal plasma corticosterone (CORT)
levels were measured using a commercially available radioimmunoassay kit
(MP Biomedicals, Eindhoven, the Netherlands). Intra-assay co-efficiency of
variation was 0,2-10,6%. The adrenal glands and thymus were dissected and
weighted.

Cell

birth dating

The cell birth date marker 5-bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich)
was used to study cell fate and survival of both developmentally and adultborn neurons. In all experiments, BrdU stock solutions (10 mg/mL dissolved
in sterile saline + 0,007M NaOH) were freshly made on the morning of the day
of injection. To examine cell fate and long-term survival of developmentally
born cells, pups were IP injected once per day with 50mg/kg BrdU for five
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consecutive days (P9-P13) and killed by transcardial perfusion at P150. To
examine cell fate and survival of adult born cells, a different group of adult
mice was IP injected three weeks after the final behavioural test with 100 mg/
kg BrdU three times per day for two consecutive days (at P220-221) and killed
by transcardial perfusion four weeks after the last injection at P250.

Tissue

preparation

2

Mice of 9, 150 and 250 days old were anaesthetized by an IP injection of
pentobarbital (Euthasol® 120 mg/kg) and transcardial perfused with 0.9%
saline, followed by 4% paraformaldehyde (PFA) in phosphate buffer (PB
0,1M, pH 7.4). Thymus and adrenals were dissected and weighted. Brains
were removed and postfixed overnight in PFA/0.1M PB at 4°C and stored in
PB with 0,01% sodium azide at 4°C until further processing. After overnight
cryoprotection in 30% sucrose/0,1M PB, frozen brains were cut in 40 μm thick
coronal sections using a sliding microtome and stored in antifreeze solution
(30% Ethylene glycol, 20% Glycerol, 50% 0,05M PBS) at -20°C until processing.
Pup brain sections were divided over 4 parallel series, adult brains were
divided over 6 parallel series.

DAB Immunohistochemistry
To determine the direct and lasting effects of chronic ES on neurogenesis,
immunohistochemistry was used to identify cells in different stages of
neurogenesis (proliferation, differentiation, survival) in P9 and adult mouse
brain tissue. All stainings were performed on parallel series from the same
brains within an age group.
Immunocytochemistry for the protein Ki67, which is expressed during all
phases of the cell cycle, was used to identify proliferating cells. Previous to
Ki67 staining, sections were mounted on glass (Superfrost Plus slides, Menzel,
Braunschweig, Germany) and first antigen retrieval was performed by heating
the sections in 0.1 M citrate buffer (pH 6.0) in a standard microwave (Samsung
M6235) to a temperature of approximately 95°C for 15 minutes (5 minutes at
800 Watt, 5 minutes at 400 Watt and 5 minutes at 200 Watt).
NeuroD1, a basic helix-loop-helix protein that acts as a transcription factor
during neuronal commitment, was used as a marker of differentiating neuronal
cells in P9 tissue. Calretinin (CR) was used as a marker of differentiating
neuronal cells in P9 tissues because CR expression is restricted to a shorter
time-window as NeuroD1, which allows detecting differences in the number
of newborn neuronal cells during a late stage of neurogenesis. In adult mouse
brains, the microtubule-associated protein doublecortin (DCX), which is
expressed in newborn, migratory cells from the progenitor stage to the CRpositive stage, was used as a marker for young, differentiating neurons.
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For NeuroD1, CR and DCX stainings were conducted using free-floating
sections. For all stainings, both pre-mounted and free-floating sections were
incubated with 0,3% H2O2 for 15 minutes to block endogenous peroxidase
activity. After 3x5 min rinsing in wash buffer (0,3% Triton X-100 in 0,05M TBS
for P9 tissue; 0,05M TBS for adult tissue), sections were incubated for 30
minutes in blocking buffer and subsequently incubated with primary antibody
for one hour at room temperature followed by overnight incubation at 4°C.
Primary antibodies were used as follows: polyclonal rabbit anti-Ki67
(Novocastra NCL-L-Ki67_MM1, 1:20,000 in Supermix (0,5% Triton X-100, 0,25%
gelatine in 0,05M TBS); blocking buffer: 2% milkpowder in TBS), polyclonal
goat anti-NeuroD1 (SantaCruz Biotechnology sc-1084; 1:1,000 in blocking
buffer (1% bovine serum albumin, 0,3% Triton X-100 in 0,05M TBS)), polyclonal
rabbit anti-CR (Swant 7697; 1:1,000 in blocking buffer (2% normal goat
serum, 0,3% Triton X-100 in 0,05M TBS)), polyclonal goat anti-DCX (SantaCruz
Biotechnology sc-8066; 1:800 in Supermix; blockingbuffer: 2% milkpowder in
TBS). Then, sections were rinsed 5x5 minutes with wash buffer and incubated
with biotinylated secondary antibodies in Supermix (1:200 goat anti-rabbit,
Vector Laboratories or 1:200 donkey anti-goat, Jackson Laboratories) for two
hours at room temperature followed by a 90 minute incubation with avidinbiotin complex (ABC kit, Elite Vectastain Brunschwig Chemie, Amsterdam,
1:800). For Ki67 and DCX, additional amplification with tyramide (1:500,
0,01% H2O2, once, for 30 minutes) was performed. Subsequent chromogen
development was performed with diaminobenzidine (20 mg per 100 mL 0,05M
Tris, 0,01% H2O2).

Fluorescent Immunohistochemistry
For survival and cell fate determination, BrdU-labeled cells were detected and
double-labeled with the neuronal nuclear marker NeuN and the proliferation
marker Ki67. For all stainings, antigen retrieval was performed on pre-mounted
sections as described above. After 3x5 min rinsing with 0,05M TBS, sections
were incubated for 30 minutes with blocking buffer (1% bovine serum albumin
in TBS) and subsequently incubated with primary antibody in incubation
mix (1% bovine serum albumin, 0,3% Triton X-100 in 0,05M TBS) for one
hour at room temperature followed by overnight incubation at 4°C. Primary
antibodies were used as follows: monoclonal rat anti-BrdU (Accurate Chemical
& Scientific Corporation OBT0030, 1:200), polyclonal rabbit anti-Ki67 (Abcam
15580; 1:1,000), monoclonal mouse anti-NeuN (Millipore MAB 377; 1:1,000).
After rinsing 5x5 minutes with wash buffer, sections were further stained
with Alexa fluor-conjugated secondary antibodies (Invitrogen; 1:1,000) for two
hours at room temperature and covered with DAPI-containing Vectashield.
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Imaging

and quantification

For DAB immunohistochemistry, quantification procedures were performed
blindly on a Zeiss Axiophot light microscope with Microfire camera
(Coptronics) using StereoInvestigator software (MicroBrightField, Germany).
Coronal sections of matched anatomical levels along the rostro-caudal axis
were used for analysis. Quantification was performed in both hemispheres
on 6 sections/animal for pups with an intersection distance of approximately
160 μm and on 8 sections/animal for adults with an intersection distance of
approximately 240 μm. Ki67+, CR+ and DCX+ immunoreactive cell counts were
performed manually by means of a modified stereological procedure, using
a 20x objective (200x magnification), the total cell-counts were multiplied by
4 (for pups) or 6 (for adults) to obtain an estimation of the total number of
immunoreactive cells per DG. For quantification of NeuroD1 expression in
the pup DG, stereological counting was performed using optical fractionator
software (StereoInvestigator, MicroBrightField) with a 40x objective (400x
magnification). The following optimized settings were applied: distance
between sampled sections: 320 μm, counting frame: 10x10 μm, stepping size:
80x80 μm, dissector: 8 μm. The mean calculated coefficient of error (CE) in this
experiment was 0.07, thereby indicating a high precision in the estimated total
number of NeuroD1+ cells.

2

Immunoreactive cells were counted in the various anatomical (and functional)
subregions of the dentate gyrus: granular, subgranular and hilar region,
supra- versus infrapyramidal and rostral versus caudal and location. All
sections rostral to bregma -2.92 (Paxinos and Watson, 1906) were considered
rostral, and all other sections were considered caudal. Cell counts were
represented as: i) total number of immunoreactive cells per unilateral DG
(hilus + subgranular zone + granular cell layer), ii) unilateral granular zone
(subgranular zone + granular cell layer) and as numerical density (number of
immunoreactive cells/mm3 of the granular zone).
To obtain volume estimations of the DG and the granular zone in mm3, the
Cavalieri principle was applied: a surface estimation (in mm2) of the DG at each
level was obtained by boundary contour tracings using Stereoinvestigator
software, these were first multiplied by 4 (for pups) or 6 (for adults), as
sections were split into 4/6 series, and then multiplied by the thickness of the
sections (0,04 mm). To estimate numerical densities of NeuroD1+ cells in the
hippocampal migratory stream (HMS), the length of the HMS was measured
by means of a straight-line measurement from the secondary dentate
matrix in the hippocampal subventricular zone to the lateral corner of the
infrapyramidal blade of the DG. The number of NeuroD1+ cells in the HMS is
normalized to this length measurement.
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For counting BrdU, overview images of the fluorescent BrdU double-labeled
dentate gyrus were taken on a Leica CTR5500 microscope (20x objective)
using the Leica MM AF program (MetaMorph, version 1.6.0). Stitched Z-stack
images were acquired using the multi dimensional acquisition function with
the following settings: FluoA4 (DAPI), gain of 1, exposure time of 15 ms; FluOL5
(BrdU), gain of 1, exposure time of 150ms.
NeuN/BrdU co-expression was then evaluated in 200-250 BrdU-nuclei per
animal. From each animal (N=6/condition), a total of 15 Z-stack images were
taken; from five hippocampal sections, the suprapyramidal blade, the infrapyriamidal blade and the crest were imaged using a Zeiss LSM 510 confocal
laser-scanning microscope with a 63x oil objective. The ratio of NeuN/BrdU
double-positive cells over the number of BrdU single-positive cells was
expressed as a percentage. The same images were also used to analyze the
intra-nuclear BrdU-expression pattern in order to categorize BrdU+ cells into: i)
first generation cells, that we classified based on the presence of incorporated
BrdU and a homogenous BrdU-expression over the entire nucleus, indicating
the cell had not further divided afterwards, and ii) a BrdU positive cell that
divided once or more after the incorporation of BrdU and displayed a clustered
pattern of nuclear BrdU-expression.

Western

blot

For quantification of Ki67 expression levels in P9 DG (N=5/condition, only
male pups) via Western blot, samples were prepared as follows. Upon rapid
decapitation on the morning of P9, hippocampi were quickly dissected in icecold saline and then cut in 4-5 slices using equally spaced razor blades to
allow for DG dissection under a binocular. Tissue was immediately frozen on
dry-ice and stored on -80°C until further use. Samples were homogenized in
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS,
pH=6.8) using small pellet mixers, then incubated for 10 minutes at room
temperature and subsequently sonicated for 2x 30 seconds at maximum
intensity, again incubated for 10 minutes and than centrifuged for 1 min with
10,000xg. The supernatant was collected and the lysate protein concentration
for each sample was determined using a BCA Protein Assays (Pierce). 20 µg of
whole cell lysate were separated by electrophoresis on 15% polyacrylamideSDS gels (Biorad MiniPROTEAN system) with 5% stacking gels and transferred
to nitrocellulose for 2 h at 75 V in Towbin Buffer (25 mM Tris, 192 mM glycine,
20 % methanol, pH=8.3). The membranes were cut in strips according to
later probing and blocked in TBST (TBS + 0.1% Tween-20) containing 10%
milkpowder (ELK) at 4 °C overnight. After blocking, blots were rinsed with TBST
and incubated with the primary antibodies ON at 4 °C. Blots were then washed
with TBST and incubated for 2 h with primary antibody species matching Licor
IRDyes (goat anti-rabbit 680LT, Licor 926-68021; goat anti-mouse 800CW, Licor
56

Chronic early-life stress alters neurogenesis and cognition

926-32210), 1:10,000 in TBST. After thorough washes with TBST and a final
wash with TBS, signal was developed using a Licor Odyssey FC machine and
Licor Image Studio software. Signal intensities were measured using ImageJ
software (NIH), the expression levels per animal were calculated from the
means of 4 technical replications within 1 experiment.

Behavioral

analyses

2

Five month old male (Ctl n=6, ES n=6) and female (Ctl n=9, ES n=8) mice were
tested in a behavioral test battery including the following tasks (in order
of testing): elevated plus maze (EPM), object recognition task (ORT), object
location task (OLT), Morris water maze (MWM) and the forced swim task (FST).
During testing, behaviors were recorded by a video camera connected to a
computer with Ethovision software (Noldus, the Netherlands) and in addition
manually scored by an experimenter that was blind to the condition of the
animals. Males and females were separately tested. For female mice, vaginal
smears were taken after the last trial of each task to determine estrous cycle
phase.
Because mice are nocturnal animals, all behavioral testing was conducted
during the dark (active) phase between 1 and 4 PM in a clean testing room lit
by red 2 red spots (EGB, 25 Watt). The mice that underwent behavioral testing
were group-housed in a room with a reversed light/dark schedule (lights on at
8 PM) starting one month before the testing. Before the first test, mice were
handled five minutes per day for five consecutive days. On the last two days
of this handling period, mice were also transferred, in their home cage, from
their housing room to an adjacent testing room, where they were kept for 60
minutes to familiarize with the testing room.
Basal exploration and anxiety-like behavior were tested in the Elevated PlusMaze (EPM). Every mouse was placed in the center (5x5cm) of the plus maze
(100 cm above the floor), facing one of the open arms (35x5 cm) and allowed
to freely explore the maze for five minutes. Velocity, exploration time per arm,
and open/closed arm entries were scored to assess exploration patterns.
The object recognition test (ORT) is a non-spatial, emotionally neutral memory
test in which mice had to discriminate between a novel object and an object
that they had explored previously (familiar). After a five-day interval during
which the mice were handled daily for two minutes, mice were tested in the
ORT. During the last three days of the interval, mice were habituated for
five minutes/day to the testing arena that consisted of a rectangular plastic
box (dimensions: 23,5x31 cm, height wall: 27cm). The floor of the arena was
covered with one cm clean sawdust (which was refreshed after every animal).
On the training day, mice had five minutes to explore two identical objects
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(9,5 cm high glass bottles) that were placed 12 cm from each other and 11
cm from the wall. The time spent exploring each object was measured using
stopwatches. On the testing day 24h post-training, one object was exchanged
by a novel object (constructed of yellow Lego Duplo bricks) placed in exactly
the same position, and mice were reintroduced into the arena for five min to
explore the novel and the familiar object. The ratio of novel/familiar object
exploration time (on day two) was used as an index of memory; a ratio>1
indicates a preference for the novel object, indicating remembrance of the
object observed on day one. Mice that spend less than 10 seconds exploring
the objects during either day one or day two were excluded from the analysis.
Object location tests (OLT): for the OLT, the arena and habituation protocol
were identical to those used in the ORT; two completely novel identical objects
(white coffee cups) were placed 12 cm from each other and 11 cm from the
wall. On the training day, mice had five minutes to explore the objects and
their location. On the testing day, 24h post-training one object was moved to
a novel position in the arena and mice were reintroduced into the arena for
five min to explore. Time spent exploring was recorded as before. In this task,
two completely novel objects (compared to ORT) were used.
Morris Water Maze (MWM): After an interval of five days during which the
mice were handled daily for two minutes, the mice were tested in the Morris
water maze (Rice et al., 2008). A circular water maze (110 cm in diameter) was
filled with opaque water (23 ± 1°C, with non-toxic paint). On day one, mice
were subjected to two cued trials (of maximally 60 seconds or till the mouse
reached the platform) in which the platform was placed one cm above the
water surface, visible for the animal in the center of the pool, but without
visual cues on the walls surrounding the pool. On day two, the acquisition
phase started with two training trials per day with an inter-trial-interval of
10 minutes during six consecutive days. During the acquisition phase, the
platform was hidden in the NW-quadrant of the pool one cm below the
water surface. Geometric visual cues (22x22 cm) were placed on the walls
surrounding the pool. Between trials starting points were varied between one
of the three quadrants without the platform (i.e. NE, SW, SE) to prevent the
animals from using an egocentric search strategy (Morris, 1984). At the start of
each trial, the mouse was placed in the water facing the wall of the pool. The
animal was allowed to search for the platform for maximally 60 seconds. On
day eight, the platform was removed from the pool for a single probe trial, in
which the swim path and the time spent in the target quadrant was recorded.
On day nine, the platform was placed back in the pool but this time in the SWquadrant to test reversal learning in two trials with an interval of 10 minutes.
Forced swim test (FST): after an interval of ten days, mice were tested in the
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FST for their ability to cope with a physical challenge (depressive-like behavior).
Mice were individually placed in a glass cylinders (40 x14,5 cm) filled with 30
cm deep water (23±1°C) for the duration of five minutes (pretest) and tested
24h later (test) for five minutes. Behavior was videotaped and afterwards
scored by an independent researcher for immobility duration. Immobility was
defined as floating passively in the water with no additional movements other
than those necessary to keep the head above the water surface, for at least
two sec. Latency to float was defined as the time until a phase of more than
20 secs immobility was reached. After testing, mice were placed back in their
housing room and left undisturbed for three weeks before BrdU-labeling.

Statistical

2

analysis

Data were analyzed using SPSS 20.0 (IBM software), Graphpad Prism 5
(Graphpad software) and R (version 3.1.0). All data are expressed as mean ±
standard error of the mean (SEM). Data were considered statistically significant
when p<0.05.
Maternal behavior was analyzed using repeated measure One-way ANOVA.
Physiological, behavioral and immunohistochemical data were compared
using two-way ANOVA with two fixed factors: condition (Ctl vs. ES) and sex (male
vs. female). If a significant difference was detected, post-hoc analyses were
performed using Bonferroni multiple comparison tests. For measurements of
thymus and adrenal gland weights, data was expressed as percentage of total
bodyweight.
Animals from multiple litters were included in each experiment and nested
under the condition factor (three litters in each of the Ctl and ES groups).
Models with and without litter included as a random factor were compared
to assess the degree to which litter effects influenced the outcome variables
(Lazic & Essioux, 2013). Litter effects were negligible for most histological and
behavioral outcomes, with the exception of the elevated plus maze (likelihood
ratio = 14.4, p< 0.001). Litter was therefore included as a random factor when
analyzing the EPM data.
For behavioral data from the female mice, first the effect of estrous cycle
stage was evaluated by a two-way ANOVA with estrous cycle stage (estrous vs.
non-estrous) and condition (Ctl vs. ES) as fixed factors. Since no main effects
of estrous cycle stage were detected, all female mice were included in the
analysis as one group.
For the ORT and OLT, one-sample T-tests were used to compare the exploration
ratio of novel/familiar to one (no discrimination). Learning and memory in the
MWM was analyzed using a three-way repeated measures ANOVA, with two
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‘between subjects’ factors (Ctl vs. ES and male vs. female) and one ‘withinsubjects’ factor (training day). To analyze cognitive performance during the
probe trial, the percentage of the total time swum in the target quadrant was
calculated and one-sample T-tests were used to compare mean quadrant
percentages to chance (25%).
An ANCOVA model was used to estimate the association between the number
of BrdU+ cells and behavior, which is the appropriate method for testing an
association in the presence of heterogeneous groups (Lazic, 2012) In these
models ‘number of BrdU+ cells’ was used as a continuous predictor and
included as a covariate, ‘behavioral outcome’ was the continuous response
variable and ‘condition’ and ‘sex’ were used as fixed categorical factors.
A significant effect of neurogenesis indicates that there is a neurogenesisbehavior association within the different experimental conditions (Lazic,
2012). Bayesian graphical models were used to separate the effect of ES on
behavior into the component that can be attributed to neurogenesis and to
neurogenesis-independent mechanisms, stratified by sex. These models were
fit in R (version 3.0.3) using the R2jags package (version 0.04-01) and JAGS
(Just Another Gibbs Sampler; version 3.4.0). Measures of neurogenesis and
behavior were standardized to have a mean of zero and standard deviation
of one. The Markov chain Monte Carlo (MCMC) sampling used three chains of
1,000,000 iterations each, a burn-in period of 5000 iterations, and every tenth
value was saved. The three chains were well mixed (Gelman-Rubin statistic
≤1.01 for all parameters). Non-informative priors were used and the results
were not sensitive to the form of the prior. Further details of this modeling
approach applied to neurogenesis data can be found in Lazic (Lazic, 2012).

Results
Limiting

nesting and bedding material leads to fragmentation of

maternal care

Housing litters in a cage with limiting nesting and bedding material (figure
1a) from P2-P9 induced erratic maternal care. During this period, ES dams: i)
were not able to keep all the pups in the nest area (figure 1b); ii) showed an
increased frequency in exiting the nest (figure 1c) and iii) showed 2.5 times
more ‘nesting behavior’ trying to construct a rudimentary nest (266 ± 20 secs/
observation period in ES vs. 105 ± 22 secs/observation period in Ctl, repeated
measures ANOVA F1,16=29.899, p<0.001). Aside from this erratic maternal
behavior, the total duration of nursing behavior was not different between
conditions (figure 1d), indicating a reduction in the quality, but not the total
quantity of maternal care expressed by the dam. These findings confirm and
extend on the original findings by Rice et al. (2008).
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Figure 1. Limited nesting material induces erratic maternal care.
(A) Photograph demonstrating a standard Ctl cage (left) and a limited nestingbedding cage (right) in which the ES litters (dam with six pups) are housed during P2P9. (B) The total time per 48 minute-observation period for each postnatal day during
which at least 1 pup was outside the nest. While in Ctl litters this barely happens
(0.0 ± 2.0 minutes/observation period), ES pups are frequently found outside the
nest (26.2 ± 1.8 minutes/observation period, repeated measures ANOVA F1,16=95.871,
p<0.001). (C) During P2-P9, dams housed in the ES condition exit the nest more
frequently than control dams (9.1 ± 0.5 exits/observation period in ES vs. 1.2 ± 0.5
exits/observation period in Ctl, repeated measures ANOVA F1,16=119.925, p<0.001)
(D) There is no difference in the total time spent nursing between Ctl dams (1260
± 104 secs/observation period) and ES dams (1093 ± 93 secs/observation period,
repeated measures ANOVA F1,16=1.457, p=0.245). Data expressed as mean ± SEM, Ctl
n=8, ES n=10.

Fragmentation

of maternal care results in chronic early - life stress

in the pups

Exposure to the limited nesting and bedding material cage resulted in
physiological signs of chronic early-life stress in the pups at P9 (Table 1). ES
pups exhibited on average a 36% reduction in bodyweight gain from P2 till P9
(two-way ANOVA, main effect of condition: F1,126=172.81, p<0.001, no effect
of sex: F1,126=0.27, p=0.607). In addition, ES pups had elevated basal plasma
corticosterone levels on the morning of P9 compared to controls (ES (n=13):
10.6±3.0 ng/ml vs. Ctl (n=12): 3.3±0.3 ng/ml), two-way ANOVA revealed a main
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effect of condition (F1,21=4.44, p=0.047), but no main effect of sex (F1,21=0.06,
p=0.802).
Relative thymus weight was significantly reduced in ES pups (two-way ANOVA,
main for condition F1,53=15.365, p<0,001, no effect for sex F1,53=0.449 p=0.506),
a typical sign of experiencing chronic stress. The relative size of the adrenal
glands at P9 was not different between Ctl and ES pups (two-way ANOVA, no
main effect of condition: F1,54=0.002, p=0.965 or sex: F1,54=0.022 p=0.884).
The physiological signs of chronic stress present at P9, had disappeared by
five months of age. Adult bodyweight (at P150) was similar between Ctl and
ES mice; two-way ANOVA revealed no main effect for condition (F1,54=3.598
p=0.063), but a main effect of sex was found (F1,54=167.396 p<0.001) as adult
males were heavier than females. In addition, relative thymus weight was no
longer different between Ctl and ES mice (two-way ANOVA, no main effect
of condition: F1,49=0.104, p=0.748) and only differed between males and
females (main effect of sex: F1,49=87.419, p<0.001). Similarly, relative adrenal
gland weight was affected by sex (F1,55=169.628, p<0.001) but not by condition
(F1,55=0.625, p=0.433). Finally, basal plasma corticosterone levels at P150 were
no longer different between Ctl and ES mice (two-way ANOVA, no main effect
of condition: F1,52=0.045, p=0.833), however a main effect of sex on basal
plasma corticosterone levels was detected as well (F1,52=5.532 p=0.022).
Ctl P9 (n)

ES P9 (n)

Bodyweight gain P2-P9 (g)

3.6 ± 0.4 (74)

2.3 ± 0.6* (56)

Thymus weight (% of BW)

0.554 ± 0.001 (23)

0.463 ± 0.002* (34)

Adrenal gland weight (% of BW)

0.026 ± 0.003 (24)

0.026 ± 0.002 (34)

Basal plasma CORT (ng/ml)

Bodyweight (g)
Thymus weight (% of BW
Adrenal gland weight (% of BW)
Basal plasma CORT (ng/ml)

3.3 ± 0.3 (12)

10.6 ± 3.0* (13)

Ctl males
P150 (n)

Ctl females
P150 (n)

ES males
P150 (n)

ES females
P150 (n)

33.78 ±
0.55 (14)

22.68 ±

31.66 ±
1.42 (14)

21.69 ±

0.148 ±
0.004 (11)

0.230 ±

0.149 ±
0.006 (12)

0.236 ±

0.012 ±
0.001 (11)

0.030 ±

0.015 ±
0.001 (14)

0.029 ±

24.56 ±
6.99 (9)

47.33 ±

21.20 ±
5.24 (10)

46.39 ±

0.51$ (15)
0.011$ (12)
$

0.001 (12)
$

8.48 (23)

0.45$ (15)
0.010$ (18)
0.001$ (18)
11.47$ (14)

Table 1. Physiological measures of stress in pup (P9) and adult mice (P150)
*p<0.05, Two-way ANOVA, main effect for condition, $ p<0.05, Two-way ANOVA, main
effect for sex. Data expressed as mean ± SEM.
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Volume

of the hippocampal dentate gyrus is lastingly reduced by

chronic

ES

Chronic ES had a direct effect on total DG volume, which was significantly
smaller in ES pups compared to Ctl (two-way ANOVA, main effect of condition
F1,22=10.468 p=0.004, no main effect of sex F1,22=0.591 p=0.450). On average,
estimated DG volume (including granular zone, hilus and molecular layer) was
reduced by 18,2% in ES mice compared to Ctl mice. Analysis of the volume
of only the granular zone (GZ: granular cell layer + subgranular zone) also
showed a reduction of GZ volume after ES exposure at P9 (Figure 2a, two-way
ANOVA, main effect of condition F1,22=9.470 p=0.006, no main effect of sex
F1,22=0.470 p=0.500).

2

An ES-induced reduction of 11% in GZ volume was also present at P150, in
both male and female mice (Figure 2b). A two-way ANOVA revealed a main
effect of condition (F1,29=13.990 p<0.001) and a main effect of sex (F1,29=22.115
p=0.001), as male mice have a slightly larger GZ volume than female mice. No
significant interaction of condition and sex was found (F1,29=0.037 p=0.849).

Levels of developmental neurogenesis in the dentate gyrus is increased
after chronic ES exposure
Postnatal proliferation
The absolute number of proliferating (Ki67+) cells in the whole DG was
significantly increased at P9 in pups that were exposed to chronic ES (twoway ANOVA, main effect of condition F1,22=4.681 p=0.042, main effect of
sex F1,22=8.232 p=0.009, no interaction effect). Taking into account the ESinduced reduction in DG volume, and thus expressing levels of neurogenesis
as numeric densities, the amount of proliferating cells in the whole DG (GZ
+ hilus) was significantly increased in mice that were exposed to chronic ES
(two-way ANOVA, main effect of condition F1,22=19.229 p<0.001, main effect
of sex F1,22=6.339 p=0.020, no interaction effect, figure 2c). These results
were confirmed by Western Blot of male DG tissue (Student’s T-test, N=5/
condition, average intensity 1.12 ± 0.07 in Ctl vs. 1.58 ± 0.08, p=0.002, data
not shown). The increase in proliferating cells in ES pups was present in both
the suprapyramidal and infrapyramidal blade of the granular cell layer (figure
2d) and no differences along the rostral-caudal axis were detected (data not
shown).
Absolute numbers of Ki67+ in the paraventricular nucleus of the hypothalamus
(PVN) at P9 were not affected by ES in neither of the sexes. (two-way ANOVA,
no effect of condition F1,22=2.233 p=0.152, no effect of sex F1,22=1.127 p=0.302,
no interaction effect, data not shown), suggesting that effects of ES on
proliferation are specific for the DG.
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In contrast, the numeric density of NeuroD1+ cells (which has a broader time
window of expression than CR) in the DG was not affected by ES (two-way
ANOVA, no main effect of condition F1,21=0.128 p=0.725, no main effect of sex
F1,21=3.190 p=0.089, no interaction effect), suggesting that ES might affect a
specific stage of differentiation.
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Figure 2.

continued

(C) ES increased the number of proliferating cells/mm3 in the DG at P9 (*: main
effect of condition, F1,22=19.229 p<0.001, #: main effect of sex, F1,22=6.339 p=0.020, no
interaction effect). (D) Proliferating cells/mm3 are increased the suprapyramidal blade
of the GZ (*: main effect of condition F1,22=19.683 p<0.001) and the infrapyramidal
blade of the GZ (*: main effect of condition F1,22=5.050 p<0.035). (E) Representative
images of Ki67 immunostaining of proliferating cells in the DG of 9 day old Ctl and
ES male mice. (F) ES increased the number of differentiating cells/mm3 in the DG at
P9 (*: main effect of condition, F1,18=8.492 p=0.009, no main effect of sex: F1,18=0.180
p=0.676, no interaction effect). (G) Differentiating cells/mm3 are increased the
suprapyramidal blade of the GZ (*: main effect of condition F1,18=8.646 p=0.009, no
main effect of sex F1,18=0.013 p=0.912). No effects of condition and/or sex were found
in the infrapyramidal blade (no main effect of condition F1,18=8.646 p=0.338, no main
effect of sex F1,18=0.013 p=0.791, no interaction effect). (H) Representative images
of CR immunostaining of proliferating cells in the DG of 9 day old Ctl and ES male
mice. (I) ES increased the number of NeuroD1+ cells migrating from the hippocampal
subventricular zone towards the DG, cell numbers were normalized for the length of
the migratory stream (*: main effect of condition F1,21=78.666 p<0.001, no main effect
of sex F1,21=3.010 p=0.097). (J) Representative images of NeuroD1 immunostaining of
differentiating/migrating cells in the DG and hippocampal migratory stream of 9-dayold Ctl and ES male mice. Scalebars represent 100 μm.
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Interestingly, the number of differentiating, NeuroD1+ neurons that migrate
from the hippocampal subventricular zone via the hippocampal migratory
stream (HMS) to form granule neurons and progenitor cells in the ipsilateral
DG, was also increased after ES (two-way ANOVA, main effect of condition
F1,21=78.666 p<0.001, no main effect of sex F1,21=3.010 p=0.097, figure 2i-j).
A significant interaction between sex and condition was detected (F1,21=5.217
p=0.033), as the number of NeuroD1+ cells was increased by 30,6% in males
and by 53% in females.

Chronic ES

reduces long - term survival of developmentally born

neurons

What happens with the ES-induced increase in number of postnatally
proliferating and differentiating neurons later in life? The long-term survival
of the cells generated at the end of the ES period (P9) was reduced. In fact, the
number of cells that were detected five months after BrdU-labeling (figure 3a)
did not differ between conditions. Neither absolute numbers of BrdU+ cells
(two-way ANOVA, no effect of condition F1,29=0.298 p=0.589, no effect of sex
F1,29=1.740 p=0.198, no interaction effect), nor the numerical densities of BrdU+
cells in the GZ (Figure 3b, two-way ANOVA, no effect of condition F1,29=2.680
p=0.112, no effect of sex F1,29=0.009 p=0.926, no interaction effect) were
different between Ctl and ES adult offspring. The strong ES-induced increase
in the number of proliferating/dividing cells at P9 (see above) suggests that
BrdU incorporation during P9-13 is drastically increased. Thus, the absence of
an increased BrdU expression in the adult GZ of mice exposed to ES indicates
a reduction in the long-term survival of developmentally generated cells.
To determine cell fate of these postnatally generated BrdU+ cells, co-labeling
with a marker for mature neurons (NeuN) was performed. NeuN/BrdU coexpression revealed that the large majority (97,6%) of the developmentally
born cells that survived had become neurons. No differences between
conditions were present (Figure 3c, two-way ANOVA, no effect of condition
F1,14=1.357 p=0.264, no effect of sex F1,14=1.088 p=0.315, no interaction effect).
In addition, careful analysis of the intra-nuclear BrdU-expression pattern
allowed for categorization of BrdU+ cells into first generation cells and cell
that divided once or more after incorporating BrdU (Manders et al., 1996). No
differences were found between conditions (Figure 3d, two-way ANOVA, no
effect of condition F1,14=0.023 p=0.881, no effect of sex F1,14=0.023 p=0.881, no
interaction effect).
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Figure 3. Chronic ES and long-term survival of developmentally born neurons
(A) In order to study the cell fate and survival rate of developmentally born cells,
mice were injected directly after the Ctl/ES period with BrdU (50 mg/kg once per
day from P9 till P13). The animals were left undisturbed until perfusion at P150.
Double-labelling with BrdU-NeuN was used to determine survival rate and neuronal
cell fate of the cells born during P9-13. (B) Numerical densities of BrdU+ cells in the
GZ are not different between conditions (two-way ANOVA, no effect of condition
F1,29=2.680 p=0.112, no effect of sex F1,29=0.009 p=0.926, no interaction effect).
(C) The percentage of BrdU/NeuN doublepositive cells was not different between
conditions (two-way ANOVA, no effect of condition F1,14=1.357 p=0.264, no effect of
sex F1,14=1.088 p=0.315, no interaction effect F1,14=1.098 p=0.312). (D) The percentage
of 1st genereation BrdU+ cells (= cells exhibiting a homogenous nuclear BrdU staining,
indicating no subsequent cell division after BrdU-incorporation) was unaltered by ES
(independent T-test, n=9/condition p=0.518). Data are expressed as mean ± SEM.
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Survival of adult-born neurons is reduced after chronic ES exclusively
in male mice

Adult proliferation and differentiation
Levels of proliferation in adulthood were not affected by ES exposure as no
differences were detected between conditions, neither in absolute Ki67+ cell
counts (two-way ANOVA, no effect of condition F1,20=0.820 p=0.376, no effect of
sex F1,20=0.190 p=0.668, no interaction effect) nor in numeric densities (Figure
4b, two-way ANOVA, no effect of condition F1,20=0.180 p=0.676, no effect of
sex F1,20=2.917, p=0.103, no interaction effect). No subregion-specific effects
were detected (data not shown). Similarly, levels of differentiating immature
granule cells were not altered by ES exposure, neither absolute DCX+ cell counts
(two-way ANOVA, no effect of condition F1,20=4.028 p=0.058, no effect of sex
F1,20=0.274, P=0.607, no interaction effect) nor the numeric densities (Figure
4c, two-way ANOVA, no effect of condition F1,20=3.014 p=0.098) were different
between conditions. Interestingly females expressed slightly higher levels of
DCX compared to males (main effect of sex F1,20=5.287 p=0.032). Based on
their morphology DCX+ were classified to be in: i) a proliferative stage, ii) an
intermediate stage, iii) a postmitotic stage (based on Plümpe et al., 2006). No
effect of condition and/or sex on the maturation of DCX+ cells was detected.
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Survival of adult born neurons
ES exposure significantly reduced survival of adult born cells. The number of
BrdU+ cells, four weeks after BrdU injection was significantly reduced in ES
offspring when compared to controls (Figure 4d-e, F1,24=14.593 p=0.001). Twoway ANOVA also revealed a significant effect of sex (F1,24=5.286 p=0.031) and
a significant interaction effect of sex and condition (F1,24=14.997 p=0.001). In
fact there was a 37% reduction in cell survival in male adult offspring (post-hoc
comparison: p<0.001) while experiencing ES did not alter levels of survival in
female adult offspring (post-hoc comparison: p=0.968).
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Figure 4. Survival of adult born neurons is reduced by chronic ES exclusively in male mice
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(A) Experimental timeline: levels of proliferating (Ki67+) and differentiating (DCX+)
cells were measured in adult animals at P150. (B) Numeric densities of Ki67+ cells in
10000
the adult DG were not different between conditions (F1,20=0.180 p=0.676).
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Figure 4.

continued

(C) Numeric densities of DCX+ cells in the adult DG were not different between
conditions (F1,20=3.014 p=0.098). (D) Experimental timeline: in order to study survival of
cells born in adulthood, a different group of adult mice was injected three weeks after
the final behavioral test with 100 mg/kg BrdU three times per day for two consecutive
days and killed by transcardial perfusion four weeks after the last injection. (E) The
number of BrdU+ cells, four weeks after BrdU injection was significantly reduced in ES
male offspring when compared to controls ( *: F1,24=14.593 p=0.001).

Emotional

function in adulthood is not affected by

ES

Exposure to chronic ES did not affect anxiety-like behavior in adulthood
according to the performance in the Elevated plus maze (EPM). The amount
of open arm entries relative to total arm entries were not different between
the groups (two-way ANOVA, no main effect of condition: F1,23=0.872, p=0.360;
no main effect of sex: F1,23=0.170, p=0.684, no interaction effect). In addition,
analysis of the time spent in the open arms relative to total exploration time
in the EPM, revealed no differences between the groups (two-way ANOVA,
no main effect for condition: F1,23=3.626, p=0.069; no main effect for sex:
F1,23=0.008, p=0.929, no interaction effect). Exposure to ES did not affect
general level of activity as no differences were detected between groups in
velocity (two-way ANOVA, no main effect of condition: F1,23=1.227, p=0.279; no
main effect for sex: F1,23=2.478, p=0.129) or the total distance moved (two-way
ANOVA, no main effect of condition: F1,23=1.860, p=0.186). Female mice were
more active than males, as they moved a longer distance in the EPM (two-way
ANOVA, main effect of sex: F1,23=9.198, p=0.006).
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Depressive-like behavior, assessed by performance in FST, was unaffected by
history of ES. Indeed on day one ES and Ctl male mice expressed equal durations
of immobility (two-way ANOVA, no main effect of condition on floating time:
F1,25=3.228, p=0.084, a main effect for sex was detected: F1,25=9.152, p=0.006).
Previous exposure to the FST significantly increased immobility time on day
two in all groups, indicating that all mice acquired a coping strategy regardless
of condition (repeated measures ANOVA, effect of day F1,25=199.383, p<0.001).

Cognitive

function in adulthood is impaired

Object recognition test (OR): object memory was impaired after ES exposure.
On the training day (day one), mice had no preference for either of the two
identical objects and there was no difference between groups in the total time
spent exploring the objects (figure 5a). On the testing day (day two), the ratio
novel/familiar object exploration time (discrimination ratio) was significantly
above 1 for the Ctl males (One-sample T-test, N=6, p=0.002) and Ctl females
(One-sample T-test, N=6, p=0.015), but not for the ES males (One-sample
T-test, N=6, p=0.903) and ES females (One-sample T-test, N=7, p=0.231) (Figure
5b). Comparison of the discrimination ratios between groups indicated that ES
significantly impaired object recognition memory. Two-way ANOVA revealed
effect of condition (F1,21=16.236, p=0.001), with no effect of sex (F1,21=0.002,
p=0.967) and no interaction of condition x sex (F1,21=2.431, p=0.134).
Object location test (OLT): ES exposure impaired hippocampal-dependent
object location memory. On day one, mice had no preference for either of
the two identical objects and there was no difference between groups in the
total time spent exploring the objects (figure 5c). On day two, while for the Ctl
males (One-sample T-test, N=5, p=0.036) and Ctl females (One-sample T-test,
N=6, p=0.040) and ES females (One-sample T-test, N=9, p=0.036) the ratio
exploration time of the novel/familiar location was significantly above 1, this
was not the case for the ES males (One-sample T-test, N=6, p=0.251) (figure
5d). Indicating that, all groups except the ES males remembered the familiar
object location. The comparison of the discrimination ratios between groups
(two-way ANOVA) indicated a main effect condition (F1,22=12.643, p=0.002),
without effect of sex (F1,22=0.012, p=0.915), or interaction of condition x sex
(F1,22=1.915, p=0.180), indicating that exposure to ES impairs OLT performance
in both sexes and that despite a trend for a larger ES effect in males, this
difference did not reach significance.
Morris Water Maze (MWM): ES impaired hippocampal-dependent spatial
learning and memory exclusively in male mice. This was evident both during the
acquisition as well as the retrieval of the task. The latency to find the platform
decreased significantly between the first and the last training day in all groups
(paired T-test, p<0.05) except for the ES males (paired T-test, p=0.221, t=1.396,
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df=5) indicating that ES males had more problems to learn the task within six
days. Repeated measures ANOVA revealed a significant effect for condition
(F1,24=7.160, p=0.013) (Figure 5e-f). Impaired learning ability in ES mice was not
due to differences in swimming ability or motivation, as swim speed was not
different between conditions (data not shown). During the probe trial (Figure
5g) ES males showed no preference over chance for the target quadrant
(One-sample T-test, p=0.463) and were significantly different from Ctl males
who spent significantly more time in the target quadrant (One-sample T-test,
p=0.028). Ctl females, but not ES females, performed significant above chance
(One-sample T-test, p=0.017), but the time spent in the target quadrant was
only 5% above chance level (30±0.02%). Two-way ANOVA revealed a main
effect for condition (F1,24=13.942, p=0.001), which was found to be specific for
males (post-hoc comparison: p<0.001) but not females (post-hoc comparison:
p=0.666), no main effect of sex (F1,24=2.699, p=0.113) was found, but there was
an interaction of condition and sex (F1,24=10.001, p=0.004), indicating that the
effect of ES was larger in males compared to females.

The ES-induced

impaired learning is

(at

2

least partly ) neurogenesis

dependent

An ANCOVA model was used to test whether behavioral performance was
associated with the number of BrdU+ cells that survived four weeks after
injection. A significant output of such an analysis establishes covariation
between neurogenesis and cognitive performance, one of the basic
requirements for making causal claims (Lazic, 2012).
For tasks to test emotional functioning, no significant neurogenesisbehavior associations were found using the ANCOVA model (Open-arm
time in EPM/BrdU+ cells: F1,18=4.2, p=0.0563; FST floating time/BrdU+ cells:
F1,22=1.2, p=0.2816). For the partially hippocampus-dependent ORT, there
was no significant association between neurogenesis and object recognition
performance (ANCOVA, F1,21=1.2 p=0.998, figure 6a).
Performance in the hippocampus-dependent OLT and in the probe trial of the
MWM were significantly associated with the number of BrdU+ cells at P250 in
both males and females (ANCOVA, F1,22=2.3, p=0.0272) (figure 6b) and (ANCOVA:
F1,24=17.5, p=0.0003, figure 6c) respectively. To test if these performances were
dependent on the number of BrdU+ cells we used a Bayesian analysis. This test
revealed a small contribution of neurogenesis to OLT indicating that newborn
neurons are (at least partially) involved in recognizing that an object has been
placed to a new location. Interestingly, according to Bayesian analyses the
majority of the effect of ES on MWM probe test performance was dependent
on neurogenesis (Figure 6d) revealing a large contribution of neurogenesis in
this more complex spatial memory task.
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(E) Average time per training day needed to find the hidden platform is longer in
ES males compared to Ctl (p=0.019*). (F) Average time per training day needed to
find the hidden platform is not different between Ctl and ES females (p=0.244) (G)
Percentage of time spent swimming in the target quadrant is above chance level ($) in
Ctl males and females. Performance in the probe trial is impaired by ES (F1,24=13.942,
p=0.001) in the male mice (post-hoc comparison: p<0.001*) but not females (post-hoc
comparison: p=0.666).
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DISCUSSION
The studies described here demonstrate for the first time that exposure to
chronic ES in mice leads to: i) hippocampus-dependent cognitive impairment
in adulthood which is more prominent in males. These deficits are associated,
only in males, with ii) a reduction in survival of adult-born neurons. iii) Levels of
survival not only correlates with the cognitive impairments but also accounts
for these cognitive deficits (at least partly), as evident from our statistical
causality analyses (Lazic, 2012). Interestingly, despite the difference in severity
of the above-mentioned changes in male vs. female mice, ES induced a set of
structural changes in the hippocampus in both sexes, including iv) a lasting
reduction in DG volume; v) an increase in developmental neurogenesis and
vi) a lasting reduction in long-term survival of developmentally-born neurons.
Taken together, these data suggest a differential vulnerability to the lasting
consequences of chronic ES of male and female mice both at structural as well
as functional level and point to a functional relevance of the altered levels of
survival of adult-born neurons in the observed cognitive impairments. The
volumetric and most of the structural hippocampal alterations induced by
ES were present in both sexes but the cognitive functions were differentially
affected later life in males vs. females. This led us to conclude that next to
these structural changes, other key elements must be at play to explain the
ES-induced cognitive deficits.

Is the altered hippocampal structure and plasticity the neurobiological
substrate of the ES- induced cognitive deficits in mice ?
Based on an extensive battery of behavioral tests, our data suggest that while
chronic ES does not have lasting effects on adult emotional function (e.g.
anxiety-like behavior tested in the EPM and depressive-like behavior tested in
the FST), it causes cognitive deficits as evident from impaired performance in
OR, OL and MWM, which are overall more robust in male compared to female
mice. These findings confirm and extend on the published findings with this
same chronic ES mouse model (Rice et al., 2008; Wang et al., 2011). We set
out to understand whether the cognitive defects are associated with changes
in DG volume and with altered levels of hippocampal neurogenesis and if this
form of plasticity had a causal role in the observed cognitive impairments. We
also questioned if these structural changes had an early onset and if so, how
these progress in time and we studied if alterations in neurogenesis levels
could explain the differential vulnerability of males vs. females to ES exposure.
Firstly, we found a persistent reduction in volume of the DG in both sexes. This
data together with the observed cognitive deficits supports the translational
value of the chronic ES mouse model.
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Figure 6. ES-induced cognitive impairments in OLT and MWM are neurogenesis dependent
(A) There is no significant association between neurogenesis and object recognition
task (ORT) performance (ANCOVA, F1,21=1.2 p=0.998). (B) Performance in the Object
location task (OLT) was significantly associated with the number of BrdU+ cells at
P250 in both males and females (ANCOVA, F1,22=2.3, p=0.0272). (C) Performance in
the probe trial of the MWM was significantly associated with the number of BrdU+
cells at P250 (ANCOVA: F1,24=17.5, p=0.0003). (D) Bayesian analysis revealed that, in
the male mice, the majority of the effect of ES on MWM probe test performance was
dependent on neurogenesis.

In fact clinical studies, using volumetric magnetic resonance imaging techniques,
have shown that humans exposed to ES exhibit smaller hippocampal as well as
DG volume and that these are associated with lower IQs (Bremner et al., 1997;
Andersen et al., 2008; Vythilingam et al., 2002, Teicher et al., 2012). Some have
found that the hippocampal volume reduction after ES is more pronounced
in males (Frodl et al., 2010). While we indeed found that males are more
vulnerable to the lasting consequences of ES concerning survival of adult-born
neurons and cognitive performance, we did not detect sex differences in the
ES effects on DG volume in our studies. Similarly, a reduction in hippocampal
volume has been reported in other early-stress models such as maternal
separation or deprivation in rats and mice (Aksić et al., 2013, Oomen et al.,
2011 Herpfer et al., 2012; Fabricius et al., 2008). The fact that the volume of
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the DG is so markedly affected by early-life experience can be understood
when realizing that this hippocampal sub-region is developmentally the last
hippocampal region to be formed, developing between the last trimester of
gestation and 16 years of age in humans (Arnold and Trojanowski, 1996) and
between embryonic day 18 and the first two postnatal weeks in mice (Altman
and Bayer, 1990) thus rendering its development highly sensitive to stimuli in
the early-life environment.
A form of plasticity typical for this brain region is adult neurogenesis
(Kempermann et al., 2004). This is present in most mammals including humans
(Eriksson et al., 1998) and rodents (Lucassen et al., 2010; Abrous, 2005). There
is accumulative evidence indicating that increased levels of adult neurogenesis
are associated with increased with learning and memory capacities (Deng
et al., 2010; Jessberger et al., 2009; Imayoshi et al., 2008; Sahay et al., 2011;
Oomen et al., 2014). Could then ES exposure affect levels of neurogenesis
and could this (at least partly) be the substrate of the cognitive deficits that
we observed? ES persistently alters levels of adult neurogenesis, mainly in
models of ES in rats (for an overview see: Korosi et al., 2011; Loi et al., 2014).
For example, repeated maternal separation or maternal deprivation in rats
leads to an age-dependent biphasic effect on neurogenesis with a transient
increase in proliferation (Nair et al., 2007) and differentiation (Suri et al., 2013)
during adolescence (P21) and a lastingly decrease in levels of proliferation and
differentiation in adulthood (Suri et al., 2013; Oomen et al., 2010; Mirescu et al.,
2004), without affecting levels of neuronal survival in the DG of the offspring
(Greisen et al., 2005; Mirescu et al., 2004) while in another model of early-life
stress, comparing adult offspring of low-caring with offspring of high-caring
rat mothers, the stressed offspring exhibited decreased neuronal survival and
increased apoptosis (Bredy et al., 2003; Weaver et al., 2002). We are the first
to report such detailed analyses of the effects of ES on neurogenesis in mice.
The above summarized data clearly indicate that exposure to early stress in rats
affects levels of various phases of neurogenesis and that these effects seem
to be biphasic with an increase during adolescence and a reduction during
adulthood. However a few critical questions remained unanswered. Does ES
affect levels of neurogenesis in mice? When is the onset of these alterations;
are the early-onset alterations in postnatal hippocampal neurogenesis leading
to changes in adult neurogenesis? And, most importantly, are these changes
causally related to the cognitive impairments caused by ES exposure?
In the current study we found increased levels of proliferating (Ki67+) and
differentiating (CR+) cells in the dentate gyrus and increased number of
differentiating (NeuroD1+) cells in the hippocampal migratory stream directly
after chronic ES at P9. At P9, quantification of DCX-positive cells was not
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feasible due to the large density and the hectic, intermingled arrangement
of DCX positive dendrites at this early postnatal age (personal observation).
During normal mouse DG development, proliferation peaks around P5-7
(Navarro-Quiroga et al., 2006). The hippocampal subventricular zone from
where precursor cells migrate via hippocampal migratory stream to form
granule neurons and progenitor cells in the ipsilateral DG and astrocytes
in the ipsi- and contralateral DG is depleted by P15 (Navarro-Quiroga et al.,
2006). Considering the ongoing development of the DG during P2-P9, it might
be more susceptible to the effects of chronic ES during this period than other
brain regions that are in a different developmental stage. Indeed, levels of
proliferation in the paraventricular nucleus of the hypothalamus were not
affected by ES exposure. Hypothalamic developmental neurogenesis indeed
mainly occurs between embryonic day 10 and 16 (Saaltink et al., 2012; Shimada
and Nakamura, 1973).

2

The increased levels of developmental neurogenesis that we observed
could imply a deviation from the normal developmental sequence. Such an
interfering effect of increased postnatal neurogenesis on network formation
during development is likely to have lasting consequences on DG structure
and function in adulthood. Recently Akers et al. (Akers et al., 2014) have shown
that reducing neurogenesis after learning improved memory retention in pups
at P17. It is an interesting idea to consider that the increased neurogenesis
at P9 acts as a compensatory protective mechanism to assist ‘forgetting’ the
stressful early-life period (Frankland et al., 2013).
But how does the increased level of developmental neurogenesis affect the
adult neurogenic capacity of the DG, and what happens with this increased
number of developmentally generated neurons? The developmentally born
cells were labeled with BrdU, immediately after stress exposure and followed
for survival and cell fate five months later. Despite the increase in proliferating
cells (and thus the increased likelihood to incorporate BrdU) at P9, there were
no differences in BrdU+ expression at five months of age in neither of the
sexes. This indicates that in the ES condition, a smaller proportion of the
developmentally born cells survive after five months. As to the levels of adult
neurogenesis in males, but not in females, 4-week survival of adult newborn
cells was significantly reduced, while proliferation and differentiation in
adulthood were not affected by exposure to ES. This is in line with one of the few
mouse studies, which found that repeated maternal separation did not affect
the number of differentiating newborn neurons (DCX+ cells) at P70 (Herpfer et
al., 2012). This indicates that while the initial steps of the neurogenic process
are not affected by ES, the survival and functional integration of newborn
neurons in adulthood is hampered after ES exposure.
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What is the functional implication of these changes? It is interesting to
consider that the function of a neuron within the dentate granule population
is determined by its ontogenetic age, with mature developmentally born cells
being specialized in their ability to discriminate between similar contexts,
and with mature adult-born cells being involved in spatial problem solving
(such as required in the Morris Water Maze; Tronel et al., 2014). Indeed in line
with this concept, we find in the present study a positive correlation between
levels of survival of adult born neurons and learning tasks that depend on
the hippocampus as OLT and MWM. But is this simply a correlation or are the
changes in levels of neurogenesis causally involved in the cognitive impairments
induced by ES? The idea that newborn neurons qualitatively contribute to
hippocampus-dependent learning and memory has been mainly based on
correlational evidence (e.g. studies showing that increased neurogenesis is
associated with improved cognitive performance (Kempermann et al., 1997)
while elimination of neurogenesis is associated with impaired performance
(Shors et al., 2001). In fact over the course of four weeks, newborn granule
cells develop similar electrophysiological characteristics to older granule cells
and become functionally integrated into the circuitry (van Praag et al., 2002); a
reduction in the number of newborn mature neurons could result in impaired
cognitive performance.
The fact that we investigated both behavior and levels of adult neurogenesis
in the same animals enabled linking the two directly. In the present study we
showed positive associations between the reduced four-week survival of adult
born neurons and impaired performance in the OLT and the MWM probe test.
In these tasks, levels of newborn cell survival where predictive for cognitive
performance. Indeed, our Bayesian analyses (Lazic, 2012) indicated that the
effect of ES was partly mediated by changes in neurogenesis, pointing towards
a role of neurogenesis in these exclusively hippocampus-dependent cognitive
tasks, but not in partially-hippocampus-dependent cognitive tasks such as
ORT.
Many aspects of spatial learning require an intact and fully functional
hippocampus and in particular neurogenesis seems to contribute to highly
specific functional aspects of spatial learning, such as for example probe trial
performance in the MWM (Garthe and Kempermann, 2013). Because it has been
reported that learning alone can modify the survival and shape of immature
neurons that are younger than three weeks old (Tronel et al., 2010), our study
design included identical behavioral task exposure for all animals and BrdUinjections >4 weeks after the last learning experience in the MWM to prevent
learning from affecting levels of hippocampal neurogenesis. Therefore, the
counts of BrdU+ cells are used as a proxy for levels of neurogenesis at the time
of behavioral testing.
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At this point it is also important to realize that adult neurogenesis is only one
of the forms of structural plasticity occurring in the DG and hippocampus that
contributes to the function of this brain region. Indeed ES in rats and mice
have been shown to affect synaptic density, dendritic length and long-term
potentiation in CA1, CA3 (Ivy et al., 2010; Bagot et al., 2009; Champagne et
al., 2008; Oomen et al., 2010; Huot et al., 2002) and DG (Oomen et al., 2011).
Thus even though we demonstrate that levels of neurogenesis most probably
contribute to the cognitive defects after ES, the end result is probably an
integrated effect on all these different forms of plasticity of the hippocampus.
How these affect one another and if either of them is dominant over the others
remains to be determined. In addition there has been some evidence from
rats that the effects of ES might be adaptive under stressful circumstances
(Santarelli et al., 2014, Oomen et al., 2010). As the current studies were
performed under basal conditions, clearly further research is required to
reveal how ES affects the cognitive functions and neurogenic response upon
a challenge.

Sex-differences

in vulnerability to

2

ES

We have converging evidence suggesting sex-differences in the vulnerability to
the lasting effects of ES. Strikingly, ES affected levels of survival of adult-born
neurons exclusively in males associated with (and determinant for) a more
severely impaired cognitive performance in adult ES-male mice compared to
females. This is in line with previous clinical and preclinical studies indicating a
higher sensitivity of males to ES (Frodl et al., 2010; Oomen et al., 2009; Llorente
et al., 2009; Mak et al., 2013; Loi et al., 2014), again reinforcing the translational
value of this ES model. It indeed appears that males are more vulnerable to
develop mental diseases after exposure to ES. For instance, adverse effects of
parental separation during childhood on physical and psychosocial functioning
in late adulthood have been found in male but not female subjects (Alastalo et
al., 2013), similarly only male (and not female) offspring of mothers exposed
to stress of the 1940 invasion in the Netherlands expressed increased risk for
psychopathology in adulthood (van Os and Selten, 1998).
Based on the behavioral tasks performed in the current study, we have a strong
indication that ES alters hippocampus-dependent cognitive function in female
mice in a more subtle manner than in male mice, In fact the effect of ES was
larger in males for all three learning and memory tests, however, our two-way
ANOVA analyses did not detect significant interaction between stress and sex
in the OLT and ORT tasks, prompting us to be cautious with our conclusions
on the sex-specificity of the ES effects on cognitive functions. Clearly future
studies are required to further address the mechanisms underlying the
possible sex-specificity of the effects of chronic ES on cognition.
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In both sexes, ES increased developmental neurogenesis (proliferation
and differentiation) in the DG and the number of immature cells migrating
postnatally from the secondary dentate matrix to the DG, indicating prompt
changes in DG structure after ES. However, lasting changes on levels of
adult neurogenesis were only found in males. This indicates that while the
changes in DG volume and the early changes in postnatal neurogenesis did
occur, these were not sufficient to lead to lasting changes in neurogenesis
and cognitive deficits in females to the same extent as in males. Probably
some other factors protected the females from the deleterious progression
observed in the male mice. This is consistent with evidence from rat earlystress models where females as well seem protected against the effects of ES.
For example, under basal conditions, levels of neurogenesis at P21 are higher
in male than female rats, while in offspring exposed to maternal deprivation
(at P3), a reduced proliferation was found in male but not female rats at P21,
whereas maturation of newborn cells was increased in males and reduced in
females. These early alterations were found to be transient, while there was a
persistent reduction in the total amount of granule neurons and cell density
in the DG in adulthood (Oomen et al., 2009), in concordance with our current
findings.
Thus, our results contribute to the accumulating evidence that sex differences
are relevant for the effects of postnatal stress on hippocampal plasticity and
function and that females are more protected against the deleterious effects
of ES.
What could be the reason that the effects ES are different between the sexes?
In rats, a maternal attention bias towards males has been described; rat dams
preferentially lick and groom male pups more than female pups (Moore and
Morelli, 1979; Oomen et al., 2009) indicating that male rodent pups receive
higher amounts of maternal sensory stimulation. In the present study we
were not able to assess if changes in levels of maternal care directed to male
versus female pups had occurred (such investigation would require marking
of the individual pups to allow for discrimination between male and female
offspring during observations which would interfere with the ES model).
It remains difficult to pinpoint what mechanisms mediate the sex-specific
effects of postnatal early-life experiences, but ES may have different effects
in males and females because the sexual organization of the brain has
already taken place in prenatal and early neonatal life. Therefore the brain
is sexually dimorphic and can already respond in a sex-dependent manner
to early-life experiences, i.e. before levels of circulating sex steroids increase
during puberty. Clearly, more research is needed to elucidate the underlying
mechanisms.
80

Chronic early-life stress alters neurogenesis and cognition

What

are the possible molecular mechanisms responsible for the

ES-

induced changes ?

Finally, remaining questions relate to the exact molecular mechanisms
mediating these changes in neurogenesis and cognition. So far, the effects
of the chronic ES model have been mainly accredited to the altered sensory
stimuli from the mother (Fenoglio et al., 2006; Ivy et al., 2008; Rice et al., 2008)
and the altered levels of stress hormones (Weaver et al., 2004; Liu et al., 1997;
Ivy et al., 2008) and stress related neuropeptides (Murgatroyd et al., 2009;
Chen et al., 2012; Korosi et al., 2010; Rice et al., 2008). There is an abundance
of literature about the regulating role of CORT on neurogenesis (Lucassen et
al., 2010), even though that is in most cases referring to the effects of CORT in
adulthood and mostly pointing to an inhibitory role of CORT on the neurogenic
process. Whether the rise in CORT that we observe at P9 (and no longer in
adulthood) modulates the neurogenesis process long-term remains to be
determined. Similarly, whether the increased levels of CRH are involved in this
regulation is an interesting option as well (Wang et al., 2011; Ivy et al., 2010).

2

Next to these key elements it is interesting to consider alterations in other
critical components of the early-life environment that are embedded in the
dam-pup relationship such as warmth and nutrition. Actually, stress during
lactation can alter food-intake and metabolism by the dam, thereby altering
the availability of macro- and micronutrients for the pups, which are essential
for brain development, neurogenesis and proper functioning of the epigenetic
machinery which seem to have a crucial role in early-life programming of the
brain (Lucassen et al., 2013; Parylak et al., 2014). Future studies are required
to reveal the interplay of these elements.
In summary, chronic early–life stress leads to a lifelong phenotype of impaired
cognitive function. This is associated with a transient increase in postnatal
neurogenesis in both sexes, which results in a reduced survival of adult born
neurons exclusively in males. Understanding the basis of this early-life stress
induced alterations is profoundly important to mental health and disease and
should provide the foundation of future therapeutic interventions.
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Abstract
Methionine, homocysteine, vitamins B6, B12, B9, and their metabolites are crucial
co-factors and substrates for many basic biological pathways including onecarbon metabolism, and they are particularly important for brain function and
development and epigenetic mechanisms. These essential nutrients cannot
be synthesized endogenously and thus need to be taken in via diet.
A novel method was developed that enables simultaneous assessment of the
exact concentrations of these essential micronutrients in various matrices,
including maternal milk, plasma, and brain of neonatal mice. The protocol for
analysis of these components in the various matrices consists of a cleanup
step (i.e. lipid extraction followed by protein precipitation) combined with
a liquid chromatography mass spectrometry (LC/MS) ion trap method with
high sensitivity and selectivity (SRM mode). This novel method enables the
measurement of these essential nutrients with good recoveries (69–117%),
and high intra-day (<10%) and high intra-day precision (defined as <15%
for compounds with an isotopologue and <20% for compounds without an
isotopologue as internal standard) in plasma, maternal milk, and brain of mice
at low and high levels. Degradation of vitamins and oxidation of homocysteine
is limited to a minimum, and only small sample volumes (30 µL plasma, 20 mg
brain and maternal milk) are needed for simultaneous measurement.
This method can help to understand how these nutrients are transferred
from mother to offspring via maternal milk, as well as how these nutrients
are absorbed by the offspring and eventually taken up in various tissues,
amongst the brain. Therefore the method has multiple possible applications
in preclinical as well as clinical research settings to determine the required
level of these compounds under healthy or pathological conditions, e.g. during
critical periods for lactating mothers and developing offspring.
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Introduction
Micronutrient status is important for many biological processes, and it is
essential for healthy development. Methionine, homocysteine, vitamins
B6, B12, B9 (folic acid), and their metabolites belong to a group of essential
micronutrients that are particularly relevant for brain development [1].
Biochemically, these nutrients act as substrates and cofactors for enzymes in
the one-carbon metabolism [2], as illustrated in Figure 1. Adequate dietary
intake of these nutrients is important throughout life as most mammals
(including mice and humans) cannot synthesize them endogenously. In periods
of high nutritional demands (e.g., pregnancy and lactation), deficiencies of
these nutrients during embryonic development have been strongly associated
with neural-tube defects [4, 5]. Fortification with folic acid reduces the
incidence of such developmental neurological anomalies [6] and is currently
strongly recommended during gestation [7].

MAT

THF
MTR

5-MTHF

Methionine

B6

Folate

DNA
SAM
DNAmethyl transferases

B12

Homocysteine

3

SAH
mDNA

Cysthationine

Figure 1. Diagram of the one-carbon metabolism pathway and its implication in DNA methylation.
Different dietary compounds (folate, vitamin B12, vitamin B6) act as cofactors in the
enzymatic reactions in cycle. Abbreviations: 5-MTHF: 5-methyltetra hydrofolate; MAT:
methioinine adenosyl-tranferase; MTR: 5-methyltetrahydrofolate- homocysteine
methyl transferase; mDNA: methylated DNA; SAH: S-adenosylhomocysteine; SAM:
s-adenosyl methionine; THF; tetra-hydrofolate. Methionine, homocysteine, vitamins
B6, B12, B9 and their metabolites were investigated in this study in different matrices
(maternal milk, plasma, and brain) from the same individual.
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The postnatal developmental period is critical to life. During lactation, the
nutritional composition of the maternal milk is the main determinant of
micronutrient status in the offspring. Therefore, there has been an increasing
interest in the possibility of supplementing these micronutrients in various
pathological conditions. For example, even though breastfeeding is advised
under all circumstances, under certain pathological conditions (e.g. pre-term
delivery or postpartum depression), the quality of maternal milk might be
compromised; however, little is known yet about the exact nutrient levels
in the mother’s milk under healthy conditions and how these levels might
be altered by stress or pathological conditions. In addition, there is gap in
knowledge in how these nutrients are being distributed in the plasma of the
offspring and how they are eventually transferred to the brain as a major
target organ. This knowledge is important for our understanding of how the
composition of maternal milk and its supplementation can influence brain
structure and function and how it can modify disease susceptibility.
Until now, techniques were unable to simultaneously assess and quantify
all of these essential nutrients in the same sample, especially when these
samples had a very small volume (as is often the case in preclinical studies
when using animal models). Therefore, we have developed a rapid and
easy purification method in combination with LC/MS iontrap analysis that
enables measurements of these essential nutrients within a single run.
The simultaneous measurement of the different components (amino acids,
dietary methyl-donors, metabolites, and co-factors) is important as these
micronutrients interact and can affect each other’s levels [8, 9]. However,
simultaneous measurement is also very challenging; although all nutrients
are involved in the same biochemical pathway, they greatly differ in terms of
chemical properties such as molecular weight, polarity, and acid dissociation
constants. Thus, the extraction and clean-up step should be kept generic in
order to determine this broad range of compounds in a single run.
Another difficulty is the presence of some vitamins at trace levels in the
samples and their high sensitivity to light, air, and heat, which requires specific
conditions during sample preparation. In particular, vitamins B6, vitamin B12,
folic acid, and 5-methyltetrahydrofolate (5-MTHF) are sensitive for degradation
processes [10-12]. Thus conditions such as addition of antioxidants [13-15]
should be chosen carefully to prevent degradation of vitamins. Although
several antioxidants are available, an additional reagent was needed to
prevent oxidation of homocysteine to homocystine. Dithioerythritol (DTE), for
instance, has the properties to enhance stability for the specific B vitamins
and to reduce homocysteine oxidation.
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For the separation of water-soluble vitamins and amino acids several liquid
chromatography applications that employ reversed-phase LC [11, 12, 16,
17] and ion pair reagents have been reported [18-22]. Although most of the
water-soluble vitamins can be retained on a reversed phase analytical column
[11, 16], the amino acids have hardly any retention on these columns. As a
consequence, reversed-phase separations without using an ion pair reagent
is not suitable since amino acids cannot be separated. Therefore, in this study
a reversed-phase LC method using ion-pair reagents was applied to be able to
separate the wide variety of micronutrients into a single run.
In order to gain insight into how these nutrients are transferred from mother
to offspring via maternal milk and to understand how these nutrients are
being absorbed by the offspring and eventually taken up in the brain, the
three matrices (milk, plasma, and brain) were collected from each individual.
Whereas the method presented here was standardized for mice, the protocol
can easily be adapted for other types of samples (including human), and it
can be used for a broad range of possible applications in preclinical as well
as clinical research settings to determine levels of these essential nutrients
in healthy as well as pathological conditions or after nutritional intervention.

3

Materials and Methods
Standards

and chemicals

Amino acid standards of L-methionine and D,L-homocysteine and the B
vitamins pyridoxal (B6), pyridoxine (B6), pyridoxamine (B6), pyridoxal-5phosphate (B6), folic acid (B9), 5-methyltetrahydrofolate (5-MTHF), and
cyanocobalamin (B12) were purchased from Sigma-Aldrich (Milford, NH, USA).
[13C11]folic acid, [D4]homocysteine, and [U-13C5-15N]methionine were purchased
from Cambridge Isotope Laboratories (Woburn, MA, USA). [D3]pyridoxamine
and [D2]pyridoxine were purchased from Sigma-Aldrich (Milford, NH, USA)
and used as internal standards. Methanol and formic acid (all HPLC grade
or higher) were purchased from Biosolve (Valkenswaard, The Netherlands)
and ultrapure water was obtained from a Milli-Q purifier (Millipore, Eschborn,
Germany). Heptafluorobutyric acid (HFBA) and DTE were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands); trichloroacetic acid (TCA) and
hydrochloric acid (HCl) were purchased from Merck (Darmstadt, Germany).

Sample

collection

All experimental animal procedures were conducted under national law and
European Union directives on animal experiments and were approved by the
animal welfare committee of the University of Amsterdam.
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On postnatal day 9, C57Bl/6j mouse pups were rapidly removed from their
cage, sexed, weighted, and sacrificed by rapid decapitation. Trunk blood was
collected in ice-cold EDTA-coated tubes (Sarstedt, Etten-leur, The Netherlands)
and placed on ice and centrifuged at 15,871 x g for 15 min; afterwards, the
plasma was stored at -20°C. Brains were quickly isolated, and hippocampi
of both hemispheres were dissected in ice-cold saline. The brain tissue was
put in an Eppendorf tube, immediately frozen on dry-ice, and stored on -80°C
until further use. Pup stomach milk (which is quite solid) was collected from
the stomach via an incision in the stomach wall. The milk was immediately
frozen on dry-ice and stored at -80°C until further use. When all the pups were
sacrificed, the dam was weighted and sacrificed by rapid decapitation. Dam
blood plasma was collected in the same way as pup plasma (see above).

Standard

preparation

Standard solutions of 2.5 mmol/L were prepared for methionine, homocysteine,
pyridoxine, pyridoxal, and pyridoxamine; 1.0 mmol/L solution was prepared
for pyridoxal-5-phosphate; and solutions of 0.5 mmol/L were prepared for
vitamin B12, vitamin B9, and 5-methyltetrahydrofolate and the isotopologues
were prepared in equal concentrations as the standards. Methionine was
prepared in 0.1 M HCl and stored at -20°C; the other standards were prepared
in a mixture of water and DTE and they were stored at -80°C to prevent
degradation of some compounds. Since some of the compounds are instable,
repeated freezing-thawing cycles of the standards should be avoided.
An internal standard solution for the labeled amino acids and B vitamins was
prepared freshly in a mixture of purified water and DTE. Standard solutions
for the construction of the calibration curve were freshly prepared as well.
Calibration curves were constructed at adequate levels for methionine (0.1
– 40 µmol/L), homocysteine (40 – 3500 nmol/L), pyridoxal (20 – 3200 nmol/L),
pyridoxine (0.7 – 130 nmol/L), pyridoxamine (1.3 – 250 nmol/L), pyridoxal-5phosphate (0.7 – 500 nmol/L), vitamin B9 (3 – 550 nmol/L), 5-MTHF (3 – 650
nmol/L), and vitamin B12 (1 – 200 nmol/L).

Sample

preparation

For plasma, 20 µL of internal standard solution, 40 µL of 100 mM DTE, 80 µL of
water, and 200 µL of hexane were added to 30 µL of plasma. The sample was
mixed and allowed to react for 15 min. After centrifugation (5 min, 10,000 x g),
the hexane layer was removed and 50 µL of 10% TCA was added for protein
precipitation. Then after mixing and centrifugation (5 min, 10,000 x g), the
supernatant was diluted with 20 µL of 0.1% HFBA solution, filtered (0.22 µm
filter regenerated cellulose, Grace, Deerfield, USA) and transferred to a micro
autosampler vial.
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For brain sample preparation, 20 µL of internal standard solution, 40 µL of
100 mM DTE, 80 µL of water, and 200 µL of hexane were added to 20 mg of
brain tissue. The brain sample was homogenized and allowed to react for 15
min. After centrifugation (5 min, 10,000 x g) the water layer was transferred
to a new container and precipitated with 50 µL of 10% TCA. After mixing and
centrifugation (5 min, 10,000 x g), the supernatant was diluted with 20 µL
of 0.1% HFBA solution, filtered (0.22 µm filter regenerated cellulose, Grace,
Deerfield, USA) and transferred to a micro autosampler vial.
For milk sample preparation, 20 µL of internal standard solution, 40 µL of 100
mM DTE, 80 µL water, and 200 µL of hexane were added to 20 mg stomach
milk. The milk sample was homogenized and allowed to react for 15 min.
After centrifugation (5 min, 10,000 x g), the water layer was transferred to
a new container and precipitated with 50 µL of 10% TCA. After mixing and
centrifugation (5 min, 10,000 x g), the supernatant was diluted with 20 µL
of 0.1% HFBA solution, filtered (0.22 µm filter regenerated cellulose, Grace,
Deerfield, USA) and transferred to a micro autosampler vial.

Liquid

3

chromatographic conditions

Ultra-high performance liquid chromatography (UHPLC) was used to separate
the samples. The UHPLC Thermo Scientific Accela system (Thermo Fisher
Scientific, San Jose, CA, USA) was equipped with a degasser, an autosampler
with a cooled sample tray, a column oven, and a quaternary pump. Compound
elution was performed at a stable temperature of 35°C using a Waters Acquity
BEH C18 column (100 x 2.1 mm i.d., 1.7 µm particle size) (Waters, Milford,
MA, USA). The mobile phases consisted of 0.02% HFBA and 0.4 mM DTE (A)
and methanol with 0.1% formic acid (B). Ultra-pure, LC/MS-quality water was
used to eliminate excessive background signals and to prevent the formation
of sodium or potassium adducts. A step-wise gradient starting at 10% B was
employed at a flow-rate of 0.2 mL/min. From 2 to 6 min, the percentage of B
was linearly increased to 15%. Between 6 and 12 min, the gradient was linearly
increased to 50% B and finally it was increased to 100% B in 1 min with a
final hold for 3 min. The total run-to-run time (including equilibration prior to
injection of the next sample) was 20 min. The injection volume was 20 µL and
each sample was analyzed in duplicate.

Mass

spectrometer instrument settings

The effluent of the UHPLC Thermo Scientific Accela system was directly passed
to a Linear Ion Trap Velos Pro mass spectrometer (LTQ Velos ProTM) equipped
with a heated electrospray interface (Thermo Fisher Scientific, San Jose, CA,
USA) operating in the positive and negative mode. The spray voltage of the
ion source was set at 3.0 kV, and the S-Lens RF Level was set at 68%. The
sheath gas was 60 arbitrary units (abu), the auxiliary gas was 20 abu, and
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the sweep gas was 0 abu. The capillary temperature was set at 300°C. For
collision induced dissociation (CID), ultra-pure detector helium was used and
ion abundance was monitored using the selected reaction monitoring mode
with a collision energy of 35eV. In table 1 an overview is given of the SRM
transitions that were used for each compound.
Compound

Parent
ion (m/z)

Quantifier
ion (m/z)

ion (m/z)

Internal Standard

Polarity

Homocysteine

140.1

118

Methionine

150.1

133

90

[D4]homocysteine

positive

104

[U-13C5-15N]methionine

positive

Pyridoxal

168.1

Pyridoxal-5P

248.1

150

n/a

[D2]pyridoxine

positive

150

n/a

[D4]homocysteine

positive

Pyridoxine

170.1

152

n/a

[D2]pyridoxine

positive

Pyridoxamine

168.1

150

n/a

[D3]pyridoxamine

positive

Folic

440.2

311

422

[13C11]folic

acid

negative

5-MTHF

460.2

313

331

[13C11]folic

acid

positive

Vitamin B12

678.3

997.6

997.6

[13C11]folic

acid

positive

acid

(B9)

Table 1. Optimized MS

parameters and

SRM

Quantifier

transitions for each compound and isotope labelled

internal standard .

Method

validation

The method was validated for the linearity, limits of quantitation, intraday precision, inter-day precision, recovery, and matrix effects. The upper
and lower limits of quantitation (LOQ) were determined and defined by the
domain of linearity of the concentration curves, which were measured at six
different days and 10 concentration levels. While matrix-matched calibration
curves are the best methods to account for possible ion suppression effects,
blank matrices of plasma, maternal milk, and brain of mice were not available
in this study. Since various artificial matrices were also not blank for all the
compounds of interest, the calibration curves were prepared in an aqueous
solvent of water/TCA/DTE/HFBA that had the same composition as plasma,
maternal milk, and brain after sample preparation. To take into account
possible matrix interferences from the samples, matrix effects were evaluated
by post-column infusion of internal standards and the injection of an internal
standard free matrix to reveal possible ion suppression.
The precision was determined by analyzing pools of plasma, brain, and milk
samples that were spiked at relevant levels for each matrix, see table 2 for
an indication of the concentration range of the control samples. The intraday and inter-day precisions were evaluated by analyzing the same pools of
plasma, brain, and milk samples in triplicate on six different days. Recovery
was determined by the analysis of plasma, brain, and milk samples that were
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spiked with known amounts of analytes before and after sample purification.
Since some of the compounds are known to degrade in solution, a stability
test of the sample extracts stored at 4-8° and <-18°C was performed. Finally,
the performance characteristics were evaluated for each compound by using
EP Evaluator (Data Innovations, LLC, South Burlington, VT, USA).
Compound

Range
(nmol/L)

Intra-assay

Intra-assay

Inter-day

Inter-day

precision

precision

precision

precision

low level

high level

low level

high level

(n=18) (%)

(n=18) (%)

(n=6) (%)

(n=6) (%)

Homocysteine

900–17000

5.8-4.5-3.6 6.6-8.2-6.2

11.5-13.2-12.7

11.6-12.6-12.2

Methionine

2000–
132000

4.8-5.0-3.6 5.3-6.1-6.0

10.8-11.3-12.9

11.1-12.4 -10.6

Pyridoxal

250–2500

4.1-5.4-4.7 4.0-5.4-6.6

12.7-14.6-11.0

11.2-8.2-8.7

Pyridoxal-5P

100–3400

8.5-5.8-4.9 5.6-9.8-7.5

19.1-11.0-11.5

15.0-12.5-11.2

Pyridoxine

20–500

4.8-nd-4.2

Pyridoxamine

60–600

7.0-6.3-5.9 7.0-6.0-6.2

Folic

5.2-nd-6.4

8.6-6.1-7.9

7.9-11.1-7.1

8.3-13.9-11.6

7.0-11.0-6.5

90–875

8.9-6.4-6.5 5.1-8.8-6.5

10.8-12.8-14.5

8.3-14.7-7.8

5-MTHF

130-1100

6.7-6.7-7.9 6.2-10.6-8.3

18.3-19.9-31.2

13.2-17.1-25.6

Vitamin B12

135-1100

8.0-5.3-4.7 7.0-9.8-7.0

12.2-14.1-18.7

10.6-15.8-11.4

acid

Table 2. Precision

3

of the method determined by measurement of control samples of , respectively ,

plasma , brain , and maternal milk at low and high concentration levels .

Results and discussion
Sample

preparation

In preliminary pilot experiments, the samples were prepared based on a
method using a protein precipitation step with acetonitrile. Although this
method was suitable for maternal milk, it caused problems for plasma and
brain samples after repeated injections of sample extracts (e.g., severe peak
tailing and deterioration of the column). It also resulted in the formation
of an unidentified gel in the organic layer after protein precipitation of the
plasma from mouse pups (but not in the plasma of adult mice). Based on the
results found by Hûsek [23], a TCA protein precipitation step was introduced
for plasma. As a result, gel formation did not appear, and no peak tailing and
column deterioration were observed. Therefore, the TCA precipitation step
was added to the sample preparation method for brain and maternal milk
samples.
To ensure that all lipids were removed as well, a hexane extraction step
was introduced before the protein precipitation step. Since some of the B
vitamins are unstable and sensitive to degradation by exposure to light or
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oxygen, addition of antioxidants were tested to prevent degradation during
sample preparation. It was found that DTE, which is also used for reduction of
homocystine to homocysteine, had good degradation-preventing properties
without interfering with the measurements. Therefore, a high concentration
of DTE was added to prevent the degradation of the unstable compounds
during the sample preparation, and to increase the stability of the sample
extract. This did not result in any severe ion suppression effects observed in
the mass spectrometer.

Liquid

chromatography optimization

Since the compounds of interest in this study possess a broad range of
physical properties, the LC method had to be suitable for the separation of
a wide variety of compounds in terms of molecular weight, polarity, and pKa.
Ham et al. [22] used an UHPLC method that had the capability of separating
polar compounds such as methionine, homocysteine, and B6 vitamins as well
as the more lipophilic compounds vitamin B9 and B12 in a single run. Since
UHPLC separations obtains narrower and higher peaks resulting in better
signal-to-noise ratio’s, this technique was used as well in our study instead of
high pressure LC separations. When using ion trap mass spectrometry, it is
essential that compounds are baseline separated from interfering signals to
prevent loss of sensitivity. Simultaneous loading of the ion trap with analytes
and matrix suppresses the compound signal due to the limited capacity of the
ion trap. Therefore, UHPLC separations also benefit in a higher peak capacity
per time unit, which is particularly desirable for compound analysis in complex
samples such as plasma and brain.
Based on the method of Ham et al. [22], the amount of HFBA added to the
aqueous mobile phase was increased to 0.02% to improve separation between
the amino acids and some of the B6 vitamins. Addition of higher amounts
of HFBA resulted in peak broadening of vitamin B12. Addition of formic acid
or acetic acid increased ion-suppression effects and was only added to
the organic mobile phase for that reason. In addition, methanol was used
as organic solvent instead of acetonitrile due to the increased sensitivity of
most of the compounds in mass spectrometric analysis. Although Ham [22]
obtained good compound separation using a Waters Acquity HSS T3 analytical
column, in this study the use of this column resulted in peak tailing for some
compounds (e.g., pyridoxal-5P and 5-MTHF). Instead, the Waters Acquity BEH
C18 analytical column gave good results for the separation of this wide variety
of compounds. Non-specific binding to PEEK tubing and stainless steel parts
was observed for 5-MTHF. Therefore, all tubing was replaced by inert glass
lined peek (Peeksil); this prevented most non-specific binding of 5-MTHF.
Addition of DTE to the mobile phase decreased this binding of 5-MTHF to a
minimum.
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Mass

spectrometry

Optimal MS ion source conditions for each individual compound were obtained
by introduction of the compounds mixed with mobile phase using a PEEK
T-piece to mimic the chromatographic conditions. Most of the compounds had
the highest sensitivity in the positive ion mode, except folic acid which had the
highest sensitivity in the negative mode. To achieve maximum sensitivity and
accuracy, the ion trap MS was operating in the selected reaction monitoring
(SRM) mode for compound detection, which is a scanning mode with high
selectivity. All compounds could be sensitively measured using these selected
transitions. For the measurement of vitamin B12 using a triple quad instrument,
the most abundant daughter fragment ion was found to be m/z 147 in SRM
mode [16]; however, when vitamin B12 was measured with iontrap analysis,
this fragment could not be used due to the so called “1/3 rule”, that is, that the
smallest viewable product mass is about 1/3 of the original precursor mass.
As a consequence, a fragment with a lower abundance had to be selected; this
resulted in a lower sensitivity of vitamin B12 compared to the other measured
compounds.

Method

3

validation

The method was validated for the upper and lower limits of quantitation
(LOQ), which were determined by the domain of linearity using the upper
and lower part of the calibration curve in aqueous solvent. The linear range
for each compound was determined by EP Evaluator (Data Innovations, LLC,
South Burlington, VT, USA) for methionine (0.1-75 µmol/L), homocysteine
(0.04-27 µmol/L), pyridoxal (20-1750 nmol/L), pyridoxine (0.7-280 nmol/L),
pyridoxamine (1.3-990 nmol/L), pyridoxal-5-phosphate (0.7-280 nmol/L),
vitamin B9 (2.8-2100 nmol/L), 5-MTHF (3-85 nmol/L), and vitamin B12 (1720 nmol/L). In addition, the linearity expressed in R2 was >0.99 for all the
calibration curves. The upper and lower LOQ’s for the various compounds in
plasma, brain, and maternal milk were derived from the linear range and are
presented in table 3.
To take into account possible matrix interferences from the samples, matrix
effects were evaluated by post-column infusion of internal standards and the
injection of an internal standard free matrix to reveal ion suppression. Postcolumn infusion revealed no matrix effects for most of the compounds; only
pyridoxal-5P and homocysteine had matrix interferences. However, this can
be corrected by using an internal standard of homocysteine, which has nearly
the same retention as pyridoxal-5P. Since no labeled internal standards were
available in this study for 5-MTHF and vitamin B12, the labeled internal standard
of vitamin B9 was used to correct for variations in the sample preparation.
Similarly, the labeled internal standard for pyridoxine was used to correct
for pyridoxal, and homocysteine-D4 was used to correct for pyridoxal-5P.
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Furthermore, the sample preparation methods had good recoveries for almost
all compounds (69–117%), as presented in table 3. Although the recoveries
of pyridoxal-5P in plasma (33%) and homocysteine in all the matrices (130%)
were deviant, the values were reproducible. The precision of the method was
evaluated by analyzing pools of plasma, maternal milk, and brain samples
spiked at relevant levels. The intra-assay precision was better than 10% for
each of the compounds, and the inter-day precision was better than 15% for
all the compounds with labeled internal standards. Although a few compounds
without a labeled counterpart as an internal standard had a lower inter-day
precision in some cases (<20%), it was still acceptable for this study compared
to the biological variation of the samples. The inter-day precision of 5-MTHF
was low in maternal milk (around 30%); this can probably be improved by
using a labeled counterpart of 5-MTHF as an internal standard. An overview of
the method validation results is presented in tables 2 and 3.

Compound

Lower LOQ
(nmol/L)*

Upper LOQ
(nmol/L)*

Linearity (R2)

Recovery (%)**

Homocysteine

280 / 460

189E3 / 310E3

0.9995

133 / 131 / 124

Methionine

700 / 2000

525E3 / 860E3

Pyridoxal

0.9998

107 / 113 / 100

140 / 230

125E / 20E

3

0.9982

71 / 93 / 100

Pyridoxal-5P

5/8

2200 / 3500

0.9989

33 / 92 / 95

Pyridoxine

5/8

2200 / 3500

0.9996

116 / 98 / 97

Pyridoxamine

10 / 16

6900 / 10E

3

0.9995

117 / 79 / 98

Folic

20 / 30

15E3 / 24E3

0.9997

84 / 92 / 101

5-MTHF

20 / 30

600 / 940

0.9907

83 / 97 / 82

Vitamin B12

7 / 11

5000 / 8000

0.9995

96 / 69 / 87

acid

(B9)

3

Table 3. Results of the upper and lower LOQ (n=6 days) for the various matrices, the linearity of
the calibration curves ( n =6), and the recovery of the sample preparation methods .

* Lower and upper LOQ in plasma and secondly both brain and maternal milk
** Recovery in order of plasma, brain and maternal milk method

Since some of the vitamins are unstable, the stability of the sample extracts
were determined as well. As viewed in table 4, some vitamins are already
degraded after 48 hours of storage. Therefore the sample extracts should be
analyzed directly after preparation, and a limited number of samples should
be prepared. In case of inevitable sample storage, the sample extracts should
be stored at -80°C.
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Compound

Storage at 4-8°C
(days)

Homocysteine

14

Methionine

14

Pyridoxal

5

Pyridoxal-5P

2

Pyridoxine

5

Pyridoxamine

2

Folic

14

acid

(B9)

5-MTHF

2

Vitamin B12

2

Application

Table 4.
Stability

of the sample extracts over time

3

of the method

This technique enables us, for the first time, to measure exact levels of
essential nutritional components in maternal milk as well as offspring’s blood
plasma and brain to gain further insight into their transfer from one matrix
to the other. Levels of 5-MTHF, pyridoxal-5P, pyridoxal, homocysteine, and
methionine levels could be determined in all three matrices, and concentrations
were found as depicted in Figure 2. Other nutrients (e.g., folic acid) were
detected in milk (167,4 ± 8,1 pmol/gram milk n=16) but not in plasma or brain,
indicating degradation of the component to metabolite.
Analyzing the nutrient levels in the different matrices obtained from the same
individual enabled the analysis of the relation between levels in milk, plasma,
and brain. There were no significant correlations between nutrient levels in
stomach milk and nutrient levels in plasma. However, there was a positive
Pearson’s correlation (two-tailed) between levels in plasma and levels in brain
tissue for the nutrients homocysteine (r (29) = 0.49 p=0.005), methionine (r
(29) = 0.67 p<0.001), and 5-MTHF (r (13) = 0.594 p=0.02), (e.g. high nutrient
levels in plasma correspond with high levels of these nutrients in brain).
The simultaneous assessment of all the essential micronutrients involved
in the one-carbon metabolism in the various matrices can be used in future
research to study the transfer and uptake of these nutrients via maternal
milk to offspring’s plasma and eventually uptake in the offspring’s brain.
This knowledge is important for our understanding of how maternal milk
composition exerts its effects on the brain and disease susceptibility and
can be used to study the effects of maternal nutritional supplementation on
nutritional status of the offspring.
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Figure 2.
Mean concentrations of pyridoxal, pyridoxal-5P, 5-MTHF, homocysteine and
methionine detected in stomach milk (concentration per mg), plasma (concentration
per μL) and brain (concentration per mg).
(±SEM, n= 8-9 individuals)
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Conclusions
A novel procedure for the measurement of the essential micronutrients
methionine, homocysteine, vitamins B6, B12, B9 (folic acid), and their metabolites
in plasma, brain, and maternal milk samples in combination with LC/MS ion
trap analysis has been demonstrated. This method is capable of measuring
a wide variety of compounds in terms of molecular weight, polarity, and acid
dissociation constants in a single LC/MS run. Despite the presence of some
compounds at trace levels and the sensitivity to light, air, and heat, we were
able to develop a rapid and simple method for measurement of small-sample
amounts of various matrices of mice pups.

3

The concentration of the specific micronutrients could be determined with
high inter-day precisions (<15%) in the samples at low and high concentration
levels. In general, the compounds without an isotopologue as internal standard
had a lower inter-day precision (<20%). However, a low intra-day precision was
observed in maternal milk for 5-MTHF, which should be improved by using a
labeled internal standard of 5-MTHF. Furthermore, the sample preparation
methods had good recoveries (69–117%) for most of the compounds, and only
ion-suppression effects were observed for homocysteine and pyrodxal-5P by
post-column infusion experiments. The sample extracts were stable for 48
hours at 4°C and should be kept at -80°C (ultra-freezer) for longer storage.
In conclusion, this novel method provides a rapid and easy procedure for the
preparation of plasma, maternal milk, and brain of mice for the measurement
of the concentration of specific micronutrients using an LC/MS system with
high sensitivity and selectivity.
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Abstract
Early-life stress increases the risk to develop psychopathology later in life and
is associated with lasting impairments in hippocampal integrity and function.
The exact mechanisms involved in this early ‘programming’ remain elusive.
Here we demonstrate that nutrition plays a pivotal role in programming
cognition by early-life stress (ES).
By focusing on methyldonors, essential micronutrients for brain development
and for the epigenetic machinery, we found ES exposure to specifically reduce
levels of methionine in plasma and hippocampus of the mouse offspring,
without affecting levels of homocysteine, vitamins B6, B12, B9 (folic acid).
Importantly, enrichment of the maternal diet with essential micronutrients
during ES exposure restores methionine levels in plasma and brain of ES
offspring and rescued ES-induced cognitive impairments in offspring object
recognition performance and improved acquisition in the Morris water maze.
We further show that these beneficial effects of the maternal diet do not involve
changes in maternal care, hippocampal volume, hippocampal neurogenesis,
global and Nr3c1 specific DNA methylation or expression of key enzymes for
DNA methylation (DNMT 1, 3a, 3b), but are mediated by preventing the ESinduced rise in corticosterone and adrenal gland hypertrophy in the offspring.
We show for the first time that a short, early nutritional supplementation,
limited only to a specific group of essential micronutrients, can prevent lasting
effects of ES on hippocampal functions in the offspring. This novel ‘window
of opportunity’ allows modulating programming effects of ES exposure. As
this creates new possibilities for early nutritional interventions, which is noninvasive and easily applicable, this may have important benefits for clinical
practice.
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INTRODUCTION
Early adversities impair hippocampal integrity and function, that manifests
as deteriorated cognitive performance in adulthood, as established in clinical
[1-3] and pre-clinical studies [4-7]. Because prevention of early-life stress (ES)
exposure (e.g. impoverished environment, abuse, neglect) is in most cases not
feasible, there is a high need for adequate intervention strategies [8]. The past
50 years have identified several key processes involved in programming of
the brain, including: sensory stimuli from the mother [9-12] neuro-endocrine
factors (e.g. stress-related hormones/neuropeptides [13-16], molecular
mechanisms (e.g. those involved in neuronal plasticity [17-21] and epigenetic
regulation [22-25] but a role for nutrition in this programming and as a
potential tool for prevention has been largely ignored.
Indeed, nutrition might also be a crucial factor in programming ES effects, as:
i), early brain development is a critical period with an extremely high demand
for nutrients [26]; ii), there is an intense cross-talk between the stress and
metabolic pathways [27-29], for instance ES exposure has been associated with
altered eating behavior and metabolism [30,31]; iii) ES-exposure and earlymalnutrition lead to strikingly similar cognitive outcomes [27,32,33]. Gaining
further knowledge on the role of nutritional elements is thus important for our
understanding of brain programming by ES exposure and could create novel
opportunities for early nutritional interventions for vulnerable populations.

4

We here focus on a group of essential micronutrients including: methionine,
homocysteine, vitamins B6, B12, B9 (folic acid) and their metabolites. As these
nutrients cannot be synthesized endogenously by most mammals (including
humans and mice), an adequate dietary intake is essential. These nutrients,
further referred to as methyldonors, are critical substrates and co-factors in
the one-carbon (1-C) metabolism [34,35]. 1-C metabolism is crucial for brain
function and development as it produces s-adenosyl methionine (SAM), the
universal methyldonor in vivo that is required for the methylation of DNA
and histones, proteins, phospholipids and neurotransmitters. Thus, these
nutrients are vital for several biological processes, including: dendritic
branching, synapse formation, myelination [36], neurogenesis [37,38], as well
as epigenetic mechanisms [39]. Accordingly, impaired 1-C metabolism has been
associated with multiple neurological pathologies [40] and developmental
anomalies, including neural-tube defects [41,42], increased susceptibility to
autism [43], age-related neurodegenerative disorders [44] and (postpartum)
depression [45,46].
Further supporting a possible involvement of these nutrients in the
programming of the brain by ES, both clinical [47,48] and pre-clinical [49-51]
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evidence demonstrates that an inadequate supply of methyl donors during
critical developmental periods can lead to brain dysfunction and cognitive
impairments throughout life. In addition, 1-C metabolites are modulated
by exposure to acute stress in adulthood [52-54] and polymorphisms in the
methylene-tetrahydrofolate reductase gene (a key enzyme in the 1-C cycle)
are predictors for depressive symptomatology in the context of traumatic
childhood events [55].
Altogether this evidence lead us to hypothesize that the availability of
methyldonors is critically involved in the programming of cognitive functions
by ES in mice. To test our hypothesis we assessed: i) whether peripheral
(ingested milk and plasma) and central levels of methyldonors in the offspring
are altered by ES exposure, ii) if restoring micronutrient availability improves
the ES-induced lasting effects on cognitive performance in adult offspring and
iii) which processes mediate the effects of this nutritional intervention.
The offspring’s nutritional status during early postnatal life is solely
dependent on maternal breast milk composition, which is highly sensitive
to maternal diet, specifically in the case of water-soluble B-vitamins [56].
Therefore, our nutritional intervention consisted of enriching the maternal
diet with the above-mentioned essential micronutrients during ES exposure.
To gain further insight into the mechanisms underlying the effects of the
nutritional intervention, it is crucial to acknowledge that nutritional factors
and their actions are embedded in a complex network of environmental and
endogenous elements, which synergistically affect the brain at multiple levels;
from structural to molecular [27].
We therefore tested whether the effects of our nutritional intervention on
cognition are mediated by: affecting maternal behavior, the offspring’s HPAaxis activity, hippocampal neurogenesis, hippocampal DNA methylation
patterns (global and glucocorticoid receptor gene promoter specific) and
hippocampal expression levels of epigenetic regulators (DNMT 1, 3a, 3b; the
key enzymes for DNA methylation). We show that: i) methyldonor availability
is a critical factor in programming of the brain by ES exposure, ii) maternal
nutritional supplementation is a non-invasive intervention that ameliorates
the lasting ES-induced impairments on hippocampus dependent cognitive
functions, and iii) the beneficial effects of the diet are mediated by preventing
ES-induced HPA axis hyperactivity.
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MATERIALS & METHODS
Animals
A total of 48 litters (13 Ctl, 13 ES, 10 Ctl-MD, 12 ES-MD), of five-six pups each,
were used. All C57Bl/6J mice were kept under standard housing conditions
(temperature 20-22°C, 40-60% humidity, with food and water ad libitum).
Animals were kept on a standard 12/12h light/dark schedule (lights on at 8
AM), except for the animals used for behavioral testing; they were housed in a
room with a reversed light/dark cycle (lights on at 8 PM) from P120 onwards.
All animals were fed Teklad global rodent diet 2018 (Harlan laboratories
BV, Venray, the Netherlands) throughout their lifetime unless otherwise
specified (see methyldonor supplementation). All experimental procedures
were conducted under national law and European Union directives on animal
experiments, and were approved by the animal welfare committee of the
University of Amsterdam.

Early-life

stress paradigm and maternal behavior observations

To standardize the perinatal environment, mice were bred in house, as
described previously [7]. The ES procedure consisted of the limited nesting/
bedding-material model from postnatal day (P) 2-9, described previously in
detail [7,57]. On the morning of P2, litters were randomly assigned to one of the
following four conditions: control condition with standard diet (Ctl), early-life
stress condition with standard diet (ES), control condition with methyldonor
supplementation (Ctl-MD) and early-life stress condition with methyldonor
supplementation (ES-MD). From P2-9 maternal behavior was observed daily
in the dark phase (8.30 PM) during 48-minute observation sessions. On the
morning of P9, dams and pups were moved to standard cages for long-term
studies, or sacrificed for short-term studies as described below. For long-term
studies, animal were weaned at P21 and housed in groups of the same sex
and age (2-3 animals/cage), for these experiments only male offspring was
used.

Maternal

4

methyldonor supplementation

Ctl-MD and ES-MD dams received custom made methyldonor supplementation
diet (SniFF, Soest Germany) from P2-9, consisting of standard diet supplemented
with: 15g/kg choline, 15g/kg betaine, 15 mg/kg folic acid, 1.5 mg/kg vitamin
B12, 7.5 mg/kg L-methionine and 150 mg/kg zinc (from ZnSO47H2O) (previously
described by [58]) and in addition, drinking water was supplemented with
15.3 ug/mL vitamin B6 (Pyridoxine-HCL P9755, Sigma-Aldrich Chemie BV,
Zwijndrecht, the Netherlands). Both the standard and the MD diets had an
energy density of 3.1 kcal/gram (24% of the calories from protein, 18% from
fat, 58% from carbohydrate).
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Behavioral

analyses

Four-month-old male mice (Ctl n=14, ES n=13, Ctl-MD n=9, ES-MD n=9) were
tested in a behavioral test battery including the following tasks (in order
of testing): elevated plus maze (EPM), object recognition task (ORT), object
location task (OLT), Morris water maze (MWM) and T-maze. During testing,
behaviors were recorded by a video camera connected to a computer with
Ethovision software (Noldus, the Netherlands) and in addition manually
scored by an experimenter that was blind to the condition of the animals. All
behavioral testing was conducted during the dark (active) phase between 1
and 4 PM as described previously [7].
In the EPM, velocity, exploration time per arm and open/closed arm entries
were scored to assess basal exploration patterns and anxiety-like behavior. In
OLT and ORT, the ratio of novel versus familiar object exploration time (on day
2) was used as an index of memory; a ratio>1 indicates a preference for the
novel object/location, and is associated with memory of the object/location
on the acquisition day. Mice that spend less than 10 seconds exploring the
objects during either the acquisition or the testing phase were excluded from
the analysis.
To assess spatial learning and memory, mice were subsequently tested in the
MWM. In short, a circular water maze (110 cm in diameter) was filled with
opaque water (23 ± 1°C, with non-toxic paint). One day of cued learning in
which the platform was visible for the animal in the center of the pool, was
followed by a six-day acquisition phase. During the acquisition phase, the
mice were subjected to two training trials per day with an inter-trial-interval of
10 minutes while the platform was hidden in the NW-quadrant of the pool one
cm below the water surface. Geometric visual cues (22x22 cm) were placed
on the walls surrounding the pool. Between trials starting points were varied
between one of the three quadrants without the platform (i.e. NE, SW, SE) to
prevent the animals from using an egocentric search strategy. At the start
of each trial, the mouse was placed in the water facing the wall of the pool.
Twenty-four hours after the last acquisition trial, the platform was removed
from the pool for a single probe trial, in which the time spent in the target
quadrant was recorded. For the MWM, one Ctl-MD animal was excluded from
the analysis, as it didn’t obtain an active search strategy.
After a 7 day interval, reference memory was tested by assessment of
spontaneous choice alternations during two consecutive testing days (3 trials/
day with an interval of 90 minutes) in a T- maze apparatus (dimensions arms
30 L x 10 W x 20 H), according to the spontaneous alternation protocol by [59].
Animals with latency to choice >120 seconds were excluded from the analyses.
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Newborn

cell survival

Cell fate and survival of adult-born neurons was assessed in the same cohort
of animals that underwent the behavioral testing. To this end, the cell birth
date marker 5-bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich) was injected i.p.
at a concentration of 100 mg/kg, 8 weeks after the final behavioral testing
day, 3x/day for two consecutive days (at P234-235). BrdU solutions (10 mg/mL
dissolved in sterile saline + 0,007M NaOH) were freshly made on the morning
of the day of injection. Animals were sacrificed by transcardial perfusion four
weeks after the last injection at P265.

Tissue

collection

For short-term studies (assessment of nutritional status, neurogenesis, gene
expression and DNA-methylation), animals were sacrificed on the morning of
P9 (between 8.00-9.30 AM). For the long-term studies, animals were sacrificed
on P120 (assessment of gene expression and DNA-methylation) or P265
(assessment of neurogenesis and DG volume). When brains were intended
for histology (see below), animals underwent transcardial perfusion with 4%
PFA and dissected brains were postfixed overnight. When brain samples were
intended for biochemical analyses and/or nutritional composition, brains were
quickly isolated after rapid decapitation and hippocampi of both hemispheres
were dissected in ice-cold saline. For microdissection of DG tissue, hippocampi
were sliced into 4-5 coronal sections; the DG was cut out of these sections
under a dissecting microscope. Dissected brain tissue was immediately frozen
on dry-ice and stored on -80°C until further use. Thymus and adrenal glands
were dissected after decapitation and weighted.

Corticosterone

4

measurements

Basal plasma corticosterone (CORT) level was assessed at P9 (Ctl n=13, ES n=16,
Ctl-MD n=9, ES-MD n=11) and at P90 (Ctl n=4, ES n=5, Ctl-MD n=4, ES-MD n=5).
For measurements at P9, pups were rapidly removed from their cage on the
morning, weighted and decapitated within two minutes of their disturbance.
Blood samples of adult mice were collected via a tail incision at the morning of
P90 between 8 and 9 AM. Blood was collected in ice-cold EDTA-coated tubes
(Sarstedt, Etten-leur, The Netherlands), placed on ice, centrifuged at 15000 x g
for 15 minutes and stored till further use at -20°C.
For determination of CORT levels in stomach milk, the milk was removed from
the stomach directly after decapitation of the P9 mice and stored at -80°C
until further processing. Stomach milk samples were then diluted 1:1 with
PBS, sonicated (6m/sec for 30 sec) and centrifuged for 10 min at 10000 x g.
The supernatant was collected from below the lipid layer using a needle with
syringe; milk extractions from (n=3-6) pups from the same litter were pooled
(resulting in the following number of milk samples per condition: Ctl n=6, ES
113

Chapter 4

n=6, Ctl-MD n=4, ES-MD n=4). CORT levels in pup plasma (1:20), adult plasma
(1:100) and milk extractions (1:20) were measured using a commercially
available radioimmunoassay kit (MP Biomedicals, Eindhoven, the Netherlands).

Immunohistochemistry

and quantification

Stainings were performed as described previously [7]. In short, 40 μm thick
coronal sections were mounted on glass (Superfrost Plus slides, Menzel,
Braunschweig, Germany) and antigen retrieval was performed by heating the
sections in 0.1 M citrate buffer (pH 6.0) in a standard microwave (Samsung
M6235) to a temperature of approximately 95°C for 15 minutes. Section were
incubated with primary antibody for one hour at room temperature followed
by overnight incubation at 4°C. The following primary antibodies were used:
Ki-67p (1:20,000, Novocastra NCL-L-Ki67_MM1), monoclonal rat anti-BrdU
(1:200, Accurate Chemical & Scientific Corporation OBT0030), monoclonal
mouse anti-NeuN (1:1,000, Millipore MAB 377). Subsequently, the following
secondary antibodies were used for stainings using diaminobenzidine (DAB):
goat anti-rabbit biotinylated secondary antibody (1:200, Vector Laboratories,
Burlingame, CA, USA)), in combination with subsequent incubation with avidinbiotin complex (ABC kit, Elite Vectastain Brunschwig Chemie, Amsterdam,
1:800) and chromogen development with DAB (20 mg per 100 mL 0,05M Tris,
0,01% H2O2). For fluorescent stainings, Alexa fluor-conjugated secondary
antibodies (Invitrogen; 1:1000) were applied.
Quantification of immunohistochemistry was performed by an observer
blind to the experimental conditions. For each animal, coronal sections of 8
matched anatomical levels along the rostro-caudal axis (Bregma levels -1.34,
-1.70, -2.06, -2.46, -2.80, -3.16, -3.52, -3.80) were used for quantification of
immunoreactivity in the DG of both hemispheres. Intersection distance was
approximately 160 μm for pups (P9) and 240 μm for adults (P265). All stainings
to assess neurogenesis (Ki67, BrdU, NeuN) were performed on parallel series
derived from the same individuals.
Ki67+ cells were counted on a Zeiss Axiophot light microscope with Microfire
camera (Coptronics) using StereoInvestigator software (MicroBrightField,
Germany) by means of a modified stereological procedure, using a 20x
objective (200x magnification). Quantification of BrdU+/NeuN+ cells was
performed on a Leica DM 5500B fluorescent microscope (Leica Microsystems,
Wetzlar, Germany) with a 40x lens as described previously by [7].

LC-MS
After preparation and purification of stomach milk, plasma and dissected
hippocampus derived from the same individuals, liquid chromatography
mass spectrometric (LC/MS) analysis was performed to measure levels of
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methionine, homocysteine, vitamins B6 (pyridoxamine, pyridoxine, pyridoxal,
pyridoxal-5P), B12, B9 (folic acid and its metabolite 5-MTHF) within a single run,
as described previously by [60].

LINE1

and

Nr3c1

specific

DNA

methylation

RNA and DNA of dissected hippocampal tissue was subsequently isolated
using 500 μL TRIzol reagent per sample (Ambion Life Technologies) following
manufacturer’s guidelines. RNA and DNA content and purity were quantified
by spectrophotometry at 260/280 OD (Nanodrop 2000, Thermo Scientific,
Wilmington USA). Mean value of 260/280 ratio was 2,19 ± 0,03 for RNA samples
and 1,73 ± 0,07 for DNA samples.
A pyrosequencing assay targeting mouse LINE-1 repetitive promoter
elements was used to determine global methylation levels, as described
previously [61]. In short, genomic DNA (500 ng) was bisulfite-converted using
the EZ DNA methylation gold kit, (Zymo Research, Leiden, The Netherlands)
according to the manufacturer’s guidelines. Bisulfite-specific biotinylated
primers were used (for LINE1: forward: 5’-TTTGGGGTTAGGATTTGGGGTATAAG
-3’,
reverse:
5’-Biotin-CCACTCACCAAAAATCTTAAAATC-3’;
for
Nr3c1
forward:
5’-GGATTTTAAGTGGGTGGAATAAG-3,
reverse:
5’-biotinTCAACAATCCCCCCCTCTTTTCCATA-3’). After amplification by HotStarTaq
Mastermix (Qiagen), the PCR product was purified using streptavidin
Sepharose HP beads. Hybridization of the sequencing primer (for LINE1:
5’-GATTTGGGGTATAAGTTTTT-3’, for Nr3c1: 5’-AAGTGGGTGGAATAAGA-3’)
with the biotinylated PCR product was performed as described in the
PyroMark Q24 vacuum workstation guide (Qiagen). The sequence-toanalyze was TTYGTTYGATTYGWGATTYGAGTTTYGGYTA for LINE1 and
YGTYGTAGTYGGGYGGYGYGGYGTYGGGAYGGGAGAAYGYGYGYGGGGAGA
YGGGAGYGGYGYGGGGGTTYGGTTTGTTAGT for Nr3c1. Finally, the Pyromark
Q24 software (Qiagen) was used to determine the methylation percentage of
the individual CpG positions analyzed.

4

Real-time qPCR
250 ng of RNA was reverse transcribed using the Superscript II reverse
transcriptase kit (Life Technologies). RT-qPCR experiments were performed on
a Applied Biosystems 7500 real-time qPCR system using 10 µl reaction volume/
well of containing: 1 µl cDNA template, 150 nM forward primer, 150 nM reverse
primer and 1x HOT FIREpol EvaGreen mastermix (Solis BioDyne). The following
primers were used: Nr3c1 forward: AGGTGCCAAGGGTCTGGAGAGG, reverse:
TGGTCCCGTTGCTGTGGAGGA; Dnmt1 forward: AGGCGCGTCATGGGTGCTAC,
reverse:
GGCGGCGCTTCATGGCATTC;
Dnmt3a
forward:
GCCAAGAAACCCAGAAAGAGC, reverse: GTGACATTGAGGCTCCCACA; Dnmt3b
forward: GCGTCAGTACCCCATCAGTT, reverse: ATCTTTCCCCACACGAGGTC;
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α-tubulin
forward:
CCCTCGCCTTCTAACGCGTTGC,
reverse:
TGGTCTTGTCACTTGGCATCTGGC; Tbp forward: GTCATTTTCTCCGCAGTGCC,
reverse: GCCTTGTTCTGGTCCATGAT; Hprt1 forward: CTTCCTCCTCAGACCGCTTT
reverse: CACTTTTTCCAAATCCTCGGCA. Cycling conditions comprised 15
minutes polymerase activation at 95°C and 40 cycles (15 seconds at 95°C, 20
seconds at 65°C and 35 seconds at 72°C). After completion of the amplification
reaction melting curve analysis of all samples was conducted.
Relative quantification of gene expression was calculated using Qbase+
software (version 2.6.1, Biogazelle) by the ΔΔCt method corrected for
amplification efficiencies (between 90-110%) and normalized for expression
of a set of three housekeeping genes (Tbp, α-tub and Hprt1) used as internal
controls. A GeNorm pilot experiment [62] was conducted to determine that
this set of genes was suitable as housekeeping genes in the various cohorts
of samples (M=0,39 CV=0,16 for pup tissue, M=0,28 CV=0,12 for adult tissue).

Statistical

analysis

Data were analyzed using SPSS 20.0 (IBM software) and Graphpad Prism 5
(Graphpad software). All data are expressed as mean ± standard error of
the mean (SEM). Data were considered statistically significant when p<0.05.
Maternal behavior was analyzed using repeated measure two-way ANOVA.
Physiological, behavioral and immunohistochemical data were compared
using two-way ANOVA with the fixed factors condition (Ctl vs. ES) and diet
(standard vs. methyldonor-supplemented). Post hoc analyses were performed
using Bonferroni multiple comparison tests. Animals from multiple litters were
included in each experiment and nested under the condition factor (3-7 litters
in each of the 4 groups). Litter effects were negligible for most molecular,
histological and behavioral outcomes, with the exception of physiological data
at P9, there litter was included as a random factor.
Nutrient levels were analyzed by a multivariate analysis of variance (MANOVA)
with condition and diet as between-subject factors. If significant effects were
detected, univariate F-tests were used to identify the variables (nutrients)
that contributed to these effects. For the ORT and OLT, one-sample T-tests
were used to compare the exploration ratio of novel/familiar to one (no
discrimination). Learning and memory in the MWM was analyzed using a
three-way repeated measures ANOVA, with two ‘between subjects’ factors (Ctl
vs. ES and standard diet vs. MD diet) and one ‘within-subjects’ factor (training
day). To analyze performance during the probe trial, the percentage of the
total time in the target quadrant was calculated and one-sample T-tests were
used to compare mean quadrant percentages to chance (25%). Relative geneexpression data was logarithmically transformed to meet assumptions of
parametric statistics.
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RESULTS
Methionine levels
early - life stress

in plasma and hippocampus are reduced by chronic

Methionine status was reduced by ES at P9, both peripherally (in plasma) and
centrally (in hippocampal tissue). In plasma samples of ES pups, methionine
levels were 30.1% lower compared to Ctl plasma samples (post hoc analysis Ctl
vs ES p<0.05, table 1). Accordingly, hippocampal methionine levels were 17.6%
lower in ES animals than in Ctl animals (posthoc analysis Ctl vs ES p<0.05,
table 1). ES did not affects levels of the other 1-C metabolism-associated
nutrients in the hippocampus (p>0.05). On the contrary, nutrient content of
stomach milk was not altered by ES exposure (table 1, MANOVA revealed no
multivariate effect of condition HT=0.34, F7,37=1.79 p=0.118).

Maternal

methyldonor supplementation is transferred via maternal

milk and restores methionine levels in the offspring

The supplemented diet was eaten and absorbed by the dam (supplementary
figure 1). Maternal dietary MD supplementation was reflected in the nutrient
content of ingested milk, indicating transfer from dam to offspring via
maternal milk. Indeed, nutrient composition of the stomach milk of pups at P9
revealed an effect of diet (two factor MANOVA, HT=7.22 F7,37=38.16 p<0.0001)
for folic acid, 5-MTHF, pyridoxal and homocysteine (univariate F-tests, p<0.05,
table 1). Accordingly, MD supplementation restored nutrient levels in the
pup’s plasma and brain to control levels (figure 1). A two factor MANOVA for
plasma nutrient levels revealed an effect of condition (HT=0.814 F5,47=7.65
p<0.0001) and diet (HT=0.544 F5,47=5,12.16 p=0.001) without interaction
effect (HT=0.210 F5,47= 1.98 p=0.099, table 1). Univariate F-tests revealed that
plasma methionine which was reduced by condition (main effect of condition
F1,51=26.25 p<0.0001) was increased by MD diet (main effect of diet F1,51=5.95
p=0.018), with no interaction of condition x diet (F1,51=0.353 p=0.555, figure
1a).

4

Similarly, nutrient levels in hippocampal tissue revealed significant multivariate
effects for condition (HT=0.345 F4,33= 2.84 p=0.0039) and diet (HT=0.746
F4,33= 6.156 p=0.001) on micronutrient content. In line with the plasma data,
methionine levels were the main contributors to these multivariate effects;
while ES significantly reduced hippocampal methionine (main effect of
condition F1,35=7.73 p=0.009), MD supplementation increased hippocampal
methionine levels (main effect of diet F1,35=7.77 p=0.009, no interaction effect).
While ES exposure reduced methionine levels in both standard and MD
enriched cohorts, MD diet restored methionine levels to Ctl levels (T-test Ctl
(n=13) vs ES-MD (n=7), p=0.187).
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Ctl

ES

Ctl-MD

ES-MD

Folic Acid (pmol/g)

167 ± 9

148 ± 9

323 ± 13*

277 ±14*

5-MTHF (pmol/g)

296 ± 30

287 ± 30

194 ± 42

178 ± 45

Vitamin B6 (pmol/g)
-	Pyridoxal
-	P5P
-	Pyridoxamine

4675 ± 484
4089 ± 207
180 ± 22

4755 ± 484
4400 ± 207
195 ± 22

7779 ± 684*
3693 ± 293
159 ± 31

8973 ± 731*
3894 ± 313
175 ± 33

Vitamin B12 (pmol/g)

-

-

-

-

Homocysteine (nmol/g)

2.4 ± 0.5

1.5 ± 0.5

8.2 ± 0.7*

7.0 ± 0.8*

Methionine (nmol/g)

25.2 ± 8.2

51.2 ± 8.2

17.4 ± 11.6

19.8 ± 12.4

Folic Acid (pmol/uL)

-

-

-

-

5-MTHF (pmol/uL)

40.7 ± 4.2

39.6 ± 3.9

36.4 ± 5.0

49.1 ± 5.3

Vitamin B6 (pmol/uL)
-	Pyridoxal
-	P5P
-	Pyridoxamine

663 ± 96
126 ± 15
<10

605 ± 90
97.1 ± 14.0
<10

850 ± 101
92.5 ± 18.0
<10

577 ± 101
101 ± 18
<10

Vitamin B12 (pmol/uL)

-

-

-

-

Homocysteine (nmol/uL)

5.6 ± 0.4

5.5 ± 0.3

5.3 ± 0.4

5.0 ± 0.4

Methionine (nmol/uL)

125 ± 6.4**

88.0 ± 5.9**

144 ± 6.8**

113 ± 6.8**

Folic Acid (pmol/g)

-

-

-

-

5-MTHF (pmol/g)

-

-

-

-

Vitamin B6 (pmol/g)
-	Pyridoxal
-	P5P
-	Pyridoxamine

268 ± 16
1803 ± 79
-

306 ± 17
1725 ± 79
-

323 ± 23
1640 ± 107
-

277.1 ± 16.5
1450 ± 107
-

Vitamin B12 (pmol/g)

-

-

-

-

Homocysteine (nmol/g)

2.59 ± 0.14

2.4 ± 0.1

2.88 ± 0.19

2.78 ± 0.19

Methionine (nmol/g)

134 ± 5.5**

111 ± 5.5**

163 ± 7.5**

147 ± 7.5**

Nutrients in milk

Nutrients in plasma

Nutrients in brain

Table 1.
Nutrient

levels in stomach milk , plasma and brain of

P9

pups

Nutrient composition of the stomach milk of pups at P9 was altered by diet (two
factor MANOVA, HT=7.22 F(7,37)= 38.16 p<0.0001) for folic acid, 5-MTHF, pyridoxal
and homocysteine (univariate F-tests, p<0.05) but not by ES (MANOVA revealed no
multivariate effect of condition HT=0.34, F(7,37)=1.79 p=0.118).
MD supplementation restored nutrient levels in the pup’s plasma. A
two factor MANOVA for plasma nutrient levels revealed main effects of condition
(HT=0.814 F(5,47)= 7.65 p<0.0001) and diet (HT=0.544 F(5,47)= 5,12.16 p=0.001).
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Effect

Increased by diet: F(1,43)= 7.7
Decreased by diet: F(1,43)= 8.0
Increased by diet: F(1,43)= 36.5
n.s.
n.s.
Increased by diet: F(1,43)= 79.3
n.s.

n.s.

n.s.

4

n.s.

n.s.

Increased by diet: F(1,51)= 26.25; decreased by ES: F(1,51)= 0.353

n.s.
n.s.

n.s.

Increased by diet: F(1,35)=7.73; decreased by ES: F(1,35)=7.77
Table 1. Continued
In line with the plasma data, nutrient levels in hippocampal tissue were affected
by ES (HT=0.345 F(4,33)= 2.84 p=0.0039) and diet (HT=0.746 F(4,33)= 6.156 p=0.001).
Hippocampal methionine levels were 17.6% lower in ES animals than in Ctl animals
(posthoc analysis Ctl vs ES p<0.05). Levels of the other 1-C metabolism-associated
nutrients detected in hippocampal tissue (pyridoxal, pyridoxal-5P and homocysteine)
were not affected by ES (p>0.05).
Abbreviations: 5-MTHF: 5-methyltetra hydrofolate; P5P: pyridoxal-5-phosphate
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Methionine

A.

150

#
#

100
50
0

Standard

(Hippocampus)
*

200

*

nmol/gram

nmol/uL

200

Methionine

B.

(Plasma)

Supplemented

150

#
#

Ctl
ES

100
50
0

Standard

Supplemented

Figure 1. ES reduces central and peripheral methionine levels at P9.
(A) Methionine levels in pup plasma at P9 (in nmol/uL) are reduced by ES (#:
F(1,51)=26.25, p<0.0001) and increased by MD diet (*:F(1,51)=5.95 , p=0.018), with
no interaction of stress x diet (F(1,51)=0.353, p=0.555). (B) Hippocampal methionine
levels at P9 (in nmol/gram tissue) are reduced by ES (#: F(1,35)=7.73 p=0.009) and
increased by MD supplementation (*:F(1,35)=7.77 p=0.009).
Data expressed as mean ± SEM.

ES-induced

cognitive impairments are partly prevented by maternal

methyldonor supplementation during

ES

exposure

To test our hypothesis that ES-induced behavioral deficits can be prevented
by MD-supplementation, mice were tested in five different behavioral tasks
(elevated plus maze, t-maze, object recognition task (ORT), object location task
(OLT) and Morris water maze (MWM)).
Anxiety-like behavior and exploratory behavior in adulthood was not affected
by exposure to chronic ES (as previously found [7]), nor by MD supplementation
according to the performance in the elevated plus maze (EPM). The amount of
open arm entries relative to total arm entries were not different between the
groups (condition: F1,39=0.0875, p=0.78; diet: F1,39=0.9710, p=0.331; interaction:
F1,39=3.115, p=0.0854, data not shown).
Reference memory was not affected by ES or MD supplementation as tested by
measurement of spontaneous alternations in the T-maze during 2 consecutive
testing days. All animals tested in the T-maze performed well (average score:
75,4 ± 2,6% of spontaneous alternations) and there were no effects of condition:
F1,18=0.2965, p=0.59; diet: F1,18=1.747, p=0.20 or interaction: F1,18=0.017, p=0.90
(data not shown).
ES exposure impaired the performance of mice in all three tasks (ORT, OLT,
MWM) used to test the learning and memory function, confirming previous
findings by us and others [7,57]. The ES-induced impairments in ORT were
fully prevented by the MD diet: on the testing day, the ratio novel/familiar
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(A) In the object recognition task (ORT),
ES reduces the ratio novel/familiar
exploration time in the standard diet
condition (interaction effect of stress x diet:
0
Supplemented
Standard
F(1,41)=5.432, p=0.0248, posthoc Ctl vs ES:
t=4,164 p<0.001*), this impairment was
prevented by MD supplementation (Ctl-MD
vs. ES-MD mice p>0.05).
(B) In the object location task (OLT), ES impairs performance (#: F(1,38)=14.24,
p=0.0005), and this is not prevented by the MD supplementation (no effect of
diet, F(1,38)=0.02, p=0.8853; no interaction of stress x diet (F(1,38)=0.22, p=0.645).
(C) Spatial acquisition in the Morris water maze. In Ctl animals, short-term spatial
memory reflected by a short latency to find the hidden platform in each second
training session of the day, is not affected by diet (F(1,21)=0.907, p=0.352). (D) In ES
animals, the latency to find the platform during each second training session of the
day is reduced by MD supplementation (F(1,20)=4.434, p=0.048). (E) Performance in
the probe trial of the MWM is impaired by ES (#: F(1,40)=9.523, p=0.0037) but not
restored by diet. ES and ES-MD mice showed no preference over chance (25%) for
the target quadrant, while Ctl and Ctl-MD animals did (One-sample T-tests, Ctl (n=14)
p=<0.001, Ctl-MD (n=8) p=<0.0010). Data expressed as mean ± SEM.
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object exploration time (discrimination ratio) was significantly above 1 for
all groups except for the ES condition (One-sample T-tests, Ctl: 1.96±0.16,
N=14, P<0.0001 Ctl-MD: 2.03±0.07, N=9, p<0.00001; ES-MD: 1.94±0.18 N=9,
p=0.0007; ES: 1.21±0.11, N=13, p=0.09). Comparison of these discrimination
ratios between groups revealed an interaction of condition x diet (F1,41=5.432,
p=0.0248, figure 2a) and post hoc testing revealed a significant difference
between Ctl and ES animals that received the standard diet (t=4,164 p<0.001),
without significant difference between Ctl or Ctl-MD and ES-MD mice (p>0.05).
In contrast, ES-induced impairments in OLT persisted even with the MD diet.
In fact, while both Ctl and Ctl-MD mice acquired the task, (One-sample T-tests,
Ctl: 1.90±0.19 N=12, p=0.0005; Ctl-MD: 1.80±0.19, N=9, p=0.0029), neither ES
or ES-MD mice were able to discriminate between the displaced object and the
identical non-moved object (ES: 1.21±0.12 N=12, p=0.1096; ES-MD: 1.26±0.13,
N=9, P=0.0748). Two-way ANOVA revealed effect of condition (F1,38=14.24,
p=0.0005), with no effect of diet (F1,38=0.02, p=0.8853) and no interaction of
condition x diet (F1,38=0.22, p=0.645, figure 2b). All necessary assumptions
for the ORT and OLT were met: during acquisition on day one, mice had no
preference for either of the two identical objects and there was no difference
in the total exploration time between groups.
Finally, MD diet improved some aspects of the acquisition of the MWM task
as revealed by a strong statistical trend without preventing the ES-induced
impairments in the testing phase of the task (probe trial). Indeed, all animals
were able to learn the task within six days as evident by the significantly
reduced latency to find the platform between the first and the last training
day in all four groups (paired T-test day 1 versus day 6, p<0.05 in all groups,
figure 2c-d).
Acquisition consists of two trials each day for six consecutive days, therefore
the performance in the first trial/day represents a long-term (24h) memory
recollection, while the second trial/day rather reflects properties of short term
memory function. As expected during the different training days, latencies are
shorter during the second trial compared to the first trial/day (latency first trial:
33.0 ± 1.8 sec, latency second trial: 27.0 ± 2.1 sec, p=0.031). Conventionally,
an average of the latencies is reported, this was not significantly different
between the four groups (condition: F1,40=0.789, p=0.38, diet: F1,40=3.119,
p=0.085, interaction: F1,40=0.109, p=0.743, repeated measures ANOVA).
However, a careful separate analysis of all first and second trials revealed
the following. While no differences in latencies during the first trail/day was
revealed (condition: F1,40=0.620, p=0.44, diet: F1,40=1.1713, p=0.20, interaction:
F1,40=1.161, p=0.690), there was a strong trend towards a main effect of diet when
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analyzing all second trials/day (two-way repeated measures ANOVA, F1,40=3.88,
p=0.056, no effect of condition F1,40=0.766, p=0.387), largely attributable to the
shorter latencies of the ES-MD group. Even though no interaction effect was
detected (F1,40=0.896, p=0.350), comparing the performance between the ES
and ES-MD animals during the second trials revealed a significant effect of diet
(One-way repeated measures ANOVA, F1,20=4.434, p=0.048), while there was
no differences between Ctl and Ctl-MD animals (One-way repeated measures
ANOVA, F1,21=0.907, p=0.352, figure 2c-d). These results indicate that MD
supplementation improved short-term memory of spatial learning in the ES
condition during the acquisition phase of the task.
MD diet did not prevent the ES-induced impairment in the testing phase of the
MWM (probe trial; Figure 2e-f). Indeed Two-way ANOVA revealed a main effect
for condition (F1,40=9.523, p=0.0037) but no effect for diet and no interaction
effect. ES and ES-MD mice showed no preference over chance for the target
quadrant (One-sample T-tests compared to chance level, ES (n=13) p=0.34,
ES-MD (n=9) p=0.16) and were different from Ctl and Ctl-MD mice who spent
significantly more time in the target quadrant (One-sample T-tests, Ctl (n=14)
p=<0.001, Ctl-MD (n=8) p=<0.0010). Differences in performance in this task
were not due to differences in swimming ability or motivation, as swim speed
was not different between conditions (data not shown).

The

4

beneficial effects of maternal methyldonor supplementation are

not mediated by alterations in maternal care

Exposure to the limited nesting and bedding material cage from P2-9 resulted
in fragmented maternal care in both the standard (in line with [7]) and the
MD-supplemented conditions. ES dams in both diet groups showed more nest
exits (two-way ANOVA, main effect of condition: F1,22=11.99, p=0.002, no effects
of diet or interaction figure 3a) and had more difficulty to keep all the pups in
the nest area as was evident from increased time during which one or more
pups were outside the nest area (two-way ANOVA, main effect of condition:
F1,22=244.76, p<0.0001, no effects of diet or interaction figure 3b). The total
time spent nursing was not significantly different between the groups (figure
3c). Thus MD supplementation cannot exert its beneficial effect by preventing
fragmentation of maternal care, induced by limiting nesting/bedding material.

Methyldonor

supplementation

prevents

the

ES-induced

raise

in

corticosterone and adrenal gland hypertrophy

We tested if the enriched diet interferes with the ES-induced HPA axis hyper
activation. Basal plasma corticosterone levels in ES pups (at P9) were elevated
when compared to Ctl (confirming our previous findings [7]).
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Figure 3. MD supplementation does not affect maternal care
Exposure to the limited nesting and bedding material cage from P2-9 resulted
in fragmented maternal care in both the standard and the MD-supplemented
conditions. (A) ES increases the number of nest exits in both diet groups (main effect
of condition: F(1,22)=11.99, p=0.002). (B) ES drastically increases the time during which
one or more pups are outside the nest area (main effect of condition: F(1,22)=244.76,
p<0.0001), this is not affected by the diet. (C) Dams from all four groups spend on
average equal amounts of time on nursing behavior. Data expressed as mean ± SEM.

This increase was entirely prevented by MD supplementation (2-way ANOVA
showed a main effect of condition (F1,45=4.516, p=0.039) a main effect of diet
(F1,45=13.287, p=0.001) and a significant condition x diet interaction effect
(F1,45=4.186, p=0.047). Post hoc analyses revealed that basal CORT levels were
elevated after ES in the standard diet condition but not in the MD supplemented
condition (p<0.01), indicating a repressive effect of MD-supplementation on
HPA-axis activity (figure 4a).
While the relative weight of the adrenal glands at P9 was increased in ES pups
(main effect of condition: F1,28=6.435, p=0.017, no effect of diet F1,28=0.234
p=0.632, interaction effect: F1,28=7.408 p=0.011) this ES-induced adrenal
gland hypertrophy was prevented by the MD supplementation (post hoc
analysis p<0.001, figure 4b) further supporting that MD diet prevents the
ES-induced HPA-axis hyperactivity. Interestingly, CORT levels in pup stomach
milk were increased by ES in MD supplemented animals but not in standarddiet animals (condition: F1,16=20.803, p<0.001, diet: F1,16=0.001, p=0.993,
interaction: F1,16=11.654, p=0.004) as revealed by post hoc analysis (p<0.001,
supplementary figure 2a). As CORT levels in the stomach milk are indicative
for maternal CORT levels (in plasma and breast milk), this suggests that ES did
elicit a CORT increase in the ES-MD dams (dam plasma CORT levels were not
available).
The effects of ES and/or maternal MD-supplementation on basal HPA-axis
activity were limited to early-life as analysis of basal plasma morning CORT
levels in adult offspring revealed no lasting changes (no effect of condition:
F1,14=0.087, p=0.772, no effect of diet: F1,14= 0.277, p=0.607, no interaction
effect: F1,14= 0.070 p=0.985, data not shown)
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While MD supplementation blunted the ES-induced raise in basal CORT levels
and adrenal hypertrophy, it did not prevent the ES-induced reduction in relative
thymus weight (main effect of condition F1,40=10.875, p=0.002, no effect of diet
F1,40=2.882, p=0.097, no interaction effect F1,40=2.745, p=0.105, supplementary
figure 2b), nor the significant reduction in bodyweight gain from P2 till P9.
Actually, MD supplementation further reduced bodyweight gain in both Ctl
and ES pups (main effect of condition: F1,144=28.095, p<0.001, main effect of
diet: F1,144=37.996, p<0.001, no interaction effect, supplementary figure 2c)
and in the dams (supplementary figure 1c).
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Figure 4. MD supplementation dampens the ES-induced HPA-axis hyper activation.
(A) The ES-induced increase in basal plasma corticosterone levels in pups (at P9)
is prevented by MD supplementation (significant stress x diet interaction effect
(F(1,45)=4.186, p=0.047; post hoc Ctl vs ES * significant increase (p<0.01). (B) The ESinduced increase in relative weight of the adrenal glands at P9 is prevented by MD
supplementation (significant stress x diet interaction effect: F(1,28)=7.408 p=0.011;
post hoc Ctl vs ES * significant increase (p<0.001). Data expressed as mean ± SEM.

The

beneficial

effects

of

mediated by preventing the

methyldonor

ES-induced

supplementation

are

not

alterations in dentate gyrus

volume and neurogenesis

ES exposure reduced volume of the granular zone of about 20% (GZ: granular
cell layer + subgranular zone) at P9 (two-way ANOVA, main effect of condition
F1,22=31.70 p<0.0001, figure 5a), this reduction was not prevented by MD
supplementation (no effect of diet F1,22=1.147. p=0.2959, no interaction
effect F1,22=1.319 p=0.2631).
In adult offspring, the reduction in volume of the GZ was no longer apparent
(two-way ANOVA, no effect of condition F1,29 =1.928 p=0.1756 no effect of
diet F1,29=0.172 p=0.6814, no interaction effect), but a trend towards an ESinduced reduction in the total volume of the dentate gyrus was detected
(trend towards an effect of condition F1,29=3.709 p=0.0640, no effect of diet
F1,29=0.6779 p=0.4170, no interaction effect, figure 5b).
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(A) ES reduces granular zone volume at P9 with ± 20% (#: effect of stress F(1,22)=31.70
p<0.0001), this was not prevented by MD supplementation (diet: F(1,22)=1.147.
p=0.2959, no interaction effect). (B) A trend towards an ES-induced reduction in the
total volume of the dentate gyrus is also detected in adult offspring ($: F(1,29)=3.709
p=0.0640, this was not affected by MD supplementation (diet: F(1,29)= 0.6779
p=0.4170, no interaction effect). (C) At P9, ES increases the number of proliferating
(Ki67+) cells in the GZ of the DG (expressed as numeric densities) (#: F(1,22)=20.85
p=0.002). This was not prevented by MD supplementation (diet: F(1,22)=2.733.
p=0.1125, no interaction effect). (D) In adulthood, the number of proliferating
(Ki67+) cells is not affected by ES and/or MD supplementation (condition: F1,29 =2.43
P=0.130, diet: F1,29 = 0.55 P=0.461 no interaction effect). (E) Experimental timeline:
animals were injected three weeks after the final behavioral test with 100 mg/kg BrdU
three times per day for two consecutive days and killed by transcardial perfusion
four weeks after the last injection. (F) ES lastingly reduces the survival of adult-born
(BrdU+) neurons (#:F(1,41)=4.658 p=0.037), this effect on adult neurogenesis is not
prevented by MD supplementation (F(1,41)=0.008 p=0.930, no interaction effect).
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At P9, the number of proliferating (Ki67+) cells in the granular zone of the
DG (expressed as numeric densities) was increased by ES exposure (two-way
ANOVA, main effect of condition F1,22=20.85 p=0.002, in line with [7]). This was
not prevented by MD supplementation (no effect of diet F1,22=2.733. p=0.1125,
no interaction effect F1,22=3.346 p=0.0809, figure 5c)
In adulthood, levels of proliferation were not affected by ES exposure and/
or maternal MD supplementation (two-way ANOVA, no effect of condition
F1,29 =2.43 p=0.130, no effect of diet F1,29 = 0.55 p=0.461 no interaction effect,
figure 5d), while 4 week survival of adult-born (BrdU+) neurons was reduced
by ES exposure (Figure 5e-f, main effect of condition: F1,41=4.658 p=0.037),
in line with [7]. Similar to the increase in developmental neurogenesis, the
ES-induced reduction in survival of adult-born cells was not prevented by
MD supplementation (F1,41=0.008 p=0.930, no interaction effect F1,41=1.587
p=0.215). None of the above mentioned alterations were subregion-specific,
neither between the supra- versus infra-pyramidal blade nor between the
rostro- versus the caudal parts of the DG (data not shown).

Global DNA

methylation in dentate gyrus at

P9

4

and in adulthood

To determine if ES-exposure and/or MD-supplementation (and the associated
alterations in central and peripheral methionine status) were accompanied by
epigenetic dysregulation at P9, we first determined global DNA-methylation
levels for postnatal DG using a LINE1 pyrosequencing assay. The methylation
of five individual CpG’s within the LINE1 promoter was analyzed after bisulfite
conversion and amplification by PCR. At P9, the average LINE1 methylation
was increased after ES by <1% in the standard condition, but reduced by <1%
in the MD-supplemented condition (interaction effect: F1,41=4.730 p=0.035, no
effect of condition F1,41=0.803 p=0.375, no effect of diet F1,41=3.284 p=0.077,
figure 6a). Post hoc analysis revealed significantly higher methylation levels
in ES compared to ES-MD. In adulthood there are no differences in levels of
LINE1 methylation (no effect of condition F1,34=0.021 p=0.885, no effect of diet
F1,34=0.013 p=0.911, no interaction effect F1,34=0.072 p=0.789 figure 6b).
Gene expression levels of DNA methyltransferases (DNMTs), the enzymes
required for the de novo methylation (DNMT3a and 3b) of CpG regions or its
maintenance (DNMT1) were not altered at P9 and P120 by ES nor diet. For P9:
DNMT1: no effect of condition F1,19=0.031 p=0.86, no effect of diet F1,19=0.736
p=0.40, no interaction effect F1,19=0.001 p=0.99; DNMT3a: no effect of condition
F1,19=0.496 p=0.49, no effect of diet F1,19=0.033 p=0.86, no interaction effect
F1,19=0.339 P=0.57; DNMT3b: no effect of condition F1,19=2.109 p=0.17, no
effect of diet F1,19=1.360 p=0.26, no interaction effect F1,19=1.057 p=0.32 (figure
6c); for P120: DNMT1: no effect of condition F1,28=0.686 p=0.42, no effect of
diet F1,28=0.021 p=0.887, no interaction effect F1, 28=0.056 p=0.82; DNMT3a: no
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effect of condition F1, 28=0.123 p=0.73, no effect of diet F1,28=0.505 p=0.48, no
interaction effect F1,28=0.205 p=0.65; DNMT3b: no effect of condition F1,19=0.839
p=0.37, no effect of diet F1,19=0.142 p=0.71, no interaction effect F1,19=1.994
p=0.17 (figure 6d).
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Figure 6. Global hippocampal DNA methylation and DNMT expression
(A) At P9, average LINE-1 methylation is slightly higher in ES compared to ES-MD
(interaction effect: F(1,41)=4.730 p=0.035, *posthoc test: significant difference
between ES vs ES-MD). (B) In adulthood there a no differences in levels of LINE1 methylation (no effect of condition F(1,34)=0.021 p=0.885, no effect of diet
F(1,34)=0.013 p=0.911, no interaction effect F(1,34)=0.072 p=0.789). (C) Relative
DNMT mRNA expression at P9 is unaffected by ES and/or diet (determined by qPCR,
normalized to TBP, α-tubulin and HPRT). (D) At P120, relative DNMT expression levels
were not altered by ES nor diet (determined by qPCR, normalized to TBP, α-tubulin
and HPRT). Data expressed as mean ± SEM.
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promoter

Next, we set out to investigate if ES and/or diet affect gene-expression and
methylation status of the glucocorticoid receptor (GR). At P9, GR expression
in the DG was affected by the MD diet in control animals only while not in the
once exposed to ES. Two-way ANOVA revealed a significant interaction effect
of condition x diet (F1,19=12.707 p=0.02, figure 7a). Post hoc analyses revealed
that MD supplementation increased GR expression in control animals (p<0.05),
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whereas in ES-animals, MD supplementation had no effect on GR expression
(p>0.05).
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Figure 7. Hippocampal GR expression and methylation of its promoter at P9 and P120
(A) At P9, hippocampal GR expression is affected by ES in a diet-dependent manner
(interaction: F(1,19)=12.707 p=0.02). MD supplementation increased GR expression
in control animals (#: p<0.05), but not in ES-animals (p>0.05). (B) At P9, average
methylation status of 9 CpGs within the Nr3C1 promoter is not significantly different
between the four groups (condition: HT= 0.329, F(9.31)=1.134 p=0.370), diet: HT=
0.170, F(9.31)=1.585 p=0.799), but a trend towards an interaction effect (HT= 0.579,
F(9.31)=1.996 p=0.074) is observed. (C) Separate analysis of the individual CpGs
reveals that the trend towards an interaction is largely attributable to changes in
methylation of CpG 8 (interaction effect: F(1.39)=2.207 p=0.020), but posthoc analysis
revealed no significant differences between the groups. (D) At P120, the alterations in
hippocampal GR expression are no longer present (condition: F(1,28)=0.123 p=0.73,
diet: F(1,28)=0.505 p=0.48, interaction: F(1,28)=0.205 p=0.65). (E) At P120, differences
in levels of Nr3c1 methylation are not detected (condition: HT= 0.238, F(9.25)=0.662
p=0.734, diet: HT= 0.217, F(9.25)=0.602 p=0.783, interaction: HT= 0.646, F(9.25)=1.795
p=0.120).

As methylation status of CpG islands in promoter regions is associated with
altered gene expression [63], we investigated if the alterations in GR expression
were attributable to alterations in methylation patterns of exon1 of the gene
encoding for the GR (nuclear receptor subfamily 3, group C, member 1 (Nr3c1).
Multivariate analysis of the methylation status of 9 CpGs within the Nr3c1
promoter revealed no effect for condition (HT= 0.329, F9.31=1.134 p=0.370),
no effect for diet (HT= 0.170, F9.31=1.585 p=0.799), and a trend towards an
interaction effect of condition x diet (HT= 0.579, F9.31=1.996 p=0.074, figure
7b). Separate analysis of the individual CpGs by univariate F-tests revealed
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that this trend towards an interaction was largely attributable to changes in
methylation of CpG 8 (interaction effect condition x diet: F1.39=2.207 p=0.020,
figure 7c), however post hoc analysis revealed no significant differences
between the groups.
The alterations in GR expression in the DG did not persist into adulthood (no
effect of condition F1,28=0.123 p=0.73, no effect of diet F1,28=0.505 p=0.48, no
interaction effect F1,28=0.205 p=0.65). Similarly, levels of Nr3c1 methylation in
adulthood were not affected by ES (HT= 0.238, F9.25=0.662 p=0.734), diet (HT=
0.217, F9.25=0.602 p=0.783), or an interaction of condition x diet (HT=0.646,
F9.25=1.795 p=0.120).

Discussion
Exposure to early-life stress (ES) has a life-long impact on cognitive functions.
Here we describe evidence in support of our original hypothesis [27] that
essential micronutrients implicated in the one carbon (1-C) metabolism are
critically involved in programming cognitive function by ES. We demonstrate
for the first time that i) chronic ES exposure specifically reduces peripheral and
central levels of the essential amino acid methionine, without affecting the
other measured 1-C metabolism-associated nutrients. Importantly, we show
that supplementing the maternal diet with donors during the ES period is able
to: ii) restore methionine levels in plasma and brain of the offspring, and to iii)
improve ES-affected cognitive function in object recognition and acquisition of
spatial information in the MWM. Furthermore, we established that: iv) these
beneficial effects of the diet do not involve ES-induced alterations in maternal
care, hippocampal volume, neurogenesis, nor, surprisingly, epigenetic
modifications in the offspring, but v) are largely mediated by preventing the
ES-induced hyper-activation of the HPA axis.

Are

reduced methionine levels implicated in the

ES-induced

cognitive

impairments ?

We show here that exposure to ES reduces specifically methionine levels in
plasma and brain and that restoring methionine levels through MD-enriched
diet ameliorates the ES-induced cognitive impairments. Methionine, an
essential amino acid, which is not synthesized de novo in most mammals can
be the rate-limiting factor for protein synthesis [64] as it is encoded for by
the most common start codon for protein translation (AUG). Furthermore
it is needed for incorporation into proteins. Hence, a lack of methionine
could affect brain development and function through modulating/inhibiting
the many (developmental) processes that require protein formation (e.g.
neurogenesis). In addition, methionine is key in 1-C metabolism as it is the
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precursor of s-adenosyl methionine (SAM), the universal methyldonor required
for important epigenetic processes like histone and DNA methylation. While
a reduction in methionine thus potentially hampers epigenetic processes,
which have been implicated before in mediating brain programming by
early-life experiences [14,15,24,65,66], in our current study, we did not find
indications for drastic acute or lasting epigenetic alterations. This suggests
that the reduced methionine levels do not result in an overall lack of methyl
groups, that impede methylation reactions, possibly because central levels of
the other measured 1-C associated nutrients are unaffected by ES.
Our finding that ES-exposure reduces methionine levels in plasma and
hippocampus of 9-day-old pups however highlights the sensitivity of this
essential micronutrient during critical developmental periods to the stress
of the mother. Importantly, we here present for the first time evidence that
restoring the ES-induced reduction in methionine levels (peripherally and
centrally) via supplementation of the maternal diet during the ES period, has
lasting benefits for her offspring. In fact, this dietary intervention counteracts
the negative effects of ES at 5 month of age in object recognition performance
and improved acquisition in the MWM. This indicates that the ES-induced lack
of methionine during this critical phase of development might be a determinant
factor in the cognitive impairments observed in the adult ES offspring.

4

Further supporting the critical role of 1-C metabolism associated nutrients for
brain development and cognitive function, several studies have demonstrated
lasting behavioral deficits due to a lack of essential micronutrients (induced
by methyldonor deficient diets instead of ES) during early-life [49,50] or in
adolescence [51,67]. In line with this preclinical evidence, clinical studies also
show that, experimentally- or disease-induced alterations of the B vitamins
are related to cognitive performance. For instance, subclinical vitamin B
deficiencies are associated with impaired cognition [68] and low vitamin B
levels (and the high homocysteine levels associated with these) in ageing men
predict later cognitive decline [69].
While we are the first to show that a short nutritional intervention with a
specific set of methyldonors administered to the lactating mother can prevent
ES-induced cognitive impairments in the offspring, the efficacy of methionine
supplementation during adulthood has been shown before. For instance,
adult cognitive impairments induced by earlier folate deficiency can be
prevented by prolonged dietary methionine supplementation [70]. Moreover,
acute or prolonged supplementation/administration of methionine or SAM
during adulthood rescued cognitive impairments due to earlier epilepsy, lead
or cocaine exposure [71-74] and the same applies for adult anxiety-related
behavior induced by low levels of maternal care [25,75].
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Together, these studies support the powerful properties of these nutrients
under specific conditions. Our current findings highlights the key role of these
nutrients in long-term brain programming and further expands the ‘window of
opportunity’ to provide nutritional interventions.

What

are the underlying mechanisms of the beneficial effect of

methyldonor supplementation ?

Possible explanations for how early MD supplementation can exert its effects
on brain function include a direct effect of essential nutrients at the neuronal
level, thereby influencing brain structure and plasticity, and/or indirectly by
modulation of other processes. We investigated several possible candidates
based on literature, including: alterations in HPA axis activity [76], maternal
care [77,78], hippocampal volume [79-81], neurogenesis [82] and epigenetic
modifications [14,22,83]. MD supplementation prevented in particular the
ES-induced elevation of basal plasma CORT levels at P9 and the increase in
adrenal weight without affecting the other parameters. Thus, changes in
early nutrient levels result in the absence of chronic HPA-axis activation, and
this is likely involved in mediating, at least partly, the later cognitive rescue.
Similarly, direct modulation of the HPA axis via other tools (e.g. GR antagonists
or adrenalectomy) during ES exposure [84,85], or after adulthood stress
[86-88], prevented the changes in several hippocampal parameters. Direct
suppressive effects of methyldonors or amino acids on HPA-axis activity have
not been described so far, and it remains unclear how exactly methyldonor
supplementation affects HPA-axis activity.
We did not detect changes in GR expression in the DG due to ES exposure.
This is in line with the recent observation that hippocampal GR expression was
unaffected by maternal separation in mice [89]. This is in contrast with the
well established literature on ES and limited maternal care exposure in rats
where lasting alteration in hippocampal GR have been described [15,90,91]
indicating a species specific effect. Thus in mice, chronic elevation of CORT
does not seem to affect hippocampal GR. This is further supported by the fact
that MD supplementation temporarily increased hippocampal GR expression
in control pups even though there was no significant difference between the
CORT levels in ES pups fed the MD diet and those fed the standard diet.
Even though we did not detect any major effect on GR expression it was still of
interest to study if ES and/or methyldonor availability might affect epigenetic
modifications of Nr3c1 (the gene encoding the GR), possibly setting the tone
of responsivity of this gene to later life stimuli. In fact GR has been identified
as being specifically vulnerable to epigenetic modifications in early-life both in
human [92-96] as well as rodents [15,89]. In our study we observed a subtle ESinduced hypermethylation (of in particular CpG8) in animals fed the standard
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diet which was absent in MD-fed pups. In any case, because no differences
in GR expression were found within these groups, this methylation status
was not sufficient to modulate gene expression levels. There is evidence that
effects of ES and methionine administration are brain region and/or gene
specific. For example similar to our finding, maternal deprivation in mice did
not alter hippocampal Nr3c1 methylation [89] and central methionine infusion
in adult rats left the majority of genes unaffected [75], and only modified a set
of specific genes. Further research is needed to investigate how the selective
vulnerability of specific brain regions and genes to early-life stress is regulated.
Regarding levels of global DNA methylation, we found a subtle interaction
effect of ES and MD diet in the 9-day-old offspring and this effect was not
lasting into adulthood. Interestingly, in contrast with our original hypothesis
that reduced methionine availability would hamper methylation processes, we
observed slightly higher methylation levels in the ES mice fed the standard diet,
compared to the ES-MD mice, indicating that the process of DNA methylation
is tightly regulated and global methylation levels remain relatively stable
even when methyldonor input varies [97,98]. In fact, the subtle difference in
global hippocampal (LINE1) DNA-methylation between ES and ES-MD animals
comprised less than 1% (on an average of 81,2% methylation) and therefore its
biological relevance might be limited. Furthermore, no alterations were found
in DNMT expression levels. Although global 5-mC levels in the prefrontal cortex
were found to be altered by dietary methyldonor supplementation [74], our
findings are consistent with studies showing that neither maternal care, nor
methionine treatment, nor acute methionine administration in a rat model of
epilepsy, lastingly altered global DNA methylation in the hippocampus [25,71].

Early

dietary intervention prevents some but not all

4

ES-induced

cognitive impairments

The current dietary intervention prevented some, but not all, ES-induced
cognitive deficits indicating that the beneficial effects of MD supplementation
were directed towards specific aspects of adult cognitive function. A possible
explanation for this is that MD diet repressed the ES-induced rise in CORT, but
did not further modulate ES-induced changes in maternal care. An additional
important implication of this observation is that neither alterations in maternal
care [90,91,99,100], nor rise in CORT alone are sufficient to explain all ESinduced cognitive impairments supporting the notion that the ES-induced
phenotype is the result of synergistic actions of multiple processes [27].
Thus, interventions that act at multiple levels and restore levels of maternal
tactile stimulation next to modulating CORT might have additional beneficial
effects. In fact, stroking rat pups to mimic maternal sensory stimulation,
prevented maternal deprivation-induced deficits only in combination with
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food administration [101].
As to how the MD diet specifically improves ORT and MWM performance
without improving OLT performance, a possible explanation lies in the fact
that the MD diet was unable to restore the ES-induced reduction in survival
of adult born neurons. Indeed, we have reported that ES reduces cell survival
of adult born neurons and that the ES-induced impairments in OLT and
MWM probe performance are partly dependent on these reductions in adult
neurogenesis, while ORT performance, is not [7].
The fact that MD-supplementation did not prevent the ES-induced changes
in the levels of neurogenesis seems somewhat contrasting with the strong
association between micronutrient availability and neurogenesis, described
by others. Deficiencies in maternal folic acid [102], vitamin B12 [49], choline
[103,104] or zinc [105] during the perinatal period have been associated
with decreased neurogenesis and increased neuronal apoptosis in the
offspring, while MD-supplementation during preconception and gestation
was associated with increased proliferation and differentiation of neural
progenitors [106]. Here we did not observe such effects, possibly because the
period during which maternal diet was enriched with MD was much shorter
than in previous papers. Next we should also consider that ES increases
developmental neurogenesis at P9 [7] and a (further) MD-induced increase in
developmental neurogenesis may have no more additional beneficial effects
and is therefore possibly prevented or compensated for.
Other forms of hippocampal plasticity like spine density, dendritic length/
complexity and electrophysiological properties, have not been studied here,
but ES and possibly MD diet likely has also affected these measures [5,21],
even though we showed that the ES-induced reduction in DG volume was not
prevented by MD supplementation. Up to now, sensory stimuli by the mother
and glucocorticoids have been held responsible for many of the ES-related
lasting effects on brain structure and function. Here for the first time, we
provide evidence for a critical role of early nutrition in programming of the
brain.

Supplementation

to the lactating dam , a clinically relevant strategy

It remains to be elucidated how exactly ES exerts its effect on methionine
status of the pups. So far, ES-induced alterations in nutrient content could
not be detected in the (ingested) stomach milk. Possibly ES diminishes the net
intake of maternal milk, thereby reducing total methionine consumption and/
or impairs methionine uptake and bioavailability, for instance by affecting
gastrointestinal (GI) tract functioning. As stress is known to affect various
physiological functions of the GI tract (see [107] for an overview) and the gut
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is an important site of methionine metabolism, that utilizes itself a significant
proportion (about 25-40%) of the dietary sulfur amino acid intake [108], this
warrants further investigation. Interestingly, several clinical studies show a
positive association between high glucocorticoid levels and high homocysteine
levels (a hallmark of low MD-status) in healthy adults [109] and in patients
with Cushing’s disease [110,111].
Our approach to supplement the diet of the ES-exposed lactating dam with
a set of methyldonors is based on the idea that this enriches breast milk
composition under this vulnerable circumstance and thereby prevents
possible deficits of these essential nutrients in the offspring. Maternal intake
of particularly water-soluble B vitamins directly affects milk composition, while
milk levels of other nutrients (e.g. zinc) are relatively unaffected by maternal
intake [56,112]. It has not been studied how other environmental factors
than diet (e.g. stress) affect breast milk composition in terms of nutrients
(e.g. methyldonors), cytokines and hormones (e.g. glucocorticoids). Here we
show that our MD supplementation increased levels of several micronutrients
(including folic acid, 5-MTHF and vitamin B6) in stomach milk. We found MDdiet to increase methionine levels in plasma and hippocampus of the offspring,
without altering stomach milk methionine levels, possibly because stomach
milk content changes after ingestion by metabolic processes (and therefore
not entirely reflects the exact breast milk composition), and thus peripheral
and central levels of methyldonors reflect not only nutritional intake of the
offspring but also metabolic processes [113]. Interestingly, maternal MD
supplementation dampens HPA-axis activity in pups, despite the presence of
CORT in maternal milk in the MD-ES condition. Such dissociations between
stomach milk and serum CORT levels during the early postnatal phase has
been reported before [114]). In line with previous studies [58,115,116] no
detectable adverse effects of the MD diet were found, we only observed a
reduced bodyweight gain in dams and pups in MD conditions, probably due
to the high intake of B vitamins, which also play a role in energy expenditure
[117]).

4

In conclusion, our findings show that improving methyldonor status during
lactation via dietary supplementation of the dam is a promising tool to prevent
lasting effect of ES in her offspring. Therefore we anticipate this approach will
have interesting benefits in clinical practice in preventing the lasting effects of
chronic ES on brain structure and function.
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Abstract
Early-life stress (ES) exerts life-long adverse effects on hippocampal structure
and cognition. One form of plasticity modulated by ES, is adult hippocampal
neurogenesis (AHN) that refers to the generation of new neurons in the
adult hippocampal dentate gyrus, a process well regulated by various factors
(e.g. age, running, stress and nutrition). Previously we had reported that ESexposed male mice show impaired cognitive functions associated with reduced
levels of AHN, whereas ES exposed female mice seemed more resilient and
exhibited only mild cognitive changes and no ES-induced reductions in AHN.
We here questioned if the responsiveness of female mice to positive stimuli of
AHN (early and in late adulthood) is altered by ES exposure. We had recently
demonstrated that early micronutrient supplementation ameliorated ESinduced cognitive impairments in male mice, without affecting AHN in control
or ES exposed offspring at 4 months of age. However, whether such nutritional
intervention affects neurogenesis of adult female mice remained elusive. In
addition, it was unknown whether ES modifies the response to well-known
stimuli of neurogenesis like exercise, in adult female mice.
Chronic ES was induced in C57Bl/6j mice by limiting bedding/nesting material
from postnatal day (P) 2-9. During this period, dams received control or methyl
donor supplemented diet (MD-diet). At 8 months of age, female offspring
had access to a functional, or fixed, running wheel for a period of six weeks.
Afterwards, levels of AHN were assessed using immunohistochemistry for
proliferating (Ki67+) and differentiating (DCX+) new-born cells.
In this thesis chapter, the presented data are still preliminary and final
conclusions await the completion of ongoing experiments. So far, i) a trend
suggests a positive effect of early MD-supplementation on AHN in 8-monthold female Ctl/ES mice; ii) while chronic ES does not affect neurogenesis under
basal conditions, it appears to reduce the neurogenic response to stimulating
conditions in adult female mice; iii) the response to pro-neurogenic stimuli
appears to reach a ceiling effect. The current data enhance our understanding
of hippocampal plasticity over the life span, and after programming by early-life
experiences. They provide novel insights in the time windows and applicability
of environmental intervention strategies to reverse and/or prevent the lasting
consequences of ES exposure.
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Introduction
Substantial clinical evidence shows that exposure to early-life stress (ES)
has a life-long impact on mental health [1-4], and is associated with lasting
hippocampal volume reductions [5,6] and cognitive impairments [7-9]. Similar
lasting consequences of ES exposure on later hippocampal structure and
function have also been established in animal models [10-14].
One of the structural parameters that is strongly affected by ES, is adult
hippocampal neurogenesis (AHN) [15-17], a unique form of hippocampal
plasticity that occurs in the subgranular zone of the dentate gyrus (DG). It
comprises the proliferation of neuronal progenitor cells, their subsequent
migration and differentiation into fully functional neurons, and their
integration into the existing hippocampal circuitry [18]. These newly generated
neurons have been implicated in hippocampal functioning, including learning
and memory [19,20] and stress regulation [21]. They are broadly recruited
following the neuronal activation that is associated with hippocampusdependent tasks (e.g. Morris water maze (MWM) and novel environment
exploration [22]). AHN is dynamically regulated by various behavioural,
hormonal and environmental factors. Physical exercise is one of the best
known positive stimuli for AHN [23-25], whereas ageing [26-28] and exposure
to acute or chronic stress in adulthood [29-32] are potent inhibitors of AHN.
Importantly, previous exposure to early-life stress can persistently alter AHN
under basal conditions [17].

5

Nutrition is another important factor that affects AHN; next to caloric intake,
meal frequency and food texture, particularly dietary content has been
implicated in modulating levels of AHN [33]. For instance, dietary micronutrient
deficiencies (e.g. in zinc [34,35] or folic acid [36,37]) in adulthood are associated
with reduced proliferation and survival of new-born neurons. There is also
some evidence that deficiencies of essential dietary micronutrients during
critical developmental periods are associated with impairments in brain
development and later cognitive functions [38-40].
In this context, methyldonors (including methionine, homocysteine, vitamins
B6, B12, folic acid and their metabolites) are an interesting group of essential
micronutrients as they are critical for the one-carbon (1-C) metabolism [41,42],
the biochemical pathway required for the methylation of DNA, proteins,
phospholipids and neurotransmitters. As such, methyldonors are not only
key for epigenetic mechanisms [43], but also essential for brain development
and neurogenesis [37,44]. In addition, the essential amino-acid methionine,
required for protein synthesis initiation [45] and incorporation into protein,
can be the rate-limiting factor for processes that require protein formation,
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like neurogenesis. Thus, reduced methionine levels might have direct effects
on brain development. Indeed, several clinical [46,47] and pre-clinical [4850] studies show that inadequate MD-supply during critical developmental
periods can lead to impaired brain development, neurogenesis and
cognition throughout life [48,51-53]. Also, short and early nutritional MDsupplementation during ES exposure can ameliorate ES-induced cognitive
impairments in male mice [54], without affecting levels of AHN. However, so
far, it remains unknown if early MD supplementation also affects AHN in the
female brain and if ES-exposed female mice will also benefit from early dietary
intervention.
Interestingly, a sex-specific vulnerability exists towards the lasting effects
of early-life experiences on cognition and several clinical studies show
pronounced effects of ES exposure on disease susceptibility [55], anxiety [56]
and hippocampal white matter volume reductions [57] in males compared to
females. Similarly, various preclinical studies have reported sex-dependent
effects of ES [16,58,59], suggesting an increased resilience of female offspring
[60,61]. In line with these findings, we have shown recently that female
mice seem more resilient to the effects of chronic ES [13]. While adult male
mice exposed to chronic ES exhibit reduced survival of adult-born neurons,
associated with impaired hippocampus-dependent learning and memory,
adult female mice showed no ES-induced changes in AHN and less prominent
cognitive deficits [13]. Here we question if ES exposure might affect AHN in
the seemingly resilient female mice. Alternatively, ES-effects on AHN might
just not be apparent under basal conditions, and could misleading us in our
interpretation of resilience. However, a possible deficit in AHN might only
become visible under stimulatory conditions. Therefore, we study AHN in
8-month-old female mice, in response to early MD dietary supplementation
and/or voluntary exercise.
Our findings provide preliminary evidence in female mice for: i) a possible
positive effect of early MD supplementation on AHN, ii) an ES-induced
resilience to the positive effects of running on AHN, and iii) a possible ceiling
effect of (combined) environmental stimuli on AHN. The data presented here
are preliminary and final conclusions thus await the completion of additional
experiments.

Methods
Ethics

statement

All experimental procedures were conducted under national law and European
Union directives on animal experiments and approved by the animal welfare
committee of the University of Amsterdam.
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Animals
In total, 39 female C57Bl/6J mice were used in this study (8 Ctl, 8 ES, 9 Ctl-MD, 9
ES-MD, see table 1). All animals were kept under standard housing conditions
with a temperature of 20-22°C, humidity of 40-60% and on a reversed 12/12h
light/dark schedule (lights on at 8 PM). Throughout their lifetime, all animals
were fed ad libitum with Teklad global rodent diet 2018 (Harlan laboratories
BV, Venray, the Netherlands), unless specified differently (see nutritional
intervention).
Condition

Diet

Wheel

Animals/group

Control (Ctl)

Standard

Locked (SED)

N=2

Wheel (RUN)

N=6

Locked (SED)

N=3

Wheel (RUN)

N=6

Locked (SED)

N=2

Wheel (RUN)

N=6

Locked (SED)

N=5

Wheel (RUN)

N=9

Methyldonor
Early-life

stress

(ES)

diet

(MD)

Standard
Methyldonor

diet

(MD)

Table 1.
Overview

of the experimental groups and the sample sizes

Early-life

5

stress paradigm and early nutritional intervention

To standardize the perinatal environment, mice were bred in house; the
breeding procedure was described previously [13]. On postnatal day 2 (P2),
the dam and five to six pups per litter (including both sexes) were weighted
and randomly assigned to one of the following four conditions: control
condition with standard diet (Ctl), early-life stress condition with standard diet
(ES), control condition with methyl-donor supplementation (Ctl-MD) and earlylife stress condition with methyl-donor supplementation (ES-MD).
ES was induced by housing dam and pups, from P2 till P9, in a cage with a
limited amount of nesting/bedding material, known to induce fragmented
maternal care (as described previously by [13,62]). Throughout all early-life
procedures, manipulation of pups was kept to a minimum to avoid handling
effects.
From P2 till P9, Ctl-MD and ES-MD dams received custom made methyl-donor
supplemented diet (SniFF, Soest Germany), consisting of Teklad global rodent
diet 2018 supplemented with: 15g/kg Choline, 15g/kg Betaine, 15 mg/kg Folic
acid, 1.5 mg/kg Vitamin B12, 7.5 mg/kg L-Methionine and 150 mg/kg Zinc (from
ZnSO47H2O) (previously described by [63]) and in addition drinking water
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supplemented with 15.3 ug/mL vitamin B6 (Pyridoxine-HCL P9755, SigmaAldrich Chemie BV, Zwijndrecht, the Netherlands). Both the standard and the
MD diets had an energy density of 3.1 kcal/gram (24% of the calories from
protein, 18% from fat, 58% from carbohydrate).
On the morning of P9, dams and pups were weighted and moved to standard
cages equipped with normal amounts of bedding material and standard food
and water ad libitum. Offspring was weaned at P21 and housed in groups of
the same sex with 2-3 animals/cage, for the experiments described here, only
female offspring was used. Body weights of the animals were measured at P9,
P21 and P120.

Voluntary

wheel running

At 8 months of age, running (RUN N=27) and sedentary (SED N=12) mice were
moved to a larger cage (type III, Technilab-BMI, Someren, the Netherlands) with
a functioning (RUN) or locked (SED) plastic running wheel (160 mm diameter,
Ferplast, Italy) to control for cage enrichment. Running mice received access
to the running wheel for 6 weeks. To avoid possible adverse effects of social
isolation [64], animals remained housed with 2-3 animals per cage, therefore
individual wheel running distances were not available. Voluntary physical
activity in each cage was monitored daily by focal animal observations. Two
RUN animals were excluded from the analysis, as they did not actively engage
in running (this was also apparent from excess bodyweight gain > 5 grams).

Experimental design
Voluntary wheel running

chronic ES
MD diet
P0 P2

P9

P237
(8 mo)

Ki67
DCX

P279
(9.5 mo)

Figure 1. Timeline
Chronic ES was induced from P2 till P9, during the same period, dams of Ctl-MD and
ES-MD mice received custom made methyl-donor supplemented diet. At 8 months
of age, mice received 6-week access to a functioning (RUN) or locked (SED) running
wheel. At the end of the running wheel exposure (P280) mice were sacrificed.
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Tissue

collection

By the end of the 6 weeks running wheel exposure (at P280, see figure 1),
mice were anaesthetized by an i.p. injection of pentobarbital (Euthasol®
120 mg/kg) and transcardially perfused with 0.9% saline, followed by 4%
paraformaldehyde (PFA) in phosphate buffer (PB 0,1M, pH 7.4). The estrous
cycle stage at time of perfusion was determined by vaginal smear cytology
[65].
Brains were removed and postfixed overnight in PFA/0.1M PB at 4°C and
stored in PB with 0,01% sodium azide at 4°C until further processing. After
an overnight cryoprotection in 30% sucrose/0,1M PB, frozen brains were cut
in 40 μm thick coronal sections using a sliding microtome, divided over 6
parallel series and stored in a cryoprotective solution (30% Ethylene glycol,
20% Glycerol, 50% 0,05M PBS) at -20°C until processing.

Immunohistochemistry
Immunocytochemistry was used to identify proliferating (Ki67+) cells and
young, differentiating neurons (doublecortin, DCX+) cells. All stainings were
performed on a one-in-six parallel series of sections (240 μm apart). Prior to
Ki67 staining, sections were mounted on glass slides (Superfrost Plus slides,
Menzel, Braunschweig, Germany) and antigen retrieval was performed by
heating the sections in 0.1 M citrate buffer (pH 6.0) in a standard microwave
(Samsung M6235) to a temperature of approximately 95°C for 15 minutes.

5

For both stainings, pre-mounted (Ki67+) or free-floating (DCX+) sections were
incubated with 0,3% H2O2 for 15 minutes to block endogenous peroxidase
activity. After 3x5 min washing with 0,05M TBS sections were incubated for
30 minutes with blocking solution (2% milk powder in TBS) and subsequently
incubated with primary antibody in Supermix (0,5% Triton X-100, 0,25%
gelatine in 0,05M TBS) for one hour at room temperature followed by overnight
incubation at 4°C. The following primary antibodies were used: polyclonal
rabbit anti-Ki67 (Novocastra NCL-L-Ki67_MM1, 1:20,000), polyclonal goat antiDCX (SantaCruz Biotechnology sc-8066; 1:800). Next, sections were rinsed 5x5
minutes with 0,05M TBS and incubated with biotinylated secondary antibodies
in Supermix (1:200 goat anti-rabbit, Vector Laboratories or 1:200 donkey antigoat, Jackson Laboratories) for two hours at room temperature, followed by
a 90 minute incubation with avidin-biotin complex (ABC kit, Elite Vectastain
Brunschwig Chemie, Amsterdam, 1:800), an additional amplification with
tyramide (1:500, 0,01% H2O2, once, for 30 minutes) and a second 90 minute
incubation with avidin-biotin complex. Subsequent chromogen development
was performed with diaminobenzidine (20 mg per 100 mL 0,05M Tris, 0,01%
H2O2).
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Imaging

and quantification

Quantification procedures were performed on a Zeiss Axiophot light
microscope with Microfire camera (Coptronics) by a researcher blind to
the experimental conditions. Per animal, eight coronal sections of matched
anatomical levels along the rostro-caudal axis were used for analysis.
To obtain volume estimations of the dentate granular zone (granular cell layer
+ sub granular zone) in mm3, the Cavalieri principle was applied. The number
of Ki67+ and DCX+ immuno-reactive cells was counted using a 40x objective
(400x magnification), and multiplied by 6 to obtain an estimation of the total
number of immunoreactive cells per DG. Discrimination was made between
the various anatomical (and functional) subregions of the dentate gyrus to
determine possible differences between immunoreactivity between the
supra- versus infrapyramidal blade and rostral versus caudal DG. Cell counts
are represented as total number of immunoreactive cells per unilateral DG
(subgranular zone + granular cell layer).

Statistical

analysis

Data were analyzed using SPSS 20.0 (IBM software) and Graphpad Prism 5
(Graphpad software). All data are expressed as mean ± standard error of
the mean (SEM). Data were considered statistically significant when p<0.05.
Immunohistochemical data was analyzed using three-way univariate F-tests
with the fixed factors: condition (Ctl vs. ES), diet (standard vs. MD) and/or
exercise (RUN vs SED). Post-hoc analyses were performed using Bonferroni
multiple comparison tests. Sample size estimations for future studies were
calculated by: N/group =(Zα /2 + Zβ)2. (s12+s22/(μ1- μ2)2) with α=0.05, β=0.2.

Results
Bodyweight

throughout life

Exposure to the limited nesting and bedding cage induced physiological signs
of chronic ES in the pups, including a reduced bodyweight gain (BWG) from
P2-P9 (main effect of stress: F1,35=21.58, p<0.0001, figure 2a), as described
previously [13]. MD-supplementation during the ES period further reduced
bodyweight gain in Ctl and ES female pups (main effect of diet: F1,35= 12.65,
p=0.0011, no interaction effect: F1,35= 0.14 p=0.71), confirming our previous
findings in male pups (see [54]). At weaning (P21), bodyweight differences
are no longer present (no effect of stress: F1,35=0.71, p=0.4052, no effect of
diet: F1,35=1.99, p=0.167, no interaction effect: F1,35=2.27 p=0.141, figure 2b),
indicating a catch-up growth in ES and MD animals.
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Figure 2. Effects of ES and MD supplementation on bodyweight
(A) Bodyweight gain in pups (P2-P9) is reduced by chronic ES (*) and MDsupplementation (#). (B) Bodyweight at weaning (P21) is no longer different between
the groups

In adulthood, previous to running wheel exposure, bodyweights of ES-exposed
females were slightly lower than those of controls, this effect was prevented
by the MD-diet (interaction effect: F1,35= 6.51 p=0.015, posthoc analysis reveals
a significant difference between Ctl and ES (p<0.05) but not Ctl-MD and ES-MD,
data not shown). Overall, bodyweight gain during the wheel running period
was lower in the running animals compared to sedentary animals (2.3 ± 0.3
grams in RUN (n=25) vs. 2.9 ± 0.3 grams in SED (n=12), but this effect was not
found to be significant (T-test, p=0.307), as the effect of running on bodyweight
gain varied between the experimental groups (univariate F tests revealed a
significant 3-way interaction of condition x diet x exercise on bodyweight gain
(F1,29= 5.61 p=0.025, data not shown).

Characterization

of adult neurogenesis in

8-month-old

5

female mice

Cell proliferation was evaluated by counting the number of Ki67+ cells in the
hippocampal DG. As expected, Ki67+ cells were generally clustered and located
in the SGZ of the DG, and the number of Ki67+ cells was fairly limited at this
age (see figure 3a). Doublecortin (DCX) was used as marker for differentiation.
DCX is a brain-specific microtubule associated protein that is expressed in
transiently amplifying progenitor cells (type 2b/3 cells) until they reach the
post-mitotic immature granule cell stage [66], therefore DCX+ cells are more
abundant than Ki67+ cells (see figure 3b). Quantification and qualitative
classification of the DCX+ cells (i.e. proliferative stage, intermediate stage or
post mitotic stage (based on [11,67]) is currently ongoing.

Modulation

of neurogenesis by

ES,

early nutrition and running

Comparison between all eight experimental groups revealed no significant
effects on proliferation yet (Three-way ANOVA revealed no effect of stress:
F1,29=0.58, p=0.453, no effect of diet: F1,29=1.44, p=0.240, no effect of exercise:
F1,29=0.24 p=0.628 and no significant interactions) due to limited sample size. A
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power analysis based on the detected effect size indicates that the sample size
needs to be increased to n=7-10/group to reveal a significant difference in the
amount of Ki67+ cells between the groups. The experiments to increase the
number of samples are currently ongoing. However, below we consider the
trends pointing towards possible effects of MD supplementation and running
on proliferation separately, in interaction with ES exposure.

A.

Ki67 (100x)

(400x)
B.

DCX (100X)

(400x)
Figure 3.
Representative

images of immunohistochemical stainings in the dentate gyrus

(A) Nuclear Ki67 staining, indicating proliferating cells. Right panel: 100X magnification,
left panel: 400X magnification. (B) Cytoplasmic Doublecortin (DCX) staining, indicating
newborn immature neurons with dendrites extending to the molecular. Right panel:
100X magnification, left panel: 400X magnification.
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Early MD-supplementation

seems to increase proliferation in adult

female mice and this is not affected by

ES

exposure

MD supplementation appears to enhance levels of proliferation in female
mice. A two-way ANOVA comparing only the four sedentary groups revealed
a trend towards a main effect of diet (F1,8=4.72 p=0.062). In contrast, the
same diet did not affect number of Ki67+ cells in 8-month-old male mice [54],
Interestingly, ES did not seem to influence this effect of MD-supplementation
(Two-way ANOVA: no effect of stress: F1,8=0.31 p=0.591 and no interaction
effect: F1,8=0.027 p=0.874, figure 4a).

ES

seems to reduce the responsiveness to voluntary wheel running in

adult female mice

ES does not affect levels of proliferation in standard (sedentary) conditions
(T-test Ctl vs ES, p=0.609), coherent with previous findings in 5-month-old
females [13] and 8-month-old males [54]. Here we also questioned if effects
of ES on proliferation might become apparent under stimulating conditions
(e.g. prolonged wheel running).
In line with the large body of literature establishing the pro-neurogenic
effect of voluntary wheel running in female C57Bl6j mice [68-70], the number
of proliferating cells in Ctl RUN (94.5 ± 9.9), appears to be higher than the
number of proliferating cells in Ctl SED (67.5 ± 4.5). Interestingly, ES prevented
this increase, and in fact the number of proliferating cells was similar between
ES SED (63.0± 6.0) and ES RUN (71.5±10.0) mice (figure 4b). This suggests that
exposure to ES reduces the neurogenic response to running in female mice.
However, due to the small sample size, we were yet unable to determine if this
differences is statistically significant (Two-way ANOVA comparing only the four
standard diet groups reveals no effect of stress: F1,12=1.12, p=0.310, no effect
of exercise: F1,12=1.87 p=0.196 and no interaction effect F1,12=0.51, p=0.489).

A

further

increase

in

proliferation

upon

adulthood is not observed in mice exposed to

voluntary

exercise

5

in

MD-supplementation.

Interestingly, running did not further increase proliferation in animals that
had been exposed to MD-supplementation (figure 4c). A two-way ANOVA
comparing all four MD-supplemented groups revealed no effect of exercise
(F1,17=0.39 p=0.543), no effect of stress (F1,17=0.01, p=0.939) and no interaction
effect (F1,12= 0.29, p=0.596). This might indicate the possible existence of a
ceiling effect of environmental stimuli on levels of AHN in 8-month-old females.
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Proliferation

and

DG

volume in adult female mice

(A) MD supplementation possibly enhances proliferation in female mice ($ trend
towards a main effect of diet: F1,8= 4.72 p=0.062). ES does not seem to influence
this effect of MD-supplementation. (B) ES possibly reduces the responsiveness to
voluntary wheel running in female mice. The number of proliferating cells in Ctl RUN,
appears to be higher than the number of proliferating cells in Ctl SED, while the
number of proliferating cells was similar between ES SED and ES RUN mice. This
effect did not reach significance. (C) Comparison between all eight experimental
groups reveals that running does not further increase proliferation in animals that
have been exposed to MD-supplementation. (D) Comparison between all eight
experimental groups revealed a trend towards a running-induced increase of dentate
granular zone volume, but no effect of stress or diet and no significant interactions.

The volume of the dentate gyrus granular zone is increased by running
and this effects is independent of ES and / or diet .
Comparisons between all eight experimental groups revealed a trend towards
a running-induced increase of dentate granular zone volume (Three-way
ANOVA revealed a trend of exercise: F1,28=3.37, p=0.077, but no effect of stress:
F1,28= 0.21, p=0.653, or diet: F1,28=0.001 p=0.981 and no significant interactions,
figure 4d).
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Discussion
While the final completion of the full dataset is still ongoing, our results so far
suggest: i) a potential positive effect of early MD supplementation on the later
levels of proliferating (Ki67+) cells in female mice; ii) a potential ES-induced
inhibition of the running induced stimulation of proliferation at an adult age;
and iii) no additive effect of early nutritional intervention combined with
later life exercise on hippocampal proliferation. Considering the preliminary
nature of this data, definite conclusions await additional experiments, that
are required to obtain the statistical power needed to detect significant
differences, and to determine differences in the various stages of neuronal
differentiation (DCX morphologies). These experiments are currently ongoing.
Increasing sample size will also enable the necessary correction for potential
litter-to-litter variation [71] and for possible effects of the oestrous cycle phase
(described previously by others [72]). Below we will discuss our initial findings.

Early MD

supplementation seems to increase

AHN

in female mice

Early nutritional intervention seems to increase proliferation in both Ctl and ES
females. This suggests that adult neurogenic capacity could be programmed
by early nutrition, consistent with literature showing that MD status affects
later levels of neurogenesis and apoptosis. Most of this knowledge however,
is obtained through selective deficiency studies, e.g. in folic acid [52], vitamin
B12 [48], choline [51,53] or zinc [73]. Dietary micronutrient deficiencies in
adulthood, e.g. zinc deficiency in rats [34,35] or folic acid deficiency in mice
[36,37] are also associated with reductions in proliferation and survival of newborn neurons. Also, maternal MD-supplementation during preconception and
gestation increased proliferation at weaning, as well as in vitro proliferation
and differentiation of progenitors isolated from foetal hippocampi [74].

5

How early MD-supplementation exactly exerts its effect on AHN is unknown
and its effect can be either direct or indirect. Considering the importance
of methyldonors for epigenetic mechanisms [75-78], protein synthesis and
(possibly) modulation of the HPA-axis [54], we hypothesize that early MDsupplementation might modulate neuronal processes that directly affect cell
division. Another option is that early MD supplementation lastingly alters the
way the animals behave and interact with their environment, and that this then
indirectly alters levels of AHN. The notion that MD availability during earlylife can lastingly alter behaviour is supported by some preclinical evidence:
rat pups from dams that were fed a MD deficient diet during gestation and
lactation, showed lasting behavioral deficits [48,49]. In line with this, our MD
supplementation was able to partly rescue the learning and memory deficits
induced by ES (and the ES-induced reduction in methionine) in male mice [54].
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ES

seems to reduce the running induced increase in neurogenesis

Physical activity is a very interesting environmental manipulation; it not
only increases AHN in rodents, but also exerts cognitive benefits in humans
throughout the life-span and is even associated with a reduced risk of dementia
and improved academic performance and decision making [79].
Regarding AHN [23,24], the pro-neurogenic effects of exercise, e.g. in C57Bl/6
female mice, are generally much stronger than those of other classic AHN
stimuli like antidepressants [80] and are usually maintained throughout life
[25,79,81]. Although previous reports had shown that learning-induced AHN
is repressed in rat offspring exposed to prenatal stress [82], little was known
as to how ES affects the later neurogenic response to running. Interestingly,
male mice exposed to ES exhibit a reduced survival of adult born cells, but we
found AHN in female mice to be unaffected by ES [13]. Our current preliminary
evidence suggests that female mice, while seemingly more resilient to ES,
show an altered response when tested under conditions where neurogenic
response is required/recruited, like running. This points towards a lasting
effect of ES on adult neurogenic capacity and responsiveness.
A reduced response to running might have functional implications e.g. for
cognitive functioning; intact exercise-induced AHN is required for improvement
of spatial memory performance [83], and associated with spatial memory
recovery after stroke [84] (but see [70]). Furthermore, running restores the
deleterious effects of ageing [81] and adult corticosterone exposure [85] on
AHN and spatial learning and memory. Thus, if ES indeed reduces the adult
responsiveness to running, this is likely to be maladaptive. ES exposed female
mice exhibited milder cognitive impairments when compared to males [13],
but whether their cognitive functions under more demanding (e.g. stressful)
conditions are affected has not yet been investigated. One could hypothesize
that ES-exposed females might be less responsive to environmental stimuli in
general; not only to positive stimuli as running, but also to negative stimuli,
such as stress at an adult age. In line with the match-mismatch hypothesis
[86], ES-induced unresponsiveness to any environmental stimulus could then
be the result.
To understand how exercise fails to stimulate AHN after ES, it would be
important to first elucidate the molecular mechanisms responsible for the
effects of running on AHN itself. Various biological factors like angiogenesis,
growth factor production, cytokines and various neurotransmitters and
hormones may be involved [87]. When ES-exposed rats are subjected to
exercise, they display a lower corticosterone response to stress than sedentary
ES-animals [88]. Hence it would be interesting to study in future experiments
if ES differentially affects running-induced CORT responses in mice as well.
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To ensure that the difference between Ctl and ES animals is not due to
differences in running activity between the groups, a better assessment of
the duration and frequency of wheel running would be informative, especially
since bodyweight gain was not equally reduced by running in all experimental
groups. However, this requires individual housing of the animals and was not
done in the present experiments as social isolation in female rats impedes the
stimulatory effects of running on AHN [64,89].
So far there is no evidence for an additive effect of running combined with
early MD supplementation. Possibly, an up-regulation of AHN beyond a
certain optimum becomes no longer beneficial (such as in epilepsy [90]) and
is therefore prevented. This hypothesis has also been postulated by Glenn et
al. who found that both prenatal choline supplementation, as well as adult
exploration behaviour increased proliferation, while the combined exposure
to both manipulations had no additive effects [91]. Another reason could be
a depletion of the neurogenic pool: if the MD-induced increase in AHN has an
early onset, that is maintained throughout adulthood, the pool of progenitor
cells might have become depleted by the time the animals are 8-months old
and therefore a further increase of AHN (by exercise) might be impossible.
Based on our proliferation data, the early nutritional intervention seems more
beneficial than adult exercise (as it is increases AHN in both ES and Ctl animals),
but if this is due to i) the type of intervention, or ii) the timing of the intervention,
remains unknown. How permanent endogenous and environmental factors
alter levels of AHN is often dependent on their timing; while the effects of
adult experiences (e.g. adult stress exposure) are often transient [92], factors
early in life can have a long-lasting impact on the adult neurogenic capacity
long after the event has taken place (see [17] for an overview of ES effects).
Similarly, effects of early nutrition can exert enduring effects on AHN [93,94].
This offers an opportunity for early nutritional intervention; for instance, we
have previously shown that early dietary supplementation with methyldonors
could effectively ameliorate the lasting consequences of ES on cognitive
function in male mice (without altering levels of AHN) [54], but the effects of
early MD supplementation on the functional level in female mice remain yet
unknown.

5

Our volume data indicates that adult exercise, but not MD supplementation,
can increase volume of the dentate granular zone in both ES and Ctl females.
However, AHN was only increased in Ctl, but not ES animals. Although increased
DG volume might be causally related to running-induced AHN increments [95],
it is not proven to be exclusively responsible for the volume effects of running,
as new-born cells only account for 1-2% of the total granule cell population
[96] and other factors (e.g. dendritic arborisation and vessel diameter) likely
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contribute to volume changes. Thus, the trend towards the running-induced
volume increase in ES-exposed females indicates that running, compared to
sedentary housing, might exert certain beneficial effects on (some of) these
factors in the ES-exposed brain.

Sex-specific

vulnerability or early - life experiences

Sex of the offspring appears to be a crucial determinant for the effects of
early-life experiences on brain structure: while ES effects on AHN where not
detected in females under baseline conditions [13], these effects become
apparent upon exposure to an additional neurogenic stimulus (e.g. wheel
running). This points to a limited capacity to respond to stimuli requiring
neurogenesis in female ES-exposed mice. It remains to be investigated how
male ES-exposed mice respond to wheel running. We here showed that early
MD-supplementation increases AHN in females while such effects have not
been found in male mice [54]. While ES females clearly are differently affected
as male mice, it remains an important question whether they are indeed
protected and/or maybe more receptive to (nutritional) intervention.
Various studies provide evidence for a female-specific resilience to the effects
of ES on AHN; e.g. stress or glucocorticoid exposure during the prenatal
period reduces neurogenesis in adolescent males but not females [97-99], or
the effects of prenatal stress becomes apparent at a much later age in female
compared to male rats [100]. However, opposite findings have also been
reported (see [16,17]). Possibly, this inconsistency can be explained by the
fact that ES effects on neurogenesis largely depend on the type and duration
of ES, the species examined and on the moment at which neurogenesis is
determined. It would be interesting to investigate what underlies the sexspecific effects of ES on the brain. Gonadal steroids are obvious candidates
and particularly estrogens are thought to have neuro-protective and growth
promoting functions. They can have various effects on newly generated
neurons, which do express estrogen receptors [101]. However, the effects of
estrogens on AHN are complex and both increases as well as decreases have
been reported [102].
Increased insight in the biological basis underlying these sex differences might
not only help the development of sex-specific treatment strategies but might
also provide insight in the mechanisms that underlie the sex differences in
the prevalence of (stress-related) psychopathologies such as schizophrenia
and depression [103]. Further research in this direction will increase our
understanding of hippocampal plasticity over the life span and the effects
of early-life experiences. Together, this might help to develop (sex-specific)
intervention strategies to prevent or reverse the lasting consequences of ES
exposure.
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Abstract
Depression is one of the most common, costly and severe psychopathologies
worldwide. Its incidence, however, differs significantly between the sexes,
and depression rates in women are twice those of men. Interestingly, this
sex difference emerges during adolescence. Although the adolescent period is
characterised by major physical and behavioural transformations, it is unclear
why the incidence of depression increases so dramatically in girls during this
otherwise generally healthy developmental period. Although psychological and
environmental factors are also involved, we discuss the neuroendocrinological
factors determining adolescent vulnerability to depression. In particular, we
address the role of sex steroids in mood regulation, hypothalamic-pituitaryadrenal (HPA) axis maturation and sexual differentiation of the brain, with a
focus on hippocampal plasticity.
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Introduction
Depressive disorders are a major health concern, an important cause of
suicide and, because they affect more than 120 million people worldwide,
they are expected to be the second leading cause of disability in 2020 [1].
According to DSM-IV criteria, major depressive disorder is characterised
by a depressed mood, a loss of interest or pleasure and low self-esteem.
Other symptoms include: disturbed sleep or appetite, persistent feelings of
sadness and irritability, poor concentration, low energy levels and suicidal
thoughts [2]. The severity and duration of these symptoms can vary strongly
among patients. Depression not only severely affects the quality of life of an
individual, but also has major repercussions on his ⁄ her family and social and
work environment.
Several epidemiological studies have established the incidence of depression
in women to outnumber men by a 2:1 ratio [2–4]. Part of this pronounced sex
difference may be contributed for by differences in help-seeking behaviour
and symptom reporting between men and women, with women being more
likely to seek treatment for psychological problems earlier [3], whereas men
are more prone to cope with sadness or depressive symptoms through, for
example, increased alcohol or drug abuse [3]. Although this effect may be
considerable, it is unlikely to fully explain the sex difference in the incidence
of depression because this difference is not only observed in clinical studies,
but also in nonclinical populations [5, 6].
Remarkably, the sex difference in the incidence of depression already emerges
during early adolescence. Preadolescent boys and girls have a similar risk to
develop depression, whereas, during adolescence, the incidence of depression
strongly increases in girls and stays the same in boys [2, 7, 8]. Throughout
adulthood, women have a 50% higher chance of experiencing an episode
of depression than men [4]. To date, the aetiology of this sex difference is
poorly understood and it remains to be elucidated why it emerges during the
adolescent period. In addition to providing a general overview of the main
neuroendocrinological changes during depression, we will discuss putative
neurobiological explanations for the emergence, during (early) adolescence,
of sex differences in the incidence of depression. Although cultural, social and
psychological factors are very important in the aetiology of depression, the
main focus of this review is on the underlying biological factors.

Depression

6

in adolescents

The prevalence of depression in adolescents is approximately 4–8%. The
consequences of adolescent depression vary from failure in society and social
isolation to substance abuse and suicidal behaviour [9]. As many as one-third
of adolescents who suffer from depression attempt suicide [10] and some
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studies even report higher rates [9]. Approximately 4–10% of depressed
adolescents actually die as a result of suicide, which makes depression a major
cause of death among adolescents [1, 10].
In general, the symptoms of adolescent depression are comparable
to those of adult depression, although irritability rather than sadness appears
to be more prominent in adolescents. However, depression in adults often
shows a high comorbidity with substance abuse and sociopathy, whereas
adolescent depression occurs more often in combination with other
psychopathologies such as anxiety, conduct problems and learning disabilities
[2, 10]. In both adult and adolescent depression, recurrence rates are high.
Furthermore, adolescents suffering from depression have a 40% chance of
experiencing a recurrent episode later in life [10]. When adolescent depression
is left untreated, it can persist into adulthood and significantly increase the risk
of developing other psychopathologies [11]. However, it is important to note
that the use of pharmacological antidepressants, such as selective serotonine
reuptake inhibitors in adolescents has become surrounded by controversy,
especially because the use of these drugs in adolescents has been associated
with suicidality (suicidal thoughts, ideation or actions) during the first weeks
of treatment [12].
Up until 20 years ago, evidence-based treatments for adolescents were
practically unknown; nevertheless, antidepressants drugs developed for
adults were administered to adolescents, even though their use may possibly
interfere with brain maturation. For example, mice and rats that were treated
with fluoxetine during the postnatal period (from postnatal days 4–21) showed
increased anxiety and depression-related behaviour when tested drug-free in
adulthood. However, similar effects did not occur as a result of fluoxetinetreatment during adolescence [13]. In a study conducted by Norcross et al.
[14], two different mouse strains were treated with clinically relevant doses
of fluoxetine during the mouse ‘adolescence’ period (between 3 and 7 weeks
of age). When tested drugfree in adulthood, these mice did not express
any behavioural abnormalities and displayed normal fear-, anxiety- and
stressrelated phenotypes [14]. Regrettably, sex was not taken into account in
these studies. By contrast, Hodes et al. [15] revealed that fluoxetine treatment
in rats around puberty (between weeks 4 and 6 of age) did not affect cell
proliferation in either males or females. However, increased hippocampal cell
proliferation was observed in adult males as a result of fluoxetine treatment,
whereas such effects did not occur in female rats at any age or stage of the
oestrous cycle [16]. It still remains to be determined, however, whether such
sex differences in treatment responses are also present in humans.
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The factors that contribute to the sex difference in treatment responses and
incidence rate probably also contribute to the sex difference in depressive
symptomatology. Although the personal experience of depression may
appear largely similar for adolescent girls and boys, clear sex differences in
depressive symptoms have been reported [17], with girls experiencing more
guilt and bodily dissatisfaction, self-disappointment, feelings of failure and
concentration problems than boys, whereas anhedonia, morning depressed
mood and morning fatigue are more frequent in boys [17]. Adolescent girls
also have a higher risk for recurrent periods than boys [3].

Adolescence:

a period of sexual differentiation

Biological sex differences exist at the level of gene expression, hormone
levels, anatomy and behaviour, with some of them already being present
during early development. Sexual differentiation is determined as the process
during which sex differences develop and diverge into male or female specific
phenotypes [8] and starts with early sex determination. Adolescence is an
important developmental period, during which both sexes undergo major
physical, social and cognitive transformations [8, 18], and during which the
divergence between the sexes becomes more prominent. Sexual differentiation
is obvious with respect not only to well-known physical characteristics and
behaviour, but also to the risk of developing psychopathology, and various
psychiatric conditions including eating disorders, obsessive compulsive
disorders, schizophrenia and depression all show clear sex differences in
incidence rate. Notably, they have in common that their first manifestation
often occurs during adolescence [19].
The neuroendocrine system plays a crucial role in the initiation and
completion of these physical ⁄ biological alterations and psychosocial changes.
The maturation of the hypothalamic-pituitary-adrenal axis (HPA) during early
adolescence induces adrenarche (i.e. an increased production and secretion
of adrenal steroids). This process precedes the rise in gonadotrophinreleasing hormone and results in increased release of the gonadotrophins
luteinising hormone and follicle-stimulating hormone from the pituitary.
In turn, these gonadotrophins stimulate the production of sex steroids by
the gonads, causing a sharp increase in oestrogen levels in females and
testosterone levels in males [20]. The increased level of circulating steroids
induces physical changes such as the rapid increase in growth induced by
growth hormone levels and the development of secondary sex characteristics
upon hypothalamic-pituitary-gonadal axis activity.

Sexual

6

differentiation of the brain

In addition to the above mentioned obvious bodily changes, pubertal maturation
also includes sex-specific changes in the neuronal systems that mediate
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cognition, emotion and motivation [21]. Such neurobehavioural changes have
been associated with increased risk-taking, sensation-seeking and reckless
behaviour in adolescents [18]. Little is known about the neuroanatomical
changes that underlie these behavioural alterations, although the brain
undergoes distinct morphological alterations during adolescence, including a
linear increase in global white matter volume and an inverted U-shape type
of development of region-specific grey matter volumes, in frontal, parietal
and temporal brain areas [19, 22]. These neurodevelopmental processes
differ between adolescent boys and girls, with girls reaching peak grey matter
volumes 1–2 years earlier than boys [21], parallel to the earlier onset of
puberty in girls. Total brain size peaks also earlier in girls (at age 11.5 years)
than in boys (at age 14.5 years) [21]. On average, boys have a 9% larger brain
size than girls. However, this sexual dimorphism in total cerebral volume is
not specific to puberty because it can already be observed in neonatal boys
and girls and is consistently found in in vivo imaging studies in both children
and adults [8, 22].
Sexual differences in the size of brain structures in adolescents have further
been found in a voxel-based morphometry study; several brain regions were
found to be larger in boys than in girls: the amygdala, putamen, thalamus,
insula, rostral anterior cingulate and superior temporal gyrus, whereas the
hippocampus, caudate nucleus, caudal anterior cingulated, middle temporal
gyrus and inferior occipital gyrus are larger in girls [22]. Studies in human
adolescents have further indicated that amygdala volume increases significantly
with age in men, whereas hippocampal volume increases significantly with
age in women [21]. The role of sex steroids in the development of these sex
differences in volume during adolescence has received little attention in
humans [19,23]. By contrast, numerous studies using animal models have
shown that volumetric sex differences in the brain are established in response
to changes in steroid hormone levels during development [24, 25]. In rats,
for example, neonatal exposure to testosterone and⁄or oestradiol affects the
rate of apoptosis in certain brain nuclei and results in a greater volume of
the bed nucleus of the stria terminalis (BNST) and a smaller volume of the
anteroventral periventricular nucleus in males compared to female [26, 27].
Also in humans, the role of sex steroid exposure during development appears
to be prominent. For instance, a female-sized BNST, which is 44% smaller in
women than in men, does not appear to be established by exposure to sex
steroids in adulthood but by sex steroid exposure during development [28].
Thus, these studies, in addition to many others, have provided strong support
for the organisational–activational hypothesis that was originally proposed in
1959 by Phoenix et al. [29]. This hypothesis states that sex steroid exposure
during prenatal and early postnatal development sexually differentiates the
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neuronal circuits (organisation), that become activated in adulthood by sex
steroids, resulting in sex-typical behaviours [30]. Ever since the formulation of
the organisational–activational hypothesis, the debate is still open regarding
the hormone-driven sexual differentiation of the brain during various stages
of development.
It is well-known that testosterone plays a crucial role in the sexual differentiation
of the brain during critical periods of late prenatal and early neonatal
development. The removal of testosterone in male rodents and nonhuman
primates in neonatal development (via castration or the administration of
anti-androgens) induces femaletypical behaviour, whereas testosterone
administration to female animals within 24h after birth generates male-typical
behaviour [31]. Testosterone has thus a masculinising and defeminising effect
on the male brain, whereas the absence of testosterone induces feminisation
of the female brain. In addition, ovarian steroids are assumed to play a role
in feminisation [32]. Removal of the ovaries in neonatal or prepubertal rats
changes food-guarding behaviours, in typical ‘male-like’ behaviour, whereas
adult ovariectomy has no effect. Treatment with oestradiol during puberty
could prevent effects of prepubertal ovariectomy on the masculinisation of
food guarding behaviour [30], suggesting that ovarian hormones play an
important role in the feminisation of brain and behaviour during development.
The original view was that sex steroids have organisational effects during
the perinatal period and activational effects in adulthood [29]. However,
new insights suggest that the organisational effects of sex steroids are not
limited to a single critical sensitive period in perinatal development. They can
also occur during adolescence [8, 30] when sex steroid exposure can modify
the brain in a sex-specific manner (Figure 1) as shown in animal studies. In
rats, for example, at least three sexual dimorphic brain regions have been
identified: the anteroventral periventricular area (larger in females), the
sexually dimorphic nucleus of the preoptic area and the medial amygdala
(both larger in males) [33]. A study by Ahmed et al. [34] showed that gonadal
steroids maintained and accentuated these sexual dimorphic brain regions
during adolescence. Male and female rats that were gonadectomised before
puberty and subsequently injected with the cell-birth marker BrdU on three
consecutive days during early puberty, showed lower numbers of BrdUlabelled cells 20 days later in all three sexually dimorphic brain areas, thereby
eliminating the sex differences [34]. Furthermore, Syrian hamsters that were
castrated after the perinatal period of sexual differentiation, but before the
onset of puberty, showed reduced male-typical social behaviour in adulthood
compared to males castrated after puberty, although both groups received
testosterone replacement in adulthood (35).
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These studies have shown that, in contrast to the general view that sexual
differentiation of the brain would take place before birth (in humans), or
extend into the first postnatal week (rodents), the brain can also respond
to gonadal hormones in a sex-specific manner later in development, during
periods when a certain level of plasticity is still present [36]. The question
of whether sex steroid exposure during adolescence has solely activational
effects or both organisational and activational effects as well, remains the
subject of debate. However, studies in both primates [37] and rodents [36]
indicate that completion of the sexual differentiation of the brain may require
pubertal maturation. This suggests that puberty might be an additional
organisational period in brain development.
Sex steroids are involved in several fundamental neuronal processes related
to remodelling of the brain during adolescence, such as axonal sprouting
and dendritic elaboration (important for the formation of new connections)
and apoptosis and synaptic pruning (important for the removal of redundant
neuronal tissue) [19, 34, 38]. Cell migration can be induced in vitro by
administration of oestradiol, whereas administration of dihydrotestosterone
fails to affect cell motility [38]. Animal studies have further revealed sex
differences in the effects of sex steroids on neuronal overproduction and
synaptic pruning. Testosterone supports synaptic pruning in the male
amygdala [39], whereas oestrogen suppresses neuronal overproduction in
the rat prefrontal cortex [39, 40].
Taken together, these findings suggest a crucial role of sex steroids also
in the control of neuronal formation, neuronal and synaptic selection, and
hence in brain remodelling, during rodent adolescence. So far, in only a few
studies, similar effects of sex steroids on brain structure have been found in
boys and girls during puberty. Peper et al. [22] have shown higher oestradiol
levels in adolescent girls to be linked to a smaller global grey matter volume,
whereas higher levels of testosterone in boys corresponded with a larger grey
matter volume. Furthermore, increases in cerebral white matter volume that
occur during adolescence are associated with elevated levels of luteinising
hormone [22]. However, the precise relationship between sex steroid levels
and sex differences in brain structure in human adolescents remains poorly
understood. Insight into the biological characteristics that appear during
adolescence and that distinguish the male from the female brain will provide
a better understanding of the sex-specific expression of psychopathologies
and its aetiology. To better understand the emergence of sex differences in
depression, we should consider risk factors involved in the aetiology of this
disorder, including stress exposure and alterations in sex steroid levels, which
are discussed in the next sections.
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Biological

basis of depression

Depression is a multifactorial psychiatric disorder and its risk is determined by
a complex interplay of social, environmental and biological factors, including
genetics, stressful experiences and hormonal actions on the brain. Although
extensive research has generated a variety of theories on the biological basis
of depression, the precise biological mechanisms underlying depression
remain unknown. Part of the difficulty (as with so many psychiatric disorders
that result from gene-environmental interactions) is the lack of an obvious
neuronal or biochemical substrate and ⁄ or good animal models for the clinical
condition. In 1965, Schildkraut [41] proposed the monoamine hypothesis, a
biochemical theory that states that depression is caused by a functional deficit
in monoamine transmitter regulation, which causes a disturbed noradrenalin
and serotonin transmission that would induce depressive symptoms. Indeed,
evidence exists to show that similar transmitter deficits are also involved in
adolescent depression [42]. A study by Hughes et al. [43] revealed that children
and adolescents (between the ages of 7–17 years) suffering from depression
had the lowest blood levels of 5-serotonin compared to age-matched controls
and age-matched patients with other behavioural disorders. In addition, the
effectiveness of several drugs affecting brain monoaminergic transmission in
alleviating symptoms of depression in adolescents is in line with this theory
[10].
However, this general theory fails to explain why the clinical response to
antidepressant drugs takes several weeks to develop in most patients,
whereas the plasma levels of these drugs are elevated within hours following
administration. Currently, therapeutic effectiveness of antidepressant drugs
are no longer considered to solely result from rapid biochemical effects on
neurotransmission but are assumed to involve slower structural adaptation in
the brain, and part of the therapeutic effects could, for example, be mediated
by drug-induced changes in dendritogenesis and⁄or neurogenesis [44–46].
Novel theories on the biological basis of depression suggest that disturbances
in neuronal or structural plasticity form a crucial component of depression,
as well as of the mechanisms underlying antidepressant drug action [44, 45].
The structural plasticity hypothesis states that structural networks involved in
mood regulation are disturbed in depression [44].

Hippocampal

plasticity

The hippocampus, together with the amygdala and prefrontal cortex, is an
important brain structure in the aetiology of depression. This brain region
is crucially involved in spatial and emotional learning and memory. It is also
important in the regulation of the HPA axis, which plays a key role in controlling
the neuroendocrine feedback of stress hormones [47]. In almost one-half
of all depressed patients, the HPA axis is hyperactive [48] as is clear from
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elevated plasma cortisol levels, increased corticotrophin-releasing hormone
(CRH) and vasopressin expression in the hypothalamus and increased rates of
dexamethason nonsuppressors among depressed patients [48, 49]. Notably,
hippocampal anatomy is sexually dimorphic and represents a sensitive target
for sex steroids because it is richly endowed with oestrogen and other steroid
receptors [9, 22, 44]. Despite this sensitivity and the strong HPA activation in
a majority of patients, not many severe pathological changes are found in the
hippocampus in depression [49–51], except for some alterations in structural
plasticity [52, 53]. Nevertheless, hippocampal volume reductions (10–15%)
are commonly found in depressive patients [54–58]. It has been proposed
that this reduction of hippocampal volume may result from alterations in
neuronal plasticity induced by early life stress [45, 47, 59], possibly in a sexdependent manner [60–62]. As possible explanations for the hippocampal
volume reduction, stress-induced changes in hippocampal neurogenesis [63],
cytogenesis, apoptosis or changes in glial cell numbers have been suggested
to be implicated, whereas also changes in water metabolism or transport can
be involved [45].
Chen et al. [59] recently reported reductions in hippocampal volume in healthy
adolescent girls (between age 9 and 15 years) who are at high familial risk
for depression compared to low-risk girls. Because none of the participants
experienced an episode of depression, the study indicates that reductions in
hippocampal volume may precede the onset of depression and may thus more
likely represent a risk factor to develop depression rather than a consequence
of the disorder, which also may be sex-dependent. Depression may develop not
until stress is experienced. In rodents, exposure to early life stress was found
to affect hippocampal structure in adulthood, resulting in lower hippocampal
neurone and glia numbers [64, 65] and reductions in mossy fibre density [66]
and cell proliferation [67, 68]. Interestingly, although some of these changes
were transient, a sex difference was prominent in many
studies [60, 69].

6

In humans, reductions in hippocampal volume particularly occurin women who
were exposed to early childhood trauma [62]. This underlines the potential
importance of early life stress exposure, at least in women, for vulnerability
to develop depression. Prenatal stress was further shown to reduce dentate
granular cell number only in female offspring [70], whereas various other sexrelated behavioural and structural differences have been reported [71], such
as in various stress and HPA axis parameters [72–75]. These findings indicate
that early life stress (possibly via changes in hippocampus structure and
function) forms a risk factor for the development of stress-related disorders
in adult individuals [76–78] and particularly in women.
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Putative explanations for the emergence of sex differences in adolescent
depression

Although the aetiology of depression remains to be elucidated, current
knowledge provides at least some biological explanations for the emergence
of sex differences in depression during adolescence.
Psychosocial theories
Although the main focus of this review is on biological factors, one should not
underestimate the importance of cultural, social and psychological factors in
the aetiology of depression. Psychosocial explanations for the higher rates of
depression in women include sex differences in stress coping, mother–child
relationships and gender-specific expectations [3, 79]. Another psychosocial
explanation is based on the idea that women have, for social and cultural
reasons, more problems in accepting the physical changes that occur during
puberty than men [3, 79]. It has also been suggested that adolescent girls
have a predisposition to develop depression because of differences in social
cognitive function such as rejection sensitivity [8].
These psychosocial variables may contribute to the higher depression rates
in women, although validating these theories is difficult because a proper
interpretation of the influence of psychosocial factors requires evidence
that such a factor indeed accounts for a substantial portion of the observed
sex differences in depression. It would be challenging to investigate
how sex differences in social behaviour relate to sex differences in brain
development, and very little is known about this. A better understanding of the
neurodevelopmental processes underlying these behavioural sex differences
may provide a key to understand the pronounced differences in the incidence
of depression, and other psychopathologies during adolescence.
Stress exposure
Severe stressors such as harmful childhood experiences, including sexual
abuse and sexual harassment, form predisposing factors for the development
of depression and have been associated with reductions in hippocampal
volumes [59]. Sexual abuse has been associated with the emergence of sex
differences in the susceptibility to depression because it is more frequent in
girls and female adolescents than in boys and the overall rates of sexual abuse
increase significantly for girls between the age of 10 and 14 years.
Another important factor in stress effects is the differential maturation of the
HPA axis during adolescence. Various factors play a role in stress sensitivity
but whether stress exposure has adaptive or maladaptive consequences is
likely to depend on gender, the amount of stress and the developmental stage
during which the stress is experienced [80]. For example, neonatal rats show
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a lower HPA response to stress during postnatal day 3–14, a period referred
to as the stress-hyporesponsive period [81]. Adolescent development has also
been associated with marked changes in stress sensitivity [80]. Limbic and
forebrain regions involved in CRH-mediated HPA axis regulation and stress
responsiveness, such as the prefrontal cortex, amygdala and hippocampus,
continue to mature during adolescence [7]. Basal levels of adrenocorticotrophic
hormone (ACTH) and corticosterone are comparable between early adolescent
(28 days of age) and adult rats (77 days of age) and increase in a similar way
upon an acute stressor (a single 30-min session of restraint stress); however,
stress hormone levels remain elevated 45–60 min longer in juvenile compared
to adult rats, in both females and [82] males [83]. Interestingly, treatment of
juvenile male rats with testosterone, aiming to induce adult-like physiological
testosterone levels, does not change the stress response towards an adultlike response, which indicates that further maturation of the HPA axis during
puberty is essential to establish a more tightly-regulated stress response in
adulthood [83].
The stress response upon repeated stress exposure (30 min of restraint per
day for a period of 7 days) also differs between rats in early adolescence (28
days of age) and adulthood (77 days of age), with juvenile male rats showing
a higher peak in corticosterone levels immediately after restraint but a faster
return to baseline stress hormone levels [47]. Interestingly, female rats do not
show this marked hormonal response upon repeated stress [84].
Recent studies on the behavioural consequence of stress experienced during
adolescence indicate that it induces anxiety- and depressive-like behaviour
[80]. For example, exposure to mild stressors during adolescence leads
to increased depressive-like behaviour in the forced swim task, whereas
exposure to the same stressor in adulthood has no behavioural effects [80].
In addition, Tsoory and Richter-Levin [85] have shown that rats exposed to
chronic variable stress during juvenility (27–29 days of age) or adolescence (34
days of age) show increased anxiety-like behaviour in adulthood. Furthermore,
they demonstrate that helplessness-like behaviours are different between
juvenile-stressed and adolescent-stressed rats, which might indicate that the
exact age at the time of stress-exposure might be important in shaping the
HPA axis [85].

6

In a recent study, Barha et al. [86] showed that chronic restraint stress
in adolescent rats (30 days of age) alters basal corticosterone levels and
hippocampal plasticity in adulthood in a sex-dependent manner. Chronic
stress exposure during adolescence (consisting of 1h of restraint stress
every other day at unpredictable times for a period of 3 weeks), increased
corticosterone levels 60 min after stress exposure in both sexes.
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However, only female (and not male) rats exposed to chronic adolescent stress
have higher corticosterone levels in adulthood compared to nonstressed
controls. Furthermore, in these adult female rats, cell proliferation and
survival in the dentate gyrus of the hippocampus was decreased, whereas,
in adult males exposed to adolescent stress, cell survival was slightly higher
compared to controls [86].
Taken together, these studies indicate that adolescence, similar to perinatal
development, is a critical sensitive period for the effects of stress on brain
modelling. Stress exposure during such sensitive periods of ongoing HPA
axis maturation might programme the brain in a sex-dependent manner and
therefore increase susceptibility to stress-related disorders under specific
conditions later in life. However, stress during development does not always
have maladaptive consequences. For example, early maternal deprivation
is known to change HPA axis activity and neurogenesis in a sex-dependent
manner in early adolescence. When studied at adult age, maternally deprived
male, but not female, rats show poor spatial memory and reduced hippocampal
long-term potentiation whereas emotional memory in a fear conditioning task
and long-term potentiation under stressful conditions were strongly improved
[60]. Thus, stress during development appears to prepare the organism to
perform optimally under similar stressful conditions in adulthood.

Sex

steroids interacting with the stress system

Research in animal models has indicated clear sex differences in HPA
responsiveness in adult animals, including higher levels of corticosterone
and CRH in female rats. These sex differences are associated with sex steroid
feedback regulation on the HPA axis [87]. Ovarian steroids further upregulate HPA activity in female adults. During pro-oestrus, the phase of the
oestrous cycle in which oestradiol levels are the highest, basal CRH, ACTH
and corticosterone levels are elevated and ACTH and corticosterone increase
more in response to stress than during other phases of the cycle. By contrast,
ovariectomy reduces ACTH and corticosterone levels in adult rats, whereas
oestrogen-replacement restores stress hormone levels [87].
In males, but not in females, oestradiol increases corticosteroidbinding
globulin, probably protecting males to the excitatory effects of oestradiol on
the HPA axis by decreasing the amount of free corticosterone [87]. It has been
shown that stress in adult female rats has dramatic effects on spine densities
in the CA1 area of the hippocampus, especially during pro-oestrus when spine
density is high. Although exposure to an acute stressor increases dendritic
spine density (with approximately 30%) and improves learning in adult male
rats, exposure to the same stressor leads to a reduction in the amount of
dendritic spines and impairs learning in female rats [88].
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Androgenised female rats, which were s.c. injected with testosterone
within 24 h of birth, respond to the stressor similar as males: they show a
20% increase in spine density and learn better [89]. The opposite effects of
stress in androgenised females versus cycling females indicate that neonatal
exposure to testosterone is important in programming stress responses in
adulthood. Normally, pro-oestrous females have higher spine densities in the
CA1 than males [88], and the finding that the increase in spine density during
pro-oestrus is prevented by exposure to a stressor suggests that females are
more sensitive to stress when oestrogen levels are high.
Although human adolescence represents a stressful period for both sexes,
stress exposure per se might have a much greater impact on girls than on boys,
especially because it has been shown that androgens inhibit hypothalamic
CRH production. Furthermore, androgen replacement in the medial preoptic
area in gonadectomised rats decreased corticosterone release upon a
stress response [87]. In summary, exposure to stress has different effects in
adulthood than during the adolescent period, when maturation of the HPA
axis is still ongoing. Regulation of HPA function by sex steroids might result
in a hypersensitivity to stress in females, whereas males would benefit more
from the protective effects of androgens.

Sex

steroids interacting with neurotransmitter systems

Next to other sex steroids, oestrogen influences mood and behaviour [4,
5, 42, 79, 90]. Two different oestrogen receptor subtypes (ERa and ERb) are
expressed in the nervous system. In both sexes, ERa expression dominates
brain regions that are important in the regulation of reproductive behaviour,
whereas ERb expression levels are higher in brain regions that are involved
in the regulation of mood, such as the hippocampus [4] and the BNST, a
sexually dimorphic limbic brain region which is crucially involved in longterm,
contextual fear responses and highly responsive to sex steroids [91]. Studies
in rodents have revealed that the ERb receptor subtype is important in the
modulation of depression-like behaviour in both sexes. For example, in
ERb knockout mice, depression-like behaviour is significantly increased.
Furthermore, in gonadectomised wild-type mice, ERb agonists were efficient in
decreasing depression-like behaviour [4].

6

Depressive symptoms have been associated with low levels of oestrogen and
drops in oestrogen concentrations, whereas high levels of oestrogen correlate
with a positive mood [20]. In the literature, reduced levels of oestrogen in
women form a risk factor for depression [42]. However, in adolescent girls, it
is more likely that the sudden appearance of high oestrogen levels coinciding
with an up-regulation of HPA activity (87) relate to negative mood in adolescent
girls. Accordingly, negative mood in adolescents was shown to correlate
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significantly with a rapid increase in oestradiol levels [92]. It is suggested
that once brain and body become mature, they adapt to the new levels of
circulating sex steroids. By then, decreases in oestrogen levels become
relevant in affecting mood, for example in post-partum depression [20].
Furthermore, the initiation of cyclic fluctuations in sex steroid levels at
adolescence has been reported to involve the emergence of depression in
adolescent girls [42]. In girls, the onset of menarche introduces monthly
fluctuations in levels of gonadal hormones and gonadotrophins. Especially in
periods of marked hormonal fluctuations, women have an increased risk to
experience an episode of depression [4]. Fluctuating levels of sex steroids at
adolescence thus induces a major transformation in the hormonal levels in
the the brain, to which the rest of the systems have to adjust [42].
To reveal a role for sex steroids in the psychopathology of depression, we
must understand how sex steroids influence mood and behaviour. Sex
steroids modulate mood by affecting neurotransmitter systems [42, 90] and
the mechanisms by which oestrogen, progesterone and testosterone act on
serotonergic-, noradrenergic-, dopaminergic and GABA-ergic neurones are
increasingly understood. By activation of intracellular receptors, sex steroids
modulate transcription of genes that encode for various proteins including
synthetic and metabolic enzymes for neurotransmitters, neurotransmitter
transporters and receptor proteins for neurotransmitters, neuropeptides and
growth factors (90). Although sex steroids and neurotransmitter systems are
linked in various ways, their interaction is complex and remains difficult to
study, particularly regarding the behavioural effects of sex steroid-dependent
neurotransmitter modulation.
In animal and (to a much lesser extent) in human studies, oestrogen effects on
serotonin neurotransmission have been investigated and oestrogen is known
to interact both with 5-HT1 and 5-HT2a receptors. Ovariectomy decreased
the expression of these receptors, as well as receptor binding. Strikingly,
these effects can be reversed by oestrogen replacement [5]. Administration
of oestradiol in female rodents increases the expression of tryptophan
hydroxylase-2, an enzyme important in the synthesis of serotonin [4].
Furthermore, in ERb knockout mice, serotonin levels are decreased in brain
areas believed to be important in mood regulation [4]. In addition, monoamine
oxidase concentrations, which are important for the enzymatic degradation
of neurotransmitters in the synaptic cleft, can be decreased by oestrogen.
Progesterone has the opposite effect on monoamine oxidase concentration
levels [3]. Although the effects of sex steroids on neuronal transmission are
likely to differ between humans and rodents, animal studies confirm that sex
steroids regulate serotonin receptor expression and can affect mood [90].
182

Sex differences in adolescent depression

STRESS
Higher brain areas
hippocampus, mPFC, amygdala
AR

Androgens

ERa

Pituitary
ACTH

Oestrogens
only males

Hypothalamus
CRH

CBG

Adrenal glands
Corticosteroids

Fig. 2.
Sex

differences in adolescent vulnerability to depression .

Abbreviations: ACTH, adrenocorticotrophic hormone; AR, androgen receptor; CBG,
corticosteroid-binding globulin; CRH, corticotropin-releasing hormone; ER, oestrogen
receptor; mPFC, medial prefrontal cortex.

Conclusions
Various psychological, environmental, social and biological factors are
involved in the aetiology of depression and interact in a complex pattern. Sex
steroids play a crucial role in modulating brain morphology and functioning.
During adolescence, the brain has to adjust to increased sex steroid levels
and (especially in girls) to cyclic fluctuations in these levels. The changes in
sex steroid levels induce alterations in neurotransmitter systems, such as the
serotonergic system, and alterations in sex steroid levels and neurotransmitters
systems can potently, and lastingly, affect mood and behaviour. As such,
changes in sex steroid levels occurring during adolescence may increase the
vulnerability to depression.

6

Especially the effect of sex steroids on the maturing HPA axis makes girls
more sensitive to the effects of stress, whereas androgens appear to play a
protective role in boys (Figure 2). Together with a genetic predisposition and⁄or
psychosocial factors, this may trigger an easier onset of depression in girls.
Thus, the greater prevalence of depression in adolescent girls likely results
from a combination of profound hormonal changes, fluctuations in hormone
levels and psychosocial factors. Furthermore, we have described the possibility
that sex differences in brain structure and function (e.g. sex differences in
neurotransmitter systems or in brain areas important for the stress response)
contribute to the sex difference in the emergence of depression. Whether
similar underlying mechanisms are involved in the emergence of sex differences
in human psychopathology remains to be studied, and longitudinal human
studies in both sexes are required to elucidate a relation between biological
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changes during adolescence and the emergence of psychopathology. Careful
repetitive monitoring of the developmental stage, cognitive and behavioural
variables and hormone levels in a large group of young participants might help
to resolve this question. Although new imaging techniques allow the study of
alterations in brain volume and grey and white matter concentrations, they
might not be sensitive enough to detect sex steroiddependent alterations in
neuronal development because sex steroids are considered to affect the brain
in very subtle ways (e.g. on the cellular level) that are beyond the resolution
and detection level of such approaches.
Animal research can be a valuable tool to clarify the role of sex steroids in
brain development and in the modulation of neurotransmission and HPA axis
regulation. By contrast, establishing the influence of these processes on mood
is more difficult to study in an animal model, and it thus remains challenging
to translate these findings to the human situation. One of the practical
difficulties in doing so is the fact that many animal models of depression have
been developed in male rodents and therefore they may not be appropriate
to model depression in females. By contrast to the pronounced sex difference
in human depression in female rodents, depression-like behaviour is less
evident than in male rodents. For example, in the learned helplessness
paradigm, a commonly used method to investigate depression-like behaviour
in rodents, female rats display less helplessness behaviour than male rats and
gonadoectomy in either males or females does not reverse this sex-specific
behaviour [93, 94]. By contrast, chronic mild stress paradigms have been
described to induce more depressive-like behaviour in female compared to
male rodents [95]. Thus, the strengths and limitations of each animal model
of depression need to be considered to allow the effective use of such a model
for studying sex differences in depression.
A better understanding of the interplay of adolescent brain development
and the modulating effects of sex steroids is needed to explain how sex
differences in the incidence of depression emerge during adolescence. This
will be of great relevance for individual patients and society and may also help
the development of new treatment strategies for these devastating disorders.
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1. Introduction
Early-life experiences can have a life-long impact on mental health. Adverse
early-life experiences (e.g. physical/sexual abuse, neglect, rearing by a drug or
alcohol abusive mother, exposure to war, poverty, illness or institutionalization)
are associated with an increased risk to develop psychopathologies [1,2] and
cognitive impairments in adulthood [3-6]. Although a large body of data firmly
establishes this association between early-life stress (ES) and later-life mental
health outcomes, the underlying biological mechanisms remain largely elusive.
Increasing our insight into the mechanisms implicated in early programming
can aid the development of intervention strategies, which is of importance,
given that exposure to early-life stress (ES) is incredibly common [7], often
difficult to prevent, and currently no intervention strategies are available to
protect a vulnerable population against the lasting consequences of ES.
The main aims of this thesis were to i) gain more insight into the biological
processes at play during the early sensitive postnatal period(s) in life, when
environmental experiences, hormonal influences and nutrition interact and
can confer enduring effects on later brain structure and function, and ii) to
test the efficacy of interventions that are designed based on this knowledge.
We concentrated specifically on the effects of chronic early-life stress (ES)
in mice on the hippocampus, a highly plastic brain region, important for
cognition and for regulation of the stress response. In the first part of this
chapter, we discuss the ES model (section 2) used in this thesis, and address
why neurogenesis was studied as a potential neurobiological substrate of ESinduced cognitive impairments (section 3).
Next we discuss three more general issues relevant for the early programming
by ES, namely: the complexity of the early-life environment, critical timewindows and sex-specific vulnerability. In order to design interventions, it is
crucial to better understand: i) which components of the early-life environment
are key in programming ES effects; ii) if the ES effects are progressively
developing, or whether they irreversibly impact the brain from the start;
and iii) if ES differentially affects males or females. In the second part of this
chapter, we take each of these three questions as a starting point to place
our findings in a broader perspective and address the possible implications
for interventions (sections 4-6). Lastly, we discuss the adaptive significance of
early programming for the longer term (section 7).
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2. Chronic early-life stress in mice; the limited
nesting/bedding material model
In the wild, neonatal mice spend most of their time in a safe and stable nest
while the dam protects them and provides them with food and cues about
their (future) habitat. During the first days of their life, the presence of the
dam thereby represents the primary source of nutrition, warmth and sensory
stimulation for the pups. The quality of the early-life environment is therefore
largely determined by factors embedded in this dam-pup relationship
and can thus also be directly affected by alterations in maternal behavior.
Proper maternal care is in turn dependent on characteristics of the dams’
environment (e.g. food availability, predator pressure, or, in the laboratory
setting, the availability of sufficient amounts of nesting/bedding material)
[8,9]. Maternal care, in mice and rats, is temporally distributed in nursing
epochs, during which the dam gathers her pups in the nest and under her
body to nurse them, while providing short bouts of grooming and anogenital
licking, a specific form of behavior that is necessary to promote urination and
defecation by the pups. Frequency, distribution, duration and quality of the
nursing epochs are essential to maintain the pup’s bodily homeostasis. Each
of these variables can serve as an environmental cue about the pups’ future
habitat.
As an experimentally induced disruption of the normal dam-pup relationship
is very powerful in inducing ES, the limited nesting/bedding material paradigm
was developed [10] and used in this thesis. This model provokes stress in
the dams and fragments her maternal care, which subsequently induces
chronic ES in her offspring. While this paradigm fragmentizes maternal nest
attendance (chapters 2 and 4), it does not reduce the total amount of nursing.
In comparison with other postnatal ES models in rodents (e.g. maternal
separation and maternal deprivation paradigms), the limited nesting/bedding
model induces chronic instead of acute/recurrent stress, and, as the dam
remains present, this is delivered in a more naturalistic manner [11]. Thereby,
the model recapitulates important aspects of human ES situations in which
the stress is typically chronic and often results from abnormal, inconsistent
and/or abusive behavior of a present mother [12].
Importantly, the limited nesting model involves minimal interference by
the researcher; only on the mornings of P2 and P9 the researcher disturbs
the cage. Potential handling effects are thus largely prevented. However,
because of this, daily monitoring of individual parameters (e.g. food-intake,
maternal care, excretion, hormone levels or vocalization) of individual pups is
not possible during the ES period, as this would interfere too much with the
model. This could be important as previous studies have reported within-litter
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variation in the amount of care that each individual pup receives [13], next to
the fact that males seem to receive more maternal care in comparison with
their female littermates [14]. Other practical issues that should be considered
when using this model, include the prevention of bias introduced by e.g.
variation in the prenatal environment and natural variation in maternal care.
In the present research, we took care to control for such confounding factors
by: i) breeding in house; ii) using only primiparous (inexperienced) females
as mothers; iii) limiting litter size to 5-6 pups; iv) observing and quantifying
levels of maternal care; v) including animals from multiple litters within one
experimental group and statistically controlling for litter effects.
In the controlled setting of the laboratory, the limited nesting model represents
a naturalistic stressful early life environment, in all its complexity. In section
4 we address the various components of this complex environment, their
interactions and their role in programming brain structure and function in
early-life. Despite the obvious limitations of rodents to reproduce the full rich
repertoire of human development and cognitive and emotional behaviors,
animal models -such as the limited nesting model- provide important tools to
study the role of early-life experiences in later resilience and vulnerability to
cognitive disorders, and in the underlying neurobiological substrates of such
behaviors. In the next section we discuss our focus on the hippocampus and
hippocampal neurogenesis.

3. Hippocampal neurogenesis
3.1 The

hippocampus , susceptible to early - life experiences

Amongst the most striking long-term effects of ES exposure in humans are
impairments in adult cognitive function [3-5]. These cognitive deficits have
been associated with reductions in volume of the hippocampus [15,16],
a brain region crucial for the formation and retrieval of memories [17,18].
Interestingly, reduced hippocampal volumes have also been found in adults
born with a low birth weight and are very common in ES-associated disorders,
including major depression [19,20], especially in patients with a history of
childhood adversity [21].
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Next to its role in cognition, the hippocampus is involved in the regulation of the
stress response and richly endowed with glucocorticoid and mineralocorticoid
receptors [22,23]. The fact that hippocampal development is not complete at
birth, and that its maturation extends into the postnatal period [24,25] makes
this brain region particularly susceptible to disturbances, or stress exposure,
during this early postnatal period. Indeed, in various animal studies, the
association between ES-induced impairments in hippocampus-dependent
cognitive tasks (e.g. deficits in spatial/object learning and memory) and
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alterations in hippocampal structure and plasticity has been confirmed. The
reported ES-induced alterations range from reduced dendritic complexity,
reduced spine density, and altered electrophysiological properties to
alterations in adult neurogenesis (AN)(see [26] for an overview).

3.2 Hippocampal

neurogenesis as a neurobiological substrate for

ES-

induced cognitive impairments ?

In this thesis, we studied effects of ES on hippocampal adult neurogenesis
(AN). Compared to the generation of new spines, synapses and dendrites,
the formation of completely new neurons, and their functional integration
into an existing adult circuit, can be considered an extremely plastic change
that enables the adult brain to adapt to its environment. Hippocampal AN
does not just ‘replace’ old neurons, but rather adds new ones to an existing
circuit. A full understanding of the functional relevance of hippocampal AN
is still developing; some consider AN an evolutionary ‘leftover’, or remnant
of delayed postnatal development, whereas others show that the seemingly
small fraction of newly generated neurons can contribute significantly to
hippocampal functioning.
There is accumulating evidence indicating that increases in AN are associated
with enhanced cognitive performance [27-29], while suppression of AN is
paralleled by reductions in learning and memory [30-32]. In addition, the newly
generated, young neurons are more excitable than mature granule cells [33],
located in a strategically important location of the trisynaptic cicruit, and are
preferentially recruited upon (behavioral) activation of the hippocampus [34].
However, it remains a challenge to causally prove the behavioral relevance of
AN per se [35]. Neurogenesis has now been implicated in; pattern separation
[28,36], memory processing, memory clearance, reduction of interference
and forgetting [37,38]. While small numbers of cells can be functionally
implicated in such complex behaviors, evidently, a single behavior never
depends exclusively on one single form of neuronal plasticity and other forms
of plasticity often contribute as well.
In chapter 2, we focused on the behavioral relevance of (altered) neurogenesis
in (ES-exposed) mice. We studied if ES alters AN, and questioned if this could
be one of the neurobiological substrates of ES-induced cognitive deficits
by testing if AN correlates with, and statistically accounts for, changes in
cognitive functions. We showed that ES reduced survival of newborn neurons
without altering levels of proliferation and differentiation, consistent with the
idea that it is not the absolute levels of cell proliferation (which are largely
determined by age), but rather the altered levels of newborn cell survival that
might underlie the adaptive response that fine-tunes hippocampal plasticity
[39].
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We showed that spatial memory in the object location task and in the
Morris Water maze probe trial is AN-dependent, establishing covariation
between neurogenesis and performance in these behavioral tasks. However,
performance in the object recognition task, also impaired by ES, was not
correlated with the survival of newborn neurons, indicating that this task is
not, or less AN-dependent. Indeed, in chapter 4, after dietary intervention,
the lasting reduction in neurogenesis persisted as well as the impaired
performance in the AN-dependent object location task, while performance
in the AN-independent object recognition task was no longer found to be
impaired after ES. This indicated that intact object recognition can occur even
with reduced levels of AN. However, others have reported that the object
recognition task is AN-dependent [30], albeit in a slightly different behavioral
testing paradigm, and when using rats instead of mice. In line with our findings,
hippocampal lesion studies have shown that the hippocampus is crucial for
recognition when the memory concerns a spatial or temporal component (as
in the object-location task) but not for recognizing object familiarity (as in the
object recognition task) [40].
Our findings indicate that hippocampus-dependent learning and memory (at
least partly) depends on neurogenesis. While neurogenesis is most likely not
the only form of hippocampal plasticity that contributes to cognitive function,
it remains important, considering that neurogenesis is strongly modulated by
life experience and could be used as a good indicator of health status of the
brain, particularly in mice, as explained below.

3.3 Why

study neurogenesis ?

Neurogenesis has been demonstrated in a wide range of species [41],
including humans [42-44] and it is abundant in rodents. The fact that
neurogenesis is strongly modulated by environmental factors, indicates that
it might be relevant for adaptation and for maintaining homeostasis of the
brain [45]. Interestingly, various environmental factors that negatively affect
neurogenesis (e.g. stress, sleep deprivation and inflammation) have also
been implicated in the pathophysiology of mood disorders [46]. In addition,
alterations in neurogenesis likely contribute to the hippocampal (cognitive)
aspects of psychopathologies like schizophrenia and neurodegenerative
disorders [47]. In this thesis we showed that early-life experiences modulate
neurogenesis and adult neurogenic capacity. As ES increases susceptibility
to several psychopathologies [48,49], it can not be excluded that this is
(partially) mediated by altered levels of neurogenesis. In addition, an extra
reason to study this particular form of hippocampal plasticity is to learn how
neurogenesis is modulated as this might contribute to novel therapeutic
strategies for structural brain repair, e.g. to replace neurons lost due to stroke,
injury or neuro-degeneration.
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It is interesting to consider that neurogenesis might reflect a different relevance
for brain function and species-specific behaviors in rodents compared to
other mammals. In fact, rodents have a relatively short life (± 2-3 years) and
accordingly they can already reproduce relatively early in life (around 3-4
weeks of age), when levels of neurogenesis are still relatively high. This is in
contrast with longer living mammalian species, like primates, in which such
critical events occur later in life, when the number of proliferating cells in the
hippocampus is already drastically diminished [39]. Therefore, high rates of
neurogenesis in rodents might possibly be needed for behavioral flexibility
required during major life-events associated with adolescence and early
adulthood. Interestingly, natural behaviors such as sexual reproduction [50,51]
and mother- [52,53] and parenthood [54] indeed modulate neurogenesis in
rodents. The fact that neurogenesis seems involved in behaviors critical for
the existence of the species suggests that its functional relevance extends
beyond the scope of spatial memory alone.
Understanding how ES affects relevant neurobiological processes in the
mouse might help us understand the mechanisms via which lasting effects
are exerted on brain structure and function. Therefore, we first need to
comprehend which components of the early-life environment are critical.

4. The neurobiology of early-life stress
4.1 Beyond

maternal care

Similar to the human situation where the early environment encompasses
multiple elements, models disrupting the mouse dam-pup relationship
(described in section 2) alter many key components of the early-life
environment at once; in these models, no single factor acts alone. This
makes it difficult to disentangle the separate contributions of the individual
components. The challenge of understanding early-life programming is not to
isolate the influence of one component, while ruling out all others, in stead,
the challenge is to define the interactions between the various components
and understand how modification of one factor will influence the other(s).
The complexity of mother-infant interactions has long been recognized by
human developmental researchers [55] and goes beyond (just) the quantity of
maternal care. Whereas in a large body of rodent literature, the physiological
and behavioral outcomes of ES are often still attributed to alterations in
maternal care [13,56-59], more and more preclinical researchers argue against
the maternal mediation hypothesis [60] by acknowledging that variation
in maternal care alone cannot explain all the effects of ES on HPA-activity
and brain function [9,61]. Accordingly, as we proposed in chapter 1, early-
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life experiences are modulated by multiple interacting variables that largely
influence each other, including also (maternal) stress hormones and nutrient
availability.

4.2 Essential

micronutrients in early - life

Despite the intense cross talk between the stress and metabolic pathways
[62], the role of early nutrition has so far been largely ignored in the context
of ES programming. In this thesis the role of (micro-) nutrient availability in
the programming effects of ES was one of our main interests, for the following
reasons. First of all, nutrition (in the form of maternal milk) provides the
building blocks necessary for growth and development of the pup and also
delivers the enzymes and cofactors needed for many biochemical processes.
Notably, this includes the epigenetic machinery, which has been implicated
in the lasting effects of ES (see section 5). Secondly, nutrition also conveys
environmental cues about the pup’s (future) habitat. Thirdly, and most
importantly, understanding how nutritional elements contribute to early
programming can result in the development of novel nutritional intervention
strategies, which are, in comparison with e.g. pharmacological treatments,
relatively cheap, easily applicable and non-invasive.
Once we had developed a novel method to measure the micronutrient content
of milk, plasma and hippocampal tissue of mouse pups (see chapter 3), we
could test if ES alters micronutrient availability in the periphery and brain of
the offspring. Moreover, we could study if nutritional intervention can exert
beneficial effects on brain structure and function. In chapter 4 we showed
that the limited nesting/bedding material paradigm not only elicited increased
HPA-axis activity in pups, but also altered their nutritional status; specifically,
it reduced methionine concentrations in plasma and brain. It remains to be
fully elucidated how ES exerts this effect on the micronutrient status of the
pups, but possibly ES: i) diminishes the net intake of maternal milk; ii) impairs
the uptake of these nutrients; iii) reduces bioavailability of these nutrients;
or a combination of these factors. Interestingly, clinical studies suggest a
positive association between high cortisol levels and high homocysteine levels
(a hallmark of low vitamin B status) in healthy adults [63] and in patients with
Cushing’s disease, which have very high cortisol levels [64,65].

7

Our findings that ES alters central and peripheral methionine availability and
that restoration of methionine levels via dietary supplementation prevents
some of the ES-induced cognitive impairments, support our hypothesis that
nutritional elements are important for programming brain structure and
function. Indeed, vitamin B6 and B12, folic acid, choline, betaine and methionine
deficiencies are associated with altered brain development and function.
Gestational folic acid deficiencies are further associated with reduced
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proliferation and increased apoptosis in the fetal mouse hippocampus
[66,67]. Similarly, insufficient maternal choline levels during gestation alter
angiogenesis and DNA methylation patterns in the fetal mouse hippocampus
[68,69]. Vitamin B deficiency during gestation and lactation has further been
associated with increased apoptosis, disturbed neurobehavioral development
[70] and impaired olfactory performance [71]. So far, most studies focused on
the effects of methyldonor deficiencies during gestation (and sometimes also
lactation).
In chapter 4, we show for the first time that a short period of ES-induced
decreased methyldonor availability possibly contributes to the cognitive
impairments in adulthood observed after ES-exposure, and that restoring
these deficiencies via diet has beneficial effects. It is however remarkable that
our diet does not seem to affect levels of neurogenesis neither postnatally
nor in adulthood in male mice (chapter 4). However, we have a first indication
that this might be different in female mice where MD-supplementation seems
to boost proliferation in control as well as ES exposed adult mice (chapter 5).

4.3 Essential

micronutrients and the

HPA-axis

Strikingly, restoration of the pup’s nutritional status via maternal dietary
supplementation prevented the increased HPA-axis activity in the pups (i.e.
the rise in corticosterone and the associated adrenal gland hypertrophy),
but did not prevent the fragmentation of maternal care. Thus, maternal care
depends on the amount of nesting/bedding material in the cage, but not on
methyldonor content of available food/water. This might be very different in
studies addressing the effect of malnutrition or dietary insufficiencies; for
instance, it has been shown that protein malnourished dams exert less licking
and grooming behavior and show more often cannibalistic behavior than
control dams [72].
Thus, while fragmentation of maternal care normally elicits increased HPA-axis
activity in mice [10,73] or rat [74] pups, this no longer occurred in methyldonorsupplemented mice. This implies that methyldonor status can directly influence
the HPA-axis. In chapter 4, we also showed that MD supplementation increased
hippocampal GR expression in control pups. Increased GR expression in the
control MD pups, which enhances glucocorticoid feedback sensitivity, could be
a result of indirect regulation of adrenal function, or of the direct action of the
diet in the brain. The fact that MD diet affected ES-induced circulating CORT
without affecting GR expression would support the indirect trajectory. We
could however not detect a significant reduction in CORT levels in control pups
that were fed a supplemented diet when compared to those fed a standard
diet. This could be due to a floor effect, as CORT levels in control pups are
already very low and approach the lowest detection limit. Further research is
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needed to unravel the mechanisms via which methyldonor supplementation
modulates the HPA-axis.
Although quite some work has been done on effects of glucose and energy
metabolism on stress hormones [75-77], much less is known on how
methyldonors or related micronutrients and amino acids can affect HPA-axis
functioning. For example, consumption of a protein rich meal in humans has
been found to increase adrenal cortisol secretion [78,79], but since intravenous
infusion of amino acids failed to elevate circulating glucocorticoids, this
effect has been attributed to an indirect signal from the GI-tract [80] rather
than a direct effect on adrenal function. In order to circumvent a possible
effect of peripheral signals, future studies could employ central infusion of
methyldonors in the hippocampus to address the direct effects of increased
hippocampal methyldonor availability on HPA-axis activity [81]. How exactly
micronutrient status affects HPA-axis activity remains unclear and await
further investigations.
Another manner via which changes in methyldonor availability might affect
circulating glucocorticoid levels is via epigenetic modification of genes
regulating the HPA-axis. Because methyldonors are so important for the
one-carbon metabolism and thus for DNA-methylation reactions, we tested
if altered methyldonor availability results in altered DNA methylation status.
Once we established that MD-diet did not drastically affect global DNAmethylation levels (see chapter 4), we specifically studied NR3C1 promoter
methylation, as this GR-encoding gene can be epigenetically modified in the
context of ES exposure and variations in maternal care, in rat hippocampus
[82] and mouse hypothalamus [83], as well as in humans that were exposed
to childhood stress [84,85] or to prenatal maternal depression/stress [86-88].
Importantly, several studies report that alterations in peripheral NR3C1
methylation status are induced by dietary conditions in perinatal life. For
instance, increased choline intake in pregnant women is found to reduce fetal
and neonatal circulating cortisol levels, by altering methylation status of CRH
and NR3C1 [89]. In addition, protein restriction alters NR3C1 methylation in rat
liver [90,91]. However, in line with our current findings on postnatal methyldonor
supplementation (chapter 4), prenatal methyldonor supplementation was
not found to alter the methylation status of the hippocampal NR3C1 in the
offspring [92]. It remains to be investigated if NR3C1 methylation might be
altered in other brain regions and/or in the periphery. Furthermore, it awaits
further investigation whether other genes that (in-)directly regulate HPA-axis
activity are epigenetically modified by methyldonor supplementation and if
so, what determines the specific, and selective vulnerability of certain brain
regions and genes to epigenetic programming by early nutritional components.
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In conclusion, while there seems to be a bidirectional association between
methyldonor availability and HPA-axis activity, the exact link between the two
remains to be determined. Our findings do not allow us to conclude whether
the beneficial effects of methyldonor supplementation on cognitive function
are (exclusively) mediated via suppression of HPA-axis hyperactivity in earlylife, or whether also other (direct) actions of methyldonors on neuronal
plasticity (other than neurogenesis) and brain development are involved as
well.

4.4 Glucocorticoids,

not the only mediators of

ES

effects

Despite a suppressed HPA-axis activity, only some of the behavioral
consequences of ES were prevented by methyldonor supplementation.
This remains striking as most ES literature suggests that the programming
effects of adverse early-life experiences are largely attributed to their
influence on corticosterone levels. Glucocorticoids (GCs), are key in driving
changes in gene regulation important for growth, development and adaptive
programming in response to stress [93]. Thus, excess GC-exposure during
sensitive developmental time-windows is likely to disrupt the normal
developmental trajectories and may result in (an altered vulnerability to)
pathologies later in life. However, we show that although the ES-induced rise
in GCs was prevented, some ES-induced effects remained, including increased
postnatal neurogenesis, reduced DG volume, reduced adult neurogenesis and
hippocampus-dependent cognitive impairments in MWM probe and object
location memory. This suggests that increased GCs levels are not implicated
in all (lasting) ES effects and that some domains of cognitive functions might
be more dependent on levels of circulating stress hormones than others.
Next to the role of environmental and nutritional elements, other important
signaling molecules (not addressed in this thesis) could be implicated in early
brain programming, for example: corticotrophin releasing hormone (CRH) and
prolactin. In response to ES, expression of CRH increases in the hippocampus
[94-96], and infusion of CRH into the brain of neonatal rats mimics some of the
long-term ES effects, even when GCs levels are clamped at physiological levels
[97]. In addition, antagonism of the CRHR1, but not GR, was shown to normalize
hippocampal synaptic plasticity [98] and hippocampal function [94,95] after
ES exposure. Furthermore, conditional CRF-R1 knockout mice subjected to
chronic ES exhibited restored hippocampal plasticity and cognitive function
[99]. Together, these findings strongly support the notion that CRH alterations
are critically involved in early programming of hippocampal structure and
function.
Another factor is prolactin (PRL), well known for its peripheral effects on
the mammary glands to initiate and maintain milk production. It also exerts
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central effects as it can reach the brain via receptor-mediated transport
in the choroid plexus or local neuronal release in the hypothalamus [100].
PRL is implicated in the regulation of maternal behavior and its release and
(hippocampal) receptor expression is particularly high during the postpartum
period [101,102]. Interestingly, PRL is released in response to stress exposure,
able to module HPA-axis reactivity and was shown to rescue hippocampal
neurogenesis in chronically stressed adult mice [100,102].
Next to these examples, various other signaling molecules (e.g. cytokines,
neurotropic factors, hormones, neuropeptides and nutrients) might play a
role in early brain programming. Most of them are viewed as separate entities,
whereas actually these factors are interrelated and their action might converge
on the same cell and contribute in a synergistic manner to the consequences
of ES. In neuroscience we often aim to model one single gene or molecule
(in a specific cell type within a specific brain region) in order to study effects
of a single factor on brain structure and function. While these reductionistic
approaches help to understand the biological mechanisms contributing to
brain function, an integrative approach might better represent the reality,
where various biological processes in the organism are linked to critical
components of its environment. Here, we made a first step by acknowledging
that nutritional factors and their actions are embedded in a complex network
of environmental and endogenous elements, which can synergistically affect
the brain at multiple levels.

4.5 Maternal

dietary intervention as a tool to prevent lasting

ES-

induced effects ?

In chapter 4 we showed that nutritional intervention with a specific group of
micronutrients during the ES exposure is able to prevent ES-induced cognitive
impairments in adulthood. While, the lasting beneficial effects of early
methyldonor supplementation on adult cognitive function have never been
shown before, several studies using acute designs have shown restorative
effects of methionine, methionine-choline or SAM supplementation on
cognitive impairments [103-105]. For instance, lead (Pb+) exposure-induced
learning and memory impairments in the MWM can be ameliorated by
prolonged treatment with methionine choline (60 days) [104] or SAM (22 days)
[105] in adult rats. In addition, cognitive deficits in contextual fear conditioning
and object location, associated with epilepsy, could be reversed by a single
I.P. methionine administration in adulthood [103], an effect associated with
an increased methylation of the bdnf gene in the hippocampus, but without
alterations in global DNA methylation levels. While the exact mechanisms via
which methyldonor supplementation exerts its beneficial effect on cognitive
functioning remain elusive, this confirms that methyldonors can restore
cognitive abilities. As it was our goal to prevent ES-induced effects, by helping
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the organism to cope with the stress exposure, we restored methyldonor
levels in the pups during the ES-period by increasing MD-content of the
maternal milk. Below we will discuss the potential of this approach for clinical
implications.
So far, studies testing the effects of maternal dietary intervention, have often
focused on the role of a single nutrient. Classic examples are studies showing
the importance of folic acid fortification during gestation to prevent neural tube
defects. These studies have resulted in global recommendations for pregnant
women to increase their folic acid intake [106]. Instead of fortification with
one single nutrient, our postnatal nutritional intervention in mice enriched
the maternal diet with several micronutrients, including folic acid, choline,
L-methionine, zinc and B vitamins). While this approach does not allow to
disentangle the separate contribution of each nutrient to the beneficial effects
it is effective, possibly because all components of the 1-C metabolism interact
and largely depend on each others availability as cofactors or substrates [107].
In the human population, nutritional deficiencies are often not restricted
to a single micronutrient. In fact multiple micronutrient deficiencies are
quite common, not only in developing countries (where they often result
from inadequate dietary intake), but also in industrialized countries (e.g. as
the result of a vegan life style) [108]. Therefore, improvement of maternal
nutritional status during gestation and lactation (by improving the quality
of maternal food or providing micronutrient supplements) is increasingly
being recognized as a feasible evidence-based intervention to improve child
health around the world [108]. As breastfeeding gives the most optimal health
outcomes for both infant and mother [109] by facilitating the transmission of
nutrients, hormones and cytokines from mother to child as well as through
skin-to-skin contact, dietary supplementation of lactating mothers might also
have more advantages than supplementation of the child alone. In case of
maternal supplementation, both mother and infant will benefit, it is safer than
supplementation directly to the child and it can supply the infant with the
most bioavailable form of the nutrient [110]. Next to this, modified nutrition
is non-invasive, home-based and relatively cheap and therefore also a very
practical intervention.
So far it is unknown if stress exposure affects micronutrient status in humans.
Recently, we started to study the relation between stress and maternal milk
composition in humans. This might raise more awareness of the importance
of key micronutrients in early life, especially in the stressful setting of the
neonatal intensive care. Hopefully this knowledge will further improve clinical
settings with the aim to reduce stress and optimize nutrition of both mother
and child.
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Our current findings suggest that nutritional intervention is able to ameliorate
ES-induced cognitive impairments in adult mice, even when it occurs only
during a short period in early-life. If the postnatal period from P2-9 forms
a critical time-window in which treatment has maximal efficacy, or whether
an extended nutritional intervention would even have more drastic effects
remains to be established. In the next section we will address the direct
and lasting effects of ES on the brain and how this knowledge can help us
determine critical time-windows for (nutritional) intervention.

5. Manifestation of ES effects: acute and long lasting
or progressive?
We have shown that chronic ES impairs cognitive function in adulthood. We
further questioned whether ES changes the brain early on, and acutely affects
the developmental trajectory, or whether the changes develop more slowly,
in a progressive manner. Are such ES effects then permanent or can they be
prevented by treatment? If so, what would be the optimal time to intervene;
should treatment occur in early-life, or can later-life interventions be as
effective? In order to answer these questions we studied both the direct and
lasting effects of ES on hippocampal structure and HPA-axis activity and we
used two different types of intervention: nutritional supplementation during
early-life (chapter 4) and exercise in late adulthood (chapter 5).

5.1 Disturbed

development or compensatory response ?

A critical developmental period represents a time-window in which important
organizational processes occur in a strict, well-timed order that can mostly not
be reversed or repeated at a later time point. Therefore, disturbances during
these time-windows generally have drastic and lasting consequences [111].
Indeed, while the effects of chronic stress exposure in adulthood are mostly
reversible, e.g. after appropriate recovery times [112], the effects of chronic
ES are found to be long lasting even when early alterations in bodyweight gain
and HPA-axis activity have long been normalized.
As devised originally in the Baram lab, the limited nesting mouse model
runs from P2-9 (actually, initiation of the model before P2 typically results
in cannibalism by the dam and is therefore not feasible (Baram, personal
communication). Modified versions of the model that run from P3-8 [113]
or P8-12 [114] have been developed (in rats) and it appears that the timing
and duration of the ES period critically determine which lasting effects are
observed [11], most likely because of the different developmental processes
that are at play at different postnatal time points. The period from P2-9, i.e. the
ES period used in our studies, coincides largely with the critical developmental
period during which the mouse hippocampal DG is formed. In the mouse, the
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very first granule cells of the mouse DG are generated before birth (E17-22),
but most of the DG is actually formed postnatally; at P5-7, proliferation in the
DG peaks to generate the majority of the granule cells as well as the future
neurogenic niche [115]. Its maintenance appears essential for life-long adult
neurogenesis.
It is however important to realize that brain developmental trajectories not
only differ between brain regions, but also across species. Mice are born with
a relative underdeveloped hippocampus compared to humans; hippocampal
development-wise, the first postnatal week in mice corresponds with the last
trimester of gestation in humans [116]. Hence, the consequences of chronic
postnatal stress exposure on hippocampal development in mice might be
most comparable to consequences of prenatal stress exposure in humans.
Admittedly, careful consideration of species differences is required in order to
extrapolate our findings from mice studies to a human context.
In chapter 2 and 4, we showed that ES had both acute and lasting effects on
the hippocampal DG. These included: a lasting volume reduction; an acute
increase in developmental neurogenesis and a lasting reduction in longterm survival of developmentally-born neurons, as well as a (male-specific)
reduction in the survival of newborn cells in adulthood associated with
impaired cognitive function. While others have reported direct reductions
in postnatal neurogenesis as a consequence of other forms of ES [117-119],
several studies in rats have established a similar age-dependent biphasic
effect of ES on neurogenesis with a transient increase in proliferation [120]
and differentiation [121] in young animals and a lasting decrease in levels of
proliferation and differentiation in adulthood [121-123]. Possibly, the biphasic
nature of these effects can be explained by a depletion of the neurogenic stem
cell pool due to the increased neurogenesis at younger ages (possibly as a
compensatory mechanism to protect against the effects of ES).
Although we have not found reductions in proliferation at P150 (chapter 2)
and P265 (chapter 4) in ES-exposed mice, it is possible that such effects are
only detectable much later in life, and/or under specific conditions, such as
exercise or specific challenges. We have addressed this to some extent in
chapter 5, where we exposed the seemingly resilient ES-exposed female mice
to running, a condition known to increase levels of neurogenesis. In fact, our
preliminary indications suggest that ES reduces the proliferative response to
running.
It is also possible that the difference in postnatal neurogenesis at P9 is not
explained by an increase in the net number of proliferating cells in early-life,
but rather by a deviation from the normal sequence of DG development.
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Assessment of postnatal neurogenesis at multiple other time points within
the first two postnatal weeks would be necessary to reveal how ES affects
DG development and could demonstrate whether or not the increase in
neurogenesis at P9 is the result of a delayed, mis-timed peak in developmental
neurogenesis (which occurs around P5-7 under normal conditions).
The lasting effects of ES on behavior were profound at 5 months of age, a
time point during which lasting DG volume reductions and a reduced survival
of newborn neurons occur as well (see chapter 2 and 4). We did not address
acute effects of ES on cognitive function in pups as this is practically challenging
in animals this young, and rodents are not able to perform most tasks until
they are weaned [124]. Although we did not study at what age the cognitive
impairments appear for the first time, studies by others have indicated that
cognitive impairments in ES-exposed mice are not present before 4 months
of age (Baram et al. and L. Hoeijmakers, personal communication). In rats, the
cognitive deficits were found to be prominent at 12, but not yet at 4 months
of age [125]. Also from clinical studies it is known that a developmental insult
may not manifest as impaired cognitive function until much later in life [124].
This is probably because the compensatory abilities of the brain diminish
with age due to age-related reductions in various measures of neuronal
plasticity. Indeed synaptic plasticity measures, such as LTP in CA3 and CA1
[125], dendritic complexity of CA1 pyramidal cells [125] and neurogenesis in
the DG are reduced with age parallel to the ES-induced behavioral deficits. It
would however be very interesting to determine at what age the ‘tipping point’
occurs, and what factors determine this. As we have shown, ES also affects DG
development, prevention of the direct effects on DG structure might diminish
the lasting effects on hippocampal structure and/or prevent the acceleration
of age-related cognitive decline. In the next section we discuss the efficacy of
such early interventions.

5.2 Timing

of intervention ; the sooner the better ?

First of all, we questioned if nutritional intervention could support optimal
brain development despite ES-exposure. We considered the possibility that
the ES-induced reduction in methionine availability in the pups had induced a
‘delay’ in brain development. Omission of the essential amino acid methionine
can limit protein synthesis, which is required for growth and formation of
new cells, and which might hamper the formation of enzymes, neuropeptides
and neurotransmitters, which convey important developmental signals. In
addition, (protein) malnutrition in humans has been associated with reduced
growth and delayed development of motor and learning abilities [126].
However, our 7-day postnatal dietary supplementation restored methionine
levels at P9, but was not able to prevent the reduction in DG volume, nor
the increase in postnatal neurogenesis at P9, indicating that either reduced
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methionine availability was not (exclusively) responsible for these specific
effects, or that our dietary intervention was not able to restore nutrient
levels from the start of the ES period (as we only measured nutrient status
at P9). Importantly however, our short and early nutritional intervention was
already able to prevent some ES-induced cognitive impairments, suggesting
that nutritional elements during the ES period can modulate the structural
and functional consequences of ES. Whether nutritional intervention can also
prevent ES-induced alteration in plasticity (other than neurogenesis) remains
to be determined. Since interventions during the critical developmental time
windows might not always be feasible, it would also be important to investigate
if interventions later in life could be used to restore hippocampal structure
and function.
Interestingly, opportunities for later-life intervention seem to exits, for instance
during the (rat) pubertal period when also the response to stress later in life
can still be (re-)programmed [127]. As another example, brief treatment with
the GR antagonist mifepristone (during P26-28), which had previously been
shown to normalize GCs-induced suppression of neurogenesis [128,129],
was able to prevent the effects of maternal deprivation on neurogenesis
[130]. Thus at least P26-28 likely represents a critical period during which
several developmental processes are ongoing. As discussed in chapter 6, the
adolescent period seems to be a sensitive period in programming later mental
health [131,132].
As some of the ES effects do not occur until late adulthood, it would be
interesting from a preventive point of view to address if the ES-exposed brain
is still responsive to behavioral interventions during this phase of life. In a
first attempt to answer this question, we studied in chapter 5 how ES affects
neurogenic capacity in response to voluntary wheel running in late adulthood.
The stimulatory effects of running on neurogenesis in rodents have been
well-established [133,134]. They are present in males and females, usually
maintained throughout the full life span [135,136] and are also effective in
animal models of neurodegenerative disorders [137] or Down syndrome
[138]. Interestingly, our data suggest that the (beneficial) effects of running
are however absent in 8-month old ES-exposed female mice, which points
towards a lasting effect of ES on adult neurogenic capacity in (late) adulthood.
When considering the translational value of these findings one should keep
in mind that the experience of running will be different between humans and
rodents (especially those that are kept in captivity). However, this study was
not meant to determine if intervention via physical activity per se could be
beneficial but rather aimed to determine if behavioral interventions in late
adulthood can still affect neurobiological processes in a brain that has been
programmed in early-life.
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In chapter 5, the early nutritional intervention seems more beneficial than
adult exercise (as it increases neurogenesis in both ES and Ctl animals), but if
this is due to i) the type of intervention, or ii) the timing of the intervention,
remains to be established and it would therefore be interesting to also
investigate the effectiveness of nutritional intervention during late adulthood.
Together, our findings indicate that while the right interventions at the right
time can ameliorate some effects of ES on the brain, ES exposure remains
a powerful life event that programs some aspects of brain structure and
function for life.

5.3 Epigenetics:
pression ?

can environmental factors lastingly affect gene ex -

It remains intriguing how a relatively short period of stress can exert such
long-lasting effects on later brain structure and function. In the last decade
many studies have suggested that the early environment leaves a permanent
epigenetic mark on certain genes, lastingly altering their expression which
would result in profound changes in brain structure and function [82,139-143].
Initially, the epigenetic marks made in early-life (especially DNA-methylation)
were considered to be very stable and therefore a likely candidate to lastingly
affect gene expressing and only certain interventions appeared to be able
to reverse them [144] (e.g. pharmacological treatment with HDAC inhibitors
[82], but also dietary folic acid supplementation [91] and central infusion with
L-methioine [81]).
Nowadays however, more and more reports show that epigenetic
modifications are more dynamic and can even be short-lasting or transient
[145] and an initial event might induce a cascade of epigenetic modifications
that can subsequently change with time. As an example, prenatal exposure to
glucocorticoids induces very different changes in DNA methylation and H3K9
acetylation in guinea pig hippocampus when studied 24 hours or 14 days after
treatment [146]. The mechanisms by which potentially dynamic epigenetic
modifications in DNA and histone methylation states become stable remain
largely elusive. In addition, we do not understand yet what is it that actually
triggers these epigenetic mechanisms. And in addition to a full appreciation
of their various consequences, what makes these modifications specific for
certain brain structures? More so, what makes only certain genes susceptible
for epigenetic modification, next to its nucleotide sequence (e.g. CpG density)
that determines the capacity for epigenetic regulation [145]?
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Whether epigenetic mechanisms are involved in the persistent cognitive
impairments in mice exposed to the limited nesting/bedding paradigm was
not elucidated. In chapter 4 we made a first step in this direction and found
that ES and methyldonor supplementation did not lastingly affected global, or
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NR3C1 specific DNA methylation patterns in the hippocampus suggesting that
epigenetic changes are not strongly altered in this model. Further research
is needed to reveal if epigenetics indeed play an essential role in mediating
the lasting effects after ES in general and to understand what makes these ES
changes model-specific.

6 Sex –specific vulnerability
The next issue we want to address is whether a sex-specific vulnerability to ES
exists. Epidemiological studies have shown that sex is a crucial determinant for
the effects of early-life experiences on the susceptibility to psychopathology.
For instance, only male (and not female) offspring of mothers exposed to
stress of the 1940 invasion in the Netherlands expressed increased risk of
schizophrenia in adulthood [147]. In addition, effects of maternal depression
during pregnancy on anxiety measures were more pronounced in 1-year old
male compared to female infants [148], similar to adverse effects of parental
separation during childhood on physical and psychosocial functioning [149].
As this could help us to understand how sex differences in the vulnerability
to psychopathologies emerge, we were interested in finding out if sexual
differences in ES-induced alterations exist at basal levels and/or after
environmental challenges.
Although some preclinical studies had reported sex-dependent effects of ES
[119,130,150-152], so far most animal studies did not investigate ES-effects
in both sexes, as it requires large sample sizes to obtain enough power for
statistical analyses. Most often it is considered more convenient to exclude
females than to include synchronized females, or control for estrous cycle
stage, and to adjust behavioral testing protocols for the assessment of both
males and females in the same behavioral task. In chapter 2 we compared
effects of ES in male and female mice and found that -while the direct effects
of ES and the lasting volumetric changes were present in both sexes-, levels
of adult neurogenesis and cognitive functions were differentially affected in
males vs. females. It appears that females are more resilient to the effects of
ES, possibly because they are i) less affected by fragmentation of maternal care
and/or ii) protected by biological factors (see below). However, the preliminary
findings described in chapter 5 indicate that ES-effects on levels of adult
neurogenesis might just not be apparent in females under basal condition,
but might become only visible at a later age (as for instance shown by [153])
and/or under conditions known to stimulate such plasticity. Moreover, in
chapter 5, we provide indications that early MD-supplementation increases
proliferation in females, hence it would be important to elucidate whether
females are even more receptive to early nutritional intervention than males
and which processes are responsible for these differences.
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So far, it remains a question which mechanisms are involved in establishing
sex-specific sensitivity to early-life experiences. Overall, levels of circulating
sex steroids are relatively low in the offspring during gestation and in prepubertal life (see chapter 6). However, sex steroid exposure during critical
time windows in perinatal development is crucial for the sexual differentiation
of neuronal circuits (organization), that become activated in adulthood by sex
steroids, resulting in sex-typical behaviours [154]. It is proposed that already
subtle disturbances in sex steroid signaling during early development can
disrupt the sexual organization of the brain and thereby induces sex-specific
deficits in brain development and function [155] and differences in stresssensitivity. For example, female rats that were masculinized within 24 hours
after birth by injection of testosterone, exhibit a male-specific response to
stress adulthood, in terms of spine density and learning [156]. This indicates
that sex-specific programming of the stress response occurs already very
early in development.
Thus early-life experiences likely have different effects in males and females
because sexual organization of the brain has already taken place during
prenatal and early neonatal life (by sex steroids and sex-determining
region Y (SRY) gene expression during development, which is notably tightly
controlled by epigenetic mechanisms [157]). Therefore the brain is already
sexually dimorphic and can respond in a sex-dependent manner to early-life
experiences, already before the levels of circulating sex steroids increase
during puberty (see chapter 6). In addition, sex differences in the expression
patterns of molecules important for epigenetic regulation might also be
involved, e.g. females typically have higher levels of DNA methyltransferase
enzymes and methylbinding proteins in the brain than males [158].
Another (obvious) possibility is that sex-differences in adult behaviour and
neurogenesis are attributed to differential actions of circulating gonadal
steroids in adulthood. As reviewed in chapter 6, anatomy of the hippocampus
is sexually dimorphic and with its high abundance of estrogen and other sex
steroid receptors, it represents a sensitive target for sex steroids. Interestingly,
newly generated neurons also express estrogen receptors [159]. However,
we do not completely understand yet how circulating estrogens modulate
neurogenesis, as both estrogen-induced increases as well as decreases in this
process have been reported [160].

7

We disprove the assumption that results from males also apply to females.
Although a male bias is no exception in non-human biomedical research,
especially in neuroscience [161], the relative neglect of females in (neuro-)
biological research might have negative implications for women health,
considering the prevalence of sex differences in disease susceptibility [162].
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Therefore we underscore the major importance of investigating the biological
basis of sex differences and inclusion of both male and female animals in
neurobiological experiments.

7. Adaptive significance, another perspective?
After reading this thesis one is most likely left with the impression that the
long-term consequences of ES exposure are always bad. Indeed from a
neurobiological standpoint, dysregulation of normal ‘optimal’ developmental
trajectories seems harmful. However, from an evolutionary perspective, this
view is challenged: because ‘why would natural selection draft an organism to
respond to adversity by becoming dysregulated’[163]? Throughout evolution,
both supportive as well as stressful conditions have been encountered, thus
one could argue that natural selection has crafted the organism to respond
adaptively to both kind of contexts [163]. What we usually consider as a
maladaptive deviation from the ideal developmental trajectory might actually
be a very functional (adaptive) response given the later circumstances or
context in which the organism finds him/herself. Evidence for this theory comes
e.g. from studies showing that rats that received low levels of maternal care
in early-life exhibit enhanced learning and memory abilities under stressful
situations [59], despite alterations in various neuroendocrine and neuronal
plasticity measures. Similarly, although ES induced by maternal deprivation
affects dendritic morphology, neurogenesis and spatial learning abilities, ESexposed rats showed improved emotional learning and hippocampal plasticity
and function under high-stress conditions in adulthood, [122].
Interestingly, in an elegant study by Santarelli and colleagues, female
mice exposed to aversive or supportive environments in early-life (limited
nesting vs. handling) and in adulthood (single-housing vs. group housing),
do not show completely opposite phenotypes when continuously exposed
to aversive or continuously exposed to supportive conditions. In fact, the
behavioral phenotype of mice with a mismatch between the adult and the
early-life condition differed most from those with matched conditions [164].
Thus, elements from the early life environment seem to provide cues to the
developing pups, preparing them for the environmental conditions that they
are likely to encounter in adult life. This concept is known as the so-called
match/mismatch hypothesis, which states that the better the anticipated
environment matches the later encountered environment, the more optimal
this preparation is and the better the individual pup will thrive.
Interestingly, this concept seems also applicable to the nutritional environment.
For example, choline availability in utero (e.g. deficiency, sufficiency or
supplementation) was found to determine spatial memory and hippocampal

212

General discussion

plasticity dependent on choline availability in adult rats [165]. Exposure
to a choline-deficient diet in adulthood impaired spatial memory in rats
that were exposed to prenatal choline supplementation. While rats that
received deficient choline in utero were unaffected by adult deficiency, adult
supplementation in these animals actually impaired spatial memory and
hippocampal plasticity [165]. In this perspective it would be interesting to test
if mice that received MD-supplementation during the ES-period could further
benefit from methyldonor supplementation in adulthood.
That mismatches between the developmental and the adult nutritional
environment actually form a risk factor for poor health outcomes is evident
from a large body of human epidemiological research. Eminent evidence for
this comes from the ‘Dutch Famine studies’, that demonstrate the long-term
health consequences in individuals that were prenatally exposed to the Dutch
hunger winter, a period of severe famine in the Netherlands at the end of
World War II [166]. These studies convincingly show that individuals who
were initially exposed to under-nutrition in early-life, but faced with sufficient
nutrition, or even over-nutrition later in life, have a higher risk to develop
chronic diseases as an adult, including e.g. obesity [167], type 2 diabetes [168]
and cardiovascular disease [169,170].
Not every individual suffers to the same degree from ‘mismatched
environments’. It appears that two different traits exist: those who exhibit
a highly adaptive capacity thrive in matched environments and those with a
low adaptive capacity suffer from (accumulating) adversity (as proposed by
the multiple-hit model [171,172]). It has been argued that this ‘differential
plasticity’ evolves when the costs of a later mismatch exceed the benefits
of being well matched [173]. Interestingly, highly reactive individuals (e.g.
those carrying assumed plasticity alleles [174,175]) are likely to suffer more
from adversity and to benefit more from supportive environments (in terms
of mental health). It is temping to speculate that reduced adaptive plasticity
is what we observed in chapter 5, where we show that female neurogenic
capacity is unaffected by ES under standard conditions, but can not be stimulated
by exercise at an adult age.

7

In conclusion, accumulating evidence, from (pre-)clinical research and
from the findings described in this thesis, support Barker’s hypothesis
for a ‘developmental origin of health and disease’[176]. Thus if we want to
improve the health of future generations, the prevention of adverse childhood
experiences should start today. Based on our studies, a novel tool could be to
reduce the impact of early-life stress via early nutritional interventions. This
could possibly spare individuals, and thereby society, from an enhanced risk
to develop psychopathologies and cognitive impairments in later life.
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English summary

Programming of hippocampal structure and
function by early-life stress
opportunities for nutritional intervention

The period of early-life is a critical developmental phase during which
brain structure and function are shaped ‘for life’. This concept is termed
programming. When early-life is disturbed by exposure to stress, this lastingly
programs our brains and is associated with impaired cognitive abilities
later in life as well as with a predisposition to develop psychopathology.
Unfortunately, early-life stress (ES; in the form of e.g. physical/sexual abuse,
neglect, poverty, illness, exposure to war or institutionalization) is no exception
in our society. However, prevention of ES is in most cases not feasible and
currently no effective intervention strategies are available to prevent or
repair the lasting consequences of ES on mental health. As today’s children
are tomorrow’s future, there is a high need for applicable interventions and a
better understanding of the biological processes involved in programming of
the brain by ES is therefore essential.
The main goals of this thesis were to: i) gain insight into some of the biological
processes involved in brain programming during the early-life period, when
experiences, hormones and nutrition interact, and ii) to test the efficacy of
interventions designed on the basis of this knowledge. We concentrated
specifically on the effects of chronic ES in mice, and on the structure and
function of the hippocampus, a highly plastic brain region that is critical for
(spatial) learning and memory and for regulation of the stress response. We
particularly focused on the dentate gyrus (DG), the hippocampal subregion
that continues to develop during the postnatal period and exhibits the unique
ability to generate new neurons throughout adulthood, a process called
‘adult neurogenesis’. In this thesis we showed that the neurogenic capacity
in adulthood is programmed by early-life experiences and that altered
hippocampal plasticity is one of the neurobiological substrates of ES-induced
cognitive impairments.
In chapter 1 we review the perinatal programming effects of stress, nutrition
and epigenetics on structure and function of the adult hippocampus. In
addition, we propose the hypothesis that stress during early-life affects
nutrient availability in both mother and offspring and that this may persistently
modulate hippocampal structure and function, e.g. through epigenetic
programming.

8

In chapter 2, we validated a mouse model that induces chronic ES in pups
through fragmentation of maternal care. This is accomplished by exposure
to an impoverished cage environment during the first week after birth
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(postnatal day 2-9). This form of chronic ES induced lasting impairments in
hippocampus-dependent cognitive function. Interestingly, these impairments
were less prominent in females than in males, and in the males these were
causally associated with reductions in survival of adult-born neurons. Despite
this sex-difference, ES induced structural changes in the hippocampus in
both sexes, including: i) a lasting reduction in DG volume, ii) an increase in
developmental neurogenesis and iii) a lasting reduction in the long-term
survival of developmentally born neurons. Taken together, the findings in
chapter 2 suggest a differential vulnerability to the lasting consequences of
chronic ES of male and female mice, both at structural as well as functional
level, and point to a functional relevance of the altered levels of survival of
adult-born neurons in the observed cognitive impairments.
Next, we set out to support our hypothesis (postulated in chapter 1) that
essential micronutrients are critical in programming cognition by ES. We
focused on methyl-donors (methionine, homocysteine, vitamins B6, B12, B9
and their metabolites), as these are required for neuronal development and
functioning of the epigenetic machinery, which has been implicated in lasting
effects of ES. We first developed a novel methodology for the detection and
exact measurement of these nutrients in milk, plasma and brain of neonatal
mice (as described in chapter 3). With this method, it became possible to
simultaneously and highly precisely measure these micronutrients in these
three different matrices. This allowed us to study their concentration in
maternal milk, their absorption by the offspring and their uptake in the brain
under healthy or pathological conditions.
In chapter 4, we used this newly developed methodology to test how exposure
to ES affects the availability of these essential micronutrients in the pup. We
demonstrated for the first time that i) chronic ES exposure reduces levels of
the essential amino acid methionine in plasma and brain of the offspring,
without affecting other micronutrients. Importantly, we also tested a novel
nutritional intervention strategy in male mice and showed that supplementing
the maternal diet with methyldonors during the ES period is able to: ii) restore
methionine levels in offspring’s plasma and brain, and to iii) partly improve
ES-affected cognitive functions. Furthermore, we established that: iv) these
beneficial effects of the diet are (at least partly) mediated by preventing the
ES-induced hyper-activation of the neuroendocrine stress-system, but v) not
by affecting ES-induced alterations in maternal care, hippocampal volume,
neurogenesis or epigenetic modifications in the offspring. Already this
short and early nutritional supplementation with only a selected group of
micronutrients, turned out to be a promising tool to prevent the long-lasting
effect of chronic ES.

228

English summary

In chapter 5, we further studied the potential of nutritional and environmental
factors to stimulate brain plasticity and thereby protect against the lasting
consequences of ES. While we focused on males in chapter 4, we here
specifically studied female mice, as they seem more resilient to ES (chapter
2). We investigated whether ES differentially affects the neurogenic capacity
of the adult female brain in response to stimuli known to modulate adult
neurogenesis and cognition. We presented preliminary evidence for: i) a
potential ES-induced unresponsiveness to exercise, a stimulus well-known
to enhance neurogenesis in control animals; ii) a possible positive effect
of early nutritional intervention on levels of neurogenesis in female mice,
something that was so far not observed in male mice (chapter 4); and iii)
a possible limit to the effects of environmental stimuli on levels of adult
hippocampal neurogenesis. Future research in this direction will further
enhance our understanding of hippocampal plasticity over the life span in
brains programmed by early-life experiences and can provide insight in the
applicability of environmental intervention strategies at different phases of
life to reverse and/or prevent the lasting consequences of ES exposure.
In chapter 6 we further discuss the role of sex-differences in mental health
and review the differential vulnerability to develop depression between men
and women. We postulate that differences in sex-specific susceptibility to
psychopathology could (at least partly) be due to differences in sex hormones
during specific developmental time windows.
In conclusion, the findings in this thesis provide evidence for: i) the synergistic
action of various critical environmental factors that program the brain during
early-life, ii) the existence of both direct as well as lasting effects of chronic ES
on hippocampal structure and function, iii) sex-differences in the vulnerability
to ES. Overall, this thesis contributes to a deeper understanding of the
processes involved in early programming of the hippocampus. It provides new
avenues for research aimed to develop intervention strategies to prevent the
lasting consequences of ES on mental health. We particularly highlight the
promising role of nutritional intervention, which has high translational value,
as nutritional interventions are typically non-invasive, relatively cheap and
easily applicable.

8
229

Chapter 8

230

Nederlandse samenvatting

programmering van de structuur en functie van de
hippocampus door vroege stress
Kansen voor interventie door middel van voeding
De periode vlak na de geboorte is een belangrijke fase in de ontwikkeling,
waarin de bouw en functie van ons brein levenslang kunnen worden beïnvloed.
Dit proces noemen we ‘vroege programmering’. Verstoring van de vroege
levensfase door bijvoorbeeld blootstelling aan stress, kan de programmering
van het brein blijvend beïnvloeden en wordt geassocieerd met verminderd
leer- en geheugen- vermogen op latere leeftijd alsmede met een vergrote
kans op het ontwikkelen van hersenaandoeningen. Stress in het vroege
leven (in het Engels ‘early-life stress’, afgekort in dit proefschrift als ‘ES’), is
helaas geen uitzondering in onze maatschappij. Voorbeelden hiervan zijn:
kindermishandeling, seksueel misbruik, verwaarlozing, extreme armoede,
ziekte of plaatsing in een weeshuis. Preventie van dergelijke ES-situaties is
vaak lastig en momenteel beschikken we nog niet over effectieve therapieën
om de blijvende effecten van ES op de latere geestelijke gezondheid te kunnen
voorkomen of te genezen. Omdat de kinderen van vandaag de toekomst van
morgen vormen, is er grote behoefte aan adequate therapieën om de gevolgen
van blootstelling aan ES te bestrijden. Een beter begrip van de biologische
processen die betrokken zijn bij de vroege programmering van het brein is
daarom essentieel.
De belangrijkste doelen van dit proefschrift zijn: i) inzicht verkrijgen in de
biologische processen die betrokken zijn bij de vroege programmering van het
brein, wanneer ervaringen, hormonen en voeding elkaar beïnvloeden, en ii) het
testen van interventies die zijn ontwikkeld op basis van die kennis. We hebben
ons specifiek geconcentreerd op de effecten van chronische ES in muizen, en
op de structuur en functie van de hippocampus, een plastisch hersengebied
betrokken bij (ruimtelijk) leren en geheugen en bij de regulatie van stress. We
richten ons in het bijzonder op de ‘gyrus dentatus’ (DG), een onderdeel van de
hippocampus dat zich vlak na de geboorte nog sterk ontwikkelt. Daarnaast
heeft de DG de unieke eigenschap dat het over stamcellen beschikt die tot
op hoge leeftijd nieuwe hersenencellen (neuronen) bijmaken, een proces
dat we ‘adulte neurogenese’ noemen. In dit proefschrift tonen we aan dat
neurogenese wordt beïnvloed door ervaringen tijdens de vroege levensfase
en dat plasticiteit van de hippocampus betrokken is bij de gevolgen van ES op
het latere leren en geheugen.

8

In hoofdstuk 1 bespreken we hoe niet alleen stress, maar ook voeding en
epigenetica, in de periode rondom de geboorte, de structuur en functie
van de volwassen hippocampus beïnvloeden. Daarnaast presenteren we de
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hypothese dat stress tijdens de vroege levensfase de beschikbaarheid van
specifieke voedingsstoffen voor de moeder en de nakomelingen beïnvloedt,
en dat mede hierdoor de structuur en functie van de hippocampus blijvend
kan veranderen, bijvoorbeeld via epigenetische modificaties (epigenetische
modificaties zijn subtiele aanpassingen aan de structuur van het DNA: door
de binding van een chemische groep, bijvoorbeeld een methylgroep, kan de
activiteit van een stuk DNA veranderen).
In hoofdstuk 2 beschrijven we een diermodel voor chronische stress in
jonge muizen, waarin de zorg van de moedermuis voor haar jongen wordt
verstoord. De fragmentatie van moederzorg ontstaat door huisvesting van de
muizen in een kooi met een minimale hoeveelheid zaagsel en nestmateriaal,
tijdens dag 2-9 na de geboorte. De zo veroorzaakte ES leidt in de jongen tot
blijvende gebreken in leer- en geheugenfuncties (cognitie). Opvallend is dat
deze tekortkomingen minder duidelijk zijn bij vrouwtjes dan bij mannetjes. Bij
de mannetjes vinden we bovendien een causaal verband tussen cognitie en de
mate waarin nieuwe neuronen overleven.
Ondanks dit sekseverschil leidt ES tot structurele veranderingen van de
hippocampus in beide seksen, waaronder: i) een blijvende afname van DG
volume, ii) een toename van neurogenese tijdens de ontwikkeling en iii) een
blijvende afname in de mate waarin hersencellen die tijdens de ontwikkeling
zijn geboren, worden gehandhaafd in het volwassen brein. Samengevat, de
bevindingen in hoofdstuk 2 suggereren dat mannetjes- en vrouwtjesmuizen
verschillen in hun kwetsbaarheid voor de gevolgen van chronische ES, zowel
wat betreft de bouw als de functie van hun brein. Daarnaast wijzen onze
resultaten erop dat veranderingen in de overleving van nieuwe neuronen in
het volwassen brein (mede) verantwoordelijk zijn voor het verstoorde leren
en geheugen.
Vervolgens zijn we op zoek gegaan naar data ter ondersteuning van onze
hypothese (zoals voorgesteld in hoofdstuk 1) dat bepaalde voedingsstoffen
cruciaal zijn voor de vroege programmering van hersenfunctie door ES.
We richtten ons op methyldonors (hieronder vallen: vitamines B6, B12, B9
(foliumzuur), methionine, homocysteine en metabolieten van deze stoffen).
Methyldonors zijn niet alleen noodzakelijk voor hersenontwikkeling maar
ook essentieel voor de processen die nodig zijn voor het aanbrengen van
epigenetische veranderingen op het DNA. Dit is interessant omdat epigenetica
betrokken is bij het langdurig vastleggen van de gevolgen van ES.
Allereerst hebben we een nieuwe methode ontwikkeld om deze essentiële
voedingsstoffen nauwkeurig te kunnen bepalen in melk, plasma en brein van
jonge muizen (hoofdstuk 3). Dit stelde ons in staat om de concentraties van
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deze voedingsstoffen te bestuderen in moedermelk, evenals hun opname in
de nakomelingen en hun brein, onder gezonde én onder ES condities.
In hoofdstuk 4 gebruiken we deze nieuwe methode om te bepalen hoe ES
de beschikbaarheid van deze essentiële voedingsstoffen in de jonge muis
beïnvloedt. Blootstelling aan chronische ES blijkt de kwantiteit van het
essentiële aminozuur methionine te verlagen in plasma en brein van de
nakomelingen (i). Bovendien testen we een nieuwe -op voeding gebaseerdeinterventie in mannetjesmuizen. Toevoeging van methyldonors aan het
dieet van de moeder, tijdens de ES-periode, herstelt de methionine-niveaus
in plasma en brein van de nakomelingen (ii) en verbetert bovendien (deels)
de door ES aangetaste cognitieve functies (iii). Daarnaast laten we zien dat
de positieve effecten van het methyldonor-dieet ten dele worden verklaard
doordat het dieet het stress-systeem remt. Het dieet had verder geen effect
op de zorg van de moeder, het volume van de hippocampus, neurogenese of
epigenetische modificaties. Het verrijken van de voeding van de moeder met
deze groep voedingsstoffen blijkt dus veelbelovend om het stress systeem te
remmen en daarmee latere effecten van chronische ES in de nakomelingen te
voorkomen.
In hoofdstuk 5 gaan we verder in op dieet en op omgevingsfactoren die
plasticiteit stimuleren, en op de vraag of hiermee het brein beschermd kan
worden tegen ES-effecten. We kiezen voor het bestuderen van vrouwtjes,
die beter bestand lijken tegen ES (zie hoofdstuk 2). We onderzoeken niet
alleen of ES en/of dieet in het vroege leven effect hebben op neurogenese,
maar ook of lichamelijke inspanning (hardlopen; een sterke stimulus voor
neurogenese in controle muizen) deze vorm van plasticiteit later in het leven
nog kan beïnvloeden. De eerste resultaten wijzen op: i) een mogelijke ESgeïnduceerde ongevoeligheid van neurogenese voor fysieke inspanning; ii)
een mogelijk positief effect van interventie met een dieet tijdens het vroege
leven op latere neurogenese in vrouwtjesmuizen, iets wat we eerder niet
vonden in mannetjesmuizen, en iii) een mogelijk maximum aan de mate waarin
omgevingsfactoren neurogenese kunnen stimuleren. Verder onderzoek in
deze richting zal leiden tot een beter begrip van plasticiteit in de hippocampus
tijdens het hele leven, en in hersenen die zijn geprogrammeerd door vroege
levenservaringen. Verder biedt dit onderzoek inzicht in de mogelijkheden
om interventies zoals voeding of sport aan te bieden tijdens verschillende
levensfases, teneinde de blijvende gevolgen van vroege stress te kunnen
bestrijden.
In hoofdstuk 6 gaan we dieper in op de rol van sekseverschillen in geestelijke
gezondheid en geven we een overzicht van de (hormonale) verschillen in
de ontwikkeling van mannen en vrouwen. We concludren dat de verschillen
tussen mannen en vrouwen in de kwetsbaarheid voor hersenaandoeningen (en

8
233

Chapter 8

specifiek voor depressie) deels verklaard kunnen worden door de verschillen in
geslachtshormoonwaarden tijdens belangrijke fases in de hersenontwikkeling.
Concluderend, in dit proefschrift leveren we bewijs voor: i) een sterke
interactie tussen verschillende factoren (zoals stress hormonen en voeding)
tijdens de vroege levensfase, die het brein programmeren, ii) het bestaan van
zowel acute als langdurige gevolgen van chronische ES op de bouw en functie
van de hippocampus, iii) sekseverschillen in de kwetsbaarheid voor ES. Alles
bij elkaar draagt dit bij aan een beter begrip van de processen betrokken bij
de vroege programmering van de hippocampus. Ook biedt dit proefschrift
nieuwe perspectieven voor interventiestrategieën om de blijvende gevolgen
van ES voor leren en geheugen en voor het risico op hersenaandoeningen, te
voorkomen. We benadrukken de veelbelovende rol van voeding als interventie,
omdat dit in het algemeen goedkoop, niet invasief en gemakkelijk toepasbaar
is, en daardoor van grote klinische relevantie kan zijn.
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Dankwoord
De laatste regels van dit proefschrift wil ik wijden aan al die mensen die me
hebben geholpen en gesteund tijdens het tot stand komen van dit proefschrift.
Ten eerste wil ik mijn promotor bedanken. Paul, veel dank voor al je advies,
tijd en vertrouwen. Ondanks je overvolle agenda maak je steeds weer tijd vrij
wanneer Aniko en ik voor je deur staan te trappelen omdat we even willen
brainstormen en altijd ben je in voor een vriendelijk praatje. Bedankt ook voor
alle mogelijkheden die je me gaf om mijn onderzoek te presenteren op binnenen buitenlandse congressen. Ik zal onze tour door Stockholm met Ming, tijdens
de Keystone Neurogenesis meeting, niet snel vergeten: binnen drie uur tijd
aten we sushi, bekeken het Vasa museum, kochten een kraamcadeautje voor
Qian in Gambla Stan, deden een labtour op de universiteit en bezochten de
zaal waar de Nobelprijzen worden uitgereikt (ter inspiratie). Misschien dat
deze Stockholm-herinnering anders doet vermoeden, maar ik heb er grote
bewondering voor hoe je altijd de kalmte weet te bewaren.
Aniko, next to being my co-promotor, you are an inspiring mentor and a close
friend, and I’m very lucky that I can continue my scientific journey with you
on my side. Together we have conquered Murphy, deadline stress and career
choices and celebrated our successes with incredible amounts of cappuccino,
sushi and bitterballen (and one day we’ll celebrate this thesis with incredible
amounts of wine). Your passion for good science, your enthusiasm for
successful experiments and your encouraging words when things failed, have
been extremely motivating and always kept me going (we’ll make it happen!).
I will never forget our trips to Heidelberg, Lausanne, Barcelona, Lunteren and
Washington, but actually the most memorable moments we shared in the
Bagels and Beans in Utrecht.
Mijn commissie wil ik ontzettend bedanken voor hun tijd en expertise.
Paranimfen, vanaf het begin van mijn PhD-traject zitten jullie eigenlijk al naast
me, en ik vind het heel bijzonder om jullie ook tijdens mijn verdediging aan
mijn zij te hebben. Willemieke, we hebben zoveel lief en (lab-) leed gedeeld
dat de rol van paranimf je op het lijf geschreven is. Met talloze wijntjes aan
de Nieuwe Amstelstraat, Chouffes in Amsterdamse cafés en koppen koffie bij
de Polder hebben we successen gevierd, frustraties weggedronken en vooral
heel, heel veel gelachen. Ik ken geen grotere doorzetter dan jij en prijs me
gelukkig dat ik tijdens m’n PhD mijn werkplek kon delen met een van mijn
beste vriendinnen.
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Marijn, het is ons gelukt! We begonnen samen aan deze gigantische uitdaging
en we staan nu samen aan het eind. Je hebt de moed nooit opgegeven terwijl
het zeker niet altijd mee zat. Ik ben je dankbaar voor onze wetenschappelijke
discussies, je qPCR expertise, je altijd opbeurende woorden en de gezellige
BBQ’s op je dakterras. Want briketten zijn niet veilig voor je, net zo min als
rondslingerende koekjes overigens ;-).
Meisjes van de Korosi group, het is fantastisch om in zo’n enthousiast team
te werken en ik hoop op nog een heleboel koffietjes bij Sjeel. Kit, wat hebben
wij samen een hoop ‘vette’ dingen gedaan: dissectie-marathons tot midden in
de nacht, choroid plexi uit pups isoleren (want het kan ons nooit klein genoeg
zijn, toch?) en de -80 doorzoeken tot onze vingers bevroren waren. Jij bent zo
ontzettend gedreven dat je het liefst twintig dingen tegelijk doet. Je gaat er
zeker komen, vergeet alleen niet om af en toe even stil te staan en te genieten
van alles dat je al hebt bereikt. Lianne, als masterstudent heb jij je tijdens je
stage bij mij al direct onmisbaar gemaakt en ik vond het dan ook super dat
je na je München-ervaring bij ons terug kwam als PhD-student. Je was een
fantastische student en bent een nog betere collega, boordevol goede ideeën.
Maralinde, in een razend tempo werd jij expert in deeg kneden, sections
opslepen, en hippocampi dissecteren. We hebben het afgelopen jaar al veel
incubatietijden opgevuld met veel gezellig geklets (g=zachte g) en ik vind het
heel erg leuk om zo’n enthousiaste opvolgster te hebben.
Natuurlijk ben ik ook de rest van de Lucassen group dankbaar voor al hun
hulp en gezelligheid. Hui, you’re an incredibly nice colleague and it’s a lot
of fun to work together. I’m sure you’ll become a great scientist (bless you!).
Sofia, luckily we learned quickly to avoid getting as stressed as our mice, and
actually our dinners together turned out to be one of the best remedies! Good
luck with the last bits of your thesis. Pascal, je bent de perfecte combinatie
van wetenschapper, feestbeest en levensgenieter en ik wens je nog heel veel
succes met de laatste fase van je PhD. Sylvie, je bent een bruisende collega
en naast je hulp met de muizen ben je ik dankbaar voor het initiëren van vele
koffie-momentjes. Marit, ook voor jou zit het er bijna op. Heel veel geluk in
jullie nieuwe huis en heel veel succes in de toekomst. Wen, onze coffee &
cookie momentjes waren goud waard en ik mis ze nog regelmatig. Ik wens je
het allerbeste meis. Qian, in the last years your hands have been full with your
happy family, but I hope you’ll find the time for the last bit of your thesis as
I’m very much looking forward to celebrate your PhD with you! Judith, tijdens
je periode bij ons op het lab heb je me ontzettend geholpen met de muizen
en de gedragskamer (zelfs met het risico om in de vieze water maze te vallen),
dank daarvoor!
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Carlos, thank you for all your valuable feedback throughout the years. At the
start of my PhD I’ve often feared your difficult questions during our MMM’s
and journal clubs, however I now realize that you are amongst those who
taught me to become a critical scientist. Harm, al sinds mijn bachelor stage
werkt jouw enthousiasme voor wetenschap en mooie data aanstekelijk, je
bent altijd in voor een praatje en dat vind ik steeds weer erg gezellig. Gideon,
dank voor alle hulp en gezellige praatjes in het lab tijdens het snijden, kleuren
en mounten. Je bent een fijne collega op wie ik altijd kan rekenen. Jan, je
bent onmisbaar in en om het lab, maar het meest dankbaar ben ik je voor de
memorabele port en wijn proeverijen die jij zo kundig organiseert! Els, hoewel
ik je bijna nooit meer tegenkom op Sciencepark wil ik je bedanken voor al je
hulp en adviezen tijdens mijn eerste jaar als PhD-student. Je vond altijd wel
weer een slangetje of tangetje in je gigantische voorraad als ik iets geks in
elkaar wilde knutselen (een muizen-moedermelkpomp bijvoorbeeld), ik hoop
dat je heerlijk aan het genieten bent van je pensioen.
Een bijzonder woord van dank aan alle studenten die met hun enthousiasme
en inzet ieder een belangrijke bijdrage hebben geleverd aan dit proefschrift:
Lennart, Astrid, Nefeli, Mareen, Julien, Peter en Robin, ik vond het
ontzettend leuk om met jullie te werken, en vind het fantastisch om te zien
dat jullie zo succesvol jullie eigen (wetenschappelijke) weg zijn gegaan.
Natuurlijk wil ik ook de mensen bedanken die de zorg dragen voor de muizen.
Chris, je bent onmisbaar in de stallen en ik ben je dankbaar voor alle keren
dat je hielp met het vangen van popcorn muizen. Rob en Miriam, dank voor
het regelen van de DEC-zaken en de praatjes bij het koffiezetapparaat.
Smidt groep, als jullie ‘adoptiekind’ heb ik regelmatig mogen meegenieten
van jullie borrels en dat was altijd weer even memorabel. Marten, Lars en
Lars dank voor jullie moleculaire kennis en expertise, waarvan ik geregeld
dankbaar gebruik heb gemaakt. Ricardo en Simone, ik wens jullie ontzettend
veel succes met de allerlaatste loodjes en kijk nu al uit naar jullie promotiefeest,
zet ‘m op nog even! Erik, ik vond het altijd weer gezellig om samen naar huis
te fietsen en de hele weg discussies over epigenetica te voeren. Cindy, je bent
een echte aanwinst voor de Smidt-groep!
Lieve collega’s van de Wadman groep, ook jullie wil ik bedanken voor jullie
gezelligheid, in het bijzonder: Sicco (zonder onze kip-kluif avondjes was dit
proefschrift er nooit gekomen, je tomeloze energie is aanstekelijk en ik hoop
dat je dit project kunt afmaken met net zoveel passie als waarmee je ermee
begon), Lana (niet alleen jouw yoga-lessen maar ook onze praatjes bij de koffie
hielpen me altijd weer te ont-stressen), Janske (jou tegenkomen op de gang
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resulteert steevast in een knuffel en geklets) en Natalie (jouw verbluffende
kennis over hippocampale anatomie wordt gelukkig gecombineerd met een
liefde voor schoenen kopen, zoals vorig jaar in Washington, dank voor je
adviezen op beide vlakken!)
Collega’s van de Pennartz groep, ook jullie wil ik bedanken, in het bijzonder:
Jeroen (er was geen weekend dat ik je niet tegen kwam in de stallen), Jorrit en
Guido (voor jullie loopwiel-ervaringen), Lianne (gezellig dat je de laatste tijd
zo vaak in ons lab te vinden bent) en Wim (dank voor je enthousiasme over
mijn onderzoek).
Collega’s van het AMC, zonder jullie was de methyldonor-analyse in
muizensamples nooit mogelijk geweest! Efraïm, al leek er soms geen einde
te komen aan de stroom epjes die in aluminiumfolie gerold moest worden,
we hebben het maar mooi voor elkaar gekregen, met de kennis van Henk en
de support van Dewi. Hans, bedankt voor al je input, ik heb veel geleerd over
klinisch onderzoek in de woensdagbesprekingen op het AMC en kijk uit naar
onze verdere samenwerking de komende jaren!
Beste collega’s van het UMCG, jullie hebben ontzettend geholpen met de DNAmethylatie analyses van hoofdstuk 4. Torsten, Rikst Nynke en Josée, het was
heel prettig samenwerken en ik verheug me erop deze samenwerking in de
toekomst voort te zetten.
Mijn nieuwe collega’s van Nutricia Research, in het bijzonder Lidewij en Eline,
dank voor het warme welkom in Utrecht en de kansen die ik daar krijg om ook
de niet-academische kant van de wetenschap te ontdekken.
Lieve collega’s van het UMC Utrecht, niet alleen tijdens de jaarlijkse ‘Tienhoven’
meetings, maar ook daarbuiten treffen we elkaar geregeld en dat is altijd
weer even gezellig. Angela en Femke, als succesvolle postdoc-ende mama’s
zijn jullie een voorbeeld. Manilla, we have had so many awesome dinners
together and amazing evenings in Nice and Ascona as conference-buddies,
such good memories! Good luck with finalizing your thesis and finding your
future career!
Daarnaast wil ik een aantal collega’s van de UvA bedanken voor hun expertise:
Erik Manders, bedankt voor alle confocal hulp; Rob Dekker en je team,
bedankt voor jullie kennis en kunde van microRNA sequencing, het is een
uitdagend project, maar ik hoop dat we er nog een mooie publicatie van
kunnen maken.
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Niet alleen mijn collega’s maar ook mijn familie en vrienden verdienen
natuurlijk een woord van dank. Jakomien, als wij afspreken (in Brabant
of elders) is het altijd weer een beetje thuiskomen. Marlies, je bent een
inspiratie als wetenschapper en een onwijs lieve vriendin. Marieke, dank voor
je journalistieke hulp bij mijn Nederlandse samenvatting en voor al die fijne
momenten de afgelopen 10 jaar. Sigrid, sommige dingen veranderen nooit,
gelukkig maar! Caroline, Marjolein en Linde, het lukt ons gelukkig nog steeds
om gaatjes in die overvolle agenda’s te vinden om samen te eten, die dinertjes
zijn me ontzettend dierbaar.
Lieve piraten-vriendinnetjes, we begonnen in 2008 met z’n twaalven aan onze
master en sindsdien hebben we het leven met talloze etentjes, roadtrips en
legendarische feestjes gevierd. Milen (dank voor je onvergetelijke tours door
NYC), Judith (onze ontbijtjes zijn me heel dierbaar), Andrea (gaan we nog een
keertje samen dance hallen?), Bar (succes in de US, dr. Braams!), Janneke en
Linda (zoveel liefde in Haarlem!), Sabine (ook bijna PhD, succes nog even!),
Sas (zo fijn om jou spontaan tegen te komen bij yoga!), Tjitske (ik heb zo’n
bewondering voor hoe jij huizen en scripties bouwt) en Nath (VOOR JOU DE
CAPSLOCK).
Lieve ‘Harstvriendinnen’, na 10 jaar lief en leed is ieder zijn eigen weg gegaan,
maar niet zonder dat we elkaar daarvan op de hoogte houden tijdens onze
etentjes of kroegentochten. Lara (samen in de laatste fase van onze PhD
slepen we elkaar erdoor heen, soms zelfs met een hele oceaan er tussen.
Succes lieverd, jij gaat er wel komen), Laura (wat heerlijk dat je nu op het
Sciencepark werkt, dat wordt nog heel vaak samen lunchen), Lennard (de
stoerste ‘harstvriendin’ van allemaal!), Kim (heel bijzonder om jullie geluk van
zo dichtbij mee te maken en er zo van mee te mogen genieten) en Evelien (als
ik weer eens muizen moest observeren mocht ik altijd bij je in Oost komen
dineren, nu doen we het andersom en kom je uit je werk maar lekker bij ons
eten!).
Lieve (schoon-)familie, ook jullie wil ik allemaal heel erg bedanken voor alle
steun, interesse in mijn onderzoek en al het vertrouwen in de afgelopen jaren.
Rob, Betty, Maartje, Arnold, Daan en Flo ik ben heel blij dat ik deze mijlpaal
met jullie kan vieren.
Joep en Irma, al heb ik jullie misschien vaak vermoeid met gekke
muizenverhalen, jullie staan altijd voor me klaar en ik vind het altijd weer
ontzettend gezellig met jullie. Broer, wat fijn dat je ook hiervan getuige wilt
zijn.
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Lieve papa en mama, dankzij jullie heb ik nooit ‘early-life stress’ ervaren, ik
kom uit zo’n warm nest! Jullie hebben me altijd de vrijheid en het vertrouwen
gegeven om mijn eigen weg te gaan en daarvoor ben ik jullie ontzettend
dankbaar. Papa, dank voor je luisterend oor en voor het meedenken over
het motto. Mama, ik wil niet weten hoeveel uren wij aan de telefoon hebben
gehangen als ik weer eens op de fiets zat op weg naar m’n muizen. Dat het er
veel waren weet ik wel zeker, en ik koester ze (net als onze winkeldagjes), want
zo blijven we zo altijd goed op de hoogte, ook als een ritje naar Eindhoven er
even niet in zit.
Tenslotte, Rein, m’n lief, of het nu gaat om het ombouwen van loopwieltjes,
het automatiseren van mijn muizenadministratie, een lift naar huis vanaf
het Sciencepark in het holst van de nacht, of een knuffel als ik het even niet
meer zie zitten, altijd kan ik op je rekenen. Menig weekend hebben we met
onze laptops aan de eettafel zitten werken en de laatste pagina’s van dit
proefschrift zijn ontstaan tijdens onze knusse uurtjes samen in de UB. Jouw
onvoorwaardelijke liefde en steun hebben me zoveel gebracht! Hoewel er vele
weekenden en avonden zijn geweest dat de muizen meer aandacht kregen
dan jij, wist jij me altijd te motiveren om door te zetten. Lief, ik hou van je, met
jou aan mijn zij is het leven een feestje en ik kijk er naar uit om dat feestje
binnenkort met z’n drietjes te vieren!
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