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1. STRESS
Even if everybody seems to know everything about stress due to their own experience, it
is complicated to define the word stress, but experimental and clinical research agree that
it is a situation in which people feel discomfort and/or loss of control and which consists
of an excessive and prolonged demand on an organism’s coping resources. It refers to
situations that are perceived as a potential threat to bodily processes, i.e. stressors. Having
little control or no control over a situation is stressful, and when this situation lasts, a
condition of “being stressed out” can evolve. This (conscious or unconscious) perception
of threat leads to a cascade of neuroendocrine events, including the activation of the
hypothalamus-pituitary-adrenal (HPA) axis (see 1.1).
The brain is the central organ that interprets situations as threatening or non-threatening
and reacts with specific (behavioural and physiological) responses. At the same time the
brain is also a target of mediators involved in the response to stress, and due to acute
and chronic stress it changes structurally and chemically (McEwen, 2008). An organism
can experience “good stress” or “bad stress”. The first definition refers to a situation
involving effective coping, which assumes that the stress response is activated rapidly
when it is needed and is efficiently terminated immediately after the stress response.
“Bad” stress is identified when individuals have no sense of control; this appears when
the stress situation(s) perseveres or when the response is inadequate (de Kloet et al.,
2005; McEwen, 2007).
In the context of this thesis, stress refers to an uncontrollable situation that happens
early in life, in other words early life stress (ELS). Whether ELS should be regarded as
“good” or ”bad” is something I will discuss at the end of this thesis.
1.1 The hypothalamus-pituitary-adrenal axis
When an organism experiences a situation as stressful, the brain activates specific neuronal
circuits to cope with this; collectively this is called the stress response. The stress response
involves the activity of central stress regulatory systems that aim to reinstate homeostasis
(Myers et al., 2012). The first response to stress involves the autonomic nervous system
(ANS) that is activated within seconds and leads to an enhancement of sympathetic
activity and a suppression of parasympathetic activity. Eventually this leads to increased
levels of circulating noradrenaline (primarily from sympathetic nerves) and adrenaline
(primarily from the adrenal medulla) in the blood plasma. This causes an increase in
the heart rate, blood pressure and peripheral vasoconstriction. The rise in noradrenaline
levels induces a state of vigilance that allows the organism to get ready to take action.
This situation is often referred to as the fight or flight response (Cannon, 1929).
The second phase of the stress response, that occurs a few minutes later, is represented by
11
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the activation of one of the most effective neuroendocrine regulatory pathway, the HPA
axis (Pacak and Palkovits, 2001; Groeneweg et al., 2011). HPA axis activation has been
shown to enhance the mobilization of stored energy and to increase the sympathetically
mediated effects, providing a metabolic support to the stress response (Ulrich-Lai and
Herman, 2009). The HPA axis involves the activation of hypophysiotrophic neurons
in the paraventricular nucleus of the hypothalamus (PVN) that leads to the secretion
of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP). Both
peptides are stored in the median eminence, a region situated at the bottom of the
brain. CRH and AVP are released into the portal vessel system, which links the median
eminence directly with the anterior part of the pituitary gland, promoting the secretion
of adrenocorticotropic hormone (ACTH), which in turn stimulates the adrenal cortex
to initiate the secretion of glucocorticoids.
Glucocorticoids are the final effectors of the HPA axis (Tsigos and Chrousos, 2002). The
predominant hormone in human is cortisol while rodents mainly produce corticosterone
(de Kloet et al., 2005; Ulrich-Lai and Herman, 2009). At rest, glucocorticoids are
secreted from the adrenal in hourly, ultradian pulses. Pulse amplitude varies according
to a distinct circadian pattern (Lightman et al., 2008; de Kloet et al., 2008). With this
ultradian and circadian release they regulate the homeostasis of the organism (Young
et al., 2004a). Stressful events can suddenly evoke glucocorticoid release, leading to a
cascade of neuroendocrine events.
To prevent an excessive neuroendocrine response to stress, glucocorticoids exert a
negative feedback in order to reduce their own secretion (Tasker and Herman, 2011),
the final phase of the stress response, which is responsible for normalization of the
system (see Fig.1). As a consequence of the negative feedback loop the stress response is
dampened and homeostasis restored (Dallman, 2005).

12
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Figure 1:
Schematic overview of the activation of the hypothalamus-pituitary adrenal (HPA) axis as part of the stress response in
rodents. Activation of the paraventricular nucleus (PVN) of the hypothalamus initiates the release of corticotropin-realeasing hormone (CRH), which subsequently stimulates the pituitary gland to produce adrenocorticotropin hormone
(ACTH). ACTH stimulates the adrenal cortex to release corticosterone into the circulation. Corticosterone in turns
binds to the glucocorticoid (GR) and mineralcorticoid (MR) receptors to control the activity of the HPA axis via negative feedback mechanisms. Corsticosterone inhibits CRH and ACTH production in the hypothalamus and pituitary
respectively. For a more detailed description of the cascade of events see Section 1.1.

1.2. What are the effects of glucocorticoids?
Adaptation to the external environment is key to an organism’s survival. Several
mechanisms have evolved in order to cope with unexpected situations and prepare the
organism to deal with complex processes such as infection, food deprivation or trauma.
To deal with these changes a constant supply of energy is needed. Glucocorticoids like
cortisol and corticosterone play a central role in providing energy, in the form of glucose
(Myers et al., 2014). Glucose is considered the primary neuronal fuel and a constant
supply is important for the brain. Glucocorticoids are also responsible for the conversion
of proteins to carbohydrates through gluconeogenesis (Patel et al., 2014) and for the
promotion of the storage of carbohydrates as glycogen.
Glucocorticoids play a role in modulating the synthesis and release of hypothalamic
neuropeptides influencing food intake and autonomic nervous system mediated
13
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processes (Asensio et al., 2004). Glucocorticoids are also important regulators of
immune and inflammatory processes and required for numerous processes associated
with host defense (Buckingham, 2006; Zen et al., 2011). It has also been shown that
glucocorticoids exert actions at the level of the cardiovascular system (Annane and
Cavaillon, 2003) where they are involved in the rise of blood pressure through two
different mechanisms: altering tissues’ sensitivity to catecholamines and by modulation
of the electrolyte and water balance (Buckingham, 2006).
Since several types of cells in the organism are sensitive to the glucocorticoids (see
below), these hormones are able to exert a widespread and pleiotropic action in the
body. An inappropriate production can lead to a mismatch with the organism’s demand,
promoting stress related disorders (Belanoff et al., 2001a; Checkley, 1996; McEwen,
1998; de Kloet et al., 2005; McEwen, 2008). For instance, when the levels of glucose
are chronically elevated, due to long-term glucocorticoid exposure, damage to both
mitochondria and mitochondrial DNA can occur, generating toxic products that can
promote processes such as systemic inflammation and can alter gene expression (Picard
et al., 2014). In general, the long-term consequences of prolonged glucocorticoids
exposure in chronically stressed individuals may include deleterious weight gain,
abdominal obesity, type II diabetes, increased cardiovascular morbidity, and even
increased mortality (Dallman et al., 2003).
1.3. Glucocorticoid and Mineralocorticoid Receptors
Once corticosteroid hormones have entered the brain, all the cells, including glia, are in
principle exposed to their actions, but expression of the appropriate receptors restricts
the areas of the brain where glucocorticoids can effectively exert their action (Joels and
Baram, 2009). Glucocorticoids bind to two different receptors in the brain, which reside
in target tissues (Harris et al., 2013; Reul and de Kloet, 1985), i.e. the high affinity
mineralocorticoid receptor (MR) and the tenfold lower affinity glucocorticoid receptor
(GR) (de Kloet et al., 1984).
Concerning the localization: The GR is ubiquitously expressed in the periphery and in
the brain where it is widespread in its distribution both in neurons and glia cells, with the
highest concentration in limbic areas such as the hippocampus, septum and amygdala,
in the parvocellular neurons of the PVN and the supraoptic nucleus. Monoaminergic
neurons in the brainstem also show quite high expression of GR, while several thalamic
nuclei, striatal areas and cortical hemispheres have a moderate level of receptors.
In the brain, MR has a more restricted topography than GR, showing highest expression
in some limbic structures, in particular the hippocampus, central and medial amygdala
and prefrontal cortex, structures that have a key role in emotional behavior, learning and
memory formation (van Eekelen et al., 1987; Ahima and Harlan, 1990).
14

Even though the DNA binding domains of MR and GR are highly homologous, they
barely overlap in the genes that they activate or repress (Datson et al., 2001); therefore both
receptors can exert distinct cellular actions. A different binding pattern characterizes the
two receptors and this depends on the circulating levels of corticosteroids. The binding
of corticosteroids to GR occurs when corticosterone levels rise, for instance during
ultradian peak levels or when the organism experiences an acute stressful situation. MRs
are already extensively occupied during basal conditions, owing to their high affinity.
While MRs maintain basal activity of the axis, GRs facilitate the termination of a stress
response via the negative feedback loop (Joels et al., 2012; de Kloet et al., 1998).
Corticosteroid receptors belong to the nuclear receptor superfamily (Lu et al., 2006),
which act as transcription factors. After binding corticosterone, the GR and MR
complexes dissociate from associated chaperone molecules and translocate from the
cytoplasm to the nucleus (Datson et al., 2008). At this point the MR or GR molecules
dimerize and form homodimers or possibly heterodimers (Nishi and Kawata, 2007;
Trapp and Holsboer, 1996). These dimers, which mediate corticosteroid action as
transcription factors, bind to a glucocorticoid response element (GRE) and recruit
corepressor or co-activators of gene expression (Meijer, 2006). Additionally monomeric
receptors can directly bind stress-induced transcription factors (TF) and in this manner
usually inhibit transcriptional activity of target genes (de Bosscher et al., 2003). These
genomic effects are slow in onset and the first physiological responses are expected to be
seen with a delay of at least 15 min, and often in the order of hours (Haller et al., 2008).
Despite the overwhelming amount of data showing that corticosteroids hormones exert
their action through the classical nuclear receptors, in the last decades it has become
clear that corticosteroids can also have rapid, nongenomically mediated effects in a time
domain incompatible with the pathway involving transcription and translation. These
actions probably take place through another mechanism involving membrane-associated
receptors (Karst et al., 2005; Di et al., 2003; Groeneweg et al., 2011). The rapid effects
are possibly accomplished via second messenger pathways (Karst et al., 2010) and this
sheds new light on the traditional role of the MR and GR in coping with stress.
1.4. MR-GR Balance Hypothesis
The MR and GR operate at different phases of the stress response. MR is primarily
involved in the first and rapid response to stressful conditions, while GR intervenes
only later to help with the recovery process, ensuring the end of the stress reaction and
helping to store stress-related information for future use (de Kloet et al., 2007). Thus,
the stress response involves activation of two systems: a fast one (through membrane
receptors) and a slow one (through genomic regulation), with the first one in charge to
ensure attention and vigilance and the second one impacting on learning and memory
15
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processes. These two systems, though, are interconnected.
For instance, Roozendaal and colleagues showed that when corticosterone release in
rats is controlled by the administration of metyrapone (an inhibitor of corticosteroid’s
synthesis) and (relative) MR activation is thus promoted, a decrease in fear-induced
immobility and fear-related anxiety was observed (Roozendaal et al., 1996); at the same
time, when the rats received exogenous corticosterone, there was an increase in anxiety
as shown in the elevated plus maze (EPM) test following a social defeat task (Calfa et al.,
2006). This study also showed that when a GR antagonist is administered in the lateral
septum the anxiogenic effects of corticosterone disappeared.
Brinks and colleagues (Brinks et al., 2007) showed in mice that a constant MR
activation leads to reduced anxiety-related behavior and higher exploratory activity, but
this reduction of anxiety did not coincide with generally enhanced performance in a
learning and memory task. An improved performance was seen using the hole board
task after a moderate increase in the activation of the GR receptors; this improvement
is concurrent with a stable emotional state (low anxiety). However, when the activation
of GRs shifted from moderate to intense (keeping MR still activated), the learning
process was not facilitated anymore, and instead the emotional response was enhanced,
as shown by high levels of anxiety. These results suggest that the optimal outcome occurs
when there is a continuous activation of MRs and a modest GR activation.
Oitzl and colleagues have further shown the importance of balanced MR/GR activation
for spatial learning. While MR is important in the immediate response of corticosterone
in memory processing, GR has a key role in the control of spatial behavioral functions.
MR can exert its effect only through an interaction with GR activity (Oitzl et al.,
1997): When GR was absent from the dentate gyrus, mice exhibited impairments in
hippocampal dependent memory as shown from the results of the conditioned fear
response (Fitzsimons et al., 2013). Harris and coworkers, using a mouse model with MR
overexpression and GR underexpression, showed the importance of the MR/GR balance
for strategy formation in the Morris water maze. These mice showed an enhanced spatial
memory (Harris et al., 2013).
Overall, these data led to the formulation of the MR/GR balance hypothesis, which was
first proposed by De Kloet (de Kloet et al., 1998). This hypothesis states that the balance
between onset and termination of a stress reaction ensures homeostasis and health
(Groeneweg et al., 2012). An imbalance between the central corticosteroid receptors
can dysregulate the stress system, through an initial inadequate HPA axis response to
stress, delayed recovery to a restful situation and/or impaired behavioral adaptation. This
dysregulation can lead to an enhanced vulnerability to develop stress-related psychiatric
disorders such as depression, anxiety and posttraumatic stress disorders (McEwen, 2008).
Results from human studies are in line with animal data and support the MR/GR balance
hypothesis. For instance, decreased MR transcript level and increased GR/MR ratio
was observed in the cingulate cortex and dorsolateral prefrontal cortex in human post
16

mortem material from patients diagnosed with depression (Qi et al., 2013). Literature
suggests that this imbalance can be the result of environmental factors in interaction
with genetic background. Lopez et al conducted studies involving (depressed) suicide
victims and rodents with a history of chronic unpredictable stress. He showed that the
levels of MRs were decreased in both models along with an imbalance in the MR/GR
ratio (Lopez et al., 1998).
An adjustment of the imbalance between MR and GR receptors might therefore facilitate
the homeostasis in the brain affected by stress-related diseases and protect from the
effects of excessive external stimuli. Hence, intervention in the MR/GR ratio appears a
promising target for therapeutic strategies, and treatment with glucocorticoid receptor
antagonists may accomplish this (de Kloet et al., 2007). I will address this issue in more
detail in section 3.
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2. EARLY LIFE ADVERSITY
Severe adverse experiences during critical stages of development may induce alterations
in the normal brain development and lead to long lasting consequences. Below I will give
an overview of the main effects of early life stress from a behavioral and neurobiological
point of view.
2.1. Stress early in life: childhood maltreatment
Parental neglect and childhood maltreatment are a major public health and social welfare
problem worldwide, regardless of race, cultural backgrounds and economic status
(Green et al., 2010). There is a discrepancy between child abuse and official statistics;
the difficulty to obtain reliable estimations is due to the fact that child abuse is often
under-reported (Gilbert et al., 2009) Between 1992 and 2012 reports of abuse showed
a reduction of maltreatment, most pronounced for physical abuse (54%), sexual abuse
(62%) and parental neglect (14%). Although these statistics are promising, the problem
remains: For all US children, the cumulative prevalence of confirmed maltreatment was
12.5% in 2011. Approximately 1 in 8 US children were confirmed to be maltreated
from birth to 18 years of age (Sumner et al., 2015; Wildeman et al., 2014; Finkelhor
et al., 2013). “Childhood maltreatment” may be categorized in four subtypes: physical
abuse , sexual abuse, psychological abuse and parental neglect (Vachon et al., 2015;
Kessler et al., 2010). Childhood maltreatments not only have a huge emotional cost for
the victims, but also for society. An estimation reported in a recent study underlined
that, in order to cure the detrimental effects caused by childhood maltreatment, 585
billion dollars are annually invested by the United States (estimation for 2008) (Fang et
al., 2012). The cost per capita is comparable to that of many other high profile public
health problems that affect society like stroke or non-insulin dependent diabetes (Fang
et al., 2012).
There is considerable evidence from animal and human studies that early life adverse
experiences have long lasting effects on the development of the brain. Clinical and
preclinical studies highlight the association between early life adverse events and the
development of mental disorders later in life (Meaney et al., 2007; Breslau et al., 2014).
Maltreatments during early life have implications for developing, behavioral, emotional
and learning problems across the life span (Danese et al., 2009; Moffitt, 2013; Struber
et al., 2014). Other adverse outcomes related to early-life maltreatments include early
onset of illness, obesity, high risk for drug addiction (e.g. alcohol problems), increased
suicidal behavior and chronic pelvic pain complains (Edwards et al., 2003; Felitti et al.,
1998; McLaughin et al., 2010; Danese and Tan, 2014; Widom et al., 2007; Evans et al.,
2005; Jamieson and Steege, 1997; Wanner et al., 2012). Childhood adverse experience
18

also seems to lead to lasting immune dysregulation that may induce morbidity of chronic
disease during adulthood (Fagundes et al., 2013).
Even milder forms of early life adversity, as for instance a poor economic social status
where the infant is raised, pose a risk for developing mental health disorders later in life
(Gilman et al., 2002; Wickrama et al., 2005). That early life experience shapes the brain
in a long lasting manner is clear, but the underlying neurobiological mechanisms are
incompletely understood. Because of ethical issues, causal effects of early life stress cannot
be studied in humans in a controlled manner. A suitable approach in understanding the
transition from early life stress to stress-related pathologies involves the use of animal
models. Some of the models are discussed in section 2.3.
2.2. Stress early in life and HPA axis: The stress hyporesponsive period
2.2.1 Rodent models
The disruption of the mother-infant interaction is often used to investigate the detrimental
effects that exposure to stress early in life exerts on the development of the HPA axis
(Nishi et al., 2014; Levine, 2005). The early life period is one of unique sensitivity,
where the brain structure and functions can be shaped in a long lasting manner by
adverse experiences. During the first 2-3 weeks of a rodent’s life, a mild or moderate
stressor evokes only a subnormal HPA axis response to the stimulus. This period is
called “the stress hyporesponsive period” (SHRP) and is characterized by lower levels
of plasma corticosterone and the inability of many stressors to evoke a corticosterone
response (Levine, 1994). It is hypothesized that the goal of the SHRP is to protect the
developing brain from the impact of elevated corticosteroids (Cirulli et al., 1991). As
several studies have shown, the integrity of the SHRP depends on intact maternal care: a
disruption of the mother-pup interaction leads to HPA axis activation and an enhanced
stress response through release of corticosterone (Rosenfeld et al., 1991; Sapolsky and
Meaney, 1986). There is a different time window in mice and rats: in mice the critical
period lasts between postnatal days (PND) 1 and 12, in rats between days 3 and 14.
It is believed that the hyporesponsiveness is dependent on intrinsic factors (Molet et
al., 2014). In particular, a mild stressor such as an isotonic saline injection induces the
transcription of CRH mRNA (Dent et al., 2000) but CRH release is minimal and fails
to increase the level of ACTH. During this time window the adrenal cortex has been
shown to be partially insensitive to ACTH stimulation and therefore the stress-induced
increase in release of corticosterone is minimal (Rosenfeld et al., 1991; Stanton et al.,
1988)
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2.2.2 Analogy between rodents and humans
The key role of mother-pup interaction has been studied for 60 years in rodents and
nonhuman primates, as reflected by the theory of attachment postulated by Harlow
(Harlow and Suomi, 1970). Importance and validity of the mother-pup interaction
model to study early life stress in humans are based on similarities between rodents and
humans regarding the development of the HPA axis. In humans, as in rodents, the daily
corticosteroids’ peak level is at the end of the resting period, in preparation for the active
phase (Price et al., 1983). As in rodents, in children there is a delay in functioning of the
HPA axis that begins during infancy and lasts until most of the childhood (Gunnar and
Quevedo, 2007; Gunnar and Fisher, 2006). It is thought that at childbirth, there is a
consistent increase of circulating glucocorticoid levels lasting until 3 months of age, but
thereafter the HPA axis shows less responsiveness. According to Gunnar and Cheatham
(Gunnar and Cheatham, 2003), the length of the SHRP in infants may relate to the
slow maturation of the human brain as compared to other species such as rodents. The
slow development in humans necessitates a long period of parental care and the SHRP
in children can be disrupted by lack of parental contact or severe stressors (Gunnar
and Cheatham, 2003; Lupien et al., 2009). In line, children that were brought up in
orphanages or that experienced adoption, exhibited higher daytime cortisol production
(Cicchetti and Rogosch, 2001; Gunnar et al., 2001). Most likely, early life adversity in
humans increases the possibility to develop disorders later in life through disturbing
HPA axis activity.
2.3. Stressful events early in life: pre- and postnatal stress
As mentioned before, an overwhelming amount of literature supports that exposure to
stressful events during prenatal or early neonatal life leads to alterations in the normal
brain development and extensively increases the possibility to develop mental pathologies
later in life (Holmes et al., 2005). There are three important time windows during which
stressors may lead to long lasting effects early in life, both in rodents and humans. These
include the prenatal period, the early postnatal period (the first two weeks after birth)
and the adolescence-juvenile period in which the brain is still under development (Sandi
and Haller, 2015). Some of the commonly used models are discussed below.
2.3.1 Prenatal stress
Around gestational day 13, GRs have been described in three important areas that have
a close connection with the HPA axis: the hippocampus, hypothalamus and pituitary
(Matthews, 2000). Hippocampal MR mRNA was detected from gestational day
16 onward and one day later in the hypothalamus (Diaz et al., 1998). MR and GR
transcription levels reach adult level only after birth; MRs after the first week of life
20

(Bohn et al., 1994) and GRs reach adult values around PND 30 (Yi et al., 1994). In
view of the MR and GR presence and due to the rapid advances in neural network
formation that occur in the prenatal period -like formation of synapses, neurogenesis, cell
differentiation and dendritic arborization-, the fetal brain is very sensitive to important
changes in reaction to external stimuli (Davis et al., 2013; Levitt, 2003; Bourgeois,
1997; Kofman, 2002).
The prenatal stress protocol employs a range of stressors that disturb the dam during the
gestational period. The stress hormones released from the dam reach the fetus via the
placenta (Sandi and Haller, 2015). Stressful events can include maternal glucocorticoid
administration or maternal nutrients’ restriction. Stressors can also perturb the emotional
sphere: the dam in this case is exposed to an unknown conspecific (Bosch et al., 2007),
restraint stress (Lee et al., 2007), exposure to unpredictable noise (Fride and Weinstock.,
1984), or strobe light (Kapoor and Matthews, 2005). The exposure can also be more
physical in nature, like hypoxia (Fan et al., 2009) alteration of the immune system
(through administration of lypopolysaccharide) (Paris et al., 2011), or repeated electric
tail shocks (Takahashi and Kalin, 1991). Other protocols expose the dam to a daily
combination of unpredictable stressors (Mueller and Bale, 2008; Koenig et al., 2005;
Lee et al., 2007).
The outcome of stressful events during gestation may lead to increased anxiety in the
offspring, as exemplified by their behavior in the elevated plus maze (Vallee et al., 1997),
fearful behavior (Dickerson et al., 2005), increased hyperactivity (Weller et al., 1988)
and increased immobility in the forced swim test (Morley-Fletcher et al., 2003, 2004;
Poltyrev et al., 2005). Stress during the prenatal period is associated with a reduction
in neurogenesis and impairments in hippocampus dependent tasks (Lemaire et al.,
2000). Metabolic disturbances in the offspring were shown by Lesage and colleagues;
in this study, rats exhibited hyperphagia and an impaired glucose tolerance (Lesage et
al., 2004). HPA axis function is frequently reported to be compromised by prenatal
stress (Weinstock, 2001). For instance, adrenal hypertrophy has been documented in
prenatally stressed adult offspring (60-90 days of age) (Ward et al., 2000). Hippocampal
MR and GR density was reported to be reduced (Henry et al., 1994; Levitt et al., 1996)
and the SHRP disrupted (Sapolsky and Meaney, 1986; Henry et al., 1994).
Importantly, during the gestational period the exact time when the stress is applied can
produce different responses in the pups (Brunton, 2013). This phenomenon also applies
to the human situation: during the first trimester, the organs are rapidly developing and
exposure to stress at this time point is linked to cognitive impairment and health issues. The
second and third trimesters of the gestational period are characterized by organ maturation
and prenatal stress at this stage may expose the fetus to other complications including
deafness, skeletal dysfunction and low birth weight (Talge et al., 2007).
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2.3.2 Postnatal stress
In order to mimic stress in the postnatal period, animal models are employed that
interfere with the mother-pup interaction. Pups after birth are relatively immature
and the mother provides them not only with food but also with warmth and tactile
stimulation that is fundamental for their survival; therefore the presence of the dam
during the first two-three weeks of life is essential for the well-being of the pups.
Importantly, the mother ensures that the exposure of the pups to moderate stressors
does not raise the level of glucocorticoids and the SRHP remains effective (Sanchez et
al., 2001).
The importance of the mother-pup interaction has been extensively studied by Michael
Meaney and coworkers. They highlight that variation in the amount of pup licking and
grooming (LG) and active arch-back nursing (ABN) during the first week of life has
an important impact on the HPA axis response to stress later in life. This amount of
LG-ABN also predicted a specific behavioral phenotype (Liu et al., 1997). In Meaney’s
protocol, based on the amount of maternal care (LG-ABN), dams were classified as
high or low caregivers, which allowed studying the effect of differential maternal care
on behavior and neuroendocrine response of the adult offspring. Adult low LG-ABN
offspring showed an increased response of the HPA axis after an induced stressful
event (Weaver et al., 2004), increased CRH mRNA expression in the hypothalamus,
higher level of ACTH/corticosterone response and decreased GR and MR mRNA
in the hippocampus (Liu et al., 1997). Emotionality was also impaired (Menard and
Hakvoort, 2007), anxiety was increased as shown in the open field (Caldji et al., 1998),
and performance in the object recognition task and in the spatial learning paradigms
was worse (Liu et al., 2000; Bredy et al., 2003a; Toki et al., 2007). Thus, the mother’s
behavior strongly influences the development of the offspring’s brain and can program
behavioral and neuroendocrine response to stressful events in a later stage of life.
The quantity and quality of maternal care can be experimentally manipulated either to
increase or to impair it. Maternal care can be enhanced through the ‘handling’ procedure.
Handling the pups daily for 3-15 min for a period between 7-21 days (depending on
the protocol) decreases anxiety-like behavior during adulthood, improves hippocampus
dependent learning (Korosi and Baram, 2009; Fenoglio et al., 2005; Lehmann et al.,
2002) and enhances recognition memory (Kosten et al., 2007). Postnatally handled rats
also displayed a rapid reduction in the corticosterone levels after stress, owing to increase
negative feedback of the HPA axis (Levine, 1957, 1962; Bhatnagar and Meaney, 1995).
However, maternal care can also be disrupted (Champagne et al., 2003). Three of the
most popular animal models for early life stress include: short separation (3h per day);
the limited bedding/nesting paradigm for early life stress; and maternal deprivation
(prolonged absence).
With short separation researchers typically refer to a deprivation of pups from the
mother that lasts up to 3 hours and occurs on a daily basis for the first 2 weeks of life
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(typically induced from PND 2 to 14). It is designed to reproduce repeated exposure to
stressful events in the early postnatal period that profoundly affect the stress response
and the behavioral outcome (Biggio et al., 2014).
Repeated maternal separation leads to short term and long term effects. A short-term
effect is the substantial increase of the ACTH and corticosterone level five minutes
after pups and mother were reunited (Huot et al., 1997; Sanchez et al., 2001). Sanchez
and colleagues proved that rats exposed to 3 hours maternal separation, had increased
ACTH and corticosterone level when tested at PND 14 after restraint test or exposure
to a cat odor. Long-term effects involve the emotional sphere, in particular increased
anxiety (Biagini et al., 1998; Kalinichev et al., 2002; Wigger and Neumann, 1999), as
well more aggressive behavior (Boccia and Pedersen, 2001), depressive like syndrome
and anhedonia (Marais et al., 2008; Matthews and Robbins, 2003). Short repeated
separations lead to impairment in the inhibition of the HPA axis with the potentially
detrimental consequence of an exaggerated response to stressful events (Ladd et al.,
2004).
The limited bedding/nesting paradigm is a rodent model for early life chronic stress
that consists of disrupting the normal mother-pups interaction by limiting the nesting
and bedding material in the cage where the animals are housed. This model allows
studying the long-term consequences of early chronic stress related to abnormal maternal
care. The limited nesting and bedding material represents a stress for the dam and a good
paradigm when translating to a human situation, in which the mother might be present,
but the care towards the infant is abnormal and fragmented (Rice et al., 2008). Pioneers
of this model are Tallie Baram and coworkers, who assessed that fragmented maternal
care, from PND 2, induced persistent cognitive impairment and emotional dysfunction
in the offspring (Baram et al., 2012).
When the protocol is applied during the first nine days of pup’s life, several studies showed
transiently elevated plasma corticosterone levels (Moriceau et al., 2009; Raineki et al.,
2010), an increase in the adrenal weight and decrease in the body weight, effects that do
not last until adulthood (Avishai-Eliner et al., 2001; Brunson et al., 2005). Impairment
in cognitive function, assessed in hippocampus-dependent tasks and deficits in memory
function, accompanied by anomalies in the long-term potentiation (LTP), were reported
by Brunson and colleagues (Brunson et al., 2005). Notably, depressive-like behavior was
assessed in the forced swim test in adolescent rats that underwent early life stress by
restricted nesting and bedding material (Raineki et al., 2012). This paradigm, popular
in the last decade, is often regarded as a valid contribution to understand the origin of
mental and cognitive pathologies that are the outcome of chronic early life stress events
but should be interpreted with extreme care (Molendijk and de Kloet, 2015).
Another common approach to study the detrimental effects of early life stress is maternal
deprivation. This model was employed in this thesis and has been studied over decades.
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Maternal deprivation consists of a single episode of 24 h of mother-pup deprivation
that, depending on the studies, can have a different time window, but it always takes
place during the first two weeks of life. It is a useful model to observe the neurobiological
changes that occur in response to disturbances during this critical developmental period
(Viveros et al., 2009). Taking into account that the dam barely leaves the nest, an absence
of 24 hours is a severe stressor for the pups (Ader and Grota, 1970). Already after 1
minute of absence ultrasonic vocalizations were observed to be highly increased (Hofer,
1996). Similarly to other paradigms for early life stress mentioned above, maternal
deprivation also interferes with normal brain development and increases vulnerability to
develop psychopathology later in life (Levine, 2005).
Twenty-four hours of maternal deprivation leads to a variety of stressful events that
combined induce the long-term changes in the behavioral and neurobiological function
of the rodents. Three prominent stressful events during maternal separation include:
1) alteration of the thermoregulation system, 2) lack of nutrition, 3) lack of maternal
care. Thus, rat pups are unable to maintain adequate body temperature during the dam’s
absence (Leon et al., 1990) and experience hypothermia. This condition is caused by
three factors: immature development of the pups’ thermoregulatory system, lack of
isolation that is normally ensured by the presence of the mother’s fur and lack of the
pups’ subcutaneous white adipose tissue (Malik et al., 2003; Conklin and Heggeness,
1971). In order to limit pup mortality, thermal aspects of the nesting environment is
an important factor that needs to be taken into account when applying the maternal
deprivation protocol. A heating pad ensures a warm environment for the pups during
long deprivation periods (Oomen et al., 2011; Leslie et al., 2011).
The first 2 weeks of life represent a critical developmental period in which maternal
nutrition has a key role and is ensured by the presence of the dam. Deprivation in
nutrition early in life can have detrimental consequences for the development of the
brain and its function during adulthood, as shown in rodents and humans (Prado and
Dewey, 2014). Cognitive functions were impaired (Isaacs et al., 2010; Laus et al., 2011)
and in case of iron and protein deficiency memory is impaired as well (Benton, 2016).
The lack of mother’s milk, during the deprivation period, caused a consistent decrease
in the level of leptin (Salzmann et al., 2004) and glucose (Viveros et al., 2010). Another
consequence of developmental malnutrition is the increased probability to develop
obesity later in life (Levin, 2006).
The importance of maternal care in terms of licking and grooming has been elucidated
by Meaney and coworkers. The crucial role of tactile stimulation also applies to the 24 h
maternal deprivation paradigm; lack of tactile stimulation leads to inhibited secretion of
the growth hormone along with a strong reduction of the levels of the enzyme ornithine
decarboxylase (Pauk et al., 1986; Schanberg et al., 1984) which is of vital importance
for a normal growth and development.
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During this critical period the pup’s brain is capable of integrating sensory inputs into
a circuit that controls fear (Kaffman and Meaney, 2007). Oomen et al showed that
maternally deprived rats improved amygdala dependent fear memory (Oomen et al.,
2011). Notably, visual and auditory inputs shaped the developing brain in a long-lasting
manner (Kaffman and Meaney, 2007).
Ellenbroek and coworkers showed short-term effects of maternal deprivation in rats that
were separated from the dam for 24 h at PND 9. These effects involved delay in eye
opening, impairment in ambulation/rearing and a reduction in body weight (Ellenbroek
et al., 2005). The deprivation paradigm is also associated with a high probability to
develop depressive like behavior, probably due to HPA axis alterations (Zamberletti et
al., 2012). Hippocampal levels of brain-derived factor (BDNF) were also shown to be
decreased after deprivation (Choy et al., 2008; Marco et al., 2013).
Maternal deprivation is also related with an increase of HPA axis activity (Viveros et
al., 2010; Levine et al., 1991) and rises in corticosterone levels were shown at PND 4
immediately after maternal deprivation (Oomen et al., 2009). Oomen et al also showed
that maternal deprivation at PND 3 leads to changes in hippocampal neurogenesis
(with different outcome in males and females), reduction in dendritic arborization and
a reduction in the number of granular cells in the dentate gyrus of hippocampus. Effects
of maternal deprivation on ACTH and corticosterone levels were found to last for at
least some months (Rentesi et al., 2010; Lehmann et al., 2002). The results are not
always consistent (Llorente-Berzal et al., 2011; Workel et al., 2001), though. It was
shown that changes in HPA-axis function depend on the age during which deprivation
was applied as well as the age of testing (Lehmann and Feldon, 2000; van Oers et al.,
1998a; Workel et al., 2001)
2.4 Stress, Adolescence and HPA axis
For both humans and rodents, adolescence represents a transitional time in-between
childhood and adulthood. Adolescent rodents compared with humans at the same stage
of life, show several similarities concerning some aspect of the behavior. An example is
represented by the higher amount of time spent interacting with the peers than with
the mother (Pellis and Pellis, 1997) and risk taking behavior is also enhanced in both
humans and rodents (Spear, 2000). The adolescence in rodents is assessed to take place
from PND 21 until 59 and can be subdivided in three periods: from PND 21-34 as
early adolescence, middle adolescence from PND 34-46 and late adolescence from PND
46-59 (Tirelli et al., 2003).
Initially preclinical studies focused their attention on the effects of stress on the postnatal
period and during adulthood, but more recently the time window of adolescence has
increasingly become focus of research, due to the significant stress-related plasticity
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that this stage of life offers. It became evident that the adolescent brain has a different
sensitivity to external stressful stimuli and a different reaction to the stress related
hormones than the adult brain (Avital and Richter-Levin, 2005; Toth et al., 2008).
Key in explaining the different reaction to stress between adult and adolescence is the
HPA axis. Several studies in humans reported altered axis activity in the adolescent
period, including quantity and duration of hormones released by the axis after a stressful
event (Dahl and Gunnar, 2009; Gunnar et al., 2009; McCormick and Mathews, 2007;
Spear, 2009). Importantly, an enhancement of basal cortisol levels was observed during
adolescence (Gunnar et al., 2009; Gunnar and Vazquez, 2006b). In rodents, this
enhancement was most pronounced from PND 14 to 40; from PND 40 onwards sex
differences were found, with higher corticosterone concentration for females than for
males. In both sexes adult levels of basal corticosterone were reached around PND 45
(Pignatelli et al., 2006). Several studies reported that rats during early adolescence, in
response to acute stressors, show a more prolonged stress-related hormonal activation
compared to mature adult rats (Goldman et al., 1973; Romeo et al., 2006). As shown by
Romeo and coworkers (Romeo et al., 2014; Romeo, 2010) corticosterone and ACTH
levels remain elevated much longer after a stressor has ended in adolescent compared
to adult rodents. This could relate to changes in the feedback mechanism, which has
the key role to stop the response to stress. Therefore, the adolescent rodents’ HPA axis
responds to stress with a longer activation than in adulthood, exactly as happens in
humans (Romeo et al., 2004; Vazquez, 1998).
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3. ADOLESCENCE: A WINDOW FOR INTERVENTION?
A possible intervention for the detrimental effects caused by glucocorticoid over-exposure
early in life, might be provided by administration of a synthetic steroid compound with
antiglucocorticoid properties: Mifepristone (Aisa et al., 2007, 2008). Below I will give
an overview of the main functions of this drug and its current applications.
3.1 Mifepristone:
Mifepristone was discovered in the 1980s for its antagonist property towards the GR;
it also appeared to have antagonist function for the progesterone receptor (Philibert et
al., 1981), and a weaker androgen receptor antagonist activity (Song et al., 2004). The
discovery was made by RU (Roussel- Uclaf ), a French pharmaceutical company from
which the compound takes the name RU38486, successively shortened into RU486.
It is the first GR antagonist that has been used for clinical trials (Ulmann et al., 1990;
Bertagna et al., 1984) and also the first one used for its antiprogestin action. Although
several new drugs entered the market, mifepristone is still one of most often used antiprogestin drugs for clinical use.
Mifepristone is a derivate of the synthetic norethindrone (Im and Appleman, 2010).
When administered at low doses it blocks selectively progesterone receptors while at
higher doses it is a selective GR antagonist (Spitz and Bardin, 1993). The largest use
in the market is due to its capability to induce abortion in almost 100% of the cases
when combined with prostaglandins (Nagaria and Sirmor, 2011; Jordan and Schields,
2010). Currently mifepristone is available in the market in 55 countries and has a role
in the treatment of endocrine related pathologies like endometriosis and uterine fibroids
(Moller et al., 2008). Because of its relative good patient tolerability and the effects of
this drug in several receptors in the body, evidence supports the fact that mifepristone
can be applicable in different other clinical settings. This is why a large number of clinical
trials in endocrinology and oncology test the efficiency and the safety of mifepristone
(Chen et al., 2014).
3.1.1 Mifepristone’s use in oncology
Examples of its widespread applicability come from studies in which the anticancerogenic
effect was tested. Mifepristone has been studied in different tumor cell lines and with
different animal models. In a recent review, Chen and coworkers (Chen et al., 2014)
highlighted the effect of mifepristone on inhibiting the growth of the tumor and the
anticancerogen effect. Check and colleagues (Check et al., 2009) stated: “mifepristone
might represent a novel immunotherapy to help to fight cancer” congruent with
Rocereto and coworkers’ conclusion that mifepristone might be used against ovarian
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cancer (Rocereto et al., 2000), although negative results are also reported (Ji et al., 2015).
Mifepristone has been successfully tested in the treatment of glioblastoma, where it
improved the efficacy of the chemo/radiotherapy (Llaguno-Munive et al., 2013).
Another effect of this drug is to induce apoptosis of prostate cancer specific cell lines
(Zhang et al., 2006), inhibit the growth of breast cancer by inducing apoptosis and
inhibit angiogenesis as shown in preclinical studies (Tian et al., 2008).
3.1.2 Mifepristone as therapy for Cushing’s syndrome
In humans it was found that mifepristone has a GR affinity which is four times higher
than that of dexamethasone and 18 times higher than cortisol. The affinity for the MR
is quite low (Johanssen and Allolio, 2007), supporting the selectivity for the GR. Due to
its antiglucocorticoid action, mifepristone has been used in several studies as a potential
treatment for pathologies related with hypercortisolism, e.g. Cushing’s syndrome, a rare
but debilitating endocrine disease caused by high circulating levels of glucocorticoids
that, if inadequately treated, leads to mortality (Fleseriu et al., 2012). First line
treatment against this disease is surgical removal of the pituitary tumor. Administration
of mifepristone is an alternative option. Since Cushing disease patients experience a very
low quality of life owing to cardiovascular complications, metabolic disturbances and
neuropsychiatric abnormalities, the use of mifespristone improves the clinical setting
in a way that can be considered a good approach to the patients affected. This was
shown by Fleseriu and colleagues (Fleseriu et al., 2012) where 87% of patients treated
with mifepristone showed an improvement in the depressive mood and metabolic and
endocrine abnormalities.
3.1.3 Mifepristone’s use as therapy for psychotic diseases
Alteration of the normal functioning of the HPA axis is associated with the vulnerability
to develop mental disorders, as mentioned in the previous section. Mifepristone has
been proposed and studied for ameliorating the symptoms of depression and psychosis,
by virtue of its GR antagonist properties. In particular, both clinical and preclinal studies
focused their attention on bipolar disorders (Young et al., 2004b) where the beneficial
effect of mifepristone was shown in terms of ameliorating mood and spatial recognition
memory as well as stress dysfunctions related to depression (Wulsin et al., 2010).
Mifepristone enhanced cognitive functions as observed in preclinal studies in mice
(Revsin et al., 2009). Moreover, it has been proved that mifepristone has an important
effect in slowing the rate of cognitive deficit in patients suffering from Alzheimer disease
(Belanoff et al., 2002a). In a study conducted in senior adults suffering from general
anxiety, mifepristone was used as a treatment to reduce the high level of cortisol that
caused cognitive and memory impairment. The researchers successfully proved the
beneficial effect of this drug in the cognition and memory altered by high levels of anxiety
(Lenze et al., 2014). Overall, mifepristone emerges as a powerful potential treatment to
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ameliorate the condition of disorders characterized by abnormalities in the HPA axis
and psychotic major depression (Belanoff et al., 2001; 2002b; Simpson et al., 2005;
387 Blasey et al., 2011), although there are also critical views as shown by Gallagher
and coworkers (Gallagher et al., 2005). Also in a phase III clinical trial mifepristone did
not meet its primary endpoint of reducing psychotic symptoms in depression sufferers.
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4. EARLY LIFE PROGRAMMING
Understanding the mechanism that underlies maternal care has been a challenge. The
Stress Diathesis model refers to the possibility that adverse early life experiences lead
to impaired development of neural and neuroendocrine systems (e.g. the HPA axis)
in a way that predisposes the individual to develop disorders later in life. One of the
most intriguing questions is which molecular mechanisms mediate these effects and
in particular how this environmental programming is established and sustained in the
offspring. Current evidence points towards a key role of epigenetic modification of the
gene expression after severe stressors early in life. I will here briefly highlight the role of
epigenetic mechanisms.
4.1. Early life stress and epigenetic mechanisms
While the DNA remains stable across ontogeny, the epigenetic code undergoes
important changes during the gestational phase and the period of growth. Epigenetic
modifications regulate gene expression without altering the DNA sequence; there are
different epigenetic mechanisms through which the gene expression can be modified.
Many studies focused on DNA methylation at the cytosine- guanine CpG sites,
and post-translational modifications to histone proteins (Peterson and Laniel, 2004;
Huang, 2014). Various reports have demonstrated the important role that epigenetic
regulation of gene expression exerts in mediating the long lasting neurobiological and
behavioral effects of stressful events early in life (Wadhwa et al., 2009; (Weaver et al.,
2004; Murgatroyd et al., 2009). Thus, exposure to stress during early development can
epigenetically interfere with the transcription or repression of specific genes in a longterm manner and may increase the vulnerability to pathologies later in life; this view is
based on preclinical and clinical studies (Murgatroyd et al., 2009; McGowan et al., 2009
and see Heim and Binder, 2012).
The most extensively studied example relates to early life-induced changes in methylation
of the GR gene. Between PND 1 and 6 differences between offspring from high and
low LG mothers emerge concerning the DNA methylation pattern; offspring of high
LG mothers showed an increase of GR expression that was linked with hypomethylation
of CpG dinucleotides in the exon I-7 GR promoter sequence and increased histone
acetylation (Weaver et al., 2004). These effects in high and low LG offspring, that usually
persist until adulthood, are reversed by crossfostering (Szyf et al., 2005). Weaver and
colleagues showed that the low LG hypermethylation of the GR I-7 promotor effect was
also reversible when the animals were treated with an antagonist of DNA methylation
later in life (Weaver et al., 2004, 2006). In line with these experiments in high versus
low LG mothers and their offspring, neonatal handling has been shown to induce
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consistent alterations in the level of the transcription factor NR3C1 gene encoding GR
(O’Donnel et al., 1994). Studies so far indicate that protocols that interfere with normal
brain development cause not only alterations in GR expression but also that of genes
related with the stress response like BDNF (Roth et al., 2009), AVP (Murgatroyd et al.,
2009) and CRH (Chen et al., 2012). For instance, prenatal exposure to different types
of stressors in mice not only alters GR expression but also that of CRH, and induced
abnormalities in the levels of methylation of these genes (Mueller and Bale, 2008).
Not only in rats but also in humans pre- and postnatal environmental stimuli can have
an impact on the children. The important role of epigenetic mechanisms in the dynamic
interaction between adverse experience early in life and gene activity have been reported
in several studies (Monk et al., 2012; Lester et al., 2013). Examination of postmortem
hippocampal brain tissues of victims of suicide that early in life were sexually abused,
showed higher methylation level in the exon 1-F of the promoter region of the GR gene
(McGowan et al., 2009) (the human homolog of the rat exon 1-7 NR3C1 promoter).
Perroud and coworkers suggested that the link between childhood maltreatments and
the development of mental illness could be explained by abnormalities of the axis
due to epigenetic modification of the NR3C1 (Perroud et al., 2011). Increased DNA
methylation of NR3C1 together with higher cortisol levels was found in children
from mothers diagnosed with depression and anxiety in the last trimester of pregnancy
(Oberlander et al., 2008; Radtke et al., 2011).
These results support a key role for epigenetic mechanisms in mediating the programming
effects of early life stress. The possibility to modify the epigenetic patterns using
epigenome–targeted intervention, could lead to rescue of the abnormalities in gene
expression caused by early life stress, with the eventual goal to prevent the development
of psychopathologies, with an improved outcome for people with a history of adverse
childhood.
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5. STRESS AND THE BRAIN
The dual nature of stress lies in the simultaneity of its adaptive nature and its possible
maladaptive consequences (Korte et al., 2005).
Independently from the fact that the stress response will lead to health benefit or health
impairment depending on the circumstances, the brain is an organ that plays a very
important role in the physiological and behavioral response to stress. Several brain
regions respond to the stressful event, causing changes in anxiety, memory function,
decision-making, fear and aggression. Below, I will report the effect of stress on the
striatum and hippocampus, since this is most relevant for the questions in my thesis.
5.1. Striatum
The striatum is one of the principal components of the basal ganglia, a neuronal circuit
that has a variety of functions. Until 30 years ago it was best known for its role in
voluntary movement control (Hikosaka et al., 2000; Nauta and Mehler, 1996), but
nowadays it is an area known not only for motor functions but also for goal directed
behavior. It is involved in the regulation of emotions, cognition and motivation. This
discovery comes from studies that showed that the fronto-cortical input that projects
through the basal ganglia, returns not only to the motor cortex but also to the bigger
frontal cortex area (Haber and Knutson, 2010). Extensive studies have assigned a key
role of the striatum for executive functions, particularly decision making (Schouppe et
al., 2014). The dorsal striatum is best known for its role in goal directed behavior (Do
et al., 2012) and it is involved in learning the link between an action and the reward
that follows it (Balleine et al., 2007). The ventral striatum is the motivational engine
that might be involved in the positive feelings that are linked with the anticipation
of a reward (Knutson et al., 2003). It appears to be in charge of the motivation to
choose the option that leads to the best outcome (Heekeren et al., 2007). Facilitation of
associative learning, in particular Pavlovian and instrumental learning, is also served by
the striatum (Liljeholm and O’Doherty, 2012). Several studies indeed have shown that
the striatum, in particular the dorsal part, is responsible for learning and memory of
training tasks (Wachter et al., 2009; Packward and White, 1991). The dorsal striatum has
a moderate expression of glucocorticoid receptors (Defiore and Turner, 1983; Morimoto
et al., 1996; Ahima and Harlan, 1990) and it is also a target structure for the action of
glucocorticoids in the consolidation of memory function (Medina et al., 2007).
The striatum can be subdivided into (see Fig.2): the dorsal striatum, which includes the
caudate and putamen; and the ventral striatum, which contains the nucleus accumbens
(Baez-Mendoza and Schultz, 2013). Dorsal and ventral areas are separated by a white
matter tract in-between brain cortex and brainstem. The striatum collects information
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and targets different areas in order to get the most efficient outcome. Cortex, thalamus,
hippocampus and amygdala project their glutamatergic inputs to the striatum. Of
importance in the study of behavior are the inputs that the striatum receives from the
reward circuit, in particular from the amygdala, the orbitofrontal cortex, the anterior
cingulate cortex and the nigrostriatal midbrain cells. In turn, the striatum sends its
output to its targets using the basal ganglia output nuclei: ventral tegmental area, the
substantia nigra, globus pallidus and subthalamic nucleus (Kreitzer and Malenca, 2008;
Novak et al., 2013).

Figure 2:

The region of the striatum as shown by Paxinos and Watson (published in the Rat Brain in Stereotaxic Coordinates,
4th ed., Copyright Elsevier (1998). Abbreviations: DSL= dorsolateral striatum, DMS= dorsomedial striatum, NaC=
nucleus accumbens core, NaS= nucleus accumbens shell.

There are several cell types characteristic of the striatum but the vast majority (95%)
comprises of medium spiny neurons that release γ-amino butyric acid (GABA). Other
important cells include cholinergic and fast- firing GABAergic interneurons (Tepper and
Bolam, 2004). One of the main functions exerted by the striatal neurons is information
consolidation about a reward and integrating it with motor information, which will lead
to a specific behavioral response.
Cognitive and emotional sphere as well motor functions require the integrity of the
striatum (Glenn and Yang, 2012). Its malfunctioning is also associated with psychiatric
disorders (Hare, 1991) including schizophrenia (Novak et al., 2013; Simpon et al.,
2010), major depressive disorders (Gabbay et al., 2013; Furman et al., 2011) and
Huntington disease (Thomas, 2006). Studying the striatum, Glenn and coworkers found
an increase of 9.6% of the striatum volume in patients diagnosed with psychopathic
disorders (Glenn et al., 2010). Importantly, the striatum appears to be a target area
for children diagnosed with ADHD; here a reduction of the volume of the caudate,
putamen and globus pallidus was observed (Castellanos et al., 2002; Overmeyer et al.,
2001; Castellanos et al., 2003).
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During the early postnatal period the striatum is still under development (Novak et al.,
2013). Maternal deprivation was shown to lead to hyperactivity of the dopaminergic
system, increased dopamine levels and a decrease in BDNF in the striatum (Piazza et
al., 1996; Lippmann et al., 2007). Since the early postnatal period is an important time
window for the development of the striatum, we decided in this thesis to investigate the
-prefrontal and striatum-dependent learning and reward capabilities of rats that early in
life were exposed to the maternal deprivation protocol.
5.2. Hippocampus
For decades literature focused its attention on the effects of early life experiences on
hippocampal function. The hippocampus, at the time of the birth, is still under
development, therefore really sensitive to external stimuli. Studies have shown that
the hippocampal formation in the rodent commences at embryonic day 18, but full
differentiation is achieved only during the early postnatal phase (Avishai-Eliner et al., 2002;
Bayer, 1980). During the first week of life, processes like neurogenesis, differentiation
and neuronal migration are in an active phase and this development slows down around
postnatal week 2-3 (Altman and Bayer, 1990; Gould and Cameron, 1996).
The first postnatal week in rodents may be comparable to the last trimester of the
gestational period in human (Avishai-Eliner et al., 2002). Hippocampal development
in humans initiates with the unfolding of the fetal dentate gyrus, cornus ammonis,
subiculum and parahippocampal gyrus, generating the hippocampal fissure (Kier et al.,
1997). Whereas the hippocampal cytoachitecture is already well formed by 34 weeks
of pregnancy, the full development still lasts at least until 16 years of age (Arnold and
Trojawnoski, 1996).

BOX Electrophysiology as a method to study (early life) stress
Most of the literature on the mechanisms underlying the effects of (early life) stress,
focuses on three main themes: 1) neuronal morphology, synaptogenesis and axonal
reorganization /alteration, 2) modification of the cell birth, survival and/or death and
3) the effects of stress on the composition of the cell membrane with a focus on voltagegated and ligand-gated ion channels (Ali et al., 2011). Regarding the last point, detailed
study of electric fields and currents with electrophysiological methods offers a possible
neurobiological explanation of a specific behavioral outcome after exposure to stress,
particularly early in life.
The high incidence of impaired hippocampus-dependent learning processes after early
life stress, prompted researchers to investigate alterations in synaptic connectivity after
early life stress. One phenomenon often studied is called Long Term Potentiation (LTP).
The basis for this process comes from the postulate of Donald O. Hebb (Hebb, 1949)
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who proposed in 1949: “When an axon of cell A is near enough to excite a cell B and
repeatedly and persistently takes part in firing it, some growth process or metabolic
change takes place in one or both cells such that A's efficiency, as one of the cells firing
B, is increased.” In other words his concept explains that alteration in the strengths of
synapses would occur between two neurons when a presynaptic input is associated with
simultaneous postsynaptic firing. According to Hebb this kind of modification could be
the basis of the plasticity of the brain. More than 20 years later Bliss and Lomo were able
to experimentally prove this mechanism (Bliss and Lomo, 1973).
LTP is induced by brief high frequency electrical stimulation of excitatory afferent
pathways and it is a form of synaptic plasticity characterized by the persistent
strengthening of synaptic connections that leads to enhancement of the postsynaptic
neuronal response.
The role of synaptic plasticity in learning and memory process in the hippocampus,
particularly of LTP, is the object of study in the neuroscience field of the last 30 years
(Martin et al., 2000). Suppression of LTP was observed in animals that underwent
prenatal stress (Yaka et al., 2007) and who also showed lower performance in a spatial
memory task (Yang et al., 2006). Postnatal experiences as well lead to alterations: the
use of the limited bedding/nesting paradigm during the first 10 days of life, revealed
diminished LTP at a cellular level in CA1 and CA3 area, dendritic atrophy and mossy
fiber expansion together with deficits in hippocampus-related memory functions.
Changes were age dependent (Brunson et al., 2005). In the protocol of naturally
occurring variations in maternal behavior developed by Meaney, a strong effect was
seen in offspring that received lower amounts of maternal care; in these animals LTP
was strongly reduced compared to high LG offspring. Surprisingly, in response to a high
dose of corticosterone LTP was enhanced in hippocampal tissue from low LG offspring
(Champagne et al., 2008). Early life stress in terms of maternal deprivation showed a
reduction in LTP that is dependent on the time window of the stress exposure (Gruss
et al., 2008). The magnitude of LTP was also significantly lower in mature adult rats
that underwent a maternal separation protocol (Sousa et al., 2014). However, opposite
(enhancing) effects of early life stress on LTP have also been observed. It seems to strictly
depend on i) the type and time of stressors, ii) the area of investigation, iii) to be related
with the balance of the hormones that are released after a stressful event, iv) the sex and
v) the brain area involved in the adverse situation (Joels and Krugers, 2007; Champagne
et al., 2008; Cui et al., 2006). For instance Oomen and coworkers observed no effect
of maternal deprivation on LTP in female rats (Oomen et al., 2011) while other studies
in males showed that LTP was enhanced (depending on the area) after exposure to
stress (Kavushansky et al., 2006; Maggio and Segal, 2007). Rats that underwent early
life stress, when stressed again during adulthood, performed better during a contextual
learning task and exhibited enhanced LTP (Oomen et al., 2010; Champagne et al.,
2008).
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Electrophysiological studies done in animals give an important contribution to
translational research, although the level of detail reached in animal models is not
(yet) feasible in humans. Nowadays techniques like deep brain stimulation, EEG or
magnetoencelography enable the study of effects of early life stress at the level of electrical
signals in the human brain (McFarlane et al., 2005; Weber et al., 2009).

5.2.1 Anatomy
The rat hippocampus is a C- shaped structure (see Fig.3) that takes the name from its
similarity in shape with a sea horse (Giap et al., 2000). It consists of 3 distinct areas: the
dentate gyrus, the hippocampus proper (CA1, CA2 and CA3 areas) and the subiculum
(van Strien et al., 2009). Its structure begins in the dorsal part of the brain close to
the septum and extends caudo-laterally until the temporal lobe where it ends and is
closely connected with the amygdala. Together with the amygdala, hypothalamus and
a few other areas, the hippocampus is part of the limbic system that is responsible for
the regulation of the emotions. The hippocampus is phylogenetically the oldest part of
the cortex called archicortex, that in contrast to other cortical regions contains only 3
layers (instead of 6). It consists of two main types of neurons: 1) principal (projections)
neurons that are abundant and glutamatergic in nature; the dentate gyrus is known for
the increased presence of granule cells while CA1, CA3 and subiculum exhibit pyramidal
cells (Amaral and Witter 1989; Llorens-Martin et al., 2014). And 2) short axonal
cells (interneurons) that are inhibitory in nature, produce GABA and are ubiquitous
throughout the hippocampus.
Within the hippocampus, the main route for the flow of information, is the trisynaptic
circuitry (see Fig.3) (Neves et al., 2008). Van Strien and coworkers explained the process
(van Strien et al., 2009), in short: inputs enter the hippocampus at the level of the
dentate gyrus through afferent fibers that originate in the entorhinal cortex. The input
from the dentate gyrus is projected towards the CA region. The granule cells via the
mossy fiber project to the CA3, which responds via the Shaffer collaterals projecting
onto the apical dendrites of the CA1. The axons of the CA1 neurons (pyramidal cells)
project to the subiculum and again to the entorhinal cortex.
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Figure 3: The hippocampus

A. A schematic drawing of the trisynaptic circuit of the hippocampus. The dentate gyrus receives input from the entorhinal cortex and projects onto the CA3, which in turn sends its fibers to the CA1-region. After that, information leaves
the hippocampus via the subiculum (S) B. The right hemisphere of the hippocampus (around bregma – 3.4). From
Paxinos and Watson.

5.2.2 Function
The hippocampus has a key role in learning and memory (Andersen et al., 2007). The
current view posits that the hippocampus mediates a temporary storage of information.
The neocortex is the first structure that processes the information thereafter (Squire,
1986, 1992). A contribution for this discovery came from the story of the patient Henry
Molaison (H.M.) who suffered from a severe form of epilepsy (see box).

The case of HM inspired over a half century of research, in order to understand the exact
role of the hippocampus in the memory process (Eichenbaum, 2013). In an attempt
to cure his debilitating disease (epilepsy), HM underwent surgery for the removal of
his medial temporal lobe, including the hippocampus and the amygdala. The surgery
resulted in the incapability to form new memories, a situation called anterograde amnesia
and the loss of recent existing memories (retrograde amnesia). His cognitive functions as
well as his intelligence were not in any way affected by the surgical procedure (Scoville
and Milner, 1957; (294) Corkin, 1984). Later on, other clinical studies confirmed the
role of the hippocampus in declarative memory (our everyday memory).
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The role of spatial memory has been studied for decades using a popular spatial
navigation task, called the Morris water maze. Studies in rats have shown that, in order
to successfully perform the task, animals need an intact and functional hippocampus
(Schenk and Morris, 1985; Oomen et al., 2010; Morris et al., 1982).
5.2.3 The Hippocampus and Stress
Three main reasons make the hippocampus particularly sensitive to stress effects early
in life: 1) its development occurs in a large part postnatally; 2) it is a highly plastic
structure; 3) glucocorticoids’ effect on the brain mainly target the hippocampus which
exhibits a high MR and GR expression (Cirulli and Alleva, 2003).
The hippocampus is functionally linked with the HPA axis and severe stress can affect
its function (Smith and Vale, 2006). Severe stressful experiences early in life may lead to
an alteration to its normal development with long lasting consequences (Glaser, 2000).
Whereas acute mild stressors can enhance learning and memory (Sandi et al., 1997;
Luine et al., 1996), severe and chronic activation of the HPA axis has detrimental effects
as shown in preclinical (Oomen et al., 2010; Sanchez et al., 2001) and clinical studies
(Kaufman and Charney, 2001; Hart and Rubia, 2012).
Maternally deprived animals show a downregulation of MR and GR mRNA and protein
in the hippocampus (Vazquez et al., 1996; van Oers et al., 1998b) while the opposite
effect can be seen in adult animals that received postnatal handling, where an increase of
GR gene expression is seen in the hippocampus (O’Donnel et al., 1994; Meaney et al.,
2000). The latter was also seen in high LG offspring (Weaver et al., 2004). In agreement,
less care from the dam was reported to lead to alterations in hippocampal development
(Liu et al., 2000; Schanberg and Field, 1987). Adults who experienced early life stress,
showed a reduction in the volume of the hippocampus (Woon and Hedges, 2008;
Vythilingam et al., 2002). Karten and colleagues studied how these alterations lead to
long lasting impairments in hippocampus-dependent learning and memory (Karten et
al., 2005).
Another process that is strongly modulated by early life stress is neurogenesis. The
dentate gyrus is one of the few areas in the brain where new neurons are generated into
adulthood (Korosi et al., 2012). The negative effects of early life stress were reported in
several studies, where the levels of neurogenesis were assessed during early adolescence
or adulthood. Prenatal stress was shown to affect neurogenesis (Lemaire et al., 2000)
in a sex dependent manner (Zuena et al., 2008; Schmitz et al., 2002). Similar results
were reported for the maternal deprivation protocol (Mirescu et al., 2004; Oomen et
al., 2009). Neuronal survival is also reduced by low amount of maternal licking and
grooming during the postnatal period (Bredy et al., 2003b). There is increasing evidence
that neurogenesis plays a key role in circuit development and in higher cognitive function.
First Heine (Heine et al., 2004) and later Oomen (Oomen et al., 2007) showed that
the reduction in neurogenesis caused by stress exposure, can be reverted after a recovery
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period from chronic stress or through GR antagonist treatment. Chapter 2 will give
more insight about how hippocampal neurogenesis is strongly modulated by early life
experiences in an age- and sex-dependent manner.
5.3 Brain circuits
Extended periods of glucocorticoid exposure in adulthood lead to reduced spine density
and dendritic length and enhanced apoptosis of hippocampal cells (Kim and Yoon,
1998; Weinstock, 2011). Detrimental effects of stress are also associated with alterations
in the size of the synaptic area of the mossy fibers in the dentate gyrus (Brunson et al.,
2005) and decreases in hippocampal synapses (Hayashi et al., 1998). While it is therefore
well-known that prolonged exposure to stress (be it early in life or during adulthood)
affects neuronal structure within a given brain area, far less is known how brain circuits
are affected, at least in rodents. The confluence of neuroscience and network science
gives the opportunity to study brain function from a different perspective.
In the field of developmental neuroscience, the use of techniques that are able to measure
the interaction between different elements of the brain, the connectivity techniques,
are becoming an important instrument for neuroscientist. It gives the opportunity to
have more insight about how experiences can shape the developing brain and how the
functioning of the brain really depends on its architecture. The brain can be described
as a network characterized by billions of interconnected neurons, arranged in a specific
order. This network consists of an interaction between brain cells and functional areas
and systems. Studies reported how the structure of the brain undergoes a consistent
number of developmental changes across the lifespan (Vogel et al., 2010). Stress is
known for its activation of particular regions in the brain, but has been assessed as
well in affecting the functional connectivity between regions. So far, this was mostly
confined to human neuroimaging studies (Hermans et al., 2011), although the effects
of (chronic) stress in adulthood on functional networks in the rodent brain –as assessed
with neuroimaging- was recently also reported (Henckens et al., 2015; Brydges et al.,
2013; Vestergaard-Poulsen et al., 2011)
Several studies on human brain connectomics has been done using magnetic resonance
imaging (MRI) that allows to have quantification of the volume of specific brain areas;
this technique has found a large use in cognitive and clinical neuroscience (Keller and
Roberts, 2009). MRI can accurately show the contrast in the intensity distribution of
the grey matter and the white matter, which create a network that allow long distance
connections between different brain areas. Through these contrast properties it is possible
to detect several parameters including an estimation of tissues volume using voxel/based
morphometry (Ashburner and Friston, 2000).
Stress early in life, in addition to its emotional impact, is also related with alterations
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in the brain architecture and brain integrity. These abnormalities can be detected by
MRI investigations. For example, Cohen and coworkers (Cohen et al., 2006) in a
clinical study showed that early life stress is associated with smaller anterior cingulate
cortex and caudate volumes. MRI studies also linked the adverse experiences early in
life with a reduction in hippocampus volume (Hanson et al., 2015). ADHD patient
showed a reduction in the grey volume (Nakao et al., 2011). At the start of my project
it was unknown whether maternal deprivation also leads to changes in the overall brain
structure and connectivity. Chapter 6 will give more insight in how early life stress
affects specific brain areas.

40

6. OUTLINE OF THIS THESIS
The overall aim of this thesis is to gain more insight in the neurobiological processes
that take place during the development of the brain after a postnatal adverse experience,
in this case maternal deprivation. As mentioned in the various sections above, early
life adversity might represent a risk factor for developing cognitive impairment and
psychiatric disorders later in life. Understanding the mechanisms by which maternal
deprivation interferes with normal brain development (in a rat model) is essential to
delineate the adaptive and maladaptive changes of brain function.
The studies presented in this thesis focused on three main open questions:
1	What is the consequence of early life stress on stress responsivity, cognitive function
and the potential underlying structural and functional substrates?
2 	Are these consequences sex-dependent, i.e. different between males and females?
3 	Is it possible to intervene with these effects by targeting the stress system during
a critical developmental time window? As outlined above, the peripubertal period
is a critical developmental phase in which the brain is particularly sensitive to the
stress response. Interventions during this developmental phase have been shown to
have relevant consequences on the HPA axis response to stressful events later in life
(Jacobson-Pick and Richter-Levin, 2010; Tsoory and Richter-Levin, 2006).
To address these 3 overarching questions, several studies were undertaken.
Chapter 2 gives detailed information about the effects of maternal deprivation on
hippocampal neurogenesis. Additionally, we made an attempt to elucidate if intervention
with a glucocorticoid receptor antagonist may normalize the detrimental effects of stress
on adult new-born cells.
Chapter 3 examines if 24h maternal deprivation affects decision-making in male rats
and whether or not mifepristone can prevent potential impairments. We investigated
which brain areas are involved in this task performing c-fos immunohistochemistry.
We hypothesize that maternal deprivation leads to lasting changes in glutamatergic
transmission in critical brain regions at the single cell level.
Chapter 4 reports the effect of maternal deprivation on contextual memory formation
in male rats, using a hippocampus dependent learning task. We investigated whether
mifepristone can prevent the (potential) impairments in memory function caused by
maternal deprivation. As in chapter 3, also for the hippocampal area we examined if
behavioral effects are also reflected in changes in glutamatergic transmission.
Chapter 5 describes the impact of early life experiences on female rodents, in two
different tasks: a memory-related task and a decision making-related task. Additionally,
we investigated whether maternal deprivation leads to structure changes. We studied if
intervention with the GR antagonist mifepristone can normalize possible impairments
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due to maternal deprivation. Chapters 5 also gives a detailed overview of early life effects
in females compared to males reported so far in literature.
In Chapter 6 we study the possible changes induced by maternal deprivation in adult
rat brain networks by using MRI scans and the ability of mifepristone to reverse it.
The identification of the neurobiological substrates of early adverse experience and/or
intervention could be of paramount importance for the development of novel treatments
of stress-related pathologies. Answering these outstanding questions therefore potentially
has a high translational value and may provide a contribution to human health. This
issue, as well as technical considerations and ideas for future experiments are discussed
in Chapter 7, the General Discussion.
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Abstract
Early life stress is a well-documented risk factor for the development of psychopathology
in genetically predisposed individuals. As it is hard to study how early life stress impacts
human brain structure and function, various animal models have been developed to
address this issue. The models discussed here reveal that perinatal stress in rodents exerts
lasting effects on the stress system as well as on the structure and function of the brain.
One of the structural parameters strongly affected by perinatal stress is adult hippocampal
neurogenesis. Based on compiled literature data, we report that postnatal stress slightly
enhances neurogenesis until the onset of puberty in male rats; when animals reach
adulthood, neurogenesis is reduced as a consequence of perinatal stress. By contrast,
female rats show a prominent reduction in neurogenesis prior to the onset of puberty,
but this effect subsides when animals reach young adulthood.
We further present preliminary data that transient treatment with a glucocorticoid
receptor antagonist can normalize cell proliferation in maternally deprived female rats,
while the compound had no effect in non-deprived rats. Taken together, the data show
that neurogenesis is affected by early life stress in an age-and sex-dependent manner and
that normalization may be possible during critical stages of brain development.
Keywords: maternal deprivation, maternal separation, stress, rat, dentate gyrus, adult
neurogenesis, proliferation, hippocampus
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Age and sex dependent effects of early life stress on hippocampal neurogenesis

Early life represents a critical phase in brain development as many regions are not fully
formed at birth or undergo extended postnatal maturation. The dentate gyrus (DG),
part of the hippocampal formation, is an extreme case, where the majority of neurons are
generated after birth (Kohman et al., 2013). The continued formation of new neurons
after birth, known as adult neurogenesis, is restricted to a limited number of brain areas:
in addition to the DG, neurogenesis occurs in the subventricular zone (SVZ) and in the
olfactory bulb (Kempermann, 2012). Even in other parts of the brain, growth is not
completed at birth. For instance, the prefrontal cortex (PFC) continues to develop well
into adulthood (Kolb et al., 2012). Cortical thickness in humans reaches a maximum
around age 35 (Brans et al., 2010). In addition to the progressive growth up until
adulthood, new connections continue to be formed, too. The intricate formation and
pruning of essential contacts eventually leads to an effective connectome and functional
network (Sporns, 2011).
It is therefore not surprising that potential or actual perturbations in the individual’s
environment and 'homeostasis' –subjectively experienced as ‘stress’- particularly when
these take place during the critical phase of early development, can have important
lasting consequences for brain structure and function later in life (figure 1).

Figure 1
General scheme highlighting that life events, especially when experienced during the early developmental
stage, may strongly impact the development of the brain, especially in genetically susceptible individuals.
These gene-environment interactions during development will strongly contribute to the overall brain
structure and function as well as stress responsiveness in adulthood.
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In interaction with the genetic profile, early environmental influences 'shape' brain
maturation as well as the way in which an individual deals with environmental challenges
throughout the rest of life. In humans, brain structure and function as well as the ability to
cope with stress together determine the vulnerability to psychopathology. Retrospective
case-control studies for various psychiatric illnesses, including post-traumatic stress
disorder (PTSD) (Raabe and Spengler, 2013), depression (Korosi et al., 2012),
schizophrenia (Jiang et al., 2013) and also borderline syndrome (Schmahl et al., 2003),
have consistently shown that early life adversity is a significant risk factor. The risk increases
when early life adversity is severe, prolonged, repeated and/or characterized by a lack of
control over the situation (Heim et al., 1999). Prospective studies, though more rare,
confirm this view (see e.g. Zimmerman et al., 2011; Belsky et al., 2012; Breslau et al., 2013).
The sequential steps through which early life adversity changes brain structure and
function in a lasting manner, and hence the later risk for psychopathology, is hard
to investigate in human subjects, given the long duration of brain maturation, the
restrictions in obtaining detailed information about signal transduction in the brain
and the lack of control over both genetic and environmental factors. Therefore, research
has resorted to animal models which have fewer of these drawbacks.
In rodents, many models for early life adversity have been developed (Pryce et al., 2005;
Schmidt, 2011). Some intervene with the prenatal environment, e.g. by stressing the
pregnant female (Koenig et al., 2011; Lemaire et al., 2000; 2006; Van den Hove et
al., 2013) or by exposing her to compounds acting on stress hormone receptors, e.g.
dexamethasone (Welberg and Seckl, 2001). The majority of models, though, focus
on the postnatal environment. Since the care provided by the dam represents a strong
environmental influence during the first postnatal weeks, many models have specifically
concentrated on (disturbed) mother-pup interactions. One model, developed largely
by Michael Meaney and coworkers, makes use of natural variations in maternal care
provided by the dams (Zhang et al., 2013). Their licking and grooming behavior shows
a classic normal distribution, with the majority of the mothers providing moderate
amounts of care (Champagne, 2011). However, some mothers show extremely high or
low amounts of licking-grooming behavior (>1 standard deviation above or below the
mean respectively). Their offspring can be examined in adulthood and even into the
next generation to study consequences of maternal care (Champagne, 2011). Notably,
through cross-fostering, the influence of maternal care can be dissociated from the contributions of the genetic background (Holmes et al., 2005).
Many other models actively intervene with the mother-pup interaction, e.g. by limiting
the bedding and nesting material in the cage, which induces fragmented care in the
dam (Baram et al., 2012). This, in turn, has lasting consequences for brain development
and behavior in the offspring. Separation of the pups from the mother has also been
applied in various models. This can range from brief, daily separations to more extreme
conditions where the dam and her offspring are separated for up to 24 hrs. Brief
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separations, e.g. 15 minutes handling of the pups during the first postnatal weeks,
actually results in an overall enhancement of maternal care, because the mother bestows
more care on her pups upon their return to the cage; this has been used as a model for
environmental enrichment (Francis et al., 2002). More prolonged separations, e.g. for 3
hrs daily between postnatal days (PND) 2 and 14, or deprivation of the mother for 24
hrs at PND 3 or 9, can be considered models for impoverished and poor care or even
neglect (de Kloet et al., 2005a).
Studies using these models have shown that many aspects of brain structure and
function are strongly affected by early life adversity, some of which can be normalized
by environmental enrichment (Bredy et al., 2003; Cirulli et al., 2010). One set of
data pertains to the development of the stress response itself. Stress rapidly activates
the autonomic nervous system, eventually causing the release of (nor)adrenaline from
the adrenal medulla. Slightly later, the hypothalamo-pituitary-adrenal (HPA) axis is
activated which leads to release of corticosteroid hormones (corticosterone in rodents
and cortisol in humans) from the adrenal cortex into the circulation; this response is
terminated 1-2 hours later by negative feedback actions of corticosteroids at the level of
the pituitary gland, the hypothalamus and extra-hypothalamic regions (de Kloet et al.,
2005b; Handa and Weiser, 2013). Thus, after stress, the brain is exposed to successive
waves of noradrenaline and (slightly later) corticosteroid hormones, which have their
own, and combined, roles in mediating effects of stress on the brain, that normalize
some hours later (Joels et al., 2012). In the brain, corticosteroids bind to discretely
localized intracellular receptors, most notably the glucocorticoid receptor (GR) which
is enriched in hippocampal CA1 and dentate granule cells (de Kloet et al., 2005b).
Corticosteroids also bind to another receptor, the mineralocorticoid receptor, but the
affinity for this receptor is very high, so that it is substantially bound to corticosteroids
already under conditions of rest (de Kloet et al., 2005b; Oitzl et al., 2010). Early life
adversity was found to reduce the number of hippocampal GRs and impair the negative
feedback, causing prolonged exposure of the brain to corticosteroids in the aftermath of
stress (Champagne, 2013).
In addition to effects on stress responsiveness, also brain structure and function are
affected by the early life environment (De Kloet et al., 2005a). Many studies have
shown that e.g. the complexity of dendritic trees, the number of synaptic contacts and
growth factor levels depend on early life history, although the direction of these effects
can be region dependent (Lupien et al., 2009). Similarly, the extent of neurogenesis in
adolescence and adulthood is affected by circumstances experienced earlier in life (Korosi
et al., 2012). In this paper we will highlight the effects of the early life environment on
hippocampal neurogenesis (see below), focusing on stress experienced just prior to, or
during, the first 2 postnatal weeks.
Not only structural plasticity but also functional plasticity has been the subject of study.
For instance, hippocampal long-term potentiation, i.e. the prolonged strengthening
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of synaptic contacts which is thought to underlie memory formation (Kim et al.,
2006), is generally impaired in adult rats that experienced fragmented or low levels
of maternal care, or were separated from the mother during the first postnatal weeks
(Fenoglio et al., 2006; Champagne et al., 2008). These structural and functional
changes contribute to behavioral changes. For instance, contextual hippocampusdependent memory is impaired in adult rats that experienced reduced amounts of
maternal care, be it due to natural variations (Bredy et al., 2003; Champagne et al.,
2008; Bagot et al., 2009) or imposed by separation (Barha et al., 2007; Oomen et al.,
2010). However, other cognitive domains -e.g. decision making or reward processes
that depend on an optimal function of the PFC- are also disturbed in adult rodents
with a history of early life adversity (Baudin et al., 2012; van Hasselt et al., 2012).
The overall adaptive value of these long-term changes in stress responsiveness, brain
structure and function after early life adversity can be best appreciated when studying
individuals under various circumstances later in life. For instance, long-term potentiation
and hippocampus-dependent learning are impaired under non-stressful experimental
conditions in adult offspring from low licking-grooming mothers, or in animals with
a history of 24 hrs of maternal deprivation at PND3 (Champagne et al., 2008; Bagot
et al., 2009; Oomen et al., 2010; Cao et al., 2013). In contrast, when these animals
are tested under conditions of elevated corticosterone levels, long-term potentiation
and hippocampus-dependent learning are actually improved (Champagne et al., 2008;
Bagot et al., 2009; Oomen et al., 2010). This suggests that the early life environment
may affect brain development in such a way that the network can optimally perform
under comparable, i.e. matching, conditions later in life. Inadequate responses may arise
when there is a mismatch between early life, and the predictions, or 'settings' based on
that environment on the one hand, and the actual, later life conditions the individual
experiences at an adult age on the other hand (Champagne et al., 2009; Claessens et al.,
2011; Nederhof and Schmidt, 2012).
Neurogenesis
Adult neurogenesis refers to the formation of new, functional neurons that originate
from stem cells present in the adult brain. This form of structural plasticity occurs in
at least two brain regions; the SVZ of the lateral ventricles, from where cells migrate
through the rostromigratory stream towards the olfactory bulb, and in the subgranular
zone (SGZ) of the hippocampal dentate gyrus (DG). Adult neurogenesis is strongly
affected by the early life environment (Karten et al., 2005; Korosi et al., 2012; Lucassen
et al., 2013b). Whereas in the SVZ the newborn cells participate in olfactory learning,
newborn cells in the DG have been implicated in specific aspects of spatial memory
formation and cognition such as pattern separation (Sawada and Sawamodo, 2013).
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During the dynamic process of neurogenesis, stem cells go through several, distinct stages
of development (Kempermann et al., 2004). Following an initial phase of proliferation
during which the initial stem cell pool mainly undergoes expansion, a selection process
occurs after approximately one week during which around 50% of the newly generated
cells die through apoptosis. The surviving cells use radial glia cells as a scaffold to migrate
into the granule cell layer, where they eventually differentiate into a mature neuronal
phenotype. The proliferation phase is often studied using immunocytochemical markers
like Ki-67 or proliferating cell nuclear antigen, while the differentiation phase is usually
investigated with doublecortin (DCX), a microtubule associated protein expressed in
young migratory neurons (von Bohlen, 2011). The spatio-temporal expression pattern
of DCX largely coincides with the process of adult neurogenesis in the rat hippocampus.
Cell survival and cell fate can be studied several weeks after (intra-peritoneal) pulse
labeling with bromo-deoxy-uridine (BrdU), a compound that is incorporated into the
DNA of dividing cells. The fate and progeny of BrdU-incorporating cells can then later
be monitored using double-immunofluorescent labeling with markers for e.g. mature
neuronal or glial cells. With viral vectors, which label only dividing cells, it has been
shown that most adult-born cells, three to four weeks after their birth, express adult
neuronal markers and are functionally incorporated within the existing DG network
(van Praag et al., 2002).
The process of neurogenesis is regulated by several environmental factors including
enriched environmental housing or physical exercise, both stimulating the survival of
the newborn neurons (Brown et al., 2003). By contrast, aging and exposure to acute or
chronic stress strongly suppress one or more phases of the neurogenic process (Joels et
al., 2007).
Elevated stress hormone levels or an activated HPA-axis are commonly observed in
depressed patients. Recent studies have further suggested that also impairments in
structural plasticity, including neurogenesis, may be involved in the pathophysiology
of depression and in the hippocampal volume reduction in this disorder (Czéh and
Lucassen, 2007). This ‘neurogenic theory’ of depression postulates that a suppressed rate
of cyto- or neurogenesis contributes to the (vulnerability for) depression (Kempermann
et al., 2008; Sahay and Hen, 2007; Lucassen et al., 2013a), and is supported by
the findings that: 1) stress inhibits neurogenesis in animals and is a risk factor for
depression; 2) depressed patients often display hippocampal volume reductions parallel
to cognitive deficits and HPA activation; 3) most antidepressant drugs do not exert their
therapeutic effect until after 3-4 weeks of administration, a time-to-effect that parallels
the maturation period of adult newborn neurons; 4) many antidepressants increase or
normalize reductions in neurogenesis, particularly in young animals; and 5) disruption
of neurogenesis blocks the behavioral response to antidepressant drugs (Anacker et al.,
2011; Santarelli, 2003) . However, this theory is not always supported and still under
debate (Henn and Vollmayr, 2004; Lucassen et al., 2010; 2013a).
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While stress-induced reductions of neurogenesis occurring during adulthood are generally
reversible, e.g. after appropriate recovery periods or antidepressant drug treatment, the
changes induced by early-life stress are generally longer lasting and the consequences
often persist throughout life (see further below). One reason for this difference could be
that stress occurring during early life interferes with the development of the DG, which
is largely postnatal in rodents. However, it remains poorly understood why such deficits
are so long-lasting and whether they can be prevented or reversed at all.
Age- and sex-dependent effects of perinatal stress
Adult neurogenesis is sensitive to the early life environment. As summarized in Table I,
perinatal stress in male rats was generally found to suppress neurogenesis (Lemaire, 2000;
Lucassen et al., 2009). The effects appear to be region-specific: for instance, prenatal stress
impaired neurogenesis in the DG but not in the olfactory bulb (Belnoue et al., 2013).
The overall effect of stress on neurogenesis also depends on the developmental stage
during which the organism experiences stress. Thus, in utero exposure to stress or to a
variety of pharmacological agents almost invariably reduces neurogenesis in adulthood
(Table I). Postnatal exposure to stress yields more variable results, though suppression of
neurogenesis prevails here also.
More importantly, the consequences of early life environment depend on the moment
at which neurogenesis is determined. When tested in adulthood or middle-age, cell
proliferation and neurogenesis were usually found to be decreased (Table I, Figure 2).
Yet, at earlier stages, e.g. at PND21 (Oomen 2009, Suri et al., 2013), neurogenesis in
males was actually found to be enhanced by early life stress (Figure 3), as was BDNF
expression and performance in a stressful version of the Morris water maze (Suri et al.,
2013). Apparently, early life adversity can transiently improve dentate functionality,
possibly to allow the organism to survive the adverse conditions. However, in the long
run early life adversity seems to program structural plasticity such that it may become
a disadvantage, most notably under low to moderately stressful conditions. Overall,
this gives rise to a significant negative correlation between the number of proliferating
(Ki-67 or BrdU-positive cells; r2= -0.464, p=0.05; Pearson test) or DCX-positive (r2=
-0.623, p=0.017) neurons and age in male rodents.
Strikingly different effects of early life stress on neurogenesis are seen in female rats
(Figure 2). Whereas neurogenesis is enhanced at PND21 in male rats exposed to 24 hrs
of maternal deprivation at PND3, a strong suppression was reported in females (figure
3). However, in females the consequence of early life adversity for the number of DCXpositive cells subsides with age, resulting in an overall positive correlation between the
number of DCX-positive cells and age (r2= 0.737, p=0.037). By PND 29, the effects
of maternal deprivation on neurogenesis are far less prominent than seen at PND21
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(Figure 2 [filled symbol] and Figure 4). However, the correlation between the change
in number of proliferating neurons due to early life adversity and the age at which
the effects were determined was comparable between males and females (r2=-0.816,
p=0.025). This could suggest that in females proliferation of non-neuronal (e.g. glial)
cells in adulthood is very sensitive to early life adversity or, vice versa, that proliferation
of non-neuronal cells is stimulated around weaning, compensating for the loss in young
neurons due to perinatal stress.
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Males

Prenatal stress: restraint stress

Prenatal nicotine treatment +
Maternal separation

Prenatal stress: restraint stress

(animal were tested in behavioral task
before to assess neurogenesis)

Gestational day 11-delivery

Males and females
(combined together)
Males and females
Gestational day: 7-21
Maternal separation: PND 2-21

Gestational day: 1-10

Gestational day: 15-21

Gestational day: 15-21

Males and females
(combined together)

Females

Males

Prenatal stress: restraint stress

Gestational day:14-21

Females
Gestational day: 5-20

Gestational day: 14-21

Males

Males (from selective
line LAB and HAB)

Gestational day: 14-21

PND 14

PND 40

PND 40

PND 42

PND 42

PND 43

5-6 months

5-6 months

5-6 months

26 months

Gestational day: 15-delivery
Gestational day: 15-delivery

6 months

Gestational day: 15-delivery

AGE WHEN
NEUROGENESIS IS
STUDIED
PND 28
3 months
10 months
22 months
4 months

Gestational day: 14-21

AGE DURING STRESS

Males vs
Females

Prenatal stress: interaction with
resident +
restraint stress

Prenatal stress: restraint stress or
randomized stressors

Males

Prenatal stress: restraint stress

Males

SEX

TYPE OF EARLY LIFE
INTERVENTION

DCX

DCX

DCX

Ki-67

DCX

Ki-67

DCX

BrdU injected at PND 11

DCX

Ki-67

Ki-67

DCX

DCX, Ki-67, BrdU injected 1 day before
the animals were sacrificed

DCX, Ki-67, BrdU injected 1 day before
the animals were sacrificed
BrdU injected 3 weeks before the animals
were sacrificed

BrdU, used as cell proliferation marker

MARKER

Lemaire et al. 2006

Reduction

Reduction

Reduction

Reduction

No effect in LAB

Reduction in HAB

No effect in LAB

Reduction in HAB

Reduction

Reduction

62

Wang et al. 2013

Madhyastha et al.
2013

Rayen et al. 2003

Lucassen et al.
2009

Mandyam et al.
2008

Koehl et al. 2002

Reduction

Reduction in females (controls
and stressed group)

REFERENCE

EFFECT ON
NEUROGENESIS

Table 1: Overview of the effects of perinatal stress on cell proliferation and neurogenesis in rodents, as measured at various times in life and as a function of sex.
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Females

Males

Males

Males

Maternal separation

Low licking/grooming

Social defeat stress

(animal were tested in behavioral task
before assessing neurogenesis)

Males

Handling + 180 min MS
PND 2-14:

Males

Maternal separation

Maternal separation

PND 2-14:

Males

Maternal separation

PND 35-41

Behavior checked first week of life

PND 2-14
(3 hours per day)

PND 2-15
(3 hours per day)

Handling + 180 min MS

Handling + 180 min. MS

PND 1-14:

PND 3 (24hs)

Females

Maternal deprivation

PND 3 (24hs)

Females

PND 3 (24hs)

PND 3 (24hs)

Males

Males

PND 3 (24hs)

Females

Maternal deprivation

PND 3 (24hs)

Males

Maternal deprivation

AGE DURING STRESS

SEX

TYPE OF EARLY LIFE
INTERVENTION

DCX

Reduction

Reduction
PND 42

Reduction

No effect

PND 90

BrdU injected at PND 7

PND 21

PND 8

Reduction

15 months

Increase
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Reduction in ventral but not
dorsal hippocampus

No effect

No effect compared to EH

No effect

DCX, BrdU, injected 2 hs before sacrifice

Ki-67

DCX, BrdU injection +/- PND65

BrdU, injected at 8 weeks for 7 days

Reduction vs AFR and EH
Reduction vs AFR and EH
No effect

2 months

PND 21

+/-PND 80

11 weeks

BrdU injection: 2h
BrdU injection: 1 week
BrdU injection: 3 week

PND 60-70:

No effect

Reduction

Ki-67
DCX, Ki-67, BrdU, injected at PND 51

Reduction in caudal part of DG
but not rostral

Reduction
No effect

Increase
No effect

No effect

No effect

EFFECT ON
NEUROGENESIS

DCX, BrdU, injected at PND 51

DCX
Ki-67, BrdU, injected at PND 3

DCX
Ki-67, BrdU, injected at PND 3

Ki-67

Ki-67

MARKER

10 weeks

10 weeks

PND 21

PND 21

PND 4

PND 4

AGE WHEN
NEUROGEN. IS
STUDIED

Buwalda et al.

63

Bredy et al. 2003

Suri et al. 2013

Hulshof et al. 2011

Kumar et al. 2011

Mirescu et al. 2004

Oomen et al. 2011

Oomen et al. 2010

Oomen et al. 2009
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B

female

NEUROGENESIS

male

female

Figure 2: Meta-analysis of age- and sex-dependent effects of early life adversity on neurogenesis.
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2: Meta-analysis of age- and sex-dependent effects of early life adversity
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Figure 3: Sex-dependent effects of maternal deprivation on neurogenesis.
(A) The number of Doublecortin (DCX)-positive neurons in the entire dentate gyrus from 21 days-old male rats, which
underwent maternal deprivation (MD) for 24 hrs at postnatal day (PND) 3, was significantly (* p<0.05; n=7 animals)
enhanced compared to the non-deprived controls (CON). Half of the animals received glucose (g) on day 3, to compensate

Figure 3: Sex-dependent effects of maternal deprivation on neurogenesis.
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weaning at PND21, they were group-housed with same-sex same-littermates. On PND26-28 each rat received mifepristone
twice daily (5 mg of RU-38486 (Sigma) per 100g of body weight, dissolved first in 15µl ethanol and then in 1.5 ml coffee
cream (Campina, The Netherlands) and administered by oral gavage (Hu et al., 2012). One day later, at PND29, female rats
were transcardially perfused with saline, followed by 4% paraformaldehyde in phosphate buffer (0.1 M; pH 7.4). Tissue
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handling and staining for DCX and the proliferation marker Ki67 was conducted as described in Oomen et al. (2009). (A)

Example of Ki-67 staining in the DG of a control female rat. (B) Example of DCX staining in the DG of a control female rat.
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(C) Cell proliferation at PND29, as determined with Ki-67 staining, was significantly increased in the hilus of maternally
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Example of Ki-67 staining in the DG of a control female rat. (B) Example of DCX staining in the DG of a control female rat.
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Mifepristone did not alter neurogenesis at all in NMD rats. Though the percentage change in the infrapyramidal blade
and the dentate gyrus as a whole showed a comparable pattern, these differences were not significant (p>0.1, data not
shown). For each animal, we counted every 10th section sampled in an unbiased stereological manner, yielding up to a
total of 9 sections per animal. We then expressed the average number of DCX-positive cells per section per animal. All
bars represent the mean + SEM per group (n=11-12 animals per group).
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The molecular pathways through which early life stress can lastingly change stress
responsiveness, brain structure and functional performance are only starting to be
explored. There is now evidence that epigenetic programming is involved (McClelland
et al., 2011; Lucassen et al., 2013b), possibly targeting diverse mediators such as NFkB
(Koo et al., 2010), SGK1 (Anacker et al., 2013) or critical steps in the glutamate
signaling pathway (Bagot et al., 2012). The GR seems to be a particularly critical element
in the cascade leading to lasting changes in brain structure and function. For instance,
exon I-7 of the GR promoter is transiently methylated during early development, and
again subject to de-methylation after PND6 (Weaver et al., 2004). This demethylation
did not occur in the offspring from low licking and grooming mothers. Temporary
treatment with a histone deacetylase inhibitor, a compound that prevents the removal
of acetyl groups from histones, thus enabling transcription, could fully prevent the
development of the phenotype -characterized by reduced hippocampal GR expression
and an impaired negative feedback of the stress induced stress response- in adult offspring
of low licking-grooming mothers (Weaver et al., 2004; Weaver, 2009). This suggests
that the reduction of GR expression in the offspring of low licking-grooming mothers
-and hence corticosteroid over-exposure, particularly after stress–may at least partly be
responsible for the structural and functional alterations reported along the lifespan and
are likely mediated by epigenetic changes.
If corticosteroid over-exposure is indeed an essential step in the cascade, one would
expect to see beneficial effects of treatment with pharmacological agents that block the
GR, i.e. the receptor most prominently activated after stress. To test this, we performed
a pilot study in which female rats, exposed to maternal deprivation at PND3, were
treated during a critical developmental window with the GR antagonist mifepristone.
We selected the period of PND26-28 for treatment with mifepristone, as earlier studies
have shown that interventions at this stage of development have significant consequences
for the development of the brain and the response to stress later in life (Jacobson-Pick
and Richter-Levin, 2010). Moreover, we had demonstrated before that even a brief
treatment with mifepristone is very powerful in normalizing the effects of chronic stress
in adult rats (Hu et al., 2012).
As shown in Figure 4, the number of Ki67-positive cells was significantly higher in
the hilus (but not in the DG as a whole, data not shown) in MD rats treated with
mifepristone compared to those treated with vehicle, whereas the drug did not affect the
number of Ki67-positive cells in non-deprived rats. Similarly, mifepristone treatment
tended to cause higher levels of DCX-positive cells in the dentate supra-pyramidal
blade of MD rats compared to vehicle treated MD controls, although this did not reach
significance (p=0.08); mifepristone did not affect the number of DCX-positive cells
in non-deprived rats. It should be noted that the effects were modest, possibly due to
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the age (PND29) at which the effects of maternal deprivation were determined. More
definite conclusions about the potential of mifepristone to reverse effects of maternal
deprivation on cell proliferation and neurogenesis require extension of the current pilot
experiment to analysis at an earlier time-point –when effects on neurogenesis are more
clearly discernable in females-, e.g. at PND21, combined with mifepristone treatment
at an earlier time-point, too. Nevertheless, the results are generally in line with earlier
findings that brief treatment with the GR-antagonist mifepristone can quickly normalize
effects of stress on neurogenesis (Hu et al., 2012).
Concluding remarks
Rodent studies over the past decades have shown that neurogenesis appears to be very
sensitive to stress, particularly when stress occurs during the perinatal period. As has
become evident from the current overview, these effects of perinatal stress are clearly
age-dependent: the consequences seem to change in nature depending on the interval
between early life adversity and the time of analysis of the effects on neurogenesis.
Interestingly, the effects of perinatal stress on neurogenesis are also sex-dependent. Male
rats show a brief period in adolescence during which neurogenesis, BDNF expression and
spatial learning are actually improved, possibly allowing the individual to temporarily
compensate for the effects of early life adversity. Female rats do not show such a period
of improved performance but rather show a very strong suppression of neurogenesis
during the pre-pubertal period, which then subsides with age. The consequences of this
period of suppressed neurogenesis in females, though, may be long-lasting. For instance,
female rats exposed to 24 hrs of maternal deprivation at PND3 exhibited a lower total
number of mature granule cells in adulthood (Oomen et al., 2011), potentially limiting
the number of synaptic contacts that can be established in this region. Preliminary
studies indicate that intervention at the pre-pubertal stage is possible, e.g. by blocking
GRs for a limited number of days. Clearly, these studies on successful intervention
strategies require more extensive follow-up, to precisely determine the effectiveness of
various treatment regimes.
One can speculate about the implications of findings in animal models of perinatal stress
for human brain development and the vulnerability to psychopathology. In general, the
study of actual neurogenesis in the human brain is difficult and, although its existence
has been convincingly demonstrated, it has largely relied on immunocytochemical
approaches using proliferation markers in postmortem tissues. Although neurogenesis in
adult and aged individuals is generally rare, much larger levels are present at earlier ages
(Spalding et al., 2013; Knoth et al., 2010). It is currently thought that antidepressant
treatment may target the neurogenetic process and in fact requires the newborn cells
for their antidepressant action to be exerted (Boldrini, 2012), although this is mostly
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based on studies in young animal models (Santarelli et al., 2003). The finding that
especially female rats showed suppressed neurogenesis during a critical developmental
stage in response to early life adversity is of interest, given the higher prevalence of
many psychiatric illnesses in the female population. In humans, careful monitoring
of genetically predisposed females with a history of early life adversity during their
development, including possibilities for early intervention, may therefore be one
approach to mitigate the development of psychopathology.
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Chapter 3

Abstract
Adverse early life conditions have a major impact on adult cognitive function,
including reward-based decision making. Deregulation of the stress system following
early life adversity is thought to be an important driver of the presumed functional
plasticity in neural circuits underlying this behavior. We tested this notion in male
rats and studied if transient blockade (between postnatal days (PND) 26 and 28) of
glucocorticoid receptors by mifepristone can normalize alterations in adult rewardbased decision making following 24h maternal deprivation (MD) at PND3. At the start
of the mifepristone treatment, plasma corticosterone levels and glucocorticoid receptor
expression in the ventromedial prefrontal cortex were elevated; this was not seen at
PND29 or PND90. Adult vehicle-treated MD (compared to non-deprived) animals
made fewer visits to the advantageous arm in a rodent version of the Iowa Gambling
Task; this difference was not seen in mifepristone-treated MD rats. Vehicle-treated MD
rats also more often visited empty arms over the learning period than non-deprived
rats or MD rats treated with mifepristone. The activity marker c-Fos measured after the
final session revealed enhanced labeling in the MD vehicle- compared to mifepristonetreated rats in the dorsomedial striatum. A highly comparable pattern was found for
spontaneous glutamatergic transmission in this area. Overall these results indicate that
deficits in adult reward-based decision making associated with early life adversity can be
normalized by transient blockade of glucocorticoid receptors during early adolescence,
possibly by targeting glutamatergic transmission in key areas of the reward circuit.
Keywords: dorsomedial striatum, rIGT, mEPSC, c-Fos, corticosterone
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Adversity experienced early in life has a major impact on cognition and behavior, including
decision making, the sensitivity to reward and susceptibility to addiction, as reported
in humans and rodents (Rüedi-Bettschen et al.,2005; Der-Avakian and Markou,2010;
Ventura et al.,2013; for reviews see Gordon,2002; Matthews and Robbins,2003; Nylander
and Roman,2013; Enoch,2011; Pechtel and Pizzagalli,2011; Kreek et al.,2012; Daskalakis
et al.,2013; Lovallo,2013).
Early life adversity -similar to adult chronic stress- most likely exerts its lasting influence
on the reward system by adapting neuronal morphology and connectivity within the
underlying brain circuits, including the insular cortex, ventromedial prefrontal cortex
(PFC), orbitofrontal cortex, striatal subregions, the amygdala and ventral tegmental area
(Dias-Ferreira et al.,2009; Van Hasselt et al.,2012; Bessa et al.,2013; Taylor et al.,2014;
Casement et al.,2015; Chocyk et al.,2015). This involves changes in dopaminergic (Silveira
et al.,2010; Rodrigues et al.,2011; Lovic et al.,2013; Rentesi et al.,2013; Pena et al.,2014;
Yorgason et al.,2015) and glutamatergic transmission (O’Connor et al.,2015; Vrettou
et al.,2015), as well as epigenetic programming (Lewis et al.,2013; Anier et al., 2014;
Valvassori et al.,2015; Vrettou et al.,2015).
One of the drivers of the structural and functional plasticity after early life adversity is
thought to be a deregulated hypothalamo-pituitary-adrenal axis, resulting in enhanced
release of corticosterone (CORT), acting through the glucocorticoid receptor (GR) (RüediBettschen et al.,2006; Rodrigues et al.,2012; Stephens and Wand,2012). However, to what
extent CORT signaling via GRs is essential for early life-dependent changes in reward
processing and neurotransmission in crucial brain regions is currently unknown.
To test this, we first examined the effect of 24h maternal deprivation (MD) at postnatal
day 3 (PND3), a model of severe neglect (Pryce et al.,2005), on circulating plasma CORT
levels and GR expression in two key areas of the reward system, the ventromedial PFC
and dorsal striatum (Matthews and Robbins,2003; Burton et al.,2015); we tested these
parameters during early adolescence –a period known to be important for adult CORT
responsiveness (Bazak et al.,2009)- and adulthood, i.e. the age that behavioral testing
commenced. Based on the findings, we next studied i) how 24h MD at PND3 affected
the performance of adult male rats in a rodent version of the Iowa Gambling Task (rIGT),
a reward-based decision making task (Van den Bos et al.,2013, 2014); and ii) whether
or not changes induced by MD were sensitive to transient blockade of GR function by
mifepristone during early adolescence. In an attempt to understand which brain area(s)
showed a functional plasticity pattern that might explain the changes in behavior, we tested
c-Fos immunoreactivity –as an activity marker- in several nuclei playing a role in the reward
circuit, directly after completion of this task. In the area where c-Fos staining most closely
resembled the behavioral performance after MD and mifepristone treatment, spontaneous
glutamatergic transmission was tested, as another read-out of functional plasticity.
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Materials and Methods
Animals
All animal procedures were approved by the animal ethics committee of Utrecht
University, the Netherlands. Adult male Wistar rats, ordered from Charles River
(Sulzfeld, Germany), were housed in pairs, to habituate to the animal facility. For
breeding, one male rat was housed together with two female rats for 10 days. After this,
females were first housed in pairs and subsequently individually during the final week of
pregnancy. Every morning before 9 am cages were checked for the birth of litters; in case
of a litter, this day was designated postnatal day 0 (PND 0). Dams with litters were left
undisturbed until culling at PND 3. Litters contained on average 9 ± 1 pups, whenever
possible evenly distributed over males and females.
After culling, litters were randomly assigned to either the maternal deprivation (MD)
condition or the control (no maternal deprivation; noMD) group. In the MD group,
the mother was placed in a separate cage; the pups went back in the home cage and
were placed on a heating pad (32°C) in a different room than where the mother was
housed. MD litters were kept in this room for 24 h and then placed back with the dam,
as described elsewhere (Oomen et al., 2011). All animals survived the MD procedure.
Weaning took place on PND 21. Male rats were housed in groups of two or three.
The MD and noMD rats were randomly assigned to either mifepristone (MIF; 5mg
/100g bodyweight) or vehicle (VEH) administration through oral gavage, twice daily
(early morning and late afternoon) on PND 26, 27 and 28. Each rat received 4mg
mifepristone powder (Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands)
dissolved in 15μL 99% ethanol mixed with 1mL coffee cream (Campina, Woerden, the
Netherlands) or vehicle.
Results from 150 male rats were included in the present study, either examined for
neuroendocrine parameters (n=80), behavior (n=48) or electrophysiology (n=22). All
animals were housed under standard conditions (dark/light phase 12h:12h, lights on
at 8 a.m., humidity 55±15%, temperature 20-22°C) and received food and water ad
libitum, except in the case of testing in the rIGT (see below).
Neuroendocrine parameters
To determine CORT levels and GR expression, 80 male rats were subjected to MD or
noMD, and received either MIF or VEH. Figure 1A depicts the experimental design. At
the indicated time-points (PND26, 29 or 90) the animals were killed by decapitation
in the morning, before 12 pm. We determined the bodyweight of each animal just
before decapitation. Trunk blood was collected for CORT radioimmuno assay (MP
Biomedicals Inc., CA., USA). CORT level of the last animal in each cage was excluded
from the analysis, because removal of animals from the homecage increases CORT level
in the remaining rats (Van Hasselt et al., 2011). The exclusion of animals resulted in
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Western blotting
All animals from the original cohort (including the last rat in the cage) were used to
determine GR expression, assuming that the brief delay between decapitation of the
first and last animal (<10 minutes) was too short to cause changes in GR protein level.
From each brain, the hippocampal lobes (not reported), the medial PFC and the dorsal
striatum were collected (see Fig. 1B1). The dissected brain areas were homogenized in
radioimmunoprecipitation assay lysis buffer (50 mM Tris HCl, 150 mM NaCl, 0.5 %
sodium deoxycholate, 0.1 % SDS, 1 % Triton X-100, 2 mM EDTA). Per 5 mg tissue,
300 µl of lysis buffer was added. All samples were incubated in lysis buffer on ice for 30
min and mixed every 10 min using vortex. Protein samples were stored at -20°C.
Protein concentration was determined by a bicinchoninic acid assay (Pierce BCA
Protein Assay Kit, Thermo Scientific). Proteins were denatured in LDS sample buffer (4
µl/sample; Novex) containing 10 % β-mercaptoethanol and heated for 10 min at 70 °C.
Samples were separated in an 8 % polyacrylamide gel at 25 mA/gel for approximately 15
min until the samples reached the running gel. Thereafter the current was increased to 35
mA/gel for approximately 1 hour, until the samples had passed the running gel. Migration
of proteins was performed in a Tris/glycine/SDS running buffer. Subsequently the
protein samples were transferred to a 0.45 µm nitrocellulose membrane in Tris/glycine/
methanol (20%) transfer buffer at 100 V for 1 hour. Afterwards, the membrane was
blocked in 5 % dry powdered non-fat milk (Elk, Campina, Woerden, The Netherlands)
dissolved in Tris-buffered saline (TBS) for 1 hour at room temperature. Following the
blocking, membranes were probed with primary antibodies (anti-GR antibody rabbit
GR M-20, Santa Cruz, 1:1000 dilution; anti-GAPDH antibody rabbit GAPDH, Cell
Signaling, 1:3000 dilution) at 4 °C overnight. Primary antibodies were diluted in 0.05
% TBS-Tween (TBS-T). On the next day, membranes were washed with TBS-T (3
times, 10 min each) and incubated with secondary antibodies (goat anti-rabbit IgGHPR conjugate #170-6515, Bio-Rad and goat anti-mouse IgG-HPR conjugate #1706516, Bio-Rad, both at 1:1000 dilution) for 1 hour at room temperature. Secondary
antibodies were diluted in 2 % dry non-fat milk powder dissolved in TBS-T. After the
second incubation, membranes were again washed in TBS-T (3 times, 10 min each).
For signal detection, membranes were incubated in Super Signal West Dura Extended
Duration Substrate (Thermo Scientific) for 5 min at room temperature. Signal was
detected using an enhanced chemiluminescence reader (ECL; Thermo Scientific).
GAPDH was used as a loading control for total protein samples, since this protein is
93

Chapter 3

relatively small (<5 animals) group sizes for determination of CORT levels at PND26.
To overcome this, we added basal CORT values from 3-4 randomly chosen (MD and
noMD) rats from another cohort, tested for CORT levels around PND24. For the male
group at PND90, basal CORT levels determined in rats used for neuroendocrinology
were combined with those used for electrophysiology, resulting in larger group sizes.
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quite stable in the face of acute or chronic stress (Dagnino-Subiabre et al., 2006) (see
figure 1B2).
Protein bands were expected at approximately 37 kDa (GAPDH) and 97 kDa (GR).
Signal density was analyzed with ImageJ 1.46r (Wayne Rasband, National Institute of
Health, USA) and subsequently corrected for background noise and control signal, and
standardized to values in the noMD/VEH group at PND26 to generate comparable
values between blots.
Rodent Iowa Gambling Task
In total 48 male rats entered the rIGT. Due to experimental constraints, the
animals had to be tested in two separate batches, each including animals from the
four experimental groups (n=4-8 per group). Post-hoc inspection revealed that
the two batches showed very comparable trends in outcome (data not shown),
although the results did not reach significant in either of the batches, probably
due to the low sample size. Data from the two batches were subsequently pooled.
Following the earlier described protocol (De Visser et al., 2011) each rat was first
subjected to an elevated plus maze at week 10, to get an impression of general anxiety.
Since none of the batches showed abnormal behavior (data not shown), all animals
entered the next stage of the experiment. That is, one week later the animals were moved
to another room in which they were exposed to a reversed day-night cycle (lights off at 8
am). Thereafter (with a delay of at least 10 days) they entered the r-IGT approximately
at PND 90.
The rIGT apparatus consisted of a start box, choice area and four arms (Figure 1C, for
details see De Visser et al., 2011). Before testing, rats were habituated to the apparatus in
a 10 min free exploration trial. Two days later they were mildly food deprived (90-95%
of free feeding body weight) and tested for a period of 10 days (two 5-day periods, 9
am - 3 pm, on weekdays; food freely available on weekend days).
Two arms were baited and two arms were empty; the latter were included to measure
non-reward related exploration (De Visser et al., 2011). The two baited arms consisted
of a long-term disadvantageous arm (“bad arm”) and a long-term advantageous arm
(“good arm”). In the disadvantageous arm, rats received occasional big rewards (three
sugar pellets in 1 out of 10 trials) among frequent punishments (three quinine-treated
sugar pellets in 9 out of 10 trials). In the advantageous arm, rats frequently received
small rewards (one sugar pellet in 8 out of 10 trials) and infrequent punishments (one
quinine-treated sugar pellet in 2 out of 10 trials). The positions of the baited and empty
arms, and the advantageous and disadvantageous arm, were counterbalanced across rats.
To help rats differentiating arms, distinct visual cues (10x10cm; cross or circle in black
or white) were placed to the side of the wall at the entrance of each arm. The chosen
arm was only closed when the rat had entered a choice arm with its full body, including
the tail.
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Each trial had a maximum duration of 6 min (inter-trial interval: 30 sec). Rats received
a total of 120 trials across 10 days. Rewards consisted of 45mg sugar pellets (F0042,
Bio-serv Inc, Frenchtown, NJ, USA); punishments were quinine-treated sugar pellets
that were unpalatable but not uneatable. Rats were habituated to the sugar pellets daily
in the week prior to the first rIGT session in their home cage, followed by a single
session of providing 6 sugar pellets in a novel empty Macrolon type-III cage, which all
rats did eat. During rIGT testing most rats consumed the quinine-treated sugar pellets
once, and left them uneaten after tasting them briefly. Typically, rats that consistently
eat quinine-treated sugar pellets are removed from statistical analyses; only one such rat
was encountered in the current study.
Behavior was scored by an experimenter blinded to the condition. The main parameter
of interest was the number of choices for the advantageous option as a fraction of the
total number of trials. This was expressed in blocks of 10 trials to study task progression.
Scores in the last session were taken as a measure of final IGT performance of rats. The
total number of sucrose pellets collected during the task (trial 1–120) was used as a
measure of overall task performance and to reflect the final “budget”. Furthermore, the
number of switches between different arms was calculated as a measure of exploratory
behavior. This was expressed per block of 10 trials to study the change in exploratory
behavior across the task. Win-stay and lose-shift were calculated as a fraction of the total
number of encounters with sugar (win) and quinine (loss) respectively.
Immunocytochemistry
Two hours after the last session of the behavioral task, rats were decapitated; their brains
were quickly removed from the skull and frozen in liquid (-80°C) 2-methylbutane
which was cooled by using dry ice. Brains were stored at -80°C until further processing.
Coronal sections of 20mm were cut on a cryostat, mounted on Menzel SuperFrost
Plus slides (Menzel GmbH and CO, Braunschweig, Germany) and stored at -80 °C.
Immunohistochemical detection of c-Fos was performed according to the protocol
previously published (see van Hasselt et al., 2012) using rabbit anti-c-Fos (Calbiochem,
Darmstadt, Germany). Anatomical localization of brain areas analyzed for c-Fos staining
was based on the stereotaxic atlas of Paxinos and Watson (2005). For each region at
least two overt landmarks were used, as shown in Figure 1. For quantitative analysis of
c-Fos positive cells, the program Leica QWIN (image processing and analysis software,
Cambridge, UK) was used. Left and right hemispheres were separately analyzed in each
section. The number of positive cells was then averaged for each animal and expressed
per mm². Out of 48 brains, 6 were excluded from the analysis due to low(er) quality of
the sections.
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Electrophysiology
To test glutamatergic transmission approximately at the time of behavioral testing
(PND90), male rats (n=22 in total) were decapitated in the early morning, within a
few minutes after taking the rat out of the homecage; this interval is short enough to
not induce any discernable rise in plasma corticosterone concentration (Pasricha et al,
2011). The brain was removed from the skull and kept in carbogenated (95% O2 and 5%
CO2) artificial cerebrospinal fluid (aCSF; 4°C) containing (mmol/l): NaCl 120, KCl 3.5,
MgSO4 5.0, NaH2PO4 1.25, CaCl2 0.2, D-glucose 10, and NaHCO3 25.0. Coronal slices
(350 µm) containing the striatum were cut on a Vibroslicer (Leica, Germany), stored at
room temperature, and continuously gassed with carbogen until use.
One slice at a time was submerged in the recording chamber mounted on an upright
microscope (Axioskop 2 FS plus; Zeiss, Oberkochen, Germany) with differential
interference contrast and a water immersion objective (× 40) to identify medium spiny
neurons in the dorsomedial striatum. The slices were continuously perfused (flow rate
1.5 ml/min, temperature 30°C, pH 7.4) with aCSF to which was added TTX (0.5 µM;
Latoxan, Valence, France), to block sodium channels and bicuculline (50 µM; Enzo), to
block GABAa receptors (Sarabdjitsingh et al, 2014).
Patch pipettes (borosilicate glass pipettes, inner diameter 0.86 mm, outer diameter 1.5
mm; Harvard Apparatus, Cambridge, UK) were pulled on a Sutter micropipette puller
and had a tip resistance of 3-6 MΩ when filled with the pipette (intracellular) solution,
containing (in mM): 120 Cs methane sulfonate, 17.5 CsCl, 10 Hepes, 2 MgATP, 0.1
NaGTP, 5 BAPTA; pH was 7.4, adjusted with CsOH. BAPTA was obtained from
Molecular Probes (Leiden, The Netherlands), all other chemicals were obtained from
Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). An Axopatch 200B
amplifier (Axon Instruments, USA) was used for whole cell recordings, operating in
the voltage-clamp mode. The patch-clamp amplifier was interfaced to a computer via a
Digidata (type 1200; Axon Instruments, USA) analog-to-digital converter.
We first cleaned the surface of the slice, allowing access to cells not harmed by the
slicing procedure. Under visual control (40X objective and 10X ocular magnification)
the electrode was directed toward neurons in the dorsomedial striatum using positive
pressure. After establishing a gigaseal, the membrane patch was ruptured and the cell
was held at a holding potential of -70 mV. The liquid junction potential caused a shift
of <8 mV, which was not compensated for. Recordings with an uncompensated series
resistance of <2.5 times the pipette resistance were accepted for analysis. Series resistances
were typically between 6-15 MOhm and if the series resistance changed by more than
10% with time or upon application of the drug the recording was not incorporated in
the analysis. In view of the small current amplitudes, the recordings were not corrected
for series resistance.
Data acquisition and storage was done with PClamp (version 9.2). The currents were
recorded at a holding potential of -70 mV with the sampling rate set at 10 kHz and
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Statistical analysis
Group sizes (n=12) for the rIGT were calculated based on an earlier study (Koot et al.,
2013), describing impaired performance in the good arm on the final day of testing after
acute CORT administration, with a moderate effect size (d=0.6658).
All experiments and data analyses were carried out by experimenters blinded to the
condition or treatment of the animal (groups were coded I-IV; the code was broken
after completion of all data analyses). Prior to final statistical analysis, outliers (>2SD
removed from the mean) were removed from the group results; in no case this pertained
to >1 value per group, and no bias towards a particular group was observed.
Neuroendocrine data at PND26 (prior to MIF treatment) were tested for statistical
significance with a two-sided unpaired Student’s t-test. The remaining data, unless stated
otherwise, were analyzed using a two-way ANOVA, with rearing condition and MIF
treatment as independent variables; p<0.05 was considered to reflect significant (main or
interaction) effects. In view of our hypothesis that GR-blockade would normalize effects
induced by MD, we were primarily interested in significant interaction effects. In case
this was observed, it was followed up by post-hoc LSD testing, where a was adjusted for
the four comparisons of interest (p<0.0125 considered to reflect a significant difference
between two groups). All statistical analyses were conducted using SPSS version 20.0
(IBM, United States). The cumulative distribution of mEPSC frequencies was compared
with a Kolmogorov-Smirnov test.
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filters at 5 kHz. mEPSCs were accepted if the rise time was faster than the decay time
(Pasricha et al, 2011). In all cells measured, the following mEPSC characteristics were
determined off-line with ClampFit 9.2: inter-mEPSC interval, the frequency, rise time,
peak amplitude, and tau (τ) of decay, all between 5 and 10 minutes after establishing
the whole cell recording configuration. Two experimenters (HK and MA) recorded in
tissue from the same animal, blinded to the condition. Post-hoc analysis revealed highly
comparable trends in their recordings; after this, the two datasets were pooled.
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Figure 1

Design of the experimental series performed in this study.
(A) Timeline for experimental series in which neuroendocrine data were collected , either at PND26, 29 or 90. Animals
were exposed to 24h maternal deprivation (MD) or control treatment at PND3. Part of the animals were treated twice
daily with mifepristone (MIF) or vehicle (VEH) administered through oral gavage directly into the stomach. At the
indicated moment, we monitored body weight, corticosterone levels, and collected tissue from the ventromedial PFC and
the dorsal striatum (B1) for later Western blotting for GR (B2) Representative Western blots showing bands of GR and
GAPDH; brains collected at PND29, 1=MD MIF 2= MD VEH 3=noMD MIF 4=noMD VEH.
(C) Schematic representation of the rodent Iowa Gambling Task maze model.
(D) Anatomical localization of brain region used for analysis of c-Fos expression. Bregma coordinates are indicated above
each coronal section. Abbreviations: DG= dentate gyrus, CA1= CA1 region of the hippocampus, CA3= CA3 region
of the hippocampus, DSL= dorsolateral striatum, DMS= dorsomedial striatum, NaC= nucleus accumbens core, NaS=
nucleus accubmens shell, Cg1= cingulate cortex, PrL= prelimbic cortex, IL= infralimbic cortex, INS= insular cortex,
medOFC= medial orbital frontal cortex (OFC), latOFC= lateral OFC and venOFC= ventral OFC.
(E1) Typical traces of mEPSCs. (E2) Anatomical localization of brain region used for mEPSCs recording.

Results
CORT levels, GR expression
At PND26, male MD compared to noMD rats showed reduced body weight, elevated
CORT levels and increased GR protein level in the ventromedial PFC (Table 1). One
day after the 3-days treatment with the GR-antagonist MIF between PND26 and 28,
no significant main or interaction effects were observed with respect to CORT level
or GR expression in the ventromedial PFC and dorsal striatum. A main effect of MD
on bodyweight persisted at this age. At PND90 no main effects of condition and
treatment, nor an interaction effect, were observed with respect to any of the parameters
investigated (Table 1).
In conclusion, MD caused a transient reduction in body weight. At PND26, i.e. the
age that MIF treatment was started, MD rats showed increased morning plasma CORT
levels, higher GR expression in the ventromedial PFC and thus most likely stronger GR
signaling, at least in some brain areas.
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rIGT performance
Around PND90, four experimental groups entered the rIGT procedure: rats exposed
to MD at PND3 and treated with MIF at PND26-28 (MD-MIF) or vehicle (MDVEH); and non-deprived (noMD) rats treated with MIF (noMD-MIF) or vehicle
(noMD-VEH).
We first analyzed the performance during the final session, since this is the session for
which we earlier observed effects of acute corticosterone application (Koot et al., 2013).
A significant interaction effect of treatment and condition was observed for the number
of visits to the long-term advantageous arm (see Table 2 and Figure 2A). Post-hoc analysis
revealed a significant reduction in the number of visits to the advantageous arm in
the MD-VEH group compared to the noMD-VEH animals (p=0.005). The difference
between the MD-VEH and MD-MIF groups was close to significance (p=0.018). With
respect to the number of visits to the disadvantageous arm, the condition*treatment
effect was just not significant (Table 2). No main effect of condition nor of treatment
was observed. Similarly, the number of visits to the empty arms did not differ between
the groups. When the entire learning curve was taken into account, a similar picture
emerged for the advantageous arm, showing a significant condition*treatment effect
(see Figure 2B). No significant group differences became apparent after post-hoc group
analysis (all p>0.030). No significant main nor interaction effects were discerned for the
disadvantageous arm. Interestingly, over the 12-days period we observed a significant
interaction effect with respect to the empty arms. Follow-up analysis revealed that over
the entire learning period, the MD-VEH group visited the empty arms significantly
more often than the noMD-VEH (p=0.005) and the MD-MIF groups (p=0.009) (see
Figure 2C).
Analysis of the number of switches during the second half of the task –when animals
should have learned the task contingencies (de Visser et al., 2011)- showed a significant
condition*treatment effect (Figure 2D), but post-hoc analysis showed no significant
differences (MD-VEH versus MD-MIF p=0.025, all other comparisons p>0.030).
Win-stay behavior, i.e. a choice for the advantageous arm after a previous advantageous
arm visit, was also different among groups over the entire 12 days period (Figure 2E).
Here too, no significant post-hoc differences were observed (MD-VEH versus MD-MIF
p=0.021, all other groups p>0.030).
All in all, significant interaction effects between MD and MIF treatment were observed
with regard to the number of visits to the advantageous arm during the final session,
most rIGT behavioral parameters analyzed over the entire learning curve, and win-stay
as well as switching behavior during the second half of the test period. On average, MDVEH (but not MD-MIF) rats showed a low number of visits to the advantageous arm,
frequently visited empty arms and scored low on win-stay behavior
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Figure 2A:

Rodent Iowa Gambling Task performance in male rats (PND90) exposed to maternal deprivation (MD) or control
treatment (noMD), receiving mifepristone (MIF) or vehicle (VEH) between PND26 and 28. All data were tested with
a two-way ANOVA. For the parameters shown in A-E we observed a significant interaction effect of treatment and
condition (see main text and Table 2 for statistical details).
(A) Visit to the advantageous arm during the last day of the task. All bars represent the mean + SEM.
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Figure 2:
Rodent Iowa Gambling Task performance in male rats (PND90) exposed to maternal deprivation (MD) or control treatment (noMD),

Figure
receiving2:mifepristone (MIF) or vehicle (VEH) between PND26 and 28. All data were tested with a two-way ANOVA. For the parameters
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ANOVA. For the parameters shown in A-E we observed a significant interaction effect of treatment and
(C) Mean fraction of empty arms choices across the 12 blocks (10 trials/block) in the rIGT.
condition (see main text and Table 2 for statistical details).
(D) Number of switches across the 12 blocks (10 trials/block) in the rIGT.
(B) Mean fraction of advantageous arm choices across the 12 blocks (10 trials/block) in the rIGT.
(E) Mean fraction of win-stay / lose-shift for the advantageous arm across the 12 blocks (10 trials/block) in the rIGT.
(C) Mean fraction of empty arms choices across the 12 blocks (10 trials/block) in the rIGT.
(D) Number of switches across the 12 blocks (10 trials/block) in the rIGT.
(E) Mean fraction of win-stay / lose-shift for the advantageous arm across the 12 blocks (10 trials/block) in the rIGT.
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F[1,44]=5.1, p=0.029

condition * treatment

F[1,44]=0.4; p=0.508

F[1,44]=0.6; p=0.459

F[1,44]=2.1; p=0.152

F[1,44]=3.5; p=0.066

F[1,44]=0.8; p=0.772

F[1,44]=1.7; p=0.196

F[1,44]=3.6; p=0.064

F[1,44]=0.1; p=0.726

F[1,44]=3.5; p=0.067

condition
(noMD vs MD)

F[1,44]=1.8; p=0.192

F[1,44]=1.4; p=0.250

F[1,44]=1.9; p=0.178

F[1,44]=2.9; p=0.122

F[1,43]=0.1; p=0.752

F[1,44]=1.3; p=0.262

F[1,44]=1.2; p=0.270

F[1,44]= 0.1; p=0.726

F[1,44]=1.4; p=0.236

treatment
(VEH vs MIF)
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Performance in a rodent version of the Iowa Gambling Task (rIGT). All animals had been subjected to 24h maternal deprivation (MD) at PND3 or control treatment. Half of the animals
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on daily
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Performance in a rodent version of the Iowa Gambling Task (rIGT). All animals had been subjected to 24h maternal deprivation (MD) at PND3 or control treatment. Half of the animals were
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c-Fos labeling
We hypothesized that one or more of the areas involved in learning and performing
the rIGT task might be modulated in its overall activity by MD and MIF treatment,
contributing to the observed behavioral differences. Obviously, neuronal activity may
dynamically change over the entire period of the task (12 days), but we here focused on
the difference observed during the final day. Two hours after the final rIGT session, the
brains were removed, frozen and subsequently stained for c-Fos. Immunoreactivity was
determined in fourteen areas important during the motivational and cognitive phases of
the task (Figure 1D; comparable to Koot et al., 2013). In view of lateralization effects of
(chronic) stress, particularly in subregions of the PFC (Perez-Cruz et al, 2007, 2009) we
analyzed the right and left hemispheres separately (Table 3).
We were particularly interested in those areas showing a similar (interaction) effect as
seen in the behavioral test on the same day. A significant interaction between condition
and treatment was found in the right insular cortex, right dorsomedial striatum, right
n. accumbens shell, and right CA1 and CA3 hippocampal regions (Table 3). Of these,
significant post-hoc effects were only demonstrated in the right dorsomedial striatum
(MD-VEH>MD-MIF, p=0.005, all other comparisons p>0.030); and in the right CA3
region (MD-VEH<noMD-VEH, p=0.006; of note, the difference between noMDVEH and noMD-MIF was nearly significant, p=0.016, all other comparisons p>0.030).
A main effect of MD was observed in the left cingular cortex, left prelimbic cortex and
right dentate gyrus.
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100 ± 21.1

100 ± 29.9
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r-DMS

l-Insular

100 ± 33.5
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l-DLS

l-NaS

100 ± 35.6

r-CA3

100 ± 34.1

100 ± 29.3

l-CA3

r-NaC

100 ± 22.4

r-CA1

100 ± 17

100 ± 27

100 ± 24.3

44.9 ± 16

100 ± 43.6

l-CA1

l-NaC

110.5 ± 32.9

100 ± 55.3

r-DG

r-Insular

97 ± 20.5

100 ± 49.9

l-DG

57.9 ± 16.1

85.9 ± 23

89 ± 20.9

125.4 ± 23.5

75.3 ± 17.6

111.4 ± 26

61.6 ± 16.6

106.4 ± 16.3

136 ± 51.2

42.1 ± 9.7

111.9 ± 32.5

64.3 ± 17

noMD
MIF

noMD
VEH

cortex (OFC), latOFC= lateral OFC and venOFC= ventral OFC

74.7 ± 19.2

87.1 ± 23.9

145.2 ± 28

128.6 ± 30.1

50.9 ± 16

236.1 ± 79.3

69 ± 11

117.3 ± 36.1

131 ± 36.4

28.9 ± 6.2

93.1 ± 18.9

30.5 ± 6.6

93 ± 28

32.6 ± 5.3

141.2 ± 54

MD
VEH

50.8 ± 9.5

65.4 ± 14.4

86.6 ± 18.2

51.6 ± 9.3

54 ± 15.2

45.2 ± 7.2

47 ± 9.7

52.4 ± 9.3

70 ± 13.4

53.2 ± 12.8

285.4 ± 18.7

77.5 ± 17.4
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22.7 ± 5.6

55.8 ± 16.7

MD
MIF

F[1,33]=0.2; p=0.640

F[1,31]=0.3; p=0.872

F[1,32]=0.9; p=0.346

F[1,35]=4.9; p=0.033

F[1,32]=0.6; p=0.434

F[1,33]=4.6; p=0.040

F[1,29]=0.3; p=0.596

F[1,34]=1.7; p=0.193

F[1,33]=1.6; p=0.215

F[1,30]=6.1; p=0.018

F[1,27]=1.1; p=0.239

F[1,30]=7.7; p=0.009

F[1,33]=0.0; p=0.779

F[1,24]=0.3; p=0.594

F[1,21]=0.8; p=0.387

condition * treatment

F[1,33]=0.7; p=0.407

F[1,31]=0.5; p=0.484

F[1,32]=0.7; p=0.400

F[1,35]=0.9; p=0.335

F[1,32]=4.0; p=0.054

F[1,33]=0.5; p=0.466

F[1,29]=2.3; p=0.142

F[1,34]=0.5; p=0.500

F[1,33]=0.2; p=0.654

F[1,30]=3.3; p=0.079

F[1,27]=1.2; p=0.276

F[1,30]=1.0; p=0.324

F[1,33]=0.2; p=0.662

F[1,24]=5.2; p=0.032

F[1,21]=0.0; p=1

condition
(noMD vs MD)
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F[1,33]=2.9; p=0.097

F[1,31]=0.6; p=0.453

F[1,32]=1.9; p=0.172

F[1,35]=1.2; p=0.272

F[1,32]=0.4; p=0.542

F[1,33]=3.6; p=0.067

F[1,29]=4.0; p=0.052
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F[1,24]=0.9; p=0.348

F[1,21]=0.9; p=0.354

treatment
(VEH vs MIF)

NaC= nucleus accumbens core, NaS= nucleus accumbens shell, Cg1= cingulate cortex, PrL= prelimbic cortex, IL= infralimbic cortex, INS= insular cortex, medOFC= medial orbital frontal

Abbreviations: l= left, r= right, DG= dentate gyrus, CA1= CA1 region of the hippocampus, CA3= CA3 region of the hippocampus, DSL= dorsolateral striatum, DMS= dorsomedial striatum,

Immunoreactivity for c-Fos (# labeled cells/mm2), 2h after the final session in the rIGT. After completion of the analysis all data were normalized to
Table 3:
the noMD-VEH group. Experimental animals had been subjected to 24h MD at PND3 or control treatment. Half of the animals were treated with
2
Immunoreactivity
for c-Fos
(# labeled
2h after
the final
in the rIGT.
of the analysis
normalized
to the±noMD-VEH
Experimental
mifepristone (MIF)
through
oral cells/mm
gavage ),twice
daily
on session
PND26-28;
the After
othercompletion
half received
vehicle.all data
Datawere
represent
mean
SEM; allgroup.
groups
n=9-12 animals.
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100 ± 29.8

100 ± 17.2

100 ± 7

100 ± 24.6

100 ± 18.5
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95.6 ± 10.6

82.4 ± 15.4

132.6 ± 25.1

87.4 ± 13.6
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80.2 ± 27.3
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132.8 ± 22.9
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80.8 ± 7.6

85.1 ± 9.4
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117.1 ± 17.2

79.8 ± 12.2

81 ± 10.4

112.7 ± 39.2

44.9 ± 10.9

119.1 ± 35.6

44.6 ± 10.2

94.3 ± 20.2

52.2 ± 7.6

195.1 ± 53.7

96 ± 15.7

103.7 ± 25.1

118.8 ± 30.6

129.3 ± 29.3

92.1 ± 16.7

82.2 ± 18

107.6 ± 20.6

78.3 ± 9.8

114.1 ± 12.8

59.8 ± 8.5

88 ± 15.2

40.9 ± 9.7

72.5 ± 17

F[1,31]=0.6; p=0.432

F[1,31]=1.0; p=0.322

F[1,31]=0.0; p=0.853

F[1,30]=0.3; p=0.580

F[1,29]=0.8; p=0.383

F[1,31]=0.1; p=0.735

F[1,31]=0.1; p=0.737

F[1,24]=2.5; p=0.125

F[1,30]=3.2; p=0.081

F[1,27]=0.3; p=0.558

F[1,30]=0.8; p=0.352

F[1,27]=2.4; p=0.133

F[1,32]=5.2; p=0.029
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F[1,31]=0.5; p=0.449

F[1,31]=0.0; p=0.860

F[1,31]=0.6; p=0.442

F[1,30]=1.8; p=0.192

F[1,29]=0.3; p=0.562

F[1,31]=0.5; p=0.484

F[1,31]=00; p=0.919

F[1,24]=2.9; p=0.102

F[1,30]=1.2; p=0.269

F[1,27]=5.3; p=0.029

F[1,30]=1.5; p=0.232

F[1,27]=12; p=0.002

F[1,32]=0.0; p=0.793

F[1,32]=1.0; p=0.323
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F[1,31]=2.5; p=0,124

F[1,30]=0.0; p=0.992

F[1,29]=0.0; p=0.991

F[1,31]=0.0; p=0.788

F[1,31]=0.0; p=0.873

F[1,24]=0.2; p=0.688

F[1,30]=2.6; p=0.114

F[1,27]=0.4; p=0.837

F[1,30]=0.4; p=0.528

F[1,27]=1.2; p=0.282
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Excitability in dorsomedial striatum
Since c-Fos immunoreactivity in the (right) dorsomedial striatum most closely
mimicked the behavioral pattern across the four experimental groups and given the
role of this region in the expression of goal-directed behavior (Burton et al., 2015), we
wondered if the changes in activity suggested by c-Fos staining indeed reflected changes
in excitability. To test this, miniature excitatory postsynaptic currents (mEPSCs) -as an
index of spontaneous glutamatergic transmission- were measured from medium spiny
neurons visually identified through the recording microscope (see Figure 1E for typical
example). From each neuron mEPSC frequency, amplitude, rise time and tau of decay
were monitored, 5-10 min after establishing a stable recording configuration. Typical
traces of mEPSC recordings are shown in Figure 1E. The values observed in control
animals were not unlike those earlier described for somewhat younger rats (Dorris et
al., 2015).
In agreement with the expectation, a significant interaction effect between condition
and treatment was found with respect to the mEPSC frequency in the dorsomedial
striatum (see Figure 3A and Table 4). Post-hoc analysis showed that mEPSC frequency
in medium spiny neurons from MD-VEH rats was significantly increased compared
to the frequency in cells from noMD-VEH rats (p = 0.012). In MIF treated rats, no
such difference was observed. The cumulative frequency distribution of the inter-event
interval (frequency-1) confirms the effects on frequency (KS-test with 50 ms bins,
difference between cells from noMD-VEH and MD-VEH rats: p < 0.0001; difference
between cells from MD-VEH and MD-MIF rats: p = 0.012; other comparisons: p >
0.1; data not shown).
With regard to mEPSC amplitude, we found no condition * treatment effect (see Figure
3B and Table 4), but a significant main effect of MD and a tendency towards a main
effect of MIF treatment. In the cumulative frequency distribution of the amplitude,
groups did not differ from each other significantly (KS-test with 5 pA bins, p = 0.071
for noMD-VEH versus MD-VEH; all other comparisons: p > 0.1). No significant main
nor interaction effects were found for rise time. Decay time was significantly decreased
after maternal deprivation (Table 4) but not affected by treatment.
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A

B
Averaged data on mEPSCs recorded in dorsomedial
striatum neurons of adult male rats (PND90) exposed to
maternal deprivation (MD) or control treatment (noMD)
at PND3, receiving mifepristone (MIF)or vehicle (VEH)
between PND26 and 28.(A) Frequency of mEPSCs. Twoway ANOVA revealed a significant interaction effect of
treatment and condition (see main text and Table 4 for statistical details). (B) Amplitude of mEPSCs. No condition
* treatment effect but a significant main effect of MD and
a tendency towards a main effect of MIF treatment was
found (see main text and Table 4).
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Discussion
Adverse early life conditions have a major impact on cognition function, including
processes related to the reward system (Rüedi-Bettschen et al.,2005; Der-Avakian and
Markou,2013;Ventura et al., 2013;for reviews see e.g. Matthews and Robbins,2003).
Deregulation of the hypothalamo-pituitary-adrenal axis, particularly of CORT acting
through GRs, is thought to be one of the drivers of the cognitive effects of early life
adversity (Rüedi-Bettschen et al.,2006;Rodrigues et al.,2012;Stephens and Wand,2012).
We here provide experimental evidence for this notion and show that transient GR
blockade by mifepristone several weeks after early life adversity can normalize MDassociated alterations in adult reward-based decision making. Preliminary evidence
suggests that mifepristone may accomplish this effect by targeting glutamatergic
transmission in key areas of the reward system e.g. the dorsomedial striatum.
Earlier studies using a similar MD protocol showed that CORT level is significantly
enhanced 24h after MD(Oomen et al.,2009), particularly when rats are exposed to
unpredictable situations (Daskalakis et al.,2011). Changes in the stress system last for
several weeks (Van Oers et al.,1997). When examined in adulthood CORT levels appear
to be normalized (Van Riel et al.,2004;Oomen et al.,2010), although this may depend
on the paradigm and strain (Workel et al.,2001). We here show that at PND26, i.e.
when MIF (or VEH) treatment commenced, CORT level was still elevated, but at
PND29 no main effect of MD was visible anymore. It should be noted that for this
particular parameter (at PND26) we pooled data from two experimental series, the
second containing some animals of slightly younger age (around PND24). Since age
(or delay between MD and measurement) seems of importance for discerning the MDassociated changes in CORT level this may have influenced the results. We had to pool
data because the last animals in the cage always show elevated CORT levels (see e.g.
Van Hasselt et al.,2011) and thus were excluded. We cannot rule out that CORT levels
in some animals were already affected by removal of the first animal; in agreement, the
absolute CORT levels were relatively high for this time of the day (11-12 am). If so, this
presumably affected all experimental groups equally.
For CORT signaling, not only endogenous ligand level is relevant but also the availability
of receptors, most notably of GRs which are activated when CORT levels rise. We tested
GR protein level in two areas which are relevant for the presently investigated behavior
and corticosteroids (Schwabe et al.,2011;Koot et al.,2013). The only significant increase
was observed in the ventromedial PFC at PND26. Collectively, the present data suggest
that the stress system, and specifically CORT-mediated signaling, is increased by MD, but
only transiently. This is supported by the body weight, which was attenuated by MD into
adolescence, in accordance with previous studies using a similar protocol (Lehmann et
al.,1999;Van Riel et al.,2004;Oomen et al.,2009, 2010); this most likely is not only due
to the 24h food deprivation but also to subsequent changes in circulating CORT level.
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To test the relevance of the hyperactive CORT signaling system for later behavioral
performance, we transiently blocked GRs. Rather than placing animals on a long-term
treatment schedule lasting into adulthood, which would confound interpretation of
the behavioral learning, we opted for a brief treatment paradigm. We chose a 3-days
treatment paradigm during early adolescence, when CORT levels are still elevated as
discussed before. This period is also important for priming the stress system to adverse
conditions later in life (Bazak et al.,2009). Previous studies in humans and rodents have
demonstrated that a brief treatment period is highly effective in normalizing chronicstress induced suppression of neurogenesis (Mayer et al.,2006;Oomen et al., 2007;Pu
Hu et al.,2012) and symptoms of psychotic depression, albeit at very high concentrations
(Schatzberg,2015).
The primary outcome was reward-based decision making as tested with the rIGT (Van den
Bos,2014). We selected this particular task because adult performance was earlier shown
to be sensitive to the amount of maternal care received by pups during the first postnatal
week (Van Hasselt et al.,2012) and to acute CORT exposure (Koot et al.,2013). Adult
VEH-treated MD (compared to noMD) animals made fewer visits to the advantageous
arm during the final session, a deficit not seen in MIF-treated rats. While learning the
task, individuals are thought to switch from using an emotional / motivational / goaldirected circuit –encompassing the orbitofrontal cortex, insula, amygdala, n. accumbens
and dorsomedial striatum- to a habitual / cognitive loop, involving among others the
ventromedial PFC and dorsolateral striatum (McClure et al.,2004;Bechara,2005; Tanaka
et al.,2007;Doya,2008;Yin et al.,2008;de Visser et al.,2011;Rivalan et al.,2011;Zeeb and
Wistnaley, 2011;Van den Bos et al.,2013;Burton et al.,2015). Judging from the learning
curves, the behavioral deficit after MD already started during the first learning phase,
and thus may be linked to dysfunction of the orbitofrontal cortex, insula, amygdala, n.
accumbens and dorsomedial striatum. Interestingly, this circuit overlaps with the regions
showing significant condition*treatment interactions for c-Fos immunoreactivity, i.e.
the insular cortex, dorsomedial striatum, n. accumbens shell and some hippocampal
subregions. This suggests that MD changed functional connectivity within circuits
involved in motivation and goal-directed behavior. Further substantiation awaits testing
of MD animals in other behavioral paradigms probing the reward system. MD animals
did not decrease their visits to empty arms during the second half of the test. In addition
to an inability to learn the task contingency, this may point to a generally (non-reward
based) raised explorative behavior, a reduced sensitivity to reward (Ventura et al.,2013)
or a deficit in spatial learning.
The effect of MD on areas involved in emotional / motivational / goal-directed
aspects of reward-based decision making is not entirely unexpected. Thus, early life
environment -similar to adult chronic stress- has been proposed to alter neuronal
morphology and connectivity within the insular cortex, ventromedial prefrontal cortex
(PFC), orbitofrontal cortex, striatal subregions, the amygdala and ventral tegmental
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area (Dias-Ferreira et al.,2009;Van Hasselt et al.,2012;Bessa et al., 2013;Taylor et
al.,2014;Casement et al.,2015;Chocyk et al.,2015). For instance, cell density was
increased and dendritic complexity reduced after chronic stress in the dorsomedial
striatum, opposite to the dorsolateral striatum (Dias-Ferreira et al.,2009;Taylor et
al.,2014). In our hands, the effects seen with c-Fos staining were highly lateralized and
confined to the right hemisphere. This agrees with earlier studies, showing that chronic
stress affects dendritic plasticity in the right PFC, normalizing pre-existing differences
between the hemispheres (Perez-Cruz et al.,2007, 2009).
In many cases information within and between areas of the reward system is mediated
by glutamate, and further modulated by dopamine acting through dopamine-1 or -2
receptors. Of note, electrophysiological properties may differ between dopamine-1
or -2 receptor expressing cells in the striatum, but this does not seem to be the case
with respect to mEPSC frequency (Ma et al.,2012); we therefore did not attempt to
distinguish between these cell populations in our recordings. Many studies reported that
early life adversity changes aspects of dopaminergic (Silveira et al., 2010;Rodrigues et
al.,2011; Lovic et al.,2013;Rentesi et al.,2013;Pena et al.,2014;Yorgason et al., 2015) and
glutamatergic transmission (O’Connor et al.,2015;Vrettou et al.,2015). In the present
study too, we demonstrated that spontaneous glutamatergic transmission in a key area
for goal-directed behavior, the dorsomedial striatum, was significantly altered after MD.
Noteworthy, mEPSC frequency was increased after MD. Since medium spiny neurons
are GABAergic, this may signify that downstream target regions are attenuated in their
function after MD, related to impaired behavioral function. However, since mEPSC
frequency (in the absence of changes in amplitude) reflects presynaptic properties, the
results can also be interpreted as an increased cortical input onto these cells, causing an
imbalance between the dorsomedial- and –lateral regions, which might hamper the shift
normally seen with learning (Yin et al.,2009).
The main finding of this study is that deficits in adult reward-based decision making
associated with early life adversity can be normalized by transient GR blockade during
early adolescence. Possibly MD and MIF exert their effect by targeting glutamatergic
transmission in key areas of the reward circuit, e.g. the dorsomedial striatum and
possibly other areas. Exactly how brief interventions like MD and MIF treatment can
change neural transmission and behavior in such a lasting manner is not revealed by the
current experiments. This might involve epigenetic programming, in line with recent
studies on influences of early life adversity on the reward system (Lewis et al.,2013;Anier
et al.,2014;Valvassori et al.,2015;Vrettou et al.,2015).
The possibility to pharmacologically interfere with MD-associated learning deficits is
of interest. On purpose rats were treated with a GR blocker after MD, to enhance
translational potential; in humans, intervention also is more likely applied after early
life adversity has happened. Our findings are reminiscent of a very recent study showing
that early separation in rats impairs reward function in adulthood, in this case cocaine
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infusions through self-administration (O’Connor, 2015). Treatment from PND25 to 46
with the vesicular glutamate transport activator riluzole or with the NMDA antagonist
memantine reversed the effects of early life adversity. This suggests that compounds
causing region-specific changes in glutamatergic transmission may provide new tools to
normalize functional changes earlier induced by adverse life conditions.
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Abstract
Early life adversity is a well-known risk factor for behavioral dysfunction later in life,
including the formation of contextual memory; it is also accompanied by hyperactivity
of the stress system. We here tested in rats whether blockade of glucocorticoid receptors
–one of the receptor types for the stress hormone corticosterone- by mifepristone during
a critical developmental period (postnatal days 26-28) can normalize memory deficits
observed in adult rats earlier exposed to 24h maternal deprivation (MD) at postnatal day
3. As expected, MD reduced body weight gain, and increased basal corticosterone levels
during the pre-pubertal developmental period, but not in adulthood. In adulthood,
contextual learning and memory of MD compared to non-MD male rats was
significantly impaired. This impairment was fully prevented by mifepristone treatment
at postnatal days 26-28, whereas mifepristone by itself did not affect behavior. In females
we observed a similar effect. When (in males) methylation was enhanced or decreased
during mifepristone treatment by concurrent bilateral hippocampal microinjection of
the essential amino acid L- methionine or Trichostatin A respectively, the effectiveness of
mifepristone was impaired by the former and amplified by the latter, particularly in MD
rats. In parallel to the behavioral changes, we observed a reduction in the frequency but
no change in other characteristics of miniature postsynaptic excitatory currents in adult
CA1 hippocampal neurons from MD compared to control rats, which was not seen
when rats had been treated with mifepristone at postnatal days 26-28. We conclude that
transient treatment with mifepristone at a critical developmental period fully normalizes
glutamatergic and contextual memory deficits in male rats exposed to early life adversity,
possibly through a process requiring demethylation.
Keywords: Mifepristone, early life stress, hippocampus, corticosterone, methylation,
glutamate transmission
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Early life adversity is a well-recognized risk factor for the susceptibility of humans to
mood and anxiety disorders (Kessler et al, 2010). The structural, physiological and
behavioral deficits developing after early life adversity have been studied in detail in
various rodent models, including 24h deprivation of rat pups from their mother (Maniam
et al, 2014). Both in rats and mice exposed to early life adversity contextual learning and
memory in adulthood –depending on hippocampal function- was found to be impaired
(Kosten et al, 2012), particularly in male animals (reviewed by Loi et al, 2015). The
potential underlying neuronal substrate, i.e. structural and functional plasticity in the
adult hippocampus, was also altered in male animals with a history of early life adversity
(Fenoglio et al, 2006). The disturbed ability to efficiently process contextual information
may contribute to the increased vulnerability to develop psychopathology in the face of
multiple life events (Anacker and Heim, 2014).
In addition to structural, physiological and behavioral deficits reported after early
life adversity, the functionality of the hypothalamo-pituitary-adrenal (HPA) axis –
which is activated after stress- is known to be sensitive to the early life environment
of an individual (Pryce et al, 2005). For instance, low licking-grooming behavior of
the mother or unpredictability of maternal behavior due to impoverished housing
conditions are known to raise levels of the stress hormones CRH and corticosterone, and
alter expression of corticosteroid receptors, particularly glucocorticoid receptors (GRs)
(Weaver et al, 2006; Rice et al, 2008). In view of the well-established effects of stress
hormones, such as corticosteroids, on cognitive function (Aisa et al, 2007; Lupien et al,
2009), it is conceivable that a dysfunctional HPA axis contributes to the development of
the observed behavioral deficits and thus may form a target for intervention.
To test this idea, we exposed rats to 24h maternal deprivation on postnatal day 3,
examined their ability to form contextual memories in young adulthood (3 months
of age) and examined whether transient blockade of GRs during development can
normalize the expected behavioral deficits. Earlier, it was demonstrated that already
a 1-4 days’ treatment of adult rats with the GR-antagonist mifepristone (Mayer et al,
2006; Oomen et al, 2007; Hu et al, 2012) can fully normalize the effects of chronic
unpredictable stress on hippocampal structural and functional plasticity, suggesting that
this compound acts through a rapid yet long-lasting mechanism. For this reason, we
here too opted for a brief treatment period between postnatal days 26 and 28, that is,
a moment critical for priming of the HPA-axis and lasting changes in limbic function
(Tsoory and Richter-Levin, 2006; Tzanoulinou et al, 2014). We further made a first
attempt to delineate the mechanism by which mifepristone putatively normalizes
behavioral deficits after early life adversity and to understand neurobiological pathways
likely contributing to the behavioral changes.
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Materials and Methods
Animal breeding and housing
Prior to the start of the study all animal procedures were approved by the animal ethics
committee at Utrecht University, the Netherlands. Adult male and female Wistar rats were
purchased from Charles river (Sulzfeld, Germany) and habituated in pairs to the animal
facilities for two weeks. For breeding, male rats were put together with female rats in a
1:2 ratio for a period of 10 days. Females were housed in pairs after mating until the last
week of pregnancy when they were housed individually. Every morning before 9 am cages
were checked for births; upon birth this day was denoted as postnatal day 0 (PND 0) (see
Figure 1 for experimental design). Dams with litters were left undisturbed until PND 3.
On the morning of PND 3, litters were randomly assigned to either the maternal
deprivation (MD) condition or the control (non-maternally deprived; noMD) group. In
the MD group, litters were separated from their mother after being culled; in the noMD
group litters were merely culled. After culling litters contained on average 9 ± 1 pups,
of which 4-5 were females. For MD, the mother was placed in a separate cage; the pups
went back in the home cage and were placed on a heating pad (32°C) in a separate room.
MD litters were kept in this room for 24 h before being placed back with the dam, as
described elsewhere (Oomen et al, 2011). No animals died during the MD procedure.
On PND 21 the litters were weaned and housed in same-sex groups of either two or
three. In both conditions, animals were then treated from PND 26 through PND 28
with mifepristone (MIF; 5mg /100g bodyweight) or its vehicle (VEH). Per rat, 4mg
mifepristone powder (Corcept Pharmaceuticals) was dissolved in 15μL 99% ethanol
mixed with 1mL coffee cream (Campina, Woerden, the Netherlands) at bodytemperature, as described elsewhere (see e.g. Hu et al, 2012). Twice daily, the drugs
were administered through oral gavage directly into the stomach (6 hours in-between
injections). To minimize litter effects, offspring from each maternally deprived and
non-maternally deprived litter were divided between mifepristone and vehicle groups.
In one experimental series, where we tested the relevance of hippocampal methylation
status, rats additionally received 15 minutes after the mifepristone injection either
L-methionine (MET), trichostatin A (TSA) or vehicle (saline) through cannulas
bilaterally placed into the dorsal hippocampus (coordinates: anterior-posterior (AP)
+0.15 mm from Bregma; medial-lateral (ML) – 0.19 mm from midline; dorsal ventral
(DV) -0.51 mm from the skull surface. The cannulas were placed under stereotactically
guided surgery on PND21. Rats were anaesthetized with 0.08 mL/100g, (intramuscular)
Hypnorm (fentanylcitrate 0.315 mg/ml and fluanison 10 mg/ml, Janssen, Belgium)
and positioned into a stereotactic frame (David Kopf Instruments, USA). Stainless steel
stylets were inserted into the guide cannula to avoid obstructions. After surgery, rats were
individually housed for one day, in order to recover, and then housed in 2 or 3 per cage.
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Neuroendocrine parameters
In order to assess changes in neuroendocrine parameters a total of n=160 rats (half
males and half females) subjected to MD/noMD and receiving MIF or its VEH were
included in this study. Fig.1A gives an outline of the experiment. At the designated timepoints (PND26, 29 or 90) the animals were sacrificed by decapitation. Decapitation
always took place in the morning before 12 pm. The bodyweight for each animal was
determined immediately before decapitation. Trunk blood from all rats was collected
to determine basal CORT levels, using a commercially available radioimmuno assay
(MP Biomedicals Inc., CA., USA). CORT level determined in the last animal of
each cage was not included in the analysis, since it has been shown that prior removal
of other animals from the homecage affects CORT level of the remaining rats even
at such short intervals (Van Hasselt et al., 2011). Since the remaining male groups
at P26 were small, we added basal CORT values from randomly chosen (MD and
noMD) rats from another cohort, tested for CORT levels at P22-26. One value in
the noMD group was removed from further analysis because it was >2SD removed
from the mean. For the male group at P90, we combined the basal CORT levels
from the animals used for neuroendocrinology with those used for electrophysiology,
resulting in a larger group. In each experimental group one outlier was removed from
further analysis. (Bodyweight and CORT levels for males are shared with chapter 3).
Adrenal glands were removed and weighted (only) at PND29. The brain was removed
from the skull immediately after decapitation and the dorsal hippocampus was dissected
using a brain matrix for later determination of GR expression in the dorsal hippocampus.
Western blotting
The dissected brain areas were homogenized in radioimmunoprecipitation assay lysis
buffer (50 mM Tris HCl, 150 mM NaCl, 0.5 % sodium deoxycholate, 0.1 % SDS, 1
% Triton X-100, 2 mM EDTA). Per 5 mg tissue, 300 µl of lysis buffer was added. All
samples were incubated in lysis buffer on ice for 30 min and mixed every 10 min using
vortex. Protein samples were stored at -20°C until further processing.
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Coordinates were determined by pilot placements in 21 days old rats. We verified
the correct position of the cannulas in 3 rats, which were killed immediately after
surgery; in all cases cannulas were correctly placed in the dorsal hippocampus. Correct
positioning of the cannulas in the animals later used in the behavioral studies could
unfortunately not be verified, since this was incompatible with the experimental design.
All animals were kept under standard housing conditions (dark/light phase 12:12, lights
on at 8 a.m., humidity 55±15%, temperature 20-22°C) and received food and water ad
libitum. They were weekly handled for 1 minute.
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Protein concentration was determined by bicinchoninic acid assay (Pierce BCA Protein
Assay Kit, Thermo Scientific). Proteins were denatured in LDS sample buffer (4 µl/
sample; Novex) containing 10 % β-mercaptoethanol and heated for 10 min at 70 °C.
Samples were separated in an 8 % polyacrylamide gel at 25 mA/gel for approximately 15
min until the samples reached the running gel, hereafter the current was speeded up to
35 mA/gel for approximately 1 hour until the samples passed the running gel. Migration
of proteins was performed in a Tris/glycine/SDS running buffer. Subsequently the
protein samples were transferred to a 0.45 µm nitrocellulose membrane in Tris/glycine/
methanol (20%) transfer buffer at 100 V for 1 hour. Afterwards, the membrane was
blocked in 5 % dry powdered non-fat milk (Elk, Campina, Woerden, The Netherlands)
dissolved in TBS for 1 hour at room temperature. Following the blocking, membranes
were probed with primary antibodies (anti-GR antibody rabbit GR M-20, Santa Cruz,
1:1000 dilution; anti-GAPDH antibody rabbit GAPDH, Cell Signaling, 1:3000
dilution) at 4 °C overnight. Primary antibodies were diluted in 0.05 % TBS-Tween
(TBS-T). On the next day, membranes were washed with TBS-T (3 times, 10 min
each) and incubated with secondary antibodies (goat anti-rabbit IgG-HPR conjugate
#170-6515, Bio-Rad and goat anti-mouse IgG-HPR conjugate #170-6516, BioRad, both at 1:1000 dilution) for 1 hour at room temperature. Secondary antibodies
were diluted in 2 % dry non-fat milk powder dissolved in TBS-T. After the second
incubation, membranes were again washed in TBS-T (3 times, 10 min each). For signal
detection, membranes were incubated in Super Signal West Dura Extended Duration
Substrate (Thermo Scientific) for 5 min at room temperature. Signal was detected using
an enhanced chemiluminescence reader (ECL; Thermo Scientific). GAPDH was used
as a loading control for total protein samples (see figure 1A2).
Protein bands were expected at approximately 37 kDa (GAPDH) and 97 kDa (GR).
Signal density was analyzed with ImageJ 1.46r (Wayne Rasband, National Institute of
Health, USA) and subsequently corrected for background noise and control signal, and
standardized to values in the noMD/VEH group at PND26 to generate comparable
values between blots.
Behavioral task
In the first experimental series, 31 males and 28 female rats subjected to MD/
noMD and receiving MIF/VEH were tested for behavioral performance (Figure
1B1). In a second series, 149 male rats who received MET/TSA/VEH through
bilaterally placed cannulas in combination with MIF/VEH through oral cavage
(after MD/noMD at PND3) were tested for their behavior (Figure 1B3).
Around PND90, rats’ contextual memory was tested in an object-in-context task
(Kanatsou et al, 2015; see figure 1B2). For the first series, the arenas were made of
2 identical solid plastic boxes with dimensions of 75cm by 44cm with 32cm high
walls. On the day 1, the habituation session, the rat was placed for 10 min in a box
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without objects. On day 2, the rat was placed for 10 min in a box (context A) that had
no cues on the walls but contained two identical objects, two plastic cups, placed in
opposite corners. Immediately thereafter, the rat was placed for 10 min into another
box (context B) with black cues on the walls in the form of stripes and two (new)
identical objects, i.e., 2 glass staining jars, placed in opposite corners. On day 3, the
retention day, object-in-context recognition memory was tested by placing the rat for
5 min in context B. Context B on day 3 contained one object which also belonged to
context B on day 2 (i.e., familiar object to Context B), and the other object was earlier
only encountered by the rat in context A. This object-in-novel context is expected to
raise the innate curiosity of the rat and to be visited more frequently and for longer
duration periods during the 5 min retention test than the object that had been seen
in the context B before. Effects in this version of the object-in-(novel) context task
were most clear when analyzing the entire 5 min retention period. The set-up was
counterbalanced across rats. The objects were placed at 15 cm distance from the
corners and were cleaned between tests with unscented detergent diluted in water.
Fresh bedding material was added on top of the old and mixed between each session.
Since the behavioral performance of the noMD/VEH group in the first series was only
just above chance level, we used a somewhat different (and potentially easier) version
of the object-in-context task in the second series (Balderas et al, 2008). The arenas
consisted of 2 identical solid plastic boxes with dimensions of 73cm by 73cm with 50cm
high walls. On day1, the habituation session, the rat was habituated to both contexts
without any objects for 10 min. On day 2, rats were placed in one of the arenas (i.e.
context A) and were allowed to explore two different objects (one light bulb and one
glass beaker) for 10 min. Twenty-four hours later, rats were placed for 10 min. in context
B together with two identical objects (copies of one of the previously presented objects,
i.e., either two light bulbs or two glass beakers). Memory was tested 90 min later when
the rats were reintroduced to context B and were allowed to explore freely for 5 min one
copy of the previously presented object in context B together with a copy of one of the
objects previously presented in context A but not presented in context B. In this slightly
easier task, group differences were most clearly seen when analyzing the first min of the
retention test.
All sessions were recorded using an infrared-sensitive camera. Videos were later analyzed
manually using Observer XT 9 (Noldus, Wageningen, The Netherlands). Exploration
of an object was defined similarly to other studies (Akkerman et al, 2012) as time spent
attending to the object within a distance of 2 cm, focusing on two variables: (1) amount
of visits to the object (frequency) and (2) time spent exploring the object (duration).
The discrimination ratio was determined by dividing the time (or frequency) spent
with the object in the novel context by total exploration for the given variable. Sniffing
was scored as object-exploration behavior if the rat displayed such behavior towards
an object within a distance of 2 cm maximum. Climbing on top of the objects was
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not considered as sniffing behavior. Two animals (one male and one female) from the
noMD/VEH group were excluded from the final analysis because their performance was
>2SD removed from the mean.
Electrophysiology
Animals were decapitated (at approximately PND90) within a few minutes after taking
them out of the homecage, which is short enough to not induce any discernable rise in
plasma corticosterone concentration (Pasricha et al, 2011); see Figure 1C1 for design).
The brain was removed from the skull and kept in carbogenated (95% O2 and 5% CO2)
artificial cerebrospinal fluid (aCSF; 4°C) containing (mmol/l): NaCl 120, KCl 3.5,
MgSO4 5.0, NaH2PO4 1.25, CaCl2 0.2, D-glucose 10, and NaHCO3 25.0. Coronal
hippocampal slices (350 µm) were prepared as described elsewhere and stored at room
temperature, continuously gassed with carbogen.
One slice at a time was submerged in the recording chamber mounted on an upright
microscope (Axioskop 2 FS plus; Zeiss, Oberkochen, Germany) with differential
interference contrast and a water immersion objective (× 40) to identify the cells. The
slices were continuously perfused (flow rate 1.5 ml/min, temperature 30°C, pH 7.4) with
aCSF to which was added TTX (0.5 µM; Latoxan, Valence, France), to block sodium
channels and bicuculline (50 µM; Enzo), to block GABAa receptors (Sarabdjitsingh et
al, 2014).
Patch pipettes (borosilicate glass pipettes, inner diameter 0.86 mm, outer diameter 1.5
mm; Hilgenberg, Malsfeld, Germany) were pulled on a Sutter micropipette puller and
had a tip resistance of 3-6 MΩ when filled with the pipette (intracellular) solution,
containing (in mM): 120 Cs methane sulfonate, 17.5 CsCl, 10 Hepes, 2 MgATP, 0.1
NaGTP, 5 BAPTA; pH was 7.4, adjusted with CsOH. BAPTA was obtained from
Molecular Probes (Leiden, The Netherlands), all other chemicals were obtained from
Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). An Axopatch 200B
amplifier (Axon Instr, USA) was used for whole cell recordings, operating in the voltageclamp mode. The patch-clamp amplifier was interfaced to a computer via a Digidata
(type 1200; Axon Instruments, USA) analog-to-digital converter.
Routinely, we cleaned the surface of the slice. After establishing a gigaseal, the membrane
patch was ruptured and the cell was held at a holding potential of -70 mV. The liquid
junction potential caused a shift of <8 mV, which was not compensated. Recordings with
an uncompensated series resistance of <2.5 times the pipette resistance were accepted for
analysis. Series resistances were typically between 6-15 MOhm and if the series resistance
changed by more than 10% with time or upon application of the drug the recording was
not incorporated in the analysis. In view of the small current amplitudes, the recordings
were not corrected for series resistance.
Data acquisition and storage was done with PClamp (version 9.2). The currents were
recorded at a holding potential of -70 mV with the sampling rate set at 10 kHz and
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Statistical analysis
Neuroendocrine data at PND26 (prior to MIF treatment) were tested for statistical
significance with a Student’s t-test. The remaining data, unless stated otherwise, were
analyzed using a two-way ANOVA, with rearing condition and MIF treatment as
independent variables; p<0.05 was considered to reflect significant (main or interaction)
effects. Significant interaction effects were followed up by post-hoc LSD testing, where a
was adjusted for the four comparisons of interest. All statistical analyses were conducted
using SPSS version 20.0 (IBM, United States). The cumulative distribution of mEPSC
frequencies was compared with a Kolmogorov-Smirnov test.
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filters at 5 kHz. mEPSCs were accepted if the rise time was faster than the decay time
(Pasricha et al, 2011). In all cells measured, the following mEPSC characteristics were
determined off-line with ClampFit 9.2: inter-mEPSC interval, the frequency, rise time,
peak amplitude, and tau (τ) of decay between 5 and 10 minutes after establishing the
whole cell recording configuration.
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Neuroendocrine parameters
At PND26, i.e. the age at which mifepristone treatment commenced in animals later
tested for behavior or electrophysiology, body weight was significantly attenuated after
MD, both in males and females (see Table I). Corticosterone level was significantly
elevated in female and male rats exposed to MD. Hippocampal GR protein levels were
not affected by MD in males at PND26. In females, GR protein level tended to be
increased but this did just not reach significance (p=0.06).
A different batch of animals was tested at PND29, i.e. one day after mifepristone
treatment in our design was completed. Both in males and females, body weight was
decreased after MD (main effect of condition for male, main effect of condition and
treatment for females; see Table II for statistical details). Adrenal weight corrected for
body weight showed a significant treatment effect in males but not in females. Basal
CORT level was unaffected by MD or treatment in males. In female rats we observed a
significant interaction effect. Post-hoc analysis showed a significant difference (p=0.02)
between the MD/VEH and MD/MIF groups. GR expression in male and female rats
was unaffected by treatment or condition at PND29.
A third group of animals was examined around PND90, i.e. the age at which the
effects of MD and mifepristone treatment (in other animals) were tested on behavior
or electrophysiology. At that time, all male groups were very comparable (see Table III).
In females, groups were also very comparable; only a still significant reduction in body
weight after MD persisted.
Overall, the results indicate that some of the neuroendocrine parameters studied were
altered by MD at the time that mifepristone treatment commenced. However, at the
age that animals –males and females- entered the behavioral or electrophysiological
experiments, effects of condition or treatment (or interaction effects) were generally no
longer discernable, with the exception of body weight in females.
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1.0 ± 0.3

GR hippocampus

89 ± 26.3
0.7 ± 0.2

Basal corticosterone (ng/ml)

GR hippocampus

Body weight (BW in g)
58 ± 1

57 ± 20

Basal corticosterone (ng/ml)

Females

59 ± 1

Body weight (BW in g)

Males

noMD

2.3 ± 0.7

357 ± 95

51 ± 1

1.0 ± 0.2

178 ± 45

52 ± 1

MD

t[15]=7.46; p=0.06

t[11]=6; p=0.036

t[82]=8; p < 0.0001

t[15]=0.23; p=0.140

t[22]=5.7; p=0.025

t[78]=6; p < 0.0001

Main effect of MD

Neuroendocrine changes in male and female rats at PND26, after 24h maternal deprivation at PND3 or control treatment.

Neuroendocrine changes in male and female rats at PND26, after 24h maternal deprivation at PND3 or control treatment.
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23.8 ± 0.3

228 ± 60

1.2 ± 0.2

Adrenal weight/100 g

Basal CORT (ng/ml)

GR hippocampus

64 ± 2

27.9 ± 0.6

101 ± 55

5. 5 ± 1.4

Body weight (BW in g)

Adrenal weight/100 g

Basal CORT (ng/ml)

GR hippocampus

Females

75 ± 2

Body weight (BW in g)

Males

noMD
VEH

2.0 ± 0.3

102 ± 44

29.4 ± 1.4

70 ± 1

0.8 ± 0.1

122 ± 45

29.2 ± 0.5

72 ± 1

noMD
MIF

3.9 ± 1.0

282 ± 77

27.6 ± 1.1

59 ± 2

1.1 ± 0.3

68 ± 34

24.7 ± 0.4

65 ± 1

MD
VEH

3.8 ± 1.0

36 ± 24

27.4 ± 1.0

62 ± 1

1.2 ± 0.2

115 ± 65

26.9 ± 2.3

64 ± 2

MD
MIF

condition
(noMD vs MD)

F[1,27]=0.02; p=0.884

F[1,15]=1.1; p=0.322

F [1,28]=1.3, p=0.259

F[1,28]=13; p=0.001

F[1,27]=0.35 p=0.560

F[1,20]=2.4; p=0.140

F[1,27]=0.32, p=0.577

F[1,28]=47; p<0.0001

Chapter 4

F[1,27]=2.7; p=0.113

F[1,15]=5; p=0.046

F[1,28]=0.6; p=0.441

F[1,28]=0.5; p=0.487

F[1,27]=1.5; p=0.226

F[1,20]=2; p=0.172

F[1,27]=1.8; p=0.193

F[1,28]=0.4; p=0.532

condition x
treatment
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F[1,27]=3.1; p=0.091

F[1,15]=5; p=0.047

F [1,28]=0.4, p=0.534

F[1,28]=6; p=0.023

F[1,27]=0.41; p=0.525

F[1,20]=0.3; p=0.593

F [1,27]=9.6, p=0.004

F[1,28]=1.9; p=0.180

treatment
(VEH vs MIF)

Neuroendocrine changes in male and female rats at PND29, after 24h maternal deprivation at PND3 or control treatment. Half of the animals were treated with mifepristone through
(absolute
adrenal
/ 100 g body
weight)*100.
oral
cavage twice
dailyweight
on PND26-28;
the other
half received vehicle (all groups n=5-8 animals). Adrenal weight is expressed here as (absolute adrenal weight / 100 g body weight)*100.

Table
II
mifepristone
through oral cavage twice daily on PND26-28; the other half received vehicle (all groups n=5-8 animals). Adrenal weight is expressed here as

Neuroendocrine changes in male and female rats at PND29, after 24h maternal deprivation at PND3 or control treatment. Half of the animals were treated with
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77 ± 33

1.4± 0.4

Basal CORT (ng/ml)

GR hippocampus

126 ± 45

1.9 ± 0.4

Basal CORT (ng/ml)

GR hippocampus
1.8 ± 0.5

110 ± 59

225 ± 3

0.9 ± 0.3

90 ± 29

334 ± 6

noMD
MIF

1.6 ± 0.3

158 ± 102

205 ± 5

1.4 ± 0.4

39 ± 12

333 ± 5

MD
VEH

1.6 ± 0.3

332 ± 139

199 ± 5

0.8 ± 0.2

56 ± 20

331 ± 8

MD
MIF

F[1,26]=0.002; p=0.962

F[1,13]=1.1; p=0.314

F[1,28]=2.5; p=0.119

F[1,26]=0.3; p=0.871

F[1,49]=0.0; p=0.997

F[1,29]=1.3; p=0.262

condition x treatment

F[1,26]=0.4; p=0.541

F[1,13]=1.9; p=0.186

F[1,28]=18; p < 0.0001

F[1,26]=0.4; p=0.834

F[1,49]=1.3; p=0.268

F[1,29]=0.7; p=0.415

condition
(noMD vs MD)

F[1,26]=0.07; p=0.793

F[1,13]=0.8; p=0.397

F[1,28]=0.1; p=0.801

F[1,26]=3.2; p=0.9

F[1,49]=0.10; p=0.755

F[1,29]=0.8; p=0.368

treatment
(VEH vs MIF)

18.1 ± 0.6
3.8 ± 0.2
11.4 ± 0.7

18.9 ± 0.8

4.2 ± 0.2

11.6 ± 0.6

Amplitude (pA)

Tau-rise (ms)

Tau-decay (ms)

Males

noMD
MIF

noMD
VEH

11.2 ± 0.7

3.7 ± 0.3

18 ± 0.6

MD
VEH

MD
MIF

11.3 ± 0.7

3.9 ± 0.2

18.1 ± 0.7

treated twice daily with mifepristone through oral cavage on PND26-28.

F[1,62]=0.0; p=0.807

F[1,62]=2.3; p=0.132

F[1,61]=0.5; p=0.459

condition x treatment

F[1,62]=02.; p=0.688

F[1,62]=0.5; p=0.483

F[1,61]=0.4; p=0.525

condition
(noMD vs MD)
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F[1,62]=0.0; p=0.896

F[1,62]=0.1; p=0.699

F[1,61]=0.2; p=0.634

treatment
(VEH vs MIF)

Properties of mEPSCs measured in CA1 hippocampal neurons of adult male rats exposed to 24h maternal deprivation (or control treatment) at PND3. Half of the animals were

Table IV

217 ± 5

Body weight (BW in g)

Females

329 ± 6

Body weight (BW in g)

Males

noMD
VEH

Neuroendocrine changes in male and female rats at PND90, after 24h maternal deprivation at PND3 or control treatment. Half of the animals were treated with mifepristone through
through
cavage
daily on PND26-28;
the other
halfvehicle
received
groups
n=6-8
animals,
with theofexception
of basal
seeand
Materials
and Methods).
oral
cavageoral
twice
dailytwice
on PND26-28;
the other half
received
(allvehicle
groups (all
n=6-8
animals,
with
the exception
basal CORT;
see CORT;
Materials
Methods).
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126 ± 45

1.9 ± 0.4

Basal CORT (ng/ml)

GR hippocampus
1.8 ± 0.5

110 ± 59

225 ± 3

1.6 ± 0.3

158 ± 102

205 ± 5

1.6 ± 0.3

332 ± 139

199 ± 5

F[1,26]=0.002; p=0.962

F[1,13]=1.1; p=0.314

F[1,28]=2.5; p=0.119

F[1,26]=0.4; p=0.541

F[1,13]=1.9; p=0.186

F[1,28]=18; p < 0.0001

F[1,26]=0.07; p=0.793

F[1,13]=0.8; p=0.397

F[1,28]=0.1; p=0.801

18.1 ± 0.6
3.8 ± 0.2
11.4 ± 0.7

18.9 ± 0.8

4.2 ± 0.2

11.6 ± 0.6

Amplitude (pA)

Tau-rise (ms)

Tau-decay (ms)

Males

noMD
MIF

noMD
VEH

11.2 ± 0.7

3.7 ± 0.3

18 ± 0.6

MD
VEH

11.3 ± 0.7

3.9 ± 0.2

18.1 ± 0.7

MD
MIF

F[1,62]=02.; p=0.688

F[1,62]=0.5; p=0.483

F[1,61]=0.4; p=0.525

condition
(noMD vs MD)
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F[1,62]=0.0; p=0.807

F[1,62]=2.3; p=0.132

F[1,61]=0.5; p=0.459

condition x treatment
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F[1,62]=0.0; p=0.896

F[1,62]=0.1; p=0.699

F[1,61]=0.2; p=0.634

treatment
(VEH vs MIF)

Properties
mEPSCs
measured
in in
CA1
hippocampal
neurons
of adult
malemale
rats rats
exposed
to 24h
deprivation
(or control
treatment)
at PND3.
Half Half
of theofanimals
were treated
Propertiesofof
mEPSCs
measured
CA1
hippocampal
neurons
of adult
exposed
to maternal
24h maternal
deprivation
(or control
treatment)
at PND3.
the animals
were
twice daily with mifepristone through oral cavage on PND26-28.
treated twice daily with mifepristone through oral cavage on PND26-28.

Table IV
IV
Table

217 ± 5

Body weight (BW in g)

Females
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Behavior
Male young adult rats, were able to learn the object-in-context task (OCT). The noMD/
VEH (control) group could discriminate above chance level (50%; p<0.001, see Figure
2) between the object in the matching and the object in the not-matching context.
As is evident from Figure 2A, for male rats a significant condition x treatment effect
regarding duration with which the rats visited the object in the not-matching compared
to matching context was found (F [1,26]=6.87, p=0.014). We also observed a strong
treatment effect (F [1,27]=15.7, p=<0.0001) regarding the frequency with which objects
were visited. Post-hoc comparison for duration revealed that MD/VEH rats performed
significantly worse than noMD/VEH (p=0.028) or MD/MIF rats (p=0.004). NoMD/
MIF rats did not differ significantly from noMD/VEH animals.
In females too we observed a condition x treatment effect regarding duration (F
[1,24]=7.4, p=0.012; see Figure 2B). Post-hoc comparison revealed that MD/VEH rats
performed significantly worse than noMD/VEH (p=0.028); the difference with the
MD/MIF group was close to be significant (p=0.052). Concerning the frequency, there
was also an interaction effect (F [1,23]=4.9, p=0.037) but post-hoc comparisons did not
show significant differences between groups. There was also no main effect of condition
(F [1,23]=0.3, p=0.576) or treatment (F [1,23]=0.01, p=0.906).
The long-lasting normalizing effect (especially in males) established by only a brief
treatment regime of mifepristone is quite remarkable and suggests that the compound
might act through an epigenetic pathway (Anacker et al., 2014), a mechanism that
earlier has been reported to be quick in onset yet long-lasting (Weaver et al., 2004).
We made a first attempt to test this idea and argued that if mifepristone achieves its
effects in the hippocampus through (de)methylation, preventing (de)methylation
would impair its efficacy and promoting (de)methylation would amplify the effect of
the compound. To achieve a state of enhanced methylation, rats were treated 15 minutes
after the peripheral mifepristone treatment with the methyl donor L-methionine (MET)
administered directly into the dorsal hippocampus through earlier bilaterally implanted
cannulas. Conversely, an enhanced state of demethylation was pursued by administering
the histone-deacetylase inhibitor trichostatin A (TSA), as described elsewhere (Weaver
2006). Given our primary interest in mifepristone actions, we first focused on those
groups (n=6 groups) treated with mifepristone. A main effect of treatment but not of
condition, nor an interaction effect was observed in mifepristone-treated rats, both with
regard to frequency (F [2,62]=6.9, p=0.02) and duration of object visits (F[2,62]=5.5,
p=0.007). This indicates that treatments affecting methylation status of hippocampal
cells in combination with mifepristone treatment affect behavior, regardless of the
MD background. This treatment effect (regardless of MD background) was explained
by a significant difference between the MIF/MET- and MIF/TSA-treated groups in
frequency (p=0.006) and duration (p= 0.015) of object visits. The difference between
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the MIF/TSA- and MIF/VEH-treated groups was significant with regard to frequency
(p=0.021) and close to significance for duration (p=0.084). Although the MIF/METtreated group was on average lower than the MIF/VEH-treated group, these groups
were not significantly different. MD and noMD animals treated with mifepristone
responded quite similarly to MET and TSA, both revealing a main effect of treatment
(MD frequency (F [2,30]=4 p=0.029 and MD duration (F [2,30]=3.4 p=0.046);
noMD animals frequency (F [2,32]=3.38 p=0.047) and noMD animals duration (F
[2,32]=2.82 p=0.074)). However, post-hoc testing only revealed a significant difference
between the groups in the MD rats (see Figure 2C). Although we were primarily
interested in how mifepristone might change behavior depending on the methylation
status of the hippocampus, we also checked to what extent methylation status per se
affected behavior, i.e. in animals not treated with mifepristone. In vehicle treated groups
(n=6 groups) we did not observe an interaction effect, nor main effects of condition or
treatment, neither with regard to frequency nor duration of object visits (p-values all
>0.1).
Collectively, these data are compatible with the idea that mifepristone achieves its effect
through a pathway involving demethylation.
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Figure 2

Object-in-Context memory formation in male and female rats.
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Electrophysiology
Contextual learning requires glutamatergic information transfer through the trisynaptic
hippocampal circuit, including the CA1 subfield. In view of the deficit in contextual
learning after MD, we wondered if an MD effect was also reflected at the level of
glutamate transmission, and if so whether this could be restored by mifepristone
treatment. To this end, we recorded the postsynaptic response to spontaneously released
glutamate-containing vesicles, which has been related to synaptic plasticity and learning
(Middei et al., 2013).
With regard to the mEPSC frequency, a significant interaction effect of condition and
treatment was observed (F [1,59]=6.2, p=0.016) (Figure 3A). Posthoc analysis showed
that the control (noMD/VEH) rats were significantly different from the MD/VEH
group (p=0.024), whereas other comparisons did not reach significance. Comparing
the distribution of the mEPSC frequency confirmed the difference between the noMD
and MD vehicle-treated groups (p=0.003, Kolmogorov Smirnov test; Figure 3B).
No significant interaction or main effects of condition and treatment were observed
regarding the mEPSC amplitude, rise time, or tau of decay (see Table IV for details).
Overall, glutamate transmission in the CA1 area –which is likely to contribute to the
ability to learn contextual information- is impaired by MD, an effect that is alleviated
by temporary mifepristone treatment and thus parallels the condition x treatment effect
observed for hippocampus-dependent contextual memory formation.
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Reduction of hippocampal mEPSCs frequency after maternal deprivation is normalized by mifepristone treatment.
(A) The frequency of mEPSCs recorded in adult CA1 pyramidal neurons in vitro was found to be significantly reduced after
24h maternal deprivation (MD) experienced at PND3. This was normalized when animals were subjected to mifepristone
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We here showed that temporary blockade of GRs during a pre-pubertal developmental
stage can fully normalize contextual learning and memory deficits seen after maternal
deprivation experienced at PND3. The behavioral effects of the GR-antagonist may
involve demethylation and are largely paralleled by changes in hippocampal glutamatergic
transmission. These data suggest that shifting the blockade of GR activation during a
critical developmental period may prevent the precipitation of cognitive impairments
later in life.
In our experimental design for early life adversity we selected the rat model of 24h
maternal deprivation at PND3. This is a model that earlier yielded robust changes in
contextual learning and hippocampal structural and functional plasticity, at least in
males (see for review Loi et al, 2015). The fact that in the present study body weight
gain was attenuated and basal CORT level was increased after MD –at least at PND26supports the efficacy of the model. We therefore assume that the MD groups indeed
experienced early life adversity. Basal CORT levels were relatively high, considering that
all animals that were examined as the last animal of the cage were excluded from the data
set, but not out of the normal range for animals decapitated up to 12 pm. We cannot
exclude that in animals examined some minutes after the first animal had been removed
from the cage plasma CORT levels had already started to rise.
For many models of early life adversity it has been reported that the release of stress
mediators and the expression of their receptors are lastingly changed (Lehmann et
al, 2002). The best documented example regards the model of natural variations in
maternal licking and grooming (LG) (Weaver et al, 2004). The offspring of low (versus
high) LG mothers was found to have higher corticosterone responses after stress, altered
hypothalamic CRH expression and lower GR expression in the hippocampus (Liu et al,
1997). Higher stress-induced or basal corticosterone responses, altered hypothalamic
CRH expression and changes in corticosteroid receptor expression have also been
reported in other models (Ladd et al, 2004; Oomen et al, 2007; Rice et al., 2008),
though the results were not always consistent (see e.g. Xu et al., 2011). Generally, these
experiments were performed in male animals. In our study, we did not find significant
changes in male of female hippocampal GR expression at various moments after MD.
Still, increased corticosterone levels due to early life adversity may cause stronger
activation of the available GR (relative to MR) pool, at least at PND26. We reasoned
that some of the cognitive changes observed after early life adversity may be mediated
by this temporary stronger GR activation and hence that treatment of MD animals with
the GR-antagonist mifepristone at this time might help to restore or prevent behavioral
effects of MD.
Mifepristone is a very potent GR-antagonist (Moguilewsky and Philibert, 1984;
Flores et al, 2006). It has negligible affinity for mineralocorticoid receptors to which
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corticosterone also binds (Johanssen and Allolio, 2007), which makes it very selective
in this respect. However, mifepristone does bind with high affinity to progesterone
receptors (Gallagher and Young, 2006). We can therefore not entirely exclude that some
of the normalizing effects involve the latter receptors. Earlier it has been demonstrated
that acute mifepristone treatment is associated with a brief rise in plasma corticosterone
level (Nedvídková et al, 1997). This is expected to increase MR activation while GR is
blocked, shifting the MR/GR activation ratio towards MR. Possibly this enhancement
in MR relative to GR activation rather than GR blockade per se contributed to the
beneficial effects of the treatment, but this awaits further investigation. Interestingly,
mifepristone treatment for several days was found to increase adrenal size, in the absence
of changes in hippocampal corticosterone binding (van Haarst et al, 1996), which is very
comparable to what we presently observed directly after MIF treatment of male rats.
The age at which intervention was applied was based on three considerations. First, the
translational relevance of treating individuals after instead of during early life adversity
is much higher. Second, the critical window for this post-MD intervention was guided
by earlier studies showing that peri-pubertal activation of the stress system is highly
effective in inducing long-lasting changes in limbic cells (Tzanoulinou et al, 2014) and
priming organisms for their responsiveness to stress later in life (Horovitz et al, 2012).
Finally, we observed in the current study that neuroendocrine markers of MD are
prominently changed in this peri-pubertal period, and less so in adulthood. The duration
of the intervention was based on earlier studies testing the potential of mifepristone to
normalize effects of chronic stress in adulthood. A period of 1-4 days of treatment was
found to be sufficient to completely reverse multiple effects of chronic stress (Hu et al,
2012; Mayer et al, 2006). Future studies will need te determine the critical treatment
window to be effective after early life advsersity.
The fact that only a brief treatment period of mifepristone was able to lastingly normalize
effects of 24h MD on PND3 suggests the involvement of an epigenetic pathway.
Earlier studies using natural variations in maternal care showed that high LG induces
demethylation of the GR I-7 promotor sequence in the offspring, which does not occur
in low LG offspring (Weaver et al., 2004). The latter could be rescued by treatment of
LG offspring with TSA. A comparable demethylation of critical genes may contribute
to the beneficial effects of mifepristone, since TSA amplified the effect of mifepristone
whereas the effects were counteracted by a methyl donor. It should be noted, though,
that we currently did not investigate the methylation state of specific genes. Since we
did not observe any changes in GR expression at any of the timepoints, it seems unlikely
that a similar process as described for the LG model applies to the current MD model
and/or the effects of mifepristone. Our results do not support that mifepristone acts by
reversing MD-induced changes in the methylation state of critical genes. Thus, no effect
of TSA or the methyl-donor was observed in the absence of mifepristone; moreover,
treatment effects were comparable in the mifepristone-treated MD and noMD groups.
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Rather, the data suggest that mifepristone by itself changes the methylation state of
hippocampal genes or requires critical genes to be in a specific methylation state for
the compound to be effective. In this respect it is interesting that mifepristone was
earlier shown to interact with transcription repressors (Zalachoras et al., 2013). The data
of our experiment should be carefully interpreted though, since all animals had to be
anesthetized for cannula placement at PND21, an inherently stressful condition that by
itself may have influenced the (later) functionality of the HPA axis.
The observed behavioral effects of MD were slightly stronger in male rats than in females,
despite clear changes in body weight gain, basal corticosterone level and adrenal weight
of the latter, supporting that the MD procedure was effective. Possibly, extra variation
was introduced by the cycle stage which was not determined in the present study but
most likely differed between animals. Noteworthy, the degree of variation in female
animals was not larger than in males. A somewhat less clear behavioral phenotype after
early life adversity in females regarding non-stressful contextual learning fits with the
existing body of literature (Loi et al, 2015). Nevertheless, we cannot exclude that small
variations in e.g. housing conditions (males and females were housed in different rooms)
may contribute to discrepancies, as we recently noticed that housing conditions in the
period following MD impacts on the manifestation of behavioral deficits in adulthood
(unpublished observations).
Corticosterone is known to change glutamatergic transmission e.g. in the hippocampus
and prefrontal cortex (see for reviews Krugers et al, 2010; Popoli et al, 2011; Joëls et al,
2012), a process in which histone deacetylase 6 was reported to play a crucial role (Lee
et al, 2012). Early life conditions were also found to affect various aspects of glutamate
transmission in adulthood; in some cases the involvement of epigenetic programming
was demonstrated (Zhang et al, 2010; Bagot et al, 2012a; Bagot et al, 2012b). It has
furthermore been demonstrated that contextual learning and memory critically depend
on hippocampal glutamatergic transmission (e.g. Mitsushima et al, 2011). If MDinduced changes in HPA function, and normalization by mifepristone, would target
hippocampal glutamatergic transmission and this would contribute to the behavioral
changes, one would at least expect both glutamatergic and behavioral output to be
affected in a comparable manner by MD and/or mifepristone treatment. This indeed
appeared to be the case. Thus, we found a significant reduction in mEPSC frequency
after MD in CA1 neurons from vehicle-treated adult rats, whereas this was not the case
in mifepristone-treated animals. Therefore, MD- and mifepristone-induced changes
in glutamatergic transmission may contribute to the behavioral effects, but the causal
relationship awaits further investigation..
Earlier, brief treatment with mifepristone was shown to quickly normalize changes in rat
hippocampal structural and functional plasticity resulting from chronic stress (Krugers
et al, 2006; Oomen et al., 2007; Hu et al., 2012). In the present study we showed equally
strong, rapid and long-lasting normalizing effects of the compound on hippocampus143
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dependent behavioral deficits developing after early life adversity in rats. Of course, to
what extent our observations on mifepristone hold true for other models of early life
adversity awaits further investigation. If our current data can be extrapolated to other
conditions of adversity, this would considerably strengthen the impact. Importantly,
the GR-antagonist was administered after early life adversity was terminated. This has
translational potential, since in humans interventions are more likely to be feasible when
successful after adverse conditions have already commenced or taken place. The current
results therefore provide a promising basis for such new intervention strategies in human
populations exposed to early life adversity.
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Abstract
We tested the effect of early life stress (ELS) – 24 h maternal deprivation at postnatal
day 3 - on cognitive performance and hippocampal structure in 3-4 months old female
rats. Behavioral performance was examined in: the elevated plus maze, as an index for
general anxiety; the rodent Iowa gambling test, probing reward-based decision making;
and the object recognition and object-in-location task, to assess non-stressful contextual
memory performance. We further determined hippocampal dentate gyrus volume and
cell density as well as adult proliferation and neurogenesis rates. Half of the rats was
treated with the glucocorticoid receptor antagonist mifepristone during a critical prepubertal developmental window (postnatal days 26-28), in an attempt to ameliorate the
potentially adverse behavioral consequences of ELS.
Neither maternal deprivation nor treatment with the glucocorticoid antagonist
affected behavioral performance of the females in any of the tasks. Also, dentate gyrus
structure, proliferation and neurogenesis were not different between the groups. The
lack of structural differences and a behavioral phenotype in non-stressful hippocampus
dependent learning tasks fits with the lack of phenotype generally reported after ELS in
female but less so in male rodents. As evident from an extensive literature review, female
and male animals appear to respond more similarly to early life adversity particularly
when tested in anxiety-related tasks. This agrees with recent findings in humans
suggesting that females may be more resilient to the structural / hippocampal effects of
childhood maltreatment, but not to the anxiety and mood-related psychopathology for
which childhood maltreatment is considered a risk factor.
Keywords: early life stress; hippocampus; amygdala; prefrontal cortex; contextual
memory; anxiety; depression; social behavior; neurogenesis; sex difference

152

Effects of early life stress on cognitive function and hippocampal structure in female rodents

Stress experienced early in life is a well-documented risk factor for the precipitation of
psychiatric illnesses, including mood and anxiety disorders (Kessler et al., 2010). Interestingly,
these disorders appear more prevalent in females than in males (Reynolds et al., 2015; Steel et
al., 2014). Early life stress (ELS) is thought to contribute to this risk through programming of
the brain and the hypothalamus-pituitary-adrenal (HPA) axis (Meaney et al., 2007)..
How ELS programs the brain and HPA axis is often studied in animal models, as these allow
precise control over the genetic and early life environment as well as detailed investigation of
the underlying mechanisms. Many models have been developed, including 24 h maternal
deprivation at postnatal day (PND) 3, a model for maternal neglect (Pryce et al., 2005; Marco
et al., 2015). Adult male rats that were subjected to 24 h maternal deprivation at PND 3
demonstrate reduced neurogenesis, impaired spatial memory but enhanced memory formation
under stressful learning conditions (Oomen et al., 2010). The behavioral phenotype in female
rats appeared to be more subtle and confined to amygdala-dependent learning paradigms
(Oomen et al., 2011). Literature on cognitive performance in adult females exposed early in
life to this or other types of ELS is generally less extensive than literature on males. Given the
prevalence of many mood and anxiety disturbances in human female subjects, a more in-depth
study of early life adversity in female rodents is nonetheless highly relevant.
We therefore set out to study the effects of 24 h maternal deprivation at PND 3 in three
cognitive domains and hippocampal structural measures. More specifically, we tested: 1)
general anxiety behavior in an elevated plus maze (Rodgers and Dalvi, 1997); 2) rewardbased decision making in a rodent version of the Iowa gambling task (rIGT; Van den Bos,
2014); and 3) non-stressful hippocampus dependent learning in an object recognition
task and an object-in-location task (adapted from Ennaceur et al., 2005). Hippocampal
structural measures included dentate gyrus volume, proliferation and neurogenesis that
can be altered by (early life) stress and are involved in aspects of cognition (Lucassen et al.,
2010; Oomen et al., 2011; 2014).
The peripubertal period is considered a critical time window in which programming of the
brain and HPA axis can be primed or ameliorated, depending on the intervention (Tsoory
and Richter-Levin, 2006). We tested the latter possibility, by treating ELS and control female
rats with the glucocorticoid receptor antagonist mifepristone twice daily during PND 2628; this paradigm was earlier found to successfully ameliorate the behavioral phenotype
associated with 24 h MD on PND 3 in male rats (M. Loi; unpublished observation);
moreover, temporary treatment with mifepristone in adulthood normalized structural
plasticity measures in paradigms associated with prolonged elevation in corticosterone level
(Mayer et al., 2006; Oomen et al., 2007; Hu et al., 2012). The outcome of the behavioral
experiments was compared with a review of existing literature based on various ELS models,
where we particularly focused on female rats or mice.
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Materials and Methods
Animals
Prior to the start of the study all animal procedures were approved by the animal ethics
committee at Utrecht University, the Netherlands. Adult male and female Wistar rats
were purchased from Charles River (Sulzfild, Germany) and habituated in pairs to the
animal facilities for two weeks. For breeding, male rats were put together with female
rats in a 1:2 ratio for a period of 10 days. Females were housed in pairs after mating until
the last week of pregnancy when they were housed individually. Every morning before
9 am cages were checked for births, which upon birth were denoted as postnatal day 0
(PND 0). Dams with litters were left undisturbed until PND 3.
On the morning of PND 3, litters were randomly assigned to either the maternal
deprivation (MD) condition or the control (non-maternally deprived; NMD) group.
In the MD group, litters were separated from their mother after being culled; in the
NMD group litters were merely culled. Litters contained on average 9 ± 1 pups, with
4-5 females. For MD, the mother was placed in a separate cage; the pups went back in
the home cage and were placed on a heating pad (32°C) in a separate room. MD litters
were kept in this room for 24 h before being placed back with the dam, as described
elsewhere (Oomen et al., 2011). No animals died during the MD procedure.
On PND 21 the litters were weaned and housed in same-sex groups of either two or
three. In both conditions, animals were then treated from PND 26 through PND 28
with mifepristone (MIF; 5mg /100g bodyweight) or its vehicle (VEH). Per rat 4mg
mifepristone powder (Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands) was
dissolved in 15μL 99% ethanol mixed with 1mL coffee cream (Campina, Woerden, the
Netherlands), at body-temperature. Twice daily, the drugs were administered through
oral gavage directly into the stomach (6 hours in between injections).
In total, 106 female rats were included in the present study. All were kept under
standard housing conditions (dark/light phase 12:12, lights on at 8 a.m., humidity
55±15%, temperature 20-22°C) and received food and water ad libitum unless indicated
otherwise (see below). They were weekly handled for 1 minute and body weights were
registered (once per week until week 13) from which the absolute and percentual weekly
growth were determined. Two different batches of animals were studied. The first
batch consisted of 64 rats that underwent MD at PND 3 and glucocorticoid receptor
antagonist administration at PND 26-28. At week 10 the animals were tested in the
EPM. One week later the (lights off at 8 am).
At week 13, they were tested in the novel ORT and at week 15 in the ORT. At week 17,
all animals were sacrificed and the brains of 7-9 animals of each group were prepared
for the morphology/structural analysis. The second batch consisted of 42 rats (n=812 per group)that underwent MD at PND 3 and glucocorticoid receptor antagonist
administration at PND 26-28. At week 12, these animals entered the r-IGT. In the late
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Elevated Plus Maze
The EPM was made of grey plastic. The maze itself is elevated 60 cm from the ground
and features two open arms (50 cm long x 10 cm wide) and two enclosed arms (50 cm
long x 10 cm wide, walls 40 cm high) placed across from their respective counterparts.
At the start, rats were placed in the middle, facing the open arms. Open arms were lit to
15 lux each, the middle part 10 lux, and the two closed arms at 5 lux. Rats were allowed
to freely explore for 5 minutes. The behavior of the rats was recorded by a video camera
and manually analyzed with Observer XT 9 (Noldus, Wageningen, The Netherlands).
We assessed: (1) frequency of visits to the open or closed arms, (2) duration in the arms,
(3) latency to first enter an open arm, and (4) total number of head dips (referred to as
risk-taking behavior). Absolute data for frequency of visits and time spent in the arms
was cumulated over arm categories (open and closed). From this a ratio was constructed
dividing the frequency or duration in the open arm divided by its respective total. For
latency, the smallest number (not zero) for the open arm entries was used for statistical
analyses.
Rodent Iowa Gambling Task
Experiments were performed as described elsewhere (De Visser et al., 2011). In short,
rats entered the rIGT at PND 90. The rIGT apparatus consisted of a start box, choice
area and four arms. Before testing, rats were habituated to the apparatus in a 10 min free
exploration trial. Two days later they were mildly food deprived (90-95% of free feeding
body weight) and tested for a period of 10 days (two 5-day periods, 9 am - 3 pm, on
weekdays; food freely available on weekend days).
Of the four arms in the maze, two arms were baited and two arms were empty. The
two empty arms were included to measure non-reward related exploration (De Visser
et al. 2011). The two baited arms consisted of a long-term disadvantageous arm (“bad
arm”) and a long-term advantageous arm (“good arm”). In the disadvantageous arm,
rats received occasional big rewards (three sugar pellets in 1 out of 10 trials) among
frequent punishments (three quinine-treated sugar pellets in 9 out of 10 trials). In the
advantageous arm, rats frequently received small rewards (one sugar pellet in 8 out of
10 trials) and infrequent punishments (one quinine-treated sugar pellet in 2 out of 10
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afternoon (2 pm or later) of test days in the memory tasks (novel object recognition;
obect-in-location) as well as two days before and two days after the test day, vaginal
smear samples were collected for later determination of the female cycle stage. Samples
were stained for 20 minutes in a Giemsa 10% dilution and analyzed under a light
microscope. Estrous cycle determination was done by cross referencing the samples to
images representative of the cycle stages (pro-estrous, estrous, met-estrus and di-estrus).
Cycle stage was introduced as a covariate in the statistical analyses of this spatial learning
task. This was not possible in the rIGT which encompasses 2 weeks.
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trials). The positions of the baited and empty arms, as well as the advantageous and
disadvantageous arm were counterbalanced across rats. To help rats differentiating arms,
distinct visual cues (10x10cm; cross or circle in black or white) were placed to the side
of the wall at the entrance of each arm. The chosen arm was only closed when the rat
had entered a choice arm with its full body, including their tail.
Each trial had a maximum duration of 6 min (inter-trial interval: 30 sec). Rats received
a total of 120 trials across 10 days. Rewards were 45mg sugar pellets (F0042, Bio-serv
Inc, Frenchtown, NJ, USA); punishments were quinine-treated sugar pellets that were
unpalatable but not uneatable. Rats were habituated to the sugar pellets in the week
prior to the first rIGT session in their home cage daily, followed by a single session of
providing 6 sugar pellets in a novel empty Macrolon type-III cage, which all rats did
eat. During rIGT testing most rats consumed the quinine-treated sugar pellets once,
but left them uneaten after tasting them briefly. Typically, rats that consistently eat
quinine-treated sugar pellets are removed from statistical analyses, but these rats were
not encountered in the current study.
The main parameter of interest was the number of choices for the advantageous option
as a fraction of the total number of trials. This was expressed in blocks of 20 trials to
study task progression. Scores in the last session were taken as a measure of final IGT
performance of rats. The total number of sucrose pellets collected during the task (trial
1–120) was used as a measure of overall task performance to reflect the final “budget”.
Furthermore, the number of switches between different arms was calculated as a measure
of exploratory behavior. This was expressed per block of 20 trials to study the change
in exploratory behavior across the task. When a rat encountered a sugar reward, their
subsequent choice was scored as a win-stay when they revisited the same arm. When a
rat encountered a quinine punishment, their subsequent choice was scored as loose-shift
when they switched to another am. Win-stay and lose-shift were calculated as a fraction
of the total number of encounters with sugar (win) and quinine (loss) respectively.
Novel object recognition task and object-in-location task
At 13 weeks of age, rats’ memory was tested in a novel object recognition task (ORT) for
non-spatial recognition memory (Ennaceur, 2010) and at 15 weeks old in an object-inlocation task (OLT) to assess spatial memory. For each rat, the two tests were separated
by 11 days. Both tests took place in an infrared light setting. The arenas were made of
solid black plastic with dimensions of 73cm by 73cm with 50cm high walls. Objects used
in the ORT (three copies each) were constructed out of DuploTM (approx. 62.4mm x
93.6mm x 137.9mm). For the object-in-location task two identical objects were created
comprised of a glass laboratory staining dish (10.7cm x 8.7cm x 7cm), with a red light
bulb diagonally placed into the dish. No object familiarization sessions were performed.
The ORT testing protocol consisted of two habituation sessions, a training phase, and
two testing trials (1 h and 24 h after training). In all sessions rats were placed facing
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the bottom left corner of the box. After habituation on day 1, animals were presented
on day 2 with two identical objects in a 5 minute trial in which they were allowed to
freely explore. After a 1 h retention interval rats were placed back into the arena for
five minutes in which they now encountered both a familiar object and a novel object.
The set-up was counterbalanced. On day 3, rats were placed into the arena for another
5-minute trial in which the object used in the first (training) phase was replaced by a
new object.
For the OLT, we used the same scheme (two habituation sessions, one training phase,
a 1 h and 24 h testing trial), now using two identical objects. Rats were always placed
with their nose against the wall, in between from where the objects would be located
during the training phase. One hour after training, one of the objects was relocated in
the diagonal corner relative to the other object. On the 24-h trial the object that hadn’t
moved yet, was laterally moved, so that both objects were now opposite to where they
were in the training phase. We counterbalanced which of the two objects (the left or right
object) was relocated first in the 1 h trial as well as the wall upon which it was organized.
All sessions were recorded using an infrared-sensitive camera. Videos were later analyzed
manually using Observer XT 9 (Noldus, Wageningen, The Netherlands). Exploration
of an object was defined similarly to other studies (Akkerman et al., 2012) as time spent
attending to the object within a distance of 2 cm, focusing on three variables: (1) amount
of visits to the object (frequency), (2) time spent exploring the object (duration), and
(3) latency to approach the object (latency). The discrimination ratio was determined
by dividing the time (frequency, duration) spent with the novel object or in the novel
location by total exploration for the given variable. We report here only on the results of
the total 5 minutes’ analyses of the 1 h test, as results after 24 h were very similar.
Structural analysis
Two weeks following the novel object recognition task, rats were anaesthetized with
pentobarbital sodium salt (0.5 ml i.p.) and perfused transcardially with saline (0.9 %
NaCl) followed by 4% paraformaldehyde (PFA) in phosphate buffer (PB; 0.1 M; pH
7.4). Brains were post-fixed in the skull and stored in the refrigerator (4°C) for 1 day in
4% before they were removed and preserved in the refrigerator (4°C) in a 25ml solution
of PB with 0.01% Sodium Azide.
Four days prior to slicing, brains were washed and placed in a 15% sucrose solution in
0.1 M PB for 1 day, followed by 3 days in a 30% sucrose solution. For 32 animals, brains
were frozen and hippocampal sections (40μm) were cut using a sliding microtome,
washed and stored in PB with 0.01% Sodium Azide. Sections were collected and stored
at 4°C in 15ml vials in a one-in-ten series, such that each vial contained approximately
10 hippocampal sections that were systematically sampled throughout the entire
hippocampus.
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Dentate gyrus granular cell layer volume and cell count
Sections were mounted on SuperfrostTM glass slides (75 mm x 25 mm) and Nissl-stained
with 0.25% Cresylviolet-acetate in distilled water and 1% acetic acid, then dehydrated
and coverslipped. For all sections (with a maximum of 10 sections per animal), the
total number of granular cells in the dentate gyrus (DG) as well as the – manually
traced - volume of the DG was estimated using a systematic random sampling method
performed with the StereoInvestigator set-up (Microbrightfield, Germany). Also, we
expressed cell density by dividing the optical fractionator estimated DG granular cell
count by the total volume of the DG (in mm). Sections were counted unilaterally, as
any hemispheric bias would be unlikely. The optical fractionator settings (with a 100x
objective) were: grid size 150x150, counting frame 15x15, resulting in on average 396
+- SD 50 markers over 10 sections per animal (see also Oomen et al., 2011).
Adult neurogenesis and proliferation
Immunohistochemistry was performed for doublecortin (DCX), a marker for immature,
migratory neurons, and for Ki-67, a marker for proliferation, using methods described
before (Oomen et al., 2010; 2011). Briefly, for DCX, an endogeneous peroxidase activity
block was followed by incubation in 2% milkpowder (Elk, Campina) in TBS. Next,
sections were incubated in goat anti-doublecortin ( sc-8066, Santa Cruz Biotechnology)
diluted 1:800 in TBS-0.1% Triton, 0.25% gelatin incubation mix) for 1 hour at room
temperature and then overnight at 4ºC. The secondary antibody was biotinylated donkey
anti-goat (1:500, Jackson Immunoresearch), followed by a 2 hour incubation in AvidinBiotin Complex Peroxidase (1:800) (Vectastain ABC Elite, Vector Laboraties). Further
amplification was with biotinylated tyramide (1:500) with 0.01% hydrogen peroxide,
followed by 1.5 hours of incubation in ABC Elite (1:800). Chromogen development
involved a standard DAB-HRP reaction. Finally, stained sections were counterstained
with haematoxylin, dehydrated and coverslipped using Entallan.
For Ki-67 immunohistochemistry, sections were first mounted on Superfrost slides.
Following an endogeneous peroxidase block, the nuclear Ki-67 antigen was retrieved
in 0.01M citrate buffer pH 6 using a microwave oven set to 800W until boiling, then
lowered to 400W and 280W, each for five minutes. After cooling down, blockade
of aspecific binding sites was as above, and the incubation of the sections with first
antibody was in rabbit anti-Ki67p 1:5000 (Novocastra). The next day, incubation was
with biotinyled goat-anti rabbit (1:200, Vector Laboratories) in incubation mix. Further
signal amplification and chromigen development was as described above.
The number of DCX-immunopositive cells was quantified unilaterally in 9 +/- 1 sections
using the optical fractionator method on a StereoInvestigator setup (Microbrightfield,
Germany/USA) coupled to a Zeiss microscope with a 40x objective, using a 140x80
grid size and 50x50 counting frame. Results are presented for the bilateral hippocampus
in Figure 4. Ki-67 immunopositive cells were counted manually in 10 +/- 1 sections
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Statistical analysis
Unless stated otherwise all data (structural and cognitive) was analyzed using a two-way
independent ANOVA, followed by post-hoc analysis with a Bonferroni test (p < .05
considered to be significant). The rearing condition (MD or NMD) and intervention
(VEH or MIF) were used as independent variables. If necessary for post-hoc analysis,
one-way ANOVAs were conducted grouping the condition and intervention together
in a group variable. Group performance based on discrimination ratios in the OLT and
ORT, as tested with one-sample t-test against test statistic 0.5, is a common method for
analyses of discrimination ratios in memory tests. However, not taking standard deviation
into account in chance performance results in a less stringent approach to analyze this
data, thereby overestimating the significance levels of each group’s performance, thus
increasing the probability for type I error (Akkerman et al., 2012). Therefore, for those
values that were significant on a one-sample t-test against .5, a fictional chance level
variable (μ = .5, σ = population variance) was constructed using SPSS with the compute
variable function to check these results from the one-sample T-test more stringently
on an independent samples T-tests. All statistical analyses were conducted using SPSS
version 20.0 (IBM, United States).
Literature review
To review the effects of ELS on female rodents we gathered published papers through a
thorough PubMed search. We used the following search query: “(female OR sex-spec*
OR gender) AND (matern*) AND (separ* OR depri*) AND (postnatal OR neonatal
OR prenatal) AND (stress) AND ((memor* OR learn* OR spatial OR fear memory) OR
(anxiety OR fear) OR (goal-direct* OR decision*) OR (emotionality)) AND (behavior)
AND (rat OR mice).” This search query resulted in 158 hits. After carefully screening
the abstracts, 40 papers were found to match the following criteria: 1) the experiment
was conducted at least in female mice or rats; 2) the manipulation was presumed to
reflect early life stress (before PND 21); papers describing stress through injection with a
neurochemical or psychoactive substance were excluded; 3) behavioral studies pertained
to one of five domains: anxiety-related behavior, stressful-learning tasks, non-stressful
hippocampus learning, depressive-like behavior and social behavior. Additionally, 24
additional journal articles were found through references in the extracted papers and
added to the data base.
For each behavioral endpoint of a paper we listed the type of task, age at which the rodents
were tested, early life stress paradigm, and age when ELS was applied. Subsequently,
significant (p < .05) results were denoted based on the interpretation given by the authors,
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at 400x magnification using a light microscope and expressed per hippocampus. To
express the total number of Ki67-immunopositive cells per bilateral hippocampus, the
cell count was multiplied by ten.
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with “↑” constituting an enhancement, “↓” an impairment, and “-“ no significant effect
among the groups; when available, effects of males were also extracted. Results from
212 experimental series in 64 publications are listed in Tables 1-5, according to the
behavioral domains: anxiety-related behavior, stressful-learning tasks, non-stressful
hippocampus learning, depressive-like behavior and social behavior. These categories
are arbitrary and depend on the interpretation of the tasks. For instance, memory
formation in a Morris Water Maze is non-stressful (hippocampus-dependent) when the
water temperature is relatively high (e.g.30 ºC ) but becomes stressful (emotional) when
the temperature is low (e.g. 22 ºC). As another example, behavior in a forced swim
test is often considered to reflect depressive-like behavior, but can also be interpreted
as a highly adaptive behavior to an inescapable stressor. In general, we followed the
interpretation of the authors when assigning experimental series to a behavioral domain.
Results from the same paper are listed as separate entries (experimental series) when tested
in different strains, at different ages or subjected to different early life manipulations.
Notably, in some papers neonatal handling (MS; 15-m/day) was used as a control
condition (e.g. Frankola et al., 2010) while in other experiments neonatal handling
constituted a brief maternal separation next to a control condition (e.g. Eklund and
Arborelius, 2006). In the latter case, the condition was added as a separate entry.
Results
Early life intervention
Bodyweight for all 64 animals in the first batch (rats of the second batch were food
deprived) was analyzed from week 5 (weight μ = 97.23g ± σ = 8.8g) through week 13
(weight μ = 217.52g ± σ = 11.1g) as dependent variables, and the groups (NMD-VEH,
MD-VEH, NMD-MIF, MD-MIF) as between-groups factor in a repeated measures
ANOVA. A significant interaction effect was found for time (in weeks) x rearing
condition effects (F[8,53] = 2.550, p = .020) as well as a main effect for time in weeks
independently (F[8, 53] = 1272.6, p < .001). Examination of the effects of the groups
showed a significant difference between the two rearing conditions (NMD and MD; F
[1, 60] = 27.16, p < .001).
These results suggest that, regardless of intervention, reductions in weight of MD rats
stayed significantly lower from the beginning of measurement in week 5 until the end
of the measurements, supporting effective early life intervention by MD. Investigation
of the absolute and percentual weekly mean increase in weight by two-way ANOVA, by
condition and intervention, did not yield any significant differences between the groups.
This suggests an equal growth rate for each group.
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Rodent Iowa Gambling Task
Female rats in all groups were able to learn the task (chance level for the advantageous
option is 0.25; see figure 1). Examination of the fraction of visits to the advantageous
arm during the final r-IGT session revealed no significant condition x intervention
interaction (F[1,38] = .758, p = .389), nor main effects of condition (F[1,38] = .991 p
= .326) or intervention (F[1,38] = 1.175 p = .285).
Similarly no significant condition x intervention interaction (F[1,38] = 1.320, p = .258),
nor main effects of condition (F[1,38] = .56 p = .815) or intervention (F[1,38] = 2.349
p = .134) was observed for the total number of sugar pellets obtained during the 120
trials; for the fraction of visits to the disadvantageous arm (condition x intervention
interaction (F[1,38] = 1.247, p = .271), condition (F[1,38] = .101 p = .752), intervention
(F[1,38] = .333 p = .567)); and for the visits to the empty arms (condition x intervention
interaction (F[1,38] = .10, p = .919 condition (F[1,38] = 3.231 p = .080), intervention
(F[1,38] = 2.266 p = .141))
Analysis of win-stay behavior also revealed no differences between groups (win-stay,
trial block: condition x intervention interaction (F[1,38] = .894, p = .350), condition
(F[1,38] = .000 p = .986), intervention (F[1,38] = 1.325 p = .257)); nor did we see
significant effects for lose-shift behavior (condition x intervention interaction (F[1,38]
= .229, p = .635), condition (F[1,38] = 1.248 p = .271), intervention (F[1,38] = .229
p = .635)).
To study exploratory behavior we analyzed the number of switches between different
arms. Also for this parameter, early life stress did not affect exploratory behavior:
condition x intervention interaction (F[1,38] = .035, p = .853), main effect of condition
(F[1,38] = .145 p = .706), main effect of intervention (F[1,38] = 1.304 p = .261). The
results suggest that, in this particular reward-based decision making test, no aspect in
behavioral performance of female rat is affected by stress early in life.
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Elevated Plus Maze
Two-way ANOVAs of the parameters observed within the EPM yielded no significant
differences between the groups (data not shown). Examination of the time spent in the
open arms revealed no significant condition x intervention interaction (F[1,60] = 1,227,
p = . 272), nor main effects of condition (p = .742) or intervention (p = .182). Similarly,
no significant differences were found for frequency of visits (open, closed and total arm
entries), time spent in closed arm, latency to first visit an open arm and number of head
dips.
These results suggest that maternal deprivation nor intervention of the putative effects
thereof had an effect on anxiety-like behavior as measured by elevated plus maze
performance. Addition of the cycle stage as a covariate did not show any significant
effect of cycle stage in the performance in the EPM, e.g. for time spent in the open arm
(p = .159).
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Figure 1:

Female rats were able to learn the rodent Iowa Gambling Task (chance level for the advantageous option is 0.25;
horizontal striped line), as is evident from the fraction of visits to the advantageous arm during the final 60 trials. No
significant condition x intervention interaction nor main effects of condition maternal deprivation = MD; no maternal
deprivation = NMD) or intervention (mifepristone = MIF; vehicle = VEH) were observed during the final session (see
main text for statistical details). Data show mean +/- SEM, based on n= 8-12 animals per group.

Object Recognition Task
Animals explored the arena for 86 ± 16 seconds (n = 64) during training and, as expected,
this decreased significantly over subsequent trials (RM-ANOVA; F[2, 120] = 7.692, p
= .001). The decrease was observed in all groups alike, as indicated by a non-significant
group x time interaction (F[6,120] = 1.159, p = .333). RM-ANOVA pointed out that
there was no significant group effect (F[3,60] = 1.245, p = .301) suggesting similar
exploration times for the groups during the ORT.
Memory performance per group was assessed through an independent samples t-test
against a fictional chance level group (based on population SD for 1-h duration DI σ =
.135; n = 16, μ = .49, σ = .11; and frequency DI σ = .117; n = 16, μ = .44, σ = .12). This
showed that NMD-VEH (t[30] = 2.629, p = .013; t[30] = 3.224, p = .003) and MDMIF animals (t[30] = 2.738, p = .010; t[30] = 3.833, p = .001) performed significantly
better than chance on the ORT in terms of the duration of the discrimination indices
(DI), even when the population variance was taken into account (see figure 2)..
When comparing all groups, analysis of the DI revealed no main effect of rearing
condition (F[1,60] = .523, p = .473 at 1 h), intervention (F[1,60] = .192, p = .663), nor
the rearing condition x intervention interaction (F[1,60] = 1.388, p = .243) on duration
as well as on frequency (data not shown). Addition of the cycle stage as a covariate
had no significant effect on the performance in the object recognition task, e.g. for DI
duration in the 1 h test (p = .404). No significant effects were found for the number of
162

Effects of early life stress on cognitive function and hippocampal structure in female rodents

approaches towards the new object in the 1 h test, for the old object visits, time spent
with either of the objects, or latency to the new objects (data not shown).
Thus, while the NMD-VEH and MD-MIF group performed above chance on the ORT
task in the 1 h test, the between-group differences in performance in terms of DI were
minimal.
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a

Figure 2: (a)

Maternal deprivation and/or mifepristone treatment did not alter behavior of adult female rats in the Object Recognition
Memory task. Data show the mean + SEM (n= 16 rats per group) for the discrimination index during the 5 min period
of the 1 h test. * p < 0.05 for memory performance per group, assessed through an independent samples t-test against
a fictional chance level group. Horizontal striped line indicates chance level performance. See main text for statistical
details
Two-way ANOVAs of the 1 h DI’s duration did not reveal any significant main effect for condition, intervention, nor a
significant condition x intervention interaction effect.
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Object Location Task
On average, animals explored the arena for 117 ± 18 seconds (n = 63) during OLT
training phase, which decreased significantly during the test phases to 100 ± 19 for the
1 h test, respectively (RM-ANOVA; main effect of time; F[2, 58] = 26.103, p < .001).
Bonferroni-corrected pairwise comparisons revealed significantly different exploration
durations (p < .001) between the training phase (n = 63, μ = 117.1, σ = 17.9) and the
test phases separately (1-h test: n = 63, μ = 100.3, σ = 19.4) but not among the test
phases themselves. Independently, the groups did not differ on exploration time (F[3,
59] = 1.377).
Independent samples T-tests were used to assess memory performance per group. Total
sample variances was .085 and .086 for 1-h frequency and duration DI respectively,
as these values were used to create fictional chance level groups (1 h frequency DI: n
= 16, μ = .47, σ = .11; 1 h duration DI: n = 16, μ = .50, σ = .08). Independent T-tests
showed significant preference for the novel object location during the 1 h test based on
discrimination by duration for NMD-VEH (t[30] = 2.252, p = .032), MD-VEH (t[30]
= 2.501, p = .018), and MD-MIF (t[30] = 2.405, p = .023) but not for the 1 h duration
DI of the NMD-MIF group (t[30] = 1.163, p = .254). Investigation of frequency DI
only yielded trends of MD-VEH (t[30] = 1.914, p = .065) and MD-MIF (t[30] =
1.941, p = .062).
Two-way ANOVAs of the 1 h DI duration did not reveal any significant main effect for
condition (p = .457), intervention (p = .573), nor a significant condition x intervention
interaction effect (p = .434) (see figure 2). This was also confirmed when a two-way
ANOVA of the 1 h DI for frequency yielded no significant main effects for condition
(p = .420), intervention (p = .899), nor an interaction effect (p = .626). However, a
significant condition x intervention interaction effect was observed for latency to
approach the object in a novel location on the 1 h test (F[1,60] = 4.725, p = .034)
indicating that mifepristone alters initial behavior differentially in each of the rearing
conditions, lowering latency in control rats, while increasing latency in MD rats. As no
post-hoc can be done with two-way ANOVA with dichotomous group variables, a oneway ANOVA was conducted with groups as factor, but this did not reveal a significant
difference between the groups (F[3,60] = 2.269, p = .090). Addition of the cycle stage
as a covariate did not show any significant effect in the performance, e.g. there was no
significant main effect of cycle stage on DI duration on the 1 h test (p=.349).
In summary, while all groups (but NMD-MIF) showed preference for the novel location
in the 1 h test, no differences between groups were found on spatial memory performance.
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b

Maternal deprivation and/or mifepristone treatment did not alter behavior of adult female rats in the Object Location
Memory task. Data show the mean + SEM (n= 16 rats per group) for the discrimination index during the 5 min
period of the 1 h test. * p < 0.05 for memory performance per group, assessed through an independent samples t-test
against a fictional chance level group. Horizontal striped line indicates chance level performance. See main text for
statistical details. b Two-way ANOVAs of the 1 h DI’s duration did not reveal any significant main effect for condition,
intervention, nor a significant condition x intervention interaction effect.

Dentate gyrus volume and plasticity
Six animals were excluded from analysis for various reasons, like missing sections or
discolored samples. To assess DG volume, a total of 493.253 ± 51.379 granular cells
were estimated on average (n = 27) over an area of approximately 1.38 mm3. No main
effects (9 sections) were found for condition, intervention or condition x intervention
interaction for cell count (condition: F[1, 23] = .996, p = .329; intervention: F[1, 23]
= .557, p = .463; condition x intervention: F[1,23] = .554, p = .464) or DG volume
(condition: F[1, 23] = .764, p = .391; intervention: F[1, 23] = .002, p = .967; condition
x intervention: F[1,23] = .056, p = .814). Similarly, cell density was comparable for all
groups (condition: F[1, 23] = .007, p = .936; intervention: F[1, 23] = .894, p = .354;
condition x intervention: F[1,23] = 1.312, p = .264) (see figure 3).
Neurogenesis quantification of DCX+ cell numbers showed no significant differences
between the groups (condition: F[1,28]= .010, p= .920; intervention: F[1,28]= .053, p=
.820; condition x intervention: F[1,28]= 1.037, p= .317; see figure 4). Quantification
of adult cell proliferation, as based on Ki-67+ cell numbers, also revealed no significant
differences (condition: F[1,27]= .016, p= .899; intervention: F[1,27]= .071, p= .792;
condition x intervention: F[1,27]= 1.713, p= .202).
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Figure 2: (b)
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Figure 3:

(a) Example of Nissl stained histological section, illustrating the area delineated to determine volume of the dentate
gyrus. (b) Higher magnification used to establish cell count. (c) The four experimental groups did not differ in the cell
count per volume unit.
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Figure 4:

Proliferation and neurogenesis in the hippocampal dentate gyrus. (a) Ki-67 immunocytochemistry reveals Ki-67
immunopositive cells in black (arrow), reflecting proliferation, located at the borderzone of the granular cell layer (gcl,
in blue) and the hilus (h). (b) Numerous Doublecortin (DCX)-immunopositive cells (in brown) are seen in the granular
cell layer, reflecting young migratory neurons. DCX+ cell bodies are located at the subgranular zone (arrows) and their
protrusions pass through the GCL (blue) up into the molecular layer (m). (c) For each animal, we counted the number
of Ki67+ cells in every 10th section and from this the total number of Ki67+ cells per animal was inferred. Results are
expressed for (both lobes of ) the hippocampus. All bars represent the mean + SEM per group (n=6–8) animals per group.
(d) For each animal, we counted the number of DCX+ cells in every 10th section, sampled in an unbiased stereological
manner, yielding the total number of hippocampal DCX+ cells, based on a total of 9 +/- 1 sections per animal. All bars
represent the mean + SEM per group (n= 7-9) animals per group. VEH; vehicle, MIF; mifepristone treatment, MD;
maternally deprived animals, NMD; non-deprived, control animals.
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Review of literature
Since 24 h MD on PND3 did not appear to affect any of the behavioral parameters
tested by us in female rats, we wondered to what extent this is a general finding and thus
how this general lack of behavioral effects in females relates to the literature. To this end,
we performed an extensive review of existing literature on the behavioral consequences
of early life stress in female rodents. We focused on five behavioral domains: anxietyrelated behavior (elevated plus maze; light-dark preference; open field behavior);
depressive-like behavior (forced swim test; sucrose preference; tail suspension); stressful
/ emotional learning (active or inhibitory avoidance; cued and/or contextual fear
conditioning); non-stressful hippocampus dependent learning (object recognition task;
Morris watermaze); and social behavior (social approach, interaction, recognition; social
play). In total, 212 experimental results were extracted from 64 studies. The results are
summarized in Table 1-5.
When combining the results in all domains –and disregarding differences in early life
adversity, species, strain or age of testing-, almost two thirds of the experimental series
failed to show significant effects of early life adversity in females (64%), which was
higher than in males (55%). Also, a higher percentage of studies reported significantly
impaired behavioral performance after early life adversity in males (32%) than in females
(25%). Interestingly, of all experimental series in which both males and females were
tested (190), one third (32%) was found to be affected by adverse early life conditions
in a sex-dependent manner; this was even 59% when experimental series (86) were
excluded showing no significant effect in both sexes. When sex-dependent differences
were observed (n=61), the majority (64%) showed significant effects in males but
not in females. Only in about one third of cases (30%) did females but not males
display significant effects, whereas significant effects in opposite direction were seldom
encountered (7%).
The sex-dependent differences were quite obvious in some domains, i.e. particularly
for social behavior (57%), non-stressful hippocampal dependent learning (41%) and
depressive-like behavior (38%). Less marked differences between males and females were
observed in the emotional realm, i.e. for anxiety related behavior (30%) or particularly
stressful learning (15%). This differentiation over domains was also evident from the
prevalence of significant changes after early life adverse conditions in females: depressivelike behavior (50%) > stressful learning (41%) > anxiety related behavior (36%) > social
behavior (33%) > non-stressful hippocampal dependent learning (29%); compared to
males: depressive-like behavior (69%) > non-stressful hippocampal dependent learning
(50%) > stressful learning (45%) > social behavior (43%) > anxiety related behavior
(40%).
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Age (test)
PND26
PND26
PND28
PND28
PND30
PND30-40
PND35-45
PND35-45
PND42
PDN44
PDN44
1 month
1 month
1.5 months
2 months
2 months
2 months
2 months
2 months
2.5 months
2.5 months
2.5 months
2.5-3 months
3 months
3.5 months

Anxiety-related behavior
Test
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)

Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM) + stress
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM) + stress
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
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Early life stress type
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MD; 24-h (PND9)
MS; 3-h/day (PND3-21)
MS; 15-m (PND1-10)
MS; 3-h/day (PND1-10)
MD; 24-h (PND9)
MD; 24-h (PND9)
MD; 24-h + CUS (PND9 + 2843)
MS; 15-m/day (PND2-21)
MS; 3-h/day (PND2-21)
MS; 3-h/day (PND2-14)
EW (PND16)
MS; 3-h/day (PND3-14)
MS; 2 x 3-h/day (PND1-21)
MS; 4.5-h/day (PND1-21)
MS; 4.5-h/day (PND1-21)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MD; 24-h (PND3)
MS; 3-h/day (PND1-14)
MS; 3-h/day (PND1-14)
LN (PND2-9)
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Mouse
Rat

Rodent
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat

Table 1.
Literature
overview ofoverview
the early of
lifethe
adversity
effects
on anxiety-related
behavior in female
rodents.
Table 1. Literature
early life
adversity
effects on anxiety-related
behavior
in female rodents.

WIS
SD
SD
WIS
WIS
WIS
WIS
WIS
WIS
SD
WIS
WIS
B6
B6
SD

Strain
LE-H
LE-H
WKY
SHR
WIS
LE
SD
SD
WIS
WIS
↑
↓
↓

↑
↑
↓
↓
↑
↑
↓
-

↓
↓
↓

-

-

♂
↓
↑
↓
↑
-

♀
↓
↑
-
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Llorente et al., 2011
McIntosh et al., 1999
McIntosh et al., 1999
Salzberg et al., 2007
Ito et al., 2006
Park et al., 2005
León Rodriguez et al., 2013
Renard et al., 2005
Renard et al., 2005
Xiong et al., 2014
James et al., 2014
Oomen et al., 2011
Romeo et al., 2003
Veenema et al., 2007
Prusator et al., 2015

Ref #
Frankola et al., 2010
Grissom et al., 2012
Sterley et al., 2011
Sterley et al., 2011
Llorente et al., 2007
Muhammad & Kolb, 2011
Koehnle et al., 2010
Koehnle et al., 2010
Marco et al., 2013
Llorente et al., 2011
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Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM) + stress
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated Plus Maze (EPM)
Elevated T-Maze (ETM)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF) - familiar
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)

3-4 months
3-4 months
3-4 months
4 months
4 months
4-4.5 months
4-5 months
5 months
5 months
5 months
5 months
Adulthood
Adulthood
3-4 months
PND26
PND26-28
PND28
PND28
PND30
PND30
PND30
PND30-40
PND35
PND35
PND37
1.5 months
2 months
2.5 months
2.5 months

MS; 3-h/day (PND3-15)
MD; 24-h (PND9)
MD; 24-h (PND9)
MS; 3-h/day (PND2-14)
MS; 15-m/day (PND2-14)
MS; 6-h/day (PND2-6)
MS; 3-h/day (PND3-12)
MD; 24-h (PND4)
MD; 24-h (PND9)
MD; 24-h (PND18)
LN (PND2-9)
MD; 24-h (PND11)
MD; 24-h (PND9)
MS; 3-h/day (PND3-15)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MS; 6-h/day (PND2-6 + 9-13)
MS; 6-h/day (PND2-6 + 9-13)
ED; 5-h/day (PND2-14)
MS; 5-h/day (PND2-14)
MS; 6-h/day (PND2-6 + 9-13)
MS; 3-h/day (PND3-21)
MS; 2-h/day (PND1-14)
MS; 2-h/day (PND1-14)
MD; 24-h (PND9)
MS; 6-h/day (PND2-6 + 9-13)
Res.; 3 x 45-m/day (G14-21)
PS (G1-7/8-14/15-21)
MS; 3-h/day (PND2-14)

Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Mouse
Rat
Rat
Rat
Mouse
Rat
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LE-H
LE-H
LE-H
WIS
WIS
WIS
WIS
B6J
WIS
WIS
LE-H
LE-H
LE-H
SD
HO
SD
SD
HO
LE
B6J
B/c
WIS
SD
SD
B6:129
SD

LE-H

↓
↓
↓
↑
↓
↑
↑
↑
↓
-

↓
↓
↓
↓
↑
↑
↑
↓
↑
↑
↑
-
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Slotten et al., 2006
Barna et al., 2003
Barna et al., 2003
Kalinichev et al., 2002
Kalinichev et al., 2002
Zimmerberg et al., 2004
Wigger et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Naninck et al., 2015
Barbosa Neto et al., 2012
Llorente-Berzal et al., 2011
Slotten et al., 2006
Grissom et al., 2012
Frankola et al., 2010
Spivey et al., 2009
Spivey et al., 2008a
Rees et al., 2006
Rees et al., 2006
Spivey et al., 2008a
Muhammad et al., 2011
Kundakovic et al., 2013
Kundakovic et al., 2013
Marco et al., 2013
Spivey et al., 2008b
Bowman et al., 2004
Mueller et al., 2008
Xiong et al., 2014

Chapter 5

2.5 months
2.5-3 months
2.5-3 months
2.5-3 months
3 months
3 months
3 months
3 months
3 months
3 months
3 months
3 months
4 months
3 months
3 months
3 months
3.5 months
2 months
Adulthood
PND30
8-9 months
8-9 months
4 months
4 months
PND29
3 months
3 months
4 months

Open Field (OF) - stress
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)

Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Open Field (OF)
Exploration/holeboard

Holeboard
Holeboard
Spontaneous Motor Activity
Spontaneous Motor Activity
Defensive Withdrawal Test (DWT)
Defensive Withdrawal Test (DWT)
Light/Dark test
Light/Dark test
Light/Dark test
Light/Dark test
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Rat
Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Mouse
Rat

Rat
Mouse
Rat
Mouse
Mouse
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat

Res.; 3 x 30-m/day + MS; 6-h/day
(G15-22 + PND12,14,16,18)
MS; 15-m/day (PND1-14)
MS; 3-h/day (PND1-10)
MS; 3-h/day (PND1-14)
MS; 3-h/day (PND1-14)
MS; 3-h/day (PND2-15)
MS; 6-h/day (PND12,14,16,18)
MS; 12-h/day (PND9,11)
MD; 24-h (PND4)
MD; 24-h (PND9)
MD; 24-h (PND18)
LN (PND2-9)
MS; 4-h/day (PND1-15)
MD; 24-h (PND9)
MD; 24-h (PND9)
MS; 2 x 3-h/day (PND1-13)
MS; 15-m (PND1-13)
MS; 15-m (PND1-13)
MS; 2 x 3-h/day (PND1-13)
MS; 6-h/day (PND2-6 + 9-13)
MS; 3-h/day (PND1-14)
MS; 3-h/day (PND2-15)
MS; 12-h/day (PND9,11)

Rat
Mouse
Rat
Rat
Rat

MS; 3-h/day (PND2-14)
MS; 3-h/day (PND1-14)
MS; 5-h/day (PND2-14)
ED; 5-h/day (PND2-14)
Res.; 3 x 30-m/day (G15-22)

WIS
WIS
WIS
WIS
WIS
WIS
HO
B6J
B/cJ
WIS

WIS
CD1
WIS
B6J
B6
B/cJ
WIS
WIS
WIS
WIS
WIS
SD
WIS

WIS
B6
SD
SD
WIS

↓
↑
↓
-

↓
↓
↑
-

↓
↑
↓
↓

-

↓

↓
↓
-

↓

↓
↓
-
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Llorente-Berzal et al., 2011
Llorente et al., 2007
Eklund et al., 2006
Eklund et al., 2006
Eklund et al., 2006
Eklund et al., 2006
Spivey et al., 2008a
Tsuda et al., 2012
Wang et al., 2011
Takase et al., 2012

Lehmann et al., 2000
Zanettini et al., 2010
Diehl et al., 2007
Tsuda et al., 2012
Veenema et al., 2007
Wang et al., 2011
Lehmann et al., 2000
Takase et al., 2012
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Prusator et al., 2015
Marmendal et al., 2004

James et al., 2014
Romeo et al., 2003
Rees et al., 2006
Rees et al., 2006
Lehmann et al., 2000
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5 months

Acoustic Startle Response

EW (PND16)
MS; 3-h/day (PND1-14)
MS; 15-m/day (PND1-13)
MS; 4-h/day (PND1-13)
MS; 3-h/day (PND2-14)
LN (PND2-9)
MS; 3-h/day (PND2-14)
EW; PND16 (PND16)
MS; 3-h/day (PND1-14)
MS; 4-h/day (PND1-15)
MS; 4-h/day (PND1-15)
MS; 3-h/day (PND2-13)
MS; 6-h/day (PND11-13)
MS; 15-m/day (PND2-14)
MS; 3-h/day (PND2-14)
MS; 6-h/day (PND12,14,16,18)
Res.; 3 x 30-m/day (G15-22)
Res.; 3 x 30-m/day + MS; 6-h/day
(G15-22 + PND12,14,16,18)
Rat

Rat
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
WIS

WIS
B6
LH
LH
LE-H
WIS
SD
SD
LE
WIS
WIS
LE-H
LE-H
LE-H
LE-H
WIS
WIS

↓
↑
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↑
↑

↑
↓
↑
↓

Lehmann et al., 2000

Ito et al., 2006
Veenema et al., 2007
Macrí et al., 2004
Macrí et al., 2004
Grissom et al., 2012
Machado et al., 2013
Stiller et al., 2011
Stiller et al., 2011
Mourlon et al., 2010
Marmendal et al., 2004
Marmendal et al., 2004
Litvin et al., 2010
Litvin et al., 2010
Kalinichev et al., 2002
Kalinichev et al., 2002
Lehmann et al., 2000
Lehmann et al., 2000

- : no significant effect; ↑ significant increase; ↓ significant decrease.
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Abbreviations:
ARAR
= Artificial
Rearing;
B6 = C57BL/6;
B/c = Balb/c;
= Chronic
Stress; G = Gestational
ED = Earlyday;
Deprviation;
EW Deprviation;
= Early Weaning; LE
Abbreviations:
= Artificial
Rearing;
B6 = C57BL/6;
B/c =CUS
Balb/c;
CUS =Unpredictable
Chronic Unpredictable
Stress; G day;
= Gestational
ED = Early
=EW
Long-Evans;
LE-H = Long-Evans
Hooded; HO
= Holtzmann;
LG Hooded;
= Licking/grooming;
LN = Limited
material;
= Maternal
Deprivation; material;
MS = Maternal
= Early Weaning;
LE = Long-Evans;
LE-H
= Long-Evans
HO = Holtzmann;
LG =Nesting/bedding
Licking/grooming;
LN =MD
Limited
Nesting/bedding
Separation; MSS + FS = Maternal Sound Stress + Forced Swim; PND = postnatal day; PS = Prenatal Stress; Res. = Restraint; SD = Sprague-Dawley; SHR = Spontaneously hypertensive
MD = Maternal Deprivation; MS = Maternal Separation; MSS + FS = Maternal Sound Stress + Forced Swim; PND = postnatal day; PS = Prenatal
rat; WIS = Wistar; WIS-H = Wistar-Han; WKY = Wistar-Kyoto.
Res. = effect;
Restraint;
SD = Sprague-Dawley;
SHR
= Spontaneously hypertensive rat; WIS = Wistar; WIS-H = Wistar-Han; WKY = Wistar-Kyoto.
-Stress;
: no significant
↑ significant
increase; ↓ significant
decrease.

2.5 months
3 months
2.5 months
2.5 months
PND24
2 months
2.5 months
2.5 months
4.5 months
PND20
2 months
PND26-32
PND26-32
4 months
4 months
5 months
5 months

Novelty test
Novel Object Exploration
Novelty induced suppression of drinking
Novelty induced suppression of drinking
Novelty-suppressed feeding test
Novelty-suppressed feeding test
Swim Stress Exposure
Swim Stress Exposure
Open Space Swimming test (OSST)
Fleeing and Freezing
Fleeing and Freezing
Defensive behaviors
Defensive behaviors
Acoustic Startle Response
Acoustic Startle Response
Acoustic Startle Response
Acoustic Startle Response
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Depression related behavior
Test
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Forced Swim Task (FST)
Sucrose Preference (SP)
Sucrose Preference (SP)
Sucrose Preference (SP)
Sucrose Preference (SP)
Learned Helplessness
Learned Helplessness
Tail Suspension test
Age (test)
PND30-38
PND31
PND31
PND34
2.5 months
2-months
4.5 months
4-5 months
5 months
PND30-38
PND36
PND36
4.5 months
PND36-38
PND36-38
2.5 months

Chapter 5

MS; 3-h/day (PND1-14)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MD; 24-h (PND9)
PS (G1-7/8-14/15-21)
MD; 24-h (PND9)
MS; 3-h/day (PND1-14)
MS; 3-h/day (PND3-12)
LN (PND2-9)
MS; 3-h/day (PND1-14)
MS; 2-h/day (PND1-14)
MS; 2-h/day (PND1-14)
MS; 3-h/day (PND1-14)
MS; 4-h/day (PND2-9)
MS; 4-h/day (PND9-16)
PS (G1-7/8-14/15-21)

Rodent
Rat
Rat
Rat
Rat
Mouse
Rat
Rat
Rat
Mouse
Rat
Mouse
Mouse
Rat
Rat
Rat
Mouse

Table 2.
Table 2. overview
Literature
overview
the early
lifeon
adversity
effects on
depression-related
behavior in female rodents.
Literature
of the
early lifeofadversity
effects
depression-related
behavior
in female rodents.
Strain
SD
WKY
SHR
WIS
B6:129
SD
LE
WIS
B6J
SD
B6J
B/c
LE
SD
SD
B6:129

♀
↓
↓
↓
↓
↓
↑
↑
↑
-

♂
↓
↓
↓
↓
↓
↓
↓
↓
↑
↑
↓
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Ref #
Zhang et al., 2013
Sterley et al., 2011
Sterley et al., 2011
Llorente et al., 2007
Mueller et al., 2008
Zamberletti et al., 2012
Mourlon et al., 2010
Wigger et al., 1999
Naninck et al., 2015
Zhang et al., 2013
Kundakovic et al., 2013
Kundakovic et al., 2013
Mourlon et al., 2010
Freund et al., 2013
Freund et al., 2013
Mueller et al., 2008
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174

Active Avoidance (AA)
Inhibitory Avoidance (IA)
Auditory Fear Conditioning
Acoustic-Cued Fear Conditioning
Auditory Fear Memory test
Freezing: Tone
Freezing: Tone
Freezing: Tone
Light-potentiated Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Conditioning
Contextual Fear Memory test
Context and cued fear conditioning
Freezing: Context

Stressful / Emotional Learning Tasks
Test
Active Avoidance (AA)
Active Avoidance (AA)
Active Avoidance (AA)
Active Avoidance (AA)
Active Avoidance (AA)

2 months
3.5 months
4 months

PND37
PND42
2 months
4 months
4 months
4 months
P42
PND36
2 months
2 months
2.5 months
3 months

5 months

Age (test)
5 months
5 months
5 months
5 months
5 months

Rodent
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat

MS; 6-h/day (PND12,14,16,18)
MD; 24-h (PND4)
MD; 24-h (PND9)
MD; 24-h (PND18)
Res.; 3 x 30-m/day (G15-22)
Res.; 3 x 30-m/day + MS; 6-h/day
(G15-22 + PND12,14,16,18)
MS; 15-m/day (PND1-21)
MS; 3-h/day (PND1-14)
MS; 1-h/day (PND2-9)
MS; 3-h/day (PND1-14)
MD; 24-h (PND4)
MD; 24-h (PND9)
MD; 24-h (PND18)
MS; 1-h/day (PND2-9)
MS; 3-h/day (PND1-14)
MS; 3-h/day (PND1-10)
MS; 3-h/day (PND1-10)
MS; 3-h/day (PND2-14)
MS; 6-h/day (PND1-21)
MS; 3-h/day (PND1-21)
MS; 15-m/day (PND1-21)
MS; 3-h/day (PND1-14)
MD; 24-h (PND3)
MD; 24-h (PND4)
WIS
SD
WIS
SD
WIS
WIS
WIS
WIS
SD
WIS
WIS
WIS
SD
WIS
SD
SD
WIS
WIS
WIS

Strain
WIS
WIS
WIS
WIS
WIS

Table 3.
Table 3. overview
Literature
overview
the early
lifeon
adversity
effects
on stressful
or emotional
learning tasks in female rodents.
Literature
of the
early lifeofadversity
effects
stressful or
emotional
learning tasks
in female rodents.

↓
↓
↓
↓
↑
↓
↓
↓
↓
-

♀
↑
↓
↓

Ref #
Lehmann et al., 2000
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 2000
Lehmann et al., 2000
↓ Kosten et al., 2007
↓ Chocyk et al., 2014
Kao et al., 2012
↓ Chocyk et al., 2014
- Lehmann et al., 1999
- Lehmann et al., 1999
- Lehmann et al., 1999
Kao et al., 2012
↓ Chocyk et al., 2014
- Diehl et al., 2007
↑ Diehl et al., 2014
Xiong et al., 2014
- Sun et al., 2014
- Kosten et al., 2006
- Kosten et al., 2006
↓ Chocyk et al., 2014
Oomen et al., 2011
- Lehmann et al., 1999

♂
↑
↓
↑
↓
↓

157

Chapter 5

4 months
4 months
4 months
4 months
4 months
4 months
4 months
4 months
Adulthood
6 months
6 months
6 months
12 months

Freezing: Context
Freezing: Context
Conditioned Freezing
Conditioned Freezing
Freezing: Conditioning
Conditioned emotional response
Conditioned emotional response

Conditioned emotional response

Prepulse Inhibition (PPI)
Prepulse Inhibition (PPI)
Prepulse Inhibition (PPI)

Prepulse Inhibition (PPI)
Morris Water Maze (MWM) - 10°C

Chapter 5

Res.; 3 x 30-m/day + MS; 6-h/day
(G15-22 + PND12,14,16,18)
Rat
Res.; 3 x 30-m/day (G15-19)
Rat

Rat
Rat
Rat
WIS
WIS-H

WIS
WIS
WIS

WIS

Res.; 3 x 30-m/day + MS; 6-h/day
(G15-22 + PND12,14,16,18)
Rat
MD; 24-h (PND9)
MS; 6-h/day (PND12,14,16,18)
Res.; 3 x 30-m/day (G15-22)

WIS
WIS
WIS
WIS
WIS
WIS
WIS

Rat
Rat
Rat
Rat
Rat
Rat
Rat

MD; 24-h (PND9)
MD; 24-h (PND18)
MD; 24-h (PND9)
MD; 24-h (PND18)
MD; 24-h (PND4)
MS; 6-h/day (PND12,14,16,18)
Res.; 3 x 30-m/day (G15-22)

-

↓
↓
Lehmann et al., 2000

Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 1999
Lehmann et al., 2000
Lehmann et al., 2000

-

Lehmann et al., 2000
↓ Szuran et al., 2000

Llorente-Berzal et al.,
2011
- - Lehmann et al., 2000
↑ ↑ Lehmann et al., 2000
- -

-

↓
↓
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176
2.5 months
3 months
5 months

♂ 2 ♀ 3.5
months
2 months

Object Recognition Task (ORT)
Object Recognition Task (ORT)

Object Recognition Task (ORT)
Object Recognition Task (ORT)
Object Recognition Task (ORT)
Object Recognition Task (ORT)
Object Recognition Task (ORT)

PND28-33
PND40
2 months

Age (test)
PND27-29
PND27-30
PND31-33
3 months
3 months
5 months
9 months
9 months
9 months
10 months

Non-stressful hippocampus learning
Test
Visible platform water maze task (VPWM)
Morris Water Maze (MWM)* - reference mem.
Morris Water Maze (MWM) - working mem.
Morris Water Maze (MWM)
Morris Water Maze (MWM)
Morris Water Maze (MWM)
Morris Water Maze (MWM)
Morris Water Maze (MWM)
Morris Water Maze (MWM)
Morris Water Maze (MWM) - 10-month mem.
Morris Water Maze (MWM) - Reversal test
Morris Water Maze (MWM) - small pool
Morris Water Maze (MWM) - large pool
Object Recognition Task (ORT)
Object Recognition Task (ORT)
Object Recognition Task (ORT)
MS; 3-h/day (PND1-14)
MD; 24-h (PND9)
MD; 24-h + CUS (PND9 + 2843)
MS; 3-h/day (PND2-15)
LN (PND2-9)
MS; 12-h/day (PND9,11)
MS; 15-m/day (PND1-21)

MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MS; 6-h/day (PND1-21)
MD; 24-h (PND3)
LN (PND2-9)
MD; 24-h (PND4)
MD; 24-h (PND9)
MD; 24-h (PND18)
AR (PND4-21)
AR (PND4-21)
AR (PND4-21)
AR (PND4-21)
MS; 3-h/day (PND2-14)
MD; 24-h (PND9)
Res.; 3 x 45-m/day (G14-21)

Rat
Mouse
Mouse
Rat
Rat

Rat
Rat

Rodent
Rat
Rat
Rat
Rat
Rat
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat

WIS
B/cJ
B6J
WIS
SD

LE
SD

Strain
LE-H
LE-H
LE-H
WIS
WIS
B6J
WIS
WIS
WIS
SD
SD
SD
SD
LE-H
WIS
SD

-

Mourlon et al., 2010
Zamberletti et al., 2012

Ref #
Grissom et al., 2012
Frankola et al., 2010
Frankola et al., 2010
Sun et al., 2014
Oomen et al., 2011
↓ Naninck et al., 2015
- Lehmann et al., 1999
- Lehmann et al., 1999
- Lehmann et al., 1999
Lévy et al, 2003
Lévy et al, 2003
Lévy et al, 2003
Lévy et al, 2003
↓ Frankola et al., 2010
- Marco et al., 2013
- Bowman et al., 2004
-

♂
↓
↓
-

Llorente et al., 2011
↓
Wang et al., 2011
↓ ↓ Naninck et al., 2015
- ↓ Takase et al., 2012
↑ ↑ Kosten et al., 2007

-

♀
↑
↑
↓
-

Table 4.
Table 4. overview
Literature
overview
the early
lifeon
adversity
effects
on non-stressful hippocampus-dependent
learning tasks in female rodents.
Literature
of the
early lifeofadversity
effects
non-stressful
hippocampus-dependent
learning tasks in female rodents.
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* MWM at low temperature are placed in Table 3.

* MWM at low temperature are placed in Table 3.

Spontaneous Alternation Task (SAT)
Temporal Order Memory (TOM)
Circular Maze Learning

Object Location Task (OLT)
Object Location Task (OLT)
Radial Arm Maze (RAM)
Radial Arm Maze (RAM)
Radial Arm Maze (RAM)
T-Maze (TM) - Water-filled
T-Maze (TM)
T-Maze (TM)
T-Maze (TM) - Reversal learning
T-Maze (TM) - Spatial Learning
Y-Maze (YM)
Y-Maze (YM)
Spontaneous Alternation Task (SAT)
Spontaneous Alternation Task (SAT)

Novel Object Test

2 months
PND30-40

1.5 months
2 months
2 months
3 months
3 months
PND27
PND34-36
PND35
2 months

♂ 2 ♀ 3.5
months
5 months
2 months
2.5 months

2.5 months

Chapter 5

MS; 3-h/day (PND1-14)
LN (PND2-9)
Res.; 3 x 45-m/day (G14-21)
Low LG (PND1-21)
AR (PND4-21)
MSS + FS; 15-m/day (G10-18)
MS; 3-h/day (PND2-15)
MS; 3-h/day (PND2-15)
MS; 3-h/day (PND2-15)
MS; 3-h/day (PND2-15)
MS; 3-h/day (PND2-14)
MS; 3-h/day (PND2-14)
MD; 24-h (PND9)
MD; 24-h (PND9)
MD; 24-h + CUS (PND9 + 2843)
MS; 3-h/day (PND3-21)
MS; 15-m/day (PND1-21)

MD; 24-h (PND9)

Rat
Rat
Rat

Rat
Mouse
Rat
Rat
Rat
Rat
Mouse
Mouse
Mouse
Mouse
Rat
Rat
Rat
Rat

Rat

WIS
LE
SD

LE
B6J
SD
SD
SD
WIS/ST
B/c
B6J
B/cJ
B/cJ
LE-H
LE-H
WIS
WIS

WIS

-

↓
↑
↓
↓
↑
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Mourlon et al., 2010
↓ Naninck et al., 2015
- Bowman et al., 2004
- Barha et al., 2007
Lévy et al, 2003
↓ Nishio et al., 2001
↓ Mehta et al., 2011
- Mehta et al., 2011
↓ Wang et al., 2011
↓ Wang et al., 2011
↓ Grissom et al., 2012
↓ Frankola et al., 2010
- Marco et al., 2013
↑ Llorente et al., 2011
↑
Llorente et al., 2011
- Muhammad et al., 2011
- Kosten et al., 2007

- ↓ Llorente et al., 2011
↓ -
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178

Social Behavior
Test
Social Recognition Task (SRT)
Social Recognition Task (SRT)
Social Recognition Task (SRT)
Social Interaction Test
Social Interaction Test
Social Interaction Test
Social Interaction Test
Social Interaction Test
Social Interaction Test
Dyadic Social Encounter
Dyadic Social Encounter
Social Approach Test
Intruder test
Resident-Intruder Test
Competitive behavior
Play Fighting Behavior
Short-term Social Preference Test
Social Learning of Food Preference
PND40
PND40
3.5 months
2.5 months
4 months
3 months
PND30-40
3 months

PND25
PND40
2 months
3 months

Age (test)
2 months
2 months
MS; 3-h/day (PND2-15)
MS; 3-h/day (PND2-15)
AR (PND4-21)
MS; 4-h/day (PND2-20)
MS; 4-h/day (PND2-20)
MD; 24-h (PND9)
MS; 3-h/day (PND1-14)
MS; 12-h/day (PND9,11)
MS; 12-h/day (PND9,11)
MS; 2-h/day (PND1-14)
MS; 2-h/day (PND1-14)
MS; 15-m/day (PND1-14)
EW (PND16)
MS; 15-m/day (PND1-14)
MS; 4-h/day (PND1-15)
MS; 3-h/day (PND3-21)
MS; 3-h/day (PND1-14)
AR (PND4-21)

Table 5.
Table 5. overview
Literature
overview
the early
lifeon
adversity
effectsinon
social
behavior in female rodents.
Literature
of the
early lifeofadversity
effects
social behavior
female
rodents.

Rodent
Mouse
Mouse
Rat
Rat
Rat
Rat
Mouse
Rat
Rat
Mouse
Mouse
Mouse
Rat
Mouse
Rat
Rat
Mouse
Rat

Strain
B/c
B6J
SD
SD
SD
SD
B6J
WIS
WIS
B6J
B/c
CD1
WIS
CD1
WIS
LE
B6J
SD

♀
↓
↓
↓
↓
↓
↓
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♂ Ref #
- Mehta et al., 2011
- Mehta et al., 2011
Lévy et al, 2003
- Holland et al., 2014
↓ Holland et al., 2014
- Zamberletti et al., 2012
Tsuda et al., 2012
↓ Takase et al., 2012
↓ Takase et al., 2012
↑ Kundakovic et al., 2013
↓ Kundakovic et al., 2013
- Zanettini et al., 2010
- Ito et al., 2006
- Zanetti et al., 2010
- Marmendal et al., 2004
↓ Muhammad et al., 2011
Tsuda et al., 2012
Lévy et al, 2003

Chapter 5

Effects of early life stress on cognitive function and hippocampal structure in female rodents

In this study we set out to examine the behavioral performance of 3-4 months’ old female
rats that had been subject to 24h MD on PND3, focusing on three behavioral domains
and dentate gyrus structure. Given that early life adversity is a common denominator in
the vulnerability to mood- and anxiety disorders and that many of these disorders are
more prevalent in females, we expected clear behavioral effects of this severe intervention,
and wondered whether this could possibly be ameliorated by a brief intervention with the
powerful glucocorticoid receptor antagonist mifepristone. However, in females neither
MD nor mifepristone treatment affected any of the examined behavioral indices, or the
structural integrity or plasticity of the dentate gyrus, an area relevant for performance in
the contextual memory tasks (Kheirbek et al., 2013).
This particular early life intervention, 24 h MD at PND3, was earlier applied by us in
male rats (Oomen et al., 2009; 2010). The paradigm is considered to be rather adverse
and thought to be a model for severe maternal neglect (Pryce et al., 2005; Marco et
al., 2015). Although we did not extensively monitor the neuroendocrine consequences
of the model in the current study, we noticed a clear and significant attenuation in
body weight gain, one of the characteristics earlier reported for this model in male rats
(Oomen et al., 2009; Oomen et al., 2010). We therefore have no reason to doubt the
effectiveness of the early life intervention.
The main outcome of the study is that 24 h MD at PND3 does not seem to change
performance in any of the behavioral tasks to which the female rats were subjected.
First, the behavior of female rats in the EPM did not differ among the groups. Second,
with respect to the rIGT, female MD rats did not show any impairment compared to
the control group, whereas an earlier study in male rats had demonstrated a correlation
between the amount of maternal care and rIGT performance (Van Hasselt et al., 2012).
This underscores that behavioral performance of female rodents -and their vulnerability
to early life adversity- in the rIGT may differ from that of males, which agrees with
the earlier reported sex differences in this task (Van den Bos et al., 2012). In males,
the effects of corticosteroids seem to affect particularly the later stage of the task, when
animals switch from an exploratory phase that involves affective and motivational
circuits, to a cognitive control loop, that depends (amongst others) on prefrontal areas
(de Visser et al., 2011). It is possible that compared to male, female rats had not yet fully
reached the level at which they switch, and we cannot exclude that effects of MD might
have been visible when rats would have been trained for a longer period of time. Third,
while female rats were able to learn the ORT, we observed no consistent effects of MD
or mifepristone. Possibly this is due to the fact that this particular task not only involves
hippocampal function but also input from cortical areas (Warburton & Brown, 2015).
To circumvent this, we also tested animals in the OLT, which specifically measures
hippocampal function (Barker and Warburton, 2011). Performance in similar sensitive
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hippocampus dependent learning and memory tasks was earlier found to be affected by
early life environment in males but also in females (Frankola et al., 2010; Mourlon et
al., 2010; Naninck et al., 2014). It should be noted that in our study DI values in most
groups were only just above chance. We cannot fully exclude the possibility that the lack
of effect in females is caused by a ‘floor-effect’.
The current behavioral results were accompanied by a similar absence of differences
between the groups in the measures for dentate gyrus volume, proliferation (Ki-67)
and neurogenesis (DCX). Exposure to stress (hormone) at adult or adolescent ages
induces subtle sex-specific differences in neurogenesis (Brummelte and Galea, 2010),
which depend in part on reproductive status, female cycle, age and genetic background (
Pawluski et al., 2009; Barha et al., 2011). While the numbers we found here were largely
in line with studies on rats of related ages (Klomp et al. 2014; Oomen et al., 2010;
2011), MD did not affect neurogenesis in female rats of 3-4 months of age, indicating
that the decreased neurogenesis found before in MD females at PND 21 (Oomen et al.,
2009) does not last into later ages. The same applies to the earlier found decrease in DG
cell number and density measured at PND 70 after MD at PND3 (Oomen et al., 2011),
that was not maintained in the animals we collected at PND 110.
One explanation could be the well-known age-related reduction in neurogenesis that
-due to the progressive slowing down of DG turnover at older ages (Heine et al.,
2004)- may eventually normalize initial differences induced by ELS in DG cell number
or density. The fact that MD also increases cell death in the infant rat hippocampus
in a sex-dependent manner supports the concept of (transient) changes in turnover
rate after MD, that may normalize at later ages (Llorente et al. 2009; Zhang et al.
2002). Alternatively, differences between the studies in experimental design may have
contributed, as separate groups were used before for structural hippocampal analysis and
for behavioral analysis (Oomen et al., 2009; 2011), whereas the present anatomical data
were obtained from animals that had been used for behavioral analysis before. The latter
included a.o. a shift in day-night cycle and various hippocampus-dependent paradigms
that could in theory, have interfered with the present anatomical and neurogenesis 'endstage' data.
Changes in proliferation and DG structure may further affect downstream processing
within the hippocampus and alterations in neurogenesis have indeed been linked to
cognitive changes (Clelland et al. 2009; Creer et al. 2010; Sahay et al., 2011a; 2011b;
Aimone et al., 2011; Oomen et al., 2014). Neurogenesis may be relevant for some, but
not all forms of hippocampal dependent learning and memory (Saxe et al., 2006; Zhang
et al., 2008; Clelland et al., 2009; Kitamura et al., 2009; Oomen 2014). Alternatively,
structure of the amygdala was not studied now, but may be altered by MD and stress in
females (Krugers et al., 2012; Vyas et al., 2006), which could be consistent with clinical
literature showing excessive amygdala activation to fearful situations in depressed
individuals (Abercrombie et al. 1998; Leppanen 2006).
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The lack of any effect of MD on the behavioral paradigms that we applied came
somewhat as a surprise to us. Therefore, we carried out an extensive review of existing
literature in several behavioral domains. Despite the large variation in ELS models,
species, age of testing and outcome parameters, the majority of studies reports only mild
behavioral changes in females after early life adversity, i.e. two third of the experimental
series in female rodents did not show a significant change in behavior after early life
adversity. Possibly this number is higher than the actual situation, because the influence
of the hormonal cycle - which could have added to variation in the behavioral outcome is not always taken into account. On the other hand, more likely than not the prevalence
of significant effects, at least in animal studies, is over-estimated due to a publication
bias towards positive findings (Korevaar et al., 2011). We did not attempt to make a full
survey of all early life stress studies in male rodents, but even considering the results in
male rodents in this sample of studies, significant effects were more often encountered in
males than females. Interestingly, the difference in behavioral phenotype between males
and females was not very outspoken in anxiety-related behavioral measures, but clearly
noticeable in social behavior and in non-stressful hippocampus dependent learning
tasks, including the ORT and OLT in which we presently also did not observe any
effect of MD in females. Thus, less than 30% of all experiments in females showed a
significant change in this domain after ELS, compared to 50% in males. Possibly, this
stronger male phenotype also holds true for reward-based decision making tasks, but the
restricted number of papers on this type of tasks (Van den Bos et al., 2012) prohibits any
conclusion at this moment.
Given that early life adversity is a well-established risk factor for the development of
psychopathology in humans (Kessler et al., 2010), and these are more prevalent in women
(Steel et al, 2014), it is remarkable that two thirds of the reported endpoints in females
and more than half in males in our review of rodent studies did not reveal any effects
of quite severe conditions of early life adversity. Noteworthy, the prevalence of female
patients in several –but certainly not all (Reynold et al, 2015)- psychiatric domains may
be less prominent than generally thought, due to e.g. sociocultural acceptance patterns
(Targum et al., 2013). The putative discrepancy between rodent and human studies
can be explained in several ways. First, the observations in humans are often based on
large case-control or general population samples, whereas animal studies usually involve
more homogenous but still small group sizes and may therefore lack the power to reach
significance. One approach to mend this is by performing meta-analyses on the animal
data. Secondly, it is possible that the developmental trajectories and circuits involved
in the various behavioral domains in rodents are dissimilar to those in humans, so that
early life adversity in rodents does not adequately model conditions in humans (Lupien
et al., 2009). This may certainly play a role in the rIGT, which strongly depends on
the function of mPFC areas, which are not in all cases equivalent between rodents and
humans (Uylings et al., 2003). Thirdly, parenting conditions for humans and rodents
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–where in most models care is exclusively provided by the mothers- are very dissimilar.
Our own data and the overview of existing rodent literature reveal that particularly
non-stressful hippocampus-dependent learning tasks are less vulnerable to early life
adversity in female than male subjects, which is interesting in the light of several recent
studies in humans. On one hand, objective measurement of spatial memory in (human)
adults with a history of childhood trauma demonstrated improved performance in
males as opposed to impaired function in females (Syal et al., 2014). However, another
study showed that childhood emotional abuse is associated with reduced hippocampus
volume in males, but not in females (Samplin et al., 2013). This study also showed that
emotional abuse was associated with higher levels of subclinical psychopathology in
both males and females. This finding in humans corroborates the overall outcome of our
review that females may be more resilient to the structural / hippocampal effects but not
to the anxiety-related psychiatric symptoms associated with childhood maltreatment.
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Abstract
Adverse experiences early in life impair cognitive function both in rodents and humans,
and in humans increase the vulnerability to develop mental illnesses. Early life stress
(ELS) abnormalities are associated with changes in synaptic plasticity, excitability and
microstructure of the rodent brain. Detailed information on the effects of ELS on
structural integrity at large and connectivity within the brain is currently lacking; this
information is highly relevant for understanding the mechanism by which early life
stress predisposes to mental illnesses.
Here, we exposed rats to 24 h of maternal deprivation (MD) at postnatal day 3, a
paradigm known to increase corticosterone level and thereby activate glucocorticoid
receptors in the brain. Using magnetic resonance imaging we examined: i) volumetric
changes and white/grey matter properties of the whole cerebrum and of specific brain
areas; and ii) whether these alterations could be normalized by blocking glucocorticoid
receptors with mifepristone, during the critical developmental window of early
adolescence, i.e. between postnatal days 26 and 28.
The results show that MD caused a volumetric reduction of the prefrontal cortex,
particularly the ventromedial part, and in the orbitofrontal cortex. Relative white matter
volume was increased in the whole cerebrum and region-specifically in the hippocampus
and dorsomedial striatum following MD. The opposite trend was found for the relative
grey matter volume. Treatment with mifepristone did not normalize these changes.
This study indicates that early life stress in rodents has long lasting consequences for the
volume and structural integrity of the brain; changes that are relatively modest and –
unlike behavior- not amendable to blockade of glucocorticoid receptors during a critical
developmental period.
Keywords: early life stress, rodents, neuroimaging, prefrontal cortex, glucocorticoids,
mifepristone
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Early life stress (ELS) refers to a condition of prolonged stress exposure (single or
multiple stressors) during the perinatal period that exceeds the child’s coping resource
(Pechtel et al., 2011). It is well established that adverse experiences early in life have
an enduring impact on the neuroendocrine system, and are associated with impaired
memory and cognitive function (Nanink et al., 2015; Lupien et al., 2009; Hedges and
Woon, 2011). These alterations may increase the risk to develop psychopathology later
in life (Heim and Nemeroff, 2001; Halligan et al., 2007; Lupien et al., 2009). Stressrelated psychopathology is characterized by anomalies in the structural integrity of the
brain (Admon et al., 2013; Ansell et al., 2012). These may have started already early in
life, as a consequence of adversity. In agreement, structures of key areas implicated in the
stress response as well as in the processing of higher cognitive function, e.g. the prefrontal
cortex (PFC) (van Harmelen et al., 2010) and hippocampus (Rao et al., 2010), are
typically compromised by childhood adverse experiences. In rodents as well as humans,
structural changes comprise diminished hippocampal volume (Herpfer et al., 2012;
Vythilingam et al., 2002), reduced dendritic length and branching of neurons within
hippocampal regions (Maras and Baram, 2012; Brunson et al., 2005), smaller prefrontal
cortex volume (Frodl et al., 2010; de Bellis et al., 2002), and anomalies in dendritic
morphology of striatal subregions as well striatal volumetric reduction (Martinez et
al., 2009; Leao et al., 2007). Moreover, adolescents who as a child experienced severe
institutional deprivation showed greater amygdala volume (Metha et al., 2009). In line
with this, results from human neuroimaging studies reported an association between
early life stress and alteration in the white and grey matter volume (Walsh et al., 2014;
Hanson et al., 2014), also in areas involved in stress regulation (Fan et al., 2015).
The driving force behind the structural anomalies after early life stress may be the
functionality of the hypothalamus-pituitary-adrenal (HPA) axis. This axis is known
to be disrupted by adverse early life experiences (Nishi et al., 2014). The HPA axis is
the regulatory system for stress responsivity and a deregulation, resulting in increased
corticosterone levels, may alter the structural and functional plasticity of the developing
brain (Cirulli et al., 2003). Based on this notion, we hypothesized that blocking the
effects of circulating corticosterone acting through glucocorticoid receptors (GRs) may
attenuate the early life stress related brain structure anomalies.
To test this idea, male rats were exposed to 24 hours of maternal deprivation (MD) at
postnatal day (PND) 3. This represents a severe model of maternal neglect that (at PND
3) induces a massive release of corticosterone (Oomen et al., 2009). In rodents, brain
areas involved in higher cognitive function (e.g. prefrontal cortex and hippocampus)
mainly develop postnatally; therefore they may be particularly vulnerable to the effects
of early life stress. Our first aim was to examine if MD causes long lasting alterations
in the normal brain development, using high resolution structural magnetic resonance
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imaging (MRI). Secondly, we assessed whether a transient blockade of GRs (at PND 2628) can normalize the expected brain structural abnormalities. The choice of intervening
during early adolescence is based on the high sensitivity of the brain and the HPA axis
during this critical time window (Tsoory and Richter-Levin, 2006). Moreover, brief
administration of a glucocorticoid receptor antagonist was earlier found to ameliorate
the behavioral and neuroendocrine deficits associated with 24 hours MD at PND 3 (Loi
et al., unpublished data).
Materials and methods
Experimental animals
Prior to the start of the study all animal procedures were approved by the animal ethics
committee at Utrecht University, the Netherlands. Adult male and female Wistar rats
were purchased from Charles River (Sulzfeld, Germany) and habituated in pairs to the
animal facilities for two weeks. For breeding, male rats were put together with female
rats in a 1:2 ratio for a period of 10 days. Females were housed in pairs after mating until
the last week of pregnancy when they were housed individually. Every morning before 9
am cages were checked for births; upon birth that particular day was noted as postnatal
day 0 (PND 0). Dams with litters were left undisturbed until PND 3 when culling took
place. Litters contained on average 9 ± 1 pups, whenever possible evenly distributed over
males and females. After culling, litters were randomly assigned to either the maternal
deprivation (MD) condition or the control (no maternal deprivation; noMD) group. In
the MD group, the mother was placed in a separate cage; the pups went back in the home
cage and were placed on a heating pad (32°C) in a different room than where the mother
was housed. MD litters were kept in this room for 24 h and then placed back with the
dam, as described elsewhere (Oomen et al. 2011). All animals survived the MD procedure.
NoMD litters were left entirely undisturbed.
On PND 21 the litters were weaned and housed in same-sex groups of either two or
three. Only males were used for this experiment. The MD and noMD rats were randomly
assigned to either mifepristone (MIF; 5mg /100g bodyweight) or vehicle (VEH)
administration through oral cavage, twice daily (early morning and late afternoon) on
PND 26, 27 and 28. Each rat received 4mg mifepristone powder (Sigma-Aldrich Chemie
B.V., Zwijndrecht, the Netherlands) dissolved in 15μL 99% ethanol mixed with 1mL
coffee cream (Campina, Woerden, the Netherlands) or vehicle. To minimize litter effects,
offspring from each MD and noMD litter were divided between MIF and VEH groups.
All experimental animals were kept under standard housing conditions (dark/light phase
12:12, lights on at 8 a.m., humidity 55±15%, temperature 20-22°C), received food and
water ad libitum and were weekly handled for 1 minute.

196

Early life stress-induced alterations in volume and structural integrity:
a neuroimaging approach in the rodent brain

MRI acquisition
Post-mortem high-resolution structural MRI was performed on a 9.4 T horizontal bore
MR system (Varian, Palo Alto, CA, USA) equipped with a 6 cm internal diameter
(ID) gradient insert with gradients up to 1 T/m. A custom made solenoid coil with an
internal diameter of 2.6 cm was used for excitation and reception of the MR signal.
The perfusion-fixed brains were inserted with the skulls intact in a custom-made holder
and immersed in non-magnetic oil (Fomblin, Solvay Solexis). Diffusion tensor imaging
(DTI) was performed using a 3D diffusion-weighted spin-echo sequence with an
isotropic spatial resolution of 150 mm, where the read- and phase- encode directions
were acquired using 8-shot Echo Planar Imaging (EPI) encoding and the second phase
direction was linearly phase-encoded (repetition time (TR)/echo time (TE) 500/32.4
ms, 220*128*108 matrix, field-of-view (FOV) 33*19.2*16 mm3, D/d 15/4 ms, b
3842 s/mm2, 60 diffusion-weighted images in non-collinear directions and 5 images
without diffusion weighting (b=0), number of averages 1, total number of images 65).
Subsequently, four 3D Balanced Steady State Fast Procession (BSSFP) images were
acquired with an isotropic spatial resolution of 100 μm (TR/TE 15.4/7.7 ms, flip angle
40°, 320*160*190 matrix, FOV 32*16*19 mm3, 6 averages, pulse angle shift 0°, 90°,
180° and 270°). Total acquisition time was 3 hours and 7 minutes. The four images were
added as complex images to obtain a single BSSFP image with reduced banding artifacts
in the brain.
Morphometric analysis
To test whether maternal deprivation affected tissue volume, the BSSFP images were
used to obtain brain masks using Brain Extraction Tool 2 (BET2) as implemented in
the FMRIB (Oxford Center for Functional MRI of the Brain) Software Library (FSL)
(Jenkinson et al. 2012). Subsequently, a template image for morphometry analysis
was iteratively calculated by applying non-rigid registration of subject images to the
current template using FMRIB’s Non-linear Image Registration Tool (FNIRT) after
linear registration using FMRIB’s Linear Image Registration Tool (FLIRT) (Jenkinson
et al. 2002;Jenkinson and Smith 2001), both implemented in FSL. The template was
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Tissue preparation procedure
In order to obtain high sensitivity and resolution for the structural brain images, three
months’ old rats (n =10 per group) were anaesthetized with pentobarbital sodium salt
(0.5 ml i.p.) and transcardially perfused with saline (0.9 % NaCl) followed by 4%
paraformaldehyde (PFA) in phosphate buffer (PB; 0.1 M; pH 7.4). All extracranial
tissue was removed and the brains were left in the skulls to minimize the potential risk
of deformation. After overnight post-fixation at 4°C, the skulls containing the brains
were stored in the refrigerator (4°C) PB with 0.01% sodium azide until use for highresolution post-mortem MRI.
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generated by (1) non-rigid registration of the images of the noMD/vehicle group to
the current template (starting with one image of this group), (2) averaging all the
transformed images to a new template, (3) repeating the registration procedure for the
new template. This procedure was repeated five times. Representative images are shown
in Figure 1 (A and B).
As previously described, we used a region of interest (ROI)-based approach to assess
volumetric and white/grey matter properties (Henckens et al. 2015). The following ROIs
were chosen based on their prominent role in the stress circuitry and sensitivity to ELS
(van Harmelen et al., 2010; Rao et al., 2010): Amygdala, Hippocampus, dorsomedial
Striatum (dmStriatum), Prefrontal Cortex (PFC) and its subregions medial PFC (mPFC),
Orbitofrontal Cortex (OFC) and Insular Cortex. We also assessed the whole cerebrum,
corpus callosum and lateral ventricles as ROI. The ROIs were drawn on the template
image using a home-made rat brain atlas based on the stereotaxic atlas from Paxinos and
Watson (Paxinos and Watson, 2005), and registered to the individual rat brain images;
from this, the size of the ROI in the individual images was obtained (Figure 1C).
White and grey matter volumes and the volumes of CSF in regions of interest were
determined in both the BSSFP images and the DTI-based images. In the BSSFP images
the distinction between tissue types was made by first normalizing the images based on
the median signal intensity of the Insular Cortex and subsequently counting the pixels
with a normalized signal intensity lower than 0.85 (white matter), between 0.85 and
1.3 (grey matter) and higher than 1.3 (CSF). These thresholds were based on histogram
analysis of the cerebrum of all rats. In the DTI images pixels were assigned to white
matter if their FA was higher than 0.25 and the mean diffusivity lower than 0.34*10-3
mm2/s, to grey matter if the FA was lower than 0.25 and the mean diffusivity lower than
0.34*10-3 mm2/s, and to CSF if the FA was lower than 0.25 and the mean diffusivity
higher than 0.34*10-3 mm2/s.
Statistical analysis
Data were analyzed using a two-way independent ANOVA. The rearing condition (MD
or noMD) and intervention (VEH or MIF) were used as independent variables with p
< .05 considered to be significant. Tukey’s posthoc test was used where applicable. Data
is expressed as mean ± SEM. All statistical analyses were conducted using SPSS version
20.0 (IBM, United States).
Results
Volumetric analysis after early life stress
To assess whether MD and/or MIF treatment affected brain structure, we measured total
volume in the total cerebrum and our ROIs, based on the high-resolution structural
images (Figure 1A and C). The data are described in Table 1. We found no significant
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Early life stress effects on structural integrity
Next, we tested whether MD and/or MIF treatment would cause any alterations in
the structural integrity of the brain by comparing the relative fraction of white and
grey matter within each region on the bSSFP data (Table 2). The absolute volumes as
calculated from the bSSFP scans are reported in Table S1 and S2. At the level of the
whole brain, MD shifted the grey/white matter ratio by increasing the relative volume
of white matter (F(1,35) = 10.16, p < 0.01), irrespective of the total brain volume.
Conversely, the relative volume of grey matter was significantly reduced (F(1,36) = 5.34,
p < 0.05). No effect of MIF nor an interaction was found (Table 2).
To assess whether this was a general effect or whether there were specific changes in any
of the ROIs, we also compared the relative grey/white volumes in specific brain regions.
The absolute volumes are reported in Table S1 and S2. In the hippocampus we found a
significant increase of the relative white matter volume due to MD, that was paralleled in
the ratio grey/white matter. Though not statistically significant, MIF treatment tended
to reduce this effect (interaction effect: F(1, 34) = 3.25, p = 0.08). Similar changes were
found in the dorsomedial striatum (Table 2). In the corpus callosum, (subregions of
the) prefrontal cortex and amygdala we did not find changes in either the relative white
matter volumes, relative grey matter volumes or grey/white matter ratios (Table 2).
We next aimed to identify whether the changes in grey/white matter ratio were
accompanied by altered structural characteristics, using voxel-wise comparison of the
DTI-based mean diffusivity, and fractional anisotropy (FA) or volumetric analysis within
each ROI (Figure 1B and C, Table S3). This analysis did not reveal any significant
differences between the groups (Table 3).
Altogether these data suggest that MD specifically affects the ratio in grey/white matter,
increasing white (relative to gray) matter volume in the hippocampus and dorsomedial
striatum. This is however not reflected in change in the regional FA or mean diffusivity.
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volumetric changes in the whole cerebrum. ROI analysis did not reveal changes in total
volume in most of the ROIs. In the PFC however, we did find a significant reduction in
volume due to MD (main MD effect F(1, 34) = 7.55, p < 0.01), which was not affected
by MIF treatment. Subregion analysis showed that this effect was mainly present at the
level of the OFC and mPFC but not the insular cortex (Table 1). These data suggest
that MD specifically reduces the volume of the PFC but that this is not reversed by MIF
treatment.
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Table 1.

Table 1.of
Volumes
of theROIs
different
based
on the high-resolution
scan.
= 10group.
rats per
group.
Data represents
Volumes
the different
basedROIs
on the
high-resolution
anatomicalanatomical
scan. n = 10
ratsn per
Data
represents
mean mean ± SEM in µl. Da
was analyzed using 2-way ANOVA with MD and mifepristone treatment as main factors. The p-values for the main effects are described in the las
± SEM in μl. Data was analyzed using 2-way ANOVA with MD and mifepristone treatment as main factors. The p-values
three columns: * p < 0.05, ** p < 0.01, ns = not significant
for the main effects are described in the last three columns: * p < 0.05, ** p < 0.01, ns = not significant
Vehicle
Volume (µl)
Cerebrum

Mifepristone

No MD

MD

No MD

MD

MD

Treatment

Interaction

1550.5 ± 10.0

1546.6 ± 11.9

1573.8 ± 16.1

1548.9 ± 15.7

ns

ns

ns

Corpus Callosum

30.4 ± 2.2

31.3 ± 2.4

31.0 ± 2.2

30.5 ± 3.0

ns

ns

ns

Lateral Ventricles

40.1 ± 1.8

38.6 ± 0.7

39.6 ± 1.1

38.9 ± 1.3

ns

ns

ns

Hippocampus

91.0 ± 1.1

91.4 ± 0.7

91.3 ± 1.2

90.6 ± 1.4

ns

ns

ns

Amygdala

29.2 ± 0.3

29.1 ± 0.3

29.4 ± 0.3

29.6 ± 0.5

ns

ns

ns

dmStriatum

16.8 ± 0.2

17.0 ± 0.3

17.6 ± 0.5

16.6 ± 0.3

ns

ns

ns

PFC

101.7 ± 0.4

99.6 ± 0.3

101.4 ± 1.0

98.9 ± 1.1

**

ns

ns

OFC

22.9 ± 0.2

22.1 ± 0.1

22.4 ± 0.3

22.2 ± 0.2

*

ns

ns

mPFC

14.4 ± 0.3

13.6 ± 0.2

14.1 ± 0.2

13.1 ± 0.3

**

ns

ns

Insular cortex

48.9 ± 0.3

48.5 ± 0.5

49.2 ± 0.7

48.9 ± 0.4

ns

ns

ns

1
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Table 2.

Relative volumes and ratios of the white and grey matter content of the different ROIs (n = 10 per group). Data
represents
volume of the white or the grey compartment relative to the cerebrum or ratio grey/white matter (mean ±
Table 2. Relative volumes and ratios of the white and grey matter content of the different ROIs (n = 10 per group). Data represents volume of th
SEM).
Data
was analyzed
using to
2-way
ANOVA or
with
MD
and mifepristone
treatment
as main
The p-values
for ANOVA with MD and
the grey
compartment
relative
the cerebrum
ratio
grey/white
matter (mean
± SEM).
Data factors.
was analyzed
using 2-way
the
main effectstreatment
are described
in the
last three
columns:for
* pthe
< 0.05,
p < 0.01,
ns = not in
signifi
mifepristone
as main
factors.
The p-values
main **
effects
are described
the cant
last three columns: * p < 0.05, ** p < 0.01, ns = no
Vehicle
Rel. volume

No MD

Mifepristone
MD

No MD

MD

Treatment

Interaction

ns

MD

White matter
Cerebrum

0.25 ± 0.01

0.30 ± 0.01

0.27 ± 0.01

0.29 ± 0.01

**

ns

Corpus Callosum

0.97 ± 0.004

0.99 ± 0.002

0.98 ± 0.004

0.98 ± 0.004

ns

ns

ns

Hippocampus

0.03 ± 0.002

0.05 ± 0.006

0.03 ± 0.003

0.04 ± 0.002

**

ns

0.08

Amygdala

0.33 ± 0.04

0.33 ± 0.07

0.30 ± 0.08

0.28 ± 0.13

ns

ns

ns

dmStriatum

0.20 ± 0.01

0.25 ± 0.03

0.19 ± 0.02

0.26 ± 0.03

*

ns

ns

PFC

0.01 ± 0.002

0.02 ± 0.003

0.01 ± 0.002

0.02 ± 0.002

ns

ns

ns

OFC

0.23 ±0.02

0.21 ± 0.02

0.21 ± 0.02

0.20 ± 0.02

ns

ns

ns

mPFC

0.02 ± 0.002

0.02 ± 0.007

0.02 ± 0.005

0.02 ± 0.008

ns

ns

ns

Insular cortex

0.03 ± 0.001

0.03 ± 0.002

0.03 ± 0.003

0.03 ± 0.001

ns

ns

ns

Cerebrum

0.72 ± 0.01

0.67 ± 0.02

0.70 ± 0.01

0.68 ± 0.01

*

ns

ns

Corpus Callosum

0.02 ± 0.004

0.01 ± 0.002

0.02 ± 0.004

0.02 ± 0.004

ns

ns

ns

Hippocampus

0.97 ± 0.003

0.95 ± 0.006

0.96 ± 0.003

0.96 ± 0.002

ns

ns

ns

Amygdala

0.64 ± 0.04

0.65 ± 0.08

0.65 ± 0.11

0.69 ± 0.14

ns

ns

ns

dmStriatum

0.80 ± 0.01

0.75 ± 0.03

0.81 ± 0.02

0.74 ± 0.03

*

ns

ns

PFC

0.99 ± 0.002

0.98 ± 0.003

0.99 ± 0.002

0.99 ± 0.002

ns

ns

ns

OFC

0.76 ± 0.02

0.78 ± 0.017

0.76 ± 0.022

0.79 ± 0.026

ns

ns

ns

mPFC

0.98 ± 0.003

0.98 ± 0.007

0.98 ± 0.011

0.98 ± 0.010

ns

ns

ns

Insular cortex

0.97 ± 0.003

0.97 ± 0.006

0.97 ± 0.010

0.97 ± 0.010

ns

ns

ns

Cerebrum

2.97 ± 0.17

2.28 ± 0.15

2.69 ± 0.15

2.33 ± 0.11

**

ns

ns

Corpus Callosum
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Grey matter

Ratio grey/white
0.02 ± 0.003

0.02 ± 0.003

0.02 ± 0.004

0.02 ± 0.004

ns

ns

ns

Hippocampus

35.0 ± 2.6

23.4 ± 2.4

32.4 ± 3.5

25.4 ± 1.6

**

ns

ns

Amygdala

1.93 ± 0.26

2.19 ± 0.29

2.21 ± 0.30

2.64 ± 0.53

ns

ns

ns

dmStriatum

3.83 ± 0.38

3.43 ± 0.45

4.22 ± 0.28

3.03 ± 0.45

0.07

ns

ns

99.8 ± 12.5

79.1 ± 13.0

99.9 ± 9.57

82.8 ± 16.1

ns

ns

ns

4.05 ± .87

3.91 ± .33

3.76 ± .27

5.09 ± .1

ns

ns

ns

PFC
OFC
mPFC

68.0 ± 8.66

73.6 ± 8.62

72.4 ± 6.81

82.1 ± 14.92

ns

ns

ns

Insular cortex

35.3 ± 1.58

34.5 ± 1.08

36.1 ± 1.21

36.8 ± 2.60

ns

ns

ns
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0.20 ± 0.003
0.20 ± 0.003

0.23 ± 0.004

0.23 ± 0.007

0.18 ± 0.004

0.20 ± 0.004

0.20 ± 0.004

0.20 ± 0.005

0.20 ± 0.004

OFC

mPFC

Amygdala

dmStriatum

Insular cortex

PFC

0.20 ± 0.003

0.20 ± 0.004

0.18 ± 0.002

0.22 ± 0.004

0.24 ± 0.002

0.52 ± 0.046

Hippocampus

0.52 ± 0.012

0.25 ± 0.005

0.25 ± 0.006

0.25 ± 0.005

0.26 ± 0.005

0.26 ± 0.004

0.26 ± 0.004

0.29 ± 0.003

0.20 ± 0.009

MD

Corpus Callosum

Mean FA

0.24 ± 0.008

Insular cortex

0.25 ± 0.007

PFC

0.24 ± 0.007

0.26 ± 0.006

dmStriatum

mPFC

0.26 ± 0.011

Amygdala

0.24 ± 0.008

0.29 ± 0.009

Hippocampus

OFC

0.20 ± 0.018

No MD

Corpus Callosum

Mean Diffusivity

Vehicle

0.19 ± 0.004

0.19 ± 0.004

0.20 ± 0.002

0.19 ± 0.003

0.18 ± 0.004

0.22 ± 0.005

0.23 ± 0.002

0.52 ± 0.027

0.25 ± 0.009

0.24 ± 0.009

0.24 ± 0.009

0.26 ± 0.009

0.26 ± 0.007

0.27 ± 0.009

0.30 ± 0.007

0.20 ± 0.018

No MD

MD

0.19 ± 0.006

0.19 ± 0.004

0.20 ± 0.005

0.19 ± 0.005

0.18 ± 0.005

0.22 ± 0.008

0.23 ± 0.005

0.50 ± 0.045

0.25 ± 0.008

0.25 ± 0.008

0.25 ± 0.008

0.26 ± 0.007

0.26 ± 0.008

0.26 ± 0.010

0.29 ± 0.008

0.20 ± 0.018

Mifepristone

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

MD

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

Treatment

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
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significance
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mean ± SEM
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analyzed
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Figure 1 Representative images of the rat brain

A)	High-resolution post-mortem anatomical images (100 x 100 x 100 μm3) of the average rat brain. Individual scans
were registered to this template to perform voxel-wise comparisons on brain volume.
B)	Diffusion tensor imaging-based FA maps (150 x 150 x 150 μm3) of the average rat brain. The scans were used to
analyze structural integrity properties of the brain.
C)	The template, constructed using the anatomical images, was used to manually draw ROIs for volumetric analysis.
The following ROIs are depicted as example: OFC (green),mPFC (purple), corpus callosum (red), dorsomedial
striatum (blue), hippocampus (yellow).
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Discussion
In the present study we investigated the effect of early life stress (by 24 h MD at PND
3) on the structural integrity of the adult rodent brain. We demonstrate that MD was
associated with relatively modest regional volumetric changes and shifts in grey:white
matter ratios, none of which were normalized by transient blockade of glucocorticoid
receptors during adolescence.
The MD procedure that we currently applied was earlier shown to be severe enough to
significantly reduce body weight, increase levels of corticosterone, alter glucocorticoid
receptor expression (in the mPFC) and affect glutamatergic transmission (Loi et al.
unpublished data, see earlier chapters). Moreover, this paradigm was also shown to
severely impair the behavioral performance of the rats, as shown by deficits in memory
formation (Oomen et al., 2011) and reward-based decision making, at least in males
(Loi et al. unpublished data, see earlier chapters). Although we did not examine any of
these parameters (e.g. corticosterone level) in the presently used batch of animals, we
have no reason to doubt the effectiveness of the MD paradigm.
Interestingly, the volume of the prefrontal cortex was found to be reduced after MD.
More specifically, the medial PFC and the orbitofrontal cortex were identified as the
subregions with the most pronounced volumetric reduction. This is in line with other
studies in humans which report volumetric reduction in the medial prefrontal cortex
(Shin et al., 2006) and orbitofrontal cortex (Bremner et al., 2002) in stress-related mental
illnesses such as post-traumatic stress disorder and major depression. Particularly the
finding in the mPFC fits with its role in regulating the endocrine stress response and the
regulation of adaptive coping responses to stress (Weinberg et al., 2010). Additionally,
regions of the PFC such as the orbital, medial and cingulate cortex are strongly involved
in the allostatic processes (McEwen and Gianaros, 2011). Furthermore, as shown in
earlier rat studies, the mPFC appears to be a major target area of glucocorticoids, since
three weeks of corticosterone treatment (in rats) led to dramatic changes at the structural
level, such as dendritic tree atrophy (Wellman, 2001) and reduced spine density ( Radley
et al., 2006). Prefrontal cortex dendritic remodeling due to stress is also hypothesized
to be involved in deficits in attentional control that are seen in stress-related pathologies
(Liston et al., 2006). The latter study, though, showed dichotomous effects in the mPFC
versus OFC. While reduction in dendritic complexity was shown in the former area –
which would be compatible with a reduced volume- increased complexity was described
in the latter. In our study we did not observe opposite but rather comparable effects of
MD in these two areas. Obviously, prolonged corticosterone-overexposure in adulthood
does not necessarily induce similar effects as a brief period of MD early in life. Moreover,
although changes at the microstructure such as dendritic complexity may be identified
from altered FA or mean diffusivity values, previous MRI studies on chronic stress in
rodents have shown that they cannot be directly translated into volumetric changes
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(Henckens et al., 2015). Yet, in line with volumetric studies in humans, the here reported
comparable effects on volume in these two ROIs is an unexpected finding in rodents.
In our study MD did not lead to extensive volumetric changes in areas involved in
memory formation (such as the hippocampus) or the control of emotions (e.g. the
amygdala). The literature on volumetric changes in the hippocampus and amygdala after
adverse conditions, however, is quite diverse (Hanson et al., 2012), both in the adult
and younger population. For instance, exposure to aggressive maternal behavioral did
not lead to changes in hippocampal volume when assessed during adolescence (Whittle
et al., 2011; Metha et al., 2009) but a decrease was reported in other studies (Koolschijn
et al., 2012; Hanson et al., 2015). Concerning the amygdala, the same inconsistency
was seen in human studies, where some report a link between early life stressors and
increased amygdaloid volume (Metha et al., 2009) whereas other studies show either a
reduction (Hanson et al., 2014) or no differences at all (Andersen et al., 2008; Bremner
et al., 1997; Carrion et al., 2001). Yet, the findings in rodents are more unanimous,
generally reporting an enlarged amygdala volume after stress in adulthood (Vyas et al.,
2002, 2004).
In addition to these volumetric changes, voxel-based morphometry revealed that
exposure to maternal deprivation resulted in aberrant white and grey matter volume. A
wide range of mental illnesses, including neurodevelopmental and cognitive disorders,
have been related with white and grey matter defects; and some authors support the
theory that myelin abnormalities affect processing and cognition (Fields et al., 2008).
In our study, increased white matter and decreased grey matter were found as effect of
early life stress. Increased white matter was also found in autistic children where the
enlargement of the brain was mainly due to the white matter increases (Bashat et al.,
2007). In our study, the alterations were not only reported for the whole cerebrum but
we report abnormalities at the level of single brain areas. Thus, an increase in white
matter was found in the hippocampus and dorsomedial striatum while a decrease in the
grey matter was found only in the dorsomedial striatum. The increased hippocampal
white matter is in line with some of the earlier observations in rats. For instance,
Chetty and colleagues proposed that glucocorticoids can lead to abnormalities in white
matter volume by a mechanism that increases oligodendrogenesis. Indeed, they found
that in rat increased levels of glucocorticoids, due to restraint stress, led to increased
oligodendrogenesis. Therefore, they proposed that this increase may be responsible for
the enhanced white matter structure they found in the hippocampus of rats (Chetty
et al., 2014). Some other studies also found increased hippocampal white matter after
adverse conditions, as reported for instance in (aging) monkeys where this increase was
related to cognitive deficits (Lyons et al., 2004). However, opposite results come from
Frodl and colleagues who reported –in humans- a reduction in hippocampal white
matter in patients suffering from major depression who also experienced emotional
neglect during childhood (Frodl et al., 2010). This finding is in line with most of the
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literature on the human hippocampus, which generally shows decreased rather than
increased white matter in connection to adverse (or disease) conditions (Villarel et al.,
2002)
Concerning grey matter volume, the reduction we have found in our study is in
accordance with human studies in which childhood maltreatments were associated with
a reduction in grey matter in several brain areas including subregions of the striatum,
PFC and hippocampus (Dannlowski et al., 2011; Gorka et al., 2014). It should be
noted that the changes in grey and white volume that we report were not supported
by subsequent DTI analysis. The latter technique takes the direction of fibers into
account. Possibly these parameters reflect changes in relative signal intensity/contrast
properties perhaps due to structural changes which indirectly affect white matter. This
issue however clearly requires more in depth analysis and further studies.
Although subtle in nature, the currently observed effects to some extent could provide
a neurobiological basis for the earlier reported behavioral changes after MD (Loi et al.,
unpublished; see earlier chapters). Thus, MD caused impaired performance in a rewardbased decision making task that is PFC- and striatum-dependent. Additionally, in the
earlier experiment we found alterations in glucocorticoids receptor expression in the
mPFC, and altered cFos staining and glutamatergic transmission in the dorsomedial
striatum. Possibly, structural changes and altered connectivity of these areas (particularly
of the dorsomedial striatum) contributes to the behavioral phenotype after MD,
although –as mentioned above- macrostructural changes do not necessarily align with
changes at the level of dendrites and spines.
Importantly, MIF was not effective in normalizing the effects of early life stress on
structure. The discrepancies between the current and earlier studies cannot be explained
by assuming that MIF in general is ineffective in targeting structural plasticity. Earlier,
it was reported that brief treatment with MIF is able to ameliorate the effects caused by
exposure to chronic stress in adulthood on rat hippocampal structural plasticity (Oomen
et al., 2007). Yet, the effects of the drug on structure may be subtle and below the
detection limits of structural MRI. In that respect, MIF may primarily affect functional
connectivity as it was quite powerful in preventing or reversing the effects of MD on
glutamatergic neurotransmission (Loi et al, previous chapters).
Notably, in our study the interaction effect between MD and MIF treatment in
hippocampal white matter tended towards significance. MIF is not only effective in
ameliorating behavioral effects of stress in rodents but also in humans, where this
compound has shown its effectiveness in alleviating the symptoms of major depression
and bipolar disorder (Flores et al., 2006; Young et al., 2004).
In conclusion, we here present one of the few studies where the effects of early life
stress are investigated at the level of macroscopic structure and structural integrity in
the rat brain with magnetic resonance imaging. Subtle structural effects were found
in areas also involved in behavioral deficits after MD. Future studies would need to
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examine whether alterations in morphology, synaptic plasticity and reduction in volume
of specific brain areas are also related to altered connectivity in the rodent brain. Clearly,
more studies where the effects of stress early in life (in rodents) are assessed in both
behavioral, macroscopic and connectivity outcome are necessary in order to improve
our understanding of how early life stress can lead to abnormalities in the developing
brain. Given the bias of specific mental illnesses towards the female population, such
studies should also be carried out in females exposed to early life stress conditions.
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Table S1.

Absolute volumes of the white matter fraction in different ROIs based on the anatomical scan. n = 10 per group. Data
Table S1. Absolute volumes of the white matter fraction in different ROIs based on the anatomical scan. n = 10 per group. Data represents mean ±
represents mean ± SEM in μl. Data was analyzed using 2-way ANOVA with MD and mifepristone treatment as main
Data was analyzed using 2-way ANOVA with MD and mifepristone treatment as main factors. The p-values for the main effects are described in
factors.
The* pp-values
mainnseffects
described in the last three columns: * p < 0.05, ** p < 0.01, ns = not
columns:
< 0.05, for
** pthe
< 0.01,
= not are
significant
significant
Vehicle
Volume (µl)

Mifepristone

MD

Treatment

Interaction

*

ns

ns
ns

No MD

MD

No MD

MD

397.0 ± 20.76

469.7 ± 25.27

417.9 ± 15.70

443.9 ± 22.18

Corpus Callosum

29.8 ± 0.73

30.9 ± 0.82

30.4 ± 0.73

30.0 ± 1.01

ns

ns

Hippocampus

2.63 ± 0.19

4.27 ± 0.54

3.03 ± 0.30

3.56 ± 0.22

**

ns

ns

Amygdala

0.08 ± 0.009

0.20 ± 0.006

0.16 ± 0.007

0.15 ± 0.003

**

ns

***

dmStriatum

3.34 ± 0.16

4.27 ± 0.43

3.29 ± 0.34

4.36 ± 0.63

*

ns

ns

PFC

1.39 ± 0.25

1.72 ± 0.31

1.13 ± 0.15

1.49 ± 0.28

ns

ns

ns

0.52 ± 0.06

0.62 ± 0.05

0.54 ± 0.03

0.58 ± 0.04

ns

ns

ns

Cerebrum

OFC
mPFC

14.4 ± 0.3

13.6 ± 0.2

14.1 ± 0.2

13.1 ± 0.3

**

ns

ns

Insular cortex

1.37 ± 0.07

1.37 ± 0.05

1.33 ± 0.03

1.33 ± 0.08

ns

ns

ns

Table S2.

Absolute volumes of the grey matter fraction in different ROIs based on the anatomical scan. n = 10 per group. Data
represents
± SEM
in μl.ofData
was matter
analyzed
usingin2-way
ANOVA
with MD
mifepristone
mainData represents mean ± SE
Table S2.mean
Absolute
volumes
the grey
fraction
different
ROIs based
on theand
anatomical
scan. treatment
n = 10 per as
group.
Data was
analyzed
using
ANOVA
and mifepristone
as main*factors.
The **
p-values
for the
factors.
The
p-values
for 2-way
the main
effectswith
are MD
described
in the last treatment
three columns:
p < 0.05,
p < 0.01,
ns main
= noteffects are described in the
columns: * p < 0.05, ** p < 0.01, ns = not significant
significant
Vehicle
Volume (µl)
Cerebrum

Mifepristone

No MD

MD

No MD

MD

MD

Treatment

Interaction

1108.9 ± 19.1

1038.5 ± 19.5

1104.7 ± 19.9

1059.3 ± 14.3

**

ns

ns

Corpus Callosum

0.71 ± 0.12

0.44 ± 0.67

0.64 ± 0.11

0.54 ± 0.11

p=0.09

ns

ns

Hippocampus

87.82 ± 1.13

86.97 ± 0.74

88.01 ± 1.18

86.81 ± 1.33

ns

ns

ns

Amygdala

28.96 ± 0.32

28.86 ± 1.02

29.04 ± 1.003

29.29 ± 1.46

ns

ns

ns

dmStriatum

13.02 ± 0.40

12.74 ± 0.52

14.26 ± 0.44

12.23 ± 0.51

ns

ns

ns

PFC

99.67 ± 0.71

97.81 ± 0.40

99.30 ± 1.24

97.30 ± 1.15

ns

ns

ns

OFC

22.18 ± 0.26

21.51 ± 0.13

21.79 ± 0.27

21.57 ± 0.23

p=0.08

ns

ns

mPFC

13.96 ± 0.32

13.33 ± 0.61

13.61 ± 1.05

12.89 ± 1.04

ns

ns

ns

Insular cortex

47.26 ± 0.33

46.91 ± 1.37

47.54 ± 2.39

47.22 ± 1.34

ns

ns

ns
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Table S3.

Relative volumes and ratios of the white and grey matter content of the different ROIs (n = 10 per group) calculated
from the DTI scan. Data represents volume (mean ± SEM). Data was analyzed using 2-way ANOVA with MD and
Table S3. Relative
volumes
ratios Th
of ethe
white and
greymain
matter
content
the different
(n = 10
per group)
mifepristone
treatment
as mainand
factors.
p-values
for the
effects
are of
described
in theROIs
last three
columns:
ns =calculated from the DTI s
represents
volume (mean ± SEM). Data was analyzed using 2-way ANOVA with MD and mifepristone treatment as main factors. The p-value
not
significant
main effects are described in the last three columns: ns = not significant
Vehicle
Rel. volume

Mifepristone

MD

Treatment

Interaction

No MD

MD

No MD

MD

Cerebrum

0.36 ± 0.01

0.34 ± 0.01

0.33 ± 0.01

0.31 ± 0.02

ns

ns

ns

Corpus Callosum

0.95 ± 0.01

0.96 ± 0.01

0.95 ± 0.01

0.94 ± 0.01

ns

ns

ns

Hippocampus

0.33 ± 0.01

0.34 ± 0.01

0.31 ± 0.01

0.32 ± 0.01

ns

ns

ns

Amygdala

0.33 ± 0.04

0.33 ± 0.02

0.30 ± 0.03

0.28 ± 0.04

ns

ns

ns

dmStriatum

0.17 ± 0.01

0.14 ± 0.01

0.15 ± 0.02

0.14 ± 0.02

0.08

ns

ns

PFC

0.18 ± 0.02

0.17 ± 0.01

0.15 ± 0.01

0.14 ± 0.02

ns

ns

ns

OFC

0.23 ± 0.02

0.21 ± 0.02

0.16 ± 0.02

0.18 ± 0.09

ns

ns

ns

mPFC

0.21 ± 0.02

0.21 ± 0.07

0.16 ± 0.02

0.18 ± 0.09

ns

ns

ns

Insular cortex

0.18 ± 0.02

0.18 ± 0.05

0.16 ± 0.06

0.15 ± 0.07

ns

ns

ns

White matter

Cerebrum

0.60 ± 0.03

0.61 ± 0.01

0.59 ± 0.03

0.63 ± 0.023

ns

ns

ns

Corpus Callosum

0.04 ± 0.001

0.04 ± 0.002

0.04 ± 0.005

0.05 ± 0.007

ns

ns

ns

Hippocampus

0.54 ± 0.02

0.51 ± 0.01

0.52 ± 0.03

0.55 ± 0.03

ns

ns

ns

Amygdala

0.64 ± 0.04

0.65 ± 0.02

0.65 ± 0.04

0.69 ± 0.04

ns

ns

ns

dmStriatum

0.85 ± 0.01

0.86 ± 0.01

0.85 ± 0.17

0.86 ± 0.02

ns

ns

ns

PFC

0.81 ± 0.02

0.83 ± 0.03

0.82 ± 0.02

0.85 ± .002

ns

ns

ns

OFC

0.76 ± 0.02

0.78 ± 0.02

0.76 ± 0.02

0.79 ± 0.03

ns

ns

ns

mPFC

0.77 ± 0.03

0.77 ± 0.02

0.81 ± 0.03

0.81 ± 0.10

ns

ns

ns

Insular cortex

0.81 ± 0.02

0.82 ± 0.05

0.82 ± 0.09

0.84 ± 0.07

ns

ns

ns

Cerebrum

1.67 ± 0.14

1.82 ± 0.08

1.86 ± 0.15

1.94 ± 0.17

ns

ns

ns

Corpus Callosum

0.04 ± 0.01

0.04 ± 0.01

0.04 ± 0.01

0.05 ± 0.01

ns

ns

ns

Hippocampus

1.50 ± 0.07

1.50 ± 0.06

1.63 ± 0.07

1.65 ± 0.10

ns

ns

ns

Amygdala

1.93 ± 0.26

2.19 ± 0.29

2.21 ± 0.29

2.64 ± 0.50

ns

ns

ns

dmStriatum

6.91 ± 1.25

6.40 ± 0.36

6.61 ± 0.93

6.89 ± 0.96

ns

ns

ns

PFC

5.77 ± 1.32

5.43 ± 0.50

5.89 ± 0.49

6.37 ± 0.86

ns

ns

ns

Chapter 6

Grey matter

Ratio grey/white

OFC

4.05 ± 0.87

3.91 ± 0.33

3.75 ± 0.27

4.16 ± 0.53

ns

ns

ns

mPFC

4.59 ± 0.91

4.16 ± 0.54

5.53 ± 0.56

5.22 ± 0.85

ns

ns

ns

Insular cortex

4.35 ± 0.58

5.09 ± 0.53

5.45 ± 0.61

5.98 ± 0.82

ns

ns

ns
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General Discussion

1. MAIN FINDINGS OF THE THESIS

Main findings of this thesis:
•	Stress early in life affects neurogenesis in an age and sex-dependent manner (Chapter
2; conclusion partly based on literature search).
• 	Maternal deprivation impairs adult decision making performance in males and alters
dorsomedial striatum’s glutamatergic transmission (Chapter 3).
•	Long term effects of early life stress on hippocampus dependent memory were found
in male rats, together with alterations in the glutamatergic transmission (Chapter 4).
•	Exposure to stress early in life impairs neuroendocrine processes but has less clear
or no effects on adult memory and decision making performance in female rats.
Dentate gyrus structure, cell proliferation and neurogenesis were also not affected in
females (Chapter 4 and 5). This finding fits with the existing literature.
•	Treatment with mifepristone administered during early adolescence was able to rescue the negative effects of maternal deprivation in male rats (Chapters 2, 3 and 4).
•	Maternal deprivation has very modest effects on white and grey matter structural
properties of the entire adult rat brain. The few changes that we observed were not
normalized by mifepristone treatment during adolescence (Chapter 6).
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Moderate acute activation of the body’s stress response system is considered an adaptive
mechanism that increases the chance of survival, but severe stressors early in life may
disturb brain development. In agreement, epidemiological data suggest that adverse
experiences early in life, such as parental neglect, abuse, or maternal depression, are
associated with vulnerability to develop cognitive and emotional disorders later in life.
Numerous studies have shown that early life adverse experiences have a life-long impact
on mental health (Harrison and Baune, 2014). Due to the importance of adversities
to the developing brain, several lines of studies have focused on this and examined
the underlying mechanism. A better understanding of the neurobiological mechanisms
that result from early life adversities may eventually provide a target for preventing the
development of pathologies later in life.
The first objective of the studies presented in this thesis was to examine (in rats) the
immediate and long lasting effects of early life stress on the neuroendocrine responses
and behavior. For this purpose early life adversity was defined as stress that results from
manipulation of the mother-pup relationship. We applied a paradigm based on a single
episode of 24 hours of maternal deprivation in rat pups on postnatal day (PND) 3.
The second objective was to study the differences between males and females. The third
objective was to explore opportunities for pharmacological intervention, targeting the
glucocorticoid receptor (GR), after the severe experience of maternal deprivation.

Chapter 7

Chapter 2 shows that perinatal stress affects hippocampal neurogenesis. Our conclusions
in this chapter were based on both findings from our own experiments and from existing
literature. We report that postnatal stress slightly enhances neurogenesis until the onset
of puberty in male rats; when animals reach adulthood, neurogenesis is reduced as a
consequence of perinatal stress. A different situation applies for female rats where a
prominent reduction in neurogenesis prior to the onset of puberty was observed. But
this effect subsides as the animals reach young adulthood. Thus, the effects of perinatal
stress on neurogenesis appeared to be clearly age and sex dependent. Chapter 2 also
elucidated that early life stress by 24 h maternal deprivation at PND 3 caused a small
reduction in cell proliferation when measured at PND 29. Glucocorticoid receptor
antagonist treatment, during the developmental window of PND 26-28 increased the
cell proliferation in the maternally deprived rats.
Taken together these results suggest that mifepristone, administered during a critical
developmental phase, might be a good candidate for the normalization of altered levels of
neurogenesis caused by early life stress exposure.
In Chapter 3 we investigated the short and long term consequences (behavioral and
neurobiological) of maternal deprivation exposure at PND 3 and the possibility that
treatment with mifepristone between PND 26-28 can ameliorate the effects of early life
stress. Maternal deprivation increased the level of corticosterone when assessed prior to
the start of the mifepristone treatment (PND 26). We also observed an increase of GR
expression in the ventromedial prefrontal cortex (crucial area for the decision making
process). However these effects were not long lasting as confirmed when checked at
PND 29 and 90. Long term consequences of exposure to stressors were seen in a decision
making task. Maternally deprived rats tested during adulthood exhibited learning deficits;
these were prevented by treatment with mifepristone during adolescence. Interestingly,
increased neuronal activation (as measured by cFos expression) was observed in the
dorsomedial striatum of the maternally deprived group following the final session of the
behavioral task. Similarly, spontaneous glutamatergic transmission was increased in the
same area.
In conclusion, our main hypothesis, i.e. that early life stress leads to impairment in adult
reward and decision making processes, was confirmed. Additionally we report that these
detrimental effects can be prevented by transient blockade of GRs during early adolescence,
possibly by targeting glutamatergic transmission in key areas of the reward circuit.
In Chapter 4, we focused on the effects of adverse early life experiences on the
hippocampus in male and female rats. The same protocol (maternal deprivation and
mifepristone administration) as in the previous chapters was applied. Contextual learning
and memory were found to be impaired by maternal deprivation, which was particularly
clear in males. Deficits were fully prevented by the administration of mifepristone. When
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(in males) during mifepristone treatment methylation was enhanced (by hippocampal
microinjection of L- methionine) or decreased (by hippocampal microinjection of
Trichostatin A) the effectiveness of mifepristone was impaired or amplified respectively.
In parallel to the behavioral changes after maternal deprivation, we observed a reduction
in the frequency but no change in other characteristics of miniature postsynaptic
excitatory currents in the adult CA1 hippocampal neurons. The reduction was prevented
by treatment with mifepristone.
In accordance with our hypothesis, transient treatment with mifepristone fully normalized
glutamatergic transmission and contextual memory deficits in rats exposed to early life
adversity, possibly through a process involving demethylation.

In Chapter 6 we studied the structural effects of maternal deprivation in male rats and
the possibilities to intervene by a brief mifepristone treatment, making use of structural
MRI measurements. Somewhat unexpectedly, the structural changes in the maternally
deprived group were confined to a small reduction in the volume of the medial PFC and
a reduction in the ratio of grey: white matter in the hippocampus. These changes were
not normalized in the mifepristone treated groups.
These results suggest that the behavioral phenotype observed after early life adversity in male
rats, and the possibility to intervene with a GR antagonist, is associated with changes at the
functional (and perhaps microstructural) level rather than the macrostructural level.
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To follow up with the investigation of the long term consequences of early life adverse
experiences, we tested in Chapter 5 whether maternal deprivation on PND 3 could
alter cognitive performance and hippocampal structure of adult female rats. Our study
showed that neither general anxiety nor decision making processes or contextual memory
were altered by stress early in life. In line with the behavioral findings hippocampal
dentate gyrus volume and cell density as well as adult proliferation and neurogenesis
rates did not show any alteration. An extensive literature search confirmed that early life
stress affects different behavioral domains in female compared to male rodents, and that
in general the phenotype is stronger in the males.
Thus, data from our and other labs show similar findings: in terms of the effects of early life
stress, females seem to be more resilient than males.

Chapter 7

2. CHOICE AND VALIDITY OF 24H MATERNAL DEPRIVATION AT PND 3
The importance of the experimental design as well the techniques chosen for an experiment
represent a crucial point for its validity. Answering a specific research question implies
a critical choice of the most appropriate animal model to mimic the effects of early
life stress. The choice of the model should always be based on the critical evaluation of
whether a translation of the preclinical animal study to the human situation is possible.
The choice of the model used here to mimic early life will be evaluated regarding : 1) the
developmental period in which the stress is applied 2) the duration of the stress exposure
3) the age of the assessment 4) the choice of the control group. Each of these issues is
discussed in detail below.
2.1. Is postnatal day 3 a good time?
Depending on the age/stage of development in which the rat pup is exposed to
experimental manipulation, it can lead to different neurobiological phenotypes due to
the different phases of brain development. Brain development is indeed characterized by
a regional asynchrony (Giedd et al., 2009); some brain areas are completely developed
at the time of the birth while others continue to develop into early postnatal life and
adolescence. A valid approach is to adjust the time in which the stress is applied with the
development of the area under investigation. For instance, to discern effects of early life
stress on hippocampus dependent behavior may require intervention at an earlier age
than when one is interested in prefrontal function (Lupien et al., 2009).

Figure 1:

The life cycle model of stress. Representation of how the effects of a single or multiple exposure to stressors is different
according on the brain areas developing or declining at the time of the stressful experience. Adapted from
Lupien et al., 2009.
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To assume that stress, when applied during the neonatal period, always leads to
detrimental effects is not an accurate statement. In the study of van Oers and colleagues
(van Oers et al., 1998), the effect of early life stress by maternal deprivation was studied
at two different time windows, PND 3 and PND 12. In both cases, an alteration of the
hypothalamus-pituitary-adrenal axis (HPA) function was observed at PND 20 but with
an opposite outcome; deprivation at the earlier stage led to HPA axis hyperresponsiveness
while hyporesponsivness was assessed when stress occurred at PND 12. In line with the
findings of van Oers and colleagues, different behavioral outcomes were seen by Lehman
and coworkers (Lehmann et al., 1999) when maternal deprivation was applied at PND
4 or 9. While impaired performance in an aversive learning paradigm was observed in
adult offspring subjected to maternal deprivation at PND 4, stress applied at PND 9
improved performance. When the same protocol was applied at PND 18 the effects of
manipulation on learning were minimal. The effects of early versus late manipulation
were also studied by Matsumoto (Matsumoto et al., 2006) who arrived at the same
conclusions. It should be noted, though, that Marco and colleagues in an extensive
review (Marco et al., 2015) reported different findings, stating that maternal deprivation
at PND 9 is the most effective model to mimic early life stress.
Overall, these earlier findings and the observations in this thesis are highly relevant to
(further) support the choice of the early life stress model applied in this thesis. Here,
a GR antagonist was used during early adolescence in order to normalize a possible
hyperfunctioning of the HPA axis. Most of the available data confirm 1) the efficacy
of maternal deprivation when administered during the stress hyporesponsive period
(SHRP) and 2) that the choice of PND 3 is an optimal time point when aiming for
HPA-axis hyperactivity and behavioral deficits.
2.2. Are 24 hours a good length?
The duration of the stress exposure is also an essential parameter to consider when
choosing the appropriate early life stress protocol. It must be strong enough to obtain
clear neuroendocrine responses. It has been shown that disinhibition of the axis during
the stress hyporesponsive period is a process characterized by a slow onset that take place
after a long period of maternal separation (around 8–24 hs) (Levine et al., 1991). The
characteristics of duration and frequency of stress can lead to different outcome when
applied in different rodent species (rats or mice) or even in different strains (Savignac et
al., 2011; Daskalakis et al., 2014; Enthoven et al., 2008).
The choice of using the severe 24 hours maternal deprivation protocol at PND 3 in
rats was based on previous studies in which the effects of stress were clearly discerned.
For instance 24 hours maternal deprivation was severe enough to evoke an increased
corticosterone secretion in pups at PND 4 -during the hyporesponsive period- (Oomen
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et al., 2009). This is particularly relevant for our research question; especially since we
here aimed to dampen the effects of altered HPA axis using a GR antagonist. Of course,
at the start of my experiments is was not quite clear how neuroendocrine changes
develop over time, particularly during early adolescence, the period we had designated
for pharmacological intervention. Interestingly, the findings reported in Chapter 3 and
4 where corticosterone levels were assessed in males and females at PND 26 confirm
that changes in basal corticosterone level persist beyond PND 4. The duration of
maternal deprivation used in our protocol was also severe enough to lead to a reduction
of the bodyweight in the offspring, reduction of cell proliferation and impairment in
several behavioral outcomes (Chapter 2, 3 and 4). This is in line with findings reported
by Oomen and colleagues (Oomen et al., 2009, 2010, 2011). The outcome of the
experiments therefore confirm that the duration of the deprivation was sufficiently long
to lastingly change neuroendocrine and behavioral characteristics. We cannot exclude,
though, that a shorter duration might have been sufficient too in this respect.
2.3. Age of the assessment
The different effects of maternal deprivation may depend on the age of the assessment
(Workel et al., 2001). In Chapter 2 we found that maternal deprivation (at PND 3)
induced in female rats a reduction of DCX-positive cells when assessed at PND 29, but
this was only close to being significant, while using the same paradigm resulted in a
robust reduction when assessed at PND 21 (Oomen et al., 2009). The effect of early life
stress on neurogenesis in female rats also seemed to be strictly correlated with the age;
the bigger the delay between early life stress and assessment, the smaller the likelihood to
see an effect. This matches with our results in Chapter 5 where neurogenesis was studied
during adulthood and no effects of maternal deprivation were found. Comparing studies
in the literature is complex, though, because the experimental circumstances are usually
not exactly the same. For instance, in the study conducted by Oomen and colleagues
two additional manipulations were performed after maternal deprivation compared to
our design. Thus, in the study by Oomen the pups where weighted at PND 4 and
injected with Bromodeoxyuridine (BrdU). The weighing of the animals is only a mild
procedure (but repeated weighing impairs body weight gain in adult mice, which might
reflect stress; Kanatsou et al., unpublished observation), but the subcutaneous injection
of BrdU is quite invasive and is considered to be a stressful event (Bowers et al., 2010).
Regarding the age-dependent effects of neurogenesis on males we found that most of the
existing literature report an opposite effect compared to females: stress early in life has
a tendency to increase neurogenesis prior to puberty while later in life it is suppressed.
The reverse is true in females. Dependent on the age are also the effects of maternal
deprivation on corticosterone basal levels. In Chapter 3 for the males we found differences
222

General Discussion

on corticosterone levels only at 1 (PND 26) of the 3 time points analyzed (PND 26, 29,
90); while in Chapter 4, females showed increased corticosterone levels until PND 29.
This is in accordance with several studies in which increased basal corticosterone levels
were observed in young (Workel et al., 2001; Kuhn et al., 1990) but not in older rats
(Lehmann et al., 2002; Penke et al., 2001; Workel et al., 1997), although as Lehmann
reviewed, the results do not always lead to a unanimous conclusion (Lehmann, 2000).
In summary, these findings indicate that when studying the effects of stress on specific
mechanisms/circuits the investigation at different time points is essential.

While using a protocol to mimic stress, the choice of the control group assumes an
important role. In fact, the first question prior to starting of an experiment must be:
what is the most appropriate control group? Several types of control groups have been
used in various early life stress paradigms: some include undisturbed litters, some studies
use neonatal handling (15 min per day) as a control (Frankola et al., 2010) while others
employ a brief maternal deprivation procedure (Eklund and Arbolerius, 2006). Even if
the choice of the appropriate control treatment depends on the hypothesis tested (Macri
and Wurbel, 2006), this use of different control treatment may lead to considerable
confusion while comparing the results of different studies.
In the experiments conducted in this thesis we used a control group that shares several
aspects with the so called ‘undisturbed control group’, however the use of this control
group has been subject to criticism. For instance, according to Pryce and Feldon (Pryce
and Feldon, 2003) the completely undisturbed group does not represent a healthy
group to compare the postnatally manipulated rats. The authors argue that pups need
an environment that challenges them and the undisturbed situation makes them prone
to develop behavioral abnormalities (e.g. disrupted latent inhibition). The authors thus
view the undisturbed control group as an additional treatment group. Instead, they
suggest the ideal control group would be an “animal facility reared group” where the
element of disturbance is the weekly cleaning of the cages. In turn, Levine argued that
this represents an uncontrollable variable since every laboratory may adopt different
cleaning regimens (Levine, 2002).
Analyzing the choice of the control group used in this thesis, we can argue that our
maternally non-deprived pups were not “completely undisturbed” as they underwent
two different manipulations. First, they were culled at PND 3; this is an unavoidable
procedure due to the fact that litters with an unbalanced gender ratio may give
inconclusive results. This is due to a natural preference that the dams show toward the
male pups (Moore and Morelli, 1979; Richmond and Sachs, 1984; van Hasselt, 2012).
Obviously not only the gender but also the number of pups in each litter needs to be
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comparable across the various treatment conditions, in order to ensure that the pups
receive adequate nutrition (Vazquez et al., 2003) and in order to reduce the variation
across the litters.
Second, in our protocol litters were also disturbed twice before weaning, due to the
necessary cleaning of the cage, in which the sawdust was partially removed (some of the
bedding material was left in place, to avoid exposure to an entirely new environment).
This was done by the investigator involved in the experiment –in order to avoid stressors.
Furthermore at the time of the cleaning, pups were always separated from the mother
for around one minute.
A criticism on our control group may be the allocation of pups to different dams
when a significant misbalance in the litters was assessed. This may be considered as
a stress for the animals as even short manipulations during the critical developmental
window has an impact on the brain development which in turn can influence behavior
(Lehmann, 2000). It is important to know that the effects of adoption appeared to be
time-dependent in a study conducted by Barbazanges and colleagues (Barbazanges et
al., 1996) where rats were adopted either at PND 1, 5 or 12. The earliest time point
was shown to have long-lasting positive influences on the offspring, probably due to the
fact that dams demonstrated decreased latency and increased total time licking the pups
(also shown by Maccari et at., 1995). Noteworthy, both the other time points (PND 5,
12) induced opposite long term effects: prolonged corticosterone secretion after novelty
and impairment in the cognitive function (and memory function at the latest time
point) (Barbazanges et al., 1996). In our study pups were always adopted at PND 3 (a
time point in-between beneficial vs no beneficial effects of adoption). When pups were
assigned to another mother we monitored the litter carefully. The pups were checked
twice per day for signs of neglect by the dam. In our study we never observed that.
Therefore, although the choice of our control group should be considered with care, we
have no indications that the points of criticism raised by others in the literature apply
to the present situation.
2.5. Pros and cos on the translation of this model: Is it a relevant model for
humans?
Since a direct examination of the effects of early life stress is not often feasible in
humans, the use of a rodent maternal deprivation model that mimics such an event is
often employed. With necessary caution maternal deprivation allows not only to model
specific symptoms of human pathologies, but also provides new insights on mechanisms
underlying stress-related behavioral abnormalities.
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Although the 24 hours maternal deprivation is a good model to mimic early life stress,
it also presents some limitations. In the following section I discuss some strengths and
weaknesses of this model.
-	As demonstrated by a plethora of animal studies, maternal deprivation provides the
direct and causal evidence that stressful experience early in life leads to neuronal
changes that often result in unhealthy outcomes (Costantinof et al., 2015).
Converging evidences – supporting this model- come from human studies in which
a tight association between children with an history of severe stressors early in life
and various form of unhealthy outcome, e.g. psychiatric disorders and cognitive
deficit was found (Edwards et al., 2003; Heim and Binder, 2012; Anda et al., 2007).

-	Despite the clear evidence that rodents and humans show comparable behavioral
outcomes following stressors early in life, other perspectives also exist. Some authors
criticize the use of the maternal deprivation model to mimic the human situation
arguing that the human psychological condition cannot be modeled in non-humans.
Therefore, they do not consider the use of an animal model as a valid contribution
to study the effects of early life stress. On the one hand I do agree that psychiatric
diseases are nearly impossible to be translated into the rodent sphere, e.g. regarding
some symptoms of major depression or feelings of guilt or suicidal inclinations. This is
definitely a limitation of this model. But on the other hand the translation of anhedonia
(that is the core symptom in depression) or for instance anxiety and cognitive deficits
well represent some of the symptoms typically seen in depression. Therefore, if it is not
possible to mimic the whole disease, we can model some symptoms of it. Despite the
fact that the outcome of maternal deprivation will never entirely mimic the human
pathology it still provides highly valuable information on the underlying mechanisms
that lead to symptoms that characterize the psychopathologies from which childhood
are affected after early life stress. Animal models studying the psychobiological
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-	Another positive aspect of this model is the ability to mimic the human condition.
We here not only mimic the stress induced behavioral outcome, but also study the
stress-induced neurobiological alteration underlying these behaviors. In this thesis,
the choice of using the maternal deprivation paradigm depended on the severe effects
on the HPA axis and more in detail, on its capability to interfere with the stress
hyporesponsive period. Both in rodents and humans this period is thought to protect
the developing brain from the detrimental effects of elevated HPA-axis activity and
excess of glucocorticoid exposure. Stress early in life in rodents as well as in humans
alters HPA axis responsiveness. The occurrence of the stress hyporesponsive period
both in humans (Gunnar and Donzella, 2002) and in rats (Sapolsky and Meaney,
1986) provides a high translational value.
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aspect of psychiatric diseases may therefore still be relevant for the discovery of new
pharmacological interventions (Willner, 1990; Fuchs and Flugge, 2006).
-	Another limitation may be the difference in the timing of the human and rodent
neurobiological maturation. In human the last trimester of pregnancy is characterized
by a rapid brain development and the baby at time of the birth is considered
“relatively” mature (Dobbing, 1974; Giedd et al., 1996; Tau and Peterson, 2010). This
however is not applicable to rodents where pups are born with relatively immature
brains and where the maximal maturation phase occurs only in the early postnatal
period. For the whole brain in general, but especially for the brain areas involved
in the regulation of stress and emotion, the sequence of maturation is comparable
across different species but the rate differs across development (Lupien et al., 2009;
Brydges, 2016). The difference between humans and rodents does not represent per
se a limitation to the use of the model of maternal deprivation, but it makes the
translation quite challenging. While making attempts to answer research questions
based on specific brain areas development, researchers must critically consider the
differences (development/time) in vulnerability between animals and humans (Rice
and Barone, 2000). In this thesis we chose to use maternal deprivation at the specific
time point of PND 3 in order to severely impact the dentate gyrus development at
the beginning of the stress hyporesponsive period. It is indeed around PND 3 when
the migration of the inner two-third of the granular cell layer occurs (Altman and
Bayer, 1990). The hippocampus was one of the main targets of the experiments
presented in this thesis (see Chapter 2 for neurogenesis; Chapters 4 and 5 for
memory function; Chapters 5 and 6 for hippocampal structure) and based on the
interesting findings obtained in our group using the same model (Oomen et al.,
2009, 2010, 2011), we decided to continue to target this phase of hippocampal
development. In human as well, early life stress (but in this case prenatal) is known to
interfere with the hippocampal development possibly through an increase of CRH
in the placenta that subsequently penetrates the brain blood barrier of the fetus
(Huang, 2014). Maternal deprivation at PND 3 may also interfere with the striatum
development; according to Fishell and Kooy, between PND 3 and PND 7 there is
an increase of at least 50% of the striatonigral projections, indicating the sensitivity
of this period (Fishell and Kooy, 1987) (see Chapters 3 and 5 for striatum related
studies).
-	Maternal deprivation allows us to perform controlled environmental manipulations
throughout different developmental periods. It enables prospective longitudinal
studies based on a known life history of the animal. In maternally deprived pups it is
possible to study neuroanatomical changes and changes in specific neuronal circuits
and mediators that might contribute to the effects of early life adverse experience
(Korosi et al., 2012). For ethical reasons such investigations are not very well possible
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in humans, although pm material can be used to some extent.
-	It has been argued that 24 hours maternal deprivation induces more than alterations
in the pups’ psychological sphere, since it also causes a severe nutritional deprivation;
the lack of physical stimulation also leads to the inhibition of growth-related hormones
(reviewed by Maniam et al., 2014). Although, I agree with some authors who believe
that maternal deprivation should be considered not only as a one-factor experience
(therefore not only psychological) but represents a combination of multiple stressors
of different nature (Marco et al., 2015), this still has translational potential. Thus, in
the human sphere a stressful domestic situation often not only results in an unhealthy
psychological outcome; as reviewed by McEwen the outcome manifests itself for
instance in psychological disturbances, cardiovascular abnormalities (e.g. increases
of body pressure) and gain in the body weight (McEwen, 2008; Evans et al., 2005;
Danese and Tan, 2014).
2.6. Considerations for future experiments

-	In order to have a more reliable control group, the control litters and the maternally
deprived litters should be housed, until the time of the weaning, in two different but
adjacent colony rooms. In our experiments, mothers separated from the pups, during the
24 hours of maternal deprivation, were housed in the same room with the control litters.
Ultrasonic vocalization of the dam without the pups and vocalization after the reunion
could also have an effect on the control group. An improved approach could also include
measuring the corticosterone levels of the control mothers to check whether they are stressed
(or not) due to this exposure.
-	Maternal deprivation has provided a vast and valuable amount of data concerning
the effects of disruption of mother-pups interaction (Cirulli et al., 2003,) but in some
experiments reported in this thesis, the differences between the control and stress groups
were only marginal. For some aspects, I think that our protocol was mild and in order to
obtain a more severe protocol I would suggest to intervene in the postnatal period with
a combination of two stress paradigms. For example, animals could be first subjected
to 24 hours of maternal deprivation at PND 3 and they could subsequently between
PND 4 to PND 10 be subjected to limited bedding and nesting material. Exposing
the animals to a stringent stress paradigm, I expect that not only the effects on the stress
response would be more powerful but also that this kind of manipulation would have a
higher translational value. What infants often experience is not a single stressful event but
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rather a series of chronic disadvantageous situations. Maternal deprivation at PND 3
would strongly activate the HPA axis during the stress hyporesponsive period and interfere
with (e.g.) hippocampal development; subsequently, the chronic stress paradigm would
mimic a situation comparable to stressful situations where children are exposed to during
development, such as extreme poverty, war, growing up with drug abusing mothers or
exposure to a severely unhappy family context.
-	A neuroendocrine parameter that was not assessed in this thesis after early life stress is the
growth hormone level. It was shown that already four hours of maternal separation cause
a strong decrease in its secretion (Pauk et al., 1986). Since growth hormone is secreted in
response to physical stimulation by the mother, rather than its presence in the maternal
milk (Kuhn and Schanber, 1998), it would be interesting 1) to study whether 24 hours
maternal deprivation alters the physiology of its secretion; 2) whether a sex difference exists
at the level of this hormone at different time points (considering the findings supporting
more care towards the male pups); and 3) it would be especially interesting to study how
its levels can correlate with the others neuroendocrine and behavioral parameters studied
in this thesis.
-	Studies show that the dam spends more time grooming/nurturing the male pups compared
to the female pups. Studies also show that the time spent in nurturing could have an
impact on the behavior of the adult/brain development of the pups. Therefore something
that was not specifically addressed in this thesis but that would aid the interpretation
of the current results, would be to investigate the gender specific impact of within-litter
differences in maternal care for the offspring and if that would influence behavioral
outcomes.
- R
 elated to the results of my experiment in Chapter 3, it would be appealing to see if the
impairment in the reward-based decision making task observed in our maternally deprived
animals is linked to altered dopamine levels. And if so, would mifepristone reverse these
anomalies? Several studies have indeed shown an alteration of the dopaminergic system
following disrupted mother-pup interaction (Rentesi et al., 2013).
-	Another important question not answered in this thesis is whether individual isolation
of the pups for 24 hours would lead to more pronounced behavioral effects? And in this
respect: what would be the effect of mifepristone treatment during adolescence?

228

General Discussion

3. INTERVENTIONAL STRATEGIES

Our hypothesis was based on evidence that indicates a link between early life adversities
and alterations of the HPA axis (see introduction, chapter 1 section 2.2.). We chose
to investigate whether an alteration of the HPA axis due to early life stress could
be prevented or normalized by targeting the GR through administration of a GR
antagonist, mifepristone. Chapter 4 showed that adolescent male and female rats (PND
26) subjected to maternal deprivation, had indeed higher levels of corticosterone. We
aimed to demonstrate that targeting the dysfunction of the HPA axis might represent a
possibility for pharmacological intervention. Chapters 2, 3 and 4 showed the beneficial
effects of this treatment in animals that earlier had experienced maternal deprivation.
To our knowledge, this is the first time that mifepristone is given to rats during early
adolescence after an episode of maternal deprivation. The effectiveness of this protocol
was recently reproduced by showing the beneficial effects of mifepristone administered
to adolescent mice who had earlier been subjected to chronic early life stress and in
adulthood were tested in the fear conditioning task in adulthood (Arp et al., submitted).
From the experiments in my thesis it appeared that blockade of GR activation during
a critical developmental period may prevent the precipitation of cognitive impairments
later in life, as shown in Chapter 3 and 4. Moreover, alterations of glutamatergic
transmission both in hippocampus and striatum seen in animals after maternal
deprivation were successfully prevented or normalized by GR antagonism during
adolescence. The mild structural changes after maternal deprivation that we report
in Chapter 6, using a whole brain MRI approach, were not affected by mifepristone
treatment during adolescence. Contrary to our expectations, early life stress did not alter
GR expression in the hippocampus or in the striatum when checked at 3 different time
points: immediately before and after mifepristone administration and during adulthood.
However in Chapter 3 an increase in the GR protein level was demonstrated in the
prefrontal cortex in maternally deprived rats just prior the mifepristone injections.
Despite the efficacy of mifepristone in ameliorating the behavioral and cellular changes
induced by maternal deprivation, the mechanisms underlying its success still remain
unknown. One hypothesis could be that its GR antagonist property restores the possible
imbalance between GR and MR caused by early life stress. It is known from several
studies that an imbalance in MR:GR mediated actions may be a risk factor, at least in
predisposed individuals, for developing stress related psychiatric disorders (de Kloet et
al., 2007). Enhanced MR functionality is often considered to be beneficial but at the
same time a moderate GR activation is needed to achieve the best outcome (e.g. optimal
cognitive performance) (Brinks et al., 2007; Harris et al., 2013). Thus, both receptors
need to be expressed in equilibrium in order to have an optimal control of the stress
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response (see Introduction chapter 1 section 1.4). Mifepristone may shift the MR:GR
ratio towards more MR activation. This means that the beneficial effect of this drug
may result: i) from the increased MR activation rather than GR blockade and/or ii) the
restored MR:GR balance. Nevertheless, these statements are fairly hypothetical and the
mechanism underlying the effects of mifepristone definitely needs further investigation
before we can come to a straightforward conclusion.
What also still remains an open question is how mifepristone reverts the alteration of
glutamatergic synaptic transmission seen after maternal deprivation (as reported in
Chapters 3 and 4). Based on our results, we can assume that glutamatergic synaptic
transmission is sensitive to this kind of intervention; it is known that stress and
glucocorticoids affect glutamate transmission (Popoli et al., 2012), and mifepristone
may prevent the excessive activation of GR receptors, thereby normalizing the synaptic
function (probably through normalization of the cellular response) This is a first attempt
that needs follow up studies.
A final issue is the mechanism by which mifepristone prevents or reverses the effects of
early life stress on the brain. Given the short duration of the intervention and the lasting
effects –into adulthood- it seem likely that this involves epigenetic (re)programming,
very similar to what has been described for the lasting effects of early life stress itself (Szyf,
2009). This clearly requires thorough investigation. In Chapter 4 we made an attempt
to get insight in the involvement of epigenetic pathways –in particular methylation- for
the effectiveness of mifepristone. While the results were encouraging, they are far from
conclusive and will need extensive follow-up.
3.2. Why at postnatal 26-28 and why for 3 days?
When adverse experiences occur in a controlled environment, as in the case of animal
experiments, it is easy to intervene with treatment because the extent of the stressful
event is predictable and both the duration and moment of intervention can be precisely
defined. In contrast, in humans stressful events often happen in a family context where
most of the cases are under-reported and therefore not treated. The possibility to
successfully intervene at a later stage opens a window for ameliorating the effects of
stress in children exposed to traumatic situations earlier in life.
But what is the right moment for intervention? The choice of the time window in our
study was based on the fact that the prepubertal phase is a sensitive period for HPA axis
manipulations (Romeo, 2010; Vazquez, 1998). Intervention during adolescence were
found to have important consequences for the development of the brain and the response
to stress later in life (Jacobson-Pick and Richter-Levin, 2010; Tsoory and Richter-Levin,
2006). Therefore, with a pharmacological intervention during this time window we
aimed to potentially reprogram the HPA axis activity. Tzanoulinou and colleagues
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demonstrated that activation of the stress system during the pubertal period evokes long
lasting changes in the limbic system (Tzanoulinou et al., 2014). Another confirmation
of the suitability of this time window comes from the neuroendocrine results reported in
this thesis (Chapter 3). Here, compared to adulthood, several parameters (bodyweight,
corticosterone levels, GR expression) were found to be altered predominantly at PND
26, which therefore present the latest potential window for intervention. We deliberately
did not choose an earlier time point, to increase the translational value of the design. In
humans, intervention generally also occurs after stressful events have taken place, rather
than prior to or during the events.
Concerning the duration of the treatment we based our studies on previous findings
where mifepristone was successfully administered for 1 (Aisa et al., 2008; Hu et al.,
2012) or 4 (Oomen et al., 2007) days. At the time we started our experiments, we
considered a single-day treatment to be too risky and therefore settled for a ‘safer’ 3
days’ option. Unpublished data from Arp and colleagues further demonstrated that the
same duration of treatment (3 days) in mice but from PND 28 to PND 30 was also
effective in improving behavioral performance after early life adversity, in this case in a
fear conditioning task. Clearly, more experiments are necessary to determine the most
effective moment and duration of intervention.

Another interesting possibility, not addressed in this thesis, is the reversal of the
detrimental effects of early life stress through a non-pharmacological intervention.
At present some groups focus on this type of treatment that uses e.g. environmental
enrichment. Environmental enrichment is characterized by: i) structural modifications
of the housing (e.g. increased floor space, running wheels, plastic tunnel, ramps) or ii)
social housing (housing the animals in bigger groups) (Simpson et al., 2011). Francis
and colleagues showed that maternally deprived rats (separated from PND 1 to PND
14) when later housed in an enriched environment did not show any alterations on
hippocampal GR and CRF expression, which usually accompany early life stress
exposure (Francis et al., 2002). In humans was also shown that enriched environment,
in terms of physical activity, leads to enhanced neuroplasticity, increased hippocampal
volume and enhanced cognitive function when compared to sedentary people (Erickson
et al., 2011)
Enriched environment is a manipulation that increases the level of neurogenesis, as
discovered by Kempermann (Kempermann et al., 1997). In the chronic early stress
paradigm invented by Baram it was shown that cognitive deficits and depressive like
behavior could be reverted by environmental enrichment (Cui et al., 2006). Similarly,
detrimental effects of prenatal stress exposure were rescued when rats were housed during
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adolescence in an enriched environment instead of standard housing condition (Laviola
et al., 2004; see also Huang et al., 2010). Interestingly, the prenatal background is an
important variable for the effects of environmental enrichment since it is able to have
beneficial effects, in terms of enhanced play behavior, only in animals that experienced
prenatal stress, as shown by Morley-Fletcher and colleagues (Morley-Fletcher and
colleagues, 2003). The same occurs in the human situation, in which programs that
help children with difficulties or support from a family member are more effective
in (a particular subpopulation of ) individuals with a background of early life stress
adversities. In a relatively recent review by Cirulli it appears that social enrichment leads
to reduced vulnerability to develop psychopathologies, more adaptive coping styles and
better development of the central nervous system (Cirulli et al., 2010). It has been
suggested that not only enrichment of the offspring’s environment but also an enriched
environment during the gestational period appeared to have beneficial effects on the
offspring (Maruoka et al., 2008) and this may lead to improved mother-pup interaction
or even changes in the development of the fetus’ HPA axis, although the results on the
efficacy of environmental enrichment to ameliorate early life stress effects are sometimes
controversial (Rosenfeld and Weller, 2012).
While environmental enrichment seems to attenuate the alterations caused by previous
stressors, the mechanism by which exposure to positive stimuli has beneficial effects on
behavior, brain morphology and physiology of the HPA axis is still poorly understood.
A few studies that focused on understanding the underlying mechanism have been
carried out. For instance, Daniels and colleagues found that exercise during adolescence
may restore the alterations induced of several proteins by maternal deprivation. Some
of these proteins were involved in neuronal structure, signaling and neurotransmission.
The same study also reported the protecting effects of exercise on neuron cell death
previously increased by repeated episodes of maternal separation (Daniels et al., 2011).
Since the brain undergoes throughout life a continued plasticity process, for those
individuals who suffer from the effects of early life stress experience, environmental
enrichment (when needed in combination with pharmacological interventions) could
represent a new treatment option. Environmental enrichment effects could share some
of the circuits altered by early life stress exposure and therefore enhance the plasticity
of these circuits, thereby attenuating the effects of maternal separation. Of course
animal data cannot be directly compared with the human situation but studies in this
direction may provide a better understanding of the environmental factors involved in
the mechanisms crucial for rescuing the negative effects of a severe event like maternal
deprivation.
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3.4. Considerations for future experiments
-	Given the importance of the MR:GR balance, investigation of the level of MR protein
expression should be carried out, something that (for technical issues) was not addressed in
this thesis but would aid the interpretation of the current results.
-	Investigate whether increasing the activation of MRs in the maternally deprived rats - at
the same time window in which mifepristone was administered (PND 26-28)- could
have comparable effects in ameliorating the effects of early life stress seen following the GR
antagonist treatment.

-	In light of the interesting results obtained in studies where non- pharmacological treatment
(enriched environment) rescued the effects of previous stressful experiences, it would be
interesting to study if this type of intervention in rats undergoing the 24 hours maternal
deprivation paradigm would result in beneficial effects. If so, it would be interesting to
see if the effect is brain-region specific. Additionally it would be relevant to include a
group in which the enriched environment intervention is combined with mifepristone
administration to look for additive effects, particularly in cases when the pharmacological
intervention per se is not able to rescue the phenotype (e.g. in global brain structure).
-	An interesting question, still unanswered, is the potentially beneficial effect of mifepristone
treatment in the offspring of the second generation.
-	Many studies in recent years found a close connection between early life stress and
epigenetic modification (see Chapter 1 section 4.1) and some of them tested the possibility
of reversing epigenetic programming with pharmacology (Weaver et al., 2004). The
mechanism by which a brief treatment with mifepristone can revert the effects of maternal
deprivation is not investigated (except for a first attempt in Chapter 4) in this thesis.
Because of its successful action future studies should focus the attention on understanding
if mifepristone leads to its beneficial effects through a mechanism involving the epigenetic
pathway.
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-	Due to the sensitivity of the adolescent period, both in rats and in humans, it would be
interesting to treat animals (subjected to early life stress) with mifepristone at different
time points and for variable duration, to determine the critical borders of treatment
efficacy. For instance, PND 21 would be an interesting moment for treatment, since this
time point not only represents the earliest onset of adolescence, but it is a stressful moment
for the rats because at that time they are permanently separated from the mother (weaning
time).
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4. SEX DIFFERENCES
4.1 Does sex matter?
An important issue I want to address, that is also studied in Chapters 2 and 5, is
the existence of a sex-dependent vulnerability to stress early in life. Research into sex
differences is mandatory to fully understand brain disorders with sex differences in their
incidence. Until now, most of the research focusing on the effects of adverse early life
experiences has predominantly been done in male rodents. Given the prevalence of
some psychiatric diseases in the female (human) population, a more detailed study of
the effects of early life stress in females is a necessary next step. As many impairments
associated with postnatal manipulations showed a sex-dependency in incidence (as
reported in Chapter 5), studying the mechanisms underlying sex-specific vulnerability
can be an opportunity to discover novel therapeutic solutions.
A logical question is: if the implication of sex differences in specific diseases is so relevant,
why are studies looking into psychiatric disorders predominant in the female population
(like depression) then primarily conducted in male rodents? What is the reason for the
underrepresentation of female models for various diseases? The answer is, sadly, related
to practical/technical reasons. Studies in males are less costly, lower number of animals
are necessary due to the low within-subject variability compared to cycling females
(Gray et al., 2015). For example, levels of corticosterone or ACTH are known to be
different across the estrous cycle, indicating that in stress research this is a variable that
must be taken into account when analyzing the results for females (Figueiredo et al.,
2002). This factor can be controlled for by carrying out the experiment during various
phases of the estrous cycle; but of course it requires a larger sample size and researchers
often prefer to go for the an ‘easier solution’ by choosing only males. We went for a
compromise by including the cycle stage as a co-variable into the statistical analysis.
The importance of taking sex as a factor into the design is underlined by our present
findings. Neurogenesis is an example where the effects of early life stress are opposite
in males and females. This topic has been extensively reviewed in Chapter 2. Here
we show that early life stress in males increases neurogenesis during a short period of
the adolescence phase, while in females it leads to a suppression. In both sexes these
alterations do not last until adulthood. Similar findings were also reported by Oomen
and colleagues (Oomen et al., 2010).These results have a high translational value when
considering that human adolescent females are more vulnerable to develop psychiatric
diseases (such as depression) than males (Knopf et al., 2012). Thus, interfering with
stressors can be critical during an important developmental time window. Not only for
neurogenesis but also for several behavioral domains early life stress leads to a different
outcome in males and females rodents. This was the topic of Chapter 5, in which we,
aware of the relative lack of studies on the effects of early life stress in females, studied the
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effect of maternal deprivation on several parameters (e.g. memory and decision making
function, hippocampal structure, neurogenesis). Surprisingly, none of these parameters
were altered in the adult maternally deprived females. These results were in line with
the studies of the extensive literature review presented in the same chapter. Two third of
the experiments conducted in female rodents did not lead to any significant change in
behavior after the early life stress episodes. It is definitely clear that the effects of early
life stress and the vulnerability to develop long lasting behavioral alterations is gender
specific but the underlying mechanism remains unknown.
4.2 What could be the explanation of the sex-dependent differences?
Below I summarize some explanations:

-	Steroid hormones can have an important impact on the brain under development,
in particular for its differentiation (Wilson and Davies, 2007). The cell fate depends
on the hormonal environment and it leads to different outcomes dependent on the
gender (McEwen, 1983). This hormonal environment is also able to influence the
neuronal function; the capability of influencing neuronal function may be responsible
for the onset of diseases (differently in males or females). Sexual organization in the
brain takes place during gestational period and during the early postnatal period.
This means that when maternal deprivation occurs, the brain in females and males
already respond in a sex dependent manner (McCarthy, 2008; McCarthy et al.,
2008).The increased corticosterone level due to disrupting the stress hyporesponsive
period may thus interact with the sex hormones, responsible for the neural circuit’s
organization (Goy and McEwen, 1980; Patchev et al., 1999).
-	
Depending on the type of the stressors, the effects on the brain can be different in
males or females. For instance after sexual abuse only girls show a reduction in the
volume of the corpus callosum while this reduction in males is reported after neglect
(Teicher et al., 2003, 2004).
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-	Since developmental trajectories differ in males and females, early life stress -when
occurring at the same time point- could lead to different sex-specific outcomes. If
the pattern of brain maturation is different, this could explain for instance why males
are more vulnerable than females to develop disorders that can be triggered during
the prenatal period, such as autism and schizophrenia (Khashan et al., 2008; Kent et
al., 2011). It is known that, gender specific differences occur predominantly in brain
regions where sex steroid receptors are densely expressed (e.g. amygdala) (Lenroot
and Giedd, 2010).
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-	Another observation may be that female rodents are more resilient than males for
several effects caused by early life stress or that the effects in females are not long
lasting as in the males.
4.3 How does this relate to the human situation where psychopathologies
are more prevalent in females?
Compared to males, females are more susceptible to develop depression (f:m 2:1)
(Weissman and Klerman, 1977; Harlow eta al., 2004). Similar trends are seen in anxiety
disorders (Cameron and Hill, 1989). However studies in rodents did not lead to the
same conclusion. The studies conducted in the current thesis, but also other studies,
show that males are more prone to develop behavioral anomalies following early life
stress. Therefore the question arises whether the incidence of depression and anxiety
disorders is really sex-dependent or that the difference may be less pronounced than
thought?
Arguments in favor of the latter –caused by over-estimation of sex-dependency in
humans- are that females are more conscious of the possibility to develop psychological
problems than males. It could also be possible that compared to males, females seek
help at an early stage of the problem (Kessler et al., 1981). A factor much ignored is
the predefined roles of males and the females in the society; meaning that males talking
about feelings of helplessness or sadness is still a taboo in our society. Females in general
have a more open attitude concerning mental health and this may explain why more
drug prescriptions are given to females than to males.
Misdiagnosis can also be the cause of a higher ratio f:m as certain somatic diseases
occurring predominantly in females (hypothyroidism, lupus erythematosus) share
several symptoms with depression.
However, there may also be under-estimation of sex-dependency in rodents. In order
to avoid several issues, most of the research is performed in males. The use of females
in experiments is limited due to the fact that it requires a large sample size owing to
the greater intra-individual variations. It is also good to note that animal models for
depression are able to reproduce very few symptoms of the disease (anhedonia or despair)
and this gives a very limited explanatory power when compared to the complexity of
the human mind. This could explain why the rodent model does not show the high
incidence of depressive like behavior as seen in humans. Finally, the possibility exists
that neuronal circuits involved in the different behavioral domains are not identical in
rodents and humans (Semple et al., 2013), so that early life stress in rodents, for certain
domains, may not adequately mimic the human condition.
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4.4 Consideration for future experiments
The prevalence of mental disorders in the general population is relatively high and a
considerable percentage of people with mental disorders (30-40%) often do not respond
appropriately to pharmacological interventions (Slattery and Cryran, 2014). Ignoring
the significant bias of gender in the onset of specific mental pathologies potentially delays
the progress and the possibility to develop more efficacious treatments. For instance, a big
limitation of the current research on depression conducted mostly on male rodents could be
the applicability on females. Therefore, while planning future studies it is relevant to consider
that any model for any disorder should optimally mimic the human situation using both
males and females; especially since the underlying male and female physiologies are different
and are thus important variables.

From gestational day 18 until PND 10 the rat brain is still under the process of sexual
dimorphic development (Arnold and Gorski, 1984; Breedlove and Hamson, 2002). The
study of alterations in this critical developmental window may improve our understanding
of the different effects of early life stress in males and females. For instance, manipulating
exposure to testosterone before or immediately after birth; or as Becker suggested, study in
depth the role of estradiol in the disruption of the masculinization process that may contribute
to the sex bias observed in several neurodevelopmental disorders (Becker et al., 2005).
Finally, future studies should also consider the higher care and attention of the rat mother for
the male compare to female pups. It is often reported that females receive less stimulation from
the dam, this could make them less vulnerable for the effects of prolonged maternal absence
(Frankola et al., 2010). Evaluating maternal care at the single pup level may address this
issue.
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Gender differences found in the response to early life stressors were already seen in rats as early
as the prepubescent phase (before PND 36). This finding highlights the importance of the
early maternal environment (Frankola et al., 2010). With the knowledge that early life stress
interferes with brain development it is crucial that sex x stress interaction is studied in future
experiments, mainly in the early postnatal period.

Finally, future studies should also consider the higher care and attention of the rat mother for the
male compare to female pups. It is often reported that females receive less stimulation from the dam,
this could make them less vulnerable for the effects of prolonged maternal absence (Frankola et al.,
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2010). Evaluating maternal care at the single pup level may address this issue.
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For instance when pregnant mothers have restricted food access, the offspring at birth
is smaller than normal, and if in the postnatal life they are exposed to plenty of food
they are more likely to develop obesity (Jones and Friedman, 1982). A similar mismatch
was reported in mice where prenatal malnutrition followed by access to food at libitum
correlates with a shorter lifespan (Ozanne and Hales, 2004).
From an evolutionary prospective, the biological mechanisms involved in the
programming of an organism for challenging situations are meant to be adaptive (and
are not a key of vulnerability to diseases). Indeed it was shown that performances in
a cognitive task of rat offspring coming from mothers with a “low or high licking
and grooming (LG) profile” strictly depend on the context in which they are tested.
Offspring of high (versus low) LG mothers showed enhanced performance in the object
recognition task, a hippocampus-dependent learning task characterized by low stress
impact. But when these rats were tested under highly stressful conditions, the offspring
of low LG mothers showed better performance (Champagne et al., 2008). This means
that a suboptimal condition experienced early in life (low maternal care) improves the
performance, in terms of memory and learning, when tested under a stressful situation.
The same was observed for synaptic plasticity: offspring from low LG compared to
high LG mothers showed a decreased synaptic plasticity under non-stressful conditions
but enhanced plasticity when corticosteroid levels were high (Champagne et al., 2008;
Bagot et al., 2009). Therefore, early life experience has a beneficial effect when the
environment later in life matches with the early life environment in term of adversity.
Similar trends were found in the 24 hour maternal deprivation protocol. Here it was
shown that after maternal deprivation not all hippocampal functionality was impaired:
when corticosterone concentration was high, long term potentiation and contextual
learning were enhanced (Oomen et al., 2010).
However, the match-mismatch theory may be applicable only up to a certain degree of
‘adversity’ in life. The 3-hit hypothesis gives a well detailed explanation/overview of the
above concepts: The interaction of a specific genetic background (hit-1) with the early
life environmental experiences (hit-2), leads to (during the time window of childhood)
i)alterations of the neuroendocrine system and ii) epigenetic modifications. This means
that the organism responds to it programming gene expression patterns when the brain
is in the developmental phase. This mechanism is highly important in order to shape
the phenotype. Later in life the organisms, characterized by a programmed phenotype,
will face new challenging experiences (hit-3). Depending on the environment that
the organism has to deal with, mental functions may be compromised. This situation
may lead to a higher risk to develop psychopathologies (vulnerability). Although if the
organism is exposed to another type of environment (experience) the same individual
may become more resistant to develop mental pathologies (resilience) (Daskalakis et al.,
2013).
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In conclusion, it is well accepted in the stress field that moderate stressors early in life are
beneficial as they prepare the individual for challenging events later in life. This is also the
reason why environmental enrichment is therapeutic for certain psychiatric disorders:
The relatively “small stressors” that the animals are subjected to every day (new toys,
configuration of the maze, unpredictable behavior of conspecifics) might promote their
problem-solving skills and provide them with a better coping mechanisms. However
extreme stressful events or chronic stressful situations generally have detrimental effects
later in life.
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The results presented in the current thesis show the effects of early life stressors on the
brain. One aspect we examined specifically is how the behavioral manifestation of early
life stress is sex-dependent. Furthermore we have shown that targeting GR signaling
using a drug (mifepristone) later in life is sufficient to reverse maternal-deprivation
induced behavioral anomalies. Although the mechanism underlying the activity of
this drug still needs further study, with the experiments presented in this thesis we can
definitely present this approach as a potential candidate for the treatment of (early life)
stress induced disorders. Furthermore the fact that mifepristone treatment administered
later in life (and not during the stressful event) was sufficient to ameliorate the behavioral
effects of stress in adulthood is another significant finding. This study can therefore be
seen as a first step in a new direction and future studies should be directed towards
investigating the mechanistic basis underlying the beneficial effects of mifepristone.
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In de experimenten die beschreven worden in dit proefschrift hebben we het volgende
aangetoond: I) Stress beïnvloedt in een vroege levensfase de ontwikkeling van
hersencellen (neurogenese), afhankelijk van leeftijd en geslacht; II) Maternale deprivatie
heeft een nadelig effect op het nemen van beslissingen in volwassen mannelijke ratten,
terwijl tegelijkertijd de glutamaterge neurotransmissie in het dorsomediale striatum
verandert; III) Er zijn in mannelijke ratten langetermijneffecten van stress op jonge
leeftijd op hippocampus-afhankelijke geheugenfuncties, tezamen met veranderingen in
glutamaterge neurotransmissie in dit gebied; IV) Blootstelling aan stress op jonge leeftijd
beïnvloedt neuro-endocrine processen, maar heeft minder duidelijke of geen effecten op
geheugen- of beslissingsvermogen bij volwassen vrouwelijke ratten. De structuur van
de gyrus dentatus en neurogenese bleken ook niet beïnvloedt in volwassen vrouwelijke
ratten. Deze bevinding komt overeen met de bestaande literatuur; V) Behandeling
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Lichte acute activatie van het stress systeem in het lichaam wordt beschouwd als een
aanpassingsmechanisme dat de kans op overleving verhoogt, maar ernstige stress op
jonge leeftijd kan de ontwikkeling van de hersenen verstoren. In overeenstemming
hiermee laten epidemiologische studies zien dat stressvolle ervaringen op jonge leeftijd,
zoals verwaarlozing, misbruik, of depressie bij de moeder, geassocieerd worden met een
verhoogd risico op het ontwikkelen van cognitieve en emotionele stoornissen op latere
leeftijd. Een groot aantal onderzoeken heeft uitgewezen dat dergelijke nadelige ervaringen
vroeg in het leven een levenslange invloed kunnen hebben op de mentale gezondheid.
Gezien de grote invloed van vroege levensomgeving op de hersenontwikkeling, houden
verschillende onderzoeksterreinen zich bezig met het mechanisme dat hieraan ten
grondslag ligt. Een beter begrip van de neurobiologische veranderingen die ontstaan
door nadelige gebeurtenissen vroeg in de ontwikkeling kan uiteindelijk leiden tot een
meer doelgerichte preventie van psychopathologie op latere leeftijd.
Het eerste doel van de studies die worden beschreven in dit proefschrift was om in
proefdieren te onderzoeken wat de directe en langdurige effecten van stress in een vroege
levensfase zijn op neuroendocrine responsen en gedrag. Voor dit doel wordt een “nadelige
ervaring in de vroege levensfase van de rat” gedefinieerd als stress die veroorzaakt wordt
door de moeder-pup relatie te beïnvloeden. We hebben hiervoor een methode toegepast
waarbij rattenpups eenmalig 24 uur worden gescheiden van hun moeder (maternale
deprivatie), op de derde dag na de gebeoorte (postnatale dag 3 ofwel PND 3). Het
tweede doel was om onder deze omstandigheden de verschillen tussen mannelijke en
vrouwelijke ratten te onderzoeken. Tenslotte was het derde doel om te onderzoeken
of het mogelijk is om in te grijpen na de ernstige ervaring van maternale deprivatie,
door gebruik te maken van een farmacologische interventie gericht op de glucocorticoïd
receptor (GR). Voor dit doel hebben we een GR antagonist, mifepriston, gebruikt.
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met mifepriston tijdens de vroege adolescentie is in staat de negatieve gevolgen van
maternale deprivatie teniet te doen in mannelijke ratten; VI) Maternale deprivatie heeft
een bescheiden invloed heeft op structurele eigenschappen van witte en grijze stof in
het gehele volwassen rattenbrein. De veranderingen die we hier hebben geobserveerd
werden niet genormaliseerd door behandeling met mifepriston tijdens adolescentie.
Meer specifiek:
In Hoofdstuk 2 laten wij zien dat perinatale stress neurogenese in de hippocampus
beïnvloedt. Onze conclusies in dit hoofdstuk zijn gebaseerd op bevindingen van onze
eigen experimenten evenals uit bestaande literatuur. We laten zien dat in mannelijke
ratten postnatale stress neurogenese enigszins doet toenemen, tot dieren de puberteit
bereiken. Op volwassen leeftijd is de neurogenese verminderd als gevolg van de perinatale
stress. Dit is anders voor vrouwelijke ratten, waar een duidelijke afname in neurogenese
vóór de puberteit wordt geobserveerd. Dit effect verdwijnt echter wanneer de dieren
jong volwassen zijn. Samenvattend is onze conclusie dat de gevolgen van perinatale
stress op neurogenese leeftijds- en geslachtsafhankelijk zijn.
Hoofdstuk 2 laat ook zien dat bij stress op jonge leeftijd door 24uurs maternale
deprivatie op PND 3 een kleine vermindering in de cel proliferatie ontstaat, gemeten
in vrouwelijke ratten op PND 29. Glucocorticoid receptor antagonist behandeling met
mifepriston gedurende PND 26-28 normaliseert de cel proliferatie in de gedepriveerde
ratten.
Samenvattend suggereren deze resultaten dat mifepriston, toegediend gedurende een kritieke
fase van de ontwikkeling, een potentiele behandeling zou kunnen zijn voor het normaliseren
van de door stress op jonge leeftijd veroorzaakte veranderingen van de neurogenese niveaus.
In Hoofdstuk 3 hebben we onderzoek gedaan naar de korte- en langetermijn gedragsen neurobiologische effecten van maternale deprivatie op PND 3 en de mogelijkheid
dat mifepriston behandeling op PND 26-28 deze effecten kan tegengaan. Maternale
deprivatie verhoogt de corticosteron niveaus, gemeten voor de start van de mifepriston
behandeling (PND 26). We vonden ook een verhoging van de GR expressie-niveaus
in de ventromediale prefrontale cortex. Dit hersengebied heeft een cruciale functie bij
het maken van keuzes. Deze neuroendocriene effecten zijn van korte duur, en zijn niet
meer zichtbaar op PND 29 en PND 90. Er zijn echter wel langetermijneffecten gemeten
gedurende een gedragstaak die het beslissingsvermogen test. Maternaal gedepriveerde
ratten, getest op volwassen leeftijd, laten beperkingen in het leren zien; deze beperkingen
worden verholpen door mifepriston behandeling tijdens de pubertijd. Opmerkelijk
is dat er verhoogde neuronale activiteit (gemeten door cFos expressie niveaus) werd
gevonden in het dorsomediale striatum van de maternale gedepriveerde groep na de
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laatste sessie van de gedragstaak. Dit werd genormaliseerd door mifepriston behandeling.
Tegelijk treedt verhoging van de spontane glutamaterge neurotransmissie op in het het
dorsomediale striatum na maternale deprivatie, en ook dit effect werd genormaliseerd
door tijdelijke mifepriston behandeling.
Concluderend werd in Hoofdstuk 3 onze belangrijkste hypothese bevestigd: Stress op jonge
leeftijd leidt tot beperkingen in het maken van keuzes. Deze beperkingen kunnen voorkomen
worden door een tijdelijke blokkade van GRs gedurende de pubertijd, mogelijk doordat dit
glutamaterge transmissie in beloningscircuits beïnvloedt.

Om onderzoek te doen naar de sexe-afhankelijkheid van lange termijn consequenties van
negatieve ervaringen op jonge leeftijd, hebben wij in Hoofdstuk 5 getest of maternale
deprivatie op PND 3 de cognitieve prestaties en hippocampale structuur van volwassen
vrouwelijke ratten ook beïnvloedt. Onze studie toont aan dat bij vrouwelijke ratten
algemeen angstig gedrag, noch besluitvormingsprocessen, evenmin als contextueel
geheugen beïnvloedt wordt door stress op jonge leeftijd. In overenstemming met dit
gebrek aan effecten op gedragsstudies waren er geen veranderingen in het volume, of
de cel dichtheid van de hippocampale gyrus dentatus, evenmin als in de hoeveelheid
neurogenese. Een uitgebreid literatuuronderzoek bevestigde dat stress op jonge leeftijd
verschillende gedragsdomeinen beinvloedt in mannelijke versus vrouwelijke knaagdieren,
en dat het fenotype in het algemeen sterker is in mannetjes.
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In Hoofdstuk 4 hebben wij de focus gelegd op invloed van de stressvolle ervaringen op
vroege leeftijd op het functioneren van de hippocampus in vrouwelijke en mannelijke
ratten. Hierbij gebruikten wij hetzelfde protocol als in eerdere hoofdstukken wat
betreft maternale deprivatie en mifepriston toediening. Contextueel leergedrag en
geheugenfuncties bleken aangetast door maternale deprivatie, vooral in mannelijke ratten.
Deze beperkingen worden echter volledig hersteld door behandeling met mifepriston.
Als (in mannelijke ratten) gedurende de mifepristone behandeling methylatie verhoogd
werd (door hippocampale micro-injectie van L-methionine), dan wel verlaagd (door
hippocampale micro-injectie van Trichostatine A), dan bleek de effectiviteit van
mifepristone respectievelijk af, dan wel toe te nemen. Naast de gedragsveranderingen
door maternale deprivatie zagen wij ook een vermindering in de frequentie, maar geen
andere verandering in de eigenschappen van miniatuur postsynaptische excitatoire
stromen in volwassen CA1 hippocampale neuronen. Deze afname werd voorkomen
door behandeling met mifepriston.
In overeenstemming met onze hypothese zorgt tijdelijke behandeling met mifepriston voor een
normalisatie van glutamaterge transmissie en normalisatie van beperkingen in het contextuele
geheugen van ratten die blootgesteld zijn aan stress op jonge leeftijd, mogelijk door een proces
dat van demethylatie afhankelijk is.
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De data van andere labs bevestigen dus onze eigen bevindingen: wat betreft de effecten van
stress op vroege leeftijd, zijn vrouwelijke ratten resistenter dan mannelijke ratten, hoewel dit
wel afhankelijk lijkt te zijn van het cognitieve domein dat wordt onderzocht.
In Hoofdstuk 6 hebben wij de structurele effecten van maternale deprivatie in
mannelijke ratten en de behandeling met mifepristone met behulp van structurele MRI
bestudeerd. Enigszins onverwacht vonden we dat de structurele veranderingen in de
maternaal gedepriveerde groep zich beperkten tot een kleine reductie in het volume van
de mediale PFC en mogelijk een reductie in de ratio grijze:witte stof in de hippocamus.
Deze veranderingen werden niet genormaliseerd door mifepriston in de behandelde
groepen.
Deze resultaten suggereren dat de gedragsfenotypes die geobserveerd worden als gevolg van
stressvolle ervaringen op jonge leeftijd in mannelijke ratten, en de mogelijkheid deze fenotypes
te normaliseren met een GR antagonist, geassocieerd zijn met veranderingen op het functionele
(en misschien microstructurele) niveau, maar niet het macrostructurele niveau.
Tot slot
De resultaten die gepresenteerd worden in dit proefschrift tonen de effecten van stress
op jonge leeftijd op het brein aan. Een aspect dat wij specifiek onderzocht hebben is
de geslachtsafhankelijkheid van de gedragseffecten van stress op jonge leeftijd. Verder
laten we zien dat het ingrijpen op GR signalering door mifepriston op latere leeftijd
(de rvoege puberteit) voldoende is om de door maternale deprivatie geïnduceerde
gedragsbeperkingen te normaliseren of voorkomen. Hoewel er meer onderzoek nodig
is naar de mechanistische werking van deze verbinding, tonen de experimenten in dit
proefschrift aan dat mifepriston een potentiale kandidaat is voor het behandelen van
psychpathologie die mede veroorzaakt wordt door stress op jonge leeftijd in genetisch
kwetsbare individuën. Bovendien is het een belangrijke vondst dat de mifepriston
behandeling op latere leeftijd (en niet gedurende het stressvole moment zelf ) voldoende is om de stress-gemedieerde gedragseffecten tegen te gaan. Deze studies kunnen
daardoor gezien worden als een eerste stap in een nieuwe richting, en vervolgstudies
zouden zich kunnen richten op de mechanistische basis die ten grondslag ligt aan deze
beschermende effecten van mifepriston.
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My sincere thank you goes to Marian, I still remember when I was writing my master
thesis in Italy and your name came up an uncountable number of times in my reference
list. Amazed by your work, I thought..this is the lab where I want to do my PhD! I
started emailing you when there was not a position available and I still remember how
much you were shocked by my level of English during my interview (well..unfortunately
it was not a positive shock!). You gave me six months to improve my English (reason
for which I still do not know any Italians in Amsterdam!) and a “maybe” possibility
that I could end up filling a PhD position. Well, I am so glad that at the end you gave
me that possibility! Everyone knows how good you are in your work, everyone has a
huge respect for you as a researcher, so I will not add anything new saying that you are
super organized, extremely intelligent and the queen of time management. But…beside
the discover of the effects of maternal deprivation what I have really discovered in the
last 4 years is Marian as a person. If in our first meetings I was pretty much scared of
you, I later discovered that it was not absolutely needed (well…with some exception:
as meeting deadlines and start writing my thesis!). I discovered a person with a sense
of humor, a lot of interests outside research, a really good Italian student, a very good
Dutch teacher, an attentive listener (oh yes..you also listened to my “Italian drama”!);
I could knock on your door at anytime and ask for advices. I believe that at the end of
these 4 years with a single look we could understand each other..you could understand if
I was bringing positive or negative results and I could understand if it was the moment
(..or not!)to ask you the permission of doing new “super interesting” experiments. To
conclude..I am really happy how things went and I would chose you as a mentor again
and again!
Paul, I really thank you for the possibility you gave me to conduct some of the
experiments in your lab in Amsterdam. I still remember when at the very beginning of
my PhD you came on a really snowing Saturday all the way to Utrecht to make sure that
my first perfusion was successful. I think I will never forget this because it gave me a very
clear indication of your dedication for research. All your advices about the neurogenesis
part of the project, but also the behavior; you were not only asking questions but really
looking at the details of my experiments and always trying to find space for improvement.
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After you read all my book (because you have read all the chapters…right?!), you will
understand the importance for me, to finally thank everyone who contributed on his/
her own way to make possible the wonderful journey of my PhD. It has been a really
hard choice for me to leave Sardinia, already five years ago, but today I am very grateful
to The Netherlands, the country that adopted me and gave me the possibility to reach
this important goal.
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And in particular, there is an advice you gave me at the beginning of my PhD, an advice
that I repeated to all the students that joined my behavioral experiments: “Do not ever
wear any perfume, the rats can go crazy and the experiment is altered!” I have listened to
your advice so well that I have almost used the same brand of body shower for 4 years!
Henk, it was a pleasure to work in collaboration with you. Your knowledge and your
dedication for research is admirable. And I also really enjoyed our talks and your
encouragements for my experiments and for my future steps.
If there is a person that always had the door open for me this person in Angela. Many
times you gave me a big help when I was struggling with something and after I discussed
it with you I felt so much relieved because: “If Angela gives her approval it must be
right” for both work and personal issues!. Thank you for all the time you listened to
me and for all the help with the experiments (and I know how busy your agenda is). I
admire you for being always on the top of the things both at work and with your nice
family. I am pretty sure that all the effort you are putting now will bring you to have a
wonderful career. I will miss our chat in your office but I am sure we will stay in touch!
I got lucky to have the possibility to work with a super expert behavioral researcher:
Rixt. I wish I had you from the beginning of my PhD. We could talk for hours, even in
the corridor, about a protocol of an experiment and the best way to perform it avoiding
to stress the animals. I learnt a lot from you, especially the attention for details and to
think about every single step of the experiment prior to start it. I enjoyed very much
your temperament and your positive energy that you can transmit to people. And..last
but not least I enjoyed a lot your funny character!
If today there is a book is definitely because of the hard work of the dear students that
joined my PhD project. I really hope I transmitted you the enthusiasm for research
and some techniques that will help you in your future career. Each one of you not only
worked hard to give the best contribution but also brought a nice environment with
interesting conversations and often a lot of laughs! Thank to Sylwia, you were my first
student and a really dedicated one. Esther, you came to me to do only your bachelor
internship but it was clear from the first moment that your interest and your curiosity
were a way more than writing a report only. You helped me out a lot and I hope you
will continue in science. Klara, we had really interesting conversations and I loved your
enthusiasm about research. I am happy you got the possibility to enter in the master
program that you really wanted to do. Joram, thank you for all your help with the
experiments, you really worked hard and with enthusiasm. Additionally it was a pleasure
to have you around! Ada and Stefanie, you did your internship in the same months and
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it was a period of intense work for all of us. I really thank you for your good work. Ada,
you put a lot of effort and enthusiasm during the 9 months. You were always happy to
give an extra hand, also with the experiments not related to your project. Thank you very
much. I wish you to find a great PhD project.
Ruth, thank you very much for all your help with the surgeries, I could never become so
fast (well..never as fast as you!) and so independent without you as a guide. I appreciated
very much that you were not only helping me when needed, but really caring about how
stuff were going and about me not overdoing when I was tired. And I very much enjoyed
all our talks about our lives, I am very happy our paths came together. I am pretty sure
we will find the time to see each others in the future outside the surgery room as well!
My full respect goes to one of the most busy woman of the department: Mieneke. The
patient you had with me with all the Dutch DEC protocol is admirable. I believe that
if in 10 years I will get a call or a text from you, I still will have a sudden acceleration
of my heart beat thinking I have done something wrong with the protocols. Thank you
for your help with everything , I only wish I had more opportunity to learn from you!

Rahul, Ruud and Linde, you are definitely the best gift of my PhD journey! We shared
so much things together and we became so close to each other than I cannot imagine my
life without you guys! I have so many funny memories and anecdotes that I could write
a book! (although one book is enough for now!). Kaki (Rahul), the destiny, or actually
Joke, brought me in the room 4.131 where I found your funny smile to welcome me.
You have been like a brother for me, you got your own room in Sardinia at my parents
place and you joined me and my parents in the trip (or better to call it marathon!) in
Naples. I will never forget our trip to Bali and all the crazy things we have done together.
Without your extensive help in the last 4 years my PhD would have lasted at least one
more year (and probably yours one year less without me around!). You have been a guide
for me since the first moment, you have been a really true friend. Please never change..I
just love you like this!
Ruud, we have been in this crazy journey together every single day for the last 4 years!
We both tried to learn from Rahul all his karma things..but no..it was not something for
us! We were sharing our stressful situations trying to learn how to be less impacted by
stress, but at the end of the day we always found our own way: a beer! I loved our time
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Inge, thank you very much for your help in the surgery room. Thanks for being patient
with me while I was learning your techniques. I believe you have a contagious smile that
always bring happiness in a room!
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together, you have been a caring and understanding friend for me. I really think you
are a great researcher and I am just looking forward to celebrate your Nobel price for
an optogenetics related discover..because yes, you will get that price one day!. And a lot
of great memories are with you Linde, I just love your character, your being open and
enthusiastic. We shared our love for good Italian food and good Italian wine. You have
a strength inside that I really admire. I believe your motivation will bring you to achieve
amazing goals, but do not move to far away from us!. I know that whatever that future
will bring you, you will always be present in my life as a good friend to laugh together
as we always do!
Geoffrey, I enjoyed very much our lunches together and all the talks about being an
Italian/ French expat in Amsterdam. I find your personality really interesting and even
if sometime you pretend to be really serious I find you always super funny and social!
And…I liked your being really direct : “No Manila, I would not do that!”
My great roommates Jacques and Sophietje. You arrived in a kind of late stage of
my PhD but we still had the opportunity to get to know each other and I very much
appreciated your support in the most stressful part of the PhD. Jacques, I am so jealous
of your being so good with handling stress and I loved to share with you some of my
stories! Good luck with the rest of your PhD but I am already sure you will do great.
Sophietje, together with Ruud we always commented that you are just perfect! You
safe lives! You are our great neurosurgeon colleague, with a dedication for research that
is admirable and a kindness that is quite rare to find. It was a real pleasure to have the
possibility to meet you.
Vicki, Ria, Mariken, Sandra, Krista and Joke, without your help the PhD life would
have not been that easy. There was always a door open for me. My really big thank you
goes to you for your time and your help. Vicki, especially with you I had a great time.
I laughed a lot with you every time I dropped by and I loved to listen to your precious
tips! I still thank you for the lekker dinner you made at your place and anytime you want
to drop in Amsterdam, you are one more time welcome in my house!
Leo, Henk, Harry, Mark, Hugo, thanks for your help and for the nice chat! Leo, I am
pretty sure that under the big pile of papers in my desk some knives and forks are still
hiding! Hugo, I am trying to listen to your advice and I am beginning to run less in the
corridor..and finally after 4 years I can almost pronounce your name correctly! Marina,
thank you for all the tips for the Western Blot! Roger, thank you very much for your
help with all the IT stuff that, as you noticed, are an alien world for me!
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Marjolein, a big thank for all your help in the animal facility. You are such a pleasant
person to have around, very hard working but always with a beautiful smile in your face!
I loved you trying to learn Italian words!

Sara, il tuo ottimismo e la tua risata contaggiosa è sempre riuscita a tirare sul il mio
umore anche quando gli esperimenti non stavano andando per il verso giusto. Parlare
in italiano anche per pochi minuti incrociandoci nei corridoi è qualcosa che ricordero
con un sacco di piacere, per non parlare di tutte le parole e modi di dire che ho scoperto
fossero sardi solo parlando con te! Buona fortuna con gli ultimi mesi del tuo PhD!
Remco, thank you for our lunches together and for the nice talks. Kim, I am really
happy I had the opportunity to get to know you. You are very motivated and a really
good researcher and I believe that somehow you will manage to be a wonderful mother
and a great researcher. I very much enjoyed our time together! Marijke, good luck with
your postdoc and with your future career and thanks for the input you gave me for my
experiments . Amila, thank you for all the good moments we spent together at work
and outside work, I wish you a great stay in Japan and a great future career because you
deserve it a loooot!
During the time I spent at UVA I had the pleasure to meet really nice people, as my
dear colleague and friend Eva. With you Eva I shared a lot of discussion about why
the rats where not behaving exactly how we predicted, but also a lot of nice dinners
and great time around Europe as conference buddies. I wish you a great future as
a researcher and as a mum! Aniko, è stato davvero un piacere conoscerti e vedere
l'entusiasmo che hai per la ricerca. Grazie per tutti i consigli che mi hai dato per i miei
esperimenti. In bocca al lupo per la tua brillante carriera. Gideon and Jan, thank you
very much for your precious help with the neurogenesis and the cell counting.
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Jiska, since you arrived in the group I found a really nice person to talk about rat behavior
and mifepristone that finally could understand me! I wished we started our PhD at the
same time, because I am sure we have had great time together. I discovered an helpful
and caring colleague and really cheerful. I wish you all the best with your experiments
and your future career plans! Nienke, good luck with the rest of your PhD and with all
the recordings that always keep you super busy! And never forget that beside the hard
work you should enjoy the PhD life! Lotte, I hope your life in Ireland is going well. I am
looking forward to your defense to finally celebrate together the end of our PhD with
one of our really good dinner! Femke, sorry for stealing every time your chair! I had really
nice time talking with you and I wish you a great career! Sofia, even if we did not work in
the same city we had the opportunity to get to know each others pretty well! We shared
all the frustrations about the experiments but mainly the great moments during several
conferences or during happy hours in Milan! I wish you to find a great career path!
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Marloes, I really enjoyed our time together in Ascona and even more during the week
you welcomed me in your apartment in Israel. I am happy our path came together and
I wish you a brilliant future.
Michael, even from Switzerland you managed to stay close to me during all my PhD.
I appreciated very much all your input (even if quite strict!). I thank you for teaching
me a lot of techniques that were a great resource during my time in your country. Good
luck with your career and never loose the enthusiasm for research that characterizes you.
During the last 4 years I split myself between Amsterdam and Utrecht, I could have
moved to Utrecht but in Amsterdam I found amazing friends and I felt it was worth it to
travel to go to work and live my life closer to these nice people. My dear group of girls:
Lana, Julia, Yessie, Rossi, Nely, Gery, Rebecca, Marianna and Dani. Thank you for
understanding all the time that I had to say no to things, especially during the weekends
when I was busy with my rats! It was really nice to get your support during crazy busy
moments but what even nicer was to spend my free time with you. Our uncountable
number of dinners, drinks and great moments together. We are a great group!
Lana, you have been the biggest support I could get in these years, a loyal and
understanding friend and also now, a very big help for finding a job. I thank you very
much for this.
Yessie, thanks a lot for the interest you always showed for my research project. Thank
you for all your tips about avoiding to get too stressed from my job and of course for the
nice friendship and the nice moments during our trips and evening out in Amsterdam.
Laura, Rowinda and Lana, thank you for your support during these years, we know
each others already almost 5 years and from the first moment we started to talk as we
knew each other from all our life. You are really good friends and I am happy the destiny
brought me in Amsterdam and gave me the chance to have you in my life.
Sebastian, Joanna Clarence and Julie with you guys I found the best roommate I could
ask for. Your support during these years gave me a lot of energy. It was really funny
to explain to you my experiments and observe your face with the expression between
disgusted and really interested. Thanks for all the nice moments.
E poi ci siete voi..le mie amiche e i miei amici di una vita che anche da lontano avete
sempre sopportato le mie lamentale ma anche gioito per i miei successi. La lontananza
certamente si sente ma siamo sempre riusciti a non far cambiare il nostro rapporto..anzi..
nella maggior parte dei casi siamo addirittura riusciti a farlo crescere. Grazie per essermi
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stati vicino durante questo percorso e per essere sempre stati pronti ad accogliermi con
un Ichnusa fresca al mio ritorno a Cagliari! Anto, Lucio, Anto e il non ormai piu
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A big thank to the Vellema 's family for the very warm welcome you gave me in your
family. I found with you the best people I could wish for, always caring and interested
in my life. You have been so patient talking Dutch slower with me and switching from
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and I am looking forward for new gezellig weekends together! Thanks: Pietsje, Harry,
Nynke Sietsche, Roelof, Aly Loes, Erik and thank to the best youngest Dutch teachers:
Kees, Pieter and Nynke.

Pieter Harry, who better than you knows what all this PhD has been for me. And I
truly believe that if you did not get fed up of me during the last months in which I
was totally stressed out..well..it means we will stay together for ever! Sharing your life
with me brought you to discover a completely new field and probably you would never
expected in your life than a rat can have more privileges than you, especially during the
weekends! But you always understood it (I hope!) and I thank you for being so patient
and helpful. I am glad I could shared these important years with you and I am looking
forward to share a way more years together.
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E quasi alla fine ma non per importanza il piu grande ringraziamento va alla mia
famiglia. Senza il vostro aiuto difficilmente mi troverei qui oggi. Siete i piu grandi
sostenitori che abbia mai avuto e siete anche quelli che vi siete beccati le piu grosse
lamentele per esperimenti non riusciti, pioggia in continuazione, una lingua orribile da
imparare etc..etc..ma alla fine diciamocelo vi ho anche reso un po orgogliosi!Grazie di
tutto Mamma, Papa' Flaminia e Riccardo.
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