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I.1 The stress system in health

In our everyday life we all experience “stress”. Stress is here defined as an organism’s sub-
jective perception of a threat (real or anticipated), which elicits physiological and behav-
ioural responses (Selye 1973; McEwen et al., 2000). When animals (including humans) 
experience stress in either a psychological or physiological form, the body will exert a 
stress response. This refers to a cascade of internal reactions in order to overcome these 
threatening challenges by activating a wide range of responses through neural, autonomic, 
immune and metabolic systems. As part of the overall stress response, the brain processes 
not only external environmental stimuli but also internal inputs from the body. This ena-
bles the brain to control and coordinate behavior and physiological adjustments. Under 
normal conditions this stress response will lead to an appropriate behavioural response to 
the specific kind of experienced stress and promotes (behavioural) adaptation and survival 
(de Kloet et al., 2005). Stress responses to extreme or chronic challenges may fall short to 
achieve adaptation and as such can be a critical risk factor for the development of brain 
diseases and psychopathologies such as depression and post-traumatic stress-disorder.

I.1.1 Main stress pathways
 
In response to a stressful situation two physiological systems are activated (Figure 1); the auto-
nomic nervous system and the hypothalamic-pituitary adrenal (HPA) axis (de Kloet et al., 2005): 

1) The autonomic nervous system triggers a fast activation of the sympatho-adre-
nomedullar nervous system in anticipation of a “fight or flight” reaction, which leads 
to the release of the neurotransmitter noradrenaline (NA) from synapses and (nor)
adrenaline from the adrenal medulla, while it suppresses the activation of the para-
sympathetic nervous system (thereby reducing e.g. digestion and sexual arousal). Dur-
ing this stage, basal metabolic rates are elevated and blood-flow to vital organs, i.e. 
brain, heart and (other) muscles, and attention are increased via the actions of NA.

2) The hypothalamic-pituitary-adrenal (HPA) axis is activated by the release of vasopressin 
and corticotrophin releasing hormone (CRH) from the paraventricular nucleus of the hy-
pothalamus (PVN). This in turn stimulates the secretion of adrenocorticotrophic hormone 
(ACTH) from the pituitary gland, which travels via the blood stream to the adrenal cortices 
and promotes the release of corticosteroid hormones (in humans cortisol, in rodents corticos-
terone) into the blood. Cortisol in humans or corticosterone in rodents act via two kinds of 
receptors, the mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) (figure 1).  

 Via a negative feedback loop, corticosteroids exert a suppressing signal on the 
hypothalamus and the pituitary to restrain the release of CRH and ACTH (Swaab et al., 
2005). This negative feedback loop is crucial to reduce plasma corticosterone / cortisol 
levels, after exposure to a stressor.
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Fig 1. The HPA-axis. Upon a stressful event, the autonomic nervous system (indirectly) promotes the release 
of noradrenaline in the brain, and the hypothalamus-pituitary adrenal (HPA) axis ultimately produces a 
slow increase in plasma corticosteroid hormones. These hormones bind and activate the mineralocorti-
coid receptor (MRs) and glucocorticoid receptors (GRs) which are present in areas of the limbic system.

 Activation of these two stress systems ensures an initial ‘fight-or-
flight response’ and subsequently an effective coping strategy to threats. There-
fore, these systems are highly adaptive and conserved throughout evolution (Ko-
rte et a., 2005). Here I will focus on the role of the HPA-axis and its receptors.

I.1.2 Stress response: general features and the involvement of the corticosteroid 
receptors

Corticosteroid hormones (Glucocorticoids, GCs) activate MRs and GRs that are ex-
pressed throughout the brain particularly within the limbic system, including the 
hippocampus, amygdala and prefrontal cortex (Rubin et al., 1966; Beaulieu et al., 
1986; Redgate & Fahringer 1973; Diorio et al., 1993; Figueiredo et al., 2003).  
 Corticosteroid hormones, via their receptors play an important role in the con-
trol of the HPA-axis. In humans, one can study the effects of MR blockade by using 
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the MR specific antagonist canrenoate that passes the blood-brain barrier (Born et al., 
1997; Arvat et al., 2001; Wellhoener et al., 2004). The administration of canrenoate 
abolishes the inhibition of the HPA axis activity that is normally seen during noctur-
nal sleep (Born et al., 1997). Furthermore, the antagonist stimulated both spontane-
ous and stimulated HPA axis activity (Arvat et al., 2001). Another study showed higher 
elevations of cortisol levels in resting conditions, during and after exercise when sub-
jects were injected with canrenoate beforehand (Wellhoener et al., 2004). These find-
ings support the idea that MR exerts a tonic feedback inhibition of the HPA axis. 
Otte et al. (2007) and Cornelisse et al (2011) studied the role of MRs using the MR 
antagonist spironolactone in human subjects exposed to a TSST. The antagonist dis-
inhibited the HPA axis resulting in an increased cortisol response to the stressor. This 
supports earlier findings that MRs have a role in HPA axis regulation not only under 
rest (Young et al., 1998) but also during stressful situations (Cornelisse et al., 2011).
 Studies on the role of the GR support a role in termination of the stress re-
sponse, but also in mobilizing energy resources and the recovery of homeostasis af-
ter stress. A role in the regulation of negative feedback during stress on the HPA axis 
is supported by the observation that the highest levels of GRs are found in the PVN 
where CRH is produced after the induction of stress and the negative feedback is di-
rected to the PVN and anterior pituitary (Wu et al., 2012). Furthermore, animal 
studies have provided evidence for the role of GR on HPA-axis control. In response 
to photic stress, Weidenfeld et al. (1993) showed that administration of a GR an-
tagonist resulted in enhanced plasma corticosterone levels -which was not observed 
when they blocked the MR-, suggesting that the GR is important for restraining 
the HPA axis activity in response to photic stress (Weidenfeld and Feldman 1993). 
 Interestingly, ICV injections of MR and GR antagonists enhanced 
HPA axis activity while intra-hippocampal delivery decreased the HPA axis ac-
tivity. However, when MR antagonists were delivered both ICV and intrahip-
pocampally this resulted in decreased HPA axis activity, suggesting distinct roles 
for hippocampal MR and GR in HPA axis regulation (van Haarst et al., 1997).   

I.1.3 Corticosteroid receptors: properties and signalling pathways

As mentioned previously, glucocorticoids exert their effects in the brain by binding to two 
different types of receptors: the MR and GR. The MR has a high affinity for cortisol (in 
humans) and corticosterone (in rodents), while the GR has a ten-fold lower affinity for 
corticosteroid compared to the MR (Reul & de Kloet 1985). Both receptors are nuclear 
receptors and in the inactive state they are present in the cytoplasm, where they are bound 
to chaperones like heat shock proteins (Leo & Chen, 2000). When corticosteroids are 
present they bind to the receptors, which in turn dissociate then from the chaperones and 
translocate to the nucleus (Tanaka et al., 2005). There the receptor can dimerize and bind 
to the promoter region of responsive genes, thus being able to regulate the transcription of 
certain genes. Receptor monomers can also interfere with other proteins or transcription 
factor and through this pathway will generally repress genes (Gesing et al., 2001). This 
genomic pathway takes some time to exert a response but the consequences can be long 
lasting  (Joëls et al., 2007). In the hippocampus, activation of GRs and MRs was found 
to result in a significant regulation of around 70-100 genes of which 50% were up regu-
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lated and one-third of the genes responded to both GRs and MRs (Datson et al., 2001).  
 Most MRs are occupied at basal CORT levels and the GRs are recruited during 
stress and the peaks of circadian rhythm when circulating CORT levels increase. As a con-
sequence mineralocorticoid receptors are considered responsible for neural stabilization 
and HPA-axis tone whereas the glucocorticoid receptors are thought to be crucial during 
activation of the stress response and also responsible for negative feedback to terminate the 
stress response via transrepression (de Kloet et al., 2007; Oitzl et al., 2010)  (see above). 
 In response to stress, GRs and MRs do not only exert genomic effects, but also 
exert fast responses (Tasker and Herman 2011; Joels et al., 2012). These responses occur 
too quickly to be genomic and presumably require a non-genomic pathway. Such rapid 
effects in rodents have first been reported in detail by Tasker and colleagues (Tasker et 
al., 2006) and are now thought to be important for fast feedback in the HPA-axis (Di 
et al., 2003, 2009; Karst et al., 2005, 2010; Groeneweg et al., 2011). Some years later, 
Karst and colleagues reported rapid effects of corticosterone on glutamate signalling in 
the hippocampus (Karst et al., 2005). They found that these rapid, non-genomic effects 
of corticosterone, enhancing glutamate transmission in the hippocampus, depend on ac-
tivation of the MR. These MRs are probably located on or close to the membrane instead 
of in the cytosol. The ‘membrane-bound’ MRs seem to have a much lower affinity for 
corticosterone than the high-affinity MRs located in the nucleus (Joëls et al., 2008), so 
that they require raised levels of corticosterone to be activated (Tasker et al., 2003). Cor-
ticosterone potentiates the excitability of hippocampal neurons rapidly through mem-
brane located MRs (Karst et al., 2005; Olijslagers et al., 2008; Groc et al., 2008). This 
potentiation is highly context dependent since corticosterone does not induce activity 
or potentiation on its own (Wiegert et al., 2006). It rather facilitates or inhibits ongoing 
signalling by adjusting the threshold for activation of neurons, which is context depend-
ent (Krugers et al., 2010). This is also dependent on the type of stressor, the amount of 
stress and the onset of stress (Groeneweg et al., 2011). The properties of MRs mediating 
rapid actions has led to the proposal of the MR as a ‘cortico-sensor’ that rapidly changes 
hippocampal transmission in case of elevated corticosteroid levels (Joels et al., 2008). 

I.1.4  MR/GR balance hypothesis

Glucocorticoids (GCs) function according to an inverted U shape with respect to the 
cognitive and emotional effects of experienced stress; effects that are mediated by MRs 
and GRs. This inverted U shape means that too high or too low levels of GCs result in less 
optimal functioning (de Kloet et al., 1998). Moderate levels of GCs after stress promote 
appropriate behavioural selection and memory formation, while too high or low levels 
might disturb cognitive and/or emotional processes (Karst et al., 2005; Joels et al., 2007; 
Klok et al., 2011). Within this U-shaped dose-dependency, MR activation is mostly seen 
as a prerequisite to ensure neuroprotection (McCullers et al., 1998; Almeida et al., 2000; 
Gass et al., 2000; Crochemore  et al., 2005; Lai et al., 2007), while excessive GR activation 
can damage neurons and impair memory (Crochemore et al., 2005; Mitra et al., 2009). 
The balance between the activation of these two receptors determines one’s capability to 
cope with stressful situations. There are large inter-individual differences in the ability to 
cope with stress and vulnerability for disease, which might be partly determined by the 
balanced activation of these two receptors (balance hypothesis, de Kloet et al., 1991).
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I.1.5 Stress hormones and learning and memory

In a situation of acute threat the body’s stress response is clearly adaptive and enables an 
organism to cope with the stressful situation (preparing for “flight or fight” response) 
(Cannon et al., 1929; McEwen et al., 2006). However, extended exposure to stress can 
be damaging: a history of chronic stress contributes to an increased vulnerability of the 
central nervous system to several diseases (de Kloet et al., 2005). It has long been sus-
pected that the stress-related release of corticosteroids might exert negative effects on 
cognitive functions such as learning and memory, depending on the conditions. A report 
by Newcomer and colleagues confirmed that high levels of cortisol in humans indeed 
interfere with verbal declarative memory (Newcomer et al., 1999). Depressed patients 
show impaired memory and aberrant emotional reactivity compared to controls (Drevets 
et al., 2002; Leppanen 2006; Williams et al., 2007).   In line with this research it was 
found that in animals long-term exposure to corticosteroids affect structure and func-
tion in the hippocampus, a key brain structure for the processing of short-and long-
term declarative memory, semantic memory and spatial memory (Squire et al., 1992; 
Magarinos et al., 1996; Wright & Conrad, 2005; Bellani et al., 2006; Alfarez et al., 
2009; Oomen et al., 2010). Furthermore, animal studies support the importance of 
the hippocampus in stress and psychopathology, showing that animals suffering from 
brain lesions to the hippocampus show disturbed regulation of corticosteroid secre-
tion and impaired memory (Morris et al., 1982; Squire et al., 1998; Tsien et al., 1996).
 Pharmacological studies have shown that blocking MR activity in rodents result-
ed in more depressive-like behaviour (Brinks et al., 2009). In a study conducted by Sterle-
mann and colleagues (2008), male mice exposed to a chronic stress paradigm displayed el-
evated corticosterone levels and a flattened circadian rhythm as seen in depressed patients.

Box 1 The hippocampus: learning, memory and psychopathologies
The hippocampus is an old structure laying bilaterally in the temporal lobe of the hu-
man cortex or forebrain of rodents (figure 2). The hippocampus can be divided into 
four regions; the dentate gyrus (DG), Corpus Ammonis (CA)1, CA2 and CA3. The 
hippocampus processes information coming from the enthorinal cortex and entering 
the hippocampus through the DG, although the complete picture of projections from 
cortex to hippocampus is more complex (Van Strien et al., 2009). The hippocampus 
contains three distinct molecular layers: first, the deep layer contains efferents, afferents 
and interneurons. In the DG this layer is called the hilus. Superficial to this deep layer 
the cell layer is located that is composed of principal cells and interneurons; this layer 
is called the granule cell layer (GCL) in the DG and the pyramidal cell layer in the 
other subareas. In addition, there is the molecular layer located most superficially (Van 
Strien et al., 2009). The border between the hilus and the GCL is called the subgranular 
zone (SGZ) where cell division occurs, even in adulthood. The DG contains glial cells 
and three main types of neurons; the granule cells in the GCL, the mossy cells in the 
hilus and the pyramidal basket cells in the SGZ. In the CA regions, pyramidal cells 
play a major role in the transfer of information, modulated by various categories of in
terneurons. Signal enters into and through the hippocampus by three main pathways:  
1. the perforant path that originates from the entorhinal cortex to the DG; 2. the mossy 
fiber tract from the granule cells of the DG to the pyramidal cells of the CA3 region of 
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Increasingly, researchers are interested in addressing how humans keep memo-
ries distinct and resistant to confusion upon retrieval. The ability to sepa-
rate the components of memories into distinct complex memory repre-
sentations that are unique and less easily confused has been simulated by 
computational models of memory and has been referred to as ‘pattern separation’,
 a process that has been associated with the DG (Treves et al., 2008). Using a modified 
spontaneous location recognition paradigm, Bekinschtein and colleagues (2013) shed 
light into the molecular events underlying the consolidation process of pattern separa-
tion, They showed that the brain-derived neurotrophic factor (BDNF) is a critical in 
pattern separation by hampering discrimination of spatial representations only when 
the requirement for separation of representations was high (Bekinschtein et al., 2013).

 However, in the short-term and under physiological conditions, stress is 
thought to promote learning and consolidation of stress-related information (Oitzl et 
al., 1992, 2001; Sandi et al., 1994, 1997; Roozendaal et al., 1996; Lupien et al., 2002; 
Cahill et al., 2003). More specifically, MR activation may be instrumental in the im-
mediate coping response to stress and is therefore thought to be generally protective (de 
Kloet et al., 2005). In line with this, MR knockout mice show impaired learning in the 
radial and water maze and on the circular hole board where they keep returning to the 
same holes (Berger et al., 2006; Ter Horst et al., 2012). These findings support a role 
of MR in behaviour flexibility and switching between behavioural strategies (Berger et 
al., 2006; Brinks et al., 2009; Schwabe et al., 2010; Ter Horst et al., 2012), which is 

the hippocampus; and 3. the Schaffer collateral path from the CA3 area to the CA1 
hippocampal area. The pyramidal cells of the CA1 region of the hippocampus project 
their axons into the subiculum and the deep layers of the entorhinal cortex. Collective-
ly, the three pathways form the so called perforant path-to-dentate gyrus-to-CA3-to-
CA1 or trisynaptic circuit, responsible for information processing (Amaral et al., 2007).
Memory of specific episodes contains contextual aspects that are required in order to 
have a proper representation of the memory. The lateral enthorinal cortex is thought 
to provide the (ventral) hippocampus with the contextual information needed to cre-
ate a context-specific memory representation. This input runs via the DG (Wilson et 
al., 2013). Thus the hippocampus, more specific the DG, plays an important role in 
creating an association between a stimulus and a specific context ( Morris et al., 1981; 
Mumby  et al., 2002; Rudy et al., 2009; Langston & Wood 2010; Morris et al., 2013). 

Fig 2. The mouse hippocampus (adapted from Eisch & Petrik, 2012) A) Localization of the 
hippocampus in the mouse brain; B) Dentate gyrus with its cell layers: SGZ = subgranular zone, 
GCL granular cell layer, Supra = suprapyramidal blade, Infra = infrapyramidal blade.
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important for coping with continuously changing environments. It has been postulated 
that an imbalance between MR and GR may enhance the vulnerability to psychiat-
ric disorders in individuals who are genetically predisposed (de Kloet et al., 1998; de 
Kloet, 2000). There is recent, preliminary evidence from human studies supporting this 
postulation. On the one hand, experiments in animals have revealed that increasing 
the amount of available MRs in the forebrain through transgenic MR overexpression 
leads to reduced levels of anxiety (Rozeboom et al., 2007). On the other hand, Kun-
ingas et al. found that humans who express a single-nucleotide polymorphism of the 
MR (MR-I180V) that renders it dysfunctional, may have an increased susceptibility 
for stress related diseases (Kuningas et al., 2007). In agreement, a MR knockout mouse 
model revealed a decreased performance in learning and memory tasks and difficulty 
to produce flexible behaviour (Berger et al., 2006). Furthermore, blocking the activity 
of MR with MR antagonists was shown to have an acute anxiolytic effect in rats, using 
the dark/light box test (Smythe et al., 1997) or the elevated-plus maze. Antagonists also 
attenuated fear-motivated freezing behaviour (Korte et al., 1995). Together these results 
suggest that an intermediate amount (or function) of the MR is required for optimal 
performance in anxiety tests, as well as cognitive functions like learning and memory 
(the effects of MR in cognition is further discussed in the section “MR and cognition).
 Since the focus of this study is on the MR, the function of the GR will be 
discussed only briefly (for extensive reviews see Oitzl et al., 1998; Lupien et al., 2009; 
Roozendaal et al., 2009; Schwabe et al., 2010). Behaviourally, GRs are required for 
memory storage of relevant information for future use (Sandi et al., 1994; Oitzl et 
al., 1992,2001; de Kloet et al., 2005; Rozendaal et al., 2010). The role of GRs in fear 
memory is somewhat complex. Thus, Zhou and colleagues (Zhou et al., 2010) admin-
istered a GR antagonist before training mice in a stressful learning task, which resulted 
in impaired contextual memory after 24 hours. This effect was not yet present 3 hours 
after training, which suggests the involvement of genomic GR cascades rather than a 
non-genomic pathway promoting memory storage. However, blocking GR activity did 
result in enhanced tone-cue memory shortly after training although it cannot be ex-
cluded that this effect results from MR activation rather than GR deactivation (Zhou et 
al., 2010). Memory was unaltered when GR blockers were administered shortly before 
or after the retrieval test (Zhou et al., 2011). Taken together, this points to an important 
role of GRs in the consolidation of emotional and stressful memories and these behav-
ioural effects appear to be mediated through a genomic pathway but also via membrane-
associated receptors (Oitzl et al., 2001; Barsegyan et al., 2010; Roozendaal et al., 2010).

Intermediate statement I
The stress response is an important tool to adapt to changes in the environment. 
This response has a clear cognitive component, involving (among other areas) the 
hippocampus. This response helps to appraise the situation, choose an appropriate 
strategy as well as remember the situation for future use. These cognitive changes 
primarily require rapid MR and delayed GR mediated actions respectively.
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I.2 Disrupted HPA-axis function as risk-factor for brain disease

I.2.1 Psychopathology involving a disturbed HPA axis

Under healthy conditions, activation of the HPA-axis promotes behavioural adaptation, but 
when the system is repeatedly activated an imbalanced axis may arise contributing to psy-
chopathologies such as anxiety disorders, borderline personality disorders, major depressive 
symptoms and burn out in which HPA-axis activity is disturbed (Gibbons and McHugh 
1962; Gold et al., 1986; Pruessner et al., 1999; Vreeburg et al., 2009; Hori et al., 2010). 
 To test the function of the HPA axis –particularly in humans- the dexa-
methasone (Dex) suppression test is the most widely used method. Dex is a synthetic 
glucocorticosteroid that mimics the action of cortisol. When Dex is injected the neg-
ative feedback control on the HPA axis activity that acts mainly through GRs is ac-
tivated. Most depressed individuals show hightened cortisol and ACTH release af-
ter the Dex test when compared to healthy controls, indicating a disrupted negative 
feedback of the HPA axis (Heine et al., 2004; de Kloet et al., 2007; Kuningas et al., 
2007; Sterlemann et al., 2008; Klok et al., 2011; Oomen et al., 2011; Xu et al., 2011).
 Regarding the role of GR in the development of psychopathologies, van Ros-
sum and colleagues conducted a study with humans and found that the GR gene variant 
ER22/23EK was associated with a phenotype showing higher cortisol levels and a weaker 
cortisol suppression after a 1 mg Dex test, compared to non carriers (van Rossum et 
al., 2002). This indicates that ER22/23EK carriers are slightly glucocorticoid resistant. 
Yet, the ER22/23EK carriers responded faster to anti-depressant treatment compared 
to non-carriers (van Rossum et al., 2006). Conversely, in another study they found that 
the BclI and N363S polymorphisms of the GR both resulted in higher sensitivity for 
glucocorticoids measured with a DEX suppression test (van Rossum & Lamberts 2004). 
In that study, they also replicated the earlier findings regarding the ER22/23EK gene. 
Four years later they conducted another study where they showed that in a cohort of 
depressive patients there were more cases with the BclI or ER22/23EK functional poly-
morphisms of the GR gene (van Rossum et al., 2006). These studies link GR function 
and glucocorticoid signalling to the vulnerability to develop depression. Surprisingly, 
both GR polymorphisms, resulting in either increased or decreased sensitivity for glu-
cocorticoids, are associated with depression. This indicates that –similar to what is the 
case for MR- an optimal balance in glucocorticoid sensitivity would be beneficial. This 
is corroborated by two studies in rodents: the one showing that stimulation of GR activ-
ity in rodents resulted in more depressive-like behaviour (Brinks et al., 2009); the other 
that chronically stressed male mice had a decrease in GR mRNA in the hippocampus 
and these mice showed an increase in anxiety-like behaviour (Sterlemann et al., 2008). 
 Based on this body of evidence coming from both human and animal studies it suffices 
to state that balanced activation between MR and GR protects the organism under adverse 
life conditions and that disturbances in this balance may give rise to psychopathology (bal-
ance hypothesis). Such adverse conditions may arise when an organism is exposed to chronic 
stress in adulthood (I.2.2) or stressful circumstances early in life (I.2.3), as discussed below.
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I.2.2 Effects of chronic stress on structural plasticity and behavior

In humans, a history of elevated corticosteroid levels is related to reduced cogni-
tive performance, although individual differences exist (Lupien et al., 2009). Also, 
traumatic experiences occurring during adulthood can leave their mark on the brain, 
sometimes leading to the development of posttraumatic stress disorder (PTSD). Sev-
eral studies in samples of returning war veterans have shown that PTSD is highly as-
sociated with cognitive impairment, and has compromising effects on hippocampal-de-
pendent memory (Gilbertson et al., 2001; Vasterling et al., 2002; Mackin et al., 2012). 
 Conditions of chronic stress in adulthood have been extensively studied in ani-
mal models (Herman et al., 1995; Magarinos and McEwen 1995; Alfarez et al., 2003; 
Sandi and Touyarot, 2006; McCormick & Mathews, 2007; Grippo et al., 2009; Lu-
cassen et al., 2010). Animal studies have shown that chronic stress or prolonged expo-
sure to elevated levels of corticosteroids can profoundly affect the structure and func-
tioning of the hippocampus (Magarinos et al., 1996; Joels et al., 2004). Behaviorally, 
chronic stress appears to impair hippocampal-dependent spatial learning and memory 
on a variety of tasks including the Y-maze (Bellani et al., 1996; Wright & Conrad, 
2005), the hole-board task (Krugers et al., 1996; Ohl & Fuchs, 1999), the radial arm 
maze (Luine et al., 1993), the Morris water maze (Park et al., 2001; Ma et al., 2007; 
Wright & Conrad, 2008) and eight arm radial water maze (Gerges et al., 2004). 
 The behavioral changes observed after chronic stress may partly be explained by 
concomitant structural plasticity. Acute and chronic stressors generally reduce the level 
of neurogenesis in the dentate gyrus. This is described in detail in section I.3. How-
ever, the generation and integration of new neurons in the DG via neurogenesis is only 
one example of structural plasticity. There are other areas in the hippocampus, such as 
the CA3 area (see below), that experience structural plasticity via different mechanisms 
(Magarinos et al., 1995, 1996). Thus, stressful environments or long-lasting activation 
of the HPA axis can also impact the structure and response of extant neurons in the 
dentate as well as in other parts of the brain. Exposure to high concentrations of glu-
cocorticoids can cause atrophy of pyramidal neuron dendrites in the CA3 region of the 
hippocampus, both in rodents and humans (Magarinos et al., 1997; Heim and Nemeroff 
2002). Chronic stress gradually alters synaptic contacts (Bodnoff et al., 1995; Pavlides et 
al., 2002; Alfarez et al., 2003) and dendritic complexity, enhancing dendritic length in 
some areas (e.g. the basolateral amygdala which is involved in emotional memory (Vyas 
et al., 2002, 2006), while reducing it in other places, notably in the CA3 hippocampal 
region (Woolley et al., 1990; Watanabe et al., 1992; Magarinos and McEwen, 1995; Mc-
Kittrick et al., 1995, 2000; Magarinos et al., 1996; Galea et al., 1997; McEwen, 2000),  
which is involved in episodic memory formation (Czeh et al., 2002; Sheline et al., 2003, 
Heine et al., 2004; Stewart et al., 2005). Following a period of recovery from stress for 
10-days, CA3 neuronal structure returns to ‘normal’ and spatial memory matches that 
of nonstressed controls (Conrad et al., 1999, Vyas et al., 2004, Conrad et al., 2006). 
This suggests a link between spatial memory function and CA3 dendritic remodeling.
 The most extensive study of structural plasticity after chronic stress has been 
focusing on the CA3 hippocampal subregion. When exposed to high levels of corticos-
teroids or severe chronic stress (restraint or psychosocial), the dendrites of CA3 neu-
rons exhibit atrophy, in the form of less complexity, reduced length and fewer branch 
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points when compared to controls (McEwen & Magarinos 2001; Conrad et al., 2006). 
Modulation of this dendritic remodeling is not completely understood but it is clear 
that a few systems are involved. Stress enhances excitatory amino acids (EEA) secre-
tion (Reagan & McEwen 1997). In accordance, the use of a glutamate-blocking agent, 
phenytoin, prevents CA3 atrophy suggesting an interaction between EEAs, corticos-
terone and dendritic atrophy (Magarinos and McEwen 1996). In selective knock out 
models of NMDA-receptors (NMDARs) in NR1-CA3 neurons the dendritic retrac-
tion and behavioral effects of chronic stress were prevented, further supporting a role 
for EEAs and NMDARs in dendritic remodeling (Christian et al., 2011). Also, sero-
tonin (5-HT) is released in response to stressors and the expression of 5-HT receptors 
is influenced by stress and glucocorticoid presence (Chaouloff et al., 2000; McEwen & 
Magarinos 2001). Serotonin reuptake enhancers, like tianeptine, prevented the effects of 
stress or corticosterone -induced atrophy while 5-HT reuptake inhibitors did not pre-
vent the effect of chronic stress (Magarinos et al., 1999). Finally, it is clear that GRs 
are involved in the development of the effects of chronic stress on structural plastic-
ity. Alfarez et al (2003) showed that brief treatment with the GR-antagonist RU 38486 
during a 3 weeks’ chronic stress paradigm was able to reverse effects on dendritic com-
plexity in CA1 neurons. Brief treatment with this GR-antagonist was earlier reported to 
enhance corticosterone binding to the MR (Bachmann et al., 2003), probably because 
GRs are already occupied by the antagonist. Overall, this shifts the MR/GR balance 
profoundly. However, the relevance of shifting this balance for structural plasticity dur-
ing chronic stress has never been addressed making use of genetically modified animals.
 Chronic stress not only affects structural plasticity but also func-
tional plasticity in the hippocampus. For instance, responses to 5-HT, that 
play an important role in mood, are attenuated by chronic stress (Young et al., 
1992; 1994; Laaris et al., 1999; Lanfumey et al., 1999; McAllister-Williams 
et al., 2001; Fairchild et al., 2003; Leitch et al., 2003; Hensler et al., 2007). 
Synaptic plasticity, specifically long-term potentiation (LTP), a process that is thought to 
contribute largely to memory formation, was found to be impaired after chronic stress in 
various brain regions including all hippocampal regions (Gerges et al., 2001; Alfarez et 
al., 2002; Kole et al., 2002; Pavlides et al., 2002; Karst et al., 2003; Joels et al., 2004). All 
of these properties might contribute to cognitive impairments, as reported after chronic 
stress (Magarinos et al., 1996; Alfarez et al., 2003; Joels et al., 2004; de Kloet et al., 2005). 
 Experimental studies from our research group have furthermore shown that 
being exposed to chronic stress does not change the properties of dentate gyrus granular 
cells when tested under basal conditions, but they particularly induce changes when these 
cells are challenged again with an additional similar amount of corticosterone or stressor 
(Karst et al., 2003). Temporary elevation in corticosteroid levels does not damage the 
complexity of these cells in untreated animals but it might affect their complexity as well 
as glutamate transmission when animals are re-exposed to the same elevation of corticos-
teroids as seen during chronic stress. These findings highlight the importance to study the 
effects of chronic stress under rest but also after animals have been re-exposed to a stress-
ful situation on top of the chronic stress they have experienced before. The combination 
of chronic stress with additional elevated corticosterone levels will shed more light on our 
understanding of the whole range of chronic stress exposure and help to identify individu-
als who may show a different adaptation when they are challenged in a new environment.
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I.2.3 Effects of early-life stress on structural plasticity and behavior

It has been well documented that stress experienced early in life can have short as 
well as long term effects on brain structure and function. During the early postna-
tal period the brain exhibits increased plasticity and exposure to adverse environ-
mental factors can lead to long-term impairments associated with the development 
of psychopathologies (Yasik et al., 2007; Nelson et al., 2007; Green et al., 2010; Pe-
chtel et al., 2011; Tottenham et al., 2010, 2011). This is supported by human stud-
ies showing that individuals who experienced maltreatment early in life have a 
high risk to develop anxiety disorders, like PTSD, major depression, personal-
ity disorders or schizophrenia (Cicchetti & Toth, 2005; De Bellis & Thomas, 2003).
 Studying stress early in life in a controlled manner is difficult in humans. Yet, 
animal models that mimic early-life stress conditions have provided substantial evidence 
for lasting effects of early life stress into adulthood. For instance, in various animals mod-
els, reduced amounts of maternal care (Brunson et al., 2005; Liu et al., 1997, 2000; 
Rice et al., 2008; Wang et al., 2012; Naninck et al., 2015) or depriving pups for 24 hrs 
from their mother (Oomen et al., 2010) decreases complexity of the dendrites in the 
hippocampus (in males), impairs LTP and hampers learning and memory performance 
in hippocampal dependent behavioral tasks such as the novel object recognition, object 
relocation, object in-context and Morris water maze (see for description of tasks I.5). 
Furthermore, maternal deprivation in male rats was shown to negatively affect adult hip-
pocampal neurogenesis (this is discussed in detailed in the next section) including cell 
survival (Mirescu et al., 2004; Aisa et al., 2009), proliferation and neuronal differentiation 
(Oomen et al., 2010). Interestingly, in rodents the females seem to be unaffected or show 
milder effects after experiencing early life stress later in adulthood (Oomen et al., 2009).
 The effects of early life stress later in adulthood appear to depend on the con-
ditions in which animals are tested in adulthood (Champagne et al., 2008, Bagot et 
al., 2009; Oomen et al., 2010). Thus, animals with a history of early life stress per-
formed worse than controls when tested under non-stressful conditions, but outper-
formed the controls when tested for memory formation in highly stressful paradigms, 
such as contextual fear conditioning. The results of these studies have given rise to 
the theory that adverse environmental stimuli may program the brain to adapt ef-
ficiently in comparable situations later in adulthood, but fail to do so when they 
are exposed to a completely new stressful situation that they have never encoun-
tered before (Champagne et al., 2009; Claessens et al., 2011; Nederhof et al., 2012).

 Intermediate statement II
Disruption of the HPA-axis often occurs in association with psychopathology. A dis-
balance between MR and GR function –lower MR and higher GR function- seems 
a risk factor to develop psychopathology. Such a disbalance may be a predisposing 
factor but could also develop as a consequence of adverse life conditions, such as 
chronic stress in adulthood or early life adversity. The cognitive disturbances develop-
ing under such circumstances have been studied in several animal models. Dendritic 
remodeling and altered functional plasticity in the hippocampus may contribute to 
cognitive disturbances. Similarly, altered adult neurogenesis may (in part) explain 
cognitive deficits (see below). 
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I.3 Adult neurogenesis as a substrate

Many studies have shown that environmental factors affect neurogenesis and that neuro-
genesis is important for behavioural performance (Gould et al., 1999; Shors et al., 2001; 
Clelland et al., 2009; Deng et al., 2010; Snyder et al., 2011; Sawada et al., 2013; Oomen 
et al., 2014). In view of the importance of the process of neurogenesis for my thesis, I here 
discuss the literature on stress and adult neurogenesis in more detail. Many studies have 
investigated the effects of acute or chronic stress on hippocampal structural plasticity.

Box 2 Neurogenesis in the adult brain
Neurogenesis refers to the generation of new neurons in the brain from neuronal precur-
sor cells. During adulthood this mechanism only occurs in the DG of the hippocampus, 
the olfactory bulb and the lateral ventricles of the brain (Altman & Das, 1965; Ming 
& Song, 2005). The discovery of neurogenesis outside of development is fairly new and 
prompts the question: what is the value of new neurons in the brain (Altman 1962)? 
They might serve to replace previously lost neurons, be functionally different from older 
neurons or show dynamic regulation in response to the environment (Schinder et al., 
2004). Current research seeks to answer these questions and our project aims to under-
stand its function in response to stress and its possible relation to depression. 
The neurogenic hypothesis of depression proposes that decreased levels of neurogenesis 
lead to depressive or anxious behavior and that individuals with increased or normal lev-
els of neurogenesis are free of such behavior. This hypothesis hinges on studies that dem-
onstrate that the use of antidepressants like fluoxetine lead to normalized or increased 
levels of neurogenesis in the DG of rodents. These results are supported in human 
studies which show matching timelines for usage and effectiveness of antidepressants 
(Malberg et al., 2000; Jacobs et al., 2000; Santarelli et al., 2003; Encinas et al., 2006; 
Kempermann et al., 2006; Li et al., 2008; Wang et al., 2008; Lucassen et al., 2013). Fur-
thermore, ablation of adult neurogenesis in rodents with X-ray irradiation does not alter 
HPA axis activity (Surget et al., 2011). Yet, it has been shown that normalization of the 
HPA axis overactivity by the antidepressant fluoxetine requires intact adult hippocam-
pal neurogenesis (Surget et al., 2011). Interestingly, antidepressant-like drugs such as 
CRH1 or V1b (which target non-monoaminergic system) are not effective when adult 
hippocampal neurogenesis is inhibited (Bessa et al., 2009; Surget et al., 2011). Therefore 
it has been proposed that antidepressant drugs upregulate adult neurogenesis regardless 
of their behavioural effects (Bessa et al., 2009). It was reasoned that if neurogenesis is 
required for effective antidepressant use, then disturbed neurogenesis might directly 
influence the pathology of depression. This is disputed though (Gass & Henn, 2009).
The process called neurogenesis mainly consists of three events: cell proliferation, neu-
ronal differentiation and cell survival. The proliferation phase is the phase where the pro-
genitor cells actually divide into two daughter cells; this occurs in the SGZ (Mirescu & 
Gould, 2006; Oomen et al., 2011; Schoenfeld & Gould, 2012). Neuronal differentiation 
means that the progenitor cells will be defined as neuronal which occurs to the majority of 
daughter cells in the DG. Most of the remaining cells will become glia cells. The granule 
cell progenitors express glial fibrillary acidic protein (GFAP) at the time of cell prolifera-
tion, thus GFAP is widely used as a marker to locate or identify granule cell progenitors. 
Glia cells continue to express GFAP whereas neurons stop expressing that protein and 
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start to express markers such as doublecortin (DCX) and polysialated neuronal cell ad-
hesion molecule (PSA-NCAM). Using either DCX or PSA-NCAM one can identify im-
mature neurons. When the granule cells become mature they stop expressing DCX and 
PSA-NCAM and start to express proteins like Neuron specific enolase (NSE), Neuronal 
nuclei (NeuN) and Calbindin (Schoenfeld & Gould, 2012).  These new neurons could 
exert a unique function in information processing since they show hyper-excitability, 
enhanced synaptic plasticity of glutamatergic input and decreased sensitivity to GABAe-
rgic interneurons during maturation (Wang et al., 2000; Mongiat & Schinder 2011). 
Neurogenesis can be disturbed in a number of ways both in vivo (explained in de-
tail below) but also in vitro. While knockout models allow investigation of the sys-
tem at basal levels it is also interesting to explore these models under environmen-
tally adverse influences, such as stress. In a recent study Munier and colleagues 
(2012) used murine embryonic stem cells that overexpress the human MR, result-
ing in a two fold higher MR expression while the GR levels stayed the same, lead-
ing to a enhanced MR to GR ratio. In this study, they found that MR controls the 
balance of anti- and proapoptotic signals and facilitates neuronal survival (Muni-
er et al., 2012) but they found no effect of MR overexpression on proliferation us-
ing the Ki67 marker, supporting a role of MR overexpression in neuronal survival.

 
 Chronically mildly elevated corticosterone levels during adolescence and early 
in adulthood were found to increase the levels of neurogenesis in adult mice and flat-
ten the HPA axis response to restraint stress (Xu et al., 2011). In rats, though, most 
studies showed a decrease in neurogenesis after chronic stress (Pham et al., 2003; 
Heine et al., 2004; Oomen et al., 2007), emphasizing the relevance of species differ-
ences. Conversely, adrenalectomy (ADX) -resulting in near-absent circulating plasma 
corticosterone - was found to increase neurogenesis in the rat brain (Fisher et al., 
2002; Martinez-Claroi et al., 2013). The addition of aldosterone, an MR agonist, 
also further increased the number of proliferating cells (Fischer et al., 2002). This 
directly gives evidence that MR activation has a stimulating effect on cell prolifera-
tion. Another study showed that MR deficient mice had reduced levels of neurogen-
esis while GR knock-out mice did not show altered neurogenesis (Gass et al., 2000). 
 Data on proliferation and cell survival are more ambiguous. Acute stress de-
creased cell survival in the DG of male Wistar rats (Heine et al., 2004). Chronic stress 
resulted in less proliferation measured with Ki67 staining (Heine et al., 2004). This 
study indicated how cell survival (BrdU) and proliferation (Ki67) are affected differ-
ently by chronic or acute stress. Banasr and colleagues (2007) found that acute re-
straint stress resulted in less BrdU positive cells while chronic restraint or unpredict-
able stress both did not result in different amounts of BrdU positive cells in male 
Spraque-Dawley rats (Banasr et al., 2007). Furthermore, early maternal deprivation 
(when the litter was separated from their mother at P3 for 24hrs) also turned out to 
result in less Ki67 positive cells, but did not affect the number of BrdU postive cells 
(Oomen et al., 2010). Snyder and colleagues found that chronic restraint stress re-
sulted in more BrdU labelled cells after 14 days, but this effect was diminished after 
21 days in mice (Snyder et al., 2010). The disparity in the data is illustrated in Fig 3.
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Fig 3. Variation in the effects of different kind of stress paradigms on BrdU staining. ELS = early 
life stress paradigm, Acute = acute stress paradigm, Chronic = chronic stress paradigm, ADX/
CORT/ALD = ADX with corticosterone or aldosterone injection.

 Some factors that may contribute to the ambiguous findings are discussed 
in the following. As already suggested above in the case of neurogenesis, it seems that 
proliferation and cell survival in the mice and rat brain are differently affected by 
stress or corticosterone administration. Bain and colleagues (2004) specifically stud-
ied this difference and found that 3 hours of restraint stress resulted in less BrdU pos-
itive cells in rats but more in mice (Brain et al., 2004). However, this has not been 
universally found because in another study using mice it was shown that chronic re-
straint stress resulted in less Ki67 and BrdU positive cells (Yun et al., 2010), in line 
with most studies in rats (Pham et al., 2003; Heine et al., 2004; Oomen et al., 2007; 
Hillerer et al., 2013). The time between the last stressor and the decapitation seems 
to be important since in Wistar rats chronic stress resulted in less Ki67 positive cells 
when animals were sacrificed after two hours but this effect was not found when ani-
mals were sacrificed after 24 hours (Dagyte et al., 2009). In addition, they did not find 
any effect of chronic stress on the amount of BrdU positive cells (Dagyte et al., 2009).
 For this thesis it is relevant that neurogenesis in males and females seem to be af-
fected differently by stress. Chronic restraint stress resulted in less BrdU and Ki67 positive 
cells in female but not in male Spraque-Dawley rats (Barha et al., 2011). Likewise, perina-
tal restraint stress resulted in less BrdU positive cells in the ventral hippocampus of female 
Spraque-Dawley rats but showed no difference in males (Zuena et al., 2008). However, in 
another study it has been found that injection of high levels of CORT resulted in less Ki67 
cells in both male and female dentate gyrus (Brummelte & Galea, 2010), while adrenal-
ectomy led to increased neurogenesis which was accompanied by dramatic cellular apop-
tosis (Wong et al., 2005). This apoptosis might be an MR mediated effect as introduction 
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of low levels of corticosterone, enough to bind MR and not GR, can reverse this effect 
(Hassan et al., 1996; Krugers et al., 2007; Kolber et al., 2008). Ibi and colleagues showed 
that four weeks of isolation rearing resulted in less BrdU positive cells in male mice when 
BrdU was injected before the stress procedure but not when the injection took place after 
the last stressor (Ibi et al., 2008). This indicates that cell survival is influenced during the 
stress but that stress might not have lasting effects on cell survival. On the other hand, in 
another study it was pointed out that male mice show less BrdU positive cells after chron-
ic restraint stress when injected once 24hrs before the cessation of the chronic stress. The 
stressed males had lower amount of BrdU positive cells compared to stressed females. When 
BrdU was injected during the first four days of the chronic stress paradigm, males showed 
less BrdU positive cells compared to females under basal conditions whereas stressed fe-
males showed less BrdU positive cells compared to stressed males (Hillerer et al., 2013). 
 Early maternal separation seems to influence neurogenesis differently at dif-
ferent time points. In young male Spraque-Dawley rats (postnatal day 21) stress re-
sulted in more BrdU positive cells, while there was no effect in animals who were al-
lowed to live until two months of age; middle-aged animals (15 months) showed 
less BrdU cells (Suri et al., 2012). Vega-Rivera and colleagues (2013) studied the ef-
fects of two endocrine conditions (proestrous versus ovariectomized (OVX)) in female 
rats, and they remarkably found an effect of acute stress in OVX female Wistar rats 
on the amount of BrdU positive cells after two hours, three days and fourteen days. 
They showed reduced number of BrdU positive cells only at 2 hours in OVX-rats com-
pared to sham surgery control and stressed rats (Vega-Rivera et al., 2013). This find-
ing stresses the importance of female hormones on the effects of stress on neurogenesis. 
 In conclusion, there is much variation in the effects of different kind of stress 
paradigms on the number of BrdU positive cells. To some extent this may be explained 
by gender differences, strain differences, temporal differences and an effect of age.

      

I.4 Resilience to effects of stress due to MR genetic background

So far, the importance of genetic background for the effects of stress on cognitive func-
tion and neurogenesis has hardly been touched on. Yet, the ability to cope with stress 
and the individual risk for developing a stress-related disease depend on an ongoing 
interaction between genetic predisposition and environmental conditions in particu-
lar during early-life, but also in adulthood (Mc Ewen et al., 1998; Caspi et al., 2003; 
Binder et al., 2004; Oitzl et al., 2010; Wang et al., 2011; Klengel et al., 2013). The 

Intermediate statement III
Neurogenesis is strongly affected by both acute stress exposure, chronic stress in 
adulthood and early life stress. It possibly contributes to the cognitive effects af-
ter such stressful situations. Both hippocampal cognitive tasks and determination 
of neurogenesis are therefore useful experimental endpoints when investigating the 
consequences of early life stress or chronic stress in adulthood. Data for cell prolif-
eration and survival are more ambiguous. The results for these parameters seem to 
depend on sex, strain, time elapsed after stress and age.
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role of corticosteroid hormones and their receptors in this process needs to be better 
understood in order to determine how their action can be harmful or protective in 
relation to stressful life circumstances and psychopathology. In addition to corticos-
teroids, genetic variation in other stress-related molecules, like CRH or FKBP5, obvi-
ously are also important. These have been extensively studied, both in rodent models 
and in humans (Binder et al., 2004; Wang et al., 2011). Since these are not direct-
ly in the scope of this thesis, I refer to these papers but will not elaborate on them.
 As mentioned in section I.2.1, GR polymorphisms that are linked to en-
hanced functionality of the receptor are generally associated with higher vulnerability 
to depression (Wust et al., 2004; Van Rossum et al., 2006; Van West et al., 2006; Spi-
jker & van Rossum, 2012). Far less is known about the MR (see box 3 for methodo-
logical considerations). In rats, MR overexpression using an HSV viral vector-mediated 
strategy, has been associated with reduced anxiety and an increase in the consolidation 
of nonspatial information under stressful conditions (Ferguson & Sapolsky, 2007).

 

    

 
 Studies in human subjects have demonstrated that a single nucleotide polymor-
phism in the MR encoding gene (MR180I), which reduces the functionality of the MR 
protein, is associated with depression (Kuningas et al., 2007). This MR gene variant was 
also found to be related to enhanced corticosteroid levels (in vitro) (De Rijk et al., 2006). 
Bogdan and colleagues (2010) showed that carriers of the MR val allele (MR180I) are 
also less able to modulate their behaviour as a function of reward when facing an acute, 
uncontrollable stressor, a cognitive impairment that has previously been associated with 
depression (Hasler et al., 2004; Bogdan et al., 2010). Furthermore, in postmortem brains 
of patients with major depressive disorder splice variants of MR mRNA were found to be 
associated with decreased expression of MR mRNA levels in the hippocampus and pre-
frontal cortex (Klok et al., 2011a). Moreover, investigation of the role of common vari-
ants of the MR gene (NR3C2) in negative memory bias revealed that variants of the MR 
that are linked to a loss of function pose a risk factor for the development of mood dis-
orders in interaction with adverse (early) life events (Vogel et al., 2014). In another study 
carried out by Klok et al., (2011) the functional MR haplotype 2 –characterized by higher 
MR expression- was found to be associated with increased optimism in females but not in 
males (Klok et al., 2011b). In a healthy cohort, the same haplotype was found to result in 

Box 3 Studying MR function
The function of the MR can be studied using different approaches. First, one can re-
move the adrenal glands (adrenalectomy ADX), which results in the absence of any 
glucocorticoids; thereafter corticosterone can be replaced at a low dose, so that it oc-
cupies the MRs but not the GRs. Second, MR specific agonists or antagonist can be 
used. Third, one can knock out the MR gene, either in a forebrain specific manner or 
throughout the whole animal. Second, Fourth, MR overexpression models exist, using 
transgenic MR overexpressing in the forebrain or through the whole body. Fifth, one 
can use viral vectors to overexpress or knock down MR locally in specific brain areas. 
Finally, in humans once can study functional variants of MR genes, which usually 
cause smaller differences in functionality of the receptors than achieved with transgenic 
animal models. 
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a lower depression-score in the face of multiple life events, but only in females (Vinkers et 
al., 2015). However, in a recent prospective study no associations were found between MR 
variants and stress as well as recurrence of major depressive disorder (Hardeveld et al., 2015).
 Building on (most of ) these findings, the MR has been suggested to play an 
important role in the interaction of a genetic predisposition and environmental fac-
tors (Joels & Baram, 2009; Schwabe et al., 2010). It has been postulated that an in-
creased availability of particularly the low affinity membrane MR could potentially 
have a protective effect against the adverse consequences of stress. This is also support-
ed by effects of MR on cognitive performance, as summarized in the next section. 

I.4.1 Effects of MR blockade on cognition

In rodents, introducing an MR antagonist after stress-exposure results in the inability 
to switch between spatial strategy and stimulus-response (S-R) learning as well as inef-
ficient processing of cues, resulting in a poor performance in mice (Schwabe et al., 2010). 
Selective knockout of MR in the forebrain of mice results in a loss of control of emo-
tional arousal and adaptive behaviour (Berger et al., 2006; Brinks et al., 2009; ter Horst 
et al., 2012). The mice showed increased context-related fear memory and long lasting 
elevations in corticosterone levels. The investigators proposed that the enhancement of 
memory was accomplished by GRs (Brinks et al., 2009). MR knockout mice showed 
hyper-reactivity to novel objects and an increased exploratory drive in familiar environ-
ments, impaired spatial memory and deficits in working memory (Berger et al., 2006). 
 Blocking MRs in rodents by spironolactone prior to training negatively affected 
tone-cue and contextual memory, while blocking MRs after training had no effect on 
emotional memory processes (Zhou et al., 2011). This indicates an involvement of MRs 
in the appraisal of the situation and/or the contextual and tone-cue memory formation. 
Furthermore, MR knockout mice showed less freezing in contextual fear conditioning 
and increased freezing in cue fear conditioning (ter Horst et al., 2012). Conversely, block-
ing GRs enhanced tone-cue memory, which might be explained by the dominant activa-
tion of MRs in this situation (Zhou et al., 2010). This is in line with the findings of Lai 
and colleagues (2007) and Fugerson & Sapolsky (2007) showing that overexpression of 
MRs enhances memory as discussed earlier (Ferguson & Sapolsky, 2007; Lai et al., 2007). 
 Since there are no selective blockers of (presumably) membrane-located MRs, it is 
difficult at this moment to determine whether the observed cognitive effects of MR blockade 
are due to rapid or slow-genomic actions via this receptor. However, blocking MR receptor 
activity resulted in reduced emotional memory already 3 hours after training and reduced 
contextual fear conditioning 24 hours after training in mice. Blocking MR activity might 
therefore interfere with emotional memory formation in the early (4h) and later (24h) 
stage (Zhou et al., 2010). The former might be compatible with non-genomic pathways. 
 Interestingly, ter Horst and colleagues (2012) found a sex difference in freezing 
to context behaviour, with female mice freezing more than males. MR deficient mice, both 
males and females, showed more freezing to context compared to controls. The contradictory 
finding in the effect of MR in contextual fear conditioning in male mice might be explained 
by the fact that in MR deficient mice the levels of GR are upregulated (Ter Horst et al., 2012).
 Female MR deficient mice did not extinguish this memory and did not distin-
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guish between the cue and context periods while males did. The extinction took longer 
in the MR deficient male mice compared to control males. This supports the idea that 
MR is involved in behaviour flexibility and adaptation to the context but additionally is 
involved in the extinction of emotional behavioural responses (Ter Horst et al., 2012).
 In humans, MR  blockade  impairs  executive    function   in   men   while   working   memory 
was differentially affected in young healthy men when studied in combination with psycho-
social stress (Otte et al., 2007; Cornelisse et al., 2011; Schwabe et al., 2013; Vogel et al., 2014).
 To conclude, based on studies blocking MR functionality the brain MR seems 
to play a positive role in behaviour flexibility, anxiety-like behaviour, learning and con-
trolling emotional arousal and HPA-axis activity. 

1.4.2 The effects of MR overexpression on HPA-axis function and behaviour in 
experimental animals

In rodents, experiments that increased the levels of MR (with intact GR levels) in the 
forebrain using either viruses or transgenic mouse models revealed an important role 
of MR in HPA-axis function (some aspects of the effects of MR overexpression in HPA 
axis feedback have been addressed earlier), in behaviour as well as in structural plasticity. 
 Thus, in a transgenic mouse model with high levels of MR and intact GR lev-
els, it has been shown that overexpression of the MR did not alter basal corticosterone 
levels or the levels after acute stress in male mice, indicating an intact HPA-axis func-
tion in these mice (Lai et al., 2007). When looking into the effects of MR overexpres-
sion in females, Rozeboom and colleagues found that MR overexpression resulted in a 
moderate suppression of the stress response. This finding suggests that, at least in fe-
males, MR has a function in the negative feedback of the HPA axis (Rozeboom et al., 
2007). In another transgenic mouse model with high MR and low GR levels, forebrain 
specific overexpression of MR in males did lower the overshoot of the HPA axis that 
was observed in mice with low levels of GR. This suggests that under stressful situa-
tions MR provides negative feedback (Harris et al., 2013). Overall, MR overexpression 
seems to improve negative feedback on the HPA-axis. The feedback role for the MR is 
further supported by the findings of Atkinson and colleagues who found rapid inhibi-
tion of the HPA-axis activity using an MR agonist aldosterone (Atkinson et al., 2008). 
 In terms of behavioural effects, MR overexpression was found to affect anxiety 
(some aspects of the effects of MR overexpression in anxiety have been discussed earlier), 
learning and memory as well as cognitive flexibility. Selective overexpression of the MR 
in the amygdala was shown to result in less anxiety-like behaviour and reduced stress-
induced corticosterone secretion (Mitra et al., 2009). Furthermore, overexpression of MR 
in the forebrain resulted in reduced anxiety-like behaviour in both male and female mice 
(Lai et al., 2007; Rozeboom 2007) and there were indications of a faster adaptation to 
the environment as indicated by less exploratory behaviour in anxiety-like tests (Lai et al., 
2007). However, when both male and female mice were tested for anxiety in the open 
field task, no difference in behavior was found (Rozeboom et al., 2007), This is in line 
with what was found in males using the open field in male overexpressing the MR (Lai et 
al., 2007). The data of the open field paradigm revealed that MR overexpressing males are 
less active, which might reflect a faster habituation to the environment. This is in line with 
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the findings of Lai and colleagues (2007) and Berger and colleagues (2006) and in accord-
ance with the function of the MR in behavioural flexibility in novel environments (Berger 
et al., 2006; Brinks et al., 2009; Schwabe et al., 2010; Ter Horst et al., 2012). Moreover, 
overexpression of MR also decreased the expression of the gene coding for GR and in-
creased the expression of the gene coding for 5HT-1A in the hippocampus. The anxiolytic 
effect could have been the result of the increase in 5HT-1A receptor expression, while the 
feedback alteration could be attributed to the lower levels of GR (Rozeboom et al., 2007). 
 Two other studies conducted in male mice found that MR overexpression has 
a positive effect on memory formation, which might result in stronger memory trac-
es that take longer to extinguish (Ferguson & Sapolsky, 2008; Lai et al., 2007). Rats 
overexpressing MR selectively in the DG were rescued from the negative effects of 
corticosterone on the retrieval of non-spatial memory. On the other hand, MR over-
expression could not overcome the deterioration of spatial memory in the presence of 
high levels of corticosterone (Ferguson & Sapolsky, 2007). This could be due to the 
difficulty of the task and the higher demand on hippocampal function. One year 
later the same group conducted a comparable study but additionally blocked the ac-
tivity of GRs. This was established by overexpression of a negative transdominant 
GR selectively in the DG of rats. They found that overexpression of MR resulted in 
a better short term spatial memory performance and prevented the long term spatial 
memory performance to deteriorate in the presence of high levels of corticosterone.    
 Overexpression of the negative transdominant GR alone or in combination 
with overexpression of MR resulted in an overall better performance when long-term 
spatial memory is required. These two groups also seemed to be protected against the 
effects of high levels of corticosterone on time spent in the goal quadrant of the Mor-
ris Water Maze (Ferguson & Sapolsky, 2008). All of these studies therefore suggest that 
high levels of MR may be a preferential condition, in terms of cognitive performance. 
However, Harris and colleagues found that mice overexpressing MR in the forebrain (es-
pecially when combined with lower Gr expression) suffered from failed reversal learning, 
which means that a memory trace persistently exists. This shows resemblance with psy-
chopathology such as PTSD. Therefore, some caution is at place; there may be conditions 
where high levels of MR might be a vulnerability factor to develop psychopathologies.

  

 
Intermediate statement IV
High MR functionality in males appears to be associated with lower anxiety-like 
behavior, improved spatial memory and more neuronal survival. This may provide a 
favorable genetic profile in the face of stressful life events, as is indeed suggested from 
the human literature. To test this specifically, forebrain specific MR overexpressing 
mice need to be examined for anxiety-like behavior, spatial memory and neuronal 
survival in established models for either chronic stress in adulthood or early life stress. 
In view of already reported differences in males and females with regard to MR func-
tion (both in rodents and humans), these experiments should be carried out both in 
male and female mice.
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1.5 Methods used in this thesis

1.5.1 BrdU, Ki-67 and DCX as markers for neurogenesis

5-Bromo-2-deoxyuridine (BrdU) has been widely used as a marker for dividing cells in 
studies of adult neurogenesis (Kee et al., 2002). BrdU is a so-called birthdate marker that 
incorporates into the DNA of a cell when the cell is dividing. This means that cells that 
are undergoing the S-phase while BrdU is injected will contain BrdU. This BrdU can be 
detected post mortem, using immunohistochemistry. Proliferation can be studied when 
one collects the tissue within hours after injection. Survival or differentiation can be 
studied when tissue is collected some days or weeks after injection. One advantage is that 
BrdU can be passed to daughter cells when an infected cell divides again. This way one 
could study the cell lineage and cell survival (Kee et al., 2002).  However, the timing of 
the second cell division cannot be determined using this method and the daughter cells 
will be stained lightly which might make the cell counting unreliable (Drew & Hen, 
2007). BrdU also has the disadvantage that it can only be studied in post mortem tissue.
 Ki-67 is a nuclear protein expressed in dividing cells for the entire dura-
tion of their mitotic process. Ki-67 is an endogenous marker, which means one does 
not have to inject a substance to label dividing cells, it can be detected with immu-
nohistochemistry (Kee et al., 2002). Studies reported that mitotic cells in all mam-
malian species from rodents to humans express Ki67 (Scholzen & Gerdes, 2000). 
 Kee and colleagues found that Ki67 labelled 50% more cells when compared to 
BrdU, which could be explained by the differences in properties. Ki67 is expressed during 
the whole cell division cycle and BrdU will only be incorporated in the cells that are currently 
in the S-phase of cell division. They concluded that Ki67 is a marker for cell proliferation 
and that neither injection of BrdU nor BrdU itself influences the rate of cell division (Kee 
et al., 2002). The use of Ki67 has some advantages above the use of BrdU since BrdU incor-
poration depends on the injected doses, the penetration of the BBB, bioavailability, stress 
of injection and variability in expression across species (Kee et al., 2002). The disadvantage, 
though, is that Ki67 only gives an impression at the time tissue is collected, whereas BrdU 
allows an impression of processes taking place between the administration and collection 
of the tissue, and thus provides information on cell survival, in addition to proliferation.
 The doublecortin protein (DCX) is a brain-specific microtubule associated 
protein (MAP). Although its exact role has not been well defined, DCX is involved in 
stabilizing microtubules and it is associated with neuronal differentiation and migration 
[(Francis et al., 1999, Gleeson et al., 1999a). DCX is encoded by the doublecortin gene 
in humans, which is mutated in females (X-linked DCX gene) diagnosed with the “dou-
ble cortex syndrome” and cortical laminar heterotopia, both migration disorders due to 
abnormal migration of the neuronal tissue during development (Gleeson et al., 1998, 
1999b). In the adult brain, DCX has been associated with adult neurogenesis in the DG 
of the hippocampus. It is expressed during the stages of proliferative progenitor cells 
(type-2b/3) to a postmitotic phase and it has been detected in growth cones of the den-
drites and axons (Filippov et al., 2003). DCX is expressed in these cells for approximately 
3 weeks, i.e. the duration of this phase (Brandt et al., 2003; Steiner et al., 2004), and it is 
not expressed in mature neurons. DCX positive cells become apparent with immunohis-
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tochemical studies using antibodies against DCX (Brandt et al., 2003; Rao et al., 2004).
 

1.5.2 Golgi-cox staining 

The Golgi staining method is a histological method that was discovered first by Camillo 
Golgi in 1873. This technique is used to study normal and pathological neurons in their 
three-dimensional morphology that can be visualized using a light microscope. Thus, it 
makes it possible to track the complex networking structure of many brain areas, such 
as the hippocampus, amygdala, prefrontal cortex and the cerebellum. The technique is 
based on the development of intracellular deposits of silver chromate and potassium di-
chromate in impregnating fixed tissue. It is a simple method but it remains enigmatic why 
some cells are impregnated while others are not.

1.5.3 Electrophysiology

The nervous system makes use of intricate networks of excitable neurons that communi-
cate using chemical and electrical signals. This bioelectricity has its origins in the voltage 
differences present between the inside and outside of excitable cells and involves a large 
variety of membrane proteins (e.g. ion pumps and channels). Electrophysiology is the 
field of neuroscience that investigates the electric activity of the neurons, particularly, 
action potentials to elucidate the molecular and cellular mechanisms that govern their 

Fig 4. Representative images of positive BrdU (A), Ki67 (B) and DCX (C) labeled cells (40x 
magnification, calibration bar: 50 μm).

Fig 5. Representative image of traced apical 
dendrites of a CA3 pyramidal neuron.
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signaling. Electrophysiology techniques can answer systems-level questions such as the 
role of a neuron in a neuronal circuit or behavior. Furthermore, they can also be used to 
examine ion channels, membrane potentials and molecules that give each neuron specific 
physiological properties. The main recording techniques are used to study the electric 
properties of a neuron both in vivo (brain slices, cell cultures) and in vitro (animal be-
havior) and include the intracellular recordings, extracellular recordings and patch clamp 
(also called whole-cell recordings). The difference in these techniques relies on where the 
electrode is inserted into the neuron. 
 Neurons in the central nervous system almost exclusively communicate by the 
production and release of neurotransmitters at the level of chemical synapses that is called 
synaptic transmission.  In short, synaptic transmission has presynaptic and postsynaptic 
elements and can be studied using whole-cell recordings (Sakmann and Neher, 1984). 
On the presynaptic side, neurotransmitters, such as GABA, glutamate and acetylcholine 
are synthesized and distributed in the neuron in such a way that will result in an appropri-
ate release on stimulation. Binding of the transmitters to postsynaptic receptors results in 
either a depolarization (excitatory postsynaptic potential (EPSP) or a hyperpolarization of 
the postsynaptic membrane (inhibitory postsynaptic potential  (IPSP). This method has 
been used to shed light into the mechanisms regulating synaptic transmission and further 
the formation of memory (Lynch 2004). 
 In chapter 5, we used whole-cell patch-clamp electrophysiology to record 
mEPSCs and evoked AMPA and NMDA currents, which have been reported to being 
modified by alterations in maternal care and maternal deprivation (Bagot et al., 2012; 
Rodenas-Ruano et al., 2012). In addition we recorded mIPSCs and eIPSCs to measure 
inhibitory synaptic transmission.

1.5.4 Object in context task

The object in context (OIC) task is a variant of the widely used object recognition (OR) 
task. This task makes use of the fact that rodents have a natural tendency to explore 
novel environments and objects. The OIC protocol usually consists of three phases: 1) 
The phase where the animals are habituated to the exploration box, 2) the training phase 
where they encounter the objects for the first time (two identical objects in a specific con-
text and two other identical object in another context) and 3) the testing phase where one 
of the identical objects in the context is replaced by the other object. The animals should 

Fig 6. Schematic representation of a structure of a 
chemical synapse.
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be able to distinguish between the familiar object in the same context and the familiar 
object in the non-matching context. This would result in more exploratory behaviour to-
wards the object that is replaced in the non-matching environment since this is the ‘new’ 
scenario. The hippocampus appears to play a major role in the OIC task (much more so 
than in the original object recognition task), where animals should be able to distinguish 
between two familiar objects of which one is in a different context from the training trial 
(Mumby et al., 2002; Bar et al., 2004; O’Brien et al., 2006; Good et al., 2007; Balderas 
et al., 2008; Howard et al., 2011). 

       Day1: Habituation                  Day2: Training               Day3: Testing

1.5.5 Open field paradigm

Thigmotaxis is a typical rodent behaviour, exploring the periphery of the arena in contact 
with the walls. The animals often avoid the center area since rodents naturally avoid open 
areas and brightly lit areas (Bailey & Crawley, 2009). The open field paradigm makes 
use of this principle and is widely used in rodent models to study exploratory behaviour 
and anxiety. Animals are placed in an ‘open field’ box and are able to freely explore the 
environment. The locomotor activity, anxiety behaviour and habituation can be easily 
measured. Most studies use five minutes to test novel environment exploration and half 
an hour to test habituation.

1.5.6 Elevated plus maze 

The elevated plus maze is also widely used to measure anxiety-like behaviour. The maze 
consists of four elevated ‘arms’ with two ‘open’ arms where the animals can look over de 
corners and two closed arms with walls on the sides. When the animal is put in the mid-
dle of the maze it can choose to explore the closed or open arms. It is thought that when 
the animal spends more time in the open arms it is less anxious since rodents naturally 
avoid open areas, especially when they are anxious (Bailey & Crawley, 2009).

Fig 7. Schematic representation indicating the setup of the object-in-context experiment. 
A) Mice are initially habituated in a context that had no object. B1) During training, mice 
are placed in the same context but with two identical objects and then placed in a novel 
context with two identical novel objects (B2). C) Finally the mice are placed in the latter 
context but with one object being replaced by an object from the first context.
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1.5.7 Contextual fear conditioning and extinction

Fear conditioning (FC) is a behavioral paradigm used to assess associative learning in 
rodents and humans. It has been proposed for the first time by Ivan Petrovich Pavlov 
fifty years ago and is based on a learning form associating a stimulus (sound or light) 
with an aversive experience (footshock). Pavlovian fear conditioning has a broad use still 
nowadays and has been modified in order to understand the role of amygdala in the 
regulation of fear memory (Phillips & LeDoux 1992, 1994) as well as the involvement of 
the hippocampus in associative learning, using a context where an aversive experience has 
occurred (Kim & Fanselow, 1992; Phillips & LeDoux, 1992, 1994; Anagnostaras et al., 
1999). Research using FC has provided evidence on the formation of emotional memory 
and it has been used in human studies as a model for post-traumatic stress disorders. It 
produces long-lasting behavioral changes and it is easy to perform in a laboratory setting. 
It is based on a one-trial form of learning (Fanselow, 1990) and stimulus parameters such 
as context, cues can be controlled by the researchers depending on the question they are 
addressing. An increase in stress hormone levels, levels of arousal and freezing are some 
of the behaviors that animals exhibit when they show fear conditioning (LeDoux, 2000). 
The main forms of FC that are used include contextual fear conditioning, auditory cue 
fear conditioning, combination of context and auditory cue conditioning as well as ex-
tinction. 

Fig 8: A) Example of an open field paradigm. Drawings in the box refer to the several zones 
(periphery, middle, center) used to assess anxiety-like behaviour. B) Representative image of an 
elevated plus maze set up.

A B

Fig 9. Schematic representation of a protocol 
used for contextual fear conditioning. During 
training, mice are trained to make an associa-
tion of the context with the aversive stimulus 
(foot shock) and are tested (24 hours later) in 
the same context without the aversive stimulus.
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1.6 Outline of this thesis

The overall aim of this thesis is to investigate the importance of gene-environment inter-
actions on brain development as well as structure and function in adulthood. To study 
the influence of environment we make use of established animal models for stress. For 
the genetic component we focus on one particular gene of interest selected based on prior 
knowledge from animal and human studies, i.e. the gene encoding the mineralocorticoid 
receptor (MR). This approach allows sequential and cellular investigations at a level of 
detail that could never be achieved in human subjects.

• In chapter 2, we test the hypothesis that a genetic background causing high 
MR forebrain expression and/or activation in male mice confers resilience to the effects 
of repetitive stress in adulthood. Specifically, we are interested in investigating whether 
genetic variation in MR expression affects dendritic complexity, neurogenesis and learn-
ing and memory capabilities after chronic stress in adulthood.

• In chapter 3, we investigate the effects of MR overexpression on behavior in fe-
male adult mice. Specifically, we focus on hippocampal-dependent learning and memory 
tasks.

• In chapter 4, we test the hypothesis that a genetic background causing high MR 
forebrain expression and/or activation confers resilience to lasting consequences of early 
life stress in male mice. Specifically, we are interested in investigating whether genetic 
variation in MR expression affects glutamate transmission in the dentate gyrus, neuro-
genesis and learning and memory capabilities after early life stress.

• In chapter 5, we study the effects of early-life stress on hippocampal-dependent 
learning and memory behavioural tasks in female adult mice and whether MR overex-
pression can prevent these effects.

• In chapter 6, the experimental data are summarized and discussed in light of 
the overall aim of the thesis.
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Abstract

Exposure to chronic stress is a risk factor for cognitive decline and psychopathology 
in genetically predisposed individuals. Preliminary evidence in humans suggests 
that mineralocorticoid receptors (MRs) may confer resilience to these stress-related 
changes. We specifically tested this idea using a well-controlled mouse model for 
chronic stress in combination with transgenic MR overexpression in the forebrain. 
Exposure to unpredictable stressors for 21 days in adulthood reduced learning and 
memory formation in a low arousing hippocampus-dependent contextual learning task, 
but enhanced stressful contextual fear learning. We found support for a moderating 
effect of MR background on chronic stress only for contextual memory formation 
under low arousing conditions. In an attempt to under-stand potentially contributing 
factors, we studied structural plasticity. Chronic stress altered dendritic morphology 
in the hippocampal CA3 area and reduced the total number of double-cortin-positive 
immature neurons in the infrapyramidal blade of the dentate gyrus. The latter reduction 
was absent in MR overexpressing mice. We therefore provide partial support for the 
idea that overexpression of MRs may confer resilience to the effects of chronic stress on 
hippocampus-dependent function and structural plasticity.

PLoS One 2015; 10(11): e0142012



56

Introduction

Human studies have shown that frequent exposure to stressful events is an important 
risk-fac-tor for developing psychopathology, especially in individuals with a predisposing 
genetic background (Kendler et al., 1995; Caspi et al., 2003; Klengel et al., 2013). 
This supports the notion that gene–environment interactions affect suscep-tibility to 
stress-related diseases, with some genes enhancing susceptibility and others confer-ring 
resilience to stressful events in adulthood (de Kloet et al., 2005; Binder et al., 2008)..
 Upon exposure to stressful events, the adrenal glands secrete high levels 
of corticosteroid hormones (corticosterone in rodents and cortisol in humans). 
Corticosteroids enter the brain and bind to two types of intracellular receptors: 
mineralocorticoid (MRs) and glucocorti-coid receptors (GRs). MR and GR exert slow 
transcriptional control over responsive genes via hormone response elements present in 
promoters (de Kloet et al., 2005). Apart from their actions in the nucleus, MR and GR 
also mediate rapid, non-genomic actions via membrane-located receptors (Joels et al., 
2012).
 GRs are present throughout the brain and have a low affinity for corticosterone 
(de Kloet et al., 2005). Under non-stressful conditions only part of the receptors are 
occupied, whereas stress-levels of corti-costeroids cause a substantial increase in binding. 
Intracellular MRs are highly expressed in some limbic areas, notably hippocampus and 
amygdala, and have a much higher affinity for corticosterone, implying substantial 
occupancy even by basal hormone levels. Increasing MR density may thus more effectively 
change MR signaling than increased ligand concentrations. The affinity of membrane-
located MRs appears to be similar to that of GRs (Joels et al., 2008).
 MRs play a crucial role in synaptic transmission and plasticity. For instance, 
non-genomic MR actions facilitate glutamatergic transmission in the hippocampus and 
amygdala and enhance synaptic retention of AMPA receptors (Karst et al., 2005; Groc 
et al., 2008; Karst et al., 2010). Behaviorally, MRs promote an appro-priate learning/
cognitive strategy under stressful conditions and are relevant for spatial learn-ing or 
establishing contextual fearful memories (Berger et al., 2006; Schwabe et al., 2010; 
Zhou et al., 2010). In addition, MR overexpression in the forebrain reduces anxiety and 
enhances memory retention (Lai et al., 2007; Mitra et al., 2009).
 Studies in humans also support the importance of MRs for behavioral adaptation. 
First, splice variants of MR mRNA and lower levels of mRNA were found in postmortem 
brain regions of patients with major depressive disorder (Klok et al., 2011). Second, in 
an aged population, carriers of the MR-I180V single-nucleotide polymorphism (SNP) 
associated with loss of function had a higher prevalence of depressive symptoms than 
non-carriers (Kuningas et al., 2007). Third, a specific MR haplo-type–related to high MR 
expression levels- was associated with a heightened dispositional opti-mism in women 
(Klok et al., 2011). In agreement, a recent study in humans revealed a beneficial effect of 
MR stimulation in cognition both in depressed patients and healthy individuals (Otte et 
al., 2015).
 Moreover, a human study using fMRI has shown that a common functional 
polymorphism of the MR (Iso /Val (rs5522), associated with variability in HPA axis 
reactivity, moderates the effect of childhood emotional neglect and amygdala reactivity 
(Bogdan et al., 2012). In stressed individuals, a shift from hippocampal to dorsal striatal 
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memory systems was found to be dependent on the MR activation (Schwabe et al., 
2013). Also, blockade of MRs prevents the stress-induced enhanced connectivity between 
the amygdala and the dorsal striatum, possibly explaining the behavioral shift towards 
habitual responses, and prevents a stress-dependent shift from trace to delay conditioning 
learning (Vogel et al., 2015a;2015b).
 These studies have led to the hypothesis that high (functional) MR levels confer 
resilience to stress-related psychopathologies (DeRijk et al., 2008; Mitra et al., 2009). 
In our study, we tested this hypothesis in a mouse model. Specifically, we examined 
if enhanced forebrain MR expression levels confer resilience to the effects of chronic 
unpredictable stress regarding hippocampus-dependent behavior and hippocampal 
structural plasticity.
 Since activation of corticosteroid receptors depends on plasma corticosterone 
levels (de Kloet et al., 1999;2005), MRs may play a different role in behavioral tasks 
which differ in the degree of salience. We therefore assessed the effects of chronic 
unpredictable stress and MR overexpression on behav-ior under low arousing and high 
arousing experimental conditions, which differ in the degree of activation of the HPA-
axis.

Materials and Methods

Animals
All mice used in our experiments were bred in-house. In each breeding cage, two wild type 
C57Bl6 female mice (Harlan, The Netherlands) were housed with one MR-transgenic 
(MR-tg) male mouse for one week (Lai et al., 2007). At postnatal day 23, all pups were 
weaned, genotyped and pups with identical genotypes but from different litters housed 
two per cage (either MR-Tg or their littermate controls). Mice were kept in a temperature 
and humidity controlled facility (21.5– 22°C, with humidity between 40 and 60%) on a 
12h light/dark cycle (lights on at 8:00 a.m.) with food and water available ad libitum. All 
experiments were performed in strict accordance with the Dutch regulations for animal 
experiments. The protocol was approved by the commit-tee on Animal Health and Care 
from the University of Amsterdam, the Netherlands (Permit Number: DED 206) and in 
accordance with the EC Council Directive of September 2010 (2010/63/EU). All efforts 
were made to minimize suffering.

Chronic Unpredictable Stress
At two months of age, mice were randomly selected for chronic unpredictable stress 
(CUS) or control treatment. Mice in the CUS group were exposed to a 21-days CUS 
paradigm that was based on earlier described approaches (Herman et al., 1995; Alfarez et 
al., 2003; Sandi et al., 2006). The stressors used in this CUS paradigm were applied daily 
(each different stressor was repeated once-weekly) in an unpredictable order between 8:30 
a.m. and 12:30 p.m. in a separate room. Control mice were left undisturbed in their 
home cages in the regular housing room. The following stressors were used in the CUS 
protocol:
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Elevated plus maze (EPM): All mice were placed one-by-one in the center of a light grey 
col-ored plus formed maze (UGO BASILE S.r.l.–Italy) always facing the same open arm. 
After 15 minutes, the mice were removed from the maze and returned to their home cages. 
The maze was cleaned thoroughly with 70% EtOH between each use. All movements of 
the mice were recorded using a life-recording camera system that was installed above the 
maze (Ethovision XT 6, the Netherlands). The EPM was performed on day 1, day 11 and 
day 21 of the CUS regimen and only in animals that underwent CUS. We applied the 
EPM on day 1 to test the anxiety levels of both MR-tg and control stressed animals (at 
that time non-stressed, as this is the first stressor of the regimen) and on day 21 to test for 
habituation over time (in the stressed animals only) (S1 Fig).

Forced swim: Mice were placed for 3 minutes in a glass beaker (24 cm x 12 cm x 12 cm, 
Fisher Scientific, the Netherlands) filled with 1.6L water at 28°C. After these 3 minutes, 
the mice were placed in a cage under a red lamp for 5 minutes in order to dry before 
returning them to their home cages.

Rotating platform: Home cages with two mice were placed on a see-saw rocker for 1 hour 
with 70 oscillations per minute.

Wet sawdust: Four mice were placed in a cage filled with a layer of wet sawdust for 4 hours. 
Immobilization: Mice were individually placed in a restrainer for 30 minutes.

Group housing: Four mice (two MR-tg and two control animals) were housed overnight 
(5:00 p.m. until 9:00 a.m.) in a single cage.

Isolation: Mice were housed overnight individually in a type 2 cage (140 mm x 365 mm 
x 207 mm).

Neuroendocrine parameters
To evaluate the effectiveness of CUS, we measured bodyweight, thymus weight and 
adrenal weight. The bodyweights of the mice were recorded at three time-points: three 
hours after the stressor on day 1, three hours after the stressor on day 11 and in the 
morning of day 22 (one day after the CUS).
 To further validate the effectiveness of CUS, a subset of mice was decapitated 
on day 22 between 08.30 and 11.00 h, and trunk blood was collected in EDTA-covered 
capillary tubes (Sarstedt, The Netherlands) to measure basal plasma corticosterone levels. 
These levels were measured in duplicate via a radioimmunoassay kit according to the 
manufacturer’s protocol (MP Biochemicals, Amsterdam, The Netherlands). At the same 
time-point, the adrenal glands and thymus were dissected and weighed.

Behavior
We started all behavioral tests one day after the final stressor of the chronic unpredictable 
stress (PND82) and during the light phase (9:00 a.m. and 13:00 a.m.) using different 
cohorts of mice 1) for memory in low arousing behavioural tasks (object in-context) and 
2) for memory under high-arousing conditions (contextual fear conditioning). As the 
elevated plus maze is one of the stressors of the CUS paradigm, we used the data of the 
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stressed animals only (from both cohorts that underwent behavioral testing as mentioned 
above) to assess anxiety and locomo-tion upon initiation of the CUS (day1) and during 
the last day of the CUS (day21, S1 Fig).

 Object in-context memory
We tested one batch of mice for place memory in a non-stressful test specific for the 
influence of context on object recognition (Smith et al., 2006; Balderas et al., 2008; 
Spanswick and Sutherland, 2010). As a context we used blue-colored plastic boxes (h x l 
x w: 33 cm x 54 cm x 37 cm) that contained bedding material; blocks of Lego and small 
bottles were used as objects. The overall test was performed over three days (illustrated 
in Fig 3): on day 1 the mice were habituated for 10 minutes in the context without 
objects.  On day 2 the mice habituated first for 10 minutes in a context (A) that had no 
cues on the walls but had two identical objects, i.e. 2 blocks of Lego, placed in opposite 
corners. After this, mice were habituated for another 10 minutes in a novel context (B) 
that had cues on the walls in the form of stripes and contained two (new) identical 
objects, namely 2 small bottles, placed in opposite corners. Between habituating to both 
contexts, a retention interval of 1 min was used, during which the mice were kept in a 
familiar cage (i.e. a cage that was used to transfer the mice from the housing room to the 
testing room) until context B was presented. On day 3 the object in-context recognition 
memory was tested by placing the mice for 10 minutes in context B in which 1 of the 2 
familiar objects of this context, namely the small bottle, was replaced by an object from 
context A, i.e. a block of Lego.
 In all contexts, the mice were placed facing the same wall and opposite to the 
objects. Objects were cleaned thoroughly, placed in a 15 cm distance from the corners of 
each context and new bedding material was added on top of the old and mixed between 
each task, in order to saturate the olfactory cues of previous mice that had been tested. 
Sniffing was used as explor-ative behavior when the animal displayed such behavior 
towards an object within a distance of maximum 2 cm. Climbing on top of or watching 
the objects from a (close) distance was not considered as sniffing behavior.
 We used the discrimination index (DI) observed on day 3 as measurement 
of the object in-context recognition memory. The DI is calculated as time being spent 
exploring the novel object compared to the total exploration time towards both objects 
(tnovel /(tnovel + tfamiliar)) (Akkerman et al., 2012).

Contextual fear conditioning
Contextual fear was also assessed one day after the final stressor, in another batch of 
mice. On day 1, the mice were placed in a chamber that had a stainless steel grid floor 
connected to a shock generator (Zhou et al., 2010). Mice were allowed to explore the 
context for three minutes after which they received a single mild foot shock (0.4 mA) for 
2 sec-onds. After this shock, the mice stayed for an additional 30 seconds in this chamber. 
On day 2, the mice were placed in the same chamber and their freezing behavior was 
recorded for 3 minutes.
 The freezing behavior of the mice was scored every 2 seconds on both days in 
each chamber, with ‘freezing’ being defined as ‘no body movements except those related 
to breathing’ (Zhou et al., 2009).
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Pyramidal cell morphology
To examine the effects of stress on the morphology of hippocampal pyramidal neurons 
we per-formed Golgi-Cox staining as previously described (Boekhoorn et al., 2006; 
Champagne et al., 2008; Bagot et al., 2009). Next, using yet another batch of mice killed 
in the morning one day after the final stressor, brains were embedded in celloidine and 
cut into 200 μm thick sections using a vibratome.
 Using a light microscope (LSM510, Zeiss, Germany), Z-stacks (step size 1μm) 
from each neuron were collected in bright field mode using a light microscope (LSM510, 
Zeiss, Germany) with a 20x magnification. Full images of the dendritic tree of Golgi-
stained neurons were reconstructed in ImagePro equipped with the Neurodraw toolbox 
(kindly provided by G. Ramakers, J. Van Heerikhuize and C. Pool, The Netherlands 
Institute of Neuroscience, Amsterdam).
 For analysis, we used 5–8 pyramidal neurons per mouse present exclusively in the 
CA3 hippocampal area along the rostral-caudal hippocampus. We used selection criteria 
for each neuron as previously described (Oomen et al., 2010). Earlier studies have shown 
that apical rather than basal dendritic trees are very sensitive to chronic stress (Magarinos 
et al., 1996). Therefore, we calculated the total den-dritic length, the number of branch 
points and dendritic complexity index of the apical den-drites of every reconstructed 
pyramidal cell. In addition, we performed a 3D Sholl analysis using the software package 
NeuronStudio (Wearne et al., 2005; Bagot et al., 2009).

Neurogenesis
Neurogenesis has been implicated in cognition, fear and behavioral flexibility (Oomen et 
al., 2014) and is regu-lated by stress and altered after MR modulation (Gass et al., 2000; 
Heine et al., 2004).
 To study the long-term effect of CUS on hippocampal neurogenesis, we 
performed immu-nostaining using three different markers in another batch of mice, 
killed one day after the final stressor: 1) Bromodeoxyuridine (BrdU) as an indicator for 
cell-survival (Kee et al., 2002; Drew et al., 2007); 2) Ki67 to examine cell-proliferation 
(Kee et al., 2002; Wearne et al., 2005); and 3) doublecortin (DCX) to identify early-stage 
differen-tiating neurons (Oomen et al., 2007).
 BrdU-labeling was assessed by administering a total dose of 200 mg/kg BrdU 
((Sigma-Aldrich, St. Louis, Missouri, USA) 10mg/ml in 0.007 M NaOH/0.9% NaCl) 
intraperitoneally via three individual injections of 100 mg/kg with an interval of two 
hours between each injec-tion three hours after the first stressor (Wearne et al., 2005; Hu 
et al., 2012).

Perfusion
Twenty four hours after the final stressor, mice were anaesthetized and trans-cardially 
perfused with a paraformaldehyde solution (4% paraformaldehyde in 0.1M phosphate 
buffer pH7.4). Next, the brains were extracted and post-fixed overnight at 4°C and subse-
quently cryoprotected in a sucrose solution (30% sucrose in 0.1M phosphate buffer, 
pH7.4) on a shaking platform at 4°C for one day.
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Immunohistochemistry
Perfused brains were sectioned into 40 μm thick sections and stored at -20°C. Sections 
selected for immunohistochemistry were first overnight incubated at 4°C on a rocker 
with the primary antibodies: rat monoclonal anti-BrdU (CloneBU1/75 (ICR1), Accurate 
Chemical; 1:500)) (Marlatt et al., 2010; Naninck et al., 2015), rabbit polyclonal anti-
Ki-67 (NCL-L-Ki67_MM1, Novo-castra, Newcastle upon Tyne, United Kingdom; 
1:10000) (Marlatt et al., 2010) [or polyclonal goat anti-DCX (sc-8066, Santa Cruz, 
Leiden, the Netherlands; 1:800) (Marlatt et al., 2010) diluted in 0.05M tris buffer 
saline (TBS), pH7.6. The next morning, the sections were washed with 0.05M TBS and 
incubated for 2 hours at room temperature with the secondary antibodies (biotinylated 
sheep anti-mouse 1:200 (GE Healthcare, United Kingdom), goat anti-rabbit 1:200 
(Vector Laboratories, CA, USA) or biotinylated donkey anti-goat 1:500 (kindly provided 
by Dr. I. Huitinga, Netherland Institute for Neuroscience, Amsterdam)) diluted in 
0.05M TBS, pH 7.6. Next, all sections were washed with 0.05M TBS and incubated 
for 90 minutes with avidin-biotin (ABC kit, Elite Vec-tastain, Brunschwig Chemie, 
Amsterdam, the Netherlands) diluted 1:800 in 0.05M TBS, in 0.3% triton at room 
temperature. Sections were then rinsed in 0.05M Tris-buffer (TB), pH7.4 and incubated 
for 6 minutes in 3–3’ diaminobenzidine (DAB, 20 mg/100 ml of Tris buffer, 0.01% 
H2O2). Finally, the sections were dehydrated, incubated in xylene for 10 minutes and 
dried for 2 days at room temperature.

Quantification
We quantified the number of Ki67-, BrdU- and DCX-positive cells that were located 
bilaterally along the rostral-caudal hippocampal axis in every 6th coronal section. In order 
to get an estimation of the total number of all positive stained cells along the entire 
rostral-caudal axis of the dentate gyrus (DG), the total number of the counted cells was 
multi-plied by six, to correct for the fact that we only used one of six consecutive sections 
(Oomen et al., 2007). BrdU and Ki67-positive cells were quantified manually using a 
light microscope (40 x objective, Zeiss). Due to the complexity and number of DCX-
positive cells, these cells were quantified by systematic random sampling using a Stereo 
investigator system (Microbrightfield, Magdeburg, Germany). Contours were drawn for 
each hippocampal section and the cells were counted using an optical fractionator at 40x 
magnification (Axiophot, Zeiss-West Germany). Optical fractionator settings were the 
same for all cells as follows: 70 x 80 counting grid size and 25 x 25 counting frame size. 
The same volume was sampled for every subject.
 Cells were counted along the transversal axis, namely the suprapyramidal blade 
and the infrapyramidal blade and we further made a distinction between the rostral and 
caudal part of the dentate gyrus based on the curvature of the hippocampus. Although 
literature does not support evidence for an accurate distinction between the rostral and 
the caudal part of the DG, sections with bregma -1,34 to -2,70 were defined as the rostral 
dentate gyrus while the sections between bregma point -2,80 to -3,80 were defined as the 
caudal part of the dentate gyrus (Franklin and Paxinos, 1997). To correct for the variation 
in the amount of sections between the animals, in all cases seven sections were selected per 
animal.
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Statistical analysis
Analyses were performed using statistical package SPSS 17.0 for Windows XP. Data were 
nor-mally distributed as determined by Shapiro-Wilk tests for normality and we therefore 
per-formed parametrical statistical analyses on datasets. Only for corticosterone levels we 
used a non-parametric statistical analysis (Kruskal Wallis followed by a Mann Whitney 
U test), as this dataset was not normally distributed. For datasets in which no time-effect 
was present we per-formed a two-way ANOVA (with CUS as the predicting factor and 
genotype as the moderating factor). If an interaction effect was significant a post hoc 
Fishers Least Significant Difference (LSD) test was performed, after determining equality 
of variances using Levene’s test (which was the case unless stated otherwise). As we always 
performed four post-hoc comparisons (control / non-stressed vs control / stressed or vs MR 
/ non-stressed; control / stressed vs. MR / stressed; MR / non-stressed vs MR / stressed) 
we adjusted the alpha and considered p 0.0125 to be significant. Data are presented as 
mean with standard error of the mean (SEM). To com-pare the distribution of dendrites, 
we performed repeated-measures ANOVA on Sholl plots, with “distance from the soma” 
as within-subjects factor and “genotype” and “treatment” as fixed between-subject factors. 
A Pearson correlation was performed to analyze the relation

Results

Animals
Data for this study were obtained from 139 male mice, of which 73 were MR-tg and 
66 were (littermate) controls. These mice belonged to 60 mixed gender litters with on 
average 7 pups.

Neuroendocrine parameters
For bodyweight gain over 21 days of chronic unpredictable stress (CUS), there was a 
significant interaction between CUS and genotype (F(1,127) = 16.093, p<0.002; Fig 
1A). Follow-up analysis showed that stressed control (p<0.001) as well as MR-tg mice 
(p<0.001) had reduced body weight gains when compared to corresponding non-stressed 
control groups (Fig 1A). The apparent interaction was explained by the fact that non-
stressed MR-tg mice were heavier than non-stressed controls (p< 0.001). 
 There was no interaction nor a main effect of genotype on thymus weight 
normalized to bodyweight. CUS had a main effect on normalized thymus weight (F 
(1,95) = 20.828, p<0.001; Fig 1B). For the adrenal weight, no interaction nor a main 
effect of CUS or genotype was found. There was no correlation between body weight and 
adrenal weight in the control non-stressed mice (n = 8, r = 0.352, p = 0.393).
 We observed a statistically significant difference in corticosterone levels between 
the different groups (t2(2) = 12.438, p = 0.006) with a mean rank score of 8.14 for MR-
tg non-stressed, 9.43 for control non-stressed, 19.17 for MR-tg stressed and 17.40 for 
control stressed. 
Post-hoc analysis revealed that MR-tg stressed mice had increased basal corticosterone 
levels compared to MR-tg non-stressed mice (U(13) = 4.00, Z = -2.64, p<0.008, Fig 1D).
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Behavior

Contextual fear conditioning
In total 24 control (CUS: n = 12; non-stressed: n = 12) and 24 MR-tg (CUS: n = 12; 
non-stressed: n = 12) male mice were subjected to contextual fear con-ditioning, a highly 
stressful learning task which (among other regions of the brain) involves the hippocampus 
(Kim et al., 1992). 
 Prior to the foot-shock, there was neither an interaction between stress and 
genotype nor a main effect of genotype. Chronic stress did affect freezing behavior prior 
to the foot-shock (F(1,45) = 6.720, p<0.013, Fig 2A), i.e. it increased freezing in this novel 
environment. However, it should be realized that the actual amount of freezing at this time 
of the test was very low, <1% of the total observation time.
 Immediately after exposure to the foot-shock, mice displayed considerable 
freezing behavior (Fig 2B). CUS decreased freezing compared to controls immediately after 
receiving the foot-shock  (F(1,45) = 9.483, p<0.04).
 Twenty four hours later, when retention of the shock-context was tested, no 
interaction between CUS and genotype was discerned (Fig 2C). We did see a significant 
effect of CUS (F (1,45) = 0.165, p = 0.048). We also observed a significant effect of genotype 
(F (1,45) = 4.710, p = 0.036).

Fig 1. Neuroendocrinological parameters to determine the effectiveness of the CUS paradigm. These 
parameters included: (A) body weight gain (g), (B) thymus weight (mg / g body weight), (C) adrenals 
weight (mg / g body weight and (D) corticosterone levels. Data are expressed as mean ± SEM with 
p-values based on post-hoc LSD. n 20 mice per group for A,B and C and n = 6–8 for D. *: significant, 
p 0.0125.

Fig 2. Contextual fear conditioning in stressed and non-stressed control and MR-tg mice. Bar 
graphs represent the results for: (A) freezing time before the foot shock on day 1, (B) freezing time 
after the foot shock on day 1, and (C) freezing time during the retention test on day 2. Data are 
expressed as mean + SEM with p-values based on post-hoc LSD. n = 12 mice per group.



64

Object in-context recognition memory 
To probe hippocampal function under non-arousing circumstances [29] we tested 
mice (all groups n = 9) in an object-in-location memory task (Fig 3). On the testing 
day (day three), the DI was tested against chance level (50%) and it was found to be 
highly significant above 50% for both the control non-stressed mice (one-sam-ple 
t-test, p<0.001) and the MR-tg non-stressed mice (one-sample t-test, p<0.001). A DI 
significantly above the chance level was also found in control stressed mice (One-sample 
T-test, p<0.047) and MR-tg stressed mice (one-sample t-test, p<0.001). We observed an 
interaction between CUS and genotype at trend-level F(1,36) = 2.568, p = 0.1, Fig 3D). 
Follow-up post-hoc analysis revealed a significant memory deficit after CUS (compared 
to non-stress) in control mice (p<0.012), but not in MR-tg mice. Furthermore, MR-tg 
stressed mice perform signifi-cantly better than control stressed mice (p<0.003).

Structural plasticity
We next examined CUS-induced changes in structural plasticity in specific hippocampal 
sub-areas that were previously reported to be very sensitive to chronic stress; that is, the 
apical den-dritic complexity of CA3 pyramidal cells and adult neurogenesis in the dentate 
gyrus (Magarinos et al., 1996; Hu et al., 2012).

Pyramidal cell morphology
For the parameters investigated, i.e. dendritic complexity, dendritic length and the 
number of branch points in CA3 apical dendrites, no significant inter-action effects or 
effects of genotype were observed. We did find a significant main effect of CUS on the 
dendritic complexity index (F(1,30) = 5.319, p<0.029) and dendritic length (F (1,30) = 
4.465, p<0.044), though not on the number of dendritic branch points (S2 Fig), which 
is largely compatible with what has been reported previously in other species (Magarinos 
et al., 1995;1996).
 Analysis of the average dendritic length measured at distinct distance points 
from the soma (Fig 4A) showed an overall significant difference over the several points 

0

25

50

75

100

Control MR-tg

D
is

cr
im

in
at

io
n 

in
de

x

Non-stressed

Stressed* *

A DCB.2B.1

Fig 3. Object in context. Left: schematic representation to indicate the setup of the object-in-
context experiment. A) Mice were initially habituated in a context that had no object. B1) During 
training, mice were placed in the same context but with two identical objects and then placed in a 
novel context with two identical novel objects (B2). (C) Finally the mice were placed in the latter 
context but with one object being replaced by an object from the first context. (D) The discrimina-
tion index as observed from the object in context experiment. Data are expressed as mean ± SEM 
with p-values based on post-hoc LSD. n = 9 mice per group. *: significant, p 0.0125.
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from the soma (repeated measures Anova, sphericity assumed correction: F(15,390) = 
301.782, p<0.001) but no significant dendritic length point x treatment x genotype effect 
was found (repeated mea-sures Anova, sphericity assumed correction: F(15,390) = 1.294, 
p<0.266).

Fig 4. Sholl plots in stressed and non-stressed control and MR-tg mice. (A) The average dendritic 
length measured at specific distance points from the soma in all experimental groups. Analysis 
was based on the same cell groups as used in S2 Fig. Data are expressed as mean ± SEM. (B) 
Representative image of a CA3 pyramidal neuron analyzed at various bins representing the distance 
from the soma. We restricted the analysis to the apical dendrites only. Calibration bar: 20 μm.

Neurogenesis
BrdU-labelling was studied after a 3 week survival period (Fig 5A). Hence, the current 
BrdU numbers most likely reflect a combination of cell proliferation and survival (Heine 
et al., 2004). Interestingly, we found a correlation that was highly significant (R2 = 0.516, 
p<0.005) between the total number of cells positive for BrdU and for Ki67 (Fig 5B), a 
marker for cell pro-liferation at the time of analysis. DCX labels immature neurons (Fig 
5C), which is commonly used as a marker for adult neurogenesis.
 When taking all immunostainings into account, we only found an interaction 
effect at trend level for BrdU, but not for Ki67 or DCX. For none of the markers did we 
observe an effect of genotype. A main effect of CUS was apparent for the total number of 
DCX-positive cells (F (1,31) = 4.274, p<0.048).
 It has been argued that neurogenesis is not homogeneous across the DG. Along 
the trans-versal axis, for instance, neurogenesis in the suprapyramidal blade showed 
greater experience-related activity than the infrapyramidal blade (Snyder et al., 2009). 
We therefore refined our analysis and made a distinction for the three markers between 
the infra- and suprapyramidal blades. For BrdU, we observed a main effect of CUS in the 
suprapyramidal blade (F(1,31) = 5.268, p = 0.030). No effects were found in terms of 
Ki67. Effects in DCX staining were more pronounced: a signifi-cant interaction effect of 
CUS and genotype was present in the infrapyramidal blade (F(1,31) = 4.210, p = 0.05). 
Post-hoc analysis indicated that CUS caused a significant decrease in the num-ber of 
DCX-positive cells in control mice (p<0.012) but not in MR-tg mice.
 The rostral and caudal part of the hippocampus have been shown to be associated 
with dis-tinct behaviors (Moser et al., 1998). Therefore, we assessed neurogenesis along 
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the rostral-caudal part of the DG for all markers (Fig 5). In the caudal subarea, our results 
revealed a significant genotype effect (F(1,31) = 4.413, p<0.045) for the BrdU-positive 
cells. No significant effects were found for the BrdU-positive cells in the rostral subarea. 
Main or interaction effects in Ki67-positive cells and DCX-positive cells along the rostral-
caudal axis of the DG were not detected.

Fig 5. Neurogenesis results in stressed and non-stressed control and MR-Tg mice. Right panel 
shows representative examples of BrdU, Ki67 and DCX labeled cells being scored (D-F, arrows, 
calibration bar: 50 μm). Left panel shows the bar graphs on the left summarize the averaged results 
for: (A) BrdU positive cells, (B) Ki67 positive cells and (C) DCX positive cells. For each marker we 
analyzed the total number of cells, the number of cells along the rostral and caudal subareas of the 
hippocampus as well as the numbers for two subregions that make up this total number (total infra 
and total supra). Data are expressed as mean ± SEM with p-values based on post-hoc LSD. n = 8 
animals per group. *: significant, p 0.0125.

Discussion
Environmental factors such as repetitive exposure to stressful events are an important risk 
fac-tor for stress-related psychopathology; this can be moderated by genetic susceptibility 
or resil-ience factors (de Kloet et al., 2005). It has been suggested that efficient MR 
function may confer resilience to stress-related psychopathology and cognitive decline 
(Kuningas et al., 2007; Klok et al., 2011). Here we used a mouse model to specifically 
examine potential moderating effects of MR overexpression on CUS-induced behavioral 
deficits and structural plasticity.
 We found that MR overexpression may indeed protect against CUS-induced 
deficits in a relatively non-arousing memory task, but not in highly stressful learning 
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conditions. Although we found that CUS induced CA3 pyramidal dendritic atrophy 
in the dendritic complexity index and dendritic length, these changes appeared to be 
unaffected by MR overexpression. CUS–as reported before- suppressed neurogenesis, 
which was moderated by MR in the infrapyramidal blade. We therefore tentatively 
conclude that MR overexpression may protect against some but not all CUS-induced 
changes in hippocampal behavior and structural plasticity.

Experimental model
We used transgenic mice with forebrain specific overexpression of human MR under 
the con-trol of a CaMKII alpha promoter (Lai et al., 2007). More specifically, these 
animals have a 3–4 fold MR mRNA increase in the hippocampus and 8-fold increase 
in amygdala. Immunohistochemical staining of MR showed more MR-positive neurons 
and greater intensity of staining in CA-1, CA-2, CA-3 of the dorsal blade of the dentate 
gyrus (DG), lateral septum and cortex compared to control mice; we confirmed this 
in the present set of animals (unpublished observation). MR-Tg was not detected in 
cerebellum, hypothalamus or peripheral tissues such as liver, lung and muscle (Lai et al., 
2007).
 The presently reported effect of MR overexpression on corticosterone levels is 
not in line with results from Mitra et al. (Mitra et al., 2009), who reported that selective 
MR overexpression in the amyg-dala reduces stress-induced corticosterone secretion. This 
could be explained by the different models used to induce MR overexpression; that is, 
Mitra et al. (Mitra et al., 2009) used viruses to overexpress the MR locally (only in the 
BLA) in adult rats. In this model, the HSV vectors that was to drive overexpression infect 
only approximately 30% of the neurons. Therefore, other areas contribut-ing to anxiety-
like behaviour and HPA axis activity, such as the hippocampus (Bannerman et al., 2003), 
were not affected, as opposed to the model we used. Moreover, viral MR overexpression 
occurred only during adulthood (Mitra et al., 2009). In our model, MR overexpression 
started around PND15 and remained present up until measurements in adulthood, 
which may have resulted in compensatory mechanisms.
 Similar to what was reported before for fully-grown MR-tg mice (Lai et al., 
2007), we found MR-tg mice to be significantly heavier than control mice, even at a 
relatively young age (~2 months old). Since MRs were overexpressed in the forebrain but 
not in hypothalamus (unpublished observa-tions), this might indicate that forebrain MR 
play a substantial role in appetite and/or metabolic processes. Although this is of interest, 
it most likely did not affect our present find-ings, as we did not use food-rewarded tasks.
Both control and MR-tg mice exposed to CUS gained less bodyweight over the 21-
days period when compared to non-stressed mice. In addition, CUS caused a reduced 
normalized thymus weight, increased basal corticosterone levels but had no effect on the 
adrenal weight. This shows the effectiveness of the 21-days stress paradigm, which was 
based on earlier described CUS protocols in rats ( Herman et al., 1995; Alfarez et al., 
2003; Sandi et al., 2006; Marin et al., 2007; Oomen et al., 2007).

Behavior
Our behavioral observations are in line with earlier studies showing that CUS hampers 
contex-tual memory formation under non-stressful conditions but enhances contextual 
fear memory formation (Krugers et al., 1997; Baker et al., 2002; Wright et al., 2005; 
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Schwabe et al., 2010). Our data indicate that MR overexpression does not moderate the 
effects of CUS on contextual learning under high arousing (fear) conditions, as opposed 
to contextual learning under low arousing conditions. The most likely explanation is 
that high-arousing con-textual fear conditioning is associated with high corticosterone 
levels, in a range generally involving GR activation (Pugh et al., 1997; Zhou et al., 2010). 
Corticosterone levels during low-arousing contextual learning are probably too low to 
largely activate GR and may depend more prominently on MR, and its involvement in 
behavioral reactivity towards novel spatial situations (Oitzl et al., 1994). A second and 
less likely explanations is that mice had reached a ceiling in contextual fear memory. 
Interestingly, we observed a main effect of genotype in contextual fear conditioning which 
was particularly evident directly after re-exposure. This might be due to MR-dependent 
differences in overall anxiety. However, we did not observe genotype effects in the elevated 
plus maze, determined one day before contextual fear learning (S1 Fig). Alternatively, MR 
expression may influence the generalization of fear. This too is unlikely because MR-tg 
and control animals showed low levels of freezing when tested in a different context (data 
not shown). The tendency towards more pronounced freezing in non-stressed MR-tg (vs 
control) mice agrees with earlier studies in naïve mice reporting that pharmacological 
blockade of MR hampers retention of fear con-text (Zhou et al., 2011) and hampers 
selective attention, executive function and working memory in men (Otte et al., 2007; 
Cornelisse et al., 2011; Schwabe et al., 2013; Vogel et al., 2015a;2015b).
 With respect to a very sensitive hippocampus-dependent memory task under 
relatively non-arousing conditions (Balderas et al., 2008) we found support for our 
hypothesis: overexpression of MR appears to protect against CUS-induced deficits. 
Of note, although the difference between chronically stressed and control animals was 
highly significant in wild type mice and absent in MR-tg animals, the interaction effect 
was only evident at trend level, so interpretation of the data should be done with care. 
The employed memory task, as other contextual tasks (Roozendaal et al., 2006), might 
improve with a rise in circulating CORT levels; we cannot entirely exclude that puta-
tively higher circulating CORT levels in MR-tg mice with a history of CUS contributed 
to the observed resilience. In contrast to the contextual fear conditioning paradigm, we 
found no sup-port that MR overexpression by itself (under non-stressful conditions) 
improves memory for an object-in-location.

Structural plasticity
The potentially protective effect of MR overexpression under non-arousing conditions 
could be explained by accompanying changes in structural or functional plasticity. We 
addressed the first possibility, by examining dendritic complexity of CA3 pyramidal cells 
and adult neurogen-esis in the dentate gyrus, two parameters that are exquisitely sensitive 
to CUS (Magarinos et al., 1996; Oomen et al., 2007). Chronic unpredictable stress has 
been reported to result in reduced hippocampal CA3 dendritic com-plexity (Magarinos 
et al., 1995;1996; McKittrick et al., 2000; McEwen et al., 2004). Although the exact 
mechanism is unknown, elevated plasma corticosterone levels and altered glutamatergic 
tone have been implicated (Cameron et al., 1994; McEwen et al., 2004; Reagan et al., 
2004). In agree-ment, we found a main effect of CUS on the dendritic complexity index 
and dendritic length. However, there was no indication for a moderating effect of MR 
overexpression. Therefore, there is no reason to assume that the improved object-in-
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location memory in MR overexpres-sing (compared to wild type) CUS mice is caused 
by changes in CA3 dendritic complexity. CA3 neurons, however, are not the only critical 
elements for good performance in this particu-lar learning task, which would explain the 
disparate findings. CA1 or dentate neurons may be equally important for optimal task 
performance, but—in terms of dendritic complexity- these are far less sensitive to CUS 
than CA3 neurons (Magarinos et al., 1996).
 Chronic stress has also been reported to reduce hippocampal adult neurogenesis 
(Gould et al., 1997; Wearne et al., 2005). CUS or MR overexpression did not 
consistently change BrdU or Ki67 staining in the DG; inter-action effects were not 
linked to significant post-hoc differences between specific groups. However, we did find 
a significant moderating effect of MR overexpression on CUS-induced DCX suppression 
in the infrapyramidal blade. This effect might contribute to our behavioral obser-vations; 
spatial learning depends on as well as affects neurogenesis. Neurons in the suprapyra-
midal blade show greater experience-related activity but mature later than those in the 
infrapyramidal blade (Snyder et al., 2009). Changes in the infrapyramidal blade may 
therefore disproportion-ally contribute to the behavioral changes. No changes were found 
along the rostral-caudal part of the hippocampus in all three neurogenic markers. The 
effects of CUS on neurogenesis are believed to be mediated—at least in part—by elevated 
plasma corticosterone levels (Hu et al., 2012; Wang et al., 2013). It seems unlikely, 
though, that the protective effect of MR overexpression is caused by a reduction of stress-
induced corticosterone levels; our neuroendocrine observations do not support this.

Conclusions
In conclusion, this study supports that MR overexpression may confer resilience to the 
effects of prolonged stress exposure on some but certainly not all aspects of hippocampal 
memory performance and structural plasticity. Comparable observations have been 
made for other mediators of the stress response: genetic deletion of CRH also preserves 
learning and memory and neuronal integrity which is otherwise disrupted after exposure 
to chronic stress (Wang et al., 2013). Collectively, these studies indicate that reducing 
vulnerability factors (such as CRH) or enhancing resilience factors (such as MR) might 
maintain brain function at an optimal level in the face of chronic stress exposure.
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Supporting Information

S1 Fig. Elevated plus maze results as observed in stressed control and MR-tg mice. The bar graphs 
show results for: (A) total number of arm entries, (B) percentage of open arm entries and (C) per-
centage of time spent in the open arms. We observed no interaction effect of geno-type and time 
nor a main effect of genotype, for any of the parameters analyzed. Data are expressed as mean ± 
SEM. n = 24 mice per group.
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S2 Fig. Dendritic complexity results as observed in Fig 4. Dendritic morphology in stressed and 
non-stressed control and MR-tg mice. An example of an analyzed neuron is depicted in A. The 
dendritic complexity results included: (B) dendritic complexity index, (C) dendritic length and (D) 
number of branch points. Data are expressed as mean ± SEM; n = 6–8 animals per group.
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Abstract

Mineralocorticoid receptors (MRs) have been implicated in behavioral adaptation 
and learning and memory. Since – at least in humans - MR function seems to be sex-
dependent, we examined the behavioral relevance of MR in female mice exhibiting 
transgenic MR overexpression in the forebrain. Transgenic MR overexpression did 
not affect contextual fear memory or cued fear learning and memory. Moreover, MR 
overexpressing and control mice discriminated equally well between fear responses in 
a combined cue and context fear conditioning paradigm. Also context-memory in an 
object recognition task was unaffected in MR overexpressing mice. We conclude that 
MR overexpression in female animals does not affect fear conditioned responses and 
object recognition memory. 
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Introduction

Exposure to stressful experiences activates the Hypothalamus-Pituitary-Adrenal (HPA)-
axis, which –among other things- results in elevated plasma levels of corticosteroid 
hormones (corticosterone in rodents, cortisol in humans) (Joëls and Baram, 2009). 
Corticosteroids bind to two types of corticosteroid receptors: mineralocorticoid receptors 
(MRs) and glucocorticoid receptors (GRs), which differ in their localization in the brain 
and affinity for corticosterone (de Kloet et al., 2005; Reul and de Kloet, 1985). Both MRs 
and GRs can exert slow genomic actions on cellular function, but recent studies have 
demonstrated that activation of these receptors can also activate fast membrane receptor 
mediated non-genomic pathways (Di et al., 2003; Groc et
 al., 2008; Groeneweg et al., 2011; Karst et al., 2005; Karst et al., 2010).
 In male rodents, corticosterone acting via MRs facilitates spatial learning 
(Berger et al., 2006; Lai et al., 2007), reduces anxiety (Rozeboom et al., 2007; Lai et al., 
2007) and improves the formation of contextual fear (Zhou et al., 2011). Moreover, MR 
activation regulates the selection of appropriate behavioural strategies in the face of stress, 
favoring a switch from hippocampus-dependent to striatal learning strategies (Schwabe 
et al., 2010; Schwabe et al., 2013). Overall, these studies in rodents suggest that MR 
activation favours behavioural adaptation to stressful events. 
 Also in humans, MRs are important for neuroendocrine function and 
behavioural adaptation (DeRijk et al., 2006; Otte et al., 2015). Two single-nucleotide 
polymorphisms (SNPs) of the human MR gene (−2G/C and I180V) have been associated 
with variability in MR functionality. Specifically, a common haplotype involving these 
SNPs (MR-2C/MRI180) was associated with high MR expression and trans-activational 
activity in vitro (van Leeuwen et al. 2011). Individuals carrying this haplotype also 
displayed high salivary and plasma cortisol responses in a psychosocial stress situation 
(van Leeuwen et al. 2011). Homozygous female but not male carriers of haplotype 2 were 
found to have higher dispositional optimism, fewer thoughts of hopelessness and a lower 
risk on major depression (Klok et al., 2011).
 Thus, in general MRs seem to enhance behavioral adaptation to stressful events, 
facilitate (fear) learning and memory, and promote resilience to stressful events (de Kloet 
et al., 2005). However, most studies that specifically investigated learning and memory 
in rodents so far focused on the MR in males; relatively little is known about the effect of 
(enhanced) MR function in females (Ter Horst et al., 2013; Arp et al., 2014). Since sex-
differences in MR function appear to exist in humans and rodents, we examined in this 
study whether forebrain-specific overexpression of MRs in female mice affects contextual 
memory formation, emotional memory formation and anxiety.

Material and Methods

Animals 
All mice used in our experiments were bred in-house. In each breeding cage, two 
wild type C57Bl6 female mice (Harlan, The Netherlands) were housed with one MR-
transgenic (MR-tg) male mouse (Lai et al., 2007) for one week. Subsequently, the male 



79

mice were removed and the female mice were left undisturbed until day eighteen of their 
pregnancy. From this point in time, the female mice were individually housed until they 
gave birth. We preferred to use wild type rather than MR-Tg dams, to keep maternal care 
as comparable as possible to earlier studies in C57Bl6 mice. At postnatal day (PND) 23, 
all pups were weaned, genotyped and female pups with identical genotypes were housed 
four per cage. Mice were left undisturbed (except for cage cleaning once a week) until 
testing, when they were 3-3.5 months of age.
 Mice were kept in a temperature and humidity controlled facility (21.5 - 22°C 
with humidity between 40 and 60%) on a 12h light/dark cycle (lights on at 8:00 a.m.) 
with food and water available ad libitum. All experiments were performed in accordance 
with the Dutch regulations for animal experiments (DED206). 

Body weights and basal corticosterone levels
The body weight of the mice was recorded before the initiation of behavioural testing. Two 
weeks after the completion of the behavioural test, mice were decapitated in the morning 
between 09:00 and 11:00 h and their trunk blood was collected in EDTA-covered 
capillary tubes (Sarstedt, the Netherlands) to determine basal plasma corticosterone 
levels. These levels were measured in duplicate via a radioimmunoassay kit according to 
the manufacturer’s protocol (MP Biochemicals, Amsterdam, The Netherlands). 

Behavior
We performed all behavioral tests during the light phase between 8:30 a.m. and 12:00 
a.m. We used a different cohort of mice for each of the behavioural tests: i) object-in-
context recognition memory, ii) contextual fear conditioning, iii) cued fear conditioning, 
and iv) combined cued and context conditioning. All four different cohorts of mice were 
first tested on the elevated plus maze at 3 months of age and one week later subjected to 
one of the behavioral tests listed above.

Elevated plus maze (EPM)
Mice were transferred from the housing room to the behavior testing room 30 min before 
the actual testing. The mouse was placed in the center of a plus maze (light gray plexiglass; 
open arms: length 36.5 cm, width 0.5 cm; closed arm: length 35.2 cm, width 0.5 cm, 
side walls: 15.0 cm; elevation poles: 58.5 cm, UGO BASILE S.r.l. – Italy). The maze 
was cleaned with 70% ethanol and dried thoroughly with paper tissue before the mouse 
was placed in the maze. At the start of the test, each mouse faced the same open arm. 
After 5 min of testing the mouse was removed from the plus maze and returned to its 
home cage. A camera above the maze was used to record the sessions. The videos were 
analyzed by Ethovision XT 6 (Noldus, Wageningen, The Netherlands). We estimated the 
percentage of time spent in the open arm and the number of open arm entries; low values 
are considered to reflect anxiety-like behaviour. The total distance moved in the maze 
(open and closed arms) was used as an indication of general locomotor activity.

Contextual fear conditioning
Contextual fear memory was examined as described before (Zhou et al., 2011). On day 
1, the mouse was placed in a chamber (W x L x H: 25 cm x 25 cm x 30 cm) that had a 
stainless steel grid floor connected to a shock generator. After 3 min of free exploration 
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a single foot shock of 0.4 mA was delivered for 2 seconds. 30 seconds later the mouse 
was removed from the chamber and returned to its home cage. On day 2, the mouse was 
placed in the same chamber for 3 min. The occurrence of freezing behavior (defined as no 
body movements except those related to breathing (Zhou et al., 2009; Zhou et al., 2010)) 
was checked and scored every two seconds  on days 1 and 2. For analysis we calculated 
for each day the total time spent freezing as a percentage of the total duration of the test.

Cued fear conditioning
Cued fear conditioning was examined to assess amygdala-dependent (fear) memory 
formation. On day 1, the mouse was placed in a black chamber (W x L x H: 25 cm x 25 
cm x 30 cm), that had a stainless steel grid floor connected to a shock generator (Context 
A). The mouse could freely explore this chamber for 3 min. Thereafter, a tone (100 dB, 
2.8 kHz) was given, lasting 30 seconds; during the last two seconds the mouse received 
a single foot shock of 0.4 mA. Thirty seconds later, the mouse was returned to its home 
cage. Twenty-four hours later on day 2, the mouse was placed in another chamber with 
striped patterns on the walls and a smooth floor (Context B) and allowed to explore for 
three minutes. Thereafter, the same tone as on day 1 but without shock was delivered for 
30 seconds; the mouse remained in this chamber for another 30 seconds before being 
returned to its home cage. Before each mouse was tested, chambers were cleaned: Context 
A with 70% ethanol and Context B with 1% acetic acid, providing also different smells 
to the environments. Freezing behavior of the mouse was scored every 2 seconds (see 
above). The analysis was performed by the same investigator as the one carrying out the 
behavioral test but blinded to the experimental groups during analysis.

Combined cued and context conditioning 
On day 1, the mouse was placed in a fear conditioning chamber (W × L × H: 25 cm × 
25 cm × 30 cm) that was cleaned with 70% ethanol. The grid floor was made of stainless-
steel rods and was connected to a shock generator (0.4 mA). A white light source and 
a camera were placed 20 cm above the chamber. An audio-speaker was connected to a 
tone generator and positioned on the wall of the chamber. During acquisition (day 1) the 
mouse was allowed to freely explore the chamber for 3 minutes. Then, the animal was 
exposed to six light/tone episodes (cue-on episodes; 20 s each) paired with a foot shock 
(0.4 mA) during the last 2 s. The interval between the light/tone + shock pairings was 1 
min (the context, cue-off episode). Two minutes after the last pairing, mice were returned 
to their home cage. On day 3 (48 hrs later), the mouse was exposed to the same procedure 
as on day 1, but without shocks. Frequency and duration of freezing behavior was scored 
using Observer XT, Noldus, Wageningen, The Netherlands. Freezing behaviour was 
determined and quantified during cue on periods and cue off periods (i.e. after the foot 
shock) and was defined as no body movements except those related to respiration. This 
fear conditioning paradigm allowed a test of fear related behaviour of the mice during 
alternating cue-on (light + tone together) and context (cue-off) episodes (Brinks et al., 
2009) in the same experimental protocol, thereby enabling detection of generalization 
and specificity of fear.

Object-in-context recognition memory
We tested the mice for place memory, a non-stressful behavioral task, to examine the 
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influence of context on object recognition (Balderas et al., 2008; Barsegyan et al., 2014; 
Dix and Aggleton, 1999; Eacott and Norman, 2004; Mumby et al., 2002; O’Brien et al., 
2006; Spanswick and Sutherland, 2010; Spanswick and Dyck, 2012). As context we used 
four blue-colored plastic boxes of identical measurements (W x L x H; 33 cm x 54 cm x 
37cm) with or without visual cues on the walls. The boxes contained bedding material 
and additional objects: blocks of Lego and/or small bottles.
 Mice were tested on three subsequent days. On day 1, the mouse was placed for 
10 min in a box with no wall cues and without objects. On day 2, the mouse was placed 
for 10 min in a box (context A) that had no cues on the walls but contained two identical 
objects, i.e. 2 blocks of Lego, placed in opposite corners. Thereafter, the mouse was placed 
for 10 min into another box (context B) with cues on the walls in the form of stripes 
and two (new) identical objects, i.e. 2 small bottles, placed in opposite corners. Between 
exposure to context A and context B, the mouse was returned to its own transport cage. 
On day 3 object-in-context recognition memory was tested by placing the mouse for 10 
minutes 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 one object which belonged 
to Context A on day 2 (i.e., unfamiliar object to context B, Figure 6A-C). We calculated 
the discrimination index (DI) on day 3 as a measure for object-in-context recognition 
memory. The DI was calculated as time spent with the novel object compared to the total 
exploration time of both objects (tnovel /(tnovel + tfamiliar )) (Akkerman et al., 2012; 
Mumby et al., 2002). All objects were cleaned thoroughly between tests, and placed at 
a 15cm distance from the corners of the box. Fresh bedding material was added on top 
of the old and mixed between each session. Sniffing was scored as object-exploration 
behavior if the mouse displayed such behavior towards an object within a distance of 2 
cm maximum. Climbing on top of or ‘watching’ the objects from a (close) distance was 
not considered as sniffing behavior.

Determination of the cycle stage 
To take the cycle stage of the females into account, vaginal smears were taken immediately 
after each behavioral test using a smear loop (size 1μl; Greiner Bio-one). Cells were 
transferred on a water drop on a glass microscope slide. Slides were allowed to dry 
overnight followed by Giemsa (Sigma) staining for 12 minutes. 

Statistical analysis
Because all data were normally distributed, as determined by Shapiro-Wilk tests for 
normality (results not shown), we used parametric statistics. Statistical analyses were 
performed using SPSS: two-tailed t-test when two means were compared; repeated-
measures ANOVA (when appropriate); and two-tailed paired t-test (averaged cue and 
context fear conditioning episodes). 
 We analyzed the results of the contextual fear conditioning and elevated plus 
maze task for each cycle stage, because the relatively large number of animals allowed 
subgroup analysis. For these tests we did not observe any consistent influence of the cycle 
in the behavioral performance (data not shown). In the other tasks subgroup analysis 
was not possible due to the rather low number of females in some stages of the cycle. 
We therefore grouped all stages in the results and tested the impact of cycle stage on 
behavioural performance with a General Linear Model analysis, including the cycle stage 
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as a covariate. 
A p-value < 0.05 was set as the level of significance (*) and a p-value of < 0.10 was 
considered as a trend level (#). Data are presented as mean with standard error of the 
mean (SEM), with group size (n) indicated.

Results

Body weights and basal corticosterone levels 
Body weight was measured from all animals before the start of the behavioural paradigms 
when animals were approximately 3.5 months of age. Female MR transgenic (-tg) mice 
were found to be significantly heavier in absolute body weight compared to control 
littermates (t(69)=-7.92, p<0.001; Fig 1A). MR-tg mice also displayed a trend towards 
significantly lower basal plasma corticosterone levels (t(33)=1.98, p=0.055; Fig 1B).  

Behavior

Elevated plus maze
We tested control and MR-tg female mice at PND 90 with respect to frequency of open 
arm entries, percentage of time in the open arms and total distance the mice travelled in 
the EPM, for a total duration of 5 minutes (Fig 2). The frequency of open arm entries 
was similar for control and MR-tg mice (t(70)=0.19, p=0.844). Control and MR-tg mice 
also spent a comparable amount of time in the open arms (t(70)=0.19, p=0.844). Finally, 
the general locomotor activity was not different between control and MR-tg animals 
(t=70=-0.25, p=0.799).

Fig 1. Neuroendocrine parameters. (A) Body weight measured before the initiation of behavioral 
testing revealed that female MR-tg mice weigh significantly more than control mice (N= 20-24 
per group). (B) Basal a.m. plasma corticosterone levels measured two weeks after the behavioral 
paradigms showed that MR-tg mice show a trend towards significantly lower basal corticosterone 
levels than control female mice (n=15-20 per group). *: significant, p<0.05,. #: trend,  p< 0.10.
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Contextual fear conditioning
During training and prior to the foot shock, MR-tg and control mice displayed little 
freezing behaviour; the percentage of time was comparable for both groups (Figure 
3A). During the retention test, twenty-four hours later, mice of both groups spent 
approximately 30% freezing of the total 3 minutes testing time (data not shown). Since 
MR is thought to be involved in early appraisal of fear, we distinguished between the 
first and second half of the observation period, as described before (Zhou et al., 2010). 
Dividing this period into two blocks of 1.5 minutes (Zhou et al 2010) revealed that 
MR-tg and control mice displayed no differences in the percentage of time freezing 
(F(1,52)=0.086, p=0.770; Fig 3B). 

Fig 2. MR overexpression effects in elevated plus maze behaviour. (A) Forebrain MR overexpression 
did not alter generalized locomotor activity in MR-tg versus control female mice. (B-C) MR-tg and 
control mice exhibited no differences in anxiety-like behavior, as the percentage of open arm entries 
(C) (out of all arm entries) and the percentage of time in the open arms (B) were similar for both 
groups (n=35-37 per group).

Fig 3. Effects of MR overexpression on contextual fear conditioning. (A) During training, female 
MR-tg and control mice exhibited no differences in freezing behaviour in response to the context, 
measured for the total 3 minutes period of testing. (B) Twenty-four hours later, MR-tg mice show 
comparable freezing behavior compared to control mice, when tested over time (first 90 sec 
compared to the last 90 sec of time freezing). n=25-30 per group.
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Cued fear conditioning
During training, MR-tg and control mice displayed little freezing behavior before 
exposure to the tone and foot shock (Fig 4A). Exposure to the tone increased freezing 
behavior and freezing behavior was also increased after exposure to the foot shock, in 
a comparable manner for both groups (Fig 4A). Twenty-four hours later, both groups 
showed similar freezing levels both before and after the presentation of the cue exposure 
to the tone, now presented in a novel context (F(1,22)=1.087, p=0.315; Fig 4B).

Fig 4. Effects of MR overexpression on cue fear conditioning. (A) During training, comparison 
between MR-tg and control mice revealed no differences in freezing behaviour before as well as 
after the presence of the tone. n=8 per group. (B) Twenty-four hours later, both MR-tg and control 
mice showed similar freezing behavior in response to the new context, when compared before and 
after the tone presentation.

Combined cue and context conditioning
The combined cue and context fear conditioning paradigm allows detection of 
generalization and specificity of fear (Brinks et al., 2009). During acquisition (day 1) 
both MR-tg mice and wild type littermates increased freezing behavior during cue on and 
cue off periods (F(11,341)=76.761, p<0.001), and always showed more freezing behavior 
during the cue off (i.e. after the footshock) when compared to the cue on period (Fig 5A 
and 5B), as described earlier for this particular paradigm (Brinks et al., 2008, 2009). No 
significant differences between MR-tg mice and control mice were seen. Fourty-eight 
hours after training, both control and MR-tg mice displayed freezing behavior during the 
cue on (Fig 5C) and cue off (Fig 5D) periods.  Animals kept freezing in response to the 
tone (Fig 5C), while showing a decline in freezing behavior during the cue off periods 
(Fig 5D).  As a result, animals started freezing less during cue off than during cue on after 
the fourth cue on exposure (t(36) =-5.134, p<0.0001; Figure 5C and Figure 5D). No 
group differences were observed.

Object-in-context recognition memory
In the object-in-context memory test, mice displayed a preference for the unfamiliar 
object-context combination (i.e. mice displayed more exploration towards the object 
not previously explored in context B). Overall, the DI was higher than the chance level 
of 0.5 (Fig 6D). However, statistical analysis revealed no significant differences in the 
recognition memory between control and MR-tg female mice (t(26)=1.700, p=0.101). 
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Fig 5. Discrimination between fear cue and context. On the acquisition (day 1), animals were exposed 
to 6 tones followed by a foot shock. A) Freezing behaviour was scored during the tone (cue on) and after 
the tone (cue off) (B). Forty eight hours later mice were exposed to the same procedure as on day 1, but 
without shocks. Freezing behaviour was scored during the tone (cue on) (C) and after the tone (cue off) 
(D). No group differences were observed (n=15-18 mice per group).

Fig 6. Effects of MR overexpression on recognition memory. (A-C) Schematic representation indicat-
ing the setup of the object-in-context experimental paradigm: A) On day1, mice were initially habitu-
ated in context A that had no objects. B1) On day2, during training, mice were placed in the same 
context (context A) but with two identical objects and then placed in a novel context (context B) with 
two identical novel objects (B2). (C) On day3, the mice were placed in the context B but with one ob-
ject being replaced by an object from the first context. (D) MR-tg and control mice exhibited no dif-
ferences when tested for recognition memory of a novel object in the context B, as the discrimination 
index of MR-tg mice was not significantly different from that of the control mice. n=14 per group.
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Discussion
Mineralocorticoid receptors have been implicated in orchestrating behavioral responses to 
stressful experiences (de Kloet et al., 1999; Schwabe et al., 2010). This was, for instance, 
evident by using pharmacological and transgenic manipulations in mice (Schwabe et al., 
2010; Arp et al., 2014). Interestingly, higher functionality of MR in humans has been 
related to higher dispositional optimism, fewer thoughts of hopelessness and a lower 
risk on major depression (Kuningas et al., 2007; Klok et al., 2011). Yet, this effect was 
only observed in women (and not men) who display a haplotype related to high MR 
expression. 
 Translating these findings from humans into rodent models, we expected MR 
overexpression in female mice to reduce anxiety-like behavior, increase fear memory 
formation and context-depend memory formation. However, we report that female 
mice with transgenic MR overexpression (MR-tg) are highly comparable to their control 
littermates with regard to anxiety-like behavior, contextual memory formation as well as 
contextual and cued fear learning, at least in the paradigms we employed in this study. 

Characteristics of MR overexpression in female mice
To examine the role of MRs in anxiety and memory formation we used transgenic mice 
with forebrain specific overexpression of human MR under the control of a CaMKII 
alpha promoter (Lai et al., 2007). Lai and colleagues (2007) verified the increased MR 
mRNA levels and reported a 3-4 folds MR mRNA increase in the hippocampus and 
8-fold increase in amygdala.
 Female mice secrete larger amounts of corticosterone than male animals, both 
under basal conditions as well as after stress-exposure (Critchlow et al., 1963; Figueiredo 
et al., 2002; Kitay et al., 1961; Kitraki et al., 2004; ter Horst et al., 2012). In agreement, 
we found high levels of basal plasma corticosterone levels in our wild type littermates. 
Female mice with transgenic overexpression of MRs in the forebrain displayed a tendency 
towards reduced basal corticosterone levels when compared to wild types although this 
did not reach significance, perhaps due to the large variation observed especially in the 
MR-tg animals. This suggests that MR overexpression possibly causes a compensatory 
down-regulation of corticosterone levels. If so, this potentially stabilizes anxiety and 
conditioned-fear levels in female animals, since these parameters have been reported 
to depend on circulating corticosterone levels, at least in male rodents (see e.g. Pugh 
et al. 1997). These findings on corticosterone levels in females only partially support 
earlier findings in male mice, i.e. that forebrain-specific genetic modifications resulting 
in altered MR expression do not consistently affect basal corticosterone levels (Lai et al., 
2007; Berger et al., 2006). 

Unconditioned anxiety
Our data show that the forebrain-specific overexpression of MR in female mice has no 
effect on general anxiety-like behaviour as tested in the elevated plus maze. MR-tg and 
control littermates spent comparable time in the open arms, and had a similar locomotor 
activity. This does not seem to be specific for female MR-Tg mice, since we also observed 
comparable anxiety-like behaviour in the same line of male MR-tg mice and their 
littermates (Kanatsou et al., unpublished observation). Two earlier studies did report that 
MR overexpression, in males, reduced anxiety-like behaviour in the open field (Lai et al., 
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2007) or elevated plus maze (Rozeboom et al., 2007). This suggests that sex-dependent 
differences e.g. in brain circuits related to anxiety behaviour could possibly explain the 
disparity between the earlier and our current observations. Yet, Rozeboom et al. (2007) 
also reported reduced anxiety-like behaviour in female MR-tg mice, as determined in the 
elevated plus maze, in a highly comparable paradigm as we presently used. It should be 
pointed out that we took the cycle stage into account, which supposedly was not done 
in the earlier study (Rozeboom et al., 2007); this may have levelled out putative effects 
of MR overexpression in our study. In addition, methodological differences between the 
current study and earlier studies, such as the type of genetic modification, the age of the 
animals or the type of tests used to assess anxiety, may have contributed to the differences. 
For instance, we used three months old female mice while in earlier studies either age was 
not reported or animals were tested at a much older age (4-7 months), when phenotypes 
may have become more prominent (Berger et al., 2006; Lai et al., 2007; Rozeboom et 
al., 2007). We conducted post-hoc a power analysis to determine optimal sample size 
to assure an adequate power to detect statistical significance. Based on this analysis, a 
large number of female mice (> 60) would be required to reach statistical significant 
differences between the MR-tg and control mice. Therefore, we tentatively conclude that 
the current experimental conditions do not support a reduction of anxiety in female MR 
overexpressing mice.

Fear conditioning of context and cue
In contextual and cue fear conditioning, MR-tg female mice displayed comparable levels 
of freezing when compared to control animals. Studies in male animals reported that 
MR blockade impairs contextual (but not cued) fear memory (Zhou et al., 2010) while 
MR-overexpression enhances contextual fear (Kanatsou et al., unpublished observation). 
One possible explanation for the lack of effect in females might be that freezing had 
reached a ceiling, preventing a potential enhancement of contextual and cued memories 
by overexpression of MRs to be discernable. Interestingly, freezing levels in male MR-
tg and wildtype mice were overall lower than in females (Kanatsou et al., unpublished 
observation), which indirectly supports the ceiling effect explanation. MR overexpression 
also did not affect fear memory (expressed by freezing) in a combined cue and context 
fear conditioning paradigm which tests the ability of animals to discriminate between a 
highly fearful cue-on and the ‘more safe’ situation of cue-off. Therefore, we conclude that 
also the discriminative ability is not affected by overexpression of MR in female mice.

Memory in a non-aversive context
Pharmacological interventions and transgenic mouse models reducing or blocking the 
function of MR demonstrated impaired spatial memory in male individuals while non-
spatial memory appeared to be intact (Berger et al., 2006; Yau et al., 1999). MR-deficient 
female mice were earlier reported to have impaired spatial as well as impaired stimulus-
response strategies while MR overexpressing females showed improved spatial performance 
but no changes with respect to stimulus-response behaviour (Arp et al., 2014). The 
latter might be explained by the fact that control littermates of MR-tg mice performed 
extremely well in the stimulus-response task, preventing further improvement in MR-tg 
mice (Arp et al., 2014). Here we report that MR overexpression did not affect memory 
formation in a non-aversive contextual learning task. Also here possible differences could 
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have remained unnoticed due to a potential ceiling effect. This explanation, however, 
does not seem likely, given the DI-values in control mice, which were significantly but 
not dramatically above chance level.

Conclusion
Taken together, testing female mice with forebrain-specific MR overexpression in several 
behavioural tasks revealed no effect on unconditioned anxiety, fear memory, the ability to 
discriminate between the threatening cue and the relatively safe cue-off period, and non-
aversive contextual memory formation. Although we cannot exclude that effects of MR 
overexpression may be apparent in some of the tasks under different testing conditions, 
the current data suggest that MR overexpression does not substantially alter performance 
of female mice in these behavioural domains. This might suggest that lack in function of 
MRs, rather than enhanced MR function, results in clear behavioural phenotypes (Ter 
Horst et al., 2012; Ter Horst et al., 2013; Berger et al., 2006; Zhou et al., 2010).   
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Abstract

Various lines of evidence suggest that higher expression of mineralocorticoid receptors 
(MR) in the brain may protect against the negative consequences of stress exposure, in-
cluding childhood trauma. We examined whether MR overexpression prevents against 
the effects of chronic early life stress (ELS) on spatial memory formation, neurogen-
esis and synaptic function of dentate gyrus granular cells using a mouse model with 
forebrain-specific transgenic MR overexpression (MR-tg) from postnatal day (PND) 
15, compared with wildtype littermates. ELS was induced by housing the dam and pups 
with limited nesting and bedding material between PND2-PND9. ELS in control off-
spring caused impaired spatial memory formation at 4 months of age, associated with a 
reduced frequency of mEPSCs and mIPSCs in dentate gyrus granular cells. MR-tg mice 
were protected from the cognitive impacts of ELS, maintained the non-ELS control fre-
quency of mEPSCs and mIPSCs of dentate gyrus granular cells and showed enhanced 
maturation of DCX in the dentate gyrus. These results suggest that MR overexpression 
partially prevents deleterious ELS-induced changes in hippocampus-associated behavior 
as well as structural and functional plasticity. Drugs / manipulations increasing brain 
MR expression and its signalling may be of utility in ameliorating the adverse impacts 
of ELS.

                 In preparation
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Introduction
Early life adversity, particularly in vulnerable individuals, is an important risk factor for 
the development of stress-related psychopathology such as depression and post-traumatic 
stress disorder (Caspi et al., 2003; Klengel and Binder 2013). These studies suggest that 
environmental factors (such as early life adversity) interact with the genetic background of 
an individual to determine the vulnerability or resilience to subsequent psychopathology. 
Exposure to stress increases the release of glucocorticoid hormones (cortisol in humans; 
corticosterone in rodents) from the adrenal glands (De Kloet et al., 2005). Glucocorticoids 
bind to high-affinity mineralocorticoid receptors (MRs) and lower-affinity glucocorticoid 
receptors (GRs). Activated MR and GR alter brain cell function by both non-genomic and 
genomic mechanisms (Joels et al., 2012), thus promoting behavioural and neuroendocrine 
adaptations to stressful conditions (De Kloet et al., 1999; Schwabe et al., 2010). 
Early life adversity programs altered release of glucocorticoids from the adrenal glands 
for the rest of the lifespan (Sapolsky & Meaney, 1986; Ivys et al., 2009). The mechanism 
appears to involve epigenetic modifications of MR and GR gene promoters (Szyf et al., 
2005; Binder, 2009; Oitzl et al., 2010; Heim and Binder, 2012) notably in limbic regons 
such as the hippocampus. The consequent persistent alterations in hippocampal MR and 
GR density appear to contribute to altered vulnerability to psychopathology (Klengel et 
al., 2013).
 Recently we showed that increased MR functionality may protect against the 
consequences of chronic stress exposure in male rodents (Kanatsou et al., 2015b). In 
humans, polymorphisms of NR3C2, encoding MR (e.g. the MR-I180V single-nucleotide 
polymorphism (SNP)) and causing reduced MR function, are associated with increased 
prevalence of depressive symptoms (Kuningas et al., 2007; Klok et al., 2011a. Conversely, 
a common MR haplotype, resulting in vitro in increased MR expression and functionality, 
associates with a heightened dispositional optimism and lower depression scores in the 
face of multiple life events, at least in women (Klok et al., 2011b; Vinkers et al., 2015; 
but Hardeveld et al., 2015 ).  
 To address causation, the aim of this study was to examine whether increased 
activity of MRs in the mouse forebrain is able to prevent or reverse the adverse effects 
of ELS on contextual memory, conditioned fear and the potential underlying neuronal 
substrates (neurogenesis and synaptic function in the dentate gyrus) in adulthood. We 
used a mouse overexpressing MRs in the forebrain, starting approximately at postnatal 
day 15 (Lai et al., 2007; Kanatsou et al., 2015a;2015b).

Material and Methods

Animals and breeding procedure
Animals were kept under standard housing conditions (12h light/dark cycle, lights on 
at 8:00 a.m., humidity 40-60%, temperature 21.5 - 22°C) with ad libitum access in 
food and water. All experiments were performed in strict accordance with the Dutch 
regulations for animal experiments. The protocol was approved by the committee on 
Animal Health and Care from the University of Amsterdam, the Netherlands (permit 
number: DED 291). All necessary efforts were made to minimize suffering of the mice 
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during all experimental procedures.
 For all experiments, heterozygous MR-tg (Lai et al., 2007) and control 
littermates male mice were generated in-house as reported previously (Kanatsou et al., 
2015a;2015b). Pregnant wildtype females were single housed at the beginning of the third 
gestational week and monitored daily for birth (9:00 a.m.). To minimize unnecessary 
stress we left the cages - that were covered with filter-tops – with pregnant females in a 
separate breeding room. When a litter was found at 9:00 a.m., we assigned the day before 
as the day of birth (postnatal day 0 (PND0)). Until PND2 (initiation of the chronic 
early-life stress paradigm), the mothers with theirs litters were left undisturbed.

Early-life stress paradigm
To introduce a period of chronic early life stress, we used a model of neglect that has 
previously been reported in mice (Rice et al., 2008; Wang et al., 2011; Naninck et al., 
2015). The limited nesting and bedding material (ELS) was applied from PND2-PND9. 
Briefly, in the morning of PND2 we recorded the bodyweight of the mothers and the pups 
and culled the litter size to 6 pups (including both genders). We then randomly assigned 
the dams and pups to either the ELS or control condition. In the control situation, 
dams were provided with a standard amount of sawdust bedding and nesting material 
(one square piece of cotton nesting material (5 x 5 cm; Technilab-BMI, Someren, the 
Netherlands). ELS was induced by housing the dams in a cage with a fine-gauge stainless 
steel mesh that was placed 1 cm above the cage floor. The bottom was covered with 
reduced amount of sawdust bedding and nesting material (1/2 square piece of cotton 
nesting material). Between PND2-PND9 the cages were left undisturbed. At PND9, 
we weighed both the dams and their litters and transferred them together to cages with 
normal amount of sawdust bedding and nesting material until weaning. The cages were 
then refreshed once per week until weaning (PND23). 
 Upon weaning, we recorded the bodyweight of the dams and the pups and we 
collected ear tissue for genotyping. Male and female mice coming from the same litter 
were housed separately to avoid pregnancy. A week later, we housed male mice coming 
from a different dam two per cage to avoid litter effects. All experimental cages were 
covered with filter-tops and refreshment of the cages occurred once per week with no 
extra manipulation that could affect the mice. 

Body weights 
To determine the effectiveness of ELS treatment, we used the body weight gain of the 
male mice at PND2 and PND9, as mentioned above (Rice et al., 2008; Naninck et al., 
2015). Furthermore, as the body weight has been used as one of the read-outs to assess 
stress, we weighed the male mice at PND23 (weaning), PND39 and PND 120 (initiation 
of experimental procedures) to examine the effectiveness of the ELS paradigm until the 
actual day we used the mice in all our experiments. 

Behavior 
Behavioral testing occurred in 4 months’ old mice during the light phase (9:00 a.m. 
-13:00 a.m.) and by the same female experimenter who was blinded to the genotype 
and treatment. Mice were tested for anxiety-like behavior and learning and memory. To 
assess learning and memory, we used behavioral tests with low-induced arousal (object 



96

in-context, object location) and tests with high arousal (contextual fear conditioning and 
extinction). Two different cohorts of animals were used; one cohort was tested in the open 
field, object in-context and object location tasks (5 days interval in between each behavior 
test) and a second cohort was used for contextual fear conditioning. Data obtained 
from the open field were analyzed with an EthoVision video tracking system. The same 
experimenter, blinded to the treatment and genotype, analyzed all other behavioral data 
manually using video recordings. 

Open field
The open field paradigm we used is part of the protocol of the object in-context paradigm. 
At the first day of the protocol animals were exposed to an open field (arena, W x L x H; 
33 cm x 54 cm x 37cm) and were allowed to freely explore for 10 minutes. Mice were 
facing the same wall when introduced in the arena. After testing, the mouse was removed 
from the arena and brought back to its home cage. We refreshed the bedding material 
covering the bottom with new bedding material between the different animals. To assess 
anxiety we used the percentage of time the mice spent in the central area of the arena 
and for locomotor activity we used the total distance the mice spent in the arena for the 
total 10 minutes of exploration. The analysis was performed using the Ethovision XT 6 
(Noldus, Wageningen, The Netherlands). 

Object in-context recognition memory
To assess contextual memory, we used the object in-context task (Ennaceur and Aggleton, 
1997; Bussey et al., 1999; Mumby et al., 2002; Stupien et al., 2003; Winters et al., 
2004; Balderas et al., 2008; Kanatsou et al., 2015) that is based on the classical object-
context novelty preference paradigm (Dix and Aggleton, 1999). The protocol consists of 
three days; a habituation phase, a training phase and the testing phase. In short, on day 
1 mice were placed in an arena (plastic box, W x L x H; 33 cm x 54 cm x 37cm) and 
were allowed to explore for 10 minutes (for more details see above open field). During 
the sample phase, mice were exposed to two different contexts. In context A (plastic box 
without cues, W x L x H; 33 cm x 54 cm x 37cm) the mouse was allowed to explore a set 
of similar objects (Lego blocks) for 10 minutes. Immediately after testing the mouse was 
placed back in its transfer cage and after one minute retention we trained the mouse in 
context B. Context B had the same features such as context A but it was equipped with 
cues on all the walls and a different set of objects (glass bottles). The mouse was allowed 
to explore this arena for 10 minutes and after training it was returned to its home cage. 
During training, mice were placed in the contexts facing the wall opposite to the objects. 
All objects were cleaned thoroughly between tests with 70% ethanol and the bedding 
material that covered the bottom was refreshed with new one and mixed thoroughly, 
between each trial.
 During the testing phase, mice were placed back in context B to examine 
recognition memory by replacing one bottle-object (familiar object) with a Lego-object 
(unfamiliar, object was seen in context A) for 10 minutes. The context discrimination 
index (DI) was calculated on day 3 as (the time mice spent with the novel object in 
context B) / (time of exploration of familiar object in context B + time of exploration of 
novel object in context B) (Akkerman et al., 2012). An index >0.5 reflects recognition of 
the novel object in the context that mice have not encountered before (Lego in context 
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B). Sniffing behavior was considered when the nose of the mouse was within 2 cm of the 
object. Climbing on top of the objects was not considered as sniffing behavior.

Object location
We used the object location test (OLT) to test place memory in mice (Luine et al., 2003). 
On day1, mice were habituated to an arena (W x L x H; 23.5 cm x 31 cm, height x 
27 cm) for 5 minutes and were then placed back to their home cage. On day 2 of the 
protocol, mice were trained for 5 minutes in the arena with a set of similar objects (set of 
glass cups) that were placed 12 cm from each other and 11 cm from the wall. On day 3 
(testing day), we moved one of the objects in a novel location and mice were exploring 
for 5 minutes. 
 All arenas used were covered with sawdust bedding that was refreshed with 
new one in between trials. All objects were cleaned with 25% ethanol. To assess spatial 
memory, we used the discrimination index (DI) as mentioned above.

Contextual fear conditioning and extinction
To examine fear memory we used the fear conditioning paradigm. The apparatus 
consisted of a chamber (W x L x H: 25 cm x 25 cm x 30 cm) with cues on the wall and 
was equipped with a stainless steel grid floor connected to a shock generator (Zhou et al., 
2009; Kanatsou et al., 2015). 
 The protocol consisted of a contextual fear conditioning paradigm (Zhou et al., 
2010) and an extinction paradigm of in total of 4 days. During training (day 1), mice 
were introduced in the chamber and habituated for 3 minutes followed by a single foot 
shock (0.4 mA for 2 seconds). On day 2 (context fear memory), mice were placed back in 
the same chamber and were allowed to explore the context for 3 minutes. On day 3 and 
day 4, we repeated the same procedure for 3 minutes. Previous studies (in female mice) 
have revealed that this procedure induces extinction (S. Kanatsou et al., unpublished 
observations). The chamber was cleaned with 70% ethanol in between testing. The foot 
shock was given only once on day 1 and we used freezing behavior as an index of fear 
memory. Freezing was defined as no body movement except those required for respiration 
(Maren et al., 2001; Zhou et al., 2009) and was expressed as percentage of the total time. 
To assess baseline-freezing behavior, we used the data obtained on day 1 before the foot 
shock and for acquisition of fear we used the data after the foot shock. For consolidation 
of fear memory, we measured freezing levels during 3 minutes exploration on day 2. 
Freezing data on day 3 and day 4 were used as an index of extinction and we compared 
them to the freezing levels on day2. 

Neurogenesis
To study the long-term effect of ELS on the different stages of adult hippocampal 
neurogenesis, we injected intraperitoneally a total dose of 200 mg/kg BrdU ((Sigma-
Aldrich, St. Louis, Missouri, USA) 10mg/ml in 0.007 M NaOH/0.9% NaCl) via 
three individual injections of 100 mg/kg with an interval of two hours between each 
injection in three months old mice (Oomen et al., 2007; Hu et al., 2012, Kanatsou et 
al., 2015b). When mice were four months’ old, they were anaesthetized with Euthasol 
(120 mg/kg; Produlab Pharma, the Netherlands) and transcardially perfused with a 
paraformaldehyde solution (4% paraformaldehyde in 0.1M phosphate buffer pH7.4). 
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To prevent pressure artefacts, the brains were extracted carefully, post-fixed for 24hrs at 
4°C in paraformaldehyde and cryoprotected by sucrose solution (30% sucrose in 0.1M 
phosphate buffer, pH7.4) on a shaking platform at 4°C. Brains were cut into 40 μm thick 
using a sliding microtome, collected in antifreeze solution (30% Ethylene glycol, 20% 
Glycerol, 50% 0,05M PBS) and stored at -20°C. 
 To study the different stages of the neurogenesis process (Mayer et al., 2006), we 
performed immunohistochemistry. For survival of newborn cells, we incubated the sections 
overnight at 4°C with a primary antibody (rat monoclonal anti-Bromodeoxyuridine 
antibody, 1:500, CloneBU1/75 (ICR1), Accurate Chemical) (Marlatt et al., 2010; 
Naninck et al., 2015). To assess proliferation, we used the rabbit polyclonal anti-Ki-67 
antibody (1:10000, NCL-L-Ki67_MM1, Novocastra, Newcastle upon Tyne, United 
Kingdom) (Marlatt et al., 2010). Doublecortin (DCX) (polyclonal goat anti-DCX, 1:800, 
sc-8066, Santa Cruz, Leiden, the Netherlands) was assessed to examine the maturation of 
newborn cells (Marlatt et al., 2010). Sections were washed with 0.05M TBS for 2 hours 
on a shaking platform at room temperature with secondary antibodies (biotinylated sheep 
anti-mouse 1:200 (GE Healthcare, United Kingdom), goat anti-rabbit 1:200 (Vector 
Laboratories, CA, USA) or biotinylated donkey anti-goat 1:500 (kindly provided by Dr. 
I. Huitinga, Netherland Institute for Neuroscience, Amsterdam) and for 90 minutes with 
avidin-biotin (ABC kit, 1:800, Elite Vectastain, Brunschwig Chemie, Amsterdam, the 
Netherlands). Sections were washed in 0.05M Tris-buffer (TB), pH7.4 and subsequent 
chromogen development was performed for 6 minutes with diaminobenzidine (DAB) 
(20 mg per 100 ml of Tris buffer, 0.01% H2O2). 
 For quantification, sections that were folded, broken or had not a representative 
staining were not selected for analysis. The cells stained for BrdU or Ki67 were counted 
bilaterally along the rostral-caudal hippocampal axis using a light microscope (40x 
objective, Zeiss) (Kanatsou et al., 2015). The sum of the counted cells was multiplied by 
six (each brain was sectioned coronally in 6 parallel series) to calculate the total number 
of stained neurons in the dentate gyrus. As the density of DCX+ cells was too high to 
count manually, this was counted using an automated stereology program, performed 
with the StereoInvestigator system (Microbrightfield, Germany). Contours were drawn 
for each hippocampal section and the cells were counted using an optical fractionator at 
40x magnification (Axiophot, Zeiss-West Germany). Optical fractionator settings were 
70 x 80 counting grid size and 25 x 25 counting frame size.
 Cells were counted along the suprapyramidal blade and the infrapyramidal 
blade. Based on the bregma points of the sections, we further made a distinction between 
the numbers of cells found in the rostral and caudal part respectively of the dentate gyrus. 
Due to the curvature of the hippocampus, it is difficult to make an accurate distinction 
between the rostral and caudal subareas of the hippocampus (Functional Neurogenesis 
website. Accessed Oct 11, 2012). Therefore, sections with bregma -1.34 to -2.70 were 
defined as the rostral dentate gyrus while the sections between bregma point -2.80 to 
-3.80 were defined as the caudal part of the dentate gyrus (Franklin and Paxinos, 1997). 
To correct for the variation in the amount of sections between the animals, six sections 
per animal were selected.

Electrophysiology
At the day of the electrophysiological experiments (in mice ~4 motnhs of age), the mice 
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were decapitated around 9 am. The brain was removed from the skull and stored in ice-
cold artificial cerebrospinal fluid (ACSF) containing choline chloride instead of sodium 
chloride and low calcium and high magnesium of the following composition (in mM): 
120 Choline Cl, 3.5 KCl, 1.25 NaH2PO4, 6.0 MgSO4, 0.5 CaCl, 25 NaHCO3, and 
10 glucose; pH 7.4 gassed with 95% O2-5% CO2. In the same ACSF, horizontal slices 
of the brain were made with a vibratome (Campden Instruments, Sileby, UK). The 
slices containing the hippocampus were stored for 20 minutes in continuously gassed 
(95% O2-5% CO2) normal ACSF of 32 oC containing (in mM): 124 NaCl, 3.5 KCl, 
1.25 NaH2PO4, 1.5 MgSO4, 2 CaCl, 25 NaHCO3, and 10 glucose; pH 7.4. After 20 
minutes the slices then recovered for 1 hour in normal ACSF at room temperature.
 
Recording evoked currents
One slice at a time was placed in a recording chamber mounted on an upright microscope 
(Zeiss Axioskop). Slices were continuously perfused with normal ACSF (32°C, 2–3 ml/s) 
and kept fully submerged. Patch-clamp electrodes for recording (0.86 mm inner diameter, 
1.5 mm outer diameter, borosilicate glass (Harvard Apparatus); impedance approximately 
3–5 MΩ) were pulled on a Sutter (USA) micropipette puller and placed above the slice. 
The intracellular pipette solution contained (in mM): 120 Cs methane sulfonate, 17.5 
CsCl, 10 Hepes, 2 MgATP, 0.1 NaGTP, 5 BAPTA, and 5 QX-314; pH 7.4, adjusted 
with CsOH. BAPTA was obtained from Molecular Probes (Leiden, The Netherlands); 
the sodium channel blocker QX-314 was from Alomone (Jerusalem, Israel). Under visual 
control (40x objective and 10x ocular magnification) the electrode was directed towards 
a granule neuron in the superficial blade of the dentate gyrus using positive pressure. 
Once a patch electrode was sealed on the cell (resistance >1 GΩ) the membrane patch 
under the electrode was ruptured and the cell was held at a holding potential of -65 mV. 
Signals were fed via a Digidata (1200 Axon Instruments) interface into an Axopatch 
200B amplifier (Axon Instruments). Data acquisition and analysis was performed with 
PClamp (version 9.2).
 A concentric bipolar stainless steel stimulus electrode (FHC, CBBRC75, outer 
diameter 200 μm, inner diameter 25 μm) was placed in the perforant path.  Biphasic 
stimuli (250 μs) were applied through a Neurolog stimulus isolator (NL 800) driven 
by a Pclamp. Input–output curves of excitatory postsynaptic currents (EPSCs) evoked 
in DG neurons were made at holding potential by increasing stimulus intensities from 
0 to 4 mA (see example in Fig. 1), given once every 10 s. EPSCs were recorded with a 
sampling frequency of 10 kHz. Signals were stored and analyzed off-line. Input–output 
curves were fit with a Boltzmann equation R(i) = Rmax/[1 + exp{(i - iH)/IC}], in which 
Rmax is the maximal evoked current, iH the half-maximal stimulus intensity, and IC 
proportional to the slope. Based on this curve the half-maximal stimulus intensity was 
determined. This intensity was used to evoke 5 sweeps of EPSCs at a holding potential 
of -65 mV, i.e. the reversal potential of GABA currents, using intervals of 10 s. The 
averaged signal was used to determine the peak amplitude of the AMPA EPSC. Then 
the holding potential was set at the reversal potential for the glutamate currents at +10 
mV and 5 sweeps at the half maximal intensity of the IPSCs were collected and averaged 
to determine the peak amplitude of the GABAergic IPSC. Subsequently we switched 
to a perfusion solution containing normal ACSF with bicuculline methiodide (20 μM, 
Sigma) to block the GABA-currents and stepped to a holding potential of +50 mV. 
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At this holding potential both AMPA and NMDA currents are evoked, which can be 
divided based on their different inactivation properties (Karst and Joëls, 2002). At 150 
ms after the onset of the evoked current the amplitude of the current solely contains the 
NMDA evoked EPSCs. Again 5 sweeps were averaged to determine the amplitude at 
half maximal stimulus intensity of the NMDA currents. The AMPA/NMDA ratio was 
calculated from the amplitudes of the AMPA and NMDA currents obtained from the 
half maximal stimulus intensities.
 
Recording miniature currents
To record the miniature (m)EPSCSs and mIPSCs, another slice was placed in the recording 
chamber and perfused with normal ACSF at 32°C containing TTX (0.5 μM Latoxan) to 
block spontaneous spiking of the dentate neurons. A whole cell patch clamp recording 
was obtained as described above with the same internal pipette solution but without QX-
314:  (in mM) 120 Cs methane sulfonate, 17.5 CsCl, 10 Hepes, 2 MgATP, 0.1 NaGTP 
and 5 BAPTA; pH 7.4, adjusted with CsOH. When the recording was stable, recordings 
with a duration of 5 minutes were stored (sampling frequency 10 kHZ). At a holding 
potential of -65 mV, at the reversal potential of the GABA currents, AMPA mEPCSs were 
obtained and then at the reversal potential of glutamate at 10 mV, GABA mIPSCs were 
recorded. Data storage and acquisition was carried out by using PClamp (version 9.2). 
Currents were identified as mEPSCs or mIPSCs when rise time was faster than the decay 
time. The mEPSC and mIPSC amplitudes and frequency were determined and compared 
among the experimental groups.

Statistical analysis
Statistical analyses were performed using SPSS for Windows 17.0. We applied an 
unpaired two-tailed Student’s t-test to assess the effect of ELS on bodyweight gain during 
the ELS paradigm. For analysis where no time-effect was present, a two-way ANOVA was 
used to analyze data, with ELS as the predicting factor and genotype as the moderating 
factor. When a time effect was present (absolute body weight over time and extinction 
experiment) we used repeated-measures ANOVA over the different days of testing with 
within-subjects factor “testing day”, and “genotype” and “treatment (ELS)” as fixed 
between-subject factors. Huynh-Feldt correction was used to correct for violations of 
sphericity. If there were significant interaction effects, we performed posthoc comparisons 
of different levels (with Fisher’s least significant difference - LSD). To correct for multiple 
comparisons (four meaningful comparisons) the alpha was set to be significant at p ≤ 
0.0125 (*) and 0.0125 < p ≤ 0.05 to be a trend.  All data are expressed as mean with 
standard error of the mean (SEM). 

Results

Body weight 
Pups subjected to the ELS paradigm gained significantly less bodyweight between 
PND2-9 compared to non-ELS controls (t(46)=15.42, p<0.000; Fig 1A) confirming the 
effectiveness of the paradigm (Rice et al., 2008).  Thereafter, body weight increased with 
age (main effect of time; repeated measures [RM]-Anova: F(2,70)=1435.666, p<0.000; 
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Fig 1B). There was no persisting effect of ELS on body weight (RM-Anova, F(2,70)=2.107, 
p=0.150) and no interaction between ELS and genotype on body weight (RM-Anova, 
F(2,70)=1.365, p=0.257). There was a significant interaction of age x genotype (RM-
Anova; (F(2,70)=15.485, p<0.001), with MR-tg having a significantly greater increase in  
body weights from PND23 to PND39 and from PND39 to PND120 (p<0.001). 

Behavior

Object in-context recognition memory
Recognition memory was assessed using the general methods of Ennaceur and Aggleton 
(1997) with some modifications in an object in-context test (Mumby et al., 2002; 
Winters et al., 2004; Balderas et al., 2008; Kanatsou et al., 2015a;2015b). During testing 
(day 3), both control and MR-tg non-ELS mice learned the task, since the discrimination 
index (DI) was significantly higher than 50% (chance level). There was a significant 
main effect of ELS (F(1,43)=5.724, p=0.022, Fig 2A) and genotype (F(1,43)=16.676, 
p=0.001) in recognition memory, with MR-tg mice showing increased memory for the 
context compared to controls. There was no significant interaction of genotype and ELS 
(F(1,43)=1.165, p=0.287). 

Object location
To further assess place learning and memory, mice were tested in the object location 
task (Fig 2B). During training (day 2), mice showed no preference for the set of objects 
they encountered in the arena for the total 10 minutes of exploration (data not shown). 
Overall, there was a significant interaction between genotype and ELS (F(1,43)=11.507, 
p<0.002, Fig 2B) and a significant main effect of ELS (F(1,43)=48.723, p<0.001) in 
place memory. Post hoc analysis revealed that stress significantly hampered place memory 
in controls (p<0.001) but not in MR-tg mice. Interestingly, MR-tg stressed mice 
significantly outperformed control stressed for place memory (p<0.001).

Fig 1. Effect of ELS paradigm on bodyweight. A) Body weight gain during the period of ELS 
(PND2-PND9, n=23-25) and B) at discrete time points; upon weaning (PND23), at PND39 
and at PND120 (initiation of behavioral testing). Data are expressed as mean ± SEM with p-
values based on post-hoc LSD. n=7-12 mice per group. *: significant, p < 0.05.
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Open field
There was no main effect of ELS (F(1,43)=3.025, p=0.090), genotype (F(1,43)=3.842, 
p=0.057) or any interaction in the total distance mice travelled (F(1,43)=2.519, 
p=0.121), suggesting that exploratory behaviour and locomotion is  independent of the 
ELS paradigm or genotype (Fig 3A). In terms of the total time that mice spent in the 
central area (Figure 3B), there was no effect of ELS (F(1,43)=1.146, p=0.291), genotype 
(F(1,43)=1.539, p=0.222) or any interaction  (F(1,43)=0.896, p=0.350), indicating that 
this measure of anxiety behavior is  unaffected by ELS or MR-tg.

Fig. 2. Recognition memory in MR-tg and control mice. The discrimination index as observed in 
mice tested in A) the object in-context task and B) in object relocation task. Data are expressed 
as mean ± SEM with p-values based on post-hoc LSD. n=10-12 mice per group. *: significant, 
p ≤ 0.0125.

Fig 3. Anxiety in MR-tg and control mice. Bar graphs represent the results for (A) locomotion and 
(B) anxiety as measured by the total time mice spent in the central zone in the open field. Data are 
expressed as mean ± SEM with p-values based on post-hoc LSD. n=10-12 mice per group.
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Contextual fear conditioning and extinction
During training (day 1) (Fig 4), mice were allowed to explore the chamber for 3 
minutes before the foot shock was delivered. Analysis of freezing behaviour before 
the foot shock showed neither a main effect of ELS (F(1,38)=0.185, p=0.670), nor of 
genotype (F(1,38)=0.641, p=0.429) or an interaction between genotype x treatment 
(F(1,38)=0.115, p=0.736), suggesting that all mice displayed comparable levels of 
freezing. Freezing behaviour immediately after the foot shock also showed no main effect 
of ELS (F(1,38)=1.840, p=0.184), genotype (F(1,38)=0.208, p=0.651) or an interaction 
(F(1,38)=0.016, p=0.900).
 Freezing during consolidation (day 2, re-exposure to the same context, Fig 
4) revealed no significant effect of ELS (F(1,38)=1.114, p=0.299) nor of genotype 
(F(1,38)=1.479, p=0.232) or any interaction (F(1,38)=1.008, p=0.322). 
We found no significant effect of freezing over the extinction trials (day 2, day 3, day 4, 
Figure 4) (repeated measures Anova, F(2,68)=0.311, p=0.727) nor a significant interaction 
of day and ELS and genotype (repeated measures Anova, F(2,68)=1.470, p=0.238).

Neurogenesis
A different cohort of male mice was generated to assess adult neurogenesis in 4 months 
old mice. Neurogenesis was measured in the entire dentate gyrus (DG) and also along 
both the suprapyramidal blade and the infrapyramidal blade of the hippocampus, since 
neurogenesis is not homogeneous in both blades and each might have distinct functions 
(Olariu et al., 2007; Sahay and Hen 2007; Snyder et al., 2009).
 For DCX positive cells (Fig 5A), there was a significant interaction between 
genotype and ELS (F(1,31)=6.892, p<0.014) and a significant effect of the genotype 
(F(1,31)=5.776, p<0.023), but no effect of ELS (F(1,31)=0.567, p=0.458) in the entire 
DG. Post hoc analysis revealed a significant increased number of DCX positive cells 
in MR-tg stressed mice compared to control stressed (p<0.012). Furthermore, MR-tg 
stressed mice had a trend towards an increase in the DCX positive cells compared to 

Fig. 4. Contextual fear conditioning in MR-tg and control mice. Bar graphs represent freezing 
time: (A) before the foot-shock (day 1), (B) immediately after the foot-shock (day1, (C) during 
consolidation and recall (day 2) and (D-G) during extinction trials (day 2 – day 4). Data are ex-
pressed as mean ± SEM with p-values based on post-hoc LSD. n=8-11 mice per group.
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non-stressed MR-tg (p=0.033). In the suprapyramidal blade, there was a significant interaction 
between genotype and ELS (F(1,31)=5.153, p<0.031) and a significant main effect of genotype 
(F(1,31)=6.270, p<0.019) on DCX positive cells, but not a main effect of ELS (F(1,31)=1.049, 
p=0.315). Follow-up analysis showed a trend towards an increase in DCX positive cells in 
MR-tg stressed mice compared to ELS controls (p=0.015). A significant interaction between 
genotype and ELS was seen in DCX positive cells in the infrapyramidal blade ((F(1,31)=6.857, 
p<0.014) with MR-tg stressed mice showing a trend towards an increased number of DCX 
positive cells compared to control stressed (p=0.024).
 Analysis of Ki67 positive cells (Fig 5B) showed a significant main effect of genotype 
(F(1,31)=25.040, p=0.001) with an increase of Ki67 positive cells in MR-tg mice. In the 
suprapyramidal blade there was a significant main effect of genotype (F(1,31)=33.747, 
p=0.001). A significant main effect of the genotype was also found in infrapyramidal blade 
(F(1,31)=13.512, p=0.001). No significant effect of ELS nor an interaction effect between ELS 
and genotype were found in the total number of Ki67 positive cells or in the suprapyramidal 
and infrapyramidal blades.
Effects on BrdU positive cells were less profound (Fig 5C). A significant main effect of ELS 
(F(1,31)=5.301, p<0.029) and of genotype (F(1,31)=5.301, p<0.029) was present in the whole 
DG. In the suprapyramidal blade, there was a significant main effect of ELS (F(1,31)=5.419, 
p<0.028). In the infrapyramidal blade no significant overall effects were found.

Fig 5. Neurogenesis in MR-tg and control mice. Bar graphs represents the averaged results for: (A) DCX positive 
cells, (B) Ki67 positive cells and (C) BrdU positive cells. For all markers, we analyzed the total number of positive
 cells in the whole DG and along the suprapyramidal (supra) and infrapyramidal blade (infra). Data are expressed 
as mean ± SEM with p-values based on post-hoc LSD. n=6-10 animals per group. *: significant, p ≤ 0.0125.
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Electrophysiology
Electrophysiological recordings revealed an interaction effect for mEPSCs (F1,41)=4.333, 
p<0.044) and mIPSCs (F1,41)=6.263, p<0.017) on the frequency (Fig 6A and 6B). 
Post-hoc analysis revealed no significant effects on the frequency of mIPSCs between 
the experimental groups. No effects were present on the amplitude of the mEPSCs 
(F1,41)=0.080, p=0.079, Figure 6C), the amplitude of the mIPSCs (F1,41)=0.880, 
p=0.354, Fig 6D), the ratio between eEPSC/eIPSC (F1,37)=0.202, p=0.656, Figure 7A) 
and the AMPA/NMDA ratio (F1,34)=0.008, p=0.928, Figure 7B). In addition, no effects 
of MR-tg or ELS were apparent on half maximal stimulus intensities and capacitance of 
granular cells in the dentate gyrus (Table 1).

Fig 6. Electrophysiological recordings in MR-tg and control mice: (A) effects on the frequency 
of (A) mEPSCs, and (B) mIPSCs, (C) amplitude of mEPSCs and (D) mIPSCs.  Data are ex-
pressed as mean ± SEM with p-values based on post-hoc LSD. n=11 cells per group.

Fig 7. Ratio between eEPSC/eIPSC (A) and AMPA/NMDA (B). Data are expressed as mean ± 
SEM with p-values based on post-hoc LSD. n=8-10 cells per group.
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Half max. stimulation 
intensity (mA)

Control 
nonstressed

Control  ELS MR-tg 
nonstressed

MR-tg 
ELS

AMPA 0.87 ± 0.08 0.94 ± 0.09 1.00 ± 0.06 0.98 ± 0.12

GABA 0.77 ± 0.10 0.87 ± 0.12 0.81 ± 0.11 0.71 ± 0.05

Capacitance (pF) 
13.7 ±1.3 12.8 ± 0.8 11.8 ± 1.1 14.8 ± 1.2

Discussion
Here we report that forebrain MR overexpression from infancy in mice prevents the 
persisting effects of ELS on contextual (object location) memory formation. Moreover, 
we observed an interaction between ELS and MR overexpression on the number of DCX 
positive cells in the dentate gyrus and the frequency of mEPSCs and mIPSCs in dentate 
gyrus granular cells. These results suggest that MR overexpression may partly prevent or 
reverse ELS-induced changes in hippocampus-associated behavior as well as hippocampal 
structural and functional plasticity. 
 Our behavioral observations are in line with earlier studies showing that ELS 
hampers spatial memory formation under non-stressful conditions (Rice et al., 2008; 
Wang et al., 2013; Naninck et al., 2015). While other studies have reported that low 
levels of maternal care and early life adversity enhance contextual fear memory formation 
(Champagne et al., 2008; Oomen et al., 2010) these effects were not found in our current 
study. Obviously, effects of early life adversity on the expression of contextual fear memory 
formation may depend on the model that is used. However, in the same ELS paradigm 
we found that ELS results in enhanced expression of fear during cue-off periods in a tone 
fear conditioning paradigm (Arp et al., unpublished observations), indicating that ELS 
does result in enhanced freezing behaviour to contexts after cued conditioning, albeit in 
another paradigm. 
 Importantly, we find that postnatal forebrain-specific MR overexpression 
prevents or normalizes the effects of ELS on contextual (object location) learning 
under low arousing conditions. In an attempt to get insight in the cellular effects in 
the hippocampus that might contribute to these behavioral changes we examined 
neurogenesis and synaptic transmission in the dentate gyrus, both of which are known 
to be important for contextual and spatial memory (Morris et al., 2003; Pastalkova et 
al., 2006; Whitlock et al., 2006; Kitamura et al., 2009). No effects of ELS per se on 
neurogenesis were found, as reported before (Naninck et al., 2015). Yet, MR-tg mice 
displayed increased numbers of DCX positive and Ki67 positive cells, while no effects 
on the number of BrdU positive neurons in the dentate gyrus were observed. Thus, MR 
overexpression enhances neurogenesis, but not the survival of newborn cells in the dentate 

Table 1. Half maximal stimulus intensities and capacitance of granular cells in the 
dentate gyrus.
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gyrus. 
 Similar to the effects on behavior and neurogenesis, we observed an interaction 
effect of ELS and MR overexpression on the frequency – but not amplitude - of mEPSCs 
and IPSCs. These results suggest that MRs moderate effects of ELS on neurogenesis 
and spontaneous synaptic transmission. However, it should be noted that for both 
experimental endpoints post-hoc analysis did not reveal a significant effect of ELS in 
the wildtype animals, which differs from the observations in behavior. Also, neither the 
NMDA/AMPA ratio of evoked excitatory responses nor the ratio of evoked excitatory 
versus inhibitory responses were affected. This is somewhat unexpected, since earlier 
studies reported that these parameters may be sensitive to chronic stress in adulthood, 
though this depends on the hippocampal area (Hu et al., 2010) or recording conditions 
(Karst et al., 2003). These properties of synaptic transmission are also expected to be 
important for behavioral performance involving the dentate gyrus. Overall, it is tempting 
to speculate that enhanced neurogenesis and spontaneous synaptic transmission in 
MR overexpressing (compared to wildtype) mice exposed to ELS may contribute to 
overcoming detrimental effects of ELS on object location memory formation, but the 
causal relationship clearly awaits further investigation. 

Conclusion
Our data reveal that MR overexpression may confer resilience to the later effects of 
prolonged early life stress exposure on contextual memory formation. Comparable 
observations have been made for other mediators of the stress response since modification 
of CRH and FKBP5 also preserves learning and memory and neuronal integrity 
which are disturbed after early stress exposure (Wang et al., 2011). Of interest, MR 
overexpression in the currently used model starts approximately at PND15, i.e. after the 
period of ELS. Since it is not known at which point in time structural and functional 
properties of the hippocampus start to deviate, eventually resulting in behavioral deficits, 
it is currently difficult to judge whether MR overexpression normalizes deviations that 
already commenced at (of before) PND15 or prevented the development of delayed 
effects induced by ELS. Regardless, the fact that changes in MR expression starting after 
ELS has taken place result in hippocampal function that is indistinguishable from that 
seen in non-stressed wildtypes has interesting translational potential. These studies may 
provide new avenues for intervention after early life adversity, by targeting vulnerability 
factors (such as CRH) or resilience factors (such as MR). 
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Abstract

Early-life stress is a risk factor for the development of psychopathology, particularly in 
women. Human studies have shown that certain haplotypes of NR3C2, encoding the 
mineralocorticoid receptor (MR), that result in gain of function, may protect against 
the consequences of stress exposure, including childhood trauma. Here, we tested the 
hypothesis that forebrain-specific overexpression of MR in female mice would ameliorate 
the effects of early-life stress on anxiety and memory in adulthood. We found that early-
life stress increased anxiety, did not alter spatial discrimination and reduced contextual 
fear memory in adult female mice. Transgenic overexpression of MR did not alter 
anxiety but affected spatial memory performance and enhanced contextual fear memory 
formation. The effects of early life stress on anxiety and contextual fear were not affected 
by transgenic overexpression of MR. Thus MR overexpression in the forebrain does not 
represent a major resilience factor to early life adversity in female mice.

                   Front. Behav. Neurosci.; 9: 374
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Introduction

Stress experienced early in life may cause persisting changes in stress responsiveness, 
emotionality and cognitive performance, and increase the risk to develop 
psychopathologies, such as major depression, anxiety or personality disorders, later in 
life (De Bellis and Thomas, 2003; Cicchetti and Toth, 2005; Yasik et al., 2007; Green 
et al., 2010; Tottenham et al., 2010; Pechtel et al., 2011). Women are at higher risk of 
developing affective and cognitive disturbances under adverse life conditions than men 
(Lewinsohn et al., 1998; Kessler et al., 2003; Steiner et al., 2003; Wittchen and Jacobi 
2005; Bekker and van Mens-Verhulst 2007).
 Exposure to stressful events activates the hypothalamic-pituitary-adrenal 
(HPA) axis which increases the release of glucocorticoid hormones (Ulrich-Lai and 
Herman, 2009). These hormones - via binding to mineralocorticoid receptors (MR) and 
glucocorticoid receptors (GR) – regulate neuronal excitability and behavioural adaptation 
via non-genomic as well as classical genomic mechanisms (reviewed in Joels et al., 2011). 
Recent evidence suggests that an imbalance between MR and GR function, and especially 
reduced MR function, may be a critical risk factor to develop psychopathology. First, 
in a large population sample of aged individuals (men and women), polymorphisms of 
NR3C2 encoding MR (MR-I180V single-nucleotide polymorphism (SNP)) associated 
with reduced MR function and an increased prevalence of depressive symptoms 
(Kuningas et al., 2007). Second, both in a healthy cohort of relatively young individuals 
and in a cohort enriched for affective disorders, an NRC32 haplotype related to higher 
MR expression was found to be associated with a heightened dispositional optimism 
(Klok et al., 2011) and lower depression scores in the face of multiple life events, though 
significant effects were observed in women only (Klok et al., 2011; Vinkers et al., 2015; 
but see Hardeveld et al., 2015). In agreement, a recent study in humans revealed a 
beneficial effect of MR stimulation on cognition both in depressed patients and healthy 
(male and female) individuals (Otte et al., 2015). 
 One hypothesis to explain these studies is that enhanced MR levels moderate 
the effect of exposure to adverse life conditions, such as early life stress (ELS), at least in 
females. To test this we used a mouse model with transgenic overexpression of MR in 
the forebrain and explored the effects of ELS, induced by fragmented care of the dam 
towards her pups between postnatal days 2-9 (Rice et al., 2008). We specifically assessed 
behavioral tasks to explore cognitive performance in relevant spatial and emotional 
domains, in view of earlier findings in humans and rodents. Thus, children who spent 
the first part of life in institutionalized care showed decreased intellectual performance, 
language difficulties, poorer cognitive abilities and impaired psychomotor development 
compared to never institutionalized children (Rutter and O’Connor 2004; Cohen et 
al. 2008; Loman et al. 2009; van den Dries et al. 2010). Furthermore, several studies 
have found significant impairments in verbal, visual, and global memory function in 
adulthood after ELS exposure (Bremner et al. 2003; Navalta et al. 2006; Bos et al. 2009). 
Similar results emerged from findings in animals indicating that early life stress may 
enhance anxiety and fear memory formation (Aisa et al., 2007; Veenema et al., 2007 ; 
Oomen et al. 2011; Wang et al., 2012; Malter et al.,2013) and impairs spatial learning 
and memory (Aisa et al., 2007; Aisa et al., 2009; Ivy et al., 2010; Naninck et al., 2015; see 
for review Loi et al., 2015). Thus, based on studies in female subjects, we were expecting 
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that ELS impairs spatial  memory formation (Wang and Schmidt, Brunson et al., 2005; 
Oomen et al., 2010; Champagne et al., 2008) and enhances anxiety and fear memory 
formation (Champagne et al., 2008; Oomen et al., 2010).

Materials and Methods

Animals and breeding procedure
All mice were bred in-house by crossing male MR-tg mice with C57BL/6J females. One 
male animal was housed for 1 week with 2 female mice (Kanatsou et al., 2015a; 2015b). 
The mouse line with forebrain MR overexpression (MR-tg) was generated by inserting 
the HA-tagged human MR cDNA using the CamKII alpha promoter (Lai et al., 2007). 
Noticeable, the MR overexpression in this mouse model starts at PND15 (personal 
communication with JR Seckl). At the beginning of the third gestational week, pregnant 
females were single housed and observed daily for birth. All cages were covered with filter 
tops to prevent extra stress to the dams. When a litter was found, the day before was 
assigned as the day of birth (postnatal day 0 (PND0)). The dams with their litters were 
left undisturbed until PND2 and kept under standard housing conditions (12h light/
dark cycle, lights on at 8:00 a.m., humidity 40-60%, temperature 21.5 - 22.0°C) with 
unlimited access to food and water. All experiments were carried out in accordance with 
the Dutch regulations for animal experimentation (DED291).

Chronic early-life stress paradigm
To induce early-life stress in pups, we used the limited nesting and bedding material 
(ELS) from PND2-PND9, as described previously (Rice et al., 2008; Naninck et al., 
2015). Briefly, dams with their litters were weighed at PND2 and randomly assigned 
to the ELS or control condition. Litters were culled to 6 pups per litter including both 
genders. In total 24 litters were assigned to the control condition and 24 litters to the ELS 
condition. Control dams were provided with a normal amount of sawdust bedding and 
nesting material (one square piece of cotton nesting material (5 x 5 cm; Technilab-BMI, 
Someren, the Netherlands)). The ELS dams were provided with a reduced amount of 
sawdust bedding and nesting material (1/2 square piece of cotton nesting material (2.5 x 
5 cm)) and a fine-gauge stainless steel mesh was placed 1 cm above the cage floor. Both 
control and ELS cages were left undisturbed until the cessation of the early-life stress 
regimen. 
 On PND9, dams and their litters were weighed and placed in standard cages, 
with sufficient bedding and nesting material until weaning at PND23. Upon weaning 
ear biopsies were collected for genotyping. At PND30 females were housed 3-4 per cage, 
each mouse from a different dam to avoid litter effects. All experimental mice were left 
undisturbed (except for cage cleaning once a week) until testing.

Body weights 
To assess the effect of early-life stress on body weight, we measured the body weight of 
the female mice (n=8-16 per group) at the following time points: PND23, PND39 and 
PND 120 (initiation of behavioural testing). The body weight records from PND23 and 
PND39 were obtained upon weaning and refreshing of the cages to avoid any unnecessary 



116

handling that could cause additional stress on top of the induction of the ELS paradigm. 

Behavior
All behavioral experiments were performed during the animals’ light phase (9:00 a.m. 
and 13:00 a.m.) by the same experimenter when the mice were 4 months old. Mice were 
subjected to a battery of behavioral tasks. Since activation of MRs depends on plasma 
corticosterone levels (De Kloet et al., 1999; Karst et al., 2005) MRs may play a different 
role in behavioural tasks which vary in the degree of salience. We therefore assessed the 
effects of chronic unpredictable stress and MR overexpression on behaviour under low 
arousing and under high arousing experimental conditions, i.e. tasks that differ in the 
degree of activation of the HPA-axis. 
 Two different cohorts of animals were used for behavioral testing: The first batch 
for tasks with low arousal levels (open field, object in-context, object relocation) and the 
second batch for tasks with high induced arousal levels (contextual fear conditioning 
and extinction). In the low-arousal behavioral tests mice were examined in the following 
order: open field (part of object in-context, details explained below), object in-context 
and object relocation, with 5 days between each behavioral test.  Behavioral performance 
of mice in the final task (object relocation) was comparable to that earlier observed in 
a pilot study in which mice were only subjected to the object relocation task (data not 
shown). This supports that exposure to the object-in-context task did not influence 
memory formation 5 days later in the object relocation task.

Open field
Due to the experimental protocol of the object in-context, the first day –in these 
experiment-naïve mice- could be used to measure anxiety and exploratory behavior in an 
open field (day1 context without objects, see below object in-context paradigm). Each 
mouse (n=13-17 per group) was placed individually in the open field box (W x L x H; 
33 cm x 54 cm x 37 cm) that contains bedding material on the bottom. All mice faced 
the same side of the open field and were allowed to explore the field for 10 minutes. After 
testing the mouse was removed from the open field and returned to its home cage. The 
walls of the open field were cleaned with 50% ethanol and new bedding material was 
added and mixed thoroughly with the old one. The analysis was performed using the 
Ethovision XT 6 (Noldus, Wageningen, The Netherlands). We calculated the percentage 
of time spent in the center (reflecting anxiety levels) and the total distance mice travelled 
in the open field as an indicator of general exploratory behavior.

Object in-context recognition memory
To examine the mice for context-dependent learning and memory object recognition 
we used the object in-context task, as described previously (Smith et al., 2006; Balderas 
et al. 2008; Spanswick and Sutherland, 2010; Kanatsou et al., 2015a; 2015b). Briefly, 
mice (n=13-17 per group) were tested for three subsequent days using boxes of identical 
measurements (W x L x H; 33 cm x 54 cm x 37 cm), either with or without visual cues on 
the walls and all contexts containing bedding material. On day 1 (open field box, with no 
wall cues and no objects) mice were allowed to explore for 10 min in order to habituate. 
The next day (day 2) mice were trained in two different boxes (context A: no wall cues, 
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with a pair of same objects; context B: wall cues and a different pair of objects) for 10 
min in each context. Objects were placed in opposite corners of the different side of the 
box and placed at a 15 cm distance from the corners of the box for both context A and 
context B. All objects were cleaned thoroughly between testing sessions. The retention 
time between testing in context A and context B was 1 min and mice were placed back in 
their home cage after training. On day 3, mice were tested for hippocampus-dependent 
object recognition memory in context B for 10 min, by replacing one of the pair of 
objects earlier seen in context B with an object that the mice had seen on day 2 in context 
A (i.e. the unfamiliar object for context B).
 To assess place memory on day 3, we used the discrimination index (DI), 
calculating the time mice spent with the novel object compared to the total exploration 
time of both objects (tnovel /(tnovel + tfamiliar)) (Akkerman et al., 2012) in context B. 
Sniffing of the object was used as object-exploration behavior when the animal displayed 
such behavior within a distance of maximum 2 cm. Climbing on top of or watching the 
objects from a (close) distance was not considered as sniffing behavior. 

Object location
We used the object location test (OLT) to study spatial memory 5 days after testing the 
mice in object in-context. The protocol consisted of three days including habituation 
phase (day 1), training phase (day 2) and testing phase (day 3). For the arena, we used 
identical boxes (W x L x H; 23.5 cm x 31 cm  x 27 cm) with no cues on the walls 
throughout the whole protocol while the bottom of the box was covered with bedding 
material. Mice (n=13-17 per group) were allowed to explore in all phases for 5 min and 
returned to their home cages. On day 1, mice were habituated in the arena, followed 
24h later by a training session in which they were exposed to a pair of similar objects 
that were placed 12 cm from each other and 11 cm from the wall. On the testing day 
(day 3), 24h post-training, one object was moved to a novel position and the mouse was 
allowed to explore the arena for 5 min. Fresh bedding material was added on top of the 
old and mixed thoroughly between sessions. As an index of spatial memory we used the 
discrimination index (DI) as explained above.

Contextual fear conditioning and extinction
Mice (n=8-16 per group) were examined in the contextual fear conditioning task using 
a two-day protocol (Zhou et al., 2010). Briefly, on day 1, one mouse at a time was 
introduced in a chamber (W x L x H: 25 cm x 25 cm x 30 cm) that contained wall cues 
and a stainless steel grid floor connected to a shock generator and allowed to explore for 
3 min. Immediately thereafter, mice received a single foot shock of 0.4 mA for 2 seconds 
and was removed 30 seconds later and placed back in its home cage. On day 2 (24h post 
training), the mouse was tested for freezing behavior in the same chamber for 3 min. 
Extinction of conditioned fear was assessed by placing animals at day 3 and day 4 in the 
same chamber for 3 minutes, without giving a foot shock (as on day 2). The chamber 
was cleaned with 70% ethanol in-between each testing session. For consolidation of fear 
memory, we used the data on freezing behavior at day 2. Freezing behavior scored at 
day 3 and day 4 were used to measure extinction and compared to the data on day 2. 
To test whether testing over time reflects extinction or forgetting, we performed a pilot 
experiment (n=8 control mice) in which testing of the mice at day 3 was omitted. In this 
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pilot experiment (where we skipped day 3 of testing) we found that freezing level on day 4 
was not reduced compared to day 2 (freezing levels on day 4: 28 % ± 6 (mean ± SEM) and 
on day 2: 20 % ± 1.6 (mean ± SEM). This argues against the interpretation of decreased 
freezing levels on day 4 (in animals tested on all days) as merely reflecting forgetting, but 
rather indicated extinction of fear response. In all experiments, freezing behavior was 
defined as no body movements except those related to breathing (Zhou et al., 2010) and 
was scored every two seconds. To assess fear memory we calculated the total time spent 
freezing as a percentage of the total duration of the task.

Determination of the cycle stage 
The cycle stage of the females was determined by taking vaginal smears immediately 
after testing the mice in every single behavioral testing. The mouse was placed on top 
of the cage and using a smear loop we transferred cells on top of a water drop on a 
glass microscope slide. Slides dried overnight followed by Giemsa (Sigma) staining for 12 
minutes. Subsequently, the cycle stage of the mice was defined using a light microscope.

Statistical analysis
Statistical analyses were performed using SPSS for Windows 17.0. For analysis of the body 
weight gain (to validate the ELS paradigm) we performed a two-tailed t-test. Repeated-
measures ANOVA was used to analyze the absolute body weight and the extinction curves 
over the different days with within-subjects factor “testing day”, and “genotype” and 
“treatment” as fixed between-subject factors. Huynh-Feldt correction was used to correct 
for violations of sphericity. All other data were tested with a two-way ANOVA with ELS 
as the predicting factor and genotype as the moderating factor. Since we hypothesized that 
MR overexpression would moderate the effects of ELS, we were specifically interested in 
interaction effects of the two factors. Hence, only if the interaction effect was significant, 
a post hoc Fishers Least Significant Difference (LSD) test was performed; i.e., not in the 
case of main effects. To correct for multiple comparisons (four meaningful comparisons) 
the alpha was set to be significant at p ≤ 0.0125. To test the influence of the cycle stage 
in behavioural performance we used a General Linear Model analysis, including the cycle 
stage as a covariate. Data are presented as mean with standard error of the mean (SEM). 
Group sizes (n) used for the analysis are indicated in the sections above and in the figure 
legends.

Results

Body weight 
To validate the effect of ELS, we recorded the bodyweight of the pups over the period 
PND2-PND9. Stressed female pups gained significantly less weight than control non-
stressed female pups (t(226)=10.33, p<0.001; Fig 1A). Subsequently, we measured 
body weight of the mice at three different time points (PND23, PND39, PND120). As 
expected body weight increased with age (repeated measures Anova, sphericity assumed 
correction: F(2,88)=752.013, p<0.001, Fig 1B). In addition, there was a significant 
effect of genotype on weights over the three time points (repeated measures Anova, 
F(2,88)=21.573, p<0.001), with MR-Tg compared to wildtypes exhibiting a significantly 
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greater increase in weights from PND23 to PND39 (p=0.049)  and from PND39 to 
PND120 (p<0.001). There was no persisting effect of ELS on body weight (repeated 
measures Anova, F(2,88)=1.436, p=0.243), and no interaction between genotype and 
ELS on bodyweight (repeated measures Anova, F(2,88)=0.052, p=0.949). 

Behavior 
Sub-analyses of the groups by cycle-stage did not reveal any significant influence of the 
cycle on the behavioral performance (data not shown); we acknowledge that this may be 
partly due to the relatively low number of females in some stages of the cycle. Therefore, 
we also grouped all stages and tested the impact of cycle stage on behavioral performance 
with a General Linear Model analysis, including the cycle stage as a covariate. Our results 
showed that significance of the results on behavioral performance did not change when 
the cycle stage was taking into account (anxiety: (F(1,59)=1.471, p=0.230) object in-
context (day3): (F(1,57)=2.121, p=0.151; ); object location (day3): (F(1,57)=1.002, 
p=0.322; fear conditioning(day2): F(1,56)=2.600, p<0.113)).

Open field
To examine exploratory behaviour and locomotor activity we analyzed the total distance 
mice moved in an open field (Fig 2A). We found no main effect of genotype (F(1,59)=2.024, 
p=0.160), nor an effect of ELS  (F(1,59)=0.389, p=0.536) or an interaction effect between 
ELS and genotype F(1,59)=0.774, p=0.383) on the total distance mice moved, suggesting 
that all mice had the same exploratory and locomotor activity regardless whether they 
were exposed to the ELS paradigm or genetic modification. 
 To determine general anxiety, we analyzed the time mice spent in the central area 
of the open field. There was no interaction between ELS and genotype (F(1,59)=0.036, 
p=0.851) nor a main effect of genotype (F(1,59)=2.944, p=0.092) on the duration into 
the central zone but we found a main effect of ELS (F(1,59)=9.377, p<0.003; Fig 2B), 
that is, ELS decreased the center time, in both genotypes. 

Fig 1. Validation of ELS paradigm. (A) Absolute body weight  during the period of ELS (PND2-
PND9). Female mice exposed to ELS (n=108) had a significantly reduced bodyweight gain when 
compared to non-stressed female mice (n=120). *: significant difference, p<0.05, Student’s t-test. 
(B) Absolute body weights were recorded directly after weaning (PND23), at PND39 and at 
PND120 (initiation of behavioral testing). Data are expressed as mean + SEM, n=8-16 mice per 
group.



120

Object in-context recognition memory
We first used the object in-context test to determine the effect of ELS and increased 
forebrain MR expression on place learning and memory performance. Control (wildtype 
non-ELS) mice learned the task, since the discrimination index (DI) was significantly 
higher than 50% (that is, chance level). Statistical analysis showed no main effect of 
genotype (F(1,57)=0.553, p=0.460) or ELS (F(1,57)=0.343, p=0.561) in memory 
performance. Furthermore, no interaction effect between ELS and genotype was observed 
(F(1,57)=0.280, p=0.599, Fig 3A). 

Object location 
To investigate the effect of ELS exposure on spatial memory in MR-tg and control 
mice, we used the object relocation task. Twenty-four hours post training we found that 
ELS did not affect the memory for the novel position of the object in the same context 
(F(1,57)=0.098, p=0.183, Fig 3B). A main effect of genotype (F(1,57)=5.239, p=0.026) 
was found, with MR-tg mice showing decreased spatial memory compared to control 
mice. No interaction effect between ELS and genotype (F(1,57)=0.280, p=0.755) was 
found.

Contextual fear conditioning and extinction

Fig 2. Effect of ELS in the open field. Bar graphs represent the results for: (A) exploratory behavior and 
locomotor activity after exposure to an open field, (B) time mice spent in the central zone of the open 
field, as a measure for anxiety-like behavior. Data are expressed as mean + SEM, n=13-17 mice per group.

Fig 3. Effect of ELS in spatial learning. (A) In the Object in-context recognition memory task, 
MR-tg and control mice showed comparable recognition memory after exposure to ELS. Data are 
expressed as mean ± SEM, n=13-17 mice per group. (B) Effect of ELS in the object relocation. 
MR-tg and/or ELS caused no differences when mice were tested for spatial memory of the novel 
position of the object; no significant differences were observed in the discrimination index between 
the experimental groups. Data are expressed as mean + SEM, n=13-17 mice per group.
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We found neither an interaction effect between ELS and genotype (F(1,56)=1.513, 
p=0.224, Fig 4A) nor an effect of  ELS (F(1,56)=2.059, p=0.157) or genotype 
(F(1,56)=2.059, p=0.157) on freezing behavior in mice prior to the footshock. Mice 
from all groups also showed comparable freezing levels immediately after the foot-shock 
(Fig 4B). 
 Analysis of consolidation and retrieval of contextual fear (re-exposure to the 
same context on day 2, Fig 4C) revealed that MR-tg mice freeze more (main effect of 
genotype: (F(1,56)=13.627, p<0.001)) while ELS decreased freezing (main effect of ELS: 
F(1,56)=11.848, p<0.001), but the effect of ELS did not depend on genotype (interaction 
effect: (F(1,56)=2.192, p=0.142)). 
During extinction trials (day 2, day 3, day 4) a ‘within-subjects’ effect analysis in freezing 
behaviour showed a significant effect of day (repeated measures Anova, F(2,104)=8.590, 
p<0.001, Fig 4C) and a significant interaction of day and genotype (repeated measures 
Anova, F(2,104)=6.634, p<0.002). No significant interaction of day and treatment 
and genotype was found on extinction, therefore no post-hoc comparisons have been 
performed.

Fig 4. Effect of ELS in consolidation of contextual fear conditioning and extinction. Bar graphs 
represent the results for: (A) baseline freezing before the foot-shock on day 1, (B) time of freezing 
behavior immediately after the foot-shock on day 1, and (C) freezing during consolidation and 
recall (day 2) and extinction trials (day2-day 4). (A-B) No differences in freezing behavior were 
observed between the four experimental groups during training. (C) During the retest on day 2 
(consolidation), MR-tg non-stressed animals showed increased freezing levels compared to control 
non-stressed, and stressed animals exhibited a trend towards a decrease in freezing compared to 
non-stressed animals. None of the groups exhibited extinction. Data are expressed as mean + SEM, 
n=8-16 mice per group.
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Discussion 
We examined the role of MR overexpression in female mice that had experienced stress 
early in life (ELS), induced by exposure of the dam to limited nesting and bedding 
material. We report that ELS reduced the time that animals spend in the center of an 
open field but did not affect spatial discrimination learning. However, contextual fear 
memory was reduced, yet these animals did not show extinction of contextual fear. MR 
overexpression increased contextual fear but did not moderate behavioral changes after 
ELS. 

Body weight
To examine the effects of early life stress on learning and memory we raised dams and 
pups in an environment with limited nesting and bedding material between PND2-
9. As reported before, the bodyweight of the pups between at PND9 was significantly 
decreased when compared to the pups that were not subjected to ELS (Rice et al., 2008; 
Naninck et al., 2015). 
 In the current model for MR overexpression, animals overexpress the MR 
gene starting from PND15. This implies that mice that were subjected to ELS did not 
have altered levels of the MR gene during the stress paradigm. Potential effects of MR 
overexpression can therefore be seen as a post-ELS interventional treatment, potentially 
reversing the earlier-induced ELS effects, although it cannot be excluded that some effects 
of ELS have a delayed onset which may be dampened by MR overexpression. 
 We observed that MR overexpressing females were heavier at 4 months of age 
when compared to control animals, a finding we observed before at the age of 3 months 
old, both in female (Kanatsou et al., 2015a) and male animals (Kanatsou et al., 2015b). 
A previous study showed that mice with MR deletion in the forebrain have a reduced 
bodyweight (Ter Horst et al., 2012). Our observation thus may supports previous 
evidence suggesting that forebrain MRs have a direct effect on total caloric intake and 
body weight gain, both under basal as well as increased corticosterone levels (Tempel et 
al., 1994). However, this speculation needs to be further investigated in this model, as this 
is out of the scope of this study.

Anxiety 
In agreement with earlier observations (Wang et al., 2012) our data obtained from the 
open field showed a significant effect of ELS on anxiety with a trend towards increased 
anxiety in non-transgenic animals, as indicated by the reduced time that non-transgenic 
stressed animals spent in the center. Increased anxiety in the open field after early life 
adversity was earlier reported in several studies (e.g. Veenema et al., 2007; Tsuda et al., 
2012) though not all studies examined female rodents (e.g. Rees et al., 2006; Wang et 
al., 2012). We did not find an effect of the MR transgene on anxiety as animals with 
MR overexpression spent a comparable amount of time in the center of the open field 
as controls. While earlier studies have reported that MR overexpression reduces anxiety 
in male animals (Lai et al. 2007; Rozeboom et al., 2007; Ferguson et al., 2008), we have 
reported no effect of transgenic MR overexpression on anxiety in female mice and male 
mice in adulthood (Kanatsou et al., 2015a; 2015b). Our results therefore suggest that 
MR overexpression does not affect anxiety and does not moderate the effects of ELS on 
anxiety in female animals, although it should be noted that this conclusion is based on a 
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limited battery of tests.

Learning and memory under low-arousal conditions
It has previously been shown that the ELS paradigm that we used impairs memory 
formation in adult male mice (Rice et al., 2008; Wang et al., 2012; Naninck et al., 2015). 
However, little was known about how this particular model of ELS affects memory 
in female mice, which is a relevant question, since others report sex differences in 
susceptibility to ELS in rodents (Llorente et al., 2009; Oomen et al., 2009; reviewed in 
Loi et al., 2015). To further investigate this, we tested female mice for memory formation 
under low-arousing conditions (object in-context and object location) and in high-
arousing tasks (contextual fear conditioning). ELS did not affect memory formation in 
the low-arousing memory tasks. Accordingly, Naninck et al. (2015) reported that ELS 
did not alter memory for object location in female mice. We furthermore found that 
discrimination learning is not affected by MR-overexpression, which is in agreement with 
earlier observations in MR-tg mice not exposed to ELS (Kanatsou et al., 2015a). Yet, 
Arp et al. (2014) reported that MR overexpression enhances spatial memory of females 
in a Barnes maze, which could indicate that effects of MR overexpression on memory 
performance may be task-dependent. 

Fear memory and extinction
Previous studies in male mice have shown that pharmacological blockade of the MR 
impairs contextual fear conditioning (Zhou et al., 2010). Recently we observed that 
MR overexpression in a transgenic mouse model enhances contextual fear memory in 
male mice (Kanatsou et al., 2015b). Here we report that MR overexpression enhances 
contextual fear in (non-stressed) females. This may reflect enhanced consolidation which 
can result in increased perseverance (Harris et al., 2013) or altered MR-dependent 
alertness to act immediately when threatened. Whether this contributes to behavioral 
adaptation may depend on the context of the animals. 
 By contrast, ELS treatment decreased freezing behavior in female mice, 
suggesting that ELS hampers contextual fear memory formation. This agrees with several 
studies using rat models for early life adversity (Chocyk et al., 2014;Sun et al., 2014; 
Xiong et al., 2014), but other studies reported either no effect (Kosten et al., 2006; Diehl 
et al., 2007; Oomen et al., 2011) or even an enhanced contextual fear conditioning 
(Diehl et al., 2014). This suggests that various models of early life adversity or species 
differences may determine the effect of early life adversity on contextual fear. Transgenic 
overexpression of MRs did not alter freezing behavior in ELS animals, not supporting a 
moderating effect of MR on (the consequences of ) ELS. One of the explanations could 
be that ELS potentially reduces MR expression (Vázquez et al., 1996) which could be 
compensated for by (subsequent) transgenic MR overexpression. However, other studies 
have not found altered MR expression levels after ELS (using the same model), either at 
PND28 or in adult age (Arp et al., unpublished observation). 
 Furthermore, extinction learning was not affected by ELS but it did by MR 
overexpression. Possibly, extinction learning is hampered by MR overexpression, and/
or MR overexpressing mice persevere in freezing behaviour. The latter has been observed 
earlier (Harris et al., 2013; Gapp et al., 2014) and may reflect an impairment in behavioural 
flexibility or an alertness that is maintained in a potentially threatening context. 
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Conclusion
The aim of this study was to determine whether -in female mice- the effects of early life 
stress on anxiety and memory formation is moderated by transgenic overexpression of 
MRs. We observed that in female mice ELS increased anxiety and reduced contextual 
fear; these effects were not moderated by MR overexpression. Therefore, our data do not 
support that MR overexpression moderates the effects of early life adversity in female 
mice. Of note, MR overexpression in this particular model starts from PND15 onwards 
(Lai et al., 2007), i.e. one week after the period of limited bedding and nesting material, 
and as such can be regarded as a post-ELS intervention strategy. To what extent this is 
comparable to the situation of human MR haplotypes remains to be investigated.
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6.1 Summary of the chapters

While effects of genetic background and of stress on neuronal structure and function 
have been studied separately, animal studies delineating the exact cellular / microcircuit 
/ behavioral effects of specific gene-by-environment interactions are scarce, despite the 
strong indications from human cohorts that such interactions can actually make the 
difference between staying healthy or suffering from disease, such as depression and 
posttraumatic stress disorder. The overall aim of this thesis was to test the hypothesis 
that overexpression of one particular gene, i.e. the gene encoding the mineralocorticoid 
receptor (MR), in the forebrain of mice protects against the development of behavioral 
and structural changes after chronic stress, either experienced early in life or in adulthood. 
The focus on the role of mineralocorticoid receptors is novel and builds on the extensive 
expertise of our and other research groups. In this thesis a wide variety of read-out 
parameters has been examined to understand gene-by-environment interactions. On the 
one hand this potentially opens the possibility (in the future) to identify individuals at 
high risk to develop psychopathology under adverse life conditions and on the other 
hand –by understanding the underlying brain processes- this may help to develop new 
tools, e.g. either pharmacological or by changing lifestyle, to treat or prevent stress-related 
diseases.
 In chapter 2, we investigated whether overexpressing the MR in male mice 
prevents the effects of chronic unpredictable stress in adulthood on behavior and 
structural plasticity. We found that three weeks of chronic unpredictable stress (CUS) 
reduced context-dependent learning and memory in control but not in mice that 
overexpressed MRs in the forebrain, suggesting that MR overexpression protects against 
these behavioral effects of chronic stress in adulthood. When testing mice for contextual 
fear memory, we found that CUS enhanced contextual fear memory formation. In 
addition, mice with transgenic MR overexpression also showed increased contextual 
fear. In terms of structural plasticity, CUS reduced hippocampal dendritic complexity 
in the CA3 hippocampal area, while MR overexpression did not alter hippocampal CA3 
dendritic complexity. Interestingly, CUS reduced the total number of DCX positive 
immature neurons in the dentate gyrus, particularly in the infrapyramidal blade. This 
effect was absent in MR overexpressing mice. Taken together, the results of this study lend 
partial support to our hypothesis that overexpression of MRs partly acts as a resilience 
factor against chronic stress.
 In chapter 3, the effects of MR overexpression on behavior in a battery of tasks 
were studied in female mice. We found that overexpression of the MR does not affect 
anxiety, context-dependent learning and memory, tone-cue fear conditioning or freezing 
in a combined tone-cue and context fear conditioning paradigm. These data suggest that 
forebrain MR overexpression does not appear to affect anxiety and learning and memory 
in adult female mice.
 In chapter 4, we subjected male mice to chronic early life stress (ELS, by housing 
dams and their litters with limited nesting and bedding material between PND 2-9). The 
aim was to study whether overexpressing the MR (starting from PND 15) can prevent 
or reverse the consequences of prior early life stress on behavior and structural plasticity 
tested in adulthood. We found that neither ELS nor MR overexpression affected anxiety 
levels. ELS reduced contextual memory in control but not in MR overexpressing mice; 
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MR overexpressing mice that had been subjected to ELS showed an increased spatial 
memory compared to control stressed mice. ELS and MR overexpression did not affect 
contextual fear memory and extinction. Furthermore, ELS affected the survival but 
not the proliferation and differentiation of adult-born cells in the dentate gyrus. MR 
overexpression increased the number of differentiating and proliferative cells compared to 
control mice. The latter was observed specifically in the suprapyramidal blade of the DG. 
Moreover, ELS in combination with an MR background affected the immature neurons, 
with MR overexpressing stressed mice showing increased number of immature neurons 
compared to control stressed. ELS reduced the frequency of mEPSCs and mIPSCs in 
dentate gyrus granular cells. MR-tg mice were protected from the cognitive impacts of 
ELS and maintained the non-ELS control frequency of mEPSCs and mIPSCs of dentate 
gyrus granular cells.
 In chapter 5, we subjected female mice to ELS to investigate whether 
overexpression of MRs (starting from PND15) can prevent or reverse the effects of ELS on 
behavior tested in adulthood. In non-transgenic mice, ELS reduced the time that animals 
spent in the center of an open field but did not affect spatial discrimination learning. 
Contextual fear was reduced after ELS but these animals did not show extinction of 
contextual fear. MR overexpression increased contextual fear in nonstressed animals but 
did not moderate behavioral changes after ELS.
 Overall, we found only partial support for our hypothesis that MR overexpression 
protects against the development of chronic stress-induced structural or behavioral deficits 
(see section I.4 for in-depth discussion).   

6.2. Methodological considerations

6.2.1 Genetic manipulations of the MR
So far, a limited number of animal studies using genetic manipulation of MRs in the 
brain have examined the significance of MR function in regulating stress responsiveness, 
learning and memory, anxiety, hippocampal neurogenesis and neuronal survival. In a 
transgenic mouse model with global deletion of the MR (but not the GR) in the brain, 
Gass and colleagues showed increased basal plasma corticosterone levels and a decreased 
number of granule cells in the hippocampus (Gass et al., 2000), demonstrating the 
relevance of MR expression in hippocampal neurogenesis and neuronal survival. With the 
enormous progress of molecular genetic approaches, a more sophisticated gene targeting 
method has been developed to generate tissue and cell specific mutations. By using the 
Cre/loxP recombination system with the CaMKII alpha promoter, Berger and colleagues 
(2006) generated mice with targeted deletion of the MR in the forebrain. This model 
served to reveal the role of MRs in cognition, memory and stress-responsiveness in the 
absence of effects caused by peripheral MR deletion. Mice with a genetic deletion of MRs 
in the forebrain show intact HPA-axis activity (both under basal and stress conditions), 
normal anxiety levels, impaired learning and memory in the Morris Water maze and 
reduced number of proliferative cells in the dentate gyrus of the hippocampus (Berger et 
al., 2006). Yet, these mice showed increased levels of the GR in the hippocampus which 
might affect the interpretation of the results.
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Mice with transgenic overexpression of the MR under the CamKII alpha promoter 
showed reduced anxiety, and enhanced memory performance (Lai et al., 2007). Moreover, 
these mice demonstrated a reduction in cell death in CA1 hippocampal area in response 
to ischemic insult, demonstrating a potential neuroprotective role of the MR (Lai et 
al., 2007). Concurrent with this model, a similar model with increased levels of MR in 
the forebrain was developed (MR-ov, Rozeboom et al., 2007). These mice also showed 
reduced anxiety levels (both in male and female mice) and a moderate suppression of 
the stress response in female transgenic mice, suggesting that MR is involved in negative 
feedback during a stressful event, at least in females. Furthermore, in the hippocampus 
of these animals, mRNA levels of 5HT-1A were found to be increased while GR mRNA 
levels were decreased. 
 In a transgenic mouse model with enhanced MR and decreased GR levels in 
the forebrain, Harris and colleagues (2013) found a significant interaction between MR 
and GR in the regulation of the HPA-axis after acute stress that is a partial rescuing 
effect of the deficient feedback control. Moreover, in the same model, they found 
increased perseveration in behavioral tasks, suggesting improved spatial memory or 
reduced exploratory flexibility with this combination of increased MR and decreased GR 
expression (Harris et al., 2013). 
 One important parameter for the MR overexpression is when exactly the 
overexpression occurs. From a personal communication with Harris et al. we know that 
the overexpression in ‘our’ MR-tg model starts at PND15 while there is no information 
on when the MR overexpression starts in the MRov model (Rozeboom et al., 2007). 
This is important, as apparently the overexpression does not occur from birth onwards 
but at a later stage of the postnatal life, which could be considered as intervention for 
any of the effects that develop after exposure to early life stress. The MR overexpressing  
mice have a 4-fold increase in the expression of MR mRNA along the hippocampal 
CA1-CA3 area (Lai et al., 2007) while the MRov mice exhibit a moderate increase in 
MR overexpression when compared to control mice (Rozeboom et al., 2007). Moreover, 
the expression levels of GR mRNA levels in MRov mouse model were decreased in the 
CA1 area of the hippocampus while the levels of GR mRNA levels are normal in the MR 
overexpressing mice we used. This is important as it is known that both MR and GR are 
important for memory performance under stress. Analysis of MR expression levels under 
basal conditions in the MR-tg and control mice using the western blot technique revealed 
a significant increase in the expression levels of the MR in the whole hippocampus of 
the former compared to the latter (S. Kanatsou, unpublished observation). We obtained 
a similar result with immunostaining, showing more abundant expression of MR in all 
layers of the hippocampus (data not shown). However, we did not measure GR levels 
in this model, a limitation that we should consider. Interestingly, we observed that MR 
overexpressing nonstressed mice show an increased fear memory compared to control 
nonstressed mice. The latter agrees with a previous study in naïve mice showing that 
pharmacological blocking of the MR impairs consolidation of fear context (Zhou et 
al., 2010) as well as a human study showing impaired selective attention and working 
memory in men (Cornelisse et al., 2011).
 The age of the mice used to test memory, anxiety-like behavior and neurogenesis 
is another important factor. Rozeboom et al. (2007) studied animals 4-5 months of age, 
while Lai et al. used 3-6 months’ old mice. In this thesis we used 3-4 months’ old mice. 
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This may be important as it is known that MR expression levels in the brain are declining 
with age (Lopez et al., 1998), although possibly not at these relatively young ages. 
 To understand how MRs regulate neurogenesis, the expression/localization of 
MRs is relevant. MRs are expressed in principal cells, but not in progenitor cells (Garcia et 
al., 2004). Thus, effects of MRs on neurogenesis or proliferation are most likely occurring 
via an indirect mechanism that involves cell to cell communication. In our MR-tg mice, 
the MR overexpression is driven by the CaMKII alpha promoter that is known to be 
expressed in neurons which are largely glutamatergic (Liu & Jones, 1996); therefore it is 
possible that the overexpression of MR is limited to cell types not involved in the majority 
of signaling to precursor cells of the dentate gyrus.
 In view of the 1) the earlier extensive characterization of MR-Tg mice (Lai et 
al., 2007); 2) the putative protection we expected from MR overexpression as opposed to 
knock-down; 3) the relatively mild phenotype of MR-Tg mice (presumably no changes 
in GR levels); 4) the interesting aspect that MR overexpression starts only after the critical 
period of mother-pup interaction; 5) and the easy availability of this mouse-line, we 
examined the role of MRs as a putative protective factor in the face of chronic stress using 
the MR-tg mice generated by Lai et al. (2007). 

6.2.2 Modelling chronic stress early in life and chronic stress in adulthood
To study mechanisms underlying stress-related diseases, several models have been 
developed using laboratory mice, either applying chronic stress early in life or chronic 
stress later in adulthood. With respect to chronic early life stress (ELS) two main models 
were developed, in rats as well as mice: i) maternal separation models (e.g. Oomen et al. 
2009; Lehmann and Feldon 2000) and ii) models which focused on the role of maternal 
care (e.g. Liu et al., 1997; Rice et al., 2008). These two different types of models mimic 
numerous pathophysiological aspects found in humans when experiencing early life stress. 
Thus, in humans early life adversity may cause persisting changes in stress responsiveness, 
emotionality and cognitive decline, and increased risk to develop psychopathologies, such 
as major depression, anxiety or personality disorders, later in life (De Bellis & Thomas, 
2003; Cicchetti & Toth, 2005; Yasik et al., 2007; Green et al., 2010; Tottenham et al., 
2010; Pechtel et al., 2011). Women are at higher risk of developing affective and cognitive 
disturbances under adverse life conditions than men (Lewinsohn et al., 1998; Kessler 
2003; Steiner et al., 2003; Wittchen and Jacobi 2005; Bekker and van Mens-Verhulst 
2007). 
 In this thesis, we selected the limited bedding and nesting model to induce 
early life stress (Rice et al., 2008). Given the fact that we used mice (allowing easy genetic 
modification), we opted for a model that had been successfully applied in this species 
earlier in several labs (Rice et al., 2008; Naninck et al., 2015). In this model the amount of 
maternal care is not significantly reduced but the limited bedding and nesting condition 
leads to fragmentation and a chaotic nature of the maternal care, causing chronic stress. 
The latter is supported both by the observed elevated plasma corticosterone and adrenal 
hypertrophy in the pups that is apparent at the end of the stress (PND 9), but disappears 
later (Avishai-Eliner et al., 2001; Brunson et al., 2005; Gilles et al., 1996; Ivy et al., 
2008). An important read-out for ELS is the bodyweight gain over the stress period 
between PND2-PND9, which we found to be strongly reduced at PND 9 in offspring 
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raised by dams under ELS conditions (chapter 4 and 5). In our hands, ELS also reduced 
contextual learning as reported before (Brunson et al., 2005; Rice et al., 2008; Naninck 
et al., 2015). In terms of neurogenesis, we found in male mice that chronic early life stress 
has no effect on the total number of differentiating and proliferative cells in the DG but it 
does affect cell survival, especially in the suprapyramidal blade, namely a reduction in the 
control ELS but not in the MR overexpressing mice. Our data partially support previous 
studies, showing that ELS reduced cell survival but not differentiation and proliferation 
of the cells (Naninck et al., 2015). All in all, we conclude that the ELS model we selected 
recapitulated many of the features earlier described by others and hence was successfully 
implemented.
 For chronic stress in adulthood, a large number of models has been used, 
varying the nature of the stressors, the duration of the stressors, the presence of a stressor 
as being either predictable or unpredictable and the phase of the day in which they have 
been applied (during the light or the dark phase) (Koolhaas et al., 2011). In this thesis we 
used a chronic unpredictable stress protocol consisting of seven different stressors, with 
each stressor presented once per day in an unpredictable order, which was expected to 
prevent habituation to the stressors (Magarinos & McEwen, 1995; Marin et al., 2007). 
This protocol was successfully used before (with some modifications) by Herman and his 
colleagues in mice and in our lab using rats (Herman et al., 1995; Alfarez et al., 2003). In 
the model of Herman et al. the stressors were applied twice per day, leading to increased 
corticosterone levels measured 24 hours later and an increased weight of the adrenal 
glands. In our model, we only exposed animals once daily to an unpredictable stressor to 
model a chronic depressive-like behavior that is evolving gradually over time in response 
to stress (Katz et al., 1981a,b; Willner, 1997). Moreover, it has been shown that the 
effects on the physiological aspects related to HPA axis also depend on the intensity of the 
stressors and the species used. For instance, a severe chronic unpredictable stress protocol 
(2 stressors per day) results in a severe decrease in bodyweight gain in rodents, which may 
negatively affect the physiological state of the animal (Willner 2005).
 Despite this reduction in the number of stressors, we found a decrease in the 
bodyweight gain and in the thymus weight (both hallmarks of a hyperactive HPA-axis), 
though no differences in the adrenal weight. Although many studies have reported 
increased adrenal weight after chronic stress, there are also studies reporting no effects, 
which may be due to experimental differences (Pitman et al., 1990; Blanchard et al., 
1998) such as the severity of the model. In this thesis, chronic unpredictable stress in 
adulthood resulted in a reduced recognition learning and memory performance in control 
mice while we found an increased context-dependent fear memory in stressed mice. 
Impaired spatial memory performance has been previously found in rodents, supporting 
our findings (Kleen et al., 2006; Bodnoff et al., 1995).
 The relatively mild effects that we found after applying chronic stress on memory, 
anxiety and neurogenesis could be due to the type of stressor, the age of the animals, the 
sex and the strain, as increased levels of corticosterone do not necessarily correlate with 
the effects of neurogenesis and behavior. Other factors that are related to a hyperactive 
HPA-axis may play a role in the intensity of stress responses such as the levels of CRH and 
its receptors or GR (de Kloet et al., 2005), which we presently did not specifically study.
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6.2.3 Structural integrity, anxiety and spatial memory: a choice of methodologies
In this thesis we have used a number of different read-out parameters, to examine the 
effects of MR overexpression on structural plasticity and behavior, both under stressed 
and non-stressed conditions. It goes without saying that the choice of read-out parameters 
and the methods to address these are an important aspect in the interpretation of the 
results. In terms of structural plasticity, we examined neurogenesis with immunostaining 
for BrdU, Ki67 and DCX; and we examined dendritic complexity of neurons in the 
hippocampus with Golgi staining. 

Structural integrity
Adult hippocampal neurogenesis can be characterized using various markers labelling 
proliferative cells, immature neurons and finally mature functional neurons. Although 
in this study we have examined the survival, proliferation and number of differentiating 
neurons, we have not studied what happens with the fate of these cells (e.g. by double 
labelling with specific neuronal or glial markers).
 Several markers e.g. 5-bromo-2-deoxyuridine (BrdU) and injection protocols 
have been used to study adult hippocampal neurogenesis in mice (Kee et al., 2002). 
Differences in experimental protocols have yielded different results (Heine et al., 2004; 
Banasr et al., 2007; Ibis et al., 2008; Oomen et al., 2010; Snyder et al., 2010; Hu et al., 
2012; Hillerer et al., 2013) which emphases the relevance of experimental designs. For 
investigation of neurogenesis using BrdU injection, the timing of the injection and the 
dose are important, especially when studying stress. Several studies have used protocols 
where BrdU has been injected once on day 1 of the stress protocol or in multiple injections 
once per day for several days (Oomen et al., 2007; Hu et al., 2012; Naninck et al., 2015).
Ibi and colleagues (2008) showed that four weeks of isolation rearing resulted in less 
BrdU positive cells in male mice when BrdU was injected before the stress procedure but 
not when the injection took place after the last stressor (Ibis et al., 2008). This indicates 
that cell survival may be influenced during stress exposure but that stress might not have 
lasting effects on cell survival. This, however, does not agree with the observation that 
male mice showed less BrdU positive cells after chronic restraint stress when injected once 
on the last stress day (Ibis et al., 2008). The stressed males had a lower amount of BrdU 
positive cells compared to stressed females. When BrdU was injected on the first four 
days of the chronic stress, males showed less BrdU positive cells than females under basal 
conditions but a reduced number in the BrdU positive cells in females but not in males 
after chronic stress (Hillerer et al., 2013). Reduced cell proliferation in males coincided 
with a concurrent increase in stem cell quiescence, while it did not alter either parameter 
in females but decreased cell survival.
 Early maternal separation seems to influence neurogenesis depending on the 
time point of investigation and sex (Loi et al., 2013). In young male Spraque-Dawley 
rats (examined at postnatal day 21) early life stress resulted in more BrdU positive cells, 
while there was no effect found in animals who were allowed to live until two months of 
age, while middle-aged animals (15 months) showed less BrdU cells (Suri et al., 2012). 
Vega-Rivera and colleagues (2013) remarkably only found an effect of acute stress in 
ovariectomized, as opposed to sham-operated control  female Wistar rats on the amount 
of BrdU positive cells after two hours, three days and fourteen days. Thus, they showed a 
reduced number of BrdU positive cells compared to sham surgery control and stressed rats 
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(Vega-Rivera et al., 2013). This finding emphasizes the importance of female hormones 
on the effects of early life stress on neurogenesis.
 From the methodological point of view it is an important consideration whether 
to use single or repeated injections with BrdU. With a single injection of BrdU a small 
population of newborn cells are labelled which can be followed until the cessation of the 
chronic stress paradigm, in contrast to multiple injections where a larger population of 
newborn cells is labelled. However, with multiple injections one loads the hippocampus 
with more dividing cells, though every day a different set of dividing cells. This adds up to 
a cumulative number of cells that one can follow along the stress period, though it should 
be realized that different things can happen to the different population of cells labelled. 
Furthermore, multiple injections to rodents is an extra stressor, which preferably should 
be avoided when studying stress. Based on these considerations I have used in this thesis 
three BrdU injections in quick succession (2 hrs interval) each of 100 mg/kg (i.e. in total 
300 mg/kg), 3 hours after the first stressor. This protocol has been successfully used before 
in rats, with some modifications (Oomen et al., 2007; Hu et al., 2012). The advantage is 
that the animals were stressed only on a single day due to the injection and it allowed me 
to study a relatively homogeneous population of cells labelled during the first day of the 
stress protocol.
 To study proliferation, we used the Ki67 marker, as described previously (Kee 
et al., 2002).  However, the timing between the last stressor and the decapitation seems 
to be important to investigate effects on cell proliferation, since in Wistar rats chronic 
stress resulted in less Ki67 positive cells when animals were sacrificed after two hours 
when compared to 24 hours (Dagyte et al., 2009). Moreover, different stressors can have 
a different effect on proliferation levels; for instance, exposure to a forced swim test may 
have a different effect than exposing the animals to restraint stress (Bain et al., 2004; 
Snyder et al., 2010; Yui et al., 2010). Early life stress persistently altered levels of adult 
neurogenesis, mainly in rats (for an overview see: Korosi et al., 2012; Loi et al., 2014). 
For example, maternal separation or maternal deprivation early in rats led to an age-
dependent effect on neurogenesis with a transient increase in proliferation (Nair et al., 
2007) during adolescence and a lasting decrease in levels of proliferation in adulthood 
(Mirescu et al., 2004; Oomen et al., 2010; Suri et al., 2013), with no effects on cell 
survival (Mirescu et al., 2004; Greisen et al., 2005). Furthermore, Naninck et al. found 
increased levels of proliferating cells in the DG after chronic early life stress at P9 but 
not at P150 (Naninck et al., 2015).  To conclude, there is much variation in the effects 
of different kinds of stress paradigms on cell proliferation in postnatal life, partly due to 
technical issues.
 To further estimate the level of neurogenesis under stress conditions, we used 
DCX as a marker that is expressed when a cell becomes a dividing neuronal precursor 
cell and continues expression to the postmitotic stage. DCX staining is downregulated 
with the appearance of the mature neuronal marker NeuN (Cooper-Kuhn & Kuhn, 
2002; Brown et al., 2003; Rao & Shetty, 2004).  In the literature, the effects of stress 
on DCX+ cells in the DG are rather inconsistent, possibly related to gender and species 
used as well as the age of testing. While some studies also showed clear stress-induced 
decreases in the number of new neurons, other studies in male rodents have shown either 
no influence of stress (Dagytė 2009). In a study comparable to our own, using a mixed 
stressor protocol (20 days), the authors observed fewer DCX+ cells in stressed animals of 
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both sexes (Hulshof et al., 2012). Interestingly, recent studies on neurogenesis have made 
efforts to distinguish differences between the dorsal/ventral areas of the hippocampus as 
these areas have shown behavioral and functional differences. For instance, the dorsal 
hippocampus is involved in spatial memory while the ventral hippocampus plays a role 
in anxiety memory (Kheirbek et al., 2013). One study in chronically stressed rats found a 
stronger suppression of DCX+ cells in the ventral part of the DG (Brummelte & Galea, 
2010) whereas another study found greater suppression in the dorsal part (Hulshof et 
al., 2012). Tanti et al (2013) found fewer DCX+ cells in the temporal than in the septal 
area following chronic stress. In terms of early life stress, maternal separation or maternal 
deprivation in rats resulted in an increase in differentiation in rats (Suri et al., 2013) 
during adolescence (P21) and a decrease in levels of differentiation in adulthood (Oomen 
et al., 2010; Suri et al., 2013). In line with this, Naninck et al. found increased level of 
differentiating cells after chronic ELS at P9 but not at P150 (Naninck et al., 2015).
 In addition to alterations in neurogenesis, also long lasting alterations in 
neuronal morphology, dendritic complexity and synaptic connectivity have been reported 
after chronic stress (Woolley et al., 1990; Magarinos et al., 1995; Magarinos et al., 1996). 
Here we used the Golgi-Cox impregnation staining to investigate changes in dendritic 
complexity. Several steps of this method are crucial over the 21 days of the protocol, such 
as the chromatinisation and impregnation (increasing time leads to non-specific staining) 
(Rosoklija et al., 2003). Disadvantages are the impregnation time for the brain in Golgi 
solution and tissue shrinkage. Yet, advantages are the fact that the brains can be preserved 
indefinitely allowing investigation at any given time and that the cells can be visualized 
against a transparent background. Therefore, despite the disadvantages, the Golgi-Cox 
staining is still a valuable method for studying experience-dependent plasticity in rodents 
(Golgi, 1873; Golgi, 1886; Morest & Morest, 1966). 

Anxiety and Spatial memory
For the effects of MR overexpression and (early life) stress on behavior, we studied 
anxiety, spatial memory as well as fear memory. To study anxiety-like behavior we used 
the elevated plus maze and/or open field behavior. For spatial memory we mainly used the 
object in-context (or location) recognition memory. For fear memory we used the tone 
cued and contextual fear conditioning.
 Anxiety has been characterized as a specific behavior in response to potential 
danger. Anxiety is considered to be distinct from fear; different neural circuits are involved 
in these different protective or defensive behaviors (Gray 1982; Gray & McNaughton, 
2000). Anxiety-like behavior is associated with conflict or uncertainty between response 
choices and goals. A test that is widely used to test anxiety is the elevated plus maze test 
(EPM). The EPM test is based on an approach-avoidance conflict, where rodents are 
allowed to freely explore open but potentially dangerous arms (approach) and closed safe 
arms (avoidance) that they have never encountered before. However, more tests have been 
developed to examine anxiety, such as the open field and the light-dark box. 
 A common parameter in all these behavioral tests is that they can be performed 
in a short time period of 5-10 min, making it easier to assess ethological behaviors that 
are related to anxiety as well as locomotor activity. However, the existing literature reports 
different findings when animals with the same background and experience are tested 
in either of these tests (Santos et al., 2007). The discrepancies reported could be due to 
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the different set-up in various laboratories, the experimenter, the housing of the animals 
(e.g. single versus group housing), the age of the animals and the habituation to the 
testing room. For instance, in male and female mice we found that under non-stressed 
conditions, MR-tg mice do not differ in anxiety behavior compared to controls when 
tested in the EPM, which is not in line with Lai et al. and Rozeboom et al. (2007) who 
reported reduced anxiety in MR-tg mice compared to control mice. In the case of Lai 
et al. (2007), a light-dark box was used, while Rozeboom et al. (2007) used an EPM 
and an open field, reporting differences in some but not all parameters indicative for 
decreased anxiety. The difference in findings depending on the tasks applied indicates 
that it may be important to conduct more behavioral tests for anxiety-like behavior rather 
than testing the animals in only one task (e.g. an open field box). Last but not least, 
due to the experimental set up of the study, we tested the mice both under non-stressed 
conditions as well as stressed conditions, which sheds more light on the effects of stress in 
combination with an MR background.
 Spatial memory formation is a specific type of memory that mainly involves the 
hippocampus. Tasks used to study spatial memory require spatial cues that are considered 
to be complex representations of the environment necessary for spatial orientation. 
Some spatial memory tests can be performed using ‘egocentric’ (self-centered) cues 
but other spatial tests require encoding of the relationship between salient features of 
the environment to create an ‘allocentric’ (other-centered) spatial representation that is 
independent of the animal’s current location (O’Keefe & Nadel, 1978). Consistent with 
this view of spatial memory formation, hippocampal lesions in rodents cause an impaired 
allocentric but not egocentric spatial memory (Morris et al., 1982; Eichenbaum et al., 
1990; Morris et al., 1990) in a variety of tests such as the Morris water maze (Morris et 
al., 1982; Morris et al., 1990), the radial maze (Olton & Samuelson, 1976; Schmitt et al., 
2003) or T-maze-rewarded alternation (Rawlins & Olton, 1982). Indeed, several studies 
have shown that the hippocampus plays a major role in allocentric spatial information 
processing in many species, including humans (Maguire et al., 1998; Maguire et al., 
1999; Burgess et al., 2002). Interestingly, the dorsal but not the ventral hippocampus 
is required for spatial performance and processing of contextual and spatial information 
(Ferbinteanu & McDonald, 2001; Bannerman et al., 2002; Kjelstrup et al., 2002; 
McHugh et al., 2004).  
 To address the effects of MR overexpression on spatial recognition memory, 
we used the object in-context (OIC) task that is a variant of the widely used object 
recognition (OR) task. The dorsal but not ventral (Balderas et al., 2008) hippocampus 
seems to play a major role in the OIC task (Bar, 2004; O’Brien et al., 2006; Good et al., 
2007; Balderas et al., 2008; Howard et al., 2011). The OIC task makes use of the fact that 
rodents have a natural tendency to explore novel environments and objects (Roozendaal 
et al., 2006; Maroun & Akirav, 2008). It is important to study the combination of 
recognizing objects in different contexts, since this seems to be impaired in patients that 
are suffering for instance from PTSD who seem to be unable to distinguish the context of 
certain cues, leading to a stress response with a certain cue in a safe environment/context 
(Liberzon & Sripada, 2008; Cohen et al., 2009; Acheson et al., 2011). The results of 
this thesis on the role of MR overexpression and stress on spatial memory revealed that 
male MR-tg mice have not a better memory for recognizing the familiar object in a novel 
environment per se, but MR overexpression prevents the impaired discrimination that 
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was seen in animals exposed to ELS and CUS. In female mice, we found no effect of 
ELS (and MR overexpression) on discrimination learning; the effects of CUS were not 
examined. 
 There is a large body of evidence supporting a role of stress on fear memory 
processes: stress and stress hormones can reduce memory retrieval of emotional memories 
and increase memory consolidation of extinction training (Cahill et al., 2003; Preuss 
& Wolf, 2009; Roozendaal & McGaugh, 2011). Emotional learning is assumed to be 
involved in the pathogenesis of anxiety disorders. The fear conditioning paradigm is a 
well-established paradigm to investigate emotional memory (LaBar & Cabeza, 2006). 
 In this thesis we used the contextual fear conditioning paradigm to address 
whether MR overexpression confers resilience to the effects of stress (early in life or later 
in adulthood) on emotional learning and memory processes. The fear conditioning 
paradigm we used is a two-day protocol, involving training on day 1 and testing 24 hours 
later. The main brain areas that are involved are the hippocampus, the amygdala, the 
prefrontal cortex and the cingulate cortex (Knight et al., 2004; Phelps et al., 2004; Milad, 
2007). During training we let the mice explore for a short period (3 minutes) a striped 
context with a grid floor and immediately afterwards delivered a foot shock of 0.4 mA 
intensity for 2 seconds (Zhou et al., 2009). During testing we placed the mice back in 
the same context and examined freezing behaviour in this context (as the mice remember 
to associate the environment with the aversive stimulus they experienced the day before). 
Pharmacological studies using the same paradigm have shown that when the MR was 
blocked in male mice before the retrieval this temporarily reduced fear memories (Zhou 
et al., 2011). In line with this finding, we found in male but not in female mice that 
MR overexpression under non-stressed conditions enhanced fear memory compared to 
control mice, which may indicate increased emotional memory formation and / or MR-
dependent alertness. Under conditions of chronic stress in adulthood and early life stress, 
MR overexpression did not prevent the effects of CUS on fear memory in male mice. We 
also found that female mice exposed to stress early in life showed reduced fear memory, 
which is in line with some studies (Chocyk et al., 2014; Xiong et al., 2014) although 
other studies showed either no effects (Kosten et al., 2006; Diehl et al., 2007; Oomen et 
al., 2011) or even enhanced fear memory (Diehl et al. 2014). The discrepancies observed 
could be due to the use of different models of ELS and CUS, the species used, the age 
of the animals, the intensity of foot shock and other methodological considerations such 
as training trials and contexts used for training and testing. An important factor that 
needs to be elucidated when conducting contextual fear conditioning experiment is the 
performance of a control experiment to rule out the possibility of a generalization of the 
fear; this can be done by testing control mice in a different context. We have performed 
this control experiment both in male and female mice. Our data suggest that male and 
female mice exhibit very low levels of freezing when tested in a completely different 
context than the actual context used to test mice on day 2. This supports that the freezing 
behaviour is indeed specific to the context.
 Fear conditioning is sensitive to extinction, a learning process characterized 
by a decrease in the amplitude and frequency of the conditioned reaction when the 
conditioned stimulus is presented without the unconditioned stimulus (Myers & Davis 
2002; Hermans et al., 2006). Extinction is relevant to be studied in animals, as studies in 
anxiety patients have shown deficits in extinction learning compared to healthy controls 
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(Blechert et al., 2007; Michael et al., 2007). We examined extinction learning in male and 
female mice that underwent ELS. In females, we found that stressed female mice overall 
freeze more compared to non-stressed mice but stressed mice do not show extinction as 
non-stressed do, suggesting perseverance after stress. In males, we found no effect of ELS 
and no extinction.

6.3. Sex differences in the effects of early-life stress and chronic stress

A large body of research has documented that chronic stress increases the risk of developing 
depression, anxiety disorders, and mood disorders (Heim et al., 2000; Cohen et al., 2001; 
Fergusson et al., 2002; Kendler et al., 2002;Martins et al., 2011). The effects of stress 
on the pathogenesis of psychiatric disorders appear to be sex-dependent, with women 
showing a twice higher chance to develop depression and mood disorders than men and 
2.25 times more chance to develop anxiety, after experiencing chronic stress (Nolen-
Hoeksema, 2001; Bekker & van Mens-Verhulst, 2007). Furthermore, epidemiological 
studies have demonstrated that women are diagnosed with mood disorders twice as often 
as men (Lewinsohn et al., 1998; Kessler, 2003; Steiner et al., 2003; Wittchen & Jacobi, 
2005).
 In particular stress experienced early in life, such as child abuse, neglect or 
parental loss, plays an important role in the vulnerability of developing psychiatric 
illness in humans (Heim et al., 2000; Cohen et al., 2001; Ferguson et al., 2002). Clinical 
observations have revealed an increased prevalence of psychosocial stress before the onset 
of major depression (MDD), supporting the crucial role of cumulative life stress in the 
development of depression. Additionally, recurrent episodes of MDD were found to be 
linked with childhood trauma (Hardeveld et al., 2013). Interestingly, it has been suggested 
that in depressed patients there is a consolidation of the effects of stress with time that 
becomes evident after an individual is re-exposed to a new stressful life experience (Post, 
1992). 
 The increased vulnerability for developing psychiatric disorders due to stress has 
largely been attributed to changes in the regulation of the stress response. In humans, 
studies have shown that women that experienced ELS have decreased stress-induced 
cortisol levels, as observed to depressed women without ELS experience (Newport et al., 
2004; Klaassens et al., 2009) while an increase in cortisol levels was observed in men with 
parental loss and in men with depression and ELS experience (Heim et al., 2008; Tyrka et 
al., 2008). Human studies have demonstrated that stress experienced early in life can have 
long-lasting changes in the HPA axis, making individuals potentially more susceptible to 
develop depression in adult life (Heim et al., 2000; Mello et al., 2003; Shea et al., 2005). 
An important question is whether sex-differences in the effects of CUS and ELS exist in 
animals and whether these effects can be moderated by MR overexpression. 

6.3.1 Behaviour
Literature reports important sex-dependent differences in the effects of ELS on spatial 
learning and memory as well as fear memory (regardless of MR expression; Loi et al., 
2015). In response to ELS, male mice exhibit an impaired spatial memory in an object 
relocation task, T-maze and novel object recognition test (Rice et al., 2008; Oomen et 



143

al., 2010; Wang et al., 2011; Naninck et al., 2015). These findings are in line with our 
results in males, overall showing an impaired spatial memory. However, of the few studies 
that have performed in females none showed differences in spatial memory (Oomen et 
al., 2011; Naninck et al., 2015; see Loi et al., 2015 for a review), which is in accordance 
with our findings; i.e., no effect of ELS in spatial memory in control mice. The lack of 
changes in spatial memory after ELS in females occurred independently of the cycle stage 
of the female mice. 
 Interestingly, sex-differences in spatial memory have also been reported under 
circumstances of chronic stress in adulthood. Thus, spatial performance is impaired in 
male rodents in a battery of behavioral tasks such as the radial arm maze, Y-maze and 
Morris water maze (Luine et al., 1994; Diamond et al., 1999; Bowman et al., 2001; 
Conrad et al., 2003, 2004; Kitraki et al., 2004). This is in line with our study, revealing 
impaired spatial memory in control mice. In female rodents, chronic stress in adulthood 
showed increased spatial performance in the radial arm maze and Morris water maze, 
though two other studies showed impaired spatial memory performance (Daniel et al., 
1999; Bowman et al., 2001; Conrad et al., 2003). 
 What about sex-dependent behavioral differences in MR mutants, under 
basal or stress conditions? Most studies investigating the effects of MR on hippocampal 
function were carried out mainly in males, making it difficult to compare the results with 
what happens in female mice. In an animal model where the MR is deleted, spatial and 
working memory were found to be impaired in both male and female mice (Berger et al., 
2006; Brinks et al., 2009; Qiu et al., 2010; Ter Horst et al., 2012) while acute stress did 
not affect spatial performance in both genders (Ter Horst et al., 2012; Ter Horst et al., 
2013). However, when taking into account the oestrous cycle, females showed impaired 
spatial learning after acute stress (Ter Horst et al., 2013), suggesting a strong interaction 
between stress and sex hormones. 
 Furthermore, there is a body of evidence confirming the role of MR in fear 
memories, in a sex-dependent manner (Ter Horst et al., 2011). Genetic deletion of the 
forebrain MR in animals with a (recent) history of acute stress increased freezing behavior 
in females compared to male mice with MR deletion, suggesting more severe consequences 
for fear responses in females than in males (Brinks et al., 2009; Ter Horst et al., 2012). 
In contrast, animals that overexpress the MR in the forebrain showed improved memory 
and reduced anxiety-like behavior under basal conditions. 
 At the start of this thesis project, no study had investigated the effects under 
chronic or early life stress conditions in these models. Therefore, we are the first to report 
that exposure to chronic early life stress does not affect anxiety-like behavior in MR 
overexpressing male mice. In females, ELS increased anxiety in control mice but not in 
MR overexpressing mice. From this thesis, the results of MR overexpression and stress 
in terms of spatial memory show that MR can prevent the negative effects of stress both 
in male and female mice. Interestingly, in females, the effects of MR overexpression on 
behavior were found to be independent of the cycle stage of the animals, which seems to 
be opposite to the MR deficient female mice in terms of spatial memory, but in this study 
they subjected female mice only to acute stress (Ter Horst et al., 2013). Furthermore, our 
results regarding contextual fear memory revealled an effect of MR overexpression in both 
genders. Nevertheless, comparisons are difficult to be made between MR deleted and MR 
overexpressing mice in both genders, as no study has used MR deleted mice and early life 
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stress. Our experiments in MR overexpressing mice in combination with chronic stress 
in adulthood is the first study to elucidate the role of MR under chronic stress in males, 
revealing that MR overexpression prevents the effects induced by chronic stress in spatial 
memory formation but not in consolidation of fear memories. Female mice have not 
been tested in this thesis under chronic stress in adulthood, thus comparisons of findings 
cannot be described. 
 A number of factors can possibly explain the observed sex-dependent differences 
in rodents’ behavioral responses to chronic stress and the deviation from human studies: 
i) Female sex hormones such as estrogens and progesterone affect behavior and have an 
impact on depression (Bowers et al., 2010), but are not always taken into account, thereby 
possibly causing more variation in females. ii) Hormonal reactivity to stress is different 
between males and females (Rhodes & Rubin, 1999; Kudielka et al., 2009; Young & 
Korszun, 2010; Minni et al., 2012; Minni et al., 2014) which may contribute to males 
showing impaired spatial memory while females seem to be unaffected; this may not be 
exactly comparable with what has been observed in human studies. iii) The type of stress 
paradigm used to mimic early life stress and chronic stress in adulthood in rodents may 
not be directly comparable to the human situation. iv) The relevance of the behavioral 
task used to examine the outcome of chronic stress may differ between males and females, 
and between rodents and humans. vi) There appears to be a maternal sensory stimulation 
bias of licking and grooming, favoring males compared to females (Moore & Morelli, 
1979; Champagne et al., 2009; Oomen et al., 2009; van Hasselt et al., 2012). There is 
no reason to assume such a bias in humans. (vii) Males and females may use a different 
strategy to solve a task. The latter is in line with studies showing that male rodents use a 
spatial strategy while females use both spatial and stimulus-response strategy (Schwabe 
et al., 2008, 2010; Bettis & Jacobs, 2009). In summary, all of the factors (and probably 
others) may contribute to the observation that male rodents seem more vulnerable to the 
behavioral effects of chronic stress than females, which appears to contrast to the situation 
in humans. 

6.3.2 Neurogenesis
Adult hippocampal neurogenesis is heavily affected by exposure to acute and chronic 
stress in the early life environment (Karten, 2005; Joels, 2007; Korosi et al., 2012; 
Lucassen, 2013). The effect of stress on neurogenesis depends on the age during which 
the organism experiences stress and the moment at which neurogenesis is determined. 
Studying neurogenesis in humans that have experienced stress early in life or later 
adulthood is difficult (if not impossible). Over the past decades, it has become evident 
from rodent studies that stress affects adult neurogenesis, particularly when stress occurs 
during the perinatal period and later in life, but this happens in a sex-dependent manner 
(Loi et al., 2014). 

Chronic stress
Male rodents that have experienced chronic stress in adulthood show a reduced cell 
proliferation (Malberg & Duman, 2003; Pham et al., 2003; Westenbroek et al., 2004; 
Shors et al., 2007; Silva et al., 2008), reduced cell survival (Oomen et al., 2007) and 
a reduced number of differentiating cells in the DG of the hippocampus (Oomen et 
al., 2007). The latter is in accordance with our findings, namely a reduced number of 



145

differentiating cells in control male mice due to CUS and this finding was not observed 
in MR-tg mice. In terms of survival, we also observed a reduction in the suprapyramidal 
blade of the DG but not in the total number of cells while no effects on proliferation were 
found, which is in accordance with a previous study (Oomen et al., 2007). 
 Fewer studies have been performed in female rodents that experienced chronic 
stress in adulthood. The majority of these studies revealed no changes in cell proliferation 
(Uno et al., 1989; Galea et al., 1997; Westenbroek et al., 2004; Shors et al., 2007). The 
findings on cell survival in females are more controversial, showing either an increase 
(Westenbroek et al., 2004), or a decrease (Kuipers et al., 2006). In this thesis we did 
not test the neurogenesis levels in adult females after chronic stress in adulthood, which 
makes it difficult to compare. Obviously, this is an important question to address as not 
many studies have used female rodents to study the effects of chronic stress in adulthood 
on neurogenesis. 

Early life stress
There are many studies to date that have investigated the effects of ELS on neurogenic 
processes using a variety of stress models, such as maternal deprivation for 24 hrs at 
postnatal day3, maternal deprivation for several hours daily during the first 2 postnatal 
weeks, and the limited bedding and nesting material at postnatal day 2-9. The effects on 
neurogenesis have been determined either in the short term (mainly at PND4) or long 
term (>PND21). As the goal of this thesis was to determine the long-term effects of early 
life stress on neurogenesis, we will only report findings from studies investigating effects 
at PND21 and onwards. 
 Rodent male studies where pups were deprived from the mother for 24 hrs at 
PND3 have shown an increase in the number of differentiating cells and no differences 
in cell proliferation and cell survival at PND21 (Oomen et al., 2009). In another study 
Oomen et al. (2010) showed a reduction of differentiation and survival of cells in the 
caudal part of the DG and a reduction in the cell proliferation in the entire DG at 10 
weeks (Oomen et al., 2010). These different results in adolescent versus adult hippocampal 
neurogenesis could be due to the age at which neurogenesis was determined as well as 
the timing that BrdU was injected (PND3 versus PND51). Studies that used a maternal 
deprivation model from PND2-15 found no effect in the number of differentiating 
and survival cells but they did find a reduction in the number of proliferative cells in 
the ventral but not in the dorsal hippocampus, when neurogenesis was determined at 
PND80 (Hulshof et al., 2011). Notably, BrdU was injected 2h before sacrificing the 
animals, serving as a proliferation rather than survival marker. 
 In the model of limited bedding and nesting material Naninck et al. (2015) 
found an increase in the proliferative and differentiating cells counted at PND9,  while 
in adulthood (PND250, BrdU injection at PND220-PND221) they observed a reduced 
survival but no changes in the number of proliferative and differentiating cells (Naninck 
et al., 2015). Using the limited bedding and nesting model, we found that ELS did not 
affect the number of proliferative cells but we did observe an MR-dependent increase in 
proliferation (both total number and in both blades: suprapyramidal and infrapyramidal 
blade), both in non-stressed and stressed animals. In terms of survival, we found no 
significant differences between MR overexpressing and control mice. In sum, in males, 
ELS has no effect on the total number of differentiating and proliferative cells in the DG, 
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but a reduction in the survival in late adulthood has been reported (Hulshof et al., 2011; 
Naninck et al., 2015).
 The effects of chronic early life stress in female rodents seem to be more 
subtle. In contrast to male rats, maternal deprivation at PND3 reduced the number of 
differentiating cells in females but did not alter the number of proliferative and survival 
cells at PND21 (Oomen et al. 2009). Yet, in animals 10 weeks of age, Oomen et al. found 
no changes in proliferation (Oomen et al., 2011), which is different from what they 
reported for males. Moreover, when applying limited bedding material between PND2-9, 
no differences were observed in neurogenesis levels of females in late adulthood (Naninck 
et al., 2015). In this thesis we did not perform studies on neurogenesis in females which 
makes it difficult to make statements (based on our observations) about sex differences in 
stress-induced altered behaviour in terms of neurogenesis. 

What might explain sex differences?
The pyramidal cells in the hippocampus are mainly formed before birth (Altman & Das, 
1965; Hine & Das, 1974; Schlessinger et al., 1975; Bayer, 1980) while the granule cells, 
the major type of cells in the DG, are generated during the first 2 weeks of postnatal life 
(Schlessinger et al., 1975; Muramatsu et al., 2007). Interestingly, the birth of granule 
cells in the molecular layer of the DG is slower in females than in males, suggesting a 
sex difference in cell proliferation (Muramatsu et al., 2007). Importantly, many rodent 
studies using females to study the effects of stress in neurogenesis lack an important factor 
that may obscure the results, that is taking into account the oestrous cycle of the female. 
Interestingly, a causal link between neurogenesis and stress responsiveness was shown in 
studies with ablated neurogenesis in animal models revealing a glucocorticoid response 
and induction of depressive-like behaviors following traumatic events. However, after 
stressful events an increased anxiety has been observed with no effect in depression or no 
effect at all (Shors et al., 2002; Saxe et al., 2006; Revest et al., 2009; Petrik et al., 2012).   
Although inconsistencies have been observed in these findings, a lack of neurogenesis 
alone may not alter stress responsiveness at the time of ablation but rather influence the 
response to future stressors. Moreover, it has been shown that moderate and controllable 
stress increases neurogenesis in rats  (Parihar et al., 2011). Also, nonhuman primates that 
successfully cope with recurrent social stress show increased neurogenesis (Lyons et al., 
2010). Overall, it may be concluded that neurogenesis may be part of resilience in some 
animals, which for instance have high baseline neurogenesis or in which neurogenesis can 
be activated efficiently. Conversely, successful coping may favor neurogenesis and thereby 
increase the chance for future successful coping. Thus, differences in the stress response 
and coping stress strategies may be relevant for the sex-dependent differences found in 
neurogenesis processes. 

6.3.3 Structural complexity 
Stressful environments especially early in life can affect the structure and response of extant 
neurons. This applies to areas including the CA1 and CA3 area and the projection areas 
from the hippocampus, e.g. the basolateral amygdala and the hypothalamus. Literature 
reports an association between cognitive impairments and a reduced arborization and 
total length of apical dendrites of hippocampal CA1 pyramidal cells in animals exposed 
to early life stress (Brunson et al., 2005). Furthermore, Ivy et al. showed that early-stress 
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related atrophy was most pronounced in the proximal stratum radiatum (between 60 and 
120 μm away from the soma (Ivy et al., 2010)). In the same study, they further showed a 
reduction in total length of apical dendrites in ELS male mice with no differences in the 
total length of basal dendrites (Ivy et al., 2010). 
 Morphological alterations were also found in the male CA1 ventral hippocampus 
after maternal separation early in life (Monroy et al., 2010). Other studies have reported 
effects of early life trauma on dendritic complexity in various hippocampal sub-fields, 
again only in males (Brunson et al. 2005; Champagne et al. 2008; Bagot et al. 2009). 
In these studies, a reduction in dendritic complexity and spine density was found. In 
females that were subjected to maternal deprivation, Oomen et al. obtained indications 
for opposite effects, i.e. increased number of primary dendrites extending from the soma 
in the dentate gyrus, without effects on the total dendritic length (Oomen et al., 2010).
 The pyramidal neurons in the CA1 hippocampal area seem to be particularly 
sensitive to exposure to ELS, while the CA3 area has been shown to be sensitive to chronic 
stress in adulthood. Thus, rodents exposed to high levels of corticosteroids or chronic 
stress (restraint or psychosocial), exhibited atrophy in the dendrites of CA3 neurons, 
i.e. they were less complex, had reduced length and fewer branch points compared to 
controls (Conrad et al., 1999; McEwen & Magarinos, 2001). Previous studies finding 
CA3 atrophy used chronic restraint or immobilization stress paradigms (Vyas et al., 2002; 
Watanabe et al., 1992; McLaughlin et al., 2007) and psychosocial stress (Kole et al., 
2004). While chronic unpredictable stress more reliably produced a stressed phenotype 
without habituation, these different studies indicate that the type of stressor could have 
a strong influence on CA3 dendritic remodeling although it is unclear what causes this 
difference. Not all studies observed effects of chronic stress. For instance a study in rats 
comparing chronic immobilization and chronic unpredictable stress (CUS), did not find 
morphological changes in CA3 neurons under CUS (Vyas et al., 2002). Additionally, a 
study comparing various stress reactive mouse lines did not find morphological differences 
in CA3 neurons (Pillai et al., 2012). Although those animals did not experience chronic 
stress, their genetic predisposition is associated with differing levels of circulating 
corticosterone suggesting HPA-axis dysregulation. 
 In females, the effects of chronic stress in CA3 dendritic complexity are less 
profound than in males. In gonadally intact females chronic stress caused a retraction 
of basal CA3 pyramidal neurons (Galea et al., 1997) while in ovariectomized female 
rats chronic stress reduced dendritic arborization in both apical and basal CA3 neurons 
(McLaughlin et al., 2005). The latter, may suggests that ovarian hormones may protect 
against stress-induced CA3 dendritic retraction. Overall, chronic stress induces sex-
specific effects on hippocampal morphology and ovarian hormones may modulate the 
effects induced by chronic stress in females.

6.3.4 Are animal models suitable to capture the sex-dependent differences that seem 
so important in humans?
Human research on gene-environment interactions that are risk factors for developing 
psychiatric diseases is based on correlational studies of naturally occurring genetic 
polymorphisms and environmental influences. Interestingly, these studies suggest that 
women are more sensitive to develop psychopathologies after exposure to stressful 
experiences, which contrasts with the findings derived from animal studies, suggesting 
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that female rodents after exposure to adversity appear to be relatively resilient (Loi et al., 
2015). These observational studies in humans do not reveal the causal effect of genes, 
the variable environment or their interaction. Therefore, the use of animal models is a 
valuable way to provide evidence about causal relationships.
 The chronic unpredictable stress model consists of a combination of mild physical 
and psychological stressors resembling human adult stress while the unpredictability 
avoids habituation to the stress. Chronic mild unpredictable stress results in a phenotype 
mimicking some core symptoms of depression, such as neuroendocrinological changes 
related to HPA axis activity and a depressive-like phenotype. Interestingly, most of 
these changes are reversed by chronic but not acute treatment with most classes of 
antidepressant drugs (Willner 1997, 2005). This animal model has successfully been 
used in many laboratories in both males and females, although replication problems on 
findings have also been reported, as discussed above. As for animal models used to induce 
stress early in life, the results are diverse depending on the model used, as discussed 
above. However, it appears that the limited bedding and nesting material model (ELS) 
is well suited as a model of mimicking neglect in humans and is based on fragmented 
mother-pup interaction, which is a core disrupted index early in life (Baram et al., 2012). 
Furthermore, this model has been replicated among several labs, which strengthens its 
validity. 
 Despite the validity of these models for some aspects of environmental 
influences, the sex-dependency observed in these animal models on behavior appears to 
be different from that seen in humans, which raises concerns. It should be realized that 
most animal models for depression have been first developed in male rodents and only 
later were used in females, neglecting the fact that females may not respond the same 
way as males do. For instance, in rats it has been shown that sucrose intake (a test used to 
assess anhedonia, a symptom of depression) may not be an appropriate behavioural index 
for female rats, because normal female rats drink more sucrose than males (Dalla et al., 
2005). Also, the estrous cycle in females has an impact on behavioural phenotypes both 
under stressed and non-stressed conditions (Ter Horst et al., 2012). The estrous cycle of 
rats is disturbed during chronic mild stress and this has been partially explained due to 
single housing conditionings often used in this model (Baker et al., 2007). Variations in 
sex hormone levels may complicate the interpretation of the results (Wotjak 2004; Beery 
& Zucke, 2011). In order to take the cycle stage into account, however, the number of 
females needed per experiment has to be largely increased. Still, the biological significance 
of sex hormones for mental health and disease is of great importance and beyond any 
practical issues. Last but not least, the interplay between the biological maturation 
occurring during puberty and the gender-specific social roles seems to be critical in the 
development of sex differences in stress-related disorders and this hypothesis merits 
further investigation (Mazure et al., 2002). It is not unreasonable to assume the humans 
differ from rodents in both these aspects.
  Collectively, in all animal models used so far, sex differences have been 
documented both in the phenotype and in the endophenotype. Therefore, animal 
research should – in addition to maintaining face validity, construct validity- also be 
sex-oriented to fully employ the neurobiological underpinnings of stress-related diseases 
such as depression (Insel et al., 2010; Nestler & Hyman, 2010; Cuthbert & Insel, 2011). 
Furthermore, in the case of animal models used in early life, researchers should aim to 
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control the prenatal environment and carefully address maternal care, because maternal 
care is crucial in normal behavior of infants and may be different between males and 
females (Van Hasselt et al. 2012) which could explain some of the sex-differences. 

6.4. Is high MR expression really a resilience factor? 

6.4.1 Evidence from behavior
Stress is a major risk factor for many psychiatric disorders, including major depressive 
disorder (MDD), anxiety, bipolar disorders and schizophrenia (Kendler et al., 1995; 
Caspi et al., 2003; Klengel 2013). Human studies indicate that certain polymorphisms 
of NR3C2, encoding MR (MR-I180V single-nucleotide polymorphism (SNP), are 
associated with reduced MR function and an increased prevalence of depressive symptoms 
(Kuningas et al., 2007; Klok et al., 2011a; Bogdan et al., 2012). Conversely, carriers of 
MR haplotypes that result in gain of function may be protected against the consequences 
of stress exposure, including childhood trauma, and display a heightened dispositional 
optimism and lower depression scores in the face of multiple life events, at least in women 
(Kuningas et al., 2007; Klok et al., 2011b; Vinkers et al., 2015; but see Hardeveld et al., 
2015). In this thesis we examined in detail whether transgenic overexpression of MRs can 
prevent the effects of CUS and ELS on anxiety, learning and memory and neurogenesis. 
In some chapters we investigated additional properties, such as dendritic complexity or 
glutamatergic transmission.
 We report that under circumstances of CUS, male mice showed impaired spatial 
memory, which was reversed by overexpression of the MR. Likewise, ELS reduced spatial 
memory in male mice, an effect which was absent in mice carrying MR overexpression. 
Together, these studies suggest that (over)activation of MRs prevents the spatial memory 
impairments seen after CUS and ELS. CUS enhanced contextual fear conditioning which 
was not moderated by MR overexpression. Rather, MR overexpression (regardless of 
chronic stress) enhanced contextual fear in male animals (chapter 2) and female animals 
(chapter 3) suggesting that MR overexpression promotes emotional memory formation.  
Is the seemingly protective effect of MR over-expression in spatial (non-stressful) memory 
specific for conditions of ELS/CUS or due to a sub-threshold effect via this receptor 
(regardless of the chronic stress background) in the opposite direction as seen after ELS 
or CUS? There is some evidence for the latter possibility. Thus, several studies in humans 
have supported a role of MR in (acute) stress-related memory formation. For instance, 
blocking of the MR before acute stress exposure impaired short-term working memory 
(but enhanced long-term memory (Cornelisse et al., 2011)). Furthermore, under stress, 
MR blockade resulted in prevention of the MR-mediated shift from a hippocampal-
related to striatum-related learning strategy, which was linked to behavioral impairment 
(Schwabe et al., 2013). Interestingly, carriers of the I180V polymorphism, which is 
associated with reduced MR function, failed to perform well in a reward learning task 
after being exposed to stress (Bogdan et al., 2010). In animals too, blocking MR activation 
before stress-exposure prevented the switch to a stimulus-response strategy which resulted 
in less optimal behavioral performance (Schwabe et al., 2010; Ter Horst et al., 2012). All 
of these studies support a role of MR in spatial memory and appraisal of novel situations.
Although only few human studies have linked variations of the MR  with susceptibility or 
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resilience to psychiatric disorders (Kuningas et al., 2007; Klok et al., 2011), these studies 
in combination with the findings of this thesis provide evidence that increased levels of 
MR in the forebrain does confer – in part - resilience towards chronic stress. However, 
there is also evidence that persistent activation of MRs –when combined to reduced GR 
activation- reduces the ability to switch in learned behavioural strategies (Harris et al., 
2013; Gapp et al., 2014). Whether this has an adaptive value may depend on the context 
of learned and retrieved information. 

6.4.2 Evidence from neurogenesis
Since neurogenesis has been implicated in some aspects of contextual memory formation 
(Clelland et al., 2009) we examined whether increased forebrain MR expression 
confers resilience towards stress (CUS or ELS)-induced changes in adult hippocampal 
neurogenesis. 
 Our findings on the effects of MR overexpression and chronic unpredictable 
stress in adulthood indicate an interaction effect on the differentiating cells in the 
infrapyramidal blade of the DG, i.e. a reduction of the DCX+ cells in control but not in 
MR-tg mice, suggesting that MR overexpression prevents effects in a distinct area of the 
DG but not in the whole DG. Furthermore, we reported a trend towards a significant 
interaction effect in cell survival in the entire DG.
 In terms of early life stress, experiments revealed that MR overexpressing 
stressed mice had a significantly increased number of differentiating cells compared to 
control stressed animals in the whole DG but also in the distinct blades of the DG: the 
suprapyramidal blade and the infrapyramidal blade of the DG. However, we found no 
significant interaction effect between the MR overexpression and stress in the number of 
proliferative cells and the survival. In sum, our data suggest that MR overexpression only 
partially prevents the effects of chronic stress on neurogenesis experienced in adulthood.  
The effects after ELS are more difficult to interpret.
 There is a large body of evidence showing that chronic stress in adulthood and 
stress early in life affect adult neurogenesis (Wong et al., 2004; Mirescu & Gould, 2006; 
Mineur et al., 2007; Oomen et al., 2009; Korosi et al. 2012; Naninck et al., 2015). 
Although it is not yet clear how MRs and stress regulate neurogenesis, our findings under 
CUS conditions indicate an effect of stress or MR background during proliferation. 
However, this is not the case when MR-Tg mice are subjected to ELS, which suggests that 
possibly, the latter effects might be a direct consequence of altered corticosteroid levels.
 In mice, it has been shown that neurogenic cells begin to express mineralocorticoid 
receptors 4 weeks after proliferation and further all mature neurons express MR, suggesting 
that corticosteroids do not directly regulate neurogenesis at the stage of proliferation 
(Ana Garcia et al., 2004). Interestingly, the expression of MR declines with age, as the 
hippocampal neurons do (Choi et al., 2008; De Nicola et al., 2009), indicating that 
reduced MR expression may be associated with neuronal dysfunction in the hippocampus 
of older individuals, which indirectly suggests a neuroprotective role of MR expression 
(Macleod et al., 2003). Furthermore, in the same study the authors report that the MR 
is expressed in young mice only in mature neurons but in old mice the expression starts 
during differentiation, which makes them more sensitive to corticosteroid action (Ana 
Garcia et al., 2004). In line with this observation, a study in vitro has documented the 
involvement of MR in neuronal differentiation and survival, further supporting that 
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the MR possesses a neuroprotective role (Munier et al., 2012). Based on these findings, 
we may speculate, that in young mice the level of MR overexpression in proliferating 
cells is too low to affect neurogenesis under baseline conditions, but that possibly in 
neurogenesis after chronic stress or aging –when MR levels in proliferating cells are 
higher- the continued increase in MR levels in MR overexpressing mice could protect the 
decrease observed, which is supported by our data. 
 Previous studies have shown that MR antagonists increase basal and stress-
induced cortisol levels (Wellhoener et al., 2004; Pace & Spencer 2005). If the opposite 
holds true for MR overexpressing, this may have contributed to the significantly increased 
number of proliferative and differentiating cells observed in stressed mice. Presently, we 
cannot confirm this, as in our study we did not measure corticosterone levels, neither 
under stress nor basal conditions. Furthermore, the increase observed in proliferative 
and differentiating cells in MR overexpressing stressed mice could be due to stimulation 
of anti-apoptotic pathways by MR overexpression, a compensatory mechanism that has 
been previously reported (McCullers, 1998; Almeida et al., 2000). Overexpressing MRs 
seem to influence cell survival and cell proliferation specifically in the ventral part of the 
dentate gyrus. This part of the hippocampus is found to express higher levels of MR under 
normal conditions (Lai et al. 2007) which could indicate that the MR plays an important 
role in this region. Several studies have reported that stress affects several stages of adult 
neurogenesis, preferentially in the ventral rather than the dorsal hippocampus (Tanti & 
Belzung, 2013; O’Leary & Cryan, 2014) speculating that increased MR expression in the 
ventral part may be sufficient to reverse the negative effects caused by stress. 
 An important question is whether MR overexpression effects on neurogenesis 
contribute to the effects on spatial memory. Various lines of evidence now suggest that 
neurogenesis in the dentate gyrus contributes to pattern separation (Clelland et al., 
2009). Since differentiation of newborn cells in the DG is hampered after ELS and CUS, 
this might contribute to impaired performance in the contextual learning tasks that are 
used in our present studies. Conversely, since MR overexpression prevents some effects 
on neurogenesis, this may – partly- explain how MR overexpression prevents contextual 
memory impairments after ELS and CUS. It might be particularly interesting to examine 
this hypothesis in more detail with a focus on the caudal part of the DG and the 
infrapyramidal blade, as both regions of the DG seem to be sensitive to MR expression.

6.4.3 Overall conclusion
In conclusion, our findings show that MR overexpression in male mice prevents the 
effects CUS and ELS on spatial memory. These effects are partly paralleled by alterations 
in neurogenesis since we found that exposure to chronic unpredictable stress reduced the 
number of differentiating cells in the infrapyramidal blade of the DG in control but not 
in MR overexpressing mice.
 In female mice, early life stress increased anxiety and slightly decreased 
contextual fear memory but did not affect contextual memory. MR overexpression did 
not prevent any of these effects on anxiety or in fear memory. The effects of chronic stress 
in adulthood in female mice still need to be addressed. Overall we have found modest 
support for the hypothesis that effects of chronic adversity, early in life or in adulthood, 
are moderated by MR expression. 
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6.5. Future directions

Even though caution should be taken when extrapolating findings to humans, our studies 
shed some light on potential structural and functional alterations under adverse (early) 
life conditions in the face of high forebrain MR expression. Based on my experiences, I 
have the following suggestions for future studies.

• In the transgenic model that we used MRs are persistently overexpressed, 
from postnatal day 15 onwards. More temporal control over transgenic MR 
overexpression or deletion would be an important next step. For example, it would 
be interesting to overexpress MR during stress (ELS or CUS) and have normal 
levels during testing of memory/behaviour. Temporal control of MR expression 
in a cell specific manner may help to further delineate the exact role of MR on 
behaviour and neurogenesis. 

• In our model, baseline corticosterone levels are unaffected when compared to 
control mice along with no changes in the mRNA levels of the GR, suggesting 
an intact HPA axis. However, GR protein level was not examined. This may be 
relevant since potentially altered GR levels could influence the findings in this 
study. Both MR and GR are necessary for proper corticosteroid signaling and the 
maintenance of homeostasis after both psychological and physiological stress (de 
Kloet 1991; de Kloet 1998). 

• In the current model, MR overexpression is driven by the CamKII alpha promoter. 
This means that the overexpression occurs only in cells that express this promoter, 
i.e. the glutamatergic neurons (Liu & Jones, 1996). Is higher MR expression in 
other cell types also relevant for resilience? This is an important question, as MR 
overexpression might be restricted to cell types that are not involved in the signaling 
to stem cells of the DG. A clear question is what causes the increased neurogenesis 
in MR-Tg animals and how MR is involved in this process. Importantly, we 
identified sensitive areas where this occurs along the DG, namely the caudal part 
of the DG and the infrapyramidal blade. Accumulating evidence suggests that 
neurogenesis is not the same along the rostral-caudal and supra-infrapyramidal 
blade, with the dorsal hippocampus being mainly involved in spatial memory 
and the ventral part in emotional behavior and stress response. Therefore, it will 
be important to examine functionally the role of various subfields of the dentate 
gyrus (suprapyramidal blade versus infrapyramidal blade; dorsal versus ventral 
hippocampus) on behaviour and cognition, and how they are regulated by stressful 
experiences. It is also of interest to potential study the role of MRs on glial cells 
which may also regulate neuronal function.

• Another important question for future research is: what are the basal cell properties 
in MR overexpressing mice? It has been shown in a model with deletion of the 
MR that non-genomic MR-mediated actions are required for proper glutamate 
signaling (Karst et al., 2005). The overexpression of MR in the hippocampus may 
specifically alter aspects of cellular properties that could contribute to the behavioral 
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and physiological phenotypes observed in these animals. It will be important to 
examine – using the tools described above –the role of MRs on glutamatergic and 
GABAergic synaptic function.

• Furthermore, by performing RNA-seq technology or microarray studies from 
specific brain areas, such as the hippocampus, we could identify genes that are 
regulated differentially in MR overexpressing and control animals, both under 
stress as well as stress-induced conditions and at different time points. 

• So far, the effects of MR overexpression on chronic stress and early in life stress 
have been studied separately. Since individuals throughout life are exposed to both 
situations (often combined), it is interesting to research whether MR overexpression 
in mice experiencing both ELS and CUS protects against the consequences of 
stress, conferring resilience or susceptibility.

• Since both rodent and clinical studies point to important sex differences at all 
levels of behavior, studies in females are crucial. 

• Furthermore, investigation of other brain areas involved in cognitive processes, 
such as the amygdala and prefrontal cortex is necessary, as the brain is working in 
networks and not in isolated regions.

• Finally, pharmacological studies targeting the MR in individuals who are at risk 
to develop depression/PTSD together with more specific cognitive tasks such as 
those assessing behavioural flexibility / discrimination learning that are relevant for 
PTSD, will shed more light on whether MRs might confer resilience in humans 
exposed to adverse life conditions. 
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Nederlandse samenvatting

Hoewel er onderzoek is gedaan naar effecten van erfelijke aanleg enerzijds en van stress 
anderzijds, op de structuur en functie van hersencellen, zijn preklinische studies naar 
de effecten van interacties tussen genen en omgevingsfactoren op cellulair, microcircuit 
en gedrags-niveau betrekkelijk schaars. Dit is van belang gezien de aanwijzingen vanuit 
humaan onderzoek dat zulke interacties het verschil kunnen maken tussen gezond blijven 
of het risico lopen om een ziekte, zoals bijvoorbeeld depressie of Post Traumatisch Stress 
Syndroom (PTSS) te ontwikkelen. 
 Het doel van dit proefschrift was om in muizen te bestuderen of verhoogde 
expressie van een bepaald gen (namelijk het gen dat codeert voor de mineralocorticoid 
receptor (MR)), in het voorste deel van de hersenen bescherming biedt tegen 
gedragsveranderingen en structurele veranderingen in het brein na blootstelling aan 
chronische stress (in het vroege leven of juist tijdens het volwassen leven). Deze focus op 
de rol van mineralocorticoid receptoren is nieuw en gebaseerd op onze uitgebreide kennis 
en ervaring op het gebied van receptoren voor stress-hormonen. 
 In dit proefschrift zijn diverse parameters onderzocht om interacties tussen 
genen en omgevingsfactoren beter te begrijpen. Enerzijds leidt dit onderzoek (in de 
toekomst) wellicht tot  mogelijkheden om individuen te identificeren die een groter risico 
lopen op hersenaandoeningen wanneer zij worden blootgesteld aan stress. Anderzijds 
helpt dit onderzoek bij de ontwikkeling van interventies om stress-gerelateerde ziekten 
te voorkomen en/of te genezen, doordat het de onderliggende mechanismes probeert te 
doorgronden. 

• In hoofdstuk 2  hebben we onderzocht of verhoogde MR expressie in mannelijke 
muizen de effecten van onvoorspelbare chronische stress (OCS) tijdens het volwassen 
leven op gedrag en structuur van de hersenen, kan voorkomen. We vonden dat drie 
weken OCS leidt tot een vermindering van context-afhankelijk leren en geheugen in 
controle muizen, maar niet in muizen met een verhoogde MR expressie. Dit suggereert 
dat MR overexpressie beschermt tegen de cognitieve gevolgen van blootstelling aan 
chronische stress tijdens het volwassen leven. Angst conditionerings-experimenten 
lieten zien dat OCS leidt tot een toename van contextuele herinneringen aan 
een angstige gebeurtenis. Tevens lieten muizen MR met over-expressie ook een 
toename zien van contextuele herinneringen aan een angstige gbeurtenis. Wat 
betreft structurele plasticiteit; OCS verminderde de complexiteit van dendrieten 
(hersencel-uitlopers) in het CA3-gebied van de hippocampus;verhoogde MR 
expressie had hierop geen effect. Interessant genoeg verminderde OCS het totale 
aantal nieuwgeboren DCX positieve hersencellen in de gyrus dentatus, met name 
in het infrapyramidale deel van dit gebied. Dit effect werd niet gevonden in muizen 
met verhoogde MR expressie. Alles bij elkaar ondersteunen de resultaten van deze 
studie voor een deel onze hypothese dat MR over-expressie deels functioneert als een 
beschermde factor tegen de effecten van chronische stress.

• In hoofdstuk 3 werden de effecten van MR over-expressie op diverse gedragstaken 
onderzocht in vrouwelijke muizen. We vonden dat verhoogde MR expressie niet 
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leidde tot veranderingen in angst, context-afhankelijk leren en geheugen, of angst-
conditionering.Deze resultaten suggereren dat verhoogde MR expressie in het 
voorste deel van de hersenen in volwassen vrouwtjes muizen geen effect heeft op 
leren en geheugen.

• In hoofdstuk 4 werden mannelijke muizen blootgesteld aan chronische stress 
in het vroege leven, van dag 2 tot dag 9 na de geboorte (in het Engels: early-life 
stress, afgekort in dit proefschrift als ELS). Het doel was om te bestuderen of over-
expressie van de MR (beginnende op dag 15 na de geboorte) de latere effecten van 
ELS op gedrag en structurele plasticiteit van het brein kan voorkomen of genezen. 
We vonden dat noch ELS, noch MR over-expressie een effect had op angst. ELS 
verminderde contextueel geheugen in controle muizen, maar niet in muizen met 
verhoogde MR expressie; MR over-expressie muizen die waren blootgesteld aan 
ELS lieten een verbetering zien in ruimtelijk geheugen in vergelijking met controle 
ELS muizen. ELS en MR over-expressie hadden geen effect op contextuele angst 
conditionering en extinctie leren. Tevens vonden we dat ELS een effect had op de 
overleving van nieuwgeboren hersenencellen in het volwassen brein, maar niet op 
de proliferatie en differentiatie van deze cellen. MR over-expressie leidde tot een 
toename van het aantal differentiërende en prolifererende cellen in vergelijking met 
normale MR expressie. Dit verschil werd gevonden in het supra-pyramidale deel van 
de gyrus dentatus. ELS in combinatie met veranderde MR expressie had een effect 
op het aantal nieuw-geboren hersenencellen, waarbij ELS muizen met verhoogde 
MR expressie meer nieuw-geboren hersencellen hadden dan ELS muizen met 
standaard MR expressie. ELS verminderde de frequentie van mEPSCs and mIPSCs 
in granule cellen van de gyrus dentatus. De muizen met verhoogde MR expressie 
bleken beschermd tegen de cognitieve effecten van ELS en ook de frequentie van 
mEPSCs en mEPSCs in de gyrus dentatus was vergelijkbaar met die van muizen die 
niet aan stress waren blootgesteld.

• In hoofdstuk 5 hebben we vrouwtjes muizen aan ELS blootgesteld om te 
onderzoeken of over-expressie van de MR (beginnend op dag 15 na de geboorte) de 
latere effecten van ELS op verminderde prestaties in gedragstaken kan voorkomen 
en/of genezen. Blootstelling aan ELS in normale muizen verminderde de tijd dat de 
muizen zich in het midden van een open omgeving begaven, maar had geen invloed 
op ruimtelijk leren. Contextuele angst was verminderd na ELS, maar deze muizen 
toonden geen extinctie van contextuele angst. MR over-expressie zorgde voor een 
toename in contextuele angst in muizen die niet waren blootgesteld aan ELS, maar 
had verder geen modulerende effecten op het gedrag van ELS muizen.

• In dit onderzoek hebben aanwijzingen gevonden voor onze hypothese dat MR over-
expressie (in ieder geval ten dele) kan beschermen tegen de effecten van chronische 
stress op gedrag en hersenstructuur (see sectie 1.4 voor een diepgaande discussie).
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