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ABSTRACT 
Predisposition to diseases can be acquired during early stages of development and 
resolve into an actual disorder later in life. Early life programming defines the 
association between challenges during pregnancy that result in altered fetal growth, and 
developmental and adult disorders. This thesis aimed at studying the effects on 
neurogenesis triggered by a deranged milieu induced by neurodevelopmental insults, 
namely excess glucocorticoids (GC) or methylmercury (MeHg). We investigated the 
effects of exposure to the synthetic GC analog dexamethasone (Dex) on proliferation 
and differentiation of human progenitor cells (hNPC) grown as neurospheres. We 
found that Dex decreases hNPC proliferation and differentiation by up-regulating 
DKK1, a known inhibitor of the canonical Wnt signaling, via a glucocorticoid receptor 
(GR)-mediated mechanism. We then focused on the effects of Dex in rat cortical neural 
stem cells (NSCs) and found that exposed cells exhibited a decreased proliferation, 
increased expression of senescence markers, a down-regulation of mitochondrial genes 
and global DNA hypomethylation associated with a down-regulation of DNA 
methyltransferases (Dnmt) 1 and 3a. These effects were heritable, being present also in 
“daughter” NSCs never directly exposed to Dex. Global DNA hypomethylation was 
also found in the cortex of 3 day-old mouse pups that were exposed to Dex in utero. 
We used the same experimental design to investigate the effects of the environmental 
contaminant MeHg (at nanomolar concentrations) on NSCs. MeHg had no effect on 
cell viability, but reduced the proliferation rate and, similarly to Dex, induced a 
senescence phenotype associated with down-regulation of mitochondrial genes and 
global DNA hypomethylation. These changes were also detected in “daughter” NSCs 
that were never directly exposed to MeHg. Long-lasting effects on NSCs proliferation 
were also observed in the hippocampal subgranular zone of adult mice exposed to low 
doses of MeHg during development. The reduced proliferation had a measurable 
impact on the total number of neurons in the hippocampal dentate gyrus and it could be 
reversed by treatment with the antidepressant fluoxetine. We further studied the 
programming effects of GC in Dex-exposed NSCs by genome-wide analysis of 
differentially methylated DNA regions (DMRs). DMRs occurred in the promoter 
regions of 575 genes as compared to 1479 in control cells. We selected genes identified 
as DMR-enriched and found that Dkk1, Dkk3, Txnip and Cyba were up-regulated in 
Dex-exposed proliferating NSCs, and that the changes persisted in daughter cells. We 
found that the Dex-induced DNA hypomethylation was associated with an up-
regulation of Tet1-3 factors and a down-regulation of Dnmt3a in both NSCs and 
postnatal mouse cortex. In Dex-exposed NSCs the expression of Dkk1 was up-
regulated by promoter demethylation in a Tet3-dependent fashion. These effects were 
also heritable. The Dex-mediated down-regulation of Dnmt3a was also dependent on 
Tet3 expression. In conclusion, our studies show that epigenetic modifications play a 
critical role in the reprogramming effects exerted by neurodevelopmental insults, such 
as exposure to excess GC or MeHg.  
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1 INTRODUCTION 

The development of the brain is a strictly regulated sequence of events, and any 
interference with the regulatory pathways may result in long term alterations. 
Predisposition to diseases can be acquired during early stages of development and can 
result in an actual disorder later in life (Barker, 1995), as more recently formulated in 
the FeBAD theory (fetal basis of adult disease) (Barlow et al., 2007). The concept of 
early life programming associates challenges during pregnancy and altered fetal growth 
with developmental and adult disorders (Seckl, 1998). Low birth weight increases the 
risk of cardiovascular, metabolic, neuroendocrine and cognitive disorders in adulthood 
(Dobbing, 1993; Meaney et al., 2007; Räikkönen et al., 2008; Seckl and Meaney, 2006; 
Thompson, 2001; Wiles et al., 2005). Adverse developmental conditions may result in 
structural and functional changes in the brain that will translate into behavioral 
alterations. Sensory or social stimuli, maternal care, stress, but also exposure to drug 
treatments or toxic compounds, may change the expression of key genes involved in 
neural development and plasticity (Ceccatelli et al., 2013; Lemaire et al., 2000; 
Weinstock, 2008). This thesis is focused on the mechanisms behind the adverse 
neurodevelopmental effects exerted by exposure to excess glucocorticoids (GC) or to 
methylmercury (MeHg).  

1.1.1 Glucocorticoids 

GC are lipophilic steroid hormones secreted by the adrenal gland that are critical for 
development and adaptation to stress. In humans, the endogenous production starts 
around mid-gestation (week 18), and peaks about 6 weeks before birth to induce the 
terminal maturation of the lungs and prepare the fetus for the extrauterine life 
(Mastorakos and Ilias, 2003). In the nervous system, GC are essential for initiating 
terminal maturation, remodeling of axons and dendrites, and for cell survival (reviewed 
in (Owen et al., 2005)). However, they can have adverse effects on the nervous system 
if secreted in excess (Fukumoto et al., 2009; Gould et al., 1998; Matthews et al., 2004; 
Sapolsky, 1999; Weinstock, 2008; Wong and Herbert, 2005).  

GC bind to intracellular receptors, namely glucocorticoid receptors (GR), and 
mineralocorticoid receptors (MR). GR are expressed from early embryonic stages in 
most fetal tissues, including the placenta. In contrast, MR are detected only in the later 
stages of development (Brown et al., 1996; Diaz et al., 1998). Both the GR and the MR 
are transcription factors that regulate the expression of many other genes and signaling 
pathways including Wnt signaling (Matrisciano et al., 2011). Edwards et al. (1993) 
demonstrated that fetal GC levels are much lower (~10-fold) than maternal levels due 
to the placental 11βHSD2 that converts the active GC (cortisol and corticosterone) into 
their inactive metabolites. However, a small proportion (10-20%) of maternal 
glucocorticoids can cross the placenta (Benediktsson et al., 1997). A high amount of 
GC can reach the developing fetus in cases of maternal infection and inflammation, 
hypoxia, severe maternal stress, genetic deficiency of 11βHSD2 (Cottrell and Seckl, 
2009; Seckl, 2004), or because of exogenous administration of GC analogs (Seckl and 
Holmes, 2007). Recent evidence shows that high level of maternal GC (measured in 
blood, saliva or urine) can slow fetal growth (Reynolds, 2013). In addition, human and 



 

2 

animal studies reported that low birth weight is associated with alterations in the HPA 
axis activity after birth (Davis et al., 2012; Reynolds, 2013; Smith et al., 2011), which 
might be explained by a persistently impaired central negative feedback sensitivity 
(Davis et al., 2012). Importantly, it appears that alterations in GC signaling and its 
regulation are responsible for the reprogramming effects of in utero growth retardation 
(Wyrwoll and Holmes, 2012).  

 

1.1.2 Methylmercury 

Methylmercury (MeHg) is one of the most dangerous environmental pollutants (Gilbert 
and Grant-Webster, 1995), as shown by the devastating consequences of the industrial 
pollution that occurred in the late 1950’s in Minamata and Niigata regions in Japan 
(Harada, 1995). Environmental sources of inorganic mercury include volcanoes and 
forest fires, in addition to gold mining and industrial waste, as major anthropogenic 
sources. Once released into the atmosphere, mercury can travel over large distances. 
Inorganic mercury is converted to MeHg by sulphate-reducing bacteria in water 
sediments. MeHg enters into the aquatic food chain, which is the most common way of 
mercury exposure in humans, due to the accumulation of MeHg in fish. Upon 
consumption of contaminated food, MeHg is almost completely absorbed in the human 
gastrointestinal tract. It rapidly binds to hemoglobin in the bloodstream, where it forms 
complexes with free cysteine or with cysteine residues in peptides and proteins, and has 
a half-life of about 50 days. The complexes are recognized by amino acid transporters 
because of molecular mimicry of methionine, and are readily transported across 
biological barriers, such as the placenta and the blood-brain barrier (Aschner and 
Aschner, 2007). 

MeHg is known to be neurotoxic, and can cause permanent neurological damage in 
adults. The developing nervous system appears to be particularly vulnerable to MeHg 
(Harada, 1995), and the resulting behavioral deficits are persistent (Grandjean, 2007). 
Experimental studies have shown that prenatal exposure in mice results in memory 
disturbances, and induces depression-like behavior in adult animals (Onishchenko et 
al., 2007). Moreover, the behavioral alterations persist into old age (Gilbert et al., 1996; 
Newland et al., 2004; Onishchenko et al., 2008). In humans, the exposure to MeHg 
during development impairs the acquisition of fine motor control, language, and 
learning abilities in children and adolescents (Debes et al., 2006). A recent 
epidemiological study on the Minamata population revealed an increased prevalence of 
psychiatric symptoms in adults who did not display overt signs of toxicity at birth 
(Yorifuji et al., 2011). The raise in public awareness will hopefully prevent the 
occurrence of environmental disasters involving massive and prolonged exposure to 
MeHg. However, it became apparent that dietary exposure to doses previously 
considered “safe” can induce subtle behavioral and cognitive deficits (Grandjean et al., 
1998).  
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1.1.3 Neural stem cells 

Over the past ten years, our group has introduced the use of neural stem cells (NSCs) as 
an in vitro model for the investigation of the mechanisms of neurodevelopmental 
toxicity (Ceccatelli et al., 2013; Tamm et al., 2006).  

NSCs are multipotent cells located in the central nervous system (CNS). They are able 
to self-renew and proliferate to produce more restricted undifferentiating cells - neural 
progenitor cells. The latter have limited capacity to proliferate and eventually undergo 
terminal differentiation into neurons, astrocytes and oligodendrocytes (Figure 1-1). 
NSCs are identified in all embryonic brain regions. NSC derived cells have a specific 
spatial organization during well-defined periods of development to enable the 
establishment of neuronal networks (Temple, 2001). Therefore, tightly regulated NSC 
proliferation and differentiation processes are fundamental for the establishment of 
brain architecture. 

During development, NSC population expands by symmetric division. The mitotic cell 
division is regulated by cell cycle machinery which employ different cyclin-dependent 
kinases (CDKs) and their inhibitors, including Cdkn1a (p21) and Cdkn2a (p16). These 
intrinsic mechanisms maintain proper timing of the basic cycle at each check point by 
the activation or inactivation of the CDK proteins. Interestingly, it has been 
demonstrated recently that Cdkn1a regulates NSC proliferation also in the adult brain 
(Marqués-Torrejón et al., 2013). In addition to the cell cycle machinery, the 
proliferation of NSCs is also regulated by growth factors depending on the stage of 
stem cell development (Sommer and Rao, 2002). At early stages of development, basic 
FGF (bFGF) is essential for proliferation. At later stages, either bFGF or epidermal 
growth factor (EGF) can maintain the proliferation of NSCs (Tropepe et al., 1999). 
More restricted progenitor cells, such as glial progenitors, require platelet-derived 
growth factor (PDGF) and FGF for mitotic division, while neuronal progenitors require 
sonic hedgehog (Shh), FGF, and neurotrophin-3 (NT-3) (reviewed in (Sommer and 
Rao, 2002)).  

The more restricted neural progenitor cells are generated by asymmetric division of 
NSCs. They proliferate, migrate, and further differentiate into neurons and glial cells 
within distinct regions of the developing and adult brain (Kwan et al., 2012; Steiner et 
al., 2004; Violeta et al., 2013). Part of the NSC population in the telencephalon also 
migrates to contact with the ventricular surface and change shape to become radial glia. 
The radial glia differentiate and give rise to neurons and astrocytes (Götz and Barde, 
2005; Noctor et al., 2001). The mechanism of asymmetric division and subsequent 
differentiation of NSCs is closely related to cell cycle regulating systems (Ohnuma and 
Harris, 2003). Bone morphogenetic protein (BMP) and retinoic acid can act as specific 
inhibitors of proliferation by regulating the levels of CDK inhibitors, such as p16 and 
p21. The neurotrophic factors, in particular brain-derived neurotrophic factor (BDNF), 
expressed during early development may also play an important role in NSC 
proliferation and differentiation (Chen et al., 2013). Last but not least, the epigenetic 
control of gene expression plays a crucial role in the regulation of NSC proliferation 
and differentiation.  
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In the adult brain, only two regions preserve limited pools of NSCs throughout life: the 
subventricular zone (SVZ) of the lateral ventricle, and the subgranular layer (SGL) of 
the dentate gyrus. Specifically, NSC proliferation in the SVZ generates neuroblasts 
which migrate through the rostral migratory stream and further differentiate into 
olfactory bulb neurons. NSCs in the SGL continue to generate granule cells that 
migrate and integrate functionally into the granular layer of the dentate gyrus, thereby 
supporting the plasticity of the hippocampal formation, a feature that is crucial for 
learning and memory. While NSCs can be derived from either developing, or adult 
mammalian brains, the dynamic properties of NSCs are somewhat different. For 
example, adult NSCs divide slowly and generate a more restricted cell population than 
embryonic NSCs. While the function of neurogenesis in the olfactory bulb is apparently 
different than that of hippocampal neurogenesis, the net effect of neurogenesis is the 
maintenance of plasticity in brain regions that are essential for survival and continuous 
adaptation to the environment (Imayoshi et al., 2008).  

Figure 1-1. The differentiation of neural stem cells isolated from the developing 
forebrain depends on growth factors. FGF is essential for maintaining the stem cell 
population. 

 

In this thesis, we used primary culture of human neural progenitor cells (hNPC) from 
gestational week 16 to 19, and rat embryo telencephalic NSCs isolated at embryonal 
day (E) 15. In rodents, the telencephalon starts to form around E10.5. Neurogenesis 
starts on E12, and is followed by gliogenesis starting from E16 (astrocytes), and 
continues postnatally (oligodendrocytes). In our model systems, hNPCs can proliferate 
in a defined media with EGF and bFGF, while rat NSC are grown in presence of bFGF 
alone. Both hNPCs and rat NSCs can differentiate into neurons, astrocytes and 
oligodendrocytes following either spontaneous or forced differentiation. The 
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spontaneous differentiation is induced by simply omitting the addition of growth 
factors (bFGF and EGF) (Moors et al., 2012; Tamm et al., 2008). The forced 
differentiation is initiated by cell type specific growth factors, such as BDNF, CNTF 
and T3 for neurons, astrocytes and oligodendrocytes respectively (Gross et al., 1996; 
Johe et al., 1996). 

1.1.3.1 Wnt signaling 

A range of signaling pathways are involved in the patterning and the development of 
different brain regions. The Wnt signaling pathway plays an important role in the 
development of the CNS, from neural tube formation, to segmentation and 
development of the forebrain, midbrain, and cerebellum (Hari et al., 2002; McMahon 
and Bradley, 1990; Mukhopadhyay et al., 2001; Zechner et al., 2003). Defects in Wnt 
signaling are associated with neurodevelopmental disorders including schizophrenia, 
mood disorders, and autism (De Ferrari and Moon, 2006; Proitsi et al., 2008). At the 
cellular level, Wnt signaling is involved in NSC maintenance, proliferation, and fate 
determination, as well as in axon guidance, dendrite development, and synapse 
formation (reviewed in (Michaelidis and Lie, 2008)). 

Nineteen members of the Wnt family have been identified to date, and are classified 
based on their action in the signaling pathways as Wnt1 class (Wnt1, 2, 3, 3a, 8, 8a, 
etc.) and Wnt5a class (Wnt4, 5a, 5b, 6, 7a, 11, etc.). The Wnt1 class activates the 
canonical signaling pathway (i.e. β-catenin dependent) (Clevers, 2006) and the Wnt5a 
class activates two non-canonical signaling pathways (i.e. β-catenin independent) 
(Klein and Mlodzik, 2005; Kohn and Moon, 2005). It has been reported that only the 
canonical signaling pathway is involved in the regulation of neural development 
(Daneman et al., 2009; Michaelidis and Lie, 2008).Therefore, we will further discuss 
only the canonical pathway (Figure 1-2). 

Wnt signaling is initiated by Wnt binding to frizzled receptors and recruiting the 
LRP5/6 co-receptor to phosphorylate and activate three domains of Dishevelled (Dvl) 
and Axin, respectively. The activated Dvl and Axin inactivate GSK-3β and remove it 
from the protein complex that continuously binds, and targets β-catenin for 
degradation. Thus, β-catenin is released and translocates to the nucleus, where it binds 
to the lymphoid enhancer factor (Lef)/T Cell Factor (Tcf) to form an active 
transcription complex which leads to target gene transcription. In the absence of Wnt, 
the scaffolding protein complex of adenomatous polyposis coli (APC), axin (Ikeda et 
al., 1998; Yamamoto, 1999) and the serine/threonine kinase GSK (glycogen synthase 
kinase)-3β binds free cytoplasmic β-catenin for phosphorylation The phosporylated β-
catenin then binds to β-TrCP (β-transducin repeat-containing protein) for ubiquitination 
by E3 ubiquitin ligase complex, then undergoes proteasome-mediated degradation 
(Liebner and Plate, 2010). The canonical Wnt signaling is regulated by secreted 
antagonists, such as Dickkopf 1 (Dkk1), frizzled-related protein families (sFRPs) and 
WIF (Wnt inhibitory factor)-1 (Kawano and Kypta, 2003; MacDonald et al., 2009; 
Moors et al., 2012). The inactivation of Wnt signaling blocks β-catenin mediated gene 
transcription by targeting it for proteosomal degradation. 
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Figure 1-2. The canonical Wnt signaling switch. OFF mode is the default, and is also 
induced by Dkk1 binding to the LRP5/6 receptor to prevent the activation of the 
signaling cascade. ON mode is triggered by Wnt binding to frizzled receptor, followed 
by the recruitment of LRP5/6.  

 

1.2 ALTERATIONS INDUCED BY TOXIC INSULTS 

Unfavorable changes in the micro environment lead to intracellular modifications, 
including impairment of mitochondrial function, occurrence of oxidative stress and 
premature senescence, which can persist long after the insult (Ahlbom et al., 2000) . It 
is conceivable that epigenetic mechanisms may have a major contribution to the whole 
process.  

 

1.2.1 Mitochondrial alterations; oxidative stress; senescence 

1.2.1.1 Mitochondrial dysfunction and oxidative stress 

Mitochondria are double membrane-enclosed organelles that produce ATP in the 
electron transport chain (ETC) complexes (I -IV). When electrons leak during ATP 
production, they react with O2 to produce the superoxide anion (O2·

-), which can 
further produce other ROS (H2O2, and OH) via enzymatic or non-enzymatic reactions 
(Zhang and Gutterman, 2007). The majority of superoxide anions are reduced to water 
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by different antioxidant defense mechanisms. Antioxidants, such as glutathione, 
glutathione peroxidase, superoxide dismutases, NADP dehydrogenase, and Vitamins E 
and C, are mostly present in  the mitochondria (McGowan et al., 1995). However, 1-4% 
of oxygen is converted to ROS and low level of ROS are required for physiological 
signaling during development (Sena and Chandel, 2012). The small G protein Ras is 
activated by ROS (Pennisi, 1997), and various transcription factors, such as NFkB, p53 
and AP-1, have been shown to be modulated by ROS (Morel and Barouki, 1999). 
While complex I and III of the mitochondrial respiratory chain are the major source of 
superoxide, the deficiency of antioxidant capacity and mitochondrial respiratory chain 
defects result in high levels of ROS which can damage mitochondrial DNA (Chen et 
al., 2003; Poyton et al., 2009). Thereby dysfunctional mitochondria may further 
stimulate the abnormal production of ROS (Sastre et al., 2003) 

Oxidative stress is defined as an imbalance between the generation of ROS and the 
antioxidant defense mechanisms. Oxidative stress causes oxidative damage to proteins, 
lipids and DNA in cells, and induces apoptosis, necrosis or cellular senescence, 
depending on the levels of ROS production. ROS can break single-strand DNA and 
activate poly(ADP-ribose)-polymerase (PARP) (Schraufstatter et al., 1986). 
Mitochondrial dysfunction and oxidative stress-induced by radiations and toxic 
chemicals may play an important role in the pathogenesis of numerous diseases 
including neurodegenerative disorders. ROS formation is increased in Parkinson’s 
disease and  Alzheimer’s disease due to impaired activity of complex I and  complex 
IV, respectively (Chagnon et al., 1995; Schapira, 1998). The accumulation of oxidative 
damage and the decrease in mitochondrial ATP production are two underlying concepts 
of the mitochondrial hypothesis of aging (Navarro and Boveris, 2007).  

1.2.1.2 Senescence 

Leonard Hayflick and Paul Moorhead (1961) were the first to describe that normal 
(diploid) human fibroblast cultures stop proliferating after a certain number of passages 
(50-55). This phenomenon was called cellular senescence, more specifically replicative 
senescence; it is due to growth arrest at G1/S-phase of the cell cycle and is dependent 
on telomerase activity and telomere length: when the telomere length drops below a 
minimum length, they lose the function to protect the DNA from damage (d’Adda di 
Fagagna et al., 2003; Harley et al., 1990). Senescence can also be induced by a variety 
of environmental extrinsic factors (premature senescence) including ultraviolet light 
(Scharffetter-Kochanek et al., 1997), oxidative stress, chemotherapy and radiotherapy 
(Lee et al., 1999; Di Leonardo et al., 1994; Robles and Adami, 1998) in different types 
of stem cells (Burova et al., 2013; Kim et al., 2011). Upon undergoing senescence, the 
cells become large, flat and multinucleated: a cellular morphology that differs from 
proliferating, quiescent, or terminally differentiated cells (Figure 1-3). 

Both replicative and premature senescence are reversible and are linked to age-
associated tissue dysfunction, reduced regenerative capacity, and neurodegenerative 
diseases (Beauséjour et al., 2003; Naylor et al., 2013). They also share a number of 
common features including morphological changes, DNA damage, oxidative stress, and 
activation of specific signaling pathways (p53/p21 and pRb/p16).The mechanism of 
DNA damage differs between replicative and premature senescence: while replicative 
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senescence is induced by telomere attrition and subsequent DNA damage (d’Adda di 
Fagagna et al., 2003), the DNA damage in premature senescence is independent from 
telomeres and telomerase activity (Di Leonardo et al., 1994; Robles and Adami, 1998).  

Figure 1-3. Premature senescence is induced by various insults that can cause DNA 
damage, oxidative stress, and up-regulation of p16 and p21. Stem cells receiving 
senescence signals stop proliferating and start displaying the senescence-associated 
secretory phenotype (SASP).  

 

DNA damage- or oxidative stress-induced premature senescence often results in a flat 
cell morphology (Chen et al., 2001; Parrinello et al., 2003). A recent report 
demonstrated that ROS-mediated senescence is linked with DNA damage and 
induction of p21 expression (Passos et al., 2010). In addition, oxidative stress activates 
either directly or indirectly p53/p21 and /or pRb/p16 pathway (Itahana et al., 2003; 
Iwasa et al., 2003). The cell cycle arrest due to activation of p53/p21 and /or pRb/p16 
pathways is commonly found in all types of senescent cells (Brandl et al., 2011; Chen 
and Ames, 1994; Dumount et al., 2000; Pascal et al., 2005). Another widely used 
marker is SA-β-GAL, derived from lysosomal β-D-galactosidase, which is typically 
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increased in senescent cells (Dimri et al., 1995). Campisi (2005) reported that secreted 
factors like cytokines and chemokines could also induce cellular senescence, and 
increased secretion of a range of chemokines, cytokines and proteases form the 
senescence-associated secretory phenotype (SASP). Finally, epigenetic markers can 
also be used as senescence markers. Recent reports demonstrate that global DNA 
hypomethylation is associated with senescence in primary culture of human embryonic 
lung fibroblasts (Zhang et al., 2008a), and inhibition of DNMTs induces senescence of 
human umbilical cord blood-derived stem cells (hUCB-SCs) (Kang, 2011). 

Experimental evidence indicates that premature senescence is reversible. Primary cells 
are sensitive to oxygen levels in the culture medium. Therefore, premature senescence 
can be prevented by lowering the oxygen levels in the cell and tissue culture conditions 
(Parrinello et al., 2003). Moreover, cells treated with antioxidants or free radical 
scavengers may also delay the appearance of senescent phenotypes (Chen et al., 1995). 
The recovery from senescence has also been implemented through various signaling 
pathways. For example, inactivation of p53 and low expression p16 can increase 
proliferation of senescent cells (Beauséjour et al., 2003). A recent report demonstrated 
that genetic inactivation of p16Ink4a in BubR1 progeroid mice delayed aging by 
preventing the formation of p16Ink4a-positive senescent cells (Baker et al., 2008). 
However, deletion of p16Ink4a in humans can be impracticable because it may result in 
cancer.  

 

1.3 EPIGENOME AND EPIGENETICS 

The DNA code is fixed for life and instructs to build all the parts of the body. DNA is 
wrapped around scaffold proteins called histones to form the chromatin. Both DNA and 
histones bear chemical tags. DNA methylation and histone modifications (acetylation 
and methylation) are major epigenetic mechanisms that regulate gene expression and 
function. The epigenome is defined as a layer of structural modifications that do not 
alter the DNA sequence, but shapes the physical structure of the chromatin and thereby 
modulates the transcription of DNA into RNA. The epigenome differs between cell 
types, although the genome is the same throughout the organism. Such chromatin 
modifications, and the ensuing alterations in gene function that do not involve 
alterations in the DNA sequence, are heritable across mitosis and meiosis, and make the 
object of epigenetics (reviewed in (Feil and Fraga, 2011)). 

 

1.3.1 DNA methylation 

DNA methylation is one of the most important epigenetic marks, and plays a critical 
role in development (Bestor and Coxon, 1993; Bird, 2002; Cedar and Bergman, 2009; 
Suzuki and Bird, 2008). It is catalysed by DNA methyltransferases (Dnmt1,-3a and -
3b), which transfer a methyl group from S-adenyl-methionine (SAM) to the fifth 
carbon of a cytosine residue to form 5-methyl cytosine (5mC). The catalytic activity of 
Dnmts can be categorized as maintenance, or de novo methylation. The Dnmts have a 
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similar structure, with an N-terminal regulatory domain and a C-terminal catalytic 
domain, but they have different expression patterns and functions (Xie et al., 1999; Yen 
et al., 1992). Dnmt1 is expressed in mammalian tissues including the brain (Goto et al., 
1994), and its activity has been described as the major maintenance methyltransferase 
(i.e. it rather methylates hemimethylated CpG sites than non-methylated CpG) 
(Pradhan, 1999; Ramsahoye et al., 2000). It copies methylation patterns from parental 
DNA to the next generation DNA strand and repairs DNA methylation (Mortusewicz et 
al., 2005). Knocking out Dnmt1 in mice is lethal at embryonic stages (Li et al., 1992) 
due to massive loss of DNA methylation. Interestingly, Dnmt1 deficient mouse 
embryonic stem cells are viable (Chen et al., 1998) in vitro, but the differentiation 
results in massive cell death. These findings clearly indicate that Dnmt1 plays a critical 
role in cellular differentiation as well as in dividing cells. Dnmt3a and Dnmt3b are 
known as de novo methylation enzymes, i.e. they methylate unmodified CpG 
dinucleotides and establish a new methylation pattern in the mammalian genome 
(Figure 1-4) in addition to methylating hemimethylated DNA as Dnmt1 does (Jones 
and Liang, 2010; Okano et al., 1999). Dnmt3a is mostly expressed in differentiated 
tissues, and knockout mice are viable up to 4 weeks after birth (Okano et al., 1999). 
Dnmt3b is poorly expressed by most differentiated tissues, and knockout causes 
embryonic lethality in mice (Okano et al., 1999; Xie et al., 1999). 

Figure 1-4. Biochemical mechanism of DNA methylation. SAM (S-adenosyl-L-
methionine) is the main donor of methyl groups for the methylation of cytosine in the 
DNA strands. The transfer of a methyl group from SAM to cytosine is catalyzed by 
Dnmts (DNA-methyl transferases). 

 

Dnmt3a and 3b bind DNA via a conserved PWWP domain (Ge et al., 2004). The 
question on how they target specific regions for de novo methylation remains open. So 
far two hypotheses have been proposed: one hypothesis is based on the silencing of 
DNA region specific Dnmts by RNA interference (RNAi) (Morris et al., 2004), but 
there is no evidence supporting it in mammalian cells; the second hypothesis is that 
transcription factors regulate de novo DNA methylation. Transcription factors can bind 
DNA sequence either to methylate DNA or to protect the DNA sequence from 
methylation. In case of methylation, specific transcription factors bind to DNA and 
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recruit Dnmts, which can bind to either those transcription factors, or repressor 
complexes to target DNA methylation (Brenner et al., 2005). Transcription factors can 
also protect DNA sequence from de novo methylation (Gebhard et al., 2010; Lienert et 
al., 2011; Straussman et al., 2009). Evidence shows that CpG islands are protected from 
methylation by transcription factor binding (Brandeis et al., 1994; Lienert et al., 2011; 
Macleod et al., 1994; Straussman et al., 2009). Taken together, these results may 
suggest that transcription factors are probably key regulators of de novo DNA 
methylation via Dnmts. 

 

1.3.2 DNA demethylation 

Methylated DNA can be demethylated by removing the methyl group from 5mC. 
Active and passive pathways (Figure 1-5) are mainly involved in the process of 
demethylation (Williams et al., 2012). In the passive pathway, the methyl group of 
5mC is simply removed in the daughter strand after successive rounds of DNA 
replication without any enzymatic modification of the DNA base, due to the functional 
failure of Dnmt1(Fan et al., 2001). In the active pathway, 5mC is oxidized by ten-
eleven translocation (Tet) oxygenases and the first product is 5-hydroxymethylcytosine 
(5hmC), which is a key intermediate in active demethylation pathways (Ito et al., 2010; 
Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). 5hmC can be converted to 
unmodified cytosine following either the active or passive pathway. First, the hydroxyl 
group can simply be removed from 5hmC by the passive way of DNA demethylation. 
Second, 5hmC can undergo further enzymatic modifications to 5faC and 5caC 
catalyzed by Tet enzymes, and can then be converted back to cytosine by thymine 
DNA glycosylase (TDG), followed by base excision repair (BER) (Kohli and Zhang, 
2013; Shen et al., 2013). An additional mechanism of demethylation is by deamination 
of either 5mC or 5hmC, followed by BER (Branco et al., 2012; Wu and Zhang, 2011). 

The Tet protein family consists of three members (Tet1, Tet2 and Tet3) that have 
similar structure and functions. All Tet proteins share domains for the binding of iron 
and oxoglutarate, and contain unique DNA binding domains (catalytic domain; 
cysteine-rich) and DSBH regions, which exhibits 2- oxoglutarate (2-OG)- and iron (II)-
dependent dioxygenase activity. Tet1 and Tet3 contain a CXXC zinc finger in the 
regulatory domain (N-terminal), which is known as the CpG binding domain. Tet2 does 
not contain a CXXC domain, but the adjacent IDAX (inhibition of the Dvl and axin 
complex protein) (CXXC4) protein contains a CXXC domain which is very similar to 
those in Tet1 and Tet3 (Long et al., 2013). Despite structural similarity of Tet CXXC 
domains with several other proteins, such as Dnmt1, the function of Tet proteins is 
different (Frauer et al., 2011); while Dnmt1 CXXC domain binds almost exclusively to 
hemimethylated DNA, Tet proteins oxidise methylated and hydroxymethylated 
cytosine bases (Long et al., 2013; Risner et al., 2013). In addition, the distinct 
expression patterns of Tet enzymes indicate that they may have unique functions during 
development and in specific cell types (Liu et al., 2013; Long et al., 2013).  
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Figure 1-5. The mechanisms of DNA demethylation. 5mC is oxidized by Tet enzymes 
and gives rise to 5hmC which is further oxidized to 5fC and 5caC. 5mC and all its 
derivatives (5hmC, 5fC, and 5caC) are converted to unmodified cytosine by base 
excision repair (BER). 5mC can also be modified to cytosine by deaminase followed by 
BER. 

 

The expression and activity of Tet proteins, and consequently the levels of 5hmC, vary 
between cell types and tissues. The expression of Tet1 and levels of 5hmC are high in 
embryonic stem cells, and gradually decrease during differentiation into embryoid 
bodies (Ito et al., 2011; Nestor et al., 2012; Tahiliani et al., 2009; Tollervey and 
Lunyak, 2012). Tet3 knockout mice are embryonic lethal (Gu et al., 2011), but 
knockdown of either Tet1 or Tet2 produces viable adult mice with various 
developmental defects (Dawlaty et al., 2013). The expression patterns of Tet2 and Tet3 
in adult rodent tissues are rather similar (Ito et al., 2010), but the global 5hmC content 
does not correlate with the expression of Tet proteins (Nestor et al., 2012). The highest 
levels of 5hmC are found in the brain (around 0.80%), particularly in cortex, 
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hippocampus and hypothalamus (Globisch et al., 2010; Jin et al., 2011; Kriaucionis and 
Heintz, 2009; Münzel et al., 2010).  

 

1.3.3 DNA methylation and demethylation in disease 

Epigenetic mechanisms are involved in neural development, particularly for the cell 
type specification. Neuronal activity, cognition and memory formation are also 
regulated via epigenetic mechanisms. Therefore, a finely tuned balance between DNA 
methylation and demethylation is required for the appropriate development and 
function of the nervous system.  

Dnmts have different patterns of expression in relation to the developmental stage. 
Dnmt1 is expressed throughout development as well as in the adult brain, while 
Dnmt3b is detected for a short period during neuronogenesis (from E11.5 to E14.5). 
Genetic deletion of Dnmt1 decreases DNA methylation in mitotic NSCs but not in 
postmitotic neurons (Fan et al., 2001). In addition, Dnmt1 deletion in neuronal 
progenitor cells decreases DNA methylation and upregulates the gliogenic JAK-STAT 
pathway that leads to premature astrocyte differentiation (Fan et al., 2005). Dnmt1 
conditional knock-out results in DNA hypomethylation in the embryonic mouse cortex 
and hippocampal cells. In addition, it increases neuronal cell death between E14.5 and 
PND 21 and causes multiple defects in postnatal maturation of neurons (Hutnick et al., 
2009). 

Dnmt3a is strongly expressed in NSCs, postmitotic neurons in the CNS, and in 
oligodendrocytes. Astrocyte differentiation exhibits relatively weak or no Dnmt3a 
expression either in vitro or in vivo (Feng et al., 2005). In the postnatal brain, Dnmt3a is 
expressed particularly in the regions that retain the neurogenic potential, namely the 
SVZ and the hippocampal SGL. Loss of Dnmt3a decreased neuronal differentiation and 
induced premature astrocyte and oligodendrocyte differentiation in postnatal mouse 
NSCs and embryonic stem cells via down-regulation of neurogenic genes and up-
regulation of gliogenic genes (Wu et al., 2010, 2012). Moreover, Dnmt1 or Dnmt3a 
conditional knockout mice exhibit deficits in learning and memory in adulthood 
(Hutnick et al., 2009; LaPlant et al., 2010).  

The functions of demethylation during neural development are not fully elucidated. 
While 5hmC is a key intermediate for demethylation, it can also be a stable epigenetic 
mark (Hahn et al., 2013; Xu et al., 2012). Recent reports demonstrate that 5hmC-
mediated epigenetic regulation is important in the developing human brain and its 
dysregulation may lead to neurodevelopmental disorders (Wang et al., 2012). For 
example, loss of 5hmC may impair neurogenesis, neuronal function and survival in 
Huntington’s disease (Wang et al., 2013). A recent study has demonstrated that Tet3 is 
most highly expressed in the developing mouse brain compared to Tet1 and Tet2. 
Neuronal differentiation is associated with increased expression of Tet2 and Tet3, and 
higher 5hmC levels, while Tet2 and Tet3 deficiency results in incomplete or blocked 
neuronal differentiation (Pfeifer et al., 2013). Overexpression of Tet3 disrupts olfactory 
receptor expression and the targeting of axons to the olfactory bulb (Colquitt et al., 
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2013). In addition,Tet1 and Apobec1 are found to be important for neuronal activity, 
region specific demethylation and subsequent gene expression in the dentate gyrus 
(Kaas et al., 2013). While genetic deletion of Tet1 impairs hippocampal neurogenesis 
accompanied by poor learning and memory (Zhang et al., 2013), increased expression 
of TET1 and decreased expression of deaminase enzymes (APOBEC3A and 
APOBEC3C) with concomitant increased levels of 5hmC, are found in the parietal 
cortex of psychotic patients (Dong et al., 2012) 
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2 AIMS 

The major aim of this thesis was to investigate the effects on neurogenesis that can be 
triggered by a deranged milieu during development.  We focused on two different types 
of neurodevelopmental insults, namely excess glucocorticoids and methylmercury. 

Specific objectives were: 

• To study the effects on neural stem cell proliferation and differentiation;  
• To study whether the effects were heritable; 
• To investigate the mechanisms and the occurrence of epigenetic changes; 
• To study the programming effects of glucocorticoids on the epigenome in 

neural stem cells.  
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3 MATERIALS AND METHODS 

3.1 IN VITRO MODELS AND METHODS 

3.1.1 Human neural progenitor cell culture. 

Human neural progenitor cells (hNPC) (Lonza Verviers SPRL) from three different 
preparations (gestational week 16, 16.5 and 19) were cultured as neurospheres as 
previously described (Moors et al., 2010). Briefly, spheres were cultured in DFB 
medium (Dulbecco´s modified Eagle medium and Hams F12 (2:1) supplemented with 
B27 (Invitrogen), 20ng/ml EGF (Invitrogen) and 20ng/ml rhFGF (R&D Systems) at 
37°C with 5% CO2. 

3.1.1.1 hNPC exposed to Dexamethasone (Dex) 

In Paper I, hNPC grown as neurospheres with a diameter of 0.25 – 0.3 mm were plated 
on poly-D-lysine/laminin coated cover glasses and exposed to 1µM Dex. For co-
exposure experiments with Mifepristone (1µM) or anti-human DKK1 neutralizing 
antibody (25µg/ml), hNPC were pre-incubated for 30 minutes before Dex was added. 
To exclude effects from hormones included in the B27 supplement, DFB medium was 
exchanged with DFN medium (Dulbecco modified Eagle medium and Hams F12 (2:1) 
supplemented with N2) (Invitrogen).  

 

3.1.2 Neural stem cells culture from rat embryos 

Primary cultures of neural stem cells (NSCs) were prepared as previously described 
(Ilkhanizadeh et al., 2007; Tamm et al., 2008). Cells were obtained from embryonic 
cortices (n=6-8/cell prepartion) dissected in HBSS (Life technologies) from timed-
pregnant Sprague Dawley rats (n=20) (Harlan Laboratories, The Netherland) at E15 
(the day of copulatory plug defined as E0). The tissue was mechanically dispersed, and 
meninges and larger cell clumps were allowed to sediment for 10 min. The cells were 
plated at a density of 40.000 /cm2 on dish precoated with poly-L-ornithine and 
fibronectin (both from Sigma). Cells were maintained in enriched N2-medium with 10 
ng/ml basic fibroblast growth factor (R&D systems, Minneapolis, MN, USA) added 
every 24 h and medium changed every other day to keep cells in an undifferentiated 
and proliferative state. Cells were passaged by detaching via scraping in HBSS. 
Afterwards, the cells were gently mixed in N2 medium, counted, and plated at a desired 
density. With this culture conditions, the doubling time was ~20 h. 
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Figure 3-1. The experimental model. After plating, the NSCs were cultured for 5 days 
before passaging to obtain parent cells (P1). After 3 days in culture, P1 cells were 
exposed to insults (Dex or MeHg) for 48 h. To investigate the long-lasting (inherited) 
effects, P1 NSCs were passaged to get daughter cells (D). D2=daughter NSCs from 
passage 2; D3=daughter NSCs from passage 3. 

 

3.1.2.1 NSC exposed to Dex 

In Paper II we investigated the long-lasting effects of Dex in NSCs. We exposed P1 
NSCs to 1 µM Dex for 48 h, the harvested the cells as follows: direct effects were 
investigated in P1 cells that were harvested at the end of the exposure to Dex; inherited 
effects were investigated in daughter NSCs (D) that were never directly exposed to Dex 
(Figure 3-1). D2 and D3 NSCs were harvested at different time points, depending on 
the type of analysis. 

For the investigation of GR-dependent mechanisms, P1 NSCs were incubated with 200 
nM mifepristone for 30 min prior to the exposure to Dex. To induce oxidative stress we 
used 2, 3-Dimethoxy-1,4-naphthoquinone (DMNQ) (Calbiochem). D2 NSCs (72 h 
after passaging) were exposed to 3 µM DMNQ for up to 24h. 

In Paper IV, we studied Dex long-lasting effects, we exposed P1 NSCs to Dex (1 µM) 
for 48 h. P1 cells were harvested at the end of the exposure to Dex. Inherited effects 
were investigated in D3 NSCs 

3.1.2.2 NSC exposed to methylmercury (MeHg) 

In Paper III we investigated the long-lasting effects of MeHg using a similar 
experimental design as in Paper II. We exposed P1 NSCs to 2.5 nM or 5.0 nM MeHg 
for 48 h. The exposure was performed by replacing the culture medium with medium 
containing MeHg. In the control cell cultures no MeHg was added to the replacement 
medium. The P1 cells were harvested at the end of the exposure to MeHg. Mitotically 
heritable effects were investigated in D2 and D3 cells (also cultured in the presence of 
bFGF) at different time points, depending on the type of analysis. 
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3.1.3 Cell morphology and viability 

3.1.3.1 Trypan blue 

Cell viability (Papers II and III) were detected by staining with 0.4% Trypan blue 
solution (Sigma Aldrich) and analysed under a phase-contrast microscope using an 
improved Neubauer counting chamber. Cells with a damaged cell membrane (necrotic 
cells) stained blue, while cells with intact plasma membrane (healthy or apoptotic cells) 
remained unstained.  

3.1.3.2 Tunnel assay 

To evaluate the nuclear morphology (Paper II), NSCs (P1, D2 and D3) were grown on 
poly-L-ornithine/fibronectin coated coverslips and fixed in 4% PF for 1 h at 4°C. After 
washing with PBS, cells were stained with Hoechst 33342 (1 µg/ml) for 5 minutes at 
RT, then rinsed with PBS. Apoptotic cells were identified by the condensed chromatin. 
TUNEL assay was performed to detect single strand DNA breaks. NSCs were fixed as 
described above and then incubated with TUNEL-reaction mixture (0.07% Triton X-
100, 2.5 mM CoCl2, 5 µM fluorescein-12-UTP, 5 U/µl terminal transferase, 0.2 mM 
potassium cacodylate, 0.25 mg/ml BSA, 25 mM Tris–HCl pH 6.6) (Roche, Bromma, 
Sweden) at 37°C for 1 h. After mounting, cells were analyzed with a fluorescent 
microscope and at least 100 nuclei were counted per coverslip. All experiments were 
performed in triplicates and repeated at least three times.  

3.1.4 NSC proliferation and differentiation 

3.1.4.1 NSC proliferation 

For proliferation assays, 5-6 spheres (Paper I)per donor were exposed in DFN medium 
supplemented with 20ng/ml EGF (Invitrogen) and 20ng/ml rhFGF (R&D Systems) for 
24 h followed by immunocytochemical analyses. NSCs (Paper II and III) prepared 
from rat embryo at embryonic day 15 ( E15) were grown in N2 medium supplemented 
with 10ng/ml bFGF every day until we analyzed cells. We used both ki67 staining (see 
details in immunocytochemistry and Table 1) and 5-ethynyl-2´-deoxyuridine (EdU) 
incorporation and staining 

3.1.4.2 EdU incorporation and staining 

NSCs were grown on cover slips in a 12 well plate for 48 h in presence of FGF. Then 
cells were incubated with 10 µM of EdU for 90 min and fixed in 4% paraformaldehyde 
(PFA) (Sigma-Aldrich) for 15 min at room temperature (RT), followed by washing 
with PBS.  EdU visualization was performed using Click-iT™ EdU imaging kit 
(Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Fixed cells were 
incubated for 30 min with azide-conjugated Alexa Fluor 488 dye in TBS supplemented 
with 4 mM CuSO4. Cells were then washed three times with PBS. For subsequent 
DNA staining, cell nuclei were counterstained with Hoechst 33342 for 5 min. After 
rinsing with PBS, coverslips were mounted onto slides with Vectashield mounting 
medium (Vector Laboratories, Inc, Burlingame, CA, USA). Images were captured 
using a Nikon microscope system. 



 

  19 

3.1.4.3 NSC differentiation 

Differentiation assays (Paper I) were performed with 5-6 neurospheres per donor in 
DFN without growth factor supplementation for 4 days before immunocytochemical 
analyses. To differentiate NSCs (Paper IV), cells were mixed in N2 medium and plated 
at low density (500cells/cm2) on coverslips coated with poly-L-ornithine and 
fibronectin, and grown in the presence of bFGF. After 48h, the medium was changed 
without adding bFGF to promote spontaneous differentiation and cells were allowed to 
differentiate for7 days in bFGF free medium. Next, NSCs were fixed in 4% PFA for 15 
min at room temperature, followed by washing in PBS. These fixed cells were used for 
immunocytochemical analyses 

Immunocytochemistry 

Primary antibodies were diluted in PBS containing 0.3% Triton X-100 and 0.5% 
bovine serum albumin (BSA; Boehringer Mannheim). NSCs were incubated with 
primary antibodies (see Table 1) overnight in a humid chamber at 4°C. Cells were then 
rinsed with PBS and incubated with appropriate secondary FITC- or Texas-red-
conjugated antibodies for 1 h at room temperature (RT) (1:200; Alexa, Invitrogen). Cell 
nuclei were counterstained with Hoechst 33342 (1 µg/ml, Sigma Aldrich). After rinsing 
with PBS, coverslips were mounted onto slides with Vecatshiled® mounting medium 
(Vector Laboratories, Inc, USA). Images were captured using an Olympus BX60 
fluorescence microscope (Olympus, Tokyo, Japan) equipped with a Hamamatsu digital 
camera (C4742-95-10sc, Hamamatsu Photomics Norden AB, Solna, Sweden). 

Table 3-1 Primary antibodies used for immunocytochemistry 

Antibody Raised in Dilution ratio Source 

Nestin 
GFAP 
β-Tubulin III 
Ki67 
HP1γ 
CNPase 

Mouse 
Rabbit 
Mouse 
Rabbit 
Rabbit 
Mouse 

1:200 
1:800 
1:400 
1:1000 
1:1000 
1:200 

Chemicon 
Dakocytomation 
Convance 
Novocastra Laboratories 
Cell Signaling 
Sigma 

 

3.1.5 Mercury measurements 

The concentration of total mercury was quantified in the MeHg-exposed P1 (day 5 after 
48-h exposure), D2 (day 2 in the passage 2) and D3 (day 2 in the passage 3) NSCs. 
Cells were harvested in HBSS and centrifuge at 5 000 rpm for 3 minutes and cell 
pellets were washed with phosphate buffered saline (PBS). Next, the pellets were used 
for total mercury measurement using the cold vapor atomic-absorption technique 
following alkaline digestion as previously described (Magos, 1971). 
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3.1.6 Immunoblotting 

Total protein content was isolated from human NPC (Paper I) and rat NSCs (Paper III). 
To prepare protein lysates, cells were collected and centrifuged with 2000 rpm at 4°C 
for 10 min.Cell pellets (Paper I) were lysed in a buffer containing 125 mM TRIS, 4 % 
(w/v) SDS, 20 % (v/v) glycerol, 100 mM DTT and 0.2 % (w/v) bromophenol blue. In 
Paper III, cells were lysed by using a lysis buffer (10mM EDTA, 2mM DTT and 1mM 
Pefabloc) followed by sonication. 

Whole cell lysates were separated applying 6 % SDS-PAGE and transferred to a 
nitrocellulose membrane (Amersham, Little Chalfont, Bucks, UK). The membrane was 
blocked in Tris-buffered saline containing 0.01 % Triton (v/v) and 5 % (w/v) non-fat 
dry milk for 1 hour at 4°C, followed by incubation with primary antibodies overnight at 
4°C. The membranes were then rinsed with PBS and incubated with appropriate 
horseradish peroxidase-conjugated secondary antibodies. Equal loading was verified 
with anti-GAPDH (Nordic Biosite, Täby, Sweden). The membranes were rinsed again 
and developed with ECL reagents. Signals were visualized by exposure to high 
performance chemiluminescent film. The films were scanned and densitometric 
quantification of the bands was done in Velocity (Improvision, Perkin Elmer; 
Massachusetts, USA). 

 

3.1.7 Quantitative real-time PCR 

Total RNA was isolated with the RNeasy Mini Kit (Qiagen) according to the 
manufacturer’s instructions including on-column DNase digestion (RNase-free DNase 
Set, Qiagen) for 30 minutes at 25°C. cDNA was synthesized from equal amounts of 
RNA by using Superscript II first strand cDNA synthesis kit (Invitrogen) according to 
the manufacturer´s protocol. Product accumulation was measured by real-time PCR 
analyses based on SYBR Green detection via ABI Prism 7000 Sequence Detection 
System with SDS software (version 2.1; Applied Biosystems Inc). Expression levels 
were normalized to the housekeeping genes ß-actin and HPRT (∆cT = cT (target gene) 
– cT (housekeeping gene), which showed no Dex-induced changes in gene expression 
(data not shown). Relative expression levels were calculated as ∆∆cT = ∆cTDex – 
∆cTcontrol and expression changes were calculated as 2-∆∆cT. PCR reactions 
contained 1µl cDNA, 0.2µM Primers each and SybrGreen PCR Master Mix (Applied 
Biosystems Inc. Amplification protocol: 10 min 95°C (AmpliTaq Gold Activation); 15 
sec 95°C, 1 min 56-60°C (40 cycles)). Product specificity was determined via melting 
curve analyses (temperature ramp from 60°C to 95°C) and agarose gel electrophoresis. 

 

3.1.8 siRNA knockdown 

We used two different approaches for gene knock down. In Paper II, siRNA targeting 
rat GR (CAU GUU AGG UGG GCG UCA A) and negative siRNA control sequence 
(UUG ACG CCC ACC UAA CAU G) were purchased from Qiagen. siRNA was 
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delivered by using a Nucleofactor device and the Neclueofactor kit according to the 
supplier’s protocol (Amaxa, Lonza, Switzerland). Three hours after nucleofection, 
NSCs were treated with 1 µM Dex for 24 h. Then cells were harvested for gene 
expression analysis.  

In Paper IV, we used a Smartpool mix of 4 siRNA targeting rat Tet3 and negative 
siRNA control purchased from Dharmacon. NSCs were grown in N2 medium with 10 
ng/ml bFGF for 24h. Then N2 medium were replaced with a smart pool mix and media 
supplement. Cells were incubated with smart pool mix for 72h in presence of bFGF and 
treated with 1 µM Dex for the last 24h. The cells were then harvested for gene 
expression analysis.  

 

3.1.9 Measurement of intracellular ROS levels 

D2 NSCs were seeded in 96-well plates. 72 h after seeding, cells were exposed to 3 µM 
DMNQ for 8 h, then washed with HBSS buffer and incubated with 10 µM 5-(and-6)-
carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) (Image-iTTM 
Live Green Reactive Oxygen Species Detection Kit, Molecular Probes) for 30 min 
under 5% CO2 atmosphere. The nonfluorescent carboxy-H2DCFDA permeates live 
cells and is deacetylated by nonspecific intracellular esterases. In the presence of ROS, 
the reduced fluorescein compound is oxidized and emits bright green. The fluorescence 
intensity of the cells from each well was analyzed by Fluoroskan Ascent FL (Thermo 
Scientific Wilmington, DE, USA) at an excitation wavelength of 495 nm and emission 
wavelength of 529 nm, followed by determination of the protein content of the 
respective well using NanoDrop 1000 spectrophotometer (Thermo Scientific 
Wilmington, DE, USA). The data are expressed as fluorescence intensity related to the 
protein content. All experiments were performed in triplicates and repeated at least 
three times. 

 

3.1.10 Chromatin immunoprecipitation (ChIP) assay 

For ChIP analysis, dissociated hNPC were plated on poly-D-lysine/laminin coated 10 
cm dishes (1x106 cells) and stimulated with 1µM Dex or solvent control for 90 
minutes. Subsequently, formaldehyde was added (1%, 10 minutes). The reaction was 
stopped by glycine (0.125 M, 5 minutes). After washing, cells were resuspended in 
400µl lysis buffer (50mM HEPES, 1mM EDTA, 0.5mM EGTA, 140mM NaCl, 10% 
glycerol, 0.5% NP-40, 0.25% Triton x-100, 1mM PMSF) containing Complete 
Protease Inhibitor Cocktail (Roche). Chromatin was sheared (fragments around 500bp 
– 1kb) by sonication for 15 minutes using a Diagenode Bioruptor. Similar 
concentrations of chromatin-containing supernatants obtained after centrifugation were 
incubated overnight with 2µg anti-GR antibody (sc-8992, Santa Cruz) or control 
antibody (anti-14 3-3ß antibody, sc-629, Santa Cruz) at 4°C. Next, samples were 
incubated with 50µl Protein-A/G Sepharose beads (Santa Cruz, sc-2003) for 2 hrs at 
4°C under gentle agitation. Cell pellets were washed twice with ChIP wash buffer 
(10mM Tris-HCl, 1mM EDTA, 0.5mM EGTA, 200mM NaCl, 1mM PMSF and 
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Complete Protease Inhibitor Cocktail), once with ChIP wash buffer containing 
100µg/ml salmon sperm DNA, thrice with ChIP wash buffer containing 500mM NaCl 
and 100µg/ml salmon sperm DNA followed by a final washing with ChIP wash buffer. 
Subsequently, cell pellets were resuspended in TE-SDS buffer (10mM Tris-HCl, 1mM 
EDTA, 1% SDS) and incubated overnight at 65°C. Precipitated DNA was purified 
using a PCR purification kit (Promega). For quantification, 2µl DNA were amplified by 
real-time PCR as described above with the following primer sequences: DKK1 
promoter, 0,5kb: LP: GGCAACTGAAGGACCTCAAA; RP: 
GGGTGATAGGCTCTGCAAAA; 1kb: LP: ATGAGGAAGTCAGGCGCTAA; RP: 
AGTGGTGGGCTAATGTGGAG; 1.5kb: LP: TCTCCCTTTTCCAAACTCACA; RP: 
TTTTTGGTGAGATGGGTGGT; MT2A promoter Fwd: CAGAGTTGTA 
ACCTGTCTGCACTTC; Rev: TGCTGCTTGCATTCCCAAA. A selected sequence 
located ~7.5 kb downstream of the last exon of the human DUSP1 gene was used as a 
negative control (Fwd: TTCAGAAGGTCGGTT; Rev: CATCCCTGCAAGAAC) 

 

3.2 ANIMAL EXPOSURE AND IN VIVO METHODS 

3.2.1 Animals and treatments 

Pregnant C57BL/6/Bkl mice (Paper III) (Scanbur BK, Sollentuna, Sweden) were 
exposed to MeHg at the dose of 0.5 mg/kg/day via the drinking water from E7 until day 
7 after delivery, as described elsewhere (Onishchenko et al., 2007). Control females 
received tap water. Only male offspring were included in the following studies. At the 
age of 10 weeks control and MeHg-exposed males were divided in groups receiving 
either fluoxetine treatment or vehicle for 3 weeks. Fluoxetine (SalutasPharma GmbH, 
Gerlingen, Germany) was dissolved in drinking water at the concentration of 0.08 
mg/mL. 

In Paper IV, Dex dissolved in sterile saline was injected subcutaneously to pregnant 
female C57Bl/6 mice (0.05 mg/kg/day; injection volume 10 ml/kg) from gestational 
day (GD) 14 until delivery (GD19-20). The control females were injected with an 
equivalent amount of saline.  

 

3.2.2 Tissue preparation and analyses 

In Paper III, the mice were deeply anesthetized and perfused transcardially with PBS 
followed by 4% PFA with picric acid. Postfixation was done in the same solution for 2 
h. After cryoprotection in buffered sucrose solutions (10% for 24 h and 30% for 2-3 
days) the brains were frozen and cut on a cryostat in 20 µm thick coronal sections. We 
used a systematic uniform random sampling collecting every second section in rostro-
caudal direction throughout the entire hippocampal formation. Sections used for 
counting neurons were dehydrated in ethanol solutions of increasing concentrations, 
stained with cresyl violet (Sigma), cleared in ethanol and xylene, and finally mounted 
with Entellan (Merck) and cover-slipped. For immunohistochemical staining, tissue 
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sections were incubated with anti-Ki-67 antibody (1:700, Novocastra Laboratories Ltd, 
UK) overnight, then rinsed with PBS, incubated with a secondary anti-rabbit alkaline 
phosphatase-conjugated antibody for 1 h at RT, developed using an alkaline 
phosphatase substrate kit (Vector Laboratories, Burlingame, CA) and cover-slipped 
with mounting medium. 

In Paper IV, the male offspring were killed by decapitation on postnatal day (PND) 
3and the brain was rapidly dissected on ice and stored at -80ºC until processing. RNA 
and DNA were extracted from dissected cortex of male offspring. RNA was used for 
the analysis of gene expression by qPCR. Global DNA methylation and 
hydroxymethylation were performed on DNA samples. 

3.2.2.1 Stereological analysis 

Cresyl-violet stained neuronal cells in the entire dentate gyrus were counted on six 
hippocampal sections (every 12th section, 240 µm interval) at 100x magnification using 
the neuronal nucleolus as sampling unit in a Olympus BH2 microscope linked with a 
CAST-system (Computer Assisted Stereological Toolbox; Olympus, Albertslund, 
Denmark). Sections were analyzed using the optical fractionator method as described 
elsewhere (Janson and Møller, 1993). The height of the disector was determined after 
excluding the top and bottom of the section with non-uniform cell distribution to avoid 
bias from ‘lost caps’. The subgranular zone was defined as the layer adjacent to the 
granule cell layer, extending approximately three cell diameters. Penetration of the Ki-
67 antibody throughout the section thickness was evaluated. To obtain enough Ki-67-
positive cells, the sampling fraction was increased.  

 

3.3 EPIGENETIC ANALYSES 

3.3.1.1 Genomic DNA extraction 

DNA was prepared using the XL GenDNA Extraction Module Kit (Diagenode, 
Belgium) according to the manufacturer´s instructions. Quality and quantity of DNA 
was measured using Nano-Drop Spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA) and Quant-iTPicoGreendsDNA Reagent and Kits (Invitrogen, USA). 

3.3.1.2 Global DNA methylation and hydroxymethylation assay 

DNA was prepared using the GeneElute TM Mammalian Genomic DNA Miniprep Kit 
(Sigma-Aldrich, Sweden) according to the manufacturer´s instructions. DNA quality 
and concentration was measured by NanoDrop1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA). Separately global DNA methylation and 
hydroxymethylation were measured using two different quantification Kits 
(Epigenetek, New York, NY) as instructed by the manufacturer including standard as 
positive control. Global cytosine methylation and hydroxymethylation levels were 
determined by measuring optical density (OD) in a microplate reader at 450 nm. The 
data were calculated according to the manufacturer's instructions. 
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3.3.1.3 Methyl-DNA immunoprecipitation sequencing (MBD-seq) 

DNA was sonicated using Bioruptor TM 200 (Diagenode) at high frequency with 30sec 
off/on. The average length of sonicated DNA was 200bp which was determined by the 
gel electrophoresis. We used 1.2 µg of sonicated DNA for subsequent MBD2 
enrichment using methylMinerTM Methylated DNA Enrichment Kit (Life 
technologies). Briefly, first 10µl of Dynabeads M-280 streptavidin was cleaned by 
1XBind/Wash buffer and 3.5µg of BMD-biotin protein was mixed with clean 
Dynabeads on a rotating mixer for 1 hour. Then DNA fragments were incubated with 
the coupled MBD-beads for overnight at 4ºC. After removing non-captured DNA as 
supernatant, captured DNA was isolated by NaCl gradient elution (0.5M and 1M). The 
accuracy of the assay was confirmed by using kit supplied control DNA. Isolation of 
hypermethylated (0.5M and 1M) and non-methylated DNA (supernatant) were 
confirmed by quantitative real time PCR analysis using Tsh2b (methylation specific 
primer.) or Gapdh (non-methylation specific primer) and those primer sequences were 
bought from Diagenode. The recovered DNA was quantified by Qubit™(Invitrogen) 
and 50ng of immunoprecipitated DNA was used for library preparation using a kit from 
New England Biolabs (NEB# E6240S/L). Subsequently the library was analyzed by 
HiSeq 2000. Then the sequence tags were aligned to the rat genome (assembly rn4) 
with the Bowtie alignment tool. To avoid any PCR bias we allowed only one read per 
chromosomal position. Next, the peaks (hypermethylated regions) were identified using 
MACS software (Feng et al., 2011; Zhang et al., 2008b) and the rat CpG islands (CGIs) 
were downloaded from the UCSC database.  

3.3.1.4 Methylation-specific PCR (MSP) 

To validate the methylation status of the selected regions, we used MSP in control and 
Dex exposed NSCs.  MSP was used for gene promoter methylation described 
elsewhere (Herman et al., 1996). Briefly, DNA samples were treated by bisulfite for 
conversion of unmethylated cytosine to uracil but not methylated cytosine using a 
MethylCodeTM Bisulfite Conversion Kit (Invitrogen). Primers were designed using 
MethPrimer program (Li and Dahiya, 2002), which produced two different set of 
primers for the methylated and unmethylated sequences. Next, bisulfite-treated DNA 
was amplified by MSP using EpiMark Hot Start Taq DNA Polymerase (New England 
Biolabs) according to manufacturer’s protocol. After amplification, MSP products were 
visualized on an E-gel 2 % with SyBR Safe (Invitrogen) and methylated and 
unmethylated bands were observed in control versus treatment. 

 

3.3.2 Statistical analyses 

One-way analysis of variance (ANOVA) followed by Bonferroni's post hoc test was 
performed. Student´s t-test (Paper II and IV) was used for between-group comparisons. 
The significance value was set at p<0.05.  



 

  25 

4 RESULTS 

4.1 PAPER I 

Dickkopf 1 mediates glucocorticoid-induced changes in human neural progenitor 
cell proliferation and differentiation 

In this study, we investigated the effects of exposure to Dex on cell proliferation and 
differentiation using human neural progenitor cells (hNPCs). For proliferation assays, 
5-6 spheres per donor were exposed to 1 µM Dex in presence of growth factors (20 
ng/ml EGF and 20 ng/ml rhFGF) for 24 hours followed by immunocytochemical 
analyses. Differentiation assays were performed with 5-6 neurospheres per donor in 
medium without growth factors for 4 days.  

 

4.1.1 DKK1 mediates the alterations in hNPC proliferation and 
differentiation 

Immunocytochemical analyses of hNPCs cultured with EGF and FGF showed that Dex 
exposure decreased the number of Ki67-positive cells as compared with controls. 
Analyses with markers for NSCs (nestin), glia cells (GFAP), and neurons (Tuj1) 
showed that Dex interferes with hNPC spontaneous differentiation resulting in a 
significant decrease of cells positive for nestin or Tuj1 and a concomitant increase in 
the number of cells positive for GFAP. No CNPase-positive cells were detected in 
either control or Dex-treated cells.  

Wnt signaling is essential for NSC proliferation and differentiation (Ille and Sommer, 
2005; Michaelidis and Lie, 2008). We investigated whether Dex inhibits the Wnt 
signaling pathway and found that Dex induced an up-regulation of DKK1, a member of 
the dickkopf family and a potential inhibitor of the Wnt signaling. To further 
investigate the mechanisms of Dex-stimulated DKK1 induction, we pre-exposed 
neurospheres to the GR antagonist mifepristone (RU486). Mifepristone inhibited the 
Dex-induced increase of DKK1expression. To determine whether the GR directly 
interacts with the DKK1 promoter, we performed a ChIP analysis. The data from that 
ChIP analysis confirmed that GR bind to the DKK1 promoter after Dex treatment. 
Thus, DKK1 mediates Dex-induced alterations in hNPC proliferation and 
differentiation. 

 

4.1.2 Confirmation of the mechanism by functional assays 

We found that recombinant DKK1 mimics Dex-induced changes in proliferation and 
differentiation. Additionally, blocking DKK1 abolish Dex effects in proliferation and 
differentiation. Thus, these data indicate that Dex-induced alterations are regulated by 
an increased expression of DKK1. We therefore analyzed the effects of GC or DKK1 
exposure on known Wnt targets. Cyclin D1 and ID2 are direct targets of canonical Wnt 
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signaling, with effects on stem cell proliferation and maintenance (Panhuysen et al., 
2004; Willert et al., 2002). Neurospheres exposed to 1µM Dex or 300 ng DKK1 
showed reduced levels of Cyclin D1 and ID2 expression suggesting that DKK1 has a 
critical role in the Dex-induced inhibition of proliferation and neuronal differentiation 
with a concomitant increase in glial cells. 

 

4.2 PAPER II 

Glucocorticoids induce long-lasting effects in neural stem cells resulting in 
senescence-related alterations. 

We investigated the long-term effects of GC on rat neural stem cell (NSC) proliferation 
and differentiation and elucidated the underlying molecular mechanisms. In the 
proliferating condition, primary cultures of NSCs derived from rat embryos were 
exposed to Dex (1 µM) for 48 h in presence of bFGF (10ng/ml) from day 3 to day 5 in 
passage 1. Heritable effects were investigated in daughter cells (D2 and D3, i.e. from 
passages 2 and 3, respectively), which were never directly exposed to Dex.  

4.2.1 Long-lasting alterations in NSC proliferation and differentiation 

We first observed alterations in cell morphology by phase contrast microscopy after 
Dex exposure (Figure 4-1). Moreover, we found that Dex exposure led to a significant 
reduction in total cell number, as observed in P1 cells, as well as in D2 and D3 cells, 
without a concomitant increase in necrotic or apoptotic cells. Next, 
immunocytochemical staining against Ki67 (an established proliferation marker) 
showed that Dex exposure significantly decreased proliferation in P1 NSCs and this 
effect persisted in D2 and D3. 

Figure 4-1. Live cell imaging revealed that control cells grow in clusters with tight 
cell-to-cell contacts, while Dex-exposed P1 NSCs had more processes and tend to grow 
widely separated.  

 

Con Dex 
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To clarify whether the reduction in cell proliferation was associated with an increase in 
differentiation, we performed immunocytochemical analyses in control and Dex P1, D2 
and D3 cells using markers for NSCs (nestin), early neurons (TuJ1) and glia progenitor 
cells (GFAP,) in proliferating NSCs. Nearly 100% of the control, as well as Dex P1, D2 
and D3 cells, were nestin positive, whereas no TuJ1- or GFAP-positive cells were 
detected at any passage.  

 

4.2.2 Dex induces the expression of senescence markers in NSCs 

Gene expression analyses by q-PCR in P1 cells revealed a significant Dex-induced up-
regulation of the cell-cycle regulating genes p16 and p21 that persisted in D2 and D3 
NSCs. Pre-exposure to the GR antagonist Mifepristone (RU486) significantly inhibited 
the p16 and p21 up-regulation, without altering GR expression, pointing to a GR-
mediated mechanism. siRNA nucleofection to knock down GR blocked Dex-induced 
p16 and p21 up-regulation significantly. In light of the fact that p16 and p21 up-
regulation has been linked to cellular senescence, we analysed Dex-induced effects on 
the expression of senescence markers by q-PCR and immunocytochemistry. 
Interestingly, Dex repressed Bmi1 (polycomb ring finger oncogene) expression in P1 
and D3 NSCs and upregulated high mobility group A1 (Hmga1) in D2 and D3 cell. In 
contrast, we did not detect significant changes in Hmga2 expression. In addition, Dex 
led to an enrichment of heterochromatin protein 1 gamma (HP1g) in so-called 
senescence-associated heterochromatin foci (SAHF) 

 

4.2.3 The senescent cells are sensitive to oxidative stress 

Cellular senescence has been associated with impaired mitochondrial functions. 
Interestingly, gene expression analyses by q-PCR showed a long-lasting down-
regulation of mitochondrial genes NADH dehydrogenase and we then wanted to test 
the hypothesis that the long lasting senescence and mitochondrial alterations would be 
associated with a higher vulnerability to oxidative stress. We challenged daughter 
NSCs with the oxidative stress inducer 2,3-dimethoxy-1,4-naphthoquinone (DMNQ, 3 
mM) and observed an increased ROS production in Dex-NSCs, compared with control 
cells, which were associated with a higher incidence of cell death, as shown by the two 
fold increase in the number of apoptotic NSCs. 

 

4.2.4 Dex induces global DNA hypomethylation. 

Methylation measurements revealed a significant decrease in global DNA methylation 
in P1 and D2 NSCs associated with a decreased expression in Dnmts. In parent cells, a 
significant down-regulation in Dnmt1, Dnmt3a, and Dnmt3b mRNA levels was 
detected, whereas D2 cells showed a decrease in Dnmt1 and Dnmt3a expression. 
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4.3 PAPER III 

Low-dose exposure to methylmercury induces premature senescence and epigenetic 
changes in neural stem cells 

Here we investigated short-term (direct) and long-term (inherited) effects of exposure 
to MeHg (2.5 or 5.0nM) using primary cultures of rat embryonic cortical NSCs. NSCs 
were exposed to subtoxic doses of MeHg (2.5 nM and 5.0 nM) for 48 h in the presence 
of bFGF from day 3 to day 5 in passage 1. To study the heritable effects, we used 
passage 2 and passage 3 cells, which were never exposed to MeHg directly. In addition, 
we investigated the possible detrimental effects on proliferating NSCs in the adult 
hippocampus in a model of perinatal exposure to MeHg, which we have previously 
shown to induce long-lasting behavioral deficits (Onishchenko et al., 2008). 

 

4.3.1 MeHg induces long-lasting alterations in NSC proliferation 

It is known that MeHg binds to cellular sulfhydryl groups covalently and can persist in 
the cells even after replacement of the medium (Gruenwedel et al., 1981). Therefore, 
we measured the total amount of mercury in the exposed P1 cells and in D2 and D3 
cells. Mercury concentrations in P1 NSCs after exposure to 2.5 or 5.0nM MeHg were 
approximately 9- or 15-fold higher than in control, respectively. There was a drastic 
decline in mercury content in D2 cells compared with P1, and there was no difference 
in the mercury level between D3 and control cells. 

To investigate the MeHg effects in NSCs, we performed trypan blue exclusion test 
followed by microscopic analysis for analyzing cell morphology, proliferation and 
differentiation. We found that MeHg exposure significantly reduced the total number of 
cells, which maintained normal morphology. EdU was used as a cell proliferation 
marker incorporated in cells during the S-phase of the cell cycle. We observed a 
decrease in the number of EdU-positive cells in the MeHg-exposed P1 cells, and this 
effect persisted in following passages (D2-D3). To ensure that the MeHg 
concentrations used would not induce cell death, we evaluated cell morphology of the 
exposed cells. We found that the MeHg concentrations we used induced neither 
necrosis, as shown by the trypan blue exclusion test, nor apoptosis, evaluated by 
Hoechst 33342 staining. 

 

4.3.2 MeHg induces the expression of senescence markers in NSCs 

Cyclin-dependent kinase inhibitors p16 and p21 restrict the G1-/S-phase transition of 
the cell cycle. qPCR analysis revealed a significant MeHg-induced upregulation of p16 
and p21 messenger RNA (mRNA) expression in P1 NSCs that persisted in D2 cells and 
D3 cells. Notably, p16 and p21 are also potential senescence markers that are 
upregulated in various senescent cells (Chen et al., 2006; Herbig et al., 2004; Robles 
and Adami, 1998). The expression of other senescence markers after exposure to MeHg 
was evaluated by qPCR and immunocytochemistry. qPCR analyses revealed that 
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MeHg repressed Bmi1 (polycomb ring finger oncogene) mRNA expression in P1, D2 
and D3 cells as well as upregulated high mobility group A1 (Hmga1) in D2 cells and 
D3 cells. MeHg-induced changes in global heterochromatin levels were determined by 
immunocytochemical staining against heterochromatin protein 1 gamma (HP1γ). We 
found that MeHg exposure led to a concentration-dependent enrichment of HP1γ in so-
called senescence-associated heterochromatin foci (SAHF) in D3 cells. Additionally, 
we found a down-regulation of NADH dehydrogenase 3 (Nd3) and cytochrome b 
(Cytb) Genes, suggesting alterations of mitochondrial function that might be associated 
with senescence. 

 

4.3.3 MeHg induces global DNA hypomethylation 

To evaluate modifications of global DNA methylation, genome wide 5-methylcytosine 
was quantified in control and MeHg-exposed P1 NSCs, as well as in daughter cells. 
There was a significant decrease in global DNA methylation in P1 NSCs and D2 cells 
exposed to MeHg (2.5–5.0nM).The reduction in DNA methylation in the NSCs 
exposed to 5.0nM MeHg was associated with decreased Dnmt3b mRNA expression in 
P1 NSCs and D2 cells, whereas 2.5nM MeHg exposure decreased mRNA expression 
of Dnmt3b only in P1 NSCs. However, exposure to MeHg did not induce changes in 
mRNA expression of Dnmt1 and Dnmt3a in P1 or D2 cells 

 

4.3.4 MeHg-induced alterations in mouse hippocampus 

In our previous work, we observed that perinatal exposure to MeHg-induced long-
lasting behavioral deficits, including depression-like behavior, which could be reversed 
by chronic treatment with the antidepressant fluoxetine. Taking into account literature 
data on the association between depressive disorder and hippocampal neurogenesis, as 
well as our in vitro results showing reduced cell division rate after MeHg exposure, we 
evaluated the proliferation rate of the neural progenitor cells in the hippocampi of 
MeHg-exposed mice. We found a clear trend showing a reduction in the number of Ki-
67–positive cells in the SGL of the hippocampal dentate gyrus in the MeHg-exposed 
animals. Interestingly, the total number of neurons in the dentate gyrus of MeHg-
exposed mice was significantly lower compared with unexposed controls, but the 
neuronal loss was restored after fluoxetine treatment. Antidepressant administration to 
unexposed controls did not produce significant changes in the number of neurons in the 
dentate gyrus. 
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4.4 PAPER IV 

Glucocorticoid programming of neural development involves a Tet3-dependent 
regulation of Wnt signaling and DNA methylation 

In this project, we used the model we established in Paper II. Here we mainly focused 
on epigenetic mechanisms induced by Dex in NSCs, by genome-wide investigation of 
differentially methylated DNA regions (DMRs), promoter specific DMR-enriched 
genes which we then analysed in both in vitro and in vivo models. Differentiation 
assays were performed with NSCs exposed to 1µM Dex for 48h in absence of FGF. 
Then, Dex was removed by replacing medium without adding FGF and cells were 
allowed to differentiate for the following 5 days in Dex- and FGF-free medium. 
Finally, we investigated the functional interaction between DNA methyltransferases 
and DNA demethylating enzymes, as well as epigenetic regulation of Wnt signaling. 

 

4.4.1 Epigenetic alterations induced by Dex exposure in NSCs 

To study the global relationships between the response of NSCs to GC and chromatin 
modifications, we investigated genome wide DNA methylation by high-throughput 
sequencing of MBD-enriched DNA fractions isolated from control and Dex-exposed 
NSCs derived from the embryonic rat cortex. The genome-wide DNA methylation 
levels were quantified by analyzing mapped sequencing reads as methylation peaks, 
using the supernatant of each sample as standard background. In total, 170,000 peaks 
and 95,283 peaks were generated in controls and Dex-exposed cells respectively; 
110,000 differentially-methylated regions (DMRs) DMRs unique to controls and 
37,005 DMRs were unique to Dex-exposed cells. 

To further understand the consequences of Dex-exposure on NSCs at single gene level, 
we performed Go analysis using GREAT ontology tools to identify hypermethylated 
genes whose promoters were located within the CGI, in both control and Dex-exposed 
cells. We then analyzed the DMRs located in promoter regions and identified 1479 
genes (from 1736 DMRs) in control NSCs, and 575 genes (from 622 DMRs) in Dex 
exposed cells. Among them, we identified cohorts of genes known to play a role in the 
regulation of cell proliferation, cell differentiation, migration, cellular senescence, DNA 
methylation, ion channels, mitochondrial function, and oxidative stress that were 
differently methylated in control as compared to Dex-exposed NSCs. We next aimed at 
validating some of the genes identified as DMR enriched, such as Dkk1, Dkk3, Txnip 
and Cyba, which are of particular interest in relation to the Dex-induced phenotype of 
NSCs (Moors et al., 2012). The analysis of gene expression and their promoter 
methylation suggested that three out of four DMRs, Dkk1, Dkk3, Cyba but not Txnip, 
matched with the methylation information identified in the MBD library confirming 
that DMRs acquired in the MBD library is reliable.  

We then tested whether the phenotype induced by Dex exposure would be carried over 
to spontaneously differentiating cells. In agreement with our earlier findings (Moors et 
al., 2012), Dex exposure decreased neuronal differentiation and increased astrocytic 
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differentiation. In addition, we found that the expression of Dkk1, a well-characterized 
inhibitor of Wnt signaling (Moors et al., 2012; Seib et al., 2013), and the related Dkk3, 
were up-regulated in Dex-exposed differentiating NSCs. Similarly, the expression of 
Txnip was up-regulated in the Dex-exposed cells. To further strengthen this 
observation, we analysed the expression of Dkk1 and Dkk3, together with Txnip and 
Cyba in the cortex of PND 3 mouse pups exposed to Dex in utero. We found a 
significant up-regulation of Dkk3, Txnip, and Cyba mRNA expression, while no 
significant changes in the expression of Dkk1 were detected. This is in accordance with 
the lack of dynamic expression of Dkk1 in cortex at this stage of development (Diep et 
al., 2004). 

Because of the critical role that the Tet family plays in DNA demethylation, we 
investigated the effects of Dex on the expression of Tet family proteins (Tet1-3) in 
proliferating and differentiating cortical NSCs as well as in cortex from Dex in utero-
exposed pups. We found a significantly increased expression of Tet 3 in P1 and D3 
proliferating NSCs. A similar increase was observed in NSCs undergoing spontaneous 
differentiation with a concomitant increase of the Tet product 5hmC as well as a 
significant decrease in Dnmt3a expression. Notably, in the cortex of 3 day old mouse 
pups exposed to Dex in utero, we found a significant down-regulation of Dnmt3a 
expression, and a modest but significant up-regulation of Tet1, 2 and 3 associated with 
a significant decrease in DNA methylation (5mC level), as well as 5hmC levels. 

To test whether Tet3 exerted a non-redundant role in regulating Dex-induced changes 
in DNA methylation and gene expression, we applied an RNA knockdown strategy to 
achieve a significant down-regulation of Tet3 gene expression in proliferating NSCs. 
Interestingly, we found that after Tet3 RNA knockdown, the Dex-mediated down-
regulation of Dnmt3a mRNA was reversed and in the conditions with lowered Tet3 
expression levels, Dex mediated an increase in Dnmt3a gene expression .These results 
indicate a direct interaction in the regulation of Tet3 and Dnmt3a expression, and 
suggest a feedback model where the expression of factors mediating DNA methylation 
and demethylation is strictly regulated by an internal balance between their levels and, 
presumably, activity.  

To investigate whether Tet3 could play a direct role in the detrimental effects of Dex on 
proliferating NSCs, we next investigated whether the Dex-mediated up-regulation of 
the Wnt inhibitor Dkk1 was affected by Tet3 RNA knockdown. Intriguingly, the Dex-
mediated increase in Dkk1 expression was abolished by the Tet3 RNA knockdown in 
NSCs. In light of the demethylation and increased gene expression of Dkk1induced by 
Dex, and the well-documented critical role of Wnt signaling in NSCs and forebrain 
development, our results suggest that Dex-induced up-regulation of Tet3 expression is a 
critical event underlying the epigenetic effects on proliferating neural progenitors.  
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5 DISCUSSION 

Neural stem cells (NSCs) give rise to the major cell types of the brain (i.e. neurons, 
astrocytes, and oligodendrocytes). During specific developmental time frames NSC-
derived cells establish neural networks (Temple, 2001). Normal proliferation and 
differentiation processes during neural development are fundamental for the 
establishment of complex brain architecture. Alteration of NSC proliferation and 
differentiation may alter neural development and neuronal functions, as shown in 
various experimental models for neurodevelopmental and neurodegenerative diseases. 
In this thesis, we show that early life adverse stimuli (such as exposure to high levels of 
GC, or to MeHg) have persistent effects which include alterations in NSC proliferation, 
differentiation, and migration, as well as mitochondrial dysfunction, oxidative stress, 
and induction of senescence. Our data indicate that epigenetic mechanisms may 
contribute to these effects. 

We first used hNPCs (Paper I) to understand the direct effects of Dex on proliferation 
and differentiation. Although we used hNPCs from three different stages of gestation 
(gestational week 16, 16.5, and 19), Dex had consistent effects in all preparations. We 
found that Dex exposure markedly decreased proliferation and neuronal differentiation 
of hNPCs, while promoting glial differentiation. Our findings are in agreement with in 
vitro and in vivo studies showing that GC affect both fetal and adult neurogenesis by 
interfering with NSC proliferation (Kim et al., 2004; Lemaire et al., 2000; Sundberg et 
al., 2006). 

GC exert their effects via GR, which is a transcription factor that regulates the 
expression of many genes and signaling pathways, including the canonical Wnt/β-
catenin signaling (Michaelidis and Lie, 2008; Nusse, 2008). Dkk1 is a negative 
regulator of canonical Wnt signaling that inhibits the NSC colony formation from 
single cells (Kalani et al., 2008). We found that Dex up-regulated the expression of 
Dkk1, and this effect was directly mediated by GR. This is in line with earlier reports 
on increased neurogenesis induced by deletion of either GR or Dkk1 (Fitzsimons et al., 
2013; Seib et al., 2013). 

In Paper II, we used primary cultures of rat NSCs as a rodent in vitro model. We found 
clear morphological alterations in Dex-exposed P1 NSCs. Moreover, the phenotype 
was heritable being observed in cells never directly exposed to Dex. Up-regulation of 
senescence markers, such as p16 (Cdkn1a) and p21 (Cdkn2a), were present in Dex-
exposed NSCs. Interestingly, GR knock down abolished the Dex-induced up-regulation 
of both p16 and p21, pointing to a GR dependent mechanism. Moreover, the 
investigation of additional senescence markers, including Hmga1, Bmi1 and Hp1-
gamma supported our hypothesis that Dex-exposed cells stopped dividing because they 
underwent senescence.  

DNA methylation is a major epigenetic mark that is important for genomic stability, 
and is essential for stem cell proliferation and differentiation. Global DNA methylation 
estimates the status of methylation in the genome, with no reference to the identity or 
the location of the methylated sequence. In Paper II we showed that Dex decreased 
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global DNA methylation in P1 NSCs, which could result in genomic instability 
(Robertson and Jones, 2000). We also found that global DNA hypomethylation was 
associated with oxidative stress and premature senescence, and consequently with a 
higher incidence of cell death. Moreover, these features were retained in daughter 
NSCs. The long-lasting effects were probably due to epigenetic modifications that 
persisted after passaging the cells.  

Previously we showed that nanomolar (2.5–10nM) concentrations of MeHg can affect 
neuronal differentiation of rodent embryonic NSCs (Tamm et al., 2008). Here we 
investigated whether the effects of low-dose MeHg exposure on NSC proliferation and 
differentiation were long-lasting (Paper III). We used a primary NSC culture paradigm 
that we established to study the heritable effects in vitro (Paper II). We found that 
MeHg decreased NSC proliferation and neuronal differentiation, but had no influence 
on astrocyte differentiation. Interestingly, we found that MeHg also altered the 
expression of genes involved in cell cycle regulation, induced cellular senescence, 
altered mitochondrial functions, and concomitantly decreased global DNA methylation. 
These results indicate that MeHg and Dex effects may be mediated by shared internal 
regulatory mechanisms. Ahir and colleagues have shown that GR signaling may be a 
key mediator of developmental disorders induced by heavy metals (including Hg) (Ahir 
et al., 2013). Further studies are required to find out the role of GR in MeHg-induced 
effects on NSCs. In line with our in vitro data, we found a trend for decreased cell 
proliferation in the subgranular layer of hippocampi from adult mice exposed to low 
doses of MeHg during the perinatal period. This had a measurable impact on the total 
number of neurons in the dentate gyrus. Importantly, this effect could be reversed by 
chronic antidepressant treatment. This is in agreement with our previous report on 
chronic antidepressant treatment being able to reverse the long-lasting behavioral 
deficits induced by perinatal exposure to MeHg (Onishchenko et al., 2008). 

In Paper IV, which is a continuation of Papers I and II, we specifically focused on the 
epigenetic mechanisms of Dex-induced alterations in NSCs. We found that Dex 
induces genome-wide DNA hypomethylation, and mapped the gene specific changes in 
DNA methylation in the rat genome. Interestingly, the epigenetically altered genes 
were found to be associated with fundamental cellular events such as proliferation, 
senescence, differentiation and migration. We could validate, by bisulfite conversion, a 
number of DMR enriched genes identified in the MBD library, thereby confirming the 
reliability of the library. We next analyzed DNA modifying enzymes (Dnmts for 
methylation and Tet1-3 for hydroxymethylation) and their products in proliferating and 
differentiating NSCs, as well as in mouse pup cerebral cortex. These experiments 
demonstrate the consistency of the in vitro results with the in vivo data. 

In Paper I we have shown that Dkk1 mediates the direct effects of Dex on neuronal 
differentiation, while in Paper IV we further demonstrated that Dkk1 up-regulation is 
also mediated by promoter hypomethylation. Importantly, the latter appears to be 
responsible for the persistent up-regulation of Dkk1 in daughter NSCs. In addition, in 
Paper IV we found that exposure to Dex down-regulated Dnmt3a, which itself had been 
shown to be sufficient for promoting the astrocytic differentiation of NSCs (Feng et al., 
2005). Therefore, the increased astrocyte differentiation and the reduced neuronal 
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differentiation reported in Paper IV may be explained by both Dnmt3a down-
regulation, and canonical Wnt signaling inhibition by Dkk1.  

In conclusion, the main finding of these studies is that epigenetic modifications play a 
critical role in the reprogramming effects exerted by neurodevelopmental insults, such 
as exposure to excess GC or MeHg.  
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6 CONCLUSIONS 

Glucocorticoids decrease proliferation and interfere with differentiation in human 
neural progenitor cells by inhibiting canonical Wnt signaling (Paper I). 

Glucocorticoids induce long lasting alterations in rat cortical neural stem cell fate that 
are associated with increased ROS formation and susceptibility to oxidative stress, 
expression of senescence markers, and global DNA hypomethylation (Paper II).  

Exposure to low dose methylmercury induces long lasting alterations in rat cortical 
neural stem cells that are associated with down-regulation of mitochondrial genes, up-
regulation of senescence markers, and global DNA hypomethylation (Paper III). 

Epigenetic alterations play a key role in the long-lasting effects of glucocorticoids on 
rat cortical neural stem cells. The genome-wide DNA hypomethylation is mediated by 
alteration in both methylation and demethylation mechanisms (Paper IV). 



 

36 

7 ACKNOWLEDGEMENTS 

I would like to take the opportunity to thank everyone who supported me during the 
time as PhD student. I would specially like to thank the following people: 

Prof. Sandra Ceccatelli, my main supervisor: I am grateful to you for accepting me 
as a PhD student in your group. I appreciate your enthusiasm, guidance and support 
during my study period. I am truly thankful for all the opportunities that you gave me to 
learn different experimental models and techniques. It has been a great pleasure to work 
with you and I have learned a lot.  

Dr. Ola Hermanson, my co-supervisor: Ola, thank you for introducing me to the 
fantastic kingdom of neural stem cell, for your enthusiasm and many stimulating 
discussions. 

Dr. Natalia Onishchenko, my co-supervisor: I would like to thank you for 
introducing me to in vivo experiments and behavioral studies, and for all the insightful 
discussion. 

Dr. Stefan Spulber, my co-supervisor: I appreciate your artistic works in my thesis. 
Without your support I could not make those fantastic figures in my thesis. Thank you 
for guidance during my studies, clear explanations, and support when I needed it most.  

Carolina Johansson, my mentor: Thank you for sharing your experience and for all 
useful conversations about my future and goals.  

Dear Dr. Roshan Tofighi, I am thankful to you for introducing me to all the in vitro 
techniques that we have in our lab, for fruitful technical and scientific discussions. 
Thanks also for keeping the lab well-organized, clean and tidy and for ordering stuff. 

Michaela and Wan, I really miss the time you were here, all our discussions about 
science, home picnic and chit-chat time will remain in my memory forever.  

I would like to thank all past and current colleagues who have helped me with either the 
experimental work or the ‘lab life’ especially Christoffer, Celia, Karin, Mirko, 
Marilena, Jennie, Ann-Marie and Lie. A special thanks to Caitlin for proof-reading 
my thesis. 

I would like to express gratitude to all of my co-authors in different manuscripts for 
valuable contribution. 

Thanks to Anna, Erik, Esra, Giulia, Julian, and Nina from Ola´s lab for technical 
support and scientific discussions. 

I am grateful to the administration of the department for the support during these years. 

Studies included in this thesis were supported by the Swedish Research Councils (VR 
and FORMAS). We also received support from Karolinska Institutet through KID-
funding (Board of Post Graduate Education at Karolinska Institutet). 



 

  37 

8 REFERENCES 

Ahir, B.K., Sanders, A.P., Rager, J.E., and Fry, R.C. (2013). Systems biology and 
birth defects prevention: blockade of the glucocorticoid receptor prevents arsenic-
induced birth defects. Environ. Health Perspect. 121, 332–338. 

Ahlbom, E., Gogvadze, V., Chen, M., Celsi, G., and Ceccatelli, S. (2000). Prenatal 
exposure to high levels of glucocorticoids increases the susceptibility of cerebellar 
granule cells to oxidative stress-induced cell death. Proc Natl Acad Sci U S A 97, 
14726–14730. 

Andrew C. Lee, Brett E. Fenster, Hideki Ito, Kazuyo Takeda, Nancy S. Bae, Tazuko 
Hirai, Zu-Xi Yu, Victor J. Ferrans, B.H.H., and Finkel, and T. (1999). Ras Proteins 
Induce Senescence by Altering the Intracellular Levels of Reactive Oxygen Species. 
J. Biol. Chem. 274, 7936–7940. 

Aschner, J.L., and Aschner, M. (2007). Methylmercury Neurotoxicity: Exploring 
Potential Novel Targets. Open Toxicol. J. 1, 1–10. 

Baker, D.J., Perez-terzic, C., Jin, F., Pitel, K., Niederländer, N.J., Jeganathan, K., 
Yamada, S., Reyes, S., Rowe, L., Hiddinga, H.J., et al. (2008). Opposing roles for 
p16Ink4a and p19Arf in senescence and ageing caused by BubR1 insufficiency. 10, 
825–836. 

Barker, D.J. (1995). The fetal and infant origins of disease. Eur. J. Clin. Invest. 25, 
457–463. 

Barlow, B.K., Cory-Slechta, D.A., Richfield, E.K., and Thiruchelvam, M. (2007). 
The gestational environment and Parkinson’s disease: evidence for 
neurodevelopmental origins of a neurodegenerative disorder. Reprod Toxicol 23, 
457–470. 

Beauséjour, C.M., Krtolica, A., Galimi, F., Narita, M., Lowe, S.W., Yaswen, P., and 
Campisi, J. (2003). Reversal of human cellular senescence: roles of the p53 and p16 
pathways. EMBO J. 22, 4212–4222. 

Benediktsson, R., Calder, A.A., Edwards, C.R., and Seckl, J.R. (1997). Placental 11 
beta-hydroxysteroid dehydrogenase: a key regulator of fetal glucocorticoid exposure. 
Clin. Endocrinol. (Oxf). 46, 161–166. 

Bestor, T.H., and Coxon, A. (1993). The pros and cons of DNA methylation. Curr. 
Biol. 3, 384–386. 

Bird, A. (2002). DNA methylation patterns and epigenetic memory. Genes Dev. 16, 
6–21. 

Branco, M.R., Ficz, G., and Reik, W. (2012). Uncovering the role of 5-
hydroxymethylcytosine in the epigenome. Nat. Rev. Genet. 13, 7–13. 



 

38 

Brandeis, M., Frank, D., Keshet, I., Siegfried, Z., Mendelsohn, M., Nemes, A., 
Temper, V., Razin, A., and Cedar, H. (1994). Sp1 elements protect a CpG island from 
de novo methylation. Nature 371, 435–438. 

Brandl, A., Meyer, M., Bechmann, V., Nerlich, M., and Angele, P. (2011). Oxidative 
stress induces senescence in human mesenchymal stem cells. Exp. Cell Res. 317, 
1541–1547. 

Brenner, C., Deplus, R., Didelot, C., Loriot, A., Viré, E., De Smet, C., Gutierrez, A., 
Danovi, D., Bernard, D., Boon, T., et al. (2005). Myc represses transcription through 
recruitment of DNA methyltransferase corepressor. EMBO J. 24, 336–346. 

Brown, R., Diaz, R., Robson, A., Kotelevtsev, Y., Mullins, J., Kaufman, M., and 
Seckl, J. (1996). The ontogeny of 11 beta-hydroxysteroid dehydrogenase type 2 and 
mineralocorticoid receptor gene expression reveal intricate control of glucocorticoid 
action in development. Endocrinology 137, 794–797. 

Burova, E., Borodkina, A., Shatrova, A., and Nikolsky, N. (2013). Sublethal 
oxidative stress induces the premature senescence of human mesenchymal stem cells 
derived from endometrium. Oxid. Med. Cell. Longev. 2013, 474931. 

Campisi, J. (2005). Senescent cells, tumor suppression, and organismal aging: good 
citizens, bad neighbors. Cell 120, 513–522. 

Ceccatelli, S., Bose, R., Edoff, K., Onishchenko, N., and Spulber, S. (2013). Long-
lasting neurotoxic effects of exposure to methylmercury during development. J. 
Intern. Med. 273, 490–497. 

Cedar, H., and Bergman, Y. (2009). Linking DNA methylation and histone 
modification: patterns and paradigms. Nat. Rev. Genet. 10, 295–304. 

Chagnon, P., Betard, C., Robitaille, Y., Cholette, A., and Gauvreau, D. (1995). 
Distribution of brain cytochrome oxidase activity in various neurodegenerative 
diseases. 711–715. 

Chen, Q., and Ames, B.N. (1994). Senescence-like growth arrest induced by 
hydrogen peroxide in human diploid fibroblast F65 cells. Nati. Acad. Sci. USA Vol. 
91, Pp. 4130-4134, May Proc. Nati. Acad. Sci. USA Vol. 91, Pp. 4130-4134, 91, 
4130–4134. 

Chen, B.-Y., Wang, X., Wang, Z.-Y., Wang, Y.-Z., Chen, L.-W., and Luo, Z.-J. 
(2013). Brain-derived neurotrophic factor stimulates proliferation and differentiation 
of neural stem cells, possibly by triggering the Wnt/β-catenin signaling pathway. J. 
Neurosci. Res. 91, 30–41. 

Chen, J., Huang, X., Halicka, D., Brodsky, S., Avram, A., Eskander, J., Bloomgarden, 
N.A., Darzynkiewicz, Z., and Goligorsky, M.S. (2006). Contribution of p16INK4a 
and p21CIP1 pathways to induction of premature senescence of human endothelial 
cells: permissive role of p53. Am. J. Physiol. Heart Circ. Physiol. 290, H1575–86. 



 

  39 

Chen, Q., Vazquez, E.J., Moghaddas, S., Hoppel, C.L., and Lesnefsky, E.J. (2003). 
Production of reactive oxygen species by mitochondria: central role of complex III. J. 
Biol. Chem. 278, 36027–36031. 

Chen, Q.I.N., Fischer, A.N.N., Reagan, J.D., Yan, L., and Ames, B.N. (1995). 
Oxidative DNA damage and senescence of human diploid fibroblast cells. 92, 4337–
4341. 

Chen, Q.M., Prowse, K.R., Tu, V.C., Purdom, S., and Linskens, M.H. (2001). 
Uncoupling the senescent phenotype from telomere shortening in hydrogen peroxide-
treated fibroblasts. Exp. Cell Res. 265, 294–303. 

Chen, R.Z., Pettersson, U., Beard, C., Jackson-Grusby, L., and Jaenisch, R. (1998). 
DNA hypomethylation leads to elevated mutation rates. 395, 89–93. 

Clevers, H. (2006). Wnt/beta-catenin signaling in development and disease. Cell 127, 
469–480. 

Colquitt, B.M., Allen, W.E., Barnea, G., and Lomvardas, S. (2013). Alteration of 
genic 5-hydroxymethylcytosine patterning in olfactory neurons correlates with 
changes in gene expression and cell identity. Proc. Natl. Acad. Sci. U. S. A. 110, 
14682–14687. 

Cottrell, E.C., and Seckl, J.R. (2009). Prenatal stress, glucocorticoids and the 
programming of adult disease. Front. Behav. Neurosci. 3, 19. 

d’Adda di Fagagna, F., Reaper, P.M., Clay-Farrace, L., Fiegler, H., Carr, P., Von 
Zglinicki, T., Saretzki, G., Carter, N.P., and Jackson, S.P. (2003). A DNA damage 
checkpoint response in telomere-initiated senescence. Nature 426, 194–198. 

Daneman, R., Agalliu, D., Zhou, L., Kuhnert, F., Kuo, C.J., and Barres, B.A. (2009). 
Wnt/beta-catenin signaling is required for CNS, but not non-CNS, angiogenesis. 
Proc. Natl. Acad. Sci. U. S. A. 106, 641–646. 

Davis, E.P., Glynn, L.M., Waffarn, F., and Sandman, C.A. (2012). Prenatal Maternal 
Stress Programs Infant Stress Regulation. J Child Psychol Psychiatry. 2011 Febr. ; 
52(2) 119–129. 52, 119–129. 

Dawlaty, M.M., Breiling, A., Le, T., Raddatz, G., Barrasa, M.I., Cheng, A.W., Gao, 
Q., Powell, B.E., Li, Z., Xu, M., et al. (2013). Combined deficiency of Tet1 and Tet2 
causes epigenetic abnormalities but is compatible with postnatal development. Dev. 
Cell 24, 310–323. 

Debes, F., Budtz-Jørgensen, E., Weihe, P., White, R.F., and Grandjean, P. (2006). 
Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 
years. Neurotoxicol Teratol 28, 363–375. 

Diaz, R., Brown, R.W., and Seckl, J.R. (1998). Distinct ontogeny of glucocorticoid 
and mineralocorticoid receptor and 11beta-hydroxysteroid dehydrogenase types I and 
II mRNAs in the fetal rat brain suggest a complex control of glucocorticoid actions. J. 
Neurosci. 18, 2570–2580. 



 

40 

Diep, D.B., Hoen, N., Backman, M., Machon, O., and Krauss, S. (2004). 
Characterisation of the Wnt antagonists and their response to conditionally activated 
Wnt signalling in the developing mouse forebrain. Brain Res. Dev. Brain Res. 153, 
261–270. 

Dimri, G.P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., Medrano, E.E., 
Linskens, M., Rubelj, I., and Pereira-Smith, O. (1995). A biomarker that identifies 
senescent human cells in culture and in aging skin in vivo. Proc. Natl. Acad. Sci. U. 
S. A. 92, 9363–9367. 

Dobbing, J. (1993). Fetal nutrition and cardiovascular disease in adult life. Lancet 
341, 1421–1422. 

Dong, E., Gavin, D.P., Chen, Y., and Davis, J. (2012). Upregulation of TET1 and 
downregulation of APOBEC3A and APOBEC3C in the parietal cortex of psychotic 
patients. Transl. Psychiatry 2, e159. 

Dumount, P., Burton, M., and Chen, Q.M. (2000). Induction of replicative senescence 
biomarkers by sublethal oxidative stress in normal human fibroblast. Free Radic. 
Biol. Med. 28, 361–373. 

Edwards, C.R., Benediktsson, R., Lindsay, R.S., and Seckl, J.R. (1993). Dysfunction 
of placental glucocorticoid barrier: link between fetal environment and adult 
hypertension? Lancet 341, 355–357. 

Fan, G., Beard, C., Chen, R.Z., Csankovszki, G., Sun, Y., Siniaia, M., Biniszkiewicz, 
D., Bates, B., Lee, P.P., Kuhn, R., et al. (2001). DNA hypomethylation perturbs the 
function and survival of CNS neurons in postnatal animals. J. Neurosci. 21, 788–797. 

Fan, G., Martinowich, K., Chin, M.H., He, F., Fouse, S.D., Hutnick, L., Hattori, D., 
Ge, W., Shen, Y., Wu, H., et al. (2005). DNA methylation controls the timing of 
astrogliogenesis through regulation of JAK-STAT signaling. Development 132, 
3345–3356. 

Feil, R., and Fraga, M.F. (2011). Epigenetics and the environment: emerging patterns 
and implications. Nat. Rev. Genet. 13, 97–109. 

Feng, J., Chang, H., Li, E., and Fan, G. (2005). Dynamic expression of de novo DNA 
methyltransferases Dnmt3a and Dnmt3b in the central nervous system. J. Neurosci. 
Res. 79, 734–746. 

Feng, J., Liu, T., and Zhang, Y. (2011). Using MACS to identify peaks from ChIP-
Seq data. Curr Protoc Bioinforma. Chapter 2, Unit 2 14. 

De Ferrari, G. V, and Moon, R.T. (2006). The ups and downs of Wnt signaling in 
prevalent neurological disorders. Oncogene 25, 7545–7553. 

Fitzsimons, C.P., van Hooijdonk, L.W.A., Schouten, M., Zalachoras, I., Brinks, V., 
Zheng, T., Schouten, T.G., Saaltink, D.J., Dijkmans, T., Steindler, D.A., et al. (2013). 
Knockdown of the glucocorticoid receptor alters functional integration of newborn 



 

  41 

neurons in the adult hippocampus and impairs fear-motivated behavior. Mol. 
Psychiatry 18, 993–1005. 

Frauer, C., Rottach, A., Meilinger, D., Bultmann, S., Fellinger, K., Hasenöder, S., 
Wang, M., Qin, W., Söding, J., Spada, F., et al. (2011). Different binding properties 
and function of CXXC zinc finger domains in Dnmt1 and Tet1. PLoS One 6, e16627. 

Fukumoto, K., Morita, T., Mayanagi, T., Tanokashira, D., Yoshida, T., Sakai, A., and 
Sobue, K. (2009). Detrimental effects of glucocorticoids on neuronal migration 
during brain development. Mol. Psychiatry 14, 1119–1131. 

Ge, Y.-Z., Pu, M.-T., Gowher, H., Wu, H.-P., Ding, J.-P., Jeltsch, A., and Xu, G.-L. 
(2004). Chromatin targeting of de novo DNA methyltransferases by the PWWP 
domain. J. Biol. Chem. 279, 25447–25454. 

Gebhard, C., Benner, C., Ehrich, M., Schwarzfischer, L., Schilling, E., Klug, M., 
Dietmaier, W., Thiede, C., Holler, E., Andreesen, R., et al. (2010). General 
transcription factor binding at CpG islands in normal cells correlates with resistance 
to de novo DNA methylation in cancer cells. Cancer Res. 70, 1398–1407. 

Gilbert, S.G., and Grant-Webster, K.S. (1995). Neurobehavioral effects of 
developmental methylmercury exposure. Environ. Health Perspect. 103, 135–142. 

Gilbert, S.G., Rice, D.C., and Burbacher, T.M. (1996). Fixed interval/fixed ratio 
performance in adult monkeys exposed in utero to methylmercury. Neurotoxicol. 
Teratol. 18, 539–546. 

Globisch, D., Munzel, M., Muller, M., Michalakis, S., Wagner, M., Koch, S., Bruckl, 
T., Biel, M., and Carell, T. (2010). Tissue distribution of 5-hydroxymethylcytosine 
and search for active demethylation intermediates. PLoS One 5, e15367. 

Goto, K., Numata, M., Komura, J.I., Ono, T., Bestor, T.H., and Kondo, H. (1994). 
Expression of DNA methyltransferase gene in mature and immature neurons as well 
as proliferating cells in mice. Differentiation. 56, 39–44. 

Gould, E., Tanapat, P., McEwen, B.S., Flügge, G., and Fuchs, E. (1998). Proliferation 
of granule cell precursors in the dentate gyrus of adult monkeys is diminished by 
stress. Proc. Natl. Acad. Sci. U. S. A. 95, 3168–3171. 

Grandjean, P. (2007). Methylmercury toxicity and functional programming. Reprod. 
Toxicol. 23, 414–420. 

Grandjean, P., and Landrigan, P.J. (2006). Developmental neurotoxicity of industrial 
chemicals. Lancet 368, 2167–2178. 

Grandjean, P., Weihe, P., White, R.F., and Debes, F. (1998). Cognitive performance 
of children prenatally exposed to “safe” levels of methylmercury. Env. Res 77, 165–
172. 



 

42 

Gross, R.E., Mehler, M.F., Mabie, P.C., Zang, Z., Santschi, L., and Kessler, J.A. 
(1996). Bone morphogenetic proteins promote astroglial lineage commitment by 
mammalian subventricular zone progenitor cells. Neuron 17, 595–606. 

Gu, T.-P., Guo, F., Yang, H., Wu, H.-P., Xu, G.-F., Liu, W., Xie, Z.-G., Shi, L., He, 
X., Jin, S., et al. (2011). The role of Tet3 DNA dioxygenase in epigenetic 
reprogramming by oocytes. Nature 477, 606–610. 

Götz, M., and Barde, Y.-A. (2005). Radial glial cells defined and major intermediates 
between embryonic stem cells and CNS neurons. Neuron 46, 369–372. 

Hahn, M.A., Qiu, R., Wu, X., Li, A.X., Zhang, H., Wang, J., Jui, J., Jin, S.-G., Jiang, 
Y., Pfeifer, G.P., et al. (2013). Dynamics of 5-hydroxymethylcytosine and chromatin 
marks in Mammalian neurogenesis. Cell Rep. 3, 291–300. 

Halliwell, B., and Gutteridge, J.M. (1988). Free radicals and antioxidant protection: 
mechanisms and significance in toxicology and disease. Hum. Toxicol. 7, 7–13. 

Harada, M. (1995). Minamata disease: methylmercury poisoning in Japan caused by 
environmental pollution. Crit Rev Toxicol 25, 1–24. 

Hari, L., Brault, V., Kléber, M., Lee, H.-Y., Ille, F., Leimeroth, R., Paratore, C., 
Suter, U., Kemler, R., and Sommer, L. (2002). Lineage-specific requirements of beta-
catenin in neural crest development. J. Cell Biol. 159, 867–880. 

Harley, C.B., Greider, B.F., and Carol, W. (1990). Telomeres shorten during ageing 
of human fibroblasts. Nature 345, 458–460. 

Hayflick, L., and Moorhead, P.S. (1961). The serial cultivation of human diploid cell 
strains. Exp. Cell Res. 25, 585–621. 

Herbig, U., Jobling, W.A., Chen, B.P.C., Chen, D.J., and Sedivy, J.M. (2004). 
Telomere Shortening Triggers Senescence of Human Cells through a Pathway 
Involving ATM, p53, and p21CIP1, but Not p16INK4a. Mol. Cell 14, 501–513. 

Herman, J.G., Graff, J.R., Myöhänen, S., Nelkin, B.D., Baylin, S.B., and Myohanen, 
S. (1996). Methylation-specific PCR: a novel PCR assay for methylation status of 
CpG islands. Proc. Natl. Acad. Sci. U. S. A. 93, 9821–9826. 

Hutnick, L.K., Golshani, P., Namihira, M., Xue, Z., Matynia, A., Yang, X.W., Silva, 
A.J., Schweizer, F.E., and Fan, G. (2009). DNA hypomethylation restricted to the 
murine forebrain induces cortical degeneration and impairs postnatal neuronal 
maturation. Hum. Mol. Genet. 18, 2875–2888. 

Ikeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S., and Kikuchi, A. 
(1998). Axin , a negative regulator of the Wnt signaling pathway , forms a complex 
with GSK-3 β and β -catenin and promotes GSK-3 β -dependent phosphorylation of β 
-catenin. EMBO J 17, 1371–1384. 



 

  43 

Ilkhanizadeh, S., Teixeira, A.I., and Hermanson, O. (2007). Inkjet printing of 
macromolecules on hydrogels to steer neural stem cell differentiation. Biomaterials 
28, 3936–3943. 

Ille, F., and Sommer, L. (2005). Wnt signaling: multiple functions in neural 
development. Cell. Mol. Life Sci. 62, 1100–1108. 

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T., Yamaguchi, M., 
Mori, K., Ikeda, T., Itohara, S., and Kageyama, R. (2008). Roles of continuous 
neurogenesis in the structural and functional integrity of the adult forebrain. Nat. 
Neurosci. 11, 1153–1161. 

Itahana, K., Zou, Y., Itahana, Y., Martinez, J., Beausejour, C., Jacobs, J.J.L., Van, M., 
Band, V., Campisi, J., Goberdhan, P., et al. (2003). Control of the Replicative Life 
Span of Human Fibroblasts by p16 and the Polycomb Protein Bmi-1. Mol Cell Biol 
23, 389. 

Ito, S., D’Alessio, A.C., Taranova, O. V, Hong, K., Sowers, L.C., and Zhang, Y. 
(2010). Role of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and 
inner cell mass specification. Nature 466, 1129–1133. 

Ito, S., Shen, L., Dai, Q., Wu, S.C., Collins, L.B., Swenberg, J. a, He, C., and Zhang, 
Y. (2011). Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-
carboxylcytosine. Science 333, 1300–1303. 

Iwasa, H., Han, J., and Ishikawa, F. (2003). Mitogen-activated protein kinase p38 
defines the common senescence-signalling pathway. Genes Cells 8, 131–144. 

Janson, A.M., and Møller, A. (1993). Chronic nicotine treatment counteracts nigral 
cell loss induced by a partial mesodiencephalic hemitransection: an analysis of the 
total number and mean volume of neurons and glia in substantia nigra of the male rat. 
Neuroscience 57, 931–941. 

Jin, S.-G., Wu, X., Li, A.X., and Pfeifer, G.P. (2011). Genomic mapping of 5-
hydroxymethylcytosine in the human brain. Nucleic Acids Res. 39, 5015–5024. 

Johe, K.K., Hazel, T.G., Muller, T., Dugich-Djordjevic, M.M., and McKay, R.D. 
(1996). Single factors direct the differentiation of stem cells from the fetal and adult 
central nervous system. Genes Dev. 10, 3129–3140. 

Jones, P.A., and Liang, G. (2010). Rethinking how DNA Methylation Patterns are 
Maintained. Nat Rev Genet. 10, 805–811. 

Kaas, G.A., Zhong, C., Eason, D.E., Ross, D.L., Vachhani, R. V, Ming, G.-L.L., 
King, J.R., Song, H., and Sweatt, J.D. (2013). TET1 controls CNS 5-methylcytosine 
hydroxylation, active DNA demethylation, gene transcription, and memory 
formation. Neuron 79, 1086–1093. 

Kalani, M.Y.S., Cheshier, S.H., Cord, B.J., Bababeygy, S.R., Vogel, H., Weissman, 
I.L., Palmer, T.D., and Nusse, R. (2008). Wnt-mediated self-renewal of neural 
stem/progenitor cells. Proc. Natl. Acad. Sci. U. S. A. 105, 16970–16975. 



 

44 

Kang, K.-S. (2011). Epigenetic regulations in adult stem cells: the role of DNA 
methyltransferase in stem cell aging. Epigenomics 3, 671–673. 

Kawano, Y., and Kypta, R. (2003). Secreted antagonists of the Wnt signalling 
pathway. J. Cell Sci. 116, 2627–2634. 

Kim, J. Bin, Ju, J.Y., Kim, J.H., Kim, T.-Y., Yang, B.-H., Lee, Y.-S., and Son, H. 
(2004). Dexamethasone inhibits proliferation of adult hippocampal neurogenesis in 
vivo and in vitro. Brain Res. 1027, 1–10. 

Kim, J.-S., Kim, E.-J., Kim, H.-J., Yang, J.-Y., Hwang, G.-S., and Kim, C.-W. 
(2011). Proteomic and metabolomic analysis of H2O2-induced premature senescent 
human mesenchymal stem cells. Exp. Gerontol. 46, 500–510. 

Klein, T.J., and Mlodzik, M. (2005). Planar cell polarization: an emerging model 
points in the right direction. Annu. Rev. Cell Dev. Biol. 21, 155–176. 

Kohli, R.M., and Zhang, Y. (2013). TET enzymes, TDG and the dynamics of DNA 
demethylation. Nature 502, 472–479. 

Kohn, A.D., and Moon, R.T. (2005). Wnt and calcium signaling: beta-catenin-
independent pathways. Cell Calcium 38, 439–446. 

Kriaucionis, S., and Heintz, N. (2009). The nuclear DNA base 5-
hydroxymethylcytosine is present in Purkinje neurons and the brain. Science 324, 
929–930. 

Kwan, K.Y., Sestan, N., and Anton, E.S. (2012). Transcriptional co-regulation of 
neuronal migration and laminar identity in the neocortex. Development 139, 1535–
1546. 

LaPlant, Q., Vialou, V., Covington  3rd, H.E., Dumitriu, D., Feng, J., Warren, B.L., 
Maze, I., Dietz, D.M., Watts, E.L., Iniguez, S.D., et al. (2010). Dnmt3a regulates 
emotional behavior and spine plasticity in the nucleus accumbens. Nat. Neurosci. 13, 
1137–1143. 

Lemaire, V., Koehl, M., Le Moal, M., and Abrous, D.N. (2000). Prenatal stress 
produces learning deficits associated with an inhibition of neurogenesis in the 
hippocampus. Proc. Natl. Acad. Sci. U. S. A. 97, 11032–11037. 

Di Leonardo, a, Linke, S.P., Clarkin, K., and Wahl, G.M. (1994). DNA damage 
triggers a prolonged p53-dependent G1 arrest and long-term induction of Cip1 in 
normal human fibroblasts. Genes Dev. 8, 2540–2551. 

Li, L.C., and Dahiya, R. (2002). MethPrimer: designing primers for methylation 
PCRs. Bioinformatics 18, 1427–1431. 

Li, E., Bestor, T.H., and Jaenisch, R. (1992). Targeted mutation of the DNA 
methyltransferase gene results in embryonic lethality. Cell 69, 915–926. 



 

  45 

Liebner, S., and Plate, K.H. (2010). Differentiation of the brain vasculature: the 
answer came blowing by the Wnt. J. Angiogenes. Res. 2, 1. 

Lienert, F., Wirbelauer, C., Som, I., Dean, A., Mohn, F., and Schübeler, D. (2011). 
Identification of genetic elements that autonomously determine DNA methylation 
states. Nat. Genet. 43, 1091–1097. 

Liu, N., Wang, M., Deng, W., Schmidt, C.S., Qin, W., Leonhardt, H., and Spada, F. 
(2013). Intrinsic and extrinsic connections of Tet3 dioxygenase with CXXC zinc 
finger modules. PLoS One 8, e62755. 

Long, H.K., Blackledge, N.P., and Klose, R.J. (2013). ZF-CxxC domain-containing 
proteins, CpG islands and the chromatin connection. Biochem. Soc. Trans. 41, 727–
740. 

MacDonald, B.T., Tamai, K., and He, X. (2009). Wnt/beta-catenin signaling: 
components, mechanisms, and diseases. Dev. Cell 17, 9–26. 

Macleod, D., Charlton, J., Mullins, J., and Bird, A.P. (1994). Sp1 sites in the mouse 
aprt gene promoter are required to prevent methylation of the CpG island. Genes Dev. 
8, 2282–2292. 

Marqués-Torrejón, M.Á., Porlan, E., Banito, A., Gómez-Ibarlucea, E., Fernández-
Capetillo, Ó., Vidal, A., Gil, J., and Torres, J. (2013). Cyclin-dependent kinase 
inhibitor p21 controls adult neural stem cell expansion by regulating Sox2 gene 
expression. Cell Stem Cell 12, 88–100. 

Mastorakos, G., and Ilias, I. (2003). Maternal and Fetal Hypothalamic-Pituitary-
Adrenal Axes During Pregnancy and Postpartum. Ann. N. Y. Acad. Sci. 997, 136–
149. 

Matrisciano, F., Busceti, C.L., Bucci, D., Orlando, R., Caruso, A., Molinaro, G., 
Cappuccio, I., Riozzi, B., Gradini, R., Motolese, M., et al. (2011). Induction of the 
Wnt antagonist Dickkopf-1 is involved in stress-induced hippocampal damage. PLoS 
One 6, e16447. 

Matthews, S.G., Owen, D., Kalabis, G., Banjanin, S., Setiawan, E.B., Dunn, E. a., and 
Andrews, M.H. (2004). Fetal Glucocorticoid Exposure and Hypothalamo‐Pituitary‐
Adrenal (HPA) Function After Birth. Endocr. Res. 30, 827–836. 

McGowan, A.J., Fernandes, R.S., Samali, A., and Cotter, T.G. (1996). Anti-oxidants 
and apoptosis. Biochem. Soc. Trans. 24, 229–233. 

McMahon, A.P., and Bradley, A. (1990). The Wnt-1 (int-1) proto-oncogene is 
required for development of a large region of the mouse brain. Cell 62, 1073–1085. 

Meaney, M.J., Szyf, M., and Seckl, J.R. (2007). Epigenetic mechanisms of perinatal 
programming of hypothalamic-pituitary-adrenal function and health. Trends Mol Med 
13, 269–277. 



 

46 

Michaelidis, T.M., and Lie, D.C. (2008). Wnt signaling and neural stem cells: caught 
in the Wnt web. Cell Tissue Res. 331, 193–210. 

Miquel, J., Economos, A.C., Fleming, J., and Johnson, J.E. (1980). Mitochondrial 
role in cell aging. Exp. Gerontol. 15, 575–591. 

Moors, M., Vudattu, N.K., Abel, J., Krämer, U., Rane, L., Ulfig, N., Ceccatelli, S., 
Seyfert-Margolies, V., Fritsche, E., and Maeurer, M.J. (2010). Interleukin-7 (IL-7) 
and IL-7 splice variants affect differentiation of human neural progenitor cells. Genes 
Immun. 11, 11–20. 

Moors, M., Bose, R., Johansson-Haque, K., Edoff, K., Okret, S., and Ceccatelli, S. 
(2012). Dickkopf 1 mediates glucocorticoid-induced changes in human neural 
progenitor cell proliferation and differentiation. Toxicol Sci 125, 488–495. 

Morel, Y., and Barouki, R. (1999). Repression of gene expression by oxidative stress. 
Biochem. J. 342 Pt 3, 481–496. 

Morris, K. V, Chan, S.W.-L., Jacobsen, S.E., and Looney, D.J. (2004). Small 
interfering RNA-induced transcriptional gene silencing in human cells. Science 305, 
1289–1292. 

Mortusewicz, O., Schermelleh, L., Walter, J., Cardoso, M.C., and Leonhardt, H. 
(2005). Recruitment of DNA methyltransferase I to DNA repair sites. Proc. Natl. 
Acad. Sci. U. S. A. 102, 8905–8909. 

Mukhopadhyay, M., Shtrom, S., Rodriguez-Esteban, C., Chen, L., Tsukui, T., Gomer, 
L., Dorward, D.W., Glinka, a, Grinberg, a, Huang, S.P., et al. (2001). Dickkopf1 is 
required for embryonic head induction and limb morphogenesis in the mouse. Dev. 
Cell 1, 423–434. 

Münzel, M., Globisch, D., Brückl, T., Wagner, M., Welzmiller, V., Michalakis, S., 
Müller, M., Biel, M., and Carell, T. (2010). Quantification of the sixth DNA base 
hydroxymethylcytosine in the brain. Angew. Chem. Int. Ed. Engl. 49, 5375–5377. 

Navarro, A., and Boveris, A. (2007). The mitochondrial energy transduction system 
and the aging process. Am. J. Physiol. Cell Physiol. 292, C670–86. 

Naylor, R.M., Baker, D.J., and van Deursen, J.M. (2013). Senescent cells: a novel 
therapeutic target for aging and age-related diseases. Clin. Pharmacol. Ther. 93, 105–
116. 

Nestor, C.E., Ottaviano, R., Reddington, J., Sproul, D., Reinhardt, D., Dunican, D., 
Katz, E., Dixon, J.M., Harrison, D.J., and Meehan, R.R. (2012). Tissue type is a 
major modifier of the 5-hydroxymethylcytosine content of human genes. 467–477. 

Newland, M.C., Reile, P.A., and Langston, J.L. (2004). Gestational exposure to 
methylmercury retards choice in transition in aging rats. Neurotoxicol Teratol 26, 
179–194. 



 

  47 

Noctor, S.C., Flint, a C., Weissman, T. a, Dammerman, R.S., and Kriegstein, a R. 
(2001). Neurons derived from radial glial cells establish radial units in neocortex. 
Nature 409, 714–720. 

Nusse, R. (2008). Wnt signaling and stem cell control. Cell Res. 18, 523–527. 

Ohnuma, S., and Harris, W.A. (2003). Neurogenesis and the Cell Cycle Review. 40, 
199–208. 

Okano, M., Bell, D.W., Haber, D.A., and Li, E. (1999). DNA methyltransferases 
Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian 
development. Cell 99, 247–257. 

Onishchenko, N., Tamm, C., Vahter, M., Hökfelt, T., Johnson, J.A., Johnson, D.A., 
and Ceccatelli, S. (2007). Developmental exposure to methylmercury alters learning 
and induces depression-like behavior in male mice. Toxicol Sci 97, 428–437. 

Onishchenko, N., Karpova, N., Sabri, F., Castrén, E., and Ceccatelli, S. (2008). Long-
lasting depression-like behavior and epigenetic changes of BDNF gene expression 
induced by perinatal exposure to methylmercury. J Neurochem 106, 1378–1387. 

Owen, D., Andrews, M.H., and Matthews, S.G. (2005). Maternal adversity, 
glucocorticoids and programming of neuroendocrine function and behaviour. 
Neurosci. Biobehav. Rev. 29, 209–226. 

Parrinello, S., Samper, E., Krtolica, A., Goldstein, J., Melov, S., and Campisi, J. 
(2003). Oxygen sensitivity severely limits the replicative lifespan of murine 
fibroblasts. Nat. Cell Biol. 5, 741–747. 

Pascal, T., Debacq-Chainiaux, F., Chrétien, A., Bastin, C., Dabée, A.-F., Bertholet, 
V., Remacle, J., and Toussaint, O. (2005). Comparison of replicative senescence and 
stress-induced premature senescence combining differential display and low-density 
DNA arrays. FEBS Lett. 579, 3651–3659. 

Passos, J.F., Nelson, G., Wang, C., Richter, T., Simillion, C., Proctor, C.J., Miwa, S., 
Olijslagers, S., Hallinan, J., Wipat, A., et al. (2010). Feedback between p21 and 
reactive oxygen production is necessary for cell senescence. Mol. Syst. Biol. 6, 347. 

Pennisi, E. (1997). Cell Biology: Superoxides Relay Ras Protein’s Oncogenic 
Message. Science (80-. ). 275, 1567–1568. 

Pfeifer, G.P., Kadam, S., and Jin, S.-G. (2013). 5-Hydroxymethylcytosine and Its 
Potential Roles in Development and Cancer. Epigenetics Chromatin 6, 10. 

Poyton, R.O., Ball, K. a, and Castello, P.R. (2009). Mitochondrial generation of free 
radicals and hypoxic signaling. Trends Endocrinol. Metab. 20, 332–340. 

Pradhan, S. (1999). Recombinant Human DNA (Cytosine-5) Methyltransferase. I. 
Expression, purification, and comparison of de novo and maintenance methylation. J. 
Biol. Chem. 274, 33002–33010. 



 

48 

Proitsi, P., Li, T., Hamilton, G., Di Forti, M., Collier, D., Killick, R., Chen, R., Sham, 
P., Murray, R., Powell, J., et al. (2008). Positional pathway screen of wnt signaling 
genes in schizophrenia: association with DKK4. Biol Psychiatry 63, 13–16. 

Ramsahoye, B.H., Biniszkiewicz, D., Lyko, F., Clark, V., Bird, a P., and Jaenisch, R. 
(2000). Non-CpG methylation is prevalent in embryonic stem cells and may be 
mediated by DNA methyltransferase 3a. Proc. Natl. Acad. Sci. U. S. A. 97, 5237–
5242. 

Reynolds, R.M. (2013). Glucocorticoid excess and the developmental origins of 
disease: two decades of testing the hypothesis--2012 Curt Richter Award Winner. 
Psychoneuroendocrinology 38, 1–11. 

Risner, L.E., Kuntimaddi, A., Lokken, A. a, Achille, N.J., Birch, N.W., Schoenfelt, 
K., Bushweller, J.H., and Zeleznik-Le, N.J. (2013). Functional specificity of CpG 
DNA-binding CXXC domains in mixed lineage leukemia. J. Biol. Chem. 288, 
29901–29910. 

Robertson, K.D., and Jones, P.A. (2000). DNA methylation: past, present and future 
directions. Carcinogenesis 21, 461–467. 

Robles, S.J., and Adami, G.R. (1998). Agents that cause DNA double strand breaks 
lead to p16 INK4a enrichment and the premature senescence of normal fibroblasts. 
Oncogene 16, 1113–1123. 

Räikkönen, K., Pesonen, A.-K., Heinonen, K., Kajantie, E., Hovi, P., Järvenpää, A.-
L., Eriksson, J.G., and Andersson, S. (2008). Depression in young adults with very 
low birth weight: the Helsinki study of very low-birth-weight adults. Arch Gen 
Psychiatry 65, 290–296. 

Sapolsky, R.M. (1999). Glucocorticoids, stress, and their adverse neurological 
effects: relevance to aging. Exp. Gerontol. 34, 721–732. 

Sastre, J., Pallardo, F. V, and Viña, J. (2003). The role of mitochondrial oxidative 
stress in aging. Free Radic. Biol. Med. 35, 1–8. 

Sato, N., Iwata, S., Nakamura, K., Hori, T., Mori, K., and Yodoi, J. (1995). Thiol-
Mediated Redox Regulation of Apoptosis. J. Immunol. 154, 3194–3203. 

Schapira, A.H. (1998). Mitochondrial dysfunction in neurodegenerative disorders. 
Biochim. Biophys. Acta 1366, 225–233. 

Scharffetter-Kochanek, K., Wlaschek, M., Brenneisen, P., Schauen, M., Blaudschun, 
R., and Wenk, J. (1997). UV-induced reactive oxygen species in photocarcinogenesis 
and photoaging. Biol. Chem. 378, 1247–1257. 

Schraufstatter, I.U., Hyslop, P.A., Hinshaw, D.B., Spragg, R.G., Sklar, L.A., and 
Cochrane, C.G. (1986). Hydrogen peroxide-induced injury of cells and its prevention 
by inhibitors of poly(ADP-ribose) polymerase. Proc. Natl. Acad. Sci. U. S. A. 83, 
4908–4912. 



 

  49 

Seckl, J.R. (1998). Physiologic programming of the fetus. Clin. Perinatol. 25, 939–62, 
vii. 

Seckl, J.R. (2004). Prenatal glucocorticoids and long-term programming. Eur. J. 
Endocrinol. 151 Suppl , U49–62. 

Seckl, J.R., and Holmes, M.C. (2007). Mechanisms of disease: glucocorticoids, their 
placental metabolism and fetal “programming” of adult pathophysiology. Nat. Clin. 
Pract. Endocrinol. Metab. 3, 479–488. 

Seckl, J.R., and Meaney, M.J. (2006). Glucocorticoid “programming” and PTSD risk. 
Ann. N. Y. Acad. Sci. 1071, 351–378. 

Seib, D.R.M., Corsini, N.S., Ellwanger, K., Plaas, C., Mateos, A., Pitzer, C., Niehrs, 
C., Celikel, T., and Martin-Villalba, A. (2013). Loss of Dickkopf-1 restores 
neurogenesis in old age and counteracts cognitive decline. Cell Stem Cell 12, 204–
214. 

Sena, L.A., and Chandel, N.S. (2012). Physiological roles of mitochondrial reactive 
oxygen species. Mol. Cell 48, 158–167. 

Shen, L., Wu, H., Diep, D., Yamaguchi, S., D’Alessio, A.C., Fung, H.-L., Zhang, K., 
and Zhang, Y. (2013). Genome-wide analysis reveals TET- and TDG-dependent 5-
methylcytosine oxidation dynamics. Cell 153, 692–706. 

Smith, A.K., Jeffrey Newport, D., Ashe, M.P., Brennan, P.A., Laprairie, J.L., 
Calamaras, M., Nemeroff, C.B., Ritchie, J.C., Cubells, J.F., and Stowe, Z.N. (2011). 
Predictors of Neonatal Hypothalamic-Pituitary-Adrenal Axis Activity at Delivery. 
Clin. Endocrinol. (Oxf). 75, 90–95. 

Sommer, L., and Rao, M. (2002). Neural stem cells and regulation of cell number. 
Prog. Neurobiol. 66, 1–18. 

Steiner, B., Kronenberg, G., Jessberger, S., Brandt, M.D., Reuter, K., and 
Kempermann, G. (2004). Differential regulation of gliogenesis in the context of adult 
hippocampal neurogenesis in mice. Glia 46, 41–52. 

Straussman, R., Nejman, D., Roberts, D., Steinfeld, I., Blum, B., Benvenisty, N., 
Simon, I., Yakhini, Z., and Cedar, H. (2009). Developmental programming of CpG 
island methylation profiles in the human genome. Nat. Struct. Mol. Biol. 16, 564–
571. 

Sundberg, M., Savola, S., Hienola, A., Korhonen, L., and Lindholm, D. (2006). 
Glucocorticoid hormones decrease proliferation of embryonic neural stem cells 
through ubiquitin-mediated degradation of cyclin D1. J. Neurosci. 26, 5402–5410. 

Suzuki, M.M., and Bird, A. (2008). DNA methylation landscapes: provocative 
insights from epigenomics. Nat. Rev. Genet. 9, 465–476. 

Tahiliani, M., Koh, K.P., Shen, Y., Pastor, W.A., Brudno, Y., Agarwal, S., Iyer, L.M., 
David, R., Aravind, L., and Rao, A. (2009). Conversion of 5-Methylcytosine to 5-



 

50 

Hydroxymethylcytosine in Mammalian DNA by MLL Partner TET1. Science (80-. ). 
324, 930–935. 

Takai, H., Smogorzewska, A., and De Lange, T. (2003). DNA Damage Foci at 
Dysfunctional Telomeres. Curr. Biol. 13, 1549–1556. 

Tamm, C., Duckworth, J., Hermanson, O., and Ceccatelli, S. (2006). High 
susceptibility of neural stem cells to methylmercury toxicity: effects on cell survival 
and neuronal differentiation. J Neurochem 97, 69–78. 

Tamm, C., Duckworth, J.K., Hermanson, O., and Ceccatelli, S. (2008). 
Methylmercury inhibits differentiation of rat neural stem cells via Notch signalling. 
Neuroreport 19, 339–343. 

Temple, S. (2001). The development of neural stem cells. Nature 414, 112–117. 

Thompson, C. (2001). Birth weight and the risk of depressive disorder in late life. Br. 
J. Psychiatry 179, 450–455. 

Tollervey, J.R., and Lunyak, V. V (2012). Epigenetics: judge, jury and executioner of 
stem cell fate. Epigenetics 7, 823–840. 

Tropepe, V., Sibilia, M., Ciruna, B.G., Rossant, J., Wagner, E.F., and van der Kooy, 
D. (1999). Distinct neural stem cells proliferate in response to EGF and FGF in the 
developing mouse telencephalon. Dev. Biol. 208, 166–188. 

Wang, F., Yang, Y., Lin, X., Wang, J.-Q., Wu, Y.-S., Xie, W., Wang, D., Zhu, S., 
Liao, Y.-Q., Sun, Q., et al. (2013). Genome-wide loss of 5-hmC is a novel epigenetic 
feature of Huntington’s disease. Hum. Mol. Genet. 22, 3641–3653. 

Wang, T., Pan, Q., Lin, L., Szulwach, K.E., Song, C.-X.X., He, C., Wu, H., Warren, 
S.T., Jin, P., Duan, R., et al. (2012). Genome-wide DNA hydroxymethylation 
changes are associated with neurodevelopmental genes in the developing human 
cerebellum. Hum. Mol. Genet. 21, 5500–5510. 

Weinstock, M. (2008). The long-term behavioural consequences of prenatal stress. 
Neurosci. Biobehav. Rev. 32, 1073–1086. 

Welberg, L.A., and Seckl, J.R. (2001). Prenatal stress, glucocorticoids and the 
programming of the brain. J. Neuroendocrinol. 13, 113–128. 

Welberg, L.A., Seckl, J.R., and Holmes, M.C. (2000). Inhibition of 11beta-
hydroxysteroid dehydrogenase, the foeto-placental barrier to maternal 
glucocorticoids, permanently programs amygdala GR mRNA expression and anxiety-
like behaviour in the offspring. Eur. J. Neurosci. 12, 1047–1054. 

Wiles, N.J., Peters, T.J., Leon, D.A., and Lewis, G. (2005). Birth weight and 
psychological distress at age 45-51 years: results from the Aberdeen Children of the 
1950s cohort study. Br. J. Psychiatry 187, 21–28. 



 

  51 

Williams, K., Christensen, J., and Helin, K. (2012). DNA methylation: TET proteins-
guardians of CpG islands? EMBO Rep. 13, 28–35. 

Violeta, S. V, Crouch, E.E., and Doetsch, F. (2013). Adult neural stem cells and their 
niche: a dynamic duo during homeostasis, regeneration, and aging. Curr. Opin. 
Neurobiol. 23, 935–942. 

Wong, E.Y.H., and Herbert, J. (2005). Roles of mineralocorticoid and glucocorticoid 
receptors in the regulation of progenitor proliferation in the adult hippocampus. Eur J 
Neurosci 22, 785–792. 

Wu, H., and Zhang, Y. (2011). Mechanisms and functions of Tet protein-mediated 5-
methylcytosine oxidation. Genes Dev 25, 2436–2452. 

Wu, H., Coskun, V., Tao, J., Xie, W., Ge, W., Yoshikawa, K., Li, E., Zhang, Y., and 
Sun, Y.E. (2010). Dnmt3a-dependent nonpromoter DNA methylation facilitates 
transcription of neurogenic genes. Science 329, 444–448. 

Wu, Z., Huang, K., Yu, J., Le, T., Namihira, M., Liu, Y., Zhang, J., Xue, Z., Cheng, 
L., and Fan, G. (2012). Dnmt3a regulates both proliferation and differentiation of 
mouse neural stem cells. J. Neurosci. Res. 90, 1883–1891. 

Wyrwoll, C.S., and Holmes, M.C. (2012). Prenatal Excess Glucocorticoid Exposure 
and Adult Affective Disorders: A Role for Serotonergic and Catecholamine 
Pathways. Neuroendocrinology 95, 47–55. 

Xie, S., Wang, Z., Okano, M., Nogami, M., Li, Y., He, W.W., Okumura, K., and Li, 
E. (1999). Cloning, expression and chromosome locations of the human DNMT3 
gene family. Gene 236, 87–95. 

Xu, Y., Xu, C., Kato, A., Tempel, W., Abreu, J.G., Bian, C., Hu, Y., Hu, D., Zhao, 
B., Cerovina, T., et al. (2012). Tet3 CXXC domain and dioxygenase activity 
cooperatively regulate key genes for Xenopus eye and neural development. Cell 151, 
1200–1213. 

Yamamoto, H. (1999). Phosphorylation of Axin, a Wnt Signal Negative Regulator, 
by Glycogen Synthase Kinase-3beta Regulates Its Stability. J. Biol. Chem. 274, 
10681–10684. 

Yen, R.W., Vertino, P.M., Nelkin, B.D., Yu, J.J., el-Deiry, W., Cumaraswamy, a, 
Lennon, G.G., Trask, B.J., Celano, P., and Baylin, S.B. (1992). Isolation and 
characterization of the cDNA encoding human DNA methyltransferase. Nucleic 
Acids Res. 20, 2287–2291. 

Yorifuji, T., Tsuda, T., Inoue, S., Takao, S., and Harada, M. (2011). Long-term 
exposure to methylmercury and psychiatric symptoms in residents of Minamata, 
Japan. Environ. Int. 37, 907–913. 

Zechner, D., Fujita, Y., Hülsken, J., Müller, T., Walther, I., Taketo, M.M., Bryan 
Crenshaw, E., Birchmeier, W., and Birchmeier, C. (2003). β-Catenin signals regulate 



 

52 

cell growth and the balance between progenitor cell expansion and differentiation in 
the nervous system. Dev. Biol. 258, 406–418. 

Zhang, D.X., and Gutterman, D.D. (2007). Mitochondrial reactive oxygen species-
mediated signaling in endothelial cells. 53226, 2023–2031. 

Zhang, R.-R., Cui, Q.-Y., Murai, K., Lim, Y.C., Smith, Z.D., Jin, S., Ye, P., Rosa, L., 
Lee, Y.K., Wu, H.-P., et al. (2013). Tet1 regulates adult hippocampal neurogenesis 
and cognition. Cell Stem Cell 13, 237–245. 

Zhang, W., Ji, W., Yang, J., Yang, L., Chen, W., and Zhuang, Z. (2008a). 
Comparison of global DNA methylation profiles in replicative versus premature 
senescence. Life Sci. 83, 475–480. 

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., 
Nusbaum, C., Myers, R.M., Brown, M., Li, W., et al. (2008b). Model-based analysis 
of ChIP-Seq (MACS). Genome Biol 9, R137.  

 

 


