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propose a role for small non-coding RNAs in 
the molecular control of adult hippocampal 
neurogenesis, and the changes as a result 
of aging. In this review, an interplay between 
age-dependent changes in endocrine profiles, 
steroid receptors and microRNAs is proposed 
as a way to explain some of the factors 
that contribute to an age-related decline of 
cognition.

Chapter 2 reviews the literature on how 
stressors can lastingly alter neuronal 
plasticity through epigenetics, with a 
particular focus on microRNA. Furthermore, 
we propose the concept of microRNA 
cooperativity as a mechanism in microRNA 
biology.  

In Chapter 3 we describe molecular changes, 
with a particular focus on mitochondrial 
dysfunction, occuring shortly after kainic acid 
induced hyper-activiation in the adult mouse 
DG. We show that kainic acid induces a 
particular expression pattern of microRNAs 
and proteins involved in mitondrial function, 
and how the cooperative action of miR-
124&137 control caspase3 activity through 
BCL2L13, thereby favoring NPC survival and 
differentiation.

In Chapter 4 we describe a working protocol 
for structural illumination microscopy 
(SIM) that helps to overcome the limitation 
of conventional microscopy’s resolution 
limits. This allowed the identification of 
subtle morphological changes in small but 
functionally important cellular compartments 
such as the head and neck of dendritic 
spines.

In Chapter 5 we focus on how glucocorticoid 
receptor (GR) activation can induce NPC 
quiescence and compare a constant CORT 
treatment scheme commonly used in the 
literature with a pulsatile CORT exposure 
regimen. We found that deviations from 
basal CORT rhythmicity induce long lasting 
changes as demonstrated by an attenuated 
promoter methylation profile and concomitant 
altered responsiveness to a subsequent 
CORT exposure.

Chapter 6 describes how aging differentially 
influences the decay kinetics of specific NPC 
subsets and how GR expression in NPCs 
predicts the decay kinetics of different NPC 
subsets. Given the previously described 
role of the GR in regulating multiple 

Preface

The adult brain has the ability to 
structurally and functionally adapt to 
changes in its environment1. Examples 
of these adaptations are the addition 
of new neurons to discrete neurogenic 
regions such as the hippocampal dentate 
gyrus (DG), termed adult hippocampal 
neurogenesis (AHN), and alterations in 
neuronal connections at synaptic sites2. 
Both of these forms of plasticity are heavily 
regulated at multiple molecular levels, not 
all of which are fully understood.

Concerning AHN, a number of crucial 
events occur before newly born neurons 
in the adult hippocampus can functionally 
contribute to the pre-existing network3. Exit 
of the neural precursor cells (NPCs) from 
their quiescent state, proliferation of these 
activated NPCs, NPCs cell fate decisions 
and selection through apoptosis are some 
of the cellular changes that together 
control the neurogenic cascade, ultimately 
establishing a balanced level of new 
neurons that contribute to hippocampal 
plasticity and cognition3. This plethora of 
events can all take place within a time-span 
of several days, and as such require rapid 
yet carefully orchestrated changes in the 
molecular machinery of these cells4.  This 
rapid coordinated action can be achieved 
through multiple layers of molecular 
control, many of which are of epigenetic 
nature, such as alterations in gene 
promoter DNA methylation and microRNA-
mediated control of mRNA translation. 
Furthermore, specific alterations in any 
of these layers of molecular control, and 
in the corresponding cellular phenotypes, 
can also be induced by cell extrinsic factors 
such as e.g. circuit hyper-activation5 and 
alterations in glucocorticoid hormone 
(CORT) exposure or stress6. 

Therefore, the overall aim of this thesis 
is the identification of novel epigenetic 
mechanisms governing phenotypical 
changes of NPCs and newborn neurons 
such as quiescence, proliferation, apoptosis 
and differentiation, induced by some of the 
aforementioned cell extrinsic factors.

Outline of this thesis
In Chapter 1 we provide a review of the 
literature on the different neurogenic steps 
that are differentially affected by aging. We 
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NPC phenotypes including quiescence, 
proliferation, apoptosis and differentiation, 
this chapter suggests the GR is critically 
involved in maintaining NPC populations 
with advancing age.

In Chapter 7 we provide a general discussion 
on the topics considered in this thesis and 
provide future directions.
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1 New neurons in aging brains:

molecular control by small non-coding RNAs

Marijn Schouten, M. Renate Buijink, Paul J. Lucassen and Carlos P. 
Fitzsimons

Front Neurosci. (17), doi: 10.3389/fnins.2012.00025 (2012) 

Schematic illustration summarizing microRNAs (miRs) and targets involved in the regulation of different 
phases of adult hippocampal neurogenesis.
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Abstract

Adult neurogenesis generates functional neurons from neural stem cells present in 
specific brain regions. It is largely confined to two main regions: the subventricular zone of 
the lateral ventricle, and the subgranular zone of the dentate gyrus, in the hippocampus. 
With age, the function of the hippocampus and particularly the dentate gyrus is impaired. 
For instance, adult neurogenesis is decreased with aging, in both proliferating and 
differentiation of newborn cells, while in parallel an age-associated decline in cognitive 
performance is often seen. Surprisingly, the synaptogenic potential of adult-born neurons 
is only marginally influenced by aging. Therefore, although proliferation, differentiation 
and synaptogenesis of adult-born new neurons in the dentate gyrus are closely related to 
each other, they are differentially affected by aging. In this review we discuss the crucial 
roles of a novel class of recently discovered modulators of gene expression, the small 
non-coding RNAs, in the regulation of adult neurogenesis. Multiple small non-coding 
RNAs are differentially expressed in the hippocampus. In particular a subgroup of the 
small non-coding RNAs, the microRNAs, fine-tune the progression of adult neurogenesis. 
This makes small non-coding RNAs appealing candidates to orchestrate the functional 
alterations in adult neurogenesis and cognition associated with aging. Finally, we 
summarize observations that link changes in circulating levels of steroid hormones with 
alterations in adult neurogenesis, cognitive decline and vulnerability to psychopathology 
in advanced age, and discuss a potential interplay between steroid hormone receptors 
and microRNAs in cognitive decline in aging individuals.
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phenomenon is largely confined to two 
main regions: the subventricular zone 
(SVZ) of the lateral ventricle, and the 
subgranular zone (SGZ) of the DG. In other 
adult cortical regions limited neurogenesis 
may occur, but only under specific 
conditions14-16. In the SGZ, NSCs give rise 
to transit amplifying neural progenitors 
that in turn differentiate into new immature 
neurons. These newly generated neurons 
migrate short distances into the granular 
cell layer of the DG and mature locally into 
dentate granule cells (GCs) within a period 
of 4-5 weeks15,17. During maturation, newly 
generated GCs become functionally 
integrated into pre-existing hippocampal 
circuits, receiving synaptic inputs mainly 
from the entorhinal cortex via the perforant 
path and extend their axons (mossy fibers) 
to establish synapses onto CA3 pyramidal 
cells. Both phenotypic maturation and 
functional integration are tightly regulated 
processes and are strongly dependent on 
cellular activity and connectivity with pre-
existing networks18-22.

The process of AHN consists of several 
steps: proliferation of progenitor cells; 
early selective elimination by apoptosis; 
fate decision and commitment to a 
neuronal phenotype; morphological 
and physiological maturation with the 
development of functional neuronal 
characteristics and a second selection 
by synaptic integration into pre-existing 
hippocampal circuits23,24. Moreover, AHN 
generates a whole range of neurogenic 
cell types that are differentially regulated 
and may play specific roles in the overall 
process (Figure 1A). During this slow 
maturation process, many of the newborn 
neurons are selected and more than 
50% of the newborn GCs die within the 
first few weeks after birth25-28. The rapid 
decline during early stages results from 
active elimination by apoptosis23,29. On 
the other hand, those immature neurons 
that develop synapses and are recruited 
into functionally active hippocampal 
circuits stand a better chance to 
survive30,31. Thus, survival and death of 
newborn neurons in the DG are not only 
closely interconnected32, the balance 
between these two processes is fine-
tuned by neuronal activity and cognitive 
experience33. For more information about 
this topic, we refer the readers to some 
recent reviews20,34-36.

Introduction

In humans, aging is being intensively 
studied, among other reasons because 
humans are reaching more advanced ages 
and the effects of a substantially larger 
aging population on the society have risen 
significantly. Aging theories traditionally 
associate a slow accumulation of loss 
of function and plasticity in cells and 
organs with aging. Therefore, factors that 
control the rates of cellular mitogenesis, 
differentiation and cell death are 
considered important regulators of the 
aging process1. Many physical changes 
take place in our bodies as we age, such 
as hair loss, endocrine changes, motor 
deficits and sensory changes resulting in a 
reduced acuity of vision and impairment in 
hearing. However, the well-reported age-
related decline in cognition and memory 
is arguably one of the aging symptoms 
that worries humans the most, possibly 
because memory is so central to our 
personal identity and relations2.

Aging and the hippocampus
The human brain coordinates our cognitive 
abilities and in particular hippocampal and 
neocortical areas associated with memory 
and cognition are highly vulnerable to 
aging3,4. Early studies have shown that 
aging results in a decline in hippocampal 
functions such as spatial navigation5-7. 
Although the hippocampus has been 
traditionally evaluated as a single 
structure, it is now widely accepted that 
the hippocampus is a complex functional 
circuit, composed of molecular and 
functionally diverse regions4,8-11. Studies 
in rodents and monkeys have shown 
selective regional differences in sensitivity 
to advancing age in the hippocampus12. 
Interestingly, the hippocampal dentate 
gyrus (DG) is particularly affected by 
aging9,12,13. In the following section we will 
review in more detail literature that link 
adult hippocampal neurogenesis (AHN) 
with cognitive functions that decline with 
age.

Adult hippocampal neurogenesis and 
memory-related cognitive functions

It is now clearly established that new 
neurons continue to be generated in the 
adult brain throughout life by neurogenesis 
from neural stem cells (NSCs). This 
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and electrophysiological recordings have 
indicated that newborn GCs are more likely 
to respond to spatial processing than older 
GCs53. These observations suggest that 
even in the context of an otherwise declining 
function associated with aging, adult-born 
neurons remain functional and excitable 
and may therefore maintain their role in 
information processing. Although these 
are intriguing observations, future studies 
should have to address whether synapse 
formation or elimination still proceed at the 
same pace in the aging. Moreover, studies 
examining the expression of immediate 
early genes should be interpreted with care. 
Although immediate early genes are induced 
by activity, their expression does not provide 
a direct indication of information processing 
because it is unclear whether their activation 
is due to neuronal firing, synaptic plasticity, or 
subthreshold depolarizations54-56. Overall, the 
concept that although in decreased numbers, 
newborn GCs are still efficiently integrated 
into hippocampal circuits in the aging DG is 
consistent with theories proposing that AHN 
could be a promising substrate to restore 
function in the aging DG57,58. Moreover, it is 
in agreement with an earlier hypothesis that 
AHN may create a neurogenic reserve that 
buffers age-related cognitive decline59.

In order to fully understand the tight selection 
process newborn GC undergo, it is important 
to mention that newborn GC exhibit a period 
of enhanced excitability and plasticity as 
they are between 2 weeks and 5 months old. 
Interestingly, this critical period of enhanced 
excitability and plasticity is associated with 
a period of intense synaptogenesis18,60,61. 
During this period, newborn GCs can bypass 
apoptosis helped by NMDAR-mediated 
neuronal activity. They actively compete 
among themselves and possibly with their 
pre-existing mature counterparts for survival 
and connectivity to the network19,61-63. In 
this respect, studies aimed to characterize 
the maturation of synapses in adult-born 
neurons in the DG have found that they 
receive a diversity of inputs similar to mature 
granule neurons. Initially, immature neurons 
contact preferentially multiple synapse 
boutons. As new neurons maturate, spines 
form synapses preferentially with boutons 
devoid of other synaptic partners22. These 
observations indicate that the connectivity of 
new GCs changes in time and suggest the 
existence of synaptic competition at the level 
of glutamatergic inputs into new neurons.

Possible contribution of AHN to 
hippocampus-dependent cognitive functions
Although the exact role of newborn neurons 
in the DG is still under debate, recent data 
support a functional role for adult-born 
neurons in learning and memory processes 
as reviewed in detail elsewhere37-40. We here 
focus briefly on DG-dependent memory 
functions that may decrease with aging. 
The emerging consensus is that adult-born 
neurons in the DG play a crucial role in 
pattern separation, a memory mechanism 
that permits the differential representation 
of similar stimuli encoded by hippocampal 
circuits4,40,41. In humans, pattern separation 
can be assessed by a combination of 
functional magnetic resonance imaging 
and specific memory tasks42. Decreased 
performance in these tasks has been 
registered in aging subjects, positioning 
the DG as a key region in age-associated 
cognitive decline12,27,43,44. Importantly, 
impairment in tasks associated with pattern 
separation in humans may be an early 
indicator of DG dysfunction and possibly 
of early Alzheimer symptoms as altered 
performance in these tasks has been 
associated with changes in the activity of the 
entorhinal cortex, the main input to the DG45, 
probably affecting newborn GCs survival46.

Changes in adult hippocampal 
neurogenesis associated with aging

A steep decline in AHN associated with aging 
in the DG is well conserved in mammals 
and has been extensively reviewed 
elsewhere27,30,34,47-49. The most dramatic 
changes in AHN associated with aging in 
fact take place already early in life, when 
the decrease in AHN rate is exponential 
and becomes stabilized in early adult life, 
remaining active for the rest of the lifespan 
in rodents. Interestingly, this decrease 
in AHN associated with aging appears 
to result from a decrease in proliferation 
and differentiation50,51 and an increase in 
quiescence of NSCs28.

Synaptogenesis of newborn granule cells 
Surprisingly, synaptogenesis in newborn GCs 
is less affected by aging than proliferation. 
Similar levels of synaptogenesis, as measured 
by dendritic spine densities in newborn GCs, 
are found both in old and young animals19,22,52. 
As mentioned before and consistent with 
preserved synaptogenic potential in the 
aging DG, early-response gene expression 
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Figure 1 - miRs are key regulators in all phases of the adult neurogenesis cascade. 
Schematic illustration, adapted from (Lucassen et al., 2010)15, summarizing (A) miRs and targets involved in 
the regulation of different phases of adult neurogenesis and (B) miRs and targets hypothesized to be involved 
in the regulation of synaptogenesis during functional integration of adult-born new neurons. (A) The overall 
picture indicates that regulation by miR is less well characterized in the integration phase as opposed to 
expansion and differentiation phases. (B) Regulation of synaptogenesis by miR-132 and miR-137 has been 
studied in AHN and in other contexts as well. From these observations, described in the text, we hypothesize 
that the regulatory network(s) depicted in (B) could be engaged in fine-tuning synaptogenesis during the 
functional integration phase of AHN.
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Small non-coding RNAs can be classified into 
several major classes, i.e. small nucleolar 
RNAs (snoRNAs), endogenous small 
interfering RNAs (siRNAs), piwi-interacting 
RNAs (piRNAs), microRNas (miRs), transfer 
RNAs (tRNAs), ribosomal RNAs (rRNAs), 
spliceosomal RNAs, RNase P/MRP 
genes69,70. Other, less well-characterized 
small non coding RNAs classes are the 
small modulatory RNAs (smRNAs), repeat-
associated small interfering RNA (rasiRNA) 
that associate with piRNAs in protective 
mechanisms against transposable elements 
in the germ line71 and the smallest members 
of the family, the 17-18 nt long transcription 
initiation RNAs (tiRNAs) and small RNAs 
positioned at splice sites (spliRNAs), 
thought to be involved in the regulation of 
nucleosome positioning72. With respect 
to the regulation of adult NSCs, the small 
double-stranded RNA (dsRNA) NRSE can 
trigger gene expression of neuron-specific 
genes through interaction with the NRSF/
REST transcriptional machinery, resulting in 
the transition from neural stem cells into cells 
with a neuronal identity. The mechanism 
of action appears to be mediated through 
a dsRNA/protein interaction, rather than 
through RNA interference73.

snoRNAs
snoRNAs, are derived from protein-
coding and non-protein coding transcripts. 
They are involved in sequence-specific 
2’-O-methylation (box C/D snoRNAs) or 
in the isomerization of specific uridines to 
pseudouridines (box H/ACA snoRNAs) in 
target RNAs74. Some snoRNAs show tissue- 
and/or context-dependent expression, 
especially in the brain75-77 and may target 
other RNAs, including spliceosomal and 
transfer RNAs74. Except for snoRNA MBII-
52, involved in the alternative splicing of the 
serotonin receptor 2C75,78, very little is known 
about the function of snoRNAs in the brain79. 
Although not directly linked to AHN, an 
increased expression level of snoRNA host-
gene growth arrest specific 5 (GAS5) has 
been correlated to age-dependent spatial 
memory deficit in mice80. GAS5 is a gene 
with a complex structure, whose introns 
encode the snoRNAs SNORD44, 47, 74-
81 involved in ribosomal RNA biosynthesis 
by 2’-O-methylating pre-rRNAs81. GAS5’s 
5’ end harbors a terminal oligopyrimidine 
and its exons do not encode a protein81. 
Interestingly, Kino and collaborators have 
demonstrated that GAS5 is able to block the 

Although adult-born neurons ultimately 
blend into a phenotype that is functionally 
indistinguishable from older DG granule 
neurons generated during embryonic 
development and early postnatal life64, 
adult-born neurons are intrinsically different 
form their pre-existing counterparts 
because they undergo a complex 
maturation process within the context of 
already functional hippocampal circuits. 
This multi-step maturation involves the 
transition across several phenotypic 
and physiologically dissimilar cell types 
within an otherwise mature hippocampus 
(Figure 1A). Particularly in terms of 
synaptogenesis, their first output synapses 
are formed with regulatory interneurons 
and as their axons develop, they form 
synapses with more diverse partners, 
including input pyramidal cells in the CA3. 
This shift in connectivity partners is unique 
for adult-born new GCs and may hallmark 
their physiology and functional integration 
within the DG22,60. Moreover, as some of the 
transitional phenotypes show differential 
physiological properties, these intermediate 
cell types may have particular functions 
within the DG as well65. In particular, more 
immature phenotypes may modulate the 
activity of interneurons and neighboring 
granule neurons connected to the same 
interneurons. This transient state may have 
a potential effect on information coding by 
the dentate gyrus66.

In conclusion, proliferation, differentiation, 
survival and synaptogenesis seem to be 
differentially affected by aging during the 
complex maturation and selection process 
through which newborn cells establish their 
final connectivity in the DG. In the next 
section we will review recent evidence 
suggesting that various small non-coding 
RNAs may be key players in the regulation 
of AHN. 

Small non-coding RNAs in the regulation 
of adult hippocampal neurogenesis

The small non-coding RNAs are involved 
in a variety of gene expression regulatory 
mechanisms in the cell, such as alternative 
splicing, ribosomal RNA modifications, 
and repression of messenger RNA 
(mRNA) expression by RNA interference, 
a regulatory mechanism mediated by 
RNA-RNA interactions first observed in C. 
elegans67,68.
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of the small non-coding RNA family. They 
play important roles in almost all biological 
processes studied, from development to cell 
death and metabolic control69. Over 60% of 
all mammalian mRNAs seem to be under 
the control of miRs, adding an extra layer 
of control to the already complex regulatory 
mechanism of gene expression90-92. The 
miR seed region (5’ region nucleotides 2-8) 
usually binds to mRNA by almost perfect 
base-pairing, and the miR 3’ region binds 
mRNAs with less accurate base-pairing. 
Due to the limited size of miRs and their low 
mRNA binding specificity, miRs target several 
mRNAs and one mRNA can be targeted by 
multiple miRs93,94. In the canonical description 
of the miR pathway, target recognition by the 
miR leads to a decrease in the abundance 
of proteins encoded by the target. This has 
been explained by several mechanisms 
including posttranscriptional degradation 
of the target, translational repression and 
deadenylation-dependent target decay 
through partially complementary miR target 
sites in mRNA untranslated regions95-97. 
Challenging this canonical view of the miR 
pathway, recent observations suggest that in 
quiescent cells, a cellular state that may be 
relevant for aging, miRs induce upregulation 
of their targets by induction of protein 
translation, while in cycling/proliferating cells 
miRs inhibit translation98.

miR biogenesis
Simultaneously with the regulation that 
individual miRs exert on their specific targets, 
the miR pathway is regulated at different 
levels including miR biogenesis and decay99. 
The ribonucleases (RNases) III Drosha 
and Dicer as well as Argonaute 2 (Ago2), 
appear to be essential for miR biogenesis. In 
mammals, the presence of Dicer is essential 
for miR biogenesis, as Dicer-deficient mice 
die at the embryonic stage100. Therefore, 
specific Dicer deletion and its consequential 
loss of miRs have been extensively used 
to characterize the global role of miRs in 
neurogenesis. Applying this experimental 
approach, studies have shown that miRs 
are essential for survival and differentiation 
of newborn neurons but not for expansion of 
neural progenitors during early embryonic 
neurogenesis101. Using a similar approach in 
mature hippocampal neurons, more recent 
studies have demonstrated an essential 
role for miRs in learning and memory102. 
Accessory proteins of the miR pathway, 
such as the DiGeorge syndrome critical 

transcriptional activity of the glucocorticoid 
receptor and other steroid hormone 
receptors82. In line with this crosstalk 
between GAS5 and steroid hormone 
receptors, psychogenic stressors and the 
subsequent release of stress hormone 
corticosterone, upregulate GAS5 levels in 
the hippocampus83. Interestingly, treatment 
of cortical NSCs with ciliar neurotrophic 
factor (CNTF) induces NSCs to drift into 
the astrocytic lineage and strongly induces 
GAS5 expression84. Recently, we have 
observed that GAS5 is expressed in human 
hippocampal NSCs in culture (Schouten et 
al., unpublished data). Future studies will 
have to address the question whether GAS5 
has a regulatory role in steroid hormone 
responsiveness in hippocampal NSCs.

Endogenous siRNAs
Endogenous siRNAs are substrates of the 
ribonuclease Dicer and act through the RNA 
interference pathway, usually by perfect 
match with the target mRNA, resulting in 
mRNA degradation. They also seem to be 
involved in epigenetic regulation of target 
sequences by yet not well-characterized 
mechanisms85,86.

piRNAs
piRNAs use the RNA interference pathway 
as well, but they are not processed by 
Dicer and are involved in the silencing of 
transposons, primarily in the germline87 and 
are also involved in epigenetic regulation 
events such as DNA methylation and histone 
modification88. Interestingly, recent studies 
have reported the expression of a restricted 
group of piRNAs in the hippocampus, with at 
least one of this piRNAs (DQ541777) being 
expressed in the dendritic compartment 
of hippocampal neurons. Suppression of 
this piRNA by antisense oligonucleotides 
suggested a role in dendritic spine shape 
regulation89.

miRs
miRs are approximately 22 nucleotides long 
single stranded small non-coding RNAs. 
miRs are processed by Dicer, bind the RNA-
induced silencing complex (RISC) and act 
through RNA interference by imperfect match 
recognition of target sites in the 3’UTRs of 
mRNAs, resulting repression of target mRNA 
expression. Since their first discovery almost 
two decades ago, hundreds of miRs have 
been identified, in a wide range of organisms 
and are the best characterized members 
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oversimplification. Indeed, in addition to 
miR-137, other miRs have been shown to 
have a regulatory function in the proliferation 
stage of AHN (Table 1). For example, miR 
let-7b reduces stem cell numbers and self-
renewal in NSC of the SVZ through its 
target Hmga2108. Supporting a possible role 
in aging, Nishino et al. demonstrated that 
changes in let-7b and Hmga2 expression 
during aging contribute to decline in 
neural stem cell function. Moreover, miR-
137 and let-7b converge on molecular 
pathways that involve TLS, a member 
of the nuclear receptor family central in 
the control of adult NSC renewal and 
fate determination. Let-7b regulates NSC 
proliferation and differentiation by targeting, 
among other mRNAs, TLX109. Interestingly, 
TLX represses the expression of miR-137 
by recruiting the histone lysine-specific 
demethylase 1 (LSD1) to genomic regions 
of miR-137, providing a clear example of 
crosstalk between miRs and epigenetic 
regulatory mechanisms110. A possible 
interaction between of miR-137 and let-7b 
in regulating NSC function is interesting 
for multiple reasons. One is that different 
miRs could agonize or antagonize on 
particular NSC functions (i.e. proliferation, 
differentiation, synaptogenesis), 
potentiating or counteracting their individual 
effects. Another reason is that the levels of 
some individual miRs could be altered by 
aging, while others would not. In this latter 
scenario, the potentiating or counteracting 
effects of two miRs on NSCs would 
dynamically change with aging. Of course, 
the same questions could be applied not 
only to miR-137 and let-7b but to other miRs 
as well. Therefore, we will discuss in greater 
detail miRs that regulate adult neurogenesis 
at different stages, their mRNA targets and 
the subsequent effects.

Another miR with important functions 
in NSCs is miR-184. The Methyl-CpG 
binding protein 1 (MBD1) regulates gene 
expression via epigenetic mechanisms and 
miR-184 is directly repressed by MBD1 in 
NSCs, providing and interesting example 
of crosstalk between epigenetic regulation 
and miRs. Acting through inhibition of its 
target mRNA NumbI, high levels of miR-
184 promoted proliferation but inhibited 
differentiation of NSCs. Therefore, MBD1, 
miR-184 and NumbI form a regulatory 
network that controls the balance between 
proliferation and differentiation of NSCs111.

region gene 8 (DGCR8) protein, Exportin-5 
(Exp-5), TAR RNA binding protein (TRBP) 
and fragile X mental retardation protein 
(FMRP) are important in miR biogenesis as 
well and are affected in a variety of human 
pathologies103. Interestingly, schizophrenia 
is associated with an increase in cortical miR 
biogenesis in the adult CNS. This induction 
of miR biogenesis is linked to an elevation 
in primary miR processing and corresponds 
with an increase in the microprocessor 
component DGCR8104.

miR decay
In contrast to miR biogenesis, miR decay 
has received much less attention. This is 
probably because miRs are considered to 
be highly stable molecules. Nevertheless, 
several examples of regulation of miR 
turnover are known99. Interestingly, recent 
studies have shown that neurons actively 
degrade miRs upon synaptic stimulation105. 
In these studies, blocking glutamate 
receptors prevented the turnover of miR-
124, -128, -134, and -138, while the addition 
of glutamate accelerated it. Notably, the 
behavior of miR-132 was opposite to that of 
the other miRs. Its degradation was induced 
by blocking glutamate receptors and not by 
the addition of glutamate. These findings 
suggest a difference in the mechanisms 
regulating the turnover of miR-132 as 
compared to other neuronal miRs such as 
miR-134 or -138.

Roles of individual miRs in NSCs
The actions of several individual miRs 
on the proliferation, differentiation and 
synaptogenesis stages of adult neurogenesis 
have been intensively studied (Figure 1A). 
For example, Szulwach et al. found that miR-
137 targets Ezh2 mRNA, thereby promoting 
proliferation and inhibiting differentiation of 
NSCs in the SGZ106. miR-137 also inhibits 
dendrite formation through inhibition of its 
target Mib1 in newborn immature neurons107. 
Based on these observations it would be 
possible to speculate that changes in miR-
137 levels could be partially responsible for 
the age-dependent decrease in proliferation 
of NSCs in the SGZ. In this respect, it 
would be appealing to investigate whether 
levels of miR-137 and its targets Ezh2 
and Mib1 change with aging in NSCs and 
immature neurons. On the other hand, 
assuming that one miR alone would be 
responsible for regulating NSC proliferation, 
differentiation and integration may be an 
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The miR cluster miR-106b~25 and miR-
25 in particular seems to be relevant in the 
regulation of NSC proliferation, since inhibition 
of miR-25 expression resulted in decreased 
NSC proliferation. Brett et al. proposed that 
miR-25 would regulate NSC proliferation 
through a number of potential targets involved 
in insulin/insulin-like growth factor-1 (IGF) 
signaling, a pathway implicated in aging112. 
Unfortunately no direct experimental evidence 
of this regulation was provided in these 
studies. Still, the concept of miR-106b~25-
dependent regulation of insulin/IGF signaling 
in NSCs is attractive because a direct link 
between insulin/IGF signaling activation and 
subsequent increase in NSC proliferation has 
been demonstrated before113-117.

Two other well-characterized brain-specific 
miRs regulate NSCs functions. miR-124 
overexpression in HeLa cells, resulted in 
an expression profile similar to that of brain 
tissue93. Moreover, introducing miR-9 and 
miR-124 into human fibroblasts caused these 
cells to develop into functional neurons118. 
These two examples illustrate the potential 
of miR-9 and miR-124 to profoundly drive 
cells into a neuronal fate. Therefore, it seems 
reasonable that miR-9 and miR-124 fulfill a 
similar role in NSCs of the SGZ. Supporting 
this hypothesis, miR-9 and miR-124 where 
found to be abundantly expressed in the 

human hippocampus and were differentially 
expressed in fetal and normal aged 
hippocampus119. miR-9 has been linked to 
enhanced proliferation and migration by 
regulation of its target Stathmin in embryonic 
stem cell derived NSCs120. In the embryonic 
ventricular zone, miR-9 inhibits proliferation 
and enhances differentiation through 
regulation of TLX109. In the adult SVZ, miR-
124, enhances differentiation of NSCs through 
regulation of its target the transcription factor 
Sex Determining Region Y-box 9 (SOX9)121.

As suggested by the examples discussed 
before, it is important to realize that single 
miRs could have opposite effects, depending 
on the presence of their specific targets in a 
particular cell type122. Therefore, in spite of the 
well-established roles of several miRs in NSCs 
of different ages and origins, the question still 
remains whether they have similar functions in 
any of the various cell types involved in AHN 
(Figure 1A). In summary, several miRs have 
been shown to tightly regulate many targets 
involved in NSC proliferation, differentiation 
and maturation. In addition, multiple miRs and 
other small non-codingRNAs are differentially 
expressed in the aged hippocampus. This 
makes small non-coding RNAs appealing 
candidates to regulate various stages of AHN 
that may be involved in age-related decrease 
in cognitive functions.

Table 1 - All the stages of SGZ or SVZ neurogenesis are regulated by miRs, repressing their target 
mRNAs to be translated.

mNSCs: mouse neural stem cells, hNSCs: human neural stem cells, regular characters: found in SGZ, italics: 
found in SVZ, (?) no direct evidence shown 
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miRNA-132: a key miR for newborn cell 
integration into hippocampal circuits
After the literature overview presented in the 
previous section and summarized in Figure 
1A, it becomes apparent that many miRs 
play key roles in the initial phases of AHN. 
Besides their regulatory roles in proliferation, 
differentiation and migration (Table 1) some 
miRs, including the previously discussed 
miR-137, have also been identified 
as regulators of synaptogenesis and 
neuronal integration of newborn immature 
neurons in the SGZ107. More specifically, 
by deleting the locus encoding miR-132 
Magill et al. demonstrated a dramatic 
decrease in dendrite length, arborization 
and spine density of the newborn immature 
neurons123. Using lentiviral and retroviral 
reporters of miR-132 activity, Luikart et al. 
showed miR-132 is “at the right place and 
right time” to regulate the integration of 
newborn immature neurons124. In addition 
to morphological changes, Luikart et 
al. showed that newly born GCs have 
impaired synaptic connectivity after miR-
132 inactivation. As mentioned before, 
newborn neurons in the aging DG are as 
capable of synapse formation and functional 
integration as neurons born in a younger 
DG53. Therefore, if miR-132 would be a key 
factor in maintaining synaptogenic potential 
in newborn neurons during aging, its levels 
should be unaffected by aging in these 
cells. Indeed, recent studies have shown 
that miR-132 levels remain unchanged in 
fetal, aged and even Alzheimer’s patient 
hippocampus119. 

Assuming that some of the miR-132’s 
regulatory capabilities and target networks 
are conserved between mature and newborn 
neurons, some of the observations on the 
function of miR-132 in synaptogenesis 
of mature neurons could be extrapolated 
to adult-born neurons in the DG. This 
assumption has the limitation discussed 
before for other miRs, i.e., the overall 
effect of a particular miR may depend on 
the specific repertoire of targets expressed 
in the cell type of interest. Yet, in mature 
neurons much more details are known 
about the cellular compartments, pathways 
and networks in which miR-132 functions125 
(Figure 1B).

Overexpression of miR-132 in cultured 
hippocampal neurons revealed that 
miR-132 modulates short-term synaptic 

plasticity126, and overexpression in 
vivo triggers an increase in dendritic 
spine density and impaired novel object 
recognition memory127. Besides these 
relevant functions of miR-132 plays in 
regulating synaptic plasticity and memory, 
miR-132 expression is strongly regulated 
by neuronal activity123,124. Upon activation of 
cortical neurons, cAMP-response element 
binding protein (CREB) induces miR-132 
expression through the CaMK-MEK/ERK-
CREB pathway128, a mechanism probably 
also present in hippocampal, olfactory 
bulb and striatal neurons and neurons of 
the visual cortex129-131. Aging in humans 
is strongly associated with changes in the 
circadian clock, resulting in strong sleep 
alterations in the elderly132. In rodents, sleep 
deprivation strongly inhibits AHN through 
HPA axis-dependent and -independent 
mechanisms133,134. Again, miRs may provide 
a link between alterations in the circadian 
clock and human health disorders associated 
with aging. In particular, miR-219 and miR-
132 modulate the circadian clock. From 
these two, only miR-132 is induced by light 
via a MAPK/CREB-dependent mechanism, 
and modulates clock-gene expression and 
attenuates the entraining effects of light on 
the circadian clock135. These findings have 
suggested that approaches to increase 
the robustness of the circadian clock by 
controlling miR expression may counteract 
the fragmentation of the sleep-wake cycle 
associated with aging136.

As all miRs, miR-132 targets multiple 
mRNAs including p250GAP128,137, MeCP2138, 
SIRT1139, p120RasGAP140  and p300141. 
miR-132 and its target p250GAP play a 
key role in activity-dependent structural 
and functional plasticity in hippocampal 
neurons137. P250GAP is highly abundant in 
the postsynaptic density, where it interacts 
with multiple proteins involved in synaptic 
plasticity such as the tyrosine kinase Fyn142, 
β-Catenin143,144, the NR2B subunit of the 
NMDA receptor and the PSD-95 scaffolding 
protein145. Other p250GAP partners within 
the Rho family, including RhoA, Rac1 
and Cdc42 regulate actin cytoskeleton 
organization146,147. These findings suggest 
that miR-132 is a central regulator of 
synaptic plasticity, capable of linking 
synaptic activity with changes in synaptic 
structure by repressing p250GAP expression 
and thereby altering the composition of the 
synapse in an activity dependent manner.
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Another target of miR-132 is MeCP2138, 
capable of binding methylated DNA and either 
repressing or activating transcription148. 
Important in synaptic plasticity, mutations 
and/or altered levels of MeCP2 have been 
linked to severe neurodevelopmental 
disorders such as Rett syndrome, Angelman’s 
syndrome and autism149. Blocking miR-132 
in primary cortical neurons elevates MeCP2 
expression and subsequently increases 
BDNF levels, while loss of MeCP2 reduces 
BDNF and miR-132 levels, indicating a 
feedback loop that involves miR-132 and 
regulates MeCP2 expression138. Importantly, 
MeCP2 depletion in human and mouse brain 
causes an increase in expression of two 
neuronal gene transcriptional repressors 
REST (RE1 silencing transcription factor), 
and CoREST and is associated with a 
change in the histone modification profile to 
a more active conformation, suggesting that 
MeCP2 is a central regulator of epigenetic 
processes in the brain150. This demonstrates 
another example of crosstalk between 
epigenetic regulation and miRs that could 
have a relevant role in AHN, since epigenetic 
regulation seems to play an important role in 
AHN and neuropsychiatric disorders151.

Potential interaction of miR-132 with other 
miRs
Highlighting the relevance of the crosstalk 
between classical epigenetic mechanisms 
and miRs, MeCP2 is a key regulator of miR-
137 expression too106,152. Therefore, miR-132 
could regulate miR-137 expression through 
MeCP2, finally resulting in modulation of the 
miR-137 target Mib1. This miR-132-MeCP2-
miR-137-Mib1 pathway could result in an 
inhibition of immature neuron maturation 
(Figure 1B), which would contradict the 
previously described pro-maturation effect 
of miR-132. This may not be completely 
unexpected, as exemplified by several 
seemingly paradoxical effects of miRs 
on NSC proliferation discussed before. 
Nevertheless, one simple explanation 
could be that miR-132 and miR-137 are not 
expressed simultaneously during maturation 
of NSCs. Therefore, in future studies the 
potential interactions between signaling 
pathways modulated by miR-132 and miR-
137 would have to be carefully validated 
experimentally.

Pharmacological or genetic upregulation of 
the sirtuin (silent mating type information 
regulation 2 homolog) pathway, associated 

with anti-aging effects of calorie restriction, 
has shown promising results in laboratory 
models of aging153. The sirtuin SIRT1, 
is involved in NSC fate determination 
and SIRT1 is required for NSCs to adopt 
an astrocytic fate at the expense of the 
neuronal lineage under oxidative stress154. 
Interestingly, SIRT1 has been identified as a 
target of miR-132139. Moreover, SIRT1 limits 
the expression of another brain-specific 
miR, miR-134. SIRT1 deficiency results 
in miR-134 upregulation and concomitant, 
downregulation of CREB and BDNF, thereby 
impairing synaptic plasticity155. Therefore, 
the miR-132-SIRT1 pathway could connect 
miR-132 to another regulator of dendritic 
spine development, miR-134 (Figure 1B). 
As miR-132 inhibits SIRT1139, it would relieve 
SIRT1-mediated repression of miR-134 
resulting in increased levels of miR-134 and 
decreased CREB and BDNF expression and 
described by Gao et al. Alternatively, miR-
134 negatively regulates Limk1, decreasing 
the size of dendritic spines156. The theoretical 
anti-synaptogenic effect that miR-132 could 
exert via both the miR-132-SIRT1-miR-134-
Limk1 and miR-132-MeCP2-miR-137-Mib1 
pathways, contrasts with the observations 
made with miR-132 overexpression in vivo, 
which triggers an increase in dendritic 
spine density127 and highlights a complex 
homeostatic balance network in which miR-
132 may function by competing or interacting 
with other miRs to fine-tune expression 
of relevant targets during synaptogenesis 
(Figure 1B).

Underlining the complexity o miRs 
regulation of synaptogenesis, other 
targets downstream of miR-134, including 
BDNF and CREB155, complete a complex 
self-regulatory circle in the following 
theoretical pathway: miR-132-SIRT1-miR-
134-CREB-miR-132. Simpler feedback 
regulatory loops controlling self-expression 
are well-characterized features of miR 
pathways in NSCs109,157. Therefore, further 
experiments would be needed to verify the 
proposed interaction between miR-132 
and miR-134 through SIRT1 and CREB in 
NSCs. Notably, an increase in chromatin 
instability and DNA breaks correlates with 
aging in mammals. In response to DNA 
damage, SIRT1 relocates to DNA breaks to 
promote repair, resulting in transcriptional 
changes that parallel those observed in 
the aging mouse brain158. Although SIRT1 
levels change with aging in various brain 
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hormone cortisol, synthesized primarily in 
the adrenal glands, show a parallel linear 
increase in some aging humans162-164. 
Importantly, estrogens and glucocorticoids 
are strong regulators of the miR biogenesis 
pathway. Both hormones have been shown 
to control the expression of Dicer-1 and 
other key enzymes in miR synthesis in 
different experimental systems165,166. These 
observations suggest that steroid hormones 
may be crucial in favoring the expression 
of miR sets or “signatures” involved in 
the coordination of gene networks157,167. 
Although the effects of steroid hormones 
are strongly tissue and cell type specific, 
these observations suggest that steroid 
hormone regulation of miR biogenesis 
could be involved in the changes in miR 
expression associated with aging in the 
brain168-171.

Low levels of circulating estrogens in 
post-menopause females have been 
linked to cognitive deficits172. In rats, 
estrogen replacement after ovariectomy 
increases LTP and dendritic spine density 
in hippocampal neurons, suggesting a 
key role of estrogen signaling in synaptic 
plasticity172. The estrogen receptor α 
(ERα) is a steroid hormone receptor that 
can be acetylated - and thereby activated 
- by p300, a target of miR-132173. In 
addition, SIRT1 is found to promote ERα 
expression174. Overall, these data indicate 
yet another potential pathway regulating 
synaptogenesis, in which miR-132 could 
be central.

Alterations in Glucocorticoid levels and 
possible effects on aging 
Cortisol production by the adrenals 
influences memory and cognition during 
aging. Higher cortisol levels are associated 
with a poorer memory performance and 
a higher likelihood of memory decline, 
especially in women. These detrimental 
effects of cortisol seem to be directed at 
the hippocampus163,175. In healthy elderly 
individuals, cortisol levels seemed to be 
associated with cognitive impairment162. 
Therefore, stress and resulting increases 
in glucocorticoid levels may have important 
consequences on the degree and speed 
of decline in memory and other cognitive 
abilities in the elderly161. Although 
increasing levels of glucocorticoid are not 
always found in aged individuals, high 
levels of glucocorticoids are associated 

areas in mice159 the hippocampus was 
not analyzed in this study. Extrapolating 
from observations showing a preserved 
synaptogenic and functional activation 
potential of newborn GCs in the aging 
DG53 one would predict SIRT1 levels to be 
unaffected by aging in adult-born immature 
neurons of the SGZ. This would be in 
agreement with results discussed before 
showing that miR-132 expression seems to 
be unaffected by aging.

In summary, miRs are strategically placed 
within intrinsic regulatory networks that 
coordinate AHN. It is evident that levels 
of some miRs can change with aging, 
affecting the expression of their specific 
targets, while levels of other miRs seem 
to be unaffected. Thus, the next question 
is which could be the factors regulate 
expression of specific miRs during aging. 
In the following section we will discuss the 
posibility that steroid hormones could be 
involved in this regulation.

Could an interplay between miRs and 
steroid hormones be involved in aging-
associated cognitive decline?

Healthy aging in humans is associated with a 
decline in plasma concentrations of several 
hormones and a gradual loss of function 
of endocrine systems160. Traditionally, 
the development of physical frailty and a 
gradual loss in cognitive function that aging 
brings about, has been considered to be 
physiological and unavoidable. In recent 
years, however, it has become evident 
that it might not be necessary to accept 
the stereotype of aging as an unalterable 
process of decline and loss161, particularly 
in terms of cognitive abilities i.e. memory 
functions, that so profoundly mark our 
individual experiences and feelings of well-
being in late life. 

In humans, the adrenal glands synthesize 
and secrete large amounts the chemical 
precursors of sex steroid hormones 
(dehydroepiandrosterone and its sulfate) 
and neuroactive steroids. More than 
30% of total androgens in elderly men 
and more than 90% of estrogen in 
postmenopausal women are derived from 
these precursors161. In aging, a progressive 
and continuous decline in circulating levels 
of these precursors has been observed, 
while levels of the glucocorticoid stress 
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Moreover, glucocorticoids may influence 
not only cell birth and death, but also 
pathways that regulate GC differentiation 
and survival184. These glucocorticoid-
mediated pathways may involve some 
miRs with key roles in NSCs. For example, 
both glucocorticoid and mineralocorticoid 
receptors are targets of miR-124121,185,186. 
Interestingly, recent observations in human 
NSCs have shown that GR activation inhibits 
the expression of neuronal differentiation 
markers187. Therefore, in a likely scenario, 
the gradual increases in miR-124 that 
takes place during neuronal differentiation 
of adult NSCs121, may help to fine tune GR 
expression to a physiological range that 
promotes a pro-neuronal phenotype.

In conclusion, we have reviewed literature 
that supports a role for AHN in DG-
dependant cognitive functions related 
to memory, and have discussed how 
alterations in this process may be related 
to aging-associated cognitive decline. 
Furthermore, we have described how 
miRs could be placed among the factors 
that control the generation of adult-born 
neurons in the hippocampus. Moreover, 
we propose that miRs are strategically 
positioned within regulatory networks 
that fine-tune at different levels the 
proliferation, differentiation, survival and 
synaptogenesis of adult-born neurons. 
Finally, we reviewed evidence suggesting 
that aging-associated changes in 
circulating levels of steroid hormones, in 
particular estrogens and glucocorticoids 
are associated with cognitive decline 
and proposed that these changes may 
impact on AHN through signaling networks 
that involve miRs. In the future, new 
experimental efforts will address whether 
this hypothesis holds true and if so, how 
could we use it to design new therapeutic 
interventions that may help us reach a 
successful healthy aging.
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with synaptic loss in the hippocampus, 
hippocampal atrophy, and cognitive decline 
during aging in some individuals has lead 
to the suggestion that glucocorticoids may 
contribute to, or accelerate aspects of 
aging176. Therefore, although stress and 
increasesd glucocorticoid levels may not 
contribute to aging in all individuals, they 
could decrease structural plasticity and 
the brain’s vulnerability to disease177,178 

resulting in a pro-aging activity in vulnerable 
individuals179.

Glucocorticoid receptors and miRs
Despite the previously discussed inhibition 
of AHN by glucocorticoids in the DG, the 
relationship between plasma glucocorticoid 
levels, receptor expression and AHN is 
complex. Interestingly, studies from our lab 
have demonstrated that a brief treatment 
with the glucocorticoid receptor (GR) 
antagonist mifepristone rapidly reverses 
the deleterious effects of chronic stress on 
AHN180, strongly suggesting that the GR is 
involved in chronic glucocorticoid hormone 
suppression of AHN. The observations that 
GR expression, particularly in the DG, is 
increased in depressed elderly women 
and within this group correlates positively 
with age, suggests that GR activity 
could be linked to disease mechanisms 
during aging181. Gene profiling studies in 
chronically stressed animals have shown 
that CREB is central in the signaling 
pathways regulated by the GR in the DG11.

As we have discussed before, CREB is 
part of a central pathway in the regulation 
of AHN182 and this pathway crosstalks to 
several miRs involved in the regulation 
of NSC proliferation, differentiation and 
synaptogenesis (Figure 1B), in particular 
the neuronal activity-induced, miR-132129. 
Notably, GR activation suppresses miR-
132 expression and results in a decrease 
in BDNF and glutamate receptors183. 
These observations suggest that high 
glucocorticoid levels observed in many 
aging individuals may result in a GR-
dependent inhibition of miR-132 expression 
and reduced glutamate receptor expression 
in adult-born immature neurons of the DG. 
This hormone and miR mediated pathway 
could induce significant changes (e.g. 
reduced synaptogenic potential) in adult-
born neurons in susceptible patients 
that are not observed in healthy aging 
individuals.
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Schematic illustration depicting different mechanisms of microRNA mediated molecular control, ranging 
from single microRNA-mRNA interactions (top left) to multiple microRNA and mRNA interactions regulating 
pathways and biological processes (bottom right).



Chapter 2

34

Abstract

In the brain, the connection between sensory information triggered by the presence of 
a stressor and the organism’s reaction involves limbic areas such as the hippocampus, 
amygdala and prefrontal cortex. Consequently, these brain regions are the most sensitive 
to stress-induced changes in neuronal plasticity. However, the specific effects of stress 
on neuronal plasticity in these regions largely differ. Despite these regional differences, 
in many cases the steps leading to brain adaptation to stress involve highly coordinated 
changes in gene expression affecting cell metabolism, neuronal plasticity and synaptic 
transmission. 

In adult life the effects of stress on neuronal plasticity are largely reversible but stress 
in early life induces persistent changes in neuronal plasticity that increases vulnerability 
to develop psychopathologies and aging-related cognitive decline, suggesting the 
involvement of epigenetic mechanisms. A growing body of evidence demonstrates that 
microRNAs are key players in epigenetic regulation.

In this forefront review we present a critical look on the literature demonstrating the 
regulation of neuronal plasticity by microRNAs and the molecular mechanisms of 
target specificity in neurons. We propose that further progress in the identification of 
microRNA’s function beyond single target identification would require a combination 
of developmental expression studies, bioinformatics and a deeper understanding of 
large networks of targets involved in epigenetic regulation. This will help to extend our 
understanding of the role microRNAs play in the regulation of stress-induced neuronal 
plasticity.
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in rats showed the exclusive expression of 
the mineralocorticoid receptors (MR) in the 
hippocampus. Although broadly expressed in 
the brain, the highest density of glucocorticoid 
receptors (GR) was observed, amongst 
others, in the hippocampus and amygdala5. 
These data suggest those regions are primary 
targets of GCs in the brain.

Neuronal plasticity has been defined as 
an intrinsic property that enables the brain 
to escape the restrictions imposed by the 
genome and thus adapt to environmental 
pressures, physiologic changes, and 
experiences6. Under this definition, we 
will consider here short-term ‘dynamic’ 
structural adaptations as well as long-term 
ones associated with early-life experience, 
aging and even transgenerational genome-
independent changes. Indeed, the response 
of brain areas such as the PFC, the 
amygdala and the hippocampus to GCs 
in terms of plasticity have been studied 
extensively and includes from structural, 
synaptic and molecular (epigenetic) 
plasticity to even trans-generational changes 
in brain plasticity, which we discuss in 
following sections. Both acute and chronic 
stress induce strong changes in neuronal 
plasticity in the hippocampus, prefrontal 
cortex and amygdala, changing crucial 
neuronal structural parameters including 
dendritic spine density and dendritic length 
and branching7. However, chronic stress 
induces contrasting patterns of neuronal 
plasticity in different brain areas. While in the 
hippocampus a marked atrophy of dendritic 
trees is observed, particularly in the cornu 
ammonis 3 (CA3) area, in the basolateral 
amygdala chronic stress induces dendritic 
growth8,9. Similarly, chronic stress induces a 
selective retraction of apical dendritic arbors 
in the medial prefrontal cortex (mPFC), while 
apical dendritic arborization in the orbital 
frontal cortex is increased10. Mechanistically, 
the effects of stress on structural plasticity 
involve GCs, excitatory amino acids and 
other neurochemical mediators released 
during the stress response2,7. In the dentate 
gyrus (DG), the absence of GCs induced by 
complete adrenalectomy results in dendritic 
atrophy of granule cells11, and knockdown of 
the glucocorticoid receptor (GR) in individual 
granule cells leads to an increase in dendritic 
complexity and abnormal distribution of 
dendritic spines12. Importantly, the effects 
of chronic stress on structural plasticity are 
largely reversible in young adult animals13. 

Stress, adaptation and neuronal plasticity.

Classically, stress is defined as the 
continuous struggle of living organisms 
to preserve an internal dynamic state 
of equilibrium defined as homeostasis. 
Therefore, physical and psycho-social factors 
that challenge homeostasis are defined as 
stressors. In the presence of a stressor, the 
organism’s reaction is focused to counteract 
the potentially damaging effect of the stressor 
and restore homeostasis. This reaction is 
commonly known as the stress response. 
In the brain, the connection between the 
sensory information acquired in the presence 
of a stressor and the assessment/reaction 
mounted by the organism involves limbic 
brain structures, including the hypothalamus, 
hippocampus, amygdala and prefrontal 
cortex1,2. 

During the acute stress response, initially a 
rapid activation of the sympathetic nervous 
system takes place, resulting in the release 
of noradrenaline (NA) in synapses and 
adrenaline (ADR) from the medulla of the 
adrenal glands. Subsequently, neuropeptides 
such as corticotropin-releasing hormone 
(CRH) and vasopressin (AVP) are released in 
the hypothalamus, resulting in the activation 
of the hypothalamic-pituitary-adrenocortical 
(HPA) neuroendocrine axis and in a rise in blood 
concentrations of adrenal glucocorticoids 
(GCs). All these neurochemical mediators 
play a key role in allostasis, the process of 
maintaining homeostasis through change, 
and promote beneficial adaptation to the 
environment. However, to allow effective 
coping with stressors, the stress reaction 
has to be adequately terminated. When the 
stress response becomes abnormal and 
deviates from its normal temporal course or 
is excessive, changes accumulate resulting 
in an allostatic load, understood as the cost 
the body and brain must pay for adaptation to 
adverse conditions3,4. Four types of allostatic 
load have been proposed: (1) repeated 
challenges represented by chronic stress, (2) 
failure to habituate with repeated challenges, 
(3) failure to shut off the response after the 
challenge is past, and (4) failure to mount an 
adequate response1. 

Not surprisingly, the limbic brain structures 
that participate in mounting and terminating 
the stress response are the most affected by 
stress. Indeed, careful examination on the 
microdistribution of corticosterone receptors 
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The presence of ongoing neurogenesis is 
another interesting and rather exceptional 
form of structural plasticity, present in 
among others the DG-CA3 system. In 
distinct areas of the adult brain new neurons 
continue to be generated for the whole 
life of the individual. The first description 
of postnatal neurogenesis in the adult rat 
brain was made by Altman and Das18. In the 
early 1990s, multiple groups rediscovered 
this phenomenon taking place in both the 
subventricular zone (SVZ) of the lateral 
ventricles and the subgranular zone (SGZ) 
of the dentate gyrus in rodents19-21, and in 
humans22. In the SGZ, astrocyte-like cells 
divide and generate new granule neurons 
and astrocytes23-25. Recent observations 
indicate that newborn neurons participate in 
behavioral tasks that specifically involve the 
DG26,27. Regarding stress and its mediators, 
early studies showed that acute stress in 
the form of a single episode of psychosocial 
stress and GCs inhibit proliferation in the 
SGZ28,29. Although some contradictory 
observations have been reported, the overall 
result appears to be that stress inhibits adult 
neurogenesis by lowering the cell proliferation 
rate30,31. Some studies have shown that 
neural precursor cells (NPC) and some of 
their progeny in the DG express intracellular 
receptors for GCs32-35. In particular, blockade 
of the GR with the antagonist mifepristone in 
vivo rapidly recovers GC-induced inhibition 
of proliferation and induction of apoptosis 
observed in the DG after chronic and 
acute stress, respectively36-38. Additionally, 
knockdown of the GR in newborn granule 
cells of the DG accelerates their neuronal 
differentiation and migration12. Therefore, the 
elevation in GCs associated with activation 
of the HPA axis seems to be a central 
mechanism for regulation of all aspects of 
neurogenesis by stress in the SGZ. However, 
GC levels are not always inversely correlated 
with levels of SGZ proliferation, suggesting 
the existence of additional mechanisms, 
including excitatory neurotransmiters and 
other cellular mediators39. In terms of 
reversibility, some studies have shown that 
the reduction in proliferation and apoptotic 
changes induced by acute and chronic 
stress in the DG are largely reversible40,41, 
while others have demonstrated that they are 
long-lasting42,43. Possibly, this discrepancy 
could be explained by the use of different 
stressor and stress modes in these studies, 
or in the cell type examined as indicator of 
hippocampal neurogenesis.

More recent observations have demonstrated 
that stress and its neurochemical mediators 
regulate synaptic structure and morphology 
also at a much more subtle level. In the 
mPFC, chronic stress alters dendritic spine 
morphology, resulting in a reduction in large 
spines and an increase in smaller spines 
suggesting a failure in spine maturation 
and stabilization following chronic stress14. 
In particular, GCs are critical regulators of 
dendritic spine development and plasticity 
in vivo. In the barrel cortex, GCs increase 
spine turnover and inhibition of GCs 
action results in a substantial reduction 
in spine turnover rates. This reduction in 
spine turnover could then be reversed by 
corticosterone replacement15. Consistently, 
in the hippocampus, knockdown of the GR 
in newborn granule cells of the DG leads 
to an increase in the number of mushroom-
shaped mature dendritic spines12, overall 
indicating that stress and GCs are broad 
regulators of dendritic spine maturation and 
stabilization.

The observations described above indicate 
that in the hippocampus, stress is a key 
modulator of structural plasticity particularly 
in the DG-CA3 system. Besides the 
atrophy of dendritic trees observed in CA3 
pyramidal cells8, chronic stress affects the 
mossy fiber terminals from dentate granule 
neurons, providing a major excitatory input 
to the CA3 proximal apical dendrites. Mossy 
fiber terminals in chronically stressed rats 
show marked rearrangement of synaptic 
vesicles and an increased area of the 
synaptic terminal occupied by mitochondria, 
however, these changes were not observed 
after acute stress16. Additionally, chronic 
stress and administration of high GCs 
concentrations result in profound changes 
in the morphology of the mossy fiber 
terminals and significant loss of synapses 
on CA3 pyramidal neurons. Again, these 
effects were largely reversible and the 
accompanying impairments in spatial 
learning and memory were undetectable 
following rehabilitation17. Interestingly, 
knockdown of the GR in newborn granule 
cells of the DG leads to a substantial 
increase in the size of mossy fiber 
terminals in the CA3 area12. Together, these 
observations suggest that stress and GCs 
acting through the GR regulate structural 
plasticity in the DG-CA3 system to control 
the excitatory input of DG granule cells onto 
CA3 pyramidal neurons.
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during infancy show a reduced response to 
stress in the hippocampus and a significant 
increase in GR expression, rendering the 
animals more sensitive to negative GC 
feedback49,50. Furthermore, prenatal stress 
induces high anxiety in adulthood, which is 
prevented by pup handling, and correlates 
with HPA activation levels and stress-
induced corticosterone secretion51. Despite 
the consistency of these observations, how 
the long-term effects of early experience on 
neuronal plasticity are brought about is yet 
not fully understood. In terms of neuronal 
plasticity, and considering the persistence of 
the effects that early-life experience has on it, 
epigenetic mechanisms are strong candidates 
to explain how life events like stress, induce 
persistent changes in the brain52,53.

microRNAs in epigenetic regulation and 
neuropsychiatric disorders.

The definition of epigenetics is broad but in 
molecular terms epigenetic changes can be 
understood as a group of molecular events, 
external to the genetic code itself, modulating 
gene expression over time. These alterations 
include DNA methylation, microRNAs (miRs) 
and other small non-coding RNAs, and 
covalent modifications of histones54. Under 
this definition, the hippocampus presents one 
of the best examples of epigenetic regulation, 
because differences in early life environment 
result in lasting changes in behavior that 
are preserved across generations. These 
changes are imprinted through histone 
modification and DNA methylation at the 
GR gene promoter, resulting in alterations 
in hippocampal GR expression that persists 
across generations, producing significant 
differences in stress responsiveness and 
affective behaviors55,56.

Small non-coding RNAs are involved in 
a variety of gene expression regulatory 
mechanisms in the cell, such as alternative 
splicing, ribosomal RNA modifications, and 
repression of messenger RNA (mRNA) 
expression by RNA interference (RNAi), 
a regulatory mechanism mediated by 
RNA–RNA interactions first observed in 
C. elegans57,58. They can be classified into 
several major classes, i.e., small nucleolar 
RNAs (snoRNAs), endogenous small 
interfering RNAs (siRNAs), piwi-interacting 
RNAs (piRNAs), miRs, transfer RNAs 
(tRNAs), rRNAs, spliceosomal RNAs and 
RNase P/MRP genes59.

Mechanisms involved in the regulation of 
neuronal plasticity by stress.

Stress induces significant changes in 
neuronal plasticity in specific brain regions, 
thereby locally affecting neuronal circuits 
in these areas. How are these effects 
brought about? In many cases, the initial 
steps leading to the ultimate effects of 
stress on brain adaptation involve highly 
coordinated and region specific changes in 
gene expression44. One likely explanation 
for these region specific effects of steroids 
on the brain could be the local expression 
of factors such as steroid co-activators44,45. 
Gene-expression profiling studies have 
shown that in the hippocampus, chronic 
stress and GCs coordinate the expression 
of subsets of genes involved in energy 
metabolism, signal transduction, neuronal 
structure, vesicle dynamics, neurotransmitter 
catabolism, cell adhesion, genes encoding 
neurotrophic factors, and their receptors and 
genes involved in regulating glucocorticoid-
signaling, as well as CREB-signaling. 
These changes in gene expression underlie 
adaptations in cell metabolism, neuronal 
plasticity and synaptic transmission46,47.

As we discussed in the previous sections, 
most of the changes in gene expression 
and neuronal plasticity induced by acute 
and chronic stress in adult life are largely 
reversible. However, stress during early life is 
a risk factor for the development of long-lasting 
stress-related diseases such as depression 
and post-traumatic stress disorder (PTSD)2. 
An elegant study describes the significance 
of an altered glucocorticoid exposure in early 
life, and links it to lasting consequences in 
later life and even to transgenerational effects 
on the offspring48. These authors observed 
that prenatal exposure to synthetic GCs alters 
hippocampal GR levels and subsequently 
hippocampal GC feedback systems, 
ultimately resulting in a altered HPA axis 
function in the second offspring generation. 
Whether these observations are a result of a 
change in maternal behavior, metabolic state 
or lasting (epigenetic) changes in neuronal 
plasticity in the offspring will need to be 
further elucidated. Pup handling is one of the 
best documented paradigms used to study 
the effects of early life experience on the HPA 
axis, because handling of rat pups during their 
postnatal development permanently alters the 
function of their HPA axis. Experiments in the 
past demonstrated that adult rats handled 
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A substantial amount of evidence suggests 
that several individual miRs contribute to the 
risk of neuropsychiatric disorders, including 
Huntington disease, Parkinson disease, and 
Tourette’s syndrome83-87. Similarly, some of 
the cellular factors that participate in miR 
biogenesis, and in particular members of 
the microprocessor complex, have been 
associated with human pathologies that 
affect the brain. This is important because 
the levels of DGCR8 adjust to those of its 
substrates, the pri-miRs, probably through 
autoregulatory feedback loops88. This may 
ensure that levels of the microprocessor 
components are kept at optimal range 
required for biological activity, balancing 
efficiency and specificity of miR biogenesis 
and suggests that even subtle alterations in 
the expression levels of the microprocessor 
components may result in broad changes in 
miR expression profiles. 

Interestingly, DGCR8 is disrupted by the 
22q11.2 microdeletion, a genetic alteration 
associated with cognitive and behavioral 
impairments and the highest known genetic 
risk for developing schizophrenia. The 
deficiency in DGCR8 expression associated 
with 22q11.2 microdeletion results in 
decreased miR biosynthesis and altered 
short-term plasticity in the prefrontal cortex89. 
On the contrary, other studies have found that 
schizophrenia is associated with an increase 
in cortical miR biogenesis and increased 
DGCR8 expression. However, the resulting 
miR upregulation impacted on several genes 
involved in synaptic plasticity90,91. Therefore, 
although conflicting in the characterization 
of the mechanisms linking schizophrenia 
to DGCR8 expression, these observations 
overall suggest that DGCR8 is a key 
regulator of synaptic plasticity in the cortex. 
Furthermore, genetic variations in DGCR8 
and other genes involved in miR biogenesis 
are associated with susceptibility to 
depression, suicidal tendency, and response 
to antidepressants92. This is conceptually 
consistent with a recent study showing 
that miR expression is downregulated in 
prefrontal cortex of depressed suicide 
subjects93. However, in this study DGCR8 
and Dicer levels were unchanged between 
depressed and control groups, suggesting 
that other mechanisms are involved in the 
global miR downregulation observed in 
the prefrontal cortex of depressed suicide 
subjects. Moreover, DMNT3b was strongly 
up-regulated in the depressed suicide group, 

miRs are approximately 22 nucleotide 
(nt)-long small non-coding RNAs. miR 
biogenesis is initiated via transcription by 
RNA polymerase II60-64, generating primary 
transcripts known as pri-miRs. Pri-miRs are 
cropped by the ribonuclease III Drosha and its 
cofactor, DiGeorge syndrome critical region 
gene 8 (DGCR8) to generate approximately 
65 nt-long hairpin-shaped precursors known 
as pre-miRs65-68. Drosha and DGCR8 form 
a protein complex called microprocessor, 
crucial for initial miR biogenesis. Pre-miRs are 
then exported by the nuclear transport factor 
exportin-5 (Exp5) to the cytoplasm69-71. Once 
there, the RNase III Dicer generates ~21 nt-
long miR duplexes72-74. The sense strand of 
the duplex (passenger strand) is discarded 
and the antisense stand (guide strand) 
becomes a mature miR and is assembled 
into the RNAi effector complex called RNA-
induced silencing complex (RISC)75,76. Once 
loaded into the RISC, mature miRs act through 
RNAi by imperfect match recognition of target 
sites in the 3′UTRs of mRNAs, resulting in 
repression of target mRNA expression68.

Since their first discovery almost two decades 
ago, hundreds of miRs have been identified in 
a wide range of organisms, making them the 
best characterized members of the small non-
coding RNA family. They play important roles 
in virtually all biological processes studied, 
from development to cell death and metabolic 
control and over 60% of all mammalian 
mRNAs seem to be under the control of miRs, 
adding an extra layer of control to the already 
complex regulatory mechanism of gene 
expression77-79. Direct evidence that miRs 
regulate epigenetic states comes from studies 
performed in mouse embryonic stem cells 
(ES). Dicer-null mouse ES express significantly 
lower levels of the DNA methyltransferases 
Dnmt1, Dnmt3a and Dnmt3b, resulting in 
defects in DNA methylation and affecting ES 
differentiation80. Similarly, DGCR8 is essential 
for miR biogenesis and controls mouse ES 
self-renewal and differentiation81. Recent 
studies have demonstrated that epigenetic 
mechanisms, including DNA methylation and 
histone modification, not only regulate the 
expression of protein-encoding genes, but 
also miRs, such as let-7a, miR-9, miR-34a, 
miR-124, miR-137, miR-148, and miR-20382. 
Therefore, it is conceivable that a complex 
balance between miR expression and DNA 
methylation status controls the necessary 
genes required for adequate epigenetic 
regulation of gene expression. 
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sharp upregulation of the miR-130 in primary 
rat hippocampal neurons103. Interestingly, 
hypoxia-induced changes in miR expression 
seem to be cell-specific, indicating that 
neurons and astrocytes can utilize different 
miR sets to respond to certain physiological 
stressors104. Together, these studies suggest 
that miRs are involved in neuronal adaptation 
to acute stress.

A recent study has further suggested that 
gene expression and epigenomic responses 
to chronic stress in the brain may involve 
miR-mediated re-programming in a region-
specific fashion105. In this study, exposure 
of rats to two weeks of mild restraint stress 
altered miR expression in the cerebellum. 
There, two miRs, miR-186 and miR-381, 
were upregulated, while miR-709 was down-
regulated. Interestingly, the downregulation 
in miR-709 induced in the cerebellum was 
resistant to 2-week long recovery from stress, 
suggesting this miR-709 downregulation 
may be involved in long-lasting adaptation to 
chronic stress specifically in this brain region. 
The chronic stress/recovery paradigm used 
in this study also induced changes in miR-
709 expression in the hippocampus and 
prefrontal cortex. In these brain regions 
miR-709 was unchanged after 2 weeks of 
chronic stress but was upregulated after two 
weeks recovery, reinforcing the conclusion 
that miR-709 regulation by stress was brain 
region-specific105. Another study found 
that stress induces brain region-specific 
alterations in miR expression in mice106. In 
this study, the expression levels of let-7a, 
miR-9 and miR-26-a/b in the frontal cortex 
were increased after 1 day acute restrain 
stress, while only minor changes were 
observed after repeated restrain stress (5 
consecutive days). No differences in the 
expression of these 3 miRs were observed in 
the hippocampus under any stress paradigm 
tested105, reinforcing the idea that miRs may 
be involved in the mechanism by which 
stressful events regulate gene expression in 
a brain region-specific manner. With respect 
to the amygdala, another brain region 
crucially affected by stress-induced changes 
in neuronal plasticity, a recent study has 
demonstrated a physiological role for miR-
34c in regulating the stress response in that 
region107. In this study, acute stress induced 
a differential expression profile of miRs in the 
amygdala. In particular, miR-34c was found 
upregulated after acute and chronic stressful 
challenges in the amygdala specifically. 

pointing again towards a potential interaction 
between miRs and other epigenetic 
mechanisms. Finally, the levels of Dicer were 
significantly lower in temporal lobe epilepsy 
(TLE) patients with hippocampal sclerosis 
(HS) and in the hippocampus of mice subject 
to experimentally-induced epilepsy, resulting 
in a large-scale reduction of miR expression, 
with 51% of all detected miRs expressed at 
lower levels, suggesting that loss of Dicer 
and failure of mature miR expression may 
be a feature of the pathophysiology of HS in 
patients with TLE94.

Recently, several groups have reported 
the possibility that epigenetic mechanisms, 
including changes in miR expression, are 
implicated in mediating the persistent effects 
of early-life experience on gene expression 
in the brain (recently reviewed by Korosi et 
al.52). In particular, The expression levels of 
several miRs (i.e. miR-124, miR-9, miR-132) 
with known functions in the regulation of 
neurogenesis and other forms of structural 
plasticity and was altered in the prefrontal 
cortex of maternally separated rats95-97. 
These observations will be discussed in 
detail in the following section.

miRs in the context of the brain’s 
adaptation to stress

miRs have the ability to fine-tune gene 
expression. This ability is important to 
control gene expression patterns that ensure 
dynamic stability under external or internal 
perturbations or favor the organism’s 
adaptation to the environment. miRs can 
generate rapid and reversible responses 
and, in this way, are ideally positioned to 
optimize stress responses98,99. miRs are 
abundantly expressed in the nervous system 
and a relation between miRs and neuronal 
responses to stress has been demonstrated 
in different model systems. Indeed, a recent 
study in C. elegans showed that miR-71 
functions in neurons to promote resistance to 
physiological stress and germline-mediated 
longevity100. Furthermore, miRs are involved 
in the epigenetic changes triggered by 
systemic stress induced by alcohol abuse101. 
Under these stress circumstances, neuronal 
adaptation correlates with a rapid increase 
in miR-9 expression. This observation 
suggests that miR-9 plays an important role 
in neuronal plasticity during adaptation to 
stress induced by alcohol abuse102. Other 
strong stressors, such as hypoxia, promote a 
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Outside the brain, there is evidence 
that GCs can regulate the expression of 
DGCR8, Dicer and specific miR sets113,114. 
Conversely, studies have demonstrated that 
miRs regulate the expression of the two 
GC receptor types expressed in the brain. 
More specifically, in the Paraventricular 
Nucleus (PVN) miR-18 regulates the 
expression of the GR in chronically stressed 
rats110, and miR-124 affects GR-mediated 
gene transcription and decreases GR 
protein levels111. Further, miR-124 and 
miR-135a may regulate the expression 
of the mineralocorticoid receptor115, and 
GC treatment induces expression of miR-
124116, suggesting the possible engagement 
of the brain-specific miR-124 in feedback 
regulatory loops that could be involved in the 
coordination of steroid-mediated effects on 
neuronal plasticity117.

Other possible example of a regulatory 
feedback loop involving the GR and 
miRs involves the miR-17~92 cluster, 
which includes miR-18118. The GR is a 
key regulator of structural plasticity and 
neurogenesis in the hippocampus12 and 
we have demonstrated before that miR-18 
regulates GR protein expression levels and is 
expressed at high levels in the hippocampus 
during early postnatal development, when 
neurogenesis is still strong111. These results 
suggest that miR-18 could regulate early 
postnatal neurogenesis in the hippocampus 
by repressing GR expression. Interestingly, 
miR-18 forms a regulatory feedback loop 
with the estrogen-receptor α (ERα)119. 
This implies that sex differences in adult 
neurogenesis levels observed after early 
life stress120,121 could involve long-lasting 
changes in miR-18 expression. Although 
(sex)steroids may play a role in establishing 
sex differences in the effects of stress on 
hippocampal plasticity during early life, 
significant differences in hippocampal 
structural plasticity (i.e. neurogenesis) exist 
between control males and female rodents 
even before initiation of the oestrous cycle52.

miRs and the regulation of neuronal 
synaptic and structural plasticity.

Synaptic development and plasticity are 
important for fine-tuning brain circuits during 
embryonic development and for high-order 
brain functions such as learning, memory 
and cognition122. Multiple lines of evidence 
suggest that altered synaptic plasticity and 

Furthermore, local ablation of Dicer in the 
central amygdala of adult mice induced a 
robust increase in anxiety-like behavior, and 
local overexpression of miR-34c was able 
to (partially) revert this phenotype. Finally, 
the authors identified corticotropin releasing 
factor receptor type 1, a central component 
of the HPA-axis, as target of miR-34c. 
Another study has found changes in miR 
expression in both acute ans chronic stress 
rats in the amygdala specifically. In this 
study, miR-134 and -183 were upregulated 
in the amygdala after acute stress but miR-
134 was downregulated in the amygdala 
and also in the hippocampus after chronic 
stress, while miR-183 was unchanged 
under chronic stress conditions108. These 
authors linked the changes observed in 
miR expression to changes in alternative 
splicing, because miR-134 and -183 target 
the serine/arginine-rich splicing factor 2 
(SC35), which was upregulated in response 
to stress, promoting the alternative splicing of 
acetylcholonesterase and affecting the local 
regulation of cholinergic neurotransmission. 
Indeed, other miRs such as the brain specific 
miR-124 exert their broad biological actions 
at least partially by regulating alternative 
splicing, another key regulator of gene 
expression in the brain109.

Very few studies have assessed the 
reversibility or persistence of the changes in 
miR expression observed in the brain and 
their relationship with stress vulnerability later 
in life. One study by Uchida et al. has tackled 
this relevant question by showing that early 
life stress in the form of maternal separation, 
a well characterized HPA axis programming 
factor, affects the expression of neuronal 
plasticity-related miRs later in life110. In this 
study miR-132, -124, -9, and -29a levels 
were upregulated in the mPFC of 14-day old 
rats exposed to early life stress. In adult rats 
(approximately 60 day-old) exposed to early 
life stress, the levels of miR-132, -124, and 
-212 were still upregulated, suggesting that 
long-lasting upregulation of miR-132 and -124 
are part of the persistent epigenetic changes 
induced by early life stress on neuronal 
plasticity in the mPFC. Indeed several studies 
have demonstrated that miR-132 and -124 
are key mediators of activity-dependent and 
independent neuronal plasticity and target the 
stress pathways in the brain, GR activation 
suppresses miR-132 expression and results in 
a decrease in BDNF and glutamate receptors 
and miR-124 targets the GR111,112.
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morphology as seen in neurodevelopmental 
and stress-based disorders may, in part, result 
from a common post-transcriptional process 
that is under tight regulation by miRs96,123-125. 
Various miRs have been shown to regulate 
the expression of proteins involved in the 
actin cytoskeleton96,126, mRNA transport127, 
as well as many other proteins associated 
with changes in spine morphogenesis. 
Notably, one significant difference between 
the various mechanisms of regulation of 
gene expression involving miRs at the 
synapse seems to be reversibility. While 
mRNA decay is an irreversible process, miR-
dependent inhibition of mRNA translation 
to protein is often reversible and mRNA 
translation is resumed following elimination 
of miR-dependent repression. The inhibition 
of translation is an essential feature for 
involvement in activity-dependent synapse 
plasticity, since it serves as a basis for the 
dynamic regulation of the speed of global 
regulation of expression at the synapse and 
for miR function in response to synaptic 
stimuli. However, miR’s reversible action is 
not universal for all miR:target interactions, 
since some miR binding results in significant 
target mRNA degradation128  (reviewed by 
Valenci-Sanchez et al.129).

Evidence for a synaptic role of miRs was 
provided by molecular characterization of 
several promoters. Various upstream cis-
acting elements of neural miR promoters 
can be occupied by typical activity-regulated 
transcription factors, including CREB and 
MEF2. These transcription factors couple 
Ca2+-regulated signaling cascades to the 
transcriptional machinery in cortical and 
hippocampal neurons127,130. In addition, a 
number of post-transcriptional mechanisms, 
such as miR 3’ end modifications and 
miR 2’-O-methylation131-133, influence the 
expression and activity of mature miRs, 
and the regulation of proteins associated 
with these miRs has a significant impact on 
regulation of target gene expression at the 
synapse134-136.

Initial findings raised the possibility that 
miRs are formed via the processing of pre-
miRs locally within dendritic spines137,138. 
More recent studies have provided further 
experimental evidence supporting the notion 
that miR biogenesis takes place locally in 
the vicinity of synapses. In particular, the 
microprocessor components Drosha and 
DGCR8 and their substrate the pri-miRs 

are especially enriched in postsynaptic 
densities139. Thus, miRs maybe ideally 
positioned to quickly regulate translation in 
response to synaptic activity. In support of 
this hypothesis, Lugli et al., demonstrated 
that Dicer and eIF2c (also know as 
Argonaute 1), both rate-limiting enzymes in 
mature miR production, are highly enriched 
at post-synaptic densities, and their levels 
are modulated through neuronal activity140. 
Moreover, synaptic stimulation can lead 
to activation or loss of the RISC complex 
component Armitage, suggesting a dynamic 
regulation of target gene expression at 
individual synapses by global changes in the 
miR biogenesis pathway134. On the same line, 
proteasome-dependent degradation of the 
RISC component MOV10 locally regulates 
the expression RISC-associated synaptic 
mRNAs such as CaMKII, lysophospholipase 
1 (Lypla1) and LIM-domain-containing 
protein kinase 1 (Limk1) in hippocampal 
neuron135. In this study, MOV10 was 
degraded at the synapse upon N-methyl-
D-aspartate receptor (NMDAR) activation, 
allowing activity-dependent local translation 
of synaptic mRNAs important for synaptic 
plasticity135.  The outcome of these studies 
collectively suggested that both miRs and 
their associated biogenesis proteins have 
a central role in activity-regulated signaling 
networks, controlling adaptive processes 
such as dendritic spine maintenance or 
synaptic plasticity. 

Previous studies have shown that long-
term potentiation (LTP)-inducing stimuli 
cause an increase in the size of spines, 
whereas long-term depression (LTD)-
inducing stimuli cause a reduction in the 
size of spines141. Based on this report and 
data showing that changes in miR levels 
regulate dendritic spine size in cortical 
and hippocampal neurons96, it is tempting 
to speculate that various miRs enriched at 
the synapse would contribute to regulation 
of local protein translation associated with 
the dendritic spine remodeling induced by 
LTP and LTD. Furthermore, synaptic activity 
can influence miR expression, as previous 
reports indicated that miR levels are altered 
in hippocampal neurons induced to display 
LTD or LTP142. These findings suggest that 
different levels of miR expression could 
affect translation of synaptic proteins during 
LTP or LTD establishment. Notably, a recent 
study investigated the roles of miRs after LTP 
in the rat hippocampus. Microarray analysis 
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identified that the levels of numerous miRs 
were altered in rat hippocampal slices after 
LTP, with miR-188 exhibiting the largest 
upregulation. This result suggests that miR-
188 counteracted the decrease in miniature 
excitatory postsynaptic current (mEPSC) 
frequency induced by regulating Neuropilin-2 
(Nrp-2) expression, fine-tuning synaptic 
plasticity in hippocampal neurons143.

Co-expression of neural miRs with their 
target has been shown to be common 
at synapses, suggesting that miRs may 
participate in regulatory mechanisms 
connecting the control of local protein 
synthesis at the dendrites with global 
regulation of gene expression144. Supporting 
this hypothesis, the compartmentalized 
Campenot culture chamber system145 was 
used to identify miRs present in axons 
and pre-synaptic compartments of primary 
sympathetic neurons146. This study identified 
130 miRs highly abundant in distal axons 
as compared to the soma. These axon-
enriched miRs might be important regulators 
of local maintenance of synaptic structure 
and function and neuronal growth and 
development as well. 

A number of individual miRs have 
central roles in synaptic plasticity. 
Schratt et al. demonstrated that miR-134 
regulates dendritic spine morphology96. 
Overexpression of miR-134 caused a 
significant reduction in dendritic spine size, 
while its inhibition by 2’-O-methyl antisense 
oligonucleotide led to an increase in spine 
volume and width in hippocampal neurons. 
Here, the actin filament regulator Limk1 
was also identified as a miR-134 target. 
Notably, repression of Limk1 translation 
by miR-134 is decreased by brain-derived 
neurotrophic factor (BDNF)-dependent 
stimulation of synaptic activity, suggesting 
a downstream role for miR-134 in BDNF 
mediated synaptic plasticity. Since the 
original study by Schratt et al., other miRs 
have been shown to regulate translation 
of mRNAs involved in dendritic spine 
morphology in hippocampal neurons, 
such as miR-138, that regulates dendritic 
spine size through its target APT1 
mRNA126, as well as miR-132 that acts 
as a suppressor of p250GAP expression 
in an activity dependent manner147,148. 
Another recent study demonstrated that 
miR-125a targeting PSD-95 mRNA allows 
for reversible inhibition of translation and 

regulation by synaptic mGluR signaling149. 
mGluR signaling of translation requires 
FMRP dephosphorylation, thereby 
providing a reversible switch for miR-
125a to selectively regulate PSD-95 
translation at synapses. Interestingly, this 
bidirectional control of PSD-95 expression 
depends on the phosphorylation status 
of FMRP, a critical synaptic protein 
previously shown to associate with miR-
125a124. Other studies have shown that 
miR-125a and –b target other mRNAs 
important in synaptic function such as the 
NMDA receptor subunit NR2A and EphA4, 
involved in synaptic scaling150-152.

In conclusion, the unique feature of miRs to 
locally and on activity demand fine-tune entire 
gene circuitries makes them key regulators of 
synaptic plasticity and attractive candidates 
for future therapeutic interventions for mental 
disorders. Ultimately, the characterization of 
the roles in synaptic plasticity of individual 
miRs or global changes in miR expression 
induced by regulation of the miR biosynthesis 
pathway may generate original insights that 
could advance our understanding of these 
small regulatory RNAs in synaptic function, 
and may provide with significant potential to 
generate new molecular-based therapies to 
treat nervous system disorders.

miRs as novel biomarkers for detection of 
stress-related neuropathologies.

Serum and cerebrospinal fluid (CSF) 
biomarker levels have been shown to be 
a consistent source to evaluate the level 
of neurological and neurodegenerative 
disorders, as well as the efficacy of potential 
therapies153. Because many protein-based, 
validated markers are unstable and easily 
affected by body stress and metabolic 
turnovers, more reliable biomarkers are 
needed to assess the progression of disease 
states or the extent of therapeutic treatments. 
Recent studies suggested that miRs are 
promising and highly reliable biomarkers 
in a number of disorders, including cancer, 
heart failure, and neurodegenerative 
disorders154-158. Circulating miRs are 
released into serum and CSF from cells 
through an endocytosic pathway, and it has 
been suggested that the RNAs are packed 
into exosomes that protect them from 
endoribunuclease dependent degradation in 
bodily fluids159. Previous studies have shown 
that secreted miRs contained in exosomes 
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and other microvesicles potentially influence 
cellular microenvironments affecting 
immune, endothelial and fibroblast cells160-162. 

In healthy individuals the levels of cell-free 
miRs are stable and the plasma miR profile 
is similar to that of circulating blood cells163. 
Thus alterations of serum miR levels may 
indicate physiological and pathological 
changes. While serum miRs cannot cross the 
blood-brain barrier (BBB), previous studies 
suggested that naturally occurring exosomes 
are capable of crossing the BBB164,165. 
Moreover, accumulating experimental and 
clinical evidence indicate that a number of 
neurological diseases are associated with 
BBB dysfunctions166, resulting in elevated 
barrier permeability, enabling leakage of 
larger molecules such miRs into and out of 
the brain.

Currently, major depression is best 
characterized as a behavioral endpoint, 
and increased levels of plasma and urinary 
free cortisol167. Due to the broad phenotype 
associated with this disorder, it seems rather 
challenging to identify a single biomarker 
reflecting the activity of a pathway (or 
pathways) involved in depression symptoms. 
However, identifying and analyzing miR 
profiles in peripheral blood or CSF of 
depressed patients may identify a subset of 
individuals at risk of depression and ultimately 
result in a more personalized approach 
to treatment for depression166. Notably, a 
recent high throughput miR expression study 
indicated that the levels of 30 miRs in the 
blood of patients with major depression were 
modulated by the antidepressant treatment168. 
From this work, it has been concluded that 
many of these miRs may be relevant for 
antidepressant-induced regulation of gene 
expression in the brain. Moreover, miR-144 
and miR-16 were altered in the blood of healthy 
individuals subjected to naturalistic stress 
situation such as academic examinations169. 
Interestingly, miR-16 is known to be involved 
in the serotonergic pathway by targeting the 
SERT transporter at the synapse, suggesting 
a role for miR-16 in serotonergic regulation170.  
In addition, two recent studies revealed the 
potential of bodily fluid miRs to serve as 
practicable clinical biomarkers for diverse 
physiological and pathological conditions. 
However, very little is known yet about the 
use of circulating miRs as reliable biomarkers 
of depression and other stress-related 
neuropathologies.

Molecular mechanisms of target 
specificity in neurons.

Despite all the evidence gathered on the 
role of miRs in the regulation of important 
targets, we do not yet have complete 
knowledge of the factors determining which 
mRNAs are targeted by their corresponding 
targeting miRs or the molecular mechanism 
through which individual mRNA silencing 
is accomplished (translation repression 
or mRNA destabilization). Despite earlier 
reports, recent large-scale studies in 
animal cells have indicated that in many 
cases, a reduction in protein synthesis can 
be explained by direct downregulation of 
target mRNA levels171,172. It is now widely 
accepted that the primary determinant for 
miR binding is perfect consecutive Watson-
Crick base-pairing between the target mRNA 
and the miR at position 2-7 or 2-8 of the 5’ 
end of the mature miR, often denoted as 
the ‘seed region’. Nevertheless, a ‘seed’ 
is neither necessary nor sufficient for miR 
downregulation. For instance, miR target 
sites can tolerate G:U wobble base pairs 
within the seed region173,174 and extensive 
base pairing at the 3’ end of the miR may 
offset missing complementarity at the seed 
region175. Further, even sites with extensive 
5’ complementarity can be inactive when 
tested in reporter constructs176. 

In recent years, considerable progress has 
been made to identify additional features 
that could help to predict target regulation 
accurately (Figure 1). Grimson et al., have 
reported that local sequence context, such 
AU-rich nucleotide composition near the 
site, proximity to sites for co-expressed 
miRs, proximity to residues pairing to miR 
nucleotides 13-16, positioning within the 
3’UTR at least 15nt away from the stop 
codon, and positioning away from the center 
of long UTRs can all promote efficient miR 
efficacy177. In this respect, other studies have 
confirmed that miR sites in the same 3’UTR 
can potentiate the degree of translational 
repression. Two reports have shown that 
miR cooperativity on target downregulation 
is optimal when two miR-binding sites are 
closely positioned, usually between 13-
35 nucleotides apart178,179 and when seed 
regions are weak180.

However, target sites spaced in substantially 
longer distances may still cooperate to lower 
the expression of neuronal proteins181,182. 
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presynaptic mRNAs is in average 1800 
nt-long. This is significantly longer than 
the average postsynaptic 3’UTR (1400 
nt) and that of other protein-coding genes 
(1100 nt). On the other hand, the shortest 
presynaptic mRNA 3’UTRs is in average 
270 nt-long, while postsynaptic and other 
mRNAs 3’UTRs are in average 130 nt 
and 260 nt-long, respectively182. These 
data indicate that mostly postsynaptic 
but also presynaptic mRNAs display a 
broader spectrum of 3’UTR lengths than 
the average protein coding genes, possibly 
allowing both low and high complexity 
regulation.

Currently, we know little about what 
determines 3’UTR length variation in 
neurons, but one report indicated that 
both short and long forms coexist with the 
longer form determining localization in 
dendrites192. Another report indicated that 
longer 3’UTR forms appear with aging as a 
result of weakened mRNA polyadenylation 
activity193. Given that multiple elements 
act simultaneously to regulate individual 
mRNAs, variable miR responses may thus 
be explained partly by these variations in 
mRNA turnover dynamics. It remains to 
be seen which of the two mechanisms, 
destabilization or stabilization (mostly 
mediated by RBPs), prevails in the nervous 
system during aging, synaptic activity and 
stress. This could be important for the 
postulated actions of miRs in regulating 
neuronal plasticity during aging194.

miR silencing efficiency is also regulated 
by the cellular concentrations or 
stoichiometrical relationships between: a) 
the target mRNA, b) the miR and c) the 
RISC complex. miRs that have multiple 
targets and are not highly expressed 
are expected to downregulate individual 
target genes to a lesser extent than those 
with a lower number of targets. Similarly, 
highly abundant target transcripts that 
may act as decoys, dilute the effect of 
miRs under specific conditions195-197. This 
effect is more pronounced when the miR 
is capable of perfect base pairing with its 
target198. Along these lines, lower levels of 
a miR may fail to regulate target mRNA, 
but retain the ability to promote inhibition 
in conjunction with another miR, indicating 
that cooperative silencing requires lower 
miR concentrations182. Therefore, miR 
cooperativity may be relevant for miRs 

In this context, miR cooperativity is defined 
as the positive interaction of two or more 
individual miRs, or one individual miR 
acting on multiple seed regions on the same 
3’UTR, on target repression. In addition, miR 
seed density in synaptic mRNAs is higher 
than in non-synaptic mRNAs, indicating that 
they may be under stronger miR cooperative 
control. Furthermore, approximately 50% of 
synaptic mRNAs are predicted to have more 
than 5 miR binding sites182. Therefore, miR 
cooperativity could be a relevant mechanism 
in the regulation of synaptic mRNAs. For 
instance, a recent elegant study has shown 
that the plasticity-related miRs miR-9 and 
miR-132 cooperate in the embryonic mouse 
neocortex in the regulation of Foxp2, a 
transcription factor associated with speech 
and language development183.

Another important determinant of 
efficient silencing is mRNA folding, with 
several reports indicating that miR seeds 
are preferentially positioned in highly 
accessible regions at the start and end 
of 3’UTRs184-186. Indeed, target sites in 
the middle of 3’UTRs are less efficient in 
inducing regulation by RNA interference187 
while those positioned near both ends 
of 3’UTRs were associated with higher 
repression178. This has been confirmed 
for synaptic mRNAs where an over 2-fold 
increase in the number of sites near both 
ends of 3’UTR has been observed188.

Another important determinant is the 
length of the 3’UTR. Genes with short 
or intermediate 3’UTRs (0-1000 nt) are 
significantly more repressed than genes 
with long 3’UTR188. This is, likely, because 
long 3’UTRs encode complex regulatory 
environments in which other factors could 
bind, affecting the overall repression of the 
transcript. Such factors could be other miRs 
or RNA binding proteins (RBPs). Indeed, 
it has been shown that destabilization 
mediated by a transfected miR is generally 
attenuated by the presence of destabilizing 
AU-rich motifs and augmented by 
stabilizing U-motifs; these motifs are 
the targets of tenths of RNA-binding 
proteins189,190. Perhaps not surprisingly, 
brain mRNAs that require more elaborate 
regulation, have 3’UTRs significantly 
longer than average191. With respect to 
synaptic mRNAs, there is considerable 
variability among the alternatively spliced 
3’UTRs. The longest 3’UTR sequence of 
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As discussed before, functional seed 
regions are generally located in the 3’UTR 
of mRNAs. However, both coding regions 
and to a lesser extent 5’UTRs can confer 
miR regulation, albeit at lower levels 
than 3’UTRs171,172. Furthermore, it has 
been shown that miR ‘seeds’ in coding 
regions potentiate the effect of 3’UTRs206. 
Accordingly, it was later reported that 
about a third of predicted miR-3’UTR 
interactions at the synapse also involved 
at least one binding site in the coding 
region182.

Finally, it has recently emerged that Drosha 
cleaves precursor pri-miR hairpins with 
selectivity towards conserved and highly 
expressed miRs, possibly explaining why 
the tenths of thousands of hairpin RNAi 
elements predicted by mining algorithms 
are never or rarely expressed/detected207. 
To add to this complexity, it has been 
shown that individual miRs may also 
display distinct mRNA targeting rules. For 
instance, neuronal miR-124 targets tend to 
have seed regions in the 3’UTR, while miR-
107 targets tend to have seed region in 
the mRNA coding regions. Further, mRNA 
targets of neuronal miR-128 and miR-320 
are less enriched in 6-mer seed sequences 
than miR-124 and miR-107 targets208. The 
reason for these differences is, currently, 
unknown but evidently they enrich the 
heterogeneity of miR-mediated silencing 
(Figure 1).

How to predict biological function based 
on miR expression. 

Determining the role of miRs in cellular 
regulatory processes remains a major 
challenge. Currently, the great majority 
of miRs have not been characterized and 
for those studied in greater depth using 
knockout or knockin studies we cannot 
be certain of their true molecular function. 
This is in part, because the large number of 
redundant miRs could compensate for their 
role, their function may only be context 
specific or because simply the manipulation 
of their levels may modify other miRs 
activity through altered availability to RISC 
complex209. Moreover, the few individual 
targets that have been analyzed and often 
claimed to mediate miR functions are often 
misleading or out of context in an effort 
by the researchers to attribute miR roles 
based on single target regulation.

with lower expression levels or may require 
smaller changes in miR concentrations. 
Further, we could predict that imbalances 
in the relative concentrations of miRs 
and gene targets might exaggerate or 
compensate for sequence mismatches 
between miR-mRNA pairs and, thus, 
contribute to the heterogeneity of miR 
regulation observed experimentally.

Rapid miR turnover in response to external 
stimuli, such as growth factors and 
neuronal activity, or cellular conditions 
that affect miR stability, such as cell cycle 
progression, add to the complexity of miR 
expression regulation. Recently, active 
degradation of mature miRs has been 
identified as another mechanism that is 
important for miR homeostasis199. This 
active and rapid mature miR degradation 
seems to be a characteristic of neurons200. 
Supporting this hypothesis, neuronal miRs 
display rapid decay and this effect appears 
to be subject to activity dependent-
regulation. Interestingly, miR rapid decay 
was not observed in other cell types200-202. 
The presence of this rapid neuronal miR 
decay may represent a serious problem for 
the characterization of miR expression in 
postmortem human brain, where the half-
lives of several miRs were not longer than 
3.5h201. In summary, although neuronal 
activity has been identified as a key 
regulator of rapid miR decay, the molecular 
mechanisms involved are not completely 
understood. However, it is fair to speculate 
that activity-dependent rapid miR decay is 
associated with a need for rapid fine-tuning 
of synaptic mRNA expression. Within the 
framework of rapid changes in synaptic 
plasticity induced by acute stress and 
GC203, it is tempting to speculate that rapid 
miR decay, and other epigenetic changes, 
could be a relevant mechanisms involved 
in fine tuning gene expression at the 
synapse. Indeed very recent observations 
suggest that epigenetic regulation 
of the Rho GTPase Rac1 is crucial 
for synaptic remodeling mechanisms 
involved in adaptation to chronic stress204. 
Interestingly, epigenetic methylation of 
miR-124 genes (miR-124-1, miR-124-2 
and miR-124-3) control the expression of 
miR-124, which directly targets Rac1205. 
This example emphasizes once more the 
complex interplay between epigenetic 
mechanisms, including miRs, involved in 
the regulation of neuronal plasticity194.
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involved in that particular biological process. 
However, there are some limitations to 
this methodology, as it does not take into 
account the degree of deregulated targets, 
whether they are up- or down- regulated or 
the relative importance of each target in the 
various processes. It should, also, be noted 
that there is considerable difference between 
analyzed data obtained from experiments 
and bioinformatics predictions and there is a 
need of careful interpretation.

Εxperimental data provide insights on miR 
function based on all deregulated genes 
(primary targets or not) reflecting the 
end-point of miR regulation in a particular 
cell type (neurons or cell-line) and state 
(developmental stage, split number, culture 
conditions). Bioinformatics data, on the 
other hand, provide summated information 

Deciphering miR expression during 
development plus analyzing the properties 
of its many mRNA targets is, currently, 
the best approach to predict miR function. 
For this, one could transcriptomics 
(mRNA), microRNA-omics, and proteomics 
expression data from miR overexpression 
or knockdown experiments to identify 
deregulated genes. Alternatively, one 
could collect all predicted targets of a 
miR using available bioinformatics tools 
that include among others miRanda and 
TargetScan210,211. The gene lists obtained 
could then be analyzed for Gene Ontology, 
KEGG, and BioCarta enriched pathways 
using a number of available algorithms 
that include DAVID212 and Ingenuity. If the 
targets of a specific miR are enriched for 
a particular biological process or pathway, 
then it is reasonable to infer that this miR is 

• Seed region sequence context 

• Proximity between seed regions 

• Seed region position within 3’UTR 

• 3’UTR length 

• Polyadenylation activity 

• Stoichiometric proportions 
between miR, target and RISC 

• Activity-dependent DICER activity, 
miR dendritic transport, RISC 
remodeling and rapid miR decay 

• Presence of other regulatory 
(de)stabilizing factors 

• miR cooperativity 

• DGCR8/Drosha 
activity 

• Activity-dependent 
miR transcription 

Figure 1 - Mechanisms conveying specificity to target regulation by miRs in neurons. 
The left arrowed box shows the molecular mechanisms described in the main text, acting locally at the 
synaptic level and affecting synaptic plasticity. These mechanisms could also be active at the soma, where 
they could be involved in regulating targets at the whole-cell level. Additionally, the right arrowed box shows 
two other molecular mechanisms that could affect miR expression levels and thus target regulation: the 
activity of the microprocessor components DGCR8 and Drosha and miR transcription regulated by neuronal 
activity. These two mechanisms only take place at the nuclear level. Therefore, the final target expression 
level, and its effect on neuronal plasticity, will be a complex balance resulting from local and whole-cell 
regulation by miRs. Stress and other environmental, genetic and epigenetic factors have the potential to affect 
this delicate balance in a brain region-specific manner.



microRNAs and neuronal plasticity under stress conditions

C
ha

pt
er

 2

47

inhibiting protein production from their 
targeted mRNAs217, it is still unclear how 
miRs are integrated into broader cellular 
networks of gene expression control. Only 
recently we have started to understand 
their involvement and interplay with other 
components of the cellular epigenetic 
regulation machinery in coordinating the 
adaptation of gene expression profiles to 
environmental demands.

Particularly in neurons, this epigenetic 
control seems to be of crucial relevance, 
since neurons face the challenging task of 
converting complex environmental stimuli 
into high-order functions, using a vast 
repertoire of dynamic plasticity processes 
and long-lasting cellular responses218. In 
contrast to classical small molecules that 
act on specific cellular targets, the unique 
feature of miRs is to modulate complex 
physiological or disease phenotypes by 
regulating entire epigenetic circuitries. 
This characteristic may make miRs 
attractive and novel therapeutic targets 
and diagnostic molecules for the treatment 
and detection of complex mental or stress-
related disorders. In this context, it is 
worthwhile to note that besides the pivotal 
role miRs could play in fine-tuning gene 
expression in the brain, miRs present in 
bodily fluids such as blood, saliva and CSF 
have recently been applied to the detection 
of various types of pathologies219-221. 
Although little is known about the function 
and origin of miRs in bodily fluids, it has 
been hypothesised that they are excreted 
in exosomes physiologically or in response 
to damage and stress222-224, suggesting they 
are interesting candidates as biomarkers 
for stress-related neuropathologies.

Here we have reviewed the literature 
demonstrating local changes in miR 
expression in brain regions known to be 
crucial for the brain’s response to stress 
and to be critically affected by stress-
induced changes in neuronal plasticity: the 
prefrontal cortex, the hippocampus and 
the amygdala. Furthermore, we discuss a 
variety of mechanisms by which changes in 
miR expression could result in local changes 
in protein expression regulating neuronal 
plasticity not only at the regional level, but 
also at the (intra)cellular level. Finally, we 
discuss molecular mechanisms of target 
specificity and degree of silencing by miRs. 
These mechanisms are determined by 

of the properties of all primary targets 
without revealing the final outcome of 
their regulation. Further, the bioinformatics 
analysis is not context-specific as it assumes 
that all targets are co-expressed and it is 
not influenced by experimental caveats, 
tissue specificity or other regulatory factors 
such RBPs, as we discussed in previous 
sections. 

Importantly, the results obtained with these 
two approaches maybe very different. 
A characteristic example comes from 
analyzing neuronal miR-124 and miR-128 
experimental data. Both of these miRs are 
known (and predicted) to regulate important 
regulators of mRNA alternative splicing. 
miR-124 controls PTBP1 expression and 
thus the transition from non-NS to NS-
specific alternative splicing109 while miR-
128 controls the expression of UPF1 and 
MLN51 which are key determinants of 
nonsense-mediated decay (NMD) and thus, 
the alternative splicing and maintenance 
of hundreds of neuronal mRNAs that are 
normally targeted for decay by NMD213. 
In both of the aforementioned cases, 
bioinformatics would fail to predict 
the outcome of miR-124 and miR-128 
regulation, which is the switch into the 
expression of hundreds of proneural 
genes. To conclude, we find that using a 
combination of expression studies and 
experimental and bioinformatics analyses 
is currently the best route to gain insights 
into the function of individual miRs.

Conclusion and future perspectives

In the past few years, miRs have emerged 
as an important class of small RNAs 
encoded in the genome. They act to control 
the expression of sets of genes and entire 
pathways and are thus thought of as master 
regulators of gene expression214. Some 
miRs are specifically expressed in the 
brain, suggesting unique regulatory roles in 
neuronal development and function215, and 
recent studies have suggested that they 
may be involved in the etiology of many 
neurodevelopmental and stress-related 
disorders216. 

Although it was evident soon after their 
discovery that miRs play important roles 
in most biological processes, including 
neurodevelopmental timing, growth control, 
and differentiation and they function by 
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8. Conrad, C. D., LeDoux, J. E., Magariños, A. 
M. & McEwen, B. S. Repeated restraint stress 
facilitates fear conditioning independently of 
causing hippocampal CA3 dendritic atrophy. 
Behav. Neurosci. 113, 902–913 (1999).

9. Vyas, A., Mitra, R., Shankaranarayana Rao, 
B. S. & Chattarji, S. Chronic stress induces 
contrasting patterns of dendritic remodeling 
in hippocampal and amygdaloid neurons. J. 
Neurosci. 22, 6810–6818 (2002).

10. Liston, C. et al. Stress-induced alterations 
in prefrontal cortical dendritic morphology 
predict selective impairments in perceptual 
attentional set-shifting. J. Neurosci. 26, 
7870–7874 (2006).

11. Wossink, J., Karst, H., Mayboroda, O. & 
Joels, M. Morphological and functional 
properties of rat dentate granule cells after 
adrenalectomy. Neuroscience 108, 263–272 
(2001).

12. Fitzsimons, C. P. et al. Knockdown of the 
glucocorticoid receptor alters functional 
integration of newborn neurons in the adult 
hippocampus and impairs fear-motivated 
behavior. Mol. Psychiatry 18, 993–1005 
(2013).

13. Bloss, E. B., Janssen, W. G., McEwen, B. 
S. & Morrison, J. H. Interactive effects of 
stress and aging on structural plasticity in the 
prefrontal cortex. J. Neurosci. 30, 6726–6731 
(2010).

14. Radley, J. J. et al. Repeated stress alters 
dendritic spine morphology in the rat medial 
prefrontal cortex. J. Comp. Neurol. 507, 
1141–1150 (2008).

15. Liston, C. & Gan, W.-B. Glucocorticoids 
are critical regulators of dendritic spine 
development and plasticity in vivo. Proc. Natl. 
Acad. Sci. U.S.A. 108, 16074–16079 (2011).

16. Magariños, A. M., Verdugo, J. M. & McEwen, 
B. S. Chronic stress alters synaptic terminal 
structure in hippocampus. Proc. Natl. Acad. 
Sci. U.S.A. 94, 14002–14008 (1997).

17. Sousa, N., Lukoyanov, N., Madeira, M., 
Almeida, O. & Paula-Barbosa, M. Erratum 
to “Reorganization of the morphology of 
hippocampal neurites and synapses after 
stress-induced damage correlates with 
behavioral improvement”. Neuroscience 101, 
483 (2000).

18. Altman, J. & Das, G. D. Autoradiographic 
and histological evidence of postnatal 
hippocampal neurogenesis in rats. J. 
Comp. Neurol. 124, 319–335 (1965).

19. Cameron, H. A., Woolley, C. S., McEwen, B. 
S. & Gould, E. Differentiation of newly born 
neurons and glia in the dentate gyrus of the 
adult rat. Neuroscience 56, 337–344 (1993).

20. Lois, C. & Alvarez-Buylla, A. Long-distance 
neuronal migration in the adult mammalian 
brain. Science 264, 1145–1148 (1994).

21. Kuhn, H. G., Dickinson-Anson, H. & Gage, F. 
H. Neurogenesis in the dentate gyrus of the 
adult rat: age-related decrease of neuronal 
progenitor proliferation. J. Neurosci. 16, 
2027–2033 (1996).

numerous factors that include miR identity, 
target mRNA and RISC levels; 3’UTR 
splicing; other (de)stabilizing factors; 
Drosha or RISC preferences, selective 
rapid decay and miR cooperativity on 
specific targets (Figure 1). The complexity 
of these inputs indicates that multiple 
approaches, including developmental 
expression studies, bioinformatics and 
“omics” target identification strategies will 
be required for efficient characterization of 
miR function in the frame of stress-induced 
local changes in neuronal plasticity. 
Although until now most studies have 
focused on identifying miR functions on 
individual targets, in the near future new 
strategies may be able to integrate different 
approaches. This will enable the thorough 
identification of the specific role of miRs 
in gene expression regulatory networks 
controlling complex cellular functions such 
as neuronal plasticity under physiological 
and pathological conditions.
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Graphical abstract

3 MicroRNA-124 and -137 cooperativity controls 

caspase-3 activity through BCL2L13 in

hippocampal neural stem cells

Sci Rep 5, 12448, DOI: 10.1038/srep12448 (2015)

Schematic depiction of the initial stages of the neurogenic cascade in control animals (left) or after kainic 
acid (KA)-induced hyperactivation alterations (right). Phenotypical alterations are: decreased quiescence, 
increased proliferation, ectopic localization, decreased apoptosis and accelerated differentiation. In this 
chapter we show for the first time that cooperative action of microRNA-124&137 is a molecular mechanism 
contributing to the apoptosis and differentiation phenotypes.
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Abstract

Adult neurogenesis continuously contributes new neurons to hippocampal circuits and 
the programmed death of immature cells provides a primary mechanism controlling this 
contribution. Epileptic seizures induce strong structural changes in the hippocampus, 
including the induction of adult neurogenesis, changes in gene expression and 
mitochondrial dysfunction, which may all contribute to epileptogenesis. However, 
a possible interplay between this factors remains largely unexplored. Here, we 
investigated gene expression changes in the hippocampal dentate gyrus shortly after 
prolonged seizures induced by kainic acid, focusing on mitochondrial functions. Using 
comparative proteomics, we identified networks of proteins differentially expressed 
shortly after kainic acid-induced seizures, including members of the BCL2 family and 
other mitochondrial proteins. Within these networks, we report for the first time that the 
atypical BCL2 protein BCL2L13 controls caspase-3 activity and cytochrome C release in 
neural stem/progenitor cells. Furthermore, we identify BCL2L13 as a novel target of the 
cooperative action of microRNA-124 and microRNA-137, both upregulated in the dentate 
gyrus shortly after kainic acid-induced seizures. This microRNA-mediated fine-tuning of 
BCL2L13 expression controls casp3 activity, favoring non-apoptotic caspase-3 functions 
in NSPC exposed to KA and thereby may contribute to the early neurogenic response to 
epileptic seizures in the dentate gyrus.
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Changes in miR expression in epilepsy 
animal models as well as in the hippocampus 
of epileptic patients have been identified19-21. 
Interestingly, changes in miR expression 
may principally impact on proteins involved 
in neuronal structure, gliosis and apoptosis22. 
Gene regulation by miRs involves a complex 
interplay between regulatory mechanisms 
that complicates the elucidation of the 
actual impact of individual miRNAs9. Thus, 
understanding the coordinated regulation 
of specific targets by multiple miRs, or 
miR cooperativity, is key in elucidating the 
complexity of gene regulation by miRs23. 
Importantly, cooperative miR function could 
render targets more sensitive to small 
changes in multiple miRs24.

Here, we investigated changes induced in 
the DG shortly after KA-induced SE (KA-
SE), focusing on mitochondrial apoptotic 
functions in NSPC. Using proteomic, 
transcriptomic and miR-profiling techniques, 
we show that particular BCL-2 proteins are 
downregulated whereas, simultaneously, 
specific miRs are upregulated. Narrowing 
down these observation using postnatal 
hippocampal NSPC cultures as a model to 
study cell intrinsic molecular mechanisms 
induced by exposure to KA, we identify 
the BCL-2 family member BCL-2-Like 13 
(BCL2L13) as a novel target of miR-124 and 
miR-137. We demonstrate that BCL2L13 
controls CytC release and casp3 activity 
in NSPC and that BCL2L13 expression is 
regulated by the cooperative action of miR-
124 and miR-137.

Results

Changes in proteome in the DG after KA-SE
We detected a significant increase in DCX+ 
cells in the DG of KA-treated animals, starting 
at 3 days and lasting for at least 7 days after 
KA-SE, as described before13. This increase in 
DCX+ cells was preceded by an increase in the 
immunoreactivity for glial fibrillary acidic protein 
(GFAP), which started 1 day after KA-SE and 
lasted for at least 7 days (Supplementary 
Fig. 1), likely reflecting reactive astrogliosis 
reported by others25. To understand the 
relationships between molecular and cellular 
changes taking place in the DG shortly after 
SE, we focused on the 3days after SE time 
point, when strong changes in gene expression 
take place26. Comparative proteomics between 
saline (SAL)- and KA-treated animals identified 
a total of 2327 proteins in the DG, with good 

Introduction

New neurons in the adult dentate gyrus (DG) 
originate from neural stem/progenitor cells 
(NSPC) located in the subgranular zone (SGZ) 
of the DG1. The newly generated cells undergo 
proliferation, selection, migration and neuronal 
differentiation before they are functionally 
integrated into hippocampal networks where 
they contribute to hippocampal functions2. In 
most cases, these stages engage specific cell 
types in the DG3. Under normal conditions, 
newborn cells are selected by apoptosis shortly 
after their birth and are rapidly phagocytosed 
by microglia4. Therefore, apoptosis provides a 
primary mechanisms to control neuronal cell 
numbers and neuronal circuit formation in the 
DG5,6. Adult neurogenesis in the DG is under 
tight molecular control by cell intrinsic factors, 
such as specific small non-coding RNAs 
termed microRNAs7 (miRs) which regulate 
gene expression posttranscriptionaly by 
recognizing specific mRNAs and targeting them 
for translational repression and/or cleavage8,9. 
Adult neurogenesis is also influenced by 
environmental factors such as, among others, 
physical activity, environmental enrichment, 
and kainic acid–induced seizures10. 

Adult generated granule neurons may play 
a substantial role in the development of 
epilepsy, although their specific contribution 
remains unclear11,12. Seizures increase NSPC 
proliferation in post-seizure animal models of 
epilepsy including kainic acid (KA)-induced 
status epilepticus (SE) and in this model 
suppression of adult neurogenesis increases 
seizure severity11,13. A restricted population 
of neurons born after SE, determined among 
other factors by the initial SE intensity and 
resulting activation of caspase3 (casp3) 
mediated mitochondrial pathways of apoptosis, 
outlive SE and may contribute to network 
reorganization and rewiring of hippocampal 
circuits associated with epileptogenesis14,15. 
Recent evidence suggests that caspases 
play a broader role in NSPC than originally 
anticipated. Active caspases, particularly 
casp3, are expressed in different apoptotic 
and non-apoptotic cells of the forebrain 
and may play additional roles besides 
programmed cell death16 and contribute to 
NSPC differentiation17. Importantly, NSPC 
fate appears to be influenced by a balance 
between anti- and pro-apoptotic B-cell 
lymphoma 2 (BCL-2) mitochondrial proteins 
whose expression levels are dictated by 
several regulatory mechanisms18.
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dysregulated proteins into biological processes 
(BP). Within the BPs overrepresented among 
upregulated proteins (Supplementary Fig. 
4A and Supplementary Table 3), we found 
transport (containing GABRG2, OSBP, SEC13, 
SLC25A23, LIN7C, RAB4B and TRPV2), 
translation (EIF4E2, EIF4G2 and KARS) 
negative regulation of apoptotis (CLU, ITGAV, 
MTDH and HSPB1) and nervous system 
development (ENAH, NPTN and RAB23). 
GO analysis of the downregulated proteins 
(Supplementary Fig. 4B and Supplementary 
Table 4) resulted in the significantly 
overrepresented BPs transport (SNX12, 
TNPO3, SLC16A1, CHMP6, SLC32A1, 
TTYH1 and DYNLRB1), translation (RPL23, 
RPS15 and MRPL21), nervous system 
development (JUP, BAX and NDE1), and 
regulation of apoptotic process (BCL2L13 and 
BAX). The overrepresentation of BPs linked 
to apoptosis identified by GO analysis was 
consistent with BPs identified by IPA, including 
the downregulated proteins AKT3, BCL2L13 
and BAX into the BP mitochondrial apoptosis 
(Supplementary Fig. 4C). These results 
suggest that some proteins up- and down-
regulated in the DG shortly after KA-SE may 
converge on the regulation of mitochondrial 
apoptotic pathways, hallmarked by CytC 
release from mitochondria and caspase 
activation.

Correlation between proteome and 
transcriptome after KA-SE
We hypothesized that changes in protein 
levels could be explained by changes in 
corresponding mRNAs. Gene expression 
profiling identified a total of 52 genes 
significantly regulated at the mRNA level 
with 24 up- and 28 downregulated genes 
(Supplementary Table 5). Next, Pearson’s 
correlation analysis was used to analyze protein 
and mRNA levels34. We included in this analysis 
the 114 differentially expressed proteins in the 
DG and their corresponding mRNAs (Fig. 1 
and Supplementary Table 2 and 5). Overall, 
protein levels did not correlate significantly 
with corresponding mRNA (Pearson r -0.165, 
p = 0.285; Pearson r -0,215, p = 0.172 for 
up- and downregulated proteins respectively, 
Supplementary Fig. 3C and 3D), suggesting the 
involvement of posttranscriptional regulatory 
mechanisms. BAX and BCL2L13 mRNA levels 
were validated by real time quantitative PCR 
(RT-QPCR; Supplementary Fig. 3E and 3F). 
Unlike BAX protein levels, which corresponded 
well with its mRNA levels, BCL2L13 protein 
levels did not (Supplementary Fig. 3C-F). 

sample-to-sample reproducibility in both 
SAL and KA groups (Supplementary Fig. 1, 
Supplementary Table 1 and 2). Beta-binomial 
analysis identified 114 differentially regulated 
proteins, with 56 up- and 58 down-regulated 
in the KA group (Figure 1 and Supplementary 
Table 2).
 
Global molecular protein networks were 
identified and visualized using Ingenuity 
Pathway analysis (IPA, Ingenuity® Systems; 
Supplementary Fig. 2A and D). These complex 
networks were reduced into smaller ones, 
using IPA’s focused gene function (Fig. 2 
and Supplementary Fig. 2B-F), revealing 
one significantly overrepresented network  
(SON) containing the upregulated protein 
CLU (Fig. 2A). CLU is upregulated in reactive 
astrocytes and linked to cell survival27, involved 
in the regulation of postnatal neurogenesis28 
and executes anti-apoptotic functions by 
interacting with BAX, blocking CytC release 
from mitochondria and caspase activation29. A 
second SON included the upregulated protein 
GFAP (Fig. 2B), linked to astrogliosis. Two 
others SONs containing upregulated proteins 
where identified around Nuclear Factor 
Kappa-B (NFkB) and TNF (Supplementary 
Figure 2B and 2C, respectively).

In line with an inhibition of mitochondrial 
apoptosis pathways suggested by CLU 
upregulation, two of the SONs containing 
downregulated proteins contained the 
proapoptotic BAX and NADH Dehydrogenase 
Ubiquinone 1 Beta 6 and 7 (NDUFB6, 
NDUFB7, Fig. 2C and Supplementary Fig. 3F, 
respectively). BAX is linked to the regulation 
of adult hippocampal NSPC apoptosis30 and 
NDUFB6 and NDUFB7 are two subunits of the 
NADH:ubiquinone oxidoreductase complex, 
involved in ATP generation by oxidative 
phosphorylation31. Interestingly, within the 
downregulated proteins we identified a third 
SON containing the BCL-2 protein BCL2L13, 
(Figure 2D; Supplementary Table 2). BCL2L13 
is a novel atypical BCL-2 protein, localized to 
mitochondria and whose biological function 
is associated with CytC release and casp3 
activation32,33. A fourth SON containing 
downregulated proteins was identified around 
NFkB (Supplementary Fig. 2E). KA-SE-
induced downregulation of BAX and BCL2L13 
at the protein level was confirmed by western 
blot (Supplementary Fig. 3A-B).

Next, we used GeneCodis Gene Ontology 
(GO) analysis to classify the significantly 
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Upregulated proteins Corresponding mRNA
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Figure 1 – Characteristic proteomic and mRNA expression profile observed in the DG after KA-SE.
(A) Normalized relative expression of 55 significantly upregulated proteins and corresponding mRNAs in the 
DG of mice exposed to KA-SE. (B) Normalized relative expression of 58 significantly downregulated proteins 
and corresponding mRNAs in the DG of mice exposed to KA-SE. Up- and Down-regulated proteins were 
sorted on fold change. Colors represent normalized relative protein/mRNA expression arbitrary units (A.U.), 
green (<1), black (1) and red (>1).
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- Figure 2 Schouten et al. -

A C

B D

Upregulated proteins Downregulated proteins

Figure 2 – Significantly overrepresented networks (SONs) containing dysregulated proteins in the 
DG after KA-SE.
(A) SON depicting nodes around NFkB, including CLU and other upregulated proteins. (B) SON depicting 
nodes around FOS, including GFAP and other significantly upregulated proteins. (C) SON depicting 
nodes around NFkB, including BAX and other significantly downregulated proteins.  (D) SON depicting 
nodes around TNF including BCL2L13 and other significantly downregulated. Gene products (nodes) are 
represented as standard IPA polygons and relationships with lines (edges) between nodes. Full lines indicate 
a direct interaction and dashed lines an indirect interaction. Intensity of the node color indicates the degree 
of regulation (SAL vs. KA) and relationship strength is inversely related to line length. Genes represented 
by uncolored nodes were not differentially expressed in our experiments and were integrated by the IPA 
knowledge database. Arrows represent activation while non-arrowed lines binding only.
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Supplementary Fig. 5 and Supplementary 
Table 9). We adopted these criteria 
considering distance constraints between 
miR binding sites known to influence 
efficacy, and in particular cooperativity, and 
to include most previously characterized 
seed-matched binding sites and maximal 
amount of G:U wobbles allowed in them 
for translational repression38-40. Following 
this approach, miR-135a and miR-137 
were identified as the two strongest 
candidates to cooperate with miR-124 in 
the regulation of BCL2L13 expression. 
While only 30 out of 633 (3.1%) common 
targets between miR-124 and miR-135a 
were linked to apoptosis, miR-124 and 
miR-137 shared 336 GO annotated target 
genes, with 61 (18, 2%) involved in the 
BP apoptosis, included BCL2L13 (Fig. 
3D and Supplementary Table 7-9). The 
upregulation of miR-124 and miR-137 was 
validated by RT-QPCR (Supplementary 
Fig. 3G and 3H). Therefore, we decided to 
investigate further a possible cooperativity 
between these two miRs on the regulation 
of BCL2L13. 

BCL2L13 expression in intermediate 
neuronal progenitors of the DG and in 
primary post-natal hippocampal NSPC 
cultures
The BCL2L13 expression pattern in the DG 
has not been characterized before. To this 
aim we used Nestin-GFP transgenic mice, 
in which GFP expression marks NSPC in 
the DG41. We found that BCL2L13 was 
expressed in Nestin-GFP+ cells in the DG, 
and preferentially in Nestin-GFP+/polysialic 
acid form of neural cell adhesion molecule 
(PSA-NCAM)+ subpopulation (Fig. 4A and 
4B). Only few BCL2L13+ cells were Nestin-
GFP-/PSA-NCAM- and these were outside 
the SGZ (Fig. 4C). Nestin-GFP+/PSA-
NCAM+ cells are classified as intermediate 
neuronal progenitors41 and a similar cell 
type is affected by KA-SE13. MiR-124 and 
miR-137 are expressed in NSPC and in the 
adult DG and control their maturation and 
fate43-45. In agreement with this, 7days after 
miR-124 infusion to the DG, we observed 
a significant reduction of sex-determining 
region Y-box 2 positive (SOX2)+ and an 
increase in DCX+ cells in the SGZ (Fig. 4E-
H), with a marked dispersion of DCX+ cells 
into the granule cell layer  (Fig. 4F). This 
latter cellular phenotype strongly reflected 
the alterations observed shortly after KA-
SE in the DG (Supplementary Fig. 1). 

Changes in miR expression in the DG after 
KA-SE 
Next, we explored the possible scenario that 
some of the discrepancies in protein and 
mRNA expression could be explained by 
posttranscriptional regulation by miRs. We 
detected 277 individual miRs in SAL and KA 
groups. 189 were differentially expressed, 
with 173 upregulated and 16 downregulated 
miRs (Fig. 3A and 3C; Supplementary 
Table 6), showing a distinct miR expression 
profile in the DG after KA-SE. From a group 
of previously identified brain enriched or 
specific miRs35, 16 miRs were detected, 
with 11 up- and 1 down- regulated (Figure 
3B and 3C and Supplementary Table 
6). Although BCL2L13 is not expressed 
specifically in brain tissue32, we reasoned 
that its expression in the brain would 
likely be regulated by brain-specific miRs. 
However, this approach may have excluded 
non-brain specific miRs that may have been 
more strongly upregulated and thus, could 
be more potent silencers of BCL2L13. We 
found multiple predicted binding regions for 
eight of the 11 upregulated brain specific 
or enriched miRs, including 2 for miR-
124, in the mouse BCL2L13’s 3’UTR (Fig. 
3F, Supplementary Fig. 5, Supplementary 
Tables 10-16). 

The prediction of BCL2L13 as common 
target between miR-124 and 7 other 
miRs suggested a coordinated action. 
Therefore, we looked for common targets 
between these 8 miRs (Fig. 3D and 3E, 
Supplementary Fig. 5; Supplementary 
Tables 10-16). The brain-specific miR-124 
can trigger apoptosis-inhibitory pathways 
by targeting pro-apoptotic BCL-2 proteins36. 
Thus, we sought for BPs overrepresented 
among common targets and focused on miR 
pairs converging on the regulation of the 
BP apoptosis (Fig. 3E, Supplementary Fig. 
5, Supplementary Tables 10-16). Previous 
studies of context features present in target 
3’UTRs, which influence the targeting 
efficacy of miR beyond base pairing within 
“seed” regions, have established that 
the proximity of sites for coexpressed 
miRs is an important determinant of 
cooperative action24,37. We applied this and 
other possible inclusion criteria for miR 
cooperativity, as follows: 1) miRs with at 
least a 6 mer base pairing region (allowing 
only one G:U wobble) within the first or last 
quartile of the BCL2L13 3’UTR and 2) 80nt 
proximity between seed regions (Fig. 3F, 
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  118                 137
  |                     |
5’CUCAGCGUG-GCA--GUGUCUUG3’ BCL2L13 3’UTR
      ||:|  :|   |||:|||:
3’C---CGUAAGUGGCGCACGGAAU5’ mmu-miR-124

Folding energy: -26.900000 Kcal/mol

  916                 935
  |                     |
5’AGCUGCAGUCAUUG---GUCUUA3’ BCL2L13 3’UTR
      ||| |||::|   |:||||
3’C---CGUAAGUGGCGCACGGAAU5’ mmu-miR-124

Folding energy: -25.200001 Kcal/mol

miR-137 seed regions in BCL2L13 3’UTR
    1010             1032
    |                   |
5’--ACGUGCCUAUGAUUUAGCAAUGA3’  BCL2L13 3’UTR
    |||:|  |||  || ||||||:|
3’GAUGCGC--AUAAGAAUUCGUUAUU5’  mmu-miR-137

Folding energy: -26.000000 Kcal/mol

  1133                  1155
  |                        |
5’UCUCUGCGUGUAGA---AAGCAGUGU3’ BCL2L13 3’UTR
     ||:||:|||     |||||:|:
3’---GAUGCGCAUAAGAAUUCGUUAUU5’ mmu-miR-137

Folding energy: -27.500000 Kcal/mol
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Supporting our observations in vivo, we 
found detectable levels of endogenous miR-
124, miR-137 and BCL2L13 in hippocampal 
NSPC cultures (Fig. 4I and 4K). The levels of 
miR-124 and miR-137 changed significantly 
in cells primed into differentiation (Fig. 
4I), suggesting dynamic target regulation 
in NSPC. We did not observe significant 
changes in the endogenous levels of miR-
124 and miR-137 in cells treated with 
30μM KA for 7h (Fig. 4J), the experimental 
condition used across all our experiments 
in vitro with NSPC and KA, and previously 
used by others to model the effects of KA 
on NSPC in vitro46. However, we observed 
a significant increase in the endogenous 
levels of miR-124 and miR-137 starting 24h 
after KA induction and still present 72h after 
(Fig. 4J), reflecting our observations in vivo. 

Regulation of BCL2L13 expression and 
casp3 activity by miR-124 and miR-137 in 
hippocampal NSPC in vivo 
The expression of BCL2L13 in NSPC/
intermediate progenitors of the DG suggested 
a function in the regulation of casp3 activity 
in this cell type in the context of KA-induced 
hyperactivation and a possible modulation 
of this by miR-124 and miR-137. To test this 
hypothesis we first infused miR-124, miR-137 
and an equimolar combination of both to the 
DG of Nestin-GFP transgenic mice. 2 days 
after the animals were exposed to a mild 
SE induced by intrahippocampal injection 
of KA, which promotes neurogenesis47 as 
is the case in our systemic KA injections 
(Supplementary Figure 1)  and analyzed 
its consequences on BCL2L13 and casp3 
activation in NSPC/intermediate progenitors 
in vivo 3 days after SE. In our hands, infusion 
of 50nL of 2.22 mM KA to the DG resulted in 
a mild SE, characterized by single and brief 

repetitive trains of spike activity as shown 
in cortical EEG traces obtained from EEG 
recordings sampled at 500Hz from freely 
moving mice 2h after KA administration 
(Fig. 5A and 5B), in agreement with recent 
observations using similar techniques47. 
Saline-injected controls (SAL) did not display 
seizures or abnormal trains of spike activity 
in their EEG recordings at any time during 
the monitoring (Fig. 5A and 5B). Three days 
after this mild SE, we observed a significant 
reduction in the expression of BCL2L13 in 
Nestin-GFP+/PSA-NCAM+ cells of the DG 
in mice infused with miR-124, miR-137 or an 
equimolar combination of both (Fig. 5D and 
5F). Interestingly, this miR-induced reduction 
in BCL2L13 correlated with a significant 
reduction in activated casp3 expression in 
the same Nestin-GFP+/PSA-NCAM+ cell 
type in animals infused with the equimolar 
combination of both miRs (Fig. 5E and 
G). These results suggest a regulation of 
BCL2L13 expression and casp3 activity in 
NSPC/intermediate progenitors in the DG in 
the context of KA-induced hyperactivation 
through a possible cooperative action 
between miR-124 and miR-137, which we 
decided to characterize further in vitro.

Regulation of BCL2L13 by cooperative action 
of miR-124 and miR-137 
Using a Luciferase-BCL2L13 3’UTR reporter 
construct (pEZX-MT01-mouse-3kb-BCL2L13-
3’UTR), we validated BCL2L13 as miR-124 
and miR-137 target. Cotransfection of HeLa 
cells with the reporter construct and miR-124 
or miR-137 resulted in a significant reduction 
in luciferase expression (Fig. 6A). Increasing 
miR-124 and miR-137 concentrations beyond 
75 and up to 150nM did not further increase 
luciferase downregulation under these 
experimental conditions. 

Figure 3 – KA-SE induced changes miR expression profile in the DG.
(A) Relative expression level (dCt) of 189 miRs significantly dysregulated in the DG of mice exposed to KA-
SE, (FDR corrected p < 0.05; cutoff fold change ≥ 1.5). (B) Relative expression levels (dCt) of a group of 
brain enriched or specific miRs (FDR corrected p < 0.05; cutoff fold change ≥ 1.5). (C) Relative expression 
levels (dCt) of SAL vs. KA showing individual deviations from the RNU6B normalized mean (continuous line) 
± SEM (dashed line). Red dots: up- and green dots: down-regulated miRs. Brain enriched or specific miR are 
indicated. (D) miR-mRNA interaction prediction mining for miR-124 and miR-137 with ≥3 algorithms positively 
predicting  miR-mRNA binding. (E) GO analysis of 336 predicted common targets between miR-124 and miR-
137. 61 were annotated in apoptotic processes (Hypergeometric FDR corrected p = 1.56*10-10). Red bars: 
number of annotated members per BP. Blue bars: hypergeometric FDR corrected p -values. (F) BCL2L13 
3’UTR with miR-124 and miR-137 seed regions highlighted. The predicted binding regions starting at position 
916 (miR-124) and 1010 (miR-137) meet inclusion criteria for cooperative action described in the text. The 
reporter plasmid with the BCL2L13 3’UTR (first 3kb of NM_153516) containing predicted miR-124&137 
interactions is schematically depicted. Calculated folding energy and seed pairing details for miR-124 and 
miR-137 at the BCL2L13 3’UTR are shown in the boxes. 
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BCL2L13 downregulation. However, 
cotransfection with an equimolar (75nM each) 
combination downregulated endogenous 
BCL2L13 protein levels (Fig. 6D). Thus, these 
observations together with those presented in 
Fig. 4J suggest that the lack of effect of miR-
124 and miR-137 individually on BCL2L13 
expression may not be simply explained 
by an induction of endogenous miR levels, 
and indicate that miR-124 and miR-137 
cooperative action on BCL2L13 expression 
may be a relevant regulatory mechanism in 
NSPC exposed to KA. 

Effect of BCL2L13 overexpression on CytC 
release and casp3 activation in NSPC 
exposed to KA
Hippocampal NSPC cultures were treated 
with increasing concentrations of KA, and 
morphological alterations were recorded 
prior to casp3 activity measurements. 
Low KA concentrations induced low 
levels of casp3 activation, paralleled by 
neurite extension, a morphological change 
associated with NSPC differentiation (Fig. 
7A and 7D). High KA concentrations induced 
higher levels of casp3 activity paralleled 
by cell shrinkage, a morphological change 
associated with apoptosis (Fig. 7A and 7E). 
Likewise, high concentrations of KA reduced 
CytC localization to mitochondria (Fig. 7F-
I), suggesting CytC release associated with 
the permeabilization of the mitochondrial 
outer membrane. Vehicle treated cells were 
used as reference to identify morphological 
changes induced by KA (Fig. 7C). The effects 
of KA on casp3 activity were mimicked by 
Staurosporine (Sts), a potent activator of 
casp3, cellular differentiation and apoptosis 
in NSPC50 (Fig. 7B).

Strikingly, an equimolar combination of miR-
124 and miR-137 (75nM each) induced the 
largest decrease in luciferase expression (Fig. 
6A). Furthermore, miR-124 concentrations 
as low as 25nM significantly downregulated 
luciferase expression only in the presence 
of miR-137 (Fig. 6B). Next, we followed a 
3’UTR truncation approach, comparable 
to that recently used by others to study 
the coordinated action of miRs48, which 
removed the predicted miR-124 and miR-
137 binding sites and their proximal 3’UTR 
context as well, which may be of relevance 
for miR cooperativity. The excision of a 1.3kb 
fragment of BCL2L13’s 3’UTR containing 
the predicted miR-124 and miR-137 binding 
regions significantly, albeit not completely, 
rescued luciferase downregulation induced 
by miR-124 and miR-137 (Fig. 6C). These 
observations point at BCL2L13 as a target 
of miR-124 and miR-137. The additive 
effect in the presence of both miRs and the 
potentiation of miR-124 downregulation of 
BCL2L13 3’UTR-driven luciferase by miR-137 
supported the hypothesis of miR cooperativity. 

Regulation of endogenous BCL2L13 
expression by the cooperative action of miR-
124 and miR-137 in NSPC exposed to KA 
Previous studies have demonstrated that 
NSPC are responsive to KA in vitro46,49. 
Following a similar experimental approach, 
hippocampal NSPC cultures were incubated 
with vehicle or 30μM KA for 7h. In vehicle 
treated cells either miR-124 or miR-137 at 
150nM or in equimolar combination (75nM 
each) downregulated endogenous BCL2L13 
protein levels as compared to NT-miR (Fig. 
6D). In cells exposed to KA, miR-124 or miR-
137 alone (150nM) failed to induce significant 

Figure 4 –BCL2L13 expression in the DG and hippocampal NSPC cultures.
(A) Representative confocal image displaying BCL2L13+/PSA-NCAM+/Nestin-GFP+ cells present in the SGZ 
(arrows). (B) Representative confocal image displaying BCL2L13+/PSA-NCAM-/Nestin-GFP+ cells present 
in the SGZ (arrowheads). (C) Representative confocal image displaying BCL2L13+/PSA-NCAM-/Nestin-
GFP- cells outside the SGZ (arrows). (D) Quantification of BCL2L13 protein expression in Nestin-GFP+ cell 
populations of the DG (***p < 0.001). (E) SOX2+ cells 7 days after infusion with a NT-miR (Ctrl, top) or miR-
124 (bottom). Insets: black arrowheads indicate SOX2+ cells within the SGZ, dotted lines indicate the limits 
of the SGZ. (F) DCX+ cells 7 days after infusion with a NT-miR (Ctrl, top) or miR-124 (bottom). Black arrows: 
ectopic DCX+ cells in the GCL. (G) Quantification of SOX2+ cells in the SGZ 7dpi with a NT-miR (Ctrl) or 
miR-124 (**p < 0.01). (H) Quantification of DCX+ cells in the GZ 7dpi with a NT-miR (Ctrl) or miR-124 (***p 
< 0.001).  (I) RNA expression of cell markers and miRs in hippocampal NSPC cultures, (SOX2, * p < 0.05; 
miR-137, ** p < 0.01; DCX, ** p < 0.01; miR-124, * p < 0.05; Nestin, p > 0.05). (J) miR-124 and miR-137 
expression in hippocampal NSPC cultures during and after treatment with 30μM KA, (* p < 0.05 and ** p < 
0.01, relative to time=0). (K) BCL2L13 protein expression in hippocampal NSPC cultures. Left lane: molecular 
weight marker (MW), right: BCL2L13 and GAPDH. Data in bar graphs represent mean normalized numbers 
of immunoreactive cells (% of Nestin-GFP+/PSA-NCAM+ or Ctrl) ± SEM from three animals. ML: molecular 
layer, GCL granular cell layer, SGZ: subgranular zone, GZ: granular zone containing areas GCL+SGZ, dpi: 
days post injection. Scale bars represent 10μm (A-C and F) or 50μm (E).
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Figure 5 – Regulation of BCL2L13 expression and casp3 activity by miR-124 and miR-137 in 
hippocampal NSPC in vivo after mild SE induced by intrahippocampal KA injection 
(A) Representative low (top) and high (bottom) magnifications of cortical EEG recordings 2h 
after 50nl SAL injection in mice. (B) Representative low (top) and high (bottom) magnifications of 
cortical EEG recordings 2h after 50nl 2.22mM KA injection, inducing epileptoform activity in mice. 
(C) Schematic timeline of the experiment. Nestin-GFP mice received miR (1µl, 50µM) injections 
on day 0, KA (50nl 2.22mM) injections on day 2 and were sacrificed 3 days later, on day 5.
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Transfections of exogenous BCL2L13 
(validated in Supplementary Figure 6A) 
aggravated KA-induced CytC release (Fig. 
7H and 7J) and casp3 activation (Fig. 
7K). Furthermore, treatment of NSPC with 
specific siRNAs to knockdown BCL2L13 
resulted in a significant downregulation 
of BCL2L13 protein and a concomitant 
significant decrease in casp3 activation in 
NSPC cells treated with KA (Supplementary 
Figure 6B and 6C). Overall these results 
suggest that the control of BCL2L13 
protein levels is relevant for CytC release 
from mitochondria and casp3 activation in 
NSPC exposed to KA. 

Functional relevance of the cooperative 
regulation of BCL2L13 by miR-124 and 
miR-137
Finally, we investigated the effects of 
miR-124 and miR-137 on the expression 
of active, cleaved casp3 (cl-casp3) in 
hippocampal NSPC cultures exposed to 
KA. In vehicle-treated cells, neither miR-
124, miR-137, nor the combination of both 
had detectable effects on uncleaved casp3 
(pro-casp3) or cl-casp3 expression levels 
(Fig. 8A). However, in cells incubated 
with 30µM KA, co-transfection with an 
equimolar (75nM) combination of miR-124 
and miR-137 reduced cl-casp3 expression. 
Neither miR-124 nor miR-137 alone 
(150nM) were able to induce changes in 
cl-casp3 levels (Fig. 8B). Transfection with 
a FLAG-BCL2L13 construct devoid of its 
3’UTR reverted cl-casp3 downregulation 
induced by the equimolar combination 
of miRs (Fig. 8C). These results indicate 
that miR-124 and miR-137 cooperativity 
regulates BCL2L13 protein levels and 
controls casp3 activity in NSPC exposed 
to KA.

 Discussion

Here, we investigated relationships 
between changes in gene expression 
induced in the DG after KA-SE and 
alterations linked to mitochondrial 
function. We show that: 1) a group of 
114 proteins is differentially expressed 
in the DG 3 days after KA-SE; 2) 
these proteins can be categorized into 
overrepresented networks and biological 
functions, including mitochondria-
dependent apoptosis; 3) within a group of 
significantly downregulated proteins linked 
to mitochondrial function, we identified 
the BCL-2 protein BCL2L13. BCL2L13 
controls CytC release and casp3 activity in 
hippocampal NSPC cultures; 4) BCL2L13 
is a hitherto uncharacterized miR-124 
and miR-137 target, regulated by the 
cooperative action of both miRs and 5) the 
cooperative action of miR-124 and miR-
137 regulates BCL2L13 protein levels and 
controls casp3 activity in NSPC exposed 
to KA. Our observations suggest that 
BCL2L13 controls casp3 activation, fine-
tuning mitochondria-dependent apoptotic 
pathways in NSPC.

Previous observations have suggested 
that protein expression is predominantly 
controlled at the level of translation 
in mammalian cells51,52, underscoring 
the importance of posttranscriptional 
regulation. In our experiments, changes 
in protein levels detected by proteomics 
did not correlate well with changes in 
corresponding mRNA, thus suggesting 
posttranscriptional regulation. This 
conclusion emphasizes the advantage 
of including proteomics-supported miR 
targets in our studies. 

Figure 5 – Continued
(D) Representative confocal images of animals injected with miR and KA. Top left: Nestin-GFP+/PSA-
NCAM+/BCL2L13+ cells (arrows) in the SGZ of mice that received NT-miR and KA. Top right: Nestin-GFP+/
PSA-NCAM+/BCL2L13+ cells (arrows) in the SGZ of mice that received miR-124 and KA. Bottom left: Nestin-
GFP+/PSA-NCAM+/BCL2L13+ cells (arrows) in the SGZ of mice that received miR-137 and KA. Bottom right: 
Nestin-GFP+/PSA-NCAM+/BCL2L13+ cells (arrows) in the SGZ of mice that received miR-124&137 and KA. 
(E) Representative confocal images of animals injected with miR and KA. Left: Nestin-GFP+/PSA-NCAM+/
cl-casp3+ cells (arrows) in the SGZ of mice that received NT-miR and KA. Right: Nestin-GFP+/PSA-NCAM+/
cl-casp3+ cells (arrows) in the SGZ of mice that received miR-124&137 and KA.  ML: molecular layer, GCL 
granular cell layer, SGZ: subgranular zone. Scale bars: 20µm (D and E). 
(F) Dot plot showing BCL2L13 expression quantified as intensities calculated from background subtracted 
average gray values in individual Nestin-GFP+/PSA-NCAM+ cells (miR-124, ***p < 0.001; miR-137, ***p < 
0.001; miR-124&137, ***p < 0.001, relative to NT-miR). (G) Dot plot showing cl-casp3 expression quantified 
as intensities calculated from background subtracted average gray values in individual Nestin-GFP+/PSA-
NCAM+ cells (miR-124&137, ***p < 0.001, relative to NT-miR). Values represent mean background (BG) 
subtracted average (AVG) gray value±SD of at least 3 animals (F and G).
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Figure 6 – Validation of BCL2L13 as a target of miR-124 and miR-137 cooperative action.
(A) Effect of miR-124 and miR-137 alone or in combination on BCL2L13 3’UTR-driven luciferase expression. 
Red empty bar: 75nM miR-124+75nM NT-miR; * p < 0.05; red dashed bar: 150nM miR-124; ** p < 0.01;  (blue 
empty bar: 75nM miR-137+75nM NT-miR; *** p < 0.001; blue dashed bar: 150nM miR-137, *** p < 0.001; 
(purple bar: 75nM miR-124+75nM miR-137; *** p < 0.001. All conditions compared to 150nM NT-miR (black 
bar). The equimolar combination of miR-124 and 137 (purple bar) induced significantly larger downregulation 
of luciferase, compared to all other conditions (red empty bar:  *** p < 0.001; red dashed bar, *** p < 0.001; 
blue empty bar, * p < 0.05; blue dashed bar, * p < 0.05). Values represent mean normalized expression (RLU) 
±SEM of three independent experiments. (B) Effects of increasing concentrations of miR-124 in the presence 
of 75 nM miR-137. Values represent mean normalized expression to 75nM miR137+ 75nM NT-miR137 (0nM 
miR-124) ±SEM of three independent experiments (***p < 0.001 compared to 0nM miR-124).  (C) Scheme 
of original and truncated pEZX-MT01-mouse-3kb-BCL2L13-3’UTR and bar graph showing a significant 
reduction of luciferase expression (OriUTR+NTmiR vs. +miR-124 or + miR-137, * p < 0.05) and a significant 
rescue (Ori. vs. Trunc. UTR with same miR, * p < 0.05) of miR-mediated luciferase expression in the absence 
of miR-124 and 137 binding regions. Values represent mean normalized expression (RLU) ±SEM of three 
independent experiments. In all cases, total miR concentration was kept constant at 150 nM by adding non-
targeting miR (NT-miR). (D) Representative immunoblots and bar graph displaying miR induced changes in 
endogenous BCL2L13 expression in hippocampal NSPC. Black bars: vehicle-treated NSPC cultures, 150 nM 
miR-124 (miR-124, * p < 0.05), 150 nM miR-137 (miR-137 ** p < 0.01) and 75 nM miR-124+75 nM miR-137 
(miR-124&137, ** p < 0.01) significantly reduced BCL2L13 protein expression. White bars: KA-treated NSPC 
cultures, only 75 nM miR-124 + 75 nM miR-137 significantly reduced BCL2L13 protein expression (miR-
124&137, * p < 0.05). All miR treatments compare to 150 nM NT-miR. Values represent mean±SEM of three 
independent experiments performed in triplicates. Bands belong to the same blot, but where re-ordered for 
clarity of the figure. Cropping lines are indicated by vertical black lines and full-length blots are presented in 
Supplementary Fig. 7. In all cases total miR concentration was kept constant at 150 nM by adding NT-miR.
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exogenous BCL2L13 expression on 
CytC release from mitochondria and 
casp3 activation in hippocampal 
NSPC cultures.
(A) Treatment with increasing 
concentrations of KA. Values are 
expressed as casp3 activity normalized 
to vehicle treated cells. (B) Treatment 
with increasing concentrations of 
Sts. Values are expressed as casp3 
activity normalized to vehicle treated 
cells.Dashed lines represent the 
transition from differentiation to 
apoptosis. (C) Cell morphology under 
vehicle treatment conditions. (D) Cell 
morphology after treatment with 10μM 
KA, inducing low casp3 activity (200% 
increase) as shown in (B). Arrows: 
cells displaying thinning and neurite 
extension. (E) Cell morphology after 
treatment with 30μM KA, inducing 
higher amounts of casp3 activity (800% 
increase) as shown in (B). Arrowheads: 
shrunk cells. (F) SIM image showing 
details of hippocampal NSPC after 
10μM KA treatment. Arrowheads: 
CytC immunoreactivity in Mitotracker+ 
mitochondria (yellow). (G) SIM image 
showing details of hippocampal NSPC 
after 30μM KA treatment. Arrows: CytC 
immunoreactivity outside Mitotracker+ 
mitochondria (green). (H) SIM Image 
showing details of hippocampal NSPC 
transfected with FLAG-hBCL2L13 after 
10μM KA treatment. White arrow points 
to CytC immunoreactivity outside 
Mitotracker+ mitochondria (green).
(I) Representative SIM micrograph 
showing hippocampal NSPC 
transfected with FLAG-hBCL2L13 
after 30 μM KA treatment. Arrow: CytC 
immunoreactivity outside Mitotracker+ 
mitochondria (green). Cells shown in 
(F and G) were transfected with EV 
for comparison to FLAG-hBCL2L13 
(H and I). (J) Effect of 30μM KA 
treatment in combination with EV or 
FLAG-hBCL2L13 on CytC localization. 
FLAG-hBCL2L13 transfection 
decreased the ratio of mitochondrial to 
cytosolic CytC expression significantly, 
compared to EV transfection (*** 
p < 0.001). (K) Effect of 30 μM KA 
treatment in combination with EV 
or FLAG-hBCL2L13 transfection on 
casp3 activation. FLAG-hBCL2L13 
transfection decreased the pro-casp3/
cl-casp3 ratio significantly, compared 
to EV transfection (** p < 0.01). 
Scale bars: 10µm (C-E); 3µm (F-I). 
Values represent normalized mean 
(% of vehicle or EV) ±SEM of three 
independent experiments performed in 
triplicates. 
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Figure 8 – Effect of miR-
124 and miR-137 alone or in 
combination on endogenous 
BCL2L13 and casp3 activation 
in hippocampal NSPC 
cultures.
(A) Transfection with 150nM 
miR-124 (miR-124), 150nM 
miR-137 (miR-137) or 75nM 
miR-124+75nM miR-137 (miR-
124&137) did not result in 
significant changes in pro-casp3 
expression levels in vehicle-
treated cultures (p > 0.05, 
compared to NT-miR). Cl-casp3 
expression was below detection 
levels. (B) Transfection with 
75nM miR-124+75nM miR-
137 resulted in a significant 
reduction in cl-casp3 levels 
after 30μM KA treatment (* p 
< 0.05, compared to NT-miR). 
All other miR transfections led 
to non-significant differences. 
All bands belong to the same 
blot, but where re-ordered for 
clarity of the figure. Cropping 
lines are indicated by vertical 
black lines and full-length blots 
are presented in Supplementary 
Fig. 7. (C) Effect of 75nM miR-
124+75nM miR-137 on cl-casp3 
levels was abolished by co-
transfection with a BCL2L13 
construct devoid of its 3’UTR. 
There were no significant 
difference between transfections 
with 150nM miR-124 (miR-124), 
150nM miR-137 (miR-137) or 
75nM miR-124+75nM miR-
137 (miR-124&137), p > 0.05, 
compared to 150nM NT-miR. 
Values represent mean±SEM of 
three independent experiments 
performed in triplicates. In all 
cases total miR concentrations 
were kept constant at 150nM 
adding NT-miR.
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Therefore, in a primary effort to understand 
the contribution of posttranscriptional 
mechanisms, we focused on miR-mediated 
control of gene expression. In agreement 
with recent observations53, we found more 
up- than down-regulated miRs, indicating 
they may be implicated in the control of 
some of the changes in gene expression 
taking place in the DG shortly after KA-SE. 
Bioinformatics predictions have identified 
apoptosis as a common pathway among 14 
miRs upregulated in various models of SE. 
Importantly, miR-124 has been implicated 
in the inhibition of neuronal apoptosis in 
the DG. Deletion of Rncr3, the dominant 
source of miR-124a, results in a significant 
increase in the number of apoptotic cells in 
the DG without affecting NSPC proliferation, 
indicating that miR-124 anti-apoptotic 
function is essential for the maturation and 
survival of DG neurons43. Suggestively, we 
show that intra-hippocampal delivery of miR-
124 induced phenotypic changes in immature 
cells of the DG that were reminiscent of 
those induced by KA-SE. Furthermore, 
intrahippocampal infusion of miR-124, miR-
137 or a combination of both prior to KA 
infusion resulted in a reduction in activated 
casp3 when both miRs were combined, 
suggesting a cooperative miR action.
 
miR cooperativity could explain the 
coordinated action of multiple miRs, 
rendering targets more sensitive to relatively 
small changes in levels of individual miRs24, 
such as those described herein for brain 
specific or enriched miRs. Therefore, we 
focused on the hypothesis that miR-124 
may cooperate with other upregulated brain 
specific or enriched miRs to regulate specific 
targets relevant for NSPC survival. To test 
this hypothesis we focused on mitochondrial 
BCL-2 proteins, particularly on BCL2L13, 
whose protein expression levels did not 
correlate well with corresponding mRNA 
levels. Following a bioinformatic pipeline in 
which we analyzed cooperativity between 
11 upregulated miRs, common targets and 
converging biological pathways, we were 
able to narrow down the number of potential 
biologically relevant targets, leading to the 
identification of BCL2L13 as a novel target 
of miR-124 and miR-137 cooperativity. We 
identified multiple predicted binding sites 
for the brain specific or enriched miR-124 
and miR-137 in BCL2L13’s 3’UTR and 
characterized BCL2L13 as a novel target of 
these two miRs.

To better understand the functional 
relevance of miR-124 and miR-137 
cooperativity, we focused on the role of 
BCL2L13 in NSPC. We found that BCL2L13 
is preferentially expressed in intermediate 
progenitor cells of the DG, indicating a 
functional role in these cells. In NSPC 
cultures, changes in casp3 induced by low 
or high KA doses were associated with 
phenotypic changes indicative of NSPC 
differentiation or apoptosis respectively, 
reflecting the dual role of casp3 activation 
in NSPC17. We found that miR-124 and miR-
137 cooperatively regulated BCL2L13 in 
NSPC exposed to KA in vivo and in vitro, 
indicating that cooperativity between these 
two miRs is involved in fine-tuning the levels 
of apoptosis-related proteins. Underscoring 
the functional relevance of miR cooperativity 
in KA-treated NSPC, miR-124 and miR-
137 did not have a significant effect on 
BCL2L13 protein levels or casp3 activation 
individually, yet they decreased BCL2L13 
levels and inhibited casp3 activation when 
administered in combination. Moreover, 
exogenous expression of a miR-insensitive 
BCL2L13 reverted the reduction of active 
casp3 mediated by miR-124 and miR-137 
and was associated with increased cytosolic 
CytC localization, leading to the possibility 
that miR-124 and miR-137 cooperativity 
fine-tunes BCL2L13 to favor non-apoptotic 
caspase-3 functions in NSPC. Further 
demonstration of this concept would 
require loss-of-function approaches, aimed 
to knowckdown or inhibit miR actions. 
However, these approaches are difficult to 
optimize experimentally and all have their 
advantages and disadvantages, implying 
that a combination of multiple approaches 
may be necessary to establish miR 
function54. Furthermore, results obtained 
with antimiR oligonucleotides might be 
difficult to bring into line with those obtained 
with miR mimics at low endogenous miR 
expression levels48, such as those we 
observed in NSPC cultures.
 
Overall, our observations may be relevant to 
understanding in more detail the regulation of 
adult hippocampal neurogenesis after SE and 
its possible consequences for epileptogenesis. 
Interestingly, recent observations have 
demonstrated that mitochondria play a key 
role in adult hippocampal neurogenesis and 
that mitochondrial dysfunction influences 
NSPC differentiation55,56 and mitochondrial 
complex I deficiency is observed in 
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6mg/kg were given every 30min until SE 
occurred59. Behavioural seizures were 
scored after each KA injection using a 
modified Racine’s scale60. Only animals 
displaying unequivocally class IV-V 
seizures that lasted at least 5min were 
selected for future experiments. Control 
animals were injected with equal amounts 
of SAL. 

Mice injected with KA or saline (KA and 
SAL respectively; n=3 per group) were 
sacrificed 3 days after. Brains were 
extracted and immediately placed in ice-
cold artificial CSF (NaCl: 124; KCl: 2.5; 
NaH2PO4: 1.25; CaCl2: 1; MgCl2: 1; 
NaHCO3: 25; D-Glucose: 10; all in mM) 
constantly bubbled with 95%O2/5% CO2, 
sectioned with a vibratome and the DG 
was separated from other hippocampal 
regions along the hippocampal fissure 
and avoiding contamination from the third 
ventricle using a previously described 
microdissection procedure49. For 
transcriptomics and proteomics analyses, 
hippocampi of the same individuals 
were used. The right DG was reserved 
for genomic and the left for proteomic 
analyses61. For histological preparations 
brains of three additional mice were used 
per experimental group.

Nano-LC peptide separation
Tissue homogenization and fractionation 
was carried out using gel electrophoresis 
and in-gel digestion. Tissue samples 
of microdissected DG from the KA or 
SAL-treated groups were lysed in lysis 
buffer (per 100mg tissue, one ml buffer 
containing 7M urea, 2M thiourea, 4% (w/v) 
CHAPS, and 10μl/ml protease inhibitor 
mix (Amersham Biosciences, Piscataway, 
NJ, USA)). Protein (30μg) fractions were 
loaded on gradient gels (NuPAGE 4–12% 
Bis-Tris gel, 1 mm × 10 wells, Invitrogen). 
The gels were then stained with Coomassie 
Brilliant Blue G-250 (Pierce, Rockford, 
IL, USA). Before MS analysis, separated 
proteins were in-gel digested as previously 
described62. Further details on Nano-LC 
peptide separation, mass spectrometry, 
protein identification and quantification 
are described in Supplementary Data.

Microarray gene expression profiling
RNA extraction, sample preparation, 
hybridization to microarray, and 
detection were performed as described 

hippocampal biopsies of TLE patients57, 
indicating that our experimental model 
may reflect relevant aspects of the human 
disorder. Although speculative at this 
point, BCL2L13 downregulation together 
with changes in CLU expression and 
in the mitochondrial NADH:ubiquinone 
oxidoreductase complex I, suggested 
by the downregulation of two of its 
subunits we observed in the DG after 
KA-SE, may provide a link between 
mitochondria dysfunction and the 
regulation of adult neurogenesis in early 
stages of epileptogenesis. Validation of 
this hypothesis and the potential impact 
of reduced BCL2L13 expression on the 
elimination of excessive cell numbers 
and network reorganization in the DG5,6 
require further experiments. However, 
previous observations have shown that 
mitochondrial apoptosis pathway are 
required for normal organization and 
function newborn neurons in the DG58. 
These, together with our findings, suggest 
that fine-tuning of key components 
of mitochondrial apoptotic pathways, 
mediated by miR-124 and miR-137 
cooperativity on BCL2L13 and its 
associated functions, may contribute to 
the early response to epileptic seizures in 
the DG.

Materials and methods

Animals, SE induction and tissue collection
6-8 week-old male C57BL/6j mice were 
used (Janvier Bioservices, Genest st Isle, 
France). Mice were housed in groups for 
one week under a 12-hour dark/light cycle 
(lights on at 6.30 h) in a temperature- 
and humidity-controlled room, with free 
access to food and water and were kept. 
Animal experiments were approved by 
the committee of Animal Health and Care, 
Leiden University (Protocol #08170) and 
were performed in accordance with the 
guidelines and regulations of the European 
Union for the use of animals for scientific 
purposes.  Mice randomly assigned to 
experimental groups were injected with 
Kainic acid (KA; Sigma K0250, Kainic 
acid monohydrate) or Vehicle (Saline; 
SAL, 0.9% NaCl), following a protocol 
of multiple, low-dose, intraperitoneal 
injections of KA59. SE was induced by 
repeated injections of KA (10mg/ml in 
saline, pH 7.4). The starting dose was 
24mg/kg and subsequent injections of 
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before63. Further details are described in 
Supplementary Data.

miR expression profiling
The same total RNA samples quality-
controlled and used for gene expression 
profiling were used to profile 381 mature 
mouse miRs using 384-well TaqMan 
Array Mouse MicroRNA Fluidic v3.0 
Cards, in triplicates (Applied Biosystems, 
Life Technologies), following a method 
previously used for to the identification of 
miR expression profiles in rat brain and 
blood after KA-SE21. The U6 small nuclear 
RNA was used as endogenous control and 
an unrelated human total RNA sample was 
included as a negative control. Samples were 
processed and analyzed by an investigator 
blinded to treatment using a previously 
described method64. Further details are 
described in Supplementary Data.

In silico cooperative miR target prediction 
analysis
The miRecords database, composed of 11 
established miR target prediction programs65 
was used to produce a list of mRNA targets 
for a group of previously characterized brain 
enriched or specific miRs35, significantly 
regulated in our experiments. Further details 
are described in Supplementary Data.

NSPC culturing and transfections
Primary post-natal hippocampal NSPC 
cultures were prepared, cultured and 
transfected as previously described66. Further 
details are described in Supplementary Data.

Western blotting
Western blotting was performed as 
previously described66. Further details are 
described in the Supplementary Data.

3’UTR Luciferase reporter assays
miRs were tested for functional knockdown 
efficiency with a dual luciferase reporter 
assay following manufacturers instruction 
(Dual-Luciferase Reporter Assay System, 
Promega), luciferase activity was measured 
in cell lysates using a Spectramax L 
luminometer, as described before67. Further 
details are described in Supplementary Data.

Quantitative real time polymerase chain 
reactions 
mRNA and miR QPCRs were performed 
as described before67. Further details are 
described in Supplementary Data.

Stereotactic miR infusion, 
immunohistochemistry and confocal 
microscopy
Stereotactic surgery was performed as 
described before66 and was approved by 
the committee of Animal Health and Care, 
University of Amsterdam (DEC#236). Further 
details are described in Supplementary Data.

Electrode implantation, EEG recording, and 
electrophysiological characterization.
Stereotactic surgery was performed as 
described before66 and was approved by 
the committee of Animal Health and Care, 
University of Amsterdam (DEC#296). Further 
details are described in Supplementary Data.

Casp-3 activity
Casp-3 activity was measured using a 
Caspase 3 Fluorimetric Assay Kit (Cat# 
CASP3F, Sigma-Aldrich), as previously 
described63. Further details are described in 
Supplementary Data.

Immunocytochemistry, mitochondrial staining 
and structured illumination microscopy (SIM)
50 thousand hippocampal NSPC were seeded 
per well in 24-well plates containing poly-L-
lysine and Laminin coated glass coverslips as 
described before68. The next day cells were 
transfected with FLAG-tagged human BCL2L13, 
a kind gift from Dr. Jürg Tschopp, Institute of 
Biochemistry, University of Lausanne32 using 
Attractene (Qiagen) or empty vector and were 
incubated for 48h. In the last 7h of the incubation 
cells were treated with varying concentrations of 
KA ranging from 0-300µM KA or vehicle46. Cells 
were treated with 250nM MitoTracker® Red 
CMXRos (Invitrogen) for 5min to specifically 
stain mitochondria69 and fixed for 15min in 4% 
PFA. Subsequently, cells were stained with 
polyclonal sheep anti-CytC (Sigma-Aldrich, 
1:100) in combination with donkey anti-sheep 
Alexa488 (Invitrogen, 1:1000) and coverslips 
were mounted in vectashield mounting medium 
(Vector Labs). SIM was performed using a 
Nikon Eclipse Ti inverted microscope based 
SIM system as described before68. 

Statistical analysis
All comparisons were statistically tested using 
unpaired two-tailed Student’s t-test. When more 
than two groups were compared, one-way 
analysis of variance (ANOVA) test with Tukey’s 
post test was used. For correlative relations 
Pearson’s correlation analysis was performed. 
All statistical analyses were performed using 
GraphPad Prism 5.0.
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Protein identification and quantification
MS/MS spectra were searched against 
IPI mouse database 3.59 (56692 entries) 
using Sequest (version 27, rev 12) with a 
maximum allowed deviation of 10ppm for 
the precursor mass and 1amu for fragment 
masses. Methionine oxidation and cysteine 
carboxamidomethylation were allowed as 
variable modifications, two missed cleavages 
were allowed. Scaffold 2.06.01 (Proteome 
software, Portland, OR) was used to organize 
the gel-slice data and to validate peptide and 
protein identifications. Identifications with 
a Peptide Prophet probability> 95% were 
retained. Subsequently, protein identifications 
with a ProteinProphet probability of >99% with 
2 peptides or more in at least one of the samples 
were retained. Proteins that contained similar 
peptides and could not be differentiated based 
on MS/MS analysis alone were grouped. For 
quantitative protein analysis across samples, 
spectral counts (number of identified MS/MS 
spectra for each protein) were normalized on 
the sum of the spectral counts per biological 
sample. Differential analysis of samples was 
performed using the BetaBinominal test as 
described previously3. Protein identification 
and quantification details can be found in2,3. 
Ingenuity Pathway Analysis (IPA) were 
performed as previously described3,4. 

Microarray gene expression profiling
Total RNA samples extracted from the 
hippocampi of each animal of the KA or SAL 
groups (n=3 per group) using TRIzol reagent 
(Invitrogen), were checked for their quality and 
integrity using Nano Lab-on-Chip technology 
and an Agilent Bioanalyzer. The Illumina 
TotalPrep RNA Amplification kit (Ambion, 
Life Technologies) was used to synthesize 
biotine-labelled cRNA and concentrations 
of biotinylated cRNA were measured using 
a Nanodrop spectrometer. A total of 1.5μl 
of each biotinylated cRNA sample was 
hybridized onto a MouseWG-6 Expression 
BeadChip (Illumina) and BeadChips were 
scanned with the Illumina BeadArray. Gene 
Expression Analysis was done with Illumina’s 
Genome Studio software, using default 
settings suggested by the manufacturer. 
Transcript signals were subjected to quantile 
normalization, using the R Bioconductor 
package Abarray5. Microarray data analyses 
were performed with the software packages 
Abarray, BRB Array Tools (Biometric 
Research Branch of the US National Cancer 
Institute, Bethesda, MD, USA; http://linus.nci.
nih.gov/BRBArrayTools.html) and Spotfire 

Supplementary materials and methods

Nano-LC peptide separation
Gels were washed and dehydrated once 
in 50mM ammonium bicarbonate (ABC) 
and twice in 50mM ABC/50% acetonitrile 
(ACN). Cysteine bonds were reduced 
by incubation with 10 mM DTT/50mM 
ABC at 56 °C for 1h and alkylated with 
50mM iodoacetamide/50mM ABC at room 
temperature (RT) in the dark for 45min. After 
washing sequentially with ABC and ABC/50% 
ACN, the whole gel was sliced in 10 bands 
of equal width for each lane. Gel bands 
were sliced up into approximately 1mm3 
cubes and collected in tubes, washed in 
ABC/ACN and dried in a vacuum centrifuge. 
Gel cubes were incubated overnight at 
23°C with 6.25ng/mL trypsin and covered 
with ABC to allow digestion. Peptides were 
extracted once in 1% formic acid and twice 
in 5% formic acid/50% ACN. The volume 
of the peptide extract was reduced to 60μL 
in a vacuum centrifuge and filtered using 
a 0.45μm filter to remove gel particles and 
contaminants prior to LC–MS analysis. 
Subsequently, peptides were separated by 
an Ultimate 3000 nanoLC system (Dionex 
LC-Packings, Amsterdam, The Netherlands) 
equipped with a 20cm x 75μm ID fused 
silica column custom packed with 3μm 120Å 
ReproSil Pur C18 aqua (Dr Maisch GMBH, 
Ammerbuch- Entringen, Germany). After 
injection, peptides were trapped at 6 μl/
minute in 1.6% acetonitrile + 0.05% formic 
acid on a 1cm x 100μm ID precolumn packed 
with 5 μm ReproSil Pur C18 aqua. Peptides 
were separated in a 60min gradient (8-32% 
acetonitrile in 0.05% formic acid) at 300 nl/
min. followed by washing (72% acetonitrile 
in 0.05% formic acid) and equilibration (4% 
acetonitrile in 0.05% formic acid). The inject-
to-inject time was 90min.

Mass spectrometry
Intact peptide MS spectra and MS/MS 
spectra were acquired on a LTQ-FT hybrid 
mass spectrometer (Thermo Fisher, Bremen, 
Germany) as described before1,2. Intact masses 
were measured at 50.000 resolution in the ICR 
cell. In parallel, following an FT pre-scan, the 
top5 peptide signals (charge-states 2+ and 
higher) were submitted to MS/MS in the linear 
ion trap (3 amu isolation width, 30ms activation, 
35% normalized activation energy, Q value of 
0.25 and a threshold of 5000 counts). Dynamic 
exclusion was applied with a repeat count of 1 
and an exclusion time of 30sec. 



MicroRNAs control BCL2L13 expression in neural stem cells

C
ha

pt
er

 3

81

miRecords’ Predicted Target section with 
a filter to display putative targets predicted 
by at least three prediction programs. This 
filter was established considering previous 
reports indicating that the total number of 
programs considered in miR target prediction 
influences the sensitivity-specificity tradeoff 
of the prediction22. Target predictions 
for all individual programs are shown in 
Supplementary Table S7 (miR- 124), S8 
(miR-137), S11 (miR-9), S12 (miR-125a-3p), 
S13 (miR-125b-3p), S14 (miR-135a), S15 
(miR-135b), S16 (miR-190). Subsequently, 
miR pairs with predicted overlapping targets 
were analyzed for common biological 
processes using the GENECODIS web-
based tool, hypergeometrically testing for 
significantly common processes (cut-off 
2 transcripts per biological process, FDR 
corrected p<0.1)25-27. To further predict the 
specific miR-mRNA thermodynamic binding 
properties, RNA22 was used18. 

NSPC culturing and transfections
Cells were cultured in culture flasks in 
DMEM/F-12 medium supplemented with 
5% fetal bovine serum (FBS, Atlanta 
Biologicals), N2 supplement, (Invitrogen), 
Bovine Pituitary Extract (BPE, Invitrogen), 
recombinant-human-EGF (20ng/mL, Sigma), 
and recombinant-human-FGF (10ng/mL, 
Sigma). For differentiation of NSPC, human- 
EGF and recombinant-human-FGF deprived 
medium was used as described before28. 
Hippocampal NSPCs were transfected using 
Attractene Transfection Reagent, following 
the manufacturer’s instructions (Qiagen), as 
described before28. 48h after transfection cell 
lysates were collected for analysis. In miR 
transfection experiments we used Pre-miRTM 
miRs (Ambion, Life Technologies) designed 
to mimic mature endogenous miRs29-31. 
Pre-miRTM mmu-miR- 124 (mature miR 
sequence: UAAGGCACGCGGUGAAUGCC; 
Ambion, Life Technologies), mmu-
miR-137-3p (mature miR sequence:  
U U A U U G C U U A A G A A U A C G C G U A G ; 
Ambion, Life Technologies) and 
Nontargeting miR (Cy3 labeled; Ambion, 
Life Technologies). In siRNA transfection 
experiments, a GeneSolution cocktail directed 
against mouse BCL2L13 (Mm_Bcl2l13_5, 
CACCCTGGAGGTGACAATAA; Mm_
Bcl2l13_6, CAGTATAAATCATGAAATAA; 
M m _ B c l 2 l 1 3 _ 7 , 
TAGGATTTCACTATGAAACAA; and Mm_
Bcl2l13_8, TAGAATTAATTGTTCATTCAA; 
Qiagen) or negative control siRNA (target 

Decisionsite (Spotfire, Somerville, MA, USA) 
as previously described6. A permutation 
p-value cutoff < 0.01 was used as inclusion 
criterion. 

miR expression profiling
Total RNA (800ng/sample) was converted 
into cDNA using Megaplex RT Primers 
(Applied Biosystems) and a TaqMan miRNA 
RT Kit (Applied Biosystems). cDNAs were 
mixed with TaqMan Universal PCR Master 
Mix (Applied Biosystems) and then loaded 
on Mouse MicroRNA Fluidic v3.0 Cards 
(Applied Biosystems). The cards were run 
using a 7900HT real-time PCR instrument 
(Applied Biosystems). Statistical analyses 
and data classification were performed 
as described7. Those miRs for which 95% 
of individual observations had a raw CT 
score >35 were excluded from the final data 
analysis. Fold change filters were applied 
to select miRs and a t-test with FDR (false 
discovery rate) of 5% correction for multiple 
comparisons was used to examine the 
significance of miRs regulated in the KA 
group in comparison with the SAL group. 
miRs with fold change equal or higher than 
1.5 and p < 0.05 were selected for further 
analysis. 

In silico cooperative miR target prediction 
analysis
A list of predicted mRNA targets of the 
significantly deregulated brain enriched 
or specific miRs8 was made using the 
miRecords database9, which integrates 
the predictions of 11 established miRNA 
target prediction programs, including 
DIANAmicroT10, Micro-Inspector11, 
miRanda12, miR-Target213, mi-Target14, 
NBmir-Tar15, Pictar16, PITA17, RNA2218, RNA 
Hybrid19 and Targetscan20, presenting a 
balance between rule-based and data-driven 
prediction approaches, which may improve 
miR binding region prediction accuracy21. 
For example, conservation across species 
has been an important parameter used in 
prediction programs, however, its relevance 
should be considered together with other 
possible target recognition parameters, 
since almost 30% of experimentally 
supported mammalian miRNA-target gene 
interactions in a benchmark data set were 
non conserved, highlighting the potential 
relevance of nonconserved target sites22-24. 
Following this approach, lists of predicted 
targets for the 8 deregulated brain enriched 
or specific miRs were produced using 
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moving mice. Data were obtained for 72 
hours post KA infusion in freely moving 
mice and analyzed for the occurrence of 
epileptiform activity and epileptiform spiking. 

Western blotting
Cells or tissue samples were lysed in ice-
cold 0.5X radioimmunoprecipitation assay 
(RIPA) buffer (20mM triethanolamine, 
0.14 M NaCl, 0.05% deoxycetant, 0.05% 
SDS, 0.05% Triton X-100) supplemented 
with protease inhibitors (complete 
Protease Inhibitor Cocktail tablets; 
Roche Applied Science, Penzberg, 
Germany). Subsequently, cell lysates 
were centrifuged for 30min at 13.000 rpm 
at 4°C after which the supernatants were 
collected. Protein content was quantified 
using the BCATM Protein Assay (Pierce 
Biotechnology, Rockefort, IL, USA) and 
25μg of each sample, were loaded onto an 
SDS-PAGE gel. After electrophoresis, the 
samples were blotted overnight onto an 
Immobilon P membrane (Millipore Corp., 
MA, USA) and processed as described28. 
Blots were blocked in 10mM Tris-HCl (pH 
8.0), 150mM NaCl, and 0.05% Tween20 
containing 5% nonfat dried milk powder. 
Proteins of interest were subsequently 
detected using specific primary antibodies: 
BCL2L13 (polyclonal goat anti-BCL2L13; 
Santa Cruz, 1:200), pro- and cleaved 
casp-3 (polyclonal rabbit anti-caspase3; 
Cell Signalling, 1:1000), CytC (polyclonal 
sheep anti-CytC; Sigma Aldrich; 1:5000), 
FLAG-tag (monoclonal mouse anti-FLAG 
M2/DYKDDDDK; Sigma, 1:1000), BAX 
(polyclonal rabbit anti-BAX; Abcam, 
1:1000) in combination with donkey anti-
goat IRdye 800 CW (Li-Cor, 1:10000), goat 
anti-rabbit IRDye 680 LT (Li-Cor, 1:20000), 
donkey anti-sheep HRP conjugated (Life 
Technologies, 1:2000), goat anti-mouse 
IRdye 680 LT (Li-Cor, 1:10000), and goat 
anti-rabbit IRDye 680 LT (Li-Cor, 1:20000) 
respectively as secondary antibodies. 
Expression levels of α-tubulin (monoclonal 
mouse anti-α-tubulin antibody; Santa Cruz, 
1:200), GAPDH (monoclonal rabbit anti-
GAPDH 14C10; Cell Signalling, 1:1000) 
or β-actin (monoclonal mouse anti-β-
actin AC-15; Sigma-Aldrich, 1:2000) in 
combination with goat anti-mouse IRDye 
680 LT (Li-Cor, 1:10000), goat anti-rabbit 
IRDye 680 LT (Li-Cor, 1:10000) or goat 
anti-rabbit HRP conjugated (Bio-Rad, 
1:3000) and goat anti-mouse IRDye 680 LT 
(Li-Cor, 1:10000) respectively, were used 

sequence: AATTCTCCGAACGTGTCACGT; 
Qiagen) was used. FLAG-tagged human 
BCL2L13 or empty vector, kind gifts from 
Dr. Jürg Tschopp, Institute of Biochemistry, 
University of Lausanne32, were transfected 
using Attractene (Qiagen) according to 
manufacturer’s protocol and were incubated 
for 48h. In the last 7h of the incubation cells 
were treated with vehicle/KA33. 

Intrahippocampal miR and KA infusion in 
Nestin-GFP mice
Briefly, 6-week old male Nestin-GFP mice 
underwent stereotaxic surgery, during 
which 1.0μL of 50μM mirVana® miRmimic 
(Ambion, Life technologies) was bilaterally 
infused into the DG (anterior-posterior: 
-2.0, medial-lateral: ±2.0, dorsalventral: 
-2.0). miR-124 (miRmimic sequence: 
U A A G G C A C G C G G U G A A U G C C ) , 
miR-137 (miRmimic sequence: 
UUAUUGCUUAAGAAUACGCGUAG), or 
an equimolar mixture of both was infused 
into the right DG, while NT-miR was infused 
into the contralateral DG, serving as internal 
control. 48h after miR infusion, animals 
underwent a second stereotactic surgery, 
during which 50nL of 2.22mM KA (Kainic 
Acid Monohydrate, Sigma Aldrich K0250) 
was bilaterally injected into the DG, at the 
same coordinates used for miR infusion. 
72h after KA infusion, 8 animals were 
sacrificed by transcardial perfusion-fixation, 
brains were extracted and processed for 
immunohistochemistry as described in the 
corresponding section. 

Electrode implantation, EEG recording, and 
electrophysiological
characterization
A separate batch of 6 week old C57BL/6j mice 
(Harlan) were used to electrophysiologically 
characterize the intrahippocampal KA 
infusion. Directly after stereotactic KA/
Saline infusion, animals were implanted 
with epidural gold-plated stainless steel 
screws. Bilateral recording electrodes were 
fixed in the burr holes already created for 
KA injection, while the reference/ground 
electrode was placed above the right visual 
cortex. Electrodes were fixed to the skull 
bone using dental cement (Simplex Rapid, 
Kemdent), and connected to a common 
pin connector. At the end of the surgical 
procedure, a wireless EEG recording device 
(Neurologger, TSEsystems) was connected 
to the pin connector, allowing 24/7 EEG 
recordings sampled at 500Hz from freely 
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Biolabs) restriction enzyme digestion and 
subsequent Klenow Fragment Large (New 
England Biolabs) blunting allowed for a 
religation of the truncated pEZX-MT01- 
mouse-3kb-BCL2L13-3’UTR, using T4 DNA 
Ligase treatment (Fermentas), eliminating 
the first 1.3kb of the sequence and 
generating a truncated construct containing 
no predicted miR-124 and miR-137 binding 
regions (Figure 6C). Results were expressed 
as mean normalized expression (RLU) ±SEM 
of three independent experiments performed 
in triplicates. 

Quantitative real time polymerase chain 
reactions
RNA was isolated using TRIzol reagent 
(Life Technologies) according to 
manufacturers’ protocol. Quantitative real 
time polymerase chain reactions (QPCR) 
to detect mature miR-124 (Cat# 4427975, 
Assay ID 001182, Life Technologies) and 
miR-137 (Cat# 4427975, Assay ID 006016, 
Life Technologies) were performed using a 
TaqMan® MicroRNA Reverse Transcription 
Kit (Life Technologies) combined with 
TaqMan® 2x Universal PCR Master Mix 
(Life Technologies) and were normalized 
against RNU6B (Cat# 4427975, Assay 
ID 001093, Life Technologies). QPCR to 
detect mRNA was performed as described 
before28 using the following primer 
sequences: 

for normalization. For semi-quantitative 
western blot analysis, a commercially 
available infrared fluorescence-based 
method for quantification of light signal 
from Western blots (Li-cor Odyssey FC, 
LI-COR Biotechnology – GmbH, Germany) 
was used following the method described 
in Bunn and Gray, Protocol Exchange 
(2011) doi:10.1038/protex.2011.274. 
This system allows the capture of all 
data in a single exposure, with both 
faint and strong bands captured in the 
linear range of detection, as validated 
by the manufacturer (http://biosupport.
l i c o r. c o m / d o c s / H a r t a L i n e a r i t y P a p e r - 
DynamicRangePaper_1114.pdf). We 
used one single exposure time for all our 
Western blot detections (120s), to avoid 
bias from subjective exposure threshold 
setting. This exposure time was optimized 
to reveal the lowest abundance bands in 
our experiments. No saturated pixels were 
observed in the quantification of any band, 
indicating our detection optimization has 
placed all bands in the linear detection 
range. All blots were repeated at least 
three times, and one representative image 
is shown. Bar graphs represent mean±SEM 
of three independent experiments. 

3’UTR Luciferase reporter assays
The first 3kb of the mouse BCL2L13 
3’UTR mRNA (NCBI Reference Sequence 
NM_153516.2), containing predicted miR-
124 and miR-137 binding regions, was 
cloned into the multiple cloning site of a 
reporter vector (pEZX-MT01, Genecopoeia) 
containing the firefly Luciferase open reading 
frame as depicted in Figure 3F (pEZXMT01- 
mouse-3kb-BCL2L13-3’UTR). HeLa cells 
were cotransfected with pEZXMT01- mouse-
3kb-BCL2L13-3’UTR and mature miRs 
and/or non-targeting homologues (Pre-
miRTM, Ambion, Life Technologies) using 
Attractene Transfection Reagent (Qiagen). 
Cells were lysed 48h after transfection, and 
ratios between Firefly luciferase and Renilla 
luciferase activity were calculated and 
expressed as relative light units (RLU). In this 
cloning strategy 3 out of 4 binding regions for 
miR-124 and miR-137 have been effectively 
relocated from the first quartile of the original 
5.4kb 3’UTR to the center of the truncated 
3kb-long 3’UTR (pEZX-MT01-mouse-3kb11 
BCL2L13-3’UTR, Figure 3F). This could 
have disfavored miR activity, resulting in 
a possible underestimation of knockdown 
efficiency. EcoRI and BbvCI (New England 

α-tubulin (for normalization) 
fwd :CCCTCGCCTTCTAACGCGTTGC, 
rev:TGGTCTTGTCACTTGGCATCTGGC;

Nestin
f w d : GGGCAGCAACTGGCACACCTC, 
r e v : TGCAGCTTCAGCTTGGGGTCAG; 

SOX2 
f w d : G G A G A C G G A G C T G A A G C C G C ,
r e v : CCGGGACCATACCATGAAGGCG;

DCX
f w d : TGCCTCAGGGAGTGCGCTACA,
rev :ACCAGTTGGGGTTGACATTCTTGGT;

BCL2L13
f w d : T C C T C TA C G A C T G C G T C T C T,
r e v : T T G A A C T C C T G G G G G T G A G G ;

BAX
f w d : G C G T G G T T G C C C T C T T C TA C ,
r e v : C C A G C C A C C C T G G T C T T G .
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Casp-3 activity
Hippocampal NSPC were treated with 
varying concentrations of KA (Cat# K0250, 
Sigma-Aldrich). Staurosporine (Cat# A4400, 
Sigma-Aldrich) was used as a positive 
control for casp-3 activity. Lysates were 
collected according to manufacturer’s 
protocol and measured using a FLUOstar 
Optima plate reader (BMG Labtech GmbH). 
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Immunohistochemistry and (confocal) 
microscopy
The following antibodies were used: 
polyclonal chicken anti-GFP (Abcam, 
1:500), monoclonal mouse anti-PSA-NCAM 
(Chemicon, 1:500) and polyclonal rabbit 
anti- BCL2L13 (Abcam, 1:200) or rabbit 
anti-cl-casp3 (Cell Signalling, 1:600) in 
combination with goat anti-chicken Alexa488 
(Invitrogen, 1:500), goat anti-mouse Alexa647 
(Invitrogen, 1:500) and goat anti-rabbit 
Alexa568 (Invitrogen, 1:500) respectively. 
Sections were counterstained for DNA using 
Hoechst (Invitrogen, 1:20000) to detect 
nuclei. The SOX2 staining required an antigen 
retrieval treatment, performed by heating the 
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Supplementary Figure 1 – Hallmarks of KA-SE in the mouse DG and proteomics quality 
control. 
(A-D) Representative confocal images showing the temporal increase in DCX+ immunoreactive 
cells observed in the DG 0, 1, 3 and 7 days after KA-SE. Right images show higher magnifications 
of the images depicted left. (E) Bar graph showing the quantification of DCX+ cells three days 
after KA-SE. Values represent normalized mean (% of control) ±SEM (n=3) and were tested 
using unpaired Student’s t-test (* p < 0.05). (F) Representative confocal images showing the 
temporal increase in astrocytic marker GFAP immunoreactivity observed in the DG shortly after 
KA-SE. Control: 0 days after KA-SE. Scale bars in (A-D) and (F): 50μm. (G) SDS PAGE gel 
image showing separation pattern of KA and SAL proteins. (H) Venn diagrams indicate the 
overlap between replicates (n=3) for the SAL and KA groups and between the two groups. (I) 
For the proteins identified in 3/3 samples the average coefficient of variance (CV) for protein 
quantification was calculated to be 21.5% for the SAL group and 24.6% for the KA group, 
indicating good quantitative reproducibility.

I
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Supplementary Figure 2 – Gene networks identified around the significantly dysregulated 
proteins in the DG shortly after KA-SE. 
(A) Global protein network of upregulated proteins in KA-SE samples. (B) and (C) Two of the 
most significantly overrepresented gene networks depicting nodes around (non-regulated; white) 
NFkB and TNF with direct (solid edge) and indirect (dashed edge) interactions of significantly 
(red) upregulated proteins. (D) Global protein network of downregulated proteins in KA-
SE samples. (E) Significantly overrepresented gene network depicting nodes around NFkB 
and significantly downregulated proteins with direct or indirect interactions. (F) Significantly 
overrepresented gene network depicting nodes around TP53, including NDUFB6, NDUFB7 and 
significantly downregulated proteins with direct or indirect interactions. Gene products (nodes) 
are represented as standard IPA polygons and relationships with lines (edges) between nodes. 
Intensity of the node color indicates the degree of regulation (SAL vs. KA) and relationship 
strength is inversely related to line length. Genes in uncolored nodes were not identified as 
differentially expressed in our experiments and were integrated by the IPA knowledge database. 
Full lines indicate a direct interaction and dashed lines an indirect interaction. Arrows represent 
activation while non-arrowed lines binding only. 
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Supplementary Figure 3 – Validation of relevant changes detected in proteomics, 
transcriptomics and miR profiling experiments. 
(A) Validation of changes in BCL2L13 protein levels by WB. Representative immunoblots and 
quantifications show that KA-SE induced a significant reduction in BCL-RAMBO protein levels 
in the DG (* p < 0.05). (B) Validation of changes in BAX protein levels by WB. Representative 
immunoblots and quantifications show that KA-SE induced a significant reduction in BAX protein 
levels in the DG (* p < 0.05). (C) Pearson correlation analysis of all the proteins significantly 
upregulated by KASE and their corresponding mRNAs showing no significant correlation 
(Pearson r = - 0.2147, p > 0.05). (D) Pearson correlation analysis of all the proteins significantly 
downregulated by KA-SE and their corresponding mRNAs showing no significant correlation 
(Pearson r = -0.1647, p > 0.05). (E) Validation of changes in BCL2L13 mRNA levels by Q-PCR, 
showing that KASE didn’t induce significant changes in levels of BCL2L13 mRNA in the DG 
after 3 days (p > 0.05). (F) Validation of changes in BAX mRNA levels by Q-PCR, showing that 
KA-SE induced significant changes in levels of BAX mRNA in the DG after 3 days (*p < 0.05). 
(G) Validation of changes in miR-124 levels by TaqMan Q-PCR, showing that KASE induced 
significant changes in levels of miR-124 in the DG after 3 days (***p < 0.001). (H) Validation of 
changes in miR-137 levels by TaqMan Q-PCR, showing that KASE induced significant changes in 
levels of miR-137 in the DG after 3 days (***p < 0.001). Values in bar graphs represent normalized 
mean expression or fold change±SEM (N=3) and were tested using unpaired Student’s t-test. 
Pearson correlation analysis was performed using GraphPad Prism 5.0. 
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Supplementary Figure 4 – Biological pathways overrepresented among significantly 
dysregulated proteins in the DG. 
(A) GO analysis of the proteins upregulated in the DG after KA-SE. (B) GO analysis of the proteins 
downregulated in the DG after KA-SE. BPs were identified with Genocodis modular enrichment 
GO analysis. Red bars: number of annotated members per BP. Blue bars: hypergeometric FDR 
corrected pvalues. Two or more regulated proteins per process were used as inclusion criterion. 
(C) IPA showing the downregulated proteins Akt3, BAX and BCL2L13 within a mitochondrial 
pathway of apoptosis. Gene products, relationships, degree of regulation, relationship strength 
and interactions are represented as described in Fig. 2 
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Supplementary Figure 5 - Genecodis GO analysis of mmu-miR-9, mmu-miR- 125a-3p, 
mmu-miR-125b-3p, mmu-miR-135a, mmu-miR-135b and mmu-miR- 190 that share common 
predicted targets with mmu-miR-124. 
(A) Venn diagram showing miRecords database predictions of miR-mRNA interaction mining for 
miR-124 (2119 Genecodis GO annotated targets) and miR-9 (2823 Genecodis GO annotated 
targets) with ≥3 algorithms positively predicting an miR-mRNA binding. The miR-124 and miR-
9 pair had 690 predicted common Genecodis GO annotated targets. The bar graph depicts 
Genecodis Comparative Modular Gene Enrichment GO analysis of the 690 predicted common 
targets between miR-124 and miR-9. Apoptosis is among the significantly (Hypergeometric 
FDR corrected p = 1.26*10 -4) overrepresented GO biological processes with BCL2L13 as a 
member. (B) Schematic representation of the BCL2L13 3’UTR with miR-124 and miR-9 binding 
regions highlighted, none of which meet the required inclusion criteria for cooperative action 
with miR-124. Details of cooperativity predictions are given in Table S9. (C) Venn diagram 
showing miRecords database predictions of miR-mRNA interaction mining for miR-124 (2119 
Genecodis GO annotated targets) and miR-125a-3p (2380 Genecodis GO annotated targets) with 
≥3 algorithms positively predicting an miR-mRNA binding. The miR-124 and miR-125a-3p pair 
had 585 predicted common Genecodis GO annotated targets. The bar graph depicts Genecodis 
Comparative Modular Gene Enrichment GO analysis of the 585 predicted common targets 
between miR-124 and miR-125a-3p. Apoptosis is among the significantly (Hypergeometric FDR 
corrected p = 1.55*10 -3) overrepresented GO biological processes with BCL2L13 as a member. 
(D) Schematic representation of the BCL2L13 3’UTR with miR-124 and miR-125a-3p binding 
regions highlighted, none of which meet the required inclusion criteria for cooperative action 
with miR-124. Details of cooperativity predictions are given in Table S9. (E) Venn diagram 
showing miRecords database predictions of miR-mRNA interaction mining for miR-124 (2119 
Genecodis GO annotated targets) and miR- 125b-3p (470 Genecodis GO annotated targets) with 
≥3 algorithms positively predicting an miR-mRNA binding. The miR-124 and miR-125b-3p pair 
had 139 predicted common Genecodis GO annotated targets. The bar graph depicts Genecodis 
Comparative Modular Gene Enrichment GO analysis of the 139 predicted common targets 
between miR-124 and miR-125b-3p. Apoptosis is not among the significantly (Hypergeometric 
FDR corrected p > 0.05) overrepresented GO biological processes. (F) Schematic representation 
of the BCL2L13 3’UTR with miR-124 and miR-125b-3p binding regions highlighted, none of which 
meet the required inclusion criteria for cooperative action with miR-124. Details of cooperativity 
predictions are given in Table S9. (G) Venn diagram showing miRecords database predictions of 
miR-mRNA interaction mining for miR-124 (2119 Genecodis GO annotated targets) and miR-135a 
(2439 Genecodis GO annotated targets) with ≥3 algorithms positively predicting an miR-mRNA 
binding. The miR-124 and miR-135a pair had 633 predicted common Genecodis GO annotated 
targets. The bar graph depicts Genecodis Comparative Modular Gene Enrichment GO analysis 
of the 633 predicted common targets between miR-124 and miR-135a. Apoptosis is among 
the significantly (Hypergeometric FDR corrected p = 2.30*10 -3) overrepresented GO biological 
processes with BCL2L13 as a member. (H) Schematic representation of the BCL2L13 3’UTR with 
miR-124 and miR-135a binding regions highlighted. The predicted miR-124 binding region at 
position 916 and the predicted miR-135a binding region at position 848 met the required inclusion 
criteria for cooperative action. Details of cooperativity predictions are given in Table S9. (I) Venn 
diagram showing miRecords database predictions of miR-mRNA interaction mining for miR-124 
(2119 Genecodis GO annotated targets) and miR-135b (2473 Genecodis GO annotated targets) 
with ≥3 algorithms positively predicting an miRmRNA binding. The miR-124 and miR-135b pair 
had 643 predicted common Genecodis GO annotated targets. The bar graph depicts Genecodis 
Comparative Modular Gene Enrichment GO analysis of the 643 predicted common targets between 
miR-124 and miR-135b. Apoptosis is among the significantly (Hypergeometric FDR corrected p = 
3.88*10 -4) overrepresented GO biological processes with BCL2L13 as a member. (J) Schematic 
representation of the BCL2L13 3’UTR with miR-124 and miR-135b binding regions highlighted, 
none of which meet the required inclusion criteria for cooperative action with miR-124. Details of 
cooperativity predictions are given in Table S9. (K) Venn diagram showing miRecords database 
predictions of miR-mRNA interaction mining for miR-124 (2119 Genecodis GO annotated targets) 
and miR-190 (1025 Genecodis GO annotated targets) with ≥3 algorithms positively predicting 
an miR-mRNA binding. The miR-124 and miR-190 pair had 277 predicted common Genecodis 
GO annotated targets. The bar graph depicts Genecodis Comparative Modular Gene Enrichment 
GO analysis of the 277 predicted common targets between miR-124 and miR-190. Apoptosis 
is among the significantly (Hypergeometric FDR corrected p = 1.12*10 -2) overrepresented GO 
biological processes. (L) Schematic representation of the BCL2L13 3’UTR with miR-124. The 
mouse BCL-RAMBO 3’UTR was not predicted to contain miR-190 binding regions, instead a 
putative binding region was found in the ORF. Details of cooperativity predictions are given in 
Table S9. 
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Supplementary Figure 6 – Validation 
of exogenous expression of 
FLAGhBCL2L13 in hippocampal 
NSPC cultures and casp-3 as a target 
of BCL2L13. 
(A) Representative immunoblots and 
bar graph showing quantifications of 
endogenous BCL2L13 (endogenous-
BCL2L13) expression or FLAG-tagged 
hBCL2L13 (FLAG-hBCL2L13) after 
transfection. Transfection significantly 
increases FLAG immunoreactivity 
(** p <0.01) without affecting 
endogenous- BCL2L13 (ns, p > 0.05). 
(B) Representative immunoblots and 
bar graph showing quantifications 
of BCL2L13 expression after siSCR 
(scramble siRNA) and siBCL2L13 
transfection and subsequent KA 
treatment. siBCL2L13 transfection 
significantly decreases BCL2L13 
immunoreactivity (** p <0.01). (C) 
Representative immunoblots and bar 
graph showing quantifications of pro- 
and cl-casp3 expression after siSCR 
(scramble siRNA) and siBCL2L13 
transfection and subsequent KA 
treatment. When treated with 30μM KA, 
siBCL2L13 transfected NSPC showed 
a significant abolishement of the KA 
induced increase in cl-casp3 levels (* p 
< 0.05, compared to siSCR+veh; ** p < 
0.05, compared to siSCR+KA). 



MicroRNAs control BCL2L13 expression in neural stem cells

C
ha

pt
er

 3

93

N
T-

m
iR

m
iR

-1
24

&
13

7

m
iR

-1
37

m
iR

-1
24

M
oc

k

7h
 3

0 
uM

 K
A

-tr
ea

te
d 

N
S

P
C

a-tubulin
BCL2L13

pro-caspase3

cleaved-caspase3

M
W

M

M
W

M

M
W

M

- -

75

50
37
25

20

15

10

kD A

B

- Supplementary Figure 7 Schouten et al. -

Supplementary Figure 7 - Full-length blots corresponding to Figure 6 and 8B. Representative 
full-lenght immunoblots showing the effect of miR-124 and miR-137 alone or in combination on 
endogenous BCL2L13 protein levels (A, corresponding to data presented in Figure 6) and on pro- 
and cleaved-caspase3 levels (B, corresponding to data presented in Figure 8B) in hippocampal 
NSPC cultures. Lanes marked with a dash (-) contained samples irrelevant for the experiments 
described in the figures. All samples were run on the same gel and transferred to the same 
membrane, which was cut after transfer at the position indicated by the horizontal black line 
to avoid possible antibody cross-reactivity during immunoblotting. Molecular weights (kD) were 
estimated using Precision Plus Dual Color Standards (Bio-Rad), indicated as MWM.

Supplementary Table 1 - List of peptide identifications measured by proteomics after KA-
SE in the DG.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s9.xls.

Supplementary Table 2 - Significantly dysregulated proteins measured by proteomics after 
KA-SE in the DG.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s10.xls.

Supplementary Table 3 - Genecodis GO analysis of KA-SE induced significantly upregulated 
proteins.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s11.xls.

Supplementary Table 4 - Genecodis GO analysis of KA-SE induced significantly 
downregulated proteins.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s12.xls.

Supplementary Table 5 - List of transcriptomic changes after KA-SE in the DG.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s13.xls.

Supplementary Table 6 - miR profile after KA-SE in the DG. 
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s14.xls.

Supplementary Table 7 - List of miRECORDs predicted mmu-miR-124 targets.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s15.xls.

Supplementary Table 8 - List of miRECORDs predicted mmu-miR-137 targets.
Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/srep12448/
extref/srep12448-s16.xls.
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Supplementary Table 9 - miRECORDs and RNA22 lists of predicted miR seed regions in 
BCL2L13’s 3’UTR. 
Inclusion criteria for predicted cooperative action together with miR-124 were: miR among the 
upregulated brain enriched or specific miRs (Figure 4C), miR with at least a 7mer seed base 
pairing in the UTR, miR seed region within 80nt proximity of miR-124’s first or last bp seed 
regions (between 1520-1700 or between 2318-2498). Data can be found at: http://www.nature.
com/article-assets/npg/srep/2015/150724/srep12448/extref/srep12448-s17.xls.

Supplementary Table 10 - Genecodis GO analysis of the 336 mmu-miR-124 and mmu-
miR-137 miRECORDs predicted common targets. 
Apoptosis is among the significantly (p = 1.65*10 -10) overrepresented GO biological processes 
with BCL2L13 as a member. Data can be found at: http://www.nature.com/article-assets/npg/
srep/2015/150724/srep12448/extref/srep12448-s18.xls.

Supplementary Table 11 - List of miRECORDs predicted mmu-miR-9 target mRNAs and 
Genecodis GO analysis of the 690 mmu-miR-124 and mmu-miR-9 predicted common targets. 
Apoptosis is among the significantly (p = 1.26*10 -4) overrepresented GO biological processes 
with BCL2L13 as a member. Data can be found at: http://www.nature.com/article-assets/npg/
srep/2015/150724/srep12448/extref/srep12448-s19.xls.

Supplementary Table 12 - List of miRECORDs predicted mmu-miR-125a-3p target mRNAs 
and Genecodis GO analysis of the 585 mmu-miR-124 and mmu-miR-125a-3p common 
targets. 
Apoptosis is among the significantly (p = 1.55*10 -3) overrepresented GO biological processes 
with BCL2L13 as a member. Data can be found at: http://www.nature.com/article-assets/npg/
srep/2015/150724/srep12448/extref/srep12448-s20.xls.

Supplementary Table 13 - List of miRECORDs predicted mmu-miR-125b-3p target mRNAs 
and Genecodis GO analysis of the 139 mmu-miR-124 and mmu-miR-125b-3p common 
targets. 
Apoptosis is not among the significantly overrepresented GO biological processes (p > 0.05). 
Bioinformatics analysis predicted seed regions for mmu-miR-125b-3p were predicted in BCL2L13 
3’UTR. Data can be found at: http://www.nature.com/article-assets/npg/srep/2015/150724/
srep12448/extref/srep12448-s21.xls.

Supplementary Table 14 - List of miRECORDs predicted mmu-miR-135a target mRNAs and 
Genecodis GO analysis of the 633 mmu-miR-124 and mmu-miR-135a common targets.
Apoptosis is among the significantly (p = 2.30*10 -3) overrepresented GO biological processes 
with BCL2L13 as a member. Data can be found at: http://www.nature.com/article-assets/npg/
srep/2015/150724/srep12448/extref/srep12448-s22.xls

Supplementary Table 15 - List of miRECORDs predicted mmu-miR-135b target mRNAs. 
Genecodis GO analysis of the 643 mmu-miR-124 and mmu-miR-135b common targets. 
Apoptosis is among the significantly (p = 3.88*10 -4) overrepresented GO biological processes 
with BCL2L13 as a member. Data can be found at: http://www.nature.com/article-assets/npg/
srep/2015/150724/srep12448/extref/srep12448-s23.xls.

Supplementary Table 16 - List of miRECORDs predicted mmu-miR-190 target mRNAs and 
Genecodis GO analysis of the 277 mmu-miR-124 and mmu-miR-190 common targets. 
Apoptosis is among the significantly (p = 1.12*10 -2) overrepresented GO biological processes 
with BCL2L13 as a member. Data can be found at: http://www.nature.com/article-assets/npg/
srep/2015/150724/srep12448/extref/srep12448-s24.xls.
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Graphical abstract

3 dimensional reconstructions of a dendritic spine obtained by conventional confocal microscopy (left) and 
structured illumination microscopy (SIM, right). In this chapter we provide a working protocol for obtaining 
dendritic spine images in primary hippocampal cultures using SIM. We further show that, compared to 
confocal microscopy, a significantly higher resolution can be obtained using this protocol.
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Abstract

Dendritic spines are protrusions emerging from the dendrite of a neuron and represent 
the primary postsynaptic targets of excitatory inputs in the brain. Technological advances 
have identified these structures as key elements in neuron connectivity and synaptic 
plasticity. Despite their relevance for many physiological and pathological processes 
in neurons, the quantitative analysis of spine morphology using light microscopy 
remains an essential problem due to technical limitations associated with light’s intrinsic 
refraction limit. Dendritic spines can be readily identified by confocal laser-scanning 
fluorescence microscopy. However, measuring subtle changes in the shape and size of 
spines is difficult because spine dimensions other than length are usually smaller than 
conventional optical systems resolution fixed by light microscopy’s theoretical resolution 
limit of 200nm.

Several recently developed super resolution techniques have been used to image cellular 
structures smaller than the 200nm limit, including dendritic spines. These techniques are 
based on classical far-field operations and therefore allow the use of existing sample 
preparation methods and to image beyond the surface of a specimen. Described here 
is a working protocol to apply super resolution structured illumination microscopy (SIM) 
to the imaging of dendritic spines in primary hippocampal neuron cultures. Possible 
applications of SIM overlap with those of confocal microscopy. However, the two 
techniques present different applicability. SIM offers higher effective lateral resolution, 
while confocal microscopes, due to the usage of a physical pinhole, achieve resolution 
improvement at the expense of removal of out of focus light1.

In this protocol, primary neurons are cultured on glass coverslips using a standard 
protocol, transfected with DNA plasmids encoding fluorescent proteins and imaged 
using SIM. The whole protocol described herein takes approximately 2 weeks, because 
dendritic spines are imaged after 16-17 days in vitro, when dendritic development is 
optimal. After completion of the protocol, dendritic spines can be reconstructed in 3D 
from series of SIM image stacks using specialized software.
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are therefore limited in speed. On the other 
hand, STED can achieve high imaging speed, 
although at relatively low photon counts and 
small fields of view, which may not be the case 
for SIM13.

In this article the aim is to provide a working 
protocol to image dendritic spines from rat 
primary hippocampal neurons cultured in 
vitro using SIM. The protocol consists of two 
distinguishable phases: an initial one consisting 
of establishment, development, transfection 
and immunohistochemistry of rat primary 
hippocampal neuron cultures and a late phase 
dedicated to sample imaging.

Protocol

All experimental procedures involving 
animals were optimized to reduce animal 
suffering and were approved by the 
Commission for Animal Experimentation, 
University of Amsterdam, DEC protocol # 
DED204 and DED250. 

Section 1 : Coverslip preparation.
1.1) Cut down the coverslips to a size of 
15mm x 15mm using a carbide or diamond scribe, 
so that they fit into the wells of a 12-well plate.

1.2) While working in a fume hood, 
start coverslip coating by fully submerging 
coverslips in concentrated nitric acid solution 
(70% wt/wt) in a glass container. To ensure 
even distribution shake, then incubate for 
a minimum of 4hr. It is possible to reuse 
the concentrated nitric acid solution for 
approximately 2 times, but it can loose color 
by exposure to light. 

1.3) Remove the concentrated nitric 
acid solution and wash the coverslips four 
times in distilled water for 30min, carefully 
shaking after each wash. 

1.4) With caution remove the water.

Note: the next three steps are performed in a 
sterile lamimar flow cabinet.

1.5) Soak the coverslips in 96% EtOH. 
Remove the coverslips from the EtOH 
solution and let them dry. 

1.6) Flame the coverslips and put them 
in a glass container. Use fine forceps to 
handle the coverslips (Dumont style no.5 
forceps for example).

Introduction

A dendritic spine is a small protrusion of the 
neuron membrane. This characteristic structure 
is specialized to typically receive input from a 
single synapse and represents the physical 
contact area between two neurons. Most 
functionally mature dendritic spines consist 
of a globular tip, termed head, and a thin 
neck that connects the head to the dendritic 
shaft. However, spines are not static and 
actively move and change their morphology 
continuously even in the adult brain2. Within a 
2 week period of time, rat primary hippocampal 
neuron cultures derived from late embryonic or 
early postnatal time develop complex dendritic 
arbors with numerous membrane protrusions 
that evolve from early filipodia to spine-like 
structures3. Based on this dynamic behavior 
and other characteristics, dendritic spines are 
thought to provide an anatomical substrate for 
memory storage and synaptic transmission4,5.

Given the critical role that dendritic spine 
size and shape have in synaptic function, 
it is important to measure their dimensions 
accurately. Spines vary from around 200 
to 2000 nanometers in length and can be 
readily identified by confocal laser-scanning 
fluorescence microscopy. However, spine 
dimensions other than length are usually below 
the conventional optical systems’ resolution, 
theoretically fixed by diffraction around 200 
nanometers6. These resolving powers are 
insufficient for imaging finer details, such as the 
width of spine necks and heads. Much work has 
been dedicated to solve this problem and many 
relatively new super-resolution microscopy 
techniques have provided substantial progress. 
In particular, it is possible to achieve resolution 
beyond the classical limit without discarding 
any emission light by using laterally structured 
illumination microscopy (SIM) in a wide-
field, non-confocal microscope7-10. Using this 
technique in combination with non-linear 
microscopy techniques, it is theoretically 
possible to improve the lateral resolution of 
the optical microscope by an unlimited factor11. 
However, in most experimental circumstances, 
SIM allows to surpass the resolution limit by a 
factor of two1. Other super-resolution optical 
microscopy techniques such as Stimulated 
emission depletion (STED) microscopy12 
and photo-activation localization microscopy 
(PALM)12 have been applied to imaging of 
dendritic spines. Localization-based methods 
such as PALM require very large numbers of 
raw images to achieve super-resolution and 
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3.7) Remove the embryos from the 
uterus and place them in a 100 mm diameter 
petri dish.

3.8) Remove the heads of the embryos 
with large scissors and place the heads in 
a new petri dish containing cold 1xHBSS 
buffer.

Note: from here to step 7.1 the procedure 
is performed under sterile conditions in a 
laminar flow cabinet.

3.9) Hold down the heads along the 
sides with big forceps.

3.10) With small scissors, make a 
saggital cut in the skin on top of the head, 
then laterally peel the skin down with a large 
forceps.
3.11) Use the same approach as 3.10 
to remove the skull. Make a saggital cut 
starting at the caudal end, gently opening 
the skull without damaging the brain tissue. 
Fold the two halves of the skull away laterally 
exposing the brain. 

3.12) With the blunt spatula, scoop out 
the brain and place it in fresh cold 1xHBSS. 

Section 4. Dissection of the hippocampi.
It is very important that the dissection is done 
as quick and sterile as possible to ensure 
cell viability. Keep the samples cold on ice.

4.1) Remove and discard the 
cerebellum with the fine scissors.

4.2) Separate the two hemispheres of 
the brain by making a sagittal cut along the 
midline.

4.3) Take each hemisphere and put 
them in a new 30 mm dish containing fresh 
cold 1xHBSS.

4.4) Place each hemisphere such that 
the temporal lobe faces the bottom of the 
dish.

NOTE: From here on, it is recommended to 
use a dissecting microscope.

4.5) Gently hold the midbrain using a 
small forceps and remove the midbrain with 
another pair of forceps. Leave the remainder 
of the hemisphere intact containing the 
cortex and the hippocampus.

1.7) Cover the container with aluminum 
foil and bake in a dry-heat oven for 12-16hr 
at 180°C. Baked coverslips can be stored 
at room temperature for up to 1 month if 
covered tightly.

Section 2: Coverslip coating.
The coverslip coating procedure favors 
neuron attachment to the glass surface and 
dendritic arborization14.

2.1) In a sterile laminar hood, use 
sterile small forceps to place the individual 
coverslips in single wells of a 12- wells plate. 

2.2) Add 500μl of Poly-L-lysine solution 
(or sufficient amounts to submerge the 
coverslips).

2.3) Wrap the plate in aluminum foil to 
prevent evaporation and leave it overnight at 
room temperature.

2.4) Before starting the culture, 
aspirate the Poly-L-lysine solution carefully 
in a sterile laminar hood.

2.5) Wash each well with 1ml of sterile 
water twice, whilst preventing them to dry 
out. 

2.6) Aspirate water completely, add 1ml 
of plating medium and leave the coverslips 
in the tissue culture incubator until you are 
ready to plate the cells. It is recommended 
to plate the cells within 24hr.
Section 3: Removal of brains from E16-E19 
rat embryos.
3.1) Sterilize the surgical instruments 
by heating them in a dry sterilizer overnight 
or washing them with 70% EtOH. Dry 
thoroughly if EtOH is used.

3.2) Prepare several 30mm dishes with 
1xHBSS buffer and keep them on ice.

3.3) Euthanize the rat dam with an 
intraperitoneal injection of Euthasol (160mg/
kg Euthasol in a volume of ±0.4ml).

3.4) Check for the absence of reflexes.

3.5) Spray the dam’s abdomen with 
70% EtOH.

3.6) Make an incision along the 
abdomen and remove the uterus.
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4.6) Turn over the tissue, so that the 
hippocampus is now facing the bottom of the 
dish.

4.7) Gently hold the hemisphere in 
place with a fine forceps. By using another 
fine forceps, carefully and gently remove the 
meninges. It is easier to start at the olfactory 
bulb. Use caution so as not to damage the 
hippocampus.

4.8) Orient the tissue so that the 
hippocampus is now facing up. You can now 
see the hippocampus by its characteristic 
C-shaped structure.

4.9) By using fine forceps, dissect out 
the hippocampus. Collect it in a new 30mm 
dish containing fresh cold 1xHBSS.

Section 5: Cell dissociation and plating.
5.1) Count the total amount of 
hippocampi, then cut them into small pieces.

5.2) Collect the pieces in a 15ml 
centrifuge tube containing 3ml 1xHBSS.

5.3) Centrifuge at 300xg for 5 min and 
carefully remove the supernatant.

5.4) Add 6μl Trypsin per hippocampus.

5.5) Incubate for max 20min at 37°C. 
Swirl after 3min.

5.6) Wash two times with 5ml of fresh 
cold 1xHBSS and discard the supernatant.

5.7) After the second wash, add 1.5ml 
of plating medium, pre-warmed to 37°C. The 
serum in the plating medium will inactivate 
Trypsin activity.

5.8) Slowly triturate 30x with a fire-
polished Pasteur pipette until all pieces of 
tissue are homogenously dispersed into 
single cells. Avoid any bubbling.

5.9) Add 5ml of plating medium pre-
warmed to 37°C.

5.10) Count cells using a Trypan blue 
vital staining.

5.11) Seed 50.000 cells per well of a 12-
well plate in 1 ml plating medium, prepared 
in Section 2 (total volume 2ml).

5.12) Gently rock the plate to evenly 
distribute the cells.

5.13) Incubate at 37°C, 5% CO2. After 
2-3 days, replace half of the plating medium 
(0.5ml) with culture medium containing 10µM 
FUDR.

Dendritic spine imaging is performed 16-17 
days after plating (16-17 days in vitro, DIV).

Section 6: Rat hippocampal primary neuron 
transfection using Lipofectamine.
On DIV 14-15 neurons are transfected using 
the following protocol:

6.1) Prepare plasmid DNA expressing 
GFP and incubation medium (10ml of 
Neurobasal medium with 100μl of glutamax).
6.2) Pre-warm the incubation medium 
to 37°C.

6.3) Prepare DNA mix (Tube A). For 
each coverslip add 1μg of DNA in 100μl of 
plain Neurobasal medium. Gently mix.

6.4) Prepare Lipofectamine mix 
(Tube B). For each coverslip add 2μl 
Lipofectamine in 100μl of plain Neurobasal 
medium. Gently mix.

6.5). Add the Lipofectamine mix to the 
DNA mix dropwise. 

6.6). Incubate in the laminar flow hood 
for 30min at room temperature.

6.7) 10min before the end of the 
incubation, pipette the conditioned medium 
from the original culture plate (plate 1) to a 
new 12-well plate (plate 2).

6.8) Add 1ml of pre-warmed incubation 
medium to plate 1.

6.9) Store plate 2 for 5min at 37°C, 5% 
CO2.

6.10) Gently add dropwise 200μl of the 
DNA/Lipofectamine mix to each well and 
incubate for 45min at 37°C, 5% CO2.

6.11) With the use of small forceps lift 
the coverslips containing the neurons and 
rinse them by dipping them in a 3 cm dish 
containing fresh warm Neurobasal medium 
and move them to plate 2.
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6.12). Incubate the transfected neurons 
at 37°C, 5% CO2 for 48hr.

6.13). Check for transfection efficiency 
24hr after transfection.

Section 7: Immunostaining and mounting of 
rat hippocampal primary neurons.
To improve fluorescence intensity in 
transfected cells, perform an immunostaining 
protocol to enhance GFP detection 48hr 
after transfection.

7.1) Prepare 4% PFA and 0.05M TBS.

7.2) Warm the 4% PFA solution to 37°C.

7.3) Gently aspirate the medium from the 
wells containing the coverslips.

7.4) Add 500μl of warm 4% PFA carefully 
to prevent damaging the dendrites.

7.5) Incubate at room temperature for 
15min.

7.6) Wash with 1xHBSS 3 times for 5min.

NOTE: at this point samples could be stored up 
to 3 weeks at 4°C or start the immunostaining 
immediately.
7.7) If samples were stored, wash with 
0.05M TBS 3 times for 5min.

7.8) Block with TBS-BSA (1%) solution at 
room temperature for 30min.

7.9) Wash with 0.05M TBS 3 times for 
5min.
7.10) Add the primary antibody diluted in 
incubation mix.

7.11) Incubate the plates for 1hr at room 
temperature.

7.12) Further, Incubate overnight at 4°C 
with gentle shaking.

7.13) Remove the primary antibody. 

7.14) Wash with 0.05M TBS 3 times for 
5min.

NOTE: from this point on, keep the coverslips 
protected from light.

7.15) Add the secondary fluorescent-
conjugated antibody diluted in incubation mix.

7.16) Incubate at room temperature for 
2hr.

7.17) Remove the secondary antibody.

7.18) Wash with 0.05M TBS 3 times for 5 
minutes.

7.19) Wash with 10xTB 2 times for 5min.

7.20) Use fine tweezers to remove to 
coverslips from the wells.

7.21) Dry any excess of TB with a tissue 
and mount the coverslips using mounting 
medium.

7.22) Seal with nail polish to prevent 
evaporation of mounting medium.

Section 8: Dendritic spine Imaging using 
Structure Illumination Microscopy.
Dendritic spine imaging using the SIM 
system described in the materials has a 
lateral resolution (XY) value of aproximatelly 
85-110nm and an axial (Z) resolution value 
between 200-250nm, providing a factor of 2 
improvement in resolution compared to wide-
field microscopy. 

NOTE: Dendritic spine imaging using SIM is 
done typically 2 days after step 7.22, but could 
be done up to 3 weeks later if samples are kept 
in the dark and under a controlled temperature 
of 22-23°C.

8.1) Turn on the 488nm laser, the 
mercury lamp, the stage controller, the piezo 
controller, the halogene lamp for transmitted 
light and the PC and start up the SIM software 
in the “ANDOR for N-SIM” mode.

8.2) Clean the 100x TIRF objective with 
95% ethanol three times, and if necessary with 
petroleum ether.

8.3) Filter settings used were: 520LP with 
a 488 dichroic.

8.4) Put a drop of immersion oil on the 
objective. Check that there are no air-bubbles 
in the oil-drop. Move the objective upwards 
until the oil touches the sample. 

Note: Place a cover over the stage to protect 
the sample from ambient light and dim the 
lights in the room as much as possible.
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8.12) Close the shutter again and set the 
Z-coordinate to zero.

8.13) Select the green filter in Turret 1 for 
visual inspection using the green channel.

8.14) Set the intensity of the mercury lamp 
to the lowest setting.

8.15) Move to the border of the sample 
carefully, making sure that the objective does 
not touch the sealant.

8.16) Open the shutter and quickly scan 
through the sample with the lowest possible 
intensity.

8.17) Upon encountering a sufficiently 
bright dendrite of interest and centering a 
segment of interest in the field of view, close 
the shutter.

8.18) Set the software to Optical 
Configuration 3D-SIM 488 and the camera 
settings to read-out mode EM, gain 1MHz 16-
bit, exposure time 100ms, laser power 5% and 
EM gain 200.

NOTE: Check that the green filter in Turret 2 is 
selected and that Turret 1 is empty.

8.19) Check that the grating is set to 
‘Moving’ and click Live to view the sample with 
laser light and through the camera.

8.20) Activate the Look Up Table.

8.21) Center the object of interest if 
necessary and focus with the focusing speed 
set to Extra Fine.

NOTE: in the read-out mode EM gain 1MHz 
16-bit, the target intensity for a good SIM image 
is between 30,000-45,000.

8.22) Quickly adjust the camera settings to 
get an intensity value between 30,000-45,000 
in the read-out mode EM gain 1MHz 16-bit. 
Use initially:
1. Laser power: 0%-20% (with samples 

prepared as described above, 5% or 
2.6mW is sufficient)

2. Exposure time: 50ms-2s
3. Read-out mode: EM gain 1MHz 16-bit
4. EM gain: 0-300
5. Conversion gain: 1x-5.1x
6. Format for Live: No binning
7. Format for Capture: No binning

8.5) Set the correction collar of the 
objective to 37°C, 200µm, to obtain the best 
symmetry of PSF. In order to set the correct 
collar position, the objective ring was first 
positioned at the optimal nominal position and 
then a 100nm beads sample was checked. 
According to the best PSF’s symmetry, the 
collar position can slightly change around the 
nominal one.

8.6) For illumination 3D-SIM grating 
(3D 1layer 100x/1.49 all wavelengths) is 
used. The grating alignment can start after 
placing the selected grating block into the SIM 
illuminator, with the 100x/1.49 objective in 
place. The alignment grating is done by using 
a 100nm bead sample mounted in media, with 
a concentration that can allow isolating 10-15 
beads for a field of view (FOV). After setting 
the objective correction collar to the desired 
position, select the 3D-SIM illumination and 
start the software-guided alignment procedure. 
It will run (5 phases) x (1 direction) x (100 
Z-planes) images, from which it will reconstruct 
the FOV with beads. Once selected a single 
bead via an appropriate ROI, covering the 
entire bead including the out-of-focus blurred 
light, the software will start an automatic PSF 
fitting and it will adjust the grating position 
according to the result.

8.7) To check the performance of the 
microscope, the grating alignment has to 
be repeated every 2 weeks, because of 
the possible misalignment caused by table 
movements and/or temperature drifting. 
Furthermore, the laser intensity and stability are 
also checked, according to the manufacturer’s 
suggestions.

8.8) Clean the sample surface with 95% 
ethanol three times.

Note: For the next steps see figure 3 for an 
overview of the control panels and the correct 
settings within the SIM software.

8.9) In the SIM software, select the 
Optical Configuration Eye FITC and select 
an empty filter block in Turret 1 for visual 
inspection with white light.

8.10) Set the focusing speed and the 
travel speed of the XY table to “Fine”.

8.11) Open the shutter and quickly focus 
on the sample.
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8.31) Shutdown the software and the PC 
and switch off all other devices.

8.32) 3D reconstruction and spine 
classification of the acquired images can be 
carried out after converting the files to TIFF as 
described before using NeuronStudio software 
(see figure 4)16.

8.33) NeuronStudio parameters used for 
reconstruction:
1. Volume: Voxel dimensions: X: 0.03μm; 

Y: 0.03μm; Z: 0.120μm
2. Dendrite detection: Attach ratio: 1.3; 

Minimum length: 5μm; Discretization 
Ratio: 1; Realign junctions: Yes

3. Spine detection: Minimum height: 
0.2μm; Maximum height: 5.001μm; 
Maximum width: 3μm; Minimum stubby 
size: 10voxels; Minimum non-stubby 
size: 5voxels

4. Spine Classifier: Neck ratio (head-neck 
ratio): 1.1; Thin ratio: 2.5; Mushroom 
size: 0.35μm

8.34) NeuronStudio paramenters used 
for rendering:
1. Neurite vertex shape: solid eclipse
2. Neurite vertex color: by type
3. Neurite edge shape: line
4. Neurite edge color: single color
5. Spine shape: solid eclipse
6. Spine color: by type

After 3D reconstruction is it also possible to 
set the volume render. The default threshold 
was set to 20 with the ‘Regenerate volume 
rendering’ option active. Opacity was set by 
‘Automatic Intensity’ checked. ‘Surface only’ 
and ‘Use Point Pre-Rendering’ options were 
also active

Results

Described here is a standardized working 
protocol for imaging dendritic spines from 
rat primary hippocampal neurons in vitro 
using SIM. The protocol workflow and its 
crucial steps are shown in Figure 1. Overall, 
the protocol takes approximately 2 weeks 
of experimental work separated in a first 
phase of sample preparation, including 
culture, development and transfection 
of rat primary hippocampal neurons and 
immunohistochemistry, and second phase of 
sample imaging using SIM. The rat primary 
hippocampal neurons are fixed approximately 
2 weeks after start of the culture, when 

NOTE: with these settings 6.3%±1.3% bleaching 
is routinely achieved, within a 10% limit of 
acceptable maximum bleaching, which could 
significantly affect the image quality15.

8.23) Click Stop to turn off Live view.

8.24) Configure the settings of the 3D 
Z-stack in the ND Sequence panel to:
1. Range: 2µm
2. Set size: 120nm
3. 9 images per Z plane
4. Click Home position
5. Select the Optical Configuration 3D-SIM 

488 in the Lambda section.

8.25) Select 3D-SIM as the acquisition mode 
in the N-SIM pad.

8.26) Run the ND Sequence acquisition and 
save the raw data.

8.27) Select the Optical Configuration Eye 
FITC again and repeat steps 8.15-8.27 until the 
entire sample has been imaged

8.28) 3D Image reconstruction: The 
data acquired in step 8.23 can either be 
reconstructed right away or later on. Start by 
reconstructing the Z-stack with the default 
reconstruction settings in Reconstruct Slice 
or Reconstruct Stack mode and adjust if 
necessary. 

NOTE: for best results, Z-stacks should 
be made with the indicated step size and 
reconstructed in Reconstruct Stack mode. 
Always check the validity of the reconstructed 
image by comparing it to the raw data or, 
preferably, a wide-field image. The parameters 
that can be adjusted for the reconstruction 
process are the contrast and high frequency 
noise suppression. Both of them influence how 
different raw image properties are taken into 
account during the reconstruction process. In 
case of low modulation depth raw data, the 
contrast parameter plays an important role. 
If the user has datasets with a low signal-to-
noise ratio, then the high frequency noise 
suppression parameter can influence the 
reconstruction quality severely.

8.29) When done with imaging, center the 
XY stage and move the objective all the way 
down to its resting position.

8.30) Unmount the sample and clean both 
the sample and objective with 95% ethanol.
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neurons have developed complex dendritic 
arbors bearing numerous dendritic spines3,5. 
Using the protocol described in detail in 
sections 1-8, it is possible to systematically 
image dendritic spines with super resolution. 
In comparison with a conventional dendritic 
spine imaging method using confocal 
fluorescence microscopy that is described 
before16,17, the protocol described herein 
using SIM provides significantly better image 
resolution and 3D reconstruction (Figure 2), 
allowing the identification and classification 
of neuron membrane protrusions ranging 
from early filipodia to spine-like structures.

Discussion

In this article a working protocol to 
image dendritic spines from rat primary 
hippocampal neurons cultured in vitro using 
SIM is described. The primary hippocampal 
neuron culture method is an adaptation of 
the original method described by Kaech 
and Banker18. The main differences are the 
use of Neurobasal/B27 culture medium, 
which eliminates the requirement of 
astroglial feeder cultures, and the addition 
of the mitotic inhibitor FUDR on day 3 
which promotes neuronal survival while 
suppressing glial proliferation, as described 
by Brewer et al.19. 

The critical steps of the protocol are:
1. Thickness of the coverslips used to 

plate the cells is crucial for an accurate 
SIM experiment.

2. Sterility during coverslip preparation 
and coating.

3. Do not let poly-l-lysine-treated 
coverslips dry during 2.3 and 2.4.

4. The diameter of the flame-polished 
pipette used in step 5.8 is crucial. A 
too narrow a tip will result in low cell 
viability at later stages.

5. Isolate the hippocampi as quick as 
possible to ensure high cell viability.

6. Timing of incubation and trypsin 
concentrations are crucial to ensure 
high cell viability. Loss of trypsin 
enzymatic activity may affect cell 
viability too.

7. The addition of FUDR in step 5.14 is 
crucial to promote neuron survival and 
inhibit glial proliferation.

The sample imaging phase is straightforward 
when performed following strictly the protocol 
described here and results in the acquisition 
of super resolution images that can be 
readily reconstructed in 3D to analyze and 
classify dendritic spines according to their 
morphological features. As shown in Figure 
2, the quality of the images acquired in the 
SIM mode is substantially better than images 
of exactly the same dendritic segments 
and individual spines acquired using the 
confocal mode of the same microscope. This 
result suggests that the use of SIM could 
provide an excellent opportunity to image 
more than subtle changes in dendritic spine 
morphology, as quantified in Figure 2E&F.

So far, mostly (fluorescent) wide-field 
microscopy has been used to image live 
cells, due to its low phototoxicity. Similarly, 
due to its low phototoxic effects and good 

Figure 1 - The scheme shows a protocol workflow, its steps and timing.
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E F

Figure 2 - Representative micrographs of dendrites and dendritic spines imaged with confocal 
microscopy and SIM 
(A) The representative SIM micrograph was acquired as described in section 8. (B) the representative 
confocal micrograph was acquired using physical pinhole size: 30μm laser power 2.6mW, no averaging. 
Acquisitions were reconstructed from confocal and SIM images (C and D, respectively) using NeuronStudio 
software as described before16.  Dendrites were traced and spines were classified automatically with the 
software after adjusting main parameters such as neck length, neck diameter and head diameter. The boxed 
areas show one individual dendritic spine imaged with confocal (A) and SIM (B) and reconstructed from 
their corresponding Z-stacks (C and D), depicting differences in resolution and accuracy of the resulting 3D 
reconstructions. According to SIM’s higher resolution, quantitative analysis of both head (E) and neck (F) 
diameter reveals that SIM measures significantly smaller dimensions than confocal microscopy for the same 
dendritic spines, indicating that SIM is capable of detecting smaller changes in dendritic spine morphology. 
Data in E and F are normalized to the reference confocal measurements. Results are presented as mean±SD 
of 3 dendritic spines extracted from 5 dendritic segments imaged in both confocal and SIM microscope 
modes. For neck diameter there was a significant difference (**p = 0.0049) between confocal (100.0±4.296 
normalized units) and SIM (50.61±7.642 normalized units) images, as tested with a Students t-test (E). For 
head diameter there was a significant difference (*p = 0.0209) between confocal (100.0±6.255 normalized 
units) and SIM (58.12±9.451 normalized units) images, as tested with a Students t-test.
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Figure 3 - Screenshot from the Nikon’s NiS Elements 6.14 SIM software package with the settings as 
described in this protocol (rotated 90° counter clock-wise).
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Figure 4 - Screenshot from NeuronStudio 3d reconstruction and spine classification software of a 
representative image of a dendrite (rotated 90° counter clock-wise).
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combination with conventional (genetic) 
fluophores, SIM allows live cells imaging 
and identification of dendritic spines in 
low fluophore expressing cells at super-
resolution. In comparison to other super-
resolution microscopy methods such as 
STED or PALM, SIM provides a quick and 
affordable method for the imaging of dendritic 
spines from rat primary hippocampal neurons 
in vitro. Although in practice SIM only 
increases resolution by two fold compared to 
conventional confocal microscopy. 

One example of a limitation of the SIM 
is that it relies on fluorescence, which in 
some experimental setups can be difficult to 
apply. To this end, microscopy techniques 
which do not rely on fluorescence such as 
electron microscopy may provide a possible 
solution. Nevertheless, electron microscopy 
in particular is a tedious, expensive and 
slow method. Moreover, electron microscopy 
can only be carried out on fixed samples. 
Therefore, SIM is more suitable for super-
resolution imaging of live cells. The rationale 
for applying a fluorescent protein encoding 
plasmid transfection is that it results in 
a scarce, yet reproducible cytoplasmic 
labeling of isolated cells, preventing 
overlap of dendrites from different cells 
and the identification of individual dendritic 
spines. Combination of transfection with 
immunostaining has been shown previously 
to enhance fluorescence17. Nevertheless, 
other fluorescent techniques could also be 
applicable to the imaging of dendritic spines 
with SIM, for example sufficient fluorescent 
staining could be acquired using recently 
developed actin binding probes20.

Since recent technical developments have 
allowed the application of SIM to dynamic 
cell imaging, demonstrating that high-speed 
structured-illumination microscope is capable 
of 100nm resolution at frame rates up to 11Hz13, 
a very logical future application of the protocol 
described herein could be its application to 
time-lapse SIM of live rat primary hippocampal 
neurons and the analysis of fast dynamic 
changes in dendritic spine morphology. A next 
challenge for this application could be the 
expected cumulative phototoxicity associated 
with long time intervals of live microscopy.

Table 1  Reagents, media and materials 
can be found on: https://www.jove.com/
files/ftp_upload/51276/51276table1.jpg

Video Link The video component of this 
article can be found at http://www.jove.
com/video/51276/
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5 Ultradian glucocorticoid oscillations control epigenetic 

programming of cell quiescence in hippocampal neural 

stem cells
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GC-induced decreased levels of adult hippocampal neurogenesis:
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Graphical abstract

Schematic depiction of the initial stages of the neurogenic cascade in control animals (left) or after 
glucocorticoid (GC) induced alterations (right). Phenotypical alterations are: increased quiescence, decreased 
proliferation and apoptosis. In this chapter we discuss how GC rhythmicity is a neuro-endocrine signal 
involved in the regulation of neural stem/progenitor cell quiescencence and proliferation, possibly through 
differential methylation of gene promoters.
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Abstract

A large body of evidence supports the anti-proliferative effect of stress and glucocorticoids 
(GCs) on hippocampal neural stem/progenitor cells (NSPCs). However, how GCs exert 
this action remains unclear. In the absence of known stressors, GCs are released in 
oscillatory patterns, resulting in cyclic glucocorticoid receptor GR activation. We have 
shown before that the GR regulates adult hippocampal neurogenesis (AHN) in vivo, 
and influences AHN-dependent learning, suggesting that under basal conditions, GR 
activation can also be modulated by oscillatory GC patterns. Here, we tested this 
hypothesis by investigating differences in proliferation, cell cycle progression, gene 
expression and DNA methylation profiles in NSPCs exposed to either oscillatory or 
chronically elevated GC levels.
 
We found that NSPCs actively responded to deviations from pulsatile GC patterns 
displaying a transient cell cycle exit, possibly reflecting cellular quiescence, changes in 
the expression of key DNA-methylation enzymes, and a coordinated DNA methylation 
profile. While the majority of DNA methylation changes were transient, a number of gene 
promoters remained differentially methylated even after a 24h hormone-free period, 
sufficient time for NSPCs to undergo at least one cell cycle under these experimental 
conditions. Specifically, stable DNA methylation was observed in promoter regions of 
among others, genes linked to negative regulation of the Wnt signaling pathway. Thus, 
alterations in GC oscillatory patterns can actively and lastingly modify the methylation 
state of specific gene promoters in NSPCs. We further show that deviations from basal GC 
patterns and changes in DNA methylation levels were accompanied by desensitization 
to GC-induced cell cycle exit. Our results allow to compare the coordinated epigenetic 
alterations induced upon NSPCs by alterations in distinct GC release patterns. As such, 
they help us understand how GC oscillatory patterns translate into unique molecular 
profiles controlling NSPC proliferation.
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tightly regulated at the molecular level 
by epigenetic mechanisms13, signaling 
pathways such as Wnt and its canonical 
target CCND114,15, transcription factors 
like REST/coREST16 and by environmental 
factors such as stress17. 

Indeed, several studies have described 
stress-18 or CORT-induced19 decreases in 
neurogenesis20,21 during which both the 
proliferation and differentiation/survival of 
NSPC appear to be affected, ultimately 
resulting in the generation of less new 
neurons22. Interestingly, while exposure to 
stress decreased NSPC proliferation, this 
effect was fully reversible after a recovery 
period23. In addition, GR expression 
specifically in hippocampal NSPCs influences 
their fate and functional integration and 
affects AHN-dependent behavior24.
 
Although stress, acting through various 
mediators including stress hormones such 
as GCs1, modulates neurogenesis and 
NSPC turnover, little is known about the 
molecular changes GCs induce directly 
in NSPCs. So far, few studies have 
characterized how persistently elevated 
corticosterone (CORT) levels impact the 
molecular profile of NSPCs25.and how this 
differs from a “normal” pulsatile pattern 
of GC exposure. Long-term constant 
exposure to a synthetic GR agonist like 
Dexamethasone (DEX), affect global DNA 
methylation and the expression of DNA 
methyltransferases (DNMTs), suggesting 
the occurrence of GC-sensitive epigenetic 
changes26. To the best of our knowledge, no 
study has compared GC oscillations versus 
constant exposure, and how this may 
affect gene expression patterns in NSPC. 
Moreover, it is unclear whether earlier 
alterations in GC oscillatory patterns may 
alter NSPC response to subsequent CORT 
exposure,. We hypothesized that GC 
oscillatory patterns may establish specific 
gene expression patterns by affecting 
promoter specific DNA-methylation, which 
could translate into either alterations 
in proliferation (and/or survival) upon a 
subsequent challenge to high CORT. In 
this study, we therefore studied whether 
alterations in GC oscillatory patterns can 
mediate changes in DNA methylation, 
and/or sensitize NSPCs to a subsequent 
exposure to GCs in vitro, thus allowing for 
the identification of direct CORT-mediated 
effects on NSPC27.

Introduction

Glucocorticoids (GCs), cortisol in humans 
and corticosterone (CORT) in rodents, are 
well characterized mediators of the stress 
response in mamals and other organisms1,2. 
By acting as ligand-induced transcription 
factors, GCs modify gene expression 
and thereby exert numerous long-lasting 
adaptive effects on body and brain. In 
rodents and human, GCs are released in 
a circadian manner with peak levels shortly 
before the onset of the activity period. This 
circadian release pattern is thought to be 
needed for adaptation and to maintain 
hypothalamus-pituitary-adrenal (HPA) axis 
responsivity3. This circadian GC rhythm 
is built up by, shorter, discrete hourly 
pulses that constitute the GC ultradian 
rhytms3. The exact biological functions of 
these GC ultradian rhythms are not fully 
resolved, but in vitro observations suggest 
they serve as a molecular pacemaker of 
glucocorticoid receptor (GR) -dependent 
gene expression4. As a result, the ultradian 
oscillatory nature of GC release maintains 
both homeostasis as well as responsiveness 
of gene expression to GCs5-7. 

Conditions during which GCs rhythms are 
aberrant, such as aging, hypercortisolemia, 
sleep deprivation, immune-challenges 
or chronic stress, are associated with 
alterations in GC oscillatory patterns, 
disruption of homeostatic balance and 
disturbances in feedback regulation. In 
turn, all these alterations can result in 
GC overexposure, a major risk factor 
for the development of disease and 
pychopathology8.

High circulating GC levels activate the 
GR, which terminates the stress response 
and helps to re-establish homeostasis1,9. 
The hippocampus is highly responsive to 
GC levels2,10 and it contains neural stem/
progenitor cells (NSPCs) that continue 
to give rise to new neurons in adult and 
aged individuals11. This process of adult 
neurogenesis follows different stages 
during which quiescent NSPCs first become 
activated and then proliferate, generating 
proliferative neuroblasts. Subsequently, 
the newly born neuroblasts migrate 
and differentiate into fully functional 
newborn neurons that incorporate into the 
existing, mature hippocampal network12. 
This process of adult neurogenesis is 
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Confocal microscopy on brain slices was 
performed using a Zeiss LSM510 confocal 
laser scanning microscope system as 
described24. The following antibodies 
were used: polyclonal chicken anti-GFP 
(Abcam, 1:500), monoclonal mouse anti-
GFAP (Chemicon, 1:1000) and polyclonal 
rabbit anti-GR (H300 Santa Cruz, 1:100) 
or polyclonal rabbit anti-Ki67 (Abcam, 
1: 1000) in combination with goat anti-
chicken Alexa488 (Invitrogen, 1:500), goat 
anti-mouse Alexa647 (Invitrogen, 1:500) 
and goat anti-rabbit Alexa568 (Invitrogen, 
1:500) respectively. Sections were 
counterstained for DNA using Hoechst 
(Invitrogen, 1:20000) to detect cell nuclei. 
Hippocampal NSPC GR expression 
quantifications were carried out as 
described before24 and were expressed as 
a percentage of total NSPC. Orthogonal 
projections and Z-stack were made using 
ImageJ software.

Cell culture, CORT treatments and CORT 
measurements
Low passage number (<P20) NSPCs were 
cultured in culture flasks in DMEM/F-12 
medium supplemented with 5% charcoal-
stripped fetal bovine serum (FBS, Atlanta 
Biologicals), N2 supplement, (Invitrogen), 
Bovine Pituitary Extract (BPE, Invitrogen), 
recombinant-human-EGF (20ng/mL, 
Sigma) and recombinant-human-FGF 
(10ng/mL, Sigma), as described before24. 
NSPCs were seeded the day before the start 
of the treatments. CORT (corticosterone, 
Sigma-Alrdich) was dissolved in ethanol 
and added freshly to NSPC medium to a 
final concentration of 10-6M (except stated 
otherwise) prior to incubation. Ultradian 
CORT oscillations were modeled in 
vitro as previously described by others4, 
with some modifications (Figure 2A-C). 
Pulsatile treatment consisted of 24h-long 
cycles of exposure to 30min-long pulses 
of either vehicle (ethanol) or CORT 
interspaced with 30min-long incubations 
with hormone-free medium. NSPCs were 
exposed to this pulsatile treatment for 
12h, followed by a 12h-long incubation 
with hormone-free medium. The constant 
CORT condition consisted of 30min-long 
cycles of incubation with CORT at the 
same concentration for 24h, thus without 
interspaced hormone-free periods. In 
both cases, these 24h-long cycles were 
repeated (48 and 72h) as indicated in 
the timeline of Figure 2A. Starting after 

Our results indicate that both pulsatile 
and constant CORT treatment reversibly 
increases the number of NSPCs arrested in 
the G0/G1 phase of the cell cycle, suggestive 
of cell quiescence induction. However, at 
the molecular level this phenotype was 
accompanied by specific and lasting changes 
in DNA methylation and alterations in genes 
encoding key enzymes responsible for 
DNA methylation. In agreement with these 
observations, the rhythmicity of the initial 
exposure to CORT resulted in differential 
programming of cell-cycle responsiveness 
to a second GCs exposure, indicating that 
the adaptive epigenetic (re)programming 
of NSPCs to stress may depend on CORT 
rhythmicity. 

 
Materials and methods

Animals, in vivo CORT treatments, 
immunohistochemistry and confocal 
microscopy
For in vivo characterization of GR and 
Ki67 expression, 3-month old Nestin-GFP 
reporter mice (n=3 per group) were used28. 
Nestin-GFP mice had ad libitum access to 
food and water and were kept under a 12-
hour dark/light cycle (lights on at 08:00h). 
As described by others7, albeit with 
some modifications, CORT levels were 
clamped at constant levels at 0%, 100% 
and 200% relative to basal PM CORT 
levels (vehicle, 10mg/kg/day and 20mg/
kg/day, respectively; Figure 1F) using 
slow release biodegradable carrier-binder 
pellets (Innovative Research of America). 
Pellets were implanted subcutaneously 
under isoflurane anesthesia at 08:00h 
on experimental day1. To validate 
flattening of CORT rhythms, at 20:00h on 
experimental day6 PM blood samples were 
collected and at 08:00h on experimental 
day7 AM blood samples were collected 
as described before29, immediately 
before PFA perfusion. Plasma CORT 
concentrations were determined using a 
radioimmunoassay kit (MP Biomedicals, 
Eindhoven, The Netherlands) as described 
before29. The committee of Animal Health 
and Care, University of Amsterdam 
approved animal experiments (DEC259).
 
Mice were transcardially perfused with 
4% PFA and then brains were extracted, 
sectioned, immunostained to detect 
GFP and cell-type specific markers. 



Ultradian CORT oscillations epigenetically control NPC quiescence

117

C
ha

pt
er

 5

Quantitative real time polymerase chain 
reactions 
RNA was isolated using TRIzol reagent (Life 
Technologies) according to the manufacturers’ 
protocol. For mRNA qPCRs, cDNA was 
synthetized using a superscript II reverse 
transcriptase (Life Technologies) according 
to the manufacturers’ protocol. Quantitative 
real time polymerase chain reactions were 
performed, as described before24, using SYBR 
green (Applied Biosystems) and the following 
primer sequences:

α-tubulin (for normalization) 
fwd :CCCTCGCCTTCTAACGCGTTGC, 
rev:TGGTCTTGTCACTTGGCATCTGGC;

GR
fwd:AGGTGCCAAGGGTCTGGAGAGG, 
r e v : T G G T C C C G T T G C T G T G G A G G A ; 

GILZ 
f w d : G T G C G C G A C C C C T G C TA C C T,
rev :ACGAGGTCCATGGCCTGCTCAA;

SGK1
fwd:TGGTGTCTTGGGGCTGTCCTGT,
r e v : G C C T T C C A G G A G T G T C C T T G C ;

GAS5 
fwd:AATGGGTCACCTCAAGTGAAGGCA,
rev:TTGAGCCTCCATCCAGGCACCTC;

DNMT1
f w d : A G G C G C G T C AT G G G T G C TA C ,
r e v : G G C G G C G C T T C AT G G C AT T C ;

DNMT3a
f w d : G C C A A G A A A C C C A G A A A G A G C ,
r e v : G T G A C AT T G A G G C T C C C A C A ;

DNMT3b
f w d : G C G T C A G TA C C C C AT C A G T T,
r e v : AT C T T T C C C C A C A C G A G G T C ;

CCND1
f w d : G C C AT G A C T C C C C A C G AT T T,
r e v : C TA C C AT G G A G G G T G G G T T G .

For microRNA qPCRs, to detect mature 
miR-124-3p (Cat# 4427975, Assay ID 
001182, Life Technologies) and miR-124-
5p (Cat# 4427975, Assay ID 002197, Life 
Technologies) were performed using a 
TaqMan® MicroRNA Reverse Transcription 
Kit (Life Technologies) combined with 
TaqMan® 2x Universal PCR Master Mix (Life 
Technologies) and were normalized against 

a 72h initial treatment, the washout 
period (recovery) consisted of a 24h-long 
incubation with hormone-free medium. 
When indicated, NSPCs were treated 
during the last 6h of the washout period 
with 10-6M CORT or vehicle, to model 
the effects on further exposure to CORT. 
Treatment schemes are depicted in Figure 
2B and 2B. Efficient washout and stability 
of CORT during the experiment (Figure 2C) 
was analyzed by collecting samples every 
30min during both pulsatile and constant 
treatment and CORT concentrations were 
determined using a radioimmunoassay 
kit (MP Biomedicals, Eindhoven, The 
Netherlands) as described before29.

Immunocytochemistry 
Immunocytochemistry was carried out 
as described before24. Briefly, cells were 
rinsed three times with PBS and fixed in 
4% PFA in PBS for 30min. The fixative was 
then removed and cells were rinsed three 
times for 5min with PBS. For detection of 
proliferation, cells were blocked in blocking 
buffer (1X TBS/1% skimmed milk powder) 
for 60 min and incubated for 1h at room 
temperature and then overnight at 4°C 
with polyclonal rabbit anti-Ki67 (Abcam, 
1: 1000) diluted in 0.25% gelatin/0.5% 
Triton X-100 (Supermix). The day after, 
cells were rinsed three times for 5min in 
PBS, incubated with donkey anti-rabbit 
Alexa488 (Invitrogen, 1:1000) for 1h at 
room temperature, rinsed three times for 
5min in PBS and mounted in Vectashield 
Mounting Medium with DAPI (Vector 
Laboratories).

To assess GR immunoreactivity in Ki67-
expressing NSPCs, blocking buffer was 
applied for 60min before cells were 
incubated for 1h at room temperature and 
then overnight at 4°C with a polyclonal 
mouse anti-Ki67 (Novocastra, 1: 200) and 
polyclonal rabbit anti-GR (H300 Santa 
Cruz, 1:200) antibody diluted in Supermix. 
The day after, cells were rinsed three times 
for 5min in PBS, incubated with goat anti-
mouse Alexa568 (Invitrogen, 1:1000) and 
donkey anti-rabbit Alexa488 (Invitrogen, 
1:1000) for 1h at room temperature, 
rinsed three times for 5min in PBS and 
mounted in Vectashield Mounting Medium 
with DAPI (Vector Laboratories). Images 
were acquired using a Leica CTR5500 
microscope with the Leica MM AF program 
(MetaMorph, version 1.6.0).
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obtain fragments with an average length of 
200bp. The power mode was set to frequency 
sweeping, temperature 6-8°C and water level 
12. A maximum of 3μg DNA was dissolved 
in 130μl TE and loaded in a microtube with 
AFA intensifier (Covaris). DNA was then 
analyzed on the Agilent 2100 Bioanalyzer 
(Agilent Technologies) and fragment 
distribution was analyzed on a high sensitivity 
DNA chip. Methylated DNA was captured 
using the MethylCap kit (Diagenode). The 
concentrations of the fragmented and captured 
DNA was determined on a Fluostar Optima 
plate reader (BMG Labtech) with the Quant-
iTTM Picogreen® dsDNA assay kit (Invitrogen) 
at 480/520nm. A second quality control was 
performed after fragmentation on an Agilent 
2100 HS DNA chip.

Methylated DNA library preparation, 
amplification and sequencing
A methylated DNA library was prepared, 
amplified and sequenced using a modified 
version of the ‘multiplexed paired end ChIP 
protocol’30 (Illumina), using the DNA Sample 
Prep Master Mix Set 1 (NEB) in combination 
with the Multiplexing Sample Preparation 
Oligo Kit (Illumina). The library was prepared 
from 250ng of fragmented DNA on an Apollo 
324 NGS Library Prep System (IntegenX) 
with a PrepXDNA Library Kit (Wafergen 
Biosystems) according to the kit’s protocol. 
Library amplification was done according 
to the multiplexed paired end ChIP protocol 
including the indexes from Multiplexing 
Sample Preparation Oligo Kit (Illumina). 
Smaller fragments were removed when 
necessary using a 2% agarose gel (Low Range 
Ultra agarose; Biorad) in combination with a 
1Kb Plus ladder (Invitrogen). 300bp±50bp 
fragments were excised and eluted on a 
Qiagen Gel Extraction Kit column (Qiagen), 
then eluted in 23 μl EB and 1 μl from there 
was run on an Agilent 2100 HS DNA chip. DNA 
concentration was determined using smear 
analysis on an Agilent 2100 Bioanalyzer 
and samples were diluted to 10 nM. DNA 
fragments were sequenced using a Hi-Seq 
2000 apparatus (Illumina) with 2x51 + 7(index) 
sequencing cycles. Initial quality assessment 
was based on data passing the Illumina 
Chastity filter control. Subsequently, the reads 
containing adaptors and/or Phix control signal 
were removed. A second quality assessment 
was based on the remaining reads using the 
FASTQC quality control tool version 0.10.0. 
The final quality scores per sample for each 
base are provided in Figure S2.

RNU6B (Cat# 4427975, Assay ID 001093, 
Life Technologies).

Flow cytometry analysis of cell cycle using 
propidium iodide
NSPCs were trypsinized (Trypzean, Lonza) 
for 5min and fixed by slowly adding cold 70% 
Ethanol (-20°C) and were then left overnight 
at 4°C. Subsequently, cells were washed 
twice with PBS for 5 minutes and treated for 
20min with RNAse (100 µg/ml; Sigma-Aldrich) 
and incubated for 20min at room temperature 
with a mix containing propidium iodide (5ug/
ml; Sigma-Alrdich), 0.1% sodium citrate and 
Triton-X100 (0.1%) in PBS. Cells were sorted 
using a FACSAria™ III system (BD) with 488nm 
excitation and 575/26 bandpass filters. At least 
9000 cells were analyzed per sample and 
only single cells were included in the analysis. 
FACS histograms were plot-fitted using the G2/
G1 fixed method (reference) using Multicycle 
AV and FCS express (De Novo Software).

Global cytosine methylation analysis
Global DNA methylation was measured as 
previously described26. Briefly, NSPCs were 
trypsinized (Trypzean, Lonza) for 5min, spun 
down for 3min at 300 x g and total DNA was 
extracted using a GenElute™ Mammalian 
Genomic DNA Miniprep Kit (Sigma-Aldrich) 
following the manufacturer’s protocol. Global 
levels of DNA methylation were measured 
using a Methylamp™ Global DNA Methylation 
Quantification Ultra Kit (Epigentek) according 
to the manufacturer’s protocol. Data were 
normalized to global DNA methylation levels of 
vehicle treated NSPCs, as indicated.

Methylated DNA sample preparation and 
quality control
DNA was isolated from NSPCs as described 
above. DNA concentration was determined 
on a Fluostar Optima plate reader (BMG 
Labtech) with the Quant-iTTM Picogreen® 
dsDNA assay kit (Invitrogen) at 480/520nm. 
Concentration was determined using smear 
analysis on a Agilent 2100 Bioanalyzer 
(Agilent Technologies) and checked for 
degradation (Figure S1). Samples (n=3) for 
each experimental condition were pooled into 
a single sample for further processing.

Methylated DNA fragmentation and MBD-
capture
DNA Fragmentation was performed on a 
Covaris S2 Focused ultrasonicator with the 
following settings: duty cycle 10%, intensity 
5, 200 cycles per burst during 190sec to 
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expressing GR in vivo (Figure 1D).  These 
two GR+ NSPC populations could also be 
distinguished by the expression of the cell cycle 
marker Ki67 (Figure 1C). These and similar 
observations suggest that GCs can influence 
both proliferating and non-proliferating NSPC 
through GR33. In line with our hypothesis, we 
found that all Ki67+ cells expressed the GR 
in vitro (Figure 1C), suggesting a functional 
role in this NSPC population. Moreover, we 
found that 25.6±4.2% of the GR+ cells did not 
express Ki67, demonstrating GR expression 
also in non-proliferative NSPCs, as suggested 
by our in vivo observations presented in Figure 
1A, 1B and 1E.

In vivo, Ki67+ activated Type-2 cells were 
readily detectible, while quiescent Type-
1 cells were predominantly Ki67- (Figure 
1E), under normal basal CORT rhythmicity 
(Figure 1F).  Suggesting a functional role of 
NSPC GR expression during basal CORT 
rhythmicity, both a 7day “flattening” of 
the basal CORT rhythmicity at daily peak 
levels, and exposure of “flattened” basal 
rhythmicity with increased levels of CORT 
(100% CORT pellet and 200% CORT pellet 
respectively, Figure 1E) eliminated NSPC 
Ki67 expression and increased the quiescent 
NSPC population in vivo (Figure 1G-I).

Still, CORT has been proposed to have 
direct and indirect effects on NSPC36. 
Moreover, NSPCs only represent a small 
fraction of the total hippocampus, and in 
vivo analysis cannot readily identify specific 
epigenetic modifications37. Therefore, to 
characterize the direct effects of CORT on 
the epigenetic programming of NSPC and 
the consequences on cell cycle progression 
and gene expression, we used a previously 
described postnatal mouse hippocampal 
NSPC primary cultures24. To further study 
the effects of CORT on proliferation, we 
measured the expression of the proliferation 
marker Ki67 in NSPC (Figure 1J). Based 
on the predominant expression of the GR 
in Ki67+, proliferative cells, we decided to 
test the effect of GR activation on NSPC 
proliferation in vitro. We found that both 
CORT and the specific GR agonist DEX 
dose-dependently reduced the rate of NSPC 
proliferation, with DEX being approximately 
10times more potent in inhibiting NSPC 
proliferation than CORT (5.8x10-9M vs. 6.3x10-

8M, respectively), in agreement with their 
relative affinities for the GR38 (Figure 1J and 
1K). Although the inhibition of proliferation 

DNA methylation base scaling and mapping
FASTQ sequence reads were generated using 
the Illumina Casava pipeline version 1.8.0. 
The paired end 51bp sequence reads were 
mapped using Bowtie software v0.12.7, as 
described31. The Bowtie parameters were set to 
0 mismatches in the seed (first 28nucleotides). 
Only unique paired reads were retained and 
both fragments must be located within 400bp 
of each other on the mouse reference genome 
build NCBI37/mm9. Details on mapped reads 
percentages for each sample are shown in 
Table 1. Regions within -2000 and +500 bp from 
a TSS were considered as gene promoters.

Bio-informatics and statistics
Dose response curves were created using 
Graphpad Prism 5.0 and statistically 
compared with an F-test. Heatmaps were 
generated using the unsupervised hierarchical 
clustering option in MultiExperiment Viewer 
v4.9 (TM4). Gene ontology (GO) analysis was 
performed using the Genecodis GO algorithm 
hypergeometrically testing for significantly 
overrepresented processes (FDR corrected 
p<0.05). Functional network predictions 
were produced using the GeneMANIA 
algorithm32. The H2G2 genome browser 
(NXT-Dx) was used to explore the mapped 
MBD2 read density. All comparisons were 
statistically tested using an unpaired two-
tailed Student’s t-test or, one-way analysis of 
variance (ANOVA) test with Tukey’s post test 
when more than two groups were compared. 
Statistical analyses were performed using 
GraphPad Prism 5.0.

Results

Primary hippocampal NSPCs express the 
GR and enter a quiescent cellular state after 
GC treatment. 
In line with previous literature33, we found 
GR immunoreactivity in vivo in Nestin-GFP+/
GFAP+ cells of the DG (Figure 1A). These cells 
have been previously characterized as Type 1, 
quiescent radial glia-like NSPCs34. Notably, 
Nestin-GFP+/GFAP+/GR+ cells displayed a 
marked GR immunoreactivity outside of the 
nucleus as we have observed before in early 
postnatal NSPCs35. Additionally, we found GR 
immunoreactivity in Nestin-GFP+/GFAP- cells 
(Figure 1B), previously characterized as Type 
2, activated NSPCs34, in line with previous 
observations33. Furthermore, we found that 
90.7±3.0% of the total NSPC population 
expressed GR in vitro (Figure 1C), reflecting the 
79.2±5.3% of Type-1 and -2 NSPC combined 
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Figure 1 - Postnatal hippocampal NSPC express the GR and are sensitive to a GR-dependent 
reversible arrest of cell proliferation.
(A) Representative 20µm Z-stacked confocal micrograph showing a Nestin-GFP+/GFAP+/GR+ cell (downward 
pointing arrows) in the DG. Arrowheads indicate GR immunoreactivity in cellular processes extending from the 
cell body in Nestin-GFP+/GFAP+/GR+ cell. (B) Representative 20µm Z-stacked confocal micrograph showing 
a Nestin-GFP+/GFAP-/GR+ cell (downward pointing arrowhead) in the DG.  (C) Representative micrographs 
of NSPC in vitro with examples of nuclearGR+/Ki67- NSPC (upward pointing arrow), nuclearGR+/Ki67+ 
NSPC (downward pointing arrowheads). (D) Bar graph depicting relative abundances of GR+ NSPC (red 
bars) and GR- NSPC (blue bars) both in vivo and in vitro. 
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was significant already after 48h incubation, 
we found that it was maximal after 72h of 
incubation with 10-6M CORT (Figure 1L), 
in line with previous observations made on 
human embryonic NSPCs27. Strikingly, the 
CORT-induced inhibition of proliferation after 
72h incubation was completely recovered 
after a subsequent 24h of incubation in 
CORT-free conditions (Figure 1L). These 
observations demonstrate that CORT 
can produce a reversible inhibition of cell 
proliferation compatible with the induction of 
a quiescent cell state in NSPC39.

GC oscillations affect NSPC quiescence and 
condition NSPC sensitivity to a subsequent 
exposure to GC.
The current view of quiescence in mammalian 
adult stem cells is that quiescent cells exit 
the cell cycle, enter G0 phase and re-enter 
the cell cycle in response to physiological 
stimuli39. Based on this, we decided to study 
the effect of CORT using flow cytometric 
analysis of cell cycle with propidium iodide 
DNA staining on NSPC. 

We compared the effect of NSPC incubation 
with a constant CORT regimen, as frequently 
used in literature25 or with a more naturalistic 
regimen reflecting the in vivo CORT pulsatility 
(Figure 2A and 2B). The effectiveness of 
the two incubation regimens was verified by 

radioimmunoassay determination of CORT 
levels in NSPC culture medium collected 
every 30min during the first 24h (Figure 2C). 
Both NSPC cultures treated for 72h with 10-6M 
CORT pulsatile or constant regimens showed 
significant increases in the percentage of cells 
in the G0/G1 phase as compared to vehicle 
treatment (p < 0.01 and p < 0.001, respectively, 
with concomitant reductions in the proportion 
of cells in other phases of the cell cycle; 
Figure 2D). However, exposure to constant 
CORT induced a significantly stronger arrest 
in the G0/G1 cell cycle phase (58.15±1.35 
vs. 78.54±1.34%, p < 0.001 pulsed and 
constant respectively; Figure 2D), suggesting 
that CORT pulsatility is an important factor 
controlling cell cycle progression in NSPC. 

In agreement with CORT effects on 
proliferation measured by Ki67 expression, 
CORT-mediated effects on cell cycle 
progression were largely reversible and no 
significant differences in cell cycle progression 
were found among experimental groups, other 
than a marginal but significant difference in the 
proportion of cells in G2/M phase, after 24h 
incubation in CORT-free medium (10.68±0.63 
vs. 8.67±0.44%, p < 0.05 vehicle and constant 
respectively; Figure 2E).

Then, we studied whether the quiescent 
cellular states induced by different CORT 

Figure 1 - Continued
Data are expressed as mean relative GR+ or GR- NSPC (% of total NSPC in vivo or in vitro) ± SEM and 
statistical comparisons were done using one-way analysis of variance test with Tukey’s post hoc test for 
multiple comparisons (ns p > 0.05, GR+ NSPC in vivo vs in vitro and ns p > 0.05, GR- NSPC in vivo vs 
in vitro). (E) Representative orthogonally projected confocal micrograph of a 0% CORT treated animal 
showing a Nestin-GFP+/GFAP+/Ki67- type-1 quiescent NSPC (downward pointing arrow) and a Nestin-
GFP+/GFAP+/Ki67+ type-2 active NSPC (arrowhead) in the DG. (F) Bar graph depicting AM and PM plasma 
CORT levels 7days post pellet implantation. Data are expressed as mean [CORT] (both ng/ml and nM) 
± SEM and statistical comparisons were done using one-way analysis of variance test with Tukey’s post 
hoc test for multiple comparisons (**p < 0.01, AM vs PM in 0%, ns p > 0.05, AM vs PM in both 100% and 
200%; #p < 0.001, 200% AM and PM vs 0% AM and PM; $p < 0.05, 200% AM and PM vs 100% AM and 
PM). (G) Representative 20µm Z-stacked confocal micrograph of a 0% CORT treated animal showing a 
Nestin-GFP+/GFAP+/Ki67- type-1 quiescent NSPC (arrow) and a Nestin-GFP+/GFAP+/Ki67+ type-2 active 
NSPC (arrowhead) in the DG. (H) Representative 20µm Z-stacked confocal micrograph of a 100% CORT 
treated animal showing multiple Nestin-GFP+/GFAP+/Ki67- type-1 quiescent NSPCs (arrows) in the DG. 
(I) Representative 20µm Z-stacked confocal micrograph of a 200% CORT treated animal showing multiple 
Nestin-GFP+/GFAP+/Ki67- type-1 quiescent NSPCs (arrows) in the DG. (J) Representative micrographs 
depicting a CORT dose-dependent reduction in the expression of the proliferation marker Ki67 (green) in 
NSPC exposed to constant CORT or vehicle (Veh) treatment for 72h. Top left: Vehicle; top right:10-8 M CORT; 
bottom left:10-7 M CORT; bottom right:10-6 M CORT. (K) Dose response curves of constant CORT (black 
circles and black line; calculated IC50 of ±10-7 M and a maximum effect at ±10-6 M) or dexamethasone (DEX; 
black triangles, red line) treatments and their effect on NSPC Ki67 expression. Data are expressed as mean 
normalized Ki67+ cells (% of vehicle) ± SEM and statistically tested for differences (**p < 0.01) on logIC50 
of best fitted curves using the F-test in Graphpad Prism 5.0. (L) Bar graph showing a time dependent effect 
of 10-6M CORT on NSPC Ki67 expression, and subsequent 24h washout effect. Statistical comparisons (*p 
< 0.05 and **p < 0.01) were done using unpaired two-tailed Student’s t-test. Scale bars represent 20µm (A, 
B, F, G-I) or 50µm (C and J). All values represent mean±SEM of at least three independent experiments 
performed in triplicates.



Chapter 5

122

- Figure 2 Schouten et al. -

Vehicle

Total=100

48.37%  G0/G1
40.95%  S
10.68%  G2/M

Pulsed

Total=100

58.15%  G0/G1
31.88%  S
9.97%  G2/M

Constant

Total=100

78.54%  G0/G1
14.34%  S
7.12%  G2/M

** ******
***

*

###

###
###

Vehicle + recovery

Total=100

63.35%  G0/G1
26.19%  S
10.46%  G2/M

Pulsed + recovery

Total=100

60.39%  G0/G1
26.63%  S
12.99%  G2/M

Constant + recovery

Total=100

62.09%  G0/G1
29.24%  S
8.67%  G2/M*

D

Vehicle + recovery + pulse

Total=100

61.06%  G0/G1
31.55%  S
7.39%  G2/M

Pulsed + recovery + pulse

Total=100

76.41%  G0/G1
14.14%  S
9.45%  G2/M

Constant + recovery + pulse

Total=100

66.83%  G0/G1
21.73%  S
11.44%  G2/M

##

********

#

In
iti

al
 tr

ea
tm

en
t (

72
h)

E

In
iti

al
 tr

ea
tm

en
t (

72
h)

 +
 

w
as

ho
ut

 (2
4h

)

F

In
iti

al
 tr

ea
tm

en
t (

72
h)

 +
 

w
as

ho
ut

 (2
4h

) +
 

pu
ls

e 
(6

h)

Time (h) Time (h)

0 5 10 15 20 25

0

 0.5

   1.0

   1.5

   2.0
Constant veh Pulsed Constant Pulsed vehicle

Se
ed

 N
SP

C
s

-24

St
ar

t t
re

at
m

en
t

(1
st

 h
it)

0 24 48 72 9690

St
op

 tr
ea

tm
en

t

C
O

R
T 

pu
ls

e
(2

nd
 h

it)
C

ol
le

ct
 s

am
pl

es

Time (hours)A

B

[C
O

R
T]

 (*
10

   
M

)
-6

0 5 10 15 20 25

Pulsed vehicle Constant veh Pulsed Constant 

0

 0.5

   1.0

   1.5

   2.0

[C
O

R
T]

 (*
10

   
M

)
-6

C

Figure 2 - CORT oscillations differentially induce a reversible cell cycle arrest and condition the 
responsiveness of NSPC to subsequent CORT exposure.
(A) Schematic time-line depiction of the treatment incubation regimens used to incubate NSPCs. (B) 
Theoretical depiction of the CORT treatment incubation regimens of 24h. (C) Graph displaying the validation 
of changes in CORT concentration in the culture medium imposed by the pulsatile (red line and triangles) 
or constant (blue line and squares) treatment. Radio immuno assay determination of CORT levels in the 
culture medium during the first 24h of both treatments modeling endogenous CORT oscillations and efficient 
hormone wash-out during inter-peak periods. (D) Pie-charts showing the effect of 72h pulsatile (pulsed) or 
constant (constant) treatment with 10-6 M CORT on cell cycle progression in NSPC. (E) Pie-charts showing 
the effect of 72h pulsatile (pulsed + recovery) or constant (constant + recovery) 10-6 M CORT treatment with 
a 24h washout on cell cycle progression in NSPC. (F) Pie-charts showing 72h pulsatile (pulsed + recovery + 
pulse) or constant (constant + recovery + pulse) 10-6 M CORT treatment with a 24h removal of CORT followed 
by a subsequent 6h 10-6 M CORT pulse on cell cycle progression in NSPC. 
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upregulated gene by pulsatile CORT 
treatment (Figure 3A). Interestingly, the 
expression of the GR-decoy long non-coding 
RNA GAS542 was significantly decreased by 
both pulsatile CORT treatment and constant 
CORT compared to vehicle, suggesting 
the possible activation of a feedback-
loop involving GAS5 in NSPC exposed to 
constant CORT (Figure 3A). Conversely, GR 
mRNA targeting mat-miR-124-3p41 and mat-
miR-124-5p were significantly more induced 
by pulsatile CORT. Further, the expression of 
DNMT1, 3a and 3b enzymes involved in DNA 
methylation in NSPC43, were all significantly 
decreased by both CORT regimens.  The 
mRNA levels of DNMT3a, however, were 
more strongly down-regulated by constant 
CORT regimen compared to pulsatile CORT, 
while the levels of DNMT1 and DNMT3b 
were not further decreased (Figure 3A), 
suggesting that different CORT regimens can 
have differential effects on the expression of 
DNA methylation enzymes, and thus DNA 
methylation in NSPC.

Next, we analyzed the expression of the 
same groups of genes 24 h after CORT 
withdrawal, to understand the molecular 
changes that may have resulted in the 
differential desensitization to CORT-
induced cell cycle arrest by incubation with 
constant CORT, modeling a disruption in GC 
oscillations. Strikingly, while CORT regimens 
initially induced relatively small differences in 
GR mRNA expression, we found a significant 
decrease in GR expression in NSPC initially 
treated with constant or pulsed CORT after 
a subsequent 24h incubation in CORT-free 
medium (Figure 3B). SGK1 expression was 
differentially affected by the initial CORT 
incubation. While SGK1 was decreased 
in NSPCs initially treated with pulsatile 
CORT, it was significantly increased in 
NSPC initially treated with constant CORT. 
On the other hand, GILZ and GAS5 were 
both significantly decreased by both 
CORT treatments. Conversely, both CORT 
treatments significantly increased mat-miR-
124-3p and -5p levels, with constant CORT 

regimens were truly undistinguishable at 
the molecular level. To test this, we exposed 
NSPCs previously incubated with pulsatile 
or constant CORT regimens to a further 
exposure to CORT. To do this, NSPCs 
were incubated with 10-6M CORT for 6h, an 
experimental condition commonly used to 
induce GR-dependent gene expression40. 
Interestingly, We found significant 
differences between cells previously 
exposed to pulsatile or constant regimens 
(Figure 2F). Specifically, significantly more 
NSPCs were found in G0/G1-phase in 
the pulsed incubation group compared to 
those that initially received constant CORT 
(76.41±1.38 vs. 66.83±1.18%, p < 0.05 
pulsed and constant respectively), with 
concomitant changes in the proportion of 
cells in the S-phase (Figure 2F). Importantly, 
we did not detect significant levels of 
cells with single cell DNA content <2N, 
thus discarding a possible CORT-induced 
apoptosis in NSPCs in the conditions tested 
(Figure 2D-F). These results suggest that 
although NSPC incubation with both CORT 
regimens induced a reversible inhibition 
of proliferation in NSPCs, the lasting 
consequences of both treatments differ. 
Specifically, NSPC initially exposed to 
constant CORT were desensitized to CORT-
induced cell cycle arrest as evaluated by the 
proportion of cells in G0/G1 phase.

GC oscillations differentially condition gene 
expression after GC removal in NSPC.
In a first effort to characterize a possible 
programming effect exerted by GC 
oscillations on cell cycle progression in 
NSPCs, we focused on changes in gene 
expression and DNA methylation. For this, 
we analyzed the expression of groups of 
genes previously linked to GR activation 
and DNA methylation after 72h incubation 
with pulsatile or constant CORT40-42. mRNA 
levels of the GR and the well-characterized 
GR-responsive genes GILZ and SGK1 were 
significantly increased by the constant CORT 
regimen compared to vehicle treatment, 
while SGK1 was the only significantly 

Figure 2 - Continued
All pie-charts show averages of the NSPC in G0/G1-phase (white), S-phase (red), G2/M-phase (blue) and 
in the insets representative flow cytometric DNA content frequency histograms. None of the treatments 
displayed single cell DNA content < 2N. Results are expressed as percentages of total NSPC populations 
per cell cycle phase compared to 72h vehicle treatment (vehicle). All values represent mean % of NSPC per 
cell-cycle phase ±SEM of three independent experiments performed in triplicates. Statistical analyses were 
done using one-way analysis of variance test with Tukey’s post hoc test for multiple comparisons (* p < 0.05, 
** p < 0.01 and *** p < 0.001 relative to vehicle; # p < 0.05, ## p < 0.01 and ### p < 0.001 relative to pulsatile).
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Figure 3 - CORT 
oscillations differentially 
induce changes in gene 
expression and condition 
the transcriptional 
response of NSPC 
to subsequent CORT 
exposure.
(A) Bar graphs depicting 
relative (to pulsed veh; 
white bars) changes in 
the expression of genes 
involved in GC response 
and genes involved in 
epigenetic regulation, 
induced by 72h 10-6 M 
CORT pulsatile (gray bars, 
pulsed CORT) or constant 
(black bars, constant CORT) 
treatments. (B) Bar graphs 
depicting relative (to pulsed 
veh + recovery; white bars) 
changes in the expression 
of genes involved in GC 
response and genes involved 
in epigenetic regulation, 
induced by 72h 10-6 M 
CORT pulsatile or constant 
treatments followed by 24h 
hormone washout (gray bars, 
pulsed CORT + recovery and 
black bars, constant CORT 
+ recovery, respectively). (C) 
Bar graphs depicting relative 
(to pulsed veh + recovery + 
pulse; white bars) changes 
in the expression of genes 
involved in GC response and 
genes involved in epigenetic 
regulation, induced by 72h 
10-6 M CORT pulsatile or 
constant treatments followed 
by 24h hormone washout and 
subsequent treatment with 
10-6 M CORT for 6h (gray 
bars, pulsed CORT + recovery 
+ pulse and black bars, 
constant CORT + recovery 
+ pulse, respectively). Data 
are expressed as mean 
normalized fold change 
(relative to pulsed veh) ± 
SEM of three independent 
experiments performed 
in triplicates. Statistical 
analyses were done per time-
point using one-way analysis 
of variance test with Tukey’s 
post hoc test for multiple 
comparisons (*p < 0.05, **p < 
0.01 and ***p < 0.001 relative 
to pulsed vehicle; #p < 0.05, 
##p < 0.01 and ###p < 0.001 
relative to pulsed CORT).



Ultradian CORT oscillations epigenetically control NPC quiescence

125

C
ha

pt
er

 5

showing significantly further increases. 
Interestingly, the DNMTs showed a more 
consistent pattern.  DNMT 1, 3a and 3b 
expression levels were decreased in NSPCs 
initially exposed to pulsatile CORT, while 
they were significantly increased in cells 
initially treated with constant CORT (Figure 
3B), suggesting strong differences in DNA 
methylation induced by different CORT 
treatments. 

Interestingly, a further exposure to CORT 
for 6h induced a significant reduction in 
GILZ and SGK1, and a significant increase 
in GAS5 expression only in cells initially 
exposed to constant CORT (Figure 3C), while 
GR expression was significantly reduced in 
NSPC, irrespective of the initial treatment. 
A further CORT exposure also differentially 
affected mat-miR-124-3p and -5p expression 
levels, and both increased only in cells 
initially treated with constant CORT. Again, 
DNMTs showed a more consistent pattern.  
DNMT 1, 3a and 3b were downregulated by 
CORT in NSPCs, irrespective of the initial 
treatment (Figure 3C). These results indicate 
that gene expression was differentially 
affected by the initial CORT regimen and 
that the differences lasted for at least 24h, 
sufficient time for NSPC to undergo at least 
one cell division. 
 
GCs induce global and promoter specific 
changes in DNA methylation in NSPC.
Our previous observations suggested that 
the initial CORT regimen might have a 
programming effect on NSPC by differentially 
affecting DNA methylation. To study this, we 
specifically focused on changes in cytosine 
methylation (5m-C). We found that both 
pulsatile and constant CORT regimens 
induced significant reductions in global 
cytosine methylation as well as specific 

cytosine methylation levels in protein-coding 
gene promoters (Figure 4A and 4B).

As methylation of promoter and other 
chromosomal regions may be differentially 
regulated44,45, we focused on promoter 
methylation. To further address whether 
the pulsatile and constant CORT induced 
relative promoter hypomethylation (Figure 
4B) was composed of more promoters 
being hypomethylated or the same 
promoters being more hypomethylated 
we next performed frequency analysis. 
Frequency analysis of promoter hypo- and 
hypermethylation46 revealed that the largest 
differences in promoter methylation between 
the initial CORT treatments were present 
in the 20-40% differential methylation 
category (pulsatile 9562 vs. constant 
11531 methylated promoters), with the 
second largest differences (pulsatile 2433 
vs. constant 3492 differentially methylated 
promoters) present in the 0-20% category 
(Figure 4C).

Further, unsupervised hierarchical clustering 
analysis of all differentially methylated 
promoters between the two CORT 
treatments (Figure 4D) revealed that 73% 
of them were hypomethylated by constant 
CORT compared to pulsed CORT (3492 
hypomethylated promoters out of 4767 total 
differentially methylated promoters, cut off 
value MBD read density ≥3; Figure 4C and 
D). A list of percentages of mapped reads 
corresponding to this dataset is displayed 
in Table 1. To understand the possible 
biological meaning of the broad promoter 
hypomethylation effect induced by constant 
CORT regimens, we performed GO analysis 
on the genes with promoters differentially 
hypomethylated after constant CORT 
treatment and found that the most significantly 

Table 1 - Overview of total reads and mapped reads per sample.

PE: paired ends.
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at specific previously characterized gene 
promoters (Figure S3) and exemplify that 
GC oscillations may play a role in regulating 
promoter methylation states associated with 
regulation of the cell cycle and differentiation 
in NSPC.

Deviations from basal pulsatile GC 
oscillations induce transient and long-
lasting changes in promoter methylation 
in NSPC.
NSPCs in our primary culture system have 
an average replication time of 16h and 
therefore cells had gone at least through 
one cell division within the 24h recovery 
after 72h CORT exposure. Accordingly, DNA 
methylation changes preserved after 24h 
have been preserved through cell division 
and therefore conform with the strictest 
definition of “epigenetic”47. We found that 
after 24h CORT withdrawal global levels of 
5m-C remained reduced in NSPC treated 
with pulsed CORT, while 5m-C levels in 
NSPC treated with constant CORT were 
not significantly different from levels found 
in vehicle-treated cells (Figure 4A). In 
terms of promoter methylation, the same 
pattern was observed (Figure 4B). The 
proportion of differentially hypomethylated 
promoters in NSPC treated with pulsed 
CORT remained reduced after 24h of 

overrepresented biological processes 
(BPs) within these promoters (constant vs. 
pulsed; FDR corrected p < 0.05) included 
regulation of transcription (6 BPs), metabolic 
processes, development, differentiation and 
phosporylation, (Figure 4E). Regarding the 
1275 promoters that were hypermethylated, 
by constant compared to pulsed CORT 
treatment, GO analysis identified that 
the most significantly overrepresented 
BPs included regulation of transcription 
(5 BPs), transport (2BPs), development, 
phosphorylation, and cell adhesion (FDR 
corrected p < 0.05, Figure 4F), in striking 
similarity with the BPs overrepresented 
within the hypomethylated gene promoters 
(Figure 4E). Underscoring the biological 
relevance of this convergence in BPs to our 
observations regarding transient inhibition 
of proliferation and cell cycle progression 
(Figure 1 and 2), constant CORT treatment 
was associated with hypomethylation of 
55 promoters and hypermethylation of 
15 promoters of genes associated with 
cell cycle regulation (Figure 4E and 4F). 
Overall, these results suggest that the two 
distinct CORT treatments induced strong 
differences in global and promoter-specific 
DNA methylation. Moreover, the broad 
promoter hypomethylation associated with 
the constant CORT treatment was also found 

Figure 4 - CORT oscillations differentially induce changes in gene promoter methylation in NSPC.
(A) Bar graph depicting percentages of NSPC global 5-mC levels of the different treatments: 72h vehicle 
(vehicle; gray bar), 72h pulsatile 10-6 M CORT (pulsed; red bar), 72h constant 10-6 M CORT (constant; yellow 
bar), 72h pulsatile 10-6 M CORT and 24h washout (pulsed + recovery; brown bar), 72h constant 10-6 M CORT 
and 24h washout (constant + recovery; orange bar). Data are expressed as mean normalized percentage 
of DNA methylation (relative to vehicle treatment) ± SEM. Statistical analyses were done using one-way 
analysis of variance test with Tukey’s post hoc test for multiple comparisons (**p < 0.01 and ***p < 0.001 
relative to vehicle). (B) Bar graph depicting percentages of promoter region methylation of NSPC treated 
with 72h vehicle (vehicle; gray bar), 72h pulsatile 10-6 M CORT (pulsed; red bar), 72h constant 10-6 M CORT 
(constant; yellow bar), 72h pulsatile 10-6 M CORT and 24h washout (pulsed + recovery; brown bar), 72h 
constant 10-6 M CORT and 24h washout (constant + recovery; orange bar). Data represent percentages of 
normalized (relative to vehicle) MBD2 ChIP-seq read density levels at promoter regions (-2000 and +500bp of 
TSS). (C) Frequency histogram of all treatment-modified gene promoter (-2000 and +500 of TSS) methylation 
levels (∆treatment/vehicle*100%≥20%). Frequency analysis of promoter hypo- and hypermethylation was 
performed by dividing data into 20 percentile binned differential methylation categories. (D) Heatmap showing 
the top 4767 differentially (MBD2 read density difference between constant and pulsatile ≥3) methylated gene 
promoters between 72h of pulsatile and constant 10-6 M CORT. Heatmap was sorted using unsupervised 
hierarchical clustering with an optimized gene leaf order to visualize constant CORT-induced hypo- (green 
bar), hyper- (red bar), stable hypo- (pink bars) and hypermethylated (blue bars) clusters of gene promoters 
compared to pulsed CORT. Heatmap colors represent normalized (relative to vehicle) MBD2 read density per 
promoter region (-2000 and +500 of TSS) with in green (≤ -5.5), black (0) and red (≥ 5.5). (E) GO analysis 
of a group of genes whith promoters differentially hypomethylated by constant CORT treatment (MBD2 
read density difference between constant and pulsatile ≤ -3). BPs were identified with Genocodis modular 
enrichment GO analysis of top and bar graphs show the number of annotated members per BP (red) and their 
hypergeometric FDR corrected p-values (blue). (F) GO analysis of constant CORT induced hypermethylated 
promoters (MBD2 read density difference between constant and pulsatile ≥ 3). BPs were identified with 
Genocodis modular enrichment GO analysis of top and bar graphs show the number of annotated members 
per BP (red) and their hypergeometric FDR corrected p-values (blue).
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CORT withdrawal, while the percentage of 
promoter methylation in cells treated with 
constant CORT increased relative to from 
constant CORT-treated cells (Figure 4B). 
Furthermore, frequency analysis revealed 
that this promoter percentage of constant 
CORT + 24h hormone withdrawal was 
composed of both less promoters being 
hypomethylated and more promoters being 
hypermethylated compared to constant 
CORT (Figure 4C). 

Unsupervised hierarchical clustering with 
optimized gene leaf order analysis of 
the differentially methylated promoters 
between the two experimental groups, 
72h initial treatment with pulsed CORT 
followed by 24h withdrawal (Pulsed + 
recovery) and 72h initial treatment with 
constant CORT followed by 24h withdrawal 
(Constant + recovery), revealed that 18% 
of the promoters remained in the same 
differential methylation state 24h after 
CORT withdrawal (Figure 4D, pink+blue 
bars vs. green+red bars, 845 stable vs. 
total 4767 promoters, respectively). Further 
analysis of these constant CORT induced 
stably methylated promoters, revealed 
cluster of hypomethylated promoters (214 
promoters; Figure 4D, pink bars) and a 
larger cluster of stably hypermethylated 
promoters (631 promoters; Figure 4D, blue 
bars). 

In a larger context, Gene Ontology 
Enrichment (GO) analysis of the 214 
stably hypomethylated promoters revealed 
the most significantly overrepresented 
BPs (more than 3 promoters per BP, 
hypergeometric FDR corrected p < 0.05) 
included regulation of transcription (6 
BPs) or cell differentiation/development 
(4 BPs) (Figure 5A). GeneMANIA pathway 
analysis of the top three overrepresented 
BPs among the stable hypomethylated 
promoters, revealed that networks of 
genes involved in stem cell differentiation 
(network node: Tbx3; Figure 5B), positive 
regulation of glial cell differentiation 
(network node: Gsx2; Figure 5C) and 
negative regulation of cell activation 
(network node: Ptpn6; Figure 5D) were 
significantly affected (FDR corrected p < 
0.05). 

GO analysis of these 631 stably 
hypermethylated promoters revealed 
the most significantly overrepresented 

BPs (more than 3 promoters per BP, 
hypergeometric FDR corrected p < 0.05), 
included development, transport (4 BPs) 
included regulation of transcription (4 BPs) 
and carbohydrate metabolism (Figure 5E). 
GeneMANIA pathway analysis of the top 
three overrepresented BPs among the 
stable hypermethylated gene promoters 
revealed that networks of genes involved 
in the Wnt signaling (network node: DKK3; 
Figure 5F), metal ion transmembrane 
transporter (network node: Slc24a4; Figure 
5G) and organic anion transport (network 
node: Slc7a5; Figure 5H) pathways were 
significantly affected (FDR corrected p < 
0.05). 

In agreement with this last observation, 
the mRNA of CCND1, a cell cycle activator 
and target of the Wnt signaling pathway14 
was downregulated by 72h treatment with 
either pulsatile or constant CORT (Figure 
6A). However, 24h after CORT withdrawal 
CCND1 levels remained downregulated in 
NSPC initially treated with pulsatile CORT, 
while CCND1 was significantly upregulated 
in NSPC initially treated with constant 
CORT (Figure 6B). These alterations 
in CCND1 gene expression were not 
mediated through differential methylation 
of the CCND1 gene promoter (Figure 
6D). These dissimilar CCND1 regulation 
induced by the two CORT treatments 
correlate with the stable hypermethylation 
of Wnt inhibitor DKK3 and desensitization 
to CORT induced cell cycle arrest induced 
by constant CORT and may thus provide 
a possible mechanism to understand the 
long lasting effects of alterations in GC 
oscillations on NSPCs.

Discussion

Most studies aiming to understand the effects 
of GCs on NSPC proliferation have used long-
term stimulation with constant levels of natural 
or synthetic GR ligands. As GC are released 
from the adrenal gland in circadian and high 
frequency ultradian oscillatory patterns, we 
compared the effects of exposing NSPCs to 
two treatment modes mimicking constant or 
pulsatile GC exposure and investigated their 
consequences on NSPC proliferation, cell 
cycle progression, gene expression and in 
DNA methylation in vitro. Further, we asked 
whether these two treatment modes had 
consequences for the sensitivity of NSPCs 
to a subsequent exposure to GCs, thereby 
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Figure 5 - CORT oscillations 
differentially induce stable 
methylation of gene promoters 
from several functional pathways 
including Wnt signalling.
(A) GO analysis of constant 
10-6 M CORT induced stable 
hypermethylated promoters 
(MBD2 read density difference 
between constant and pulsatile 
≥ 3). BPs were identified with 
Genocodis modular enrichment 
GO analysis of top and bar graphs 
show the number of annotated 
members per BP (red) and their 
hypergeometric FDR corrected 
p-values (blue). (B) GO analysis 
of constant 10-6 M CORT induced 
stable hypomethylated promoters 
(MBD2 read density difference 
between constant and pulsatile 10-6 
M CORT ≤ 3). BPs were identified 
with Genocodis modular enrichment 
GO analysis of top and bar graphs 
show the number of annotated 
members per BP (red) and their 
hypergeometric FDR corrected 
p-values (blue). (C) Pathway 
analysis of constant 10-6 M CORT 
induced highest overrepresented 
BP of stable hypermethylated 
promoters (Figure 4D). Genemania 
identified cell fate commitment 
(red spheres; FDR corrected p 
= 6.39*10-4) and canonical Wnt 
signaling pathway (orange spheres; 
FDR corrected p = 2.43*10-2) 
as significantly overrepresented 
functional networks. (D) Pathway 
analysis of constant 10-6 M 
CORT induced second highest 
overrepresented BP of stable 
hypermethylated promoters (Figure 
4D). Genemania identified metal 
ion transmembrane transporter 
activity (orange spheres; FDR 
corrected p = 1.67*10-24) and anion 
transmembrane transporter activity 
(blue spheres; FDR corrected 
p = 1.17*10-8) as significantly 
overrepresented functional 
networks. 
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Figure 5 - Continued
(E) Pathway analysis of constant 
10-6 M CORT induced third highest 
overrepresented BP of stable 
hypermethylated promoters (Figure 
4D). Genemania identified organic 
anion transport (blue spheres; 
FDR corrected p = 2.63*10-4) and 
inorganic cation transmembrane 
transporter activity (red spheres; 
FDR corrected p = 4.51*10-19) 
as significantly overrepresented 
functional networks. (F) Pathway 
analysis of constant 10-6 M CORT 
induced highest overrepresented 
BP of stable hypomethylated 
promoters (Figure 4D). Genemania 
identified embryonic organ 
morphogenesis (red spheres; FDR 
corrected p = 1.26*10-8) and stem 
cell differentiation (orange spheres; 
FDR corrected p = 4.51*10-5) 
as significantly overrepresented 
functional networks. (G) Pathway 
analysis of constant 10-6 M 
CORT induced second highest 
overrepresented BP of stable 
hypomethylated promoters (Figure 
4D). Genemania identified inorganic 
anion transport (red spheres; FDR 
corrected p = 2.65*10-10) and positive 
regulation of glial cell differentiation 
(blue spheres; FDR corrected 
p = 1.27*10-2) as significantly 
overrepresented functional 
networks. (H) Pathway analysis 
of constant 10-6 M CORT induced 
third highest overrepresented BP of 
stable hypomethylated promoters 
(Figure 4D). Genemania identified 
negative regulation of cell activation 
(red spheres; FDR corrected 
p = 6.25*10-3) and hindbrain 
development (blue spheres; 
FDR corrected p = 6.25*10-3) 
as significantly overrepresented 
functional networks.
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Indeed, alterations in HPA axis activity 
generally correlate with the severity of mood 
disorder symptoms, e.g. in a large part of the 
patients that suffer from major depressive 
disorder55-59. Also, a “flattening” of the 
pulsatile nature of GC release is commonly 
observed in MDD60,61, while in Cushing 
patients, their chronic GC hypersecretion 
correlates well with their depressive 
symptoms62. Interestingly, one of the rate-
limiting steps in neurogenesis, i.e. NSPC 
proliferation, is regulated by antidepressant 
treatment and notably requires pulsatility 
of GCs63. The pharmacological effects of 
fluoxetine on NSPC proliferation occur 
through the GR27, suggesting a delicate 
interplay between adult neurogenesis, 
rhythmic changes in GCs and the GR in 
terminating aberrant GC regulation. 

Garcia et al. have found GR expression in 
different subsets of NSPC in vivo33, indicating 
that CORT can have a direct effect on NSPCs. 
Corroborating these findings, our observations 
indicate that both quiescent (Ki67-) and actively 
proliferating (Ki67+) NSPCs express the 
GR both in vivo and in vitro. As previously 
described, CORT does not only have an 
anti-mitogenic effect on NSPC64, but under 

perhaps differentially programming NSPCs to 
respond to CORT in the context of the stress 
reaction. Our data indicate that the flattening 
of CORT oscillations induce a quiescent 
state of NSPC that initially appeared fully 
reversible. However, a subsequent exposure 
revealed differential responsiveness between 
NSPCs that were initially treated with pulsatile 
vs. constant CORT. This adaptation was 
accompanied by alterations in the DNA 
methylation of sets of gene promoters of which 
some clusters persisted until a 24h recovery 
period during which NSPCs re-entered their 
cell-cycle.

These differences we found in between the 
two treatment modes may have significant 
importance for our understanding of 
the altered neurogenic potential under 
conditions of chronic stress and regarding 
the etiology of major depressive disorder 
(MDD)48-51. Indeed, previous studies have 
indicated that following an ablation of 
the newborn neurons in the adult brain, 
increases in stress-induced GC levels 
emerged under experimental conditions52,53. 
While exceptions exist too54, this suggests 
that NSPCs in the hippocampus may be 
involved in buffering the stress response. - Figure 6 Schouten et al. -
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Figure 6 - CORT oscillations stably affect Wnt signaling target CCND1 gene expression.
(A) Bar graphs depicting relative (to pulsed veh; white bars) changes in the expression of CCND1, induced 
by 72h 10-6 M CORT pulsatile (gray bars, pulsed CORT) or constant (black bars, constant CORT) treatments. 
(B) Bar graphs depicting relative (to pulsed veh + recovery; white bars) changes in the expression of CCND1, 
induced by 72h 10-6 M CORT pulsatile or constant treatments followed by 24h hormone washout (gray bars, 
pulsed CORT + recovery and black bars, constant CORT + recovery, respectively). (C) Bar graphs depicting 
relative (to pulsed veh + recovery + pulse; white bars) changes in the expression of CCND1, induced by 72h 
10-6 M CORT pulsatile or constant treatments followed by 24h hormone washout and subsequent treatment 
with 10-6 M CORT for 6h (gray bars, pulsed CORT + recovery + pulse and black bars, constant CORT + 
recovery + pulse, respectively). (D) Bp-scale read density map of the CCND1 gene promoter. (A-C) Data are 
expressed as mean normalized fold change (relative to pulsed veh) ± SEM of three independent experiments 
performed in triplicates. Statistical analyses were done per time-point using one-way analysis of variance test 
with Tukey’s post hoc test for multiple comparisons (* p < 0.05, ** p < 0.01 and *** p < 0.001 relative to pulsed 
vehicle; # p < 0.05, ## p < 0.01 and ### p < 0.001 relative to pulsed CORT).
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target promoters may be linked to nuclear 
receptor-induced gene transcription67 and 
may be mediated by DNMTs68. In particular, 
GC regulate DNA methylation within key 
enhancers of well-characterized GC-
responsive gene, such as the liver-specific 
tyrosine aminotransferase (Tat) gene, during 
embryonic development69. In this particular 
example, GC-induced demethylation occurs 
within 2-3 days after rapid GR-induced 
chromatin remodeling, which may suggest 
that DNA demethylation is part of the well-
know chromatin remodeling function of the 
GR. However, Tat enhancer demethylation 
remained stable after hormone withdrawal69, 
similar to the coordinated GC-induced effects 
we describe here for thousands of loci in 
hundreds of protein-coding gene promoters. 
As many of the hypo or hypermethylated were 
present in daughter cells, which have never 
been exposed to GC themselves, the GC-
induced changes in methylation may provide 
a cellular memory of the first exposure, 
and its modality (pulsed vs. constant) that 
is preserved trough cell division. Finally, 
it is important to bear in mind that overall, 
the changes in DNA methylation induced 
by both GC modalities induced global 
hypomethylation, with hypermethylation in 
some specific gene promoters. Interestingly, 
global hypomethylation accompanied by 
gene promoter-specific hypermethylation is 
associated with aging45. 

A number of studies have described cell 
intrinsic characterizations of the quiescent 
NSPCs and identified several signaling 
pathway genes such as e.g. REST/
coREST16, EGFR70, Notch/Hes571 and Wnt/
β-catenin72. These observations suggest 
that many cell extrinsic factors can play 
a role in maintaining (or inducing) NSPC 
quiescence. Indeed, quiescence can be 
defined as a heterogenous phenotype in 
terms of diversity of anti-mitogenic signals 
and concomitant molecular programs rather 
than a homogenous state of reversible arrest 
in proliferation73.

Suppression of differentiation is linked to 
multiple quiescence-inducing anti-mitogenic 
stimuli73. Apart from the functional pathways 
that displayed a coordinated adaptation to 
the recovery from constant CORT exposure, 
such as Wnt signaling, we found that transient 
constant CORT also induced changes in 
DNA methylation levels of FGFR2, REST 
and coREST, all indicative of the induction 

non-stressed conditions it can also inhibit 
various other NSPC phenotypes, including 
differentiation and apoptosis24. Although 
these effects are largely mediated through 
the GR, prolonged exposure of NSPCs 
to high concentrations of dexamethasone 
may induce apoptosis65, highlighting GR-
ligand dependent differences. Moreover, 
the physiological GR-ligand action has been 
shown to be fundamentally different between 
naturally occurring GCs and synthetic GCs, 
especially under oscillatory administration4. 
Accordingly, we chose to use a more 
accurate assessment of physiological CORT 
action by comparing pulsatile CORT as a 
basal condition, to constant CORT. 

Prolonged exposure to constant 
dexamethasone has been found to induce 
senescence related changes in NSPCs, 
as characterized e.g. by an irreversible 
inhibition of proliferation that is accompanied 
by a long-lasting reduction in DNMTs and 
global DNA methylation26. Our results, on the 
contrary, indicate that the effects of constant 
CORT, on proliferation and DNMT3a induced 
(gene promoter) DNA hypomethylation 
are generally reversible when compared 
to pulsatile CORT. Interestingly, while cell 
cycle re-entry would normally further dilute 
the amount of DNA methylation at gene 
promoters, we found indications of active 
DNA re-methylation, possibly through 
increased DNMT1 expression levels. This 
active DNA re-methylation appeared to 
be a coordinated NSPC adaptation since 
sets of promoters involved in stem cell 
differentiation remained hypomethylated. 
Conversely, constant CORT also induced 
lasting DNA hypermethylation of a number 
of gene promoters involved in cell fate 
commitment, canonical Wnt signaling and 
transport. This could imply that the progeny 
of NSPCs exposed to an attenuated CORT 
rhythm might display alterations beyond the 
proliferative stage of AHN. Indeed, we have 
previously reported that knockdown of GR 
expression in NSPC and thus eliminating 
their ability to detect basal pulsatile 
CORT rhythms, accelerated the aberrant 
differentiation of their progeny24.

DNA demethylation has been implicated in 
derepression of silenced gene promoters 
during embryonic development66. However, 
the impact of DNA demethylation on 
gene transcription is largely unknown. 
Interestingly, transient (de)methylation of  
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of a quiescent NSPC phenotype16,70. These 
data thus indicate that constant CORT, but 
not pulsatile CORT, can induce a NSPC 
quiescence program through alterations 
in levels of DNA methylation. Interestingly, 
approximately 4767 altered gene promoters 
were changed, a number that exceeds the 
predicted ±700 genomic loci containing GR 
response elements (GREs), and is indicative 
of a coordinated quiescence program by 
constant CORT74. Although speculative at 
this point, this could imply that the constant 
CORT induced latency of the GR to release 
the chromatin4, allowing the tethering of the 
GR to non-GRE containing loci74 and thereby 
remodeling a large number of loci75, would 
also allow access to DNA methylation related 
genes to alter promoter methylation levels. 
Future studies are needed to assess whether 
these alterations in DNA methylation are 
“guided” solely by GRs directly, or through 
indirect mediators such as downstream 
targets of the GR. 

It has previously been shown that the 
hippocampus responds to the discrete 
pulsatile nature of the ultradian CORT 
rhythm76, and that disruption of this pulsatility 
attenuates gene responsiveness to CORT7. 
As previously suggested4,77, we provide 
further data indicating ultradian CORT 
pulsatility encodes a distinct and biologically 
important signal, that is markedly different 
from a constant exposure. One example is 
the marginal increase in NSPCs in G0 when 
treated with pulsatile CORT compared to 
vehicle. When exposed to a second episode 
of CORT, pulsatile treated NSPCs acutely 
went into G0 arrest while previously vehicle 
and constant CORT treated NSPCs did not. 
This supports the notion that CORT pulsatility 
may provide a means for cells to respond 
more acutely to stress78. In addition, we 
here provide new insights indicating that the 
pulsatile nature of ultradian CORT oscillations 
also translates into a distinct NSPC DNA 
methylation pattern that is attenuated by 
constant CORT exposure. Whether the 
CORT oscillations specifically change NSPC 
self-renewal and their epigenetic profile and 
whether that can contribute to alterations in 
a neuro-endocrine profile and/or stress/GC 
induced depressive like behavior remains to 
be tested. Yet by using the in vitro system 
described herein, the direct effects of CORT 
oscillations on NSPC could also be studied 
in the absence of any indirect effects which 
would be present in vivo.

Our results provide a preliminary 
understanding of the epigenetic changes 
accumulating in NSPCs upon exposure 
to changed CORT rhythms, and during 
inhibition of self-renewal. Specifically, an 
initial episode during which GC release 
patterns are changed can transiently 
decrease NSPC proliferation. Yet, a second 
episode of CORT exposure revealed NSPCs 
have acquired a desensitization to CORT 
in terms of proliferation. Whether there is 
a causal relationship between the lasting 
changes in DNA methylation and proliferation 
remains to be addresses experimentally. We 
did, however, find constant CORT to induce 
hypermethylation of some promoters of 
the Dickkopf family, Wnt signaling pathway 
inhibitors. Interestingly, the Wnt signaling 
is one key pathway involved in NSPC self-
renewal72 through the induction of cell cycle 
activator CCND114. Moreover, a recent study 
described Dickkopf1 to be involved in the 
age-related decrease in neurogenesis, 
through inhibition of the Wnt signaling 
pathway79. Interestingly, we found CORT 
rhythms to exert a dual role in the regulation 
of CCND1, with a more direct repression 
upon CORT exposure yet an induction upon 
removal of the hormone, possibly indirectly 
through hypermethylation of Wnt signaling 
inhibitor Dickkopf3. Taken together, these 
data suggest a mechanistic link between 
CORT rhythmicity, lastingly attenuated 
methylation of gene promoters and the 
cell cycle of NSPCs and contribute to the 
understanding of GC-related alterations in 
structural plasticity of the brain.
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- Figure S1 Schouten et al. -
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Figure S1 - DNA quality control measurements prior to DNA fragmentation.
DNA concentration is determined with smear analysis and checked for degradation for vehicle (A), pulsed (B), 
constant (C), pulsed + recovery (D) and constant + recovery (E).
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Figure S2 - DNA quality control measurements after DNA fragmentation.
Quality assessment was based on data passing the Illumina Chastity filter. Subsequently, reads containing 
adaptors and/or Phix control signal were removed. the second quality assessment was based on the 
remaining reads using the FASTQC quality control tool version 0.10.0. The final quality scores for each base 
are shown for vehicle (A), pulsed (B), constant (C), pulsed + recovery (D) and constant + recovery (E).
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- Figure S3 Schouten et al. -
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Figure S3 - CORT oscillations differentially induce stable gene promoter methylation.
(A) Bp-scale read density map (top) and corresponding read density quantification (bottom) of the FGFR2 
gene promoter. (B) Bp-scale read density map (top) and corresponding read density quantification (bottom) of 
the EGFR gene promoter. (C) Bp-scale read density map (top) and corresponding read density quantification 
(bottom) of the REST gene promoter. (D) Bp-scale read density map (top) and corresponding read density 
quantification (bottom) of the coREST2 (RCOR2) gene promoter.
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6 Age-related decline of hippocampal neural precursor 

cell populations is associated with expression of the 

glucocorticoid receptor

Marijn Schouten, Pascal Bielefeld, Paul J. Lucassen and Carlos P. 
Fitzsimons

In preparation

Control levels of adult hippocampal neurogenesis:
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- Figure 6 Schouten et al. -

Time

Aging-induced decreased levels of adult hippocampal neurogenesis:

? ? ?

Graphical abstract

Schematic depiction of the initial stages of the neurogenic cascade in control animals (left) or aged animals 
(right). Phenotypical alterations are: increased quiescence and decreased proliferation. In this chapter we 
discuss that glucocorticoid receptor expression in neural precursor cells is associated with different age-
related decay kinetics. 
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Abstract

Aging is associated with alterations in neuro-endocrine functions, including a 
dysregulation of the hypothalamo-pituitary-adrenal (HPA) axis and glucocorticoid levels. 
This dysregulation coincides with cognitive impairments and an overall decrease in 
hippocampal neural precursor cell (NPC) proliferation. NPC sensitivity to glucocorticoids 
has been found to change with age, with a significant increase in glucocorticoid receptor 
(GR) expression present in the quiescent and activated neural stem/progenitor cell 
populations, known as type-1 and type-2 cells. So far, a more detailed characterization 
of the GR in NPC populations and their dynamics with age is lacking.
 
Here, we used Nestin-GFP mice to characterize age-related changes in specific NPC 
populations, and investigated their relationship with GR (co-)expression in hippocampi of 
3 age groups: young, young adult and middle-aged mice. We used linear and non-linear 
models to characterize the relative decay of the type-1 and type-2 NPC subsets. Our 
results demonstrate that the presence or absence of GR expression identifies different 
NPC populations. We found that type-1 and type-2 NPCs expressing the GR followed 
linear age-related decay kinetics, whereas type-1 and type-2 NPCs lacking GR followed 
non-linear decay kinetics. Interestingly, although NPCs lacking GR expression were 
readily identified at young ages, NPC populations lacking GR expression were rare in 
young adult and middle-aged mice, suggesting either an age-dependent GR upregulation 
in NPCs or alternatively, a higher age dependent decline of this subpopulation. Although 
all NPC populations decreased in number with age, populations expressing GR typically 
displayed slower decay kinetics, suggesting a role for the GR in NPC population 
maintenance during aging.
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-2 NPCs between young (7 weeks-old) and 
old (20 months-old) mice21. Others found an 
age-related decline in murine hippocampal 
NPC with a marked deflection point around 
6 months of age22.

Therefore, we here analyzed GR co-
expression in type-1 and type-2 NPCs in 
three age groups: young adult (3 months), 
mature adult (6 month) and middle-aged (10 
months) C57BL/6j mice as defined by Flurkey 
et al.23. We used a Nestin-GFP transgenic 
strain in which GFP expression selectively 
labels NPCs18. We sought to address the 
rate of NPC population decay and used 
linear and non-linear model equations to 
characterize the type-1 and type-2 NPC 
population dynamics. Our results confirm the 
presence of GR+ and GR- type-1 and type-2 
NPC populations in young adult animals as 
previously described. However, we observed 
a strong predominance of the GR+ NPC 
phenotype in mature adult and middle-aged 
mice. Interestingly, GR- and GR+ type-1 and 
type-2 NPC populations followed non-linear 
and linear decay curves, respectively, with 
age. 
 
Materials and methods

Animals, immunohistochemistry and 
confocal microscopy.
Male 1, 3, 6 and 10 month old Nestin-GFP 
transgenic mice18 (n=3 per group) were 
used for immunocytochemistry. Mice were 
single housed under standard laboratory 
cage conditions and kept under 12hour 
light/dark cycles with ad libitum access 
to food and water. At the indicated ages, 
animals were transcardially perfused with 
4% paraformaldehyde in PBS and brains 
were extracted, sectioned in 8 series of at 
40µm and immunostained as described 
before19, using the following antibodies: 
polyclonal chicken anti-GFP (Abcam. 1:500), 
monoclonal mouse anti-GFAP (Chemicon. 
1:1000) and polyclonal rabbit anti-GR (H300 
Santa Cruz. 1:100) in combination with goat 
anti-chicken Alexa488 (Invitrogen. 1:500), 
goat anti-mouse Alexa647 (Invitrogen. 
1:500) and goat anti-rabbit Alexa568 
(Invitrogen. 1:500), respectively. Sections 
were counterstained for DNA using Hoechst 
(Invitrogen. 1:20000) to detect cell nuclei. 
Confocal microscopy was performed as 
described before using a Zeiss LSM510 
laser scanning microscope19. Quantifications 
of hippocampal NPC populations were 

Introduction

Following exposure to stress, the HPA axis 
is activated, releasing several hormones 
that mediate the stress response. Among 
these, glucocorticoids hormones (CORT) 
are powerful mediators released from the 
adrenal cortex following circadian as well as 
ultradian rhythms1. These pulsatile release 
patterns are affected by stressors such as 
sleep deprivation, chronic psychological 
stress2, and age3-5. In particular, a reduction 
in the amplitude of the circadian CORT 
rhythm has been associated with aging, 
largely resulting from elevations in evening 
CORT levels6 and decreases in diurnal 
CORT7. This altered endocrine profile 
correlates with a decline in hippocampus-
related cognition8. The hippocampus 
contains NPCs that continue to form new 
neurons throughout adulthood. This process 
of ‘adult hippocampal neurogenesis’ (AHN) 
has been implicated in hippocampus-related 
cognition, including spatial memory9, HPA 
axis regulation10 and shows a marked 
age-associated decline, particularly in the 
proliferation and differentiation capacity of 
the hippocampal NPCs11,12.

AHN is a multistep process in which radial 
glia/astrocyte-like cells act as neural stem 
cells (NSC), that generate transit-amplifying 
neural progenitors13,14. These, in turn, 
proliferate and differentiate into new neurons 
that eventually integrate into the pre-existing 
hippocampal network15. Radial glia-like 
astrocytes, or type-1 cells are largely 
quiescent, whereas type 2 cells, called 
transit-amplifying progenitor cells, undergo 
proliferation in the adult hippocampus16,17. 
Type-1 can be distinguished from type-2 
NPCs based on their morphology and the 
expression of specific markers such as the 
glial fibrillary acidic protein (GFAP), or, when 
using Nestin-GFP transgenic mice, on the 
co-expression of GFP driven by the Nestin 
promoter16,18.

Previous results from our lab had indicated 
that GR expression in NPCs is crucial for 
AHN regulation under non-stress conditions 
in young mice, suggesting that the GR is a 
crucial mediator of CORT effects on NPCs19. 
However, little is known about the effect of 
age on GR expression in NPCs. Previous 
studies identified GR in early stages of 
AHN20,21, where significant differences were 
found in GR expression in the type-1 and 
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(Figure 1E), that were the largest NPC 
population in young adult animals and 
became the smallest population in mature 
adult and middle-aged mice (Figure 1E).

As the GR is an important regulator of 
NPCs19,26, differential GR expression in NPC 
subpopulations21 could provide a possible 
explanation for the differential sensitivity 
to GCs. To test this, we characterized GR 
expression in type-1 and type-2 cells of 
the three adult age groups included in this 
study and observed a significant age-related 
decay in the relative abundances of GR+ 
type-1, type-2a and type-2b cells (Figure 
2G). We observed that 86.8±3.7% of type-
1 cells and 71.6±9.3% of type-2a cells were 
GR+ in Nestin-GFP transgenic mice at 3 
months of age (Figure 2G). Notably, we 
found that 31.3±8.5% of type-2b cells were 
GR+ (Figure 2G).

We next characterized age-related patterns 
in the expression of GR+ and GR- type-
1 and type-2 cell numbers using linear 
and non-linear models of cell-population 
dynamics. We tested whether GR+ and 
GR- type-1 and type-2 cell numbers fitted 
better to a first order polynomial equation 
(linear dynamics model), or to a second 
order polynomial equation (non-linear 
dynamics model) (Figure 3A-F and Tables 
1-3). Interestingly, the cell population decay 
of GR+ type-1 (Figure 3A; Table 1), type-2a 
(Figure 3C; Table 2) and type-2b (Figure 3E; 
Table 3) cells fitted best to a linear dynamics 
model, while the cell population decay of 
type-1/GR- (Figure 3B; Table 1) and type-2b/
GR- (Figure 3F; Table 3) cells showed fitted 
best to a non-linear dynamics model. GR- 
Type-2a cells, however, fitted best to a linear 
dynamics model (Figure 3D; Table 2).

Next, we directly assessed whether GR 
expression significantly affected age-related 
population dynamics in type-1, type-2a and 
type-2b NPC populations (Figure 3G-I and 
Table 4). To this aim, for type-1 and type-
2b cells we compared specific non-linear 
dynamics model curve parameters between 
GR+ and GR- subsets (Figure 3G and 3I, 
Table 4) and for type-2a we compared 
specific linear dynamics model curve 
parameters between GR+ and GR- subsets 
(Figure 3H, Table 4). The parameters used 
for comparison included increment (initial 
number of cells) and slope (decay kinetics 
of NPC). The curve fit corresponding to 

performed only on the adult age groups (3, 
6 and 10 months) as described before24 and 
were either expressed in absolute numbers 
per hippocampus or in relative percentages 
of total NPC subpopulation.

Generation of best-fit curves and statistical 
analysis.
Second order polynomial best-fit curves 
(y(x) = ax2 + bx + c) including their 95% 
confidence intervals were based on the 
absolute numbers of GR+ and GR- type-
1 and type-2 adult NPCs per hippocampus 
derived from 3, 6 and 10 month old Nestin-
GFP transgenic mice, using Graphpad Prism 
5.0 software. Second order polynomial best 
fit curves were statistically compared to a 
first order polynomial curve fitting (y(x) = ax + 
b) using an extra-sum-of-squares F-test and 
they were considered significantly different 
if the extra-sum-of-squares F-test reached 
a p < 0.05. Subsequently, curve parameters 
such as increment and slope from GR+ and 
GR- type-1 and type-2 NPC were compared 
using an extra-sum-of-squares F-test. The 
calculated parameters were considered 
significantly different when the extra-sum-of-
squares F-test reached a p < 0.05. All other 
comparisons were statistically tested using 
one-way analysis of variance (ANOVA) test 
with a Tukey’s post-hoc test. Graphpad Prism 
5 software was used for the generation of 
best-fit curves and statistical analysis.

Results

Nestin-GFP, GFAP and GR immunoreactivity 
was readily detectible in the subgranular 
zone (SGZ) of the dentate gyrus of animals 
from 1 month up to 10 months of age (Figure 
1A-D). Based on the expression of these 3 
markers, NPC were classified in different 
subtypes, using a previously described 
system of developmental milestones16,17,21. 
Based on their GFAP (co-)expression, type-
2 NPCs can be further separated into type-2a 
(Nestin-GFP+/GFAP+) and type-2b (Nestin-GFP+/
GFAP-) NPCs17. In the brains of adult animals (i.e. 
3 months or older), the type-1, -2a and -2b 
NPCs could be clearly identified (Figure 2A-
F). In contrast to previous observations25, we 
observed a significant age-related decrease 
in the type-1 cells numbers between young 
adult, mature adult and middle-aged mice 
(p < 0.01)  (Figure 1E). The same applied 
to the type-2a cell numbers (Figure 1E). 
Importantly, a more marked age-related 
decrease was found in type-2b cell numbers 
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Figure 1 - Nestin-GFP expressing NPC subsets decrease with age.
(A) Representative confocal micrograph showing Nestin-GFP (green), GFAP (white) and GR (red) 
immunoreactivity in the DG of a young mouse of 1 month of age. Nuclei are visualized by a Hoechst staining 
(blue). (B) Representative confocal micrograph showing Nestin-GFP (green), GFAP (white) and GR (red) 
immunoreactivity in the DG of an adult mouse of 3 months of age. Nuclei are visualized by a Hoechst staining 
(blue). (C) Representative confocal micrograph showing Nestin-GFP (green), GFAP (white) and GR (red) 
immunoreactivity in the DG of an adult mouse of 6 months of age. Nuclei are visualized by a Hoechst staining 
(blue). (D) Representative confocal micrograph showing Nestin-GFP (green), GFAP (white) and GR (red) 
immunoreactivity in the DG of an adult mouse of 10 months of age. Nuclei are visualized by a Hoechst 
staining (blue). (E) Bar graph depicting the numbers of type-1 (red), type-2a (green) and type-2b (blue) NPC 
per hippocampus at 3, 6 and 10 months of age. Data are expressed as mean±SEM of three animals and 
statistically tested for differences (***p < 0.001) compared to 3 months or for differences (##p < 0.01, ###p 
< 0.001) compared to 10 months using one-way analysis of varience. Scale bars represent 50 µm (A-D).
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Figure 2 - Relative expression levels of GR in NPCs increases with age.
(A) Representative confocal micrograph showing an example of a Nestin-GFP+/GFAP+/GR+ NPC 
(arrowheads) with a characteristic vertical process and triangular cell-body in the SGZ of the DG, indicative 
of a type-1 NPC expressing the GR. Nuclei are visualized by a Hoechst staining (blue). (B) Representative 
confocal micrograph showing an example of a Nestin-GFP+/GFAP+/GR+ NPC (arrowheads) with a 
characteristic rounded cell-body in the SGZ of the DG, indicative of a type-2a NPC expressing the GR. 
Nuclei are visualized by a Hoechst staining (blue). (C) Representative confocal micrograph showing an 
example of a Nestin-GFP+/GFAP-/GR+ NPC (arrow) with a characteristic rounded cell-body in the SGZ of the 
DG, indicative of a type-2b NPC expressing the GR. Nuclei are visualized by a Hoechst staining (blue). (D) 
Representative confocal micrograph showing an example of a Nestin-GFP+/GFAP+/GR- NPC (arrowheads) 
with a characteristic vertical process and triangular cell-body in the SGZ of the DG, indicative of a type-1 
NPC not expressing the GR. Nuclei are visualized by a Hoechst staining (blue). (E) Representative confocal 
micrograph showing an example of a Nestin-GFP+/GFAP+/GR- NPC (arrowheads) with a characteristic 
rounded cell-body in the SGZ of the DG, indicative of a type-2a NPC not expressing the GR. Nuclei are 
visualized by a Hoechst staining (blue). (F) Representative confocal micrograph showing an example of 
a Nestin-GFP+/GFAP-/GR- NPC (arrow) with a characteristic rounded cell-body in the SGZ of the DG, 
indicative of a type-2b NPC not expressing the GR. Nuclei are visualized by a Hoechst staining (blue). (G) 
Bar graph depicting the relative numbers of type-1/GR+ (dashed red), type-1/GR- (solid red), type-2a/GR+ 
(dashed green), type-2a/GR- (solid geen), type2b/GR+ (dashed blue) and type-2b/GR- (solid blue) NPC per 
hippocampus at 3, 6 and 10 months of age. Data are expressed as relative mean±SD of three animals and 
statistically tested for differences (*p < 0.05, ***p < 0.001) in GR+/GR- populations within each subtype at 
each time-point and for differences (#p < 0.05, ##p < 0.01, ###p < 0.001) compared to 3 months using one-
way analysis of variance. Scale bars represent 20 µm (A-F).
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Table 1 - Analysis of best-fit curves for Type-1/GR+ and Type-1/GR- NPC.

Table 2 - Analysis of best-fit curves for Type-2a/GR+ and Type-2a/GR- NPC.

Table 3 - Analysis of best-fit curves for Type-2b/GR+ and Type-2b/GR- NPC.
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Figure 3 - Decay kinetics of Nestin-GFP expressing NPC subsets reveals differential sensitivity to age-
related decline, in correlation with GR expression.
(A) Plots displaying best-fit curve comparison of age-related type-1/GR+ decay kinetics. Red line indicates 
a 2nd order polynomial (quadratic) curve fitting and black dotted line a 1st order polynomial (straight line) 
curve fitting. (B) Plots displaying best-fit curve comparison of age-related type-1/GR- decay kinetics. Red 
line indicates a 2nd order polynomial (quadratic) curve fitting and black dotted line a 1st order polynomial 
(straight line) curve fitting. (C) Plots displaying best-fit curve comparison of age-related type-2a/GR+ decay 
kinetics. Green line indicates a 2nd order polynomial (quadratic) curve fitting and black dotted line a 1st order 
polynomial (straight line) curve fitting. (D) Plots displaying best-fit curve comparison of age-related type-2a/
GR- decay kinetics. Green line indicates a 2nd order polynomial (quadratic) curve fitting and black dotted line 
a 1st order polynomial (straight line) curve fitting. (E) Plots displaying best-fit curve comparison of age-related 
type-2b/GR+ decay kinetics. Blue line indicates a 2nd order polynomial (quadratic) curve fitting and black dot-
ted line a 1st order polynomial (straight line) curve fitting. (F) Plots displaying best-fit curve comparison of age-
related type-2b/GR- decay kinetics. Blue line indicates a 2nd order polynomial (quadratic) curve fitting and 
black dotted line a 1st order polynomial (straight line) curve fitting. Data point values (polygons) are expressed 
as mean±SEM of three animals. Best-fit curve values (lines) are expressed as mean±95%confidence interval. 
(A-F) A 1st or 2nd order polynomial curve fitting preference using a sum of squares F-test was used within 
the 3-10 months domain (preferring the 2nd order model is indicated with a p < 0.05, p- value shown in plots). 
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Figure 3 - continued
(G) Plots displaying the 2nd order polynomial best-
fit curve comparison between age-related type-1/
GR+ (red line, circles) and type-1/GR- (red line, 
squares) decay kinetics. (H) Plots displaying the 1st 
order polynomial best-fit curve comparison between 
age-related type-2a/GR+ (green line, upward 
pointing triangle) and type-2a/GR- (green line, 
downward pointing triangle) decay kinetics. (I) Plots 
displaying the 2nd order polynomial best-fit curve 
comparison between age-related type-2b/GR+ 
(blue line, diamonds) and type-1/GR- (blue line, 
circles) decay kinetics. Data point values (polygons) 
are expressed as mean±SEM of three animals. 
Best-fit curve values (lines) are expressed as 
mean±95%confidence interval. (G-I) Best-fit curves 
were compared for significant differences (###p < 
0.001) between GR+/GR- NPC subsets using sum 
of squares F-test within the 3-10 months domain.

to the different NPC subpopulations. 
Exponential functions were discarded since 
they did not fit well and had a very large 
95% confidence interval. This uncertainty is 
due to a transition period between postnatal 
and adult neurogenesis in which NPC 
populations were not quantified. Quadratic 
and linear functions, however, fitted the data 
well, with good 95% confidence intervals. 

Our observations confirmed that type-1 and 
type-2 NPCs decline selectively with age as 
demonstrated before22,25,28, and show for the 
first time that this decline is associated with 
expression of the GR. These observations 
suggest that NPCs have differential age-
related sensitivities to systemic factors, 
such as GC. Furthermore subsets of NPCs 
that co-express GR in the young adult 
hippocampus are well preserved with 
age, consistent with their dominance also 
found in middle-age mice. In addition, NPC 
subsets expressing the GR tended to follow 
age-related decay with a less drastic, linear, 
kinetic pattern as compared to those lacking 

type-1/GR+ and type-2a/GR+ NPC had a 
significantly higher increment and smaller 
slope compared to type-1/GR- and type-2a/
GR- NPC, respectively (Figure 3G, Table 4; 
Figure 3H, Table 4). Conversely, the fit curve 
corresponding of type-2b/GR+ NPC had a 
significantly lower increment and a smaller 
slope compared to type-2a/GR- NPC (Figure 
3I, Table 4), indicating that GR expression 
may be associated with differences between 
cell population decay dynamics of type-2a 
and type-2b NPC in the dentate gyrus.

Discussion

The aim of this study was to characterize 
NPC population sensitivity to age-related 
decline in numbers and whether this could 
be coupled to GR expression levels. NPC 
population dynamics can be considered a 
multidimensional system with numbers being 
influenced by NPC quiescence, (asymmetric 
and symmetric) division, differentiation and 
apoptosis27. Accordingly, we first analyzed 
which mathematical functions fitted best 
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been described to flatten with age6,7, with a 
concomitant AHN decrease11. Although this 
‘flattened CORT release’ phenotype cannot 
be further aggravated by e.g. increasing 
CORT levels32, adrenalectomy can restore 
the age dependent decrease in AHN30. A 
possible interpretation of this seemingly 
contradictory data can be two-fold, i.e. on 
the one hand, lowering CORT levels per 
se appears sufficient to enhance AHN, on 
the other, a loss of the pulsatile nature of 
basal CORT release could be involved in 
the regulation of AHN as well, providing a 
distinct signal controlling NPC proliferation 
(chapter 5).

While a number of previous studies have 
described general decreases in AHN with 
age12, a recent study has analyzed in more 
detail the age-related reduction of type-1 
and type-2 NPCs specifically22. This was 
also based on the expression of Nestin-
GFP and their respective radial or horizontal 
morphologies as in our current study. 
Interestingly, these authors found type-1 
NPCs to gradually decrease whereas type-
2 NPCs showed a more dramatic reduction 
between 6 and 9 months22, in agreement 
with our observations. 

Additionally, other studies quantified age-
related reductions in NPCs based on Notch 
signaling activity. Using Hes5::GFP reporter 
mice, Lugert et al. could identify both 
horizontal and radial NPC populations and 
found the levels of the former to decrease 
with increasing age and the levels of the 
latter to remain stable25. These differences 
regarding the age-dependent reduction in 
both subpopulations of NPCs, as compared 
with our observations, may arise from 
experimental differences including different 
antibodies used for the detection of cell-
specific markers. Importantly, Lugert et 
al. examined NPC levels at different ages 
in heterogeneous groups of animals in 

GR expression, suggesting the GR may be 
involved in controlling age-related decay. 

The age-related loss or deforestation of 
NPC has been proposed as a critical factor 
contributing to a decline in AHN with age29. 
The Nestin-GFP mice used in these study 
represent a suitable model to study this decay. 
Importantly, potential difference in half-life 
time of Nestin versus GFP may not confound 
the interpretation of the relative abundance 
of GFP+/GFAP+ NPC populations in these 
transgenic mice18. Accordingly, in contrast 
to previous interpretations of GR expression 
patterns in NPC21 from our results it could be 
speculated that the GR is involved controlling 
age-related NPC decay under basal 
conditions. Consistent with this, retroviral-
mediated knock-down of the GR in NPCs 
in vivo, resulted in increased neurogenesis 
and accelerated NPC differentiation under 
basal stress-free conditions19. Therefore, 
our current and previous results combined 
suggest that GR expression may prevent 
NPC to prematurely undergo differentiation 
and thus indirectly favor an undifferentiated, 
proliferative phenotype. However, the 
specific mechanisms involved remain 
uncharacterized and are beyond the 
aim of this study. In agreement with our 
interpretation, lowering the enhanced CORT 
levels observed at old age (20-26 month-old 
rats) may release NPC from a CORT-induced 
quiescent state30. However, contrasting 
observations have been made when CORT 
levels were lowered from postnatal day 10 
onwards31, emphasizing the age-dependent 
role of GC in the regulation of NPC.
 
It has been suggested that some aspects 
of the aging process are influenced by 
systemically secreted factors, which may 
inhibit AHN, including GC30. Attributed to 
a decreased amplitude but not maximum 
concentrations, basal daily rhythmicity of 
CORT secretion is one of the factors that has 

Table 4 - Statistical analysis of best-fit curve parameters between subsets of NPC expressing or lacking GR.
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terms of age and sex of the animals, 
which is an important factor affecting 
AHN9 was not discriminated in this study25. 
Furthermore, it is unclear to what extent 
Hes5::GFP and Nestin-GFP expression 
overlap in the adult hippocampus, and 
thus whether they would identify exactly 
the same NPC populations. Interestingly, 
it has previously been demonstrated that 
Notch activity, as measured through Hes5 
expression, promotes NPC self-renewal 
provided it follows an oscillatory nature, 
whereas sustained Notch activity induces 
differentiation33, indicating that quiescent 
NPCs, actively proliferating NPCs and 
differentiating newborn cells can all be 
Hes5+ or Hes5-34.

In theory, a decline in AHN can be 
achieved through changes in quiescence, 
proliferation, apoptosis and differentiation 
of type-1 and type-2 NPC subtypes. Our 
data show that GR- and GR+ type-2 NPC 
subsets harbor different age-related decay 
kinetics, with GR-/type-2a NPC preferentially 
following linear decay kinetics, while GR-/
type-2b NPC followed non-linear decay 
kinetics. Interestingly, previous reports have 
described a differential apoptotic sensitivity 
between the type-1, 2a and 2b NPC, with 
the latter displaying the highest sensitivity to 
apoptosis35, possibly contributing to the non-
linear decay kinetics of type-2b/GR- NPC. 
Suggestively, we have previously described 
a link between active caspase-3 mediated 
NPC apoptosis and differentiation, that could 
be directed by GR activation19. Accordingly, 
it is possible that type-2b cell numbers 
are influenced by their relative levels of 
proliferation, apoptosis and differentiation, 
all of which can be regulated by the GR. 
This could explain the dramatic age-related 
decrease of type-2b/GR- NPC compared to 
type-2b/GR+ NPC.

Our observations are generally comparable 
to those made earlier by Garcia et al. 
regarding the relative increases in NPCs 
(co-)expressing the GR with age21. In 
contrast though, we detected higher levels 
of type-1/GR+ NPCs at young age and found 
GR immunoreactivity in type-2b NPC, which 
could be due to differences in primary GR 
antibodies and in the Nestin-GFP transgenic 
strain used. Another likely scenario could 
be the sex differences between our study 
and those described by Garcia et al.21 since 
e.g. sex hormones could underly gender 

specific expression of the GR in NPC. 
Indeed, a considerable body of evidence 
has highlighted the cross-talk between 
glucocorticoids and sex hormones through 
their respective receptors36-38 while previous 
reports describe both an age dependent 
increase in CORT levels yet a decrease in 
both male and female sex hormones3-5.

In conclusion, a role for the GR in disfavoring a 
proliferative phenotype in NPC with age could 
explain previous observations concerning 
differences in the relative age-related 
stability of NPC subsets. This suggests 
a GR-mediated protective effect on NPC 
decay or ‘deforestation’29  and/or quiescence/
senescence22,25,39. Further analysis should 
address important questions arising from 
this hypothesis, such as to which extent this 
protective effect is mediated by alterations in 
symmetric vs. asymmetric NPC self-renewal, 
apoptosis or persistent quiescence.

Together, our data suggest that age-
associated changes in HPA axis activity could 
contribute to the differential maintenance 
or decline of specific hippocampal NPC 
populations and thus to their neurogenic 
potential into older age. 
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1. Aims of this thesis

Adult hippocampal neurogenesis (AHN), i.e. 
the birth of new neurons from stem cells in the 
adult hippocampus, is now a widely accepted 
phenomenon1,2. Yet, the characterization 
of its regulation by cell extrinsic signals as 
well as cell intrinsic mechanisms remains 
incomplete3-5 (see chapter 1 and 2). Extrinsic 
factors like kainic acid (KA), glucocorticoids 
(CORT) or the process of aging, condition 
the neurogenic outcome primarily through 
modulating the initial number, proliferation 
and apoptosis of the neural precursor cells3 
(see chapter 1 and 2). Adult neural precursor 
cell (NPC) numbers are determined by levels 
of quiescence, proliferation, selection by 
apoptosis and eventual neuronal differentiation 
into new functional neurons6,7  (Figure 1). 

The main objective of this thesis was to 
identify the relatively unexplored (epigenetic) 
molecular mechanisms in NPCs in response 
to these three aforementioned factors. To 
address this main objective, I focused on the 
following subquestions in the different chapters 
of this thesis:

In chapter 1 we reviewed the literature on 
age-related epigenetic mechanisms that 
may underlie the regulation of proliferation, 
differentiation and synaptic integration of 
adult-generated hippocampal neurons. We 
focused on small non-coding RNAs and 
hypothesized that an interplay exits between 
the age-dependent alterations in basal 
levels of circulating steroid hormones and 
small non-coding RNAs in neurogenic cells.

In chapter 2, we discuss stress-associated 
changes in neuronal plasticity and their respective 
epigenetic mediators, focusing on differences 
between the effects of acute and chronic stress. 
We hypothesize that lasting consequences of 
stress require a carefully coordinated (epigenetic) 
molecular control, such as those attributed by 
(cooperative) microRNA action(s). Furthermore 
we describe future avenues for studying this 
cooperative microRNA action.

In chapter 3, we characterized the molecular 
(epigenetic) mechanisms that contribute to 
some of the mitochondrial functions that are 
relevant for apoptosis. We studied this shortly 
after kainic acid administration, a condition 
that induces neuronal hyperactivation in the 
hippocampal dentate gyrus where NPCs 
reside.

In chapter 4 we developed a working protocol 
to analyze dendritic spines at a super-
resolution level. The application of structured 
illumination microscopy (SIM) allowed us to 
obtain a more detailed representation of the 
subtle morphological changes of dendritic 
spines, exceeding the performace of regular 
confocal microscopy. 

In chapter 5, we studied how differences 
in basal glucocorticoid level and rhythmicity 
affect NPC proliferation, glucocorticoid 
responsiveness and promoter methylation 
status. Our hypothesis was that basal pulsatile 
CORT rhythms control the epigenetic state 
of gene promoters involved in the cell cycle, 
whereas e.g. a prolonged elevation in CORT 
exposure attenuates these gene promoters, 
thereby affecting the stem cell response to 
subsequent CORT challenges.

In chapter 6 we characterized GR expression 
levels in NPCs and its association with an age-
related decline in specific NPC populations. 
Our hypothesis was that NPC populations 
expressing GR would have slower decay 
kinetics than those lacking the GR. 

2. Summary

“Epigenetic control of hippocampal stem cells”
Adult tissues preserve characteristic 
populations of self-renewing cells, which can 
give rise to various specialized cell types, and 
the brain is not an exception to this rule. The 
identification of NPCs present in several areas 
of the adult brain has challenged conservative 
ideas regarding the regenerative capacity of 
the brain, creating a research field dedicated 
to unraveling the mechanisms of adult NPC 
self-renewal and differentiation. Research over 
the past 50 years1,2 has revealed that NPC 
can give rise to different types of brain cells: 
neurons, astrocytes and oligodendrocytes 
and recent observations have demonstrated 
that molecular (epigenetic) mechanisms play 
a central role in the regulation of NPC self-
renewal and differentiation under physiological 
and pathological conditions3,4.

The neural hyperactivity induced by KA 
administration strongly affects AHN, stimulating 
NPC proliferation, altering neuronal/glial 
differentiation and change apoptosis rates in 
the hippocampus, eventually depleting the pool 
of resident NPCs8-12 (Figure 2). Although there 
are alleviating effects described of epigenetic 
modulatory drugs on KA-induced AHN, it has thus 
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found KA treatment to induce a coordinated 
microRNA profile response in the dentate gyrus 
(chapter 3), which modulates apoptotic effector 
genes like BCL2L13 and caspase-3 in NPCs, 
thereby favoring differentiation over apoptosis. 
Overexpression of miR-124 further induced 
increases in differentiation, highlighting the 
involvement of microRNA-mediated epigenetic 
regulation of NPC differentiation (Figure 3). 

Some of the results obtained in chapter 3 
required magnifications with a significantly 
higher resolution than conventional confocal 
microscopy. By applying SIM we were able 
to detect individual mitochondria and record 
their KA-induced release of cytochrome-C, 
which could be attenuated by BCL2L13 
levels. 

far remained largely unclear which epigenetic 
alterations occur in NPCs following seizures9. 
This is of relevance given the hyperexcitable 
properties of specifically this population in the 
dentate gyrus, and their strategic location within 
the trisynaptic hippocampal network. Here, we 
focused on preceding events that could possibly 
contribute to, or prepare for the hyperexcitable 
nature of the newborn neurons, and studied 
microRNA-mediated epigenetic control of 
apoptosis, a relatively unexplored phenotype in 
terms of microRNA-mediated control (chapter 
1). In chapter 2 we discuss a concept for 
studying synergistic or cooperative action of 
multiple microRNAs, and applied an improved 
version of this method in chapter 3. We 
particularly focused on coordinated microRNA 
action through microRNA cooperativity, and 
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Figure 1 - Schematic representation of the adult hippocampus, showing the neurogenic cascade with 
critical phases and cell type-specific marker expression. 
The red dashed boxed area highlights the cell-types most studied in this thesis. Arrows toward other cell-types 
indicate possible transition between cell types originating from type-1 NPC and arrows toward the same cell 
indicate self-renewal potential. 
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Figure 2 - Schematic representation of the initial stages of the neurogenic cascade in control animals 
(left) or after KA-induced alterations (right). 
Note that KA induces thickening of the primary processes12 of the type-1 cells and ectopic localization and 
accelerated differentiation of the type-2 cells (chapter 3). A lighter color shade indicates a lower abudance 
of this cell-type. Arrows toward other cell-types indicate possible transitions between cells of the neurogenic 
progeny originating from Type-1 cells and arrows toward the same cell indicate self-renewal potential. Thicker 
arrows indicate induction and dashed ones inhibition of cell transition/proliferation.
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miR-124 induced aberrant adult hippocampal neurogenesis:

Figure 3 - Schematic representation of the initial stages of the neurogenic cascade in control animals 
(left) or after miR-124 induced alterations (right). 
miR-124 induces ectopic localization, reduced apoptosis and morphological alterations of type-2 cells 
and DCX+ immature neurons (chapter 3). A lighter color shade indicates a lower abudance of this cell-
type. Arrows toward other cell-types indicate possible transitions between cells of the neurogenic progeny 
originating from Type-1 cells and arrows toward the same cell indicate self-renewal potential. Thicker arrows 
indicate induction and dashed ones inhibition of cell transition/proliferation.
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Along these lines, measuring the physical 
dimensions of spines with confocal 
microscopy can also be challenging. 
Accordingly, in chapter 4 we present a 
working protocol for the detection of dendritic 
spines using SIM and found a significantly 
higher resolution than conventional confocal 
microscopy allowing for better measurements 
of e.g. head and neck diameter of the spines.

The results presented Fitzsimons et al.13 point 
towards the GR regulating differentiation 
(Figure 4). Although GR activation induces 
alterations in DNA methylation in NPCs14, 
it remained unclear whether it is merely the 
levels and/or duration of NPC GR activation 
that triggers this response, or rather the 
deviation from, or absence of its basal 
pulsatile release pattern. We therefore 
focused on the relatively unexplored field 
of CORT rhythmicity, and addressed in 
particular possible programming effects 
through altered gene promoter methylation. 
Moreover, it was also unknown whether 
lasting GC-induced alterations in DNA 
methylation affect promoter methylation of 
genes that are specifically involved in NPC 
differentiation. In chapter 5, these questions 
were addressed and we found differential 
effects on proliferation, quiescence (Figure 
5) and on alterations in promoter methylation. 
Deviations from the basal pulsatile pattern 
of GC exposure lastingly induced hyper- or 
hypomethylation of a significant number of 
promoters, some of which were involved in 
controlling differentiation, and in a functional 
network controlling Wnt signaling through 
dickkopf factors. 

Previously reported observations indicate 
that the Wnt signaling is critically involved 
in NPC maintanance vs. differentiation 
decisions15. When we studied the expression 
of the Wnt target gene CCND1, we indeed 
found changes suggestive of an altered 
Wnt signaling pathway in the progeny of 
NPCs that had been initially exposed to 
CORT (chapter 6). Since these results were 
accompanied by alterations in proliferation, 
they suggested a CORT rhythm-dependent 
modulation of the Wnt pathway that is carried 
on in NPC progeny, and thus reflects a novel 
epigenetic mechanism. 

Since GR-knockdown in proliferative 
NPCs accelerated their subsequent 
differentiation13, and since the majority of 
NPCs that remain present in the aged DG 

express GR16 (chapter 6), we asked what 
the age of onset of this effect is and whether 
the presence, or absence, of GRs on NPC 
populations could predict the decay kinetics 
with age of the NPC subpopulations. The 
strongest differences in decay kinetics were 
found between 3 and 6 months, for the 
type-2b NPC populations with a predicted 
“protective” involvement of the GR, as well 
as a striking persistence with age of the 
type-1 quiescent NPCs that express GR 
up to 10 months of age (Figure 6). Since 
decay kinetics can be influenced by levels 
of quiescence, proliferation, apoptosis 
and differentiation, these results might be 
explained by findings from a.o. Fitzsimons et 
al.13 and chapter 6, with the GR controlling 
NPC quiescence, proliferation, apoptosis 
and differentiation17.

3. Cell extrinsic and subsequent intrinsic 
regulation of AHN levels: novel concepts.

The identification of novel mechanisms 
that control the phenotype of adult NPCs 
is closely linked to some new concepts 
emerging in molecular stem cell biology. 
Novel techniques that allow a higher 
accuracy or resolution help to obtain 
a more detailed representation of the 
biological system studied and were thus 
used throughout this thesis. Importantly, the 
responsivity of NPCs to both glucocorticoid 
exposure and hyperactivation can, at least 
in theory, be either directly mediated through 
the expression of the respective receptors 
and/or indirectly through a transmitted 
intracellular response, or one mediated 
via the neurogenic niche. I have applied a 
number of strategies to study particularly 
the direct effects. The isolation of NPCs 
and subsequently exposing them to specific 
receptor a- or anta-gonists provides an 
appealing in vitro model for studying their 
direct effects. These technical and other 
experimental approaches were used to 
dissect and study the following novel 
concepts in AHN.

3.1 Non-apoptotic functions of “pro-apoptotic” 
proteins.
In chapter 3 and by Fitzsimons et al.13, is 
shown that mitochondria-related proteins 
like active/cleaved caspase-3, can also 
be detected during the (initiation of) NPC 
differentiation under specific conditions. 
This is interesting since active caspase-3 
is classically considered a pro-apoptosis 
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GR-KD induced aberrant adult hippocampal neurogenesis:

Figure 4 - Schematic representation of the initial stages of the neurogenic cascade in control animals 
(left) or after GR-KD induced alterations (right). 
As shown by Fitzsimons et al.13, GR-KD induces ectopic localization and accelerated differentiation of 
newborn cells. A lighter color shade indicates a lower abudance of this cell-type. Arrows toward other cell-
types indicate possible transitions between cells of the neurogenic progeny originating from Type-1 cells and 
arrows toward the same cell indicate self-renewal potential. Thicker arrows indicate induction and dashed 
ones inhibition of cell transition/proliferation.
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Figure 5 - Schematic representation of the initial stages of the neurogenic cascade in control animals 
(left) or after GC-induced alterations (right). 
GCs induce lower levels of NPC proliferation and increased quiescence (chapter 5). A lighter color shade 
indicates a lower abudance of this cell-type. Arrows toward other cell-types indicate possible transitions 
between cells of the neurogenic progeny originating from Type-1 cells and arrows toward the same cell 
indicate self-renewal potential. Thicker arrows indicate induction and dashed ones inhibition of cell transition/
proliferation.



Summary and general discussion

163

C
ha

pt
er

 7

the former phenotype linked to caspase-3 
activity levels. Also, Fitzsimons et al. found 
increases in the number of mushroom spines 
in newborn neurons with a GR knock down 
as seen in seizure-associated aberrant 
neurogenesis13,32. It could be suggested 
that KA and glucocorticoids are also able to 
modulate caspase-3 activity in other brain 
cell types besides NPCs and thus potentially 
their dendritic spine morphology.

3.2 microRNA cooperativity
Gene expression studies are classically 
performed by means of transcriptomic 
profiling. However, mRNA expression 
levels do not always translate into protein 
expression in a linear fashion33,34 (chapter 
3). Accordingly, protein level measurements 
are still indispensible to understand how 
functional changes can arise from gene 
expression changes. They can sometimes 
even reveal a microRNA-mediated post-
transcriptional level of protein expression 
regulation35. Following this line of reasoning, 
the collective transcriptomic, proteomic 
and microRNAomic approach we applied 
in chapter 3 allowed for an integrated view 
of the changes induced by KA, thereby 
circumventing most of the aforementioned 
issues regarding gene expression 
analysis at the mRNA level. In addition, 
such an integrative approach permits the 
identification of the potential cooperative 
action, e.g. of multiple microRNAs, when 
combined with microRNA-mRNA binding 
prediction algorithms, as reviewed in 
chapter 2 and applied in chapter 3. 

Most studies aimed to understand the 
role of microRNAs in the regulation of 
gene expression focus on one individual 
microRNA and its regulatory effects on one 
or multiple target mRNA(s). However, most 
physiological and pathological situations 
are characterized by coordinated microRNA 
changes, known as microRNA “signatures”. 
How the action of multiple microRNAs on 
target regulation is exactly coordinated 
remains poorly characterized. Recent 
advances in the understanding of microRNA 
biology describe e.g. how the coordinated 
action of microRNA cooperativity (chapter 
2 and 3) can contribute to target regulation. 
Along these lines, studies performed by 
Silber et al.36 and Grimson et al.37 corroborate 
our findings of cooperative, and synergistic 
actions of multiple microRNAs on one target. 
In addition to this coordinated regulation of a 

marker18,19, caspase-3 activity can be 
modulated by cell extrinsic factors like KA-
induced hyperactivation (chapter 3) and 
glucocorticoids13. Expression of activated 
caspases also occurs in non-apoptotic 
neurons20-22 and even exerts important 
functions in synaptic plasticity23 and in 
learning and memory processes24, indicating 
their functions are not exclusively restricted 
to apoptosis. In fact, NPC differentiation 
even depends on “pro-apoptotic” cleaved-
caspase-3 protein25. Time-wise, the main 
period of apoptosis within AHN seems to 
coincide with the initiation of differentiation26, 
suggesting a critical time window during 
which active caspase-3-related cell-fate 
selection can result in either apoptosis or 
differentiation. Some of the data described 
in chapter 3 suggests that both caspase-3 
activity dependent differentiation and 
apoptosis are coupled spatio-temporally, 
with levels of active caspase-3 determining 
either cellular phenotype. Indeed, previous 
literature has proposed a mechanistic link 
between caspase-3 dependent apoptosis and 
differentiation27. Accordingly, the physiological 
relevance of fine-tuning of pro-apoptotic 
proteins upstream of caspase-3 such as 
BCL2L13 and cytochrome-C (chapter 3) and 
the GR13 converge not only on apoptosis but 
also on differentiation and as such need to be 
interpreted carefully.

While we have identified a mechanism 
partially responsible for the KA-induced 
modulation of caspase-3 activity (chapter 
3), it remained unclear how glucocorticoids 
modulate caspase-3 activity in NPCs13. 
Regarding the stress-associated seizure 
hypothesis28,29, the seemingly opposing 
effects of KA-induced hyperactivation 
and glucocorticoid-induced GR activation 
on NPC caspase-3 activity, may provide 
an interesting mechanistic link for future 
research.  Such experiments might show 
possible neuroprotection by GR-activation 
during KA-induced seizures, through 
modulation of caspase-3 activity levels.

As a first hint for a link between glucocorticoid 
signaling and hyperactivation, Fitzsimons et 
al. found that the newborn neurons in which 
GR expression is knocked down13, display 
a similar morphological phenotype as 
NPCs that are hyperactivated by seizures 
(chapter 3). This includes an accelerated 
differentiation and migration into the granular 
cell layer, and an ectopic location30,31, with 



Chapter 7

164

in cytochrome-c localization within or outside 
mitochondria and in chapter 5, we applied 
SIM to the identification of subtle alterations 
in dendritic spine morphology. Because of 
the increase in resolution, the application 
of super-resolution imaging allows to obtain 
important information from unknown levels 
of detail from known biological specimen41. 
One interesting example of the power 
of applying super resolution imaging for 
high-content analysis is single cell DNA 
methylation and hydroxy-methylation shifts 
during stem cell differentiaton42. Although the 
various develomental stages of NPCs during 
AHN were generally assumed to reflect 
rather homogeneous cell subpopulations43, 
current studies indicate such cell types 
are actually more “unique” in terms of 
their genomic variation44,45. This individual 
genomic variation of newborn cells may 
occur through e.g. mobile DNA elements. 
Such retrotransposons can be modulated 
by cell extrinsic factors and physiologically 
contribute to neuronal plasticity46. Super-
resolution imaging techniques combined with 
clonal lineage tracing to study subcellular 
compartments such as spines of individual 
cells might provide a further and more 
functional readout for the variation present 
among newborn cells that are derived from 
the same NPC.

single target mRNA by multiple microRNAs, 
(multiple) microRNAs also converge on 
multiple targets and can thereby coordinate 
cellular functions (Figure 7). Indeed, a 
recent meta-analysis suggests that multiple 
higher levels of coordinated microRNA 
regulation might orchestrate the regulation 
of complex biological processes, such as 
e.g. neurogenesis38. These data indicate 
that we are only beginning to appreciate the 
full complexity of microRNA biology.

3.3 Applying super resolution imaging to 
study single cell sub-cellular compartments.
Small morphological changes in cellular 
compartments or organelles can already 
contribute crucially to the phenotype of a cell. 
Examples are mitochondria and dendritic 
spines that are implicated in cellular functions 
of energy metabolism and synaptic plasticity, 
respectively, and where deficits in e.g. their 
structural elements already cause severe 
cellular dysfunction and related pathologies. 
We here applied structured illumination 
microscopy (SIM)39,40 to to obtain high 
resolution measurement of dendritic spines 
on neurons in culture and found that this 
technique could even identify subtle changes 
in both the mitochondrial outer membrane 
and dendritic spine morphology. SIM was 
applied in chapter 3 to identify small changes 
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Figure 6 - Schematic representation of the initial stages of the neurogenic cascade in control animals 
(left) or after aging-induced alterations (right). 
Quiescent NPC are overrepresented among the cell-types persisting in the middle aged hippocampus 
(chapter 6). A lighter color shade indicates a lower abudance of this cell-type. Arrows toward other cell-types 
indicate possible transitions between cells of the neurogenic progeny originating from Type-1 cells and arrows 
toward the same cell indicate self-renewal potential. Thicker arrows indicate induction and dashed ones 
inhibition of cell transition/proliferation.
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Figure 7 - Schematic representation of coordinated microRNA action at different levels. 
(A) Conventionally, individual microRNA are studied by their action on single mRNA targets. (B) Yet, each 
individual microRNA can have multiple predicted targets and under most characterized physiological and 
pathological circumstances changes in microRNA expression take place in groups, so called “microRNA 
signatures”. The coordinated action of multiple microRNAs can be achieved through (C) cooperative action 
on a single target, (D) convergence on a pathway or (E) on an entire biological processes. Adapted from 
Barca-Mayo et al.38
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occupy the chromatin at glucocorticoid 
response element (GRE) containing 
promoters. They are subsequently released 
and recycled by chaperones60,61 (Figure 8). 
Interestingly, further work from Stavreva et 
al. demonstrated that levels, location and 
duration of GR occupancy at the chromatin 
show a striking spatiotemporal relation with 
both DNase I binding and gene expression, 
which is again dictated by the rhythm of 
CORT administration62. These data indicate 
that the ultradian rhythm of CORT release 
specifically, sends a biologically distinct 
cell extrinsic signal to cells sensitive to 
corticosteroids.

The hippocampus is rich in corticosteroid 
receptors and thereby sensitive to 
rhythmic changes in CORT. It is also 
involved in shutting down the activated 
HPA axis under specific conditions63,64. 
Moreover, hippocampal neurogenesis 
in the DG has been recently shown to 
contribute to the negative feedback of 
the HPA-axis65. Within the hippocampus, 
the DG contains NPCs that are sensitive 
to rhythms of CORT, and they show 
diurnal fluctuations in mitotically active 
NPCs66. Interestingly, artificial flattening 
or ‘clamping’ the CORT rhythms at peak 
levels impairs the diurnal rhythm in NPC 
mitosis66 (chapter 5). In addition, chronic 
stress induced alterations in CORT 
rhythmicity67 also induce reductions in 
DG proliferation rate, which appear to 
normalize after a recovery period68.

As demonstrated by Fitzsimons et al., 
lowering GR expression in NPCs, 
and therefore likely their sensitivity 
to CORT, prematurely triggered their 
differentiation13. This highlights that 
CORT rhythmicity might act as a 
cell extrinsic pacemaker affecting 
differentiation of NPCs and their progeny. 
Previous results from Bose et al. show 
that a prolonged GR activation leads to 
lastingly hypomethylated DNA of NPCs, 
which correlated with a loss in mitogenic 
capacity14. The aforementioned data all 
suggest that deviations from cyclic CORT 
exposure gives a relevant cell extrinsic 
signal that is transmitted into epigenetic 
signals in NPCs, that subsequently affect 
both proliferation and differentiation. 
Our data presented in chapter 5 support 
this hypothesis. Furthermore, the large 
differences in numbers of promoters 

3.4 Rhythmicity of “stress” hormones.
Most organisms adjust their physiology 
to anticipate daily environmental 
fluctuations47 mediated by the daily 
rotation of the earth48, which causes a 
cycle with an on average 12h light and 
12h dark phase. Some of the earliest 
chronobiological studies already describe 
many physiological parameters to show 
diurnal rhythmic changes that are found 
to correlate with light exposure, including 
locomotor activity, body temperature, urine 
excretion and feeding behavior47. Further 
studies have found that physiological 
rhythms are dictated by daytime light, 
one of the external cues called zeitgeber, 
that is being sensed by specialized cells 
in the retina, that subsequently project 
to the suprechiasmatic nucleus (SCN) 
that entrains the biological rhythm49-51. 
Often referred to as the central clock, the 
SCN has been shown to control amongst 
others sleep-wakefulness rhythms52,53 and 
activation of the HPA axis by inducing 
the adrenals to release glucocorticoids 
in a circadian manner54,55. Furthermore, 
compelling evidence from Balsabore et 
al. demonstrated that glucocorticoids 
released form the adrenal gland in a cyclic 
pattern entrain peripheral tissues clocks 
through glucocorticoid receptor activation 
and resulting cyclic changes in gene 
expression56. 

In addition to evidence showing that 
endogenous glucocorticoids are released 
in a circadian manner, these powerful 
hormones are also released in a discrete 
pulsatile profile and follow an ultradian 
rhythm that is superimposed on this 
circadian cycle57. Thus far, data has 
implicated the ultradian pulsatility of CORT 
release to occur in both humans and rodents, 
and to originate from a transient HPA axis 
activation that is initiated by a continuous 
stimulation of the pituitary by hypothalamic 
corticotropin releasing hormone58,59. 
The biological role and implications of 
the ultradian rhythm, however, remain 
largely unexplored. Pioneering work from 
Stavreva et al. suggests that ultradian 
CORT pulses induce subsequent pulses of 
gene expression, thereby preventing the 
accumulation of gene expression during the 
active phase of the circadian rhythm60. In 
response to ultradian hormone fluctuations, 
these pulses of gene expression originate 
from CORT-bound GRs that cyclically 
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Figure 8 - Exposure to pulsatile or constant CORT rhytms elicit different effects at the level of 
chromatin and gene expression. 
(A) Schematic representation of the events that take place at GREs upon pulsatile (left) or constant (right) 
CORT exposure (references). (B) Schematic graphs displaying how pulsatile (left) and constant (right) CORT 
exposure result in different levels of mRNA and protein60.
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DNA methylation. Therefore this may 
impact stronger on neurogenesis at old 
age compared to young age, since more 
NPCs express the GR with increasing 
age. Accordingly one can conclude that 
the NPC pool may become increasingly 
homogeneous with age, and could thus 
lack molecular flexibility to produce new 
neurons under persistently elevated 
CORT. Why this would occur however, 
remains unclear. 

One possible scenario could be an 
altered regulation of GR expression 
levels. Studies have reported that miR-
124 expression in the brain is altered 
with age77, which may occur through 
an altered GR activation78 (chapter 
1 and 5). Although speculative, the 
cyclic rhythms of CORT do represent a 
cell extrinsic signal that could possibly 
activate multiple layers of cell intrinsic 
molecular mechanisms including DNA 
methylation and microRNAs, all of 
which might possibly be involved in 
self-regulatory loops. Concerning NPC 
microRNA expression, we could show 
differential effects of the normal daily 
rhythm of CORT, and deviations from 
this on miR-124 levels (chapter 5). 
Accordingly, one likely scenario could be 
that advancing age presents challenge 
for the miR-124 mediated GR feedback 
regulation in NPCs through prolonged 
deviations of basal CORT rhythmicity, 
which could favor a of quiescent NPC 
phenotype at old age.

4. Implications: phenotypical overlaps 
between KA-induced hyperactivation, 
microRNA expression and deviations 
from basal pulsatile glucocorticoid 
hormone exposure

4.1 NPC quiescence: overlapping effects 
of aging and deviations from basal CORT 
pulsatility.
As described by Fitzsimons et al., under 
non-stressed conditions, a reduction of 
GR expression, selectively in the newborn 
cells in the adult DG, is sufficient to alter 
their differentiation and migration13 (Figure 
4). In chapter 5 we show that persistently 
“flattened” CORT rhythms on the one hand 
alters the adult NPC pool to acquire on the 
short term a quiescent phenotype, while 
on the other, this lastingly altered DNA 
methylation of several promoters, involved 

that are differentially methylated 
when “naturalistic” CORT rhythms are 
compared to a flattened or ‘clamped’ 
constant exposure, suggest that not 
only the levels, location and duration 
of GR occupancy at the chromatin are 
critically regulated by CORT rhythms62, 
but that also chromatin accessibility at 
promoter loci is regulated by specific DNA 
methylation marks (chapter 5). 

Although aging has been proposed as 
a strong anti-neurogenic stimulus80, 
the levels of late-life AHN may vary 
depending on particular “life-style” 
differences such as physical activity 
and experience69. Specifically, with 
this  “neurogenic reserve” theory, 
Kempermann proposed that an enriched 
life, that e.g. contains many challenges 
and learning experiences (“life-long 
learning”) will provide more functional 
DG plasticity and related cognition later 
in life under conditions where plasticity is 
needed70 (Figure 9). Therefore, a life in 
which these “life-style” related challenges 
are absent or neglected, might lead to 
a quiescent or even senescent NPC 
population in the DG. Although a lack of 
NPC proliferation is a prominent feature 
of age-related alterations in AHN71,72, the 
underlying mechanisms remain largely 
elusive.

As discussed in chapter 1 and 6, aging 
represents a physiological situation in 
which deviations from CORT rhythmicity 
occur that might contribute to the 
induction of NPC quiescence. It has e.g. 
been reported that in rats, stress-related 
increased CORT levels superimposed on 
age-related increased CORT levels, could 
not further reduce the age-related decline 
in NPC proliferation73. Yet, removal of 
the age-related flattened CORT rhythm, 
and thus mitogenic “brake”, through 
adrenalectomy, has been reported to result 
in a recovery of NPC proliferation74,75, 
although probably only transiently76. 
Whether this occurs in accordance 
with previously reported CORT induced 
alterations in DNA methylation (chapter 
5) remains to be tested experimentally. 
The relative increase in GR expressing 
NPCs with increasing age we found in 
chapter 6  makes it possible to speculate 
that age-related deviations from basal 
CORT can also induce changes in NPC 
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Figure 9 - The “deforestation” hypothesis6 integrated within Kempermann’s “neurogenic reserve” 
theory70.
(A) Schematic representation of how AHN contributes to adaptation to new experiences, providing “cognitive flexibility”. 
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per se contribute to the AHN-related 
cognitive decline, and whether decreases 
in differentiating newborn cells are 
implicated. As shown in chapter 5, 
persistent flattening of CORT rhythmicity 
drives NPCs towards quiescence. 
Accordingly, one could hypothesize that 
when this occurs at old age, the remaining 
type-1 cells are less likely to produce new 
type-2 cells. Indeed, as described in chapter 
7, while at 10 months of age, considerable 
numbers of type-1 and type-2a cells are 
still found, type-2b cells were reduced at 
a significantly higher rate. The type-2b 
neurogenic cells are of particular interest 
since they represent the first transitional 
cell type that lost their astrocytic or glia-like 
properties and have become committed to 
the neuronal phenotype. Thus, this age-
related decrease in type-2b cells cannot be 
explained by a loss in type-1 activation and 
subsequent asymmetric division towards 
type-2a and subsequently type-2b cells.
 
Alternatively, this decrease could be due 
to a decrease in NPC progeny that is 
committed to the neuronal fate. Indeed, 
previous literature proposes an age-
dependent “commitment-shift” of type-1 and 
type-2a cells towards the astrocytic fate81. 
As NPCs can thus be rather heterogeneous 
in terms of cell-fate decisions of their 
progeny, one could hypothesize that GR 
expression might direct cell-fate decisions 
towards the astrocytic phenotype at old age 
when CORT rhythms are more flattened. 
Although not tested experimentally yet, 
the implications of this could help to 
understand the age-related reduction in 
newly born neurons. In this respect, a first 
experiment could be to assess whether the 
strong reduction in type-2b cells temporally 
precedes or overlaps with alterations in 
CORT rhythms. The implications of this 
study would provide an insight in whether 
the age-related changes in NPC numbers 
are either a cause, consequence or 
unrelated to the age-dependent changes 
in CORT rhythms.

in differentiation (Figure 5). These data 
suggest that GR expression in NPCs is 
crucial in “sensing” basal glucocorticoid 
pulsatility and contributes to the regulation 
of NPC differentiation and proliferation 
rates. Accordingly, conditions that alter 
the GC rhythm, as observed during 
aging79, could alter structural plasticity 
of the hippocampus. Aging has been 
associated with a dramatic reduction in 
AHN through reductions in the numbers 
of proliferative NPCs80. We and others, 
however, have found NPCs to persist in 
the aged hippocampus8,16,81 (Figure 6). 

A relatively small number of studies have 
molecularly characterized aged NPCs and 
found amongst others increased GR16 and 
Dickkopf82 expression levels. Fitzsimons et 
al. found GR expression levels to regulate 
AHN through apoptosis/differentiation13. 
As the levels of GR expressing NPCs 
increase with age16 (chapter 6), this 
may suggest a potentially causal role. 
Loss of DKK1 from NPCs in the aged 
brain restores AHN through increases 
in both proliferation and differentiation, 
and counteracts age-related cognitive 
impairments82. Furthermore, Dickkopf1 
has been shown to be a critical mediator 
of CORT induced alterations in NPC 
proliferation and differentiation83.  

Together, these data suggest a potential 
molecular interplay between the Wnt 
signaling antagonist DKK and the GR 
in the aged NPC population. Previous 
literature has linked stress-associated 
GC release to increases in hippocampal 
DKK expression levels84 while our own 
results indicate that deviations from basal 
GC pulsatility exposure can lastingly 
hypomethylate promoters from DKK 
family members (chapter 5). Whether 
this mechanism can also explain the 
persistent NPC quiescence at old age 
remains to be addressed experimentally. 
Additionally, it is unclear whether the 
age-related alterations in GC rhythmicity 

Figure 9 - continued
(B) Schematic representation of how a lack of AHN hampers functional plasticity in the hippocampus, impacting 
on learning and memory and thereby reducing “cognitive flexibility”. (C) Schematic representation of how life-
long lack of training/novel experiences or long-term “flattened” GC exposure may prevent the formation of a 
neurogenic reserve at old age, yet maintains the quiescent type-1 NPC pool by preventing “deforestation” 
and driving them into “hibernation”. (D) Schematic representation of how long-term exposure to training/novel 
experience or lack of long-term “flattened” GC exposure may contribute to the formation of a neurogenic 
reserve at old age, yet considerably depletes the quiescent type-1 NPC pool by stimulating “deforestation”.
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ectopic localization and electrophysiology 
of immature granule cells, as caspase-3 
activity levels are crucially involved in 
neuronal electrophysiology23. 

Indeed, previous findings support the 
possibility of a link between apoptosis 
and ectopic localization that is mediated 
through the pro-apoptotic protein 
BAX94. Whereas some of the previously 
discussed biological processes seem 
to converge on the regulation of 
mitochondrial function, a potentially 
fruitful avenue for further research could 
thus be the spatiotemporal comparison 
of mitochondrial proteins of ectopically 
localized immature granule cells and 
their normal counterparts within the 
DG. The implications of this experiment 
might contribute to the finding of new 
drugable targets that could prevent 
ectopic positioning of newborn neurons 
and thus the generation of aberrant 
neurogenesis-induced seizures87.

5. Implications of altered NPCs beyond 
the initial stages of AHN; a possible 
involvement in feed forward loops.

While the majority of cell-types studied in this 
thesis are limited to the initial stages of AHN, 
some could have implications also for the 
later stages of AHN (Figure 1). Importantly, in 
these later stages, newborn neurons integrate 
and functionally contribute to the pre-existing 
network, and it is during that period where the 
initial alterations might manifest themselves 
most prominently and can lastingly alter AHN 
and functional hippocampal plasticity. In this 
section I will discuss and speculate on how 
the subsequent consequences of our initial 
manipulations could impact on later end-
points of AHN and their longterm implications.

5.1 Aberrant neurogenesis as a driving 
force in DG excitability and hippocampal 
epileptoform activity.
One of the classical hallmarks often 
observed in temporal lobe epilepsy is 
the rearrangement of the hippocampal 
network, including a rewiring of the 
connections of newborn neurons. Although 
initial seizures induce aberrant integration 
of newborn neurons, it has, until recently, 
not been clear whether this was either a 
consequence or a possible driving force 
behind the subsequent development of 
chronic seizures. Although not entirely 

4.2 Ectopically located immature granule 
cells: phenotypical overlap between 
local GR-knock down and miR-124 
overexpression.
A number of cell intrinsic factors converging 
on the mTOR pathway, including the genes 
DISC185, GSK3ß86 and PTEN87, have all 
been related to precocious or accelerated 
differentiation of immature granule cells. 
Indicative of this, alterations in the local 
expression levels of both DISC1 and 
GSK3ß induce an ectopic positioning of 
immature granule cells, that end up in 
higher numbers towards the molecular layer 
of the DG specifically. Furthermore, after 
DISC1 knockdown, this ectopic localization 
only occurred during the hyperpolarizing 
GABA period of immature granule cells88. 
Modulation of the mTOR pathway in 
immature granule cells has also been 
shown to attenuate both the moment, or 
time window, of differentiation and their 
electrophysiological properties88,89.

Fitzsimons et al. also observed both 
phenotypical alterations following local 
GR knock down13 (Figure 4), while ectopic 
localization was induced by miR-124 
(chapter 3  and Figure 3). Whether the 
latter also alters the electrophysiological 
properties of the immature granule cells 
remains to be studied. Furthermore, 
it remains unclear whether ectopic 
localization coincides, precedes or follows 
changes in electrophysiology. Although 
not tested experimentally, exogenous 
overexpression of miR-124 likely also 
affects the expression of numerous other 
targets than BCL2L13 alone (chapter 3), 
such as BIM90 and the GR91. Therefore, 
miR-124 could ultimately converge on 
the regulation of apoptosis from various 
angles, and ultimately coordinate 
entire biological pathways or multilevel 
processes (Figure 7). 

We have demonstrated that, in part 
through regulation of caspase-3 activity, 
both miR-124 and GR are key modulators 
of apoptosis and survival/differentiation. 
Both biological processes share a 
considerable overlap with the mTOR 
pathway92,93 and these data thus suggest a 
molecular convergence of DISC1, PTEN, 
GSK3ß, GR and miR-124 on the regulation 
of apoptosis and differentiation of NPC, 
possibly through caspase-3. Regulation of 
caspase-3 activity might be linked to both 
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without controversy95, pioneering work 
from Pun et al.87 and Cho et al.96 describe 
that the induction of aberrant AHN 
promotes epileptogenesis. Specifically, 
these particular newborn cells are 
responsible for the epileptoform activity 
of the hippocampus, are ectopically 
integrated and display phenotypical 
hallmarks of accelerated differentiation 
and integration87. These observations are 
strikingly similar to the ones we made in 
chapter 3 and by Fitzsimons et al.13 (Figure 
3 and 4, respectively). Accordingly, miR-
124 overexpression and GR knockdown in 
newborn neurons specifically could render 
them to acquire a hyperexcitable phenotype 
ultimately contributing to hippocampal 
network rearrangements11. This could 
lower the threshold for the development 
of subsequent concomitant epileptic 
insults, and aggravate sequential aberrant 
neurogenic responses and thus starting a 
feed forward loop that might shift overall 
DG excitability and promote epilepsy. 

5.2 A driving force in major depression 
disorder? Stress hormones, a feed forward 
loop between AHN and subsequent 
alterations in HPA-axis activity
As described in chapter 5, elevated 
glucocorticoids levels, such as those seen 
in mouse models of chronic stress97, elicit 
an anti-neurogenic effect through inhibition 
of NPC proliferation (Figure 5). As shown in 
chapter 5, these changes in NPCs induced 
by “flattened” CORT are not transient but 
even epigenetically transmitted to their 
progeny, indicating that termination of an 
episode of high CORT exposure can have 
lasting consequences for AHN even if the 
stress hormone is no longer present. As 
example of such lasting consequences, we 
found that a subsequent CORT exposure 
induced an attenuated response in cell 
cycle inhibition of NPC progeny (chapter 
6). Whether this progeny also shows an 
attenuation in CORT responsiveness at later 
stages in the neurogenic cascade remains 
to be tested experimentally. Whereas cell 
type specific knockdown of the GR lead to 
impairments in fear-associated contextual 
memory, the final consequence of alterations 
in CORT responsiveness of the newborn 
mature neurons is likely also determined 
by multiple factors. Either way, a correct 
regulation of glucocorticoid signaling is 
critical for multiple stages of AHN and 
possibly for stress-related behaviors. 

Although a possible interplay between 
glucocorticoid signalling and neurogenesis in 
the etiology and recovery of depression has 
been proposed 15 years ago98, a causal link 
has not been demonstrated. A major advance 
came from Snyder et al., that described AHN 
to buffer stress induced HPA axis activation65. 
Specifically, the genetic ablation of neurogenic 
cells resulted in a delayed shutdown of the 
HPA axis upon acute stress and in signs of 
behavioral despair and anhedonia65. Further 
evidence that supported these observations 
was provided by Hill et al., showing that 
artficially increasing levels of hippocampal 
neurogenesis could reduce the chronic 
CORT induced anxiety and depressive-like 
behavior97. These data indicate that AHN 
plays a role in stress or CORT-induced 
depressive-like behavior, yet a complete 
explanation of how this takes place, is 
lacking. These data suggest repeated 
exposure to chronic stress or prolonged 
deviations from basal glucocorticoid rhythms 
can engage feed forward loop in NPCs 
and their lack of progeny, which in turn can 
modify the buffering effects of AHN on HPA 
axis activity65.

5.3 Saving plasticity for later? Implications of 
lifelong glucocorticoid exposure, heterogeneity 
in “deforestation” of the NPC pool and 
neurogenic reserve.
Based on the numerous reports of 
CORT induced alterations on the 
body, glucocorticoids are key factors 
controlling energy distribution99. Moreover, 
glucocorticoid action often aims to inhibits 
high-energy processes such as reproduction 
and growth100. Among the latter, we and 
many others found CORT to induce inhibition 
of NPC proliferation through entry into G0 
and therefore to stimulate NPC quiescence 
(chapter 5). 

Nestin-GFP expressing type-1 NPCs can 
only undergo a limited number of type-2 NPC 
generating divisions, before committing to an 
astrocytic fate81,101. Accordingly, a recently 
emerged and much debated hypothesis 
termed “neural stem cell deforestation” 
postulates that forced entry into the cell cycle 
would eventually lead to exhaustion of the type-
1 NPC pool with advancing age6,102. Following 
this line of reasoning, one might hypothesize 
that CORT induced NPC quiescence might 
have an opposing contribution by promoting 
these “hibernating” NPCs to persist into old 
age (Figure 6). 
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induced ectopic positioning and accelerated 
differentiation of newborn neurons >7 days 
after treatment. What remains unclear is 
whether these phenotypical alterations 
contribute to e.g. abberant hyper-excitable 
DG network formation or alterations in 
HPA axis activity. Furthermore, chapter 6 
describes that, although largely quiescent, 
there is a considerable number of NPC found 
up into middle age that expressed the GR, 
highlighting a preserved potential reservoir 
of structural plasticity. 

Although we found multiple molecular 
mechanisms associated to the phenotypes 
mentioned here, numerous questions remain 
to be addressed. Addressing these future 
directions might help to better understand the 
contribution of AHN to (psycho)pathologies 
such as depression, epilepsy and age-related 
cognitive decline. 
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“Epigenetische regulatie van hippocampale 
stam cellen”
Onze hersenen bevatten stamcellen, 
die kunnen delen en via een aantal 
tussenstadia ook in het volwassen brein nog 
kunnen uitgroeien tot nieuwe, functionele 
zenuwcellen. Dit unieke verschijnsel van 
‘adulte neurogenese’ treedt op in enkele 
hersengebieden waaronder de hippocampus, 
een hersenstructuur betrokken bij leren 
en geheugen die sterk aangedaan is bij 
hersenziektes als depressie, epilepsie 
en dementie. De aanwezigheid van deze 
stamcellen, ook wel “hersen-voorloper” 
cellen (NPCs) genaamd, heeft vele vragen 
opgeroepen, bv; welke omgevings factoren 
sturen dit proces? Hoe wordt het moleculair 
gecontroleerd? Welk effect heeft toevoeging 
van nieuwe hersencellen op het functioneren 
van het brein? Zouden NPCs toegepast kunnen 
worden voor het repareren van het brein bv na 
hersen schade of bij hersenziektes? 

Onder kweek condities kunnen NPCs 
zich ontwikkelen tot verschillende soorten 
hersencellen: de meeste worden na enige 
tijd zenuwcel (neurogenese), en andere 
vormen “steuncellen”, zgn. astrocyten en 
oligodendrocyten. Tijdens het proces van 
“adulte neurogenese” gaat de stamcel door 
diverse fases; allereerst vindt er actieve 
deling en vermeerdering plaats; de proliferatie 
fase. Daarna volgt er een selectie en gaat een 
deel dood (apoptose). Vervolgens beslissen 
de overlevende cellen of ze zenuwcel danwel 
steuncel worden (selectie/differentiatie fase), 
waarbij ze de bestaande cel lagen van de 
hippocampus binnendringen (migratie fase), 
verder groeien en ontwikkelen (differentieren) 
en uiteindelijk een vaste locatie bereiken, 
contact maken met andere zenuwcellen 
via hun uitlopers (“spines”) en zo nieuwe, 
functionele neuron vormen die bijdragen aan 
het hippocampale netwerk (incorporatie fase). 

Recente studies laten zien dat moleculaire 
mechanismes zoals specifieke veranderingen 
aan het DNA, zgn. “epigenetische 
veranderingen”, maar ook kleine stukken 
RNA, zgn. microRNAs, de verschillende 
fasen van neurogenese kunnen beinvloeden. 
Ook spelen ze een rol bij zelfvernieuwing 
van de NPCs en hun uitgroei onder zowel 
gezonde als ziekte condities. 

Een van de hersenziektes die NPCs sterk 
beinvloedt, is epilepsie. Kainaat (KA) is een 
chemische stof die de lokale hersenactiviteit 
sterk verhoogd en epilepsie kan doen 
ontstaan in modellen. Kainaat stimuleert 
NPC proliferatie, verandert de hoeveelheid 
neuronale/glia differentiatie en celdood, en 
heeft uiteindelijk een vermindering van het 
aantal resterende NPC’s tot resultaat. Het 
is tot nu toe grotendeels onduidelijk welke 
moleculaire en epigenetische veranderingen 
optreden in NPCs tijdens epilepsie. Dit is 
van belang omdat de hele populatie van 
stamcellen beinvloed wordt door epilepsie 
en omdat deze cellen een strategische 
ligging hebben binnen het hippocampale 
netwerk en dus functie. 

Naast epigenetische veranderingen vormen 
ook microRNAs een belangrijke nieuwe 
groep van moleculen die de verschillende 
stam cel stadia en neurogenese beinvloeden. 
In hoofdstuk 1 en 2 bespreken we deze 
mechanismen in het algemeen en onder stress 
condities en stellen een nieuw mechanisme 
voor waarbij ook samenwerking tussen 
microRNA moleculen onderling (“microRNA 
coöperatie”) stam cellen kan reguleren. 

Deze mogelijkheid  testen we vervolgens 
experimenteel in hoofdstuk 3. Hier hebben 
we ons gericht op de vroege stimulatiefase 
van de nieuwgeboren neuronen in reatie 
tot epilepsie. We vonden dat injectie van 
KA een gecoördineerde microRNA reactie 
opwekt, die vervolgens effector-genen in 
de NPCs beinvloedt die betrokken zijn bij 
celdood, zoals BCL2L13 en caspase-3. 
Uiteindelijk leidt dit tot stimulatie van NPC 
differentiatie en onderdrukking van celdood. 
Verder vonden we dat overexpressie van 
een van de microRNA moleculen, miR-
124, stamcel differentiatie stimuleert. Door 
de toepassing van nieuwe microscopische 
apparatuur, de “gestructureerde verlichting 
microscoop” (SIM) konden we o.a. 
individuele mitochondria, en hun KA-
geïnduceerde afgifte van cytochroom-C 
detecteren. Hiermee vonden we dat 
deze afgifte gereguleerd werd door de 
hoeveelheid van het eiwit BCL2L13. 
Tesamen tonen deze experimenten de 
betrokkenheid aan van (samenwerkende) 
microRNAs en epigenetisch factoren bij de 
regulatie van apoptose en differentiatie van 
NPCs. 
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In hoofdstuk 4 beschrijven we in detail de 
nieuwe SIM methode die gebruikt werd om de 
contactpunten tussen zenuwcellen, de spines, 
te kunnen bestuderen. De SIM methode 
levert een sterke verbetering op in resolutie 
t.o.v. conventionele confocale microscopie 
en maakt het zo mogelijk veel meer detail te 
zien, wat van belang is voor het nauwkeurig 
meten van subtiele veranderingen aan deze 
belangijke elementen van de zenuwcel. 

In hoofdstuk 5 bestuderen we de effecten 
van ritmes in stress hormoon afgifte op 
epigenetische veranderingen in de NPCs. 
Het was al bekend dat het stress hormoon 
corticosterone (Cort) veranderingen in 
DNA-methylatie van NPCs kan induceren. 
Onduidelijk was echter of de duur van 
blootstelling aan het hormoon dit bepaalt, 
of dat het ritmisch afgiftepatroon van 
het hormoon, zoals dat onder normale 
omstandigheden voorkomt, hierbij van belang 
was. We bootsten daarom verschillende 
Cort afgifte patronen na; constant hoog, 
en afgifte in pulsen van ongeveer een 
uur, en stelden de NPCs daaraan bloot. 
Vervolgens concentreerden we ons op 
mogelijke programmerings effecten van deze 
verschillende Cort patronen op gen promoter 
methylering en op genen die specifiek 
betrokken zijn bij NPC differentiatie. 
We vonden duidelijk verschillende effecten 
van blootstelling aan deze Cort afgifte 
patronen op de proliferatie, “quiescence” 
(een soort rust toestand van de NPCs) 
en promotor methylatie van de NPCs. 
Afwijkingen van de basale pulsatiele 
blootstelling van CORT hadden blijvende 
hyper- of hypomethylatie van een groot 
aantal promoters tot gevolg. Sommige 
promotoren zijn betrokken bij differentiatie, 
en bij Wnt signalering, wat een rol speelt 
bij beslissingen van de cel tussen rust en 
differentiatie. Daarom hebben we vervolgens 
de expressie van het Wnt target-gen CCND1 
onderzocht, en verschillen gevonden die 
wijzen op een veranderde Wnt signalering in 
de nakomelingen van NPC’s (hoofdstuk 5). 
Dit wijst erop dat het ritme van Cort afgifte 
een belangrijke rol speelt bij de algemene 
epigenetische veranderingen van de NPCs 
en meer in het bijzonder bij de modulatie van 
Wnt-signalering, wat doorgegeven wordt aan 
NPC nakomelingen en ze daarmee mogelijk 
voorbereid op een volgende blootstelling 
aan stress.

In hoofdstuk 6 onderzochten we 
veranderingen in de GR in de NPCs tijdens 
veroudering. Omdat minder GR in NPCs hun 
differentiatie versneld (addendum I), en veel 
NPCs die op latere leeftijd in de hippocampus 
aanwezig zijn, nog GR tot expressie brengen, 
vroegen we ons af of leeftijd en de expressie 
van de GR de aantallen NPCs beinvloed, 
en of de aan- of afwezigheid van GR in de 
hele NPC populatie de veranderingen tijdens 
veroudering kan voorspellen. We vergeleken 
de expressie van GR in verschillende stadia 
van NPCs in transgene Nestin-GFP muizen 
van verschillende leeftijden, waarin de NPCs 
met een groene kleur zichtbaar zijn. De 
sterkste afnames in NPCs vonden we tussen 
3 en 6 maanden oude dieren. De NPC 
populaties die GR tot expressie brachten 
hadden doorgaans een minder snelle 
afname tijdens veroudering wat duidt op een 
mogelijke rol van de GR in het behoud van 
NPCs tijdens het verouderingsproces.

In hoofdstuk 7 worden de onderwerpen uit 
de afzonderlijke stukken bediscussieerd in 
relatie tot de literatuur en worden toekomstige 
ontwikkelingen en mogelijkheden geschetst.
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an in vivo model for functional validation of 
Parkinson’s disease gene targets” where he 
used viral vectors to transduce dopaminergic 
neurons of rat and mouse substantia nigra. 
During this period he developed a keen 
interest in the field of neuroscience and 
decided to persue a future in this field. 

Accordingly in 2011, after graduating cum 
laude at Utrecht iniversity, he started his PhD 
at the University of Amsterdam in the field 
of structural and functional plasticity of the 
brain under the supervision of prof.dr. Paul 
J. Lucassen and dr. Carlos P. Fitzsimons. 
During this time he studied the molecular/
epigenetic effects of seizures, hormones and 
aging on hippocampal neural stem cells. 

As of 2015 he continued his research as a 
postoctoral fellow in the same group, now 
exploring the potential contribution of his 
previous findings to the development of 
Alzheimer’s disease.
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Asia Korecka on a project entitled “Setting up 
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zijn daaruit voortgekomen. Maar je hebt 
meer bijgedragen dan alleen dit. Zo waren 
er nog een aantal “posttrancriptionele” 
veranderingen, welke veel weg hadden van 
bijvoorbeeld “alternative splicing” of “exon-
skipping” ☺. Daarover toch nog iets meer 
(er moet toch echt een grap over gemaakt 
worden). Na de laatste maanden te hebben 
laten bezinken ben ik uitgekomen op 
wellicht een interessant model om chronisch 
onvoorspelbare stress te onderzoeken. De 
methode is beknopt omschreven in Figuur 1. 
Omdat de facetten van dit model vrijwel niet te 
vinden zijn op pubmed (welnu de zoektermen 
waren wel lastig) vraag ik me af of we hier iets 
nieuws te pakken hebben?
Los van dit alles ben ik erg dankbaar voor 
jouw bijdrage gedurende de laatste 5 jaar. Het 
was fijn dat ideeën altijd bespreekbaar waren, 
en dat ze met jouw input dikwijls verbeterde. 
Dit alles heeft namelijk enorm bijgedragen 
aan de vorm van dit boekje zoals deze er nu 
is, en daarvoor mijn dank.

Splendid, we finally arrived at the part of the 
thesis on which there aren’t any corrections 
☺ (I hope). Interestingly, this is also the most 
read part of all, and probably also this thesis. 
Accordingly I would like to use (read misuse) 
this opportunity to say some (quasi-) scientific 
or badly translated things about the people 
who helped shape this thesis. I initially set out 
to do this in a serious way, but halfway through 
decided jokes are the way to go. After all, 
there are rather enough topics discussed in a 
serious manner in the thesis already, I reckon. 

Beste Paul, graag wil ik jou als eerste 
bedanken voor de uitstekende samenwerking 
in de afgelopen jaren. Gek genoeg was 
een van de beste adviezen welke je me 
hebt gegeven: “begin met schrijven”, om en 
nabij een jaar geleden toen ik zat te tobben 
met writer’s block. Grappig, want voor de 
moleculair biologen is dit precies de functie 
van de “promoter”. Welnu, ik heb je advies 
opgevolgd en de hoofdstukken in dit boekje 

19 augustus 2015
(14 weken voor promotie)

17:55 Paul over thesis v1: “ik heb slecht nieuws”

17:34 Paul over thesis v1: “Als je me de
[...] versie mailt, stuur ik het door
naar de commissie en decaan.”

23 augustus 2015
(14 weken voor promotie)

Paul over thesis v2: “Nog een laatste
aanpassing voor [...] addendum I”

4 september 2015
(12 weken voor promotie)

Paul over thesis v2: “heb je even?”

8 september 2015
(12 ipv 14 weken voor promotie)

Paul over thesis v3: “je nieuwe versie gaat naar de
commissie.”

28 september 2015
(9 weken voor promotie)

Paul: “Bijgaand en in de mails hierna volgen separaat
de positieve beoordeling/toestemmingsformulieren

voor het proefschrift van Marijn Schouten.”

5 oktober 2015
(7 ipv 8 weken voor promotie)

Paul: “De ondertekende titel pagina is
in goede orde ontvangen ?”

12 oktober 2015
(6 ipv 8 weken voor promotie)

Secretaresse Directeur Onderwijs FNWI: “Bijgaand
vinden jullie een digitale kopie van

het titelblad van dhr. Schouten.”

Tijd Handeling Stress-o-meter

1 februari 2011 - 18 augustus
2015

(”pre-promotietraject periode”)

Een kleine greep uit Paul’s top tips: “begin met 
schrijven” -of- “plan your work and work your plan”

Figuur 1 - “Nieuw” chronisch onvoorspelbare stress paradigma “geschikt” voor humaan onderzoek.
Schematische representatie van tijdslijn, handelingen en uitkomst. 



Dankwoord

191

A
dd

en
da

Beste Pascal, de gedoodverfde “sfpcns 
(is dit de juiste afkorting?) enfant terrible”, 
zoals ik herhaaldelijk tegen je heb gezegd: 
“wat een mooi feestje heb je uitgezocht!” 
Of het nou zondag nacht “doorhalen” in de 
Trouw, donderdag nacht “tot sluit” in de 80, 
weekenden doorbrengen op festivals en 
daarna “afteren” of 3 dagen niet slapen op 
een Duits festival was, het waren allemaal 
mooie feesten! Dan vergeet ik echter nog 
de ontelbare wijntjes op congressen in 
bijvoorbeeld Bordeaux en Florence. het 
was best “exciting” met jou als collega! 
Dat klinkt alsof we er helemaal niks van 
bakte w.b.t. ons onderzoek (en vele zullen 
dit vast denken, want wij zijn de enige die 
niet aan ELS werken), maar niets is naar 
mijn mening minder waar! Vele delen van 
deze thesis zijn van jouw hand gekomen, 
en wil je hier enorm voor bedanken. Ik ben 
daarom ook erg geïnteresseerd welke vorm 
jouw thesis gaat aannemen, daar jij veel 
van ons onderzoek bent gaan voortzetten 
met veelal zeer interessante experimenten. 
Sommige hiervan, zijn naar mijn mening 
zeer vruchtbaar. 
Nu echter is er een wisseling van de 
wacht, nu jij het laatste jaar in gaat. 
Hiermee “seizede” een aantal aspecten 
van mijn leven te bestaan, heb ik gemerkt. 
Hier in het kort een aantal te verwachten 
veranderingen; uren lang de sterren van 
de hemel dansen zal veranderen in achter 
een scherm zitten waar de tekst niet van 
veranderd (tot je sterren ziet). Pieken 
middels biertjes zal pieken middels vele 
espressotjes (moeten) worden.  Trouwens, 
pieken krijgt een heel andere betekenis; 
pieken in de club word pieken met schrijven. 
Een powernap tijdens de MMM zal voor 
21:00 in slaap vallen op de bank worden. 
VrijMiBo’s worden ZoAvExps. De laatste 
deep house zal de laatste van Einaudi 
worden. Afgewezen worden in de bar, zal 
veranderen in afwijzingen van tijdschriften. 
Een 4-gangen diner koken voor vrienden 
zal een 4-kazen pizzaatje na werk worden. 
Halve dagen achter facebook zitten, 
zullen halve dagen Carlos zijn handschrift 
ontcijferen worden. Dit lijkt wellicht alsof 
de herfst van jouw leuke (studenten)tijd 
is aangebroken maar vergeet niet, ook 
projecten zullen hoofdstukken worden, 
en hoofdstukken jouw thesis. Deze 
thesis zal denk ik een mooi begin, maar 
pas het tipje van de sluier, zijn van jouw 
wetenschappelijke carrière. Ik wens je hier 
alle succes mee!

Dear Carlos, I could fill numerous pages 
with both brilliant and extremely vague 
metaphors you used to describe ideas 
in research. Most of these metaphors, 
however, were challenging for me to 
comprehend. Of course, everyone is now 
curious what I am referring to. So since I 
already used quite some metaphors myself 
above (copying behavior from my side) 
I think I would like to keep it to just one 
you mentioned quite often; “ideas evolve”. 
Let’s dissect this one a little bit to make my 
point (and of course a joke ☺) about how 
confusing they could be. From what I could 
find, the current consensus on evolution 
is the following “Evolution describes 
changes to the inherited traits […] across 
generations. Evolutionary change is not 
directed towards a goal.”
As for the first part of this definition, I don’t 
think I agree. After a “careful” calculation 
we spend approximately 120hrs per year 
in our Monday meetings discussing the 
“traits” of our ideas. If we make a rough 
estimation that this was followed by daily 
discussions of approximately 15 minutes 
via email/whatsapp/facetime/phone or in 
the hallway, we spend yet another 60hrs 
per year “evolutionizing ideas”. Since we 
started this routine roughly 5 years ago, this 
results in an estimated total of 900 hours, or 
±24 weeks (1fte) of idea evolving. In other 
words, although a lot, it’s not really the 
amount of time people who study evolution 
are referring to.
Ok, as for the second part, I also disagree. 
I don’t think I was working without a 
goal (well at least not most of the time). 
Accordingly, I would like to change (can I 
say improve?) your metaphor into “ideas 
develop”, which fits our timescale better 
and sounds perhaps more goal-oriented. 
All this aside (because this sounded 
awfully familiar to our discussions on each 
individual word of a paper ☺), I am hugely 
thankful for all your time (see calculation 
above) and efforts into the development of 
this “boekje” and me! You really inspired me 
to see everything through a different set of 
eyes. All this would not have been possible 
without you and your support. Millón de 
gracias!

I would also like to thank all member of the 
committee for both the time you invested 
and your expertise! I hope that this will 
contribute to the quality of work submitted 
in the future.
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[Greek] Agapité Sófia, échoume perásei 
pára pollá étsi den eínai? Katá ti gnómi mou, 
ítan pánta kalés stigmés kai mou árese polý 
na échoun éna tétoio fílo kontá. Periérgos, 
dióti aftó fánike ísos éna apó ta pio apíthani 
apó óles tis filíes. Ypothéto óti ítan i filodoxía 
kai oi dýo óti i archí tis didaktorikís mas pou 
ékanan ítan na mas étsi (Lely) afieroméno 
stin ergasía, (kai) metá vías pernoún to 
chróno tous éxo apó to ergastírio... Metá 
tin período aftí, ótan ta prágmata eíchan 
archísei na kineítai pros ti sostí katéfthynsi 
ergasía - sofós (kai omologouménos arketá 
diaforetiká ektós tis ergasías) ítan ótan 
xekinísame apolamvánontas tin kalí zoí péra 
apó to ergastírio kai na moirastoún kápoies 
kalés anamníseis. Tóra pou koitázo píso se 
aftí tin período tis “ateleíotes” synomilíes gia 
ti zoí kai óla aftá pou érchetai me aftó, écho 
syneiditopoiísei póso kalós fílos eísai kai tha 
íthela na sas efcharistíso gi ‘aftó.
[English translation, probably also 
necessary here] Dear Sofia, we have 
been through quite a lot haven’t we? In my 
opinion, it was always good times with you 
and I really enjoyed to have such a good 
friend close by. Strangely so, because this 
seemed perhaps one of the unlikeliest of 
friendships. I suppose it was the ambition 
we both had it the beginning of our PhD that 
made us so(lely) dedicated to work, (and) 
we hardly spend time outside of the lab… 
After this period, when things were going in 
the right direction work-wise (and admittedly 
quite differently outside of work ☺) we 
started enjoying the good-life beyond the 
lab and share some good memories. Now 
that I look back on this period of “endless” 
conversations about life and all that comes 
with it, I realize what a good friend you are 
and I would like to thank you for this.

Beste andere “early-life-stress-horde” 
meiden Kit, Marit, Sylvie en Maralinde, ook 
jullie wil bedanken voor de goede tijd van de 
afgelopen jaren. Of dit nu een labuitje naar 
Italië of Duitsland was of gezellig dineren 
met z’n allen in het exotische Zeeburg, of 
lekker klessebessen ope kantoor, ik heb 
ervan genoten! Ik wil jullie allemaal alle 
succes wensen met jullie onderzoek! Zet ‘m 
op! Jullie kunnen het! ☺

Ondanks dat jullie dit boekje waarschijnlijk 
niet krijgen (een surrogaat “muismat” printen 
is heel erg duur tegenwoordig > ik stuur wel 
een pdf ☺) wil ik ook graag nog Gideon, 
Luuk, Guido, Dmitri, Sicco, kleine Lars, Rico, 

Lieve Eva, samen zijn we bij de UvA 
begonnen, en we eindigen onze promotie 
ook (bijna) tegelijk. Oftewel we komen 
uit hetzelfde nest blootgesteld aan deze 
“early-career experience”. Gedurende 
deze periode “ontwikkelde” ik een steeds 
groter ontzag voor jou. Wat je ook deed, je 
leek er telkens vol voor overtuiging en met 
veel zorgvuldigheid in te gaan. Of dit nou 
professionele beslissingen waren, of jouw 
“coping strategy” bij de grote stappen in jouw 
persoonlijke leven! Want laten we wel wezen, 
binnen ±1 jaar trouwen, thesis afronden 
een nieuw huis kopen, een grant krijgen en 
zwanger worden is niet niks. Sterker nog, 
ik ben nu nog steeds bezig met dit boekje 
(zie figuur voor hoeveel te laat ik inmiddels 
ben). Maar wel heel fijn dat er telkens een 
prima voorbeeld, van hoe de zaken aan 
te pakken, vlak naast me zat. Dit heeft mij 
bijvoorbeeld geholpen in alle rompslomp 
welke het laatste stadium van promoveren 
met zich meebrengt. Bureaucratische zaken 
waar ik zelf maar “fragmented care” om gaf. 
Ik heb het echter ook enorm naar mijn zin 
gehad met “verrijkende omgevingsfactoren” 
als e.g. feesten tot in de kleine uurtjes in 
Barcelona, maar ook letterlijk het dak eraf 
dansen in het Concertgebouw. Als laatst 
moeten natuurlijk ook nog de “opportunities 
for nutrition” genoemd worden, welke ik vaak 
vond op jouw bureau. Heel erg bedankt voor 
dit alles!

[Chinese] Ni hao Xiānshēng Xiong! Wǒ 
xiǎng dà duōshù rén dōu zhīdào nǐ shìgè 
chénmòguǎyán de rén, dàn nǐ shuō dehuà 
tōngcháng jí zhòng le yàohài. Wǒ “jiàoxùn” 
zhè cóng yīgè tèshū de “jìyì” zài cǐ qíjiān, 
wǒmen bèi “dòngjié” zhī wài, tóngshí jùyǒu 
xiǎo pò qùnián dōngtiān. Wǒ zhǐshì jiù sǐ 
zài wǒ de xiězuò hé nǐ shuō de dōu shì: “Nǐ 
kěyǐ zuò dào zhè yīdiǎn”, zhè shì suǒyǒu 
wǒ xūyào tīng dào dì nà yīkè. Wǒ zhēn de 
hěn xǐhuān zhè zhǒng xīntài nǐ yǒu, zǒng 
shì jījí de, zǒng shì yǒuyì de. Jìxù nǔlì ba!
[English, probably necessary] Hey mister 
Xiong! I think most of us know you as a 
man of few words, yet what you say usually 
hits the nail on its head. I “learned” this 
from one particular “memory” during which 
we were “freezing” outside while having 
a small break last winter. I just got stuck 
on my writing and all you said is: “you can 
do it”, and that was all I needed to hear at 
that moment. I really like this mentality you 
have, always positive and always helpful. 
Keep it up!
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[à la Mengvoeders United] Beste drs. 
Dirkse, zonder dat je het doorhad heb 
je een stevige reputatie opgebouwd op 
mijn werk. Je hoefde hier op de UvA de 
naam Viktor maar te laten vallen en alle 
collega’s wisten over wie je het had. Over 
Viktor natuurlijk, altijd druk als een klein 
baasje met klessebessen over de telefoon. 
Hierin werd uitgebreid het wel en wee 
van alleen jou besproken. Wat misschien 
niet iedereen weet was dat Viktor en ik 
veelal “genoten” van veel te lange doch 
“schitterende” wandelingen. Altijd fijn om 
de waan van de dag weer in perspectief 
te kunnen plaatsen, door uren lang in de 
regen en kou te ploeteren, en door jou 
toedoen telkens de weg kwijt te raken. Dat 
ik diegene was welke hiervoor altijd naar 
Haarlem moest komen, schrijven we maar 
toe aan mijn loyaliteit. Echter, wanneer er 
dan een zeldzaam bezoek van drs. Dirkse 
was in Amsterdam, moest hij keer op keer 
brak zijn. Wat dat betreft, Viktor, mag je blij 
zijn mij als jouw beste vriend te hebben. 
We gaan er dan maar vanuit, dat je dit 
nog goed zal maken. Want vindt je zelf dat 
jouw filantropische uitspattingen tijdens 
het uitgaan hiervoor genoeg zijn? Best 
merkwaardig, trouwens, voor een stagiair 
in de reiniging sector. Chapeau, chapeau, 
chapeau! Wat ben je toch sympatiek!
[vertaling] Beste Vik, jij bent een vriend met 
een hart van goud, en ik wil je hier graag 
voor bedanken. Ik zal alle steun welke je gaf 
niet vergeten! 

Lieve mede levensgenieter Lianne, het is 
lastig voor jou een stuk te schrijven, omdat 
ik eigenlijk niet weet waar te beginnen 
met jou bedanken. Ik zal je hier dan 
ook maar niet voor al deze dingen gaan 
bedanken, dan komt dit boekje nooit af. 
Maar heb ik jou al verteld dat jij een van de 
belangrijkste redenen bent dat iedereen 
deze thesis nu voor zich heeft? Volhouden 
wanneer het tegen leek te zitten was zo 
veel makkelijker en leuker met jou. Het is 
gelukt, het zit erop. Op naar ons volgende 
avontuur! Ik hou van je.

Ik hoop dat het duidelijk was dat de 
totstandkoming van dit boekje teamwork 
is geweest, en hoop dat ik niemand ben 
vergeten te bedanken. Laten we nu 
proosten op ons aller toekomst! Salut!

Simone, Iris, Nina en Gerrald bedanken voor 
de “good times” afgelopen jaren. Willemieke 
in het speciaal aangezien wij samen de 
paranimfen van Eva zullen zijn, precies een 
week na mijn promotie. Maar natuurlijk ook 
jou nog voor wat “opportunities for nutrition” 
☺. Erik ook nog in het speciaal voor het feit 
mijn eerste stagiaire te zijn geweest! Leuk 
ook om te zien dat je het (nu wel ☺) goed 
doet bij Marten! Succes allen met jullie 
onderzoek!

Dan nog een hartelijke dank aan jullie Pap, 
Mam, Bas, Wander en Dennis. Ook al kun 
je je familie niet kiezen ☺, had ik me niet 
een beter team van mensen welke achter 
me stonden kunnen wensen, niet alleen de 
afgelopen jaren, maar al mijn hele leven. 
Maar snel weer een keer op avontuur, Bas? 
Ik stel het komende voorjaar voor!

[het onbescheiden stuk] Beste Pim, er komt 
een dag en dan maken wij eindelijk een 
perpetuum mobile. We hebben er inmiddels 
al zoveel moeite in gestoken, dat het 
eigenlijk slechts een kwestie van tijd zou 
moeten zijn voor het lukt. Echter, ook al zijn 
we beiden zeer goede moleculair biologen 
(best vreemd jezelf ook een compliment 
geven in je dankwoord), bakken we van 
natuurkunde niet veel. Daarom stel ik voor 
om ons meer te focussen op de natuur 
als inspiratiebron voor onuitputtelijke 
energie. Wellicht kunnen we bomen gaan 
bestuderen? Ik blijf het fascinerend vinden 
hoe zij middels capillaire werking water 
tegen de zwaartekracht in omhoog kunnen 
transporteren, om het daar middels een mij 
nog onbekend proces weer los te kunnen 
laten. Tot die tijd echter hebben we nog een 
hoop andere problemen op te lossen buiten 
het wereldenergie en -klimaat probleem. 
Gelukkig zal ik hier gedurende de komende 
periode meer tijd voor hebben, daar dit 
boekje nu bijna af is. 
[het bescheiden stuk] Geniaal hoe jij mij de 
afgelopen jaren de kunst van het relativeren 
hebt bijgebracht met een gezonde bak 
humor. Dit was perfect om er telkens 
weer tegen aan te kunnen blijven gaan. Ik 
waardeer dit enorm en wil daarom ook jou 
hier bedanken.

Maar ook Leslie, Hanil, Erik en Kris wil 
ik graag nog bedanken voor het feest in 
Utrecht de afgelopen jaren! Door jullie 
bleef Utrecht “my home away from home”, 
bedankt voor die gastvrijheid!
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