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Summary
The two main research questions of this thesis are: i) How is expression 

of GFAP regulated in astrocytes and astrocyte subpopulations like NSCs and 
ii) What are the functional consequences of a modulation of GFAP (isoform) 
expression on astrocyte functions. Since these research questions were 
answered mainly using human NSCs and astrocytes, we will first introduce 
human neurogenesis (1) and highlight the challenges in the study of human 
NSCs (1.1). Since a dynamic regulation of GFAP isoform expression during 
astrocyte differentiation is a central subject of this thesis, we will discuss 
the role of alternative splicing in NSC differentiation (1.2). We emphasize 
that current studies investigating neuron-specific splice events (1.3) can 
provide important information for the astrocyte field (1.4). In section (1.5), 
we discuss our findings on alternative splicing of the astrocyte signature 
gene GFAP. We highlight that in addition to analyzing single gene regulation, 
genome wide studies are critical to understand alternative splicing events 
during NSC differentiation, as exemplified by studies aiming to understand 
ESCs differentiation (1.6). To extrapolate the concepts in current literature 
to the focus of this thesis, a hypothetical model of the regulation of GFAP 
expression is presented in section (1.7).

In the second part, we focus on the functional consequences of a 
specialization of the GFAP network induced by incorporation of GFAPδ. First, 
we discuss that GFAPδ expression is associated with an immature astrocyte 
phenotype (2.1) before we speculate on downstream effects of GFAPδ  
(2.2). We suggest that GFAPδ is a potential inhibitor of Notch-mediated 
gene expression (2.2.1), which effect might be influenced by a collapse of 
the GFAPδ network (2.2.2). Moreover, the functional consequences of an 
inhibition of Notch activity by GFAP (2.2.3) and the role of a specialized 
GFAP network in astrocytes (2.2.4) are discussed.

In the outlook, we emphasize that the functional consequences of 
GFAP expression in general ,and a specialization of the GFAP network by 
integration of the alternative isoform GFAPδ in particular, are still not fully 
understood. However, our data support the idea that IF proteins such as 
GFAP might serve as platforms that bind signaling molecules to modulate 
vital cellular functions.
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1. Towards an understanding of human neurogenesis
The manifestation of neurogenesis in the adult human brain creates 

new and promising possibilities for the treatment of neurological diseases. 
Neural stem cells (NSCs) reside in the subventricular zone (SVZ) along the 
ventricles and in the granular layer of the dentate gyrus in the hippocampus. 
These are the two main neurogenic niches in the adult human brain. The 
expression of the astrocyte signature gene glial fibrillary acidic protein 
(GFAP) classifies NSCs as neurogenic astrocytes (Eriksson et al., 1998; 
Nader Sanai et al., 2004). NSCs maintain their proliferative capacity in the 
human adult brain (van den Berge et al., 2010; Leonard et al., 2009) and are 
able to differentiate into neurons, astrocytes, and oligodendrocytes in vitro. 
Importantly, an increased proliferation of NSCs upon brain damage might 
represent an endogenous attempt for brain repair (Jin, 2006; Marti-Fabregas 
et al., 2010). However, endogenous stimulation of neurogenesis is not 
sufficient to replace degenerated brain tissue. Furthermore, an inflammatory 
environment in the diseased brain might direct NSC differentiation towards 
astrocytes, thereby hampering the differentiation of new born neurons. In the 
diseased brain, immune cells like microglia were shown to release astrogenic 
stimuli that might favour astrogenesis (Ideguchi et al., 2008; Nakanishi et 
al., 2007). Astrocyte differentiation might be beneficial for the recovery of 
brain function since newborn astrocytes can provide trophic support for 
damaged neurons. Alternatively, depending on the context of a specific 
disease, suppression of astrogenesis might favour neuronal differentiation 
and stimulate replacement of damaged neurons. It can be anticipated that for 
some diseases astrogenesis and for other diseases neurogenesis might be 
beneficial for brain repair. Future research will determine whether astrocyte 
differentiation is “friend or foe” in the diseased brain, an outcome which will 
be highly dependent on the specific pathology of a disease.

Astrocyte differentiation is marked by an increase in GFAP expression. 
As reviewed in Chapter 1, a complex network of environmental signals, 
epigenetic, and transcriptional regulators determines the onset of GFAP 
expression during NSC differentiation. The current knowledge on NSC fate 
decisions is mainly based on rodent studies. Despite many similarities, 
distinct anatomical and functional differences between the neurogenic 
system in the rodent and human brain exist. For example, the anatomical 
organization of the human SVZ differs from the mouse SVZ by a hypocellular 
gap that separates the ribbon of NSCs from the ependymal layer (Quiñones-
Hinojosa et al., 2006; Sardi et al., 2006). Moreover, in the adult human rostral 
migratory stream (RMS) significantly less neuroblasts migrate towards the 
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olfactory bulb in comparison to the mouse RMS (van Strien et al., 2011). 
In respect to GFAP, the main focus of this thesis, differences in the cell-

type specific expression pattern of GFAP isoform expression were found 
between mouse and human. Our group previously demonstrated that in the 
human developing and adult brain an alternatively spliced isoform, GFAPδ, 
is highly expressed in NSCs in the SVZ and SGZ while its expression is 
low in mature, non-neurogenic astrocytes (Middeldorp et al., 2010). Hence, 
in comparison to non-neurogenic regions in the brain, the GFAPα/δ ratio 
is decreased in the human SVZ in favour of GFAPδ expression (Reinko F 
Roelofs et al., 2005). This shift in ratio is specific to the human SVZ since 
in the developing and adult mouse brain the ratio between both isoforms 
remains stable throughout the brain. Thus, GFAPδ is expressed in NSCs as 
well as in mature mouse astrocytes demonstrating that GFAPδ expression in 
the mouse brain is not specific to NSCs (Mamber et al., 2012).

1.1 Challenges in studying human neurogenesis

In view of the differential expression pattern of GFAPδ observed in men 
and mice, investigation of the role of GFAPδ expression in human NSCs is 
essential to reveal the function of GFAPδ in the human brain. In Chapter 
6, we demonstrated that Notch signaling is an important intrinsic regulator 
of GFAP expression using immortalized human fetal NSCs and primary 
human fetal NSCs (fNSCs). To date, fNSCs represent the only source of 
primary human NSCs with a high survival rate and proliferation capacity in 
culture (Vescovi et al., 1999). Moreover, the cells demonstrate self-renewal 
capacity and multipotency over long culture periods (Carpenter et al., 1999; 
Fricker et al., 1999; Vescovi et al., 1999). Hence, fNSCs provide the exciting 
possibility to study the mechanism of human neurogenesis and gliogenesis 
in vitro. Despite the favorable features of fNSC, their limited availability and 
a high variation in genetic background confine their use for basic and clinical 
research. Moreover, obtaining cells from spontanous abortions is associated 
with significant moral and ethical issues. Alternatively, NSCs are derived 
from neurosurgical as well as postmortem adult brain tissue (van den Berge 
et al., 2010; Sanai et al., 2004). However, the survival and proliferation 
of human adult NSCs in vitro is limited. Fibroblast Growth Factor 2 and 
Epidermal Growth Factor are important mitogens for NSCs that are able to 
promote proliferation, survival, and self-renewal of adult NSCs (Craig et al., 
1996; Maric et al., 2003; Zheng et al., 2004). Nevertheless, the induction 
of proliferation in adult human NSCs in vitro is only transient and today 
the culture of adult human NSC as stable line has not been successful yet 
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(Arsenijevic et al., 2001; Kukekov et al., 1999; Roy et al., 2000). It can be 
speculated that adult human NSCs are strongly dependent on the trophic 
support of the microenvironment of the neurogenic niche, which limits their 
culture in vitro and so far hampered their immortalization. 

In contrast, immortalization of NSCs provides a valuable tool to create an 
unlimited source of NSCs derived from the fetal human brain. A large amount 
of NSCs, which rapidly and reproducible self-renew, allows to investigate 
stem cell characteristics of human NSCs. Although they represent a suitable 
alternative for primary cells, it is discussed that immortalized human NSCs 
(ihNSCs) might display genetic and functional instability due to changes in 
their karyotype in high passage numbers (Foroni et al., 2007; Magnitsky et 
al., 2008; Mi et al., 2005). Unpublished observations from our group confirm 
large variations in the proliferation rate of ihNSCs during passaging. This 
feature of ihNSCs complicates reproducible molecular and genetic studies of 
NSC characteristics. As a result, to date, the number of functional studies in 
human NSCs is low.

Intriguingly, our group identified a highly efficient tool to stably increase 
the proliferation rate of ihNSCs. The presence of human postmortem cerebral 
spinal fluid (CSF) significantly increased sphere growth of ihNSCs (van Strien 
et al., in preparation). It was recently demonstrated that NSCs in the mouse 
(Lehtinen et al., 2011) and human SVZ (van Strien et al.; in preparation) are 
in direct contact with CSF and that signaling molecules present in the CSF 
can regulate NSC behavior (Lehtinen et al., 2011). It was shown that human 
lumbar puncture CSF induced an accelerated astrocyte differentiation and 
improved survival of human adult NSCs (Buddensiek et al., 2010). 

Consistently, we show in Chapter 6 that ventricular postmortem CSF 
induces GFAP expression which marks differentiation of NSCs into the 
astrocytic lineage. Hence, growth factors present in lumbar puncture as 
well as ventricular CSF can potently stimulate NSCs to differentiate into 
glial progenitors. Interestingly, the effect on NSCs is not only maintained, 
but even enhanced in CSF derived from patients with neurodegenerative 
diseases such as Alzheimer disease or Parkinsons disease (van Strien et al., 
in preparation). Hence, in the diseased brain, the contact of NSCs with CSF 
might stimulate their proliferation capacity and influence NSC differentiation. 
The cell fate decision of NSCs in vivo is complex and highly dependent on 
the microenvironment of the neurogenic niche. However, according to our 
data in vitro, the presence of CSF induces astrocyte differentiation. Newborn 
astrocytes might provide trophic support for damaged neurons in the diseased 
brain, which might represent an endogenous attempt for brain repair.

Taken together, the observed increase in proliferation of ihNSCs in the 
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presence of CSF might rather represent a differentiation of NSCs into glial 
progenitors than an increase in the self-renewal capacity of NSCs. Firstly, the 
increased proliferation capacity is associated with an enhanced expression 
of the astrocyte signature gene GFAP.  Secondly, glial progenitors have a 
higher proliferation capacity than NSCs.

Preliminary results demonstrated a similar effect of CSF on primary 
fNSCs (unpublished observation). Thus, culturing immortalized or primary 
human NSCs in the presence of CSF provides a valuable in vitro system to 
study differentiation of human NSCs into astrocytes. Currently, the lack of in 
vitro models limits our knowledge about human astrogenesis. 

1.2 Regulation of alternative splicing during NSC differentiation

NSC differentiation is a multistep process that consists of regulation of 
cell proliferation, cell cycle exit, a choice between survival and death, and 
the cell fate decision between neurons, astrocytes, and oligodendrocytes 
(Pastrana et al., 2011). NSC differentiation is under a tight temporal control 
and involves the simultaneous regulation of transcription of hundreds 
of genes in a cell-type specific manner. In view of this complexity, it does 
not come as a surprise that alternative splicing (see Box 1), an additional 
layer of gene regulation, is highly abundant in a such complex organ as the 
brain (Maniatis and Tasic, 2002; Yeo et al., 2007). In a complex network of 
transcriptional, epigenetic, and environmental regulation, alternative splicing 

Box 1. Alternative Splicing
Alternative splicing describes the process in which alternative 

exons are recognized by the splicing machinery, inserted in the mRNA, 
and translated in a differential isoform. The strength of splice sites 
is an important determinant in the regulation of alternative splicing. 
Alternative exons such as exon 7+, expressed by the GFAPδ isoform, 
contain weaker splice sites with a lower binding potential of the splicing 
machinery, and consequently, are less often recognized and included 
in the mature transcript. In addition, trans-acting proteins that bind to 
the pre-mRNA regulate the production of alternatively spliced mRNAs. 
Such proteins include splicing activators, such as the splicing factors of 
the SR family of proteins, that promote the insertion of a particular exon. 
Splicing repressors such as heterogeneous nuclear ribonuclear proteins 
(hnRNPs) or polypyrimidine tract binding proteins (PTBPs), inhibit the 
inclusion of an alternative exon (reviewed by (Wahl et al., 2009). 
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might allow the “fine-tuning” of gene expression in NSCs and their progeny 
by increasing transcript diversity. In this present thesis, we are interested how 
alternative splicing regulates the function of GFAP during NSC differentiation 
into astrocytes which will be discussed in section “1.5 Alternative splicing of 
the astrocyte signature gene GFAP”.

Dysregulation of RNA splicing is implicated in neurodevelopmental 
disorders such as fragile X syndrome, spinal muscular atrophy, spinocerebellar 
ataxias, and others (Cooper et al., 2009; Licatalosi and Darnell, 2006; Lukong 
and Richard, 2008). Despite its potential impact on the establishment of brain 
function, so far only few studies addressed the role of alternative splicing in 
brain development. Alternative splicing is regulated by RNA binding proteins 
such as stimulators of splicing like the SR protein family or splicing repressors 
like the polypyrimidine tract binding proteins (PTBPs), which compete for the 
binding to alternative exons. Binding of these splice regulators stimulate or 
inhibit the inclusion of a specific exon respectively (reviewed by (Wahl et al., 
2009)). The high abundant alternative splicing in the brain correlates with 
expression of a higher number of different splicing factors than in most other 
tissues (de la Grange et al., 2010). 

1.3 Regulation of alternative splicing in neuronal differentiation

To date, a role of these splicing regulators is mainly investigated in 
neuronal differentiation. However, it is likely that general concepts of the 
regulation of alternative splicing also apply to astrogenesis. Therefore, 
current studies current studies investigating neuron-specific splice events 
can provide important information for the astrocyte field.

PTBPs are global repressors of alternative splicing in different cell types 
which regulate splicing of hundreds of RNAs in the brain. This pleiotropic 
function raised the question how PTBPs regulate neuron-specific splicing. A 
dynamic regulation of splicing factor expression was found to ensure tissue 
specific splicing events. It was shown that PTBP1 is highly expressed in 
non-neuronal cells where it represses splicing of neuronal genes. Contrary, 
a downregulation of PTBP1 in neurons allows for the expression of neuron-
specific exons (Ashiya and Grabowski, 1997; Lilleväli et al., 2001; Markovtsov 
et al., 2000). Makeyev and colleagues demonstrated that a neuron specific 
microRNA (miR-124) silences PTBP1 expression in newborn neurons. 
Instead, another family member of PTB proteins, PTBP2, is induced. A 
switch between the expression of two family members of the PTB proteins, 
PTBP1 and PTBP2, was shown to regulate RNA transcripts involved in 
synaptic maturation such as CamK IIβ, Dynamin2, Drebrin and NCAM (Boutz 
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et al., 2007; Keppetipola et al., 2012; Makeyev et al., 2007). The switch in 
PTBP1 and PTBP2 expression in neurons sets an example how tissue-
restricted regulation of splice regulators by microRNAs controls cell-type 
specific alternative splicing events. The regulation of alternative transcript 
expression by microRNAs emerges as general mechanism to control stem 
cell biology. It was also discussed for embryonic neural stem cells (ESCs) 
that expression of differential 3’ UTRs that encode microRNA binding sites, 
provide a powerful mechanism for the cell to control transcript diversity in 
specific tissues (Chepelev and Chen, 2012). 

Alternatively, neuron specific splicing factors have been identified. A 
family of neuron-specific splicing factors, Nova1/2, was found to regulate 
neuronal migration. Nova1/2 modulates the responsiveness of neurons 
to Reelin signaling which is crucial for neuronal migration. Reelin signals 
through the cytoplasmic adapter protein Disabled 1 (Dab1) (Tissir and 
Goffinet, 2003). Yano and colleagues proposed a model in which Nova2 
inhibits the expression of an alternatively spliced isoform of Dab1 (Dab1.7bc) 
early during development (E14-E16) when newborn neurons migrate in the 
neocortex. Expression of Dab1.7bc makes the neurons unresponsive to 
Reelin signaling which results in a reduced migratory capacity. Consistently, 
overexpression of Dab1.7bc negatively affects neuronal migration which can 
be rescued by expression of the canonical isoform of Dab1. After the critical 
time window of neuronal migration, suppression of Dab1.7bc diminishes. 
Hence, a switch between alternative splicing of Dab1 might control the 
neuronal responsiveness to reelin signaling and, in turn, neuronal migration. 
A failure of the developmental switch in alternative splicing of Dab1 was 
associated with abnormal corical layering in Nova2 knockout mice (Yano et 
al., 2010). 

In summary, our knowledge on splicing events in the brain is mainly 
limited to alternative splicing in neurons. The example of Dab1 splicing 
highlights that an integration of alternative splicing in the investigation of 
NSC biology is crucial to understand the complex regulatory events which 
are necessary for brain formation.

1.4 Regulation of alternative splicing during astrocyte differentiation

Similar regulatory events might control astrocyte differentiation. 
Interestingly, Dab1 was shown to suppress astroglial differentiation through 
inhibition of the JAK/STAT pathway, the canonical pathway of astrocytic 
gene expression (Kwon et al., 2009). Deletion of Dab1 in NSCs clearly 
decreases astrocyte differentiation but the effect of Reelin itself is still under 
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debate. In embryonic NSCs in culture, Reelin had no effect on astrogenesis 
(Kwon et al., 2009), but loss of Reelin in vivo in young adult mice resulted 
in an increased number of astrocytes in the mouse hippocampus (Zhao 
et al., 2007). Corresponding to the findings of a regulatory role of Dab1 
alternative splicing in neuronal Reelin signaling, expression of alternative 
Dab1 transcripts might determine whether NSCs are reelin-responsive or 
reelin-unresponsive with direct implications on the generation of astrocytes. 
Expression of a repressive Dab1 isoform, such as Dab1.7bc, might convert 
embryonic NSCs unresponsive to Reelin signaling. Due to a lack of a 
repressive Dab1 isoform in adult NSCs, the cells might become responsive 
to Reelin to control astrocyte differentiation. The identity of splice factors that 
regulate Dab1 transcripts in NSCs is still elusive. Moreover, experimental 
validation is necessary to proof the hypothesis that alternative splicing of 
Dab1 plays a role in the temporal regulation of NSC responsiveness to 
Reeling signaling. 

So far, our knowledge on splicing regulators in NSCs is very limited. 
However, TRA2B was recently identified as crucial regulator of survival of 
NSCs. TRA2B is a SR protein related splice regulator. Conditional deletion of 
TRA2B induces apoptosis of NSCs resulting in a dramatic disorganization of 
the cortex during development (Roberts et al., 2013). Modulation of TRA2B 
function specifically during the astrocytic phase could elucidate whether this 
splice factor in addition to NSC survival also regulates astrocyte differentiation. 

In conclusion, alternative splicing might also play a crucial role in the 
establishment of astrocyte identity. Similar as during neuronal differentiation, 
multiple layers of gene regulation might converge to control astrocyte 
differentiation. Future studies will reveal whether complementary mechanisms 
control the function of ubiquitously expressed splice factors in astrocytes. In 
analogy to the findings of Makeyev and colleagues (Makeyev et al., 2007), 
tissue-specific microRNAs might control alternative splicing specifically 
in astrocytes. Moreover, astrocyte-specific splice regulators might play a 
crucial role in the establishment of astrocyte identity, and in turn, normal 
brain development. 

In order to understand the role of alternative splicing in astrocytes, a 
better profiling of astrocytes on the transcript and protein level is necessary. 
Recent improvements in efficient and pure isolation of astrocyte from the 
brain using FACS sorting (Orre et al., 2013), represent an important step 
towards this goal. 
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1.5 Alternative splicing of the astrocyte signature gene GFAP

Investigation of the astrocyte signature gene GFAP in Chapter 2 
contributes to a better understanding of the role of alternative splicing in NSC 
differentiation towards astrocytes. We analyzed GFAP splicing with a focus on 
expression of the alternatively spliced isoform GFAPδ, which is dynamically 
regulated during astrocyte differentiation in the human brain. Expression of 
GFAPδ is high in NSCs. A decrease in splicing of the GFAPδ isoform might 
take place during astrocyte differentiation, since expression of GFAPδ was 
found to be low in mature astrocytes (Roelofs et al., 2005). This previous 
data from our group indicates that expression of GFAPδ is dependent on the 
differentiation stage of NSCs. However, the role of alternative splicing of the 
GFAP gene in astrogenesis is still elusive. 

In this thesis we demonstrated, using different RNA interference 
approaches, that expression of GFAPδ in astrocytoma cells is dependent 
on the presence and binding of the splicing factors of the SR protein 
family. Due to their stable GFAP expression, astrocytoma cells represent 
a valuable model system to study human astrocytes. In contrast, human 
primary astrocytes are limited in availability and are prone to lose their 
GFAP expression in higher passages (Gibbons et al., 2007). As mentioned 
before, SR proteins stimulate the inclusion of specific exons (reviewed by 
(Wahl et al., 2009)). As our data indicate, SR proteins are necessary for the 
insertion of exon 7+ encoded in the GFAPδ isoform. Consistent with a role 
for SR proteins in stimulating GFAPδ splicing, expression of SR proteins 
is highly enriched in fetal primary human NSCs that express high levels of 
GFAPδ. Investigation of SR protein levels in NSCs in comparison to whole 
brain tissue represents one of the first attempts to investigate the splice 
regulator expression in acutely isolated human NSCs. Since SR proteins 
are crucial for inclusion of exon 7+ and GFAPδ expression, SR protein 
expression levels are expected to be reduced during astrocyte differentiation 
following the decrease of GFAPδ expression. However, as discussed in the 
context of neuronal differentiation, expression patterns of splice regulators 
are complex, especially with regard to globally acting splice factors such as 
SR proteins. In order to characterize the change in alternative splicing of 
GFAP, a recently developed high-throughput screening for splice regulators 
could be applied. Zheng and colleagues developed a screening strategy 
based on the generation of stable lines expressing minigene reporters: One 
minigene encodes the fluorescent protein GFP in the mRNA including the 
alternative exon, while another mRNA, which lacks the alternative exon, 
produces RFP. High-throughput transfection of a human cDNA library in the 
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two stable lines identifies splicing regulators of the target exon dependent 
on their capacity to modulate exon inclusion and subsequently expression 
of the fluorescence protein. Importantly, considering only splice factors that 
regulate the alternative, but not canonical exons, can reduce false positive 
results (Zheng et al., 2013). 

To study the regulation of GFAPδ expression, one reporter minigene 
needs to encode GFP in exon 7+, the alternative exon encoded in GFAPδ, 
and RFP in the other minigene encoding GFAPα, which lacks exon 7+. 

Besides identifying splice regulators, induction of astrocyte differentiation 
in a stable line of NSCs or glial progenitors expressing the minigene reporters 
could investigate how dynamic the alternative splicing of GFAPδ is regulated 
during the course of differentiation. 

GFAP is widely used as a marker for astrocyte differentiation. However, 
GFAP is not exclusively expressed in astrocytes but also is present in 
NSCs (N. Sanai et al., 2004). So far, expression of GFAP in two different 
cell populations complicated the investigation of regulatory mechanisms of 
astrogenesis based on GFAP expression since pan GFAP expression marks 
NSCs, glial progenitors, and astrocytes. Defining a specific splice pattern 
of GFAP in different astrocyte maturation stages can allocate a distinct 
GFAP splice code to specific astrocyte populations. Hence, considering the 
transcript variety of GFAP increases the information that can be extracted 
from the analysis of GFAP expression in the neurogenic niche. 

Although GFAP is an important astrocyte signature gene, it is obvious that 
understanding the changes in the alternative splicing of GFAP is not sufficient 
to complete our insight into the regulation of astrocyte differentiation. At first, 
not all astrocytes express GFAP (Kamphuis et al., 2012). Thus focusing 
solely on the regulation of GFAP excludes other astrocyte populations. 
Second, focusing on GFAP will bias the analysis of regulatory mechanisms 
of astrogenesis, since alternate astrocyte markers like S100B or GLT-1 are 
regulated differentially during differentiation. Investigation of alternative 
splicing of S100B and GLT1 could identify common patterns in astrocyte-
specific splicing regulation, as found in neurons for e.g. RNA transcripts 
involved in synaptic maturation. No alternative splicing of S100B is reported 
yet. In contrast, extensive alternative splicing of GLT-1 was reported within 
different positions of the GLT-1 transcript (Lee and Pow, 2010; Peacey et al., 
2009). Future research could reveal whether common splice factors regulate 
GFAP and GLT-1 splicing to control astrocyte differentiation.
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1.6 Genome wide studies of alternative splicing in the brain and 
ESCs

In addition to approaches which aim at the identification of splice 
regulators of a specific gene, genome-wide changes in alternative splicing 
are very valuable to investigate general splice events during neural 
differentiation. To date, a whole array of genome wide analysis tools such 
as microarray platforms including exon-junction array and tiling array, RNA 
sequencing, or high-throughput sequencing of RNA isolated by crosslinking 
immunoprecipitation, is available to investigate RNA regulation (Blencowe et 
al., 2009; Castle et al., 2008; Licatalosi et al., 2008; Pan et al., 2008; Sultan 
et al., 2008; Ule et al., 2005; Wang et al., 2008). 

Recently, Zhang and colleagues presented a network analysis that 
integrated RNA-binding data, splicing microarray data, splice factor binding 
motifs, and evolutionary signatures to model the target networks of the Nova 
splice regulator in the brain. As mentioned previously, Nova is a crucial 
neuron-specific splice factor. The integrative approach used by Zhang and 
colleagues unraveled that Nova regulates approximately 700 splicing events 
in the mouse brain. In addition, the approach revealed that Nova closely 
interacts with other splice regulators, since Nova binding sites in alternative 
exons can be recognized in addition by Rbfox and SR protein splice factors 
(Zhang et al., 2010). The interplay of Rbfox and Nova splice factors was 
shown to regulate phosphorylation patterns of brain proteins via regulation 
of alternative splice transcripts. Hence, alternative splicing indirectly affects 
protein-protein interactions.

In addition to the investigation of splice regulators in the brain, important 
knowledge can be extrapolated from studies of neural lineage specification 
in ESCs. ESC-derived NSCs provide a valuable tool to investigate human 
neurogenesis. In the last years, advanced protocols were established which 
allow the differentiation of pluripotent ESCs into tissue-specific stem cells, 
including NSCs (Carpenter et al., 1999; Reubinoff et al., 2001; Schuldiner 
et al., 2001). Importantly, neuronal formation from NSCs derived from ESCs 
proceeds the generation of astrocytes, as observed for differentiation of 
endogenous NSCs during development (Emdad et al., 2012; Krencik et al., 
2011; Martini et al., 2013). In addition, key mechanisms of astrogenesis in 
NSCs also emerge as important regulators of astrocyte differentiation from 
human ESCs (reviewed in Chapter 1). Moreover, similar as in NSCs shown 
in Chapter 2, expression of SR proteins is high in ESCs (Cloonan et al., 
2008). Due to these similarities, ESCs represent an valuable model to study 
human NSC differentiation into different cell lineages. Since the culture 
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and modification of human NSCs remains challenging, the knowledge 
derived from ESC differentiation is crucial with respect to transplantation 
of NSCs, which currently is investigated as treatment for different brain 
diseases. ESC-derived NSCs, itself, emerge as a valuable source for NSCs 
for transplantation (Alper, 2009). Intriguingly, although gene expression 
patterns were shown to be very similar between endogenous NSCs and 
ESC-derived NSCs, alternative splice patterns differed between the two 
cell types (Yeo et al., 2007). This finding emphasizes that investigation of 
changes in alternative splicing are more sensitive compared to common 
gene expression analysis. As discussed above, differential expression of 
alternative transcripts can influence ESC differentiation, and subsequently 
might alter NSC differentiation and the NSCs fate after transplantation in 
the diseased brain. Therefore, the influence of different ESC culture and 
differentiation protocols not only on gene expression but also on alternative 
splicing should be further investigated.

Alternative splicing might control ESC fate decisions through modification 
of transcription factor activity. As recently demonstrated, expression of 
an ESC-specific and alternative transcript of Foxp1, Foxp1-ES, alters the 
DNA binding specificity of the transcription factor such that it maintains the 
pluripotency of ESCs by stimulation of key pluripotent factors such as OCT4 
and NANOG. In addition, the alternative Foxp1 transcript suppresses genes 
required for ESC differentiation. Foxp1-ES downregulation at the onset of 
cell lineage specification allows for ESC differentiation (Gabut et al., 2011). 
MBNL was discovered as crucial repressor of ESC-specific alternative 
splicing that inhibits Foxp1-ES expression. Consistently, low levels of MBNL 
expression in ESCs triggers ESC-specific alternative splicing whereas high 
levels of MBNL induce alternative splice patterns of differentiated cells. As 
a consequence, silencing of MBNL in induced pluripotent stem (iPS) cells, 
another valuable source for human NSCs, triggers expression of pluripotency 
genes and facilitates the reprogramming of somatic cells (Han et al., 2013). 
iPS cells emerge, in addition to ESCs, as valuable models to study human 
NSC differentiation. IPS cells demonstrate the exciting possibility to re-
program adult human fibroblast via expression of key transcription factors 
such as OCT4, SOX2, C-MYC, and KLF4 (Takahashi et al., 2007). To date, 
fibroblasts can be successfully converted into NSCs that posses self-renewal 
capacity and multipotency (Lujan et al., 2012; Vierbuchen and Wernig, 2011). 
However, the culture of iPS cell-derived NSCs was established only recently 
and further characterization of the derived NSC population is necessary.

Taken together, genome wide analysis revealed that alternative transcripts 
are of crucial importance in the control of pluripotency versus differentiation in 
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ESCs. Extensive research in the last five years uncovered that modification 
of transcription factor activity is an important molecular mechanisms how 
alternative splicing regulates ESC pluripotency. To date, we are only at the 
beginning to unravel the role of alternative splicing in ESC-derived NSCs and 
its role in NSC differentiation. Similar as in endogenous NSCs, in addition to 
alternative splicing, transcriptional and epigenetic mechanisms form multiple 
layers of molecular controls that modulate self-renewal and neural lineage 
specification of ESCs (Chepelev and Chen, 2012; Tang et al., 2010).

Future research on cell fate decisions of ESC-derived NSCs will i) 
increase our understanding how alternative splicing is integrated in the 
synchronized action of multiple levels of gene regulation to spatially and 
temporally control NSC differentiation, and ii) improve current approaches 
to direct NSC differentiation into specific cell types such as neurons and 
astrocytes. 

1.7 Transcriptional and epigenetic regulation of alternative splicing 
of GFAP

In this thesis, we investigated how transcriptional regulation, as well as 
epigenetic mechanisms, control alternative splicing of GFAP in astrocytes. In 
Chapter 6, we discovered that Notch signaling regulates the GFAP (isoform) 
expression in newborn astrocytes. In rodent NSCs, Notch has been identified 
as a key regulator of the NSC fate that favours GFAP expression and, in 
turn, the generation of astrocytes. Newborn neurons are thought to stimulate 
Notch signalling in NSCs by expression of Notch ligands. Notch activation 
is necessary and sufficient to induce astrocyte differentiation via epigenetic 
remodelling of astrocytic gene promoters such as GFAP (Namihira et al., 
2009). 

We here demonstrated that Notch signaling also is a potent activator of 
GFAP expression in human NSCs. Moreover, as our findings suggest, Notch 
activity supports a switch in the GFAP isoform ratio, since activation of Notch 
signaling predominantly increased GFAPα expression, while inhibition of 
Notch shifted the GFAP isoform ratio in favour of GFAPδ. A Notch-mediated 
decrease in the GFAPδ/α ratio might take place during NSCs differentiation 
into astrocytes, since expression of GFAPδ is high in NSCs and low in mature 
astrocytes (Roelofs et al., 2005). Hence, high Notch activity correlates with a 
more mature GFAP network composition characterised by high percentage 
of GFAPα filaments and low GFAPδ expression. Hence, Notch activity might 
stimulate the maturation of astrocytes. On the other hand, inactivation of the 
Notch pathway might inhibit astrocyte differentiation, since we observed a 
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decrease in GFAP expression upon Notch inhibition. 
We here report for the first time that Notch signaling is an important 

intrinsic regulator of GFAP expression in human NSCs, which has important 
implications for NSC transplantation approaches. Inhibition of Notch signaling 
was previously discussed as a tool to promote neuronal differentiation in 
human NSCs before transplantation in vitro (Borghese et al., 2010). This 
approach is based on findings from rodents that during the neurogenic phase, 
Notch is important for the maintenance of the NSC pool via repression of 
neurogenesis. Hence, Notch signalling fulfils a dual role during development, 
where Notch activity suppresses neurogenesis and promotes astrogenesis 
dependent on the developmental stage of the NSC. 

Reduced expression of the astrocytic marker GFAP, found in our study, 
indicates that astrocyte differentiation might be inhibited upon deactivation of 
Notch. Hence, similar as described in the rodent brain, Notch signaling might 
suppress neurogenesis and promote astrogenesis. Therefore, modulation 
of Notch activity could be used to regulate human NSCs differentiation in 
vitro before transplantation in the diseased brain. Dependent on the specific 
pathology of a disease, activation of Notch signaling, and in turn astrocyte 
differentiation, might be beneficial for the recovery of brain function since 
newborn astrocytes can provide trophic support for damaged neurons. 
Alternatively, depending on the context of a specific disease, suppression of 
Notch and consecutively astrogenesis might favour neuronal differentiation 
and stimulate replacement of damaged neurons.

An important question which arises from our findings is how Notch 
signaling regulates isoform expression and thus alternative splicing of GFAP. 
As described in detail in Chapter 1, Notch controls GFAP transcription 
via its downstream target NF1A. NF1A induces the release of the DNA 
methyltransferase I from the GFAP promoter which induces epigenetic 
remodelling of the chromatin structure. Demethylation results in relaxation of 
the chromatin, which allows binding of the transcription factor STAT3, a key 
activator of GFAP transcription. Upon binding of STAT3, GFAP expression is 
stimulated (Takizawa et al., 2001).

Via modulation of the chromatin state of the GFAP gene, Notch signaling 
might not only control GFAP transcription but also alternative splicing of GFAP 
transcripts. Splicing occurs co-transcriptional which introduces an important 
role of transcriptional regulators, including epigenetic modifications, in the 
splicing process. Changes in the chromatin state influence inclusion of 
alternative exons but the underlying mechanism is still under investigation 
(Hnilicova et al., 2011; Nogues et al., 2002; Puppin et al., 2011). As discussed 
in Chapter 2, histone acetylation regulates the chromatin status of a gene 
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and influences the RNA pol II elongation rate. It has been indicated that 
strong splice sites encoded by constitutive exons and weaker splicing sites 
encoded by alternative exons compete for the recruitment of the same 
splicing factors (Wahl et al., 2009). Several genes were identified, where 
at a fast elongation rate of the polymerase, there is not enough time for 
the recruitment of splicing factors to imperfect (weak) splice sites of the 
alternative exons. Hence, fast transcription results in skipping of alternative 
exons and a reduction in alternative spliced mRNAs. At a slow elongation 
rate of the RNA polymerase, all exons are recognized by the splicing factors 
and thus are included in the transcript, which allows for enhanced expression 
of alternative transcripts (Hnilicova et al., 2011; Kornblihtt et al., 2004). 
Consistent with this hypothesis, we demonstrate in Chapter 2 that the ratio 
between constitutive and alternative splicing increased upon lower GFAP 
transcription levels induced by histone deacetylase inhibition, suggesting a 
dependency of the GFAP isoform usage on the transcription speed. An effect 
of transcription on alternative splicing of the endogenous GFAP gene confirms 
previous findings of a correlation of promoter activity and alternative splicing 
of a GFAP minigene (Blechingberg et al., 2007). Analysis of the occupancy 
of constitutive and alternative exons of GFAP by the RNA polymerase II at 
different transcription rates could validate whether inclusion of alternative 
GFAP transcripts is regulated by the RNA Pol II. 

Interestingly, dysregulation of alternative splicing of GFAP was 
associated with leukodystrophies, rare genetic disorders, which affect 
glia cells in the white matter of the central nervous system. Astrocytes of 
patients with vanishing white matter (VWM) disease, a genetic disorder with 
mutations in the eukaryotic translation initiation factor 2B (elF2B), show 
specific overexpression of GFAPδ but not GFAPα resulting in a increase in 
the GFAPδ/α ratio (Bugiani et al., 2011; Huyghe et al., 2012). Correlating 
with high GFAPδ expression, a reduction of hnRNP mRNA expression was 
observed (Huyghe et al., 2012). Intriguingly, proteins of the hnRNP family 
influence the inclusion of exons by binding to SR binding sites to inhibit SR 
protein binding (Wahl et al., 2009). The crucial importance for SR protein 
binding for GFAPδ expression, shown in this study, strongly suggests that 
reduced hnRNP levels, and subsequently increased SR protein binding to 
exon 7+, is responsible for the induction of GFAPδ expression in patients with 
VWM disease. This example highlights the importance of a tight regulation of 
the GFAP splicing process with direct implications for human diseases.

Interestingly, in VWM disease as well as Alexander’s disease (AxD), a 
genetic disorder characterized by heterozygous mutations in GFAP, itself 
(Brenner et al., 2001), dysregulation of GFAP expression is associated with 
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abnormal astrocyte morphology. In patients with VWM disease, astrocytes 
display short processes in comparison to fine arborisations of astrocytes in 
control tissue (Huyghe et al., 2012). In AxD, mutations in GFAP result in 
aggregation of the mutant protein in so-called Rosenthal fibers, a hallmark of 
the disease (Flint et al., 2012; Quinlan et al., 2007). As previously discussed, 
aggregation of the GFAP network and changes in the astrocyte morphology 
might contribute to similarities in the clinical phenotype of patients carrying 
mutations in elF2B or GFAP (Huyghe et al., 2012).

Consistent with an impact of the GFAP isoform ratio on GFAP assembly, we 
demonstrate in Chapter 2 that a shift in the GFAP isoform expression towards 
GFAPδ expression upon HDAC inhibition triggers a re-organization of the 
GFAP network. This is the first report on aggregation of the endogenous, non-
mutated GFAP protein. Previously, GFAPα overexpression or incorporation 
of high concentrations of GFAPδ in an existing GFAP network was shown 
to result in compromised assembly of the GFAP filaments (Kamphuis et al., 
2012; A.L. Nielsen et al., 2002; R.F. Roelofs et al., 2005). The data presented 
here indicate that also an increased GFAPδ/GFAPα ratio in the presence of 
reduced GFAP transcription lead to a re-organization of the GFAP network. 
Hence, a tight regulation of GFAP splicing is important to ensure a balanced 
ratio of GFAPδ and GFAPα, and, in turn, optimal GFAP network assembly. 
The impact of an aggregation of the GFAP network on astrocyte function is 
still elusive and is further discussed in section “2.2.2 Does a collapse of the 
GFAPδ network influence its protein interactions?”.

Similar as shown in this thesis for histone acetylation, DNA methylation 
might also regulate alternative splicing and thus assembly of GFAP. Hence 
at the onset of astrogenesis, demethylation of the GFAP promoter upon 
activation of Notch signalling might open up the chromatin structure, increase 
the transcription velocity of the RNA pol II, and decrease alternative splicing of 
GFAP transcripts. In line with this hypothesis, stimulation of the Notch pathway 
in human NSCs by the Notch ligand Jagged1 predominantly increased 
GFAPα and to a less extent the alternative transcript GFAPδ suggesting that 
alternative splicing of GFAP is indeed regulated by Notch activity (Chapter 
6). Conversely, the GFAP ratio could be reversed by inhibition of the Notch 
pathway. In the brain, Jagged1 is expressed by newborn neurons which 
are thought to stimulate Notch signalling in NSCs to induce astrogenesis 
(Namihra et al., 2009). This data indicates that a direct cell-cell contact 
between newborn expressing the Notch ligand and NSCs, which express 
the Notch receptor, might be necessary for the induction of astrogenesis. 
The hypothesis that Notch activity determines GFAP isoform expression is 
further supported by our findings in Chapter 7. We demonstrated that an 
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indirect stimulation of Notch downstream target expression via activation of 
proteasome activity increases GFAPα but not GFAPδ expression. 

Taken together, as shown in Chapter 6 and Chapter 7, stimulation of 
Notch activity, directly or indirectly, activates GFAP transcription. A high 
level of GFAP transcription strongly correlates with expression levels of 
GFAPα, but not GFAPδ. Based on our findings, it can be hypothesized that 
in NSCs at the onset of astrogenesis, epigenetic remodelling of the GFAP 
promoter upon Notch activation increases the transcription rate and, in turn, 
decrease alternative splicing of GFAP transcripts. As a result, expression of 
the alternative transcript GFAPδ might decline whereas GFAPα expression 
increases and evolves into the predominant GFAP transcript in mature 
astrocytes. Hence, via regulation of the GFAP promoter activity, Notch 
signaling might regulate alternative splicing of GFAP (see Figure 1). 

Our finding that Notch activity regulates the switch in GFAP isoform 
expression suggests that abnormal Notch activity might contribute to the 
dysregulation of GFAP expression in astrocytes of VWM disease patients. As 
mentioned before, VWM astrocytes display specific upregulation of GFAPδ but 
not GFAPα. It can be hypothesised that a mutation in the elF2B transcription 
factor, the mutation causing VWM disease, reduces Notch activity e.g. by 
decreasing Notch receptor expression. Since Notch activation induces the 
switch from a high to a low GFAPδ/α ratio (Chapter 6), dysregulation of 
Notch signaling might contribute, in addition to a dysregulation of splice 
factor expression (Huyghe et al., 2012), to the increased GFAPδ expression 
in VWM astrocytes and potentially a lack of maturation of astrocytes. 
This hypothesis is further supported by the crucial importance of Notch to 
promote astrogenesis through regulation of the gene expression of additional 
astrocytic genes including S100B and aquaporin4 (Namihira et al., 2009).

Alternative splicing of the NF1 gene might play a key role in the regulation 
of GFAP promoter activity with crucial importance for the expression of GFAP 
isoforms. The main isoform, NF1A, is expressed in NSCs and during astrocyte 
differentiation (Wilczynska et al., 2009) and promotes GFAP expression 
via the release of the DNA methyltransferase I from the GFAP promoter 
(Cebolla and Vallejo, 2006; Namihira et al., 2009). Recently a novel NFA 
isoform, NF1-X3, was discovered that is expressed in low amounts in NSCs 
whereas it is upregulated during the differentiation of NSCs into astrocytes. 
In contrast to NF1A, NF1-X3 significantly induces GFAP expression through 
changes in the promoter nucleosome architecture that increases the the 
recruitment of the RNA Pol II to the promoter. Due to an increase of the 
NF1-X3 isoform during the course of astrocyte differentiation, the activity of 
the GFAP promoter could be enhanced (S. K. Singh et al., 2011). It can be 
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speculated that in undifferentiated NSCs GFAP expression is mainly induced 
by the Notch downstream target NF1A that induces demethylation and, in 
turn, activation of GFAP expression. 

During differentiation, an induction of the NF1-X3 isoform, which alters the 
nucleosome architecture and the recruitment of the RNA Pol II, might result 
in a dramatic increase in the GFAP promoter activity and reduce alternative 
splicing. In agreement with this idea, expression levels of GFAPα, but not 
GFAPδ, significantly increase during astrocyte differentiation. As discussed 
above, the level of alternative splicing of GFAP is expected to decrease 
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upon high GFAP promoter activity which might then result in a loss of GFAPδ 
expression at the end of astrocyte differentiation. Interestingly, S100B, 
marking astrocytes but not NSCs, was identified as a NF1-responsive gene 
(Sandeep K. Singh et al., 2011). Hence, it can be speculated that NF1-X3 
expression might be responsible for the induction of additional astrocytic 
genes such as S100B in astrocytes. A low expression of NF1-X3 could 
prevent expression of S100B in NSCs. 

To extrapolate from the emerging concepts in current literature to the 
focus of this thesis, the regulation of GFAP expression at the onset of 
astrogenesis, a hypothetical model of the regulation of alternative GFAP 
expression is presented in Figure 1. The GFAP isoform expression is likely 
to be the result of combinatorial regulation by transcriptional, epigenetic, and 
splice regulators.

2. Understanding the functional consequences of a 
specialization of the GFAP network induced by incorporation 
of GFAPδ

2.1 Association of GFAPδ expression with an immature astrocyte 
phenotype

A tight regulation of GFAP isoform expression might modulate NSC 
differentiation into astrocytes. Recently it was recognized that a switch in mRNA 

3 Figure 1. The interplay of transcriptional, epigenetic, and splice regulators might determine 
differential GFAP isoform expression in neural stem cells and astrocytes. Hypothetical model of 
the regulation of GFAP expression integrating experimental evidence from this present thesis 
and current literature. In neural stem cells (NSCs) GFAP expression might be induced by 
moderate Notch activity, which leads to partial demethylation of the GFAP promoter. Induction 
of expression of the Notch downstream target NF1A and its binding to the GFAP promoter 
was shown to release the DNA methyltransferase 1 (DNMT1). A partial demethylation might 
only lead to a partial relaxation of the chromatin which maintains a low transcription speed. 
The transcription rate might be low enough that alternative exon 7+, present in the GFAP pre-
mRNA, can successfully compete with consitutive exons for the binding of splice activators 
such as SR proteins. A high expression of SR proteins, but low expression of splice repressors 
such as hnRNP, in NSCs might in addition favour expression of GFAPδ, thus the GFAPδ/α 
is high in NSCs (indicated by a high number of light blue GFAPδ filaments). During astrocyte 
differentiation, the GFAPδ/α decreases. Increased Notch activity at the onset of astrogenesis 
enhances expression of its downstream target NF1A, which induces an demethylation of the 
GFAP promoter via a complete release of DNMT1. A complete demethylation of the promoter 
leads to a relaxation of the chromatin and an increase in the transcription rate. Therefore 
in astrocytes, the alternative exon 7+, present in the GFAP pre-mRNA, cannot compete 
with consitutive exons for the binding of splice activators such as SR proteins. In addition, 
a high expression of splice repressors such as hnRNPs, but low expression of SR proteins, 
might decrease expression of GFAPδ in astrocytes. Moreover, tissue-specific expression of 
microRNAs targeting the 3’UTR of GFAPδ might reduce GFAPδ expression.
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isoform patterns is highly abundant at the onset of stem cell differentiation, 
which might be necessary for adapting gene function to a differentiated cell 
type. In contrast, the identity of stem cells might be maintained by stem 
cell-specific isoforms. Consequently, the variety of alternative transcripts of 
numerous genes decreases during differentiation (discussed in (Chepelev 
and Chen, 2012).

In line with this observation, NSCs reduce their expression of the alternative 
transcript GFAPδ during astrocyte differentiation. As a consequence, the 
ratio between GFAPδ and the canonical isoform GFAPα decreases. This 
dynamic regulation of GFAPδ expression indicates that the alternative GFAP 
transcript not only marks NSCs but has a specific role in the formation of the 
GFAP network in NSCs and glial progenitors but is not of importance after 
differentiation into astrocytes.

Consequently, disturbance of the developmental switch from a high 
GFAPδ/α ratio to a low GFAPδ/α ratio is expected to cause defects in 
the astrocyte differentiation. In line with this hypothesis, dysregulation of 
alternative splicing of GFAP was associated with leukodystrophies, rare 
genetic disorders which affect the maturation of glia cells in the white matter 
of the central nervous system. As mentioned before, astrocytes of patients 
with VWM disease show specific overexpression of GFAPδ, but not GFAPα, 
resulting in an increase in the GFAPδ/α ratio (Bugiani et al., 2011; Huyghe et 
al., 2012). To date, the consequences of an increased GFAPδ expression on 
astrocyte function and a contribution to the phenotype of VWM patients are 
still elusive. However, high GFAPδ expression is associated with incomplete 
maturation of astrocytes in patients with leukodystrophy (Mignot et al., 
2004). Since an increased GFAPδ/GFAPα ratio resembles a more immature 
GFAP isoform pattern, characteristic for NSCs, it can be speculated that a 
dysregulation of GFAP alternative splicing might restrain the maturation of 
astrocytes. 

The effect of GFAPδ expression in NSCs at the onset of astrocyte 
differentiation was investigated in Chapter 6. We showed that lentiviral-
mediated overexpression of GFAPδ increases proliferation of glial progenitors 
(Figure 2). On the one hand, enhanced proliferation of progenitors might 
indicate that NSC differentiation is accelerated since progenitor cells display 
a faster proliferation rate than NSCs (Pastrana et al., 2011). Thus, expression 
of GFAPδ might promote the transition from a NSC to a progenitor cell. One 
the other hand, an increased proliferation rate might inhibit cell differentiation, 
since proliferation and differentiation are inversely coupled according to the 
“cell cycle length hypothesis”. It has been demonstrated that inhibition of the 
cell cycle favors differentiation (reviewed in (Götz and Huttner, 2005)). Vice 
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versa, a faster proliferation rate might restrain differentiation. 
Investigation of the maturation state of glial progenitors that overexpress 

GFAPδ could elucidate whether astrocytes with high GFAPδ expression 
remain immature also after longterm stimulation of astrocyte differentiation. 
However, this approach requires markers that distinguish distinct differentiation 
stages during astrogenesis ranging from initiation of astrocyte specification to 
terminal differentiation. A lack of these specific markers currently complicates 
the study of GFAPδ function. Due to this limitation, so far our experiments 
in Chapter 6 support but do not yet validate the hypothesis that GFAPδ 
restrains maturation of astrocytes.

Therefore, improvement of isolation techniques using cell type-specific 
surface markers is of crucial importance (Malatesta et al., 2000; Orre et al., 
2013). Isolation of astrocyte populations at different developmental stages 
would allow to define i) distinct differentiation stages during astrogenesis and 
ii) the  expression pattern of GFAPδ within this process. 

Figure 2. GFAP filaments might serve as platforms for signaling molecules to regulate vital 
cellular functions. 1) In Chapter 3, we showed that GFAP regulates the expression of integrins 
and affects migration, adhesion, and morphology of astrocytes. 2) A negative correlation of 
GFAP expression and proliferation in NSCs was shown in Chapter 6. An interaction of GFAP 
with cell cycle regulators might reduce proliferation of astrocytic cells. 3) GFAP inhibits NICD-
mediated gene expression (Chapter 6), possibly by regulating the sub-cellular expression of 
NICD. Binding of GFAPδ to presenilin 1 might enhance the inhibitory role of GFAP on Notch 
activity.
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It is important to note that it still needs to be determined whether an 
increase in glial progenitor proliferation is specifically induced by GFAPδ or 
also can be promoted by GFAPα overexpression. Based on our hypothesis 
that a switch in the GFAP isoform pattern during astrogenesis favours GFAPα 
expression to induce maturation of astrocytes, we expect that overexpression 
of GFAPα, on the longterm and in contrast to GFAPδ, promotes differentiation 
of glial progenitors. 

Interestingly, GFAP expression affects proliferation differentially when 
overexpressed in undifferentiated NSCs. As shown in Chapter 6, both 
GFAPα or δ overexpression decreased proliferation of NSCs. Hence, GFAP 
might exert an opposite function in NSCs than in glial progenitors where 
GFAPδ overexpression enhances proliferation. A dual role of GFAP correlates 
with a dual function of its key transcriptional regulator Notch. As mentioned 
previously, Notch signaling maintains a NSC fate early during development 
while promoting astrogenesis at later stages of development (reviewed in 
(Cau and Blader, 2009).

In analogy, GFAP might contribute to the maintenance of NSCs before 
differentiation indicated by a dramatic disturbance of NSC growth upon GFAP 
dysregulation induced by ectopic overexpression of a GFAP expression 
construct (Chapter 6). In glial progenitors, Notch activity and subsequently 
GFAP expression might promote astrogenesis. Due to the expression of 
functional distinct isoforms, GFAP might be able to exert different functions 
in NSCs than it does in mature astrocytes. Silencing of GFAPδ expression, 
simultaneous to upregulation of GFAPα during the course of differentiation, 
might trigger the differentiation and maturation of astrocytes. The mechanism 
how a switch in GFAP isoform expression is regulated is discussed in section 
“Integration of transcriptional and epigenetic regulators in the control of GFAP 
isoform expression”. 

In conclusion, a dynamic regulation of GFAP isoform expression during 
astrocyte maturation might allow for different functional outcomes of GFAP 
expression in NSCs and astrocytes. Moreover, our data provide first evidence 
that a dual role of Notch in NSC differentiation might translate to a dual role 
of GFAP in NSCs and astrocytes, which pinpoints GFAP as a downstream 
effector of Notch dependent regulation of astrogenesis.

The mechanism how GFAP regulates proliferation is still exclusive. 
However nestin, an alternate IF protein specifically expressed in NSCs, was 
previously shown to regulate NSC proliferation by serving as a scaffold for 
the cyclin dependent kinase 5 (Cdk5). The presence and organization of 
nestin regulated the activity of Cdk5, and in turn, cell survival (Sahlgren et 
al., 2006). The absence of nestin in NSCs suppressed the proliferation of rat 
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embryonic NSCs in culture. Moreover, in utero silencing of nestin resulted in 
a reduction of NSC proliferation caused by a cell cycle arrest (Xue and Yuan, 
2010). Corresponding with the findings of the IF protein nestin, also GFAP 
might function as signaling platform for cell-cycle regulators. According to 
this hypothesis, overexpression of GFAP hypothetically leads then to a 
dysregulation of the cell cycle regulation and, in turn, a reduced proliferation 
of NSCs.  

2.2 Downstream effects of GFAPδ expression

To date, the functional consequences of the integration of the GFAPδ 
isoform in the GFAP network are still unknown. Nevertheless, the experiments 
performed in this thesis provide important indications for the downstream 
effects of GFAPδ expression, an important step towards deciphering GFAPδ 
functions.

2.2.1 GFAPδ, a potential inhibitor of Notch-mediated gene 
expression?

In Chapter 6, we demonstrated that GFAPδ has a distinct role in the 
inhibition of Notch signaling. In cells with low Notch activity, both GFAPα 
and GFAPδ overexpression significantly inhibited Hes-1 promoter activity in 
Hek293T cells. However, in cells with activated Notch signaling, induced by 
expressing high levels of cleaved Notch (NICD), only GFAPδ maintained an 
inhibitory effect on Hes-1 expression.

It can be hypothesized that the presence of GFAP filaments in the 
cytoplasm influences the sub-cellular localization of NICD. GFAP might 
bind NICD to block its translocation from the cytoplasm to the nucleus. A 
translocation of NICD to the nucleus normally allows NICD to bind promoters 
of Notch target genes such as Hes-1 to activate their transcription (Guruharsha 
et al., 2012). We observed that in the presence of high levels of NICD, Hes-1 
expression returns to normal expression levels although GFAPα was highly 
expressed. High NICD expression levels might compensate NICD inhibition 
by GFAPα and, consequently, enough NICD proteins might translocate to 
the nucleus to activate the Notch downstream target Hes-1. In contrast, 
GFAPδ maintains an inhibitory effect on Hes-1 induction in cells with high 
levels of NICD. It can be speculated that a higher binding capacity of GFAPδ 
to NICD allows an inhibition of NICD-mediated gene expression also in the 
presence of high NICD levels. The hypothesis that GFAPδ has a higher 
binding capacity to NICD in comparison to GFAPα, is further supported by 
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a stronger inhibition of Hes-1 promoter activity by GFAPδ than GFAPα at 
baseline. Future research is necessary to investigate whether GFAP, and in 
particular GFAPδ, indeed interact with NICD on the molecular level to inhibit 
Notch downstream targets. 

Importantly, it has been previously shown that specifically GFAPδ, but 
not GFAPα, can bind presenilin 1 (PS1), which is part of the y-secretase, a 
proteolytic complex that cleaves the Notch receptor and releases NICD in 
the cytoplasm. The C-terminal tail of GFAPδ, as well as a sequence in the 
rod domain shared by GFAPδ and α, is crucial for PS1 binding (Nielsen et al., 
2002). We observed that co-transfection of PS1 could not rescue the GFAPδ 
induced reduction of Hes-1 promoter activity (unpublished data). In view of 
our hypothesis that GFAP binds NICD, this finding is not unexpected since 
NICD acts downstream of PS1 in the Notch pathway. Therefore, GFAPδ 
might retain NICD in the cytoplasm also when NICD cleavage from the Notch 
receptor is stimulated by high expression of the y-secretase component 
PS1. The functional consequences of the interaction of GFAPδ and PS1 
are still elusive. We show in Chapter 6 that expression of Notch pathway 
components such as PS1, as well as GFAPδ expression, is high in primary 
fetal human NSCs. Co-expression of PS1 and GFAPδ in NSCs might allow 
for their interaction and a modulation of Notch signaling activity. Whether an 
interaction of PS1 and GFAPδ activates or inhibits the Notch pathway needs 
to be further investigated. It can be speculated that binding of GFAPδ to 
PS1 represents, in addition to a possible inhibitory role of GFAPδ on NICD 
localization, a way to inhibit Notch signaling on the level of NICD production 
(Figure 2). 

All together, the data from Nielsen and colleagues and our study 
emphasize a possible role of GFAP, and specifically GFAPδ, in Notch activity 
control. 

In conclusion, GFAPδ might fine-tune the activity of the Notch pathway 
via inhibition of NICD-mediated gene transcription. However, the precise 
mechanism how GFAP inhibits Notch downstream target expression is still 
under investigation.

2.2.2 Does a collapse of the GFAPδ network influence its protein 
interactions?

Previous studies demonstrated a GFAPδ-induced re-organization of 
the GFAP network in astrocytes. Moreover, ectopic expression of GFAPδ 
resulted in a collapse of its filaments in IF free cells (Kamphuis et al., 2012; 
Anders Lade Nielsen et al., 2002; Perng et al., 2008; R.F. Roelofs et al., 
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2005, Moeton et al., in revision). GFAPδ encodes an alternative C-terminal 
tail, which compromises the assembly of GFAP filaments. For proper filament 
formation, GFAPδ requires the presence of GFAPα protein (Perng et al., 
2008; Roelofs et al., 2005). Consistently, the cells used to study the effect of 
GFAPδ expression on Hes-1 promoter activity displayed a collapsed GFAPδ 
network (unpublished observation).   

It can be speculated that a collapse of the GFAPδ network influences its 
inhibitory role on Hes-1 gene expression, since a re-distribution of GFAPδ 
filaments in a collapse might alter protein interactions. In line with this idea, 
it has been shown that a GFAPδ-induced collapse of the GFAP network 
enhances binding of stress-related proteins such as αB-crystallin (Perng et 
al., 2008). However, enhanced binding of αB-crystallin might represent an 
endogenous mechanism in the cell to prevent IF aggregation, since increased 
expression levels of αB-crystallin were shown to decrease the aggregation 
of GFAP in vitro (Koyama and Goldman, 1999; Nicholl and Quinlan, 1994; 
Perng et al., 1999). So far, it is not clear whether a re-distribution of GFAP 
also influences the binding of GFAPδ to signaling proteins such as PS1 or 
possible interaction partners like NICD. 

Investigation of astrocytes with endogenous GFAP expression could 
elucidate whether a collapse of the GFAP network influences the inhibitory 
role of GFAPδ on Notch signaling. Since a collapse of the GFAP network 
is concentration dependent (Perng et al., 2008), transient overexpression 
of GFAPδ results in a population of cells with and without a collapse of the 
GFAP network. A comparison of the Hes-1 promoter activity, marking Notch 
activation, in cells with a collapse of the GFAP network could elucidate whether 
a re-organization of the GFAPδ network influences its inhibitory role on Hes-
1 gene expression in comparison to cells expressing a widespread GFAP δ 
network. Hes-1 promoter activity and a re-organization of the GFAP network 
could be simultaneously visualized by staining for GFAP and transfection of 
a Hes-1 promoter construct expressing a fluorescent reporter.

2.2.3 The functional consequences of an inhibition of Notch activity 
by GFAP

Inhibition of NICD-mediated gene expression, and possibly inhibition of 
NICD production through binding to PS1, might represent a negative feedback 
loop in which GFAP controls Notch activity (Figure 2). This hypothesis is 
supported by additional data presented in Chapter 6. We demonstrate that 
active Notch stimulates GFAP expression. In agreement with an inhibitory 
role of GFAP, transgenic expression of GFAPδ at the onset of astrogenesis 
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inhibited expression of the Notch target gene Hes-5. Together with the 
previously discussed finding that high GFAP levels induce silencing of the 
Notch downstream target Hes-1, our data suggest that GFAP expression and 
Notch activity form a negative feedback loop in which active Notch signaling 
stimulates GFAP expression, which then down regulates Notch activity. 

In NSCs, an interplay between GFAP and Notch might control astrocyte 
differentiation. Since Notch is a key activator of astrogenesis, an inhibition 
of Notch signaling might control the number of astrocytes generated in the 
brain. Newborn astrocytes are important for neuronal development since 
they regulate the formation of developing synapses (Ullian et al., 2001). 
Thus, a tight regulation of astrocyte differentiation is crucial for normal brain 
formation. 

GFAP is likely to have only a modulatory role in the control of astrogenesis 
since GFAP knockout mice are vital and display no obvious changes in 
neurogenesis and brain development (Gomi et al., 1995; Pekny et al., 1995). 
Nevertheless, it is important to note that an effect on astrogenesis might be 
compensated in the adult brain. Previously it was demonstrated that even 
a drastic dysregulation of astrocyte differentiation can be compensated 
postnatally resulting in normal numbers of astrocytes in adulthood. Since 
current studies focus on the effect of GFAP depletion in adult mice, so far an 
effect of GFAP on astrogenesis during development might be undiscovered. 
It may be considered to investigate the contribution of GFAP on astrogenesis 
in mice lacking both IF proteins GFAP and vimentin, since it has become 
clear that the lack of GFAP can be compensated by the expression of the 
alternate IF protein vimentin. Consistently, mice lacking both IF proteins 
GFAP and vimentin show a more severe phenotype e.g. defects in the glial 
scar formation in response to brain trauma (Menet et al., 2001; Wilhelmsson 
et al., 2004). Recently, the lack of GFAP and vimentin in astrocytes has been 
shown to reduce Notch signaling through down regulation of the Notch ligand 
Jagged1. Interestingly, we show that high expression of GFAP expression 
also promotes Notch inhibition. Hence, both overexpression and genetic 
depletion of GFAP might dysregulate GFAP function resulting in Notch 
inhibition. This finding highlights that a balanced GFAP expression is crucial 
for Notch activity in NSCs.

Inhibition of Notch signaling, induced by modulation of GFAP expression, 
affects NSC differentiation dependent on the developmental state of NSCs. 
Notch inhibition in NSCs during the neurogenic phase increases neurogenesis 
of primary mouse NSCs in vitro (Wilhelmsson et al., 2012). The increase 
in neuronal differentiation might result from a release of Notch inhibition 
on neurogenesis. This data confirm a role of Notch in the maintenance of 
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the NSC fate by inhibition of neuronal differentiation (Louvi and Artavanis-
Tsakonas, 2006). In contrast, Notch inhibition during astrocyte differentiation 
might limit astrogenesis. These findings are consistant with the dual role 
of Notch during development. Notch inhibits neuronal differentiation during 
neurogenesis and favours astrocyte differentiation during astrogenesis.

Alltogether, the findings of Wilhelmsson and Chapter 6 strongly 
suggest that modification of GFAP expression inhibits Notch activity. The 
effect of Notch inhibition on cell fate decisions of NSCs highly depends on 
the developmental stage of NSCs. As a result, inhibition of Notch during 
the neurogenic phase leads to an increase in neurogenesis, while Notch 
inhibition during the astrogenic phase might limit astrogenesis.

Wilhelmsson and colleagues demonstrated that the interplay of GFAP 
and Notch is non-cell-autonomous and requires cell-cell-contact, since down 
regulation of the Notch ligand Jagged1 in knockout astrocytes results in low 
Notch activity in NSCs (Wilhelmsson et al., 2012). In view of this finding, 
the negative feedback loop of GFAP and Notch investigated in Chapter 
6 is likely to also involve an interaction of NSCs and glial progenitors. An 
increase in GFAP expression might reduce expression of the Notch ligand 
Jagged1 in differentiating glial progenitors. As a result, Notch signaling 
would be downregulated in NSCs to further limit astrocyte differentiation. 
We investigated the interaction of GFAP and Notch in neurosphere cultures 
during astrocyte differentiation, which consist of a heterogeneous population 
consisting of NSCs as well as glial progenitor cells. Investigation of a 
mixed cell population excludes the investigation whether glial progenitors 
indeed reduce Notch signaling in NSCs to control astrogenesis. In order 
to study the non-cell-autonomous interplay of GFAP and Notch signalling, 
co-cultures of glial progenitors together with NSC that express a Notch 
reporter could be analyzed. So far, no reporter system is available to study 
Notch activity in human NSCs. Transgenic mice were created in which 
Notch downstream targets expression is labelled with a fluorescent reporter 
(reviewed in (Imayoshi et al., 2013). Overexpression of GFAP in astrocytes 
co-cultured with NSCs that express a Notch reporter could validate whether 
GFAP silences Notch signalling in NSCs. Moreover, investigation of the 
regulatory role of GFAP on Notch signaling in vivo could reveal the functional 
consequences of their interplay on brain formation. However, findings in 
the mouse model might not reflect the human situation. Previous studies in 
our lab demonstrated that in the mouse brain GFAPδ is expressed in NSCs 
as well as in mature astrocytes demonstrating that GFAPδ expression, in 
contrast to human brain, is not enriched in NSCs (Mamber et al., 2012). 
Thus, mice might not represent a suitable model to study the regulatory role 
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of GFAP on Notch signaling, which might be present in the human brain. 
We hypothesize that the dynamic regulation of GFAPδ in human NSCs is 
crucial for regulation of GFAP function in NSCs in comparison to astrocytes 
(see section “1.7 Transcriptional and epigenetic regulation of alternative 
splicing of GFAP”). Expression of GFAPδ in mouse NSCs and astrocytes 
indicates that GFAPδ is not downregulated during NSC differentiation in the 
mouse brain. A lack of a dynamic regulation of GFAPδ in mice might alter the 
outcome of functional studies of GFAP in comparison to the human brain. 
This hypothesis is supported by the observation that in contrast to a dramatic 
effect of GFAP overexpression on sphere formation of human NSCs in a 
neurosphere assay, overexpression of GFAP does not affect proliferation of 
mouse NSCs (Mamber et al., unpublished observations). Characterization 
of GFAPδ expression in alternative laboratory animals could help to find a 
suitable animal model to study the function of GFAP in vivo.

2.2.4 The role of a specialized GFAP network in astrocytes

In Chapter 3, the functional consequences of the integration of the 
GFAPδ protein in the GFAP network of mature astrocytes was analyzed. 
To this end, GFAPα expression was specifically silenced using an isoform-
specific shRNA in human astrocytoma cells in vitro. Intriguingly, the shift 
in the GFAP isoform ratio was enhanced by upregulation of GFAPδ by the 
cell itself, which might represent an intrinsic regulatory mechanism of the 
cell to compensate the loss of GFAPα. This finding indicates that the cell 
is capable to sense a shift in the GFAP isoform ratio. As a result, the GFAP 
promoter activity might be stimulated to increase GFAP transcription, and in 
turn, restore GFAPα expression. Promoter assays using a GFAP promoter 
reporter could validate if the cell increases GFAP transcription to compensate 
the loss of GFAPα. Expression of GFAPα might not be restored due to the 
high efficiency of the GFAPα specific shRNA. However, as a result of an 
increased GFAP transcription, GFAPδ expression might be upregulated. 

Shifting the GFAP isoform ratio in favour of GFAPδ expression provided 
important insights into the function of a specialized GFAP network in 
astrocytes. We here show for the first time that changing the IF network 
composition reduces cell motility (Figure 2). In addition, a specialized GFAP 
network expressing high amounts of GFAPδ enhances the production of 
the ECM substrate laminin. Importantly, neither overexpression of GFAP 
(Moeton et al., in revision) nor knockdown of all GFAP isoforms significantly 
altered cell motility or production of laminin in our cell model (Chapter 3). 

Taken together, this data imply that the regulation of the GFAP isoform 
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ratio might represent a way for the cell to modify astrocyte and possibly NSC 
functions. By modulation of alternative splicing of GFAP, astrocytes may 
regulate cell motility and laminin production. This hypothesis highlights that 
a balanced expression of the GFAP isoforms GFAPα and GFAPδ might be 
critical for astrocyte functions. Whether expression of GFAPδ is dynamically 
regulated to control the function of mature astrocytes is still elusive. As 
mentioned before, GFAPδ protein expression is low in human mature 
astrocytes (Kamphuis et al., 2013, in press). However, subtle changes in 
the GFAPα/δ ratio might occur. The trigger for a regulation of GFAP isoform 
expression to regulate cell motility and production of laminin still needs to be 
determined.

Our data pinpoint integrin β1 as a downstream factor important for the 
regulation of cell motility by GFAP. A reduced motility in cells with a high 
GFAPα/δ ratio might be the result of the observed downregulation of integrin 
β1. The motility of a cell is regulated by different variables including expression 
levels of cell adhesion molecules including integrins (Lauffenburger and 
Horwitz, 1996). Integrin β1 was previously associated with reduced motility. 
The β1 integrin has been found to be localized to the leading edge of 
migrating astrocytes (Ogier et al., 2006) and blocking the β1 integrin receptor 
has been shown to inhibit astrocyte migration (Nishio et al., 2005). Moreover, 
in gliomas blocking of integrin β1 has been found to inhibit cell migration 
(Rooprai et al., 1999). Overexpression of β1 integrin in order to restore its 
expression levels in cells with a high GFAPα/δ ratio could prove whether the 
downregulation of integrin β1 is indeed causal for the reduced cell motility.

The functional consequences of reduced motility and increased laminin 
production in cells with a GFAPα knockdown are still elusive. Astrocytes 
with a specialized IF network, induced by GFAPδ expression, are present 
in the neurogenic niche where they might express high amounts of laminin 
to maintain the niche. The presence of a basal lamina and vasculature has 
been proposed as key determinants of maintaining the neurogenic niches 
like the SVZ (Alvarez-Buylla and Lim, 2004). The SVZ niche is rich in 
laminin and neural stem cells have been found to localize preferably to the 
vasculature containing laminin (Kazanis et al., 2010; Shen et al., 2008). Our 
data suggests a role for a specialized IF network in astrocytes in creating 
and maintaining a neurogenic niche by producing laminin. Laminin has also 
been found to promote neuroblast migration (Belvindrah et al., 2007), and 
astrocytes containing GFAPδ have been found in the glial tube surrounding 
migrating neuroblasts (van den Berge et al., 2010). Neuroblast migration is 
laminin dependent through β1 integrin expression (Belvindrah et al., 2007). 
Hence, astrocytes with an IF network containing GFAPδ might support 
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proper neuroblast migration. Reduced motility of GFAPδ expressing cells, 
itself, might ensure that the astrocytes remain in the glial tube. 

Modification of the IF network was previously associated with changes 
in astrocyte morphology (Lepekhin et al., 2001; Weinstein et al., 1991). 
Confirming a regulatory role for GFAP on cell morphology, we here determined 
that downregulation of pan GFAP expression changed cell morphology 
in human astrocytoma cells. However, a shift in the GFAP isoform ratio in 
favour of GFAPδ expression had not influence on cell morphology. These 
data indicate that the induction of GFAPδ upon knockdown of GFAPα might 
be sufficient to maintain the morphological characteristics of astrocytoma 
cells, since GFAPα knockdown cells demonstrate none of the morphological 
changes present in cells with a pan GFAP knockdown. The ability of the 
GFAPδ isoform to take over the function of GFAPα suggests that the role 
of GFAP in cell morphology is not dependent on this specific isoform but 
rather is determined by the presence of GFAP filaments. It was shown 
before that morphological changes can occur in GFAPδ overexpressing cells 
where a collapse of the IF network is induced. As mentioned before, GFAPδ 
itself is assembly compromised (Nielsen and Jørgensen, 2004) and high 
concentrations of GFAPδ filaments can collapse the IF (Nielsen et al., 2002; 
Perng et al., 2008; Roelofs et al., 2005). This data highlight that a drastic 
re-organization of the IF network either by knockdown of all GFAP isoforms 
or overexpression of high amounts of GFAPδ leading to a collapse of the IF 
network is needed to alter the morphology of astrocytes. 

Taken together, specialization of the GFAP network might represent a way 
for astrocytes to regulate cellular functions such as motility and production of 
the ECM protein laminin but not morphology. The consequences of a change 
in astrocyte function dependent on GFAP, in and outside of the neurogenic 
niche, still needs to be investigated.

Outlook

Taken together, the data presented in this thesis demonstrate that 
GFAP expression is tightly regulated at the transcriptional, epigenetic, and 
splicing level. This complex regulation of GFAP expression emphasizes 
that a balanced expression of GFAP might be crucial for proper astrocyte 
function. However, we are just beginning to unravel the function of GFAP. 
Moreover, the functional consequences of a specialization of the GFAP 
network by integration of the alternative isoform GFAPδ are still elusive. 
Our data support the idea that IF proteins such as GFAP might represent 
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platforms that bind signaling molecules to modulate cellular functions. Future 
research is necessary to extrapolate from our current knowledge of GFAP as 
a marker of astrocytes to an understanding of its function in specific astrocyte 
subpopulations. The biggest challenge herein represents the unraveling of 
the mechanisms of how GFAP regulates gene expression in order to control 
vital cellular functions such as differentiation, proliferation, and migration.

Important information can be retrieved from studies of the alternative 
IF protein nestin. The expression of nestin as a marker for NSCs in the 
neurogenic niche is characterized in detail. However, in parallel to GFAP, 
little is known about the functional consequences of nestin expression in 
NSCs. Recently, nestin has been identified as potential target for the cdk5 
and p35 kinase to regulate cell proliferation (Sahlgren et al., 2006). Moreover, 
the homolog of nestin in chicken, transitin, was suggested to bind Numb 
to determine the intracellular localization of Numb to regulate neurogenesis 
(Wakamatsu et al., 2007). Although the interaction of transitin and Numb is 
not conserved in mammals, this study sets an example how IF proteins can 
regulate intracellular localization of signaling molecules. This data i) confirms 
the emerging role of IF proteins as important signaling platforms in the cell 
and ii) supports our hypothesis that GFAP as main IF protein in astrocytes 
could control the subcellular localization of signaling molecules such as NICD. 
Understanding the function of the IF proteins nestin and GFAP, nowadays 
widely used as markers of distinct cell types in the neurogenic niche, will 
significantly enhance our knowledge of the regulatory mechanisms controling 
neurogenesis. 

Once the mode of action of GFAP as a transcriptional regulator is known, 
the examples of studies investigating regulation of transcription factor activity 
by alternative splicing will guide future research to understand how alternative 
splicing modulates GFAP function in specific astrocyte subpopulations. Since 
GFAP is expressed in NSCs and astrocytes, expression of functional distinct 
isoforms might be necessary to “fine-tune” the function of GFAP in these 
different cell types. 

A first step towards a better understanding of the transcriptional network 
regulated by GFAP isoform expression are genome-wide expression analysis 
in cells with a modified GFAP network. The knockdown cells established in 
this study (Chapter 3) might represent a valuable tool for microarray analysis. 
Isoform-specific modulation of GFAP can elucidate whether GFAPδ has a 
distinct function as transcriptional regulator in comparison to the canonical 
isoform GFAPα. Once downstream target genes of GFAP are discovered, 
an investigation of its interaction with signaling pathways can reveal whether 
GFAP serves as a scaffold for e.g. cell-cycle proteins and molecules 
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important for migration and ECM production. In conclusion, so far we are 
multiple steps away of understanding GFAP function and the consequences 
of a specialized GFAP network induced by alternative splicing of the GFAP 
gene. Based on our findings presented here, it can be anticipated that the 
presence and organization of the GFAP network modulates the activity of 
signaling molecules and, in turn, vital cellular functions. 
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