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Chapter 1

Abstract

Glial fibrillary acidic protein (GFAP) is the main intermediate filament (IF) protein in 

astrocytes. In the course of recent years about 10 different GFAP isoforms have been described 

that are differentially expressed in astrocytes and neural stem cells throughout the brain. An 

intriguing question is whether these isoforms all have specific functions. In this review we 

focus on the GFAPδ isoform, which differs from the canonical α isoform in the last 41 amino 

acids of the C-terminal tail of the protein. In the human brain, GFAPδ is clearly expressed in 

the astrocytic ribbon along the subventricular zone, which harbors neural stem cells. So what 

are the functional consequences of a high expression of GFAPδ and is its presence related 

to the neurogenic phenotype of an astrocyte? In this review we will give an up-to-date and 

comprehensive overview of the studies describing GFAPδ, and we will discuss several aspects 

of this protein, ranging from transcript and protein expression to possible protein function.
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The intermediate filament protein GFAP

Glial fibrillary acidic protein (GFAP) is an intermediate filament (IF) protein which is 

mainly expressed in astrocytes in the central nervous system. Therefore, this protein is widely 

used and known as a typical marker for astrocytes. Furthermore, an upregulation of GFAP is 

a classical hallmark of reactive gliosis (Pekny and Nilsson, 2005; Sofroniew, 2009), a process 

of glia activation in the brain that occurs during a neurodegenerative disease or after brain 

damage. Our group has shown that GFAP has many splice isoforms, which are expressed in 

variable amounts, in both the human and mouse brain (Middeldorp and Hol, 2011; Kamphuis 

et al., 2012). Besides the canonical GFAPα isoform, 9 other splice variants are described in 

different species (human, mouse and rat) (Zelenika et al., 1995; Condorelli et al., 1999; Hol et 

al., 2003; Nielsen and Jorgensen, 2004; Nielsen et al., 2002; Blechingberg et al., 2007a). GFAPδ 

has been described to have a distinct expression pattern in the human brain in both health 

and disease (van den Berge et al., 2010; Bugiani et al., 2011; Choi et al., 2009; Heo et al., 2012; 

Martinian et al., 2009; Roelofs et al., 2005). In the healthy human brain GFAPδ is expressed 

in the radial glia during development (Middeldorp et al., 2010), in the neurogenic astrocytes 

along the ventricles in the adult brain (van den Berge et al., 2010; Roelofs et al., 2005) and 

in subpial astrocytes (Roelofs et al., 2005). Radial glia, as well as the astrocytes along the 

ventricles, are neural stem cells, and the expression of GFAPδ is thus somehow linked to stem 

cell function of glia in the SVZ. 

The family of intermediate filament proteins and IF classification

GFAP is part of the large family of IF proteins, which, together with actin and microtubules, 

make up the cytoskeleton of most metazoan cells. They assemble in non-polarized filaments 

either consisting of homopolymers or heteropolymers of different IF proteins. These form a 

highly flexible and dynamic network throughout the cell (Eriksson et al., 2009; Herrmann et 

al., 2007). Despite the highly cell type-specific expression pattern, of these over 70 IF proteins, 

they all have a similar protein build up. IF proteins consist of an alpha helical rod domain, 

which is flanked by non-helical head and tail domains (Reeves et al., 1989), see Figure 1. 

The central rod domain is fairly conserved among family members, while the head and tail 

domains differ for the various IF proteins. The heads and tails not only vary in sequence, but 

also in length (Fuchs and Weber, 1994). 

Currently, IF proteins are classified into six different types, a division based on their 

molecular structure. All IFs are cytoplasmic proteins, except for type V. Type I IFs are the 



12

Chapter 1

acidic keratins, and type II the basic keratins. Keratins need a protein from both types to 

assemble into filaments. Type III IFs consist of vimentin and desmin-like proteins, which can 

form heteropolymers with IFs from the same type, as well as with type IV and VI IFs.  GFAP 

is a type III IF. Type IV IFs contain the neurofilaments and α-internexin (neuronal IFs), and 

type V IFs are the lamins, which are the IFs of the nucleus (Eriksson et al., 2009; Fuchs and 

Figure 1: Assembly of GFAP. The assembly of GFAP and other type III IFs starts out as a monomeric IF 
protein consisting of a head, rod and tail domain. These form a twisted dimer and then an antiparallel 
tetramer. The tetramers stack together into unit length filaments (ULFs) which laterally elongate into 
intermediate filaments. Before 10 nm thick IFs are formed a compaction occurs, which explains why 
the ULFs have a larger diameter compared to mature IFs. Once assembled into filaments there is an 
equilibrium with a constant exchange of IF proteins from a soluble pool.
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Weber, 1994; Herrmann and Aebi, 2004). Initially, the IF nestin was designated a type VI 

IF. Due to its striking resemblance to neurofilaments it was briefly re-classified as a type IV. 

Only after the discovery of more nestin-like IF proteins (tanabin, transitin and synemin) it 

was determined that they all belonged in the type VI category, characterized by IF proteins 

with a long c-terminal tail and an inability to self-assemble (Steinert et al., 1999; Guerette et 

al., 2007). 

IF assembly and IF protein exchange

There are three distinct ways in which IFs assemble into filaments (Herrmann and Aebi, 

2004). The ways of assembly of group I (types I and II IFs) and  II (type III and IV IFs), 

including GFAP, are similar, the only difference being that IFs from assembly group I need 

to form heterodimers and the IFs in group II are also able to form homodimers. Assembly 

group III consists of lamins, which have a different assembly pattern: the dimers form two 

globular domains at the end, which create an Ig-like fold. As a result, the protofilaments show 

a distinct ‘beading’ pattern. Lamins eventually also elongate into ~10 nm filaments, which 

form a network in the nuclear lamina (Stuurman et al., 1998; Ho and Lammerding, 2012). 

Once assembled into filaments, there is an ongoing exchange of IF proteins (incorporation 

and dissociation) along the full length of the existing filaments (Colakoglu and Brown, 2009).

The first step in the assembly of cytoplasmic IFs is the formation of a parallel dimer with 

another IF protein (see figure 1). These dimers then form antiparallel tetramers. Tetramers 

stack into one unit length filament (ULF) consisting of mostly 8 tetramers. ULFs elongate 

into thicker bundles which then twist and compact into 10 nm thick IFs. Since there is both 

elongation and stacking of the monomer IF proteins, the tertiary structure of both the N- and 

C-terminals as well as the rod-domain are important for proper assembly (Herrmann et al., 

1999, 2009; Kreplak et al., 2004).

It is highly likely that GFAP follows a similar assembly approach, although this has not 

been fully proven. The hypothetical process of GFAP assembly is depicted in Figure 1. Dimers 

and tetramers have been observed during GFAP filament formation in a cell-free system 

(Quinlan et al., 1989; Stewart et al., 1989). It has also been shown that the end state of GFAP 

assembly is a filament of around 10 nm in diameter (Yang and Babitch, 1988). GFAP is a type 

III IF protein, it is able to form homodimers, and make heterodimers with the type III IF 

vimentin and with the type VI IF proteins nestin and synemin (Eliasson et al., 1999; Hirako et 

al., 2003). Head, rod and tail domains of GFAP are important for proper assembly into 10 nm 
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filaments (Chen and Liem, 1994; Perng et al., 2006). Once assembled, the GFAP network is a 

dynamic structure with a constant exchange of soluble and insoluble proteins into and from 

the filaments. This makes the IF network able to quickly incorporate newly formed IF proteins 

and adapt to changes in IF protein expression. GFAP proteins shuttle between a soluble and 

a filamentous form (Nakamura et al., 1996) and this process is regulated by phosphorylation 

(Nakamura et al., 1992). In a cell-free system, hyperphosphorylation of purified GFAP leads 

to disassembly of the filaments (Izawa and Inagaki, 2006; Kawajiri et al., 2003). In cells, 

phosphorylation of GFAP at N-terminal residues Thr7, Ser8 and Ser13 leads to a break-down 

of the IF network during cytokinesis. During cytokinesis the phosphorylated IF proteins are 

positioned at the cleavage furrow (Goto et al., 2000; Matsuoka et al., 1992). It should be noted 

that any knowledge about the biochemical and biophysical properties of GFAP is based upon 

experimental data obtained from experiments with the canonical GFAPα-isoform. The effects 

of the recently discovered GFAP isoforms, including GFAPδ, on GFAP assembly are only just 

beginning to be uncovered.

The splice variant GFAPδ

The GFAP gene consists of 9 exons and the canonical GFAPα transcript has all of them. 

GFAPδ is a splice isoform that lacks exons 8 and 9, but alternatively contains a part of intron 

7 (named exon 7+, see Figure 2). GFAPδ mRNA was first described in rat brain (Condorelli et 

al., 1999). A few years later the Nielsen group described a novel human GFAP transcript, which 

they designated GFAPε (Nielsen et al., 2002). In the meantime our group also discovered the 

expression of this splice variant in the human brain, but we decided to name it GFAPδ, as 

Figure 2: GFAP transcript splicing. A schematic representation of GFAP transcript splicing. The 
canonical GFAPα consists of all 9 exons with the introns spliced out. GFAPδ contains intron 7 and lacks 
exons 8 and 9. This gives rise to a different 3’UTR in GFAPδ compared to GFAPα. 
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the splicing pattern and the protein sequence were similar to the published GFAPδ in the 

Condorelli paper. Since then a consensus has been reached and the protein is now called 

GFAPδ (Condorelli et al., 1999; Middeldorp and Hol, 2011; Nielsen et al., 2002; Thomsen et 

al., 2013). Blechingberg and colleagues studied alternative splicing with a GFAP minigene 

construct and showed that the exon 7+ polyA sequence is essential for the formation of the 

alternative splice form GFAPδ. Whether GFAPδ is expressed, is partly regulated by the splice 

regulators of the family of serine rich (SR) proteins. It has been shown that high expression 

of the SR protein polypyrimidine tract binding (PTB) promotes splicing of exon 7+ and the 

incorporation of the 7+ polyA signal (Blechingberg et al., 2007b). However, the exact splicing 

mechanism leading to GFAPδ expression is not known. Upregulating promoter activity, by 

using an inducible promoter (inducible by expression of transcription factors), was shown to 

influence splicing and resulted in lower expression of GFAPδ and higher GFAPα expression 

(Blechingberg et al., 2007b). 

GFAPδ is always co-expressed with the canonical GFAPα isoform, but the GFAPδ mRNA 

level is much lower and ranges between 2 and 10% of the GFAPα level (Blechingberg et 

al., 2007a; Nielsen et al., 2002; Kamphuis et al., 2012; Mamber et al., 2012; Kamphuis et al., 

2014). Interestingly, GFAP isoform transcripts have been shown to have a specific subcellular 

localization in mouse astrocytes. Both GFAPα and GFAPδ mRNAs were localized in the cell 

soma but only GFAPα mRNA was also present in the cell protrusions. The 3’-UTR sequences 

of both splice variants might thus contain a mRNA localization signal that determines their 

specific subcellular distribution (Thomsen et al., 2013). The localization of the specific 

GFAP isoforms may thus vary, like the expression levels. The difference in localization of 

GFAPδ mRNA could imply that the GFAPδ protein is translated and incorporated into the IF 

network only in the cell soma and not in the cell protrusions. This might be the mechanism 

that is responsible for the preferable incorporation of GFAPδ in the IF network near the cell’s 

nucleus. Also our studies have shown that in primary mouse and human astrocytes GFAPδ 

seems to be less present in the periphery of the  cell (Mamber et al., 2012; Kamphuis et al., 

2014). This localization difference could result in functional differences between GFAPα and 

GFAPδ. Comparing genetic polymorphisms and sequence evolution of the GFAPδ specific 

sequence, confirms a likelihood of positive selection of the GFAPδ c-terminus due to a 

different function (Singh et al., 2003).  

In vitro studies on rat astrocytes showed a decrease in GFAPα transcripts, over time, when 

astrocytes were exposed to heavy metals. This reduction of GFAPα was compensated for by 
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an increase in GFAPβ, GFAPκ and GFAPδ.  Although these authors designate the GFAPδ 

transcript as GFAP ε, we checked the primers and they were actually directed against the 

GFAPδ sequence. In the paper they describe delta and epsilon transcript, but it is unclear 

to us why they make this distinction, as it is the same isoform. These data show a regulatory 

mechanism of GFAP transcript expression when GFAPα levels decrease (Rai et al., 2013). 

GFAP is also expressed outside the CNS. Expression of GFAP transcript and/or protein 

was found in hepatic stellate cells in the rat (Gard et al., 1985), as well as in hepatic stellate cells 

and in myofibroblasts in cirrhotic human livers (Cassiman et al., 2002; Zakaria et al., 2010). 

Examination of GFAP isoform expression in rat liver showed that besides GFAPδ also other 

isoforms (GFAPβ and GFAPκ) were expressed (Lim et al., 2008). 

GFAPδ protein and assembly

The GFAPδ transcript translates into a protein of 431 amino acids (aa) in humans and 428 

aa in mouse. Due to the alternative splicing of exon 7+, the last 41 aa of human and mouse 

GFAPδ are different from GFAPα. The human GFAPδ protein is 1 aa shorter than the human 

GFAPα protein and mouse GFAPα is 2 aa longer then mouse GFAPδ. The difference in the 

41 aa C-terminal tail (see Figure 3) renders the GFAPδ protein unable to form an IF network, 

making it assembly-compromised in both mouse (Kamphuis et al., 2012) and human (Nielsen 

and Jorgensen, 2004; Roelofs et al., 2005; Perng et al., 2008). In a cell line devoid of any 

cytoplasmic IFs, GFAPα itself is able to form filamentous structures and a tailless GFAP is 

able to make multimers but cannot elongate. In contrast, GFAPδ cannot form homodimers 

and is therefore not able to form multimers or any other filamentous structure (Nielsen and 

Jorgensen, 2004), which results in a speckle-like expression pattern in IF-free cells. However, 

GFAPδ can form heterodimers with other IF proteins, such as vimentin and GFAPα, and can 

therefore be integrated into IF networks. However, this will only occur when the expression 

of GFAPδ is low and other IFs are present in the cell (Nielsen and Jorgensen, 2004; Perng et 

al., 2008).  

The presence of GFAPδ in a cell can have a substantial impact on the IF network. At the 

moment the GFAPδ/GFAPα protein ratio becomes too high, the GFAP network will collapse 

and will form a perinuclear accumulation in the cell (Nielsen and Jorgensen, 2004; Roelofs 

et al., 2005; Perng et al., 2008; Kamphuis et al., 2014). The effect of GFAPδ on the IF network 

is dependent on the ratio of GFAPδ compared to GFAPα or any other type III or IV IF, as 

it can heterodimerize with these proteins. GFAPδ inhibits filament formation - also in the 
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presence of vimentin and nestin - which could lead to a collapse of the whole IF network 

almost exclusively localized near the nucleus (Nielsen and Jorgensen, 2004; Perng et al., 2008; 

Chapter 2). It is not fully understood how a high expression of GFAPδ affects the whole IF 

network and why the IF proteins collapse in a perinuclear fashion. However, it is clear that it 

is not solely dependent on the C-terminal GFAPδ tail sequence. It was shown that expression 

of only the GFAPδ tail does not inhibit GFAPα filament formation, and that the coiled coil 

Figure 3: GFAPα and GFAPδ protein sequences of human and mouse C-terminal ends. Depiction of 
the last amino acids, in the most C-terminal part of the tail domain, which is different for GFAPα and 
GFAPδ. Theoretical Serine, Threonine and Tyrosine phosphorylation residues (p-sites) of the tail are 
marked in green and theoretical kinase recognition sites are bordered with dashed lines (Boyd et al., 
2012). In GFAPα, a RDG motif is present, which stabilizes filament self-assembly (Chen and Liem, 
1994), and is absent in GFAPδ. Note the coil2B binding site, where the GFAPδ tail binds to the rod 
domain (Nielsen and Jorgensen, 2004).
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regions in the rod domain are necessary to inhibit filament formation (Nielsen and Jorgensen, 

2004). This is most likely linked to the potential of the most C-terminal part of coiled coil 

2B, which is just before the start of the tail domain, to bind to the tail domain of GFAPδ 

on residues 411 and 412 (Nielsen and Jorgensen, 2004). Mutation of residue 411 and 412 

resulted in a gain of dimerization properties and this mutant GFAPδ behaved like tail-less 

GFAP. The interaction ‘GFAPδ tail - coiled coil 2B’ is stronger than the interaction ‘GFAPα tail 

– coiled coil 2B’, confirming the specificity of GFAPδ to inhibit filament formation (Nielsen 

and Jorgensen, 2004). The coil 2B binding sites are depicted in Figure 3.

In addition, there is a highly conserved sequence (KTXEMRDG) in the C-terminal tail 

of GFAPα which seems to be involved in assembly of type III IFs. In vimentin assembly, 

mutations in this RDG motif (see Figure 3) resulted in aberrant filament assembly (McCormick 

et al., 1993).  In GFAPα self-assembly, the RDG motif was shown to play a role in filament 

stabilization but was not sufficient to enable self-assembly (Chen and Liem, 1994). This 

RDG-containing motif is absent in GFAPδ and could potentially play a role in the inability of 

GFAPδ to form homodimers.

GFAPδ protein binding partners

GFAPδ interacts with itself, with GFAPα, other IFs, and with other proteins. Since GFAPα 

and GFAPδ share a large part of their sequence, differences attributable to the unique tail 

of GFAPδ are of great importance to unravel any GFAPδ-specific functions. In a yeast two-

hybrid screen it was shown that, compared to GFAPα, GFAPδ has a lower affinity to other IFs 

(e.g. neurofilament, peripherin and internexin), the protein kinase N (PKN), and the focal 

adhesion proteins periplakin and endoplakin (Nielsen and Jorgensen, 2004). Differences in 

binding affinity to these proteins could therefore influence cell adhesion, migration or kinase 

activity.

In an earlier study Nielsen and colleagues showed that only GFAPδ, but not GFAPα, is 

able to bind to presenilin (Nielsen et al., 2002). The region between amino-acids 83 and 85 

at the N-terminus of presenilin is necessary for proper binding to GFAPδ. Presenilin is the 

catalytical part of the γ-secretase complex, which cleaves many transmembrane proteins, 

including the amyloid precursor protein (APP) and Notch (De Strooper and Annaert, 2010). 

The intracellular domain of these transmembrane proteins is translocated to the nucleus 

and acts as a transcription factor (De Strooper and Annaert, 2010). APP as well as Notch 

have downstream signaling functions that are important in cell differentiation and stem cell 
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maintenance (Kageyama and Ohtsuka, 1999; Wolfe, 2009; Kanski et al., 2013; Trazzi et al., 

2013). Although the N-terminus of presenilin is not part of the catalytic core, this protein 

domain binds the APP (Pradier et al., 1999) and is therefore able to influence substrate 

cleavage by presenilin. Although the precise consequence of GFAPδ binding to presenilin is 

currently not known, it shows the potential of GFAPδ to modulate signaling cascades, which 

are important in cell differentiation or stem cell maintenance. This hypothesis is corroborated 

by the presence of GFAPδ in neural stem cells in the adult brain (Roelofs et al., 2005; van den 

Berge et al., 2010).

High expression of GFAPδ leads to a collapse of the IF network. The collapses co-localize 

with stress proteins like α-B-Crystallin (Perng et al., 2008), a protein able to bind to GFAPδ 

and GFAPα, but sequestered to the protein accumulation due to a GFAPδ-induced collapse. 

GFAP protein accumulations also attract phosphorylated c-Jun amino terminal kinase 

(p-JNK), which is a stress activated protein kinase. α-B-Crystallin and p-JNK are also found 

in GFAP aggregates, induced by a mutant form of GFAP that causes Alexander disease (see 

the paragraph ‘GFAPδ expression in brain disorders’) (Perng et al., 2006; Tang et al., 2006).

GFAPδ phosphorylation

Phosphorylation is a key determinant for protein activity. For GFAP it has been shown that 

binding of certain signalling proteins (e.g. 14-3-3) is dependent on GFAP phosphorylation (Li 

et al., 2006). Moreover, phosphorylation of the N-terminal head has a profound effect on 

GFAP assembly (Nakamura et al., 1992; Kosako et al., 1997). It is as yet unknown if there 

are differences in phosphorylation of the C-terminal tail of GFAP isoforms or what the 

effect of this would be. GFAPα and GFAPδ differ in terms of the localization of theoretical 

phosphorylation residues.  Boyd and colleagues have predicted phosphorylation sites and 

kinase binding residues (Boyd et al., 2012). These sites, and potential Serine, Tyrosine and 

Threonine phosphorylation residues, are shown in Figure 3. Mouse and human GFAPα 

contain 4 theoretical kinase binding sites and 7 phosphorylation residues (Figure 3). Human 

and mouse GFAPδ contain 3 theoretical binding sites and 7 phosphorylation residues in 

human GFAPδ and 4 in mouse GFAPδ. Whether these sites are being phosphorylated in 

vivo is unknown. The difference in localization of residues or specific kinase binding sites, 

however, does show potential functional differences between GFAPα and GFAPδ.

To summarize: GFAPδ transcripts are generated through alternative splicing and about 

10% of all GFAP transcripts are GFAPδ mRNA. GFAPδ is assembly-compromised and causes 
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a collapse of the GFAP network in a concentration-dependent manner. The most C-terminal 

part of the tail domain differs for GFAPα and GFAPδ. Differences in binding capacity to 

proteins such as presenilin, kinases or α-B-crystallin, and theoretical phosphorylation residue 

localization could alter protein functions. Together with the potential of altering the whole IF 

network, this gives GFAPδ the potential to exert different functions than GFAPα.

GFAPδ in the healthy brain

Embryonic development 

In human embryonic development, GFAPδ protein expression becomes visible at 

gestational week (gw) 13 in cells lining the lateral ventricles, the radial glia. At weeks 17 

and 22, GFAPδ expression is not only present in the ventricular zone (VZ) but also in the 

subventricular zone (SVZ). Throughout development pan-GFAP expression becomes more 

widespread, both within and outside of the VZ and SVZ, while GFAPδ expression remains 

localized to the VZ and SVZ. Co-stainings with vimentin, sox2, nestin and Ki67 have shown 

that the GFAPδ expressing cells are proliferating radial glia at 13 gw and neural progenitors at 

later stages (Middeldorp et al., 2010). During development, pan-GFAP expression is visible in 

maturing astrocytes, while GFAPδ is below detection level in these cells. Taken together, these 

data provide evidence that GFAPδ expression is linked to neural stem cells and premature 

astrocytes (Middeldorp et al., 2010). GFAPδ and GFAPα expression always coincide, although 

their expression levels differ greatly (Middeldorp et al., 2010). The presence of GFAPδ 

expression in cells lining the lateral ventricle at gw 23-24 is confirmed by Guerrero-Cázares 

and colleagues (Guerrero-Cázares et al., 2011). 

In mouse, however, we have shown that GFAPδ transcripts are detectable from E12 on, 

although protein expression starts to become visible at E18 (Mamber et al., 2012). At this point 

GFAPδ expression is found in the SVZ, hippocampus, fimbria, glia limitans and optic nerve. 

With aging, GFAPδ expression diminishes in the fimbria and the optic nerve and increases in 

the cerebellum and olfactory bulb (Mamber et al., 2012). The GFAPδ:GFAPα transcript ratio 

remains unchanged from E15 to P0. GFAPδ expression in the developing mouse brain is not 

restricted to neurogenic cells (Mamber et al., 2012).

Adult brain 

GFAP expression is widely used as a marker for mature astrocytes. In the last decades it 
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has become clear that there are many different subtypes of astrocytes, all with different levels 

of GFAP expression. In 2005 we described GFAPδ protein expression in the human brain 

for the first time, when we found GFAPδ in subpial regions of the cerebral cortex, brainstem 

and spinal cord, and in some cases in ependymal cells of the fourth ventricle (Roelofs et al., 

2005). GFAPδ protein is also present in the SVZ of the lateral ventricle (Roelofs et al., 2005; 

Leonard et al., 2009; van den Berge et al., 2010) and, in some donors, in the hippocampus 

(Kamphuis et al., 2014). Adult neural stem cells reside in these areas (Lois and Alvarez-

Buylla, 1993; Eriksson et al., 1998; Doetsch et al., 1999; Roy et al., 2000; Sanai et al., 2004; 

Quiñones-Hinojosa et al., 2006). Closer investigation of the SVZ showed that the GFAPδ 

expressing cells co-localized with proliferation markers such as the proliferating cell nuclear 

antigen (PCNA), minichromosome maintenance complex component 2 (Mcm2), and the 

undifferentiated cell marker vimentin. GFAPδ expressing cells in the human SVZ also express 

gamma-aminobutyric acid (GABA) receptors α2, α3, β2,3 and γ2 suggesting a role for GABA 

receptors in neurogenic astrocytes (Dieriks et al., 2013).  Furthermore, we showed that GFAPδ 

does not co-localize with the mature astrocyte markers S100B and Glutamine Synthetase (van 

den Berge et al., 2010). The presence of GFAP in SVZ cells and the finding that GFAPδ cells 

are proliferating prompted us to investigate whether GFAPδ is a marker for neural stem cells. 

It did indeed emerge from our research that GFAPδ does co-localize within the SVZ with 

stem cells markers nestin and Sox2, but does not colocalize with the progenitor cell markers 

β-III-tubulin and the epidermal growth factor receptor (EGF-R). Moreover, cells isolated 

from post-mortem human SVZ, which are GFAPδ–positive, are able to form neurospheres 

and still co-express vimentin and nestin (van den Berge et al., 2010). Specific isolation of a 

pure GFAPδ-positive cell population from the adult human post-mortem neural stem cells, 

using an antibody against the p75 neurotrophin receptor, shows that these cells can self-renew 

and can be differentiate into neurons, astrocytes and oligodendrocytes (van Strien et al., 2014) 

These papers provide strong indications that GFAPδ is indeed a marker for human adult 

neural stem cells in the SVZ.

In contrast, in the mouse brain it has become clear that GFAPδ is not restricted to certain 

astrocyte populations. GFAPδ in the adolescent and adult mouse is expressed in most GFAP-

expressing astrocytes in the SVZ as well as in the cortex and hippocampus (Mamber et al., 

2012; Kamphuis et al., 2014). It is not known how splicing of GFAPδ in mouse is regulated 

and whether this is different from human.
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GFAPδ expression in brain disorders

In certain pathologies GFAPδ expression is increased or becomes apparent in otherwise 

GFAPδ negative brain areas. An overview of the expression of GFAPδ protein in healthy brains 

and in pathological conditions is given in figure 4. Below we discuss the different pathologies 

where GFAPδ expression was reported.

Reactive gliosis

Astrocytes become activated in neurological disorders and in case of brain damage, and 

these reactive astrocytes are thus a hallmark of diseases such as Alzheimer disease (AD), 

multiple sclerosis (MS), stroke, traumatic brain injury, and epilepsy. The expression of GFAP 

is highly upregulated in reactive astrocytes (Pekny and Nilsson, 2005; Sofroniew and Vinters, 

2010). Studies describing reactive gliosis hardly ever distinguish between the different GFAP 

isoforms. The current availability of splice isoform specific antibodies makes more precise 

studies possible. Reactive gliosis always leads to an increase in GFAPα, but in some cases an 

increase in GFAPδ expression has also been observed. GFAPδ expression has been found in 

different cell types in the pathological lesions related to focal epilepsy, including balloon cells 

(stem cell-like neuronal cells) (Lamparello et al., 2007; Miyahara et al., 2011), astrocyte-like 

cells in a sclerotic hippocampus (Liu et al., 2012) and giant and multinucleate cells in tuberous 

sclerosis cortical lesions (Andreiuolo et al., 2009; Boer et al., 2009; Martinian et al., 2009; 

Boer et al., 2010). GFAPδ expression was also reported in periventricular astrocytes in the 

neocortex of epilepsy patients (Thom et al., 2011). In AD, a pronounced GFAP upregulation is 

visible near the β-amyloid plaque. Reactive astrocytes in hippocampi of AD patients are also 

found to express GFAPδ (Kamphuis et al., 2014). GFAPδ mRNA shows a 1.5-fold increase in 

the cortex of Alzheimer disease patients, while the GFAPα expression is 2.4-fold upregulated 

(Roelofs et al., 2005). An additional study in human AD hippocampi showed a 1.94-fold 

increase of GFAPδ mRNA and a 2.58-fold one of GFAPα (Kamphuis et al., 2014). 

The expression of GFAP isoforms was also studied in a mouse model for AD. GFAPδ 

expression was found in reactive astrocytes surrounding β-amyloid plaques, and the 

upregulation coincided with an upregulation in GFAPα (Kamphuis et al., 2012). GFAPα was 

upregulated 2.44-fold and GFAPδ 2.1-fold in hippocampi of 24-month-old AD mice. In the 

cortex, GFAPα was upregulated 2.3-fold and GFAPδ 1.8-fold. It was therefore concluded that 

there is no differential GFAP isoform expression correlated with reactive gliosis in AD mice 

(Kamphuis et al., 2012). 
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In MS, many GFAPα positive astrocytes are located in a demyelinating plaque. These 

GFAP positive astrocytes showed a very low GFAPδ expression (Roelofs et al., 2005). In the 

SVZ in MS brains, GFAPδ was present in the astrocytic ribbon near the ventricles and it was 

shown that the hypocellular gap between the ventricle and the astrocytic ribbon was wider 

in MS compared to control donors (Tepavčević et al., 2011). This shows that there are still 

GFAPδ expressing cells in the SVZ of MS patients. 

Activation of endogenous stem cells in stroke

There was in increase in the amount of GFAPδ expressing cells in the SVZ found after 

ischemic stroke (Marti-Fabregas et al., 2010). This increase in GFAPδ expressing cells 

coincided with an increase in proliferation and an expansion in the width of the astrocyte 

Figure 4: Expression of GFAPδ in the human brain. A schematic overview of expression of GFAPδ 
in the healthy (blue) and pathological (red) human brain. In the healthy brain GFAPδ expression is 
mainly seen in sub-pial regions, spinal cord and the neurogenic niches of the subventricular zone and 
the hippocampus. In pathological states GFAPδ expression is found in balloon cells in epileptic brain, 
vanishing white matter disease, certain tumors and in some forms of reactive gliosis. References to all 
papers can be found in the text.
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ribbon in the SVZ (Marti-Fabregas et al., 2010). This study shows that the SVZ reacts to 

ischemic stroke by regulating the number of GFAPδ expressing cells in the SVZ, implying an 

activation of the endogenous neural stem cells.

Vanishing white matter disease

In the healthy human brain, GFAPδ is hardly visible. In contrast, in vanishing white 

matter (VWM) disease GFAPδ is highly expressed in white matter astrocytes. In this 

leukoencephalopathy almost all of the white matter vanishes in the course of the disease. 

In post-mortem tissue from VWM disease patients, the loss of white matter is accompanied 

by increasing rarefaction and cystic degeneration of the tissue. Although there is extensive 

tissue damage, only a relatively low number of reactive astrocytes are present. These reactive 

astrocytes, however, display an abnormal morphology and express GFAPδ, nestin, vimentin 

and α-B-Crystallin. The white matter of age-matched controls did not show any GFAPδ 

staining (Bugiani et al., 2011). Due to the co-expression of GFAPδ with nestin and vimentin, 

and the absence of the mature astrocyte marker S100B, the authors proposed that the GFAPδ 

positive astrocytes in VWM disease reflect an immature cell type identified by an increase in 

the GFAPδ:GFAPα ratio in comparison to mature astrocytes (Bugiani et al., 2011; Huyghe et 

al., 2012).

Astrocytic tumors

As GFAP is a marker for astrocytes, it is also used for the differential diagnosis of glial 

tumors. GFAPδ has been found in astrocytic tumors in the spinal cord and has been shown 

to correlate with tumor malignancy in a study on glioblastomas (Choi et al., 2009; Heo et 

al., 2012). Both papers also show a correlation between pan-GFAP immunoreactivity and 

malignancy. They emphasize that, bar some expression in subpial astrocytes, GFAPδ 

expression was rarely detected in the spinal cord, and therefore GFAPδ expression correlates 

with the disease. The lack of GFAPδ staining in the healthy spinal cord reported by Heo and 

colleagues is in contradiction with the abundant expression of GFAPδ found by Perng et 

al. in 2005.  In the study by Choi and colleagues, GFAP expression was decreased in the 

highest malignancy grade while GFAPδ expression was still upregulated. These studies show 

that GFAPδ expression is found in high-grade astrocytic tumors. The exact role of GFAPδ in 

tumor malignancy is still unknown. 

Astrocytic cell lines are mostly derived from astrocytomas or glioblastomas. Cell lines 

derived from these tumors show variable expression levels of GFAP (Dewhurst et al., 1987; 
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Rutka et al., 1999; Ferletta et al., 2011). The expression of GFAPδ, RNA or protein in cell lines 

has not been described extensively. U373MG and U343MG were shown to express GFAPδ 

protein (Perng et al., 2008; Middeldorp et al., 2009; Kamphuis et al., 2012). Since GFAPδ is 

expressed in adult neural stem cells, the presence of GFAPδ has been investigated in cell lines 

made from malignant glioma that display stem cell properties.  There is a current hypothesis 

that glioblastoma tumors may contain a subpopulation of cancer stem cells, possibly the cause 

of the frequent recurrence of the tumor after treatment (Pérez Castillo et al., 2008; Valent et 

al., 2013). Cell lines (G179 and G144) made from a giant cell glioblastoma expressed GFAPδ 

protein in the original tumor as well as in the derived cell line (Pollard et al.,2009). These cell 

lines also expressed other neural progenitor markers, such as nestin and Sox2 (Pollard et al., 

2009). 

Alexander disease

Mutations in GFAP are the cause of Alexander disease (AxD), a leukoencephalopathy 

characterized by ataxia, seizures and psychomotor retardation (Brenner et al., 2001; Quinlan 

et al., 2007). These mutations lead to accumulations (the so-called Rosenthal fibers) of GFAP 

in astrocytes (Goldman and Corbin, 1988; Lach et al., 1991; Hagemann et al., 2006). The 

majority of AxD mutations are located in the part of the GFAP molecule that is present in all 

GFAP isoforms. Recently, however, two cases of adult onset Alexander disease were described 

with specific mutations in the GFAPδ transcript. The mutation in these cases were most 

likely inherited through maternal germinal mosaicism (Melchionda et al., 2013). The clinical 

phenotypes of these two patients differed in terms of cognitive deterioration which might be 

explained by an additional mutation in the histone deacetylase 6 (HDAC6) gene in the patient 

with the more severe cognitive decline (Melchionda et al., 2013). The authors show that this 

HDAC6 mutation leads to more acetylation of HDAC6 substrates, which ameliorates the AxD 

phenotype, probably because it increases GFAP aggregation (Melchionda et al., 2013). This 

paper is the first to report on the mutations in the GFAPδ transcript that lead to AxD.   

To summarize: GFAPδ expression is found in both healthy and pathological brains in 

different astrocyte subpopulations in different amounts. In pathologies, GFAPδ expression 

is not limited to a certain type of pathology or to one subtype of astrocytes. In the healthy 

brain there are sub-populations of astrocytes that show a shift in the GFAPδ/GFAPα ratio and 

express GFAPδ, while only a relatively low GFAPα expression is present. These cells include 

the neurogenic astrocytes of the human subventricular zone. While GFAPδ labels adult neural 

stem cells in the SVZ in humans, in mice GFAPδ expression is expressed by most GFAPα 
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expressing cells. The functional consequences of high GFAPδ expression are not known yet, 

but we can conclude from the literature that its expression is not limited to astrocytes with a 

neurogenic phenotype. It is however possible that a certain GFAPδ:GFAPα ratio is restricted 

to neurogenic or immature astrocytes. 

Possible functions of GFAPδ and future perspectives 

As the family of IF proteins is large, there are many different functions which are attributed 

to IFs, ranging from general functions such as maintaining cell morphology (Lepekhin et 

al., 2001) to more specific characteristics such as cyclin-dependent kinase 5 (Cdk5) binding 

of nestin, which mediates cell proliferation (Sahlgren et al., 2006). Since the expression of 

IF proteins is highly regulated during differentiation and disease and IFs are expressed in 

a cell type-specific manner, it has been postulated that IFs might play an active role in cell 

functioning. Hypothesis of IF networks as signaling platforms have opened up a large number 

of possibilities of IFs to regulate cellular processes (Pallari and Eriksson, 2006).          

Although GFAP expression is found in specific cell types with some overlapping functional 

phenotypes, the exact function of GFAP is not completely known. The GFAP knockout (KO) 

mouse is viable and able to reproduce (Gomi et al., 1995; McCall et al., 1996; Pekny et al., 

1995), and has no overt phenotype. Only after specific examination of GFAP KO astrocytes or 

after challenging GFAP KO mice, some potential functions of GFAP become apparent. GFAP 

plays a role in different cellular processes such as cell migration, cell morphology and cell 

adhesion (Elobeid et al., 2000; Lepekhin et al., 2001; Rutka et al., 1994). In vivo and in vitro 

experiments have shown roles for GFAP in maintenance of the blood brain barrier, neuronal 

communication and responses to traumatic brain injury (Liedtke et al., 1996; Nawashiro et 

al., 1998; Pekny et al., 1995, 1998), as well as other processes. For an extensive review of 

GFAP function we refer to a review from Middeldorp and Hol (Middeldorp and Hol, 2011). 

The functional role of the different GFAP isoforms has not been studied extensively. As the 

expression pattern of GFAPδ in humans is different from the more abundantly expressed 

GFAPα, it is likely that different GFAP isoforms play different functional roles (Singh et al., 

2003; Kalsotra and Cooper, 2011). Because GFAPδ expression is present in a subset of GFAP-

positive astrocytes in the human brain we hypothesize that it plays a role in more specialized 

functions, like cell proliferation or stem cell maintenance, instead of general astrocyte 

functions, e.g. glutamate uptake. 



1

27

The GFAP splice variant GFAPδ: From molecule to function

The function of GFAPδ may be investigated on multiple levels. The GFAPδ protein could 

specifically bind to proteins that affect cell signaling or protein positioning. The fact that 

GFAPδ specifically binds presenilin shows the potential of GFAPδ in affecting cell signaling. 

The role of GFAPδ in proliferation, stem cell maintenance and differentiation in respect to 

presenilin binding, should be investigated. GFAPδ could also influence functions exerted by 

the whole IF network by changing IF network characteristics. Differences between GFAPα 

and GFAPδ in assembly properties have already been found and suggest this. GFAPδ within 

the IF network could affect binding of the IF network to other cytoskeletal structures or affect 

vesicle or organelle positioning. Cell adhesion, morphology and motility have been found to 

be influenced by GFAP. The role of GFAPδ in these processes was investigated in this thesis. 

Especially the interaction with laminin and other ECM molecules need more in depth follow 

up studies. GFAP proteins are present in soluble and filamentous forms in the cell. If soluble 

GFAP proteins have additional functions compared to filamentous proteins, the assembly-

compromised GFAPδ could have different equilibriums between soluble and insoluble 

pools and could thereby possibly exert different functions. The dynamic properties of GFAP 

isoforms should be measured and the molecular mechanisms underlying these differences 

unraveled. 

All in all it is clear that more research needs to be done into functional differences between 

GFAP isoforms. We are the first to identify functional differences in cells with IF networks 

altered by GFAPδ expression. The molecular mechanisms underlying these alterations need 

to be investigated further. These studies will not only clarify the role of alternative splicing of 

GFAP in astrocyte functions but will also shed light on the whole family of IF proteins and 

how their different family members influence cell physiology.



28

Chapter 1

References

Andreiuolo, F., Junier, M.P., Hol, E.M., Miquel, C., Chimelli, L., Leonard, N., Chneiweiss, 
H., Daumas-Duport, C., and Varlet, P. (2009). GFAPdelta immunostaining improves 
visualization of normal and pathologic astrocytic heterogeneity. Neuropathology. 29, 
31–39.

Van den Berge, S.A., Middeldorp, J., Zhang, C.E., Curtis, M.A., Leonard, B.W., Mastroeni, D., 
Voorn, P., van de Berg, W.D., Huitinga, I., and Hol, E.M. (2010). Longterm quiescent cells 
in the aged human subventricular neurogenic system specifically express GFAP-delta. 
Aging Cell 9, 313–326.

Blechingberg, J., Holm, I.E., Nielsen, K.B., Jensen, T.H., Jorgensen, A.L., and Nielsen, A.L. 
(2007a). Identification and characterization of GFAPkappa, a novel glial fibrillary acidic 
protein isoform. Glia 55, 497–507.

Blechingberg, J., Lykke-Andersen, S., Jensen, T.H., Jorgensen, A.L., and Nielsen, A.L. (2007b). 
Regulatory mechanisms for 3’-end alternative splicing and polyadenylation of the Glial 
Fibrillary Acidic Protein, GFAP, transcript. Nucleic Acids Res. 35, 7636–7650.

Boer, K., Lucassen, P.J., Spliet, W.G.M., Vreugdenhil, E., Rijen, V., C, P., Troost, D., Jansen, F.E., 
and Aronica, E. (2009). Doublecortin‐like (DCL) expression in focal cortical dysplasia 
and cortical tubers. Epilepsia 50, 2629–2637.

Boer, K., Middeldorp, J., Spliet, W.G.M., Razavi, F., van Rijen, P.C., Baayen, J.C., Hol, E.M., 
and Aronica, E. (2010). Immunohistochemical characterization of the out-of frame splice 
variants GFAP Δ164/Δexon 6 in focal lesions associated with chronic epilepsy. Epilepsy 
Res. 90, 99–109.

Boyd, S.E., Nair, B., Ng, S.W., Keith, J.M., and Orian, J.M. (2012). Computational 
Characterization of 3’ Splice Variants in the GFAP Isoform Family. PLoS ONE 7, e33565.

Brenner, M., Johnson, A.B., Boespflug-Tanguy, O., Rodriguez, D., Goldman, J.E., and Messing, 
A. (2001). Mutations in GFAP, encoding glial fibrillary acidic protein, are associated with 
Alexander disease. Nat.Genet. 27, 117–120.

Bugiani, M., Boor, I., van, K.B., Postma, N., Polder, E., van, B.C., van Kesteren, R.E., Windrem, 
M.S., Hol, E.M., Scheper, G.C., et al. (2011). Defective glial maturation in vanishing white 
matter disease. J.Neuropathol.Exp.Neurol. 70, 69–82.

Cassiman, D., Libbrecht, L., Desmet, V., Denef, C., and Roskams, T. (2002). Hepatic stellate 
cell/myofibroblast subpopulations in fibrotic human and rat livers. J. Hepatol. 36, 200–209.



1

29

The GFAP splice variant GFAPδ: From molecule to function

Chen, W.J., and Liem, R.K. (1994). The endless story of the glial fibrillary acidic protein. J. Cell 
Sci. 107, 2299–2311.

Choi, K.C., Kwak, S.E., Kim, J.E., Sheen, S.H., and Kang, T.C. (2009). Enhanced glial fibrillary 
acidic protein-delta expression in human astrocytic tumor. Neurosci.Lett. 463, 182–187.

Colakoglu, G., and Brown, A. (2009). Intermediate filaments exchange subunits along their 
length and elongate by end-to-end annealing. J. Cell Biol. 185, 769–777.

Condorelli, D.F., Nicoletti, V.G., Barresi, V., Conticello, S.G., Caruso, A., Tendi, E.A., and 
Giuffrida Stella, A.M. (1999). Structural features of the rat GFAP gene and identification 
of a novel alternative transcript. J. Neurosci. Res. 56, 219–228.

Dewhurst, S., Stevenson, M., McComb, R.D., and Volsky, D.J. (1987). Expression of glial 
fibrillary acidic protein in human glioma cell lines as detected by molecular hybridization. 
Acta Neuropathol. (Berl.) 73, 383–386.

Dieriks, B.V., Waldvogel, H.J., Monzo, H.J., Faull, R.L.M., and Curtis, M.A. (2013). GABAA 
receptor characterization and subunit localization in the human sub ventricular zone. J. 
Chem. Neuroanat.

Doetsch, F., Caillé, I., Lim, D.A., García-Verdugo, J.M., and Alvarez-Buylla, A. (1999). 
Subventricular zone astrocytes are neural stem cells in the adult mammalian brain. Cell 
97, 703–716.

Eliasson, C., Sahlgren, C., Berthold, C.H., Stakeberg, J., Celis, J.E., Betsholtz, C., Eriksson, J.E., 
and Pekny, M. (1999). Intermediate Filament Protein Partnership in Astrocytes. J. Biol. 
Chem. 274, 23996–24006.

Elobeid, A., Bongcam-Rudloff, E., Westermark, B., and Nister, M. (2000). Effects of inducible 
glial fibrillary acidic protein on glioma cell motility and proliferation. J.Neurosci.Res. 60, 
245–256.

Eriksson, J.E., Dechat, T., Grin, B., Helfand, B., Mendez, M., Pallari, H.M., and Goldman, R.D. 
(2009). Introducing intermediate filaments: from discovery to disease. J ClinInvest 119, 
1763–1771.

Eriksson, P.S., Perfilieva, E., Björk-Eriksson, T., Alborn, A.-M., Nordborg, C., Peterson, D.A., 
and Gage, F.H. (1998). Neurogenesis in the adult human hippocampus. Nat. Med. 4, 
1313–1317.

Ferletta, M., Caglayan, D., Mokvist, L., Jiang, Y., Kastemar, M., Uhrbom, L., and Westermark, 
B. (2011). Forced expression of Sox21 inhibits Sox2 and induces apoptosis in human 
glioma cells. Int. J. Cancer 129, 45–60.



30

Chapter 1

Fuchs, E., and Weber, K. (1994). Intermediate Filaments: Structure, Dynamics, Function and 
Disease. Annu. Rev. Biochem. 63, 345–382.

Gard, A.L., White, F.P., and Dutton, G.R. (1985). Extra-neural glial fibrillary acidic protein 
(GFAP) immunoreactivity in perisinusoidal stellate cells of rat liver. J. Neuroimmunol. 8, 
359–375.

Goldman, J.E., and Corbin, E. (1988). Isolation of a major protein component of Rosenthal 
fibers. Am.J.Pathol. 130, 569–578.

Gomi, H., Yokoyama, T., Fujimoto, K., Ikeda, T., Katoh, A., Itoh, T., and Itohara, S. (1995). 
Mice devoid of the glial fibrillary acidic protein develop normally and are susceptible to 
scrapie prions. Neuron 14, 29–41.

Goto, H., Kosako, H., and Inagaki, M. (2000). Regulation of intermediate filament organization 
during cytokinesis: possible roles of Rho-associated kinase. Microsc.Res.Tech. 49, 173–
182.

Guerette, D., Khan, P.A., Savard, P.E., and Vincent, M. (2007). Molecular evolution of type VI 
intermediate filament proteins. BMC.Evol.Biol. 7, 164.

Guerrero-Cázares, H., Gonzalez-Perez, O., Soriano-Navarro, M., Zamora-Berridi, G., 
García-Verdugo, J.M., and Quinoñes-Hinojosa, A. (2011). Cytoarchitecture of the lateral 
ganglionic eminence and rostral extension of the lateral ventricle in the human fetal brain. 
J. Comp. Neurol. 519, 1165–1180.

Hagemann, T.L., Connor, J.X., and Messing, A. (2006). Alexander disease-associated glial 
fibrillary acidic protein mutations in mice induce Rosenthal fiber formation and a white 
matter stress response. J Neurosci 26, 11162–11173.

Heo, D.H., Kim, S.H., Yang, K.M., Cho, Y.J., Kim, K.N., Yoon,  do H., and Kang, T.C. (2012). 
A histopathological diagnostic marker for human spinal astrocytoma: expression of glial 
fibrillary acidic protein-delta. J.Neurooncol. 108, 45–52.

Herrmann, H., and Aebi, U. (2004). INTERMEDIATE FILAMENTS: Molecular Structure, 
Assembly Mechanism, and Integration Into Functionally Distinct Intracellular Scaffolds. 
Annu. Rev. Biochem. 73, 749–789.

Herrmann, H., Häner, M., Brettel, M., Ku, N.-O., and Aebi, U. (1999). Characterization of 
distinct early assembly units of different intermediate filament proteins. J. Mol. Biol. 286, 
1403–1420.

Herrmann, H., Bar, H., Kreplak, L., Strelkov, S.V., and Aebi, U. (2007). Intermediate filaments: 
from cell architecture to nanomechanics. Nat Rev Mol Cell Biol 8, 562–573.



1

31

The GFAP splice variant GFAPδ: From molecule to function

Herrmann, H., Strelkov, S.V., Burkhard, P., and Aebi, U. (2009). Intermediate filaments: 
primary determinants of cell architecture and plasticity. J.Clin.Invest 119, 1772–1783.

Hirako, Y., Yamakawa, H., Tsujimura, Y., Nishizawa, Y., Okumura, M., Usukura, J., Matsumoto, 
H., Jackson, K.W., Owaribe, K., and Ohara, O. (2003). Characterization of mammalian 
synemin, an intermediate filament protein present in all four classes of muscle cells and 
some neuroglial cells: co-localization and interaction with type III intermediate filament 
proteins and keratins. Cell Tissue Res. 313, 195–207.

Ho, C.Y., and Lammerding, J. (2012). Lamins at a glance. J. Cell Sci. 125, 2087–2093.

Hol, E.M., Roelofs, R.F., Moraal, E., Sonnemans, M.A., Sluijs, J.A., Proper, E.A., de Graan, 
P.N., Fischer, D.F., and Van Leeuwen, F.W. (2003). Neuronal expression of GFAP in 
patients with Alzheimer pathology and identification of novel GFAP splice forms. Mol.
Psychiatry 8, 786–796.

Huyghe, A., Horzinski, L., Hénaut, A., Gaillard, M., Bertini, E., Schiffmann, R., Rodriguez, 
D., Dantal, Y., Boespflug-Tanguy, O., and Fogli, A. (2012). Developmental Splicing 
Deregulation in Leukodystrophies Related to EIF2B Mutations. PLoS ONE 7, e38264.

Izawa, I., and Inagaki, M. (2006). Regulatory mechanisms and functions of intermediate 
filaments: A study using site- and phosphorylation state-specific antibodies. Cancer Sci. 
97, 167–174.

Kageyama, R., and Ohtsuka, T. (1999). The Notch-Hes pathway in mammalian neural 
development. Cell Res. 9, 179–188.

Kalsotra, A., and Cooper, T.A. (2011). Functional consequences of developmentally regulated 
alternative splicing. Nat. Rev. Genet. 12, 715–729.

Kamphuis, W., Mamber, C., Moeton, M., Kooijman, L., Sluijs, J.A., Jansen, A.H., Verveer, M., 
de Groot, L.R., Smith, V.D., Rangarajan, S., et al. (2012). GFAP isoforms in adult mouse 
brain with a focus on neurogenic astrocytes and reactive astrogliosis in mouse models of 
Alzheimer disease. PLoS.One. 7, e42823.

Kamphuis, W., Middeldorp, J., Kooijman, L., Sluijs, J.A., Kooi, E., Moeton, M., Freriks, M., 
Mizee, M., and Hol, E.M. (2014). Glial fibrillary acidic protein isoform expression in 
plaque related astrogliosis in Alzheimer’s disease. Neurobiol. Aging 35, 492–510.

Kanski, R., Strien, M.E., Tijn, P., and Hol, E.M. (2013). A star is born: new insights into the 
mechanism of astrogenesis. Cell. Mol. Life Sci.

Kawajiri, A., Yasui, Y., Goto, H., Tatsuka, M., Takahashi, M., Nagata, K. ichi, and Inagaki, M. 
(2003). Functional Significance of the Specific Sites Phosphorylated in Desmin at Cleavage 
Furrow: Aurora-B May Phosphorylate and Regulate Type III Intermediate Filaments 



32

Chapter 1

during Cytokinesis Coordinatedly with Rho-kinase. Mol. Biol. Cell 14, 1489–1500.

Kosako, H., Amano, M., Yanagida, M., Tanabe, K., Nishi, Y., Kaibuchi, K., and Inagaki, M. 
(1997). Phosphorylation of Glial Fibrillary Acidic Protein at the Same Sites by Cleavage 
Furrow Kinase and Rho-associated Kinase. J. Biol. Chem. 272, 10333–10336.

Kreplak, L., Aebi, U., and Herrmann, H. (2004). Molecular mechanisms underlying the 
assembly of intermediate filaments. Exp. Cell Res. 301, 77–83.

Lach, B., Sikorska, M., Rippstein, P., Gregor, A., Staines, W., and Davie, T.R. (1991). 
Immunoelectron microscopy of Rosenthal fibers. Acta Neuropathol 81, 503–509.

Lamparello, P., Baybis, M., Pollard, J., Hol, E.M., Eisenstat, D.D., Aronica, E., and Crino, P.B. 
(2007). Developmental lineage of cell types in cortical dysplasia with balloon cells. Brain 
130, 2267–2276.

Leonard, B.W., Mastroeni, D., Grover, A., Liu, Q., Yang, K., Gao, M., Wu, J., Pootrakul, D., 
van den Berge, S.A., Hol, E.M., et al. (2009). Subventricular zone neural progenitors from 
rapid brain autopsies of elderly subjects with and without neurodegenerative disease. J. 
Comp. Neurol. 515, 269–294.

Lepekhin, E.A., Eliasson, C., Berthold, C.H., Berezin, V., Bock, E., and Pekny, M. (2001). 
Intermediate filaments regulate astrocyte motility. J Neurochem 79, 617–625.

Li, H., Guo, Y., Teng, J., Ding, M., Yu, A.C.H., and Chen, J. (2006). 14-3-3γ affects dynamics 
and integrity of glial filaments by binding to phosphorylated GFAP. J. Cell Sci. 119, 4452–
4461.

Liedtke, W., Edelmann, W., Bieri, P.L., Chiu, F.-C., Cowan, N.J., Kucherlapati, R., and Raine, 
C.S. (1996). GFAP Is Necessary for the Integrity of CNS White Matter Architecture and 
Long-Term Maintenance of Myelination. Neuron 17, 607–615.

Lim, M.C., Maubach, G., and Zhuo, L. (2008). Glial fibrillary acidic protein splice variants in 
hepatic stellate cells--expression and regulation. Mol.Cells 25, 376–384.

Liu, J.Y.W., Kasperavičiūtė, D., Martinian, L., Thom, M., and Sisodiya, S.M. (2012). 
Neuropathology of 16p13.11 Deletion in Epilepsy. PLoS ONE 7, e34813.

Lois, C., and Alvarez-Buylla, A. (1993). Proliferating subventricular zone cells in the adult 
mammalian forebrain can differentiate into neurons and glia. Proc.Natl.Acad.Sci.U.S.A 
90, 2074–2077.

Mamber, C., Kamphuis, W., Haring, N.L., Peprah, N., Middeldorp, J., and Hol, E.M. (2012). 
GFAPdelta Expression in Glia of the Developmental and Adolescent Mouse Brain. PLoS.
One. 7, e52659.



1

33

The GFAP splice variant GFAPδ: From molecule to function

Marti-Fabregas, J., Romaguera-Ros, M., Gomez-Pinedo, U., Martinez-Ramirez, S., Jimenez-
Xarrie, E., Marin, R., Marti-Vilalta, J.-L., and Garcia-Verdugo, J.-M. (2010). Proliferation 
in the human ipsilateral subventricular zone after ischemic stroke. Neurology 74, 357–365.

Martinian, L., Boer, K., Middeldorp, J., Hol, E.M., Sisodiya, S.M., Squier, W., Aronica, E., and 
Thom, M. (2009). Expression patterns of glial fibrillary acidic protein (GFAP)-delta in 
epilepsy-associated lesional pathologies. Neuropathol.Appl.Neurobiol. 35, 394–405.

Matsuoka, Y., Nishizawa, K., Yano, T., Shibata, M., Ando, S., Takahashi, T., and Inagaki, M. 
(1992). Two different protein kinases act on a different time schedule as glial filament 
kinases during mitosis. EMBO J 11, 2895–2902.

McCall, M.A., Gregg, R.G., Behringer, R.R., Brenner, M., Delaney, C.L., Galbreath, E.J., Zhang, 
C.L., Pearce, R.A., Chiu, S.Y., and Messing, A. (1996). Targeted deletion in astrocyte 
intermediate filament (Gfap) alters neuronal physiology. Proc.Natl.Acad.Sci.U.S.A 93, 
6361–6366.

McCormick, M.B., Kouklis, P., Syder, A., and Fuchs, E. (1993). The roles of the rod end and 
the tail in vimentin IF assembly and IF network formation. J. Cell Biol. 122, 395–407.

Melchionda, L., Fang, M., Wang, H., Fugnanesi, V., Morbin, M., Liu, X., Li, W., Ceccherini, I., 
Farina, L., Savoiardo, M., et al. (2013). Adult-onset Alexander disease, associated with a 
mutation in an alternative GFAP transcript, may be phenotypically modulated by a non-
neutral HDAC6 variant. Orphanet J. Rare Dis. 8, 66.

Middeldorp, J., and Hol, E.M. (2011). GFAP in health and disease. Prog.Neurobiol. 93, 421–
443.

Middeldorp, J., Kamphuis, W., Sluijs, J.A., Achoui, D., Leenaars, C.H., Feenstra, M.G., van, 
T.P., Fischer, D.F., Berkers, C., Ovaa, H., et al. (2009). Intermediate filament transcription 
in astrocytes is repressed by proteasome inhibition. FASEB J 23, 2710–2726.

Middeldorp, J., Boer, K., Sluijs, J.A., De, F.L., Encha-Razavi, F., Vescovi, A.L., Swaab, D.F., 
Aronica, E., and Hol, E.M. (2010). GFAPdelta in radial glia and subventricular zone 
progenitors in the developing human cortex. Development 137, 313–321.

Miyahara, H., Ryufuku, M., Fu, Y.-J., Kitaura, H., Murakami, H., Masuda, H., Kameyama, S., 
Takahashi, H., and Kakita, A. (2011). Balloon cells in the dentate gyrus in hippocampal 
sclerosis associated with non-herpetic acute limbic encephalitis. Seizure 20, 87–89.

Nakamura, Y., Takeda, M., Aimoto, S., Hojo, H., Takao, T., Shimonishi, Y., Hariguchi, S., and 
Nishimura, T. (1992). Assembly regulatory domain of glial fibrillary acidic protein. A 
single phosphorylation diminishes its assembly-accelerating property. J.Biol.Chem. 267, 
23269–23274.



34

Chapter 1

Nakamura, Y., Takeda, M., and Nishimura, T. (1996). Dynamics of bovine glial fibrillary 
acidic protein phosphorylation. Neurosci. Lett. 205, 91–94.

Nawashiro, H., Messing, A., Azzam, N., and Brenner, M. (1998). Mice lacking GFAP are 
hypersensitive to traumatic cerebrospinal injury. [Miscellaneous Article]. Neuroreport 
June 1 1998 9, 1691–1696.

Nielsen, A.L., and Jorgensen, A.L. (2004). Self-assembly of the cytoskeletal glial fibrillary 
acidic protein is inhibited by an isoform-specific C terminus. J.Biol.Chem. 279, 41537–
41545.

Nielsen, A.L., Holm, I.E., Johansen, M., Bonven, B., Jorgensen, P., and Jorgensen, A.L. (2002). 
A new splice variant of glial fibrillary acidic protein, GFAP epsilon, interacts with the 
presenilin proteins. J.Biol.Chem. 277, 29983–29991.

Pallari, H.-M., and Eriksson, J.E. (2006). Intermediate Filaments as Signaling Platforms. Sci. 
Signal. 2006, pe53.

Pekny, M., and Nilsson, M. (2005). Astrocyte activation and reactive gliosis. Glia 50, 427–434.

Pekny, M., Leveen, P., Pekna, M., Eliasson, C., Berthold, C.H., Westermark, B., and Betsholtz, 
C. (1995). Mice lacking glial fibrillary acidic protein display astrocytes devoid of 
intermediate filaments but develop and reproduce normally. EMBO J 14, 1590–1598.

Pekny, M., Eliasson, C., Chien, C.L., Kindblom, L.G., Liem, R., Hamberger, A., and Betsholtz, 
C. (1998). GFAP-deficient astrocytes are capable of stellation in vitro when cocultured 
with neurons and exhibit a reduced amount of intermediate filaments and an increased 
cell saturation density. ExpCell Res 239, 332–343.

Pérez Castillo, A., Aguilar-Morante, D., Morales-García, J.A., and Dorado, J. (2008). Cancer 
stem cells and brain tumors. Clin. Transl. Oncol. Off. Publ. Fed. Span. Oncol. Soc. Natl. 
Cancer Inst. Mex. 10, 262–267.

Perng, M.D., Su, M., Wen, S.F., Li, R., Gibbon, T., Prescott, A.R., Brenner, M., and Quinlan, 
R.A. (2006). The Alexander disease-causing glial fibrillary acidic protein mutant, R416W, 
accumulates into Rosenthal fibers by a pathway that involves filament aggregation and the 
association of alpha B-crystallin and HSP27. Am.J.Hum.Genet. 79, 197–213.

Perng, M.D., Wen, S.F., Gibbon, T., Middeldorp, J., Sluijs, J., Hol, E.M., and Quinlan, R.A. 
(2008). Glial fibrillary acidic protein filaments can tolerate the incorporation of assembly-
compromised GFAP-delta, but with consequences for filament organization and alphaB-
crystallin association. Mol. Biol. Cell 19, 4521–4533.

Pollard, S.M., Yoshikawa, K., Clarke, I.D., Danovi, D., Stricker, S., Russell, R., Bayani, J., Head, 
R., Lee, M., Bernstein, M., et al. (2009). Glioma Stem Cell Lines Expanded in Adherent 



1

35

The GFAP splice variant GFAPδ: From molecule to function

Culture Have Tumor-Specific Phenotypes and Are Suitable for Chemical and Genetic 
Screens. Cell Stem Cell 4, 568–580.

Pradier, L., Carpentier, N., Delalonde, L., Clavel, N., Bock, M.-D., Buée, L., Mercken, L., 
Tocqué, B., and Czech, C. (1999). Mapping the APP/Presenilin (PS) Binding Domains: 
The Hydrophilic N-Terminus of PS2 Is Sufficient for Interaction with APP and Can 
Displace APP/PS1 Interaction. Neurobiol. Dis. 6, 43–55.

Quinlan, R.A., Moir, R.D., and Stewart, M. (1989). Expression in Escherichia coli of fragments 
of glial fibrillary acidic protein: characterization, assembly properties and paracrystal 
formation. J. Cell Sci. 93, 71–83.

Quinlan, R.A., Brenner, M., Goldman, J.E., and Messing, A. (2007). GFAP and its role in 
Alexander disease. Spec. Issue - Intermed. Filam. 313, 2077–2087.

Quiñones-Hinojosa, A., Sanai, N., Soriano-Navarro, M., Gonzalez-Perez, O., Mirzadeh, 
Z., Gil-Perotin, S., Romero-Rodriguez, R., Berger, M.S., Garcia-Verdugo, J.M., and 
Alvarez-Buylla, A. (2006). Cellular composition and cytoarchitecture of the adult human 
subventricular zone: A niche of neural stem cells. J. Comp. Neurol. 494, 415–434.

Rai, A., Maurya, S.K., Sharma, R., and Ali, S. (2013). Down-regulated GFAPα: a major player 
in heavy metal induced astrocyte damage. Toxicol. Mech. Methods 23, 99–107.

Reeves, S.A., Helman, L.J., Allison, A., and Israel, M.A. (1989). Molecular cloning and primary 
structure of human glial fibrillary acidic protein. Proc.Natl.Acad.Sci.U.S.A 86, 5178–5182.

Roelofs, R.F., Fischer, D.F., Houtman, S.H., Sluijs, J.A., Van, H.W., Van Leeuwen, F.W., and 
Hol, E.M. (2005). Adult human subventricular, subgranular, and subpial zones contain 
astrocytes with a specialized intermediate filament cytoskeleton. Glia 52, 289–300.

Roy, N.S., Wang, S., Jiang, L., Kang, J., Benraiss, A., Harrison-Restelli, C., Fraser, R.A.R., 
Couldwell, W.T., Kawaguchi, A., Okano, H., et al. (2000). In vitro neurogenesis by 
progenitor cells isolated from the adult human hippocampus. Nat Med 6, 271–277.

Rutka, J.T., Hubbard, S.L., Fukuyama, K., Matsuzawa, K., Dirks, P.B., and Becker, L.E. (1994). 
Effects of antisense glial fibrillary acidic protein complementary DNA on the growth, 
invasion, and adhesion of human astrocytoma cells. Cancer Res 54, 3267–3272.

Rutka, J.T., Ivanchuk, S., Mondal, S., Taylor, M., Sakai, K., Dirks, P., Jun, P., Jung, S., Becker, 
L.E., and Ackerley, C. (1999). Co-expression of nestin and vimentin intermediate filaments 
in invasive human astrocytoma cells. Int. J. Dev. Neurosci. 17, 503–515.

Sahlgren, C.M., Pallari, H.M., He, T., Chou, Y.H., Goldman, R.D., and Eriksson, J.E. (2006). 
A nestin scaffold links Cdk5/p35 signaling to oxidant-induced cell death. EMBO J 25, 
4808–4819.



36

Chapter 1

Sanai, N., Tramontin, A.D., Quinones-Hinojosa, A., Barbaro, N.M., Gupta, N., Kunwar, S., 
Lawton, M.T., McDermott, M.W., Parsa, A.T., Manuel-Garcia, V.J., et al. (2004). Unique 
astrocyte ribbon in adult human brain contains neural stem cells but lacks chain migration. 
Nature 427, 740–744.

Singh, R., Nielsen, A.L., Johansen, M.G., and Jørgensen, A.L. (2003). Genetic polymorphism 
and sequence evolution of an alternatively spliced exon of the glial fibrillary acidic protein 
gene, GFAP. Genomics 82, 185–193.

Sofroniew, M.V. (2009). Molecular dissection of reactive astrogliosis and glial scar formation. 
Trends Neurosci 32, 638–647.

Sofroniew, M.V., and Vinters, H.V. (2010). Astrocytes: biology and pathology. Acta 
Neuropathol 119, 7–35.

Steinert, P.M., Chou, Y.-H., Prahlad, V., Parry, D.A.D., Marekov, L.N., Wu, K.C., Jang, S.-
I., and Goldman, R.D. (1999). A high molecular weight intermediate filament-associated 
protein in BHK-21 cells is nestin, a type VI intermediate filament protein limited co-
assembly in vitro to form heteropolymers with type III vimentin and type IV α-internexin. 
J. Biol. Chem. 274, 9881–9890.

Stewart, M., Quinlan, R.A., and Moir, R.D. (1989). Molecular interactions in paracrystals of 
a fragment corresponding to the alpha-helical coiled-coil rod portion of glial fibrillary 
acidic protein: evidence for an antiparallel packing of molecules and polymorphism 
related to intermediate filament structure. J. Cell Biol. 109, 225–234.

Van Strien, M.E., Sluijs, J.A., Reynolds, B.A., Steindler, D. A., Aronica, E., and Hol, E.M. 
(2014). Isolation of neural progenitor cells from the human adult subventricular zone 
based on expression of the cell surface marker CD271. Stem Cells Transl. Med.

De Strooper, B., and Annaert, W. (2010). Novel Research Horizons for Presenilins and 
γ-Secretases in Cell Biology and Disease. Annu. Rev. Cell Dev. Biol. 26, 235–260.

Stuurman, N., Heins, S., and Aebi, U. (1998). Nuclear Lamins: Their Structure, Assembly, and 
Interactions. J. Struct. Biol. 122, 42–66.

Tang, G., Xu, Z., and Goldman, J.E. (2006). Synergistic effects of the SAPK/JNK and the 
proteasome pathway on glial fibrillary acidic protein (GFAP) accumulation in Alexander 
disease. J.Biol.Chem. 281, 38634–38643.

Tepavčević, V., Lazarini, F., Alfaro-Cervello, C., Kerninon, C., Yoshikawa, K., Garcia-
Verdugo, J.M., Lledo, P.-M., Nait-Oumesmar, B., and Baron-Van Evercooren, A. (2011). 
Inflammation-induced subventricular zone dysfunction leads to olfactory deficits in a 
targeted mouse model of multiple sclerosis. J. Clin. Invest. 121, 4722–4734.



1

37

The GFAP splice variant GFAPδ: From molecule to function

Thom, M., Liu, J.Y.W., Thompson, P., Phadke, R., Narkiewicz, M., Martinian, L., Marsdon, D., 
Koepp, M., Caboclo, L., Catarino, C.B., et al. (2011). Neurofibrillary tangle pathology and 
Braak staging in chronic epilepsy in relation to traumatic brain injury and hippocampal 
sclerosis: a post-mortem study. Brain 134, 2969–2981.

Thomsen, R., Daugaard, T.F., Holm, I.E., and Nielsen, A.L. (2013). Alternative mRNA Splicing 
from the Glial Fibrillary Acidic Protein (GFAP) Gene Generates Isoforms with Distinct 
Subcellular mRNA Localization Patterns in Astrocytes. PLoS ONE 8, e72110.

Trazzi, S., Fuchs, C., Valli, E., Perini, G., Bartesaghi, R., and Ciani, E. (2013). The Amyloid 
Precursor Protein (APP) Triplicated Gene Impairs Neuronal Precursor Differentiation 
and Neurite Development through Two Different Domains in the Ts65Dn Mouse Model 
for Down Syndrome. J. Biol. Chem. 288, 20817–20829.

Valent, P., Bonnet, D., Wöhrer, S., Andreeff, M., Copland, M., Chomienne, C., and Eaves, 
C. (2013). Heterogeneity of neoplastic stem cells: theoretical, functional, and clinical 
implications. Cancer Res. 73, 1037–1045.

Wolfe, M.S. (2009). γ-Secretase in biology and medicine. Semin. Cell Dev. Biol. 20, 219–224.

Yang, Z.W., and Babitch, J.A. (1988). Factors modulating filament formation by bovine 
glial fibrillary acidic protein, the intermediate filament component of astroglial cells. 
Biochemistry (Mosc.) 27, 7038–7045.

Zakaria, S., Youssef, M., Moussa, M., Akl, M., El-Ahwany, E., El-Raziky, M., Mostafa, O., 
Helmy, A.-H., and El-Hindawi, A. (2010). Clinical research Value of α-smooth muscle 
actin and glial fibrillary acidic protein in predicting early hepatic fibrosis in chronic 
hepatitis C virus infection. Arch. Med. Sci. 3, 356–365.

Zelenika, D., Grima, B., Brenner, M., and Pessac, B. (1995). A novel glial fibrillary acidic 
protein mRNA lacking exon 1. Mol. Brain Res. 30, 251–258.



38

Scope and outline of thesis

The intermediate filament (IF) network is integrated with microtubules and actin to form 

the cytoskeleton of most metazoan cells. The main IF protein in astrocytes is Glial fibrillary 

acidic protein (GFAP). GFAP is expressed in the healthy brain and is highly regulated in 

different pathologies during reactive gliosis. The GFAP gene can give rise to 10 different 

splice isoforms, of which GFAPα is the canonical isoform. GFAPδ is an isoform that differs 

from GFAPα only at the most C-terminal part of the protein. In the human subventricular 

zone (SVZ), GFAPδ is specifically expressed by neural stem cells. Due to the expression of 

GFAPδ in specific astrocyte subtypes, such as neural stem cells, the question arose whether 

GFAPδ has a function in astrocytes, that differs from GFAPα. The main questions of the thesis 

are therefore: 1) Is there a specific functional role for GFAPδ? 2) What differences between 

GFAPα and GFAPδ cause these specialized functional roles? We addressed these questions by 

altering the IF network by overexpressing and knocking-down the different GFAP isoforms 

and studied the effect on cell proliferation, cell morphology, and cell motility. 

Since the discovery of different GFAP isoforms, isoform specific antibodies were 

developed which enabled studying  the specific GFAP splice variants. In chapter 1, we review 

the literature on mouse and human studies that included GFAPδ. We describe the IF protein 

family, GFAP assembly, and the dynamic exchange that persists after the filaments are formed 

in the cytoplasm. Next, we describe the formation of the GFAPδ transcript, where it is found 

in the brain, and in what amounts. We then move on to the GFAPδ protein and discuss what 

the effects of its expression are on both IF network and the cell. To conclude, we give an 

extensive overview of where the GFAPδ protein is expressed in the brain during development, 

adulthood, health, and disease. 

To answer what the effect is of GFAPδ expression on the IF network and what the 

consequences are for the cells, we created cell lines expressing different GFAP isoforms and 

performed functional studies. In chapter 2, we describe the effect of GFAPδ on the whole 

IF network in astrocytes. We assessed the structural differences of the whole cytoskeleton 

by investigating the expression of other IFs (vimentin and nestin), as well as the integrity 

of microtubule and actin networks. We also examined whether these changes affect cell 

morphology, proliferation, or cell motility, characteristics that can all be related to properties 

of GFAPδ-expressing cells in the human brain.

GFAPα and GFAPδ have different assembly properties. Since GFAPδ expression causes a 

collapse of the whole IF network, we wanted to investigate the dynamic properties of GFAP 

isoforms. In chapter 3, we performed live cell experiments where we visualized the collapse 
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of the GFAP network. By using fluorescent recovery after photobleaching (FRAP) techniques, 

we studied the dynamic differences between GFAPα and GFAPδ. We measured the exchange 

rate of GFAP isoform proteins from a soluble pool in the cytoplasm to an insoluble pool in 

the filamentous network. Additionally, to address influences of IF network organization on 

GFAP dynamics, we measured the difference between GFAP isoform exchange rate into a 

filamentous, spread-out network or into a collapsed network. A difference in IF assembly and 

a change in the exchange rate between the soluble and insoluble pool, can affect cell signalling.

As GFAPδ is expressed in adult neural stem cells in the human SVZ, we questioned what 

theeffects are of the GFAP isoform expression in neural stem cells in vivo. Therefore, in chapter 

4, we investigated the effect of GFAPα and GFAPδ expression in GFAP knockout mice. Using 

lentiviral vectors, the mouse SVZ was transduced with GFAP isoforms and we examined 

both neural stem cell quiescence and total neurogenesis. We performed an extensive qPCR 

analysis on different transcripts involved in neurogenesis and stem cell marker expression. To 

determine whether a marked upregulation of GFAP could also elicit a reactive phenotype, we 

looked at transcripts involved in reactive gliosis and stress responses.     

The studies described in this thesis so far were all experiments where GFAP isoforms were 

upregulated. Since an upregulation of GFAPδ has a marked effect on IF network morphology, 

we wanted to know whether GFAPδ has a specific functional role if it is altered endogenously. 

In chapter 5, we specifically downregulate GFAPα expression to increase the endogenous 

GFAPδ:GFAPα ratio. We investigated differential GFAPδ functions by comparing these 

cells, which have GFAPδ expression within a spread-out network, to cells with a pan GFAP 

isoform knockdown. We analysed cell proliferation, cell morphology, and cell motility. 

As cells with different GFAP isoform compositions were found to show differences in cell 

motility, we extended our analysis to adhesion assays and integrin expression analysis. Next, 

we investigated the connection between the cytoskeleton and the extracellular matrix (ECM) 

in order to elucidate by which means GFAP network composition could alter cell motility 

and adhesion. Subsequently, we compared expression levels of the cytoskeleton linker protein 

plectin and ECM component laminin. 

Finally in chapter 6, the results obtained in this thesis are discussed in a broader 

perspective. We attempt to compare the results from different experiments to each other and 

come to an overall conclusion about GFAPδ function. Since the work in this thesis answers 

some questions but poses many new questions, we discuss the future of GFAPδ research and 

give some insights into how these studies should be performed.  
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Abstract 

Astrocytes are a main type of glia in the central nervous system. They are involved in 

neural signaling, brain homeostasis, and react to injury. Furthermore, astrocytes are adult 

stem cells in neurogenic niches, are able to adopt stem cell properties upon damage, and 

can transform into astrocytic tumors. We have previously shown that a subpopulation of 

neurogenic astrocytes in the subventricular zone have a specialized intermediate filament 

(IF) network containing a specific isoform of glial fibrillary acidic protein termed GFAPδ. 

Some reactive astrocytes and some astrocytic tumors also exhibit higher expression levels of 

GFAPδ compared to mature astrocytes in the healthy brain expressing mainly the canonical 

GFAPα isoform. We investigated the functional consequences of the incorporation of GFAPδ 

in human astrocytoma cells by studying the IF network morphology, cell migration, cell 

proliferation, and morphology.  We observed that a high protein expression of GFAPδ results 

in the collapse of the whole IF network, without collapsing actin or microtubules. GFAPδ 

expression alters cell morphology, without affecting migration or proliferation, whereas 

GFAPα does increase cell proliferation. In conclusion, the morphological changes induced by 

GFAPδ are not directly linked to functional features of neurogenic, reactive or tumorigenic 

astrocyte subtypes.  
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Introduction

The astrocytes in the central nervous system (CNS) are multifunctional glial cells, with 

a diverse range of functions such as, regulation of neurotransmitter recycling, maintenance 

of potassium and water homeostasis, and being part of the blood brain barrier (Hewett, 

2009; Wang and Bordey, 2008). In addition, astrocytes actively participate in neuronal 

communication via the tripartite synapse (Araque et al., 1999; Haydon, 2001; Perea and 

Araque, 2010). In brain disorders such as Alzheimer’s disease or stroke, astrocytes become 

reactive and contribute to the inflammatory response in the brain (Eddleston and Mucke, 

1993; Orre et al., 2013; Sofroniew and Vinters, 2010). In specific brain areas, such as the 

subventricular zone (SVZ) and the hippocampal subgranular zone, a subset of astrocytes 

are neurogenic and act as the neural stem cells (NSCs) of the adult brain (Doetsch, 2003; 

Kriegstein and Alvarez-Buylla, 2009; Middeldorp and Hol, 2011). It has been hypothesized 

that astrocyte tumors may  arise from these neurogenic astrocytes (Reya et al., 2001). 

Astrocytes are classically identified by the expression of glial fibrillary acidic protein 

(GFAP), which is an intermediate filament (IF) protein. The IFs, together with actin filaments 

and microtubules form the main constituents of the cell cytoskeleton (Chang and Goldman, 

2004). IFs make the cell resistant to mechanical stress, and are implicated in cell migration, 

autophagy, positioning of cell organelles, and cell signaling (Bandyopadhyay et al., 2010; 

Busch et al., 2012; Potokar et al., 2010; Sahlgren et al., 2006; Toivola et al., 2005). Intermediate 

filaments are linked to the rest of the cytoskeleton via linker proteins like plectin (Foisner et 

al., 1995; Svitkina et al., 1996), thus creating an integrated system of cytoskeleton proteins. 

IFs are expressed in a highly tissue and cell type specific manner (Toivola et al., 2005). 

Therefore, it is thought that IFs play a pivotal role in cell type specific functions. GFAP, together 

with vimentin, nestin and synemin, make up the IF network in astrocytes. The combination 

of expression of these IFs varies greatly between astrocyte subtypes, severity of cell reactivity, 

and maturation stages (Izmiryan et al., 2010; Kimelberg, 2004; Lin et al., 1995; Messam et 

al., 2002; Middeldorp et al., 2010; Stagaard and Mollgard, 1989; Walz, 2000; Yamada et al., 

1992). The best known change in IF expression occurs when astrocytes become reactive. This 

is accompanied by a marked upregulation of GFAP, vimentin and nestin expression. Reactive 

astrocytes are functionally very different from non-activated astrocytes in that they can regain 

their potential to proliferate, express different cytokines, secrete specific extracellular matrix 

components, and change their overall molecular make up (Buffo et al., 2010; Sofroniew, 2009). 

The functional consequences of the changes in the IF network are still elusive. 
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The GFAP gene gives, in addition to the canonical α isoform, rise to 9 other isoforms in 

humans (Blechingberg et al., 2007; Hol et al., 2003; Middeldorp and Hol, 2011; Nielsen et 

al., 2002; Roelofs et al., 2005). Although GFAP has always been used as a general astrocyte 

marker, we are only just now beginning to understand the function of GFAP. In the study 

presented here, we focus on GFAPα and GFAPδ. The GFAPδ protein differs from GFAPα in 

its C-terminal tail which is one amino acid shorter. More importantly, the last 41 amino acids 

Figure 1. GFAP isoform specific overexpression models. GFAP mRNA levels were determined in U251 
cells (A, B) and in primary human astrocytes (D, E), 7 days after transduction with GFAPα or GFAPδ 
lentiviral constructs. The transduced GFAP isoforms gave the highest expression in both U251 (n=4) 
and primary human astrocytes (n=3). The overall expression levels of GFAP are higher in primary 
human astrocytes compared to U251 cells. Overexpression is confirmed at protein level with Western 
blot. In U251 cells the specific upregulation was shown with isoform specific antibodies: The GFAP 
c-term antibody distinctively recognizes GFAPα and the hGFAPδ antibody recognizes GFAPδ (Roelofs 
et al., 2005). The band in the control condition was recognized by a pan GFAP antibody and reflects the 
endogenous presences of mostly GFAPα. Due to less sensitivity of the C-term antibody this band is not 
visible when blots are stained with this antibody. (F) qPCR analysis showing GFAP isoform expression 
levels relative to GFAPα in untransduced U251 cells and primary human astrocytes.
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differ due to alternative splicing of intron 7. GFAPδ expression is differential; only observed 

in subsets of astrocytes or under specific conditions. The neurogenic astrocytes, or NSCs, in 

the SVZ of the adult human brain express GFAPα together with high levels of GFAPδ (Roelofs 

et al., 2005; van den Berge et al., 2010). These cells proliferate throughout life to generate new 

interneurons in the olfactory bulb (Lois and Alvarez-Buylla, 1993; Sanai et al., 2004). The 

neurogenic astrocytes express vimentin as well as nestin, whereas mature cortical astrocytes 

do not. GFAPδ is also expressed in certain types of reactive gliosis and is present in some 

glioblastomas (Andreiuolo et al., 2009; Choi et al., 2009; Heo et al., 2012; Martinian et al., 

2009). GFAPδ protein expression has been correlated to malignancy grade in glioblastomas 

(Choi et al., 2009; Heo et al., 2012). 

The functional consequences of a high expression of GFAPδ is not completely clear, but 

we have found that GFAPδ, although assembly compromised on its own, is able co-assemble 

into an IF network with GFAPα. However, when GFAPδ protein expression becomes too 

high, the GFAP network collapses and condensates near the nucleus (Nielsen and Jorgensen, 

2004; Roelofs et al., 2005). Stress regulated proteins like α-B-Crystallin and phosphorylated 

c-Jun N terminal kinase (p-JNK) (Perng et al., 2008) co-localize with the collapsed network 

suggesting a molecular response to the collapse. Studies from GFAP and GFAP/Vimentin 

knockout mice have shown that astrocytes lacking IFs have decreased cell motility and a 

rounder cell morphology (Lepekhin et al., 2001), although GFAP induction has been found 

to also decrease cell motility (Elobeid et al., 2000). In addition, the expression of GFAP has 

been studied in tumor cells and has been found to decrease proliferation (Rutka et al., 1994; 

Rutka and Smith, 1993). To further analyze the functional consequences of the different 

GFAP isoforms, we have created astrocytoma cell lines overexpressing GFAPα or GFAPδ and 

assessed the effect of the altered GFAP network on the other IF proteins and the consequences 

for cell morphology. Furthermore, we determined the effect on cell migration capacity and 

proliferation since it has been reported that GFAP affects these processes (Elobeid et al., 2000; 

Lepekhin et al., 2001; Rutka et al., 1994; Rutka and Smith, 1993). 

Results

GFAP isoform expression in U251 cells and primary human astrocytes

Cellular models for studying GFAP isoform function were established by transducing 

U251 cells and primary human astrocytes with GFAP isoform expression vectors. Figure 1 
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shows endogenous (Ctrl bars) and exogenous GFAP isoform mRNA expression (GFAPa and 

GFAPδ bars) in U251 cells (Figure 1A, 1B) and in primary human astrocytes (Figure 1D 

and 1E); indeed we established a specific GFAP isoform overexpression compared to control 

cells. These data were confirmed with western blot analysis, on which a clear expression of 

either GFAPα or δ was observed. In the control (ctrl) condition, we only saw a band with the 

pan GFAP antibody, representing endogenous GFAPα (Figure 1C). The presence of other 

GFAP isoform transcripts was determined in untransduced U251 cells and primary human 

astrocytes using qPCR. The GFAP isoforms are depicted as a percentage of the canonical 

GFAPα expression. GFAPα and GFAPδ are the most abundant isoforms expressed, followed 

by GFAPκ. Other isoforms were expressed at a very low level (Figure 1F).

GFAPδ perturbs the GFAP network in astrocytes

To study whether cytoplasmic collapses of GFAP occur in U251 cells, as we have shown 

before in SW13 human adrenal carcinoma cells and U343 astrocytoma cells (Kamphuis et 

al., 2012; Perng et al., 2008), we transduced U251 astrocytoma cells and primary human 

astrocytes with GFAP isoforms and investigated IF network morphology by immunostainings 

for GFAP. A similar effect on IF morphology was obtained in primary human astrocytes 

(Figure 2A) and in human U251 astrocytoma cells transduced with GFAP isoforms (Figure 

2B). The endogenous GFAP network was stained in the control condition, in which cells were 

only transduced with mCherry. The GFAP network was present throughout the cytoplasm 

up to close proximity of the cell periphery, which is visualized by actin staining. Expression 

of recombinant GFAPα in human astrocytes, or U251 cells, resulted in an incorporation of 

exogenous GFAPα into the endogenous IF network. In contrast, expression of GFAPδ led to a 

collapse of the GFAP network mostly in a perinuclear fashion (indicated with arrowheads in 

Figure 2A and 2B). As we have observed before that eGFP-GFAP fusion proteins can disturb 

the IF network as well (Perng et al., 2008), we chose to use the internal ribosomal entry site 

(IRES) system, and identify the transfected cells by their enhanced green fluorescent protein 

8Figure 2. GFAP isoform expression in primary human astrocytes and U251 astrocytoma cells. (A) 
Human primary astrocytes transduced with GFAPα, GFAPδ or mCherry (control). Cells were stained 
with pan GFAP Dako antibody (GFAP) together with phalloidin (Actin) and Hoechst (Hst). The reporter 
showed which cells were transduced cells. Expression of GFAPα resulted in a dense GFAP network 
which was spread throughout the whole cell, similar to endogenous GFAP expression. Expression of 
GFAPδ showed a drastic redistribution of the GFAP network which collapsed in a perinuclear fashion. 
(B) Human U251 astrocytoma cells transduced with GFAPα, GFAPδ or mCherry (control) also showed 
a collapse of the GFAP network in GFAPδ transduced cells only. Scale bars represent 20 μm.
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(eGFP) or mCherry expression for GFAPα and GFAPδ, respectively, without disturbing the 

network with the GFP fusion protein.

We observed that the perturbing effect of GFAPδ on the GFAP network is concentration 

dependent, and a gradual process as already described in studies by Nielsen and Perng 

(Nielsen and Jorgensen, 2004; Perng et al., 2008). This characteristic of GFAPδ is valid for 

both mouse and human GFAP, as we have shown in previous work (Kamphuis et al., 2012), 

and we observed the effect of GFAPδ on the GFAP network in multiple cell types such as 

primary human astrocytes as well as human astrocytoma cells (U251, U373 and U343)(Perng 

et al., 2008).  

 A collapsed network cannot be reversed by expressing more GFAPα

To study whether we can reverse the GFAPδ collapse of the IF network, we transduced 

U251 cells which were previously transduced with GFAPδ, with GFAPα to restore the α/δ 

ratio. Cells having both the GFAPα (EGFP) transgene as well as the GFAPδ transgene 

(mCherry) still showed a collapsed GFAP network when GFAPα was expressed (Figure 3). 

Cells transduced with EGFP show the same GFAP distribution, a collapse around the nucleus, 

as cells transduced with GFAPα, showing that a collapsed network cannot spread out again by 

increasing the amount of GFAPα. 

Figure 3. A collapse is not rescued by expressing more GFAPα. U251 cells transduced with GFAPδ 
(mCherry positive cells) showed a collapse of the IF network. Cells were transduced with GFAPα or with 
EGFP, as a control, and fixed and stained for pan GFAP 4 days later. Transducing these cells with GFAPα 
(EGFP positive cells in upper lane) did not reverse the collapse of the network. The distribution of GFAP 
is not altered by the EGFP control transduction. Scale bars represent 20 μm.
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Figure 4. GFAPδ collapses the whole IF network. (A) Primary human astrocytes transduced with 
GFAPα, GFAPδ or control plasmid stained for vimentin and actin or (B) nestin and actin. Astrocytes 
expressing ectopic GFAPα or mCherry, had a network that was spread throughout the whole cell while 
GFAPδ expressing cells showed a perinuclear collapse of both vimentin and nestin in cells positive for 
the reporter only (indicated with arrowheads). Scale bar represents 20 μm.
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Vimentin and nestin co-collapse with GFAPδ, while actin and microtubules stay 
intact

To assess whether the GFAPδ protein expression results in a collapse of the complete 

cytoplasmic IF network, we studied the effect of the expression of GFAPδ on two other 

astrocytic IFs, vimentin and nestin. Vimentin (Figure 4A) and nestin (Figure 4B) were both 

expressed as a filamentous network in primary human astrocytes. Transduction with GFAPα 

had no effect on the distribution of the IF network. In contrast, transduction with GFAPδ, also 

led to a condensation of the vimentin and nestin network (see arrowheads). In the GFAPδ 

transduced astrocytes, most protein was collapsed around the nucleus. This is clearly visible 

together with the actin staining which did spread to the outer boundaries of the cell. The same 

effect was observed in the U251 cell line (not shown).

In order to check whether the additional expression of GFAPα or GFAPδ would lead to 

compensatory IF transcription, we analyzed the change in mRNA expression of vimentin, 

Figure 5. mRNA expression of IFs in GFAP isoform expressing U251 cells. In U251 cells transduced with 
GFAP isoforms, mRNA was measured for the other IFs. There is no significant regulation of endogenous 
GFAPα (A), GFAPδ (B) or vimentin (D). The nestin mRNA expression (C) was significantly regulated 
only in cells ectopically expressing GFAPα protein (p=0.03). (E) Western blots of GFAP isoforms 
expressing cells show no change in vimentin expression. All graphs show mean with SEM (n=4).
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nestin, and endogenous GFAPα and GFAPδ in U251 cells by using quantitative PCR. The 

mRNA expression levels of GFAPα (Figure 5A), GFAPδ (Figure 5B), and vimentin (Figure 

5D) were not significantly changed due to an increase in either GFAPα or GFAPδ. However, 

we noticed a small but significant upregulation of nestin transcript in GFAPα transduced cells 

(p=0.03) (Figure 5C). Both vimentin and nestin protein were expressed in U251 cells (Figure 

4), and a similar immunostaining was observed in the primary astrocytes (not shown). 

No clear increase in nestin immunostaining was observed. For vimentin the protein levels 

reflected the mRNA data in that there was no change in expression (Figure 5E).

The cytoskeleton in astrocytes with a collapsed IF network

IFs are interconnected with microtubules and actin (Foisner et al., 1995; Svitkina et al., 

1996). To study whether a collapse in IFs will also affect the actin and microtubule network, we 

co-stained for actin and microtubules in GFAPα and GFAPδ transduced primary astrocytes. 

Cells transduced with the control vector showed normal actin and microtubule staining 

pattern (Figure 6). When cells had a high expression of GFAPα or GFAPδ, microtubules and 

actin filaments were still present throughout the whole cell. Thus, although the expression of 

high amounts of GFAPδ had a profound effect on the IF network the actin and microtubules 

did not show a collapse. 

The IF network and cell morphology

Next we aimed at defining whether the  IF network collapse results in a change in 

morphology since IF expression has been linked to cell morphology (Lepekhin et al., 2001). 

Morphological parameters of living U251 cells expressing different GFAP isoforms were 

determined by measuring the cell surface area and the perimeter. From these parameters we 

calculated the form factor, as described in the methods section. Forty cells were analyzed per 

experiment in five independent experiments. GFAPδ expression caused the cells to become 

rounder (0.56 ±0.006; mean ±SEM) in comparison to the control (0.49 ±0.005, p=0.009) 

(Figure 7A). Significant differences in perimeter (Figure 7B) and area (Figure 7C) between 

cells expressing GFAPδ (0.95 ±0.03 and 0.041 ±0.002, respectively) compared to GFAPα (1.09 

±0.03 and 0.051 ±0.002, respectively) were also found (p=0.02 and p=0.03, respectively).  

GFAP overexpression does not affect cell motility

To check for changes in cell motility, we analyzed single cell motility and scratch wound 

healing speed. Single cell motility assays were performed on U251 cells expressing GFAPα, 



52

Chapter 2

2

Figure 6. The cytoskeleton in primary human astrocytes with a collapsed IF network. Primary human 
astrocytes transduced with GFAPα, control plasmid and GFAPδ, as indicated by the fluorescent reporter, 
showed that microtubules and actin filaments were not co-collapsing with the IF network. Microtubules 
and actin filaments were still present throughout the whole cells in GFAPδ transduced cells.  Hst = 
Hoechst. Scale bar represents 20 μm.
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GFAPδ, or mCherry. Cells were seeded on PLL coated glass coverslips and thirty cells were 

analyzed per experiment in 3 independent experiments. There were no statistically significant 

differences in average velocity between U251 cells expressing GFAPδ (0.53 ± 0.09), GFAPα 

(0.44 ± 0.08), or control (0.50 ±0.02) (p=0.9) (Figure 8A). Similar results were found in a 

wound healing assay where a monolayer of cells was scratched and the wound healing speed 

was measured over time (Figure 8G). Wound healing speed of U251 cells expressing GFAPα 

(52.9% ± 9.3), GFAPδ (54.7% ± 6.2), or the control (50 ± 7.3) was not different at 12.5h (p=0.7). 

To verify these results, single cell motility assays were done on primary human astrocytes. 

Again we found no statistically significant difference in cell motility in cells expressing GFAPα 

(0.39 ± 0.03), GFAPδ (0.37 ± 0.02), and control cells (0.43 ± 0.009) (p=0.15) (Figure 8B).

GFAPδ overexpression does not affect proliferation

Since GFAPδ is highly expressed in proliferating astrocytes, neurogenic astrocytes (Roelofs 

et al., 2005; van den Berge et al., 2010), and astrocytoma cells (Choi et al., 2009; Heo et al., 

2012), we determined the effect of GFAPδ expression on proliferation by performing a 3‐

(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983). 

We observed no significant difference between proliferation of GFAPδ (153% ± 9.2), GFAPα 

(180% ± 19.8), and control (mCherry) (156% ± 5.3) (p=0.56) over a period of 48 hours for 

U251 cells (Figure 8C). The MTT assay in primary astrocytes also failed to show significant 

Figure 7. Morphology of U251 cells with different IF networks. (A) GFAPδ expressing cells showed a 
more round morphology in comparison to the control (p=0.009) as is measured by the form factor of 
these cells. Significant differences between GFAPα and GFAPδ were found in (B) perimeter (p=0.02) 
and (C) area (p=0.03).  Bars show mean and SEM (n=5). Scale bars represent 100 μm.
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differences between GFAPα (146% ± 3.8), GFAPδ (139% ± 12.5), and control (146% ± 14.7) 

(p=0.56) (Figure 8D). To confirm these results, proliferation was also assessed by staining for 

the proliferation marker Phospho histone H3 (PHH3). U251 cells stably expressing GFAP 

isoforms were plated, fixed 48 hours later, and stained for PHH3 (Figure 8E). We observed no 

significant difference (p=0.21) in the percentage of PHH3 positive cells between GFAPα (7.3% 

Figure 8. Migration and proliferation is not affected by GFAPδ. (A) Single cell motility was measured 
as the average velocity in μm/min of a single cell, in a sequence of images which were taken overnight. 
Average velocity did not differ significantly between GFAPα, GFAPδ and control cells (p=0.9) (n=3) in 
U251 cells or in (B) primary astrocytes (p=0.15) (n=3). (C) Proliferation was measured by metabolic 
conversion of MTT which was measured by absorbance of light. The absorbance at t=24h was put 
at 100%. There was no significant difference between GFAPδ, GFAPα and control (p=0.56) (n=3) at 
48 hours in U251 cells or (D) primary astrocytes (p=0.56) (n=3). (E) Cells were stained for PHH3, 
indicating dividing cells. The average percentage of dividing cells per condition at one time point is 
not significantly different in cells with GFAPα, GFAPδ and control in U251 cells  (p=0.21) (n=4) (F). 
In primary astrocytes there was a significant difference in proliferation between GFAPα and GFAPδ 
(p=0.04) (n=3). (G) Scratch assays were done by scratching a monolayer of cells and measuring the area 
uncovered by cells, over time. The area of the scratch at t=0 was put at 100%. The bars represent the 
area where there are no cells at different time points. There was no significant difference (p=0.7) (n=3) 
between GFAPα, GFAPδ or the control after 12.5 hours. All graphs show mean with SEM.
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± 1.1), GFAPδ (5.4% ± 0.4), and control (5.6% ±0.4). PHH3 staining in primary astrocytes 

did, however, show a significant difference between GFAPα (6.1% ±0.3) and GFAPδ (3.4% 

± 0.2) (p=0.04) (Figure 8F). Taken together, these data show that GFAPδ expression did not 

alter cell proliferation or motility, while GFAPα led to a slightly higher proliferation rate 

compared to GFAPδ.

Discussion

Here we show that GFAPδ expression in astrocytoma cells has a profound effect on the 

distribution of the full IF network. This reorganization of the IF network alters the morphology 

of the cells, but has no effect on cell proliferation and cell motility. 

The presence of a spread out IF network determines cell morphology

In reactive gliosis, the production of GFAP as well as other IF proteins are upregulated. 

This results in a more pronounced, GFAP-positive, IF network (Buffo et al., 2010; Sofroniew, 

2009; Wilhelmsson et al., 2006) . GFAP has been linked to cell morphological changes in 

astrocytes in vitro, in which a correlation was observed between the level of GFAP expression 

and the number of cell protrusions (Elobeid et al., 2000; Lepekhin et al., 2001; Rutka et 

al., 1994; Rutka and Smith, 1993; Weinstein et al., 1991). In vivo however, there were no 

morphological changes in astrocytes in reactive astrocytes (Wilhelmsson et al., 2006). GFAP 

is expressed as different splice isoforms. The consequences of the presence of these isoforms 

in the IF network on cell morphology have not been studied before. We here show that 

GFAPδ-expressing cells, which show a collapsed IF network, are more rounded. This change 

is reminiscent to the morphological change in astrocytes devoid of IFs in vitro (Lepekhin et 

al., 2001; Rutka et al., 1994; Rutka and Smith, 1993; Weinstein et al., 1991). 

Cell morphology in vitro is mainly determined by cell adhesion to the extracellular 

matrix. Integrins are the main linkers between the extracellular matrix and the cytoskeleton 

and, together with other proteins, they form the focal adhesions. Focal adhesions bind to 

actin filaments. Therefore, we expected that a change in cell morphology might go hand in 

hand with a redistribution of actin in cells expressing GFAPδ. However, this was not the 

case as we did not observe an obvious redistribution of actin. Thus the GFAPδ induced 

morphological changes are most likely not caused by a change in actin – focal adhesion 

interactions. Alternatively, the binding capacity of GFAPδ expressing cells to the extracellular 

matrix could be diminished by a change in IF - focal adhesion interaction through plectin. 
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Indeed, interactions between the IF protein vimentin, and mature focal adhesions have been 

shown to be essential for proper endocytoplasm spreading (Lynch et al., 2013). Vimentin can 

regulate adhesion and focal contact size under shear stress (Tsuruta and Jones, 2003) and 

controls cell adhesion strength through plectin and β3 integrins (Bhattacharya et al., 2009). 

Thus, GFAP could have a similar function in adhesion of astrocytoma cells to the ECM. IFs 

potentially could regulate the positioning of focal adhesions or could affect the strength of the 

binding of focal adhesions to the extracellular matrix (Kim et al., 2010; Lynch et al., 2013). 

Our observed change in cell morphology in cells with a collapsed IF network due to GFAPδ, 

shows that the IF network distribution per se can affect the shape of the cell.

GFAP isoform specific functions in cell proliferation

Proliferation has been linked to GFAP expression in several studies, although the 

published data are inconclusive. A GFAP knockdown has been shown to lead to an increase 

in proliferation in some studies (Pekny et al., 1998; Rutka et al., 1994), but not in others 

(Weinstein et al., 1991). On the other hand, an overexpression of human GFAPα in mice 

has been shown to decrease astrocyte proliferation (Cho and Messing, 2009). Since GFAPδ 

is expressed in cycling cells in the human brain, we expected an effect of GFAPδ on cell 

proliferation (Choi et al., 2009; Heo et al., 2012; van den Berge et al., 2010). Unexpectedly, we 

observed that not the expression of GFAPδ, but an enhanced expression of GFAPα resulted 

in a significant increase in proliferation in primary astrocytes. We detected a similar trend in 

the U251 astrocytoma cells. Our data shows that the increase in proliferation is either caused 

by the mere increase in GFAPα or that a collapse of the IF network prevents the stimulation 

of cell proliferation.

The collapse of the IF network due to GFAPδ expression is a gradual process (Nielsen and 

Jorgensen, 2004). The expression of GFAPδ is most likely tightly regulated as in vivo GFAPδ 

expressing have a spread out IF network. However, in pathological conditions with a high 

expression of GFAP, such as in astrocytoma and in Alexander disease astrocytes, IF collapses 

are observed  (Eng et al., 1998; Sugita et al., 2013). This implies that also in these diseases a 

collapsed IF network could lead to a change in the interaction of the astrocytes with the ECM. 

Mutations in GFAP are the cause of Alexander disease. This disease is characterized 

by Rosenthal fibers which consist of aggregated GFAP. It has been shown that the mutant 

GFAP proteins, lead to the collapse of the IF network and this results in a reduction in cell 

proliferation in primary mouse astrocytes and human cell lines (Cho and Messing, 2009; 
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Hagemann et al., 2006; Yoshida et al., 2007). In contrast, we here show that collapses caused 

by GFAPδ do not affect cell proliferation. The differences between these findings and ours 

could be either due to the mutation in GFAP or the difference between mouse and human 

GFAP. 

IF network collapse, due to GFAPδ, does not affect cell motility

Several studies have found that a knockdown or knockout of GFAP increases cell motility 

(Lepekhin et al., 2001; Rutka et al., 1994; Rutka et al., 1998). However, we did not observe any 

differences in cell motility suggesting that a GFAPδ induced collapse of the IF network does 

not have the same effect on cell motility as a reduced GFAP expression or GFAP knockout. 

GFAP mutations, also causing collapses of the GFAP network, increased cell motility only 

when the mutation was in the rod domain and not in the tail domain of GFAP (Yoshida et 

al., 2007; Yoshida et al., 2009). GFAPα and GFAPδ have only a different tail, thus this might 

explain why we do not see differences in cell motility.

To summarize, we have shown that GFAPδ, has a profound effect on IF network 

morphology without altering astrocyte motility or proliferation. Although GFAPδ is 

expressed in more proliferative cell types with a higher migration potential, GFAPδ itself does 

not directly influence proliferation or migration when there is a collapse of the IF network. 

The function of GFAPδ in cells with a spread out IF network needs to be investigated further.

Materials and Methods

Cell culture

U251MG human astrocytoma cells (ECACC 89081403) were cultured in DMEM 

GlutaMAX/ Ham’s F-10 Nutrient Mix 1:1 with 10% Fetal Bovine Serum (FBS), 10 U/ml 

penicillin G and 10 mg/ml streptomycin (1% P/S) (all Invitrogen, Carlsbad, CA)). Human 

embryonic kidney (HEK293T) cells were cultured in DMEM/Glutamax with 10% FBS, 1% 

P/S and 1% extra Glutamax (all Invitrogen). All cells were cultured in uncoated plastic flasks 

at 37°C in a humidified atmosphere, with 5% CO2.

Isolation of primary human astrocytes

Primary human adult astrocyte cultures were obtained from the Netherlands Brain Bank 

(NBB) freshly dissected post-mortem subcortical white matter from a 79-year-old female 
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control donor (NBB 2010-038), with a post-mortem delay of <18 hours (h) and a cerebrospinal 

fluid pH of 6.30. The NBB performs brain autopsies with short post-mortem intervals, and the 

brain donors have given informed consent for using the tissue and for accessing the extensive 

neuropathological and clinical information for scientific research, in compliance with ethical 

and legal guidelines (Huitinga I. et al., 2008). The tissue was collected in 25 ml cold Hibernate 

A (Invitrogen), and mechanically dissociated into small pieces. The tissue was digested with 

0.2 % trypsin (Invitrogen) and 0.1% DNAseI (Invitrogen) at 37° C, while shaking for 30 

minutes (min). Next, 2 ml FBS was added to the mixture and, subsequently, the cells were 

collected by centrifugation. The pellet was taken up in DMEM without phenol red containing 

10% FBS, 2.5% Hepes, and 1% P/S (all Invitrogen), and the suspension was filtered through 

a 60 μm mesh screen. Then, Percoll (Amersham/GE Healthcare, Piscataway, NJ, USA) was 

added (half of cell suspension volume), and this mixture was centrifuged at 3220 relative 

centrifugal force (rcf) at 4°C for 30 min to separate cells, debris, and myelin. The second layer 

(glial cell containing fraction) was collected and washed with complete DMEM (containing 

10% FBS, 1% P/S, 2.5% Hepes and 1% gentamycin, all Invitrogen). After centrifugation, the 

pellet was taken up in complete DMEM and cells were seeded in a 6-cm uncoated culture 

dish. Microglia will adhere to the dish and the astrocytes will be present in the medium. After 

6 h at 37°C/5% CO2, the medium, containing astrocytes, was taken off, centrifuged, and the 

microglia depleted pellet was seeded onto Poly-L-lysine coated wells (PLL, Sigma-Aldrich, 

15 μg/ml in PBS, 1 h at room temperature (RT)) in DMEM/Ham’s F12 GlutaMAX medium 

containing 5% FBS, 1% P/S and 0.25% Fungizone (all Invitrogen).

Plasmid construction, transient transfection and virus production

Expression vectors were prepared by cloning human GFAPα and human GFAPδ (Perng 

et al., 2006; Perng et al., 2008; Roelofs et al., 2005) cDNA sequences into the pIRES2EGFP 

(Clontech, Mountain View,CA, USA).  For the GFAPδ constructs the EGFP sequence was 

replaced by mCherry 

Subsequently, to produce lentiviral vectors, the constructs were subcloned into a pRRL 

lenti backbone. Lentiviruses were produced  as described before (Naldini et al., 1996a; Naldini 

et al., 1996b) with some alterations. In short, 10x106 HEK 293T cells were plated in a 15-

cm culture dish and transfected with a total of 90 μg of the envelope (pMD2.G), packaging 

(pCMV-dR8.74) and p156RRL plasmid, containing different expression cassettes per dish, 

using PEI. In short, this consists of mixing the total 90 μg of DNA with PEI (67.5 ng/μl), 

incubate this for 15 min at RT, and adding it dropwise to the cell culture. The culture medium 



2

59

GFAP isoforms in human astrocytoma cells

was replaced 16 h after transfection and the medium containing viral particles was collected 

24 h after transfection. Supernatants were  ultracentrifuged at 22,000 rpm (rotor SW28, 

Beckman-Coulter) for 2.5 h. The resulting pellet was resuspended in Phosphate Buffered 

Saline (PBS) (pH 7.4), aliquoted and stored  at -80 °C until further use.

To measure viral titers, a dilution series across five orders of magnitude of the viral stock 

solutions was made and HEK293T cells were transduced. After 2 days of incubation at 37°C, 

the number of transduced fluorescent cells at the different viral dilutions was counted and the 

viral titer was estimated in transducing units (TU) /ml.

Creating stable cell lines

U251 cells were transduced with lentiviral constructs with a multiplicity of infection of 

10. Medium was refreshed after 16 h. To maintain a population of transduced cells, cells were 

sorted on their EGFP or mCherry expression using fluorescent activated cell sorting (FACS 

ARIA II, BD Bioscience, Franklin Lakes, NJ, USA). In between experiments,  U251 cells were 

stained for GFAP to ensure that more than 70% of the cells were overexpressors. The primary 

human astrocytes were checked for fluorescent reporter expression before any analysis to 

ensure cells were overexpressing GFAP isoforms.

MTT assay  

To measure cell proliferation, an MTT assay was performed. 3‐(4,5‐Dimethylthiazol‐2‐

yl)‐2,5‐diphenyltetrazolium bromide is reduced into a soluble blue formazan product by 

mitochondrial enzymes in living cells only. Therefore, the amount of formed formazan 

is proportional to the amount of living cells present (Mosmann, 1983). MTT assays were 

performed by plating cells in non-coated plastic 24-wells plates. To measure the amount of 

cells in the well at a specific  moment, medium was replaced by 500 μl serum free medium 

containing 0.5 mg/ml MTT, which was incubated at 37°C for 2 h. Cells were subsequently 

lysed in 100% DMSO, which dissolves the purple formazan resulting in a color change of the 

DMSO. The amount of purple formazan, and therefore the amount of cells able to metabolize 

the MTT, was measured using a Varioskan Flash (Thermo scientific, USA) measuring the 

absorbance at 570 nm. Significance was tested with a Kruskal Wallis test with a Dunn’s 

Multiple Comparison post hoc test on 3 independent experiments. Every measurement in the 

independent experiments was the average of a biological duplicate.
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Phospho Histone H3 quantification

To determine the number of actively proliferating cells, U251 cells expressing GFAP 

isoforms were plated on non coated coverslips and fluorescently stained for PHH3 together 

with the nuclear dye Hoechst (1:1000 dilution) (Invitrogen, Carlsbad, CA, USA). Subsequently, 

micrographs were taken and the number of PHH3 positive, dividing, nuclei were counted 

using ImagePro software (version 6.3) and the percentage of dividing cells was calculated by 

dividing the number of PHH3 positive cells by total number of Hoechst positive nuclei. Per 

experiment 5 fields of view were analyzed and averaged, each containing at least 50 cells. Data 

from separate experiments was corrected for inter-experimental variation as stated below. 

Significance was tested with a Kruskal Wallis test with a Dunn’s post hoc test on data from 3 

independent experiments.    

Migration assay

To measure cell migration, a scratch assay was performed. U251 cells were plated in a 24-

well plate (100,000 cells per well) coated with 20 μg/ml PLL at 37 °C for 1 h. The confluent cell 

monolayer was scratched with a P10 plastic pipet tip. Pictures were taken using an Axiovert 

135M (Zeiss, Jena, Germany) with a Sony XCD-X700 camera (Sony, Tokyo, Japan) at the time 

points indicated in the results. The plate was marked to ensure pictures were taken at the same 

position at every time point. To quantify cell migration, the surface area not covered by cells 

was determined at different time points. The migration was calculated as the percentage of 

not covered surface area compared to t=0. A mean of 9 pictures was measured per condition, 

in at least 3 separate experiments. Significance was tested with a Kruskal Wallis test with a 

Dunn’s post hoc test.

Single cell motility assay

Single cell motility assays were performed on a Zeiss Axiovert 2000 inverted microscope 

(Zeiss, Jena, Germany). A single cell suspension was plated on PLL-coated glass dishes with 4 

compartments (CELLview, Greiner bio-one, Alphen a/d Rijn, The Netherlands) and allowed 

to adhere for at least 8 h. Dishes were kept on the microscope in a pre-heated and humidified 

incubation chamber (OKO labs, Italy) at 37 °C and 5% CO2. Pictures were taken every 10 

min with an Axi Aqua camera (Q imaging, Canada). Cell motility was measured by tracking 

single cells throughout all frames of the sequence and measuring the average velocity in μm 

per min using the manual tracking plugin from Image J (Rasband, W.S., ImageJ, U. S. National 

Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012 version 
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1.46f). Per experiment at least 20 cells were analyzed per condition in at least 3 independent 

experiments. Data from separate experiments was corrected for inter-experimental variation 

as stated in the “Statistics and factor correction” section below.  A Kruskal Wallis test with a 

Dunn’s post hoc test was performed to test for significance. For the primary human astrocytes, 

which were not sorted, we checked for GFP and mCherry expression to make sure that we 

only tracked transduced cells.

Quantitative reverse transcriptase PCR (qPCR) analysis

U251 cells were transduced like described before. Medium was refreshed after 16h. RNA 

was extracted 7 days after transduction. RNA was extracted from cells using TRIsure (Bioline, 

London, UK) and precipitated in isopropanol overnight (O/N). Five hundred nanograms of 

RNA was reverse transcribed into cDNA with a QuantiTect reverse transcription kit (Qiagen, 

Venlo, The Netherlands), as described before (Kamphuis et al., 2012). cDNA was diluted 1:20 

before being used as a template in qPCR assays (SYBR® Green PCR Master Mix, Applied 

Biosystems, Life Technologies, Paisley, UK). qPCR conditions were similar as described 

before (Kamphuis et al., 2012) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

Transcript Forward primer Reverse primer
GFAPα endogenous CCCACTCTGCTTTGACTGAGC CCTTCTTCGGCCTTAGAGGG

GFAPδ endogenous GTGGTAAAGGTGGT-
GAGTCCTT AGAGGCTGCTGCTTGCTC

Vimentin CGTACGTCAGCAATAT-
GAAAGTGTG

TCAGAGAGGTCAGCAAACTTG-
GA

Nestin GATCTAAACAGGAAGGAAATC-
CAGG

TCTAGTGTCTCATGGCTCTG-
GTTTT

GFAPα CTTCTCCAACCTGCAGATTCG CACGGTCTTCACCACGATGTT

GFAPδ CCGTGCAGACCTTCTCCAA CGTATTGTGAGGCTTTTGAGA-
TATCT

GFAPκ GTCAGTACAGCAGGGCCTCG AGGAGCGCTGCAGTGTCACG
GFAPβ CGGGCATCGCCAGTCTAG ATCCTGCTCTGGCTCTGCTC
GFAPγ CTCAGAAGAGCCTGGACCCA GGCTTCCAGCCTCAGGTTG
GFAPζ GCACTGTGCACGTTCCCTG GGTCCTGCCTCACATCACATC
GFAP ΔEx6 TGCGCGGCACGGATC CACGGTCTTCACCACGATGTT
GFAP Δ135 TCTGCGCGGCACGGAGTA GGGAATGGTGATCCGGTTCT
GFAP Δ164 GAGGCGGCCAGTTATTCCC CACGGTCTTCACCACGATGTT
GFAP ΔEx7 GCGAGGAGAACCGAAACCAG CTTCACCACGATGTTCCTCTTG

Table 1. qPCR Primer Pairs. Sequences of forward and reverse primers used for qPCR experiments are 
listed
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and hypoxanthine phosphoribosyltransferase (HPRT) were used as reference genes to 

normalize gene expression. Data from 4 separate experiments was factor corrected as stated in 

the “Statistics and factor correction” section below and tested for significance using a Kruskal 

Wallis test with a Dunn’s post hoc test. Primer pairs used are listed in Table 1. 

Western blots

Cells were washed and scraped with a cell scraper into 100 µl of cold  lysis buffer 

consisting of a suspension buffer (0.1 M NaCl, 0.01M Tris-Hcl (pH 7.6), 0.001 M 

Ethylenediaminetetraacetic acid (EDTA) with 1% Triton-x100) and protease inhibitors were 

added (100 μg/ml phenylmethanesulfonylfluoride (PMSF)(Roche Diagnostics, Switzerland) 

and 0.5μg/ml Leupeptin (Roche Diagnostics, Switzerland). Cells were vortexed and incubated 

for 5 min on ice. Subsequently, samples were spun at 11,7 x g for 1 min. Supernatant was taken 

off and stored at -20°C until further use. Protein concentrations were measured using a BCA 

kit (Pierce, Thermo Scientific), according to manufactures descriptions. Proteins were mixed 

with 2X loading buffer (2X: 100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 0.2M dithiothreitol 

and bromophenol blue), heated for 5 min at 95°C, and loaded on a 7.5% SDS-PAGE  reducing 

gel. After electrophoresis, proteins were blotted on Whatman Protran membranes (GE 

Healthcare) using a semi-dry Trans-Blot system (Biorad, CA USA) for 60 minutes.   Blots 

were incubated with SuMi for 10 min before they were incubated with primary antibodies 

at 4°C overnight. Blots were subsequently washed 3 times in TBS-T (100 mM Tris-Hcl pH 

7.4, 150 mM NaCl with 0.2% Tween-20), before secondary antibodies (IRdye 800 (1:2000) 

(LI-COR, NE, USA) and Dyelight Cy5 (1:4000) (Jackson Immune Research, USA), diluted 

in SuMi, were incubated at room temperature for 1 hour. Blots were washed again 3 times in 

TBS-T before scanning with an Odysee scanner (LI-COR, NE, USA). GAPDH was used as a 

loading control.

Immunocytochemistry

To perform immunocytochemical staining,  cells were cultured on uncoated glass 

coverslips, fixed with 4% Paraformaldehyde (PFA), washed in PBS and incubated in SuMi 

buffer (50mM Tris, 150mM NaCl, 0.25 % gelatine and 0.5% Triton X-100, pH 7.4) for 10 

min. Primary antibodies were diluted in SuMi and incubated at 4 °C on a shaker O/N. Cells 

were washed 3 times in PBS and subsequently incubated with secondary antibodies and 

Hoechst 33258 (1:1000 dilution) (Invitrogen, Carlsbad, CA, USA) diluted in SuMi at RT for 

1 h. The antibodies used are listed in Table 2. All secondary antibodies were from Jackson 
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Immune Research (USA) and diluted 1:1400 in SuMi. Cells were washed again in PBS, before 

the coverslips with cells were mounted on slides with Mowiol (0.1 M Tris-HCl pH 8.5, 25% 

glycerol, 10% Mowiol (Calbiochem, Merck Millipore, Darmstadt, Germany)). The actin 

network was visualized with acti-stain Phalloidin 670 (Cytoskeleton inc, Denver, CO, USA; 

1:1000 dilution). All fluorescent images were taken with a Leica SP5 confocal microscope 

(Leica, Germany) with a 63x objective.

Cell morphology measurements

Phase contrast pictures were taken from the U251 cells transduced with GFAP isoforms 

and mCherry (control) on a Zeiss Axiovert 2000 with an Exi Aqua camera (Q Imaging, 

Surrey, Canada). Cell outlines were manually drawn using Image J. Area and perimeter were 

measured in square pixels. Form factor was calculated as , where perfect round cells will have 

a form factor of 1 (Lepekhin et al., 2001; Thurston et al., 1988). Five independent experiments 

were performed with 40 cells analyzed per experiment. Data has been factor corrected for 

inter-experimental variation as stated below. A Kruskal Wallis test was performed with a 

Dunn’s Post hoc test to test for significance. 

Statistics and factor correction

Data obtained from independent experiments was corrected with a factor correction 

program (version 10.5 2012) (Ruijter et al., 2006) when stated. Kruskal Wallis or Mann-

Whitney tests were performed to test for significance. Differences were considered significant 

at p<0.05. All statistical tests were performed using Graphpad Prism 5 (version 5.04) 

(Graphpad Software Inc., La Jolla, CA, USA).

Antibody Manufacturer Dilution Cat #
panGFAP Dako Dako 1:4000 (1:8000 WB) Z0334
hGFAPδ Manufactured in house 

(10-05-2001 Bleed)
1:1000 (1:1300 WB) -

GFAP c-term Santa Cruz 1:4000 (WB) Sc-6170
Vimentin Chemicon 1:5000 (1:8000 WB) AB5733
Nestin Millipore 1:1500 Mab353
α-Tubulin Sigma-Aldrich 1:3000 T-6793
Phosphohistone H3 (PHH3) Sigma-Aldrich 1:1000 H0412
GAPDH Abcam 1:4000 (WB) AB14247

Table 2. List of antibodies. Name and additional information on antibodies used for immunocytochemistry 
and westernblots (WB). The dilutions for both protocols are listed.
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Abstract

Glial fibrillary acidic protein (GFAP) is the characteristic protein in the intermediate 

filament (IF) network of astrocytes. At least 10 different GFAP splice isoforms are known to 

be expressed, and the main isoforms are GFAPα and GFAPδ. The canonical GFAPα isoform 

is able to assemble into filaments by itself. GFAPδ, however, is assembly compromised, but 

low amounts of GFAPδ ( ~ 10% of total GFAP) are tolerated into an IF network composed of 

vimentin or GFAPα. An increasing amount of GFAPδ will lead to an imbalance with the other 

IFs present in the cells, and will cause a collapse of the IF network. An IF network is a dynamic 

structure and IF proteins continuously assemble and disassemble into the network. To study 

potential differences in the dynamic properties of GFAPα and GFAPδ, both in a physiological 

and a collapsed IF network, we performed a fluorescence recovery after photobleaching 

(FRAP) analysis on astrocytoma cells transfected with fluorescently-tagged GFAPs. Here we 

show for the first time that exchange of GFP-GFAPδ (t1/2 = 2.3 min) into the IF network of 

astrocytoma cells was significantly slower than the exchange of GFP-GFAPα (t1/2 = 1.1 min). 

Furthermore, we provide preliminary data that a collapsed IF network, induced by a high 

GFAPδ expression, led to an even more pronounced decrease in fluorescent recovery of both 

GFP-GFAPα (t1/2 = 4.5 min) and GFP-GFAPδ (t1/2 = 5.5 min). In the collapsed condition, 

however, the difference in dynamic properties between GFP- GFAPα and  GFP-GFAPδ was 

not present anymore. Our study provides a first insight into biochemical properties of two 

GFAP isoforms that leads to differences in IF network dynamics. As the IF cytoskeleton has 

been implicated in cell signaling, a change in the dynamic properties of the network could 

play a role in regulating cellular processes. More importantly, a GFAP collapse mimicks 

GFAP aggregates present in Rosenthal fibers in Alexander Disease and some glioma subyptes, 

therefore our data might help to understand the functional consequences of these aggregates 

in astrocytes.
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Introduction 

Intermediate filaments (IF) are part of the cytoskeleton. Together with actin filaments and 

microtubules they form an integrated system that regulate many cellular processes, such as 

cell morphology, cell signaling, cell migration, and proliferation (Goldman et al., 2008; Ivaska 

et al., 2007; Pekny, 2001; Rutka et al., 1994). The main IF protein expressed in astrocytes is 

glial fibrillary acidic protein (GFAP). GFAP has 10 different isoforms formed by alternative 

splicing, of which GFAPα is the canonical isoform (Kamphuis et al., 2012; Middeldorp and 

Hol, 2011). The function of GFAP and its isoforms is still elusive, but there is emerging 

evidence that at least one isoform, GFAPδ, alters the properties of the IF network. GFAPδ 

differs from GFAPα only in its C-terminal tail, and is expressed in specific types of astrocytes; 

i.e. the adult neural stem cells in the human subventricular zone and subpial astrocytes (van 

den Berge et al., 2010; Roelofs et al., 2005). In pathological conditions GFAPδ can be expressed 

in certain types of reactive gliosis and glial tumours (Andreiuolo et al., 2009; Choi et al., 2009; 

Martinian et al., 2009; Heo et al., 2012; Kamphuis et al., 2014). The tail of GFAPδ disables the 

protein to form homodimers and this renders GFAPδ to be assembly compromised by itself 

(Nielsen and Jorgensen, 2004). Together with other type III IF proteins GFAPδ  is able to form 

heterodimers and can be integrated in an IF network.  Depending on the level of expression 

and the concentration of other IFs present, GFAPδ is either tolerated in the network or causes 

the whole IF network to collapse in a perinuclear fashion (Perng et al., 2008; Roelofs et al., 

2005). Assembly experiments in a cell free environment showed that GFAP networks start to 

collapse when there is more then 10% of GFAPδ protein present in the network (Perng et al., 

2008). 

In the cell IF proteins are present in a soluble form in the cytoplasm and in filamentous 

structures that form an important part of the cell’s cytoskeleton. In vitro these IF networks 

are highly motile structures, that are constantly rearranged. The proteins within the filaments 

are also dynamic since there is an active exchange between the filamentous and non 

filamentous pool of IF proteins (Blikstad and Lazarides, 1983; Colakoglu and Brown, 2009; 

Lu, 1993; Soellner et al., 1985). Already formed IF networks can be actively disassembled by 

phosphorylation of IF proteins and a lack of dephosphorylation will hamper new IF assembly 

networks (Chou et al., 1989; Ku et al., 1996). It has been shown that phosphorylation of GFAP 

by kinases, such as  Aurora B or CF kinase, at the N-terminal head domain are important 

for proper dissociation from the filaments during cytokinesis (Goto et al., 2000; Izawa and 

Inagaki, 2006; Ku et al., 1996; Omary et al., 2006).
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In vivo it is known that physiological levels of GFAPδ are tolerated in a GFAPα network 

(Roelofs et al., 2005; Perng et al., 2008; van den Berge et al., 2010), although it has been shown 

in vitro that a high expression can lead to an IF network collapse (Nielsen and Jorgensen, 

2004; Roelofs et al., 2005; Perng et al., 2008). These collapses resemble  aggregates of GFAP 

proteins which occur when cells are transfected with mutant R416W GFAP (Perng et al., 2006). 

Mutations in GFAP are the cause of Alexander disease (AxD), a fatal neurodegenerative disease 

characterized by leukodystrophy, macrocephaly and psychomotor retardation (Brenner et al., 

2001). A pathological hallmark of this disease is the presence of Rosenthal fibers (RF), which 

are astrocytic aggregates  that are comprised of GFAP, ubiquitinated proteins, and stress 

proteins such as heat shock proteins like αB-crystallin (CRYAB) and heat shock protein 27 

(HSP27) (Goldman and Corbin, 1988; Iwaki et al., 1989; Tomokane et al., 1991; Tang et al., 

2006; Perng et al., 2006). IF associated proteins like plectin are also present in RFs (Tian et 

al., 2006). AxD mutations in GFAP and the subsequent collapse of the network influence cell 

viability, glutamate transport and astrocyte morphology (Hagemann et al., 2009; Tian et al., 

2010; Chen et al., 2011; Sosunov et al., 2013). The research on mutant AxD GFAP shows that 

aggregates or accumulations of IF proteins can have a profound  effect on the cell biology and 

physiology. 

There is increasing  evidence that GFAPδ changes IF properties. Here we study in more 

detail the differences in dynamic exchange of GFAPα and GFAPδ with the IF network in 

vitro. Dynamic differences between GFAP isoforms could elucidate functional consequences 

in GFAPδ expressing cells.  

Methods

Cell culturing and transfections

U251MG (gift from Dr. B de Leeuw (Erasmus medical center, Rotterdam, The 

Netherlands)) and U343MG (gift from Prof Dr. R. Quinlan (Durham University, Durham, 

UK)) human astrocytoma cells were cultured in DMEM Glutamax (Gibco) mixed 1:1 with 

Ham’s F10 medium (Gibco) containing 10% Fetal bovine serum (FBS) (Gibco) and 10 U/ml 

Penicillin streptomycin (P/S) (Invitrogen). All cells were cultured in uncoated plastic 10 cm 

dishes (Corning) at 37°C in a humidified atmosphere, with 5% CO2.

Human GFAPα and GFAPδ cDNA sequences (Roelofs et al., 2005) were cloned in frame 

after the eGFP sequence in peGFP using BAMHI and HindIII as restriction sites (Clontech) 
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to create N-terminal eGFP tagged GFAPs. The N-terminal side was chosen for the eGFP tag 

since GFAPα and GFAPδ differ in their C-terminal tail. All plasmids were sequenced.

Cells were transiently transfected using polyethylenimine (PEI) (Polysciences) or 

Lipofectamine (Invitrogen) according to manufactures descriptions. 2.5 μg of plasmid DNA 

was used for PEI and 1.6 μg for Lipofectamine (Kamphuis et al., 2012) in sub-confluent 

24-wells dishes. 

Live cell imaging

U343MG cells were imaged for 48 hours (h) using a Leica IR-BE (Leica Microsystems 

GmbH) inverted wide field microscope at 37ºC in an custom build incubator containing 5% 

CO2. Phase contrast and fluorescence images were acquired with a 40x objective at 10 and 30 

minute (min) time intervals during 48 h. The single images were reconstructed and rendered 

into a time-lapse using Huygens software (Scientific Volume Imaging)  and Image Pro Plus 

(Mediacybernetics).

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 10 min, washed in phosphate buffered saline 

(PBS), and incubated in SuMi buffer (50mM Tris, 150mM NaCl, 0.25 % gelatin (Difco) and 

0.5% Triton X-100 (Sigma Aldrich), pH 7.4) for 10 min. Primary antibodies were diluted in 

SuMi and incubated at 4 °C on a shaker overnight. Cells were washed 3 times in PBS and, 

subsequently incubated with donkey secondary antibodies directed against mouse, rabbit or 

chicken (Jackson Immune research, 1:1400) and Hoechst 33258 (1:1000 dilution) (Invitrogen) 

diluted in SuMi at RT for 1 h. The primary antibodies used are listed in Table 1. Cells were 

washed again in PBS, before the coverslips with cells were mounted on slides with Mowiol 

(0.1 M Tris-HCl pH 8.5, 25% glycerol, 10% Mowiol (Calbiochem)).

Antibody Manufacturer Dilution Cat #
panGFAP Dako Dako 1:4000 (1:8000 WB) Z0334
hGFAPδ Manufactured in house (10-05-

2001 Bleed)
1:1000 (1:1300 WB) -

GFAP c-term Santa Cruz 1:4000 (WB) Sc-6170
Vimentin Chemicon 1:3000 AB5733
GAPDH Abcam 1:4000 (WB) AB14247

Table 1: Primary antibodies used in this study.
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Western blot

U251MG Cells were scraped with a cell scraper and lysed on ice for 15 min in 100 μl mild 

extraction buffer (20 mM Tris-HCl [pH 7.6], 140 mM NaCl, 5 mM ethylenediaminetetraacetic 

acid (EDTA)(Sigma Aldrich), 1 mM ethylene glycol tetraacetic acid (EGTA)

(Sigma Aldrich), 0.5% [v/v] NP-40 (AppliChem) and two protease inhibitors; 1 mM 

phenylmethanesulfonylfluoride (PMSF;Roche Diagnostics) and 0.005 mM leupeptin;  Roche 

Diagnostics). Cell lysates were centrifuged at 2,080 rcf for 2 min at 4°C. The supernatant was 

stored at -20°C. The pellet was dissolved as much as possible in 100 μl  mild extraction buffer. 

Protein concentrations were measured using a Bicinchoninic Acid (BCA) kit (Pierce, Thermo 

Scientific) according to manufactures descriptions. Proteins were mixed with 2X loading 

buffer (2X: 100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 0.2M dithiothreitol and bromophenol 

blue) and heated for 5 min at 95°C before loading on a 7.5% SDS-PAGE reducing gel. After 

electrophoresis proteins were blotted on Whatman Protran membranes (GE Healthcare) 

using a semi-dry Trans-Blot system (Biorad). Blots were incubated with SuMi for 10 min 

to block aspecific binding before it was incubated with primary antibodies overnight at 4°C. 

Blots were subsequently washed in TBS-T (100 mM Tris-Hcl pH 7.4, 150 mM NaCl with 

0.2% Tween-20) 3 times before secondary antibodies, diluted in SuMi, were incubated at RT 

for 1 h. Secondary antibodies used were donkey IRdye 800 (1:2000) (LI-COR, NE, USA) and  

donkey Dyelight Cy5 (1:4000) (Jackson Immune Research) directed at either mouse, rabbit, 

mouse or chicken, depending on the primary antibody. Blots were washed again 3 times in 

TBS-T before scanned with an Odysee scanner (LI-COR).  The mean fluorescent intensity of 

the bands were analysed using ImageJ software (W.S. Rasband, NIH, Bethesda, MD, version 

1.46f, http://imagej.nih.gov/ij/). The fluorescence was corrected for GAPDH fluorescence and 

the ratio soluble to insoluble was calculated by dividing the corrected mean fluorescent values 

of the supernatant to the pellet.

Fluorescent Recovery After Photobleaching (FRAP) 

FRAP analysis was performed on transiently transfected U251MG cells.  During imaging 

the temperature was maintained at 37°C in a humidified  incubator chamber (OKO labs).  

Cells were analysed 24 hours after transfection. To  monitor dynamics of GFAP in collapsed 

networks we transfected the cells with  GFAPδ in combination with either GFP-GFAPα or 

GFP-GFAPδ.  FRAP experiments were carried out on a SP5 Leica Confocal Microscope 

(Leica, Germany) with a 63x objective. The pinhole was set on 209.99 µm and the scanning 
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speed at 400Hz with a resolution of 512x512 pixels. Bar-shaped regions of interest (ROI) 

were bleached with a 488nm Argon laser (100% power) until at least 50% of the fluorescence 

was bleached. ROI sizes were kept constant for all measurements (1.5 µm x 10 µm). After 

bleaching, a time-series of capturing 10 frames with a 30 second interval was made. Then, 

z-stacks were taken manually every 5 min up to 30 min after bleaching. To ensure that the 

bleached ROI did not drift out of focus z-stacks were made throughout the whole cell. 3 ROIs 

were bleached per cell at different locations within the IF network. FRAP experiments were 

performed at different days in at least 3 separate experiments. This resulted in the following 

amount of ROIs measured; 33 x GFAPα in a network, 30 x GFAPδ in a network, 8 x GFAPα 

in a collapse and 8 x GFAPδ in a collapse.  

FRAP analysis

ROIs were positioned in post bleach pictures manually. Per time point the position of the 

ROI was corrected for cell movement and average fluorescence was measured using Image J. 

The average fluorescence was plotted in time to obtain fluorescence recovery curves for every 

ROI. The half time was calculated by interpolating the time at 50% of the fluorescence of the 

maximum fluorescence at 30 min. The immobile fraction was calculated by  comparing the 

fluorescence in the bleached area after recovery (F∞)  with the fluorescence before bleaching 

(Fi) and just after bleaching (F0). The  immobile fraction  is defined as 1 - (F∞ - F0)/(Fi – 

F0)*100. For F ∞ the average of the last three timepoints was used for analysis.

Statistics

Data was tested for normality with a Kolmogorov-Smirnoff test. Mann-Whitney U tests or 

Kruskal-Wallis tests with a Dunns post hoc were performed using Graphpad Prism (version 

6.02 Graphpad software inc.). p -Values were considered significant when < 0.05. 

Results

GFP tagged GFAP incorporates into endogenous IF network but affects 
assembly

To perform live cell imaging experiments, a fluorescent tag is needed to visualize GFAP. 

Since we were investigating differences between GFAPα and GFAPδ, which differ in their 

C-terminal tail, we used an N-terminal tag for GFAP imaging. U251MG cells endogenously 

express vimentin, nestin and synemin. GFAP levels are low in U251MG cells compared 
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to U343MG cells (Chapter 2 and unpublished observations). Both GFP-GFAPα and GFP-

GFAPδ did incorporate into the endogenous IF network of U251 cells (Fig 1A, B). The 

endogenous IF network is visualized by the vimentin staining. 24 hours after transfection, 

the GFP-GFAPα transfected cells showed a spread out network (Fig 1A).  GFAPδ is known to 

cause a concentration dependent collapse of the network (Nielsen and Jorgensen, 2004; Perng 

et al., 2008). Therefore, 24 hours after transfection GFP-GFAPδ expressing cells showed a 

mixture of cells with either a spread out network (Fig. 1B) or a collapsed IF network (Fig 1C). 

About 30% of the GFP-GFAPδ expression cells in our cell culture condition showed a collapse 

at this timepoint, although the exact percentage varied between experiments and was most 

likely dependent on the transfection efficiency.  

Figure 1: GFP-GFAP incorporates into the endogenous IF network. (A-C) U251 cells transfected 
with GFP-GFAPα or GFP-GFAPδ showed incorporation of the fusion protein into the endogenous 
IF network. Cells were fixed 24 hours after transfection and stained for GFP, GFAP and vimentin. A) 
After 24 hours GFP-GFAPα transfected cells showed the presence of GFP in the endogenous spread 
out network, indicating that this fusion protein assembled with endogenous IF proteins. (B-C) After 
24 hours GFP-GFAPδ transfected cells showed both cells with spread out networks (B), as well as with 
collapsed IF networks (C). In both cases the GFP fusion protein co-localized with the endogenous IF 
network. Scale bar represents 20 μm.  
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Figure 2: Collapse of the IF network due to high GFP-GFAPδ expression. A) Stills from a representative 
live cell imaging experiment. U343MG cells were transfected with GFP-GFAPδ and imaged for 48 hours. 
The GFP-GFAPδ was initially incorporated into the IF network (arrows at t=12h), but as the amount 
of GFP-GFAPδ increased over time, it eventually caused a collapse of the network (t=18h). During the 
process of collapsing, thicker and shorter filamentous structures are visible in the cell, which are moving 
into the direction of the collapsed network (arrowheads in t=30h). B) These small filaments sometimes 
co-localized with vimentin in U251MG cells as well (arrows). Scale bars represent 20 μm. 
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Figure 3: Different dynamics between GFAPα and GFAPδ. A) FRAP experiments consisted of 
bleaching ROI and measuring the fluorescence recovery up to 30 min after the bleach in U251MG 
cells. Within 150 seconds most of the fluorescence was recovered, but recovery was never complete. B) 
FRAP experiments were performed for GFAPα, GFAPδ and GFAPδ in a collapse and half times were 
calculated. There is a significant difference in half time between GFAPα (median = 1.1 min) and GFAPδ 
(median = 2.3 min) (p<0.05 n=33, n=30), and between GFAPα and GFAPδ in a collapse (median= 3.8 
min) (p=0.0001 n=32). There was no significant difference in the half time of GFAPδ in spread out or a 
collapsed network, although there was a trend that a collapse decreased the half time of GFAPδ. C) The 
immobile fractions were not significantly different between GFAPα (40.2 %), GFAPδ (49.1%) (p=0,7 
n=29 and n=30). GFAPδ in a collapse did have a significantly different immobile fraction (56.3%; n=32) 
compared to GFAPα (p=0.03) and GFAPδ (p=0.04) in a network. Graphs B and C show median values 
with interquartile range. D) Medians of FRAP curves for GFAPα, GFAPδ and GFAPδ in a collapse show 
the recovery after bleaching. Non parametric tests were performed on the data extracted from the FRAP 
measurements so non overlapping curves do not equal significant differences in this graph.
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Live cell imaging of the GFAPδ network collapse

To visualize the dynamics of the collapsing network over time, astrocytoma cells 

transfected with GFAP-GFAPδ  were imaged for 48h, starting 4 h after transfection. U343MG 

cells were used here since they are less motile then U251MG cells which was preferable for 

longer imaging (unpublished results). As the fluorescence became visible, it was clear that 

GFP-GFAPδ was located throughout the IF network in the whole cell (arrow in Fig 2A t=12h). 

As the expression of GFP-GFAPδ increased the fluorescence started to condensate around the 

nucleus (Fig 2A). Sometimes small aggregates or condensations were seen which were also 

accumulating in the collapse (arrowheads Fig 2A t=30). During and after the process of the 

accumulation, cells were still migrating and the collapsed IF network was a motile structure 

in both stationary and moving cells. These experiments showed that also GFP-GFAPδ, in 

small amounts, is incorporated into the endogenous IF network before it caused a collapse of 

the IF network. Images from fixed cells stained for GFP, GFAP and vimentin showed that the 

squiggles of GFP-GFAPδ sometimes co-localized with vimentin and were not part of larger 

filaments (Fig 2B, arrow). This shows that the assembly of the IF network is disturbed. 

Dynamic properties of GFP-GFAPα and GFP-GFAPδ isoforms 

To assess the dynamic properties of GFAPα and GFAPδ, FRAP experiments were 

performed on U251 astrocytoma cells. Cells were transfected with the GFP-GFAP isoforms 

and the FRAP analysis was started 24 h later. Cells with non-collapsed and collapsed networks 

were measured and analysed separately. Fluorescent GFAP networks were bleached and the 

fluorescence recovery was imaged up to 30 min after bleaching. A typical example is shown in 

Figure 3A. The median of all FRAP curves for GFAPα and GFAPδ and GFAPδ in a collapsed 

network are shown in Figure 3D. The time needed to recover to 50% of the final fluorescence 

(half time: t½) and the immobile fraction were calculated. The median t½ value of GFAPδ 

was 2.3 min and this was significantly (p<0.05) longer than the median t½ of GFAPα, which 

was 1.1 min (Fig. 3B). Since high GFAPδ expression leads to a collapse of the IF network, the 

dynamic properties of GFAPδ were investigated in a collapsed network as well. Although not 

significant, there was a clear trend visible that GFAPδ had a longer t½ (median = 3.8 min) 

when in a collapsed network compared to a spread out network (Fig 3B), indicating a slower 

on/off rate from the IF network. We also calculated the percentage of fluorescence that did not 

recover from the FRAP curves, which represent the immobile fraction of the GFP-GFAPs. We 

observed that the immobile fraction did not significantly differ between GFAPα (median = 
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40.3%) or GFAPδ (median= 49.1%). There was a significant difference between the immobile 

fraction of GFAPδ in a collapse (median = 56.4%) and GFAPα or GFAPδ in a network (Fig 

3C). 

To assess whether the change in dynamic properties between GFAPδ in a network and in a 

collapse was due to the collapse, we performed a pilot experiment in which we also measured 

the dynamics of GFAPα in a collapsed network. In order to study this, we transfected cells with 

GFAPδ to induce the collapse, and either GFP-GFAPα or GFP-GFAPδ. First we confirmed 

that GFP-GFAPα is incorporated in the collapsed network. We indeed observed that both 

GFP-GFAPα (Fig. 4A) and GFP-GFAPδ (Fig. 4B) were incorporated into the collapse as can 

be seen by vimentin stainings. Vimentin is  highly expressed in U251 cells and shows the 

endogenous IF network. A typical example of a bleached collapsed network and the subsequent 

recovery is shown in Figure 5A. Median t½ for GFAPα (4.4 min) and GFAPδ (5.5 min) did 

not differ significantly between eachother (p=0.8) (Fig. 5B). The t½  measured for GFAPα was 

remarkably higher then when not in a collapsed network (Fig. 5B). The fluorescence after 30 

min of recovery was still low and did not always show a clear plateau. Therefore the immobile 

fractions were not calculated for GFAPα in a collapse.   Taken together we show that GFAPα 

Figure 4: Incorporation of GFP-GFAP isoforms in a collpased IF network. U251MG cells expressing 
GFAPδ showed a collapse of the IF network, as seen in A and B by analyzing GFAP and vimentin 
fluorescence. When co-expressed with GFAPδ, both GFP-GFAPα and GFP-GFAPδ were incorporated 
into the collapse (arrows). GFP fluorescence co-localized with GFAP and vimentin immunostaining 
showing that the dynamics measured in these experiments reflect GFAP in a collapsed network. Cells 
transfected with GFP-GFAPδ showed a similar collapsed structure as the GFP-GFAPα cells. Scale bar 
represents 20 µm.
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and GFAPδ have different exchange dynamics (as measured by t½ ) and the dynamics show a 

trend for higher t½  when the IF network is collapsed. 

Lower dynamics of GFAPδ are not due to an absence of a soluble pool

There is a constant exchange of IF proteins from the filamentous forms to non filamentous 

forms and back. The non filamentous IF proteins are part of a soluble pool of IF proteins. Since 

we observed differences in dynamics between GFP-GFAPα and GFP-GFAPδ we investigated 

whether a change in the equilibrium between the soluble and insoluble pool of GFAP proteins 

could be detected. The soluble and insoluble fractions were separated by centrifugation and 

run on a gel. The blotted proteins were immunostained for pan-GFAP, recognizing both 

GFAPα and GFAPδ. To quantify differences between the GFAPα and GFAPδ soluble pools 

the α/δ ratio was determined. In figure 6A it is shown that the level of GFAPα and GFAPδ 

present in the transfected cells was similar. The endogenous level of GFAP in control cells 

Figure 5: Dynamics 
of GFAP isoforms in a 
collapsed IF network. 
A) A representative still 
of a FRAP experiment 
on U251MG cells with 
a collapsed IF network. 
ROIs were bleached 
and the fluorescence 
recovery was measured 
for up to 35 minutes. 
Even after 30 minutes 
the bleached area was 
still clearly visible. 
B) Half-times were 

calculated as described in the materials and 
methods section. There were no significant 
differences between the half time of GFAPα 
in a collapse (median= 4.5 min) or GFAPδ in 
a collapse (median = 5.5 min) (p=0.8 n=8). 
There was a clear trend showing that a collapse 
caused a longer half time (4.5 min vs. 1.1 min 
for GFAPα and 5.5 vs. 2.3 min for GFAPδ) of 
recovery of the GFAP isoforms. 
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is visible in the last lane and is lower in comparison with the transfected cells. It is clear 

that more GFAPδ ends up in the insoluble fraction. Our data confirm earlier data by Perng 

and collegues in U343MG cells (Perng et al., 2008).  GAPDH was used as a loading control. 

In figure 6B the ratios soluble/insoluble are shown. Although no statistically significant 

differences were found in soluble/insoluble ratios between GFAPα and GFAPδ,  the ratio was 

lower for GFAPδ in all experiments (Fig. 6B). Each line represent the difference in ratio in 

one independent experiment. A representative blot is shown in Figure 6A.  These data are in 

line with the shift in equilibrium between soluble and insoluble caused by lower dynamics of 

GFAPδ, as seen in the FRAP analyses.

Discussion

In this study we show that GFAPα, with a median half time of 1.1 min, exchanges faster 

then GFAPδ which has a median half time of 2.3 min. When the IF network collapses it 

slows down the exchange of GFAPδ to a half time  median of 3.8 min. The immobile fraction 

increased significantly for GFAPδ when the IF network collapsed.  In a pilot experiment, where 

Figure 6: Soluble and insoluble 
pools of GFAP. A)  A representative 
blot of U251MG cells transfected 
with GFAPα,GFAPδ and mCherry 
(control). 15 µg of protein for the 
supernatant and 20 µg for the pellet 
were run on a gel and blotted. GFAPα 
and GFAPδ were both present in 
the soluble and insoluble fractions. 
There is relatively more GFAPδ in the 
pellet compared to the supernatant. 
B) The ratio of sup (soluble proteins) 
and pellet (insoluble proteins) was 
calculated for GFAPα and GFAPδ 
transfected cells from 3 independent 
experiments. All data points are 
shown and in all 3 experiments the 
ratio was lower for GFAPδ indicating 
that there is a trend (p=0.1 n=3) for 
more protein in the pellet for GFAPδ 
then for GFAPα.  
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the dynamics of GFAPα and GFAPδ were measured in a collapsed network, both GFAPα and 

GFAPδ showed a trend for a slower exchange compared to in a network. This difference in 

exchange probably leads to an increase in the pool of filamentous proteins relative to the 

soluble pool in cells expressing GFAPδ.   

Dynamics of GFAP compared to other IFs

Dynamic properties of IFs have been studied before using FRAP. Half times of fluorescent 

recovery of IFs into the IF network vary between different IFs, as has been shown by studies 

from the Goldman lab (Yoon et al., 2001, 1998). The half time we have measured for GFAPα 

of 1.1 min is faster than vimentin (~5 min in BHK-21 cells with GFP-vimentin) and keratins 

(~106 min in Ptk2 cells with GFP-Keratin8). In these experiments GFAP was tagged to the 

the N-terminus of both vimentin and keratin.  A previous study on GFAP dynamics (using 

GFAPalpha) showed a half time of 217 ±30 sec (3.6 min) for a GFP- GFAP fusion protein 

(N-terminal tag). This is longer compared to the half time we have observed. Li and colleagues 

however investigated mouse GFAP and used C6 cell lines, derived from rat glioma (Li et 

al., 2006), where we used human GFAP and human astrocytoma cells. The differences in 

half time of GFAP could be due to species differences or temperature differences during the 

imaging. Li and collegues did not state at what temperature the experiments were done. If 

these were at room temperature it could explain the lower exchange speed. It is unknown 

why different IF proteins have such different exchange rates. The differences are likely due 

to phosphorylation or structural properties that affect the assembly. The latter is reflected in 

higher half time values for lamins (~140 min)(Gilchrist et al., 2004; Moir et al., 2000) which 

forms IgG like folds during assembly (Kreplak et al., 2004). The higher half time for lamins 

could also be due to the localization of the lamin network in the nuclear lamina compared to 

GFAP and vimentin which are located in the cytoplasm.     

The C-terminus and GFAP exchange rate 

In this study we showed that GFAPδ incorporates and dissociates slower from an IF 

network than GFAPα. Since the C-terminal tail is the only difference between GFAPα and 

GFAPδ the differences in dynamics must be due to this specific sequence. Phosphorylation 

is the main regulator of IF protein exchange (Ku et al., 1996; Nakamura et al., 1992; Skalli et 

al., 1992). In the part of the C-terminus where GFAPα and GFAPδ differ, in both isoforms 

7 residues are present which could be potentially phosphorylated. The position of these 

residues is however different, as the aminoacid sequence differs between the two C-terminal 
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tails (see chapter 6). Taking 3D folding into account this difference in localization could lead 

to a different availability of phosphorylatable residues. Mutation experiments altering the 9 

phosphorylation sites in the C-terminal end of GFAPα and GFAPδ could help elucidate whether 

phosphorylation of the C-terminus indeed influences IF dynamics. Earlier experiments have 

shown that ablation of the whole C-terminal tail of IF type III proteins inhibits IF assembly 

(Chen and Liem, 1994; Chen et al., 2011), but phosphorylation of vimentin at the C-terminal 

side did not affect its assembly (Chou et al., 1996). These latter experiments have not been 

done yet for GFAP. Thus further research is needed to find out whether phosphorylation of 

residues in the tail of GFAP plays a role in GFAP exchange. 

What could be the functional consequence of a GFAP protein with a slower exchange rate?

The slower exchange rate of GFAPδ suggests that the GFAPδ proteins have a larger affinity 

to the filamentous pool than the soluble pool, which is in contrast to GFAPα. This would 

lead to a increase in the amount of protein in the fillaments compared to the soluble pool, 

as we could confirm with our western blot experiments. And it would lead to an increase in 

immobile fraction of GFAPδ in a collapse which we also observe in our data. This suggests 

that GFAPδ cannot get phosphorylated as efficiently as GFAPα.

It has been proposed by others that IF networks can function as a kinase sink and thereby 

regulate several signaling pathways (Ku and Omary, 2006; Pallari and Eriksson, 2006). The 

presence of an IF network, full of proteins that  can be phosphorylated, would provide a 

substrate for different kinases which consequently cannot phosphorylate other substrates at 

that moment.  IF networks with GFAPδ could have less potential for phosphorylation then 

networks with only GFAPα. The regulatory role of different GFAP isoforms would then be 

in the availability of phosphorylatible GFAP proteins in the network. Such a role has been 

proposed for keratins in regulating mitosis by inhibiting 14-3-3 to bind to Cdc25 (Margolis et 

al., 2006). 14-3-3  is a protein which binds to several signaling proteins like receptors, kinases 

and phosphatases (Dougherty and Morrison, 2004). 14-3-3 also binds to phosphorylated 

GFAP (Li et al., 2006). The lower protein exchange of GFAPδ could alter the amount of 

phosphorylated GFAP, thereby influencing the availability of GFAP to bind to 14-3-3, and 

thus altering several signal transduction pathways. 

Further studies are needed and it would be crucial to have the right amount of GFAPδ 

incorporated in an IF network which is studied. Too high GFAPδ levels will cause a collapse 

of the network and we show here that the collapse per se also affects the protein dynamics and 

immobile fraction of the GFAP network.  
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Collapsed networks alter GFAP dynamics

A collapse of the IF network is a dynamic process and exchange of IF proteins is possible 

before and after the collapse. When GFAPδ is expressed, the solubility of GFAP networks 

decreases, a collapse occurs, and  less GFAPδ is present in the soluble pool compared 

to GFAPα (Perng et al., 2008). It was not studied before whether this affects the dynamic 

properties of GFAP. To address this question we expanded our experiments with a pilot study 

of GFAP isoform dynamics in collapsed networks. We demonstrate here that in a collapsed 

network the dynamics of both GFAPα and GFAPδ are reduced. This suggests that IF protein 

dynamics are not only dependent on protein sequence intrinsic properties but also on the 

structure of the IF network (collapsed or not collapsed). Since phosphorylation is essential 

for IF assembly, it could be that phosphorylation sites are not accessible anymore when IF 

proteins are in a collapsed network. This would explain the decrease in GFAP half time and 

the increase in immobile fraction we observed in the current study (Fig. 3B and 5B). 

Many different proteins are associated with collapses of GFAP in astrocytes. Alpha 

B-crystallin (CRYAB) associates with IF filaments and co-localizes with GFAPδ proteins in 

collapsed IF networks (Perng et al., 2008). CRYAB can bind to human GFAP in both folded 

and unfolded states and mediates GFAP assembly and solubility (Nicholl and Quinlan, 1994). 

CRYAB can inhibit some of the toxic effects of GFAP collapses (Hagemann et al., 2009) and 

it reduces GFAP filament formation when purified GFAP is assembled in a cell free system 

(Nicholl and Quinlan, 1994). The presence of CRYAB in GFAP accumulations shows that at 

some point CRYAB is not able to maintain normally distributed filaments anymore in the 

presence of GFAPδ. Expression of low amounts of GFAPδ in U343MG cells already shows 

an increase in association with CRYAB, but this increase is also seen in collapses caused by 

mutant or GFP tagged GFAP. This illustrates that not only GFAPδ, but also the reorganization 

of GFAP can cause differences in protein binding to IF filaments (Perng et al., 2008). 

Another protein which binds to IF is plectin. Plectin is a linker protein able to interact 

with  actin, microtubules, integrins and IFs (Wiche and Winter, 2011). Like CRYAB, plectin is 

localized to GFAP aggregates in cells epressing mutant GFAP but also affects GFAP network 

distribution (Tian et al., 2006; Wiche and Winter, 2011). Expression of mutated GFAP, resulted 

in a decrease in plectin expression suggesting that the levels of plectin could be partially 

responsible for the collapse of the network (Tian et al., 2006). It is not known whether GFAPδ 

has lower affinity to bind plectin and could  thereby mediate the collapse.  Whether plectin 

plays a role in the collapse in GFAPδ expressing cells needs to be investigated. The effect of 
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GFAP binding proteins on GFAP exchange rates could help explain why the exchange rates 

are lower in a collapsed network. 

Conformational changes and GFAP dynamics

The solubility of GFAP collapses is lower compared to non collapsed networks (Hagemann 

et al., 2009; Perng et al., 2006, 2008).  Electron microscopy on GFAP collapses caused by  

GFAPα overexpression shows that 10 nm filaments are still present but  are disorganized 

(Koyama and Goldman, 1999). It is not known whether there are conformational changes in 

the IF proteins when there is a collapsed network. Increased filament-filament associations 

could be the cause for different GFAP dynamics and increased immobile fractions, since both 

the solubility of the collapses and the dynamics of the protein are different. If conformational 

changes occur when IF proteins collapse, protein binding, and therefore IF functions 

dependent on protein binding, could be substantially altered.

FRAP to measure IF protein dynamics

FRAP measures the recovery of fluorescent signal at the bleached ROI. Fluorescence can 

only recover when the bleached protein moves away from this position and is replaced by 

another protein. With our experiments we were not able to directly link the recovery to exchange 

from a soluble pool. Experiments where the soluble pool is depleted (by permeabilizing cells 

for instance) and the recovery is measured would proof if all of the exchange we see comes 

from the soluble pool.  Another point to mention is that we are aware of the detrimental effect 

of the GFP tag on the assembly properties of GFAP. In order to perform FRAP experiments a 

fluorescent tag is needed and therefore we spike in a small amount of GFP-tagged GFAP which 

is still able to form a network with the endogenous network. The exact half time measured, 

could however be different compared to untagged GFAP, but here  we focused on differences 

between GFAP isoforms and not absolute half times of GFAP. 

Taken together we show that the dynamic properties between GFAPα and GFAPδ are 

different and that a collapse of the IF network likely changes the dynamics of GFAP. It is 

not known yet what mediates this difference in dynamic exchange and what the functional 

consequences are. Studies on phosphorylation of the C-terminal tail of GFAP isoforms will 

help elucidate the potential role of phosphorylation in the difference in exchange rates.   
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Abstract

 Glial fibrillary acidic protein (GFAP) is an intermediate filament (IF) protein with 

several isoforms. GFAPα is the canonical isoform, being the most abundantly expressed 

GFAP isoform in the brain. GFAPδ is an alternatively spliced isoform that differs from GFAPα 

only in its C-terminal tail. GFAPα and GFAPδ are proposed to have different functions. For 

example, GFAPδ is principally linked to neurogenesis in the human brain; while abundant 

GFAPα expression has ties to more pathological circumstances, such as reactive gliosis and 

Alexander’s disease. This study aims to dissect GFAPα and GFAPδ specific consequences 

within the context of the adult mouse subventricular zone (SVZ). The SVZ was chosen as a 

model region, as it has a high endogenous expression of GFAP and lends itself to a variety 

of functional readouts involving neurogenesis. Lentiviral vectors were used to deliver either 

GFAPα or GFAPδ into the adult GFAP knockout (-/-) mouse SVZ. GFAP-/- mice were 

used in order to ensure that there would be no endogenous regulation of GFAP expression. 

Theoretically, this method allows for the study of the individual roles of GFAPα and GFAPδ in 

vivo. There was an activated unfolded protein response (UPR) that was differentially elicited 

between GFAP isoforms and did not include regulation of all classical UPR response genes. 

The reintroduction of either GFAPα or GFAPδ did not affect the SVZ niche, in terms of IF 

expression and stem cell characteristics. This data shows no direct role of a single GFAP 

isoform in proliferation or cell cycle timing in the mouse SVZ.    
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Introduction

The intermediate filament (IF) protein glial fibrillary acidic protein (GFAP) is widely 

used as a general marker for astrocytes. As an IF, it is part of the cytoskeleton of astrocytes 

together with other IFs, microtubules, and actin filaments. GFAP has many different 

isoforms (Kamphuis et al., 2012; Middeldorp and Hol, 2011). GFAPα, the canonical isoform, 

is expressed in most, but not all, mature astrocytes and is upregulated in reactive gliosis. 

Another GFAP isoform found in astrocytes is GFAPδ. This protein isoform is generated 

from the alternative splicing of the GFAP RNA. GFAPδ transcripts lack exon 8 and 9 and 

have an additional part of exon 7, termed exon7+. This results in a protein which differs at 

the most carboxy terminal part of the IF protein called the tail (C-terminal tail). GFAPδ is 

unable to form an IF network by itself. Moreover, GFAPδ also influences the IF distribution 

of the whole IF network when expressed in high amounts (Kamphuis et al., 2012; Moeton et 

al., submitted). GFAPδ has been linked to neurogenesis since GFAPδ is a marker for neural 

stem cells in the adult human subventricular zone (SVZ)(Roelofs et al., 2005). The SVZ is 

the largest neurogenic niche in the adult brain (Allen, 1912). Here, B1 astrocytes give rise 

to neuroblasts via transit amplifying progenitor cells (Doetsch et al., 1997; Doetsch et al., 

1999). This process is tightly regulated from external signals, for example cues coming from 

non-neurogenic B2 astrocytes, as well as internal pathways, such as Notch signalling. Notch 

signalling is a crucial regulator of stem cells (Kanski et al., in prep). GFAPδ has been linked to 

Notch signalling through its interaction with the γ-secretase complex via its ability to bind to 

presenilin (Nielsen et al., 2002). 

In the mouse brain, GFAPδ displays a much wider expression profile – being present 

in virtually every cell that expresses GFAPα (Kamphuis et al., 2012; Mamber et al., 2012). 

Therefore, GFAPδ is not a neural stem cell marker in the mouse, as it is expressed by both 

neurogenic B1 and non-neurogenic B2 astrocytes in the adult mouse SVZ. With this in mind, 

it is possible that GFAPδ may have a slightly different function in human and mouse. That 

said, however, both human and mouse GFAPδ has been found to influence the IF network 

morphology when expressed in high amounts. Overexpression of GFAPδ redistributes the IF 

network leading to a collapse near the nucleus (Kamphuis et al., 2012; Nielsen and Jorgensen, 

2004; Perng et al., 2008; Roelofs et al., 2005). In lower concentrations however, GFAPδ is 

able to incorporate into the endogenous IF network. Notably the same effects observed in 

GFAPδ modulation are not seen when GFAPα is modulated (Kamphuis et al., 2012; Moeton 

et al., submitted). IF network morphology changes, induced by mutations in GFAP or 
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overexpression in a wildtype mouse, influence cell proliferation, cell death, and vulnerability 

to cell toxicity (Cho and Messing, 2009) suggesting that the IF network composition plays 

a functional role in mouse astrocytes. The composition of the proteins present within the 

network could possibly influence the function of the IF network by possessing differential 

binding capacities to other proteins or by altering the cytomechanical characteristics of the IF 

network. It was therefore hypothesized that, due to this characteristic, distinct GFAP isoforms 

could influence IF network composition and thereby function.   

The proper composition of an IF network has direct functional consequences for a cell. 

Astrocytes that lack both GFAP and vimentin, and thereby an IF network, have deficits in 

their endocytosing capabilities. This deficit was shown using GFAP/ vimentin knockout 

(KO) mice. GFAP/vimentin KO astrocytes showed a marked decrease in the endocytosis of 

the Notch ligand Jagged1. This finding directly translated into functional effects  namely, an 

increase in newborn neurons and the promotion of their survival (Wilhelmsson et al., 2012). 

GFAP/vimentin KO mice have also been reported to have deficits in glutamate transport, 

vesicle transport (Potokar et al., 2010) and glia scar formation (Li et al., 2008; Pekny et al., 

1999).

However, it is unclear whether the lack of GFAP, the lack of vimentin, or the complete lack 

of a cytoplasmic IF network underlies these effects. Studies from GFAP KO mice report even 

subtler effects. GFAP KO mice develop normally and have no gross morphological deficits, 

although effects in LTP have been observed (McCall et al., 1996; Pekny et al., 1995; Shibuki et 

al., 1996). In addition, GFAP KO astrocytes have a relatively normal IF network, with no nestin 

or vimentin compensation (McCall et al., 1996). Like GFAP/ vimentin KO astrocytes, GFAP 

KO astrocytes show deficits in intracellular trafficking and reduced glutamate uptake (Hughes 

et al., 2004). However, these deficits do not lead to the same neurogenic phenotype described 

in GFAP/ vimentin KO mice. Instead, GFAP KO astrocytes do not affect the proliferation 

and differentiation potential of neural stem cells in vitro or in vivo (Wilhelmsson et al., 2012; 

Mamber et al., in prep). That said however, GFAP KO astrocytes do seem to contribute to 

a permissive environment in vivo that promotes the survival of newborn SVZ neuroblasts 

(Mamber et al., in prep). 

With these very subtle effects in mind, it is the goal of this current study to investigate 

what specific roles, if any, GFAP isoforms have in vivo. To this end, GFAPα or GFAPδ was 

overexpressed in the adult GFAP KO SVZ. The SVZ was used as a model brain region as it has 

a high expression of GFAP, under normal circumstances. In addition, the SVZ lends itself to an 



4

103

Reintroduction of GFAP isoforms into the GFAP null SVZ

array of functional readouts. The effect of reintroduction of GFAP isoforms was investigated 

in the context of stem cell characteristics and cell cycle timing as well as regulation of the 

endogenous IF network. With these experiments the role of a specific IF instead of the whole 

IF network can be unravelled. 

Methods

Mice

All experiments were performed with the approval of the Animal Experimentation 

Committee of the Royal Netherlands Academy of the Arts and Sciences (KNAW) with 

accordance to the European Community Council directive of November 24, 1986 (86/609/

EEC). All efforts were made to minimize both the number and suffering of the animals 

involved in the current study. The mice used in this current study carry a mutation in exon 1 

of the Gfap gene, thus preventing GFAP expression. The GFAP knockout (GFAP KO) mice 

are on a mixed genetic background consisting of C57Bl6/129Sv/129Ola (Pekny et al., 1995). 

Adult (3 month old) male mice were used for all in vivo experiments. These mice were housed 

in a 21.5°C housing facility with 12 hour light/dark cycles. Food and water was provided ad 

libitum. 

Plasmid Production

cDNA sequences encoding for mouse GFAPα and GFAPδ were cloned into a IRES2 

backbone (Clontech, Mountain View, USA; Kamphuis et al., 2012). Both sequences included 

an internal ribosomal entry site (IRES) with a fluorescent reporter (EGFP for GFAPα and 

mCherry for GFAPδ) downstream from GFAP cDNA ensuring transduced cells could be 

visualized. The GFAP cDNA with downstream reporter were subsequently cloned into 

a lentiviral backbone. The Lenti-GFP construct was a kind gift from Dr. Joost Verhaagen. 

This construct uses the cytomegalovirus (CMV) promoter to drive GFP and is flanked by 

a woodchuck hepatitis posttranscriptional regulatory element (WPRE) on the 3’end. The 

mCherry construct was constructed from the GFP construct. GFP was cut out of the Lenti-

GFP plasmid and mCherry was cut out of the pCS2+_mCherry construct (a gift from Dr. 

Paula van Tijn) using BsrGI and BamH1. Subsequently, the mCherry fragment was ligated 

into the Lenti-GFP backbone creating the new mCherry plasmid. 
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Lentiviral Vector Production

Lentiviral production and viral tittering were performed as described previously (Naldini 

et al., 1996). In short, 45 μg of three plasmids (Envelope, Packaging, and Construct) were 

transfected into HEK 293T cells using polyethylenimine (Hendriks et al., 2007). 48 hours 

after transfection, conditioned medium was ultracentrifuged at 22,000 rpm (rotor SW28, 

Beckman-Coulter) for 2.5 hours. The resulting pellet was resuspended in PBS (pH 7.4), 

aliquoted and frozen at -80 °C until further use. To determine titers, viral stocks were diluted 

across five orders of magnitude and put on HEK 293T cells. The number of fluorescent cells at 

each viral dilution was then counted. Viral titer was estimated in transducing units/ ml (TU).

Transcript Forward sequence Reverse sequence
ActB GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA
Atf4 CCCACCGGCCTAAGCCAT CCAACACTTCGCTGTTCAGG

cFos CCAAGCGGAGACAGATCAACTT TCCAGTTTTTCCTTCTCTTTCAGT
AGAT

Chop GCGACAGAGCCAGAATAACA TCAGGTGTGGTGGTGTATGAA
cJun ACAGACTCCGCAAGGTCCTG GCATTGTGGGCTGACGTCTT
CryAβ TCGGAGAGCACCTGTTGGAG GAGGGTGGCCGAAGGTAGA
Dcx ACATCTGCTAAAAGCCCAGGC TGTTGAGAGCTGACTGCTGGA
Eef1α CTGGATGCTCGCCATCAAA GGCGCTTTTCCTCTTGAAGAA
Ki67 CCATCATTGACCGCTCCTTTA TCTTGACCTTCCCCATCAGG
Gfapα GGAGATGCGGGATGGTGAG ACCACGTCCTTGTGCTCCTG
Gfapδ TCTCCAACCTCCAGATCCGA TGACTTTTT /// GGCCTTCCCCT
Gfapκ AGCCTTCGTGACCCTCCAC AGATGCATGCCCTAGGATCCT
Gfap-pan AAGCCAAGCACGAAGCTAACGA TTGAGGCTTTGGCCCTCC
Hes5 ACCAGCCCAACTCCAAGCT AAGGCTTTGCTGTGTTTCAGG
Hprt ATGGGAGGCCATCACATTGT ATGTAATCCAGCAGGTCAGCAA
Iba1 ACAAAGAACACAAGAGGCCAACT TGTGACATCCACCTCCAATCAG

Il6 ACAAAGCCAGAGTCCTTCAG
AGAGA

GGAGAGCATTGGAAATTGGGG
TAGG

Mash1 AGGGATCTACGACCCTCTTA ACCAGTTGGTAAAGTCCAGCAG
Nestin TGCCCTAGAGACGGTGTCTCA AATCGCTTGACCTTCCTCCC
Pax6 ACCACACCTGTCTCCTCCTTTACA GGCATCGGCGGCAAA
Psmb5 TCGAAATGCTTCACGGAACC CACCTGCTGTGGCCCG
Sox2 AAAAAACCACCAATCCCATCC CCCCCAAAAAGAAGTCCCAA
Tnfα CAAAATTCGAGTGACAAGCCTG GCGCTGGCTCAGCCAC
Vimentin TCCAGAGAGAGGAAGCCGAA GCAAGGATTCCACTTTCCGTT

Table 1. List of primers.
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Viral Vector Injections

Viral vector injections were carried out as previously described (Mamber, unpublished 

observation). In short, mice were sedated with an i.p. injection of FFM anesthesia [Hypnorm 

(fentanyl/fluanisone; Janssen Pharmaceuticals, Beerse, Belgium) Dormicum (midazolam; 

Roche, Almere, the Netherlands): Sterile Water; 1: 0.5: 2.5; Dose 10 µl/g)]. They were fixed 

to a stereotact and their skull was exposed. Viral vectors were delivered into the SVZ at the 

following coordinates: 0.6 AP, 1.4 ML, -2.2 DV; relative to Bregma. All viral vectors were titer 

matched (2.08 x 109 TU) and injected at a rate of 0.5 µl/ min, for a final injected volume of 2 

µl. All GFAP isoforms were paired with an internal control such that, GFAPα-IRES-GFP was 

injected into the left SVZ and mCherry was injected into the right. Likewise, GFAPδ-IRES-

mCherry was injected into the left SVZ and Lenti-GFP was injected into the contralateral 

SVZ. After surgery, mice recovered in a 37°C chamber and received postoperative analgesia 

(Finadyne; AUV Groothandel BV, Cuijk, the Netherlands; 1:10 in saline; i.p.).

In Vivo Quiescence Labeling with Thymine Analogs 

Quiescence labeling was performed as previously described (Mamber et al., in prep.). 

In short, 16 days after surgery mice (n=3 per group) were given 5 iododeoxyuridine (IdU) 

injections over three consecutive days (34.7mg/ ml in saline; i.p. 5μl/ g). 24 days later, mice were 

given one chlorodeoxyuridine (CldU) injection (25.7mg/ ml in saline; i.p. 5μl/ g) and sacrifice 

2 hours later. All thymidine analogues were used at an equimolar (98 mM) concentration, at a 

dosage shown previously to saturate all dividing cells (Vega and Peterson, 2005). 

Tissue Handling

For immunohistochemistry, mice (n=3 per group) were deeply anesthetized with 

pentobarbital (0.15 ml/30 g, i.p) and then transcardially perfused with phosphate buffered 

saline (PBS; pH 7.4) and 4% paraformaldehyde (PFA) in PBS 2 hours after the last CldU 

injection. Their brains were subsequently rapidly dissected, post-fixed in 4% PFA for two 

hours and incubated with 20% sucrose in PBS overnight. The following day the brains were 

snap frozen and stored at -80°C until further use. A cryostat (Leica CM3050) was used to 12 

μm coronal sections. These sections were then mounted on Superfrost Plus slides (Menzel-

Gläser), dried and stored at -20°C until further use.

For RNA analysis, mice (n=4 per group) were asphyxiated with CO2/O2 and rapidly 

decapitated 6 weeks after surgery. Their brains were macrodissected into left and right 

olfactory bulbs, cortices, striatums, and SVZs as previously described (Mamber, unpublished 
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observation). Fresh material was put directly into TRIsure (Bioline) and homogenized with 

an Ultra Turrax.

RNA Isolation, cDNA Synthesis, and quantitative Real-Time PCR 

Total RNA was isolated with TRIsure according to the manufacturer’s protocol. RNA 

concentration was calculated using a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies). cDNA was synthesized as described before  (Mamber et al., 2012). In short, 

500 ng of RNA was used as a template for cDNA synthesis which was performed according 

to manufacturer’s protocol using a Quantitect reverse transcription kit (Qiagen). Stock cDNA 

samples were diluted 1:20 with fresh H2O and stored at -20°C for later use in the quantitative 

real-time PCR (qPCR) reaction.

qPCR was carried out as previously described, primers are described in Table 1. GeNorm 

(Vandesompele et al., 2002; http://medgen.ugent.be/~jvdesomp/genorm/) was used to 

determine the most stable combination of reference genes for each data set. All transcript data 

was normalized to the geomean of beta-actin (ActB), Asparaginyl-tRNA synthetase (Nars), 

and proteasome subunit beta 5 (Psmb5).

Immunohistochemistry

Immunohistochemistry was performed as previously described (Kamphuis et al., 2012; 

Mamber et al., in prep). See Table 2 for a full list of all primary antibodies and their respective 

dilutions. The secondary antibodies used in this current study are as follows: Donkey anti-

Goat Cy3, Donkey anti-Goat Cy5, Donkey anti-Rabbit Alexa488, Donkey anti-Rabbit Cy3, 

Donkey anti-Rabbit Cy5, Donkey anti-Rat Alexa488, Donkey anti-Mouse Alexa488, Donkey 

anti-Mouse Cy3. All secondary antibodies were diluted to a final concentration of 1:1400. 

Antibody Product Information Dilution
Rat anti BrdU (CldU) AbD Serotec; Clone BU1/75 1:3000
Mouse anti BrdU (IdU) BD-Biosciences; 347580 1:500
Goat anti Doublecortin Santa Cruz; sc-8066 1:600
Goat anti GFAP C-19 Santa Cruz; sc-617 1:500
Rabbit anti GFAPδ Bleeding date: 10.12.2003 1:500
Mouse anti GFP Chemicon; MAB3580 1:400
Rabbit anti Ki67 Novacastra; NC-Ki67p 1:2000
Rabbit anti RFP MBL; PM005 1:2000
Rabbit anti Sox2 Millipore; AB5603 1:600

Table 2. List of primary antibodies.
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The stained sections were analyzed using a Zeiss Axioplan Neofluar fluorescence microscope 

(Zeiss, Jena, Germany). 

Results

GFAP isoforms are successfully introduced into the GFAP KO SVZ

A lentiviral vector with a vesicular stomatitis envelope (VSV-G) carrying either GFAPα-

IRES-GFP or GFAPδ-IRES-Cherry constructs driven by a cytomegalovirus (CMV) promoter 

were injected into the SVZ of adult GFAP KO mice. A lentivirus VSV-G carrying a fluorescent 

protein driven by a CMV promoter was injected into the contralateral SVZ as an internal 

control. A CMV-mCherry construct served as a control for the GFAPα condition (Figure 

1A), while a CMV-GFP construct served as a control for the GFAPα condition (Figure 1C). 

The viral spread seen in these experiments 6 weeks post-transduction (p.t.) was similar to that 

seen before (Mamber, unpublished observation), with transduction along the rostral-caudal 

axis of the SVZ. Most of the transduced cells were located medially along the rostral caudal 

axis (Figure 1C), with some transduction seen in the rostral (not shown) and caudal SVZ 

(Figure 1A). 

After 6 weeks p.t., GFAPα was successfully reintroduced into the SVZ and striatum, as 

seen by the presence of Gfapα transcripts within these regions (Figure 1B). Gfapδ transcripts 

were also observed in the SVZ and striatum. Interestingly, Gfapδ transcripts were found in the 

OB (Figure 1D), indicating either that neuroblasts were hit during the initial transduction or 

transduced B1 astrocytes passed along the GFAPδ construct to their progeny (see Mamber et 

al., 2010). GFAPα (Figure 1D) and GFAPδ (Figure 1F) constructs successfully reintroduced 

their respective proteins into the SVZ of GFAP KO mice. mCherry and GFP controls were 

also successfully expressed within the SVZ (Figure 1E,G). 

GFAP reintroduction has no consequences on IF transcripts

The upregulation of GFAP and other IFs is a hallmark of reactive gliosis (Sofroniew and 

Vinters, 2010). Therefore, the consequences of the reintroduction of GFAP isoforms in relation 

to the IF network was investigated. Transcript data from both the SVZ and the striatum are 

shown as the viral spread targeted both regions. There was no significant upregulation of 

vimentin (Figure 2A-B) or nestin (Figure 2C-D) in either the SVZ or the striatum in GFAPα 

or GFAPδ conditions. In addition, other Gfap isoforms were also investigated. As expected, 
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Gfapκ and Gfapδ transcripts were not present in the GFAPα condition (data not shown). 

Likewise, Gfapκ and Gfapα transcripts were absent from the GFAPδ condition (data not 

shown). Alpha B-Crystallin, a heat shock protein known to be upregulated in cell stress 

and found to associate with collapses of GFAPδ in astrocytes (Perng et al., 2008), was also 

not significantly regulated after GFAPα or GFAPδ expression (Figure 2E-F). Together these 

Figure 1. GFAP isoforms are successfully reintroduced into the GFAP KO brain. A Lentivirus VSV-G 
carrying either GFAPα-IRES-GFP or GFAPδ-IRES-mCherry was injected into the adult GFAP KO SVZ. 
Controls (GFP or mCherry) were injected into the contralateral hemisphere. The viral spread targeted 
the striatum and most of the SVZ as seen by GFP and mCherry staining (A,C). Notice most of the viral 
transduction targeted the medial SVZ (C), though transduction can also be seen in the caudal SVZ (A).  
Gfapα transcripts were seen most abundantly in the SVZ (p=0.028), followed by the striatum (p=0.028; 
B). Gfapδ transcripts followed the same pattern in the SVZ (p=0.028), but were also present in the OB 
(p= 0.028; D). Both GFAPα (D,E) and GFAPδ (F,G) protein expression was confirmed to be ipsilateral 
and most abundant within the SVZ. All transcript data are normalized to reference genes (n=4) and 
analyzed with a Mann Whitney. Data are displayed as mean ± s.e.m. Abbreviations: Ctx – cortex; OB – 
olfactory bulb; Str – striatum; SVZ – subventricular zone. Scale bars represent 250 μm in A and C, and 
20 μm in D-G.
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data indicate that the reintroduction of GFAP isoforms did not elicit reactive gliosis or stress 

responses associated with a collapse of the IF network. 

GFAP isoform reintroduction has no effect on the SVZ niche

As GFAP is expressed by both neurogenic B1 and non-neurogenic B2 astrocytes, the effect 

of GFAPα or GFAPδ reintroduction was assessed in the SVZ 6 weeks p.t. Total proliferation, as 

measured by Ki67 staining, and neuroblast production was measured (Figure 3A-F). GFAPα 

reintroduction did not shift total proliferation or neuroblast production when compared to 

its internal control (Figure 3E). The same holds true for GFAPδ reintroduction (Figure 3F). 

As expected from these immunohistochemical data, GFAPα or GFAPδ expression also did 

not change the expression of neurogenesis related transcripts such as Sox2 (Figure 3G,H) and 

Mash1 (Figure 3I,J) in the SVZ and OB. Hes5 transcript expression was also investigated, since 

GFAPδ has been shown to influence the Notch pathway (Nielsen et al., 2002; Kanski et al., 

submitted). However, Hes5 transcript expression within the SVZ remained stable throughout 

all conditions (data not shown). 

Although the reintroduction of GFAP isoforms did not have an apparent effect on total 

proliferation, it could potentially have a subtle effect on cell-cycle timing. Other IFs have been 

Figure 2. Reintroduction 
of GFAP isoforms does not 
affect the IF network. The 
reintroduction of either 
GFAPα (A,C,E) or GFAPδ 
(B,D,F) does not induce 
a change in IF transcript 
expression, as measured by 
vimentin (A-B) or nestin 
(C-D) transcripts in the 
SVZ or striatum 6 weeks 
p.t. In addition, there is no 
change on transcript levels 
of alpha B-crystallin, an IF 
associated protein. All data 
are normalized to reference 
genes (n=4) and analyzed 
with a Mann Whitney. Data 
are displayed as mean ± s.e.m. 
Abbreviations: Str – striatum; 
SVZ – subventricular zone.
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linked to the cell-cycle. For example, CDC2 and cyclin-dependent kinase 5 (CDK5) interact 

directly with nestin (Sahlgren et al., 2001; Sahlgren et al., 2003). For this reason, the quiescence 

of B1 astrocytes was investigated. For this experiment, mice received a total of five injections 

over 3 days of the thymidine analog IdU. As IdU is not cell-type specific, all dividing cells (B1 

astrocytes, transit amplifying progenitors, and neuroblasts) incorporated IdU during these 

three days. A 24 day washout period then followed, allowing IdU+ neuroblasts to migrate 

to the OB and IdU+ transit amplifying progenitor cells to dissipate. After 24 days, the mice 

Figure 3. GFAP isoform re-expression does not affect the neurogenic niche. The reintroduction of 
GFAPα into the adult mouse SVZ does not change the expression profile of neurogenic markers like 
Ki67 and DCX (A,B). The same holds true for the introduction of GFAPδ into the SVZ (C,D). Arrows 
indicate Ki67+ neuroblasts. The introduction of either GFAPα (E) or GFAPδ (F) does not affect the 
number of Ki67+ dividing cells or DCX+ neuroblasts in the SVZ, when compared to their respective 
controls. Unsurprisingly, the introduction of GFAPα (G,I) or GFAPδ (H,J) does not affect the transcript 
expression of Sox2 and Mash1 in the SVZ and the OB. Staining quantification (E,F) is displayed as 
number of marker+ cells per mm of SVZ (n=3). All transcript expression data (G-J) are normalized to 
reference genes (n=4). All data are analyzed with a Mann Whitney and displayed as mean ± s.e.m. Scale 
bars represent 10 μm. Abbreviations: LV – lateral ventricle; OB – olfactory bulb; SVZ – subventricular 
zone.
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received one injection of another thymidine analog, CldU, and were sacrificed shortly after. 

This paradigm resulted in IdU+ quiescent B1 astrocytes, CldU+ neuroblasts and transit 

amplifying progenitor cells, as well as IdU+CldU+ recycled astrocytes and their immediate 

progeny (Figure 4A-D). The reintroduction of either GFAPα or GFAPδ did not affect the total 

number of labeled cells (data not shown). Moreover, this GFAP isoform expression did not 

shift the gross cell-cycle dynamics of the SVZ, as the population distribution of dividing cells 

remained at the level of control (Figure 4E-F). 

GFAP reintroduction does not elicit an immune response but triggers the UPR

GFAP KO animals have been shown to react differently when challenged compared 

to wildtype animals. For example, they elicit a more severe response to traumatic brain 

injury (Nawashiro et al., 1998). Moreover, astrocytes have been recently shown to actively 

contribute to the immune response (Orre et al., 2013). Under this logic, the immune and 

Figure 4. Subpopulations of dividing cells remain stable after GFAPα or GFAPδ introduction. GFAPα 
and GFAPδ injected mice were injected for 3 consecutive days with IdU. The mice received one injection 
of CldU 24 days after and were subsequently sacrificed. This protocol allows for the reliable identification 
of cell types such as IdU+ quiescent B1 astrocytes (asterisks), CldU+ transit amplifying progenitor cells 
and neuroblasts (hollow arrow), and IdU+CldU+ recycled B1 astrocytes and their immediate progeny 
(filled arrow, A-D). The introduction of either GFAPα (E) or GFAPδ (F) into the GFAPKO SVZ does 
not have an effect on the distribution of these dividing cell populations. Staining quantification (E,F) 
is displayed as ratio of marker+ cells over the total number of dividing cells in the SVZ  (n=3). All 
data are analyzed with a Mann Whitney and displayed as mean ± s.e.m. Scale bars represent 20 μm. 
Abbreviation: LV – lateral ventricle.
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unfolded protein responses were investigated in the SVZ and striatum. For both GFAPα and 

GFAPδ conditions, there were no differences in microglia marker ionized calcium-binding 

adapter molecule 1 (Iba1; Figure 5A-B) or in a pro-inflammatory cytokine linked to reactive 

astrogliosis, Interleukin6 (Il6; Chiang et al., 1994) transcript expression (Figure 6A-B). These 

findings indicate the neither the viral transduction nor the introduction of GFAP isoforms 

into the GFAP KO brain illicit a significant immune response 6 weeks p.t.

Unfolded protein responses (UPR) are one of the mechanisms set in motion during cell 

stress (Walter and Ron, 2011). To investigate whether the UPR was altered after GFAP re-

expression, the expression levels of different genes implicated in the UPR were measured. 

Figure 5. Reintroduction 
of GFAP isoforms does 
not affect the immune 
response but activates 
cell stress pathways. The 
reintroduction of either 
GFAPα or GFAPδ does not 
affect the amount microglia 
transcripts in the SVZ or 
the striatum (A,B). This 
reintroduction also has no 
obviously effect on immune 
signalling 6 weeks p.t., 
as seen by the stable Il6 
transcript expression in the 
SVZ and striatum (C,D). 
Interestingly though GFAPα 
reintroduction has no 
effects on Chop transcript 
expression (E), GFAPδ 
reintroduction causes a 
significant increase in Chop 
expression (p=0.028) in 
the SVZ (F). Conversely, 
Atf4 transcripts show a 
significant increase in 
the striatum after GFAPα 
introduction (p=0.028; 
G), but remain stable after 
GFAPδ reintroduction (H). All data are normalized to reference genes (n=4) and analyzed with a Mann 
Whitney. Data are displayed as mean ± s.e.m. Abbreviations: Str - striatum; SVZ – subventricular zone.
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In the SVZ, there was a significant upregulation of CCAAT/-enhancer-binding protein 

homologous protein (Chop) in the GFAPδ condition, but not the GFAPα condition, when 

compared to control (Figure 5E-F). Chop is a transcription factor induced by endoplasmatic 

reticulum (ER) stress (Ma et al., 2002). Transcript expression of activation transcription 

factor 4 (Atf4), located upstream of Chop in the ER stress induced pathway (Han et al., 2013), 

was also investigated. Surprisingly, no significant difference in Atf4 transcript expression 

was found in the SVZ of the GFAPα or GFAPδ conditions. However, there was a significant 

upregulation of Atf4 in the GFAPα transduced striatum 6 weeks p.t. (Figure 5G-H). These 

data suggest that the reintroduction of GFAPα and GFAPδ differentially activate the UPR.

Discussion

Although both GFAPα and GFAPδ were successfully reintroduced into the adult GFAP 

KO SVZ, very little functional consequences were observed 6 weeks p.t. The reintroduction of 

GFAPα and GFAPδ did not affect IF transcript expression, neurogenesis, or cell-cycle timing. 

Interestingly however, the reintroduction of GFAPα and GFAPδ had differential effects on 

the UPR. There are many aspects to consider when interpreting the findings of the current 

study. For example, the transgene expression levels induced in this study were most probably 

anomalous, probably not representing physiological expression levels. Moreover as astrocytes 

were not specifically targeted, it is highly likely that some neurons, oligodendrocytes, and 

microglia were also transduced. With these considerations in mind, this current study does 

lend insight into species differences in GFAP, regulation by GFAP of other IF transcripts, and 

GFAP’s interaction with the UPR.

Species differences in GFAP

GFAP has 10 known isoforms. Of these 10, 7 have been shown to be expressed in the adult 

mouse brain. Here, Gfapα transcripts are the most abundant, followed by Gfapδ transcripts 

(Kamphuis et al., 2012). GFAPδ differs from GFAPα in its C-terminal tail. The inclusion of 

alternative exon 7+ results in a stunted C-terminal tail. Via its differential C-terminal tail, 

GFAPδ is hypothesized to exert differential effects than GFAPα. While mouse GFAPα is 

90.5% homologous to human, the GFAPδ tail is only 71% conserved. This 39% difference 

may help explain differential data from human and mouse GFAPδ experiments.

On protein level in mouse, GFAPδ can be found in virtually all cells that also express 

GFAPα (Kamphuis et al., 2012; Mamber et al., 2012). This GFAPδ expression profile seen 
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in mouse is in stark contrast to the human situation, where GFAPδ is predominantly is a 

predominant neural stem cell marker in the developing and adult human brain, although 

can also mark hippocampal and subpial astrocytes (Martinian et al., 2009; Middeldorp et 

al., 2010; Roelofs et al., 2005; van den Berge et al., 2010; Kamphuis et al. 2013 under review). 

This expression data combined with an altered C-terminal tail between species suggests that 

human and mouse GFAPδ may play divergent roles. 

The clearest evidence for this divergence comes from neural stem cell (NSC) data. In 

immortalized human NSCs (ihNSCs), the overexpression of GFAPδ leads to a decreased 

sphere forming capacity. This observed phenotype might be caused by the ability of human 

GFAPδ to inhibit Notch signaling in cells with high Notch signaling (Kanski et al., submitted). 

However if the same experiment is repeated using mouse GFAPδ in mouse primary NSCs, no 

differences in sphere forming capacity or number of spheres is seen (Mamber, unpublished 

observation). The overexpression of GFAPα echoes these findings with GFAPδ. The 

overexpression of human GFAPα in ihNSCs yields a lower sphere forming capacity; while 

overexpression of mouse GFAPα in primary mouse NSCs has no effect on sphere formation 

(Kanski et al., submitted; Mamber, unpublished observation).

In this current study, the reintroduction of GFAPα or GFAPδ did not lead to an observable 

neurogenic phenotype. The total amount of proliferation, the amount of neuroblasts, as well 

as the cell-cycle timing remained stable throughout all conditions. These data were further 

supported by transcript data which indicated that neurogenesis related targets such as Hes5, 

Pax6 (data not shown), Mash1, and Sox2 (Figure 2) did not change amongst all studied 

conditions. Within the GFAP KO mouse SVZ, cell-cycle timing and total proliferation also 

did not change with respect to the wildtype situation (Mamber et al., in prep). Therefore, we 

have to conclude that the presence of a certain GFAP isoform is not a driving factor for mouse 

adult neurogenesis. 

Notably although no neurogenic phenotype was observed in the GFAP KO SVZ, there was 

a massive downregulation of glial cell line-derived neurotrophic factor (Gdnf) transcripts. 

The reintroduction of GFAPα or GFAPδ is not sufficient to rescue this effect on Gdnf (data 

not shown). This peculiar piece of evidence suggests that the reintroduction of a particular 

GFAP isoform cannot compensate for the total lack of GFAP. Thereby suggesting, that GFAP 

exerts its effects via a balance of all its isoforms in a proper IF network together with other IFs. 

However, much caution must be taken when extrapolating this data to the human situation, 

as all evidence thus far suggests that GFAP isoforms play distinct roles in different species.
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Robustness of the IF network

Markedly, not much conclusive data has been generated by overexpressing one particular 

isoform of GFAP. The upregulation of GFAP in vivo is linked to pathologies such as 

astrogliosis (Sofroniew and Vinters, 2010) and Alexander’s disease (Messing et al., 1998). 

These physiological models were one reason why it was decided in this current study to 

reintroduce GFAPα and GFAPδ into the GFAP KO mouse brain instead of using a wildtype 

mouse. More evidence for distinctive roles of GFAP isoforms comes from studies that subtly 

shift the ratio between GFAPα and GFAPδ.

Experiments where specific GFAP isoforms were knocked down, using shRNA, showed 

functional differences between astrocytes with different GFAP isoform composition. Human 

astrocytoma cells with lower GFAPα/GFAPδ ratios showed lower cell motility and increased 

the expression of Lama1, a transcript giving rise to a component of the extracellular matrix 

protein Laminin (Moeton et al. in preparation). These effects were not seen when GFAP 

isoforms were overexpressed in human astrocytoma cells (Moeton et al. under review). Besides 

the presence of different GFAP isoforms in the IF network there is, at least for some functions, 

a redundancy of other IF proteins like vimentin. This became apparent by comparing the 

GFAP KO animals to the GFAP/ vimentin KO animals. GFAP/ vimentin KO mice show an 

aggravated effect on astrocyte motility. This effect is less pronounced in the GFAP KO mouse 

(Lepekhin et al., 2001). These data indicate that the function of IFs should be seen in the 

context of the whole IF network, instead of in the context of one particular IF protein. 

GFAP isoforms and the UPR response

Reintroduction of GFAP isoforms activates the UPR. The UPR is a pathway involved 

with managing cell stress and apoptosis. Traditionally, the UPR is activated when unfolded 

proteins accumulate at the lumen of the ER or when the demand for protein synthesis is too 

great (Eizirik et al., 2013; Walter and Ron, 2011). Once triggered, PKR-like ER kinase (PERK) 

mediates the phosphorylation of eukaryotic initiation factor 2α (ELF2α). This results in a 

global reduction of transcription but a transcriptional upregulation of Atf4. ATF4, in turn, 

leads to the upregulation of Chop. Within this pathway, there is a negative feedback loop 

whereby CHOP induces Gadd34 transcription. GADD34 can then dephosphorylate, and in 

effect deactivate, ELF2α. 

Interestingly with the GFAPδ condition, Chop but not Atf4 was upregulated in the SVZ. 

This finding echoes vanishing white matter leukoencephalopathy where patients show a 
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massive upregulation of GFAPδ, an upregulation of Chop transcripts, but no Atf4 transcript 

upregulation (Bugiani et al., 2011; van Kollenburg et al., 2006). These similarities may suggest 

that GFAPδ transduction initially activates the UPR via a PERK dependent mechanism. 

However after 6 weeks, the UPR is essentially deactivated. Therefore earlier time points 

need to be studied in order to verify a PERK dependent, Atf4 mediated UPR response. On 

the other hand, this data may indicate that GFAPδ transduction leads to a sustained UPR 

response that is mediated by PERK but not ATF4.  Although ATF4 is the main activator of 

Chop transcription, another yet to be identified protein has been shown to also be responsible 

for Chop transcription. This evidence came to light using PERK KO cells. Even after 

overexpression of ATF4, Chop expression was unable to be fully restored (Ma et al., 2002). 

GFAPα reintroduction activated the UPR pathway differently than GFAPδ reintroduction. 

Here, Atf4 was upregulated in the striatum while Chop expression levels remained stable. 

One possible reason why only Atf4, and not its downstream target, was upregulated might 

involve ATF4 partner proteins. ATF4 is known to bind to other proteins that can either inhibit 

or promote its activity (St-Arnaud and Hekmatnejad, 2011). For example, the IF protein 

vimentin has been found to interact with ATF4 within the nucleus; thereby inhibiting ATF4’s 

effects on its downstream targets (Lian et al., 2009). Although this study was performed in 

osteoblasts, the same mechanism may also take place in the brain. It could be possible that 

GFAPα, itself, is inhibiting the ATF4 mediated response. However, more research in regards to 

GFAPα and ATF4 interaction is needed. While the UPR is involved in apoptosis, it is unlikely 

that the UPR response seen in this study at 6 weeks p.t. is leading to apoptosis. In order for the 

UPR to lead to apoptosis, both Atf4 and Chop upregulation are needed. Together, ATF4 and 

CHOP induce an upregulation of protein synthesis that eventually leads to apoptosis (Han 

et al., 2013). Moreover CHOP and ATF4 are involved in other pathways besides apoptosis 

such as lipid metabolism, the mediation of oxidative stress, and the promotion of cell survival 

(Cojocari et al., 2013; Donnelly et al., 2013; Harding et al., 2003; Wang and Guo, 2012). This 

evidence, in combination with stable transcript levels of c-fos, c-jun (data not shown), and Il6, 

indicates that GFAPα and GFAPδ reintroduction leads to an increased UPR as a restorative 

mechanism (Eizirik et al., 2013; St-Arnaud and Hekmatnejad, 2011).

Interestingly, the UPR has also been linked to astrocyte differentiation and reactivity. The 

UPR mediates the cleavage of old astrocyte specifically induced substance (OASIS; Murakami 

et al., 2006), which then activates transcription factors that promote Gfap transcription (Saito 

et al., 2012). The reintroduction of GFAP isoforms in this current study activated a more 
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restorative UPR. Thereby, this UPR activation may be tied to the OASIS branch of UPR 

activation. If so, then during reactivity and development GFAP, itself, may be helping to 

orchestrate its own transcription. However, much more research must be done on the relation 

of GFAP to OASIS and the UPR to make any conclusive statements.

Concluding Remarks

In conclusion, the reintroduction of GFAPα or GFAPδ into the GFAP KO SVZ did not 

induce major changes in regards to neurogenesis or other astrocytic IFs. Perhaps with better 

transgene targeting, clearer effects could be visualized. In order to accomplish this, constructs 

should be driven by the gfa2 promoter which has been previously shown to guide astrocyte-

specific transgene expression in vivo (Brenner et al., 1994). GFAPα and GFAPδ reintroduction 

did trigger unique UPR responses. Whether these UPR response are specific to GFAPα or 

GFAPδ remains to be seen, because the level at which GFAPα and GFAPδ were re-expressed 

was most probably far from the endogenous in vivo situation. The most important finding 

from this current study is that the functional consequences of IF proteins rely not on the IF 

protein itself, but rather on how they influence the IF network as a whole.
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Abstract

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein expressed in 

astrocytes and neural stem cells. The GFAP gene is alternatively spliced and expression of 

GFAP is highly regulated during development, upon brain damage, and in neurodegenerative 

diseases. GFAPα is the canonical splice variant and is expressed in all GFAP-positive cells. 

In the human brain, the alternatively spliced transcript GFAPδ marks specialized astrocyte 

populations, such as subpial astrocytes and the neurogenic astrocytes in the human 

subventricular zone. We here show that shifting the GFAP isoform ratio in favour of GFAPδ 

in astrocytoma cells, by selectively silencing the canonical isoform GFAPα with short hairpin 

RNAs, induced a change in integrin, a decrease in plectin, and an increase in expression of the 

extracellular matrix component laminin. Together, this did not affect cell proliferation, but 

resulted in a significantly decreased motility of astrocytoma cells. In contrast, a downregulation 

of all GFAP isoforms led to less cell spreading, increased integrin expression, and a 100-fold 

difference in the adhesion of astrocytoma cells to laminin. In conclusion, isoform-specific 

silencing of GFAP revealed distinct roles of a specialized GFAP network in regulating the 

interaction of astrocytoma cells with the extracellular matrix through laminin.
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Introduction

Glial Fibrillary Acidic Protein (GFAP) is a type III intermediate filament (IF) protein, 

which is widely used as a marker for mature astrocytes. GFAP expression is highly regulated 

during development and in pathology. Besides in mature gray and white matter astrocytes, 

GFAP expression is also found in radial glia during development, adult neural stem cells 

(NSCs), and reactive astrocytes (Middeldorp et al., 2010; Roelofs et al., 2005; Sanai et al., 

2004; Sofroniew and Vinters, 2010). IF expression is cell type specific (Chung et al., 2013). 

For this reason, IF proteins are frequently used to determine the origin of tumors, also in the 

brain (Ho and Liem, 1996). GFAP marks tumors that originate from astrocytes (Deck et al., 

1978; Louis et al., 2007; Rousseau et al., 2006; Rutka et al., 1997; Yung et al., 1985). The level of 

GFAP expression in these tumors varies between patients (Rebetz et al., 2008) and high grade 

glioma subtypes can be discerned based on the correlated expression of the IF proteins nestin, 

vimentin, synemin and GFAP (Skalli et al., 2013). The total level of GFAP expression does not 

seem to be associated with the tumor malignancy grade, as high GFAP expression has been 

correlated both to a less malignant (Jacque et al., 1978; Niu, 2011; Velasco et al., 1980) as well 

as to a more malignant phenotype (Choi et al., 2009; Heo et al., 2012). 

The majority of literature on GFAP in astrocytic tumors does not discriminate between 

different isoforms, as the antibodies and primers used recognize several GFAP isoforms. To 

date, 10 different isoforms have been detected in the human brain (Kamphuis et al., 2014; 

Middeldorp and Hol, 2011). The alternatively spliced isoform GFAPδ is highly expressed 

in specific human astrocyte subpopulations, including the neurogenic astrocytes of the 

subventricular zone. Thus, GFAPδ can be used as a marker for NSCs of the developing and 

adult human brain in this niche (van den Berge et al., 2010; Middeldorp and Hol, 2011; 

Roelofs et al., 2005). As there are indications that cells with NSC characteristics are present in 

human brain tumors (Vescovi et al., 2006), it is important to take the GFAPδ splice isoform 

into account when studying glioma. Indeed, we and other have shown that GFAPδ is present 

in astrocytoma cells (Middeldorp et al., 2009; Perng et al., 2008). In astrocytic tumors, there 

are indications that the expression levels of GFAPδ correlate with the malignancy grade (Choi 

et al., 2009; Heo et al., 2012). 

In contrast to GFAPα, and due to a different C-terminal tail, GFAPδ by itself is assembly-

compromised. It requires additional type III IF expression for proper filament formation 

(Nielsen and Jorgensen, 2004; Perng et al., 2008; Roelofs et al., 2005). Hereby, the expression 

levels of the GFAPδ protein are a crucial determinant of proper GFAP network formation. 
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Changing the GFAP IF network has been shown to affect astrocyte physiology. Expression of 

GFAPδ at high concentrations induces a collapse of the IF network (Nielsen and Jorgensen, 

2004; Perng et al., 2008; Roelofs et al., 2005). Non isoform specific silencing or knockout 

of GFAP influences astrocyte morphology, proliferation, motility and adhesion (Lepekhin 

et al., 2001; Rutka and Smith, 1993; Rutka et al., 1994; Weinstein et al., 1991). Up till now 

the function of specific GFAP isoforms in these processes has not been studied. As GFAPδ 

is highly expressed in specific astrocyte subpopulations, such as neurogenic astrocytes and 

astrocytomas, we anticipated that a change in the ratio of GFAPα to GFAPδ, in favor of 

GFAPδ, leads to functional changes in these cells. 

We here demonstrate efficient and specific silencing of GFAPα using isoform-specific 

short hairpin (sh) RNA, thereby changing the ratio in favor of GFAPδ, which results in 

an endogenous shift of IF network composition. We analyzed the effect of GFAP isoform 

knockdown on cell morphology, motility, cell adhesion, and extracellular matrix (ECM) 

protein expression, astrocyte functions that are intimately linked to IF protein expression. To 

identify the function of a specialized IF network, we compared the GFAPα specific knockdown 

to the silencing of all GFAP isoforms. 

   

Material and Methods

Cell culturing

All cells were cultured at 37ºC under a humidified 5% CO2 / 95% air atmosphere. HEK-

293T cells and the U373 human astrocytoma cell line were cultured in Dulbecco’s modified 

Eagle medium (DMEM) Glutamax (Gibco) supplemented with 10% fetal bovine serum (FBS, 

Gibco) and antibiotic mixture of 10 U/ml penicillin G and 10 mg/ml streptomycin (Invitrogen). 

For replating, cells were washed with versene (171 mM NaCl, 5.37 mM Na2HPO4, 3.35 mM 

KCl, 1.8 mM KH2PO4, 855 μM EDTA), trypsinized (using 0.25% trypsin) and resuspended 

in FBS containing medium. Cells were either split for maintaining the line (twice per week) 

or plated for experiments.

shRNA constructs

Lentiviral shRNA expression plasmids from the The RNAi Consortium (TRC) Mission 

library (Root et al., 2006) were obtained from Sigma-Aldrich. The plasmids express 52 basepair 

shRNA molecules with 21-nucleotide (nt) mRNA specificity, driven by the ubiquitously active 
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U6 snRNA promoter in the pLKO.1 vector backbone. The human GFAP shRNA constructs used 

were: GFAPα: TRCN0000083733 (5’-cccttcttactcacacacaaa-3’, targeting nt 2674-2694 which is 

in the 3’ UTR of the NM_002055.4 GFAPα transcript, and pan GFAP: TRCN0000083736 

(5’-gcctatagacaggaagcagat-3’, targeting nt 577-597 of NM_002055.4 which is part of exon 2, 

present in all major GFAP isoforms (Middeldorp and Hol, 2011). The SHC002 non-targeting 

shRNA construct (NTC; 5’-caacaagatgaagagcaccaa-3’; Sigma-Aldrich), with no homology to 

human sequences, was used as control shRNA. 

Lentiviral vector production and creation of stable knockdown lines

Lentiviruses encoding NTC, GFAPα, or pan GFAP shRNA were produced  as described 

before (Naldini et al., 1996a, 1996b) with some alterations. In short, 10x106 HEK 293T cells 

were plated in a 15-cm culture dish and transfected with a total of 90 μg of the envelope 

(pMD2.G), packaging (pCMV-dR8.74) and p156RRL plasmid. To this end, the total 90 μg of 

DNA were mixed with PEI (67.5 ng/μl), and incubated for 15 min at RT, before adding the 

mix dropwise to the cell culture. The culture medium was replaced 16 h after transfection and 

the medium containing viral particles was collected 24 h after transfection. Supernatants were 

ultracentrifuged at 22,000 rpm (rotor SW28, Beckman-Coulter) for 2.5 h. The resulting pellet 

was resuspended in Phosphate Buffered Saline (PBS) (pH 7.4), aliquoted and stored  at -80 °C 

until further use.

To measure viral titers, a dilution series across five orders of magnitude of the viral stock 

solutions was made and HEK293T cells were transduced. After 2 days of incubation at 37°C, 

the number of transduced fluorescent cells at the different viral dilutions was counted and the 

viral titer was estimated in transducing units (TU) /ml.

U373 cells were plated in 24-well plate with 25,000 cells per well. The next day cells were 

transduced with lentiviral particles encoding either NTC (negative control), pan GFAP (pan 

GFAP KD), or GFAPα shRNA (GFAPα KD) with a multiplicity of infection (MOI) of 0.5. 

Medium was refreshed after 16 hours. Three days after transduction, cell medium was replaced 

by medium containing 1 ug/ml puromycin (Sigma Aldrich). Cells were grown, split and kept 

in puromycin-containing medium, to ensure that only transduced cells survive. Puromycin 

was removed at least 3 days before the functional experiments were performed. 

RNA isolation, cDNA synthesis and quantitative real-time PCR

For RNA isolation, cells were harvested and total RNA was isolated with Trisure 

(Bioline) according to the manufacturer’s protocol. The resulting RNA pellet was dissolved 
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in RNAse-free water. The RNA concentration was determined using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies). Subsequently, RNA was reverse-transcribed 

with Quantitect Reverse Transcription Kit (Qiagen) according to the manufacturer’s protocol. 

The cDNA was stored at -20°C for later use in the qPCR reaction. qPCR was performed in 

96-well plates, with a final volume of 10 µl/well using the SYBR Green PCR kit (Applied 

Biosystems). Each reaction volume contained 5 µl of SYBR Green mix, 3.5 µl of H2O, 1 µl of 

cDNA sample, and 0.5 µl of primer mix (sense and antisense primers, each 2 pmol/µl). The plate 

was sealed before the qPCR program was started with the following cycling conditions: 2 min 

at 50°C; 10 min at 95°C; 15 s at 95°C, and 1 min at 60°C for 40 cycles. After the amplification 

protocol, a dissociation curve was constructed by ramping the temperature from 60 to 90°C. 

To correct for differences in cDNA amounts between samples, we normalized the target PCR 

to the geomean values of PCRs to the reference genes hypoxanthine phosphoribosyltransferase 

(HPRT), major histocompatibility complex 1 (MHCI), β-actin (ACTB), and glyceraldehyde-

3-phosphate dehydrogenase (GAPDH). Data was corrected for interexperimental differences 

Transcript Forward primer Reverse primer
GFAPα CCCACTCTGCTTTGACTGAGC CCTTCTTCGGCCTTAGAGGG
GFAPδ TCCAACCTGCAGATTCGAGG GGGAATGGTGATCCGGTTCT
GFAPk GTCAGTACAGCAGGGCCTCG AGGAGCGCTGCAGTGTCACG
GFAP∆exon 6 TGCGCGGCACGGATC CACGGTCTTCACCACGATGTT
GFAP∆ 135 TCTGCGCGGCACGGAGTA GGGAATGGTGATCCGGTTCT
GFAP∆164 GAGGCGGCCAGTTATTCCC CACGGTCTTCACCACGATGTT
Ki67 AGAGTGCGAAGGTTCTCATGC TCCGCGTTACTCTCTGCACA
ITGB1 GACGCCGCGCGGAAAAGATG GGCCCTGCTTGTATACATTCTCCA
ITGB4 TCACCTCCAAGATGTTCCAGA CCTGGTATATACCCACTTCCCC
ITGA1 CCGGTGGAAGACATGTTTGGAT TGGCCAACTAACGGAGAACCA
ITGA2 ACAGAGTTGCCCCGAGCAC TGTCCACACGCAAATCCAAAG
ITGA3 GGCCTGCCAAGCTAATGAGA GAGCAGCTCCATCCTCTGGTT
ITGA6 CTATTTTCAGATCCCGGCCTG TGGCGGAGGTCAATTCTGT
ITGA7 GGGTTGTCGCCAAACCTTC TGCCTGACAGGGAGTAGCC
LAMA1 GTTTCGAACCTCCTCGCAGA CTGCCAGCACCATTGTTGAC
MHC I CACACCTCTCCTTTGTGACTTCAA CCACCTCCTCACATTATGCTAACA
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA
HPRT ATGGGAGGCCATCACATTGT ATGTAATCCAGCAGGTCAGCAA
Beta Actin GCTCCTCCTGAGCGCAAG CATCTGCTGGAAGGTGGACA
Plectin AGATCGAGCGGGCACGGAGT CAGCCGACCCAGGCAGTCAC

Table 1: Primers used for qPCR
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as described in Ruijter et al. 2006 (Ruijter et al., 2006). For specific knockdown samples, 

significance was tested using a Mann-Whitney test. All other qPCR data was tested using a 

Kruskal-Wallis with a Dunn’s post hoc test. The primers used are listed in Table 1.

Immunocytochemistry

Cells were incubated in SuMi  buffer (50 mM Tris, 150 mM NaCl, 0.25 % gelatine and 0.5% 

Triton X-100, pH 7.4) for 10 min permeabilizing cells and blocking aspecific binding sites. 

Cells were incubated with primary antibodies diluted in SuMi as stated in Table 2 overnight 

at 4°C. Cells were washed 3 times in Phosphate Buffered Saline (PBS) before incubated in 

secondary antibodies diluted in SuMi together with the nuclear dye Hoechst (Sigma). Cells 

were washed and either stored in PBS or embedded in Mowiol (100 mM Tris Buffered Saline 

(TBS) pH 8.5, 25% Glycerol, 10% Mowiol) and stored at 4°C. All secondary antibodies were 

from Jackson Immune Research and diluted 1:1400 in SuMi. Micrographs were taken with 

a Leica (Leica microsystems) epifluorescent microscope with a 20x objective or with a Leica 

SP5 confocal with a 63x objective. 

Protein measurements and western blots

Cells were washed with versene before being scraped with a cell scraper into 100 µl of 

cold lysis buffer consisting of suspension buffer (100 mM NaCl, 10 mM Tris-HCl (pH 7.6), 

1 mM Ethylenediaminetetraacetic acid (EDTA)) with 1% Triton-x100 and added protease 

inhibitors (100 μg/ml phenylmethanesulfonylfluoride (PMSF, Roche Diagnostics) and 0.5 μg/

ml Leupeptin (Roche Diagnostics). Cells were vortexed and incubated on ice for 5 min before 

centrifugation at 11.7 x g for 1 min. The supernatant was taken off and stored at -20°C in a 

fresh tube. Protein concentrations were measured using a BCA kit (Pierce, Thermo Scientific) 

according to manufacturer’s descriptions. Proteins were mixed with 2X loading buffer (2X: 

Antibody Manufacturer Dilution Cat #
panGFAP Dako Dako 1:4000 (1:8000 WB) Z0334

hGFAPδ Manufactured in house         
(10-05-2001 Bleed) 1:1000 (1:1300 WB) -

hGFAPα Santa Cruz biotechnology inc. 1:1300 WB sc-6170

Vimentin Chemicon 1:5000 
AB5733

 Plectin G. Wiche, Univ. Vienna, 
Austria 1:5000 WB

Ab#9 (Andrä et al., 2003)
we identified plectin 1a      
(> 500 kDa)

Table 2: Antibodies used for immunocytochemistry and western blots. 
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100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 200 mM dithiothreitol and bromophenol blue) 

and boiled for 5 min at 95°C before loading on a 7.5% or 10% SDS-PAGE reducing gel. After 

electrophoresis, proteins were blotted on Whatman Protran membranes (GE Healthcare) 

using a semi-dry Trans-Blot system (Biorad) for 1 hour. Blots were incubated with SuMi for 

10 min before incubation overnight at 4°C with primary antibodies. Blots were subsequently 

washed in TBS-T (100 mM Tris-Hcl pH 7.4, 150 mM NaCl with 0.2% Tween-20) 3 times 

before secondary antibodies, diluted in SuMi, were incubated for 1 hour at room temperature 

(RT). Blots were washed again 3 times in TBS-T before scanned with an Odyssey scanner (LI-

COR). Primary antibodies used are listed in Table 2. Secondary antibodies used are IRdye 800 

(1:2000) (LI-COR, NE, USA) and Dyelight Cy5 (1:4000) (Jackson Immune Research).

Motility assays

Cells were plated on glass dishes coated with PLL (20 μg/ml) or laminin (10 μg/ml).  

PLL and laminin coatings were incubated at 37°C for 1 h. PLL-coated dishes were washed 

in versene and air dried before cells were seeded, while laminin coating was not washed or 

dried. Cells were allowed to adhere for 24 hours before cells were tracked overnight. Every 

10 min a picture was taken with a Zeiss Axiovert 2000 (Zeiss microscopy). Cells were kept at 

37°C and 5% CO2 in a pre-heated and humidified incubation chamber (OKO labs) during 

the imaging. Images were compiled into a timelapse sequence. For motility analysis, 25 cells 

were followed per condition in 6 independent experiments resulting in a total of 150 cells. 

Cell soma movement was manually tracked using a manual tracking Image J plugin (W.S. 

Rasband, NIH, Bethesda, MD, version 1.46f, http://imagej.nih.gov/ij/). The average velocity 

per cell was calculated and then averaged for all cells in one condition per experiment. Data 

was corrected for interexperimental differences as described in Ruijter et al. 2006 (Ruijter et 

al., 2006). The difference in cell velocity was tested using a non parametric Kruskal-Wallis test 

with a Dunn’s post hoc test.  

Cell Cycle analysis

For cell cycle analysis, cells were washed with versene, trypsinized, and fixed in ice cold 

70% ethanol for 30 minutes. After washing twice with PBS + 1% BSA, cells were incubated 

with RNAse (Boehringer, 0.5 mg/ml) for 15 minutes to enzymatically remove RNA, which is 

necessary for specific staining of nuclear DNA. Subsequently, cells were washed with PBS + 

1% BSA, stained with propidium iodide (PI, Sigma, 50 mg/ml) for 15 minutes, and washed 

with PBS + 1% BSA. Flow cytometry was performed on a FACS Canto II flow cytometer 
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(BD Biosciences). Data analysis was done using the FlowJo software (Tree Star, http://www.

treestar.com).

Adhesion assays

Glass coverslips were coated with PLL or laminin for 1 h at 37°C. PLL coating was washed 

once with sterile water and air dried. Coatings were blocked with 1% BSA solution for 1 h 

at 37°C.  Cells were trypsinized, resuspended in medium containing serum to inhibit the 

trypsin, counted and replated in serum-free medium  with 30,000 cells per well. At stated time 

points, cells were gently washed with versene three times, subsequently fixed with 4% PFA 

for 10 min, and stored in PBS. Cells were stained with Hoechst (diluted 1:1000 in SuMi) for 

1 hour, washed in PBS once, after which phase contrast and fluorescent pictures were taken 

using a Zeiss Axiovert 2000.

Cell morphology measurements

Cells plated for single cell motility assays were used for morphology measurements. The 

perimeter was drawn manually from phase contrast pictures using ImageJ. The area, perimeter 

and form factor was calculated by ImageJ. Form factor was calculated with the following 

formula: . Form factor is used as a measure for cell morphology where perfect round cells will 

have a form factor of 1. The perimeter of at least 30 cells per condition was measured for 6 

independent experiments. Data was corrected for interexperimental differences as described 

in Ruijter et al. 2006 (Ruijter et al., 2006). Differences were tested for significance using a non 

parametric Kruskal-Wallis test with a Dunn’s post hoc test. 

Statistics 

All statistical tests were performed using Graphpad Prism 6 (version 6.02) (Graphpad 

Software Inc.). Differences were considered significant when p<0.05 at a 95% confidence 

interval. 

Results

Selection of target sequences for isoform-specific knockdown of GFAP

To change GFAP network composition in astrocytomas, we aimed at silencing the 

expression of GFAP using RNAi-based gene silencing. Based on the sequence information 

of different GFAP splice-variants (Middeldorp and Hol, 2011), specific target regions in the 



134

Chapter 5

GFAP transcript were selected. For an isoform-specific knockdown, we focused on silencing 

the canonical isoform GFAPα, which will decrease the GFAPα/δ ratio. Shifting the ratio in 

favor of GFAPδ expression mimics the IF network in more malignant forms of astrocytoma 

cells or neurogenic astrocytes (Choi et al., 2009; Heo et al., 2012; Roelofs et al., 2005) and 

allows for the investigation of such a specialized GFAP network. To silence GFAPα, we 

targeted the 3’ UTR sequence, which is shared by minor GFAP isoforms such as GFAP∆exon 

6, ∆164 and ∆135, but not by the more abundant isoforms GFAPδ or κ. mRNA levels of 

∆exon 6, ∆164 and ∆135 are low in human brain (Hol et al., 2003; Kamphuis et al., 2014; 

Middeldorp et al., 2009). Analysis of GFAP mRNA expression levels in human astrocytoma 

cell lines revealed that GFAP ∆164 mRNA was undetectable in U373 astrocytoma cells using 

specific primers (Fig 1A). ∆135 and ∆exon 6 transcripts were present, but their expression 

levels were significantly lower than that of GFAPα (Fig 1A). For this reason, we selected the 

3` UTR as target sequence, which in astrocytoma cell lines will mainly reflect the modulation 

of GFAPα, as ∆135 is approximately 100x, and ∆exon 6 is 1000x times lower expressed. In 

addition to targeting GFAPα, we selected a sequence to silence all GFAP isoforms. Exon 2 is a 

Fig. 1. Selection of target sequences for isoform-specific knockdown of GFAP. A) Expression of human 
GFAP isoforms in the U373 astrocytoma cell line. B) Table depicting shRNA candidates targeting human 
GFAP isoforms. C) Schematic representation of the GFAP transcript. The red bars indicate the target 
sites of the two shRNA candidates. Targeting exon 2 silences all GFAP transcripts (pan GFAP KD), 
whereas targeting the 3’UTR encoded in exon 9 mainly downregulates GFAPα (GFAPα KD). Graph bars 
show mean with standard error of the mean (SEM), n=4.
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constitutive exon, present in all isoforms, and was therefore chosen as target (Fig 1B and 1C).

We obtained lentiviral shRNA expression constructs from the TRC shRNA library (Root 

et al., 2006) encoding either a shRNA targeting the 3’ UTR or exon 2 of the GFAP transcript 

and lentiviral particles were produced.

Validation of an isoform specific knockdown of GFAP

U373 astrocytoma cells were transduced with a non-targeting control shRNA (NTC), 

an shRNA targeting pan GFAP (pan GFAP KD) or GFAPα (GFAPα KD). Transduced cells 

were selected by puromycin to ensure a stable knockdown of GFAP. Efficiency and specificity 

of the knockdown was validated by analyzing GFAPα and GFAPδ mRNA expression. As 

expected, GFAPα was significantly downregulated in both the pan GFAP KD (~73%) and 

GFAPα KD cell lines (~58%) (Fig. 2A). As expected, GFAPδ transcript expression was also 

downregulated in pan GFAP KD cells (~36%). Intriguingly, in cells with a specific knockdown 

of GFAPα, expression of GFAPδ was significantly upregulated (~600%) (Fig. 2B). Expression 

levels of GFAPκ and GFAPΔ135 were also upregulated in GFAPαKD cells but since expression 

levels are much lower compared to GFAPδ expression (10 fold and 86 fold respectively) the 

contribution of GFAPδ is much more substantial (Supplementary Fig.1). GFAPΔexon 6 levels 

were not significantly changed (Supplementary Fig.1) and GFAPΔ164 levels were too low to 

detect (data not shown).

We confirmed the GFAPα and GFAPδ expression data at the protein level using both 

western blot and immunocytochemistry analysis. Knockdown of GFAP for 30 days or longer 

resulted in silencing of GFAPα expression as confirmed by a pan GFAP and a specific GFAPα 

antibody, respectively (Fig. 2C). Consistent with the effect on the transcript level, the pan 

GFAP KD reduces GFAPδ expression, whereas a GFAPα-specific knockdown resulted in an 

increased expression of GFAPδ (Fig. 2C).

Previously, it has been demonstrated that GFAPδ overexpression induces aggregation of 

the GFAP filament network (Nielsen and Jorgensen, 2004; Perng et al., 2008; Roelofs et al., 

2005). We therefore investigated whether the increase of endogenous GFAPδ, induced by 

knockdown of GFAPα, resulted in a similar re-organization of the IF network. To this end, 

U373 cells were stained for pan GFAP or GFAPδ. Surprisingly, no aggregation of the GFAP 

network was observed. GFAPα KD cells showed a GFAP network, which is present throughout 

the whole cytoplasm similar as in control cells (Fig. 2D left panels). In addition, the distribution 

as well as the expression levels of the type III IF protein vimentin remained unchanged (Fig. 
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2D right panels, Supplementary Fig.2). Taken together, we here demonstrated efficient and 

specific silencing of GFAPα or pan GFAP in human astrocytoma cells. Intriguingly, isoform-

specific knockdown of GFAPα induced GFAPδ mRNA and protein expression, indicating a 

compensatory upregulation of the non-targeted isoform. In contrast to transgene-mediated 

overexpression, endogenous upregulation of GFAPδ in the presence of a GFAPα knockdown 

did not result in an aggregation of the GFAP network. 

Fig. 2. Isoform-specific knockdown of GFAP. A) qPCR data showed a significant downregulation of 
GFAPα transcripts in both pan GFAP KD (p=0.007) and GFAPα KD cells (p=0.03) compared to control 
cells (NTC). B) GFAPδ transcripts were significantly downregulated in pan GFAP KD (p=0.007) and 
upregulated in GFAPα KD cells (p=0.007). All data were normalized to reference genes HPRT, MHC 
I, beta actin, and GAPDH and are presented as mean + SEM (n=6), * < p 0.05. We confirmed the 
knockdown on protein level by western blot (C) and immunocytochemistry (D left panel). Due to an 
upregulation of GFAPδ upon knockdown of GFAPα (right), GFAPα KD cells did not show a reduction 
of total GFAP expression when stained with a pan GFAP antibody detecting all isoforms (left). NTC, 
pan GFAP KD cells, and GFAPα KD cells were stained with a pan GFAP antibody together with Hoechst 
(Hst) and vimentin (Vim). The distribution of the IF network was maintained in the knockdown cells 
compared to control cells (D right panel). Scale bars represent 100 μm in the left panel and 20 μm in 
the right panel.
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GFAP silencing has no effect on cell proliferation 

First, we investigated the proliferative capacity of pan GFAP KD and GFAPα KD cells in 

comparison to control cells. We studied the expression levels of Ki67, a proliferation marker 

present in all cell cycle phases except G0. No differences in Ki67 expression levels were found 

in pan GFAP KD and GFAPα KD cells in comparison to control cells (Fig. 3A). To assess 

whether silencing of GFAP is associated with changes in cell cycle progression of U373 cells, 

we performed cell cycle analysis using flow cytometry. Neither silencing of pan GFAP nor of 

GFAPα significantly altered the percentage of cells in the G0/G1, S, or G2/M phase (Fig. 3B). 

Taken together, two independent assays revealed no significant effect of isoform-specific or 

pan GFAP silencing on cell proliferation. 

Pan GFAP, but not GFAPα, silencing alters cell morphology dependent on the 
presence of laminin 

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 first determined whether downregulation of pan GFAP 

expression changed cell morphology in human astrocytoma cells on a standard PLL substrate 

(Fig. 4A upper row). To this end, cells were cultured on PLL and the cell area and perimeter 

were measured. From these parameters the form factor was calculated, which is a measure of 

cell morphology (Lepekhin et al., 2001). Cells with a stable knockdown of all GFAP isoforms 

Fig. 3. Silencing of GFAP maintains the proliferation capacity of astrocytoma cells. Silencing of pan 
GFAP or GFAPα had no effect on Ki67 expression or the cell cycle of astrocytoma cells. A) qPCR data 
showed that Ki67 expression remained unchanged in pan GFAP KD and GFAPα KD cells. Data were 
normalized to reference genes HPRT, MHC I, beta actin, and GAPDH and are presented as mean with 
SEM (n=6), * p< 0.05. B) Bar graph showing the mean relative distribution of pan GFAP KD or GFAPα 
KD cells across the different cell cycle phases measured by DNA staining and subsequent FACS analysis  
(n=3). Error bars are SEM.
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Fig. 4. Silencing of pan GFAP, but not GFAPα alters morphology dependent on the presence of laminin. 
A) Phase contrast pictures of U373 cells with different GFAP network compositions on PLL (upper panel) 
or laminin (lower panel) coated coverslips. Scale bars represent 100 μm. B) Pan GFAP KD cells showed 
a significant difference in area compared to GFAPα KD cells (p= 0.006) on PLL. The perimeter of pan 
GFAP KD cells was significantly lower compared to both the control and GFAPα KD cells (p=0.005). 
The form factor, which is a measure of the shape of the cell, was not altered between conditions on PLL. 
C) When cells were plated on laminin coated coverslips the area of the pan GFAP KD cells was still lower 
compared to control and GFAPα KD (p=0.003). The change in perimeter seen on PLL was absent on 
a laminin substrate indicating that the cells were spread out more on laminin. This was also reflected 
in the reduction in the form factor between control cells and pan GFAP KD cells (p=0.007).  Box plots 
show median with 25 and 75 percentiles. Whiskers go from minimum to maximum value.
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(pan GFAP KD) showed a trend in the reduction of the area (Fig. 4B, left panel) and a significant 

reduction in cell perimeter (middle panel). However, the shape of the pan GFAP KD cells 

(form factor in right panel) was not significantly different compared to control. Hence, we 

conclude that pan GFAP KD cells display an unchanged general shape but were less spread 

out on PLL compared to control cells. GFAPα KD cells displayed a significantly different area 

and perimeter compared to pan GFAP KD cells with no differences in comparison to control 

cells (Fig. 4B). 

Next, we studied whether these effects on morphology also occurred when the cells 

were cultured on laminin, a natural ECM component that is highly abundant in the brain 

(Colognato et al., 2005; Franco and Müller, 2011). We observed that the cell morphology, seen 

on laminin (Fig. 4A lower row), differed from cells on PLL (Fig. 4A top row). The pan GFAP 

KD cells still displayed a smaller area on laminin (Fig. 4C left panel), but the perimeter was no 

longer different from control (middle panel). This resulted in a significant change in the form 

factor, reflecting that cells displayed a less round morphology on laminin (Fig. 4C). 

In conclusion, our data revealed that silencing of pan GFAP expression reduces the cell 

perimeter of human astrocytomas, and this effect is abolished when the cells are cultured on 

laminin. In contrast, cells displayed no changes in cell morphology upon a specific GFAPα 

knockdown, a situation in which there is an upregulation of GFAPδ expression (Fig. 2B), 

indicating that the presence of GFAPδ might compensate for the lack of GFAPα.

Pan GFAP knockdown leads to higher cell adhesion to laminin and enhanced 
integrin expression  

Cell morphology is in part influenced by cell adhesion, mediated through interactions 

between integrins and the ECM. To assess whether the differences we observed in cell 

morphology are due to differences in cell adhesion, we performed adhesion assays. Cells were 

plated on PLL- or laminin-coated glass coverslips, washed and fixed after 0.5 and 3 hours. The 

number of cells that adhered to the coverslips was quantified by counting the Hoechst stained 

nuclei. Pan GFAP KD cells adhered slightly better to PLL than control cells (Fig. 5A). This 

difference was dramatically increased on laminin-coated coverslips (Fig. 5B). These data show 

that cells with a pan GFAP knockdown significantly increased their ability to bind to laminin, 

which could explain that the cells are less round when plated on laminin (Fig.4A).

Cell adhesion molecules, such as integrins, are main factors in controlling cell shape 

and adhesion (Lauffenburger and Horwitz, 1996). Since pan GFAP KD cells required the 
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presence of laminin to elongate and showed a significantly enhanced adherence to laminin, 

the expression of laminin-associated integrins was investigated. Integrins need both α and β 

subunits to form a stable dimer (Hynes, 2002). We investigated the integrin subunits β1 and 

β4, as well as α2, α3, α6, and α7. These integrin subunits hetero-dimerize to form different 

Fig. 5. The expression profile of laminin associated integrins correlates with adhesion properties of 
GFAP KD cells. A) Adhesion of pan GFAP KD cells was significantly higher on PLL after 0.5h (p=0.01). 
B) A marked increase in adhesion was observed in the pan GFAP KD in comparison to GFAPα KD 
cells on laminin after 0.5h (p=0.003) and 3h (p=0.01). C) Integrin α and β subunits together form a 
dimer. A schematic representation is shown of the integrin subunits that can interact with laminin. D-I) 
qPCR data showing integrin expression profiles. β1 integrin expression was significantly downregulated 
in GFAPα KD cells compared to pan GFAP KD or control cells (p=0.003). β4 showed a trend for an 
upregulation in pan GFAP KD cells compared to GFAPα KD cells. The same pattern of expression 
between pan GFAP KD cells and GFAPα KD cells was seen for α2 (p=0.01), α6 (p=0.0003) and α7 
(p=0.0003). Data were normalized to reference genes HPRT, MHC I, beta actin, and GAPDH and are 
presented as mean + SEM (n=6), * p < 0.05.
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integrin receptors that bind laminin (Fig. 5C). We observed a clear pattern of integrin 

expression: the pan GFAP KD cells had higher expression integrin expression compared to 

control or GFAPα KD cells. For integrins β1, α2, α6, and α7, these differences were significant 

(Fig. 5D-I).  

Taken together, knockdown of pan GFAP enhanced the expression of integrins associated 

with binding to the ECM substrate laminin. Consistently, adhesion to laminin was increased 

in pan GFAP cells in comparison to control or GFAPα KD cells, and this might underlie the 

Fig. 6. Specific silencing 
of GFAPα promotes the 
expression of laminin and 
reduces motility in astrocytoma 
cells. A) GFAPα KD cells had 
a reduced cell motility on 
laminin coated glass coverslips 
compared to controls 
(p<0.0001; n=6).  Single cell 
motility was measured as the 
average velocity in μm/min 
of a single cell, in a sequence 
of images which were taken 
overnight. Average velocity 
was significantly reduced in 
GFAPα KD cells compared to 
control cells.  B) The reduction 
in migration in GFAPα KD 
cells is less but still significant 
when cells are plated on PLL 
coated coverslips. C) Plectin 
expression was significantly 
downregulated in GFAPα KD 
cells only. D) qPCR data on 
LAMA1 showed a significant 
increase in laminin expression 
in GFAPα KD cells in 
comparison to pan GFAP KD 
and control cells. Data were 

normalized to reference genes HPRT, MHC I, beta actin, and GAPDH and are presented as mean + SEM 
(n=6), * p< 0.05. E) Western blot analysis confirmed a downregualtion of plectin in GFAPαKD cells on 
10% SDS PAGE gels. Quantification of plectin protein levels show reduced plectin in GFAPα KD (40.6% 
±10.5%) cells and variable levels of plectin in pan GFAP KD cells (60,9% ±23.2%). Data displays mean 
with SEM of 2 experiments.
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fact that the cells are less round on a laminin substrate. The adhesion capacity of GFAPα KD 

cells remained unchanged.

Specific silencing of GFAPα downregulates integrin expression, reduces cell 
motility, and promotes the expression of laminin

GFAPα KD cells showed a marked downregulation of the laminin-binding β1 integrin 

compared to controls (Fig. 5D). Since reduced β1 integrin expression did not lead to a 

significant decrease in cell adhesion to laminin (Fig. 5B), we investigated whether cell 

migration was altered. The presence of an IF network as well as the β1 integrin have been 

linked to cell motility in earlier studies (Lepekhin et al., 2001; Nishio et al., 2005; Rooprai et al., 

1999; Rutka et al., 1994). Cells with GFAP isoform knockdown were plated on laminin coated 

glass and imaged overnight. The cell nucleus was manually tracked through every frame and 

the average velocity was calculated over all frames. We observed significant lower motility in 

GFAPα KD cells in comparison to control cells. In cells with a pan GFAP knockdown, motility 

was not significantly changed (Fig. 6A). We also assessed motility on PLL and we observed 

that the reduction of cell motility in GFAPα KD cells was not as pronounced on PLL as on 

laminin. The pan GFAP KD cells did not migrate significantly slower than control cells (Fig. 

6B). IFs connect with integrins via linker proteins. Plectin is a linker protein that can bind 

to integrin subunits as well as IFs (Steinböck and Wiche, 1999; Wiche and Winter, 2011). To 

relate the differences seen in migration of GFAPα KD cells to IF networks through integrins, 

we assessed differences in plectin expression. qPCR data showed that plectin transcript 

levels are indeed significantly downregulated in the GFAPα KD cells only (Fig. 6C). Protein 

quantification confirmed a downregulation of plectin in GFAPα KD cells (Fig. 6E).  

Astrocytes are the main producers of ECM proteins in the brain. GFAPα KD cells showed 

a decrease in laminin-specific integrin expression, but these cells not only migrated slower on 

laminin-, but also on PLL-coated glass. We therefore investigated whether the cells themselves 

produce laminin to create their own in vitro ECM. To this end, we measured the mRNA 

expression of LAMA1, an α subunit of laminin. No changes in the expression of the LAMA1 

transcripts were observed in pan GFAP KD cells in comparison to control cells. Instead, we 

observed a significant upregulation of the LAMA1 transcript in GFAPα KD cells (Fig. 6D).

In conclusion, our results showed that the GFAPα KD cells, still expressing GFAPδ, 

displayed lower cell motility. This was associated with an increase in laminin expression and 

a decrease in plectin and integrin expression.
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Discussion

We here present that RNAi-mediated silencing of a distinct GFAP isoform in human 

astrocytoma cells results in changes in cell motility, integrin, plectin, and laminin expression. 

Efficient and specific silencing of GFAPα, using an isoform-specific shRNA, decreased the 

endogenous GFAPα/δ ratio in favor of GFAPδ expression, an effect which was enhanced 

by upregulation of endogenous GFAPδ by the cell itself. Modulation of the GFAP isoform 

ratio revealed that upon a specialization of the GFAP network, the expressed of the ECM 

protein laminin is increased while cell motility is decreased. In contrast, silencing of pan 

GFAP expression influenced cell morphology and cell adhesion. This comparative approach 

revealed that different IF network compositions influence distinct cellular functions and 

possibly react to ECM stimuli differently.

GFAP filament assembly

Isoform-specific modulation is essential to understand the functional consequences of 

alternative splicing of GFAP and its regulation in specific astrocyte subtypes. The alternatively 

spliced isoform GFAPδ is highly expressed in neurogenic astrocytes (van den Berge et al., 

2010; Roelofs et al., 2005), and its expression level is a crucial determinant of the GFAP IF 

network assembly (Nielsen and Jorgensen, 2004; Perng et al., 2008). 

We here demonstrate that decreasing GFAPα expression levels induced an endogenous 

upregulation of GFAPδ, which might represent an intrinsic regulatory mechanism to 

compensate for the loss of GFAPα. However, the total amount of GFAP expression remained 

low in the cells. An induction of GFAPδ expression in cells with low GFAPα expression did 

not influence the distribution of the IF network. We previously reported on a collapse of the 

IF network upon transgenic GFAPδ overexpression (Perng et al., 2008; Roelofs et al., 2005). 

However as shown here, an endogenous, and more subtle, upregulation of GFAPδ expression 

in the presence of GFAPα silencing did not result in an IF network collapse. The endogenous 

induction of GFAPδ represents a 6.4-fold increase on mRNA level whereas CMV promoter 

transgene expression induces a dramatic overexpression (Perng et al., 2008). A collapse of the 

IF network, due to GFAPδ expression, is concentration-dependent (Kamphuis et al., 2012; 

Nielsen and Jorgensen, 2004; Perng et al., 2008). Thus, we can conclude that the endogenous 

upregulation due to GFAPα knockdown is not high enough to cause a collapse of the network. 

The presence of the endogenous IF proteins vimentin (Fig. 2D) and nestin (not shown) ensures 

proper incorporation of GFAPδ in the IF network. In a physiological situation in the brain, 
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GFAPδ expressing cells have not been shown to display a collapsed GFAP network. Hence, 

modulation of the ratio of GFAP isoforms presented here might reflect more physiological 

expression levels compared to the overexpression studies.

IF and cell morphology

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 does not depend on these specific isoforms but is rather determined by the 

presence of GFAP filaments within the IF network. 

In agreement with our findings in pan GFAP KD cells, knockout of all GFAP isoforms 

was shown to alter cell morphology (Lepekhin et al., 2001). Taken together our data highlight 

that a drastic re-organization of the IF network either by knockout or knockdown of all GFAP 

isoforms is needed to alter the morphology of astrocytoma cells.

Integrin expression and cell motility

In contrast to normal cell morphology, cells expressing a low GFAPα/δ ratio demonstrated 

significantly reduced cell motility. Changes in cell motility were observed before in astrocytes 

with a pan GFAP knockdown or in GFAP knockout cells (Lepekhin et al., 2001; Rutka et 

al., 1994). We also see a clear but not significant trend for lower motility in cells with a pan 

GFAP KD on laminin. The significantly lower motility in GFAPα KD cells on laminin and 

PLL implicates that the presence of GFAPδ cannot compensate for the lack of GFAPα and 

actually exaggerates the effect on motility in comparison to pan GFAP KD cells. A possible 

explanation for the reduced motility in GFAPα KD cells is the significant downregulation of 

integrins β1 and α6. The β1 integrin is 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 integrin β1 inhibited cell 

migration on laminin as well as invasion into matrigel (Rooprai et al., 1999). Similarly, the α6 

integrin subunit has been shown to increase migration in glioma cell lines. Although α6 can 

form a dimer with both β1 and β4, migration could be inhibited with antibodies against β1, 

but not with antibodies against β4 (Delamarre et al., 2009). The hypothesis that cell motility is 

decreased in GFAPα KD cells due to altered laminin binding integrins is strengthened by the 

higher motility observed on a PLL substrate compared to the laminin substrate. The reason 
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that we do not observe a full recovery of motility on PLL, could be due to increased secretion 

of laminin by GFAPα KD cells. Reduced plectin expression in GFAPα KD cells supports an 

involvement of integrins in the reduced cell motility, since plectin links the IF network to 

the integrins. Plectin expression itself has been linked to cell motility as well (Katada et al., 

2012). Altering the GFAP network therefore influences the expression of multiple proteins 

involved in the link between the ECM and IFs.  Finally, the hypothesis that the decreased 

ability of GFAPα KD cells to migrate on laminin is integrin-dependent is corroborated by 

the observed decrease in adhesion of GFAPα KD cells to a laminin substrate. We show that 

altering the GFAP isoform expression changes the interaction of U373 cells with the ECM. 

GFAP expression has been used for glioma diagnostics and GFAPδ expression has been linked 

to higher malignancy (Choi et al., 2009; Heo et al., 2012). However, it is still elusive whether 

and via which cellular mechanisms GFAPδ expression can influence tumor aggressiveness. 

The interaction of tumor cells with their ECM has significant consequences for invasion and 

tumor growth, and indeed glioma cells preferably migrate along blood vessels, which contain 

laminin in their basal membranes (Farin et al., 2006; Goldbrunner et al., 1999). Our findings 

that the presence of GFAPδ in cells with low GFAPα expression alters the interaction of 

astrocytoma cells with laminin, suggests an important function in glioma invasiveness. Our 

data show that it is important to include GFAP isoform expression, especially that of GFAPδ 

in relation to other IF proteins, in glioma diagnostics and classification.

Laminin expression

Interestingly, specifically GFAPα KD cells showed increased expression of the ECM 

component laminin itself. In contrast, downregulation of GFAP in pan GFAP KD cells did not 

have such an effect on laminin. Consequently, the increased laminin expression in the GFAPα 

KD cells appears to result from the simultaneous loss of GFAPα and an increase in GFAPδ 

expression, resulting in a specialized IF network composition. Laminin expression has been 

linked to GFAP expression before. Laminin expression is increased in GFAP knockout mice 

(Menet et al., 2001). On the other hand, GFAP overexpression in fibroblasts has also been 

shown to increase laminin production (Toda et al., 1994). This finding is in agreement with 

an upregulation of laminin production in reactive astrocytes, which are characterized by an 

increase in GFAP expression (Palu and Liesi, 2002). In epithelial cells, laminin-332 expression 

was shown to be mediated by transforming growth factor β (TGF-β) through integrin 

signaling (Moyano et al., 2010). We observe changes in integrin β1 expression in GFAPα 

KD cells. Integrin β1 knockout mice decrease laminin 1 secretion (Aumailley et al., 2000) 



146

Chapter 5

and migrating astrocytes upregulate β1 integrin expression together with GFAP and vimentin 

(Nishio et al., 2005). The decoupling of vimentin from focal adhesions (FA) attenuated FA 

downstream signaling (Gregor et al., 2013). These data suggests that there are regulatory 

signals between intermediate filaments, integrin expression and ECM component secretion. 

The laminin expression we observe in GFAPα KD cells could therefore be regulated by 

altered integrin signaling due to changes in the IF network. Whether the increase in LAMA1 

expression is a reaction to changes in integrin expression or directly driven by changes in 

GFAP isoform expression requires further investigation. 

In conclusion, we here demonstrated efficient and isoform-specific silencing of GFAPα, 

which resulted in increased GFAPδ and LAMA1 expression, decreased plectin and integrin 

β1 expression, and a reduced motility of astrocytoma cells. In contrast, pan GFAP knockdown 

changed cell morphology, increased integrin expression, and altered adhesion of astrocytes. 

Taken together, these data emphasize that astrocyte morphology and motility are associated 

to GFAP protein expression. Moreover, the precise GFAP isoform composition of the IF 

network is intimately linked to integrin, plectin and laminin expression. Altering IF network 

composition in astrocytoma cells influences important determinants of tumor invasiveness 

such as cell migration and adhesion, and thus presents a potential target for diminishing 

tumor infiltration.
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Supplementary Figures

Supplementary Fig. 1 Regulation of GFAP isoforms after knockdown. qPCR data showed a significant 
upregulation of A) GFAPκ and B) GFAPΔ135 transcripts in GFAPα KD cells compared to control 
cells (NTC). C) Expression levels of GFAPΔ Exon 6 remained unchanged. All data were normalized to 
reference genes HPRT, MHC I, beta actin, and GAPDH and are presented as mean + SEM (n=6), * < p 
0.05.

Supplementary Fig. 2 Knockdown of GFAP isoforms does not alter vimentin expression. A) mRNA 
expression levels of vimentin are not significantly altered in cells with a pan GFAP or GFAPα KD. B) 
Western blot analysis shows no changes in vimentin protein expression in cells with GFAP KD.
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Intermediate filaments (IFs) are a family of more than 70 proteins, which are expressed in 

a cell-type and tissue-specific manner (Herrmann and Aebi, 2004; Lazarides, 1982; Toivola 

et al., 2005). As their expression pattern is so cell type-specific, it was hypothesized that IFs 

play a role in cell specialized functions. Glial fibrillary acidic protein (GFAP) is the main 

IF expressed in astrocytes, and this protein together with  vimentin and nestin is highly 

upregulated in reactive astrocytes (Pekny and Lane, 2007; Buffo et al., 2008; Sofroniew, 

2009; Middeldorp and Hol, 2011). The main question is: What is the function of GFAP? To 

unravel the role of GFAP, several labs have generated GFAP knock-out (KO) mice. These 

mice are viable and develop normally (Gomi et al., 1995; Pekny et al., 1995; Liedtke et al., 

1996; McCall et al., 1996), and their overall brain anatomy is normal as far as their astrocyte 

number and localization are concerned (Pekny et al., 1995), except for some white matter 

abnormalities and blood brain barrier leakage in older mice (Liedtke et al., 1996). Since GFAP 

is upregulated during reactive gliosis, GFAP KO animals were also investigated after brain 

injury. After cortical injury, vimentin and nestin expression were increased in astrocytes, 

showing that a reactive response does not require GFAP (Pekny et al., 1995; Eliasson et al., 

1999). This is in compliance with a non-altered response after brain or spinal cord injury and 

scrapie infection (Gomi et al., 1995; Pekny et al., 1995). However, alterations were found in 

neuronal communication in the cerebellum (Shibuki et al., 1996) and hippocampus (McCall 

et al., 1996) and in responses to cervical spinal cord injury (Nawashiro et al., 1998). In vitro 

experiments in cells lacking GFAP show that this protein plays a part in cell morphology, cell 

motility, adhesion, proliferation and laminin expression (Lepekhin et al., 2001; Menet et al., 

2001; Rutka et al., 1994; Weinstein et al., 1991; Chapter 5). 

Besides a KO, overexpression of GFAP was also studied. The brains of mice with a 

GFAP overexpression show Rosenthal fibers - accumulations of GFAP in astrocytes. These 

Rosenthal fibers are a hallmark of Alexander disease (AxD) (Eng et al., 1998; Messing et al., 

1998). These studies led to the discovery that AxD is caused by mutations in the GFAP gene 

(Brenner et al., 2001). Overexpression of GFAP is linked to increased cell death, disruption of 

the cytoskeleton, altered cell morphology, decrease in proliferation, lower proteasome activity 

and increased susceptibility to H2O2 (Cho and Messing, 2009; Elobeid et al., 2000; Moeton 

et al. Chapter 2). The knock-out, knockdown and overexpression studies show a modulatory 

role for GFAP in many different cellular functions. The phenotype is often subtle and more 

pronounced in GFAP/vimentin double knock-out mice (Eliasson et al., 1999; Larsson et al., 

2004; Li et al., 2007; Pekny and Lane, 2007; Widestrand et al., 2007). 
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All this shows that, although there are many cellular functions linked to GFAP, there is still 

no clear astrocyte-specific function of GFAP. On top of that, many studies have not taken into 

account that GFAP comes in different flavours, as the RNA is alternatively spliced. Besides 

the canonical α isoform there are 9 additional GFAP isoforms described in different species 

(human, mouse and rat) (Blechingberg et al., 2007; Condorelli et al., 1999; Hol et al., 2003; 

Nielsen et al., 2002; Zelenika et al., 1995). In my thesis, we made a start with investigating the 

functional consequences of GFAP isoforms in the astrocytic cytoskeleton, and I will discuss 

our findings here. This discussion focuses on 1) GFAP isoforms on a subcellular level, 2) 

functional consequences of different GFAP isoforms and 3) GFAP as a part of the whole IF 

network. To conclude I will give my opinion on how to unravel the role of GFAPδ and how 

future studies on the function of GFAP in astrocytes should be performed.

GFAP on a subcellular level

GFAPδ causes a collapse of the network

In Chapter 3, live cell imaging experiments using green fluorescent protein (GFP)-tagged 

GFAP show that the collapse of the network is a dynamic process, starting with a low amount 

of GFAPδ incorporated into the endogenous IF network. When the expression becomes too 

high, the network starts to collapse. In most cells, the network shrivels into an accumulation 

next to the nucleus. In some cells, smaller pieces of filaments are visible throughout the cell 

and these actively move towards one point near the nucleus and accumulate there. Especially 

this last observation triggered the hypothesis that the position of the accumulated GFAP 

is not random. A good candidate for this would be the centrosome. IF extension, which is 

not polarized, is dependent on active transport along microtubules (Gyoeva and Gelfand, 

1991; Ho et al., 1998; Prahlad et al., 1998). When IF networks collapse, they dissociate from 

proteins that link them to the cell membrane, such as plectin, and the IFs seem to be actively 

transported to the centrosome. Co-localization studies of centrosome markers (such as 

γ-tubulin) and collapsed GFAPδ networks could help to elucidate the role of microtubules 

in a collapse. Low amounts of vimentin expression in cells lacking cytoplasmic IFs do show 

co-localization with the centrosome (Trevor et al., 1995) indicating a role for microtubules in 

IF network formation. In a study where protein aggregation was initiated by over-expression 

of a membrane protein, which folds inefficiently or by proteasome inhibition, the misfolded 

proteins aggregated at the centrosome. The vimentin network in these cells formed a cage-like 
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structure around these aggregated proteins. This structure of aggregated proteins was named 

the aggresome and its formation is microtubule-dependent (Johnston et al., 1998). The 

aggregated proteins in the aggresome are ubiquitinated and accumulate when the proteasome 

is inhibited. When proteasome degradation fails, the aggresome is targeted for clearance by 

means of autophagy (Chin et al., 2008). It might be that collapsed IF networks are positioned 

in the aggresome in a microtubule-dependent manner, awaiting clearance by the proteasome 

or autophagy. In astrocytoma cells with collapsed networks this clearance is not efficient as we 

still observe collapsed networks in cells several weeks after transduction with GFAPδ (shown 

in chapter 2). Experiments in GFAPδ overexpressing cells, where the microtubule network 

is depolymerized by nocodazole, would help to understand the role of microtubules in IF 

collapses.  

In cells with a normally spread-out IF network there is a perinuclear net of IF proteins 

from which they seem to spread out to the cell periphery. In this net there is a position near 

the nucleus that may be the origin of the network, which could be the centrosome. Dupin 

and colleagues show that IF proteins have an actin-dependent role in nuclear positioning 

in astrocytes (Dupin et al., 2011). Studies on vimentin collapses demonstrate that actin is 

necessary for a perinuclear collapse and that it is possibly the retrograde movement of the 

actin cortex which makes vimentin collapse around the nucleus (Hollenbeck et al., 1989). 

In this study the process of the collapse, initiated by disrupting the microtubule network, 

is ATP-dependent. Disrupting the actin network does not inhibit the thickening of the 

vimentin filaments in the collapse, but does alter the localization of the collapse in fibroblasts 

(Hollenbeck et al., 1989). This shows a possible role for actin in the localization of the collapsed 

IF network.

The fact that a collapse of the IF network does not cause a co-collapse of the microtubule 

or actin networks shows that the connection between the different cytoskeleton components 

is severed at the moment of collapse in the cell periphery. Moreover, the IF network does not 

disintegrate before collapsing, which suggests that the IF network dissociates as a filamentous 

structure (Yoshida et al., 2009). Whether this is due to mechanical forces or to the fact that 

GFAPδ binding to linker proteins, such as plectin, is less tight than GFAPα is not known. 

Since we see no preferential localization of GFAPδ within the network in cells in vitro 

overexpressing GFAPδ, it does not seem likely that there is more GFAPδ at the parts of the 

filaments to which they are linked, for instance, the integrins.  
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Live cell imaging of intermediate filament networks

GFAP assembly is compromised by small mutations in the GFAP protein (Perng et al., 

2006; Yoshida et al., 2009). Headless or tailless GFAP also leads to aberrant filament formation 

(Chen and Liem, 1994). These studies show the importance for the different domains of the 

protein for proper filament assembly. Adding a tag to the GFAP protein also affects GFAP 

assembly. However, for live cell imaging of GFAP a fluorescent tag is essential. In our live 

cell imaging experiments we observed that a high expression of GFP-tagged GFAPα led to a 

collapse of the network, while untagged GFAPα never caused a collapse. Indeed, it has been 

shown earlier that GFP-tagged GFAP or vimentin can affect network formation (Ho et al., 

1998). Live cell imaging studies using GFP-tagged IFs might therefore measure altered protein 

dynamics due to the GFP tag. GFP is a relatively large fluorescent molecule. Therefore, other 

genetic labeling, such as tetracysteine (C4) tags, or antibody linked fluorophores are being 

used for live cell imaging. All these techniques have their own advantages and disadvantages 

(Fernandez-Suarez and Ting, 2008). Since GFAP assembly may be hindered by single 

mutations we attempted to use one of the smallest fluorescent molecules as fusion proteins 

for our live cell imaging experiments, the C4 tag. This tag consists of cysteine repeats, which 

are 20 aa in size and can be stained in live cells using the FlasH/ReAsh fluorescent compounds 

(Griffin et al., 1998). The C4 tag has been successfully used for live cell imaging before (Griffin 

et al., 1998). We created fusion proteins where the tetracystein tag was positioned at the 

N-terminal or C-terminal tag. Unfortunately, neither of these fusion proteins were able to 

form filamentous networks in SW13-cells, which lack cytoplasmic IFs, showing that even these 

small tags are too big for GFAP to assemble properly (Moeton: unpublished observations). 

Since the longitudinal elongation of the filaments seemed to be hampered, we cloned the 

C4 tag within linker 1,2 of GFAPα to make sure the N- and C-terminal sides were untagged 

(Fig 1A). This fusion protein, too, was unable to form filaments (Moeton: unpublished 

observations). A depiction of the different fusion proteins tested for proper self assembly are 

shown in Figure 1B. Neither of these constructs was able to form proper filaments in SW13-

cells. Moreover, C4 tags need to be stained to become fluorescent. Proteins synthesized after 

the staining will therefore not be fluorescent. When C4 tags are used for Fluorescent Recovery 

After Photobleaching (FRAP) studies, the fluorescent recovery measured can only be GFAP 

molecules which were present at the time of staining. Proteins synthesized after the staining 

will not be fluorescent and can therefore not contribute to the FRAP analysis, but could be 

incorporated in the filaments after bleaching. Since the C4 tag did not seem to be a suitable 
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alternative we used the GFP fusion proteins for our studies. We used the N-terminally tagged 

GFP constructs, as GFAPα and GFAPδ only differ in their C-terminal tail, and we made sure 

we imaged the cells when expression levels were relatively low. We are aware that the dynamic 

properties of GFAP tagged with GFP are different from untagged GFAP, but we are focusing 

on differences between GFAPα and GFAPδ, which are tagged the same way. We are therefore 

confident that the difference in dynamics we found is due to differences in the GFAP protein 

isoforms. All in all, live cell imaging of IFs will need to be done by spiking the endogenous IF 

network with tagged IF proteins. The presence of both tagged and untagged IF proteins means 

the overall amount of tagged IF proteins will remain low enough for network formation 

instead of network collapse (Dupin et al., 2011; Yoon et al., 2001, 1998).

Dynamic differences and phosphorylation

We have shown in chapter 3 that the dynamic exchange of GFAPδ is slower than GFAPα. 

One of the ways in which IF protein exchange can be regulated is by phosphorylation. 

Phosphorylation residues at the N-terminal head domain affect filament assembly (Ralton 

et al., 1994; Kawajiri et al., 2003). Antibodies against phosphorylated residues, such as Thr7, 

Ser8 and Ser13, have made it possible to stain for phosphorylated GFAP. These residues are 

phosphorylated during mitosis (Matsuoka et al., 1992; Sekimata et al., 1996). Since GFAPα and 

Figure 1: GFAP protein structure and fluorescent tags. A) A GFAP dimer consists of an α helical rod 
domain flanked by non-helical head and tail domains. The rod domain consists of different coiled coil 
structures with non-coiled linkers in between. The relative size of the different domains is not shown to 
scale but is depicted purely for schematic purposes. B) For live cell imaging, fusion proteins of GFAPα 
linked to both GFP or C4 tags were constructed. GFAPα was tagged with one of the depicted tags but 
none of the constructs were able to form proper filaments in cells lacking cytoplasmic IFs. 
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GFAPδ differ in their C-terminal tail phospho-antibodies against residues at the C-terminal 

tail will help elucidate whether changes in phosphorylation lead to altered dynamic exchange. 

Such antibodies are not available yet. In addition, mutations at the C-terminal phosphorylation 

sites preventing phosphorylation or phospho-mimicking mutations can be tested to study the 

effect on GFAP dynamics.

Due to the antiparallel assembly of GFAP, the C-terminal tails of GFAPδ can be relatively 

close to the N-terminal heads of other IF proteins within the IF filament. Hypothetically the 

tail of GFAPδ could cause a steric hindrance of the phosphorylation of the head domain. In 

these collapsed networks, GFAPδ could hinder the phosphorylation and therefore change 

GFAPα dynamics. From initial experiments using the phospho-antibodies from Prof. 

Figure 2: Phosphorylation of GFAP. U251 cells stably expressing GFAPδ were stained for phosphorylated 
GFAP. A) During cytokinesis there is phosphorylated GFAP present in the cleavage furrow at residue 
Thyrosine 7. B) Also the Serine 13 residue is phosphorylated in GFAPδ expressing cells during 
cytokinesis, similar to control cells (Sekimata et al., 1996). C) U251 cells outside mitosis do not show 
phosphorylation of the collapsed network at these residues.
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Dr. Inagaki (Matsuoka et al., 1992; Sekimata et al., 1996) we saw that cells overexpressing 

GFAPδ are still able to phosphorylate GFAP at residues Thy7 (Fig 2A) and Ser13 (Fig 2B) 

during cytokinesis. Although these cells have low endogenous GFAP expression and the 

stained GFAP is mostly the exogenous isoform, we cannot fully exclude that the endogenous 

phosphorylated GFAP is stained in these cells. We can conclude, however, that the presence 

of GFAPδ in the network does not disable phosphorylation at the N-terminus of other GFAP 

proteins in the network. In collapsed networks, cells that were not in mitosis did not have 

visible staining (Fig 2C). Overall we did not observe overt differences in staining between 

GFAPα and GFAPδ expressing cells on phosphorylation during cytokinesis. However, it 

should be taken into account that only a few cells were in cytokinesis at the time of fixation 

and therefore only few cells contained phosphorylated GFAP at these residues. More elaborate 

studies will require cell synchronization before fixation of the cells.    

Network insolubility: a cause or consequence of a collapse?

To date, it is still unclear what mechanism initiates the collapse of the network. Nielsen 

and colleagues described that the tail of GFAPδ binds to the coil2B of the rod domain and 

that this prevents GFAPδ to form monomers (Nielsen and Jorgensen, 2004). However, GFAPδ 

is capable of forming a network with other IF proteins and when expressed in low amounts 

incorporates into a spread-out network (Chapter 3). GFAPδ continues to be incorporated into 

the network that eventually leads to a collapse. We observed that the dynamic exchange is 

lower for GFAPδ than for GFAPα and that both exchange rates decrease when the network has 

collapsed. This suggests that GFAPδ is preferably located in the network or that GFAPδ alters 

the network so that there is overall less exchange with the soluble pool. We show in chapter 

3 that expression of GFAPδ causes the ratio of soluble and insoluble GFAP to decrease. This 

suggests that the network contains proteins which are not likely to become soluble again. 

This would have to be reflected in a bigger immobile fraction of the FRAP studies. We did 

indeed observe a higher immobile fraction in collapsed networks (chapter 3). The fact that an 

exchange is still possible in a collapsed network shows that a new equilibrium of soluble and 

insoluble IF proteins is formed after the collapse of the network. However, a collapse could not 

be reversed by expressing more GFAPα (chapter 2), which shows that the collapsed network 

affects the dynamics of the GFAPα isoform as well. GFAPδ insolubility might therefore be 

the cause of the changes in solubility of the whole network. From our experiments we cannot 

conclude if the insolubility causes the collapse. Experiments in networks containing GFAPα or 

GFAPδ, where the dynamics of vimentin are measured, will help elucidate the effect of GFAP 



6

163

General discussion

isoforms on the whole IF network. We have summarized the changes in network dynamics in 

different networks in Figure 3. 

Effect of GFAP on a functional level

Cell morphology

Cell morphology is one feature which consistently changed whenever we altered the IF 

network (Chapter 2 and 5). In cells with a collapsed network we observed that cells have 

a smaller perimeter and are rounder compared to cells with spread-out IF networks. The 

same effect on cell morphology is seen in astrocytes devoid of cytoplasmic IFs (Lepekhin et 

al., 2001; Weinstein et al., 1991). In the case of a collapse, a drastic reorganization of the IF 

network ensues, and, as in cells with no IFs, no spread-out network is present. Since both 

conditions show a change in morphology it is likely that the role of IFs in cell morphology is 

a structural one, where the IF network holds together the overall shape of the cell. Although 

there is no collapse of the actin and microtubule network, there could be subtle changes in the 

distributions of these networks, which are responsible for the changes in cell morphology. It is 

unlikely that in the case of a collapsed IF network the morphology is changed through indirect 

pathways. Microarray analysis on cells with collapsed networks did not yield differences in 

Figure 3: Dynamics of GFAP isoforms in filamentous networks and collapsed networks. The dynamic 
differences between GFAP isoforms are schematically depicted. There is a constant exchange between 
the soluble pool and the filamentous network. This exchange is slower for GFAPδ. When there is too 
much GFAPδ expression the network collapses and this affects the exchange of both GFAPα and GFAPδ. 
This results in a lower soluble pool when the GFAP network is collapsed.
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expression levels of actin or tubulin (Stassen et al. unpublished data). 

Changing the IF network without collapsing it also caused differences in cell morphology. 

This reveals another possible role for IFs in cell morphology, namely through integrins. 

Integrins are the bridge between the cytoskeleton and the extracellular matrix (ECM) (Hynes, 

2002). Integrins have roles in cell signaling, as they bind the cytoskeleton to the ECM, and 

therefore also in cell adhesion. We found that a pan-GFAP knockdown upregulated laminin 

binding integrin, such as α2 and α7 (Chapter 5), in human astrocytoma cells. There was 

also a marked change in morphology and adhesion in these cells when cultured on laminin. 

We showed that altering GFAP networks can also affect cell morphology indirectly, via cell 

adhesion, and probably through integrin expression. Previous studies showed that knockdown 

of pan-GFAP lowered cell adhesion (Rutka et al., 1994) on non-specific substrate (plastic). 

This is in contrast to what we see in our experiments on poly-L-lysine (PLL). The laminin-

dependent differences we observed are not present in cells which still have GFAPδ expression. 

Moreover, the pan-GFAP knockdown cells still have a spread-out vimentin network, showing 

that it is GFAP which is able to influence cell morphology. An overview of the functional 

consequences after altering GFAP isoform expression is listed in Table 1.

Regulation of integrins, laminin and plectin

We find a specific role for cells with an altered GFAPδ:GFAPα ratio in the upregulation 

of laminin and a downregulation of plectin. Pan-GFAP knockdown and GFAPα knockdown 

in astrocytomas both show that changing the IF network regulates integrin expression. How 

then does GFAP affect the expression levels of these genes? 

A study by Rutka and colleagues showed that knockdown of pan-GFAP in U251MG 

Cells Experimental 
condition

GFAP 
composition

Cell 
motility

Cell 
adhesion

Morphology vs. 
control

mRNA regulation 
vs. control

U251

GFAPα 
overexpression Network Not 

altered - No change 6Lama1, ITGA7*          

GFAPδ 
overexpression

Collapsed 
network

Not 
altered - Smaller and 

rounder cells
5 ITGB1* 

6Lama1, ITGA7*

U373

Pan GFAP KD
Network 
with less 

GFAP

Slightly 
reduced Increased Elongated cells 5ITGA7, ITGA6

GFAPα KD
Network 

containing 
GFAPδ

Reduced Decreased No change 5 Lama1  
6ITGB1, Plectin

Table 1: Overview of overexpression and knockdown studies and their functional effects

ITGA= α integrin; lama = laminin; ITGB= β integrin; KD= knockdown; *Stassen et al. unpublished results
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cells led to upregulation of integrins β1 and β3 (Rutka et al., 1999). GFAP and vimentin play 

a role in vesicle transport in astrocytes (Potokar et al., 2010) and could thereby influence 

integrin trafficking to the membrane. To investigate the role of GFAP in integrin expression 

and localization, studies are required into the number of focal adhesions present on cells 

with different GFAP isoform expression. Studies in vimentin show that phosphorylation of 

vimentin plays a crucial role in trafficking of β1 integrin in fibroblasts (Ivaska et al., 2005). 

Phosphorylation of the N-terminus of vimentin by protein kinase C (PKC) was necessary 

for the fusion of integrin containing vesicle with the plasma membrane. GFAP could have 

a similar role in integrin trafficking, and a transcriptional feedback mechanism could be 

initiated when integrins do not reach the cell membrane. These data, together with our studies 

show that GFAP expression is able to regulate integrin expression. 

Another possible way in which GFAP could influence gene expression is through 

modulating chromatin organization through the nuclear IFs and the nuclear lamina. The 

cytoplasmic IFs are coupled to the nuclear lamina through linker proteins such as plectin 

and IF-associated proteins such as nesprin (Wilhelmsen et al., 2005; Worman and Foisner, 

2010). The cytoplasmic IFs could thereby influence the structure of the nuclear lamina which 

regulate gene expression (Collas et al., 2014).   

To conclude: We have seen that changing the IF network has an effect on integrin 

expression. This could possibly alter integrin signaling, which could change gene expression 

profiles. Although our results are still inconclusive we do see that the expression of multiple 

genes which are part of the connection between the IF network and the ECM, is altered when 

the GFAP ratios are changed. This hints at a regulation of the ECM to IF network connection 

when GFAPδ is expressed. 

Cell motility

The cytoskeleton is a major player in cell movement. Extension of filopodia during cell 

migration is mostly mediated by actin filaments. The IF network is integrated with the actin 

and microtubule network. GFAP has been linked to cell migration in several studies (Rutka 

and Smith, 1993; Rutka et al., 1994; Elobeid et al., 2000; Lepekhin et al., 2001). In our studies 

we see that altering the endogenous GFAP network composition hampers cell motility, but 

collapsing the whole IF network does not affect cell migration. Cell migration studies from 

GFAP knock out astrocytes also showed less cell migration in GFAP KO cells. It is therefore 

surprising that we did not find effects on cell migration, when cells have a collapsed IF 
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network. These results would suggest that the role of IF in cell migration is not dependent 

on the morphology and localization of the network, but is based on the expression levels of 

GFAP. 

Vimentin has been studied in the context of astrocyte migration and is shown to be 

important for nuclear positioning in migrating astrocytes (Dupin et al., 2011). Depletion of 

this major IF in astrocytes altered nuclear positioning and decreased nuclear velocity during 

migration. The organization of the IF network near the nucleus is dependent on actin and 

on the nuclear envelope IF Lamin B1 (Dupin et al., 2011). During migration the vimentin 

protein binds to microtubules via adenomatous polyposis coli (APC), a protein that binds 

to the ends of microtubules (Sakamoto et al., 2013). If the role of GFAP in cell motility is 

comparable to the role described for vimentin, we would expect to find differences in cell 

motility when there is a collapse of the network. In the GFAPδ overexpressing cells, vimentin 

is also collapsed and still we see no difference in cell motility. This would indicate that there is 

no structural role for the IF network in cell motility. 

Where a collapse of the network did not alter cell motility we did see reduction in cell 

motility when we changed the endogenous GFAPδ:GFAPα ratio in favor of GFAPδ. Although 

we observed reduced cell motility when cells were cultured on a non-ligand specific PLL 

coating, motility was reduced even further on laminin coating. These cells, with a shifted 

GFAPδ:GFAPα ratio, also have a decreased expression of several laminin-binding integrins 

and showed a reduced adhesion to laminin substrates. These results show a possible role for IF 

in cell motility via integrins. We have already discussed how GFAP could potentially influence 

integrin expression (‘Regulation of integrins, laminin and plectin’). If there is a direct link 

between the IF network and integrin expression, cell motility could be easily regulated by the 

IF network. We see reduced motility in cells with a higher GFAPδ:GFAPα ratio. These cells 

also have decreased plectin expression and have upregulated laminin 1a (Lama1). A schematic 

overview of the changes we found in the GFAP knockdown studies are shown in Figure 4. It 

could be that a proper connection is needed between the IF network and the ECM via plectin 

and integrins. If the high GFAPδ:GFAPα ratio in the network disrupts this link, it could lead to 

a feedback mechanism regulating integrins and plectin. To compensate for the lack of proper 

laminin integrin signaling, the cell upregulates laminin expression. The secretion of laminin 

would explain why we see a reduction in motility in cells with a higher GFAPδ:GFAPα ratio 

on PLL. At this point this is mere speculation and warrants further investigation. Testing this 

hypothesis requires investigation of the protein expression levels and localization of laminin, 
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plectin and integrins β1 and α6. Should a loss of plectin be the cause of the decrease in cell 

motility, then re-expression of plectin should rescue the phenotype.    

Studying GFAP function within the IF network

Altering and not collapsing

The GFAP protein is part of a bigger network of proteins which make up the IF network 

in astrocytes. Together with vimentin, nestin and synemin it creates one integrated network. 

It is perhaps better to assess the function of the IF network in its entirety and investigate how 

GFAP or GFAP isoforms affect it. Studies in vimentin GFAP double KO mice show that the 

effects of astrocytes devoid of both IFs are different or more exaggerated  than those of single 

knockouts (Lepekhin et al., 2001; Pekny, 2001; Wilhelmsson et al., 2004; Widestrand et al., 

2007). 

The overexpression studies we performed showed a collapse of the whole IF network. 

Although this collapse is caused by the expression of GFAPδ, the functional effects seen could 

be due to the collapse of the network and not to GFAPδ per se. Only when we altered the 

endogenous ratio of GFAP isoform expression to shift the GFAPα:GFAPδ ratio did we find 

functional differences, possibly attributable to GFAPδ expression, as we used a pan-GFAP 

knockdown as a control. It seems pivotal to still have GFAPδ in a network to see its influence 

on IF network functioning. 

Figure 4: Summary of functional changes after altering the endogenous GFAP composition. A schematic 
overview of the consequences of changing GFAP isoform composition in astrocytoma cells. Cells with 
a knockdown of all isoforms show slightly reduced motility and upregulate the mRNA expression of 
several laminin binding integrins compared to the GFAPα KD. These cells have an increased adhesion to 
laminin. The GFAPα KD cells have an altered GFAPα:GFAPδ ratio, which makes them express GFAPδ 
within a spreadout network. These cells show significantly lower cell motility and downregulated β1 
integrin expression. The GFAPα KD cells upregulate Lama1 expression levels.
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Differences between mouse and human

GFAPδ expression is found in a number of species, including mouse and human. The 

human and mouse brain differ in terms of the GFAPδ expression pattern. Mamber et al. showed 

that, in the mouse, most GFAP-expressing astrocytes also express GFAPδ. In the mouse SVZ 

the GFAPδ-expression does not mark the neural stem cells like it does in the human SVZ 

(Mamber et al., 2012). The C-terminal tail of GFAPδ is much less conserved between mouse, 

rat and human than GFAPα, suggesting a divergence in sequence, and possibly in function, 

in the course of evolution (Boyd et al., 2012). The binding of presenilin to human GFAPδ, for 

instance, could be altered or absent in mouse GFAPδ due to sequence differences (Nielsen et 

al., 2002). These alterations could lead to functional differences. The role of GFAP in astrocytes 

might also be different in mouse and humans due to differences in astrocytes between these 

species. Human astrocyte physiology is much more complex than that of mouse, in terms of 

process arborization, size and amount of sub-types (Oberheim et al., 2006, 2012), making 

human astrocytes much more specialized. Transplanting human astrocytes into mouse brain 

resulted in enhanced long-term potentiation, and therefore smarter mice (Han et al., 2013). It 

is not known whether GFAP plays a role in these interspecies differences but it should be kept 

in mind when studying astrocyte function in rodents.  

Cell type and model system

Expression of GFAPδ is controlled by the splicing of the GFAP mRNA. Splicing is different 

in different cell types. During cell differentiation changes are also seen in splicing (Chepelev 

and Chen, 2013). This indicates that endogenous GFAPδ expression is only present in cells 

with specific expression profiles that have distinct splicing patterns. If GFAPδ has a specific 

function in undifferentiated cells only, this function can only be studied in certain cell types. 

Mature astrocytes, for instance, may lack signaling proteins, which stem cells do have.

Due to the expression of GFAPδ in the neural stem cells in the human SVZ, it has been 

linked to an immature state of differentiation. Functional differences between GFAPα and 

GFAPδ could occur through binding or regulation of proteins such as 14-3-3 or presenilin. 

These proteins would need to be present and active in the model system used to study 

GFAPδ function. GFAPδ binds presenilin, which is part of the γ-secretase complex. This 

protein complex cleaves different signaling molecules such as amyloid precursor protein 

(APP) and Notch, which play a role in stem cell maintenance and differentiation (Kageyama 

and Ohtsuka, 1999; Wolfe, 2009; Nalivaeva and Turner, 2013). In cells with, for instance, 
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low Notch signaling, a role of GFAPδ in Notch signaling would be overlooked. That GFAP 

function might differ depending on cell type is shown in experiments in neural stem cell 

lines, where GFAP decreased cell proliferation, while in astrocytoma cells we found that only 

GFAPα slightly increases cell proliferation (personal communications with Regina Kanski 

and Chapter 2). It would therefore be advisable to also study GFAPδ function in stem cell 

models. The study of the role of GFAPδ in stem cells requires appropriate model systems. 

Non-adherent stem cell models would be preferable here, as IF expression has been shown to 

change in 2D in vitro settings (Puschmann et al., 2013). However, GFAPδ expression is also 

found in astrocytoma cells. The results we find in our experiments will therefore have to be 

linked to GFAP isoform function in tumor cells and cannot be extrapolated to other cell types.

 

Outlook

The knockdown experiments performed in this thesis show a role for IF networks with 

a high GFAPδ:GFAPα ratio in communication between the ECM and the IF network, 

which regulate cell adhesion, cell motility, and possibly laminin expression. The molecular 

mechanisms behind these functional effects are unclear and need to be investigated further. 

Proteins such as plectin and laminin, which are in the pathway from IF network to ECM, 

should be altered by shRNA knockdown or overexpression to assess the role of GFAPδ in cell 

adhesion and motility. The study of GFAPδ function requires an alteration of the network - 

without collapsing it - as we found no functional differences in our overexpression studies. 

Regulated expression or specific knockdown of GFAPδ in different cellular models will help 

define the role of GFAPδ. 

GFAPδ in tumor biology

ECM deposition and integrin expression are very important for the migration and 

invasiveness of glioma cells (Giese and Westphal, 1996; Rooprai et al., 1999). We showed that 

altering the IF network affects the adhesion and migration of astrocytoma cells. Understanding 

the role of GFAPδ in migration and adhesion of astrocytoma cells is important for possible 

prevention of tumor cell invasion. To understand the role of GFAPδ in adhesion and migration 

the mRNA expression data on integrins, laminin and plectin first need to be confirmed on 

protein levels. For integrin and plectin protein expression the localization of the proteins is 

also of great importance. Plectin reorganization may occur, although the expression levels 

stay the same, which could affect IF binding to integrins. For the integrins the membrane 



170

Chapter 6

bound fraction of proteins is crucial, as these may transfer signals from the ECM into the 

cell. Protein quantifications of integrins and plectin would therefore have to be done together 

with localization experiments to assess whether changes in the IF network alter the position 

of these proteins. In Figure 5, a schematic representation shows how GFAPδ could alter ECM 

cytoskeleton interactions. Deciphering the role of GFAPδ in tumor cell invasiveness may 

offer new possibilities for interference with tumor spreading. Altering human astrocytoma 

cell lines or primary tumor material in their IF network composition and transplanting them 

back into mice would make it possible to investigate GFAPδ function in vivo. This would be 

an elegant way of investigating human GFAP in human cells in an in vivo environment. 

Next, it would be very interesting to unravel the molecular mechanism of the way in which 

IF network composition alters gene expression or cell signaling. As we found that transcripts 

related to integrin, plectin and laminin expression were altered, signaling pathways involving 

these proteins should be investigated. The phosphorylation of focal adhesion kinase (FAK), 

Figure 5: Sites where GFAPδ may influence ECM-to-nucleus communication. Altering the 
GFAPδ:GFAPα ratio in the IF network leads to differences in gene expression as well as to decreased 
cell adhesion and migration. The IF network forms a connection between the ECM (here Laminin) and 
the cell nucleus, through integrins, Plectin, Nesprins and Lamins in the nuclear lamina. The effect of a 
changed IF network could hypothetically influence IF to ECM connections and/or IF to nuclear lamina 
connections. Further studies are needed to elucidate what the molecular mechanisms are behind the 
role of GFAPδ on migration, adhesion and laminin expression.
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which is involved in cell migration and proliferation, may function as a readout for integrin 

signaling although it is not specific to integrin signaling (Natarajan et al., 2003).

GFAPδ in neural stem cells

The role of GFAPδ should also be studied in human neural stem cell (NSC) models. In 

stem cells the influence of GFAPδ on proliferation, stem cell quiescence and differentiation 

should be assessed as these are stem cell characteristics (Most of these questions are addressed 

in Regina Kanski’s thesis). The stem cell environment might provide binding partners 

of GFAPδ, which influence stem cell characteristics that might be absent in astrocytes. 

The possible role of GFAP isoforms in presenilin or 14-3-3 binding might be particularly 

important in undifferentiated cells and should therefore be studied in stem cells. There is 

evidence from work done by Regina Kanski in our group that a feedback loop exists between 

GFAP and Notch activity (Kanski, 2014). The effects of altered IF network composition on 

notch signaling in stem cells seems a promising line of research. For neural stem cells, too, I 

would suggest altering the endogenous GFAP isoform levels instead of overexpression. The 

role we find for GFAPδ in cell motility and adhesion is a more challenging object of study 

in neural stem cells in vitro, as most neural stem cells start to differentiate when plated on 

laminin as adherent cells. 

In summary, it is important to distinguish between different GFAP isoforms when studying 

GFAP, especially since the different isoforms have very different effects on the IF network. 

Altering the endogenous GFAP isoform expression levels uncovered functional differences 

between GFAPα and GFAPδ, while overexpression studies did not. For future studies it 

would therefore be advisable to avoid overexpression models, as these cause the network to 

collapse. Identifying specific roles of GFAP isoforms, or different IFs for that matter, will help 

us understand the role of the IF network in different cell functions.   
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Summary

Glial fibrillary acidic protein (GFAP) is the main intermediate filament (IF) in astrocytes. 

The GFAP gene can give rise to 10 different splice isoforms, of which GFAPα is the canonical 

isoform. GFAPδ, a splice isoform which is expressed in a subtype of astrocytes, differs from 

GFAPα only in the last 41 amino acids of the most C-terminal part of the protein. In the 

human subventricular zone, GFAPδ is expressed by adult neural stem cells. GFAPδ expression 

is also reported in other brain regions such as the sub-pial layer. GFAPδ can also be found 

in some cases of astrogliosis and astrocytic tumors. Because of the specific expression of 

GFAPδ in certain subtypes of astrocytes, the question arose if GFAPδ could play a specific 

role in astrocyte function. In chapter 1, we review the literature about GFAPδ, describing the 

molecular differences between GFAPα and GFAPδ. We also discuss how GFAPδ is alternatively 

spliced and where GFAPδ is expressed on protein level. Finally, we compare the expression 

of GFAPδ in physiological conditions with expression of GFAPδ in pathological states. There 

are two main conclusions in chapter 1, 1) that GFAPδ expression is more restricted then 

GFAPα expression and 2) human astrocytes expressing GFAPδ show different characteristics 

compared to mature astrocytes which do not express GFAPδ. These conclusions lead to the 

hypothesis that GFAPδ may play a functional role in specific subtypes of astrocytes, which are 

not shared by GFAPα.

In the overexpression studies described in chapter 2, we investigated the effects of GFAP 

isoform expression on the IF network. We confirmed that GFAPδ expression collapses the 

GFAP network. Furthermore, we showed that the vimentin and nestin networks co-collapsed 

with the GFAP network after overexpression of GFAPδ, resulting in an accumulation of the 

entire IF network. Since the IF network is indirectly connected to the microtubule and actin 

networks, we also investigated these in GFAPδ overexpressing cells. There was no collapse 

or any overt reorganization of both microtubules and actin filaments in cells with collapsed 

IF networks. GFAPδ overexpressing cells did have a smaller cell perimeter, cell area, and are 

rounder than control cells. However, functional studies showed that cells expressing GFAP 

isoforms do not have an altered cell motility. While GFAPα expressing cells proliferated 

slightly more compared to control cells, GFAPδ expression had no effect on proliferation. In 

conclusion, the morphological changes induced by GFAPδ are not directly linked to certain 

functional features of neurogenic, reactive, or tumorigenic astrocyte subtypes.  

In fully assembled IF networks, there is a constant exchange of proteins from insoluble forms 

in the filaments to soluble forms in the cytoplasm. Since GFAPδ is assembly compromised 
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and induced expression causes a collapse of the IF network, the dynamic properties of GFAPα 

and GFAPδ were investigated in chapter 3. Therefore the exchange rate of GFAP isoforms was 

studied using Fluorescent Recovery After Photobleaching (FRAP). We determined that the 

exchange rate of GFAPδ was lower compared to GFAPα and that the exchange rates of both 

GFAPα and GFAPδ were decreased when the IF network was collapsed. The collapse of the 

network also increased the immobile fraction of GFAPδ. These results show that GFAPδ has 

different dynamic properties and can alter the dynamics of GFAPα if there is a collapse of the 

IF network. These data strengthen the hypothesis that GFAPδ expression can alter IF network 

characteristics and has a differential role from GFAPα. 

In the human SVZ, GFAPδ expression is restricted to adult neural stem cells. To study the 

role of GFAPδ in adult neurogenesis, we reintroduced GFAPα or GFAPδ into the SVZ of GFAP 

knockout (KO) mice. We used the mouse SVZ as a model since it endogenously expresses 

both GFAP isoforms. By re-expressing a particular GFAP isoform into a KO background, we 

were able to study the effects of specific GFAP isoforms. Lentiviral transductions were used to 

deliver GFAPα or GFAPδ to the mouse SVZ. Neural stem cell quiescence, proliferation, and 

differentiation were investigated. The results from these experiments are described in chapter 

4.  In short, the reintroduction of GFAPα or GFAPδ did not affect the SVZ niche, in terms of 

IF expression and neural stem cell characteristics. These data showed no direct role of a single 

GFAP isoform in proliferation or cell-cycle timing in the mouse SVZ. Since the expression 

pattern differs between human and mouse GFAPδ these data cannot be directly extrapolated 

to human GFAP. 

In chapter 5 we set out to study the effect of altering the endogenous GFAP isoform levels 

instead of overexpressing a particular isoform. We designed short hairpin RNA constructs to 

specifically knockdown GFAPα. GFAPα knockdown in U373MG cells, which endogenously 

express both GFAPα and GFAPδ, resulted in cells with an increased GFAPδ:GFAPα ratio. The 

GFAPδ expression in these cells is not high enough to cause a collapse of the IF network and 

is therefore suitable to study GFAPδ within a spread out network. By comparing these cells to 

cells with a knockdown of all GFAP isoforms, we were able to study the function of GFAPδ 

in an intact IF network. Cells with a high GFAPδ:GFAPα ratio, and an intact IF network, 

showed a decrease in both cell motility and cell adhesion. Increasing the GFAPδ:GFAPα 

ratio downregulated the expression of laminin binding integrins and plectin. Moreover, the 

expression levels of Laminin 1a were upregulated in cells with a high GFAPδ:GFAPα ratio. 

Although the molecular pathways underlying the influence of GFAPδ on the extracellular 
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matrix (ECM) still need to be elucidated, we can conclude that GFAPδ plays a role in IF to 

ECM communication.

In chapter 6, we place the findings from the thesis in a broader perspective. We conclude 

that altering the endogenous IF network revealed specific functions for GFAPδ in astrocytoma 

cells. The molecular mechanisms leading to the influence of GFAPδ on cell motility, cell 

adhesion, and ECM-related protein expression is still largely unknown. Future research to 

unravel the function of GFAPδ should focus on the link amongst the IF network, the ECM, 

and integrin signalling.  
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Glial fibrillary acidic protein (GFAP) is het meest kenmerkende  intermediar filament (IF) 

eiwit in astrocyten. Het GFAP gen bevat de blauwdruk voor 10 verschillende splice varianten, 

waarvan GFAPα de meest voorkomende isovorm is. GFAPδ is een isovorm die voorkomt 

in bepaalde sub-types van astrocyten, en deze verschilt alleen in de meest C-terminale 41 

aminozuren van GFAPα. In de humane subventriculaire zone (SVZ) komt GFAPδ tot expressie 

in de neurogene astrocyten, die een populatie van adulte neurale stamcellen vormen.  GFAPδ 

expressie is ook beschreven in andere humane hersendelen zoals de sub-piale laag. Daarnaast 

is GFAPδ ook gevonden in sommige gevallen van astrogliose en astrocytaire tumoren. Naar 

aanleiding van de specifieke expressie van GFAPδ in bepaalde sub-type van astrocyten,  

rees de vraag of GFAPδ een rol speelt in bepaalde cellulaire functies van astrocyten. In 

hoofdstuk 1 wordt een overzicht gegeven van de literatuur betreffende GFAPδ, waarbij we 

ook de moleculaire verschillen beschrijven tussen GFAPα en GFAPδ. We bespreken ook hoe 

GFAPδ  alternatief gespliced wordt en waar het GFAPδ eiwit tot expressie komt. Tenslotte 

vergelijken we de expressie van GFAPδ in gezonde hersenen en in verschillende pathalogieën. 

Uit hoofdstuk 1 zijn twee conclusies te trekken: GFAPδ expressie komt gelimiteerder tot 

expressie dan GFAPα, en cellen die GFAPδ tot expressie brengen, hebben andere functionele 

kenmerken dan mature astrocyten die voornamelijk GFAPα tot expressie brengen. Deze 

conclusies leiden naar de hypothese, dat  GFAPδ een specifieke functionele rol vervult in 

bepaalde sub-types van astrocyten, die afwijkt van de rol van  GFAPα. 

In de overexpressie studies, beschreven in hoofdstuk 2, hebben we de effecten van GFAPδ 

expressie op het IF netwerk van astrocyten onderzocht. We konden bevestigen dat GFAPδ 

expressie leidt tot een ineenstorting van het IF netwerk. Ook lieten we zien dat de andere IFs, 

zoals vimentine en nestine, meegetrokken worden met GFAPδ, wat leidt tot een ineenstorting 

van het gehele IF netwerk in astrocyten. Omdat het IF network via linkers vast zit aan de actine 

en microtubuli netwerken, hebben we deze netwerken ook onderzocht in cellen die GFAPδ tot 

expressie brengen. Er was geen ineenstorting of andere morfologische verandering te zien, in 

deze netwerken in cellen met een  verstoord IF network. Cellen met een GFAPδ overexpressie 

hadden wel een  kleinere cel-omtrek, en oppervlakte en waren ronder van vorm. Daarentegen 

lieten functionele experimenten zien dat cellen, die verschillende GFAP isovormen tot 

expressie brengen geen verschillen in cel-motileit lieten zien. GFAPα expresserende cellen 

prolifereren iets sneller dan controle cellen, terwijl in GFAPδ expresserende cellen geen effect  

op cel proliferatie werd gevonden. De morfologische veranderingen in GFAPδ expresserende 
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cellen kunnen daardoor niet direkt gekoppeld worden aan functionele eigenschappen van 

neurogene, reactieve of tumor astrocyt subtypen. 

In volledig opgebouwde IF netwerken is er een constante uitwisseling van IF eiwitten tussen 

het netwerk (onoplosbare vorm) en het cytoplasma (oplosbare vorm). In hoofdstuk 3 werden 

deze dynamische eigenschappen van GFAPα en GFAPδ vergeleken, omdat GFAPδ niet goed 

in staat is om een netwerk te vormen en een geforceerde expressie leidt tot een ineenstorting 

van het IF netwerk. De uitwisselingssnelheid is bestudeerd door middel van Fluorescent 

Recovery After Photobleaching (FRAP). We hebben vastgesteld dat de uitwisselingssnelheid 

van GFAPδ langzamer is dan die van GFAPα en dat de uitwisselingssnelheid van beide 

verlaagd is als het netwerk in elkaar is geklapt.  Het ineenstorten van het IF netwerk zorgde 

ook voor een grotere  inmobiele fractie van GFAPδ. Deze resultaten laten zien dat GFAPδ 

andere dynamische eigenschappen heeft en dat GFAPδ ook de eigenschappen van GFAPα 

kan veranderen, als het IF netwerk ineen gestort is.  Deze data ondersteunen  de hypothese, 

dat GFAPδ expressie de eigenschappen van het IF netwerk kan veranderen 

In de humane SVZ is de expressie van GFAPδ gelimiteerd tot de adulte neurale stamcellen. 

Om de rol van GFAPδ in adulte neurogenese te onderzoeken, hebben we GFAPα en GFAPδ 

gere-introduceerd in een GFAP knockout (KO) muismodel.  Door de re-introductie van een 

bepaalde GFAP isovorm in de KO achtergrond  konden we de effecten van de verschillende 

isovormen onderzoeken.  Lentivirale transducties werden gebruikt om GFAPα of GFAPδ 

opnieuw tot expressie te brengen in de muis SVZ.  Celproliferatie tijd en differentatie 

werden onderzocht. De resultaten van deze experimenten staan beschreven in hoofdstuk 

4.  Samenvattend: de re-introductie van GFAPα of GFAPδ hadden geen effect op de SVZ 

niche in relatie tot  expressie van andere IFs en stamcel-eigenschappen. Deze data laten zien 

dat  enkele GFAP isovormen geen rol spelen in celproliferatie in de muis SVZ.  Aangezien 

de expressie patronen van humaan en muis GFAPδ verschillen, zijn deze data niet direkt te 

extrapoleren naar humaan GFAP.   

In hoofdstuk 5 werden de endogene epxressie niveaus van de GFAP isovormen 

gemoduleerd, in plaats van de overexpressie zoals beschreven in hoofdstuk 2 en 4. Short 

hairpin RNA constructen werden ontworpen om specifiek  de GFAPα-expressie omlaag te 

brengen. GFAPα knockdown in U373MG cellen, die zowel GFAPα als GFAPδ endogeen to 

expressie brengen, leidde tot een verhoging van de GFAPδ:GFAPα ratio.  Toch is de GFAPδ 

expressie in deze cellen is niet hoog genoeg om het IF netwerk inelkaar te laten klappen.  Door 

deze cellen te vergelijken met cellen die een lage expressie hebben van zowel GFAPα als GFAPδ, 
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konden we de effecten van GFAPδ  in een intact netwerk bestuderen. Cellen met een hoge 

GFAPδ:GFAPα ratio, met een intact netwerk, lieten een lagere celmotiliteit en celadhesie zien.  

Ook zorgde het voor een verlaging van de expressieniveaus van laminine bindende integrines 

en plectine. Daarnaast was de expressie van laminine 1a omhoog gereguleerd.  Ondanks het 

feit dat de moleculaire mechanisme van de invloed van GFAPδ op de extracellulaire matrix 

(ECM) nog beschreven moeten worden, kan er geconcludeerd worden dat GFAPδ een rol 

speelt in de communicatie van de ECM met het IF netwerk. 

In hoofdstuk 6 worden de vindingen van dit proefschrift in een breder perspectief 

geplaatst. We concluderen dat het veranderen van het endogene IFnetwerk een specifieke 

functie van GFAPδ liet zien in astrocytoma cellen. De moleculaire mechanismen, die ten 

gronde liggen aan de invloed van GFAPδ op cel adhesie, celmotiliteit en de expressie  van 

ECM gerelateerde genen, is nog onbekend. Verder onderzoek naar de functie van GFAPδ zou 

zich moeten richten op de connectie tussen het IF netwerk, de ECM en integrine signalering. 
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Dit proefschrift was er niet geweest zonder de hulp van andere. Sommige heel concreet 

met hulp voor het onderzoek en andere met hulp om mij deze periode door te laten komen.

Allereerst Prof. Hol, beste Elly. Dankjewel voor de mogelijkheid om mijn 

promotieonderzoek in jouw groep te mogen uitvoeren. Je hebt mij altijd vrij gelaten in de 

richting van het onderzoek en geholpen om knopen door te hakken als ik dat zelf niet deed. 

Het is ook erg leerzaam geweest om te zien hoe jij je plek in het IF onderzoeksveld gevonden 

hebt in de afgelopen jaren en hoe je gewerkt hebt om hoogleraar te worden. Daarnaast heb 

ik altijd erg prettig met je samengewerkt. Op congressen in het buitenland, maar ook met 

labuitjes of  etentjes hebben we veel gelachen en elkaar ook een beetje buiten het lab leren 

kennen. Bedankt voor alle extra moeite die je in mij gestopt hebt en je vertrouwen in mij. 

Zoals jij altijd zegt zal ik helemaal gaan voor het doel dat ik voor ogen heb.

Daarnaast ben ik ook veel dank verschuldigd aan mijn co-promoter. Beste Miriam, 

dankjewel voor al je steun. Je hebt mij altijd geholpen met mijn experimenten, de richting 

van mijn onderzoek en het schrijven van de manuscripten. Daarnaast kon jij mij altijd helpen 

als ik twijfelde of het niet meer zag zitten. Bedankt voor al je hulp, ik ben blij dat je nauw 

betrokken was bij mijn onderzoek. 

Verder ben ik alle mensen uit de astro groep heel erg dankbaar voor alle hulp. Willem, 

dankjewel voor je kritische blik en het bekijken van mijn manuscripten en de discussies over 

GFAP. Lieneke, qua werk hebben we niet veel samen gedaan maar je was er wel altijd om te 

helpen met andere dingen als het nodig was. Het was altijd erg gezellig om even met jullie 

bij te kletsen op jullie kamer. Jacqueline, zonder jou was dit boekje er letterlijk niet geweest. 

Jij was echt een vraagbaak voor mij. Dankjewel voor al je hulp met de experimenten en je 

adviezen. Jij staat altijd voor iedereen klaar, dankjewel daarvoor. Lana Looney! Bedankt voor 

de gezellige borrels. Ik ben blij dat jij de astrocyten promoot in een neuron omgeving!! Veel 

succes met je onderzoek en ik kijk ook uit naar jouw proefschrift. 

Oscar, al noem ik je altijd Stassen, heel erg bedankt voor alle leuke congressen samen. 

Daarnaast heb jij ook een groot aandeel gehad in mijn onderzoek en hebben we het een en 

ander samen kunnen doen in het ‘GFAP mysterie’. Bedankt ook voor alle uitnodigingen voor 

je concerten en je compliment dat het niet geheel hopeloos zou zijn als ik zou willen leren 

zingen......Ik kijk erg uit naar jouw proefschrift en ik hoop dat ik jou en Andrea nog regelmatig 

zal zien, ook nadat we beide ergens anders werken.  
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Eloy, Cuaddie. What can I say about you. Ok.....I will say this only once.......thank you for 

being so straightforward and brutal. What annoyed me most about our discussions is that I 

knew you were mostly right. You remind me that there is only one way to do things…the right 

way. Although it was sometimes too much for me, I know you were doing it with my interest 

at heart. Thank you.

Jinte en Simone. Astro meiden!! Heel erg bedankt voor al jullie hulp en gezelligheid in 

de eerste jaren. Raar idee dat ik nu op het punt ben waar jullie toen waren. Jinte, ik ben erg 

blij dat ik je heb leren kennen! Ik vond het heel erg leuk je in ‘the States’ op te zoeken en 

hoop je weer wat regelmatiger te zien als  jullie  weer terug zijn in NL. Simmie, jij hebt me 

erg geholpen dingen in perspectief te zien en niet te vergeten dat er ook dingen buiten het 

lab zijn! Ik was met veel plezier (en stress...) jouw paranimph en hoop dat ook wij elkaar nog 

regelmatig zullen treffen bij concerten en andere dingen.

Iedereen van de Joost Verhaagen groep. Allen bedankt voor de hulp met de virus 

productie en kloneren. Daarnaast heb ik ook altijd veel lol gehad met jullie bij AIO retraites 

en nieuwjaarsrecepties. Elizabeth (Moloney..) thank you for letting me practise my english-

french accent. We also shared many mutual annoyances (and joy) about science and life…..I 

hope we stay in touch.  

Ook iedereen van de Inge Huitinga groep. Het is fijn om een andere onderzoeksgroep zo 

dichtbij te hebben die verwant en erg interessant onderzoek doet. Jeroen, in  het begin zat je 

nog bij ons op de kamer. Via Marie en Ajax heb ik jou beter leren kennen. Ik zal graag jouw 

link met Ajax blijven nu jullie in Stockholm zitten!! WZAWZDB!!

Joop en Joris heel erg bedankt voor al julie hulp met de microscopen. Joop, veel van mijn 

experimenten zouden niet gedaan zijn  zonder jouw hulp. Dank voor alles! Wilma, hartelijk 

dank voor het bekijken van mijn manuscripten. Ronald Verwer en Jan Ruijter bedankt voor 

de hulp met statistiek.   

Eric Reits, bedankt voor alle discussies over microscopie en de FRAP studies. Ik ben blij 

dat je onderdeel van mijn commissie wilt zijn en hoop dat we elkaar nog eens tegen komen in 

het AMC bij de confocal.

Ik heb tijdens mijn promotie meerdere studenten mogen begeleiden. Thank you very 

much Salvatore, Linda, Vincent, Liselot and Fleur. I enjoyed working with all of you and have 

learned a lot by teaching you guys. Most of your work is incorporated into this thesis so thank 

you for that.
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Ook op persoonlijk vlak wil ik graag wat mensen bedanken. OSV dames (en Mariska), 

soms moest ik een wedstrijd afzeggen door werk. Voetbal, maar ook jullie gezelschap was 

voor mij een nodige uitlaatklep! Heel fijn om in ieder geval een keer per week even niet aan 

wetenschap te denken en gewoon tegen een bal aan te trappen en met jullie te kletsen. 

Familie van de Craats. Lieve Dinja, Dirk, Marleen, Annemieke en Dirk Jr. Jullie zijn altijd 

mijn tweede familie geweest.  Jullie geloof in mij is altijd veel groter geweest dan mijn geloof 

in mijzelf...hihi. Ik heb me altijd thuis gevoeld bij jullie en wil jullie dan ook bedanken voor 

alle steun tijdens mijn gehele studie en de promotie jaren.

Annemieke. Anne, jij bent niet alleen mijn paranimph bij de promotie, maar altijd. Ik weet 

precies wat ik aan je heb (en dat is heel veel). Dankjewel dat je altijd denkt aan dingen waar ik 

niet aan denk (tasjes voor op vakantie etc.) en dat je mijn gezeur aanhoort over werk en alle 

andere dingen. Ik heb vaak geen tijd gehad om leuke dingen te doen maar gelukkig zien we 

elkaar toch regelmatig. Dankjewel dat je ook bij de promotie aan mijn zijde wilt staan. 

Kiki, jij ook bedankt voor alle bioscoop bezoekjes, etentjes en stedentrips. Ik ben blij dat 

wij elkaar ook nog na zo veel jaren vrienden kunnen noemen!!

A teraz moja slovenská rodina. Zuzka a Martina, som veľmi  rada, že ste tu v Holandsku. 

Aj ak sa nevidíme tak často ako by sme sa chceli, som veľmi šťastná, že ste tu s nami a že mám 

trochu Slovenska v Holandsku. Keď vidím, čo ste vy dosiahli za ten čas ako ste odišli do druhej 

krajiny, mám pocit, že ja som neurobila nič! Ste krásne, silné ženy a dúfam, že tu budete 

šťastné! Vy ste ako moje sestry a veľmi vás mam rada!

 Kristína, Teba tiež už poznám dosť dlho. Vždy som rada keď sme spolu a viem, že sa vždy 

nájdeme aj keď budeme bývat  niekde inde.

Aninka a Jano! Ďakujem, že som každý rok mohla kvasiť u vás doma a nerobiť nič! Vždy  

som sa vrátila  o 5 kilo ťažšia, ale stálo to zato! 

Aninka, Ty si najsilnejšia osobnosť ktorú poznám!  Vždy si sa pýtala ako sa mám v robote 

a vždy si mi povedala, že to zvládnem. Ďakujem Ti za všetko. Najšťastnejšia som vždy na 

Slovensku!

Nora, dankjewel voor al je steun. Je was altijd erg geïnteresseerd in hoe mijn onderzoek 

ging en hebt mij erg geholpen met het corrigeren van mijn teksten. Til en Max ook bedankt. 

Jullie waren altijd begaan met mij, en extra dank voor Max voor alle statistiek hulp. Ik kijk uit 

naar jouw proefschrift!!

Mijn ouders, Ger en Boba. Heel erg bedankt voor alles wat jullie gedaan hebben. Jullie 
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hebben mijn geluk altijd het belangrijkste gevonden. Al begrepen jullie nooit echt wat ik 

precies deed wisten jullie wel dat het voor mij belangerijk was. Bedankt voor alle steun. 

Pandur, si najlepšia mamička na celom svete. Možno nevieš nič o vede ale mala by som sa viac 

učit ako žit život od tebe. Skusim si nerobiť starosti miško….Ďakujem za všetko.

And last but definitely not least….. Carlyn, Marie and Regina.  You are the three people 

who literally dragged me through these years. Spending time with you guys all day at work 

and outside the lab has made these last 4,5 years so much better.  Carlyn (ReRe), you are one 

of the kindest and generous friends I have. You always praised me, even for very small things, 

and did not let me talk crap about myself. Thank you for your support when I was down and 

introducing me to single malt whiskey. I am glad you stayed in Amsterdam. Marie, or better 

known by your real name Cookiehole, thank you for all your help in and outside work. I really 

admire the way you work and know that you will be (stay) a great scientist. Besides that, I 

really enjoyed our squash and drinking sessions!! Thank you for opening my eyes to the world 

a bit more. I am lucky to call you my friend and hope we will always find ways to meet, either 

here or in Sweden. Kanski, you were a hard fish to catch. Over the years you have become the 

person who had to endure my ‘mental breakdowns’ the most. Thank you for all your help with 

science trouble. You could always put things in perspective like no one else. Thank you for 

being my paranimph and all fun things we did during the last years. But even more important 

you have become a dear friend. I miss our cinema visits and long talks.  I know we will stay in 

touch because as you say: ‘once you are in there is no way out….’.  

Martina
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