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Abstract

Glial fibrillary acidic protein (GFAP) is the main intermediate filament protein 
in mature astrocytes, but also an important component of the cytoskeleton in 
astrocytes during development. Major recent developments in astrocyte biology 
and the discovery of novel intermediate filament functions enticed the interest in the 
function of GFAP. The discovery of various GFAP splice variants gave an additional 
boost to explore this protein in more detail. The structural role of GFAP in astrocytes 
has been widely accepted for a long time, but over the years, GFAP has been shown 
to be involved in astrocyte functions, which are important during regeneration, 
synaptic plasticity and reactive gliosis. Moreover, different subpopulations of 
astrocytes have been identified, which are likely to have distinctive tasks in brain 
physiology and pathology, and which are not only classified by their spatial and 
temporal appearance, but also by their expression of distinct GFAP isoforms. The 
presence of these isoforms enhances the complexity of the astrocyte cytoskeleton 
and is likely to underlie subtype specific functions. In this review we discuss the 
versatility of the GFAP cytoskeletal network from gene to function with a focus on 
astrocytes during human brain development, aging and disease. 

Introduction

A key component of the astrocyte’s cytoskeleton, that warrants cell integrity and 
resilience, is the intermediate filament (IF) network. Besides the pivotal role in the 
cell’s structural properties, novel IF network functions associated with transduction 
of biomechanical and molecular signals have emerged. Glial fibrillary acidic protein 
(GFAP) is the main IF protein in astrocytes, in addition to vimentin, nestin and synemin. 
A noteworthy asset of GFAP is that about eight different isoforms of this IF protein 
have been identified. Recent data show that these isoforms are expressed in specific 
subsets of astrocytes and that they can change the properties of the IF network of a cell. 

Classically GFAP is a marker for astrocytes, known to be induced upon brain 
damage or during CNS degeneration, and to be more highly expressed in the aged 
brain. Due to the discovery of the different isoforms, which appear to have distinct 
functions, it is important to reevaluate the published literature and to reveal how this 
earlier work may relate to a specific isoform or to GFAP in general. In this review 
we will focus on human GFAP and give an overview on GFAP gene transcription 
regulation, RNA splicing, protein function and on mRNA and protein expression in 
the developing and adult brain in health and disease. A major question that remains 
is what the function of the different isoforms may be and whether we can identify 
different astrocyte subtypes based on their specific IF network.
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1. GFAP - from gene to protein
Initially, the Glial Fibrillary Acidic Protein (GFAP) was discovered in brains of 
patients with multiple sclerosis (MS), in which GFAP was purified from a large MS 
plaque consisting primarily of fibrous astrocytes and demyelinated axons (Eng et al., 
1971). The amino acid (aa) composition of GFAP was presented for the first time at 
the 2nd

 
International Society for Neurochemistry in 1969 by Dr. Eric Shooter (Eng et 

al., 2000). In 1984, the Cowan laboratory was the first to clone the mouse GFAP gene, 
which was the onset to more research on the molecular biology of GFAP (Lewis et 
al., 1984). The human GFAP gene was cloned in 1989 (Reeves et al., 1989).

GFAP belongs to the family of IFs that, along with microtubules and microfilaments, 
make up the cytoskeleton of most eukaryotic cells. IFs acquired their name from 
their filamentous form and their intermediate diameter (8-12 nm) between thin actin 
microfilaments (7 nm) and thick microtubules (25 nm). IF proteins are subdivided 
into 6 classes based upon sequence homology (Szeverenyi et al., 2008). GFAP, together 
with vimentin, desmin and peripherin is classified as a type III IF protein.

1.1 The GFAP gene 
In 1984, a nearly complete cDNA clone for mouse GFAP was obtained by screening a 
brain cDNA expression library using a GFAP-specific polyclonal antiserum (Lewis et 
al., 1984). This clone was used for the production of GFAP mRNA probes, serving as a 
marker for astrocytes in RNA blots. Moreover, the probes were used for the isolation 
of additional cDNA and genomic clones from mice, and also from rats (Feinstein 
et al., 1992) and human (Rataboul et al., 1988; Reeves et al., 1989). The nucleotide 
sequences of the different species were highly homologous within the coding region, 
but much weaker in the 3’-untranslated region, although several segments show 
strong similarity. The human GFAP gene, cloned in 1989 (Reeves et al., 1989) was 
mapped to chromosome 17q21 (Bongcam-Rudloff et al., 1991) and is composed 
of nine exons and eight introns, plus four alternative exons and two alternative 
introns distributed over about 10 kb of DNA and yields a mature mRNA of about 
3 kb (Fig. 1). In addition, 76 mutations have been reported in the GFAP gene (for a 
complete overview see the website of the Waisman Center, http://www.waisman.wisc.
edu/alexander/), which are all associated with Alexander disease (AxD), a primary 
genetic disorder of astrocytes (Brenner et al., 2001). 

1.2 The GFAP transcript 
The translational start point for human GFAP has been assigned to the first AUG 
methionine codon located just 15 nucleotides (nt) from the 5’ end of the respective 
mRNAs (Brenner et al., 1990; Kumanishi et al., 1992). The translation ends at the 
first in-frame stop codon UGA, seen at 1311 nt from the 5’ end, which leaves a 
coding region of 1296 nt (Kumanishi et al., 1992). 
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1.2.1 Alternative splicing of GFAP mRNA 
Alternative splicing is known to occur in only a few IFs, such as Lamin A (Machiels 
et al., 1996), peripherin (Landon et al., 2000; Xiao et al., 2008), synemin (Xue et al., 
2004) and also GFAP (Feinstein et al., 1992; Galea et al., 1995; Zelenika et al., 1995; 
Condorelli et al., 1999; Nielsen et al., 2002; Hol et al., 2003; Roelofs et al., 2005; 
Blechingberg et al., 2007). The most abundant GFAP mRNA isoform, GFAPα, is 
the one which was first identified. The majority of the papers describing expression 
patterns of GFAP and regulation of GFAP expression relate to GFAPα. Since the 
discovery of GFAPα mRNA, seven other alternative forms have been described. In 
the human nervous system the expression of all isoforms, except GFAPβ was detected 
(see table 1 for overview). GFAPβ, which differs in the 5’UTR region (Condorelli et 
al., 1999), has only been described in the rat CNS.

To illustrate the different human GFAP splice variants, a schematic picture is 
presented of the transcripts, excluding GFAPγ since the transcript in humans has not 
been described into detail (Fig. 2). GFAPγ was originally discovered with Northern 
blot analysis on RNA isolated from mouse bone marrow and spleen, which resulted 
in weak bands about 300 bp smaller than GFAPα mRNA. Further experiments using 

Table 1 Human GFAP isoforms

Isoform Transcript Protein 
length (aa)

Initial discovery Reference(s)

α Exon 1-9 432 GFAP was isolated from human 
glioma-derived cell line HTB17, 
using a cDNA probe that recognizes 
DNA sequences encoding mouse 
GFAP 

(Reeves et al., 1989)

γ Lacks (most part) exon 
1, new exon formed by 
intron 1, exon 2-9

≥321 (exact 
start site 
unknown) 

RT-PCR using a 5’ primer from 
the 3’ portion of intron 1 and a 3’ 
primer from exon 5 on human brain

(Zelenika et al., 1995)

δ/ε Exon 1-7, and exon 7+ 
(or 7a)

431 Yeast two-hybrid system to identify 
cDNAs encoding proteins with a 
capacity for interacting with Pre-
senilin-1 

(Nielsen et al., 2002; 
Roelofs et al., 2005)

κ Exon 1-7, and exon 7b 438 RT-PCR using a 5’ primer in exon 
6 and a 3’ primer in exon 7a on hu-
man brain, DNA sequencing

(Blechingberg et al., 
2007)

Δ135 39 nt in-frame deletion in 
exon 3 and 135 nt in-
frame deletion in exon 6 
of GFAPα

374 GFAP+1 antibody, PCR on total 
RNA from human brain, expression 
cloning, sequencing

(Hol et al., 2003) and 
novel unpublished 
finding

Δ164 164 nt out-of-frame 
deletion of GFAPα 
(976–1139)

≥ 366 (initial 
start site 
unknown)

See Δ135 (Hol et al., 2003)

Δexon6 Exon 6 deletion of 
GFAPα (910–1130)

≥ 347 (initial 
start site 
unknown)

See Δ135 (Hol et al., 2003)
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Figure 2 Transcripts of human GFAP splice variants. The boxes represent the exons that are 
transcribed for the different isoforms. The termination codon, indicated by      , is located at 
different sites in exon 9 for GFAPα, GFAPΔ135, GFAPΔexon6 and GFAPΔ164. The red boxes 
indicate an exon of which a part is deleted (spliced out), resulting in a different GFAP splice 
variant. In GFAPΔexon6 the entire exon 6 is deleted. The question mark in the first box of out-
of-frame splice variants GFAPΔexon6 and GFAPΔ164 indicates that the transcription initiation 
site of these two splice variants is not known.

Figure 1 The GFAP gene. The 9 canonical exons of the GFAP gene are depicted as black boxes. 
The width of the boxes is representing the length of the exons. With a light grey bar, the location 
of the alternative exon 7a is indicated and with a dark grey bar the location of alternative exon 7b. 
Intron 7a is the first part of intron 7, located between exon 7 and alternative exon 7a.
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PCR revealed that GFAPγ lacks exon 1 and contains the last 126 nucleotides of intron 
1, followed by all the other GFAP exons. Besides its presence in non-CNS tissues of 
the mouse, they also showed that GFAPγ represents a minority of the total GFAP 
mRNA in the CNS of both mouse and human (Zelenika et al., 1995).

Condorelli et al. reported the complete sequence of the rat GFAP gene, thereby 
providing evidence for the existence of a fourth GFAP gene transcript in the rat 
brain, GFAPδ. This novel mRNA was generated by alternative splicing of a novel 
exon, termed exon 7+, located in the seventh intron. In fact, the first 338 nt of intron 
7 were spliced out and the rest of intron 7 formed exon 7+. From PCR experiments 
they suggested that this novel exon 7+ continued into the sequence of the classic exon 
8 and 9. Also Northern blot analysis with a specific probe for exon 7+ revealed a 4.2 
kb mRNA, which was in agreement with the idea that GFAPδ mRNA contains all 
the classical GFAP exons, plus the additional exon 7+ (Condorelli et al., 1999). The 
suggestion that GFAPδ mRNA includes the classical exons 8 and 9 was not confirmed 
by others. Nielsen et al. demonstrated that as a result of alternative splicing, exon 8 
and 9 were substituted by the new exon 7a. However, they described this rectified 
GFAPδ sequence as a novel isoform of human GFAP and designated it as GFAPε 
(Nielsen et al., 2002). We (Roelofs et al., 2005) maintained the name GFAPδ and most 
research published on this isoform after that continued using this name (Roelofs et al., 
2005; Lamparello et al., 2007; Martinian et al., 2008; Perng et al., 2008; Andreiuolo 
et al., 2009; Leonard et al., 2009; Pollard et al., 2009), as we do in this review. The 
substituted exon 7a results in a 42 aa long unique C-terminal tail, that replaces the 
C-terminal conserved 41 aa sequence of GFAPα. This completely different tail region 
is not 100% homologous in human, mouse and rat. Since the tail region of IFs is 
considered to be important for self-assembly of GFAP filaments, the different GFAPδ 
tail suggests that this isoforms must have a function which differs from GFAPα. 

A study on molecular misreading of GFAP in Alzheimer’s disease (AD) and Down 
syndrome (DS) by our group uncovered the expression of a frameshifted GFAP, 
GFAP+1 in the neurons and some astrocytes of the hippocampus of AD, DS and also 
of epilepsia patients (Hol et al., 2003). Expression cloning experiments revealed two 
novel out-of-frame splice forms of GFAP, i.e. GFAPΔ164 and GFAPΔexon6, which 
explained the GFAP+1 immunoreactivity. In GFAPΔ164 the last 155 nt of exon 6 
and the first 9 nt of exon 7 are deleted, whereas the complete exon 6 is spliced out 
in GFAPΔexon6. In addition, a novel in-frame GFAP splice form, GFAPΔ135 was 
found lacking the first 135 nt of exon 6 along with a recently discovered deletion of 
39 nt within exon 3. These three splice forms all lack part of the helix IIB sequence 
of GFAPα including the highly conserved TYRKLLEGE helix-termination sequence 
in the rod domain (Hol et al., 2003; Quinlan et al., 2007). Furthermore, the out-of-
frame splice forms completely lack the tail domain (Hol et al., 2003). Since the rod 
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region plays an important role in the formation of IFs and the tail region has been 
implicated to be involved in the interaction of the GFAP with other proteins, the 
novel GFAP might affect the structure of the cell by interfering with other IFs. 

The most recently discovered GFAP isoform is GFAPκ, which lacks exon 8 and 
9, like GFAPδ, but the exon 7a is now replaced by exon 7b, consisting of the entire 
480kb of intron 7 (Blechingberg et al., 2007).

1.3 The GFAP protein isoforms
GFAP is the principal 8-12 nm IF type III protein in mature astrocytes of the CNS. 
All types of IF proteins are arranged into the following three major domains: amino-
terminal ‘head’, central helical ‘rod’, and carboxy-terminal ‘tail’ domains (Weber 
and Geisler, 1985; Reeves et al., 1989). The rod domains (310-350 aa residues) are 
highly conserved among IF proteins, while size and amino acid sequences of head 
and tail domains vary. 

1.3.1 The functional domains of GFAP
For the formation of IFs, the different domains may contribute to this process in 
a distinct manner. The first stage of filament assembly is the formation of dimers 
and tetramers by the rod domains (Quinlan et al., 1989). Dimers, formed by two 
polypeptide chains that are wound around each other in a coiled-coil structure 
associate in a staggered anti-parallel fashion to form tetramers. It requires the 
contribution of the non-helical end domains to further assembly these oligomers 
into protofilaments and the final IF containing approximately eight protofilaments 
wound around each other in a ropelike structure. It has been demonstrated that 
an intact head domain is necessary for the assembly of many IF protein types, 
including GFAP (Gill et al., 1990; Lu and Lane, 1990; Raats et al., 1990; Chen and 
Liem, 1994b). The head domain of GFAP is much shorter (~35 aa residues) and has 
fewer basic (arginine) and acidic (glutamic acid) amino acids compared to other type 
III IF proteins (Geisler and Weber, 1983). Phosphorylation and dephosphorylation 
of specific amino acid residues in the head domain of GFAP are involved in the 
regulation of GFAP assembly. Although the head domain of GFAP is highly 
polymorphic among species, amino acid residues to be phosphorylated are conserved, 
thus implying the physiological importance of phosphorylation of GFAP proteins. In 
addition, most phosphorylation sites are also present in the different GFAP isoforms. 
It is thought that phosphorylation in the N-terminal region of GFAP is important for 
disassembly from a filamentous form into a soluble form (Inagaki et al., 1990), which 
is probably necessary to facilitate equal separation of cytoplasmic components into 
two daughter cells during cytokinesis. GFAP is also phosphorylated at sites outside 
the head domain, but the significance of these phosphorylation sites is not known. 
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The consensus view on the role of the tail domains of type III IF proteins is that 
it plays a role in stabilizing protofilament interactions and controlling filament 
width in vitro and thereby forming proper IF networks in vivo (Eckelt et al., 1992; 
McCormick et al., 1993; Makarova et al., 1994; Chen and Liem, 1994b; Herrmann et 
al., 1996). Nevertheless, the exact role of the globular tail domain of GFAP (~50 aa 
residues) is still unclear; it may be involved in the interactions between IF and other 
proteins. The AxD-related R416W mutation in the tail domain of GFAP, was shown 
to disrupt normal filament assembly in vitro (Perng M.D. et al., 2006) and results 
of Chen et al. show that only one fifth of the tail domain of GFAP can be deleted 
without affecting its self-assembly (Chen and Liem, 1994b). Since the tail domains 
of several GFAP splice variants differ from that of GFAPα (Fig. 3) (Hol et al., 2003; 
Roelofs et al., 2005), they are likely to interfere with self-assembly of GFAP. GFAP 
assembly is also critically dependent on its protein concentration (Nakamura et al., 
1996). When it is expressed at very high concentrations in vivo, the cytoskeleton 
collapses into IF deposits (Eng et al., 1998). 

1.3.2 GFAP intermediate filament network formation
The natural partner for GFAP in astrocytes is vimentin (Quinlan and Franke, 1983), 
but co-assembly with vimentin is not required for GFAP to form IFs. In the vimentin 
knockout (Vim-/ -) mice, GFAP-only filaments were observed, however these were not 
normal, as the usually loose bundles are replaced for compact bundles with 60-70% 
less space between individual filaments. From transmission electron microscopy 

Figure 3 GFAP isoform proteins. A schematic drawing of the protein structures of the GFAP 
isoforms shows the overlap and difference between the GFAP isoforms. All isoforms are 
composed of a head, a rod (with coils 1A, 1B, 2A and 2B) and a tail domain. Different patterns 
and different colors indicate differences between the individual isoforms. Although it is known 
that the tail of GFAPΔ164 and GFAPΔexon6 are identical (pink), the exact composition of the 
head domain is not known, due to the unknown initiation site, hence the question mark.
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studies on GFAP knockout (GFAP-/-) astrocytes it was revealed that the amount 
of IFs in vitro was reduced (Eliasson et al., 1999;Pekny et al., 1998). Astrocytes in 
vivo in all examined regions of the brain and spinal cord of GFAP-/- mice were even 
completely devoid of IFs (Pekny et al., 1995; Eliasson et al., 1999). Even astrocytes 
in the hippocampus, corpus callosum and white matter of the spinal cord, which 
are normally highly positive for both GFAP and vimentin, lacked IFs. This indicates 
that vimentin needs GFAP in order to polymerize into IFs in nonreactive astrocytes, 
when nestin is not present. 

The discovery of new GFAP isoforms triggered the question whether the ability 
of GFAP to self-assemble also holds for other GFAP isoforms. As far as we know, 
GFAP splice variants, except for GFAPα are incapable of forming homomeric 
filaments (Roelofs et al., 2005; Blechingberg et al., 2007; Perng et al., 2008). In 
SW13cl.2 cells, which do not express GFAP or vimentin and completely lack visible 
intermediary filaments (Sarria et al., 1994), no filamentous network was detected 
with transfection of either GFAPδ or GFAPκ, only with GFAPα (Roelofs et al., 2005; 
Blechingberg et al., 2007). In these cells it has also been shown that overexpression of 
GFAPδ and GFAPκ causes a collapse of IFs formed by GFAPα when co-transfected 
pairwise with equal amounts (Nielsen et al., 2002; Roelofs et al., 2005; Blechingberg 
et al., 2007).

Despite their incapability to self-assemble, transfection of GFAPδ and GFAPκ 
in SW13cl.1 cells, which lack GFAP but contain an endogenous vimentin IF 
network, resulted in a filamentous network, indicating that they are capable of co-
assembly with vimentin. However filament formation by GFAPδ or GFAPκ with 
vimentin was not as efficient as by GFAPα (Blechingberg et al., 2007). In addition, 
co-expression of GFAPα and GFAPδ as well as of GFAPα and GFAPκ resulted in 
the formation of short bundles or aggregates, but no long filaments were formed. 
When GFAPδ levels were kept low (<10%) when titrated with GFAPα, assembly was 
restored (Perng et al., 2008). For GFAPκ this has not been studied. 

Most likely, splice variants GFAPΔ164 and GFAPΔexon6 will also be incapable 
of self-assembly and be disrupted in filament-filament formation, since they 
completely lack the tail domain and part of the rod domain (Fig. 3). Since two parts 
of the rod domain are absent in GFAPΔ135, this isoform most likely also fails in 
proper IF formation. 

Taken together, GFAP is an IF protein, which is one of the key elements of the 
cytoskeleton of astrocytes. The domain structure of IF molecules is conserved and plays 
a role in polymerization, self-assembly and co-assembly of IFs. Expression of different 
GFAP isoforms in astrocytes can affect the IF network and may thereby modulate the 
cell’s function. Different spatial and temporal expression of GFAP isoforms during 
brain development and aging could indicate a specialized function for these cells. 
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2. GFAP expression 
GFAP was originally thought to be an astrocyte-specific IF (Eng et al., 1971). Since then, 
many studies have also detected GFAP-related molecules immunocytochemically in 
peripheral glia, including enteric glia (Kato et al., 1990), and Schwann cells (Bianchini 
et al., 1992; Hainfellner et al., 2001), and a wide distribution of GFAP has been 
demonstrated in non-glial and even non-CNS cells. These cells include chondrocytes 
(Kepes et al., 1984; Hainfellner et al., 2001), fibroblasts (Hainfellner et al., 2001), 
myoepithelial cells (Viale et al., 1991; Hainfellner et al., 2001), lymphocytes (Riol 
et al., 1997) and liver stellate cells (Carotti et al., 2008). Feinstein et al. speculated 
that there are possible structural differences between central and peripheral GFAP 
molecules. Their theory is based on various demonstrations showing that certain 
monoclonal antibodies that recognize central nervous system derived GFAP fail to 
react with peripheral nervous system derived GFAP (Jessen et al., 1984). They suggest 
that peripheral GFAP differs from central GFAP in the structure of the N-terminus 
of the protein, a difference that could result from posttranslational modification of 
GFAP, like the phosphorylation state (Feinstein et al., 1992). However, the only GFAP 
isoforms described so far that differ in the N-terminus from GFAPα are GFAPβ 
(Feinstein et al., 1992; Galea et al., 1995) and GFAPγ (Zelenika et al., 1995), from 
which protein expression has not been reported in humans or rodents so far. 

2.1 GFAP expression regulation
GFAP is a highly regulated protein, whose expression is induced by multiple factors 
such as brain injury and disease (Eng et al., 2000), and it was shown to fluctuate 
under the circadian light-dark cycle (Hajos, 2008). GFAP gene expression is 
regulated by the GFAP promoter. Whereas the basal promoter is essential for proper 
transcription, other elements on the promoter determine expression specificity. One 
well known element of the basal promoter is the so called TATA-box that is essential 
for the binding of the general transcription factor IID (TFIID). In vitro transcription 
studies performed by Nakatani et al. showed that the basal level of transcription of 
the human GFAP gene is controlled by a TATA-like sequence CATAAA located 29 
bp downstream of the RNA start site (Nakatani et al., 1990). 

Constructs with a GFAP promoter coupled to a reporter gene have been used 
to elucidate the mechanisms behind the expression specificity of the GFAP gene 
to understand the developmental signaling for astrocyte maturation as well as the 
response of astrocytes to CNS injury (Bonni et al., 1997; Kahn et al., 1997; Martin 
et al., 2003). By systematic deletion of parts of the promoter sequence, several 
groups have tried to identify regions defining specificity. Unfortunately, strikingly 
different results have been obtained over the years (review in (Brenner, 1994)), most 
likely because of the divergence in cells that were used and differences in the total 
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length of the GFAP promoter in their constructs. The identification of possible 
GFAP regulatory elements has been used to develop optimal promoters for the 
specific targeting of astrocytes for transgene expression (Brenner, 1994; De Leeuw 
et al., 2006). A widely used promoter for these studies is the gfa2 promoter, which 
spans bp -2163 to +47 of the human GFAP gene (reviewed in (Su et al., 2004)). This 
promoter was divided into 4 regions (A, B, C and D) plus the basal promoter (-56 
to +47). Several studies identified regions A, B and D as necessary for proper GFAP 
expression (Besnard et al., 1991; Sarid, 1991; Sarkar and Cowan, 1991). This new, 
more potent promoter without the C region was named gfa28 (Besnard et al., 1991). 
Further analysis revealed that region B was particularly potent, since relative GFAP 
expression in U251 human astrocytoma cells was about 75-fold higher when three 
copies of the B region were present, either with or without region A and D (De 
Leeuw et al., 2006). Within region B a STAT-binding site has been found that is 
crucial for ciliary neurotrophic factor (CNTF) induced astrocyte differentiation in 
vitro (Bonni et al., 1997). Another element located in a proximal region of the GFAP 
promoter (-106 to –35) has been reported being important for cortical precursor 
cell differentiation into astrocytes. This element recognizes the transcription factor 
nuclear factor-I family (NFI), which occupies the GFAP promoter prior to the 
induction of astrocyte differentiation (Cebolla and Vallejo, 2006). Inhibition of the 
NFI-binding to the promoter decreased levels of GFAP transcription and the ability 
to generate astrocytes with longer processes.

Yet, although the gfa28 promoter was found to express 10 times more strongly 
than the larger gfa2 promoter in human U251 astrocytoma cells, no difference in 
expression was found when it was used to drive a lacZ reporter in mice. Moreover, 
lacZ driven by the gfa28 promoter was expressed in restricted CNS regions, and 
was active in both neurons and astrocytes (Lee et al., 2008), unlike gfa2 driven 
expression which was astrocyte-specific (Besnard et al., 1991; Brenner et al., 1994). 
This implied that segments from region C, which was removed from gfa2 to form 
gfa28, is required for GFAP silencing in neurons and for its astrocytic expression 
in certain brain regions. Recently it was shown that a sequence in the so called 
C1.1 segment (55 bp) is required for GFAP expression in several brain regions and 
the C1.2 segment (45 bp) is required for silencing in neurons. A novel 681 bp GFAP 
promoter was generated including these regions, gfaABC(1)D. This promoter has 
essentially the same expression pattern as the gfa2 promoter, but twofold greater 
activity, making it the most suitable promoter for gene targeting applications in 
which size matters. In addition, highly conserved DNA segments in C1.1 and C1.2 put 
forward GATA and NF-κB as potential transcription factors for mediating these 
activities (Lee et al., 2008). 

In conclusion, multiple sites are likely to regulate GFAP expression. Although 
some promising regions have been found, the functional significance of each site 
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in regulating GFAP transcriptional activity is still unclear. In addition, epigenetic 
mechanisms like phosphorylation and DNA methylation can have significant 
effects on GFAP transcription.

2.2 GFAP expression in the developing, adult and aging nervous system 
While vimentin is the major IF protein in the neonatal brain, GFAP is the major 
IF protein in the adult brain and is a characteristic protein in mature astrocytes. 
Initial expression of GFAP in the developing human brain starts in radial glia, 
which are bipolar cells in the ventricular zone (VZ) expressing vimentin and 
nestin, and that can act as neural stem cells (Malatesta et al., 2000; Hartfuss et 
al., 2001; Götz et al., 2002; Noctor et al., 2002). However, the exact age at which 
GFAP protein expression starts is not clear. Several studies have reported that 
GFAP immunostaining appeared in radial glia of the human brain at gestational 
week (gw) 9 to 12 (Antanitus et al., 1976; Stagaard and Mollgard, 1989; Honig et al., 
1996; Simonati et al., 1997; Messam et al., 2002; deAzevedo et al., 2003; Middeldorp 
et al., 2009a). One study described a small population of GFAP expressing cells 
in the premordium plexiform layer already at gw 6, at the onset of corticogenesis 
(Honig et al., 1996). However, other studies have reported little or no GFAP staining 
until 14-25 weeks (Sarnat, 1992; Sasaki and Maruyama, 1994; Aquino et al., 1996; 
Middeldorp et al., 2009a). The differences found between studies may be explained 
by a difference in the brain areas investigated, antibodies used and the staining 
methods applied, which have significantly improved over the years. In most reports 
the number of GFAP expressing cells increases with gestational age (Aquino et al., 
1996; Honig et al., 1996; Messam et al., 2002; deAzevedo et al., 2003; Middeldorp 
et al., 2009a) and is much higher during the second half of gestation. Around this 
time, a second proliferative zone becomes discernable between the VZ and the cell 
sparse intermediate zone, called the subventricular zone (SVZ). Neural precursor 
cells in this area also express GFAP (Sanai et al., 2004; Middeldorp et al., 2009a), 
which persists into adulthood, in contrast to the VZ that will disappear before birth 
(Tramontin et al., 2003).

During the maturation of precursor cells into astrocytes, there is a shift in the 
prevalence of IF proteins from vimentin to GFAP. Vimentin expression decreases in 
some astrocytes to undetectable levels (Bovolenta et al., 1984; Pixley and de, 1984), 
although certain astrocytes also co-express GFAP and vimentin in the adult animal, 
such as the astrocytes in the corpus callosum, the hippocampus and Bergmann glia 
(Lazarides, 1982). 

GFAP expression increases progressively during aging in humans and inbred 
laboratory rodents, as measured by GFAP mRNA and protein (Goss et al., 1991; 
Nichols et al., 1993; Morgan et al., 1997; Morgan et al., 1999). Although the cell 
volume of astrocytes increases during aging, the number of astrocytes expressing 
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GFAP shows much more modest changes. The increased GFAP expression during 
aging is due to an increased transcription of GFAP, as shown by in situ hybridization 
at a cellular level with intronic cRNA probes (Morgan et al., 1997; Morgan et al., 
1999). It has been suggested that increased GFAP transcription during aging is 
caused by the increased load of oxidatively damaged proteins, which appear in tissues 
throughout the body during aging, including the brain (Sohal and Weindruch, 1996; 
Morgan et al., 1997). 

The enlargement of astrocytes and the increased expression of GFAP is an 
indication of reactive gliosis, a process which has shown to be highly related to 
brain damage and aging. At the age of the average human life-span, i.e. ± 77.5 years, 
humans show an increase in GFAP mRNA in the hippocampus, frontal cortex and 
temporal cortex (Nichols et al., 1993). The hippocampus is always the region most 
affected by reactive gliosis and presumably also the initial region affected during 
aging, since this phenomenon is never observed in other regions alone. Reactive 
gliosis in the adjacent entorhinal cortex, where neuropathological alterations are 
initially found in the early stages of AD, is systematically accompanied by an 
increased glial reaction in the hippocampus. According to David et al., the dramatic 
GFAP production in the hippocampal region during aging mainly concerns soluble 
GFAP and not the filamentous form (David et al., 1997). Porchet et al. demonstrated 
that the more soluble and acidic GFAP forms are more susceptible to degradation. 
By using 2D electrophoresis and Western blots, they revealed a complex GFAP 
pattern with different modification and degradation forms in aging and Alzheimer’s 
disease (Porchet et al., 2003). Another explanation might be that some of these spots 
represent the different GFAP isoforms. 

In addition to an increased GFAP expression in the brain, Rosengren et al. 
demonstrated an age-dependent increase of GFAP levels in cerebrospinal fluid 
(CSF) from 25 neurological healthy individuals (age range: 16-77 years) (Rosengren 
et al., 1994). On the contrary, in blood of both children (0.2-20 years) and adults 
(mean age 64.7 years ± 14.8 (SD)), an age-dependency could not be demonstrated 
for GFAP (Herrmann et al., 2000; Van Passel R. et al., 2001).

2.3 Astrocyte morphology in relation to GFAP expression
Most studies, in the past and present, use GFAP antibodies to visualize astrocytes. 
Generally, a GFAP immunostaining exposes cells with a stellate morphology, 
characteristic for differentiated astrocytes. However in the past decade, new methods 
have been developed, which revealed more details on the morphology of astrocytes 
and their IF network enabling the identification of different astrocyte subtypes. 

For example transgenic mouse models were generated that expressed enhanced 
green fluorescent protein (eGFP) under control of the human (Nolte et al., 2001) or 
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mouse (Suzuki et al., 2003) GFAP promoter, which allowed imaging of astrocytes 
in living brain slices. High magnification images of these astrocytes revealed eGFP 
throughout the cell, including fine processes radiating from the cell body, while 
GFAP immunoreactivity was mainly present in the perinuclear region and in the 
thick processes (Suzuki et al., 2003). This shows that by using eGFP, more detailed 
morphological information can be detected, compared to the traditionally used 
GFAP immunohistochemistry to visualize astrocytes, which only reveals a small 
part of the volume of an astrocyte. A similar mouse was generated by Zhuo et 
al., who used the Cre/lox system, with Cre under the control of the human GFAP 
promoter. They demonstrated that several cell types besides astrocytes expressed 
Cre and that GFAP transcripts were also present at several sites outside the CNS. 
Also a wide array of neuronal populations expressed Cre in these mice, including 
neurons of the cerebellar granule layer, the olfactory bulb and the hippocampus. 
These transgenics were crossed with a reporter line carrying a lacZ gene whose 
expression requires excision of loxP-flanked stop sequences. Staining for lacZ in 
these hGFAP-Cre/lacZ double transgenics revealed many lacZ positive neurons, 
however, immunostaining for GFAP and Cre in adult hGFAP-Cre mice indicated 
that only astrocytes expressed the transgene. These results demonstrate the transient 
expression of GFAP in neuronal precursors during development (Zhuo et al., 2001). 

2.4 GFAP isoforms in subtypes of astrocytes. 
2.4.1 GFAPδ
Of all human GFAP isoforms known to date, most interest has gone out to GFAPδ. 
In the initial study on the GFAPδ protein expression we found that a specific 
subpopulation of astrocytes located along the ventricles in the SVZ and in the 
subpial zone expressed GFAPδ (Roelofs et al., 2005). In addition, SVZ astrocytes 
express GFAPδ mRNA more abundantly than those in adjacent areas (Roelofs et al., 
2005). The subventricular location of these GFAPδ expressing cells is reminiscent 
to the astrocytic ribbon described by Alvarez Buylla et al., and suggested that 
these cells could be the neural stem cells of the adult human brain (Doetsch et al., 
1999; Sanai et al., 2004; Quinones-Hinojosa et al., 2006). Recent studies on GFAPδ 
expression in the developing and adult human brain confirmed the expression of 
this isoform in the developing and adult SVZ and support the hypothesis that these 
cells are indeed the adult neural stem cell (Leonard et al., 2009; Middeldorp et al., 
2009a; van den Berge et al., 2010). During early brain development at 13-15 weeks of 
gestation GFAPδ was expressed in the ventricular zone radial glia, in parallel with 
GFAPα. Later during development, starting around 17 weeks of gestation also the 
neural progenitors of the SVZ expressed GFAPδ, an area which decreased in size, 
but remained expressing GFAPδ until birth (Middeldorp et al., 2009a). In addition 
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to expression in the adult human SVZ, which turned out to be highly variable within 
the SVZ and between donors, GFAPδ was found to be expressed in the human 
rostral migratory stream and the olfactory bulb, two areas which are part of the 
neurogenic pathway (van den Berge et al., 2010). Moreover, GFAPδ expression was 
demonstrated in neurospheres cultured from human post-mortem SVZ tissue and 
in glioma and neural stem cell lines that exhibit a gene expression signature and 
differentiation behavior which correlates with specific neural progenitors (Leonard 
et al., 2009; Pollard et al., 2009; van den Berge et al., 2010). The cell line which 
mostly resembled adult SVZ astrocytes by means of protein expression and the 
ability to generate neuronal-like cells in vitro, showed the highest levels of GFAPδ 
mRNA, protein and filamentous immunostaining (Pollard et al., 2009). 

This regional expression implies that GFAPδ is important for the specific 
composition of the cytoskeleton of these cells. However, GFAPδ is not solely 
confined to these neurogenic areas, as it was also demonstrated in astrocyte-rich 
regions in the human spinal cord (Perng et al., 2008), including, but not exclusively, 
around the central canal, which has recently been demonstrated as a niche of 
neural progenitor cells (Dromard et al., 2008; Hamilton et al., 2009). Whether 
GFAPδ expression in this area also marks the neural progenitor cells remains to 
be determined. In contrast to what has been suggested from the initial assessment 
of GFAPδ immunostaining (Roelofs et al., 2005), Andreiuolo et al. found that 
GFAPδ staining is present in different forms of gliosis. GFAPδ immunostaining 
parallels that of vimentin in both normal and reactive astrocytes, but not in tumor 
cells or gliomas (Andreiuolo et al., 2009). One may presume that these additional 
GFAPδ expressing astrocytic populations are revealed because the authors used 
pieces of CNS retracted by surgery, which obviously does not suffer from any 
post-mortem delay and can be fixed under optimal conditions. Our studies were 
mainly performed on autopsy material. However, we did not detect a significant 
effect on GFAPδ expression levels caused by the post-mortem delay. Another, more 
likely explanation is that the differences in expression are caused by the different 
forms of gliosis studied, which may underlie distinct processes. The level of protein 
expression as shown by immunohistochemistry is in accordance with GFAPδ 
mRNA expression levels, which represent approximately 5-10% of the total amount 
of GFAP mRNA (Blechingberg et al., 2007; Perng et al., 2008). 

In conclusion, GFAPδ expressing astrocytes are proliferating neurogenic astrocytes 
of the developing and adult human brain. In addition, a subpopulation of astrocytes 
expresses GFAPδ in parallel with vimentin, which indicates expression in astrocytes 
with high gliofilament content (Yamada et al., 1992), e.g. astrocytes of the glia limitans 
and fibrillar astrocytes of the molecular layer of the supratentorial cortex (Andreiuolo 
et al., 2009). 
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2.4.2. GFAP+1

Unlike the GFAPδ and the predominant GFAPα isoform, the GFAP+1 protein, which 
can be a product of several transcripts (see paragraph 1.2.1.), was not detected in the 
developing human brain (Middeldorp et al., 2009c). The initial publication in which 
this isoform was reported showed expression in degenerating hippocampal neurons 
of Alzheimer patients (Hol et al., 2003) and in a few large astrocytes, however 
after affinity purification of the GFAP+1 antibody the neuronal immunostaining 
disappeared (Middeldorp et al., 2009c). Nevertheless, neuronal-like structures were 
still stained by several other GFAP antibodies, probably signifying ghost tangles 
(Ikeda et al., 1992; Middeldorp et al., 2009c). Most captivating feature of the GFAP+1 
protein is its specific expression in a relatively small subset of astrocytes throughout 
the human brain. In principal these astrocytes have several extremely large 
processes of up to 1 mm in length and these cells cannot be distinguished by a pan-
GFAP immunostaining, as the signal of these specific cells cannot be discriminated 
from the GFAP signal of all other astrocytes. In the human spinal cord GFAP+1 
is more abundantly expressed, although the exact identity of these cells and what 
makes them different from other GFAP+1-negative astrocytes remains ambiguous.

Although GFAP+1 protein can be detected by immunohistochemistry and western 
blot, detection of mRNA levels of the different splice variants that could lead to 
this protein is difficult. GFAP+1 is not expressed in human astrocytoma cell lines 
or primary astrocytes (Middeldorp et al., 2009b; Middeldorp et al., 2009c), which 
makes functional studies challenging. 

2.4.3 Other human GFAP isoforms
The initial study on GFAPκ mRNA reported high expression in the embryonic 
porcine brain compared to GFAPα and GFAPδ. It was also reported that GFAPκ 
mRNA is expressed in grey matter of the adult human frontal cortex and in human 
glioblastoma tumors, but here the levels were much lower compared to GFAPα and 
GFAPδ (Blechingberg et al., 2007). In addition, GFAPκ mRNA was detected in the 
human astrocytoma cell line U343 (Middeldorp et al., 2009b), but so far no study 
has reported GFAPκ protein expression. Expression of GFAPκ in the human brain 
requires further examination and we believe that studying the specific localization 
of this isoform could lead to the discovery of new astrocyte subtypes, as earlier for 
GFAPδ and GFAP+1. Although mRNA of GFAPγ was already detected in the human 
brain in 1995 (Zelenika et al., 1995), no additional reports have been published on 
this isoform. 

Altogether we have quite some data on the expression of several GFAP isoforms 
in the human brain, yet the function of the specific isoforms is still elusive. In 
addition to overexpression and knockdown experiments in astrocytes in vitro, it 
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Figure 4 Amino acid sequence of human GFAP isoforms compared to the mouse sequence. 
Aligned amino acid sequences of human GFAP (RefSeq NP_002046) and mouse GFAP (RefSeq 
NP_034407). For GFAPα (A) the entire amino acid sequences of the proteins are aligned, for 
GFAPδ (B), GFAPΔexon6 (C) and GFAPΔ164 (D) only the last part of the amino acid sequences 
are aligned, containing the isoform specific sequence. Homologous sequences are marked grey 
and amino acids that differ between human and mouse are marked white. The underlined 
amino acids (B-D) are different from GFAPα. The tail domain sequences of GFAPα and GFAPδ 
are indicated in Italics (A-B). The bold sequences indicate the epitopes of the isoform specific 
antibodies.
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would be favorable to study their function in vivo, which would require novel GFAP 
transgenic mouse models. First, endogenous expression of the different GFAP 
isoforms needs to be investigated in mice, and since nucleotide sequences differ 
between species (Fig. 4), the development of species-specific antibodies and primers 
is required. 

Furthermore it is important to note that the epitope of most GFAP antibodies 
used in previous studies is not known (Table 2) and most studies lacked the 
description on details of RNA probe or primer sequences. This information is 
necessary to distinguish between the different GFAP isoforms and to understand 
more about the function of GFAP and its isoforms in different cell populations.

3. GFAP function
All type III IF proteins are involved in the structure and function of the cell’s 
cytoskeleton. Perhaps the most well known function of IFs is to provide mechanical 
support for the plasma membrane where it comes into contact with other cells or 
with the extracellular matrix. GFAP is expressed in astrocytes, where it is thought 
to help maintain mechanical strength, as well as the shape of cells. The exact 
function of GFAP remains an enigma, despite the huge number of studies using it 
as a marker for astrocytes.

In the last twenty years there is a growing realization that astrocytes have a much 
broader function than only supporting the neurons in the brain, as they form the blood 
brain barrier, protect neurons against neurotransmitter excesses, promote synaptic 
plasticity, coordinate neuronal activity via direct communication with neurons 
and are the neural stem cells in the adult brain. In the last 15 years several mouse 
models have been generated that either lack (Gomi et al., 1995; Pekny et al., 1995; 
Liedtke et al., 1996; McCall et al., 1996) or overexpress GFAP (Messing et al., 1998). 
These mice and cells cultured from these mice have been studied in many ways 
to reveal the functions of GFAP in astrocytes, such as migration, functioning of 
the blood brain barrier, signal transduction pathways and neuron-glia interactions. 
Furthermore, important knowledge has been gained from the studies on AxD, a 
fatal neurodegenerative disease caused by mutations in the GFAP gene. 

In 1995 and 1996 several research groups reported the generation of a GFAP 
knockout mouse (GFAP-/-), made by a targeted deletion the GFAP gene in embryonic 
stem cells (Pekny et al., 1995; Liedtke et al., 1996; McCall et al., 1996) and by targeted 
disruption of the GFAP gene by insertion of a lacZ cassette (Gomi et al., 1995). All 
of these mice were entirely devoid of GFAP as was shown by Northern and Western 
blotting and immunohistochemistry. The overall appearance of the mutant mice was 
indistinguishable from heterozygous and wild-type mice; they developed normally 
and were fertile. The lack of apparent defects in the mutant mice suggested at first that 
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GFAP is not essential for mouse CNS development and for other basic functions of 
the murine CNS, however later on we describe the defects that were found after taking 
a closer look. The GFAP-/- cells were not completely devoid of IFs, since vimentin was 
still expressed, but there was also no clear evidence for a compensatory IF expression. 
Although GFAP was absent, reactive gliosis could still be induced, most likely due 
to the remaining presence of vimentin. To study this process in more detail Pekny 
et al. generated mice carrying null mutations in both the GFAP and the vimentin 
genes (GFAP-/-Vim-/-) and observed that normal and activated astrocytes completely 
lacked IFs in vitro and in vivo (Eliasson et al., 1999). 

Messing et al. engineered mice that constitutively overexpress GFAP by carrying 
copies of a full-length human genomic GFAP clones. The astrocytes of these mice 
were hypertrophic and showed complex intracytoplasmic aggregates of IFs and 
small stress proteins that were identical to Rosenthal fibers, the hallmark feature of 
AxD (Messing et al., 1998). The mice that expressed GFAP levels 15-20 fold higher 
than controls died within a few weeks after birth. Although the GFAP transgenic 
mice are good models for studying the etiology of Rosenthal fibers, they do not 
replicate the actual genetic mutations that were later found in AxD patients, given 
that these mice overexpress wild-type rather than mutant GFAP proteins. More 
accurate mouse models were also generated by knocking-in two of the common 
GFAP mutations homologous to those found in the human disorder: R76H and 
R236H. These mice also showed elevated levels of GFAP, although lower than 
the GFAP transgenic mice, and began to form Rosenthal fibers during the early 
postnatal period (Hagemann et al., 2006). Overall, these mouse models are highly 
instrumental in gaining a better understanding of the possible functions of GFAP.

3.1 Motility/Migration
Unlike actin filaments and microtubules, IFs were thought not to participate in 
cell motility. There were no known examples of IF-dependent cell movements or of 
motor proteins that move along IFs, because their involvement in cell motility has 
never been the major research focus. This view was, however, changed by in vitro 
studies focusing on the motility of Vim-/- fibroblasts. Vimentin-deficient fibroblasts 
displayed reduced motility and directional migration towards different chemo-
attractive stimuli (Eckes et al., 1998). But there were also some conflicting data. 
Induced vimentin expression in fibroblasts derived from vimentin knockout mice 
that expressed vimentin under the regulation of tetracycline showed no effect on 
the rate of the migration of cells into monolayer wounds (Holwell et al., 1997). A 
role for GFAP in cell motility was established when glioma cell lines U1242 MG 
and U251 MG were transfected with a vector system that allows for inducible GFAP 
expression. This study showed that forced GFAP expression resulted in an inhibition 
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Table 2 Human GFAP antibodies

pc/mc Company Cat.No. Clone Derived from Epitope

Antibodies of which specific epitope is unknown

Rabbit pc Dako1 Z0334 - Bovine Spinal Cord ND

Mouse mc Multiple - GA-5 Pig spinal cord On C-terminal Cys 
II fragment and  N-
terminal part of the tail 
sequence  of GFAP

Mouse mc Multiple - 2A5 Pig spinal cord ND

Mouse mc Multiple - 6F2 Bovine Spinal Cord ND

Mouse mc Multiple - GF-01 Pig brain ND

Mouse mc Multiple - GF-02 Pig brain ND

Mouse mc Multiple - GF5 Myeloma cells and spleen cells of 
Balb/c mice immunised with pu-
rified GFAP from human brain

ND

Mouse mc Multiple - MIG-G2 Myeloma and spleen cells of mice 
immunised with purified GFAP 
from human brain

ND

Mouse mc Multiple - C9 Human glioma cells ND

Mouse  mc BD Biosciences2 556330 4A11, 1B4 
& 2E1    

Bovine spinal cord homogenate ND

Mouse mc BD Biosciences2 556328 IB4 Bovine spinal cord ND

Mouse mc BD Biosciences2 556327 4A11 Bovine spinal cord ND

Mouse mc BD Biosciences2 556329 2E1 Bovine spinal cord ND

Chicken pc Abcam3 ab4674 - Full length GFAP purified from 
bovine extract of myelin associ-
ated material

ND

Mouse mc Multiple - ASTRO6 
(Ab-6) Unknown ND

Mouse mc Multiple - GF12-24 Unknown ND

Antibodies with known epitopes

Mouse mc Multiple - 52 Unknown Human GFAP aa. 
418-432

Goat pc Santa Cruz4 sc-6171 Peptide mapping at the N-termi-
nus of human GFAP

N-terminus of human 
GFAP

Rabbit pc Santa Cruz4 sc-9056 - Unknown Amino acids 1-50 of 
human GFAP

Rabbit pc Sigma5 G4546 - Sequence corresponding to C-
terminus of human GFAP

C-terminus of human 
GFAP

Goat pc Santa Cruz4 sc-6170 - Peptide mapping at the C-termi-
nus of human GFAP

C-terminus of human 
GFAP

Rabbit pc Santa Cruz4 sc-32956 - Short amino acid sequence 
containing phosphorylated Ser 
13 of human GFAP

Phosphorylated Ser 13 
of human GFAP

Rabbit pc Abcam3 ab62479 - Synthetic phosphopeptide de-
rived from human GFAP around 
the serine 38

Phosphorylated Ser 38 
(R-L-SP-L-A)

Pc = polyclonal, mc = monoclonal, ND = No specific epitope determined, mostly full length, 1Glostrup,                                                        
Denmark, 2San Jose (CA), USA, 3Cambridge, UK, 4Santa Cruz (CA), USA, 5Saint Louis (MO), USA.
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of cell motility measured as the phagokinetic track area of individual cells seeded 
sparsely on a surface covered with gold particles (Elobeid et al., 2000). Moreover, 
Lepekhin et al. assessed the motility of primary cultured astrocytes from GFAP-/-, 
Vim-/-, and GFAP-/-Vim-/- mice and found that the fast-moving subpopulation was 
depleted partially among GFAP-/- and Vim-/- astrocytes and more severely among 
GFAP-/-Vim-/- astrocytes (Lepekhin et al., 2001). More evidence on the role of GFAP 
in motility was found when studying AxD-associated mutant GFAPs. Glioma cells 
transfected with two mutant GFAPs carrying a mutation in the rod domain (V87G 
& R88C) of GFAP exhibited increased motility compared to cells transfected with 
wildtype GFAPα or mutant GFAPα with a mutation in the tail domain. In addition, 
a greater migration rate was established in these cells. On the contrary, cells 
transfected with mutant GFAP R416W, carrying a mutation in the tail domain, did 
not migrate significantly different from that of wild-type cells (Yoshida et al., 2007). 

In conclusion, GFAP is involved in cell motility and migration, however to what 
extent it contributes to normal physiological or pathological functions in different 
astrocyte subtypes is yet unknown.

3.2 Proliferation
Numerous in vitro studies have shown that a change in GFAP expression alters 
the ability of astrocyte proliferation or other features of astrocyte transformation. 
Both the GFAP transgenic and GFAP mutant astrocytes demonstrate measurable 
retardation of growth in culture, which appears to reflect a combination of increased 
cell death and decreased proliferation (Messing et al., 1998). Studies in glioma cell lines 
have shown an inverse relation between levels of GFAP expression and proliferation 
(Rutka and Smith, 1993; Rutka et al., 1994; Toda et al., 1999), and primary astrocyte 
cultures derived from GFAP-/- mice display increased proliferation compared to 
wild type controls (Pekny et al., 1998a). Suppression of GFAP expression in cells 
of the human astrocytoma cell line U251 by stable transfection with an antisense 
GFAP construct resulted in less differentiated cells, which lost their ability to extend 
processes in response to neurons (Weinstein et al., 1991). This phenotype could be 
reversed by re-expression of GFAP (Chen and Liem, 1994a). Moreover, a similar study 
demonstrated a greater degree of cell crowding and enhanced proliferative potential 
(Rutka et al., 1994). Conversely, overexpression of GFAP demonstrated decreased 
proliferation, a reduction in growth and increased process extension (Rutka and 
Smith, 1993; Toda et al., 1994).

To complete proliferation, a cell has to pass the mitotic phase (M-phase) of the 
cell cycle, where it undergoes nuclear division and cytokinesis to eventually produce 
two daughter cells. GFAP has been shown to play a role in mitosis by adjusting the 
filament assembly in the cell. Assembly of GFAP is regulated by phosphorylation-
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dephosphorylation of the ‘head’ domain by altering its charge. During mitosis, there 
is an increase in the amount of phosphorylated GFAP, and a movement of this 
modified protein to the cleavage furrow. The specific location of GFAP kinases during 
the different phases of mitosis and the regulation of GFAP assembly contributes to 
extensive remodeling of glial frameworks in mitosis (Inagaki et al., 1994; Yasui et 
al., 1998; Kawajiri et al., 2003). Also, the polarized GFAP positive structure found 
in astrocytoma cells transfected with GFAP that were also PCNA positive, suggests 
a function in cell division (Yoshida et al., 2007). Furthermore, GFAP is involved in 
cell proliferation in Schwann cells by binding αvβ8 integrin, which initiates mitotic 
signals after damage by interacting with fibrin (Triolo et al., 2006).

 3.3 Astrocyte-neuron interactions
Considerable amounts of evidence obtained by several groups during the past 
years demonstrated that astrocytes contribute to a variety of functions of neurons, 
including synapse formation and plasticity, energetic and redox metabolism, and 
synaptic homeostasis of neurotransmitters and ions. In fact, astrocyte processes are 
intimately associated with the synaptic cleft, where they are actively involved in the 
transfer and storage of synaptic information (Perea and Araque, 2007).

Several studies using GFAP-/- mice suggested GFAP involvement in the modulation 
of neural functions by astrocytes (McCall et al., 1996; Shibuki et al., 1996). Shibuki 
et al. studied various electrophysiological parameters in the cerebellum of GFAP- /- 
mice and found a clearly deficient cerebellar long-term depression (LTD) at Purkinje 
cell synapses. In addition, the conditional eye-blink response in these mice was 
significantly impaired, without further deficits in motor activities. They suggested 
that GFAP is required for communication between Bergmann glia and purkinje cells 
during LTD induction and maintenance. In contrast, in the hippocampus, where 
GFAP positive astrocytes are abundant, long-term potentiation (LTP) induction was 
normal (Shibuki et al., 1996). This is in contradiction to a study performed by McCall 
et al., who demonstrated that the GFAP-/- mice displayed enhanced LTP of both 
population spike amplitude and excitatory post-synaptic potential slope compared 
to control mice (McCall et al., 1996). Nevertheless, these data suggest that GFAP is 
important for astrocyte-neuronal interactions, and that astrocyte processes play a 
vital role in modulating synaptic efficacy in the CNS. 

More recent studies on reactive astrocytes support an active role for GFAP in 
synapse formation. Co-cultures of neurons and astrocytes revealed a greatly reduced 
number of synaptic contacts when neurons were cultured on reactive astrocytes 
compared to less reactive astrocytes (Emirandetti et al., 2006). 

Neuronal activity is closely linked to the release and uptake of the neurotransmitter 
glutamate, which requires the interaction between astrocytes and neurons. Glutamate 
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transporters have been identified on neuronal and astrocytic membranes and are 
important for removal of extracellular glutamate (Pines et al., 1992; Storck et al., 
1992; Rothstein et al., 1994). One of these transporters, commonly referred to as 
glutamate/aspartate transporter (GLAST), was shown to be the predominant one in 
cultured astrocytes (Gegelashvili et al., 1996). Moreover, astrocytes are considered the 
predominant cell type responsible for the uptake of glutamate, which is metabolized to 
glutamine that in turn is critical for glutamate and GABA formation (Bak et al., 2006).

In the past years it is established that GFAP plays a key role in modulating astrocytic 
and neuronal glutamate transporter trafficking and function and in the control of 
glutamine production. In cortical and hippocampal synaptosomal preparations 
from adult GFAP-/- mice a reduced glutamate uptake was found together with a 
reduced glutamate transport activity. Both astrocytic (EAAT1/GLAST) and neuronal 
(EAAT3/EAAC1) glutamate transporter subtypes were decreased when GFAP was 
absent. Furthermore, it was shown that in the absence of GFAP in primary cortical 
astrocytes the glial glutamate transporter EAAT2 (Glt-1) was not transported to 
the surface of the cell following protein kinase A stimulation by dibutyryl cAMP 
(Hughes et al., 2004). More recently, a direct role for GFAP in regulating the cell 
surface GLAST was demonstrated. Co-immunoprecipitation identified the binding 
of GLAST to GFAP and the association with NHERF1 and ezrin. This complex 
appeared to be important for the anchoring of GLAST in the plasma membranes 
of astrocytes and the enhancement of GLAST-mediated transport. Moreover, it was 
demonstrated in vivo that expression of GFAP is crucial for retaining GLAST in 
the plasma membranes of astrocytes after an hypoxic insult (Sullivan et al., 2007). 

GFAP expression has often been correlated inversely with the levels or the activity 
of glutamine synthetase in astrocytes. Suppressed expression of GFAP was correlated 
with increased glutamine synthetase activity (Weir and Thomas, 1984), whereas 
increased GFAP was correlated with a decrease in glutamine levels and in glutamate-
glutamine conversion rates (Lieth et al., 1998). Comparable effects were found in 
a study using the GFAP-/- mice, which revealed a dose-dependent increase in the 
concentration of intracellular glutamine (Pekny et al., 1999). 

Besides plasticity, GFAP has also been indicated to play a role in neurite outgrowth. 
By using a wounding-in-a-dish model in which fetal neurons are co-cultured with 
astrocytes (McMillian et al., 1994; Lefrancois et al., 1997; Rozovsky et al., 2002), it was 
shown that treatment with antisense GFAP decreased astrocyte fibrosis, reorganized 
extracellular laminin and greatly enhanced neurite outgrowth (Laping et al., 1994; 
Costa et al., 2002; Rozovsky et al., 2002). Similarly, neurite outgrowth was enhanced 
in astrocytes from GFAP-/- mice (Menet et al., 2001). Additionally, repression of 
GFAP transcription and protein by estradiol administration was shown to enhance 
neuronal sprouting (Finch, 2003). 
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3.4 Blood-brain barrier and myelinization
The role of GFAP in the functioning/integrity of the blood-brain-barrier (BBB) was 
one of the first things studied in the GFAP-/- mice. Liedtke et al. focused on the optic 
nerve and spinal cord white matter in GFAP-/- mice and showed that these mice 
displayed morphologic and functional alterations in the BBB. In the mutant mouse 
the BBB comprised a single layer of astrocytic endfeet with very few IFs, which 
resulted in a more permeable BBB compared to wild type mice (Liedtke et al., 1996). 
Moreover, primary cultures of astrocytes from GFAP-/- mice seemed to have lost the 
ability to introduce blood-brain-barrier properties in endothelial cells, although these 
cells did extend processes when exposed to neuronal contact (Pekny et al., 1998b).

GFAP-/- mice also displayed late-onset disturbances of CNS myelination, loss of 
white matter in older mice and hydrocephalus (Liedtke et al., 1996). These results 
were confirmed and extended by Giménez Y Ribotta et al., who showed a clear 
disorganization of myelin in the cerebellar white matter and in the granular layer 
(Gimenez Y Ribotta et al., 2000). Therefore, GFAP is suggested to be involved in the 
maintenance of normal CNS myelinization.

3.5 Injury/protection
Various types of damage to the CNS, such as mechanical injury, lead to a glial 
reaction with high level expression of GFAP and vimentin in astrocytes and 
eventually to the formation of a glial scar (Eddleston and Mucke, 1993). The role 
of GFAP in different types of CNS injury and glial scar formation has often been 
the focus of studies in mice carrying null mutations in the GFAP and/or vimentin 
genes. Pekny et al. found that GFAP and vimentin have partly overlapping functions 
in the response to injury since scar formation did not notably differ between wild 
type, GFAP-/-, or vimentin-/- mice, but was defective in mice lacking both GFAP 
and vimentin. Nevertheless, effects were also found in mice lacking only GFAP. 
Nawashiro et al. demonstrated that these mice were more sensitive to cervical spinal 
cord injury caused by sudden acceleration of the head and they suggested that IFs in 
non-reactive astrocytes predominate in the mechanical resistance of the CNS tissue 
(Nawashiro et al., 1998). Additionally, they found evidence for a high susceptibility 
to cerebral ischemia in these mice, which implied an important role for astrocytes 
and GFAP in the progress of ischemic brain damage after focal cerebral ischemia 
with partial reperfusion (Nawashiro et al., 2000). Furthermore, ischemia induced 
a significant depression in hippocampal slices of GFAP-/- mice after high frequency 
stimulation and paired pulse facilitation, whereas little difference was observed 
under normal conditions. A loss of pyramidal neurons in the hippocampus of 
GFAP-/- mice after ischemia suggested that neuronal death is increased when GFAP 
is absent in injury conditions (Tanaka et al., 2002). Likewise, the GFAP-/- mice 
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were more sensitive to kainic acid-induced neurotoxicity or mechanical trauma 
than their wild type littermates. Three days after injury the GFAP-/- mice showed 
hippocampal CA3 neurodegeneration, whereas wild type mice did not show any 
signs of neurodegeneration (Otani et al., 2006). Therefore, GFAP may play a crucial 
role in the survival of pyramidal neurons after injury. Concisely, these results 
suggest that astrocytes normally have a protective function, and that this function 
is compromised in GFAP-/- mice.

3.6 GFAP interacting proteins
The organization of IFs and their supportive function in different cell types is largely 
dependent on intermediate filament associated proteins (IFAPs). These proteins 
can bind filaments in a cross linked manner to improve stability, or they can link 
filaments to other cell structures. 

3.6.1 Plectin
Plectin is one of these IF binding proteins that can interact with GFAP (Foisner et 
al., 1988; Tian et al., 2006). It is a large protein (500 kDa) that is expressed in almost 
all cells and tissues and it has been proposed to play important roles in a number 
of cell functions including migration, wound healing and providing mechanical 
strength to cells and tissues by acting as a cross-linking element of the cytoskeleton. 
Plectin can link IFs to microtubules, myosin and actin filaments, and to presumed 
membrane components. Plectin binds GFAP most likely at the rod domain. This 
was suggested from the initial study by Foisner et al., but also from a study on the 
AxD-related GFAP mutation R239C, which is located in the rod domain of GFAP 
(Foisner et al., 1988; Tian et al., 2006). This latter study compared wild-type GFAP 
expression to mutant GFAP and showed that expression of mutant GFAP resulted 
in decreased plectin levels, which may promote GFAP aggregation and Rosenthal 
fiber formation in AxD (Tian et al., 2006). 

3.6.2 14-3-3 proteins
14-3-3 proteins are a large family of conserved regulatory molecules expressed in 
all eukaryotic cells. Next to many other functions, it is known that 14-3-3 proteins 
play a role in modulating the structure of IFs (Ku et al., 1998; Satoh et al., 2004; Li 
et al., 2006). The ability of 14-3-3 proteins to bind target proteins depends on the 
phosphorylation of specific sites in the target protein. Seven isoforms of the 14-3-3 
protein were detected in astrocytes (Satoh et al., 2004). Li et al. proposed a role for 
14-3-3 proteins in IF dynamics in the nervous system that may be important in 
cell cycle regulation. They showed that the 14-3-3γ isoform interacts directly with 
GFAP independently of vimentin in astrocytes. In addition, they showed that this 
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interaction is dependent on GFAP phosphorylation, which alters during the different 
phases of the cell cycle. In mouse GFAP they demonstrated that serine at position 
8 in the head domain of GFAP is essential for binding of this 14-3-3 isoforms (Li et 
al., 2006). An earlier report on human cultured astrocytes verified the interaction 
between GFAP and 14-3-3 isoforms ε, ζ, and β isoform by immunoprecipitation 
(Satoh et al., 2004). Although these human astrocytes also expressed the 14-3-3γ 
isoform, no direct interaction with GFAP was observed. 

3.6.3 αB-crystallin & Hsp27
The small heat shock proteins αB-crystallin and Hsp27 are protein chaperones 
associated with GFAP filaments that can interact with GFAP both in a cell free 
system and in cultured cells (Perng et al., 1999). αB-crystallin was shown to regulate 
GFAP filament assembly (Nicholl and Quinlan, 1994; Perng et al., 1999) and 
accumulations of this protein together with Hsp27 were found in GFAP inclusions in 
GFAP overexpressing mice and in brains of humans suffering from AxD (Tomokane 
et al., 1991; Eng et al., 1998). More evidence for a possible role of αB-crystallin in 
GFAP filament binding was obtained when studying the GFAPδ isoform. GFAPδ 
shows a significant higher binding to αB-crystallin than GFAPα (Perng et al., 2008). 

3.6.4 Presenilin
A protein that has been shown to be specifically associated with GFAPδ is presenilin 
(Nielsen et al., 2002), a transmembrane protein of which mutated forms are the 
cause of familial Alzheimer’s disease (AD) (Cruts et al., 1996). The GFAPδ transcript 
was for the first time identified by screening a human fetal brain cDNA library 
for translation products capable of binding presenilin 1 (PS-1). The tail of GFAPδ 
turned out to be essential for PS-1 and PS-2 binding and could not be replaced by 
the tail of GFAPα (Nielsen et al., 2002). To date, the interaction between presenilin 
and the intermediate filament cytoskeleton    has not been further elucidated.

3.7 Possible functions of GFAP isoforms
Studies with mutant GFAPs indicate that the functional alteration of GFAP depends on 
the location of the domain. This suggests that changes in GFAP isoform expression could 
also result in functional alterations due to the differences in nucleotide sequences in the 
different domains. Since most GFAP isoforms differ in the C-terminal tail from GFAPα, 
the functions concerning the tail domain are presumably affected in these proteins. 

There is evidence for the tail domain to be important for self-assembly of 
intermediate filaments, and indeed several GFAP isoforms were incapable of forming 
homomeric filaments (see paragraph 1.3.2). Furthermore, it is pointed out that the 
tail domain of IF proteins may be involved in the interactions between IFs and their 
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associated proteins. This is supported by a couple of studies on the GFAPδ isoform. 
First of all, in the initial study on the discovery of GFAPδ, Nielsen et al. showed that 
the tail of this GFAP isoform specifically binds to presenilins (Nielsen et al., 2002). 
Thereafter, Perng et al. showed that besides GFAP aggregate formation and disruption 
of endogenous filament networks, incorporation of GFAPδ (even to just 10% of the 
total GFAP) increased αB-crystallin association and induced the phosphorylation 
of associated JNK with GFAP filaments (Perng et al., 2008). We put forward the 
hypothesis that the assembly-compromised GFAPδ isoform acts as a modulator of 
the GFAP filament surface, effecting changes in both protein- and filament-filament 
associations as well as Jnk phosphorylation. How this function is executed in the 
specific cell populations that express GFAPδ needs to be determined. Roelofs et 
al. proposed that by modulating the IF cytoskeleton, GFAPδ might influence the 
motility/migratory events in these astrocytes (Roelofs et al., 2005). However, the 
rod domain, which is most likely more involved in regulating this process, is not 
different from that in GFAPα. 

The GFAP+1 isoform differs from GFAPα in both the tail domain and part of the 
rod domain. Similar effects on self-assembly, filament-filament, and protein-filament 
interactions can be expected, but no functional evidence is obtained for this and 
other splice variants.

To summarize, GFAP can play a role in many cellular processes. In general, GFAP 
plays an important regulatory role between astrocytes and neurons. Changes in 
GFAP expression can contribute to synaptic functions, alter the glutamate-glutamine 
metabolism, and increase the astrocyte’s volume, which expands the area of neuron 
surfaces that are contacted by astrocyte membrane. In addition, changes in GFAP 
isoform ratio within the cells could modify the function of the astrocytes and 
possibly affect surrounding neurons. During the process of aging and disease GFAP 
expression in astrocytes is altered, including the ratio of different isoforms, which 
indicates an active role for these astrocytes.

4. GFAP in disease
Astrocytes are involved in a wide range of CNS pathologies, including trauma, 
ischemia, and neurodegeneration. In response to essentially any CNS pathology, 
astrocytes undergo a characteristic change in appearance, i.e. the hypertrophy of 
their cellular processes, a phenomenon referred to as reactive gliosis. A well-known 
feature of reactive astrocytes is increased production of IFs, a result of the increased 
expression of GFAP, but also vimentin and nestin (Pekny and Pekna, 2004). Diseases 
which show increased GFAP mRNA and protein include Alzheimer’s disease, 
scrapies and Creutzfeldt-Jacob disease. Other types of injuries in the CNS which 
show increased GFAP are for instance cerebrovascular accidents, stab wounds and 
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other lesions and experimental allergic encephalomyelitis, an animal model for 
multiple sclerosis (Eng and Ghirnikar, 1994). Moreover, many different diseases of 
the CNS show an increased GFAP expression (Table 3), which is usually regarded as 
secondary to neurodegeneration.

IF encoding genes are selectively expressed in certain cell types and during 
differentiation. This feature is relevant to the association of mutations in these 
genes with a broad range of tissue-specific diseases. Most IF associated diseases are 
keratin-or lamin-related, like the skin disease epidermolysis bullosa simplex and 
Charcot-Marie-Tooth disease respectively. The first example of neurologic diseases 
by mutations in the GFAP gene is AxD (Brenner et al., 2001), which is the first 
known primary genetic disorder of astrocytes. 

4.1 Alexander Disease 
AxD is characterized clinically by development of megalencephaly in infancy 
accompanied by progressive spasticity and mental impairment (ALEXANDER, 
1949). While studying astrogliosis in the astrocytes of GFAP-overexpressing mice, 
intracytoplasmic aggregates of GFAP were found, together with small stress proteins, 
reminiscent of Rosenthal fibers, which are a hallmark of AxD. 

Three forms of AxD are recognized, based on age of onset: infantile, which is the 
most common, juvenile, and adult. The disease is progressive, with most patients 
dying within 10 years of onset. The fact that the GFAP-overexpressing mice also 
died at an early age, and in addition develop aggregates identical to Rosenthal fibers 
made GFAP a good candidate gene for AxD. In subsequent research, heterozygous 
missense mutations were found in the GFAP gene in the majority of infantile AxD 
and in some cases of later-onset juvenile and adult forms (Brenner et al., 2001; 
Rodriguez et al., 2001; Gorospe et al., 2002). Today, 76 mutations have been 
reported in the human GFAP gene. Many patients show mutations that affect the 
arginine amino acid R329, which in many cases is substituted by a cysteine. The 
heterozygosity for this mutation in AxD patients, suggested a dominant mode of 
action. Most cases were associated with de novo mutations in the coding region 
of GFAP. DNA analysis of AxD patients resulted in putative disease-causing 
mutations in four aa in the rod and tail domains of GFAP. Mutations in R239 and 
R258 of GFAP occur in coil 2A of the rod domain, where no other IF mutation have 
been reported before (Brenner et al., 2001). GFAP mutations in AxD most likely 
result in a gain-of-function fashion since GFAP is elevated in humans with AxD 
(Hagemann et al., 2005; Tian et al., 2006). Moreover, increased expression of wild 
type human GFAP by itself results in Rosenthal fibers in transgenic mice (Messing 
et al., 1998), suggesting that gliosis and elevated GFAP are consistent components 
of Alexander disease pathology. 
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The current view on how GFAP mutations cause AxD is based on a combination 
of events including the accumulation of GFAP and Rosenthal fibers with the 
sequestration of protein chaperones αB-crystallin and Hsp27 and the activation of 
Jnk and the stress response (Quinlan et al., 2007). Since the genetically dominant 
GFAP mutations provide a firm genetic foundation for Alexander disease, attention 
for therapeutics is now focused on reducing the elevated levels of GFAP. 

4.2 GFAP in neurodegenerative diseases
In general, astrogliosis is considered to be a consequence of neurodegeneration and 
neuronal death, induced by neuropathological characteristics in neurodegenerative 
diseases such as amyotrophic lateral sclerosis (ALS), Gerstmann-Straussler syndrome, 
Down syndrome, Huntington’s, Wilson’s, Pick’s, Parkinson’s, and Alzheimer’s disease 
(Eng et al., 2000). The anatomical region, severity of gliosis, and developmental time 
however vary between these diseases. 

4.2.1 Alzheimer’s disease 
The main neuropathological hallmarks of AD brains are amyloid plaques and 
neurofibrillary tangles, in which deposits of aberrant proteins can be observed, 
such as Aβ (Selkoe, 1998) and hyperphosphorylated tau (Alonso et al., 1996). 
Astrogliosis is also a prominent neuropathologic change in AD and the severity 
of AD pathology has shown to strongly correlate with the density of the reactive 
astrocytes (Muramori et al., 1998) and the strongly upregulated expression of GFAP 
in both tissue and CSF (Noppe et al., 1986). Alzheimer hippocampi tend to be more 
severely affected by astrogliosis than hippocampi of other elderly brains (Beach et 
al., 1989). In general, the temporal region, including the hippocampus exhibits the 
most prominent glial response (Ross et al., 2003). 

Reactive astrocytes in AD brains are most frequently described in association 
with neuritic plaques (Beach et al., 1989; Kato et al., 1998). Le Prince et al. showed a 
strong correlation between GFAP mRNA levels and the density of neuritic plaques 
in the frontal neocortex of the AD brain (Le Prince G. et al., 1993). Also Pike et 
al. found that GFAP mRNA levels significantly increased with the elevation of 
the classical Aβ deposits density (Pike et al., 1995). Confocal microscopy and 3-D 
reconstruction revealed that astrocytes surround plaques and many astrocytic 
processes penetrate into the plaque core (Kato et al., 1998). A more quantitative 
study showed that increased GFAP expression due to astrogliosis significantly 
correlated with compact neuritic plaques, but not with diffuse plaques (Simpson 
et al., 2008). In deeper entorhinal cortex layers, immunohistochemistry indicated 
that reactive astrocytes not only accumulate in relation to the neuritic plaques, but 
also to neurofibrillary tangles in this region (Beach et al., 1989; Porchet et al., 2003). 
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Furthermore, Ingelsson et al. showed that the elevated GFAP levels in AD increased 
with tangle burden and disease duration (Ingelsson et al., 2004). 

In addition, there is also evidence that GFAP correlates inversely with cognitive 
function, independently of AD pathology (Kashon et al., 2004). Recently, Wharton et 
al. investigated whether GFAP levels may explain some of the variation in cognitive 
outcomes in aging, independently of AD pathology. They studied this issue by 
using a quantitative ELISA-based method, which is considered a better method for 
quantification compared to immunohistochemistry (McLendon and Bigner, 1994; 
Wharton et al., 2009). In this population-based sample they reported a wide variation 
in population expression of GFAP in the lateral temporal cortex. Nevertheless, 
elevation of GFAP was seen in association with earlier stages of Alzheimer-type 
pathology, rising in the limbic stages before tangle appearance and increasing further 
in the isocortical stages. The authors suggested that astroglial reactions may be an 
early marker of neurodegenerative processes and a potential predictor of progression 
(Wharton et al., 2009). 

4.2.2 Parkinson’s disease
Parkinson’s disease (PD) results from degeneration of dopaminergic neurons in the 
substantia nigra. The neuropathologic hallmarks of this disease are the presence 
of Lewy bodies in remaining dopaminergic neurons and accompanying activation 
of microglia (McGeer and McGeer, 1998). Several studies reported on the relation 
between PD and GFAP expression with conflicting outcomes. Banati et al. showed no 
difference in GFAP staining between PD cases and controls, neither in the substantia 
nigra nor in other brain areas (Banati et al., 1998). In contrast, Damier et al. show that 
in different dopaminergic areas in the mesencephalon, including the substantia nigra, 
the density of GFAP positive cells was increased with the severity of the dopaminergic 
neuronal loss (Damier et al., 1993). Furthermore, increasing levels of GFAP with disease 
progression in PD were observed after comparing the hypothalamus of patients with 
PD with the hypothalamus of control patients (Thannickal et al., 2007). No differences 
were measured in the CSF of PD patients (Holmberg et al., 1998; Abdo et al., 2004).

4.2.3 Amyotrophic lateral sclerosis
ALS is a late-onset neurological disease characterized by progressive loss of motor 
neurons. Recent studies put forward that activated astrocytes in ALS can release 
factors that kill motor neurons directly (Di Giorgio et al., 2007; Nagai et al., 2007). In 
the primary motor cortex of ALS patients an increase in GFAP expression was found 
by some (Kamo et al., 1987; Murayama et al., 1991; Sasaki and Maruyama, 1994), but 
not by others (Kushner et al., 1991; Troost et al., 1992). Kamo et al. described the 
abnormal appearance of clusters of intense GFAP positive cells scattered throughout 
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Table 3 GFAP expression in patients with neurodegenerative diseases

Disease Marker Brain area Antibody Reference
AD GFAP mRNA    

Northern Blot
Temporal (neo)cortex - (Le Prince et al., 1995)

AD GFAP protein         
Immunostaining

Prefrontal, temporal and 
striate cortex

Monoclonal anti- GFAP: 
clone GA5, or a mixture of 
clones 1B4, 2E1 and 4A11

(Colombo et al., 2002)

AD GFAP protein      
2-DE gel electropho-
resis

Temporal cortex Monoclonal anti-GFAP: 
clone GA5

(Tsuji et al., 1999)

AD GFAP protein      
2-site immunoradio-
metric assay (IRMA)

CSF Polyclonal anti-GFAP, 
isolated from human white 
matter.

(Noppe et al., 1986)

AD GFAP protein IRMA CSF Polyclonal anti-GFAP, 
isolated from human white 
matter.

(Crols et al., 1986)

AD GFAP protein       
ELISA & Western blot

Four areas of neocortex: oc-
cipital, parietal, temporal and 
frontal (no effect)

Polyclonal anti-GFAP 
(Dako1), monoclonal  anti-
GFAP (Chemicon2)

(Ross et al., 2003) 

AD GFAP protein        
1D- and 2D- im-
munoblotting (pro-
teomics)

Frontal cortex Polyclonal anti-GFAP 
(Dako1), oxidative modi-
fication of GFAP (Beach 
et al., 1989; Korolainen et 
al., 2002)

(Korolainen et al., 2005)

AD GFAP protein         
Immunostaining

Cerebrum, brainstem and 
spinal cord, hippocampalfor-
mation (CA,subiculum) and 
entorhinal cortex 

Polyclonal GFAP (Da-
kopatts3)

(Muramori et al., 1998)

AD GFAP protein     
Western blot

Homogenates of different 
brain regions

Polyclonal anti-GFAP 
(Dako1)

(Delacourte, 1990)

AD GFAP protein         
Immunostaining

Whole-hemisphere coronal 
sections

Monoclonal GFAP antibody 
(Lee et al., 1984)

(Beach et al., 1989)

AD GFAP protein         
Immunostaining

Cortex, hippocampus, cer-
ebellum and brainstem

Polyclonal anti-GFAP 
(Dako1)

(Kato et al., 1998)

AD GFAP protein    
ELISA

Temporal lobe Polyclonal anti-GFAP 
(Dako1)

(Harpin et al., 1990)

AD GFAP protein         
Immunostaining

Superior temporal, medial 
temporal, cingulate, supe-
rior frontal, motor, occipital 
cortex and subcortical basal 
forebrain, putamen, globus 
pallidus, hypothalamus and 
thalamus

Polyclonal anti-GFAP 
(Dako1)

(Cullen, 1997)

AD GFAP protein         
Immunostaining

Hippocampal CA fields, 
dentate gyrus, hilus, entorhi-
nal cortex

Polyclonal anti-GFAP 
(Dako1)

(Pike et al., 1995)

AD GFAP mRNA    
Northern blot 

Frontal neocortex (no effect), 
temporal cortex

- (Le Prince G. et al., 1993)

AD GFAP mRNA   
Northern blot 

Hippocampus - (Duguid et al., 1989)

AD GFAP mRNA       
Differential slot blot 
hybridization & 
Northern blot 

Hippocampus - (May et al., 1990) 

AD GFAP protein       
Immunostaining

Lateral temporal cortex Polyclonal anti-GFAP 
(Dako1)

(Simpson et al., 2008)

AD GFAP protein  
ELISA

Temporal association cortex Polyclonal anti-GFAP, 
monoclonal anti-GFAP 
(Sigma-Aldrich4)

(Ingelsson et al., 2004)
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AD GFAP protein 
ELISA, immunos-
taining

Lateral temporal cortex Polyclonal anti-GFAP 
(Dako1)

(Wharton et al., 2009)

AD GFAP protein 
Western blot, immu-
noprecipitation, 2DE  
gel electrophoresis, 
immunostaining

Entorhinal cortex Polyclonal anti-GFAP 
(Dako1), monoclonal 
anti-GFAP: clone  GF-01 
and GF-02

(Porchet et al., 2003)

ALS GFAP protein       
Immunostaining

Primary motor area (Brod-
mann’s area 4)

Polyclonal anti-GFAP 
(Dako1)

(Murayama et al., 1991)

ALS GFAP protein       
Immunostaining

Motor cortex Polyclonal anti-GFAP 
(Dako1)

(Sasaki and Maruyama, 
1994)

ALS GFAP protein       
Immunostaining

Parietal & temporal lobe, 
primary motor & sensory 
cortex

Polyclonal anti-GFAP 
(Dako1), monoclonal anti-
GFAP: clone GF-02

(Troost et al., 1992)

ALS GFAP protein       
Immunostaining

Primary motor cortex Polyclonal anti-GFAP 
(Dako1)

(Kamo et al., 1987)

ALS GFAP protein       
Immunostaining

Midfrontal, inferior, pari-
etal, motor, cingulate, tem-
poral, occipital cortex and 
subcortical white matter

Anti-GFAP (Biogenex lab5) (Kushner et al., 1991)

PD GFAP protein       
Immunostaining

Mesencephalon Polyclonal GFAP (Da-
kopatts3)

(Damier et al., 1993)

PD GFAP protein       
Immunostaining  

Hypothalamus Polyclonal anti-GFAP 
(Dako1)

(Thannickal et al., 2007)

PD GFAP protein       
Immunostaining

Substantia nigra Polyclonal anti-GFAP 
(Dako1)

(Banati et al., 1998)

PiD GFAP protein          
1- and 2-DE gel 
electrophoresis & 
Western blot

Frontal cortex Anti-GFAP (Dako1) (Muntane et al., 2006)

PiD GFAP protein       
Immunostaining

Leg motor area Polyclonal anti-GFAP 
(Dako1)

(Murayama et al., 1991)

HD GFAP protein       
Immunostaining

Leg motor area Polyclonal anti-GFAP 
(Dako1)

(Murayama et al., 1991)  

AD = Alzheimer’s disease, ALS = Amyotrphic lateral sclerosis, PD = Parkinson’s disease, PiD = Pick’s 
disease, HD = Huntington’s disease, CSF = Cerebrospinal fluid, 1Glostrup, Denmark; 2Millipore,Billerica, 
MA, USA; 3Copenhagen, Denmark; 4St. Louis, MO, USA; 5San Ramon, CA, USA

layers II and III and occasionally layer IV and V of the primary motor cortex (Kamo 
et al., 1987). Troost et al. described similar GFAP expression patterns in ALS, but 
also in neurological controls, which indicated that it was not specific for the disease 
(Troost et al., 1992). Kushner et al. showed an increase in size and number of cortical 
white matter astrocytes in ALS, but that GFAP stained astrocytes in other areas 
looked no different from controls (Kushner et al., 1991). Sasaki et al. supported the 
findings by Murayama et al. who demonstrated laminar astrocytosis in ALS patients, 
which was rare in controls specimens in the middle of the pyramidal (Murayama et 
al., 1991; Sasaki and Maruyama, 1994). 

Most studies on ALS are performed in mouse models containing a mutation in 
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the superoxide dismutase 1 (SOD1) gene, which has been linked to familial ALS. A 
recent study crossed the most studied ALS mouse model (SOD1G93A) with a GFAP-
luciferase mouse, to generate a mouse in which GFAP expression can be visualized 
in live animals throughout the different stages of disease. Interestingly, this study 
showed that the onset of the disease was characterized by sharp and synchronized 
induction of GFAP in peripheral nerve Schwann cells and onset of paralysis was 
associated with a gradual and marked upregulation of GFAP in the spinal cord. 
This implied that peripheral nerve pathology and associated Schwann cell stress 
may play an important role in the ALS pathogenesis (Keller et al., 2009).

4.3 Other diseases
In addition to these neurodegenerative diseases and others like Pick’s and 
Huntington’s disease, GFAP expression has also been reported to be altered 
in different neurological conditions including developmental, infectious and 
inflammatory, vascular, and mood disorders. For example a decrease in GFAP 
expression in different brain areas has been correlated to depression (Johnston-
Wilson et al., 2000; Miguel-Hidalgo et al., 2000; Muller et al., 2001; Si et al., 2004), 
whereas increased GFAP was found in relation to autism (Laurence and Fatemi, 
2005), including auto-antibodies to GFAP in plasma (Singh et al., 1997) and 
increased GFAP levels in the CSF (Rosengren et al., 1992). High GFAP levels in the 
CSF in general have been seen in the context of acute central nervous system injury, 
such as brain infarction (Aurell et al., 1991) and traumatic brain injury (Hausmann 
et al., 2000). Furthermore, decreased GFAP expression has been associated with the 
growth of gliomas (Rutka et al., 1997), more prominent in high-grade than in low-
grade gliomas (Chumbalkar et al., 2005), and serum GFAP has proven a valuable 
diagnostic marker for glioblastoma multiforme (Jung et al., 2007). 

4.4 GFAP isoforms in disease 
4.4.1 Alzheimer’s disease 
Most research on GFAP and AD has focused on the most common form of GFAP, 
GFAPα. However, as discussed previously, many alternative forms of GFAP exist, 
of which little is known regarding their specific function, cell-specific distribution, 
role in astrocyte maturation, astrogliosis, and disease. 

In the first paper on GFAPδ, which was at that time termed GFAPε, it was 
demonstrated that the unique tail domain of GFAPδ is able to bind presenilins 
(Nielsen et al., 2002), transmembrane proteins that function as a part of the 
γ-secretase protease complex that regulates cleavage of other proteins, like APP. A 
series of mutations have been identified in both presenilin and APP which are linked 
to familial Alzheimer’s disease (Cruts et al., 1996). Furthermore, Roelofs et al. 
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studied the presence of GFAPδ mRNA and protein in brains of AD and DS patients. 
Though GFAPα and GFAPδ transcripts are both upregulated in AD, no direct 
relationship was found between GFAPδ expression and astrogliosis. Still, because 
the levels of GFAPα and δ highly correlated, it was suggested that upregulation of 
GFAPδ is caused by constitutive splicing from the GFAP gene, instead as a direct 
consequence of astrogliosis or neuropathology (Roelofs et al., 2005). 

Another alternative form of GFAP, which was discovered in AD and DS brains, is 
GFAP+1. Aberrant +1 proteins, APP+1 and UBB+1, which contain a wild-type N-terminus 
and an out-of-frame C-terminus (Van Leeuwen et al., 1998) were already described 
to accumulate in the pathological hallmarks of AD, but the discovery of GFAP in 
hippocampal neurons in AD brains raised a lot of new questions on the role of 
GFAP in AD. However, the neuronal immunostaining with the GFAP+1 antibody was 
demonstrated to be caused by crossreactivity of the antibody with NF-L (Middeldorp 
et al., 2009c). On the other hand, a subtype of astrocytes was revealed by GFAP+1 

expression, and the incidence of these astrocytes in the hippocampus increased with 
AD pathology and significantly correlated with the presence of amyloid plaques 
(Middeldorp, unpublished data). 

Proteomic analysis of GFAP in AD brains revealed 46 distinctive soluble isoforms 
of the GFAP protein of which 11 were reported to be significantly increased in the 
frontal cortex of AD patients compared to controls, in particular the levels of the 
shorter GFAP forms migrating at about 35 and 45 kDA. The increase in amount 
of GFAP was restricted to more acidic forms of GFAP, both N-glycosylated and 
phosphorylated (Korolainen et al., 2005). It is suggested that phosphorylation of 
GFAP plays a role in structural plasticity of astrocytic processes and that it can 
protect GFAP against degradation (Takemura et al., 2002; Korolainen et al., 2005). 
Overall, these results suggest that not only the amount of GFAP is increased in AD, 
but also the posttranscriptional modification of GFAP may be altered. 

4.4.2 Other diseases 
Andreiuolo et al. studied GFAPδ immunostaining in various types of reactive 
gliosis, i.e. Chaslin’s gliosis, Ammon horn sclerosis and gliosis induced by several 
types of cancer (Andreiuolo et al., 2009). In Chaslin’s gliosis, which is characterized 
by a dense fibrillary meshwork in for instance the glia limitans, robust GFAPδ 
immunostaining was observed only in the cell bodies and proximal processes. 
Individual astrocytes could be distinguished with GFAPδ in contrast to the 
normal GFAP immunostaining pattern in which separate cell bodies were hardly 
distinguishable. Comparable to control tissues, GFAPδ expression was very similar to 
vimentin expression in gliotic tissues. Both GFAPδ and vimentin were observed in the 
perikaryon and proximal processes of activated astrocytes, but not in their distal part. 
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GFAPδ expression in tumor cells was not systematically associated with vimentin 
expression. Various types of tumors, e.g. pilocytic astrocytomas, WHO grade 
II ependymomas, gemistocytic astrocytomas and oligodendrogliomas showed 
GFAPδ positive areas, although expression patterns were extremely variable. Often, 
GFAPδ expression was found in areas with high GFAP and vimentin expression, 
but similar areas were also found negative for GFAPδ (Andreiuolo et al., 2009). Choi 
et al. demonstrated that GFAPδ expression was higher in glioblastoma compared 
to anaplastic astroglioma. The optical density of GFAPδ immunoreactivity in these 
tumors was inversely proportional to the number of primary astrocyte processes, 
which indicated that GFAPδ plays a role in the morphogenesis of astrocytic tumor 
cells. Furthermore, they suggested that GFAPδ to be a useful diagnostic tool for 
avaluating the margins of early-stages of astrocytic tumors (Choi et al., 2009).

In different epilepsy-associated lesional pathologies GFAPδ expression was 
relatively high compared to control brains. Although in hippocampal sclerosis GFAPδ 
expression mirrored regional reactive gliosis, GFAPδ was largely absent in the fibrillary 
gliosis associated with focal cortical dysplasia (FCD) (Martinian et al., 2008). On the 
other hand, GFAPδ expression was detected in dysmorphic astrocytes and a large 
proportion of balloon cells in FCD and in balloon-like giant cells in tuberous sclerosis 
and hemimegalencepahly. The expression of GFAPδ in combination with other 
developmental markers suggests that these cells may derive from the proliferative 
regions of the SVZ (Lamparello et al., 2007; Martinian et al., 2008). Furthermore, 
GFAPδ is considered the best marker for the identification and delineation of balloon 
cells, which could be of diagnostic value in the classification of FCD subtypes. 

Briefly, for clinical and experimental neuropathology GFAP has proven to be 
a reliable marker for normal glial cells and their reactive response to injury and 
disease. Neurobiologists use GFAP for targeting transgenes to glial cells to create 
disease models. Analysis of animal and human mutations affecting GFAP, as well 
as the generation of animal models lacking one or several IF proteins, have proven 
to be powerful tools in studying the functions of GFAP in different cell types and 
diseases. Although mutations in the GFAP gene cause the rare neurodegenerative 
disease AxD, for most diseases it remains unresolved whether changes in GFAP 
expression represent a cause or consequence. 

5. Concluding remarks
Astrocytes got progressively more attention over the last years (Fig. 5) and detailed 
molecular and functional characterization has indicated that these cells are active 
players in the CNS. GFAP is the main intermediate filament in mature astrocytes 
and takes part in a number of astrocyte functions. Ten years ago the structural role 
of GFAP had already become more acceptable and from the first studies with GFAP 
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knock out mutants novel roles for this protein emerged (Eng et al., 2000). During 
the last decade, the number of studies on GFAP continued to increase (Fig. 5) and 
more evidence was obtained for the role of GFAP in astrocyte processes such as 
motility, mitosis and synaptic plasticity. The discovery of several GFAP isoforms 
shed new light on the intermediate filament network in astrocytes. Different 
isoforms were found to mark specific subpopulations of astrocytes in the human 
brain during development, aging and disease. Distinct protein structures and initial 
experiments on intermediate filament formation suggests that these isoforms can 
change the properties of the IF network these cells. For example, a subpopulation 
of astrocytes in the subventricular zone of the adult brain is now a recognized 
population of neural stem cells (Doetsch et al., 1999; Sanai et al., 2004). In addition 
it was shown that radial glia in the developing brain can also act as neural stem 
cells, being capable of divisions leading to the genesis of astrocytes, neurons and 
oligodendrocytes (Götz et al., 2002; Merkle et al., 2004). These novel neural stem cell 
populations were found to express the GFAPδ isoform, indicating that a specialized 
intermediate filament network could be important for specific functions in these 
cell types. Although the exact function of the different isoforms is not known, data 
so far underline the importance of these splice variants in altering IF properties in 
different cellular contexts under normal and disease conditions.

It must be noted that for future research isoform-specific primers and antibodies 
should be used to enable the distinction between GFAP isoforms and to elucidate 
the mechanisms, structures and functional consequences of specialized IF networks 
in different subpopulations of astrocytes.

Figure 5 PubMed citations containing ‘GFAP’ and ‘astrocytes’ progressively increased 
over the last 25 years. The number of citations from a PubMed search with key words Glial 
Fibrillary Acidic Protein (diamonds), GFAP (squares), Astrocyte (triangles) or Intermediate 
filament (x-sign). This indicates that astrocytes got progressively more attention over the last 
years. Although the number of citations does not show an increased attention for intermediate 
filaments, the number of studies on GFAP in particular seemed to have increased.
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Astrocytes execute essential functions in central nervous system development 
and maintenance. These cells are also intimately involved in the pathogenesis of 
neurodegenerative diseases, such as Alzheimer’s disease (AD) and in the response 
to brain injury. The exact nature, mechanisms and effects of the changes in 
astrocyte-neuron interactions in these brain disorders are, however, still elusive. 
Alterations in the intermediate filament (IF) cytoskeleton of astrocytes are common 
in these processes. Glial fibrillary acidic protein (GFAP) is the main IF protein in 
astrocytes, and this protein is highly regulated during development, aging and 
in neurodegenerative diseases. The IF network is a key component of the cell’s 
cytoskeleton and warrants cell integrity and resilience. Recently, novel functions 
have emerged for the IF network, such as transduction of biomechanical and 
molecular signals and controlling IF associated proteins. 

The main research questions of this thesis are: (i) Do particular types of astrocytes 
express a specialized GFAP cytoskeleton and (ii) How is the GFAP cytoskeleton 
regulated in astrocytes during development, aging and in AD. Understanding the 
changes in the GFAP IF-network in subgroups of astrocytes may provide novel insights 
into the specialized function of these cells and into the role of astrocytes in aging and AD. 

It is recently recognized that astrocytes are local communication elements of 
the brain and that novel IF network properties are involved in these functions. 
The recently discovered splice variants of GFAP add a level of complexity to the 
astrocyte IF system, which is likely to have distinct cell specific functions. The IF 
network in astrocytes and its function is reviewed in Chapter 1. In this thesis we 
focus on the role of novel GFAP isoforms, discovered by our group, in human brain 
development, aging and disease. 

One of the isoforms investigated in this thesis is GFAPδ, which is specifically 
expressed in astrocytes in the adult subventricular zone (SVZ). GFAPδ differs in its 
tail region from the canonical GFAPα isoform. Interestingly, GFAP expressing cells 
at the same location in the SVZ were recently identified as the neural stem cells in 
the adult mouse and human brain. Moreover, studies in rodents have shown that 
these neural stem cells in the SVZ are derived from radial glia, which reside in the 
ventricular zone of the developing brain.

The main question we want to answer in Chapter 2 is whether GFAPδ is also 
expressed in human SVZ astrocytes and its precursors during development. We 
studied, therefore, the expression of GFAPδ in radial glia and SVZ neural stem cells 
in the developing human cortex and show that the adult SVZ is a remnant of the 
foetal SVZ, which develops from radial glia. In addition, we provide evidence that 
GFAPδ can distinguish resting astrocytes from proliferating SVZ stem cells. 
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These findings are followed up in Chapter 3 in which we aim to answer the 
question whether GFAPδ expressing cells in the adult human brain are indeed 
neural stem cells. We illustrate with extensive double immunofluorescent stainings, 
that GFAPδ expressing cells in the SVZ are immature, proliferative astrocytes with 
stem cell characteristics. In addition to the SVZ, GFAPδ appeared to be expressed 
in the rostral migratory stream, the olfactory tract and the olfactory bulb, which are 
all part of the migratory path of neuroblasts, which originate from SVZ neural stem 
cells. Furthermore, we show that GFAPδ is expressed in neurospheres isolated from 
post-mortem adult SVZ, which is so far the most valuable evidence that human 
GFAPδ cells are indeed neural stem cells.

The discovery of the presence of neural stem cells in the adult brain opens the 
exciting possibility to develop novel therapeutic strategies aimed at stimulating 
these cells to repair the brain in neurodegenerative diseases. A prerequisite for 
targeting these cells is to show first that these cells are still present in the brains of 
patients suffering from neurodegenerative diseases. Although most studies point 
to an impaired neurogenesis in AD, results remain controversial and studies on 
human brains are limited. Therefore we decided to study the proliferative capacity 
of neural stem cells in brains of aged non-demented controls and AD patients, 
by using GFAPδ and PCNA as markers for neural stem cells and proliferation 
respectively. The results of this study are described in Chapter 4. Quantification 
of both markers in the SVZ of a large cohort of donors revealed no differences 
between AD and controls. In addition to its presence in the SVZ we showed that in 
the hippocampal area GFAPδ is also expressed in a ribbon of astrocytes lining the 
medial wall of the inferior horn of the lateral ventricle. Since neural stem cells are 
known to reside in the lateral wall of the lateral ventricle, these GFAPδ expressing 
cells could potentially be a novel pool of neural stem cells, which has not been 
described before. In any case, we show that AD patients do have neural stem cells, 
which is important information for the development of future therapeutic strategies 
targeted at adult stem cells.
In Chapter 5 and 6 we characterize in detail cells that express two other novel 
GFAP isoforms that were discovered by our group, GFAPΔexon6 and GFAPΔ164. 
Translation of these out-of-frame splice variants of GFAP results in two proteins with 
the same frameshifted C-terminus, against which we raised a specific antibody named 
GFAP+1. Initially, GFAP+1 expression was detected in degenerating hippocampal 
neurons in AD, but in Chapter 5 we demonstrate that this neuronal expression was 
caused by a cross-reaction with neurofilament-L. The key outcome of this study is 
the identification of a novel subpopulation of GFAP+1 expressing astrocytes in the 
adult human brain. This subpopulation of astrocytes with a distinct morphology is 
present in different areas of the brain, including the hippocampus.
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In our initial observations we found that GFAP+1 expressing astrocytes were 
mainly present in brains of elderly donors. Therefore, we hypothesized that this 
specific splice form of GFAP was induced by the aging process and by AD pathology. 
In Chapter 6 we analyzed the GFAP+1 expressing cells in the hippocampus of AD 
patients and non-demented controls and found a significant positive correlation 
with AD pathology, both neurofibrillary tangles and amyloid plaques. The next 
question was, whether these isoforms affect the IF network in astrocytes. We 
show that GFAPΔexon6 and GFAPΔ164 cannot self-assemble and fail to generate a 
normal intermediate filament network in astrocytoma cells. These findings denote 
the need for future exploration of underlying mechanisms concerning the function 
of GFAP+1 proteins and the role of these specific astrocytes in AD. 

It is generally accepted that the ubiquitin proteasome system is impaired in AD. 
This system regulates the degradation of many aberrant and short lived proteins, 
thereby preventing the unwanted accumulation of faulty proteins. The decrease 
in proteasome activity coincides with astrogliosis and the increased expression of 
GFAP. In Chapter 7 we hypothesized that these processes may be causally related to 
one another and that the increase in GFAP is due to a decrease in degradation by the 
proteasome. Unexpectedly, we discovered that proteasome inhibition in astrocytes 
leads to a drastically decreased GFAP promoter activity and mRNA expression in 
vitro and a significant reduction in the protein expression of GFAP and vimentin 
in astrogliosis in vivo. We propose that proteasome inhibitors could even serve as a 
potential therapy to modulate astrogliosis associated with injuries and diseases of 
the central nervous system. 

Finally, in Chapter 8 an overview is given of the main findings of the preceding 
chapters and the results are discussed in relation to future research. To conclude, 
our research has shown that indeed subtypes of astrocytes express different GFAP 
isoforms, which will result in specialized IF cytoskeletons in these cells. Furthermore, 
we have shown that the GFAP cytoskeleton changes during development, aging and 
Alzheimer’s disease. The next step will be to find out how these changes affect the 
function of the different astrocyte subtypes in health and disease.
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Abstract

A subpopulation of glial fibrillary acidic protein (GFAP) expressing cells located 
along the length of the lateral ventricles in the subventricular zone (SVZ) has been 
identified as the multi-potent neural stem cells of the adult mammalian brain. 
We have previously found that in the adult human brain a splice variant of GFAP, 
termed GFAPδ, was expressed specifically in these cells. To investigate whether 
GFAPδ is also present in the precursors of SVZ astrocytes during development, 
and whether GFAPδ could play a role in the developmental process, we analyzed 
GFAPδ expression in the normal developing human cortex and in the cortex of 
fetuses with the migration disorder lissencephaly type II. We demonstrated for 
the first time that GFAPδ is specifically expressed in radial glia and SVZ neural 
progenitors during human brain development. Expression of GFAPδ in radial 
glia starts around 13 weeks of pregnancy and disappears before birth. GFAPδ is 
continuously expressed in the SVZ progenitors at later gestational ages and in the 
postnatal brain. Co-localization with Ki67 proved that these GFAPδ expressing 
cells are able to proliferate. Furthermore, we showed that the expression pattern of 
GFAPδ was disturbed in lissencephaly type II. Overall, these results suggest that 
the adult SVZ is indeed a remnant of the fetal SVZ, which develops from radial glia. 
Furthermore, we provide evidence that GFAPδ can distinguish resting astrocytes 
from proliferating SVZ progenitors. 
 

Introduction

A subpopulation of astrocytes in the subventricular zone (SVZ) has been identified 
as the multi-potent neural stem cells of the adult mammalian brain (Doetsch et 
al., 1999; Laywell et al., 2000; Sanai et al., 2004; Quinones-Hinojosa et al., 2006). 
These neural stem cells express glial fibrillary acidic protein (GFAP) and are located 
along the length of the lateral ventricles. In the human brain, intense expression of 
a splice variant of GFAP, termed GFAPδ, was found at this specific location (Roelofs 
et al., 2005), which suggests that GFAPδ expressing cells may be the neural stem 
cells of the adult human brain (van den Berge et al., 2010).

Recently, studies in rodents have shown that the adult neural stem cells in the 
SVZ are derived from radial glia (Merkle et al., 2004; Bonfanti and Peretto, 2007), 
which are bipolar cells with a soma in the ventricular zone (VZ), a short process 
making contact with the ventricular surface and a long radial fibre reaching the 
pial surface. In humans however, there is at present no direct proof that adult SVZ 
astrocytes are derived from radial glia, although they hold similar features: 1) A 
number of SVZ neural progenitors maintains direct contact with the ventricles, like 
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radial glia (Tramontin et al., 2003; Sanai et al., 2004). 2) Neural progenitors from 
the SVZ migrate a long distance to the olfactory bulb in the adult rodent brain (Lois 
and Alvarez-Buylla, 1994), however this is still under debate for the human brain 
(Sanai et al., 2004; Curtis et al., 2007; Sanai et al., 2007). This could be compared to 
the migration of neural progenitors from their site of birth in the VZ and SVZ to 
their final destination in the developing brain. 3) Like radial glia, adult human SVZ 
neural stem cells express vimentin, nestin and GFAP (Sanai et al., 2004).

The development of the layered structure of the cortex can be nicely pursued 
in sections of the developing cerebral cortex from human fetuses of various 
ages throughout gestation. In the course of early development, cortical neurons 
emerge from the radial glia in the VZ, which are direct descendants of the 
primitive neuroepithelium. The classical view is that radial glia are astrocyte 
precursor cells important for guiding neuronal migration (Rakic, 1971; Bystron 
et al., 2008). However, recent studies have shown that they can also act as neural 
stem cells, being capable of divisions leading to the genesis of astrocytes, neurons 
(Malatesta et al., 2000; Hartfuss et al., 2001; Noctor et al., 2001; Götz et al., 2002; 
Noctor et al., 2002) and oligodendrocytes (Merkle et al., 2004). Radial glia express 
the intermediate filament (IF) proteins vimentin and nestin, and in primates also 
GFAP. As development proceeds, a second proliferative zone becomes discernable 
between the VZ and the cell sparse intermediate zone, i.e. the SVZ. The number 
of rapidly proliferating progenitor cells in the SVZ grows significantly during the 
last trimester, in parallel with reduction of the cells in the VZ. Finally the VZ will 
disappear before birth and the SVZ will persist into adulthood (Tramontin et al., 
2003).

A disturbance of the layered development in the human brain is observed in 
the developmental neuronal migration disorder type II lissencephaly, which 
is neuropathologically characterized by loss of sulci and broadening gyri with 
often irregular appearance of the brain surface in affected regions (cobblestone 
appearance). This type of cortical dysplasia results from a failure of arrest of 
radial neuronal migration due to defects in the integrity of the pial/glial barrier. 
Consequential histopathological microscopic features are represented by a highly 
disorganized cerebral cortex structure with focal absence of a glia limitans with 
disturbance of radial fibres and neuronal and glial heterotopias in the leptomeninges 
(Squier, 1993). 

In the current study, we explored the developmental path of adult SVZ astrocytes 
in the normal developing human brain and in brains of type II lissencephalic 
fetuses by analyzing GFAPδ expression. We hypothesized that if the presence of 
GFAPδ is important for SVZ neural stem cells, it would also be expressed in its 
precursors during development. We furthermore expect that the localization of 
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these precursors is disturbed in lissencephalic brains due to a disruption of radial 
glia, and that this can be observed by studying the GFAPδ expressing cells. In 
addition, continuous expression of GFAPδ in this lineage would provide evidence 
that the adult human SVZ astrocytes originate from radial glia.

Materials and Methods

Human brain material
The subjects included in this study were obtained from the brain collections of 
the department of Neuropathology of the Academic Medical Center (University 
of Amsterdam; UVA), Amsterdam, The Netherlands and the Service Histologie-
Embryologie-Cytogénétique Hôpital Necker-Enfants malades, Paris, France. 
Informed consent was obtained for the use of brain tissue and for access to medical 
records for research purposes. The expression of GFAPd was evaluated during brain 
development; the following ages were included: gestational week (gw) 9, 10, 13, 16, 
17, 20, 22, 23, 25, 29, 31, 36 and 40, based on last menstrual period and ultrasound 
scanning. The tissue was obtained from spontaneous or medically induced abortions 
with appropriate maternal written consent for brain autopsy. We also obtained 
normal-appearing control cortex/white matter at autopsy from 3 young cases (3 
months, 7 months and 8.5 years), without a history of seizures or other neurological 
diseases. In addition, we obtained tissue from 3 cases with type II lissencephaly of 
respectively 21, 22 and 23 gw. All autopsies were performed within 12 hours of death. 
More details on human brain material are summarized in supplemental table 1. 

Tissue preparation 
Tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffin-
embedded tissue was sectioned at 6µm, mounted on organosilane-coated slides 
(Sigma, St. Louis, MO) and used for immunocytochemical staining as described 
below.

Immunocytochemical analysis 
For single-labeling, paraffin-embedded sections were deparaffinised, re-hydrated, 
and incubated for 20 min in 0.3% H2O2 diluted in methanol to quench the 
endogenous peroxidase activity. Antigen retrieval was performed by incubation for 
10 min at 121°C in citrate buffer (0.01 M, pH 6.0) in a pressure cooker. Sections were 
washed with phosphate-buffered saline (PBS; 137mM NaCl, 2.7mM KCl, 1.8mM 
KH2PO4, and 4mM Na2HPO4, pH 7.4), and incubated for 30 min in 10% normal 
goat serum (Harlan Sera-Lab, Loughborough, Leicestershire, UK). After incubation 
with polyclonal rabbit pan-GFAP, recognizing all GFAP isoforms (DAKO, Glostrup, 
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Denmark; 1:4000) and GFAPd (bleeding 100501; 1:500, (Roelofs et al., 2005)) 
primary antibodies in PBS overnight at 4°C, we washed the sections in PBS and we 
used the ready-for-use Powervision peroxidase system (Immunologic, Duiven, The 
Netherlands) and 3,3’-diaminobenzidine (DAB; Sigma) as chromogen to visualize 
the antibodies. Sections were counterstained with haematoxylin, dehydrated and 
coverslipped.

To determine the cell type of GFAPδ expressing cells more specifically in the 
developing brain, we performed several co-localization studies. We combined 
GFAPd with monoclonal mouse antibodies against vimentin (clone V9; DAKO; 
1:1000), a known marker for radial glia in the VZ during human brain development 
(Honig et al., 1996), nestin (MAB5326, Chemicon; 1:200), a marker for both a 
subpopulation of radial glia (Zecevic, 2004) and SVZ neural progenitors (Lendahl 
et al., 1990), Ki67 (clone MIB-1, DAKO; 1:200), a marker for proliferation (Scholzen 
and Gerdes, 2000) and polyclonal rabbit antibody against Sox2 (AB5603, Chemicon; 
1:200), a transcription factor important for the maintenance of neural stem cells 
(Graham et al., 2003). For double-labeling with the polyclonal goat antibody against 
the C-terminus of GFAPα, which could in principle also detect other low-expressed 
GFAP isoforms, e.g. GFAPΔ135 (Hol et al., 2003) (GFAP C-term; Santa Cruz 
Biotechnology Inc.; 1:200) we blocked with normal swine serum instead of normal 
goat serum. After incubation overnight at 4°C with the primary antibodies, sections 
were incubated for 2 hours at room temperature with Alexa Fluor® 568-conjugated 
anti-rabbit IgG and Alexa Fluor® 488 anti-mouse or anti-goat IgG (1:100, Molecular 
Probes, The Netherlands). Sections were mounted with Vectashield containing 
DAPI (targeting DNA in the cell nucleus; blue emission) and analyzed by means of 
a laser scanning confocal microscope (Leica TCS Sp2, Wetzlar, Germany). Sections 
incubated without the primary antibody of with pre-immune serum (for GFAPδ) 
were essentially blank, except for the outer layer of the ventricular zone/ependymal 
layer, which in some cases appeared a bit darker when treated with the pre-immune 
serum.

GFAP plasmids and transfections 
To obtain recombinant protein samples for western blotting, expression plasmids 
pcDNA3-GFAPα and pcDNA3-GFAPδ (Roelofs et al., 2005) were transfected 
separately into SH-SY5Y neuroblastoma cells, which do not express GFAP 
endogenously. These cells were cultured in high-glucose DMEM, supplemented 
with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin and 100 μg/ml 
streptomycin, at 37ºC with 5% CO2. Cell culture medium was refreshed 2 hours 
prior to lipofectamine (Invitrogen) transfection with pcDNA3-GFAPα or pcDNA3-
GFAPδ plasmids according to the manufacturer’s protocol.
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Western blot 
Protein was isolated from GFAPα and GFAPδ transfected SH-SY5Y cells by 
homogenization with lysis buffer (0.1M NaCl, 0.01M Tris-HCl pH 7.6, 1mM EDTA 
pH 8.0) supplemented with a protease inhibitor cocktail (Roche Diagnostics, 
Mannheim, Germany). The samples were dissolved in 2x loading buffer (2x: 100mM 
Tris, 4% SDS, 20% glycerol, 200mM DTT, 0.006% bromophenol blue) and boiled 
for 5 minutes. Subsequently, they were run on a 7.5% SDS-PAGE gel and blotted 
semi-dry on nitrocellulose. Blots were probed overnight with polyclonal rabbit 
pan-GFAP (DAKO, Glostrup, Denmark; 1:20,000), GFAPδ (bleeding 100501; 1:500 
(Roelofs et al., 2005)), or polyclonal goat C-terminal GFAPα (GFAP C-term; Santa 
Cruz Biotechnology Inc., Santa Cruz, USA; 1:200) antibodies diluted in Supermix 
(0.05M Tris, 0.9% NaCl, 0.25% gelatin and 0.5% Triton X-100, pH 7.4) antibodies. 
The next day, the blots were washed with TBS-T (TBS; 100mM Tris-HCl pH 7.4, 
150mM NaCl, with 0.2% tween-20) and incubated with secondary antibody anti-
rabbit IRDye800 or anti-goat IRDye800 (1:5000; Rockland Immunochemicals 
Inc., Gilbertsville, USA) in Supermix for one hour at RT. After three washes in 
TBS, bands were visualized with the Odyssey Infrared Imaging System (LI-COR 
Biosciences, Lincoln, USA). 

Results

Different GFAP antibodies recognize specific GFAP isoforms
A western blot analysis on recombinant GFAPα or GFAPδ protein was performed 
to verify the specificity of the different GFAP antibodies used in this study. As 
indicated in a schematic picture (Fig. 1A), the epitope of the pan-GFAP antibody 
is not known. The GFAP C-term and GFAPδ antibody are directed to a sequence 
in the C-terminus of respectively GFAPα and GFAPδ. At approximately 55 kDa 
protein bands for both GFAPα and GFAPδ protein were detected with the pan-
GFAP antibody, whereas the GFAPδ antibody specifically detected the GFAPδ 
protein as was previously shown (Roelofs et al., 2005). The antibody directed against 
the C-terminus of GFAPα only detected GFAPα recombinant protein, not GFAPδ 
(Fig. 1B).

GFAPδ expression during human brain development visualizes the development of 
the neurogenic astrocytic ribbon.
GFAPδ expression was not observed in brain sections of gestational week (gw) 10 
and younger (Fig. 2A). In addition, the pan-GFAP antibody failed to show any GFAP 
expression in adjacent sections (Fig. 2B). The first GFAPδ expression was detected at 
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Figure 1 Western blot analysis determines the specificity of different GFAP antibodies. A) A 
schematic picture of the GFAPα and GFAPδ protein indicating the epitopes of the different GFAP 
antibodies used in this study. The specific epitope for the pan-GFAP antibody is not known. 
The GFAP C-term antibody recognizes an unknown sequence in the C-terminus of GFAPα, 
which is different from the C-terminus of GFAPδ. The GFAPδ antibody was raised against a 
specific sequence (QAHQIVNGTPPARG) in the C-terminus of GFAPδ. B) GFAPα and GFAPδ 
recombinant protein were both recognized by the pan-GFAP antibody at ~55 kDa. The GFAPδ 
antibody specifically recognized the GFAPδ protein at ~55 kDa, not GFAPα. Additionally, the 
pre-immune serum of the GFAPδ-immunized rabbit (GFAPδ pi) was tested and showed no 
immunoreactivity. The antibody raised against a peptide sequence at the C-terminus of human 
GFAP solely recognized GFAPα protein at ~55 kDa.

13 gw in cells aligning the ventricular zone (VZ) along the lateral ventricles (Fig. 2C). 
These cells had a bipolar morphology with somata in the VZ and short processes 
towards the ventricle and longer fibres into the brain parenchyma. These radial glia-
like cells were also intensely stained by the pan-GFAP antibody, which more clearly 
labeled the long fibres extending from the VZ into the brain parenchyma (Fig. 2D). 
Around 17 gw the subventricular zone (SVZ) clearly expressed GFAPδ but possibly 
other GFAP-isoforms as well, since we also observed pan-GFAP expression (Fig. 
2E-F). The VZ cell fibres, which were also still visible at this stage in development, 
seemed to extend through the SVZ cell layer, which contained more round and 
unipolar cells. GFAPδ expression at this stage was clearly less pronounced compared 
to pan-GFAP, pointing to a stronger expression of other GFAP-isoforms. This 
difference became even more evident at older ages, when more transitional profiles 
of radial glia appeared and cells became more differentiated (Fig. 2G-J). At 22 gw 
the VZ cells still expressed GFAPδ as did the cells in the SVZ (Fig. 2G). However, 
with the pan-GFAP antibody a much more intense labeling was detected and also 
more cells outside the SVZ were positive for pan-GFAP (Fig. 2H), while very little 
GFAPδ expression was found in cells outside the VZ/SVZ. At the perinatal age of 
36 gw, the VZ cells were no longer present and GFAPδ expression was limited to 
the SVZ and some processes in the ependymal layer (Fig. 2I), whereas pan-GFAP 
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Figure 2 Development of the GFAPδ astrocytic ribbon during human brain development. At 
10 weeks of gestation (10 gw) no expression was found for either GFAPδ (A) or pan-GFAP (B). At 
13 gw GFAPδ expression was found exclusively in the VZ (C), where it continued to be expressed 
at 17 and 22 gw (E, G). However, at these time points GFAPδ expression also became clear in the 
SVZ (E, G). GFAPδ expression in a ribbon of cells in the SVZ remained visible at 36 gw (I) and 
even until adulthood (not shown). Also some GFAPδ expressing processes were detected in the 
ependymal layer (I, magnified box). Pan-GFAP expression was also visible at 13 gw (D), although 
compared to GFAPδ it was more intense in both the VZ and SVZ throughout development (D, 
F, H, J). From 22 gw pan-GFAP expression also became clear outside the SVZ more distant from 
the ventricle (H, J) and in the ependymal layer (J, magnified box). The expression pattern of 
pan-GFAP continued to be more extensive than GFAPδ. Haematoxylin counterstain shows blue 
nuclei. Scale bars = 100μm (B, D, F, H); 50μm (J). VZ = ventricular zone; SVZ = subventricular 
zone; gw = gestational weeks
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Figure 3 Pan-GFAP immunoreactivity reaches further than GFAPδ. At 25 weeks of gestation 
there was no GFAPδ expression in the intermediate zone (IZ), the cortical plate (CP), the 
marginal zone (MZ) and the subplate (SP) (A and C). In these areas however, pan-GFAP was 
clearly expressed (B, D). Haematoxylin counterstain shows blue nuclei. Scale bars = 100μm.

expression was also found throughout the rest of the brain (Fig. 2J). This GFAPδ 
expression pattern was similar to what was observed postnatally (not shown) and 
in the adult brain (Roelofs et al., 2005).

GFAPδ positive cells are a subpopulation of all GFAP expressing cells
Although several GFAP isoforms, including GFAPδ were expressed in the developing 
VZ and SVZ, superficial layers of the developing cortex lacked GFAPδ expression, 
but did clearly express other GFAP isoforms. The intermediate zone (IZ) and the 
cortical plate (CP), including the marginal zone (MZ) and the subplate (SP), did not 
express GFAPδ (Fig. 3A,C) but the pan-GFAP antibody clearly showed staining in 
the IZ (Fig. 3B), the CP and MZ (Fig. 3D). 

In order to show that the GFAPδ expressing cells in the VZ and SVZ express 
other GFAP isoforms alongside GFAPδ, we studied double-labeling of the GFAPδ 
antibody with the GFAP C-term antibody, which detects GFAPα, the predominant 
GFAP isoform, but not GFAPδ as was shown in Fig. 1. At 25 gw both GFAP C-term 
(Fig. 4A) and GFAPδ (Fig. 4B) were expressed in the VZ and the SVZ cells. All cells 
in the VZ showed double-labeling of the two GFAP isoform antibodies (Fig.4C, D, 
asterisks), indicating that the IFs in these cells contained at least both GFAPα and 
GFAPδ. The composition of the IFs clearly varied between cells, since some cells 
showed more GFAP C-term expression (Fig. 4D, arrowhead), whereas others showed 
more GFAPδ expression (Fig 4D, arrow). In the SVZ all GFAPδ expressing cells 
also expressed GFAP C-term, however in this area also some cells were visible that 
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Figure 4 GFAPδ co-localization with GFAP C-term. GFAP C-term was expressed in the VZ 
and SVZ at 25 gw (A), like GFAPδ (B). GFAPδ and GFAP C-term co-localized in most cells (C), 
only some cells in the SVZ solely expressed GFAP C-term (C, arrowheads). Higher magnification 
of the VZ showed fibres that clearly co-expressed GFAPδ and GFAP C-term (D, asterisks) 
and fibres that showed more GFAPδ expression (D, arrow) or more GFAP C-term expression 
(D, arrowhead). At 36 gw GFAP C-term was widely expressed (E), whereas GFAPδ was only 
expressed in a number of cells in the SVZ (F, asterisks) that also expressed GFAP C-term (G, 
H, asterisks). Scale bars = 100μm (C, G); 25μm (D); 50μm (H). LV = lateral ventricle; VZ = 
ventricular zone; SVZ = subventricular zone; gw = gestational weeks

were only GFAP C-term positive (Fig 4C, arrowheads). At 36 gw GFAPδ expression 
was limited to a number of cells in the SVZ that consistently co-expressed GFAP 
C-term (Fig. 4F-H, asterisks). GFAP C-term was compared to GFAPδ more widely 
expressed in all cells and processes in the SVZ (Fig. 4E-F).

GFAPδ is expressed in radial glia of the VZ and astrocytes of the SVZ
At 13 gw, when GFAPδ was initially expressed in the VZ (Fig. 2C & 5A, D), vimentin 
expression was clearly found in radial glia with long radial fibres extending from 
the VZ towards the pial surface (Fig. 5B). GFAPδ and vimentin expression co-
localized in the soma of these cells in the VZ and the short process toward the 
lateral ventricle, but GFAPδ expression was not detected in the entire radial fibre 
(Fig. 5C). Furthermore, nestin was also expressed in the VZ radial glia cells (Fig. 
5E), that all co-localized with GFAPδ (Fig. 5F). At 25 gw, a clear subdivision could 
be made between VZ and SVZ cells, which both expressed GFAPδ (Fig. 5G, J). At 
this age, vimentin was not expressed in the long radial fibres anymore, but could 
only be detected in the VZ. The cells in the subventricular zone did not express 
vimentin (Fig. 5H); hence co-localization of GFAPδ and vimentin was limited to 
the radial glia in the SVZ (Fig. 5I).
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Figure 5 GFAPδ co-localization with vimentin and nestin. GFAPδ expression was found in the 
VZ at 13 gw (A, D), similar to radial glia marker vimentin (B). These two proteins co-localized 
in the soma of the radial glial cells in the VZ, though not in the extended radial fibres, which 
only expressed vimentin (C). These GFAPδ expressing radial glial cells co-expressed nestin (E-
F). Vimentin was not expressed in the SVZ at 25 gw, only in the VZ (H). GFAPδ at 25 gw was 
expressed both in the VZ and the SVZ (G, J), but only co-localized with vimentin in the VZ (I). 
Nestin labeled both the SVZ neural progenitors at 25 gw as VZ radial glia (K) and all cells that 
expressed nestin also expressed GFAPδ (L). Scale bars = 100μm. LV = lateral ventricle; VZ = 
ventricular zone; SVZ = subventricular zone; gw = gestational weeks
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In contrast, nestin was present in the SVZ in addition to the VZ at this time 
in development (Fig. 5K). All cells in the VZ co-expressed nestin and GFAPδ in 
addition to the majority of cells in the SVZ (Fig. 5L). Merely a few cells in the 
SVZ only expressed nestin, and lacked GFAPδ (Fig. 5L, boxed areas). Most cells 
showed co-localization of the different IF proteins, but the expression levels and 
the subcellular location of the proteins varied between cells. GFAPδ is more highly 
expressed around the cell nucleus and vimentin more in the cell’s extensions. This 
results in cells either showing more green or more red fluorescence, even though 
they co-express both proteins.

Together these results showed that vimentin was expressed in radial glia and 
nestin was expressed in both radial glia and SVZ neural progenitors during human 
brain development. Interestingly, co-localization with GFAPδ demonstrated for the 
first time that this GFAP isoform is also specifically expressed in radial glia and 
SVZ neural progenitors. 

In addition, we double-labeled several sections with GFAPδ and Sox2. At 25 
gw approximately 40% of the SVZ cells expressed Sox2, but only a few clearly 
belonged to a GFAPδ expressing cell (Fig. S1A, arrow). Ventricular zone radial glia 
were almost all stained by Sox2, although nuclear staining was rare. A few GFAPδ 
expressing radial glia were found that contained a Sox2 positive nucleus, generally 
when the nucleus did not border the ventricle (Fig. S1B, arrow). 

GFAPδ is expressed in proliferating cells
A characteristic of neural progenitors is there proliferative capacity. To determine 
whether GFAPδ expressing cells indeed also proliferate, we studied the co-
localization of GFAPδ with Ki67, a nuclear marker for proliferating cells at 13 and 
25 gw (Fig. 6A-C). At 13 gw approximately 15% of all nuclei in the VZ were Ki67 
positive (Fig. 6B) and over 90% of these Ki67 positive nuclei were enclosed by a 
GFAPδ positive cell body (Fig. 6C), which was clearly evident at higher magnification 
(Fig. 6D). At 25 gw the number of Ki67 positive nuclei in the VZ decreased to 
approximately 5%, but more Ki67 positive nuclei were found further away from 
the ventricle in the SVZ (Fig. 6F). Nearly all Ki67 positive nuclei in the VZ clearly 
belonged to a GFAPδ positive radial glial cell, although the lack of GFAPδ directly 
around the cell’s nucleus hampers the interpretation of the expression results in 
some of the cells. These nuclei were found either bordering the ventricle or in the 
middle of the VZ (Fig. 6G-H). Although to a lesser extent, Ki67 positive nuclei were 
also found in GFAPδ positive cells in the SVZ (Fig. 6G, arrow). In addition we 
detected expression of GFAPδ and GFAPα, the major form of GFAP, in human 
fetal neurospheres (data not shown). Concisely, GFAPδ expressing cells are indeed 
proliferating cells.
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Figure 6 GFAPδ expression in proliferating cells. Expression of GFAPδ protein and 
proliferation marker Ki67 at 13 gw (A-D) and 25 gw (E-H). At 13 gw many Ki67 expressing nuclei 
were present in radial glia of the VZ (B). Almost all Ki67 expressing nuclei were surrounded by 
GFAPδ expressing cell bodies and processes (C), which was more evident at higher magnification 
(D). At 25 gw, the number of Ki67 positive nuclei in the VZ was reduced (F), but the number 
of positive nuclei located in the SVZ was increased. It was generally clear that a Ki67 positive 
nucleus belonged to a GFAPδ expressing radial glial cell in the VZ (G, H) and also some GFAPδ 
expressing cells in the SVZ contained a Ki67 positive nucleus (G, arrow). Scale bars = 100μm 
(A, E); 25μm (D, H). VZ = ventricular zone; SVZ = subventricular zone; gw = gestational weeks

GFAPδ expression in transitional profiles of radial glia around the SVZ
Besides the VZ radial glia and SVZ neural progenitors also several GFAPδ expressing 
cells were found more distant from the ventricle on the border of the SVZ and the 
intermediate zone. These cells lacked a typical radial glial phenotype and are called 
transition cells since likely these cells are radial glia undergoing a transformation 
into a more differentiated cell type (deAzevedo et al., 2003). At 25 gw an area close 
to the SVZ showed GFAPδ expression in bipolar and unipolar cells that appeared 
to be migrating away from the SVZ (Fig. 7A). Unipolar cells were found both with 
radial fibres directed to the ventricular surface and to the pial surface (Fig. 7B). 
Among those cells we also observed several GFAPδ expressing multipolar cells 
with a more stellate morphology like early differentiated astrocytes (Fig. 7C). 
Furthermore, GFAPδ expression was detected in various long, slender fibres and 
in thicker bipolar transition cells (Fig. 7D-E). These last transitional profiles were 
also found to express Ki67, which indicates that these cells are also proliferative (Fig. 
7F-G). In the marginal zone and the subplate where fully differentiated astrocytes 
reside, GFAPδ protein was never present. 
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Figure 7 GFAPδ expression in transitional profiles of radial glia at 25 gw. A stream of parallel 
running GFAPδ expressing cells was present on the border of the SVZ and the intermediate zone 
(A). The arrow points in the direction of the subventricular zone (SVZ). GFAPδ expression was 
found in monopolar cells (B), multipolar cells (C) and bipolar cells with slender (D) and thick 
(E) fibres. Several bipolar GFAPδ expressing cells were found with a Ki67 positive nucleus (F-G). 
Scale bars = 100μm (A); 50μm (B-F); 20μm (G).

Figure 8 Pan-GFAP and GFAPδ expression in type II lissencephaly. Example of pan-GFAP (A) 
and GFAPδ (B-C) staining in female type II lissencephaly donor of 22 gw with POMGnT1 gene 
mutation. The pial barrier was still intact at some places (white arrowheads), but where it was 
disrupted, neurons and astrocytes had migrated into the leptomeningeal tissue (white arrows). 
Pan-GFAP immunostaining revealed astrocytes in the cortical plate (cp), the glia limitans, 
but also in the leptomeninges (A, black arrows). GFAPδ immunostaining was also detected in 
astrocytes in the leptomeninges (B, black arrows). At higher magnification, clear GFAPδ positive 
cells were detected around the protrusion of migrating cells and deeper into the leptomeningeal 
tissue (C, black arrows). Scale bars = 50μm (A-B); 20μm (C). 

Distinctive GFAPδ expression in type II lissencephaly 
To explore whether the localization of neural progenitors is disturbed in lissencephaly 
type II, we studied the expression of GFAPδ in these donors. In all three cases of 
type II lissencephaly the cerebral cortex was disorganized with lack of horizontal 
lamination in some areas and variable thickness. The pial barrier (Fig. 8, arrowheads) 
was clearly disrupted, which was associated with overmigration of neurons and glia 
into the leptomeningeal tissue (Fig. 8, white arrows). A pan-GFAP immunostaining 
(Fig. 8A) revealed the presence of regular astrocytes in the cortical plate and the 
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glia limitans underlying the intact parts of the pia (arrowheads). In addition, pan-
GFAP expressing astrocytes were found in the leptomeningeal tissue (black arrows). 
Interestingly, also GFAPδ expressing cells were present in the leptomeninges (Fig. 
8B-C, black arrows), implying a disturbed localization of the neural progenitors.

Discussion

In the present study we describe for the first time the expression of GFAPδ in 
the developing human brain. We show that this specific splice variant of GFAP 
is expressed in proliferating radial glial cells in the VZ at 13 gw and in neural 
progenitors of the SVZ at later gestational ages. Furthermore, we show that the 
normal position of GFAPδ expressing neural progenitors during development is 
disturbed in lissencephaly type II. GFAPδ expression was previously found in a 
subpopulation of astrocytes in the SVZ of the adult human brain (Roelofs et al., 
2005). The location of these cells corresponds to a ribbon of astrocytes lining the 
lateral ventricles of the adult human brain which contains neural stem cells (Sanai et 
al., 2004). By showing continuous expression of GFAPδ in the SVZ of the developing 
human cortex, we conclude that the adult SVZ is a remnant of the fetal SVZ, which in 
turn develops from VZ radial glial cells. These findings support a function of GFAPδ 
in neural progenitors during development and in adulthood. 

The earliest time point in development where we found clear GFAPδ and pan-
GFAP expression was at 13 gw. In brain tissue of 10 week old fetuses or younger, no 
immunoreactivity was found with any of the GFAP antibodies. Unfortunately, we 
did not have access to good quality material from 11 or 12 week old human fetuses, 
which would allow us to determine the initial GFAPδ expression more precisely. 
Several studies have reported that, as in monkeys (Levitt and Rakic, 1980), GFAP 
staining appeared in radial glia of the human brain at 9 to 12 gw (Antanitus et al., 
1976; Stagaard and Mollgard, 1989; Honig et al., 1996; Simonati et al., 1997; Messam 
et al., 2002; deAzevedo et al., 2003). One study described a small population of GFAP 
expressing cells in the premordium plexiform layer already at 6 gw, at the onset of 
corticogenesis (Honig et al., 1996). However, other studies have reported little or 
no GFAP staining until 14-25 weeks (Sasaki et al., 1988; Sarnat, 1992; Aquino et 
al., 1996). In most reports, like in our study, the number of immunopositive cells 
increases with gestational age (Aquino et al., 1996; Honig et al., 1996; Messam et 
al., 2002; deAzevedo et al., 2003) and is much higher during the second half of 
gestation. The differences between some of these studies and ours may be explained 
by a difference in the brain areas investigated, antibodies used and the staining 
methods, which have significantly improved over the years.
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Co-localization of GFAPδ with GFAP C-term showed indeed that GFAPδ 
expressing cells also express other isoforms of GFAP (Fig. 4). Most probably these 
cells express the predominant isoform GFAPα, although it is not possible to exclude 
the presence of other isoforms in these cells by immunocytochemistry. Moreover, 
in the SVZ and beyond, cells were found expressing GFAP C-term, but not GFAPδ. 
Together with the finding that the pan-GFAP antibody stains astrocytes in more 
superficial layers of the cortex compared to GFAPδ (Fig. 3), we demonstrated 
that GFAPδ is expressed in a subpopulation of all GFAP expressing cells in the 
developing human brain. More differentiated or matured astrocytes in other areas 
of the developing brain lacked GFAPδ expression, but may express other isoforms 
of GFAP (Hol et al., 2003; Blechingberg et al., 2007). These results are in accordance 
with the study by Pollard et al, showing that GFAPδ levels decrease following in vitro 
differentiation (Pollard et al., 2009). 

To prove that the GFAPδ expressing cells in fetal brains were indeed radial glia 
and neural progenitors, we performed co-localization studies with several cell 
type markers. A family member of GFAP, the IF protein vimentin, is known to 
be present in radial glial cells in the VZ during human brain development (Honig 
et al., 1996). Furthermore it has been reported that a subpopulation of radial glial 
cells express the IF protein nestin (Zecevic, 2004). Nestin is a commonly used stem 
cell marker, which is also expressed in neuroepithelial cells early in development 
(Tohyama et al., 1992). We confirmed the vimentin expression in radial glia and 
the nestin expression in both radial glia and SVZ neural progenitors during human 
brain development. More importantly, by showing co-localization of these markers 
with GFAPδ, we demonstrated for the first time that this GFAP isoform is also 
specifically expressed in radial glial cells and SVZ neural progenitors (Fig. 5). In 
addition, we proved that these cells are capable of dividing. Double-labeling with 
proliferation marker Ki67, present during all active phases of the cell cycle (Scholzen 
and Gerdes, 2000; Tramontin et al., 2003), showed that all Ki67 positive nuclei in 
the VZ clearly belonged to a GFAPδ positive radial glial cell (Fig. 6). These nuclei 
were found either bordering the ventricle or in the middle of the VZ (Fig. 6G-H), 
which is an indication for nuclear translocation, a process that occurs in radial glia 
and has been considered an essential component of neuronal migration (Berry and 
Rogers, 1965; Tramontin et al., 2003). Furthermore, we showed co-expression of 
GFAPδ and Sox2 (Fig. S1), a transcription factor essential for maintenance of neural 
progenitor characteristics during development (Graham et al., 2003), which was 
also shown to be expressed in GFAP positive neural progenitors in the adult human 
SVZ (Baer et al., 2007). In summary, GFAPδ expressing cells in the developing 
human brain are proliferating radial glial cells and SVZ neural progenitors.
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In our previous studies we showed that GFAPδ is expressed in balloon cells in focal 
cortical dysplasia and hemimegalencephaly and in giant cells in tuberous sclerosis 
complex (Lamparello et al., 2007; Martinian et al., 2008). Since at that time GFAPδ 
was only described in SVZ astrocytes (Roelofs et al., 2005) an area where neural 
progenitors are located, we put forward the idea that the GFAPδ subpopulation 
of balloon cells retains a progenitor phenotype or represents an influx of newly 
generated astrocytes from the SVZ. A lot of studies provided evidence that balloon 
cells in focal cortical dysplasia retain an embryonic phenotype and are derived 
from radial glial cells (Crino et al., 1997; Mizuguchi et al., 2002; Sisodiya et al., 
2002; Thom et al., 2005). The fact that we found GFAPδ expression in radial glia 
during brain development supports this view.

In this study we not only found GFAPδ in the germinal zones, but also in 
areas further away from these zones, where several transitional profiles of radial 
glia reside (deAzevedo et al., 2003). These profiles are considered to represent the 
transformation of radial glial cells into astrocytes. However, this is only based on 
static observations, and it is not known whether these transition cells could also 
transform into neurons. At particular areas in our tissue, transitional profiles of 
radial glial cells seemed to be migrating away from the VZ/SVZ (Fig. 7). These 
findings imply that GFAPδ could be present in migrating cells and possibly plays a 
role in migration. 

Besides the spatial variability, the intensity of GFAPδ immunoreactivity in radial 
glial and progenitor cells was also variable between different areas of the VZ and 
SVZ, which suggests heterogeneity between radial glial cells and SVZ cells, as has 
been proposed before (Pinto and Götz, 2007). The amount of GFAPδ expression 
proportionate to GFAPα expression may indicate a functional difference of the IF 
network between progenitor cells. This assumption is based on previous studies that 
show changes in IF network formation with different levels of GFAPδ expression in 
vitro (Nielsen et al., 2002; Roelofs et al., 2005; Perng et al., 2008). We have reported 
before that in human astrocyte cell lines and spinal cord samples the levels of GFAPδ 
are about 10% of the levels of GFAPα, a ratio that ensures a built-up of an intact IF 
network (Perng et al., 2008). The level of GFAPδ in a cell may be an indication for 
the flexibility of the cytoskeleton, which would suggest a potential role for GFAPδ 
in radial glia and progenitor cells in regulating cell motility and migration, as was 
previously reported for GFAP in astrocytes (Lepekhin et al., 2001). However, in 
vivo functional data have not yet been obtained for this splice variant. 

The presence of GFAPδ can also affect the interaction with IF associated proteins, 
such as αB-crystallin and can result in activation of cell signalling molecules, 
such as phosphorylation of JNK (Perng et al., 2008). Moreover, GFAPδ can also 
interact with the homologous transmembrane proteins presenilin 1 (PS1) and 
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presenilin 2 (PS2) (Nielsen et al., 2002), which are associated with genetical forms 
of Alzheimer’s disease (Bertram and Tanzi, 2008). Interestingly, PS1 has a key role 
in morphogenesis of the developing cortex. It is required for neuronal migration 
and cortical lamination and can modulate radial glia development and neuronal 
differentiation via Notch signalling (Shen et al., 1997; Gaiano et al., 2000; Handler 
et al., 2000; Schuurmans and Guillemot, 2002; Louvi et al., 2004). In addition, PS1 
deficiency in mice leads to cortical dysplasia with characteristics that are very 
similar to human type II lissencephaly (Hartmann et al., 1999). Our finding of 
GFAPδ expression into the leptomeninges in lissencephaly type II suggests that 
neural progenitor migration is disrupted and unrestrained and these cells fail to 
make the transition into a differentiated cell type before they reach the cortical 
plate. Another explanation for the unusual pattern of GFAPδ expression might 
be that lissencephaly induces proliferation or differentiation of a nonneurogenic 
astrocyte subtype that is distinguished by GFAPδ expression.

Whether the interaction of GFAPδ with presenilin could be involved in this 
disturbed development, requires further investigation. Regulation of neuronal 
migration by PS1 showed striking similarities with regulation by cyclin-dependent 
kinase 5 (Cdk5) (Ohshima et al., 2002), which is associated with the IF protein 
nestin (Sahlgren et al., 2003), that is co-expressed with GFAPδ in the developing 
cortex (Fig. 5F and 5L). 

In conclusion, we show that GFAPδ is a protein that may have important 
functions in radial glia and neural progenitors in the human developing cortex. 
The interaction of GFAPδ with proteins involved in development and cell signalling 
imply that this specific GFAP isoform has a function in human brain development. 
Further research is needed to find out the exact role of GFAPδ in the neural stem 
cells, their migration and the commitment of their progeny.
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Supplemental data

Supplemental table 1 Details on human brain material

Fetal cases
Age (gw) Sex Brain weight 

(g)
Postmortem delay 
(hrs)

Type of birth

9 M ND <12 spontaneous abortion
10 F ND 7 spontaneous abortion
13 M ND 6 spontaneous abortion
16 F 15 7 therapeutic abortion
17 M ND 7 spontaneous abortion
17 F 21 8 therapeutic abortion
23 F 72,5 9 therapeutic abortion
25 M 98,2 9 therapeutic abortion
28 M 130 10 therapeutic abortion
30 F 160 12 spontaneous abortion
31 M 203 8 therapeutic abortion
36 F 273 11 therapeutic abortion
38 F 330 9 therapeutic abortion

Lissencephaly type II cases 
Age (gw) Sex Brain weight 

(g)
Postmortem delay 
(hrs)

Reason for abortion Mutated gene

21 F 64 9 Hydrocephalus, suspect of 
Walker-Walburg syndrome

POMT1

22 F 58.8 10 Hydrocephalus, brother 
with Walker-Walburg 
syndrome

POMGnT1

23 F 91.3 8 Hydrocephalus unknown

Postnatal cases
Age Sex Brain weight 

(g)
Postmortem delay 
(hrs)

Cause of death

3 months M 390 9 heart failure
7 months M 859 8 bronchopneumonia
8.5 yrs M 1048 10 bronchopneumonia

ND: not determined or not available
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Supplementary figure S1 Sox2 expression in 
GFAPδ positive cells at 25 gw. A. Nuclear Sox2 
expression was found in some GFAPδ expressing 
cells in the subventricular zone (arrow). B. Sox2 
expression was occasionally detected in the 
nucleus of GFAPδ positive radial glia (arrow).

Sox2
GFAPδ

Subventricular zone Ventricular zone radial glia

A B
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Abstract

A main neurogenic niche in the adult human brain is the subventricular zone (SVZ). 
Recent data suggest that the progenitors that are born in the human SVZ migrate 
via the rostral migratory stream (RMS) towards the olfactory bulb (OB), similar to 
what has been observed in other mammals. A subpopulation of astrocytes in the 
SVZ specifically expresses an assembly-compromised isoform of the intermediate 
filament protein glial fibrillary acidic protein (GFAPδ). To further define the 
phenotype of these GFAPδ expressing cells and to determine whether these cells 
are present throughout the human subventricular neurogenic system, we analyzed 
SVZ, RMS and OB sections of 14 aged brain donors (ages 74-93). GFAPδ was 
expressed in the SVZ along the ventricle, in the RMS and in the OB. The GFAPδ 
cells in the SVZ co-expressed the neural stem cell (NSC) marker nestin and the cell 
proliferation markers PCNA and Mcm2. Furthermore, BrdU retention was found in 
GFAPδ positive cells in the SVZ. In the RMS, GFAPδ was expressed in the glial net 
surrounding the neuroblasts. In the OB, GFAPδ positive cells co-expressed PCNA. 
We also showed that GFAPδ cells are present in neurosphere cultures that were 
derived from SVZ precursors, isolated postmortem from four brain donors (ages 
63-91). Taken together, our findings show that GFAPδ is expressed in an astrocytic 
subpopulation in the SVZ, the RMS and the OB. Importantly, we provide the first 
evidence that GFAPδ is specifically expressed in longterm quiescent cells in the 
human SVZ, which are reminiscent of NSCs.

Introduction

The adult human brain contains two regions where continuous neurogenesis takes 
place, i.e. the subventricular zone (SVZ) (Sanai et al. 2004; Quinones-Hinojosa et 
al. 2006) and the subgranular zone in the hippocampal dentate gyrus (Eriksson et 
al. 1998; Roy et al. 2000). In particular, the SVZ maintains a level of plasticity into 
adulthood and can respond to certain neurological conditions, such as stroke and 
Huntington’s disease, by increasing the number of neuron forming precursor cells 
that can potentially replace damaged neurons. In animal models of brain trauma, 
disease and stroke, the SVZ responds by producing new precursor cells, which 
migrate to the damaged areas and form new regionally specific neurons (Parent 
et al. 2002; Cooper & Isacson 2004). In the human brain, a similar response seems 
to occur after ischemia (Macas et al. 2006). The SVZ can react in this way because 
it is closely situated to the striatum, which is affected in Parkinson’s disease and 
Huntington’s disease and it receives nutrients from the cerebrospinal fluid in the 
lateral ventricle (for review, see (Curtis et al. 2007a)). One of the key questions 
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that remain to be answered is which cells in the SVZ are responsible for ultimately 
producing the new cells in the human SVZ.

The composition of the human SVZ is different from that of the more studied rodent 
species because of the presence of a hypocellular gap between the ependymal layer 
and the dense astrocytic ribbon, the latter of which contains the neural precursors 
(Quinones-Hinojosa et al. 2006). There are indications that a subpopulation of 
astrocytes in this ribbon, the neurogenic astrocytes, proliferate in vivo and behave as 
multipotent precursor cells in vitro (Sanai et al. 2004), implying that SVZ astrocytes 
of the adult human brain indeed are neural stem cells (NSCs). Within the SVZ, three 
major cell types exist, one of which is the neurogenic astrocyte known as B-cell 
(Doetsch et al. 1997), which is a slowly proliferating cell that asymmetrically divides 
to form a pool of fast-dividing neural progenitor cells, the C-cells. Type C-cells in 
turn differentiate into type A-cells, called neuroblasts, which migrate through the 
rostral migratory stream (RMS) into the olfactory bulb (OB), where they differentiate 
into new interneurons (Curtis et al. 2007b). The existence of an RMS in the human 
brain, long thought absent, was recently described by Curtis et al., (2007b). Recently, 
we have shown that NSCs are still present in the SVZ of elderly subjects, including 
cases with neurodegenerative diseases, such as Alzheimer’s disease (Leonard et al. 
2009).

NSCs express certain intermediate filament (IF) proteins and some reports 
claim the specificity of these for labeling NSCs. IFs are highly versatile cytoskeletal 
structures that have a major function in cell signalling and migration (Lepekhin et 
al. 2001; Pallari & Eriksson 2006; Herrmann et al. 2007). One IF expressed in NSCs 
is nestin, widely regarded as specific for NSCs (for review, see (Gilyarov 2008)), but 
conflicting reports reveal nestin expression in both reactive and mature astrocytes 
(Lin et al. 1995; Gu et al. 2002). Our laboratory has been interested in specific IF 
expression as they relate to NSCs. To this end, our previous work has revealed that 
SVZ astrocytes in the human brain express the IF protein glial fibrillary acidic 
protein δ (GFAPδ) (Roelofs et al. 2005), one of the seven splice variants of GFAP 
(Hol et al. 2003; Quinlan et al. 2007), the main IF protein in astrocytes (Eng et 
al. 2000)). Moreover, we recently have described that GFAPδ is expressed in radial 
glia and SVZ progenitors of the human fetal brain (Middeldorp et al. in press), 
substantiating our earlier findings that this specific GFAP isoform is a marker for 
NSC. GFAPδ (also named GFAPε (Nielsen et al. 2002)) has a unique 41 amino 
acid carboxy-terminus. This unique tail domain endows the protein with several 
properties distinct from GFAPα, which are likely to have important functional 
consequences for the IF network formed in the SVZ astrocytes. Firstly, GFAPδ is 
an assembly-compromised form of GFAP (Nielsen et al. 2002; Roelofs et al. 2005; 
Perng et al. 2008) and its presence in the IF network changes the composition of the 
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IF network and its associated proteins, such as αB-crystallin (Perng et al. 2008). The 
network can tolerate up to 10% of the GFAPδ isoform, which is approximately the 
amount found in the central nervous system (Perng et al. 2008). A second property 
of GFAPδ is its ability to interact with presenilins (Nielsen et al. 2002), which 
are essential partners in the gamma-secretase complex. This complex cleaves the 
transmembrane proteins Notch and amyloid precursor protein (APP) inside the 
membrane region and therefore is critical for Notch and APP signalling (Selkoe & 
Kopan 2003). Notch signalling is required for maintenance of NSC populations in 
both the developing and adult brain (Alexson et al., 2006) and Notch1 expression 
can be found in SVZ astrocytes and neuroblasts in the adult rodent brain (Givogri 
et al. 2006). Thirdly and finally, the induced expression of GFAPδ in vitro results 
in an increased phosphorylation of Jnk (Perng et al. 2008). In the developing brain, 
Jnk is involved in NSC proliferation (Wang et al. 2007), migration (Mizuno et al. 
2005), and differentiation (Kim et al. 2007).

Localization of GFAPδ and its ability to modulate signalling pathways important 
for NSCs suggest that GFAPδ is expressed by NSCs in the adult SVZ. Here we have 
studied the expression of GFAPδ in the SVZ, RMS and OB in the adult human brain. 
We provide evidence that the GFAPδ expressing cells may indeed be quiescent adult 
NSCs, as they are present throughout the human adult neurogenic system, in a 
subpopulation of proliferating astrocytes in the SVZ, and in neurosphere cultures 
isolated from postmortem adult human SVZ material.

Materials and methods

Postmortem human brain material
Tissue from the SVZ, RMS, and OB was obtained from the Netherlands Brain 
Bank (NBB; Amsterdam, The Netherlands) and the department of Anatomy 
and Neurosciences (ANW), VU University Medical Centre (Amsterdam, The 
Netherlands). The NBB and ANW perform brain autopsies with regularly short 
postmortem 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 et 
al. 2008). Clinico-pathological information of all donors can be found in Table 1.

 * SVZ material
SVZ tissue for immunohistochemistry was sampled from three standardized 
areas in the brain as depicted in Fig. 1A. SVZ1 was dissected out at the level of the 
most frontal part of the caudate nucleus; SVZ2 came from the area beneath the 
cingulate gyrus; SVZ3 contained the most posterior part of the lateral ventricle. 
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In SVZ1, both white and grey matter could be found aligning the SVZ, while in 
SVZ2 and SVZ3 only white matter was seen. The donor brain tissue for this part 
of our study was selected using the following criteria: the clinical history of donors 
was free from any neurological disease or neuropsychiatric disorder; their brains 
did not have an Alzheimer Braak score higher than 3 or significant Parkinson’s 
disease pathology. Furthermore, we excluded donors who had recently used 
medication that might affect neurogenesis, i.e. anti-mitotics and anti-depressants. 

For neurosphere cultures, SVZ tissue was freshly isolated from the anterior 
horn of the SVZ. As we were restricted to the material that we could obtain from 
the NBB and the fact that the full neuropathological report is not available at the 
starting point of culturing, we included in this part of the study also patients with 
neurological and neuropsychiatric diseases.

 * BrdU material
Striatal tissue containing the SVZ was used from two donors who had received 
BrdU for diagnostic purposes as previously described (Eriksson et al. 1998). Case 
1 was female and received BrdU 129 days before death. Case 2 was also female and 
died 1693 days after BrdU administration.

 * RMS and OB material
Tissue of the human forebrain comprising the region surrounding the anterior horn 
of the lateral ventricle, frontal part of the caudate nucleus, gyrus rectus, substantia 
perforata anterior and OT, was sampled to study the RMS. Samples of the OT and 
OB were collected and processed for immunohistochemistry as well. The control 
donors for analysis of the RMS and OB were selected as for the SVZ. All tissue was 
immersion-fixed in phosphate-buffered 4% paraformaldehyde (PFA; pH 7.4) for 4 
weeks before processing.

Immunostaining
Immunostaining was performed according to a fairly standard protocol, described 
in full in the supplemental data. Briefly, epitope retrieval was performed in a steamer 
and a serum blocking step was used before incubating with antibody (supplementary 
Table S1) overnight. The antibodies were visualized using biotinylated secondary 
antibodies, ABC, and DAB, or fluorescently labeled secondary antibodies.

Human postmortem neurospheres cultures
Neurosphere cultures were initiated as described previously (Leonard et al. 2009). 
The obtained microglia-poor cell pellet was taken up in serum-free medium (SFM, 
Neurobasal medium, 1% B27, 0.5% N2, 1% Glutamax, 1% P/S, Hepes (all Invitrogen-
Life Technologies, Carlsbad, CA, USA), 1% Ultraglutamin (Cambrex Corporation, 
East Rutherford, NJ, USA), 5 µg/ml heparin (Sigma-Aldrich, St. Louis, MO, USA), 
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20 ng/ml epidermal growth factor (EGF), and 20 ng/ml fibroblast growth factor 
(FGF; both Tebu-Bio, Paris, France) and plated in a 12 well plate. For differentiation, 
spheres were centrifuged and replated in complete Dulbecco’s Modified Eagle 
medium (DMEM; containing 10% fetal calf serum, 1% P/S, Hepes; all Invitrogen) on 
12mm poly-L-lysine coated glass coverslips. For quantitative real-time polymerase 
chain reaction (qPCR), single neurospheres were isolated and taken up in 100 μl 
Trizol (Invitrogen). RNA was isolated according to the manufacturer’s protocol, 
with addition of glycogen to facilitate RNA precipitation. A DNase (Invitrogen) 
step was used to degrade genomic DNA contamination. cDNA synthesis and qPCR 
for GFAPδ were performed as previously described (Perng et al. 2008).

For immunostaining, the neurospheres were fixed for 20 min in 3.7% formaldehyde 
solution (Sigma) in phosphate buffered saline (PBS; 50 mM potassium phosphate, 150 
mM NaCl; pH 7.2), after which they were embedded in TissueTek (Bayer, Leverkusen, 
Germany) for cryosectioning and mounted on Superfrost plus slides. Differentiated 
cells were fixed with formaldehyde solution in PBS on coverslips. Then, the 10μm 
thick cryosections or coverslips were washed in TBS and incubated with antibodies 
(see supplementary Table S1) in TBS-BSA for 16-24 hours at 4°C. After three rinses 
with TBS, secondary antibodies in TBS-BSA were applied for 1 hour at RT. Then, the 
sections or coverslips were rinsed three times and embedded in Mowiol.

Image acquisition and analysis
Images of single immunostainings were obtained on an AxioSkop microscope 
(Zeiss, Oberkochen, Germany) with Neoplanfluor objectives, using a Sony XC77 
black and white camera (Sony, San Diego, California) and ImagePro software 
(MediaCybernetics, Bethesda, USA). Images of immunofluorescent staining were 
obtained on an AxioPlan 2 microscope (Zeiss) with Planapochromat objectives, using 
an Evolution QEi black and white camera (MediaCybernetics) and ImagePro software. 
Confocal images were obtained on a Zeiss LSM 510 Meta Confocal Microscope (Zeiss).

 Figure 1 GFAPδ in the aged human SVZ. (A) Schematic location of SVZ tissue 
samples as collected from the Netherlands Brain Bank (NBB). SVZ1 was taken out at the level 
of the most frontal part of the caudate nucleus; SVZ2 came from the area beneath the cingulate 
gyrus; SVZ3 contained the most posterior part of the lateral ventricle. (B) Quantification of the 
width of the GFAPδ ribbon in frontal sections throughout the SVZ of 5 different donors. (C-E) 
Examples of GFAPδ staining (arrows) throughout the SVZ of a control brain (NBB 07-075). (F-
H) pan-GFAP staining in the same SVZ areas; staining can be found in the parenchyma (arrows) 
and in the SVZ (arrowheads). Scale bars indicate 1cm in A), 100μm in C-H); data in (B) are 
represented as mean values ± SEM, n=5 measurements per SVZ region; LV = lateral ventricle; 
dashed line indicates border of GFAPδ positive ribbon. Picture A) Courtesy of NBB and photo 
service Pathology department VUMC, NL.
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For the quantification of the width of the GFAPδ ribbon, low magnification 
images were taken of the whole SVZ present in one section. In this image, an area 
of interest (AOI) was drawn around the SVZ. In this AOI, 5 images were captured 
at high magnification in a randomized way. In the high magnification image, again 
an AOI was drawn, this time around the GFAPδ positive area. The average width of 
this AOI was measured and used as the width of GFAPδ staining.

Results

GFAPδ is robustly expressed in an astrocytic ribbon of variable width along the full 
length of the SVZ
We have previously described that GFAPδ is expressed in the SVZ along several 
brain structures and subpial layers of the adult human brain (Roelofs et al. 2005). In 
the current study, we have systematically studied its expression pattern throughout 
the SVZ of five aged control brains at three standardized locations (see Fig. 1A, 
and Experimental procedures). When staining these three areas for GFAPδ, we 
observed a band of immunostaining in the SVZ throughout the three sampled 
locations. The cells in this band often had an elongated morphology, parallel to 
the ependymal lining of the SVZ. The width of the immunoreactive band, which 
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ranged from 20 to 200μm (Fig. 1B), was not constant within the three SVZ areas of 
one donor and showed also large variability among donors. We have performed a 
correlation analysis between the variability and several characteristics of the donors, 
such as age, sex, postmortem delay and medication used, and found no significant 
correlations. Fig. 1 C-E shows a typical example of the strong variability of the 
thickness of the band of GFAPδ expressing astrocytes throughout the SVZ of one 
donor. The SVZ regions of the same donor stained for all GFAP isoforms revealed 
many more GFAP positive cells and encompassed labeling in the caudate nucleus, 
SVZ and in the hypocellular gap (Fig. 1 F-H). These data substantiate our earlier 
findings that GFAPδ is expressed in a subset of astrocytes in the SVZ, forming a 
ribbon. In addition, we provide a first report on the large variation in the width of 
the astrocytic ribbon within and between donors, and in the quantity of GFAPδ 
positive cells in the SVZ.

GFAPδ is expressed in immature, proliferative SVZ astrocytes with stem cell characteristics
To establish the specific phenotype of the cells in the astrocytic ribbon that express 
GFAPδ, we applied a double-immunolabeling technique using various astrocyte-
specific markers in the three SVZ areas. Results of confocal analysis are shown 
in Fig. 2; images showing anatomical localization are shown in supplemental Fig. 
S1. GFAPδ was expressed in a subpopulation of astrocytes that also expressed 
the astrocyte marker GFAPα (Fig. 2A), as shown by clear co-localization with an 
antibody specific for the carboxy-terminus of GFAP. The immature astrocyte marker 
vimentin, an intermediate filament protein, also co-localized with GFAPδ (Fig. 2B). 
To the contrary, the calcium binding protein S100B, and the enzyme glutamine 
synthetase (GS), a marker of fully differentiated astrocytes, were not expressed in 
GFAPδ cells. S100B was expressed in a distinct cell population in the SVZ (Fig. 2C), 
most likely representing more mature niche astrocytes; expression of GS was only 
found in cells of the parenchyma and not in the SVZ (Fig. 2D). GFAPδ was not 
expressed by postmitotic neurons, as was shown by the absence of co-localization 
with NeuN (data not shown).

To investigate whether GFAPδ cells in the aged SVZ are NSCs, we studied the co-
expression of GFAPδ with proliferation markers and markers for NSCs. Results of 
confocal analysis are shown in Fig. 3; images showing anatomical localization are 
shown in supplemental Fig. 2.We found that all GFAPδ positive cells also express the 
proliferation marker proliferating cell nuclear antigen (PCNA; Fig. 3A), the mitosis 
marker minichromosome maintenance complex component 2 (Mcm2; Fig. 3B) and 
the transcription factor Sox2 (Fig. 3C). The latter marker showed staining in both 
cell nuclei and in cytoplasm, which has been described before for the human brain 
(Baer et al. 2007). The phosphorylated form of the histone H3 protein (pHH3) was 
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not expressed in GFAPδ positive cells (Fig. 3D), and also no double-labeling with 
Ki-67, another proliferation marker, was seen (Fig. 3E); in fact very few pHH3 and 
Ki-67 positive cells were present in the SVZ, which is in agreement with earlier 
reports (Kukekov et al. 1999). Attempts to co-localize GFAPδ with CD133 were 
unsuccessful in this paraffin-embedded material.

We also studied co-localization with the thymidine analogue BrdU, which labels 
dividing cells in the S-phase. In one of the brains treated with BrdU, many BrdU 
positive nuclei were found in the SVZ near the caudate nucleus, many of which were 
GFAPδ positive (Fig. 3F). Besides the SVZ astrocytes, many fibres around BrdU 
positive ependymal cells were GFAPδ positive. Deeper into the brain parenchyma, 
BrdU positive nuclei were scarce. In the second human BrdU case, much less BrdU 
labeling was found, and there was a corresponding reduction in the number of 
double-positive cells. In the second BrdU case the time from BrdU injection to 
postmortem examination was protracted compared to the first case. Our data so 
far demonstrate that GFAPδ positive cells are proliferative, which is one indication 
that these cells are indeed NSCs. 

Subsequently, we studied whether the cells co-express markers for different stages 
of stem cell differentiation. We observed considerable co-expression between GFAPδ 
and nestin (B cells; Fig. 3G). However, this pattern was variable throughout the SVZ; 
we observed regions with almost complete overlap between the stainings, as well as 
locations with minimal overlap. We also observed that GFAPδ positive cells only 

Figure 2 Fluorescent double 
immunostaining of GFAPδ with 
astrocyte markers in the SVZ. 
GFAPδ staining is shown in green, 
the respective astrocyte markers 
in red. A) GFAPδ is expressed in a 
subpopulation of GFAPα positive 
cells. (B) Vimentin expression was 
found mainly in the SVZ, in all GFAPδ 
positive cells. (C) S100B is expressed 
throughout the tissue, in the SVZ there 
is no co-expression with GFAPδ. (D) 
Glutamine synthetase was expressed 
only in the parenchyma, not in the 
SVZ. Blue staining is Topro staining 
for cell nuclei; scale bar indicates 
5μm in A and B; 10µm in C and D; 
individual NBB numbers of the cases 
are indicated in the left bottom corner.
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Figure 3 Fluorescent double immunostaining of GFAPδ (green) with proliferation and stem 
cell markers (red) in the SVZ of different control donors. (A) PCNA expression is high in 
the SVZ; most GFAPδ positive cells express PCNA. (B) Most GFAPδ positive cells are Mcm2 
positive. (C) Sox2 is expressed in nuclei and cytoplasm of GFAPδ positive cells. (D) pHH3 
positive cells were extremely rare and did not express GFAPδ. (E) Ki-67 positive cells could 
only be found occasionally and were not GFAPδ positive. (F) BrdU labeling was found in many 
GFAPδ positive cells. (G) In double immunostainings for nestin and GFAPδ, cells could be 
found with both proteins and with the single proteins. (H) EGF-R was hardly ever found in 
GFAPδ expressing cells. (I) Rarely, single cells could be found expressing GFAPδ and βIII-
tubulin. Blue staining is Topro staining for cell nuclei; scale bars indicate 10µm in all; individual 
NBB numbers of the cases are indicated in the left bottom corner.
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rarely expressed the C-cell marker EGF-R (Fig. 3H) or the A-cell marker βIII-tubulin 
(Fig. 3I). Attempts to co-localize GFAPδ with PSA-NCAM or DCX, using different 
antibodies (as mentioned in supplementary table S1), were unsuccessful.

GFAPδ is expressed in the glial net surrounding the RMS
In 2007, the first details emerged about the existence of the RMS in the human brain, 
although organized differently than in mice (Curtis et al. 2007b). Furthermore, 
Alonso et al. showed that astrocytes in the rodent RMS are neurogenic (Alonso et 
al. 2008). Therefore, we examined the aged human RMS for the presence of GFAPδ. 
Indeed, we found GFAPδ to be highly expressed throughout the RMS (Fig. 4). In fact, 
GFAPδ is a very reliable and robust marker of the RMS in the human brain. In sagittal 
sections taken from the RMS, the dorsal and rostral limb of the RMS were visible in a 
number of sections (Fig. 4A-C). The dorsal limb of the RMS contained a broad band 
of GFAPδ immunoreactive stellate-shaped cells with cell bodies that were about 
8-10mm in diameter and had many long processes. Fewer GFAPδ immunoreactive 
cells were found in the rostral limb of the RMS. There was large variation in the 
number of GFAPδ immunoreactive cells in the RMS within and between donors. 

In frontal sections from the striatum, which we studied for different purposes, 
the dorsal limb of the RMS was visible. In these sections, we observed that in double 
immunostaining of GFAPδ with PCNA, PCNA was highly expressed in the centre 
of the stream of the RMS, whereas GFAPδ positive astrocytes were predominantly 
found at the border of this stream (Fig. 4D). No co-localization was found between 
GFAPδ and PCNA in the dorsal limb of the RMS (Fig. 4D).

GFAPδ is expressed in proliferative cells in the olfactory bulb
The OB and olfactory tract (OT) were also highly enriched in GFAPδ positive cells 
(Fig. 5). In the centre of the OT, the GFAPδ positive cells seemed to be organized 
in streams. Most GFAPδ positive cells were however located in the outer layers 
of the OT (Fig. 5B). In the OB, GFAPδ positive cells were primarily found in the 
olfactory nerve layer and glomerular layer (Fig. 5C and D). Few cells were also 
localized within the external plexiform layer and granule cell layer. Double-labeling 
of GFAPδ with PCNA in the OB (Fig. 5E and supplemental Fig. 3E) showed that 
the GFAPδ cells were proliferative. Since the cells were negative for βIII-tubulin 
(Fig. 5F and supplemental Fig. 3F), we conclude that the GFAPδ positive cells were 
not neuroblasts. In contrast to the SVZ, we very rarely observed co-expression of 
vimentin and GFAPδ (Fig. 5G and supplemental Fig. 3G).
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GFAPδ is expressed in postmortem human adult neurospheres
To obtain further evidence that GFAPδ is expressed in adult NSCs, we aimed at 
determining whether GFAPδ is expressed in neurospheres derived from the SVZ of 
human adult brain. Although the neurosphere assay has some limitations (Reynolds 
& Rietze 2005), it has long been used to assess whether a particular area of the CNS 
harbours stem cells. We were able to culture neurospheres from postmortem adult 
human material using a protocol we described recently (Leonard et al. 2009) (Fig. 
6A). We isolated NSCs from each donor that came to autopsy and this was successful 
for 80% of the cases. As previously described, we could obtain neurospheres (Fig. 6A) 

Figure 4 GFAPδ expression in the rostral migratory stream. (A) Overview of the RMS (arrows) 
of case ANW228 from the SVZ to the OT in a sagittal section. Boxed areas are enlarged in (B) and 
(C). (D) Fluorescent immunostaining for PCNA (red) and GFAPδ (green) (arrows) in a frontal 
section of the dorsal limb of the RMS of case NBB 06-002. Blue staining is Hoechst staining for 
cell nuclei. LV = lateral ventricle, CN = caudate nucleus, FWM = frontal white matter, RMS = 
rostral migratory stream, OT = olfactory tract; scale bars indicate 2mm in (A), 0.1mm in B-D.
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from elderly donors with and without neurodegenerative diseases. We found that 
GFAPδ is indeed expressed in proliferative and multipotent neurospheres. In all the 
cultures that we stained for GFAPδ, we could find immunoreactivity (Fig. 6B-E), 
overlapping the expression of GFAPα (Fig. 6B), nestin (Fig. 6C), and vimentin (Fig. 
6D). In the neurospheres, expression of GFAPδ and the early neuronal marker βIII-
tubulin was found mainly in distinct cell populations (Fig. 6E). Detailed analysis 
of co-labeling using confocal microscopy, showing co-localization with GFAPα, 
nestin and vimentin, but not βIII-tubulin can be found in supplemental Fig. 4. We 
confirmed the expression of GFAPδ at the RNA level by qPCR in different individual 

Figure 5 GFAPδ expression in the olfactory bulb and tract. (A) Overview of the olfactory bulb 
(OB) and part of the olfactory tract (OT) of a control donor (NBB 06-080), stained for GFAPδ. 
Boxed areas are enlarged in (B) for the OT and in (C) and (D) for the glomerular layer of the 
OB. (E) Fluorescent immunostaining of PCNA (red) and GFAPδ (green) in the glomerular layer 
of the OB (NBB 05-083). PCNA was expressed throughout the glomerular layer; co-expression 
with GFAPδ was observed in many cells. (F) Fluorescent immunostaining of βIII-tubulin (red) 
and GFAPδ (green) in the glomerular layer of the OB (NBB 07-014). No co-expression of these 
proteins was observed. (G) Fluorescent immunostaining of vimentin (red) and GFAPδ (green) 
in the glomerular layer of the OB (NBB 05-083). Co-expression of these proteins was only rarely 
observed. Scale bars indicate 2mm in (A), 100μm in B-D, 10μm in E-F.
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neurospheres from several donors (data not shown). We also found GFAPδ to be 
expressed in newly differentiated astrocytes (Fig. 6F). This is in contrast to our 
findings in primary astrocyte cultures isolated from adult human brain, where it 
was rare to see GFAPδ staining (unpublished data).

Figure 6 GFAPδ in neurosphere cultures from postmortem human brain. (A) Neurosphere 
from donor NBB 08-008 after 15 days in culture. (B) Neurosphere cryosection from NBB 08-076, 
stained for GFAPδ (green) and GFAPα (red). (C) Neurosphere cryosection from NBB 08-076, 
stained for GFAPδ (green) and nestin (red). (D) Neurosphere cryosection from NBB 08-078, 
stained for GFAPδ (green) and vimentin (red). (E) Neurosphere cryosection from NBB 08-078, 
stained for GFAPδ (green) and βIII-tubulin (red). (F) Newly differentiated astrocytes stained for 
pan-GFAP (red) and GFAPδ (green) 14 days after differentiation (NBB 08-029). Blue staining is 
Hoechst staining for cell nuclei; scale bars indicate 50μm in B-E, 200μm in F.
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Discussion

In this study, we have shown that GFAPδ expressing cells are present throughout 
the aged human SVZ, RMS, OT, and OB. In the SVZ and OB, GFAPδ is expressed in 
a subpopulation of proliferative astrocytes that express stem cell and proliferation 
markers and retain BrdU longterm; and in the RMS in the glial net. We also show 
that GFAPδ positive cells are present in neurospheres isolated from postmortem 
adult SVZ. Taken together, our data provide evidence that GFAPδ expressing cells 
in the aged human brain are slow-cycling neurogenic astrocytes and thus NSCs.

GFAPδ expression was found along the entire length of the SVZ of the lateral 
ventricles in a ribbon-like pattern. The width of this ribbon and the intensity of the 
expression in the brain material studied were variable within cases and between 
cases. It is known that there is a variation in hippocampal neurogenesis, of up to 
300%, between different strains of mice, implying that genetic factors influence 
neurogenesis considerably (Kempermann et al. 2006). Genetic differences could 
therefore explain the variability in the number of NSCs, and thus the number of 
GFAPδ cells. Alternatively, growth factors are very important in stem cell regulation. 
For instance, VEGF and EGF influence GFAP positive cells in the SVZ (Gonzalez-
Perez et al. 2009; Mani et al. 2009). These and other growth factors might influence 
the splicing of GFAP in this region. Other than genetics and growth factors, there 
are many factors that influence neurogenesis (reviewed in (Zhao et al. 2008)), such 
as age, exercise, nicotine and a number of medications. However, the variability we 
observed in the GFAPδ ribbon could not be explained by any of these factors, which 
were described in the medical files of the donors.

The cyto-architecture of the human SVZ has been described before (Quinones-
Hinojosa et al. 2006), also with respect to the GFAP positive astrocytic ribbon. In 
part, we observed a similar pattern for pan-GFAP expression, although we saw 
more variation in pan-GFAP staining patterns between donors. In the control 
donors we used, we observed a ribbon of GFAP positive cells directly adjacent to 
the hypocellular gap. For GFAPδ, we saw a ribbon of positive cells in the same 
location as described before (Roelofs et al. 2005), where fewer cells were stained 
for GFAPδ compared to pan-GFAP. Moreover, pan-GFAP expression could be 
found throughout the adjacent parenchyma, whereas GFAPδ staining is almost 
undetectable in these regions. Our data suggest that GFAPδ expression is restricted 
to the subpopulation of neurogenic astrocytes in the astrocytic ribbon of the SVZ.

We support this view by showing that the GFAPδ expressing cells in the SVZ 
are an immature subpopulation of astrocytes that have clear NSC-like features. 
These cells expressed the immature astrocyte marker vimentin, and the general 
astrocyte marker GFAPα (Eng et al. 2000). Furthermore, the GFAPδ positive 
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cells lacked expression of GS, a marker for fully differentiated astrocytes, and of 
S100B, which in the rodent is not present in NSCs, but more mature astrocytes 
in the SVZ (Raponi et al. 2007). Co-localization of GFAPδ with the proliferation 
markers PCNA, Mcm2 (Maiorano et al. 2006), and BrdU indicates that these 
cells are proliferative. Additionally, Sox2, a transcription factor important for 
the maintenance of NSCs (Graham et al. 2003), is co-expressed with GFAPδ. The 
retention of BrdU in GFAPδ positive cells months after the BrdU injection suggests 
that these cells are slow-cycling. For the NSC marker nestin, we found a variable 
pattern of double-staining with GFAPδ, with numerous cells expressing both 
proteins, but also cells expressing either of the IF proteins. While nestin is widely 
used as a marker for NSCs, previous studies have shown that expression is not 
restricted to precursor cells and that there is little overlap with GFAP staining in 
the human SVZ (Gu et al. 2002). We were unable to reproduce this last finding; 
instead we saw considerable overlap in staining in certain regions, but this might 
be an illustration of the variability one might observe in nestin-GFAP patterns or 
a difference in the antibodies that were used for GFAP. We could not find double-
labeling with the proliferation markers pHH3 and Ki-67, but it must be noted that 
only a few cells expressing these proteins could be found, consistent with previous 
reports (Kukekov et al. 1999; Quinones-Hinojosa et al. 2006). This might be due to 
the very tight regulation of these proteins, i.e. the short half-life of Ki-67 (Mandyam 
et al. 2007), and the regulation of phosphorylation of the histone H3 protein (Juan 
et al. 1998). NSCs are slow-cycling cells (Doetsch et al. 1997), and therefore it is not 
surprising that tightly regulated proliferation markers are only sparsely observed, 
or even not observed at all, in the aged human neurogenic brain areas. We only 
rarely observed co-expression between GFAPδ and EGF-R, a marker for C-cells, 
and between GFAPδ and βIII-tubulin, an A-cell marker, substantiating that the 
GFAPδ positive astrocytes are B-cells.

In the RMS, we observed GFAPδ staining mostly in glial cells surrounding the 
stream of neuroblasts. The cyto-architecture of the human RMS differs from the 
rodent, where there is a typical GFAP positive glial tube (Peretto et al. 1997), which 
is rich in extracellular matrix components (Thomas et al. 1996). In the human brain, 
the neuroblasts in the RMS are surrounded by a glial ‘net’ or ‘mesh’ (Kam et al. 
2009), as in the rabbit (Fasolo et al. 2002) and adult rhesus monkey brain (Pencea 
et al. 2001). The basic structural organisation seen in the SVZ is maintained in 
the RMS on the side adherent to the caudate nucleus and the ependymal structure, 
whereas limited SVZ components are maintained on the septal or medial side of the 
RMS (Kam et al. 2009). From work in rodents and human material, it is clear that 
the RMS itself still contains precursor cells (Gritti et al. 2002; Alonso et al. 2008; 
Mendoza-Torreblanca et al. 2008; Kam et al. 2009), but from recent work, it appears 
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unlikely that these are GFAP positive in human adult brain, as no PCNA+/GFAP+ 
cells were found (Kam et al. 2009), which is in line with our results for PCNA and 
GFAPδ in this area. Thus, in the RMS, GFAPδ is most likely only expressed in cells 
of the glial net surrounding the migrating neuroblasts.

In the OB, GFAPδ was found mostly in the glomerular layer, which is one of 
the regions where neuroblast migration terminates in rodents and where neuronal 
turnover takes place throughout life (Bagley et al. 2007). In the human brain, 
putative precursor cells were found within several areas of the OB, among which is 
the glomerular layer (Liu & Martin 2003; Bedard & Parent 2004). In our experiments 
in the human OB, we saw that GFAPδ expressing cells expressed PCNA, indicating 
local proliferation of these cells. This makes these cells excellent candidates for the 
putative precursor cells described before in this area.

To investigate GFAPδ in the process of neurogenesis more in depth, we established 
postmortem human neurosphere cultures, which we described recently (Leonard 
et al. 2009). In this in vitro model for NSCs, we found GFAPδ expression at mRNA 
and protein level. GFAPδ positive cells could be found throughout the neurospheres, 
co-expressing GFAPα, nestin and vimentin. As in the human adult SVZ, we observed 
that GFAPδ and the early neuronal marker βIII-tubulin were expressed in mostly 
distinct cell populations. From these results, we can conclude that GFAPδ is most 
likely expressed in neural precursor cells of the adult human brain, as we have 
found for the fetal human brain (Middeldorp et al. in press). We are aware of the 
fact that the ultimate proof is still lacking, as we cannot isolate the GFAPδ cells 
specifically to subject them to the neurosphere assay. For this purpose, we need to 
find specific cell-surface markers on GFAPδ cells, enabling us to isolate them through 
FACsorting. Another observation from the neurosphere culture system was that 
newly differentiated astrocytes highly expressed GFAPδ, as demonstrated previously 
(Leonard et al. 2009), which is not the case in primary astrocytes isolated directly 
from postmortem human brain. This indicates that GFAPδ is also an indicator of 
the differentiation state of cells.

The fact that NSCs express GFAPδ has important functional implications. Firstly, 
GFAPδ can destabilize the existing cytoskeleton of a cell (Nielsen & Jorgensen 
2004; Roelofs et al. 2005; Perng et al. 2008), which might make a cell more flexible. 
This can potentially facilitate proliferation, as it is known that a cell must retract 
its processes, before division (Coskun et al. 2007). Also, an increased flexibility of 
the cytoskeleton is necessary for the migratory capacity of cells, and GFAP has 
been shown to have an effect on astrocyte motility (Lepekhin et al. 2001). GFAPδ 
could thus alter motility of migrating cells as well, by altering the properties of the 
cytoskeleton. This is in part supported by the morphology of GFAPδ cells, which 
are often elongated in a direction parallel to the ependymal lining of the SVZ. 
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Another aspect of GFAPδ expression in NSCs is its influence on cell signalling, as 
it can modulate Notch (Nielsen et al. 2002) and Jnk (Perng et al. 2008) signalling. 
An example of IF-mediated signalling is the regulation of the apoptosis-inducing 
activity of Cdk5 by nestin (Pallari & Eriksson 2006), which may be the function of 
nestin in NSCs. A possible function of GFAPδ in NSCs might be the modulation of 
Notch and/or Jnk signalling in stem cells.

In summary, we observed GFAPδ expression in quiescent NSCs in the adult 
human SVZ, in cells of the glial net of the RMS, in precursor cells in the OB, and in 
newly differentiated astrocytes in vitro. These results are based on co-localization 
studies with several markers of neurogenesis, which have been validated extensively 
in rodents. For humans, results have been more ambiguous, e.g. for nestin (Gu et 
al. 2002) and doublecortin (Verwer et al. 2007). Therefore, all results from human 
studies must be interpreted with caution, but we believe that with the various 
markers we have used, we can state that GFAPδ is most likely a marker for NSCs/
B-cells at least in the SVZ. The presence of GFAPδ in some C- and A-cells and 
young astrocytes could represent a transitional stage between the stem cells and 
their differentiated progeny. Expression of GFAPδ in the RMS glial net suggests 
that it may also be important for the neurogenic niche. GFAPδ positive cells in the 
OB may represent local precursor cells, but the stem cell pool in this region of the 
human brain has not been studied extensively yet.

Understanding the regulation of neurogenic cells is of importance with regard 
to neurological disorders where replacement of neurons is necessary, such as in 
Alzheimer’s disease, Parkinson’s disease, and stroke. The fact that NSCs can be found 
even in the aged human brain (Leonard et al. 2009) gives hope that when the precise 
regulation of NSCs is understood, endogenous repair by these cells may be feasible. 
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Supplemental data

Supplemental experimental procedures

Immunohistochemistry
For the SVZ material, 8μm-thick frontal sections of paraffin-embedded SVZ 
material were mounted on SuperFrost plus glass slides (Emergo, Waltham, MA, 
USA), deparaffinised, rehydrated, and washed with Tris-buffered saline (TBS: 0.025 
M Tris, 0.14 M NaCl, pH 7.6). The sections were exposed to 20 min of heating in 
a steamer in citrate buffer (10 mM citric acid + 0.05% Tween-20, pH 6.0; 98°C), 
to provide optimal antigen retrieval. After the sections had cooled down to room 
temperature (RT), they were pre-incubated with TBS with 2% normal horse serum 
(NHS, Invitrogen-Life Technologies, Carlsbad, CA, USA), 1% bovine serum albumin 
(BSA) (Roche diagnostics, Mannheim, Germany), 0.1% Triton X-100, 0.05% Tween 
20 to block non-specific staining, and subsequently they were incubated for 16-24 
h with GFAPδ antiserum (see table 1) diluted in TBS-BSA (TBS with 1% BSA) at 
4°C. The sections were then washed 3x 5 min with TBS and incubated for 1 h at RT 
with biotinylated goat anti-rabbit (Vector Laboratories Inc., Burlingame, CA, USA) 
diluted 1:400 in TBS-BSA, washed again and incubated for 1 h at RT with avidin-
biotin complex (ABC; Vector Laboratories) diluted 1:800 in TBS. After the sections 
were washed, they were incubated for 20 min with 0.5 mg/ml 3, 3’-diaminobenzidine 
tetrahydrochloride (DAB; Sigma-Aldrich, St. Louis, MO, USA) in TBS containing 
0.04% H2O2. Finally, the sections were rinsed once with TBS, dehydrated in graded 
ethanol and xylene, and coverslipped with Entellan (Merck, Darmstadt, Germany).
Human forebrain tissue including the RMS region was cryoprotected using 30% 
(w/v) sucrose for 7 days before being frozen on dry ice and cut sagitally on a freezing 
microtome in 40mm thick sections. After extensive washing with TBS, sections 
were heated in a steamer for 5 min in TBS (98°C). After cooling down, sections 
were rinsed in TBS and treated with 0.3% H2O2 in TBS for 15 min at RT to block 
endogenous peroxidase. After blocking with 5% normal goat serum (NGS; DAKO 
A/S, Glostrup, Denmark) in TBS for 30 min at RT, slides were incubated 48 hours 
with GFAPδ antiserum diluted in 5% NGS in TBS at RT. The sections were then 
washed and incubated for 90 min at RT with biotinylated goat anti-rabbit 1:200 in 
5% NGS in TBS, washed again and incubated for 90 min at RT with ABC complex, 
diluted 1:200 in TBS. After the sections were washed, they were incubated with 
DAB as before. Finally, sections were mounted on glass slides with 0.3% gelatine in 
Tris-HCl (pH 7.6), dehydrated and cover-slipped.
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Paraffin-embedded OBs were cut into 20μm thick sections, which were mounted 
on Superfrost plus glass slides, deparaffinised, and washed with TBS. Then, the 
sections were exposed for 30 min to heating in a steamer in TBS (98°C). Afterwards, 
sections were treated similar to the immunohistochemical protocol described for 
the RMS. Briefly, sections were incubated with GFAPδ antiserum in 5% NGS in TBS 
with 0.1% Triton X-100, overnight at RT. GFAPδ was visualized using biotinylated 
goat anti-rabbit in 5% NGS in TBS (1:200; 60 min; RT), ABC complex (1:200; 60 
min; RT) in TBS and DAB. Finally, the sections were rinsed with TBS, dehydrated, 
and coverslipped.

Immunofluorescence staining
For fluorescent double-staining of the SVZ and OB, sections were pre-treated 
similarly to the single immunohistochemical method. After cooling down, sections 
were washed and incubated for 16-24 hours with GFAPδ antiserum together with 
one of the antibodies as mentioned in table 1. The sections were then washed and 
incubated for 1 hr at RT with fluorescently labeled species-specific secondary 
antibodies (Jackson Immuno-Research Laboratories, Inc., West Grove, PA, USA) 
1:400 (SVZ) or 1:200 (OB) against the various species. Cell nuclei were counterstained 
using Hoechst 33258, 1:1000 in TBS (BioRad, Hercules, CA, USA) or Topro-3-
iodide, 1:800 in TBS (Invitrogen). Next, sections were washed, treated with Sudan 
Black (0.3% Sudan Black in 70% ethanol) for 7 min to quench autofluorescence, and 
then washed in 70% ethanol for 50 seconds. After washing the sections in TBS, they 
were coverslipped with Mowiol (0.1 M Tris pH 8.5, 25% glycerol, 10% w/v Mowiol 
4-88 (Sigma)).

For double-labeling of two rabbit primary antibodies, the protocol was 
adapted, such that first one primary antibody was applied as before, followed by 
an incubation with Fab-anti-rabbit Cy3 antibody (Jackson, 1:800 in TBS-BSA). 
After washing, sections were incubated with unlabeled Fab-anti-rabbit fragments 
(Jackson, 1:150 in TBS-BSA) to block all binding places on the secondary antibody. 
Then, the staining with the second primary antibody was carried out as before. For 
this protocol, we always performed control stainings omitting one of the primary 
antibodies, to confirm specificity of the protocol.

For double-labeling with BrdU, material was obtained from two donors who 
had received BrdU for diagnostic purposes (Eriksson et al. 1998). Striatal tissue 
was dissected out and post-fixed in 4% paraformaldehyde for 24 hours and then 
transferred into 30% sucrose solution and stored at 4°C until further processing. 
The tissue was then frozen and 10μm cryosections were made. These sections 
were briefly fixed in 4% paraformaldehyde, after which they were heated as before 
in citrate buffer. The sections were pre-treated with 10% NGS in TBS before an 
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overnight antibody incubation in 3% NGS in TBS. Further staining was performed 
as for the SVZ material.

Supplemental table

Supplemental table 1 Specifications of the antibodies used

Antibody Species Manufacturer Dilution

BrdU mouse monoclonal DAKO M0744 1:1500

C-terminal GFAP
(GFAP-α)

goat polyclonal Santa Cruz sc-6170 1:100

CD133 rabbit polyclonal Abcam AB16518 1:100

Doublecortin rabbit polyclonal Abcam ab18723 1:1000

Doublecortin goat polyclonal Santa Cruz C-18 sc-8066 1:200

EGFR sheep polyclonal Upstate JBC1371207 1:100

GFAPδ rabbit polyclonal NIN 100501(Roelofs et al. 2005) SVZ/C 1:500, RMS 1:1000, OB 1:100

GS mouse monoclonal Chemicon MAB302 1:400

Mcm2 goat polyclonal Santa-Cruz N19 sc-9839 1:400

Nestin mouse monoclonal Chemicon MAB5326 1:200

NeuN mouse monoclonal Chemicon MAB377 1:200

Pan-GFAP rabbit polyclonal DAKO Z0334 1:1000

PCNA mouse monoclonal Santa-Cruz PC10 sc-56 SVZ/RMS 1:2000, OB 1:100

pHH3 rabbit polyclonal Sigma H 0412 1:1000

PSA-NCAM mouse monoclonal Chemicon MAB5324 1:400

S100B rabbit polyclonal DAKO Z0311 1:600

Sox2 rabbit polyclonal Chemicon AB5603 1:200

Vimentin chicken polyclonal Chemicon AB5733 SVZ/C 1:5000, OB 1:100

βIII-tubulin mouse monoclonal Sigma SDL.3D10 SVZ 1:400, OB 1:200

SVZ = subventricular zone, RMS = rostral migratory stream, OB = olfactory bulb, C = culture
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Supplemental figures

Supplemental figure S1 Fluorescent double immunostaining of GFAPδ with astrocyte 
markers in the SVZ. The left panel (A-D) shows the double-staining, the middle panel (A’-D’) 
the GFAPδ staining (green), the right panel (A’’-D’’) represents the respective astrocyte markers, 
which were stained in red. A) GFAPδ is expressed in a subpopulation of GFAPα positive cells 
(arrow), whereas GFAPα is also expressed in the parenchyma (arrowhead). B) S100B is expressed 
throughout the tissue (arrowhead), co-expression with GFAPδ is found in the SVZ only (arrows). 
C) Vimentin expression was found mainly in the SVZ, in all GFAPδ positive cells (arrows). D) 
Glutamine synthetase (GS) was expressed only in the parenchyma (arrowhead), not in the SVZ. 
Blue staining is Hoechst staining for cell nuclei; scale bar indicates 50μm in A-C; 100µm in D; 
dashed line indicates border of the GFAPδ positive ribbon; individual NBB numbers of the cases 
are indicated in the left bottom corner.

GFAPδ

C’ C’’

D’ D’’

A’ A’’

B’ B’’

GFAPα

S100BGFAPδ

GFAPδ

GFAPδ GS

* * *

vimentin

A  07-075 SVZ3 

B  07-046 SVZ3 

C  07-007 SVZ1

D  07-014 SVZ1 
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Supplemental figure S2 Fluorescent double immunostaining of GFAPδ (green) with 
proliferation and stem cell markers (red) in the SVZ of different control donors. A) PCNA 
expression is high in the SVZ (arrows and arrowhead); most GFAPδ positive cells express PCNA 
(arrows). B) Most GFAPδ positive cells are Mcm2 positive (arrows). C) C) Sox2 is expressed in 
nuclei and cytoplasm of GFAPδ positive cells (arrow). D) pHH3 positive cells were extremely 
rare (arrowhead) and did not express GFAPδ (star). E) Ki-67 positive cells (arrowhead) could 
only be found occasionally and were not GFAPδ positive (star). F) BrdU labeling was found in 
many GFAPδ positive cells (arrows). G) In double immunostainings for nestin and GFAPδ, cells 
could be found with both proteins (arrows) and with the single proteins (arrowhead and star). 
H) EGF-R was not found in GFAPδ expressing cells (arrowhead and star). I) Rarely, single cells 
could be found expressing GFAPδ and βIII-tubulin (arrows). Blue staining is Hoechst staining 
for cell nuclei; scale bars indicate 25µm in all except (H), where it is 50µm; individual NBB 
numbers of the cases are indicated in the left bottom corner.
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Supplemental figure S3 GFAPδ expression in the olfactory bulb and tract. E) Fluorescent 
immunostaining of PCNA (red) and GFAPδ (green) in the glomerular layer of the OB (NBB 
05-083). PCNA was expressed throughout the glomerular layer (arrows and arrowhead); co-
expression with GFAPδ was observed in many cells (arrows). F) Fluorescent immunostaining of 
βIII-tubulin (red) and GFAPδ (green) in the glomerular layer of the OB (NBB 07-014). No co-
expression of these proteins was observed (arrowhead and star). G) Fluorescent immunostaining 
of vimentin (red) and GFAPδ (green) in the glomerular layer of the OB (NBB 05-083). Co-
expression of these proteins was only rarely observed (arrow). Blue staining is Hoechst staining 
for cell nuclei; scale bars indicate 50μm.

CBA

*
*
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Supplemental figure S4 Confocal pictures of GFAPδ in neurosphere cultures from post-
mortem human brain. A) Neurosphere cryosection from NBB 08-076, stained for GFAPδ 
(green) and GFAPα (red). B) Neurosphere cryosection from NBB 08-076, stained for GFAPδ 
(green) and nestin (red). C) Neurosphere cryosection from NBB 08-076, stained for GFAPδ 
(green) and vimentin (red). D) Neurosphere cryosection from NBB 08-078, stained for GFAPδ 
(green) and βIII-tubulin (red). Scale bars indicate 10μm.

A B

C D
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Abstract 

The mammalian brain contains two main neurogenic niches, the subventricular zone 
(SVZ) and the subgranular zone of the dentate gyrus in the hippocampus. The neural 
stem cells that reside in the SVZ express the intermediate filament protein glial 
fibrillary acidic protein (GFAP) and have astrocyte characteristics. These neurogenic 
astrocytes can self-renew and proliferate to produce fast-dividing neural progenitor 
cells, which migrate via the rostral migratory stream towards the olfactory bulb (OB) 
where they differentiate into interneurons. Recently, we showed that the neurogenic 
astrocytes in the SVZ specifically express the GFAP isoform GFAPδ. Alzheimer’s 
disease (AD) is a progressive neurodegenerative disease, which is the main cause 
of dementia in the elderly. Currently, no effective therapy is available which can 
prevent or reverse the disease process. The discovery of adult neural stem cells in 
the hippocampus and in the SVZ opened the exciting possibility to develop novel 
therapeutic strategies aimed at stimulating these cells to repair the brain of AD 
patients. A prerequisite for targeting these cells is to show first that these cells are 
still present in the brains of AD patients. Although most studies point to an impaired 
neurogenesis in AD, results remain controversial and studies on human brains are 
limited. Therefore we studied the proliferative capacity of neural stem cells in brains 
of aged non-demented controls and AD patients by immunohistochemistry, using 
GFAPδ as stem cell marker and PCNA as a proliferation marker. Quantification of 
both markers in the SVZ and OB of a large cohort of donors revealed that there are 
no detectable differences between AD and controls. In addition to the presence of 
neural stem cells in the SVZ, we showed that in the hippocampal area GFAPδ is 
also expressed in a ribbon of astrocytes lining the medial wall of the inferior horn 
of the lateral ventricle. We suggest that these cells could potentially be a novel pool 
of neural stem cells in the human hippocampus. We show that brains of AD patients 
do contain proliferating neural stem cells, which is important for the development 
of future therapeutic strategies targeted at adult stem cells.

Introduction

The mammalian brain contains two main neurogenic niches, the subventricular zone 
(SVZ) and the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampus. 
The neural stem cells (NSCs) that reside in the SVZ, also called B-cells, express 
the intermediate filament protein GFAP and have astrocyte-like characteristics. 
These B-cells can self-renew and give rise to C-cells, which then become A-cells, 
or neuroblasts (Doetsch et al., 1997; Kriegstein and Alvarez-Buylla, 2009). These 
neuroblasts migrate out of the SVZ via the rostral migratory stream (RMS) towards 
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the olfactory bulb (OB) where they differentiate into interneurons (Doetsch et al., 
1999; Curtis et al., 2007). New neurons generated in the SVZ were also shown to 
enter the association neocortex (Gould et al., 1999), amygdala and entorhinal cortex 
(Shapiro et al., 2009). The NSCs in the SGZ correspond to the SVZ type B cells in that 
the majority of these cells also express GFAP two hours after birth (Seri et al., 2001). 
They border the DG and have a roughly triangular soma, and a long apical process that 
reaches into the granule cell layer. These SGZ B-cells generate transient precursors, 
which give rise to new granule neurons of the DG (Kempermann et al., 2004).

Alzheimer’s disease (AD), the most common cause of dementia, is characterized 
by the presence in the brain of extracellular plaques containing β-amyloid peptide 
(Aβ), intracellular neurofibrillary tangles (NFTs) containing hyperphosphorylated 
Tau protein (Braak and Braak, 1991) and reactive gliosis (Beach et al., 1989). In 
addition severe neuronal loss occurs in the hippocampus (dentate gyrus (DG) and 
CA1 area), the entorhinal cortex (Gomez-Isla et al., 1996; Kordower et al., 2001; 
Price et al., 2001; Kril et al., 2004; Von Gunten et al., 2005) and association neocortex 
(Block et al., 2002; Teipel et al., 2003). 

Since the discovery of neurogenesis in the adult brain, the idea has emerged that, if 
proliferating neural stem cells are still present in the brain of AD patients, these cells 
are a attractive therapeutic target to stimulate the repair process in the degenerated 
brain areas. Several studies on different AD mouse models showed that the disease 
process impairs neurogenesis in the SGZ (Haughey et al., 2002b; Dong et al., 2004; 
Donovan et al., 2006; Zhang et al., 2007; Chen et al., 2008; Niidome et al., 2008; 
Rodriguez et al., 2008) and in the SVZ (Haughey et al., 2002a; Rodriguez et al., 2009). 
Only a few studies suggested an increase in neurogenesis (Jin et al., 2004a; Yu et al., 
2009) or no difference (Niidome et al., 2008). All studies measured cell proliferation 
by immunohistochemistry with various cell cycle markers or Bromodeoxyuridine 
(BrdU) incorporation. 

Few studies focused on expression of cell cycle proteins and immature neuronal 
markers in the hippocampus and SVZ of patients with AD. One report showed an 
increased proliferation in the hippocampus of senile AD patients (Jin et al., 2004b); 
however this was not confirmed by another study in presenile AD brains, in which 
cell proliferation was shown to be associated with glial cells and vascular changes 
rather than neurons (Boekhoorn et al., 2006). Another study showed a significant 
reduction of progenitor cells in the SVZ of AD patients (Ziabreva et al., 2006). 
In addition, olfactory dysfunction was shown to be related to dementia and AD 
(Murphy et al., 1990; Serby et al., 1991; Attems et al., 2005), suggesting a disruption 
in olfactory neurogenesis. 

Although most studies point to an impaired neurogenesis in AD, likely caused by 
Aβ, results remain controversial. Contrasting results have been found on the effect 
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of Aβ on neurogenesis. Some report that Aβ, more specifically Aβ42, stimulates 
neurogenesis and increases proliferation (Lopez-Toledano and Shelanski, 2004; 
Calafiore et al., 2006; Heo et al., 2007; Stepanichev et al., 2009), whereas others 
clearly show an inhibited proliferation and neuronal differentiation by Aβ (Haughey 
et al., 2002b; Li and Zuo, 2005; Becker et al., 2007). Nevertheless, viable precursor 
cells, which can be induced to differentiate into neurons, can be isolated from the 
hippocampus (Lovell et al., 2006) and SVZ (Leonard et al., 2009) of aged controls 
and AD patients. This suggests that NSC proliferation remains active regardless of 
severe neurodegeneration, which raises the possibility of endogenous precursor cell 
stimulation to replace neurons that are lost in the course of AD. 

Recently, we showed that the GFAP splice variant GFAPδ specifically labels NSCs 
in the developing human brain (Middeldorp et al., 2010), in the adult human SVZ 
(Roelofs et al., 2005; van den Berge et al., 2010) and in a subpopulation of astrocytes 
in the RMS and OB in the adult human brain (van den Berge et al., 2010). These cells 
were shown to express proliferation marker Ki67 or PCNA. In the current study we 
examined different neurogenic niches in AD and compared these to age-matched 
non-demented controls (NDCs) by quantification of the neural stem cell marker 
GFAPδ and the proliferation marker PCNA. We focused on the SVZ since GFAPδ 
expression in the SGZ is scarce. However, we found an additional area of GFAPδ 
expressing cells in the hippocampus of AD patients and controls, bordering the 
medial wall of the lateral ventricle, which we named the hippocampal SVZ (hSVZ). 

This is the first study to analyze the proliferation of neural stem cells in standardized 
SVZ areas of age-and sex-matched NDC and AD brains with short post-mortem 
delays. This provides us with a better understanding of the proliferative capacity in 
AD patients, which is important knowledge for future therapeutic strategies aiming 
at inducing neurogenesis in this disease.

Materials & Methods

Post-mortem human brain material
Tissue from the hippocampus, SVZ and OB was obtained from the Netherlands 
Brain Bank (NBB; Amsterdam, The Netherlands). All 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 et al., 2008). Clinico-pathological information of the SVZ and 
OB donors can be found in table 1 and of the hippocampus donors in table 2.

The donors were selected by clinical diagnosis and neuropathological staging 
for neurofibrillary changes (Braak and Braak, 1991). Control donors were included 



104

chapter 4

N
BB

 
Se

x
A

ge
D

ia
gn

os
e

Br
aa

k 
   

   
(N

FT
)

Br
aa

k 
(A

m
yl

oi
d)

PM
D

(h
:m

in
)

pH
 C

SF
Br

ai
n 

w
ei

gh
t  

   
(g

)
A

po
E

SV
Z

07
-0

07
m

84
N

on
-d

em
en

te
d 

co
nt

ro
l

1
A

5:
35

6.
98

14
57

33
07

-0
46

*
m

89
N

on
-d

em
en

te
d 

co
nt

ro
l

1
B

9:
20

6.
4

12
85

33
07

-0
75

*
f

82
N

on
-d

em
en

te
d 

co
nt

ro
l

2
O

5:
10

6.
64

11
96

32
07

-0
82

*
m

81
N

on
-d

em
en

te
d 

co
nt

ro
l

2
O

7:
55

6.
23

12
64

33
08

-0
27

f
80

N
on

-d
em

en
te

d 
co

nt
ro

l
1

A
6:

58
6.

5
12

27
N

D
08

-0
32

*
m

71
N

on
-d

em
en

te
d 

co
nt

ro
l

2
B

8:
55

6.
64

16
00

N
D

07
-0

06
*

m
75

A
lz

he
im

er
’s 

di
se

as
e

5
C

5:
25

6.
32

11
68

43
07

-0
17

*
f

75
A

lz
he

im
er

’s 
di

se
as

e
5

C
5:

50
6.

04
11

35
44

07
-0

25
*

m
86

A
lz

he
im

er
’s 

di
se

as
e

5
C

5:
15

6.
34

13
22

44
07

-0
50

*
m

68
A

lz
he

im
er

’s 
di

se
as

e
6

C
5:

20
6.

53
12

00
43

07
-0

52
*

m
82

A
lz

he
im

er
’s 

di
se

as
e

5
C

4:
15

6.
41

13
45

43
07

-0
59

*
f

81
A

lz
he

im
er

’s 
di

se
as

e
6

C
5:

15
6.

22
10

13
43

O
B

07
-0

07
m

84
N

on
-d

em
en

te
d 

co
nt

ro
l

1
A

5:
35

6.
98

14
57

33
05

-0
19

m
74

N
on

-d
em

en
te

d 
co

nt
ro

l
3

C
5:

00
6.

70
11

25
43

05
-0

61
f

93
N

on
-d

em
en

te
d 

co
nt

ro
l

2
O

5:
50

-
11

45
33

05
-0

60
m

91
N

on
-d

em
en

te
d 

co
nt

ro
l

1
B

8:
00

6.
26

12
43

33
06

-0
80

f
89

N
on

-d
em

en
te

d 
co

nt
ro

l
2

B
6:

25
6.

46
12

10
32

07
-0

14
m

86
N

on
-d

em
en

te
d 

co
nt

ro
l

2
B

4:
00

-
12

50
N

D
06

-0
56

m
62

A
lz

he
im

er
’s 

di
se

as
e

6
C

6:
45

6.
49

10
11

43
06

-0
74

f
84

A
lz

he
im

er
’s 

di
se

as
e

4
C

4:
50

6.
22

11
20

43
06

-0
73

f
91

A
lz

he
im

er
’s 

di
se

as
e

4
C

6:
05

6.
21

11
98

33
06

-0
76

f
91

A
lz

he
im

er
’s 

di
se

as
e

4
C

6:
25

6.
05

11
01

33
06

-0
79

f
77

A
lz

he
im

er
’s 

di
se

as
e

5
C

6:
05

6.
43

10
59

33

N
B

B
 =

 N
et

he
rla

nd
s B

ra
in

 B
an

k,
 N

FT
 =

 N
eu

ro
fib

ril
la

ry
 ta

ng
le

s, 
PM

D
 =

 p
os

t-m
or

te
m

 d
el

ay
, S

V
Z 

= 
Su

bv
en

tri
cu

la
r z

on
e,

 O
B

 =
 o

lfa
ct

or
y 

bu
lb

, m
 =

 m
al

e,
 f 

= 
fe

m
al

e,
 N

D
 =

 
no

t d
et

er
m

in
ed

, *
A

ls
o 

us
ed

 fo
r n

eu
ro

sp
he

re
 c

ul
tu

re
  

Ta
bl

e 1
 C

lin
ic

o-
pa

th
ol

og
ic

al
 in

fo
rm

at
io

n 
of

 S
V

Z 
an

d 
O

B 
do

no
rs



105

chapter 4

with Braak stage 0-3 and AD donors with Braak stage 4-6. Donors were sex- and 
age-matched, ages ranging from 68 to 89 years (SVZ), 62 to 93 years (OB), 53 to 98 
years (hippocampus). A Kruskal-Wallis test showed no significant differences in age 
between control and AD donors (p≤ 0.42 (SVZ), p≤0.52 (OB), p≤0.80 (hippocampus). 
Only hippocampus donors with Braak stage 3 or 4 were significantly older than 
donors with Braak stage 0, 1, 5 or 6 (p≤0.012). Since limited OB tissue was available 
to us, these could not be sex-matched (NDC: 4 male, 2 female; AD: 1 male, 4 female). 
The average post-mortem delay (PMD) was 6 hours 19 minutes, with only 4 donors 
exceeding a PMD of 10 hours. 

SVZ tissue for immunohistochemistry was sampled from three areas lining the 
lateral ventricle, dissected from 1cm thick brain slices (Fig. 1). SVZ1 was dissected 
from the brain slice just before or at the start of the head of the caudate nucleus 
(Fig. 1A), SVZ2 from the same brain slice as SVZ1, or 1 slice more caudal, beneath 
the cingulate gyrus (Fig. 1A) and SVZ3 from the most posterior part of the lateral 
ventricle (Fig. 1B). Tissue blocks containing SVZ or hippocampus were embedded 
in paraffin and cut into 8μm sections and paraffin-embedded olfactory bulbs were 
cut into 20μm sections. All sections were mounted on SuperFrost plus glass slides 
(Emergo, Waltham, MA, USA).

For neurosphere cultures, tissue was freshly isolated from the SVZ at the level of 
the anterior horn.

Figure 1 SVZ tissue sampling from human brain slices. The three dissected SVZ areas are 
indicated by white dashed lines in two 1cm thick formalin fixed human brain slices. SVZ1 was 
dissected in the brain slice containing the most frontal part of the caudate nucleus and SVZ2 
was dissected from the same brain slice, or 1 slice more caudal, beneath the cingulate gyrus, 
including part of the corpus callosum (A). SVZ3 was dissected from the most posterior part 
of the lateral ventricle (B). LV = lateral ventricle, cn = caudate nucleus, cg = cingulated gyrus,           
cc = corpus callosum. 

SVZ2

SVZ1

cc

cg

LV

LVcc
cn SVZ3

A B
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Genotyping
For DNA isolation we used frozen brain material of the donors of which we also got 
hippocampus tissue. To determine the GFAPδ polymorphism (Singh et al., 2003) 
(Fig. 2) of most hippocampal tissue donors, the DNA of 46 donors was isolated 
according to the DNeasy Tissue protocol (Qiagen, 2004), using approximately 
50mg brain tissue per donor. Frozen tissue was homogenized with an Ultra Turrax 
after addition of the lysis buffer of the Qiagen protocol. DNA quality was assessed 
using a spectrophotometer (NanoDrop ND-1000). To gain enough PCR product to 
conduct the sequence reaction an initial PCR was performed with outside primers 
(ACTGGGTGAGAGCTTGACAT (Forward); TTACTCTGTACCACGTCCTG 
(Reverse) using 5μl DNA. A second, nested PCR was then performed using 5μl of 
outside PCR product, with the original (nested) primers (Singh et al., 2003), to gain 
a product with the length of 342 bp, in which the desired part of exon 7a was present. 
PCR products were visualized with a 2% agarose gel and subsequently purified 
using a PCR Product Purification Kit (Qiagen). A Big Dye Sequence reaction was 
performed with 2μl Big Dye terminator mix, 1μl dilution buffer 5x, 1.6 pmol nested 
forward primer and 100-250ng purified PCR product.

Immunohistochemistry and Nissl staining
Hippocampal and SVZ sections were deparaffinised and rehydrated. Then, the 
sections were incubated in citrate buffer (10mM citric acid + 0.05% Tween 20, pH 
6.0, 98°C) or Tris/EDTA buffer (10mM Tris Base, 1mM EDTA, 0.05% Tween 20, pH 
9.0, 98°C) for PCNA staining in a steamer for 20 minutes. After the sections had 
cooled down to room temperature (RT), they were pre-incubated with Tris buffered 
saline (TBS, 0.025M Tris, 0.14M NaCl, pH 7.6) with 2% normal horse serum (NHS, 
Invitrogen-Life Technologies, Carlsbad, CA, USA), 1% bovine serum albumin 
(BSA) (Roche diagnostics, Mannheim, Germany), 0.1% Triton X-100, 0.05% Tween 
20 to block non-specific staining, and subsequently they were incubated with a 

Figure 2 The GFAPδ polymorphism. The tail domain of the human GFAPδ protein, depicted in 
single-letter amino acid code, contains a polymorphism at amino acid 426, marked here with an 
asterix. The most common allele codes for a threonine (T) amino acid, but less common alleles, 
encoding for valine (V) or alanine (A) can replace the threonine codon. (Modified from Singh 
et al. 2003). 

GGKSTKDGEN HKVTRYLKSL TIRVIPIQAH QUVNGTPPAR G
391 431

*

encoded by exon 7a

tail domain of 
human GFAPδ V

A
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primary antibody against pan-GFAP (DAKO, Glostrup, Denmark; 1:1000), GFAPδ 
(bleeding 100501; 1:500 (Roelofs et al., 2005)) or PCNA (Santa Cruz Biotechnology 
Inc.; 1:2000) diluted in TBS-BSA (TBS with 1% BSA) overnight at 4°C. Following, 
sections were rinsed in TBS (3x 5’) and incubated in a peroxidase blocking solution 
(3% H2O2 (Merck, Darmstad, Germany) in TBS) for 10 minutes. The sections were 
then rinsed again with TBS and incubated for 1 h at RT with a biotinylated secondary 
antibody (Vector Laboratories Inc., Burlingame, CA, USA) diluted 1:400 in TBS-
BSA, rinsed again and incubated for 1 h at RT with avidin-biotin complex (ABC; 
Vector Laboratories) diluted 1:800 in TBS. After rinsing the sections, they were 
incubated for 20 min with 0.5 mg/ml 3, 3’-diaminobenzidine tetrahydrochloride 
(DAB; Sigma-Aldrich, St. Louis, MO, USA) in TBS containing 0.04% H2O2. Finally, 
the sections were rinsed once with TBS, dehydrated in graded ethanol and xylene, 
and coverslipped with entellan (Merck). 

OB tissue sections were deparaffinised, rehydrated and rinsed in TBS. Next, 
the sections were exposed for 30 min to heating in a steamer in TBS (98°C). After 
cooling down, sections were rinsed in TBS and treated with 0.3% H2O2 in TBS 
for 15 min at RT. After incubating with 5% normal goat serum (NGS; DAKO A/S, 
Glostrup, Denmark) in TBS for 30 min at RT, slides were incubated for 48 hours 
with GFAPδ primary antibody (1:100) diluted in 5% NGS in TBS at RT. The sections 
were then rinsed and incubated for 90 min at RT with biotinylated goat anti-rabbit 
1:200 in 5% NGS in TBS, rinsed again and incubated for 90 min at RT with ABC, 
diluted 1:200 in TBS. After the sections were rinsed, they were incubated with DAB 
as before. Finally, sections were dehydrated and cover-slipped with entellan.

For Nissl staining, sections were deparaffinized, rehydrated and then incubated 
in Nissl Cresyl violet for 10 minutes. After this, they were rinsed for thirty seconds 
with destilled water, dehydrated and coverslipped with entellan.

Image acquisition and quantification
Images of single immunostainings were obtained on an AxioSkop microscope 
(Zeiss, Oberkochen, Germany) with Neoplanfluor objectives, using a Sony XC77 
black and white camera (Sony, San Diego, California) and ImagePro software 
(MediaCybernetics, Bethesda, USA). 

For quantification of PCNA and GFAPδ in the SVZ, images were taken of the 
entire section from which the area of interest was selected manually, based on the 
histology of the tissue. The threshold levels were set at 0.1 or 0.2 for PCNA and 
GFAPδ respectively to calculate the surface area of protein expression. For the 
quantification, the measured area of positive cells was calculated per cm2. In adjacent 
sections also a total measurement of amyloid staining per cm2 was quantified. 
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Staining was quantified in the entire sections, background intensity was measured 
and threshold was set at 1.5 times the background density. For quantification of 
GFAPδ in the OB, the whole OB was imaged at various levels, 200μm apart, and 
outlined. Then, a threshold of 5 times the background intensity was set to calculate 
the surface area of GFAPδ expression. These values were averaged per donor.

Figure 3 GFAPδ and PCNA in the subventricular zone of AD and NDC. Low expression of 
GFAPδ (A, arrow) and PCNA (B, arrows) was observed in some donors in different SVZ areas, 
whereas others showed a high expression of GFAPδ (C, arrows) and PCNA (D, arrows). A 
boxplot shows the percentage of the total surface covered by GFAPδ and PCNA immunostaining 
in three SVZ areas, which revealed no significant differences between the NDC (n=6) and AD 
(n=6) group, only a high variability. The boxes depict the first and third quartile values with 
the median value (horizontal line within the box), and the maxima and minima (vertical lines) 
(E). The area covered by PCNA staining significantly correlated to the area covered by GFAPδ 
staining, independent of the NDC (open circles) or AD (black squares) donor group (F, Rs=0.79, 
p<0.002). The dashed line indicates the border of the SVZ. LV = lateral ventricle. NBB 07-017 (A-
B), 07-059 (C-D). Scale bar = 50μm (D). 
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Statistics
Statistical analyses were performed with SPSS data analysis software (v.17.0;SPSS 

Inc, USA) using non-parametric methods. The relationship among individual 
groups was determined using a Kruskal–Wallis Test. Correlation analyses were 
performed using Spearman’s ρ (Rs). All tests were considered statistically significant 
when p<0.05.
 
Human post-mortem neurosphere cultures
Neurosphere cultures were initiated as described previously (Leonard et al., 2009; 
van den Berge et al., 2010). In short, SVZ tissue was collected in cold Hibernate 
A (BrainBits LLC, Springfield, IL), and mechanically dissociated into small pieces. 
The tissue was digested with 0.25% trypsin (Invitrogen) followed by 0.1% DNAseI 
(Invitrogen) at 37°C while shaking. Next, fetal bovine serum was added to the mixture, 
after which the cells and tissue were collected by centrifugation. The pellet was taken 
up in complete DMEM without phenol red and the suspension was filtered through 
a 100 and then a 60 mesh screen. Following, Percoll (Amersham/GE Healthcare, 
Piscataway, NJ, USA) was added, and this mixture was centrifuged to separate cells 
and debris. The second layer of the gradient (astrocytes and microglia) was collected, 
washed, pelleted, gently triturated, washed and resuspended in complete DMEM and 
plated in a 6cm culture dish. After 6-16 hours at 37°C/5% CO2, the medium was taken 
off, centrifuged, and the microglia-poor cell pellet was taken up in serum-free medium 
(SFM, Neurobasal medium, 1% B27, 0.5% N2, 1% Glutamax, 1% P/S, 1.9% Hepes (all 
Invitrogen), 1% Ultraglutamin (Cambrex Corporation, East Rutherford, NJ, USA), 5 µg/
ml heparin (Sigma), 20 ng/ml epidermal growth factor (EGF), and 20 ng/ml fibroblast 
growth factor (FGF; both Tebu-Bio, France) and plated in a 12 well plate. Images 
were obtained of the neurospheres by using a digital camera (Canon Powershot G6). 
Tissue culture plastics were supplied by Greiner Bio-One (Frickenhausen, Germany).

Results 

PCNA and GFAPδ expression in the subventricular zone of NDC and AD donors
We analyzed the GFAPδ expressing neural stem cell population and cell proliferation 
using PCNA as a marker, in adjacent sections of three separate SVZ areas in 6 
NDC and 6 AD donors. In all three SVZ areas GFAPδ and PCNA expression was 
found, although a high variability in the staining density was observed between the 
donors, also within the same group (NDC or AD). Some donors showed a rather 
low number of GFAPδ and PCNA expressing cells in a small ribbon (Fig. 3A-B), 
while others showed a much higher number of GFAPδ and PCNA expressing cells 
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in a broader SVZ region (Fig. 3C-D). Also within a tissue section of one donor, 
variable expression could be seen along the SVZ, and for example when expression 
in SVZ1 was high, expression in SVZ2 of the same donor could be low (not shown). 
Quantification of GFAPδ and PCNA verified the high variability as illustrated by 
the box plots showing the total values of the three SVZ areas combined (Fig. 3E). 
Variety appeared smaller in the AD group compared to the NDC group, but no 
significant differences were observed between the two groups for both GFAPδ and 
PCNA. However, a significant correlation was found between the SVZ area covered 
by PCNA and the area covered by GFAPδ (Fig. 3F, Rs=0.79, p<0.002), indicating a 
strong relation between these two markers. 

Amyloid plaques near the subventricular zone of NDC and AD donors
In sections adjacent to the ones used for PCNA staining, amyloid plaques were 

stained with an antibody against Aβ. In all AD donors many plaques were present, 
in SVZ1 (Fig. 4A), SVZ2 (Fig. 4B) and SVZ3 (Fig. 4C) areas. Amyloid plaques were 
mostly limited to the grey matter (Fig. 4D) in the gyri, separated from the SVZ 
by a layer of white matter. Only a few donors showed amyloid plaques in an area 
contacting the subventricular zone in SVZ1, which indicated the most frontal 
part of the caudate nucleus (Fig. 4E, arrow). Most SVZ tissue sections of NDC 
donors lacked amyloid plaques (Fig. 4F), although two NDC donors (NBB 07-046 
and 08-032) also clearly contained amyloid plaques in all SVZ areas. This finding 
corresponded with the Braak stage for amyloid of these donors, which was higher 
compared to other non-demented controls. Quantification of the Aβ staining 
substantiated the significant difference in the density of amyloid plaques between 
NDC and AD donors (Fig. 4G) in SVZ1 (p<0.004) and SVZ2 (p<0.01). Although 
no statistical significance was reached for SVZ3, there was a clear trend towards 
more plaques in the AD donors (p<0.055). Moreover, the sum of all three SVZ areas 
clearly showed a significant higher density of amyloid plaques in AD compared 
to NDC, despite the variation between donors (Fig. 4H, p<0.004). No correlation 
was found between the surface covered by amyloid plaques and PCNA or GFAPδ 
staining, not even when plaques were in contact with the SVZ.

Neurospheres from post-mortem SVZ tissue from NDC and AD donors 
To determine the proliferation competence of the SVZ stem cells of aged NDC and 
AD donors in vitro, we tried to culture neurospheres from post-mortem SVZ tissue 
of 10 of the donors used in this study. We were able to culture neurospheres from 4 
(2 NDC and 2 AD) out of 10 donors, which corresponds to the average success rate 
of our cultures at that time. Comparable numbers of neurospheres were cultured 
from SVZ tissue from NDC (Fig. 5A) and AD (Fig. 5B) donors.
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Figure 4 Amyloid plaques near the SVZ. Aβ staining revealed amyloid plaques in all AD donors 
in the gyri separated by white matter from the nearby SVZ (dashed line), in SVZ1 (A), SVZ2 (B) 
and SVZ3 (C). An image made at a higher magnification shows clear amyloid plaques in the grey 
matter (D). In a few donors amyloid plaques were found in an area contacting the subventricular 
zone in SVZ1 (E, arrow). Most SVZ tissue sections of NDC donors were completely devoid of 
Aβ staining (4F). Quantification of the Aβ staining revealed a higher density of amyloid plaques 
in the AD donors in all SVZ areas, which was statistically significant for SVZ1 and SVZ2. The 
bars represent the average percentages ± SEM per SVZ area of all NDC (n=6, white bars) and AD 
(n=6, grey bars) donors (G). The sum of all three SVZ areas clearly showed a significant higher 
density of amyloid plaques in AD (n=6) compared to NDC (n=6). The boxes depict the first and 
third quartile values with the median value (horizontal line within the box), and the maxima 
and minima (vertical lines) (H). **p≤0.01, ***p≤0.001. NBB 07-059 (A-D), 07-006 (E), 07-082 (F). 
Scale bars = 250μm (D), 5mm (F). 
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Figure 5 Neurospheres from post-mortem SVZ tissue of AD and NDC donors. An example of 
a neurosphere cultured from SVZ tissue of a NDC donor (A) and two neurospheres from an AD 
donor (B). NBB 08-032 (A), 07-050 (B). 
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GFAPδ expression in the olfactory bulb of NDC and AD donors
In addition to the SVZ, we studied GFAPδ expression in the OB of 5 AD patients 
and 6 NDC donors. GFAPδ expression was most clear at the borders of the OB (Fig. 
6A-B) and around the glomeruli (Fig. 6C). Quantification of GFAPδ expression 
between AD and NDC donors revealed no significant differences, only a large 
variation between and within groups (Fig. 6D).

GFAPδ expression in the hippocampus
GFAPδ expression was examined in the hippocampus of 48 donors, 6 donors per 
Braak stage for neurofibrillary tangles. Continuous GFAPδ expression was only 
detected in the hippocampal SVZ (hSVZ) lining the medial wall of the lateral 
ventricle (Fig. 7A). In this hSVZ, the expression pattern of GFAPδ immunostaining 
differed between donors (Fig. 7B-E). Often a typical expression pattern for the SVZ 
was found, i.e. an astrocyte ribbon that follows the contours of the ependymal lining 
(Fig. 7B). Some hippocampi displayed a multilayered ribbon of cells (Fig. 7C), while 
others had only sparse individual GFAPδ positive astrocytes (Fig. 7D). Occasionally 
GFAPδ positive cells were found in clusters or nodule-like structures (Fig. 7E). 
Although in most hippocampi a moderate to high number of GFAPδ positive cells 
was demonstrated, some showed no GFAPδ staining at all. The same holds true for 
PCNA, which was highly expressed in the hSVZ of some donors (Fig. 7F), but little 
or no expression was observed in others (Fig. 7G).

Figure 6 GFAPδ expression in the olfactory bulb. GFAPδ expression in a tissue section of 
the OB shows that GFAPδ is mostly expressed at the borders of the OB (A). GFAPδ expressing 
astrocytes are more clearly visible in a higher magnification image of the boxed area in ‘A’ 
(B). Intense GFAPδ staining was also often observed in the frontal part of the OB around the 
gomeruli, of which some examples are encircled (C). Quantification of GFAPδ expression in the 
OB revealed no significant differences between NDC (n=6) and AD (n=5) donors, only a large 
variation between and within groups. The boxes depict the first and third quartile values with 
the median value (horizontal line within the box), and the maxima and minima (vertical lines) 
(D). NBB 06-079 (A-B), 05-236 (C). Scale bars = 500μm (A), 100μm (B-C). 
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Figure 7 GFAPδ expression patterns in the hippocampal SVZ. In an image of a Nissl stained 
hippocampal tissue section different structures are indicated, including the granule neurons of 
the dentate gyrus (DG), the pyramidal neurons of the CA1 and CA3 region and the hippocampal 
SVZ (hSVZ, dashed line) lining the lateral ventricle (LV) (A). GFAPδ immunostaining revealed 
different staining patterns in the hSVZ of different donors: an astrocyte ribbon following the 
contours of the ependymal lining (B), a multilayered ribbon of cells (C), sparse individual GFAPδ 
positive astrocytes (D), or clusters/nodules with GFAPδ expressing cells (E). PCNA was also 
expressed in the hSVZ. In some donors PCNA expression in the hSVZ was high (F), while others 
completely lacked PCNA expression in this region (G). The dashed line indicates the hSVZ. LV 
= lateral ventricle, DG = dentate gyrus, SGZ = subgranular zone. NBB 05-032 (A), 05-112 (B), 
96-133 (C), 01-005 (D), 04-022 (E), 96-115 (F), 95-102 (H). Scale bars = 5mm (A), 200μm (B-C, 
E), 100μm (D), 50μm (F-G). 
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Individual GFAPδ positive astrocytes within the hSVZ also differed in shape 
and size. Most cells displayed a round cell body with multiple processes (Fig. 8A), 
while others showed a more flat or bipolar morphology (Fig. 8B). No relation was 
found between the shape of the astrocytes and any of the mentioned expression 
patterns in the hSVZ (Fig. 7). GFAPδ was not found in the SGZ of the DG of any of 
the subjects, controls nor AD. One donor however did exhibit a few GFAPδ positive 
cells within the hippocampal area (NBB 96-131) (Fig. 8C). 9 out of 48 donors showed 
clear GFAPδ positive astrocytes in the subpial zone (NHB 05-032, 99-052, 05-073, 
96-131, 97-148, 95-059, 96-053, 88-073 and 96-133) (Fig. 8D). 

Since the GFAPδ antibody is raised against the GFAPδ transcript sequence which 
contains a polymorphism at codon 426, we tested whether the polymorphism could 
affect the GFAPδ staining pattern. The polymorphism was determined for 46 of the 
48 hippocampus donors (table 2). The GFAPδ antibody is raised against the sequence 
of the threonine polymorphism and although the majority of all donors had either 
one (VT: 28%; AT:9%) or two (54%) threonine alleles, 4 donors did not have a 
threonine allele (1xVV, 3xAA). No relation was found between the polymorphism 
and the amount or pattern of GFAPδ protein expression. The GFAPδ antibody 
recognized all polymorphisms, as no combination of alleles showed consistently 
aspecific staining or a lack of staining compared to other combinations of alleles. 
We therefore conclude that the variation found in GFAPδ expression is not due to 
the efficiency of the antibody. 

Overall, no relation was found between the expression patterns of GFAPδ and 
Braak stage for NFT or amyloid, gender, PMD, or ApoE genotype. Some subjects 

Figure 8 GFAPδ cell morpho-
logy and spatial expression in 
hippocampal tissue sections. 
Individual GFAPδ positive 
astrocytes within the hSVZ often 
had a round cell body with multiple 
processes (A), while others 
showed a more flat morphology 
(B). One donor contained a few 
GFAPδ positive cells within the 
hippocampal area, away from the 
hSVZ (C). Approximately 20% of 
all donors showed clear GFAPδ 
positive astrocytes in the subpial 
zone (D). LV = lateral ventricle. 
NBB 05-112 (A), 01-131 (B), 96-131 
(C), 96-052 (D). Scale bars = 50μm 
(A-B), 10μm (C-D). 
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showed no staining at all and these were analysed in relation to fixation time and 
general macroscopic look of the tissue. No relation was found, implicating that 
fixation time has no effect on GFAPδ staining. This indicates either that there is 
an as of yet unknown reason for the lack of GFAPδ positive cells or that certain 
patients simply do not express GFAPδ. 

Since the SVZ neural stem cell niche has been shown to be present mainly at the 
lateral wall of the lateral ventricle and the hSVZ is located on the medial wall of the 
lateral ventricle, we compared the different walls of the inferior horn of the lateral 
ventricle bordering the hippocampus. Tissue blocks of two donors were collected 
containing the hippocampus with the adjacent lateral ventricle and the tail of the 
caudate nucleus on the opposite side of the ventricle (Fig. 9A-B). Tissue sections 
were stained for pan-GFAP (Fig. 9C, F, I, L), GFAPδ (Fig. 9D, G, J, M) and PCNA 
(Fig. 9E, H, K, N). In the pan-GFAP stained sections a network of GFAP expressing 
fibers was observed in the SVZ area and therefore individual astrocytes were less 
clearly observed, and no obvious differences were detected between the lateral and 
hippocampal SVZ. From the GFAPδ and PCNA stainings it was clear that the SVZ 
area was more extensive on the lateral wall of the SVZ (lateral SVZ), compared to 
the hSVZ. The larger size of the lateral SVZ corresponded with a higher density of 
GFAPδ (Fig. 9G, M) and PCNA (Fig. 9H, N) expressing cells in a broader ribbon, in 
comparison with the hSVZ. The hSVZ contained significantly less GFAPδ (Fig. 9D, 
J) and PCNA (Fig. 9E, K) expressing cells compared to the lateral SVZ, although 
donor 09-078 showed more PCNA expression outside the SVZ area. These results 
suggest that neural stem cell proliferation is more pronounced at the lateral wall of 
the lateral ventricle, but proliferating neural stem cells also exist in the medial wall 
of the lateral ventricle bordering the hippocampus. 

Discussion

In the current study we showed that the number of GFAPδ expressing neural stem 
cells and the proliferative capacity of the SVZ neural stem cells do not differ between 
AD patients and age-matched non-demented controls. This was determined by 
quantification of GFAPδ and PCNA expression in three standardized areas of 
the human SVZ. Previously we showed that GFAPδ is specifically expressed in 
proliferating SVZ neural stem cells of the adult human brain (van den Berge et 
al., 2010). Although co-localization of GFAPδ and PCNA was not analyzed in this 
study, we did show a significant correlation of these two markers in the SVZ (Fig. 
3F, Rs=0.79, p<0.002). Therefore, our current studies provide strong indications that 
the neural stem cell pool is still intact in AD patients. 
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Figure 9 Pan-GFAP, GFAPδ and PCNA expression in the hSVZ and the lateral SVZ. Tissue 
blocks of two donors were collected containing the hippocampus with the adjacent lateral 
ventricle and the tail of the caudate nucleus, marked by an asterix, on the opposite side of the 
ventricle (A-B). The boxed areas in ‘A’ indicate the locations of images ‘C-H’ and the boxed areas 
in ‘B’ indicate the location of the images ‘I-N’. Pan-GFAP staining revealed a network of GFAP 
expressing fibers in the hSVZ (C, I) and lateral SVZ (F, L) and astrocytes with visible cell bodies 
further away from the SVZ area. A relatively thin SVZ was shown by GFAPδ staining in the hSVZ 
(D, J), compared to the broader lateral SVZ (G, M). PCNA staining in the hSVZ (E, K) and the 
lateral SVZ (H, N) showed a similar pattern of expression to GFAPδ. Only in the hippocampus of 
one donor, PCNA was also clearly expressed outside the borders of the hSVZ (K). The dashed line 
indicates the border of the SVZ. LV = lateral ventricle. NBB 09-077 (A, C-H), 09-078 (B, I-N). 
Scale bars = 2mm (A-B), 50μm (N). 
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In general, the number of neural stem cells in the SVZ was highly variable 
between donors and an equivalent rate of variability was found in the associated 
OB (Fig. 6D). For human studies a high biological variance is common, since they 
are genetically, ethnically, nutritionally, environmentally and sociologically diverse. 
It has been shown before that the genetic background has an enormous effect on 
the neural stem cell population (Kempermann et al., 2006). In addition, autopsy 
samples are affected by a combination of ante- and post-mortem factors, such as 
the agonal state, rapidity of death and the post-mortem delay between the time 
of death and removal of the brain tissue. We tried to circumvent these factors as 
much as possible by dissecting standardized areas, matching the donors by gender 
and age, and using only good quality tissue with a low post-mortem delay. In this 
we stand out from the other human study on SVZ neural stem cells in AD patients 
(Ziabreva et al., 2006). Because Aβ was demonstrated to disrupt neurogenesis in 
the SVZ of adult mice, and of human neuronal precursor cells in culture (Haughey 
et al., 2002a), we investigated the effect of nearby amyloid plaques on GFAPδ and 
PCNA expression, but no correlation was observed. This indicates that amyloid 
plaques do not influence neurogenesis, but this does not mean that perhaps in 
earlier stages of the disease, oligomeric or intraneuronal Aβ cannot affect neural 
stem cell proliferation. One other important factor when studying brain regions 
in AD patients is the reduction in the volume of certain brain regions and the 
enlargement of the ventricles, which could affect the cell population in the SVZ. 
Moreover, many factors are known that influence neurogenesis (Zhao et al., 2008), 
such as exercise, nicotine use and a number of medications, including drugs used 
for the treatment of Alzheimer’s disease (Jin et al., 2006), antidepressants and 
antipsychotics (Malberg et al., 2000; Newton and Duman, 2007). The AD patients 
used for the SVZ quantifications in our study all used some form of antidepressants 
or antipsychotics, compared to none of the NDC donors. Although antidepressants 
and antipsychotics both increase neurogenesis, the effect of antidepressants is 
restricted mainly to the SGZ, with no impact on SVZ proliferation (Malberg et 
al., 2000; Newton and Duman, 2007). However, antipsychotic drugs have been 
reported to elevate neurogenesis in both the SGZ and SVZ (Newton and Duman, 
2007). For example, Haloperidol, an antipsychotic drug that was used by 3 out of 
6 AD patients in our SVZ cohort, significantly increased cell proliferation in the 
SVZ, resulting in new neurons in the olfactory bulb and non-neuronal cells in the 
striatum (Kippin et al., 2005). Since most of these studies have been performed in 
rodents, the effects on humans remain uncertain, and it is impossible to determine 
the exact effect on neurogenesis of all possible factors in post-mortem human brain 
tissue. However, in our study no correlation was found between medication and the 
GFAPδ and PCNA quantification. 
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An important outcome of the analysis of GFAPδ and PCNA in the SVZ is the 
fact that proliferating neural stem cells are present in the brains of AD patients at a 
level comparable to aged non-demented controls. However, it is not known whether 
these cells can also develop into fully functional neurons in vivo, we and others 
showed that cells cultured from the SVZ of AD patients can form multipotent 
neurospheres in vitro (Fig. 5, (Leonard et al., 2009)). These findings are hopeful 
for the development of novel therapeutic strategies aimed at stimulating the 
endogenous neural stem cells to repair the degenerated AD brain. 

In contrast to the SVZ, GFAPδ expression was not found in the SGZ of the dentate 
gyrus, where also very low numbers of PCNA expressing cells were present. We did 
however detect a population of GFAPδ and PCNA expressing cells in the so-called 
hippocampal SVZ. These cells were present in different patterns lining the medial 
wall of the lateral ventricle, opposite from the lateral wall, where a higher density 
of GFAPδ expressing neural stem cells resides. This region was also included in 
an extensive study throughout the lateral ventricle wall by Quiñones-Hinojosa et 
al., where they analyzed GFAP expression using a mouse monoclonal antibody 
against GFAP, clone GA-5 (Quinones-Hinojosa et al., 2006). This antibody, like the 
pan-GFAP antibody that we used, recognizes multiple isoforms of GFAP, including 
GFAPδ (unpublished work, (Middeldorp et al., 2010)). They showed that the lateral 
wall in the temporal horn region of the lateral ventricle is topographically equivalent 
to the lateral wall of the rest of the ventricular system, and that the lateral wall 
facing the hippocampus directly (hSVZ), is topographically continuous with the 
medial wall more anteriorly (Quinones-Hinojosa et al., 2006). Similar to what we 
found with the pan-GFAP staining (Fig. 9C, I) they showed a well-defined GFAP-
rich a-cellular layer underneath the monolayer of ependymal cells. The astrocytes 
bordering this layer were described as smaller astrocytes that were dispersed into 
the underlying parenchyma, different from the lateral ventricle wall with a large 
concentration of GFAP positive astrocytes in the SVZ. However with GFAPδ 
staining we clearly detected a ribbon of astrocytes in the hSVZ (Fig. 9D, J), which 
is not apparent when using a pan-GFAP antibody. In a corresponding region in the 
rat it was suggested that these cells can regenerate pyramidal neurons destined to 
the CA1 region of the adult hippocampus (Nakatomi et al., 2002). Besides GFAPδ 
expression, we also found PCNA expression in the hSVZ (Fig. 9E, K), suggesting 
that this is a novel pool of proliferating neural stem cells in the human brain. The 
localization of these potential neural stem cells implies that they could generate 
new neurons for the hippocampus, which would be a valuable target for therapeutic 
purposes regarding AD. 

In summary, we show that AD patients do have proliferating neural stem cells, 
which is important information for the development of future therapeutic strategies 
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targeted at adult neural stem cells. If these cells could be stimulated to generate 
surviving, integrating neurons in the degenerated areas, the pathology could be 
delayed or stopped, or in the most ideal situation reversed. 
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Abstract

The human GFAP splice variants GFAPΔ164 and GFAPΔexon6 both result in a GFAP 
protein isoform with a unique out-of-frame carboxy-terminus that can be detected 
by the GFAP+1 antibody. We previously reported that GFAP+1 was expressed in 
astrocytes and in degenerating neurons in Alzheimer’s disease brains. In this study 
we aimed at further investigating the neuronal GFAP+1 expression and we started 
by affinity purifying the GFAP+1 antibody. The purified antibody resulted in a loss 
of neuronal GFAP+1 signal, although other antibodies directed against the amino- 
and carboxy-terminus of GFAPα still revealed GFAP immunopositive neurons, as 
described before. With an in depth analysis of a western blot, followed by mass 
spectrometry we discovered that the previously detected neuronal GFAP+1 expression 
was due to cross-reactivity of the antibody with neurofilament-L (NF-L). This was 
confirmed by double-label fluorescent immunohistochemistry and western blotting 
with the unpurified GFAP+1 antibody and an antibody against NF-L. Our data imply 
that NF-L can accumulate in some tangle-like structures in Alzheimer brains. More 
importantly, the purified GFAP+1 antibody clearly revealed a specific subtype of 
astrocytes in the adult human brain. These large astrocytes are present throughout 
the brain, e.g. along the subventricular zone, in the hippocampus, the striatum and 
the spinal cord of controls, Alzheimer and Parkinson patients. The presence of a 
specific GFAP-isoform suggests a specialized function of these astrocytes.

Introduction

Glial fibrillary acidic protein (GFAP) belongs to class III of the intermediate filament 
(IF) proteins and is used as a specific marker for astrocytes. Besides expression 
in astrocytes, GFAP expression has also been observed in non-CNS cells such as 
Schwann cells (Bianchini et al., 1992; Hainfellner et al., 2001), fibroblasts (Hainfellner 
et al., 2001) and hepatic stellate cells (Carotti et al., 2008), but also in degenerating 
hippocampal neurons in AD and Down syndrome patients (Beach et al., 1989; Hol 
et al., 2003). This neuronal expression became apparent upon studying two novel 
GFAP splice variants, GFAPΔexon6 and GFAPΔ164. Translation of these out-of-
frame splice variants of GFAPα, the canonical GFAP isoform, results in two proteins 
with the same frameshifted carboxy (C)-terminus, against which we raised a specific 
antibody named GFAP+1. Immunohistochemistry with this antibody revealed that 
mainly neurons express GFAP+1 and only a few astrocytes, contrasting with a 
commonly used GFAP antibody that clearly stained many astrocytes and also the 
tangles, but much weaker. The neuronal expression was also obvious when using 
polyclonal antibodies of Dako, Sigma and raised by Dahl (Hol et al., 2003). These 
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remarkable results initiated us to further investigate neuronal GFAP expression. 
Here we report that although additional GFAP antibodies, with their epitope 

mapping at the C-terminus or amino (N)-terminus of human GFAPα, do stain neuron-
like structures, neuronal staining with the GFAP+1 antibody disappeared after affinity 
purification of the antibody. Mass spectrometry revealed that the neuronal staining 
by the GFAP+1 antibody was caused by a cross-reaction with neurofilament-L (NF-
L). This study shows that some tangle-like neurons in Alzheimer brains accumulate 
NF-L. Furthermore, we could identify a subpopulation of astrocytes in the human 
brain by the GFAP+1 antibody, which became apparent upon affinity purification.

Materials and methods

Human post-mortem brain and spinal cord material
Human post-mortem paraffin-embedded and frozen brain material, and frozen spinal 
cord samples were obtained from the Netherlands Brain Bank (NBB), Amsterdam. 
Spinal cord filaments were purified as described previously (Perng et al., 2008). Frozen 
spinal cord (S06/9) used for immunostaining was obtained from the Amsterdam 
Medical Center, Amsterdam. More detailed donor information is presented in table 1. 
Fetal brain material and that of young control donors was obtained from the department 
of Neuropathology of the Academic Medical Center in Amsterdam. 

Affinity purification of GFAP+1 antibody
The GFAP+1 antibody (Hol et al., 2003) was affinity-purified by using CnBr-activated 
Sepharose 4B beads (GE Healthcare, Fairfield, United States) (Oestreicher et al., 1983). 
First 1 gram of CnBr-activated Sepharose 4B beads was incubated in 3.5 ml 1 mM 
HCl to let them swell. After that, they were washed twice with acetate buffer (0.1 
M sodium acetate, 0.5 M NaCl, pH 4.0). Next, 1 ml of the beads was mixed with 
400μg peptide against which the GFAP+1 antibody was raised (EDRGDAGWRGH; 
synthesized by the Netherlands Cancer Institute batch 6EH1) in 5 ml coupling buffer 
(0.1 M boric acid and 0.5 M NaCl pH 8.3). The peptide was coupled to the beads while 
mixing head over head for approximately 16 hours at 4°C. Subsequently, the beads 
were washed three times with coupling buffer and incubated with blocking buffer (1 
M Glycine, pH 8) for 2 hours at 4°C while rotating head over head. The beads were 
then washed twice by alternating ammonium formate buffer (0.1 M ammonium 
formate, pH 2.7) and Tris buffer (0.1 M Tris, 0.5 M NaCl, pH 8), and once more with 
ammonium formate buffer. After a final wash with PBS (137 mM NaCl, 2.7 mM KCl, 
1.8 mM KH2PO4, and 4 mM Na2HPO4, pH 7.4) 1 ml GFAP+1 antibody with 1 ml PBS 
was added to the beads in a column and incubated for 1 hour at room temperature. 
Flow-through (aspecific fraction) was stored in a tube and the specific antibodies 
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were obtained from the column by rinsing it with 4 ml PBS (5 times) and eluting it 
with 4 ml 0.1 M ammonium formate (6 times). Each elution fraction was immediately 
neutralized with 3.5 ml 1 M ammonium and stored at -80°C. Western blotting of 
the different fractions confirmed that most specific antibodies were present in the 
1st elution fraction.

Immunohistochemistry
Paraffin sections were deparaffinised and incubated in 0.3% H2O2 in methanol for 
20 min, before preincubation with 10% normal horse serum (NHS) in phosphate 
buffer (PB; 0.05 M Na2HPO4, 0.05 M NaH2PO4·H2O, pH 7.4) + 0.4% Triton X-100 for 
30 min. Next, sections were incubated with primary antibodies GFAP+1 (bleeding 
150498; 1:1000 (Hol et al., 2003)), GFAP+1 purified (bleeding 120598; 1:250), pan-
GFAP (Dako; 1:1000), GFAP C-term (sc-6170, Santa Cruz Biotechnology, Inc.; 1:200) 
and GFAP N-term (sc-6171, Santa Cruz Biotechnology, Inc.; 1:200) overnight in PB 
+ 3% NHS + 0.04% Triton X-100. Then, sections were rinsed with PB three times 
and incubated with secondary biotinylated antibodies (Vector Laboratories; 1:400) 
in PB + 1% NHS + 0.4% Triton X-100 for 1 hour at room temperature upon which 
they were rinsed three times with PB and incubated with the ABC-complex (1:800 in 
PB; Vector Laboratories) for 30 min. Sections were washed again three times before 
incubation with DAB-solution (Sigma; 0.5mg/ml) for approximately 10 min. Finally, 

Table 1 Detailed donor information

NBB = Netherlands Brain bank ; AMC = Amsterdam Medical Center; SVZ = Subventricular zone

Donor number Area Sex Age Diagnose Postmortem delay
h:min

NBB 96-058 Hippocampus Female 75 Alzheimer’s disease 03:35
NBB 88-073 Hippocampus Male 66 Alzheimer’s disease 03:15
NBB 93-040 Hippocampus Male 83 Alzheimer’s disease 03:15
NBB 01-125 Hippocampus Female 77 Alzheimer’s disease 08:30
NBB 01-119 Hippocampus Male 65 Alzheimer’s disease 08:50
NBB 99-090 Hippocampus Female 82 Alzheimer’s disease 05:20
NBB 95-102 Hippocampus Male 53 Nondemented control 10:00
NBB 06-037 Hippocampus Male 66 Nondemented control 07:45
NBB 00-142 Hippocampus Female 82 Nondemented control 05:30
NBB 01-016 Hippocampus Male 77 Nondemented control 08:25
NBB 01-025 Hippocampus Female 76 Nondemented control 04:05
NBB 05-083 Spinal cord &

Hippocampus
Female 85 Nondemented control 05:00

NBB 01-021 Caudate/putamen Male 82 Nondemented control 07:40
NBB 02-013 Caudate/putamen Female 80 Parkinson’s disease 05:30
NBB 07-006 2 areas of SVZ Male 75 Alzheimer’s disease 05:25
NBB 99-046 Spinal cord Female 89 Nondemented control 05:10
AMC S06-9 Spinal cord Female 72 Nondemented control <10:00
Not available Hippocampus Female 39 Nondemented control 07:30
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the sections were washed once in PB, twice in distilled water, dehydrated in a graded 
ethanol-xylene series and embedded in entellan.

For the doublestaining of pan-GFAP and neurofilament, pan-GFAP (Dako; 1:1000) 
and pan-neuronal neurofilament (SMI 311, Covance; 1:1000) antibodies were mixed 
and incubated together overnight. The next day, after washing, the sections were 
incubated with anti-rabbit-HRP (Dako; 1:500) for 1 hour followed by washing and 
incubation with DAB intensified by nickel ammonium sulphate to get a more black 
precipitate. After this, the sections were washed again and incubated with biotinylated 
anti-mouse (Vector Laboratories; 1:400) for 1 hour, followed by 30 min incubation 
with the ABC-complex and DAB as described before. 

Fluorescent staining of GFAP+1 and NF-L was performed on frozen hippocampus 
and spinal cord tissue. Sections were fixed in 4% paraformaldehyde before blocking for 
1 hour in 10% NHS in PB + 0.4% Triton X-100. Subsequently, the sections were incubated 
with a polyclonal rabbit antibody against GFAP+1 (1:1000) and a monoclonal mouse 
antibody against Neurofilament-L (NF-L; MAB1615, Chemicon; 1:200) diluted in PB + 
3% NHS + 0.4% Triton X-100 overnight at room temperature. Following, the sections 
were washed and incubated with secondary fluorescent antibodies anti-rabbit Alexa 
Fluor® 488 (Molecular Probes; 1:1400) and anti-mouse Cy3 (Jackson; 1:1400) and nuclear 
stain Hoechst 33258 (BioRad; 1:1000). After washing, the sections were coverslipped 
with Mowiol (0.1 M Tris pH 8.5, 25% glycerol, 10% w/v Mowiol 4-88 (Sigma)).

Western blot
Spinal cord filament samples (pellet fraction) were diluted 1:20 with 1x loading 
buffer (50 mM Tris, 2% SDS, 10% glycerol, 100 mM DTT, 0.005% bromophenol 
blue). Subsequently, the samples were run on a 7.5% SDS-PAGE gel and blotted 
semi-dry on nitrocellulose. In one experiment, half of the gel was used for 
Coomassie staining. Blots were preincubated for 10 min in Supermix (0.0 M 
Tris, 0.9% NaCl, 0.25% gelatin and 0.5% Triton X-100, pH 7.4) before incubation 
with primary antibodies GFAP+1 unpurified (1:500), GFAP+1 purified (1:250) 
and NF-L (1:1000) in Supermix overnight at 4°C. Next, the blots were washed 
with TBS-T (TBS; 100mM Tris-HCl pH 7.4, 150mM NaCl, with 0.2% tween-20) 
and incubated with secondary antibody anti-rabbit IRDye800 (Rockland 
Immunochemicals Inc.; 1:5000) or anti-mouse Cy5 (Jackson; 1:2000) in 
Supermix for one hour at RT. After three washes in TBS, bands were visualized 
with the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, USA). 

MALDI analysis
For MALDI analysis, protein-containing gel slices were S-alkylated (slices were 
incubated sequentially with 10 mg/50 mM NH4HCO3 ml DTT (Sigma) for 30 
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minutes at 55˚C and 25 mg/50 mM NH4HCO3 ml iodoacetamide (Sigma) for 30 
minutes at RT, digested with trypsin (Roche Molecular Biochemicals, sequencing 
grade) and extracted according to Shevchenko et al. (Shevchenko et al., 1996). 
After drying in a vacuum centrifuge, peptides were dissolved in 1% formic acid 
and 60% acetonitrile (7 ml). Eluted peptides were mixed 1:1 (v/v) with a solution 
containing 52 mM a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemie BV) 
in 49% ethanol/49% acetonitrile/2% TFA and 1 mM ammonium acetate. Prior to 
dissolving, the a-cyano-4-hydroxycinnamic acid was washed briefly with chilled 
acetone. The mixture was spotted on a MALDI target plate and allowed to dry at 
room temperature. Reflectron matrix-assisted laser desorption ionization time of 
flight mass spectrometry (MALDI-TOF MS) spectra were acquired on a Micromass 
M@LDI (Wythenshawe, UK). The resulting peptide spectra were interpreted with 
Micromass proteinprobe software and analyzed with MASCOT peptide mass 
fingerprint software and databases (both available at http://www.matrixscience.com).

Results

Neuronal-like GFAP expression detected by distinct GFAP antibodies
Neuron-like structures were not only stained by the GFAP+1 antibody (Fig. 1A, arrows), 
but also by an antibody against the C-terminus (Fig. 1B, arrows) and N-terminus 
(Fig. 1C, arrows) of GFAPα. In addition, as expected these last two antibodies also 
stained the GFAP-IF network of astrocytes in the same area (Fig.1B-C, arrowheads). 
Since the C-terminal GFAP antibody should not stain the GFAP+1 protein, as the 
C-terminus of the GFAPΔ164 and GFAPΔexon6 isoforms differ completely from 
the C-terminus of GFAPα, we concluded that GFAPα is present in the neuronal 
structures. These data confirm our earlier results with the pan-GFAP antibodies 
from Dako, Sigma and Dahl (Hol et al., 2003), which also stained these neuron-
like structures (Fig. 1E, arrowheads). However, doublestaining with a pan-neuronal 
neurofilament antibody (Fig. 1D-E) showed that these GFAP positive neuronal 
structures (grey) were different from the neurons stained by the neurofilament 
antibody (brown, Fig.1E, arrow). Although the neuronal structures were present in 
the CA1 area of the hippocampus, no co-localization was seen between pan-GFAP 
and neurofilament. This made us question the specificity of the neuronal GFAP+1 
staining, which appeared to be different from the pan-GFAP neuron-like staining.

GFAP+1 antibody specificity
A western blot on human spinal cord filaments stained for GFAP+1 resulted in two 
bands; one band migrating at approximately 70 kDa and one band at approximately 
50 kDa (Fig. 2A, unpur). After affinity purification of the antibody only the 50 kDa 
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band remained visible (Fig. 1A, pur), which is the expected height of GFAP+1 protein 
as we confirmed by recombinant protein (not shown). Two bands at the same heights 
were also visible on the Coomassie protein gel (not shown) and these bands were 
isolated and analyzed by Maldi analysis. Peptide Mass Fingerprinting analysis of the 
band migrating at approximately 50 kDa revealed it to be human GFAP (MOWSE 
score: 303 with 28 matching peptides). The band migrating at approximately 70 
kDa contained human Neurofilament Triplet L Protein (NF-L) (MOWSE score: 
218 with 22 matching peptides). No peptides possibly derived from human GFAP 
could be detected in the upper band. Accordingly, co-localization of the unpurified 
GFAP+1 antibody with human NF-L was investigated on a western blot with human 
spinal cord filaments. The NF-L antibody stained a band at approximately 70 kDa, 
which co-localized with the band stained by unpurified GFAP+1. With the purified 
GFAP+1 antibody only the 50 kDa band was detected, whereas no bands were 
detected with the pre-immune serum of the GFAP+1-immunized rabbit (Fig. 2B). 
Next, immunohistochemistry with the purified GFAP+1 antibody was performed on 

Figure 1 Neuron-like staining by different GFAP antibodies. Neuron-like structures are 
stained by the GFAP+1 (A), GFAP C-terminal (B) and GFAP N-terminal (C) antibody (arrows). 
The C-terminal and N-terminal antibodies also stain astrocytes (B-C, arrowheads). Double-
labeling of pan-GFAP (black) and neurofilament (brown) (D-E) shows that neuron-like 
structures stained by GFAP (E, arrowheads) are surrounded by neurofilament positive neurons 
(E, arrow), but do not co-localize. NBB 96-058 (A-C), NBB 88-073 (D-E). Scale bars represent 
100μm (A-C), 200μm (D), 25μm (E).

A B C

D E
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human hippocampus slices of Alzheimer donors and compared to the unpurified 
antibody. Both neurons and astrocytes were stained with the unpurified GFAP+1 
antibody (Fig. 2C). Some of these GFAP+1 positive neurons clearly co-localized with 
NF-L (Fig. 2D), but the astrocytes never co-expressed NF-L (Fig. 2E). In agreement 
with the western blot results, only astrocytes were detected in the sections stained 
with the purified antibody (Fig. 2F). Additionally, a western blot on homogenates 
of AD and control brains was performed, but no protein bands were detected after 
staining with the purified GFAP+1 antibody, unlike staining with a pan-GFAP 
antibody (not shown). Most likely the number of GFAP+1 expressing cells in the 
brain is too low to detect the level of the GFAP+1 protein in whole homogenates.

Figure 2 GFAP+1 cross-reactivity with neurofilament-L is removed by affinity purification. 
A Western blot on human spinal cord filaments revealed two bands (~50 kDa and ~70 kDa) 
when stained with the unpurified GFAP+1 antibody (A, unpur). After affinity purification of the 
antibody only the lower band was left (A, pur). On a western blot that was double-stained for 
different GFAP+1 antisera (green) and NF-L (red), the 70 kDa unpurified GFAP+1 band showed 
co-localization with NF-L (B, up, yellow band). This was gone with the purified antibody, which 
only stained one GFAP+1 band at 50 kDa (B, pur, green band). With the pre-immune serum of 
the GFAP+1 immunized rabbit, no staining was detected (B, pi). The original unpurified GFAP+1 

antibody stained both neurons and astrocytes in the hippocampus of an AD brain (C, NBB 93-
040). These GFAP+1 (green) neurons often co-localized with NF-L (red) (D, NBB 01-125), but the 
astrocytes did not (E, NBB 01-119). The purified GFAP+1 antibody only stained a subpopulation 
of astrocytes (F, NBB 95-102). Scale bars represent 100μm (C, F), 50μm (D-E).
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Comparing the sequences of NF-L and GFAP+1 peptide revealed some homology 
in the tail domain of NF-L (Fig. 3), which might explain the cross-reactivity that 
occurred. Because not all GFAP+1 positive neurons expressed NF-L and vice versa, 
we hypothesize that a specific conformational change of NF-L in tangle-like 
structures, induced by the AD pathogenesis, exposed the epitope in NF-L that 
cross-reacted with the unpurified GFAP+1 antiserum.

 
Purified GFAP+1 identifies a specific subpopulation of astrocytes in the adult human CNS.
During development (Fig. 4A) and in the hippocampus of healthy young adults 
(<50 years), no GFAP+1 expression was detected with the purified GFAP+1 antibody 
either in the dentate gyrus/hilus region (Fig. 4B) or in the CA areas (Fig. 4C-D). 
Immunostaining with the purified GFAP+1 antibody revealed conspicuous astrocytes 
in numerous areas of the CNS in older control donors (>50 years) or donors with 
neurodegenerative diseases. In addition to the hippocampus of Alzheimer (n=6) and 
control brains (n=6), GFAP+1 positive astrocytes were found in the striatum (caudate/
putamen) of control and Parkinson brains (Fig. 4E-F). Furthermore, GFAP+1 positive 
astrocytes were found in different areas aligning the subventricular zone, e.g. beneath 
the cingulated gyrus and in the most posterior part of the lateral ventricle. In these 
areas cells were found both in the subventricular zone (Fig. 4G) as in more superficial 
layers (Fig. 4H). Fluorescent immunostaining of transverse (Fig. 4I) and longitudinal 
(Fig. 4J) sections of the human spinal cord showed a relatively large number of GFAP+1 
positive astrocytes. Most intense staining was found near the meninges (Fig. 4I, 
arrowheads), in the anterior horn (Fig. 4I, arrow) and in the grey commisure around 
the central canal (Fig. 4I, asterix). Since the investigated brain areas are known to be full 
of GFAP positive astrocytes throughout the area, clearly GFAP+1 is only expressed in 
a specific subpopulation of astrocytes. Besides GFAP+1 expression, this subpopulation 
of astrocytes is characterized by long processes which often contact blood vessels 
(Fig. 4E-F, arrows) and their morphology resembles reactive astrocytes in that sense 
that GFAP+1 astrocytes are larger in size compared to normal resting astrocytes, 
however the extensions of the GFAP+1 astrocytes are smaller in diameter. Nevertheless, 

Figure 3 Sequence homology between neurofilament-L and the GFAP+1 antibody epitope. 
Some homology (green and yellow highlights) was found between the tail domain of NF-L (red 
letters) and the GFAP+1 antibody epitope (blue letters).
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in areas that are full of reactive astrocytes, as indicated by immunostaining with 
a pan-GFAP antibody (Fig. 4K-K’), often no GFAP+1 staining can be detected (L). 

Discussion

In this study we showed that GFAP+1 is not expressed in neurons as was previously 
reported (Hol et al., 2003). The neuronal immunoreactivity appeared to be due 
to cross-reactivity of the antibody with NF-L, which we uncovered by peptide 
mass fingerprinting. However, GFAP+1 is expressed in a specific subpopulation of 
astrocytes throughout the brain as revealed by the affinity purified GFAP+1 antibody.

How immunization with the GFAP+1 peptide exactly led to the production of NF-L 
recognizing antibodies is not known. The homology of the GFAP+1 peptide with 4 
amino acids in the tail domain of NF-L (Fig. 3) could be an explanation. Furthermore, 
the issue why only neurons in AD were labeled by the unpurified GFAP+1 antibody 
for NF-L remains unexplained. Perhaps, the antiserum only detects the monomeric 
form of NF-L, as was shown for the 70 kDa band on the western blot (Fig. 2B). This form 
has been shown to accumulate in hippocampal neurons of AD brains (Nakamura et 
al., 1997). Most neurons with NF-L accumulation resembled intact neurons, whereas 
only little NF-L immunoreactivity was found in tangles. This could also explain why 
many GFAP+1 positive neurons were found to have visible nuclei (Hol et al., 2003). 

The affinity purified GFAP+1 antibody revealed a strong and specific immunolabeling 
of a subpopulation of astrocytes in the hippocampus of Alzheimer donors, and did not 
label neurons at all. However, neuron-like structures were still labeled by several other 
GFAP antibodies. In an earlier study we have described that three other pan-GFAP 
antibodies clearly labeled neuron-like structures (Hol et al., 2003), but we show in 
this study that these were not neurofilament positive. These GFAP immunopositive 
neuron-like structures were also distinct from the neurons that were labeled with 
the unpurified GFAP+1 antiserum. The neuron-like structures were less intensely 
labeled with the different GFAP antibodies used in our earlier study and with the 
novel GFAP antibodies we used in this study, that are directed against the C-terminus 
or N-terminus of human GFAPα. We suggest, as others have done before, that the 
GFAP positive neuron-like structures are ghost tangles, which are neurofibrillary 
tangles (NFTs) emerging into extracellular space that are associated with prominent 
astrocytic invasion including glial filaments (Yamaguchi et al., 1991; Ikeda et al., 1992). 
In a study by Ikeda et al., these ghost tangles were shown to be GFAP positive and 
the GFAP staining that they show strongly resembles the GFAP positive neuron-like 
structures that we showed in our study (Ikeda et al., 1992).

Interestingly, the specific GFAP+1 immunolabeling in astrocytes remained present 
after affinity purification. This expression pattern did not get much attention before 
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since GFAP expression in astrocytes is common, unlike neuronal expression. 
However, the purified GFAP+1 antibody intensely stained a small number of large 
astrocytes with several long processes often directed towards blood vessels. This 
subpopulation of astrocytes was found in the hippocampus, the striatum, the spinal 
cord and in several areas aligning the subventricular zone in brains of elderly non-
demented controls, Alzheimer and Parkinson patients. GFAP+1 expression was not 
present during brain development or in brains of young controls. This indicates 
that GFAP+1, in addition to the previously described GFAP isoform GFAPδ in 
subpial and subventricular zone astrocytes (Roelofs et al., 2005), marks a specific 
subpopulation of astrocytes. GFAP+1 immunostaining of gliotic brain areas revealed 
that this GFAP+1 expressing subpopulation is distinct from the population of 
reactive astrocytes. More elaborate characterization of these astrocytes and the 
possible role of the GFAP+1 protein therein will be further investigated. In light of 
the increasing interest in the function of astrocytes and the subtypes of astrocytes 
(Oberheim et al., 2006; Oberheim et al., 2009), our antibodies might be of value 
to identify specific subtypes. Furthermore, the different GFAP-IF networks might 
be instrumental in revealing the diverse functions of specific astrocyte subtypes.
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 Figure 4 GFAP+1 expressing astrocytes in different areas of the human CNS. No 
GFAP+1 expression is detected in the developing hippocampus of a 16 week old human fetus (A), 
or in the hippocampus of a 39 year old healthy female, neither in the dentate gyrus/hilus (B) nor 
in CA1 (C) or CA3 (D) regions. The purified GFAP+1 antibody clearly stained a subpopulation 
of astrocytes throughout the brain, e.g. in the caudate/putamen (E-F), along the subventricular 
zone of the lateral ventricle beneath the cingulate gyrus (G) and in the most posterior part of the 
lateral ventricle (H). Often cells were found contacting blood vessels (E-F, arrows). A relatively 
large number of GFAP+1 expressing cells was detected in the human spinal cord (I-J). Most 
expression was found near the meninges (arrowheads), in the anterior horn (arrow) and in the 
grey commissure around the central canal (asterix) as shown in half of a transverse section (I). 
A GFAP+1 expressing cell and surrounding processes are shown in more detail in a longitudinal 
section (J). Pan-GFAP staining reveals many reactive astrocytes in the hippocampus (K), which 
clearly show intense GFAP expression and hypertrophic cell bodies in a magnified image of the 
squared area (K’). GFAP+1 staining in the same area of an adjacent section shows no staining at 
all (L), indicating GFAP+1 does not generally mark reactive astrocytes. NBB 01-021 (E), NBB 02-
013 (F), NBB 07-006 (G-H), AMC 06/9 (I-J), NBB 05-083 (K-L). Scale bars represent 500μm (A-B, 
K-L), 200μm (C-D),100μm (E, G-H, J, 50μm (B, K’), 1mm (I). 
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Abstract

Neuropathology in Alzheimer’s disease (AD) is characterized by neurofibrillary 
tangles, amyloid plaques and astrogliosis. Amyloid plaques, which mainly consist 
of Aβ oligomers and fibrils are often surrounded by reactive astrocytes that show 
an enhanced expression of the intermediate filament proteins GFAP and vimentin. 
Recently it was shown that a specific isoform of GFAP, termed GFAP+1, is expressed 
in a subpopulation of astrocytes found in old adults, Alzheimer and Parkinson 
patients. In the current study we further investigated the expression of GFAP+1 
in the hippocampus of old non-AD controls and AD patients. We showed that 
GFAP+1 expressing astrocytes are different from reactive astrocytes that normally 
appear during aging and in AD. However, quantification of the number of GFAP+1 
expressing cells in 10 donors per Braak stage (0-6) revealed a significant increase of 
this subtype of astrocytes in AD. The number of GFAP+1 cells/cm2 correlated with 
Braak stage as well as with the amount of amyloid plaques. In addition we discovered 
GFAP+1 expression in an AD mouse model around amyloid plaques and we detected 
GFAP+1 expression in astrocytes in vitro after addition of Aβ1-42 oligomers or fibrils 
to the medium. Transfections of astrocytes in culture with expression plasmids for 
GFAP+1 isoforms (GFAPΔexon6 and GFAPΔ164) demonstrated that these isoforms 
fail to generate a normal intermediate filament network in vitro. These results show 
a distinct expression of the GFAP+1 isoform, related to the degree of plaque load, and 
denotes the need for future exploration of underlying mechanisms concerning the 
function of GFAP+1 proteins and the role of this specific subgroup of astrocytes in AD.
 

Introduction

Alzheimer’s disease (AD) is the main cause of dementia in elderly. It is a progressive 
neurodegenerative disease, which is neuropathologically characterized by 
neurofibrillary tangles, amyloid plaques and astrogliosis (Duyckaerts et al., 2009). 
Amyloid plaques consist of deposited amyloid-β (Aβ) peptides of 40 or 42 amino 
acids long (Aβ40/42), which are cleaved from a larger amyloid precursor protein 
(APP). These plaques are bordered by reactive astrocytes that show a hyperplastic 
morphology and have an increased expression of the intermediate filaments (IFs) 
glial fibrillary acidic protein (GFAP), nestin, synemin and vimentin (Jing et al., 2007). 
The upregulation of these IF proteins is a hallmark of astrogliosis.

The marked upregulation of GFAP has been reported in many studies in 
relation to AD, however the functional consequences of this upregulation is still 
unknown (Sofroniew and Vinters, 2010). It has been shown that the total area of 
GFAP immunopositive cells is significantly larger in AD patients than in non-AD 
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controls, and that the level of GFAP expression is highly associated to plaque load 
and to a lesser extent to the number of neurofibrillary tangles (Muramori et al., 1998; 
Hanzel et al., 1999; Vehmas et al., 2003). Whether the enhanced GFAP expression in 
astrocytes at an early stage of plaque formation is a cause or a consequence remains, 
however, elusive. Although it is generally thought that GFAP expression follows 
amyloid plaque formation, a recent study showed that increasing gliosis precedes 
the development of Alzheimer lesions (Wharton et al., 2009). 

To date, seven isoforms of GFAP are known to exist in the human nervous 
system (Zelenika et al., 1995; Nielsen et al., 2002; Hol et al., 2003; Roelofs et al., 
2005; Blechingberg et al., 2007). A few studies examined GFAP isoform expression in 
brains of AD patients. Roelofs et al. reported that both, GFAPα, the principal GFAP 
isoform, and GFAPδ, an isoform highly expressed in human neural progenitor cells, 
are upregulated in AD. However, no direct relationship was found between GFAPδ 
expression and astrogliosis in AD (Roelofs et al., 2005). The expression of a frameshifted 
GFAP protein, termed GFAP+1 was originally discovered in the hippocampus of AD and 
Down syndrome patients. Expression cloning revealed two out-of-frame splice forms 
of GFAP, i.e. GFAPΔ164 and GFAPΔexon6 that are translated in two proteins with the 
same frameshifted carboxy-terminus, against which we have raised a specific antibody 
named GFAP+1. Although the initial publication on the GFAP+1 protein reported 
expression in degenerating hippocampal neurons of Alzheimer patients (Hol et al., 
2003), we recently showed that neuronal immunostaining disappeared after affinity 
purification of the GFAP+1 antibody. Interestingly, this purified GFAP+1 antibody 
specifically stained a subtype of large astrocytes throughout the human brain of non-
demented older adults, Alzheimer and Parkinson patients (Middeldorp et al., 2009c). 

In the current study we further investigated the expression of astrocytic GFAP+1 in 
the brains of elderly controls and Alzheimer’s disease patients and we explored what 
could initiate the expression of GFAP+1 in these cells. For these studies we focused 
on the hippocampus, which is one of the earliest and most severely affected brain 
areas in AD (Braak and Braak, 1991; Gomez-Isla et al., 1997). We collected tissue 
from a large number of donors that were classified for Braak stage for neurofibrillar 
degeneration, ranging from 0 to 6, as indicator for the progression of AD (Braak 
and Braak, 1991). The GFAP+1 positive astrocytes were further examined by 
performing fluorescent double-label immunohistochemistry to determine the identity 
of this subpopulation. Furthermore we constructed expression vectors for both 
GFAPΔexon6 and GFAPΔ164 to verify antibody specificity and to analyze expression 
of these isoforms in vitro. Quantification of the number of GFAP+1 expressing 
astrocytes in all donors revealed a significant correlation with AD pathology, 
primarily with the amyloid plaques. Accordingly, we examined the expression of 
the various GFAP isoforms in vitro after treatment with Aβ oligomers and fibrils.



141

chapter 6

Materials and methods 

Human post-mortem brain material
Human post-mortem brain material was obtained from the Netherlands Brain 
Bank with an average post-mortem delay of 6 hours +/- 45 minutes. Both frozen 
and paraffin-embedded tissue of the hippocampal area of donors with Braak stage 
0-6 for neurofibrillary tangle pathology (Braak and Braak, 1991) were collected. 
The hippocampal area included the dentate gyrus (DG), area CA1-4, and variable 
amounts of subiculum and entorhinal cortex.

Donors were sex- and age-matched, age ranging from 45 to 97 years. However, 
the Braak 0 donors of the frozen tissue were significantly younger (p≤0.001) 
compared to other Braak stages. In addition, Braak stage for amyloid pathology 
(Braak and Braak, 1991), the pH of the CSF, ApoE genotype and Reisberg scale for 
cognitive decline (Reisberg et al., 1982) were known for most donors. The clinico-
pathological details on all donors are provided in table 1 (frozen) and 2 (paraffin).

Cloning GFAP splice variants into pcDNA3
Expression plasmids containing full length GFAPΔexon6 and GFAPΔ164 were 
constructed by modifying the pcDNA3-GFAPα full-length plasmid (Roelofs et al., 2005). 

For the construction of the pcDNA3-GFAPΔexon6 plasmid (Supplemental Fig. 
S1) two primers (for sequences see table 3) were designed that overlay the exon 6 
boundaries, with 15 nucleotides of the 3’end of exon 5 and 15 nucleotides of the 
5’start of exon 7 (primer 1R and 2F, Fig. S1). Two PCRs were performed on the 
GFAPα plasmid, one with a forward primer in exon 5 (1F) and the reverse exon 6 
boundary primer (1R) and another with the forward exon 6 boundary primer (2F) 
and a reverse primer in exon 7 including a BamHI restriction site (2R). Subsequently 
a PCR was performed with the resulting PCR products using primer 1F and 2R, 
which resulted in a PCR product with the deleted exon 6. Finally, this product was 
cleaved with restriction enzymes KpnI and BamHI and ligated into the GFAPα 
plasmid, which was cleaved by the same enzymes. 

To create the full length GFAPΔ164 construct, the GFAPα plasmid was cleaved with 
restriction enzymes PmlI and BsgI. Two primers were designed with the full length 
of the cleaved sequence lacking the 164 nucleotides that are deleted in GFAPΔ164. 
These two primers were ligated together to form a double stranded DNA oligo with 
a blunt 5’ end suitable for ligation to the PmlI site and a sticky 3’ end matching the 
BsgI site. This oligo was then ligated into the cleaved GFAPα plasmid. 

The GFAPΔ135 sequence was isolated from human brain tissue with a primer 
in the N-terminus of GFAPα including a HindIII restriction site and a primer in 
the C-terminus of GFAPα including a BamHI restriction site. The PCR product 
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NBB Sex Age (yrs) Braak
(NFT)

Braak 
(Amyloid)

PMD  
(h:min)

pH CSF ApoE Reisberg

01-127 m 45 0 N/A 06:45 6.67 33 N/A
00-036 m 53 0 O 14:25 6.58 33 N/A
01-004 f 64 0 B 08:35 6.4 42 N/A
01-134 m 59 0 O 05:10 6.55 33 1
06-001 m 64 0 O 04:45 6.76 32 N/A
02-009 m 54 0 O 05:15 6.75 43 N/A
03-002 m 51 0 O 07:44 N/A 33 N/A
04-078 m 66 0 O 07:05 6.98 43 4
05-027 f 64 0 A 04:20 6.45 43 5
06-037 m 66 0 O 07:45 6.7 33 N/A
00-050 f 52 0 O 6:50 7.16 33 N/A
00-018 f 69 1 O 05:35 7.04 33 7
00-142 f 82 1 A 05:30 6.6 32 N/A
01-016 m 77 1 O 08:25 7.19 32 N/A
01-017 m 79 1 A 07:40 6.02 43 N/A
01-025 f 76 1 B 04:05 6.52 44 7
01-086 m 88 1 O 07:00 6.84 32 N/A
02-017 m 72 1 A 06:50 6.32 43 6
03-035 m 96 1 O 06:30 6.65 33 2
97-013 f 97 1 B 04:55 6.53 43 7
98-016 f 82 1 C 10:45 6.33 43 N/A
03-015 f 83 2 O 06:50 6.15 33 5
05-049 f 86 2 C 06:25 6.39 43 N/A
05-061 f 93 2 O 05:50 N/A 33 N/A
06-080 f 89 2 B 06:25 6.46 32 N/A
92-059 m 95 2 B <04:30 6.6 43 5
95-056 m 73 2 B 05:15 6.41 33 6
95-078 f 80 2 B 06:15 6.96 42 N/A
99-007 m 78 2 B 04:35 6.25 43 N/A
99-046 f 89 2 O 05:10 6.62 32 N/A
99-092 m 92 2 C 07:00 6.36 33 N/A
01-103 f 93 3 B 05:35 6.25 32 N/A
05-002 m 86 3 B 05:35 6.4 43 4
05-025 m 84 3 C 10:00 6.07 43 5
05-031 f 68 3 O 05:40 6.6 32 N/A
05-073 m 87 3 A 06:05 6.96 33 2
90-011 f 85 3 B 02:20 6.38 43 5
90-051 f 89 3 A 02:47 6.72 43 4
91-086 m 88 3 B 04:40 6.38 33 5
96-131 f 87 3 B 04:05 6.71 33 3
99-074 f 85 3 C 05:20 6.34 33 N/A
91-083 f 78 4 B 03:00 7 43 6

Table 1 Clinico-pathological donor information – frozen tissue
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was purified from an agarose gel and ligated into the pcDNA3 plasmid which was 
cleaved by HindIII and BamHI. 

The GFAPκ full length plasmid was constructed by modifying the pcDNA3-
GFAPδ full-length plasmid (Roelofs et al., 2005). The GFAPκ sequence was isolated 
from cDNA from U343 astrocytoma cells with a forward primer for GFAPδ and a 
reverse primer for GFAPκ including an EcoRI restriction site. The 200bp product 
purified from an agarose gel and the pcDNA3-GFAPδ plasmid were both cleaved by 
restriction enzymes BsgI and EcoRI and then ligated. 

NBB=Netherlands Brain Bank, NFT=Neurofibrillary tangles, PMD=post-mortem delay, m=male, f=female, 
N/A=Not Available

NBB Sex Age (yrs) Braak
(NFT)

Braak 
(Amyloid)

PMD  
(h:min)

pH CSF ApoE Reisberg

00-104 m 86 4 C 06:00 6.38 33 5
02-036 f 86 4 C 07:55 6.42 43 4
02-050 f 95 4 B 04:10 6.45 33 5
03-001 f 88 4 C 08:25 6.48 33 N/A
04-025 f 90 4 C 05:30 6.66 43 N/A
91-106 m 79 4 C 05:45 6.7 33 2
92-024 m 89 4 C 04:35 6.42 33 7
97-148 m 79 4 C 05:45 6.41 43 5
98-165 m 82 4 C 03:35 6.69 44 6
00-062 f 91 4 C 03:45 6.36 43 5
00-107 m 70 5 C 08:45 6.25 33 6
00-126 m 85 5 C 07:10 6.13 33 7
01-066 f 96 5 C 05:50 6.75 33 7
01-141 f 69 5 C 07:00 6.65 42 6
02-027 f 85 5 C 05:00 6.35 44 7
04-083 f 90 5 B 04:30 6.7 42 5
05-033 m 70 5 C 05:35 6.17 43 5
90-118 m 77 5 C 03:50 6.3 44 7
97-003 m 88 5 B 05:10 6.45 43 7
99-090 f 82 5 C 05:20 6.35 33 6
01-119 m 65 6 C 08:50 6.88 44 7
01-125 f 77 6 C 08:30 6.57 44 7
04-039 f 69 6 C 04:45 6.33 33 7
05-012 f 91 6 C 05:45 6.35 43 6
06-048 m 70 6 C 04:50 6.95 44 6
90-014 m 63 6 C 05:00 6.32 33 7
91-077 m 86 6 B 03:25 6.52 43 7
91-087 m 73 6 C 04:30 6.49 43 7
94-071 f 96 6 B 05:45 6.36 33 7
99-030 f 85 6 B 04:45 6.18 43 7
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Table 2 Clinico-pathological donor information – paraffin tissue

NBB Sex Age Braak
(NFT)

Braak 
(Amyloid)

PMD 
(h:min)

pH CSF ApoE Reisberg

05-044 m 80 0 O 07:15 5.8 33 N/A
95-102 m 53 0 N/A 10:00 7.21 43 N/A
96-081 f 61 0 N/A 05:15 N/A 32 N/A
03-040 f 73 0 B 04:00 6.47 32 N/A
05-032 m 74 0 B 07:45 6.42 43 N/A
05-044 m 80 0 O 07:15 5.8 33 N/A
90-024 m 68 1 N/A 07:17 6.53 33 N/A
00-018 f 69 1 O 05:35 7.04 33 7
01-005 f 77 1 B 19:45 6.21 43 N/A
01-016 m 77 1 O 08:25 7.19 32 N/A
01-131 f 82 1 B 03:45 6.8 43 6
05-004 m 91 1 B 05:55 6.62 33 5
97-043 m 68 2 N/A 10:10 7.08 33 N/A
96-052 m 73 2 N/A 09:10 N/A 43 N/A
99-052 f 79 2 B 05:30 6.21 43 N/A
04-022 m 84 2 B 04:46 6.9 33 3
01-061 f 85 2 C 04:20 6.35 32 5
97-004 f 88 2 N/A 05:00 6.8 32 6
05-019 m 74 3 C 05:00 6.7 43 N/A
98-189 m 81 3 N/A 05:20 6.64 33 N/A
05-014 f 86 3 B 06:25 7.07 33 N/A
05-073 m 87 3 A 06:05 6.96 33 2
96-131 f 87 3 N/A 04:05 6.71 33 3
96-125 m 93 3 N/A 10:25 6.8 43 N/A
98-038 f 93 3 N/A 05:20 6.74 32 6
93-034 m 78 4 C 04:30 6.64 43 N/A
97-148 m 79 4 C 05:45 6.41 43 5
95-059 f 86 4 N/A 03:20 7.14 43 6
96-130 f 87 4 N/A 04:00 6.91 43 7
98-052 f 90 4 N/A 04:00 6.63 43 4
96-053 m 91 4 N/A 04:15 6.75 33 6
02-036 f 86 4 C 07:55 6.42 43 4
99-009 f 86 4 C 03:45 7.08 43 6
01-008 f 88 4 C 12:15 6.1 33 7
00-104 m 86 4 C 06:00 6.38 33 5
91-092 f 54 5 C 03:15 6.32 33 6
00-054 m 59 5 C 07:45 6.29 33 7
97-040 m 61 5 C 04:15 6.92 33 7
96-122 f 75 5 N/A 04:19 7.14 32 6
99-090 f 82 5 C 05:20 6.35 33 6
90-117 m 86 5 N/A 04:10 7.41 33 7
96-115 f 92 5 N/A 02:50 6.64 33 7
97-076 f 73 5 C 04:25 6.48 44 7
99-124 f 69 5 C 05:45 6.94 43 7
92-084 m 76 5 C 03:30 6.34 43 7
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NBB = Netherlands Brain Bank, NFT = Neurofibrillary tangles, PMD = post-mortem delay, m = male, 
f = female, N/A = Not Available

Table 3 Primer sequences
Primer Product Sequence Sense/Antisense

1F GFAPΔexon6 TGGAGCTCAATGACCGCTTT Sense

1R GFAPΔexon6 ACGGGAATGGTGATCCGTGCCGCGCAGAGA Antisense

2F GFAPΔexon6 TCTCTGCGCGGCACGGATCACCATTCCCGT Sense 

2R GFAPΔexon6 GTTACTAGTGGATCCTGCTC Antisense

GFAPΔ164-Forward GFAPΔ164 GTGCGGGAGGCGGCCAGTTATTCCCGTGCAG
ACCTTCTCCAACCTGC

Sense

GFAPΔ164-Reverse GFAPΔ164 AGGTTGGAGAAGGTCTGCACGGGAATAACTG
GCCGCCTCCCGCAC

Antisense

GFAP-Nterm-HindIII  GFAPΔ135 CCCAAGCTTCAGAGCAGGATGGAGAGGAGAC Sense 

GFAP-Cterm-BamHI GFAPΔ135 ATCGGATCCTGCTCGGGCCCCTCATGA Antisense

GFAPδ GFAPκ CCGTGCAGACCTTCTCCAA Sense

GFAPκ- EcoRI GFAPκ AATTGAATTCGGTATGATAGGCTCTGGCTA Antisense

Cell culture and transfections 
The human adrenal carcinoma cell line SW-13cl.2 (Sarria et al., 1994) and 
astrocytoma cell line U343 were maintained in DMEM/F-12 medium (Invitrogen), 
supplemented with 10% heat-inactivated fetal calf serum (Invitrogen) and antibiotics 
(abx) and maintained in a humidified environment at 37°C with 5% CO2. SW-13cl.2 
cells do not express IFs and U343 cells express vimentin, nestin and GFAP, but 
under normal circumstances no GFAP+1 isoforms (Middeldorp et al., 2009b).

For transfection and immunostaining purposes, cells were cultured in 24 
well plates on coverslips coated with 0.2% gelatin. The next day, medium was 
refreshed one hour prior to transfection using polyethylenimine (PEI). For single 
transfections, 0.4μg DNA/25μl medium without abx was used per well and for 
double transfections a total amount of 0.8μg/25μl medium without abx was used 
per well. In separate tubes 1.6μl PEI /25μl medium without abx was suspended per 
well. After vortexing, the PEI solution and DNA solutions were mixed, vortexed 
and incubated at room temperature (RT) for 15 minutes. Finally, the transfection 

NBB Sex Age Braak
(NFT)

Braak 
(Amyloid)

PMD 
(h:min)

pH CSF ApoE Reisberg

95-103 m 69 5 C 02:55 7.2 44 7
06-079 F 77 5 C 06:05 6.43 33 6
94-078 m 59 6 N/A 06:00 6.54 44 7
00-052 f 65 6 C 06:20 6.49 33 7
88-073 m 66 6 N/A 03:15 6.5 33 7
96-058 f 75 6 N/A 03:35 6.49 43 N/A
96-133 f 79 6 N/A 04:25 6.54 44 7
93-040 m 83 6 N/A 03:15 6.67 33 7
91-096 m 87 6 N/A 03:25 7.75 43 7
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mix was added to the cells and the next day the medium was refreshed. Tissue 
culture plastics were supplied by Greiner Bio-One (Frickenhausen, Germany).
 

Aβ preparation and MTT assay 
Aβ1-42 preparations enriched in oligomers and fibrils were obtained as described 
previously (Chafekar et al., 2007). In short, Aβ1-42 peptide (Anaspec, San Jose, 
CA, USA) was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (Sigma, 1mg/ml) and 
resuspended in dimethyl sulfoxide to a concentration of 2.5 mM and bath sonicated 
for 10 min. Oligomer enrichment was realized by addition of phenol red-free DMEM 
under continuous vortexing and incubation at 4°C for 24h. For fibril enrichment 
10mM HCl was added under continuous vortexing followed by incubation at 37°C 
for 24h. Protein concentrations were measured with a Bradford protein assay (Biorad, 
Hercules, CA, USA) and characterization of the Aβ1-42 aggregates was performed 
by electron microscopy and a Thioflavin T assay. 

The cytotoxicity of the Aβ1-42 preparations was assessed by the 3-(4,5-dimthylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously 
(Middeldorp et al., 2009b). Briefly, U343 cells were incubated with 1μM oligomeric 
or fibrillary Aβ1-42 for 1 day, 3 days or 7 days. After that, cells were incubated with 
MTT (0.25 mg/ml) for 4 hours at 37°C. Then the formazan crystals generated by 
viable cells as a result of MTT conversion by mitochondrial activity were dissolved in 
DMSO and absorbance was measured at 570 nm on a microplate reader (Molecular 
Devices Corp, Sunnyvale, CA, USA).
  

Immunofluorescence
U343 cells and SW-13cl.2 cells, cultured on gelatin-coated coverslips, were rinsed with 
phosphate buffered saline (PBS; 137mM NaCl, 2.7mM KCl, 1.8mM KH2PO4, and 
4mM Na2HPO4, pH 7.4) and fixed in 4% paraformadehyde (PFA) in PBS. Following 
fixation, the cells were rinsed again with PBS and incubated with Supermix (0.05M 
Tris, 0.9% NaCl, 0.25% gelatin and 0.5% Triton X-100, pH 7.4), to block aspecific 
antibody binding, for 10 min at RT. The cells were then incubated with GFAP 
C-term, affinity purified GFAP+1 (Middeldorp et al., 2009c) and Aβ (6E10) primary 
antibodies (see table 4 for details) in Supermix overnight at 4°C. Subsequently, the 
cells were rinsed with Tris buffered saline (TBS; 100mM Tris-HCl pH 7.4, 150mM 
NaCl), following an incubation with Cy3- or Cy2-labeled secondary antibodies (1:400; 
Jackson ImmunoResearch Laboratories) and nuclear counterstaining with Hoechst 
33258 (1:1000; BioRad, Hercules, CA, USA) in Supermix for 1 h at RT. Finally the 
cells were rinsed three times with TBS and coverslipped in mowiol (0.1M Tris pH 
8.5, 25% glycerol, 10% w/v Mowiol 4-88 (Sigma)). 

Frozen sections (10μm) were first fixed in 4% PFA for 10 minutes after which the 
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Antibody Species Manufacturer Dilution

Pan-GFAP Rabbit polyclonal Dako Z0334 1:1000 (ihc); 1:10,000 (WB)
GFAP C-term Goat polyclonal Santa Cruz sc-6170 1:100 (ihc); 1:250 (icc/WB)
Human GFAP+1 Rabbit polyclonal (Middeldorp et al., 2009) 1:250 (ihc/icc); 1:500 (WB)
Vimentin Chicken polyclonal Chemicon AB5733 1:2000
Nestin Mouse monoclonal Chemicon MAB5326 1:200
S100B Rabbit polyclonal DAKO Z0311 1:600
Glutamine synthetase Mouse monoclonal Chemicon MAB302 1:400
Aβ (6E10) Mouse monoclonal Signet/Covance 1:1000 
Mouse GFAP+1 Rabbit polyclonal Bleeding 080429 1:600

Table 4 Details on primary antibodies

ihc = immunohistochemistry, WB=Western Blot, icc=immunocytochemistry

sections were blocked by preincubation with 10% normal serum and 0.4% Triton 
X-100 in 0.05M phosphate buffer (0.05M Na2HPO4, 0.05M NaH2PO4·H2O, pH 7.4) 
for 1 hour. Subsequently, the sections were incubated with the primary antibody 
diluted in 0.05M phosphate buffer containing 3% normal serum and 0.4% Triton 
X-100. Incubations with GFAP+1 in combination with primary antibodies against 
pan-GFAP, GFAP C-term, Vimentin or Aβ (6E10) (see table 4 for details) were carried 
out overnight at RT. Slides were rinsed and incubated with F(ab’)2-Cy3 secondary 
antibodies for 1 hour (Jackson ImmunoResearch Laboratories; 1 μg/ml) and Hoechst 
(1:1000). Sections were washed and cover-slipped in mowiol.

Paraffin sections (6μm) were deparaffinised, rehydrated, and washed with Tris-
buffered saline (TBS: 0.025M Tris, 0.14M NaCl, pH 7.6). The sections were exposed to 
20 min of heating in a steamer in citrate buffer (10mM citric acid + 0.05% Tween-20, 
pH 6.0; 98°C), to provide optimal antigen retrieval. After cooling down to RT, they 
were pre-incubated with TBS with 2% normal horse serum, 1% bovine serum albumin, 
0.1% Triton X-100 and 0.05% Tween 20 to block non-specific staining, and subsequently 
they were incubated overnight with GFAP+1 in combination with antibodies against 
nestin, S100B or glutamine synthetase (see table 4 for details) diluted in TBS + 1% BSA 
at 4°C. The sections were then rinsed and incubated for 1 hr at RT with F(ab’)2-Cy3 
secondary antibodies (Jackson ImmunoResearch Laboratories; 1 μg/ml) and Hoechst 
(1:1000). Next, sections were rinsed, treated with Sudan Black (0.3% Sudan Black in 
70% ethanol) for 7 min to quench autofluorescence, and then washed in 70% ethanol 
for 50 seconds. After an additional wash in TBS, sections were coverslipped in mowiol.

For double-labeling of two rabbit primary antibodies (GFAP+1 in combination with 
pan-GFAP or S100B), the protocol was adapted, such that first one primary antibody 
was applied as before, followed by incubation with Fab-anti-rabbit Cy3 antibody 
(Jackson, 1:800 in TBS-BSA). After rinsing, sections were incubated with unlabeled 
Fab-anti-rabbit fragments (Jackson, 1:150 in TBS-BSA), followed by incubation with 
the second primary antibody as before. As a control, one of the primary antibodies 
was omitted to confirm specificity of the protocol. 
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Quantification of GFAP+1 cells and amyloid plaques
GFAP+1 cells and amyloid plaque load were quantified in frozen tissue sections 
of the hippocampal area of 10 donors per Braak stage (1-6). All sections were 
stained for GFAP+1 (visualized with a red fluorescent dye) and Aβ (6E10, green) by 
immunofluorescence. Images of sections were captured at 5x magnification with 
a Zeiss Axioplan 2 microscope (Zeiss, Germany) equipped with an Evolution QEi 
camera (Sony, USA) in a tiled fashion. The tiles were combined with Image Pro 
software (Media Cybernetics inc., USA) to form an image of the entire section. 
Next, the number of GFAP+1 cells in the images was counted manually. Cells 
qualified as GFAP+1 positive when either a cell body was present or when the GFAP+1 
immunoreactive processes all directed towards the same center of where most 
probably the cell body would be, deeper in the tissue. GFAP+1 expressing fibers 
without clear view of where the cell body would be were left out (Supplemental Fig. S2). 

For the quantification of amyloid plaques in the hippocampal area, a macro for 
automated segregation was developed for ImagePro software (MediaCybernetics, 
Bethesda, USA). In one tiled image of the whole tissue section, a mask would be 
placed over all green fluorescent structures with intensity higher than three times 
the background intensity. The mask was inspected manually to correct for possible 
artifacts, and the total area of amyloid-β immunoreactivity would be automatically 
calculated. Following, an outline of the whole section was made to calculate the 
surface area, in order to correct for differences in section size between donors. 

Western blot
To obtain recombinant protein samples for western blotting, pcDNA3 expression 
plasmids for GFAPα, GFAPδ, GFAPκ, GFAPΔ135, GFAPΔ164 and GFAPΔexon6 
were transfected separately into SW-13cl.2 cells. Protein was isolated from these 
cells by homogenization with lysis buffer (0.1M NaCl, 0.01M Tris-HCl pH 7.6, 
1mM EDTA pH 8.0) supplemented with a protease inhibitor cocktail (Roche). 
The samples were dissolved in 2x loading buffer (2x: 100mM Tris, 4% SDS, 20% 
glycerol, 200mM DTT, 0.006% bromophenol blue) and boiled for 5 minutes. 
Subsequently, the samples were run on a 7.5% SDS-PAGE gel and blotted semi-dry 
on nitrocellulose. Primary antibodies GFAP+1, pan-GFAP and GFAP C-term (see 
table 4 for details) were diluted in Supermix. The next day, the blots were washed 
with TBS-T (TBS; 100mM Tris-HCl pH 7.4, 150mM NaCl, with 0.2% tween-20) and 
incubated with secondary antibody anti-rabbit IRDye800 or anti-goat IRDye800 
(1:5000; Rockland Immunochemicals Inc., Gilbertsville, USA) in Supermix for one 
hour at RT. After three washes in TBS, bands were visualized with the Odyssey 
Infrared Imaging System (LI-COR Biosciences, Lincoln, USA). 
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Figure 1 Western blot analysis shows GFAP antibody specificity. The GFAP+1 antibody 
specifically detected GFAPΔ164 and GFAPΔexon6 recombinant protein and none of the other 
human GFAP isoforms (A). The GFAP C-term antibody specifically recognized GFAPα and 
GFAPΔ135 recombinant protein (B). The pan-GFAP antibody detected recombinant protein of all 
human GFAP isoforms, GFAPα, GFAPδ, GFAPκ, GFAPΔ135, GFAPΔ164 and GFAPΔexon6 (C).

Statistics
Statistical analyses were performed with SPSS data analysis software (v.17.0;SPSS Inc, 
USA). Data were not normally distributed and did not show equality of variances 
between groups, therefore analyses were performed using non-parametric methods. 
The relationship between individual groups (Braak stage, age, sex) was determined 
using a Kruskal–Wallis Test. Correlation analyses were performed using Spearman’s 
ρ (Rs). All tests were considered statistically significant when p≤0.05.

Results 

GFAP+1 antibody specifically recognizes the isoforms GFAPΔexon6 and GFAPΔ164
To test the isoform specificity of the GFAP+1 antibody, a Western blot loaded with 
six different recombinant GFAP isoform proteins, obtained by plasmid transfection 
in SW-13cl.2 cells, was stained with this antibody. Staining of the Western blot with 
the GFAP+1 antibody resulted in one band of approximately 50 kDa in the lanes 
containing GFAPΔ164 and GFAPΔexon6 protein (Fig. 1A). The GFAPΔ164 band was 
a little bit higher than the GFAPΔexon6 band, reflecting the 19 amino acids difference 
between the two isoforms. No bands were detected with the GFAP+1 antibody in 
protein samples of GFAPα, GFAPδ, GFAPκ and GFAPΔ135. Vice versa, the antibody 
against the C-terminus of GFAPα did not stain GFAPΔexon6 and GFAPΔ164 
protein or GFAPδ and GFAPκ, only GFAPα and the in-frame isoform GFAPΔ135 
(Fig. 1B). The pan-GFAP antibody, frequently used as a marker for astrocytes, 
recognized all GFAP isoforms, including GFAPΔexon6 and GFAPΔ164 (Fig. 1C).

GFAP+1

GFAP C-term

pan-GFAP

α δ κ ∆135 ∆ex6 ∆164

A

B

C
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GFAP+1 is expressed in a subpopulation of astrocytes in brains of elderly adults and 
Alzheimer patients
In brains of non-AD donors over the age of 50, GFAP+1 expressing cells were 
consistently found in low numbers throughout the brain in both grey and white 
matter areas. We studied these cells in more detail in the hippocampal area of 
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 Figure 2 GFAP+1 expression in a subpopulation of astrocytes. GFAP+1 expression 
was often shown in astrocytes near the dentate gyrus (DG) of the hippocampus (A), in the 
subventricular zone of the lateral ventricle (LV; B), and in subpial astrocytes (C), which have 
short processes towards the pia and long processes into deeper layers (arrowheads). GFAP+1 
expression was most common in relatively large astrocytes (D) with multiple short processes and 
a few long processes (arrowheads). Frequently GFAP+1 astrocyte processes (red) were found in 
contact with a blood vessel (bv), labeled here by vimentin (green) (E). The process terminating on 
a blood vessel (E, boxed area) often presented a clear endfeet structure, which is clearer at higher 
magnification (F). Sometimes extraordinary GFAP+1 expressing astrocytes were detected with 
striking thickenings in its processes (G, arrows) or with only a few short processes, and several 
strikingly long processes (H, arrowheads), which at high magnification (boxed area) sometimes 
clearly revealed several varicosities (I, arrowheads). Strikingly long GFAP+1 astrocyte processes 
were measured up to 1mm long. Presented here is a GFAP+1 positive process which measured 
0.75mm (J). Nuclei were stained blue by Hoechst. NBB 06-097 (A, G), 98-038 (B), 00-062 (C-F), 
06-079 (G-I), 98-165 (J). Scale bars = 100μm (A,C,H,I); 50μm (B,D,E,G); 10μm (F). 

non-AD controls and AD patients. The GFAP+1 expressing cells were distributed 
throughout the hippocampal area. Most frequently, GFAP+1 cells were found in 
the vicinity of the DG (Fig. 2A), in the subventricular zone (SVZ) of the lateral 
ventricle (LV) adjoining the hippocampus (Fig. 2B), and in the subpial layer of the 
subiculum and entorhinal cortex when these were included. GFAP+1 expressing cells 
in the subpial layer often extended long processes into deeper layers (Fig. 2C). Most 
GFAP+1 cells detected in the 6μm or 10μm hippocampal sections contained many 
shorter processes and a number of longer processes (Fig. 2D) often terminating on 
blood vessels (Fig. 2E), sometimes with clear endfeet (Fig. 2F). We also observed 
rare GFAP+1 cells with striking swellings in their processes, which were not clearly 
terminating structures, since the processes continued on both sides of the structures 
Fig. 2G, arrows). Furthermore sporadic GFAP+1 cells were observed with less short 
processes than normal, though exhibiting several strikingly long processes (Fig. 2H), 
with occasional varicosities clearly visible at high magnification (Fig. 2I). In some 
cases we could measure processes of 0.75mm in length without clearly detecting the 
termination point of these processes (Fig. 2J). Cells with these morphologies were 
sporadically found at different locations throughout the hippocampal area.

GFAP+1 astrocytes are mature non reactive astrocytes
To investigate the identity of the subpopulation of GFAP expressing cells, various 
markers were double-labeled with GFAP+1. First double-labeling was performed 
with a pan-GFAP antibody, recognizing multiple GFAP isoforms, including GFAP+1 
(Fig. 1C). This antibody stained many astrocytes throughout the hippocampal area, 
for example in the hilus and subgranular zone of the DG (Fig. 3A). In the same area 
GFAP+1 expression was only found in a single or a few cells (Fig. 3B), if expressed at 
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Figure 3 GFAP+1 stains a small subpopulation of all GFAP expressing astrocytes. Pan-GFAP 
stained many astrocytes in the hilus and subgranular zone of the dentate gyrus (indicated by 
dashed lines) in the hippocampus (A, NBB 05-083). When GFAP+1 was expressed in this area, 
the antibody only stained a single astrocyte (B), or sometimes a few near the dentate gyrus (NBB 
98-189). Double-labeling of pan-GFAP with GFAP+1 (C-D) showed that only one of several pan-
GFAP expressing astrocytes (C’, D’, green) co-localizes with GFAP+1 (C”, D”, red) around the 
nucleus (C, arrow) and in processes around the soma (D, arrow) and further away from the soma 
(D, arrowhead). Nuclei were stained blue by Hoechst. NBB 00-062 (C), 96-386 (D). Scale bars = 
100μm (A-B); 25μm (C); 50μm (D). 
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Figure 4 Double-labeling of GFAP+1 with GFAP C-term. GFAP C-term (green) often co-
localized with GFAP+1 (red) around the nucleus (A, arrow). High magnification of the boxed 
area in ‘A’ showed co-localization of GFAP+1 and GFAP C-term in the processes of the GFAP+1 
astrocyte (B, arrowheads). Some GFAP+1 astrocytes (red) did not co-localize with GFAP C-term 
(green) in the cell body (C, arrow) or in the processes as viewed by a magnification of the boxed 
area in ‘C’ (D, arrowheads). Nuclei were stained blue by Hoechst. NBB 90-014 (A-D). Scale bars 
= 50μm (A, C); 10μm (B, D). 
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Figure 5 Double-labeling of  GFAP+1 with S100B and glutamine synthetase. S100B (A’) and 
glutamine synthetase (B’) were expressed in many astrocytes (A-B, arrowheads) and co-localized 
with GFAP+1 (A”, B”) in most GFAP+1 expressing astrocytes (A-B, arrows). Some GFAP+1 astrocytes 
were found, which did not co-localize with glutamine synthetase (C-D, arrows), although they 
were surrounded by glutamine synthethase expressing astrocytes (C-D, arrowheads), both in the 
hippocampus (C) and in the subventricular zone (D). Nuclei were stained blue by Hoechst. NBB 
95-103 (A), NBB 90-058 (B), NBB 97-040 (C-D). Scale bars = 50μm (A-B); 100μm (C-D). 

all, indicating that GFAP+1 expression is confined to a minority of GFAP expressing 
cells. Fluorescent double-labeling confirmed that the pan-GFAP antibody stains 
many hippocampal astrocytes, including the GFAP+1 expressing cells (Fig. 3C, 
arrow), indicating these cells are also astrocytes. Co-localization was found both in 
the soma around the nucleus (Fig. 3C), as well as in the processes extending from 
the soma (Fig. 3D). From this result it is clear that GFAP+1 is only expressed in a 
subpopulation of GFAP expressing cells, however it does not reveal whether other 
GFAP isoforms are expressed in these cells as well. 

GFAP+1S100BA A’ A’’Merge

GFAP+1Glutamine SynthetaseB B’ B’’Merge

C DGlutamine Synthetase
   GFAP+1
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To determine the expression of the GFAPα isoform in GFAP+1 expressing 
cells, co-localization was studied with an antibody against the C-terminus of the 
GFAPα antibody (GFAP C-term; Fig. 4). The soma of most GFAP+1 positive cells 
was clearly GFAP C-term positive (Fig. 4A). Also most processes were detected by 
both antibodies; although high magnification was needed to illustrate this since 
GFAP+1 labeling always seemed more pronounced in these parts of the cell (Fig. 4B). 
Occasionally, a GFAP+1 positive cell was found that did not express GFAP C-term at 
the soma (Fig. 4C), nor in the processes (Fig. 4D). All results indicate that GFAP+1 
positive cells are a distinct population of astrocytes.

To study whether GFAP+1 expressing cells are astrocytes or a distinctive GFAP 
expressing cell type, we double-labeled GFAP+1 with the astrocyte specific markers 
S100B (Fig. 5A) and glutamine synthetase (GS; Fig. 5B-D). Most, but not all GFAP+1 
positive cells co-expressed S100B in the soma and in some processes proximal to 
the soma (Fig. 5A, arrow), but not in more distal processes. Many S100B expressing 
astrocytes were negative for GFAP+1 (Fig. 5A, arrowheads) indicating that GFAP+1 
is only expressed in a small fraction of all S100B expressing astrocytes, similar 
to pan-GFAP and GFAP C-term. The results for GS were comparable to S100B 
since most GFAP+1 expressing cells also expressed GS in the soma and proximal 
processes, but not in the more distal parts of the processes (Fig. 5B, arrow). Many 
cells were found to be GS positive, but GFAP+1 negative (Fig. 5B, arrowheads). 
Sometimes GFAP+1 positive cells were detected, that did not express GS (Fig. 5C, 
arrow) or S100B (not shown), whereas they were surrounded by numerous cells that 
expressed these proteins (Fig. 5C, arrowheads). GFAP+1 expressing cells residing in 
the subventricular zone never expressed GS (Fig. 5D, arrow), whereas astrocytes in 
the neighboring parenchyma did express GS (Fig. 5D, arrowheads). 

To determine whether GFAP+1 expressing cells are reactive astrocytes, double-
labeling of GFAP+1 with intermediate filament proteins vimentin and nestin was 
analyzed. Vimentin, which also labels endothelial cells of blood vessels (Fig. 2E and 
6A), is co-expressed in the soma and some proximal processes of GFAP+1 expressing 
cells (Fig. 6A). Nestin expression was generally not found in astrocytes within the 
brain parenchyma, only in subventricular zone astrocytes and ependymal cells 
lining the lateral ventricle. Moderate expression of nestin was detected in the 
GFAP+1 expressing cells in this area (Fig. 5B, arrows), but intensely nestin-labeled 
cells were never found to express GFAP+1 (Fig. 6B, arrowhead). 

In the hippocampus of most donors in this study many reactive astrocytes could 
be visualized with vimentin and GFAP C-term (Fig. 6C-D, arrowheads). These 
hypertrophic astrocytes were intensely stained by vimentin and GFAP, contained 
thicker processes and they appeared larger compared to nonreactive astrocytes. 
GFAP+1 positive cells that were surrounded by reactive astrocytes clearly differed 
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Figure 6 Double-labeling of GFAP+1 with intermediate filament proteins vimentin and nestin. 
Vimentin stained many astrocytes (A’, arrowheads) and the endothelial cells of blood vessels. In 
GFAP+1 astrocytes (A”, arrow) vimentin co-localized with GFAP+1 around the nucleus (A, arrow) 
and in proximal processes. Nestin stained many astrocytes in the subventricular zone (B’). Low 
nestin expression was also detected in some GFAP+1 astrocytes in this area (B-B”, arrows), but 
cells with high levels of nestin (B, arrowhead) never expressed GFAP+1. In brains of old adults 
and AD patients many reactive astrocytes expressed high levels of vimentin (C, arrowheads) and 
GFAP C-term (D, arrowheads). The GFAP+1 cells in these brains (C-D, arrows) had a distinct 
morphology and expressed only low levels of vimentin and GFAP C-term. Nuclei were stained 
blue by Hoechst. NBB 96-115 (A), 09-090 (B), 01-086 (C), 01-141 (D). Scale bars = 50μm.
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Figure 7 GFAP+1 significantly correlates with AD pathology. The number of GFAP+1 cells 
was quantified in 7 hippocampal sections of one donor spanning 270μm. The number of 
GFAP+1 cells in these sections varied from 20 to 28 cells (A). The number of GFAP+1 cells/cm2 
significantly increased with Braak stage (B) and amyloid stage (C). Donors with Braak stage 2-6 
has significantly more GFAP+1 cells/cm2 compared to Braak 0 donors, and donors with amyloid 
stage O and A had significantly less GFAP+1 cells/cm2 compared to donors with amyloid stage C. 
Amyloid plaques (green) were stained with an antibody against Aβ (D-E, arrowheads). GFAP+1 
cells (D-E, red, arrows) were found in close proximity to amyloid plaques (D), but also further 
away from the plaques (E). A higher magnification shows the two GFAP+1 positive cells pointed 
by an arrow in ‘E’ more clear (a-b). Nuclei were stained blue by Hoechst. A scatter plot with the 
values of 10 donors per Braak stage (indicated by different colors) indicates that the number 
of GFAP+1 cells/cm2 significantly correlated to the number of amyloid plaques/cm2 (F; Rs=0.48, 
p≤0.001). Female donors showed significantly higher numbers of GFAP+1 cells/cm2 compared to 
male donors (G). Error bars represent standard error of the mean. *p≤0.05, **p≤0.01, ***p≤0.001. 
NBB 01-066 (D), 04-039 (E). Scale bars = 100μm (D-E).
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in morphology from these cells (Fig. 6C-D, arrows). They were larger in diameter 
due to considerably longer processes and vimentin and GFAP expression was not 
apparent in these processes. Moreover, the morphology of GFAP+1 positive cells in 
areas of astrogliosis was not noticeably different from GFAP+1 positive cells in non-
gliotic areas. 

The number of GFAP+1 expressing astrocytes is closely associated with AD pathology
Since GFAP expression is known to be upregulated in AD brains, we decided to 

look more closely into GFAP+1 expression in relation to AD pathology. To determine 
whether the number in one section would be a good reflection of the total number 
of GFAP+1 positive cells and therefore it would be sufficient to quantify the number 
of GFAP+1 cells in one section per donor, we analyzed the intra-donor variation. 
The number of GFAP+1 positive cells was calculated in seven sections of one donor 
hippocampus, spanning a total distance of 270μm. The number of GFAP+1 positive 
cells ranged from a minimum of 20 to a maximum of 28, with an average of 24.9 
cells (Fig. 7A). Compared to the large variation we found within groups after 
quantification of all donors, we concluded that measuring one section per donor 
was sufficient. Next, the number of GFAP+1 positive cells was studied in relation 
to AD pathology, for which we used a large number of samples from the different 
stages of AD development, reflected by the neurofibrillary tangle score, i.e. Braak
stage. The total number of GFAP+1 cells/cm2 ranged from 3.85 to 81.82 with the  
lowest having a Braak 0 stage and the highest Braak 6. This large difference between 
Braak stage 0 and 6 was not a coincidence, since the number of GFAP+1 cells/cm2 
positively correlated with the Braak stage (Rs=0.61, p≤0.001, Fig. 7B). Braak stage 0 
was significantly different from Braak 2-6 (p≤0.05 (Br.2), p≤0.01 (Br.3-6)), whereas 
Braak 1 was only significantly different from Braak 4-6 (p≤0.05) and Braak 2 and 3 
were significantly different from Braak 6 (p≤0.05). No significant differences were 
observed in the number of GFAP+1 cells/cm2 between Braak stage 4-6. 

Besides Braak staging for neurofibrillary tangle pathology, for most donors also 
the Braak amyloid stage: O, A, B or C, was determined by the neuropathologist of the 
Netherlands Brain Bank. The number of GFAP+1 cells/cm2 significantly correlated 
with the amyloid stage (Rs=0.45, p≤0.001). Amyloid stage O and A correlated with 
low numbers of GFAP+1 cells/cm2 and B and C correlated with high numbers of 
GFAP+1 cells/cm2 (Fig. 7C). Amyloid stages O and A significantly differed from 
amyloid stage C (p≤0.05), but not from B, most likely due to the large variation in 
this group. A significant increase in the number of GFAP+1 positive cells with higher 
amyloid stage (p≤0.005) was also found in the striatum of non-demented control 
and Parkinson donors (not shown).
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Figure 8 GFAP+1 expression in an AD mouse model of 6 months old. Wild type mice showed 
no amyloid plaques and no GFAP+1 expression (A). GFAP+1 expressing cells (red) were found near 
amyloid plaques (green) in 6 month old APPswe/PS1dE9 mice (B). In the same mice, pan-GFAP 
(red) stained many more astrocytes around amyloid plaques (C). Nuclei were stained blue by 
Hoechst. Scale bars = 10μm.

Frequently, GFAP+1 expressing cells were found in close proximity to the plaques, 
even with processes protruding through the plaques (Fig. 7D). However, more 
often GFAP+1 positive cells were found in areas further away from the plaques (Fig 
7E). Since some plaques that are near a GFAP+1 positive cell or process could be in 
another tissue section than analyzed, it could be that we underestimate the number 
of GFAP+1 positive cells in the vicinity of plaques. However, in some areas such 
as the subventricular zone and white matter, plaques are rare, so that the GFAP+1 
positive cells in these areas must be further away from the plaques. 

Because the amyloid stage does not represent small changes in amyloid deposition 
in the hippocampus, the total number of amyloid plaques was quantified in the same 
sections of GFAP+1 cell counts. With an automated segregation mask the number of 
plaques and the total area of amyloid plaques/cm2 were determined. A Spearman 
correlation revealed that the number of plaques/cm2 significantly correlated to the 
number of GFAP+1 cells/cm2 (Rs=0.48, p≤0.001, Fig. 7F). Also the plaque area/cm2 

significantly correlated to the number of GFAP+1 cells/cm2 (Rs=0.34, p≤0.01). 
In addition to amyloid and neurofibrillary tangle pathology, significant correlations 

were found between the number of GFAP+1 cells/cm2 and age (Rs=0.41, p≤0.001), sex 
(Rs=0.30 , p≤0.05) and Reisberg scale, which indicates the clinical progression and 
decreasing ability of AD patients (Rs=0.33 , p≤0.025). The correlation with age was lost 
when we excluded the Braak 0 donors, which were significantly younger compared 
to the donors of other Braak stages (p≤0.001). Upon removal of the Braak 0 data 
all other correlations became less strong, but were still significant, except for the 
correlation between the number GFAP+1 cells and amyloid plaque area, which lost 
significance, but still showed a trend (p≤0.07). 

The correlation with sex (Rs=0.30, p≤0.011) lasted also after removal of Braak 0 
donors (Rs=0.28, p≤0.034). Female donors contained with an average of 31.4 GFAP+1 

A B C
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cells/cm2 significantly more GFAP+1 cells than the male donors with an average of 
21.2 GFAP+1 cells/cm2 (p≤0.012, Fig. 7G). Interestingly, this was the only factor that 
correlated with sex. No correlations were found between the number of GFAP+1 
cells/cm2 and the ApoE genotype or post-mortem delay.

 
GFAP+1 expression in an Alzheimer mouse model
To study GFAP+1 expression as a possible result of amyloid plaque formation, we 
chose to look at GFAP+1 expression in a mouse model for Alzheimer’s disease 
(APPswe/PS1dE9), which starts to develop amyloid plaques at 4 months of age 
(Jankowsky et al., 2004; Ruan et al., 2009). To investigate GFAP+1 expression in mice, 
a specific antibody was raised against the predicted mouse specific GFAP+1 sequence 
(RGKDCGDAGW). No GFAP+1 expression was found in wild type mice of 6 months 
of age (Fig. 8A) or other ages (not shown), but when plaques became evident in all 
mice at 6 months of age in the AD mouse, GFAP+1 expressing astrocytes appeared in 
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close vicinity to these plaques (Fig. 8B). Around these plaques more astrocytes are 
visible when stained with a pan-GFAP antibody (Fig. 8C). 

GFAP+1 expression in astrocytes is induced by Aβ1-42 in vitro
Since GFAP+1 is normally not expressed in U343 astrocytoma cells, it was tested 
whether Aβ could induce the expression of this splice variant in these cells. We 
treated cells with 1μM of Aβ1-42 oligomers or fibrils for 1 day (n=2), 3 days (n=4) or 
7 days (n=3). First the viability of U343 cells was measured with an MTT assay after 
exposure to 1μM Aβ1-42 oligomers and fibrils at these time points. Exposure to 1μM 
Aβ oligomers for 1-7 days reduced formazan formation in these cells by approximately 
20%. Exposure to 1μM fibrils showed a considerably larger effect; 1 day treatment 
already showed a decrease of over 30% and after 3 days formazan formation was less 
than 50% compared to controls. However, for both oligomers and fibrils, the decrease 
was stabilized after 3 days (Fig. 9A). Microscopical inspection of the treated cell 
cultures did not show obvious cell death nor clear morphological changes (not shown).

To detect GFAP+1 protein expression in the Aβ treated cultures, immunocytochemistry 
was performed. In one experiment we found a small number of GFAP+1 expressing 
cells after treatment with 1μm Aβ fibrils for 1 day (Fig. 9B), reminiscent to the cells in 
AD brains. More frequent and larger clusters of GFAP+1 expressing cells were found 
after 3 days of Aβ fibril treatment in two out of four experiments (Fig. 9C). Also 
after 7 days of Aβ fibril treatment several GFAP+1 expressing cells were detected in 
one experiment (Fig. 9D). After 1 day of Aβ oligomer treatment, no GFAP+1 positive 
cells were observed, however after 3 days exposure to Aβ oligomers several GFAP+1 
expressing cells were found in one experiment (Fig. 9E), and even more after 7 days 
of Aβ oligomer treatment in all three experiments (Fig. 9F). In one experiment 
a few GFAP+1 expressing cells were also found after 3 and 7 days in the control 
condition without the presence of Aβ in the culture (Fig. 9G). In addition to GFAP+1, 
we also stained for Aβ, which showed some little green spots in the oligomer-treated 
cultures (Fig. 9E, arrowheads) and large aggregates in the fibril-treated cultures (Fig. 
D, arrowheads). 

 Figure 9 U343 astrocytoma cells treated with Aβ1-42 oligomers and fibrils. An MTT 
assay showed that formazan formation, a sign of cell viability, is decreased in U343 cells treated 
with Aβ1-42 oligomers (light grey bars) and even more after treatment with Aβ1-42 fibrils (dark 
grey bars) compared to the control treatment (white bars) (A, n=2). After 1 day (B), 3 days (C) 
and 7 days (D) of exposure to Aβ1-42 fibrils several GFAP+1 expressing cells (red) were observed. 
Aβ1-42 fibrils (green) form large aggregates in vitro (D, arrowheads). After 3 (E) and 7 days (F) of 
exposure to Aβ1-42 oligomers several GFAP+1 expressing cells (red) were observed, but also after 
3 days of control treatment (G). Aβ1-42 oligomers could sometimes be visualized by Aβ staining 
as small spots (green) in the cell culture (E, arrowheads). Error bars represent standard error of 
the mean. Nuclei were stained blue by Hoechst. Scale bars = 50μm.
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GFAP+1 isoforms in vitro
To study the intermediate filaments formed by GFAP+1 isoforms in vitro, overexpression 
of the different splice variants (GFAPΔ164 and GFAPΔexon6) was studied in SW-
13cl.2 adrenal carcinoma cells by plasmid transfection (Fig. 10). SW-13cl.2 cells 
lack endogenous expression of intermediate filament proteins, which enabled us 

Figure 10 GFAP+1 filament formation in SW-13cl.2 cells. Single transfection of GFAPα revealed 
a nice filament network when stained by GFAP C-term (A). Single transfections of GFAPΔ164 
(B) and GFAPΔexon6 (C-D) revealed no filament formation when stained by GFAP+1, only an 
indistinct staining pattern throughout the cell and small granular structures. Co-transfections 
of GFAPα and GFAPΔ164 (E-G) or GFAPα and GFAPΔexon6 (H-J) showed no filament formation 
in ratios of 50:50 (E, H) or 75:25 (F, I) GFAPα:GFAP+1. Only some filaments were formed in a 
90:10 ratio of GFAPα:GFAPΔ164 (G) and GFAPα:GFAPΔexon6 (J). These patterns were detected 
by GFAP C-term (E-J) and GFAP+1 immunostaining (not shown).
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to study whether GFAP+1 proteins could homodimerize and form filaments by 
itself. Transfection of these isoforms in U343 astrocytoma cells that endogenously 
express GFAPα, but not GFAPΔ164 or GFAPΔexon6, was performed to analyze 
possible heterodimer formation and the effect of induced GFAP+1 expression 
on the morphology of these cells with a pre-existing cytoskeleton (Fig. 11). 

Transfection of only GFAPα in SW-13cl.2 cells revealed a clear IF network 
throughout the cell when stained for GFAP C-term (Fig. 10A), indicating self-
assembly of GFAPα. GFAP+1 staining of cells transfected with GFAPΔ164 (Fig. 10B) 
or GFAPΔexon6 (Fig. 10C) showed that these isoforms are not capable of forming 
filaments by itself. GFAPΔ164 expression was mostly found in an indistinct pattern 
throughout the cell, containing several minuscule accumulations (Fig. 10B). 
GFAPΔexon6 expression regularly revealed a cluster of small aggregates (Fig. 10C), 
but frequently GFAPΔexon6 expression also showed a pattern more similar to 
GFAPΔ164 throughout the cell (Fig. 10D). 

To investigate whether filaments could be formed by GFAPΔ164 and GFAPΔexon6 
in the presence of GFAPα, co-transfections were performed. GFAPα was co-
transfected with either GFAPΔ164 (Fig. 10E-G) or GFAPΔexon6 (Fig. 10H-J) in 
different proportions, i.e. 50:50, 75:25 or 90:10. Staining for GFAP C-term (Fig. 10E-
J) and GFAP+1 (not shown) demonstrated that no filaments could be formed when 
cells were transfected in an α/+1 isoform-ratio of 50:50 (Fig. 10E,H) or 75:25 (Fig. 
10F,I), and mainly a punctuate distribution of GFAP+1 was found. Only in a number 
of cells that were transfected with 90% GFAPα and no more than 10% GFAPΔ164 
(Fig. 10G) or GFAPΔexon6 (Fig. 10J), small filamentous structures were formed, 
but not as extensive as with 100% GFAPα (Fig. 10A). Double-labeling of GFAP+1 
with GFAP C-term showed that both GFAPα and GFAPΔ164 or GFAPΔexon6 were 
incorporated into the same structures. In view of the fact that when only GFAPα is 
present a proper network can be formed, it looks like GFAPΔ164 and GFAPΔexon6 
interfere with the network formation properties of GFAPα. 

When U343 cells were transfected with GFAPΔ164 (Fig. 11A,B) or GFAPΔexon6 
(Fig. 11C,D) filament formation was enhanced compared to SW-13cl.2 cells, but not 
optimal. In many of the transfected cells a clear network could be observed with 
the GFAP C-term antibody (Fig. 11A’,C’) and the GFAP+1 antibody (Fig. 11A”,C”). 
However, repeatedly cells were detected which contained small GFAP+1 positive 
spots (Fig. 11B”,D”), which appeared GFAP C-term negative (Fig. 11B’,D’) and were 
sometimes accompanied by small double-labeled filamentous structures (Fig. 11D, 
arrow). So it seems that when other IF proteins like vimentin are present, the GFAPα 
network is more stable and also GFAPΔ164 and GFAPΔexon6 can be incorporated 
into filaments.
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Figure 11 GFAP+1 filament formation in U343 cells. U343 cells transfected with GFAPΔ164 
(A-B) or GFAPΔexon6 (C-D) in some cells revealed clear filament networks (A,C) when stained 
by GFAP C-term (A’,C’) and GFAP+1 (A”,C”), but in other cells small granular GFAP+1 positive 
structures were detected (B”), sometimes in combination with small filamentous structures (D, 
arrow). Nuclei were stained blue by Hoechst.
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Discussion 

The out-of-frame isoform of GFAP, GFAP+1 was recently reported by us to be 
expressed in a specific subpopulation of astrocytes in the adult human brain. Here, 
we describe that the number of these GFAP+1 expressing astrocytes significantly 
increases during the progress of AD. This was demonstrated by quantification 
of GFAP+1 expressing cells in the hippocampal area of 10 donors per Braak stage, 
a system that indicates the distribution of neurofibrillary tangle pathology in 
post-mortem brains. A significant correlation was found between the density of 
GFAP+1 cells and the density of amyloid plaques in the hippocampal area of elderly 
humans. In addition, GFAP+1 expression was found around amyloid plaques in a 
mouse model for AD. Preliminary in vitro studies showed that Aβ1-42 oligomers 
and fibrils could induce GFAP+1 expression and therefore might affect differential 
splicing of the GFAP gene in a small fraction of astrocytes (Fig. 9). 

After showing the specificity of the GFAP+1 antibody for GFAPΔ164 and 
GFAPΔexon6 recombinant protein by western blotting, we characterized this novel 
astrocyte subtype by taking a detailed look at its morphology and by studying the 
co-expression patterns of GFAP+1 with several well accepted markers for different 
subtypes of astrocytes. Inspection of many GFAP+1 positive cells throughout the 
hippocampi of over a hundred donors revealed a range of different morphologies, 
however the most striking feature was the large size of these cells and the presence of 
several remarkably long processes. For example, human protoplasmic astrocytes in 
the cortex vary in domain diameter between 100μm and 400μm, with an average of 
142.6μm (Oberheim et al., 2009) and the longest processes exhibit an average length 
of 97.9μm (Oberheim et al., 2006). Although quite some GFAP+1 expressing cells fit 
these measurements, many of them had much longer processes, even up to 1mm in 
length. The morphology of the GFAP+1 positive cells matches with the morphology of 
the recently described varicose projection astrocytes in layers 5 and 6 of the human 
cortex (Oberheim et al., 2009). These cells were shown to extend one to five long 
processes up to 1mm in length terminating in the neuropil or on the vasculature. 
Likewise, processes of GFAP+1 astrocytes often contacted brain capillaries, possibly 
participating in the exchange of nutrients between blood and brain parenchyma 
or contributing to the integrity of the blood-brain barrier (Sofroniew and Vinters, 
2010). The cells with the long processes also made contact with the surface of adjacent 
neurons, like the granule cells of the DG, an area where GFAP+1 expressing cells 
were often found. Another characteristic of varicose projection astrocytes are the 
varicosities present on the processes. Similar varicosities were also shown on some 
long GFAP+1 processes (Fig 2I, arrowheads), but these were not regularly spaced, at 
approximately one varicosity every 10μm, as was shown by Oberheim et al. Moreover, 
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the interlaminar astrocytes shown by Oberheim et al. resemble some of the subpial 
GFAP+1 astrocytes that we found in our study (Fig. 2C). Important differences 
between our study and the Oberheim study, which could explain this morphological 
diversity, are the thickness of tissue sections (6-10μm (this study) vs. 200-400μm 
(Oberheim)), the brain area (hippocampus (this study) vs. cortex (Oberheim)) and the 
type of tissue recovery (post-mortem (this study) vs. surgical (Oberheim)). Moreover, 
the antibody used to identify GFAP expression was different and perhaps GFAP+1 
marks a novel astrocyte subtype or multiple novel subtypes, which would relate to 
the results from the double-stainings. Explicitly, double-labeling of GFAP+1 with 
different markers, such as GFAP C-term, S100B, glutamine synthetase, vimentin 
and nestin did not reveal a common expression pattern for all GFAP+1 expressing 
cells. Evidently, these cells are a minority of all GFAP expressing astrocytes. Many 
GFAP+1 expressing cells expressed astrocyte markers S100B and GS, indicating that 
these cells are mature differentiated astrocytes, but not all have these characteristics. 
Furthermore, because of their size we suggested these cells would be a subpopulation 
of reactive astrocytes, but their morphology clearly differs from vimentin and GFAP 
expressing reactive astrocytes, plus vimentin and GFAP expression in these cells 
was not noticeably upregulated. Therefore we conclude that GFAP+1 is expressed 
in a subpopulation of nonreactive astrocytes, which is increased in aging and AD. 

To determine whether the expression of GFAP+1 is affected by AD pathology, we 
estimated the density of GFAP+1 positive cells in tissue sections of the hippocampal 
area of 70 donors, 10 per Braak stage for neurofibrillary tangles (Braak and Braak, 
1991). In addition, the density of Aβ plaques was quantified in the same tissue 
sections. Significant correlations were found between the number of GFAP+1 cells/
cm2 and Braak stage, amyloid pathology and sex. The latter correlation indicates that 
women, who show more severe changes in AD (Salehi et al., 1998) and have a higher 
risk of developing the disease (Brayne et al., 1995; Fratiglioni et al., 1997), have also 
more GFAP+1 positive cells compared to men. In mice and rats it was shown that 
females have a higher number of astrocytes in the hippocampus compared to age-
matched males, with the largest differences in aged animals (Mouton et al., 2002; 
Arias et al., 2009), but to our knowledge this is not known for humans. Whether the 
number of GFAP+1 positive cells could reflect the total number of astrocytes or the 
higher risk for AD in women remains currently unsolved. 

The increase in GFAP+1 positive cells with increased Braak stage and increased 
number of Aβ plaques, could also be a result of an increased GFAP expression 
in general, which is known to occur during the course of the Alzheimer process 
(Ingelsson et al., 2004). However, this increase in GFAP is normally related to an 
increase in reactive astrocytes, while GFAP+1 is not expressed in these reactive 
astrocytes. Additionally, in other cases of astrogliosis, for example as results of an 
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infarct, a clear upregulation of GFAP was detected by pan-GFAP immunostaining, 
but no GFAP+1 positive cells were found (Middeldorp et al., 2009c). 

We further checked whether the increase in GFAP+1 expression found in this study 
may be induced by amyloid. This possibility was supported by GFAP+1 expression 
in a mouse model for AD that develops plaques at 4 months of age increasing with 
age. Besides amyloid plaque formation, this mouse also exhibits reactive astrocytes 
in close association with these plaques (Ruan et al., 2009) and shows elevated GFAP 
protein levels (Zhang et al., 2009), but no neurofibrillary tangles. This suggests that 
at least in mice, neurofibrillary tangle pathology is not required for the induction 
of GFAP+1 expression. 

 Considering the positive correlation between GFAP+1 expression with Aβ 
plaques, we decided to investigate the expression of GFAP+1 in an astrocyte cell line 
after administration of oligomeric and fibrillar Aβ1-42, a principal component of 
plaques in the human brain (Citron et al., 1996). Although in humans, different 
from mice, GFAP+1 positive cells were not always found in close proximity to the 
plaques, it was shown that Aβ42 accumulation in astrocytes can also occur when 
they are located in areas that are completely devoid of amyloid plaques. Nagele et 
al. reported that Aβ42 in astrocytes is most likely of neuronal origin and is derived 
from internalization of degenerating synapses and dendrites. They also showed 
that Aβ42, rather than Aβ40 is the dominant Aβ peptide species in astrocytic 
intracellular deposits (Nagele et al., 2003). Conceivably, intraneuronal Aβ42, which 
is not visualized by the 6E10 antibody in these human tissue sections, could induce 
alternative splicing of GFAP resulting in aberrant GFAP+1 astrocytes in old non-AD 
controls and Alzheimer donors. 

For the first time, we found several cells expressing GFAP+1 in vitro after 
administration of oligomers and fibrils, but also in two samples that were not exposed 
to Aβ1-42. To draw definite conclusions from these experiments it is necessary to 
repeat these experiments on primary astrocyte cultures. Both aggregated Aβ and 
intact cores of Aβ plaques isolated from human AD brain tissue were shown to 
stimulate astrocyte activation in vitro (DeWitt et al., 1998). Once activated, these 
astrocytes were shown to bind and degrade Aβ42, suggesting a direct role for these 
cells in Aβ degradation and clearance in AD brains. Future studies should elucidate 
whether GFAP+1 astrocytes could also play a role in these processes. 

In addition to the association of the AD pathology with GFAP+1 expression, we 
investigated the filament formation properties of the GFAP+1 isoforms GFAPΔ164 
and GFAPΔexon6 in vitro. Initially, we transfected IF-free SW-13cl.2 cells with 
GFAPα, GFAPΔ164 or GFAPΔexon6 to find out whether these isoforms could 
self assemble into filaments without other IFs present. Consistent with previous 
observations (Roelofs et al., 2005; Blechingberg et al., 2007), GFAPα clearly formed 
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homomeric filaments throughout the cell. GFAPΔ164 and GFAPΔexon6 were not 
capable of forming homomeric filaments and also heteromeric filament formation 
with GFAPα was disturbed in these cells. Only some filamentous structures were 
observed when the ratio between GFAPα and the GFAP+1 isoform was 90:10. These 
data suggest that the alteration in the tail and part of the rod due to the frameshift 
causes a disruption in the capability of this isoform to form filaments. This is in 
agreement with the GFAPδ and GFAPκ isoforms, which also hold a different tail 
domain and are not able to form homomeric filaments (Blechingberg et al., 2007). 
Our constructs express the N-terminus of GFAPα, however the exact sequence 
of the N-terminal head domain of GFAPΔ164 and GFAPΔexon6 has not yet been 
determined. Therefore these constructs may not represent the endogenously 
expressed GFAP+1 isoforms and thus the IF formation capacity might differ from 
the results we obtained with our expression constructs. 

U343 astrocytoma cell resemble the in vivo situation closer than the SW-13cl.2 
cells, which completely lack all IFs. GFAPΔ164 and GFAPΔexon6 transfections in 
U343 cells demonstrated that these isoforms could be incorporated into filaments, 
when other IFs (vimentin and GFAP) were endogenously expressed. This corresponds 
better to what is seen in tissue sections, although the characteristic morphology of 
the long extensions is not seen in cells transfected with these isoforms. Moreover, 
small GFAP+1 positive granular structures were sometimes detected, which have 
not yet been identified in astrocytes in tissue.

Overall, this study shows that GFAP+1 is expressed in a subpopulation of nonreactive 
astrocytes in elderly non-AD controls and AD patients. This relatively low number 
of GFAP+1 expressing cells cannot be categorized within one of the known astrocyte 
subtypes. From the results presented in this study, we suggest that splicing of the 
GFAP gene is induced by Aβ; however additional experiments are required to draw 
firm conclusions and to show what the mechanism of this alternative splicing could 
be. Future exploration of underlying mechanisms concerning the function of GFAP+1 

proteins is needed to understand the role of a specialized IF network in astrocytes 
in health and disease.
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Supplemental data

Supplemental figure S1 The pcDNA3-
GFAPΔexon6 plasmid was constructed by 
modification of the pcDNA3-GFAPα full-
length plasmid (Roelofs et al., 2005). Two 
PCRs were performed on the GFAPα plasmid, 
one with a forward primer in exon 5 (1F, red) 
and a reverse exon 6 boundary primer (1R, red) 
and another with a forward exon 6 boundary 
primer (2F, blue) and a reverse primer in exon 
7 including a BamHI restriction site (2R, blue). 
Subsequently a PCR was performed with the 
resulting PCR products using primer 1F and 
2R, which resulted in a PCR product with the 
deleted exon 6. Finally, this product was cleaved 
with restriction enzymes KpnI and BamHI and 
ligated into the GFAPα plasmid, cleaved by the 
same enzymes. 

Supplemental figure S2 For quantification of the number of GFAP+1 expressing cells we included 
cells when either a clear GFAP+1 positive cell body was shown (A, arrow), or when the GFAP+1 
positive processes all directed towards the same center (B, arrow) of where most probably the cell 
body would be, deeper in the tissue. Randomly distributed GFAP+1 positive fibers without clear 
view of where the cell body would be were excluded (C). Scale bars = 50μm.
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Abstract

Increased expression of the astrocytic intermediate filament protein GFAP is a 
characteristic of astrogliosis. This process occurs in the brain during aging and 
neurodegeneration and coincides with impairment of the ubiquitin proteasome system. 
Inhibition of the proteasome impairs protein degradation; therefore we hypothesized 
that the increase in GFAP may be the result of impaired proteasomal activity in 
astrocytes. We investigated the effect of proteasome inhibitors on GFAP expression 
and other intermediate filament proteins in human astrocytoma cells and in a rat 
brain model for astrogliosis. Extensive Quantitative RT-PCR, immunocytochemistry 
and western blot analysis resulted unexpectedly in a strong decrease of GFAP mRNA 
to less than 4% of control levels (Control (DMSO) 100±19.2%; Proteasome inhibitor 
(Epoxomicin) 3.5±1.3%, n=8, p<0.001) and a loss of GFAP protein in astrocytes in 
vitro. We show that the proteasome alters GFAP promoter activity, possibly mediated 
by transcription factors as demonstrated by a GFAP promoter-luciferase assay and 
RT2 Profiler PCR array for human transcription factors. Most importantly, we 
demonstrate that proteasome inhibitors also reduce GFAP and vimentin expression 
in a rat model for induced astrogliosis, in vivo. Therefore, proteasome inhibitors 
could serve as a potential therapy to modulate astrogliosis associated with CNS 
injuries and disease.

Introduction

Increased expression of the intermediate filaments (IFs) glial fibrillary acidic 
protein (GFAP) and vimentin and the re-expression of nestin are the hallmarks 
of astrogliosis. This process occurs in the aging brain and is also induced by 
neurodegenerative processes present in diseases such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD) (Cotrina and Nedergaard, 2002) and Alexander’s disease 
(AxD) (Borrett and Becker, 1985; Duckett et al., 1992). GFAP is the major IF protein 
in mature astrocytes and forms an important part of the astrocyte’s IF cytoskeleton. 
Multiple isoforms of GFAP are expressed in the human brain (Nielsen et al., 
2002; Hol et al., 2003; Roelofs et al., 2005; Blechingberg et al., 2007), of which the 
canonical form is GFAPα. Both protein and mRNA levels of GFAP have been shown 
to increase with age (Goss et al., 1991; Nichols et al., 1993) and neurodegeneration 
(Porchet et al., 2003; Ingelsson et al., 2004). 

Next to an increase in GFAP levels, it has also been shown that the ubiquitin 
proteasome system (UPS) is impaired in the aged brain and in AD (Keller et al., 2000; 
de Vrij et al., 2004), PD (Olanow and McNaught, 2006) and AxD (Keller et al., 2009). 
The UPS is the principal cellular protein degradation system that tags and targets 
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short-lived proteins, for instance transcription factors, as well as aberrant proteins, 
such as incomplete, missense and misfolded proteins, for destruction (Goldberg, 
2003). The UPS modulates many regulatory proteins that control cellular processes 
such as inflammatory response, cell cycle, cell growth, signal transduction and 
cellular differentiation (Ciechanover, 1994; Hershko and Ciechanover, 1998). The 
UPS is present in all living cells in both the cytoplasm and the nucleus and has been 
identified in almost every species from Archaebacterium to human. The proteasome 
is a multi-catalytic protease that comprises a 20S core and a 19S lid. The ubiquitinated 
target protein is unfolded and fed into the core of the proteasome, where the protein 
is degraded by the three different enzymatic activities: trypsin-like, chymotrypsin-
like and PGPH-like (Pickart and Cohen, 2004). 

It is generally presumed that the accumulation of non-degraded proteins resulting 
from inhibition of the proteasome will affect cellular homeostasis. However, 
proteasomal inhibition may also affect cellular processes via other mechanisms than 
protein accumulation. 1) It has been suggested that there is a direct link between 
proteasome inhibition and protein synthesis (Jiang and Wek, 2005; Ding et al., 2006), 
resulting in either induced or impaired protein synthesis. Indeed, aging (Rattan, 
1996) and some diseases, e.g. AD (Ding et al., 2005), are associated with a decreased 
proteasome activity and by a decreased ribosome function and protein synthesis 
2) The proteasome has been implicated in controlling expression at the level of 
transcription (Fleming et al., 2002; Dembla-Rajpal et al., 2004; Auld et al., 2006). 
Regulation of gene transcription is a complex interplay between transcriptional 
regulators, general transcription factors and chromatin structures, which can all 
be influenced by the UPS, more specifically through modulation of DNA binding 
and through the proteolysis of transcription factors (Lipford and Deshaies, 2003; 
Muratani and Tansey, 2003). 3) Furthermore, recent studies have suggested that the 
UPS links histone modifications to transcriptional activation (Ezhkova and Tansey, 
2004; Lee et al., 2005). So far, most evidence has been obtained in yeast, and the 
relevance of the UPS in the regulation of transcription in mammalian cells is mainly 
inferred from these studies. 

In many pathological situations, proteasome activity is impaired. Since 
astrogliosis and proteasome inhibition often occur mutually in disease conditions, 
we hypothesized that an impaired proteasomal activity in astrocytes contributes to 
the increase in IFs such as GFAP. A first indication came from work on AxD, which 
is caused by missense mutations in GFAP (Li and Zuo, 2005). It has been suggested 
that proteasome inhibition can be both a possible cause as well as a consequence of 
the mutant GFAP accumulation (Tang et al., 2006) in this disease. In the current 
study we investigated the effect of proteasome inhibition on GFAP expression in 
human astrocytoma cells and in a rat brain model for astrogliosis. In contrast to our 
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expectation, the data showed that inhibition of the proteasome results in a decrease 
of GFAP protein levels in astrocytes in vitro and in the rat brain in vivo. We provide 
evidence that inhibition of proteasome activity directly reduces GFAP transcription 
thus leading to a rapid decline in GFAP gene expression. Our studies also show that 
astrogliosis as a result of invasive brain damage can be prevented by a treatment 
with proteasome inhibitors.

Materials and Methods

Cell lines and inhibitors
 Human glioblastoma cell line U343 was a gift from Dr James T. Rutka (Toronto, 
Canada) and the U251 and SNB19 glioblastoma were a gift from Dr. B. de Leeuw 
(Erasmus MC Rotterdam, The Netherlands). These cell lines were cultured in 
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) with Ham F10 (1:1), 
supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin and 
100 μg/ml streptomycin (all Invitrogen-Life Technologies) at 37ºC with 5% CO2. 

The human cervical epithelial carcinoma cell line HeLa and the neuroblastoma 
cell line SH-SY5Y were cultured in high-glucose DMEM, supplemented with 10% 
heat-inactivated fetal calf serum, 100 U/ml penicillin and 100 μg/ml streptomycin, 
at 37ºC with 5% CO2. HeLa and SH-SY5Y cells stably expressing the proteasome 
reporter construct UbG76V-GFP (Dantuma et al., 2000; Lindsten et al., 2002) were 
cultured similarly. These GFP-reporter cells lines were selected in the presence of 
geneticin (Sigma-Aldrich; 0.3mg/ml for HeLa, 0.2mg/ml for SY5Y) and screened for 
GFP fluorescence upon administration of proteasome inhibitors. Cells were treated 
with four different proteasome inhibitors: two irreversible inhibitors epoxomicin 
(Biomol) and lactacystin (Sigma) and two reversible inhibitors MG132 (Affinity 
Research) and MG262 (Boston Biochem). To verify proteasome-specificity, inhibitors 
of other proteolytic activities were used: chloroquine (Sigma) to inhibit lysosomal 
degradation, bacitracin (Sigma) to interfere with the insulin degrading enzyme 
and Ala-Ala-Phe-chloromethylketone (AAF-cmk, Bachem) to inhibit tripeptidyl 
peptidase II (TPPII). All chemical inhibitors were dissolved in dimethyl sulfoxide 
(DMSO), except for chloroquine, which was dissolved in water. 

Flow cytometry
GFP fluorescence was determined by flow cytometric analysis. Three days prior to 
the analysis, SH-SY5Y cells and HeLa cells, both stably expressing the UbG76V-GFP 
reporter, were cultured in 6-well plates. The cells were treated with proteasome 
inhibitor one day before flow cytometric analysis was performed. Cell suspensions 
were fixed in 4% formalin in phosphate buffered saline (PBS; 137mM NaCl, 2.7mM 
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KCl, 1.8mM KH2PO4, and 4mM Na2HPO4, pH 7.4) and resuspended in PBS-0.5% 
bovine serum albumin (Roche). GFP could be directly visualized. Analysis was 
performed on at least 20,000 cells per sample with a flow cytometer (FACSCalibur, 
Becton Dickinson Biosciences) and data was analyzed using CellQuest software 
(BD CellQuest Pro, version 5.2).

Profiling proteasome activity with fluorescent probe
To confirm proteasome inhibition in U343 cells after treatment with various 
inhibitors and at different concentrations we used a close analog of the bodipyFL 
fluorescent proteasome activity probe (Berkers et al., 2007) that has identical spectral 
characteristics. In order to assess the proteasome activity, cells cultured on coverslips 
were washed in DMEM:Ham F10 medium (1:1, without serum and antibiotics) before 
incubating the cells with the fluorescent proteasome probe (500nM) in the medium 
for 3 hours at 37ºC. After that, the cells were rinsed in medium and incubated in 
the same medium for another hour at 37ºC. Finally, the cells were washed with PBS, 
fixed in 4% paraformaldehyde (PFA) and washed again with PBS. The coverslips 
were embedded with Vectashield with DAPI (Vector) and inspected by fluorescence 
microscopy (Leica DMRE). Probe fluorescence was visualized with FITC filter 
settings. Images were recorded by a digital camera using fixed exposure settings. 
Quantification was performed using the ImageJ (NIH) program by outlining the 
cellular circumference and obtaining the average density value. 

Plasmids and transfections
To demonstrate that the proteasome in U343 cells was inhibited after overnight 
treatment with 100nM epoxomicin, cells were transfected with UbG76V-GFP, a 
reporter for proteasome activity which was developed by Dantuma (Dantuma et al., 
2000) and has been shown to be stabilized upon proteasome inhibition (Lindsten 
et al., 2002; van Tijn et al., 2007). The pGfa2-luciferase reporter gene construct 
was kindly provided by Michael Brenner (University of Alabama at Birmingham, 
Birmingham, AL, USA), and was made by cloning the gfa2 promoter from pGfa2-
CAT (formerly called pGfaCAT-2 (Besnard et al., 1991)) in the Bgl II – Hind II 
sites of Luciferase Reporter Vector pGL3 (Promega). This construct encompasses 
the human GFAP promoter fused to a luciferase reporter gene, which enables the 
measurement of GFAP promoter activity. A Renilla luciferase control reporter vector 
(Promega) was co-transfected as an internal control. Cell culture medium was 
refreshed 2 hours prior to lipofectamine (Invitrogen) transfection; according to the 
manufacturer’s protocol. For the GFAP-promoter activity measurements, cells were 
co-transfected with pGfa2-luciferase (0.8μg/per well) and pRL-TK (Renilla) (1ng/per 
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well) in a 24-well plate. Culture medium was refreshed 4 hours after transfection 
and one day later epoxomicin (final concentration 100nM) or DMSO (final 
concentration 0.01%) was added to the culture medium for approximately 16 hours. 

Cells transfected with UbG76V-GFP were viewed with a fluorescence microscope 
(Zeiss Axiovert 10) and images were made with a digital camera (Canon Powershot 
G6) to show accumulation of green fluorescent protein after proteasome inhibition. 
For luciferase measurements, the cells were rinsed with PBS and lysed in 100 μl 
reporter lysis buffer (Promega) on a rocking table for 15 min at room temperature 
(RT). The cell lysate was transferred to a tube and centrifuged for 30 sec at 20,000 
x g. The supernatant was collected in a new tube and stored at -80ºC. Per sample, 
5 μl was measured for luciferase activity using the luciferase reporter assay system 
(Promega) and a luminometer (Berthold Technologies).

RNA isolation, reverse transcription and Real-Time Quantitative-PCR (Q-PCR)
For RNA isolation the cells were rinsed in PBS, scraped from the well plate in PBS 
and centrifuged for 5 min at 1,000 x g. Supernatant was removed and the pellet 
was stored at -20ºC until RNA was isolated. 1 ml TRIzol Reagent (Invitrogen) was 
added to the cell pellet. Total RNA was isolated according to the manufacturer’s 
protocol. The resulting RNA pellet was dissolved in distilled water and stored 
at -80ºC. RNA concentration was determined using a NanoDrop® ND-1000 
spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Subsequently, 
2μg RNA was treated with DNaseI (Invitrogen) and reverse transcribed with 
Superscript II RT (Invitrogen), according to the manufacturer’s protocol, using 
random hexanucleotides (Roche). The cDNA was stored at -20ºC for later use in 
Q-PCR reaction. Q-PCR was carried out in 96-well plates, with a final volume of 
20 µl per well using the SYBR Green PCR kit (Applied Biosystems). Each reaction 
volume contained 10µl SYBR Green mix (2x concentrated), 6µl H2O, 1µl cDNA 
sample and 3µl of primer mix (sense and antisense primers, each 2pmol/µl; see 
supplemental table 1 for primer sequences). The plate was sealed and spun for 1 min 
at 200 x g before starting the Q-PCR program with the following cycling conditions: 
2 min at 50ºC; 10 min at 95ºC; 15 sec at 95ºC, and 1 min at 60ºC for 40 cycles. After 
the amplification protocol a dissociation curve was constructed by ramping the 
temperature from 60 to 90 ºC. The resulting Ct values were converted to absolute 
amounts of cDNA present in the sample (E-Ct) (Dijk et al., 2004). To correct for 
differences in cDNA amounts between samples, we normalized the target PCR 
to the geomean values of PCRs on a set of reference genes. Transcript levels of E2 
ubiquitin ligase (E2Ubi), RNA polymerase II (RNA pol II) and 18S ribosomal RNA 
(18S) were most stable and used for normalization.
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MTT cell viability assay
Cells were seeded onto 24-well plates and were treated with proteasome inhibitors or 
DMSO for the indicated time periods. Subsequently, culture medium was replaced for 
serum free medium without phenol and 50 μl MTT solution (3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide, 5 mg/ml in PBS) was added to each well 
and incubated at 37° for 4 h. After that, medium was removed and 500 μl DMSO 
was added to each well and incubated for 5-10 min to dissolve the formazan crystals. 
Two times 50 μl was transferred to a 96-wells plate and absorbance was measured at 
a wavelength of 570 nm on a microplate reader (Molecular devices).

Immunocytochemistry 
U343 cells, cultured on gelatin-coated coverslips, were rinsed with PBS and fixed in 
4% PFA in PBS. Following fixation the cells were rinsed again with PBS and incubated 
with Supermix (0.05M Tris, 0.9% NaCl, 0.25% gelatin and 0.5% Triton X-100, pH 
7.4) for 10 min at RT. The cells were then incubated with anti-GFAP, -vimentin, 

-nestin, or -Hsp70 antibodies (see table 1 for details) in Supermix overnight at 4°C. 
Subsequently, the cells were rinsed with Tris buffered saline (TBS; 100mM Tris-HCl 
pH 7.4, 150mM NaCl) following incubation with Cy3- or Cy2-labeled secondary 
antibodies (1:400; Jackson ImmunoResearch Laboratories) in Supermix for 1 h at 
RT. Finally the cells were rinsed three times with TBS, once with 0.05M Tris and 
coverslipped in Vectashield with DAPI (Vector Laboratories). 

For immunostaining of the rat brain sections, blocking was performed by 
preincubation with 10% normal serum and 0.4% Triton X-100 in 0.05M phosphate 
buffer (0.05M Na2HPO4, 0.05M NaH2PO4·H2O, pH 7.4) for 1 hour. Subsequently, the 
sections were incubated with the primary antibody diluted in 0.05M phosphate buffer 
containing 3% normal serum and 0.4% Triton X-100. Incubations with the primary 
antibodies against GFAP, vimentin, S100, NeuN and Hsp70 (see table 1 for details) 
were carried out overnight at RT. Slides were rinsed and incubated with F(ab’)2-Cy3 
secondary antibodies for 1 hour (Jackson ImmunoResearch Laboratories; 1 μg/ml). 

Table 1 Detailed information on primary antibodies used in this study
Primary antibody Manufacturer Catalog # Concentration
GFAP, rabbit polyclonal DakoCytomation, Glostrup, Denmark Z0334 1:2000 (ICC) 

1:50,000 (WB)
Vimentin, chicken polyclonal Chemicon AB5733 1:2500
Nestin, mouse monoclonal Chemicon MAB5326 1:1500
Hsp70, mouse monoclonal Santa Cruz Biotechnology sc-24 1:400
NeuN, mouse monoclonal Chemicon MAB377 1:250
S100β, rabbit polyclonal DakoCytomation, Glostrup, Denmark Z0311 1:6000

ICC = immunocytochemistry, WB = Western Blot
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Sections were washed and cover-slipped in Vectashield with DAPI (Vector Laboratories).
Both the U343 cells and rat brain sections were visualized on a Leica DMRE 

fluorescence microscope. Digital images were collected of the area around the 
implanted probes with identical settings for the areas around the perfused probe 
(experimental – control) and for the area around the contralateral non-perfused probe.

Western blot 
Protein was isolated from U343 cells treated with epoxomicin or DMSO by 
homogenization with lysis buffer (0.1M NaCl, 0.01M Tris-HCl pH 7.6, 1mM EDTA 
pH 8.0) supplemented with a protease inhibitor cocktail (Roche). Cell lysates were 
sonicated twice for 10 seconds and centrifuged for 3 min at 20,000 x g. Supernatant- 
and pellet-fraction were collected and dissolved in 2x, or 1x loading buffer (2x: 100mM 
Tris, 4% SDS, 20% glycerol, 200mM DTT, 0.006% bromophenol blue) respectively and 
boiled for 5 minutes. Subsequently, they were run on a 7.5% SDS-PAGE gel and blotted 
semi-dry on nitrocellulose. Blots were probed overnight with polyclonal anti-GFAP 
(see table 1) in Supermix. The next day, the blots were washed with TBS-T (TBS with 
0.2% tween-20) and incubated with secondary antibody anti-Rabbit IRDye800 in 
Supermix (1:5000; Rockland) for one hour at RT. After three washes in TBS, bands 
were visualized with the Odyssey Infrared Imaging System (LI-COR Biosciences). 
Quantification of GFAP protein levels was performed using Odyssey Software version 
2.1 by measuring the integrated intensity with subtracted background of GFAP 
protein bands. These integrated intensities were divided by the total amount of 
protein in the samples, which was either measured with a Bradford assay (soluble 
protein) or by Coomassie gel quantification (insoluble protein). Protein percentages 
were calculated of epoxomicin treated cells compared to the DMSO control. 

Statistical analysis
To demonstrate whether statistically significant differences existed among different 
groups, the non-parametric Kruskal-Wallis test was used. For all target genes in 
the Q-PCR studies, the statistical analysis was performed on the normalized values.

RT array
Two plates of the RT2 Profiler PCR array for human transcription factors (PAHS-
075 A; SuperArray, Frederick, USA) were used comparing Q-PCR validated cDNA 
samples of an overnight 100nM treatment with epoxomicin and a vehicle control. 
cDNA equivalent to 1 ug total RNA was used for each plate. The cDNA was mixed 
with the RT2 SYBR Green/ROX Q-PCR master mix and 25ul was added to each of 
the wells containing different primers. The plate was run under the same conditions 
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as described above. The outcome was normalized against the set of reference genes 
used for the Q-PCR. Analysis using the references genes present on the array yielded 
a comparable outcome. 

In-Silico Analyses 
We used the Genomatix Software (www.genomatix.de). The RefSeqs of GFAP, Vimentin 
and Nestin (human) were used as input for the MatInspector, Gene2Promoter and 
FrameWorker tools searching for promoter regions in individual transcripts and for 
promoter regions common to the three genes (Cartharius et al., 2005). The target 
sequence of GFAP was adjusted to 2163 bp upstream and 47 bp downstream of 
transcriptional start sites reflecting the promoter sequence of pGfa2-luc. 

Animals and surgery
Experimentally naive male Wistar rats (Harlan/CPB-WU, bodyweight of 250–
350 grams at time of the experiment) were kept in a temperature and humidity 
controlled room. Animals were housed in macrolon cages with sawdust bedding 
and ad libitum food and water. Microdialysis probes were placed bilaterally in the 
prefrontal cortex (PFC) at an angle of 12º as previously described in detail (van der 
Meulen et al., 2007) or in the striatum at an angle of 0º (coordinates in mm from 
Bregma: A +1.0, L +2.5, V -6,.0). The exposed membrane length of the Hospal AN69 
dialysis membrane (outer diameter 0.32mm in watery medium) was 4mm for the 
PFC and 3mm for the striatum. After surgery, a subcutaneous injection of 0.075 mg/
kg buprenorfine (Temgesic®, Schering–Plough, Reckitt Benckiser, UK) was given 
and rats were housed separately. 

Microdialysis
Microdialysis was started <7 days (n=10) or >7 days (n=4) after probe implantation. 
Only one of the two implanted probes was connected to Tsumura (TCS 2-23) quartz-
lined dual channel swivel (Pronexus, Skärholmen, Sweden) and to a perfusion pump 
using flexible PEEK (Upchurch Scientific) and all connections were made using 
small pieces of PVC tubing (inner diameter 0.38mm; Watson-Marlow). Prior to the 
experimental perfusions, the probes were perfused for 2 days with Ringer (145mM 
NaCl, 2.7mM KCl, 1.2mM CaCl2, and 1mM MgCl2). For the experimental procedure, 
the perfused Ringer contained either 0.025% DMSO or 250nM epoxomicin-0.025% 
DMSO. Solutions were perfused at a rate of 2μl/min and when the flow of the first 
probe was found to be obstructed when attempting to start the microdialysis, the 
second probe was used. Animals were perfused continuously for 72 h. The flow from 
the outlet was collected to monitor whether the flow was uninterrupted. Animals 
did not show changes in their overall behaviour during perfusion.
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Tissue processing
After 72 h perfusion the animals were disconnected from the microdialysis system. 
Animals were anesthetized by an intra-peritoneal injection with 1.0 ml Nembutal 
and transcardially perfused with 150 ml PBS followed by 500 ml freshly prepared 
4% PFA in PBS at pH 7.2. After perfusion the dental acrylic head mount including 
the microdialysis probes was pulled away from the skull. The brain was isolated and 
a 5mm thick coronal slice was cut around the area with the probe position. The slice 
was cryoprotected overnight in PBS containing 15% sucrose, frozen on powdered 
dry ice, and stored at -80 °C until sectioning. Serial 10μm cryosections were cut and 
thaw-mounted on SuperFrost Plus slides. Sections were dried for 1 h and stored at 

-20°C. Immunocytochemistry was performed as described above. 

Results 

The intermediate filaments GFAP, vimentin and nestin are expressed in U343 cells
To investigate whether the U343 astrocytoma cell line is useful to study the effect 
of proteasome inhibition on GFAP and other IF proteins, the expression of IF 
proteins involved in astrogliosis was analyzed in these cells. Fluorescent staining 
clearly showed GFAP-, vimentin and nestin immunoreactivity (IR) in all U343 
cells (Figure 1). Although it was reported previously that U343 cells do not express 
nestin (Rutka et al., 1999), nestin positive cytoskeletal filaments were evident in this 
study, similar to GFAP- and vimentin positive filaments. Moreover, Q-PCR showed 
the presence of nestin transcripts (Figure 4D).

Inhibition of the proteasome by epoxomicin 
The optimal concentration of proteasome inhibitor epoxomicin needed to inhibit 
the activity of the proteasome was determined in HeLa and SH-SY5Y cell lines 
stably transfected with UbG76V-GFP, a reporter for proteasomal activity. UbG76V-GFP 

Figure 1 Intermediate filament expression in U343 astrocytoma cells. The cytoskeletal 
distribution of GFAP (A), Vimentin (B) and Nestin-IR (C) was clearly present in U343 cells. 
Scale bars indicate 50μm.
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is normally targeted to the proteasome for degradation, but when the proteasome is 
inhibited, the fusion protein is no longer degraded and the green fluorescent protein 
accumulates. Flow cytometric analysis of these cell lines treated for 16 hours with 
various concentrations of epoxomicin, showed that in both cell lines 100nM was 
sufficient to almost completely inhibit the proteasome activity (Figure 2A). Besides, 
this concentration was shown to sufficiently inhibit the proteasome in U343 
astrocytoma cells, since all U343 cells transfected with the UbG76V-GFP proteasome 
reporter construct (~50% transfection efficiency) accumulated GFP when treated 
with 100nM epoxomicin (Figure 2B-C). In addition we used a fluorescent probe 
(Berkers et al., 2007), which specifically binds to the active proteolytic sites of the 
proteasome. The labeling observed after overnight DMSO treatment (Figure 2D) 
was almost completely absent after overnight treatment with 100nM epoxomicin 
(Figure 2E), indicating that the core proteasome proteolytic activity became inactive 
due to epoxomicin treatment. The absence of probe labeling was not the result of 
cell death, as indicated with an MTT assay (Figure 5C).

Figure 2 Epoxomixin in a 
concenrtation of 100nM is 
sufficient to inhibit proteasome 
activity. (A) Flow cytometric 
analysis of HeLa and SH-SY5Y cell 
lines stably expressing UbG76V-GFP, 
a proteasome reporter construct, 
showed that at a concentration of 
100nM epoxomicin 95% of all cells 
accumulated the reporter, indicating 
a strong inhibition of proteasome 
activity (n=3 independent 
experiments). Data are represented 
as mean values + standard error 
of the mean (SEM). (B-C) U343 
cells transfected with a proteasome 
reporter construct UbG76V-GFP. GFP 
was degraded without proteasome 
inhibition (B). After overnight 
treatment with 100nM epoxomicin 
GFP accumulated in the cells (C). 
(D-E) The fluorescent proteasome 
activity probe showed fluorescence 
in all U343 cells treated with DMSO 

(D) in contrast to U343 cells treated with 100nM epoxomicin, which hardly showed fluorescence 
(E). This means that proteasome activity is strongly decreased after treatment with 100nM 
epoxomicin. Scale bars indicate 100μm in (B-C) and 50μm in (D-E).
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Proteasome inhibition in U343 cells resulted in a strong reduction of GFAP mRNA 
Next we determined the effect of proteasome inhibition on GFAP protein levels. 
The U343 cells were treated overnight with 100nM epoxomicin or 0.01% DMSO 
as control and were immunostained for GFAP. No clear change in GFAP-IR (IR) 
was observed between DMSO and epoxomicin treated cells (Figure 3A-B). At larger 
magnification a clear filamentous network was visible throughout the cytosplasm in 
the DMSO treated cells (Figure 3C). In the 100nM epoxomicin treated cells this was 
also seen in many cells (Figure 3D) although the GFAP network often appeared less 
pronounced (Figure 3E). We quantified the changes in GFAP protein levels using 
Western blot. It is known that the turnover of filament proteins such as GFAP shows 
a biphasic decay, including a fast-decaying pool with a half-life of 12-18 hours and a 
slow-decaying pool exhibiting a half-life of about 8 days (Chiu and Goldman, 1984). 
Most likely, this fast-decaying pool contains the soluble forms of these proteins, while 
the slow-decaying pool consists of the filamentous, insoluble forms. To distinguish 
between these two assembly states, a soluble supernatant fraction and an insoluble 
pellet fraction were loaded onto the gel. Quantification of these Western blots, of 
which an example is presented in Figure 3F, showed a slight decrease in relative 
GFAP protein levels in the soluble fraction (Figure 3G, white bars), which was 
significant for 5nM (75%, p<0.047), 25nM (56%, p<0.037) and 100nM epoxomicin 
(63%, p<0.028). No significant changes were found in the insoluble fraction after 16 
hours (Figure 3G, grey bars), which was in line with our expectations, considering 
the long half-life of insoluble filamentous IF proteins. The relative proteasome 
activity in U343 cells treated with the concentrations of epoxomicin used in the 
Western blot experiment was quantified using the fluorescent proteasome activity 
probe (Figure 3H), which confirmed that proteasome activity gradually decreased 
with increasing concentrations. 

Because proteasomal activity is involved in the regulation of gene expression 
(Fleming et al., 2002; Dembla-Rajpal et al., 2004; Auld et al., 2006), we studied the 
effect of epoxomicin on GFAP mRNA levels. Relative amounts of GFAP mRNA were 
measured with quantitative RT-PCR after overnight treatment with 100nM epoxomicin. 
Remarkably, GFAP transcript levels were profoundly decreased after proteasome 
inhibition down to less than 5% of the levels in the control condition (Figure 3I, p<0.001). 
For comparison, transcript levels of several reference genes that are not related to IFs 
were measured in the same samples (Figure 3J). Epoxomicin treatment had no effect 
on the expression level of E2Ubi, RNA pol II and 18S, although elongation factor 1α 
(EF1α) was significantly upregulated (p<0.02). These results indicate that either GFAP 
mRNA stability or GFAP gene expression is strongly regulated by proteasome activity.  

To investigate whether the effect of proteasome inhibition on the GFAP mRNA 
levels is caused by a direct regulation of the GFAP promoter, U343 cells were 
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transfected with a construct driving the luciferase gene under the human GFAP 
promoter (pGfa2-luc). Renilla-luciferase was used as an internal control, since 
proteasome inhibition is known to decrease the activity of luciferase in general 
(Deroo and Archer, 2002). The luciferase activity measured from pGfa2-luc after 
normalization with the Renilla-luciferase was significantly decreased by proteasome 
inhibition (Figure 3K, p<0.008). This result showed that the GFAP promoter after 
proteasome inhibition exhibits less than a third of its activity compared to the control 
condition. All together, these data strongly indicate that proteasome inhibition 
results in a rapid decrease in GFAP transcription, as a result of a less active promoter.
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 Figure 3 Proteasome inhibition showed no clear effect on protein levels, but strongly 
decreased GFAP mRNA expression. (A-E) GFAP staining in U343 cells. No clear difference 
was found in GFAP-IR between U343 cells treated with DMSO (A) or 100nM epoxomicin (B). 
Most cells showed a GFAP cytoskeleton throughout the cytoplasm (C-D), however in some of 
the 100nM epoxomicin treated cells the GFAP cytoskeleton was less pronounced (E). Scale bars 
indicate 50μm in (A-B) and 25μm in (C-E). (F) Example of a Western blot analysis of lysates from 
U343 cells treated with a range of epoxomicin concentrations. The soluble and insoluble fractions 
were blotted separately and probed for GFAP. (G) Western blot quantification showed a decrease 
in GFAP protein levels in the soluble protein fraction (white bars) when treated with various 
concentrations of epoxomicin, of which 5, 25 and 100nM resulted in a significant decrease 
(p≤0.05) (n=4 for 25nM, n=5 for all other concentrations). No significant changes in GFAP 
protein levels were found in the insoluble protein fractions (grey bars) (n=5 for all concentrations). 
(H) Increased epoxomicin concentration resulted in a dose dependent decrease in proteasome 
activity when quantified with a fluorescent proteasome activity probe. The activity was decreased 
to 20% of the control values with 100nM epoxomicin (n=4). (I) Normalized GFAP mRNA levels 
measured with quantitative RT-PCR. Overnight treatment with 100nM epoxomicin resulted 
in a clear and significant decrease of GFAP mRNA levels (p≤0.001) to approximately 3.5% of 
the control values (n=8). (J) Arbitrary units representing mRNA levels of four reference genes 
showed no significant decrease after overnight proteasome inhibition with 100nM epoxomicin 
(n=14). EF1α mRNA levels were significantly increased. E2Ubi, RNA pol II and 18S mRNA 
levels were used to normalize mRNA levels of other genes in other experiments. (K) Luciferase 
activity measurement from U343 cells transfected with a construct of luciferase coupled to the 
human GFAP promoter (pGfa2-luc). Proteasome inhibition with 100nM epoxomicin for 16h 
significantly decreased luciferase activity (p≤0.009, n=8). White bars represent DMSO-treated 
U343 cells and grey bars represent U343 cells treated with 100nM epoxomicin for 16h (I-K). Data 
are represented as mean values + SEM between individual experiments. Statistical significance is 
indicated by asterisks (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).

Specificity of GFAP mRNA downregulation
The strong reduction of the GFAP transcript levels was studied in more detail. GFAP 
mRNA was measured at different time points after epoxomicin treatment and the 
effect of different concentrations of epoxomicin was studied. The decrease of GFAP 
mRNA was dependent on the duration of treatment (Figure 4A). After 4 hours of 
100nM epoxomicin treatment, the GFAP mRNA levels were decreased to 40%, while 
an overnight (16 hours) treatment resulted in a nearly complete downregulation of 
GFAP mRNA. Additionally, the GFAP mRNA downregulation was also shown to be 
epoxomicin concentration dependent (Figure 4B). A concentration of 5nM epoxomicin 
already showed a drop in GFAP mRNA and a significant decrease in GFAP mRNA 
levels was reached when concentrations of 10nM epoxomicin (p<0.021) or higher 
were applied for 16 hours. GFAP mRNA levels were decreased down to approximately 
5% of control levels with 25nM (p<0.019) and 100nM (p<0.021) epoxomicin.

Multiple splice variants are derived from the GFAP gene (Quinlan et al., 2007), i.e. 
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GFAPα, GFAPΔ135, GFAPΔ164, GFAPΔexon6 (Hol et al., 2003), GFAPδ (Nielsen et 
al., 2002; Roelofs et al., 2005) and GFAPκ (Blechingberg et al., 2007). We investigated 
whether proteasome inhibition altered the GFAP splicing pattern in U343 cells. 
GFAPδ mRNA and protein were previously shown to be clearly expressed in U343 
IF networks (Perng et al., 2008), the GFAPΔ164/GFAPΔexon6 proteins (recognized 
by a GFAP+1 antibody) (Hol et al., 2003) however are not expressed (data not shown). 
The mRNA expression of the GFAP isoforms was investigated after proteasome 
inhibition. The GFAPΔ164 and GFAPΔexon6 mRNA could not be detected in U343 
cells (not shown), which is in accordance with their absence at the protein level. GFAPα, 
GFAPδ, GFAPκ and GFAPΔ135 mRNA levels were significantly decreased (Figure 
4C) and the ratio between the different isoforms remained constant (not shown), 
indicating that overnight epoxomicin treatment did not change GFAP splicing. 

Because GFAP is not the only IF protein present in U343 cells, we tested whether 
other IF transcripts involved in gliosis were also decreased upon proteasome 
inhibition. Q-PCR revealed a significant decrease of both vimentin, to approximately 
43% of the level found in controls and nestin mRNA levels to approximately 13% 
after overnight epoxomicin treatment (Figure 4D, p<0.017). This result demonstrates 
that the proteasomal activity regulates the mRNA levels of all IFs involved in gliosis 
in U343 cells with the downregulation of GFAP to levels less than 5% being most 
pronounced. Vimentin is an IF protein which is present in many cell lines. We 
tested whether vimentin downregulation upon proteasome inhibition was specific 
for astrocytoma cells or present in other cell lines as well. A Q-PCR for vimentin 
was performed on HeLa cells (Figure 4E) and SH-SY5Y neuroblastoma cells (Figure 
4F), in which additionally the neuron-specific IF protein neurofilament-H (NFH) 
was also tested. These experiments showed no significant downregulation of mRNA 
expression of any of the tested genes, though a small decrease in vimentin mRNA 
was detected in both cell lines and a significant upregulation of NFH to 244% 
was measured in the neuroblastoma cells (p<0.05). To exclude that the effect of 
proteasome inhibition on IF transcription was solely present in U343 astrocytoma 
cells, a Q-PCR was performed on astrocytoma cell lines U251 and SNB19 (Figure 
4G). Although the overall GFAP expression level was lower in these cells compared 
to U343 cells (data not shown), a significant downregulation was found after 
proteasome inhibition in both astrocytoma cell lines (p<0.021). This indicates that the 
regulation of IF transcription through proteasome inhibition is astrocyte-specific. 

Next we addressed specificity aspects of the observed effect of epoxomicin 
on GFAP mRNA levels. U343 cells were treated with several other proteasome 
activity inhibitors (Figure 4H) and inhibitors of other proteolytic enzymes (Figure 
4I). Overnight treatment with lactacystin, MG132 and the boronate analogue of 
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MG132, MG262, all resulted in a clear and significant reduction of GFAP mRNA 
comparable to the effects observed with epoxomicin. U343 cells were treated with 
either chloroquine, an inhibitor of lysosomal degradation, bacitracin, an inhibitor 
of insulin degrading enzyme or AAF-cmk, an inhibitor of TPPII (Figure 4I). 
Chloroquine and AAF-cmk treatment, both showed a significant downregulation 
of GFAP mRNA to about 33% of control levels (p<0.05), but the reduction was not as 
profound as that of the proteasome inhibitors (p<0.05). In contrast, treatment with 
bacitracin resulted in a significant increase of GFAP mRNA to about 760% (p<0.05). 
In conclusion, any effect on GFAP mRNA levels found with other proteases is much 
smaller or opposite from the effect of the proteasome inhibitors. 

Epoxomicin is known to be an irreversible inhibitor of the proteasome whereas 
the inhibitory effect of MG132 is reversible. Cells were treated overnight with either 
epoxomicin or MG132, after which the culture medium was refreshed with medium 
without inhibitors. Cells were harvested 24h later and RNA was isolated (Figure 
4J). The epoxomicin treated cells showed a significant and irreversible decrease in 
GFAP mRNA expression, while washout of the reversible inhibitor MG132 caused the 
significantly decreased levels of GFAP mRNA (p<0.046) to recover to levels not different 
from controls. This result is in agreement with the pharmacological profile of the two 
inhibitors (Meng et al., 1999; Josefsberg et al., 2000). Taken together, these results clearly 
show that proteasome inhibition is involved in the decreased GFAP mRNA expression.

Induced cell death and stress response are not responsible for the decrease in IF mRNA 
expression
Proteasome inhibition is known to cause an upregulation of heat shock proteins, 
including Hsp70 (Bush et al., 1997; Kawazoe et al., 1998) and at long-term, to induce 
cell death (Ding and Keller, 2001). We studied whether these effects of proteasome 
inhibition in U343 astrocytoma cells could be responsible for the effect on the 
GFAP mRNA expression. Cell death after proteasome inhibition can be detected by 
studying nuclear condensation, a classic feature of apoptosis. In U343 cells treated 
with 100nM epoxomicin overnight, no evident condensed nuclei were observed 
with DAPI staining (Figure 5A-B). To quantify the viability of the cells, an MTT 
assay was performed after treatment with proteasome inhibitors epoxomicin and 
lactacystin. No significant reduction of cell viability was observed after an overnight 
treatment with either proteasome inhibitor (Figure 5C). 

To investigate whether heat shock proteins were induced, a Q-PCR with Hsp70 
specific primers was performed on cDNA samples from previous experiments. As 
expected, a highly significant upregulation of Hsp70 mRNA levels was found after 
proteasome inhibition with several proteasome inhibitors (Figure 5D, p<0.05). We 
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could confirm this effect at the protein level; no Hsp70-IR could be detected in 
DMSO treated cells in contrast to epoxomicin treated cells (Figure 5E-F). Proteasome 
inhibition with lactacystin resulted in a remarkably lower upregulation of Hsp70 
mRNA compared to other proteasome inhibitors (Figure 5D), whilst lactacystin 
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was as efficient to reduce the GFAP mRNA expression as epoxomicin (Figure 4H). 
Additionally, a concentration range of lactacystin showed that at a concentration of 
10μM, GFAP mRNA levels were substantially decreased and Hsp70 mRNA levels were 
not increased yet (Figure 5G), showing that an increase in Hsp70 transcript levels 
or more general heat-shock response is not likely to be the cause for the decrease in 
GFAP transcript levels. Moreover we measured the expression of BiP, an important 
component of the endoplasmatic reticulum stress response. Although BiP mRNA levels 
were significantly increased by tunicamycin treatment, no change was found after 
epoxomicin treatment (data not shown), which indicates that ER stress was not induced. 

 Figure 4 Specificity of GFAP mRNA downregulation. (A) The decrease in GFAP mRNA 
is time dependent with respect to epoxomicin treatment. After 4h of epoxomicin treatment GFAP 
mRNA levels have already decreased to approximately 40% compared to untreated U343 cells (n=1). 
(B) The decrease in GFAP mRNA is dependent on the concentration of epoxomicin used. GFAP 
mRNA is already significantly decreased when 10nM epoxomicin is used and GFAP mRNA levels 
decrease further to less than 5% of the untreated cells with epoxomicin concentrations of 25nM or 
higher (n=4). (C) Transcript levels of all GFAP isoforms expressed in U343 cells were significantly 
downregulated after proteasome inhibition (n=8 for GFAP-α, -δ and -k, n=5 for GFAPΔ135). (D) 
Vimentin and nestin mRNA levels were significantly downregulated by proteasome inhibition with 
100nM epoxomicin in U343 cells to respectively 43% and 13% of the control values (n=5). (E) In 
HeLa cells the vimentin mRNA levels were not significantly decreased by proteasome inhibition 
with 100nM epoxomicin (n=3). (F) In SH-SY5Y neuroblastoma cells vimentin mRNA levels were 
not significantly decreased by proteasome inhibition with 100nM epoxomicin. Neurofilament-H 
mRNA levels in this cell line were significantly upregulated to approximately 250% when treated 
with 100nM epoxomicin, compared to untreated cells (n=3). (G) GFAP mRNA levels significantly 
decrease after proteasome inhibition with 100nM epoxomicin in three different astrocytoma cell 
lines (n=4). White bars represent DMSO-treated U343 cells and grey bars represent U343 cells 
treated with 100nM epoxomicin for 16h (C-G). (H) Four different proteasome inhibitors, both 
irreversible (epoxomicin, lactacystin) and reversible (MG132, MG262) significantly decreased 
GFAP mRNA levels in U343 cells after treatment overnight (n=3). (I) Inhibitors of other proteolytic 
activities present in U343 cells significantly up- (bacitracin) or downregulated (chloroquine, AAF-
cmk) GFAP mRNA levels (n=3). (J) The downregulation of GFAP mRNA levels after proteasome 
inhibition was reversible. GFAP mRNA levels significantly increased to about 100% when medium 
containing a reversible proteasome inhibitor (MG132) was replaced for medium without inhibitor 
(n=3). With the irreversible inhibitor epoxomicin GFAP mRNA levels remained low. White bars 
represent unwashed cells, grey bars represent washed out cells. Data are represented as mean 
values + SEM between individual experiments. Statistical significance is indicated by asterisks 
(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
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Figure 5 No cell death, but increased heat shock protein expression after proteasome 
inhibition overnight. (A-B) DAPI staining did not show any increase in nuclear condensation 
after proteasome inhibition with 100nM epoxomicin for 16h (B) compared to DMSO treated 
U343 cells (A). (C) A MTT assay revealed no significant changes in cell viability after treatment 
with the proteasome inhibitors, epoxomicin (n=4) and lactacystin (n=3) for 16h compared 
to DMSO treated cells. (D) Hsp70 mRNA levels were significantly increased after overnight 
treatment with proteasome inhibitors epoxomicin (100nM), Lactacystin (20μM), MG132 (1μM) 
and MG262 (125nM) (n=3). (E-F) Hsp70-IR was clearly increased after 100nM epoxomicin 
treatment (F) compared to DMSO treatment (E). (G) Hsp70 levels significantly increased 
when Lactacystin concentrations exceeded 20μM. Since GFAP transcript levels were already 
maximally reduced at 20μM, the induced stress response does not seem to influence the effect 
on GFAP mRNA (n=1). Scale bars indicate 50μm. Data are represented as mean values + SEM 
between individual experiments. Statistical significance is indicated by asterisks (*p ≤ 0.05).

Figure 6 Proteasome inhibition regulates transcription factors that influence GFAP transcript 
levels via its promoter. (A) Q-PCR results validate the significant upregulation of transcription 
factors ATF3 and c-Jun (p ≤ 0.009, n=5), that was shown in the RT-array (supplemental table 2). 
(B) Q-PCR results validate the significant downregulation of transcription factors PAX6 and 
E2F1 (p ≤ 0.009, n=5). STAT3 was also downregulated; however this result was not statistically 
significant.Data are represented as mean values + SEM between individual experiments. 
Statistical significance is indicated by asterisks (**p ≤ 0.01).
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Various transcription factors are regulated by the proteasome in U343 cells 
The cell culture studies have provided extensive evidence for the specificity of 
proteasome inhibition on GFAP transcription in U343 astrocytoma cells. Since it 
has become more evident that the proteasome has a fundamental role in regulating 
transcription, partly by regulating transcription factor half-life (Auld et al., 2006; 
Lassot et al., 2007), we investigated whether proteasome inhibition regulates 
(astrocytoma) specific transcription factors that could alter IF transcription in 
these cells. 

To study whether proteasome inhibition has a general effect on the levels of 
transcription factors we used a RT-PCR array to assess the 100nM epoxomicin-
induced changes in transcript levels of 84 transcription factors implicated in 
various regulatory pathways. A total of 76 TF could be detected in U343 cells; 20 
showed an upregulation of >1.5-fold and 20 showed a downregulation of >1.5-fold 
(see supplemental table 2 for RT-PCR array results). We validated the changes in 
expression for several transcription factors of which a relation was known with 
the proteasome (Zimmermann et al., 2000; Lim et al., 2004; Choi et al., 2007) or 
involvement in GFAP expression or astrocyte biology (Miyajima et al., 1996; Gadea 
et al., 2008; Herrmann et al., 2008; Sakurai and Osumi, 2008). The changes for 
upregulated ATF3 and c-Jun transcript levels and downregulated PAX6, E2F1 and 
STAT3 transcript levels were confirmed by Q-PCR on a set of 5 DMSO-treated and 5 
epoxomicin-treated samples (Figure 6A-B). STAT3 mRNA, which showed a decrease 
of 1.7-fold in the PCR array, was downregulated in the epoxomicin-treated samples; 
however this result was not significant. These results suggest that many transcription 
factors may be involved in the alteration of GFAP-promoter activity. 

To more specifically identify which transcription factors can bind the GFAP 
promoter as well as the vimentin and nestin promoter, we performed an in silico 
analysis of the promoter regions of GFAP, vimentin and nestin in order to unravel 
a common transcription binding profile for these three genes (Genomatix Software 
GmbH). Using the GFAP RefSeq (NM_002055) as target sequence, MatInspector 
resulted in potential binding sites for 456 transcription factors. Restricting the 
target input to the promoter region present in the pGfa2-luc revealed 106 potential 
transcription factors from 58 different transcription factor families. Because 
proteasome inhibition also reduced the transcript levels of vimentin and nestin, 
a functional assessment of binding sites was carried out by the Gene2Promoter 
and FrameWorker tools to find common elements. Gene2Promoter identified 20 
transcription factor binding sites that are present in GFAP, vimentin and nestin. 
Applying the “tissue filter” nervous system reduced this number to binding sites 
for six transcription factor families: V$CREB (n=14 different transcription factors), 
V$EGRF (n=7), V$ETSF (n=16), V$NR2F (n=12), V$PARF (n=5), V$PAX6 (n=5). 
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Altogether, 59 different transcription factors; so even under stringent settings the 
number of potential candidates remains high and does not allow drawing conclusions 
as to which transcription factors play a key regulatory role.

Astrogliosis is decreased after proteasome inhibition in vivo 
Because filamentous GFAP and other IF proteins have a half-life of approximately 8 
days, only longer period of reduced mRNA levels will have substantial effects on the 
existing IF network. Treatment of U343 cells with high concentrations of proteasome 
inhibitors for >3 days is toxic to the cells, whereas low concentrations did not lead to 
an impaired proteasome activity (data not shown). Therefore we studied the effects 
of chronic proteasome inhibition on GFAP protein levels in a rat model for induced 
astrogliosis. It is known that in rats the implantation of a microdialysis probe in the 
hippocampus, causes build up of gliosis in an area around the probe after 24 to 48 
hours, reducing the drainage. This layer of GFAP-IR and astrocytic hypertrophy 
is most prominent after 72 hours, but does not progress after that (Benveniste and 
Diemer, 1987; Shuaib et al., 1990). We made use of this model of astrogliosis by 
perfusing the microdialysis probe, implanted in either the PFC or striatum with 
epoxomicin. This approach enables the delivery of the proteasome inhibitor precisely 
at the core of the astrogliosis. Five days after implantation, GFAP positive reactive 
astrocytes were observed around the control probe that was perfused with 0.025% 
DMSO in Ringer for 72 hours (result not shown), comparable to the contralateral 
non-perfused probe (Figure 7A-B). In contrast around the probe perfused with 
250nM epoxomicin (in DMSO/Ringer) for 72 hours, a clear reduction in GFAP-IR 
was observed (Figure 7C-D). Only a few filaments and ‘squiggles’ (Prahlad et al., 
1998) were labeled by the GFAP antibody (Figure 7C, arrowheads). The reduction in 
GFAP-IR was most notably in a zone up to 300μm distant from the probe. Beyond 
this zone, GFAP positive astrocytes appeared normal, indicating the extent of the 
epoxomicin diffusion in these conditions. These results show that inhibition of the 
proteasome can prevent the increase of GFAP levels associated with astrogliosis. 
To substantiate this, we stained adjacent sections for vimentin, also known to be 
upregulated in astrogliosis. Vimentin-IR clearly showed a rim of reactive astrocytes 
around the DMSO and non-perfused probe position (Figure 7E), but was virtually 
absent when the probe was perfused with epoxomicin (Figure 7F). In a number of 
experiments, the start of the probe perfusion with epoxomicin was delayed to >7 
days after probe implantation. In these brains, no clear effect on the expression 
of GFAP or vimentin was observed between the non- and epoxomicin-perfused 
probe site with either GFAP or vimentin staining (results not shown) suggesting 
that at this point gliosis had already progressed to a stage where IF gene expression 
was not susceptible to epoxomicin anymore. To prove that the reduction in GFAP 
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and vimentin-IR is not due to astrocyte cell death, the sections were stained for 
S100β, another marker for mature astrocytes specific for a family of calcium 
binding proteins (Figure 7G-H). No evident differences were found between the 
non-perfused and epoxomicin-perfused probe site. S100β-IR was clearly visible 
in astrocytes around the epoxomicin-perfused probe site, similar to the control 
site. To show that neurons in the area around the probed were not affected by 
epoxomicin a NeuN staining was performed. Both around the non-perfused and the 
epoxomicin-perfused probe a similar number of neurons could be detected (Figure 
7I-J). Immediately surrounding the probe site, neurons were completely absent in 
both the epoxomicin-perfused and non-perfused condition (Figure 7I-J, arrowheads). 

Hsp70-IR which was highly upregulated after epoxomicin treatment in vitro was 
also greatly enhanced in the epoxomicin-perfused rat brain in all cell types present 
in that region (Figure 7L). Hardly any Hsp70 was detected around the non-perfused 
probe site (Figure 7K), whereas a clear zone of Hsp70-IR cells were visible around the 
epoxomicin-perfused probe site overlapping with the reduced GFAP-staining. This 
ring may mark the area of epoxomicin diffusion from the probe into the rat brain. 
Although heat shock proteins are known to be upregulated at sites of inflammation, 
no signs of increased inflammation were detected with a CD11b antibody around 
the epoxomicin-perfused probe site compared to the control site (not shown). These 
results suggest that proteasome inhibitors in vivo can locally prevent GFAP and 
vimentin protein accumulation without obvious damage to the surrounding tissue. 

Discussion

Astrogliosis and an impaired proteasome activity both occur in the aging brain 
and in neurodegenerative diseases, such as AD and PD. This has led us to speculate 
that the UPS might contribute to the regulation of astrogliosis, for instance in the 
regulation of IF components such as GFAP. In this study we show that in contrast 
to our expectations, proteasome inhibition does not induce an accumulation of 
GFAP protein, but rather induces a sharp decrease in the transcript levels of all 
expressed GFAP isoforms and other cytoplasmic IF protein transcripts in human 
astrocytoma cells in vitro. In line with these findings, we observed that proteasome 
inhibition prevents the accumulation of GFAP and vimentin in reactive astrocytes 
in the rat brain in vivo, thereby suppressing reactive gliosis. 

The reduction of GFAP gene expression as a result of proteasome inhibition is 
highly significant and specific for astrocytes. Biochemically distinct proteasome 
inhibitors decreased GFAP mRNA levels to less than 5% of the control levels. Several 
inhibitors of other proteolytic enzymes also affected GFAP transcript levels (Figure 
4H-I), but far less pronounced as compared to epoxomicin and other proteasome 
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inhibitors. The small but significant downregulation by chloroquine, an inhibitor of 
lysosomal degradation, could be explained by recent findings from Sprangers et al., 
who showed in eukaryotic cell extracts and in preparations of purified 20S archaeal 
proteasomes that chloroquine can inhibit proteasome function as well (Sprangers 
et al., 2008). Another explanation could be that lysosomes also regulate factors 
important for GFAP transcription, but to a lesser extent. The significant effect by 
TPPII inhibitor AAF-cmk was less unexpected since it is known that TPPII may 
substitute for some proteasome functions (Geier et al., 1999). 

Previous studies in aging rodent and human brains have pointed out that increased 
GFAP protein could result from either transcriptional or post-transcriptional 
regulation (Nichols et al., 1993; Yoshida et al., 1996; Riol et al., 1997; Sabbatini et 
al., 1999). The results of the pGfa2-luciferase experiment (Figure 3K) and the RT-
PCR array (supplemental table 2) show that the proteasome alters the transcription 
of GFAP and other IF proteins most likely by affecting the levels of specific 
transcription factors that act on the promoter. Our study is one of a few that links 
proteasome activity with transcription in mammalian cells and we suggest that this 
is achieved by regulation of transcription factor levels (Hattori et al., 2003; Lassot 
et al., 2007; Zhu et al., 2007; Bhat et al., 2008; Koues et al., 2008). By using the 

 Figure 7 Proteasome inhibition decreased astrogliosis in the rat brain. Rat brains 
were perfused with a microdialysis probe into the PFC or the striatum. The brains were isolated 
after 72h of perfusion starting <7 days after probe implantation. The probes were either left non-
perfused or they were perfused with 250nM epoxomicin (n=7). Images presented here are all from 
a rat that was perfused for 72h with epoxomicin, starting 4 days after probe implantation into 
the PFC. Dotted lines indicate the area where the probe was located. The images are rotated for 
presentation purposes placing the midline below the probe. Results were comparable between all 
rats that were studied. (A) GFAP-IR showed astrogliosis around the area where the non-perfused 
microdialysis probe was located. Arrows indicate the area of astrogliosis around the probe site. 
(B) At higher magnification, the reactive GFAP positive astrocytic processes are clearly visible. 
(C) No astrogliosis was found around the epoxomicin-perfused probe and only little GFAP-IR 
is seen in several filaments and ‘squiggles’ (arrowheads). Cell layers further away from the probe 
looked normal. (D) At higher magnification no clear GFAP positive astrocytic processes are 
visible around the epoxomicin-perfused probe site. Only a punctate staining pattern is present, 
indicating the loss of GFAP cytoskeletal fibres. (E) Vimentin-IR also showed astrogliosis around 
the non-perfused probe site, similar to GFAP. An asterisk marks the area that looks normal, 
without astrogliosis. (F) Vimentin-IR was clearly decreased after epoxomicin-perfusion around 
the probe site, like GFAP. (G-H) S100β clearly stained astrocytes around the non-perfused (E) 
and epoxomicin-perfused (F) probe sites. (I-J) NeuN staining showed normal-looking neurons 
located around both the non-perfused (I) and the epoxomicin-perfused (J) probe site. Immediately 
adjacent to the probe site a NeuN-negative band was present in both conditions, as indicated by 
a dashes line. (K) Hsp70-IR was not detected around the non-perfused probe site. (L) Hsp70-IR 
was clearly upregulated around the epoxomicin-perfused site, indicating the area of the brain 
that was penetrated by epoxomicin. Scale bars indicate 100μm in (A, C, E-L) and 50μm in (B,D).
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Genomatix webtool, potential transcription factors were revealed that could act on 
the promoters of different IF genes at the same time, which might occur during 
astrogliosis when GFAP, vimentin and nestin are upregulated. This analysis revealed 
6 potential transcription factor families that cover in total 59 different transcription 
factors. Four of these transcription factors (CREB, c-JUN, EGR-1 and PAX6) were 
indeed found to be regulated by the proteasome, as was shown by the RT-PCR array 
(supplemental table 2). The most interesting transcription factor is EGR-1, which 
was strongly decreased upon proteasome inhibition (17-fold). This regulation by the 
proteasome corresponds to previous studies, which showed that EGR-1 can regulate 
the proteasome and vice versa (Bae et al., 2002; James et al., 2006; Fernandez et al., 
2008). Furthermore, various studies suggest a relationship between an increased 
EGR-1 expression with an increased GFAP expression (Mack et al., 1994; Desjardins 
et al., 1997) and a role in astrogliosis (Beck et al., 2008). However, it needs to be 
emphasized that the promoter sequences contain many putative binding sites for a 
large number of transcription factors. Clearly, unraveling which transcription factors 
are involved in IF transcription in astrogliosis needs further investigation. 

The significant downregulation of GFAP expression after proteasome inhibition 
was not in line with our expectations. In diseases where impaired proteasome 
activity is confirmed, GFAP protein levels are generally upregulated in reactive 
astrocytes (Tang et al., 2006). The decrease in proteasome activity in AD described 
by others, however, was measured in whole brain homogenates (Keller et al., 2000; 
Lopez Salon M. et al., 2000; Glenn et al., 2004), without discriminating between 
the different cell types present. Moreover, ubiquitin immunoreactivity was found 
mostly in inclusion bodies within neurons (Lowe et al., 1988; Mayer et al., 1996; 
Layfield et al., 2005), but not in astrocytes. Therefore, it could be argued that in 
these diseases the proteasome is not inhibited in astrocytes, but might rather be 
activated. Tentatively, a more active proteasome in astrocytes may indicate that in 
AD these cells are trying to degrade Aβ, the main constituent of amyloid plaques 
in the brains of AD patients (Thal et al., 2000; Wyss-Coray et al., 2003; Pihlaja 
et al., 2008). Evidence for this line of reasoning has to come from animal models 
with astrocyte-specific proteasome activity impairment. Moreover, our results put 
studies using systemic administration of proteasome inhibitors in a new perspective. 
For example it has been reported that systemic administration of epoxomicin in rats 
can induce a model of PD (McNaught et al., 2004). Although attempts to replicate 
this model have not always been successful, no attention has gone out to astrocytes, 
which are likely to play a role in the disease process as well. In our opinion, it 
would be important to investigate neuron-specific proteasome inhibition in animal 
models to study the role of the UPS in neurodegenerative diseases. 
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The profound downregulation of the transcript levels of GFAP, vimentin and 
nestin by proteasome inhibitors offers a new approach to impede astrogliosis 
which may be beneficial for certain disease situations. Studies using GFAP-/-Vim-/- 
knockout mice (Pekny and Nilsson, 2005), a model for reduced astrogliosis, show that 
reactive astrocytes are a main component in brain injury, stroke, neurodegeneration 
and the physiological aging of the brain. There is ongoing debate whether reactive 
gliosis is beneficial or detrimental to the surrounding neurons (Myer et al., 2006; 
Laird et al., 2008). As it is increasingly recognized that astrocytes not only provide 
a general support to neurons, but are also essential for synaptic transmission and 
synchronizing neuronal signals, it may be that transition from quiescent astrocytes 
to reactive cells may affect their normal functional role and hence be damaging 
to neurons (Kang et al., 1998; Volterra and Meldolesi, 2005; Vesce et al., 2007). In 
agreement with such a detrimental role, the hypertrophy of astrocytes was shown to 
coincide with cognitive decline, implying that reactive gliosis negatively influences 
cognition (Ingelsson et al., 2004; Kashon et al., 2004). GFAP-/-Vim-/- mice and cultured 
astrocytes from these mice have shown that astrocytes without IF proteins show 
improved axonal sprouting and functional recovery after spinal cord injury (Menet 
et al., 2003) and improved synaptic regeneration in mice conducted with entorhinal 
cortex lesions (Wilhelmsson et al., 2004). Furthermore, the retinal environment in 
GFAP-/-Vim-/- knockout mice was more permissive for retinal transplants compared 
to wildtype mice (Kinouchi et al., 2003) and in old GFAP-/-Vim-/- knockout mice 
cell proliferation and neurogenesis in the hippocampal dentate gyrus was increased 
(Larsson et al., 2004). The beneficial effects of reactive gliosis appear to be limited to 
the acute phase of brain injury (Sofroniew, 2005; Li et al., 2008). 

Taken together, these findings indicate that inhibition of proteasomal activity 
may be a method to reduce astrogliosis, and could serve as a potential therapy in 
the future to treat CNS injuries. Our research proposes that novel CNS penetrant 
proteasome inhibitors could be considered as a treatment for astrogliosis particularly 
in conditions where gliosis prevents recovery of neuronal function. Notably, the 
proteasome inhibitor bortezomib has been registered for multiple myeloma treatment 
(San Miguel et al., 2008) as a first in-class drug and is currently also investigate in 
clinical trials as a potential candidate in the treatment of gliomas (Kubicek et al., 
2008). Because proteasome inhibitors could also cause negative effects in other cell 
types surrounding reactive astrocytes, it would be beneficial to study the mechanism 
behind IF protein regulation in greater detail to find more specific targets for the 
development of therapeutics. 
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Supplemental data

Primer Refseq Sequence sense primer Sequence antisense primer
GFAPα NM_002055 CCCACTCTGCTTTGACTGAGC CCTTCTTCGGCCTTAGAGGG 

GFAPδ Roelofs et al., 2005 TCCAACCTGCAGATTCGAGG TTGGTATAACTCGTATTGTGAGGCTT

GFAPκ Blechingberg et al., 2007 GTCAGTACAGCAGGGCCTCG AGGAGCGCTGCAGTGTCACG

GFAPΔ135 Hol et al., 2003 TCTGCGCGGCACGGAGTA GGGAATGGTGATCCGGTTCT

GFAPΔ164 Hol et al., 2003 GAGGCGGCCAGTTATTCCC TTCTCGAATCTGCAGGTTGGA

GFAPΔexon 6 Hol et al., 2003 TGCGCGGCACGGATC CACGGTCTTCACCACGATGTT

Vimentin NM_003380 CGTACGTCAGCAATATGAAAGTGTG TCAGAGAGGTCAGCAAACTTGGA

Nestin NM_006617 GATCTAAACAGGAAGGAAATCCAGG TCTAGTGTCTCATGGCTCTGGTTTT

Hsp70 NM_005343 CCATCATCAGCGGACTGTACC CTGACCCAGACCCTCCCTT

EF1α NM_001402 AAGCTGGAAGATGGCCCTAAA AAGCGACCCAAAGGTGGAT

E2Ubi NM_003339 CTGAAGAGAATCCACAAGGAATTGA CTCCAACAGGACCTGCTGAAC

RNA pol II NM_005034 GTTTTTCCGTGCTGTGTAGGG TCATTGGTTGCTGCTTTGGA 

18sRNA NR_003286 TTCGTATTGCGCCGCTAGA TGGCAAATGCTTTCGCTCT

Neurofilament-H NM_021076 AATGTCAAGATGGCTCTGGATATAGA GAATTGGGCCAAAGCCAA

ATF3 NM_012912 CTGCCAAGTGTCGAAACAAGAA GCCTTCAGTTCGGCATTCAC

c-JUN NP_002219 AAAACCTTGAAAGCGCAAAACTC TTAACGTGGTTCATGACTTTCTGTTTA

PAX6 NM_001604 ACCACACCTGTCTCCTCCTTTACA GGCATCGGCGGCAAA

E2F1 NM_005  225 TGATCAAAGCCCCTCCTGAGA GCACAGGAAAACATCGATCGG

STAT3 NM_213662 AAGGTGAGGGACTCAAACTGC ACCTGCAGCAATACCATTGAC

Supplemental Table 1 Primer sequences
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 Refseq Symbol Description Gene name Epox/control 
Normalized
INCREASE

NM_015869 PPARG Peroxisome proliferator-activated receptor gamma NR1C3/PPARG1 76.76
NM_021784 FOXA2 Forkhead box A2 HNF3B/TCF3B 49.53
NM_001674 ATF3 Activating transcription factor 3 ATF3 21.76
NM_002467 MYC V-myc myelocytomatosis viral oncogene homolog (avian) c-Myc 5.25
NM_002228 JUN Jun oncogene AP1/c-Jun 4.51
NM_000545 TCF1 Transcription factor 1, hepatic; LF-B1, hepatic nuclear 

factor (HNF1), albumin proximal factor
HNF1/HNF1A 3.47

NM_012340 NFATC2 Nuclear factor of activated T-cells, cytoplasmic, 
calcineurin-dependent 2

NFAT1/NFATP 3.25

NM_006509 RELB V-rel reticuloendotheliosis viral oncogene homolog B, 
nuclear factor of kappa light polypeptide gene enhancer in 
B-cells 3 (avian)

I-REL 3.24

NM_002051 GATA3 GATA binding protein 3 HDR 3.21
NM_005526 HSF1 Heat shock transcription factor 1 HSTF1 2.19
NM_000125 ESR1 Estrogen receptor 1 DKFZp686N23123/ER 2.14
NM_002096 GTF2F1 General transcription factor IIF, polypeptide 1, 74kDa BTF4/RAP74 2.00
NM_198256 E2F6 E2F transcription factor 6 E2F-6 1.95
NM_004364 CEBPA CCAAT/enhancer binding protein (C/EBP), alpha C/EBP-alpha 1.81
NM_005194 CEBPB CCAAT/enhancer binding protein (C/EBP), beta C/EBP-beta 1.79
NM_003244 TGIF1 TGFB-induced factor homeobox 1 HPE4/TGIF 1.71
NM_005919 MEF2B MADS box transcription enhancer factor 2, polypeptide 

B (myocyte enhancer factor 2B)
RSRFR2 1.65

NM_006599 NFAT5 Nuclear factor of activated T-cells 5, tonicity-responsive NF-AT5/NFATL1 1.55
NM_001806 CEBPG CCAAT/enhancer binding protein (C/EBP), gamma GPE1BP/IG 1.55
NM_021975 RELA V-rel reticuloendotheliosis viral oncogene homolog A, 

nuclear factor of kappa light polypeptide gene enhancer 
in B-cells 3, p65 (avian)

NFKB3 1.50

DECREASE
NM_001964 EGR1 Early growth response 1 AT225/G0S30 16.99
NM_021973 HAND2 Heart and neural crest derivatives expressed 2 DHAND2/Hed 8.30
NM_000280 PAX6 Paired box gene 6 (aniridia, keratitis) AN/AN2 6.26
NM_005375 MYB V-myb myeloblastosis viral oncogene homolog (avian) Cmyb/c-myb 5.07
NM_005225 E2F1 E2F transcription factor 1 E2F-1/RBBP3 4.39
NM_005252 FOS V-fos FBJ murine osteosarcoma viral oncogene homolog c-fos 3.14
NM_002049 GATA1 GATA binding protein 1 (globin transcription factor 1) ERYF1/GF1 3.09
NM_002165 ID1 Inhibitor of DNA binding 1, dominant negative helix-

loop-helix protein
ID 2.71

NM_002015 FOXO1 Forkhead box O1A FKH1/FKHR 2.69
NM_003111 SP3 Sp3 transcription factor DKFZp686O1631/SPR-2 2.49
NM_003220 TFAP2A Transcription factor AP-2 alpha (activating enhancer 

binding protein 2 alpha)
AP-2/AP-2alpha 2.46

NM_004379 CREB1 CAMP responsive element binding protein 1 CREB 2.42
NM_000321 RB1 Retinoblastoma 1 (including osteosarcoma) OSRC/RB 2.16
NM_030756 TCF7L2 Transcription factor 7-like 2 (T-cell specific, HMG-box) TCF-4/TCF4 1.98
NM_005900 SMAD1 SMAD family member 1 BSP1/JV4-1 1.79
NM_000546 TP53 Tumor protein p53 (Li-Fraumeni syndrome) LFS1/TRP53 1.73
NM_138473 SP1 Sp1 transcription factor Sp1 1.71
NM_003150 STAT3 Signal transducer and activator of transcription 3 (acute-

phase response factor)
APRF 1.71

NM_005905 SMAD9 SMAD family member 9 MADH6/MADH9 1.67
NM_002198 IRF1 Interferon regulatory factor 1 IRF-1/MAR 1.51

Supplemental Table 2 RT-PCR array results showing transcription factors regulated by 
proteasome inhibition 
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General discussion

Glial fibrillary acidic protein (GFAP), the main intermediate filament (IF) protein in 
astrocytes, is highly regulated during development, aging and in neurodegenerative 
diseases. IFs are a key component of the cytoskeleton, integrating the full spectrum 
of cellular responses to biochemical, biomechanical and cellular stresses. In this 
thesis we showed that the GFAP cytoskeleton changes during these processes by 
specific expression of different GFAP isoforms. In the first three experimental 
chapters we described the isoform GFAPδ in neural stem cells, during human brain 
development (chapter 2), in the adult human brain (chapter 3), and in relation to 
Alzheimer’s disease (AD, chapter 4). We then switched to another GFAP isoform, 
GFAP+1, which is not expressed during development, but becomes apparent in elderly 
brains in a subpopulation of astrocytes (chapter 5), whose number increases during 
the course of AD (chapter 6). We continued the exploration of GFAP in relation to 
AD in the final experimental chapter, where we showed that an impaired ubiquitin 
proteasome system, as found in the brains of AD patients, drastically decreases 
GFAP expression (chapter 7). In this general discussion we will elaborate on the 
diversity of astrocyte subtypes in the human central nervous system, which can be 
distinguished to some extent by their specialized IF network and the specific GFAP 
isoforms they express. Based on the results described in this thesis, we speculate 
on the possible regulation and function of this specialized IF network in astrocyte 
subtypes during development, aging and Alzheimer’s disease. In addition, we will 
propose some suggestions for further research to find out how these changes affect 
the function of the different astrocyte subtypes in health and disease. 
 
 

Diversity of astrocytes in the human central nervous system

To be able to review the different astrocyte subtypes in the central nervous system, 
subtype specific astrocyte markers or characteristics must be identified. However, this 
has been reported to be a difficult task (Kimelberg, 2004). Traditionally, astrocytes 
have been defined by their stellate or star-shaped morphology and the expression of 
the IF protein GFAP. However, these cells are morphologically heterogeneous and 
also GFAP negative cells are identified as astrocytes based on their morphology and 
the presence of other astrocyte markers, such as S100B. To complicate matters even 
more, astrocytes represent a multifunctional cell population, with presumably many 
novel functions to be discovered. 

For the present discussion we define astrocytes as GFAP expressing cells (either 
on the RNA or protein level) or as cells that we know are able to express GFAP later 
in life or upon stimulation. 
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Protoplasmic and fibrous astrocytes
The existence of protoplasmic and fibrous astrocytes has long been recognized, based 
on morphological and antigenic criteria. These subtypes are thought to spatially 
segregate primarily according to their location in either grey or white matter (Miller 
and Raff, 1984). Recently an elegant study on cortical astrocytes in the human 
brain showed that human astrocytes are GFAP positive cells characterized by a 
marked increase in both their microanatomic complexity and phenotypic diversity 
(Oberheim et al., 2006). This study showed that protoplasmic astrocytes in humans 
are significantly larger and extend 10-fold more GFAP positive processes than rodent 
astrocytes. Yet, both human and rodent protoplasmic astrocytes were similarly 
organized in non-overlapping domains. The difference in size between rodent and 
human fibrous astrocytes is similar to the size differences in protoplasmic astrocytes, 
which indicates a conserved and optimized cellular extension based on the larger 
size of the human brain. More specifically, the size of protoplasmic astrocytes in the 
grey matter appears to follow the complexity of higher brain functions. Whereas a 
domain of a rodent astrocyte covers 20,000 to 120,000 synapses, human astrocytes 
can cover up to 2 million (with a minimum of 270,000) synapses within a single 
domain. Moreover, ratios of astrocytes to neurons show an increase in the number 
of astrocytes per neuron with increasing brain complexity and size (Nedergaard 
et al., 2003). It is tempting to suggest that the size of the astrocytic domain, which 
seems indicative of the magnitude of astrocyte-neuron processing, is correlated 
to intelligence, as suggested for Albert Einstein (Colombo et al., 2006). Although 
fibrous astrocytes are significantly larger than protoplasmic cells, their processes 
are less fine, consistent with the lack of synaptic contacts in the white matter where 
they reside. The morphology of fibrous astrocytes makes them more suitable for 
structural support, since they have numerous overlapping processes and evenly 
spaced cell bodies. 

Interlaminar and varicose projection astrocytes
Recently, interlaminar astrocytes (Reisin and Colombo, 2002) were found exclusively 
in lower-order and higher-order primates, including humans. Another newly 
identified subtype, the varicose projection astrocytes (Oberheim et al., 2009), was 
identified only in the brains of higher-order primates, i.e. the chimpanzee and 
human brain. These primate specific astrocytes can be distinguished based upon 
their location and their morphology. Interlaminar astrocytes contain fibers that 
extend from the pial surface through several layers of the cortex before terminating 
in layers II through IV. These fibers are tortuous, which suggests that they contact 
great numbers of cells along their path through the neuropil. The varicose projection 
astrocytes that sparsely reside in layers 5 and 6 of the cortex exhibit shorter, more 
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spiny processes compared to protoplasmic astrocytes. They typically extend 1 to 5 
millimeter long fibers that are essentially unbranched, with evenly spaced varicosities. 
Both varicose projection astrocytes and the interlaminar fibers do not respect the 
domain organization, but rather penetrate the domains of intervening protoplasmic 
astrocytes as they traverse the cortex. 

Neurogenic astrocytes 
Neural stem cells have self-renewal activity and are competent to generate neurons, 
astrocytes and oligodendrocytes, possibly via an intermediate neural progenitor 
cell. In the last decade it has been shown that a subpopulation of GFAP expressing 
cells in the adult rodent and human subventricular zone and subgranular zone of 
the dentate gyrus are multipotent neural stem cells (Eriksson et al., 1998; Doetsch 
et al., 1999; Laywell et al., 2000; Sanai et al., 2004; Quinones-Hinojosa et al., 2006). 
This revealed an exciting new function for astrocytes, which boosted the scientific 
interest in astrocytes. 

Subgranular zone (SGZ) neural stem cells are GFAP expressing cells which reside, 
with their triangular-shaped soma and nuclei, in the SGZ and extend a single or 
double apical process radially across the granule cell layer, terminating with fine 
branches in the molecular layer. The majority of the dividing astrocytes in the SGZ 
develop into a neuronal phenotype. They migrate into the granule cell layer where 
they become indistinguishable from the surrounding granule cells. A minority of 
the dividing astrocytes in the SGZ differentiates into glial cells. 

Human neural stem cells in the SVZ reside in an astrocytic ribbon separated 
from the ependymal layer by a hypocellular gap (Sanai et al., 2004; Quinones-
Hinojosa et al., 2006). The slow-proliferating GFAP positive neural stem cells in this 
region are also called B-cells (Doetsch et al., 1997). These cells can self-renew and 
asymmetrically divide to form a pool of GFAP negative fast-proliferating progenitor 
cells called C-cells. These GFAP negative cells in turn differentiate into type A-cells, 
also called neuroblasts, which migrate through the rostral migratory stream (RMS) 
into the olfactory bulb (OB), where they differentiate into interneurons (Curtis et 
al., 2007). 

In addition to these adult neural stem cells, radial glia in the developing brain 
were also identified as a neural stem cell pool with the ability to self-renew and 
differentiate into astrocytes, neurons and oligodendrocytes (Merkle et al., 2004; 
Noctor et al., 2004). Rodent radial glia express the IF proteins vimentin and nestin 
and have a bipolar morphology with a soma in the ventricular zone, a long radial 
fibre reaching the pial surface, and a short process that contacts the ventricle wall. 
In humans these cells also express GFAP, which makes them a member of the 
astrocytic lineage. Although rodent radial glia do not detectably express GFAP, 
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they do express other astrocytic markers and not so long ago it was shown that the 
GFAP expressing adult neural stem cells in the rodent SVZ are derived from these 
radial glia (Merkle et al., 2004; Bonfanti and Peretto, 2007). In chapter 2 we showed 
that in humans the adult SVZ is probably also derived from radial glia. 

In most cases these astrocyte subtypes can be distinguished based on morphology 
and on spatial and temporal localization, but also by expression of specific proteins, 
including IF proteins (table 1). 

Human astrocyte subtypes characterized by a specialized IF network

Many cell reactions directly involve the cytoskeleton. IFs represent one of the most 
important, though insufficiently studied, components of the cytoskeleton. IFs 
are composed of different IF proteins, depending on the cell type, and therefore 
immunocytochemical detection of these proteins is widely used for cell type 
identification. In astrocytes, four different IF proteins are known, which can 
make up the IF network. GFAP is the main IF protein in astrocytes, in addition 
to vimentin, nestin and synemin, which is a relatively novel IF protein. IFs can 
be identified as belonging to one of six sequence homology groups, based on their 
DNA and amino acid sequences (Szeverenyi et al., 2008). Vimentin, like GFAP, is 
a type III IF protein, whereas nestin and synemin are type IV IF proteins. These 
10nm thin structures form an interconnected scaffolding-like network within the 
cell cytoplasm. 

Besides the most common isoform, GFAPα, several additional isoforms of this 
IF protein have been identified in the human CNS over the years (Zelenika et al., 
1995; Nielsen et al., 2002; Hol et al., 2003; Roelofs et al., 2005; Blechingberg et al., 
2007) (chapter 1, Fig. 2&3). In this thesis we investigated the expression of several 
GFAP isoforms during development, aging and disease. We showed that subtypes 
of astrocytes express different GFAP isoforms, which will result in specialized 
IF cytoskeletons in these cells. We propose a subdivision into different astrocyte 
subtypes based on their specific IF protein expression (table 1). 

Astrocyte subtypes in the developing human brain 
Initial expression of GFAP in the developing human brain starts in radial glia. These 
cells are derived from neuroepithelial cells expressing the IF proteins vimentin and 
nestin, which are interacting partners in the formation of heterofilaments. Radial 
glia continue to express vimentin and nestin, and in addition start to express GFAP, 
which can interact with vimentin - but not with nestin - to form heterofilaments 
(Eliasson et al., 1999). During astrocyte maturation, vimentin expression decreases 
concomitant with an increase in GFAP expression. An intermediate cell type 
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between radial glia and mature neurons or astrocytes is the neural progenitor of 
the SVZ, which expresses both GFAP and nestin, but lacks vimentin expression. 
Mature astrocytes lack vimentin and nestin expression, but continue to express 
GFAP.

In chapter 2 we showed that expression of the GFAP isoform GFAPδ starts to 
appear when GFAP starts to be expressed in radial glia at 13 weeks of gestation. 
Together with GFAPα, this isoform is expressed in proliferating radial glia and SVZ 
neural progenitors in the developing human brain, but not in mature astrocytes in 
the more superficial layers of the developing cortex.

Continuous expression of GFAPδ in the SVZ of the developing human cortex, 
an expression that continues after birth and on into adulthood, suggested that the 
adult SVZ is a remnant of the fetal SVZ that develops from VZ radial glial cells. This 
had already been proposed for the rodent brain (Merkle et al., 2004), but so far no 
support for this idea has been obtained for the human brain. 

In addition to the germinal zones, we also found GFAPδ more in the direction 
of the cortex, most likely indicating transitional profiles of radial glia that are 
differentiating into astrocytes (deAzevedo et al., 2003). These cells were found 
in selected areas of the brain. This finding suggests that this population of cells 
could be indicative of differentiation into a specific subtype of cells for a specific 
brain area. In other words, GFAPδ expressing cells outside the germinal zone 
could be a population of specific progenitors. Fetal human brain material is scarce 
and, unfortunately, from the tissues available to us we were unable to conclude 

I. Distinguished by morphology and localization II. Distinguished in addition by GFAP isoform expression

Subtype Identification Subtype GFAP isoform expression

Protoplasmic1 Grey matter – fine long processes Development 
Radial glia4

SVZ astrocytes4

 

Adult
SVZ astrocytes (B-cells)5

Glial net astrocytes (RMS)5

OB progenitors5

Hippocampal SVZ astrocytes6

Mature (resting) astrocytes4,7

Old adult
Reactive astrocytes8

GFAP+1 expressing astrocytes9

Disease
Reactive astrocytes8

GFAP+1 expressing astrocytes7,9

GFAPδ positive balloon cells10,11

GFAPδ positive giant cells11

GFAPα & GFAPδ 
GFAPα & GFAPδ 

GFAPα & GFAPδ  
GFAPα & GFAPδ 
GFAPα & GFAPδ 
GFAPα & GFAPδ 
GFAPα 

Increased GFAP expression
GFAP+1 expression

Increased GFAP expression
GFAP+1 expression
GFAPδ
GFAPδ

Fibrous1 White matter – numerous overlapping 
processes, evenly spaced cell bodies

Interlaminar1 Tortuous fibers extending from the pial 
surface through several layers of the cortex

Varicose 
projection1

Many short spiny processes  and 1-5 mm-
long unbranched fibers with evenly spaced 
varicosities

Radial glia2 Bipolar, soma in ventricular zone, long 
radial fiber reaching the pial surface, short 
process that contacts the ventricle

SVZ astrocytes2 
(development)

SVZ astrocytes/
B-cells3 (adult)

Transition profiles between radial glia and 
differentiated astrocytes

Ribbon of astrocytes lining the lateral 
ventricle

Table 1 Two classifications of human astrocyte subtypes 

SVZ = subventricular zone, RMS = rostral migratory stream; 1Oberheim et al., 2009; 2deAzevedo et al., 2003; 
3Sanai et al., 2004; 4Middeldorp et al., 2010; 5van den Berge et al., 2010; 6Chapter 4 of this thesis; 7Chapter 6 of 
this thesis; 8Porchet et al., 2003; 9Middeldorp et al., 2009b; 10Lamparello et al., 2007; 11Martinian et al., 2008
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which particular areas contained these cells, or where they were migrating to. 
This requires a more structured stereological investigation. Another possibility 
would be to investigate GFAPδ expression in embryonic stem cells in vitro, and 
study into which cells these GFAPδ expressing cells could differentiate. A more 
elaborate study with different markers, such as transcription factors, could help 
to answer this question. For the rodent brain it has been shown that radial glia in 
different sub-regions of the VZ generate different types of neurons (Kriegstein and 
Alvarez-Buylla, 2009). Radial glia and neural progenitors are suggested to express 
specific transcription factors, such as Pax6, Dlx1/2, and Olig1/2 (Campbell, 2003; 
Guillemot, 2005; Jakovcevski and Zecevic, 2005; Long et al., 2009), important for 
the generation of different subsets of neurons in the developing forebrain. 

The reason for the diversity in IF proteins in different astrocyte subtypes in the 
developing human brain remains an enigma, but these findings support a role for 
GFAPδ specific for neural stem/progenitor cells, such as migration or proliferation.

Astrocyte subtypes in the adult human brain
GFAP expression increases progressively during aging (Nichols et al., 1993; 

Simpson et al., 2008) and in the adult human brain most astrocytes express GFAP. 
The number of astrocytes does not change much during aging, but the cell volume 
increases, along with an increase in IF proteins. This process indicates reactive gliosis, 
which is highly related to aging and is most prominent in the temporal and frontal 
cortex (Nichols et al., 1993). 

Two neurogenic niches have been shown in the adult human brain: the SGZ of the 
hippocampus and the SVZ lining the lateral wall of the lateral ventricle (Eriksson et 
al., 1998; Sanai et al., 2004). The neural stem cells in the adult SVZ are shown to be 
a subpopulation of GFAP expressing astrocytes (Sanai et al., 2004; van den Berge 
et al., 2010), although for the SGZ stem cells in humans this has not been proven. 
Little is known about how neurogenic astrocytes may differ from other astrocytes in 
the adult brain. Therefore, more detailed knowledge about these astrocytes in vivo 
is of particular importance. In this thesis we demonstrated a difference between 
neurogenic and non-neurogenic astrocytes, based on the expression of a specific 
GFAP isoform.

GFAPδ was initially reported to be expressed in a ribbon of astrocytes in the 
SVZ of the adult human brain (Roelofs et al., 2005). However, these cells merely 
represent a subpopulation of all GFAP expressing cells in that area. In chapter 3 we 
have shown that GFAPδ expressing cells are present throughout the adult human 
SVZ, at different sites along the lateral ventricle (van den Berge et al., 2010). We 
showed that these cells co-express GFAPα and vimentin and in most areas also 
nestin. However, in some areas the overlap between nestin and GFAPδ staining 
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was minimal and in all cases a few nestin expressing cells were observed that were 
negative for GFAPδ, indicating a heterogeneous cell population based upon IF 
protein expression.

We showed that GFAPδ expressing cells in the SVZ not only express different IF 
proteins, but also proliferation markers, including the thymidine analogue BrdU. 
Furthermore, we showed that GFAPδ expressing cells are present in neurospheres 
isolated from post-mortem adult SVZ. These results indicated that GFAPδ 
expressing cells in the adult human brain are neural stem cells. In chapter 4 we 
used GFAPδ as a marker for the SVZ neural stem cells and showed that these cells 
are still present in the brains of AD patients in numbers that are comparable to age-
matched non-demented controls. 

In addition to the SVZ, we found GFAPδ expression in the RMS and the OB. In 
the human RMS, GFAPδ is expressed in a glial ‘net’, surrounding the stream of 
neuroblasts (van den Berge et al., 2010). In a similar structure in the rabbit brain 
these cells also express vimentin (Fasolo et al., 2002), but for the human brain this 
has not been studied. In contrast to the SVZ, GFAPδ expressing cells in the OB rarely 
co-expressed vimentin. Most GFAPδ expressing cells in this area were found in the 
glomerular layer, which is one of the regions where neuroblast migration terminates 
in rodents and where neuronal turnover takes place throughout life (Bagley et al., 
2007). In the human brain, putative precursor cells were found within several areas 
of the OB, including the glomerular layer (Liu and Martin, 2003; Bedard and Parent, 
2004). Co-expression of proliferating cell nuclear antigen (PCNA) in the GFAPδ 
expressing cells in this area suggests that these cells are indeed the progenitors of 
this specific area. 

Previously we also found GFAPδ expression in another neurogenic niche, i.e. the 
SGZ of the dentate gyrus of the hippocampus (Roelofs et al., 2005), but this was 
not a common finding and we were unable to reproduce this finding in this thesis. 
Nevertheless, in chapter 4 we described our discovery of a novel site of GFAPδ 
expression in the hippocampus, which we called the hippocampal SVZ (hSVZ). 
More specifically, this zone is located along the length of the medial wall of the 
inferior horn of the lateral ventricle bordering the hippocampus, on the opposite 
side of the ventricle where the neural stem cells are known to reside, the lateral 
wall. In the hSVZ, PCNA was also expressed, indicating that proliferation also 
occurs on this side of the lateral ventricle. Nevertheless, the density of GFAPδ and 
PCNA expressing cells is generally higher in the lateral wall. Whether the GFAPδ 
expressing cells in the hSVZ express the same proteins as the ones in the lateral SVZ 
needs to be investigated. 

In addition to the astrocytes related to the neurogenic systems, we observed 
GFAPδ in cells along the subpial zone (Roelofs et al., 2005). This distribution varied 
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considerably between patients and at the time not much was known about this 
subpopulation of cells. However, a recent study in the adult rat brain proposed that 
astrocytic cells in the subpial zone may be potent neural progenitors (Xue et al., 
2009). It would be very interesting to find out if GFAPδ expression in the subpial 
zone astrocytes specifically marks the neural progenitor (sub)population in this area. 

In chapter 5 we identified a novel subpopulation of astrocytes in the elderly 
brain by specific expression of the GFAP isoform GFAP+1, which was not expressed 
during development, in children or in young healthy adults. These relatively large 
astrocytes were found in small numbers in all brain areas that we studied, i.e. in 
the hippocampus, the striatum, the spinal cord and in several areas lining the 
subventricular zone. We performed a more elaborate characterization of these cells 
in the hippocampus, the results of which are described in chapter 6. Although we 
showed that most GFAP+1 cells also expressed GFAPα, the long processes that are 
characteristic for these cells were only conspicuous when stained for GFAP+1. In 
addition, vimentin expression was visualized in most GFAP+1 cells in the soma of 
the cells and in some proximal processes, but not in the long processes further away 
from the soma. Nestin expression was moderate in some GFAP+1 cells residing in 
the SVZ. Whether these cells also express other GFAP isoforms, such as GFAPδ, 
has not yet been determined.

By taking a closer look at different morphological phenotypes of GFAP+1 expressing 
cells and a search through the latest literature on human astrocytes we noticed a 
striking resemblance of GFAP+1 cells with the recently described varicose projection 
astrocytes in layers 5-6 of the human cortex (Oberheim et al., 2009). These cells both 
extend several long processes - up to 1mm in length - terminating in the neuropil 
or on the vasculature. The only characteristics not clearly visible in the GFAP+1 cells 
were the evenly spaced varicosities on the processes, but this may be due to the 
thickness of the sections, the area of investigation or the absence of GFAP+1 in these 
varicosities.

Astrocytes in Alzheimer’s disease
Like in elderly non-demented controls, GFAP+1 expressing astrocytes were also 
observed in Alzheimer and Parkinson patients. The limited expression in elderly and 
diseased brains suggested a factor involved in aging or disease pathology that induces 
specific splicing of the GFAP gene, resulting in GFAP+1 expression. An extensive 
study on GFAP+1 expression in AD patients and age-matched non-demented controls 
revealed a significant increase with AD pathology and a significant correlation with 
the presence of amyloid plaques (see chapter 6). In vitro experiments also showed 
that amyloid could trigger GFAP+1 expression. However, these data are preliminary 
and a definite association has to be determined. 
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Expression levels of GFAP are regulated under developmental and pathological 
conditions. A common process in AD leading to alterations in IF expression in 
astrocytes is reactive gliosis (Muramori et al., 1998). This is characterized by the 
hypertrophy of astrocytic processes and by an increased expression of GFAP, 
alongside the expression of vimentin, nestin and synemin (Pekny and Pekna, 2004; 
Jing et al., 2007). The most obvious explanation for GFAP+1 expression in aging and 
disease would be that GFAP+1 expression is a result of more GFAP expression in 
general, due to reactive gliosis, and a considerably higher chance of GFAP splicing. 
However, based upon their morphology and the expression of vimentin and GFAPα, 
GFAP+1 cells clearly differ from reactive astrocytes. Also in several cases of more 
acute gliosis, such as after a brain infarct, no GFAP+1 expression was found. This 
suggests that GFAP+1 expression is not dependent on glial activation, or these cells 
may be activated in a different, so far unknown manner. 

Astrogliosis has been shown to be both beneficial and detrimental with respect to 
neuroprotection, tissue repair and functional recovery. For example, intermediate 
filament induction has a positive role shortly after damage, when it helps to reduce the 
toxic effects by restricting the inflammatory sites by forming a glial scar. However, this 
same glial scar with a constant high expression of GFAP and vimentin also has a key role 
in the detrimental features of astrogliosis. In fact, the absence of reactive gliosis in GFAP 
and vimentin deficient mice correlated with improved integration of neural grafts and 
enhanced posttraumatic regeneration (Kinouchi et al., 2003; Wilhelmsson et al., 2004). 

In neurodegenerative diseases, reactive astrocytes also play a dual role and 
emerging evidence suggests that manipulation of astrogliosis may help to attenuate 
neuronal loss and promote functional repair. In AD, harmful glial-mediated effects 
include the generation of proteolytic enzymes and directly acting cytotoxic molecules, 
such as reactive oxygen species, and the production of pro-inflammatory agents such 
as cytokines and COX-2 products. On the contrary, glial cells also mediate anti-
inflammatory and regenerative effects by producing and releasing antioxidant and 
neurotrophic factors, and by clearing Aβ and glutamate. Moreover, astrogliosis in 
AD was shown to coincide with cognitive decline, implying an unfavorable effect 
of astrogliosis on cognition (Ingelsson et al., 2004; Kashon et al., 2004). Perhaps 
the disease progression is a result of a disturbed balance between these opposite 
detrimental and beneficial actions (Marchetti and Abbracchio, 2005).

In chapter 7 we speculated that the ubiquitin proteasome system might contribute to 
the regulation of GFAP expression in astrogliosis in AD, due to the mutual occurrence 
of astrogliosis and impaired proteasome activity. Contrary to what we expected, 
our study showed inhibition of the proteasome decreases GFAP expression in vitro 
and in the rat brain in vivo, even after the induction of astrogliosis (Middeldorp 
et al., 2009b). The activity of the GFAP promoter was drastically decreased after 
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proteasome inhibition and an array of transcription factors was regulated. We suggest 
that a treatment with proteasome inhibitors at the right time, i.e. after the beneficial 
protection and before the irreversible scarring, might reduce astrogliosis and thereby 
increase recovery after brain damage and initiated neurodegeneration, and perhaps 
improve cognitive function in AD. 

Proteasome inhibitors have already entered the clinic and have proven their efficacy 
against hematologic malignancies and solid tumors. For example, the proteasome 
inhibitor bortezomib has been registered for treatment of multiple myeloma (San 
Miguel et al., 2008). Recently, it was shown that bortezomib can promote the 
functional recovery of reperfused peripheral nerve (Park et al., 2009), which is 
in line with our suggestions. Unfortunately, the effect on IF protein expression or 
astrogliosis was not studied. More research is needed to determine the mechanism 
of proteasome inhibition in relation to astrogliosis and IF protein regulation.

Moreover, the purpose of the discrepancy in IF protein expression in astrocytes during 
development, aging and disease is not known; at this moment, all we can do is speculate. 

Function of specialized IF cytoskeleton 

IF proteins have an important role in the structural properties of the cell, such as 
maintaining the cell shape and protecting it from mechanical stress. However, many 
novel functions have emerged for IF proteins that are associated with cell-signaling 
and interaction with IF binding partners. Vimentin, for example, has emerged as 
an organizer of a number of critical proteins involved in attachment, migration, 
and cell signaling (Ivaska et al., 2007). One may presume that phosphorylation of 
vimentin, which is highly dynamic and complex, serves as a regulator for these 
functions. Nestin, which is expressed in neural stem cells and scar-forming 
reactive astrocytes, is mainly proposed to be functionally relevant in the process 
of cell migration (Doyle et al., 2001; Moon et al., 2004; Kleeberger et al., 2007). 
Furthermore, nestin promotes phosphorylation-dependent disassembly of vimentin 
IFs during mitosis (Chou et al., 2003) and interacts with Cdk5/p35 (Maccioni et 
al., 2001; Sahlgren et al., 2003), a kinase that regulates differentiation of neuronal 
and muscle cells. The latter interaction in neural stem cells is considered important 
for the protection against stress induced apoptosis (Sahlgren et al., 2006). Synemin 
is a relatively novel IF protein that is structurally similar to nestin and can bind 
to α-actinin and vinculin (Bellin et al., 2001). It participates in cell movement by 
interacting with actin and focal adhesions, respectively. For example, synemin has 
been shown to contribute to the high motility of astrocytoma cells (Pan et al., 2008) 
and it is expressed in reactive astrocytes in neurotrauma where it can polymerize 
with vimentin, but not with GFAP (Jing et al., 2007). Proposed functions for GFAP 
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in, for example, migration, proliferation and neuronal plasticity are reviewed in 
chapter 1 of this thesis.

GFAPδ was previously reported to be associated with cytoskeletal changes due to 
an assembly-compromised C-terminus. Several studies showed that the expression 
of GFAPδ in vitro causes a collapse of the IF cytoskeleton when its expression ratio 
reaches a critical level of over 10% (Nielsen et al., 2002; Roelofs et al., 2005; Perng 
et al., 2008). In vivo, however, a collapsed cytoskeleton has not been demonstrated 
in GFAPδ expressing cells, suggesting that the ratio of GFAPα:GFAPδ does not 
normally exceed this critical level. In addition, the tail domain of GFAPδ showed 
a modified interaction with IF associated proteins as compared to GFAPα. It was 
initially reported to be required for binding to the transmembrane proteins presenilin 
1 (PS1) and presenilin 2 (PS2) (Nielsen et al., 2002), which are associated with genetic 
forms of Alzheimer’s disease (Bertram and Tanzi, 2008). More recently the presence 
of GFAPδ was shown to be associated with an increased αB-crystallin binding and 
induced phosphorylation of JNK, which is associated with GFAP accumulation 
(Perng et al., 2008). Thus, although its levels are relatively low, GFAPδ can potentially 
exhibit a clear influence on GFAP filaments - and eventually on cell function.

The discovery of GFAPδ expression, specifically in radial glia and SVZ astrocytes 
in the developing cortex (chapter 2), may suggest a relation with PS1, which is 
required for neuronal migration and cortical lamination and able to modulate 
radial glia development and neuronal differentiation via Notch signalling (Shen et 
al., 1997; Gaiano et al., 2000; Handler et al., 2000; Schuurmans and Guillemot, 2002; 
Louvi et al., 2004). It would thus be interesting to investigate the role of GFAPδ 
in Notch signalling. Moreover, in chapter 2 we found GFAPδ expression in the 
leptomeninges in human type II lissencephaly, a developmental disorder that 
resembles the malformation in PS1-deficient mice. To date no connection is known 
between children with lissencephaly type II and PS1, but this would be an interesting 
topic of investigation in association with GFAPδ. 

In addition to neural stem cells in the developing brain, GFAPδ is expressed in 
neural stem cells of the adult human brain (chapter 3), which suggests a role for 
GFAPδ in general neural stem cell functions, such as proliferation and migration. 
Destabilization of the cytoskeleton by GFAPδ expression makes a cell more flexible, 
which could potentially facilitate proliferation and/or migration. Furthermore, 
GFAP has been shown to play a role in astrocyte motility (Lepekhin et al., 2001; 
Yoshida et al., 2007). Although AxD related mutations in the tail domain did not 
affect proliferation, a mutation in the rod domain did (Yoshida et al., 2007). 

An altered rod domain is present, for instance, in the GFAP+1 isoforms (Hol 
et al., 2003), but whether the expression of these isoforms affects proliferation 
is not known. In chapter 6 we showed that GFAP+1, like GFAPδ, is assembly-



214

chapter 8

compromised. Co-transfection of GFAP+1 with GFAPα in IF-free cells only results in 
some filamentous structures when the transfection ratio is 90:10 (GFAPα : GFAP+1). 
Higher concentrations of GFAP+1 only reveal small accumulations and granular 
structures. Transfection of GFAP+1 in U343 astrocytoma cells, which express other 
IFs, does reveal incorporation of GFAP+1 into filaments, but less efficiently compared 
to GFAPα. This might also indicate destabilization of the cytoskeleton, necessary 
for proliferation, although no signs for a destabilized cytoskeleton are seen in 
post-mortem tissue and the overall morphology of GFAP+1 cells does not suggest 
proliferation. Perhaps GFAP+1 requires other proteins to form a proper IF network 
and to develop the morphological characteristics that we see in post-mortem tissue. 

Considering the length of many GFAP+1 positive processes in supposedly 
interlaminar and varicose projection astrocytes, these specific astrocytes probably 
contact large numbers of cells in their path. Possibly, these long processes provide a 
network for long-distance communication across different cell layers. In addition, many 
GFAP+1 positive processes terminate on the capillary microvasculature, suggesting a 
role in coordinating blood flow. However, because of the rarity of GFAP+1 cells and the 
fact that GFAP+1 negative astrocytes can also be found contacting blood vessels and 
crossing different cell layers, the actual role of GFAP+1 in these cells remains a mystery. 

All in all, since IFs are now recognized as highly versatile structures with a major 
role in cell signaling, the differential expression of the different GFAP isoforms are 
indicative of a specialized function of these proteins. It is likely that the presence 
of different IF protein combinations and GFAP isoforms in the different astrocyte 
subtypes described above, influences the function of a cell. All IF proteins contain 
a central rod domain, important for the IF assembly, flanked by a distal head and 
tail domain, which are unique in length and amino acid composition (Parry, 2005). 
It has been proposed that the N- and C-terminus are responsible for the special 
characteristics of each IF protein, perhaps by interaction with various structural 
and signaling molecules. Since the different GFAP isoforms described in this thesis 
differ in their C-terminus from the common GFAPα form, these isoforms could 
execute novel functions in the astrocyte subtypes that express them. 

Future research on the role of GFAP isoforms in astrocyte subtypes

A straightforward way to study the potential functions of GFAP isoforms is by 
silencing and by overexpression in astrocytes in vitro. Specific siRNAs for GFAPα and 
GFAPδ can be developed, since these have a different 3’UTR sequence. However, the 
sequence for the GFAP+1 isoforms is not different from GFAPα, apart from the lack of 
nucleotides due to alternative splicing. This would require the construction of splice-
site specific siRNAs (Hassan et al., 2006), which is a relatively new and challenging 
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method. Furthermore, in order to silence specific GFAP isoforms in vitro, one needs 
to be able to culture cells that express these isoforms. Several astrocytoma and neural 
stem cell lines have been shown to express GFAPα and GFAPδ (Perng et al., 2008) 
(Fig. 1), including neurosphere-forming cells cultured from human post-mortem 
tissue (van den Berge et al., 2010). However, no GFAP+1 expression has been detected 
in astrocytes in vitro, except for a few U343 astrocytoma cells after Aβ treatment, as 
shown in chapter 6, and one single primary astrocyte (Fig. 2). So, unless we find a 
way to specifically isolate the limited amount of GFAP+1 expressing cells and expand 
them in culture, overexpression studies are the better option for these isoforms.

To investigate the effect of specific GFAP isoforms on different astrocyte functions, 
many different functional assays may be informative. In view of the role of GFAPδ 
in neural stem cells, it would be interesting to study cell proliferation, migration and 
motility after silencing and overexpressing GFAPδ. Moreover, in neural stem cells 
the effect of GFAPδ expression on the formation and differentiation of neurospheres 
may be investigated.

Since GFAP is known to bind associated proteins, mostly with its rod and tail 
domain, these interactions are also likely to be differentially affected by the presence 
of different GFAP isoforms. For example, the small heat shock protein αB-crystallin 
shows a much higher affinity for GFAPδ than for GFAPα (Perng et al., 2008). Since 

Figure 1 GFAPα and GFAPδ expression in 
human foetal neural stem cells. Normalized 
GFAPα (black bars) and GFAPδ (grey bars) 
mRNA levels in human neural stem cells of 
a foetus at 10.5 weeks of gestation (gw) and a 
foetus at 12.5 gw. Low amounts of GFAPα and 
GFAPδ mRNA were present in human neural 
stem cells at 10.5 gw, but these levels were 
increased at 12.5 gw.

Figure 2 The only GFAP+1 expressing 
primary human astrocyte ever found. A 
primary astrocyte cultured from a 99 year old 
female with Alzheimer’s disease stained for 
GFAP+1 (red). The nucleus is stained blue by 
Hoechst. Scale bar = 20μm.
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it was demonstrated that this protein can regulate GFAP filament assembly (Nicholl 
and Quinlan, 1994; Perng et al., 1999), an altered binding due to the presence of 
GFAPδ can change GFAP filament assembly and thereby the cytoskeleton stability. 
In addition, there are proteins that specifically bind GFAP isoforms, such as the 
transmembrane protein presenilin (Nielsen et al., 2002). The association of GFAPδ 
with presenilins was found by a screen for proteins that bind presenilins. It would 
certainly be interesting to specifically search for other proteins that bind to GFAPδ 
or other GFAP isoforms specifically. Presumably novel binding partners would help 
us to understand the function of astrocyte subtypes that specifically express certain 
GFAP isoforms. Furthermore, since many researchers are unaware of the GFAP 
isoforms and most studies have been performed using the most common GFAPα 
form, it could be of value to test known partners of GFAP for their interaction with 
other GFAP isoforms. One specific example concerns the recently discovered role 
for GFAP in the anchoring of the glutamate/aspartate transporter GLAST in the 
plasma membrane (Sullivan et al., 2007). If, for instance, GFAP isoforms disturb 
this function, this could result in an altered glutamate metabolism and subsequently 
affect surrounding neurons.

One other option worth mentioning is that GFAP isoforms may be analyzed in 
animal models, although we have to keep in mind the clear differences between 
astrocytes in rodents and humans. In this thesis we mainly discussed human 
GFAP isoforms, but in chapter 6 we also showed expression of GFAP+1 in a mouse 
model for AD. In addition, we have found expression of GFAPδ in the mouse brain. 
However, the expression of GFAP isoforms in the mouse brain appears to be rather 
different from that in the human brain. GFAP knockout mice would be a good tool 
to explore the function of the human and mouse GFAP isoforms. In these mice, 
GFAP isoform expression may be introduced together with a fluorescent tag, so 
that astrocytes expressing these isoforms could be specifically followed in vivo. This 
approach would allow the study of the role of the GFAP isoforms in neurogenic 
astrocyte in the SVZ: does cell proliferation, migration or differentiation change? 
The role in reactive gliosis, too, can be studied: do astrocytes still change to a 
hypertrophic morphology when specific GFAP isoforms are expressed or knocked-
out? 

When more functions of GFAP and its different isoforms are known, this 
knowledge might be used to modulate specific functions in astrocytes. In view of 
this it would be worthwhile to learn more about the regulation of GFAP expression 
and specific splicing of the gene. If we know what causes specific splicing this 
would also be of great value in studying the functions of the different isoforms, and 
ultimately to interfere in brain disorders. 
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Concluding remarks

Not so long ago, astrocytes were considered to be merely supportive glial cell 
components in neural tissue. However, this point of view is now progressively 
changing and the fact that astrocytes are important players in the CNS can no 
longer be ignored. Astrocytes are responsible for a wide variety of physiological 
functions, including primary roles in synaptic transmission (Henneberger et al., 
2010). Besides the wide range of functions in normal physiology, astrocytes take 
on additional roles in, and as a consequence of, disease. Astrogliosis, characterized 
by alterations in IF expression and organization, is associated with a wide variety 
of brain pathologies, including trauma, ischemia and neurodegenerative diseases. 
Still, whether glial changes actively contribute to the disease or only represent an 
accompanying phenomenon often remains unclear. 

In addition to the diversity of novel functions attributed to astrocytes, it is 
becoming increasingly clear that there are different subtypes of astrocytes. The 
morphologies and functional properties of these subtypes can vary in different 
brain regions and are likely to be affected differently in different neurological 
disorders, which has distinct pathological consequences. Our research has shown 
that different subtypes of astrocytes comprise specialized IF networks that change 
during development, aging and Alzheimer’s disease. The novel functions that have 
emerged for the IF network suggest these changes can play an important part in the 
specialized function of these cells in both normal functions and brain disorders. 

 On top of all that, astrocytes in humans were shown to be more complex in 
form and function, and more diverse, than those of rodents. Besides, they exhibit 
unique structural specializations and functional abilities not shared by their 
primate counterparts (Oberheim et al., 2009). Presumably, human astrocytes also 
have a more specialized IF network compared to rodents. Allegedly, these uniquely 
human aspects combined may be an essential constituent for part of the distinct 
neurological competence of human beings.
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10. Summary

The interest in astrocytes has drastically increased over the last 25 years. This cell 
type, which was considered to be a merely supportive component in neural tissue, 
is now known to be an active player in the central nervous system (CNS). Detailed 
molecular and functional studies led to the discovery of many novel roles for 
astrocytes. Glial fibrillary acidic protein (GFAP) is the main intermediate filament 
(IF) protein in astrocytes and is widely used as a marker for the identification of 
astrocytes in the central nervous system (CNS) of vertebrates. Together with the IF 
proteins vimentin, nestin and synemin, it forms the IF cytoskeletal network of all 
astrocytes.

The cell’s cytoskeleton comprises three major filament systems: microfilaments, 
microtubules and IFs. Whereas microfilaments and microtubules serve as tracks for 
motor proteins and are engaged in cell motility, IFs are fundamentally engaged in 
determining cellular plasticity. IF proteins form intracellular polymeric filaments 
with a diameter of around 10 nm that are essential for the cell’s function and 
structure. The IF cytoskeleton connects the cell membrane to cellular organelles 
and to the nucleus. It is a dynamic network and tailored to deal with mechanical 
stress and it has recently emerged as (i) a signalling platform in stress and mitogenic 
signalling pathways, as well as (ii) an organizer of a number of associated proteins. 

IFs are still the least understood part of the cytoskeleton and novel functions 
emerge. GFAP, for example, has been shown to be involved in several astrocyte 
functions, which are important during regeneration, synaptic plasticity and reactive 
gliosis. Moreover, mutations in GFAP are known to cause a severe neurological 
disease.

In our group, several GFAP isoforms were discovered, which are the product of 
alternative splicing. These isoforms are expressed in specific subtypes of astrocytes 
during development, aging and disease, which are likely to have distinctive tasks in 
brain physiology and pathology. The splicing of the GFAP gene, the transcription 
of the GFAP mRNA and the structure and expression of the GFAP protein are 
described in Chapter 1. In addition we review the functions of GFAP and propose 
a role for the different GFAP isoforms in the human brain throughout development, 
aging and disease.

One of the most intriguing discoveries regarding the function of astrocytes, is the 
finding that a subpopulation of astrocytes located along the length of the ventricles 
in the subventricular zone (SVZ) are neural stem cells. We previously found that 
in the adult human brain, one of the GFAP isoforms, termed GFAPδ, is specifically 
expressed in these cells. The aim of Chapter 2 was to investigate whether GFAPδ is 
also present in the precursors of SVZ astrocytes during development, and whether 
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GFAPδ could play a role in the developmental process. To answer these questions, 
we analyzed GFAPδ expression in the normal developing human cortex and in the 
cortex of fetuses with the migration disorder lissencephaly type II. For the first 
time, we demonstrated that GFAPδ is specifically expressed in radial glia and SVZ 
neural progenitors during human brain development. Expression of GFAPδ in 
radial glia starts around 13 weeks of pregnancy and emerges in SVZ progenitors at 
around 17 weeks of pregnancy. As anticipated for neural stem cells, we showed, by 
co-localization with Ki67, that these GFAPδ expressing cells are able to proliferate. 
Although GFAPδ expression in radial glia disappears before birth, it is continuously 
expressed in the SVZ progenitors at later gestational ages and in the postnatal brain, 
which suggests that the adult SVZ is a remnant of the fetal SVZ, which develops 
from radial glia. Moreover, we provided evidence that GFAPδ can be used to 
discriminate between resting astrocytes and proliferating SVZ stem cells. 

These findings are substantiated in the adult human brain in Chapter 3. We 
show that GFAPδ expressing cells in the SVZ express neural stem cell markers, 
such as the IF protein nestin, and several proliferation markers. In addition, they 
express markers for immature astrocytes, but lack proteins that are specific for 
mature astrocytes. Perhaps, the most meaningful result to signify that GFAPδ 
expressing cells in the SVZ are indeed neural stem cells is the expression of 
GFAPδ in neurospheres isolated from this area. SVZ neural stem cells develop into 
neuroblasts, which migrate via the rostral migratory stream to the olfactory bulb 
where they develop into interneurons. GFAPδ expressing cells are found along 
this entire migratory path, but do not express markers for neuroblasts. We suggest 
that GFAPδ in these areas marks a subpopulation of astrocytes in the glial net 
surrounding the migrating neuroblasts, and a distinct precursor cell population in 
the olfactory bulb.

Another neurogenic niche in the adult brain is present in the hippocampus, more 
specifically in the subgranular zone of the dentate gyrus. In Chapter 4 we studied 
GFAPδ expression in the human hippocampus, but no expression was observed in 
this population of neural stem cells. However, we did find another area of GFAPδ 
expressing cells in the hippocampus, bordering the medial wall of the lateral ventricle, 
on the opposite side of the lateral wall where the SVZ stem cell population is known 
to reside. In this area, which we called the hippocampal SVZ, the proliferating cell 
nuclear antigen (PCNA) is also expressed, which suggests that these cells might be a 
novel pool of proliferating neural stem cells in the human hippocampus. The main 
purpose of this chapter, however, was to study the neurogenic niches in the brains 
of Alzheimer’s disease (AD) patients. We quantified GFAPδ and PCNA expression 
in the SVZ, and GFAPδ also in the OB, of AD donors and aged non-demented 
controls. Although the overall expression levels did not differ between these groups, 
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we showed that numerous GFAPδ and PCNA expressing cells were still present. 
Since currently no effective therapy is available that can prevent or reverse the 
progressive neurodegeneration that occurs in AD, this is important knowledge for 
the development of future therapeutic strategies targeted at adult stem cells. 

GFAPΔexon6 and GFAPΔ164 are two other GFAP isoforms discovered by our 
group. Translation of these out-of-frame splice variants of GFAP results in two 
proteins with the same frameshifted C-terminus, against which we raised a specific 
antibody named GFAP+1. We previously reported that GFAP+1 was expressed in 
astrocytes and in degenerating neurons in Alzheimer’s disease brains. However in 
Chapter 5 of this thesis we describe that this neuronal expression was caused by a 
cross-reaction with neurofilament-L. We discovered this after mass-spectrometry 
of the 70kDa protein band detected by the GFAP+1 antibody and after affinity 
purification of the GFAP+1 antibody, which made the neuronal staining disappear. 
The positive outcome of this study was the identification of a subpopulation of 
GFAP+1 expressing astrocytes in the adult human brain, which was revealed by 
immunohistochemistry with the purified GFAP+1 antibody. These particular large 
astrocytes are present throughout the brain, e.g. along the subventricular zone, 
in the hippocampus, the striatum and the spinal cord of controls, Alzheimer 
and Parkinson patients. We further studied this subpopulation of astrocytes 
in the hippocampus of AD patients and age-matched controls in Chapter 6. We 
showed that GFAP+1 expressing astrocytes are different from reactive astrocytes 
that normally appear during aging and in AD, however, like reactive astrocytes, 
the GFAP+1 expressing cells also increased with increasing AD pathology. Some 
experiments were performed to find out whether amyloid-β, the main constituent 
of senile plaques, can induce specific splicing of the GFAP gene. However, more 
research is needed to really know what is going on. The next question we asked 
ourselves was whether these isoforms affect the IF network in astrocytes. We 
show that GFAPΔexon6 and GFAPΔ164 cannot self-assemble and fail to generate a 
normal intermediate filament network in astrocytoma cells. These findings denote 
the need for future exploration of underlying mechanisms concerning the function 
of GFAP+1 proteins and the role of these specific astrocytes in AD.

Another aspect of AD that we studied in relation to GFAP expression was the 
impaired ubiquitin proteasome system. In Chapter 7 we hypothesized that the 
increase in GFAP in AD may be the result of impaired proteasomal activity in 
astrocytes, however, we found the contrary. Treatment of astrocytoma cells with 
different proteasome inhibitors revealed a highly significant decrease in GFAP 
mRNA due to a decreased promoter activity. Moreover, we demonstrated that 
proteasome inhibitors can reduce GFAP and vimentin expression in a rat model for 
induced astrogliosis, in vivo. Considering the detrimental effects of astrogliosis and 
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the improved regeneration in mice lacking IF proteins, we suggest that proteasome 
inhibitors could serve as a potential therapy to modulate astrogliosis associated 
with CNS injuries and disease.

In summary, we show in this thesis that different subtypes of astrocytes 
comprise specialized GFAP-IF networks, that change during development, aging 
and Alzheimer’s disease. The novel functions that have emerged for the IF network 
suggest these changes can play an important part in the specialized function of 
these cells in both normal functions and brain disorders. In Chapter 8 we speculate 
on the possible regulation and function of this specialized IF network in astrocyte 
subtypes. Finally, we propose some suggestions for further research to find out how 
these changes affect the function of the different astrocyte subtypes. 

Over the years, astrocytes have already switched from brain glue to becoming 
important players in many CNS functions, however, the search for new astrocyte 
functions still continues. We believe that when future studies keep in mind the 
diversity of astrocytes and their specialized functions, this will soon improve 
our understanding of the different astrocyte subtypes and their specific roles in 
development, aging and disease.
          
               To be continued…
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De interesse in astrocyten is de afgelopen 25 jaar drastisch gegroeid. Hoewel er in 
de meeste hersengebieden tien keer meer astrocyten zijn dan zenuwcellen, werd 
er lang gedacht dat ze alleen een soort ondersteunende, voedende functie hadden 
voor zenuwcellen. Echter door uitvoerig onderzoek naar deze cellen zijn er veel 
nieuwe functies voor astrocyten ontdekt en worden ze nu gezien als een actieve 
deelnemer in het centrale zenuwstelsel. Het ‘glial fibrillary acidic protein’ (GFAP) is 
het belangrijkste intermediaire filament (IF) eiwit in astrocyten en wordt gebruikt 
om dit celtype te identificeren. Samen met de IF eiwitten vimentine, nestine en 
synemine, vormt GFAP het IF netwerk van de cel, een belangrijk onderdeel van het 
cytoskelet.

Naast intermediaire filamenten bestaat het cytoskelet uit microfilamenten, 
belangrijk voor de vorm en beweeglijkheid van de cel, en microtubuli, belangrijk bij 
celdeling en het transport van eiwitten door de cel. IF eiwitten vormen polymeren in 
de cel, met een diameter van ongeveer 10 nanometer die het celmembraan verbinden 
met celorganellen en de celkern. Dit geheel vormt een dynamisch netwerk dat 
belangrijk is voor de structuur en de mechanische weerstand van de cel. Recentelijk 
is ook gebleken dat het IF netwerk een rol speelt bij mitogene signaaltransductie-
pathways en bij de organisatie van specifieke eiwitten die geassocieerd zijn met 
intermediaire filamenten. 

Intermediaire filamenten zijn het minst begrepen onderdeel van het cytoskelet, 
maar verscheidene nieuwe functies komen aan het licht. Bijvoorbeeld voor GFAP  
heeft men in de laatste jaren laten zien dat het betrokken is bij verschillende 
functies van astrocyten, zoals bij regeneratie, synaptische plasticiteit en 
astrogliose. Bovendien zijn er mutaties gevonden in het GFAP gen die een ernstige 
neurodegeneratieve ziekte als gevolg hebben. 

In onze groep zijn meerdere isovormen van het GFAP eiwit ontdekt, als gevolg 
van alternatieve splicing van het GFAP gen. Deze isovormen komen tot expressie 
in specifieke subtypes van astrocyten. We beschrijven de (alternatieve) splicing van 
het GFAP gen, de transcriptie van het GFAP mRNA en de structuur en expressie 
van het GFAP eiwit in Hoofdstuk 1 van dit proefschrift. Ook bespreken we de 
functies van GFAP die bekend zijn en bedenken we een mogelijke rol voor de GFAP 
isovormen in het menselijk brein tijdens de ontwikkeling, veroudering en ziekte. 

Een van de meest intrigerende nieuwe functies van astrocyten is het feit dat een 
subpopulatie van deze cellen neurale stamcellen zijn. Deze cellen bevinden zich in 
de wand van de laterale ventrikels, in de zogenaamde subventriculaire zone (SVZ) in 
het volwassen brein. Eerder hadden we al gevonden dat een van de GFAP isovormen, 
genaamd GFAPδ, specifiek in dit gebied tot expressie komt in de mens. In Hoofdstuk 2 
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wilden we onderzoeken of GFAPδ ook aanwezig is in de voorlopercellen van deze 
neurale stamcellen in het foetale brein en of GFAPδ mogelijk een rol zou kunnen 
spelen bij het ontwikkelingsproces. Om dit te bestuderen hebben we naar GFAPδ 
expressie gekeken in normaal ontwikkelende menselijke cortex en in de cortex van 
menselijke foetussen met de migratiestoornis lissencephaly type II. Wij hebben 
voor het eerst aangetoond dat GFAPδ specifiek tot expressie komt in radiale glia en 
neurale voorlopercellen in de SVZ van het menselijk brein tijdens de ontwikkeling. 
De eerste expressie van GFAPδ in radiale glia was zichtbaar in foetussen rond 13 
weken zwangerschap en werd zichtbaar in de SVZ rond 17 weken zwangerschap. 
Door colokalisatie aan te tonen van GFAPδ met de proliferatiemarker Ki67 hebben 
we aangetoond dat deze cellen in staat zijn om te delen, wat een van de voorwaardes 
is om een neurale stamcel te kunnen zijn. Hoewel GFAPδ expressie voor de geboorte 
verdwenen is in de radiale glia, blijft de expressie in de SVZ aanwezig tot in de 
volwassenheid. Dit suggereert dat de eerder gevonden GFAPδ positieve cellen in het 
volwassen brein een restant zijn van de cellen in de foetale SVZ, welke ontstaan uit 
radiale glia. Bovendien hebben we hier laten zien dat GFAPδ mogelijk als marker 
kan dienen om normale, rustende astrocyten (GFAPδ negatief) te onderscheiden 
van prolifererende neurale stamcellen. 

Deze bevindingen zijn bevestigd in Hoofdstuk 3 waar we laten zien dat GFAPδ 
positieve cellen in de SVZ van het volwassen brein andere neurale stamcel eiwitten 
tot expressie brengen zoals het IF eiwit nestine en verscheidene proliferatiemarkers. 
Daarnaast bevatten deze cellen ook eiwitten die specifiek zijn voor onvolgroeide 
astrocyten, terwijl eiwitten die specifiek zijn voor volgroeide astrocyten hier 
ontbreken. Wellicht is de expressie van GFAPδ in neurosferen, die geïsoleerd zijn 
uit dit gebied, de meest betekenisvolle aanwijzing dat GFAPδ positieve cellen 
in de SVZ neurale stamcellen zijn. Het is bekend dat neurale stamcellen uit de 
SVZ neuroblasten genereren, welke via de rostrale migratoire stroom naar de 
bulbus olfactorius migreren alwaar ze uitgroeien tot interneuronen. Ondanks 
dat GFAPδ positieve cellen ook aanwezig zijn langs deze migratiestroom en in de 
bulbus olfactorius, brengen ze geen neuroblast-specifieke eiwitten tot expressie. 
Waarschijnlijk maken de GFAPδ positieve cellen deel uit van het ‘gliale net’ om de 
migrerende neuroblasten heen en wijst de expressie in de bulbus olfactorius op een 
ander type voorlopercel.

Naast de SVZ is het bekend dat neurale stamcellen aanwezig zijn in de 
subgranulaire zone van de dentate gyrus van de hippocampus. In Hoofdstuk 4 
hebben we GFAPδ expressie bestudeerd in de hippocampus. Hoewel we geen 
expressie hebben gevonden in deze populatie neurale stamcellen hebben we wel 
expressie gevonden aan de rand van de hippocampus, langs de mediale wand van 
de laterale ventrikels. In dit gebied, genaamd de hippocampale SVZ, komt ook de 
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proliferatiemarker PCNA tot expressie dat suggereert dat hier mogelijk ook een 
populatie delende neurale stamcellen zit. Het voornaamste doel van dit hoofdstuk 
was het onderzoeken van de neurogene gebieden in de hersenen van Alzheimer 
patiënten in vergelijking met controles. We hebben GFAPδ en PCNA expressie 
gekwantificeerd in de SVZ en de bulbus olfactorius en kwamen tot de ontdekking 
dat de mate van expressie niet verschilt tussen de verschillende groepen. Zowel in 
Alzheimer patiënten als in niet-dementerende ouderen waren nog tal van GFAPδ 
en PCNA positieve cellen aanwezig. Dit biedt mogelijkheden voor de ontwikkeling 
van nieuwe therapieën die gericht zijn op het stimuleren van deze cellen, aangezien 
er nog geen effectieve therapie bestaat dat de progressieve neurodegeneratie in deze 
ziekte kan voorkomen of herstellen. 

Twee andere GFAP splice varianten die ontdekt zijn door onze groep zijn 
GFAPΔexon6 en GFAPΔ164. Als gevolg van een verschuiving van het leesraam 
door de deleties, worden twee eiwitten gevormd met een specifieke C-terminus 
waartegen we een antilichaam gemaakt hebben, genaamd GFAP+1. Eerder hadden 
we met dit antilichaam al aangetoond dat GFAP+1 tot expressie komt in astrocyten en 
degenererende zenuwcellen in de ziekte van Alzheimer. Echter, in Hoofdstuk 5 laten 
we zien dat de expressie in zenuwcellen veroorzaakt wordt door een kruisreactie van 
het antilichaam met het neurofilament-L eiwit, dat specifiek is voor zenuwcellen. 
Dit hebben we aangetoond met behulp van massaspectrometrie en opzuivering van 
het antilichaam, wat ervoor zorgde dat de kleuring in de zenuwcellen verdween. 
De astrocyten kleurden nog wel aan met het gezuiverde antilichaam en waren 
beter zichtbaar dan voorheen. We ontdekten dat GFAP+1 tot expressie komt in een 
subpopulatie van opmerkelijke astrocyten, in verschillende hersengebieden, zoals 
de SVZ, de hippocampus, het striatum en het ruggenmerg van zowel controles, 
Alzheimer en Parkinson patiënten. 

Deze subpopulatie astrocyten hebben we uitvoeriger bestudeerd in Hoofdstuk 6, in 
de hippocampus van Alzheimer patiënten en leeftijd controles. De GFAP+1 positieve 
astrocyten verschillen morfologisch van reactieve astrocyten die opkomen tijdens 
veroudering en in Alzheimer, maar net als reactieve astrocyten, nemen ze in aantal 
toe met toenemende Alzheimer pathologie. We hebben enkele experimenten 
uitgevoerd om uit te zoeken of amyloid-β, de belangrijkste component van seniele 
plaques, mogelijk de specifieke splicing van het GFAP gen kan induceren. De eerste 
resultaten gaven hier echter nog geen duidelijk antwoord op. We laten verder zien 
dat GFAPΔexon6 en GFAPΔ164 in astrocytoma cellen in vitro het IF netwerk 
kunnen veranderen, maar om de precieze functie van deze GFAP eiwitten en de rol 
van deze astrocyten in de ziekte van Alzheimer te ontdekken, is meer onderzoek 
nodig.



245

samenvatting

Een ander kenmerk van Alzheimer dat we bestudeerd hebben in verband met 
GFAP expressie, is het ubiquitine proteasoom systeem. De hypothese dat verhoogde 
GFAP expressie in Alzheimer veroorzaakt wordt door verminderde proteasomale 
activiteit in astrocyten is bestudeerd in Hoofdstuk 7. Echter, de behandeling 
van astrocytoma cellen met proteasoomremmers liet het tegenovergestelde zien, 
namelijk een significante afname in GFAP mRNA door een verminderd actieve 
promotor. Bovendien hebben we laten zien dat proteasoomremmers de expressie 
van GFAP en vimentine kunnen reduceren in een gebied van astrogliose in de rat. 
Gezien de nadelige effecten die astrogliose kan hebben en de verbeterde regeneratie 
in muizen zonder IF eiwitten, kunnen proteasoomremmers mogelijk als therapie 
dienen om astrogliose betrokken bij hersenschade en ziekte te moduleren. 

Kort samengevat laten we in dit proefschrift verschillende astrocyt subtypes zien 
met een gespecialiseerd GFAP-IF netwerk, welke veranderd tijdens ontwikkeling, 
veroudering en in de ziekte van Alzheimer. De nieuwe functies die recent ontdekt 
zijn voor het IF netwerk suggereren dat deze veranderingen een belangrijke 
rol kunnen spelen in zowel het normale functioneren van deze cellen als in 
hersenaandoeningen. In Hoofdstuk 8 speculeren we over de mogelijke regulatie en 
functie van het gespecialiseerde IF netwerk in astrocyt subtypes. Tot slot geven we 
suggesties voor toekomstig onderzoek om dit nader te bestuderen. 

In de afgelopen jaren zijn astrocyten al veranderd van ‘hersenlijm’ tot cellen die 
actief deelnemen aan verschillende functies van de hersenen en er komen steeds 
meer functies bij. Wanneer toekomstige studies rekening houden met de diversiteit 
van astrocyten en hun specifieke functies, zullen we snel meer weten over de 
verschillende astrocyt subtypes en hun rol in ontwikkeling, veroudering en ziekte.
          
                   Wordt vervolgd…
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13. Dankwoord

Ik herinner me nog een turbulente week, zo’n 4,5 jaar geleden...Huis gekocht, 
samenwonen, met mijn AIObaan beginnen en afstuderen, in die volgorde. Allemaal 
belangrijke stappen voor mijn toekomst, waar ik nog altijd erg blij mee ben! In de 
jaren daarop volgend heb ik een enorme ontwikkeling doorgemaakt en bij deze wil 
ik iedereen bedanken die hieraan heeft bijgedragen, op welk vlak dan ook. Een aantal 
mensen die hierbij een belangrijke rol hebben gespeeld wil ik in het bijzonder noemen:

Elly, jij had wel een van de hoofdrollen, als mijn co-promotor. Ik wil je ontzettend 
bedanken voor je begeleiding door de jaren heen, eerst als student en vervolgens 
als AIO. Je hebt me veel vrij gelaten, maar wel de goede richting op gestuurd, 
waardoor ik me heb kunnen ontwikkelen tot een zelfstandig onderzoekster. Ik 
heb je betrokkenheid in mijn project en mijn toekomst erg op prijs gesteld en ook 
waardeer ik het feit dat je mij veel bij jouw werkzaamheden hebt betrokken, zodat 
ik goed voorbereid ben op de toekomst. 

Dick, als promotor is de grootte van je rol gegroeid met de jaren. Ik heb veel geleerd 
van je ervaring en was blij met je rust en je realistische kijk op de haalbaarheid van 
al mijn plannen in het laatste jaar. De korte contacten op de gang, waarbij je even 
vroeg naar de vordering en hoe het met me ging, heb ik erg gewaardeerd. 

Met name door mijn vele, lieve collega’s op het NIN heb ik een geweldige 
AIOtijd gehad. Net als het instituut, heeft ook onze groep een enorme ontwikkeling 
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Biology & Neurodegeneration” en van een clubje van 4, naar een volwaardige 
onderzoeksgroep van 12 personen! 

In het begin werkte ik vooral samen met Karianne, die me de eerste fijne kneepjes 
op het lab heeft geleerd, nog bedankt daarvoor. Je bent een paar jaartjes naar het 
NKI geweest, maar ik vind het erg leuk dat je weer terug bent op het NIN. Ook 
met Jacqueline heb ik vanaf het begin af aan samengewerkt. Ik heb erg veel geleerd 
van je kennis op het lab , met name van de moleculaire biologie en je efficiente 
datageneratie ;). Ik ben erg blij met al je hulp, met name voor hoofdstuk 7 (dat als 
eerste af was), waar je veel experimenten voor gedaan hebt. Bedankt dat je altijd 
voor me klaar stond en je blijvende enthousiasme in de hoop dat de volgende proef 
WEL zou laten zien wat we wilden.

Toen Nathalie en Tam bij ons op de kamer kwamen (remember the green 
t-shirts?) werd het heel erg gezellig op de kamer en toen Asia erbij kwam werd het 
helemaal feest! Gelukkig kon Tam ook gewoon over ‘meiden-dingen’ meepraten ;) 
en ook kwamen er regelmatig andere collega’s even langs voor een kopje koffie, een 
paaseitje of om ff te kletsen. Toen werd het tijd om te reorganiseren en vertrok ik 
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met Nathalie naar de grote hoekkamer, waar harder gewerkt kon worden, maar het 
nog steeds erg gezellig was samen met Simone, Jeroen en tijdelijk Vanessa.

Simone, wij hebben vanaf die tijd veel samengewerkt en ons project heeft dan 
ook enige overlap, wat geresulteerd heeft in enkele co-auteurschappen bij elkaar, 
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‘snoepreisjes’ naar o.a. New York en Chicago, dat neemt niemand meer van ons af. 
Heel veel succes het komend jaar en bedankt voor alles!

Ook wil ik Willem bedanken voor de samenwerkingen en zijn kritische kijk op 
de data-analyze en het van commentaar voorzien van mijn manuscripten. Je bent 
een aanwinst voor de groep, hou vol tussen de dames!
Yes ladies, now it’s your turn. The hard work is done, time for fun! Marie, Regina, 
Martina & Carlyn, it is great fun to be with you girls in one room. I enjoy our 
talks, the joking around, walking in the sunshine, do radio popduels ;), and sharing 
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