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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 



207

general discussion

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-
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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.
 

 


