
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Astrocytes in development, aging and disease: starring GFAP

Middeldorp, J.

Publication date
2010

Link to publication

Citation for published version (APA):
Middeldorp, J. (2010). Astrocytes in development, aging and disease: starring GFAP. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/astrocytes-in-development-aging-and-disease-starring-gfap(a9432a89-184e-4ee6-bd35-815aa541663b).html


Isoforms of GFAP 

in hippocampal astrocytes 

in Alzheimer’s disease

J. Middeldorp, W. Kamphuis, M. Mizee, J.M. Smit, M. Freriks, 

J.A. Sluijs, V.M. Dimayuga, S.A. van den Berge, E.M. Hol

manuscript in preparation





139

chapter 6

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.
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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).
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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. 
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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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