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Analysis of gial acidic fibrillary protein in the human
entorhinal cortex during aging and in Alzheimer’s
disease

Glial fibrillary acidic protein, GFAP, is a major intermediate filament protein of glial cells
and major cytoskeletal structure in astrocytes. The entorhinal cortex has a key role in
memory function and is one of the first brain areas to reveal hallmark structures of
Alzheimer’s disease and therefore provides an ideal tissue to investigate incipient neu-
rodegenerative changes. Here we have analyzed age- and disease-related occurrence
and composition of GFAP in the human entorhinal cortex by using one- and two-
dimensional electrophoresis, Western blots and immunocytochemistry combined
with confocal microscopy. A novel monoclonal antibody, GF-02, was characterized
that mainly reacted with intact GFAP molecules and indicated that more acidic and
soluble GFAP forms were also more susceptible to degradation. GFAP and vimentin
increased with aging and in Alzheimer’s disease (AD). Two-dimensional electrophore-
sis and Western blots revealed a complex GFAP pattern, both in aging and AD with
different modification and degradation forms. Immunohistochemistry indicated that
reactive astrocytes mainly accumulated in relation to neurofibrillary tangles and senile
plaques in deeper entorhinal cortex layers. GFAP may be used as an additional but not
exclusive diagnostic tool in the evaluation of heurodegenerative diseases because its
levels change with age and respond to senile plaque and tangle formation.
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1 Introduction

Astrocytes have a variety of functions and form develop-
mental scaffolds, provide boundaries and guidance for
neuronal migration, and a structural, metabolic and
trophic support to neurons [1]. Most importantly, they are
closely linked to neuron energy metabolism and synaptic
activity [2, 3]. Furthermore, any type of central nervous
system injury may stimulate astrocytes to proliferate, to
hypertrophy and to build glial filaments. Astrogliosis is
also well known to occur in Alzheimer’s disease (AD) [4—
6]. AD is a dementing illness which clinically is character-
ized by intellectual decline and morphologically by senile
plaques, dystrophic neurites and neurofibrillary tangles
(NFT). Presently, the pathological diagnosis of AD is
mainly based on the distribution and density of NFT [7],
and both, senile plaques and NFT, have been shown to
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be correlated with the severity of dementia in AD [8-10].
Braak and colleagues [7] also have identified the ento-
rhinal cortex as a pivotal area among affected brain regions
in AD, since the very first neurofibrillary lesions are detect-
able here and together with the temporobasal isocortex
belong to regions where the first senile plaques are
formed [10]. The pathophysiological mechanisms respon-
sible for plaque formation and progression are emerging.
Glial cells, and among them astrocytes and microglia are
likely to play a key role in the formation of senile plaques
[11]. Astrocytes were found to be associated with many
but not all senile plaques [12]. In addition to the classical
lesions, astrocytosis is a well known feature of AD and the
association of astrocytes with plaques is well established
[13, 14]. Astrocytes colocalize with a dense amyloid core
and an attendant microglial reaction via interleukin (IL)1B
hypertrophy of astrocytes [12]. Confocal microscopy and
3-D reconstruction have demonstrated that astrocytes
surround plaques and many astrocytic processes pene-
trate into the plaque core [15]. Nevertheless, such astro-
cytic reactions may occur during the normal aging pro-
cess, independently of the formation of senile plaques.

The GFAP is the building block of glial intermediate fila-
ments and is the major cytoskeletal structure in astro-
cytes [16]. Human GFAP is composed of 432 amino acids
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with an apparent mass of 51 kDa and a calculated mass
of 49 880 Da, and p/ of pH 5.4. The chromosome map
location of the GFAP gene is 17g21. GFAP is character-
ized by coiled-coil domains, which are essential for fila-
ment formation. It is used also as a marker for astrocytes.
Another marker for astrocytes, but not exclusively, is
vimentin, but it localizes more in immature astrocytes,
while GFAP is found rather in mature astrocytes, during
aging and in reactive astrocytes [17, 18]. Furthermore,
the molecular structure of GFAP is modified during devel-
opment and aging and responds dynamically to neurode-
generative lesions [19]. Brain lesions induce local activa-
tion of astrocytes and microglia events that are mediated
by cytokines and growth factors such as IL-1, IL-6, TGF-
o, TGF-1 and bFGF, [17 for review]. Microglia, IL-1 as well
as apolipoprotein E and famyleoid precursor protein (APP)
may contribute towards plaque formation [11]. Further-
more, the dynamic properties of GFAP may depend on
post-translational modifications such as phosphorylation
of several sites in the GFAP head domain [20].

Many cytoskeletal proteins undergo age- and disease-
related post-translational changes [21] and tau proteins
have received much attention because of their particular
or abnormal hyperphosphorylation and their role in the
formation of paired helical filaments (PHF) which are con-
sidered among hallmark structures of Alzheimer’s dis-
ease. Two-dimensional electrophoresis and monoclonal
antibodies are valuable tools for the identification of gen-
eral protein changes and to identify specific proteins and
their modifications respectively. Here we have inves-
tigated protein changes in autopsy tissue from the entor-
hinal cortex of control and AD subjects by using the
powerful tool of 2-DE analysis and combined it with
immunoblotting, immunocytochemical and confocal
microscopical analysis. We focused mainly on GFAP and
its role during aging and Alzheimer’s disease and com-
pared it to PHF and plaque distribution. We have also
characterized a novel antibody for human GFAP, which
reacts with intact but not with N-terminally degraded
GFAP molecules.

2 Materials and methods

2.1 Tissues

After autopsy, parts of the human entorhinal cortex were
either immediately frozen at —80°C for subsequent bio-
chemical analysis or tissue samples were fixed with 4%
paraformaldehyde for 48 h, rinsed with PBS, and kept
at 4°C until immunohistochemical procedures. Autopsy
human brain tissues were obtained from six controls and
five cases with confirmed Alzheimer’s disease:
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(1) from a 52 year old female without cognitive decline.
She was suffering from urinary bladder carcinoma and
died due to heart failure. The brain was obtained 4 h after
death.

(2) from a 56 year old male who died due to heart failure
after suffering from buccal and pulmonary carcinoma. No
dementia was recorded. Brain was obtained 10 h after
death.

(3) from a 59 year old male with hypopharynx and eso-
phagus cancer, without neurological history. Death was
due to heart failure. The brain was obtained 10 h after
death.

(4) from a 62 year old female, with arterial hyperten-
sion but without neurological history. Death was due
to cerebral hemorrhage. Brain was obtained 7 h after
death.

(5) from a 78 year old, intellectually preserved male, with
diabetes mellitus, arterial hypertension and colon carci-
noma. Brain was obtained 11 h after death.

(6) from a 79 year old male without intellectual decline.
Death was due to cholecystitis and septicemia. Brain
was obtained 5 h after death

(7) from a 79 year old demented male patient with AD
on postmortem examination (Braak stage V). Death was
due to pulmonary embolism. Brain was obtained 10 h
after death.

(8) from a 84 year old demented female patient, with AD
(Braak stage VI), generalized arteriosclerosis and heart
failure due to acute pyelonephritis. Brain was obtained
13 h after death.

(9) from a 90 year old demented female patient AD
(Braak stage VI) and generalized arteriosclerosis. Death
was due to bronchpneumonia. Brain was obtained 2.5 h
after death.

(10) from a 94 year old demented female patient with AD
(Braak stage lll) and diffuse cortical brain atrophy. Death
was due to pulmorary embolism. Brain tissues were col-
lected 5 h after death.

(11) from a 94 year old female patient with Alzheimer
changes in the brain corresponding to a Braak stage IIl.
Death was due to heart failure. Brain was obtained 8 h
after death.

For a variety of measurements, additional brain tissue
samples (temporal lobe) were collected from a 68 year
old male with mild AD (Braak stage lll; post mortem
delay (pmd) 5 h), for initial antibody screening. For immu-
noprecipitation, samples of the frontal cortex from a
88 year old female with AD (Braak stage IV) (omd 3 h)
was used. In addition to above-mentioned samples,
entorhinal cortex tissue of a 86 year old female, 6 h
pmd without neuropathological alterations and of a
93 year old female, 8 h pmd with severe AD were
used for proteomic analysis.



1478 R. Porchet et al.

2.2 Antibodies

Several well characterized antibodies were used: rabbit
polyclonal antibody GFAP (1:2,000 dilution) from DAKO
(Zug, Switzerland) mouse mAb GF-01 (IgG1) against
GFAP was used at 1:1000 dilution [22] and mouse mAb
V9 (immunoglobulin (I9)G1) against vimentin from Boeh-
ringer Mannheim, (Mannheim, Germany) was used at a
1:50 dilution. AD2 used at 1:10000 dilution is a murine
mAb that reacts with the upstream flanking region of
the microtubule-binding domain when Ser396 and
Ser404 are phosphorylated. These are phosphorylation
sites which remain stable in neurofibrillary lesions even
in autopsy tissues thus making AD2 useful for their
detection [23]. The mouse monoclonal AT8 antibody at
a 1:1000 dilution recognizes human tau isoforms when
phosphorylated at serine residue 202 and threonine 205
of the largest human tau form [24]. The polyclonal anti-
body against the BA peptide 1-42 was obtained from
DAKO and was used at a 1:50 dilution. The hybridoma
cell line producing novel anti-GFAP antibody GF-02
was obtained after immunization of Balb/c mouse with
a pellet of pig brain cold-stable proteins after depolym-
erization of microtubules. This material was used for
initial screening. The immunization protocol, the tech-
nique for the fusion of spleen cells with mouse myeloma
cells Sp2/0, the screening, cloning and subcloning
methods and ascites production have been described
previously [25, 26]. Inmunoglobulin subclass was deter-
mined using a mouse mAb isotyping kit Isostrip (Roche,
Mannheim, Germany).

2.3 Immunoprecipitation

For immunoprecipitation, 260 mg human frontal cortex
from a 88 year old female with short pmd was homoge-
nized in 500 pL extraction buffer (20 mm Tris, 0.8 m NaCl,
0.2 mm DTT, 5 mm MgCl,, 1 mm EGTA, 0.5% Triton X-100,
pH 8.3), in the presence of 10 ug/mL leupeptin, antipain
and E64 (Sigma, Buchs, Switzerland). Nonspecific protein
binding was absorbed by an incubation with 200 pL pan-
sorbin (Calbiochem-Novabiochem, La Jolla, CA, USA).
One hundred and fifty uL of supernatant was incubated
with 15 uL of GFAP antibody for 2 h followed by 60 pL
pansorbin for another hour. The antigen-antibody Staphy-
lococcus aureus complex was sedimented (11000 x g,
2 min) and washed several times with extraction buffer,
dissolved in 90 uL SDS sample buffer and separated on
SDS-PAGE. Proteins were either stained with Coomassie
Blue or transferred to nitrocellulose filters and immuno-
stained with antibodies.
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2.4 Electrophoresis and immunobloting

Defined amounts of proteins were separated by 3.6-15%
SDS-PAGE and either stained with Coomassie Brilliant
Blue or electrophoretically transferred to nitrocellulose fil-
ters and immunostained with monoclonal and polyclonal
antibodies. Proteins were either detected with antibodies
and peroxidase-conjugated secondary antibodies fol-
lowed by incubation with 4-chloro-1-naphthol [27] or by
a chemiluminescent reaction. In short, membranes were
washed in PBS (5 mm Na, HPO, + 155 mm NaCl pH 7.4)
and nonspecific binding sites were blocked by incubation
in 5% dried milk in PBS + 0.15% Tween 20 for at least
30 min. After rinsing with PBS filters were incubated
with primary antibodies in 2.5% dried milk in PBS and
0.15% Tween for 60 min at room temperature. Antibodies
were used at dilutions: 1:1000 (GF-01), 1:5000 (GF-02),
1:20000 (rabbit anti-GFAP) or 1:25 (V9, antivimentin).
After several rinsing steps in PBS, membranes were incu-
bated for 60 min at room temperature with peroxidase-
conjugated rabbit-antimouse Ig or goat-antirabbit Ig
(Amersham Biosciences, Dibendorf, Switzerland) diluted
1:2000 in 2.5% dried milk, PBS and Tween. Filters were
rinsed several times with PBS. The membranes were
incubated for exactly 1 min to a mixture of one part detec-
tion solution 1 and one part detection solution 2 (ECL;
Amersham Biosciences) as described by the manufac-
turer. Excess solution was drained and filters were
wrapped in SaranWrap and quickly exposed to Kodak
Biomax MR autoradiography film for several seconds or
minutes. The intensity of immunostaining was quantified
by a densitometry software (1D Main; American Applied
Biotechnology, Fullerton, CA, USA) by measuring the
spot intensity.

2.5 2-DE

Brain tissue was homogenized with 1:10 w/v denaturation
buffer (5 m urea + 2 m thiourea 35 mm Tris + 4% CHAPS +
1% dithioerythritol (DTE)) followed by protein determina-
tion (Bio-Rad, Reinach, Switzerland). For first dimension at
separation, Immobiline DryStrips pH 3.5-10, 18 cm long
(Amersham Biosciences) were rehydrated with 200 pg of
proteins adjusted overnight in 1 mL with rehydration buf-
fer (8 m urea + 2% CHAPS + 9.72 mm DTE + 2% Phar-
malyte 3-10 + 1% bromphenol blue). The strips were
then covered with mineral oil and the proteins were sepa-
rated for 98000 Vh at 15°C. For the second dimension,
strips were first incubated in equilibration buffer (6 m urea
+ 0.5 m Tris-HCI pH 6.8 + 2% SDS + 30% glycerol v/v)
+ 2% DTE + 0.5% bromphenol blue for 15 min and
second in equilibration buffer + 2.5% iodoacetamide
+ 0.5%0 bromphenol blue for 15 min. The proteins were
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then separated on a 9-16% acrylamide gel prepared from
a stock solution: 30% acrylamide + 0.8% piperazine di-
acrylamide + 5% sodiumthiosulfate + 1.5 m Tris-HCI, pH
8.8). Migration was performed with 40 mA/gel in Laemmli
buffer (0.05 m Tris + 0.39 m glycine + 0.2% SDS) at 15°C
for 5 h. Proteins were visualized by silver staining [28].

2.6 Immunohistochemistry

For immunohistochemistry, entorhinal cortex tissue was
immersed in 4% paraformaldehyde in PBS for 48 h. Tis-
sue was stored in PBS at 4°C, and incubated for 24 h in
30% sucrose and PBS at 4°C, prior to cutting. Sections of
50 pm thickness were cut with a Microm HM400 (Heidel-
berg, Germany) congelation microtome. Some sections
were also stored in series in a freeze protection solution
(150 g sucrose, 300 mL ethylene glycol, 500 mL 50 mm
PBS pH 7.4, 200 mg Na-azide). Sections were kept at
—20°C until use. Free-floating sections were rinsed with
TBS, Tris 0.5 M + NaCl 121 mwm, pH 7.2) at 4°C, all subse-
quent steps were performed at room temperature. Sec-
tions were incubated for 30 min in 3% fetal calf serum
(FCS) in TBS to block nonspecific antibody binding sites,
followed by an incubation overnight with rabbit anti-GFAP
at 1:200 dilution and AD2 at 1:10 000 (0.26 pg/mL) in TBS
supplemented with 1% FCS. The sections were rinsed
several times with TBS and incubated for at least 2 h
with 1:1000 diluted secondary antibodies Oregon green
conjugated goat antimouse Ig and Texas red conjugated
goat antirabbit (Molecular Probes, Leiden, The Nether-
lands). Sections were mounted on glass slides and cov-
ered with semisolid mounting fluid [29]. These sections
were examined with a Leica confocal microscope (Leica
TCS NT, Heidelberg, Germany), equipped with an argon-
krypton laser set at 568 nm excitation. Picture size was
between 284 kb to 1 Mb. For each series a stack of opti-
cal sections at different planes of focus was collected.
Care was taken to use the full dynamic range of the
photomultipliers by using a special look-up table (glow-
over-glowunder, Leica). Digitized images were processed
with image-editing software (Adobe Photoshop, Moun-
tain View, CA, USA).

For Fig. 4, deparaffinized sections were treated with 0.3%
H>0, to block the endogenous peroxidase activity. Sec-
tions were incubated for 30 min at room temperature
with normal goat serum and normal horse serum to block
nonspecific sites before application of primary antibo-
dies, monoclonal AT8 and polyclonal BA antibody, over-
night at 4°C. Bound antibodies were visualized by using
the avidin-biotin peroxidase method (Elite standard kit
SK6100; Vector, Geneva, Switzerland). The peroxidase
activity was revealed with a substrate solution containing
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1% diamidobenzidine (DAB) and 3% H,O,. All sections
were counterstained with hematoxylin. For GFAP, sec-
tions were processed in a Ventana Nexes (Strasbourg,
France) automated slide stainer and using a related
Ventana DAB detection Kkit.

3 Results

For the identification of GFAP and for the characterization
of mAb GF-02 (IgM), a polyclonal antibody was used to
immunoprecipitated GFAP from human brain tissue. Ori-
ginal homogenate and several steps in the precipitation
process were separated by SDS-PAGE (Fig. 1). Coomas-
sie blue staining demonstrates a protein of the M, of GFAP
in immunoprecipitated sample (Fig. 1A, lane 5). Immuno-
blots with the GFAP immunoprecipitation experiment
were stained with mAbs GF-01 (Fig. 1B) and GF-02
(Fig. 1C) or with the polyclonal anti-GFAP antibody
(Fig- 1D). All antibodies identified immunoprecipitated
GFAP in lane 5. The novel antibody GF-02 detected
exclusively the intact GFAP, while GF-01 and the polyclo-
nal antibody detected also degradation products of
GFAP. Given that GFAP is mainly degraded at the N-ter-
minal end [30] it seems likely that GF-02 is directed
against the N-terminal site of GFAP.
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Figure 1. Immunoprecipitation of GFAP and specificity of
GF-02 antibody for intact GFAP. Frontal cortex tissue
(88 year old female, 3 h pmd, with presence of senile pla-
ques) was used to immunoprecipitate human GFAP with a
polyclonal antibody against GFAP and pansorbin. Pro-
teins were separated by 3.6-15% gradient SDS-PAGE
and stained with Coomassie blue (panel A). After electro-
phoretical transfer, nitrocellulose filters were used to stain
blots with antibodies clone GF-01 (panel B), clone GF-02
(panel C) and polyclonal anti-GFAP (panel D). Protein
samples are: in lane 1, brain homogenate before incuba-
tion; lane 2, brain homogenate after incubation with anti-
body and pansorbin; lane 3, prewash of brain homoge-
nate with pansorbin only; in lane 4, pansorbin in PBS;
and in lane 5, immunoprecipitated GFAP. The molecular
weight is indicated on the left.
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age Figure 2. Western blots of
entorhinal cortex tissues from
11 human subjects aged 52
to 94 years. The sequence of
samples (total protein) corre-
sponds to the numbering of
. cases in methods, Age/Sex/
___,._---—--=" pmd (1: 52F4, 2: 56M10, 3:
59M10, 4: 62F7, 5: 78M11, 6:
79M5, 7: 79M10, 8: 84F13, 9:
90F2.5, 10: 94F5, 11: 94F8).
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Protein samples were separated
#9% by a 3.6-15% gradient SDS-

PAGE and transferred to nitrocellulose. Blots were exposed to polyclonal anti-GFAP antibody (A) and anti-vimentin anti-
body V9 (B). Sample 8 with largest amounts of GFAP and vimentin degradation products is also the sample with longest
post mortem delay and severest form of AD (Braak stage VI). In the graphs next to the blots the densitometrical values of
GFAP and vimentin immunoreactivity were plotted against age (in years). Severest AD cases are indicated with an aster-
isk, while the sample with isolated senile plaques is indicated with a circle; all other cases are indicated with a square.
Linear regression coefficient was r = 0.53 for GFAP and r = 0.37 for vimentin. d.u. represents densitometrical units
(x 1000). Plotting the densitometrical values against the pmd does not indicate an increase of degradation with aging

(not shown).

Eleven subjects were compared for the presence of GFAP
and vimentin by Western blots. The samples are aligned
from left to right by increasing age from 52 to 94 y. There
was a trend towards increased GFAP immunoreactivity in
older subjects, with more degradation products in ages
above 78 y (Fig. 2A). Vimentin, another element found in
astrocytes, was found in all samples, but its quantity was
not proportional to that of GFAP. Samples 8 and 9 have a
high GFAP and vimentin content, but with sample 8 hav-
ing more degradation products of GFAP and vimentin
than sample 9. Both samples are from subjects with AD
(Braak stage VI), but with a considerable difference in
post mortem delay. Case 8 has a delay of 13 h between
death and autopsy, while for case 9 tissue samples were
processed within 2.5 h after death. This suggests that a
long post mortem delay may contribute to GFAP degra-
dation in some cases. These Western blots were analyzed
for staining intensity by densitometry and values were
aligned in relation to the age of the subjects. GFAP and
vimentin immunoreactivity were found to increase with
age. However, the regression coefficients r = 0.53 for
GFAP and r = 0.37 for vimentin suggest rather a trend
than a strong correlation.
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Two-dimensional separation of entorhinal cortex tissue by
high resolution 2-DE followed by silver staining showed a
two- to three-fold increase of GFAP and its degradation
products in samples from AD subjects (square in Fig. 3B),
while control samples had less GFAP degradation prod-
ucts and intact GFAP (Fig. 3A). For a better discrimination
of the differences the squares were magnified (panel C
and D). In parallel, several 2-DE gels were also transferred
to nitrocellulose and immunostained with GFAP anti-
bodies. Western blots stained with the polyclonal GFAP
antibody demonstrated a similar GFAP pattern between
younger and older subjects without neuropathological
diseases (Fig. 3E and F). The intact GFAP top band,
revealed at least 12 different spots. Smaller forms are
found mainly in the more acidic range to the left and with
smallest forms becoming more acidic. Given the differ-
ences in GFAP content, immunoreactivity was developed
for a similar staining intensity. Some younger subjects
also had lesser GFAP degradation. Although the GFAP
levels were sometimes higher in AD, the repartition of
intact and degraded GFAP was different (Fig. 3G). Less
acidic forms of intact GFAP were detectable while smaller
and more acidic forms were increased, suggesting
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Figure 3. Representative silver

stained gels and GFAP immuno-
blots of 2-DE separations of
human entorhinal cortex tissue
are shown. Protein separation
within a focusing range of pH 4-
8 is shown from left to right and
a mass from 250 kDa to 10 kDa
from top to bottom. A and C:
56 year old male, 10 h pmd, no
neuropathological alterations; B
and D: 84 year old female, 13 h

pmd with severest form of AD.
The location of GFAP is indi-
cated by rectangles in A and B.
These rectangles are also
shown at higher magnification
in C and D. The same areas were
also transferred to nitrocellulose
fiters and immunostained for
GFAP. For Western blots of
2-DE gels stained with anti-
GFAP (panels E-G) and GF-02

G H

(panel H), the following tissues
were used E: 52 year old female,
4 h pmd, without neuropatho-
- logical signs; F: 86 year old
female, 6 h pmd without neuro-
pathological alterations; G and
H: 93 year old female, 8 h pmd
and severe AD. Note that the
GF-02 antibody in panel H de-
tects exclusively more basic
and intact GFAP.

increased degradation. The GF-02 staining of the same
blot (Fig. 3H) was weak, and only the basic and uncleaved
GFAP forms were identified.

In Fig. 4 the relationship of astrocytes, NFTand plaques in
young and older control subjects and in AD are shown.
GFAP immunostaining revealed fibrous astrocytes almost
confined to the first (molecular) cortical layer (Fig. 4A) in
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the young control subject. Some reactive astrocytes are
encountered in layer Il (stellate cell layer) of the entorhinal
cortex in the older control subject (Fig. 4B). In a patient
with AD, GFAP positive astrocytes were found in layer Il
and deeper layers lll and IV, in relation to BAPP-positive
deposits and senile plagues (Fig. C and E). No AT8-posi-
tive NFT or BAPP positive deposits were found in young
control subjects (D and G); numerous AT8-positive lesions
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were seen in layers Il and Ill in an old nondemented
patient (Fig. 4E and H). In a patient with AD (Fig. 4F and I)
senile plaques, tangles and threads were numerous in
layer Il and deeper entorhinal cortex layers as well.

Confocal images of different areas of entorhinal cortex,

double-labeled for GFAP in red and phosphorylated tau
in green, document the relationship of astrocytes and
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Figure 4. The panel shows a
comparison of the extension
and intensity of astrocytic glio-
sis, the number of senile pla-
ques and the density of AT8-
immunoreactive structures in
the entorhinal cortex of three
patients: a 52 year old female
patient without brain disease
(pmd 4 h) panels A, D and G; a
79 year old nondemented male
patient (pmd 5 h) panels B, E
and H; a 79 year old demented
female patient with histologi-
cally verified Alzheimer’s dis-
ease (pmd 10 h) panels C, F
and |. Panels A-C represent
GFAP-positive astrocyte distri-
bution, panels D-F show the BA
peptide and plaque distribution,
while panels G-I show the AT8
positive neurons with PHF and
thread-like fibers. Magnification
bar =200 um.

neuritic elements in plaques (Fig. 5A), as well as the rela-
tionship of astrocytes and neurons with tangles (Fig. 5B).
The tau antibody is directed against a tau form and mod-
ification that occurs in neurodegeneration. Therefore,
Fig. 5A demonstrates in a spectacular way how astro-
cytes localize in layer Il of the entorhinal cortex where an
increased number of neurons was found, with a random
distribution of PHF positive neurons and astrocytes
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(Fig. 5B and D). Many more astrocytes were also localized
in lower cortical layers near tau-positive senile plaques
(Fig. 5C).

4 Discussion

In this report we have characterized a novel antibody for
GFAP, GF-02. The antibody must be directed against the
N-terminal part of GFAP because it reacts mainly with the
intact molecule. Fujita and colleagues [30] have shown
that during motor neuron degeneration of a mutant
mouse GFAP is degraded by cleavage of 29 and 56 N-ter-
minal sequences, resulting in a similar pattern as we have
observed in 2-DE gels, with more acidic degradation
products. The susceptibility of GFAP to degradation with
increasing post mortem delay is debated [30, 31]. In our
study, the case with the longest pmd also showed highest
GFAP degradation and was from a subject with severe
AD. As a comparison, minor GFAP degradation was
observed in a case with severe AD and very short pmd.
This suggests that extended pmd may add to GFAP deg-

[ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

GFAP in human brain 1483

Figure 5. Confocal micro-
graphs, showing double-label-
ing with polyclonal anti-GFAP
antibody (red) and monoclonal
anti-tau antibodyAD2 (green) in
entorhinal cortex of a 84 year
old female, 13 h pmd, with
severe AD. In panel A, a cluster
of tau-positive neurons of layer Il
(in green) is intermixed with
reactive astrocytes (in red).
Panels B and D show neurons
with NFTs (in green) and astro-
cytes (red) in their vicinity. In
panel C, many astrocytes (in
red) gather around senile pla-
ques and tau positive deposits
(in green). Bar = 20 pum.

radation. The presence of some degradation products
with GF-02 may also indicate that cleavage at the C-ter-
minal end is possible but less frequent, and only found in
cases with increased GFAP degradation products. In rhe-
sus monkey, astrocytic hypertrophy and altered GFAP
degradation with age has been described in subcortical
white matter [32], and in primary cultures of rat astrocytes
a calcium-dependent proteolysis of vimentin and GFAP
was identified [33]. Our 2-DE gel analysis of severe AD
cases confirms that more acidic forms of GFAP are more
easily degraded, possibly by calcium-dependent pro-
teases such as calpain. GFAP is subject to post-transla-
tional modifications, mainly phosphorylation which is
essential in filament formation [20]. In 2-DE gels a variety
of GFAP spots reflect different degrees of modification
responsible for changes in the protein migration during
electrofocusing. The N-terminal part or head domain of
GFAP contains five phosphorylation sites [20], the N-ter-
minal end of more acidic GFAP forms seem also more
vulnerable to cleavage by calpain [30]. Phosphorylation
may play a role in the assembly and filament formation,
and such modifications are key elements in astrocytic
plasticity.
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GFAP concentrations in cerebrospinal fluid correlate with
age and several forms of dementia except frontal lobe
dementia [34]. In another 2-DE study, sera from 46
patients with AD and vascular dementia were screened
for auto-antibodies against GFAP [35]. Several patients
had developed auto-antibodies to the more basic compo-
nents of GFAP. GFAP forms with higher p/ are more insol-
uble and less degraded, as a result auto-antibodies are
likely to be found against the more degradation suscepti-
ble and acidic forms. Therefore, we can conclude that the
novel antibody, GF-02, reacts with intact, more basic and
insoluble GFAP.

We have shown that GFAP concentration and its degra-
dation are increased in many entorhinal cortex autopsy
tissues obtained from elderly and AD subjects. This is in
agreement with many reports on GFAP in human and
animal brain [4-6, 32, 36]. Human GFAP is susceptible
to several post-translational modifications and our
2-DE results demonstrate that mainly acidic forms are
degraded in AD, as described for rat GFAP [33]. GFAR,
as typical astrocytic protein, provides an additional mark-
er to indicate neurodegenerative changes. An increase
of GFAP is however not exclusive for neurodegenera-
tion. In an experimental model, a decrease of MAP2 and
neurofilament proteins and an up-regulation of GFAP sev-
eral hours after the injury were observed [37, 38]. An
increase of GFAP, as in astrogliosis, is defined by an
increased number of astrocytes and hypertrophy of these
cells and also can be observed in many other processes
like inflammation of the CNS or vascular injury. Nor does
an increase of GFAP distinguish between neurodegenera-
tive diseases or vascular insults [39].

In AD, astrocytosis has been mainly described in relation
to senile plaques [13, 14, 40]. Characteristic structures as
well as putative molecular events responsible for plaque
formation have been reviewed recently [11, 12]. Here we
have identified the location of plaques by the presence of
GFAP-stained hypertrophic astrocytes around an amyloid
center, and by using a tau antibody that reacts with tau in
PHF, with threads and neurites, constitutive elements of
senile plaques. Astrocytes cluster around plaques in dee-
per layers of AD and were also found near PHF positive
neurons, while in older controls astrocytes are limited to
the top layer of the entorhinal cortex. This suggests a
close relationship between astrocytes and dying neurons
in AD. Layer Il of the entorhinal cortex seems especially
vulnerable because many astrocytes infiltrated this layer,
which is characterized by many AD-tau positive neurons.
Increase in GFAP is related to an increase of fibrous or
hypertrophic astrocytes, which are found often in the vi-
cinity of senile plaques [4-6, 36]. Our double-labeling
experiment with antibodies against phosphorylated tau

[ 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics 2003, 3, 1476-1485

and GFAP suggests that several tau-positive senile pla-
ques and clusters of PHF positive neurons may attract
reactive astrocytes. Plaque-associated dystrophic neu-
rites are a common feature in AD brains, and may contain
GFAP and tau positive fibers. Dystrophic neurites can
develop retrogradely from focal plaque damage to induce
somatic and dendritic degeneration and potentially con-
tribute to NFT formation [41].

Vimentin is known to be expressed in growing astrocytes
and to be an element of immature intermediate filaments
[17, 18]. In our samples vimentin values were variable and
were not proportional to those of GFAP. This difference
could be due to differences in the metabolic pathway
and degradation [33]. Furthermore, vimentin is not exclu-
sive to astrocytes and is also found in endothelial cells
and microglia and therefore does not account exclusively
for astrocytic changes.

5 Concluding remarks

In conclusion, GFAP proteomics may provide an addition-
al tool to investigate molecular changes in AD, but given
the role of astrocytes after any CNS insult GFAP values
point to an increase of reactive astrocytes and astroglio-
sis and are not restricted to AD. Astrocytes are involved
in many events and one of their roles may be to help
neurons to survive neurodegeneration. GFAP is subject
to degradation and its acidic forms seem more easily
degraded in AD while more basic and insoluble GFAP iso-
forms typically detected by antibody GF-02, seem better
able to resist the process of degradation.
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