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Glial fibrillary acidic protein (GFAP), the principal intermediate
filament (IF) protein of mature astrocytes in the CNS, plays
specific roles in astrocyte functions. GFAP has multiple phos-
phorylation sites at its N-terminal head domain. To examine the
role of phosphorylation at these sites, we generated a series of
substitution mutant mice in which phosphorylation sites (Ser/
Thr) were replaced by Ala, in different combinations. Gfaphm3/hm3

mice carrying substitutions at all five phosphorylation sites
showed extensive decrease in both filament formation and
amounts of GFAP. Gfaphm1/hm1 and Gfaphm2/hm2 mice, which
carry substitutions at three of five sites and in different combi-
nations, showed differential phenotypes. Although Gfaphm3/hm3

mice retained GFAP filaments in Bergmann glia in the cerebel-
lum, the (Gfaphm3/hm3:Vim�/�) mice lacked GFAP filaments.
Pulse-chase experiments of cultured astrocytes indicated that
the Hm3-GFAP encoded by Gfaphm3 was unstable particularly
in the absence of vimentin, another IF protein. These results
revealed the role of phosphorylation in turnover of GFAP and a
synergistic role of GFAP and vimentin in the dynamics of glial
filaments. The data further suggest that each of the phosphor-
ylated sites has a distinct impact on the dynamics of GFAP.
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There is a large family of intermediate filament (IF) proteins, the
expression of which has a high degree of cell-type specificity.
Glial fibrillary acidic protein (GFAP) is the principal IF protein
of mature astrocytes in the CNS. Cumulative evidence from
studies using GFAP null mutant mice underscored the impor-
tance of this protein in astrocyte functions (for review, see Pekny
2001) (Gomi et al., 1995; Pekny et al., 1995, 1999; Liedtke et al.,
1996; McCall et al., 1996; Shibuki et al., 1996; Nawashiro et al.,
1998; Nawashiro et al., 2000; Anderova et al., 2001; Tanaka et al.,
2001). The underlying mechanisms remain to be determined.

IF proteins are composed of the N-terminal head, central rod,
and C-terminal tail domains (for review, see Steinert and Roop,
1988; Fuchs and Weber, 1994). Multiple amino acid residues in
the head domain of GFAP, similar to other family members, are
phosphorylated site specifically in vitro by several protein kinases,
such as protein kinase A, protein kinase C, Ca2�/calmodulin-
dependent protein kinase II, Rho kinase, and cdc2 kinase (Ina-
gaki et al., 1990; Tokui et al., 1990; Tsujimura et al., 1994; Kosako
et al., 1997). Although the head domain of GFAP is highly

polymorphic among species, amino acid residues to be phosphor-
ylated are conserved, thus implying the physiological importance
of phosphorylation of GFAP. It has been suggested that phos-
phorylation at residues in the head domain inhibits polymeriza-
tion and depolymerizes GFAP filaments in vitro (Inagaki et al.,
1990). Transient overexpression using phosphorylation site-
substitution mutants suggested that phosphorylation of GFAP by
Rho kinase contributes to cytokinesis (Yasui et al., 1998).

We examined previously the distribution of phosphorylated
GFAP in the mouse brain, and we suggested a role for phosphor-
ylation in nondividing astrocytes (Takemura et al., 2002). To gain
insight into the role of phosphorylation in vivo, we generated and
characterized mutant mice with mutations introduced at GFAP
phosphorylation sites.

MATERIALS AND METHODS
Generation of mutant mice
Substitution mutations were introduced at the Gfap locus by gene tar-
geting using embryonic day 14 (E14) embryonic stem (ES) cells, as
described previously (Takemura et al., 2002). Substituted sequences were
either obtained from the mutated human GFAP cDNA clones (a kind gift
from Dr. M. Inagaki, Aichi Cancer Center Research Institute, Nagoya,
Japan) (Yasui et al., 1998) or created by site-directed mutagenesis using
PCR. A phosphoglycerate kinase promoter-driven neomycin resistance
gene cassette ( pgk-neo; a gift from Michael A. Rudnicki, McMaster
University, Hamilton, Canada) (McBurney et al., 1991) flanked by loxP
sites was excised using the Cre-loxP system after homologous recombi-
nation in one of the following: transient expression of Cre recombinase
in targeted ES clones by electroporation of the plasmid pCre-Pac (Tan-
iguchi et al., 1998) or intercross of mutant mice carrying loxP-pgk-neo-
loxP and the ubiquitous Cre expression transgenic mouse line CAG-Cre
(Sakai and Miyazaki, 1997). Genotypes of the mice were determined by
PCR (Takemura et al., 2002). Substitutions introduced were verified by
sequencing of the genomic DNA fragments amplified using a set of
primers: 5�-GGGGTTCCTTGATCAATG-3� and 5�-TGGCTCGAAG
CTGGTTCAGT-3�. Substitution mutant mice and vimentin-deficient
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mice (Colucci-Guyon et al., 1994) were crossed to generate double-
mutant mice.

Immunohistochemistry
Brains of mice were fixed by intracardiac perfusion with 4% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4, paraffin embedded, and
sectioned (4–6 �m). Tissue sections were dewaxed and rehydrated.

Immunohistochemistry for GFAP or vimentin. Tissue sections in PBS
were autoclaved for 5 min at 120°C and then were incubated for 1 hr at
room temperature or overnight at 4°C with mouse monoclonal antibody
against GFAP (1:100; GF12.24; Progen, Heidelberg, Germany) or vimen-
tin (4H4; a kind gift from Dr. M. Inagaki). The primary antibodies were
detected using Vectastain ABC kits (Vector Laboratories, Burlingame,
CA) according to the recommendation of the manufacturer, followed by
staining with 3,3�-diaminobenzidine tetrahydrochloride (Vector Labora-
tories). After halting the reaction, the sections were counterstained with
hematoxylin (Merck, Darmstadt, Germany).

Immunohistochemistry for S100B. The rehydrated sections were treated
in 0.1% trypsin in PBS for 30 min at 37°C and then were incubated
overnight at 4°C with mouse monoclonal antibody against S100B (1:3000;
SH-B1; Sigma, St. Louis, MO).

Northern blot analyses
Total mouse brain RNA was isolated from wild-type and mutant mice
using RNeasy mini kits (Qiagen, Valencia, CA) according to the recom-
mendation of the manufacturer. The RNA was electrophoresed on form-
aldehyde gels and transferred to nylon membrane (NEN, Boston, MA).
Hybridization was done using as a probe 0.8 kb NheI digested fragment
from mouse Gfap cDNA.

Quantification of GFAP from mouse brains
Mouse brains were homogenized in ice-cold buffer consisting of 50 mM
phosphate buffer, pH 7.4, 2 mM EDTA, 2 mM EGTA, and a protease
inhibitor cocktail (“Complete”; Roche Products, Hertforshire, UK). An
equal volume of 2� SDS-sample buffer (0.25 M Tris-Cl, pH 6.8, 10%
SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.02% bromophenol
blue) was added. Protein (3 �g) was subjected to SDS-PAGE (10%
polyacrylamide gel) and transferred to a polyvinylidene difluoride mem-
brane (Millipore, Bedford, MA). After blocking with 5% skim milk in
Tris-buffered saline, the membrane was immersed in primary antibodies
against GFAP [1:500 (GF12.24; Progen) or 1:10,000 (Dako, Glostrup,
Denmark)] or �-actin (1:2000; MAB1501; Chemicon, Temecula, CA),
followed by immersion in peroxidase-conjugated rat anti-mouse IgG
(1:5000; Zymed, San Francisco, CA) or anti-rabbit IgG (1:5000; Zymed).
Signals were detected using the ECL (Amersham Biosciences, Little
Chalfont, UK). Densitometry to quantify GFAP was done using the
public domain NIH Image program (developed at the U.S. National
Institutes of Health and available at http://rsb.info.nih.gov/nih-image/).

Preparation of astrocyte-enriched primary cultures
and immunocytochemistry
Cerebral astrocyte cultures were prepared from E18.5 embryos, as de-
scribed previously (Kato et al., 1979). After dissection and trypsin
digestion of cerebral cortices, the dissociated cells were suspended in
DMEM (Invitrogen, San Diego, CA) supplemented with 10% fetal
bovine serum (FBS) (JRH Biologicals, Lenexa, KS) and antibiotics and
then plated onto cell culture flasks (Falcon, Becton Dickinson, Ruther-
ford, NJ).

Cells grown on glass chamber slides (Nalge Nunc International, Na-
perville, IL) were fixed in 3.7% formaldehyde in PBS for 10 min at room
temperature and permeabilized with methanol for 5 min at �30°C. The
cells were then incubated for 2 hr at room temperature with an anti-
GFAP antibody (1:500; Dako). After washing in PBS, slides were incu-
bated for 1 hr at room temperature with Alexa546 dye-conjugated sec-
ondary antibodies diluted at 1:1000 (Molecular Probes, Eugene, OR).

Pulse-chase experiments
Metabolic labeling with 35S-Met/Cys (100 �Ci/ml, 15 min) was done in
DMEM lacking Met/Cys (Invitrogen) and containing 10% FBS. Labeled
cells were either processed immediately or cultured in normal medium
for various chase periods (0, 1, 24, and 48 hr). The cells were scraped off
with 171 mM NaCl, 6 mM sodium phosphate, pH 7.4, 600 mM KCl, 0.5%
(w/v) Triton X-100, 1 mM EDTA, and protease inhibitor cocktail (“Com-
plete;” Roche). Fractionation into cytosolic and residual cytoskeletal

fractions was done by centrifugation: 15,000 � g for 15 min at 4°C. The
cytosolic fractions were used for immunoprecipitation with an anti-
GFAP antibody (Dako). Immunoprecipitates and cytoskeletal fractions
were subjected to SDS-PAGE. Quantification of 35S-GFAP was done
using a Fujifilm (Tokyo, Japan) BAS-2500 image analyzer. Amounts of
GFAP were quantified by immunoblotting using an anti-pan GFAP
antibody GF12.24 and ECL.

Generation of antibodies against the human GFAP
head domain
Antibodies specific to humanized GFAP were raised in a rabbit using a
synthetic peptide corresponding to human GFAP head domain H2N-
CGGLAPGRRLGPGT-CONH coupled to keyhole limpet hemocyanin.
Antigen solution was injected every 28 d using the RIBI adjuvant system
(Ribi ImmunoChem Research, Hamilton, MT). The rabbit was bled 3
months after the initial injection.

RESULTS
Generation of GFAP phosphorylation site-substitution
mutant mice
The N-terminal head domain of GFAP contains multiple phos-
phorylation sites (Thr7, Ser8, Ser13, Ser17, and Ser38 in the
numbering system for human GFAP). Our evidence shows that
the head domain of human GFAP is compatible with mice in
terms of phosphorylation (Takemura et al., 2002). To examine the
role of GFAP phosphorylation in vivo, we developed three lines of
knock-in mice: Gfap hm1, Gfap hm2, and Gfap hm3 knock-in
mice, which express mutated GFAP carrying the human head
domain sequence containing different combinations of substitu-
tion of Ala for Ser/Thr at the phosphorylation sites Hm1-GFAP

Figure 1. Generation of Gfap substitution mutant mice. A, Schemes
showing GFAP phosphorylation sites and mutant forms of GFAP.
N-terminal amino acid sequences of human, mouse, and chimeric GFAP
(Hwt-GFAP) are aligned. Combinations of GFAP phosphorylation sites
and substitution mutations are aligned below. Only substituted sites are
indicated. Asterisks indicate phosphorylation sites identified. B, Knock-in
strategy of the human head domain sequence into the mouse Gfap locus.
Open boxes denote exons 1–9. The gray line in the exon 1 represents the
human sequence containing mutations in phosphorylation sites. Filled
triangles denote loxP sites. The pgk-neo cassette (neo) was removed by the
Cre-loxP system to give rise to the Gfaphmx allele. hmx represents hm1,
hm2, or hm3. A, ApaI. C, Northern blot analysis of the total brain RNA
from adult wild-type (wt), Gfaphm1/hm1 (hm1), Gfaphm2/hm2 (hm2),
Gfaphm3/hm3 (hm3), Vim�/� (v�), and Gfaphm3/hm3:Vim�/� (hm3:v�)
mouse brains using the 0.8 kb fragment of mouse Gfap cDNA as a probe
compared with �-actin mRNA.
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(Ala for Thr7, Ser13, and Ser38), Hm2-GFAP (Ser13, Ser17, and
Ser38), or Hm3-GFAP (Thr7, Ser8, Ser13, Ser17, and Ser38) (Fig.
1A). To generate mutant mice, we replaced exon 1 of the Gfap
gene with the humanized exon by gene targeting, as reported
previously (Takemura et al., 2002) (Fig. 1B). The linearized
targeting vector was electroporated into ES cells, and homolo-
gous recombinants were identified by Southern blot hybridiza-
tion. The loxP-pgk-neo-loxP gene cassette integrated into the
genome was excised by transient expression of Cre recombinase
in targeted ES cells or by crossing the germline transmittants with
Cre transgenic mice (Sakai and Miyazaki, 1997). Homozygotes
born from intercrosses of the resulting heterozygotes of each line
grew normally and showed no obvious abnormalities. Northern
blot analyses of total brain RNA using mouse GFAP cDNA and
mouse �-actin cDNA fragments as a probe showed that relative
amounts of Gfap mRNA in mutant mice were equal to those in
the wild-type mice (Fig. 1C).

To verify the mutations in these mice, genomic sequences
encoding the head domain were PCR amplified and sequenced.
We also examined reactivity of the optic nerves from Gfaphm1/hm1,
Gfaphm2/hm2, and Gfaphm3/hm3 to anti-phospho-GFAP monoclonal
antibodies, as described previously (Takemura et al., 2002). The
optic nerves from Gfaphm3/hm3 mice showed no reactivity to the
antibodies tested, i. e., TMG7 (for Thr7), YC10 (for Ser8), and
KT13 (for Ser13) (data not shown). The optic nerves from

Gfaphm1/hm1 and Gfaphm2/hm2 mice were not reactive to TMG7 and
KT13, and KT13, respectively (data not shown). These results
confirmed that these mice carried the intended substitutions.

Distribution of GFAP filaments in mutant brains
When brain sections from adult wild-type and mutant animals
were processed for immunohistochemistry, we found no signifi-
cant differences regarding distribution and density of the cells
labeled with anti-S100B antibodies (Fig. 2C,F, I,L; Table 1),
which suggested the normal development of astrocytes in all
substitution mutants. In the immunohistochemistry for GFAP, we
found no differences between wild-type and Gfaphwt/hwt mouse
brains, as noted previously (Takemura et al., 2002). However, in
the Gfaphm3/hm3 mouse brain, we did observe a significant de-
crease in GFAP immunoreactivity in most brain regions, includ-
ing hippocampus, midbrain, olfactory bulb, and neocortex (Fig.
2J). Filamentous structures of GFAP were markedly lost in long
processes of astrocytes. However, GFAP immunoreactivity in
Bergmann glial processes in the cerebellum was indistinguishable
between wild-type and Gfaphm3/hm3 mice (Fig. 2K), and the
decrease was moderate in pons and subventricular zone (data not
shown). Peri-vascular astrocytes in the hippocampus and other
brain areas tended to have strong immunoreactivities of GFAP
(Fig. 2J). In Gfaphm1/hm1mouse brains, we found no significant
differences in GFAP immunoreactivity from wild types (Fig. 2D,

Figure 2. Immunohistochemical detec-
tion of GFAP and S100B in mutant
mouse brains. Sections of the hippocam-
pus and cerebellum from adult animal
brains were stained with anti-GFAP or
anti-S100B antibody. A, B, D, E, G, H, J,
and K were counterstained with diluted
hematoxylin. Note that GFAP immuno-
reactivity was greatly reduced in the
hippocampus but not in the cerebellum
of Gfaphm3/hm3 mice. Arrows indicate
GFAP signals surrounding blood ves-
sels. S100B immunoreactivity was not
changed in the hippocampi of all geno-
types (C, F, I, L). py, Pyramidal cell
layer; gr, granule cell layer; ml, molecu-
lar layer. Scale bar, 200 �m.

6974 J. Neurosci., August 15, 2002, 22(16):6972–6979 Takemura et al. • Turnover and Phosphorylation of GFAP



Table 1). In Gfaphm2/hm2 mice, there was a slight decrease in
intensity of GFAP staining and in the numbers of astrocytes
bearing GFAP-positive processes, in some brain areas (Fig. 2G,
Table 1). Cellular processes labeled with anti-GFAP antibodies
tended to be short in Gfaphm2/hm2 mice. These observations
suggest the following: (1) phosphorylation of GFAP affects glial
filament formation, (2) its role may vary among subsets of astro-
cytes, and (3) each of the phosphorylation sites may have distinct
roles in terms of filament formation.

Compensation of Hm3-GFAP by vimentin
Subventricular zone astrocytes and Bergmann glia express vimen-
tin, which assembles together with GFAP into glial filaments. We
predicted that vimentin masked the deficits of Hm3-GFAP in these
subsets, although the mutations did not alter expression of vimen-
tin, as was similar to the case for GFAP null mutant mice (Gomi et
al., 1995). To test this possibility, we generated double-mutant mice
that had deficits in GFAP phosphorylation (Gfaphm3/hm3) and
vimentin deficiency (Vim�/�). The double-mutant (Gfaphm3/hm3:
Vim�/�) mice grew normally and showed no obvious anatomical
abnormality. Decrease in GFAP immunoreactivity was more se-
vere in Gfaphm3/hm3:Vim�/� mice than Gfaphm3/hm3 mice in other
brain areas, including pons and subventricular zone astrocytes. The
immunoreactivity was almost lost in Bergmann glial processes of
Gfaphm3/hm3:Vim�/� mice (Fig. 3N) but not so in any other control
littermates (Fig. 3B,F,J). No differences in anti-S100B staining
were noted among genotypes (Fig. 3D,H,L,P). These observations
mean that the presence of vimentin, in part, compensates for
deficits in Hm3-GFAP in glial filament formation.

Amounts of GFAP were decreased in Gfaphm1/hm1and
Gfaphm3/hm3 but not in Gfaphm2/hm2 mice
Results of immunohistochemical analyses showed that the quan-
tity of GFAP changed in brains of mutant mice. We estimated
amounts of GFAP by immunoblotting of total protein samples
prepared from whole brains of these mice. The same blots were
subjected to analysis with an anti-actin antibody to normalize the
amounts of loaded proteins. Immunoblots with a pan-GFAP
antibody detected lower molecular weight products in substitution
mutants in addition to intact GFAP. As discussed below, the
lower molecular weight products were proteins lacking
N-terminal sequences. The ratio of truncated/intact products was
small in Gfaphm1/hm1 (7.6% of total) and Gfaphm2/hm2 (8.5% of
total) mice but relatively large (21.2% of total) in Gfaphm3/hm3

mice. The amount of intact GFAP in Gfaphm2/hm2 and Vim�/�

mice was equivalent to that in wild-type mice. However, consis-
tent with immunohistochemical data, GFAP was significantly
decreased in Gfaphm3/hm3 mice and was further decreased in
Gfaphm3/hm3:Vim�/� mice (Fig. 4). Significant decrease in GFAP

was also observed in Gfaphm1/hm1 mice, although there was no
detectable abnormality in immunohistochemical analyses using
anti-GFAP antibodies. These results suggested that phosphoryla-
tion affected the stability of GFAP in vivo and that different
phosphorylation sites may have distinct roles in the dynamics of
GFAP.

Glial filaments in primary cultured astrocytes
To further characterize the substituted GFAP in glial filament
formation, we prepared primary cultured astrocytes from wild-
type, Gfaphm3/hm3, Gfaphm3/hm3:Vim�/�, and Vim�/� E18.5 em-
bryonic brains. Immunocytochemistry for GFAP revealed that
Gfaphm3/hm3 astrocytes had no obvious abnormality compared
with the wild-type cells in which GFAP filaments were clear, fine,
and arrayed in parallel. In contrast, GFAP filaments in Vim�/�

astrocytes were sparse, somewhat irregularly arrayed, and some-
times disrupted, as noted by others (Galou et al., 1996) (Fig. 5C).
Astrocytes from Gfaphm3/hm3:Vim�/� mice had the severest phe-
notypes. In addition to abnormalities observed in Vim�/� astro-
cytes, dot-like aggregate structures appeared in Gfaphm3/hm3:
Vim�/� astrocytes (Fig. 5D). These results support the notion of
a compensatory role for vimentin regarding deficits of Hm3-
GFAP in filament formation.

Cultured astrocytes as well as reactive astrocytes in injured
brains express nestin as the third component of astroglial IF.
Immunohistochemistry using anti-nestin antibodies revealed un-
altered nestin filaments in Gfaphm3/hm3 astrocytes but a disap-
pearance in Vim�/� astrocytes (data not shown). Previous work
(Eliasson et al., 1999) (E. Colucci-Guyon and C. Babinet, unpub-
lished observation) demonstrated that vimentin but not GFAP is
required for polymerization of nestins to form filaments. The
results in this study confirmed these previous observations.

Metabolism of Hm3-GFAP
We compared the turnover of 35S-methionine pulse-labeled wild-
type, Hwt-GFAP and Hm3-GFAP in primary cultured astro-
cytes. After 15 min of pulse labeling, cells were cultured for
different periods in nonradioactive medium. The labeled cells
were fractionated into cytoskeletal and cytosolic components.
Cytoskeletal fractions and immunoprecipitates with anti-GFAP
antibodies from cytosolic fractions were analyzed using SDS-
PAGE and then autoradiography (Fig. 6). The same samples were
also subjected to immunoblots using anti-pan GFAP antibodies to
assess total amounts of GFAP. Because significant differences
between wild-type and Hwt-GFAP were not observed, data from
both samples were combined for statistical analysis. Turnover of
Hm3-GFAP tended to be more rapid than that of wild-type
GFAP (Fig. 7A), albeit with no statistical significance. In both

Table 1. Number of astrocytes bearing S100B-positive or GFAP-positive processes in corresponding hippocampal sections of mutant mice

Mice

S100B-positive astrocytes GFAP-positive process bearing astrocytes

Numbera p valueb Numbera p valueb

Wild type 25.9 � 2.8 24.1 � 2.0
Gfaphwt/hwt 25.8 � 2.9 0.9384 24.5 � 2.3 0.6741
Gfaphm1/hm1 26.7 � 3.9 0.6025 22.2 � 5.7 0.2242
Gfaphm2/hm2 26.0 � 2.3 0.9310 12.7 � 2.1 �0.0001
Gfaphm3/hm3 26.6 � 2.4 0.2208 0.4 � 0.7 �0.0001

aCells were counted in 700 � 300 �m areas arbitrarily set in the CA1 region only if a nucleus was present in the section. The sections were from two (S100B) or three (GFAP)
animals, and five sections of each animal were analyzed. Data are presented as the mean � SD.
bCompared with wild type by t test.
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types of cultures, amounts of radioactive GFAP in cytoskeletal
fractions were larger at 1 hr after labeling than at 0 hr. In contrast,
amounts of GFAP immunoprecipitated from cytosolic fractions
were smaller at 1 hr after labeling than at 0 hr. These results
suggested that a large population of newly synthesized GFAP was
integrated into glial filaments over a 1 hr period. When we
analyzed the influence of substitution mutation in the absence of
vimentin, we observed a huge difference between Hm3-GFAP
and wild-type GFAP. In the absence of vimentin, turnover of
Hm3-GFAP was rapid compared with that of wild-type GFAP in
both cytoskeletal and cytosolic fractions (Figs. 6, 7). The ratios of
de novo synthesized GFAP to original GFAP in cytosolic and in
cytoskeletal fractions (Fig. 7B) were higher in Gfaphm3/hm3:
Vim�/� astrocytes than in Vim�/� astrocytes immediately after
pulse labeling, and these differences were negligible in 24 hr
(Fig. 7B). Thus, Hm3-GFAP apparently had deficits at post-
translational but probably not at translational stages. Lower mo-
lecular weight products (similar to Fig. 4 data) were detected in
cultured astrocytes from substitution mutant astrocytes (Fig. 6K).
To examine the character of these products, we prepared immu-
noblots using antisera specific to the human GFAP head domain.
Lower bands were not detected using anti-human head domain
antibodies, which means that lower molecular weight products
were head domain-truncated ones. We used data on intact prod-

ucts in the analysis mentioned above (Fig. 7). However, it should
be noted that the same conclusions were obtained when the
truncated products were integrated into the analyses.

DISCUSSION
To gain insight into the role of GFAP phosphorylation in the
brain, we generated three lines of knock-in mice, all of which
expressed mutated forms of GFAP carrying the human head
domain sequence containing different combinations of substitu-
tion of Ala for Ser/Thr at phosphorylation sites. These mutations
differentially affected the stability of the proteins and of filament
formation, indicating the role of GFAP phosphorylation in dy-
namics of glial filaments.

The Gfaphm1/hm1 mouse has substitution mutations at Rho
kinase-dependent phosphorylation sites. This combination of mu-
tations was reported to impair segregation of glial filaments into
daughter cells in cytokinesis (Yasui et al., 1998). However, we did
not observe histological abnormalities caused by impairment of
cytokinesis in Gfaphm1/hm1 mice or in Gfaphm2/hm2 and Gfaphm3/hm3

mice, even in the subventricular zone in which astrocytes are
constitutively generated throughout their life span. Furthermore,
we observed no detectable abnormalities in the development of
astrocytes, as evaluated using S100B immunohistochemistry. To-
gether with the previous findings that phospho-GFAP immuno-

Figure 3. Vimentin-dependent Hm3-
GFAP filament formation in the mouse
brain. Sections of the hippocampus and
cerebellum from adult animal brains of
indicated genotypes were stained with
anti-GFAP, anti-vimentin, or anti-S100B
antibody. B–D, F–H, J–L, and N–P were
counterstained with diluted hematoxylin.
Note that Hm3-GFAP does not form fil-
aments in the cerebellar cortex in the
absence of vimentin. py, Pyramidal cell
layer; gr, granule cell layer; ml, molecular
layer. Scale bar: A, B, E, F, I, J, M, N, 200
�m; C, D, G, H, K, L, O, P, 100 �m.
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reactivities are enriched in nondividing astrocytes (Takemura et
al., 2002), our results suggest that phosphorylation of GFAP
might play a role that is independent of cell division in the brain.

We observed severe reductions in GFAP immunoreactivity,
indicating poor filament formation, and in amounts of GFAP in
the brains of Gfaphm3/hm3 mice, which carry substitutions in all
phosphorylation sites at the head domain. Because the mutation
in Gfaphm3/hm3 mice did not alter the levels of Gfap mRNA (Fig.
1C), either the slowing of translation and/or accelerating degra-
dation might lead to a decrease in amounts of GFAP. However, it
should be noted that GFAP immunoreactivity was not affected in
cerebellar Bergmann glia and some other subsets of astrocytes in
Gfaphm3/hm3 mice. Thus, it was unlikely that the decrease of
GFAP was caused by the general translational problem of the
mutated gene. Bergmann glia and other cells that showed signif-
icant GFAP-immunoreactivities in the Gfaphm3/hm3 mice coex-
press vimentin. Vimentin, as well as GFAP, belongs to the type
III IF protein subfamily and can form glial filaments together
with GFAP. This suggested that vimentin in part compensated
for deficits in Hm3-GFAP in filament formation and stability. To
test this possibility, we prepared double-mutant (Gfaphm3/hm3:
Vim�/�) mice by crossing. These double mutants showed a
marked loss of immunoreactivities in Bergmann cells and a loss
or decrease in other subsets of astrocytes, including perivascular

and subventricular astrocytes. Consistent with data on immuno-
histochemistry, immunoblot analysis indicated an additional de-
crease in amounts of GFAP in the double mutants compared with
Gfaphm3/hm3 mice (Fig. 4). Although sample numbers are limited,
we also observed a clear decrease in GFAP immunoreactivities in
Bergmann glia in Gfaphm1/hm1:Vim�/� and Gfaphm2/hm2:Vim�/�

mice (data not shown). These results clearly indicate a coopera-
tive role between vimentin and GFAP in vivo, as has been
suggested previously (Eliasson et al., 1999).

Cooperation between vimentin and GFAP was further empha-
sized in cell culture studies of double-mutant astrocytes. Most
cultured astrocytes coexpress vimentin and GFAP. Hm3-GFAP
formed filaments indistinguishable from those in wild-type astro-
cytes, in the presence of vimentin (Fig. 7A). On the contrary, in
the absence of vimentin, wild-type GFAP formed slightly irreg-
ularly shaped and sometimes truncated filaments (Fig. 5C), as
reported previously (Galou et al., 1996). Hm3-GFAP in the
double-mutant astrocytes formed truncated or granular struc-
tures. Pulse-chase experiments revealed that cytosolic Hm3-
GFAP was clearly stabilized in the presence of vimentin, proba-
bly by forming a heterodimer or a hetero-oligomer (Fig. 7).
Analysis of insoluble fractions suggested that the Hm3-GFAP
also had a longer half-life in heteropolymers (Fig. 7B). These
observations provide evidence for the proteolysis-protective role
of interaction between vimentin and GFAP.

It has been reported that two types of proteolytic mechanisms
are involved in the degradation of IF proteins. There is evidence
that ubiquitination is involved in degradation of keratin 8 and 18
and that phosphorylation of keratin 8 regulates ubiquitination-
mediated turnover of keratins (Ku et al., 2000). Although we do
not have direct evidence for the ubiquitination of GFAP, similar
mechanisms may regulate turnover the glial filaments. Lee et al.
(2000) detected 51 and 48 kDa GFAP molecules in cultured rat
astrocytes. Based on pharmacological analysis, they suggested
that the calcium-dependent protease calpain I is involved in
generating smaller 48 kDa GFAP molecules. As shown in Figures
4 and 6, N-terminal truncated GFAP molecules were evident in

Figure 4. Effects of the mutations on GFAP amounts in brains. A,
Immunoblot with anti-GFAP or actin antibody using total protein from
whole brains of adult wild-type (wt), Gfaphm1/hm1 (hm1), Gfaphm2/hm2

(hm2), Gfaphm3/hm3 (hm3), Vim�/� (v�), and Gfaphm3/hm3:Vim�/� (hm3:
v�) mice. B, Amount of GFAP in mutant mice brains. GFAP was
quantified by densitometric analysis, using actin as an internal standard.
Open and filled bars represent total amounts of GFAP, including lower
molecular weight products and only those of intact products, respectively.
Indicated are the means � SEM (wild types, n � 9; other genotypes, n �
3). *p � 0.05; **p � 0.001; NS, not significant; compared with wild type
by t test.)

Figure 5. Abnormal aggregate formation of Hm3-GFAP in vimentin-
deficient astrocytes. Primary cultured astrocytes were prepared from
wild-type (A), Gfaphm3/hm3 (B), Vim�/� (C), and Gfaphm3/hm3:Vim�/�

(D) embryos. Glial filaments were immunostained with anti-GFAP anti-
body. The filamentous structures were sparse and irregularly arrayed in
the absence of vimentin (asterisks in C and D). Dot-like structures were
observed in Gfaphm3/hm3:Vim�/� astrocytes (arrowheads in D). Scale bar,
50 �m.
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the brain and cultured astrocytes of the Gfaphm3/hm3 mouse.
These results suggest that phosphorylation may also regulate the
calpain I-dependent degradation of GFAP.

Interestingly, Gfaphm1/hm1 and Gfaphm2/hm2 mice showed
milder and differential phenotypes. Gfaphm1/hm1 mice, which car-
ried substitutions at Thr7, Ser13, and Ser38, showed a decrease in

amounts of GFAP but unaltered immunoreactivity in histochem-
istry. On the contrary, Gfaphm2/hm2 mice, which carried substitu-
tions at Ser13, Ser17, and Ser38, did not show significant de-
creases in amounts of GFAP but did show abnormality in
immunohistochemistry. These results suggest that Thr7 and
Ser17 and perhaps each of other phosphorylation sites has a
differential impact on distinct dynamic states of GFAP, i.e., deg-
radation, filament formation, and probably also intracellular
transportation. Combinations of these distinct phospho-residues
might determine the entire dynamics of GFAP.

The present findings suggest that phosphorylation contributes
to stabilization of GFAP in both cytosolic and cytoskeletal frac-
tions. Data on in vitro reconstruction experiments suggested that
phosphorylation disassembles GFAP filaments and dephosphory-
lated forms have a greater potential to assemble (Inagaki et al.,
1990). Based on these observations, we propose a model for the
role of phosphorylation of GFAP in the dynamics of glial fila-
ments (Fig. 8). The maintenance and dynamic behavior of IFs are
thought to be regulated by equilibrium between soluble and
filament fractions (Vikstrom et al., 1992; Paramio et al., 1997).
Phosphorylation will shift the equilibrium to the soluble form and
protect it from proteolytic degradation. Phosphorylation of solu-
ble subunits will maintain them as a larger pool and thus facilitate
reforming IFs, but decrease in the soluble pool will lead to the
breakdown of IFs. In the case of keratin 8, it has been reported

Figure 6. Pulse-chase experiments of GFAP. Primary
cultured astrocytes prepared from wild-type (A, F ),
Gfaphwt/hwt (B, G), Gfaphm3/hm3 (C, H ), Vim�/� (D, I ), and
Gfaphm3/hm3:Vim�/� (E, J ) embryos were labeled for 15
min with 35S-Met/Cys, followed by immediate harvesting
or chasing for 1, 24, or 48 hr. Autoradiographs of Triton
X-100-insoluble cytoskeletal fractions and immunopre-
cipitates from Triton X-100-soluble cytosolic fractions
with anti-GFAP antibody are shown in A–E and F–J. K,
Lower molecular weight product detected by the GFAP
antibody (asterisk) was not detected using a head domain-
specific antibody. Immunoprecipitates from Gfaphm3/hm3

astrocytes were analyzed using autoradiography (lane 1),
immunoblot with antibody to GFAP head domain (lane
2), or immunoblot with GF 12.24 as pan-GFAP antibody
(lane 3).

Figure 7. Rapid turnover of Hm3-GFAP in the absence of vimentin.
Data from pulse-chase experiments using primary cultured astrocytes of
control (diamonds; n � 10), Gfaphm3/hm3 (squares; n � 6), Vim�/� (trian-
gles; n � 6), or Gfaphm3/hm3:Vim�/� (circles; n � 6) genotypes were
plotted. Relative radioactivities of GFAP in cytoskeletal fractions (open
symbols) and cytosolic fractions ( filled symbols) in the presence (lef t) or
absence (right) of vimentin were shown in A. Ratios of radioactive GFAP
to total GFAP estimated by immunoblots were compared between
Vim�/� and Gfaphm3/hm3:Vim�/� in cytosolic (B, lef t) and cytoskeletal (B,
right) fractions. Error bars represent SEM. NS, Not significant; *p � 0.02;
**p � 0.0001; repeated-measures ANOVA

Figure 8. A proposed model for the role of GFAP phosphorylation.
GFAP phosphorylation may play a dual role. The phosphorylation pro-
tects GFAP from proteolysis and contributes to shift soluble-filament
equilibrium to the left. The larger pool of soluble subunits protected by
phosphorylation and partial depolymerization of filamentous subunits
triggered by phosphorylation will synergistically accelerate the structural
plasticity of glial filaments.
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that the turnover of phosphorylation is extremely rapid compared
with stability of the protein (Paramio, 1999). This kinetics should
be beneficial for reforming IF networks and thus for plasticity of
cell shapes. It is interesting to note that the modulation of Rho
kinase activities alters cell shapes of N2a cells and also the
phosphorylation state of vimentin (Nakamura et al., 2000); thus,
we assume that similar mechanisms are applicable regarding the
dynamics of vimentin. We suggest that the phosphorylation of
GFAP (and perhaps also of vimentin) regulates the structural
plasticity of glial filaments and eventually functions of astrocytes.
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