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Mice lacking glial fibrillary acidic protein display
astrocytes devoid of intermediate filaments but
develop and reproduce normally
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Glial fibrillary acidic protein (GFAP) is the main
component of the intermediate filaments in cells of
astroglial lineage, including astrocytes in the CNS, non-
myelin forming Schwann cells and enteric glia. To
address the function ofGFAP in vivo, we have disrupted
the GFAP gene in mice via targeted mutation in
embryonic stem cells. Mice lacking GFAP developed
normally, reached adulthood and reproduced. We did
not find any abnormalities in the histological architec-
ture of the CNS, in their behavior, motility, memory,
blood- brain barrier function, myenteric plexi histo-
logy or intestinal peristaltic movement. Comparisons
between GFAP and S-100 immunohistochemical stain-
ing patterns in the hippocampus of wild-type and
mutant mice suggested a normal abundance of astro-
cytes in GFAP-negative mice, however, in contrast to
wild-types, GFAP-negative astrocytes of the hippo-
campus and in the white matter of the spinal cord
were completely lacking intermediate filaments. This
shows that the loss of GFAP intermediate filaments is
not compensated for by the up-regulation of other
intermediate filament proteins, such as vimentin. The
GFAP-negative mice displayed post-traumatic reactive
gliosis, which suggests that GFAP up-regulation, a
hallmark of reactive gliosis, is not an obligatory
requirement for this process.
Key words: blood-brain barrier/gene targeting/glial fibril-
lary acidic protein/intermediate filaments/reactive gliosis

Introduction
Intermediate filaments (10 nm in diameter) are, together
with actin filaments (6 nm) and microtubules (23 nm),
components of the cytoskeleton. Intermediate filament
proteins constitute a large family of structurally related
proteins that show remarkable cell type specificity in their
expression (reviewed in Fuchs and Weber, 1994). Data
about the in vivo functions of several of the intermediate
filament proteins have emerged recently. Thus keratins
expressed in the epidermis have been found to provide
mechanical strength to the skin, as shown by experiments
where dominant-negative mutant keratin genes were

expressed in transgenic mice (Vassar, et al., 1991) and
by the identification of mutations in keratin genes in
individuals with inherited skin disorders affecting the
epidermis (Coulombe et al., 1991; Cheng et al., 1992;
Chipev et al., 1992; Epstein, 1992; Lane et al., 1992;
Rothnagel et al., 1992; Chan et al., 1994; Rugg et al.,
1994). Keratins may also perform vital functions during
embryogenesis, as suggested by experiments on Xenopus
embryos, where injected antisense oligonucleotides were
found to inhibit gastrulation (Torpey et al., 1992). Disrup-
tion of the keratin 8 gene, which is expressed early in
mouse development, resulted in embryonic lethality in a
proportion of mutant homozygotes (Baribault et al., 1993).

In the central nervous system, neurons co-express three
intermediate filament proteins (neurofilaments L, M and
H). A spontaneous null mutation in the NF-L gene found
in a quiver mutant of Japanese quail leads to a reduction
in axonal caliber and generalized quivering (Ohara et al.,
1993). Recently, a defect in neurofilaments was suggested
to be associated with amyotrophic lateral sclerosis (Cote
et al., 1993; Fuchs et al., 1994).
The intermediate filaments of astroglial cells are formed

of glial fibrillary acidic protein (GFAP) and vimentin;
vimentin filaments are found at early developmental stages,
whereas GFAP filaments are present in differentiated and
mature brain astrocytes (Chiu et al., 1981). Since GFAP
is specifically expressed in astroglial cells, it has become
a marker for intracranial and intraspinal tumors arising
from these cells (reviewed in Goebel et al., 1987). Apart
from being the main component of the intermediate
filaments of the cytoskeleton in brain and spinal cord
astrocytes, GFAP intermediate filaments are also present
in non-myelin forming Schwann cells (Jessen et al., 1990)
and enteric glia cells (Jessen and Mirsky, 1983) in the
peripheral nervous system.
The function of GFAP intermediate filaments in astro-

cytes remains obscure. Astrocytes have classically been
considered important in providing nutritional and structural
support for neurons and for formation of the blood-brain
barrier (reviewed in Bignami, 1991). Recently it was
suggested that astrocytes also affect functional properties
of neurons (Parpura et al., 1994). It is conceivable that
some astrocyte functions are dependent on intermediate
filaments. For example, a transfected GFAP antisense
construct inhibited the protrusion of glial processes in vitro
(Weinstein et al., 1991). Since during development neurons
are believed to migrate to their final positions guided by
glial processes, GFAP has been thought of as an important
player in the morphogenesis of the central nervous system.
GFAP expression in vivo is increased in situations con-
nected with astrogliosis, such as brain injury (Goebel
et al., 1987), spongiform encephalopathies (Prusiner, 1993)
or neuroAlDS (Weis et al., 1993; Toggas et al., 1994).
Consequently, it has been suggested that GFAP may play
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Fig. 1. (A) Targeting strategy for the GFAP locus. R, EcoRI; H, HindIII; S, Sacl; X, XbaI; the bars indicate exons. (B) Southern blot analysis of tail
DNA from the offspring of GFAP+/- parents using the probe indicated in (A). (C) Southern blot analysis of tail DNA from the offspring of
GFAP+/- parents using an oligonucleotide probe specific for that part of the GFAP first exon which was deleted in the targeting construct. The
figure shows an autoradiogram (top, inset) in comparison with an ethidium bromide stained gel. (D) Northern blot analysis of the total brain RNA
from 7-month-old GFAP+/+, +/- and -/- mice, using a full-length mouse GFAP cDNA (Lewis et al., 1984) as a probe. An autoradiogram (top,
inset) is shown in comparison with an ethidium bromide stained gel. Three different concentrations of RNA were loaded. The size (-3 kb) of the
GFAP mRNA is indicated.

a role in the pathogenesis of these disorders. In order
to study physiological and putative pathophysiological
functions of GFAP in vivo, we disrupted the GFAP gene

in mice using targeted mutations in embryonic stem
cells. The mice deficient for GFAP exhibit normal pre-

and post-natal development, reach adulthood, reproduce
normally and lack signs of psychomotor abnormalities.

Results
Derivation of GFAP mutant mice
Several overlapping mouse GFAP genomic DNA clones
were isolated from a 129SV library and were used to
design a targeting construct in which a 5' part of the first
exon, encoding the first 71 amino acid residues of the
GFAP protein, was deleted, together with 2004 bp of 5'
flanking sequence (Figure lA). This deletion encompasses
a region demonstrated to include positive transcriptional
regulatory elements that are crucial for GFAP gene expres-
sion in both mouse (Miura et al., 1990; Sarid, 1991;
Sarkar and Cowan, 1991) and human (Besnard et al.,
1991; Masood et al., 1993). The targeting construct was

transfected into E14 embryonic stem (ES) cells and

successful targeting to the GFAP locus was identified by
Southern blot analyses using a GFAP genomic segment
(flanking the targeting construct at the 3' end) as a probe.
Three targeted clones were identified among 90 stably
transfected, G418-resistant ES cell clones. These three
clones were injected into C57BL6J blastocysts, which were
subsequently transferred to foster mothers and allowed to
develop to term. Male germline chimeras were derived
from two of these ES cell clones and were used to produce
heterozygous and subsequently homozygous mutant off-
spring (Figure iB) in a mixed 129SV/C57BL6J genetic
background.

Absence of GFAP mRNA and protein in GFAP
mutant mice
Mutant offspring were born from heterozygous crosses in
the expected ratio (25%), indicating no increased pre-
natal lethality in homozygous mutants in comparison with
heterozygous and wild-type littermates (Table I). Three
lines of evidence suggest that the homozygous mutant
mice were entirely devoid of GFAP protein. First, the
presence of the expected deletion in the targeted GFAP
locus was verified by Southern blot analysis using an
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Table I. Genotype of the offspring of parents heterozygous for the
GFAP mutant allele (the table does not include other types of crosses
also used to generate GFAP-negative offspring)

ES cell clone Genotype

B13 26 42 22
AIO 9 17 1 1
Total 35 59 33

oligonucleotide probe corresponding to the deleted part

of the first exon; this probe hybridized to wild-type DNA,

with lesser intensity to heterozygous DNA and failed to

hybridize to mutant DNA (Figure IC). This proves that the

targeting construct integrated by a replacement mechanism

and that the expected deletion was present in the GFAP

locus. Second, Northern blot analysis of total brain RNA

using a mouse GFAP cDNA probe showed that heterozyg-
ous animals had their GFAP mRNA expression reduced

by -50% compared withi wild-type animals and no specific

signal could be detected in mutant animals (Figure ID).

Finally, immunohistochemistry using anti-GFAP antibod-

ies failed to produce any specific astrocyte staining in the

homozygous mutants (Figures 3, 5 and 7).

Normal development of GFAP mutant mice

Mutant, heterozygous and wild-type offspring derived

from heterozygous crosses were raised together in order

to ease identification of any abnormal development and!

or behavior. Neither anatomical/histological differences

nor differences in growth and reproductive capacity have

been noted between these three genetic groups of animals.

Tests focusing on motility, learning and memory (see

Materials and methods) did not reveal any consistent

differences between the GFAP-negative mice and their

heterozygous or wild-type littermates (data not shown).

Brain architecture, histology and GFAP and 8-100

expression

Brains from wild-type and mutant animals were serially

sectioned and processed for histology and immunohisto-

chemistry using anti-GFAP and anti-S 100O antibodies. No

significant differences in brain histological architecture

were noted (Figure 2A-G). Since the number of GFAP-

positive cells in the uninjured adult mouse brain is

relatively low, an important question is whether the pool
of normally GFAP-positive cells is missing in the mutant

brains or whether these cells are present, albeit negative
with regard to GFAP. We addressed this question by

comparing the expression of GFAP and S-100 protein in

wild-type and mutant brains. Although S-100 is expressed

by cells of astroglial origin as well as cells of the

oligodendrocytic lineage, there are regions of the brain,

such as the hippocampus and the immediate surroudings
of blood capillaries, where the GFAP and S-100 patterns

essentially overlap, indicating that most S-100-positive
cells in these regions are also GFAP-positive. We counted

GFAP- and S-1I00-positive cells in the entire hippocampus
region of several brain sections to confirm that the numbers

were similar (Table II). Whereas GFAP staining was

entirely absent in GFAP mutant brains (Figure 3 and data

not shown), the numbers of S-1I00-positive cells in the
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Fig. 2. Histological architecture of control (+1+) and GFAP-negative

(-I-) brains from 7-month-old animals. The levels of the transverse

sections are illustrated (A-G). Two areas are indicated which are

focused on in subsequent analyses in Figure 3B and C (a, arrow in

C+/+) and Figure 3A (b, arrow in D+/+). The sections were stained

with hematoxylin and erythrosin.
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Table II. Number of GFAP- or S-100-positive cells in corresponding
hippocampal sections (comparable to Figure 2C) of GFAP+/+ or
GFAP-/- mice

Genotype

GFAP+/+ GFAP-/-

GFAP staining 454 ± 13 0
S-100 staining 455 10 438 ± 8

For the comparative quantification of GFAP- and S-100-positive cells,
GFAP-positive cells were counted only if a nucleus was present in the
section. Data are presented as the mean ± SE.

hippocampus were comparable between wild-type and
mutant mice (Table II). Moreover, double immunohisto-
chemistry for GFAP and S-100 demonstrated staining of
the same cells in the hippocampus, although GFAP staining
localized primarily to cytoplasmic processes and S-100
staining to the nucleus (Figure 3). These data show that
the GFAP mutant brains contain normal numbers of
astroglial cells, at least in the hippocampus.

Hippocampal astrocytes as well as astrocytes in
the spinal cord of GFAP-deficient animals are
devoid of intermediate filaments
To elucidate whether intermediate filaments in astrocytes
of the mutant mice are present, disorganized or absent,
we examined the dentate gyrus of the hippocampus and
the lateral funiculus of the spinal cord by electron micro-
scopy. The concave border of the dentate gyrus and
the lateral funiculus were screened for sites containing
astrocytic cell bodies and their proximal processes. Twenty
five such sites were identified in both the control and
GFAP-negative mice and the astrocyte cytoplasm was
examined directly in the microscope (at 30 OOOX magni-
fication) for the occurrence of filamentous material. In the
control mice all examined sites revealed the presence of
parallel bundles of 10 nm intermediate filaments (Figure
4A and C). As expected, the intermediate filaments were
more abundant in the fibrous-type astrocytes in the spinal
cord, as compared with the protoplasmic-type astrocytes
of the dentate gyrus (Privat and Rataboul, 1986). In
the GFAP-negative mice all the examined sites showed
astrocytes devoid of parallel bundles of 10 nm thick
intermediate filaments (Figure 4B and D). No other general
ultrastructural differences have been found between the
examined areas of the control and mutant mice. Thus, at
least in the types of astrocytes examined, the lack of
GFAP as a structural material of intermediate filaments
does not seem to be compensated for by other intermediate
filament proteins and the absence of intermediate filaments
in these cells does not lead to any obvious phenotype.

Myenteric plexi in GFAP mutants are GFAP-
negative without detectable structural/functional
consequences
Myenteric nerve plexi were examined in both GFAP-
negative and control mice. As demonstrated in Figure 5,
enteric glial cells in the myenteric plexi of the ileum
(Figure 5A and B) and colon (Figure 5C and D) of GFAP
mutant mice were GFAP-negative, but did not show any
difference in S-100 immunostaining in comparison with
the control mice (Figure 4E). As an indication of functional

integrity of the GFAP-negative intestinal nerve plexi, we
recorded normal peristaltic movements of the intestine
immediately post mortem, as well as normal consistency
of the feces (data not shown).

Blood-brain barrier function in GFAP mutant mice
It is notable that GFAP-positive cells are abundant in
close proximity to blood vessels. This has led to the
suggestion that astroglial cells are instrumental in the
formation of the blood-brain barrier. To test if this
putative function of astroglial cells is dependent on GFAP-
containing intermediate filaments, blood-brain barrier
function was tested in adult wild-type or GFAP mutant
mice by intravenous injection of Evans blue. Successful
injection was recorded as an instant blue staining of the
skin and was subsequently confirmed by inspection of the
viscera and skeletal musculature, which were consistently
stained dark blue. Exclusion of this dye from brain
parenchyma was evident in both wild-type and mutant
animals (Figure 6) and implied the existence of an intact
blood-brain barrier in GFAP-negative mice.

Post-traumatic reactive gliosis in GFAP mutant
mice
One of the hallmarks of reactive gliosis in response to
trauma or neurodegenerative disorders is up-regulated
GFAP expression. In response to fine needle injury of the
brain of wild-type animals, cells surrounding the needle
track displayed a typical pattern of expression of vimentin
and GFAP. Generally, three zones of reactive glial cells
may be recognized; in the central region, cells staining
exclusively for vimentin were found, at an intermediate
location, vimentin and GFAP double positive cells were
predominant and most distal to the injury, solely GFAP-
positive cells were identified (Figure 7). In GFAP mutants,
the fine needle injury resulted in scarring which was
qualitatively similar to that found in wild-type brains, as
judged by light microscopy examination 4 days after
injury (Figure 7). During this time, neither wild-type nor
mutant animals displayed any post-traumatic symptoms.
Mutant brains displayed vimentin up-regulation in cells
immediately surrounding the needle track. This was
qualitatively similar to the vimentin response in wild-
type brains. However, conclusions concerning potential
quantitative differences are difficult to draw, since in this
kind of experiment the extent of the wound is subject to
variation between different animals and different parts of
the brain. In addition, it is not possible to quantitatively
evaluate the response in astrocytes at a distance from the
wound, since GFAP was the only marker for these cells.

Discussion
We report here on the generation of mice which are devoid
of GFAP. These mice survive, develop normally and reach
adulthood without showing any anatomical, histological
or behavioral abnormalities. The absence of GFAP is thus,
contrary to predictions (Weinstein et al., 1991), compatible
with normal embryonic development and, apparently, the
formation of structurally and functionally intact central
and peripheral nervous systems.

Comparative S-100 and GFAP immunostaining in
mutant and normal mice, together with electron micro-
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Fig. 3. Sections from the hippocampus (A, see b in Figure 2D; g, granular layer; B and C, see a in Figure 2C) stained with anti-GFAP antibodies

(A and B) or anti-S-100 antibodies (C) or both with anti-GFAP (brown staining) and anti-S-100 (red staining) antibodies (D) in control (+/+) and

GFAP-negative (-/-) brains from 7-month-old animals. Note that GFAP stains the cytoplasm and the cell processes, whereas the S-100 antibody
produces predominantly nuclear and weaker cytoplasmic staining. A, B and C were counterstained with 50X diluted hematoxylin and erythrosin.

scopic examination of selected parts of the central nervous

system, suggest that both brain astrocytes and enteric glia
are present in the mutants. Thus expression of GFAP
appears not to be a prerequisite for the development or

tissue distribution of astrocytes. Electron microscopy has

shown the absence of 10 nm thick intermediate filaments
in hippocampal astrocytes, as well as in astrocytes in the
lateral funiculus of the spinal cord. Thus, at least in these
cells, the loss of GFAP does not seem to be compensated
for by increased expression of other intermediate filament
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Fig. 4. Electron microscopy of the dentate gyrus of the hippocampus (A and B) and the lateral funiculus of the upper cervical spinal cord (C and D).
Astrocytes contain bundles of intermediate filaments in the control mice (A and C). These filaments are absent in the astrocytes of GFAP-deficient
mice and their cytoplasm contains only diffuse, low density reticular background material. Intermediate filaments are indicated by a large arrow (A)
or an asterisk (C). A, astrocytic processus; M, mitochondrion; My, myelinated nerve fibers; small arrows show endoplasmic reticulum; large and
small arrowheads show rosettes of glycogen particles and polyribosomes respectively. Fixation: glutaraldehyde (A and B); paraformaldehyde (C and
D). Magnification 29 OOOX.
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Fig. 5. Myenteric plexus (indicated by arrows) in the illeum (A and B)
and colon (C-E) of control (+/+) mice and GFAP-negative (-/-).
(A and C) Stained with hematoxylin and erythrosin. (B and D) GFAP
immunohistochemistry; (E) S-100 immunohistochemistry;
counterstained with 5OX diluted hematoxylin and erythrosin.
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Fig. 6. Blood-brain barrier test. Transverse sections (A-C) through
the brain of GFAP-negative (-/-) and control (+/+) mice following
i.v. administration of Evans blue. The absence of Evans blue
extravasation indicates an intact blood-brain barrier in GFAP-negative
mice.
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Fig. 7. Reactive gliosis in the cerebral cortex (A) and thalamus (B) of
control (+/+) and GFAP-negative (-/-) mice 4 days following a fine
needle injury. Immunohistochemical staining with GFAP antibody
(brown) and vimentin antibody (red).

proteins. Whether this applies to all types of astrocytes
remains to be tested. If the lack of GFAP led to a change
in the expression of other intermediate filament proteins,
vimentin would be the obvious candidate, since its expres-
sion in the astroglial lineage generally precedes that of
GFAP. Vimentin and GFAP co-expression has been
reported and vimentin-GFAP co-polymer filaments may
be formed under certain circumstances (Bjorklund et al.,
1984; Calvo et al., 1990; Abnet et al., 1991; Lopez et al.,
1992). Using two different vimentin antibodies we have
found no indications of changes in the pattern of vimentin
expression in GFAP mutants, as determined by immuno-
histochemical staining of brain sections (data not shown).
The overall level of vimentin in the adult mouse brain is,
however, very low in the unchallenged state and we
were unable to reveal vimentin-positive RNA signals on
Northern blots using whole brain RNA from control or
mutant mice (data not shown). Although our data do not
exclude compensatory expression of other intermediate
filament proteins in the GFAP-deficient mice, we show
that if such expression occurs, it does not lead to the
formation of a 10 nm filamentous network, at least in
hippocampal astrocytes and in white matter astrocytes in
the spinal cord.

Apparently normal vimentin-negative mice were
recently generated (Colucci-Guyon et al., 1994) and the
absence of vimentin does not seem to result in compen-
satory up-regulation of other cytoskeletal intermediate
filament proteins in the uninjured brain. The absence of
intermediate filaments in vimentin-negative mice was
demonstrated in both fibroblasts in vitro and lens fibers
in vivo (Colucci-Guyon et al., 1994). Crosses between
GFAP- and vimentin-negative mice are under way to
address a potential synergism between these two proteins
at specific places or under certain conditions, such as
reactive gliosis.
GFAP up-regulation is a hallmark of reactive gliosis

triggered by trauma or toxic influences or seen in many
neurodegenerative disorders. Here we have studied glial
scarring in response to fine needle injury to the brain and
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we were unable to disclose any qualitative differences
between wild-type and GFAP mutant mice. Although this
suggests that the presence of GFAP is not an absolute
prerequisite for reactive gliosis in response to trauma,
several issues remain to be addressed. Our degree of
analysis, for example, could not address quantitative
aspects of astrogliosis. Moreover, it does not exclude
differences in reactive gliosis in response to other situa-
tions, such as toxic stimuli or encephalopathies.

In summary, we have shown here that GFAP inter-
mediate filaments are not required for development of the
nervous system. We cannot, however, rule out the
possibility that GFAP absence leads either to more subtle
changes, which do not result in a recognizable phenotype
under laboratory conditions, or to changes which can be
seen only in the presence of specific challenges. GFAP
absence may also have consequences in conjunction with
aging. Experiments are underway to address these issues.

Materials and methods
Derivation of GFAP mutant mice
A phosphoglycerate kinase (PGK) promoter-driven neomycin resistance
gene (PGK-neo; kindly provided by Dr J.Heath, Oxford, UK) was used
to replace a 2.7 kbp HindIII-SacI fragment, including the first 233 bp
of GFAP exon I and 2.0 kbp of 5' flanking sequence, in a targeting
construct containing a 9 kbp EcoRI-HindIII fragment as a5' homologous
segment and a 2.6 kbp Sacl-XbaI fragment as a 3' homologous segment
(Figure 1). The homologous segments were all parts of a GFAP
genomic clone isolated from a mouse 129SV genomic library in XFIXII
commercially available from Stratagene (La Jolla, CA) using a mouse
GFAP cDNA clone as a probe (Lewis et al., 1984) (a kind gift from Dr
N.Cowan, NYU Medical Center, New York, NY). The construct was
linearized with NotI and 50 gg linearized plasmid were electroporated
into the mouse ES cell line E14.1 (kindly provided by Dr R.Kuhn,
Cologne, Germany) at passage 18 by electroporation, using a BioRad
Gene Pulser set at 260 V, 500 mF. G418-resistant ES cell clones were
selected, isolated, frozen and processed for Southern blot analysis as
described (Leveen et al., 1994). A 600 bp XbaI-XFIXII-polylinker
genomic fragment, flanking the targeting construct at the 3' end, was
used to screen for homologous recombination. Recombinant clones,
displaying a 5.5 kbp EcoRI fragment (in which a novel EcoRI site is
provided by the PGK-neo cassette) in addition to the wild-type 6.5 kbp
EcoRI fragment (Figure 1), were thawed, cultured and injected into
mouse C57BL6J blastocysts as described (Leveen et al., 1994). Male
chimeras were identified by virtue of their fur coat color and high degree
chimeras were mated with C57BL6J females. Two of the three isolated
recombinant ES clones generated germline chimeras which in both
instances were heterozygous and mutant homozygous derived, in agree-
ment with Mendelian allele transmission. All experiments shown have
been performed using mice with a hybrid 129/C57BL genetic background.
A GFAP exon 1-specific probe was generated using two partially
overlapping oligonucleotides, 5'-CTC GGT CCT AGT CGA CAA CTG
GGT ACC ATG CCA CGT TTC TCC TTG TCT CGA ATG ACT CCT
CCA CTC CCT GCC AGG GTG GA and 5'-CAT CAT CTC TGC
ACG CTC GCT CGC CCG TGT CTC CTT GAA GCC AGC ATT
GAG CGC CCC GGC CAG GGA GAA GTC CAC CCT GG, which
were annealed and radiolabeled using the Klenow fragment of DNA
polymerase I and [32P]dCTP.

Northern blot analyses
Total mouse brain RNA was isolated from wild-type, heterozygous and
mutant individuals using the LiCl/urea method (Sambrook et al., 1989)
and processed on formaldehyde gels according to standard protocols.
The mouse GFAP cDNA described above was labeled using [ 2P]dCTP
and the Megaprime kit commercially available from Amersham UK.

Histology and immunohistochemistry
Mouse brains were fixed in Bouin's fixative (75 ml saturated picric acid,
5 ml glacial acetic acid, 25 ml 40% formaldehyde), paraffin embedded,
sectioned and stained with hematoxylin-erythrosin or processed for
immunohistochemistry. For the latter, tissue sections were deparaffinized

and rehydrated. Slides in 0.01 M citric acid, pH 6.0, were heated in a
microwave oven twice for 5 min and then incubated at room temperature
for 20 min. All the subsequent steps were done at room temperature.
Slides were rinsed with phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCI, 8.1 mM Na2HPO4, 1.5 mM KH2PO4) and endogenous
peroxidase was blocked by incubation in 0.3% H202 in PBS for 30 min.
The slides were then incubated with 0.1% w/v bovine serum albumin
(BSA) (Sigma, St Louis, MO) in PBS for 30 min to reduce non-specific
background.
Immunohistochemistry for GFAP. Slides were incubated with horseradish
peroxidase-conjugated monoclonal antibody against human GFAP (Dako
A/S, Glostrup, Denmark). Horseradish peroxidase-conjugated mouse
immunoglobulins (Dako A/S, Glostrup, Denmark) were used as the
negative control.

Immunohistochemistry for vimentin. Slides were incubated with a rabbit
polyclonal antibody against vimentin (Dupouey et al., 1985; a kind gift
from E.Colluci-Guyon, Institut Pasteur, Paris, France) in dilution buffer
[0.1% w/v BSA, 0.05% v/v Triton X-100 (Sigma, St Louis, MO) in
PBS] for 60 min. Normal rabbit serum (Dako A/S, Glostrup, Denmark)
was used as the negative control. Sections were then rinsed in PBS and
incubated with horseradish peroxidase-conjugated goat antiserum against
rabbit immunoglobulins (Dako A/S, Glostrup, Denmark) in dilution
buffer for 60 min. In some of the experiments an IgM monoclonal
antibody against vimentin (Sigma, St Louis, MO) was used as the
primary antibody and normal mouse serum was used as the negative
control. In this case, binding of the primary antibody was detected by
subsequent incubation of the sections with biotinylated rabbit antibody
against mouse IgM (Dako A/S, Glostrup, Denmark) and HRP-conjugated
streptavidin (Dako A/S, Glostrup, Denmark).
Immunohistochemistry for S-100. Slides were incubated with a rabbit
polyclonal antibody against cow S-100 (Dako A/S, Glostrup, Denmark)
in dilution buffer for 30 min. Normal rabbit serum was used as the
negative control. Sections were then rinsed in PBS and incubated
with horseradish peroxidase-conjugated goat antiserum against rabbit
immunoglobulins in dilution buffer for 30 min.

After the last incubation, sections were rinsed in PBS and stained
with 3'-diaminobenzidine tetrahydrochloride (DAB; Dako A/S, Glostrup,
Denmark) according to the manufacturer's recommendations. The
reaction was stopped by rinsing in water and the sections were dehydrated,
counterstained with hematoxylin and erythrosin and mounted.
Double immunohistochemistry for GFAP and vimentin. Sections were
first incubated with the rabbit polyclonal antibody against vimentin,
followed by alkaline phosphatase (AP)-conjugated goat antiserum against
rabbit immunoglobulins (Dako A/S, Glostrup, Denmark). Incubation
with the antibody against GFAP was then performed as described above.

Double immunohistochemistry for GFAP and S-100. Sections were first
stained for S-100 as described above but AP-conjugated goat antiserum
against rabbit immunoglobulins was used as the secondary antibody.
Sections were then rinsed and incubated with the antibody against GFAP
as described above.

After the last incubation, sections were rinsed in PBS and subsequently
stained with DAB and Fast Red (Dako A/S, Glostrup, Denmark)
according to the manufacturer's recommendations.

Electron microscopy
Two control and two GFAP-negative 3-month-old females were anesthet-
ized with Avertin intraperitoneally. After a vascular rinse with 100 ml
Tyrode's solution through the left ventricle, the mice were perfused with
500 ml of either 5% phosphate-buffered paraformaldehyde (one pair) or
5% phosphate-buffered glutaraldehyde (the other pair). The brain and
the cervical part of the spinal cord were dissected, post-fixed in the cold
overnight and cut into 500 ,um sagittal and transverse sections. The
sections were osmicated for 3 h, dehydrated in acetone and embedded
in Vestopal 310 (Fluka Chemie, Liechtenstein). The dentate gyrus of the
hippocampus and the lateral funiculus of the spinal cord were trimmed
out and used for a series of ultrathin (about 100 nm) sections. The
sections were processed as previously described (Reynolds, 1963) and
examined in a Philips EM 400 electron microscope.

Behavioral studies
For the motility test, mice were placed into a transparent chamber
positioned in isolated boxes with one-way windows permitting observa-
tion of the animals throughout the experiment. Electric impulses
generated by movements within the chamber were recorded over 12
consecutive 5 min intervals.
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For the learning and memory test, we used a 30X50 cm bath filled
with 25°C milk in which a 5.5XS.5 cm platform was submerged at a
fixed position about 1.5 cm under the milk surface level. Mice were
placed at the same position in the bath and the time needed to find the
platform was recorded repeatedly (learning test) and after I h and 1 and
3 days (memory test).

Blood-brain barrier function test
Evans blue [0.2 ml 2% (w/v) solution in PBS] was administered into
the circulation via the tail vein. After 4 h, the injected mice were killed,
brains were carefully dissected out of the skull and fixed in 4%
formalin in PBS for 10 min. Thereafter, the brains were sectioned and
photographed.

Brain injury experiment
Anesthetized animals were wounded by the introduction of a 27G fine
needle through the skull, the frontal brain cortex and down to the
thalamic region. Following this type of injury, neither wild-type nor
GFAP mutant animals displayed any recognizable symptoms in the post-
traumatic period. Four days after the injury, the animals were killed,
brains were carefully dissected out of the skull, fixed in Bouin's fixative
and processed for histology and immunohistochemistry.
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