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ABSTRACT Glial fibrillary acidic protein (GFAP) is a
member of the family of intermediate filament structural
proteins and is found predominantly in astrocytes of the
central nervous system (CNS). To assess the function of
GFAP, we created GFAP-null mice using gene targeting in
embryonic stem cells. The GFAP-null mice have normal
development and fertility, and show no gross alterations in
behavior or CNS morphology. Astrocytes are present in the
CNS of the mutant mice, but contain a severely reduced
number of intermediate filaments. Since astrocyte processes
contact synapses and may modulate synaptic function, we
examined whether the GFAP-null mice were altered in long-
term potentiation in the CAl region of the hippocampus. The
GFAP-null mice displayed enhanced long-term potentiation of
both population spike amplitude and excitatory post-synaptic
potential slope compared to control mice. These data suggest
that GFAP is important for astrocyte-neuronal interactions,
and that astrocyte processes play a vital role in modulating
synaptic efficacy in the CNS. These mice therefore represent
a direct demonstration that a primary defect in astrocytes
influences neuronal physiology.

Astrocytes and their precursors serve a number of functions in
the mammalian central nervous system (CNS) (for review see
ref. 1). During development, radial glia appear early and guide
subsequent migration of neurons as well as outgrowth of
neuronal dendrites and axons. More mature astrocytes may
influence the development of oligodendrocytes and endothe-
lium. In the adult nervous system, astrocytes provide structural
support to surrounding cells, regulate the ionic and neuro-
transmitter levels in the extracellular fluid, and secrete pleio-
tropic growth factors. In this manner astrocytes likely influ-
ence the physiological properties of adjacent neurons.
One of the key events during astrocyte differentiation is the

onset of expression of the intermediate filament glial fibrillary
acidic protein (GFAP). Astrocyte precursors initially express
vimentin, switching to GFAP as they mature (2, 3). Neurons
make a similar switch from vimentin to the three neurofila-
ments during their differentiation (4). GFAP is considered a
unique marker for astrocytes in the CNS, but it is also present
in several other cell types in the periphery, particularly non-
myelinating Schwann cells of the peripheral nervous system
(5-7). The levels of GFAP markedly increase during reactive
gliosis when astrocytes undergo both hypertrophy and hyper-
plasia (for review see ref. 8). Recent studies of either forced
overexpression or antisense inhibition of GFAP expression in
cultured cells suggest a direct role for GFAP in controlling
outgrowth of processes by astrocytes (9-11).

Recently, two groups reported that targeted mutations in
the Gfap gene do not interfere with mouse development (12,
13). Preliminary studies of astrocyte numbers and morphology
in these mice indicated little change, but morphology in
particular has been difficult to assess in the absence of GFAP,
which itself has been the standard marker for visualizing
astrocytes at the light microscopic level. Upon injury, GFAP-
deficient astrocytes appeared to initiate at least some of the
molecular changes typical of reactive astrocytes. Given the
many proposed interactions between astrocytes and neurons,
changes in astrocyte structure or function might lead to
changes in neuronal physiology. We have also generated
GFAP-null mice using homologous recombination in embry-
onic stem (ES) cells. We report here that GFAP-null mice have
subtle changes in astrocyte morphology, and in addition show
enhanced long-term potentiation (LTP) in hippocampal neurons.

MATERIALS AND METHODS
Construction of the Targeting Vector. The GFAP targeting

vector was constructed from a genomic clone isolated from a
129/SvEv genomic library (Stratagene no. 946305), and is
shown diagrammed in Fig. 1, along with the endogenous
mouse locus and the final mutant allele. The targeting vector
contains PGKneobpA (14) inserted into the Sall site in the first
exon of the Gfap gene, and a MC1 thymidine kinase gene
attached at the 3' end for negative selection against nonho-
mologous recombinants. In addition to interrupting the open
reading frame in exon 1 by insertion of the neo gene, the
internal SalI-XbaI fragment was deleted to eliminate most of
exon 1 and all of exons 2-4. The targeting vector contained a
2.2-kb 5' arm of homology (BamHI-SalI fragment) and a
1.4-kb 3' arm of homology (XbaI-BamHI fragment). Probes
used for Southern blot analysis of targeted clones included:
GFAP 3' probe = 600-bp BamHI-EcoRI fragment; neo
probe = 0.9-kb PstI-NotI fragment.

Creation of Targeted ES Cells and GFAP-Null Mice. AB-1
ES cells were electroporated with 10 ,ug of linearized targeting
vector and treated with G418 (350 ,ug/ml) and 1-(2-deoxy-2-
fluoro-13-D-arabinofuranosyl)-5-iodouracil (FIAU) (200 nM)
for selection of doubly resistant colonies. Southern blot anal-
yses were performed as described (15) on DNA digested with
EcoRI (for 3' probe) or EcoRV (for neo probe). Targeted ES
cell clones were injected into C57BL/6J (B6) blastocysts
(University of Cincinnati Embryonic Stem Cell Core Facility)

Abbreviations: PS, population spike; EPSP, excitatory postsynaptic
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hematoxylin/eosin.
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to generate chimeric founder mice. Founder mice were bred
either to inbred B6 mice to maintain the mutation on a hybrid
background, or to 129/SvJ mice to maintain the mutation on
a 129 genetic background. The mice described in this report
have been given the strain designation GfaptmlMes.
Northern Blot Analysis of GFAP, Vimentin, and Nestin

Expression. RNA was prepared by homogenization of whole
brain in guanidinium isothiocyanate and centrifugation
through CsCl (16). For Northern blot analysis, 10 ,ug of total
RNA from each tissue was fractionated on a 1.2% agarose-
formaldehyde gel and blotted to nitrocellulose (16). Equal
loading of samples was confirmed by ethidium bromide stain-
ing. Membranes were hybridized with probes derived from
either a mouse GFAP cDNA (pG1, gift of N. J. Cowan) (17),
human vimentin cDNA (4F1, gift of V. Lee) (18), or rat nestin
cDNA (401:6, gift of R. McKay) (19). Probes were labeled with
32P by random priming, and hybridization carried out at 42°C
in Fast Pair (Digene Diagnostics, Beltsville, MD). Filters were
washed as described (16), except that an additional wash with
O.1X SSPE/0.1% SDS at 55°C was used for the vimentin
Northern blot. Blots were exposed at -70°C for 4 days (GFAP)
or 7 days (vimentin and nestin).

Light and Electron Microscopy. For light microscopic anal-
ysis, mice were anesthetized with Avertin and perfused trans-
cardially with 0.1 M PBS (pH 7.4) followed by 4% parafor-
maldehyde in PBS [for hematoxylin/eosin (H&E) or GFAP]
or acid-alcohol (for vimentin). The brains were removed,
postfixed overnight, and embedded in paraffin. Sections (5
,um) were cut, and prepared either for staining with H&E or
for immunohistochemical detection of either GFAP or vimen-
tin. For electron microscopic analysis, mice were perfused with
PBS followed by 2% paraformaldehyde/2.5% glutaraldehyde
in 0.1 M cacodylate, pH 7.4 (n = 3 wild type, 3 nulls). The
brains, optic and sciatic nerves were removed and postfixed in
the same glutaraldehyde solution overnight. All tissues were
postfixed with 1% osmium tetroxide for 30 min, dehydrated,
and embedded in Epon. Thin sections (70-90 nm) were stained
with lead citrate and uranyl acetate, and photographed with a
Philips 410 electron microscope.
Immunohistochemical Analysis of GFAP and Vimentin.

Deparaffinized sections were rehydrated through a graded
series of ethanol, quenched in 95% methanol/0.01% hydrogen
peroxide, and blocked with 3% normal goat serum in PBS. The
sections were incubated with primary antibodies diluted in 1%
normal goat serum/PBS either for 1 hr at room temperature
or overnight at 4°C. Dilutions of primary antibodies were 1:250
for anti-GFAP (Dako) and 1:200 for anti-vimentin (20). After
incubation in the primary antibody, the sections were washed
with PBS and processed with the Vector Elite system (Vector
Laboratories).

Electrophysiological Analysis of Synaptic Function. Exci-
tatory synaptic transmission and potentiation (LTP) were
examined in area CAl of hippocampal slices prepared from
mutant and control mice. Mice were anesthetized with ether,
decapitated, and the brain rapidly removed into ice-cold
artificial cerebrospinal fluid containing: 127 mM NaCl/1.9
mM KCl/1.2 mM KH2PO4/2.2 mM CaCl2/1.4 mM MgSO4/26
mM NaHCO3/and 10 mM glucose, bubbled with 95% 02/5%
C02, pH 7.40. The hippocampus was dissected free of the
surrounding brain, and 400-,um vibratome sections were cut
from the middle third in artificial cerebrospinal fluid at
approximately 4°C. Slices were maintained at room tempera-
ture in a submerged holding chamber for at least 1 hr prior to
transfer to a submersion style recording chamber, continuously
perfused with artificial cerebrospinal fluid (also at room
temperature) at 3 cc/min. The population spike (PS) and
excitatory postsynaptic potential (EPSP) were recorded simul-
taneously with two glass microelectrodes filled with NaCl (2 M,
tip broken to 2-5 Mfl) placed into stratum pyramidale and
stratum radiatum, respectively. Constant current electrical

stimuli of 0.1 ms duration were delivered to the Schaffer
collateral pathway using a monopolar tungsten stimulating
electrode placed in the stratum radiatum. Stimulus strength
was adjusted to produce a PS approximately one-third of
maximum amplitude, generally requiring 50-150 ,uamps. This
fixed intensity was used both to monitor evoked responses and
to induce LTP by a series of three 100-Hz trains, each lasting
1 sec, repeated at 10-sec intervals. Test responses were evoked
every 60 sec, amplified using an Axoclamp 2A amplifier (Axon
Instruments, Foster City, CA), and acquired and analyzed
using pClamp v.6. Responses were recorded for 10-40 min,
until stable baseline responses were observed, and for at least
60 min following LTP induction. Data were analyzed by an
individual (C.L.Z.) who was blinded to the genotype of the
mice. Comparisons for degree of potentiation were made
between the average of 10 responses immediately preceding
the tetanic stimulus and the 10 responses between 50 and 60
min after the tetanus. Statistical comparisons between groups
were made using Student's t test.

RESULTS
Generation of GFAP-Null Mice. GFAP-null mice were

generated by gene targeting in embryonic stem cells. Fig. 1A
illustrates the wild-type Gfap locus (top), the targeting vector
(middle), the mutant Gfap locus (bottom), and the probes used
for genotyping in Southern blots. The majority of exon 1 and
all of exons 2-4 were replaced in the targeting vector by the neo
cassette. Following electroporation of the targeting vector into
ES cells, 518 clones were isolated that were doubly resistant to
G418 and FIAU. Eight of these clones contained the disrupted
Gfap locus, based upon Southern blot analysis as described in
the Material and Methods (data not shown). Three clones (K19,
K20, and K21) were used to generate chimeric founder mice,
and representatives of all three clones successfully transmitted
the mutant allele to heterozygous offspring. Heterozygotes
were interbred to produce homozygous mutant mice, and Fig.
1B shows a Southern blot analysis of tail biopsies taken from
one such litter at weaning. These crosses yielded the expected
Mendelian ratios of wild-type, heterozygous, and homozygous
mutant mice.
From birth onward, the overt appearance of the homozygous

mutant mice was indistinguishable from their heterozygous
and wild-type littermates. Mutant mice reached sexual matu-
rity and were fertile. The oldest mice in our colony are now 14
months old, and show no evidence of a shortened lifespan. The
same apparent lack of developmental consequences of the
GFAP mutation was observed in mice derived from all three
independently-derived clones, and in either the 129 or hybrid
B6/129 genetic backgrounds. For detailed analysis we con-
centrated on mice derived from one clone, K19.
Absence of GFAP and Lack of Compensation by Other

Intermediate Filaments in Homozygous Mutant Mice. To
verify that the homozygous mutant mice produced no GFAP,
we assayed for both GFAP mRNA and protein. Northern blot
analysis confirmed the absence of GFAP mRNA in the
homozygous mutant mice (hereafter referred to as GFAP-
null), and a reduced level in the heterozygous mice (Fig. 2, top).
In addition, immunohistochemical studies showed that the
GFAP-null mice contained no detectable GFAP protein (see
Fig. 3D). Northern blot analysis also showed that no compen-
satory increase occurred in the expression of mRNA for either
vimentin (Fig. 2, middle) or nestin (Fig. 2, bottom), two other
intermediate filaments that are expressed in astrocytes, or
their precursors (21-24). Immunohistochemical studies of
vimentin in brain and optic nerve also showed no evident
compensation at the protein level (data not shown).

Light Microscopic Evaluation of CNS. Examination of the
brains and retinae of GFAP-null and control mice at the light
microscopic level in H&E-stained paraffin sections revealed
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FIG. 1 (A) The Gfap gene, targeting vector, and modified Gfap
gene. (Top) The wild-type Gfap locus is illustrated with the first
seven of its nine exons (boxes) labeled below. The exons represented
by stippled boxes (most of exon 1, exons 2-4) are replaced in the
targeting vector (middle) by a PGK-neo cassette. The 2.2-kb 5' arm

of homology and the 1.4-kb 3' arm of homology are shown delimited
by dashed lines connecting the wild-type locus with the targeting
vector. The diagram at the bottom illustrates the predicted modified
locus after homologous recombination and Southern blot strategy
for genotyping cells and mice. A probe from the neo gene served to
verify appropriate recombination within the 5' arm of homology. A
BamHI-EcoRI GFAP 3' fragment (outside the arm of homology in
the targeting vector) distinguished the wild-type EcoRI band (6.5
kb) from the mutant band (2.0 kb), due to the extra EcoRI site
introduced as part of the neo cassette, and verified appropriate
recombination within the 3' arm of homology. (B) In the Southern
blot at the top, an 8.4-kb EcoRV fragment from mice that have
inherited one or two copies of the mutant allele hybridizes to the neo
probe (+/- and -/-; lanes 1-5 and 7), whereas the wild-type mouse
(+/+; lane 6) does not carry the neo gene. In the Southern blot
(bottom), the 3' GFAP probe hybridizes either to a 6.5-kb EcoRI
fragment from the wild-type allele, or to a 2.0-kb fragment from the
mutant allele. Wild-type mice (lane 6) showed only the 6.5-kb band,
heterozygous mice (+/-; lanes 1, 4, and 7) showed both 6.5- and 2-kb
bands, and homozygous mutant mice (-/-; lanes 2,3, and 5) showed
only one band at 2.0 kb.

FIG. 2. Northern blot analysis ofmRNAs for GFAP, vimentin, and
nestin in whole brains of adult wild-type, heterozygous, and GFAP-
null mice. For GFAP (top), a single band was present in RNA from
wild-type (lanes 4 and 5) and heterozygous (lane 3) mice, but was

absent from GFAP-null mice (lanes 1 and 2). Because ethidium
bromide staining of the gel indicated approximately equal loading of
.RNA in each lane (data not shown), the heterozygote appears to have
reduced levels of GFAP mRNA compared to wild type. No up-
regulation of vimentin (middle) or nestin (lower) is evident in either the
heterozygote or GFAP-null mice. Because vimentin and nestin are

only expressed at low levels in adult mice, an embryonic day 14 (E14)
mouse sample was included as a positive control for these mRNAs.
GFAP was not detectable in E14 wild-type mice (lane 6).

no obvious abnormalities resulting from the absence of GFAP
expression. Sagittal sections through the hippocampus of a

40-day-old wild-type mouse and a GFAP-null mouse, stained
with H&E, are shown in the low power photomicrographs in
Fig. 3A and B) to illustrate a region of the CNS that normally
contains numerous astrocytes. Stratification of neurons into
the densely packed stratum pyramidale of the hippocampus
and granule cell layer of the dentate gyrus appeared normal.
Adjacent sections from the same animals were reacted with a

polyclonal antisera to GFAP. Whereas GFAP-immunoreac-
tive astrocytes were normally distributed throughout the hip-
pocampus ofwild-type mice (Fig. 3C), no immunoreactive cells
were seen anywhere in the hippocampus of GFAP-null mice
(Fig. 3D). Examination of other regions of the CNS of GFAP-
null mice also failed to detect any GFAP-immunoreactivity
(data not shown). GFAP-null astrocytes also failed to stain
with a monoclonal antibody (GA5) specific for the carboxyl-
terminal of the protein (25) (data not shown).

Ultrastructural Evaluation of Astrocytes and Nonmyelinat-
ing Schwann Cells. To evaluate further the morphology of
astrocytes in the GFAP-null mice, we examined transverse
sections of optic nerve by electron microscopy (Fig. 4 A-D).
Astrocytes in wild-type mice are easily identified by their large,
elongated profiles and the presence of intermediate filaments.
We initially focused on the pial surface (Fig. 4A and B), where
astrocyte processes containing abundant intermediate fila-
ments normally collect to form the glial limitans. In the
GFAP-null mice, putative astrocytes were identified by nu-

clear morphology, presence of glycogen particles in the cyto-
plasm, and characteristic sub-plasmalemmal densities. The
GFAP-null processes at the pial surface were much smaller
than normal, and contained few if any intermediate filaments
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FIG. 3. Histology and immunohistochemistry of hippocampus of
wild-type (+/+) and GFAP-null mice (-/-). (A and B) Low-power
photomicrographs of H&E-stained paraffin sections showing normal
hippocampal cytoarchitecture. DG, dentate gyrus. (Bar = 250 Jim.) (C
and D) Photomicrographs of the CAl region of hippocampus in
GFAP-immunostained paraffin sections. Cell bodies of pyramidal
neurons in the stratum pyramidale are in the upper right corner of each
field. Note the abundant GFAP-immunoreactive astrocytes in the
stratum oriens (so), stratum pyramidale (sp), and stratum radiatum
(sr) of the wild-type mouse, but the lack of any GFAP-immunoreactive
cells in the GFAP-null mouse. (Bar = 100 t,m.)
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(Fig. 4B). In addition, we examined the astrocyte end-feet on
capillary walls, because of the proposed role that astrocytes
play in inducing the blood-brain barrier in endothelium (Fig.
4 C and D). GFAP-null astrocytes do form end-feet, and many
of these distal processes contain intermediate filaments (Fig.
4D) (note also the occasional intermediate filament-
containing processes in Fig. 4B). However, in other areas of the
optic nerve, it was difficult to find any processes containing
intermediate filaments, and presumed astrocyte processes
were smaller than in wild-type mice. The CAl region of the
hippocampus was also examined at the ultrastructural level,
but intermediate filament-containing astrocyte processes were
scarce even in the control mice and there were no obvious
differences between mutants and controls (data not shown).
To evaluate the morphology of nonmyelinating Schwann

cells, a GFAP-expressing glial cell in the peripheral nervous
system, we examined transverse sections of sciatic nerve.
Nonmyelinating Schwann cells in wild-type mice contain few
intermediate filaments, but form delicate processes separating
individual small-diameter axons (Fig. 4E). The nonmyelinating
Schwann cells of the GFAP-null mice formed the same type of
processes, and also segregate axons into individual compart-
ments (Fig. 4F).

Synaptic Transmission and LTP in the Hippocampus.
Changes in astrocyte morphology near synapses have been
observed following learning tasks and after induction of LTP
(26, 27). To test whether the absence ofGFAP alters the ability
of synapses to undergo plastic changes, we measured extracel-
lular responses to Schaffer collateral stimulation in the hip-
pocampal CAl region before and for 1 hr following an
LTP-inducing stimulus in a group of wild-type (n = 6 mice, 10

FIG. 4. Ultrastructure of optic nerves of
wild-type (+1+) and GFAP-null mice (--.(A
and B) Transverse sections of optic nerve show-
ig astrocyte cell bodies with nuclei (As) and
astrocyte processes with associated basal lamina

_ z~~~~.

of the glial limitans (arrowheads). In the wild-
type mouse, note the numerous astrocytic pro-
cesses filled -with intermediate filaments cut in
both longitudinal and transverse orientations. In
the GFAP-null mouse, astrocytes are present and
form a glial limitans (note basal lamina), but
contain few if any intermediate filaments. How-
ever, some astrocyte processes of the GFAP-null
mouse do contain intermediate filaments (ar-

4 rows). (Bar = 0.5 gtm.) (C and D) Transverse
sections of optic nerves showing distal processes
of astrocytes forming end-feet (some marked by
asterisks) in contact with capillary walls (Cap,
capillary lumen; E, nucleus of endothelial cell).
Note the presence of some residual intermediate
filaments in the end-feet of the GFAP-null

Ax mouse. (Bar = 0.5 gm.) (E and F) Transverse
sections of sciatic nerves showing clusters of
small-diameter axons and apparently normal en-
sheathment by nonmyelinating Schwann cells of
the GFAP-null mouse. Nucleus of a nonmyeli-

_¶;iii_1 nating Schwann cell (S) is present in F. Large-
diameter myelinated axons surround these clus-
ters (Ax). (Bar = 1 j,m.)
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FIG. 5. LTP is enhanced in GFAP-null mice. Population spike
amplitude (A) and EPSP slope (B) are plotted for the 10 min
preceding and 60 min after LTP induction. Data from each slice were
normalized to the mean of the 10 responses immediately preceding the
stimulus train, and are plotted as means ± standard error (control: 10
slices from 6 mice; mutant: 11 slices from 6 mice). Insets illustrate
averaged responses to 10 stimuli for typical mutant and wild-type
slices, immediately before and 60 min after LTP induction. Calibration
bars: A, 2 mV, 5 ms (control) and 1 mV, 5 ms. GFAP-null: B, 1 mV,
2 ms (both).

slices) and GFAP-null (n = 6 mice, 11 slices) mice. No
difference between groups was observed in either PS ampli-
tude (wild type = 2.2 + 0.8 mV versus GFAP-null = 2.7 0.8
mV, mean ± SD, P > 0.10) or EPSP slope (wild type = -1.7
+ 1.6 mV/ms versus GFAP-null = -1.3 ± 1.3 mV/ms, P >
0.10) under baseline recording conditions. Following tetanus,
LTP of both the PS and EPSP was observed in 6 of 10 slices
from wild-type and in 9 of 11 slices from GFAP-null mice. In
addition, one wild-type and one GFAP-null slice showed LTP
of the PS only, and two wild-type slices showed LTP of the
EPSP only. A significantly larger increase in amplitude of the
PS was observed in the GFAP-null group than in the wild-type
mice (Fig. 5A), whether comparing all animals (wild type =

114 ± 21% versus GFAP-null = 156 + 49%, P < 0.05) or only
those animals that showed potentiation of both PS and EPSP
slope (wild type = 120 + 10% versus GFAP-null = 167 ± 48%,
P < 0.05). Differences between groups were apparent imme-
diately following the tetanus, and persisted for the duration of
the experiments (1 hr). In addition, EPSP slope was increased
to a greater degree in GFAP-null mice than in wild type (Fig.
5B), although the difference did not reach statistical signifi-
cance when results from all animals were compared (wild
type = 124 + 24% versus GFAP-null = 149 ± 52%, P = 0.09).
When only those animals that showed potentiation of both PS
and EPSP slope were considered, EPSP slope was significantly
greater 1 hr following tetanus in the GFAP-null group (wild
type = 127 + 23% versus GFAP-null = 161 ± 48%, P < 0.05).

Thus, GFAP-null mice display enhanced synaptic plasticity
compared to wild-type controls, both of the population EPSP
and of the PS.

DISCUSSION
We have created mice carrying a null mutation in the Gfap
gene that are completely deficient in GFAP message and
protein. While our work was in progress, papers appeared from
two other groups also describing GFAP-null mice (12, 13) [a
third has been presented in abstract form (28)]. The results
from these other laboratories are similar to ours in observing
that GFAP-null mice are indistinguishable from their wild-
type littermates in their development, fertility, and gross CNS
morphology and behavior. Our data show that this absence of
an obvious phenotype is not due to compensatory up-
regulation of vimentin or nestin. Similarly, Gomi et al. (12)
found no compensation by vimentin as measured at the protein
level in SDS/PAGE, and Edelmann et al. (28) failed to find
compensation using a pan-intermediate filament antibody.
While no GFAP can be detected and no vimentin or nestin
up-regulation occurs, some intermediate filaments can still be
seen in the optic nerve astrocytes of our GFAP-null mice,
particularly in the distal portions of the processes forming
end-feet on capillaries. In contrast, Pekny et al. (13) report that
intermediate filaments are completely absent in their GFAP-
null mice, both in the lateral funiculus of the spinal cord and
the dentate gyrus of the hippocampus. The reason for the
difference between these results is not known, but could reflect
anatomic variation in the sites being examined. The mice
described by Edelmann et al. (28) also contain residual inter-
mediate filaments in optic nerve astrocytes, but lack them in
spinal cord (Liedtke, W. and Raine, C. S., personal commu-
nication). The identity of the residual filaments we observed
remains to be determined, but a likely candidate is vimentin,
an intermediate filament normally expressed in astrocytes or
their precursors. It is of interest that vimentin-deficient mice
also are viable and fail to show evidence of compensation by
other intermediate filaments (29). Evidently, many cell types
can maintain gross function without their normal complement
of intermediate filaments. It will be of interest to determine the
effects of producing mice carrying mutations in multiple
intermediate filament genes.

In none of the studies of GFAP-null mice has the morphol-
ogy of the astrocytes been evaluated in detail, a task made
difficult by the absence of GFAP as a cell marker. We have
shown that astrocytes in the optic nerve extend processes
appropriate distances to the glial limitans and capillary walls,
but that their caliber appears diminished. In this respect, the
phenotype of this intermediate filament mutation may resem-
ble that seen in disorders of neurofilaments, where axons reach
their targets despite having smaller cross-sectional diameters
(30, 31). This alteration in astrocyte processes does not appear
to affect the blood-brain barrier, an endothelial function
thought to be induced by contact with astrocytes (32), as Pekny
et al. (13) found no leakage of Evans Blue following its
intravenous administration. This absence of an effect on the
blood-brain barrier is consistent with recent studies of astro-
cyte development by Zerlin et al. (33), who showed that contact
of capillary walls by astrocytes occurs early in differentiation,
prior to expression of GFAP.
Another CNS function that could be affected by a change in

astrocyte processes is synaptic transmission. Astrocyte pro-
cesses are intimately associated with the synaptic cleft, where
they may regulate synaptic function through uptake of neuro-
transmitters, buffering of cations and pH, and presenting
barriers for diffusion of calcium. For example, Smith (34)
calculated that a widening of the distance between the astro-
cytic processes and the synapse by approximately 10 nm (which
would have been undetected in our studies) could increase
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presynaptic transmitter release by '200%. In addition, mor-
phometric studies have shown dynamic changes in glial mor-
phology following induction of LTP or in association with a
learning task (26, 27).
LTP is defined as a long-lasting enhancement of synaptic

efficacy following tetanic stimulation. However, there is con-
siderable controversy over the site of this enhancement (35).
Most of the theoretical and experimental studies of LTP have
focused on the isolated role of neurons, with relatively little
attention to the associated glia. In fact, all of the recent gene
knockouts that have investigated LTP have involved neuro-
nally expressed genes and resulted in impaired LTP (36-42).
When we analyzed synaptic function in our GFAP-null mice,
we found that baseline synaptic transmission was unaffected in
the mutant mice, but that LTP was enhanced. The degree of
potentiation in the wild-type mice was small, presumably due
to the use of a relatively weak (submaximal) potentiating
stimulus intensity. Also, no GABAA receptor antagonists such
as picrotoxin, which are often used to enhance the expression
of LTP, were included in these experiments. However, these
factors are unlikely to have produced the difference in LTP
that was observed, because the same stimulus paradigm was
used for both groups of mice.
Our results thus imply a role for astrocytes in LTP. One

possibility is that their role is indirect; for example, through a
developmental effect on neurons. Astrocytes are a source of
numerous neurotrophic factors (43, 44), and an absence of
GFAP might interfere with their production. Another possi-
bility is that GFAP directly participates in the changes in glial
processes that have been associated with LTP (26). Of possible
relevance, Steward et al. (45) have shown that GFAP expres-
sion itself is regulated by neuronal activity, and it is possible
that astrocytes undergo rapid changes in shape similar to those
observed in neuronal dendritic spines (46). Such rapid changes
have been documented in astrocytes of the chicken cochlear
nucleus (47). It will be interesting to see whether GFAP-null
mice demonstrate physiological changes in other areas of the
CNS and in other neuronal phenomena, such as LTD. The link
established here between LTP and GFAP promises to provide
a new avenue for discoveries concerning astrocyte-neuronal
interactions.
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