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Abstract

The role of GFAP in CNS injury is reviewed as revealed by studies using GFAP null mice. In
order to provide background information for these studies, the effects of absence of GFAP in the
uninjured astrocyte is also described. Activities attributable to GFAP include suppressing neuronal
proliferation and neurite extension in the mature brain, forming a physical barrier to isolate
damaged tissue, regulating blood flow following ischemia, contributing to the blood-brain barrier,
supporting myelination, and providing mechanical strength. However, findings for many of these
roles have been variable among laboratories, pointing to the presence of unappreciated complexity
in GFAP function. One complexity may be regional differences in GFAP activities; others are yet
to be discovered.
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Introduction

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein that is primarily
expressed in astrocytes (reviewed in [1]). The evolution of a specific intermediate filament
protein for astrocytes suggests that the protein plays a critical role, and its marked
upregulation in CNS injury indicates that one of these is in injury damage control. This
review exams the role of GFAP in CNS injuries; and to provide a foundation for this topic,
also describes what is known about GFAP function in the uninjured state. Studies covered
are largely limited to those investigating effects solely attributable to GFAP, and thus a
substantial body of work examining the consequences of absence of both GFAP and
vimentin [2] is not discussed, except when it enlightens findings obtained for GFAP alone.
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A subtheme for this review arises from the remarkably discrepant results among laboratories
for findings of GFAP functions. There has been a tendency for each laboratory to question
(albeit tacitly) the competence of their competitors who present contrary observations, but
the more likely explanation, and the one adopted here, is that these differences advertise
complexities not yet appreciated, and provide an opportunity for deeper understanding of the
astrocyte repertoire.

GFAP Overexpression

One approach to investigate the role of GFAP is to increase its expression as occurs during
the reactive response to determine what other changes might occur, whereas another is to
prevent GFAP upregulation, or to knock it out altogether. The former approach was
undertaken by Messing et al. [3], who used a human GFAP transgene to increase GFAP
expression in astrocytes, thus avoiding the confounding effects of an actual injury.
Unexpectedly, chronically high GFAP levels proved lethal, and were accompanied by
abundant deposition of GFAP-containing protein aggregates in astrocytes. These
observations led to GFAP mutations being identified as the major cause of Alexander
disease, a usually fatal neurodegenerative disorder characterized by astrocytic inclusions
(reviewed in [4]). However, as the mutations appear to act by a gain of toxic function
mechanism [4], this approach of chronic overexpression of GFAP does not provide
information about the normal role of the protein in injury.

GFAP Null Mice

Suppression of GFAP expression was first accomplished by transfecting U251 astrocytoma
cells with a GFAP antisense construct [5]. Whereas control U251 cells robustly extended
processes when co-cultured with neurons, this response was almost completely absent in the
transfected cells. Given the importance of astrocytic processes for guiding neuronal
migration, inducing the blood-brain barrier, and ensheathing synapses, this requirement for
GFAP for process extension suggested that a GFAP null mouse would be a dead mouse.
Undeterred, four laboratories independently produced GFAP knockouts within a year of
each other, and found them viable. Three of these groups, Gomi et al. [6], Pekny et al. [7]
and MccCall et al. [8], reported very similar findings of minimal effects of GFAP absence.
All found normal development, growth, fertility and lifespan. All three also reported no
difference from wild type in brain architecture, including unchanged numbers of neurons
and astrocytes. No compensatory increase in any other intermediate filament was observed.
The blood-brain barrier was found intact as judged by electron microscopy and exclusion of
Evans blue and microperoxidase, the latter having a molecular weight of just 1862. Overt
behavior and motor activity were normal.

The GFAP null line produced by the fourth group, Liedtke et al. [9], was also viable, but
displayed some striking defects. Half the null mice older than 18 months developed
hydrocephalus. Null mice over 18 months of age also had decreased levels of corpus
callosum myelin, and 6 month old null mice had less myelination of the anterior column of
the spinal cord, some non-myelinated axons in both the spinal cord and optic nerve, and
myelinating, hyperplastic oligodendrocytes in the optic nerve. Significantly fewer total
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blood vessels, especially of larger diameter, were found in the white matter of optic nerve
and spinal cord at 4 months of age. Despite the aberrant morphology involving the optic
nerve, there was no difference in its thickness, and visual evoked potentials in the visual
cortex were normal. Use of 12%|-albumin revealed leakage of the blood-brain barrier in the
lumbar spinal cord of mice over 1 year of age. These differences in tissue architecture in the
spinal cord and optic nerve were apparently region specific, as no differences were seen in
the cerebrum, brainstem, or cerebellum; although subsequently, Gimenez et al. [10] did
report the presence of some disruption of myelin sheaths in the cerebellar white matter and
granular layer of the Pekny et al. [7] GFAP null mouse. The other three laboratories may
have missed observing the hydrocephalus because their mice were not followed beyond 14
months of age, but they also did not observe the changes in myelination, vascularization and
blood-brain barrier that occurred much earlier in the Liedtke line. These analyses included
ultrastructural study of the spinal cord, which found the diameter of blood vessels to be
larger, rather than smaller than wild type [7,11], and of the optic nerve [8]. Thus the
differences between the Liedtke line and those of the other groups arise from some unknown
conditions interacting with the GFAP null. The basis for these different observations has not
been pursued; doing so could provide a wealth of information about interacting partners of
GFAP that regulate its roles in CNS development and function.

Processes

The state of astrocytic processes in the GFAP nulls is of particular interest given the prior
finding in cell culture of their dramatic reduction in the absence of GFAP [5]. When these
experiments were repeated using GFAP null primary astrocytes in place of transfected U251
cells, the results were not replicated [12]; instead, process extension by the cultured GFAP
null astrocytes in response to neurons was indistinguishable from wild type. A subsequent
analysis of GFAP null astrocytes cultured alone also showed no difference in morphology
from wild type astrocytes [13]. In vivo, observations at the light microscope level of
astrocytic processes in GFAP null mice found them to extend normally to and around blood
vessels in the hippocampus [6], and ultrastructural examination of the hippocampus also
found no differences from wild type [7,8]. However, in the optic nerve astrocytic processes
were observed to be smaller than in the wild type [8], including those extending to the pial
surface or to blood vessels. In the spinal cord, an ultrastructural study of the lateral funiculus
[7] observed no difference in astrocyte process size, but an ultrastructural analysis in the
anterior column of the cervical spinal cord at C7 revealed astrocyte processes to be short and
club-like, and extracellular space increased [9]. Findings for the cerebellum of GFAP null
mice mirror those of the spinal cord in inconsistency. Shibuki et al. [14] observed no
differences in the structure of the cerebellum between GFAP null and wild type mice using
detailed light and electron microscopic studies, but ultrastructural analysis by Gimenez et al.
[10] found Bergmann glial processes were shorter and thinner, and more extracellular space
was present. Glial coverage was incomplete of Purkinje cell soma, Purkinje dendrites, the
vasculature, and the pial surface, and the endfeet did not appear to adhere as tightly to the
pial surface. No explanation for this discrepancy is apparent. Gimenez et al. [10] did not
specify the genetic background of their mice, but they likely were a mixed C57BL/6 and
SJL as were the Shibuki et al. [14] mice, and Shibuki et al. [14] did not specify the age of
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their mice, but they likely were young adults as were the 3 month old mice used by Gimenez
et al. [10]. Perhaps more importantly, neither group stated the region of the cerebellum
examined, raising the possibility that different lobes of the cerebellum, which are known to
have different functions and to have evolved at different times, could also have different
roles for GFAP. Thus overall, the observations concerning astrocyte processes suggest that
the absence of GFAP strongly affects their formation in some CNS regions under some
conditions, but is without consequence in others. Experiments specifically designed to
investigate these regional differences should provide insights into the regulation of
formation of astrocyte processes and the critical role these processes play in CNS functions.

The effect of GFAP absence on process extension following injury was investigated by
Wilhelmsson et al. [15]. In order to observe the process of reactive gliosis in the absence of
the confound of local traumatic tissue damage, they made an entorhinal cortex lesion and
examined the downstream effects on astrocyte reactivity in the outer molecular layer of the
hippocampal dentate gyrus. On the uninjured side, staining for glutamine synthetase
revealed no difference from wild type in the appearance of astrocytic processes in mice
doubly null for both GFAP and vimentin. However, on the injured side, the processes in the
GFAP/vimentin double null appeared to be only about 50% as long as those of wild type,
and those of the GFAP null about 80% as long. Dye-filling of astrocytes revealed no
difference in the volume of tissue accessed by the reactive wild type and double null
astrocytes, but the double null astrocytes had fewer thick, long processes, and those present
were more tortuous. Thus the overall length of processes is not altered in reactive double
null astrocytes in the dentate gyrus, but they are more irregular and less hypertrophic. Dye
filling data for reactive astrocytes singly null for GFAP would be of considerable interest.

Growth Rate

Although they did not find an effect of the GFAP null on process extension in their co-
culture experiments, Pekny et al. [12] did note that the growth rate of the null astrocytes was
almost twice that of wild type. This was not confirmed by Xu et al. [16], however. These
different results could possibly be due to the source of the astrocytes; Pekny et al. [12] used
whole brains of P1 or P2 pups, whereas Xu et al. [16] used cerebral cortices of PO pups; the
genetic background for both was mixed C57BL/6 and 129 SV. In vivo there is no evidence
for a growth rate difference--as noted above, several groups found equal numbers of
astrocytes in GFAP null and wild type mice, and GFAP null astrocytes were found to
proliferate to the same extent as wild type following a brain stab wound [11]. These data
illustrate the difficulty of extrapolating cell culture studies to the animal, and raise again the
possibility of regional differences in GFAP function.

Astrocyte-Neuronal Interactions and Adhesion

In addition to being used to study astrocyte process formation, co-culture of GFAP null
astrocytes and neurons has also been used to examine effects on neurons. When GFAP null
cortical astrocytes were co-cultured for 8 hours with DRG neurons isolated from E15 rat,
neurite extension was the same as in the presence of wild type astrocytes [16]. However,
when GFAP null cortical or spinal cord astrocytes were co-cultured instead for 7 days with

Neurosci Lett. Author manuscript; available in PMC 2015 April 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Brenner

Page 5

E14 mouse cortical neuroblasts, markedly increased neurite extension was observed [17,18].
This suggests that the source of neurons or duration of co-culture may be critical. Under the
latter conditions, the number of BllI-tubulin positive neurons in the co-cultures was found to
be about three times greater in the presence of GFAP null astrocytes than wild type [17].
This larger number of neurons was interpreted as due to greater neuronal survival, but could
instead have resulted from increased differentiation or propagation. A difference in
differentiation is suggested by a similar study in which the neural progenitors were
neurospheres isolated from 4 day old mouse forebrain rather than neuroblasts isolated at E14
[19]. Perhaps due to this different source of progenitors, the finding that GFAP null
astrocytes supported the presence of more Bl11-tubulin stained neurons than wild type
astrocytes was not replicated (neurite extension was not examined). However, when GFAP/
vimentin double null astrocytes were used for the co-cultures, an increase in neurons was
observed, and evidence was presented that this was caused by an increased rate of
differentiation rather than proliferation or survival. The cultured double null astrocytes were
found to be less active than the wild type in Notch signaling, an inhibitor of differentiation,
which could account for their supporting a greater maturation of neurons.

A comparison of cultured GFAP null and wild type astrocytes for the levels of two
extracellular matrix molecules that may regulate neurite extension and differentiation found
that the level of laminin, which is a strong promoter of neurite outgrowth, was increased in
the GFAP nulls, and that of chondroitin sulfate proteoglycan, which is inhibitory, was
modestly decreased [18]. Another study, however, found no difference for these two
extracellular matrix components between cultured wild type and GFAP null astrocytes [16].
This difference could be attributable to the astrocyte source, spinal cord for first report and
cerebral cortex for the second. A dependence on cell type is clearly illustrated by an earlier
finding that in mouse fibroblast L cells stably expressing GFAP laminin production was
actually increased [20]. An evaluation of the effect of the GFAP null on neurite regrowth in
vivo was performed using a spinal cord hemisection in GFAP null and GFAP/vimentin
double null mice [21]. The GFAP/vimentin double null showed extensive sprouting of
neurites from the uninjured side not seen in the wild type, and also behavioral improvement
in traversing a grid walkway, but neither of these benefits was conferred by the GFAP null
alone. In a different in vivo test of neurite extension, retinal cells isolated from wild type
mouse pups were injected into the subretinal space of adult wild type, GFAP null, and
GFAP/vimentin double null mice [22]. In the wild type eyes the injected retinal cells neither
migrated nor extended neurites, whereas in double null mice they did both extensively.
There was no neurite extension in the GFAP only null eyes and only limited migration,
which did not reach statistical significance compared to wild type.

In summary, the absence of GFAP supports improved production of neurons and neurite
extension under some conditions in culture. Since cultured neonatal astrocytes are believed
to mimic reactive astrocytes in some respects, these findings suggest that the upregulation of
GFAP that occurs in reactive gliosis may inhibit neurite growth and neuronal replenishment
independently of producing a scar as a physical barrier. However, such an effect of the
GFAP null was not observed in the few experiments performed in vivo. More extensive
testing of different injury models in different CNS regions is warranted for better
understanding of this potentially important injury-related role of GFAP.
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Vimentin Polymerization

Vimentin and nestin are abundantly present in astrocyte progenitors, but as astrocytes
mature, nestin becomes undetectable and vimentin is retained at lower levels in some cells
and disappears from others [1]. Then both are upregulated with GFAP as part of the reactive
response. Vimentin filaments are evident in astrocytes in the corpus callosum and
hippocampus of wild type mice, but were found absent in GFAP null mice [23]. In addition,
no vimentin filaments were found in the lateral funiculus of the cervical spinal cord of
GFAP null mice [7]. However, vimentin filaments were present in cultured GFAP null
astrocytes, or following a cortical stab wound [23]. These observations prompted the
conclusion that vimentin requires a partner for polymerization, which can be GFAP in
resting astrocytes and either GFAP or upregulated nestin in reactive ones. As apparent
exceptions to this rule, vimentin filaments have been observed in uninjured GFAP null mice
in the anterior column of the cervical spinal cord [9], in the spinal cord at T8 [24], in Muller
cells in the retina [6], in the optic nerve [8], and in cerebellar Bergmann glia [6,10,14].
These different findings are perhaps the best indication of regional differences in the role of
GFAP in astrocytes. Determining what these differences are will likely first require a better
general understanding of the factors that control intermediate filament polymerization.

Long Term Potentiation and Depression

Despite the ultrastructure of the hippocampus being the same between GFAP null and wild
type mice, McCall et al. [8] found that hippocampal long term potentiation was significantly
increased in the null. However, no learning or memory correlate of altered long term
potentiation has been reported; on the contrary, normal performance of the GFAP null was
observed in the Morris water maze, which is considered a hippocampal dependent learning
and memory task [7]. In examining the cerebellum, Shibuki et al. [14] found long term
depression to be much weaker in the mutant than the wild type. Mutant mice also had
impaired learning of a conditioned eye-blink response in which a tone was paired with a
periorbital shock. No structural basis for the decrease in long term depression and
conditioned learning was uncovered. At the light microscopic level, no difference was
observed in the morphology of cerebellar Purkinje cells or Bergmann glia, including their
processes, or in staining for vimentin, mGIuR1, calbindin-D, inositol 1,4,5-triphosphate
receptor type 1 or by Golgi impregnation. Electron microscopy found no difference in
synaptic densities, structures, or ensheathment of Purkinje cells by Bergmann glia, including
the spacing between glial processes and synapses between both climbing fibers and parallel
fibers with Purkinje cells, and through use of immunogold, no difference in the intracellular
localization of mGIuR1, a major player in cerebellar neurotransmission. However, contrary
to these negative structural data, Gimenez et al. [10] did find structural changes in the
cerebellum of their GFAP null mice as described above, including shorter and thinner
Bergmann glial processes and incomplete glial coverage of Purkinje dendrites. Other
electrophysiological measurements by Shibuki et al. [14] were also negative. There was no
difference in Purkinje cell excitatory postsynaptic potentials evoked by stimulating either
climbing fibers or parallel fibers, and also no difference in paired pulse facilitation and
depression, which are forms of short term plasticity. Normal Purkinje cell dendritic calcium
spikes were evoked by climbing fiber inputs, and there was the normal one-to-one
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relationship between climbing fibers and Purkinje cells. The deficiency in learning the
conditioned eye-blink response was not accompanied by abnormalities in other motor tasks
examined in the GFAP null mice, including analysis of gait, spontaneous activity, horizontal
and vertical movements, rotorod performance, rope climbing and running through an
elevated runway [14]. It is seductive to assume that the reduction in long term depression
underlies the deficit in learning the conditioned eye-blink response, but abolishing long term
depression has no effect on cerebellar motor tasks, including eyeblink conditioning [25].
Although they may thus not be causally linked, the results of Shibuki et al. [14] do indicate a
role for GFAP in both long term depression and motor memory.

These effects of the GFAP null on long term potentiation and depression prompted Hughes
et al. [26] to investigate whether the null mice differ in their glutamate transporters. They
found that both glutamate uptake and the levels of the astrocytic glutamate transporters
GLAST and GLT-1were decreased, unchanged or increased, depending on the brain region
examined (cerebral cortex, hippocampus and cerebellum). A functional interaction was
demonstrated in transfected COS7 cells, wherein the presence of GFAP increased D-
aspartate transport by about 20%. These observations indicate that GFAP does indeed affect
glutamate uptake, but as for process formation and vimentin polymerization, its effect is
dependent on CNS region. A physical basis for defective GLAST trafficking in the absence
of GFAP was provided by Sullivan et al. [27], who demonstrated an interaction between
GFAP and GLAST by co-immunoprecipitation from brain homogenates. No such
interactions were found for GLT-1 [27], but observations made by Li et al. [28] in GFAP/
vimentin double nulls suggest a similar mechanism may be in play. They observed that
although the total level of GLT-1 was similar between wild type and the double nulls,
GLT-1 mediated glutamate transport was reduced by half. Together, these data suggest that
GFAP facilitates extracellular glutamate clearance by participating in the trafficking or
anchoring of glutamate transporters. The decrease in GLT-1 and GLAST levels often
associated with injury [29] could possibly be due to sequestration of these transporters by
the elevated GFAP levels in reactive astrocytes, preventing their transport to the plasma
membrane.

Another way that astrocytes could affect synaptic physiology is through the provision of
glutamine to neurons for synthesis of glutamate and GABA.. Pekny et al. [30] found
intracellular glutamine levels in cultured GFAP null and GFAP/vimentin double null
astrocytes to be about 30% higher than in wild type astrocytes after 10 days in culture, and
about twice as high as wild type after 20 days. The cause of this increase was not
determined. As just noted, uptake of the glutamate substrate may actually be reduced in
astrocytes lacking GFAP; and in a subsequent paper no difference was found in glutamine
synthetase levels [15], although this does not rule out differences in activity of this highly
regulated enzyme. A possible difference in glutamine release has not been investigated, but
would be of considerable interest given the fundamental importance of the glutamate/
glutamine cycle to neurotransmission.
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Glial Scar Formation and Disease Response

The effect of absence of GFAP during a reactive response was examined following a needle
stab wound through the frontal cortex [7]. The injury response appeared identical for both
GFAP null and wild type mice, including formation of scar tissue and upregulation of
vimentin. In follow-up studies that also included a knife wound to the dorsal funiculus of the
spinal cord, no differences between wild type and GFAP null were observed for scar
formation, vimentin upregulation or astrocyte proliferation [11]. Thus despite GFAP being a
major constituent of the glia scar, a scar can effectively form in its absence. This is
presumably due to the upregulation of vimentin that occurs during reactive gliosis, as
evidenced by astrocytes lacking both GFAP and vimentin forming poorly developed glial
scars [11]. Identical reactive responses of the GFAP null and wild type were also found for
scrapie infection [6,31]. No differences were observed in vimentin upregulation, time of
onset, symptoms or scrapie propagation. The GFAP null used by Gomi et al. [6] had 8-
galactosidase embedded in the GFAP gene, and both its upregulation and that of vimentin
during Scrapie infection led these authors to conclude that “GFAP is not essential for the
induction of reactive astrocytosis.”

In Alzheimer’s disease, astrocytes surrounding -amyloid senile plaques are reactive and
form a glial scar that walls off the plaques. To determine if this process was affected by the
absence of GFAP, a -amyloid peptide was injected into the CA3 region of hippocampal
slices [16]. In a wild type slice, astrocytes extended processes parallel to the edges of the 3-
amyloid deposit that intertwined to form a distinct barrier, whereas the processes from
GFAP null astrocytes were not well organized and failed to form a barrier. Cell culture
studies also revealed a difference in adhesion properties between wild type and GFAP null
astrocytes induced by B-amyloid peptide; wild type astrocytes adhered more to each other
than to the B-amyloid peptide substrate, whereas the reverse was found for GFAP null
astrocytes. Studies of the effect of the GFAP null on mouse models of Alzheimer’s disease
would thus be of considerable interest.

Another disease with prominent glial scar formation is multiple sclerosis. Liedtke et al. [32]
used the experimental autoimmune encephalomyelitis model of multiple sclerosis to
determine if the myelination defects they observed in their GFAP null mice would result in a
poorer outcome in a demyelinating disease. The immunized wild type and null mice had
equal disease incidence, and equal scores for myelination, demyelination and immune cell
infiltration. However, the null mice had slightly worse clinical scores. Lesion borders were
poorly defined in the null, reminiscent of the findings noted above for $-amyloid deposits.
This prompted the authors to suggest that the increased severity of experimental
autoimmune encephalomyelitis in GFAP null mice was due to a defective glial scar
permitting greater inflammatory toxicity, despite their observation of no quantitative
difference in cellular inflammation. However, a marked increase in cellular inflammation
was observed in a study of the effect of the GFAP null on progression of acute cerebral
infection by Staphylococcus aureus and chronic infection by Toxoplasma [33]. For both
infections the clinical signs, tissue damage and time to recovery were greater for the GFAP
null than the wild type. This increased severity was attributed to poorer astrocyte process
extension and organization in inflammatory loci.
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In contrast to the greater susceptibility to inflammatory diseases in the absence of GFAP,
GFAP null mice were found more resistant than wild type to induced neurotoxicity in the
striatum [34]. Both lesion volume and loss of medium spiny neurons were reduced up to
several fold in the GFAP null compared to wild type following striatal injection of either the
mitochondrial poison 3-nitroproprionic acid or the excitotoxin quinolinic acid. This
protection was correlated with a higher level of GDNF in the GFAP KO compared to wild

type.

The above observations suggest that the contribution of GFAP to the injury response and
glial scar formation may be context-dependent: no effect of the GFAP null was found for
cutting injuries or scrapie; defective scar formation was found in mouse models of
Alzheimer’s disease, multiple sclerosis or infection; and protection against neurotoxicity
was provided in the striatum.

Physical Trauma

Ischemia

Reasoning that GFAP may serve a role similar to keratins in providing tensile strength,
Nawashiro et al. [35] compared wild type and GFAP null mice for the extent of traumatic
brain injury produced by a weight drop device. An impact force just below the threshold that
would produce serious injury in wild type mice resulted in acute death of most of the GFAP
null mice, and the few survivors had hind limb paralysis. Histological examination revealed
no difference in the injuries at the site of impact at the skull vertex, but found rupture of the
veins exiting the upper cervical spinal cord of the null mice. Apparently the heads of the
mice, cushioned on a foam support, underwent rapid displacement on impact, resulting in a
shearing force in the neck similar to that occurring in shaken baby syndrome. When the
heads of the mice were instead placed on a solid support, the GFAP null mice survived as
well as the wild type. One interpretation of these results is that GFAP provides structural
integrity to the vasculature through their enveloping endfeet.

The suggestion that astrocyte endfeet are structurally important is supported by studies in the
eye that found fragility of the retina to shearing forces in GFAP/vimentin double null mice
that was attributed to the absence of intermediate filaments in the Mller cell endfeet
[36,37]. Although no difference was found for the GFAP null alone in these studies, they
support a critical structural role for astrocytic endfeet, and raise the possibility that in other
CNS regions loss of GFAP alone might compromise this role. For example, as noted above,
ultrastructural studies of the cerebellum of GFAP null mice by Gimenez et al. [10] found
Bergmann glial processes to incompletely cover the vasculature, and their endfeet to adhere
less tightly to the pial surface. Astrocytic endfeet could contribute directly to vascular
integrity as a structural element, or indirectly through its influence on other structural
elements. A striking example of the latter is the finding that astrocytic laminins are required
for differentiation and maintenance of vascular smooth muscle cells, and suppression of
production of these laminins results in spontaneous intracerebral hemorrhagic stroke [38].

A different vascular role, regulation of blood flow, has been suggested for GFAP as a result
of findings in a stroke model. Li et al. [28] observed about a 2-fold increase in infarct size in
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GFAP/vimentin double null mice compared to wild type following permanent occlusion of
the left middle cerebral artery, but no difference was observed for the GFAP single null.
However, when the permanent middle cerebral artery occlusion was immediately followed
by 15 minutes of transient carotid artery occlusion in GFAP null mice, Nawashiro et al. [39]
found that within two minutes of onset of the transient carotid artery occlusion blood flow in
the infarcted area was reduced to a greater extent in GFAP null mice than in wild type.
Furthermore, the infarct volume measured at 48 hours was greater in GFAP null mice. This
laboratory also found that transient carotid artery occlusion alone resulted in lower local
cerebral blood flow in the GFAP null mice compared to wild type and higher intracranial
pressure during reperfusion [40]. Astrocytic swelling was suggested as a possible
explanation for these effects. Astrocytes are known to swell as a result of ischemia [41,42],
and astrocytes lacking both GFAP and vimentin release less of the osmolyte taurine than
wild type astrocytes, suggesting a defect in regulatory volume decrease [43]. However, the
earliest time point in the studies showing astrocytic swelling following ischemia was 30
minutes, so it is not known if swelling occurs within the two minutes that Nawashiro et al.
[40] detected reduced blood flow. Also, the impaired taurine release was seen in cultured
astrocytes only if they lacked both GFAP and vimentin, but not if they lacked either alone.
Most importantly, extracellular space has been inferred to be greater in GFAP null than wild
type CNS following hypotonic stress, indicating that the null astrocytes swell less rather
than more than the wild type [44], and thus suggesting that the decreased taurine release
from GFAP/vimentin double null astrocytes reflects a reduced extent of swelling rather than
a compromised ability to respond to it.

A different explanation for the greater reduction in blood flow in GFAP null mice following
carotid artery occlusion draws on the observation described above that GFAP null mice are
hypersensitive to vascular shear. Both these phenomena could be due to an altered
association of astrocytic endfeet with the vasculature, such that both structural support and
astrocytic signaling are defective. This suggestion is consistent with increased calcium in
astrocytic endfeet being critical for astrocyte-vascular signaling (reviewed in [45]), and with
the previously mentioned possibility that in at least some CNS regions both the number and
diameter of astrocytic processes are reduced in GFAP null mice. Another indication of an
altered interaction between GFAP null astrocytes and the vasculature is their reduced ability
to induce formation of a permeability barrier in a cell culture model of the blood-brain
barrier [46]. More detailed ultrastructural comparisons of astrocyte endfeet in wild type and
GFAP null mice, as well as the strength of their attachment to the vascular and response to
injury would be of interest.

Concluding Comments

Roles now attributed to GFAP in the CNS include suppressing neuronal proliferation and
neurite extension in the mature brain, forming a physical barrier to isolate damaged tissue,
participating in cerebellar motor learning, regulating blood flow following ischemia,
contributing to the blood-brain barrier, supporting myelination, and providing mechanical
strength. Findings for many of these functions, however, have been inconsistent among
laboratories. Rather than being viewed as casting a shadow, these differences may be
signaling that there is a richness and complexity in GFAP functionality that is yet to be
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discovered. In several instances, such as vimentin polymerization and glutamate transport,
regional differences in the role of GFAP are clearly evident, whereas in others this is
suggested by comparisons of the protocols used. Astrocyte heterogeneity is well known
(e.g., see [47]), but perhaps underappreciated when designing experiments and drawing
conclusions from their results. Our own work has revealed unexpected regional differences
in the use of regulatory elements that control GFAP transcription [48], suggesting regional
differences in GFAP activities. However, for other discrepant findings the same CNS region
was studied, indicating existence of other unrecognized variables. It is thus likely that
continued pursuit of the role of GFAP in CNS injury will reveal far more than anticipated
about the intricacies of the nervous system.
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