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The Rho kinase inhibitor
Fasudil up-regulates
astrocytic glutamate
transport subsequent to
actin remodelling in murine
cultured astrocytes
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BACKGROUND AND PURPOSE
Glutamate transporters play a major role in maintaining brain homeostasis and the astrocytic transporters, EAAT1 and
EAAT2, are functionally dominant. Astrocytic excitatory amino acid transporters (EAATs) play important roles in various
neuropathologies wherein astrocytes undergo cytoskeletal changes. Astrocytic plasticity is well documented, but the interface
between EAAT function, actin and the astrocytic cytoskeleton is poorly understood. Because Rho kinase (ROCK) is a
key determinant of actin polymerization, we investigated the effects of ROCK inhibitors on EAAT activity and
astrocytic morphology.

EXPERIMENTAL APPROACH
The functional activity of glutamate transport was determined in murine cultured astrocytes after exposure to the ROCK
inhibitors Fasudil (HA-1077) and Y27632 using biochemical, molecular and morphological approaches. Cytochemical analyses
assessed changes in astrocytic morphology, F-/G-actin, and localizations of EAAT1/2.

RESULTS
Fasudil and Y27632 increased [3H]-D-aspartate (D-Asp) uptake into astrocytes, and the action of Fasudil was time-dependent
and concentration-related. The rapid stellation of astrocytes (glial fibrillary acidic protein immunocytochemistry) induced by
Fasudil was accompanied by reduced phalloidin staining of F-actin and increased Vmax for [3H]-D-Asp uptake. Immunoblotting
after biotinylation demonstrated that Fasudil increased the expression of EAAT1 and EAAT2 on the cell surface.
Immunocytochemistry indicated that Fasudil induced prominent labelling of astrocytic processes by EAAT1/2.

CONCLUSION AND IMPLICATIONS
These data show for the first time that ROCK plays a major role in determining the cell surface expression of EAAT1/2,
providing new evidence for an association between transporter function and astrocytic phenotype. ROCK inhibitors, via the
actin cytoskeleton, effect a consequent elevation of glutamate transporter function – this activity profile may contribute to
their beneficial actions in neuropathologies.

Abbreviations
CNS, central nervous system; DNaseI, deoxyribonuclease I; EAAT2 (GLT1) glutamate transporter 1; EAATs, excitatory
amino acid transporters; GFAP, glial fibrillary acidic protein; GLAST, glutamate-aspartate transporter; Glu, L-glutamate;
MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide; NDS, normal donkey serum; NGS, normal goat
serum; ROCK, Rho associated coiled-coil containing kinase; Y27632, (R)-(+)-trans-N-(4-pyridyl)-4-(1-aminoethyl)-
cyclohexane-carboxamide dihydrochloride
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Introduction
Active transport via sodium-dependent excitatory amino acid
transporters (EAATs) is the primary mechanism maintaining
homeostasis of extracellular L-glutamate (Glu), thereby pre-
venting cell death due to excitotoxicity. EAAT1 [human
equivalent glutamate-aspartate transporter (GLAST)] and
EAAT2 [glutamate transporter 1 (GLT1)] in glial cells, particu-
larly astrocytes, are responsible for the bulk of Glu uptake in
the central nervous system (CNS) (Danbolt, 2001; Beart and
O’Shea, 2007). Various manipulations of EAATs are beneficial
under pathological conditions where EAAT function is
impaired (Beart and O’Shea, 2007; Sheldon and Robinson,
2007). Mechanisms modulating the abundance and function
of astrocytic EAATs are not well understood, yet a number of
experimental treatments directed at cell surface and intracel-
lular mechanisms that result in phenotypic changes resem-
bling astrocytic activation have been shown to increase the
activity or abundance of EAATs (Danbolt, 2001; Beart and
O’Shea, 2007; Sheldon and Robinson, 2007). Astrocytes, well
recognized as extremely plastic cells, play key roles in main-
taining brain function via energetics, antioxidant activity,
trophic factor synthesis, neurovascular coupling and Glu
homeostasis (Ridet et al., 1997; Maragakis and Rothstein,
2006). Transport of Glu into astrocytes is another of their
functions with EAAT2 (~1% of proteome) considered an
astrocyte-specific protein like the cytoskeletal marker glial
fibrillary acidic protein (GFAP) (Cahoy et al., 2008) – addi-
tionally both proteins co-localize and GFAP modulates EAAT
function (Hughes et al., 2004; Zhou and Sutherland, 2004;
Shobha et al., 2007). Indeed, GFAP expression increases in
astrocytes when they become reactive (termed ‘astrogliosis’)
(Ridet et al., 1997; Maragakis and Rothstein, 2006) with
probable alterations in EAAT biology, as we have shown an
interdependence between astrocytic phenotype and EAAT
function that involves altered transporter activity and/or
localization (O’Shea et al., 2006; Zagami et al., 2009; Lau
et al., 2010). Astrogliosis is now documented to be a graded
event with both pro-survival and destructive components
(Sofroniew and Vinters, 2010), and it is apparent that main-
tenance of EAAT function during brain perturbation (i.e. drug
treatment, trauma or neurodegeneration) when astrogliosis
occurs is of fundamental importance.

Actin is central to morphological changes of cells and
exists in two forms: a filamentous polymer called F-actin and
a globular monomer, known as G-actin. F-actin represents the
polymerized form of actin, displaying stress fibres and focal
adhesions, while G-actin is the depolymerized form of actin,
recognizable by disappearance of these stress fibres and focal
adhesions. In astrocytes, like all cells, the actin cytoskeleton is
known to be regulated tightly by a family of small G-proteins
called Rho GTPases (Rho, Rac, Cdc42) (Hall, 1998; Luo, 2002),
which have been linked to distinct sets of actin-rich struc-
tures regulating dynamic surface protrusions, such as lamel-
lipodia and filopodia, fundamental determinants of motility
and migratory potential (Le Clainche and Carlier, 2008;
Mattila and Lappalainen, 2008). Astrocytic morphology
thereby is affected by the regulation of Rho-GTPases through
their involvement in actin dynamics, by influencing the
existing equilibrium between G-actin and F-actin. The three
best-characterized Rho-GTPases are RhoA, Rac and Cdc42,

which regulate the depolymerization/polymerization of actin
via downstream, interactive signalling cascades (Etienne-
Manneville and Hall, 2002; Luo, 2002; Raftopoulou and Hall,
2004). Active RhoA increases the stability of F-actin and acts
via Rho associated coiled-coil containing kinase (ROCK) – not
only is the ROCK/Rho system an important regulator via the
actin cytoskeleton of cellular migration, but it also has deter-
minant roles in cellular proliferation and survival (Riento and
Ridley, 2003). Inhibitors of ROCK have shown potential as
drugs that provide benefit for the management of various
neurological disorders, including multiple sclerosis, spinal
and hypoxic/ischaemic injury (Mueller et al., 2005; 2009),
probably by the inhibition of inflammatory events related to
glial scarring (Mueller et al., 2005; Ding et al., 2010; Yu
et al., 2010). Glial scar formation is part of the spectrum of
adaptive changes in reactive astrogliosis and represents a
physical barrier to regenerative events that follow a focal
brain injury – in this milieu astrocytes becoming hyper-
trophic and proliferate (Sofroniew and Vinters, 2010).

Studies have shown that astrocytic process formation is
accompanied by a shift from F-actin to G-actin; that is depo-
lymerization of actin filaments (Goldman and Chiu, 1984;
Goldman and Abramson, 1990; Baorto et al., 1992). Astro-
cytic morphology can be altered by molecules acting on the
actin cytoskeletal signalling pathways, and EAAT expression
and activity changes are often associated with altered astro-
cytic morphology. Such changes have been well documented
for dibutyryl cAMP (Schlag et al., 1998) and by extensive
work in our own laboratory (O’Shea et al., 2006; Zagami et al.,
2009; Lau et al., 2010). Major cellular mechanisms considered
to be important in the rearrangement of the actin cytoskel-
eton include cAMP, intracellular calcium and small Rho-
GTPases (Kuhn et al., 2000). Of particular interest here is the
recent description by Abe and Misawa (2003) of Rho kinase
inhibitors producing rapid stellation of astrocytes. Thus, in
the current study we sought to determine how the inhibition
of ROCK activity affects the relationship between EAAT activ-
ity and astrocytic morphology. Using primary astrocytes in
culture we describe for the first time that ROCK inhibition via
the actin cytoskeleton produces rapid stellation with
increased cell surface expression of EAATs and elevated trans-
porter activity – a profile of activity that may contribute to
beneficial actions of ROCK inhibitors in neuropathologies
(Mueller et al., 2009). Preliminary accounts of this work have
been presented (Lau et al., 2008; O’Shea et al., 2009).

Methods

The investigation received appropriate institutional ethical
approval and was undertaken according to the guidelines of
the National Health and Medical Research Council (Austra-
lia). The nomenclature used here for Glu transporters con-
forms to the BJP Guide for Receptors and Channels
(Alexander et al., 2009).

Cell culture
The establishment of astrocytic cultures from the brains of
C57BL/6 mice (post-natal day 1.5) was performed as
described previously (O’Shea et al., 2006). Briefly, forebrains
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were dissected in ice-cold solution (Hanks balanced salt salu-
tion: 137 mM NaCl, 5.37 mM KCl, 4.1 mM NaHCO3,
0.44 mM KH2PO4, 0.13 mM Na2HPO4, 10 mM HEPES, 1 mM
sodium pyruvate, 13 mM D(+)glucose, 0.01 g·L-1 phenol red),
containing 3 mg·mL-1 BSA and 1.2 mM MgSO4, pH 7.4). Cells
were chemically and mechanically dissociated, centrifuged,
and the pellet resuspended in astrocytic medium [AM:
DMEM, Dulbecco’s modified eagle medium, 10% FBS,
100 U·mL-1 penicillin/streptomycin, 0.25% (v·v-1) Fungi-
zone], preheated to 36.5°C at a volume of 5 mL per brain and
plated at 10 mL per 75 cm2 flask. Cells were maintained in a
humidified incubator supplied with 5% CO2 at 36.5°C and
complete medium changes were carried out twice weekly.
When a confluent layer had formed (10 Division), the cells
were shaken overnight (180 r.p.m.) and rinsed in fresh
medium to remove non-astrocytic cells. Astrocytes were sub-
sequently detached using 5 mM EDTA (10 min at 37°C) and
plated into 24-well plates or onto coverslips at 1 ¥ 104

cells·cm-2, and incubated in a humidified atmosphere at
36.5°C with 5% CO2 overnight. A full medium change was
performed to remove non-adherent cells and medium was
subsequently changed every 3–4 days thereafter until cells
were ready for use.

Cytochemistry and confocal microscopy
The procedures used have been described previously (O’Shea
et al., 2006; Lau et al., 2010). Astrocytes on coverslips were
washed with phosphate buffered saline (PBS: 137 mM NaCl,
0.5 M Na2HPO4, 0.5 M NaH2PO4, pH 7.4) and fixed in 4%
paraformaldehyde in PBS for 10 min, followed by three
washes with Tris buffered saline (TBS: 50 mM Tris–HCl, 1.5%
NaCl, pH 7.6). Non-specific binding was blocked with 10%
normal goat serum/normal donkey serum (NGS/NDS) in TBS
containing 0.3% Triton X-100. Following three further
washes, astrocytes were incubated with primary antibodies
{[EAAT1: GLAST anti-A522 (ID: Ab 141), 1:1500; EAAT2: GLT1
anti-B12 (ID: Ab 150), (1:1500) (Danbolt et al., 1998)]; GFAP
1:3000} at 4°C overnight on a rocker. Astrocytes were then
washed and incubated with secondary antibodies (Alexa
Fluor 488 for GFAP, Alexa Fluor 647 for EAATs) and
rhodamine-conjugated phalloidin (1:3333) for 3 h at room
temperature. Astrocytes were then washed with TBS and
observed using an Olympus FV1000 confocal microscope
using a 100¥ oil immersion objective lens. Nuclear staining:
Hoechst 33 342 (1:500) was included in the incubation with
secondary antibodies, diluted in 2% (v·v-1) NGS or/and NDS
in PBS containing 0.3% (v·v-1) Triton X-100, and incubated
for 3 h at room temperature. Labelling of F-/G-actin concur-
rently was essentially as described with the following modi-
fications: after the initial wash, astrocytes were incubated for
1 min in stabilizing solution [10 mM Tris + 0.15 M NaCl,
0.01% Triton X-100, 2 mM MgCl2, 0.2 mM DTT, 10% glycerol
(v·v-1)] at 4°C. After fixation, cells were permeabilized with
0.5% Triton X-100 in PBS for 5 min followed by 15 min
incubation with blocking solution (2% BSA, 0.1% Triton
X-100 in PBS). Cells were again washed with PBS twice.
Staining for F-actin and G-actin was carried out using
rhodamine-conjugated phalloidin (1:3333) and Alexa Fluor
488-conjugated deoxyribonuclease I (DNAseI, 1:250), respec-
tively, in blocking solution for 30 min in the dark.

Image analysis
Analysis of staining for F-Actin and G-actin was performed
using ImageJ software (obtained from the NIH web site:
http://rsb.info.nih.gov/ij). Images were converted to gray-
scale and the area above threshold was determined for each
marker. The same threshold brightness level was used for all
images stained for the same marker. Sixteen images per
group, spread across two independent experiments, were
analysed using Student’s t-test.

Advanced analysis of astrocytic morphology was per-
formed using an updated version of CSIRO’s HCA-Vision
software (Vallotton et al., 2007) adapted for cultured astro-
cytes. In order to make measurements on a per-cell basis, a
surrogate for cell extent was used, because cells overlap and
immunocytochemistry for GFAP does not label fine pro-
cesses. We used a surrogate for cell extent commonly used in
high throughput screening, that is, a doughnut or ring
around the nucleus (labelled with Hoechst 33 342). If cells are
closely packed, the pseudo-cellular regions from neighbour-
ing nuclei deform to the mid-point between the two nuclei.
This gives rise to pseudo-cellular regions approximating the
actual cell shape. Within these pseudo-cellular regions, linear
structures of GFAP were then identified using a sophisticated
linear feature detector (Sun and Vallotton, 2009), capable of
detecting lines that vary in both brightness and width even in
the presence of noise and varying background brightness.
These linear structures were then quantified by their line
density and line angle variance. Line density is the propor-
tion of each pseudo-cellular region covered by lines, while
line angle variance is the variance of the orientation angles of
these lines within the pseudo-cellular region. For a circular
variable like the orientation angle of a line, the angle variance
is defined as follows. Let Ai be the angle relative to the hori-
zontal for lines numbered i = 1, 2, . . . , N, where Ai lies
between -90° and +90°. Angle variance = 1 - ✓(Ssin(2*p*Ai/
180)2 + Scos(2*p*Ai/180)2)/N. Statistical significance was
determined using Student’s t-test.

Quantification of cellular viability and death
Cellular viability was assessed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; an index of mitochondrial function) reduction assay
(Cheung et al., 1998). After treatment, MTT was added to
the wells give a final concentration of 0.5 mg·mL-1, incu-
bated with the cells at 36.5°C with 5% CO2 for 30 min.
Media were aspirated and 300 mL of dimethyl sulphoxide
was added into each well to dissolve the formazan product.
The absorbance was subsequently measured at 570 nm
using a Bio-Rad Benchmark Plus microplate spectrophom-
eter. Lactate dehydrogenase assay was carried out using a
commercially available kit (Roche). Medium (50 mL) was col-
lected from each well and placed in a 96-well plate. The
samples were incubated with the reaction mixture (Cytotox-
icity Detection Kit from Roche, Sydney, Australia) according
to the manufacturer’s protocol and left in the dark for
30 min. The absorbance of the sample mixture was deter-
mined at 490 nm using a Bio-Rad Benchmark Plus micro-
plate spectrophometer. Data were subjected to two-tailed,
unpaired t-test using GraphPad Prism v.4.0 (GraphPad, San
Diego, CA, USA).
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[3H]-D-aspartate uptake
Excitatory amino acid transporter activity was determined
using [3H]-D-aspartate ([3H]-D-Asp) uptake (Aprico et al.,
2004). Cells were pre-incubated at 37°C for 5 min and then
incubated with [3H]-D-Asp (50 nM, 5 min) with or without
unlabelled D-Asp (0.1 mM–1 mM) or with 1 mM Glu (non-
specific uptake) in uptake buffer (135 mM NaCl, 5 mM KCl,
0.6 mM MgSO4, 1 mM CaCl2, 6 mM D-glucose, 10 mM
HEPES, pH 7.5). Uptake was terminated by washing at 4°C,
and accumulated radioactivity determined by scintillation
spectrometry (O’Shea et al., 2006). Analysis of data from
studies of [3H]-D-Asp uptake was performed using GraphPad
Prism v.4.0 (GraphPad, San Diego, CA, USA), as described in
Results.

Biotinylation of cell surface proteins and
Western blot analysis
This protocol was performed as described previously (O’Shea
et al., 2006; Lau et al., 2010). Samples were pooled from six
wells (n = 6 replicates), where total cell protein concentration
was determined with the Bio-Rad Dc Assay Kit (Sydney, Aus-
tralia) according to the manufacturer’s specifications. Stan-
dard Western blot protocols were carried out with equal
volumes of three fractions were loaded onto gels and mem-
branes were incubated with primary antibodies [GLAST anti-
A522, 1:15 000 (Danbolt et al., 1998); GLT1 1:10 000
(Williams et al., 2005)] overnight at 4°C. Following washing,
membranes were incubated with horseradish-peroxidase-
conjugated secondary antibodies (goat anti-rabbit IgG,
1:1000 or goat anti-mouse IgG, 1:1000) for 3 h at room tem-
perature. Proteins were then visualized using enhanced
chemiluminescence. As a control for protein loading, blots
were subsequently probed for b-actin (primary antibody
1:10 000) using the same procedures. Densitometric analysis
of Western blots was performed using ImageJ software
(http://rsb.info.nih.gov.ij/ National Institutes of Health,
Bethesda, MD, USA) to measure the area and density of pro-
teins bands after subtracting the background of the autorad-
iographic film (Cimarosti et al., 2005). Because EAATs are
believed to function as trimers (Yernool et al., 2004) and
might be broken down to monomers and dimers during pro-
cessing of protein samples, densitometric analyses deter-
mined the combined optical density of all three molecular
species. Data were subjected to two-tailed, unpaired t-test
using GraphPad Prism v.4.0 (GraphPad, San Diego, CA, USA).

Data analysis
Details of statistical analyses are given above. All values are
mean � SEM and are from replicate observations (typically
3–6) from each of multiple independent experiments. Mor-
phological observations employing confocal microscopy are
from replicate culture wells with at least six photomicro-
graphs per treatment from two or more independent
experiments.

Drugs, chemical reagents and other materials
Hanks balanced salt salution, FBS, DMEM, Fungizone and
penicillin/streptomycin were obtained from Gibco Invitrogen
Corporation (Melbourne, Australia). Cells were grown in
NUNC (Copenhagen, Denmark) culture flasks and Costar

(Roskilde, Denmark) plates. Rhodamine–phalloidin, mouse
anti-b-actin primary antibody and other chemicals not speci-
fied were obtained from Sigma-Aldrich (Sydney, Australia).
Complete protease inhibitor cocktail tablets and Lumilight
fluorescence solution were obtained from Roche Diagnostics
(Castle Hill, Australia). EZ-linkTM Sulfo-NHS-Biotin and
ImmunoPure Immobilized Avidin were from Pierce (Progen
Biosciences, Queensland, Australia). [3H]-D-Asp and Packard
Microscint PS scintillant were obtained from Perkin-Elmer
Life Sciences Inc. (Boston, USA). Alexa Fluor 488-conjugated
DNaseI and Alexa Fluor secondary antibodies were purchased
from Molecular Probes (Melbourne, Australia). Fasudil,
Y27632, NDS, NGS and mouse anti-GFAP antibody were
obtained from Chemicon (Melbourne, Australia).

Results

Fasudil alters the organization of the actin
cytoskeleton and GFAP, causing changes in
astrocytic morphology
Under control conditions, murine astrocytes in culture grew
as flattened, polygonal cells, most of which were GFAP-
positive. Astrocytic cultures were treated with Fasudil at the
concentration previously employed by Abe and Misawa
(100 mM; Abe and Misawa, 2003). As visualized by phase
contrast microscopy, treatment with Fasudil caused a dra-
matic change in astrocytic morphology, from a flattened
polygonal shape to a stellate shape with spindly, elaborate
processes within 24 h (Figure 1). This change occurred by
retraction of cytoplasm, and became apparent within 30 min.
Immunocytochemical staining for the astrocytic intermedi-
ate filament protein GFAP further demonstrated this change.
The GFAP immunoreactivity was changed from a diffuse,
cobblestone morphology (a typical epithelial cell-like appear-
ance) around the nucleus to an elaborate, process-bearing
morphology with condensed GFAP-positive fibrils. The effects
of Fasudil on the actin-based cytoskeleton were examined by
staining astrocytes with a high-affinity probe for F-actin,
rhodamine-conjugated phalloidin. Control astrocytes dis-
played prominent well-organized actin fibres with densely
packed stress fibres. In contrast, treatment with Fasudil
caused dissipation of actin stress fibres, a change that was
observed as early as 15 min following treatment (Figure 1)
and there was subsequent thickening of the cytoplasmic ring
as shown by the pattern of phalloidin labelling. In addition,
the labelling of F-actin appeared to decrease in a time-
dependent manner following treatment with Fasudil.

Treatment with Fasudil (100 mM, 24 h) did not result in
changes in astrocytic viability: significant changes were not
observed in assays for cell death (lactate dehydrogenase
assay) or cellular viability (MTT assay; data not shown).

More detailed analyses of the effects of Fasudil on the
actin cytoskeleton were undertaken using fluorescent label-
ling of both F- and G-actin, using rhodamine-phalloidin and
Alexa Fluor 488-conjugated DNaseI respectively (Figure 2).
Image analysis revealed that Fasudil (100 mM, 24 h) decreased
the abundance of F-actin (area above threshold decreased to
24 � 5% of control) while increasing the labelling of G-actin
(area above threshold increased to 480 � 180% of control;
both P < 0.05).
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Figure 1
Time course of effects of Fasudil on astrocytic morphology and F-actin organization. Primary cultures of mouse astrocytes were treated with Fasudil
(100 mM) and examined at various times using phase contrast microscopy (left column), GFAP immunocytochemistry (green) or labelling of
F-actin with rhodamine-phalloidin (red). Scale bar = 50 mm.
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In order to study the changes in astrocytic morphology,
the distribution of GFAP was analysed in images from con-
focal microscopy using more advanced algorithms. These
analyses revealed significant changes in the arrangement
of GFAP following treatment with Fasudil (Figure 3). Line
angle variance (statistical mean for variance of the angles of
‘lines’ of GFAP staining within individual pseudo-cellular
regions) was significantly reduced by Fasudil (to 81 � 4% of
control, P < 0.05), indicating a more aligned linear
phenotype following treatment. In addition, the density of
these lines within pseudo-cellular regions was also
decreased (to 44 � 5% of control, P < 0.05), demons-
trating the decrease in the cellular area labelled by GFAP
immunocytochemistry.

ROCK inhibitors up-regulate specific
[3H]-D-aspartate uptake
To examine the specificity of the effects of Fasudil, primary
astrocytic cultures were treated with Fasudil (100 mM) or
another ROCK inhibitor Y-27632 (30 mM, 24 h). As demon-
strated by labelling of F-actin (Figure 4), both compounds
had similar effects on the astrocytic cytoskeleton, as described
above. In addition, both ROCK inhibitors significantly
increased the uptake of 3H]-D-Asp (Fasudil by 18 � 4% and
Y-27632 by 16 � 3%; both P < 0.05).

The concentration dependence of the effects of Fasudil on
[3H]-D-Asp uptake was examined employing a range of
concentrations (1–100 mM) for 24 h. Results revealed a
concentration-dependent increase in [3H]-D-Asp uptake, with
a significant increase in uptake following treatment with
100 mM of Fasudil (142 � 11% of control, P < 0.05; Figure 5A).
The time-dependence of the effect of Fasudil on EAAT activity
(1–72 h) was also investigated (Figure 5B), and a significant
increase was observed at 24 h (144 � 4% of control, P < 0.01),

with further increases at 48 h (154 � 5% of control, P < 0.01)
and 72 h (187 � 4% of control, P < 0.01).

To examine how Fasudil affected EAAT activity, kinetic
parameters of uptake (Vmax and KD) were determined by
experiments examining the saturation analysis of [3H]-D-Asp
uptake (Figure 5C). Fasudil treatment produced an increase in
Vmax (control: 46 � 5.4 pmol·mg-1·min-1; Fasudil: 71 �

11 pmol·mg-1·min-1; P < 0.05) without significant change in
KD [control: 68 (95% confidence interval 56–84) mM; Fasudil:
82 (63–110) mM, P > 0.05].

Cellular localization of EAAT1/2 by
biotinylation and Western blotting
Western blotting for EAAT1 and EAAT2 in cultured mouse
astrocytes revealed the presence of EAAT immunoreactivity
in the biotinylated fraction (i.e. cell surface) as well as the
cystolic fraction. While EAATs exist as functional trimers
(Yernool et al., 2004) the disruptive nature of the procedures
employed in biotinylation and cell lysis results in a complex
mix of mono-, di- and trimeric species (Figure 6; cf. O’Shea
et al., 2006) Following treatment with Fasudil (100 mM,
24 h), EAAT2 immunoreactivity was significantly increased
in all fractions (Figure 6). While increases in cell surface
expression of EAAT2 were in the order of ~60%, greater
increases were observed in cytosolic and total cellular frac-
tions. In contrast to EAAT2, significant changes were not
observed in either the total cellular EAAT1 or cytosolic com-
partments, yet significant increases (~50%) were observed in
the cell surface fraction (Figure 7). These changes could not
be directly compared with cytosolic or total EAAT1 expres-
sion as samples from different fractions were processed
independently. Western blotting for GFAP was also exam-
ined, and showed no changes following treatment (data not
shown).

Figure 2
Effects of Fasudil on expression of F-actin and G-actin. Primary cultures of mouse astrocytes were treated with Fasudil (100 mM, 24 h), stained to
identify F-actin (rhodamine-phalloidin; red) or G-actin (Alexa Fluor 488-conjugated DNaseI; green). Scale bar = 50 mm. Graphs demonstrate image
analysis of area above threshold for F-actin and G-actin. *Significantly different from control, P < 0.05, Student’s t-test. Data represent mean �

SEM (n = 16).
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GFAP, actin fibres and EAAT redistribution
in astrocytes
Immunocytochemistry with confocal microscopy was used to
investigate changes in cellular phenotype and the distribu-
tion of EAAT expression in murine cultured astrocytes,
in concert with fluorescent labelling with rhodamine-
conjugated phalloidin to detect F-actin (Figure 8). Stellation
of astrocytes, demonstrated by GFAP was accompanied by a
redistribution of EAAT2, where staining became more promi-
nent, particularly at the margins (i.e. cell surface) of astro-
cytes. By comparison with EAAT2, the abundance of EAAT1
did not appear to increase in response to Fasudil treatment,
although there was a net redistribution of EAAT1 resulting in
a ~50% increase at the cell surface. The redistribution of
EAAT1 resulted in some clustering of immunoreactivity (see
Figure 8).

Discussion

The majority of synapses in the CNS are in close apposition
with astrocytes, and astrocytic EAATs are responsible for the
bulk of Glu transport in the CNS. Numerous in vitro and in
vivo studies have demonstrated that transgenic ablation, anti-
sense down-regulation or pharmacological inhibition of
astrocytic EAATs result in increased extracellular Glu and
neuronal death (reviewed in Danbolt, 2001; Beart and
O’Shea, 2007; Sheldon and Robinson, 2007). Additionally, a
body of evidence suggests impaired Glu transport results in
alterations to Glu metabolism or astrocytic function contrib-
uting to neuronal damage (Rae et al., 2000; Had-Aissouni
et al., 2002; Re et al., 2003). Conversely, elevation of astro-
cytic EAAT activity is neuroprotective in pathological models
involving excitotoxicity (Beart and O’Shea, 2007; Sheldon
and Robinson, 2007). Given that EAAT activity contributes to
the determinant role of astrocytes in regulating synaptic
function and the growing evidence for an interdependency
between astrocytic phenotype and EAAT function (see Intro-
duction), we speculated that there might be a yet undeter-
mined role for the ROCK/Rho system in this multifaceted
relationship. We confirmed the observations of Abe and
Misawa (2003) of stellation of cultured astrocytes after Rho
kinase inhibition by employing Fasudil and Y-27632.
However, the key findings of the present study were that

Figure 3
Morphological changes in astrocytes following treatment with
Fasudil. Following treatment of mouse astrocytes with Fasudil
(100 mM, 24 h), images of GFAP immunocytochemistry were sub-
jected to advanced image analyses. (A) Original image showing
staining of nuclei (blue) and GFAP (green). (B) Nuclei identified by
the software and colour-coded. (C) Software-defined pseudo-cellular
regions, colour-coded as per nuclei. (D) ‘Lines’ representing GFAP
fibres, colour-coded as per nuclei. (E) Effects of Fasudil on cellular line
angle variance for GFAP lines. (F) Effects of Fasudil on cellular line
density for GFAP lines. *Significantly different from control, P < 0.05,
Student’s t-test. Data are from at least 43 images per condition across
multiple independent cultures.

Figure 4
Effects of Rho kinase inhibition on astrocytic morphology and uptake of [3H]-D-aspartate mouse astrocytes. Treatment for 24 h with Fasudil
(100 mM) or Y27632 (30 mM) produced similar changes in the pattern of GFAP expression. Scale bar = 50 mm. Both treatments significantly
increased specific [3H]-D-aspartate uptake: one-way ANOVA revealed a significant effect of treatment F[2,21] = 45.66, P < 0.01. *Significantly
different from control, P < 0.05, Dunnett’s multiple comparison post hoc test. Data represent mean � SEM (n = 3–6).
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Fasudil induced a shift in the F-/G-actin ratio towards a pre-
dominance of monomeric G-actin, indicating that actin was
central to the cytoskeletal changes, and that there was an
appreciable up-regulation of both Glu transport and the cell
surface expression of EAAT1 and EAAT2. Because ROCK
inhibitors have emerged as neuro-regenerative drug candi-

dates, possibly by their actions to reduce glial scarring
(Mueller et al., 2009), our finding of their capacity to elevate
Glu transport reveals an additional beneficial action likely to
contribute to their therapeutic benefits in brain injury.

There is a considerable literature that astrocytes are
extremely plastic cells that exhibit various biochemical and
morphological changes in response to changes in their milieu
induced by both physiological and pathological events. Such
changes appear to occur across a broad continuum of events,
being influenced in disease and trauma by the extent of
multiple factors, which appear able to cause both short- and
long-term responses (Ridet et al., 1997; Maragakis and Roth-
stein, 2006). Reactive astrogliosis is well documented in many
neurological diseases and there is recent evidence that astro-
cytes display the capacity to strike remodelling within minutes
(Haber et al., 2006). We recently demonstrated that changes in
astrocytic morphology, particularly those governed by the
actin cytoskeleton, may be linked to the activity and cell
surface expression of EAATs (O’Shea et al., 2006; Zagami et al.,
2009; Lau et al., 2010). There is a growing amount of data
suggesting that EAAT redistribution is likely to involve lipid
rafts, dynamin- and/or clathrin-dependent mechanisms
(Beart and O’Shea, 2007) and that these events are linked to
signalling cascades that influence cytoskeletal mechanisms.
Rho family small GTPases may play a key role in regulating
astrocytic actin organization (see Beart and O’Shea, 2007) and
astrocytic process formation is accompanied by changes in
actin polymerization (see Introduction). Increasing evidence
indicates that EAATs are subject to at least two broad types of
regulation; acutely by rapid trafficking and internalization,
and in the longer-term by adaptive mechanisms involving
transcriptional induction (Schlag et al., 1998; Duan et al.,
1999; Figiel et al., 2003; Fournier et al., 2004; Rothstein et al.,
2005; O’Shea et al., 2006; Lau et al., 2010). The present studies
provide new insights into both of these events and were
initiated to determine the effects of ROCK inhibition, which is
known to cause cytoskeletal rearrangement (Abe and Misawa,
2003), on the regulation of EAAT expression and trafficking. A
further aim of this study was to explore how EAAT function
varied with changes in astrocytic morphology and, in particu-
lar, to explore its actin dependence. The rapid stellation as
shown by GFAP immunolabelling was accompanied by dissi-
pation of actin stress fibres. Moreover, the pronounced shift in
the F-/G-actin ratio towards a predominance of G-actin indi-
cated actin was central to the cytoskeletal changes. Indeed,
these comparatively early changes in the actin cytoskeleton
and astrocytic phenotype were followed by a slower elevation
of Glu transport. This evidence of increased Glu transport over
a much delayed time course than the morphological changes
is suggestive of differential gene regulation affecting not only
Rho-associated motility and migration, but also exerting
diverse downstream functional effects (O’Shea et al., 2009),
including on EAAT function

The ROCK inhibitors Fasudil and Y27632 both increased
the specific uptake of [3H]-D-Asp. The effects of Fasudil were
investigated in detail, and were found to be concentration-
related and time-dependent and were attributed to a signifi-
cant increase in Vmax, but no change in KM, indicative of
increases in transporter abundance. Mechanistic insights
were obtained by biotinylation and immunoblot analyses,
and revealed an approximate doubling in total cellular EAAT2

Figure 5
Detailed analyses of the effects of Fasudil on [3H]-D-aspartate uptake.
(A) Concentration-related effects of Fasudil (24 h) on specific [3H]-D-
Asp uptake. One-way ANOVA revealed a significant effect of treatment
F[4,15] = 4.268, P < 0.05. (B) Time-dependent effects of Fasudil
(100 mM) on specific [3H]-D-aspartate uptake. One-way ANOVA

revealed a significant effect of treatment F[4,25] = 53.35, P < 0.0001.
(C) Saturation analyses of [3H]-D-aspartate uptake into cultured
mouse astrocytes. Data were fitted with a homologous competitive
binding curve for one class of binding sites. Fasudil treatment pro-
duced a significant increase in Vmax, with no changes in KD. *Signifi-
cantly different from control, P < 0.05; †significantly different from
values at 24 and 48 h, P < 0.05, Dunnett’s multiple comparison post
hoc test. Data represent mean � SEM (n = 9).
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protein expression, with parallel increases in cytosolic EAAT2
and a substantial (60%) enhancement in cell surface expres-
sion. These findings are consistent with the longer-term
up-regulation of EAAT2 synthesis in concert with increased
net trafficking to the cell surface. These changes in function
and expression of EAAT2 were accompanied by parallel
studies with phalloidin, a marker of F-actin. Treatment with
Fasudil resulted in extensive changes in the patterns of phal-
loidin labelling and breakdown of actin stress fibres (cf. Abd-
El-Basset and Fedoroff, 1997). Stellation of astrocytes was
accompanied by a redistribution of EAAT2, particularly at the
margins (i.e. cell surface) of astrocytes, where staining became
more prominent, consistent with our evidence from biotiny-
lation and immunoblotting. The overall abundance of EAAT1

did not appear to increase in response to Fasudil treatment,
although there was an ~50% increase of EAAT1 at the cell
surface, with some clustering of EAAT1 noted in immunocy-
tochemical studies – this action might reflect externalization
of an ‘occluded’ EAAT1 pool closely associated with the
plasma membrane (see Beart and O’Shea, 2007). Net
increased uptake of [3H]-D-Asp was mediated apparently by
both EAAT1 and EAAT2 based upon the Western analyses –
uptake studies in the presence of the selective EAAT2 blocker
dihydrokainate (Arriza et al., 1994) supported this interpreta-
tion (data not shown). Changes in the distribution of both
EAAT2 and EAAT1 were strikingly similar to those previously
observed in astrocytes in response to the endotoxin
lipopolysaccharide (O’Shea et al., 2006), which also elevated

Figure 6
Effects of Fasudil on EAAT2 expression in mouse astrocytes. Western blots demonstrate EAAT2 expression in total cell (A), cytosolic (C) and cell
surface (E) fractions of homogenates following treatment with Fasudil (100 mM, 24 h). Labelling of b-actin is included as a loading control. Each
lane contains protein extracted from eight culture wells, with different lanes for each treatment being from independent cultures. Quantification
of effects of Fasudil on abundance of EAAT2 protein in total cell (B), cytosolic (D) and cell surface (F) fractions of homogenates from cultured
astrocytes. *Significantly different from control, P < 0.05, Student’s t-test. Data in graphs represent mean � SEM (n = 3).
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Glu transport and cell surface expression of EAAT2 with
similar effects on astrocytic morphology. The observed
changes in EAAT abundance may result from alterations in
synthesis and/or stability of these proteins combined with
altered trafficking from the cytosolic pools, but further
insights are needed to clarify the contribution of each of
these mechanisms.

Rho associated coiled-coil containing kinase inhibitors
have attracted considerable attention in the area of regenera-
tive neurobiology (Mueller et al., 2005, 2009), initially for
their actions in spinal traumatic injury, but subsequently for
their possible application in both acute and chronic degen-
erative conditions. While they certainly have actions on glial
scarring (Mueller et al., 2005), a component of reactive astro-
gliosis, recent work has reported other effects of Fasudil
including on inflammation linked to T-cell migration (Yu

et al., 2010), toxic aggregate formation (Bauer et al., 2009)
and neurogenesis (Ding et al., 2010). Fasudil also has anti-
vasospatic actions, being used to treat cerebral vasospasm
(Satoh et al., 2001; Nishizawa and Laher, 2005), and also
delays neuronal death in ischaemic injury (Satoh et al., 2001).
Such actions almost certainly arise from the complex involve-
ment of the Rho/ROCK system not only in cellular morphol-
ogy, contractility and migration, but also in cellular
proliferation and survival (Riento and Ridley, 2003; Pellegrin
and Mellor, 2007), so multiple downstream effects on differ-
ent cellular populations would be expected in the brain.
Interestingly, while we found very rapid effects of ROCK
inhibitors on astrocytic motility and cytoskeletal reorganiza-
tion, these actions were maintained over the time course of
experimentation and elevation of Glu transporter function
was a relatively late event. Our ongoing work has examined

Figure 7
Effects of Fasudil on EAAT1 expression in mouse astrocytes. Western blots demonstrate EAAT1 expression in total cell (A), cytosolic (C) and cell
surface (E) fractions of homogenates following treatment with Fasudil (100 mM, 24 h). Labelling of b-actin is included as a loading control. Each
lane contains protein extracted from eight culture wells, with different lanes for each treatment being from independent cultures. Quantification
of effects of Fasudil on abundance of EAAT1 protein in total cell (B), cytosolic (D) and cell surface (F) fractions of homogenates from cultured
astrocytes. *Significantly different from control, P < 0.05, Student’s t-test. Data in graphs represent mean � SEM (n = 3).
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alterations in the astrocyte transcriptome induced by Fasudil
and revealed extensive changes to gene expression in major
biological processes regulating cellular shape and motility viz.
the actin cytoskeleton, axon guidance, transforming growth
factor-b signalling and tight junctions (O’Shea et al., 2009).
The numerous pro-survival responses exhibited therein in
astrocytes complement our detailed description here of the
ability of ROCK inhibitors to increase astrocytic cell surface
expression of EAATs and to elevate Glu transport. Given the
widespread involvement of excitotoxicity in acute and
chronic neuropathologies (Beart and O’Shea, 2007), this
action of ROCK inhibitors represents an unexpected benefi-
cial mechanism likely to contribute to their therapeutic ben-
efits in brain injury.
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