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Astrocytes in the CNS respond to tissue damage by becoming reactive. They migrate, undergo hypertrophy, and form a glial scar that
inhibits axon regeneration. Therefore, limiting astrocytic responses represents a potential therapeutic strategy to improve functional
recovery. It was recently shown that the epidermal growth factor (EGF) receptor is upregulated in astrocytes after injury and promotes
their transformation into reactive astrocytes. Furthermore, EGF receptor inhibitors were shown to enhance axon regeneration in the
injured optic nerve and promote recovery after spinal cord injury. However, the signaling pathways involved were not elucidated. Here we
show that in cultures of adult spinal cord astrocytes EGF activates the mTOR pathway, a key regulator of astrocyte physiology. This occurs
through Akt-mediated phosphorylation of the GTPase-activating protein Tuberin, which inhibits Tuberin’s ability to inactivate the small
GTPase Rheb. Indeed, we found that Rheb is required for EGF-dependent mTOR activation in spinal cord astrocytes, whereas the
Ras–MAP kinase pathway does not appear to be involved. Moreover, astrocyte growth and EGF-dependent chemoattraction were inhib-
ited by the mTOR-selective drug rapamycin. We also detected elevated levels of activated EGF receptor and mTOR signaling in reactive
astrocytes in vivo in an ischemic model of spinal cord injury. Furthermore, increased Rheb expression likely contributes to mTOR
activation in the injured spinal cord. Interestingly, injured rats treated with rapamycin showed reduced signs of reactive gliosis, suggest-
ing that rapamycin could be used to harness astrocytic responses in the damaged nervous system to promote an environment more
permissive to axon regeneration.
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Introduction
Injuries to the CNS not only cause damage to neuronal circuits
but also induce dramatic changes in the glial cells (David and
Lacroix, 2003; Silver and Miller, 2004; Yiu and He, 2006; Busch
and Silver, 2007). Following spinal cord injury, astrocytes up-
regulate expression of intermediate filament proteins, such as
vimentin, nestin, and glial fibrillary acidic protein, as well as pro-
teoglycans and other molecules that are inhibitory to axon
growth. Although some proliferation occurs following injury, the
most dramatic astrocyte responses involve migration toward the
site of injury and hypertrophy. Over time, reactive astrocytes
deposit extracellular matrix molecules and form a glial scar. The
glial scar plays an important role in the repair process because it
contributes to the reestablishment of homeostasis by insulating
the injury site and restoring the integrity of the blood– brain bar-

rier (Faulkner et al., 2004; Silver and Miller, 2004). However, the
glial scar also represents a physical and biochemical barrier that
greatly contributes to the failure of damaged axons to regenerate
and reestablish functional connections, thus hindering func-
tional recovery (David and Lacroix, 2003; Faulkner et al., 2004;
Silver and Miller, 2004).

Growth factors, such as EGF and TGF�, have been implicated
in the transformation of quiescent astrocytes into reactive astro-
cytes, and it has been recently reported that EGF receptor expres-
sion and activation are upregulated in astrocytes after injuries to
the CNS (L. Liu et al., 2006). However, the signaling pathways
stimulated by EGF that lead to astrocyte activation have not been
fully characterized. The serine/threonine kinase mTOR (mam-
malian target of rapamycin) is a key regulator of cell size and
proliferation downstream of growth factor receptors, in addition
to its role in mediating cell responses to nutrients (Sabatini, 2006;
Shaw and Cantley, 2006; Chiang and Abraham, 2007). Various
mTOR upstream regulators have been reported to play an impor-
tant role in astrocytes. For example, inactivation of a negative
regulator of the pathway, the tumor suppressor Pten, promotes
astrocyte hypertrophy and proliferation, which can lead to the
formation of benign glial tumors called hamartomas as well as
malignant glial tumors (Li et al., 1997; Fraser et al., 2004;
Wullschleger et al., 2006). Inactivation of another tumor sup-
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pressor, Tuberin, also leads to glial cell hy-
pertrophy and the formation of glial
hamartomas (Wullschleger et al., 2006).
Tuberin is a GTPase-activating protein for
Rheb, a Ras family GTPase that activates
mTOR by disrupting the inhibitory inter-
action of the FK506-binding protein
FKBP38 (Bai et al., 2007). Akt, Tuberin, and
Rheb activate mTOR when it is part of a pro-
tein complex called mTORC1 (mTOR com-
plex 1), which is exquisitely sensitive to the
drug rapamycin (Bain et al., 2007; Bhaskar
and Hay, 2007; Chiang and Abraham, 2007).
Interestingly, rapamycin acts by promoting
the inhibitory interaction with mTOR of an-
other FK506-binding protein, FKBP12.
mTOR also exists as part of a second protein
complex, called mTORC2, which is regu-
lated differently and is insensitive to acute
inhibition by rapamycin. Our data suggest
that a pathway involving mTORC1 plays an
important role in spinal cord astrocytes
downstream of the EGF receptor.

Materials and Methods
Antibodies and other reagents. Antibodies against
the phosphorylated EGF receptor (Tyr845), p70
S6 kinase, phosphorylated p70 S6 kinase
(Thr389), Erk1/Erk2, phosphorylated Erk1/Erk2
(Thr202/Tyr204), Akt, phosphorylated Akt
(Ser473), phosphorylated Tuberin (Thr1462),
phosphorylated S6 (Ser235/Ser236), and cleaved
caspase 3 and the Rheb antibody for immunoflu-
orescence microscopy were from Cell Signaling;
the anti-Rheb antibody for immunoblotting was
from AbNova; the EGF receptor and Tuberin an-
tibodies were from Santa Cruz Biotechnology; the
GFAP, GLT-1, and nestin antibodies were from
Millipore Bioscience Research Reagents; the pax-
illin antibody was from BD Transduction Labora-
tories; the S100� antibody was from AbCam; the
GAPDH antibody was from Ambion; the vimen-
tin antibody was from Zymed/Invitrogen; the
3G10 antibody (David et al., 1992) was from
Seikagaku Kogyo. Laminin was from BD Trans-
duction Laboratories; MTT, EGF, DMSO, hepa-
rinase III, and phosphatase inhibitor cocktails 1
and 2 were from Sigma; rapamycin was from LC
Laboratories; and PD98059, LY294002, and FTI-
277 were from EMD Biosciences. Horseradish
peroxidase-conjugated secondary antibodies for
immunoblotting were from GE Healthcare, and
Alexa Fluor-conjugated secondary antibodies for
immunofluorescence were from Invitrogen.
Rhodamine-phalloidin was from Invitrogen.

Astrocyte cultures. Astrocyte cultures were
prepared from spinal cords of adult male
Sprague Dawley rats (P65–P70, weighing 300 –
350 g) using a method previously described
(Tawfik et al., 2006) with some modifications.
The spinal cords were ejected from the vertebral
column using a saline-filled syringe. The tissue was chemically dissoci-
ated with 0.25% trypsin-EDTA for 10 min followed by mechanical trit-
uration in DMEM (Invitrogen). After centrifugation at 1200 rpm for 5
min, the cells were suspended in DMEM containing 10% fetal bovine
serum (FBS, Invitrogen) and 1% penicillin/streptomycin and plated in a

flask coated with poly-L-lysine (Sigma). The cultures were maintained in
a humidified atmosphere of 95% air/5% CO2 at 37°C for 10 d, with
changes of the culture medium at days 4 and 7. Approximately on day 10
and 11, oligodendrocytes and microglial cells growing on top of the
confluent astrocyte layer were removed by shaking at 200 rpm for 2 h at

Figure 1. EGF stimulation of astrocytes from adult spinal cord activates the mTOR pathway. A, EGF promotes phosphorylation
of the EGF receptor and S6 kinase. Astrocytes were stimulated for 15 min with EGF (�) or vehicle (�), and lysates were probed by
immunoblotting with antibodies to phosphorylated EGF receptor (p-EGFR) and phosphorylated S6 kinase (p-S6K) and reprobed
with antibodies to the EGF receptor and S6 kinase. B, The Erk MAP kinase pathway is not involved in EGF-dependent S6 kinase
phosphorylation. Astrocytes treated with the PD98059 inhibitor (�) or vehicle (�) were stimulated with EGF, and lysates were
probed by immunoblotting with antibodies to phosphorylated S6 kinase (p-S6K) or phosphorylated Erk1 and Erk2 MAP kinases
(p-Erk) and reprobed with antibodies detecting the nonphosphorylated forms of the proteins. The levels of phosphorylated S6
kinase determined from the optical density of the bands were normalized to total S6 kinase protein levels. The histogram shows
average levels of phosphorylated S6 kinase relative to the level after EGF treatment. The error bars represent the SE from three
independent experiments. PD98059 did not cause significant differences in S6 phosphorylation as determined by one-way ANOVA
and Bonferroni’s post hoc test. C, The PI3 kinase–Akt pathway mediates EGF-dependent Tuberin phosphorylation. Astrocytes
incubated with the LY294002 PI3 kinase inhibitor (�) or vehicle (�) were stimulated with EGF, and lysates were probed by
immunoblotting with the indicated antibodies. The levels of phosphorylated proteins were quantified as described in B for S6
kinase. The histogram shows average levels of phosphorylated Tuberin and phosphorylated Akt relative to the levels after EGF
treatment. The error bars represent the SE from three independent experiments. ***p � 0.001 for the comparison between
untreated and LY294002-treated by one-way ANOVA and Bonferroni’s post hoc test. D, The mTORC1-selective inhibitor rapamycin
blocks S6 kinase phosphorylation but not Akt phosphorylation. Astrocytes incubated with rapamycin (�) or vehicle (�) were
stimulated with EGF, and the lysates were probed by immunoblotting with the indicated antibodies.
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37°C and replacing the culture medium. The next day, the cells were
trypsinized and replated in six-well plates (40,000 cells/well). The cul-
tures were used for experiments when confluent (typically within 4 – 6 d).

For EGF stimulation, confluent astrocyte cultures were starved for 24 h
in 0.1% FBS-containing medium and then stimulated with 100 ng/ml
EGF or vehicle for 15 min. In some experiments the cultures were pre-
treated for 30 min with 100 nM rapamycin, 25 �M PD98059, 50 �M

LY294002, or vehicle only as a control before adding EGF. For farnesyl-

transferase inhibition, the cultures were incu-
bated for 24 h with 10 �M FTI-277. For the
growth assays and the Akt phosphorylation
time course shown in Figure 3, astrocytes were
initially sparse (3000 cells/well in a 96-well
plate), and EGF and rapamycin were added ev-
ery day and the culture medium was replaced
every third day.

Growth assays. To measure cell growth using
the MTT assay, the culture medium was re-
placed with 100 �l of 5 mg/ml MTT in serum-
free medium. After 4 h the supernatant was as-
pirated from the wells without disturbing the
formazan precipitate, the formazan crystals
were dissolved in 100% DMSO and the absor-
bance was measured at 570 nm with a micro-
plate reader. To measure cell numbers, astro-
cytes cultured in six-well plates were
trypsinized, incubated in suspension with
trypan blue to identify dead cells, and counted
using a hemocytometer.

Transwell migration assay. Astrocyte cultures
were trypsinized and incubated in suspension
in serum-free medium with or without 100 nM

rapamycin for 15 min. Fifty thousand cells were
added to the top compartment of each Trans-
well (8 �m filter pore diameter, Corning) pre-
coated with 10 �g/ml laminin and containing
serum-free medium in both upper and lower
compartments. To stimulate chemotactic mi-
gration, 20 ng/ml EGF was added in the lower
compartment. For rapamycin treatment, 100
nM rapamycin was present in the upper and
lower compartments. The astrocytes were al-
lowed to migrate for 4 h, and then the filters
were washed with PBS and the cells from the top
surface of the filters were removed with a cotton
swab. The filters were then fixed with 4% form-
aldehyde and cell nuclei were stained with
DAPI (Invitrogen). The nuclei of cells that had
migrated to the bottom surface of the filter were
photographed under a fluorescence microscope
(6 fields/filter using a 10� objective) and
counted with NIH ImageJ. The average number
of cells in three replicate wells was determined
for each condition in each of three independent
experiments.

Lentivirus packaging and infection. For lenti-
virus packaging, 6 � 10 6 293FT cells (Invitro-
gen) were transfected using Lipofectamine 2000
(Invitrogen) with a mixture of 6 �g of pLKO.1-
Rheb shRNA plasmid or control pLKO.1-GFP
shRNA (OpenBiosystems), 2 �g of envelope-
encoding pMD2.G plasmid, and 2 �g of the
packaging vector psPAX2 plasmid (Addgene).
The culture supernatant containing the pack-
aged virus was harvested 48 h after transfection
and titered using C6 rat glioma cells. For viral
infection, confluent plates of astrocytes were in-
cubated for 24 h with 200 �l of virus (2 � 10 5

transducing units/ml) and 6 �g/ml polybrene
as transduction enhancer. After infection, the

astrocytes were grown in medium containing 0.5 �g/ml puromycin,
which was replaced every third day, to eliminate noninfected cells. After
10 d, the astrocytes were grown to confluency in puromycin-free
medium.

Real-time PCR. All the reagents used were from Applied Biosystems.
The TaqMan Probes and primers for Rheb (assay ID Rn00566263_m1)
were “assay-on-demand” gene expression products. Cultured astrocytes

Figure 2. Rheb is required for EGF-dependent S6 kinase phosphorylation in spinal cord astrocytes. A, The FTI-277 farnesyl-
transferase inhibitor decreases phosphorylation of S6 kinase. Astrocytes incubated with FTI-277 were stimulated with EGF and
lysates were probed by immunoblotting with antibodies to phosphorylated S6 kinase (p-S6K) or Rheb, and reprobed with
antibodies to S6 kinase. Note that nonfarnesylated Rheb has a different molecular weight, so Rheb immunoreactivity appears
weaker because the protein is no longer concentrated in a single band. The levels of phosphorylated S6 kinase determined from
the optical density of the bands were normalized to total S6 kinase protein levels. The histogram shows average levels of
phosphorylated S6 kinase relative to the level after EGF treatment. The error bars represent the SE from three independent
experiments, each with duplicate measurements. **p � 0.01 for the comparison between untreated and FTI-277-treated astro-
cytes by one-way ANOVA and Bonferroni’s post hoc test. B, C, Lentiviral delivery of Rheb shRNA decreases Rheb mRNA and protein
levels in spinal cord astrocytes. Astrocytes were infected with a lentivirus encoding Rheb shRNA or a control (GFP) shRNA. In B,
Rheb mRNA was quantified by quantitative real-time PCR, and the histogram shows the averages � SE from three independent
experiments, each with duplicate measurements. ***p � 0.001 for the comparison with cells treated with control shRNA by
one-way ANOVA and Bonferroni’s post hoc test. In C, astrocytes were incubated with rapamycin (�) or vehicle (�) and stimulated
with EGF. The levels of Rheb protein were determined from the optical density of the bands and normalized to the levels of
�-tubulin in the lysates. The histogram shows average levels of Rheb relative to the level in unstimulated control cells. The error
bars represent the SE from four independent experiments, each with duplicate measurements. ***p � 0.001 for the comparison
of control shRNA- versus Rheb shRNA-treated samples by two-way ANOVA. D, Rheb knockdown decreases S6 kinase phosphory-
lation. Astrocytes infected with lentivirus encoding Rheb shRNA or a control shRNA were incubated with rapamycin (�) or vehicle
(�) and stimulated with EGF. The histogram shows the average levels of phosphorylated S6 kinase normalized to total S6 kinase
and relative to the level in EGF-stimulated control astrocytes. The error bars represent the SE from four independent experiments,
each with duplicate samples. ***p � 0.001 for the comparison of control shRNA versus Rheb shRNA by one-way ANOVA and
Bonferroni’s post hoc test.
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were washed with PBS and total RNA was ex-
tracted using RNA-STAT-60 and reverse tran-
scribed using random hexanucleotide primers.
TaqMan PCR amplification reactions were per-
formed in a volume of 25 �l prepared using the
TaqMan Universal Master mix and containing
50 ng of cDNA in MicroAmp Optical Plates
with MicroAmp Optical Caps. Incubations at
50°C for 2 min and at 95°C for 10 min were
performed to activate the AmpliTaq polymerase,
followed by 40 cycles at 95°C for 15 s and 60°C for
1 min. Hypoxanthine-guanine phosphoribosyl-
transferase was used as a loading control for each
sample, and the standard curve method was used
for quantification (Boyle et al., 2003).

Spinal cord ischemia. Spinal cord ischemia
was induced in anesthetized male Sprague
Dawley rats according to a previously described
protocol (Taira and Marsala, 1996; Hefferan et
al., 2007). This protocol involves inflating a bal-
loon catheter placed in the descending thoracic
aorta at the level of the left subclavian artery to
occlude aortic blood flow for 10 min while also
maintaining systemic hypotension. After 3
weeks, rats were anesthetized with pentobarbi-
tal and phenytoin and transcardially perfused
with 200 ml of heparinized saline solution fol-
lowed by 250 ml of 4% formaldehyde in PBS to
obtain lumbar spinal cord tissue for immuno-
histochemical analysis. The initial acute inflam-
matory phase involving massive infiltration of
macrophages and activated microglia has sub-
sided after the first week, and 3 weeks after in-
jury reactive gliosis is well developed (Marsala
et al., 2004).

To examine the effects of rapamycin on the
development of reactive gliosis in the injured
spinal cord, 9 rats were injected intraperitone-
ally with 1 mg/kg rapamycin in 5% polyethyl-
ene glycol 400 and 5% Tween 80 daily for 8 d
starting 2 d after injury while 5 rats were simi-
larly injected with vehicle control. The rats were
killed 1 d after the last administration of rapa-
mycin. All experiments were performed ac-
cording to protocols approved by the Institu-
tional Animal Care Committee of the
University of California, San Diego.

Immunoblotting. Astrocyte cultures and lum-
bar spinal cords were lysed in 0.5% Triton
X-100, 3% SDS, 50 mM Tris-HCl, pH 7.4, 150
mM NaCl, and 1 mM EDTA-containing protease
inhibitors, NaF, and phosphatase inhibitor
cocktails 1 and 2. Samples were analyzed by
SDS-PAGE followed by immunoblotting.
Membranes were incubated with primary anti-
bodies followed by horseradish peroxidase-
conjugated secondary antibodies and chemilu-
minescence reagents. Membranes were
stripped using the ReBlot Western Blot Recy-
cling Kit (Millipore) before reprobing with a
different antibody.

Immunolabeling. Cultured astrocytes were
fixed in 4% formaldehyde in PBS for 15 min,
permeabilized in PHEM buffer (120 mM PIPES,
50 mM HEPES, 20 mM EGTA, and 8 mM magnesium) with 0.1% Triton
X-100 for 5 min, blocked for 1 h in PHEM buffer with 5% goat serum,
incubated for 1 h with primary antibodies in PHEM buffer with 5% goat
serum, and incubated with Alexa Fluor-conjugated secondary antibodies
(1:300) in PHEM buffer with 5% goat serum. For detecting the 3G10

epitope, after fixation the astrocytes were incubated at 37°C with 0.005
U/�l heparinase III for 3 h. After washing with PHEM buffer, the cells
were blocked for 20 min in PHEM buffer with 5% goat serum, incubated
for 3 h with the 3G10 antibody in PHEM buffer with 5% goat serum, and
incubated with Alexa Fluor-conjugated secondary antibody (1:300) in
PHEM buffer with 5% goat serum.

Figure 3. mTORC1 is required for the growth of cultured spinal cord astrocytes. A, Fetal bovine serum promotes the growth of
astrocytes. Astrocytes were grown for the indicated number of days and their growth was quantified using the MTT assay. The
graph shows averages � SE from three independent experiments, each with triplicate measurements. ***p � 0.001 for the
comparison with control-treated astrocytes by two-way ANOVA and Bonferroni’s post hoc test. B, C, Rapamycin inhibits astrocyte
growth. The graph in B shows averages � SE from three independent experiments, each with triplicate measurements using an
MTT assay. The graph in C shows averages � SE from triplicate measurements of cell numbers counted with a hemocytometer.
**p � 0.01 and ***p � 0.001 for the comparison between serum- and rapamycin-treated astrocytes by two-way ANOVA and
Bonferroni’s post hoc test. D, Confluency and rapamycin inhibit S6 kinase phosphorylation and enhance Akt phosphorylation.
Lysates from untreated and rapamycin-treated cells were probed by immunoblotting with the indicated antibodies. All the lanes
are from the same gel, and a lane between untreated and rapamycin-treated samples was digitally removed. E, Rapamycin
treatment increases the levels of IRS-2 and does not increase the levels of cleaved caspase 3. Lysates from untreated and
rapamycin-treated cells were probed by immunoblotting with the indicated antibodies.
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Spinal cords were dissected and postfixed in 4% formaldehyde in PBS
overnight at 4°C and then cryoprotected in 30% sucrose PBS and frozen.
Transverse spinal cord sections were permeabilized with PBS, 0.2% Tri-
ton X-100 for 10 min, blocked for 1 h in PBS, 5% goat serum, 0.2% Triton
X-100, and then incubated overnight with primary antibodies in PBS,
0.2% Triton X-100, 5% goat serum, followed by an 1 h incubation with
Alexa Fluor-conjugated secondary antibodies (1:250) in the same solu-
tion. Images were captured using a fluorescence microscope or a mul-
tiphoton laser point scanning confocal microscopy system (Radiance
2100/AGR-3Q, Bio-Rad Laboratories) equipped with Lasersharp 2000
software (Bio-Rad Laboratories). Some images were captured using a
Leica SP2 confocal microscope. Confocal images for all groups with the
same labeling in Figure 7 and supplemental Figure 5 (available at www.
jneurosci.org as supplemental material) were captured using identical
settings and constructed from three optical layers spaced 1 �m. The
images used for image analysis were captured as described below.

Image analysis. Double immunohistochemical labeling for GFAP and
vimentin was performed using the same antibody solution for all free-
floating sections (30 �m thick) and processed as described above. Four
sections (from L4 and L5 spinal cord segments) were analyzed from each
animal, including three naive, three vehicle-treated, and four rapamycin-
treated animals. Fluorescent images were captured using a Leica DMLB
microscope with a Zeiss Axiocam MRm monochrome camera. Using
identical camera settings, images were obtained from the lateral and
ventral columns and the intermediate zones on both sides of each section.
Using the pixel histogram generated for each original image by Image-
Pro Plus (v.6.2.0.424; Media Cybernetics), the product of the pixel num-
ber and pixel intensity value (0 –255) was computed and summed for the
entire image. This provided a composite measure of changes in both
immunoreactive area and fluorescence intensity. Any postprocessing was
done with Adobe CS3 (Adobe Systems) with equal changes to any images
being compared.

Results
EGF activates the mTORC1 pathway in cultured spinal
cord astrocytes
To examine EGF-dependent signaling pathways that may induce
changes in astrocytes following injury, we used cultured astro-
cytes isolated from adult rat spinal cord. Greater than 95% of the
cells in these cultures express the astrocytic marker glial fibrillary
acidic protein (GFAP) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material, and data not shown).
Furthermore, the cultures express nestin, vimentin (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental mate-
rial) and the EGF receptor (Fig. 1A), which are normally present
at very low levels in astrocytes of the adult nervous system but are
known to be upregulated in reactive astrocytes at sites of injury
(Frisén et al., 1995; Ridet et al., 1997; Pekny et al., 1999; Menet et
al., 2003; B. Liu et al., 2006). This is consistent with the notion
that astrocytes acquire some of the characteristics of reactive as-
trocytes in response to stimuli in the cell culture environment
(Eddleston and Mucke, 1993; B. Liu et al., 2006). We also detected
widespread expression of the calcium-binding protein S100� and
heparan sulfate proteoglycans, which have been reported to be
present at substantial levels in astrocytes of the adult nervous
system and to be further upregulated in reactive astrocytes (Prop-
erzi and Fawcett, 2004; do Carmo Cunha et al., 2007; Properzi et
al., 2008). Immunoblotting and immunocytochemistry experi-
ments also verified increased EGF receptor tyrosine phosphory-
lation in response to EGF stimulation of the cultured astrocytes
after serum starvation (Fig. 1A; supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). To determine

Figure 4. mTORC1 promotes EGF-dependent cytoskeletal reorganization and migration of spinal cord astrocytes. A, EGF induces morphological changes in astrocytes. Astrocytes treated with
rapamycin were stimulated for 15 min with EGF, fixed, and stained for paxillin (green), F-actin (red), and DNA (blue). Scale bar, 20 �m. B, Rapamycin inhibits astrocyte chemotactic migration toward
EGF. Astrocytes were seeded on Transwell filters coated with laminin and allowed to migrate through the filters toward EGF for 4 h. The histogram shows the average number of cells that migrated
to the lower side of the filters in the different conditions relative to control. Error bars indicate the SE from three independent experiments, each with triplicate samples. C, Lysates from astrocytes
treated for 4 h with rapamycin and untreated controls were probed by immunoblotting with antibodies to phosphorylated Akt (p-Akt) and phosphorylated S6 kinase (p-S6 kinase) and reprobed with
antibodies to Akt and S6 kinase.

Codeluppi et al. • Rheb–mTOR in Reactive Astrocytes J. Neurosci., January 28, 2009 • 29(4):1093–1104 • 1097



whether the mTORC1 pathway was acti-
vated following EGF stimulation, we used
antibodies that detect phosphorylation of
p70 S6 kinase on threonine 389, a site well
known to be selectively phosphorylated by
mTORC1 (supplemental Fig. 3, available at
www.jneurosci.org as supplemental mate-
rial) and widely used to monitor mTORC1
activation (Sabatini, 2006; Bhaskar and Hay,
2007). EGF stimulation substantially in-
creased the levels of phosphorylated pS6 ki-
nase, indicating activation of mTORC1 in
spinal cord astrocytes (Fig. 1A).

Studies with other cell types suggest
that several signaling connections may
lead to mTORC1 activation following EGF
stimulation (Sabatini, 2006; Shaw and
Cantley, 2006; Chiang and Abraham,
2007). For example, the Erk1/Erk2 MAP
kinases and their downstream target p90
Rsk can phosphorylate Tuberin and in-
hibit its activity, leading to downstream
Rheb and mTORC1 activation (Bhaskar
and Hay, 2007; Wu et al., 2007). EGF treat-
ment promoted phosphorylation and acti-
vation of Erk1/Erk2 in cultured astrocytes
(Fig. 1 B), as expected because the Ras–
MAP kinase pathway is a major pathway
known to be activated by the EGF receptor
(Citri and Yarden, 2006). However, treat-
ment with an inhibitor of the Erk pathway,
PD98059, did not significantly reduce S6 ki-
nase phosphorylation (Fig. 1B). Thus, acti-
vation of mTOR in spinal cord astrocytes
stimulated with EGF does not depend on
Erk1/Erk2 activation.

EGF stimulation also caused phos-
phorylation of Akt at serine 473 (Fig. 1C;
supplemental Fig. 3, available at www.
jneurosci.org as supplemental material),
which is one of the sites involved in Akt
activation (Bhaskar and Hay, 2007;
Chiang and Abraham, 2007). Akt in turn
can activate mTORC1 by phosphorylating
Tuberin at serine 939 and threonine 1462,
leading to its inactivation (Wu et al.,
2007). Tuberin T1462 phosphorylation
was indeed increased following EGF stim-
ulation and the PI3 kinase inhibitor, LY294002, abolished not
only Akt but also Tuberin phosphorylation, suggesting that Tu-
berin phosphorylation occurs downstream of PI3 kinase and Akt
(Fig. 1C; supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material). Although LY294002 can also target mTOR
(Bain et al., 2007), inhibition of mTORC1 with rapamycin did not
reduce Akt phosphorylation (Fig. 1D). Rather, we observed an up-
regulation of Akt phosphorylation similar to that previously de-
scribed in several other cell types treated with rapamycin
(Wullschleger et al., 2006; Bhaskar and Hay, 2007). However, rapa-
mycin abolished S6 kinase phosphorylation (Fig. 1D), confirming
that this phosphorylation depends on mTORC1 because rapamycin
is a very selective mTOR inhibitor (Bain et al., 2007; Chiang and
Abraham, 2007). Together, these data suggest that EGF activates
mTORC1 in spinal cord astrocytes through Akt-mediated Tuberin

inactivation (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). However, Akt has also been reported to
activate mTOR through different signaling mechanisms that are in-
dependent of Tuberin and Rheb (Shaw and Cantley, 2006; Bhaskar
and Hay, 2007; Chiang and Abraham, 2007).

To assess the involvement of Rheb in EGF-dependent
mTORC1 activation, we used the farnesyltransferase inhibitor
FTI-277 because Rheb cannot activate mTORC1 if its membrane
localization is impaired by the absence of the carboxy-terminal
farnesyl group (Castro et al., 2003). Treatment of cultured astro-
cytes with FTI-277 significantly inhibited the EGF-dependent in-
crease in S6 kinase phosphorylation (Fig. 2A), suggesting that
Rheb participates in mTORC1 activation. We also knocked down
Rheb mRNA and protein expression by using an shRNA deliv-
ered by lentiviral infection (Fig. 2B,C). Rheb knockdown inhib-

Figure 5. The EGF receptor is activated in vivo in the injured spinal cord. A, The increased vimentin and glial fibrillary acidic
protein (GFAP) immunoreactivity reveals the presence of reactive astrocytes in the white matter of the lumbar spinal cord
(asterisks) following an ischemic injury. Scale bar, 500 �m. B, Immunolabeling for phosphorylated EGF receptor (green) is
increased in the white matter of the spinal cord after ischemia and shows substantial colocalization with the astrocytic glutamate
transporter GLT-1 (red) as well as partial colocalization with the cytoskeletal protein vimentin (blue) in triple-labeled sections.
Scale bars, 20 �m.
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ited S6 kinase phosphorylation both in the absence and in the
presence of EGF (Fig. 2D). This indicates that Rheb is necessary
for mTORC1 activation by EGF (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material), and possibly other
stimuli, in astrocytes from the adult spinal cord.

The mTORC1 inhibitor rapamycin negatively affects the
growth and EGF-dependent migration of spinal cord
astrocytes
Because rapamycin has been shown to inhibit the growth of many
cell types, indicating a critical role of mTORC1 in cell prolifera-

tion (Sabatini, 2006; Shaw and Cantley,
2006; Chiang and Abraham, 2007), we ex-
amined the effects of EGF and rapamycin
on the growth of spinal cord astrocytes
over a period of several days by using the
MTT cell viability assay. Stimulation with
EGF in the absence of serum was not suf-
ficient to promote the growth of astrocytes
from adult spinal cord (Fig. 3A). On the
other hand, astrocyte growth induced by
serum was almost completely inhibited by
rapamycin (Fig. 3B,C), concomitant with
inhibition of S6 kinase phosphorylation
(Fig. 3D). Phosphorylation of S6 kinase
also decreased in the absence of rapamy-
cin, once the cells became confluent and
stopped growing (days 4 – 6). Concomi-
tant with the decrease in S6 kinase phos-
phorylation induced by either confluency
or rapamycin, we observed an increase in
Akt phosphorylation on S473 (Fig. 3D).
Elevated Akt phosphorylation in
rapamycin-treated cells was accompanied
by an increase in the levels of the scaffold-
ing protein insulin receptor substrate-2
(IRS-2), which is an upstream regulator of
Akt (Fig. 3E). The increase in phosphory-
lated Akt suggests that survival signals may
be upregulated (Manning and Cantley,
2007) and therefore that the effects of
rapamycin probably do not involve in-
creased cell death. Indeed, we did not de-
tect cleaved caspase 3 in the rapamycin-
treated astrocytes while low levels were
detectable in the untreated, confluent as-
trocytes (Fig. 3E).

Astrocytes are known to migrate to-
ward sites of spinal cord injury (Faulkner
et al., 2004). Immunolabeling for filamen-
tous actin and paxillin, a component of
focal adhesions, showed that the cultured
astrocytes were well spread and had many
actin stress fibers and focal adhesions (Fig.
4A), consistent with a high adhesion to the
substrate and a low level of cell motility.
EGF treatment for 15 min decreased cell
spreading, focal adhesions, and stress fi-
bers while causing the formation of long
processes, as previously described and
consistent with the ability of EGF to pro-
mote astrocyte motility (B. Liu et al.,
2006). Rapamycin treatment prevented

the EGF-dependent morphological changes in spinal cord astro-
cytes (Fig. 4A) as well as the chemotactic effects of EGF in Trans-
well migration assays (Fig. 4B), suggesting a role for mTORC1 in
the regulation of spinal cord astrocyte migration toward EGF.
Akt phosphorylation on S473 was increased in cultured spinal
cord astrocytes treated with rapamycin for 4 h, corresponding to
the duration of the Transwell migration assay (Fig. 4C). These
results implicate mTORC1 activated downstream of Tuberin and
Rheb in the regulation of astrocyte migration and indicate that
rapamycin could be used to inhibit not only astrocyte growth but
also chemotactic migration.

Figure 6. Rheb is upregulated and mTORC1 is activated in vivo in the injured spinal cord. A, Immunolabeling for phosphory-
lated S6 ribosomal protein (green) is dramatically upregulated in the vimentin-positive astrocytes (red) within the white matter
of injured spinal cord. Scale bar, 20 �m. B, Immunolabeling for Rheb (green) is also dramatically upregulated in the vimentin-
positive astrocytes (red) in the white matter of the injured spinal cord after ischemia (asterisks). Scale bars, 500 �m (top) and 20
�m (bottom).
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Figure 7. Rapamycin administration decreases reactive gliosis in the injured spinal cord. A, Lysates from the lumbar spinal cord of uninjured naive rats (N1 through N4), and rats treated with
vehicle control (�) or rapamycin (�) after spinal cord ischemia, were probed by immunoblotting with antibodies to vimentin and GFAP. The levels of vimentin and GFAP determined from the
optical density of the bands were normalized for protein loading based on two Coomassie Blue-stained protein bands (the �75 kDa protein band shown in the figure and the �18 kDa band shown
in supplemental Fig. 4, available at www.jneurosci.org as supplemental material). The histograms show average vimentin and GFAP levels relative to the levels in the injured, vehicle control-treated
rats. *p � 0.05 and **p � 0.01 by one-way ANOVA followed by Dunnett’s post hoc test for the comparison with vehicle-treated injured spinal cord. B, Vimentin and GFAP immunoreactivity in the
spinal cords of naive and vehicle control-treated (Ischemic-Vehicle) or rapamycin-treated (Ischemic-Rapamycin) spinal cords. Reduction in overall vimentin and GFAP immunoreactivity in the
rapamycin-treated compared with vehicle-treated spinal cords suggests decreased reactive gliosis. The arrows in the bottom left panels indicate the epicenter of injury in (Figure legend continues.)
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The mTOR pathway is activated in the rat spinal cord after
ischemic injury
To determine whether activation of mTORC1 also occurs in re-
active astrocytes in vivo, we used a model in which spinal cord
injury is induced by transient occlusion of the descending tho-
racic aorta combined with systemic hypotension, leading to tran-
sient lumbar spinal cord ischemia (Taira and Marsala, 1996; Hef-
feran et al., 2007). We examined spinal cord frozen sections by
immunohistochemistry 3 weeks after reperfusion, while control
spinal cords were obtained from rats that underwent a sham
operation. We detected prominent upregulation of markers of
activated astrocytes, such as vimentin, glial fibrillary acidic pro-
tein, the glial glutamate transporter GLT-1, and the NG2 chon-
droitin sulfate proteoglycan, in the white matter of the injured
spinal cord (Fig. 5A and data not shown). Furthermore, we ob-
served increased labeling with a phosphospecific antibody that
recognizes the activated EGF receptor and possibly also activated
ErbB2 (Fig. 5B), similar to the increase in activated EGF receptor
previously reported in a spinal cord contusion model and other
CNS injury models (B. Liu et al., 2006; Erschbamer et al., 2007;
Liu and Neufeld, 2007). The substantial colocalization of phos-
phorylated EGF receptor with the glial glutamate transporter
GLT-1 and the partial colocalization with the glial intermediate
filament protein vimentin (Fig. 5B), which is similar to the colo-
calization with vimentin observed in cultured astrocytes (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material), suggest that the activated EGF receptor is present in
reactive astrocytes and may regulate their responses to the isch-
emic injury.

To determine whether the mTOR pathway is activated in re-
active spinal cord astrocytes in vivo, we immunolabeled spinal
cord sections for phosphorylated ribosomal protein S6, which is a
substrate of S6 kinase, because the antibodies to phosphorylated
S6 kinase did not work well for immunohistochemistry. Promi-
nently elevated levels of phosphorylated S6 ribosomal protein
were detected in the white matter of injured spinal cords com-
pared with controls (Fig. 6A). The substantial colocalization with
vimentin staining (Fig. 6A), which is reminiscent of that ob-
served in cultured astrocytes (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material), confirmed up-
regulation of S6 phosphorylation in reactive astrocytes. We then
examined whether Rheb was present in the injured spinal cord
and may therefore play an in vivo role in regulating mTORC1
activation downstream of the activated EGF receptor in reactive
astrocytes, as suggested by our in vitro results. We detected Rheb
immunoreactivity in control spinal cords, predominantly in the
gray matter (Fig. 6B). Interestingly, Rheb expression was prom-
inently upregulated in the white matter of the injured spinal cord
and showed extensive colocalization with vimentin (Fig. 6B).
Given that Rheb overexpression typically results in higher levels
of activated Rheb (Im et al., 2002), this suggests an additional

Rheb-dependent mechanism, besides Tuberin inhibition down-
stream of the EGF receptor, that may contribute to in vivo acti-
vation of mTORC1 in reactive astrocytes of the injured spinal
cord.

Rapamycin treatment reduces reactive gliosis in the injured
spinal cord
To examine the effects of inhibiting the mTORC1 pathway in
astrocytes of the injured spinal cord, rapamycin was injected in-
traperitoneally for 8 d starting 2 d after transient spinal cord
ischemia. By immunoblotting we did not detect vimentin expres-
sion in lysates of naive, uninjured spinal cord, whereas substan-
tial levels of GFAP were present, as expected (Fig. 7A; supplemen-
tal Fig. 4, available at www.jneurosci.org as supplemental
material). We observed significant increases of both vimentin
and GFAP in lysates from the injured lumbar spinal cord com-
pared with naive controls, consistent with the development of
reactive gliosis. We observed a trend toward a decrease in the
overall levels of vimentin and GFAP in the injured spinal cord of
rats treated with rapamycin compared with vehicle-treated con-
trols, although there was substantial variability between animals
(Fig. 7A; supplemental Fig. 4, available at www.jneurosci.org as
supplemental material).

To more accurately measure changes in vimentin and GFAP
levels in different regions of the injured spinal cord, we quantified
the immunofluorescence signal from labeled spinal cord sections
in a different cohort of animals (Fig. 7B; supplemental Fig. 5,
available at www.jneurosci.org as supplemental material). Quan-
tification of immunofluorescence from the ventral column, in-
termediate zone, and lateral column showed that reactive gliosis,
revealed by increased levels of both vimentin and GFAP immu-
noreactivity, was significantly reduced in rats treated with rapa-
mycin compared with vehicle-treated control rats (Fig. 7C). The
only exception were the levels of vimentin in the intermediate
zone, which were increased. This was consistent with the pres-
ence of vimentin-positive cells in the injury epicenter (in the
intermediate zone), in contrast to the greatly reduced infiltration
of GFAP-positive astrocytes in the injury epicenter after rapamy-
cin treatment (Fig. 7B; supplemental Fig. 5A, available at www.
jneurosci.org as supplemental material). Together with the ob-
served effects of rapamycin on cultured spinal cord astrocytes,
these results suggest that rapamycin administration inhibits the
development, proliferation, and/or migration of reactive astro-
cytes in the injured nervous system and may therefore have ben-
eficial effects by reducing reactive gliosis.

Discussion
In this study we show that activation of the EGF receptor in
astrocytes triggers a downstream signaling pathway that involves
Akt, Tuberin, Rheb, and mTOR. This pathway was elucidated
using cultured astrocytes isolated from the adult spinal cord and
appears to also be functional in reactive astrocytes in vivo, in a
well characterized model of spinal cord injury in which transient
ischemia causes neuronal loss, paraplegia, and reactive gliosis
(Taira and Marsala, 1996; Hefferan et al., 2007). Immunohisto-
chemistry showed that in reactive astrocytes of the injured spinal
cord there was an increase not only in the levels of activated EGF
receptor but also in the expression of the mTORC1 activator
Rheb. Thus, upregulation of Rheb expression may be another
mechanism contributing to mTORC1 activation in vivo (Im et al.,
2002). It will be interesting to determine whether increased Rheb
expression is a common feature of nervous system injuries char-
acterized by reactive gliosis.

4

(Figure legend continued.) the rapamycin-treated spinal cord. The right panels, showing higher
magnification views of the intermediate zone, reveal that there are few GFAP-positive cells in
the injury epicenter of the rapamycin-treated spinal cord; examples of vimentin-positive but
GFAP-negative cells in the injury epicenter are indicated by arrows. The scale bar represents 500
�m in the left panels and 70 �m in the right panels. C, The scheme on the left illustrates the
spinal cord regions used for quantification: VC, ventral column; IZ, intermediate zone; LC, lateral
column. The histograms show average vimentin and GFAP levels in the ventral column, inter-
mediate zone, and lateral column, normalized to the levels in the injured, vehicle-treated spinal
cords. *p � 0.05 by one-way ANOVA followed by Dunnett’s post hoc test for the comparison
with vehicle-treated injured spinal cord.
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Adult spinal cord astrocytes treated with rapamycin did not
grow, confirming that astrocytes require mTORC1 activity to
grow in culture, as has been shown for many other cell types
(Sabatini, 2006; Shaw and Cantley, 2006; Chiang and Abraham,
2007). However, EGF was not sufficient to stimulate astrocyte
growth in the absence of other serum components, suggesting
that additional signaling pathways besides activation of
mTORC1 are important for growth regulation in these cells. On
the other hand, EGF was sufficient to induce changes in the actin
cytoskeleton and to stimulate chemotactic migration. These ef-
fects of EGF appear to also be mediated by mTORC1 because they
were acutely inhibited by rapamycin, which due to its unusual
mechanism of action is a very specific mTORC1 inhibitor (Bain
et al., 2007). A role for mTORC1 in cell migration has been re-
ported in only a few cell types, such as fibroblasts and trophoblast
cells, where growth factor-induced migration can be inhibited by
a short exposure to rapamycin, similarly to what we observed in
astrocytes (Berven et al., 2004; Qian et al., 2004; Qiu et al., 2004).
In contrast, mTOR has a widespread role in the regulation of
cytoskeletal remodeling and cell migration when it is part of the
mTORC2 complex (Jacinto et al., 2004; Sarbassov et al., 2004).
Although mTOR in mTORC2 is insensitive to rapamycin, pro-
longed exposure to rapamycin can deplete the levels of mTOR
available to form mTORC2 complexes (Sarbassov et al., 2006).
However, such indirect inhibition of mTORC2 is not likely to be
responsible for the effects of rapamycin on EGF-dependent
changes in cytoskeletal organization and migration in adult spi-
nal cord astrocytes due to the relatively short time course of rapa-
mycin exposure in our migration experiments. Furthermore,
rapamycin did not decrease Akt phosphorylation at S473, which
is the site phosphorylated by mTORC2 (Sarbassov et al., 2005).

On the contrary, treatment of the astrocytes with rapamycin
rapidly and persistently increased Akt phosphorylation at S473.
Previous studies have shown that rapamycin can promote Akt
phosphorylation in some cell types through inhibition of a neg-
ative feedback loop involving S6 kinase-mediated phosphoryla-
tion and degradation of insulin receptor substrates (O’Reilly et
al., 2006; Wullschleger et al., 2006; Bhaskar and Hay, 2007). By
increasing insulin receptor substrate levels, rapamycin inhibition
of mTORC1 activity can increase PI3 kinase and, therefore, Akt
activation. A similar mechanism appears to account for the in-
verse regulation of S6 kinase and Akt phosphorylation that we
observed in adult spinal cord astrocytes because we observed
increased levels of insulin receptor substrate-s (IRS-2) protein in
rapamycin-treated astrocytes.

The rapamycin-dependent increase in Akt phosphorylation
may play a role in the inhibitory effects of rapamycin on astrocyte
migration. The roles of Akt in cell survival and metabolism are
well known, while its role in cell migration is less characterized
(Manning and Cantley, 2007). Interestingly, recent studies have
shown that Akt1 and Akt2 can have different effects on migration
depending on the cell type (Stambolic and Woodgett, 2006). For
example, activation of Akt1 but not Akt2 decreases EGF-
dependent breast epithelial cell migration by inhibiting Erk ki-
nases (Irie et al., 2005) and hyperactivation of Akt1 in breast
cancer cells inhibits motility and invasion through a pathway that
involves Tuberin phosphorylation and degradation, leading to
decreased Rho activation (H. Liu et al., 2006). Furthermore, ac-
tivation of Akt2 but not Akt1 has been shown to decrease fibro-
blast migration, likely by inhibiting Rac and Pak1 (Zhou et al.,
2006) while phosphorylation and inhibition of GSK-3 by Akt
family members can have negative effects on cell migration
(Kobayashi et al., 2006). Downregulation of S6 kinase activity

may also play a role in the inhibitory action of rapamycin on the
cytoskeletal and chemotactic effects of EGF. In addition to its role
in the regulation of protein synthesis, S6 kinase has been shown
to associate with the actin cytoskeleton and has been implicated
in the regulation of cell morphology and migration (Berven et al.,
2004; Qian et al., 2004).

An important implication of our findings is that blocking the
mTORC1 pathway with rapamycin, which is already in use as an
immunosuppressive and antiproliferative drug (Bain et al., 2007;
Chiang and Abraham, 2007), could be beneficial in the treatment
of spinal cord injury by reducing astrocyte proliferation and mi-
gration. Indeed, treating rats with rapamycin after ischemic spi-
nal cord injury lowered the levels of vimentin and GFAP, two
intermediate filament proteins that are characteristically upregu-
lated in reactive astrocytes. Furthermore, rapamycin administra-
tion decreased infiltration of GFAP-positive astrocytes in the ep-
icenter of the injury, consistent with decreased astrocyte
proliferation and/or migration.

It will be interesting to examine whether prolonged rapamy-
cin treatment can also downregulate expression of proteins re-
sponsible for astrocyte hypertrophy and reactive gliosis, whose
expression may depend on EGF receptor and mTORC1 activity
(Junier, 2000; Ess et al., 2004; Fraser et al., 2004; Uhlmann et al.,
2004; Smith and Strunz, 2005; B. Liu et al., 2006; Liu and Neufeld,
2007). Moreover, the increased Akt activation seen after rapamy-
cin treatment should enhance astrocyte survival (Manning and
Cantley, 2007), which could also be beneficial in conjunction
with inhibiting excessive astrocyte growth and motility. While
moderate astrocyte gliosis would be desirable to reduce tissue
damage and neuronal cell death following injury (Faulkner et al.,
2004), excessive gliosis may be limited with the use of rapamycin.

It is encouraging that in vitro rapamycin inhibits astrocyte
growth and migration (as we show here) and reduces the size of
hypertrophic astrocytes in which mTORC1 is hyperactivated
(Uhlmann et al., 2004). Nevertheless, it will be important to care-
fully examine the in vivo effects of rapamycin on functional re-
covery after different types of nervous system injury, because of
the complexities of the mTORC1 pathway and its importance in
regulating the physiology of different cell types in the damaged
nervous system (Sabatini, 2006; Shaw and Cantley, 2006; Chiang
and Abraham, 2007). In clinical trials for the treatment of tuber-
ous sclerosis-associated astrocytomas and Pten-deficient glio-
blastomas, rapamycin has already shown some promising growth
inhibitory activity toward cells of the glial lineage (Franz et al.,
2006; Cloughesy et al., 2008). Other studies with animal models
have shown that a brief administration of rapamycin near the
time of ischemic injury to the CNS does not have neuroprotective
effects (Sharkey and Butcher, 1994; Bochelen et al., 1999; Tachi-
bana et al., 2005). In contrast, a single dose of rapamycin admin-
istered 4 h after traumatic brain injury in mice has been shown to
reduce inflammatory processes and neuronal loss and to improve
functional recovery (Erlich et al., 2007). Interestingly, the
mTORC1 pathway has been very recently implicated in axon
growth and regeneration (Choi et al., 2008; Park et al., 2008),
suggesting that it may be desirable to devise strategies to prefer-
entially target rapamycin to glial cells.

The EGF receptor inhibitors PD168393 and AG1478 promote
axon regeneration and functional recovery in preclinical studies
using animal models of spinal cord and optic nerve injury
through inhibitory effects on reactive astrocytes (B. Liu et al.,
2006; Erschbamer et al., 2007) as well as by decreasing neuronal
responses to inhibitors of axon outgrowth (Koprivica et al.,
2005). Our studies suggest that rapamycin may be useful as an
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alternative or in combination with EGF receptor inhibitors
(Wang et al., 2006) to reduce glial scar formation after spinal cord
injury and possibly other injuries to the CNS.
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Mammalian TOR complex 2 controls the actin cytoskeleton and is rapa-
mycin insensitive. Nat Cell Biol 6:1122–1128.

Junier MP (2000) What role(s) for TGFalpha in the central nervous system?
Prog Neurobiol 62:443– 473.

Kobayashi T, Hino S, Oue N, Asahara T, Zollo M, Yasui W, Kikuchi A (2006)
Glycogen synthase kinase 3 and h-prune regulate cell migration by mod-
ulating focal adhesions. Mol Cell Biol 26:898 –911.

Koprivica V, Cho KS, Park JB, Yiu G, Atwal J, Gore B, Kim JA, Lin E, Tessier-
Lavigne M, Chen DF, He Z (2005) EGFR activation mediates inhibition
of axon regeneration by myelin and chondroitin sulfate proteoglycans.
Science 310:106 –110.

Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, Puc J, Miliaresis C,
Rodgers L, McCombie R, Bigner SH, Giovanella BC, Ittmann M, Tycko B,
Hibshoosh H, Wigler MH, Parsons R (1997) PTEN, a putative protein
tyrosine phosphatase gene mutated in human brain, breast, and prostate
cancer. Science 275:1943–1947.

Liu B, Neufeld AH (2007) Activation of epidermal growth factor receptors
in astrocytes: from development to neural injury. J Neurosci Res
85:3523–3529.

Liu B, Chen H, Johns TG, Neufeld AH (2006) Epidermal growth factor
receptor activation: an upstream signal for transition of quiescent astro-
cytes into reactive astrocytes after neural injury. J Neurosci 26:7532–7540.

Liu H, Radisky DC, Nelson CM, Zhang H, Fata JE, Roth RA, Bissell MJ
(2006) Mechanism of Akt1 inhibition of breast cancer cell invasion re-
veals a protumorigenic role for TSC2. Proc Natl Acad Sci U S A
103:4134 – 4139.

Liu L, Cash TP, Jones RG, Keith B, Thompson CB, Simon MC (2006)
Hypoxia-induced energy stress regulates mRNA translation and cell
growth. Mol Cell 21:521–531.

Manning BD, Cantley LC (2007) AKT/PKB signaling: navigating down-
stream. Cell 129:1261–1274.

Marsala M, Kakinohana O, Yaksh TL, Tomori Z, Marsala S, Cizkova D
(2004) Spinal implantation of hNT neurons and neuronal precursors:
graft survival and functional effects in rats with ischemic spastic paraple-
gia. Eur J Neurosci 20:2401–2414.
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