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Astrocytes are both detrimental and beneficial for repair and recovery after spinal cord injury (SCI). These dynamic cells are primary
contributors to the growth-inhibitory glial scar, yet they are also neuroprotective and can form growth-supportive bridges on which
axons traverse. We have shown that intrathecal administration of transforming growth factor � (TGF�) to the contused mouse spinal
cord can enhance astrocyte infiltration and axonal growth within the injury site, but the mechanisms of these effects are not well
understood. The present studies demonstrate that the epidermal growth factor receptor (EGFR) is upregulated primarily by astrocytes
and glial progenitors early after SCI. TGF� directly activates the EGFR on these cells in vitro, inducing their proliferation, migration, and
transformation to a phenotype that supports robust neurite outgrowth. Overexpression of TGF� in vivo by intraparenchymal adeno-
associated virus injection adjacent to the injury site enhances cell proliferation, alters astrocyte distribution, and facilitates increased
axonal penetration at the rostral lesion border. To determine whether endogenous EGFR activation is required after injury, SCI was also
performed on Velvet (C57BL/6J-EgfrVel/J) mice, a mutant strain with defective EGFR activity. The affected mice exhibited malformed glial
borders, larger lesions, and impaired recovery of function, indicating that intrinsic EGFR activation is necessary for neuroprotection and
normal glial scar formation after SCI. By further stimulating precursor proliferation and modifying glial activation to promote a growth-
permissive environment, controlled stimulation of EGFR at the lesion border may be considered in the context of future strategies to
enhance endogenous cellular repair after injury.

Introduction
Spinal cord injury (SCI) results in the permanent loss of motor,
sensory, and autonomic function because the adult mammalian
nervous system cannot regenerate. During development, astro-
cyte precursors support growing axons (Rakic, 1971; McDermott
et al., 2005), and after SCI in lower vertebrates and very young
mammals, astrocyte progenitors migrate from the ependymal
zone to form a scaffold for regeneration (Chernoff et al., 2003; Fry
et al., 2003; Rehermann et al., 2009). However, after SCI in adult
mammals, astrocytes vacate the lesion core (Fitch et al., 1999) and
form a cellular and molecular border at the lesion edge that is
inhibitory to axon growth (Reier et al., 1983; Liuzzi and Lasek,
1987; Rudge and Silver, 1990). Peripheral axons grow within the
lesion, but few centrally derived axons are able to extend beyond
the glial border (Frisen et al., 1995; Houle and Jin, 2001; Inman
and Steward, 2003; Camand et al., 2004). Even after removal of

multiple inhibitory cues and profound stimulation of intrinsic
growth potential, axonal growth is observed nearly exclusively in
association with small remnants of astroglial bridges (Lee et al.,
2010; Liu et al., 2010).

When it occurs, astrocyte migration can support growth of
centrally derived axons even in adult mammals. Spontaneous
astrocyte migration is accompanied by robust growth of central
serotonergic fibers into the SCI lesion in 129X1/SvJ mice (Ma et
al., 2004; White and Jakeman 2008). In addition, interventions
that enhance astrocyte migration facilitate axon growth into cel-
lular grafts or bridges (King et al., 2006; Deng et al., 2011). Ac-
cordingly, several researchers have transplanted astrocytes or
astrocyte precursors into the site of SCI to encourage regenera-
tion (Hasegawa et al., 2005; Davies et al., 2006; Filous et al., 2010;
Jin et al., 2011). However, with increasing evidence of glial heter-
ogeneity and plasticity (Davies et al., 2008; Meletis et al., 2008;
White et al., 2010; Remboutsika et al., 2011), we propose that an
attractive alternative strategy is to target the endogenous astro-
cyte response and stimulate the formation of growth-permissive
cellular bridges to support growing axons.

We have shown previously that intrathecal infusion of trans-
forming growth factor � (TGF�) can alter the glial border and
enhance axonal growth after spinal contusion (White et al.,
2008). However, TGF� acts on the epidermal growth factor re-
ceptor (EGFR) found on many different cell types, and the site of
action of these effects was not clear. The present studies demon-
strate that early after SCI, the EGFR is upregulated primarily by
astrocytes and astrocyte precursors surrounding the lesion.
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TGF� acts directly on these cells in vitro to stimulate prolifera-
tion, migration, and transformation to an axon growth-suppor-
tive phenotype. Intraparenchymal overexpression of TGF� at the
border adjacent to an SCI enhances proliferation and reduces the
astrocyte-free core, allowing extension of more axons at the ros-
tral lesion border. A loss-of-function mutant shows that the en-
dogenous EGFR response is neuroprotective. Thus, despite
recent studies demonstrating potential benefits of EGFR inhibi-
tion, the present results reveal that EGFR activation has positive
effects on the endogenous cellular response after SCI.

Materials and Methods
Mice and spinal cord injury
Adult female C57BL/6 mice (17–21 g) were obtained from The Jackson
Laboratory or Charles River Laboratories and housed in barrier cages in
a temperature- and humidity-controlled room with ad libitum access to
food and water. Mice lacking functional EGFRs (C57BL/6J-EgfrVel/J)
were obtained from The Jackson Laboratory (stock #006926). The Velvet
mutation is a dominant substitution of adenine-to-guanine, leading to
an amino acid change from aspartic acid to glycine at position 833 of the
protein (D833G). This results in loss of ATP coupling and subsequent
EGFR signaling (Du et al., 2004). Mutant animals were backcrossed to
C57BL/6J at The Jackson Laboratory for at least 10 generations.
Heterozygous affected mice were maintained for six to seven generations
in house by mating heterozygous males (Velvet) with wild-type (WT)
females. Affected progeny are viable and fertile with no behavioral ab-
normalities. They exhibit open eyelids at birth and a first coat of wavy
hair allowing visible determination of genotype (Du et al., 2004). All
animal experimentation procedures followed institutionally approved
protocols in accordance with the NIH Guide to the Care and Use of
Laboratory Animals.

Mice were anesthetized with ketamine (80 mg/kg; Vedco) and xylazine
(10 mg/kg, i.p.; Ben Venue Laboratories), and a thoracic vertebral level 9
(T9) laminectomy was performed under aseptic conditions. Moderate
contusion injury was produced using the Ohio State University Electro-
magnetic Spinal Cord Injury Device (ESCID; 0.5 mm) (Jakeman et al.,
2000; expression studies and Experiments 1 and 2) or the Infinite Hori-
zons Injury Device (IH device; 75 kdyn; Scheff et al., 2003) (Experiment
3 and Velvet; see groups below). Both injury devices impart a controlled
contusion to the exposed intact dura after a T9 laminectomy and yielded
a force range of 75–110 kDyn and maximal displacement of 0.49 – 0.83
mm over a 10 –25 ms period. After injury, the overlying muscles were
sutured with 4-0 silk, the skin openings were closed with vicryl, and the
mice were allowed to recover in warmed cages overnight. Bladders were
expressed twice daily for the duration of the experiments. All mice had
access to laboratory chow, peanut butter, and sweetened cereal to mini-
mize weight loss after injury. Subcutaneous injections of Gentamicin (5
mg/kg; Vedco) and 0.9% saline (1–3 cc) were administered for 5 d after
injury.

Expression and distribution of EGFR after SCI
Western blotting. Naive and injured mice at 4, 7, or 15 d postinjury (DPI)
(n � 4 per group) were anesthetized with ketamine (120 mg/kg) and
xylazine (15 mg/kg) and perfused with sterile 0.9% saline. A 4 mm block
of tissue centered on the injury or control spinal level was removed and
homogenized in EDTA buffer containing protease and phosphatase in-
hibitors (Pierce T-PER and Halt Solutions; Thermo Fisher Scientific).
After centrifugation, 15 �g of protein from each unpooled tissue super-
natant was denatured and separated on a 10% polyacrylamide gel under
reducing conditions. The protein was transferred to Immobilon PVDF
membrane (Sigma) and blocked in 5% nonfat milk in TBS with 0.1%
Tween 20 (Sigma). The membranes were incubated overnight in rabbit
anti-EGFR (1:200, sc-1005; Santa Cruz Biotechnology) or rabbit anti-�-
tubulin (1:400; Sigma) followed by 2 h in HRP-labeled goat anti-rabbit
IgG (1:4000, Jackson Immunoresearch Laboratories). Blots were devel-
oped with ECL reagent (Pierce), and signal was detected on BX film
(MidSci). The films were scanned, and the integrated optical density
(IOD) of each target band was quantified and expressed as EGFR/�-

tubulin using Gel-Pro Analyzer software (version 3.1; Media Cybernet-
ics). IOD ratios were normalized to the control (naive) tissue values and
compared by one-way ANOVA followed by Tukey’s multiple compari-
son test using Prism 5.0 software (GraphPad Software).

EGFR immunohistochemistry. Mice received moderate T9 contusive
spinal cord injury with the ESCID as above. Naive mice and mice at 3 or
7 DPI were anesthetized and perfused with 0.1 M PBS and 4% parafor-
maldehyde (PFA) in 0.1 M PBS. Brains and spinal cords were postfixed for
2 h and cryoprotected in 30% sucrose. Spinal cord blocks of 0.8 cm length
were centered on the laminectomy site, and serial transverse sections
were collected at 10 �m thickness in 10 sets of sections, each spaced 100
�m apart. Adjacent sets of sections were dual labeled with antibodies
against EGFR [sheep anti-EGFR, 1:1000 (Abcam) or 1:400 (Lifespan
Biosciences)] and cell markers, including glial fibrillary acidic protein
(GFAP; rabbit anti-bovine, 1:5000; Dako), neurofilament (NF; chicken
anti-200 kDa NF, 1:200; Aves Laboratories), or brain lipid binding pro-
tein (rabbit anti-BLBP, 1:1000; Millipore) to identify mature astrocytes,
axons, or astrocyte lineage cells, respectively (White et al., 2010). Sections
were blocked with 5% bovine serum albumin (Sigma), 1% fish gelatin
(Sigma), and 0.1% Triton X-100 (Sigma) in PBS and incubated in pri-
mary antibodies overnight at 4°C and in fluorescent-labeled secondary
antibodies for 2 h at room temperature (Alexafluor, 1:200; Invitrogen).
Slides were coverslipped with Immumount (Thermo Fisher Scientific).
Controls for staining specificity and cross-reactivity for each antibody
were performed using normal serum in place of each primary antibody as
described previously (White et al., 2010).

In vitro studies
Adult spinal cord neural progenitor cell and neural progenitor cell-derived
astrocytes. Adult spinal cord neural progenitor cells (ASCNPCs) were
isolated from 8- to 12-week-old C57BL/6 mice as described previously
(Ray and Gage, 2006) and used from passages 17–21. To prepare astro-
cytes, ASCNPCs were seeded on a 10 cm plate coated with poly-L-
ornithine (10 �g/ml; Sigma) and EHS-laminin (5 �g/ml; Invitrogen) in
mouse neural stem cell expansion medium (MNSCEM; serum-free N2
medium composed of DMEM/F-12, 1 mM L-glutamine, 1� PSF (antibi-
otic-antimycotic; Invitrogen), and 1� N2 supplement and containing 20
ng/ml FGF-2, 20 ng/ml EGF, and 5 �g/ml heparin; Ray and Gage, 2006)
until they were at least 80% confluent. Cells were then rinsed with sterile
PBS (Invitrogen), and the medium was replaced with MNSCEM con-
taining 10% fetal bovine serum (FBS; Invitrogen) (Brunet et al., 2004).
Cells were maintained in FBS medium for 7 d, with the medium changed
every 2 d. At this stage, the cultures were enriched in astrocytes but also
contained undifferentiated precursors. These cultures were thus called
“mixed astrocyte cultures” and were used in migration assays because
they model a mixed population of astrocyte lineage cells present in the
injured spinal cord after trauma (Meletis et al., 2008; White et al., 2010).
To obtain more purified and fully differentiated astrocyte cultures, the
medium was next replaced with MNSCEM plus 10% FBS with 20 �M

cytosine arabinoside (Sigma) for 2 d to abolish proliferating cells. This
was followed by an additional 2 d in MNSCEM plus 10% FBS, yielding a
97% GFAP-positive population.

TGF� treatment in vitro. Cells prepared as above were plated on glass
coverslips coated with laminin (50 �g/ml) and poly-ornithine (5 �g/ml).
Human recombinant TGF� (R&D Systems) was added to serum-free,
growth factor-free medium at 0 –100 ng/ml. Unless stated otherwise, 10
ng/ml TGF� was added to fresh medium daily for 3 d for ASCNPCs and
25 ng/ml TGF� was added for 5 d for astrocytes. In control wells, the
EGFR inhibitor AG1478 (Calbiochem; 10 �M final concentration) was
added to the medium 30 min before TGF� (as per the manufacturer’s
instructions).

Proliferation (bromodeoxyuridine incorporation). ASCNPCs or astro-
cytes were plated on glass coverslips in 12-well (ASCNPCs) or 24-well
(astrocytes) plates at a density of 200,000 cells per well. TGF� was added
at 0 –100 ng/ml in MNSCEM. Six hours before fixation, a single dose of
10 �M bromodeoxyuridine (BrdU; Sigma) was added to each well. Cells
were fixed with 4% PFA for 20 min and stained with rat anti-BrdU
(1:400; Accurate Chemical and Scientific Corporation), followed by
FITC- or Cy-5 labeled goat anti-rabbit secondary antibody (1:125; Jack-
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son Immunoresearch Laboratories) in the presence of 4�,6-diamidino-2-
phenylindole (DAPI; 1:250; Invitrogen) to identify cell nuclei. Coverslips
were then placed on glass slides with polyvinyl alcohol mounting me-
dium with 1,4-diazabicyclo[2.2.2]octane (Sigma). To count BrdU�-
containing cells, five nonoverlapping images from the top, right, bottom,
and left quadrants and center of each coverslip (n � 3 per group) were
collected with the Axioplan microscope (Zeiss) at 20� magnification
(Sharif et al., 2006). Each counting field had an area of 27 mm 2, and each
coverslip had an area of 380 mm 2, for a total sampling area of 35%.
Images were saved as TIFF files, and the numbers of BrdU� cells and
DAPI� cells per field were determined with particle counting methods
using the MCID image analysis program (InterFocus Imaging Ltd.). Av-
erage cell nucleus size was set at 82 �m 2, based on a sample of 30 – 40
BrdU� cells. Intensity levels were set to saturate the labeled cells without
including background staining. Data are presented as either the number
of BrdU� cells per square millimeter or the percentage of total cells that
were BrdU� (number of BrdU� cells/number of DAPI� cells).

Wound closure (migration). ASCNPCs, mixed cultures, or astrocytes
were plated at a density of 180,000 cells/well (confluent soon after plat-
ing) on poly-ornithine- and laminin-coated glass coverslips in 24-well
plates (coverslip area, 95 mm 2). After 24 h, a linear scratch was made in
the cell layer using a sterile plastic pipette tip, and the cells were main-
tained in the treatment medium for 1–5 d. Phase-contrast images cen-
tered on the scratch in three wells per treatment were collected daily to
track the progression of migration over time (Faber-Elman et al., 1996).
After 3 d (ASCNPCs) or 5 d (astrocytes), the cells were fixed with 4% PFA
and immunolabeled with anti-nestin (chicken anti-Nestin, 1:200; Aves
Laboratories) or anti-GFAP (guinea pig anti-GFAP, 1:1000; Advanced
Immunochemical) antibodies. Final images of stained cultures centered
on the scratch wound (20�) were collected on an inverted confocal or
510 META confocal microscope (Zeiss). The phase-contrast images were
analyzed by measuring the proportional area inhabited by cells within the
scratch region based on edge detection using the MCID image analysis
program. Confocal images of nestin and GFAP immunoreactivity were
analyzed by outlining the principle edge of the wound based on the saved
phase-contrast images and thresholding and measuring the percentage of
the scratch area occupied by nestin� or GFAP� staining using NIH
ImageJ software (by W. Rasband, available at http://rsbweb.nih.gov/).

Transformation and changes in morphology. ASCNPCs or astrocytes
were plated at a density of 180,000 cells/well and exposed to TGF� or
vehicle. After 0 –5 d, cells were fixed with 4% PFA; stained with anti-
GFAP, rabbit anti-� III tubulin (1:2000; Sigma), rabbit anti-BLBP (1:
1000; Millipore), or rabbit anti-NG2 (1:100, US Biological); and
counterstained with DAPI. Images of five regions per well were captured
at 20� magnification on the Axioplan microscope (Zeiss) with a 10�
eyepiece. To compare expression levels across wells, images were col-
lected under identical lighting conditions, and the mean relative intensity
of each image was measured using the densitometric analysis feature of
the MCID.

Dorsal root ganglion axonal growth assay. Confluent ASCNPC or astro-
cyte cultures were prepared in 24-well plates and treated with control
medium or TGF� for 3–5 d; the medium was then removed, and the cells
were rinsed twice with sterile PBS. Dorsal root ganglion (DRG) cells were
isolated from adult C57BL/6 mice using previously described methods
(Gensel et al., 2009). The DRG cells were plated on the confluent cultures
at a density of 1600 DRG cells/well in Neurobasal A medium (Sigma). An
additional group of DRGs was plated directly on glass coverslips coated
with poly-D-lysine (25 �g/ml) and laminin (10 �g/ml) with or without 10
ng/ml TGF�. After 24 h, the cocultures were fixed with 2% PFA, stained
with rabbit anti-� III tubulin (1:2000; Sigma) or chicken anti-NF (1:
3000; Aves Laboratories), and, in some cases, counterstained with rabbit
or mouse anti-GFAP, followed by the appropriate Alexafluor secondary
antibodies (Invitrogen). Neurite outgrowth was measured using meth-
ods described by Gensel et al. (2009, 2010). Randomly placed 10� images
of stained DRGs were taken with an Axioplan microscope (Zeiss) with an
automated stage set to photograph �45% of the coverslip. TIFF images
were collected, and cells were counted if there was an intact cell body in
the image and if neurites did not contact other neurites. An automated
Sholl analysis (Gensel et al., 2010) was used to determine maximum

neurite outgrowth length. Approximately 30 –150 cells were measured
per treatment group.

TGF� adeno-associated virus overexpression in vivo
Preparation of TGF�, green fluorescent protein, and empty adeno-
associated virus vectors. TGF� expression was upregulated by endogenous
cells in the parenchyma of the spinal cord after microinjection of an
adeno-associated virus (AAV) serotype 1. To prepare the TGF�-AAV,
human TGF� cDNA (Open Biosystems) was cloned into an AAV plas-
mid under a cytomegalovirus promoter. Verification of TGF� produc-
tion was performed by transfecting human embryonic kidney 293
(HEK293) cells (Stratagene), collecting the supernatant 24 h later, and
performing a Quantikine ELISA for human TGF� (R&D Systems). The
plasmid was sent to Marion Scientific for construction of virus at a titer
10 9 viral genome copies per microliter, and production of TGF� by the
final AAV was confirmed in HEK293 cells by ELISA.

An AAV (serotype 1) expressing enhanced GFP-AAV was used to
identify the distribution and cell types of viral incorporation after micro-
injection into the parenchyma of the intact spinal cord. The GFP-AAV
was produced in house by transient triple transfection of (1) a recombi-
nant AAV plasmid carrying the GFP, (2) the AAV helper plasmid
pAAV/Ad encoding Rep2 and Cap, and (3) a plasmid carrying adenoviral
helper functions into HEK293 cells using calcium phosphate precipita-
tion. After 72 h, the AAV was harvested and purified by density gradient
centrifugation to yield a typical titer of 1 � 10 12 viral genome copies/�l.
Genome titer was measured by quantitative PCR using the iCycler (Bio-
Rad) (Kota et al., 2009). Finally, for control subjects in Experiment 3
below, an empty AAV of serotype 1 (eAAV) was produced in house using
similar methods but lacking the TGF� or GFP transcript.

In vivo injections of AAV. To administer the viruses in vivo, a midtho-
racic (T9) laminectomy was performed on adult mice as described above,
and injections of the TGF�-AAV (Experiments 1–3), GFP-AAV (Exper-
iment 1), PBS (Experiment 2), or eAAV (Experiment 3) were made at
both the rostral and caudal ends of the laminectomy site using pulled
glass micropipettes. Pipettes (tip diameter, 40 – 60 �m) were coated in
sterile saline, loaded with �20 �l of solution, placed in a hydraulic mi-
cromanipulator, and attached to a PV800 Pneumatic Pico Pump (World
Precision Instruments). At each site, the pipette was lowered 800 �m
beneath the dorsal surface of the spinal cord, and 2 �l of AAV was
injected at a rate of 1 �l per 15 min. After injection, the pipette was slowly
raised, a small square of DuraFilm (American Durafilm) was placed over
the laminectomy site, and the muscle layers were sutured. In all studies,
the mice were monitored for 2 weeks after injection to allow viral repli-
cation and incorporation and expression of the transgene. Locomotor
testing was performed at 2 d after injection to ensure no detectable func-
tional damage was caused by the procedure.

Verification of TGF� expression in vivo. TGF� gene expression was
confirmed by RT-PCR and ELISA. For RT-PCR, mice were reanesthe-
tized 2 or 8 weeks (n � 4 per group) after injection, and a 4 mm section
of spinal cord centered at the laminectomy site was rapidly removed and
placed immediately into TRIzol reagent (Invitrogen). The tissue was
homogenized and frozen at �80°C, and RNA was isolated as described
previously (Kigerl et al., 2007). For a positive control, HEK293 cells were
transfected with the TGF� viral plasmid, and RNA was isolated 24 h later
using the RNeasy Mini kit (QIAGEN). The First Strand Superscript RT
System (Invitrogen) was used to synthesize cDNA from RNA. PCR was
then performed using primers specific to human TGF� (Invitrogen; for-
ward primer, TGACGTCAATGGGTGGAGTA; reverse primer, GAC-
CTGGCAGCAGTGTATCA). The following program was used: 40 cycles
of 94° for 15 s, 60° for 30 s, and 72° for 30 s.

To confirm production of TGF� peptide, additional tissues were pre-
pared for ELISA from spinal cords of naive mice or mice that had received
TGF�-AAV or eAAV and were perfused 2 weeks later, or mice that had
received SCI only with the IH device and were perfused 10 d later (n � 3
per group). The mice were anesthetized and perfused with cold saline,
and a 4 mm block of spinal cord centered at the laminectomy site was
removed and flash frozen in liquid nitrogen. Samples were then thawed
in protein lysis buffer (10 mM HEPES, 42 mM KCl, 5 mM MgCl2, 0.1 mM

ETDA, 0.1 mM EGTA, and 0.1% Triton X-100) with protease inhibitor,
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and the mixture was sonicated for 5 s. The tissue was then centrifuged at
13,000 rpm for 60 min, and the supernatant was collected as the cyto-
plasmic fraction. Protein concentrations were determined by the bicin-
choninic acid method (BCA Protein Assay kit; Pierce). Eighty-five
micrograms of protein were diluted in 50 �l of the TGF� ELISA diluent.
Samples were run in duplicate and fit onto a standard curve generated
from the manufacturer’s reagents. Values were adjusted to reflect pico-
grams of TGF� present in each sample.

Distribution of AAV infection with GFP-AAV. Four intact mice that had
received GFP-AAV only were perfused 2 weeks after microinjections, and
tissues were processed for immunohistochemistry. No behavioral defi-
cits were observed at any time after the injection. Infection of neurons
and astrocytes with GFP was verified by double labeling with GFAP and
NeuN (mouse anti-NeuN, 1:500, Millipore), respectively.

Overexpression of TGF� after contusive SCI. In the first study (Experi-
ment 1), mice received either GFP-AAV or TGF�-AAV (n � 3 per group)
as described in the paragraph above. These mice were then allowed to
recover for 2 weeks, the laminectomy site was reexposed, and the mice
were subjected to a moderate contusion injury using the ESCID device.
They were perfused 10 d later, and the tissues were sectioned in the
longitudinal plane to examine the lesion border. Anecdotally, we later
used the GFP-AAV approach as a control for a longer-term study; some
mice were allowed to survive for 8 weeks after injury, but these tissues
revealed an unexpected confound in which prolonged administration of
the GFP-AAV was associated with distinct regions of white matter demy-
elination that colocalized with high GFP expression in tissue sections
(data not shown). Therefore, the GFP-AAV was ruled out as a control
reagent. In the second experiment described here (Experiment 2), two
groups of mice received TGF�-AAV or an equal volume of PBS (n � 6
per group) and were allowed 2 weeks for upregulation of the transgene,
were subjected to moderate contusion injury with the ESCID device, and
were tested for locomotor activity [Basso Mouse Scale (BMS)] at 3, 7, and
10 DPI and at 10 DPI, and the tissues were sectioned in the transverse
plane for full three-dimensional histological analysis. To confirm that the
observed effects on the cellular response to injury could be directly at-
tributed to expression of TGF�, a third experiment (Experiment 3) was
performed where mice received either TGF�-AAV or an empty AAV of
the same serotype (n � 4 per group for histology; n � 3 per group for
ELISA). These mice were subjected to moderate contusion injury, with
the IH device at a force (75 kDa) that produces a lesion and behavioral
outcomes that closely match the moderate ESCID injury, and perfused
10 d later. One eAAV specimen died 2 d after injury, and one TGF�-AAV
tissue block was damaged, leaving n � 3 for each group. The final GFAP
and NF values from the two TGF�-AAV treatment groups in Experi-
ments 2 (n � 6) and 3 (n � 3) were overlapping, and these groups were
combined.

Histological analysis of effects of TGF� on the lesion site
Identification of the lesion epicenter and lesion volumes. Ten adjacent sets
of transverse sections at100 �m spacing were used for quantitative his-
tological analysis as described previously. One set was stained with Erio-
chrome cyanine (EC) and cresyl violet (CV), and the lesion epicenter was
defined as the region with the smallest area of white matter sparing
(White et al., 2008). To determine lesion and spared tissue volumes,
stained sections at 200 �m intervals spanning the epicenter were photo-
graphed at low power. The regions of interest were defined by stain
intensity and color and outlined on printed images, and the Cavalieri
point-counting method was used to estimate the area and volumes using
standard methods (White et al., 2008, 2010; Jakeman 2011).

GFAP, NF, laminin, and BrdU quantification. The distribution of as-
trocytes, axons, and basal lamina was examined using antibodies against
GFAP (rabbit polyclonal anti-GFAP, 1:1000; Dako), NF-200 kDa
(chicken anti-NF-200, 1:200; Aves Laboratories), and �-laminin (rat
anti-laminin B2, 1:2000; Millipore), respectively. Images including the
full lesion were obtained from equally spaced sections at 200 �m inter-
vals from 1.4 mm rostral to 1.4 mm caudal from the lesion epicenter,
resulting in 15 sections per animal spanning a rostrocaudal length of 3.0
mm. The area per section in square millimeters and volume of the GFAP-
free region was estimated from the images using the Cavalieri point-

count method (Howard and Reed, 1998), and the area density of stained
axons and laminin (proportional area � target area/reference lesion
area) were determined using calibrated MCID computer-generated pixel
counts, where the lesion borders were outlined on the images based on
spared gray and white matter histology in the EC/CV-stained section
series for each section. This approach allows visualization of the rostro-
caudal distribution, which reflects an estimate of the volume fraction
(Vv) of NF and laminin staining as a function of the lesion volume. To
illustrate additional qualitative characteristics of some of the axons pres-
ent in the lesion of TGF�-AAV-treated mice, additional selected sections
were labeled with specific antibodies against GAP43 (rabbit anti-GAP43,
1:4000; Millipore), a marker of growing or regenerating axons (Skene
and Willard, 1981), and 5-HT (goat anti-5-HT, 1:5000; ImmunoStar), a
marker of descending centrally derived serotonergic fibers.

The extent and distribution of early cell proliferation at the lesion
border was determined after a single intraperitoneal injection of 50
�g/ml BrdU given at 3 DPI (White et al., 2010). One set of 10-�m-thick
tissue sections spaced 100 �m apart was triple stained with rat anti-BrdU,
rabbit anti-BLBP, and chicken anti-NF-200 antibodies. Images of BLBP
staining were obtained from sections at 200 �m intervals spanning the
lesion epicenter, and these were used to map the astrocyte border. Two
sections spanning the rostral pole of the lesion and two sections spanning
the caudal pole were identified. These sections and the intervening sec-
tion (total of three sections at 100 �m intervals for each pole) were
selected, and images of BrdU staining were captured with the MCID
Acquisition software and 20� objective. The BrdU� nuclei were larger
in diameter than the section thickness, so the optical fractionator method
was not feasible for absolute cell counts (Williams and Rakic, 1988). To
estimate the relative numbers of labeled nuclei at the lesion borders, a
sample box of 200,000 �m 2 was centered on the rostral and the caudal
lesion poles, and the digitized image was subjected to a counting para-
digm such that objects were identified as BrdU� nuclei if they had suf-
ficient intensity to indicate positive stain, and if they were �15 �m 2 and
�125 �m 2 in area. Counts from the three adjacent sections per animal
were averaged to provide an estimate of nuclei per section for the rostral
and caudal borders. This and all histological analyses were done using
slides coded by an independent participant to ensure the investigator had
no knowledge of the treatment group during image collection or data
analysis.

Behavioral recovery after contusion
Behavioral recovery was evaluated after contusion injury using the Basso
Mouse Scale (Basso et al., 2006). Mice were observed by a team of two
trained testers blind to treatment group and were assigned a score of 0 –9
based on operationally defined criteria with regard to use of the
hindlimbs in forward locomotion. Mice that received injections of AAV
or PBS were tested on 1 and 10 DPI. Testing was done on Velvet mice 1,
3, and 7 DPI and weekly thereafter until the time of perfusion at 28 DPI.
To determine whether differences in BMS scores for Velvet mice were
caused by changes in general locomotor activity after injury, the Velvet
and WT mice were also evaluated in an open-field activity box paradigm
(Open Field and Fusion software; AccuScan Instruments). The mice
were placed into 8 � 8 inch chambers of the activity box during the same
hours of the day as BMS testing was performed, and the software config-
ured to collect data on total movement time and total distance in 10 min
increments.

Statistical analyses
In vitro assays were analyzed across treatment groups with Student’s t
tests (proliferation, neurite outgrowth on astrocytes) or either one-way
or two-way ANOVA followed by Bonferroni post hoc tests when treat-
ment effects were significant. The � 2 analysis was used to determine
differences in the percentage of DRGs exhibiting neurites. The in vitro
assays were replicated two to three times. For proliferation assays, sample
sizes (numbers of wells per condition) were determined using G*Power 3
based on pilot studies (Erdfelder et al., 1996). One-way ANOVA was used
to assess effects of treatment group for ELISA and lesion volume data
with post hoc comparisons across groups using Bonferroni-corrected t
tests if main effects were significant. Anatomical analyses across the le-
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Figure 1. EGFR expression is increased and colocalized on astrocytes and progenitors at the lesion site after SCI. A, Western blots of naive (Ctl) and injured spinal cord tissues showing a single band
of �175 kDa for EGFR, with �-tubulin (�50 kDa) as a loading control. B, EGFR expression is increased and remains high after spinal cord injury. ANOVA, p � 0.001; *p � 0.05, **p � 0.01 versus
Ctl (post hoc tests). C, Wide-field fluorescence image of uninjured spinal cord white matter showing EGFR expression predominately in gray matter, including the neuropil throughout the ventral horn
(VH; C�) and punctate staining in lateral white matter (LWM; C�). D–D�, Confocal microscopy shows EGFR expression in profiles throughout naive white matter (red; D, arrows) is colocalized with
NF� axons (D�, blue; D�, magenta profiles) but colocalization with astrocytes (GFAP, green) is rare. E, During the first week after injury, EGFR expression is upregulated primarily in the spared white
matter, with minimal expression in the lesion core (*). E–E�, High-power confocal image enlargement of white box in E shows profiles in register reflecting EGFR� (E�) and GFAP� (E�) astrocyte
processes. F–F�, Confocal micrograph at the lesion border at 3 DPI depicting EGFR� profiles (F ) colocalized with BLBP� cells of astrocyte lineage (F�, F�, white arrowheads). G, Confocal projection
through a 10-�m-thick slice showing BLBP�/EGFR� astrocytes at the lesion border; a colabeled cell (white arrow) projected along the right and bottom borders of the image (yellow arrows). H,
Examples of BLBP�/EGFR� cells and z-stack from spared white matter at 3 DPI. I, J, Confocal micrographs of the central canal rostral to the injury epicenter with BLBP�/EGFR� cells at 3 and 7
DPI. Scale bars: C, E, 50 �m; C�, D, F, H�, I�, 10 �m; C�, G, H�, I�, 20 �m.
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sion length, BrdU� cell counts at rostral and
caudal borders, wound closure assays, and BMS
scores over time were compared using two-way
ANOVA with repeated measures (Scheff et al.,
2003; Basso et al., 2006) followed by Bonferroni-
corrected t tests. For all statistical analyses, signif-
icance was set at p � 0.05. Power analyses for
behavioral studies were performed using Stat-
mate 2.0 (GraphPad Software).

Results
EGFR is upregulated early after injury
on progenitor cells and astrocytes
To establish the time course of EGFR ex-
pression after contusion, Western blots
were performed on tissue from naive spinal
cord and spinal cords obtained at 4, 7, and
15 DPI. EGFR expression was significantly
increased at 4 DPI and remained high
through 15 DPI (Fig. 1A,B). The distribu-
tion of EGFR immunoreactivity was deter-
mined using antibodies against EGFR,
GFAP (mature and reactive astrocytes),
BLBP [immature and reactive astrocytes
(White et al., 2010)], and NF (axons) (Fig.
1C–I). In naive tissue, EGFR immunoreac-
tivity was low, with the greatest expression
in gray matter, where it was associated pri-
marily with neuronal profiles such as those
in the ventral horn (Fig. 1C). In white mat-
ter regions (lateral white matter), uninjured
axons expressed EGFR, as observed by cola-
beling of EGFR with NF antibodies (Fig.
1C	,D). After contusion injury, EGFR im-
munoreactivity was dramatically increased
injury border, where it was expressed mostly
by astrocytes and astrocyte precursor cells
(Fig. 1E–I). EGFR immunostaining was co-
localized with GFAP� cells and processes in
white matter (Fig. 1E) and with BLBP�
cells along the lesion border and throughout
the spared white matter (Fig. 1F–H) and
near the ependymal region surrounding the
central canal rostral and caudal to the injury
site (Fig. 1I). Thus, astrocyte progenitors and astrocytes represent
primary targets of EGF ligand activation during the first week after
SCI.

TGF� is a potent mitogen for adult spinal cord neural
progenitor cells and astrocytes
To determine the direct effects of EGFR activation on the neural
progenitors and astrocytes from adult spinal cord, we prepared
purified cultures of adult-derived spinal cord progenitor cells
(ASPNPCs) and astrocytes and exposed them to 1–50 ng/ml con-
centrations of TGF� for 3–5 d. TGF� has been shown previously
to induce proliferation of forebrain neural progenitor cells (An-
chan et al., 1991; Reynolds and Weiss, 1992) and primary cortical
astrocytes (Sharif et al., 2006, 2007), but effects on neural progen-
itor cells and astrocytes from the adult spinal cord have never
been described. TGF� induced robust proliferation of ASCNPCs
in a dose-dependent manner (Fig. 2A,B), such that 96 
 4% of
these cells incorporated BrdU after incubation in 25 �g/ml
TGF�. This response was specific to activation through the
EGFR, as application of the EGFR inhibitor AG1478 blocked the

effect (Fig. 2B	). TGF� also directly stimulated proliferation of
astrocytes; cultures maintained in FBS without TGF� did not
incorporate BrdU administered 6 h before fixation, whereas
�60 
 7% of plated astrocytes treated with 50 ng/ml TGF� in-
corporated BrdU (Fig. 2C).

TGF� induces wound closure in adult spinal cord neural
progenitor cells and mixed glial cells, but not in astrocytes
Increased proliferation and migration may contribute to im-
proved wound closure and formation of glial bridges after injury.
To test this in vitro, confluent cultures were subjected to a scratch
wound and treated with control medium or TGF�. TGF�-treated
ASCNPCs demonstrated wound closure as early as 48 h after
scratching and near complete filling of the scratch area by 3 d of
treatment in a dose-dependent manner (Fig. 3A,B; treatment,
time, and interaction effects; p � 0.001). Cell nuclei stained with
DAPI (data not shown) were prevalent within the scratch area
after TGF� treatment, suggesting that both proliferation and mi-
gration contributed to wound closure. Mixed glial cultures that
were exposed to TGF� exhibited partial wound closure by 5 d of

Figure 2. TGF� is a potent mitogen for ASCNPCs and astrocytes. A, Dose–response experiment shows the number of BrdU�
profiles 3 d after treatment with TGF� alone, or with the addition of 10 �M AG1478 (�AG). ***p � 0.001, ANOVA and post hoc
differences compared with 0 ng/ml TGF� alone. B, Representative images of BrdU� profiles in ASCNPC cultures after 3 d of
treatment with 0 or 25 ng/ml TGF� with or without 10 �M AG1478. C, C�, Representative confocal images showing BrdU�
astrocytes (GFAP�) in the presence of 10% FBS (C) or 25 ng/ml TGF� (C�), stained with GFAP (red) and BrdU (green). Scale bars:
B, 50 �m; C, 10 �m.
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treatment (Fig. 3C,D; treatment effect; p � 0.05). In these cul-
tures, which model the mixed population of progenitor cells and
astrocytes found near the lesion edge early after spinal cord in-
jury, streams of cells resembling glial bridges were found span-
ning from one side to the other within the wound area (Fig. 3C�).
In contrast, when fully differentiated astrocytes were incubated in
TGF� for as long as 5 d, there was no migration or filling of the
wound site. A distinct border was present between the astrocytes
and the scratch, and little to no process extension or cell migra-
tion occurred (Fig. 3E,F). Despite the lack of migration, the ef-
fects of TGF� on proliferation and changes in morphology of the
astrocytes were evident after wounding (Fig. 3E,E�).

TGF� alters cell morphology and marker expression in adult
spinal cord neural progenitor and astrocyte cultures
Radial glia, the immature cells that support axonal growth during
development (Vaccarino et al., 2007), have an elongated, bipolar
phenotype and express BLBP, whereas mature astrocytes exhibit
multiple processes and primarily express GFAP (Barry and Mc-
Dermott, 2005; White and Jakeman, 2008). ASCNPC cultures are
normally maintained at low density in proliferation medium
containing EGF, FGF-2, and heparin, with frequent passaging.
Under these conditions, they maintain mulitpotency and express
very low levels of GFAP (Ray and Gage, 2006). However, when
maintained in proliferation medium for several days without pas-

saging, they increased expression of GFAP
and expressed high levels of BLBP at con-
fluency (Fig. 4A,C). When subsequently
deprived of all growth factors, these cells
proliferated slowly, but individual cells
expressed similar intensity of GFAP im-
munoreactivity at 24 h after starvation
(Fig. 4A�), while they dramatically de-
creased expression of BLBP (Fig. 4C�).
ASCNPCs treated with TGF� for 3 d pro-
liferated and also exhibited reduced GFAP
expression compared with cells grown in
normal growth medium or deprived of
growth factors (Fig. 4A	,B). The ASCNPCs
maintained in TGF� had slightly thinner
processes that were sometimes in align-
ment when compared directly to those in
normal proliferation medium (Fig. 4A,A	).
These observations suggest that while
inducing proliferation, TGF� may help
maintain ASCNPCs in a relatively undif-
ferentiated state.

Fully differentiated ASCNPC-derived
astrocytes maintained in 10% FBS with no
TGF� exhibited a flattened, polygonal mor-
phology that stained positively for GFAP
but showed very low expression of BLBP
(Fig. 4E,G). When deprived of FBS and all
growth factors, these cells remained multi-
polar but developed densely stained, slender
processes suggestive of stress fiber forma-
tion (Fig. 4E�,G�). Under these conditions
the astrocytes upregulated both GFAP and
BLBP (Fig. 4F,H). However, in the pres-
ence of TGF�, they showed a further in-
crease in expression of both GFAP and
BLBP and developed a marked bipolar mor-
phology similar to that of radial glia (Fig.

4E	,G	). Thus, differentiated astrocytes increase expression of both
GFAP and BLBP as they undergo marked transformation to a bipo-
lar morphology.

TGF� does not elicit neuronal or oligodendroglial lineage
differentiation of ASCNPCs
Past studies have shown that neonatal brain progenitors cultured
in the presence of TGF� can differentiate into both neuronal and
glial cells (Reynolds et al., 1992). ASCNPCs treated with TGF�
were immunolabeled with �-III tubulin to identify neuronal cells
and NG2 to identify oligodendrocyte precursor cells. In either
control or TGF� conditions, �-III tubulin immunostaining was
not present. All cultures showed some basal NG2 expression, but
this expression level did not change with treatment (data not
shown).

TGF�-treated ASPNPCs and astrocytes are highly permissive
for axonal growth
Based on in vitro observation that TGF� induces proliferation
and a BLBP-expressing, elongated phenotype in adult astrocytes,
we hypothesized that the transformed astrocytes would be per-
missive to axonal growth. Although axonal activation of the
EGFR has been shown to restrain axon growth on inhibitory
substrates, such as myelin and chondroitin sulfate proteoglycans
(Koprivica et al., 2005), the effects of EGFR activation on a sup-

Figure 3. TGF� encourages wound closure in confluent ASCNPC and mixed glial cell cultures. A, A�, Confocal images of nestin
immunoreactivity in ASCNPC cultures without (A) and with (A�) 25 ng/ml TGF� present in the medium for 3 d. White lines depict
borders used for analysis. B, TGF� induces a dose-dependent wound closure response that is blocked by AG1478 (ANOVA treat-
ment, dose, interaction; post hoc, ***p � 0.001). C, C�, GFAP immunoreactivity reveals formation of glial bridges in mixed cultures
with progenitors and astrocytes incubated with TGF� for 5 d. D, TGF� increases wound closure (ANOVA, p � 0.05), with signifi-
cant post hoc difference at the 50 ng/ml dose (p � 0.05). Migration is blocked by AG1478. E, E�, Fully differentiated astrocytes
switch from polygonal morphology seen in 10% FBS (E) to an elongated morphology resembling radial glia when incubated 5 d in
25 ng/ml TGF� (E�). F, Astrocytes do not migrate into the scratch area. Scale bars, 50 �m.
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portive substrate, such as laminin, has not previously been tested.
DRGs were plated on coverslips coated with laminin in the pres-
ence and absence of TGF�. Neurite survival and outgrowth were
not affected by TGF� treatment on this growth-permissive sub-
strate (Fig. 5A,D). Then, we treated both ASCNPCs and astro-
cytes with TGF�, or maintained them in proliferation medium or
10% FBS, respectively; we then removed the incubation medium
and plated adult DRG cells on these cultures in DRG medium for
24 h. Compared with laminin alone, astrocytes maintained in
10% FBS were inhibitory to axon growth (Fig. 5A,B,D, Astros/
FBS). In contrast, neurite outgrowth from DRGs plated on
TGF�-treated astrocytes (Astros/25) was similar to those grown
directly on laminin. In cultures stained with GFAP and NF anti-
bodies, neurites followed the GFAP-labeled cell profiles (Fig.
5B,C). Those grown on astrocytes treated with FBS were highly
branched and restricted predominantly to the surface of single

astrocytes (Fig. 5B), whereas those plated on TGF�-treated astro-
cytes had more elongated processes which extended from cell to
cell in the astrocyte layer (Fig. 5C). Thus, TGF� switches the
astrocyte phenotype from a stellate morphology with growth-
inhibitory properties to an elongated or radial-like and growth-
permissive phenotype.

TGF�-AAV increases TGF� expression at the site of injury
To determine the effects of directly targeting astrocyte transfor-
mation by TGF� in vivo, TGF�-AAV or GFP-AAV particles were
delivered via microinjection of 2 �l into the gray matter imme-
diately at two sites just rostral and caudal to the future site of
injury (Fig. 6A). GFP-AAV injected into the uninjured spinal
cord parenchyma produced a GFP� infection site of �400 – 600
�m in diameter (Fig. 6B). RT-PCR was used to confirm expres-
sion of the human TGF� transgene in spinal cord tissues har-

Figure 4. TGF� induces elongation of both ASCNPCs and astrocytes while exerting opposite effects on astrocyte marker expression intensity. A, ASCNPCs stained with anti-GFAP develop
elongated and aligned processes after incubation in 10 ng/ml TGF�. B, Decreased expression of GFAP staining intensity with TGF� treatment. C, D, ASPNPCs show decreased BLBP expression with
serum starvation (C�) and no additional change after incubation in TGF� (C�). E–H, Differentiated astrocytes in FBS (E, G) become elongated with evidence of stress fiber formation when serum
starved (E�, G�). In contrast, they develop into radial glia-like elongated profiles after treatment for 5 d with 25 ng/ml TGF� (E�, G�). Both GFAP (F ) and BLBP (H ) stain intensity is increased after
removal of FBS and further enhanced with the addition of 25 ng/ml TGF�. p � 0.05 for all graphs (ANOVAs). *p � 0.05, **p � 0.01, ***p � 0.001 (post hoc comparisons). Scale bars, 50 �m.
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vested from naive mice or 8 weeks after injury in mice that were
injured 2 weeks after receiving TGF�-AAV or GFP-AAV injec-
tions (Fig. 6C). Likewise, tissues prepared for ELISA verified a
significant increase in TGF� expression in TGF�-AAV-injected
mice compared with either naive mice or mice receiving empty
vector controls (eAAV) with or without prior SCI (Fig. 6D).

AAV of the type 1 serotype is known to infect neurons and
astrocytes. When a SCI was performed 14 d after the injection and
animals were perfused at 10 DPI, GFP was detected in both neu-
rons (Fig. 6E,E�) and some hypertrophied astrocytes (Fig.
6F,F�) (Koerber et al., 2009; Blits et al., 2010).

TGF�-AAV alters the astrocyte border and affects exclusion
of NF from the lesion site
To determine whether overexpression of TGF�-AAV can trans-
form astrocytes after SCI, mice were given injections of TGF�-
AAV or GFP-AAV, injured 2 weeks later, and perfused at 10 DPI
for histological analyis, a time when newborn GFAP� astrocytes
have accumulated at the edge of a contusion injury (White et al.,
2010). GFP-AAV-injected mice showed robust staining at the
lesion border corresponding to a dense plexus of hypertrophied
GFAP� astrocytes. There were very few NF� profiles beyond
this border at this time (Fig. 7A,A	). In contrast, mice that re-
ceived TGF�-AAV injections had a distinctly altered glial border
(Fig. 7B,B	). In saggital sections, astrocytes found along regions
at the edges of the lesions were elongated and lacked an abrupt
border; instead many GFAP� processes extended as far as 1–2
mm into the lesion (Fig. 7B	). The astrocyte profiles within this
region were typically accompanied by NF� axons, which were
also occasionally found far from the edge of the disrupted tissue
border (Fig. 7C	). We did not identify differences in BMS scores
of TGF�-AAV versus GFP-AAV mice at 1 DPI (2.2 
 0.7 vs 2.2 

0.6) or 10 DPI (6.0 
 0.8 vs 6.2 
 0.7; n � 3 per group), suggest-
ing that changes to the lesion border alone did not support func-
tional regeneration.

The effects of TGF�-AAV on the glial response were examined
further in two additional experiments with injured mice that
received either TGF�-AAV or PBS (Experiment 2) or TGF�-
AAV or eAAV (Experiment 3). All mice were perfused at 10 DPI,
and tissues spanning the entire injury site were sectioned in the
transverse plane. As suggested from the GFP-AAV results, TGF�
did not appear to impact locomotor recovery at 10 DPI (BMS:
TGF�, 5.1 
 0.26; PBS, 4.8 
 0.17; eAAV, 4.0 
 0.58; posttest
analysis of 90% power for detecting a 1-point difference at � �
0.05 for unpaired comparison with n � 6 but only 60% power
with n � 3).

Importantly, however, as illustrated in the series of GFAP-
stained sections (Fig. 7C) and Cavalieri volume estimates (Fig.
7D), the GFAP-free lesion volume was altered across groups
(ANOVA, p � 0.05) and was smallest in the TGF�-AAV-treated
subjects. Thus, TGF� overexpression clearly modified the astro-
cyte border, either by enhancing astrocyte migration or sparing
astrocyte retraction from the lesion core.

We then hypothesized that this reduction in the GFAP-free
region would provide a permissive environment for damaged or
growing axons. Indeed, analysis of equally spaced NF-stained
sections revealed overall differences in the density of axons across
groups (repeated-measures ANOVA, p � 0.05) and increased
axon density in TGF�-AAV-treated mice compared with either
of the control groups, which was different by post hoc analysis at
0.4 mm rostral to the epicenter (Fig. 7E,F). Whereas the group
means demonstrated a significant increase in axonal density only
at the rostral border, examination of individual sections revealed
scattered NF� axons among the occasional astrocyte profiles ex-
tending from the ventral and caudal edges of the lesion as well.

Growing axons in the lesion site are associated with
newborn astrocytes
Qualitative staining was done to further describe potential
sources of axons and the substratum within the lesion (Fig. 8). As

Figure 5. TGF�-transformed astrocytes support axonal growth. A, Camera lucida drawings of representative DRG neurons that were plated on cellular and acellular substrates, including laminin
alone and laminin in the presence of 10 ng/ml TGF�, or on astrocytes pretreated with either 10% FBS or 25 ng/ml TGF� before plating. B, C, Confocal images of NF� axons (red) plated for 24 h on
astrocytes (green) after treatment in control medium (10% FBS) or 25 ng/ml TGF� for 5 d. Scale bars, 20 �m. D, The addition of TGF� did not inhibit neurite outgrowth of DRG neurons plated on
laminin (Lam/10) compared with laminin with no TGF�. In contrast, differentiated astrocytes prepared in 10% FBS (Astros/FBS) were inhibitory to axon growth. Astrocytes treated with 25 ng/ml
TGF� for 5 d (Astros/25) were as permissive as those plated on laminin alone. p � 0.05, ANOVA; ***p � 0.001, post hoc comparison.
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described previously (Ma et al., 2004; White et al., 2008), TGF�-
AAV and control specimens exhibited a laminin-enriched matrix
at the lesion border at 10 d after contusion injury. Section and
volume analysis revealed no significant difference in the area or
volume of laminin staining between TGF�-AAV- and PBS-
treated specimens (data not shown). However, throughout the
lesion border regions, there was a close association of laminin and
GFAP, and these profiles were closely associated with numerous
GAP43� axons (Fig. 8A,A�) with elongated astrocyte profiles
resembling the permissive astrocyte profile seen after TGF� treat-
ment of astrocytes in vitro (Fig. 8C, arrows).

To assess whether any of these axons were centrally derived,
sections were coimmunolabeled with 5-HT and GFAP antibod-
ies. Confocal micrographs revealed 5-HT� axons associated with

astrocytes primarily near the rostral lesion border in both treat-
ment groups, but occasionally extending further into the lesion,
and comingled with increased GFAP� astrocytes in the TGF�-
AAV-treated mice (Fig. 8B).

A targeted mechanism of bridge formation is to increase the
proliferation of cells at the lesion border. To determine whether
NF� axons were associated with astrocytes born after contusion
injury, BrdU was injected intraperitoneally at 3 DPI, and sections
obtained at 10 DPI were triple labeled with BrdU, BLBP, and NF.
In both TGF�-AAV and control specimens, many BrdU� nuclei
were confirmed newborn astrocytes with BLBP� colabeling in
both 2D and projection stack confocal micrographs, and NF�
profiles were often found coursing along these newborn, elon-
gated astrocytes (Fig. 8D–F,H). Next, sections costained with

Figure 6. AAV is incorporated into spinal cord neurons and astrocytes and increases TGF� mRNA and peptide expression after SCI. A, Schematic showing location of injection sites at the T9
laminectomy site (top) and the estimated viral spread (bottom, green) and site of contusion injury administered 2 weeks later (gray/red oval). B, Representative size of GFP-AAV injection site in
midthoracic spinal cord at 2 weeks after injection. C, RT-PCR of human TGF� mRNA expression after AAV injection and SCI. � Control, TGF�-transfected HEK 293 cells; Naïve, naive tissue. D, Results
of ELISA confirm expression of TGF� peptide in spinal cord at 2 weeks after TGF�-AAV injection, compared with naive spinal cord, laminectomy with eAAV, or 10 d after SCI after eAAV injection.
Values represent mean 
 SEM for two to three samples per group; *p � 0.05. E, F, Confocal images of GFP (E, F ), NeuN (E�, F�), and GFAP (E�, F�) showing neurons and astrocytes expressing GFP
2 weeks after GFP-AAV injection. Scale bars: B, 50 �m; E, F, 5 �m.
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BLBP and BrdU antibodies were examined to determine whether
TGF� increased proliferation at the lesion borders (Fig. 8G,G	).
The effect of TGF� on cell proliferation at the targeted glial bor-
der was determined using a standard counting frame on sections
spanning the rostral and caudal astrocyte borders. TGF�-AAV-
treated mice had significantly more BrdU� nuclei at the lesion
edges than PBS- or eAAV-treated control specimens (Fig. 8G).

Mice lacking functional EGFR activity show impaired
functional recovery, enlarged GFAP-free lesion, and
decreased proliferation at the lesion borders after
contusive SCI
Because overexpression of the EGFR ligand TGF� induced pro-
genitor migration and a growth permissive environment in vitro
and in vivo, we hypothesized that impaired EGFR signaling would

Figure 7. TGF-AAV increases astrocyte migration and axonal extension into the site of a contusion injury (*) at 10 DPI. A, B, Fluorescence images of longitudinal sections through the
lesion border in GFP-AAV-treated (A) and TGF�-AAV-treated (B) mice, stained with anti-GFAP. A�, B�, High-power images of the lesion edge. A�, B�, Confocal micrographs showing the
relationship of astrocytes (GFAP, red), axons (NF, blue), and GFP expression (green) at the lesion border in GFP-AAV-treated (A�) and TGF�-AAV-treated (B�) mice. C, Representative
images of GFAP immunoreactivity in cross sections from 0.4 mm rostral to 0.4 mm caudal to the lesion epicenter in PBS-, eAAV-, and TGF�-AAV-treated mice. D, Volume of the
GFAP-devoid region (n � 3–9 per group; p � 0.05, ANOVA main effect; corrected post hoc tests nonsignificant). E, Images of NF immunoreactivity at the lesion border (0.4 mm rostral
to the epicenter) from representative PBS-, eAAV-, and TGF�-AAV-treated specimens. Blue outlines denote the area used to measure NF immunoreactivity. F, Proportional area (PA) of
sample box occupied by NF profiles. p � 0.05, two-way ANOVA main effects of treatment and distance across the lesion; *p � 0.05 for TGF�-AAV vs PBS and eAAV at 0.4 mm rostral to
the epicenter (post hoc treatment effect). Scale bars: A, B, 100 �m; A�, A�, B�, B�, 20 �m.
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result in deficits in astrocyte migration
and impaired glial scar formation in vivo.
C57BL/6 EgfrVel(�/�) mice (Velvet) and
WT controls received a moderate contu-
sion, and locomotor recovery was mea-
sured using the BMS. There were no
differences in weight before injury
(23.4 
 2.0; 24.7 
 1.5 g) or at 3 weeks
after injury (19.7 
 1.4; 18.9 
 0.9 g).
Mice lacking the EGFR showed impaired
recovery of locomotor function over time
(Fig. 9A). Post hoc analysis revealed lower
BMS scores all time points beginning at 10
DPI. Because BMS scores may be im-
pacted by reduced activity, mice were as-
sessed for total movement time and total
distance traveled over 10 min using an ac-
tivity box with infrared beams (Open
Field system; Accuscan), and there were
no effects of genotype on these measures
(movement time of 285 � 30 vs 291 
 15 s
and total distance of 442.4 
 84.8 vs
474.7 
 46.8 cm for Velvet and WT, re-
spectively). GFAP immunostaining re-
vealed expanded GFAP-negative regions
in these specimens, sometimes extending
deep into the white matter border of the
EGFR dysfunctional (Velvet) mice (Fig.
9B,C). The Velvet mice exhibited signifi-
cantly larger lesions, defined by the
GFAP-free area at the injury epicenter
(0.565 
 0.019 vs 0.684 
 0.054 mm 2; t
test p � 0.05; n � 9 –10 per group). In
addition, because proliferation is essential
for scar formation (Faulkner et al., 2004),
counts of BrdU� nuclei at the rostral and
caudal lesion borders revealed signifi-
cantly fewer cells born at 3 DPI in the Vel-
vet mice (Fig. 9D–F). Together, these
outcome measures indicate that a fully
functional EGFR is important for endog-
enous cell proliferation and formation of
a glial border at the lesion epicenter and
indicate that intrinsic EGFR activation
contributes to the extent of functional re-
covery of locomotion after contusion
injury.

Discussion
Astrocyte activation is now known to be
essential for limiting the extent of inflam-
mation and secondary injury after trauma
(Pekny et al., 1999; Faulkner et al., 2004;
Okada et al., 2006; Herrmann et al., 2008). Phylogenetic and
developmental models demonstrate the potential reparative role
of glial progenitor cells and astrocytes in supporting regeneration
after injury (Chernoff et al., 2003; Lane et al., 2007; Rehermann et
al., 2009). Therefore, we sought to determine whether these same
cell populations in the adult mouse spinal cord could be stimu-
lated to proliferate and migrate toward the center of the lesion
and support growing axons after contusion injury. If successful,
this approach would serve as a first step toward the goal of en-
hancing supportive endogenous cellular bridges for guiding ax-

onal growth while maintaining the neuroprotective functions of
these cells.

The first goal of this study was to identify the cellular targets of
TGF� activation early after injury. EGFR immunoreactivity is
first detected in astrocytes at about 16 d postnatal, and then it
decreases and is expressed in very low levels in neurons through-
out the brain (Gómez-Pinilla et al., 1988). Previous experiments
have shown that EGFR expression increases after SCI (Aimone et
al., 2004; Erschbamer et al., 2007; White et al., 2008), but we now
show that expression shifts dramatically after contusion from low

Figure 8. Axons growing along newborn astrocytes after TGF�-AAV treatment. A–A�, C, Confocal image of TGF�-AAV-treated
mouse section from just rostral to the injury epicenter. New axons (GAP43�, green; A�) grow along GFAP� profiles (purple; A�)
in association with laminin (red; A�). C, Enlargement from boxed area in A� shows an axon profile along a GFAP�/laminin�
process (arrows). B, B�, Confocal images of astrocytes (GFAP, green) and centrally derived axons (5-HT, red) at the lesion border of
a PBS-treated (B) and TGF�-AAV-treated (B�) specimen. 5-HT axons (arrowheads) are found both adjacent to and away from the
GFAP� profiles within the lesion. D, Low-power image of BrdU� nuclei (green) and BLBP� staining surrounding the central
canal just rostral to the site of contusion. Some BrdU� nuclei are colocalized with BLBP� cells (yellow arrowheads), whereas
some others are not (white arrows). E, High-magnification confocal image of BrdU� (green) astrocytes (BLBP, red) with axons
(NF, blue) growing alongside them (white arrows). F, Confocal z-stack and projection images (right and bottom) of a BrdU�/
BLBP� cell in white matter near the lesion border. G, G�, TGF�-AAV increases proliferation of cells at the lesion border. G,
Low-power wide-field image series of BLBP immunostaining at 200 �m intervals spanning the lesion in a TGF�-AAV-treated
specimen. Counting frames (white boxes) are shown at the rostral and caudal borders. G�, Enlargement of confocal image showing
BrdU�nuclei and BLBP� staining with a counting frame from a representative section. G�, More BrdU�nuclei were found at the
lesion borders in TGF�-AAV-treated mice than PBS- or eAAV-treated mice. H, High-power confocal image and projection of
BrdU�/BLBP� cell intertwined with NF� axons within the caudal lesion border. p � 0.01, two-way ANOVA main-effect
treatment; **p � 0.01, ***p � 0.001 vs PBS (post hoc comparisons); �p � 0.05, versus eAAV. Scale bars: A–A�, C, D, G, 50 �m;
F, 20 �m; B, B�, E, H, 10 �m.
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levels in neurons and axon profiles to high levels in both astro-
cytes and, importantly, putative astrocyte precursors surround-
ing the central canal, which may represent a pro-reparative cell
target (Kojima and Tator, 2002; Meletis et al., 2008). Thus, the
EGFR is appropriately expressed early after injury at high levels in
those cells targeted for modifying the astrocyte response.

We then performed in vitro studies to determine the direct effects
of the EGFR ligand TGF� on the targeted populations obtained
specifically from the injured adult spinal cord. Whereas prior work
had shown that EGF and TGF� stimulate proliferation of forebrain
progenitor cells (Anchan et al., 1991; Reynolds and Weiss, 1992) and
transform primary cortical astrocyte cultures (Sharif et al., 2006,
2007), it was not clear whether these effects were attributable to

actions on the progenitors or whether astrocytes derived from adult
spinal cord would be able to respond similarly. TGF� was a potent
and direct mediator of robust proliferation and migration of pro-
genitors but did not induce migration of mature astrocytes. Impor-
tantly, astrocytes exposed to TGF� were dramatically changed over a
few days to provide a growth-supportive substrate for DRG neurons.
Thus, EGFR activation can induce characteristics in the targeted
populations that are necessary for endogenous cellular bridge for-
mation across a wound site.

As anticipated from the in vitro studies, we then found that
after overexpression in vivo, TGF� increased cell proliferation
around the borders of the contusion site and reduced the volume
of the nonpermissive, GFAP-free lesion core. NF-positive axons
were indeed observed in association with the astrocyte-rich re-
gions at the borders, and more axons were able to penetrate the
rostral end of the lesion. Although the effects were admittedly less
robust than we had wanted, they indicate clearly that the adult
astrocytes are amenable to manipulation in vivo and that acti-
vated astrocytes can support growing axons. These findings pro-
vide new light to a continuing controversy regarding the role of
EGFR signaling on axonal regeneration. In prior work, EGFR
activation has been shown to inhibit growth in the presence of
myelin or chondroitin sulfate proteoglycans (Koprivica et al.,
2005; Ahmed et al., 2009) and fibrinogen (Schachtrup et al.,
2007), and blocking EGFR activation can promote growth on
these substrates. However, after injury, the EGFRs are expressed
primarily on astrocytes and not on axons, and EGFR inhibition
alone does not enhance axon growth on permissive substrates
(Koprivica et al., 2005). In fact, we demonstrate here that TGF�
does not inhibit growth of DRG axons plated on laminin. It has
been shown that growth-promoting effects of EGFR inhibitors in
some models may be mediated by off-target actions of these com-
pounds on surrounding glial cells that then promote growth cone
extension (Ahmed et al., 2009; Douglas et al., 2009). At the site of
traumatic injury, growing axons that come from the CNS en-
counter a basal lamina and additional inhibitory cues at the as-
trocyte border. Thus, stimulating astrocyte migration can
facilitate growth into and potentially beyond the injury site.

The present study also raises the interesting prospect that in
addition to contributing to astrocyte proliferation and migration,
intrinsic EGFR activation also plays an essential role in a neuro-
protective effect of EGFR-expressing cells after injury. Although
we cannot rule out the possibility that the effects of the EGFR
mutation in Velvet mice were caused by other EGFR-expressing
cells, we observed that the astrocyte border surrounding a spinal
contusion injury was disrupted and the lesions were larger in the
absence of signaling by this receptor. The results are consistent
with those of Faulkner et al. (2004), who demonstrated prolifer-
ating astrocytes are essential to prevent expansion of secondary
inflammation after spinal cord injury. In contrast, Erschbamer et
al. (2007) reported that prolonged intrathecal administration of
an EGFR inhibitor can improve behavioral recovery after contu-
sion SCI in the rat, and a recent report by Li et al. (2011) indicated
that a similar chronic infusion of AG1478 attenuates glial reac-
tivity and improves function in a similar model. The contrasting
results suggest that the effects of EGFR activation and inhibition
are highly dependent on the context of other cellular signals. Liu
and Neufeld (2007) argued that a developmental switch dictates
the beneficial versus detrimental response of astrocytes to EGFR
activation. Alternatively, the effects of EGFR activation after con-
tusion may depend on the timing of exposure and presence of
competing signals. Very early after injury, EGFR activation may
be essential to drive endogenous protective mechanisms. Over

Figure 9. Mice with dominant Velvet gene show impaired locomotor recovery and enlarged
GFAP-negative area at the lesion epicenter after SCI. A, Locomotor recovery is impaired in Velvet mice
compared with WT littermates. Two-way ANOVA revealed main effects of time (p � 0.001), treat-
ment (p�0.01), and interaction (p�0.01); *p�0.05, **p�0.01 (post hoc). B, C, Images of GFAP
immunoreactivity at the lesion epicenter of a WT (C) and Velvet (D) specimen showing abnormal scar
formation in the mutant mouse. D, E, BrdU� nuclei (green) are found throughout the GFAP�
stainedregionatthelesionborders. F,Two-wayANOVArevealedasignificantmaineffectofgenotype
onthenumberofBrdU�nucleipersampleregion.*p�0.05,by post hoc correctedBonferroni’s test.
Scale bars: B, C, 100 �m; D, E, 40 �m.
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time, however, the increased expression of inflammatory cyto-
kines and additional growth factors, including EGFR ligands, will
affect downstream signals and drive astrocytes to contribute to a
fully mature scar with prominent growth-inhibitory characteris-
tics (Levison et al., 1996; Rabchevsky et al., 1998; Zai et al., 2005;
Ishii et al., 2006; Pineau and Lacroix, 2007; Santos-Silva et al.,
2007). Thus, it is critical to develop a better understanding of the
timing of activation of the EGFR signaling pathways in the con-
text of the changing microenvironment to induce an endogenous
glial response that will support more extensive regeneration and
improve functional outcome.

Conclusions
Astrocytes are heterogeneous cells that are exquisitely responsive to
local cues and represent promising candidates as therapeutic targets
to alter the growth-inhibitory characteristics of the lesion border.
Using a TGF�-AAV to induce intraparenchymal activation of the
EGFR, we have successfully manipulated astrocytes and astrocyte
precursors to encourage a modest pro-reparative and growth-
supportive phenotype. Notably, although we saw no evidence of
tumor formation in any treated specimens, direct application of
TGF� to the spinal cord is not likely to be a feasible long-term ap-
proach because of potential oncogenic characteristics of uncon-
trolled activation of these cellular pathways (for review, see
Ronellenfitsch et al., 2010). In addition, it is important to recognize
that even after formation of a permissive growth-supportive sub-
strate, regeneration in the adult CNS will still be limited by the poor
intrinsic growth capacity of injured adult CNS axons. However,
strategies directed at modifying the astrocyte response early after
injury represent a first step toward tissue repair after SCI.
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