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Abstract
Astrocytes respond to environmental cues and play a multifaceted role in the response to trauma in
the central nervous system. As the most prevalent contributors to the glial scar, astrocytes are targeted
as barriers to regeneration. However, there is also strong evidence that astrocytes are vital for
neuroprotection and metabolic support after injury. In addition, consistent with their role during
development, astrocytes may be capable of supporting the growth of injured axons. Therefore, we
hypothesized that with appropriate stimulation, the reparative functions of endogenous astrocytes
could be harnessed to promote axon growth and recovery after spinal cord injury. Transforming
growth factor-α (TGF-α) is a mitogenic growth factor that is active on astrocytes and is poised to
contribute to such a strategy. Recombinant TGF-α was administered intrathecally to adult C57BL/6
mice for two weeks following a moderate mid-thoracic spinal cord contusion. By three weeks post-
injury, TGF-α infusion had not affected locomotor recovery, but promoted extensive axon growth
and altered the composition of the lesion site. The center of the lesion in the treated mice contained
greater numbers of new cells and increased astrocyte invasion. Despite the expression of inhibitory
proteoglycans, there was a marked increase in axons expressing neurofilament and GAP-43
immunoreactivity, and the new axons were closely associated with increased laminin expression
within and beyond the astrocyte matrix. The results demonstrate that astrocytes are dynamic players
in the response to spinal cord injury, and the growth supportive role of these cells can be enhanced
by TGF-α infusion.
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Introduction
Astrocytes play multifaceted roles in the developing and mature central nervous system, and
contribute to repair after central nervous system (CNS) injury. During development, radial glial
cells, precursors to astrocytes, are produced alongside neurons and are essential for the support
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of neuronal migration and axon guidance (Rakic, 1978; Vaccarino et al., 2007). In the mature
intact CNS, astrocytes regulate synaptic activity (Norenberg, 1979; Anderson and Swanson,
2000; Schousboe et al., 2004; Tanaka, 2007), modulate the extracellular ionic environment
(Walz et al., 1984; Walz, 2000), control volume homeostasis (Sykova et al., 1992), and
maintain the characteristics of the blood-brain barrier (Vise et al., 1975; Haseloff et al.,
2005; Abbott et al., 2006). After injury, mature astrocytes respond rapidly to local
environmental cues by undergoing hypertrophy, proliferating, and migrating to the edge of the
lesion site (Buffo et al., 2008). One consequence of these responses is the production of the
glial scar, a physical and chemical barrier to regeneration (Luizzi and Lasek, 1987; Rudge and
Silver, 1990; Fitch and Silver, 1997).

Within the local environment of a CNS injury, the pro-inflammatory and growth inhibitory
effects of reactive astrocytes are offset by the essential role of the astrocyte response in
neuroprotection and the potential for astrocytes to support axon growth. Astrocytes contribute
to restoring the extracellular ionic environment (Sykova et al., 1992), sequestering extracellular
glutamate (Rothstein et al., 1996), and producing neurotrophic factors (Lee et al., 1998; Krenz
and Weaver, 2000; Ikeda et al., 2001; do Carmo Cunha et al., 2007) after injury. Although
reactive astrocytes produce chondroitin sulfate proteoglycans (CSPGs) (Zuo et al., 1998;
Morgenstern et al., 2002; Fitch and Silver, 2008), molecules that are inhibitory to axon growth,
they also produce adhesive extracellular matrix (ECM) molecules, such as laminin, that provide
a substrate supportive to growth (Frisen et al., 1995; Costa et al., 2002). Thus, the astrocyte
response to injury is necessary for successful homeostasis and tissue repair. Indeed, if astrocyte
proliferation (Faulkner et al., 2004) or migration (Okada et al., 2006) is disrupted after spinal
cord injury, wound healing and recovery is diminished. Understanding the balance between
the protective and inhibitory functions of astrocytes is important in order to devise strategies
that will prompt beneficial astrocytic repair following injury.

TGF-α is an endogenous, mitogenic ligand that can promote changes in astrocytes and other
cells via activation of the epidermal growth factor receptor (EGFR) (Lee et al., 1995; Junier,
2000). TGF-α administration increases glial proliferation and survival both in vitro (Sharif et
al., 2006b) and in vivo (Fallon et al., 2000). In vitro, TGF-α alters astrocyte phenotype by
increasing expression of the radial glial markers BLBP and RC2 and inducing an immature,
bipolar astrocytic morphology (Zhou et al., 2001; Sharif et al., 2006a). In vivo, TGF-α
overexpression induces astrocyte hypertrophy (Rabchevsky et al., 1998) and neuroprotection
(Boillee et al., 2001), and administration of exogenous TGF-α induces the migration of neural
and glial progenitors from the subventricular zone (Fallon et al., 2000). Induction of the ErbB2
EGFR subunit, which upregulates TGF-α and EGFR (Xie et al., 1999), also promotes a neural
supportive radial glial phenotype in the adult cerebral cortex (Ghashghaei et al., 2007). These
bipolar and radial glial phenotypes are supportive to neuronal migration in the developing brain
(Vaccarino et al., 2007) and axonal growth in the developing spinal cord (Joosten and Gribnau,
1989), suggesting that this pattern of protein expression and morphology is a growth-supportive
phenotype.

Based on these findings, we hypothesized that administration of TGF-α to the injured spinal
cord would alter the glial response to injury and create a glial environment that would support
axonal growth. Following a two-week infusion of human recombinant TGF-α, we detected a
striking astrocyte-rich matrix that extended into the lesion site of the TGF-α-treated mice. The
treated injury site included an enhanced axonal plexus that extended throughout and beyond
the edges of the glial border into the center of the lesion. The increased axonal growth in the
lesion core prevailed despite production of the inhibitory CSPG neurocan by surrounding
astrocytes. The axon-rich matrix was associated with increased laminin immunoreactivity
throughout the lesion site. Thus, administration of exogenous TGF-α alters the evolution of

White et al. Page 2

Exp Neurol. Author manuscript; available in PMC 2010 July 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the local environment after spinal cord injury, resulting in the production of an extracellular
matrix that is permissive to both astrocyte invasion and axonal growth.

Materials and Methods
Subjects

Adult female C57BL/6 mice 10 weeks of age weighing 17 to 20 g (Jackson Laboratories, Bar
Harbor, ME) were housed in barrier cages in a temperature and humidity controlled room with
ad libidum access to food and water. After 1 week of acclimation, all mice were evaluated for
normal locomotor function using the Basso Mouse Scale (BMS, Basso et al., 2006, see below).
All animal experimentation procedures were performed according to approved protocols and
in accordance with the NIH Guide to the Care and Use of Laboratory Animals.

Subdural Catheter Surgeries
Animals were anesthetized with a ketamine (Vedco, St. Joseph, MO) (80 mg/kg) and xylazine
(Ben Venue Laboratories, Bedford, OH) (10 mg/kg) cocktail via intraperitoneal injection. After
a thoracic level 13 (T13) laminectomy, the dura was cut with microscissors and a vehicle-filled
cannula constructed from Intramedic Polyethylene Tubing (PE-50, Clay Adams, Parsippany,
NJ) was inserted 0.7 cm in the rostral direction so that the tip reached T10. The end of the
tubing was sealed and the catheter secured to the L1 paraspinous muscles and lateral cutaneous
truncii muscles using silk sutures and a drop of cyanoacrylate adhesive. Skin openings were
then closed with vicryl, the mice were given 2 cc of saline, and were allowed to recover in a
warmed cage.

Groups
At 1 day post catheter surgery, mice were evaluated for locomotor function and were randomly
assigned to 4 groups after ensuring a balance of equal numbers of mice with normal locomotion
(BMS=9) and mice with mild trunk instability (BMS=7.5–8) in each group. The following
groups were assigned: vehicle + spinal cord injury (SCI), TGF-α + SCI, vehicle + laminectomy,
TGF-α + laminectomy. Prior studies have shown that the catheter placement in mice results in
a local inflammatory response and a transient behavioral impairment, but has no long-term
effects on behavioral recovery compared with animals with no catheter (Mire et al., 2008).

Spinal Cord Injury
Spinal cord injury or laminectomy sham surgeries were performed 7 days after subdural
catheter surgeries to ensure sealing of the dura and full recovery. Mice were reanesthetized
with ketamine/xylazine and a T9 laminectomy was performed under aseptic conditions. The
OSU ESCID device was used to administer a moderate contusion injury (0.5 mm displacement)
as described previously (Jakeman et al., 2000). One mouse was eliminated from further study
due to an inadequate impact as revealed by real-time force measurements. After impact or
laminectomy alone, the overlying muscles were sutured with 4-0 silk sutures. The sealed tip
of the catheter was then cut and a primed Alzet mini-pump (see below) was attached and
secured to the trunk muscle fascia with silk sutures and a drop of cyanoacrylate. Skin openings
were closed with vicryl sutures and the mice were allowed to recover as described above.
Surgeons were blinded to the pump contents. At 14 days after injury, mice were anesthetized
with isofluorane, the Alzet pumps were removed, and the ends of the catheters were cauterized.
Adequate pump function was assessed by determining residual volume. All pumps contained
< 50 µl of solution at the time of pump removal. One animal had a pump that was disconnected
from the catheter and was removed from further analysis. Two injured mice with vehicle
treatment and two mice with TGF-α treatment were perfused at the time of pump removal to
evaluate the distribution of the EGFR during the infusion period. All remaining mice survived
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21 days. Injury groups had 5–6 animals per group, and laminectomy groups had 3 animals per
group.

Post Operative Care
Bladders were expressed twice daily for the duration of the experiment. Throughout the
experiment, mice were given peanut butter and sweetened cereal once daily to reduce weight
loss after injury. To prevent urinary infection, subcutaneous injections of Baytril (Bayer Health
Care, Shawnee Mission, KS) (5 ml/kg) and 0.9% saline were administered for 5 days after
injury. If needed, mice were individually housed to control chewing of sutures resulting in
damage to the catheter.

Mini-Osmotic Pumps and Treatment
Alzet Mini-Osmotic Pumps (Alzet, Cupertino, CA, Model 2002) were used for drug or vehicle
administration. This model delivers fluid at a rate of 0.5 µl/hour for a duration of 14 days.
Pumps were filled with either vehicle (1% normal mouse serum (Sigma Aldrich, St. Louis,
MO) in sterile phosphate buffered saline (PBS)) or recombinant human TGF-α (R&D Systems,
Minneapolis, MN), 50 µg in 200 µl PBS with 1% normal mouse serum. The dose was chosen
based upon evidence of in vivo efficacy following intraventricular infusion using similar
methods (Fallon et al., 2000). Pumps were weighed before and after injections to insure proper
filling. The pumps were primed in a water bath at 37°C for 24 hours prior to insertion.

BrdU Injections
To determine the numbers and distribution of cells that proliferated during the first week after
injury, intraperitoneal injections of bromodeoxyuridine (BrdU, Roche, Basel, Switzerland) (25
mg/kg in saline) were given once daily for the first seven days post-injury. Identical injections
were given to animals in all injury and laminectomy groups.

Behavioral Testing
The Basso Mouse Scale (BMS) was used to assess locomotor function at 1, 3, 7, 14 and 21
days after injury or laminectomy (Basso et al., 2006). Animals were allowed to ambulate freely
for 4 minutes per session in a molded plastic circular field with a nonskid floor and a clear
plastic wall. They were assigned a BMS score and BMS subscore by 2 trained observers who
were blind to surgery and treatment groups.

Tissue Preparation
All mice were anesthetized at the indicated survival time with a lethal dose of ketamine (120
mg/kg) and xylazine (15 mg/kg), and then transcardially perfused with a 0.1 M PBS solution
and then with 4% paraformaldehyde in 0.1 M PBS. Brains and spinal cords were post-fixed in
4% paraformaldehyde for 2 hours at 4°C, then placed in 0.2 M phosphate buffer (PB) for 24
hours at 4°C. Tissues were then submerged in 30% sucrose for 2–5 days for cryoprotection.
Spinal cords were cut and frozen into 0.8 cm blocks centered on the laminectomy site and serial
transverse sections were sliced with a cryostat to a thickness of 10 µm in 10 sets of sections
spaced 100 µm apart.

Immunohistochemistry
One set of sections was stained with eriocryome cyanine (EC, Sigma Aldrich, St. Louis, MO)
to determine the distribution of residual myelin and to define the epicenter of the injury, defined
as the section with the least amount of white matter sparing (WMS) (Basso et al., 1996). Two
mice were removed from the study after EC analysis showed that the contusion injuries were
at the incorrect thoracic level. This resulted in 4–5 animals per injury group and 3 animals per
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laminectomy group. The remaining sections were processed for subsequent
immunohistochemistry.

For BrdU immunohistochemistry, sections were pretreated in 2N HCl in dH2O for 25 minutes
at 37°C. After blocking of endogenous peroxidases, tissues were incubated in blocking solution
for 20 minutes. Sections were then incubated for two hours at room temperature with rat anti-
BrdU (proliferating cells, 1:100, AbD Serotec, Oxford, UK). The slides were incubated with
biotinylated rabbit anti-rat (1:200, Vector Laboratories, Burlingame, CA), and then incubated
in Avidin-Biotin Complex (ABC Elite, Vector Laboratories). 3, 3’ diaminobenzidine (DAB;
Vector Laboratories) substrate was added in the presence of H2O2 and then slides were
dehydrated and coverslipped. An additional set of sections was sequentially stained with rat
anti-BrdU and rabbit anti-glial fibrillary acidic protein to identify distribution of proliferating
astrocytes. After DAB, the sections were treated with blocking solution for one hour and
incubated with rabbit anti-GFAP (astrocytes, 1:5000 dilution, Dako, Carpinteria, CA). Sections
were then incubated with biotinylated goat anti-rabbit (1:1000, Vector Laboratories), followed
by ABC Elite and H2O2 with SG substrate (Vector Laboratories).

Immunofluorescence
To examine the distribution of axons and cells within the lesion site, equally spaced sets of
sections were incubated with selected antibodies and detected using immunofluorescence.
Sections were incubated in blocking solution and then overlaid with primary antibodies (rabbit
anti-GFAP, astrocytes, 1:2000, Dako; chicken anti-NF, axons, 1:500, Aves Labs, Inc., Tigard,
OR; sheep anti-EGFR, epidermal growth factor receptor, 1:1000, Abcam, Cambridge, MA;
rabbit anti-p75, Schwann cells, 1:200 dilution, Promega, Madison, WI; rat anti-laminin B2,
laminin, 1:2000 dilution, Millipore, Billerica, MA; rabbit anti-GAP-43, growing axons, 1:4000
dilution, Millipore; rat anti-CD68, macrophages, 1:100, AbD Serotec; rabbit anti-neurocan,
neurocan, 1:10000; gift of Dr. Richard Margolis Lab, New York University Medical Center;
rabbit anti-calcitonin related peptide (CGRP), peptidergic axons, 1:8000, Sigma; goat anti-5-
HT, serotonergic axons, 1:5000, ImmunoStar, Hudson, WI; rabbit anti-collagen IV, collagen
IV, 1:400; Millipore) which were diluted in the blocking solution. The sections were then
incubated in the appropriate Alexafluor (Invitrogen, Carlsbad, CA) secondary fluorescent
antibodies (goat anti rabbit 488; goat anti-chicken 568; goat anti-chicken 647; donkey anti-
goat 546; donkey anti-sheep 546; goat anti-rat 546). The nuclear marker Draq5 (1:000 dilution,
Biostatus Limited, Leicestershire, UK) was added to the secondary antibody dilution of
selected sections. Sections were then rinsed with PBS and coverslipped.

Quantitative Analysis
White Matter Sparing—White matter sparing was analyzed in tissue stained for myelin with
EC. The area of normal intensity of blue (myelin) staining on sections obtained from the lesion
epicenter was determined using the MCID image analysis software. Proportional white matter
sparing was calculated as white matter area/total cross sectional area (Basso et al., 1996; Ma
et al., 2001).

BrdU+ Cell Counting—The number of BrdU+ cells per tissue section was counted using
the MCID 4.0 image analysis software (Imaging Research, Inc., St. Catherines, Ontario,
Canada). Stained cells were defined at low magnification using a density threshold measure
and criteria set to reflect the size of an average BrdU stained nucleus, which was confirmed
by high power magnification. In addition, the number of BrdU+ cells in selected areas of the
spinal cord (lesion center, dorsal column, dorsal horns, and spared white matter) at lesion
epicenters was manually counted using a Zeiss Axioplan microscope with a 40x objective
(2500 µm2 area).
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Quantification of NF, GFAP, and Laminin Immunofluorescence—Images of NF,
GFAP, and laminin immunofluorescence were captured using the MCID program and a Zeiss
Axioplan microscope with a 10x objective. A sample box with an area of 290,000 µm2 was
placed at the center of the section to measure the area of immunoreactivity in the lesion center.
The MCID analysis program was used to measure the area of fluorescent immunoreactivity in
the reference area. The proportional area (stained area/290,000 µm2) was then computed. For
GFAP and NF immunoreactivity, the volume across the length of the lesion was determined
(V = Σ[(stain area mm2 per section) ×1 × 10−6 mm2 between sections)]).

Confocal Microscopy—The Zeiss Z10 Confocal Microscope at The Ohio State University
Confocal Microscopy Imaging Facility was used to capture dual and triple stained
immunofluorescent images and identify colocalization.

Statistical Analysis—GraphPad Prizm 4.0 was used for statistical analysis. Repeated
measure two-way ANOVAs were used to analyze BrdU+ cell counts, GFAP and NF
immunoreactivity, and BMS scores. Bonferroni corrected post-tests were used for post-hoc
analyses in two-way ANOVAs. Data extrapolation was performed in cases with missing values
due to folded sections. Student’s t tests were used for analysis of GFAP and NF
immunoreactivity volume, laminin immunoreactivity, and spared white matter Significance
was set at p < 0.05. For all figures, error bars represent standard error of the mean (SEM).

Results
TGF-α infusion increases the number of newborn cells in the lesion center and dorsa horn
after contusion injury

TGF-α can stimulate proliferation of a variety of cell types. To determine the effects of TGF-
α infusion on cell proliferation after SCI, BrdU was administered daily for the first week after
laminectomy or contusion injury. At 3 weeks after laminectomy, there were very few BrdU+
nuclei in TGF-α- or vehicle-infused animals and there was no effect of TGF-α on the total
number of BrdU+ nuclei or BrdU+ nuclei in gray or white matter regions (not shown).
However, after SCI, BrdU+ nuclei were prevalent throughout the spinal cord in all specimens
(Fig. 1). Although there was no effect of TGF-α on the total number of BrdU+ nuclei across
the entire epicenter section (TGF-α = 1552 ± 145 vs. Vehicle = 1342 ± 118), there were
differences in the regional density of BrdU+ nuclei, reflecting an effect on the distribution of
newborn cells. There were significantly more BrdU+ cells in the lesion center (Bonferroni
post-hoc p<0.01) and the dorsal horns (Bonferroni post-hoc p<0.05) in TGF-α-treated than in
vehicle-treated mice. Many of the BrdU+ cells in these regions were GFAP+, indicating that
at least some of the cells that proliferated after injury were astrocytes (Fig. 1F).

TGF-α alters GFAP and CD68 distribution and morphology independent of white matter
sparing

To test the hypothesis that TGF-α infusion would alter the astrocyte response to injury, sections
through the lesion were labeled with an antibody raised against GFAP and examined by
fluorescence microscopy. The distribution of GFAP immunoreactivity in vehicle-treated
animals was similar to that previously described, with GFAP reactivity increased along the
residual rim of the lesion site and little to no GFAP within the lesion core (Fig. 2). In contrast,
GFAP immunoreactivity in TGF-α-infused mice extended further into the center of the lesion.
The percentage of GFAP immunoreactivity in the lesion core was increased throughout the
length of the lesion in TGF-α-infused mice compared to vehicle-infused controls (Two-way
ANOVA treatment effect p<0.01) (Fig. 2E). This effect was especially prominent at 100–200
µm caudal to the epicenter, corresponding to the site of the tip of the infusion catheter
(Bonferroni post-hoc p<0.001 at 100 µm caudal, p<0.001 at 200 µm caudal). Furthermore, the
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total volume of GFAP-immunoreactivity in the lesion was greater in TGF-α-treated animals
compared to controls (TGF-α = 0.022 ± 0.004 mm3 vs. Vehicle = 0.005 ± 0.001 mm3) (Fig.
2F). TGF-α can also alter astrocyte morphology both in vitro (Sharif et al., 2006a) and in
vivo (Rabchevsky et al., 1998). In laminectomy mice, there was no obvious effect of TGF-α
infusion on cells with GFAP+ immunoreactivity (not shown). After injury, however, GFAP+
cells and processes at the lesion edge of TGF-α-treated specimens were thinner and oriented
toward the lesion center. In similar regions from vehicle treated animals, astrocytes had thicker
processes surrounding vessels and cysts and arranged in parallel with the perimeter of the lesion
core (Fig. 2D). These differences suggest that TGF-α may modify the migration or
morphological characteristics of reactive astrocytes at the site of injury.

To determine if TGF-α infusion also altered the local inflammatory response, additional
sections were stained with antibodies directed toward the CD68 marker found on macrophages
and microglia. Sections double-labeled with GFAP and CD68 revealed subtle differences in
macrophage distribution between treatment groups that were complementary to the increased
GFAP distribution (Supplemental Fig. 1). In both groups of mice, small phagocytic profiles
were found in the peripheral rim while the center was occupied by dense CD68
immunoreactivity. In the TGF-α-treated subjects, the CD68+ clusters were smaller and the
borders less pronounced. Notably, the relationship between the macrophage clusters and the
astrocytes was conserved in that the macrophages were primarily restricted to areas that were
free of GFAP immunoreactivity.

TGF-α has neuroprotective effects in some models. To determine if the effects of TGF-α on
GFAP distribution reflected a protective action on overall tissue sparing at the epicenter, a
series of sections through the lesion were stained with EC and evaluated with conventional
measures (Supplemental Fig. 2). There was no effect of treatment on the total cross sectional
area (TGF-α = 0.81 ± 0.06 mm2 vs. Vehicle = 0.83 ± 0.03 mm2) (not shown) or percentage of
white matter sparing at the epicenter (TGF-α = 27.6 ± 3.6% vs. Vehicle = 27.3 ± 1.5%).
Consistent with past studies showing a tight correlation between white matter sparing and
behavioral recovery, no significant differences in BMS scores were observed (TGF-α = 4.4
± 1.3 vs. Vehicle = 4.6 ± 1.2).

TGF-α infusion increases axons within the lesion
Examination of sections labeled with an antibody raised against the heavy-chain neurofilament
protein (NF, 200 kD) revealed many axons within the center of the lesion in TGF-α treated
specimens (Fig. 3). In contrast, in vehicle-infused mice, NF+ profiles were rarely found within
the lesion core. Co-labeling with NF and GFAP antibodies illustrated differences in the
distribution of NF profiles. TGF-α-treated specimens contained NF axons both within and
beyond the GFAP+ border of the lesion, while in the vehicle-infused mice, the NF-
immunoreactivity mirrored that of the GFAP+ immunoreactivity, in that very few axonal
profiles extended past the glial border into the lesion center (Fig. 3C,D). As a measure of the
density of axons within the lesion, the percent area of NF immunoreactivity was calculated at
100 µm intervals through the lesion center. NF+ profile area percentage (Two-way ANOVA
treatment effect p<0.0001) and total volume (TGF-α = 0.010 ± 0.001 mm3 vs. Vehicle = 0.002
± 0.000 mm3) measures were greater throughout the lesion core in the TGF-α-infused mice
compared to controls (Fig. 3E,F). Similar to patterns of GFAP immunoreactivity, the increases
in NF distribution were most robust caudal to the injury epicenter (Bonferroni post-hoc p<0.05
at 100 µm caudal, p<0.001 at 200 µm caudal). To differentiate between the contribution of
spared and growing axons in the lesion core of TGF-α-infused mice, one set of sections was
stained with both NF and growth-associated protein 43 (GAP-43), which is preferentially found
in sprouting and regenerating axons (Skene and Willard, 1981) (Fig. 4). In TGF-α-infused
mice, virtually all NF+ axons within the lesion were double-labeled with GAP-43, suggestive
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of regenerating, rather than spared axons. Double-labeled profiles were evident both along the
glial border and in the core of the lesion.

Axons within the lesion grow alongside astrocyte or Schwann cell processes
Recent examples of intervention strategies have shown that neurotrophic factors or cell
transplants can induce axonal growth after spinal cord injury by enhancing Schwann cell
invasion (Blesch and Tuszynski, 2007; Hill et al., 2007). Double immunofluorescence of NF
and either GFAP or p75 (to identify Schwann cells) was performed and confocal microscopy
was used to determine if astrocytes or Schwann cells were associated with the axons in the
lesion (Fig. 5). Within the lesion core and along the glial border, many axons were in close
contact with GFAP+ processes (Fig. 5A,B). In the dorsal root entry zone area, where Schwann
cells commonly infiltrate the lesion, most axons were associated with p75+ processes (Fig.
5C). Thus, both astrocytes and Schwann cells are candidates for support of growing axons in
the TGF-α-infused mice.

The EGFR is located on astrocytes, but not Schwann cells, in the lesion epicenter
Because axons were associated with both astrocytes and Schwann cells in the lesion site,
sections from animals perfused two weeks after injury (during the infusion period) were
immunolabeled with antibodies against EGFR and either GFAP or p75 to determine the likely
cellular targets of TGF-α. There was very little EGFR immunoreactivity in uninjured animals
treated with either vehicle or TGF-α (Fig. 6A). EGFR immunoreactivity increased markedly
after SCI in both treatment groups, with no obvious differences in the intensity or distribution
of receptor expression between TGF-α- and vehicle-treated mice (Fig. 6B). The most
prominent EGFR immunoreactivity was co-localized with GFAP+ cells in both groups (Fig.
6C). In contrast, although EGFR immunoreactivity was located in proximity to p75+ Schwann
cells in the dorsal quadrant of the spinal cord lesion in both groups, no colocalization was
evident with these cells (Fig. 6D). Axons in the lesion did not express EGFR, but EGFR
expression was found on fibroblast-like mesenchymal cells along the dorsal surface and dorsal
regions of the lesion site and modest expression of the EGFR was found in macrophage-like
profiles within the lesion core. Thus, TGF-α can act directly on astrocytes, macrophages or
mesenchymal cells after injury, while any effects on Schwann cells or axons are likely to be
indirect.

TGF-α increases neurocan expression, but does not restrict axon growth
In vitro studies have shown that TGF-α administration to astrocytes increases production of
inhibitory chondroitin sulfate proteoglycans (CSPGs) (Smith and Strunz, 2005). To determine
if the increased astrocyte distribution in lesion core was accompanied by increased CSPG
expression, sections were labeled with an antibody to the inhibitory CSPG core protein
neurocan. In both TGF-α- and vehicle-infused mice, neurocan immunoreactivity was closely
associated with astrocytes along the glial border (Fig. 7). In TGF-α-infused mice, neurocan
immunoreactivity was increased, as staining extended into the lesion core with a similar
distribution pattern as GFAP, and axons were found both within and beyond regions of
neurocan staining (Fig. 7A). In contrast, in vehicle-infused mice, neurocan was restricted to
the edge of the lesion, and axons did not extend past the glial border and corresponding region
of neurocan expression (Fig. 7B).

TGF-α administration increases laminin in the lesion core
In addition to CSPGs, astrocytes also produce ECM molecules supportive to axon growth, such
as laminin (Frisen et al., 1995). Therefore, we examined the lesion site to determine if astrocytes
in TGF-α-treated mice within the lesion were producing increased laminin in addition to CSPGs
(Fig. 8). In vehicle-infused mice, laminin immunoreactivity was restricted to the lesion border
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and areas surrounding blood vessels (Fig. 8B,D). In TGF-α-infused mice, laminin staining was
found throughout the lesion core (Fig. A,C). The percentage of laminin immunoreactivity in
the lesion core of TGF-α-infused mice was greater than that found in vehicle-infused mice
(TGF-α = 25.0 ± 3.2% vs. Vehicle = 13.6 ± 2.7%) (Fig. 8E). In addition to laminin, astrocytes
and Schwann cells also produce Collagen IV, which forms a major component of the basal
lamina. Sections were double-labeled with antibodies to laminin and collagen IV and examined
using confocal microscopy. Nearly all laminin profiles within the lesion colocalized with
collagen IV, showing that the laminin produced as a result of TGF-α infusion was primarily
associated with basal lamina as opposed to cells (Fig. 8F).

Axons within the lesion core grow alongside laminin and are CGRP and 5-HT negative
Based on the dense immunoreactivity of both NF and laminin within the lesion core, we
hypothesized that axons in this area were located directly alongside the laminin profiles. To
address this question, sections were stained with antibodies against NF and laminin, and
confocal microscopy revealed that almost all NF+ axons were directly aligned with laminin
(Figure 9A). To further explore the possible origin of these axons, sections were triple-labeled
with antibodies to NF, calcitonin-related gene peptide (CGRP) to identify small diameter
peptidergic Aδ and C fibers, and 5-HT to identify descending serotonergic axons (Fig. 9B,C).
Along the dorsal and rostral lesion borders, there were axons in both TGF-α- and vehicle-
treated mice that expressed CGRP or 5-HT, and small clusters of terminals where all three
markers were localized. However, the NF+ axons found throughout the lesion core of TGF-
α-infused mice were negative for both CGRP and 5-HT (Fig. 9C). To ensure that the NF
antibody used was not detecting neuronal cell bodies, additional sections were double-labeled
with NF and Draq5, a nuclear counterstain (Fig. 9D). The frequent rounded NF profiles were
negative for the nuclear marker, suggesting that these were enlarged axonal profiles as opposed
to cell bodies.

Discussion
The astrocytes of the glial scar comprise a major impediment to recovery after SCI by forming
a physical and chemical barrier that inhibits axon growth into and beyond the lesion edge. A
common strategy to improve axonal growth and regeneration is to try to reduce the glial and
astrocytic response to injury while maintaining the supportive functions of these cells.
However, through an alternative approach, by stimulating astrocytes and other cells to divide,
migrate into the lesion and modify the ECM composition, TGF-α infusion altered both the
physical and chemical components of the glial scar, thus ameliorating the barrier to axonal
growth. Administration of TGF-α modified the physical hurdle of the scar by transforming the
astrocyte border from a dense network of tightly woven and thickened processes to a more
open meshwork of elongated and thin processes that extended deep into the lesion. In addition,
the infusion altered the balance of extracellular mediators of axonal growth by enhancing the
production of laminin throughout the lesion site. By using TGF-α to manipulate and stimulate
the endogenous cellular response to injury, a pro-reparative astrocytic infiltration zone was
created that was able to support increased axonal growth at the site of a spinal contusion injury.

Cellular proliferation and increased astrocyte migration alter the composition of the lesion
site

Cellular proliferation is minimal in the intact spinal cord, with small numbers of endogenous
dividing cells located primarily in the periphery (Horner et al., 2000). SCI initiates a large
increase in cell proliferation that peaks within the first week, with new cells derived from
surrounding gray and white matter regions (McTigue et al., 2001; Zai and Wrathall, 2005;
Horky et al., 2006). In the absence of treatment, the center of the lesion becomes occupied by
cells of macrophage/microglial origin, while the majority of remaining newborn cells
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accumulates abruptly at the edge of the lesion site, forming a glial border enriched in microglia,
glial progenitors and mature glial cells (Yang et al., 2006; Lytle and Wrathall, 2007; Tripathi
and McTigue 2007). Despite its well-known role as a cellular mitogen, TGF-α administration
after SCI did not significantly affect total numbers of newborn cells at the epicenter of the
lesion site at three weeks post-injury, but it increased the numbers of newborn cells found in
the dorsal quadrants and deep within the center of the lesion site. Co-labeling of BrdU and
GFAP demonstrated that many of the cells in these regions were astrocytes. There was no
evidence of acute neuroprotection, as measures of white matter sparing did not differ between
groups. Instead, morphological evidence of elongated and delicate processes along the ventral
and dorsal borders and the increased overall distribution of GFAP immunoreactivity
throughout the lesion site support the interpretation that TGF-α stimulated the proliferation
and migration of astrocytes toward the lesion center. This effect is consistent with the effects
of TGF-α on astrocyte morphology and migration in vitro (Zhou et al., 2001; Sharif et al.,
2006a) and resulted in a significant change in the cellular composition of the SCI site.

In this study, we have used a conservative approach to define the size of the SCI lesion site
based on white matter sparing. Our lab and others have traditionally used white matter sparing
to define the lesion due to its tight correlation with locomotor recovery scores. However, if the
lesion site is defined more rigidly as the core of the injury site devoid of GFAP staining and
occupied only by inflammatory cells, then the effect of the infusion was to reduce the extent
of the lesion core, providing a first step toward repair of the injury site. Importantly, these
findings raise the question of whether astrocyte migration into the lesion is beneficial or
detrimental to tissue integrity and potential recovery. In a recent study addressing that question,
transgenic mice with perturbations of the cytoskeletal regulator Stat3 revealed that blocking
migration of nestin-expressing cells toward the lesion exacerbated the extent of inflammation
and injury. Conversely, enhancing Stat3 activation by a deficient expression of the negative
regulator Socs3 resulted in increased astrocyte migration at the lesion edge and reduced
inflammation and tissue loss (Okada et al., 2006). The widespread functions of Stat3, which
is a critical downstream mediator of motility in nearly all cells and tissues (Hirano et al.,
2000) make it an unlikely candidate for effective direct pharmacological approaches. However,
in an ideal setting, a carefully timed and locally directed administration of a gliotrophin such
as TGF-α might stimulate a more complete reinvasion of a lesion site with CNS derived glia,
and promote growth of central axons across the full length of the lesion.

A modified ECM mediates enhanced axon growth
In addition to changing astrocyte distribution within the lesion, TGF-α administration promoted
the growth of GAP-43 positive axons within and beyond the astrocyte border. Many of the
axons in the ventral and lateral regions of the lesion were directly associated with fine astrocyte
processes, while axons in the dorsal-most regions were often associated with p75+ Schwann
cell profiles that migrated into the lesion site from the periphery. Given the multipotent roles
of TGF-α on cell function, two approaches were taken to determine possible mechanisms for
the increased axonal growth seen following TGF-α infusion. We first examined the distribution
of the EGF receptor after injury and then identified selected ECM components that
corresponded to the distribution of the new axon profiles.

TGF-α exerts its biological actions through activation of the EGFR, which is found on many
different cell types. Consistent with past research (Erschbamer et al., 2007), we found that the
EGFR was expressed at low levels in the intact spinal cord, and strongly upregulated after
injury where it was located primarily on astrocytes, but not Schwann cells, at the time of
infusion. EGFR immunoreactivity was also found in macrophage profiles in the lesion center
and was associated with mesenchymal-like cells surrounding the spinal cord and within the
lesion. Previous work has shown that the EGFR is located on dorsal root ganglion, cerebellar,
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and retinal neurons and their axons (Koprivica et al., 2005). However, the effects of EGFR
activation on axons is still unclear. While EGFR phosphorylation is required for the inhibition
of neurite growth on some inhibitory substrates (Koprivica et al., 2005), other data demonstrate
that EGFR activation can facilitate neuron survival and neurite outgrowth (Santa-Olalla and
Covarrubias, 1995; Boillee et al., 2001). In the present study, EGFR immunoreactivity was not
present on the axonal profiles within the lesion, similar to results shown after optic nerve injury
in rats (Liu et al., 2006). Based on these observations, we conclude that the primary effects of
TGF-α infusion in this study were not a result of a direct action on axonal elongation, but
instead due to indirect actions mediated by astrocytes, mesenchymal cells and/or macrophages.

Changes in the morphology and migration of astrocytes in the treated group and the close
alignment of axons with astrocyte profiles are consistent with a primary role of these cells in
the increased axonal growth in the lesion site. However, these findings appear paradoxical
considering the well-known inhibitory nature of activated astrocytes on axon growth in vitro
(Rudge and Silver, 1990; McKeon et al., 1991) and in vivo (Reier et al., 1983; Davies et al.,
1999; Fitch and Silver, 2008). To reconcile these facts, it is important to consider that astrocytes
comprise a vastly heterogeneous population that is capable of tremendous plasticity in response
to local cues (DiProspero et al., 1997; Escartin et al., 2007; Gris et al., 2007). Notably, the
ability of astrocytes to support axon growth is directly related to the composition of the
extracellular matrix produced by these cells, and CSPGs are the major inhibitory molecules
produced by astrocytes after CNS injury (Bovolenta et al., 1993; Canning et al., 1996; Properzi
et al., 2005). Indeed, in vitro research has demonstrated that TGF-α and EGF administered to
astrocytes in culture increases production of neurocan (Asher et al., 2000) and phosphacan
(Dobbertin et al., 2003; Smith and Strunz, 2005), two important CSPGs associated with
inhibition of axon growth. We looked at the expression of the CSPG, neurocan, and in
agreement with the literature, we found that the astrocytes in treated and untreated groups were
associated with neurocan immunoreactivity; in the TGF-α-treated mice, neurocan extended
further into the lesion along the processes of the increased astrocyte milieu. However,
astrocytes are also primary producers of laminin in development and after injury (Leisi and
Kaupilla, 2001), so we examined the distribution of laminin in these mice and found that the
TGF-α-treated mice also had a greater distribution of laminin throughout the lesion site.
Laminin expression throughout lesion was colocalized with axons and with collagen IV,
suggesting that activated cells contribute to the formation of basal lamina structures throughout
the lesion, which provided a permissive substrate for axonal elongation. Several lines of
evidence indicate that the key determinant of axonal growth after injury is a balance of
permissive and inhibitory ECM molecules (Costa et al., 2002; Jones et al., 2003; Zhou et al.,
2006). In particular, the ability of axons to extend neurites on laminin is inhibited by increasing
CSPG composition, while the inhibitory influence of CSPGs can be overcome by the presence
of laminin (McKeon et al., 1995; Costa et al., 2002; Snow et al., 2002). Thus, the increased
axonal growth within the astrocyte matrix in TGF-α-infused mice may be attributed to the
robust increase and change in laminin distribution in the lesion, which likely tipped the balance
of the ECM in favor of the growth supportive rather than inhibitory substances.

While astrocytes were the intended target of TGF-α infusion, we also saw increased axonal
growth in more dorsal regions of the lesion, where astrocytes were not present. Based on the
distribution of EGFR immunoreactivity, we propose that mesenchymal cells or fibroblasts also
respond to TGF-α and migrate into the lesion site. The distribution of collagen IV and laminin
immunoreactivity supports the conclusion that cells in the dorsal region of the injury site also
produce the basal lamina components that support axon growth. Therefore, based on the
distribution of EGFR immunoreactivity and laminin and collagen deposition, we propose that
astrocytes and mesenchymal cells directly activated by TGF-α proliferate and migrate into the
lesion, providing a laminin-rich substrate that facilitates additional migration of Schwann cells
and promotes axonal growth after spinal cord injury.
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An additional hypothesis can be put forth based on the observation of EGFR immunoreactivity
on macrophages after injury. Activated macrophages can enhance axonal growth through
production of stimulatory factors, including oncomodulin and neurotrophic factors (Rapalino
et al., 1998; Yin et al., 2006). Peripheral nerve models have shown that EGFR activation can
enhance macrophage survival and thus improve phagocytosis leading to improved axonal
regeneration (Hermann et al., 2005). However, macrophages in the injured spinal cord also
produce toxic agents and pro-inflammatory cytokines that can compromise neuronal and glial
survival, such as iNOS (Satake et al., 2000) and tumor necrosis factor (Pineau and Lacroix,
2007). In the present study, TGF-α administration resulted in subtle changes in the distribution
of activated macrophages, so it is unclear if or how these cells contributed to the attraction and
growth of axons into the center of the lesion.

TGF-α administration did not alter functional recovery
Although we demonstrated a significant increase in axonal growth into the lesion after TGF-
α administration, improved functional recovery was not observed (Supplemental Fig. 2). This
lack of behavioral effect is consistent with the lack of differences in white matter sparing at
the lesion site, and suggests that the new axon growth does not result in sufficient new
connections that lead to functional recovery (Macias et al., 2006). Similar to vehicle-treated
mice, TGF-α-treated subjects exhibited CGRP and 5-HT staining in the dorsal area of the spinal
cord at the epicenter and rostral to the epicenter. However, neither of these markers colocalized
with the axons in the lesion core of TGF-α-infused mice, showing that these were of neither
serotonergic or primary afferent peptidergic origin. Based on findings by Inman et al. (2003)
that many of the axons found in the dorsal areas of the injured mouse spinal cord are sensory
axons that originate from the dorsal root ganglia, we hypothesize that axons entering from
dorsal regions and grew alongside Schwann cells or mesenchymal cells are large diameter
primary sensory axons that do not innervate appropriate targets to contribute to functional
motor recovery. However, the population of axons that are associated with astrocytes
penetrating the ventral and lateral aspects of the lesion core may be of different origin and, if
directed appropriately, may have potential to enhance locomotor function after injury.

Another possible reason for the lack of improved locomotion in the treated animals could be
that modest improvements in recovery are counteracted by the striking meningeal proliferation
observed in TGF-α-infused mice due to intrathecal administration of this mitogenic growth
factor. This response led to increased compression in the lower thoracic spinal cord of the
treated animals, which may have countered positive effects on functional recovery. This is
consistent with other studies showing that robust meningeal proliferation in response to EGF
and FGF-2 infusion by intrathecal administration leads to proliferation-related spinal cord
compression and motor deficits (Parr and Tator, 2007). These effects of intrathecal infusion
may be mitigated by direct intraspinal application of the growth factor or inhibitors into the
surrounding parenchyma.

The effects of TGF-α infusion on axonal growth in this model are seemingly contrary to recent
results showing that inhibition of EGFR activation can facilitate locomotor and sensory
recovery following contusion injury in rats (Erschbaumer et al., 2007). Intrathecal
administration of the irreversible EGFR inhibitor PD168393 had striking neuroprotective
effects on white matter sparing and evidence of increased fiber sprouting, corresponding to
functional improvements as early as 4 days post-injury. However, neither the effects of the
treatment on astrocytes nor axon growth within the lesion were investigated. Since the structure
of TGF-α and EGF differ and some of their biological actions are different (Ebner and Derynck,
1991; Santa-Olalla and Covarrubias, 1995; Junier, 2000), it is also possible that irreversible
inhibition of the EGFR does not directly block the effects elicited by endogenous TGF-α or
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exogenous administration of this factor. Additional studies are needed to clearly distinguish
the roles of TGF-α and EGF on axon growth and functional recovery after SCI.

Conclusions
The development of a glial scar at the edge of an injury to the CNS is a significant and well-
established barrier to axonal growth and an impediment to maximizing functional recovery.
However, it is clear that the principle cells that contribute to the scar are heterogeneous in
structure and function, highly influenced by local cues, and exhibit plasticity in their phenotype
and protein synthesis capacity. This study demonstrates the first step in the investigation of a
unique and paradoxical approach to altering the glial response to injury. Using TGF-α as a
representative of a class of mitogenic and gliotrophic factors, we propose that manipulating
the glial response to injury by activating or stimulating astrocyte activity may one day be
harnessed as part of a treatment strategy for spinal cord injury. The greatest advantage of this
approach is that it preserves the supportive and survival effects of these cells that are highly
evolved to protect and support neurons throughout life. Similar to most preclinical treatments,
further combinatorial approaches need to be explored in order to fully exploit the growth-
promoting effects of TGF-α. TGF-α administration coupled with controlled orientation of the
extracellular matrix composition and/or directed axon growth to target cells may prove to result
in the greatest functional recovery following SCI. The primary outcome of this work is a clear
demonstration that TGF-α infusion altered astrocyte activation and produced a local
environment that was conducive, rather than inhibitory, to axonal growth. This novel finding
suggests that strategies to manipulate the astroglial scar may well include enhancing the
proliferation and activation of this multipotent glial cell type.
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Figure 1.
TGF-α-infused mice have increased BrdU+ cells in the lesion center and dorsal horn compared
to vehicle-infused mice, and some of these cells are astrocytes. Low (A–B) and high (C–D)
power images of BrdU immunoreactivity at the lesion epicenter of TGF-α (A,C) and vehicle
(B,D) infused animals. Boxes in (A) and (B) indicate area shown in (C) and (D), respectively.
(E) Quantification of the distribution of BrdU+ cells at the lesion epicenter. Lesion = Lesion
Core, DC = Dorsal Column, VSWM = Ventral Spared White Matter, LSWM = Lateral Spared
White Matter, DH = Dorsal Horn. *p<0.05, **p<0.01. (F) High power image of BrdU and
GFAP immunoreactivity caudal to the lesion epicenter, showing that some BrdU+ cells in the
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lesion center are astrocytes. Arrow = cell double-labeled with GFAP and BrdU. Scale = 100
µm (A–B), 20 µm (C–D), 10 µm (F).
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Figure 2.
TGF-α alters GFAP distribution and morphology. (A–C) Images of GFAP immunoreactivity
throughout the length of the lesion in TGF-α- (A–C) and vehicle- (A’–C’) infused mice. (D)
High power magnification images of GFAP immunoreactivity along the lesion border of TGF-
α- (D) and vehicle- (D’) infused mice. Arrows in (D) show lacy, elongated astrocytic process
in contrast to arrowheads in (D’) showing hypertrophied GFAP+ processes. (E–F)
Quantification of percentage (E) and volume (F) of GFAP immunoreactivity throughout the
length of the lesion. Scale = 100 µm (A–C), 10 µm (D). **p<0.01, ***p<0.001.
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Figure 3.
TGF-α infusion increases axons in the lesion core. NF immunoreactivity in the lesion core at
the lesion epicenter of TGF-α- (A) and vehicle- (B) infused mice. (C–D) Confocal images of
GFAP and NF immunoreactivity, showing NF+ axons extending past the glial border in TGF-
α- (C) infused mice, but not vehicle- (D) infused mice. (E–F) Quantification of percentage (E)
and volume (F) of GFAP immunoreactivity throughout the length of the lesion. Scale = 20 µm.
*p<0.05, ***p<0.001.
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Figure 4.
The majority of axons in the lesion core and on the glial border are new axons or collaterals.
(A) GAP-43 and NF immunofluorescence in the lesion core of a TGF-α- infused subject. (B)
High power magnification image of GAP-43 and, NF immunoreactivity showing one axon
double-labeled in the lesion core. Scale = 10 µm (A), 5 µm (B).
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Figure 5.
Axons within the lesion associate with either astrocytes or Schwann cells. (A–B) High power
magnification images of NF+ axons associated with GFAP+ processes in the lesion core (A,
Z-stack projection) and glial border (B). (C) High power magnification image of NF+ axons
growing alongside p75+ processes in the dorsal root entry zone. Scale = 10 µm.
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Figure 6.
The EGFR is upregulated after injury and is located on astrocytes, but not Schwann cells. EGFR
immunoreactivity in uninjured (A) and injured (B) mice two weeks following injury. The
EGFR colocalizes with GFAP+ astrocytes in on the glial border (C), but is not located on
Schwann cells infiltrating the lesion from the dorsal root entry zone (D). Scale = 100 µm (A–
B), 10 µm (C–D).
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Figure 7.
TGF-α increases neurocan within the lesion, but does not inhibit axon growth. (A and B) Low
power GFAP immunoreactivity caudal to the epicenter. Box = area shown in (A’-A’’’) and
(B’-B’’’). High power magnification of GFAP (A’,B’), neurocan (A’’,B’’), and NF (A’’’,B’’’)
immunoreactivity in the lesion core. White line dictates glial border in vehicle-infused mice
(B’-B’’’). Scale = 100 µm (A–B), 20 µm (A’-A’’’, B’-B’’’).
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Figure 8.
TGF-α treatment increases laminin immunoreactivity in the lesion core. Low (A–B) and high
(C–D) power images of laminin immunoreactivity at the lesion epicenter of TGF-α- (A,C) and
vehicle- (B,D) infused mice. (E) Quantification of the proportional area of laminin
immunoreactivity at the lesion epicenter. (F) High power confocal image of collagen IV and
laminin in the lesion epicenter of TGF-α-treated mice. Scale = 100 µm (A–B), 20 μm (C–D,F).
*p<0.05.
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Figure 9.
Axons comingle with laminin and are CGRP and 5-HT negative. (A) High power confocal
image of NF and laminin in the lesion epicenter of a TGF-α-infused subject. (B,C) High power
confocal image of NF, 5-HT, and CGRP in the dorsal root entry zone (B) and the lesion core
(C). Arrows in (B) show axons double-labeled with CGRP, arrowheads in (B) show axons
double-labeled with 5-HT, and asterisks in (B) show axons that label with all three markers.
(D) Confocal z-stack projection of NF and the nuclear marker Draq5 in the lesion core of a
TGF-α-treated mouse. Scale = 20 µm (A–C), 5 µm (D).
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