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Abstract
Astrocytes and their precursors respond to spinal cord injury (SCI) by proliferating, migrating, and
altering phenotype. This contributes to glial scar formation at the lesion border and gliosis in
spared gray and white matter. The present study was undertaken to evaluate astrocyte changes
over time and determine when and where interventions might be targeted to alter the astrocyte
response. Bromodeoxyuridine (BrdU) was administered to mice three days after SCI, and cells
expressing BrdU and the astrocyte marker, glial fibrillary acidic protein (GFAP), were counted at
3, 7, and 49 days post injury (DPI). BrdU-labeled cells accumulated at the lesion border by 7 DPI
and approximately half of these expressed GFAP. In spared white matter, the total number of
BrdU+ cells decreased, while the percentage of BrdU+ cells expressing GFAP increased at 49
DPI. Phenotypic changes were examined using the progenitor marker, nestin, the radial glial
marker, brain lipid binding protein (BLBP), and GFAP. Nestin was upregulated by 3 DPI and
declined between 7 and 49 DPI in all regions, and GFAP increased and remained above naïve
levels at all time points. BLBP increased early and remained high along the lesion border and
spared white matter, but was expressed transiently by cells lining the central canal and in a unique
population of small cells found within the lesion and in gray matter rostral and caudal to the
border. The results demonstrate that the astrocyte response to SCI is regionally heterogeneous, and
suggests astrocyte populations which could be targeted by interventions.
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Introduction
Contusive spinal cord injury (SCI) results in a cascade of cellular events, including the
proliferation, migration, and hypertrophy of astrocytes (Frisen et al., 1995a; Rothstein et al.,
1996; Lee et al., 1998; Krenz and Weaver, 2000; Ikeda et al., 2001; Costa et al., 2002; Tom
et al., 2004; do Carmo Cunha et al., 2007). Astrocytes contribute to the formation of a glial
scar at the lesion border, which functions as a physical and chemical barrier to axonal
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regeneration (reviewed in Reier et al., 1983; Liuzzi and Lasek, 1987; Rudge and Silver,
1990; reviewed in White and Jakeman, 2008). In addition, astrocytes in spared gray and
white matter undergo hypertrophy or gliosis after injury, a response that continues
throughout the prolonged period of Wallerian degeneration (Buss et al., 2003; reviewed in
Liberto et al., 2004). While these events are considered detrimental to axonal regeneration,
recent studies have established that astrocyte proliferation and migration also serve an
essential neuroprotective role (Faulkner et al., 2004; Okada et al., 2006; Hermann et al.,
2008; Rolls et al., 2008). One goal of current research is to identify and target specific
aspects of the complex astrocyte response in order to reduce the effects which inhibit
regeneration while enhancing the beneficial functions of these cells (reviewed in Renault-
Mihara et al., 2008; reviewed in White and Jakeman, 2008). Understanding the time course
and regional differences in astrocyte proliferation and phenotype after injury is important in
order to devise these approaches.

Astrocytes responding to SCI arise from a variety of sources, including mature cells near the
lesion and progenitors that reside both in the parenchyma and in the ependymal zone
surrounding the central canal (Johansson et al., 1999; Yamamoto et al., 2001; Mothe and
Tator, 2005; Wu et al., 2005; Horky et al., 2006; Meletis et al., 2008; Sellers et al., 2009).
The peak of cell proliferation occurs in the first week after a contusive SCI, and newborn
neural progenitor cells differentiate almost exclusively into glial cells (McTigue et al., 2001;
Lytle and Wrathall, 2007; Mothe et al., 2008). Although several recent studies have
described the distribution of cells born early after SCI, most have focused on the chronic
fate of these cells and the events associated with differentiation of those that proceed along
the oligodendrocyte lineage (McTigue et al., 2001; Zai and Wrathall, 2005; Lytle et al.,
2006; Yang et al., 2006; Tripathi and McTigue, 2007; Lytle et al., 2009). In contrast, there is
less known about the time course and regional distribution of cells that go on to comprise
the glial fibrillary acidic protein- (GFAP) expressing astrocytes, in part because of the lack
of cellular markers that are specific for astrocyte precursor cells. In this study, we first used
bromodeoxyuridine (BrdU) incorporation and unbiased cell counting to quantify the
regional distribution of astrocytes born at 3 days after contusive SCI across a 3.0 centimeter
block of tissue surrounding the lesion site. In contrast with a number of previous studies, the
total numbers of labeled cells was determined using volumetric analysis spanning the full
tissue block, thus facilitating comparisons over time that could be confounded by tissue
shrinkage if they were reported as simple sample box density counts. These data show that
early proliferating cells originate throughout the spinal cord. New astrocytes accumulate at
the lesion border by 7 days after injury and do not increase further at later time points. In
spared white matter, however, the number of BrdU+ cells decreases while the percentage of
BrdU+/GFAP+ cells increases between 7 and 49 days after injury, indicating that the white
matter glial response continues to evolve over time.

Astrocytes are heterogeneous cells and transcriptional control of their phenotype is dictated
by local environmental cues (Kerr and Patterson, 2004; Ishii et al., 2006; Santos-Silva et al.,
2007; reviewed in White et al., 2008). To define the time course and regional differences in
the changes in astrocytes after SCI, the distribution of staining in the lesion border, spared
gray matter, and spared white matter was compared by colocalization of cellular markers
representing three important developmental stages of astrocytes: Nestin antibodies were
used to identify progenitors and motile cells (Tohyama et al., 1992; Barry and McDermott,
2005), brain lipid binding protein (BLBP), an astrocyte-specific radial glial cell marker, was
used to identify cells as soon as they are committed to an astrocyte lineage (Barry and
McDermott, 2005; Schmid et al., 2006), and GFAP was used to identify mature, fully
differentiated astrocytes. Photomicrographs and measurements of staining distribution
patterns reveal that these three markers are regulated with different time course
characteristics in the lesion border, spared gray matter and spared white matter regions. In
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addition, this selection of markers revealed a previously undescribed population of round
and unipolar BLBP+/ GFAPneg cells that appears early after injury both in grey matter and
in the ependymal zone surrounding the central canal. These cells may represent newly
committed astrocytes that are born after SCI that can be selectively expanded or targeted for
interventions.

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. 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.

Spinal Cord Injury
Mice were anesthetized with an intraperitoneal (i.p.) injection of ketamine (80 mg/kg;
Vedco, St. Joseph, MO) and xylazine (10 mg/kg; Ben Venue Laboratories, Bedford, OH)
and a thoracic level 9 (T9) laminectomy was performed under aseptic conditions. The Ohio
State University Electromagnetic Spinal Cord Injury Device (OSU ESCID) was used to
administer a moderate (0.5 mm displacement) contusion injury as described previously
(Jakeman et al., 2000; Ma et al., 2001). After impact, the overlying muscles were sutured
with 4–0 sutures. Skin openings were closed with vicryl sutures and the mice were allowed
to recover in warmed cages overnight. Age-matched naïve mice were used as histological
controls.

Post Operative Care
Bladders were expressed twice daily for the duration of the experiments. Throughout the
study, mice were given peanut butter and sweetened cereal once daily to minimize weight
loss after injury. To prevent urinary infections, subcutaneous injections of the antibiotic
Gentamicin (5 mg/kg; Vedco) and 0.9% saline (1–3 cc) were administered for each day for 5
days after injury. Mice were given acidified (pH 5.5–6.0) water for the duration of the study.

Groups and BrdU Administration Paradigms
Progression of Early Proliferating Cells—This experiment examined the fate of cells
proliferating on day 3 after contusion injury, corresponding to the peak of proliferation
following SCI (Zai and Wrathall, 2005). All mice received a single bromodeoxyuridine
pulse (BrdU; 50 mg/kg; Roche, Basel, Switzerland) given i.p. at 3 days post injury (DPI).
Mice were perfused either 2 hours after BrdU injection (3 DPI), 4 days after BrdU injection
(7 DPI) or 7 weeks after BrdU injection (49 DPI) (n=5 injured and 2 naïve mice per time
point) (Figure 1A).

Acute Marker Expression—Mice in this experiment were used to examine astrocytic
marker expression at very early time points following injury. The mice received moderate
contusion injuries (as described above) and were perfused either 6 (n=3) or 24 (n=4) hours
post injury (HPI) (Figure 1A').

Tissue Preparation
Mice were anesthetized at the indicated survival time with a lethal i.p. dose of ketamine (120
mg/kg) and xylazine (15 mg/kg), and then transcardially perfused with a 0.1 M phosphate
buffered saline (PBS; pH 7.4) solution and then with 4% paraformaldehyde in 0.1 M PBS.
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Spinal cords were post-fixed in 4% paraformaldehyde for 2 hours at 4°C and 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 as 0.8 cm blocks
centered on the laminectomy site in groups containing specimens from all of the time points.
Serial transverse cryostat sections of 10 μm thicknesses were cut through the entire length of
the block and saved in 10 sets of sections spaced 100 μm apart.

One set of sections was stained with eriochrome cyanine (EC, Sigma Aldrich, St. Louis,
MO) to determine the distribution of residual myelin and to identify the epicenter of the
injury, defined as the section with the least amount of white matter sparing (WMS) (Basso et
al., 1996; Ma et al., 2001). The remaining sections were stored at −20°C and used for
subsequent immunohistochemistry.

Immunohistochemistry for Brightfield Microscopy
All antibodies are described in Table 1. For the cell counting experiment, sections were
stained with diaminobenzidine (DAB) and examined by brightfield microscopy. For BrdU
immunohistochemistry, sections were pretreated in 2N HCl in dH2O for 25 minutes at 37°C.
After quenching endogenous peroxidases with H2O2 in methanol, tissues were incubated in
blocking solution (0.1% Triton X-100/4% bovine serum albumin in 0.1 M PBS) for 20
minutes, then for 2 hours at room temperature with rat anti-BrdU diluted in the blocking
solution (1:100, AbD Serotec, Raleigh, NC). The slides were then incubated with
biotinylated rabbit anti-rat IgG (1:200, Vector Laboratories, Burlingame, CA) and then in
Avidin-Biotin Peroxidase Complex (ABC Elite, Vector Labs, Burlingame, CA).
3,3'diaminobenzidine (DAB, Vector) substrate was added in the presence of H2O2, yielding
a brown reaction product, and one set of slides was immediately dehydrated and cover
slipped with Permount mounting medium (Fisher Scientific, Pittsburgh, PA). An additional
set of sections was sequentially stained with rat anti-BrdU and rabbit anti-GFAP to identify
astrocytes that arose at the time of BrdU exposure. After BrdU-DAB, the sections were
incubated with blocking solution for 1 hour and then with rabbit anti-GFAP (1:1000,
overnight at 4'C; Dako, Carpinteria, CA), biotinylated goat anti-rabbit IgG (1:1000, Vector),
ABC Elite, and H2O2 with SG substrate (Vector Labs) to produce a grey reaction product
(McTigue et al., 2001;Tripathi and McTigue, 2007).

Immunofluorescence
To examine the distribution and phenotype of astrocytes and their precursors, equally spaced
sections were incubated either together or sequentially with primary antibodies raised
against BrdU, nestin and BLBP (together), or nestin, brain lipid binding protein (BLBP) and
GFAP (sequentially), and detected using three color immunofluorescence. Sections labeled
with BrdU were first treated with 2N HCl and blocking solutions as described above. For
chicken antibodies, 1% Blokhen II was added to the blocking solution. Sections were then
overlaid with primary antibodies (rat anti-BrdU, proliferating cells, 1:800, AbD Serotec;
rabbit anti-GFAP, astrocytes, 1:2000, Dako; chicken anti-GFAP, astrocytes, 1:100, Aves
Labs, Tigard, OR; rabbit anti-BLBP, reactive astrocytes and radial glial cells, 1:2000,
Millipore, Billerica, MA; chicken anti-nestin, progenitor cells, 1:100, Aves Labs), diluted in
the appropriate blocking solutions. The sections were then incubated with Alexafluor
secondary fluorescent antibodies (Invitrogen, Carlsbad, CA; goat anti-rabbit 488; goat anti-
rabbit 546; goat anti-chicken 647; goat anti-rat 546). Sections were then rinsed with 0.1 M
PBS and cover slipped with Immumount (Thermo Scientific, Pittsburgh, PA).

For sections labeled with both rabbit anti-GFAP and rabbit anti-BLBP, the sections were
incubated first with the optimal dilution of rabbit anti-BLBP and the appropriate secondary
antibody, followed by an additional blocking and rinsing steps, and were then incubated
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with rabbit anti-GFAP followed by its secondary antibody. Negative controls absent of
either primary antibody were performed to determine the specificity of staining using these
antibodies and staining protocol. The controls revealed that, both in white matter regions
with little BLBP immunoreactivity and at the lesion epicenter where BLBP
immunoreactivity was extremely high, no cross-reactivity was present (Supplemental Figure
1). To further confirm the patterns of colocalization, selected sections were incubated with
rabbit anti-BLBP and chicken anti-GFAP (Aves Laboratories). Similarly, for triple-labeling
with rat, rabbit, and chicken primary antibodies, controls were performed where each of the
primary antibodies was omitted and all secondary antibodies applied, and negative controls
exhibited no signal (data not shown).

Antibody Characterization
Information on the source and dilutions for all antibodies is described in Table 1.

The rabbit polyclonal anti-brain lipid binding protein (BLBP) antibody (Millipore, catalog
#AB9558, lot #LV1449719) was raised against recombinant whole mouse BLBP. It reacts
with a single band at approximately 15 kDa on western blot as expected and is specific to
embryonic radial glia and postnatal astrocytes (manufacturer's technical information).
Patterns of staining matched that of previously published patterns (Barry & McDermott,
2005).

The rat monoclonal anti-bromodeoxyuridine (BrdU) antibody (AbD Serotec, catalog
#MCA2060) was produced by clone BU1/75 (ICR1), and raised against BrdU. The antibody
reacts with single-stranded BrdU, BrdU attached to a carrier protein, and free BrdU, but not
thymidine (manufacturer's technical information). We verified that the antibody does not
yield staining in spinal cord injured mouse tissue not injected with BrdU.

The polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) antibody (Dako, catalog
#Z0334, lot #096) is a purified IgG fraction of rabbit antiserum raised against GFAP isolated
from cow spinal cord. The antibody identifies one distinct precipitate using crossed
electrophoresis, labels astrocytes in the mature nervous system, and reacts with mouse
GFAP (manufacturer's technical information), but does not react with human or cow serum
proteins. Staining observed in injured tissue was similar to that previously reported (Vijayan
et al., 1990).

The polyclonal chicken anti-nestin antibody (Aves Laboratories, catalog #NES, lot #
NES0305) was raised against three different synthetic peptide conjugates (described in
Table 1). The antibody reacts with a band of approximately 265 kDa using western blot on
mouse brain and identifies radial glial cells in mouse embryonic day 13.5 brain
(manufacturer's technical information). The antibody identifies patterns similar to those
previously reported after spinal cord injury (Clarke et al., 1994). In addition, the antibody
colocalizes with a monoclonal mouse anti-nestin antibody (mouse anti-Rat 401 nestin,
Developmental Studies Hybridoma Bank).

BrdU+ and BrdU+/GFAP+ Sampling Paradigm and Cell Counting
To determine the distribution of BrdU+ and BrdU+/GFAP+ profiles in selected regions of
the injured spinal cord, profiles in sample areas (0.16 mm2 area) of sections labeled with
BrdU and GFAP in DAB and SG, respectively, were manually counted using a Zeiss
Axioplan microscope with a 40× objective and 10× eyepiece with a sample box outline.

Images were obtained from equally spaced sections at 200 μm intervals from 1.4 mm rostral
to 1.4 mm caudal from the lesion epicenter, resulting 15 sections per animal (Figure 1B),
spanning a counting volume of 3.0 mm. Tagged image file format (TIFF) images of the EC-
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stained and anti-BrdU/GFAP sections were collected with the MCID™ Image Acquisition
Software (previously Imaging Research, now InterFocus Imaging Ltd, Cambridge, UK) as
previously described, and imported into a presentation software (Microsoft Powerpoint) for
preparation of working maps.

The EC-stained images were used to outline the lesion edge, which was defined in every
section as the best line separating relatively intact grey and white matter from damaged
tissue areas that were devoid of any myelin stain (dashed line and *, Figure 1C, top). The
spared white matter regions (SWM, +) were defined as areas which exhibited dense blue
staining and contained profiles resembling myelin rings; spared grey matter (SGM, #) was
defined as areas in which light EC staining and outlines of spared neurons could be
discerned, and the lesion border region was defined as the area immediately adjacent to and
inside the lesion edge apposing either SWM or SGM (Figure 1D). These EC-defined border
maps were then superimposed upon images of adjacent sections labeled with anti-BrdU and
GFAP to establish sampling maps for manual counting (Figure 1C, bottom). Counting boxes
were evenly distributed on the maps so that the SWM samples (red boxes) and SGM
samples (blue boxes) were distributed throughout the regions of interest, but did not
encroach within 1 box width (0.4 mm) of the lesion edge, as described previously (Tripathi
and McTigue, 2007). Lesion border samples (green boxes) were then placed along the inside
lesion edges.

In each of the defined sample regions, BrdU+ and BrdU+/GFAP+ profiles were manually
counted in microscopy sample fields of 0.16 mm2 from sections double-labeled with BrdU
and GFAP as viewed on the Zeiss Axioplan with a 40× objective and 10× eyepiece. The
field of view was aligned to match each of the sampling boxes on the lesion maps. BrdU+
profiles were counted in the sample field if a clear brown reaction product with nuclear
morphology was present (arrows and arrowheads, Figure 1E). Double labeled BrdU+/GFAP
+ profiles were counted only if at least three quarters of the BrdU+ nucleus was surrounded
by a GFAP+ cytoskeleton (arrows, Figure 1E; Tripathi and McTigue, 2007). Confirmation
of double-labeling required focusing through the full height of the tissue section.

Determination of tissue region area and reference volume
To determine the reference area per section and reference volume of the lesion border,
spared white matter, and spared grey matter over time, the Cavalieri method was used
(Rosen and Harry, 1990; Beck et al., 1993). A transparency with a grid containing points
spaced 8.2 mm apart was randomly placed on top of the image maps, and the number of grid
points aligned with SWM, SGM, and lesion border regions were counted. Grid counts were
then multiplied by a/p (a/p = area of the point on the transparency grid, a/p = 0.029184
mm2), which yielded an approximate area for each region and section (Asection). These
values were then multiplied by 20 to account for thickness between sections and summed to
estimate the total reference volume of each region: V = Σ (Asection × 200 μm/10 μm). From 3
to 49 DPI, there was no significant change in spared grey matter or lesion border volume,
but there was a significant decrease in the volume of spared white matter at 49 DPI (Figure
1F).

Corrections and summation of profile counts
Because profile cell counts inherently result in over-counting (reviewed in Guillery, 2002),
an Abercromie correction factor was applied to the BrdU+ profile counts. This correction
factor was calculated by dividing the thickness of the section (10 μm) by the thickness of the
section added to the average height of the profiles (t / t+h, where t = tissue thickness and h =
average cell height). The average BrdU+ profile height was determined separately in each
tissue region by measuring the diameter of 30 cells in sections from tissue from a related
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study that was cut longitudinally (perpendicular to the transverse sections in this study) and
processed identically to the above described sections. The correction yielded BrdU+ profile
heights of 7.1 μm, 8.7 μm, and 7.9 μm and associated correction factors of 0.5850, 0.5345,
and 0.5597 for lesion border, spared white matter, and spared grey matter, respectively. All
averaged profile counts were therefore multiplied by the appropriate correction factor to
determine the numbers of BrdU+ cells.

The number of BrdU+ and BrdU+/GFAP+ profiles per region was then determined by
averaging the corrected profile counts of the sample areas in each section and multiplying
these sample counts by the reference area for the section (above) divided by the sample box
area of each section: Csection = Csample box × Asection/Asample box. Next, this section value was
multiplied by 20 to estimate the total number of cells present between each tissue section (10
μm thick sections placed 200 μm apart). These values were then added together to derive the
total number of cells over the volume spanning the entire 3.0 mm length of spinal cord. To
compare changes rostral and caudal to the lesion epicenter, the cell counts were further
divided into three tissue blocks (Figure 1B). The “rostral” region (R) included sections
spanning 1.4 mm rostral to the epicenter to <0.4 mm rostral to the epicenter, the “epicenter”
region (E) spanned 0.4 mm rostral to the epicenter to <0.4 mm caudal to the epicenter, and
the “caudal” region (C) spanned 0.4 mm caudal to the epicenter to <1.4 mm caudal to the
epicenter.

Quantification of Marker Expression
To quantify changes in patterns of BLBP, GFAP, and nestin expression in the lesion border,
spared grey matter, and spared white matter, a Zeiss 510 Laser Confocal Microscope (The
Ohio State University Confocal Microscopy Imaging Facility (CMIF)) was used to gather
single and merged images of each region at the injury epicenter, 1.0 mm rostral from the
epicenter, and 1.0 mm caudal from the epicenter. The confocal detection and pinhole
settings were established by setting thresholds to accurately reflect known staining patterns
present in tissue sections from naïve controls. Images of BLBP, GFAP, and nestin
immunoreactivity were then collected from three sites per region at 63× magnification, at
the epicenter and 1.0 mm rostral and caudal from the epicenter for each subject. The images
were then imported into the MCID analysis program to measure the sample area (SA) of
immunoreactivity for each marker as a function of total staining in the corresponding
“merged” image: Proportional Areastain = SAstain / SAmerged.

Quantification of BLBP+ cells expressing GFAP
BLBP is a cytoplasmic protein present in astrocytic cells. The regional analyses revealed a
population of distinct BLBP+ cells that appeared at 6 HPI to 3 DPI in the lesion core and
rostral and caudal gray matter. To determine the proportion of these BLBP+ cells expressing
GFAP over time in various regions, clearly defined BLBP+ profiles were manually
identified using the Zeiss Axioplan microscope with a 40× objective and 10× eyepiece with
a fluorescent filter capable of viewing emission wavelengths of 488 nm (green) and 546 nm
(red). The images created for volume analysis were used as a reference to define the lesion
core (absent of any spared tissue), lesion border, spared white matter, and spared grey
matter, similar to the BrdU+/GFAP+ profiles counts.

BLBP+ profiles were identified in each of these regions at the injury epicenter, 1.0 mm
rostral from the lesion epicenter, and 1.0 mm caudal from the lesion epicenter. A total of 6–
12 BLBP+ profiles were counted in the lesion core, lesion border, and spared white and grey
matter across 3 sections at each distance from the epicenter. Areas with fewer than 6 BLBP+
cells were omitted from data analysis. BLBP+ profiles were counted if they exhibited a
distinct, solid red profile (cytoplasmic staining of BLBP). BLBP+/GFAP+ cells were
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defined as any BLBP+ cell exhibiting GFAP immunoreactivity overlapping the BLBP signal
or clearly surrounding the BLBP+ nucleus. These counts were used to estimate a percentage
of BLBP+ cells not expressing GFAP in each region for each subject at all time points.

Quantification of Proliferating BLBP+/GFAPneg Cells
To estimate the proportion of BrdU+ cells that were BLBP+/GFAPneg cells at 3 DPI, a total
of 18 BrdU+ profiles were identified in the lesion core from three sections spanning the
lesion epicenter block. The number of these cells expressing BLBP was manually
determined and the proportion of BrdU+ cells expressing BLBP was calculated by dividing
the number of BrdU+/BLBP+ cells by the total number of BrdU+ cells. To estimate the
percentage of BrdU+ cells surrounding the central canal expressing BLBP, the total number
of BrdU+ cells adjacent the central canal was counted from 0.7–0.9 mm rostral and caudal
from the lesion epicenter and the number of these cells expressing BLBP was determined.
The proportion of BrdU+ cells expressing BLBP was determined by dividing the number of
BrdU+/BLBP+ cells by the total number of BrdU+ cells.

Brightfield and Fluorescent Photomicrographs
Images for documentation were chosen by closely examining areas in all subjects at all time
points, and representative images were taken using the Zeiss Axioplan and MCID or Zeiss
510 Confocal Microscope. For preparation of manuscript figures, Adobe Photoshop (CS2)
was used to adjust brightness, contrast, and sharpness of images with identical settings for
all panels. Alterations were not performed on images used for quantitative purposes. Figures
were assembled using Adobe Photoshop.

Statistical Analysis
GraphPad Prism 4.0 was used for statistical analysis. Two-way ANOVAs comparing region
and time point were used to analyze tissue volume, BrdU+, BrdU+/GFAP+, percentage of
BrdU+ cells that were astrocytes, percentage of BLBP+ cells expression GFAP, marker
expression over time, and Bonferroni post hoc tests were used to determine specific
differences between time points and regions in ANOVAs. Significance was set at p < 0.05.
For all figures, error bars represent standard error of the mean (SEM).

Results
Regional differences in the distribution of newborn astrocytes over time

Past studies have shown that early proliferating cells accumulate at the lesion border over
time following spinal cord contusion injury (Tripathi and McTigue, 2007). The time course
and sampling paradigm of the following experiments are shown in Figure 1. To discern the
time course of this accumulation and the proportion of these cells that become astrocytes,
BrdU+ and BrdU+/GFAP+ profiles were counted within the defined lesion border region at
7 and 49 DPI (Figure 2). At 3 DPI, the lesion site is characterized by an accumulation of
GFAP+ debris, but very few distinct GFAP+ cells are observed, and a defined lesion border
is not present (Figure 2A). Single and double labeled cells were abundant in this region at
both 7 and 49 DPI (Figure 2B,C). The lesion border is primarily restricted to the epicenter
block spanning 0.4 mm rostral to <0.4 mm caudal to the epicenter. By 7 DPI, there is an
accumulation of BrdU+ cells in this region, almost half of which are GFAP+ astrocytes
(Figure 2D–F). Both the number of BrdU+ and the number of BrdU+/GFAP+ cells remains
constant at 49 DPI, suggesting that early proliferating cells make their contribution to the
astrocyte population in this region in the first week following injury and do not continue to
proliferate.
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Recent studies have indicated that astrocytes and precursors in spinal gray matter are
capable of proliferation after injury (Yamamoto et al., 2001; Zai and Wrathall, 2005; Lytle
and Wrathall, 2007; Buffo et al., 2008), but the numbers of these cells and the time course of
their differentiation are not known. As expected, naïve tissue exhibited little to no
proliferation (data not shown). With administration of BrdU at 3 DPI, BrdU+ and BrdU+/
GFAP+ cells were found in the spared gray matter as early as 2 hours after BrdU injection,
indicating that GFAP+ expressing cells in this region indeed participate in early proliferation
(Figure 3A–C). Greater total cell numbers in the rostral and caudal blocks primarily reflect
the absence of spared gray matter in the epicenter region (Figure 3D–E). From 3 to 49 DPI,
there was no change in the total number of BrdU+ cells in grey matter, indicating that
continued proliferation of cells is minimal. The total numbers of BrdU+/GFAP+ cells
revealed a slight increasing trend toward astrocyte differentiation over time; this finding was
not significant. However, expression of the percent of the BrdU+ cells in the gray matter that
express GFAP significantly increased from approximately 20%–40% over time (two-way
ANOVA, p < 0.001; Figure 3F).

Like grey matter, naïve white matter exhibited little to no proliferation (data not shown).
After injury, BrdU+ and BrdU+/GFAP+ cells were also found in spared white matter
regions as early as 3 DPI and readily identified at 7 and 49 DPI (Figure 4A–C). Again, more
BrdU+ cells were found within the rostral and caudal tissue blocks where white matter
sparing was greater, as described above (Figure 4D). Unlike the lesion border or spared grey
matter, however, the number of BrdU+ cells in spared white matter decreased from 3 to 49
DPI in both the rostral and caudal tissue blocks (Figure 4D), indicating a loss of cells born at
3 DPI. On the other hand, over the same time period, the number of BrdU+/GFAP+ cells in
the spared white matter regions increased (Figure 4E). In turn, the percentage of BrdU+ cells
expressing GFAP increased from 20–25% of all BrdU+ cells at 3 DPI to as many as 70–80%
of the remaining BrdU+ cells at 49 DPI.

Regional differences in astrocyte marker expression over time
GFAP is an intermediate filament protein that is a time-honored astrocyte marker (Eng et al.,
1971; Bullon et al., 1984). However, GFAP expression is initiated fairly late in astrocyte
maturation (Eng et al., 1971; Barry and McDermott, 2005), and detailed understanding of
sources of astrocytes and their time course of differentiation after injury have been
hampered by the lack of specific early markers of these cells. In order to obtain a picture of
astrocyte activation and maturation after injury, we employed three markers that are
expressed by cells of the astrocyte lineage: Nestin is expressed by a wide range of
undifferentiated cells and by mature astrocytes, and was used to identify progenitors and
other highly motile cells (Toyhama et al., 1992; Kleeberger et al., 2007). BLBP is
upregulated in response to notch signaling, and is expressed specifically in radial glial cells
that are committed to an astrocytic fate (Anthony et al., 2005; Barry and McDermott, 2005;
Schmid et al., 2006). Finally, GFAP was used to identify mature and reactive astrocytes and
to compare staining patterns with a large body of existing literature.

In uninjured spinal cord, astrocytes in both grey and white matter express low levels of
GFAP. In contrast, BLBP expression is restricted to a small number of cell bodies in grey
matter, a few cell bodies in the superficial dorsal horn, and cells contacting the pia in the
periphery of the white matter. Nestin is expressed at very low levels in grey matter and in
cells contacting the pia in white matter.

In the area that will develop into the lesion border region, GFAP expression at 3 DPI is
associated with cellular debris and few astrocytes can be discerned (Figure 5A, see also
Figure 2A). By 7 DPI, however, the lesion border is discerned and GFAP expression is
prominent throughout the border (Figure 5B, 5E, 2B). Nestin expression is markedly
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upregulated at both 3 and 7 DPI, but its distribution changes between these time points.
Nestin is only partially colocalized with GFAP at 3 DPI, and more completely colocalized at
7 DPI. BLBP expression remains low at 3 DPI and increases strongly by 7 DPI, when it is
nearly perfectly colocalized with GFAP and nestin ( Figure 5A', A”). By 49 DPI, when the
glial scar is fully formed, both GFAP and BLBP expression remain high, but nestin
expression decreases dramatically (Figure 5C). A quantitative comparison of the marker
expression patterns over time was conducted by determining the total area of staining in
triple stained, merged images (i.e. Figure 5A''', B''' and C'''), and measuring the average
proportion of this area contributed by each of the three markers (Figure 5D). This analysis
shows that GFAP expression corresponds to 60–80% of total marker staining in the lesion
border regions from 3 – 49 DPI. In contrast, BLBP expression does not increase
substantially until 7 DPI, corresponding to the establishment of the glial border. Nestin
expression is high by 3 DPI, but returns to naïve levels by 49 DPI.

Spared grey matter regions rostral and caudal to the lesion epicenter also revealed
differences in marker expression over time (Figure 6). At 3 DPI, GFAP revealed
hypertrophied astrocytes, and this staining pattern was relatively unchanged over time.
BLBP expression remained similar to that of naïve tissue at 3 DPI, but nestin expression is
increased at this time. Most nestin+ profiles colocalize with GFAP, but some nestin+/
GFAPneg profiles can also be found (Figure 6B). By 7 DPI, BLBP expression is
significantly increased, while nestin expression decreases to naïve levels (Figure 6C). At 49
DPI, BLBP levels return to normal and nestin levels are slightly below that of naïve tissue
(Figure 6D). Quantitation of the staining patterns illustrate the different time course of
expression of the three markers, emphasizing peak expression of nestin at 3 DPI and BLBP
at 7 DPI, but both of these markers comprise very little of the total staining area by 49 DPI.

In spared white matter of naïve spinal cord, GFAP is found at low levels throughout the
white matter, while BLBP is expressed only in cells directly apposed to the peripheral pial
border (Figure 7A–A'''). At 3 DPI, there is little change in astrocyte morphology, but nestin
expression is significantly higher than in uninjured specimens (Figure 7B). Unlike the lesion
border and gray matter, all of the nestin+ profiles were colocalized with GFAP. At 7 DPI,
astrocytes throughout the white matter showed a hypertrophied morphology and increased
BLBP expression, while nestin levels were unchanged from 3 DPI (Figure 7C). By 49 DPI,
BLBP expression remained elevated and closely correlated with GFAP, while nestin
expression had decreased to naïve levels (Figure 7D).

BLBP+/GFAPneg cells are present in the lesion core and border early after SCI
At 3 DPI, in both the debris of the lesion core and in spared grey matter rostral to the injury
epicenter, we observed small BLBP+/GFAPneg cells exhibiting a unique morphology unlike
that of mature, GFAP-expressing astrocytes (Figure 8A). At this time point, these cells
usually had a rounded cell body with either no processes or a single process, and some of
these cells also expressed nestin (Figure 8B [nestin+],C [nestinneg]). Careful examination of
the cells did not reveal any identifiable patterns to explain this discrepancy in nestin
expression. A subset of these cells was labeled with BrdU, indicating that they represented
newborn cells that appear to be rapidly committed to an astrocyte lineage (figure 8D,E). To
determine the contribution these cells were making to the total number of BrdU+ cells
present at 3 DPI, the percentage of BrdU+ cells in the lesion core at the injury epicenter was
calculated, revealing that approximately 77% of BrdU+ cells in the epicenter were BLBP+
(Figure 8D–E). These cells were never detected in spared white matter. By 7 DPI, these cells
were not present in any region examined (Figure 8F–I).

Although the peak of proliferation occurs at 3 DPI, dividing progenitors in spinal cord
parenchyma have been shown to be present earlier after injury (Yamamoto et al., 2001;
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Sellers et al., 2009). To determine if the unique BLBP+/GFAPneg cells were present prior to
3 DPI, additional animals were injured and perfused 6 and 24 hours post injury (HPI). BLBP
+/GFAPneg cells were present in both the lesion core and spared grey matter as early as 6
and 24 HPI (Supplemental Figure 2A,B). At these early time points, all BLBP+/GFAPneg

cells exhibited a rounded morphology devoid of processes. At 6 HPI, none of these cells
expressed nestin, while some did at 24 HPI.

BLBP+/GFAPneg cells surround the central canal early after injury
Several studies have shown that, especially after minimal SCI, the cells surrounding the
central canal undergo proliferation (Mothe and Tator, 2005; Meletis et al 2008) and have
potential to become mature astrocytes (Meletis et al., 2008). Based on these data, we
hypothesized that this area might also exhibit unique expression of the early astrocyte/radial
glial marker BLBP. Naïve spinal cord contains a subset of GFAP+ astrocytes near the
central canal, but none of the cells directly lining the canal express GFAP, BLBP or nestin
(Figure 9A–A'''). At 3 DPI, however, BLBP and nestin are both strongly upregulated in this
population of cells (Figure 9B–B'''). Indeed, BLBP+/GFAPneg and nestin+/GFAPneg cells
are present in this area as soon as 6 and 24 HPI (Supplemental figure 2C,D). The expression
of BLBP and nestin in these cells peaks at 3 DPI, especially in regions approximately 0.7–
0.9 mm rostral and caudal to the injury epicenter. By 7 and 49 DPI, BLBP expression
immediately surrounding the central canal is reduced to that of naïve tissue (Figure 9C,D),
while the surrounding cells adjacent to the lesion border maintain expression of BLBP and
decrease expression of nestin chronically (Figure 9D). Similar to observations of BLBP+/
GFAPneg cells in the lesion core, some of these cells were also labeled with BrdU at 3 DPI,
confirming that they were generated on the day of perfusion (Figure 9E–E”). Because robust
proliferation occurs early after injury in this region in minimal SCI models, we calculated
the percentage of BrdU+ cells lining the canal at 3 DPI that also expressed BLBP, revealing
that approximately 88.9% and 71.4% of the dividing cells surrounding the central canal
express BLBP 3 DPI rostral and caudal from the epicenter, respectively (Figure 9E). Thus, a
small population of round and unipolar BLBP+ cells arise from the central canal region and
surrounding grey matter early after injury. Some of these cells express nestin, while some do
not, but by 7 DPI, all BLBP+ cells also express GFAP.

Discussion
Summary of main findings

Spinal cord injury (SCI) initiates a cascade of cellular events that induces the proliferation,
migration, and alteration in phenotype of astrocytes. The complex astrocyte response
contributes to neuroprotection while inhibiting axonal regeneration. However, it is not yet
clear if the proliferation and differentiation of astrocytes can be targeted in a temporally and
regionally restricted manner in order to modify the detrimental functions of these cells. This
paper strove to address this question using two different approaches.

First, we used unbiased cell counting following a single pulse of bromodeoxyuridine (BrdU)
administered to mice 3 DPI to identify the distribution of those cells that arise during the
peak of endogenous cell proliferation. The BrdU was combined with glial fibrillary acidic
protein (GFAP) immunohistochemistry, and the results represent the first documentation of
the total number and the proportions of these cells that contribute to the early and chronic
populations of GFAP+ astrocytes in the lesion border, spared grey matter and spared white
matter regions at acute and chronic post-injury times. These results indicate that cells that
are born during the wave of proliferation at 3 DPI do not undergo further substantial cell
division, and by 1 week after injury, approximately half of them have differentiated into
GFAP+ astrocytes. This percentage remains stable in the glial scar at the lesion border,
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while the percentage of new cells expressing GFAP continues to increase in spared grey and
white matter regions over time.

Second, we used a unique combination of the astrocyte-specific radial glial marker brain
lipid binding protein (BLBP) together with nestin and GFAP immunofluorescence to
compare the phenotypic profiles of cells of astrocyte lineage across different local
environment regions. GFAP expression was increased by 3–7 DPI in all regions and
remained high through 49 DPI, while nestin expression was upregulated everywhere early
after injury, but decreased in all regions by 49 DPI, suggesting that a relative short time
window exists for a widespread population of multipotent progenitors following SCI. In
contrast, the time course of BLBP expression differed markedly across the three tissue
regions, with early and sustained upregulation in the lesion border and spared white matter
regions and transient expression in the central canal and spared gray matter. Notably, this
staining combination also revealed a unique population of BLBP+/GFAPneg cells
surrounding the central canal and in the grey matter parenchyma early after injury,
indicative of a new population of astrocyte precursor cells prior to their full differentiation
into GFAP-expressing astrocytes.

Together, these findings demonstrate that astrocytes display regional specificity in response
to signals associated with both the injury and the local microenvironment. The use of BLBP
as a tool to distinguish astrocytes at their earliest stage of commitment to an astrocyte
lineage will facilitate understanding the effects of therapies targeting the astrocyte response
with the goal of improving repair after injury.

GFAP+ cells are generated after SCI
After neurogenesis and gliogenesis are completed during development, significant
proliferation of neural progenitors in the mature central nervous system (CNS) is largely
restricted to specific areas of the hippocampus (reviewed in Kempermann and Gage, 2000)
and the subventricular zone of the brain (reviewed in Lennington et al., 2003). During the
first week after SCI, there is robust wave of increased cell proliferation throughout the
nearby spinal cord (Johansson et al., 1999; McTigue et al., 2001; Yamamoto et al., 2001; Zai
and Wrathall, 2005; Horky et al., 2006; Lytle and Wrathall, 2007). To accurately estimate
the total number of BrdU+ and BrdU+/GFAP+ cells in each region at each time examined,
we calculated reference volume using transverse sections for each region and time point and
found that white matter undergoes significant shrinkage over time, similar to previous data
(Lytle and Wrathall, 2007). In addition, rostral-caudal shrinkage of the lesion between 1 and
4 weeks post injury has been documented after crush injury (Zhang et al., 1996), but no such
analysis has been completed after contusion injury. Shrinking in multiple dimensions may
result in an artifactual increase in the number of cells counted over time, but our data does
not show an increase in total BrdU+ cells. Conversely, we documented a decrease in the
number of BrdU+ cells over time in white matter, a region that exhibits significant
shrinkage. Furthermore, measures of the proportion of BrdU+ cells expressing GFAP at
each time point should not be affected by shrinkage and are an accurate portrayal of the
composition of BrdU+ cells in each region.

When a single pulse of BrdU was administered at 3 days post injury (DPI) and the mice
were perfused 2 hours later, similar total numbers of BrdU labeled nuclei were distributed
through grey and white matter over several hundred microns rostral and caudal to the lesion
epicenter. Many cells that incorporated BrdU at 3 DPI were concentrated at the rostral and
caudal margins of the lesion, where surviving cells could be influenced by a wide range
injury-related growth factors and cytokines (Widenfalk et al., 2001; Nakashima et al., 2005;
Xu et al., 2006; Tripathi and McTigue, 2008).
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Within the spared grey and white matter regions, 10–30% of the cells that incorporated
BrdU expressed GFAP at 3 DPI. These results are consistent with similar studies and
confirm that unlike mature oligodendroglia and neurons, a significant proportion of mature
astrocytes in the spared tissue regions of the spinal cord can re-enter the cell cycle after
injury (Yamamoto et al., 2001; Zai and Wrathall, 2005; Lytle and Wrathall, 2007; Buffo et
al., 2008). The majority of early proliferating cells accumulate along the lesion border by 7
DPI and remain at the border at chronic time points, similarly shown in other injury models
and species (Yang et al., 2006; Lytle and Wrathall, 2007; Tripathi and McTigue, 2007).
Using the current analyses, we show that nearly half of these cells express GFAP+ by 7 DPI,
a higher percentage than previously reported (Yang et al., 1996). These results suggest that
the mouse spinal cord may have a greater bias toward astrocyte proliferation and/or chronic
GFAP expression after injury than other species. A direct comparison of astrocyte genesis
has not been performed, but previous work has shown that some characteristics of the
inflammatory response and the final lesion composition in mice evolve differently from rats
and other species (Kuhn and Wrathall, 1998; Jakeman et al., 2000; Sroga et al., 2003).
Because the cellular responses are dictated largely by local intercellular interactions, it is
reasonable to suggest that differences in the extracellular composition may enhance these
astrocyte characteristics in mice. Dramatic differences in neuroprotection, inflammation and
fibrosis are also evident between strains of mice (Inman et al., 2002;Kigerl et al., 2006), and
we have described one common strain of mouse that has a unique phenotype including
enhanced migration of astrocytes into the lesion epicenter after a contusion injury (Ma et al.,
2004; White et al., 2008). Thus, complex genetic traits can contribute to a comparatively
strong astrocyte proliferative response seen in the mouse.

An unexpected finding was that within the spared white matter regions, the total number of
BrdU cells decreased rostral and caudal to the epicenter, but both the number and proportion
of BrdU+/GFAP+ cells increased dramatically by 49 DPI. Three explanations are possible.
First, the increased numbers of double labeled cells could reflect a late increase in GFAP
expression by cells that were not fully activated at 3 and 7 DPI. A second factor contributing
to the marked increase in the proportion of BrdU+ astrocytes in spared white matter is the
chronic loss of other cell types. Oligodendrocytes undergo apoptotic cell death in long fiber
tracts undergoing Wallerian degeneration for several weeks after contusive SCI (Abe et al.,
1999). While new oligodendrocytes are generated within the spared white matter after
contusion injury (Lytle and Wrathall, 2007; Tripathi and McTigue, 2007), the cell numbers
here suggest that these non-GFAP+ populations do not survive well in the chronically
injured white matter. Another explanation for the decrease in BrdU+ cells in spared white
matter over time is delayed microglial death. Microglia divide early after injury (Yang et al.,
2006) and undergo apoptosis chronically (Shuman et al., 1997), possibly contributing to the
declining population observed in this study.

BLBP immunoreactivity reveals regional heterogeneity in astrocyte phenotypic response
to SCI

The present study is the first to characterize the distribution of BLBP immunoreactivity over
time in the injured rodent spinal cord. In the lesion border and spared white matter, BLBP
expression was strongly upregulated and colocalized with GFAP expression, while in spared
grey matter regions rostral and caudal to the lesion, BLBP expression was increased and
then returned to naïve levels by 49 DPI. Although the specific stimuli for regulating BLBP
expression after injury have not been determined, one candidate is the transcription factor,
Reelin. Reelin is expressed in normal white matter (Hochstim et al., 2008) and may account
for BLBP expression in this region in naïve tissue. Reelin is upregulated after ocular (Pulido
et al., 2007) and nerve injury (Panteri et al., 2006), but its expression pattern has not been
examined after SCI. The function of BLBP after injury is also unknown. BLBP is a member
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of fatty acid binding protein family (FABP), a group that regulates metabolic processes
(reviewed in Haunerland and Spener, 2004) and trafficking of intracellular ligands in the
normal CNS (Feng et al., 1994). Other FABPs are upregulated after peripheral injury (De
Leon et al., 1996), and knocking down FABP5 after SCI using siRNA results in impaired
recovery (Figueroa et al., 2009).

BLBP expression revealed a unique population of BLBP+/GFAPneg cells present primarily
in the lesion core and surrounding the central canal from 6 hours post injury (HPI) to 3 DPI.
Due to their uncharacteristic morphology (rounded or teardrop-shape) and a marker
expression pattern resembling astrocyte-restricted radial glial cells, we have proposed that
these cells might be precursors committed to differentiate into astrocytes. Cells expressing
the transgene in a BLBP reporter mouse line include only radial glial cells in development
and astrocytes in the mature CNS (Schmid et al., 2006). Definitive fate mapping of these
cells after injury would require a similar transgenic mouse line with conditional expression
of BLBP in the mature CNS to eliminate sustained expression from all astrocyte precursors
in early development. However, a number of related observations provide indirect support
for the implication that these cells represent astrocyte precursors. Within spared grey matter,
neither the number of BrdU+ or BrdU+/GFAP+ cells increased from 3 to 7 DPI, indicating
that the newborn BLBP+ cells did not die in significant numbers. By 7 DPI, however, BLBP
+/GFAPneg cells were no longer present, but BLBP expression continued to increase and all
BLBP expression was fully colocalized with GFAP, similar to the pattern of axonal-
supportive differentiation that is reported after spinal cord injury in the adult turtle
(Rehermann et al., 2009). The time course of BLBP+ expression in GFAPneg ependymal
cells also corresponds closely with the known proliferation and migration of these cells that
have been shown to differentiate into astrocytes after injury (Frisen et al., 1995b; Johansson
et al., 1999; Namiki and Tator, 1999; Mothe and Tator, 2005; Meletis et al., 2008).

In the lesion core, GFAP expression at 3 DPI is primarily in the form of astrocytic debris.
However, nestin is upregulated throughout the lesion at this time and is present in some
BLBP+/GFAPneg cells in the lesion core and the lesion border regions. Nestin is a
progenitor marker that is not specific for astrocytes. Additional nestin+ cells not expressing
GFAP or BLBP were also noted, and these are very likely to include well described glial
progenitors that express the chondroitin sulfate proteoglycan, neuro-glial antigen 2 (NG2)
(Burns et al., 2008). Some of these nestin+ cells would be expected to express the
transcription factor Olig2 and will go on to form oligodendrocytes (Horky et al., 2006; Yang
et al., 2006; Tripathi and McTigue, 2007; Burns et al., 2008; Lytle et al., 2009).
Alternatively, some NG2+ cells born early after injury can develop into protoplasmic
astrocytes, defined by their co-expression of S100β+ and the glutamate transporter, GLAST
and the lack of expression of GFAP (Zhu et al., 2008a; Zhu et al., 2008b; Lytle et al., 2009;
Sellers et al., 2009). We were unable to co-stain tissue sections with specific labeling using
BLBP and NG2 antibodies in the lesion core at 3 DPI. However, the present study showing
robust colocalization of BLBP and GFAP by 7 DPI suggest that the BLBP+/GFAPneg cells
described at 6 HPI to 3 DPI are distinct from previously described NG2+ progenitors and
may well add a new population to the previously known sources of GFAP+ astrocyte
precursor cells.

Conclusions and Significance
In past studies, substantial research has been conducted on the proliferation and
differentiation of oligodendrocytes and their progenitors (Tripathi and McTigue, 2007; Lytle
and Wrathall, 2007), in part because of their potential to remyelinate damaged axons after
injury. The current study extends these findings with a focus on the proliferation and
distribution of astrocytes and astrocyte precursors after injury. While astrocytes are typically
targeted due to their role in the formation of the glial scar, they also perform a variety of
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other functions vital for successful endogenous repair, such as rebuilding the blood-brain
barrier (Whetstone et al., 2003) and reducing excitotoxicity (Rothstein et al., 1996). The
development of therapeutic strategies aimed at manipulating astrocytes must begin with a
solid foundation of knowledge on the endogenous astrocyte response to injury. In this study,
we have provided evidence showing that astrocytes arise after injury from GFAP+
expressing cells in grey and white matter as well as precursors found within the lesion
center, ependymal region, and surrounding grey matter. The lesion border is well defined
and phenotypically stable by 7 DPI, but activated astrocytes continue to alter their
expression patterns in spared grey and white matter regions for several weeks after injury.
Finally, a potential immature precursor population, characterized by nestin expression and
including cells that are BLBP+ and GFAPneg, is short-lived and may be expanded only if
targeted very early after injury. The ability to identify these different populations, including
astrocyte precursors that may be induced to proliferate and develop into growth-promoting
astrocytes, is a vital first step to improving endogenous repair after CNS injury via
astrocyte-targeted manipulation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
BrdU+ and BrdU+/GFAP+ cell counting paradigm. (A) Time course of the two experiments
as described in the methods, showing the BrdU administration paradigm used for BrdU+/
GFAP+ cell counting (A) and acute marker expression analysis (A'). (B) Schematic drawing
of the CNS with a midthoracic SCI, indicated by the solid black oval. Sections were
examined at 200 μm intervals from 1.4 mm rostral to 1.4 mm caudal from the lesion
epicenter, and these regions were further divided into Rostral-R, Epicenter-E, and Caudal-C
levels for quantitative analyses. (C) Examples of 2 pairs of transverse spinal cord sections
are shown from the epicenter (left) and 0.4 mm caudal to the epicenter (right). EC staining
was used to identify the distribution of the lesion edge (dashed line) and spared grey matter
and spared white matter. Sample fields were counted in adjacent tissue sections stained with
BrdU and GFAP antisera. Green boxes indicate lesion border areas, red boxes indicate
spared white matter, and blue boxes indicate spared grey matter. * indicates the lesion, #
depicts spared grey matter, and + is spared white matter. (D) High-magnification images of
white matter (left) and grey matter (right) borders, with the lesion border depicted by a
dashed line. (E) Examples of double-labeled BrdU+/GFAP+ cells in spared white matter
(top) and lesion border (bottom), through three planes of focus. Single labeled BrdU+ cells
are identified by an arrowhead, while double labeled cells are indicated by an arrow. (F)
Quantification of changes in total tissue volume in different regions over time. Scale = 100
μm (C), 10 μm (D).
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Figure 2.
Early proliferating cells accumulate at the lesion border by 7 DPI. (A–C) Representative
images of lesion border regions at the injury epicenter at 3 (A), 7 (B), and 49 DPI. Examples
of single and double-labeled cells are indicated by arrowheads and arrows, respectively. (D–
F) Quantification of the number of BrdU+ cells (D), number of BrdU+/GFAP+ cells (E),
and the percentage of BrdU+ cells also expressing GFAP (F) at 7 and 49 DPI. Cell counts
were not performed for this region at 3 DPI because the region is not yet defined. “0” in
graphs designate no cells in the indicated regions. Scale = 10 μm.
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Figure 3.
The number of BrdU+ and BrdU+/GFAP+ cells is unchanged in spared grey matter after
SCI. (A–C) Representative images of spared grey matter 1.0 mm caudal from the injury
epicenter at 3 (A), 7 (B), and 49 DPI (C). Examples of single and double labeled cells are
indicated with arrowheads and arrows, respectively. (D–F) Quantification of the number of
BrdU+ cells (D), number of BrdU+/GFAP+ cells (E), and the percentage of BrdU+ cells
also expressing GFAP (F) in spared grey matter at 3, 7, and 49 DPI. Scale = 10 μm. **p <
0.01 (% of astrocytes in the epicenter region at 3 vs. 39 DPI).
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Figure 4.
In spared white matter, the number of BrdU+ cells decreases over time while the number of
and percentage of BrdU+/GFAP+ cells increases. (A–C) Representative images of spared
grey matter 1.0 mm caudal from the injury epicenter at 3 (A), 7 (B), and 49 DPI (C), with
examples of single and double-labeled cells indicated with arrowheads and arrows,
respectively. (D–F) Quantification of the number of BrdU+ cells (D), number of BrdU+/
GFAP+ cells (E), and the percentage of BrdU+ cells also expressing GFAP (F) in spared
white matter. Scale = 10 μm. *p < 0.05 (BrdU+ cells in the caudal region 3 vs. 49 DPI;
BrdU+/GFAP+ cells in the rostral region 7 vs. 49 DPI; BrdU+/GFAP+ cells in the epicenter
region 3 vs. 49 DPI; BrdU+/GFAP+ cells in the caudal region 3 and 7 vs. 49 DPI; %
astrocytes in the epicenter region 7 vs. 49 DPI), **p < 0.01 (BrdU+ cells in the rostral region
3 vs. 49 DPI; % astrocytes in the rostral region 7 vs. 49 DPI), ***p < 0.001 (BrdU+ cells in
the rostral region 7 vs. 49 DPI; BrdU+/GFAP+ cells in the rostral region 3 vs. 7 DPI; %
astrocytes in all regions 3 vs. 49 DPI).
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Figure 5.
Nestin expression increases transiently after injury in the lesion border, while BLBP levels
rise later and stay high chronically. (A–C) Representative confocal images of GFAP (green),
BLBP (red), and nestin (blue) expression and merged images of three markers (right) at 3
DPI (A–A'''), 7 DPI (B–B''') and 49 DPI (C–C'''). (D) Quantification of the proportion of
merged staining area represented by GFAP, BLBP, and nestin expression levels over time.
Scale = 20 μm. (E) Schematic depicting region shown in confocal images. ***p < 0.001
(BLBP 3 vs. 7 and 49 DPI; nestin 3 and 7 vs. 49 DPI).
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Figure 6.
BLBP and nestin expression transiently increase in spared grey matter. (A–D) Confocal
images of GFAP (green), BLBP (red), and nestin (blue) in naïve tissue (A–A''') and 1.0 mm
caudal from the lesion epicenter at 3 (B–B'''), 7 (C–C''') and 49 (D–D''') DPI. Inset depicts
region shown in confocal images. (E–F) Quantification of the proportion of merged staining
area represented by GFAP, BLBP, and nestin immunoreactivity over time both rostral (E)
and caudal (F) to the injury epicenter. The dashed line in each graph depicts the proportion
of merged staining colocalized with each of the markers in naïve tissue specimens. Scale =
20 μm. *p < 0.05 (BLBP rostral 3 vs. 7 vs. 49 DPI; BLBP caudal 3 vs. 7 DPI; nestin caudal
3 vs. 7 DPI), **p < 0.01 (nestin rostral 3 vs. 49 DPI), ***p < 0.001 (nestin caudal 3 vs. 49
DPI).
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Figure 7.
BLBP expression is chronically upregulated in spared white matter, while nestin expression
only transiently increases. (A–D) Confocal images of GFAP (green), BLBP (red), and nestin
(blue) in naïve tissue (A–A''') and 1.0 mm caudal from the lesion epicenter at 3 (B–B'''), 7
(C–C''') and 49 (D–D''') DPI. Inset depicts region shown in confocal images. (E–F)
Quantification of the proportion of merged staining area represented by GFAP, BLBP, and
nestin immunoreactivity over time both rostral (E) and caudal (F) to the injury epicenter.
The dotted line in each graph depicts the proportion of merged staining colocalized with
each of the markers in naïve tissue specimens. Scale = 20 μm. **p < 0.01 (nestin caudal 3
and 7 vs. 49 DPI), ***p < 0.001 (BLBP rostral 3 vs. 7 and 49 DPI; BLBP caudal 3 vs. 7 and
49 DPI; BLBP caudal 7 vs. 49 DPI).
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Figure 8.
BLBP+/GFAPneg cells are present early after injury and exhibit a unique morphology. (A–
A''') Confocal images of GFAP (green), BLBP (red), and nestin (blue) showing examples of
BLBP+/GFAPneg cells that do (arrowhead in A''', B) and do not (arrows in A''', C) express
nestin. (D) Confocal image showing examples of BLBP+/GFAPneg cells expressing BrdU
(blue). (E) Confocal z-stack confirming double-labeling of BLBP and BrdU. (F–I)
Quantification of the percentage of BLBP+ cells from the lesion core (F), lesion border (G),
spared grey matter (H), and spared white matter (I) that did not express GFAP. Scale = 20
μm (A–A'''), 5 μm (B–E). **p < 0.01 (lesion border caudal 3 vs. 49 DPI), ***p < 0.001
(lesion core all regions 3 vs. 7 and 49 DPI; grey matter rostral 3 vs. 7 and 49 DPI).
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Figure 9.
BLBP expression is transiently increased in cells lining the central canal early after injury.
(A–D) Confocal images showing GFAP (green), BLBP (red), and nestin (blue) expression in
the naïve central canal at spinal level T9 (A–A''') and in the central canal region caudal to
the epicenter at 3 DPI (B–B'''), 7 DPI (C–C'''), and 49 DPI (D–D'''). (E) Example of a BrdU+
cells (blue) colabeled with BLBP (red) in the central canal at 3 DPI (arrows). Scale = 20 μm.
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