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Reactive Astrocytes Protect Tissue and Preserve Function
after Spinal Cord Injury
Jill R. Faulkner,1,3 Julia E. Herrmann,1,3 Michael J. Woo,1 Keith E. Tansey,2 Ngan B. Doan,1 and Michael V. Sofroniew1,3
Departments of 1Neurobiology and 2Neurology and 3Brain Research Institute, University of California, Los Angeles, California 90095-1763

Reactive astrocytes are prominent in the cellular response to spinal cord injury (SCI), but their roles are not well understood. We used a
transgenic mouse model to study the consequences of selective and conditional ablation of reactive astrocytes after stab or crush SCI.
Mice expressing a glial fibrillary acid protein-herpes simplex virus-thymidine kinase transgene were given mild or moderate SCI and
treated with the antiviral agent ganciclovir (GCV) to ablate dividing, reactive, transgene-expressing astrocytes in the immediate vicinity
of the SCI. Small stab injuries in control mice caused little tissue disruption, little demyelination, no obvious neuronal death, and mild,
reversible functional impairments. Equivalent small stab injuries in transgenic mice given GCV to ablate reactive astrocytes caused
failure of blood– brain barrier repair, leukocyte infiltration, local tissue disruption, severe demyelination, neuronal and oligodendrocyte
death, and pronounced motor deficits. Moderate crush injuries in control mice caused focal tissue disruption and cellular degeneration,
with moderate, primarily reversible motor impairments. Equivalent moderate crush injuries combined with ablation of reactive astrocytes caused widespread tissue disruption, pronounced cellular degeneration, and failure of wound contraction, with severe persisting
motor deficits. These findings show that reactive astrocytes provide essential activities that protect tissue and preserve function after mild
or moderate SCI. In nontransgenic animals, crush or contusion SCIs routinely exhibit regions of degenerated tissue that are devoid of
astrocytes. Our findings suggest that identifying ways to preserve reactive astrocytes, to augment their protective functions, or both, may
lead to novel approaches to reducing secondary tissue degeneration and improving functional outcome after SCI.
Key words: reactive astrocytes; spinal cord injury; inflammation; transgenic mice; neural degeneration; motor function; blood– brain
barrier; glial fibrillary acid protein

Introduction
Spinal cord injury (SCI) is characteristically accompanied by a
period of secondary cellular degeneration that occurs in injured
tissue over a course of hours and days after the initial insult, and
that affects both glia and neurons (Young, 1993; Crowe et al.,
1997; Liu et al., 1997; Springer et al., 1999). Intervention to reduce inflammation or to block specific membrane receptors during the first hours after SCI can partially protect cells and preserve
function in both human patients and experimental animals
(Bracken et al., 1990; Behrmann et al., 1994; Constantini and
Young, 1994; Agrawal and Fehlings, 1997). Although certain potential triggers of secondary degeneration have been identified,
the cell biology of the response to SCI is not well understood, and
the roles played by different cell types at different times in the
progression of secondary degeneration are not well defined.
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sponse to SCI. Astrocytes exhibit a gradated response to injury
that includes changes in gene expression, hypertrophy and process extension, and, in some cases, cell division (Eddleston and
Mucke, 1993; Eng and Ghirnikar, 1994). Scar tissue formed in
part by reactive astrocytes has long been implicated as a major
impediment to axon regeneration (Ramon y Cajal, 1928; Clemente and Windle, 1954; Reier et al., 1983; Liuzzi and Lasek, 1987;
Rudge and Silver, 1990), and reactive astrocytes are often regarded as detrimental to functional outcome after SCI and other
forms of CNS injury. Nevertheless, the basic phenomena of reactive astrocytosis after CNS injury appear conserved throughout
vertebrate evolution (Larner et al., 1995), suggesting that fundamental aspects of the process of reactive astrocytosis convey survival advantage. In this regard, a role for reactive astrocytes has
long been postulated in CNS wound healing, but the precise nature and relative importance of that role are unknown. Several
lines of evidence suggest that astrocytes might have important
tissue-protective functions after CNS injury. Astrocytes clear glutamate and potassium ions from the extracellular space, are a
potential energy source, and produce numerous growth factors
and cytokines (Kettenmann and Ransom, 1995). The continuation, augmentation, and appropriate regulation of astrocyte
functions are likely to be important after SCI, but the activities of
reactive astrocytes are not well defined.
Deletion experiments represent powerful means of studying
function in biology. To investigate the roles of reactive astrocytes
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after SCI, we selectively and conditionally targeted their deletion
in adult transgenic mice after SCI, using a well characterized
transgenic model (Bush et al., 1998, 1999). We show that that the
severity of SCI is markedly exacerbated by loss of proliferating
reactive astrocytes, and that reactive astrocytes (1) are essential
for wound healing, (2) provide essential protective functions for
neurons and oligodendrocytes, and (3) preserve motor functions
after mild or moderate SCI.

Materials and Methods
Experimental model

To selectively ablate dividing reactive astrocytes, we used transgenic mice
in which thymidine kinase (TK) from herpes simplex virus (HSV) was
targeted to reactive astrocytes using the mouse glial fibrillary acid protein
(GFAP) promoter (Bush et al., 1998). In these GFAP-TK mice, the antiviral agent ganciclovir (GCV) selectively and specifically ablates dividing,
reactive GFAP-TK-expressing astrocytes after CNS injury (Bush et al.,
1999). These GFAP-TK mice were generated using a fusion gene construct of HSV-TK sequence inserted into a 15 kb GFAP promoter cassette
(Bush et al., 1998). To avoid deletion of potential regulatory elements,
this GFAP promoter cassette (clone 445) contains the full sequence of the
mouse GFAP gene, including all introns and exons, as well as 2 kb of 5⬘
and 2.5 kb of 3⬘ flanking regions (Johnson et al., 1995). Two base pairs in
exon 1 were mutated to prevent GFAP expression from the transgene. Expression of transgene-derived TK specifically by GFAP-expressing cells has
been demonstrated at the single-cell level in the normal and injured forebrain in vivo and in vitro (Bush et al., 1998, 1999; Imura et al., 2003).

Animals
All GFAP-TK transgenic and nontransgenic mice used in this study were
obtained by mating heterozygous GFAP-TK females of line 7.1 (Bush et
al., 1998, 1999) with wild-type C57Bl6 males. Thus, all experimental and
control mice were derived from the same breeding colony backcrossed
onto a C57Bl6 background for ⬎10 generations and can be regarded as
genetically inbred mice of the C57Bl6 strain. Mice were housed in a 12 hr
light/dark cycle in a specific pathogen-free facility with controlled temperature and humidity and allowed ad libitum access to food and water,
and experiments were conducted according to protocols approved by the
Chancellor’s Animal Research Committee of the Office for Protection of
Research Subjects at University of California Los Angeles.

Experimental design
Our previous studies indicated that 7 d of continuous subcutaneous GCV
delivery was effective in ablating dividing reactive astrocytes immediately
adjacent to forebrain stab injury (Bush et al., 1999), and this delivery
regimen was used in the present study. All experiments involved comparison of groups of GFAP-TK transgenic and nontransgenic mice that
received either a stab or crush SCI (Fig. 1 B,C) followed immediately by a
7 d treatment with either GCV or vehicle (Fig. 1 A). Some mice also
received a 4 d Bromodeoxyuridine (BrdU) treatment to label dividing
cells, and all mice were perfused for histological evaluation after 14 d (Fig.
1 A). Behavioral evaluations of motor function were conducted before
surgery and at various points afterward (Fig. 1 A). Fourteen days was
chosen for histological evaluation as a point by which control mice had
mostly recovered motor function after mild or moderate SCI.

Surgical procedures
All surgical procedures were performed under full general anesthesia
with isoflurane in oxygen-enriched air. Two types of SCI were made: (1)
unilateral longitudinal stab injuries that ran parallel to the long ascending
and descending tracts and passed primarily through gray matter at the
level of L1–L2 (Fig. 1 B) and (2) moderate crush injuries at the level of
L1–L2 (Fig. 1C). All surgeries were performed using an operating microscope (Zeiss, Oberkochen, Germany) and a rodent stereotaxic apparatus
(David Kopf, Tujunga, CA). Laminectomy of a single vertebra was performed in all cases. The longitudinal stab injuries were 2 mm in length
and 1 mm in depth and were made with a retractable wire knife (David
Kopf); care was taken not to rupture the dura (except for the small
puncture wound created by the retractable wire knife), thereby greatly

Figure 1. A, Experimental protocol showing time lines of postoperative delivery of GCV and
BrdU and time points of behavioral analysis and perfusion fixation. B, C, Schematic illustrations
of different SCI models at L1–L2. B, Longitudinal stab SCI was made primarily through gray
matter parallel to major ascending and descending long axon tracts. C, Moderate crush SCI was
made by compression from both lateral sides using forceps with a 0.5 mm spacer and affected
gray matter as well as major ascending and descending long axon tracts. D, Photomicrograph
showing tissue area adjacent to stab SCI (arrowhead) used for morphometric analysis as traced
using interactive software and a computer-guided microscope stage. Scale bar, 300 m.
reducing the variability of lesion. Crush injuries were made with number
5 Dumont forceps (Fine Science Tools, Foster City, CA) ground down to
a tip width of 0.5 mm. For the moderately severe injuries reported here,
we used forceps modified with a spacer so that at maximal closure a 0.5
mm space remained. This closure distance was selected by comparing
results achieved with forceps that closed to 1.0 or 0 mm spaces. Forceps
were used to compress the cord laterally from both sides (Fig. 1C) for 10
sec. To deliver GCV, osmotic minipumps (Alzet, Cupertino, CA) were
implanted subcutaneously according to the manufacturer’s instructions.
To evaluate the blood– brain barrier (Broadwell and Sofroniew, 1993), a
macromolecular dextran tracer, 70 kDa, labeled with Alexa Fluor 488
(Molecular Probes, Eugene, OR) was infused intravenously via the subclavian vein exposed under general anesthesia and cannulated with a
glass micropipette using an operating microscope; 45 min after infusion,
mice were fixed and processed for histological evaluation. To selectively
kill spinal cord neurons, the excitotoxic glutamate agonist NMDA (25
nmol in 1.0 l; Sigma, St. Louis, MO), was stereotaxically injected into
spinal cord gray matter at L1–L2. To attract infiltration of blood-borne
inflammatory cells, lipopolysaccharide (LPS, serotype 011-B4 from Esch-

Faulkner et al. • Reactive Astrocyte Roles after Spinal Cord Injury

J. Neurosci., March 3, 2004 • 24(9):2143–2155 • 2145

Figure 2. Expression of GFAP and transgene-derived TK by dividing reactive astrocytes adjacent to stab SCI in control mice.
A–H, Transverse sections of upper lumbar spinal cord after longitudinal stab SCI (arrowheads) in either nontransgenic mice given
GCV (A, B, E, F, H; NT⫹GCV) or GFAP-TK transgenic mice not given GCV (C, D, G; Tg no GCV). B, D, F, Details, respectively, of A, C, and
E. A–F, Single immunohistochemical staining for GFAP (A, B), TK (C, D), or BrdU (E, F ) viewed by bright-field microscopy. G, H,
Double immunohistochemical staining for GFAP and TK ( G) or GFAP and BrdU ( H ) viewed by laser-scanning confocal microscopy.
Staining for GFAP is prominent in astrocyte processes and rare in cell bodies (A, B, G), whereas staining for TK is prominent in
astrocyte cell bodies and rare in cell processes (C, D, G). After stab SCI, astrocytes along the wound margin hypertrophy and
upregulate their expression of both GFAP (A, B, G) and TK (C, D, G). GCV had no effect on astrocyte scar formation in nontransgenic
mice (A, B, E, F). Double staining and analysis using laser-scanning confocal microscopy reveal that TK staining is found only in
GFAP-positive astrocytes (G, arrows). Many cells along the wound margin divide and take up BrdU (E, F ). Many of these dividing
BrdU-labeled cells are GFAP-positive reactive astrocytes (H, arrows); others are not (G, arrowheads). Scale bars: A, C, E, 100 m; B,
D, F, 50 m; G, H, 15 m.
erichia coli; Sigma; 8 g in 2 l), was stereotaxically injected into spinal
cord gray matter at L1–L2.

GCV and BrdU treatments
GCV (Hoffmann-La Roche, Nutley, NJ), was administered continuously
at a rate of 100 mg 䡠 kg ⫺1 䡠 d ⫺1 in sterile physiological saline for the first
7 d (Fig. 1A) after surgery via subcutaneously implanted osmotic
minipumps (Alzet) (Bush et al., 1998, 1999). BrdU (Sigma) was administered by intraperitoneal injections at 100 mg/kg dissolved in saline plus
0.007N NaOH given once daily for 4 d on days 1– 4 after surgery (Fig. 1A).

Behavioral analysis
Mice were evaluated using three behavioral tasks selected to assess hindlimb function on days 0, 3, 7, 10, and 14 after SCI (Fig. 1 A).
Open-field locomotor task. The objective of this evaluation was to assess
gross voluntary use of the hindlimbs and did not attempt to define subtle
differences in usage that might be correlated with specific neural mechanisms that might underlie dysfunctions. For this reason we did not use
a 21-point Basso, Beattie, and Bresnahan scale designed to evaluate many
subtle aspects of hindlimb motor performance in rats to delineate differences in severity of midthoracic SCI (Basso et al., 1995). Instead, we used
a simpler six-point scale (Fehlings and Tator, 1995), which focused on
gross aspects of hindlimb function and which we found more appropriate for our goals and our model of upper lumbar SCI. Mice were evaluated in an open field by the same one or two observers blind to the
experimental condition and received a score for gross voluntary movement of each hindlimb using an operationally defined six-point scale: (0)
no voluntary hindlimb movement, (1) little voluntary hindlimb movement, (2) hindlimb movements obvious but did not assist in weight
support or stepping, (3) hindlimb assisted in occasional weight support
and plantar placement but not in stepping, (4) hindlimb used for weight

support and stepping, but obvious disability,
and (5) hindlimb function essentially normal
(Fehlings and Tator, 1995). Left and right hindlimbs were scored separately. For mice with
unilateral stab SCI, scores are presented for the
ipsilateral hindlimb. For mice with crush SCI
the two hindlimb scores were averaged.
Rotorod. To assess balance and ability to coordinate stepping, animals were placed on a
single-lane rotorod (Med Associates, St. Albans, VT) for three trials per session. The rotorod was set for constant acceleration from 3.0
to 30 rpm over 300 sec, and animals were scored
on seconds to fall. Each trial was scored individually and averaged for a final score per session.
Footprint analysis. To assess stepping patterns of forelimbs and hindlimbs after injury,
animals were required to run along a paperlined runway (3 feet long, 3 inches wide) to obtain an edible treat in a darkened box at the end.
The plantar surfaces of forelimbs and hindlimbs were brushed with red and black nontoxic paint, respectively, and qualitative analysis was performed on plantar stepping, stride
length and width, toe or dorsal foot drags, and
overall stepping ability (Ma et al., 2001).

Histological procedures

After terminal anesthesia by barbiturate overdose, mice were perfused transcardially with
buffered 4% paraformaldehyde. Spinal cords
were removed, postfixed for a further 2 hr, and
cryoprotected in buffered 30% sucrose overnight. Forty micrometer transverse or 30 m
horizontal frozen sections were prepared using
a cryostat microtome (Leica, Nussloch, Germany). Bright-field immunohistochemistry
was performed using biotinylated secondary
antibodies (Vector Laboratories, Burlingame,
CA), biotin–avidin–peroxidase complex (Vector Laboratories), and diaminobenzidine (Sigma) as the developing
agent. Fluorescence immunohistochemistry was performed using Alexa
Fluor tagged secondary antibodies Alexa 488 (green), Alexa 568 (red),
and Alexa 350 (blue) (Molecular Probes). Primary antibodies were rabbit
anti-HSV-TK (1:20,000; Bush et al., 1999), rabbit anti-GFAP (1:20,000;
Dako, Carpinteria, CA), rabbit anti-mouse IgG (1:200,000; Dako), sheep
anti-BrdU (1:6000; Maine Biotechnology Services, Portland, ME), rat
anti-mouse CD-45 (1:2000; PharMingen, La Jolla, CA), rat anti-mouse
CD-3 (1:1000; PharMingen), rabbit anti-fibronectin (1:5000; Dako),
rabbit anti-S100␤ (1:4000; Sigma), rat anti-myelin basic protein (MBP,
1:10,000; Chemicon, Temecula, CA), and rabbit anti-neurofilament M
(NFM, 1:10,000; Chemicon). Sections stained for BrdU were pretreated
with 2 M HCl for 30 min and then neutralized with three rinses of PBS
before addition of primary antibody. Staining with cresyl violet or Luxol
fast blue was conducted according to standard procedures. Stained sections were examined and photographed using bright-field and fluorescence microscopy (Zeiss) and scanning confocal laser microscopy
(Leica).

Morphometric and statistical evaluation
Cell counts of nerve cells stained with cresyl violet or of astrocytes or
leukocytes stained by immunohistochemistry, as well as lesion volume
estimates and three-dimensional lesion reconstruction, were performed
using unbiased sampling (Gundersen et al., 1988) and stereological image analysis software (StereoInvestigator or NeuroLucida; MicroBrightField, Williston, VT) operating a computer-driven microscope regulated
in the x-, y-, and z-axes (Zeiss). For neuronal or white blood cell counts,
areas of specimens to be sampled were traced at low power as an oval
region 300 m around the center of a stab wound (Fig. 1 D) and through
the depth of the tissue as determined by the computer software. Counting
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frames within the traced region were selected at
random by the image analysis software (StereoInvestigator) and computer-driven stage. Oligodendrocyte counts were restricted to white
matter. The number of positive cells per counting frame and tissue depth was determined according to exclusion criteria of the stereology
program, and final counts were expressed as
cells per 100 m 3. To estimate severity of demyelination, the area of intact and normally
myelinated white matter was as identified by
Luxol fast blue staining and traced in dorsal and
lateral columns on the left and right sides. The
total area of intact white matter on the injured
side was expressed as a percentage of that on the
uninjured side. Three-dimensional reconstructions of lesions were performed by tracing lesion areas and spinal cord outlines in series of
sequentially spaced sections, after which lesions
were reconstructed and volumes were estimated using image analysis software (NeuroLucida). Assessment of lesion area was conducted
in cresyl violet-stained sections according to
commonly accepted qualitative criteria (Zhang
et al., 1996; Inman and Steward, 2003); degenerating tissue exhibited staining pallor, pyknotic nuclei, and cellular disorder, and intact
parenchyma contained cells with clear nuclei
and regular distribution of cells. All statistical
evaluations were performed by ANOVA with
post hoc independent pair-wise analysis (Prism;
GraphPad, San Diego, CA).

Results

Figure 3. Transgenically targeted ablation of reactive scar-forming astrocytes adjacent to stab SCI. A–G, J, I, Transverse
sections of upper lumbar spinal cord after longitudinal stab SCI (arrowheads) in nontransgenic mice given GCV (A, E; NT⫹GCV), a
GFAP-TK transgenic mouse not given GCV (C; Tg no GCV), or GFAP-TK transgenic mice given GCV (B, D, F, G, J, I; Tg⫹GCV). A–F,
Single immunohistochemical staining for GFAP (A, B), TK (C, D), or BrdU (E, F ) viewed by bright-field microscopy. G, I, J, Double
immunohistochemical staining for GFAP and BrdU ( G) or CD45 and BrdU (I, J ) viewed by laser-scanning confocal microscopy. After
stab SCI in control mice (A, C, E), astrocytes along the wound margin hypertrophy, upregulate their expression of GFAP ( A) and TK
( C), and take up BrdU. After stab SCI in transgenic mice given GCV for 7 d (B, D, F ), GFAP- and TK-expressing astrocytes (B, D) and
BrdU-labeled dividing cells ( F) are substantially depleted from a large area around the center of the stab wound. Within this area,
only GFAP-positive fragments of astrocytes remain (B, G, arrows). Astrocytes at the borders of this area have upregulated GFAP or
TK during the 7 d after GCV delivery (B, D). Some dividing cells are present in the area depleted of astrocytes ( F); all of these cells
were GFAP-negative (G, arrowheads), and most were positive for the inflammatory cell marker CD45 (I, J ). H, Graph showing
mean ⫾ SEM number of TK-positive cells within the 300 m wound margin adjacent to the stab injury (see Fig. 1 D) in GFAP-TK
transgenic mice not given GCV (Tg⫺GCV) or given GCV (Tg⫹GCV); n ⫽ 4 per group. **Significantly different from control, p ⬍
0.01 (t test). Scale bars: A–F, 100 m; G, 15 m; J, 10 m; I, 5 m.

The effects of ablating dividing reactive astrocytes after SCI were studied in two
models of experimental SCI at L1–L2: (1) a
2-mm-long and 1-mm-deep longitudinal
stab injury (Fig. 1 B) and (2) a moderate
crush injury (Fig. 1C). Both injury models
involved neuronal pools in upper lumbar gray matter. The longitudinal stab injury model was used to study the cell biology of
penetrating SCI in vivo in a context that caused no grossly detectable behavioral impairments in control mice. Moderate crush
injury was used as an SCI model that caused mild and mostly
reversible motor impairments, in conjunction with a small lesion
surrounded by reactive scar-forming astrocytes in control mice.
Dividing reactive astrocytes were ablated by treating GFAP-TK
transgenic mice with the antiviral agent GCV for the first 7 d after
SCI (Fig. 1 A). Previous studies, including quantitative analysis
using double-labeling immunocytochemistry at the single-cell
level, have demonstrated the precise and selective targeting of
HSV-TK expression to GFAP-expressing cells in the forebrain
and peripheral nervous system of the GFAP-TK mice of line 7.1
used here (Bush et al., 1998, 1999). Further characterization of
the overlap of GFAP and HSV-TK expression specifically in spinal cord astrocytes is described below.
Conditional ablation of reactive, scar-forming astrocytes
after SCI
We first validated our experimental model for studying SCI by determining the degree to which GFAP-expressing reactive astrocytes
in the spinal cords of GFAP-TK transgenic mice exhibited (1)
transgene-derived TK expression, (2) cell division, and (3) ablation
after treatment with GCV. To do so, we examined GFAP-TK transgenic as well as nontransgenic mice 14 d after a longitudinal stab SCI.

In control mice, this injury caused a robust reactive astrocytosis,
including upregulation of GFAP expression, cellular hypertrophy,
and division of astrocytes (Fig. 2A–H). Three groups of control mice
were examined: (1) GFAP-TK transgenic mice not given GCV, (2)
nontransgenic mice not given GCV, and (3) nontransgenic mice
given GCV. Control mice were compared with GFAP-TK mice
treated with GCV to ablate dividing reactive astrocytes.
In the stab-injured spinal cord of GFAP-TK mice not given
GCV, we found that all TK-expressing cells also expressed GFAP,
and that ⬎98%, but not all, of GFAP-expressing reactive astrocytes also expressed detectable levels of transgene-derived TK
(Fig. 2 A–D,G). The inability to detect TK in all GFAP-expressing
cells may be attributable to the discontinuous activity of the
GFAP gene and differences in the intracellular half-life of the
GFAP and TK proteins, as discussed elsewhere (Bush et al., 1999;
Imura et al., 2003). We found no evidence for TK expression by
cells that did not express GFAP.
To evaluate the degree of astrocyte cell division induced by
SCI, we administered BrdU during the first 4 d after injury (Fig.
1 A). At 14 d after injury, control mice exhibited many BrdUlabeled cells in tissue immediately adjacent to the stab wound
(Fig. 2 E,F ); most of these BrdU-labeled cells expressed GFAP
(Fig. 2 H) and TK.
There was no qualitatively detectable difference in the response to SCI in all three control groups with regard to upregulation of GFAP expression, cellular hypertrophy, and numbers of
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Together, these findings indicate that transgene-derived
HSV-TK is regulated similarly to endogenous GFAP after SCI in
these GFAP-TK mice, and essentially all reactive astrocytes, but
not other cell types, express transgene-derived TK after SCI. In
addition, these findings demonstrate the presence of dividing
GFAP-positive astrocytes after stab SCI and show that GCV treatment in GFAP-TK transgenic mice kills essentially all reactive
astrocytes in the immediate vicinity of stab SCI.

Figure 4. Failure of blood– brain barrier repair after ablation of reactive astrocytes adjacent
to stab SCI. A–D, Transverse sections of upper lumbar spinal cord after longitudinal stab SCI
(arrowheads) in GFAP-TK transgenic mice not given GCV (A, C; Tg no GCV) or GFAP-TK transgenic
mice given GCV (B, D; Tg⫹GCV). A, B, Immunohistochemical staining for IgG viewed by brightfield microscopy. C, D, Fluorescence microscopy of Alexa 488-tagged dextran (molecular
weight, 70,000). At 14 d after stab SCI in control mice, IgG and dextran are excluded from
parenchyma adjacent to the injury, indicating that the blood– brain barrier has repaired as
expected (A, C); similar results were obtained in n ⫽ 5 mice. At 14 d after stab SCI in GFAP-TK
mice given GCV, IgG and dextran continue to enter neural parenchyma, indicating that the
blood– brain barrier has failed to repair in the absence of reactive astrocytes (B,D); similar
results were obtained in n ⫽ 5 mice. Scale bars, 100 m.

dividing astrocytes (Fig. 2). In contrast, GCV treatment of
GFAP-TK mice ablated essentially all GFAP-immunoreactive astrocytes immediately adjacent to the wound such that at 14 d,
only a few viable astrocytes and scattered cell fragments remained
(Fig. 3B). As previously observed in the forebrain (Bush et al.,
1999), the pattern of immunohistochemical staining at 14 d after
SCI suggested that the death of astrocytes that occurred during
the 7 d of GCV treatment served as a trigger for astrocytosis in the
immediately surrounding tissue during the next 7 d after GCV
delivery had stopped, resulting in the formation of a surrounding
rim of GFAP-positive scar-forming astrocytes at some distance
away from the original wound (Fig. 3B). Cell counts showed a
statistically significant ⬎95% decline in the number of TKimmunoreactive astrocytes in the immediate vicinity of the SCI
(Fig. 3 D,H ). Our qualitative and quantitative evaluations of immunohistochemically stained cells did not distinguish between
dividing and nondividing astrocytes. Thus, a ⬎95% reduction in
the number of counted cells indicated a massive reduction in the
total number of reactive astrocytes within the tissue area evaluated immediately next to the wound. This observation suggests
that the process of transgene-induced astrocyte death stimulated
adjacent quiescent astrocytes to divide, which in turn would
cause these cells to be ablated, leading to the observed almost
complete depletion of reactive astrocytes in the immediate
wound vicinity (Fig. 3B,D,H ). A small number of BrdU-positive
cells that were GFAP- or TK-negative remained (Fig. 3G), and
most of these cells were found to express CD45 and appeared to
be proliferating microglia/macrophages or other inflammatory
cells (Fig. 3I,J ). The area immediately adjacent to the wound,
from which astrocytes were almost entirely ablated (Fig. 3B,D),
was studied further.

Failure of blood– brain barrier repair after loss of
reactive astrocytes
After penetrating injury to the CNS, the BBB is damaged and
becomes leaky to endogenous and exogenous blood-borne macromolecules. In rodents, this leakiness is repaired within 10 –14 d
(Bush et al., 1999). Various lines of evidence suggest that astrocytes contribute to establishing and maintaining the BBB. To
evaluate BBB function after SCI, we examined the entry into
spinal cord parenchyma of serum IgG and an intravenously injected tagged macromolecule (70 kDa dextran-Alexa 488) as examples of endogenous and exogenous macromolecules normally
excluded from brain parenchyma except at sites that do not exhibit a BBB (Broadwell and Sofroniew, 1993). At 14 d after longitudinal stab SCI in control mice, there was little or no entry of
IgG or 70 kDa dextran at the wound site, indicating that the BBB
had resealed in the presence of reactive astrocytes (Figs. 4 A,C). In
contrast, after similar SCI in GCV-treated GFAP-TK mice, there
was pronounced entry of IgG or 70 kDa dextran into parenchyma
adjacent to wound margins (Fig. 4 B,D), indicating that the BBB
had failed to repair in the absence of reactive astrocytes.
Increased inflammation after loss of reactive astrocytes
Astrocytes produce various pro- or anti-inflammatory chemokines, cytokines, and growth factors that are thought to participate in the regulation of inflammation. Nevertheless, the roles of
astrocytes in attracting or restricting the entry into the CNS of
inflammatory cells at different times after CNS injury are not
understood. To determine the effects of astrocyte ablation on
inflammation after SCI, we counted the number of CD45positive inflammatory cells. At 14 d after longitudinal stab injury
in the three groups of control mice, the immediate wound area
contained many CD45-positive activated microglia, but there
were few phagocytic macrophages (Figs. 5A,B,E). In contrast,
GFAP-TK mice given GCV exhibited a sevenfold greater number
of large, rounded CD45-postive inflammatory cells in tissue adjacent to the SCI after ablation of astrocytes (Fig. 5C,D,F,G,L).
Most of these cells had the appearance of activated, phagocytic
macrophages (Fig. 5F,L), and some stained positively for the lymphocyte marker CD3 (data not shown). To examine whether this
pronounced increase in inflammatory cells might merely be attributable to the presence of cellular debris after ablation of astroglia, we injected low doses of NMDA into the spinal cord gray
matter at L1–L2 in nontransgenic mice. As expected, NMDA
injections killed many neurons but also triggered pronounced
local reactive astrocytosis. In the presence of large numbers of
reactive astrocytes, there was only a moderate increase in the
number of large, round CD45-positive inflammatory cells despite pronounced local cell death (Fig. 5H–K ). We conclude that
the presence of dead cells and cellular debris alone (Fig. 5I–K )
cannot account for the massive increase in inflammatory cells
observed after astrocyte ablation (Figs. 5C,D,L). Taken together,
these findings show that loss of reactive astrocytes after SCI leads
to markedly increased and prolonged infiltration of inflammatory cells, in particular macrophages.

Faulkner et al. • Reactive Astrocyte Roles after Spinal Cord Injury

2148 • J. Neurosci., March 3, 2004 • 24(9):2143–2155

Pronounced neuronal degeneration after loss of
reactive astrocytes
Astrocytes perform a number of functions that may be important
for neuronal health and survival, such as uptake of glutamate and
potassium, or production of growth factors (Kettenmann and
Ransom, 1995). We therefore examined the effects of astrocyte
ablation after longitudinal stab SCI on local neurons in the L1–L2
gray matter. In all three groups of control mice, tissue adjacent to
longitudinal SCI exhibited many healthy neurons surrounded by
reactive astrocyte processes immediately adjacent to the lesion,
and there was no qualitatively appreciable loss of neurons compared with uninjured tissue (Fig. 6 A,B,F ). In contrast, GFAP-TK
mice treated with GCV exhibited pronounced loss of neurons
after ablation of astrocytes adjacent to the SCI (Fig. 6C,D), which
extended over several upper lumbar segments. Morphometric
analysis showed a statistically significant 80% decline in the number of cresyl violet-stained neurons, including both motor neurons and interneurons, adjacent to SCI in tissue depleted of reactive astrocytes compared with tissue containing reactive
astrocytes (Fig. 6 E). To determine whether this substantial neuronal death might simply be attributable to increased inflammation after ablation of reactive astrocytes, we injected bacterial LPS
into the spinal cord at L1–L2 to induce an inflammatory response
(Andersson et al., 1992). As expected, LPS induced pronounced
infiltration of CD45-positive inflammatory cells but also triggered pronounced reactive astrocytosis. In the presence of large
numbers of reactive astrocytes, there was no obvious loss of spinal
cord neurons despite the pronounced inflammation (Fig. 6G–I ),
and these mice exhibited no obvious functional deficits. We conclude that the loss of neurons observed after ablation of reactive
astrocytes was not merely attributable to increased infiltration of
inflammatory cells but was attributable to loss of astrocyterelated functions. Together these findings show that astrocyte
loss after SCI is associated with the death of most local neurons
and suggest that reactive astrocytes provide essential protection
or support for neurons after SCI.
Demyelination and oligodendrocyte degeneration after loss of
reactive astrocytes
We next examined the effects of astrocyte loss on Luxol fast blue
staining for myelin and the number of oligodendrocytes stained
for MBP in L1–L2 white matter immediately adjacent to longitudinal stab SCI. All three groups of control mice exhibited a similar
⬃18% decrease in the area of normally appearing white matter
stained for Luxol fast blue in the dorsal and lateral columns immediately adjacent to longitudinal SCI compared with the uninjured side (Fig. 7A,F ), as well as a 24% decline in the number of
oligodendrocytes stained for MBP compared with uninjured tis4
Figure 5. Increased leukocyte infiltration after ablation of reactive astrocytes adjacent to
stab SCI. A–F, L, Transverse sections of upper lumbar spinal cord 14 d after longitudinal stab SCI
(arrowheads) in a nontransgenic mouse not given GCV (A, B, E; NT no GCV) or in a GFAP-TK
transgenic mouse given GCV (C, D, F, L; Tg⫹GCV). A–F, Immunohistochemical staining for the
leukocyte marker CD45 viewed by bright-field microscopy. B, D, Details, respectively, of boxed
areas in A and C. E, F, Details, respectively, of B and D showing CD45-positive cells with the
typical appearance of microglia ( E) and activated macrophages ( F). In the control mouse, there
is moderate microglial activation (arrow) but few intensely stained CD45-positive cells with
round cell bodies typical of leukocytes in the neural parenchyma adjacent to the injury (A, B, E).
In the GFAP-TK transgenic mouse given GCV, the region of astrocyte ablation is densely packed
with many intensely stained CD45-positive cells with rounded cell bodies typical of leukocytes,
in particular, activated macrophages (C, D, F ). G, Mean cell number ⫾ SEM of CD45immunoreactive cells within the wound margin adjacent to the stab injury (see Fig. 1 D);

GFAP-TK mice given GCV exhibit a sevenfold greater number compared with control mice; n ⫽
5 per group. ***Significantly different from control, p ⬍ 0.001 (ANOVA). H–K, Transverse
sections of upper lumbar ventral horn 14 d after injection of vehicle ( H ) or NMDA ( I–K). Cresyl
violet staining (H, I ) reveals pronounced loss of ventral horn neurons induced by NMDA ( I ).
Immunohistochemical staining for CD45 in an adjacent tissue section reveals modest inflammatory response in ventral horn after NMDA ( J). K, L, Laser-scanning confocal microscopy of
triple staining for astrocytes (GFAP), inflammatory cells (CD45), and neurons (NeuN) to compare
theinflammatoryresponseafterinjectionofNMDA(K)orablationofastrocytesinGFAP-TKtransgenic
mice treated with GCV (L). Both experimental conditions cause severe loss of NeuN-positive neurons
(K, L). CD45-positive inflammatory cells exhibit a mild inflammatory response after NMDA, which
induces pronounced GFAP-positive astrogliosis (K). In contrast, CD45-positive inflammatory cells exhibit a pronounced inflammatory response in the absence of reactive astrocytes (L). Scale bars: A, C,
100 m; B, D, 50 m; E, F, 5 m; H–J, 50 m; K, L, 15 m.
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trol mice, GFAP-TK mice treated with
GCV to ablate reactive astrocytes consistently exhibited deficits in ipsilateral hindlimb function. We therefore conducted a
prospective quantitative analysis of hindlimb function using three behavioral tests
(Fig. 8 A–C). The aim of this analysis was
to determine whether there was reproducible and statistically significant loss of
gross motor function in mice that received
stab SCI in combination with ablation of
reactive astrocytes and did not attempt to
delineate the precise nature of any deficit
or to identify the neural mechanism that
might underlie any deficit. Accordingly,
we used (1) open-field evaluation of motor
performance scored on a simple six-point
scale, (2) performance on the rotorod, and
(3) footprint analysis. As in other experiments, GFAP-TK mice treated with GCV,
as well as three groups of control mice,
were given longitudinal stab SCIs in the
lumbar cord gray matter at L1–L2. In all
three groups of control mice, these lesions
caused no detectable deficits in motor
Figure 6. Degeneration of neurons after ablation of reactive astrocytes adjacent to stab SCI. A–D, F, Transverse sections of function, as assessed by open-field evaluaupper lumbar spinal cord after longitudinal stab SCI (arrowheads) in a nontransgenic mouse given GCV (A, B, F; NT⫹GCV) or in a
tion and footprint analysis (Fig. 8 A,C),
GFAP-TK transgenic mouse given GCV (C, D; Tg⫹GCV). A–D, Staining with cresyl violet (c.v.) reveals no detectable loss of neurons
adjacenttostabSCIinthenontransgenicmouse(A,B),incontrasttopronouncedneuronallossintheGFAP-TKtransgenicmousegivenGCV and caused only a minor and temporary
(C, D). B, D, Details, respectively, of boxed areas in A and C, showing that neurons of all sizes appear healthy in the neural parenchyma deficit in rotorod performance that was
adjacent to the SCI in the control mouse, and there is little or no evidence of neuronal degeneration (B); in contrast, there is pronounced fully reversible by 14 d after SCI (Fig. 8 B).
neuronaldegenerationintheregionfromwhichastrocyteshavebeenablatedintheGFAP-TKtransgenicmousegivenGCV(D).E,Meancell In contrast, GFAP-TK mice given GCV exnumber ⫾ SEM of cresyl violet-stained neurons within the wound margin adjacent to the stab injury (see Fig. 1D); GFAP-TK mice given hibited a gradual but substantial decline in
GCV exhibited fourfold fewer neurons compared with control mice; n ⫽ 5 per group. ***Significantly different from control, p ⬍ 0.001 performance on all three tests over the pe(ANOVA). F, Laser-scanning confocal microscopy of double staining for astrocytes (GFAP) and neurons (NeuN) showing that reactive riod of ablation of reactive astrocytes, and
astrocytesandtheirprocessesintermingleextensivelyamongNeuN-positiveneuronsintheventralhornafterSCIinacontrolmouse.H–I, by 14 d after SCI, performance on all three
Transversesectionsofupperlumbarventralhorn14dafterinjectionofLPS.Cresylvioletstainingrevealsnodetectablelossofventralhorn tests indicated a pronounced, statistically
neurons induced by LPS (G). Immunohistochemical staining for CD45 in an adjacent tissue section reveals a pronounced inflammatory
significant deterioration of ipsilateral
responseandinfiltrationofleukocytesintotheventralhorninducedbyLPS(H).I,Laser-scanningconfocalmicroscopyoftriplestainingfor
astrocytes (GFAP), neurons (NeuN), and inflammatory cells (CD45) showing that, in the presence of astrocytes, NeuN-positive neurons hindlimb function (Fig. 8 A–C). NeverthesurvivewelldespitethepresenceofmanyCD45-positiveinflammatorycellsintheventralhornafterLPSinjection.Scalebars:A,C,G,H,100 less, these mice retained bladder function
throughout the time evaluated. These
m; B, D, 50 m; F, I, 15 m.
findings show that loss of reactive astrocytes can lead to pronounced functional
sue (Fig. 7C,D,G). In contrast, GFAP-TK mice treated with GCV
deterioration after a small stab SCI that would otherwise cause
exhibited a severe and significantly greater demyelination of
little or no functional deficit.
⬎70% of the white matter and a loss of ⬎90% of the oligodendrocytes in white matter tissue that was depleted of reactive asLoss of reactive astrocytes exacerbates tissue degeneration
trocytes adjacent to SCI (Fig. 7A–G). To determine whether deand prevents recovery of motor functions after moderate
myelination might simply be attributable to increased
crush SCI
inflammation after ablation of reactive astrocytes, we examined
Although longitudinal stab SCI is a useful and appropriate model
L1–L2 spinal cord tissue injected with LPS as described above. As
to study aspects of SCI cell biology in vivo, other experimental
expected, LPS induced pronounced infiltration of CD45-positive
models such as contusion or crush injuries are thought to be
inflammatory cells but also triggered pronounced reactive astromore relevant to the types of tissue damage seen after SCI in
cytosis. These mice exhibited no obvious demyelination in Luxol
human patients (Behrmann et al., 1994; Ma et al., 2001; Inman et
fast blue-stained sections. These findings show that astrocyte loss
al., 2002). Crush SCI generated with forceps in mice is a well
after SCI markedly exacerbates demyelination and degeneration
characterized and consistently reproducible model of SCI that
of oligodendrocytes and suggest that reactive astrocytes provide
allows evaluation of both cell biology and behavior (Inman et al.,
essential protection or support for oligodendrocytes and myelin2002). We therefore compared the behavioral and cell biological
ated white matter after SCI.
effects of a moderately severe crush SCI in control mice and in
mice having transgenically targeted ablation of reactive astroImpaired limb function after loss of reactive astrocytes in
cytes. To generate a moderately severe crush SCI at L1–L2, we
stab SCI
used forceps that closed to a 0.5 mm space. Using this crush
During the course of initial experiments designed to study cell
severity, control mice exhibited initial deficits in motor behavior
biology after longitudinal SCI, we noted that, in contrast to confrom which they fully recovered over a 14 d period. Again, the
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Figure 7. Loss of white matter and degeneration of oligodendrocytes after ablation of reactive astrocytes adjacent to stab SCI. A, B, Transverse sections of upper lumbar spinal cord after
longitudinal stab SCI (arrowheads) in control GFAP-TK transgenic mouse not given GCV (A; Tg no
GCV) and in a GFAP-TK transgenic mouse given GCV (B; Tg⫹GCV). Staining with Luxol fast blue
(LFB) reveals minimal loss of myelin adjacent to stab SCI in the control mouse ( A), in contrast to
severe myelin loss in the GFAP-TK transgenic mouse given GCV ( B). Boxed areas in survey
images are shown as details of dorsal columns (dc) next to gray matter (g) and lateral columns
(lc), both contralateral and ipsilateral to the stab SCI. Dotted lines demarcate tissue areas of
partially degenerated myelin (dm). Note that dorsal roots (dr) and ventral roots (vr) retain
myelin immediately adjacent to severely demyelinated CNS white matter in the GFAP-TK mouse
( B), indicating that LFB staining has worked successfully. C–E, Transverse sections of upper
lumbar spinal cord showing uninjured tissue ( C) or tissue adjacent to longitudinal stab SCI in a
nontransgenic mouse (D; NT⫹GCV) or in a GFAP-TK transgenic mouse given GCV (E; Tg⫹GCV).
Immunohistochemistry for MBP shows no detectable difference in the number of MBP-stained
oligodendrocytes (arrows) in uninjured tissue ( C) and tissue adjacent to stab SCI in the nontransgenic mouse ( D), in contrast to pronounced loss of oligodendrocytes in the GFAP-TK transgenic mouse given GCV ( E). F, Mean area ⫾ SEM of Luxol fast blue-stained myelin in dorsal and
lateral columns adjacent to stab SCI. The area of white matter exhibiting LFB-stained intact
myelin ipsilateral and adjacent to the SCI is expressed as a percentage of the area in the equivalent region on the uninjured contralateral side. GFAP-TK mice given GCV exhibited a significantly greater decline in area of myelinated white matter next to the SCI compared with injured
control mice; n ⫽ 6 per group. **Significantly different from control, p ⬍ 0.001 (ANOVA). G,
Mean number ⫾ SEM of MBP-stained oligodendrocyte cell bodies in white matter ipsilateral
and adjacent to stab SCI or in uninjured tissue. GFAP-TK mice given GCV exhibited a significantly
greater decline in the number of oligodendrocytes next to the SCI compared with injured control
mice; n ⫽ 5 per group. ***Significantly different from control, p ⬍ 0.0005 (ANOVA). Scale bars:
A, B, surveys, 100 m; A, B, details, 50 m; C–E, ⫽ 25 m.
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Figure 8. Loss of hindlimb function after ablation of reactive astrocytes adjacent to stab SCI.
A, Time course of left hindlimb (HL) locomotor performance in an open field over 14 d after
ipsilateral stab SCI in control mice and GFAP-TK transgenic mice given GCV (Tg⫹GCV). Three
groups of control mice were evaluated: nontransgenic mice not given GCV, nontransgenic mice
given GCV, and transgenic mice not given GCV. No significant difference was detected among
these control groups (ANOVA), and their values were pooled to a single control value. Control
mice (n ⫽ 14) exhibited no visibly detectable impairment of ipsilateral hindlimb performance
after stab SCI, whereas transgenic mice given GCV (n ⫽ 7) exhibited a gradual but ultimately
substantial and significant impairment during and after ablation of reactive astrocytes. ***Significantly different from control, p ⬍ 0.001 (ANOVA plus post hoc pair-wise analysis). B, Time
course of rotorod performance after SCI of control mice and GFAP-TK transgenic mice given GCV.
Control mice (n ⫽ 9; pooled values of three groups not significantly different by ANOVA) exhibited an initial mild impairment of rotorod performance after stab SCI that was fully reversible
by 14 d. In contrast, transgenic mice given GCV (n ⫽ 5) failed to recover rotorod performance
during and after ablation of reactive astrocytes and by 14 d exhibited a substantial and significant impairment. ***Significantly different from control, p ⬍ 0.001 (ANOVA plus post hoc
pair-wise analysis). C, Representative footprint analysis at 14 d after stab SCI of a control mouse
and a GFAP-TK transgenic mouse given GCV. Footprints of a control mouse illustrate normal
plantar placement of forepaws and hindpaws. In contrast, footprints of a transgenic mouse
given GCV show no plantar placement of the left (L, ipsilateral) hindpaw (circles show placement of only the left forepaw), which is indicative of foot dragging on the dorsal surface. In
addition, the right (R, contralateral) hindpaw shows smears (arrow) indicative of toe dragging.
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Figure 9. Persisting loss of motor function after ablation of reactive astrocytes in crush SCI.
A, Time course of left hindlimb locomotor performance in an open field over 14 d after moderately severe forceps crush SCI in control mice and GFAP-TK transgenic mice given GCV
(Tg⫹GCV). Control mice (n ⫽ 8) exhibited an initial impairment of bilateral (both sides scored
individually and averaged) hindlimb performance after crush SCI that was fully reversible by
14 d. In contrast, transgenic mice (n ⫽ 7) given GCV failed to recover bilateral hindlimb performance during and after ablation of reactive astrocytes and by 14 d exhibited a substantial and
significant impairment. *Significantly different from control, p ⬍ 0.05 (ANOVA plus post hoc
pair-wise analysis). B, Time course of rotorod performance after SCI in control mice and GFAP-TK
transgenic mice given GCV. Control mice (n ⫽ 8) exhibited an initial mild impairment of rotorod
performance after crush SCI that was fully reversible by 14 d. In contrast, transgenic mice (n ⫽
7) given GCV failed to recover rotorod performance during and after ablation of reactive astrocytes and by 14 d exhibited a substantial and significant impairment. *Significantly different
from control, p ⬍ 0.05 (ANOVA plus post hoc pair-wise analysis). C, Representative footprint
analysis at 14 d after crush SCI of a control mouse and a GFAP-TK transgenic mouse given GCV.
Footprints of a control mouse illustrate normal plantar placement of forepaws and hindpaws. In
contrast, footprints of a transgenic mouse given GCV exhibit smears on the left side (L, left
arrow) indicative of toe dragging as well as frequent failure of plantar placement of the left
hindpaw (circles show placement of only the left forepaw) indicative of dorsal foot dragging,
and on the right (R) side, the hindpaw shows substantial smears (right arrow) indicative of toe
dragging and uncoordinated hindpaw placements.
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aim of the behavioral analysis was to determine whether there was
reproducible and statistically significant loss of gross motor function in mice that received crush SCI in combination with ablation
of reactive astrocytes and did not attempt to delineate the precise
nature of any deficit or identify the neural mechanism that might
underlie any deficit. Accordingly, we again used (1) open-field
evaluation of motor performance scored on a simple six-point
scale, (2) performance on the rotorod, and (3) footprint analysis.
In all three types of control mice, crush SCI using these forceps
reproducibly caused moderately severe motor impairments that
were mostly reversible, and over a 14 d period, mice recovered to
essentially normal performance levels on all three behavioral tests
(Fig. 9A–C). These mice also initially showed loss of bladder
function, which most mice recovered by 14 d. In all three types of
control mice, this moderate crush SCI reproducibly caused a
small focal lesion of similar size. On histological examination at
14 d after injury, tissue degeneration in control mice consisted of
a clearly restricted, compact, central lesion surrounded by and
clearly delineated from well preserved tissue (Fig. 10 A). The central lesion, described in detail below, was surrounded by a rim of
reactive dividing astrocytes, which together with fibroblasts
formed a scar that walled off the area of degenerated tissue (Figs.
11 A,C,G, 12 A–F ). At the perimeters of the cord, the central discoid lesion was generally surrounded by a rim of well preserved
tissue consisting mostly of white matter (Figs. 10 A, 11 I).
In GFAP-TK mice given GCV, crush SCI using forceps with a
0.5 mm spacer also initially caused moderately severe motor impairments. However, in contrast with control mice, these mice
with ablation of reactive astrocytes did not recover but deteriorated further over a 14 d period and exhibited severe, persisting
motor impairment on three behavioral tests (Fig. 9A–C). These
mice also all failed to recover bladder function over the 14 d
evaluated. On histological examination at 14 d after injury, moderate crush SCI combined with reactive astrocyte ablation consistently led to pronounced and widespread tissue degeneration that
significantly increased the lesion volume by greater than fivefold
(Fig. 10 A–E) and that extended over several upper lumbar segments. In these mice, there was no detectable border of scarforming, dividing astrocytes or fibroblasts that separated damaged from viable tissue, and large ovoid fibronectin-positive
fibroblasts were scattered diffusely throughout the lesion area
(Fig. 11 B,D,H ). Astrocyte ablation after moderate crush injury
led to markedly increased neuronal degeneration (Fig. 10 A,B),
severely aggravated demyelination (Fig. 11 I,J ), and widespread
infiltration of CD45-positive inflammatory cells (Fig. 11 E,F ),
many of which had the appearance of activated macrophages
(Fig. 11 F). Together, these findings show that loss of reactive
astrocytes markedly exacerbates tissue degeneration and prevents
functional recovery after moderate crush SCI.
Crush SCI in nontransgenic mice routinely exhibits central
necrotic regions devoid of reactive astrocytes
During the course of examining sections from nontransgenic
control mice after moderate or severe SCI, we noted that all otherwise normal, nontransgenic mice with moderate or severe SCI
without exception exhibited central necrotic lesions that did not
contain reactive astrocytes. On systematic examination, we noted
that these central lesions were consistently devoid of GFAP- and
S100␤-positive (data not shown) astrocytes and contained no
neuronal cell bodies that stained with either cresyl violet or neurofilament M (Fig. 12 A–D). These central lesions also contained
little or no Luxol fast blue-stained myelin (Fig. 11 I) or MBPstained oligodendrocytes. In addition, these central lesions were
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always filled with many large CD45positive inflammatory cells with the appearance of phagocytic macrophages (Fig.
12 E,F ). The central lesions were always
surrounded by a rim of reactive dividing
astrocytes that formed a sharp border between areas that contained viable neural
elements and areas that did not (Fig.
12C,D). These findings show that in the
immediate vicinity of the lesion after forceps crush SCI in otherwise normal, nontransgenic mice, the presence of viable
neurons, oligodendrocytes, and myelinated axons correlates with the presence of
reactive astrocytes, and areas devoid of reactive astrocytes exhibit degeneration of
neurons, oligodendrocytes, and myelin.

Discussion

In this study, we used a transgenically tar- Figure 10. Increased lesion volume after ablation of reactive astrocytes in crush SCI. A, B, Horizontal sections of the lower
thoracic and upper lumber spinal cord (rostral is to the right) 14 d after forceps crush SCI (arrowheads) of similar severity in a
geted cell ablation strategy and two models nontransgenic mouse given GCV (A; NT⫹GCV) or in a GFAP-TK transgenic mouse given GCV (B; Tg⫹GCV). Staining with cresyl
of experimental SCI to investigate the roles violet (c.v.) reveals a compact centrally placed lesion with clearly delineated boundaries in the nontransgenic mouse, and there are
of reactive astrocytes after SCI. In both in- many normally appearing neurons immediately next to the lesion ( A). In contrast, the lesion is large, diffuse, and without clear
jury models, the severity of SCI was mark- boundaries in the GFAP-TK transgenic mouse given GCV, and there is clear evidence of neuronal loss at considerable distances
edly exacerbated by the loss of reactive as- away from the crush center ( B). C, D, Dorsal view of three-dimensional reconstructions of the outer walls (white) of the lower
trocytes, and this loss led to failure of both thoracic and upper lumber spinal cord (rostral is to the right) generated from horizontal cresyl violet-stained tissue sections using
the tissue repair and the functional recov- NeuroLucida. Visible inside the cord are the reconstructed lesions (red) after forceps crush stab SCI of similar severity in a nonery normally associated with mild or mod- transgenic mouse given GCV ( C) or in a GFAP-TK transgenic mouse given GCV ( D). E, Mean lesion volume ⫾ SEM determined from
erate SCI. Our findings show that reactive the three-dimensional reconstructions. GFAP-TK mice given GCV exhibit a fivefold greater lesion volume compared with control
astrocytes (1) are essential for wound heal- mice; n ⫽ 5 per group. ***Significantly different from control, p ⬍ 0.001 (ANOVA). Scale bars, 400 m.
ing and blood– brain barrier repair, (2) reReactive astrocytes are required for wound and BBB repair
strict inflammation, (3) protect neurons and oligodendrocytes,
after SCI
and (4) preserve motor functions after mild or moderate SCI.
After SCI in mice, the lesion site rarely forms cavities and instead
These findings are important for understanding the process of
fills with connective tissue that remodels and contracts to ⬍40%
secondary tissue degeneration and the regulation of inflammathe original size during the first 3 weeks (Inman and Steward,
tion after SCI and begin to define specific roles of astrocytes
2003). The fivefold greater lesion size that we observed 2 weeks
during the response to SCI.
after ablation of reactive astrocytes and SCI is greater than might
be expected solely on the basis of induced and secondary cell loss
Specificity of the transgenic model
and suggests that loss of reactive astrocytes contributed to failure
Transgenes insert randomly into the genome, and transgene expresof wound contraction. This finding supports evidence that astrosion cannot be assumed automatically to mimic endogenous procytes have receptor-regulated contractile properties likely to be
moter activity. Nevertheless, transgene expression is stable within
involved in wound healing (Manning et al., 1998).
transgenic breeding lines and, once characterized, can be a useful
The adult CNS exhibits a BBB to blood-borne macromoletool (Feng et al., 2000). Transgene expression should be charactercules (Broadwell and Sofroniew, 1993; Rubbin and Staddon,
ized at the single-cell level in every tissue region studied. Our previ1999) that becomes leaky after CNS injury and is restored by local
ous studies showed that in the GFAP-TK mice used here, transgenecellular interactions. Here we show that astrocytes are required
derived TK was detectable only in GFAP-expressing cells in the
for BBB repair after SCI. We have previously shown that grafts of
forebrain and peripheral nervous system in vivo and in vitro (Bush et
nontransgenic astrocytes can restore blood– brain barrier funcal., 1998, 1999; Imura et al., 2003). Here we showed at the single-cell
tion after astrocyte ablation in the forebrain (Bush et al., 1999).
level that all cells expressing transgene-derived TK also expressed
Our findings support the idea that astrocytes play fundamental
GFAP in uninjured and injured spinal cord.
roles in maintenance and repair of the BBB throughout the CNS.
Various observations indicate that the degeneration of other
cells after astrocyte ablation is attributable to loss of functions
performed by astrocytes and not to nonspecific toxic effects of the
Reactive astrocytes restrict inflammation after SCI
transgenic model. In tissue cultures prepared from GFAP-TK
Inflammation is a variable and inadequately understood compomice, GCV killed only cells that expressed the GFAP-TK transnent of the tissue response to SCI. Different studies report that
gene, whereas neighboring GFAP-TK-negative cells survived
inflammatory cells may either improve or exacerbate outcome
well, multiplied, and exhibited no evidence of toxicity (Bush et
after SCI (Rapalino et al., 1998; Popovich et al., 1999). Cellular
al., 1998; Imura et al., 2003). In addition, numerous other studies
interactions that regulate the entry and subsequent exit of differusing transgenically targeted TK ablation models reported that
ent types of inflammatory cells after SCI are uncertain. In tissue
cells surrounding ablated TK-expressing cells in vivo do not show
culture, astrocytes produce both pro- and anti-inflammatory
evidence of toxicity (Borrelli et al., 1989; Wallace et al., 1991;
molecules (Ridet et al., 1997). Our findings here and in the foreCanfield et al., 1996; Mathis et al., 2000).
brain (Bush et al., 1999) show that ablation of reactive astrocytes
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Figure 12. Central lesion exhibiting loss of neurons and nerve fibers, pronounced inflammation, and absence of reactive astrocytes after crush SCI in nontransgenic mice. A–F, Closely
neighboring immunohistochemically stained horizontal sections of the lower thoracic and upper lumber spinal cord 14 d after moderately severe forceps crush SCI (arrowheads) in a nontransgenic mouse not given GCV (NT⫺GCV). The compact central lesion at the crush site contains no viable neurons and only a few scattered nerve fibers, as detected by staining for NFM (A,
B), is clearly demarcated by a scar of reactive astrocytes (C, D), and is filled with CD45-positive
inflammatory cells (E, F ). B, D, F, Details, respectively, of boxed areas in A, C, and E and show the
sharply defined border between the lesion and viable tissue, which is defined by densely packed
processes of GFAP-expressing reactive astrocytes (C, D). There is a strict and essentially absolute
correlation between the presence of neural elements, both nerve fibers and neuronal cell bodies
(arrow), and the presence of reactive astrocytes in viable tissue right up to the border of the
lesion, whereas the central lesion contains essentially no neural elements or astrocytes ( A–D).
Conversely, activated inflammatory cells are numerous and densely packed within the central
lesion in the absence of astrocytes, whereas they are few and scattered in tissue-containing
reactive astrocytes ( C–F). Scale bars: A, C, E, 100 m; B, D, F, 50 m.

Figure 11. Increased inflammation, demyelination, and failure of wound contraction after
ablation of reactive astrocytes in crush SCI. A–J, Horizontal sections of the lower thoracic and
upper lumber spinal cord 14 d after forceps crush SCI (arrowheads) of similar severity in nontransgenic mice given GCV (A, C, E, G, I; NT⫹GCV) or in GFAP-TK transgenic mice given GCV (B,
D, F, H, J; Tg⫹GCV). Nontransgenic mice exhibit compact central lesions lined by a clearly
demarcated scar comprising GFAP-positive, reactive astrocytes as well as fibronectin-positive
fibroblasts (C, G), and the lateral columns immediately adjacent to the central lesion remain well
myelinated, as demonstrated by Luxol fast blue (LFB) staining (I, arrow). Many of the scarforming astrocytes that line the lesion divided after SCI and exhibit staining for both BrdU and
GFAP, as demonstrated by scanning confocal laser microscopy (A, C, insets). The lesions are filled
with CD45-positive inflammatory cells ( E). In contrast, GFAP-TK transgenic mice given GCV
exhibit large diffuse lesions that have no obvious boundaries and are not delineated by a detectable scar (B, D, F, H ), and the lateral columns adjacent to the lesion are severely demyelinated, as demonstrated by Luxol fast blue staining (J, arrow). Lesions in these mice contain
almost no reactive astrocytes that are positive for BrdU or GFAP (B, D) and exhibit widespread
and dispersed infiltration of CD45-positive inflammatory cells, many of which have the appearance of large, ovoid, and active macrophages ( F). These lesions also exhibit a widespread and
diffuse distribution of fibronectin-positive fibroblasts that do not cluster along a detectable
border of the lesion ( H ). Scale bars: A–H, 200 m; I, J, 100 m.

leads to a pronounced increase in the number of activated inflammatory cells in CNS tissue 14 d after injury. It is noteworthy that
tissue from which astrocytes were intentionally ablated in our
transgenic mice was similar in appearance to the central necrotic
lesion observed in nontransgenic mice after crush SCI here and as
reported by others after crush or contusion SCI (Fujiki et al.,
1996; Ma et al., 2001). In both transgenic and nontransgenic
mice, tissue lacking reactive astrocytes contains activated macrophages, whereas areas that contain viable reactive astrocytes have
few phagocytic inflammatory cells. These findings agree with
studies showing that astrocytes suppress the phagocytic capacity
of microglia in vitro (DeWitt et al., 1998). Taken together, these
findings suggest that after SCI, scar-forming reactive astrocytes
surround and wall off regions that lack astrocytes but contain
activated inflammatory cells and act to restrict infiltration of activated inflammatory cells into surrounding tissue. Nevertheless,
our findings need not be interpreted that reactive astrocytes are
exclusively anti-inflammatory, particularly immediately after
SCI, when they may produce pro-inflammatory cytokines. Available evidence suggests that astrocyte roles after SCI are likely to be
dynamic and context-dependent, such that astrocytes may exert
either pro- or anti-inflammatory functions at different locations
or at different times in the response to injury and during repair.
Reactive astrocytes protect neurons and oligodendrocytes
after SCI
Tissue loss after SCI is exacerbated by secondary degeneration
that takes place over hours or days after the initial insult. Al-
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though various molecules have been implicated in contributing
to secondary cell death and tissue disruption, such as glutamate,
reactive oxygen species, and certain cytokines (Liu et al., 1997;
McDonald et al., 1998), the roles played by specific cell types in
the progression of secondary degeneration are not understood.
Our findings show that loss of reactive astrocytes after SCI markedly exacerbates cell degeneration in both gray and white matter,
perhaps by leading to the accumulation of extracellular glutamate
with subsequent excitotoxicity toward both neurons and oligodendrocytes (McDonald et al., 1998; Bush et al., 1999). Blockade
of glutamate receptor preserves hippocampal neurons after astrocyte ablation (Bush et al., 1999).
It is interesting that after crush or contusion SCI in normal,
nontransgenic mice, the central lesion that is devoid of neurons
and axons also lacks reactive astrocytes, as reported by others (Ma
et al., 2001; Inman et al., 2002) and noted here. Temporal correlative analysis indicates that astrocyte loss precedes signs of neurodegeneration after traumatic brain injury (Zhao et al., 2003).
Normal glia protect spinal cord motor neurons from degeneration in a mutant mouse model of amyotrophic lateral sclerosis
(Clement et al., 2003). In vitro models suggest that astrocytes are
induced to migrate away from and abandon the centers of injury
sites (Fitch et al., 1999). Extending these studies, our astrocyte
ablation studies provide direct in vivo evidence that astrocyte loss
or dysfunction can contribute causally to posttraumatic neurodegeneration. Together these findings suggest that astrocytes exert essential protective activities for neurons, oligodendrocytes,
and myelin after SCI, and identifying the molecular basis of this
protection may point toward means of reducing secondary degeneration after SCI.
Reactive astrocytes preserve function after SCI
Our findings also show that ablation of reactive astrocytes exacerbated motor deficits or prevented motor recovery after stab or crush
SCI. Ablation of reactive astrocytes transformed mild or moderate
injuries that caused little tissue disruption and no or only mild motor
deficits into injuries with substantial tissue degeneration and severe
loss of motor function. Additional studies will be needed to determine the precise neural basis for the motor deficits observed after
astrocyte ablation. Astrocyte ablation leads to substantial loss of neurons among upper lumbar neuron pools important for hindlimb
function, and neuronal loss of this kind is reported to result in significant dysfunction (Magnuson et al., 1999). In addition, loss of
oligodendrocytes and severe demyelination in descending tracts in
lateral and dorsal columns after astrocyte ablation are also likely to
have contributed to motor deficits. Taken together, our findings
demonstrate that loss of astrocyte activities during the cellular response to SCI can lead to gross functional deficits and failure of
functional recovery and suggest that reactive astrocytes not only protect tissue but also preserve function after SCI.
Astrocyte roles in the response to SCI
The roles of specific cell types in the process of wound healing and
tissue repair after SCI are only beginning to be understood. Considerable evidence implicates scar-forming astrocytes as inhibitors of axon regeneration (Reier et al., 1983; Bush et al., 1999;
Davies et al., 1999; Menet et al., 2003), and in this context, reactive astrocytes are widely regarded as detrimental to overall outcome after SCI. Nevertheless, our findings show that scarforming reactive astrocytes also exert a number of positive roles
after SCI, including repairing the blood-brain barrier, restricting
leukocyte infiltration, protecting various neural elements, and
preserving motor function. Crush or contusion SCIs in animal

models and human patients are associated with central necrotic
lesions or cavities that are devoid of reactive astrocytes. It is noteworthy that these normally occurring lesions exhibit a number of
similarities in appearance to tissue from which astrocytes were
intentionally ablated in our transgenic mice. We speculate that
regions of pronounced tissue degeneration after SCI may represent areas where astrocytes have become dysfunctional, died
(Zhao et al., 2003), or migrated away from (Fitch et al., 1999)
early in response to the initial insult, and the early loss or dysfunction of astrocytes may be a major contributing factor to the
process of secondary degeneration after SCI. Identifying means
to promote astrocyte survival and to augment specific astrocyte
protective activities may lead to novel approaches to reducing
secondary degeneration and preserving function after SCI.
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