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The relevance of astrogliosis remains controversial, especially with respect to the beneficial or detrimental influence of
reactive astrocytes on CNS recovery. This dichotomy can be
resolved if the mediators of astrogliosis are identified. We
have measured the levels of transcripts encoding inflammatory cytokines in injury systems in which the presence or
absence of astrogliosis could be produced selectively. A
stab injury to the adult mouse brain using a piece of nitrocellulose (NC) membrane elicited a prompt and marked increase in levels of transcripts for interleukin (IL)-1a, IL-1b,
and tumor necrosis factor (TNF)-a, which are considered to
be microglia / macrophage cytokines. The elevations preceded, or occurred concomitantly with, the rise in glial fibrillary acidic protein mRNA, an early manifestation of astrogliosis. In neonatal mice, IL-1 and TNF-a mRNA were elevated to
a greater extent by an NC-implant injury, which produced
astrogliosis, than after an NC-stab, with minimal astrogliosis.

We determined whether endogenous interferon (IFN)-g could
be responsible for the observed increases in IL-1 and TNF-a,
because IFN-g is a potent microglia/macrophage activator,
and because its exogenous administration to rodents enhanced astrogliosis after adult or neonatal insults. A lack of
requirement for endogenous IFN-g was demonstrated by
three lines of evidence. First, no increase in IFN-g transcripts
could be found at injury. Second, the administration of a
neutralizing antibody to IFN-g did not attenuate astrogliosis.
Third, in IFN-g knockout adult mice, astrogliosis and increases in levels of IL-1a and TNF-a were induced rapidly by
injury. The marked elevation of inflammatory cytokines is
discussed in the context of astrogliosis and general CNS
recovery.

A prominent consequence of injury to the adult CNS is astrogliosis, in which reactive astrocytes undergo hypertrophy and increase
their content of several proteins (for review, see Eddleston and
Mucke, 1993). The glial “scars” that can result may inhibit regeneration or become the focus of electrical instability (for review,
see Reier, 1986). More recent evidence, however, suggests that
the process of astrocyte reactivity actually may be beneficial for
CNS recovery (for review, see Yong, 1996). This dichotomy of
reactive astrocytes as impediments or facilitators of CNS recovery
can be examined more thoroughly if the molecular mediators of
astrogliosis are identified. The hope would be that the manipulation of such mediators would affect the occurrence, extent, or
duration of astrogliosis so that the resultant neurotrophic consequences are defined.
Injury to the adult CNS leads to the recruitment of intrinsic
(e.g., microglia) and extrinsic (e.g., macrophages, lymphocytes,
and natural killer cells) inflammatory mononuclear cells that
release diffusable cytokine products; indeed, the levels of interleukin (IL)-1, IL-6, transforming growth factor (TGF)-b, and
tumor necrosis factor (TNF)-a are elevated in the adult brain

after CNS trauma (Woodroofe et al., 1991; Taupin et al., 1993;
Rimaniol et al., 1995; Lausch et al., 1996).
The presence of increased levels of inflammatory cytokines in
the brain raises the question of whether these can produce astrogliosis in post-traumatic brain injuries. This is possible, because
the administration of IL-1 (Giulian et al., 1988) into the adult
rodent brain increased the extent of astrogliosis. Interferon
(IFN)-g, a potent stimulator of microglia /macrophages, enhanced
the extent of astroglial reactivity in the corticectomized adult rat
brain (Yong et al., 1991). On the other hand, the application of
IL-10, a potent inhibitor of cytokine synthesis, into the corticectomized adult mouse brain reduced astrogliosis (Balasingam and
Yong, 1996).
Results of trauma to the neonatal CNS further support the role
of inflammatory cytokines as regulators of astrogliosis. In contrast
to adult CNS injury, the presentation of astrogliosis is minimal
after stab wounds to the embryonic or neonatal CNS (Bignami
and Dahl, 1976; Berry et al., 1983; Maxwell et al., 1990). The
minimal astrogliosis, however, becomes extensive when inflammatory cytokines, including IFN-g, are administered locally to neonates at the time of stab wound injury (Balasingam et al., 1994).
Astrogliosis can also be elicited in neonatal animals when, instead
of an acute stab wound, a piece of nitrocellulose (NC) membrane
is implanted for 4 d into the cerebral cortex (Balasingam et al.,
1994). In both the NC-stab and NC-implant injury paradigms,
with minimal and extensive astrogliosis, respectively, a significant
correlation is found between astrogliosis and the presence of
reactive microglia /macrophages (Balasingam et al., 1996).
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Figure 1. Elevations of inflammatory cytokine transcripts after CNS trauma in adult mice. PCR cDNA products for IL-1a, IL-1b, TNF-a, IFN-g, CD3g,
and Actin at different periods after an NC-stab injury to the adult brain are shown. The time points are indicated in numerals above the blots and represent
hours after injury. Samples from two animals in each group are shown and are from tissues (20 mg wet weight) immediately surrounding the lesion site.
The respective sizes of the PCR products are shown in Table 1. For IFN-g, the positive hybridization signal control is shown on the extreme right; it
represents the amplified product from 0.05 mg of total RNA from E9D4 T cells.

In this report, we have sought to define further the role of
inflammatory cytokines as mediators of the astrogliosis that follows CNS trauma, by measuring the levels of transcripts encoding
inflammatory cytokines in both the adult and neonatal brain
subjected to CNS trauma. Furthermore, although the exogenous
administration of IFN-g enhances astrogliosis after adult (Yong et
al., 1991) or neonatal (Balasingam et al., 1994) insults, we have
examined whether endogenous IFN-g is necessary for the elevations of inflammatory cytokines and astrogliosis in the brain after
CNS trauma.

MATERIALS AND METHODS
Experimental animals. Newborn mice (of either sex from natural litters)
and adult retired female breeders of the CD1 strain (4 – 6 months old)
were obtained from a commercial source (Charles River Canada, Montreal, Quebec, Canada). Animals were housed on a 12 hr light/dark cycle
with ad libitum access to food and water. All experimental procedures
were approved by the institution’s animal care committee and were in
accordance with the guidelines instituted by the Canadian Council of
Animal Care.
Neonatal NC-stab and NC-implant unilateral injuries were conducted
on the left hemisphere, as described previously (Balasingam et al., 1994).
In brief, postnatal day (P) 3 CD1 mouse pups were subjected to inhalational methoxyflurane anesthesia, and the skin overlying the skull was
then cut with a scalpel. The soft skull was cut with a pair of fine
iris-scissors, and a dry 1 mm2 piece of NC membrane (pore size 8 mm;
Schleicher & Schuell, Keene, NH) that was boiled previously to remove
surfactant was inserted into the cortex. For all NC-stab injuries, the NC
membrane was removed immediately, whereas for the NC-implant injury,
the NC membrane was left in the cerebral cortex of the animal for the
duration of the experiment (see Results).
For adult brain injuries, female CD1 adult mice were anesthetized with
ketamine (200 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). The animals were
immobilized in a stereotaxis frame, and then a midline incision and a
unilateral circular (2 mm diameter) craniectomy were made over the left
hemisphere. An NC-stab injury was inflicted as described for neonates
but with a larger (4 mm2) piece of NC; only NC-stab was used because the
NC-stab and NC-implant injuries in adult mice gave comparable astrogliosis (Balasingam et al., 1994), unlike the case for neonatal animals.

To help determine the requirement for endogenous IFN-g in astrogliosis, g-IFN knockout (GKO) mice with a targeted disruption of the
IFN-g gene (Dalton et al., 1993) were used. These animals were backcrossed five generations onto a BalbC background and were maintained
as homozygous GKO, as described previously (Krakowski and Owens,
1996). GKO female mice of 2 months of age were inflicted with an
NC-stab injury as described above. Animals were killed at defined time
points thereafter (see Results).
Qualitative assessment of glial fibrillary acidic protein (GFAP) immunoreactivity in situ. All animals were euthanized by CO2 at 4 d postsurgery,
because this is a period when astrogliosis as determined by immunoreactivity for GFAP, a cytoplasmic intermediate filament specific for astrocytes, is markedly elevated (Moumdjian et al., 1991; Balasingam et al.,
1996). Neonatal and adult animals were deeply anesthetized with inhalational methoxyflurane or a lethal dose of intraperitoneal chloral hydrate, respectively, and intracardially perfused with periodate–lysine–
paraformaldehyde (PLP) solution (Balasingam and Yong, 1996). The
whole brain was removed from the animal, post-fixed for 6 hr in PLP, and
then soaked in 25% sucrose overnight for cryoprotection. Ten micrometer coronal sections were obtained on gelatin-coated slides and subjected
to immunofluorescence for GFAP. In brief, sections were air-dried for 10
min, and after they were washed with PBS, each section was treated for
2 hr with 3% ovalbumin (Sigma, St. Louis, MO) as a blocking step before
incubation with a rabbit anti-GFAP polyclonal antibody (1:100; Dako,
Carpenteria, CA) for 6 hr at room temperature. After a brief rinse with
PBS, a goat anti-rabbit immunoglobulin conjugated to fluorescein isothiocyanate (1:75; Jackson ImmunoResearch, West Grove, PA) was introduced for 1 hr. Negative control for immunohistochemistry was replacement of the primary antibody with the diluting medium for antibody,
HHG (i.e., 10% goat serum, 2% horse serum, 1 mM HEPES buffer in
HBSS). This was followed by a brief rinse in PBS and a final water rinse
before mounting with Gelvatol. Slides were coded so that the qualitative
assessment of GFAP immunoreactivity (GFAP-IR) could be performed
blind. Examination was restricted to the cortical regions, because astrocytes in these areas, unlike those in the external glia limitans and corpus
callosum, are normally not GFAP-IR, although they contain this intermediate filament protein (Bignami and Dahl, 1976). The area of the
cortex containing GFAP-IR astrocytes was qualitatively tabulated from 1
to 1111 in ascending order of cortical area covered by GFAP-IR
astrocytes.
Reverse transcriptase-PCR (RT-PCR) to measure the transcript levels
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Table 1. Primers for RT-PCR

Target
mRNA
IL-1a
IL-1b
TNF-a
IFN-g
CD3g

b-actin

Forward (F) and reverse (R) primers
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:
F:
R:

59-AAGTTTGTCATGAATGATTCCCTC-39
59-GTCTCACTACCTGTGATGAGT-39
59-CAGGATGAGGACATGAGCACC-39
59-CTCTGCAGACTCAAACTCCAC-39
59-ATGAGCACAGAAAGCATGATC-39
59-TACAGGCTTGTCACTCGAATT-39
59-TACTGCCACGGCACAGTCATTGAA-39
59-GCAGCGACTCCTTTTCCGCTTCCT-39
59-ATGGAGCAGAGGAAGGGTCTG-39
59-TCACTTCTTCCTCAGTTGGTT-39
59-TGTGATGGTGGGAATGGGTCAG-39
59-TTTGATGTCACGCACGATTTCC-39

encoding different inflammatory cytokines. The levels of transcripts encoding particular inflammatory cytokine were determined by a semiquantitative RT-PCR. Total RNA was isolated using Trizol (Life Technologies,
Grand Island, NY) from samples resected from around the corticectomy
site (;20 mg wet weight). RNA (0.5 mg) was reverse-transcribed and
amplified in a single-step process, as described previously (Balasingam
and Yong, 1996). In brief, the reaction mixture contained 200 mM dNTPs,
1 mM primers, 2 mM MgCl2, 2 U of AMV RT (Life Technologies), 1 U of
TAQ polymerase (Life Technologies), 33 U RNA Guard (Pharmacia
Biotech), 13 PCR buffer (Life Technologies), and 0.5 mCi/ml a-32PdCTP (ICN, Costa Mesa, CA) in a total reaction volume of 50 ml.
Samples were placed in a GENEAmp PCR system 9600 (Perkin-Elmer
Cetus, Emeryville, CA) at 50°C for 15 min followed sequentially by a
cyclic phase at 94°C for 45 sec, 60°C for 45 sec, and then 72°C for 1.5 min
for 35 cycles; this number of cycles was predetermined to be in the linear
range of amplification for IL-1a, IL-1b, TNF-a, and IFN-g (results not
shown) when their respective positive control samples were analyzed. The
positive control for IL-1a, IL-1b, and TNF-a was the mouse macrophage
cell line ANA-1, whereas that for IFN-g was the mouse T cell line E9D4.
Amplification products were electrophoresed on an 8% nondenaturing
polyacrylamide gel, dried under vacuum, visualized by autoradiography,
and analyzed in an objective manner by ImageQuant software on a
phosphorimager system. RT-PCR for actin mRNA of each sample was
also performed as described in Renno et al. (1995); a 24-cycle PCR was
used for actin.
The oligonucleotide primers used for RT-PCR for the various cytokines are shown in Table 1; all primers were purchased from Stratagene
(La Jolla, CA).
Treatment of mice with a neutralizing antibody to IFN-g. To help determine the requirement for endogenous IFN-g in the evolution of astrogliosis, adult CD1 mice were subjected to corticectomy. A piece of
Gelfoam soaked with a defined concentration of purified XMG1.2, a
neutralizing antibody to murine IFN-g (Mosmann et al., 1986), was then
applied to the corticectomy site for the duration of the experiment, as
detailed previously for IL-10 (Balasingam and Yong, 1996). Controls
were corticectomized mice overlaid with Gelfoam containing saline. All
animals were killed at 4 d after surgery, and brains were processed for
GFAP-IR as described above.
To verify that the XMG1.2 antibody was biologically active, we determined whether this antibody could reverse the antiproliferative effect of
murine IFN-g on murine astrocytes in vitro (Yong et al., 1992). Neonatal
mouse astrocytes, initiated into culture and seeded onto glass coverslips
as described previously (Yong et al., 1992), were incubated with a single
concentration (1000 U/ml) of recombinant murine IFN-g (Genzyme,
Boston, MA) for a total of 2 d, with 1 mCi of 3H-thymidine added during
the last 16 hr of culture. Sister cultures were treated with saline (controls)
or were given 1000 U/ml of IFN-g that had been preincubated for 1 hr at
37°C with XMG1.2 antibody at 0.01, 0.1, 0.5, 1, and 10 mg/ml concentrations. Coverslips were then assessed for 3H-thymidine uptake as described (Yong et al., 1992).

Expected
product size
(base pairs)

Reference

263

Lomedico et al., 1984

447

Gray et al., 1986

276

Fransen et al., 1985

405

Gray and Goeddel, 1983

549

Renno et al., 1995

514

Alonso et al., 1986

RESULTS
Trauma to the adult brain: elevations of inflammatory
cytokines and their relationship to GFAP mRNA
Brain tissues from uninjured mice express low to undetectable
levels of cytokine transcripts when measured by RT-PCR using a
35-cycle amplification. In contrast, after injury a rapid elevation of
IL-1a, IL-1b, and TNF-a becomes evident (Fig. 1). Tabulation of
the elevations of cytokines demonstrates that by 3 hr after an
NC-stab injury to the adult murine brain, the mRNA encoding
IL-1a was already markedly elevated around the lesion site when
compared with uninjured controls (Fig. 2). Levels of mRNA for
IL-1b and TNF-a were also altered with peak elevations at 6 –12
hr after the induction of CNS trauma.
In previous work (Balasingam et al., 1996), we have noted that
the elevation of GFAP mRNA is an early reliable indicator of
astrogliosis. Others have noted the increase, by 5 hr, of mRNA for
c-jun, jun B, and TIS 11 (Haas et al., 1993), but the cellular source
of these is unclear. We therefore measured the mRNA for GFAP
and found a prominent rise by 6 hr after NC-stab injury, which
peaked at 24 hr. This rise in GFAP transcript occurs coincident
with (IL-1b and TNF-a) or following (IL-1a) the elevations of
transcripts encoding inflammatory cytokines (Fig. 2).
In contrast to IL-1 or TNF-a, the levels of IFN-g mRNA
remained low to undetectable at all the time points analyzed after
the NC-stab injury (Figs. 1, 2). Because a prominent source of
IFN-g is T cells, RT-PCR for the CD3 molecule specific for T cells
was analyzed; no CD3 was detected in the CNS parenchyma at all
examined periods (Fig. 1).

NC-stab or -implant injuries to neonatal mice: levels of
inflammatory cytokines
To confirm previous results (Balasingam et al., 1994) of the
minimal astrogliosis after an acute stab injury to neonatal brains,
so that injury samples from the same groups of animals can then
be used for RT-PCR analyses, GFAP-IR was performed on the
neonatal brain at 4 d postinjury. This time point was chosen
because unlike GFAP mRNA the manifestation of GFAP-IR in
reactive astrocytes becomes prominent only days after an injury
(Moumdjian et al., 1991; Balasingam et al., 1996). In neonates, as
in adults, GFAP-IR is a reliable indicator of astrogliosis and
correlates with ultrastructural manifestations of reactive astrocytes (Balasingam et al., 1996). Figure 3 demonstrates that the
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Figure 2. Changes in levels of transcripts encoding inflammatory cytokines and GFAP. The amounts of the PCR cDNA products were obtained
from phosphorimager readings of the bands in each blot and were expressed as a ratio to that of their respective control specimens in the same
blot. Each value in the graph represents the mean phosphorimager readings from two animals within the same blot; results from other blots using
two additional animals from each group resulted in similar findings. Note
that the elevation of IL-1a precedes that of GFAP, whereas those for
TNF-a and IL-1b occur at around the same period as that for GFAP
transcript. No increase in IFN-g transcript is detected, and actin levels are
relatively stable across the different groups to indicate relative similarity in
the total RNA content in all groups.

NC-stab injury to the P3 mouse pup creates minimal GFAP-IR
4 d later. In contrast, the NC-implant injury to neonates generates
extensive astrogliosis, as does the NC-stab injury to adult mice.
RNA samples from neonates subjected to NC-implant injury
demonstrate significant elevations of IL-1a, IL-1b, and TNF-a.
The rise of cytokine mRNA was noted by 3 hr and peaked at 6 hr
after the NC-implant insult (Fig. 4). The NC-stab injury to the
neonate also produced elevations of IL-1a and TNF-a mRNA
(Fig. 4), but these were less marked than those found after the
NC-implant injury.
In correspondence with the adult brain, the infliction of
trauma to the neonatal CNS (stab or implant injury) did not
result in elevation of the low levels of IFN-g that is found in the
CNS (Fig. 4).

Endogenous IFN-g is not required for the evolution of
astrogliosis or for the elevation of inflammatory
cytokines
The exogenous administration of IFN-g after injury to the adult
(Yong et al., 1991) or neonatal (Balasingam et al., 1994) brain

Figure 3. GFAP-IR reveals extensive astrogliosis after NC-implant (A)
but not NC-stab (B) injuries to the neonate. In adult mice, an NC-stab
injury produces extensive astrogliosis (C). All brain sections were from
animals killed at 4 d after trauma. Areas shown are of the cortical
parenchyma, where GFAP-IR is normally absent in the brain of uninjured
animals fixed with paraformaldehyde. We note, however, that fixation
conditions can influence whether astrocytes can be revealed in the normal
cortex (Shebab et al., 1990). The implant in A is indicated by the letter I,
and the stab site in the neonatal or adult brain is immediately left and
outside B and C. 8003 original magnification.

enhances the extent of astrogliosis, likely because IFN-g is a
potent activator of several functions of microglia /macrophages,
including their production of IL-1 and TNF-a (Williams et al.,
1995; Renno et al., 1995). But is endogenous IFN-g required for
the evolution of astrogliosis or for the trauma-related increase in
levels of macrophage/microglia cytokines? Three approaches
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Figure 4. Changes in IL-1a, IL-1b, TNF-a, and IFN-g in neonatal NC-stab or NC-implant brains at different time points postinjury. Phosphorimager
readings of the bands in the respective blots were obtained and expressed as a ratio of that of control specimens. Each value shown is the mean of RNA
determinations from two animals. Although a slight increase in IL-1 and TNF-a was elicited after NC-stab injury, the magnitude was less than that found
after NC-implant injury. As is the case for adult injury, IFN-g transcripts did not elevate from control levels.
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Table 2. Extent of astrogliosis in CD1 adult mouse brain treated with a
neutralizing antibody to IFN-g (XMG)
Treatment
Saline
XMG
5 mg /ml
50 mg /ml
100 mg /ml
200 mg /ml
IL-10
200 IU/ml

Extent of astrogliosis
4 6 0 (7)
3.8 6 0.3 (4)
3.8 6 0.3 (4)
3.5 6 0.5 (4)
3.7 6 0.2 (7)
1.8 6 0.2 (3)*

Sections from corticectomized animals treated with gelfoam soaked in test solutions
were evaluated blind on a scale of 1 (no gliosis) to 4 (extensive astrogliosis); the
number of animals analyzed is shown in parentheses. One section per animal, at the
site of corticectomy, was analyzed. Values are mean 6 SEM. As reported previously
(Balasingam and Yong, 1996), IL-10, used as a positive control here, attenuated
astrogliosis; *p , 0.05 (one-way ANOVA with Duncan’s multiple comparisons, with
p set at 0.05). Note that the concentrations of XMG administered in gelfoam in vivo
are much higher, in most cases, than the concentrations used to neutralize IFN-g
bioactivity in vitro (Fig. 6). This is so because preliminary experiments with the
concentrations used in vitro had not diminished astrogliosis when applied in gelfoam.

were undertaken to determine this. First, the adult CD1 mouse
brain was treated with a neutralizing antibody to IFN-g (XMG1.2)
administered in a piece of Gelfoam that overlaid the corticectomy
site. Table 2 demonstrates that the treatment with the neutralizing
antibody to IFN-g did not attenuate the astrogliosis that follows
CNS trauma. That the XMG1.2 antibody was biologically active
was confirmed by its neutralization of the inhibitory effect of
IFN-g on the proliferation of cultured murine astrocytes (Fig. 5).
The second and third approaches to determine the requirement
for IFN-g in the evolution of astrogliosis make use of the GKO
animals. Figure 6 demonstrates that the creation of an NC-stab
injury to the adult GKO mouse brain results in marked astrogliosis when compared with uninjured GKO controls; this result was
reproduced across all animals analyzed (Table 3). Finally, the
measurement of cytokine mRNA shows that the transcripts for
IL-1a and TNF-a are elevated markedly after an NC-stab injury
to the adult GKO mouse brain (Fig. 7). Overall, these results
support the thesis that endogenous IFN-g, which does not elevate
after CNS trauma to CD1 mouse outbreds (Figs. 2, 4), is not
required for the rise in macrophage/microglia cytokines or for the
production of astrogliosis in CNS trauma.

DISCUSSION
The role of reactive astrocytes after injury is unclear. For many
types of CNS injuries, the process of astroglial reactivity is dynamic and leads to a densely interwoven “glial scar” that has
classically been believed to be undesirable (Reier et al., 1986;
Liuzzi and Lasek, 1987). More recent evidence, however, suggests
that the process of astroglial reactivity may actually be an attempt
by these cells to promote CNS recovery. In this regard, astrocytes
Table 3. Extent of astrogliosis in GKO adult mouse brain with or
without a stab injury
Group

Extent of astrogliosis

No stab
Stab

1 6 0 (12)
4 6 0 (12)

Four sections per animal, from three animals each, were analyzed using GFAP
immunofluorescence, and the extent of astrogliosis was evaluated on a scale of 1 (no
gliosis) to 4 (extensive astrogliosis); the total number of sections analyzed is shown
in parentheses.
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produce a range of neurotrophic factors and are conducive substrates for the growth of neurons in vitro and in vivo (Lindsay,
1979; Silver and Ogawa, 1983; Noble et al., 1984; Smith et al.,
1986). We have found that astrocytes facilitate the extension of
processes from the oligodendrocyte soma (Oh and Yong, 1996),
an early event in myelinogenesis, and also protect oligodendrocytes against free radical-mediated damage (Noble et al., 1994).
In vivo results have also contributed to the description of
beneficial properties for reactive astrocytes. Neurotrophic factors
are produced around the locus of CNS lesions, and although
earlier studies did not identify the source of these factors (NietoSampedro et al., 1982, 1983; Needels et al., 1986; Ernfors et al.,
1989; Ishikawa et al., 1991; Lindvall et al., 1994), more recent
studies have documented the upregulation of nerve growth factor
(NGF) (Bakhit et al., 1991; Altar et al., 1992; Oderfeld-Nowak et
al., 1992; Arendt et al., 1995), ciliary neurotrophic factor (Ip et al.,
1993; Asada et al., 1995; Wen et al., 1995), basic fibroblast growth
factor (Finklestein et al., 1988; Frautschy et al., 1991; GomezPinilla et al., 1995; Wen et al., 1995), and insulin-like growth
factor-1 (Komoly et al., 1992) in reactive astrocytes.
Other results also support the postulate that reactive astrocytes
have neurotrophic properties. Kawaja and Gage (1991) implanted
primary fibroblasts genetically engineered to express NGF into
the striatum of adult rats. Cholinergic neurons arising from the
nucleus basalis grew toward and penetrated these grafts but did
not penetrate non-NGF-producing control fibroblasts. Significantly, axons grew into grafts of NGF-producing cells only on
reactive astrocyte processes. In other experiments, a nitrocellulose
filter embedded with early postnatal astrocytes and implanted into
previously acallosal mice provided a terrain suitable for axons to
traverse the cerebral midline to reform a corpus callosum (Silver
and Ogawa, 1983; Smith et al., 1986). The implantation of astrocytes into adult rats with CNS lesions has resulted in the recovery
of T-maze learning behavior (Kesslak et al., 1986; Bradbury et al.,
1995) and an increase in the intensity of neurofilament labeling at
the lesion site (Wang et al., 1995).
To better address the role of reactive astrocytes in facilitating or
impeding regeneration, an understanding of the molecular mediator(s) of astroglial reactivity and the ability to manipulate its
occurrence and extent would be beneficial. Several lines of evidence support a role for inflammatory cytokines as mediators of
astrogliosis. Receptors for IFN-g, IL-1, IL-6, IL-7, IL-10, granulocyte macrophage colony stimulating factor (GM-CFS), and
macrophage colony stimulating factor (M-CSF) have been demonstrated on astrocytes (Rubio and de Felipe, 1991; Ban et al.,
1993; Sawada et al., 1993; Mizuno et al., 1994; Tada et al., 1994;
St. Pierre et al., 1996). The administration of IL-1 (Giulian et al.,
1988) and IFN-g (Yong et al., 1991) into the adult rodent brain
increased the extent of astrogliosis. The intraocular injections of
IFN-g, TNF-a, and IL-1 evoked astrogliosis in rabbits (Brosnan et
al., 1989). Transgenic mice that overexpress IL-6 (Chiang et al.,
1994) or IFN-g (Corbin et al., 1996) within the CNS have astrogliosis as a prominent manifestation. In neonatal mice in which an
acute stab injury generates little astrogliosis, the application of a
single dose of various inflammatory cytokines produces extensive
astrogliosis (Balasingam et al., 1994). Gelderd et al. (1996) reported recently that the administration of an IL-1 receptor antagonist protein substantially reduced the number of reactive astrocytes at the site of spinal cord transection. We have found that the
treatment of adult mice with IL-10, a cytokine synthesis inhibitor
(de Waal Malefyt et al., 1991; Fiorentino et al., 1991), will significantly attenuate astrogliosis (Balasingam and Yong, 1996).
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Figure 5. The XMG1.2 antibody neutralizes the activity of
IFN-g in vitro. As reported previously (Yong et al., 1992),
IFN-g inhibits the proliferation of neonatal mouse astrocytes in
a dose-dependent manner. Here, a single concentration of 1000
U/ml recombinant murine IFN-g was applied to neonatal
mouse astrocytes for 48 hr, and 3H-thymidine was determined.
The inhibitory effect of IFN-g on the proliferation of neonatal
mouse astrocytes was reversed by 0.5–10.0 mg /ml of XMG
antibody. The hatched columns to the right demonstrate that the
XMG antibody by itself did not affect cell proliferation. Each
bar is the mean 6 SEM of four coverslips of cells. p , 0.05
compared with IFN-g alone (one-way ANOVA with Duncan’s
multiple comparisons, with p set at 0.05).

The results in this manuscript provide further insights into the
role of inflammatory cytokines as mediators of astrogliosis. First,
IL-1a, IL-1b, and TNF-a are markedly elevated after a stab
wound to the adult CNS, confirming the reports of others in adult
trauma (Woodroofe et al., 1991; Taupin et al., 1993; Rimaniol et
al., 1995; Lausch et al., 1996). Second, we show that the increase
in mRNA for inflammatory cytokines occurs coincident with or
precedes the rise in GFAP mRNA, an early indicator of astrogliosis. Third, we demonstrate that in neonatal animals, the rise in
transcripts for inflammatory cytokines is more marked after an
NC-implant injury with extensive astrogliosis when compared with
the NC-stab injury with minimal astrogliosis. To our knowledge,
this is the first report of elevations of inflammatory cytokines in
the neonatal CNS after trauma.
We note that both the NC-implant and NC-stab injuries to
neonates led to increases in the mRNA for inflammatory cytokines. It is possible that the extent of rise of cytokines in the
NC-stab injury does not reach a threshold that is required for the
evolution of astrogliosis. Furthermore, we note that the greater
elevation of transcripts after the NC-implant injury is the result of
a very short duration of the implant in vivo (i.e., ,3 hr).
What are the sources of the inflammatory cytokines that are
elevated after CNS trauma? T lymphocytes seem unlikely, because CD3 mRNA did not increase in the CNS parenchyma after
trauma (Fig. 1). We favor the thesis that microglia /macrophages
are the source of the elevated inflammatory cytokines, because
IL-1 and TNF-a are cytokines that are known to be produced by
cells of the mononuclear phagocyte lineage. Furthermore, previous work had suggested the requirement for reactive microglia /
macrophages in the evolution of astrogliosis (Balasingam et al.,
1996). The attenuation of astroglial reactivity by IL-10 was associated with a decrease in Mac-1 immunoreactivity of microglia /
macrophages (Balasingam and Yong, 1996). Nonetheless, other
possible sources, including astrocytes and neurons, cannot be
disregarded, because these neural cells have been documented to
express a number of inflammatory cytokines under particular

conditions (for review, see Yong, 1996). It is clear that the source
of inflammatory cytokines shortly after CNS trauma needs to be
determined.
What is responsible for the elevation of inflammatory cytokines
that follow CNS trauma? One possibility is IFN-g, a potent
activator of several functions of microglia /macrophages, which
can enhance astrogliosis after CNS trauma (Yong et al., 1991;
Balasingam et al., 1994); in vitro, IFN-g can cause microglia to
secrete IL-1 and TNF-a (Williams et al., 1995). The results of this
study, however, exclude the involvement of endogenous IFN-g,
because no elevation of this cytokine could be detected after
injury to both the adult and neonatal CNS. Furthermore, in GKO
mice without any IFN-g gene expression, astrogliosis and elevations of IL-1a and TNF-a could still be produced. It would be
interesting to explore other stimuli that elevate inflammatory
cytokines post-trauma. These stimuli could include alterations of
the extracellular matrix (ECM) after mechanical trauma, because
ECM components can affect several microglia properties (Xing et
al., 1992; Sievers et al., 1994; Monning et al., 1995), various ions,
given the multiplicity of ion channels in microglia (Ilschner et al.,
1995), or nucleotides /nucleosides (Neary et al., 1996). Chemokines with cell-activating properties may also be candidates, because monocyte chemoattractant protein-1 is also rapidly elevated
after trauma to the neonatal and adult murine CNS (Glabinski et
al., 1996).
It should be added that the elevation of IFN-g has been noted
in the brain in disease states; however, these tend to be autoimmune disorders such as experimental allergic encephalomyelitis
(Kennedy et al., 1992; Issazadeh et al., 1995) rather than acute
trauma. The earlier finding that IFN-g is expressed in neurons
after axotomy (Olsson et al., 1989) is tempered by the report that
the molecule is related to, but is not, immune IFN-g (Kiefer et al.,
1991).
The marked elevation of inflammatory cytokines post-trauma
has several implications for CNS recovery. In addition to their
potential role as mediators of astrogliosis, inflammatory cytokines
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Figure 6. Astrogliosis is readily produced in GKO adult mice after a stab injury. GFAP-IR at 4 d after an NC-stab injury to the cortex shows extensive
astrogliosis (right); in contrast, the uninjured GKO adult mouse cortex (left) contains no GFAP-IR cells except in the glia limitans (bottom). Each panel
is the montage of four frames at 8003 original magnification. The stab site, shown in the right panels, is seen as an indentation in the outer surface of
the cortex.

may affect neuronal well-being. Several inflammatory cytokines
have been shown in vitro to increase the survival of neurons or to
promote neurite extension by several populations of purified
neurons (for review, see Mehler et al., 1996; Yong, 1996). David
et al. (1990) showed that the nonpermissive nature of the isolated
rat optic nerve in vitro could become permissive to ingrowth of
neurites from dorsal root ganglia if the optic nerve sections were

treated with macrophages isolated from injured brains. In vivo,
the application of TNF-a to the injured adult rabbit optic nerve
has been reported to produce regeneration of axons that could
traverse the site of injury (Schwartz et al., 1993). The administration of IL-3 (Kamegai et al., 1993) or GM-CSF (Konishi et al.,
1993) after fimbria– fornix transection in rats promoted the survival of septal cholinergic neurons. As noted earlier, tissue ex-
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Figure 7. The absence of the IFN-g gene in GKO
mice does not prevent the rise in IL-1a and TNF-a
mRNA after CNS trauma. Tissue from around the
NC-stab site was dissected at 3 hr after an NC-stab
injury to GKO adults. Each band represents the
cDNA product from a single GKO mouse, whereas
the histograms are the pooled mean 6 SEM from
groups of four animals. As predicted, no IFN-g transcripts were detected, whereas a positive control
RNA sample, from the E9D4 T cell line that produces IFN-g, gave a strong band (results not shown).
p , 0.05 compared with uninjured controls (one-way
ANOVA with Duncan’s multiple comparisons, with
p set at 0.05).

tracts collected from around CNS lesion sites support the survival
and growth of neurons in vitro (Nieto-Sampedro et al., 1982, 1983;
Kesslak et al., 1986; Needels et al., 1986). Although Ip et al.
(1993) demonstrated that a candidate neurotrophic factor in these
injury extracts is ciliary neurotrophic factor, it remains to be
assessed systematically whether and to what degree inflammatory
cytokines contribute to the neurotrophic activity that is found in
injury extracts.
In addition to the mediation of astrogliosis and their direct neurotrophic potential, inflammatory cytokines can regulate the produc-

tion of several neurotrophic factors. The injection of IL-1 into the
brains of animals increased NGF levels locally (Spranger et al., 1990;
Oderfeld-Nowak et al., 1992). DeKosky et al. (1996) reported that
the NGF increase after a stab wound injury in rats was blocked by an
IL-1 receptor antagonist. In tissue culture experiments, the synthesis
of NGF by astrocytes was enhanced by treatment with IL-1, IL-4,
IL-5, IL-6, and TNF-a (for review, see Yong, 1996).
In conclusion, inflammatory cytokines are elevated not only in
the CNS of adult animals after CNS mechanical trauma, but they
also are elevated in neonatal animals, associated with astrogliosis.
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Endogenous IFN-g is not necessary for the increase of inflammatory cytokines, even though the exogenous administration of
IFN-g will cause astrogliosis, likely through the activation of
microglia /macrophages to release cytokines. The presence of inflammatory cytokines can be important in influencing CNS regeneration, either by direct neurotrophic actions, by causing astrocytes to become reactive, and /or by affecting the neurotrophic
activity of astrocytes. It is possible that under certain conditions,
inflammatory cytokines become impairments to the recovery of
the CNS; for instance, TNF- a can be toxic to oligodendrocytes
(Louis et al., 1993; D’Souza et al., 1996). Understanding and
regulating the activities of inflammatory cytokines within the CNS
constitutes a key step toward effecting CNS recovery.
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