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Traumatic Spinal Cord Injury Induces Nuclear Factor-«B Activation
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Inflammatory responses are a major component of secondary
injury and play a central role in mediating the pathogenesis of
acute and chronic spinal cord injury (SCI). The nuclear
factor-«B (NF-«B) family of transcription factors is required for
the transcriptional activation of a variety of genes regulating
inflammatory, proliferative, and cell death responses of cells. In
this study we examined the temporal and cellular expression of
activated NF-kB after traumatic SCI. We used a contusion
model (N.Y.U. Impactor) to initiate the early biochemical and
molecular changes that occur after traumatic injury to repro-
duce the pathological events associated with acute inflamma-
tion after SCI. The activation and cellular distribution of acti-
vated NF-kB was evaluated by using a monoclonal antibody
that selectively recognizes activated p65 in a NF-«kB dimer.
Immunohistochemical and Western blot analyses demon-
strated that NF-«kB activation occurred as early as 0.5 hr postin-
jury and persisted for at least 72 hr. Using electrophoretic

mobility shift assays (EMSA), we demonstrate that NF-«kB is
activated after SCI. In our immunohistochemical, Western, and
EMSA experiments there are detectable levels of activated
NF-«B in our control animals. Using double-staining protocols,
we detected activated NF-«B in macrophages/microglia, endo-
thelial cells, and neurons within the injured spinal cord. Colo-
calization of activated NF-«B with the NF-«xB-dependent gene
product, inducible nitric oxide synthase (iNOS), suggests func-
tional implications for this transcription factor in the pathogen-
esis of acute spinal cord injury. Although there is considerable
evidence for the involvement of an inflammatory reaction after
traumatic SCI, this is the first evidence for the activation of
NF-«B after trauma. Strategies directed at blocking the initia-
tion of this cascade may prove beneficial as a therapeutic
approach for the treatment of acute SCI.
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Traumatic injury of the spinal cord initiates a series of cellular
and molecular events that include both primary and secondary
injury cascades (Blight, 1992; Dusart and Schwab, 1993; Popovic
et al., 1994; Blight et al., 1995, 1997). Secondary injury may
contribute significantly to the neuropathology associated with the
initial injury (Blight, 1992; Dusart and Schwab, 1993; Popovic et
al., 1994; Yakovlev and Faden, 1994; Blight et al., 1995, 1997,
Zhang et al., 1995). Inflammatory responses are a major compo-
nent of secondary injury and play a central role in regulating the
pathogenesis of acute and chronic spinal cord injury (SCI)
(Blight, 1992; Dusart and Schwab, 1993; Popovic et al., 1994;
Blight et al., 1995, 1997). Many inflammatory responses are me-
diated by enhanced and/or induced gene expression. A principal
player in the regulation of inflammatory gene expression is the
nuclear factor-kB (NF-«B) family (cRel, RelA/p65, RelB, p50,
and p52) of transcription factors (Baeuerle, 1991; Baeuerle and
Henkel, 1994; Baeuerle and Baltimore, 1996). NF-«B transcrip-
tion factors regulate the expression of many genes mediating the
inflammatory responses in the CNS and may be important deter-
minants of cell death and disease of the CNS (Baeuerle, 1991;
Kaltschmidt et al., 1993, 1994a,b; Baeuerle and Henkel, 1994;
Salminen et al., 1995; Baeuerle and Baltimore, 1996). NF-«B has
been shown to activate transcriptionally the genes encoding cy-
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tokines (Benveniste, 1992; Rothwell and Relton, 1993; Feuerstein
et al., 1994; Shohami et al., 1994; Hopkins and Rothwell, 1995;
Merrill and Benveniste, 1996), prostaglandin synthase-2 (Sho-
hami et al., 1988; Yamamoto et al., 1995; Adams et al., 1996;
Nogawa et al, 1997), cell adhesion molecules (CAM)
(Kaltschmidt et al., 1993; Jander et al., 1996; Shrikant et al.,
1996), and inducible nitric oxide synthase (iNOS) (Ransohoff and
Benveniste, 1996; O’Neil and Kaltschmidt, 1997). NF-«B was
detected in degenerating hippocampal neurons after global isch-
emia, although it was not present in nondegenerating neurons
(Clemens et al., 1997). In other studies that used PC12 cells it was
demonstrated that inhibition of NF-«B activation induced apo-
ptosis (Taglialatela et al., 1997). Thus, NF-«B may be a regulator
of cell death programs in CNS neurons (Baeuerle and Baltimore,
1996; Grilli et al., 1996; Clemens et al., 1997). Additionally,
excitotoxic neuronal death was blocked by pharmacological
agents shown to inhibit NF-«B activation (Grilli et al., 1996),
supporting the hypothesis that NF-kB activation in neurons may
be an initiator of cell death. In addition to its possible role in
regulating apoptotic programs in neurons, constitutively active
NF-«B has been detected in a small population of cortical neu-
rons (Kaltschmidt et al., 1994b). These data suggest that NF-«B
activation may play an important role in normal neuronal signal
transduction.

In this report we have used an in vivo model of SCI (N.Y.U.
Impactor) to induce acute SCI and reproduce the acute patho-
logical events associated with inflammation after traumatic SCI in
rats. Cellular and molecular events regulating secondary injury
and associated with the pathogenesis of acute SCI were studied by
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immunohistochemical procedures using a monoclonal antibody,
designated a-p65 mAb, which recognizes the nuclear localization
signal of the p65 DNA binding subunit of activated NF-kB. Using
immunohistochemical and Western blot analysis, we evaluated
the activation and distribution of NF-kB in the acutely injured
spinal cord. Our results demonstrate that NF-«B is activated after
contusion injury of the spinal cord and that NF-«B is coexpressed
with iNOS in macrophages/microglia and neurons. This is the first
in vivo demonstration of NF-«kB activation and iNOS expression
in neurons after spinal cord injury and may be useful toward
understanding the molecular mechanisms responsible for second-
ary pathological changes after acute SCI.

MATERIALS AND METHODS

Contusion injury. Traumatic injury was induced by the weight drop device
developed at New York University (Gruner, 1992). Sixty adult female
(250-300 gm) Sprague Dawley rats (12 per group) were anesthetized
with a mixture of 1% halothane and a mixture of 70% nitrous oxide and
30% oxygen. The dorsal aspect of the back was shaved and scrubbed with
Betadine solution. An adequate amount of anesthesia was determined by
monitoring the corneal reflex and withdrawal to painful stimuli. A
laminectomy was performed at vertebral levels T9-T10, exposing the
cord underneath without disrupting the dura. To maintain consistency
within each experiment, we induced a “moderate” injury by adjusting the
height of the weight drop (10.0 gm) to 12.5 mm above the exposed spinal
cord. After injury, muscles were closed in layers, the incision was closed
with wound clips, and the animals were returned to their home cages.
Appropriate care was provided by the technical staff and veterinary
services to ensure that the animals did not develop any postoperative
infections or experience discomfort. Animals were killed at different
time intervals postinjury (see below). All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee of the
University of Miami.

Paraffin histopathology. Injured animals were allowed to survive for
0.5-72 hr and then prepared for histopathological and morphological
analysis. Sham-operated rats were processed by using the same protocol
but were not traumatized. Rats were anesthetized and perfused tran-
scardially with isotonic saline for 5 min. This was followed by fixative for
20 min with a mixture of 40% formaldehyde, glacial acetic acid, and
methanol (FAM) 1:1:8 by volume. After perfusion, the vertebral columns
with the cord were immersed in FAM at 4°C for 24 hr; then the cord was
removed and placed in 20% sucrose for 24 hr. The spinal column was
blocked and embedded in paraffin for tissue sectioning. Serial longitudi-
nal sections 23-25 mm in length (10 wm thickness) were taken through
the full dorsoventral dimension of the cord. Alternating sections were
stained with hematoxylin and eosin for morphological and histopatho-
logical analyses.

Immunostaining. Spinal cords from injured and uninjured animals were
prepared as described above. To neutralize the endogenous peroxidase
activity before antibody application, we incubated the sections for 30 min
at room temperature in 0.1 M Tris-buffered saline (TBS), pH 7.4, that
contained 0.3% hydrogen peroxide and then rinsed the sections several
times in TBS. TBS or TBS plus 0.25% Triton X-100 was used as a rinse,
and nonspecific binding was blocked with 0.1% BSA (Sigma, St. Louis,
MO). Nonspecific binding was evaluated by performing controls with
mouse or rabbit immunoglobulins that were applied in the absence of
primary antibodies. These controls were performed on sections from
injured spinal cords at each time point. Incubation with the primary
antibody at a dilution of 1:1000 (mouse monoclonal NF-«B; Boehringer
Mannheim, Indianapolis, IN) was performed overnight at 4°C. This
antibody allows for the exclusive identification of activated p65 in an
NF-«B dimer (Brand et al., 1996). Biotinylated horse anti-mouse immu-
noglobulin (1:1000; Vector Elite ABC kit, Vector Laboratories, Burlin-
game, CA) and streptavidin-horseradish peroxidase (HRP) complex
were applied, followed by 3-3'-diaminobenzidine (DAB; Sigma) until a
brown reaction product was observed. To suppress any remaining per-
oxidase, we incubated the slides in 3% hydrogen peroxide for 3 min.
After being washed three times, the sections were incubated with the
second incubation series consisting of primary and secondary antibodies
and streptavidin-biotin peroxidase complex, as described above. In our
colocalization experiments the sections were incubated with primary
antibodies specific for Factor VIII (Sigma), CD11b (Chemicon, Te-
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mecula, CA), glial fibrillary acidic protein (GFAP; Dako, Carpinteria,
CA), neuron-specific enolase (NSE; Polysciences, Warrington, PA), or
iNOS (Transduction Laboratories, Lexington, KY) diluted 1:1000 in 0.1
M phosphate buffer plus 0.3% Triton X-100 overnight at 4°C. Next, the
sections were rinsed several times in phosphate buffer, followed by
incubation in TrueBlue peroxidase substrate (Kirkegaard & Perry Lab-
oratories, Gaithersburg, MD) for the second staining. Double-labeled
profiles stained deep purple or black when colocalization occurred,
because the TrueBlue reaction product yields a blue color and DAB
yields a brown reaction product. Before the colocalization studies we
optimized the individual reactions for DAB and TrueBlue. Color slides
for Figures 6 and 7 were digitized by a UM AX Astra 600s color scanner,
using a single-pass scanning method with color CCD attached to an
Apple Macintosh computer.

Preparation of nuclear extracts. Nuclear extracts were prepared as
previously described, using a modified method of Dignam and colleagues
(Dignam et al., 1983; Bethea et al., 1997). Spinal cords were frozen
immediately on dry ice, homogenized in Buffer A [containing (in mm) 10
HEPES, pH 7.5, 10 KCI, 0.1 EDTA, 0.1 EGTA, 1.0 DTT, and 1
phenylmethylsulfonyl fluoride (PMSF) with 10 ug/ml of leupeptin, anti-
pain, aprotinin, and pepstatin A], and placed on ice for 10 min. Then the
extracts were treated with 1.0% Nonidet P-40. The nuclei were separated
from the cytosolic proteins and lipids by multiple centrifugations at
20,000 X g for 15 min. Then the extracts were resuspended in Buffer C
[25% glycerol, 0.4 M NaCl, and (in mm) 20 HEPES, 1.0 EDTA, 1.0
EGTA, 1.0 DTT, and 1 PMSF with 10 ug/ml of leupeptin, antipain,
aprotinin, and pepstatin A] and briefly sonicated on ice. Nuclear extracts
were obtained by centrifugation at 12,000 X g for 10 min. Protein
concentration was determined by Coomassie Plus Protein Assay (Pierce,
Rockford, IL).

Electrophoretic mobility shift assay (EMSA). EMSA was performed on
spinal cord extracts isolated from sham animals or SCI animals at
different times after injury (0.5, 1.5, 24.0, and 72.0 hr). For binding
reactions, 25 ug of protein was incubated in binding buffer [5.0% glycerol
and (in mm) 20 HEPES, 50 KCI, 0.1 EDTA, and 1.0 DTT with 200 pg/ml
BSA and 2.5 pg of poly (dI-dC)] for 15 min at room temperature.
Double-stranded NK-«B oligonucleotides were end-labeled with T4
polynucleotide kinase and y->*P ATP. Radiolabeled oligonucleotide
(5.0 X 10° cpm) was added to the reaction mixture and incubated for 20
min. In our supershift experiments the antibodies were incubated with
the nuclear extracts on ice for 30 min before the binding reaction. The
reaction products were analyzed by electrophoresis in a 4% polyacryl-
amide gel with 0.25X TBE buffer (22.3 mm Tris, 22.2 mMm borate, and 0.5
mM EDTA). The dried gels were analyzed by autoradiography after an
overnight exposure.

Preparation of spinal cord extracts. Uninjured and injured spinal cords
with the lesion epicenter in the middle of the samples were removed at
the appropriate times after injury and frozen immediately on dry ice.
Spinal cord tissues to be used in immunoblotting were homogenized in
cell extraction buffer [1% Triton X-100 and (in mm) 100 HEPES, pH 7.5,
10 DTT, 1 PMSF, and 1 EDTA with 5 pg/ml leupeptin and 1 pg/ml
pepstatin A]. Extracts were cleared by centrifugation at 20,000 X g for 15
min, and the protein concentration was determined by Coomassie Plus
Protein Assay (Pierce). Samples were stored at —80°C until SDS-PAGE
analysis was performed.

Immunoblotting with an NF-«kB antibody. For the detection of activated
NF-«B in spinal cord extracts, proteins were resolved on 12% SDS-
PAGE, transferred to polyvinylidene difluoride membranes, and placed
in blocking buffer (Tropix, Bedford, MA). The membranes were incu-
bated with anti-p65 monoclonal antibody (mouse monoclonal NF-«B;
Boehringer Mannheim) at a dilution of 1:10,000 in blocking buffer,
followed by the secondary antibody, alkaline phosphatase-conjugated
goat anti-mouse immunoglobulin (1:5000; Tropix). Visualization of the
signal was by enhanced chemiluminescence (Tropix).

RESULTS

Histopathological analysis of injured spinal cords

At 1 d after SCI, a well defined hemorrhagic zone was observed
within the central gray matter of the spinal cord (Fig. 14). Within
the epicenter of the contusion, gray matter structures appeared
necrotic, with polymorphonuclear leukocytes (PMNL) invading
the injured parenchyma. Necrotic neurons contained pyknotic
nuclei surrounded by an eosinophilic cytoplasm. Severely dam-
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Figure 1.

Histopathological analysis of spinal cords at 24 and 72 hr after contusion injury. Photomicrographs show necrosis, infiltration of leukocytes,

and white matter vacuolization. 4, At 24 hr after SCI, necrotic tissue is present at the epicenter of the lesion. PMNLs (arrowheads) are present in the
injured spinal cord. B, Severe vacuolization of the white matter is observed 24 hr after SCI. C, At 72 hr after SCI, large numbers of macrophages
(arrowheads) are observed in the white matter. D, Macrophages (asterisk) and PMNLs (arrowheads) are present at the gray/white interface 72 hr after
SCI. The data presented in B-D are from regions of the spinal cord adjacent to the lesion areas. All micrographs are shown at 200X magnification.

aged white matter tracts appeared swollen and edematous (Fig.
1B). In gray areas bordering the contusion, selective neuronal
necrosis was observed within parenchyma containing swollen
astrocytic cell bodies. In addition, petechial hemorrhages were
observed throughout the gray matter and white matter tracts
remote from the contusion.

By 3 d after spinal cord trauma, the lesion remained well
defined, and evidence of hemorrhage was observed. A difference
between this pathology and that seen at Figure 1D after trauma
was the appearance of large numbers of foamy macrophages (Fig.
1C). These foamy macrophages were seen within necrotic gray
and white matter tracts. PMNLSs also were dispersed throughout
the necrotic areas (Fig. 1D). Within areas adjacent to the injury,
petechial hemorrhages were detected, and blood vessels demon-
strated red blood cell stasis. Blood vessels also contained luminal
leukocytes.

Activated NF-«B in the injured spinal cord

To investigate the expression of activated NF-«B after contusion
injury, we examined the temporal expression of activated NF-«B
by DAB immunohistochemistry. At four time points (0.5, 1.5, 24,
and 72 hr) both injured animals and uninjured sham-operated
control animals were evaluated for NF-«B activation. In unin-
jured sham-operated animals little or no NF-«kB immunoreactiv-
ity was detected (Fig. 24). DAB staining was absent when the

primary antibody was omitted or replaced with a control antibody
of an identical isotype (Fig. 2B). At 0.5 and 1.5 hr postinjury,
NF-«kB immunoreactivity was detected primarily within and ad-
jacent to the lesion epicenter, with little or no detectable immu-
nostaining outside this region. At 24 and 72 hr postinjury, NF-«B
immunoreactivity was detected throughout the extent of the
spinal cord section (23-25 mm). Figure 3 demonstrates the im-
munoreactivity of activated NF-«B 24 hr after injury. Figure 34
is a schematic representation of the injured spinal cord 24 hr after
trauma. There was no detectable NF-kB immunoreactivity in
neurons within the epicenter of the lesion (Fig. 3B). Cells with
the morphological and size characteristics of neurons were posi-
tive for NF-«B immunoreactivity both adjacent to (Fig. 3C,D)
and 12 mm from the lesion epicenter (Fig. 3E,F'). We analyzed 60
animals, 12 in each group, and consistently observed NF-«B
immunoreactivity in the spinal cord after injury.

Detection of NF-«B activation by Western blot analysis
To confirm the immunohistochemical detection of activated NF-
kB, we performed Western blot analysis on control and SCI
animals. Cellular extracts of spinal cords from control and injured
animals (0.5, 1.5, 24, and 72 hr) were prepared and resolved by
SDS-PAGE. Western blots that used anti p65 antiserum showed
labeling of a single band with an apparent molecular weight of 65
kDa (p65). Increasing levels of activated NF-«B were detected
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Figure 2. Controls for immunohistochemistry, using
sections from sham-operated and SCI animals. 4, Spi-
nal cords from sham-operated control animals were
stained for activated NF-kB, using DAB immunohis-
tochemistry. Activated NF-«kB was not observed in
control animals (200X magnification). B, Isotype con-
trol for immunohistochemistry, using sections from the
lesion epicenter. The primary a-p65 mAb was omitted
and replaced with a mouse IgG3 isotype control anti-
body. No specific staining was observed.

after injury, with maximal levels at 24 and 72 hr after trauma (Fig.
4, lanes 2-5). However, samples showed a weakly detectable band
in extracts from uninjured spinal cord (Fig. 4, lane I). The
temporal profile of NF-«kB activation detected on Western blots
parallels that demonstrated in our immunohistochemical studies.
To quantitate changes in NF-«B activation detected by Western
analysis, we analyzed the autoradiographs densitometrically. The
data in Table 1 show that there was an approximately twofold
increase in NF-«kB activity after SCI.

EMSA further demonstrate that SCI induces

NF-«B activation

Nuclear extracts were isolated from the spinal cords of sham and
SCI rats at 0.5, 1.5, 24, and 72 hr after injury. EMSA was
performed with a radiolabeled double-stranded oligonucleotide
containing the NF-«kB consensus sequence (Fig. 5). Our data
demonstrate that after SCI the nuclear extracts contain a protein
complex that binds to the NF-«B oligonucleotide (Fig. 5, lanes
1-5). Although there is modest binding in extracts isolated from
sham-injured animals (Fig. 5, lane 1), in SCl-injured animals
there is a large increase in binding relative to the controls. To
identify the proteins that were binding in our SCI extracts, we
performed supershift experiments, using the same antibody that
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was used in our immunohistochemical and Western blot experi-
ments. The p65 antibody retarded the migration of the proteins
interacting with the NF-«B oligonucleotide (Fig. 5, lanes 6-10),
whereas an antibody to STAT-1 had no effect on the migration of
the protein complex (Fig. 5, lanes 11-15). These data demonstrate
that p65 is activated after SCL

Identification of cell types expressing activated NF-«xB

The cell types in which NF-«B was activated after traumatic SCI
were identified by using double immunohistochemical staining
procedures (Miao and Lee, 1990). The detection of NF-«B acti-
vation by using a-p65 mAb was performed in the first staining
step, which was visualized with DAB (diffuse brown reaction
product). DAB staining was inhibited when the primary antibody
was omitted or replaced with a control antibody of the same
isotype. Specific cell types expressing activated NF-«B were
identified by using TrueBlue immunohistochemistry staining,
which produces a blue reaction product that was easily distin-
guishable from the brown DAB reaction product. No TrueBlue
staining was visualized in control experiments when the primary
antibody was omitted or replaced with the appropriate isotype
control (mouse or rabbit). Before performing the colocalization
studies, we optimized the conditions for each antibody and de-
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Figure 3. DAB immunohistochemical detection of activated NF-«B 24 hr after traumatic SCI. Activated NF-«B was observed both rostral and caudal
to the lesion epicenter throughout the length of the 24 mm sections. A, Schematic diagram describing the expression pattern of activated N F-«B rostral
(right side) to the lesion epicenter. B, NF-«B activation was observed within the lesion epicenter (200X magnification; arrowheads). C, Immunohisto-
chemical detection of activated NF-«kB within 4 mm of the lesion epicenter (100X magnification). D, Higher magnification (400X) of boxed inset in C.
E, Activated NF-«B was detected 12 mm away from the lesion epicenter (100X magnification). F, Higher magnification (400X) of the boxed inset in E.
Cells positive for NF-«B immunoreactivity have the characteristic size and morphology of neurons (arrows). In C-F, cells that do not have the
morphological characteristics of neurons are also positive for activated NF-«B (asterisks).

tection method. When colocalization occurred, the combination
of DAB and TrueBlue reaction products resulted in a dark purple
or almost black reaction product.

Cellular localization of activated NF-«B after SCI is summa-
rized in Table 2. Activated NF-«B was present in macrophages/
microglia, neurons, and endothelial cells. Activated microglia and
macrophages in the CNS were identified by using a monoclonal
antibody that recognizes the CD11b integrin. NF-«kB colocalized
with microglia and macrophages at all time points that were
evaluated (Table 2). The majority of CD11b-positive cells ex-
pressing activated p65 was found in the area of the lesion (Fig. 6).
Activated p65 also was observed in neurons and endothelial cells
using antibodies specific for NSE and Factor VIII, respectively

(Table 2). Cells with the morphological characteristics of neurons
expressed activated NF-kB after SCI (see Fig. 3C-F). Using a
GFAP monoclonal antibody that recognizes reactive astrocytes,
we were unable to detect activated p65 in this cell type after
contusion injury.

Functional implications of activated NF-«xB after SCI

To demonstrate the functional nature of NF-«B activation after
SCI, we examined the colocalization of the activated transcription
factor with the expression of an established NF-kB gene product,
iNOS (Kaltschmidt et al., 1993; Baeuerle and Henkel, 1994).
NF-«B activation was labeled in the first reaction and iNOS in the
subsequent step. Colocalization of activated NF-«B with iNOS



3256 J. Neurosci., May 1, 1998, 78(9):3251-3260

Figure 4. Western blot demonstrating the
temporal expression of activated NF-«B
after traumatic SCI. Lane 1, Sham-
operated control; lane 2, 0.5 hr; lane 3, 1.5
hr; lane 4, 24 hr; and lane 5, 72 hr postin-
jury. The arrow points to the position of the
65 kDa activated transcription factor. The
antibody used in Western blot analysis was
the same as that used in our immunohisto-
chemical studies.

Table 1. Fold increase in densitometric units of NF-«xB
immunoreactivity as detected by Western blot analysis

Sham 0.5 hr 1.5 hr 24.0 hr 72.0 hr
1.0 1.84 1.4 2.1 2.0

was detected only at 72 hr after trauma (Fig. 7). Interestingly,
although we were able to colocalize NF-«kB with iNOS in mac-
rophages within the lesion epicenter (Fig. 74), we also were able
to detect neuronal colocalization of iNOS and NF-«B (Fig. 7C).
In Figure 7B, we demonstrate iNOS immunoreactivity in cells
that have the morphological characteristics of neurons. Thus,
colocalization of activated NF-«kB with iNOS within the same
cells indicates that the transcription factor possibly is involved in
gene expression after traumatic SCI.

DISCUSSION

This study is the first demonstration of the activation of NF-«kB
after traumatic SCI. Additionally, we show that iNOS, an impor-
tant mediator of CNS inflammatory responses and neuropathol-
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ogy, is colocalized with activated NF-«B after SCI. NF-«B is
activated within 30 min of injury and is still present 72 hr after
injury. Activated NF-«B was detected within macrophages, en-
dothelial cells, and neurons, but this transcription factor was not
observed in astrocytes. The expression of activated NF-«B in
these cells may play a key role in CNS inflammatory responses.
For example, in experimental autoimmune encephalomyelitis, an
animal model of multiple sclerosis, activated NF-kB was detected
in microglia/macrophages at the peak of clinical disease, but not
in astrocytes or in nondiseased animals (Kaltschmidt et al.,
1994a). Additionally, in atherosclerosis, a disease that also is
believed to have an inflammatory component, activated NF-«B is
present in endothelial cells and macrophages (Brand et al., 1996).

The early CNS inflammatory responses after SCI may be
initiated by neutrophils that infiltrate the lesion site after injury.
In support of our observations, Dusart and Schwab (1993) dem-
onstrate that neutrophils and macrophages enter the spinal cord
after SCI in a orchestrated temporal sequence. Neutrophils begin
to accumulate within 1 hr, are most abundant at 24 hr, and begin
to decline at 48 hr. Neutrophils are able to release reactive oxygen

10 11 12 13 14 15
. & . R

-

Figure 5. EMSA analysis of NF-«B activation after SCI. Lanes I, 6, 11, Sham-operated control; lanes 2, 7, 12, 0.5 hr; lanes 3, 8, 13, 1.5 hr; lanes 4, 9,
14, 24 hr; and lanes 5, 10, 15, 72 hr postinjury. In lanes 1-5 and lanes 11-15 there is a prominent band that interacts with our NF-«B oligonucleotide
(arrowhead). Supershift experiments with anti-p65 demonstrate that the protein complex interacting with the NF-kB oligonucleotide contains the p65
subunit (lanes 6-10). When a nonspecific antibody (STAT-1) was used in our supershift experiments, there was no change in the migration pattern of

the bands (lanes 11-15).
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Table 2. Temporal and cellular localization of activated NF-«B after
traumatic SCI

0.5 hr 1.5 hr 24 hr 72 hr
Macrophage/microglia + + + +
Endothelial cells + + + +
Neurons - - + +
Astrocytes - - - -

and nitrosyl radicals as well as cytokines, chemokines, and a
variety of enzymes. Therefore, they have been proposed to par-
ticipate in enlargement of the lesion and promote tissue destruc-
tion (Dusart and Schwab, 1993). In vitro studies have shown that
cytokine and chemokine gene expression in neutrophils is depen-
dent on NF-«B activation (McDonald et al., 1997). Macrophages
and microglia contribute to the secondary pathological and in-
flammatory response via the release of cytokines and neurotoxins
that accompany traumatic SCI (Blight, 1992, 1994; Popovic et al.,
1994). Using hematoxylin and eosin histopathology, we demon-
strated macrophage accumulation within 72 hr after SCI. How-
ever, immunohistochemical studies with the macrophage/micro-
glial marker CD11b detected macrophages as early as 0.5 hr
postinjury. This macrophage staining is probably attributable to
the extravasation of blood-borne macrophages into the injured
cord after disruption of the spinal cord blood barrier. Currently,
antibodies are not available that distinguish between activated
macrophages and microglia.

The infiltration of leukocytes into the CNS is orchestrated by
specific adhesion proteins on both endothelial cells and leuko-
cytes. Within the CNS, ICAM-1 and VCAM-1 facilitate cell-to-
cell interactions among astrocytes, endothelium, microglia, and
effector cells of the peripheral immune system such as T-cells,
macrophages, and neutrophils. On entering the CNS, leukocytes
can initiate immune responses by releasing proinflammatory mol-
ecules such as cytokines, prostaglandins, and matrix metallopro-
teinases. The physical interaction mediated by ICAM-1,
VCAM-1, and other cell adhesion molecules forms an integral
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component of the effector phase of immunological responses in
the CNS. Supporting this idea is the observation that antibodies
specific for cell adhesion molecules reduce the level of ischemic
injury to the CNS when administered in vivo (Clark et al., 1991;
Mori et al., 1992; Chopp et al., 1994; Lindsberg et al., 1995;
Zhang et al., 1995). NF-«B is an important mediator of cell
adhesion molecule gene expression, and studies are underway to
investigate the expression of these molecules after SCI.

CNS inflammatory responses after trauma or diseases of the
CNS are mediated in part by infiltrating leukocytes, astrocytes,
microglia, and brain endothelium (Rosenberg, 1995; Goetzl et al.,
1996; Ransohoff and Benveniste, 1996). Cytokine production is
regulated primarily at the transcriptional level. An important
intermediate in the transcriptional regulation of cytokine gene
expression is the NF-«kB family of transcription factors
(Kaltschmidt et al., 1993; Baeuerle and Henkel, 1994). Tumor
necrosis factor-a (TNF-«), interleukin-1 (IL-1), and
interleukin-6 (IL-6) are prototypic inflammatory cytokines that
are produced in the CNS after injury (Benveniste, 1992; Hopkins
and Rothwell, 1995; Merrill and Benveniste, 1996; Ransohoff and
Benveniste, 1996). Recently, TNF-«a was detected in the spinal
cord after traumatic injury in rats (Wang et al., 1996). Most, if not
all, inflammatory responses induced by TNF-a are mediated at
the transcriptional level by NF-«B (Kaltschmidt et al., 1993;
Baeuerle and Henkel, 1994). Both in vitro and in vivo studies
demonstrate that TNF-a is a potent mediator of microgliosis,
astrogliosis, and cell death (Feuerstein et al., 1994). In a trans-
genic model of chronic CNS inflammation, mice overexpressing
TNF-« in astrocytes, both in the spinal cord and cortex, exhibited
breakdown of the blood-brain barrier, infiltration of leukocytes,
expression of cell adhesion molecules, demyelination, hind limb
paralysis, and neuronal cell death (Stalder et al., 1996). Taken
together, these data demonstrate that TN F-« is a potent activator
of inflammatory responses in the CNS and may contribute to the
neuropathology associated with trauma to the CNS by activation
of NF-kB. We have demonstrated recently that monocytes iso-
lated from SCI rats secrete TNF-« in a time-dependent manner,
whereas monocytes from sham animals do not (our unpublished

Figure 6. Colocalization of NF-kB im-

munoreactivity with macrophages/mi-
. croglia after SCI, using a double immu-
e nohistochemical staining procedure 72
4 . hr after SCI. Macrophages/microglia
were identified by using an antibody
specific for CD11b and by the brown
reaction product characteristic of DAB
immunohistochemistry. NF-«kB immu-
noreactivity was colocalized with macro-
phages/microglia (arrows) in the lesion
epicenter and adjacent tissue (200X
magnification). Cells expressing CD11b
and activated NF-«B stained a dark pur-
ple or black.
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Figure 7. Colocalization of activated NF-«B with the NF-«B target gene
product iNOS 72 hr after SCI. NF-«B immunoreactivity was visualized by
using DAB immunohistochemistry in the first staining reaction. iNOS was
visualized by using TrueBlue immunohistochemistry in the subsequent
reaction. 4, iNOS immunoreactivity was colocalized with NF-«B in
non-neuronal cells in the lesion epicenter (200X magnification). B, Sec-
tions were stained for iNOS immunoreactivity, using TrueBlue immuno-
histochemistry; cells with the morphological appearance of neurons ex-
pressed iNOS immunoreactivity (200X magnification). C, Colocalization
of iNOS with activated NF-«B in neurons results in a rich purple (200X
magnification).
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data). Therefore, NF-«B activation can set in motion a cascade of
inflammatory and possibly cell death programs that may partici-
pate in the injury process and exacerbate the initial injury.

Although NF-«kB-induced responses are associated most com-
monly with immunological and inflammatory processes, the role
of NF-«B in normal or pathological neuronal functions has not
been established (O’Neil and Kaltschmidt, 1997). Recent studies
have demonstrated constitutive activation of NF-«B in a small
subset of cortical neurons (Kaltschmidt et al., 1994b). NF-«B
activation may contribute to many neuropathological disorders,
such as multiple sclerosis, and its expression has been detected in
the cortex and within hippocampal neurons after ischemic injury
(Kaltschmidt et al., 1994a; Salminen et al., 1995; Clemens et al.,
1997). Clemens et al. (1997) demonstrated that activated NF-«B
is present in degenerating CA1 hippocampal pyramidal neurons
and is absent in nondegenerating neurons. Apoptosis occurred at
the same time as NF-«B expression in these neurons. Although
colocalization of NF-«B with cell death markers does not prove
that it is involved in this pathway, it does suggest an involvement
in this process. Activation of NF-«B in neurons ex vivo has been
shown to be linked to excitotoxic cell death in the CNS (Grilli et
al., 1996). In these studies the inhibition of NF-«B activation
prevented neuronal cell death (Grilli et al., 1996). Consistent with
this idea is the finding that NF-«B activation is detected in
cerebellar granule cells and within the spinal cord after exposure
to glutamate and quisqualic acid, respectively (O’Neil and
Kaltschmidt, 1997; J. R. Bethea and R. P. Yezierski, unpublished
observations).

Mice that have had the p65 gene deleted by homologous
recombination die because of massive apoptosis of liver cells (Beg
et al., 1995). This study suggests that p65 may participate in
anti-cell death programs, at least in hepatogenesis. Consistent
with the concept that NF-«B activation may prevent cell death, it
was demonstrated that TNF, a potent activator of NF-«B, pre-
vented glutamate-induced cell death in pure hippocampal cul-
tures (Cheng et al., 1994). However, when microglia were present
in these cultures, TNF induced neuronal cell death (M. Mattson,
personal communication). Therefore, NF-kB may be an impor-
tant signaling molecule after injury to the nervous system; de-
pending on the mechanisms through which activation occurs and
depending on the surrounding cellular environment, this tran-
scription factor may promote either apoptotic or antiapoptotic
genetic programs. In Figure 3, we demonstrate that cells having
the morphology and size characteristics of neurons are immuno-
reactive for NF-«kB. However, not all of the cells contain NF-«xB
immunoreactivity exclusively in the nucleus. This could be ex-
plained in part because transcription factor binding to its cis-
regulatory sequence is a transient event. Our EMSA data suggest
that some detectable NF-«B binding activity occurs in sham-
injured animals but to a much greater degree after SCI. The
presence of activated NF-«B in our EMSA experiments suggests
that activated NF-«kB may play a role in regulating basal levels of
transcription in the CNS. These studies support earlier findings
by Kaltschmidt et al. (1994b) in which activated NF-«B was
detected in a subset of cortical neurons. These data support our
immunohistochemical and Western blot studies.

Another important effector of inflammation in the CNS is
iNOS. In murine models of CNS inflammation or injury, iNOS
immunoreactivity and enzyme activity have been detected in
macrophages, glial cells, and neurons (Minc-Golomb et al., 1996;
Sato et al., 1996). However, in humans iNOS has not been
detected in macrophages, suggesting that neuronal pathology



Bethea et al. « Molecular Mechanisms of Secondary Injury

attributed to iNOS-generated NO toxicity results from either glial
or neuronal sources. The antibody used in our studies to detect
iNOS does not recognize either neuronal cNOS or endothelial
NOS (Van Voorhis et al.,, 1994; Lloyd et al., 1995). In a recent
study the neurons that expressed NOS activity after SCI under-
went cell death, suggesting a causal relationship between NOS
expression and neuronal cell death (Wu, 1993). In an in vivo
model of CNS inflammation, iNOS immunoreactivity was de-
tected in cerebellar neurons after direct administration of
interferon-y and lipopolysaccharide (Sato et al., 1996). Because
NOS gene expression is dependent, in part, on NF-«B activation
and because iNOS immunoreactivity is colocalized with activated
NF-«B in neurons, it is suggested that the activation of this
transcription factor in neurons may be an important effector in
trauma-induced neuropathology.

The results presented here demonstrate that NF-«B activation
occurs after SCI and may be an important determinant in CNS
pathology. Therefore, therapeutic approaches that interfere with
NF-«B activation and/or processing could represent potential
targets for pharmacological intervention after CNS injury.
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