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Abstract
Background Nitric oxide is a key mediator of post-traumatic
inflammation in the brain. We examined the expressions of
iNOS, nNOS, and eNOS in inbred DA and PVGa rat strains
where DA is susceptible to autoimmune neuroinflammation
and PVGa-resistant.
Methods Parietal contusions using a weight drop model
were produced in five rats per genotype. After 24 h, the
brains were removed and analyzed using a range of immu-
nohistochemical methods.
Results PVGa presented significantly increased iNOS ex-
pression in infiltrating inflammatory cells in the perilesional
area compared to DA (p<0.05). The amount of w3/13-
positive infiltrating inflammatory cells did not differ be-
tween strains. eNOS and nNOS expression did not differ
between strains. iNOS-positive cells coexpressed neuronal
(NeuN), macrophage (ED-1), and leucocyte (w3/13)
markers. MnSOD was significantly increased in PVGa
(p<0.05). 3-Nitrotyrosine, a measure of peroxynitrite
levels, and fluoro-jade stained neuronal degeneration, did
not differ between strains.
Conclusions Two inbred rat strains with genetically deter-
mined differences in susceptibility to develop autoimmune
disease displayed different levels of the inflammatory and
anti-inflammatory mediators iNOS and MnSOD, indicating
genetic regulation. Interestingly, the increased levels of
iNOS did not lead to elevated expression of the neuronal
cell-death marker fluoro-jade. The increased iNOS expres-
sion was correlated with increased expression of superoxide
scavenger MnSOD. Excessive peroxynitrite formation was

probably prevented by limitation of available superoxide.
Subsequently, the higher expression of potentially deleteri-
ous iNOS in PVGa did not result in increased neuronal
death.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death and
disability among young adults in the industrialized world
[1]. The injury results in a direct loss of viable brain tissue,
worsened by secondary processes including inflamma-
tion, which may persist for months. The inflammation
can be either detrimental or beneficial. The secondary
processes are intricate, and despite extensive research,
no substance has been found to have any positive effect
on outcome, albeit there are many promising prospects
[30, 20, 9, 34, 28]. Nevertheless, we and others have
revealed that traumatic injuries in rodents, following
identical experimental trauma settings as used in this
study [15], have led to an inflammatory reaction with up-
regulation of NOS isoenzymes and subsequent cerebral cell
death [5, 26, 44, 2, 24, 45].

Nitric oxide

Nitric oxide (NO) is a key mediator in the inflammatory
process [45]. Following TBI, NO reacts with superoxide to
form peroxynitrite, a powerful toxic oxidant involved in
secondary tissue injury. This includes DNA strand damage,
attenuation of mitochondrial respiration, lipid peroxidation,
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cell enzyme inhibition, cytoskeletal protein breakdown, and
induction of apoptosis. NO has also been reported to be
involved in potentially protective reactions [11, 32, 6]. Per-
oxynitrite is difficult to detect, which is why the more stabile
parameter 3-Nitrothyrosine (3-NT), derived from NO2 ni-
tration of tyrosine residues in proteins, is often used as a
stabile surrogate measure instead [6].

NO is formed by three NO synthases. Endothelial
(eNOS) and neuronal (nNOS) isoforms are calcium-
dependent and endogenously expressed in the brain, while
the inducible (iNOS) isoform is expressed primarily in mac-
rophages, microglia, infiltrating neutrophils, and to some
extent in neurons. Independent of calcium, iNOS upregu-
lates following trauma and has primarily detrimental
effects. According to some studies, inhibition of iNOS
has resulted in beneficial effects in lesion volume and
sensorimotor outcome [45, 15, 18], while other studies
demonstrate worse functional outcome and increased
mortality following iNOS inhibition [39, 19, 24, 32]. These
conflicting results may to some extent be related to genetic
variability [43, 37, 41, 12, 23].

Genetic variation in neuroinflammation

The majority of TBI research has been performed on genet-
ically heterogeneous rodents presenting quantitatively and
qualitatively diverse inflammatory mechanisms. Inbred
strains, however, may react reproducibly. Susceptibility to
autoimmune inflammation in the CNS such as autoimmune
encephalomyelitis (EAE) is strain dependent. The inbred rat
Piebald Virol Glaxo (PVG) is resistant to EAE, while the
strain Dark Agouti (DA) is highly susceptible [8, 47, 31, 46,
33]. This is relevant for TBI research as the inflammatory
response is part of the pathogenesis. The PVG strain re-
sponse to trauma is dominated by infiltrating polymorpho-
nuclear granulocytes, while the DA strain expresses more T-
cells, an enhanced glial activation and more C3 comple-
ment. DA strain rats acquire smaller lesions than PVG strain
rats under similar experimental conditions [7, 3]. The three
NOS enzymes are relevant mediators in trauma-induced
inflammation, which is why we hypothesized that NOS
expression might differ between DA and PVG strains fol-
lowing comparable TBI. In addition, we analyzed whether
iNOS levels would correlate with peroxynitrite formation
and neuronal death.

Materials and methods

Tissue preparation

The experiments were approved by the North Stockholm
Animal Ethics Committee (StockholmsNorra djurförsöksetiska

nämnd). All animals were housed at the Karolinska University
Hospital (Stockholm, Sweden) in polystyrene cages containing
aspenwood shavings andwith free access to water and standard
rodent chow with regulated 12-h light–dark cycles.

A total of ten male rats weighing approximately 230–
300 g, at an age of 8–12 weeks, were anesthetized by
intraperitoneal injection of 2.7 ml/kg of a mixture of Hyper-
oxynitriteorm (fluanisone, 10 mg/ml, fentanyl citrate,
0.315 mg/ml; Janssen, Oxford, UK), Dormicum (midazo-
lam, 1 mg/ml, Roche) and sterile water. In addition, 0.2 ml
of Marcain (bupivacaine, 5 mg/ml, AstraZeneca, Södertälje,
Sweden) was injected subcutaneously in the sagittal midline
of the skull before the skin incision was made. The rats were
placed in a stereotactic frame and a 2-mm craniotomy was
drilled 3 mm posterior and 2.3 mm lateral to the bregma. A
standardized parietal contusion was made by letting a 24-g
weight fall onto a rod with a flat end diameter of 1.8 mm
from a height of 7 cm [10, 21]. The rod was allowed to
compress the tissue at a maximum of 3 mm. All animals
were killed with CO2 at day 1 post-injury, brain tissue was
removed and immediately snap-frozen in 2-methylbutane
and stored at –70ºC. Then, 14-μm-thick coronal sections
were cut using a Leica CM3000 cryostat and were mounted
for subsequent staining. The sections extended from the
frontal to the dorsal border of the parietal contusion, macro-
scopically verified to encompass contused brain matter. For
the analyses, frontal, mid, and dorsal sections were averaged
for each animal in order to better assess the complete lesion.

Immunohistochemistry

Primary and secondary antibodies for immunohistochemis-
try and immunofluorescence are shown in Table 1. Detec-
tion was performed by the ABC method (Vectastain Elite
ABC peroxidase kit, Vector Labs, Burlingame, CA, USA) or
immunofluorescence. All steps included washing three
times 10 min each with phosphate buffer solution (PBS).

The ABC method: sections were rehydrated in PBS fol-
lowed by fixation in 4% formaldehyde, incubation in 0.3%
H202, incubation for 1 h in bovine serum albumin (BSA)
with 0.3% Triton X-100, NaAzid and avidin block solution,
incubation overnight at 4°C with the primary antibody
diluted in 1% BSA, 0.3% Triton X-100, and NaAzid and
biotin block solution. Sections incubated with nitrotyrosine
antibody were prior to this heated for 3 min in antigen
unmasking solution (Vector Labs H-3300) according to
instructions. Sections were then incubated for 1 h with the
appropriate biotinylated secondary antibody, and incubated
with avidin-biotin complex for 1 h. Immunoreactivity was
developed using DAB substrate for 3 min, which was
stopped by rinsing in distilled water and Tris–HCl. Sections
were then counterstained with hematoxylin III nach Gill
(Merck, Darmstadt, Germany) for 15 s, dehydrated in
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alcohol, and mounted with Pertex (Histolab Products AB,
Göteborg, Sweden).

Immunofluorescence: sections were rehydrated in PBS
followed by fixation in 4% formaldehyde, incubation for 1 h
in BSA with 0.3% Triton X-100 and NaAzid and incubated
overnight at 4°C with the primary antibody diluted in 1%
bovine serum albumin, 0.3% Triton X-100 and NaAzid.
Following 1-h incubation with the secondary antibody, sec-
tions were mounted with Mowiol (Polysciences Inc. Eppel-
heim, Germany).

Fluoro-jade (Histochem Inc. Jefferson, AR. Lot 19) was
used as a marker for neuronal degeneration [38]. It was
diluted to a working solution of 0.00002% in 0.1% acetic
acid, and sections were incubated for 30 min before being
washed in distilled water and dried on a hot plate (approx.
50°C) and mounted with Pertex.

For iNOS, eNOS, ED-1, and W3/13, sections of rat
spleen were used as positive controls, and for nNOS sec-
tions of rat cerebellum. To rule out any possibility of non-
specific conjugate binding, 1% BSA was used instead of
primary antibody in negative controls, resulting in absent
staining. Sham-operated animals were used for baseline
expression of NOS isoenzymes.

Quantification

For all quantification, the region of interest (ROI) was
defined medially by the interhemispheric fissure, basally
by the corpus callosum, and laterally by the lateral border
of the right hemisphere (Fig. 1). The central necrotic part of
the contusion was omitted from the ROI. All manual quan-
tification was made in the ROI and presented as the total
amount of positive cells in the region. All sections were
blinded to the assessor.

Morphological identification and quantification of iNOS
in DAB staining and immunofluorescence was performed
according to our earlier studies [14, 15, 16, 17]. The amount
of positive cells was determined manually in the ROI by the
same assessor in 400× magnification using a Leica DMRB
and a DM400Bmicroscope equipped with a DFC320 camera.
iNOS-positive cells were clearly visible, as presented in Figs. 5
and 7, contrasting from negative tissue and negative controls.
For each animal, ten sections were analyzed.

For immunofluorescence, the filter used for Cy3 antibody
was N2.1 (excitation filter 515–560 nm, suppression filter
590 nm) and for Alexa 488 antibody filter L4 (excitation filter
450–490 nm, suppression filter 515–560 nm). Double-staining
immunofluorescence was used for the quantification of iNOS,
W3/13, NeuN, and ED-1 ratio, for which two sections per
animal were averaged. ForW3/13, four sections were averaged.

Fluoro-jade was detected using a filter with excitation
wavelength 495 nm and emission wavelength of 521 nm.
Quantification was done by calculating the total number of
positive cells in the ROI in 400× magnification. For each
animal, four sections were averaged.

Quantification of 3-NT staining was performed in 400×
magnification according to Hooper et al. [22], based on our

Table 1 Antibodies used

Antibody Specificity Species Concentration Lot Source

iNOS Inducible NOS Rabbit 1:800 NA Transduction Labs, Lexington, KY

eNOS Endothelial NOS Mouse 1:800 NA Transduction Labs, Lexington, KY

nNOS Neuronal NOS Rabbit 1:800 NA Transduction Labs, Lexington, KY

GFAP Astrocytes Mouse 1:500 LV1689941 Millipore, Temecula, CA

Nitrotyrosine Nitrotyrosine Rabbit 1:100 LV1634965 Millipore, Temecula, CA

ED-1 Macrophages/monocytes Mouse 1:2000 010806 Serotec, Oxford, UK

W3/13 CD43 antigen on T-cells Mouse 1:1000 NA Sera-Lab, Sussex, UK

NeuN Neuronal nucleus Mouse 1:500 LV1427917 Millipore, Temecula, CA

MnSOD MnSOD, clone MnS-1 Mouse 1:500 NJ1811049 Millipore, Temecula, CA

Cy3 Secondary, fluorescent Do anti Rb 1:500 79935 Jackson Labs, West Grove, PA

Alexa 488 Secondary, fluorescent Do anti Mo 1:500 436938 Molecular Probes, Eugene, OR

Biotinyl. ab Secondary, ABC method Go anti Rb 1:200 VO111 Vector Labs, Burlingame, CA

Biotinyl. ab Secondary, ABC method Ho anti Mo 1:200 S0809 Vector Labs, Burlingame, CA

Fig. 1 Photo of coronal section of rat brain showing a lateral ventricle,
b third ventricle, c hippocampus, d ROI0region of interest0elevated
area in picture, and e contusion site (scale bar 3 mm)
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earlier experiences of 3-NT staining [14, 18], with a slight
modification to fit the ROI: 00none, 101–20 positive loci
of staining in ROI, 2020–40 scattered discrete loci of stain-
ing or areas of weak staining, 30extensive areas of strong
staining. For each animal, six sections were analyzed.

For the quantification of eNOS and nNOS in DAB
staining, two sections per animal and antibody were
used. Six representative pictures per section were taken
in the ROI in 100× magnification and converted into

black and white using Adobe Photoshop CS and quan-
tified in ImageJ (NIH, Bethesda, MA). An intensity
threshold for which staining was regarded as positive
was set above the negative control and applied equally
for all quantified pictures using the automated threshold
feature in ImageJ. Positive staining was for illustrative
purposes marked in red and the number of pixels above
the threshold (red area) was calculated and compared to
the total number of pixels in each picture as shown in

Fig. 2 Photomicrographs from
the perilesional area showing a
nNOS-positive cells, b marked
area in red for quantification, c
eNOS-positive endothelial
cells, and d marked area in red
for quantification. Counter-
staining with hematoxylin
(400×) (scale bar 50 μm)
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Fig. 3 a–c Immunohistochemical quantification at 24 h of a iNOS, b eNOS, and c nNOS. (*) iNOS expression is significantly raised in PVGa (p<0.05)
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Fig. 2. The result was presented as a percentage of
staining of the total area in each picture, reflecting the level
of positive staining and the intensity of the staining.

The non-parametrical Kruskal–Wallis test was used for
statistical analysis using GraphPad Prism (San Diego, CA,
USA). A p value <0.05 was considered significant.

Results

The expression of iNOS was enhanced in the perilesional
area in all rats subjected to contusion compared to controls,
with no positive staining in the contralateral side. iNOS
expression was significantly higher in PVGa rats compared
to DA (p<0.05) (Fig. 3a). This difference was mainly at-
tributed to a higher proportion of iNOS-positive inflamma-
tory cells in PVGa than DA rats. The level of iNOS-positive
neurons did not differ significantly between the strains
(Figs. 4 and 5a–b).

The expression of eNOS and nNOS was diffusely en-
hanced in traumatized animals compared to controls, showing

no difference between remote and perilesional areas. eNOS-
positive cells were morphologically identified as endothelial
cells and the majority of nNOS-positive cells as neurons
(Fig. 2). No difference was detected between the genetic
strains (Fig. 3b–c).

The level of inflammatory cells, detected by the w3/13
antibody, was enhanced in the perilesional area with very
few positive cells found on the contralateral side. No differ-
ence was detected between the genetic strains (Fig. 6a).

Double-label immunofluorescence was performed with
antibodies against iNOS and cellular markers for neurons
(NeuN), macrophages (ED-1), and leucocytes (W3/13), re-
spectively, in order to asses cellular origin of iNOS production
(Fig. 7). No significant difference was detected between the
genetic strains (Table 2).

MnSOD was expressed in the perilesional area in cells
morphologically identified as neurons (Fig. 8). No positive
cells were detected on the contralateral side. The number of
MnSOD-expressing cells was significantly higher in PVGa
rats compared to DA (Fig. 6b) (p<0.05).

3-NT expression was correlated with the primary location
of iNOS-producing cells. 3-NT was mainly expressed in the
perilesional area. No difference was detected between the
genetic strains (Fig. 6c).

Fluoro-jade staining for neuronal degeneration presented
a large number of positive cells with neuronal morphology
in the perilesional area (Fig. 5c). No difference was detected
between the strains (Fig. 6d).

Discussion

In this study, we conclude that iNOS expression following
TBI differed between PVGa and DA rats at 24 h after TBI,
predominantly in inflammatory cells. We regard this as a
genotype-dependent difference, regardless of whether it is a
difference of expression-kinetics or the total amount of
iNOS. The variance was attributed to the proportion of
iNOS-expressing cells rather than the total number of infil-
trating inflammatory cells, which did not differ between
strains. Unexpectedly, however, the iNOS differences did
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Fig. 4 Morphological differentiation of iNOS showing that the ele-
vated expression of iNOS in PVGa was derived from leucocytes (p<
0.05) while no significant difference in neurons could be detected

Fig. 5 Photomicrographs from
the perilesional area showing a
iNOS-positive leucocyte, b
iNOS-positive neuron. Coun-
terstaining with hematoxylin
(1,000×). c Degenerating neu-
rons positive for Fluoro Jade
(400×). Scale bar 20 μm
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not result in variable levels of 3-NT or fluoro-jade-positive
dying neurons.

The study was designed to compare NO isoenzyme reg-
ulation between DA and PVGa rats following experimental
TBI. According to our previous experience, NO isoenzymes
are up-regulated in rodents exposed to TBI compared to

sham-treated animals following an identical experimental
trauma setting as used in this study [15]. This has further
been confirmed for NOS isoenzymes and NO-derived prod-
ucts in diverse rodent strains and experimental trauma mod-
els [5, 26, 44, 2, 24, 45]. We therefore tried the hypothesis
that variation of strains known to react diversely to EAE and
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Fig. 6 a–d
Immunohistochemical
quantification at 24 h of a w3/
13, b MnSOD, c 3-NT, d Flu-
oro Jade, in DA and PVGa rats,
respectively. (*) MnSOD ex-
pression is significantly raised
in PVGa (p<0.05)

Fig. 7 Immunofluorescence
photomicrographs of the
perilesional area showing cells
expressing a iNOS, b example
of cellular marker: w3/13, and c
merged pictures a and b
showing (arrow X) a cell
positive for iNOS only and
(arrow Y) both iNOS and w3/13
(400×). Scale bar 20 μm
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TBI [3, 7] would affect the NOS response, given a presumed
elevation of NOS as described in earlier publications. For
this reason, sham-treated animals were not used in the
current setting since they would be irrelevant for the specific
hypothesis and would weaken statistical power in compar-
ison of the groups.

iNOS is a calcium-independent enzyme that is transcription-
modulated by an array of inflammatory cytokines. It has
a gene promoter with more than 20 binding sites for
transcription factors, including NF-κB, STAT-1, IRF-1,
and AP-1 [35]. It is therefore to a large extent regulated
by inflammatory mechanisms. In contrast, eNOS and nNOS
are calcium-dependent and catalytically regulated enzymes.
The level of eNOS and nNOS expression did not differ
between strains. Theywere diffusely up-regulated in the brain,
while expression of iNOS was perilesional. These features
probably reflect the different regulatory mechanisms.

NO reacts with superoxide, readily available in the perile-
sional area, to produce the toxic metabolite peroxynitrite
[11, 32, 6]. Exposure to high concentrations of peroxynitrite
may lead to rapid, necrotic-type cell death, as reviewed by
Szabó et al. [42]. We assessed the level of peroxynitrite by
using the stabile surrogate measure 3-NT. Unexpectedly, 3-
NT expression did not differ between the genetic strains, nor
did the neuronal degeneration. We conclude that the elevated
expression of iNOS in PVGa rats did not result in a higher
production of peroxynitrite or elevated neuronal death at 24 h
after trauma.

NO production correlates to intracellular iNOS levels, but
the formation of peroxynitrite also depends on the availabil-
ity of superoxide. We therefore hypothesized that lower

superoxide levels could limit peroxynitrite and 3-NT pro-
duction in rats with higher iNOS levels. A number of
endogenous protection mechanisms against superoxide have
been described, including superoxide dismutase (SOD), per-
oxiredoxin V, selenium-containing amino acids and gluta-
thione peroxidase, as reviewed by Arteel et al. [4] and Szabo
et al. [42]. The SOD enzyme has three isoforms as reviewed
by Fukai et al. [13]. Cytoplasmic Cu/ZnSOD (SOD1), mi-
tochondrial MnSOD (SOD2), and extracellular Cu/ZnSOD
(SOD3) all catalyze the dismutation of superoxide into O2

and H2O2.
MnSOD is the first-line defense against superoxide gen-

erated in mitochondria; the major intracellular source of the
superoxide radical. It upregulates in neurons and in activat-
ed microglia following increased superoxide formation [36].
Over-expression of MnSOD causes reduced lipid peroxida-
tion, protein nitration, and neuronal death after experimental
TBI [25] and MnSOD deficient mice perish at an early stage
[29, 27].

MnSOD and iNOS were only detected in the perilesional
areas, concurring with studies of ischemic brain injury [40].
Interestingly, we found that MnSOD was upregulated in
PVGa rats compared to DA rats. It is probable that higher
levels of MnSOD suppressed excessive formation of perox-
ynitrite, protecting the PVGa rat from unwarranted oxida-
tive and nitrosative stress. The findings suggest a balance of
the two potentially damaging and protective mechanisms.
We cannot assess whether underlying genetic differences
determined the higher iNOS and MnSOD expression in
one strain, or whether a rapid adaptive regulation led to a
secondary MnSOD synthesis in animals with higher levels
of NO. An extended study with several earlier and later
time-points could be expected to elucidate whether the strain
difference reflects different kinetics of iNOS expression, or
whether the total amount of iNOS differs. In addition, fur-
ther time-points might show whether iNOS and MnSOD
levels correlate at all time points, or whether MnSOD
increases in a delayed fashion, as if secondarily induced.
These analyses, together with exact quantification of the

Table 2 Origin of iNOS-positive cells in double-staining immunoflu-
orescence for iNOS and related cellular markers, presented for each
antibody as a percentage of total iNOS-positive cells

Strain/antibody NeuN ED-1 W3/13

DA <10% 50% 36%

PVGa <10% 36% 34%

Fig. 8 Photomicrographs of
the perilesional area showing a
MnSOD-positive neurons with
visible axon and b grouped
MnSOD-positive neurons.
Counterstaining with hematox-
ylin (400×). Scale bar 20 μm
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reaction products, are necessary for a profound understand-
ing, but include extensive analyses that are beyond the
scope of this initial study.

Our results add to the growing knowledge that genetic
factors alter the appearance of secondary inflammation fol-
lowing TBI. Our findings also highlight that a potentially
relevant difference of one damaging substance may well
lead to a secondary up-regulation of protective measures.
The damaging and protective mechanisms are interrelated
and it is necessary to explore how these balance each other
under different circumstances and in different individuals.
Indeed, a complex relationship between iNOS induction and
neuronal death in the inflammatory environment is evolu-
tionary probable. iNOS is mainly considered to be detrimen-
tal due to the induction of oxidative stress. However, iNOS
knockout mice do worse than wild-type rodents in TBI
experiments. In analogy with our findings, it may be spec-
ulated that an absence of iNOS may have been balanced by
low levels of radical scavengers. The difference in oxidative
defense may partly explain why the PVGa strain shows
better resistance to neuroinflammatory induction protocols.

Conclusions

Following experimental TBI, iNOS expression was higher
in PVGa rats than in DA rats. A genetically different pattern
of post-traumatic inflammation was suggested. Interestingly,
potentially protective MnSOD was also increased. Anti-
oxidative protection mechanisms appeared to compensate
for higher levels of iNOS, preventing additional peroxyni-
trite formation and neuronal death. We could not assess
whether the differences reflect genetic programming or
whether MnSOD levels represent a secondary increase in-
duced by initial iNOS-catalyzed NO levels in PVGa rats.
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