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Abstract
Background: Blast-induced neurotrauma (BINT) is the signature life threatening injury of current military casualties.
Neuroinflammation is a key pathological occurrence of secondary injury contributing to brain damage after blast
injury. We have recently demonstrated that blast-triggered complement activation and cytokine release are
associated with BINT. Here, we evaluated if administration of the complement inhibitor recombinant human decayaccelerating factor (rhDAF) is beneficial on neuroinflammation and neurodegeneration in a rat model of moderate
BINT. Administration of rhDAF after exposure to moderate blast overpressure (BOP, 120 kPa) mitigated brain injury
characterized by neuronal degeneration. rhDAF treatment reduced complement hemolytic activity at 3 hours and
tissue complement deposition at 3, 24, and 48 hours as well as systemic and local cytokine release at 24 hours post
BOP. Furthermore, rhDAF protected blood–brain barrier (BBB) integrity and reduced cytotoxic edema. Interaction
between complement cleavage component, C3a and C3a receptor and tau phosphorylation were also attenuated
in rhDAF treated animals at 3 and 24 hours after BOP. These novel findings suggest early complement targeted
inhibition as a new therapeutic strategy to decrease neuroinflammation and neurodegeneration after blast TBI.
Result: Administration of rhDAF after exposure to moderate blast overpressure (BOP, 120 kPa) mitigated brain injury
characterized by neuronal degeneration. rhDAF treatment reduced complement hemolytic activity at 3 hours and
tissue complement deposition at 3, 24, and 48 hours as well as systemic and local cytokine release at 24 hours post
BOP. Furthermore, rhDAF protected blood–brain barrier (BBB) integrity and reduced cytotoxic edema. Interaction
between complement cleavage component, C3a and C3a receptor and tau phosphorylation were also attenuated
in rhDAF treated animals at 3 and 24 hours after BOP.
Conclusion: These novel findings suggest early complement targeted inhibition as a new therapeutic strategy to
decrease neuroinflammation and neurodegeneration after blast TBI.
Keywords: Blast overpressure, Blast-induced neurotrauma, Complement activation, Blood–brain barrier, Tauopathy,
Decay-accelerating factor

Background
Traumatic brain injury (TBI) is a leading cause of death
and disability, contributing to one-third of all injuryrelated deaths in the United States, and a significant
cause of loss of productivity [1]. It is estimated that 1020% of returning veterans sustain TBI while deployed,
making TBI the hallmark injury of current military casualties. In these cases, most TBI results from exposure
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to blast overpressure (BOP) from explosive devices,
resulting in cell death and neuronal dysfunction. Furthermore, military casualties exposed to blast often experience delays in medical evacuation to higher echelons
of care, with time intervals ranging from 1 hour to several days [2]. During this time frame, secondary molecular responses promote further neuronal injury and
consequently, neurodegeneration. The development of
secondary injury subsequent to the primary injury provides a window of opportunity for therapeutic intervention to prevent progressive tissue damage after
traumatic brain injury (TBI) [3]. Neuroinflammation is a
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well-established secondary injury mechanism that largely
contributes to damage observed after TBI [4].
Neuroinflammation following TBI is mediated by an
early activation of the innate immune system [5]. The
complement system, a key player in innate immunity,
may participate as an important early mediator of
neuroinflammation and neurodegeneration after TBI.
Various studies in animal models and clinical studies
have demonstrated elevated levels of complement components and complement activation fragments in serum,
cerebrospinal fluid (CSF), and brain parenchyma after
TBI, with broad parenchymal deposition of complement
components [6-9]. In both clinical and experimental
studies, severe secondary insults in TBI were observed
in parallel to pronounced complement activation, specifically increased levels of the complement activation
product, C5b-9 [10]. These secondary injuries include
the recruitment of inflammatory cells into the intrathecal compartment, the induction of blood brain barrier (BBB) dysfunction by activated complement C3a
and C5a, the induction of neuronal apoptosis through
the neuronally expressed C5a receptor (C5aR), and homologous cell lysis mediated by C5b-9 [11]. Prior studies
from our lab report that complement activation and
C3a-C3aR interaction are associated with hypoxiainduced disruption of neuronal networks, loss of dendritic spines, and neuronal apoptosis [12].
Genetic and pharmacological manipulation of both
complement levels and complement activation in mouse
models of TBI are reported to be highly neuroprotective,
suggesting the complement cascade is a critical target for
managing post-TBI tissue damage. Mice deficient in the
C3 gene [13,14] or overexpressing complement regulatory
proteins such as Crry or vaccinia virus complement control protein, exhibit significant neuroprotection, attenuated BBB disruption, and improved neurological outcome
after injury [15,16]. Inhibition or deficiency of other complement components have also been demonstrated to be
effective in ameliorating injury, including inhibition of C1
by C1-inhibitor (C1-INH) [17], C4 deficiency or inhibition
by C4 antibody [18], C5aR blockade [19], and factor B deficiency [20] or inhibition by factor B antibody [21]. In our
most recent work, we found early complement activation
was dramatically increased profound after blast injury. In
addition, higher systemic and local levels of C5b-9 were
detected as early as 3 h and persisting for up to 48 h were
associated with BINT in rats exposed to blast overpressure
(BOP) [22]. These results strongly suggest early administration of complement inhibitors as a novel and viable
pharmaceutical strategy to mitigate BINT.
Administration of decay-accelerating factor (DAF), an
inhibitor of alternative and classical complement activation pathways has been shown to protect neurons from
hypoxia-induced disruption of neuronal networks, loss
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of dendritic spines, and neuronal apoptosis in cultured
primary neuronal cells [12]. In the study presented here,
we hypothesized that the complement system plays a
critical role in the development of secondary injury and
early administration of DAF would be neuroprotective
in a rat model of blast-induced neurotrauma.

Methods
Animals

Adult pathogen-free male Sprague–Dawley rats weighing
250 to 300 g (Charles River, Wilmington, MA) were used
in this study. Experiments were conducted in compliance with the Animal Welfare Act at an AAALAS
accredited institution and in accordance with the principles of the Guide for the Care and Use of Laboratory
Animals. The study was approved by the Naval Medical
Research Center Institutional Animal Care and Use
Committee.
Reagents

Recombinant human DAF (rhDAF) and biotinylated
anti-human DAF was obtained from R&D systems
(Minneapolis, MN). Chicken anti-mouse C3/3a, mouse
anti-rat endothelial cells, mouse anti-rat aquaporin-4,
and rabbit anti-p-tau (phosphor T205) antibodies were
obtained from Abcam Inc. (Cambridge, MA). Mouse antirat C3a receptor (C3aR) and mouse anti-rat C5b-9 antibodies were acquired from Hycult Biotech Inc (Plymouth
Meeting, PA). Biotinylated goat anti-rat IgG was from
Vector Laboratories (Burlingame, CA). Streptavidin Alexa
Fluor 488, goat anti-mouse Alexa Fluor 488-, goat antirabbit 594-, and goat anti-chicken 594-conjugated secondary antibodies, and ProLong Gold antifade reagent were
from Invitrogen (Carlsbad, CA). Bio-Plex Pro™ rat cytokine multiplex assay kit was purchased from Bio-Rad laboratories (Hercules, CA).
Experimental design and administration of DAF

Exposure to blast was conducted as previously described
[22]. Briefly, adult male rats were anesthetized with intraperitoneal injection of ketamine/xylazine (60/5 mg/kg)
and randomly assigned to each experimental group. Anesthetized animals were placed into the end of the expansion
chamber of a compressed air-driven shock tube (2.5 ft
compression chamber connected to a 15 ft expansion
chamber) and fixed into a holder to restrict any body
movement from blast impact and prevent subsequent secondary or tertiary blast injuries. Animals were subjected to
a single blast exposure with mean peak overpressure of
120 ±7 kPa with their right side ipsilateral to the direction
of the BOP. Animals were randomly assigned to one of
seven experimental groups: 1) Control, animals underwent
anesthesia, suspension, and time delays except for BOP
(n = 8); 2) BOP-3 h, animals were subjected to BOP
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followed by a bolus injection (vehicle, 0.5 ml of saline) via
tail vein 30 min post BOP and recovered for 3 h (n = 8); 3)
BOP-24 h, animals were exposed to BOP + vehicle and recovered for 24 h (n = 8); 4) BOP-48 h, animals underwent
BOP + vehicle and recovered for 48 h (n = 5); 5) DAF-3 h,
animals were exposed to BOP followed by a bolus of
rhDAF (50 μg/kg body weight) injection via tail vein
30 min post BOP and recovered for 3 h (n = 6); 6) DAF24 h, animals were exposed to BOP followed by a bolus
of rhDAF (50 μg/kg body weight) injection via tail vein
30 min post BOP and recovered for 24 h (n = 8); and 7)
DAF-48 h, animals were exposed to BOP followed by a
bolus of rhDAF (50 μg/kg body weight) injection via tail
vein 30 min post BOP and recovered for 48 h (n = 5).
Blood and tissue collection

Animals were euthanized with an overdose of pentobarbital at indicated time points, and blood was withdrawn
by cardiac puncture. Serum samples were collected by
centrifuging at 4000 rpm for 10 minutes and stored at 80°C until use for systemic cytokine analysis and CH50
assay. The brains were quickly removed, and cut at
3-mm thickness. The cerebral slices were frozen, and
stored at -80°C until use for measuring tissue levels of
cytokines. The cerebral slices were fixed in 10% formalin
solution for histological evaluation, or fixed in 4% paraformaldehyde for immunohistochemical staining.
Histological evaluation

Ten percent formalin-fixed tissues were embedded in
paraffin. Coronal sections were then cut, and stained
with hematoxylin-eosin (H&E). Five random histologic
images were recorded at × 400 magnifications under an
Olympus AX80 light microscope (Olympus, Center
Valley, PA) and graded by a pathologist blinded to the
treatment group.
Frontal cortical and hippocampal (dentate gyrus, DG)
damage was assessed by five distinct morphological parameters: neuronal morphological changes (shrinkage of
the cell body, pyknosis of the nucleus, disappearance of
the nucleolus, and loss of Nissl substance, with intense
eosinophilia of the cytoplasm), neuronal loss, cytotoxic
edema, vasogenic edema, and inflammatory cell infiltration in the brain cortex. The changes were scored
according to their extent (score 0, 1, 2, 3, and 4 for an
extent of 0%, < 25%, 25–50%, 50–75%, and 75–100%,
respectively) and the severity of the injury (score 0 =
normal histology, score 1 = slight, 2 = mild, 3 = moderate,
and 4 = severe alterations). The injury score represents
the sum of the extent and the severity of injury.
Immunohistochemical staining

After 4% paraformaldhyde fixation, brains were transferred to 20% sucrose (w/v) in PBS overnight at 4°C,
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followed by freezing in Tissue-Tex OCT mounting
medium. Coronal frozen sections were cut at 5-μm
thickness with a cryostat and mounted onto glass slides.
The tissues where fixed in cold acetone or 4% paraformaldehyde for 20 min and permeabilized with 0.2% Triton X-100 in PBS for 10 min. The sections were blocked
with 2% bovine serum albumin and incubated with the
primary antibodies overnight at 4°C. After washing, the
sections were incubated with the appropriate secondary
antibodies labeled with Alexa Fluor 488 or 594 for 1 h
at room temperature. After washing, the sections were
mounted with ProLong Gold antifade solution containing 4, 6’-diamidino-2-phenylindole and visualized
under a Radiance 2100 confocal laser scanning microscope (Bio-Rad,Hercules, CA) at × 200 or × 400 magnification. Negative controls were conducted by substituting
the primary antibodies with corresponding immunoglobulin isotypes. Captured digital images were processed by Image J software (NIH, Bethesda, MD).
Immunofluorescent quantification

This procedure is based on a modified method as described
previously [23]. Briefly, four to six images from each animal
were calibrated using the Adobe Photoshop software and
adjusted until only the fluorescent deposits and no visible
tissue background. The image was changed to black-andwhite pixels with black representing deposits of the target
proteins and white representing nonstained areas of the
image using the Image J software. Using the image Adjust
Threshold command, the image was then changed to red
and white (fluorescent deposits were in red). Image analysis
resulted in the red total area in pixels squared. Values for
total area for all animals in each group were averaged to
give the average area of fluorescent deposit.
Fluoro-jade B staining

Coronal frozen sections were cut at a thickness of
20 μm with a cryostat. The sections were collected in
0.1 M phosphate buffer (PB) and mounted onto 1% gelatin coated slides and air dried on slide warmer at 50°C
for 30 min. The slides were immersed in a solution
containing 1% sodium hydroxide in 80% alcohol for
5 min followed by 2 min in 70% alcohol and 2 min in
distilled water. The slides were then transferred to a solution of 0.06% KMnO4 for 10 min and washed 3 times
in ultrapure water for 1 min each. The slides were subsequently stained in 0.001% Fluoro-Jade B (Histo-Chem
Inc., Jefferson, AR) in 0.1% acetic acid for 15 min. and
rinsed 3 times in ultrapure water for 1 min each. The
slides were allowed to air dry on slide warmer at 50°C
for 10 min and cleared by immersion in xylene for
1 min before coverslipping with DPX (Sigma, St. Louis,
MO). Digital images were collected on a fluorescent
microscope at × 200 magnification.
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Tissue protein extraction

Frozen brain tissue samples were thawed, washed with
ice-cold phosphate-buffered saline (PBS), suspended in
radio-immunoprecipitation assay (RIPA) buffer containing
protease inhibitors (2 μg/ml of aprotinin, 10 μM of
leupeptin, 1 mM of phenylmethylsulfonyl fluoride), and
minced on ice. Brain tissue was homogenized on ice and
clarified at 13,000 rpm for 15 min at 4°C. Aliquots of
supernatant were used to determine protein concentration
by Bio-Rad DC protein assay kit and cytokines (Bio-Rad
Laboratories, Hercules, CA).
Cytokine quantification

Cytokine levels in the serum and brain tissue were measured by Bio-Plex Pro™ rat cytokine multiplex assay kit
according to the manufacturer’s instructions using the
Luminex® 200™ system (Invitrogen, Carlsbad, CA).
CH50 assay

Serum complement activity was determined based on
hemolytic activity. Briefly, antibody-sensitized Gallus
gallus domesticus red blood cells (Colorado Serum Company, Denver, CO) were incubated for 1 h at 37°C with
serial dilutions of serum samples in gelatin-Veronal
buffer (pH 7.3). After centrifugation, absorbance of the
supernatant was determined at 405 nm, and the serum
concentration inducing 50% of complement hemolytic
activity was determined as CH50 value.
Statistical analysis

Data are expressed as mean ± standard error of the mean
(SEM). One-way analysis of variance (ANOVA) followed
by Bonferroni or unpaired t-test was performed using
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GraphPad Prism® (5.0, GraphPad Software, San Diego,
CA). P value <0.05 was considered as significant.

Results
Recombinant human DAF deposits in rat cortex and
hippocampus

Deposition of rhDAF in the brain was determined by immunohistochemical staining using anti-human DAF antibody. As shown in Figure 1a and b, rhDAF deposition was
observed in the cortex and hippocampus of DAF-treated
animals. Deposition of rhDAF appeared to be associated
with the cerebral endothelium. No rhDAF deposition was
evident in the controls and non treated animals.
Administration of rhDAF mitigates brain neuronal
degeneration in rats subjected to BOP

Histological analysis of the frontal cortex in the ipsilateral and contralateral sides after a recovery period of 3,
24 and 48 h following blast exposure revealed microscopic changes in the grey matter (Figure 2a and b).
BOP exposure resulted in bilateral capillary damage,
brain edema and neural morphological changes characterized by cell body shrinkage and nuclear pyknosis.
These changes were significantly attenuated by an early
bolus administration of rhDAF (50 μg/kg), 30 minutes
after blast exposure. The beneficial effects of DAF administration were seen throughout the recovery periods
of 3, 24 and 48 h after the blast exposure.
As shown in Figure 2c and d, histopathological analysis
of the ipsilateral and contralateral dentate gyrus demonstrated significant changes in neuronal morphology in
comparison to controls at 3, 24 and 48 h post BOP. These
changes were characterized by bilateral neuronal loss
and pyramidal cell alteration with morphologic features

Figure 1 Deposition of rhDAF in the brain cortex and hippocampus of animals treated with rhDAF. Representative photomicrographs of
frontal grey matter (a) and hippocampal DG (b) from the frozen sections of rat brains immunostained by anti-human DAF (red) and anti-endothelial
cell (EC, green) antibodies. Original magnification of × 200. Scale bar, 200 μm. n = 8 for control, 3 and 24 h experimental groups. n = 5 for 48 h
experimental groups.
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Figure 2 Early treatment of DAF attenuates brain injury of rats exposed to 120 kPa BOP. a and c: Representative photomicrographs of
coronal paraffin sections stained with H&E of control, BOP-3 h, BOP-24 h and BOP-48 h untreated and treated with rhDAF (50 μg/kg) 30 min post
blast exposure. a: brain frontal cortical grey matter and c: hippocampal dentate gyrus, DG. Original magnification of × 400. Scale bar, 100 μm.
b and d: Mean brain injury scores, n = 8 for control, 3 and 24 h experimental groups, n = 5 for 48 h experimental groups. Injury scores calculated
using the criteria as described in the Methods. Graphs expressed as mean ± SEM, and compared using one-way ANOVA followed by Bonferroni test.

consisting of shrinkage of cell body, pyknois of nucleus,
disappearance of nucleolus, and loss of Nissl substance.
Notably, the morphological alteration of the hippocampus
from BOP was markedly improved in animals treated
with rhDAF (Figure 2).

Similar to what was observed with H&E staining, a
significant increase in Fluoro-Jade B staining in both
the cortex and hippocampus from 3 h to 48 h after
BOP, peaking at 24 h was observed (Figure 3a and b).
In contrast, rhDAF treatment significantly reduced
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Figure 3 Early administration of DAF improves BOP-induced neurodegeneration. Coronal frozen sections of 20-μm thickness were stained
with Fluoro-Jade B as described in the Methods. Representative Fluoro-Jade B staining in frontal grey matter (a) and hippocampus (DG) (b)
following BOP. n = 8 for control and experimental groups. Original magnification of × 200. Scale bar, 200 μm.

Fluoro-Jade B positive cells in the cortex and hippocampus after BOP (Figure 3a and b). Fluoro-Jade B is a
specific marker for the histological staining of neurons
undergoing degeneration. Thus, these results indicate
that the BOP-induced morphological alterations seen
in the hippocampus and cortex are primarily due to
neurodegeneration.
rhDAF attenuates complement activation and deposition
in rats exposed to BOP

BOP-induced changes in complement function were
assessed by complement hemolytic activity assay. As
shown in Figure 4, complement hemolytic activity was
significantly reduced in the serum of blast exposed
animals obtained at 3 h, indicating that complement
activation occurred after BOP exposure. Complement
hemolytic activity was virtually abolished 24 h after

BOP and returned to pre-BOP exposure levels after
48 h post BOP (data not shown). Complement hemolytic activity significantly increased in rats treated with
rhDAF at 3 h after BOP demonstrating complement inhibition by rhDAF.
Previously we have demonstrated higher levels of complement activation and deposition in rat brains at 3 and
48 h after exposure to 120 kPa BOP [22]. As expected, increased deposition of C3 and C5b-9 at the superficial
layers of the cortex as early as 3 h and lasting 24 and
48 h after blast was observed (Figure 5a and b). Deposition of C5b-9 was seen after 3 and 24 h post blast in the
hippocampus, whereas limited deposition was found at
48 h after blast. The deposition of complement components in the cortex and hippocampus after blast exposure
was significantly attenuated with the administration of
rhDAF (Figure 5).
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DAF decreases expression and interaction of C3a and
C3aR in rat brain after BOP

Increased expression and interaction of C3a and C3a receptor (C3aR) were observed in both the cortex and
hippocampus at 3 and 24 h after BOP when compared
to respective controls (Figure 6a and b). In contrast,
early injection of rhDAF at 30 min post BOP led to a
significant reduction in the expression and interaction of
C3a and C3aR in brain tissue at 3 h and 24 h after blast
injury (Figure 6a and b).

Figure 4 Effect of DAF on complement function after blast
exposure. Complement function was measured by hemolytic
activity (CH50) assay. Group data is expressed as mean ± SEM and
compared using one-way ANOVA followed by Bonferroni test. n = 8.

rhDAF inhibits systemic and local cytokine release in rats
exposed to BOP

It has been well established that inflammation represents
a common pathological reaction to TBI. In particular,
production of multiple inflammatory cytokines and
chemokines is one of the characteristics of TBI [3].
These changes occurred in the current model of

Figure 5 Early administration of DAF decreases C3 and C5b-9 deposition in brain tissue from BOP exposed animals. Representative
photomicrographs of brain frozen sections were stained with anti-C3/3a and C5b-9 antibodies (top), and the total fluorescence of C3 and C5b-9
deposition (bottom). Frontal grey matter (a and c) and hippocampus (DG) (b and d). Original magnification of × 200. Scale bar, 200 μm. Group
data is expressed as mean ± SEM and compared using one-way ANOVA followed by Bonferroni test. n = 8 for control, 3 and 24 h experimental
groups. n = 5 for 48 h experimental groups.
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Figure 6 DAF treatment reduces interaction of C3a-C3aR in the rat brain tissue after blast exposure. Representative photomicrographs of
C3a-C3aR interaction in frontal grey matter (a) and hippocampus (DG) (b) of frozen sections stained with anti-C3a (red) and anti-C3aR (green)
antibodies. Original magnification of × 200 (grey matter) and × 400 (DG). Scale bars, 200 μm (grey matter) and 100 μm (DG). n = 8 for control,
3 and 24 h experimental groups. n = 5 for 48 h experimental groups.

moderate BOP in rats, where systemic pro- and antiinflammatory cytokines were found to be released at significant levels as early as 3 h, reaching to peak at 24 h, and
diminished at 48 h after BOP exposure. In particular, BOP
triggered the release IL-1β, EPO, TNFα and IL-10 in the
serum (Figure 7a-d). Interestingly, rhDAF treatment not
only inhibited pro-inflammatory cytokine release (IL-1β
and EPO) but also reduced anti-inflammatory cytokine
(IL-10) production after the blast exposure. The release of
these cytokines were slightly reduced at 3 h, and significantly attenuated at 24 h after BOP by an early bolus
administration of rhDAF (Figure 7a-d).
Similar findings were found in local production of cytokines in the rat cortex. Specifically, exposure to BOP
significantly elevated levels of RANTES at 24 h after
blast (Figure 7f ). Although not significant, there was a
trend towards increased levels of IL-1β, IL-18, IL-12p70,

IL-6, IL-10, TNFa, and EPO, at 24 h after blast injury
(Figure 7e-h). This observed increase of IL-1β, TNFα,
RANTES, and IL-18 returned back to control levels after
rhDAF treatment.
rhDAF reduces phosphorylated tau in rat brain after blast
exposure

It has been well established that hyperphosphorylation of
tau (p-tau) is involved in various neurodegenerative diseases [24]. A recent report presented evidence of accumulation of p-tau in mice blast TBI [25]. We investigated the
effects of blast on tau phosphorylation in the cortex and
in the dentate gyrus area of the hippocampus in our blast
model. Phosphorylated tau immunoreactivity was observed in the cortex and hippocampus as early as 3 h and
increased up to 48 h after blast in comparison to the controls (Figure 8a and b). Interestingly, administration of
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Figure 7 DAF treatment decreases systemic and local cytokine levels in animals exposed to BOP. Cytokine levels of blood serum
(a-d) and brain frontal cortex (e-h) were measured by Luminex 200 using Bio-Plex Pro™ rat cytokine multiplex assay. Group data is expressed as
mean ± SEM and compared using unpaired t-test. n = 8 for serum samples and n = 3 for brain tissues.
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(See figure on previous page.)
Figure 8 DAF treatment decreases tau phosphorylation in animal brain tissue after BOP exposure. Representative photomicrographs of
frozen brain sections stained with anti-p-tau antibody (top) and the total fluorescence of p-tau (bottom). Frontal grey matter (a) and
hippocampus (DG) (b). Original magnification of × 200. Scale bar, 200 μm. Group data is expressed as mean ± SEM and compared using one-way
ANOVA followed by Bonferroni test. n = 8 for control, 3 and 24 h experimental groups. n = 5 for 48 h experimental groups.

rhDAF attenuated the increased phosphorylation of tau at
3 and 24 h post blast (Figure 8a and b). However, rhDAF
administration had little effect on the expression and
accumulation of p-tau at 48 h after blast exposure.
rhDAF decreases aquaporin-4 (AQP-4) expression in
cerebral cortex

Increased expression and upregulation of AQP-4 has
been associated with brain cytotoxic edema in TBI
models [26]. Consist with our previous findings [22],
BOP led to significant increases in AQP-4 expression in
the cortex at 3 and 24 h after injury (Figure 9). Noteworthy, treatment with rhDAF significantly reduced
AQP-4 expression compared to the untreated group
after blast exposure (Figure 9).
rhDAF protects the blast-induced BBB vascular
permeability

Traumatic brain injury disrupts the BBB integrity leading to extravasation of inflammatory proteins and infiltration of immune cells into the brain, and subsequent
neuroinflammation and neurodegeneration. The spatial
extravasation of endogenous IgG immunoreactivity was
used as an index for BBB breakdown following BOP exposure [27]. Qualitative assessment of IgG extravasation
revealed a significant increase in IgG immunoreactivity
in the outer most layer of the cortex at 3, 24, and 48 h
after BOP exposure (Figure 10). Treatment with rhDAF
significantly reduced the extravasation of IgG at 3, 24
and 48 h after blast exposure (Figure 10), indicating its
potential in protection of BBB injury.

Discussion
Previously, we have demonstrated that early complement
activation and inflammatory response were associated
with blast-induced neurotrauma in rats after a moderate
BOP exposure (120 kPa) [22]. In this study, we evaluated
the effects of complement inhibition on neuroprotection
after blast injury. We found that: 1) administration of
rhDAF 30 min after moderate blast exposure displays a
protective effect on brain histological damage as well as
BBB breakdown and brain edema during the first 24 and
48 h after BOP; 2) rhDAF treatment attenuates blasttriggered systemic complement activation at 3 h and
local complement deposition during the first 48 h, as
well as systemic and local cytokine release at 24 h after
the injury; and 3) Treatment with rhDAF reduces blastinstigated C3a-C3aR interaction and tau phosphorylation

during the first 24 h after the blast exposure. Taken together, the data presented here provides first line evidence of early complement inhibition as an effective
therapeutic strategy for blast-induced neurotrauma and
neuroinflammation.
DAF, a ubiquitously expressed intrinsic complement
regulatory protein, inhibits complement activation by
preventing the assembly or accelerating the disassembly of
the C3/C5 convertases in both the classic and alternative
pathways thereby limiting the local C3a/C5a and C5b-9
production [28]. Human DAF has a structure similar to
rat DAF and has displayed cross-species reactivity [29].
The selected dosage of rhDAF was in the titrated range
used in the previous studies of hypoxia in rat primary
neuronal cells [12], mouse ischemia-reperfusion [23,28],
swine hemorrhagic shock [30,31] and rat hemorrhagic
shock (unpublished data). The time window for rhDAF
administration (30 min) after blast injury used in this
study was based on previous findings that systemic
complement activation after a moderate BOP exposure
paralleled BBB breakdown as early as 3 h, persisting up to
48 h, and returning to control levels by 72 h after the injury [12,22]. Intravenous administration of rhDAF accumulated in the brain cortex and hippocampus as early as
3 h and persisted up to 48 h following BOP (Figure 1).
The distribution of rhDAF in the brain was associated
with the cerebral endothelium, suggesting that it might
bind to the damaged endothelium and enter into the brain
through the breached BBB after the blast injury.
C3a-C3aR interaction is a common initiating signal for
subsequent reactions that initiates an inflammatory response. C3aR, a G-protein coupled receptor, is constitutively expressed in the central nervous system, on both
neurons and glia [32]. Significant up-regulation of C3aR
in murine brain after ischemia has been observed
[12,33]. Interaction of C3a-C3aR leads to enhanced and
maintained inflammatory responses such as leukocyte
infiltration, vascular permeability, leukocyte activation,
and inflammatory cytokine production [34]. Consistent
with our previous findings [12], increased C3aR expression and interaction of C3a-C3aR were observed in rats
exposed to BOP. Notably, C3a-C3aR engagement was
markedly reduced in rhDAF-treated BOP injured animals, presumably through limiting local expression of
C3aR and C3a and/or preventing the extravasation of
systemic C3a through increased integrity of the BBB.
TBI results in brain microvasculature and BBB damage,
leading to increasing BBB permeability. BBB integrity was
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Figure 9 DAF treatment reduces expression of aquaporin-4 in the animal brain cortex post BOP exposure. Representative
photomicrographs of frozen brain sections were immunostained with anti-aquaporin-4 antibody (top panel) and the total fluorescence of
aquaporin-4 (bottom panel) Original magnification of × 200. Scale bar, 200 μm. Group data is expressed as mean ± SEM and compared using
one-way ANOVA followed by Bonferroni test. n = 8 for control, 3 and 24 h experimental groups. n = 5 for 48 h experimental groups.

assessed by immunoglobulin (IgG) staining. Staining
for immunoglobulin (IgG) is an effective technique for
assessing BBB integrity as the breach of the BBB to plasma
protein, such as IgG, is a prominent feature of experimental brain injury [35]. The increased BBB permeability
observed during the initial 48 h after blast (Figure 10) is
congruent with previously reported increases in IgG staining at 3 and 24 h following blast [27]. In contrast, in
rhDAF treated animals a significant reduction in BBB permeability was observed. BBB limited permeability with
rhDAF treatment could be one way in which local cytokines and complement activity is down-regulated.
Our previous and current data demonstrated increased
deposition of C3 and C5b-9 associated with cortical vasculatures at 3 and 48 h after BOP exposure, suggesting
complement deposition could be playing pivotal role in
BBB disruption post-injury. In agreement, early rhDAF
treatment reduced local complement deposition (C3
and C5b-9) 3, 24 and 48 h post-injury and concurrently

reduced BBB permeability (Figures 5, 6 and 10). The
paralleled change between BBB dysfunction and complement deposition (C3 and C5b-9) indicates that systemic
complement activation may contribute to complement
protein accumulation in the brain cortex via crossing the
damaged BBB following blast injury. Nevertheless, BOP
exposure might have also resulted in elevation of C3
transcription in the cortex, suggesting the late complement protein accumulation could be, at least partially,
produced locally through a C3a-C3aR interaction.
Interestingly, treatment with rhDAF decreased systemic and local cytokine levels at 24 h but not at 3 h
after blast. The delayed effect of rhDAF on systemic
cytokine release suggests an indirect effect of DAF on
cytokine production presumably through the interruption of the C3a-C3aR and/or C5a-C5a receptor (C5aR)
interaction and subsequent attenuation of cytokine synthesis via down-regulation of inflammatory gene transcriptional activity [36-38]. However, the effect of rhDAF
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Figure 10 DAF treatment decreases IgG immunoreactivity in brain cortical sections after BOP exposure. Representative
photomicrographs of frozen sections stained anti-rat IgG antibody (top panel) and the total fluorescence of IgG (bottom panel). Original
magnification of × 200. Scale bar, 200 μm. Group data is expressed as mean ± SEM and compared using one-way ANOVA followed by Bonferroni
test. n = 8 for control, 3 and 24 h experimental groups. n = 5 for 48 h experimental groups.

on local cytokine attenuation in the cortex could be due
to both the inhibition of cytokine synthesis via the interruption of C3a-C3aR engagement and the decrease of
extravasation of systemic cytokines through the enhancement of BBB integrity.
AQP4, the principal member of the aquaporin protein
family in the central nervous system, is expressed in
astrocyte processes of the glia limitants externa and in
perivascular astrocyte foot processes. AQP4 plays a key
role in cerebral cytotoxic edema formation [26]. We observed an increased expression of AQP4 in the brain
during the first 24 h which correlated with early cytotoxic edema. AQP4 expression largely normalized 48 h
after the blast injury, indicating that cytotoxic edema is
an early event in blast-induced brain injury. It is interesting to note, complement system activation has been
reported to enhance AQP4 expression [22] and the observed increase in complement activation after blast exposure may play an important role in brain cytotoxic
edema induced by AQP4. In agreement, our data shows
that rhDAF exerted a protective effect on cytotoxic
edema, and normalized blast-induced overexpression
of AQP4. In addition, pro-inflammatory cytokines have
been reported to induce the expression of AQP4 in rat
astrocytes [39,40]. This regulatory effect of DAF on
AQP4 expression could be at least partially explained by

its role in attenuating the expression of IL-1β and IL-18,
which has been shown to down-regulate AQP4 expression after TBI.
Increasing evidence suggests that TBI is associated
with tauopathy, characterized by neurofibrillary tangles
and neuropil threads composed of hyperphosphorylated
tau [41]. Recent studies in mice with genetic deficiency
of CD59 and Cr-related protein Y have demonstrated
that the complement system has an active role in the
development of tau pathology and neurodegeneration
[42,43]. In the present study, hyperphosphorylated tau
developed during the first 48 h after blast injury. These
results are consistent with other reports which showed
tauopathy in military personnel exposed to explosive
blast as well as in blast-exposed mice [25]. Intriguingly,
rhDAF treatment reduced early tau phosphorylation at 3
and 24 h, but not at 48 h after the blast. One possible explanation could be early tau phosphorylation, but not late
tau phosphorylation, is complement activation-dependent.
Another possibility is rhDAF, although present in the brain
tissues 48 h after administration may not be functional to
down regulate tau phosphorylation. Further studies will be
needed to confirm these speculations.
Increased expression of C5aR was reported to be associated with enhanced phosphorylated tau in the brain of
Alzheimer’s patients [44]. Moreover, treatment with a
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C5aR antagonist reduced the amyloid deposits and tau
phosphorylation with enhanced neuronal functions in a
murine model of Alzheimer’s disease [45]. Although increased expression of C5aR and interaction of C5a-C5aR
was not observed in this study (data not shown), it is
very likely that early tau phosphorylation is regulated by
the enhanced C3a-C3aR signaling axis in our blast TBI
model. Tau is also reported as a potent, antibodyindependent activator of the classical complement pathway in chronic neurodegenerative disease [46,47]. Thus
hyperphosphorylated tau, in turn, might lead to and/or
maintain local cerebral complement activation after blast
injury. Blast exposure has been considered to increase
the risk for late development of chronic traumatic encephalopathy (CTE), a tau protein-linked neurodegenerative disorder, which is associated with post-traumatic
stress disorder (PTSD) [20]. Consequently, the ability of
tau to activate classical complement pathway could provide a mechanism for initiating and sustaining a chronic,
low-level cerebral inflammatory response that may cumulate over the disease course and contribute to PTSD
after blast injury. Future studies will be necessary to
look into the relationship between complement and
tauopathy at subacute and chronic phases of blast injury,
and to determine whether complement inhibition has
beneficial effects on blast-induced CTE.

Conclusions
DAF protects against BINT by suppressing the systemic
and local inflammatory response, reducing tau phosphorylation, improving BBB integrity, and decreasing cytotoxic
edema. Modulation of the complement system after TBI is
a novel and promising therapeutic tool aimed at manipulating secondary injury processes after BINT.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
YL participated in the experimental design, performed the blast experiment,
sampling, immunofluorescent staining, histological evaluation, data analysis,
manuscript writing and formatting. MC participated in the animal
experimental design and manuscript revision. JS performed the tissue
cytokine assay, edited and formatted the manuscript. BL performed
immunostaining, Fluoro-Jade B staining, CH50 assay, and blood and tissue
cytokine assays. RMM and JDR provided critically important intellectual
revision and scientific consultation. JJDL conceived the study, design and
coordinated execution, performed data analysis and interpretation, wrote
and gave final approval for manuscript submission. All authors read and
approved the final manuscript.
Acknowledgements
The authors wish to thank Mr. Jason Lankasky and Michael Falabella for
assisting in animal blast experiments and sampling, Dr. Manojkumar
Valiyaveettil for manuscript revision, and the Defense Medical Research
and Development Program for supporting this work.
Disclaimer
Research was approved by the Institutional Animal Care and Use Committee
and was conducted in compliance with the Animal Welfare Act as well as

Page 14 of 15

other federal statutes and regulations relating to animals and experiments
involving animals and adheres to principles stated in the Guide for the Care
and Use of Laboratory Animals, NRC Publication, 1996 edition.
The opinions or assertions contained herein are the private views of the
authors and are not to be construed as official or reflecting the views of the
US Department of the Army or The US Department of Defense.
Author details
1
Immunomodulation of Trauma Program, US Army Institute of Surgical
Research, 3650 Chambers Pass, BHT2/Building 3610, Fort Sam Houston, TX
78234, USA. 2Department of Trauma and Resuscitation Medicine, Naval
Medical Research Center, 503 Robert Grant Avenue, Silver Spring, MD 20910,
USA. 3Trauma and Clinical Care Research 59th Medical Wing, Science and
Technology Office, 59 MDW/ST, Wilford Hall Ambulatory Surgical Center,
2200 Berquist Drive, Suite 1, Joint Base San Antonio-Lackland, TX, USA.
Received: 2 July 2013 Accepted: 5 August 2013
Published: 16 August 2013

References
1. Faul M, Xu L, Wald MM, Coronado V, Dellinger AM: Traumatic brain injury
in the United States: National estimates of prevalence and incidence,
2002-2006. Inj Prev 2010, 16:A268–A268. doi:10.1136/ip.2010.029215.951.
2. Tenuta JJ: From the battlefields to the states: the road to recovery. The
role of Landstuhl Regional Medical Center in US military casualty care.
J Am Acad Orthop Surg 2006, 14:S45–S47.
3. Kumar A, Loane DJ: Neuroinflammation after traumatic brain injury:
opportunities for therapeutic intervention. Brain Behav Immun 2012,
26:1191–1201. doi:10.1016/j.bbi.2012.06.008.
4. Woodcock T, Morganti-Kossmann MC: The role of markers of
inflammation in traumatic brain injury. Front Neurol 2013, 4:18.
doi:10.3389/fneur.2013.00018.
5. Ransohoff RM, Brown MA: Innate immunity in the central nervous system.
J Clin Invest 2012, 122:1164–1171. doi:10.1172/JCI58644.
6. Bellander BM, Singhrao SK, Ohlsson M, Mattsson P, Svensson M:
Complement activation in the human brain after traumatic head injury.
J Neurotrauma 2001, 18:773–781. doi:10.1089/08977150152725605.
7. Kossmann T, Stahel PF, Morganti-Kossmann MC, Jones JL, Barnum SR:
Elevated levels of the complement components C3 and factor B in
ventricular cerebrospinal fluid of patients with traumatic brain injury.
J Neuroimmunol 1997, 73:63–69.
8. Stahel PF, Morganti-Kossmann MC, Kossmann T, Stahel PF, MorgantiKossmann MC, Kossmann T: The role of the complement system in
traumatic brain injury. Brain Res Brain Res Rev 1998, 27:243–256.
9. Stahel PF, Morganti-Kossmann MC, Perez D, et al: Intrathecal levels of
complement-derived soluble membrane attack complex (sC5b-9) correlate
with blood–brain barrier dysfunction in patients with traumatic brain
injury. J Neurotrauma 2001, 18:773–781. doi:10.1089/089771501316919139.
10. Bellander BM, Olafsson IH, Ghatan PH, et al: Secondary insults following
traumatic brain injury enhance complement activation in the human
brain and release of the tissue damage marker S100B. Acta Neurochir
(Wien) 2011, 153:90–100. doi:10.1007/s00701-010-0737-z.
11. Brennan FH, Anderson AJ, Taylor SM, Woodruff TM, Ruitenberg MJ:
Complement activation in the injured central nervous system: another
dual-edged sword? J Neuroinflammation 2012, 9:137.
doi:10.1186/1742-2094-9-137.
12. Wang Y, Li Y, Dalle Lucca SL, Simovic M, Tsokos GC, Dalle Lucca JJ: Decay
accelerating factor (CD55) protects neuronal cells from chemical
hypoxia-induced injury. J Neuroinflammation 2010, 7:24.
doi:10.1186/1742-2094-7-24.
13. Sewell DL, Nacewicz B, Liu F, et al: Complement C3 and C5 play critical
roles in traumatic brain cryoinjury: blocking effects on neutrophil
extravasation by C5a receptor antagonist. J Neuroimmunol 2004,
155:55–63. doi:10.1016/j.jneuroim.2004.06.003.
14. Yang S, Nakamura T, Hua Y, et al: The role of complement C3 in
intracerebral hemorrhage-induced brain injury. J Cereb Blood Flow Metab
2006, 26:1490–1495. doi:10.1038/sj.jcbfm.9600305.
15. Leinhase I, Schmidt OI, Thurman JM, et al: Pharmacological complement
inhibition at the C3 convertase level promotes neuronal survival,
neuroprotective intracerebral gene expression, and neurological

Li et al. Acta Neuropathologica Communications 2013, 1:52
http://www.actaneurocomms.org/content/1/1/52

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

outcome after traumatic brain injury. Exp Neurol 2006, 199:454–464.
doi:10.1016/j.expneurol.2006.01.033.
Rancan M, Morganti-Kossmann MC, Barnum SR, et al: Central nervous
system-targeted complement inhibition mediates neuroprotection after
closed head injury in transgenic mice. J Cereb Blood Flow Metab 2003,
23:1070–1074. doi:10.1097/01.WCB.0000084250.20114.2C.
Longhi L, Perego C, Ortolano F, et al: C1-inhibitor attenuates
neurobehavioral deficits and reduces contusion volume after controlled
cortical impact brain injury in mice. Crit Care Med 2009, 37:659–665.
doi:10.1097/CCM.0b013e318195998a.
You Z, Yang J, Takahashi K, et al: Reduced tissue damage and improved
recovery of motor function after traumatic brain injury in mice deficient
in complement component C4. J Cereb Blood Flow Metab 2007,
27:1954–1964. doi:10.1038/sj.jcbfm.9600497.
Garrett MC, Otten ML, Starke RM, et al: Synergistic neuroprotective effects
of C3a and C5a receptor blockade following intracerebral hemorrhage.
Brain Res 2009, 1298:171–177. doi:10.1016/j.brainres.2009.04.047.
Leinhase I, Holers VM, Thurman JM, et al: Reduced neuronal cell death
after experimental brain injury in mice lacking a functional alternative
pathway of complement activation. BMC Neurosci 2006, 7:55.
doi:10.1186/1471-2202-7-55.
Leinhase I, Rozanski M, Harhausen D, et al: Inhibition of the alternative
complement activation pathway in traumatic brain injury by a
monoclonal anti-factor B antibody: a randomized placebo-controlled
study in mice. J Neuroinflammation 2007, 4:13. doi:10.1186/1742-2094-4-13.
Dalle Lucca JJ, Chavko M, Dubick MA, et al: Blast-induced moderate
neurotrauma (BINT) elicits early complement activation and tumor
necrosis factor alpha (TNFalpha) release in a rat brain. J Neurol Sci 2012,
318:146–154. doi:10.1016/j.jns.2012.02.002.
Weeks C, Moratz C, Zacharia A, et al: Decay-accelerating factor attenuates
remote ischemia-reperfusion-initiated organ damage. Clin Immunol 2007,
124:311–327. doi:10.1016/j.clim.2007.05.010.
Lee G, Leugers CJ: Tau and tauopathies. Prog Mol Biol Transl Sci 2012,
107:263–293. doi:10.1016/B978-0-12-385883-2.00004-7.
Goldstein LE, Fisher AM, Tagge CA, et al: Chronic traumatic encephalopathy
in blast-exposed military veterans and a blast neurotrauma mouse model.
Sci Transl Med 2012, 4:134ra160. doi:10.1126/scitranslmed.3003716.
Saadoun S, Papadopoulos MC: Aquaporin-4 in brain and spinal cord oedema.
Neuroscience 2010, 168:1036–1046. doi:10.1016/j.neuroscience.2009.08.019.
Readnower RD, Chavko M, Adeeb S, et al: Increase in blood–brain barrier
permeability, oxidative stress, and activated microglia in a rat model of
blast-induced traumatic brain injury. J Neurosci Res 2010, 88:3530–3539.
doi:10.1002/jnr.22510.
Lu X, Li Y, Simovic MO, et al: Decay-accelerating factor attenuates Creactive protein-potentiated tissue injury after mesenteric ischemia/
reperfusion. J Surg Res 2011, 167:e103–e115. doi:10.1016/j.jss.2009.10.021.
Harris CL, Spiller OB, Morgan BP: Human and rodent decay-accelerating
factors (CD55) are not species restricted in their complement-inhibiting
activities. Immunology 2000, 100:462–470.
Dalle Lucca JJ, Li Y, Simovic MO, et al: Decay-accelerating factor limits
hemorrhage-instigated tissue injury and improves resuscitation clinical
parameters. J Surg Res 2013, 179:153–167. doi:10.1016/j.jss.2012.10.017.
Dalle Lucca JJ, Simovic M, Li Y, Moratz C, Falabella M, Tsokos GC: Decayaccelerating factor mitigates controlled hemorrhage-instigated intestinal
and lung tissue damage and hyperkalemia in swine. J Trauma 2011,
71:S151-S160 doi:10.1097/TA.0b013e318221aa4c.
Davoust N, Jones J, Stahel PF, Ames RS, Barnum SR: Receptor for the C3a
anaphylatoxin is expressed by neurons and glial cells. Glia 1999, 26:201–211.
doi:10.1002/(SICI)1098-1136(199905)26:3<201::AID-GLIA2>3.0.CO;2-M.
Barnum SR, Ames RS, Maycox PR, et al: Expression of the complement C3a
and C5a receptors after permanent focal ischemia: An alternative
interpretation. Glia 2002, 38:169–173. doi:10.1002/glia.10069.
Peng Q, Li K, Sacks SH, Zhou W: The role of anaphylatoxins C3a and C5a
in regulating innate and adaptive immune responses. Inflamm Allergy
Drug Targets 2009, 8:236–246.
Tanno H, Nockels RP, Pitts LH, Noble LJ: Breakdown of the blood–brain
barrier after fluid percussive brain injury in the rat. Part 1: distribution
and time course of protein extravasation. J Neurotrauma 1992, 9:21–32.
Monsinjon T, Gasque P, Chan P, Ischenko A, Brady JJ, Fontaine MC:
Regulation by complement C3a and C5a anaphylatoxins of cytokine

Page 15 of 15

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

production in human umbilical vein endothelial cells. FASEB J 2003,
17:1003–1014. doi:10.1096/fj.02-0737com.
Monsinjon T, Gasque P, Ischenko A, Fontaine M: C3A binds to the seven
transmembrane anaphylatoxin receptor expressed by epithelial cells and
triggers the production of IL-8. FEBS Lett 2001, 487:339–346.
Sarma JV, Ward PA: New developments in C5a receptor signaling. Cell
Health Cytoskelet 2012, 4:73–82. doi:10.2147/CHC.S27233.
Asai H, Kakita H, Aoyama M, Nagaya Y, Saitoh S, Asai K: Diclofenac enhances
proinflammatory cytokine-induced aquaporin-4 expression in cultured
astrocyte. Cell Mol Neurobiol 2013, 33:393–400. doi:10.1007/s10571-013-9905-z.
Ito H, Yamamoto N, Arima H, et al: Interleukin-1beta induces the expression
of aquaporin-4 through a nuclear factor-kappaB pathway in rat astrocytes.
J Neurochem 2006, 99:107–118. doi:10.1111/j.1471-4159.2006.04036.x.
Tran HT, Sanchez L, Brody DL: Inhibition of JNK by a peptide inhibitor reduces
traumatic brain injury-induced tauopathy in transgenic mice. J Neuropathol
Exp Neurol 2012, 71:116–129. doi:10.1097/NEN.0b013e3182456aed.
Britschgi M, Takeda-Uchimura Y, Rockenstein E, Johns H, Masliah E, WyssCoray T: Deficiency of terminal complement pathway inhibitor promotes
neuronal tau pathology and degeneration in mice. J Neuroinflammation
2012, 9:220. doi:10.1186/1742-2094-9-220.
Killick R, Hughes TR, Morgan BP, Lovestone S: Deletion of Crry, the murine
ortholog of the sporadic Alzheimer’s disease risk gene CR1, impacts tau
phosphorylation and brain CFH. Neurosci Lett 2013, 533:96–99.
doi:10.1016/j.neulet.2012.11.008.
Fonseca MI, McGuire SO, Counts SE, Tenner AJ: Complement activation
fragment C5a receptors, CD88 and C5L2, are associated with neurofibrillary
pathology. J Neuroinflammation 2013, 10:25. doi:10.1186/1742-2094-10-25.
Fonseca MI, Ager RR, Chu SH, et al: Treatment with a C5aR antagonist
decreases pathology and enhances behavioral performance in murine
models of Alzheimer’s disease. J Immunol 2009, 183:1375–1383.
doi:10.4049/jimmunol.0901005.
Crehan H, Hardy J, Pocock J: Microglia, Alzheimer’s disease, and
complement. Int J Alzheimers Dis 2012, 2012:983640. doi:10.1155/2012/983640.
Shen Y, Lue L, Yang L, et al: Complement activation by neurofibrillary
tangles in Alzheimer’s disease. Neurosci Lett 2001, 305:165–168.

doi:10.1186/2051-5960-1-52
Cite this article as: Li et al.: Protective effects of decay-accelerating
factor on blast-induced neurotrauma in rats. Acta Neuropathologica
Communications 2013 1:52.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

