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Abstract

The role of adaptive immunity in contributing to post-traumatic neuroinflammation and neuropathology after
head injury remains largely unexplored. The present study was designed to investigate the pathophysiological
sequelae of closed head injury in Rag1~/~ mice devoid of mature B and T lymphocytes. C57BL/6 wild-type and
Rag1™/~ mice were subjected to experimental closed head injury, using a standardized weight-drop device.
Outcome parameters consisted of neurological scoring, quantification of blood-brain barrier (BBB) function,
measurement of inflammatory markers and mediators of apoptosis in serum and brain tissue, and assessment of
neuronal cell death, astrogliosis, and tissue destruction. There was no difference between wild-type and Rag1 -/=
mice with regard to injury severity and neurological impairment for up to 7 days after head injury. The extent of
BBB dysfunction was in a similar range for both groups. Quantification of complement activation fragments in
serum revealed significantly attenuated C3a levels in Rag1 ™/~ mice compared to wild-type animals. In contrast,
the levels of pro- and anti-inflammatory cytokines and pro-apoptotic and anti-apoptotic mediators remained in a
similar range for both groups, and the histological analysis of brain sections did not reveal a difference in
reactive astrogliosis, tissue destruction, and neuronal cell death in Rag1 '~ compared to wild-type mice. These
findings suggest that adaptive immunity is not of crucial importance for initiating and sustaining the inflam-
matory neuropathology after closed head injury. The attenuated extent of post-traumatic complement activation
seen in Ragl~/~ mice implies a cross-talk between innate and adaptive immune responses, which requires
further investigation in future studies.
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Introduction layed neuronal cell death (Bellander et al., 2010,2011; Gasque,

2004; Stahel and Barnum, 2006; Stahel et al., 1998,2001; van

TRAUMATIC BRAIN INJURY (TBI) has a complex underly-
ing pathophysiology, characterized by early neuro-
inflammation, which appears to be largely driven by an
over-activation of the innate immune response (Cederberg
and Siesjo, 2010; Elward and Gasque, 2003; Francis et al.,
2003). The complement system has been identified as an im-
portant effector arm of the innate immune system which
mediates the hyperinflammatory response after severe head
injury, leading to a breakdown of the blood-brain barrier
(BBB), development of cerebral edema, and induction of de-

Beek et al., 2003). Historically, the classic dogma of “immune
privilege” in the brain sustained the long-standing notion that
adaptive immune responses are not involved in the patho-
physiology of TBI, mainly due to the absence of B and T
lymphocytes in the central nervous system (CNS; Galea et al.,
2007a; Hazlett and Hendricks, 2010; Perry, 1998; Rhodes,
2011). This outdated view has been challenged by more recent
data showing (1) the presence of low numbers of T cells in the
healthy brain (Hendrix and Nitsch, 2007; Hickey 1999); (2) an
apparent role of activated CD4" and CD8™ T cells infiltrating

'Department of Orthopaedics, Denver Health Medical Center, and *Department of Neurosurgery, University of Colorado School of

Medicine, Denver, Colorado.

Department of Medicine and Department of Immunology, University of Colorado Denver, Aurora, Colorado.

1233



1234

the injured brain and contributing to secondary brain damage
(Bellander et al., 2010; Clausen et al., 2007; Czigner et al., 2007;
Fee et al., 2003), and (3) by the discussion of the rationale of a
therapeutic vaccination for TBI (Kipnis et al., 2003; Schwartz
and Kipnis, 2001). The BBB represents the main barrier
keeping peripheral blood T cells from infiltrating the intra-
cranial compartment (Bechmann et al., 2007; Engelhardt and
Coisne, 2011; Pachter et al., 2003). Twenty years ago, Hickey
described the presence of CD4" and CD8* T cells in the CNS,
and postulated a “random fashion” of infiltration secondary
to antigenic stimulation (Hickey, 1991). The current notion is
that T cells provide immunological surveillance within the
CNS, and are able to cross the BBB through distinct pathways
(Farkas et al., 2003; Finsen and Owens, 2011; Galea et al.,
2007b; Gong et al., 2011; Hendrix and Nitsch, 2007; Sayed
et al., 2011). The complement system was recently found to
provide a “bridge” between innate and adaptive immune
responses (e.g., by regulating B- and T-cell responses through
C3d ligand binding on complement receptor type 2 [CR2]
expressed on lymphocytes; Carroll, 2004; Morgan et al., 2005;
Toapanta and Ross, 2006; Volanakis, 2002). Interestingly,
CR2-targeted complement inhibition was recently described
as a promising new neuroprotective strategy in CNS trauma
(Qiao et al., 2006). In addition, CR2 ™/~ mice lacking the CR2
receptor expressed on B cells were shown to be protected from
ischemia/reperfusion injury, an inflammatory condition
which is largely mediated by complement activation (Fleming
et al., 2004). One of the potential mechanisms responsible for
the attenuated inflammatory pathology in CR2~/~ mice has
been the lack of a pathogenic natural antibody repertoire
(Austen et al., 2004; Fleming et al., 2002; Holers, 2005; Holers
and Kulik, 2007; Reid et al., 2002; Zhang et al., 2006). In ad-
dition, Rag1~/~ mice deficient in mature B and T cells, which
lack pathogenic natural antibodies, were also shown to be
resistant to ischemia/reperfusion injury, an effect which was
reversible by reconstitution of specific subsets of natural an-
tibodies (Kulik et al., 2009).

Until now, the exact role of B and T cells, and of pathogenic
natural antibodies, in the pathophysiology of complement-
mediated neuroinflammation remains poorly investigated
and far from fully understood (Ankeny et al., 2009; Fee et al.,
2003; Griffiths et al., 2010; Hendrix and Nitsch, 2007; Liesz
etal.,, 2009; Qiao et al., 2006). The current study was designed
to investigate the role of the adaptive immune response in
contributing to the neuropathological sequelae after TBI,
based on a standardized model of experimental closed head
injury in mice (Chen et al., 1996; Flierl et al., 2009). We hy-
pothesized that mice deficient in the Ragl gene, which lack
mature B and T lymphocytes and pathogenic natural anti-
bodies (Mombeaerts et al., 1992), will show signs of improved
histological and neurological outcomes after closed head in-
jury, compared to brain-injured wild-type mice.

Methods
Animals

The generation and characterization of Ragl ~/~ mice was
previously described (Mombaerts 1995, Mombaerts et al.,
1992). These mice were found to have small lymphoid organs
lacking mature B and T lymphocytes. The phenotype char-
acterization of Ragl ™/~ mice has not been linked to any
neuroanatomical, neurological, or behavioral abnormalities
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(Mombaerts et al., 1992). Adult male Rag1 =/~ mice (n=100)
and wild-type mice (n=137) on a C57BL/6 background
(Jackson Laboratory, Bar Harbor, ME), 10-12 weeks of age,
weighing 25-30 g, were used in all experiments. For each set
of experiments, 6-10 mice were used per time point, for each
condition tested in each group. The mice were housed in
single cages, and bred in a selective pathogen-free (SPF) en-
vironment under standardized conditions of temperature
(21°C), humidity (60%), light and dark cycles (12-h:12-h), with
food and water provided ad libitum. All mice were acclimatized
to the new environment for at least 7 days after shipping, before
being subjected to the experimental procedures. All procedures
were performed in accordance with the National Institutes of
Health (NIH) guidelines for the care and use of laboratory
animals. The study was approved by the Institutional Animal
Care Committee from the University of Colorado.

Closed head injury model

Mice were subjected to experimental closed head injury
using a standardized weight-drop device, as previously de-
scribed (Chen et al., 1996; Flierl et al., 2009). In brief, after
induction of isoflurane anesthesia, the skull was exposed by a
longitudinal midline scalp incision. The head was fixed and a
333-g weight was dropped on the skull from a height of 3 cm,
inducing a focal blunt injury to the left hemisphere. After
trauma, the surgical incision was closed using monofilament
suture. All mice received supporting oxygenation with 100%
O, until fully awake. Analgesia was provided by repeated
injections of fentanyl (0.05mg/kg) IP every 12h. Sham-
operated mice underwent anesthesia, analgesia, scalp incision,
and suturing of the surgical wound, but not head trauma.

Neurological Severity Score (NSS and ANSS)

A standardized 10-point Neurological Severity Score (NSS)
was used for quantification of post-traumatic neurological
impairment, as described elsewhere in detail (Beni-Adani
et al., 2001; Flierl et al., 2009; Stahel et al., 2000). The NSS was
assessed at 1h, 4h, 24h, 48h, 72h, and 7 days after trauma.
The score comprises 10 individual parameters, including
tasks on motor function, alertness, and physiological behav-
ior, whereby one point is given for failure of the task and no
point for succeeding. The baseline NSS at 1 h reflects the initial
severity of injury. A maximum NSS of 10 points indicates
severe neurological dysfunction, with failure of all tasks.
Spontaneous recovery over time, for up to 4 weeks after
trauma, has been observed in this model system (Flierl et al.,
2009; Rancan et al., 2003). Evaluation of task performance was
performed in a blinded fashion with regard to the allocated
treatment groups.

The ANSS, calculated as the difference between the NSS at
1hand the NSS at any later time point, represents a parameter
reflecting the degree of spontaneous recovery after TBI, as
previously described (Stahel et al., 2000).

Blood-brain barrier (BBB) function

Quantitative analysis of the BBB function was performed at
4h after trauma by measuring the amount of Evans blue ex-
travasation into the injured brain, as previously described
(Rancan et al., 2003; Stahel et al., 2000). The time-point of 4h
corresponds to the peak extent of post-traumatic BBB
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dysfunction in this model system (Chen et al., 1996; Flierl
et al., 2009; Rancan et al., 2003). In brief, 125 uL. of a 2% so-
lution of Evans blue in 0.9% saline was injected into the penis
vein 3 h after trauma, and was allowed to circulate for 60 min
before tissue harvest. Injected Evans blue has a high affinity
for serum albumin (Lindner and Heinle, 1982), and therefore
represents an ideal colorimetric marker for albumin extrava-
sation across the BBB. Subsequently, the chest wall was sur-
gically opened under anesthesia and the intravascular dye
was removed by 0.9% saline perfusion (40 mL) through the
left heart ventricle. The brain was then removed and the cer-
ebellum was cut off, split into left and right hemispheres,
weighed, and kept on ice before homogenization. To process
each hemisphere, 500 uL of 50% trichloroacetic acid was ad-
ded and the tissue was homogenized using an Omni Tissue
Master 125 (Omni International, Kennesaw, GA), followed by
centrifugation for 20 min at 10,000 rpm and 4°C. The super-
natants were then aliquoted and diluted 1:4 in 100% EtOH,
followed by a 1:3 dilution in a 50% trichloracetic acid/100%
EtOH solution. Final reads were performed using a fluoro-
spectrophotometer (Glomax Mulit JR; Promega, Madison,
WI), and the preinstalled red fluorescence optical kit at an
excitation wavelength of 620 nm and an emission wavelength
of 680nm. As a standard, a twofold dilution series using
500ng/mL Evans blue stock solution and 50% trichloroacetic
acid/100% ethanol as the diluent was created, yielding a
7-point linear standard curve.

Inflammatory mediators in serum and brain tissue

Whole blood taken via cardiac puncture was transferred to
sterile serum microtubes (Sarstedt, Niimbrecht, Germany),
immediately placed on ice, and centrifuged at 14,000 rpm for
10 min (4°C), aliquotted, and stored at —80°C until analysis.

The animals were euthanized and harvested 4h, 24 h, and
7 days after injury. The harvested brains were split into left
and right hemispheres, snap-frozen in liquid nitrogen, and
stored at —80°C until analysis. Brain hemispheres were then
homogenized in 500 uL of RIPA (0.5M Tris-HCl [pH 7.4],
1.5M NaCl, 2.5% deoxycholic acid, 10% NP-40, and 10 mM
EDTA) lysis buffer (Roche, Indianapolis, IN), followed by
mechanical homogenization using a Omni Tissue Master 125.
The samples were placed on ice on a shaker for 60 min, and
then centrifuged for 15min at 14,000 rpm (4°C). The super-
natants were then aliquotted and stored at —80°C until
analysis. Samples from serum and brain homogenates were
analyzed by commercially-available enzyme-linked immu-
nosorbent assay (ELISA) specific for mouse TNF-o, IL-6, and
IL-10, according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN). Optical density was read at a
wavelength of 450nm using a plate reader (Anthos 2010;
Biochrome, Cambridge, UK.). As a standard curve a 4-
parameter fit line of the sevenfold standard was used ac-
cording to the manufacturer’s instructions. C3a serum values
were also assessed using ELISA technique. A 96-well micro-
plate was incubated overnight at 4°C with 50 uL of capture
antibody purified rat anti-mouse C3a (BD Pharmingen, San
Diego, CA). The plate was then washed three times, blocked
with reagent diluent for 1h at 37°C, washed again, and the
standards applied. For standards purified mouse C3a protein
(BD Pharmingen) was used, creating a 7-point linear standard
curve. Biotin rat anti-mouse C3a (BD Pharmingen) was used
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for detection (incubation of 100 uL/well for 1 h at 37°C). After
the final washing step, 100 uLL substrate solution (R&D Sys-
tems) was added, and the reaction was stopped after 20-
30min with 2N sulfuric acid. The plate was read at 450 nm
wavelength using the above-described plate reader.

Western blot analysis of brain homogenates

Protein levels of pro- and anti-apoptotic mediators were
assessed in homogenized mouse brains by Western blot
analysis, as previously described (Leinhase et al., 2006a,
2006b). The brains were harvested and processed as described
above. The protein concentrations of the individual samples
were determined using a commercially available colorimetric
assay (BCA Protein Assay; Pierce/Perbio Science, Bonn,
Germany). In brief, a 50-ug sample of total protein was de-
natured in loading buffer (Laemmli sample buffer +5%
mercaptoethanol), and separated under reducing conditions
on 10% (Fas), 12,5% (Fas-L and f-actin), or 15% (Bax and Bcl-
2) polyacrylamide gels (Bio-Rad Laboratories, Munich, Ger-
many). Proteins were transferred using “Iblot” gel transfer
stacks by dry electroblotting (Invitrogen, Carlsbad, CA). The
blots were blocked for 1 h in 5% milk and then incubated with
either polyclonal rabbit anti-mouse Fas-L and anti-mouse Fas
(each diluted 1:300), or monoclonal anti-mouse Bax (1:600)
and monoclonal anti-mouse Bcl-2 (1:300) antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA). An anti-f-actin anti-
body (1:1000) was used for internal control of equal loading.
After a 60-min incubation with alkaline phosphatase (AP)-
conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) diluted 1:5000, antibody binding was visu-
alized by AP detection using NBT/BCIP stock solution dis-
solved in a diluent buffer consisting of 0.1 M Tris, 0.1 M NaCl,
and 0.05 M MgCl,. Western blots were quantified using Alpha
Innotech Fluorchem SP software. Single bands on each blot
were scanned and quantified as the ratio of the individual
marker divided by the f-actin intensity. Scans of multiple
blots from different brains with identical conditions (strain,
procedure, and time point) were pooled and data are shown
as medians £ standard deviation (SD).

TUNEL and immunohistochemistry

All brain tissue sections were routinely stained with he-
matoxylin and eosin (H&E) for determining neuronal cell
layer anatomy and the extent of post-traumatic tissue dam-
age. In addition, neuronal cell death was determined in brain
tissue cryosections 10-um thick, using the terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL)
method (Fluorescein In Situ Cell Death Detection Kit; Roche,
Mannheim, Germany), as previously described (Harhausen
et al., 2010; Stahel et al., 2009). Briefly, the cerebellum of the
frozen brains was cut off, the brain was mounted on a re-
movable chuck on the cryostat, and the brain was covered
with OCT (Tissue Tek; Sakura Finetek, Torrance, CA). The
temperature of the cryostat was set to —22°C, and 10-um
coronal brain sections were cut and mounted on slides, then
stored at —80°C until analysis. For analysis the slides were
dried for 2 h at 37°C, followed by immersion fixation using 2%
paraformaldehyde. After washing, the sections were incu-
bated in 25 ul. permeabilization solution for 2min at 4°C.
The slides were then incubated with the TdT-enzyme for
60 min at 37°C in a humidified chamber. Negative control was
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performed using only reaction buffer without enzyme. Then
50 uL. of converter AP was added to each section and incu-
bated for 30min at 37°C. After a washing step, 100 uL. of
substrate solution was added and incubated for 10min at
room temperature in the dark, and the sections were counter-
stained and examined using an Olympus BX 41 microscope.
Pictures were taken using the Altra 20 soft imaging system
(Olympus, Philadelphia, PA).

Immunohistochemical staining of brain sections from se-
rial coronal 10-um cryosections was performed using a com-
mercially available kit, according to the manufacturer’s
instructions (ImmunoCruz Mouse LSAB; Santa Cruz Bio-
technology). In brief, cryosections were produced as de-
scribed above. The frozen slides were dried for 2 hours at
37°C, and fixed with pure chilled acetone (—-20°C) for 10 min,
followed by washing.

The following primary antibodies were used as cell-specific
markers: (1) monoclonal anti-NeuN antibody (MAB 377,
clone A60; Millipore, Billerica, MA), as a cell marker for
neurons (1:2000); and (2) monoclonal anti-GFAP antibody
(sc-2050; Santa Cruz Biotechnology), as a cell marker for as-
trocytes (1:1000). After 2 h of incubation at room temperature,
the slides were washed and incubated with HRP-streptavidin
complex for 30 min. HRP substrate was added according to
the manufacturer’s instructions. Diaminobenzidine tetra-
chloride was used as chromogen. The detection takes ap-
proximately 5 min, and the sections were examined using an
Olympus BX 41 microscope and an Altra 20 soft imaging
camera system.

Statistical analysis

Statistical analysis was performed using commercially
available software (SPSS 9.0 for Windows). Differences in
serum and brain tissue mediator levels (ELISA), and Evans
blue concentrations between the groups, were determined by
the unpaired Student’s {-test. The one-way analysis of vari-
ance (ANOVA) with Bonferroni correction for multiple mea-
sures was used for assessing differences in neurological scores
(NSS and ANSS). A p value <0.05 was considered statistically
significant.

Results
Neurological outcome

The neurological outcome after closed head injury in the
different animal groups, based on the 10-point NSS, is shown
in Figure 1A. The median NSS after closed head injury was
highest in both groups at 1h, reflecting the initial severity of
injury (Ragl™’~ 9.0+1.2 points; wild-type 6.5+2.1 points;
medians +SD). The NSS decreased over time until 7 days, as a
sign of spontaneous neurological recovery (Ragl ~/~ 3.5+2.4;
and WT 4.0+2.5). No statistically significant difference was
noted in the mean NSS at any time point between head-
injured Rag1 ~/~ mice and wild-type animals (p >0.05 by one-
way ANOVA with Bonferroni correction). In contrast to the
lack of differences between injury severity, there appeared to
be faster recovery of the Ragl —/— mice, compared to head-
injured wild-type mice, as determined by a higher ANSS
(5.0+2.6 versus 2.0+1.6; medians+SD) at 7 days (Fig. 1B).
The post-traumatic mortality was in the same range (15%) as
previously reported (Flierl et al., 2009), and there was no

WECKBACH ET AL.

difference in short-term (<24h) or long-term mortality (7
days) between the two groups (data not shown).

Posttraumatic BBB dysfunction

The amount of Evans blue dye extravasation into both
hemispheres at 4 h after TBI, as a correlate of damaged BBB
integrity, is shown in Figure 2. The focal trauma to the left
hemisphere induced a significant increase in Evans blue ex-
travasation in the injured (left) hemisphere compared with the
non-injured contralateral (right) hemisphere (Rag1 ™/~ left
hemisphere: 2224.0+£877.9ng/g tissue, versus right hemi-
sphere: 372.0£280.0ng/g tissue; wild-type left hemisphere:
1889.8+421.4ng/g tissue, versus right hemisphere:
401.8+231.1ng/ g tissue; p <0.05 for both strains). In addition,
the Evans blue concentrations in the injured left hemispheres
were significantly increased in the trauma group of both
strains, compared to the respective sham-operated control
group (p<0.05). However, no statistically significant differ-
ence in Evans blue concentrations was detected in the injured
hemispheres of Ragl /= compared to wild-type mice, im-
plying that the extent of post-traumatic BBB dysfunction is not
altered in the immunodeficient Rag1 =/~ mice (Fig. 2).

Mediators of inflammation and apoptosis

The quantification of complement anaphylatoxin C3a
concentrations in serum samples of head-injured mice by
ELISA revealed significantly attenuated C3a levels in Rag1 ™/~
mice, compared to wild-type animals, from 4 h to 7 days after
trauma (Fig. 3). In contrast, ELISA measurements of proin-
flammatory (TNF-o and IL-6) and anti-inflammatory cyto-
kines (IL-10) in serum and brain tissue homogenates did not
reveal any difference in mediator concentrations between
head-injured wild-type and Rag1~/~ mice at any time point
assessed up to 7 days (data not shown). In addition, Western
blot analysis of brain homogenates revealed similar levels of
pro-apoptotic (Fas, FasL, and Bax) and anti-apoptotic medi-
ators (Bcl-2) in both groups at all time points tested, as shown
by the representative blot at 4h after trauma illustrated in
Figure 4.

Neuronal cell death, astrogliosis, and tissue injury

All brain tissue sections were analyzed by H&E staining,
immunohistochemistry, and TUNEL histochemistry, to de-
termine the extent of tissue damage and neuronal cell death.
No difference in the size of the traumatic contusion in the
injured left hemisphere, and in the pattern and extent of
neuronal cell death, was detected at any time point after
trauma between wild-type and Rag1 /™ mice. Figure 5 shows
representative coronal sections through the hippocampus of
sham-operated and head-injured wild-type and Ragl~/~
mice at 24h, stained by immunohistochemistry using an
anti-NeuN antibody as a neuron-specific cell marker. No
difference in the extent of neuronal morphology and micro-
architecture was seen in the hippocampal CA3/CA4 regions,
which represent the most vulnerable neuronal cell layers
susceptible to early neuronal cell death after trauma (Fig. 5).
Similarly, no difference in pattern and extent of neuronal cell
death was detected in head-injured wild-type and Ragl~/~
mice at any time point, as determined by TUNEL histo-
chemistry (data not shown).
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FIG.1. Assessment of injury severity, neurological impairment, and recovery in C57BL/6 wild-type (n=97) and Rag1~/~ mice
(n=87) subjected to closed head injury or sham surgery, using a standardized 10-point Neurological Severity Score (NSS; A). A
maximal score of 10 points corresponds to severe neurological impairment, whereas a low score of 0-3 points reflects normal
physiological behavior. The ANSS (B), calculated as the difference between the NSS at 1h and the NSS at any later time point,
represents a parameter reflecting the degree of spontaneous recovery after TBI, as previously described. All data are presented
as medians *standard deviation. No statistically significant differences were seen in NSS between head-injured wild-type and
Rag1™/~ mice at any time point assessed. In contrast, head-injured Rag1 ™/~ mice showed improved recovery by 7 days, as
reflected by a significantly increased ANSS at 7 days, compared to wild-type animals (p <0.01; TBI, traumatic brain injury).

The astroglial reaction in injured mouse brains after closed
head injury was assessed by immunohistochemistry using
glial fibrillary acidic protein (GFAP) as primary antibody,
a specific cell marker for astrocytes (Fig. 6). While sham-
operated mice showed a similar baseline morphology of
GFAP expression in both mouse strains, closed head injury
induced reactive astrocytosis in the injured cortex by 7 days.
However, the qualitative assessment of astrocyte morphology

did not reveal any differences between head-injured wild-
type and Ragl =/~ mice (Fig. 6).

Discussion

The present study was designed to evaluate the role of
adaptive immunity in mediating neuroinflammation and
neuropathology in a standardized experimental model of
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FIG. 2. Quantification of post-traumatic blood-brain bar-
rier dysfunction in C57BL/6 wild-type (n=11) and Rag1~/~
mice (n=14) at 4h after closed head injury or sham surgery.
Evans blue extravasation into the injured (left) and non-
injured (right) brain hemispheres was quantified by fluoro-
spectrophotometry, as outlined in the methods section. Data
are presented as medians *standard deviation; (*p <0.05 for
left versus right hemisphere in head-injured mice, and for left
hemisphere in head-injured versus sham-operated mice in
both groups; TBI, traumatic brain injury).

closed head injury in mice. We hypothesized that Rag1 ™/~
mice, devoid in mature B cells and T cells, would display a
reduced extent of inflammation and neurodegeneration, and
improved neurological recovery after TBI. Interestingly, the
present study revealed no difference between head-injured
Rag1~/~ mice and wild-type animals, with regard to injury
severity, extent of neurological impairment, BBB dysfunction,
inflammation, astrogliosis, tissue damage, and neuronal cell
death, for up to 7 days after trauma. These findings imply that
the adaptive immunity mediated by B and T cells is not crucial
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FIG. 3. Complement anaphylatoxin C3a serum concentra-
tions in C57BL/6 wild-type (1=22) and Ragl =/~ mice
(n=23) at4h, 72h, and 7 days after closed head injury. C3a
levels were determined by a mouse-specific ELISA and
normalized by total protein concentration, as described in
the methods section. Data are shown as medians * standard
deviation (*p<0.05 for wild-type versus Ragl ™/~ mice at all
time points; ELISA, enzyme-linked immunosorbent assay).
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in mounting and perpetuating the immunological response in
our model of closed head injury in mice. These findings con-
firm the historic notion that lymphocytes do not represent
important effector cells of the immunological response to TBI,
in contrast to neutrophils and monocytes/macrophages, and
activated microglia (Bellander et al., 2010; Biagas et al., 1992;
Ramlackhansingh et al.,, 2011; Rhodes, 2011; Szmydynger-
Chodobska et al., 2011). In fact, we have shown that neutro-
phils infiltrate the injured brain within 24h in the present
model of closed head injury in mice, and that cellular infil-
tration is largely regulated by chemokines and chemokine
receptors expressed by neutrophils, macrophages, and resi-
dent cells of the CNS (Otto et al., 2001; Stahel et al., 2000). The
only relevant differences in outcome parameters analyzed in
this study consisted of significantly attenuated serum levels of
the complement activation fragment C3a (Fig. 3), and im-
proved early neurological recovery of head-injured Rag1~/~
mice, as reflected by a higher NSS at 7 days after trauma
(Fig. 1B).

In support of our current findings, experimental studies on
Rag1~/~ and Rag2~/~ mice, using a facial motor nucleus ax-
otomy model, did not reveal any difference in the extent of
neuronal loss at 14 days after injury (Ha et al., 2006). In con-
trast, Fee and colleagues reported an attenuated extent of
neuropathology in Ragl /= mice after a focal cortical stab-
wound freeze injury (Fee et al., 2003). In their study, immu-
nodeficient Rag1~/~ mice showed a decreased area of injury, a
decreased number of apoptotic cells, and decreased density of
infiltrating neutrophils within 24 h of cerebral freeze injury,
compared to C57BL/6 wild-type mice (Fee et al., 2003). Im-
pressively, the adoptive transfer of CD4 " T cells into Rag1~/~
mice 24 h before injury restored the severity of brain injury to
an extent similar to that seen in wild-type mice. The authors
concluded that activated CD4™" T cells are involved in medi-
ating exacerbated brain damage in their cortical freeze-injury
model (Fee et al., 2003). The discrepancy between those
findings and the data from our current study may in part be
explained by the distinct experimental setting. For example,
the study by Fee and colleagues was performed exclusively in
mice of female gender (Fee et al., 2003), while our current
model relied on using male animals exclusively (Flierl et al.,
2009), in order to avoid the potential neuroprotective effect of
female reproductive hormones (Hu et al., 2009; Wise, 2002). In
addition, the study by Fee and associates was performed in a
distinct experimental model system, which is likely charac-
terized by a distinct underlying pathophysiology. While the
search for the perfect experimental model of TBI remains
elusive (Morganti-Kossmann et al., 2010), one could un-
equivocally argue that our current model of closed head in-
jury using a standardized weight-drop device (Flierl et al.,
2009) is more likely to be representative of the injury pattern
seen in humans, compared to a cortical stab-wound freeze
injury applied by a liquid nitrogen probe (Fee et al., 2003).

The lack of differences seen in neurological outcome
and neuropathology between head-injured Rag1 '~ mice and
wild-type animals on the same genetic C57BL/6 background
remains speculative. One argument consists of the notion that
the complexity of the pathophysiology of TBI, which is re-
flected by the lack of any pharmacological treatment (Beau-
champ et al., 2008; Loane and Faden, 2010), is associated with
multiple redundant and complementary pathways that may
extinguish each other with regard to morphologically or
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FIG. 4. Representative Western blot analysis of brain homogenates from injured (left) and uninjured (right) hemispheres of
C57BL/6 wild-type (WT) and Ragl~/~ mice at 4 h after sham surgery or closed head injury. Equal concentrations of protein
(50 ug per lane) were loaded on SDS-Page membranes, and consistent loading was confirmed by f-actin control blotting.
Mouse-specific primary antibodies against Fas, FasL, Bax, and Bcl-2, were used on nitrocellulose membranes and visualized
by a colorimetric assay using alkaline phosphatase, as described in the methods section.

physiologically meaningful outcomes. This notion has been 4h to 7 days after closed head injury (Fig. 3). These findings

historically exemplified as the “yin-yang” or the “double-
edged sword” of neuroprotection and neurotoxicity mediated
by post-traumatic neuroinflammation (Alexander et al., 2008;
Morganti-Kossmann et al., 2002; van Beek et al., 2003).
Interestingly, we found a significantly attenuated extent of
post-traumatic complement activation in Ragl =/~ mice,
compared to wild-type mice, as indicated by the decreased
levels of complement anaphylatoxin C3a found in serum from

support the notion that complement is activated after TBI
(Bellander et al., 2011; Stahel et al., 2001), and imply a cross-
link between innate and adaptive immunity, as it relates to
attenuated C3a levels observed in Ragl ™/~ mice. One of the
common links in this network of innate and adaptive immune
responses may be represented by pathogenic natural anti-
bodies produced by B cells (Fleming, 2006; Holers, 2005;
Holers and Kulik, 2007). Natural antibodies are polyreactive

FIG. 5. Neuronal morphology and microarchitecture in the hippocampus of sham-operated (A-D) and head-injured (E-H)
wild-type and Rag1~/~ mice, as determined by immunohistochemistry in 10-um-thick coronal brain cryosections. A
monoclonal anti-NeuN antibody was used as a neuron-specific marker. Adult male C57BL/6 and Rag1 ™/~ mice (n=3 per
group) were euthanized at 24 h after the surgical procedure. The lower panels represent fivefold magnifications of the boxed
areas in their respective upper panels (100 xand 20 x original magnifications), depicting the hippocampal CA3/CA4 cell
layers. Sham-operated wild-type (A and B) and Rag1~/~ mice (C and D) showed a similar hippocampal structure and
neuronal morphology. In contrast, head injury induced cellular disruption and changes in neuronal morphology in the CA3/
CA4 cell layers; however, this did not differ in extent between wild-type (E and F) and Ragl ™/~ mice (G and H).
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FIG. 6. Astroglial reaction in injured mouse brains at 7 days after closed head injury. Immunohistochemical staining of 10-
um-thick coronal brain was done using ghal fibrillary acidic protein (GFAP) as a specific cell marker for astrocytes. Sham-

operated wild-type (A and B), and Rag1

mice (C and D), showed a similar baseline morphology of GFAP expression, with

the classic feature of non-reactive astrocytes In contrast, closed head injury induced reactive astrocytosis in the injured cortex
of wild-type (E and F) and Rag1~ /= mice (G and H), with identical changes in morphology in both mouse strains by 7 days
after trauma. The lower panels represent fivefold magnifications of the boxed areas of their respective upper panels (100 x and

20 x original magnifications).

with multiple host-derived self antigens, and recognize neo-
epitopes in injured and ischemic tissues. Target epitopes
include apoptotic cells, lipoproteins, phospholipids, and nu-
clear and cytoplasmic components released from injured
cells (Fleming, 2006, Holers, 2005; Holers and Kulik, 2007).
Rag1~/~ mice are devoid of pathogenic natural antibodies
secondary to the lack of mature B cells. These immunodefi-
cient mice were recently shown to be resistant to intestinal
ischemia/reperfusion injury, while the pathology was re-
versed by the reconstitution of pathogenic natural antibodies
to annexin IV (Kulik et al., 2009). Since pathogenic natural
antibodies target phospholipids, which are released and ex-
posed in the injured brain, this pathway may play a role in
activating the complement cascade. A recent study in an ex-
perimental model of arterial wall injury in Rag1 ™/~ mice re-
vealed an intricate interplay between complement and
natural antibodies (Dimayuga et al., 2009). This notion is
supported by our current finding of decreased C3a serum
levels in head-injured Ragl ™/~ mice. The exact role of
pathogenic natural antibodies in contributing to complement
activation after TBI, and to the associated downstream path-
ophysiological events, remains to be further elucidated in
future studies.
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