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Endogenous molecules released from disrupted cells
and extracellular matrix degradation products acti-
vate Toll-like receptors (TLRs) and, thus, might con-
tribute to immune activation after tissue injury. Here,
we show that aseptic, cold-induced cortical injury
triggered an acute immune response that involves
increased production of multiple cytokines/chemo-
kines accompanied by neutrophil recruitment to the
lesion site. We observed selective reductions in inju-
ry-induced cytokine/chemokine expression as well as
in neutrophil accumulation in mice lacking the
common TLR signaling adaptor MyD88 compared
with wild-type mice. Notably , attenuation of the
immune response was paralleled by a reduction in
lesion size. Neutrophil depletion of wild-type mice
and transplantation of MyD88-deficient bone mar-
row into lethally irradiated wild-type recipients had
no substantial impact on injury-induced expression
of cytokines/chemokines and on lesion develop-
ment. In contrast to MyD88 deficiency, double de-
ficiency of TLR2 and TLR4—despite the two recep-
tors being activated by specific endogenous
molecules associated to danger and signal through
MyD88—altered neither immune response nor ex-
tent of tissue lesion size on injury. Our data indicate
modulation of the neuroinflammatory response
and lesion development after aseptic cortical injury
through MyD88-dependent but TLR2/4-independent
signaling by central nervous system resident non-
myeloid cells. (Am J Pathol 2007, 171:200–213; DOI:
10.2353/ajpath.2007.060821)

The innate immune system provides first-line defense to
protect complex organisms from pathogen invasion.

Therefore, it discriminates between infectious nonself
and noninfectious self.1 Hosts recognize specific patho-
gen-associated molecular patterns representing infec-
tious nonself through pattern recognition receptors.2

Among pattern recognition receptors, Toll-like receptors
(TLRs) mediate both invading pathogen recognition
through direct interaction and signal transduction.1,3

Aside from infection, disruption of the regular homeosta-
sis such as through tissue injury in the absence of chal-
lenge with exogenous compounds leads to activation of
the innate immune system. For instance, aseptic physical
injury to the brain has been shown to elicit an acute
immune response that involves activation of resident mi-
croglial cells and increased production of pro- and anti-
inflammatory cytokines, chemokines, and adhesion mol-
ecules followed by the infiltration of blood-borne
leukocytes.4–6 Causes of noninfectious inflammatory re-
actions are specific products released by dying cells that
alert the immune system.7,8 In vitro experiments implicate
necrotic cells as the source of endogenous factors that
induce activation of dendritic cells and macro-
phages,9–11 of which heat shock proteins (HSPs) are
major danger signals.12,13 In addition to HSPs, several
other substances such as uric acid, high mobility group
box-1 protein (HMGB-1), and endogenous nucleic acids
that are localized within cells normally have been impli-
cated as endogenous immunostimulants.14–18 An addi-
tional feature accompanying necrotic cell death is dis-
ruption of tissue architecture through break-down of
extracellular matrix, which yields a set of distinct signals
such as fibrinogen, heparan sulfate, or hyaluronan frag-
ments that may activate the immune system19,20 and
trigger dendritic cell maturation.21 Recent reports have
implicated TLR2 and TLR4 in sensing endogenous dan-
ger signals such as specific HSPs, HMGB-1, uric acid,
and hyaluronan fragments.22–27 Moreover, fibrinogen
and heparan sulfate fragments have been shown to ac-
tivate antigen-presenting cells through TLR4.20,21
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After acute brain injury, an up-regulation and/or re-
lease of endogenous TLR ligands including HSP70,
HMGB-1, monosodium urate, fibrinogen, and heparan
sulfate fragments has been observed in both humans
and animal models.28–32 Therefore, we have speculated
that endogenous danger signals released from dying cell
and/or extracellular matrix on acute brain injury might be
recognized through TLR2 and TLR4 to initiate inflamma-
tory responses. TLRs and most important signaling mol-
ecules interacting directly with them in the cytoplasm
share a Toll-interleukin 1 (IL-1) receptor domain (TIR).
Because MyD88 is the prominent molecule of the latter
group of molecules and interacts with all TLRs except for
TLR3,33 we reasoned that it might be crucial to aseptic
brain injury responses. The death domain carried by
MyD88 aside of its TIR recruits members of the IL-1
receptor-associated kinases (IRAKs) on which down-
stream signals lead to activation of transcription factors
such as activator protein-1, IRF5, and nuclear
factor-��.34

Thus, we analyzed the universal TLR cytoplasmic sig-
nal transducer MyD88 as well as TLR2 and TLR4 for their
roles in inflammation and lesion development after asep-
tic, cold-induced cortical injury. We demonstrated for the
first time substantial impairment of injury-induced im-
mune response in the brains of MyD88�/� mice com-
pared with those in wild-type mice. The attenuated im-
mune response was paralleled by reduced tissue
damage on the cortical injury applied. Neutrophil deple-
tion experiments, as well as transplantation of MyD88-
deficient bone marrow (BM) into lethally irradiated wild-
type recipients implicated nonmyeloid cells as MyD88-
dependent modulators of inflammation and lesion
development after cold-induced cortical injury. Surpris-
ingly, TLR2/4 double-deficient mice displayed neither al-
tered immune responses nor tissue lesion sizes com-
pared with those in wild-type mice. Our results imply
MyD88- and central nervous system (CNS) resident cell
dependency but TLR2/4 independency of brain tissue
injury-induced immune responses.

Materials and Methods

Mouse Model of Cold-Induced Cortical Injury

To induce aseptic brain tissue damage, a well-estab-
lished mouse model of cold-induced cortical injury35 was
used with minor modifications. In brief, adult male mice
(strain C57BL/6) weighing 25 to 30 g were anesthetized
by an intraperitoneal injection of avertin (0.5 mg/g) and
were placed in a stereotactic frame with the rectal tem-
perature maintained between 37 and 37.5°C using a
heating pad. The scalp was incised on the midline, the
subcutaneous tissue was retracted from the bone, and
the skull was exposed. Then, a circular area overlying the
right parietal cortex (3 mm in diameter with center at
position 2 mm posterior to bregma and 2 mm right lateral
to the sagittal suture) was thinned to translucency using a
dental drill. A copper probe (3 mm in diameter), which
was precooled in liquid nitrogen, was applied to the

thinned skull by force of 100 g for 30 seconds. Thereafter,
the skin incision was sutured, and mice were allowed to
wake up with free access to water and food. After specific
time periods (1 hour, 4 hours, 24 hours, or 72 hours) after
injury, mice were deeply anesthetized by intraperitoneal
application of ketamine (0.5 mg/g) and xylazine (0.01
mg/g), and perfused transcardially with ice-cold phos-
phate-buffered saline. Brains were subsequently rapidly
removed and frozen to �80°C.

Evaluation of Neurological Clinical Status

Neurological clinical status was evaluated before injury,
as well as 4, 24, and, in one experimental group (see
below), also 72 hours after injury using a combination of
standard tasks (with modifications) including a postural
reflex test,36 a beam walk test,37 an inclined plane bal-
ancing test,38 and a spontaneous motor activity test.39

For postural reflex test, mice were lifted on fixation of
the tail and symmetry in the movement of the four limbs
was examined. A score of 0 indicates all four limbs ex-
tended symmetrically; 1, limbs on left side extended to a
lesser degree or more slowly than those on the right; 2,
minimal movement of left side limbs; and 3, lack of move-
ment of left side limbs. The beam walk test assessed fine
motor coordination. Therefore, mice were analyzed for
their capacity to traverse wooden beams of 30 cm in
length and with consecutively decreasing diameters of
13, 9, and 5 mm in diameter by walking. Failure of walking
along the thickest beam whose diameter was 13 mm was
assigned to a score of 3. Motor ability was further tested
using an inclined plane test. In this test, mice were
placed on planes with a decreasing inclination angle. If a
mouse dropped off from the plane inclined at 75°, 60°, or
45° within 30 seconds, the score was 1, 2, or 3, respec-
tively. For evaluation of spontaneous motor activity, mice
were seeded in the center of a circle of 20 cm in diame-
ter. One additional point was assigned to mice that failed
to exit the circle within 120 seconds. In addition, one
score point was given to mice that had seizures at the
time of clinical examination. The maximum neurological
score was 11 and indicated severe neurological dysfunc-
tion, whereas a score of 0 was associated with healthy
uninjured mice.

Assessment of Brain Injury

Coronal sections, 10 �m in thickness, were cut on a
cryostat at 0.5-mm intervals from 1 mm anterior to 3.5 mm
posterior to the bregma and stained with Cresyl violet.
The images of the stained specimen were captured by a
digital video camera (JVC TK-C1360B; JVC Germany,
Friedberg, Germany) and analyzed by UTHSCSA Image
Tool Version 3 for morphometric measurements (devel-
oped in the Department of Dental Diagnostic Science,
University of Texas Health Science Center, San Antonio,
TX). Lesion volumes were determined by multiplying the
total lesion area with the section interval thickness.

In addition, three cryosections per mouse were col-
lected from the region spanning parts of the hippocam-
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pus (from 1.5 to 2.5. mm posterior to the bregma, at
0.5-mm intervals). A commercial in situ histochemical as-
say (Klenow-FragEL DNA fragmentation detection kit;
Calbiochem, Darmstadt, Germany) was used to detect
DNA fragmentation characteristic of apoptosis. In this
assay, Klenow fragment binds to exposed ends of DNA
fragments generated in response to apoptotic signals
and catalyzes the template-dependent addition of biotin-
labeled deoxynucleotides. Biotinylated nucleotides are
detected with a streptavidin-horseradish peroxidase con-
jugate. Diaminobenzidine reacts with the labeled sample
to generate an insoluble colored substrate at the site of
DNA fragmentation. The diaminobenzidine-stained brain
sections were imaged at a magnification of 35 using a
digital video camera connected to a PC. The number of
FragEL-positive (colored) cells in the injured cortex, the
hippocampus, and the thalamus was determined by us-
ing a UTHSCSA Image Tool Version 3 Macro.

Immunohistochemical Detection of Neutrophils

Ten-�m-thick coronal brain sections cut at bregma levels
�1.5, �2, and �2.5 mm were stained with a rat anti-
mouse GR-1 monoclonal antibody (RB6-8C5; BD Bio-
sciences, Erembodegem, Belgium) for evaluation of
brain neutrophil infiltration. After quenching endogenous
peroxidase activity with 0.3% methanolic hydrogen perox-
ide and blockage of nonspecific binding by 10% normal
rabbit serum, brain sections were incubated with the anti-
GR-1 antibody diluted 1:10 overnight at 4°C. Labeled cells
were visualized using biotinylated rabbit anti-rat IgG at a
1:200 dilution, followed by horseradish peroxidase-conju-
gated streptavidin and then 3,3-diaminobenzidine as a
chromogen (all from Vector Laboratories, Burlingame, CA).
After counterstaining with Mayer’s hematoxylin solution, tis-
sue sections were imaged at a magnification of 35 using a
digital video camera connected to a PC. The number of
positive cells was counted in a blinded manner in the in-
jured and contralateral cerebral cortex. The counts were
then normalized to the area of tissue and expressed in mm2.

Protein Array Analysis

Mice brains were screened for containment of 62 cyto-
kines/chemokines using a mouse-specific cytokine anti-
body array (Array 3.1.; Ray Biotech Inc., Atlanta, GA),
performed according to the manufacturer’s instructions.
In brief, 88 50-�m-thick cryosections (cut from 0.5 mm
anterior to 4.5 mm posterior to the bregma, containing the
lesion area) were homogenized in lysis buffer (10 mmol/L
HEPES at pH 7.9, 10 mmol/L KC/CXCL1l, 1.5 mmol/L
MgCl2, and a mixture of protease inhibitors including
phenylmethyl sulfonyl fluoride, aprotinin, leupeptin, and
pepstatin A) and then centrifuged at 12,000 � g for 15
minutes at 4°C. Protein concentrations were determined
in supernatants using the Nanoquant assay (Carl Roth
GmbH, Karlsruhe, Germany), and equal protein amounts
of eight separate brain extracts per group were pooled. A
total of 1500 �g of pooled protein was applied for incu-

bation with array membranes and handled according to
the manufacturer’s instructions. Cytokine-antibody com-
plexes on membranes were detected by enhanced
chemiluminescence and recorded with X-ray films. The
images were scanned and analyzed by TINA 2.08e soft-
ware (Raytest, Straubenhardt, Germany). For normaliza-
tion, optical densities of each spot were expressed as
percentage of the average optical densities of the six
positive controls contained on each membrane. Expres-
sion levels �5% as related to positive controls were
considered as originating from unspecific staining and
ignored. Greater than twofold changes of protein expres-
sion levels as revealed by comparative analysis of differ-
ent experimental groups were considered as significant.

Immunoassays for IL-1�, IL-6, CXCL16, and
CCL-9

Immunoreactive IL-1�, IL-6, CXCL16, and CCL-9 were
determined using commercially available enzyme-linked
immunosorbent assay (ELISA) kits (Quantikine assay kits;
R&D Systems GmbH, Wiesbaden-Nordenstadt, Ger-
many). Briefly, frozen brain sections of a total thickness of
1.8 mm were homogenized in lysis buffer and thereafter
centrifuged at 12,000 rpm for 15 minutes at 4°C, and 50
�l of the supernatant was used for ELISA. For normaliza-
tion, supernatant protein concentration was measured
using the Nanoquant assay (Carl Roth GmbH). Concen-
trations of immunoreactive IL-1�, IL-6, CXCL16, and
CCL-9 were expressed as pg/mg brain protein.

Experimental Groups in the Mouse Model

For analyses of cytokine pattern alterations in response
to cold-induced cortical injury, 36 C57/BL6 wild-type
mice were euthanized immediately before cold injury
(n � 6), 1 hour after cold injury (n � 6), 4 hours after
cold injury (n � 6), 24 hours after cold injury (n � 10),
or 72 hours after cold injury (n � 9). Analysis of the role
of MyD88 in the immune response to cold injury was
conducted in Myd88-deficient mice and wild-type mice
(genetic background: C57/BL6; n � 11 per group)
subjected to cold-induced cortical injury and eutha-
nized 24 hours thereafter. MyD88-deficient mice back-
crossed eightfold to the C57BL/6 background were
kindly provided by Prof. S. Akira (Research Institute for
Microbial Diseases, Osaka University, Osaka, Japan).
Wild-type C57BL/6 mice were purchased from Charles
River Germany (Sulzfeld, Germany). To explore the role
of TLR2 and TLR4 in the immune response to cold
injury, we also subjected TLR2/4 double-deficient mice
backcrossed for five times to the C57/BL6 background:
(n � 11) to cold injury. Wild-type mice used for control
of TLR2/4 double-deficient mice analyses (n � 10)
were outcrossed during TLR2�/� and TLR4�/� mice
crossing. Sham-operated wild-type mice (n � 5)
served as negative controls. Sham-operated mice and
cold-injured mice underwent identical surgery, except
that the metal probe was not precooled before being
placed on the skull in sham-operated mice. To analyze

202 Koedel et al
AJP July 2007, Vol. 171, No. 1



the contribution of blood-borne leukocytes to injury-
induced inflammation, additional wild-type mice were
either rendered neutropenic or lethally irradiated and
transplanted with MyD88-deficient BM. Mice (n � 5)
assigned to the neutropenia group were injected intra-
peritoneally with 250 �g of rat anti-mouse GR-1 mono-
clonal antibody (BD Biosciences) 24 hours before cold
injury. The control group of mice (n � 5) followed the
same dosage schedule, receiving intraperitoneal injec-
tion of a purified rat IgG2b isotype control antibody (BD
Biosciences). To verify neutrophil depletion, blood was
obtained by cardiac puncture before injury and at the
time of sacrifice. The total leukocyte count was deter-
mined using blood samples diluted in Turk’s solution
counted in a Neubauer chamber and differential leu-
kocyte counts were performed on thin blood smears
stained by the May-Gruenwald-Giemsa method. Anti-

GR-1 treatment resulted in a significant reduction in
mean neutrophil counts compared with the isotype
controls (eg, at 24 hours after injury: 196 � 116 neu-
trophils/�l in anti-GR-1-treated mice versus 1954 �
388 neutrophils/�l; P � 0.001). BM chimeric mice were
generated according to the method described recently
by Prinz and colleagues.40 In brief, 8-week-old wild-
type mice were exposed to a 137CsCl beam source to
receive a radiation dose of 900 cGy (Amersham,
Brunswick, Germany) 24 hours before supplementa-
tion with BM of untreated mice. BM cells (5 � 106 cells)
derived from tibiae and femurs either from wild-type or
MyD88-deficient mice were injected into tail veins of
recipients (n � 6 in each group). Eight weeks after
grafting, reconstitution was assessed using a whole
blood bioassay. Therefore, blood samples were ob-
tained by cardiac puncture using heparinized sy-

Figure 1. Neuropathology in mice after cold-induced cortical injury. Cold trauma resulted in sharply demarcated cortex lesions, as revealed by Nissl stains
(indicated by diamonds; top and middle left images). At 24 hours after cold injury (middle left image), the lesion size was significantly greater than that observed
1 hour after injury (top left image). In addition, DNA fragmentation characteristic for apoptosis was detected in injured brains using a commercial in situ
histochemical assay (Klenow-FragEL DNA fragmentation detection kit). In the injured cortex, cells containing DNA breaks (stained brown) were detected as early
as 1 hour and were maximal at 24 hours after injury (bottom left image). In the contralateral hippocampus, apoptotic cells were not detected either by the Klenow
kit or by Cresyl violet staining until 4 hours (top middle image) and were maximal at 72 hours after injury (middle and bottom middle images). The presence of
neutrophils in the injured brain was indicated by immunohistochemistry using an anti GR-1 antibody. GR-1-positive cells (stained brown) were found in the
lesioned cortex at 24 hours (middle right image) after cold injury but were not detected or very rare in the contralateral cortex (top right image) or the contralateral
hippocampus (bottom right image). Scale bars � 100 �m.
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ringes. Then, 100 �l of whole blood was added to 100
�l of RPMI 1640 culture medium with or without 1 �g/ml
lipopolysaccharide (LPS) of Escherichia coli 0111:B4

(Sigma Chemicals, Deisenhofen, Germany) in flat-bot-
tom wells of a microtiter plate. After incubation for 24
hours, blood solutions were harvested and centrifuged
at 2000 rpm for 10 minutes. The resulting supernatants
were assayed for IL-6 containment by a Quantikine
ELISA kit (R&D Systems GmbH). Stimulation with LPS
led to significantly increased IL-6 release from whole
blood from both normal wild-type mice (218.4 � 95.0
pg/ml) and wild-type mice reconstituted with wild-type
BM (205.4 � 90.2 pg/ml), compared with their non-
stimulated controls (12.1 � 10.1 and 10.7 � 4.6 pg/ml).
In contrast, whole blood cells drawn from wild-type
mice reconstituted with MyD88-deficient BM did not
respond with increased IL-6 production on exposure to
LPS (10.8 � 2.7 pg/ml). Experiments were approved by
the government of Upper Bavaria.

Statistical Analysis

The principal statistical test used for comparison of
sham-operated wild-type mice, cold-injured wild-type
mice, cold-injured MyD88-deficient mice, and cold-in-
jured TLR2/4 double-deficient mice was one-way analy-
sis of variance and Scheffé’s test. Statistical differences
of cytokine expression, lesion size, or clinical score be-
tween anti-GR-1- and isotype control antibody-treated
cold-injured wild-type mice as well as cold-injured wild-
type and MyD88�/� BM chimeras were evaluated using
two-tailed unpaired Student’s t-test. To test statistical sig-
nificance of changes of lesion size, number of FragEL-
positive cells, as well as expression of CCL-9 and
CXCL16 throughout time, we used unpaired Student’s
t-test and Bonferroni corrections for multiple compari-
sons. Differences were considered significant at P �
0.05. Data are expressed as mean � SD.

Results

Characteristics of Cold-Induced Cortical Injury

Cold trauma resulted in sharply demarcated cortex le-
sions, as revealed by Nissl stains. The lesion volume
increased by �50% between 1 and 24 hours after cold
injury; no further rise in lesion size was found between 24
and 72 hours after cold injury (Figures 1 and 2). Cells
carrying DNA breaks were detected by Klenow fragment
of DNA polymerase I-mediated biotin-dATP nick-end la-
beling (FragEL) in the injured cortex as early as 1 hour
after cold injury; their number peaked at 24 hours after
injury and then declined (Figure 2). In lesioned mice,
FragEL-positive cells were furthermore detected in the
contralateral cerebral cortex, the ipsi- and contralateral
hippocampus (Figures 1 and 2), and the ipsi-and con-
tralateral thalamus (not shown), starting at 4 to 24 hours,
but being present to a more pronounced degree at the
72-hour time point after cold injury.

At 24 hours of cold lesioning, all injured mice were
hypothermic, lost body weight, and held an altered neu-

Figure 2. Lesion development in mice after cold-induced cortical injury. A:
The lesion volume increased by �50% between 1 and 24 hours after cold
injury; no further rise in lesion size was found between 24 and 72 hours after
cold injury. B: Cells carrying DNA breaks were detected by Klenow fragment
of DNA polymerase I-mediated biotin-dATP nick-end labeling (FragEL) in
the injured cortex as early as 1 hour after cold injury; their number peaked at
24 hours after injury and then declined. C: In lesioned mice, FragEL-positive
cells were also detected in the contralateral hippocampus, starting 24 hours after
injury. #P � 0.05, compared with control mice; *P � 0.05, compared with injured
mice euthanized 1 hour after cold injury; �P � 0.05, compared with injured mice
euthanized 4 hours after cold injury, and §P � 0.05, compared with injured mice
euthanized 24 hours after cold injury using unpaired Student’s t-test and Bon-
ferroni corrections for multiple comparisons.
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rological clinical status, as evidenced by the presence of
mono/hemiparesis and impaired motor activity and func-
tion (Table 1). Seizures were present in 5 of 13 mice at 24
hours, but in all mice examined at 4 hours and in 0 of six
mice examined 72 hours after injury. The mortality rate
after cold injury was 31.6%; all cases of death occurred
between 4 and 24 hours after placement of cold lesion.

Temporal Profile of the Expression of Cytokines,
Chemokines, and Other Inflammation-Related
Factors after Cold-Induced Cortical Injury

The hallmark of injury-induced inflammation is an influx of
neutrophils into injured brain tissue.41,42 The presence of
neutrophils in the injured brain was indicated by immuno-
histochemistry using an anti GR-1 antibody (RB6-8C5 Ab).
GR-1-positive cells were found in the lesioned cortex at 24
hours (Figure 1) after cold injury but were absent in brains
from sham-operated controls. GR-1-positive cells were also
not detected or very rare in the contralateral cortex (Figure
1), the ipsi- and contralateral hippocampus (Figure 1), and
the ipsi- and contralateral thalamus (not shown).

Neutrophil infiltration requires antecedent local expres-
sion of cytokines, chemokines, and adhesion molecules. To
define the immune factors induced by cold injury, brains
were harvested 4, 24, and 72 hours after injury, and the
brain expression of 62 cytokines, chemokines, and other
inflammation-related factors was profiled by a mouse-spe-
cific protein array. Compared with baseline expression in
noninjured control brains, 33 of 62 immune factors were
induced or up-regulated in mouse brains after cold injury
(Figure 3, A and B; Table 2). Time course analysis of protein
expression revealed specific expression patterns. The neu-
trophil chemoattractants KC/CXCL1 and LIX/CXCL5 were
rapidly induced after injury. Their expression declined rap-
idly and reached control levels by 72 hours after cold lesion
induction. A similar time course of expression was also
found for the cytokine IL-6 as well as the growth factors
granulocyte colony-stimulating factor and vascular endo-
thelial growth factor. This group of immune factors may play
a specific role in mounting the innate immune response to
cold injury. The neutrophil chemoattractant MIP-2/CXCL2;
the CXC chemokine CXCL4; the CC chemokines CCL2,
CCL5, CCL9, and CCL12; as well as the adhesion mole-
cules P-selectin and L-selectin also peaked within 24 hours
after cold injury, but their expression levels were still ele-
vated at 72 hours after cold injury, representing a second
pattern of protein expression. The third pattern of expres-
sion is represented by that of the cytokines IL-4 and IL-12,
the CXC chemokine CXCL16, the chemokine XCL1, and
matrix metalloproteinase inhibitor TIMP-1. Their expression
increased late after injury reaching maximum levels at 72
hours. To confirm the protein array data, supplemental

Figure 3. Temporal profile of cytokine/chemokine expression after cold-
induced cortical injury. A: To define the immune factors induced by cold
injury, injured brains were harvested 4, 24, and 72 hours after injury, and
brain expression of 62 cytokines, chemokines, and other inflammation-
related factors was profiled by using a mouse-specific protein array. Com-
pared with baseline expression in noninjured control brains, 33 of 62 im-
mune factors were induced or up-regulated in mouse brains after cold injury
(for details, see Table 2). In addition to the positive controls, the chemokines
CCL9 and CXCL16 that were additionally measured by ELISA are marked by
rectangles. B: The table shows localization of antibodies toward cytokines,
chemokines, and other inflammation-related factors on the protein chip. C
and D: ELISA experiments revealed increased brain concentrations of both
CCL9 (C) and CXCL16 (D) at 24 hours after brain injury. The protein level of
CCL9 remained constantly elevated, whereas the expression of CXCL16
further increased up to 72 hours after cortical injury. *P � 0.05, compared
with control mice and injured mice euthanized 1 hour after cold injury using
unpaired Student’s t-test and Bonferroni corrections for multiple compari-
sons. #P � 0.05, compared with injured mice euthanized 24 hours after cold
injury.

Table 1. Clinical Parameters of Mice before and at Different Time Points after Cold-Induced Cortical Injury

Experimental group (n)
Death within the

observation period
Clinical
score Seizures

Body temperature
(°C)

Weight loss
(%)

Before cold injury (6) 0 of 6 (0%) 0 � 0 0 of 6 (0%) 37.8 � 0.3 n.d.
1 hour after injury (6) 0 of 6 (0%) n.d. 0 of 6 (0%) n.d. n.d.
4 hours after injury (6) 0 of 6 (0%) 9.8 � 1.9* 6 of 6 (100%)‡ 36.7 � 1.1 �4.0 � 1.7
24 hours after injury (10) 3 of 10 (30%) 8.9 � 1.9* 1 of 7 (14%) 34.1 � 1.6*† �17.4 � 3.6*†

72 hours after injury (9) 3 of 9 (33%) 6.0 � 2.6* 0 of 6 (0%) 35.0 � 2.0* �21.9 � 7.6*†

n.d., not detected.
*P � 0.05, compared with control mice (examined and euthanized before cold injury) and †P � 0.05, compared with injured mice examined and

euthanized 1 hour after cold injury using unpaired Student’s t-test and Bonferroni corrections for multiple comparisons.
‡P � 0.05, compared with all other groups investigated using 2 � 2 contingency tables and �2 test.
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ELISAs were conducted for the chemokines CCL9 and
CXCL16, which were detected for the first time in injured
brains. As shown in Figure 3, C and D, results were consis-
tent with protein array data, thus indicating reliability of the
latter.

Impact of MyD88 Deficiency and TLR2/4
Double Deficiency on Inflammation after Cold-
Induced Cortical Injury

In vitro studies22–27 suggest that TLR2 and TLR4 activa-
tion by agonists from endogenous sources such as dying
cells or disrupted extracellular matrix may be crucial for
initiation of an innate immune response to tissue injury.
We therefore studied cold injury-induced immune re-
sponses in MyD88-deficient mice, which are primarily
defective in respect to TLR signaling, as well as in TLR2/4
double-deficient mice. Protein expression levels of 5 of
21 immune factors found to be induced or up-regulated
24 hours after cold lesioning differed in injured MyD88-
deficient mice as compared with those in wild-type mice.
These factors are IL-6, granulocyte colony-stimulating
factor, KC/CXCL1, CXCL16, and CCL12, all of which
were expressed at lower levels in brains of MyD88-defi-
cient mice (Figure 4). To validate the array data, expres-
sion of IL-1�, IL-6, and CXCL16 were analyzed by ELISA.
Consistent with the protein array data, the cold injury-
induced increase in brain IL-6 expression was abrogated

Figure 4. Comparative analysis of MyD88 deficiency on cytokine protein
expression after cold-induced cortical injury. Mouse cytokine antibody arrays
were used to determine the differences in the protein expression of cyto-
kines, chemokines, and other inflammatory factors from sham-operated
controls as compared with injured wild-type mice versus injured MyD88-
deficient mice. Compared with the protein expression pattern in injured
wild-type mice, five immune factors, namely IL-6, granulocyte colony-stim-
ulating factor, KC/CXCL1, CXCL16, and CCL12 (rectangles) were found to
be expressed at substantially lower levels in MyD88-deficient mice. To
validate the array data, supplemental ELISAs were performed for IL-1�, IL-6,
and CXCL16 (see Figure 5).

Table 2. Expression Profiles of Cytokines/Chemokines after Cortical Injury

Protein name 4 hours after injury 24 hours after injury 72 hours after injury

IL-1� n.d. n.d.* n.d.
IL-4 � � �
IL-6 � Induced Induced
IL-12p40/p70 � Induced Induced
IL-12p70 � � Induced
TNF-RI � � Induced
TNF-RII � � �
CXCL1 � Induced �
CXCL2 Induced Induced Induced
CXCL4 Induced Induced Induced
CXCL5 � � �
CXCL9 � Induced Induced
CXCL12 � � Induced
CXCL16 � � ��
CCL2 � � �
CCL3 � � Induced
CCL5 � � �
CCL9 � � �
CCL12 � Induced Induced
CCL24 Induced Induced Induced
CX3CL1 � Induced Induced
XCL1 � � �
L-selectin Induced Induced Induced
P-selectin Induced Induced Induced
G-CSF � Induced Induced
M-CSF � �� �
VEGF � � �
SCF � � �
IGFBP3 � � ��
IGFBP5 � � Induced
TPO � � �
TIMP1 � � �
Axl � � �
Leptin � � �

IL, interleukin; TNF-R, tumor necrosis factor receptor; G-CSF, granulocyte colony-stimulating factor; M-CSF, macrophage colony stimulating factor;
VEGF, vascular endothelial growth factor; SCF, stem cell factor; IGFBP, insulin-like growth factor binding protein; TPO, thrombopoietin; TIMP, tissue
inhibitor of metalloproteinase; n.d., not detectable by protein array analysis.

*, Detected by ELISA; �, unchanged (� less than twofold change in the protein expression level compared with noninjured control mice); � and
��, equal or greater than twofold and fourfold change in the protein expression level, respectively.
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in MyD88-deficient mice, whereas the levels of CXCL16
were slightly, albeit significantly, reduced in this mouse
strain. In contrast to the protein array analysis, we also
detected an increase in brain IL-1� concentrations in

injured wild-type mice compared with sham-operated
controls. Injured MyD88-deficient brains contained sub-
stantially lower IL-1� amounts as compared with brains of
wild-type mice. The latter result illustrates relatively low-
detection sensitivity of protein arrays to specific cytokines
(cytokine array sensitivity data are available at http://
www.raybiotech.com/mouse_array_sensitivity.pdf).

In contrast to MyD88-deficient mice, protein array anal-
ysis did not reveal any differences in brain expression of
cytokines, chemokines, and adhesion molecules be-
tween TLR2/4 double-deficient mice and wild-type mice
24 hours after cold injury (data not shown). Accordingly,
ELISA analyses showed that TLR2/4 double-deficient
mice displayed no deficits in the injury-induced produc-
tion of both IL-1� and CXCL16 (Figure 5). Our data sug-
gest MyD88 dependence but TLR2/4 independence of
cold injury-induced immune responses.

The reduced brain expression of cytokines and che-
mokines in injured MyD88-deficient mice was paralleled
by an attenuated recruitment of GR1-positive cells (neu-
trophils) to the lesion site (Figure 6). Counting of GR-1-
positive cells in the injured cortex revealed an 85% re-
duction in neutrophil numbers in MyD88-deficient mice
(3.7 � 3.5 cells/mm2) compared with wild-type mice
(26.3 � 6.8 cells/mm2). To determine whether MyD88

Figure 5. Brain expression of IL-1�, IL-6, and CXCL16 proteins in MyD88- or
TLR2/4-deficient mice on cold injury. Cold injury to the brain resulted in a
significant increase in brain IL-1� (A), IL-6 (B), and CXCL16 (C) concentra-
tions, compared with sham-operated controls. Whereas injured MyD88-de-
ficient brains contained substantially lower amounts of IL-1�, IL-6, or CXCL16
than brains of wild-type mice, TLR2/4 double-deficient mice showed no
deficits in the injury-induced production of both IL-1� and CXCL16. n.d, not
determined. *P � 0.05, compared with sham-operated controls. #P � 0.05,
compared with injured wild-type mice using one-way analysis of variance
and Scheffé’s test.

Figure 6. Impact of MyD88 deficiency and neutrophil depletion on neutro-
phil infiltration into the lesion site on cold injury. The presence of neutrophils
in injured brains was analyzed by immunohistochemistry using an anti GR-1
antibody. Substantial numbers of GR-1-positive cells (stained brown) were
found in the lesioned cortex at 24 hours after cold injury in wild-type mice
that were untreated (wt; top left image), pretreated with isotype control
antibodies (wt � IgG2b; middle left image), or lethally irradiated and trans-
planted with wild-type BM (wt � wt; bottom left image). Although MyD88
deficiency resulted in an attenuated recruitment of GR1-positive cells to the
lesion site (MyD88�/�; top right image), GR-1-positive cells were nearly
absent in the injured cortex of neutropenic mice (wt � anti-GR-1; middle
right image). Only a slight reduction in accumulation of GR-1-positive cells
was observed in the injured cortex of MyD88 BM chimeras (MyD88�/� � wt;
bottom right image). Scale bars � 100 �m.
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signaling in neutrophils and hematopoietic cells might
contribute to inflammation after cold-induced cortical in-
jury, wild-type mice were either rendered neutropenic by
anti-GR-1 treatment or lethally irradiated and trans-

planted with MyD88-deficient BM. Whereas GR-1-posi-
tive cells were absent in the injured cortex of neutropenic
mice (1.5 � 1.1 versus 28.4 � 7.8 cells/mm2 in isotype
control antibody-treated mice; Figure 6), only a slight
reduction in accumulation of GR-1-positive cells was ob-
served in the injured cortex of MyD88 BM chimeras
(23.0 � 10.8 versus 29.0 � 3.7 cells/mm2 in wild-type BM
chimeras; Figure 6). However, neither neutropenic mice
nor MyD88 BM chimeras displayed significant differ-
ences in expression of cytokines IL-1� and IL-6 as well as
the chemokine CXCL16 compared with isotype control
antibody-treated injured wild-type mice and wild-type BM
chimeras, respectively (Figure 7, A–C). Thus, CNS-resi-
dent cells are the most likely source of these cytokines
and chemokines after cold-induced cortical injury.

Impact of MyD88 Deficiency and TLR2/4
Double Deficiency on Lesion Development and
Clinical Outcome

Because inflammation is thought to contribute substan-
tially to secondary brain damage after acute physical
injury,5,6 we also assessed the impact of MyD88 defi-
ciency and TLR2/4 double deficiency on lesion develop-
ment and clinical status. The lesion volume produced by
cold injury was 25% smaller in MyD88-deficient mice than
in wild-type mice (Figure 8A). In addition, the number of
cells containing broken DNA was significantly lower in
injured parietal cortex of MyD88-deficient mice (475 �
301 cells/�35 field) than in wild-type mice (964 � 319

Figure 7. Brain expression of IL-1�, IL-6, and CXCL16 proteins in neutropenic
mice and BM chimeras. Neither neutropenic mice (wt � anti-GR-1) nor MyD88
BM chimeras (MyD88�/� � wt) displayed significant differences in expression
of cytokines IL-1� (A) and IL-6 (B) as well as the chemokine CXCL16 (C)
compared with isotype control antibody-treated injured wild-type mice (wt �
IgG2b) and wild-type BM chimeras (wt � wt). *P � 0.05, compared with
sham-operated controls using one-way analysis of variance and Scheffé’s test.

Figure 8. Impact of MyD88 deficiency, TLR2/4 double deficiency, and
neutropenia on lesion development and neurological outcome on cold
injury. Lack of MyD88 led to a significant reduction in lesion size (A) and to
an improved neurological status (B), whereas TLR2/4 double deficiency had
no effect on cold injury-induced CNS damage and the clinical outcome.
Neither neutropenia (wt � anti-GR-1) nor the MyD88 BM chimerism
(MyD88�/� � wt) influenced lesion development and the clinical status,
compared with isotype control antibody-treated injured wild-type mice (wt
� IgG2b) and wild-type BM chimeras (wt � wt) (C and D). #P � 0.05,
compared with injured wild-type mice using one-way analysis of variance
and Scheffé’s test.
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cells/�35 field). The number of FragEL-positive cells was
also lower in all other brain structures affected by cold
injury, including the lesion-remote hippocampus and
thalamus (for example: contralateral hippocampus,
107 � 74 cells/�35 field in MyD88-deficient mice versus
261 � 106 cells/�35 field in wild-type mice). Reduction of
brain damage observed in MyD88-deficient mice was
associated to an improved neurological status (Figure
8B). In contrast to MyD88-deficient mice, lesion sizes and
numbers of injured cells did not differ in TLR2/4 double-
deficient mice and wild-type mice. Moreover, TLR2/4
double deficiency had no detectable impact on the neu-
rological status (Figure 8, A and B). In line with unaltered
cytokine and chemokine production was the lack of influ-
ence of both neutropenia and MyD88 BM chimerism
on lesion development and clinical status (Figure 8, C
and D).

Discussion

Sterile injury induces symptoms that are reminiscent of
inflammation on infection. TLRs mediate their action via
MyD88 cell activation not only on microbial or viral chal-
lenge but also if discontinuity of regular homeostasis
goes along with cell and cell matrix disruption. Therefore,
we analyzed MyD88, TLR2, and TLR4 for their potential
roles in early responses to acute brain injury.

First, we investigated cytokine/chemokine expression
profiles in murine brains at different time points after
cold-induced cortical injury. The results of our respective
protein array analysis clearly demonstrated that physical
injury to the brain resulted in an immediate activation of
the innate immune response. Accordingly, expression of
33 of 62 immune factors analyzed, including the cyto-
kines IL-6; the neutrophil chemoattractants KC/CXCL1,
MIP-2/CXCL2, and LIX/CXCL5; the monocyte chemoat-
tractants CCL2, CCL5, and CCL12; as well as the adhe-
sion molecules P- and L-selectin, was induced or en-
hanced to a substantial degree. Up-regulation of several
immune factors reported here is in line with recent reports
on cytokine and chemokine expression after brain trauma
in humans and animal models using other technologies.
For instance, early up-regulation of IL-6, MIP-2/CXCL2,
and CCL2 expression after cold-induced brain injury was
evident. These findings comply with early up-regulation
of these factors in the brain after experimental brain
trauma as found by immunoblot analysis, ELISA, and/or
immunocytochemical techniques as reported previous-
ly.43–45 In contrast to recent observations (for review, see
Schmidt et al6), however, our protein array analysis did
not reveal induction of the proinflammatory cytokines
IL-1� and tumor necrosis factor-� after cortical injury.
This finding might be attributable to low sensitivity of the
protein array to these cytokines because we found in-
creased IL-1� levels in the brain after cold injury in sup-
plemental ELISA analysis. In addition to expression levels
of previously implicated immune factors, those of further
immune factors having not been implicated earlier were
found to be altered in response to acute brain injury.
Among these newly implicated chemokines are the CC

chemokine CCL9 and the CXCL chemokine CXCL16.
CCL9 is a member of the macrophage inflammatory pro-
tein (MIP)-1 CC chemokine subfamily.46 CCL9 induces
chemotaxis of CD4� and CD8� T cells and dendritic
cells,47,48 as well as potently suppresses activity of the
colony formation of BM-derived myeloid progenitor
cells.49 In the brain, increased CCL9 expression has
been recently observed in mouse models of Staphylococ-
cus aureus-induced brain abscess formation50 and pneu-
mococcal meningitis.51 However, its functional role in the
pathogenesis of infection and trauma of the CNS remains
to be clarified. CXCL16 is the second transmembrane
chemokine identified to date, bearing significant struc-
tural homology to fractalkine/CX3CL1.52 When expressed
on the cell surface of antigen-presenting cells, CXCL16
facilitates uptake of oxidized low-density lipoproteins53

and phagocytosis of bacteria.54 Membrane-bound
CXCL16 acts as an adhesion molecule for CXCR6-ex-
pressing leukocytes.55 On cleavage from the cell sur-
face, the soluble CXCL16 molecule has chemoattractant
activity for activated CXCR6-expressing CD4� and CD8�

T cells.55–57 Most recently, up-regulation of CXCL16 ex-
pression in the CNS has been demonstrated in experi-
mental autoimmune encephalomyelitis58 and pneumo-
coccal meningitis.59 In the experimental autoimmune
encephalomyelitis model, CXCL16 has been found to
contribute to mononuclear cell trafficking into the spinal
cord in the course of this inflammatory disease.58 The
role of CXCL16 in brain trauma, however, needs to be
determined. Overall, our protein array and ELISA data
indicate rapid and sustained up-regulation of cytokine
and chemokine expression after aseptic cold injury-in-
duced brain injury. Among the most rapidly induced fac-
tors were the CXC chemokines KC/CXCL1 and LIX/
CXCL5. Both chemokines are strong candidates for
recruiting neutrophils to injured brain areas. CNS-specific
overexpression of KC/CXCL-1 produced substantial neu-
trophil infiltration into perivascular, meningeal, and pa-
renchymal sites,60 and neutralization of LIX/CXCL5 sig-
nificantly inhibited neutrophil influx into the cornea during
LPS keratitis.61 Our immunohistochemical findings to-
gether with previous reports41,42,62 imply that leukocyte
infiltration is a relatively delayed phenomenon in the
pathogenesis of aseptic brain injury, occurring later than
4 hours and reaching its maximum between 24 and 48
hours after injury. Thus, CNS resident cells are the most
likely source of cytokines and chemokines like KC/CXCL1
and LIX/CXCL5 at early time points after injury.

Growing evidence indicates a role of TLRs not only in
immune responses to infection, but also in pathogen-
independent inflammation on sensing of host-derived
danger signals such as HSP60, HSP70, GP96, HMGB-1,
monosodium urate, and hyaluronan fragments, which
have been shown to activate TLR2 and/or TLR4.22–27

Activation of TLR4 initiates both MyD88-dependent and
-independent signaling cascades, whereas TLR2 signal-
ing is fully dependent on the intracellular adaptor protein
MyD88.33,34 We found that loss of MyD88 caused multi-
ple defects in cytokine/chemokine expression and re-
duced neutrophil infiltration on physical injury to the
brain. This observation is consistent with an important
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role of MyD88 in innate immune responses under nonin-
fectious conditions as has been reported earlier. Accord-
ingly, lack of MyD88 expression correlated with reduction
of atherosclerosis through a decrease of macrophage
recruitment to the artery wall and reduced chemokine
levels.63,64 Myd88 deficiency also resulted in suppres-
sion of neutrophil accumulation and cytokine production
after injection of the endogenous danger signal uric ac-
id14 in subcutaneous air pouches.26 Moreover, in a
mouse experimental autoimmune encephalomyelitis
model, MyD88-deficient mice displayed no histologically
apparent inflammation.40 In this model, the absence of
MyD88 expression from either the radio-sensitive hema-
topoietic or the radio-resistant CNS compartment caused
decreased mononuclear infiltration of the CNS.40 MyD88
expression in hematopoietic cells, however, seems not
be required for immune activation after cold-induced
brain injury because wild-type mice irradiated and trans-
planted with MyD88-deficient BM displayed similar up-
regulation of cytokines/chemokines and neutrophil infil-
tration as both wild-type BM chimeras and normal wild-
type mice.

To assess the potential contribution of TLR2 and TLR4
to effects mediated by MyD88, we also subjected TLR2/4
double-deficient mice to cold injury. Surprisingly, the lack
of TLR2 and TLR4 did not affect injury-induced cytokine/
chemokine production. In contrast, published data dem-
onstrated involvement of TLR2 and TLR4 in uric acid-
induced, MyD88-dependent inflammation26 and
contribution of both TLRs to MyD88-dependent immune
activation in atherosclerosis.64,65 Moreover, TLR2 has
also been reported to serve a proinflammatory role in
renal ischemia-reperfusion injury,66 whereas TLR4 has
been implicated in initiating the inflammatory response in
hemorrhagic shock67 and in ischemia-reperfusion injury
of the heart and liver.68,69 Presently, data on the role of
TLRs in noninfectious CNS disease are limited and incon-
clusive. TLR2 (but not TLR4) deficiency was associated
with transient, selective reductions in lesion-induced cy-
tokine/chemokine expression in denervated zones of the
hippocampus after transection of axons in the entorhinal
cortex,70 whereas loss of functional TLR4 resulted in di-
minished brain cytokine levels after cerebral ischemia-
reperfusion injury71 and lack of TLR2 had no effect on
leukocyte infiltration in experimental autoimmune en-
cephalomyelitis.40 Reasons for the discrepancy among
studies might be attributable to differences in experimen-
tal models. Invasive surgical procedures necessary to
transect the entorhinal cortex or to create cerebral isch-
emia/reperfusion injury bear the risk of contamination with
microbial products. Thus challenge with the TLR4 ligand
LPS exacerbated neurodegeneration in mouse models of
cerebral hypoxia/ischemia72 and amyotrophic lateral
sclerosis,73 certainly by promoting an innate immune re-
sponse. Furthermore, different types of injury and/or by
different tissues might cause release of different and
specific sets of danger signals.

Tissue injury might result in release of self-DNA and
self-RNA from dying cells, both of which have been sug-
gested to act as immunostimulatory factors.16,74 Re-
cently, single-stranded RNA within small nuclear ribonu-

cleoprotein particles was found to activate innate immune
cells through TLR7 and TLR8.75 Moreover, when formu-
lated with cationic lipids, mammalian DNA was shown to
stimulate cytokine production and immune cell activation
in a partly TLR9-dependent manner. Because signaling
through TLR7, TLR8, and TLR9 depends on MyD88, their
activation by endogenous nucleic acids may contribute
to the MyD88-mediated immune activation in our model
of cold-induced cortical injury. This hypothesis is
strengthened by a recent report on delayed and dimin-
ished inflammatory responses in a mouse model of mul-
tiple sclerosis if TLR9 expression was lacking.40 How-
ever, it is also conceivable that disruption of IL-1� or/and
IL-18 signaling in MyD88�/� mice is causative for dimin-
ished cytokine/chemokine production after cold lesion-
ing. This concept is supported by recent demonstration
of an attenuated production of proinflammatory cytokines
in IL-1R-deficient mice subjected to either penetrating
cortical injury76 or cerebral hypoxia/ischemia.77 In sum-
mary, our data strongly suggest that MyD88 signaling in
aseptic brain injury is independent of TLR2 and TLR4.
Apart from MyD88 signaling, other signal transduction
pathways seem to contribute to immune activation on
acute brain tissue damage. For instance, extracellular
ATP released from damaged cells have been demon-
strated to mediate a rapid microglia response toward
injury78 and to induce the release of cytokines like IL-1�,
tumor necrosis factor-�, and IL-6 from microglia by P2
receptor activation.79

Efforts during the past years have provided evidence
that the profound inflammatory response after physical
brain injury contributes to secondary brain damage.6 Ac-
cordingly, we found that an increase in lesion size be-
tween 1 and 24 hours after cold injury was paralleled by
innate immune activation and an attenuated immune re-
sponse observed in MyD88-deficient mice was associ-
ated with reduction of CNS injury, whereas the lack of
TLR2 and TLR4 had no effect on both neuroinflammation
and lesion development. We further demonstrated that
MyD88-dependent activation of radio-resistant CNS cells
contributes to brain damage secondary to cold lesioning,
whereas invaded neutrophils did not affect acute lesion
development. The latter finding is compatible with several
reports on lack of infarction size reduction through de-
pletion of neutrophils or interference with neutrophil-en-
dothelial interactions after physical brain injury.80,81 Al-
though the mechanism underlying the neuroprotective
effect of MyD88 deficiency remains to be elucidated in
detail, our data and those of others suggest involvement
of the IL-1R-MyD88 pathway. We observed here that
injury-induced up-regulation of IL-1� expression was ab-
rogated in MyD88-deficient mice. Recent studies have
demonstrated that inhibition of IL-1� generation and/or
IL-1 receptor antagonism attenuated tissue damage after
traumatic brain injury.82,83 Similar results have been ob-
tained in models of cold-induced brain injury. Thus, inhi-
bition of caspase-1, which converts pro-IL-1� into its
active form, has been shown to lead to a significant
reduction of the infarction volume after aseptic cryogenic
injury.84 Treatment with an IL-1 receptor antagonist has
also been reported to diminish lesion size in mice
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subjected to cold-induced cortical injury.85 Finally, our
observation of just partial decrease of cold injury-in-
duced cortical injury if MyD88 expression is absent
indicates involvement of further MyD88-independent
inflammatory and/or noninflammatory mechanisms of
secondary brain damage after lesioning. MyD88-inde-
pendent immunostimulatory factors may include ATP
and its P2 receptors as well as the complement sys-
tem,86,87 whereas oxidative stress and glutamate exci-
totoxicity seem to be major noninflammatory mediators
of secondary brain damage.88,89

In summary, we have characterized the time course of
cytokine/chemokine expression pattern changes after
acute physical injury to the brain. Expression of specific
cytokines/chemokines depended on MyD88 signaling on
radio-resistant CNS cells, but neither on activation of
TLR2 and TLR4, two pattern recognition receptors that
have been implicated in the recognition of endogenous
danger signals, nor on invaded neutrophils. Moreover,
we have shown that loss of MyD88 resulted in reduced
acute brain injury and an improved neurological status.
This finding emphasizes a therapeutic potential of MyD88
targeting for improvement of acute physical brain injury
outcome.
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