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Closed Head Injury in a Mouse Model Results in Molecular
Changes Indicating Inflammatory Responses
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Abstract

Cerebral gene expression changes in response to traumatic brain injury will provide useful information in the
search for future trauma treatment. In order to characterize the outcome of mild brain injury, we studied
C57BL/6] mice in a weight-drop, closed head injury model. At various times post-injury, mRNA was isolated
from neocortex and hippocampus and transcriptional alterations were studied using quantitative reverse
transcriptase PCR and gene array analysis. At three days post-injury, the results showed unilateral injury
responses, both in neocortex and hippocampus, with the main effect seen on the side of the skull hit by the
dropping weight. Upregulated transcripts encoded products characterizing reactive astrocytes, phagocytes,
microglia, and immune-reactive cells. Markers for oligodendrocytes and T-cells were not altered. Notably, strong
differences in the responses among individual mice were seen (e.g., for the Gfap transcript expressed by reactive
astrocytes and the chemokine Ccl3 transcript expressed by activated microglial cells). In conclusion, mild TBI
chiefly activates transcripts leading to tissue signaling, inflammatory processes, and chemokine signaling, as in
focal brain injury, suggesting putative targets for drug development.
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Introduction

RAUMATIC BRAIN INJURY (TBI) represents a major public

health problem, and is the most common cause of mor-
tality and disability in younger Western populations. At
present, no effective pharmaceutical therapies for TBI are
available and current treatment chiefly involves optimized
intensive care management (Johnston and Gupta, 2002).
When also considering milder forms of injury not demanding
intensive care, an even higher fraction of the population is
affected, indicating a multitude of differential functional re-
sponses to brain injury (Byrne, 2000; Comper et al., 2005). The
current study presents data on gene transcripts regulated in
response to brain injury in a mouse model of a mild TBI
(mTBI), produced by a closed head weight drop injury (Zohar
et al., 2003; Milman et al., 2005; Tweedie et al., 2007). This
injury model in mice is based on an anteriolateral impact to
the region between the right ear and the corner of the eye, and
results in an injury without any damage to skull, scalp, or
dura but with widespread and diffuse symptoms. In previ-
ous studies, no morphological changes have been seen.

In contrast, when using parameters for cognitive disabilities
and depression, clear effects were detected (Pan et al., 2003),
which also can be seen in humans suffering from TBI without
any obvious neuroanatomical changes. The cortical and ce-
rebrovascular effects and the inflammatory components also
mimic human TBI.

Patients with post-concussion syndrome display a variety
of different responses (Kibby and Long, 1996; Milman et al.,
2005). In order to gain insights into the post-injury patho-
physiological processes in TBI and to suggest new treatments
targeting mediators of cellular interactions, we turned to
molecular characterization of a closed skull injury model.
Hence, we performed an unbiased genome-wide search for
transcripts regulated in the mildly injured brain, aiming to
further characterize secondary injury processes. To achieve
this, the GeneChip Mouse Genome 430 2.0 Array (Affymetrix,
Santa Clara, CA) was utilized to define transcriptional alter-
ations in neocortex three days after injury. In addition, we
studied transcriptional changes in the injured neocortex and
hippocampus in mice using quantitative reverse transcriptase
PCR (qRT-PCR).

!Developmental Neuroscience, Department of Neuroscience, Biomedical Center, Uppsala University, Uppsala, Sweden.
’Intramural Research Program, National Institute of Drug Abuse, National Institute of Health, Baltimore, Maryland.
*Department of Anatomy and Anthropology, Sackler School of Medicine, Tel-Aviv University, Tel-Aviv, Israel.

1307



1308

We recently showed that inflammatory reactions and robust
activation of microglia and phagocytes are key events in the
injured cortex after a severe focal traumatic brain injury (Is-
raelsson et al., 2008). The present data provide additional in-
formation on injury-induced cell-type specific gene profiles in
response to the mild injury model. In line with the present
findings, inflammation plays an important role in the secondary
injury cascade of TBI (McIntosh et al., 1998; Potts et al., 2006),
with an emphasis on the upregulation of chemokines (Haus-
mann et al., 1998; Esche et al., 2005; Charo and Ransohoff, 2006).
Hence, it may become possible to improve the outcome of mild
TBI after pharmacotherapy targeting inflammatory mediators.

Materials and Methods
Mild traumatic brain injury

C57BL/6] male mice (body weight 25-30 g) were subjected
to a closed head injury as previously described (Zohar et al.,
2003; Milman et al., 2005; Tweedie et al., 2007). The weight drop
apparatus includes a vertical 80 cm long metal tube (diameter
13 mm) with a 30 g weight (diameter 10 mm) dropped through
the upper end of the tube. Mice were anesthetized with iso-
fluran placed under the metal tube’s lower end and the weight
dropped anteriolaterally at the right side without damaging
the sagittal sinus. Mice were sacrificed at different post-injury
time points (uninjured, 1h, 4h, 22h, 3 days, and 7 days; five
animals per time point, following mTBI). The skull was opened
and neocortex and hippocampus were dissected separately
from the ipsilateral and contralateral hemisphere, and pre-
served in RNAlater (Qiagen, Valencia, CA). RNA was isolated
using RNeasy Mini kit for isolation of total RNA from animal
tissues (Qiagen). RNA concentration (ng/uL) was normalized
from the absorbance at 260nm, determined by a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE) for each sample of total RNA. The experimental
protocol was approved by the NIDA/ACUC.

RNA Isolation and Affymetrix microarray profiling

Neocortical RNA samples of seven uninjured mice and five
injured mice sacrificed three days after mTBI were analyzed
individually using GeneChip Mouse Genome 430 2.0 Arrays
(Affymetrix). Sample handling was carried out at the Uppsala
Array Platform (Uppsala University Hospital, Uppsala,
Sweden). Gene expression data were analyzed using Affy-
metrix Microarray Suite, version 5.1 (MAS 5.1), applying the
percentile algorithm (parameters = percentile: 75). The exper-
imental material, including transcripts with significant pres-
ence of the hybridization signal, significant upregulation at a
three-fold or higher level, and annotated genes, was analyzed
(after exclusion of all ESTs and control RNA). Thereafter, the
data were sorted after detectable RNA levels (present) in each
brain analyzed. Transcripts evaluated on the basis of a signal
intensity of 38 or higher were saved and statistical significance
levels were determined. Mouse Genome Informatics (MGI;
www.informatics.jax.org) was used as a resource for assign-
ing gene symbols/names, accession Ids, and gene function
(Gene Ontology, GO).

Quantitative reverse transcriptase PCR

In order to study changes in transcriptional levels after the
closed head injury model, the following primer pairs were
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used (GenBank accession numbers and upper as well as lower
primer stated): Gfap (NM_010277, 5-CGG GAG TCG GCC
AGT TAC CAG-3 and 5-TTT CCT GTA GGT GGC GAT
CTC-3'); Ccl3 (NM_011337, 5'-GCC TGC TGC TTC TCC TAC
AG-3" and 5-TCT GCC GGT TTC TCT TAG TC-3'); Cxcl10
(NM_021274, 5'-ACC CAA GTG CTG CCG TCA TT-3' and 5'-
ATT CTC ACT GGC CCG TCA TC-3'); Itgax (NM_021334, 5'-
ACA CAG TGT GCT CCA GTA TGA-3' and 5-GCC CAG
GGA TAT GIT CAC AGC-3'); Lyz2 (NM_017372, 5'-ATG
GGT GGC ATG GCG AGC AC-3' and 5-TGA GAA AGA
GAC CGA ATG AG-3'); Selp (NM_011347, 5'-TGC CAG CCT
GGA TAT AGA GC-3' and 5-GGA GGT TCA CAC GCA
ATA GC-3'); Ccl12 (NM_011331, 5-TGC CTC CTG CTC ATA
GCT AC-3' and 5-TCA GCT TCC GGA CGT GAA TC-3);
Tera (U07662, 5'-GAT GCC ACG TTG ACC GAG AA-3 and
5'-GAC CAC AGC CTC AGC GTC AT-3'); Cnp1 (NM_009923,
5-CAA GAT GGT GTC CGC TGA TG-3' and 5-TCA TGT
CCC GGC GGC AGT AG-3'); and 285 rRNA (X00525, 5-GGG
AGA GGG TGT AAA TCT CGC-3 and 5'-CTG TTC ACC TTG
GAG ACC TGC-3). All primer pairs, except Gfap, Tcra, and
Cnp1, span exon-intron boundaries. In order to check for pos-
sible DNA contamination, three primer pairs for Gfap, span-
ning exon-intron boundaries, were tested (5-CGC CAA GCC
AAG CAC GAA G-3' and 5'-GCC GCT CTA GGG ACT CGT
TC-3'; 5-GAC TAT CGC CGC CAA CTG-3' and 5'-TCC TGG
TAA CTG GCC GAC TC-3; 5-CGG CAC GAA CGA GTIC
CCT A-3 and 5'-CCT CCT CCA GCC GAG CAA GT-3). The
Bio-Rad iScript One-Step RT-PCR Kit (Bio-Rad Laboratories,
Hercules, CA) with SYBR Green (reverse transcription at 50°C
for 10 min) was used yielding amplified fragments of about 100
base pairs. qRT-PCR was run for 36 cycles (95°C for 10s, 60°C
for 30s) using a MyIQ thermal cycler (Bio-Rad). After com-
pletion of the cycles, melting curves obtained by increasing the
temperature from 55.0 to 94.5°C in increments of 0.5°C were
examined to ascertain specificity of the PCR products (a sym-
metrical single peak). In each microwell, 10ng of total RNA
was analyzed. Threshold cycle values (Ct) for the injured brain
RNA samples were subtracted from average Ct values ob-
tained from uninjured brain tissue analyzed in the same run.
The resulting differences (AACt) were transformed to linear
fold increase with the normal (uninjured) tissue as a reference
and subjected to statistical analysis. In addition to absorbance
at 260 nm, we determined any possible changes in “household”
gene activity due to the mild brain trauma, by examining levels
of 28S ribosomal RNA in samples using qRT-PCR.

Statistical analysis

SigmaStat software, version 3.1 (SPSS, Inc., Richmond,
CA), was used for calculations. For parametric data, two-
tailed Student’s t-test and ANOVA were used, and for non-
parametric data, Mann-Whitney and Kruskal-Wallis tests
were used. Additional post-hoc tests such as Holm-Sidak and
Dunn’s were performed when appropriate. Correlation
among data sets was analyzed using the Pearson Product
Moment Correlation procedure (SigmaStat).

Results

Genome-wide analysis of closed head injury-induced
transcriptional changes in neocortex

Considering the transcriptional changes previously found
by qRT-PCR three days after CCI (Israelsson et al., 2008), we
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chose this time point to extend our genome-wide GeneChip
array (Affymetrix) search for changes in the mouse neocortex
also subjected to mild traumatic brain injury. Applying un-
biased, stringent inclusion criteria, we identified 37 genes
significantly activated in the injured ipsilateral neocortex
(Table 1). Assigning gene functions (gene ontology, GO; Table
1) to the 37 transcripts shows that more than half of the genes
upregulated encode proteins involved in stress responses
(Serpina3n, LoxI2, and Timp1), inflammation, immunity, and
defense responses (C3arl, Cd44, Cd52, Cd68, Cd84, Clec7a,
Csf2rb1, Ctsc, Fcgr2b, Fcrls, H2-Aa, Ifi30, Itga6, Lgals1, Lilrb4,
Ly86, Lyz1, Lyz2, Mpeg1, Ncfl, Ptx3, and Spp1). Fc receptor-like
S, scavenger receptor (Fcrls, previously known as macrophage
scavenger receptor 2, Msr2) is among the inflammatory
transcripts upregulated. Moreover, the GeneChip data show
that in addition to Lyz2, the related gene Lyz1 is also strongly
upregulated in the mildly injured neocortex (Table 1). Fur-
thermore, transcripts involved in cell migration, cytoskeletal
processes, and cell adhesion or comprising extracellular ma-
trix (Capg, Cd93, Col3al, Gfap, Tgfbi, and Vim) are also upre-
gulated. A single transcript (Pycard) linked to proapoptotic
functions was found to be upregulated. In addition, a single
gene associated with growth and signal transduction (Osmr)
was increased as was a singleton associated with cell prolif-
eration (Rrm2). No increases were found in transcripts en-
coding transcription factors, whereas three genes classified as
having “other functions” were upregulated (Adfp, Pbk, and
5100a4).

The 37 upregulated genes are also identified as upregulated
in the established controlled cortical impact (CCI) injury
model in mice. This is based on a comparison of the present
gene list with a recent publication from our laboratory (Is-
raelsson et al., 2008) demonstrating that 146 genes were up-
regulated three days after CCI. In addition, we have now
updated this list by increasing the number of samples being
analyzed and by using the most current assignments from
GeneChip arrays in a fully independent study of CCI samples
from the mouse to include over 250 genes (data not shown).

The only gene in Table 1 that in our previous CCI material
did not increase at least three-fold is LoxI2. However, analysis
of the CCI data shows that the LoxI2 transcript was upregu-
lated 2.3-fold (p <0.001) in this injury model. We therefore
conclude that there are no major differences in the response
between the closed head injury and the controlled cortical
impact injury. In fact, a substantial fraction of upregulated
genes encode products involved in inflammatory and tissue
remodeling responses in both models.

Closed head injury induces modest effects
on transcription levels in ipsilateral
and contralateral cortex

Quantitative RT-PCR (qRT-PCR) analysis was used to
further study the injury-induced regulation of Gfap and Lyz2
transcripts three days post-injury (Fig. 1A and B). Increased
expression of the Gfap transcript, characteristic of reactive
astrocytes, was seen on the side of the brain injured by the
dropping weight. The response was more marked in the
neocortex compared to the hippocampus (Fig. 1A). Using
three additional primer pairs encoding various exons of Gfap
gave no evidence for DNA contamination of the isolated total
RNA samples. However, due to the large individual varia-
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tions in the response to the injury, the mean increase in the
group of five mice studied three days after injury did not
reach statistical significance (p > 0.05). It is noteworthy that
the individual variability was strongly correlated in pairwise
comparisons among the total of four primer pairs used
(0915 <r<0.953; p<0.001 in all cases). Furthermore, com-
paring Gfap transcript increases in individual mice by qRT-
PCR and GeneChip array also showed a strong correlation
(r=0.905; p < 0.001).

The largest expression differences were seen in the lyso-
zyme 2 (Lyz2) transcript, characterizing phagocytic cells in the
injured brain. Both neocortex and hippocampus showed sig-
nificant increases ipsilaterally (Fig. 1B). Considering the pro-
found upregulation of chemokines previously found in the
CCI injury model (Israelsson et al., 2008), we chose to study
the expression of Ccl3 and Cxcl10 in the current closed head
injury model (Fig. 1C and D). The microglia-associated ex-
pression of chemokine Ccl3 transcript was significantly in-
creased in the hippocampus on both sides. Again, the
neocortex on the ipsilateral side showed varying degrees of
increased transcript levels in response to the injury, with two
of the five mice contributing to the high standard error of the
mean value (Fig. 1C). A similar pattern was seen for the T-cell
attractant chemokine Cxcl10 transcript, again not reaching
levels of significant increase when analyzed as a group (Fig.
1D). No changes in ribosomal RNA levels (28S rRNA; selected
to represent “household” gene activity) correlated with the
trauma. Thus, we regard the changes detected by qRT-PCR as
real injury-induced shifts in transcript levels. This is also
supported by the Affymetrix GeneChip data from analysis of
the same brains used for qRT-PCR.

Temporal changes in reactive astrocytes and microglia
following mTBI

We investigated the temporal pattern of injury-induced
Gfap and Ccl3 transcriptional changes individually in five
mice at each time point (4h, 22h, 3 days, and 7 days) post-
injury and in uninjured controls (Fig. 2A and B). The dif-
ferences in individual responses in the injured ipsilateral
neocortex at 22h, 3 days, and 7 days post-injury are shown,
with five of the 15 mice analyzed at these time points showing
more severe damage than the other animals. At the 3-day time
point, it is of note that the same subjects (mouse #923 and
mouse #924) showed robust increases in the levels of Gfap in
reactive astrocytes (Fig. 2A) as well as in the levels of Ccl3
expressed by microglia (Fig. 2B), which was confirmed by the
GeneChip data for individual mice (data not shown).

Ipsilateral changes in inflammation-related transcripts
three days after mTBI

In addition to the increased Lyz2 expression (Table 1), other
transcripts characteristic of immune responses were analyzed
by qRT-PCR in the ipsilateral neocortex three days after mTBI
in individual mice (Fig. 3). Apart from Lyz2, transcripts
showing the highest expression levels at this time point are
factors involved in inflammatory reactions in immune cells
and endothelial cells. Cxcl10, Selp (P-selectin), Ccl12, and Itgax
(integrin alpha X) produced a higher mean value because of a
specific expression in some animals. In contrast, Cnp1 (marker
for oligodendrocytes) and Tcra (T-cell receptor alpha) did not
react to the trauma in any of the animals using this model
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Transcriptional changes three days after mTBI in neocortex (CTX) and hippocampus (HC) ipsilaterally and con-

tralaterally analyzed by qRT-PCR. Individual samples from five mice were measured at least twice in duplicate reactions. (A)
Gfap expression showed increases on the injured side that did not reach significance. (B) Lyz2 expression showed an increase
on the ipsilateral side in both neocortex and hippocampus. (C) Ccl3 expression showed a significant response in hippocampus
on both sides and a marked increase in the ipsilateral neocortex. (D) Cxcl10 expression increased but did not reach significant
levels. Mean value + SEM is indicated. Statistical differences to samples from uninjured mice are shown (*p < 0.05; **p < 0.01).

(Fig. 3). From these data, it is suggested that mouse #923 was
the most severely injured, followed in rank by mouse #924, in
line with the GeneChip results.

Discussion

The present study makes use of a noninvasive closed head
weight-drop mouse model to produce mild TBI. The injured
mice suffer long-lasting learning and memory deficits that are
injury magnitude- and time-dependent (Zohar et al., 2003).
The cognitive deficits occur without overt neurological dam-
age, brain edema, damage to the blood-brain barrier, or clear
morphological changes to the brain as assessed by magnetic
resonance imaging (Zohar et al., 2003) or triphenyltetrazolium

chloride staining (Tweedie et al., 2007). This mTBI model thus
produces a specific, significant, and irreversible long-term
learning and memory impairment in mice. We used this
weight-drop model of mTBI in the anesthetized mouse de-
signed to deliver sheer force to the right temporal region while
the dura, skull, and scalp remain intact. The model with mTBI
to the right temporal lobe in the mouse has been shown to
result in time-dependent mild behavioral changes without
distinct changes in cerebral blood flow (Pan et al., 2003).

The current study examined transcriptional changes in-
duced by mTBI, offering the possibility of comparing data
from earlier studies of a severe focal brain injury (Israelsson
et al., 2008). The temporal pattern of injury responses in the
mouse neocortex and hippocampus was characterized, with
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FIG. 2. Ipsilateral gene expression at different time points after mTBI shown by qRT-PCR (uninjured, 4h, 22h, 3 days,

7 days). The same mice show elevated levels with both markers. Individual samples from five mice were measured at least
twice in duplicate reactions. (A) Gfap levels peak after three days. (B) Ccl3 levels show the largest individual result after seven

days. SEM is indicated.

RNA samples collected at various time points after mTBI
inflicted by closed head weight-drop injury. The transcrip-
tional responses to mTBI were examined and demonstrated
similar changes in neocortex and hippocampus of the mouse,
although with a different amplitude in hippocampus. Un-
biased genome-wide high-stringency analysis of the in-
jured neocortex three days after mTBI identified a distinct
group of upregulated gene transcripts. The present list of
genes affected by injury was compared with previously re-
ported data from the mouse and rat cerebral cortex subjected
to traumatic or ischemic injuries (Kobori et al., 2002; Natale
et al., 2003; Raghavendra Rao et al., 2003; Hedtjdrn et al.,
2004a, 2004b; Kiiry et al.,, 2004; Poulsen et al., 2005; von
Gertten et al., 2005).

Although the currently used mild head injury model is
based on a closed skull procedure, the resulting injury is
strikingly unilateral with the greater effect seen on the side of
the brain closest to the weight drop. A marked unilateral re-
sponse to the mTBI was previously noted (Pan et al., 2003),
demonstrating increased uptake of radioactively labeled
tumor necrosis factor alpha (TNFo) in the hippocampus ip-
silateral to the injury one day post-injury. Previous studies
have also defined biochemical changes accompanying the
mTBI in this mouse model and demonstrated increased levels
of the proapoptotic protein Bax (Tweedie et al., 2007). The
mTBI model used here has previously been found to be as-
sociated with increased apoptosis developing over three days
following injury, and most prominent in the anterior cingulate
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FIG. 3. Neocortical changes using qRT-PCR in several different markers indicating a large variety in response to mTBL
Mean and SEM of samples from five mice were measured individually at least twice in duplicate reactions.
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cortex and hippocampus (Tashlykov et al., 2007). These areas
were not included in our current GeneChip analysis that was
instead focusing on the neocortex. This fact may account
for why we detected only a single upregulated transcript
involved in apoptosis (Pycard). This gene was also found
upregulated in the CCI model (Israelsson et al., 2008).
Nevertheless, the possibility exists that post-injury apoptosis
may not be strongly controlled at the transcriptional level.

All of the 37 transcripts currently found upregulated in our
mTBI model are also represented in focal brain injury (Is-
raelsson et al., 2008, and unpublished data). As in the focal
injury model, the main functions for upregulated transcripts
are associated with inflammation, phagocytosis and immune
reactions, defense and stress responses, and cell adhesion and
cytoskeletal functions.

In the present study, upregulation of chemokines and their
receptors were less prominent than that in the focal injury
model (Israelsson et al., 2008). To a large extent, the closed
head injury model results in individual variations obscuring
the upregulation clearly seen in the more severely affected
mice. Thus, GeneChip analysis of mice #923 and #924 revealed
considerable overlap to previous CCI data (Israelsson et al.,
2008). Of the 15 mildly injured mice currently analyzed
transcriptionally at 22 h to 7 days post-injury, five were more
severely affected by the trauma (33%). The wide range in
outcome measures is also manifested among mTBI patients
(Comper et al., 2005). In comparison with our earlier study of
severe focal brain injury (Israelsson et al., 2008), the present
mTBI model resulted in the upregulation of far fewer tran-
scripts in the neocortex.

The similarity in response among different experimental
models used suggests a fairly stereotyped response to a va-
riety of brain insults. Thus, the majority of the currently
identified transcripts are among those previously character-
ized in focal injury, strengthening the idea of a common
mechanism activated by various insults to the brain. This will
aid in identification of target candidates for pharmacological
neuroprotection using these techniques.
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