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Skull Fractures Induce Neuroinflammation and Worsen
Outcomes after Closed Head Injury in Mice
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Abstract

The weight-drop model is used widely to replicate closed-head injuries in mice; however, the histopathological and func-
tional outcomes may vary significantly between laboratories. Because skull fractures are reported to occur in this model, we
aimed to evaluate whether these breaks may influence the variability of the weight-drop (WD) model. Male Swiss Webster
mice underwent WD injury with either a 2 or 5 mm cone tip, and behavior was assessed at 2h and 24 h thereafter using the
neurological severity score. The expression of interleukin (IL)-6, IL-1, tumor necrosis factor-¢, matrix metalloproteinase-9,
and tissue inhibitor of metalloproteinase-1 genes was measured at 12h and 1, 3, and 14 days after injury. Before the injury,
micro-computed tomography (micro-CT) was performed to quantify skull thickness at the impact site. With a conventional
tip diameter of 2mm, 33% of mice showed fractures of the parietal bone; the 5Smm tip produced only 10% fractures.
Compared with mice without fractures, mice with fractures had a severity-dependent worse functional outcome and a more
pronounced upregulation of inflammatory genes in the brain. Older mice were associated with thicker parietal bones and
were less prone to skull fractures. In addition, mice that underwent traumatic brain injury (TBI) with skull fracture had
macroscopic brain damage because of skull depression. Skull fractures explain a considerable proportion of the variability
observed in the WD model in mice—i.e., mice with skull fractures have a much stronger inflammatory response than do mice
without fractures. Using older mice with thicker skull bones and an impact cone with a larger diameter reduces the rate of
skull fractures and the variability in this very useful closed-head TBI model.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) may result from falls, motor
vehicle accidents, sports injuries, and explosions and is one of
the leading causes of neurological deficits in persons under the age
of 45. The TBI is heterogeneous with many etiologies and clinical
presentations and encompasses diffuse, focal, penetrating, or blast
injury." Diffuse axonal injury results from movement of the brain
within the skull and is related to closed-head injury (CHI), the most
common type of TBI in humans.® During the last decade, sub-
stantial attention has been paid to the study of TBI. Reproducible
animal models are crucial to clarify the biochemical/molecular
mechanisms of injury and to assess preclinical drug efficacy and
safety.

Numerous animal models have been used to study TBI, in-
cluding open and CHL.* While mechanical force is delivered to the
intact skull in CHL?* in open head injury, a craniotomy has to be
performed, and the impact is directed toward the dura mater.>® To
perform CHI, several models are used, such as variations in weight-
drop (WD),> piston-driven,®'* and blast injury'! TBI models.
The WD models that use a free falling weight are used most widely
to induce CHI.'?

Although WD models have been used for several decades, there
is a substantial difference in performance and protocols between
laboratories. For example, the weight of the falling cylinder varies
from 5g to 500g, and the drop height varies from 1cm to
167cm.'>71% As a consequence, the biochemical outcome— i.e.,
the expression of inflammatory cytokines, such as tumor necrosis
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factor (TNF)-o, interleukin (IL)-6, IL-12, and IL-1p, is highly
variable.'” 2!

Controlled cortical impact and fluid percussion injury models,
procedures that need a craniotomy, induce comparable high cyto-
kine expression.'>*>~* Because in a previous study we observed
that approximately 30% of mice experienced skull fractures after
WD injury (unpublished data), we hypothesize that injury to the
skull may be one of the main triggers for the expression of in-
flammatory genes in the brain after WD injury and may thus con-
tribute to the variability observed in this valuable TBI model.
Therefore, the aim of the present study was to compare the in-
flammatory response after WD injury in the hippocampus and
striatum of mice and correlate these findings with the presence and
severity of skull fractures.

Methods
Animals

One hundred and nine male Swiss Webster (Laboratory Animal
Centre, University of Tartu, Tartu, Estonia) 10-week-old mice
were used for the WD model and 13 male Swiss Webster 10- and
20-week-old mice were used for micro-computed tomography
(micro-CT). The mice weighed 28—46 g; all animals were housed
under standard conditions (21-23°C, 12 h light/dark cycle) with
unlimited access to standard food (Lactamin AB, Mjolby, Swe-
den) and water.

The mice were assigned randomly to one of three experimental
groups. Body weight was recorded throughout the study as a
measure of general health. The experimental design was to expose
10-week-old mice to CHI using a weight-drop device with 2 or
5 mm cone tip or sham treatment. The skull was then examined for
evidence of visible fractures, as defined below. Animals with CHI
were subdivided into non-fracture and fracture (mild, moderate,
severe) groups for comparison. The neurobehavioral status of the
mice was obtained at 2 and 24 h after injury. Blood and brain tissue
were collected at 12h or 1, 3, and 14 days post-TBI for quantitative
reverse transcription-polymerase chain reaction (RT-PCR) and
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enzyme-linked immunosorbent assay (ELISA), as described below.
Before injury, a micro-CT was performed to quantify skull thick-
ness at the impact site.

The timeline of experimental procedures is depicted in Figure 1.
All studies involving animals were reported in accordance with the
Animal Research: Reporting In Vivo Experiments guidelines.?>~°
The experimental procedures were performed in accordance with
the guidelines reported in the EU Directive 2010/63/EU and in
accordance with local laws and policies; all procedures were ap-
proved by the Latvian Animal Protection Ethical Committee of
Food and Veterinary Service in Riga, Latvia.

Chemicals

Isoflurane was purchased from Chemical Point (Deisenhofen,
Germany). Tramadol solution was purchased from KRKA (Novo
Mesto, Slovenia). Physiological saline (0.9%) was purchased from
Fresenius Kabi (Warsaw, Poland). Oxygen and nitrous oxide gases
were purchased from AGA (Riga, Latvia).

WD model

The WD model was performed as described previously.>¢
Briefly, the mice were anesthetized with 4% isoflurane in a mixture
of 50% nitrous oxide and 50% oxygen, and 2% isoflurane was
maintained during the surgical procedure using a face mask. The
depth of anesthesia was monitored by toe pinch. Before trauma
induction, the mice received a subcutaneous (SC) injection of tra-
madol (10 mg/kg). A midline longitudinal scalp incision was made,
and the skull was exposed. A cone with a tip diameter of 2 or 5 mm
was placed 2 mm posterior and lateral to bregma, and a weight of
90 g was dropped from a height of 8 cm onto the cone.

Oxygen was applied for 20-40 sec immediately after TBI. Then,
the scalp wound was closed with a polypropylene 6-0 suture
(Surgipro™ II, Covidien, Mansfield, MA), and the mice were re-
turned to their home cages with free access to water and food. Sham
animals underwent the same procedures as the animals in the TBI
group, but without the release of the weight.
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FIG. 1.

Schematic illustration of the experimental design. TBI, traumatic brain injury; CHI, closed head injury; ELISA, enzyme-

linked immunosorbent assay; micro-CT, micro-computed tomography; qRT-PCR, quantitative reverse transcription: polymerase chain

reaction. Color image is available online.
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Neurological severity score (NSS)

Behavioral testing was performed by experienced scientists
blinded to the experimental group. The neurobehavioral status of
the mice was obtained by the NSS.? The general neurological state
of the mice was evaluated at baseline and 2 h and 24 h post-injury
during the light part of the light—dark cycle. The NSS consists of
nine individual parameters, including motor function, alertness,
and physiological behavior tasks.

The following items were assessed: presence of paresis; im-
pairment of seeking behavior; absence of perceptible startle reflex;
inability to get down from a rectangle platform (34 X 27 cm); in-
ability to walk on 3-, 2-, and 1-cm wide beams; and inability to
balance on a 0.7-cm—wide beam and a 0.5 cm-diameter round beam
for at least 15 sec. If a mouse showed impairment in one of these
items, then a value of 1 was added to its NSS. Thus, higher values
for the NSS indicate more severe neurological impairment.

The severity of skull fractures was determined based on the
parameters used to evaluate skull fractures in patients with small
modifications: non (skull bone without changes/no signs of frac-
ture), mild (isolated linear fracture with no evidence of intracranial
lesion), moderate (linear depressed or diastatic fracture with min-
imal dural tear, no macroscopic evidence of hematoma or paren-
chyma injury), and severe (complicated fracture with macroscopic
intracranial lesions, including parenchyma injury and hemato-
mas).27‘28

The severity of skull fracture was evaluated immediately after
injury by macroscopic visualization, which is a rapid and simple
method. Post-mortem micro-CT analysis of the parietal bone plates
could provide more detailed results than macroscopic visualization,
however.

Open-field test

To detect the motor activity of the animals, an open-field test was
performed before and at 12h and 1, 3, and 14 days after TBI. The
test apparatus was a square arena (44 X 44 cm) with a black floor.
The moved distance and velocity in a 5-min session were recorded
and analyzed using the EthoVision video tracking system (version
XT 11.5; Noldus, Wageningen, The Netherlands).

Quantitative RT-PCR analysis

To quantify the inflammatory response, the mouse brains were
collected at 12h and 1, 3, and 14 days after trauma. Brain tissues
were collected immediately after decapitation of the animals. In-
dividual brain structures from both hemispheres were separated on
ice and snap frozen in liquid nitrogen. The brain samples were
stored at -80°C until ribonucleic acid (RNA) isolation.

Quantitative RT-PCR was performed using a previously de-
scribed method® with slight modifications. Total RNA was iso-
lated from brain tissues using an RNA mini kit (Life Technologies,
Grand Island, NY) according to the manufacturer’s instructions.
The extracted RNA was dissolved in 50 uL nuclease-free distilled
water and stored at -80°C until further analysis. First-strand com-
plementary deoxyribonucleic acid (cDNA) was synthesized using a
high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific, Waltham, MA) following the manufacturer’s protocol.

Quantitative RT-PCR analysis for IL-6, IL-1f, TNF-q, tissue
inhibitor of metalloproteinase (TIMP)-1, matrix metalloproteinase
(MMP)-9 and f-actin was performed using SYBR® Green Master
Mix (Life Technologies). The primer sequences used in this study
were as follows: IL-6 (NM_001314054.1), 5 - TCT ATA CCACTT
CAC AAG TCG GA - 3 (forward) and 5 - GAA TTG CCA TTG
CAC AACTCT TT -3 (reverse); IL-1 (NM_008361.4), 5 - GGG
CCT CAA AGG AAA GAA TC -3 (forward) and 5 — TTG CTT
GGG ATC CAC ACT CT -3 (reverse); TNF-o (NM_013693.3), 5
— CCC TCA CAC TCA GAT CAT CTT CT - 3 (forward) and 5 —
GCT ACG ACG TGG GCT ACA G - 3 (reverse); TIMP-1
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(NM_011593.2), 5 — CAG TAA GGC CTG TAG CTG TGC -3
(forward) and 5 - AGG TGG TCT CGT TGA TTT CTG - 3 (re-
verse); MMP-9 (NM_031055.1), 5 - TCG AAG GCG ACC TCA
AGT G -3 (forward) and 5 — TTC GGT GTA GCT TTG GAT CCA
— 3 (reverse); and f-actin (NM_007393.5), 5 — CCT CTA TGC
CAA CAC AGT GC- 3 (forward) and 5 — CAT CGT ACT CCT
GCT TGC TG- 3 (reverse).

The primers were obtained from Metabion (Steinkirchen,
Germany). The relative expression levels for each gene were
calculated with the AACt method, normalized to the expression
of f-actin and compared with the age-matched sham group.

TIMP-1 and TNF-o measurement in plasma

Blood samples were collected after decapitation of the animals.
Heparin was used to prevent blood clot formation. Blood samples
were centrifuged at 3000rpm and 4°C for 10min (Heraeus™
Biofuge™ Stratos™ Centrifuge, Thermo Fisher Scientific) to sep-
arate the plasma. Plasma was stored at -80°C. The ELISA was
performed using Mouse TIMP1 SimpleStep ELISA® Kit (Abcam,
Boston, MA) and a Mouse TNF-« ELISA Kit (EMD Millipore,
Burlington, MA) following the manufacturer’s instructions.

Micro-CT analysis

The micro-CT imaging was performed before TBI. The mice
were anesthetized using 4% isoflurane in a mixture of 50% nitrous
oxide and 50% oxygen, followed by 1-1.5% isoflurane throughout
the procedure. The micro-CT scans were acquired using 30keV,
0.95mA lamp energy with an exposure time of 250 ms using a
Trifoil InSyTe FLECT® imager (Chatsworth, CA). A total of 720
projections were acquired per rotation. Three-dimensional images
on selected skull areas were reconstructed with a voxel size of 25 um
using FluoroView 1.5 and Cobra 7.12.9 software. Qualitative and
quantitative data were analyzed using VivoQuant 1.23 software.

To evaluate parietal bone thickness and density, a coronal sec-
tion was taken. The frontal plane represents the coronal plane at the
middle of the bregma and lambda sutures. By using coronal sec-
tions, the parietal bone gray scale value (radiological density) was
measured in three regions (Fig. 6B) of interest at five points in an
equal interval. The coronal skull micro-CT images were divided
into bone and non-bone regions by determining the threshold value
using the automated Otsu method.*® The gray scale values of the
mouse skull were used to evaluate bone density.>'>*

Measurement of contusion surface area

Mice were anesthetized using a combination of ketamine
(200 mg/kg) and xylazine (15 mg/kg) and perfused transcardially
with 0.01 M phosphate-buffered saline (1X PBS) for Smin at a
speed of 3 mL/min to remove blood from the tissue. Perfusion was
switched to 4% paraformaldehyde (PFA) solution in 1X PBS until
stiffening of the mouse body. The brains were dissected carefully
and fixed overnight in 4% PFA at 4°C. The dissected brains were
washed in 1X PBS, dried, and photographed using a digital camera
(Sony A900, Japan). The cortical contusion area was quantified
using ImagelJ software (version 1.52j).

Statistical analysis

The statistical calculations were performed using the GraphPad
Prism 8.1 software package (GraphPad Software, Inc., La Jolla,
CA). The Shapiro-Wilk test was used to examine the distribution of
the data. The Kruskal-Wallis test followed by the Dunn test was
used for non-normally distributed data sets. A post hoc test was
performed if analysis of variance (ANOVA) or the Kruskal-Wallis
test indicated statistically significant differences.

Time and group interactions were analyzed by using two-way
ANOVA and the Tukey test as the post hoc test for multiple
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comparisons. Student 7 test was used to compare differences be-
tween mouse weight and occurrence of fracture and differences
between parietal bone thickness and gray scale values in animals
without and with skull fractures. The Pearson correlation test was
used to analyze the correlation between parietal bone thickness and
animal weight. The p values less than 0.05 were considered sig-
nificant.

Results
Health status assessment after CHI

Two mice in the “with fracture’ group died immediately after
injury. All other mice were included in the data analysis. One
mouse in the “‘with fracture’” group had spontaneous seizures. In
animals with skull fracture, there was a minor loss of body weight
during the first three post-injury days; however, no significant
differences were observed between the groups (data not shown).
During the immediate time after injury, apnea (<3 sec) was ob-
served in three animals. The remaining animals breathed sponta-
neously during and after the procedure and were fully awake within
1 min.

NSS

The animals were divided into two groups: animals with and
without skull fractures after TBI. The NSS was significantly higher
in traumatized than in sham-operated mice at 2h and 24 h after
surgery (Fig. 2A; main effects of time [F(5, 135)=98.4, p<0.0001]
and group [F(;, 76,=25.8, p<0.0001], and interaction between time
and group [F4, 152)=26.9, p<0.0001]).
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Two hours after TBI, the average scores for animals without and
with skull fractures were 2.5+ 0.2 and 4.8 £ 0.5 points, respectively
(Fig. 2A). Twenty-four hours after TBI, the NSS for animals
without and with skull fracture was 2.9+0.2 and 4.8 +0.4 points,
respectively (Fig. 2A), and there was a significant difference be-
tween the groups (Fig. 2A). In addition, we observed that the NSS
increased significantly depending on the skull fracture severity
(Fig. 2B).

We compared the impact of cone tips on the occurrence of
fracture using a cone with a 2mm or 5Smm tip. The cone with a
2 mm tip caused skull fractures in 33% of animals, while only 10%
of animals had fractures when traumatized with the 5 mm cone
(Fig. 2D). The functional outcome was similar in mice traumatized
with the 2 or 5mm cone at 2h and 24 h after TBI (Fig. 2C; main
effects of time [F,, 34)=18.8, p<0.0001] and group [F(,, 25,=5.3,
p<0.05] and the interaction between time and group [F4, 44)=3.4,
p<0.05]).

Open-field test

The mice were tested in an open-field test to assess locomotor
activity at 12h, 1, 3, and 14 days after injury. There were no sig-
nificant differences in the distance traveled and velocity between
groups (data not shown).

Inflammation-related gene expression in the brain
after TBI

To detect the impact of skull fracture on inflammatory gene
expression in brain tissue, we measured IL-6, IL-1f, TNF-o, MMP-
9, and TIMP-1 gene expression in the hippocampus and striatum at
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FIG. 2. Functional outcome after traumatic brain injury (TBI). (A) Comparison of the neurobehavioral responses in animals without
or with skull fractures using the Neurological Severity Score (NSS). Data are shown as the mean *standard error of the mean (SEM).
(sham-operated, n=24; without fracture, n=>52; with fracture, n=33). *p<0.05 vs. sham-operated; *p <0.05 without vs. with skull
fracture (repeated measures two-way analysis of variance (ANOVA) followed by the Tukey test). (B) Relation of the severity of skull
fracture and NSS at 2h and 24 h after TBI. Data are shown as the mean with 95% confidence interval (sham-operated, n=24; non-
fracture, n=>52; mild fracture, n=7; moderate fracture, n=12; severe fracture, n=14). *p<0.05 vs. sham-operated; *p <0.05 non vs.
severe fracture (Kruskal Wallis test followed by the Dunn test). (C) NSS after TBI using 2 mm and 5 mm tips in animals without skull
fractures. Data are shown as the mean+ SEM. *p <0.05 vs. sham-operated (repeated measures two-way ANOVA followed by the Tukey
test) and (D) occurrence of fractures using cone with a 2mm or 5 mm diameter tip (sham-operated, n=5; 2mm, n=12; 5mm, n=38).


https://www.liebertpub.com/action/showImage?doi=10.1089/neu.2019.6524&iName=master.img-001.jpg&w=324&h=221

SKULL FRACTURES INDUCE NEUROINFLAMMATION

12h, 1, 3, and 14 days after TBI. For gene expression data F values,
degrees of freedom and p values are summarized in Supplementary
Table S1. A significant 71- and 90-fold increase was observed for
TIMP-1 at 12 h and 1 day after injury, respectively, in the ipsilateral
hippocampus of animals with skull fractures (Fig. 3A). In addition,
TIMP-1 was increased in the contralateral hippocampus 1 day after
injury (Fig. 3A).

The TIMP-1 mRNA expression in the ipsilateral striatum of
animals with skull fractures was increased 16- and 130-fold at 12h
and 1 day after injury, respectively (Fig. 3B). In addition, TIMP-1
mRNA was increased in the contralateral striatum at 1 and 3 days
after injury (Fig. 3B).

The TNF-oo mRNA expression in animals with skull fractures
was significantly increased 13-fold and six-fold in the ipsilateral
hippocampus at 12h and 1 day after injury, respectively (Fig. 3A).
The TNF-o« mRNA expression was significantly increased 67-
fold and five-fold in the ipsilateral and contralateral striatum,
respectively, in animals with skull fractures at 12 h after injury
(Fig. 3B). The MMP-9 gene was significantly downregulated at
12 h after trauma in the ipsilateral hippocampus of animals with
skull fractures (Fig. 3A). No differences in IL-6 gene expression
were detected between groups in the hippocampus and striatum
(Fig. 3A, B).
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Significant increase was observed for TIMP-1 mRNA at 1 day
after injury in the ipsilateral hippocampus of animals without skull
fractures (Fig. 3A). No significant changes for IL-6, IL-1f, TNF-o,
and MMP-9 gene expression were observed at 12h and 1, 3, and 14
days after TBI in animals without skull fractures (Fig. 3A, B).

The TIMP-1 and TNF-o genes showed a significant correlation
with the severity of TBI at 12 h and 24 h after injury (Fig. 4). In the
ipsilateral hippocampus, 50- and 146-fold increases in TIMP-1
gene expression were observed after moderate and severe skull
fractures, respectively (Fig. 4A). Similarly, 14- and 173-fold in-
creases in TIMP-1 gene expression in the ipsilateral striatum were
observed after moderate and severe skull fractures, respectively
(Fig. 4B). After severe skull fracture, TNF-o mRNA showed 14-
and 130-fold increases in the ipsilateral hippocampus and striatum,
respectively (Fig. 4C and 4D).

TIMP-1 and TNF-u levels in plasma

The TIMP-1 and TNF-« protein concentrations were measured in
plasma at 12h and 1, 3, and 14 days after TBI. Slightly increased
TIMP-1 plasma levels were observed in animals with fractures
(Fig. 5; main effects of time [F3 53,=6.0, p<0.01] and group [F(,, 53,
=6.6, p<0.01] and interaction between time and group [Fs s53,=1.9,
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FIG. 3.

Inflammation-related gene expression in the ipsilateral and contralateral (A) hippocampus and (B) striatum after traumatic

brain injury (TBI). Data are expressed as the mean with 95% confidence interval (n=5-9). *p <0.05 vs. sham-operated; *p <0.05 TBI
without vs. TBI with skull fracture (ordinary two-way analysis of variance followed by the Tukey test; see Supplementary Table S1 for
F values, degrees of freedom, and p values). TIMP-1, tissue inhibitor of metalloproteinase-1; TNF-o, tumor necrosis factor-o ;IL,
interleukin; MMP-9, matrixmetalloproteinase-9.
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p>0.05]); however, there were no significant differences when
compared with sham-operated animals. Plasma levels of TNF-o were
not elevated after TBI (<1.5 pg/mL).

Evaluation of the skull bone by micro-CT

Micro-CT examination of the parietal bone revealed variations
in thickness and gray scale values. The average parietal bone
thickness varied from 0.17 to 0.44 mm (mean, 0.3+0.1 mm), de-
pending on the localization. The parietal bone became thinner as it
reached the sagittal suture (Fig. 6B). The lateral periphery of the
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FIG. 5. Tissue inhibitor of metalloproteinase-1 (TIMP-1) con-
centration in the plasma of animals without or with skull fractures
at 12h, 1, 3, and 14 days after traumatic brain injury (TBI). Data
are expressed as the mean * standard deviation (n=5-7). *p <0.05
vs. sham-operated (ordinary two-way analysis of variance fol-
lowed by the Tukey test).

parietal bone had a thicker structure with a higher gray scale value,
ranging from 3.7 to 10.2 (mean, 6.7 % 1.7). The parietal bone gray
scale value was higher in 20-week-old mice than in 10-week-old
mice (mean, 7.2 vs. 7.5; 10 weeks vs. 20 weeks, respectively).
Lower parietal bone gray scale values were associated significantly
with skull fracture.

Skull thickness increased proportionally with age and weight of
the animals. Parietal bone thickness correlated with animal weight
(Pearson r=0.75, p<0.01), and animal weight was inversely as-
sociated with skull fractures. Decreased parietal bone thickness and
gray scale values were significantly associated with an increased
risk of fracture (Fig. 7).

Evaluation of the contusion surface area

Macroscopic observation demonstrated that the brains of sham-
operated mice and mice that underwent TBI without skull fracture
showed no signs of cortical injury (Fig. 8). The TBI with skull
fracture resulted in mild to severe brain damage because of skull
depression (Fig. 8). In addition, skull fractures were associated with
epidural and subdural hematomas and intraparenchymal hemor-
rhage.

Discussion

A TBI is a complex and heterogeneous injury that includes he-
matomas, contusions, subarachnoid hemorrhage, hypoxia, ische-
mia, and axonal and vascular injuries. This heterogeneity is a
particular challenge when performing experimental TBI re-
search.'? The WD model is the most commonly used experimental
method to study the pathophysiology of CHIL.* Nevertheless, this
model is not well standardized and generates results with
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Frontal plane

FIG. 6. Micro-CT image of a mouse skull with schematic illustra-
tion of the measurement parameters of mouse parietal bone thickness
and density. (A) Frontal plane at a distance between coronal suture
and lambdoid suture, which indicates the impact location (red circle)
in the weight-drop traumatic brain injury model. (B) The landmarks
shown on a coronal section of parietal bone represent thickness and
density measurement points (medial periphery—1, midline-2, and
lateral periphery—3). Color image is available online.
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substantial variability regarding histopathological, biochemical,
and functional outcomes.”*''328353% Our results demonstrated
that animals experiencing skull fractures after undergoing the WD
model show a substantial inflammatory response in the brain, while
animals without skull fractures do not, thus demonstrating how
skull fractures contribute to the heterogeneity of the WD model.

When reviewing published literature (articles published on the
CHI model in PubMed from 2001 to 2018), skull fractures were
evaluated in only 18 of 97 studies (18.6%), and animals with
fractures were excluded. A significant number of studies (81.4%)
did not mention the incidence of skull fractures, showing that injury
to the skull has been neglected in most CHI experiments.

Moreover, significant heterogeneity was observed in the pa-
rameters of falling weight, drop height, and impact tip diameter
that led to different impact energies delivered to brain tissue. The
falling weight ranged from 5 to 500 g, and the drop height ranged
from 1 to 167 cm. Impact tip diameters ranged from 1 to 5 mm or
were not reported. The calculated amount of energy as a function
of the mass and height varied from 0.04 to 1.10J. Thus, these
studies do not share a common methodological indicator that
would allow a comparison of the results of experiments between
laboratories.

Our current study investigating the influence of skull frac-
tures after WD represents a first step to reduce heterogeneity in
this very useful CHI model. Skull fracture is an independent risk
factor for intracranial hemorrhage in patients with TBL>**> In-
tracranial hemorrhage is associated with increased intracranial
pressure, oxidative damage, vasogenic edema, cytotoxic edema,
heme toxicity, and iron toxicity and may thus contribute to sec-
ondary brain injury.*®

Approximately one-half of depressed skull fractures in patients
with TBI result in dural tearing, which is associated with cranial
infections.?”**® In patients, skull fracture with hemorrhage results in
increased inflammation and neuronal excitability because of the
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image are available online.

toxic effects of hemoglobin breakdown and the generation of re-
active oxygen species.>®
Thus, our results demonstrating an increased neuroinflammatory
response in the brain after TBI with skull fracture are well in line
with the clinical features of TBI. Moreover, compared with animals
without fracture, TBI in animals with moderate and severe fractures
showed significant differences in responses to the NSS at 24 h but
not at 2h after TBI. Only one study reported animals with and
without skull fractures and divided these animals into separate
groups.*® There was no difference in NSS between animals with or
without skull fracture and sham-operated animals at 1h post-
injury.*® The NSS was not assessed at later time points after an
injury; thus, it is difficult to compare the impact of fracture on NSS
in this study. Moreover, skull fracture was associated with more
severe TBI outcomes, including immediate post-traumatic respi-
ratory depression, secondary rebound injury, and death in mice.
Other important factors, such as age and skull thickness, could
also influence the incidence of parietal bone fracture. Skull cortical
thickness is an important factor related to the deformation of the
skull and fracture propensity,*' and skull cortical bone density also
influences skull fracture in humans.*? Moreover, skull density is
associated with the biomechanical threshold for concussion and
may influence TBI, even without causing a skull fracture.*® We
showed that mouse parietal bone thickness and gray scale values
are effective at predicting skull fractures. Thus, mouse age and
weight should be taken into account in the design of the experiment.
It is important to acknowledge that in other CHI models, helmets
(i.e., metallic disc on the exposed skull surface) are used to reduce
the incidence of skull fractures.”>** The use of helmets helps to
disperse the impact energy delivered to the brain tissue, thereby
protecting the skull from the fractures. In the present study, the use
of a Smm cone tip reduced the incidence of skull fractures, sug-
gesting that a larger diameter should be used in the WD model.
To date, contrasting results on the neuroinflammatory response
in brain tissues have been reported after CHI in mice. Our results
clearly showed a significant increase in TNF-o and TIMP-1 gene
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expression in animals with skull fractures at 12h and 24 h after
injury, while gene expression was unchanged in animals without
fracture. We did not observe a difference in the TIMP-1 plasma
concentration between animals with or without fractures, however.

Many studies have demonstrated a significantly increased neu-
roinflammatory response in brain tissue, reaching levels greater
than physiological levels within hours of injury'®*>%; however,
only one study did not observe skull fractures.*® For example,
significantly increased brain levels of TNF-a gene and protein
expression were observed on the first day after trauma,'>*”*° while
no changes in TNF-o expression were observed in other stud-
ies.!”18%0 Interestingly, a significant increase in TNF-o expression
at 4h and 48 h after WD injury was observed using only animals
with skull fractures in a WD model.*

Moreover, there is a significant increase in IL-1, IL-6, IL-10, and
TNF-o cytokines in response to craniotomy per se compared with
those in naive animals,5 1,52 indicating that skull fractures could
cause inflammation and create outcome heterogeneity within the
groups in the WD model. Recent studies found that combined
closed-skull TBI and tibial fractures worsened outcome and in-
creased inflammation compared with mice given only a TBL>***
Similar to our findings, the levels of inflammatory cytokines, such
as IL-1p8, IL-6, and TNF-u, were not increased in isolated-TBIL.>?
Interestingly, in a recent study, muscle injury combined with TBI
did not significantly impact inflammatory cytokine expression or
functional outcome after WD-TBI,> suggesting that a concurrent
fracture rather than soft tissue injury may exacerbate neuroin-
flammation and worsen the outcomes after TBI.

Previous research demonstrated that the overexpression of TNF-
o was correlated with the severity of trauma in fluid-percussion—
induced TBL*> We observed a correlation between the levels of
TNF-o and TIMP-1 gene expression and the severity of fracture.
Moreover, TIMP-1 gene expression was elevated significantly in
the ipsilateral hippocampus and striatum during the first 3 days after
trauma with skull fracture, showing an increase of more than 100-
fold.

Previous research identified an association between serum
TIMP-1 levels and TBI severity and death.’® A previous study
demonstrated that the TIMP-1 gene is overexpressed in the brain at
12 h after middle cerebral artery occlusion, reaching a peak level at
2 days after stroke.’”>® High serum TIMP-1 levels are also asso-
ciated with a worse prognosis after stroke.’® The TIMP-1 is
constitutively expressed at a low level in many tissues, but after
tissue injury and inflammation, TIMP-1 gene expression generally
increases compared with that in healthy tissue.*¢!

Pro-inflammatory cytokines increase the expression of TIMP-1
in the brain.®* In the present study, high TIMP-1 inflammatory gene
expression was observed in the first 3 days after TBI with skull
fracture compared with the gene expression levels at 14 days after
TBI, showing an acute response to injury. Because severe skull
fracture was observed together with skull depression and bleeding,
the high TIMP-1 gene expression in the brain was probably a rapid
and acute response to the massive infiltration of proinflammatory
cytokines that occurred in the brain after dural injury and bleeding.

Conclusion

Compared with TBI without fractures, TBI with skull fractures
resulted in a more severe neurobehavioral response and a consid-
erable increase in inflammatory gene expression in brain tissue. Our
data suggest that when using the WD model, the data from animals
with skull fractures must be analyzed separately from those without
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skull fractures to reduce the heterogeneity of the model. Hetero-
geneity may also be reduced a priori by using animals with a
thicker skull bone—i.e., older mice—and by using an impact cone
with a larger diameter—i.e., 5 mm instead of 2 mm—or helmets—
i.e., metallic disc—on the skull surface.
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