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Immediate, but Not Delayed, Microsurgical Skull
Reconstruction Exacerbates Brain Damage in
Experimental Traumatic Brain Injury Model
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Abstract

Moderate to severe traumatic brain injury (TBI) often results in malformations to the skull. Aesthetic surgical maneuvers may
offer normalized skull structure, but inconsistent surgical closure of the skull area accompanies TBI. We examined whether
wound closure by replacement of skull flap and bone wax would allow aesthetic reconstruction of the TBl-induced skull
damage without causing any detrimental effects to the cortical tissue. Adult male Sprague-Dawley rats were subjected to
TBI using the controlled cortical impact (CCl) injury model. Immediately after the TBI surgery, animals were randomly
assigned to skull flap replacement with or without bone wax or no bone reconstruction, then were euthanized at five days
post-TBI for pathological analyses. The skull reconstruction provided normalized gross bone architecture, but 2,3,5-
triphenyltetrazolium chloride and hematoxylin and eosin staining results revealed larger cortical damage in these animals
compared to those that underwent no surgical maneuver at all. Brain swelling accompanied TBI, especially the severe
model, that could have relieved the intracranial pressure in those animals with no skull reconstruction. In contrast, the
immediate skull reconstruction produced an upregulation of the edema marker aquaporin-4 staining, which likely
prevented the therapeutic benefits of brain swelling and resulted in larger cortical infarcts. Interestingly, TBI animals
introduced to a delay in skull reconstruction (i.e., 2 days post-TBI) showed significantly reduced edema and infarcts
compared to those exposed to immediate skull reconstruction. That immediate, but not delayed, skull reconstruction may
exacerbate TBIl-induced cortical tissue damage warrants a careful consideration of aesthetic repair of the skull in TBI.
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Introduction

The treatment of traumatic brain injury (IBI) is currently an
unmet condition in the United States, afflicting at least 1.7 million
people annually, including 275,000 hospitalizations and 52,000
deaths [1]. The economic cost is estimated at $56 billion annually
[2]. Due to the economic burden and the lack of therapies,
research into the pathophysiology of and the possible treatment for
TBI is warranted.

The two most commonly employed animal models of TBI are
the fluid percussion model and the controlled cortical impact
(GCI) injury model [3-6]. The cognitive and motor deficits
produced by both models resemble many of the abnormalities
observed in the clinical setting [7,8]. In the present study, the CCI
injury model is utilized to create a reproducible TBI in adult, male
Sprague-Dawley rats. The initial injury to the brain presents as
necrotic cell death in the underlying tissue and as axonal injury in
white matter, consistent with clinical pathology. The initial injury
is followed by apoptotic cell death in the surrounding tissue due to
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events such as ischemia, excitotoxicity, and edema [9,10]. In the
CCI injury model, the secondary cell damage extends beyond the
cortical tissues such as the adjacent subcortical regions [11,12].
Penetrating or severe TBI is often accompanied by skull fracture
[13-17]. Reconstruction of the scalp, skull, and underlying tissues
is carried out for aesthetic repair [18], but also to prevent
complications (e.g., infections) associated with open head injuries
[19] and CSF leakage [20]. In some cases, the skull is
reconstructed, i.e., cranioplasty [21,22]. In other cases, either a
craniotomy [23,24], or craniectomy [25,26] is performed
primarily to reduce intracranial pressure (ICP) [27,28] and
prevent herniation [29,30]. Decompressive craniectomy allows
the brain to swell [31-33], in turn lowering ICP [32,34]. The
management of severe TBI undergoing craniectomy remains
controversial in the clinical setting, in particular the optimal timing
of cranioplasty after decompressive craniectomy is still unknown
[35]. Although crainoplasty is typically performed three months
after decompressive craniectomy, this skull reconstruction needs to
proceed only after brain edema subsides [36]. Moreover,
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cranioplasty presents with complications such as increased
infections [37] and bone flap reabsorption [38], which may
hinder the patient’s recovery [39]. Civilian and military TBI may
present with different skull fractures requiring variable cranio-
plasty. Whereas 20% of civilian patients diagnosed with TBI
underwent cranioplasty after decompressive craniectomy [40], a
much higher 45% of TBI soldiers received the same procedures
[41]. This large discrepancy in the operative procedure of skull
reconstruction after TBI could be due to the severity of battlefield
blast explosion-induced TBI that creates cavity injury zones that
often extend beyond the border of the exposed surface wound,
not commonly observed in civilian TBI [41]. Moreover, the
prevalence of complications associated with cranioplasty reveals
that although there is no difference in post-operative infection rate
(16%—34%), the perioperative infection rate of 12% [41] is much
higher in soldiers than civilians (less than 2%; [40,42]), again likely
owing to the disease severity of the military TBI. The current
clinical practice emphasizes cranioplasty during the initial hospital
admission, in an effort to reduce the overall cost of patient care by
eliminating the need for repeat hospital admissions [40]. However,
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such immediate cranioplasty has not reduced the high overall
complication rate of skull reconstruction in TBI [41,42].
Accordingly, studies are warranted to determine the optimal
safety and effective regimen of skull reconstruction in TBI.
Preclinical studies may reveal the potential detrimental effects of
skull reconstruction in TBI. Unfortunately, a review of the
literature revealed inconsistent skull reconstruction post-TBI in
the laboratory setting [21-26]. In the present CCI study,
immediate skull reconstruction significantly worsened the TBI-
induced brain damage accompanied by an upregulation of the
edema marker aquaporin-4 compared to TBI animals with no
skull reconstruction. A delay in skull reconstruction reduced the
edema and prevented the exacerbation of brain damage. Taken
together, these results suggest that therapies aimed at reducing
cerebral edema should facilitate skull reconstruction in TBI.

Materials and Methods

Ethics Statement
The use of animals in this study was conducted in accordance
with the recommendations in the Guide for the Care and Use of

Moderate TBI Induced Using the CCI Model

. 3 4

Group D: Bone Flap Group E: Delayed

(n=8) and Bone Wax (n=8) Reconstruction (n=8)
Reconstruction with
bone wax
1 ]
Necropsy
2 ] L 8 L
TTC (n=4) TTC (n=4) TTC (n=4)
L ) L L
Immunofluorescence Immunofluorescence Immunofluorescence
(n=4) (n=4) (n=4)

Severe TBI Induced Using the CCI Model

. S 2

Group D: Bone Flap Group E: Delayed

(n=8) and Bone Wax (n=8) Reconstruction (n=8)
Reconstruction with
bone wax
L 8
Necropsy
2 L ! 2
TTC (n=4) TTC (n=4) TTC (n=4)
L !
Immunofiuorescence Immunofiuorescence Immunofluorescence
(n=4) (n=4) (n=4)

Figure 1. Flowchart of experimental procedures. All animals received moderate (Figure 1A) or severe (Figure 1B) TBI using the CCl model. After
the CCl surgery, animals received either no reconstruction (Group A), immediate reconstruction with bone flap (Group B), bone wax (Group C), or
bone wax and bone flap (Group D). The animals assigned to Group E in received delayed skull reconstruction on day 2. All animals were euthanized
on day 4. Half of the animals (n =4) from each group were assigned to TTC analysis and the other half (n =4) were assigned to immunofluorescence

assay.
doi:10.1371/journal.pone.0033646.9001
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Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of South Florida, College of
Medicine. The approved protocol number is 3904R. All efforts
were made to minimize animal suffering.

Surgical Procedures

Ten week old, male Sprague-Dawley rats (n = 8 per group) were
subjected to TBI using the controlled cortical impact injury model
(Pittsburgh  Precision Instruments, Inc, USA). Animals were
anesthetized using 1-2% isoflurane. Once deep anesthesia was
achieved, individual animals were fixed in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA, USA), anesthesia was
maintained via gas mask. After exposing the skull, a 4.0 mm
craniectomy was performed over the left frontoparietal cortex
(—2.0 mm anteroposterior and +2.0 mm mediolateral to bregma).
The pneumatically operated TBI device (with a convex tip
diameter of 3.0 mm for rats) impacted the brain at a velocity of
6.0 m/s reaching a depth of 1.0 mm or 2.0 mm for moderate and
severe TBI models, respectively, below the dura mater layer and
remained in the brain for 150 ms. The impactor rod was angled
15° to the vertical to maintain a perpendicular position in
reference to the tangential plane of the brain curvature at the
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impact surface [3]. A linear variable displacement transducer
(Macrosensors, Pennsauken, NJ), which was connected to the
impactor, measured velocity and duration to verify consistency.
This CCI approach produced skull fracture overlying the frontal
cortex. Post-operatively, animals were randomly assigned to skull
bone flap replacement with or without bone wax (Lukens), no
bone reconstruction or delayed skull reconstruction with bone
wax. Delayed skull reconstruction was performed at two days post-
TBI in both the moderate and severe TBI models. To reconstruct
the skull, the scalp was re-opened and bone wax was applied over
the craniectomized region. The bone wax was shaped to conform
to the natural contour of the cranium. Animals were euthanized 5
days post-TBI for histological analysis. See Figure 1 for a flowchart
of the methods.

TTC Staining

On day five following surgery, animals were anesthetized and
then perfused intracardially with saline. The brain was then
removed, immersed in cold saline for 10 min, and sliced in 2.0-
mm-thick sections. TBI-induced brain damage was visualized by
staining brain slices with 2,3,5-triphenyltetrazolium chloride
(T'TC), following a procedure previously described [43]. The
brain slices were incubated in 2% TTC dissolved in PBS for

Figure 2. Brain swelling accompanies TBI. Following CCl, obvious brain swelling was detected in animals subjected to no skull reconstruction
(Panels a and a1). Reconstruction with bone flap only provided partial skull reconstruction, thereby allowing a tempered brain swelling (Panels b and
b1). Skull reconstruction with bone wax only (Panels c and c1), bone wax and bone flap (Panels d and d1), or delayed reconstruction with bone wax
(Panels e and e1) afforded normalized skull structure, but also prevented visualization of brain swelling. Arrows are indicative of brain swelling
following TBI. Dotted circles show the tempered brain swelling that occurred in the animals that received reconstruction with bone flap only.

doi:10.1371/journal.pone.0033646.9g002
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20 min at 37°C and then transferred to 4% paraformaldehyde
solution for fixation. Brain damage was revealed by a lack of TTC
staining, which indicates that tissue is dehydrogenase deficient.
The volume of brain damage was measured in each slice and
quantified by a computer assisted image analysis system (NIH
Image Software, USA) and calculated by the following formula:
2.0 mm (thickness of the slice) X(sum of the damaged area per slice
or in all brain slices) then expressed as percentage [43]. To
minimize artifacts produced by post-TBI edema in the injured
area, the brain damage volume was calculated as described
previously [44]. Briefly, the injured area in the ipsilateral
hemisphere was indirectly measured by subtracting the non-
injured area in the ipsilateral hemisphere from the total intact area
of the contralateral hemisphere.

Immunohistochemistry

The animals utilized for immunohistochemistry were from
another cohort of animals. Under deep anesthesia, rats were
sacrificed on day 5 after TBI surgery, and perfused through the
ascending aorta with 200 ml of cold PBS, followed by 200 ml of
4% PFA in PBS. Brains were removed and post-fixed in the same
fixative for 24 hours followed by 30% sucrose in phosphate buffer
(PB) for 1 week. Five coronal slices between the anterior edge and
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posterior edge of the infarct were collected and processed for
hematoxylin and eosin (H&E) staining from each brain perfused at
day 4. Sections were cut at a thickness of 30 um by cryostat. The
cavity area was defined at the damaged region. Brain sections were
observed by using a microscope equipped with a digital camera.
Damaged volume in one brain was calculated from the formula:
[(area of the damaged region in each section)x0.30] (mm?®). Infarct
volume was then expressed as a percentage of the ipsilateral
hemisphere compared to the contralateral hemisphere.

The sections processed for aquaporin-4 immunohistochemistry
were from alternating sections of H&E processed brains. Six series
of coronal sections were cut at a thickness of 30 um by cryostat.
Free floating sections for immunohistochemistry were incubated
overnight at 4°C with an aquaporin-4 monoclonal antibody
(1:100, Abcam) with 5% normal goat serum. After several rinses in
PBS, the sections were visualized following the method described
above with modification to accelerate FITC with biotin conjugat-
ed antimouse IgG antibody and FITC conjugated streptoavidin
(1:500, Sigma, MO). Immunofluorescent microscopy was carried
out using a Leica confocal microscope. The density of the
aquaporin-4 channels on the ipsilateral cortex was quantified using
NIH Image], then compared to the contralateral cortex, and
expressed as percentages.
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Figure 3. TTC Immediate skull reconstruction with bone wax alone or in combination with bone flap exacerbates cortical damage in
TBI. TTC analysis of moderate (Figure 3A, quantified in C) and severe (Figure 3B, quantified in D) TBI revealed that immediate reconstruction with
bone wax only or bone wax and bone flap significantly increased cortical damage compared to no reconstruction or reconstruction with only the
bone flap. Of interest, delayed reconstruction at 2 days after TBI significantly reduced cortical damage compared to immediate reconstruction with
bone wax only or bone wax and bone flap. Bars represent mean = SEM. Asterisks (¥) indicate p<<0.05 vs. no reconstruction, immediate reconstruction
with bone flap, and delayed reconstruction; # indicates p<<0.05 vs. no reconstruction, bone flap, bone wax, and bone wax and flap; § indicates

p<<0.05 vs. bone wax.
doi:10.1371/journal.pone.0033646.g003
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Statistical Analysis

The data were presented as the mean * the standard error of
the mean (SEM). TTC and H&E infarct volumes and areas, and
aquaporin-4 densities were analyzed using single ANOVA
followed by post-hoc t-tests. The statistical software used was
GraphPad Prism. The level of significance was set at p<0.05.

Results

Immediate Skull Reconstruction Provides Normalized
Bone Structure in TBI

Animals exposed to the CCI, especially the severe model, with
no reconstruction displayed a skull fracture overlying the frontal
cortex (Figure 2). Immediate surgical reconstruction of the skull
post-TBI provided normalized bone structure. Reconstruction
using only the skull bone flap provided partial reconstruction,
whereas reconstruction with bone wax only or bone wax and bone
flap afforded almost near complete skull reconstruction. No
excessive bleeding, hematoma, or ectopic tissue formation was
detected in any of the animals exposed to these skull reconstruc-
tion procedures or to no skull reconstruction. Moreover, the
immediate aesthetic repair produced physical reconstructions of
the skull fracture that were comparable in both moderate and
severe TBI models.

Traumatic Brain Injury and Skull Reconstruction

Immediate Skull Reconstruction Exacerbates Cortical
Damage Post-TBI

As previously reported [3,4], the CCI produced cortical damage
in adult rats, with the severe model resulting in larger cortical
alterations than the moderate model. TTC staining revealed that
immediate skull reconstruction, in general, worsened the cortical
damage (F4;5=100.622, p<0.0001 and F,,;5=125.885,
p<<0.0001 for moderate and severe TBI, respectively) (Figure 3).
Although it provided normalized skull structure, TTC staining
revealed that immediate reconstruction with bone wax only and
combined bone wax and bone flap significantly exacerbated
cortical damage compared to the groups that received no skull
reconstruction and bone flap only in both the moderate and severe
TBI models (p’s<<0.05) (Figure 3). Although they did not
significantly differ in the moderate TBI model, the animals that
received bone wax and bone flap displayed significantly larger
cortical damage than the bone wax only group in the severe TBI
model (p<<0.05) (Figure 3). The smaller cortical damage seen in
the bone flap treatment after moderate and severe TBI models did
not significantly differ from the reduced cortical damage in the no
reconstruction group (p’s>0.05 for moderate and severe TBI,
respectively).

Hematoxylin and Eosin staining revealed results consistent
with the findings from TTC staining. Immediate skull
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Figure 4. Hematoxylin and eosin staining of moderate (Figure 4A, with a-e at 2 x magnification, al-e1 at 4x magnification, and
quantified in C) and severe (Figure 4B, with a-e at 2x magnification, al-e1 at 4 x magnification, quantified in D) TBI models. The
cortical infarcts in the samples that received no reconstruction (Panel a, 2 x; Panel a1, 4 x) and immediate skull reconstruction with the bone flap only
(Panel b, 2x; Panel b1, 4x) were smaller than the infarcts observed in the samples that received skull reconstruction with bone wax only (Panel ¢, 2 x;
Panel c1, 4x) and bone wax and bone flap (Panel d, 2x; Panel d1, 4x). The infarcts in the delayed reconstruction group (Panel e, 2 x; Panel e1, 4x)
were significantly reduced in both moderate and severe TBI models compared to the immediate reconstruction groups that received bone wax or
bone wax and bone flap. Bars represent mean = SEM. Asterisks * indicate p<<0.05 vs. no reconstruction, bone flap, and delayed reconstruction.

doi:10.1371/journal.pone.0033646.g004
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reconstruction worsened cortical damage in both the moderate
and severe TBI models (F4;5=40.213, p<0.0001 and
F415=30.109, p<<0.0001 for moderate and severe TBI,
respectively) (Figure 4). Cortical damage in the animals that
received the bone wax only did not significantly differ from the
cortical damage in the animals that received both bone wax and
bone flap in both the moderate and severe TBI models
(p’s>0.05) (Figure 4).

Delayed Skull Reconstruction Does Not Worsen Cortical
Damage Post-TBI

Next, we attempted a strategy that might circumvent the
worsened brain damage post-TBI produced by immediate skull
reconstruction. T'T'C staining revealed significantly smaller cortical
damage in the animals that received delayed reconstruction
compared to the animals that received immediate skull recon-
struction with bone wax only or combined bone wax and bone flap
in both moderate and severe TBI models (p’s<<0.0001) (Figure 3).
In addition, delayed skull reconstruction did not significantly
exacerbate cortical damage after the moderate TBI compared to
the animals that received no skull reconstruction or reconstruction
with bone flap only (p’s>0.05) (Figure 3). However, in the severe
TBI model, the delayed skull reconstruction group showed
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significantly larger cortical damage compared to those with no
reconstruction or bone flap only (p’s<<0.0001) (Figure 3).

Hematoxylin and eosin staining revealed that delayed recon-
struction significantly reduced cortical damage following moderate
and severe TBI compared to animals that received immediate skull
reconstruction with bone wax only or combined bone wax and
bone flap (p<0.0001 and p<<0.01 for moderate and severe TBI
models respectively) (Figure 4). Delayed skull reconstruction did
not significantly exacerbate cortical damage following moderate
and severe TBI compared to the animals that were exposed to no
skull reconstruction (p’s>0.05) (Figure 4).

Upregulation of the Edema Marker Aquaporin-4
Accompanies Immediate, but not Delayed Skull
Reconstruction

Brain swelling was observed almost immediately following CCI,
particularly in the severe TBI model. ANOVA revealed treatment
effects (Fy 15 = 394.255, p<<0.0001 and F, ;5= 520.030, p<<0.0001
for moderate and severe TBI, respectively) (Figure 5). Significant
upregulation of aquaporin-4 was observed in the TBI animals that
received immediate skull reconstruction with bone wax only and
bone wax and bone flap in moderate and severe TBI models
compared to the animals that received no skull reconstruction or
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Figure 5. Aquaporin-4 immunofluorescence of moderate (Figure 5A with a-e at 2 x magnification, a1-e1 at 4 x magnification, and
quantified in C) and severe (Figure 5B with a-e at 2 x magnification, al-e1 at 4x magnification, and quantified in C) TBI brains.
Sparse aquaporin-4 staining was detected in the cortical tissues from TBI animals that received no reconstruction (Panel a, 40 x; Panel a1, 60x). A
slight, but significant increase in aquaporin-4 staining was seen in immediate skull reconstruction with bone flap (Panel b, 40x; Panel b1, 60x).
Widespread aquaporin-4 upregulation was detected in the samples that received immediate skull reconstruction with bone wax only (Panel c, 40 x;
Panel c1, 60x) and bone wax and bone flap (Panel d, 40 x; Panel d1, 60 x), which was significantly elevated compared to no skull reconstruction.
Aquaporin-4 density was reduced in the samples that received delayed reconstruction compared to immediate reconstruction with bone wax or
bone wax and bone flap, but was significantly elevated compared to bone flap only or no reconstruction (Panel e, 40 x; Panel e1, 60 x). Bars represent
mean £ SEM. Asterisks * indicate p<<0.05 vs. all other treatment groups. Scale bars represent 50 um.

doi:10.1371/journal.pone.0033646.9005
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reconstruction with bone flap only (p’s<0.0001) (Figure 5). In
contrast, TBI animals subjected to delayed skull reconstruction
displayed significantly reduced aquaporin-4 levels post-TBI in
moderate and severe TBI models compared to immediate skull
reconstruction with bone wax and bone flap and bone wax
(p’s<<0.05) (Figure 5). Despite decreased aquaporin-4 expression in
the TBI animals that received delayed skull reconstruction, their
aquaporin-4 expression remained significantly elevated compared
to the TBI animals that received immediate reconstruction with
bone flap or no reconstruction in both moderate and severe
TBI models (p’s<0.01). See Table 1 for comparisons between
treatment groups and their corresponding p values.

Discussion

The present study demonstrates that immediate skull reconstruc-
tion following TBI significantly worsened cortical damage in both
the moderate and severe CCI models. This exacerbation of
histological deficit was associated with increased edema. In contrast,
a delay in skull reconstruction decreased the cortical damage
compared to immediate reconstruction, which was accompanied by
reduced edema. These observations suggest that an acute window
after TBI is critical for facilitation of the therapeutic outcome of
brain swelling. Aesthetic skull reconstruction during this early post-
TBI period interferes with the natural process of brain remodeling.
The delayed skull reconstruction allowed brain swelling to minimize
edema, likely by alleviating intracranial pressure. The recognition of

Table 1. Statistics Summary Table.

Traumatic Brain Injury and Skull Reconstruction

this host reparative process should aid in the clinical management of
skull fracture in TBI.

Although immediate reconstruction repaired the skull fracture,
this early reconstruction with bone wax or bone wax and bone flap
significantly increased cortical damage compared to the animals
that received no reconstruction in the moderate and severe TBI
models. On the other hand, the immediate reconstruction with
bone flap did not significantly exacerbate cortical damage
compared to the animals that received no reconstruction, likely
due to the unfixed bone flap that allowed for partial brain swelling.
In an effort to circumvent the increased cortical damage, delayed
reconstruction was shown to attenuate the exacerbation of cortical
damage compared to immediate reconstruction. Compared to the
animals that received no reconstruction, the delayed reconstruc-
tion produced comparable (not significant) cortical damage in the
moderate, but generated significantly larger cortical damage in the
severe TBI model, suggesting that the two-day delay was not
sufficient for brain swelling to counteract the intracranial pressure
produced by the severe TBI. A prolonged delay post-TBI could
allow the maximal therapeutic benefit of brain swelling, via
alleviation of intracranial pressure, to abrogate the cortical
damage. A limitation of this study is that intracranial pressure
following TBI was not directly measured, which will be the topic of
subsequent studies.

Reconstruction of the skull following TBI in the laboratory
setting is inconsistent. Various methods of skull reconstruction,
such as cranioplasty [21,22], craniotomy [23,24], and craniectomy

Moderate TBI

Comparison

Percent Infarct (TTC)

Infarct Area (H&E) Aquaporin-4 Quantification

No Reconstruction to Bone Flap p=0.8590
No Reconstruction to Bone Wax p<<0.0001*
No Reconstruction to Bone Flap and Bone Wax p<0.0001*
No Reconstruction to Delayed Reconstruction p=0.9996
Bone Flap to Bone Wax p<<0.0001*
Bone Flap to Bone flap and Bone Wax p<<0.0001*
Bone Flap to Delayed Reconstruction p=0.9333
Bone Wax to Bone Flap and Bone Wax p=0.8740
Bone Wax to Delayed Reconstruction p<<0.0001*
Bone Flap and Bone Wax to Delayed Reconstruction p<0.0001*

p=0.9941 p=0.0036*
p<0.0001* p<0.0001*
p<0.0001* p<0.0001*
p=0.9997 p<0.0001*
p<0.0001* p<0.0001*
p<0.0001* p<0.0001*
p=0.9759 p=0.0024*
p=0.9272 p<0.0001*
p<0.0001* p=0.0127*
p<0.0001* p<0.0001*

Severe TBI

Comparison

Percent Infarct (TTC)

Infarct Area (H&E) Aquaporin-4 Quantification

No Reconstruction to Bone Flap p=0.4546
No Reconstruction to Bone Wax p<<0.0001*
No Reconstruction to Bone Flap and Bone Wax p<0.0001*
No Reconstruction to Delayed Reconstruction p<<0.0001*
Bone Flap to Bone Wax p<<0.0001*
Bone Flap to Bone flap and Bone Wax p<<0.0001*
Bone Flap to Delayed Reconstruction p<0.0001*
Bone Wax to Bone Flap and Bone Wax p=0.0457*
Bone Wax to Delayed Reconstruction p<0.0001*
Bone Flap and Bone Wax to Delayed Reconstruction p<0.0001*

p=09978 p=0.0413*
p<0.0001* p<0.0001*
p<0.0001* p<0.0001*
p=0.0651 p<0.0001*
p<0.0001* p<0.0001*
p<0.0001* p<0.0001*
p=0.1158 p<0.0001*
p>0.9999 p<0.0001*
p = .0088* p=0.0184*
p=.0088* p<0.0001*

doi:10.1371/journal.pone.0033646.t001
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Posthoc pairwise comparisons and their corresponding p-values. Asterisks (*) denotes significance.
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[25,26] have been employed in the laboratory to manage ICP.
This study indicates the need for caution in initiating skull
reconstruction post-TBI in the laboratory setting, in that
immediate reconstruction following TBI may increase cortical
damage, which may mask efficacy of potential therapeutics aimed
at reducing histological deficits caused by TBI. Various therapies
designed to attenutate ICP are utilized in the clinical setting.
Decompressive craniectomy is typically employed after therapies
like a ventriculostomy or barbiturate-induced coma have failed to
lower ICP [32,34]. The management and timing of skull
reconstruction in severe TBI cases remains controversial in the
clinic. The present laboratory study demonstrates that a delay in
aesthetic reconstruction of the skull is beneficial in reducing
histological deficits caused by TBI. In the clinic, cranioplasty may
proceed only after alleviating the increased intracranial pressure
associated with TBL

To determine the mechanism underlying the increase in cortical
damage after immediate reconstruction, the edema marker
aquaporin-4 was evaluated. Immunohistochemical results revealed
that aquaporin-4 was significantly increased in TBI animals that
received immediate skull reconstruction, but was reduced in those
that received delayed skull reconstruction. The TBI animals that
received no reconstruction displayed the lowest aquaporin-4
density compared to all treatment groups. The aquaporin-4
density remained elevated in the delayed reconstruction group,
suggesting that the two-day delay did not completely abolish
edema. A longer interval between TBI and skull reconstruction
may further allow reduction in edema. Alternatively, a combina-
tion therapy of delayed skull reconstruction and osmotic agents,
such as mannitol and hypertonic saline, may allow better control
of brain swelling to lower ICP following TBI. A more extensive
time course may reveal that longer delay in skull reconstruction
will produce similar outcomes as seen in the “no reconstruction”
group. However, the current clinical practice indicates cranio-
plasty when there is the loss of both soft-tissue and skull base
support along with the need for cranial vault reconstruction. With
this in mind, even if the preclinical data reveal that the “no
reconstruction” condition is beneficial in experimental TBI,
finding the optimal cranioplasty regimen that is safe and effective
will be the logical clinically relevant endpoint.

References

1. Faul M, Xu L, Wald M, Coronado V (2010) Traumatic brain injury in the
United States: emergency department visits, hospitalizations, and deaths.
Atlanta (GA): Centers for Disease Control and Prevention. National Center
for Injury Prevention and Control.

2. Mammis A, Mclntosh TK, Maniker AH (2009) Erythropoietin as a
neuroprotective agent in traumatic brain injury:: Review. Surgical neurology
71: 527-531.

3. Yu S, Kaneko Y, Bace E, Stahl CE, Wang Y, et al. (2009) Severity of controlled
cortical impact traumatic brain injury in rats and mice dictates degree of
behavioral deficits. Brain research 1287: 157-163.

4. Hayashi T, Kaneko Y, Yu SJ, Bae EK, Stahl CE, et al. (2009) Quantitative
analyses of matrix metalloproteinase activity after traumatic brain injury in adult
rats. Brain research 1280: 172-177.

5. Bolkvadze T, Pitkanen A (2011) Development of Post-Traumatic Epilepsy after

“ontrolled Cortical Impact and Lateral Fluid-Percussion Induced Brain Injury
in the Mouse. Journal of Neurotrauma.

6.  Cernak I (2005) Animal models of head trauma. NeuroRx 2: 410-422.

7.  Fujimoto ST, Longhi L, Saatman KE, Mclntosh TK (2004) Motor and
cognitive function evaluation following experimental traumatic brain injury.
Neuroscience & biobehavioral reviews 28: 365-378.

8. Morganti-Kossmann M, Yan E, Bye N (2010) Animal models of traumatic brain
injury: Is there an optimal model to reproduce human brain injury in the
laboratory? Injury 41: S10-S13.

9. Dikranian K, Cohen R, Mac Donald C, Pan Y, Brakefield D, et al. (2008) Mild
traumatic brain injury to the infant mouse causes robust white matter axonal
degeneration which precedes apoptotic death of cortical and thalamic neurons.
Experimental neurology 211: 551-560.

@ PLoS ONE | www.plosone.org

Traumatic Brain Injury and Skull Reconstruction

Brain herniation accompanies the early stages of TBI, and may
contribute to the increased tissue damage observed after TBI.
Aquaporin-4 is an edema marker that corresponds to a water
channel that is specific to astrocytes throughout the central
nervous system, particularly the blood-brain barrier (BBB) [45—
47]. Water entrance through the BBB is considered as a key
component to the development of edema post-TBI [48-50].
Aquaporin-4 plays a critical role in the regulation of the water
content in the brain, thus it may contribute to the exacerbation of
tissue damage following experimental TBI [51]. In addition to
TBI, cerebral edema has been shown to contribute to the
pathophysiology of other central nervous system disorders,
including stroke and tumors [52-54]. That increased cortical
damage occurs via edema exacerbation necessitates the need to
find an approach to reduce this adverse side effect of skull
reconstruction. Our results suggest that delaying cranioplasty until
the TBl-induced cerebral edema has subsided may reduce the
unwanted exacerbation of cortical damage associated with this
skull reconstruction. The present study is limited to a 4-day post-
mjury period, but TBI may be accompanied by some delayed
pathological manifestations thereby necessitating for subsequent
studies to examine long-term effects of skull reconstruction in TBI.

In summary, surgical maneuvers post-TBI provided a normal-
ized skull structure, but also led to increased tissue damage. The
upregulation of aquaporin-4 post-TBI indicates increased cerebral
edema, which was exacerbated by immediate skull reconstruc-
tion. These findings suggest that therapies aimed at regulating
aquaporin-4 channels may prove to be a potential therapy for
TBI. A delay in skull reconstruction aided in the reduction of
aquaporin-4 channels, and in turn ameliorated the TBI-induced
cortical damage. The timing of cranioplasty following TBI should
be carefully evaluated in both the laboratory and clinical settings.

Author Contributions

Conceived and designed the experiments: LEG NT TL YK HvL CVB.
Performed the experiments: LEG NT TL CVB. Analyzed the data: LEG
CVB. Contributed reagents/materials/analysis tools: HvL. CVB. Wrote
the paper: LEG TL HvL CVB.

10. Sandhir R, Onyszchuk G, Berman NEJ (2008) Exacerbated glial response in the
aged mouse hippocampus following controlled cortical impact injury. Experi-
mental neurology 213: 372-380.

11. You Z, Savitz SI, Yang J, Degterev A, Yuan J, et al. (2008) Necrostatin-1 reduces
histopathology and improves functional outcome after controlled cortical impact
in mice. Journal of Cerebral Blood Flow & Metabolism 28: 1564-1573.

12. Riess P, Zhang C, Saatman KE, Laurer HL, Longhi LG, et al. (2002)
Transplanted neural stem cells survive, differentiate, and improve neurological
motor function after experimental traumatic brain injury. Neurosurgery 51:
1043.

13. Lethaus B, Safi Y, Poort ter Laak M, Kloss-Brandstatter A, Banki F, et al.
Cranioplasty with customized titanium and PEEK implants in a mechanical
stress model. Journal of Neurotrauma.

14. Cabraja M, Klein M, Lehmann TN (2009) Long-term results following titanium
cranioplasty of large skull defects. Neurosurgical focus 26: 10.

15. Wurm G, Tomancok B, Holl K, Trenkler J (2004) Prospective study on
cranioplasty with individual carbon fiber reinforced polymere (CFRP) implants
produced by means of stereolithography. Surgical neurology 62: 510-521.

16. Yanagawa Y, Sakamoto T, Saitoh D, Terai C, Okada Y, et al. (2000)
Significance of shock in head-injured patients with skull fracture. Neurologia
medico-chirurgica 40: 133-139.

17. Schietroma M, Risetti A, Leardi S, Iannucci D, Muzi F, et al. (1992) Head
trauma in a general surgery department: observations, diagnostic and
therapeutic indications. Ann Ital Chir 63: 163-167.

18. Piero C, Paolo G, Valerio R, Vincenzo E (2009) Forehead Trauma Outcomes:
Restoration of Brain, Soft Tissues, and Bone Defects: A 3-Step Treatment.
Journal of Craniofacial Surgery 20: 498.

March 2012 | Volume 7 | Issue 3 | e33646



21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

34.

Petersen K, Colyer MH, Hayes DK, Hale RG, Bell RB (2011) Prevention of
infections associated with combat-related eye, maxillofacial, and neck injuries.
The Journal of trauma 71: S264.

Bell RS, Mossop CM, Dirks MS, Stephens FL, Mulligan L, et al. (2010) Early
decompressive craniectomy for severe penetrating and closed head injury during
wartime. Neurosurgical focus 28: 1.

Tran HT, Lakerla FM, Holtzman DM, Brody DL (2011) Controlled Cortical
Impact Traumatic Brain Injury in 3xTg-AD Mice Causes Acute Intra-Axonal
Amyloid-(E= Accumulation and Independently Accelerates the Development of
Tau Abnormalities. The Journal of Neuroscience 31: 9513.

Mac Donald CL, Dikranian K, Bayly P, Holtzman D, Brody D (2007) Diffusion
tensor imaging reliably detects experimental traumatic axonal injury and
indicates approximate time of injury. The Journal of Neuroscience 27: 11869.

Folkersma H, Breve JJP, Tilders FJH, Cherian L, Robertson CS, et al. (2008)
Cerebral microdialysis of interleukin (IL)-1ss and IL-6: extraction efficiency and
production in the acute phase after severe traumatic brain injury in rats. Acta
neurochirurgica 150: 1277-1284.

Zweckberger K, Simunovic F, Kiening K, Unterberg A, Sakowitz O (2011)
Effects of lisuride hydrogen maleate on pericontusional tissue metabolism, brain
edema formation, and contusion volume development after experimental
traumatic brain injury in rats. Neuroscience Letters.

Shelton SB, Pettigrew DB, Hermann AD, Zhou W, Sullivan PM, et al. (2008) A
simple, efficient tool for assessment of mice after unilateral cortex injury. Journal
of neuroscience methods 168: 431-442.

Dempsey R], Raghavendra Rao VL (2003) Cytidinediphosphocholine treatment
to decrease traumatic brain injury-induced hippocampal neuronal death,
cortical contusion volume, and neurological dysfunction in rats. Journal of
neurosurgery 98: 867-873.

Ho KM, Honeybul S, Litton E (2011) Delayed neurological recovery after
decompressive craniectomy for severe nonpenetrating traumatic brain injury.
Ciritical Care Medicine.

Stiver SI (2009) Complications of decompressive craniectomy for traumatic
brain injury. Neurosurgical focus 26: 7.

Minardi J, Crocco 1] (2009) Management of traumatic brain injury: first link in
chain of survival. Mount Sinai Journal of Medicine: A Journal of Translational
and Personalized Medicine 76: 138-144.

Dumont TM, Visioni AJ, Rughani AI, Tranmer BI, Crookes B (2010)
Inappropriate prehospital ventilation in severe traumatic brain injury increases
in-hospital mortality. Journal of Neurotrauma 27: 1233-1241.

Huang X, Wen L (2010) Technical Considerations in Decompressive
Craniectomy in the Treatment of Traumatic Brain Injury. International journal
of medical sciences 7: 385.

Lund-Johansen M (2011) Decompressive Craniectomy for Traumatic Brain
Injury: When and How? World Neurosurgery 75: 454-455.

Cooper DJ, Rosenfeld JV, Murray L, Wolfe R, Ponsford J, et al. (2008) Early
decompressive craniectomy for patients with severe traumatic brain injury and
refractory intracranial hypertension—a pilot randomized trial. Journal of critical
care 23: 387-393.

Chibbaro S, Di Rocco F, Mirone G, Fricia M, Makiese O, et al. (2011)
Decompressive craniectomy and early cranioplasty for the management of
severe head injury: a prospective multicenter study on 147 patients. World
Neurosurg 75: 558-562.

Beauchamp KM, Kashuk J, Moore EE, Bolles G, Rabb C, et al. (2010)
Cranioplasty after postinjury decompressive craniectomy: is timing of the
essence? The Journal of trauma 69: 270.

@ PLoS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Traumatic Brain Injury and Skull Reconstruction

Chun HJ, Yi HJ (2011) Efficacy and Safety of Early Cranioplasty, At Least
Within 1 Month. Journal of Craniofacial Surgery 22: 203.

Thavarajah D, Lacy PD, Hussien A, Sugar A (2011) The minimum time for
cranioplasty insertion from craniectomy is six months to reduce risk of infection-
a case series of 82 patients. British Journal of Neurosurgery. pp 1-3.

Staffa G, Nataloni A, Compagnone C, Servadei F (2007) Custom made
cranioplasty prostheses in porous hydroxy-apatite using 3D design techniques: 7
years experience in 25 patients. Acta neurochirurgica 149: 161-170.
Honeybul S (2010) Complications of decompressive craniectomy for head injury.
Journal of Clinical Neuroscience 17: 430—435.

Beauchamp KM, Kashuk J, Moore EE, Bolles G, Rabb C, et al. (2010)
Crnaioplasty after postinjury decompressive craniectorm: is timing of the
essence? Journal of Trauma 69: 270-274.

Stephens FL, Mossop CM, Bell RS, Tigno T, Jr., Rosner MK, et al. (2010)
Cranioplasty complications following wartime decompressive craniectomy.
Neurosurgery Focus 28: E3.

Gooch MR, Gin GE, Kenning TJ, German JW (2009) Complications of
cranioplasty following decompressive craniectomy: analysis of 62 cases.
Neurosurgery Focus 26: E9.

Yu G, Xu L, Hadman M, Hess DC, Borlongan CV (2004) Intracerebral
transplantation of carotid body in rats with transient middle cerebral artery
occlusion. Brain research 1015: 50-56.

Xia CF, Smith RS, Shen B, Yang ZR, Borlongan CV, et al. (2006) Postischemic
brain injury is exacerbated in mice lacking the kinin B2 receptor. Hypertension
47:752-761.

. Verkman A, Binder DK, Bloch O, Auguste K, Papadopoulos MC (2006) Three

distinct roles of aquaporin-4 in brain function revealed by knockout mice.
Biochimica et Biophysica Acta (BBA)-Biomembranes 1758: 1085-1093.
Amorini A, Dunbai J, Marmarou A (2003) Modulation of aquaporin-4 water
transport in a model of TBI. Acta Neurochir Suppl 86: 261-263.

Borlongan CV, Yamamoto M, Takei N, Kumazaki M, Ungsuparkorn C, et al.
(2000) Glial cell survival is enhanced during melatonin-induced neuroprotection
against cercbral ischemia. The FASEB Journal 14: 1307.

Tourdias T, Mori N, Dragonu I, Cassagno N, Boiziau C, et al. (2011)
Differential aquaporin 4 expression during edema build-up and resolution
phases of brain inflammation. Journal of Neuroinflammation 8: 143.
Lukaszewicz AC, Soyer B, Payen D (2011) Water, water, everywhere: sodium
and water balance and the injured brain. Current Opinion in Anesthesiology 24:
138.

Shlosberg D, Benifla M, Kaufer D, Friedman A (2010) Blood’Aibrain barrier
breakdown as a therapeutic target in traumatic brain injury. Nature Reviews
Neurology 6: 393-403.

Wang P, Ni R, Chen M, Mou K, Mao Q, et al. (2011) Expression of aquaporin-
4 in human supratentorial meningiomas with peritumoral brain edema and
correlation of VEGF with edema formation. Genetics and Molecular Research
10: 2165-2171.

Zador Z, Stiver S, Wang V, Manley GT (2009) Role of aquaporin-4 in cerebral
edema and stroke. Aquaporins. pp 159-170.

Walcott BP, Kahle KT, Simard JM (2011) Novel Treatment Targets for
Cerebral Edema. Neurotherapeutics. pp 1-8.

Walberer M, Ritschel N, Nedelmann M, Volk K, Mueller C, et al. (2008)
Aggravation of infarct formation by brain swelling in a large territorial stroke: a
target for neuroprotection?.

March 2012 | Volume 7 | Issue 3 | e33646



