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Decompressive craniectomy (DC) is of great significance for relieving acute

intracranial hypertension and saving lives after traumatic brain injury (TBI). In

this study, a severe TBI mouse model was created using controlled cortical

impact (CCI), and a surgical model of DCwas established. Furthermore, a series

of neurological function assessments were performed to better understand

the pathophysiological changes after DC. In this study, mice were randomly

allocated into three groups, namely, CCI group, CCI+DC group, and Sham

group. The mice in the CCI and CCI+DC groups received CCI after opening a

bone window, and after brain injury, immediately returned the bone window

to simulate skull condition after a TBI. The CCI+DC group underwent DC and

contused tissue removal 6 h after CCI. The mice in the CCI group underwent

the same anesthesia process; however, no further treatment of the bone

window and trauma was performed. The mice in the Sham group underwent

anesthesia and the process of opening the skin and bone window, but not

in the CCI group. Changes in Modified Neurological Severity Score, rotarod

performance, Morris water maze, intracranial pressure (ICP), cerebral blood

flow (CBF), brain edema, blood–brain barrier (BBB), inflammatory factors,

neuronal apoptosis, and glial cell expression were evaluated. Compared with

the CCI group, the CCI+DC group had significantly lower ICP, superior

neurological and motor function at 24h after injury, and less severe BBB

damage after injury. Most inflammatory cytokine expressions and the number

of apoptotic cells in the brain tissue of mice in the CCI+DC group were

lower than in the CCI group at 3 days after injury, with markedly reduced

astrocyte andmicroglia expression. However, the degree of brain edema in the

CCI+DC group was greater than in the CCI group, and neurological andmotor

functions, as well as spatial cognitive and learning ability, were significantly

poorer at 14 days after injury.

KEYWORDS
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Introduction

Traumatic brain injury (TBI) is an important cause of

morbidity and mortality worldwide (1–3). It accounts for an

estimated 37% of all injury-related deaths in the EU and 30.5%

in the USA, and the mortality is estimated to be ∼13 cases per

100,000 people in China (4, 5). The complex pathophysiological

changes that occur after TBI, which result from primary

and secondary injuries, can lead to increased intracranial

pressure (ICP), brain contusion, brain edema, and blood–brain

barrier (BBB) disruption (6–8). More importantly, TBI can

induce temporary or permanent motor, sensory, cognitive, and

emotional impairments that lead to poor prognosis (9, 10).

Decompressive craniectomy (DC) is an important treatment

for patients with uncontrollable brain swelling, and is widely

accepted for ICP reduction (11–14). Although DC is currently

recognized as an effective means of reducing intracranial

hypertension, whether it is beneficial for the treatment of

moderate and severe TBI is still controversial, and there is

no consensus on DC after moderate and severe TBI (15).

Proponents believe that removal of a bone flap and the contused

brain tissue can quickly relieve intracranial hypertension and

reduce inflammation. However, those who prefer conservative

treatment believe that, except in some emergency situations,

surgery itself is traumatic to patients, excision of contused

tissue will itself destroy surrounding brain tissues and aggravate

neurological deficits, and overly aggressive surgical treatment is

not conducive to good long-term prognosis.

Due to the paucity of clinical data, evaluations of DC after

severe TBI are mostly retrospective. Moderate and severe TBI

are emergencies; the injury mechanism, location, and degree

of the injury vary greatly, and the surgical techniques of

chief surgeons differ. All these factors substantially limit the

evaluation of the effect of DC after TBI. Compared with clinical

data, animalmodel evaluation hasmore consistency and broader

evaluation indicators. However, despite its relevance, this issue

has rarely been evaluated in experimental animals (16, 17).

This study established a stable animal model of DC in mice

and compared the CCI+DC mice with the conservative CCI

mice with regard to outcomes such as ICP, neurological function,

inflammation, brain edema, and BBB function, providing

references for clinical decision-making (Figure 1).

Methods and materials

Animals

Male C57BL/6 mice (aged 7–9 weeks, 22–24 g, Vital River

Laboratory Animal Technology Co., Ltd., Beijing, China) were

housed in the animal facility of Tianjin Medical University

General Hospital under a 12-h light/dark cycle in a temperature-

controlled room (20 ± 2◦C) and were provided food and water

ad libitum. All experimental procedures involving animals were

approved by the Animal Ethics Committee of Tianjin Medical

University (Tianjin, China).

TBI model

The TBI mouse model was induced using a controlled

cortical impact (CCI) device (eCCI-6.3 device, Custom Design

& Fabrication, USA) as follows (Figure 2A). The mouse was

anesthetized with a mixture of ketamine (100 mg/kg) and

xylazine (10 mg/kg) by an intraperitoneal injection. After the

head was shaved and disinfected, a 10-mm median incision

was made on the scalp, and the periosteum was removed. The

mouse was held on a fixed frame, and a 4mm round bone

window was cut in the center of the parietal bone (Figure 2D).

During the process, we aimed to maintain bone flap integrity

and avoid damage to the dura mater and brain parenchyma. We

adjusted the position of the impactor tip to fit only the exposed

dura mater for a single impact with these specific parameters

(18), namely, flat impactor tip diameter: 3.0mm, depth: 2.0mm,

speed: 5 m/s, and dwell time: 200 ms.

The mouse was then quickly removed from the fixator.

As previously described by Zweckberger et al., we closed the

bone window immediately after CCI to simulate the clinical

response of elevated ICP under a nearly closed bone window

after trauma (19, 20). If the bone flap is not replaced, the

open craniotomy defect will provide a release mechanism for

the contused-swollen brain preventing the reproduction of a

precise model (20). In our study, the complete bone flap was

immediately placed back into the bone window before the lesion

was completely swollen and edematous. The bone window was

fixed with Type I glass ionomer cement (Shanghai Medical

Instruments Co., Ltd., China) to completely cover the bone

window and the surrounding 1mm area (Figure 2B). After the

cement was completely dried and solidified, the surgical field was

disinfected, and the scalp incision was closed with 4-0 sutures.

The animal was placed in a thermostatic cage to maintain body

temperature for 45min, and then placed in an ordinary cage for

separate feeding. All mice were carefully observed for ≥4 h after

surgery and then daily.

Experimental grouping and DC

Each mouse was randomly allocated to one of the three

groups, namely, CCI+DC group, CCI group, and Sham

group. Of these, the CCI+DC and CCI groups received

CCI. The Sham group did not receive CCI; however, the

other operations, including anesthesia, incision, bone window

opening, and closure, were the same as in the CCI group. DC

was performed in the CCI+DC group 6 h after CCI. After the

mice were re-anesthetized and disinfected, the scalp and bone
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FIGURE 1

Experimental flow chart. (A) Mice in the CCI+DC group and CCI group were hit by CCI. (B) After the attack, the bone window was closed

immediately. (C) 6h after the attack, the mice in the CCI+DC group underwent bone window removal and contused tissue removal, the CCI

group received the same anesthesia and skin incision. (D) Flow chart showing the experimental protocol with the number of animals used, died

and included in the study.
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FIGURE 2

Schematic diagram of experimental operation. (A) Brain injury after CCI. (B) Close bone window after CCI. (C) CCI+DC group underwent bone

window removal and contused tissue removal. (D) Schematic diagram of bone window.

window were opened and the wound focus and surrounding

area were disinfected. Under the microscope, the dura mater

was broken by micro-tweezers to expose the swollen brain

tissue, and small tampons prepared in advance were used to

gently staunch. Lesions with obvious contusion and necrosis

were removed using unipolar electrocoagulation (Yangzhou

Xiaguang Medical Instrument Co., Ltd China). During such

an intervention, movements should be slow and careful, and

attention should be paid to hemostasis. For a small amount

of slow bleeding, monopolar electrocoagulation should be

performed while avoiding contact with the normal brain tissue.

Hemostatic yarn (SURGICEL, Absorbable Hemostat Johnson

& Johnson, USA) was used to stop bleeding (Figure 2C). After

disinfection, the scalp incision was sutured. Animals were placed

in a thermostatic cage to maintain the body temperature for

45min, and were then placed separately in a cage. The mice

in the CCI group underwent the same anesthesia process;

however, no further treatment of the bone window and trauma

was performed.

ICP monitoring

Intracranial pressure was monitored at 1 h, 6 h, 24 h, 3

days, and 7 days after CCI using the Transonic Scisense SP200

Data Acquisition System (Transonic, USA). The mice were

anesthetized and fixed on the stereotactic frame, and a bone

aperture of 0.8mm diameter was created at 2.5mm to the right

of midline and 2.5mm anterior to lambda. After calibration of

the ICP monitoring device, a 1.6F piezoelectric flexible pressure

probe (Transonic FTH-1211B-0012) was inserted 2mm below

the cerebral cortex through the bone aperture (Figure 3A). Real-

time ICP data were observed using LabScribe (iWorx Systems,

Inc., Dover, NH, USA). ICP was recorded at a sampling speed

of 1.0 sample/s. The data were recorded and saved, and the

average value within the observation period was used as the

recorded value. The burr hole for ICP monitoring was sealed

with Vetbond Tissue Adhesive (3M Corp., Maplewood, MN,

USA) before skin closure. For ICP measurements at 6 h, 24 h,

3 days, and 7 days after injury, the same burr hole was accessed

again using the same 0.8mm drill bit (16).

Modified neurological severity score and
rotarod performance test

The Modified Neurological Severity Score (mNSS) and

rotarod performance were evaluated as previously reported

(21). The mNSS is a composite of the motor (muscle

status and abnormal movement), sensory (visual, tactile, and

proprioceptive sensibilities), beam balance, reflex absence, and

abnormal movement tests, with a scoring standard between 0

and 18 points (normal score is 0 points; maximum score is 18

points). The higher is the score, the worse is the sensorimotor

function. Mice were scored for mNSS on days 1, 3, 7, and 14

after CCI by the staff unaware of the experimental grouping.

Mouse exercise capacity was evaluated using rotarod, which

is a rotating bar fatigue tester (YLS-4C; Yima Optoelec Co., Ltd.,

Beijing, China), at the same time as mNSS scoring. Mice were

given 3min for acclimation to the instrument rotating at 10 rpm.

Acceleration from 0 to 40 rpm was then initiated for 5min, and

the fall time (or the time to complete five effortless spins) was

recorded for each mouse. If mice could run in a normal posture

for >5min, the fall time was calculated as 300 s. A total of three

tests were performed at each time point, with a 30-min interval,

so that the mice could adequately rest. The average of the three

trials was taken as the data of that time point.

Morris water maze

The Morris water maze (MWM) was applied 14 days after

CCI. In brief, the mice in each group were randomly numbered

and trained to locate the hidden platform for 6 days. They were
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FIGURE 3

Intracranial pressure monitoring in mice. (A) Diagram for monitoring ICP in mouse. (B) Time-varying curves of ICP of mice in each group.

Compared with the sham group, the ICP of the CCI+DC group and the CCI group was higher than that of the sham group after CCI, and the ICP

of the CCI group was significantly higher than that of the CCI+DC group at 1, 6, and 24h after attack (n = 6/group, *P < 0.05, ****P < 0.0001 vs.

CCI group).

trained four times a day with different starting positions, each

time with an interval of ≥30min, and the starting positions

randomly changed daily. Whether the mice found the platform

within 90 s or not, they were allowed to stay on the platform for

15 s to memorize the surrounding environment and the location

of the markers on the wall. On day 7, the platform was removed

and the mice were placed randomly for 90 s of free exploration.

The operator of the experiment ensured that the specific mouse

grouping was unknown to reduce bias. The latency to reach

the platform and the target quadrant, the time spent in the

target quadrant, and the number of times the platform was

crossed were automatically determined by the software. After

each experiment, the mice were dried with absorbent towels

and placed in a constant-temperature cage with dry bedding to

assure warmth.

Blood–brain barrier damage

Blood–brain barrier integrity was measured using Evans

blue (EB) extravasation according to a previous study (22). The

mice were anesthetized with 7% chloral hydrate and injected

into the tail vein with 100 µl of 2% EB (E2129; Sigma-Aldrich,

St. Louis, MO, USA) on days 1, 3, 7, and 14 after CCI. Two

hours after injection, the mice were euthanized and immediately

perfused with cold phosphate-buffered saline (PBS). Brain tissue

samples from the injured side were cut into pieces in a tube.

After adding 1ml of formamide to each tube, samples were

extracted in a 60◦C water bath for 24 h. The tubes were then

centrifuged at room temperature at a speed of 4,000 g for 15min,

and 200 µl of the supernatant was added to a 96-well plate.

The scale was constructed by diluting EB with formamide in a

concentration range of 25.6–0.4µg/ml. The OD value of each

well was detected by absorbance spectroscopy at 610 nm. The

EB concentration of each supernatant was calculated.

Brain water content and MRI scan

The water content of brain tissue was detected as previously

described (23, 24). In brief, mice were euthanized 1, 3, 7, and

14 days after CCI. Immediately thereafter, brain tissues were

extracted, weighed, and recorded in a small dish as the wet

weight, and then dried at 70◦C for 48 h in the oven, weighed,

and recorded as the dry weight. The degree of brain edema was

evaluated as (wet weight – dry weight)/wet weight. The result is

shown as a percentage.

T2-weighted imaging was performed on days 1, 3, 7, and 14

after CCI with a 9.4 T high-field MRI scanner (BioSpec 94/30

USR; Bruker, Billerica, MA, USA). The scanning parameters

included 800µm slice thickness. After MR scanning, the area of

edema and necrosis was measured according to the T2 images,

and a matching region of interest (ROI) was manually created

using the RadiAnt DICOMViewer (Medixant, Poznan, Poland).

The total contusion volume and edema area are expressed as

the sum of the ROI areas multiplied by the thickness in each

scanning plane (25, 26).

Laser speckle imaging

On days 1, 3, 7, and 14 after CCI, the cortical blood flow of

mice in each group was evaluated using the PeriCam PSI System

(Perimed AB, Sweden). First, the mouse skull was fully exposed
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under anesthesia. The cortical blood flow of the traumatic and

contralateral sides was evaluated using a laser speckle imager

(detection distance: 10 cm, laser irradiation area: 2× 2 cm, 1,386

× 1,034 pixels, regional spatial contrast calculated by 3 × 3

secondarymatrix), in a process lasting for 2min. After detection,

the skin was sutured and disinfected. PIMsoft 1.2 was used to

analyze perfusion data. Each detection result selects the same

ROI position and size and analyzes the average measured values

at the same time.

Western blot and cytokine array
detection

On days 1, 3, 7, and 14 after CCI, brain tissue proteins

were extracted, and cytokines were detected by western blot

and array. In brief, immediately after euthanasia, mice were

perfused with cold PBS, and then, the injured lateral brain

tissue was obtained. The total protein was extracted with RIPA

protein lysis buffer and 1% PMSF. The protein sample was

separated by 10% SDS-PAGE at 120V for 90min, and the

separated proteins were transferred onto PVDF membranes.

The PVDF membranes were then blocked, cut into bands, and

incubated with primary antibodies {β-actin Proteintech 66009,

1:5,000; IL-1-β [CST (3A6) Mouse mAb #12242], 1:250; IL-6

(antibody ab9324), 1:1,000} overnight at 4◦C on a shaker. After

washing three times, the bands were incubated with an HRP-

coupled secondary antibody (1:5,000, Zhongshanjinqiao China)

for 1 h at room temperature. A ChemiDoc imaging system (Bio-

Rad, Hercules, CA, USA) was used to detect the exposure by

ECL chemiluminescence.

Cytokine array was performed as per manufacturer’s

instructions (ARY006; R&D Systems, Minneapolis, MN, USA).

The brain tissue proteins of the abovementioned groups were

mixed according to the proportion of total protein content (six

mixed with one), and each protein detection chip membrane

was incubated overnight at 4◦C with 2,000 µg of the total

protein content. First, after sufficient washing with 1× washing

buffer, each chip protein was incubated with streptomycin-

horseradish peroxidase for 30min. After a new wash, each

chip was immersed in ECL luminescent solution for 1min

and then exposed and detected by the ChemiDoc imaging

system (Bio-Rad).

Immunofluorescence and TUNEL
detection

After euthanasia and heart perfusion with cold PBS and 4%

PFA, the intact brain tissue was obtained and fixed in 4% PFA at

4◦C for 24 h. Next, the brain tissue was dehydrated in 15% and

30% sucrose, embedded with OCT, and cut into coronal sections

with an 8µm thickness using a microtome for sectioning frozen

sections (CM 1950; Leica Biosystems, Deer Park, IL, USA). After

rewarming, the OCT was washed away with PBS and the tissue

was circled with a hydrophobic pen. Then, the brain sections

were incubated with 2% BSA, 2% goat serum, 0.2% Triton X-

100, and 0.05% Tween 20 in PBS for 1.5 h at room temperature.

After removing the liquid, 30 µl of diluted primary antibody

[anti-Neu N ab177487 (1:300), anti-GFAP ab4674 (1:1,000),

and anti-Iba 1 ab5076 (1:200)] were added to each tissue and

incubated overnight at 4◦C. After rewarming and washing with

PBS, the fluorescent-labeled secondary antibody was added and

incubated at room temperature for 1 h, while avoiding exposure

to light. Then, the sections were sealed with DAPI-containing

sealing tablets. Once ready, the samples were observed with

an inverted fluorescence microscope (Olympus, Shinjuku City,

Tokyo, Japan).

After the incubation with Neu N primary antibody

and fluorescent secondary antibody, the TDT enzyme from

the TUNEL staining kit (Roche, 11684817910) was mixed

with fluorescent labeling solution in a ratio of 1:9. After

10min, 30 µl of the mixed solution was dripped onto each

tissue, which was then incubated at 37◦C for 1 h, washed

with PBS, sealed with DAPI-containing sealing tablets, and

imaged with an inverted fluorescence microscope (OLYMPUS).

ImageJ software was used to calculate the gray values

used for measuring staining intensity and nuclei in the

observation area.

Data analysis

All data are expressed as mean± standard error of themean.

Independent unpaired t-tests and two-way ANOVA were used

to evaluate significance, and p< 0.05 was considered statistically

significant. SPSS 22.0 software (IBM Corp., Armonk, NY, USA)

and GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,

USA) were used for data analysis and plotting.

Results

DC can e�ectively reduce ICP in severe
TBI

The ICP was dynamically monitored at 1 h, 6 h, 24 h, 3 days,

and 7 days after CCI. Compared with that of the Sham group,

ICP in the CCI group increased gradually over time, reached a

peak at 24 h after CCI, and then slowly decreased. Compared

with that of the CCI group, ICP in the CCI+DC group was

significantly lower at each observation time point, and there

were significant differences at 1 h, 6 h, 24 h, and 3 days (p< 0.05)

(Figure 3B).
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DC can improve neurological and motor
function at 24h after CCI, but weaken the
spatial cognition and learning ability at
late stages of CCI

At 24 h after CCI, the mNSS scores in the CCI+DC group

were significantly lower than those in the CCI group (p < 0.05).

However, there was no significant difference in mNSS scores

between the CCI and CCI+DC groups at 3 and 7 days after CCI.

By the 14th day after injury, compared with the CCI group, the

mice in the CCI+DC group had significantly higher mNSS score

(p < 0.05) (Figure 4A).

Similarly, in the rotarod test, compared with the CCI group,

the CCI+DC group had a longer latency time before falling at

24 h after injury (p < 0.05). There was no significant difference

in latency time between the two groups at 3 and 7 days after CCI.

By the 14th day, the CCI group had a longer residence time (p <

0.05) (Figure 4B).

The MWM was used to evaluate spatial cognition and

learning ability 14 days after CCI. After removing the hidden

platform, compared with that of the CCI group, the platform

latency period of the CCI+DC group was longer, and the

residence time in the target quadrant and the number of times

crossing the platform area were significantly lower (p < 0.05)

(Figures 4C–E). Moreover, in the water maze experiment, on the

3rd, 5th, and 7th days, the movement distance in the CCI+DC

group was longer than that of the CCI group, ((Figure 4G)

and the total movement distances of the two groups were

significantly statistically different (p < 0.05) (Figure 4F).

DC can reduce BBB damage in severe TBI

The EB leakage test was used to evaluate BBB damage in

the CCI+DC and CCI groups at different time points after CCI

(Figure 5A). On the 3rd day after CCI, the leakage of EB into

the brain tissue of the CCI+DC and CCI groups reached a peak

and gradually decreased over time. Compared with that of the

CCI group, EB leakage in the CCI+DC group was significantly

lower at 24 h, 3 days, 7 days, and 14 days after CCI (p < 0.05)

(Figure 5B).

DC can reduce brain tissue edema and
necrosis but can briefly aggravate
whole-brain edema in severe TBI

The brain water content, measured to evaluate brain edema,

showed obvious edema in the CCI and CCI+DC groups at 24 h

after CCI, reaching its peak on the 3rd day, and then gradually

subsiding, leaving only a liquefied focus on the 14th day after

CCI. On the 3rd and 7th days after injury, the brain water

content in the CCI+DC group was significantly higher than that

in the CCI group (p < 0.05) (Figure 6C).

However, MRI results showed that the edema and necrotic

zone of mice in the CCI+DC group were significantly smaller in

size than that in the CCI group. Especially on the 1st, 3rd, and

14th days after CCI, there was a significant statistical difference

between the two groups (p < 0.05) (Figures 6A,B).

DC can improve brain cortex perfusion in
severe TBI

Perfusion in the cortex was evaluated by laser speckle

imaging. Blood flow in the CCI+DC and CCI groups gradually

increased over time. Compared with that of the CCI group,

perfusion of the injured cortex in the CCI+DC group was

greater on the 1st, 3rd, 7th, and 14th days after CCI, especially

on the 3rd and 14th days (p < 0.05) (Figures 7A,B). Similarly,

for the contralateral cerebral hemisphere, cortical blood flow in

the CCI+DC group was higher than that in the CCI group on

the 7th and 14th days, especially on the 14th day (p < 0.05)

(Figures 7A,C).

DC can reduce inflammation, apoptosis,
and glial cell expression after severe TBI

A cytokine array was used to detect the levels of

inflammatory factors in the brain tissue of mice in each group.

Compared with that of the Sham group, the expression of

inflammatory factors in the brain tissue of TBI mice reached its

peak 24 h after TBI, and then gradually decreased. On the 1st day

after CCI, the levels of inflammatory cytokines, namely, C5/C5a,

IL-16, CXCL1 (KC), M-CSF, CCL2 (MCP-1), and TIMP-1 were

higher in the CCI+DC group than in the CCI group, while

the levels of ICAM-1 (CD54) and CXCL10 (IP-10/CRG-2) were

lower (Figures 8A,B). However, the levels of C5/C5a, ICAM-

1 (CD54), IL-16, CXCL10 (IP-10/CRG-2), M-CSF, and TIMP-

1 in the brain tissue of the CCI+DC group were significantly

lower than those in the CCI group on the 3rd day after CCI

(Figure 8C), and ICAM-1 (CD54), IL-16, and CXCL10 (IP-

10/CRG-2) levels were lower than those in the CCI group on the

7th day after CCI (Figure 8D).

Meanwhile, western blotting was used to detect the

expression levels of IL-1β and IL-6 in mouse brain tissue in each

group. Compared with that of the CCI group, the expression

level of IL-1β was significantly lower in the CCI+DC group,

especially on the 3rd and 7th days (p < 0.05) (Figures 9A,B).

However, the IL-6 expression level was significantly higher in the

CCI+DC group than in the CCI group at maximum time points,

especially on the 7th day (p < 0.05) (Figures 9A,C).
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FIGURE 4

Functional results. (A) Comparison of results among all groups indicated that mNSS score of mice in the CCI+DC group improved 24h after CCI

compared with that in the CCI group, while functional score of mice in the CCI+DC group decreased significantly as time went by 14 days after

CCI compared with that in the CCI group, and the di�erence was statistically significant. (B) The results of the rotarod indicated that the latency

to fall in the CCI+DC group was significantly improved compared with that in the CCI group at 24h after CCI, and the di�erence was statistically

significant. However, on the 14th day after CCI, the motor function of mice in the CCI+DC group was worse than that in the CCI group, and the

di�erence was statistically significant. (C) MWM results indicated that on 7th day of the MWM experiment, the time for mice in the CCI+DC

group to pass S1 quadrant. (D) The number of platforms were significantly lower than those in the CCI group, and the di�erences were

statistically significant. (E) MWM results indicated that the platform latency of mice in the CCI+DC group was significantly higher than that in the

CCI group, and the di�erence was statistically significant. (F) The total movement distance of mice was counted in the MWM experiment. It was

found that the movement distance of mice in the CCI+DC group was longer than that of mice in the CCI group on day 3, 5, and 7 of the water

maze experiment, and the di�erence was statistically significant. (G) Movement route of mice on day 7 between di�erent group (n = 10/group,

*P < 0.05, **P < 0.01, vs. CCI group).

FIGURE 5

E�ects on the blood-brain barrier. (A) General view of brain tissue after EB tail injection in rmice on 3 days after traumatic brain injury. (B) EB was

extracted from the brain tissue to calculate the infiltration content of EB, and the results indicated that the infiltration amount of EB in the

CCI+DC group was significantly reduced compared with the CCI group at each time point after CCI, with significant statistical di�erence (n =

6/group, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. CCI group).

Immunofluorescence was used to compare the expression

levels of glial cells (Figure 10C). Compared with that in the CCI

group, the number of microglial cells in the CCI+DC group was

significantly reduced on the 7th day (p < 0.05) (Figures 10A,B).

Moreover, compared with that of the CCI group, the expression

of astrocytes in the CCI+DC group was significantly reduced,

and the difference was statistically significant on the 3rd day (p

< 0.05) (Figures 11A,B).

Furthermore, TUNEL staining was performed on nerve cells

in the ipsilateral hippocampus on the 3rd day after CCI. The
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FIGURE 6

E�ect on cerebral edema. (A) MR examination was performed at di�erent time points after CCI. (B) The statistical results were shown intracranial

edema and contusion tissues of mice in the CCI+DC group at each time point after CCI was lower than that of the CCI group, and the

di�erence was statistically significant on the first, 7th and 14th day after CCI. (C) Brain water content was detected by extracting brain tissue, as

shown in the (C) on the 3rd and 7th day after CCI, the degree of brain edema in the CCI+DC group was significantly worse than that in the CCI

group, and the di�erence was statistically significant (n = 6/group, *P < 0.05, ***P < 0.001 vs. CCI group).

results showed significantly lower neuron apoptosis near the

lesion in the CCI+DC group than in the CCI group (p < 0.05)

(Figures 12A,B).

Discussion

Decompressive craniectomy is widely used in clinical

practice and plays a vital role in saving patients with life-

threatening elevated ICP, and the use of DC will become

increasingly common for severe head injuries and for other

diseases such as stroke, subarachnoid hemorrhage, and

infection. Thus, it is of great significance to establish a DC

model and evaluate it systematically.

Although closed TBI models appear simpler, the depth and

extent of the damage are not very reproducible. And most of

the brain trauma caused by closed TBI is mild to moderate

(17), in which case conservative treatments are usually used

in the clinical process. At present, mouse models for weight

drop injury (WDI), fluid percussion injury (FPI), and CCI have

been created for studying severe brain trauma. Each model has

several advantages and disadvantages. In WDI, the presence

of the skull causes high variability in brain tissue changes. In

addition, the mechanism of tissue damage associated with FPI

is not similar to that observed in clinical TBI (27). The CCI

model is an effective model to study TBI (28); this model uses an

impactor resulting in significant neurological deficits as well as

histopathological changes, including extensive cortical damage,

hippocampal neuronal cell loss, extensive reactive gliosis, and

breakdown of the BBB (18). And through closing the bone

window after CCI, it can simulate the clinical situations of

contused swollen tissues under a nearly closed bone window

after trauma. Therefore, the CCI model is more consistent

with the mechanism of clinical brain injury and can produce

reproducible brain injury. Therefore, in our study, we chose to

use the CCI mouse model to simulate patients with severe TBI

who would need DC surgery in clinical practice. In our DC

process, we chose a 4-mm bone window; this size can avoid the

uncontrolled expansion of the brain caused by an excessively

large bone flap, which may cause adverse neurological outcomes

(29). In addition, compared with previous studies (16, 17),

we cleared the apoptotic tissues to further release pressure in

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2022.898813
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Liu et al. 10.3389/fneur.2022.898813

FIGURE 7

E�ects on cerebral blood flow. (A) Laser speckle test was performed at di�erent time points after CCI to evaluate cerebral blood flow, and the

statistical results were shown in (B,C). (B) It was statistically found that the cerebral blood flow on the injured side of the CCI+DC group after

CCI was higher than that of the CCI group, and the results were statistically di�erent on the 3rd and 14th day after CCI. (C) Statistically, cerebral

blood flow in the healthy side of the CCI+DC group was higher than that in the CCI group on the 7th day after CCI, and the di�erence was

statistically significant (n = 5/group, *P < 0.05, **P < 0.01, vs. CCI group).

the intracranial space. By monitoring ICP at different time

points after the TBI onset, we showed that the DC with focal

debridement model had a clear decompressive effect in mice

with TBI, as compared with the control group.

Studies have shown different results for the effects of DC on

neurological recovery after TBI. Early clinical studies showed

that DC has a positive effect on the recovery of neurological

function after TBI (30–32). However, other studies showed

that DC exacerbates functional impairment (17). Currently, two

important multicenter, clinical RCT trials of DC have been

conducted. The randomized early decompressive craniectomy

(DECRA) trial that included 155 adults with TBI showed that

early bifrontotemporoparietal DC decreased ICP and the length

of stay in the ICU but was associated with more unfavorable

outcomes (29), and 12 months after severe diffuse TBI, DC

did not improve outcomes and increased the proportion

of vegetative survivors (33). The Randomized Evaluation of

Surgery with Craniectomy for Uncontrollable Elevation of

Intracranial Pressure (RESCUEicp) trial with 408 TBI patients

showed that, at 6 months, DC resulted in a lower mortality

rate, a higher proportion of vegetative outcomes, lower severe

disability, and upper severe disability than medical care. The

rates of moderate disability and good recovery were similar

between the two groups (34). Possible explanations for the

different results for neurological recovery include different

injury locations, different mechanisms, focal vs. diffuse injuries,

different surgical indications in different experiments, and

different surgeons for the DC operations. The damage caused to

the brain tissue during the DC process itself is also a factor that

should be considered.

Studies have shown that the BBB is disrupted after TBI

(8, 35). BBB disruption is an early event that occurs within hours
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FIGURE 8

Changes in the expression of inflammatory factors. (A) Changes in the expression of inflammatory factors at 24h, 3 d, and 7 d after brain trauma.

(B) Expression levels of inflammatory factors in di�erent groups of mice at 24h after brain trauma. (C) Di�erent groups of mice The expression

level of inflammatory factors on the 3rd day after brain injury. (D) Expression levels of 7D inflammatory factors in mice in di�erent groups of D

after brain trauma.

FIGURE 9

The e�ect on inflammatory factors. (A) Expression changes of inflammatory factors IL1β and IL6 on day 1, 3, 7, and 14 after CCI, and statistical

results are shown in (B,C). (B) ILIβ in the CCI+DC group was significantly higher than that in the CCI group on the 3rd and 7th day after CCI. (C)

IL6 in the CCI group was lower than that in the CCI group on the 7th day after CCI, and the results were also statistically di�erent (n = 6/group,

*P < 0.05, **P < 0.01, vs. CCI group).
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FIGURE 10

E�ect on peri-contusional cortex microglia. (A) The expression of microglia in di�erent groups on the 7th day after traumatic brain injury. (B)

Expression of microglia in the CCI+DC group was significantly lower than that in the CCI group on the 7th day after CCI, the expression of

cortical microglia was statistically di�erent from that in the CCI group. (C) Detected areas of microglia and astrocytes. n = 6/group/time points,

*P < 0.05, vs. CCI group.

FIGURE 11

E�ect on peri-contusional cortex astrocytes. (A) The expression of astrocytes in di�erent groups on the 3rd day after brain injury. (B) On day 3

after CCI, the expression of microglia in the cortex of the CCI+DC group was significantly lower than that of the CCI group, and the expression

of was statistically di�erent from that in the CCI group (n = 6/group/time points, *P < 0.05, vs. CCI group).

following injury but can persist for years (36). The destruction

of the BBB can aggravate cerebral edema and increase ICP.

After TBI, the increase in paracellular transport, indicated by

a loss of tight junction proteins and an increase in transcytosis

across the endothelium, contributes to BBB dysfunction; this

leads to an influx of immune cells, such as neutrophils, and

transport of large molecules and serum proteins that can

exacerbate the inflammatory response (37, 38). In addition,

intracranial astrocytes, endotheliocyte, and inflammatory factors

play important roles in the destruction of the BBB (8, 39–41).

The early inflammatory response plays an important role in

clearing tissue debris and repairing wounds. However, excessive
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FIGURE 12

The e�ect of neuronal apoptosis in hippocampus on the third day after brain injury. (A) On the 3rd day after brain injury, the apoptosis of

hippocampal neurons in di�erent groups. (B) Hippocampal neurons apoptosis on the 3rd day after CCI. The results showed that the neuronal

apoptosis of the CCI+DC group was less than that of the CCI group, and the di�erence was statistically significant (n = 5/group, *P < 0.05, vs.

CCI group).

inflammation can adversely affect neuronal function (42). For

example, excessive inflammatory mediators such as IL-1β, IL-6,

IL-18, and TNFα may lead to secondary injury after TBI (43).

Although IL-1β alone does not seem to directly cause neuronal

death in cell culture, in some cases, IL-1β can induce neuronal

death, especially when other pro-inflammatory cytokines such

as TNFα are present (44). Unlike the undesirable effects of IL-

1β and TNFα in humans and animals, IL-6 appears to have

neuroprotective effects in animal models (45).

Early studies have shown that after brain injury,

cerebrovascular autoregulation is impaired or non-functional

in many patients (46), and the brain blood volume decreases

sharply after brain trauma (47). When cerebral edema occurs

and ICP increases after TBI, the cerebral perfusion pressure will

decrease, which leads to cerebral ischemia and hypoxia (48); DC

can improve not only the ICP itself, but also cerebral blood flow

and brain metabolism, as demonstrated in neuroimaging and

multimodal studies (49, 50).

Early restoration of BBB integrity may aid in preventing the

sequelae of other comorbidities associated with TBI, including

post-traumatic epilepsy and neurodegenerative disease (51).

During the DC process, the reduction of ICP and the

clearance of contused necrotic tissue reduce oxidative stress

and inflammation, thereby reducing post-TBI BBB damage

and improving cerebral blood flow. However, during DC, the

removal of severely contused and necrotic tissue aggravates the

neurological injury. This change is associated with secondary

injury caused by DC surgery.

Astrocytes and microglia have a dual effect on the recovery

of brain tissue (52–56). Reactive astrocytes are capable of

producing pro-inflammatory cytokines and chemokines that

cause BBB disruption (57). However, astrocytes are also capable

of producing factors that support repair and regeneration after

CNS damage (58). At present, the role of astrocytes in TBI is

unclear. The removal of proliferating astrocytes in mice has been

shown to result in neuronal degeneration and inflammation,

and play an essential role in preserving neuronal tissue after

moderate (but not severe) TBI (59). In contrast, blocking

astrocyte proliferation using agents that disrupt various stages

of the cell cycle can lead to reduced neuronal cell death after FPI

in rats (60). These actions may depend on the severity, stage, and

affected brain area (61). Recent studies also show that astrocytes

function as intracranial baroreceptors and play an important

role in homeostatic control of arterial blood pressure and brain

blood flow (62).

Although our study shows that DC can reduce the

accumulation of astrocytes near the trauma site at day 3 and

microglia at day 7 after TBI, it is difficult to determine the

relationship between gliocytes and the post-TBI prognosis;

therefore, more studies are needed to determine the role of

gliocytes in DC after TBI.

Limitation

Traumatic brain injuries can be quite heterogeneous. There

are limitations to our experimental design that must be

considered before our findings can be translated into the clinical

setting. It is difficult for animal models to truly simulate

the pathophysiological changes that occur in human clinical
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situations; there is no perfect animal model that can fully match

the changes in human brain trauma. Accordingly, our DC

model does not perfectly simulate the clinical features of human

brain trauma.

Although this study utilized CCI to ensure that the TBI

was standardized and used the same parameters, it does not

encompass the full spectrum of TBIs. It is unclear whether DC in

other TBI models would produce the same results. In addition,

our study groups had limited sizes and comprised only male

mice; therefore, the known sex-associated differences in TBI

recovery and neuroplasticity could not be addressed. TBI in

humans is usually caused by forces striking the frontal, occipital,

or temporal areas of the skull. In contrast, TBI in the mouse

model is usually induced via the skull vertex. A small diameter

impactor tip in CCI models produces neither diffuse axonal

injury (DAI) nor significant neurological functional deficits, and

the CCI mouse model in our study often manifests with a

focal injury; it is difficult to simulate diffuse lesions. And the

damage to the meninges in CCI models is also not optimal for

simulating the pathophysiological changes that occur in human

clinical situations.

Functional evaluation of psychological and neurological

parameters depends on a patient’s verbal communication skills,

which cannot be evaluated in mice. Animal experiments lack

a scoring system such as the Glasgow Coma Scale (GCS),

which evaluates the severity of brain trauma in human TBI

patients. In addition, neurological recovery is more rapid and

complete in mice. The ICP measurements in our study were

performed under anesthesia, which is known to influence

cerebrovascular hemodynamics.

Although there is evidence that a sustained elevation in

ICP (> 20 mmHg) after severe TBI is associated with a poor

outcome, the efficacy of threshold-targeted interventions has not

been thoroughly established (16, 63). At the same time, due to

the differences in mouse and human species, in our study, the

surgical indications after CCI are mostly based on the personal

opinions of our researchers, and it is difficult to simulate the

surgical indications of DC after CCI in clinical situations.

Conclusion

In our study, we confirmed that DC and focal debridement

can effectively attenuate the increase in ICP and improve

cerebral blood flow in mice with severe TBI. Moreover, the

removal of contused brain tissue alleviates the neurological

dysfunction in the acute stage, reduces the expression of

some pro-inflammatory factors [C5/C5a, ICAM-1 (CD54), IL-

16, CXCL10 (IP-10/CRG-2), M-CSF, TIMP-1, IL-1 β, and

IL-6], reduces neuron apoptosis, diminishes BBB disruption,

and regulates the number of glial cells. However, DC and

focal debridement negatively affected recovery of neurological

function, motor function, and cognition in mice with TBI at

intermediate and late stages. Thus, although surgical treatment

of patients with TBI can relieve acute symptoms, it may not

be conducive to the recovery of neurological function and

improving quality of life.

Our mouse model provides an opportunity to systematically

evaluate the changes that occur following DC for TBI; however,

further research is needed before it can serve as a reference for

making clinical decisions.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further inquiries

can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Tianjin

Medical University General hospital.

Author contributions

WY and ZW conceived and designed the study. YL, XL,

and ZC conducted the experiments and wrote the manuscript.

YW, JL, JG, and AH analyzed the data and interpreted the

results. All authors contributed to the article and approved the

submitted version.

Funding

This work was supported by the Tianjin Science

and Technology Support Key Project (Grant Number:

20YFZCSY00010). The authors are thankful for funding by

Tianjin KeyMedical Discipline (Specialty) Construction Project.

Acknowledgments

The authors are grateful to Lei Zhou, Hao Liang, Weiyun

Cui, Fanglian Chen, Li Liu, Xiao Liu, and Guili Yang

from the Tianjin Neurological Institute for their excellent

technical support.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers inNeurology 14 frontiersin.org

https://doi.org/10.3389/fneur.2022.898813
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Liu et al. 10.3389/fneur.2022.898813

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Pearn ML, Niesman IR, Egawa J, Sawada A, Almenar-Queralt A, Shah
SB, et al. Pathophysiology associated with traumatic brain injury: current
treatments and potential novel therapeutics. Cell Mol Neurobiol. (2017) 37:571–
85. doi: 10.1007/s10571-016-0400-1

2. Guo Z, Ding W, Cao D, Chen Y, Chen J. Decompressive craniectomy
vs. craniotomy only for traumatic brain injury: a propensity-matched
study of long-term outcomes in neuropsychology. Front Neurol. (2022)
13:813140. doi: 10.3389/fneur.2022.813140

3. Hubertus V, Finger T, Drust R, Al Hakim S, Schaumann A, Schulz M,
et al. Severe Traumatic Brain Injury in children-paradigm of decompressive
craniectomy compared to a historic cohort. Acta Neurochir. (2022) 164:1421–
34. doi: 10.1007/s00701-022-05171-4

4. Maas AIR, Menon DK, Adelson PD, Andelic N, Bell MJ,
Belli A, et al. Traumatic brain injury: integrated approaches to
improve prevention, clinical care, and research. Lancet Neurol. (2017)
16:987–1048. doi: 10.1016/S1474-4422(17)30371-X

5. Jiang JY, Gao GY, Feng JF, Mao Q, Chen LG, Yang XF, et
al. Traumatic brain injury in China. Lancet Neurol. (2019) 18:286–
95. doi: 10.1016/S1474-4422(18)30469-1

6. Glover LE, Tajiri N, Lau T, Kaneko Y, Van Loveren H, Borlongan CV.
Immediate, but not delayed, microsurgical skull reconstruction exacerbates brain
damage in experimental traumatic brain injury model. PLoS ONE. (2012)
7:e33646. doi: 10.1371/journal.pone.0033646

7. Terpolilli NA, Kim SW, Thal SC, KueblerWM, Plesnila N. Inhaled nitric oxide
reduces secondary brain damage after traumatic brain injury in mice. J Cereb Blood
Flow Metab. (2013) 33:311–8. doi: 10.1038/jcbfm.2012.176

8. Cash A, Theus MH. Mechanisms of blood-brain barrier dysfunction in
traumatic brain injury. Int J Mol Sci. (2020) 21:3344. doi: 10.3390/ijms21093344

9. Capizzi A,Woo J, Verduzco-GutierrezM. Traumatic brain injury: an overview
of epidemiology, pathophysiology, and medical management.Med Clin North Am.
(2020) 104:213–38. doi: 10.1016/j.mcna.2019.11.001

10. Brett BL, Gardner RC, Godbout J, Dams-O’connor K, Keene CD. Traumatic
brain injury and risk of neurodegenerative disorder. Biol Psychiatry. (2022) 91:498–
507. doi: 10.1016/j.biopsych.2021.05.025

11. Sahuquillo J, Arikan F. Decompressive craniectomy for the treatment of
refractory high intracranial pressure in traumatic brain injury. Cochrane Database
Syst Rev. (2006) 1:1–41. doi: 10.1002/14651858.CD003983.pub2

12. Vashu R, Sohail A. Decompressive craniectomy is indispensible in the
management of severe traumatic brain injury. Acta Neurochir. (2011) 153:2065–
6. doi: 10.1007/s00701-011-1101-7

13. Bor-Seng-Shu E, Figueiredo EG, Amorim RL, Teixeira MJ, Valbuza JS, De
Oliveira MM, et al. Decompressive craniectomy: a meta-analysis of influences on
intracranial pressure and cerebral perfusion pressure in the treatment of traumatic
brain injury. J Neurosurg. (2012) 117:589–96. doi: 10.3171/2012.6.JNS101400

14. Stocchetti N, Maas AI. Traumatic intracranial hypertension. N Engl J Med.
(2014) 370:2121–30. doi: 10.1056/NEJMra1208708

15. Hutchinson PJ, Timofeev I, Kolias AG, Corteen EA, CzosnykaM,MenonDK,
et al. Decompressive craniectomy for traumatic brain injury: the jury is still out. Br
J Neurosurg. (2011) 25:441–2. doi: 10.3109/02688697.2011.583366

16. Friess SH, Lapidus JB, Brody DL. Decompressive craniectomy reduces white
matter injury after controlled cortical impact in mice. J Neurotrauma. (2015)
32:791–800. doi: 10.1089/neu.2014.3564

17. Szczygielski J, Mautes AE, Muller A, Sippl C, Glameanu C, Schwerdtfeger K,
et al. Decompressive craniectomy increases brain lesion volume and exacerbates
functional impairment in closed head injury in mice. J Neurotrauma. (2016)
33:122–31. doi: 10.1089/neu.2014.3835

18. Zhang YP, Cai J, Shields LB, Liu N, Xu XM, Shields CB.
Traumatic brain injury using mouse models. Transl Stroke Res. (2014)
5:454–71. doi: 10.1007/s12975-014-0327-0

19. Zweckberger K, Stoffel M, Baethmann A, Plesnila N. Effect of
decompression craniotomy on increase of contusion volume and functional
outcome after controlled cortical impact in mice. J Neurotrauma. (2003)
20:1307–14. doi: 10.1089/089771503322686102

20. Zweckberger K, Erös C, Zimmermann R, Kim SW, Engel D, Plesnila
N. Effect of early and delayed decompressive craniectomy on secondary brain
damage after controlled cortical impact in mice. J Neurotrauma. (2006) 23:1083–
93. doi: 10.1089/neu.2006.23.1083

21. Yuan J, Zhang J, Cao J, Wang G, Bai H. Geniposide alleviates traumatic brain
injury in rats via anti-inflammatory effect and MAPK/NF-kB inhibition. Cell Mol
Neurobiol. (2020) 40:511–20. doi: 10.1007/s10571-019-00749-6

22. O’connor CA, Cernak I, Vink R. Both estrogen and progesterone attenuate
edema formation following diffuse traumatic brain injury in rats. Brain Res. (2005)
1062:171–4. doi: 10.1016/j.brainres.2005.09.011

23. Su Y, Fan W, Ma Z, Wen X, Wang W, Wu Q, et al. Taurine improves
functional and histological outcomes and reduces inflammation in traumatic brain
injury. Neuroscience. (2014) 266:56–65. doi: 10.1016/j.neuroscience.2014.02.006

24. Gao C, Qian Y, Huang J, Wang D, Su W, Wang P, et al. A three-
day consecutive fingolimod administration improves neurological functions and
modulates multiple immune responses of CCI mice. Mol Neurobiol. (2017)
54:8348–60. doi: 10.1007/s12035-016-0318-0

25. Sturiale CL, De Bonis P, Rigante L, Calandrelli R, D’arrigo S, Pompucci
A, et al. Do traumatic brain contusions increase in size after decompressive
craniectomy? J Neurotrauma. (2012) 29:2723–6. doi: 10.1089/neu.2012.2556

26. Szczygielski J, Hubertus V, Kruchten E, Muller A, Albrecht LF, Mautes AE, et
al. Brain edema formation and functional outcome after surgical decompression in
murine closed head injury are modulated by acetazolamide administration. Front
Neurol. (2019) 10:273. doi: 10.3389/fneur.2019.00273

27. O’connor WT, Smyth A, Gilchrist MD. Animal models of
traumatic brain injury: a critical evaluation. Pharmacol Ther. (2011)
130:106–13. doi: 10.1016/j.pharmthera.2011.01.001

28. Dixon CE, Clifton GL, Lighthall JW, Yaghmai AA, Hayes RL. A controlled
cortical impact model of traumatic brain injury in the rat. J Neurosci Methods.
(1991) 39:253–62. doi: 10.1016/0165-0270(91)90104-8

29. Cooper DJ, Rosenfeld JV, Murray L, Arabi YM, Davies AR, D’urso P, et al.
Decompressive craniectomy in diffuse traumatic brain injury.N Engl J Med. (2011)
364:1493–502. doi: 10.1056/NEJMoa1102077

30. Ucar T, Akyuz M, Kazan S, Tuncer R. Role of decompressive surgery in the
management of severe head injuries: prognostic factors and patient selection. J
Neurotrauma. (2005) 22:1311–8. doi: 10.1089/neu.2005.22.1311

31. Aarabi B, Hesdorffer DC, Ahn ES, Aresco C, Scalea TM, Eisenberg HM.
Outcome following decompressive craniectomy for malignant swelling due to
severe head injury. J Neurosurg. (2006) 104:469–79. doi: 10.3171/jns.2006.104.4.469

32. Timofeev I, Kirkpatrick PJ, Corteen E, Hiler M, Czosnyka M,
Menon DK, et al. Decompressive craniectomy in traumatic brain injury:
outcome following protocol-driven therapy. Acta Neurochir Suppl. (2006)
96:11–6. doi: 10.1007/3-211-30714-1_3

33. Cooper DJ, Rosenfeld JV, Murray L, Arabi YM, Davies AR, Ponsford J,
et al. Patient outcomes at twelve months after early decompressive craniectomy
for diffuse traumatic brain injury in the randomized DECRA clinical trial. J
Neurotrauma. (2020) 37:810–6. doi: 10.1089/neu.2019.6869

34. Hutchinson PJ, Kolias AG, Timofeev IS, Corteen EA, CzosnykaM, Timothy J,
et al. Trial of decompressive craniectomy for traumatic intracranial hypertension.
N Engl J Med. (2016) 375:1119–30. doi: 10.1056/NEJMoa1605215

35. Neuwelt E, Abbott NJ, Abrey L, Banks WA, Blakley B, Davis T, et al.
Strategies to advance translational research into brain barriers. Lancet Neurol.
(2008) 7:84–96. doi: 10.1016/S1474-4422(07)70326-5

36. Glushakova OY, Johnson D, Hayes RL. Delayed increases in microvascular
pathology after experimental traumatic brain injury are associated with prolonged

Frontiers inNeurology 15 frontiersin.org

https://doi.org/10.3389/fneur.2022.898813
https://doi.org/10.1007/s10571-016-0400-1
https://doi.org/10.3389/fneur.2022.813140
https://doi.org/10.1007/s00701-022-05171-4
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/S1474-4422(18)30469-1
https://doi.org/10.1371/journal.pone.0033646
https://doi.org/10.1038/jcbfm.2012.176
https://doi.org/10.3390/ijms21093344
https://doi.org/10.1016/j.mcna.2019.11.001
https://doi.org/10.1016/j.biopsych.2021.05.025
https://doi.org/10.1002/14651858.CD003983.pub2
https://doi.org/10.1007/s00701-011-1101-7
https://doi.org/10.3171/2012.6.JNS101400
https://doi.org/10.1056/NEJMra1208708
https://doi.org/10.3109/02688697.2011.583366
https://doi.org/10.1089/neu.2014.3564
https://doi.org/10.1089/neu.2014.3835
https://doi.org/10.1007/s12975-014-0327-0
https://doi.org/10.1089/089771503322686102
https://doi.org/10.1089/neu.2006.23.1083
https://doi.org/10.1007/s10571-019-00749-6
https://doi.org/10.1016/j.brainres.2005.09.011
https://doi.org/10.1016/j.neuroscience.2014.02.006
https://doi.org/10.1007/s12035-016-0318-0
https://doi.org/10.1089/neu.2012.2556
https://doi.org/10.3389/fneur.2019.00273
https://doi.org/10.1016/j.pharmthera.2011.01.001
https://doi.org/10.1016/0165-0270(91)90104-8
https://doi.org/10.1056/NEJMoa1102077
https://doi.org/10.1089/neu.2005.22.1311
https://doi.org/10.3171/jns.2006.104.4.469
https://doi.org/10.1007/3-211-30714-1_3
https://doi.org/10.1089/neu.2019.6869
https://doi.org/10.1056/NEJMoa1605215
https://doi.org/10.1016/S1474-4422(07)70326-5
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Liu et al. 10.3389/fneur.2022.898813

inflammation, blood-brain barrier disruption, and progressive white matter
damage. J Neurotrauma. (2014) 31:1180–93. doi: 10.1089/neu.2013.3080

37. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health
and disease. Pharmacol Rev. (2005) 57:173–85. doi: 10.1124/pr.57.2.4

38. Keaney J, Campbell M. The dynamic blood-brain barrier. FEBS J. (2015)
282:4067–79. doi: 10.1111/febs.13412

39. Rosenberg GA. Matrix metalloproteinases and their multiple
roles in neurodegenerative diseases. Lancet Neurol. (2009) 8:205–
16. doi: 10.1016/S1474-4422(09)70016-X

40. Ye L, Huang Y, Zhao L, Li Y, Sun L, Zhou Y, et al. IL-1β and TNF-α
induce neurotoxicity through glutamate production: a potential role for neuronal
glutaminase. J Neurochem. (2013) 125:897–908. doi: 10.1111/jnc.12263

41. Alves JL. Blood-brain barrier and traumatic brain injury. J Neurosci Res.
(2014) 92:141–7. doi: 10.1002/jnr.23300

42. Hailer NP. Immunosuppression after traumatic or ischemic CNS damage:
it is neuroprotective and illuminates the role of microglial cells. Prog Neurobiol.
(2008) 84:211–33. doi: 10.1016/j.pneurobio.2007.12.001

43. Woodcock T, Morganti-KossmannMC. The role of markers of inflammation
in traumatic brain injury. Front Neurol. (2013) 4:18. doi: 10.3389/fneur.2013.00018

44. Dunn SL, Young EA, Hall MD, Mcnulty S. Activation of astrocyte
intracellular signaling pathways by interleukin-1 in rat primary striatal cultures.
Glia. (2002) 37:31–42. doi: 10.1002/glia.10010

45. Penkowa M, Giralt M, Lago N, Camats J, Carrasco J, Hernández J, et al.
Astrocyte-targeted expression of IL-6 protects the CNS against a focal brain injury.
Exp Neurol. (2003) 181:130–48. doi: 10.1016/S0014-4886(02)00051-1

46. Rangel-Castilla L, Gasco J, Nauta HJ, Okonkwo DO, Robertson CS. Cerebral
pressure autoregulation in traumatic brain injury. Neurosurg Focus. (2008)
25:E7. doi: 10.3171/FOC.2008.25.10.E7

47. Immonen R, Heikkinen T, Tähtivaara L, Nurmi A, Stenius TK, Puoliväli J, et
al. Cerebral blood volume alterations in the perilesional areas in the rat brain after
traumatic brain injury–comparison with behavioral outcome. J Cereb Blood Flow
Metab. (2010) 30:1318–28. doi: 10.1038/jcbfm.2010.15

48. Sorby-Adams AJ, Marcoionni AM, Dempsey ER, Woenig JA, Turner RJ.
The role of neurogenic inflammation in blood-brain barrier disruption and
development of cerebral oedema following acute central nervous system (CNS)
injury. Int J Mol Sci. (2017) 18:1788. doi: 10.3390/ijms18081788

49. Ho CL, Wang CM, Lee KK, Ng I, Ang BT. Cerebral oxygenation,
vascular reactivity, and neurochemistry following decompressive
craniectomy for severe traumatic brain injury. J Neurosurg. (2008)
108:943–9. doi: 10.3171/JNS/2008/108/5/0943

50. Weiner GM, Lacey MR, Mackenzie L, Shah DP, Frangos SG, Grady
MS, et al. Decompressive craniectomy for elevated intracranial pressure

and its effect on the cumulative ischemic burden and therapeutic intensity
levels after severe traumatic brain injury. Neurosurgery. (2010) 66:1111–
8. doi: 10.1227/01.NEU.0000369607.71913.3E

51. Price L, Wilson C, Grant G. “Frontiers in neuroscience blood–brain barrier
pathophysiology following traumatic brain injury,” in Translational Research
in Traumatic Brain Injury, eds D. Laskowitz and G. Grant (Boca Raton, FL:
CRC Press/Taylor and Francis Group © 2016 by Taylor & Francis Group, LLC
(2016).

52. Sofroniew MV. Molecular dissection of reactive astrogliosis and glial scar
formation. Trends Neurosci. (2009) 32:638–47. doi: 10.1016/j.tins.2009.08.002

53. Colombo E, Farina C. Astrocytes: key regulators of neuroinflammation.
Trends Immunol. (2016) 37:608–20. doi: 10.1016/j.it.2016.06.006

54. Karve IP, Taylor JM, Crack PJ. The contribution of astrocytes
and microglia to traumatic brain injury. Br J Pharmacol. (2016)
173:692–702. doi: 10.1111/bph.13125

55. Loane DJ, Kumar A. Microglia in the TBI brain: the good, the bad, and the
dysregulated. Exp Neurol. (2016) 275:316–27. doi: 10.1016/j.expneurol.2015.08.018

56. Zhou Y, Shao A, Yao Y, Tu S, Deng Y, Zhang J. Dual roles of astrocytes in
plasticity and reconstruction after traumatic brain injury. Cell Commun Signal.
(2020) 18:62. doi: 10.1186/s12964-020-00549-2

57. Kim HJ, Fillmore HL, Reeves TM, Phillips LL. Elevation of hippocampal
MMP-3 expression and activity during trauma-induced synaptogenesis. Exp
Neurol. (2005) 192:60–72. doi: 10.1016/j.expneurol.2004.10.014

58. Madathil SK, Carlson SW, Brelsfoard JM, Ye P, D’ercole AJ, Saatman
KE. Astrocyte-specific overexpression of insulin-like growth factor-1 protects
hippocampal neurons and reduces behavioral deficits following traumatic brain
injury in mice. PLoS ONE. (2013) 8:e67204. doi: 10.1371/journal.pone.0067204

59. Myer DJ, Gurkoff GG, Lee SM, Hovda DA, Sofroniew MV. Essential
protective roles of reactive astrocytes in traumatic brain injury. Brain. (2006)
129:2761–72. doi: 10.1093/brain/awl165

60. Di Giovanni S, Movsesyan V, Ahmed F, Cernak I, Schinelli S, Stoica B, et
al. Cell cycle inhibition provides neuroprotection and reduces glial proliferation
and scar formation after traumatic brain injury. Proc Natl Acad Sci USA. (2005)
102:8333–8. doi: 10.1073/pnas.0500989102

61. Michinaga S, Koyama Y. Pathophysiological responses and roles of astrocytes
in traumatic brain injury. Int J Mol Sci. (2021) 22:6418. doi: 10.3390/ijms22126418

62. Marina N, Christie IN, Korsak A, Doronin M, Brazhe A, Hosford PS, et al.
Astrocytes monitor cerebral perfusion and control systemic circulation tomaintain
brain blood flow. Nat Commun. (2020) 11:131. doi: 10.1038/s41467-019-13956-y

63. Chesnut RM, Temkin N, Carney N, Dikmen S, Rondina C, Videtta W, et al.
A trial of intracranial-pressure monitoring in traumatic brain injury.N Engl J Med.
(2012) 367:2471–81. doi: 10.1056/NEJMoa1207363

Frontiers inNeurology 16 frontiersin.org

https://doi.org/10.3389/fneur.2022.898813
https://doi.org/10.1089/neu.2013.3080
https://doi.org/10.1124/pr.57.2.4
https://doi.org/10.1111/febs.13412
https://doi.org/10.1016/S1474-4422(09)70016-X
https://doi.org/10.1111/jnc.12263
https://doi.org/10.1002/jnr.23300
https://doi.org/10.1016/j.pneurobio.2007.12.001
https://doi.org/10.3389/fneur.2013.00018
https://doi.org/10.1002/glia.10010
https://doi.org/10.1016/S0014-4886(02)00051-1
https://doi.org/10.3171/FOC.2008.25.10.E7
https://doi.org/10.1038/jcbfm.2010.15
https://doi.org/10.3390/ijms18081788
https://doi.org/10.3171/JNS/2008/108/5/0943
https://doi.org/10.1227/01.NEU.0000369607.71913.3E
https://doi.org/10.1016/j.tins.2009.08.002
https://doi.org/10.1016/j.it.2016.06.006
https://doi.org/10.1111/bph.13125
https://doi.org/10.1016/j.expneurol.2015.08.018
https://doi.org/10.1186/s12964-020-00549-2
https://doi.org/10.1016/j.expneurol.2004.10.014
https://doi.org/10.1371/journal.pone.0067204
https://doi.org/10.1093/brain/awl165
https://doi.org/10.1073/pnas.0500989102
https://doi.org/10.3390/ijms22126418
https://doi.org/10.1038/s41467-019-13956-y
https://doi.org/10.1056/NEJMoa1207363
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Evaluation of decompressive craniectomy in mice after severe traumatic brain injury
	Introduction
	Methods and materials
	Animals
	TBI model
	Experimental grouping and DC
	ICP monitoring
	Modified neurological severity score and rotarod performance test
	Morris water maze
	Blood–brain barrier damage
	Brain water content and MRI scan
	Laser speckle imaging
	Western blot and cytokine array detection
	Immunofluorescence and TUNEL detection
	Data analysis

	Results
	DC can effectively reduce ICP in severe TBI
	DC can improve neurological and motor function at 24h after CCI, but weaken the spatial cognition and learning ability at late stages of CCI
	DC can reduce BBB damage in severe TBI
	DC can reduce brain tissue edema and necrosis but can briefly aggravate whole-brain edema in severe TBI
	DC can improve brain cortex perfusion in severe TBI
	DC can reduce inflammation, apoptosis, and glial cell expression after severe TBI

	Discussion
	Limitation
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


