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Dexmedetomidine attenuates inflammation, blood-brain barrier (BBB) disruption, and cell death, and
improves neurological function via suppressing nuclear factor kappa B (NF-kB) and nucleotide-

binding oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome
activation in mice with traumatic brain injury (TBI)
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Abstract

Traumatic brain injury induces potent inflammatory responses that can exacerbate secondary blood-brain barrier (BBB) disruption, neuro-
nal injury, and neurological dysfunction. Dexmedetomidine is a novel a2-adrenergic receptor agonist that exert protective effects in various
central nervous system diseases. The present study was designed to investigate the neuroprotective action of dexmedetomidine in a mouse
traumatic brain injury model, and to explore the possible mechanisms. Adult male C57BL/6] mice were subjected to controlled cortical
impact. After injury, animals received 3 days of consecutive dexmedetomidine therapy (25 pg/kg per day). The modified neurological severity
score was used to assess neurological deficits. The rotarod test was used to evaluate accurate motor coordination and balance. Immunofluo-
rescence was used to determine expression of ionized calcium binding adapter molecule-1, myeloperoxidase, and zonula occluden-1 at the
injury site. An enzyme linked immunosorbent assay was used to measure the concentration of interleukin-1f (IL-1p), tumor necrosis factor
a, and IL-6. The dry-wet weight method was used to measure brain water content. The Evans blue dye extravasation assay was used to mea-
sure BBB disruption. Western blot assay was used to measure protein expression of nucleotide-binding oligomerization domain-like receptor
family pyrin domain-containing 3 (NLRP3), caspase-1 p20, IL-1B, nuclear factor kappa B (NF-kB) p65, occluding, and zonula occluden-1.
Flow cytometry was used to measure cellular apoptosis. Results showed that dexmedetomidine treatment attenuated early neurological
dysfunction and brain edema. Further, dexmedetomidine attenuated post-traumatic inflammation, up-regulated tight junction protein ex-
pression, and reduced secondary BBB damage and apoptosis. These protective effects were accompanied by down-regulation of the NF-«kB
and NLRP3 inflammasome pathways. These findings suggest that dexmedetomidine exhibits neuroprotective effects against acute (3 days)
post-traumatic inflammatory responses, potentially via suppression of NF-kB and NLRP3 inflammasome activation.

Key Words: nerve regeneration; traumatic brain injury; neuroinflammation; nuclear factor kappa B; NLRP3 inflammasome; brain edema;
blood-brain barrier; tight junction proteins; apoptosis; neuroprotection; dexmedetomidine; neural regeneration

cell infiltration, and the secretion of inflammatory mediators
(Zhang et al., 2013). Although a moderate inflammatory re-
sponse is essential for reparative and remodeling processes,
sustained and excessive inflammation can exacerbate brain

Introduction

The pathophysiological mechanisms of traumatic brain in-
jury (TBI) include primary mechanical damage that leads
to a series of secondary injury events, including neuroin-

flammation, apoptosis, and oxidative stress (Shi et al., 2015).
Of these events, post-traumatic neuroinflammation is con-
sidered a key factor in secondary brain cascades, which is
characterized by glial activation, peripheral inflammatory

edema, blood-brain barrier (BBB) damage, secondary neuro-
nal injury, and subsequent neurological impairment through
the secretion of pro-inflammatory mediators such as interleu-
kin (IL)-1f, tumor necrosis factor (TNF)-a, and IL-6 (Gao et
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al., 2015; Chen et al., 2017). Previous studies have confirmed
that these acute-phase cytokines are regulated via the nuclear
factor kappa B (NF-«B) signaling pathway after TBI (Zhu
et al,, 2014), and that NF-xB expression is rapidly increased
(within hours) after brain injury (Hang et al., 2006; Jayaku-
mar et al., 2014). Thus, NF-«B represents a promising target
for restricting secondary brain injury after TBIL.

In contrast to other acute-phase cytokines, mature and bio-
logically active IL-1f is produced from the inactive precursor
pro-IL-1P by cleavage of caspase-1, while caspase-1 activation
requires inflammasome-forming nucleotide-binding oligom-
erization domain-like receptors (McKee and Lukens, 2016).
Of these, nucleotide-binding oligomerization domain-like
receptor family pyrin domain-containing 3 (NLRP3) is the
most widely characterized (Liu et al., 2013). NLRP3 can rec-
ognize different danger signals, including damage-associated
and pathogen-associated molecular pattern molecules, and
induce the expression of immune- and inflammation-related
genes to defend against infection or tissue damage (Zhou
et al., 2016). Through binding of the adaptor protein apop-
tosis-associated speck-like protein, NLRP3 assembles the
NLRP3 inflammasome protein complex in the cytoplasm to
mediate caspase-1-dependent processing and release of the
pro-inflammatory mediators IL-1B and IL-18 (Zhou et al.,
2016; Mamik and Power, 2017). The NLRP3 inflammasome
is also involved in the pathogenesis of central nervous system
injury, including ischemic and hemorrhagic stroke, and TBI
(Lin et al., 2017). Recent studies in animal models and TBI
patients have also confirmed up-regulation of NLRP3 inflam-
masome expression (Liu et al., 2013; Lin et al., 2017). Further,
blockade or knockdown of the NLRP3 inflammasome can
attenuate inflammatory responses and improve neurological
functions in rodent TBI models (Irrera et al., 2017; Ismael et
al., 2018). Thus, the NLRP3 inflammasome represents a new
potential therapeutic target for TBI.

Dexmedetomidine (DEX) is a highly effective a2-ad-
renergic receptor agonist that has sedative, analgesic, and
anti-anxiety effects, and is extensively used in the intensive
care unit and for clinical anesthesia (Fang et al., 2015). In
addition, DEX has been shown to reduce cerebral ischemia/
reperfusion injury by suppressing inflammation, activating
the anti-apoptotic signaling pathways, and inhibiting neuro-
nal autophagy (Akpinar et al., 2016; Luo et al., 2017; Wang
et al,, 2017). Indeed, in vivo and in vitro studies suggest that
DEX has protective effects in TBI (Schoeler et al., 2012; Shen
et al., 2017). However, the effects of DEX on the acute in-
flammatory responses after TBI remain unclear.

The aim of the present study was to examine the protective
actions of DEX on acute inflammatory responses, BBB dis-
ruption, cellular apoptosis, and neurological function during
the acute phase of TBI. Further, we assessed the inhibitory
effects of DEX on TBI-induced activation of the NF-kB and
NLRP3 inflammasome.

Materials and Methods

Animals
Specific-pathogen-free male C57BL/6] mice aged 8-10
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weeks and weighing 20-25 g were purchased from the Bei-
jing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China; License No. SCXK [Jing] 2014-0004). All
experimental protocols were approved by the Animal Care
and Use Committee of Tianjin Medical University General
Hospital (approval No. IRB2016-YX-036). Mice were main-
tained on a standard environment: controlled temperature
and humidity, 12-hour light/dark cycles, and sufficient chow
and water. All mice were adapted for 2 weeks before exper-
iments. In total, 115 mice were randomly divided into the
sham group (n = 35), TBI + vehicle group (n = 40), and TBI
+ DEX group (n = 40). The experimental design is shown in
Figure 1A.

TBI model establishment

A moderate TBI model was established using an electric
cortical contusion impactor (Custom Design & Fabrication,
Sandston, VA, USA) as we previously reported (Xu et al.,
2017). Mice were intraperitoneally anesthetized using chlo-
ral hydrate 3.0 mL/kg, and then placed on a stereotaxic ap-
paratus. The coronal and sagittal sutures were fully exposed,
and a craniotomy (3.5-mm diameter) was conducted (2-mm
posterior from and 2-mm lateral to the bregma) with the
entire dura intact. TBI was performed using a 3-mm diame-
ter flat tip with a velocity of 4.5 m/s, a dwell time of 200 ms,
and a depth of 2 mm. After restoration of respiration, the
scalp incision was closed using intermittent sutures. Animal
temperature was monitored and maintained at 37°C during
the procedure and until recovery from anesthesia. Mice in
the sham group received the same procedures without the
cortical contusion impactor.

Drug administration

DEX (Jiangsu Hengrui Medicine Co., Ltd., Jiangsu, China;
Drug approval No. H20090248) was dissolved in 0.9% saline.
After TBI induction, mice in the TBI + DEX group were in-
jected intraperitoneally with DEX at a dose of 25 ug/kgper
day for 3 consecutive days. The DEX dosage and timing were
chosen based on previous studies (Liang et al., 2017; Luo et
al., 2017). The sham and TBI + vehicle groups received an
equal volume (200 uL) of saline with the same schedule.

Modified neurological severity score test

The modified neurological severity score (mNSS) test was
performed to assess neurobehavioral deficits (motor, sen-
sory, balance, and reflex) at baseline, and on days 1 and 3
post-injury (Chen et al., 2001). The mNSS test was graded on
a scale of 0-18. If a test could not be completed, or the animal
did not respond to a test, then the test was scored as 1 point.
Therefore, higher scores indicate greater neurological injury.

Rotarod test

The accurate motor coordination and balance abilities of
mice were evaluated using the rotarod test at baseline, and
on days 1 and 3 post-injury (Xu et al., 2017). One day before
surgery, the mice were adapted to the device (RWD Life
Science, Shenzhen, China) for 1 minute at low speed (4 rev-
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olutions per minute [r/min]). Next, four acceleration tests
(from 4-40 r/min over 5 minutes) were performed to record
the fall-off time to obtain the baseline values. On days 1 and
3 post-injury, each mouse underwent four acceleration tests
with an interval of 30 minutes. The fall-off times were re-
corded, and the mean value was calculated.

Immunofluorescence

On days 1 and 3 post-injury, brain cryosections (6-pm
thick) were blocked in 3% bovine serum albumin at 37°C for
30 minutes, and then incubated with corresponding primary
antibodies overnight at 4°C, including rabbit monoclonal
anti-ionized calcium binding adapter molecule-1 antibody
(Iba-1; microglia marker; 1:500; Wako, Osaka, Japan), rabbit
polyclonal anti-myeloperoxidase antibody (MPO; neutro-
phil marker; 1:100; Abcam, Cambridge, UK), and rabbit
polyclonal anti-zonula occluden-1 antibody (ZO-1; tight
junction protein ZO-1 marker; 1:100; Invitrogen, Carlsbad,
CA, USA). The slides were then incubated at room tempera-
ture for 1 hour with an Alexa 488-conjugated donkey an-
ti-rabbit secondary antibody (1:500; Abcam). Finally, nuclei
were counterstained with 4',6-diamidino-2-phenylindole.
The slides were visualized under an immunofluorescence
microscope (X81; Olympus, Tokyo, Japan) and photo-
graphed. The results were analyzed using Image] software
(Version1.46r; NIH, Bethesda, MD, USA). A total of four
slides from each brain, with five random regions of interest
surrounding the traumatic lesions (peri-contusional cortex;
i.e., cortex surrounding the traumatic lesions; Figure 1B) for
each slide, were analyzed. For quantification of MPO-pos-
itive neutrophil and Iba-1-positive microglia, positive cells
were counted, and data expressed as positive cells/mm’. For
quantification of the tight junction protein ZO-1, a thresh-
olding procedure was established to measure the proportion
of the ZO-1 immunoreactive area (Shen et al., 2013).

Enzyme-linked immunosorbent assay

Brain samples were collected from the peri-contusional cortex
(60 mg; Figure 1B) on days 1 and 3 post-injury. The concentra-
tions of IL-1f, tumor necrosis factor (TNF)-a, and IL-6 in brain
homogenates were measured using specific enzyme-linked
immunosorbent assay kits (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s instructions.

Brain water content measurement

The brain water content of mice on day 3 post-injury was
measured using the dry-wet weight method (Gao et al., 2015).
The lesioned cerebral hemispheres were collected without
transcardiac perfusion, and the wet weight was immediately
recorded. The tissues were then dried in a 100°C electro-ther-
mostatic blast oven for 24 hours, and the dry weight was mea-
sured. The brain water content (%) was calculated with the
formula: (wet weight — dry weight)/wet weight x 100%.

Evans blue dye extravasation assay
BBB disruption was quantitatively measured using Evans
blue dye extravasation. On day 3 post-injury, 100 pL of 2%

Evans blue (Sigma-Aldrich, St. Louis, MO, USA) was ad-
ministered through the tail vein. After 2 hours of circulation,
transcardiac perfusion of phosphate-buffered saline was per-
formed to clear the circulating Evans blue dye. The lesioned
cerebral hemisphere was homogenized in formamide and
incubated at 60°C for 72 hours. Following centrifugation at
14 000 rpm for 30 minutes, the Evans blue concentration
in the resulting supernatant was measured using an optical
densitometer (BioTek, Winooski, VT, USA) at 620 nm.

Western blot assay

Brain samples were harvested from the peri-contusional
cortex (60 mg; Figure 1B) on days 1 and 3 post-injury,
and lysed in radioimmunoprecipitation assay buffer (Bey-
otime, Jiangsu, China). After denaturing, protein samples
(8 ug per lane) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis, and then transferred to
a polyvinylidene difluoride membrane (Roche, South San
Francisco, CA, USA). The membrane was blocked with 5%
non-fat milk for 2 hours at room temperature, and then
incubated at 4°C overnight with the following primary an-
tibodies: mouse monoclonal anti-NLRP3 antibody (NLRP3
inflammasome component NLRP3 protein marker; 1:1000;
AdipoGen, San Diego, CA, USA), rabbit polyclonal an-
ti-caspase-1 p20 antibody (NLRP3 inflammasome compo-
nent activated caspase-1 marker; 1:1000; Millipore, Billerica,
MA, USA), rabbit polyclonal anti-IL-1P antibody (NLRP3
inflammasome substrate mature IL-1p marker; 1:1000; Cell
Signaling Technology, Danvers, CT, USA), rabbit polyclonal
anti-NF-kB p65 antibody (NF-«B signaling pathway marker;
1:2000; Abcam), mouse polyclonal anti-occludin antibody
(tight junction protein occludin marker; 1:1000; Invitrogen,
Carlsbad, CA, USA), rabbit polyclonal anti-ZO-1 antibody
(tight junction protein ZO-1 marker; 1:1000; Invitrogen),
and rabbit monoclonal anti-B-actin antibody (1:1000; Cell
Signaling Technology). After washing, the blots were incu-
bated with corresponding horseradish peroxidase-conju-
gated secondary antibodies (1:5000; Beyotime) for 1 hour
at room temperature, and then detected with the enhanced
chemiluminescence system (Millipore). The band mean
optical density was quantified using NIH Image] software.
[B-actin was used as an internal reference.

Flow cytometric analysis for apoptosis

The lesioned hemispheres were harvested on day 3 post-in-
jury, and were homogenized with 40-pm nylon cell strainers.
A 5 mL of 30% Percoll solution (Sigma-Aldrich) was used to
isolate single cells (700 x g for 5 minutes). After rinsing with
phosphate buffered saline, cellular apoptosis was detected
using a commercial apoptosis detection kit (BD Bioscience,
Franklin Lakes, NJ, USA) according to the manufacturer’s
instructions. Flow cytometry was performed and analyzed
on an Accuri C6 apparatus (BD Biosciences).

Statistical analysis
Numerical values are presented as mean * standard devia-
tion. Statistical comparisons were analyzed using one-way
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Figure 1 Effect of DEX on neurological function of mice following TBI.

(A) Timeline of the experimental design. (B) Schematic representation of the studied area (shaded area: peri-contusional cortex [cortex surrounding the
traumatic lesions]). (C) Quantitative analysis of body weight in three individual groups of mice (n = 5 per group). Neurologic deficits were evaluated using
the mNSS (D) and rotarod (E) tests (n = 10 per group). Lower scores and longer latency to fall imply better neurological outcomes. All data are expressed
as mean * standard deviation, and were analyzed by one-way analysis of variance followed by Tukey’s multiple comparison post hoc test. ###P < 0.001, vs.
sham group; *P < 0.05, vs. TBI + vehicle group. DEX: dexmedetomidine; TBI: traumatic brain injury; mNSS: modified neurological severity score; ELISA:
enzyme linked immunosorbent assay; QRT-PCR: quantitative reverse transcription-polymerase chain reaction.
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Figure 2 Effect of dexmedetomidine (DEX) on neutrophil infiltration, microglial activation, and pro-inflammatory cytokine secretion following
traumatic brain injury (TBI).

(A-C) Representative immunofluorescence photomicrographs (A) and quantitative data for myeloperoxidase (MPO)-positive neutrophils on day 1 (B) and
ionized calcium binding adapter molecule-1 (Iba-1)-positive microglia on day 3 (C) in the lesioned boundary post-injury (n = 5 per group at each time
point). Scale bars: 200 um. Inset shows positive cells at a high magnification. (D-F) enzyme linked immunosorbent assay results showing the concentration
of interleukin-1p (IL-1p; D), tumor necrosis factor-a (TNF-o; E), and IL-6 (F) in the lesioned cerebral cortex on days 1 and 3 post-injury (n = 5 per group).
All data are expressed as the mean + SD, and were analyzed by one-way analysis of variance followed by Tukey’s multiple comparison post hoc test. ###P <
0.001, vs. sham group, *P < 0.05, **P < 0.01, vs. TBI + vehicle group.
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Figure 4 Effect of dexmedetomidine
(DEX) on nuclear factor kappa B
(NF-xB) and nucleotide-binding
oligomerization domain-like
receptor family pyrin domain-
containing 3 (NLRP3) inflammasome
activation following traumatic brain
injury (TBI).

(A) Representative immunoblots and
densitometric quantification of total
NF-xB p65 (B), nuclear (Nuc) NF-xB
p65 (C), and cytoplasmic (Cyto) NF-
kB p65 (D) in the lesioned cerebral
cortex on days 1 and 3 post-injury
(n = 5 per group). (E) Representative
immunoblots and densitometric quan-
tification of NLRP3 (F), caspase-1 p20
(G), and mature IL-1f (H) in the le-
sioned cerebral cortex on days 1 and 3
post-injury (n = 5 per group). All data
are expressed as the mean + SD, and
were analyzed by one-way analysis of
variance followed by Tukey’s multiple
comparison post hoc test. ###P < 0.001,
vs. sham group; *P < 0.05, **P < 0.01,
##kP < 0.001, vs. TBI + vehicle group.
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analysis of variance followed by Tukey’s multiple com-
parison post hoc test (SPSS v22.0 statistical software; IBM,
Armonk, NY, USA). A P value < 0.05 was considered statis-
tically significant.

Results

DEX administration does not affect body weight after TBI
All mice survived after DEX treatment during the experi-
mental period. There were no differences in body weight be-
tween the various groups (Figure 1C; P > 0.05). These data
suggest that DEX treatment after TBI was well tolerated.

DEX administration ameliorated early neurological
deficits after TBI

To investigate whether DEX promoted recovery of neuro-
logical function in the acute phase of TBI, the mNSS test was
used to evaluate sensory-motor deficits, while the rotarod
test was used to measure motor dysfunction. In the mNSS
test, the vehicle-treated mice had higher mNSS scores on
days 1 and 3 post-injury compared with sham-injured mice
(Figure 1D; P < 0.001). DEX treatment also significantly
reduced the mNSS scores on day 3 post-TBI compared with
the TBI + vehicle group (Figure 1D; P < 0.05). Similarly, on
days 1 and 3 post-injury, the performance of the DEX-treat-
ed mice in the rotarod test was better than that of vehi-
cle-treated mice (Figure 1E; P < 0.05 for both).

DEX administration reduced neutrophil infiltration,
microglial activation, and pro-inflammatory mediator
expression after TBI

Next, we used immunofluorescence to determine whether
DEX treatment directly affected the early post-traumatic
inflammatory events. TBI induced a robust MPO-positive
neutrophil infiltration and Iba-1-positive microglial activa-
tion surrounding the traumatic lesions. By contrast, DEX
treatment significantly reduced numbers of neutrophils
on day 1 post-injury, and numbers of microglia on day 3,
post-injury compared with the TBI + vehicle group (Figure
2A-C; P < 0.01 for both). Additionally, morphological anal-
yses showed that TBI induced a marked change in microg-
lial morphology, from a ramified shape to a rounded and
enlarged appearance, indicating extensive microglial activa-
tion. DEX treatment significantly reduced the microglial cell
body and ramification index (Figure 2A).

IL-1f, TNF-q, and IL-6 are major pro-inflammatory me-
diators detected in the inflammatory response after TBI (Zhu
et al., 2014). Our ELISA data confirmed the upregulation of
these pro-inflammatory mediators in the peri-contusional
cortex after TBI. By contrast, DEX treatment significantly
reduced IL-1f, TNF-a, and IL-6 protein expression on days
1 and 3 post-injury (Figure 2D-F; IL-1p on days 1 and 3
post-injury: P < 0.01; TNF-a and IL-6: on day 1 post-injury:
P <0.01, on day 3 post-injury: P < 0.05).

DEX administration attenuated BBB disruption after TBI
Post-traumatic inflammation was reported to contribute to
BBB dysfunction (Abdul-Muneer et al., 2015). Thus, we as-
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sessed BBB permeability using the brain water content and
Evans blue dye extravasation on day 3 post-injury (peak of
post-TBI brain edema). DEX administration caused a sig-
nificant reduction in the percentage water content in the in-
jured cerebral hemisphere in the TBI + vehicle group (Figure
3A; P < 0.05). Consistent with these results, DEX treatment
significantly decreased Evans blue leakage in the injured ce-
rebral cortex compared with the TBI + vehicle group on day
3 post-injury (Figure 3B, C; P < 0.05).

BBB disruption is accompanied by tight junction protein
degradation (Gao et al., 2015). Thus, we assessed the expres-
sion and distribution of the tight junction proteins, includ-
ing ZO-1 and occludin, on day 3 post-injury using western
blot assay and immunofluorescence. As shown in Figure
3D-F, western blot results showed that ZO-1 and occludin
expression were significantly higher in the TBI + DEX group
than that in the TBI + vehicle group on day 3 post-injury (P
< 0.05 or P < 0.01, respectively). Additionally, fluorescent
staining intensity data confirmed that TBI caused reduced
ZO-1 expression in the lesioned boundary, which was re-
versed by DEX therapy (Figure 3G, H; P < 0.05).

DEX administration reduced cellular apoptosis after TBI
Flow cytometry was used to investigate whether DEX treatment
influenced post-TBI cellular apoptosis. DEX treatment signifi-
cantly reduced cellular apoptosis on day 3 post-injury compared
with the vehicle treatment group (Figure 31, J; P < 0.01).

DEX administration inhibitd NF-xB and NLRP3
inflammasome activation after TBI

To further investigate whether the early neuroprotective
actions of DEX were because of inhibition of NF-kB and
NLRP3 inflammasome activation, we performed western
blot assay on days 1 and 3 post-injury. As shown in Figure
4A-D, TBI induced a significant increase in the expression
of total NF-kB p65 and nuclear NF-«B p65, and a decrease
in the level of cytoplasmic NF-xB p65, compared with the
sham group on days 1 and 3 post-injury (P < 0.001 for all).
By contrast, DEX treatment was associated with marked de-
crease in NF-«kB p65 nuclear translocation and total NF-«xB
p65 expression in the peri-contusional cortex on days 1 and
3 post-injury compared with the TBI + vehicle group (P <
0.05 or P < 0.01, respectively). In addition, the protein levels
of NLRP3 inflammasome components, including NLRP3
and caspase-1 p20, and the substrate mature IL-1p, were
significantly increased after TBI (Figure 4E-H; P < 0.001 for
all). DEX treatment reduced NLRP3, caspase-1 p20, and ma-
ture IL-1P expression in the peri-contusional cortex on days
1 and 3 post-injury compared with the vehicle treatment
(Figure 4E-H; P < 0.01 or P < 0.001, respectively).

Discussion

The present study showed that DEX treated attenuated the
brain inflammatory responses in the acute phase of TBI via
inhibition of NLRP3 inflammasome activation. Our main
findings were that DEX treatment: (1) attenuated early neu-
rological dysfunction, (2) reduced neutrophil infiltration,
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microglial activation, and pro-inflammatory mediator secre-
tion, (3) attenuated TBI-induced BBB damage and cellular
apoptosis; and (4) inhibited TBI-induced NF-kB and NLRP3
inflammasome activation.

After TBI, a numerous circulating inflammatory cells (in-
cluding neutrophils and macrophages) infiltrate the injured
sites through the damaged BBB (Kumar and Loane, 2012).
Neutrophils are among the first responders to trauma (within
hours post-TBI), and are linked to BBB breakdown, brain
edema, and neuronal death (McKee and Lukens, 2016). Cen-
tral nervous system-resident microglia are also activated and
undergo marked morphological and behavioral changes.
Although moderate microglial activation can clear harmful
substances and promote tissue repair, uncontrolled and ex-
cessive activation can aggravate brain damage via secretion
of inflammatory mediators such as IL-1p (Abdul-Muneer
et al., 2015; McKee and Lukens, 2016). In the present study,
DEX treatment effectively attenuated neutrophil infiltration
and microglial activation, and reduced pro-inflammatory
IL-1B, TNF-a, and IL-6 expression.

Accumulating evidence suggests that excessive inflamma-
tory responses also contribute to BBB dysfunction and neu-
ronal damage (Abdul-Muneer et al., 2015; Gao et al., 2015).
In the present study, inhibition of inflammation by DEX
treatment was accompanied by up-regulation of tight junc-
tion proteins, which maintain BBB integrity, and reduced
cellular apoptosis. Consistent with these findings, Shen et al.
(2017) reported that DEX could reduce brain edema, BBB
disruption, and neuronal autophagy via regulation of the
phosphatidylinositol-4,5-bisphosphate 3-kinase/protein ki-
nase B/mammalian target of rapamycin (PI3K/Akt/mTOR)
signaling pathway.

There is increasing evidence for a role of the NF-kB sig-
naling pathway in post-traumatic inflammation, and NF-«xB
is known to mediate pro-inflammatory cytokine production,
and thus augment inflammatory responses (Hang et al,,
2006; Jayakumar et al., 2014; Zhu et al., 2014). In the present
study, DEX treatment effectively reduced NF-kB p65 trans-
location from the cytoplasm to the nucleus, and inhibited
total NF-«B p65 expression, suggesting that DEX may atten-
uate post-traumatic inflammatory responses via inhibition
of NF-kB activation.

IL-1P is the most important pro-inflammatory mediator
in post-traumatic inflammatory responses. IL-1p release
peaks within hours after TBI, and causes release of other
cytokines, microglial activation, leukocyte recruitment, BBB
damage, brain edema, and cellular apoptosis (McKee and
Lukens, 2016). Recent evidence also suggests that inflam-
masome-induced caspase-1 activation is the major pathway
for IL-1P production (Ma et al., 2014). The NLRP3 inflam-
masome is the most widely studied, and is a key mediator
in post-traumatic inflammation. Activation of the NLRP3
inflammasome requires two signaling steps (Yang et al,,
2018). The first priming signal involves activation of the
NF-kB pathway and initiation of transcription and transla-
tion of NLRP3 and pro-IL-1B. The second step is regulated
by pathogen-associated and damage-associated molecular

pattern molecules that trigger the assembly and activation
of the NLRP3 inflammasome complex (Zhou et al., 2016).
Upon sensing danger stimuli, the NLRP3 inflammasome is
assembled and activated to trigger caspase-1 activation, and
subsequently the release of pro-inflammatory cytokines IL-
1B and IL-18, initiating or amplifying the innate immune
response and neuroinflammation following TBI (Mortezaee
et al., 2018). NLRP3 inflammasome assembly and caspase-1
activation were confirmed in patients with TBI, and in mu-
rine TBI models (Liu et al., 2013; Lin et al., 2017). Inhibition
of the NLRP3 inflammasome using gene knockout or small
molecule inhibitors was also shown to reduce inflammatory
responses, apoptosis, and histopathological injury after TBI
(Irrera et al., 2017; Ismael et al., 2018). Further, omega-3
fatty acids and other agents can exert anti-inflammatory
roles via inhibition of NLRP3 inflammasome activation
(Mortezaee et al., 2018). In the present study, we provide
new evidence that DEX treatment can decrease expression
of NLRP3, caspase-1 p20, and the subsequent product IL-1.
Given the role of the NF-kB pathway in mediating NLRP3
inflammasome activation (Zhou et al., 2016), our findings
suggest that the anti-inflammatory effects of DEX after TBI
may be mediated, at least in part, through modulation of
NF-kB-mediated NLRP3 activation.

Therapeutic hypothermia has also been shown to atten-
uate secondary brain injury events, such as inflammation,
apoptosis, and free radical generation (Dietrich and Bram-
lett, 2016). McAdams et al. (McAdams et al., 2015) reported
that DEX treatment can decease brain temperature in hypo-
thermic or normal neonatal rats via a2-adrenergic receptor
activation. Thus, the protective effects of DEX against TBI
may also relate to effects on brain temperature.

There are some limitations of this study. First, we only ex-
amined the effects of DEX in early TBI (within 3 days). Thus,
the protective function of DEX in long-term TBI remains
unclear. Further, the dose of DEX was selected according
to previous studies (Liang et al., 2017; Luo et al., 2017), and
we did not perform dose-response experiments. Additional
studies examining the optimized dose and safety of DEX
therapy for TBI, as well as other potential neuroprotective
mechanisms (e.g., hypothermia), are required.

In conclusion, DEX treatment attenuated inflammatory
responses by limiting the activation of the NF-kB and NLRP3
inflammasome, thereby reducing BBB disruption and cellular
apoptosis, and resulting in improved neurobehavioral out-
comes in the acute phase of TBI. Thus, DEX may be a prom-
ising new therapeutic candidate for patients with TBI.
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