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Abstract. The present study examined the effects of 
dexmedetomidine (Dex) on cognitive and motor recovery 
in mice following traumatic brain injury (TBI). TBI 
induces synaptic damage, which leads to motor dysfunction 
and cognitive decline. Although Dex is known to induce 
neuroprotection, its role following TBI remains unknown. In 
the present study, male C57BL/6 mice (8 weeks old; n=72) 
were subjected to cortical impact injury to generate a TBI 
mice model. Mice were divided into four groups: TBI, sham, 
TBI + vehicle, and TBI + Dex. Mice in the TBI + vehicle 
and TBI + Dex groups received intraperitoneal injections of 
saline (n=18) and 100 µg/kg Dex (n=18), respectively, at 1 and 
12 h following surgery. At 24 h post‑injury, 10 animals from 
each group were sacrificed, and brain tissue was isolated for 
Fluoro‑Jade B staining and RNA and protein extraction. At 
72 h post‑TBI, motor function was evaluated. Furthermore, 
cognitive impairment was assessed between day 14 and 19 
using the Morris water maze. The results demonstrated that 
the mRNA and protein expression of post‑synaptic density 
95 (PSD95) was reduced post‑TBI. In addition, neuronal 
degeneration was evaluated using FJB staining, where 
PSD95 formed a complex with the N‑methyl‑D‑aspartic acid 
(NMDA) receptor subunit (NR2B) and neuronal nitric oxide 
synthase (nNOS) inducing neuronal death post‑TBI. Treatment 
with Dex efficiently decreased the PSD95‑NR2B‑nNOS 
interaction, which reduced the TBI‑induced neuronal death. 
Furthermore, Dex treatment contributed to the enhanced 
cognitive and motor recovery following TBI. The results from 
the present study reported a potential mechanistic action of 
Dex treatment post‑TBI, which may be associated with the 
inhibition of PSD95‑NMDA interaction.

Introduction

Traumatic brain injury (TBI) has deleterious effects on public 
health and is associated with high mortality and morbidity 
rates worldwide, with an incidence of 69 million individuals 
suffering from TBI each year (1,2). Global mortality rate has 
been recorded to be 30‑40% in severely affected patients with 
TBI (2). Patients who survive TBI commonly suffer from 
physical and cognitive disabilities that increase their suscepti‑
bility to other neurological disorders (3). In addition to primary 
mechanical damage, TBI activates a cascade of pathophysi‑
ological mechanisms leading to secondary brain injury (4,5). 
The secondary effects include glutamate excitotoxicity, free 
radical production, oxidative stress, mitochondrial dysfunc‑
tion, loss of ATP, inflammation and ultimately neuronal 
death (4‑7). TBI evolves within weeks to months, and can 
induce behavioural perturbations (8). It is therefore crucial 
to develop novel strategies to treat multifaceted and complex 
pathophysiological mechanisms associated with TBI.

TBI induces synaptic damage that results in neuronal 
dysfunction and subsequent neuronal apoptosis (9,10). Synaptic 
structure and function serve a crucial role in brain develop‑
ment and cognitive functions. Under normal conditions, the 
synaptic vesicle in neurons fuses with the plasma membrane 
and releases neurotransmitters into the synaptic cleft (11). It 
is therefore essential to determine the neurological synaptic 
molecules that may be released following TBI. At present, 
>5,000 synaptic proteins have been identified; however, only 
a few are associated with synaptic dysfunction post‑TBI (10). 
The postsynaptic compartment of excitatory synapses contains 
an electron‑dense region known as the postsynaptic density 
(PSD). The postsynaptic density protein‑95 (PSD95) of the 
PSD family acts as a scaffolding protein during synaptogen‑
esis and regulates synaptic maturation (12). In addition, PSD95 
serves a vital role in repairing injuries affecting the PSD 
region, since it is essentiel for synaptic integration and func‑
tional recovery following neuronal damage (13,14). PSD95 
interacts with the N‑methyl‑d‑aspartic acid (NMDA) receptor 
subunit (NR2B) and neuronal nitric oxide synthase (nNOS) 
to modulate glutamate transmission and maintain excitatory 
synapse balance (10).

The present study hypothesized that pharmacologically 
targeting the PSD95‑NMDA interaction may provide novel 
insight into neuroprotective strategies post‑TBI. Numerous 
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neuroprotective agents against TBI have been identified; 
however these agents have rarely been successful during 
clinical trials. Dexmedetomidine (Dex), which is an alpha‑2 
adrenergic receptor agonist drug, has been approved by the 
Food and Drug Administration (FDA) and is known for its 
anaesthetic, analgesic and neuroprotective effects (15). Dex 
also exerts a positive impact on neuronal development by 
regulating PSD95expression (16); however, the role of Dex 
in post‑TBI neuroprotection remains unknown. The present 
study investigated the effect of Dex on the PSD95‑NMDA 
interaction and subsequent functional recovery post‑TBI.

Materials and methods

Animals and TBI induction. Male C57 BL/6 mice (8 weeks old; 
n=72) were obtained from the Shanghai Laboratory Animal 
Center. All procedures were approved by the Research Review 
and Ethics Board (RREB) of the Shanghai Ninth People's 
Hospital and was performed according to the guidelines 
from the National Research Council Guide. Mice (n=72) were 
subjected to controlled cortical impact injury (CCI) (that is 
representative of TBI induction) as previously described (17). 
Prior to surgery, anesthetized mice (3% isoflurane) were 
placed in a stereotaxic frame. The skin was removed to expose 
the skull, and a 4‑mm craniotomy was performed between 
the lambda and bregma sutures under sterile procedure. The 
skullcap was removed carefully without damaging the dura 
underneath. A pneumatic impactor was used to control the 
contact velocity and the level of cortical deformation, which 
determined the severity of the injury. The contact velocity 
and degree of deformation were set at 3.5 m/sec and 0.5 mm, 
respectively. These settings provided an injury of moderate 
severity. Immediately after the injury, the skin incision was 
sutured. Sham animals (n=18) were not subjected to CCI 
injury; however craniotomy was performed on them.

Drug administration. Following surgery, mice were divided 
into different groups: TBI, TBI+vehicle, TBI+Dex and sham 
(n=18 in each group). Mice in TBI+vehicle and TBI+Dex groups 
received intraperitoneal injections of saline (n=18) and Dex 
100 µg/kg (18) (n=18; Sigma Aldrich; Merck KGaA), respec‑
tively, at 1 h and 12 h following surgery. At 24 h post‑injury, 
10 animals out of 18 in each group were sacrificed [according 
to ARRIVE and 2013 AVMA euthanasia guidelines (19,20)] to 
isolate brain tissue for Fluoro‑Jade B (FJB) staining and RNA 
and protein extraction.

For the neurobehavioral tests involving motor and cognitive 
function, TBI mice were placed in two groups (the remaining 
n=8 in each group) and were injected with saline or Dex 
intraperitoneally as aforementioned. The motor function was 
assessed over the course of five days post‑TBI and cognitive 
function was evaluated from days 14 to 19. The sham surgery 
mice (n=8) served as the control.

Histological analysis. Mice were sacrificed using the anes‑
thetic agent Avertin (400 mg/kg of body weight) administered 
intraperitoneally and were transcardially perfused with cold 
saline and 4% paraformaldehyde (PFA). Subsequently, brains 
were removed, fixed with 4% PFA overnight at 4˚C and kept in 
30% sucrose for 48 h at 4˚C. Brain sections (30 µm) were cut 

using a cryostat for histological analysis and stored at ‑80˚C, 
whereas brain samples were cut and dissected using a brain 
chisel, and mechanically lysed in the ice‑cold lysis buffer 
containing phenylmethylsulfonyl fluoride (Beyotime Institute 
of Biotechnology) for western blot analysis.

FJB staining. FJB stain is a fluorochrome that is commonly 
used to label degenerating neurons. The isolated frozen 
sections that were obtained after histological processing were 
mounted on Superfrost plus slides (Thermo Fisher Scientific, 
Inc.). Slides were rinsed in water and transferred into 0.06% 
potassium permanganate solution for 20 min at room tempera‑
ture (RT). Sections were washed with double‑distilled water 
and incubated with 0.0004% FJB solution (Merck KGaA) 
containing 0.1% DAPI for 20 min at RT. Slides were washed 
with dd water, air‑dried thoroughly until completely dry and 
visualised under a fluorescence microscope (490/525 wave‑
length; magnification, x20).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated from the excised tissue 
using RNA isolation kit (Thermo Fisher Scientific, Inc.) and 
the purity was tested using Nanodrop1000 system (Thermo 
Fisher Scientific, Inc.). RNA was transcribed into cDNA 
using the First Strand cDNA Synthesis Kit (Thermo Fisher 
Scientific, Inc.). According to the manufacturer's instructions, 
RT‑qPCR was performed to detect the mRNA expression level 
using SyBr Green PCR Master Mix (Thermo Fisher Scientific, 
Inc.). qPCR (Applied Biosystem) was performed (95˚C initial 
template denaturation, and 40 cycles of 95˚C denaturation and 
60˚C anneal/extension) to assess the relative mRNA expres‑
sion level of PSD95 following TBI. PSD95 relative expressions 
level was normalized to the endogenous control GAPDH and 
was expressed as 2‑ΔΔCq (21). The sequences of primers used 
are presented in Table I.

Western blotting. Brain samples were cut and dissected using 
a brain chisel, and mechanically lysed in the ice‑cold lysis 
buffer containing phenylmethylsulfonyl fluoride (Beyotime 
Institute of Biotechnology). The protein concentration was 
measured using the bicinchoninic acid assay kit (Thermo 
Fisher Scientific, Inc.). Proteins (20 µg) were separated by 12% 
SDS‑PAGE and transferred onto nitrocellulose membranes. 
Membranes were blocked using 5% skimmed milk dissolved 
in PBS for 1 h at RT and incubated with the primary antibodies. 
Primary antibodies used were as follows: Rabbit polyclonal 
anti‑PSD95 (Abcam; cat. no. ab18258, 1:1,000), rabbit mono‑
clonal anti‑nNOS (Abcam; cat. no. ab76067; 1:1,000), rabbit 
polyclonal anti‑NR2B (Abcam; cat. no. ab65783; 1:1,000), 
rabbit polyclonal anti‑MMP2 (Abcam; cat. no. ab97779; 
1:1,000), rabbit polyclonal anti‑MMP9 (Abcam; cat. 
no. ab38898; 1:1,000), rabbit polyclonal caspase‑3 (Abcam; 
cat. no. ab13847; 1:1,000) and mouse monoclonal anti‑GAPDH 
(Abcam; cat. no. ab8245; 1:500) overnight at 4˚C. Membranes 
were washed three times with PBS containing 0.1% Tween and 
incubated with horeradish peroxidase goat anti‑rabbit (Abcam; 
cat. no. ab7090; 1:1,000) or anti‑mouse immunoglubulin G 
secondary antibodies (Abcam; cat. no. ab150117. 1:1,000) for 
2 h at room temperature. Bands were detected using enhanced 
chemiluminescence kit (Thermo Fisher Scientific, Inc.). 
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Relative expression of proteins was normalized to GAPDH 
endogenous control using Image J software version 1.50 
(National Institute of Health).

Immunoprecipitation analysis. Brain samples were lysed 
using ice‑cold RIPA lysis buffer (Thermo Fisher Scientific, 
Inc.). The lysate was incubated overnight at 4˚C with 
protein‑specific antibodies for proteins PSD95, nNOS, NR2B 
or rabbit IgG (Abcam; cat. no. ab7090), which served as the 
negative control. Protein A/G Sepharose beads (Abcam; cat. 
no. ab193262; 2 µl/µg of total protein) were added to each 
immune complex. The mixture was kept for 4 h at 4˚C with 
rotational shaking. The beads were washed three times with 
RIPA lysis buffer. Furthermore, the lysate bead mixture was 
eluted by heating the samples in 4X SDS loading buffer for 
10 min at 50˚C. Protein bands were detected using western 
blot analysis following the aforementioned protocol.

Motor function. Motor performance was evaluated using 
beam‑balance and beam‑walk tests (22,23). For the beam 
balance test, mice were placed on 1.5 cm wide elevated narrow 
beam‑balance and the time each mouse remained on beam 
was recorded. A maximum of 60 sec was allowed (22). For the 
beam‑walk test, the time needed to traverse the 2.5 cm width 
and 100 cm length beam was recorded (23). A pre‑assessment 
test was performed prior to the surgery to obtain a baseline. 
Each experiment consisted of three trials per day with 60 sec 
of maximum allotted time for each task. The average daily 
scores were analyzed.

Cognitive function. The cognitive function was assessed using 
the Morris Water Maze test (24). A plastic pool of 180 cm 
diameter and 60 cm height constituted the maze. The pool was 
filled with water (temperature 26±1˚C, 28 cm depth) and was 
placed in a space with prominent visual cues. A clear Plexiglas 
stand of 10 cm diameter and 26 cm height was kept in the 
southwest quadrant of the maze 26 cm was away from the wall 
of the maze. This position of the platform was held constant 
for each mouse. To evaluate the spatial learning, the mice were 
given four trials with 4 min inter‑trial interval for 5 days from 
days 14 to 19 following surgery. A maximum of 120 sec was 
permitted for the mice to find the platform that was hidden 
at 2 cm under the water surface. At day 19 post‑surgery, 
the platform was kept 2 cm over the water surface so it was 
visible to mice. This test provided information on the effect 
of non‑spatial factors, including sensorimotor performance, 
visual acuity and motivation on cognitive function. Every 
trial continued until the mice successfully climbed onto the 
platform or the allowed threshold time of 120 sec had passed. 

If the platform remained unfound in the given time, mice 
were manually directed towards it. Mice were returned to 
a heated incubator between each trial after 30 sec spent on 
the platform. The time recorder for each trial during one day 
was averaged and statistically analyzed. Spontaneous motor 
activity recording and tracking system (SMART 2.0 tracking 
software; Panlab) was used to record the time needed for the 
mice to locate the platform.

Statistical analysis. Data were represented as the 
means ± standard error of the mean. One way analysis of vari‑
ance followed by Bonferroni post‑hoc test was used for the 
comparison of variables using GraphPad Prism 5.0 (GraphPad 
Software, Inc.). P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

PSD95 expression is reduced in mice following TBI. To eval‑
uate the expression of PSD95 following TBI, RT‑qPCR and 
western blotting were performed. The results demonstrated 
that PSD95 expression level was significantly decreased in 
mice following TBI compared with mice in the sham group 
(0.7705 fold decrease; P<0.001; Fig. 1A). This result was 
supported by the reduced protein expression of PSD95 in mice 
following TBI compared with mice in the sham group (0.8205 
fold decrease; P<0.001; Fig. 1B and C). Conversely, treatment 
with Dex following TBI induced an increased PSD95 expres‑
sion at mRNA (0.5505‑fold increase; P<0.001 vs. vehicle; 
Fig. 1A) and protein (0.6005 fold increase; P<0.001 vs. vehicle; 
Fig. 1C) levels.

TBI increases the interaction of PSD95 with NR2B and 
nNOS. The interaction of PSD95 with NR2B and nNOS 
was examined by co‑immunoprecipitation in brain samples 
of mice following TBI. The results demonstrated that the 
generation of PSD95‑NR2B‑nNOS complex was significantly 
increased in the TBI group compared with the sham group. 
Furthermore, there was a 1.99 and 2.98 fold increase in nNOS 
and NR2B interaction, respectively, with PSD95 in the TBI 
group compared with the sham group (P<0.01 vs. sham). TBI 
therefore increased the expression of NR2B and nNOS when 
co‑immunoprecipitated with PSD95 (Fig. 2A and B).

Dex treatment alleviates PSD95‑NR2B‑nNOS complex 
generat ion following TBI. The formation of the 
PSD95‑NR2B‑nNOS complex following Dex treatment was 
assessed by co‑immunoprecipitation. The results demon‑
strated that Dex treatment prevented the interaction of PSD95 

Table I. Primer sequences for RT‑PCR reaction.

Gene Forward primer Reverse primer

PSD95 5'‑TCTGTGCGAGAGGTAGCAGA‑3' 5'‑AAGCACTCCGTGAACTCCTG‑3'
GAPDH 5'‑TGCACCACCAACTGCTTAGC‑3' 5'‑GGCATGGACTGTGGTCATGAG‑3'

PSD95, postsynaptic density protein 95.
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with NR2B‑nNOS following TBI. The expression of NR2B 
(0.58‑fold decrease; P<0.05 vs. vehicle) and nNOS (0.67‑fold 
decrease; P<0.05 vs. vehicle) was significantly reduced when 
co‑immunoprecipitated with PSD95 following Dex treatment 
compared with vehicle group (Fig. 3A and B).

Effect of Dex treatment on TBI‑induced secondary brain 
injury. To study the effect of Dex administration on secondary 
brain injury following TBI, FJB staining was performed at 
24 h post‑TBI. FJB staining was conducted to evaluate the 
effect of Dex on neuronal degeneration post‑TBI. The results 

Figure 1. PSD95 expression of in mice treated with following TBI. (A) PSD95 expression level in the four groups. TBI induced a significantly reduced 
PSD95 expression level compared with sham group. Dex treatment significantly increased PSD95 expression level compared with Veh group. (B) Western 
blotting confirmed the increased PSD95 expression in mice treated with Dex following TBI. (C) PSD95 protein quantification. Data were represented as the 
means ± standard error of the mean. ###P<0.001 vs. sham and ***P<0.001 vs. Veh. Dex, dexmedetomidine; PSD95, post‑synaptic density 95; TBI, traumatic 
brain injury; Veh, vehicle.

Figure 2. Co‑immunoprecipitation of nNOS and NR2B with PSD95. (A) Western blotting of samples following immunoprecipitation demonstrated the PSD95 
interaction PSD95 with nNOS and NR2B. (B) Relative levels of nNOS and NR2B immunoprecipitated with PSD95 and normalized to the sham group. Data 
were represented as the means ± standard error of the mean. **P<0.01 and *P<0.05 vs. sham group. Dex, dexmedetomidine; IgG, immunoglobulin G; kD, 
kilodalton; nNOS, neuronal nitric oxide synthase; NR2B, N‑methyl‑D‑aspartic acid receptor subunit; PSD95, post‑synaptic density 95; TBI, traumatic brain 
injury; Veh, vehicle.
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demonstrated that number of cells stained with FJB was 
increased in the TBI group (65.75% increase; P<0.001 vs. sham) 
implying increased neuronal degeneration, whereas the number 
of FJB‑positive cells was reduced following Dex treatment 
compared with the vehicle group (75.7% decrease; P<0.001 vs. 
vehicle; Fig. 4A and B). To further study the effect of Dex on 
neuronal death following TBI, the expression of caspase‑3 in 
the brain tissue near the injury was detected by western blot‑
ting. The results indicated that Dex treatment inhibited neuronal 
apoptosis post‑TBI (0.594 fold decrease; P<0.05 vs. vehicle; 
Fig. 4C and D).

The effect of Dex treatment on protein expression of matrix 
metalloproteinase (MMP)2 and MMP9 following TBI was also 
evaluated. The results demonstrated that MMP9 expression was 
significantly increased at 24 h post‑TBI (0.672‑fold increase; 
P<0.05 vs. sham) but was significantly decreased following 
Dex treatment (0.586‑fold decrease; P<0.05 vs. vehicle). No 
change in MMP2 expression was observed following TBI and 
Dex treatment (P>0.05). These findings demonstrated that Dex 
administration efficiently reduced the TBI‑induced activa‑
tion of MMP9, which may be consecutive to the inhibition of 
PSD95‑NMDA complex formation (Fig. 4C and D).

Dex treatment improves motor function. The motor function 
of mice following TBI was evaluated using the beam balance 
and beam walk tests. Following surgery, mice were tested twice 
daily for 5 days. Prior to surgery, mice motor performance, 
which corresponds to the duration spent on the beam and the 
distance traversed was recorded and served as a baseline. The 
results demonstrated that mice in each group were capable of 

balancing on the beam for 60 sec for three trials and presented no 
pre‑surgical variance among groups. Following TBI, all injured 
mice exhibited significantly impaired balance compared with 
sham mice (P<0.05 vs. sham; Fig. 5A), whereas Dex‑treated 
mice presented improved balance (P<0.05 vs. vehicle; Fig. 5A).

Following TBI, there was a significant increase in the time 
needed for mice to traverse the beam compared with the sham 
group (55.5 sec on day 1 post‑TBI; P<0.05 vs. sham; Fig. 5B). 
Furthermore, a dramatic decrease in the time needed for mice 
to traverse the beam was observed in the vehicle group at five 
days following TBI (29.5 sec on day 5 post‑TBI; P<0.05 vs. 
sham; Fig. 5B). This result could be due to to the skill acquired 
by the mice during the test. However, Dex treatment facili‑
tated a rapid recovery, and on day 5, Dex‑treated mice needed 
a minimum time to traverse the beam (15.3 sec; P<0.05 vs. 
vehicle; Fig. 5B). This result suggested that Dex treatment may 
improve motor function recovery in mice following TBI.

Dex treatment rescues cognitive impairment caused by TBI. 
The Morris Water Maze was used to assess cognitive impair‑
ment of mice following TBI and to determine the effect of Dex 
treatment on mice 14‑19 days after TBI (Fig. 6). The results 
demonstrated that TBI group requested longer time to find 
the hidden platform (110.1 sec on day 14 post‑TBI; P<0.05 vs. 
sham), which was close to the threshold of 120 sec allowed 
for each animal. However, Dex treatment significantly reduced 
the amount of time needed to mice to find the underwater 
platform compared with the vehicle group (98.3 sec on day 14 
post‑TBI; P<0.05 vs. vehicle; Fig. 6). In addition, when the 
platform was elevated on day 19 so that it was visible to mice, 

Figure 3. PSD95 interaction with NR2B and nNOS following Dex treatment. (A) Dex treatment reduced PSD95 interaction with NR2B and nNOS as presented 
by immunoprecipitation assay. (B) Relative levels of nNOS and NR2B immunoprecipitated with PSD95 and normalized to the Veh group. Data were repre‑
sented as the means ± standard error of the mean. *P<0.05 vs. Veh. Dex, dexmedetomidine; IgG, immunoglobulin G; kD, kilodalton; nNOS, neuronal nitric 
oxide synthase; NR2B, N‑methyl‑D‑aspartic acid receptor subunit; PSD95, post‑synaptic density 95; TBI, traumatic brain injury; Veh, vehicle.
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the time needed to find the platform was reduced in all groups. 
However, mice that were treated with Dex exhibited a greater 
cognitive recovery compared with mice in the vehicle group 
(38.5 sec on day 19 post‑TBI; P<0.05 vs. vehicle; Fig. 6). These 
results suggested that Dex treatment may serve a crucial role 
in the cognitive recovery following TBI.

Discussion

The present study examined the underlying mechanism of 
Dex on the PSD95‑NMDA receptor interaction to promote 
functional recovery in mice following TBI. The results demon‑
strated that Dex treatment reduced the PSD95‑NR2B‑nNOS 
complex formation, which subsequently improved the motor 
and cognitive function in mice following TBI.

TBI can induce secondary brain damage, initiating 
a cascade of pathophysiological events leading to motor 
dysfunction and cognitive decline (1,2); however, no effective 
treatment for the multifaceted and complex disorders associ‑
ated with TBI is available. One of the most preferred clinical 
approaches to treat severe TBI is to control intracranial pres‑
sure through pharmacologic sedation (25). The sedative agents 
used on patients following TBI should have a rapid effect with 
a short elimination half‑time and no adverse effects on other 
organ systems (25,26). The commonly used sedative agents, 
including propofol and benzodiazepines, are associated with 
respiratory depression and hypotension, which interfere with 

neurological evaluations (26). Conversely, Dex is an alpha‑2 
receptor adrenergic agonist FDA approved, with an elimina‑
tion half‑time of ~2 h, which is acceptable in humans (27); 
however, the underlying mechanisms of Dex treatment 
following TBI has not been thoroughly investigated. The 
present study investigated the molecular mechanism by which 
Dex may allow cognitive and motor recovery following TBI.

Functional recovery following TBI largely depends on brain 
plasticity, which is determined by the synapse number and 
the enhanced function of synapses in the neurons. Improved 
synaptic function inhibits neuronal apoptosis, which enhances 
the action of peripheral neurons following TBI (10). Numerous 
studies have targeted the postsynaptic membrane‑associated 
proteins for the treatment of neurological disorders. For 
example, PSD95 is abundantly expressed in excitatory neurons 
and is connected with the activation of the NMDA receptor with 
nitric oxide (NO)‑mediated neurotoxicity (11‑13). Following 
TBI, NMDA excitatory potential in the neurons is reduced and 
attenuates glutamate‑induced excitatory currents (10).

The results from the present study demonstrated that 
PSD95 expression was reduced following TBI, and that the 
formation of PSD95‑NMDA complex was increased post‑TBI. 
It has been demonstrated that excessive generation of the 
PSD95‑NMDA complex can stimulate NO production and 
activate MMP9, which can induce neuronal apoptosis (28). 
The present study reported that Dex treatment could decrease 
the PSD95‑NMDA interaction and consequently reduce 

Figure 4. Effect of Dex on secondary brain injury leading to neuronal death. (A) FJB staining in TBI, sham, Veh and Dex groups. Magnification, x20, Scale 
bar= 20 µm. (B) Quantification of FJB staining. The positively stained cells in each group were counted, normalized to the total number of cells (stained by 
DAPI) and expressed as percentage in the examined area. (C) MMP2, MMP9 and Casp3 expression assessed by western blotting in TBI, sham, Veh and Dex 
groups. (D) Quantification of protein expression. Data were represented as the means ± standard error of the mean. #P<0.05 vs. sham. *P<0.05 and **P<0.01 vs. 
Veh. Casp3, caspase 3; Dex, dexmedetomidine; FJB, Fluoro‑Jade B; MMP2, matrix metalloproteinase 2; MMP9, matrix metalloproteinase 9; TBI, traumatic 
brain injury; Veh, vehicle.
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neuronal death caused by TBI. It was also demonstrated that 
Dex treatment contributed to the cognitive and motor recovery 
enhancement following TBI.

Previous findings have shown Dex to be a safe and effective 
treatment in neurosurgical patients. For example, post‑surgical 
treatment with Dex can improve neurological scores and 
reduces brain oedema following sub‑arachnoid haemor‑
rhage (29). Furthermore, Dex exerts a neuroprotective effect 
against TBI through the activation of the PI3K/Akt/mTOR 
signalling pathway (30). In addition, Dex was demonstrated 
to be neuroprotective in hippocampal slice cultures (31,32), 
and a recent report substantiated neuroprotective property of 
Dex in an in vivo model of TBI (18). An extensive review has 
discussed that alpha 2‑adrenergic agonists are neuroprotective 
agents (33). These agents can reduce the release of excit‑
atory neurotransmitters at the supracellular level and inhibit 
adenylate and guanylate cyclases at the cellular level (33). The 
modulation of NMDA receptor function via alpha 2‑adren‑
ergic agonists is a vital mechanism in neuroprotection (34). In 
the present study, the regulation of PSD95‑NMDA interaction 
by Dex may be attributed to its agonistic effect on the alpha‑2 
adrenergic receptor.

Following TBI, post‑synaptic glutamate receptors are 
activated, inducing an increased release of glutamate and 
reduced glutamate intake. Following glutamate stimulation, 

NMDA receptors impose a toxic effect through PSD95. 
PSD95 anchors the NMDA receptor and stimulates the migra‑
tion of downstream signalling molecules towards the calcium 
channel of the NMDA receptor. Intracellular calcium excess 
can lead to oxidative stress by generating large amounts of 
reactive oxygen and nitrogen species. The subsequent release 
of inflammatory cytokines and caspase‑3 cascade activation 
lead therefore to neuronal apoptosis (35). Dex treatment could 
inhibit the activation of MMP9 and caspase‑3 and therefore 
reduce the neuronal excitotoxicity.

The present study demonstrated that Dex administration 
following TBI reduced cognitive impairment. Previous studies 
reported that cognitive recovery depends on the interaction 
between synapses (36‑38). Following the initial trauma, the loss 
of PSD95 is directly associated with cognitive decline that is 
observed within weeks to months (39). Another study reported 
that activation of the protein kinase R‑like endoplasmic 
reticulum kinase following TBI causes memory impairment 
through PDS95 and cAMP response element binding protein 
downregulation (40). Furthermore, post‑traumatic hypothermia 
increases PSD95 expression to restore learning and memory 
function (41). PSD95 is therefore considered as an important 
therapeutic target that promotes cognitive and motor recovery 
after TBI‑induced secondary brain damage.

In conclusion, the present study described a potential 
mechanism of action of Dex treatment in mice following TBI. 
Dex treatment reduced neuronal death as well as promoted 
motor and cognitive recovery. Furthermore, improvement of 
cognitive and motor function post‑TBI in mice treated with Dex 
may be attributed to the inhibition of PSD95‑NMDA receptor 
activation. The regulation of PSD95‑NMDA receptor complex 
may largely contribute to synaptic plasticity and learning 
abilities following brain injury. In addition, the present study 
demonstrated that Dex treatment inhibited PSD95 interaction 
with NR2B and nNOS, which resulted in cognitive and motor 
recovery following TBI. The long‑term effect of Dex treatment 
and other associated molecular targets on functional recovery 
following TBI will be further investigated.

Figure 5. Effect of Dex on motor recovery evaluated by beam balance and 
beam walking tests (A) Time required by mice to balance on an elevated 
narrow beam in TBI, sham, Veh and Dex groups. (B) Time taken to traverse 
the beam in TBI, sham, Veh and Dex groups. Data were represented as the 
means ± standard error of the mean. #P<0.05 vs. sham and *P<0.05 vs. Veh. 
Dex, dexmedetomidine; No, number; s, seconds; TBI, traumatic brain injury; 
Veh, vehicle.

Figure 6. Effect of Dex on cognitive recovery following TBI evaluated by 
Morris water maze test analysis. The test was assessed from days 14 to 19 
following TBI. Time required by mice to locate the platform hidden/visible 
on the water surface was recorded. Mice treated with Dex needed signifi‑
cantly less time to locate the platform. Data were represented as the 
means ± standard error of the mean. #P<0.05 vs. sham and *P<0.05 vs. Veh. D, 
days; Dex, dexmedetomidine; s, seconds; TBI, traumatic brain injury; Veh, 
vehicle.
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