
MOLECULAR MEDICINE REPORTS  12:  3704-3710,  20153704

Abstract. Traumatic brain injury (TBI) is caused by primary 
and secondary injury mechanisms. TBI induces a certain 
amount of inflammatory responses and glutamate excito-
toxicity that are believed to participate in the pathogenesis 
of secondary injury. The non‑narcotic anti‑tussive drug 
dextromethorphan (DM) has been reported to have a high 
safety profile in humans and its neuroprotective against a 
variety of disorders, including cerebral ischemia, epilepsy 
and acute brain injury. However, few studies have explored 
the underlying mechanisms of the neuroprotective effects of 
DM in animals in the setting of TBI. The aim of the present 
study was to investigate the neuroprotective effects of DM on 
TBI and to determine the underlying mechanisms. Rats were 
subjected to a controlled cortical impact (CCI) injury and 
randomly divided into three groups: Sham‑operated, TBI and 
DM treatment groups. The DM treatment group was admin-
istered DM (30 mg/kg of body weight, intraperitoneally) 
immediately after injury. It was identified that DM treatment 
following TBI significantly reduced brain edema and neuro-
logical deficits, as well as increased neuronal survival. These 
effects correlated with a decrease of tumor necrosis factor 
α, interleukin‑1β (IL-1β) and IL‑6 protein expression and an 
increase of glutamate/aspartate transporter and glutamate 

transporter‑1 in the cortex of the brain. These results provided 
in vivo evidence that DM exerts neuroprotective effects via 
reducing inflammation and excitotoxicity induced following 
TBI. The present study has shed light on the potential use of 
DM as a neuroprotective agent in the treatment of cerebral 
injuries.

Introduction

Traumatic brain injury (TBI), a major public health problem 
globally, is the leading cause of mortality and morbidity in 
adults and children (1). TBI is caused by primary as well as 
secondary injury mechanisms. Primary damage is as a result 
of mechanical factors immediately following trauma, while 
secondary injury is produced by complicating processes 
which are initiated at the moment of impact but do not 
present clinically for a period of time. Moreover, TBI induces 
an amount of inflammatory responses that are believed to 
participate in the pathogenesis of secondary injury (2). In 
particular, these inflammatory responses incorporate the 
upregulation of adhesion cytokines, permeation of neutro-
phils and macrophages as well as activation of glia and 
neurons (3). Tumor necrosis factor α (TNF-α), interleukin‑1β 
(IL-1β) and IL‑6 are crucial pro‑inflammatory cytokines 
involved in the inflammatory responses after TBI (4‑6). In the 
serum and cerebral spinal fluid of TBI patients and in brain 
parenchyma of animals with experimental brain injuries, 
elevated levels of these cytokines have been detected (7‑9). 
In spite of the potential pathophysiological function of these 
cytokines in TBI, their role has remained controversial. 
Evidence from animal experiments has implied that in the 
initial post‑trauma period, elevated levels of TNF‑α, IL-1β 
and IL‑6 are harmful, and suppressing the expression of 
these cytokines may reduce tissue damage and brain edema, 
and improve the functional outcome (3,10).

Furthermore, multiple previous studies have shown 
that glutamate is the major excitatory neurotransmitter 
in the brain (2,11). Accumulation of additional extra-
cellular glutamate and succeeding overstimulation of 
glutamatergic receptors increases the production of excito-
toxic oxygen/nitrogen species, which induce oxidative stress 
resulting in neuronal death (12). Moreover, high‑affinity 
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glutamate transporters are able to clear the majority of the 
glutamate from the extracellular space under physiological 
conditions (13). There are five different proteins within the 
glutamate transporter family in the mammalian central 
nervous system (13). Excitatory amino acid transporter 
(EAAT)1 and EAAT2, known as glutamate/aspartate 
transporter (GLAST) and glutamate transporter‑1 (GLT‑1), 
respectively, are predominantly expressed in astrocytes 
and account for 80% of the total glutamate uptake in the 
brain (14). The potential of GLAST and GLT‑1 to limit 
extracellular glutamate levels makes them a potential target 
in diseases associated with glutamate excitotoxicity (11,15). 
Therefore, a pharmacological approach aimed at increasing 
glutamate transporter protein levels may be an effective 
strategy for TBI treatment.

Dextromethorphan (DM) is a non‑narcotic anti‑tussive drug 
that initially attracted attention due to its anti‑convulsant and 
neuroprotective properties (16). Since then, multiple studies have 
demonstrated that DM has a high safety profile in humans and 
is neuroprotective in a variety of experimental injury models, 
including cerebral ischemia, epilepsy, neurodegenerative disor-
ders and acute brain injury (17‑19). However, few experiments 
have explored the underlying mechanism of the neuroprotective 
effect of DM in animals in the setting of TBI.

To determine the potential mechanism of the neuroprotec-
tive effect of DM following TBI, the present study aimed to 
investigate the hypothesis that DM exerts neuroprotective 
effects via attenuation of pro‑inflammatory cytokines and 
upregulation of glutamate transporter proteins following TBI 
in rats.

Materials and methods 

Animals. A total of 150 male Sprague‑Dawley rats [obtained 
from Shanghai Jiaotong University Experimental Animal 
Center (Shanghai, China)], weighing 280‑320 g, were allowed 
free access to food and water under optimal keeping conditions 
(12‑h light/dark cycle; 22˚C) prior to the operation. The study 
was performed in accordance with the Institutional Guidelines 
for the Care and Use of Laboratory Animals and was approved 
by the Shanghai Jiaotong Univeristy School of Medicine 
(Shanghai, China).

Model of TBI. A previously described controlled cortical impact 
(CCI) injury procedure was utilized. Rats were anesthetized 
with sodium pentobarbital (i.p; 50 mg/kg; Solar Biotechology, 
Beijing, China) and placed in a stereotaxic frame. A 5‑mm 
craniotomy was performed over the left parietal cortex, centred 
on the coronal suture and 3 mm lateral to the sagittal suture. 
Considerable care was taken to avoid injury to the underlying 
dura. Injury was performed using a pneumatic piston with 
a rounded metal tip (2.5 mm diameter) that was angled 22.5˚ 
vertically so that the tip was perpendicular to the brain surface 
at the centre of the craniotomy. A velocity of 4 m/s and a defor-
mation depth 2 mm below the dura were used. The bone flap 
was immediately replaced and sealed, and the scalp was closed 
with sutures. The body temperature was monitored throughout 
the surgery by a rectal probe, and the temperature was main-
tained at 37.0±0.5˚C using a heated pad. Rats were placed in 
a heated cage to maintain body temperature while recovering 

from anesthesia. Rats, which revealed no symptoms following 
TBI were excluded from further experiments.

Group and drug administration. Rats were randomly assigned 
to a sham‑operated group (sham; n=30), a group which received 
TBI only and which was treated with equal volumes of 0.9% 
saline solution (vehicle; n=60), and a TBI group treated with 
DM (DM; n=60). DM was dissolved in 0.9% saline and stored 
at 4˚C. After brain injury, DM was immediately administered 
by intraperitoneal injection in the DM group following TBI 
(30 mg/kg body weight). All tests were run in a blinded manner, 
and the animal codes were revealed only at the end of the behav-
ioral and histological analyses.

Evaluation of brain edema. Brain edema were evaluated by 
analysis of the brain water content as described previously (2). 
Rat brains were separated and weighed immediately with a 
chemical balance to determine the wet weight (WW). Following 
drying in a desiccating oven for 24 h at 100˚C, dry tissues were 
weighed again to determine the constant dry weight (DW). The 
percentage of water in the tissues was calculated according to 
the formula: % Brain water = (WW‑DW)/WW) x100.

Recovery of motoric function. The neurobehavioral status 
of the rats was evaluated using a set of 10 tasks, collectively 
termed Neurologic Severity Score (NSS), which tests reflexes, 
alertness, coordination and motoric abilities (20). One point is 
awarded for failure to perform a particular task; thus, a score 
of 10 reflects maximal impairment, whereas a normal rat 
scores 0. Post‑injury, the NSS was evaluated at 1, 3 and 5 days. 
Each animal was assessed by an observer who was blinded to 
the animal treatment. The difference between the initial NSS 
and that at any later time was calculated for each rat, and this 
value (ΔNSS) reflected the spontaneous or treatment‑induced 
recovery of motoric function.

Immunofluorescence. Brain tissues were fixed in 4% para-
formaldehyde (Solar Biotechology) for 24 h and immersed 
in 30% sucrose solution (Solar Biotechology) with 0.1 mol/l 
phosphate‑buffered saline (PBS; pH 7.4; Solar Biotechnology) 
until sinking to the bottom. Tissue samples 200 µm apart from 
each section from the anterior to the posterior cortex (bregma 
‑1.90 to ‑3.00 mm) obtained from the TBI rats and embedded 
in optimal cutting temperature resin. 15 µm frozen sections 
were sliced with a frozen slicer microtome (Leika CM1950; 
Leika, Mannheim, Germany), treated with 0.4% Triton‑100 for 
10 min and blocked in normal donkey serum for 1 h. The frozen 
sections were incubated with mouse anti‑neuron‑specific nuclear 
protein (NeuN) polyclonal antibody (Santa Cruz Biotechnology, 
Dallas, TX, USA; diluted 1:100) overnight at 4˚C. The next day, 
sections were incubated with an anti‑mouse immunoglobulin 
(Ig)G (Santa Cruz Biotechnology; diluted 1:1,000) for 2 h at 
37˚C in the dark. Images were captured using a laser scanning 
confocal microscope (Olympus FV1000; Olympus, Tokyo, 
Japan). Primary antibodies were replaced with PBS in the nega-
tive control group.

Western blot analysis. Briefly, rats were anesthetized and 
underwent intracardiac perfusion with 0.1 mol/l phos-
phate‑buffered saline (PBS; pH 7.4). The cortex region of the 
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brain was rapidly isolated, total protein was extracted and 
the protein concentration was determined using the bicin-
choninic acid method (Solarbio, Beijing, China). Samples 
were subjected to 30:0.8% (w/v) acrylamide/bisacrylamide 
SDS‑PAGE. Separated proteins on the gel were trans-
ferred onto polyvinylidene difluoride membranes (Roche 
Diagnostics, Mannheim, Germany). Blots were blocked with 
5% fat‑free dry milk for 1 h at room temperature. Following 
blocking, the membrane was incubated with indicated primary 
antibodies overnight at 4˚C, including rabbit anti‑IL‑1β 
polyclonal antibody (Santa Cruz Biotechnology; diluted 
1:500), rabbit anti‑IL‑6 polyclonal antibodies (Santa Cruz 
Biotechnology; diluted 1:500), rabbit anti‑TNFα polyclonal 
antibody (Santa Cruz Biotechnology; diluted 1:500), rabbit 
anti‑GLAST polyclonal antibody (Santa Cruz Biotechnology; 
diluted 1:500), rabbit anti‑GLT‑1 polyclonal antibody (Santa 
Cruz Biotechnology; diluted 1:500) and mouse anti‑β-actin 
monoclonal antibody (Santa Cruz Biotechnology; diluted 
1:500) overnight at 4˚C. Samples were then incubated with 

horseradish peroxidase‑conjugated anti‑rabbit IgG and 
anti‑mouse IgG (Cell Signaling Technology, Inc., Danvers, 
MA, USA; diluted 1:5,000) for 2 h at room temperature. 
Following incubation with the properly titrated secondary 
antibody, the immunoblot on the membrane was visible after 
development with an enhanced chemiluminescence detection 
system (Aoboxing Biotechnology, Beijing, China) and densi-
tometric signals were quantified using an imaging program. 
Immunoreactive bands of all proteins expressed were 
normalized to intensity of corresponding bands for β-actin. 
The western blot results were analyzed using ImageJ 1.41 
software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All values are expressed as the 
mean ± standard deviation. SPSS 16.0 (SPSS, Inc., Chicago, 
IL, USA) was used for statistical analysis of the data. 
Statistical analysis was performed using analysis of vari-
ance followed by the Student‑Newman‑Keuls post‑hoc tests. 
P<0.05 was considered to indicate a statistically significant 
difference between values.

Results

Treatment with DM attenuates TBI‑induced cerebral edema. 
The wet‑dry weight method was used to evaluate brain edema. 
As shown in Fig. 1, the brain water content was significantly 
increased in the TBI group compared with that in the sham 
group at 1, 3 and 5 days after TBI. Of note, the tissue water 
content in the DM treatment group was significantly reduced 
at 1, 3 and 5 days compared with that in the TBI group at the 
same time-point.

Treatment with DM attenuates TBI‑induced motoric deficits. 
Fig. 2 depicts the time‑dependent changes in the func-
tional recovery of the rats, expressed as ΔNSS. The results 
clearly demonstrated that post‑injury administration of DM 
significantly improved motoric function recovery at 1‑5 days 
following TBI.

Treatment with DM attenuates TNF‑α levels in the cortex 
following TBI. The protein levels of TNF‑α in the cortex at 1, 
3 and 5 days were measured by western blot analysis (Fig. 3). 
TNF-α expression was significantly increased at the various 
time‑points in the TBI group compared with that in the sham 
group. Of note, administration of DM produced a significant 
reduction in the TBI‑induced upregulation of TNF‑α expression.

Treatment with DM attenuates IL‑1β levels in the cortex 
following TBI. The protein levels of IL‑1β in the cortex at 
1, 3 and 5 days were measured by western blot analysis. As 
shown in Fig. 4, IL‑1β expression in the sham rat cortex at 
each time‑point following injury was consistently low, while 
being significantly increased in the TBI group. Of note, 
the expression of IL‑1β in the DM group was significantly 
reduced compared with that in the TBI group at the same 
time-points.

Treatment with DM attenuates IL‑6 levels in the cortex 
following TBI. The protein levels of IL‑6 in the cortex at 1, 
3 and 5 days were determined by western blot analysis. As 

Figure 1. Effect of DM on brain edema. The brain water content was deter-
mined at 1, 3 and 5 days following TBI. The brain water content increased 
markedly at 1, 3 and 5 days following TBI (*P<0.01 vs. sham group). 
Administration of DM significantly decreased brain edema (**P<0.05 vs. TBI 
group) at 1, 3 and 5 days as reflected by a decrease in brain water content. 
Values are expressed as the mean ± standard error (n=5 per group). TBI, 
traumatic brain injury; DM, dextromethorphan.

Figure 2. Effect of DM on TBI‑induced motor deficits. The temporal changes 
in motor recovery of the rats were determined at 1, 3 and 5 days following TBI 
and calculated as ΔNSS. Administration of DM significantly improved motor 
function at 1, 3 and 5 days following TBI (*P<0.01 vs. TBI group), as reflected 
by an increase of ΔNSS. Values are expressed as the mean ± standard error 
(n=5 per group). TBI, traumatic brain injury; DM, dextromethorphan; NSS, 
neurologic severity score.
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Figure 6. (A) Western blot showing levels of GLAST in the cortex of rats at 
1, 3 and 5 days following TBI or sham operation. (B) GLAST levels were 
quantified by densitometry against β‑actin bands. The results demonstrated a 
significant downregulation of GLAST expression in the TBI group at 1, 3 and 
5 days (*P<0.01 vs. sham group). DM caused a significant increase of GLAST 
expression at 1, 3 and 5 days (**P<0.05 vs. TBI group). Values are expressed as 
the mean ± standard error (n=5, per group) TBI, traumatic brain injury; DM, 
dextromethorphan; GLAST, glutamate/aspartate transporter.

Figure 5. (A) Western blot showing levels of IL‑6 in the cortex of rats at 1, 3 
and 5 days following TBI or sham operation. (B) Quantitative results of IL‑6 
expression were determined via the densitometric ratios of IL‑6 to β-actin 
bands. The results demonstrated a significantly increase of IL‑6 expression 
in the TBI group at 1, 3 and 5 days (*P<0.05 vs. sham group). DM caused a 
significant downregulation of IL‑6 expression at 1, 3 and 5 days (**P<0.05 vs. 
TBI group). Values are expressed as the mean ± standard error (n=5, per group). 
TBI, traumatic brain injury; DM, dextromethorphan; IL‑6, interleukin‑6.

Figure 4. (A) Western blot showing levels of IL‑1β in the cortex of rats at 1, 
3 and 5 days following TBI or sham operation. (B) IL‑1β levels were quanti-
fied by densitometry against β‑actin bands. The results showed a significant 
increase of IL-1β expression in the TBI group at 1, 3 and 5 days (*P<0.01 vs. 
sham group). DM caused a significant downregulation of IL‑1β expression 
at 1, 3 and 5 days (**P<0.01 vs. TBI group). Values are expressed as the 
mean ± standard error (n=5 per group). TBI, traumatic brain injury; DM, 
dextromethorphan; IL‑1β, interleukin‑1β.

Figure 3. (A) Western blot showing levels of TNF‑α in the cortex of rats at 1, 3 
and 5 days following TBI or sham operation. (B) TNF‑α levels were quantified 
by densitometry against β‑actin bands. The results demonstrated a significant 
increase of TNF-α expression in the TBI group at 1, 3 and 5 days (*P<0.01 vs. 
sham group). Treatment with DM caused significant downregulation of TNF‑α 
expression at 1, 3 and 5 days (**P<0.05 vs. TBI group). Values are expressed as 
the mean ± standard error (n=5 per group). TBI, traumatic brain injury; DM, 
dextromethorphan; TNF‑α, tumor necrosis factor.
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shown in Fig. 5, IL‑6 expression was significantly increased 
at various time‑points in the TBI group compared with that 
in the sham group. By contrast, treatment with DM produced 
a significant reduction of IL‑6 expression compared with that 
in the TBI group.

Treatment with DM increases GLAST protein expression in 
the cortex following TBI. GLAST protein expression in the 
cortex was determined by western blot analysis at 1, 3 and 
5 days. As demonstrated in Fig. 6, there was a significant 
downregulation of GLAST expression in the TBI group 
compared with that in the sham group. Of note, administra-
tion of DM caused a marked elevation of GLAST at 1, 3 and 
5 days compared to that in the TBI group.

DM treatment increases GLT‑1 expression in the cortex 
following TBI. GLT‑1 protein expression in the cortex was 
assessed by western blot analysis at 1, 3 and 5 days. As 
demonstrated in Fig. 7, there was a significant downregula-
tion of GLT‑1 expression in the TBI group compared to that 
in the sham group at 1, 3 and 5 days. DM produced a marked 
elevation of GLT‑1 expression compared with that in the TBI 
group at the same time‑points.

Treatment with DM increases neuronal survival in the cortex 
following TBI. The cortex regions of brains were collected at 1, 
3 and 5 days after TBI and subjected to immunostaining with 

the neuronal marker NeuN. Neuronal survival was quantified 
by counting the number of NeuN‑positive cells per 1 mm 
length in the cortexes of all rats. Representative images of 
NeuN‑stained sections are presented in Fig. 8A, and quantified 
results from all rats are presented in Fig. 8B. As demonstrated 
in Fig. 8, at 1, 3 and 5 days following TBI, administration of 
DM significantly increased neuronal survival in the cortex 
compared to that in the TBI group.

Discussion 

TBI is the main cause of death in children and young adults 
worldwide (1). Studies using animal models of TBI are 
important in the process of understanding and evaluating 
the complex physiological, behavioral and histopathological 
changes associated with TBI (21). However, head injury is an 
unpredictable and spontaneous event, and no single animal 
model is entirely successful in reproducing the complete 
pathological changes observed following TBI in humans. 
In the present study, a CCI model of TBI was used. This 
model is an invasive impact method that was adapted from 

Figure 7. (A) Western blot showing levels of GLT‑1 in the cortex of rats at 
1, 3 and 5 days following TBI or sham operation. (B) GLT‑1 levels were 
quantified by densitometry against β‑actin bands. The results demonstrated 
a significant downregulation of GLT‑1 expression in the TBI group at 1, 3 and 
5 days (*P<0.01 vs. sham group). DM caused a significant increase of GLT‑1 
expression at 1, 3 and 5 days (**P<0.05 vs. TBI group). Values are expressed as 
the mean ± standard error (n=5, per group). TBI, traumatic brain injury; DM, 
dextromethorphan; GLT‑1, glutamate transporter‑1.

Figure 8. (A) Neuronal survival was quantified using NeuN immunos-
taining of representative cortex sections 1, 3 and 5 days following TBI. 
(B) Quantitative analysis of the images shows the number of surviving neu-
rons per 1 mm length of cortex sectors. The results demonstrated that TBI 
caused a significant increase in the number of surviving neurons at 1, 3 and 
5 days following TBI (*P<0.01 vs. TBI group), while administration of DM 
significantly increased neuronal survival in the cortex compared to that in the 
TBI group at 1, 3 and 5 days. Values are expressed as the mean ± standard 
error (n=5, per group) TBI, traumatic brain injury; DM, dextromethorphan; 
NeuN, neuron‑specific nuclear protein.
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similar methods employed in experimental spinal cord injury 
studies. A number of advantages of this model include the 
ability to control deformation parameters, including velocity, 
time and depth of impact. In addition, this model can also 
mimic the whole spectrum of focal‑type damage and diffuse 
axonal injury. Therefore, any mice not showing moderate to 
severe neurological deficits consistent with the surgery were 
excluded from further study.

In the present study, the effectiveness of the common 
anti‑tussive agent DM as a therapeutic option for the treatment 
of TBI was tested. The results showed that a single injection 
of DM immediately following TBI significantly reduced 
brain edema and neurological deficits as well as increased 
neuronal survival. These effects correlated with a decrease 
of TNF-α, IL-1β and IL‑6 protein expression and an increase 
of GLAST and GLT‑1 in the cortex of the brain. Previous 
studies have demonstrated that DM provides neuroprotec-
tion in a variety of experimental injury models, including 
epilepsy, cerebral ischemia, neurodegenerative disorders and 
acute brain injury (17‑19). Using the rat model of TBI, the 
present study confirmed and extended these previous obser-
vations and demonstrated, for the first time, that post‑injury 
administration of DM provides a neuroprotective function 
via attenuation of pro‑inflammatory cytokines and upregula-
tion of glutamate transporter proteins following experimental 
TBI in rats.

Inflammatory response induced following TBI is a major 
contributing factor to secondary injury and has been shown 
to be an important therapeutic target for reducing the extent 
of tissue damage after injury (3). TNF‑α and IL-1β are potent 
enhancers of inflammatory reactions via activating blood 
elements, capillary endothelial cells and glia, as well as 
through enhancing the expression of downstream inflamma-
tory factors (22). Moreover, these two cytokines also trigger 
the upregulation of IL‑6, which has been suggested to act in 
concert with TNF-α and IL-1β to mediate multiple biological 
effects (23). The present study showed, for the first time, that 
DM suppressed the induction of pro‑inflammatory cytokines in 
the injured brain following TBI. This finding was in agreement 
with previous studies, which indicated that DM inhibits several 
inflammatory processes using other animal models (24,25). 
Although the present study did not establish a direct causal 
association between cytokine reduction and functional defi-
cits, several lines of evidence implied that TNF‑α, IL-1β and 
IL‑6 are detrimental in the acute post‑injury period and that 
inhibiting cytokine activation or blocking cytokine receptors 
may have a neuroprotective effect (3,10).

Excitotoxicity is widely recognized as a crucial process 
in nerve cell death after acute brain injury (2). Previous 
studies demonstrated that the neuroprotective proper-
ties of DM appear to be functionally associated with its 
inhibitory effects on glutamate‑induced neurotoxicity via 
its N‑methyl‑d‑aspartate receptor antagonist (26), sigma‑1 
receptor agonist functions (27) and voltage‑gated calcium 
channel antagonist (28). Furthermore, it is worth mentioning 
that a recent study demonstrated that GLAST and GLT-1 
appeared to be inhibited by MeHg exposure, and these altera-
tions were significantly prevented by pre‑treatment with 
DM (29). However, no previous study has assessed GLAST 
and GLT‑1 expression after DM treatment in a TBI model. 

The present study found that GLAST and GLT‑1 downregu-
lation was induced after TBI and that this phenomenon was 
attenuated by administration of DM. These findings empha-
sized that DM exerts its neuroprotective effects, at least in 
part via its anti‑excitotoxicity effects following experimental 
TBI in rats.

In conclusion, the present study demonstrated that 
administration of DM reduced brain edema and neurological 
deficits as well as increased neuronal survival in a rat model 
of TBI. Furthermore, DM decreased TNF-α, IL-1β and 
IL‑6 protein expression and upregulated GLAST and GLT‑1 
protein expression in the cortex of the brain. These findings 
emphasized that DM exerts its neuroprotective function via 
anti‑inflammatory and anti‑excitotoxicity effects following 
experimental TBI in rats. The present study has shed light 
on the potential use of DM as a neuroprotective agent in the 
treatment of cerebral injuries.
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