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Abstract. The antimalarial drug, chloroquine (CQ), has been 
reported as an autophagy inhibitor in a variety of disorders, 
including Alzheimer's disease and brain ischemia. To the 
best of our knowledge, no studies to date have examined the 
potential for CQ to provide neuroprotection in animal models 
of traumatic brain injury (TBI). The aim of this study was 
to investigate the neuroprotective actions of CQ in TBI and 
to determine the mechanisms underlying this effect. Rats 
were immediately subjected to a diffuse cortical impact 
injury caused by a modified weight‑drop device and divided 
randomly into three groups: sham-operated, CQ treatment and 
vehicle. The CQ treatment group was administered CQ (intra-
peritoneally, 3 mg/kg body weight) immediately following 
the induction of injury. The co-localization of neuron‑specific 
nuclear protein (NeuN) and microtubule-associated protein 
1 light chain 3 (LC3), was followed by immunofluorescent 
staining. The expression of LC3 and inflammatory cytokines 
was identified by western blot analysis. Wet-dry weight 
method was utilized to evaluate TBI-induced brain edema. 
Motor function was evaluated using the Neurological Severity 
Score (NSS) scale and the Morris water maze was employed to 
assess spatial learning ability. This study demonstrated that the 
administration of CQ attenuates TBI-induced cerebral edema, 

and the associated motor and cognitive functional deficits that 
occur post-injury. Following the induction of cerebral trauma, 
CQ treatment significantly suppressed neuronal autophagy 
and reduced expression levels of the inflammatory cytokines, 
interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), 
in the rat hippocampus. Our results have provided in vivo 
evidence that CQ may exert neuroprotective effects following 
TBI, in attenuating brain edema and improving neurological 
functioning, by reducing the damaging consequences of 
neuronal autophagy and cerebral inflammation.

Introduction

Traumatic brain injury (TBI) is one of the leading causes 
of morbidity and mortality in young adults and children, 
and is a leading public health problem worldwide (1). In 
TBI, neurological impairment is caused by immediate brain 
tissue disruption (primary injury) and post-injury cellular 
and molecular events (secondary injury) that exacerbate the 
primary neurological insult (2). These combined events lead 
to the induction of mitochondrial dysfunction and the ampli-
fication of biochemical cell‑death signaling cascades, which 
cause neuronal cell death and general neurological functional 
deficits (3,4). However, the destructive molecular events that 
follow TBI evolve over several days, and therefore there is a 
window of opportunity during which therapeutic strategies 
may improve outcome.

Autophagy is a highly regulated process that involves the 
degradation of a cell's cytoplasmic macromolecules and organ-
elles. In mammalian cells, this catabolic mechanism utilizes the 
lysosomal system and has a homeostatic function in normal cell 
growth and development, helping to maintain a balance between 
the synthesis, degradation and subsequent recycling of cellular 
products (5,6). Identification of autophagosomes remains the 
'gold standard' method for the detection of autophagy (7). The 
first direct evidence that autophagy is increased following TBI, 
was reported in a study by Lai et al, which used a controlled 
cortical impact model of TBI to investigate this effect (8). More 
recently, a study administered a selective inhibitor of autophagy, 
3-methyladenine, in a rat model of transient focal cerebral 
ischemia. They identified that this agent reduced infarct size, as 
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compared with the vehicle treatment, which had no effect (9). 
However, 3‑methyladenine has other effects, including inhibi-
tion of non-class III PI3-kinases and promotion of glycogen 
breakdown in hepatocytes (10).

Chloroquine (CQ) has long been used in the treatment 
and prevention of malaria, and less commonly has been 
employed in the treatment of autoimmune diseases, due to its 
immunosuppressive properties (11,12). Recently, CQ has been 
recognized as an inhibitor of autophagy, and thus has been 
used as a pharmacological tool to study the role of autophagy 
in the laboratory (13,14). CQ has also been used in clinical 
trials to evaluate its efficacy as an adjuvant to cancer thera-
peutic regimens (15). Inhibition of lysosome activity by CQ 
arrests the late stages of autophagy, including the degradation 
of the autolysosome, which prevents the supply of energy to 
the cell through the autophagy pathway (16). Recent studies 
have revealed that CQ is emerging as a potential therapeutic 
target in acute and chronic neurological disorders, including 
brain ischemia and Alzheimer's disease (17,18). Nevertheless, 
no studies have examined the potential for CQ to provide 
neuroprotection in an animal model of TBI.

This study was designed to investigate the hypothesis 
that CQ has neuroprotective effects, via the attenuation of 
autophagy and inflammation, in a rat model of TBI.

Materials and methods

Animals. A total of 150 Sprague-Dawley rats (obtained 
from Hebei United University Experimental Animal Center, 
Tangshan, Hebei, China), weighing 280‑320 g, were housed 
under a 12 h light/dark cycle with regular food and water 
supply. All procedures were performed in accordance with 
the institutional guidelines for the care and use of laboratory 
animals (Hebei Medical University, Shijiazhuang, China), and 
conformed to the National Institutes of Health (NIH) Guide 
for the Care and Use of Laboratory Animals (NIH Publication 
no. 80-23, revised 1996).

Models of TBI. The rat model of TBI was induced using a 
modified weight-drop device, as described previously by 
Marmarou et al (19). Briefly, rats were anesthetized with 
sodium pentobarbital (Nembutal, 60 mg/kg) prior to surgery. 
A midline incision was made to expose the skull between 
the bregma and lambda suture lines and a steel disc (10 mm 
in diameter and 3 mm thickness) was adhered to the skull 
using dental acrylic. Following this, rats were placed on a 
foam mattress underneath a weight-drop device, where a 
450 g weight falls freely though a vertical tube from 1.5 m 
onto the steel disk. The sham-operated animals underwent 
the same surgical procedure, however they did not undergo 
TBI. Following the surgery, the rats received supporting 
oxygenation with 95% O2 for no longer than 2 min and were 
then returned to their cages. All of the rats were housed in 
individual cages and placed on heat pads (37˚C) for 24 h, 
to maintain normal body temperature during the recovery 
period.

Group and drug administration. Rats were randomly assigned 
to the sham-operated group (sham, n=30), TBI treated with 
CQ group (CQ, n=60) and TBI received only equal volumes 

of 0.9% saline solution (vehicle, n=60). CQ was dissolved in 
0.9% saline and stored at 4˚C. Following brain injury in the 
CQ group, CQ was immediately administered as an intra-
peritoneal injection (3 mg/kg body weight). All investigations 
were blind and the animal codes were revealed only at the end 
of the behavioral and histological analyses.

Immunofluorescence. Brain tissues were fixed in 4% parafor-
maldehyde for 24 h, removed into 30% sucrose solution with 
0.1 mol/l phosphate‑buffered saline (PBS; pH 7.4) until sinking 
to the bottom. Sections (200 µm apart) from the anterior to 
posterior hippocampus (bregma, 1.9-3 mm) were made from the 
TBI rats and then embedded in OCT. Frozen sections (15 µm) 
were sliced with a frozen slicer, treated with 0.4% Triton X‑100 
for 10 min and blocked in normal donkey serum for 1 h. For 
double labeling, the frozen sections were incubated with a 
mixture of rabbit anti-microtubule-associated protein 1 light 
chain 3 (LC3) polyclonal antibody (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA; dilution, 1:100) and mouse 
anti‑neuron‑specific nuclear protein (NeuN) polyclonal anti-
body (Santa Cruz Biotechnology, Inc.; dilution, 1:100) overnight 
at 4˚C. The next day, sections were incubated with a mixture 
of fluorescein‑conjugated anti‑rabbit IgG and anti‑mouse IgG 
(Santa Cruz Biotechnology, Inc.; dilution, 1:1,000) for 2 h 
at 37˚C in the dark. All cell nuclei were counterstained by 
4',6‑diamidino‑2‑phenylindole (DAPI). Photographs were taken 
in a laser scanning confocal microscope (Olympus FV1000; 
Olympus Corporation, Tokyo, Japan). Primary antibodies were 
replaced with PBS in the negative control group.

Western blot analysis. Briefly, rats were anesthetized and 
underwent intracardiac perfusion with 0.1 mol/l PBS (pH 7.4). 
The hippocampal region of each rat brain was rapidly isolated, 
total proteins were extracted and protein concentration was 
determined by the BCA reagent (Beijing Solarbio Science 
& Technology Co., Ltd, Beijing, China) method. Samples 
were subjected to sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS‑PAGE). Separated proteins on the gel 
were transferred onto PVDF 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 the primary antibodies overnight 
at 4˚C, including rabbit anti‑LC3 polyclonal antibodies (Santa 
Cruz Biotechnology, Inc.; dilution, 1:500), rabbit anti‑inter-
leukin (IL)-1β polyclonal antibody (Santa Cruz Biotechnology, 
Inc.; dilution, 1:500), rabbit anti‑tumor necrosis factor (TNF)‑α 
polyclonal antibody (Santa Cruz Biotechnology, Inc.; dilution, 
1:500), mouse anti-β-actin monoclonal antibody (Santa Cruz 
Biotechnology, Inc.; dilution, 1:500). The antibodies were then 
incubated with horseradish peroxidase conjugated anti-rabbit 
IgG and anti‑mouse IgG (Cell Signaling Technology, Inc., 
Danvers, MA, USA; dilution, 1:5,000) for 2 h at room tempera-
ture. Following incubation with a fully titrated second antibody, 
the immunoblot on the membrane was visible. After develop-
ment with an enhanced chemiluminescence (ECL) detection 
system, the densitometric signals were quantified using an 
imaging program. Immunoreactive bands of the protein expres-
sion were normalized to the intensity of corresponding bands 
for β-actin. The western blot analysis results were analyzed with 
NIH Image 1.41 software (Bethesda, MD, USA).
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Evaluation of brain edema. Brain edema was evaluated by 
analysis of brain water content as previously described (20). 
Rat brains were separated and weighed immediately with a 
chemical balance to obtain the wet weight (WW). Following 
drying in a desiccating oven for 24 h at 100˚C, dry tissues were 
weighed again to obtain the constant dry weight (DW). The 
percentage of water in the tissues was calculated according 
to the formula: % brain water = [(WW - DW)/WW] x 100.

Recovery of motor function. The neurobehavioral status of the 
rats was evaluated using a set of 10 tasks, collectively termed 
the Neurologic Severity Score (NSS), which tests reflexes, alert-
ness, coordination and motor abilities. One point is awarded for 
failure to perform a particular task, thus, a score of ten reflects 
maximal impairment, whereas a normal rat scores zero (21). 
Post‑injury, NSS was evaluated at day 1, 3, 7 and 14. Each 
animal was assessed by an observer who was blinded to the 
type of treatment the animal had received. The difference 
between the initial NSS and that at a later time was calculated 
for each rat, and this value (∆NSS) reflected the spontaneous or 
treatment-induced recovery of motor function.

Morris water maze test. The spatial learning ability was 
assessed in a Morris water maze as described previously (22). 
The Morris water maze consists of a black circular pool 
(180 cm diameter, 45 cm high) filled with water (30 cm 
depth) at 26˚C and virtually divided into four equivalent 
quadrants: north (N), west (W), south (S) and east (E). A 
2 cm submerged escape platform (diameter 12 cm, height 
28 cm, made opaque with paint) was placed in the middle 
of one of the quadrants equidistant from the sidewall and 
the center of the pool. Rats were trained to find the platform 
prior to TBI or sham operation. For each trial, the rat was 
randomly placed into a quadrant start point (N, S, E or W) 
facing the wall of the pool and was allowed a maximum of 
60 sec to escape to the platform. Rats that failed to escape 
within 90 sec were placed on the platform for a maximum 
of 20 sec and returned to the cage for a new trial (intertrial 
interval, 20 sec). Maze performance was recorded using a 
video camera suspended above the maze and interfaced with 
a video tracking system (HVS Imaging, Hampton, UK). The 
average escape latency of a total of five trials was calculated. 
This test was conducted at 3, 7 and 14 days following trauma 
or sham operation.

Statistical analysis. All data were presented as the 
mean ± standard error (SE). SPSS 16.0 (SPSS Inc., Chicago, 
IL, USA) was used for statistical analysis of the data. 
Statistical analysis was performed using one-way analysis 
of variance and followed by the Student-Newman-Keuls 
post-hoc test. P<0.05 was considered to indicate a statisti-
cally significant result.

Results

Neurological deficit following TBI. As previously described 
by Marmarou et al (19), animals showed no significant 
difference in baseline locomotor activity for any parameters, 
including horizontal activity, vertical activity, total distance 
or stereotypy prior to surgery. Following the induction of 

injury, rats exhibited moderate to severe neurological defi-
cits, including forelimb upon lifting the animal by its tail, 
decreased resistance to lateral push and reduced locomotor 
activity, flexion of contralateral torso and loss of righting 
reflex. Any mice not exhibiting behavioral deficits consistent 
with the surgery were excluded from further study.

Treatment with CQ attenuates neurons autophagy in the 
hippocampus following TBI. Since it has been recently 
demonstrated that the expression of the autophagy marker 
protein, LC3, was markedly elevated at 24 h following 
TBI (8), the co-localization of NeuN and LC3 was followed 
with immunofluorescent staining at 24 h. As summarized 
in Fig. 1A, the majority of autophagy induced following 
TBI, occurred in neurons. Then, we examined whether CQ 
treatment inhibited the expression of LC3-II, as determined 
by western blot analysis (Fig. 1B). As demonstrated in 
Fig. 1C, at 24 and 48 h following TBI, administration of CQ 

Figure 1. (A) Co‑localization of NeuN and LC3 at 24 h following TBI was 
determined by immunofluorescent staining (magnification, x400) and cell 
nuclei were counterstained by DAPI. (B) Western blot analysis demonstrates 
levels of LC3-II and β‑actin in the hippocampal sections at 24 and 48 h fol-
lowing TBI or CQ treatment. (C) Densitometry of the LC3-II band correlated 
to the β-actin band. The bars represent the mean ± SE (n=5). Results demon-
strated that administration of CQ significantly decreased the level of LC3‑II 
protein expression at 24 and 48 h following TBI (*P<0.05 vs. TBI group). 
NeuN, neuron‑specific nuclear protein; LC3, microtubule‑associated protein 
1 light chain 3; TBI, traumatic brain injury; DAPI, 4',6‑diamidino‑2‑phenyl-
indole; CQ, chloroquine; SE, standard error.

  A

  B

  C
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significantly attenuated the LC3‑II protein expression in the 
rat hippocampus compared with the TBI group.

Treatment with CQ attenuates inflammatory cytokine levels 
in the hippocampus following TBI. The expression levels of 
IL-1β and TNF-α in the hippocampus at 24 and 48 h, were 
measured by western blot analysis (Fig. 2A). As revealed in 

Fig. 2B, the inflammatory cytokine levels in the sham rat 
hippocampus at each time point, following the induction of 
injury, were consistently presented in a low background. All 
measured cytokine levels exhibited significant increases from 
different time points in the TBI group. Our results revealed 
that administration of CQ produced significant reductions in 
the injury-induced upregulation of IL-1β and TNF-α expres-
sion.

  A

  B

Figure 2. (A) Western blot analysis demonstrates levels of IL-1β and TNF-α in the hippocampus of rats at 24 and 48 h following TBI or sham operation. 
(B) The quantitative results of IL-1β and TNF-α were expressed as the ratio of densitometries of IL-1β and TNF-α to β-actin bands, expressed as the 
mean ± SE (n=5/group). The results demonstrated a significant increase of IL‑1β and TNF-α expression in the TBI group (*P<0.01 vs. sham group). Treatment 
with CQ caused significant down‑regulation of IL‑1β and TNF-α expression at 24 and 48 h (**P<0.05 vs. TBI group). IL‑1, interleukin‑1; TNF‑α, tumor necrosis 
factor-α; TBI, traumatic brain injury; SE, standard error; CQ, chloroquine.

Figure 3. Effect of CQ on brain edema. Brain water content was determined 
at 24, 48 and 72 h following TBI and calculated as a percentage of DW and 
WW method. Bars represent the mean ± SE (n=5/group). Brain water con-
tent increased markedly at 24, 48 and 72 h following TBI (*P<0.01 vs. sham 
group). Administration of CQ significantly decreased brain edema (**P<0.05 
vs. TBI group) at 48 and 72 h as reflected by a decrease in brain water content. 
CQ, chloroquine; TBI, traumatic brain injury; DW, dry weight; WW, wet 
weight; SE, standard error.

Figure 4. Effect of CQ on TBI‑induced motor deficits. The temporal changes 
in motor recovery of the rat was determined at 24 h, 3, 7 and 14 d following 
TBI and calculated as ∆NSS. Bars represent the mean ± SE (n=5/group). 
Administration of CQ significantly improved motor function at 24 h, 3, 7 
and 14 d following TBI (**P<0.05 vs. TBI group), as reflected by an increase 
in ∆NSS. TBI, traumatic brain injury; CQ, chloroquine; SE, standard error; 
NSS, Neurologic Severity Score; d, days.
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Treatment of CQ attenuates TBI‑induced cerebral edema. The 
wet-dry weight method was used to evaluate brain edema. As 
shown in Fig. 3, CQ post-injury administration attenuated cere-
bral edema following TBI. In the TBI group, brain water content 
was significantly increased compared with the sham group at 
24, 48 and 72 h after trauma. Furthermore, tissue water content 
in the CQ treatment group was significantly reduced at 48 and 
72 h compared with the TBI group at the same time points.

Treatment of CQ attenuates TBI‑induced motor deficits. Fig. 4 
depicts the temporal changes in functional recovery of the rat, 
expressed as ∆NSS. It is clear that post-injury administration 
of CQ significantly improved the motor function recovery of 
the trauma rats between 24 h and 14 days following TBI.

Treatment of CQ attenuates TBI‑induced learning and spatial 
memory function. Since CQ treatment was able to attenuate 
brain edema and improve motor deficits, we next examined 
whether CQ treatment could improve spatial learning function, 
as assessed by the Morris water maze at day 3, 7 and 14 following 
TBI or sham operation. As demonstrated in Fig. 5, TBI caused a 
significant spatial learning deficit at 3, 7 and 14 days compared 
with the sham group, and CQ treatment significantly reduced the 
escape latency at 7 and 14 days compared with the TBI group.

Discussion

TBI is caused by immediate brain tissue disruption (primary 
injury) and post-injury cellular and molecular events 
(secondary injury). Primary damage is due to mechanical 
factors and occurs immediately at the moment of injury. 
Secondary injury is delayed and is produced by complex 
processes that are initiated at the moment of impact, but does 
not present clinically for a period of hours to days following 
the injury. This delayed pathophysiological cascade is now 

believed to result from a combination of factors, including 
increases in neurotransmitter release (23), free radical over-
production (24), exacerbated inflammatory response (25) 
and subsequent neuronal cell death via apoptosis and 
autophagy (8,26).

In the present study, we investigated the efficacy of the 
autophagy inhibitor, CQ, as a therapeutic strategy for the acute 
treatment of TBI. It was identified that a single injection of CQ 
immediately following TBI, is neuroprotective in rats. The 
antimalarial drug CQ has been recognized as an autophagy 
inhibitor in a variety of disorders, including Alzheimer's 
disease and brain ischemia (15-18). Using a rat model of TBI, 
we have confirmed and extended these earlier observations, 
demonstrating for the first time, to the best of our knowledge, 
that post-injury administration of CQ improves behavioral 
outcomes and attenuates secondary cerebral edema following 
experimentally induced TBI in rats.

The use of animal models of TBI is essential for investigating 
and understanding the complex physiological and behavioural 
changes following injury. There are numerous established 
animal models of TBI, including rigid indentation, fluid percus-
sion, impact acceleration, weight-drop and dynamic cortical 
deformation (27). However, head injury is a spontaneous, unpre-
dictable event and no single animal model is entirely successful 
in reproducing the complete spectrum of pathological changes 
observed following TBI in humans (27). In this study, we used 
Marmarou's weight-drop model, which is currently the most 
commonly used to produce direct focal cortical compression 
in vivo, for its advantages of being simple and easy to operate. 
Nevertheless, there are limitations associated with this model, 
including variation of impact velocity by the falling 450 g steel 
column and the possibility of a rebound impact which together 
may result in the biomechanical data failing to accurately 
describe the resulting brain deformations. Therefore, any mice 
not exhibiting moderate to severe neurological deficits consis-
tent with the surgery, were excluded from further study.

The first study to demonstrated that TBI may stimulate 
autophagy was conducted by Diskin et al in 2005 (28). This 
laboratory later evaluated the effects of treatment with the 
autophagy-inducer, rapamycin, in the closed head injury model. 
They identified that following TBI, intraperitoneal injection 
of rapamycin resulted in improved neurobehavioral function 
as determined by an NSS and increased neuronal survival in 
the injured region (29). Collectively, these data support the 
hypothesis that rapamycin-enhanced autophagy produces 
beneficial neurological effects following TBI. By contrast, 
Lai et al have demonstrated that systemic administration of the 
antioxidant, γ‑glutamylcysteine ethyl ester (GCEE), following 
TBI, resulted in reduced autophagy as determined by LC3-II 
formation, which improved cognitive performance and reduced 
histological damage (8). Therefore, the role of autophagy after 
TBI, whether beneficial or detrimental, remains controversial. 

In this study, we demonstrated that post-injury adminis-
tration of the autophagy inhibitor, CQ, improved behavioral 
outcomes and attenuated secondary cerebral edema following 
TBI in rats. Our results are consistent with the findings of 
Lai et al, and it is therefore conceivable to hypothesize that the 
mechanism underlying the neuroprotective effects of CQ on 
TBI, is through the prevention of autophagic neuronal death. 
Furthermore, it appears these protective effects may also be 

Figure 5. Effect of CQ on the escape latency performance via Morris water 
maze at 3, 4 and 5 d following TBI or sham operation. Bars represent the 
mean ± standard error (n=5/group). The escape latency increased markedly 
at 3, 4 and 5 d following TBI (*P<0.01 vs. sham group). Treatment with CQ 
significantly reduced the time to identify the platform at 4 and 5 d (**P<0.05 
vs. TBI group). TBI, traumatic brain injury; CQ, chloroquine; d, days.
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explained by CQ's anti‑inflammatory properties. It has been 
demonstrated that CQ inhibits TNF-α, IL-1 and IL-6 produc-
tion from mononuclear phagocytes (30,31). In the present 
study, we observed that the expression of the inflammatory 
cytokines, IL-1β and TNF-α, in the injured rat hippocampus 
of brain was suppressed by CQ, as determined by western blot 
analysis. Hence, we suggest that the suppression of inflam-
matory cytokines following TBI may be associated with the 
neuroprotective effects of CQ treatment.

It has been hypothesized that CQ, rapamycin and GCEE, 
are not specific modulators of autophagy activity, but that 
these agents have a variety of other effects on cellular func-
tions (31‑33). Thus, targeting the specific processes of autophagy 
requires further investigation.

In summary, this study demonstrated that neuronal 
autophagy was inhibited by post-injury treatment of CQ in a 
rat model of TBI. Furthermore, CQ attenuates secondary brain 
edema and improves cognitive functioning. These findings 
emphasize that CQ administered immediately following injury, 
could be neuroprotective against the damaging consequences 
of TBI, and we anticipate that this study has shed light on the 
potential use of CQ as a neuroprotective agent in the treatment 
of cerebral injuries.
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