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Abstract

Here, we evaluated changes in autophagy after post-traumatic brain injury (TBI) followed by moderate hypothermia in

rats. Adult male Sprague-Dawley rats were randomly divided into four groups: sham injury with normothermia group (37�C);

sham injury with hypothermia group (32�C); TBI with normothermia group (TNG; 37�C); and TBI with hypothermia group

(THG; 32�C). Injury was induced by a fluid percussion TBI device. Moderate hypothermia (32�C) was achieved by partial

immersion in a water bath (0�C) under general anesthesia for 4 h. All rats were killed at 24 h after fluid percussion TBI. The

ipsilateral hippocampus in all rats was analyzed with hematoxylin and eosin staining; terminal deoxynucleoitidyl transferase-

mediated nick end labeling staining was used to determine cell death in ipsilateral hippocampus. Immunohistochemistry and

western blotting of microtubule-associated protein light chain 3 (LC3), Beclin-1, as well as transmission electron microscopy

performed to assess changes in autophagy. At 24 h after TBI, the cell death index was 27.90 – 2.36% in TNG and 14.90 – 1.52%

in THG. Expression level of LC3 and Beclin-1 were significantly increased after TBI and were further up-regulated after post-

TBI hypothermia. Further, ultrastructural observations showed that there was a marked increase of autophagosomes and

autolysosomes in ipsilateral hippocampus after post-TBI hypothermia. Our data demonstrated that moderate hypothermia

significantly attenuated cell death and increased autophagy in ipsilateral hippocampus after fluid percussion TBI. In conclusion,

autophagy pathway may participate in the neuroprotective effect of post-TBI hypothermia.
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Introduction

Traumatic brain injury (TBI) is a major cause of morbidity

and mortality. Hippocampal injury post-TBI might explain

some of the morbidity observed in humans.1 There are two waves of

neuronal cell death post-TBI. In the first wave, neuronal death

results from the necrosis caused by membrane disruption, irre-

versible metabolic disturbance, and/or excitotoxicity immediately

after mechanical trauma resulting from impact or penetration.

During the second wave (6–48 h post-TBI), morphological features

of apoptosis and necrosis occur in a more delayed fashion.2,3 In our

previous study, we found that fluid percussion TBI induced sig-

nificant cell death in ipsilateral hippocampus at 24 h post-TBI.3

Macroautophagy (hereafter referred to as autophagy) is a catabolic

process in which cells degrade their own components by enveloping

them in double-membrane vesicles referred to as autophagosomes that

are then targeted for lysosomal degradation.4 Recently, a series of

studies has reported the increase of autophagy in subarachnoid hem-

orrhage, intracerebral hemorrhage, hypoxia-ischemia, neurodegener-

ative disease, and TBI.5–10 However, the function of autophagy in TBI

remains controversial. Some studies have proposed that activation of

the autophagy pathway serves as a protective mechanism for main-

taining cellular homeostasis post-TBI whereas other studies suggested

that inhibition of the autophagy pathway may attenuate traumatic

damage and functional outcome deficits.9–14

Several clinical and experimental studies have shown the neu-

roprotective effects of mild-to-moderate hypothermia, including

inhibition of neurological injury, reduction of infarct size, and

improvement of neurological outcome.15–18 In our previous stud-

ies, we found that post-traumatic moderate hypothermia signifi-

cantly attenuated cell death within the hippocampus after fluid

percussion TBI.3 However, precise mechanisms underlying this

phenomenon are still unclear. In the present study, we sought to

determine the changes in autophagy after post-TBI moderate hy-

pothermia and the possible role of the autophagy pathway.

Methods

Animals

Adult male Sprague-Dawley rats (320–380 g) were randomly
divided into four groups: sham injury with normothermia (SNG;
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37�C, n = 40); sham injury with hypothermia (SHG; 32�C, n = 40);
TBI with normothermia (TNG; 37�C, n = 40); and TBI with hy-
pothermia (THG; 32�C, n = 40). All animal procedures were ap-
proved by the animal care and experimental committee of the
School of Medicine at Shanghai Jiaotong University (Shanghai,
China). Rats were housed in individual cages in a temperature- and
humidity-controlled animal facility with 12-h light/dark cycle. Rats
were housed in the animal facility for at least 7 days before surgery
and were given free access to food and water during this period.

Surgical preparation

Rats were anesthetized by intraperitoneal (i.p.) injection of 10%
chloral hydrate (3.3 mL/kg). Rats were mounted in a stereotaxic
frame, an incision was made along the midline of the scalp, and a
4.8-mm diameter craniectomy was performed on the left parietal
bone (midway between the bregma and lambda). A rigid plastic
injury tube (modified Leur-loc needle hub, 2.6 mm inside diameter)
was secured over the exposed, intact dura using cyanoacrylate
adhesive. Two skull screws (2.1 mm diameter, 6.0 mm length) were
placed in burr holes, 1 mm rostral to the bregma and 1 mm caudal to
the lambda. The injury tube was secured to the skull with dental
cement. Bone wax was used to cover the open needle hub connector
after the dental cement hardened (5 min). The scalp was closed by
sutures and animals were returned to their cages for recovery.

Lateral fluid percussion brain injury

A fluid percussion device (Virginia Commonwealth University
Biomedical Engineering, Richmond, VA) was used to create TBI,
as described in detail previously.19,20 Rats were subjected to TBI
24 h after the surgical procedure to minimize the possible con-
founding factors of surgery. In brief, the device is consisted of a
Plexiglas cylindrical reservoir filled with 37�C isotonic saline. One
end of the reservoir had a rubber-covered Plexiglas piston mounted
on O-rings, and the opposite end had a pressure transducer housing
with a 2.6-mm inside diameter male needle hub opening.

On the day of TBI, rats were anesthetized with 10% chloral
hydrate (3.3 mL/kg, i.p.) and endotracheally intubated for me-
chanical ventilation. The resulting pressure pulse was measured in
atmospheres (atm) using an extracranial transducer (Statham PA
85-100; Gloud, Oxnard, CA) and recorded on a storage oscillo-
scope (Tektronix 5111; Tektronix, Beaverton, OR). The suture was
opened and bone wax was removed. Rats were disconnected from
the ventilator, and the injury tube was connected to the fluid per-
cussion cylinder. Then, a fluid pressure pulse was applied for 10 ms
directly onto the exposed dura to produce moderate TBI (mTBI;
2.1–2.2 atm). The injury was delivered to within 10 sec after dis-
connecting from the ventilator. After the initial observation of apneic
episodes, rats were ventilated with a 2:1 nitrous oxide/oxygen mix-
ture without isoflurane and rectal and temporalis muscle temperature
were recorded. Then, the needle hub, screws, and dental cement were
removed from the skull and the scalp was sutured closed. Rats were
extubated as soon as spontaneous breathing was observed. Sham TBI
group rats were subjected to the same anesthetic and surgical pro-
cedures as those in the other group, but without being subjected to
injury. Throughout the procedure, mean arterial blood pressure
(MABP) was monitored continuously and blood gases were mea-
sured 15 min before and after fluid percussion injury (FPI).

Manipulation of temperature

Frontal cortex brain temperature was monitored with a digital
electronic thermometer (model DP 80; Omega Engineering, Stam-
ford, CT) and a 0.15-mm diameter temperature probe (model
HYP-033-1-T-G-60-SMP-M; Omega Engineering) inserted 4.0 mm
ventral to the surface of the skull. The probe was removed before FPI
and replaced immediately after injury. Rectal temperatures were
measured with an electronic thermometer with analog display (model

43 TE; YSI, Yellow Springs, OH) and a temperature probe (series
400; YSI). A brain temperature of 32�C was achieved by immersing
the body of the anesthetized rat in ice-cold water.21 Skin and fur of all
animals were protected from direct contact with water by placing the
animal in a plastic bag (head exposed) before immersion. Animals
were removed from the water bath when brain temperature was re-
duced to within 2�C of the target temperature. It took approximately
30 min to reach the target brain temperatures, which were maintained
for 4 h under general anesthesia in room temperature by intermittent
application of ice packs, as needed. A brain temperature of 37�C was
achieved under general anesthesia with a heating blanket.

Hematoxylin and eosin staining

Rats were subjected to deep anesthesia by 10% chloral hydrate.
At 24 h post-TBI, all rats were perfused transcardially by 4% para-
formaldehyde in phosphate-buffered saline (PBS). Brains were re-
moved, further fixed at 4�C overnight, and immersed in 30% sucrose/
PBS at 4�C overnight. Specimens were mounted in optimum cutting
temperature (OCT) compound. Serial sections were obtained in a
cryostat and stained with toluidine blue for 30 min and then 2–3
drops of glacial acetic acid. Once the nucleus and granulation were
clearly visible, sections were mounted in Permount or Histoclad.

Sections were cut in a microtome and adhered to glass slides
with polylysine. Images of the ipsilateral hippocampus were cap-
tured at 100 · by using a microscope (Nikon Labophot; Nikon
USA, Melville, NY). Specimens were examined by two pathologist
(blinded to group conditions) to identify cell death based on char-
acteristic cellular morphological changes. There were eight rats in
each of the four groups.

Terminal deoxynucleoitidyl transferase-mediated
nick end labeling staining

Terminal deoxynucleoitidyl transferase-mediated nick end labeling
(TUNEL) was used to detect cell death in the ipsilateral hippocampus.
TUNEL assay was performed according to the manufacturer’s direc-
tions by using the In Situ Cell Death Detection Kit (Roche, In-
dianapolis, IN). In brief, sections were washed for 30 min, 10 min each.
Then, sections were incubated in 0.1% Triton-X and 0.1% sodium
citrate and rinsed thrice with PBS for 10 min each time. Sections were
incubated in 0.3% H2O2 in PBS/0.1% Tween-20 for 30 min to inhibit
endogenous peroxidase activity and then rinsed with PBS. Sections
were then incubated with 50 lL of TUNEL reaction mixture (In Situ
Cell Death Detection Kit, Fluorescein; Roche) in a humidified atmos-
phere for 60 min at 37�C in the dark. Then, sections were rinsed thrice
with PBS. Sections were then observed under a fluorescence micro-
scope (Nikon TE300; Nikon, Tokyo, Japan). Negative control was
carried out by incubating of sections in 50 lL of label solution without
terminal transferase instead of TUNEL reaction mixture per well. At
least 10 randomly selected microscopic fields were used for counting
the TUNEL-positive cells (200 · magnifications). Cell counting was
conducted by an investigator blinded to group conditions. There were 8
rats in each of the four groups.

Detection of autophagy-related proteins
microtubule-associated protein light chain 3 and Beclin-1

Immunohistochemical analysis was performed on 4-lm-thick
formalin-fixed cryosections in the ipsilateral hippocampal injury
region to determine the immunoreactivity of microtubule-associated
protein light chain 3 (LC3) and Beclin-1.

Immunohistochemical analysis

The 4-lm-thick formalin-fixed, OCT-embedded sections
were subjected to immunofluorescence analysis to determine im-
munoreactivity of LC3 and Beclin-1. Endogenous peroxidase was
blocked with 3% H2O2 for 5 min, followed by a brief rinse in
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distilled water and a 15-min wash in PBS. Sections were cooled at
room temperature for 20 min and rinsed in PBS. Nonspecific pro-
tein binding was blocked by incubation in 5% horse serum for
40 min. Sections were incubated with primary antibodies (Abs;
anti-LC3 [CST3868], anti-beclin-1 [CST3738], and anti-IgG [im-
munoglobulin G], all diluted 1:200; Suzhou Ard Biological Co.,
Ltd., Shanghai, China) for 1 h at room temperature, followed by a 15-
min wash in PBS. Sections were incubated with fluorescein iso-
thiocyanate/cyanin 3–conjugated IgG (1:500 dilution; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) for 60 min at room tempera-
ture. For negative controls, sections were incubated in the absence of
a primary Ab. Ten microscopic fields per each section were photo-
graphed randomly for counting the LC3 and Beclin-1-positive cells
(200 · magnifications, Nikon TE300; Nikon). An investigator blin-
ded to group conditions collected all nonbiased stereological data for
the study. There were 8 rats in each of the four groups.

Western blot analysis

Four animals were run at each time point. Frozen brain samples
were mechanically lysed in 20 mM of Tris (pH 7.6), containing 0.2%
sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% deoxycholate,
1 mM of phenylmethylsulphonyl fluoride, and 0.11 IU/Ml of aprotinin
(all purchased from Sigma-Aldrich, St. Louis, Mo). Lysates were
centrifuged at 12,000g for 20 min at 4�C. Protein concentration was
estimated by Bradford’s method. Samples (60 lg/lane) were sepa-
rated by 12% SDS polyacrylamide gel electrophoresis and electro-
transferred onto a polyvinylidene difluoride membrane (Bio-Rad,
Hercules, CA). The membrane was blocked with 5% skimmed milk
for 1 h at room temperature and incubated with primary Abs against
LC3 and Beclin-1 (1:1000 dilutes, respectively, both from CST, Inc.,
Danvers, MA) at 4�C overnight. Glyceraldehyde-3-phosphate dehy-
drogenase (diluted 1:10,000; Sigma-Aldrich) was used as the loading
control. After the membrane was washed three times in Tris-buffered
saline (TBS) + Tween-20 (TBST) for 10 min each, it was incubated in
the appropriate horseradish-peroxidase–conjugated secondary Ab

(diluted 1:10,000 in TBST) for 2 h. Then, the membrane was washed
three times in TBST for 10 min each. Blotted protein bands were
visualized by enhanced chemiluminescence Western blot detection
reagents (Millipore, Kankakee, IL) and exposed to X-ray film. De-
veloped films were digitized using an Epson Perfection 2480 scanner
(Seiko Corp, Nagano, Japan). Results were quantified by Quantity
One Software (Bio-Rad). Band density values were calculated as a
ratio of LC3 and Beclin-1/b-actin, and values from SNG were used
as 100%.There were 8 rats in each of the four groups.

Transmission electron microscopy

Samples for electron microscopy were fixed in phosphate-buffered
glutaradehyde (2.5%) and osmium tetroxide (1%). Dehydration of the
cortex was accomplished in acetone solutions at increasing concen-
trations. Tissue was embedded in an epoxy resin. Semithin (1-lm)
sections through the sample were then made and stained with toluidine
blue. Then, 600-Å-thin sections were made from a selected area of
tissue defined by the semithin section, and these sections were stained
with lead citrate and uranyl acetate. The ultrastructure of the brain was
observed under a transmission electron microscope (JEM-1200X;
JEOL, Peabody, MA). There were 8 rats in each of the four groups.

Statistical analysis

All data are presented as mean – standard error of the mean.
SPSS software (17.0; SPSS, Inc., Chicago, IL) was used for sta-
tistical analysis of the data. All data were subjected to one-way
analysis of variance. Post-hoc comparisons were made using
Tukey’s test. Statistical significance was inferred at p < 0.05.

Results

Physiological data

Physiological parameters were assessed for all animals at 30 min

before and 30 min and 4 h after the TBI or sham procedure (Table 1).

Table 1. Physiological Parameters

Group SNG SHG TNG THG

Pretrauma (30 min before trauma)
Temporalis temperature (�C) 36.64 – 0.13 36.35 – 0.17 36.65 – 0.17 36.45 – 0.16
Rectal temp erature (�C) 36.85 – 0.14 37.13 – 0.16 36.65 – 0.15 37.13 – 0.19
MABP(mm Hg) 117.6 – 3.50 117.8 – 4.23 119.5 – 3.45 118.65 – 5.45
pH 7.43 – 0.08 7.44 – 0.03 7.43 – 0.09 7.45 – 0.06
PO2(mm Hg) 136.24 – 5.43 135.41 – 2.63 132.09 – 7.42 138.12 – 5.16
PCO2(mm Hg) 37.77 – 1.73 38.17 – 2.03 39.14 – 1.68 38.45 – 3.08

Post-trauma (30 min after trauma)
Temporalis temperature (�C) 36.74 – 0.16 32.45 – 0.24* 36.50 – 0.15 32.15 – 0.14{

Rectal temperature (�C) 37.03 – 0.14 32.71 – 0.16* 36.51 – 0.16 33.10 – 0.16{

MABP(mm Hg) 115.30 – 3.21 116.8 – 3.58 120.5 – 3.57 119.6 – 4.45
pH 7.42 – 0.08 7.40 – 0.05 7.39 – 0.13 7.42 – 0.07
PO2(mm Hg) 131.84 – 7.12 134.76 – 4.23 136.42 – 3.27 135.87 – 2.65
PCO2(mm Hg) 38.54 – 2.08 39.18 – 3.27 38.45 – 1.73 38.73 – 2.19

Post-trauma (4 h after trauma)
Temporalis temperature (�C) 36.82 – 0.19 32.51 – 0.15* 36.65 – 0.12 32.52 – 0.13{

Rectal temperature (�C) 37.22 – 0.21 32.91 – 0.18* 37.31 – 0.17 32.86 – 0.15{

MABP (mm Hg) 114.20 – 3.16 116.60 – 4.52 119.50 – 3.52 117.9 – 4.53
pH 7.45 – 0.07 7.42 – 0.06 7.41 – 0.08 7.44 – 0.09
PO2 (mm Hg) 134.56 – 7.17 132.56 – 3.45 137.25 – 4.18 135.62 – 2.78
PCO2 (mm Hg) 38.17 – 2.65 39.19 – 1.89 38.45 – 3.01 38.76 – 2.14

Data are presented with mean – standard error of the mean.
*p < 0.05 SHG versus SNG; {p < 0.05 THG versus THG.
SNG, sham injury with normothermia group; SHG, sham injury with hypothermia group; TNG, TBI with normothermia group; THG, TBI with

hypothermia group; MABP, mean arterial blood pressure.
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Physiological parameters, with the exception of temperature, were

within normal ranges for all groups. There was no statistical dif-

ference of physiological variables among groups, including MABP,

pH, PO2, and PCO2. In contrast, brain and rectal temperature were

significantly lower in the hypothermia groups than in the normo-

thermia groups at 30 min and 4 h post-TBI ( p < 0.05).

Histological examination of the ipsilateral hippocampus

All sections from ipsilateral hippocampus were stained with he-

matoxylin and eosin (Fig. 1). There were extensive subcortical punc-

tate hemorrhages and numerous dead neurons of typical pyramidal

layered structure in the ipsilateral external capsule and the ipsilateral

region between hippocampus and thalamus in TNG. However, in the

THG group, subcortical punctuate hemorrhages were also observed in

the peritrauma cortex, external capsule, and ipsilateral hippocampus.

However, despite these changes, the structure within the peritraumatic

domain was relatively normal. The sham injury group, including SNG

and SHG, showed normal neuronal structure.

Terminal deoxynucleoitidyl transferase-mediated
nick end labeling staining

Few TUNEL-positive cells were found in brains of sham-injured

rats, including SNG and SHG (Fig. 2A,B). At 24 h postinjury, the

cell death index of the injured ipsilateral hippocampal CA1 neurons

were markedly increased in TNG (27.9 – 2.36%; p < 0.05; Fig. 2C),

compared to sham-injured rats, including SNG and SHG. However,

hypothermia treatment significantly decreased the cell death index,

which was only 14.90 – 1.52% in THG ( p < 0.05; Fig. 2D). Few

TUNEL-positive cells were found in brains of sham-injured rats,

including SNG and SHG (Fig. 2A,B).

Detection of microtubule-associated protein light
chain 3 and Beclin-1

Immunofluorescence. Increased LC3-positive cells were

found in brain samples in TNG and much more in THG (Fig. 3C,D).

Only a few LC3-positive cells were observed in SNG and SHG (Fig.

3A,B). LC3 immunoreactivity scores are shown with quantitative

analysis ( p < 0.05 TNG vs. SNG; p < 0.05 TNG vs. THG; Fig. 3E).

Increased Beclin-1 positive cells were found in brain samples in

TNG and further increased in THG (Fig. 4C,D). Only a few LC3/

Beclin-1-positive cells were observed in SNG and SHG (Fig. 4A.B).

Beclin-1 immunoreactivity scores are shown with quantitative

analysis ( p < 0.05 TNG vs. SNG; p < 0.05 TNG vs. THG; Fig. 4E).

Western blotting analysis. Western blotting analysis showed

low levels of LC3 and Beclin-1 in SNG and SHG. Expression levels

FIG. 1. Hematoxylin and eosin staining of the ipsilateral hippocampus from SNG (A), SHG (B), TNG (C), and THG (D) at 24 h.
These are representative images of coronal sections of ipsilateral hippocampus. Arrows indicate dead neurons. Magnification, 100 · .
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of LC3 and Beclin-1 were significantly increased post-TBI and

further increased after moderate hypothermia treatment (Fig. 5).

Transmission electron microscopy

Neurons and glial cells in SNG and SHG appeared healthy with

normal endoplasmic reticulum, mitochondria, lysosomes, and nu-

cleus, indicating that moderate hypothermia had little effect on

autophagy-related structures. Numerous neurons displayed multi-

ple vacuole-related structures containing electron-dense materials

or double membranous material; properties of autophagosomes

(APs) and autolysosomes (ALs) in TNG as well as number of APs

and ALs were further up-regulated after post-TBI hypothermia

( p < 0.05; Fig. 6).

FIG. 2. Terminal deoxynucleoitidyl transferase-mediated nick end labeling (TUNEL) immunohistochemistry staining of the ipsi-
lateral hippocampal CA1 from (A), SHG (B), TNG (C), and THG (D) at 24 h. Arrows indicate TUNEL-positive cells. The average
number of TUNEL-positive cells of total cell number in 10 microscopic fields per each section was evaluated as cell death index.
*p < 0.05 TNG versus THG. Magnification, 100 · . SNG, sham injury with normothermia group; SHG, sham injury with hypothermia
group; TNG, TBI with normothermia group; THG, TBI with hypothermia group.
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Discussion

In the present study, we found that mTBI causes ipsilateral

hippocampal cell death at 24 h after fluid percussion TBI and that

moderate hypothermia could attenuate hippocampal cell death; we

also found that mTBI induced the increase of autophagy in hip-

pocampus at 24 h post-TBI. Further, we found that moderate hy-

pothermia significantly increased autophagy in the ipsilateral

hippocampus after fluid percussion TBI. The results suggest that

activation of the autophagy pathway by post-TBI moderate hypo-

thermia may be a neuroprotective mechanism.

Apoptosis post-TBI is an important intracellular pathway lead-

ing to cell death and early brain injury. Using the lateral fluid

percussion TBI model in rats, TUNEL-positive cells and activation

of proapoptotic molecules, such as caspases, were found to peak

12–72 h post-trauma.3,22 This activation of the caspases was shown

FIG. 3. Immunofluorescent analysis of LC3 expression (A: SNG; B: SHG; C: TNG; D: THG). The average number of LC3-positive
cells of total cell number in 10 microscopic fields per each section was evaluated. There was no difference between SNG and SHG.
Arrows indicate LC3-positive cells. #p < 0.05 TNG vs. SNG; *p < 0.05 TNG vs. THG. Magnification, 100 · . LC3, microtubule-
associated protein light chain 3; SNG, sham injury with normothermia group; SHG, sham injury with hypothermia group; TNG, TBI
with normothermia group; THG, TBI with hypothermia group.
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to be followed by activation of up- and downstream apoptotic

pathways, such as p53, c-Jun, c-Myc and c-Fos, and apoptosis-

inducing factor, together with activation of antiapoptotic mole-

cules, such as B-cell lymphoma 2 (Bcl-2).23–25 In accord with our

previous research, fluid percussion TBI could induce significant

ipsilateral hippocampal cell death, evaluated with TUNEL assay.

Autophagy can also be induced post-TBI.9–14,26,27 The first study

investigating the association between autophagy and TBI was

conducted by Diskin and colleagues.11 In that study, it was dem-

onstrated that Beclin-1 level dramatically increased near the site of

injury in the closed-head injury model in mice. Various animal

models and experimental animals are used to observe the changes

of autophagy post-TBI. For instance, Liu and colleagues used a

fluid percussion TBI model to observe the changes of autophagy

in Sprague-Dawley rats and found that both autophagosomes

and autolysosomes were markedly accumulated in neurons from

FIG. 4. Immunofluorescent analysis of Beclin-1 expression (A: SNG; B: SHG; C: TNG; D: THG). The average number of Beclin-1-
positive cells of total cell number in 10 microscopic fields per each section was evaluated. There was no difference between SNG and
SHG. Arrows indicate Beclin-1-positive cells. #p < 0.05 TNG vs. SNG; *p < 0.05 TNG vs. THG. Magnification, 100 · . SNG, sham
injury with normothermia group; SHG, sham injury with hypothermia group; TNG, TBI with normothermia group; THG, TBI with
hypothermia group.
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4 h onward post-TBI.9 Zhang and colleagues studied changes of

autophagy post-TBI in the controlled cortical injury system

and demonstrated that autophagy was elevated in the early stage

post-TBI and lasted for at least 32 days thereafter.12 Viscomi and

colleagues used rapamycin, which could enhance autophagy by

inactivating mammalian target of rapamycin and demonstrated

that autophagy serves as a protective mechanism for maintaining

cellular homeostasis after TBI.26,28 However, there are also coun-

terviews on autophagy post-TBI. Whereas it is doubtless that au-

tophagy increases after experimental TBI, however, several studies

have concluded that the increased autophagy may contribute to the

overall neuropathology and functional outcome deficits.10,13,14

Whereas many studies have focused on the modulation of au-

tophagy by apoptotic-signaling pathways, it is also clear that au-

tophagy can regulate apoptosis.4 In the present study, we have

found that, post-TBI, moderate hypothermia could increase ex-

pression of autophagy and attenuate hippocampal cell death, which

may suggest that the autophagy pathway may play an important

role in the neuroprotective function of moderate hypothermia.

Despite that clinical studies conducted to date have not shown

convincing evidence of benefit, a large number of animal and

experimental models of TBI demonstrated a beneficial effect of

hypothermia. Mechanisms of preventing or minimizing secondary

insults by moderate hypothermia are complex. Earlier work showed

that moderate hypothermia after brain injury is associated

with various pathological mechanisms, including reduction of ce-

rebral metabolic rate, limitation of apoptosis, mitochondrial dys-

function and disruptions to calcium homeostasis, attenuation of

inflammatory and immune response, suppression of free radicals,

reduction of blood–brain barrier disruption, vascular permeability,

and epileptic activity.29–31 But the accurate mechanisms of cerebral

protection provided by hypothermia after brain injury have not

been fully addressed.

Autophagy is a highly regulated process involving bulk degra-

dation of cytoplasmic macromolecules and organelles in mamma-

lian cells through the lysosomal system. Induced autophagy is

essential for maintenance of cellular homeostasis and cell surviv-

al.32 Beclin-1 and LC3 are biomarkers for detecting changes in

FIG. 5. Immunoblots of LC3-I, LC3-II, and Beclin-1. b-Actin was used as load control. LC3, microtubule-associated protein light
chain 3; SNG, sham injury with normothermia group; SHG, sham injury with hypothermia group; TNG, TBI with normothermia group;
THG, TBI with hypothermia group.
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autophagy. Beclin-1, a mammalian ortholog of yeast Atg6, which

could regulate Vps-34 and promote formation of Beclin-1-Vps-34-

Vps-15 core complexes, plays a central role in autophagy, and a

previous study has shown its involvement in the regulation of au-

tophagy.13 LC3, an autophagosomal ortholog of yeast Atg8, is one

of the most reliable markers in the study of autophagy induction.33

LC3 is synthesized as a pro-LC3, which is then cleaved by ATG4

protease to form the 16- to 18-kD molecule, LC3-I. On activation of

autophagy, LC3-I is conjugated with phosphatidylethanolamine

and converted into LC-3-II.34

The cytoprotective function of autophagy is mediated, in many

circumstances, by negative modulation of apoptosis. Possible

mechanisms include interactions between Beclin-1 and Bcl-2/

Bcl-xL (B-cell lymphoma-extra large). Beclin-1 is a novel Bcl-2-

homology (BH)-3 domain-only protein,35 mainly located in the

cytoplasmic structures, including the endoplasmic reticulum, mito-

chondria, and the perinuclear membrane. Under nutrient-sufficient

conditions, Beclin-1 is bound by Bcl-2 or Bcl-xL, inhibiting its

ability to initiate autophagy. Antiapoptotic Bcl-2 family members

interact with the BH-3 domain of Beclin-1.36 During starvation or

other stress conditions, however, Bcl-2 and Bcl-xL must be dis-

placed from Beclin-1 to permit autophagy. Previous studies have

explored the possible mechanisms of dislocation of Bcl-2 and

Beclin-1, which is necessary for induction of autophagy. Possible

mechanisms include competitive displacement of Beclin-1 BH3

domain by other Bcl-2 family proteins or translocation of the

nuclear protein high-mobility group box 1 to the cytosol, c-Jun

N-terminal kinase–mediated phosphorylation of Bcl-2, death-

associated protein kinase (DAPK)-mediated phosphorylation of

Beclin-1, nutrient-deprivation factor 1 dysfunction, Beclin-1 self-

interaction, and tumor necrosis factor receptor–associated factor

6–mediated ubiquitination of Beclin-1.36–43 Besides, brain trauma

conditions have been found to regulate interaction between en-

dogenous Bcl-2 and Beclin-1 by altering their total protein lev-

els.27 Collectively, autophagy negatively modulates neuronal cell

death in a complex manner, in order to attenuate hippocampal cell

death after post-TBI hypothermia.

In the present study, we observed that fluid percussion TBI could

induce increased autophagy in the ipsilateral hippocampus, and

moderate hypothermia could accelerate this process. Autophagy is

the main mechanism for the bulk elimination of aberrant cell

components and could interact with other cell death mechanisms,

and we found that moderate hypothermia could attenuate cell death

in the ipsilateral hippocampus. Therefore, we propose that neuro-

protective effects of moderate hypothermia may be related to in-

teraction between autophagy and other cell death mechanisms.

Further studies are required to demonstrate the possible mecha-

nisms of the promotion of autophagy by moderate hypothermia.

FIG. 6. Electron micrographs of autophagy-related vesicular compartments (A and B: SNG; C and D: SHG; E and F: TNG; G and H:
THG). Scale bar was 5 lm (upper half of the figure) and 2 lm (lower half of the figure). Arrows indicate the autophagosomes and
autolysosomes. APs, autophagosomes; ALs, autolysosomes; SNG, sham injury with normothermia group; SHG, sham injury with
hypothermia group; TNG, TBI with normothermia group; THG, TBI with hypothermia group.
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