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Abstract

Autophagy has been suggested to participate in the pathology of hypoxic-ischemic brain damage (HIBD). However, its regulatory role
in HIBD remains unclear and was thus examined here using a rat model. To induce HIBD, the left common carotid artery was ligated in
neonatal rats, and the rats were subjected to hypoxia for 2 hours. Some of these rats were intraperitoneally pretreated with the autophagy
inhibitor 3-methyladenine (10 mM in 10 pL) or the autophagy stimulator rapamycin (1 g/kg) 1 hour before artery ligation. Our findings
demonstrated that hypoxia-ischemia-induced hippocampal injury in neonatal rats was accompanied by increased expression levels of the
autophagy-related proteins light chain 3 and Beclin-1 as well as of the AMPA receptor subunit GluR1, but by reduced expression of GluR2.
Pretreatment with the autophagy inhibitor 3-methyladenine blocked hypoxia-ischemia-induced hippocampal injury, whereas pretreatment
with the autophagy stimulator rapamycin significantly augmented hippocampal injury. Additionally, 3-methyladenine pretreatment blocked
the hypoxia-ischemia-induced upregulation of GluR1 and downregulation of GluR2 in the hippocampus. By contrast, rapamycin further
elevated hippocampal GluR1 levels and exacerbated decreased GluR2 expression levels in neonates with HIBD. Our results indicate that
autophagy inhibition favors the prevention of HIBD in neonatal rats, at least in part, through normalizing GluR1 and GluR2 expression.

Key Words: nerve regeneration; hypoxic-ischemic brain damage; hypoxia; ischemia; a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid-type glutamate receptor subunit; GluR; hippocampus; rapamycin; 3-methyladenine; neural regeneration
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Introduction

Neonatal hypoxic-ischemic encephalopathy is the leading
cause of infant mortality and morbidity, affecting 1-2% of live
full-term births (Perlman and Shah, 2011; Patel et al., 2014).
Hypoxic-ischemic encephalopathy is a brain injury character-
ized by global hypoxia-ischemia as a result of inadequate oxy-
gen and blood supply (Shankaran, 2012; Guo et al., 2016; Yao
et al., 2016). Despite the development of emerging strategies
for preventing hypoxic-ischemic brain damage (HIBD), un-
desirable adverse effects may occur following the application
of required interventions, and alternative approaches with
improved therapeutic effects are needed (Dixon et al., 2015;
Zalewska et al., 2015).

A variety of factors and mechanisms have been impli-
cated in the pathophysiology of HIBD, including vascula-
ture changes, reduced oxygen and adenosine triphosphate
supply, overload of Ca* influx, increased oxidative stress,
mitochondrial dysfunction, chronic inflammation, and
defective synaptogenesis and neurogenesis (Dixon et al,,
2015). Autophagy is a highly conserved cellular degradative
pathway by which intracellular molecules, proteins, and
damaged organelles are delivered into lysosomes and de-
graded for recycling (Klionsky et al., 2016). A recent report
has shown enhanced autophagic activity in the lentiform
nucleus of human newborns who died of hypoxic-ischemic
encephalopathy (Xie et al., 2016). In addition, the selective
deletion of a key autophagy-related gene, Atg7, prevented
HIBD-induced neuronal death in a mouse model (Xie et
al., 2016). These data highlight the functional role of auto-
phagy in mediating brain damage after hypoxic-ischemic
injury. Nevertheless, the mechanisms underlying this role
remain unclear.

Increased Ca** influx through a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid-type (AMPA-type) glu-
tamate receptor (AMPAR) channels, especially Ca**-per-
meable AMPAR channels, also contributes to neuronal
death in hypoxic-ischemic encephalopathy (Tang and Xing,
2013). Ca**-permeable AMPARs are composed of four
subunits, GluR1, GluR2, GluR3, and GluR4, that form a tet-
raheteromeric structure (Liu and Savtchouk, 2012). In the
hippocampus, a majority of neurons contain a heteromeric
complex that consists of GluR1/GluR2 or GluR2/GluR3 (Shi
et al., 2001). The accumulation of GluR1 and GluR2 sub-
units in synapses is required for mediating synaptic plas-
ticity (Shi et al., 2001; Gainey et al., 2009). AMPARs have
been found in autophagosomes in hippocampal neurons in
vitro and in vivo (Matsuda et al., 2008). In addition, auto-
phagy has been found to be responsible for the degradation
of the GluR1 subunit in hippocampal neurons (Shehata et
al., 2012).

Based on the aforementioned evidence, we speculated
that AMPARs may participate in the pathogenesis of HIBD.
Hence, we investigated here for the first time the effects of
autophagy in mediating the expression of AMPARs (GluR1
and GluR2) in a rat model of HIBD. Based on the aforemen-
tioned evidence, we further investigated the contribution of
AMPARSs to the pathogenesis of HIBD.
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Materials and Methods

Animals

Seven-day-old male and female Sprague-Dawley rats, weighing
11-14 g, were provided by Shanghai SLAC Laboratory Animal
Co., Ltd., China (License No. SCXK [Hu] 2012-0002). These
neonatal animals were breast-fed and housed at 25 + 2°C with
a 12-hour light/dark lighting cycle. The protocols, which in-
cluded all surgical procedures and animal use, were approved
by the Animal Care and Use Committee of Soochow Universi-
ty, and conformed to the Guide for the Care and Use of Labo-
ratory Animals by the National Institutes of Health. Rats were
randomly divided into the following four groups having 42 rats
in each group: sham-operated, HIBD only, HIBD + 3-meth-
yladenine (3-MA), and HIBD + rapamycin.

Establishing an animal model of HIBD in newborn rats
An animal model of HIBD was established in neonatal rats
as previously described (Vannucci and Vannucci, 1997) with
minor modifications. Briefly, rats were anesthetized using
diethyl ether inhalation and placed in the supine position. A
1-cm midline incision of the neck was made to expose the
left common carotid artery, which was permanently ligat-
ed using 7-0 suture. The incision was closed, and rats were
placed in an incubator at 37°C for 2 hours. The rats were
transferred to a normobaric hypoxia cabin (37°C, 8% O,,
92% N,, gas flow rate of 1.5 L/min; Shanghai Institute for
Pediatric Research, China) for 2 hours to induce hypoxia.
The time at the end of hypoxia induction was considered 0
hours. The neonates were returned to their home cages. In
the sham-operated group, the left common carotid artery
was exposed but not ligated. After the operation, the incision
was sutured, and the sham-operated rats were kept in an in-
cubator at 37°C without induction of hypoxia.

Drug administration

In the HIBD + 3-MA and HIBD + rapamycin groups, rats
were intraperitoneally injected with 10 pL of 3-MA (10 mM;
Sigma-Aldrich, St. Louis, MO, USA; an autophagy inhibitor)
or 1 g/kg of rapamycin (5 mg/mL; Sigma-Aldrich; an auto-
phagy stimulator), respectively. One hour after drug admin-
istration, the operation was conducted in these rats to induce
HIBD. In both the sham-operated and HIBD only groups,
rats were intraperitoneally injected with 10 pL of sterilized
phosphate-buftered solution (PBS) 1 hour prior to surgery.

Brain swelling detected by brain wet weight

Rats were randomly selected from the sham-operated group
and each of the three HIBD groups (n = 6 for each group).
Twenty-four hours after the establishment of HIBD, rats were
sacrificed and the left hemisphere of the brain was weighed.

Specimen collection

At0, 1, 3, 6, 12, 24, or 48 hours after the operation, three rats
from each group were decapitated. The brains were removed
and fixed in 4% paraformaldehyde for histological exam-
ination. At 0, 1, 24, and 48 hours after the operation, six rats
from each group were decapitated, and hippocampal tissues
were collected and stored at —80°C until use.
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Hematoxylin-eosin staining

Paraformaldehyde-fixed brain samples were incubated in 30%
sucrose solution for 72 hours. After being embedded in paraf-
fin, the samples were sectioned, deparaffinized in xylene, and
rehydrated in a graded series of ethanol (100%, 95%, 85%,
and 75%). The sections were stained with hematoxylin and
eosin for histological examination. Five fields were randomly
selected from each sample for analysis, and images were cap-
tured using a light microscope (OLYMPUS IX71; Olympus
Corporation, Tokyo, Japan) at a magnification of x 400.

Nissl staining

Brain sections (5 um thick) were incubated with Nissl staining
solution for 10 minutes at room temperature. Samples were
then dehydrated through a graded series of ethanol (75%,
95%, and 100%), cleared in xylene, and mounted with neu-
tral balsam. For each sample, three fields in the hippocampal
region were randomly captured with a light microscope at a
magnification of x 400. The number of Nissl-positive hippo-
campal neurons in an area ] mm x 1 mm square was counted.
The average number of hippocampal neurons was calculated
from 18 randomly selected regions for each group.

Brain weight (g)
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|

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from hippocampal tissues using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Total RNA (2 ug) was reverse
transcribed into cDNA. The PCR primers were synthesized
by Sangon Biotech, Shanghai, China. Primer sequences used
for PCR were as follows: light chain 3 (LC3), forward, 5'-ATC
AAC ATT CTG ACG GAG CG-3; reverse, 5'-TGC TTG
GCA TCA AAC ACG-3; beclinl, forward, 5-TTC AAG ATC
CTG GAC CGA GTG AC-3; reverse, 5'-AGA CAC CAT
CCT GGC GAG TTT C-3% glurl, forward, 5-CTC AAG CGT
CCA GAA TAG G-3'; reverse, 5'-CAA GTC GGT AGG AGT
AGC C-3'; glur2, forward, 5-TGT GTT TGT GAG GAC TAC
CGC A-3 reverse, 5-GGA TTC TTT GCC ACC TTC ATT
C-3'; B-actin, forward, 5'-CCC ATC TAT GAG GGT TAC
GC-3% reverse, 5'-TTT AAT GTC ACG CAC GAT TTC-3".
The PCR reaction system included 2 uL of template cDNA,
1 uL of forward primer, 1 uL of reverse primer, 10 pL of 2x
SYBR Green PCR Master Mix, and 6 uL of deionized water
for a a final volume of 20 pL. The reaction was conducted
using a quantitative real-time PCR instrument with fluores-

Figure 1 Pathological changes induced by
ok hypoxia-ischemia in hippocampi of newborn

rats.

(A) Gross and histological examinations of the
brain following HIBD. The brains were removed
and gross morphology examined at the indicat-
ed times after HIBD. (B) Brain wet weight was
determined 24 h after establishing a rat model of
HIBD (n = 6 for each group). (C) Brain sections
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) were stained with hematoxylin-eosin (magnifi-
cation, x 400). In the sham-operated group, hip-
pocampal neurons are conical or round, dense,
and regular; the nucleus is centered and fully
transparent. Only a small amount of neuronal
degeneration or apoptosis is visible. In the HIBD
group, hippocampal neurons display incomplete
structure, disordered arrangement, fuzzy out-
lines, and unclear boundaries. Cell swelling, rup-
ture and loss are observed. Neurons are loosely
distributed, with increased cell spacing. Cell
edema gradually increases with time. Red arrow
indicates that hippocampal neurons have incom-
plete cell structure, disorderly arrangement, and
blurred cell boundaries. Yellow arrow indicates
that hippocampal neurons are swollen, broken,
distributed loosely, and have increased cell spac-
ing. (D) Nissl staining in the hippocampus 48 h
after HIBD (x 400) shows hippocampal structur-
al damage, neuronal loss, nuclear fragmentation,
and Nissl body damage. Arrow indicates positive
Nissl staining. Scale bars in C and D: 50 um.
(E) The number of Nissl-positive hippocampal
neurons in a region 1 mm x 1 mm was counted
48 h after HIBD. Data are expressed as the mean
+ SD and were analyzed by one-way analysis of
variance followed by the least significant differ-
ence test. **P < 0.01, vs. sham-operated group. h:
Hour(s). HIBD: hypoxic-ischemic brain damage.
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cence detection (Roche LightCycler 480, Basel, Switzerland)
under the following conditions: pre-denaturation at 95°C for
10 minutes, denaturation at 95°C for 15 seconds, annealing
at 60°C for 15 seconds, and extension at 72°C for 30 seconds
for a total of 50 cycles. The relative expression of mRNA was
calculated using the 27*" method, with B-actin as an internal
control (Livak and Schmittgen, 2001).

Immunohistochemistry

Paraffin-embedded tissue sections were boiled in citrate
buffer (pH 6.0) for antigen retrieval. After being rinsed in
PBS, the samples were incubated in 3% hydrogen peroxide at
37°C for 30 minutes, and blocked in goat serum followed by
primary antibody incubation at 4°C overnight. The following
primary antibodies were used: rabbit polyclonal anti-LC3
(1:200; Cell Signaling Technology, Beverly, MA, USA), rabbit
Beclin 1 (1:150; Cell Signaling Technology), rabbit polyclon-
al anti-GluR1 (1:150; Sigma-Aldrich), and rabbit polyclonal
anti-GluR2 (1:250; Sigma-Aldrich). After being incubated
at 4°C overnight, the sections were rinsed with PBS and
probed with a biotinylated secondary anti-rabbit antibody
(ZS]Q-Bio, Beijing, China) for 1 hour at room temperature,
followed by treatment with streptavidin conjugated to horse-
radish peroxidase. The samples were visualized with 3,3'-di-
aminobenzidine tetrahydrochloride. Nuclei were coun-
terstained with hematoxylin. After mounting with neutral
balsam, the samples were examined under a standard DP71
light microscope (Olympus, Monolith, Japan). Five fields
were randomly selected from each section, and micrographs
were captured at a magnification of x 200.

Western blot assay

The hippocampal tissues were lysed in lysis bufter (Beyotime
Institute of Biotechnology, Haimen, China). After centrifuga-
tion at 13,800 x g for 5 minutes at 4°C, the supernatant was col-
lected. Protein samples were separated by 8% or 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. After being
transferred onto a polyvinylidene fluoride membrane (0.45
pm; Millipore, Billerica, MA, USA), the samples were blocked
with 5% non-fat dry milk for 1 hour at room temperature and
then incubated at 4°C overnight with the following primary
antibodies: rabbit anti-GluR1 (1:2,000; Cell Signaling Tech-
nology), rabbit anti-GluR2 (1:500; Cell Signaling Technology),
and mouse anti-B-actin (1:3,000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After being rinsed with Tris-buffered
saline plus Tween 20 (0.1% Tween 20) three times, the mem-
brane was incubated with secondary antibody against rabbit or
mouse IgG conjugated to horseradish peroxidase (1:4,000; Cell
Signaling Technology) for 1 hour at room temperature, and
treated with enhanced chemiluminescence reagent (Beyotime
Institute of Biotechnology). Blots were imaged using X-ray film
(Eastman Kodak Co., USA), and images were captured using a
scanner (Canon, Japan). The optical density values of the target
bands were quantified relative to the level of B-actin using Gel-
Pro analyzer 4.0 software (Media Cybernetics, USA).

Statistical analysis
Data were analyzed using SPSS 17.0 software (SPSS, Chicago,
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IL, USA). Continuous variables were tested for normality using
the Kolmogorov-Smirnov method. Normally distributed data
are expressed as the mean + SD and were analyzed by one-way
analysis of variance. Comparisons between two groups were
conducted using the least significant difference test. Values of P
< 0.05 were considered statistically significant.

Results

Pathological changes in hippocampi of newborn rats after
HIBD

Rats in the HIBD only group exhibited rapid breathing,
became agitated, and displayed tail wagging to the left side
for 5-10 minutes after the animal model of HIBD was es-
tablished. One hour after HIBD, rats became pale, had hy-
popnea, and presented with reduced locomotor activity and
continuous convulsion. Gross examination revealed that the
rat brain was pale beginning 6 hours after HIBD (Figure 1A).
Compared with rats in the sham-operated group, rats in the
HIBD only group had a higher brain wet weight 24 hours after
the operation (P < 0.01; Figure 1B). Obvious brain swelling
was detected at 24 hours and was worse 48 hours after HIBD.
At 48 hours of HIBD, the frontal and parietal lobes appeared
to be pale and displayed liquefactive necrosis, and the size of
the injured cerebral hemisphere was larger than the contra-
lateral side. Histological examination revealed that there was
significant hippocampal neuronal damage 24 and 48 hours
after HIBD (Figure 1C). Nissl staining revealed that rats in
the HIBD only group had disturbed hippocampal structures,
loss of neuronal cells, nuclear fragmentation, and Nissl body
collapse (Figure 1D). Compared with that in the sham-oper-
ated group, the number of Nissl-positive neurons was greatly
reduced in the HIBD only group (P < 0.01; Figure 1E).

Hippocampal LC3 and Beclin-1 expression in newborn
rats with HIBD

To determine the involvement of autophagy in HIBD, the ex-
pression of the autophagy-related proteins LC3 and Beclin-1
were examined in the hippocampus of animals. The LC3 and
beclin-1 mRNA levels were maintained at a relatively stable
level in the hippocampus of rats in the sham-operated group.
However, the LC3 mRNA level was significantly higher in
rats in the HIBD only group than that in the sham-operated
group 3 hours after HIBD induction. The LC3 mRNA level
gradually increased and peaked 24 hours after HIBD (P <
0.05; Figure 2A). In addition, beclin-1 mRNA expression was
significantly increased 12 hours and peaked 24 hours after
surgery in the HIBD only group (P < 0.05, compared with
the sham-operated group; Figure 2B). The enhanced levels of
LC3 and beclin-1 mRNA expression were maintained until 48
hours after HIBD (P < 0.05, vs. sham-operated group). Immu-
nohistochemical analysis revealed that the immunopositive
staining for LC3 and Beclin-1 appeared to be enhanced at 24
hours in the HIBD only group (Figure 2C, D).

Hippocampal GluR1 and GluR2 expression in newborn
rats after HIBD
To understand the involvement of the calcium-permeable
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AMPA /kainate receptor-gated channel in HIBD, we exam-
ined the mRNA and protein expression levels of GluR1 and
GIuR?2 in the hippocampal regions of rats after HIBD. As
shown in Figure 3, the mRNA and protein levels of GluR1
were significantly elevated 12 hours, peaked 24 hours, and
remained elevated 48 hours after HIBD (P < 0.05, vs. sh-
am-operated group). By contrast, the mRNA and protein lev-
els of GluR2 were markedly reduced beginning 3 hours after
HIBD (P < 0.05, vs. sham-operated group), and the lowest
mRNA and protein GluR2 expression levels were observed
12 hours after HIBD (P < 0.05, vs. sham-operated group). By
contrast, no significant fluctuation in the expression of GluR1
or GluR2 was detected in the sham-operated group.

Effects of 3-MA and rapamycin on LC3 and Beclin-1
expression and on damage in the hippocampus of
newborn rats with HIBD

The potential effects of autophagy on hippocampal damage
were investigated using the autophagy inhibitor 3-MA and
the autophagy stimulator rapamycin. As compared with the
HIBD group, intraperitoneal injection of 3-MA 1 hour before
surgery significantly decreased LC3 mRNA levels 1, 24, and
48 hours after HIBD (P < 0.05), and significantly decreased
beclin-1 mRNA levels 24 and 48 hours after HIBD induction
(P < 0.05; Figure 4A, B). However, pretreatment with rapamy-
cin greatly increased mRNA levels of both LC3 and Beclin-1
24 and 48 hours after HIBD induction (P < 0.05, vs. HIBD).
These data suggest that pharmacologically interfering with au-
tophagy altered the mRNA levels of autophagy-related genes
in the hippocampus following HIBD induction. In addition,
3-MA greatly attenuated the hippocampal damage induced
by hypoxia-ischemia 24 hours after surgery (Figure 4C). By
contrast, rapamycin greatly augmented HIBD-induced hippo-
campal injury, as severe neuronal apoptosis, necrosis, and cell
loss were detected in the HIBD + rapamycin group.

Effects of 3-MA and rapamycin on hippocampal GluR1
and GluR2 expression in newborn rats with HIBD

The potential effects of autophagy on the expression of
GluR1 and GluR2 were determined. The administration of
3-MA effectively blocked the HIBD-induced upregulation of
glurl mRNA 1, 24, and 48 hours after surgery; whereas rapa-
mycin further elevated glurl mRNA levels at the same times,
compared with those for rats in the HIBD group (P < 0.05;
Figure 5A).The glur2 mRNA levels 24 or 48 hours after sur-
gery were markedly elevated by pretreatment with 3-MA but
were significantly reduced 1, 24, or 48 hours after surgery by
the administration of rapamycin (P < 0.05, vs. HIBD; Figure
5B). The administration of 3-MA reduced the ratio of glurl/
glur2 that had been elevated by HIBD, whereas rapamycin
further augmented the glurl/glur2 ratio (Figure 5C). Con-
sistent results were obtained using the immunohistochemi-
cal analysis (Figure 5D).

Discussion
We found increased autophagic activity in the damaged
hippocampus of rats with induced HIBD. The elevated ex-

pression levels of the autophagy-related proteins LC3 and
Beclin-1 were accompanied by increased AMPAR GluR1 sub-
unit expression levels but decreased GluR2 subunit levels. Pre-
treatment with an autophagy inhibitor attenuated hippocam-
pal injury and blocked the HIBD-induced changes in GluR1
and GluR2 levels, whereas pretreatment with a stimulator of
autophagy aggravated the HIBD-induced brain damage.

Autophagy is a physiological process critical for maintaining
intracellular homeostasis by regulating protein turnover. In the
nervous system, neuronal autophagy plays an essential role in
mediating neuronal cell survival and death, while dysregulated
autophagy contributes to several neurological diseases (Puyal
etal., 2012; Yang et al., 2013). In the present study, cellular au-
tophagy was activated following HIBD and was accompanied
by increased LC3 and Beclin-1 levels. These observations are
consistent with previous studies that showed the induction of
autophagy after hypoxia-ischemia injury (Li et al., 2010; Xie
et al., 2016). Autophagy activation tended to be more obvi-
ous 12-48 hours following HIBD, when severe hippocampal
damage was also observed. However, we could not rule out the
possibility that increased LC3 and Beclin-1 levels might also
have reflected the accumulation of autophagosomes or autoly-
sosomes caused by insufficient autophagic clearance. We also
found that blocking autophagy with 3-MA significantly alle-
viated hippocampal damage, suggesting that autophagy may
act as a pro-death mechanism in HIBD and that the inhibition
of autophagic activity may suppress autophagic neuronal cell
death upon injury. In contrast to our findings, Samokhvalov et
al. (2008) demonstrated that blockade of autophagy sensitized
cells to hypoxia injury in C. elegans, indicating a protective
role of autophagy against insults. Our discrepant results may
be explained by the use of different species of animal models.

Ton channels formed by AMPARSs allow the influx of Ca®"
and are involved in the pathology of HIBD. In the present
study, the marked upregulation of GluR1 and downregula-
tion of GluR2 were detected 12-48 hours following HIBD. A
recent study indicated that the exposure of cultured cortical
cells to the neurotoxic chemicals methoxychlor and fen-
valerate specifically decreased GluR2 expression, while the
expression of other AMPAR subunits (GluR1, GluR3, and
GluR4) remained unchanged (Umeda et al., 2016). This re-
sult suggests a crucial role of GluR2 in maintaining neuronal
cell survival. The GluR2 subunit of AMPARSs is distinct from
the other subsets because AMPARs that lack GIuR2 appear
to be permeable to Ca”* (Hollmann et al., 1991). Therefore,
reduced GluR2 may augment cell death upon stimulation. We
also observed that the altered expression of GluR1 and GluR2
was delayed after HIBD, which was consistent with the de-
layed hippocampal injury. These data were in accordance with
previous findings showing the delayed, enhanced, and lasting
activity of the GluR1 subunit in hippocampal slices cultured
after transient anoxia/hypoglycemia (Quintana et al., 2006).
Our findings show that normalized GluR1 and GluR2 expres-
sion levels may contribute to preventing HIBD in neonates,
which may explain why AMPA antagonists have no immense
neuroprotective potential following HI insult to the develop-
ing brain (Rocha-Ferreira and Hristova, 2016).

In addition, a significant reduction in the GluR1/GluR2 ratio
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Figure 2 Expression of LC3 and Beclin-1 in the hippocampus following HIBD.

(A, B) The mRNA levels of LC3 (A) and beclin-1 (B) were measured by reverse transcription quantitative polymerase chain reaction. The mRNA
expression was calculated relative to -actin levels. Data are expressed as the mean + SD and were analyzed by one-way analysis of variance fol-
lowed by the least significant difference test. *P < 0.05, vs. sham-operated group. (C, D) Hippocampal expression of LC3 (C) and Beclin-1 (D) as
qualitatively determined using immunohistochemistry (x 200) is higher in the HIBD group than that in the sham-operated group. Arrows repre-
sent immunoreactive cells. Three rats in each experimental group were examined at each time point. Negative: Control tissue processed without
primary antibody. Scale bars in C and D: 100 um. h: Hour(s); LC3: light chain 3; HIBD: hypoxic-ischemic brain damage.
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Figure 3 Expression of GluR1 and GluR2 in the hippocampus following HIBD.

(A, B) The mRNA levels of glurl (A) and glur2 (B) were measured by reverse transcription quantitative polymerase chain reaction. The expression
of mRNA was calculated relative to B-actin levels. (C) Protein expression was examined by western blot assay, and representative blots are present-
ed. (D, E) The protein levels of GluR1 (D) and GluR2 (E) were calculated relative to f-actin levels. Data are expressed as the mean + SD and were
analyzed by one-way analysis of variance followed by the least significant difference test. *P < 0.05, vs. sham-operated group. Three rats in each ex-
perimental group were included at each time point. h: Hour(s); HIBD: hypoxic-ischemic brain damage.
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Figure 4 Effects of autophagy inhibition or stimulation on hippocampal damage following HIBD.
(A, B) The mRNA levels of LC3 (A) and beclin-1 (B) were measured by reverse transcription quantitative polymerase chain reaction. The expres-
sion of mRNA was calculated relative to B-actin levels. Data are expressed as the mean + SD and were analyzed by one-way analysis of variance
followed by the least significant difference test. *P < 0.05, vs. sham-operated group; #P < 0.05, vs. HIBD group. (C) Hematoxylin-eosin staining of
the hippocampal region 24 hours after surgery (magnification, x 400). Scale bars: 50 um. Black arrows show cell swelling; arrowheads show loosely
distributed cells; the open arrow indicates damaged cell. Three rats in each experimental group were included at each time point. 3-MA: 3-Meth-
yladenine; RAPA: rapamycin; h: hour(s); LC3: light chain 3; HIBD: hypoxic-ischemic brain damage.
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Figure 5 Effects of 3-MA and RAPA on GluR1 and GluR?2 in the hippocampus following HIBD.

(A, B) The mRNA levels of glurl (A) and glur2 (B) were measured by reverse transcription quantitative polymerase chain reaction 24 hours after
surgery. The expression of mRNA was calculated relative to B-actin levels. (C) glurl/2 ratios over time. Data are expressed as the mean + SD and
were analyzed by one-way analysis of variance followed by the least significant difference test. *P < 0.05, vs. sham-operated group; #P < 0.05, vs.
HIBD group. (D) Immunohistochemical analysis of GluR1 and GluR2 expression in the hippocampus (x 400). Arrows show positive expression.

Scale bars: 50 um. Three rats in each experimental group were included at each time point. 3-MA: 3-Methyladenine; RAPA: rapamycin; h: hour(s);
HIBD: hypoxic-ischemic brain damage.
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was found in HIBD animals pretreated with the autophagy
inhibitor 3-MA. By contrast, pretreatment with an autophagy
stimulator prior to HIBD resulted in a marked enhancement
in the GluR1/GluR2 ratio. The autophagy inhibitory and
stimulatory effects of 3-MA and rapamycin, respectively, were
confirmed here by determining the expression levels of LC3
and Beclin-1 in the hippocampus of rats. A previous study
demonstrated that rapamycin inhibited the mammalian target
of rapamycin (mTOR) pathway while autophagy was activated,
and this contributed to the reduced AMPAR expression in the
synapses of cortical neurons (Wang et al., 2006). The mTOR
and autophagy pathways are novel targets for interfering with
HIBD (Chen et al., 2012). It is plausible that autophagy induc-
tion leads to the excessive degradation of GluR2, which is asso-
ciated with neuronal toxicity. Autophagy inhibition by 3-MA
in the present study contributed to the restored GluR2 expres-
sion in hippocampal neurons. Moreover, because 3-MA inhib-
its phosphoinositide 3-kinase (PI3K) signaling (Blommaart et
al., 1997), cross talk may occur between GluR1/GluR2 and the
PI3K-Akt-mTOR signaling pathway. However, the underlying
correlation between GluR1/GluR2 and the PI3K-Akt-mTOR
pathways needs to be further investigated.

In summary, autophagy inhibition favored neuronal sur-
vival in the hippocampus of rats following HIBD, whereas
autophagy stimulation augmented neuronal death. The neu-
roprotective role of autophagy blockade may be associated
with a reduced GluR1/GluR2 ratio in the hippocampus after
HIBD. The results of our study support the approach of in-
terfering with autophagic activity for preventing neuronal
damage after HIBD. Nevertheless, the precise association be-
tween autophagy and AMPARSs in regulating neuronal sur-
vival and death in the brains of neonates subjected to HIBD
remains to be further clarified.
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