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Abstract
Hypoxic-ischemic brain injury (HIBI) in neonates is one of the major contributors of newborn death and cognitive impair-
ment. Numerous animal studies have demonstrated that autophagy is substantially increased in HIBI and that sevoflurane 
postconditioning (SPC) can attenuate HIBI. However, if SPC-induced neuroprotection inhibits autophagy in HIBI remains 
unknown. To investigate if cerebral protection induced by SPC is related to decreased autophagy in the setting of HIBI. 
Postnatal rats at day 7 (P7) were randomly assigned to 7 different groups: Sham, HIBI, SPC–HIBI, HIBI + rapamycin, SPC–
HIBI + rapamycin, HIBI + p-extracellular signal-regulated kinase (p-ERK) inhibitor, and SPC–HIBI + p-ERK inhibitor. To 
induce HIBI, neonatal rats underwent left common carotid artery ligation, followed by 2 h of hypoxia (8% O2). Rats in the 
SPC groups were treated with 1 minimum alveolar concentration ([MAC], 2.4%) SPC for 30 min after HIBI induction. Mark-
ers of autophagy and expression of ERK cascade components were measured in the rat brains after 24 h. Spatial learning 
and memory function were examined 29–34 days after administration of an autophagy agonist or a p-ERK inhibitor. The 
expression of microtubule-associated proteins 1A/1B, light chain 3B II (LC3-II) and tuberous sclerosis complex 2 (TSC2) 
were decreased in the SPC–HIBI group compared to the HIBI group. Expression of the p62 sequestosome 1 (P62/SQSTM1) 
protein, p-ERK/ERK, phospho-mammalian target of rapamycin (p-mTOR) and phospho-p70S6 were increased in SPC–HIBI 
group. Rats within the SPC–HIBI groups that also received the p-ERK inhibitor or autophagy inhibitor demonstrated reduced 
cross platform times and increased escape latency. Approximately 30 min of 2.4% SPC treatment in the P7 rat HIBI model 
attenuated excessive autophagy in the brain by elevating the ERK cascade. This finding provides additional insight into HIBI 
and identifies new targets for therapeutic approaches to treat HIBI.
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Abbreviations
HIBI	� Hypoxic-ischemic brain injury
SPC	� Sevoflurane postconditioning
ERK	� Extracellular signal-regulated kinase
ERKI	� ERK inhibitor

Introduction

Perinatal asphyxia is one of the major causes of newborn 
mortality and life-long neurodevelopmental disabilities 
[1]. Pathogenesis of perinatal asphyxia can be attributed to 
placental abruption, maternal infection, and umbilical cord 
prolapse, which induces hypoxia and ischemia in the cen-
tral nervous system leading to hypoxic-ischemic brain injury 
(HIBI) [2]. During the first week of life in newborns, 20% 
of HIBI cases are fatal, and 50% of survivors develop life-
long sequelae such as cognitive and memory impairments, 
cerebral palsy, and epilepsy [3, 4].

To date, the only clinically approved therapy for HIBI is 
moderate hypothermia [5, 6]. Several studies are currently 
investigating new HIBI treatments, such as administration of 
autologous cord blood cells intravenously [7], erythropoietin 
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support, and sevoflurane postconditioning (SPC). Since neu-
ronal cell death is a major contributor of HIBI sequelae, 
these therapies seek to prevent neuronal cell death. Morpho-
logical studies have identified three main types of cell death 
in HIBI; type 1 (apoptosis), type 2 (autophagic death), and 
type 3 (necrotic cell death) [8]. Several studies have focused 
on the role of sevoflurane postconditioning in alleviating 
HIBI by inhibition of necrotic cell death [9–11], however 
the effect of SPC on autophagic cell death in HIBI remains 
unknown.

Autophagy is a catabolic process essential to the proteas-
ome pathway. However, in specific cases such as HIBI, over-
active autophagy is deleterious due to its contribution to cell 
death. Pretreatment of neonatal rats with 3-methyladenine 
(3-MA), an autophagy inhibitor, significantly attenuated 
HIBI [12]. Besides the autophagic inhibitor, mTOR, act-
ing downstream of the ERK cascade, can inhibit autophagy 
by preventing p-ULK1 activation [13]. ERK cascade plays 
a crucial role in multiple cellular processes including cell 
proliferation, differentiation, adhesion, migration and sur-
vival [14]. It has been shown that the ERK cascade has a 
neuroprotective role in HIBI [15], although the effect of the 
ERK cascade in SPC–HIBI remains to be clarified.

In this study, the involvement of autophagy and the ERK 
cascade in SPC-treated HIBI neonatal rats was investigated. 
The results of this study indicate that SPC treatment inhibits 
autophagy through activation of the ERK cascade to allevi-
ate hypoxic-ischemic brain injury.

Materials and Methods

Animals

The animal studies were conducted during the synapse for-
mation period of rat development, which occurs in postnatal 
development at day 7 (P7), equivalent to the period from late 
pregnancy to three years after birth in human babies [16]. 
All animal experiments were carried out in accordance with 
the National Institute of Health Guideline for the Care and 
Use of Laboratory Animals. Formal approval to conduct the 
experiments described was obtained from the animal review 
board of Shengjing Hospital, China Medical University.

Neonatal HIBI Model and Drug Administration

The HIBI model was used as previously described [17]. 
Briefly, postnatal Sprague–Dawley (SD) rats at day 7 (P7) 
(Laboratory of Shengjing Hospital, China Medical Univer-
sity; male/female ratio, 1:1) were sexed according to the 
distance between the reproductive organs and the anus. Cot-
ton covered with sevoflurane was placed into a transparent 
plastic pipe and the head of the rats were placed into the 

pipe for anesthesia for approximately 20 s. Rats were then 
subjected to permanent double ligation of the left common 
carotid artery using 7–0 surgical silk and the artery was cut 
between two ligations. Every surgical operation was com-
pleted within 5 min. The rats were allowed to wake naturally 
and were returned to cages containing the mothers for 2 h. 
Rats were then put into an acrylic chamber for anesthesia 
with two connecting ducts on opposite sides of the cham-
ber. One duct was connected to a sevoflurane vaporizer for 
ventilation, while the other duct transported the gas samples 
out of the chamber to a monitor. In the Sham group, the 
chamber was ventilated with 30% O2 and 70% N2 at a flow 
rate of 2 L/min for 2 h. In the HIBI group, the chamber was 
ventilated with 8% O2 and 92% N2 at a flow rate of 2 L/
min for 2 h. SPC was established immediately after HIBI: 
rats inhaled 2.4% sevoflurane (1MAC) in a chamber with 
an atmosphere of 30% O2, 70% N2 at a flow rate of 2 L/
min for 30 min. The chamber temperature was maintained 
at 37 °C using a heating pool. Drug administration: rats were 
anesthetized and placed in a stereotaxic frame. Rapamycin 
(RAP, 5 µg in 5 µL 0.1% DMSO; Selleck S1093) or p-ERK 
inhibitor (SCH772984 5 µg in 5 µL 0.1% DMSO; Selleck 
S7101) was injected into left lateral ventricle using a 5 µL 
Hamilton syringe exactly 30 min before HIBI. Rats in the 
treatment groups that did not receive rapamycin or p-ERK 
inhibitor received 0.1% DMSO alone.

Study Groups

A total of 150 P7 rats weighing 12–16 g were selected from 
20 pregnant rats, and randomly assigned to groups using a 
random number table method. In total, 110 neonatal rats 
were analyzed with a mortality rate of 27% after HIBI 
treatment.

Thirty-five P7 SD rats were used for western blot 
coming from the groups as follows: Sham (n = 5), HIBI 
(n = 5), SPC–HIBI (n = 5), HIBI + rapamycin (n = 5), 
SPC–HIBI + rapamycin (n = 5), HIBI + p-ERKI (n = 5), and 
SPC–HIBI + p-ERKI (n = 5).

Twenty-five P7 SD rats were used for Immunohisto-
chemistry coming from the groups as follows: Sham (n = 5), 
HIBI (n = 5), SPC–HIBI (n = 5), HIBI + p-ERKI (n = 5), and 
SPC–HIBI + p-ERKI (n = 5).

Fifty P7 SD rats were used in Suspension tests and Morris 
water maze (described below) coming from the groups as 
follows; Sham (n = 10), HIBI (n = 10), SPC–HIBI (n = 10), 
SPC–HIBI + rapamycin (n = 10), and SPC–HIBI + p-ERKI 
(n = 10).

Western Blot Analysis

Cotton covered with sevoflurane was placed into a trans-
parent plastic pipe. The rat’s head was then placed in for 
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anesthesia for approximately 20 s. Twenty-four hours after 
treatment, the left cerebral hippocampus from each group 
(n = 5 per group) was collected then placed on the ice. 
Supernatant total proteins were isolated after the addition of 
radio-immunoprecipitation assay agent (Beyotime, Haimen 
City, China). Protein concentrations were determined using a 
BCA kit. Samples (60 µg protein) were separated onto 12.5% 
SDS–polyacrylamide gels and transferred to a nitrocellulose 
membrane. After blocked with 5% non-fat milk, the mem-
brane was incubated with the primary antibody overnight 
at 4 °C. The primary antibodies were: anti-β-actin (1:2000, 
Cell Signaling Technology, #3700), anti-LC3B (1:1000, 
polyclonal; Cell Signaling Technology, 2775S), anti-p62/
SQSTM1 (1:1000, polyclonal; Cell Signaling Technology, 
5114), anti-p44/42 MAPK (1:1000, monoclonal; Cell Sign-
aling Technology, 4695P), anti-p-p44/42 MAPK (1:1000, 
monoclonal; Cell Signaling Technology, 4370P), anti-TSC2 
(1:1000, monoclonal; Cell Signaling Technology, 4308S), 
anti-p-mTOR (1:1000, polyclonal; Cell Signaling Technol-
ogy, 2971S), and anti-p-p70S6 (1:1000, monoclonal; Cell 
Signaling Technology, 9234S). The blots were then incu-
bated with a horseradish peroxidase-conjugated secondary 
antibody at room temperature for 1 h. The protein blots 
were detected using enhanced chemiluminescence detec-
tion reagents (Thermo Scientific, Waltham, MA, USA). 
Protein band volumes were quantified by densitometry using 
Image Quant 5.0 Windows NT software (Molecular Dynam-
ics, Sunnyvale, CA, USA). Blots were analyzed using the 
Gelpro32 (Media Cybernetics, USA). Data were normal-
ized to β-actin as an internal control during the western blot 
analysis.

Immunohistochemistry

Following the anesthetic procedure mentioned above, the 
right atrial appendage of the rat heart was cut open and per-
fused with 4% formalin. The brain was then prepared for 
immunohistochemistry as follows. Briefly, the brains of rats 
(n = 5, per group) were first immersed in 4% paraformal-
dehyde (PFA) at 4 °C for 24 h, then embedded in paraffin 
wax after dehydration in graded ethanol. The tissue blocks 
were then sliced at 2.5 µm thickness using a paraffin slicer 
and paraffin sections were stored at room temperature until 
use. Each brain was serially sliced and 3 comparable brain 
slices were selected for LC3B staining. Tissue sections were 
incubated with primary antibody anti-LC3B (1:500, poly-
clonal; Cell Signaling Technology, 2775S) at 4 °C for 12 h 
in a humidified chamber. After three times of 5 min rinses 
in phosphate buffered saline (PBS), the sections were incu-
bated with peroxidase-conjugated secondary antibody (no 
dilution, ZSGB-BIO, SP-9001). Diaminobenzidine (DAB) 
was applied for chromogenic staining. The nuclei were 
stained with hematoxylin (ZSGB-BIO, ZLI-9610). Finally, 

the sections were photographed with Nikon C1 microscope 
by an investigator blinded to the experimental intervention 
and groups. Each brain section of LC3B staining was pho-
tographed by at least 2 random fields of view and OD value 
was quantified using NIS-Elements AR Analysis 4.50.00 
software. The LC3B positive cells were counted in a ran-
dom reticle (approximately 0.01 mm2) at × 400 magnifica-
tion. Average values of three determinations were used to 
calculate the autophagic quantities.

Suspension Test

Suspension tests were performed to test motor outcomes 
once per day on day 21 to day 28 post HIBI. Rats (n = 10, 
per group) were forced to hold on to a 0.6-cm-wide plastic 
level, 45 cm above the ground, with their anterior limbs. 
The test was completed when the rat fell down, or when the 
suspending time reached 60 s, or when the rats’ posterior 
limbs caught the level [12].

Morris Water Maze

The Morris water maze was used on day 29 to day 34 post 
HIBI to test spatial learning and memory (n = 10, per group). 
As described previously [12], the MWM was performed in 
a circular pool with black walls (diameter: 160 cm, depth: 
60 cm). The pool was filled with 30-cm-deep warm water 
at 20 °C. An escape platform (diameter: 12 cm) was located 
1.5 cm below the surface of water and at the center of the 
target quadrant. Probe trial sessions began at 8:00 am for 
5 days and were conducted four times (once per quadrant) 
daily with 30 min rest time. Rats were put into the water to 
search for the hidden platform from four quadrants facing the 
pool wall. The duration spent on finding the platform (escape 
latency) was within 90 s. If the rat was not able to find the 
platform within 90 s, it was guided towards the platform and 
the escape latency was recorded as 90 s. After each trail, rats 
were made to stand on the platform for 20 s. During spatial 
probe test, rats were permitted to swim for 90 s freely after 
the platform was taken away from the maze. The entire pro-
cess of MWM experiment was recorded by a camera located 
above the pool and analyzed using image analysis software 
(Shanghai Mobiledatum Ltd, China).

Statistical Analysis

The data were analyzed using Bartlett’s test for equal vari-
ances and Shapiro–Wilk test for normality. Parametric data 
of the three groups was compared using one-way analysis of 
variance (ANOVA) followed by the Student–Newman–Keuls 
post hoc test, and nonparametric data of three groups were 
compared by the Kruskal–Wallis with Dunn’s Multiple com-
parison test. The data of escape latency in the Morris water 
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maze test were analyzed using a repeated ANOVA. The spa-
tial probe test data were analyzed using Kruskal–Wallis with 
Dunn’s Multiple comparison test. All data were analyzed 
with GraphPad Prism 5.0 software or SPSS 20.0 software. 
Differences were considered to be statistically significant if 
P < 0.05. Data are presented as mean ± standard deviation 
(SD).

Results

HIBI Over‑Activates Autophagy

In a previous study conducted in our laboratory, autophagy 
overactivation was found to be involved in HIBI in neona-
tal rats [12]. To further verify the autophagic activity in 
the setting of HIBI, the hippocampus of neonatal rats was 
examined using transmission electron microscope (TEM), 
which is considered the ‘gold standard’ for detecting the 
autophagic process. TEM revealed the presence of double-
membrane cytoplasmic content containing vacuolar struc-
tures in the cytoplasm of neurons, confirming the formation 
of autophagosomes and autolysosomes (Fig. 1a).

SPC–HIBI Down‑Regulates Over‑Activated 
Autophagy

To study the neuroprotective mechanism of sevoflurane 
postconditioning (SPC) in HIBI, pivotal autophagic proteins 
including LC3BII and P62/SQSTM1 were examined 24 h 
after SPC–HIBI (Fig. 1). LC3 has two forms: LC3 I and LC3 
II. When autophagy is initiated, LC3 II is formed by conju-
gation of LC3 I with phosphatidylethanolamine. Since the 
expression of LC3 I is quite abundant in brain tissue [18], 
we measured the expression of LC3 by detecting LC3B II 
compared to β-actin instead of the ratio of LC3 II/LC3 I and 
P62/SQSTM1, which is specially degraded in autolysosomes 
to detect intact autophagic flux. Decreased expression of 
LC3B II and increased expression of P62 were observed in 
the SPC–HIBI group compared to the HIBI group (Fig. 1b, 
HIBI vs. Sham: LC3B II: P < 0.01; P62: P < 0.0001; HIBI 
vs. SPC–HIBI: LC3B II: P < 0.01; P62: P < 0.01). Immun-
operoxidase labeling of LC3B II showed reduced LC3B II in 
the SPC–HIBI group compared to the HIBI group (Fig. 1c, 
HIBI vs. Sham: LC3B II: P < 0.0001; HIBI vs. SPC–HIBI: 
LC3B II: P < 0.0001). To further verify the down-regu-
lation of overactivated autophagy in SPC–HIBI, P7 rats 
were injected with rapamycin, an inducer of autophagy, 
intracerebroventricularly 30 min prior to HIBI treatment. 
Unlike the HIBI + rapamycin group, attenuated LC3B II 
expression and elevated P62/SQSTM1 expression were 
found in the SPC–HIBI + rapamycin group. No statistical 

Fig. 1   HIBI upregulated autophagy and SPC treatment in the con-
text of HIBI down-regulated autophagy in the hippocampus. Effects 
of HIBI on autophagy in TEM scan. Autophagosome (blue arrow 
head in a) and autolysosome (black arrow head in a) were observed 
after HIBI. Scale bar = 500 nm. Thirty minutes of 2.4% SPC–HIBI 

decreased expressions of LC3BII and increased the expression of 
P62 at the 24th h (b, c). Values are presented as mean ± SD, n = 5; 
**P < 0.01, ****P < 0.0001. One-way ANOVA with Newman–Keuls 
post hoc test or Kruskal–Wallis with Dunn’s Multiple comparison test 
was used for data analysis. (Color figure online)
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difference in the expression of LC3B II or P62/SQSTM1 
was observed between the HIBI and SPC–HIBI + rapa-
mycin groups (Fig. 2, HIBI vs. HIBI + rapamycin: LC3B 
II: P < 0.01; P62: P < 0.0001; HIBI + rapamycin vs. 
SPC–HIBI + rapamycin: LC3B II: P < 0.05; P62: P < 0.05; 
HIBI vs. SPC–HIBI + rapamycin: LC3B II: P > 0.05; P62: 
P > 0.05; SPC–HIBI vs. SPC–HIBI + rapamycin: LC3B II: 
P < 0.01; P62: P < 0.05). Together, these results indicated 
that SPC treatment down-regulated overactivated autophagy 
during HIBI.

Down‑Regulation of Over‑Activated Autophagy 
in SPC–HIBI Involves the ERK Cascade

In the HIBI model, SPC treatment attenuated overactivated 
autophagy, however, the mechanism by which this occurred 
was unclear. Twenty-four hours after HIBI there was a 
reduction in expression of p-ERK, p-mTOR and p-p70S6 
and enhanced TSC2 expression by western blot in the 
HIBI group compared to Sham rats (Fig. 3, HIBI vs. Sham: 
p-ERK: P < 0.001; TSC2: P < 0.05; p-mTOR: P < 0.05; 
p-p70S6: P < 0.001). In contrast, SPC treatment resulted in 

prominent p-ERK, p-mTOR, and p-p70S6 up-regulation as 
well as TSC2 down-regulation in the HIBI model (Fig. 3, 
SPC–HIBI vs. HIBI: p-ERK: P < 0.001; TSC2: P < 0.05; 
p-mTOR: P < 0.05; p-p70S6: P < 0.05;). To verify involve-
ment of the ERK pathway, SCH772984, a p-ERK inhibitor 
(p-ERKI), was injected intracerebroventricularly into P7 
rats 30 min prior to HIBI. SCH772984 suppressed the ERK 
cascade as revealed by reduced p-ERK, p-mTOR, p-p70S6 
and elevated TSC2 expression. Inhibition of p-ERK further 
augmented autophagy flux in HIBI. The inhibitory effect of 
SPC on autophagy activation was significantly abolished by 
p-ERKI treatment, as indicated by increased LC3B II levels 
(Fig. 4, HIBI vs. HIBI + p-ERKI: p-ERK: P < 0.05; TSC2: 
P < 0.01; p-mTOR: P < 0.05; p-p70S6: P < 0.01; LC3B 
II: P < 0.0001; HIBI + p-ERKI vs. SPC–HIBI + p-ERKI: 
p-ERK: P < 0.05; TSC2: P < 0.001; p-mTOR: P < 0.05; 
p-p70S6: P < 0.01; LC3B II: P < 0.0001; HIBI vs. 
SPC–HIBI + p-ERKI: p-ERK: P > 0.05; TSC2: P > 0.05; 
p-mTOR: P > 0.05; p-p70S6: P > 0.05; LC3B II: P > 0.05;). 
Together, these results indicate that SPC treatment down-
regulated overactivated autophagy through stimulation of 
the ERK cascade in HIBI.

Activation of Autophagy and Inhibition of ERK 
Cascade Attenuated the Improvement of Learning 
and Memory Caused by SPC–HIBI in P7 Rats

One of the most detrimental long-term effects of HIBI is 
impairment of learning and memory. A large body of evi-
dence has demonstrated that SPC can improve learning and 
memory abilities after HIBI [19, 20]. Therefore, the role 
of autophagy and the ERK cascade in the improvement 
of learning and memory caused by SPC treatment during 
HIBI was also investigated. Learning and cognition were 
tested using the Morris water maze (MWM) on day 29 to 
day 34 after HIBI. No motor impairment was observed 
between the groups (Fig. 5). A significant difference was 
shown between groups during the learning phase which is 
the length of time using two-way ANOVA analysis (group: 
P < 0.0001; time: P < 0.0001). Consistent with previous find-
ings, rats of the SPC–HIBI group reached the platform in a 
shorter amount of time compared to the HIBI group from 
the second day of training. Rapamycin or p-ERKI treatment 
dramatically increased the escape latency after SPC–HIBI. 
Therefore, no significant difference was found between the 
SPC–HIBI + rapamycin group, the SPC–HIBI + p-ERKI 
group and the HIBI group (Fig. 6a). In the spatial probe test, 
rats from the SPC–HIBI group made more passes across the 
platform than rats from the HIBI group (Fig. 6b, P < 0.001), 
the SPC–HIBI + rapamycin group (Fig. 6b, P < 0.001) and 
the SPC–HIBI + p-ERKI group (Fig. 6b, P < 0.001). No dif-
ference was detected between the SPC–HIBI + rapamycin 
group, the SPC–HIBI + p-ERKI group and the HIBI group.

Fig. 2   Autophagy agonist attenuated the down-regulation of 
autophagy caused by SPC–HIBI in the hippocampus. P7 rats were 
pretreated with rapamycin 30  min before HIBI and autophagy was 
evaluated by LC3BII and p62. Values are presented as mean ± SD, 
n = 5; *P < 0.05, **P < 0.01, ****P < 0.0001. One-way ANOVA with 
Newman–Keuls post hoc test or Kruskal–Wallis with Dunn’s Multi-
ple comparison test was used for data analysis
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Discussion

In the last few years, intrapartum-related neonatal deaths 
have been the 5th most common cause of death among 
children under 5 years old [21]. Perinatal asphyxia, which 
contributes to HIBI, has an incidence of 1–6 per 1000 live 
births with a mortality rate up to 20%. Approximately 50% 
of survivors suffer from neuropsychological sequelae of 
immediate or delayed onset, while 25% of survivors show 
major neurological impairments [22].

To date, the only clinically approved therapy for HIBI 
is moderate hypothermia, however numerous studies have 
investigated alternative therapies including intravenous 
administration of autologous cord blood cells [7], erythro-
poietin support and SPC. Sevoflurane, an effective inhala-
tional anesthetic, has been reported to play a protective role 
in neuronal HIBI by inhibiting apoptosis and necrosis [23].

In addition to apoptosis and necrosis, autophagy has been 
found to be over-activated in HIBI [12, 24–27]. Autophagy 
is a complex molecular process that plays an important 
role in physiological and vital functions including cellu-
lar homeostasis, cell growth and differentiation during the 
developmental period [28]. Whilst a basal level of autophagy 
is essential for the homeostasis of cells [2], the induction 
of autophagy can also result in negative effects on cellular 
function, depending on its level of activation. Recently, it has 
been reported that excessive autophagy is possibly involved 
in neuronal death following cerebral ischemia [29–32]. In 
cases of HIBI, over-activated autophagy can result in neu-
ronal death. Puyal et al. demonstrated that pre-treatment, as 
well as, post-treatment of 3-MA, an inhibitor of autophagy, 
provided a strong neuroprotective effect against HIBI [33, 
34]. Using genetic methodologies, including neuron-specific 
knockout of Atg7 [32] or knockdown of Beclin1, Koike et al. 

Fig. 3   SPC–HIBI upregulated the ERK cascade. SPC–HIBI upregu-
lated p-ERK/ERK, p-mTOR and p-p70S6 expression and down-
regulated TSC2 expression at 24  h post HIBI. Values are presented 

as mean ± SD, n = 5; *P < 0.05, ***P < 0.001, ns P > 0.05. One-way 
ANOVA with Newman–Keuls post hoc test or Kruskal–Wallis with 
Dunn’s Multiple comparison test was used for data analysis
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and Ginet et al. revealed a strong neuroprotective effect by 
inhibiting autophagy [26]. In the present study, SPC treat-
ment alleviated HIBI by inhibiting autophagy in neonatal 
rats. In addition, SPC significantly decreased expression 
of LC3B II and increased expression of P62, compared to 
the no treatment HIBI group, indicating neuroprotection by 

SPC treatment was through inhibition of autophagy. The 
most commonly examined autophagy-related protein, LC3, 
is involved in phagophore formation, elongation and closure 
[35]. In addition to LC3, SQSTM1/P62 can also be used as 
autophagic protein markers. The SQSTM1 protein serves 
as a link between LC3 and ubiquitinated substrates. Both 

Fig. 4   p-ERK inhibitor attenuated the upregulation of ERK cascade 
and down-regulation of autophagy caused by SPC–HIBI in the hip-
pocampus. P7 rats were pretreated with SCH772984 30  min before 
HIBI and the ERK cascade was evaluated by examining p-ERK/ERK, 
p-mTOR, p-p70S6 and TSC2 expression levels. Values are presented 

as mean ± SD, n = 5; *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05. 
One-way ANOVA with Newman–Keuls post hoc test or Kruskal–
Wallis with Dunn’s Multiple comparison test was used for data analy-
sis
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SQSTM1 and SQSTM1-bound polyubiquitinated proteins 
become incorporated into the completed autophagosome and 
are degraded in autolysosomes, thus serving as a marker 
of autophagic degradation [36]. Here we demonstrated that 
in the HIBI group, LC3B II accumulation and P62 reduc-
tion indicated unobstructed autophagic flux and enhanced 
autophagic degradation within hippocampal tissue. In addi-
tion, the use of rapamycin to activate autophagy reduced the 
protective effect of sevoflurane on HIBI further demonstrat-
ing that sevoflurane alleviates HIBI by inhibiting autophagy.

The ERK cascade promotes cell survival by effecting 
growth factor action, cellular differentiation and prolifera-
tion [37]. The gene target downstream of the ERK cas-
cade, mTOR, includes both mTORC1 and mTORC2. In 
this study, we examined mTORC1 as it has been shown 
that mTORC1 negatively regulates autophagy through 
coordinated phosphorylation of ULK1. Rapamycin can 
activate autophagy by disrupting mTORC1 dimerization 
and its integrity. Furthermore, TSC2, located upstream 
of mTORC1 in the ERK cascade, can negatively regulate 

mTORC1 through small molecule GTP enzyme Rheb 
[38]. Kovács et al. [37] and Kim et al. [39] have dem-
onstrated that activation of the ERK cascade mitigates 
HIBI. In this study, SPC treatment augmented the ERK 
cascade thus reducing autophagy activation, as indicated 
by up-regulation of p-ERK, p-mTOR, p-p70s6, P62 and 
down-regulation of TSC2 and LC3B II. Treatment with 
the p-ERK inhibitor, SCH772984, blocked the response of 
ERK to SPC, eliminating the beneficial effects of SPC on 
HIBI. These results support the notion that SPC inhibits 
autophagy thereby alleviating HIBI through activation of 
the ERK cascade.

It has been shown that HIBI in neonates can impair 
learning and memory function during adolescence [4]. In 
this study, spatial learning and memory was tested using 
the MWM on day 29 to day 34 after HIBI. The protec-
tive effect of SPC treatment in the context of HIBI was 
significant in enhancing spatial learning (escape latency 
experiment) and spatial memory (platform crossing times 
experiment). Rapamycin or p-ERKI administration abol-
ished the protective effect of SPC–HIBI, as shown by the 
increases in escape latency and decreases in the original 
platform crossing times.

This study includes several limitations; firstly, dynamic 
changes of autophagy over time after SPC–HIBI were not 
observed nor recorded and secondly the inhalation concen-
tration of sevoflurane was maintained at a constant concen-
tration (2.4%) rather than at a gradient of concentrations. 
Further studies on the protective effect of SPC treatment 
in the context of HIBI are necessary to eliminate these 
limitations. In addition, genetic methodologies, such as 
neuron-specific knockout of an autophagic gene, would be 
beneficial in further determining the neuroprotective role 
of SPC treatment by autophagy inhibition.
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Fig. 5   Suspension test was performed before MWM on day 21 to 
day 28 (n = 10/group). No difference of motor function was found 
between groups. Values are presented with mean ± SD

Fig. 6   Activation of autophagy and inhibition of ERK cascade attenu-
ated the improvement of learning and memory caused by SPC–HIBI 
in P7 rats. Spatial cognitive performance was tested in the Morris 
water on day 29 to day 34. The behavioral tests were evaluated by 
escape latency (a) and times across the platform (b). Values are pre-

sented as mean ± SD, n = 10; *P < 0.05, **P < 0.01, ***P < 0.001, ns 
P > 0.05. The data of escape latency were analyzed using two-way 
ANOVA followed by Bonferroni posttest. The spatial probe test was 
performed at P34 and analyzed using Kruskal–Wallis with Dunn’s 
Multiple comparison test
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Conclusion

This study indicates that SPC inhibits autophagy thus allevi-
ating HIBI through activation of the ERK cascade in neona-
tal rats. These findings provide new avenues of development 
for new therapeutic approaches against HIBI in neonatal 
rats, and potentially humans.
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