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Abstract: Besides neurotoxic effects, inhaled anesthetics might have other adverse effects on the developing brain. 
Ribosomal protein S6 (rpS6), the first identified ribosomal protein undergoing phosphorylation, has important physi-
ological functions in regulating protein synthesis, cell proliferation, and glucose homeostasis. To date, the function 
of sevoflurane on rpS6 phosphorylation is unclear. In our present study, we showed that sevoflurane anesthesia in-
hibited rpS6 phosphorylation in cerebral cortex and CA1 region of the hippocampus. The activity of Akt was detected 
to be reduced within both cortical and hippocampal regions in the brain with the treatment of sevoflurane. However, 
the treatment seemed to have no effect on the phosphorylation of mammalian target of rapamycin (mTOR), a 
downstream effector of Akt. Sevoflurane had a paradoxical effect on ERK activity in the hippocampus and cerebral 
cortex. Last but not the least, Sevoflurane increased PP1 activity in the cerebral cortex and hippocampus. Thus, 
the exposure to sevoflurane inhibited dramatically the phosphorylation of rpS6 in neonatal rat brains. The inhibitory 
effect of sevoflurane on rpS6 phosphorylation might be mediated by the suppression on AKT activity at an mTOR-
independent manner and the enhancement of PP1 activity. 
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Introduction

Neonatal exposure to anesthetics can cause 
neuronal apoptosis in the brain of animal mod-
els resulting in certain behavioral disorders 
[1-5]. It was reported that a combination of a 
few anesthetic drugs (midazolam, nitrous oxide, 
and isoflurane) could cause widespread neuro-
nal apoptosis in the brain and subsequent cog-
nitive deficits [2]. Previous studies revealed 
that three commonly used inhaled anesthetics 
(desflurane, isoflurane, and sevoflurane) all had 
similar significant neurotoxic profiles in neona-
tal animals besides their anesthetic effects [3]. 
It also has been suggested that inhaled anes-
thetics could inhibit neuronal activities, as well 
as exert their anesthetic effects mainly through 
ligand-gated ion channels including [gamma]-
aminobutyric acid type A (GABAA), glycine, sero-
tonin and glutamate (kainate-sensitive) recep-
tors [6]. Although a good amount of attention 
has been paid on the mechanisms underlying 
the neurotoxic effects of inhaled anesthetics, it 

remains elusive how the inhaled anesthetics 
induce neuronal apoptosis in neonatal animals 
and humans. sevoflurane is currently widely 
applied in in pediatric anesthesia due to its 
advantage. Previous studies indicated that 
sevoflurane could cause neurodegeneration in 
the developing brains of neonatal rodents [3, 7, 
8]. However, the adverse effects of sevoflurane 
in neuronal cells in vivo have not been revealed 
entirely. 

Ribosomal proteins are components of ribo-
somal subunits involved in the physiological 
process of protein translation. Ribosomal pro-
tein S6 (rpS6), the first identified ribosomal pro-
tein which can be phosphorylated, is a compo-
nent of eukaryotic ribosomal 40S subunit [9, 
10]. Evi Functional analyses of rpS6 phosphory-
lation suggested its role in the regulation of pro-
tein synthesis, cell proliferation, and glucose 
homeostasis [10-13]. The phosphorylation of 
rpS6 could be induced by multiple stimuli 
including growth factors, tumor promoting 
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agents, and mitogens. The inhibition of rpS6 
phosphorylation was found mainly under stress 
conditions such as hypoxia, heat shock, and 
hyperosmolarity [10]. The effect of anesthetics 
on the regulation of ribosomal proteins is 
unknown. In our present study, we revealed 
that sevoflurane inhibits phosphorylation of 
rpS6 in the hippocampus and cerebral cortex of 
the neonatal rat brain, and explored the poten-
tial underlying mechanisms. 

Materials and methods

Animals

All animal experiments were conducted accord-
ing to the Principles of Laboratory Animal Care 
formulated by the National Committee of 
Medical Research, and the Guide for the Use of 
Laboratory Animals issued by the Institute of 
Laboratory Animal Resources of China. The 
study was approved by the Research Animal 
Care and Use Committee at Shanghai Jiao Tong 
University School of Medicine. The Sprague-
Dawley rats used in this study were maintained 
under a 12-h light-dark cycle (lights on from 
07:00 to 19:00) with room temperature at 22° 
± 1°C. Food and water were available ad 
libitum.

Anesthesia treatment

On postnatal day 8 (P8), the rats were placed 
into a chamber and exposed to anesthetics. 
The total gas flow was 2 l/min, using 70% O2 as 
a carrier. The oxygen and anesthetic agent frac-
tions were measured by a gas analysis system 
(GE Healthcare). During the anesthetic expo-
sure, the chamber was kept warmly at 37° ± 
1°C with an infrared heat lamp. Neonatal litter-
mate rats were randomly assigned to re- 
ceive the following treatments: 3% sevoflurane 
(Maruishi Pharmaceutical Co., Ltd, Japan) for 
0.5 h, 1 h, 2 h and 4 h. After the anesthesia for 
4 h, neonatal littermate rats were kept alive for 
0.5 h and 2 h. In our pilot studies, anesthesia 
with 3% sevoflurane plus 70% O2 as a carrier for 
4 h does not alter blood gas and brain blood 
flow significantly. 

Preparation of protein extracts

The hippocampi and cerebral cortex of the neo-
natal rats were quickly dissected out and 
homogenized in four volumes of homogeniza-
tion buffer containing 50 mM Tris-HCl, pH 7.4, 

150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% 
sodium deoxycholate, 0.1% sodium dodecyl 
sulfate, protease inhibitor cocktail (Fermentas), 
and phosphatase inhibitors (10 mM Na3VO4, 10 
mM NaF). After homogenization, the homoge-
nates were centrifuged at 12,000 rpm for 10 
min at 4°C. The supernatant solutions were 
separated and stored at -70°C until use. Protein 
concentration in each sample was measured 
using a bicinchoninic acid protein assay kit 
(Pierce).

Western blot analysis

The homogenates were subjected to sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis. Then, proteins were transferred onto 
polyvinylidenedifluoride membranes (Millipore). 
Antibodies against phospho-ERK (Cell Signal; 
1:2000), ERK (Cell Signal; 1:1000), phospho-
p38 (Cell Signal; 1:1000), p38 (Cell Signal; 
1:1000), phospho-JNK (Cell Signal; 1:5000), 
JNK (Cell Signal; 1:1000), phospho-AKT (Cell 
Signal; 1:3000), AKT (Cell Signal; 1:3000), 
mTOR (Cell Signal; 1:1000), phospho-mTOR 
(Cell Signal; 1:1000), rpS6 (Cell Signal; 1:1000), 
phospho-rpS6 (Cell Signal; 1:1000), phospho-
PP1α (Epitomics; 1:1000) and actin (Santa 
Cruz; 1:10000) were used. The protein bands 
were visualized by enhanced chemilumines-
cence detection system (Millipore).

Histopathologic studies

The rats were anesthetized and perfused via 
the ascending aorta with saline followed by 4% 
paraformaldehyde and 0.1% picric acid in 0.1 M 
phosphate buffer (pH 7.4). Brains were then 
dissected out, and post-fixed in the same fixa-
tive for 1 day at 4°C, and then immersed in 
20% sucrose in 0.1 M phosphate buffer for at 
least 2 day at 4°C. Coronal brain sections (20 
μm thick) were cut using a cryostat and mount-
ed on gelatin-coated glass slides. Then sec-
tions were stored at -20°C until use. Briefly, 
brain sections containing the hippocampus 
region were selected, endogenous peroxidase 
activity was quenched by the incubation with 
3% H2O2 in methanol for 15 min. Permeabilization 
and blocking of non-specific binding were 
achieved using 0.2% Triton X-100 and 5% heat-
inactivated donkey serum in phosphate-buff-
ered saline (PBS). Primary antibodies were 
diluted in 5% donkey serum/PBS and incubat-
ed overnight at 4°C. The polyclonal antibodies 
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against phospho-rpS6 (Cell Signal; 1:500) were 
used. Subsequent procedures were performed 
according to ABC method. Elite-ABC and DAB 
detection kits (Vector) were used according to 
the manufacturer’s instructions. After the color-
ation, sections were finally mounted in 90% 
glycerol and cover-slipped. Tissue sections 
were examined under the light microscope. 

Statistical analysis

Statistical comparisons were performed from 
four animals obtained in four independent 
experiments. Statistical analysis was per-
formed using an unpaired two-tailed Student t 
test between two groups and one-way ANOVA 
plus Newman-Keuls multiple comparison test 

among more than two groups. Summary data 
was represented as mean ± SD. Differences 
between groups were considered to be signifi-
cant with a P value of less than 0.05.

Results

Neonatal exposure to sevoflurane inhibited 
the phosphorylation of rpS6 in both cerebral 
cortex and hippocampus

To evaluate the impact of sevoflurane on the 
phosphorylation of rpS6 in neonatal rat brains, 
neonatal rats were examined by western blot 
after the treatment with 3% sevoflurane for 0.5 
h, 1 h, 2 h, and 4 h. Data showed sevoflurane 
anesthesia inhibited rpS6 phosphorylation with 

Figure 1. Anesthesia with 3% sevoflurane inhibits rpS6 phosphorylation with a time-dependent manner in the hip-
pocampus and cerebral cortex of neonatal rat brains. Sevoflurane anesthesia inhibits rpS6 phosphorylation in 
cerebral cortex (A, above) and hippocampus (B, above) of the neonatal rats. Quantification of western blots shows 
that sevoflurane inhibits rpS6 phosphorylation in cerebral cortex (A, below) and hippocampus (B, below) with a time-
dependent manner. The carrier (70% O2) has on inhibitory effect on rpS6 phosphorylation in cerebral cortex (C) and 
hippocampus (D) of neonatal rats. *P<0.05, **P<0.01, ***P<0.001 versus control.
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a time-dependent manner in both hippocam-
pus and cerebral cortex of neonatal brains. In 
the neonatal rat cerebral cortex, the decrease 
of the level of phosphorylated rpS6 protein 
(p-rpS6) became notable after sevoflurane 
anesthesia for 0.5 h (Figure 1A). The level of 
rpS6 phosphorylation came down to the bot-
tom (about 5% of the control level) after sevo-
flurane anesthesia for 4 h (Figure 1A). In neo-
natal rat hippocampus, the inhibitory effect 
became significant after sevoflurane anesthe-
sia for 1 h (Figure 1B). The level of rpS6 phos-
phorylation came down to the bottom (about 
30% of the control level) after sevoflurane 
anesthesia for 4 h (Figure 1B). Thus the inhibi-
tory effect of sevoflurane on the phosphoryla-
tion of rpS6 in neonatal cerebral cortex was 
stronger than in the hippocampus. The inhibi-
tory effect became weaker in the hippocampus 
and cerebral cortex after the remove of sevoflu-

gure 2B). The inhibitory effects of sevoflurane 
anesthesia on rpS6 phosphorylation in the hip-
pocampus and cerebral cortex were empha-
sized in the present study. In neonatal hippo-
campus, the signals of phospho-rpS6 positive 
neurons were stronger in CA1 and CA3 region 
than those in DG region (Figure 2A & 2C). The 
intensity of phospho-rpS6 positive signals in 
CA1 region of the hippocampus was decreased 
remarkably after sevoflurane anesthesia for 4 
h (Figure 2B & 2D). Note that the intensity of 
phospho-rpS6 positive signals in CA3 region 
was not affected (Figure 2B & 2D). In cerebral 
cortex, the phospho-rpS6 positive signals were 
detected in lamina II~VI neurons under normal 
conditions (Figure 2A & 2E). After sevoflurane 
anesthesia for 1 h, the p-rpS6 positive signals 
were localized mainly in lamina V and the bot-
tom of lamina VI, and the signals in other lami-
nas were not significantly reduced (Figure 2F). 

Figure 2. The distribution of p-rpS6+ cells in neonatal brains. (A) Representative light microscope images show the 
widespread distribution of p-rpS6+ cells in the neonatal brain. (B) Sevoflurane treatment for 4 h inhibits the phos-
phorylation of rpS6 in neonatal brains except CA3 region of hippocampus. Scale bar (A & B): 500 μm. The magnified 
image of the hippocampus shows the intensity of p-rpS6+ staining in the control neonatal rat (C) and that exposed to 
sevoflurane for 4 h (D). Scale bar (C & D): 200 μm. The magnified image of the cerebral cortex shows the expression 
of p-rpS6+ staining in control neonatal rat (E), that exposed to sevoflurane for 1 h (F), and that exposed to sevoflu-
rane for 4 h (G). Scale bar (E-G): 100 μm.

Figure 3. Anesthesia with 3% sevoflurane inhibits AKT phosphorylation in 
the cerebral cortex and hippocampus of the neonatal rat brain. Western blot 
data demonstrated sevoflurane anesthesia inhibits AKT phosphorylation in 
cerebral cortex (A, above) and hippocampus (B, above) of the neonatal rat. 
Quantification data showed the inhibitory effect in the cerebral cortex (A, 
below) and hippocampus (B, below). *P<0.05 versus control. 

rane anesthesia (Figure 1A & 
1B). And the level of phospho-
rpS6 recovered within 2 h 
after the removal of sevoflu-
rane anesthesia (Figure 1A & 
1B). As a control, the treat-
ment with the carrier (70% O2) 
had no effect on the level of 
phospho-rpS6 in the hippo-
campus and cerebral cortex 
(Figure 1C & 1D).

To explore the localization of 
phospho-rpS6 in the brain, the 
neonatal rats were treated for 
the immunohistochemical st- 
udies. Immunostaining data 
showed that phospho-rpS6 
positive signals were distribut-
ed widely in neonatal brains 
including cerebral cortex, hip-
pocampus, thalamus and 
other regions (Figure 2A). 
After sevoflurane anesthesia 
for 4 h, the expression of pho- 
spho-rpS6 positive signals 
decreased dramatically (Fi- 
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After sevoflurane anesthesia for 4 h, the p-rpS6 
positive signals were inhibited in lamina V of 
the cerebral cortex (Figure 2B & 2G). Only very 
little p-rpS6 positive signals were found in the 
cerebral cortex of neonatal brains (Figure 2B & 
2G). Thus these data demonstrated that neo-
natal exposure to sevoflurane inhibited the 
phosphorylation of rpS6 with a time-dependent 
manner in cerebral cortex, CA1 region of the 
hippocampus and other brain regions. However, 
sevoflurane treatment had no significant effect 
on rpS6 phosphorylation in CA3 region of the 
neonatal hippocampus. 

Neonatal exposure to sevoflurane inhibited 
AKT phosphorylation in cerebral cortex and 
hippocampus

Two families of ribosomal S6 kinases were 
identified due to the great effort deployed by 
several laboratories. One is the RSK (90 kDa 
ribosomal S6 kinase) family, the other is S6K 
(70 kDa ribosomal S6 kinase) family [10]. S6K 
was the predominant rpS6 kinases in somatic 
cells [14]. The activation of S6K was mainly 
mediated by class I phosphoinositide 3-kinase 
(PI3K)/AKT pathway [10]. And the activation of 
RSKs was primarily mediated by Ras/mitogen-
activated protein kinase (MAPK) pathway. AKT 
belongs to the AGC family of serine/threonine 
kinases [15]. Its activation is through PI3K. 
After activation, active AKT exerts an influence 
on its substrates through phosphorylation. 
PI3K/AKT signal pathway played an important 
role in regulating many biological processes 
including cellular metabolism, cell survival, 
apoptosis and others [16]. In our study, we 

intended to determinate whether the inhibitory 
effect of sevoflurane anesthesia on rpS6 phos-
phorylation was mediated by the inhibition of 
PI3K/AKT pathway. Thus we measured the 
phosphorylation of AKT in neonatal rat brains 
by western blots to evaluate the hypothesis. 
Our data showed that neonatal exposure to 
sevoflurane anesthesia induced a significant 
inhibition of AKT activity in neonatal brains. In 
the cerebral cortex, AKT phosphorylation was 
not significantly reduced after the exposure to 
sevoflurane for 2 h, but was decreased remark-
ably after four hours (Figure 3A). AKT phos-
phorylation recovered to basal level after the 
remove of sevoflurane anesthesia (Figure 3A). 
Similarly, sevoflurane treatment for 4 h also 
suppressed the phosphorylation of AKT in the 
hippocampus of the neonatal brain (Figure 3B). 
As a control, the phosphorylation of AKT in the 
cerebral cortex and hippocampus of the neona-
tal brain was not affected by the treatment with 
70% O2 (data not shown).

Neonatal exposure to sevoflurane had no ef-
fect on mTOR activity in cerebral cortex and 
hippocampus

Mammalian target of rapamycin (mTOR) is one 
of the protein kinases related to PI3K. mTOR is 
a component of two distinct mTOR complexes, 
rapamycin-sensitive mTOR complex 1 (mTORC1) 
and rapamycin-insensitive mTOR complex 2 
(mTORC2). And S6K is phosphorylated by 
mTORC1 [17, 18]. PI3K/AKT acts as the 
upstream of mTOR and phosphorylates mTOR 
at Ser2448. After the activation of mTOR, it 
activates S6K and inactivates 4E-BP1, the 
inhibitor of eIF4E [17, 18]. We hypothesized 
that sevoflurane treatment could suppress 
mTOR activity by inhibiting AKT activity. 
However, our data showed that sevoflurane 
anesthesia had no significant effect on the 
phosphorylation of mTOR in cerebral cortex 
(Figure 4A) and hippocampus (Figure 4B) of the 
neonatal rat brain.

Neonatal exposure to sevoflurane had a 
paradoxical effect on ERK phosphorylation in 
cerebral cortex and hippocampus

RSKs are minor rpS6 kinases [19]. Following 
the stimulation with growth factors, RSK is 
phosphorylated by the activated Ras/MAPK 
cascade. In mammals, three major MAPK path-

Figure 4. Sevoflurane anesthesia had no effect on 
mTOR phosphorylation in cerebral cortex and hip-
pocampus of the neonatal rat’s brain. Western blot 
data demonstrate that sevoflurane anesthesia did 
not affect mTOR phosphorylation in cerebral cortex 
(A, above) and hippocampus (B, above) of neonatal 
rats. Quantification data were shown here as well - 
cerebral cortex (A, below) and hippocampus (B, be-
low). 
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ways have been identified: extracellular signal-
regulated kinase (ERK), c-JUN N-terminal 
kinase (JNK) and p38 kinase [20]. And ERK is 
the major MAPK that involves in the phosphory-
lation of RSK. We also presumed that the inhib-
itory effect of sevoflurane on the phosphoryla-
tion of rpS6 in neonatal rat brains was at least 
partially mediated through the inhibitory effect 
of sevoflurane on ERK pathway. In our study, we 
evaluated the effects of sevoflurane on three 
MAPK pathways in neonatal rat brains by west-
ern blots. Our data showed that sevoflurane 
anesthesia had a paradoxical effect on ERK 
activity. In cerebral cortex, sevoflurane anes-
thesia induced an inhibition of ERK phosphory-
lation with a time-dependent manner (Figure 
5A). The inhibitory effect recovered 2 h after 
the removal of sevoflurane. In comparison, the 
treatment with sevoflurane induced an upregu-
lation of ERK activity in the hippocampus after 
sevoflurane exposure for 0.5 h, and recovered 
to basal level after anesthesia for 2 h (Figure 
5B). ERK activity was upregulated again at 0.5 
h after the removal of sevoflurane anesthesia 
for 4 h. Then ERK phosphorylation recovered 
again 2 h after the termination of anesthesia 
(Figure 5B). As a control, the treatment with the 
carrier (70% O2) had no effect on ERK signal 

pathway in hippocampus and cerebral cortex of 
neonatal brains (data not shown). Thus these 
data demonstrated that sevoflurane anesthe-
sia had a paradoxical effect on ERK activity in 
hippocampus and cerebral cortex of neonatal 
brains.

Besides the ERK pathway, we also evaluated 
the effect of neonatal exposure to sevoflurane 
on JNK and p38 signal pathways. Our data 
demonstrated that sevoflurane anesthesia had 
no effect on either JNK (Figure 6A & 6B) or p38 
(Figure 6C & 6D) pathways in cerebral cortex 
and hippocampus of neonatal brains. 

Neonatal exposure to sevoflurane enhanced 
the phosphorylation of PP1 in cerebral cortex 
and hippocampus 

The phosphorylation of rpS6 is regulated by the 
kinases (S6Ks and RSKs) and the opposing 
phosphatases. Direct evidence showed that 
protein Phosphatase 1 (PP1) antagonized the 
phosphorylation of rpS6 [21]. We presumed 
that sevoflurane anesthesia might be able to 
alter the activity of PP1. Our data showed that 
sevoflurane anesthesia enhanced the phos-
phorylation of PP1α in cerebral cortex (Figure 

Figure 5. Anesthesia with 3% sevoflurane had a paradoxical effect on ERK activity in the cerebral cortex and hippo-
campus of neonatal rat brains. Western blot data shows sevoflurane anesthesia inhibits ERK phosphorylation at a 
time-dependent manner in cerebral cortex (A), but increases ERK activity in hippocampus (B). *P<0.05, **P<0.01 
versus control.
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7A) and hippocampus (Figure 7B) of neonatal 
rat brains after the anesthesia for 4 h. 

Discussion

Sevoflurane is one of the most commonly used 
anesthetics in pediatric surgeries. And the 
development of the brain in the infant stage is 

essential. Thus it is important 
and urgent to understand 
deeply the toxic effects of 
those anesthetics in the neo-
natal brain and the underlying 
mechanisms. Previous stud-
ies demonstrated that neona-
tal exposure to inhaled anes-
thetics induced neuronal 
apoptosis in the brain [2, 3, 7, 
8]. However, the underlying 
mechanisms are still un- 
known. In the present study, 
we showed, for the first time, 
that sevoflurane anesthesia 
suppressed rpS6 activity by 
inhibiting its phosphorylation 
in the developing neonatal rat 
brain. In the cerebral cortex 
and hippocampus of neona-
tal rats, sevoflurane sup-
pressed AKT activity and 

Figure 6. Anesthesia with 3% sevoflurane had no effect on the phosphorylation of JNK or p38 in the cerebral cortex 
and hippocampus of neonatal rat brains. Western blot data demonstrated sevoflurane anesthesia had no effect on 
JNK phosphorylation in cerebral cortex (A) and hippocampus (B) of neonatal rats. Western blot data demonstrate 
sevoflurane anesthesia had no effect on p38 phosphorylation in cerebral cortex (C) and hippocampus (D) of neo-
natal rats.

Figure 7. Anesthesia with 3% sevoflurane enhanced PP1 activity in cerebral 
cortex and hippocampus of neonatal rat brains. Western blot data demon-
strated sevoflurane anesthesia increased the phosphorylation of PP1 in 
cerebral cortex (A) and hippocampus (B) of neonatal rats. *P<0.05 versus 
control.

enhanced PP1 activity. However, sevoflurane 
had no significant effect on mTOR activity. 
Sevoflurane had a paradoxical effect on ERK 
activity that sevoflurane suppressed ERK activ-
ity in cerebral cortex, but it enhanced ERK 
activity in the hippocampus. Based on above-
mentioned data, we proposed that the inhibi-
tory effect of sevoflurane anesthesia on rpS6 
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activity was mediated by the enhancement of 
PP1 activity and the suppression of AKT activity 
through mTOR pathway. The role of ERK activity 
remained unclear. 

Our data demonstrated that rpS6 phosphoryla-
tion in the neonatal brain was negatively regu-
lated with the application of sevoflurane anes-
thesia. Sevoflurane suppressed rpS6 pho- 
sphorylation significantly with a time-depen-
dent manner in cerebral cortex, hippocampus 
CA1 region, and other brain regions of the neo-
natal rat brain (Figures 1 & 2). Notably, sevoflu-
rane had no significant inhibitory effect on the 
phosphorylation of rpS6 in CA3 region (Figure 
2B & 2D). In the cerebral cortex, the neurons in 
lamina V were less sensitive to sevoflurane 
anesthesia than those in lamina II, III, IV and VI 
(Figure 2F). The difference of the sensitivity to 
sevoflurane needs to be investigated in the 
future. The inhibition of rpS6 phosphorylation 
was mainly found under stress conditions such 
as hypoxia, heat shock, and hyperosmolarity 
[10]. The inhibitory effect of sevoflurane on 
rpS6 phosphorylation indicated that sevoflu-
rane anesthesia was a stress condition to the 
neonatal brain. The rpS6 protein is the first 
identified ribosomal protein that can be phos-
phorylated. The phosphorylation of rpS6 is 
important for its function in modulating the pro-
tein translation. The inhibitory effect of sevoflu-
rane on rpS6 phosphorylation indicated that 
protein translation be potentially inhibited by 
sevoflurane anesthesia.

There are two families of kinases that phos-
phorylate rpS6 (S6K family and RSK family). 
S6Ks are the predominant kinases to phos-
phorylate rpS6. S6K is the downstream target 
of PI3K/AKT cascade [22], while RSK is the 
downstream target of MAPK cascade [19]. Our 
present data demonstrated that sevoflurane 
anesthesia induced the significant inhibition of 
AKT phosphorylation in cerebral cortex and hip-
pocampus of neonatal brains (Figure 3). And 
the inhibitory effect of sevoflurane anesthesia 
on AKT phosphorylation was weaker than the 
effect on rpS6 phosphorylation. Since mTOR is 
downstream target of PI3K/AKT cascade, and 
can activate S6K, we also measured the effect 
of sevoflurane anesthesia on mTOR activity. 
Our data shown that sevoflurane anesthesia 
had no significant effect on the phosphoryla-
tion at Ser2448 of mTOR in cerebral cortex and 
hippocampus of neonatal brains (Figure 4). 

Although hypoxia suppressed the phosphoryla-
tion of rpS6 by reducing mTOR activity [23], our 
data indicated that sevoflurane anesthesia 
inhibited rpS6 phosphorylation in the neonatal 
rat brain through the suppression of AKT activ-
ity independent of mTOR activity. 

The RSK is directly activated by ERK1/2 in 
response to extracellular stimuli including neu-
rotrophins, chemokines [19]. Our data demon-
strated sevoflurane anesthesia had a paradoxi-
cal effect on ERK activity in the hippocampus 
and cerebral cortex of neonatal brains. 
Sevoflurane anesthesia enhanced the phos-
phorylation of ERK1/2 in hippocampus (Figure 
5B), but suppressed the phosphorylation in 
cerebral cortex (Figure 5A). Our data also 
showed that sevoflurane had no effect on the 
activity of p38 or JNK (Figure 6). In cultured 
cerebral cortex neuron, sevoflurane induced 
ERK phosphorylation by activating protein 
kinase C (PKC) α and β II [24]. Sevoflurane and 
isoflurane also enhanced PKC activity in rat 
synaptosomes extracted from cerebral cortex 
[25]. And in cultured cortical and hippocampal 
neurons 5 days in vitro, isoflurane induced JNK 
phosphorylation [26], a downstream effector of 
p75 activation. The difference in ERK activation 
might be attributed to distinct experimental 
conditions. Our present data were derived from 
animal (in vivo) but not from in vitro culture 
experiments. The inconsistence in ERK activa-
tion between hippocampus and cerebral cortex 
remained unclear. The difference in JNK activa-
tion might be attributed to the different anes-
thetics. Sevoflurane had no significant effect 
on JNK activation, while isoflurane activated 
JNK. 

Protein phosphatase-1 (PP1), an abundant 
phosphatase in the brain localizes in synaptic 
terminals, and negatively regulated synaptic 
strength [27]. Here, our data demonstrated 
that sevoflurane anesthesia enhanced the 
PP1α activity in cerebral cortex and hippocam-
pus of neonatal rat brain (Figure 7A & 7B). S6K 
was reported to be a substrate of PP1 [21]. 
Thus sevoflurane might inhibit the S6K activity 
by the enhancement of PP1 activity. 

In conclusion, Sevoflurane inhibited the rpS6 
activity in the neonatal rat brain (cerebral cor-
tex, CA1 region of hippocampus, and other 
regions except CA3 region of the hippocam-
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pus). Sevoflurane inhibited AKT activity and 
enhanced PP1 activity in both cerebral cortex 
and hippocampus, which might underlie the 
inhibitory effect of sevoflurane anesthesia on 
rpS6 phosphorylation in neonatal rat brains. 
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