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ABSTRACT  

Current evidence suggests a central role for 
autophagy in many inflammatory brain disorders, 
including   Alzheimer’s disease (AD). Furthermore, 
i t  is also well accepted that some i  nhalation 
anesthetics, such as isoflurane, may cause AD-
like neuropathogenesis and resultant postoperative 
cognitive dysfunction, especially in the elderly 
population. However, the impact of inhalation 
anesthetics on autophagic components in the brain 
remains to be documented. Hence, our objective 
was to investigate the effects of different durations 
of isoflurane exposure on hippocampus-dependent 
learning and hippocampal autophagy in aged rats. 
Aged Sprague-Dawley rats (20 months old) were 
randomly exposed to 1.5% isoflurane or 100% 
oxygen for 1 or 4 h. Animals were then trained in the 
Morris water maze (4 trials/day for 5 consecutive 
days). Hippocampal phagophore formation markers, 
beclin 1 and protein microtubule-associated protein 1 
light chain-3B (LC3B), as well as p62, an indicator of 
autophagic fl ux, were quantifi ed by western blotting. 
There was no significant difference in the escape 
latencies and time spent in the target quadrant, as 
well as hippocampal expression of beclin 1, LC3B-
II, and p62 at 24 h post-anesthesia between the 

1-h isoflurane-exposed rats and their controls (P 
>0.05). Four-hour exposure to isofl urane resulted in 
spatial learning and memory deficits, as evidenced 
by prolonged escape latencies on days 4 and 5 post-
anesthesia and less time spent in the target quadrant 
than sham-exposed animals (P <0.05). These events 
were accompanied by a decline in hippocampal 
expression of LC3B-I, LC3B-II, and beclin 1 24 h 
after isofl urane (P <0.01 and P <0.05). Nevertheless, 
no significant change in p62 expression was found. 
Further kinetics study of autophagic changes induced 
by 4 h of isofl urane showed a transient upregulation 
of LC3B-I, LC3B-II, and beclin 1 at the end of 
exposure and a subsequent striking decrease w  ithin 
12–24 h post-anesthesia (P <0.05). Hippocampal 
p62 p  eaked at 6 h but subsequently resolved. These 
results from our pilot in vivo study support a duration-
dependent relationship between 1.5% isoflurane 
exposure, and s  patial cognitive function as well as 
hippocampal phagophore formation. 
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INTRODUCTION

Dement ia  i s  a  neurodegenera t i ve  syndrome in 
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which there is deterioration in cognition, behavior, 
and daily living activity[1]. As the population ages, the impact 
of dementia on the social and clinical burden will increase. 
Dementia is caused by a variety of diseases and injuries, 
such as Alzheimer's disease (AD), Parkinson's diseases, 
multiple sclerosis, and stroke[1, 2]. Recently, surgery and 
anesthesia have been proposed to increase the incidence 
of AD[3, 4]. Surgical procedures and administration of 
anesthesia are associated with a transient or permanent 
decline in cognitive function, termed postoperative 
cognitive dysfunction (POCD). POCD delays rehabilitation 
and increases morbidity and early mortality[5], and also 
has emerged as a major health concern, especially in the 
geriatric population[6]. 

In examining the role of surgery and anesthesia on 
POCD, it is diffi cult to discriminate the effects of anesthetics 
from surgical stress. Nevertheless, increasing numbers of 
animal studies have indicated that inhalation anesthetics, 
such as isoflurane, may cause or increase the risk of 
developing POCD[7, 8]. Specifically, inhalation anesthetics 
may alter cognit ive function via  NF-κB-dependent 
neuroinflammation[9, 10], amyloid   β (  Aβ) accumulation[8, 11-13], 
tau phosphorylation[13, 14], modified neurotransmission[15] 
and deregulated calcium homeostasis[16]. Among these, the 
fi rst three appear to be the shared pathological markers of 
AD, thereby implying an emerging link between POCD and 
dementia.

Autophagy is a major catabolic pathway in eukaryotic 
cells and is a vital pathway for degrading normal and 
aggregated proteins and altered or unwanted organelles, 
particularly under stress conditions[17]. Autophagy at an 
appropriate level not only plays a crucial role in protein 
quality control, but also acts as a defense response to 
stress, thus maintaining cellular homeostasis[17]. Previous 
studies have demonstrated that Aβ is generated in Aβ 
precursor protein-rich organelles during autophagic 
turnover[18]. Generally speaking, both increased autophagy 
induction and defective clearance of Aβ-generating 
autophagic vacuoles can act together to facilitate Aβ 
accumulation in AD[19, 20]. In addition, the relationships 
between autophagy and infl ammation, another hallmark of 
POCD, have also been recently explored in both in vitro[21] 
and in vivo[22] models of AD. The results indicated that there 
is crosstalk between the impairment of autophagy and 
substantial neuroinfl ammation in AD.

Nevertheless, the linkages between autophagy 
and POCD remain largely unknown, and whether the 
inhalation anesthetics represented by isofl urane modulate 
autophagy has never been investigated in the aged brain. 
Based on the above findings and the similarity between 
POCD and AD, we therefore preliminarily investigated the 
effects of exposure to isofl urane for different durations on 
hippocampus-dependent learning and memory and the 
autophagy response in the hippocampus of aged rats.

MATERIALS AND METHODS

Experimental Animals 
Seventy-six 20-month-old male Sprague-Dawley rats 
weighing 550–650 g were purchased from the Dongchuang 
Laboratory Animal Center (Changsha, Hunan, China) and 
housed in standard barrier facilities. They were maintained 
under a 12-h light/dark cycle (lights on at 07:00) with food 
and water ad libitum. All animals had a recovery period of 
at least 7 days before experiments. All work was conducted 
with the approval of Peking University Biomedical Ethics 
Committee Experimental Animal Ethics Branch (Approval 
No. 20150041). 

Experimental Protocols
T o study the effects of different durations of isoflurane 
exposure on spatial learning and memory, rats were 
randomly e  xposed to 1.5% isoflurane or vehicle gas for 
1 or 4 h. On day 1 post-anesthesia, 9 rats under each 
experimental condition were randomly selected and 
performed the Morris water maze (MWM) task to evaluate 
hippocampal-dependent spatial learning and memory. In 
addition, we sought to determine the effects of different 
durations of isoflurane exposure on the autophagy 
response in the aged hippocampus. So, the hippocampal 
expression levels of beclin 1 and protein microtubule-
associated protein 1 light chain-3B (LC3B), markers of 
phagophore formation, and p62, an indicator of autophagic 
fl ux, were examined at 24 h after isofl urane using western 
blotting (n = 4 in each condition). In preliminary studies, we 
found that the longer duration (4 h) of isofl urane exposure 
impaired spatial leaning, so we further examined the 
hippocampal expression levels of beclin 1, LC3B, and p62 
at 0, 3, 6, 12, and 24 h after a 4-h isoflurane exposure 
using western blotting (n = 4 per time-point).
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Isofl urane Exposure 
Isoflurane exposure was performed as previously 
descr ibed [9, 15].   In brief, animals were placed in a 
transparent anesthetic c hamber resting in a temperature-
controlled water bath (38°C). In the chamber, rats were 
exposed to 1.5% isofl urane (Baxter Healthcare, Deerfi eld, 
IL) in 100% oxygen carrier gas for 1 or 4 h. The control 
animals were treated with the same duration of 100% 
oxygen exposure. Volatile anesthetics at 0.5–1.3 minimum 
alveolar concentration (MAC, the anesthetic concentration 
at which 50% of animals do not have a motor response to 
painful stimuli) is commonly used in clinical practice. The 
isofl urane was titrated to 1.5% as this represents one MAC 
in aged rats[23]. Gas composition (isoflurane, oxygen, and 
carbon dioxide) within the chamber was measured using a 
gas monitor (Datex-Ohmeda,  Louisville, CO). After 1 or 4 h of 
isofl urane exposure and complete recovery, rats were then 
returned to their home cages.

Morris Water Maze Experiments
As previously described[24] with minor modifications, 
animals were tested for spatial learning and memory 
using MWM tests by two investigators blinded to the 
group allocation. In brief, the rats received four training 
trials daily for five consecutive days. On each trial, rats 
were gently placed in a fi xed position into the water facing 
the wall of the maze. Each rat was allowed 120 s to locate 
the platform submerged ~1 cm below the water surface. 
The time to reach the platform and swimming speed 
were recorded. After each trial, the rats were allowed to 
remain on the platform for 20 s before being removed 
from the pool. On day six, the platform was removed. 
Probe tr ials were conducted to evaluate memory 
retention. The rats were allowed to swim for 90 s, and 
the percentage of time spent in the previous platform 
q  uadrant was determined. 

Western Blotting
Hippocampal tissues were homogenized in RIPA buffer 
(Applygen Technologies Inc., Beijing, China). Protein 
concentrations were determined using BCA protein assay 
(Applygen). Sixty micrograms of protein per lane was 
loaded on 10% SDS-PAGE for separating beclin 1 and 
p62, and on 15% acrylamide for separating LC3B. After 
transfer onto nitrocellulose membranes (0.45 μm pore size 

for beclin 1 and p62 and 0.22 μm for LC3B), the following 
primary antibodies were used: anti-LC3B (#3868; 1:1 000; 
CST, Danvers, MA), anti-beclin 1 (#3495; 1:1 000; CST), 
and anti-p62 (#5114; 1:1 000; CST). Fluorescently-labeled 
secondary antibodies (1:1 0000; LI-COR Biosciences, 
Lincoln, NE) were used. 

Immunohistochemical Analysis
Twenty-four hours after 4-h isof lurane exposure, 
immunofluorescence staining of hippocampal sections 
was performed as previously described[25] using an anti-
LC3B primary antibody (#3868; 1:200; CST) that detects 
endogenous levels of total LC3B protein, followed by 
incubation with Alexa-Fluor 488 conjugated secondary 
antibody (#ab150077; 1:200; Abcam, Cambridge, UK). Cell 
nuclei were counterstained with Hoechst 33258 (Invitrogen, 
Carlsbad, CA). Sections were imaged using a confocal 
microscope (Olympus FV1000, Tokyo, Japan).

Statistical Analysis
Statistics were calculated using SPSS (SPSS Inc., Chicago, 
IL). All data are expressed as mean ± SEM. Data on 
escape latency in the MWM tests were assessed with two-
way analysis of variance (ANOVA) for repeated measures 
(treatment condition × day). Data from the kinetics study 
of autophagic changes induced by 4 h of isofl urane were 
analyzed using one-way ANOVAs with least significant 
difference post hoc test. Other quantitative data from the 
two groups were tested by the independent samples t-test. 
Statistical signifi cance was set at P <0.05. 

RESULTS

Effects of Different Durations of Isoflurane Exposure 
on Spatial Learning and Memory
All animals swam normally. There was no significant 
d i f ference in  swimming speeds among d i f ferent 
experimental conditions (data not shown). After a 1-h 
isofl urane exposure, repeated factor (day) (F = 142.80,
P <0.01), but not group factor (treatment) (F = 1.13,   P > 
0.05) significantly affected the escape latency, and no 
interaction was found (F = 0.30, P >0.05).   A  fter a 4-h 
isoflurane exposure, comparison of rats that received 
isoflurane with their controls revealed a significant effect 
of days (F = 42.90, P <0.01), but a non-signifi cant effect of 
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groups (F = 1.55, P >0.05) and interaction between groups 
and days (F = 1.01, P >0.05). The reduced latency over 
the fi ve daily sessions suggested that all rats were able to 
learn the task successfully. As shown in Fig. 1B, statistical 
analyses showed that on days 4 (33.62 ± 5.94 vs 17.73 ± 
3.29 s, n = 9, P <0.05) and 5 (29.94 ± 4.82 vs 17.73 ± 2.73 s, 
n = 9, P <0.05), t he 4-h isofl urane-exposed rats took longer 
to reach the platform than the sham-exposed rats. I n the 
probe test, the time spent in the   target quadrant by rats 
exposed to 1.5% isofl urane for 4 h was much shorter than 
that of control rats (22.33 ± 2.79 vs 41.10 ± 2.89 s, n = 9, 
P <0.05; Fig. 1D), thus validating the memory impairments 
after a 4-h isoflurane exposure. However, there were 
no significant differences in the time spent in the target 
quadrant between the rats treated with 1.5% isofl urane and 
vehicle gas for 1 h (45.67 ± 2.51 vs 43.29 ± 2.57 s, n = 9, P > 

0.05; Fig. 1C).

Effects of Different Durations of Isoflurane Exposure 
on Autophagy
Exposure to isoflurane for only 1 h had no effect on the 
hippocampal expression levels of LC3B-I, LC3B-II, beclin 
1, and p62 at 24 h post-anesthesia compared with their 
controls (Fig. 2A, P >0.05). Nevertheless, 24 h after a 4-h 
isofl urane exposure, quantitative analysis of western blots 
revealed a marked decrease in the expression levels of both 
LC3B-I and LC3B-II  (Fig. 2B), which was consistent with the 
results from LC3B immunofluorescence staining (Fig. 3). 
In the hippocampal CA1 region, rats exposed to isofl urane 
for 4 h, but not 1 h, exhibited decreased staining for LC3B 
compared with vehicle-treated animals at 24 h after gas 
exposure. Beclin 1 was also significantly downregulated 

Fig. 1. Effect of different durations of isofl urane exposure on spatial learning and memory in the Morris water maze test. The diagrams 
show the escape latency and the percentage of time spent in the previous platform quadrant after exposure to 1.5% isofl urane 
or vehicle gas for 1 or 4 h. A–B: Acquisition trial demonstrating the latency for rats to reach the platform, measuring spatial 
information acquisition. C–D: During the probe trial, the time spent in the target quadrant was calculated. Data are mean ± SEM; #P 
<0.05 vs 4 h of vehicle (n = 9). ISO, isofl urane.
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Fig. 2. Effect of different durations of isofl urane exposure on the protein levels of autophagy markers in the hippocampus of aged rats 
at 24 h post-anesthesia. Left panels in A and B: western blots showing expression of LC3B and beclin 1, phagophore formation 
markers, and p62, an indicator of autophagic fl ux, in the hippocampus of aged rats after exposure to 1.5% isofl urane or vehicle gas 
for 1 h (A) or 4 h (B). Right panels in A and B: semi-quantitative data showing protein expression levels of LC3B-I, LC3B-II, beclin 1, 
and p62. Values are mean ± SEM of protein densities normalized to β-actin; #P <0.05 vs 4 h of vehicle (n = 4). ISO, isofl urane.

in rats after a 4-h isoflurane exposure compared with 
controls (Fig. 2B, P <0.01). No difference was found in the 
expression of p62 (Fig. 2B, P >0.05).

Kinetics of Autophagy Response Induced by 4 Hours 
of Isofl urane 
Since exposure to isofl urane for 4 h, but not 1 h, impaired 
spatial learning and memory, we therefore further examined 
the dynamics of the hippocampal expression levels of 
beclin 1, LC3B, and p62 after a 4-h isoflurane exposure. 

The expression of both LC3B-I and LC3B-II significantly 
increased, fi rst at the end of exposure, and then decreased 
within 12 to 24 h in rats exposed for 4 h compared with 
vehicle gas (Fig. 4C and D, P <0.05). Similarly, compared 
with controls, beclin 1 expression increased immediately 
after isoflurane exposure and remarkably decreased 12 
and 24 h after isofl urane (Fig. 4E, P <0.05). p62 peaked at 
6 h but subsequently resolved at 12 to 24 h after isofl urane 
(Fig. 4F, P <0.05), suggesting that the defect in autophagic 
fl ux is temporary.
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Fig. 3. Representative confocal images of LC3 staining in the hippocampus of vehicle and isofl urane-treated animals. (A) Exposure to 
isofl urane for 1 h did not alter the expression of LC3 in the CA1 region. (B) Rats exposed to 4 h of isofl urane exhibited signifi cantly 
decreased staining of LC3 compared with vehicle-treated animals in the CA1 region at 24 h after gas exposure (n = 4/group; scale 
bar, 50 μm). 

DISCUSSION

Longer but not Shorter Isoflurane Exposure Inhibits 
Phagophore Formation
Alteration of autophagy is a central feature common to 
various brain diseases such as AD, Pakinson’s disease, 
and Huntington’s disease[26], all of which are accompanied 
by cognitive dysfunction. However, the relationship 
between autophagy and isofl urane-induced acute cognitive 
dysfunction remains unknown. The current study therefore 

aimed at determining whether isoflurane could modulate 
the autophagic process in the aged brain. Here, we 
first found that isoflurane influenced autophagy in the 
hippocampus of aged rats and spatial cognitive function in 
a time-dependent manner. Specifically, exposure to 1.5% 
isoflurane for 4 h impaired spatial learning and memory, 
accompanied by impaired autophagy following a transient 
activation; however, exposure for only 1 h did not affect 
cognition and autophagy.

Strictly speaking, the direct effects of isoflurane on 
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autophagy have been described in only two studies. At 
the peripheral level, Kashiwagi et al. reported that several 
anesthetics including isoflurane (1.5% for 2 h) lead to 
autophagy upregulation in skeletal muscle[27]. In the brain, 
Sheng et al. found that isofl urane preconditioning (2% for 
0.5 h) up-regulates LC3 in primary cortical neurons at 24 h 
post-anesthesia, and that 1% isoflurane exposure for 3 h 
induces autophagy activation 24 h later in the cortex and 
striatum, but not in the hippocampus of adult mice[28]. On 
the contrary, in the present study, we found that exposure 
to 1.5% isofl urane for 4 h induced a decrease in autophagy 
at 24 h post-anesthesia, as evidenced by decreased LC3B 
and beclin 1, phagophore markers in the early stage of 
autophagy. This discrepancy could be due to the age 
of the animals as there is an age-dependent deficit of 
autophagy[29]. Furthermore, the protein level of p62, an 
autophagic flux marker, was not significantly changed, 
suggesting that a 4-h isoflurane exposure mainly inhibits 
phagophore formation.

Here, we did not find any of the autophagy markers 
(LC3B, beclin 1, and p62) to be signifi cantly changed 24 h 
after a 1-h isofl urane exposure. These results indicate that 

Fig. 4. Kinetics of autophagy induced by 4 h of isofl urane exposure. A–B: Western blots showing expression of autophagic components 
LC3B, beclin 1, and p62 in the hippocampus of aged rats after exposure to 1.5% isofl urane or vehicle gas for 4 h. C–F: Semi-
quantitative data showing protein expression levels of LC3B-I (C), LC3B-II (D), beclin 1 (E), and p62 (F). Values are mean ± SEM of 
protein densities normalized to β-actin; #P <0.05 vs 4 h of vehicle (n = 4). ISO, isofl urane.

a short isofl urane exposure may not be suffi cient to induce 
autophagy in the aged hippocampus. These events were 
accompanied by unchanged spatial learning and memory 
in the MWM tests.

Longer Isoflurane Exposure Induces Suppression of 
Autophagy Following Brief Activation
The kinetics study of autophagic changes induced by 4 h of 
isofl urane revealed that it suppressed autophagy following 
a transient activation, as evidenced by increased LC3B-II 
and beclin 1 immediately after isofl urane for 4 h, followed 
by decreased levels 12 h later. Taking the time-course 
pattern of the autophagy response into consideration, 
our results suggested that the whole process occurs 
in the aged hippocampus within 6 h after isoflurane. 
Support for this time-window comes from the increased 
p62 level at 6 h, which would be a consequence of the 
decreased autophagic flux that would result in inhibition 
of the degradation of p62 by lysosomes. Our results also 
suggested that the effect of modulating autophagy by 
isofl urane is context-dependent, and the level and duration 
of modulation should be fully considered. Since the 
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polyubiquitin-binding protein p62/SQSTM1 is degraded by 
autophagy[30], further investigation of ubiquitination levels 
may reinforce this hypothesis.

Impaired Hippocampus-dependent Spatial Learning 
and Memory after Longer but not Shorter Isoflurane 
Exposure 
Volat i le  anesthet ics  have long been cons idered 
neuroprotective. Nevertheless, available evidence has also 
suggested that there are growing concerns about potential 
neurotoxicity. Logically, it is easy to understand how 
volatile anesthetics can provide both neuroprotection and 
neurotoxicity. The most popular theory in this field is that 
almost all general anesthetics have dual effects, depending 
on the concentration and duration[32, 33]. Short exposure to 
general anesthetics can provide neuroprotection at low 
concentrations but become lethal stress factors at high 
concentrations for prolonged durations[32]. In accordance 
with this, we found that exposure to isofl urane for a longer 
duration (4 h) impaired hippocampus-dependent spatial 
learning and memory in aged rats. Nevertheless, we did not 
fi nd any cognition-improving effects in the aged rats after a 
short (1 h) exposure. This does not deny the possibility of 
neuroprotection since there are conflicting findings in the 
literature regarding the effect of isofl urane on cognition. Two 
research groups reported improved cognitive performance 
in adult mice after exposure to 1 MAC isoflurane for 
2 h[34,35]. In contrast, impaired cognitive performance after the 
same dose and duration of isofl urane has been reported in 
adult rats (4 months)[36] and in aged rats (18–20 months)[37].
Different methodologies, including animal age, strain, 
anesthetic carrier gas, outcome measurement time, or 
behavioral method may have contributed to these different 
fi ndings.

Summary
In   conclusion, although time-dependent spatial cognitive 
changes concomitant with different autophagic responses 
were found in aged rats, our results did not establish 
an  in vivo link between c entral autophagy and cognitive 
dysfunction in the aged hippocampus after isoflurane 
challenge. Further research is warranted to determine the 
functional relationship between impaired autophagy and 
cognitive dysfunction, as well as th e crosstalk between 
autophagy, neuroinfl ammation, and Aβ accumulation in the 

aged brain induced by isofl urane.

AC KNOWLEDGEMENTS

This work was supported by grants from the National Natural 
Science Foundation of China (81371205) and the National 
Basic Research Development Program (973 Program) of China 
(2012CB911000 and 2 012CB911004)

Received date: 2015-05-23; Accepted date: 2015-07-17

REFERENCES

[1] Burns A, Iliffe S. Dementia. BMJ 2009, 338: b75.
[2] Snyder HM, Corriveau RA, Craft S, Faber JE, Greenberg 

SM, Knopman D, et al. Vascular contributions to cognitive 
impairment and dementia including Alzheimer's disease. 
Alzheimers Dement 2015, 11: 710–717.

[3] Kapila AK, Watts HR, Wang T, Ma D. The impact of surgery 
and anesthesia on post-operative cognitive decline and 
Alzheimer's disease development: biomarkers and preventive 
strategies. J Alzheimers Dis 2014, 41: 1–13.

[4] Hussain M, Berger M, Eckenhoff RG, Seitz DP. General 
anesthetic and the risk of dementia in elderly patients: current 
insights. Clin Interv Aging 2014, 9: 1619–1628.

[5] Steinmetz J, Christensen KB, Lund T, Lohse N, Rasmussen 
LS. Long-term consequences of postoperative cognitive 
dysfunction. Anesthesiology 2009, 110: 548–555.

[6] Hartholt KA, van der Cammen TJ, Klimek M. Postoperative 
cognitive dysfunction in geriatric patients. Z Gerontol Geriatr 
2012, 45: 411–416.

[7] Wan Y, Xu J, Ma D, Zeng Y, Cibelli M, Maze M. Postoperative 
impairment of cognitive function in rats: a possible role 
for cytokine-mediated inflammation in the hippocampus. 
Anesthesiology 2007, 106: 436–443.

[8] C ulley DJ, Baxter MG, Yukhananov R, Crosby G. Long-term 
impairment of acquisition of a spatial memory task following 
isoflurane-nitrous oxide anesthesia in rats. Anesthesiology 
2004, 100: 309–314.

[9] Li  ZQ, Rong XY, Liu YJ, Ni C, Tian XS, Mo N, et al. Activation 
of the canonical nuclear factor-kappaB pathway is involved in 
isoflurane-induced hippocampal interleukin-1beta elevation 
and the resultant cognitive deficits in aged rats. Biochem 
Biophys Res Commun 2013, 438: 628–634.

[10] Zh ang L, Zhang J, Yang L, Dong Y, Zhang Y, Xie Z. Isofl urane 
and sevoflurane increase interleukin-6 levels through the 
nuclear factor-kappa B pathway in neuroglioma cells. Br J 
Anaesth 2013, 110 Suppl 1: i82–i91.

[11] Xie  Z, Culley DJ, Dong Y, Zhang G, Zhang B, Moir RD, et 
al. The common inhalation anesthetic isoflurane induces 



Zheng-Qian Li, et al.    Duration-dependent regulation of autophagy by isofl urane exposure in aged rats 513

caspase activation and increases amyloid beta-protein level 
in vivo. Ann Neurol 2008, 64: 618–627.

[12] Dong  Y, Zhang G, Zhang B, Moir RD, Xia W, Marcantonio 
ER, et al. The common inhalational anesthetic sevoflurane 
induces apoptosis and increases beta-amyloid protein levels. 
Arch Neurol 2009, 66: 620–631.

[13] Zhang  B, Tian M, Zheng H, Zhen Y, Yue Y, Li T, et al. 
Effects of anesthetic isoflurane and desflurane on human 
cerebrospinal fl uid Abeta and tau level. Anesthesiology 2013, 
119: 52–60.

[14] Li C,  Liu S, Xing Y, Tao F. The role of hippocampal tau protein 
phosphorylation in isofl urane-induced cognitive dysfunction in 
transgenic APP695 mice. Anesth Analg 2014, 119: 413–419.

[15] Ni C, T an G, Luo A, Qian M, Tang Y, Zhou Y, et al. Melatonin 
premedication attenuates isoflurane anesthesia-induced 
beta-amyloid generation and cholinergic dysfunction in the 
hippocampus of aged rats. Int J Neurosci 2013, 123: 213–220.

[16] Vlisides  P, Xie Z. Neurotoxicity of general anesthetics: an 
update. Curr Pharm Des 2012, 18: 6232–6240.

[17] Reggiori  F, Klionsky DJ. Autophagy in the eukaryotic cell. 
Eukaryot Cell 2002, 1: 11–21.

[18] Nixon RA,  Wegiel J, Kumar A, Yu WH, Peterhoff C, 
Cataldo A, et al. Extensive involvement of autophagy in 
Alzheimer disease: an immuno-electron microscopy study. J 
Neuropathol Exp Neurol 2005, 64: 113–122.

[19] Nixon RA. A utophagy, amyloidogenesis and Alzheimer 
disease. J Cell Sci 2007, 120: 4081–4091.

[20] Liang JH, Ji a JP. Dysfunctional autophagy in Alzheimer's 
disease: pathogenic roles and therapeutic implications. 
Neurosci Bull 2014, 30: 308–316.

[21] Francois A, T erro F, Janet T, Rioux Bilan A, Paccalin M, 
Page G. Involvement of interleukin-1beta in the autophagic 
process of microglia: relevance to Alzheimer's disease. J 
Neuroinfl ammation 2013, 10: 151.

[22] Francois A, R ioux Bilan A, Quellard N, Fernandez B, Janet T, 
Chassaing D, et al. Longitudinal follow-up of autophagy and 
infl ammation in brain of APPswePS1dE9 transgenic mice. J 
Neuroinfl ammation 2014, 11: 139.

[23] Stratmann G,  Sall JW, Bell JS, Alvi RS, May LV, Ku B, et 
al. Isofl urane does not affect brain cell death, hippocampal 
neurogenesis, or long-term neurocognitive outcome in aged 
rats. Anesthesiology 2010, 112: 305–315.

[24] Li Z, Cao Y, L i L, Liang Y, Tian X, Mo N, et al. Prophylactic 
ang io tens in  t ype  1  recep to r  an tagon ism con fe rs  
neuroprotection in an aged rat model of postoperative 
cognitive dysfunction. Biochem Biophys Res Commun 2014, 
449: 74–80.

[25] Hao HH, Wang L,  Guo ZJ, Bai L, Zhang RP, Shuang WB, et 
al. Valproic acid reduces autophagy and promotes functional 

recovery after spinal cord injury in rats. Neurosci Bull 2013, 
29: 484–492.

[26] Ghavami S, Shoja ei S, Yeganeh B, Ande SR, Jangamreddy 
JR, Mehrpour M, et al. Autophagy and apoptosis dysfunction 
in neurodegenerative disorders. Prog Neurobiol 2014, 112: 
24–49.

[27] Kashiwagi A, Hoso kawa S, Maeyama Y, Ueki R, Kaneki M, 
Martyn JA, et al. Anesthesia with disuse leads to autophagy 
up-regulation in the skeletal muscle. Anesthesiology 2015, 
122: 1075–1083.

[28] Sheng R, Zhang TT , Felice VD, Qin T, Qin ZH, Smith CD, et 
al. Preconditioning stimuli induce autophagy via sphingosine 
kinase 2 in mouse cortical neurons. J Biol Chem 2014, 289: 
20845–20857.

[29] Yang F, Chu X, Yin  M, Liu X, Yuan H, Niu Y, et al. mTOR 
and autophagy in normal brain aging and caloric restriction 
ameliorating age-related cognition defi cits. Behav Brain Res 
2014, 264: 82–90.

[30] Bjorkoy G, Lamark T , Brech A, Outzen H, Perander M, 
Overvatn A, et al. p62/SQSTM1 forms protein aggregates 
degraded by autophagy and has a protective effect on 
huntingtin-induced cell death. J Cell Biol 2005, 171: 603–614.

[31] Ding Y, Chang C, Xie  L, Chen Z, Ai H. Intense exercise can 
cause excessive apoptosis and synapse plasticity damage in 
rat hippocampus through Ca(2)(+) overload and endoplasmic 
reticulum stress-induced apoptosis pathway. Chin Med J 
(Engl) 2014, 127: 3265–3271.

[32] Wei H, Inan S. Dual e ffects of neuroprotection and 
neurotoxicity by general anesthetics: role of intracellular 
calcium homeostasis. Prog Neuropsychopharmacol Biol 
Psychiatry 2013, 47: 156–161.

[33] Zuo Z. Are volatile an esthetics neuroprotective or neurotoxic? 
Med Gas Res 2012, 2: 10.

[34] Haseneder R, Starker L , Berkmann J, Kellermann K, 
Jungwirth B, Blobner M, et al. Sevoflurane anesthesia 
improves cognitive performance in mice, but does not 
infl uence in vitro long-term potentation in hippocampus CA1 
stratum radiatum. PLoS One 2013, 8: e64732.

[35] Rammes G, Starker LK,  Haseneder R, Berkmann J, Plack A, 
Zieglgansberger W, et al. Isofl urane anaesthesia reversibly 
improves cognitive function and long-term potentiation 
(LTP) via an up-regulation in NMDA receptor 2B subunit 
expression. Neuropharmacology 2009, 56: 626–636.

[36] Lin D, Zuo Z. Isofl uran e induces hippocampal cell injury and 
cognitive impairments in adult rats. Neuropharmacology 
2011, 61: 1354–1359.

[37] Culley DJ, Baxter M, Yuk hananov R, Crosby G. The memory 
effects of general anesthesia persist for weeks in young and 
aged rats. Anesth Analg 2003, 96: 1004–1009.




