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Abstract. – OBJECTIVE: Exposure to volatile 
anesthetics in neonatal rats could induce neuro-
toxicity, learning deficits and abnormal social be-
haviors. The aim of this study is to investigate the 
potential neurotoxicity induced by sevoflurane. 

MATERIALS AND METHODS: Postnatal day 
7 (P7) Sprague-Dawley (SD) rats were continu-
ously exposed to 2% sevoflurane plus 40% ox-
ygen/air for 2 h. We used Morris water maze 
(MWM) to examine subsequent neurobehavior-
al performance. Transmission electron micros-
copy (TEM) was used to observe the histopatho-
logical changes in the hippocampus. 

RESULTS: Neonatal exposure to 2% sevo-
flurane for 2 hours impaired short-term spatial 
working memory but not reference memory at 
P25. It induced synaptic ultrastructure impair-
ments in the CA3 region of hippocampal, includ-
ing fewer numbers of synapses, thinner thick-
ness of postsynaptic dense, broader synaptic 
cleft width and smaller synaptic curvature. Our 
results also showed that all synaptic ultrastruc-
ture impairments and neurocognitive deficits 
had almost completely recovered at P53.

CONCLUSIONS: We showed that a single 
sevoflurane exposure to neonatal rats led to 
temporary spatial working memory deficits. It 
might be associated with synaptic ultrastructure 
impairments in the CA3 region of the hippocam-
pus, including fewer numbers of synapses, thin-
ner thickness of PSD and broader synaptic cleft 
width. Fortunately, all the neurotoxicity and neu-
rocognitive deficits were reversible.
Key Words:

Sevoflurane anesthesia, Hippocampus, Synaptic ul-
trastructure, Working memory, Reference memory. 

Introduction

Sevoflurane is one of the most commonly used 
volatile anesthetics during infants and children 
because of its low blood gas partition coeffi-
cient, without irritating the airway and rapid 
onset and offset1. A retrospective epidemiological 
study showed that early exposure to anesthesia 

and surgery could increase risks of neurocog-
nitive impairments2. Similarly, several studies3,4 
revealed that exposure to sevoflurane in neonatal 
rats could induce neurotoxicity, learning deficits 
and abnormal social behaviors. These results ex-
hibited us that sevoflurane might be detrimental 
to the developing brain. However, it is still un-
clear whether the neurotoxicity is permanent or 
not; the impaired nerve cell components are also 
ambiguous.

Synapses played a prominent role of almost all 
intercellular communication, matured 3 weeks 
later during the postnatal period in rats5. Synaptic 
plasticity in the CA3 region of the hippocampus, 
which requires normal synaptic transmission and 
release of neurotransmitters, is closely associated 
with learning and memory6. Normal and stable 
ultrastructure is essential for both synaptic plas-
ticity and memory formation. The postsynaptic 
density (PSD), an electron-dense thickening of 
the postsynaptic membrane in glutamatergic ex-
citatory synapses, participates in a signal process 
via glutamate receptor channels and some asso-
ciated signaling proteins. In contrast, little PSD 
exists in inhibitory synapses7.

We designed this study to investigate the neu-
rotoxicity induced by sevoflurane. Neonatal rats 
were exposed to 2% sevoflurane for 2 hours. 
The morphological changes of synaptic ultra-
structure in the CA3 region of the hippocampus 
were observed by electron microscope. In addi-
tion, we recorded neurobehavioral performance 
to evaluate the cognitive dysfunction induced by 
sevoflurane.

Materials and Methods

Animals
This study was approved by the Animal Ethics 

Committee of the Shandong University Animal 
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Center. The Sprague-Dawley (SD) rats (all male) 
used in this study were provided by the Experi-
mental Animal Center of the Shan Dong Univer-
sity. All the rats were housed under controlled 
illumination (12 h of light/dark, with light from 
07:00 to 19:00), room temperature (22 ± 2°C) and 
room humidity (55 ± 5%) with free access to food 
and water.

Sevoflurane Exposure
Rats at postnatal day 7 (P7, 15-16 g) were ran-

domly divided into the control group (n = 12) and 
the sevoflurane group (n = 12). The sevoflurane 
group was continuously exposed to 2% sevoflu-
rane plus 40% oxygen/air for 2 hours in the anes-
thetizing chamber. The temperature in the sealed 
chamber was maintained at 38°C with a heating 
pad. Respiratory frequency and skin color of the 
rats were monitored during anesthesia. The pups 
were returned to their dams after righting reflex 
recovered. The control group was inhaled 40% 
oxygen/air in a similar chamber.

Morris Water Maze (MWM) Test
The MWM was used to test spatial work-

ing memory and reference memory in P21-P25 
rats and P49-P53 rats. The MWM apparatus 
(smart 2.5; Shenzhen Rwd Life Science Co., 
Ltd., Shenzhen, China) used in the study con-
sisted of a circular, light-blue swimming pool 
with dimensions as follows: diameter 120 cm; 
wall height 50 cm. It was filled with tap water 
to a depth of 30 cm. The water temperature was 
carefully maintained at 23 ± 2°C. The pool was 
divided into four quadrants (North-West (NW), 
North-East (NE), South-West (SW), and South-
East (SE)) according to the Super Maze system 
to quadrisect the pool. A removable squared 
escape platform (10 cm×10 cm) was positioned 
in the SE zone, with the center 30 cm away 
from the wall and 1 cm below the level of the 
water, to be invisible to the swimming rat. The 
pool was placed in an experimental room lit by 
bright white light (about 200 lux). An automatic 
video tracking system (SuperMaze Video Track-
ing System, Shanghai, China) recorded animal 
movements in the pool, which provided the es-
cape latency, path length and the time spent in 
each quadrant. Animals were submitted to the 
following training protocol according to a pro-
tocol described by Plescia et al8. Place learning 
with multiple trials (days 1-4): place learning 
consisted of training the rats to escape from the 
water by reaching a hidden platform placed in 

the SE zone where it was maintained throughout 
the experimental session. Rats were placed into 
the pool facing the walls of each quadrant, in the 
following starting point order: SW, NW, NE and 
SE. Each animal underwent four trials per day 
over four days consecutively, and was allowed 
to swim until the escape platform was found 
(escape latency), for a maximum of 120 s. When 
the platform was reached, they stayed for 15 s. 
The rats did not find the platform within the 
required time would be guided to the platform 
and remain for 15 s to strengthen memories. 
Animals were returned to their home cages and 
briefly warmed under a heating lamp during 
the 5 min inter-trial intervals. The parameters 
were recorded as follows: escape latency (s) as a 
measure of acquisition and retrieval of the spa-
tial information necessary to reach the platform 
location, and path length (m) as an additional 
element in search strategies. Trial duration, rein-
forcement time on the platform and other exper-
imental conditions were as before. Probe (day 
5): animals completed the 4-day place-learning 
task were placed in the pool for 120 s on the fifth 
day without the goal platform and the number of 
platform crossings was recorded. When rats fin-
ished the MWM test, they were killed to prepare 
histological specimens.

Transmission Electron Microscopy (TEM)
Rats (n = 4) in each group were killed re-

spectively for transmission electron microscopy 
observation at P8, P25 and P53. Animals were 
anesthetized with 10% chloral hydrate 4 mL/kg 
by intraperitoneal injection and transcardially 
perfused with saline through the left cardiac ven-
tricle until the liver turned white and clear liquid 
outflowed right auricle. Then, the animals were 
perfused with 4% paraformaldehyde for 25-30 
min until the liver hardened. The hippocampus 
was removed and cut into 1 mm3 tissue pieces. 
The samples were rinsed in cold Phosphate-Buff-
ered Saline (PBS; Gibco, Grand Island, NY, USA) 
and placed in 2.5% glutaraldehyde at 4°C for 2 h. 
The tissue was rinsed in buffer and post-fixed 
with1% osmium tetroxide for 2 h. Then, the tissue 
was rinsed with distilled water before undergoing 
a graded ethanol dehydration series and was in-
filtrated using a mixture of half acetone and half 
resin overnight at 4°C. The tissue was embedded 
24 h later in resin and cured fully, in turn, as 
follows: 37°C overnight, 45°C for 12 h and 60°C 
for 24 h. After that, 70-nm sections were cut and 
stained with 3% uranyl acetate for 20 min and 
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0.5% lead citrate for 5 min. Ultrastructure chang-
es of synapses in the hippocampus were observed 
under TEM (Philips, EM208S, Eindhoven, Neth-
erlands). We counted the number of synapses per 
100 µm2 and observed the ultrastructure, which 
included synaptic cleft width, pre- and postsyn-
aptic density. To do this, we quantitatively ana-
lyzed the experimental results by the Imaging J 
Software (NIH, Bethesda, MD, USA).

Statistical Analysis
All of the data are expressed as the mean ± 

standard deviation, and we performed the statis-
tical tests using Statistical Product and Service 
Solutions (SPSS) 16.0 software (SPSS Inc., Chi-
cago, IL, USA). The comparison between groups 
was made using One-way ANOVA test followed 
by Post-Hoc Test (Least Significant Difference). 
Escape latency from MWM training test between 
groups was analyzed by a repeated measure 
two-way ANOVA. Zone time, platform cross-
ing, escape latency and path length from MWM 
probe test between groups were analyzed by an 
unpaired t-test. p < 0.05 was considered to be 
statistically significant.

Results

Single Exposure to Sevoflurane Impaired 
Short Spatial Working Memory but Not 
Reference Memory in Juvenile Rat

During place navigation in P21-P24 rats, the 
MWM test data showed that the escape latency 
in the sevoflurane group was significantly longer 
than the control group (p < 0.0001, p < 0.0001, 
p< 0.0379, p < 0.0028; Figure 1A). In the spatial 
probe test on P25 rats, an unpaired t-test showed 
that there was no significant difference between 
the two groups in target quadrant residence time, 
the number of platform crossings, the escape 
latency and swimming distance (p = 0.5617, p = 
0.3602, p = 0.6091, p = 0.2896; Figure 2).

Single Exposure to Sevoflurane Did 
Not Impair Spatial Learning or 
Memory in Adult Rat

During place navigation in P49-P52 rats, the 
MWM test data showed that the escape latency 
did not differ significantly between the sevoflu-
rane and control groups (p = 0.9949, p = 0.9813, 
p = 0.6071, p = 0.9721; Figure 1B). In the spatial 
probe test on P53 rats, the unpaired t-test showed 
that there was no significant difference between 

the two groups in target quadrant residence time, 
the number of platform crossings, the escape 
latency and swimming distance (p = 0.6502, p = 
0.2133, p = 0.7082, p = 0.9166; Figure 3).

Single Exposure to Sevoflurane Induces 
Synaptic Ultrastructure Impairments in 
the CA3 Region of the Hippocampus

The synaptic ultrastructure in the CA3 re-
gion of the hippocampus was examined using 
the TEM. Compared to the control group, the 
sevoflurane group rats showed a fewer number 
of synapses, thinner thickness of PSD, broader 
synaptic cleft width and smaller synaptic curva-
ture at P8 (Table I, Figure 4). Compared to the 
control group, the sevoflurane group rats showed 
fewer numbers of synapses, thinner thickness 
of PSD and broader synaptic cleft width at P25. 
All the differences were statistically significant 
(p < 0.05; Table I, Figure 5). Compared to the 
control group, the sevoflurane group rats showed 
that there was no significant difference about 

Figure 1. Effects of neonatal sevoflurane exposure at P7 on 
spatial working memory ability of P21-24 rats A, and P49-
52 rats B, in Morris water maze test (n = 4 per group). Place 
navigation trials were performed to examine rats’ learning 
ability and measure rats’ spatial information acquisition by 
the escape latency. The data showed the time (sec) which 
rats required to find the platform from different quadrants.
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the number of synapses, the thickness of PSD, 
synaptic cleft width and synaptic curvature at 
P53 (p > 0.05, Table I, Figure 6). Besides, com-
pared to the sevoflurane group rats at P53, the 
sevoflurane group rats showed fewer numbers of 
synapses, thinner thickness of PSD and broader 
synaptic cleft width at P8 (p < 0.05, Table I, 
Figure 4, Figure 6). There was no significant 
difference in the thickness of the presynaptic 
membrane between all groups either (p > 0.05, 
Table I).

Discussion

In current work, we exposed 2% sevoflurane to 
postnatal day 7 SD rat pups for a 2 h duration and 
evaluated the effect on developing brain. Com-
pared with 3.28%, which is the minimum alveolar 

concentration of sevoflurane in neonatal rats9, 2% 
sevoflurane is too low to inhibit respiration and 
circulation. 

Synaptic plasticity, which requires normal syn-
aptic transmission and normal release of neu-
rotransmitters, is closely associated with brain 
functions such as learning and memory6. Amrock 
et al10 have demonstrated that single or multi-
ple neonatal sevoflurane exposures reduced both 
synaptic density and presynaptic mitochondrial 
localization. Xiao et al11 showed that sevoflu-
rane exposure of neonatal rats decreased num-
bers of synapses, widened synaptic clefts and 
other pathological features. Here TEM photo-
micrographs exhibited temporary ultrastructure 
changes of synapses in the sevoflurane groups, 
including a fewer number of synapses, broader 
synaptic clefts and the thinner thickness of the 
PSD. This might because volatile anesthetics 

Figure 2. Effects of neonatal sevoflurane exposure at P7 on spatial reference memory ability of P25 rats in Morris water 
maze test (n = 4 per group). Spatial probe trials were performed to examine rats’ spatial reference memory ability. The data 
showed the representative swimming path A, the residence time (sec) on target quadrant B, the number of platform crossing 
C, the escape latency to find the hidden platform D, and the swimming paths length (mm) E, during the probe trial within 120 
s for each group.
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blocked actin-based motility in dendritic spines 
during the synaptic growth-spurt period12. Then, 
the ultrastructural changes have returned to nor-
mal at P53. This might attribute to a high degree 
of plasticity of young mice brain13.

The main function of glutamatergic excitato-
ry synapses is to store information and transmit 
signals in learning and memory14. Signals trans-
duction takes place at the PSD15. The PSD which 
prominently exists in glutamatergic excitatory 

Figure 3. Effects of neonatal sevoflurane exposure at P7 on spatial reference memory ability of P53 rats in Morris water maze 
test (n = 4 per group). Spatial probe trials were performed to examine rat’ spatial reference memory ability. The data showed 
the representative swimming path A, the residence time (sec) on target quadrant B, the number of platform crossing C, the 
escape latency to find the hidden platform D, and the swimming paths length (mm) E, during the probe trial within 120 s for 
each group.

Data were presented as the means ± SEM. *: p < 0.05, Sevoflurane (P8) vs. Control (P8), Sevoflurane (P25) vs. Control 
(P25) (One-way ANOVA); #: p < 0.05, vs. Sevoflurane (P8) (Student-Newman-Keuls test). N: the number of synapses, PSD: 
postsynaptic density.

Table I. Structural parameters of the synaptic interface in the CA3 regions of hippocampus (N = 20 synapses).

 Control Sevoflurane Control Sevoflurane Control Sevoflurane
 (P8) (P8) (P25) (P25) (P53) (P53)

Numbers of synapses (100 µm2) 36.17 ± 2.08 20.18 ± 3.32* 35.18 ± 1.98 28.91 ± 2.96*# 35.67 ± 2.16 34.93 ± 3.07#

PSD thickness (nm) 67.79 ± 4.06 39.18 ± 5.06* 70.21 ± 4.70 60.10 ± 5.20# 72.37 ± 6.21 70.89 ± 6.77#

Synaptic cleft width (nm) 18.11 ± 1.80 23.76 ± 2.08* 18.21 ± 1.70 22.10 ± 1.20* 18.17 ± 1.60 17.27 ± 1.00#

Presynaptic membrane (nm)  21.06 ± 2.01 19.97 ± 2.11 21.59 ± 1.89 20.21 ± 2.96 23.41 ± 2.08 23.13 ± 2.07
Synaptic curvature 1.19 ± 0.10 0.77 ± 0.11* 1.21 ± 0.11 1.10 ± 0.12# 1.28 ± 0.13 1.27 ± 0.10#
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synapses participates in a signal process via glu-
tamate receptor channels and some associated 
signaling proteins7. We found that thickness of 
PSD thinned severely, then recovered gradually 
and returned almost to normal level at P53. The 
missing ingredients were not yet clear. Recently 
Lu et al16 showed that sevoflurane reduced post-
synaptic density-95 protein (PSD-95) by acti-
vating the ubiquitination-proteasome pathway 

and led to cognitive impairment in young mice. 
The PSD-95 is one of the membrane-associated 
guanylate kinase family (MAGUK) which plays 
a crucial role in synaptic plasticity17. The PSD-
95 is also abounding in PSD and acts as an ex-
citatory postsynaptic marker18. However, it was 
unclear whether there are other components to 
the loss in the PSD. Further studies were needed 
to explore it.

Figure 4. Effects of sevoflurane on synaptic ultrastructure in the CA3 region of the hippocampus in TEM analysis on P8 rats. 
A, Representative pictures (X 3000) showed the difference on the number of synapses (4-6 synapses) in per area (100 µm2) in 
the two groups. (Black arrows count the number of synapse) Scale bars = 1 µm. B, Control group: synaptic structural integrity, 
vesicles clear and dense; sevoflurane group: vesicles dispersed, structure blurred. Representative pictures (X 10000) showed 
the difference on the thickness of postsynaptic dense, the synaptic cleft width, presynaptic membrane and synaptic curvature 
in two groups. (Black arrows show the synaptic linkages) Scale bars = 200 nm. 
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In addition, we observed normal presynaptic 
membrane and widened synaptic clefts after 
sevoflurane exposure by TEM. The presynaptic 
membrane contains lots of synaptic vesicles 
which carry the neural signals19. The synaptic 
cleft, between pre- and postsynaptic membrane, 
consists of trans-synaptic complexes that form 
extensive lateral connections20. The widened 

synaptic clefts may affect signal transduction 
between pre- and postsynaptic membrane.

Scholars21,22 demonstrated that inhalational-an-
esthetic induced a neurocognitive deficit in both 
spatial working memory and spatial reference 
memory. In the current work, the MWM test 
showed that the sevoflurane group had a longer 
escape latency during spatial training days but no 

Figure 5. Effects of sevoflurane on synaptic ultrastructure in the CA3 regions of the hippocampus in TEM analysis on P25 
rats. A, Representative pictures (X 3000) showed the difference on the number of synapses (4-6 synapses) in per area (100 
µm2) in the two groups. (Black arrows count the number of synapse) Scale bars = 1 µm. B, Control group: synaptic structural 
integrity, vesicles clear and dense; sevoflurane group: vesicles dispersed, structure blurred. Representative pictures (X 10000) 
showed the difference on the thickness of postsynaptic dense, the synaptic cleft width, presynaptic membrane and synaptic 
curvature in the two groups. (Black arrows show the synaptic linkages), Scale bars = 200 nm. 



The potential neurotoxicity induced by sevoflurane

2627

significant difference in target quadrant residence 
time during spatial probe tests at P25. These re-
sults indicated that sevoflurane exposure to neo-
natal rats led to spatial working memory deficits. 
The deficits were consistent with synaptic ultra-
structural impairments in the CA3 region of the 
hippocampus. Interestingly, inhaled sevoflurane 
only induced spatial working memory deficits but 
did not affect reference memory. It was possible 

because developmental sevoflurane treatment de-
creased N-methyl-D-aspartic acid receptor sub-
unit NR2A through extracellular signal-regulated 
kinase 1 and 2 (ERK1/2) signaling23. NR2A was 
indispensable to rapidly acquire spatial working 
memory but not incremental spatial reference 
memory24. In accordance with the results ob-
served by TEM, the spatial working memory 
deficits returned to normal at P53.

Figure 6. Effects of sevoflurane on synaptic ultrastructure in the CA3 regions of the hippocampus in TEM analysis on P53 
rats. A, Representative pictures (X 3000) showed the difference on the number of synapses (4-6 synapses) per area (100 µm2) in 
the two groups. (Black arrows count the number of synapse), Scale bars = 1 µm. B, Control group: synaptic structural integrity, 
vesicles clear and dense; sevoflurane group: vesicles dispersed, structure blurred. Representative pictures (X 10000) showed 
the difference on the thickness of postsynaptic dense, the synaptic cleft width, presynaptic membrane and synaptic curvature 
in the two groups. (Black arrows show the synaptic linkages), Scale bars = 200 nm.
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Conclusions

We showed that a single 2% sevoflurane expo-
sure for 2 h to rats at P7 led to temporary spatial 
working memory deficits. It might be associated 
with synaptic ultrastructure impairments in the 
CA3 region of the hippocampus, including fewer 
numbers of synapses, the thinner thickness of 
PSD and broader synaptic cleft width. Fortu-
nately, all the neurotoxicity and neurocognitive 
deficits were reversible.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Acknowledgements
We appreciate the technical help of Dr. Shuyan Yu at the 
Department of Physiology, Shandong University, China.

Funding
This work was supported by the Science and Tech-
nique Foundation of the Shandong Province (Grant No. 
2014GSF121031).

References

 1) Fan CH, Peng B, ZHang FC. The postoperative ef-
fect of sevoflurane inhalational anesthesia on 
cognitive function and inflammatory response of 
pediatric patients. Eur Rev Med Pharmacol Sci 
2018; 22: 3971-3975. 

 2) FliCk RP, katusiC sk, Colligan RC, WildeR Rt, Voigt 
Rg, olson Md, sPRung J, WeaVeR al, sCHRoedeR dR, 
WaRneR do. Cognitive and behavioral outcomes 
after early exposure to anesthesia and surgery. 
Pediatrics 2011; 128: e1053-e1061.

 3) ZHeng sQ, an lX, CHeng X, Wang YJ. Sevoflu-
rane causes neuronal apoptosis and adaptabil-
ity changes of neonatal rats. Acta Anaesthesiol 
Scand 2013; 57: 1167-1174.

 4) le FReCHe H, BRouillette J, FeRnandeZ-goMeZ FJ, Pa-
tin P, CaillieReZ R, ZoMMeR n, seRgeant n, Buee-sCHeR-
ReR V, leBuFFe g, BluM d, Buee l. Tau phosphory-
lation and sevoflurane anesthesia: an association 
to postoperative cognitive impairment. Anesthesi-
ology 2012; 116: 779-787.

 5) loePke aW, soRiano sg. An assessment of the ef-
fects of general anesthetics on developing brain 
structure and neurocognitive function. Anesth An-
alg 2008; 106: 1681-1707.

 6) MassoBRio P, tessadoRi J, CHiaPPalone M, gHiRaRdi M. 
In vitro studies of neuronal networks and synaptic 
plasticity in invertebrates and in mammals using 
multielectrode arrays. Neural Plast 2015; 2015: 
196195.

 7) kennedY MB. Signal-processing machines at the 
postsynaptic density. Science 2000; 290: 750-
754.

 8) PlesCia F, MaRino Ra, naVaRRa M, gaMBino g, BRan-
Cato a, saRdo P, CanniZZaRo C. Early handling ef-
fect on female rat spatial and non-spatial learning 
and memory. Behav Processes 2014; 103: 9-16.

 9) oRliaguet g, ViVien B, langeRon o, BouHeMad B, Co-
Riat P, Riou B. Minimum alveolar concentration of 
volatile anesthetics in rats during postnatal matu-
ration. Anesthesiology 2001; 95: 734-739.

10) aMRoCk lg, staRneR Ml, MuRPHY kl, BaXteR Mg. 
Long-term effects of single or multiple neonatal 
sevoflurane exposures on rat hippocampal ultra-
structure. Anesthesiology 2015; 122: 87-95.

11) Xiao H, liu B, CHen Y, ZHang J. Learning, memo-
ry and synaptic plasticity in hippocampus in rats 
exposed to sevoflurane. Int J Dev Neurosci 2016; 
48: 38-49.

12) kaeCH s, BRinkHaus H, Matus a. Volatile anesthet-
ics block actin-based motility in dendritic spines. 
Proc Natl Acad Sci U S A 1999; 96: 10433-10437.

13) VaCCaRino FM, Ment lR. Injury and repair in de-
veloping brain. Arch Dis Child Fetal Neonatal Ed 
2004; 89: F190-F192.

14) Malenka RC, BeaR MF. LTP and LTD: an embar-
rassment of riches. Neuron 2004; 44: 5-21.

15) sHeng M, HoogenRaad CC. The postsynaptic archi-
tecture of excitatory synapses: a more quantita-
tive view. Annu Rev Biochem 2007; 76: 823-847.

16) lu H, liuFu n, dong Y, Xu g, ZHang Y, sHu l, so-
Riano sg, ZHeng H, Yu B, Xie Z. Sevoflurane acts 
on ubiquitination-proteasome pathway to reduce 
postsynaptic density 95 protein levels in young 
mice. Anesthesiology 2017; 127: 961-975.

17) kiM e, sHeng M. PDZ domain proteins of synaps-
es. Nat Rev Neurosci 2004; 5: 771-781.

18) takeuCHi M, Hata Y, HiRao k, toYoda a, iRie M, takai 
Y. SAPAPs. A family of PSD-95/SAP90-associat-
ed proteins localized at postsynaptic density. J Bi-
ol Chem 1997; 272: 11943-11951.

19) takei k, Mundigl o, daniell l, de CaMilli P. The syn-
aptic vesicle cycle: a single vesicle budding step 
involving clathrin and dynamin. J Cell Biol 1996; 
133: 1237-1250.

20) ZuBeR B, nikonenko i, klauseR P, MulleR d, duBoCHet 
J. The mammalian central nervous synaptic cleft 
contains a high density of periodically organized 
complexes. Proc Natl Acad Sci U S A 2005; 102: 
19192-19197.

21) stRatMann g, MaY ld, sall JW, alVi Rs, Bell Js, 
oRMeRod Bk, Rau V, Hilton JF, dai R, lee Mt, Vis-
Rodia kH, ku B, ZusMeR eJ, guggenHeiM J, FiRou-
Zian a. Effect of hypercarbia and isoflurane on 
brain cell death and neurocognitive dysfunction 
in 7-day-old rats. Anesthesiology 2009; 110: 849-
861.

22) RaMage tM, CHang Fl, sHiH J, alVi Rs, QuitoRiano 
gR, Rau V, BaRBouR kC, elPHiCk sa, kong Cl, tan-
toCo nk, Ben-tZuR d, kang H, MCCReeRY Ms, Huang 



The potential neurotoxicity induced by sevoflurane

2629

P, PaRk a, uY J, Rossi MJ, ZHao C, di geRoniMo Rt, 
stRatMann g, sall JW. Distinct long-term neuro-
cognitive outcomes after equipotent sevoflurane 
or isoflurane anaesthesia in immature rats. Br J 
Anaesth 2013; 110 Suppl 1: i39-i46.

23) Wang WY, Jia lJ, luo Y, ZHang HH, Cai F, Mao H, 
Xu WC, Fang JB, Peng ZY, Ma ZW, CHen YH, ZHang 
J, Wei Z, Yu BW, Hu sF. Location- and subunit-spe-
cific NMDA receptors determine the developmen-

tal sevoflurane neurotoxicity through ERK1/2 sig-
naling. Mol Neurobiol 2016; 53: 216-230.

24) BanneRMan dM, nieWoeHneR B, lYon l, RoMBeRg 
C, sCHMitt WB, taYloR a, sandeRson dJ, CottaM J, 
sPRengel R, seeBuRg PH, koHR g, RaWlins Jn. NMDA 
receptor subunit NR2A is required for rapidly ac-
quired spatial working memory but not incremen-
tal spatial reference memory. J Neurosci 2008; 
28: 3623-3630.


