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Abstract
Neuroin�ammation can cause cognitive de�cits, and pre-existing neuroin�ammation is very common in
the clinic after trauma, surgery, and infection. Patients with pre-existing neuroin�ammation often need
further medical treatment under general anesthesia. However, it is still unknown the effects of
postconditioning with general anesthetics on the pre-existing neuroin�ammation. In this study, adult rats
were post-treated with sevo�urane or propofol after intracerebroventricular administration of
lipopolysaccharide. The effects of sevo�urane or propofol postconditioning on neuroin�ammation-
induced recognition memory de�cit were detected. Our results found that postconditioning with
sevo�urane, but not propofol reversed the selective spatial recognition memory impairment induced by
neuroin�ammation, and these differential effects did not appear to be associated with the similar anti-
neuroin�ammatory response of general anesthetics. However, postconditioning with propofol induced a
selective long-lasting upregulation of extrasynaptic NR2B-containing NMDARs in the dorsal
hippocampus, which down-regulated the CREB signaling pathway, and impaired spatial recognition
memory. Additionally, the NR2B antagonists, memantine and Ro2506981, reversed this neurotoxicity
induced by propofol postconditioning. Altogether, these results indicate that under the pre-existing
neuroin�ammation, postconditioning with sevo�urane can provide reliable neuroprotection through
attenuating LPS-induced neuroin�ammation, apoptosis, neuronal loss, and eventually improving spatial
recognition de�cit. However, although posttreatment with propofol also have the same anti-
neuroin�ammatory effects, the neurotoxicity caused by propofol postconditioning following
neuroin�ammation deserves to be continuously concerned.  

Introduction
Sevo�urane and propofol are the most commonly used inhalation and intravenous general anesthetics in
the clinic. Neuroprotective effects of sevo�urane [1–3] and propofol [4, 5] have been shown in the animal
model of cerebral ischemia/reperfusion injury, in which they attenuated the neuroin�ammation and
improved cognitive function. However, con�icting results have been reported in lipopolysaccharide (LPS)-
induced in�ammation models, one recent in vivo study showed that pretreatment with propofol could not
decrease LPS-induced neuroin�ammation, and have no effect on cognitive impairment in adult mice [6],
but in an in vitro study, propofol attenuated LPS-induced cytokines release in cultured microglia, while
iso�urane or sevo�urane could not [7]. In the clinic, neuroin�ammation develops after surgery, and it is
considered a major cause of postoperative cognitive dysfunction [8, 9]. Additionally, several patients in
the postoperative period need further treatments when necessary including re-surgery, invasive
procedures, or even sedation in the ICU, while general anesthetics are always provided in these cases, but
how sevo�urane or propofol affects the pre-existing neuroin�ammation and neuroin�ammation-induced
cognitive function is largely unknown.

Sevo�urane and propofol exert their anesthetic effects mainly through activating the gamma-
aminobutyric acid (GABA) receptor and inhibiting the N-methyl-D-aspartate receptor (NMDAR) [10, 11].
And the ionotropic glutamate NMDAR with different subunits plays a crucial role in regulating learning



Page 3/28

and memory [12]. NMDAR is a glutamate-gated ion channel, consisting of NR1, NR2 (2A-2D), and NR3
(3A, 3B) subunits. The NR1 subunit is an essential part of NMDAR, while the NR2 subunits, especially
NR2A and NR2B, are mainly distributed in the adult rat hippocampus, and primarily regulate the function
of the receptor [13]. Previous studies suggested that inhalation and intravenous anesthetics exhibited a
differential effect on the expression of the NR2B subunit, which was accompanied by changes in
cognitive function [14–17]. For example, iso�urane or sevo�urane exposure alone could improve
cognitive function via an upregulation of NR2B subunit in the hippocampus [14, 16], while propofol
exposure decreased the level of NR2B subunit in the hippocampus and induced spatial memory de�cits,
suggesting that upregulation of NR2B exerts the neuroprotective effect [17]. However, overexpression of
the NR2B subunit is deleterious in many neurodegenerative disease models [18–20]. Indeed, NMDAR with
different subcellular locations (synaptic or extrasynaptic) also contributes to the regulation of cognition
by triggering the distinct signaling pathways [21, 22]. Synaptic NMDAR stimulation promotes extracellular
signal-regulated kinase (ERK) activation through phosphorylation, nuclear transcription protein cAMP
response element-binding (CREB) phosphorylation, and provides neuroprotective effects, whereas
activation of extrasynaptic NMDAR display the opposite effect relative to synaptic receptor activation,
leading to neuronal cell death. Recent studies showed that iso�urane or sevo�urane could induce
developmental neurotoxicity through selectively upregulating the expression of extrasynaptic NR2B, and
cause cognitive dysfunction [23, 24]. Nevertheless, whether postconditioning with propofol or sevo�urane
may regulate the expression of synaptic or extrasynaptic NMDARs subunits in the presence of pre-
existing neuroin�ammation, and the regulation is involved in neurotoxicity or neuroprotection against
LPS-induced cognitive impairment is still unknown.

In the current study, we used an established rat model of acute neuroin�ammation induced by
intracerebroventricular (i.c.v.) administration of LPS to investigate the effects of sevo�urane and propofol
on neuroin�ammation, cognitive function, and molecular alterations of NMDAR subunits in the
behaviorally relevant brain region. Further, the pharmacological antagonists were used to test the role of
NMDAR subunits in sevo�urane- or propofol-induced neurotoxicity or neuroprotection.

Materials And Methods

Reagents
Reagents in this study are listed in Table 1 in the Supplementary Materials.

Animals
Adult male Sprague-Dawley rats (200g-250g) from the Animal Center of Chongqing Medical University,
China (permission number: SCXK 2018-0003), were housed in a 12-h light/dark cycle at 22 ± 2°C with
food and water ad libitum. All experiments were conducted in the daytime between 8:00 and 18:00.

The animal procedures were approved by the Ethics Committee of Chongqing University Cancer Hospital
and followed the Guidance Suggestions for the Care and Use of Laboratory.
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Every effort was made to minimize the number of animals used and their suffering.

Drug administration
LPS and Ro25-6981 were dissolved in the sterile arti�cial cerebral spinal �uid (aCSF) and administered
centrally through the implanted guide cannulas as previously described [25, 26]. Brie�y, rats were
anesthetized with sevo�urane and placed in the stereotaxic apparatus (RWD Life Science Co., Ltd,
Shenzhen, China). For LPS administration, one stainless steel guide cannula (26-gauge) was implanted in
the right lateral ventricle (-1.0 mm AP, + 1.5 mm ML, -3.0 mm DV; [27]) through the drilled hole in the skull.
For Ro25-6981 administration, two stainless steel guide cannulas were implanted bilaterally into the
dorsal hippocampus (-3.3 mm AP, +/-1.5 ~ 1.8 mm ML, -2.0 mm DV; [27]). All cannulas were anchored to
the skull with steel screws and dental acrylic. A total of 10µg LPS (5µg/µl) was administered (i.c.v.) via
the implanted guide cannula at a rate of 1µl/min. Ro25-6981 (0.375µg/µl) was bilaterally administered
into the dorsal hippocampus via the implanted guide cannulas at a rate of 0.3µL/min (0.5µl for each
side), at a daily dose of 0.375µg for 7 consecutive days [26]. The standard histological examination was
conducted to verify the placement of cannulas.

Rats who were exposed to propofol postconditioning received two consecutive intraperitoneal (i.p.)
injections of propofol (75 mg/kg) with an interval of 30 min. As our pilot study showed that 75 mg/kg
propofol i.p. would keep the loss of righting re�ex (anesthesia state) for about 30 min. Rats who were
exposed to sevo�urane postconditioning were placed in a chamber gassed with 5% sevo�urane for 2min
to induce anesthesia and maintained with 2% sevo�urane for 60min. During the whole postconditioning
period, all rats inhaled pure oxygen and breathed spontaneously. Oxygen saturation was monitored using
pulse oximetry and maintained above 95%, and rectal temperature was monitored and maintained at
37°C using a heating blanket. Memantine hydrochloride (1mg/ml) at 5mg/kg concentration was injected
(i.p.) once daily for 7 consecutive days [28].

Object recognition memory tasks
All behavioral tests were performed in a white plexiglass chamber (50⋅50⋅40 cm) in a sound-attenuated
room with controlled light intensity (3lux). An overhead camera was connected to a computer to record
the animals’ behavior. The objects used in the object recognition memory tasks varied in material (plastic,
glass, metal, porcelain), shape (cylinder, cuboid, cone, irregular shapes), color (yellow, blue, green, pink),
and size (15-21cm height, 8–10 diameter). The Velcro was attached to the bottom of objects and the
chamber �oor to ensure that objects could not be moved by rats. Each rat was handled for 5 min followed
by habituation to an empty chamber for 10 min per day for 3 consecutive days prior to the object
recognition memory tasks. The time that rats spent exploring each object in all the object recognition
memory tasks was analyzed o�ine from video records. The exploring time was measured with a
stopwatch by an experimenter who was blind to the experimental design. Object exploration was only
de�ned as directing the nose at a distance of less than 1cm of the object. Turning around, sitting on the
object, or touching the object with forepaws but headed in another direction were not considered
exploratory behavior.
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Novel object-place recognition
This task was performed according to the standard protocol [30]. Two identical copies of an object were
placed in the chamber, and rats explored them freely for 5 min (sample phase). After a 1-hour delay, one
of the objects was moved to a novel place, the rat was given 3 min to explore (test phase). Intact rodents
spend more time exploring the displaced object than the stationary one. The position of the displaced
object was counterbalanced between rats. The discrimination ratio was used to represent novel object-
place preference.

Novel object-place recognition ratio = (Time at displaced object - Time at stationary object)/ (Time at
both objects).

Novel object recognition
Two identical copies of an object were placed in the chamber [30], and rats explored them freely for 5 min
(sample phase). After 1hr delay, one of the objects was replaced by a novel one, and the rat was given a
3-min of exploration (test phase). Intact rodents show a signi�cant preference for the novel object over
the familiar one. The objects used as novel or old were counterbalanced between rats. The discrimination
ratio was used to represent novel object preference.

Novel object recognition ratio = (Time at novel object - Time at old object)/ (Time at both objects).

Temporal order memory
This test comprised 2 sample phases and 1 test phase [30]. In sample phase 1, two copies of an object
were placed in the chamber, and the rat was allowed to explore freely for 5 min, 1 hr later, two copies of a
novel object were placed at the same locations in sample phase 1, and the rat was given a 5-min of
exploration (sample phase 2). In the test phase, a third copy of the object from sample phase 1 and a
third copy of the object from sample phase 2 were presented, but their locations were identical to in the
sample phases, rat was given 3 min to explore. The positions of the objects in the test phase and the
objects used in both sample phases were counterbalanced between rats. Intact rodents prefer to explore
the earlier-presented object more than the recent one. The discrimination ratio was used to represent
earlier-presented object preference.

Temporal order memory ratio = (Time at earlier-presented object - Time at recent-presented object)/ (Time
at both objects).

Tissue preparation
Rats were anesthetized with 4% sevo�urane for 3 min. For enzyme-linked immunosorbent assay (ELISA)
and western blot, the perirhinal cortex (PRH), the dorsal and ventral hippocampi were separately
dissociated and stored at − 80°C.
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For immunohistochemistry, Nissl staining, and immuno�uorescence, rats were transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde (PFA) solution.
The brains were removed and post�xed in 4% PFA solution for 24 h. The right halves of the brains were
embedded in para�n and cut into 4 µm thick coronal sections for immunohistochemistry and Nissl
staining. The left halves of the brains were cut into 50 µm thick sections using a vibratome (VT1000,
Leica) for immuno�uorescence.

Immunohistochemistry
Immunohistochemistry was performed as previously described [31]. Every �fth para�n sections
containing dHPC (-2.5~ -4 AP) were depara�nized in xylene and rehydrated in a serial of graded ethanol,
which was followed by antigen retrieval with 0.1M sodium citrate buffer (pH 6.0) in a microwave oven for
20 min. After blocking with 0.3% hydrogen peroxide and 5% normal goat serum, sections were incubated
with the primary antibody against cleaved caspase-3 (1:100) overnight at 4°C, sections then were
incubated with the second goat anti-rabbit IgG antibody at 37°C for 30 min. Finally, sections were stained
with DAB solution. Hematoxylin was used for nuclear staining. Negative sections were incubated with
PBS instead of primary antibody. The number of cleaved caspase-3 positive neurons within the CA1
region of dHPC was counted in images from �ve microscopic areas under 200× magni�cation by an
investigator who was blinded to the experiments. All images were analyzed using Image J software.

Nissl staining
Nissl staining was performed as previously described [32]. The depara�nized sections containing dHPC
were incubated with 1% cresyl violet for 30 min at 37°C, then dehydrated in a serial of graded ethanol,
cleared and coverslipped. The number of neurons was calculated using the method mentioned in the
immunohistochemical experiment.

Immuno�uorescence
Immuno�uorescence was performed as previously described [31]. Sections were blocked with 5% normal
goat serum and 0.4% Triton X-100 in PBS for 1 h at 37°C. Then sections were incubated with the primary
antibodies against iba-1 (1:1000) or NR2B (1:1000) for 48 hr at 4°C. After 3 times washing, sections were
incubated with the second goat anti-rabbit IgG Alexa Fluor 488 (1:500) or goat anti-rabbit IgG Alexa Fluor
647 (1:500) for 2 hr in the dark at 37°C and counterstained with 0.5% DAPI for 3 min at room temperature.
The number of iba-1 positive cells in the dHPC was calculated from six sections using a confocal
microscope (Leica TCS SP8, Wetzlar, Germany) under 200× magni�cation (NA 0.85).

ELISA
The bilateral dHPC were homogenized in RIPA buffer and centrifuged at 12000g for 10min at 4°C. The
supernatant was collected and the protein concentration was determined using BCA assay kits. The
protein concentration in all samples was adjusted to 4mg/ml. ELISA was performed following the
manufacturer's instructions, and absorbance was quickly read using a 96-well plate reader at a detection
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wavelength of 450nm as previously described [33]. The concentrations of TNF-α and IL-1β were
presented as pg/mg protein. In our preliminary experiment, contents of TNF-α and IL-1β in the left and
right dHPC were measured separately, and we did not �nd any signi�cant differences in LPS-induced
cytokine concentrations between the contralateral and the ipsilateral brain tissues of dHPC. So we used
the whole bilateral dHPC for ELISA and subsequent western blot.

Subcellular fractionation
Subcellular fractionation of dHPC was performed using an adapted protocol [34–36] with minor
modi�cation. Tissues were homogenized by sonication in buffer A containing 0.32M sucrose, and 10mM
HEPES (pH7.4). The homogenate (H) was centrifuged at 1000 g for 10 min to obtain the pellet (P1)
containing nuclei and cellular debris, and the supernatant (S1) was centrifuged at 10,000 g for 15 min to
obtain the crude synaptosomal membrane fraction (P2) and the supernatant (S2). The S2 was
centrifuged at 165,000 g for 2 hr to obtain a cytosolic fraction (S3) and a microsome-enriched fraction
(P3). The crude synaptosomal membrane pellet (P2) was separated by 0.85/1.0/1.2 M sucrose density
gradient centrifugation (825,000 g for 2hr). The synaptosomes were obtained from the 1.0/1.2 M sucrose
interface, and synaptosomal pellets were resuspended in buffer B containing 0.5% Triton X-100, 20mM
HEPES (pH7.2). Then the suspension was incubated for 30min with gentle rotation and centrifuged at
320,000 g for 20min. Based on the fact that PSDs and synaptic junctions are insoluble in Triton X-100
[37, 38]. The supernatant, TxS (Triton X-100 soluble), is de�ned as the non-PSDs membrane-enriched
protein or extra-synaptic fraction. The pellet, TxP (Triton X-100 insoluble), is de�ned as the PSDs
membrane-enriched protein or synaptic fraction.

Nuclear fractionation was performed as previously described [39]. Brie�y, P1 were resuspended in buffer
C containing 10mM HEPES (pH7.4), 10mM KCl, 10mM EDTA, 1.5mM MgCl2, 0.2% BSA, 1mM DTT, and
0.4% NP40. After incubation with gentle rotation for 15min, the suspension was centrifuged at 15,000 g
for 10min to obtain the pellets which are de�ned as crude nucleus fraction. The crude nucleus fraction
was then resuspended in buffer D containing 20mM HEPES (pH7.4), 400mM NaCl, 1mM EDTA, 10%
Glycerol, and 1mM DTT. The suspension was incubated for 2hr with gentle rotation followed by
centrifugation (15,000 g for 10min) to obtain the supernatant (nuclear fraction). All procedures
mentioned above were performed at 4°C and all buffers contained protease and phosphatase inhibitor
cocktail. Protein concentrations in all fractions were determined by BCA protein assay and adjusted for
western blot.

Western blot
The ventral hippocampal and PRH tissues were lysed in ice-cold RIPA buffer containing protease inhibitor
cocktail and centrifuged at 12000g for 10 min at 40C. The supernatants were collected and protein
concentration was determined using BCA assay kits. Western blot was performed as described previously
[40]. In brief, each sample containing 10 µg protein was separated on an 8% sodium dodecyl sulfate gel
by electrophoresis and transferred to a 0.45µm polyvinylidene �uoride membrane. Non-speci�c protein
binding was blocked with 5% milk in TBST for 60min at room temperature. The membranes were
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incubated with primary antibodies of NR2A (1:1000), NR2B (1:1000), NR1 (1:1000), NR3A (1:1000), NR3B
(1:1000), GluR1 (1:1000), GluR2 (1:1000), PSD-95 (1:1000), pERK1/2 (1:1000), ERK1/2 (1:1000),
pCREB(1:1000), CREB (1:1000), Calnexin (1:5000), Synaptophysin (1:10000) and β-actin (1:10000)
overnight at 4°C, and then incubated with goat anti-rabbit IgG-HRP (1:5000) or goat anti-mouse IgG-HRP
(1:5000) for 1hr at room temperature. The protein bands were detected by enhanced chemiluminescence
reagents and photographed. The results were analyzed using an image acquisition system (Fusion FX7,
Vibert Lourmat, France). For stripping and reprobing, membranes were washed in TBST and incubated in
stripping buffer for 60min at room temperature.

Statistical analysis
Statistical analysis was performed with SPSS (version 22. IBM, New York, NY, USA), and data were
presented as mean ± SEM. A three-way ANOVA was used to analyze the data from ELISA. For the object
recognition memory tasks, both the total object exploring time and the discrimination ratio were analyzed
with a two-way ANOVA followed by Turkey post hoc analysis; and a one-sample t-test was used to
compare the ratio with zero (chance level). All other data were analyzed using a two-way ANOVA followed
by Turkey post hoc analysis. A signi�cant level of p < 0.05 was used.

Results
Postconditioning with propofol or sevo�urane exerts a differential effect on novel object-place
recognition impairment induced by neuroin�ammation

Acute neuroin�ammation mimics several pathological conditions during the perioperative period in the
clinic [8, 9]. To investigate the effect of postconditioning with general anesthetics on neuroin�ammation-
induced recognition impairment, rats were subjected to i.c.v. administration of LPS (10µg), followed by
postconditioning with propofol or sevo�urane. Rats who received the equal volume of aCSF instead of
LPS served as Control, and intralipid was used for the vehicle solution of propofol. On day 7 after the
postconditioning, all rats were tested for a serial of object recognition memory experiments (Fig. 1a).

Control rats exhibited positive values of discrimination ratio in the novel object-place recognition test,
indicating that rats had intact memory for object place. Compared with control rats, LPS-injected rats
exhibited impaired novel object-place recognition memory as shown by a signi�cantly decreased
discrimination ratio. Surprisingly, only postconditioning with sevo�urane, but not propofol, reversed this
impairment. Sevo�urane or propofol exposure in control rats did not have a signi�cant effect on the
discrimination ratio (Fig. 1b). There were no differences among groups in the total time of object
exploration during the sample or test phase, indicating that the predisposition to explore objects was not
affected (Supplementary Fig. 1a).

Next, rats were tested in novel object recognition memory and temporal order memory. In the novel object
recognition memory test, rats in all groups showed a signi�cantly higher preference for the novel object,
suggesting that all rats had intact memory for object identity. And there was no signi�cant difference in
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the discrimination ratio among groups (Fig. 1c). The total time of object exploration during the sample or
test phase was not different among groups (Supplementary Fig. 1b). In the temporal order memory test,
rats in all groups exhibited a signi�cantly higher preference for the earlier-presented object as shown by
the similar levels of discrimination ratio (Fig. 1d). The differences in the total time of object exploration
during sample1, sample2, or test phase were not observed among groups (Supplementary Fig. 1c). These
results showed that acute LPS injection selectively caused spatial recognition memory impairment, and
postconditioning with sevo�urane, but not propofol, provided protection against this impairment.

Postconditioning with propofol or sevo�urane exerts a
similar anti-in�ammatory effect
Next, we examined whether the differential effect of postconditioning with sevo�urane or propofol on
LPS-induced novel object-place recognition impairment was due to their different anti-in�ammatory
effect by measuring the time course of expression of pro-in�ammatory cytokines in the dHPC, which is
highly associated with spatial recognition memory. After LPS injection, pro-in�ammatory cytokine TNF-α
increased and peaked at 6hr, and returned to the basal level on day 1. Both postconditioning with
propofol and sevo�urane slightly decreased the level of TNF-α. Propofol or sevo�urane exposure did not
produce a signi�cant change of TNF-α in control rats (Fig. 2a). Another pro-in�ammatory cytokine IL-1β
increased markedly from 6hr and remained signi�cantly high till 24hr after LPS injection. Posttreatment
with propofol reversed the lasting IL-1β upregulation at 6hr and 24hr, while the similar reversal effect was
seen with sevo�urane at 6hr (Fig. 2b).

Since excessive synthesis and release of pro-in�ammatory cytokines is triggered by activated microglia
[41], we next examined the microglia activation by measuring the total number of iba1 (a speci�c
microglia marker) positive cells in the dHPC. Compared with control rats, the number of microglia was
signi�cantly increased both on day 3 and day 7 in LPS-injected rats. Posttreatment with propofol or
sevo�urane dramatically relieved LPS-induced increased number of microglia. Propofol or sevo�urane
exposure did not affect the total number of microglia in control rats (Fig. 2c, d). Taken together, these
results suggested that postconditioning with propofol or sevo�urane exerted a similar anti-in�ammatory
effect after LPS injection.

Postconditioning with propofol or sevo�urane exerts
differential effects on apoptosis and neuronal loss
Given that neuronal apoptosis has been proved as a notable event of LPS-induced neuroin�ammation
[42–44], and postconditioning with sevo�urane or propofol can provide neuroprotection through
inhibition of neuronal apoptosis in the model of cerebral ischemia/reperfusion injury [2, 4]. We then
sought to examine whether the differential effect of postconditioning with sevo�urane or propofol on
LPS-induced spatial recognition de�cit resulted from their different role in mediating apoptosis. Using
immunohistochemistry staining, we detected the number of cleaved caspase-3 (a marker of apoptosis)
positive neurons in the CA1 region of dHPC. Undoubtedly, the number of apoptotic neurons was
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dramatically increased on day 1 and day 7 after LPS injection, and this pro-apoptotic effect was partially
alleviated by postconditioning with sevo�urane or propofol on day 1. However, a signi�cant increase in
the number of cleaved caspase-3 positive neurons was still observed on day 7 after propofol
postconditioning, whereas posttreatment with sevo�urane almost completely restored the increased
number of apoptotic neurons to normal (Fig. 3a, b). The notable difference in anti-apoptotic effect
induced by propofol or sevo�urane postconditioning prompted us to investigate the number of pyramidal
neurons in the dorsal hippocampal CA1 region on day 7. We found that LPS alone induced a signi�cant
decrease in the number of Nissl stained pyramidal neurons, and postconditioning with sevo�urane, but
not propofol reversed this neuronal loss (Fig. 3c, d).

Postconditioning with propofol or sevo�urane exerts a differential effect on the expression pattern of
NMDA receptor subunits

Propofol and sevo�urane can differently mediate the expression of NMDARs in the absence of acute
neuroin�ammation [16, 17], and our observation that postconditioning with propofol or sevo�urane
exhibited a similar anti-in�ammatory effect, but only sevo�urane, not propofol, induced a robust and
persistent anti-apoptotic effect and reversed the LPS-induced spatial recognition memory impairment let
us speculate that besides the neuroprotective effect provided by the anti-in�ammation response, changes
of NMDARs may contribute to the neuronal damage and spatial recognition memory de�cit after
posttreatment with propofol. To test this possibility, we detected the expression of NMDAR subunits in the
dHPC, and we discovered that LPS alone did not affect the amount of NR2B subunit in total dHPC protein
homogenates either on day 1 or day 7 compared with control-vehicle rats. However, postconditioning with
propofol induced a long-lasting, almost 1.5-fold increase in NR2B subunit expression both on day 1 and
day 7. In contrast, postconditioning with sevo�urane induced a slight increase in NR2B expression on day
1, while no change was observed on day 7. Interestingly, neither propofol nor sevo�urane changed the
NR2B subunit expression in control rats (Fig. 4a, b). This modulation of NR2B subunit expression induced
by propofol postconditioning could also be seen by immuno�uorescence (Fig. 4e). Meanwhile, no
changes were observed in the expression of NR2A or NR1 indicating that postconditioning with propofol
speci�cally modulated the NR2B expression in the presence of pre-existing neuroin�ammation (Fig. 4a, c,
d). We also detected other ionotropic glutamate receptor subunits, a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptors (AMPARs) subunits, and other NR2 subunits for their responses to
general anesthetics postconditioning after LPS injection. In normal adult rats, AMPARs subunits, both
GluR1 and GluR2, are expressed at high levels in the forebrain including the hippocampus, while GluR3,
NR2C, and NR2D are expressed at relatively low levels [45, 46]. We discovered that the total levels of
GluR1, GluR2, GluR3, NR2C, and NR2D were not altered in the dHPC of rats among all groups
(Supplementary Fig. 2a-f). Moreover, the speci�c upregulation of NR2B induced by propofol
postconditioning was not observed in other brain regions including the ventral hippocampus(vHPC) or
PRH (Supplementary Fig. 2g-i).

NR2A-containing NMDARs are mainly localized at postsynaptic sites via binding with PSD-95 (a
postsynaptic scaffolding protein), and synaptic NMDARs activation mediates physiologic effect and
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promotes cell survival. NMDARs also exist at the extrasynaptic site, in which the NR2B subunit is
relatively enriched, and overactivation of extrasynaptic NR2B leads to neuronal death [47, 48]. Thus, we
further investigated the changes of NMDAR subunits both at synaptic and extrasynaptic sites in the
dHPC on day 7 after general anesthetics postconditioning. Firstly, biochemical fractionation was used to
separate synaptic (TxP) and extrasynaptic (TxS) fractions, and the effectiveness of the fractionation was
con�rmed by synaptophysin, PSD95 (Fig. 4f), and calnexin (Supplementary Fig. 3) as markers for the
subcellular compartments as described previously [39, 49]. No signi�cant differences in synaptic or
extrasynaptic NR2B levels were observed after LPS injection, however, postconditioning with propofol
signi�cantly increased NR2B levels in extrasynaptic but not synaptic fractions. NR2B levels both in
synaptic and extrasynaptic fractions were not changed after sevo�urane postconditioning. Meanwhile,
the levels of NR2A and NR1 either in synaptic or extrasynaptic remained unaffected (Fig. 4g-j).

Overstimulation of extrasynaptic NR2B-containing NMDARs causes inactivation of ERK1/2 and
dephosphorylation of nuclear CREB and ultimately leads to neuronal death [21, 22, 47, 48]. Therefore, we
determined the involvement of the CREB signaling pathway in excessive activation of extrasynaptic NR2B
induced by propofol postconditioning. The phosphorylation level of ERK1/2 in dHPC protein homogenate
was signi�cantly decreased in rats who were post-treated with propofol, whereas the total protein level
was unchanged (Fig. 4k, i). Similarly, the phosphorylation level of CREB in dHPC protein nuclear fraction
was also signi�cantly decreased when rats were post-treated with propofol, without a corresponding
change in total CREB (Fig. 4k, j). In contrast, the phosphorylation levels of ERK1/2 and CREB were
unchanged in rats from other groups. Altogether, these results suggested that postconditioning with
propofol selectively induced a long-lasting increase of extrasynaptic NR2B expression in the dHPC, which
was accompanied by inactivation of the downstream CREB signaling pathway.

Persistent upregulation of extrasynaptic NR2B subunits may contribute to the neurotoxicity effect of
postconditioning with propofol on neuronal apoptosis and spatial cognitive impairment following
neuroin�ammation

Based on all the above results obtained, we next used pharmacological antagonists to con�rm the effect
of persistent upregulation of extrasynaptic NR2B on neurotoxicity induced by propofol postconditioning
after LPS injection. The non-competitive antagonist memantine which selectively inhibits the
extrasynaptic NMDARs at a low dose was administered i.p. for 7 consecutive days after postconditioning
with propofol as previously described [28, 50]. An equal volume of saline was administered in sham rats
(Fig. 5a). On day 7 after postconditioning, all rats were tested for the novel object-place recognition
memory followed by molecular biological detection (Fig. 5a). Memantine treatment remarkably reversed
the elevated levels of NR2B induced by propofol postconditioning both in total dHPC protein homogenate
and extrasynaptic fraction, whereas it did not affect the expression of NR2A and NR1 subunits in each
subcellular fraction (Fig. 5b-e). In addition, memantine treatment reversed the CREB signaling de�cit as
shown by signi�cantly increased phosphorylation levels of ERK1/2 and CREB (Fig. 5f-h). Propofol
postconditioning-induced apoptosis and neuronal loss were also reversed by memantine (Fig. 5i-k).
Finally, memantine rescued the spatial recognition memory impairment induced by propofol
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postconditioning following neuroin�ammation, without altering the predisposition to explore objects
(Fig. 5l, m). Another NR2B antagonist, Ro25-6981 (IC50: 9nM for NR2B/NR1, 52µM for NR2A/NR1) [51],
was locally administered in the dHPC for 7 consecutive days after postconditioning with propofol.
Similarly, the elevated levels of NR2B in total dHPC homogenate and extrasynaptic fraction, the
decreased levels of phosphorylation ERK1/2 and nuclear CREB, and the increases in apoptosis and
neuronal loss induced by propofol postconditioning were reversed by Ro25-6981 treatment (Fig. 5b-k).
Additionally, spatial recognition memory impairment was improved in Ro25-6981-treated rats compared
with sham rats (Fig. 5l, m). Taken together, these results indicated that persistent upregulation of
extrasynaptic NR2B subunit in the dHPC may contribute to the neurotoxicity effect of postconditioning
with propofol on spatial recognition memory impairment in the presence of pre-existing
neuroin�ammation.

Discussion
Surgery or trauma can cause systemic in�ammation, and damage the brain-blood barrier, eventually
induce neuroin�ammation [52], which has been proved to be highly associated with postoperative
cognitive dysfunction [8, 9, 53]. Intracerebroventricular injection of LPS can mimic neuroin�ammation
induced by surgery or trauma in animal studies [25, 54]. In the present study, we discovered that LPS-
induced neuroin�ammation increased apoptosis and neuronal loss in the dHPC, and ultimately lead to a
selective spatial recognition memory impairment. This �nding is consistent with previous studies which
demonstrated that spatial memory is more vulnerable than non-spatial memory to LPS-induced damage
[25, 54, 55]. In fact, the processing of spatial recognition memory is highly dependent on the dHPC [30,
56], while non-spatial recognition memory judgments for individual items or relative recency of items
primarily depend on other brain regions, including mPFC and PRH [57, 58]. We further found that
postconditioning with propofol or sevo�urane exerted a similar anti-neuroin�ammatory effect via
inhibiting microglia activation and the release of proin�ammatory cytokines. However, postconditioning
with sevo�urane but not propofol attenuated the apoptosis and neuronal loss and completely rescued the
spatial cognitive impairment induced by neuroin�ammation. Finally, we discovered that the persistent
upregulation of extrasynaptic NR2B and the downstream CREB signaling pathway were involved in the
neurotoxicity effect of postconditioning with propofol in the presence of pre-existing neuroin�ammation.

An interesting �nding of the present study is that only posttreatment with sevo�urane, but not propofol
reversed the spatial recognition memory impairment after LPS injection. This is an intriguing observation
because both inhalation and intravenous anesthetics are generally thought to have a neuroprotective
effect in various experimental models including myocardial infarction [59], cerebral ischemia/reperfusion
injury [1–5], and hemorrhage shock [60]. But recently, differential effects of sevo�urane and propofol on
anxiety-like behavior in formalin-induced pain were reported in an animal study [61]. A clinical study also
showed that sevo�urane-based anesthesia for on-pump cardiac surgery was associated with better short-
term postoperative cognitive performance than propofol [62], however, the mechanism underlying this
differential effects of sevo�urane and propofol on postoperative cognitive function has been unknown.
Here, we found that postconditioning with sevo�urane persistently alleviated apoptosis and neuronal loss
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in the dHPC after LPS injection, whereas the anti-apoptotic effect of propofol postconditioning was only
observed on one day after LPS injection, and increased apoptosis and neuronal loss still existed at a later
time. One possible explanation for these results is that the anti-in�ammatory effect of propofol
postconditioning was more prominent than neurotoxicity in an early stage of LPS-induced acute
neuroin�ammation, while the neurotoxic effect was long-lasting and may account for the neuronal loss in
the dHPC.

NR2B subunit is crucial to vital brain functions including synaptic plasticity, gene transcription, neuronal
survival, and cognitive function [12, 63, 64]. After maturation, NR2B-containing NMDARs are mainly
distributed at the extrasynaptic site, and excessive activation of extrasynaptic NR2B-containing receptors
leads to neuronal death via activating downstream signaling pathways [20–24]. We found a selective
increase of extrasynaptic NR2B-containing receptors after propofol postconditioning. In contrast, NR2B at
the synaptic site was insensitive to propofol postconditioning. Moreover, other NMDAR subunits or
AMPAR subunits were not modulated by propofol postconditioning. Meanwhile, we did not �nd LPS alone
could alter NR2B expression, indicating the effect of propofol postconditioning on NR2B expression was
exerted directly by itself, but not secondary to the anti-in�ammation. Phosphorylation of ERK1/2 and
CREB, as the downstream signaling molecules of synaptic NMDARs, play an important role in modulating
the transcription of genes that promote spine formation, synaptic plasticity, neuronal survival, learning
and memory [20]. In the current study, posttreatment with propofol reduced the levels of total ERK1/2 and
nuclear CREB phosphorylation, which is associated with up-regulation of extrasynaptic NR2B-containing
NMDARs. In addition, the increases in total and extrasynaptic NR2B-containing receptors expression and
neuronal loss, de�cits in downstream CREB signaling pathway, along with associated spatial recognition
memory impairment induced by propofol postconditioning were reversed by systematical treatment with
low dose memantine, previously shown to selectively block extrasynaptic NMDAR current while
preserving synaptic NMDAR current [18]. Treatment with a low dose of memantine alone did not affect
behavioral performance in distinct memory tasks [65], however, memantine at a 30-fold higher dose,
which should block both synaptic and extrasynaptic NMDAR current, worsened the neurodegeneration
and impaired cognitive function [18, 65]. Meanwhile, another NR2B antagonist Ro25-6981 was used to
con�rm the effect of persistent upregulation of extrasynaptic NR2B on neurotoxicity induced by propofol
postconditioning after LPS injection. Ro25-6981 is commonly applied by local brain region injection or
intraperitoneal injection in animal studies [66, 67]. And several studies showed that antagonism of NR2B
by Ro25-6981 could inhibit its up-regulation [68, 69]. Here, consecutive administrations of Ro25-6981 at a
very low dose (0.375µg) inhibited up-regulation of total and extrasynaptic NR2B subunit in the dHPC,
reversed down-regulation of ERK1/2 and CREB phosphorylation, excessive apoptosis, neuronal loss, and
improved the cognitive de�cit after propofol postconditioning. We did not examine the effects of
memantine and Ro25-6981 on normal object-place recognition memory, but it is known that memantine
or Ro25-6981 produces its pharmacological effect in a dose-dependent manner [66, 70], and it was
con�rmed that Ro25-6981 with 0.375µg did not impair the normal object recognition memory, but only
eliminated the changes of recognition memory induced by NR2B subunit alteration, while a high dose of
Ro25-6981 (3.75µg) could disrupt the normal recognition memory [26].
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Many con�icting observations regarding the effects of general anesthetics on NR2B expression and
cognitive function were reported previously. For instance, iso�urane up-regulated extrasynaptic NR2B in
the hippocampus in elderly rats and impaired cognitive function [24]; and iso�urane or sevo�urane up-
regulated NR2B in the hippocampus, facilitated LTP in CA1 area, and improved cognition in adult mice
[14, 16]. Sevo�urane induced NR1 and NR2B up-regulation, NR2A down-regulation in the PFC, and caused
cognitive de�cits in adolescent rats [71], while propofol down-regulated NR1, NR2B, NR2A, and PSD-95 in
the PFC of developing rat brain, and caused long-term cognitive dysfunction [17,72]. The possible
reasons for this discrepancy might be different ages, species of animals, and strategies of drug
treatment. Moreover, the above studies were more concerned with the effects of general anesthetics
exposure alone on NR2B expression and cognitive function. However, when LPS-induced
neuroin�ammation has already existed, general anesthetics may exert different effects on NR2B
expression and cognitive function. It is still unknown why postconditioning with sevo�urane or propofol
has different modulation on NR2B expression in the present study. One possibility is that although
sevo�urane and propofol exert their anesthetic effect through GABA receptor and NMDA receptor, NR2B
subunit is more sensitive to propofol than sevo�urane [73,74]. Besides, many posttranslational
mechanisms including protein-protein interaction, phosphorylation, palmitoylation, ubiquitination, and
proteolysis contribute to regulating the speci�c synaptic and extrasynaptic NMDARs distribution [75], but
to our knowledge, only a few studies demonstrated that general anesthetics ur-regulated the expression
of serine/threonine cyclin-dependent kinase 5 (Cdk5) [76,77], which is implicated in regulating the surface
expression of NMDARs by NR2B phosphorylation at tyrosine1472 [78]. Therefore, further study should be
conducted to elucidate the exact mechanism of the selective increase of extrasynaptic NR2B-containing
NMDARs induced by propofol postconditioning after LPS injection.

In summary, under the pre-existing neuroin�ammation, postconditioning with sevo�urane can provide
reliable neuroprotection through attenuating LPS-induced neuroin�ammation, apoptosis, neuronal loss,
and improving spatial recognition de�cit. However, posttreatment with propofol leads to a selective long-
lasting upregulation of extrasynaptic NR2B-containing NMDARs in the dHPC, which down-regulates the
CREB signaling pathway and impair the spatial recognition memory. The differential effects of
postconditioning with sevo�urane or propofol suggest that sevo�urane seems to be more appropriate
than propofol in preserving cognitive function.
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Figures

Figure 1

Object recognition memory tests after LPS injection and postconditioning with general anesthetics. (a)
Schematic illustration of the experimental design. (b) Top: experimental procedure for novel object-place
recognition memory. Bottom: the discrimination ratio was measured for control and LPS-injected rats
post-treated with propofol or sevo�urane, or with vehicle only. (c) Top: experimental procedure for novel
object recognition memory. Bottom: the discrimination ratio. (d) Top: experimental procedure for temporal
order memory. Bottom: the discrimination ratio (Vehicle: n=10 for Control and 9 for LPS; Propofol: n=10
for Control and 9 for LPS; Sevo�urane: n=10 for Control and 10 for LPS). Data are expressed as mean±
SEM, *p< 0.05 vs. Control, #p< 0.05 vs. zero.
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Figure 2

Expressional analysis of two major proin�ammatory cytokines and number of microglia in the dHPC after
LPS injection and postconditioning with general anesthetics. (a) TNF-α and (b) IL-1β concentrations in
the dHPC were measured by ELISA at 3hr, 6hr, and on day 1, day 3, and day 7 after LPS injection (n=6 per
group). (c) Representative 10x objective images of immuno�uorescence staining for iba1 (a microglia
marker, green) in the dHPC on day 7 after LPS injection, DAPI staining in blue. (d) Quantitative analysis of
iba1+ cells in the dHPC on day 3 and day 7 (n=6 per group). Results are expressed as the mean ± SEM. *p
< 0.05 vs. Control #p < 0.05 vs. Vehicle.
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Figure 3

Expressional analysis of neuronal apoptosis and pyramidal neuron in the dorsal hippocampal CA1 region
after LPS injection and postconditioning with general anesthetics. (a) Representative 20x objective
images of immunohistochemistry staining for cleaved caspase-3 (an apoptosis marker, brown) in the
dorsal hippocampal CA1 region on day 1 and day 7 after LPS injection. Black triangles indicate cleaved
caspase-3+ neurons. (b) Quantitative analysis of the densities of cleaved caspase-3+ neurons in the
dorsal hippocampal CA1 region on day 1 and day 7 (n=6 per group). (c) Representative 20x objective
images of Nissl staining for pyramidal neurons in the dorsal hippocampal CA1 region on day 7 after LPS
injection. (d) Quantitative analysis of the pyramidal neuronal densities in the dorsal hippocampal CA1
region on day 7 (n=6 per group). Results are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p
< 0.001 vs. Control.
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Figure 4

Expressional analysis of NMDA receptor subunits and signaling pathway downstream molecules in the
dHPC after LPS injection and postconditioning with general anesthetics. (a) Representative immunoblots
of NR2B, NR2A, and NR1 proteins in the dHPC on day 1 and day 7 after LPS injection. (b-d) Densitometric
analysis of NR2B, NR2A, and NR1 proteins in the dHPC on day 1 and day 7 (n=6 per group). (e)
Representative 10x objective images of immuno�uorescence staining for NR2B (purple) on day 7 in the
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dHPC. SO stratum oriens, SP stratum pyramidale, SR stratum radiatum. (f) Representative immunoblots
of PSD95 and synaptophysin showing the e�ciency of separating TxS (extrasynaptic) and TxP
(synaptic) fractions in the dHPC. TxS Triton X-100 soluble, TxP Triton X-100 insoluble. (g) Representative
immunoblots of NR2B, NR2A, and NR1 proteins in the TxS and TxP of dHPC on day 7 after LPS injection.
(h-j) Densitometric analysis of NR2A, NR2B, and NR1 proteins in the TxS and TxP of dHPC on day 7 (n=6
per group). (k) Representative immunoblots of phospho-ERK1/2, ERK1/2 in the total dHPC homogenate
and phospho-CREB, CREB in the nuclear fraction of dHPC on day 7 after LPS injection. (l and m)
Densitometric analysis of phospho-ERK1/2, ERK1/2 in the total dHPC homogenate and phospho-CREB,
CREB in the nuclear fraction of dHPC on day 7 (n=6 per group). V vehicle, P propofol S sevo�urane. Data
are presented as mean ± SEM. **p< 0.01 vs. Control, #p<0.05, ##p<0.01 vs. Vehicle.

Figure 5

Figure captions Fig.1 Object recognition memory tests after LPS injection and postconditioning with
general anesthetics. (a) Schematic illustration of the experimental design. (b) Top: experimental
procedure for novel object-place recognition memory. Bottom: the discrimination ratio was measured for
control and LPS-injected rats post-treated with propofol or sevo�urane, or with vehicle only. (c) Top:
experimental procedure for novel object recognition memory. Bottom: the discrimination ratio. (d) Top:
experimental procedure for temporal order memory. Bottom: the discrimination ratio (Vehicle: n=10 for
Control and 9 for LPS; Propofol: n=10 for Control and 9 for LPS; Sevo�urane: n=10 for Control and 10 for
LPS). Data are expressed as mean± SEM, *p< 0.05 vs. Control, #p< 0.05 vs. zero. Fig.2. Expressional
analysis of two major proin�ammatory cytokines and number of microglia in the dHPC after LPS
injection and postconditioning with general anesthetics. (a) TNF-α and (b) IL-1β concentrations in the
dHPC were measured by ELISA at 3hr, 6hr, and on day 1, day 3, and day 7 after LPS injection (n=6 per
group). (c) Representative 10x objective images of immuno�uorescence staining for iba1 (a microglia
marker, green) in the dHPC on day 7 after LPS injection, DAPI staining in blue. (d) Quantitative analysis of
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iba1+ cells in the dHPC on day 3 and day 7 (n=6 per group). Results are expressed as the mean ± SEM. *p
< 0.05 vs. Control #p < 0.05 vs. Vehicle. Fig3. Expressional analysis of neuronal apoptosis and pyramidal
neuron in the dorsal hippocampal CA1 region after LPS injection and postconditioning with general
anesthetics. (a) Representative 20x objective images of immunohistochemistry staining for cleaved
caspase-3 (an apoptosis marker, brown) in the dorsal hippocampal CA1 region on day 1 and day 7 after
LPS injection. Black triangles indicate cleaved caspase-3+ neurons. (b) Quantitative analysis of the
densities of cleaved caspase-3+ neurons in the dorsal hippocampal CA1 region on day 1 and day 7 (n=6
per group). (c) Representative 20x objective images of Nissl staining for pyramidal neurons in the dorsal
hippocampal CA1 region on day 7 after LPS injection. (d) Quantitative analysis of the pyramidal neuronal
densities in the dorsal hippocampal CA1 region on day 7 (n=6 per group). Results are expressed as the
mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Control. Fig4. Expressional analysis of NMDA
receptor subunits and signaling pathway downstream molecules in the dHPC after LPS injection and
postconditioning with general anesthetics. (a) Representative immunoblots of NR2B, NR2A, and NR1
proteins in the dHPC on day 1 and day 7 after LPS injection. (b-d) Densitometric analysis of NR2B, NR2A,
and NR1 proteins in the dHPC on day 1 and day 7 (n=6 per group). (e) Representative 10x objective
images of immuno�uorescence staining for NR2B (purple) on day 7 in the dHPC. SO stratum oriens, SP
stratum pyramidale, SR stratum radiatum. (f) Representative immunoblots of PSD95 and synaptophysin
showing the e�ciency of separating TxS (extrasynaptic) and TxP (synaptic) fractions in the dHPC. TxS
Triton X-100 soluble, TxP Triton X-100 insoluble. (g) Representative immunoblots of NR2B, NR2A, and
NR1 proteins in the TxS and TxP of dHPC on day 7 after LPS injection. (h-j) Densitometric analysis of
NR2A, NR2B, and NR1 proteins in the TxS and TxP of dHPC on day 7 (n=6 per group). (k) Representative
immunoblots of phospho-ERK1/2, ERK1/2 in the total dHPC homogenate and phospho-CREB, CREB in
the nuclear fraction of dHPC on day 7 after LPS injection. (l and m) Densitometric analysis of phospho-
ERK1/2, ERK1/2 in the total dHPC homogenate and phospho-CREB, CREB in the nuclear fraction of dHPC
on day 7 (n=6 per group). V vehicle, P propofol S sevo�urane. Data are presented as mean ± SEM. **p<
0.01 vs. Control, #p<0.05, ##p<0.01 vs. Vehicle. Fig. 5 The role of NR2B subunit in propofol
postconditioning-induced neurotoxicity after LPS injection. (a) Schematic illustration of the experimental
procedure. Rats were treated with i.p. memantine (5mg/kg) or intrahippocampal injection of Ro25-6981
(0.375μg) after propofol postconditioning following LPS injection for consecutive 7 days. After �nishing
the behavioral test, rats were sacri�ced for Nissl staining, immunohistochemistry, and western blot. IHC
immunohistochemistry, WB western blot. (b) Representative immunoblots of NR2B, NR2A, and NR1
proteins in the total dHPC homogenate, TxS (extrasynaptic), and TxP (synaptic) fractions respectively. (c-
e) Densitometric analysis of NR2B, NR2A, and NR1 proteins in total dHPC homogenate, TxS
(extrasynaptic), and TxP (synaptic) fractions respectively (n=6 per group). H homogenate, TxS Triton X-
100 soluble, TxP Triton X-100 insoluble, S sham, M memantine, R Ro25-6981. (f) Representative
immunoblots of phospho-ERK1/2, ERK1/2 in the total dHPC homogenate and phospho-CREB, CREB in
the nuclear fraction of dHPC. (g and h) Densitometric analysis of phospho-ERK1/2, ERK1/2 in the total
dHPC homogenate and phospho-CREB, CREB in the nulear fraction of dHPC (n=6 per group). (i)
Representative 20x objective images of immunohistochemistry staining for cleaved caspase-3 (upper,
black triangles) and Nissl staining for pyramidal neurons (bottom) in the dorsal hippocampal CA1 region.
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(j and k) Quantitative analysis of the densities of cleaved caspase-3+ neurons and the pyramidal
neuronal densities in the dorsal hippocampal CA1 region (n=6 per group). (l) The discrimination ratio in
novel object-place recognition. (m) Total time of object exploration in novel object-place recognition
during the sample, and test phases. (n=10 per group) Data are presented as mean ± SEM. *p<0.05, **p<
0.01, ***p < 0.001 vs. Sham.
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