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Abstract 

Background: We aimed to study the role of amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) 
glutamate receptor 2 (GluR2) subunit trafficking, and activity changes in short-term neuroprotection provided by 
propofol post-conditioning. We also aimed to determine the role of phosphoinositide-3-kinase (PI3K) in the regula-
tion of these processes.

Methods: Rats underwent 1 h of focal cerebral ischemia followed by 23 h of reperfusion were randomly divided into 
6 groups (n = 36 per group): sham- operation (S), ischemia–reperfusion (IR), propofol (P group, propofol 20 mg/kg/h 
at the onset of reperfusion for 2 h after 60 min of occlusion), and LY294002 (PI3K non-selective antagonist) + sham 
(L + S, LY294002 of 1.5 mg/kg was infused 30 min before sham operation), LY294002+ ischemia–reperfusion (L + IR, 
LY294002 of 1.5 mg/kg was infused 30 min before middle cerebral artery occlusion), LY294002 + IR + propofol (L + P, 
LY294002 of 1.5 mg/kg was infused 30 min before middle cerebral artery occlusion and propofol 20 mg/kg/h at the 
onset of reperfusion for 2 h after 60 min of occlusion).

Results: Compared with group IR, rats in group P had significant lower neurologic defect scores and infarct volume. 
Additionally, consistent with enhanced expression of PI3K-AMPAR GluR2 subunit complex substances in ipsilateral 
hippocampus, GluR2 subunits showed increased levels in both the plasma and postsynaptic membranes of neurons, 
while pGluR2 expression was reduced in group P. Furthermore, LY294002, the PI3K non-selective antagonist, blocked 
those effects.

Conclusion: These observations demonstrated that propofol post-conditioning revealed acute neuroprotective role 
against transient MCAO in rats. The short-term neuroprotective effect was contributed by enhanced GluR2 subu-
nits trafficking to membrane and postsynaptic membranes of neurons, as well as down-regulated the expression of 
pGluR2 in damaged hippocampus. Finally, the above-mentioned protective mechanism might be contributed by 
increased combination of PI3K to AMPAR GluR2 subunit, thus maintained the expression and activation of AMPAR 
GluR2 in the ipsilateral hippocampus.
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propionic acid receptor (AMPAR), Ischemia–reperfusion injury, Rat

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

BMC Neuroscience

*Correspondence:  wang_guolin@hotmail.com
1 Department of Anesthesiology, Tianjin Institute of Anesthesiology, 
General Hospital of Tianjin Medical University, No. 154 Anshan Road, 
Heping District, Tianjin 300052, People’s Republic of China
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-5267-5953
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12868-019-0532-6&domain=pdf


Page 2 of 14Wang et al. BMC Neurosci           (2019) 20:51 

Background
With the growing population aging, there is an associated 
increase in the number of perioperative cerebrovascular 
accidents, which seriously threatens patients’ quality of 
life [1]. For patients presenting with a high risk of cere-
brovascular diseases, choosing an appropriately safe and 
effective anesthetic is a highly important challenge for 
anesthesiologists. Taking advantage of reducing intrac-
ranial pressure and cerebral metabolic rate [2], the fre-
quently used intravenous anesthetic, propofol, revealed 
its importance and potential use to such patients.

Prophase work found propofol has protective effect 
on rat brain from ischemia–reperfusion injury by reduc-
ing the volume of cerebral infarction, and alleviating 
both nerve injury and neuronal apoptosis [3]. We also 
studied and established the most appropriate dosage 
regimen for propofol (20  mg/kg/h) for post-condition-
ing. The mechanism behind the protection remains a 
major obstacle in the context of our current research. 
The phosphoinositide-3-kinase (PI3K)/protein kinase B 
(Akt) pathway plays an important role in the process of 
cerebral ischemia and brain protection. In the transient 
global cerebral ischemia model of the rat [4], the activa-
tion of the PI3K/Akt pathway may delay neuronal death 
in the hippocampal CA1 region [5]. When the pathway is 
suppressed, it can lead to the increase of DNA fragments 
and the increase of apoptotic neurons. In our previous 
study, propofol post-conditioning enhanced expression 
of pAkt in 24  h after transient MCAO (middle cerebral 
artery occlusion) [3].

Some studies showed that ischemic brain injury was 
closely related to amino-3-hydroxy-5- methylisoxazole- 
4-propionic acid receptors (AMPAR), a tetramer system 
including GluR1–4 [6–8]. The continual expression of 
GluR2 on the cytomembrane plays a significant role in 
the prevention and cure of delayed neuronal injury fol-
lowing cerebral ischemia, due largely to its effect on 
decreasing permeability to  Ca2+ by AMPARs [6, 9]. 
Propofol post-conditioning can maintain stable expres-
sion of GluR2 subunit in postsynaptic membranes, 
while the upstream regulatory mechanism has yet to be 
clarified. There are many molecular mechanisms and 
pathways that are putatively responsible for the up- or 
down-regulation of both subunits stability and AMPAR 
expression [10]. Arendt et  al. [11]. concluded that the 
continuous low expression of PIP (3), which is the prod-
uct of PI3K at the postsynaptic terminal, is necessary for 
stabilizing AMPARs. Additionally, Man et al. [12] deter-
mined that PI3K was key in stabilizing the migration of 
GluR2 in postsynaptic membranes during LTP, and did 
so by connecting GluR2 at the C-terminal. However, the 
relationship between PI3K and GluR2 during propofol 
induced acute post-conditioning remained ambiguous by 

now. Phosphorylation of GluR2 subunits at Ser880 is one 
of the regulatory factors of AMPA receptors membrane 
translocation [13].

The rats went through ischemia–reperfusion injury, 
and the recovery of blood-reperfusion will cause more 
serious injury to brain tissue. Then propofol was given 
after treatment, and the protective effect of propofol on 
brain in rats was investigated by experiment. The major 
focus of this study is to investigate the relationship 
between PI3K and GluR2 by co-immunoprecipitation, 
immunogold-silver staining, and Western Blotting during 
propofol post-conditioning. And we used LY294002, an 
inhibitor of PI3K, to understand the relationship between 
PI3K and GluR2.

Methods
Animals
In the experiment, we chose 216 Adult male Sprague–
Dawley rats (250–280  g, provided by Tianjin Medical 
University), and we fed them comply with the Guide 
for the Care and Use of Laboratory Animals of Tianjin 
Medical University. All experimental operations were 
approved by the committee of experimental animals of 
Tianjin Medical University. The rats were fasting 1 day 
before operation, allowing free water. Rats were ran-
domly divided into 6 groups: sham-operated group 
(Group S), the ischemia–reperfusion group (Group IR), 
and the propofol Post-conditioning group (Group P), the 
LY294002 group (Group L + S), the IR with LY294002 
group (Group L + IR), and propofol with LY294002 group 
(Group L + P). LY294002 is a specific antagonist of PI3K, 
we used it 30 min before operation. Rats in Group S and 
L + S underwent a sham operation, while in Group IR 
and Group L + IR exposed to ischemia for 1  h and rep-
erfusion injury for 23 h. By contrast, rats in Group P and 
Group L + P received propofol 20  mg/kg/h immediately 
after reperfusion for 2 h.

Drugs
Propofol  (Diprivan®) was purchased from Zeneca Com-
pany (London, UK), and was administered via femoral 
vein with a syringe pump (Beijing Slgo Medical Technol-
ogy Development Co., Ltd., China) at a dose of 20  mg/
kg/h for 2 h. For the remaining groups, equal volumes of 
saline were similarly administered. LY294002 was pur-
chased from Sigma Aldrich (St. Louis, MO, USA), and 
dissolved in 10% dimethyl sulfoxide (DMSO, Sigma) 
prior to use.

Middle cerebral artery occlusion (MCAO)
We used the intraluminal suture method for transient 
middle cerebral artery ischemia [14]. After the rats 
were anesthetized with thiobutabarbital (100  mg/kg), 
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1% lidocaine was given local anesthesia at the incision 
of the rat, we treated the nylon monofilament into the 
right internal carotid artery through external carotid 
artery. The origin of right middle cerebral artery was 
blocked by the monofilament, which was pushed for-
ward 17–20 mm from the right common carotid artery 
bifurcation. While the monofilament was advanced 
less than 10 mm as sham operation. To make the rep-
erfusion, after 1 h of ischemia, we pulled out the nylon 
thread for 10 mm. At the moment of reperfusion, rats 
received a different infusion from the right femoral vein 
via a TCI injection pump, while the inhibitor groups 
received of LY294002 at a dose of 1.5 mg/kg via intra-
peritoneal injection for 30 min before reperfusion. The 
room temperature was kept at 25–28 °C, while the rats’ 
rectal temperature was maintained at 37.0 ± 0.5  °C by 
using an electric incandescent lamp. We measured the 
blood pressure and arterial blood gases from polyethyl-
ene catheters inserted into the right femoral artery.

Neurological deficits
One researcher who was unaware (blinded) of the animal 
grouping did the nerve injury experiments at 11 and 23 h 
after reperfusion. The neurological deficits were assessed 
on modified neurological severity score (mNSS) [15], 
which was composed of motor, sensation, reflex and bal-
ance ability tests. Thus, rats were evaluated for various 
aspects to accurately reflect the extent of nerve function 
damage (Table 1).

Measurement of cerebral infarction volume
At 11 h and 23 h after reperfusion, we anesthetized the 
rats (pentobarbital at 130  mg/kg for intraperitoneal 
injection) and took out brains (6 rats at each time node 
in each group). The steps are as follows: first cut off the 
head with large scissors, quickly trimmed off the muscles 
around the occipital bone, then pried open the occipital 
bone with vascular forceps, and carefully pried open the 
parietal bone on both sides of the brain, detached it from 

Table 1 Detailed description of items forming the modified neurological severity score (mNSS)

One point is given for an absent reflex tested or for the animal’s inability to perform a task: 1–6 mild injury, 7–12 moderate injury, and 13–18 severe injury

Motor tests

 Raising rat by tail (normal = 0, maximum = 3) (3)

 Flexion of forelimb 1

 Flexion of hindlimb 1

 Head moved > 10 degree limb vertical axis within 30 s 1

Placing rat on floor (normal = 0, maximum = 3) (3)

 Normal walk 0

 Inability to walk straight 1

 Circling toward the paretic side 2

 Falling down to paretic side 3

Sensory tests (normal = 0, maximum = 2) (2)

 Placing test (visual and tactile test) 1

 Proprioceptive test (deep sensation, pushing paw against table edge to stimulate limb muscles) 1

Beam balance tests (normal = 0, maximum = 6) (6)

 Balance with steady posture 0

 Grasps side of beam 1

 Huging beam and 1 limb falling down from beam 2

 Huging beam and 2 limbs falling down from beam, or spins on beam (> 60 s) 3

 Attempting to balance on beam but falling of (> 40 s) 4

 Attempting to balance on beam but falling of (> 20 s) 5

 Falling of; no attempt to balance or hang on the beam (< 20 s) 6

Reflex absence and abnormal movements (normal = 0, maximum = 4) (4)

 Pinna reflex (head shaken when auditory meatus is touched) 1

 Corneal reflex (eyes blink when cornea is lightly touched with cotton) 1

 Startle reflex (motor response to brief noise from clapping hands) 1

 Seizures, myoclonus, myodystony 1

Maximum points (18)
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both sides of the brain with curved tweezers, and lifted 
the brain from the front. The brains were then cut into 
6 coronal slices of 2  mm. The slices were soaked in 2% 
triphenyltetrazolium chloride (TTC) light sheltered for 
30 min at 37 °C, and then fixed in 4% paraformaldehyde 
overnight. We took pictures of the back of each slice and 
analyzed the infarct size with AutoCAD. The cerebral 
ischemic volume was calculated by multiplying the area 
by the thickness (2 mm). To reduce the effects of edema, 
we adopted the following formula as previously described 
[16, 17]: Corrected Infarct Volume = Contralateral Hemi-
sphere Volume − (Ipsilateral Hemisphere Volume-Meas-
ured Infarct Volume).

Tissue preparation
The expression of GluR2 subunits and pGluR2 were 
investigated by Western blotting. We have previously 
confirmed the specificity of antibodies to GluR2, whereas 
the specificity to pGluR2 was tested in this study by West-
ern blotting assay. Hippocampus of the ischemic hemi-
sphere and containing GluR2 subunits were obtained 5 h, 
11 h, and 23 h after MCAO. After being anesthetized by 
pentobarbital at 130 mg/kg for intraperitoneal injection, 
the rat’s brain was removed and the right hemisphere was 
separated longitudinally. Then we cut off brain tissue, fed 
primarily by the anterior cerebral artery, approximately 
2  mm from the midline. The injured hippocampus was 
exposed and stripped, and cut. Tissues (n = 4–5, in each 
group) were shredded and then proteins were isolated by 
lysis buffer (50 mmol/L Tris–HCl pH = 6.8, 0.5% sodium 
deoxycholate, 0.1% SDS, 150 mmol/L NaCl, 0.5% NP-40, 
5  mmol/L EDTA, protease inhibitor cocktail), followed 
by centrifugation (2000g, 5 min, at 4 °C). When it comes 
to the GluR2 on the membrane, we used a eukaryotic 
membrane protein extraction reagent kit (Mem-PER™ 
Eukaryotic Membrane Protein Extraction Reagent-
Kit, Pierce Biotechnology, Rockford, IL, USA)to extract 
GluR2 located on membrane from the total GluRs. The 
right hippocampus was sliced up and made tissue grinder 
with TBS. The homogenate was centrifuged and as the 
instructions of kits indicated incubated with reagent A, 
B, and C sequentially (Mem-PER™ Eukaryotic Mem-
brane Protein Extraction ReagentKit, Pierce Biotechnol-
ogy, Rockford, IL, USA). After centrifuge, tissues would 
be isolated the hydrophobic fraction, among which the 
hydrophilic phase was what we need and the majority of 
membrane protein would be in the lower hydrophobic 
fraction. A commercial BCA Protein Assay reagent kit 
(Pierce, Rockford, IL, USA) was used to measure total 
and membrane protein concentrations.

Western blot and co‑immunoprecipitation
The protein used for co-immunoprecipitation was freshly 
prepared while that used for Western blot was stored 
at − 80  °C until assayed. The PI3K–GluR2 complex was 
detected by co-immunoprecipitation. As Yang et  al. 
described [18], protein solution was centrifuged, and 
the supernatants were selected by protein A/G beads 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 
immunoprecipitated overnight at 4  °C with anti-GluR2 
(rabbit monoclonal; Millipore) antibodies. The complex 
substance was precipitated in on protein A/G beads and 
washed in IP buffer for 5 times (IP buffer: 50 mM Tris–
HCl, pH = 7.4, 0.5% Nonidet P-40, 300  mM NaCl), fol-
lowed by cold PBS at 4 °C once. Both the precipitate and 
protein lysates were boiled in Laemmli buffer at 95  °C 
for 5  min (Laemmli buffer: 60  mM Tris–HCl, pH = 6.8, 
10% glycerol, 2% SDS, 5% β-mercaptoethanol, and 0.01% 
bromphenol blue) for Western blot analysis. We used 
the procedures outlined by Adotevi et  al. [19] where-
upon the proteins were separated by SDS-PAGE and then 
transferred onto PVDF membranes (Millipore). Speci-
fied antibodies were dissolved in TBST buffer (100 mM 
Tris–HCl, pH = 7.5, 150 mM NaCl, 0.1% Tween 20) with 
5% skimmed milk powder (Tesco) and ECL (GE Health-
care) for detecting. The antibodies included anti-GluR2 
(1:1000, monoclonal, CST, USA) antibody for measur-
ing the expression of total GluR2 (110 kDa), anti-pGluR2 
(1:1000, monoclonal, Abcam, USA) antibody for detect-
ing the expression of pGluR2, and anti-PI3K (1:1500, 
monoclonal, CST, USA) antibody for investigating the 
expression of the PI3K–GluR2 complex (85  kDa) in the 
immunoprecipitation assay. Blots were washed and then 
incubated with goat anti-rabbit IgG secondary antibody 
conjugated to horseradish peroxidase (1:5000, Santa Cruz 
Biotechnology, CA, USA) for 1  h at room temperature 
and signals were displayed by ECL (Amersham, Buck-
inghamshire, UK). Quantitative analysis of the band 
densities was performed by Quantity One Analyzer 4.5 
(BioRad Laboratories, CA) in a blinded fashion, semi-
quantitative determination of the levels of both GluR2 
and pGluR2 were reflected by the percentages of light 
densities as compared with β-actin, while the complex of 
PI3K–GluR2 were compared with that of GluR2.

Immunogold‑silver staining and electron microscope
Following 23  h of reperfusion, the animals in Group 
S, IR, P and L + P (n = 6 in each group) were anesthe-
tized with pentobarbital at 130 mg/kg and injected with 
1000 IU heparin into the aorta. Thereafter, and according 
to the procedures outlined by Sonomura et al. [20], rats 
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were perfused with 200 ml of saline solution followed by 
100  ml of fixative solution supplemented with 2% para-
formaldehyde (Sigma, USA) and 3.8% acryl aldehyde 
(Sigma, USA) in 0.1  M PBS, pH = 7.4 through the left 
ventricle and at room temperature. Next, the brain was 
removed and immersed overnight in 2% paraformalde-
hyde fixative solution. The right hemisphere of the brain 
enabled coronal sections  (30–40  μm) to be obtained 
using a vibratome (Leica, Germany), which were then 
immersed in 1% sodium borohydride in 0.1  M PBS for 
30 min. Tissue sections were then rinsed in 0.1 M PBS, 
followed by 0.1  M Tris-buffered saline (TBS; pH = 7.6) 
and blocked in 1% bovine serum albumin (BSA) in TBS 
before incubation in respective primary antibodies.

Tissue slices were incubated overnight at 4 °C in GluR2 
subunit primary antibody (1:500, monoclonal, Abcam, 
USA) in 0.1 M TBS with 0.1% BSA. For immunogold-sil-
ver staining of GluR2 trafficking, slices were incubated in 
1 nM gold-conjugated goat anti-rabbit IgG (1:50, Amer-
sham Corp., Amersham, England), and enhanced stain-
ing with a silver enhancement kit (Amersham Corp.), 
then fixed in 2% glutaraldehyde in PBS. The ischemic 
was collected on copper mesh grids and then sliced into 
ultrathin sections hippocampus, and photographed by a 
Morgagni 268 (FEI Company, Hillsboro, Oregon) digital 
electron microscope. Adobe Photoshop (Adobe, San Jose, 
CA) was used to regulate brightness and contrast and to 
form the final images. 9 neurons and 5 cynapsis around 
were chosen randomly and the percentages of GluR2 
subunits in the postsynaptic membrane were calculated 
by counting the positive granules in both cytoplasm and 
plasma membrane to reflect the trafficking of GluR2 
subunits.

Statistical analyses
Data are presented as mean ± SEM and analyzed by 
SPSS version 18.0 statistical software. Infarct volume, co-
immunoprecipitation, and Western blot data were ana-
lyzed by multivariate analysis of variance (MANOVA), 
while mNSS scores were analyzed by repeated measures 
analysis of variance (ANOVA). Statistical analyses of 
immunogold-silver staining were performed using one-
way ANOVA. The individual comparisons of means were 
analyzed by post hoc LSD tests. All values were consid-
ered statistically significant for alpha values of P < 0.05.

Results
Physiological variables of rats
We monitored physiological parameters that con-
sisted of mean arterial blood pressure, glucose, and 
blood gas analysis during the experiment (done at three 

time-points: 10 min before occlusion, 1 h after occlusion, 
and 1 h after reperfusion). No statistical differences were 
observed in these physiological parameters and blood gas 
analysis among the rats in different groups (the results of 
blood gas were showed in Table 2). There were no adverse 
events such as anoxia and asphyxia caused by operation 
and propofol infusion.

Propofol post‑conditioning of neurological deficit after IR 
injury in rats
In the following 23 h of reperfusion after ischemic injury, 
we measured the modified neurological severity score 
(mNSS). A lower score showed rats had lower neurologi-
cal defects from IR injury (P < 0.0001 at both 11  h and 
23 h compared with Group S), and presented with more 
improved outcome by propofol post-conditioning. The 
statistical data showed that propofol at the dose of 20 mg/
kg/h infusion for 2  h significantly decreased the neuro-
logical deficit as compared with group IR at both 11  h 
(P = 0.035) and 23 h (P = 0.042) after IR injury. Adminis-
tration of LY294002 partly but significantly reversed the 
decrease in scores induced by propofol (P = 0.015 at 11 h, 
and P = 0.020 at 23 h after IR injury, Fig. 1).

Propofol treatment on infarct volume in rats with IR injury
The percentage of infarct size in brain was calculated 
by TTC staining of brain slices. All the groups pre-
sented infarct lesion, which differentially became gradu-
ally larger with the exception of Group S and L + S at 
23 h after IR injury. We found that the infarct volume at 
both time-points decreased significantly in group P as 
compared with group IR (P = 0.12 at 11 h and P = 0.008 
at 23  h after IR injury). By contrast, pretreatment with 
LY294002 partly eliminated the protection induced by 
propofol (P = 0.014 at 11 h and P = 0.016 at 23 h as com-
pared with group P, respectively, Fig. 2a, b).

Propofol post‑conditioning effect on the expression 
of the PI3K and GluR2 complex
Co-immunoprecipitation analysis was to reveal the effect 
of propofol post-conditioning on co-expression of PI3K 
and GluR2 at 5  h, 11  h and 23  h after IR injury. Total 
GluR2 expression in the ischemic hippocampus was com-
parable in all groups after 23 h of reperfusion (P > 0.05). 
Infusion of propofol for 2  h significantly increased the 
PI3K and GluR2 complex level in the ischemic hemicer-
ebrum of rats as compared with the IR group (P < 0.0001, 
P < 0.0001, and P = 0.001 at each time-point). Adminis-
tration of the PI3K inhibitor, LY294002 partly reversed 
the elevated levels of the complex (P = 0.015, P = 0.011, 
and P = 0.023 at each time-point) as compared group P 
(Fig. 3a, b).
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Effect of propofol on trafficking of GluR2 subunits in IR 
injured rats
We used antibody of GluR2 to detect the expression of 
membrane structure (M) and total (T) AMPA recep-
tor GluR2 reflected by Western Blotting (Fig. 4a, b). The 
expression of total GluR2 were almost same in every 
group (P > 0.05) while the membrane values had differ-
ent levels. The distribution of GluR2 was described by 
the ratio of M/T compared with S Group at each time 
point (Fig. 4a, b). Rats in the IR Group had significantly 
low GluR2  M/T values compared with sham-operated 
rats (P < 0.0001 at every tome point), which means the 
IR injury caused the GluR2 subunits internalization to 
the cytoplasm from the membrane structure. The situ-
ation were changed when the rats were under the post-
conditioning of propofol, for which in Group P the ratio 
was significantly higher than that in IR Group (P = 0.015 
at 5  h, P < 0.0001 at 11  h and 23  h). The changes of the 
distribution showed that propofol post-conditioning 
strengthened the GluR2 subunits located on the mem-
brane structure in hippocampus. When the inhibitor of 
PI3K was administered, some of the membrane GluR2 

Fig. 1 Propofol post-conditioning reduced the behavior deficit. 
Behavior tests showed propofol post-conditioning significantly 
improved function outcome. The mNSS in groups received propofol 
post-conditioning is significantly less than that in IR Group both at 
11 h (P = 0.035) and 23 h (P = 0.042) after IR injury. Administration 
of LY294002 partly but significantly reversed the decrease in 
scores induced by propofol (P = 0.015 at 11 h, and P = 0.020 at 
23 h after IR injury). n = 6 for each group. S: sham-operated group; 
IR: P: propofol Post-cond group; L + S: sham-operated group; 
L + IR: LY294002 + ischemia–reperfusion injury group; L + P: 
LY294002 + propofol Post-cond group. *P < 0.05 vs Group IR; #P < 0.05 
vs Group P

Fig. 2 Propofol post-conditioning mitigated the infarction injury. A Pictures of TTC staining in brain sections. B Statistical results of cerebral 
infarction volume in each group of rats. Infarcted area shown on TTC staining (white color) was prominent in the IR Group while decreased in 
propofol treated groups at two time points (P = 0.12 at 11 h and P = 0.008 at 23 h after IR injury). By contrast, pretreatment with LY294002 partly 
eliminated the protection induced by propofol (P = 0.014 at 11 h and P = 0.016 at 23 h as compared with group P, respectively). n = 6 for each 
group. S: sham-operated group; IR: P: propofol Post-cond group; L + S: sham-operated group; L + IR: LY294002 + ischemia–reperfusion injury group; 
L + P: LY294002 + propofol Post-cond group.*P < 0.05 vs Group IR; **P < 0.01 vs Group IR; #P < 0.05 vs Group P
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subunits moved to the cytoplasm and made the M/T ratio 
lower compared with P Group (P = 0.028 at 5 h, P = 0.005 
at 11 h, P = 0.002 at 23 h). LY294002 might influence the 
distribution of GluR2, which means the PI3K might be 
the upstream of AMPA receptor GluR2 subunits. While 
the membrane structure in nerve cells was composed of 
cytomembrane, membranous organelles and cytoskel-
eton, only Western Blotting results can’t explain the loca-
tion of GluR2 at subcellular level. Then we observed the 
exact location from electron microscope pictures.

Electron microscopic photographs are used to describe 
subcellular localization of GluR2 subunits in the ischemic 
hippocampus of rats that underwent 1 h of ischemia and 
23 h of reperfusion injury. Black deposits indicated gold-
silver immunolabeling were easy to distinguished from 
the electron dense peroxidase reaction products. The 
diameters of the granules were almost 1.4 nm (as shown 
by the arrows in Fig. 5a). In each section, 9 neurons and 
5 synapses were chosen randomly, and 5 sections were 
used to calculate the positive granules in both the cyto-
plasm and plasma membrane to reflect trafficking of 
GluR2 subunits in each hippocampus.

Semi-quantitative analysis was used to calculate the 
percentage of GluR2 subunits localized to the membrane 
of neurons in the cerebral hemispheres of rats subjected 
to IR injury and treated with or without propofol post-
conditioning or the inhibitor LY294002. In the rat of by 
sham operation, the GluR2 subunits were localized on 
both cytoplasmic membrane and intracellular compart-
ments of neurons, and the majority located on plasma 
membrane (almost 14%). When subjected to IR injury, 
the majority of GluR2 subunits were found localized in 
the plasmalemma and intracellular compartments, such 
as the mitochondria (Fig.  5a), and down-regulated on 
the cytoplasmic membrane or synapse/postsynaptic 
membrane. Additionally, the percentage of GluR2 subu-
nits located in the postsynaptic membrane was 4.5% 
(P = 0.007 as compared with Group S). Propofol at a dose 
of 20  mg/kg/h post-conditioning redistributed GluR2 
to the postsynaptic membrane. This was especially evi-
dents compared with Group IR (12.5% vs. 4.5%, P = 0.02, 
Fig.  5b). Moreover, in Group L + P, reduced frequencies 
of the GluR2 subunits were found in the postsynaptic 
membranes (5.81%) as compared with that in Group P 
(P = 0.046).

The expression of pGluR2 during post‑conditioning 
induced by propofol
We measured the levels of pGluR2 in the ischemic hip-
pocampus by Western blot assay. The results were 
reflected by the ratio of light densities relative to that of 
total GluR2. As compared with Group S, the rats in the 

Fig. 3 Propofol post-conditioning enhanced the combination 
of GluR2 and PI3K. A The western blotting assay of PI3K–GluR2 
complex. The tissue from ischemic hippocampus was incubated 
with antibody of GluR2. The complexes were collected on protein 
A/G beads. Anti-PI3K antibody was used for investigating the 
expression of PI3K–GluR2 complex in the immunoprecipitation at 
85 kDa. Anti-GluR2 antibody was to detect the concentration of 
total GluR2 which reflected at 100 kDa. S: sham-operated group; 
IR: P: propofol Post-cond group; L + S: sham-operated group; 
L + IR: LY294002 + ischemia–reperfusion injury group; L + P: 
LY294002 + propofol Post-cond group. B The statistical result of 
optical density was gathered and compared with Shame Group 
to get the results of complex. compared S Group, other groups at 
any time point had more expression of PI3K–GluR2 complex; while 
in Group P the complex containing was higher compared with 
Group IR (P < 0.0001, P < 0.0001, and P = 0.001 at each time-point).; 
applied LY294002 depressed the trend which made by propofol 
(P = 0.015, P = 0.011, and P = 0.023 at each time-point). n = 6 for 
each group.*P < 0.05 vs Group IR; **P < 0.01 vs Group IR; #P < 0.05 vs 
Group P. C The expression of total GluR2. There were no significant 
differences in each group at each time point
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other groups expressed more pGluR2 (P < 0.01), which 
meant that IR injury might have provoked the phospho-
rylation of GluR2. In Group P, the extent of phospho-
rylation was attenuated by propofol post-conditioning 
(20  mg/kg/h) as compared with that in Group IR over 
the following 23 h (P = 0.0001 at each time-point). Addi-
tionally, LY294002 played an important role in promot-
ing significant accumulation of pGluR2 as compared that 
seen in Group P (P = 0.010, P = 0.002, and P = 0.016 at 
each time-point). However, the expression of pGluR2 at 
different time-points was no different between Groups IR 
and L + IR (P > 0.05, Fig. 6a, b).

Discussion
This research clarified that propofol (20  mg/kg/h) post-
conditioning for 2 h at the onset of reperfusion (ischemia 
for 1 h) can provide acute (23 h) neuroprotection against 
IR injury induced by MCAO in rats. Both histological 
and neurological data can support experimental con-
clusions, including a reduction in the brain infarct vol-
ume and attenuation of the neurological deficit. We 
also showed that propofol (20  mg/kg/h) for 2  h post-
conditioning differentially regulated the co-expression 
of PI3K and GluR2 subunits, since a marked increase in 
the PI3K–GluR2 complex was observed in the ischemic 
hippocampus, which contributed to the trafficking of 

GluR2 subunits in postsynaptic membrane (as observed 
by Western blotting assay and electron microscopy stain-
ing). The down-regulated level of phosphorylated GluR2 
subunits was also one of the results induced by the co-
expression of PI3K and GluR2 and contributed to propo-
fol post-conditioning.

The GluR2 subunits and AMPA receptors
AMPA receptors (AMPAR) are involved in a lot of 
physiological processes in mature or developing brain, 
including synaptic plasticity, learning and memory for-
mation [21, 22]. AMPARs mediate almost 70% of the 
excitatory synapse transmissions in CNS [23]. Addi-
tionally, the nerve damage and pathogenesis of neu-
ronal loss caused by cerebral ischemia is also mediated 
by AMPAR [24, 25]. Some experiments have indicated 
that AMPAR can lead to the increase of intracellular 
 Ca2+and  Zn2+ concentration, resulting in cytotoxic 
changes and nerve injury [26–28], with subsequent 
activation of diverse downstream cell death sig-
nals. Although the underlining mechanisms are not 
fully clear, it is suggested that  Ca2+-permeability of 
AMPARs varies depending on whether the GluR2 sub-
units are present within the AMPARs [29]. AMPARs 
are tetrameric assemblies of different combinations of 
four homologous subunits designated GluR1-GluR4. 

Fig. 4 Propofol post-conditioning promoted the expression of GluR2 on the membrane structure. A The tissue extracted by the membrane protein 
kit was reflected by Western Blotting with antibody of GluR2 subunit. In Group IR, most of the GluR2 located on the membrane structure, while in 
L + P Group the trafficking to membrane structure was weakened. S: sham-operated group; IR: P: propofol Post-cond group; L + S: sham-operated 
group; L + IR: LY294002 + ischemia–reperfusion injury group; L + P: LY294002 + propofol Post-cond group. B We measured the concentration 
of GluR2 subunits located on membrane with the proportion of M/T (membrane/total) and found that the proportion in Sham Group did not 
change much, so the results in other groups were reflected by the comparison with Sham group. Compared with Group IR the GluR2 moved to the 
membrane structure (P = 0.015 at 5 h, P < 0.0001 at 11 h and 23 h). Compared with Group P, the ratio of M/T in Group L + P was lower (P = 0.028 at 
5 h, P = 0.005 at 11 h, P = 0.002 at 23 h). n = 6 for each group.*P < 0.05 vs Group IR; **P < 0.01 vs Group IR; #P < 0.05 vs Group P; ##P < 0.05 vs Group P
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The ion selectivity of AMPARs containing GluR2 
subunits is dominant over other subunits. It is now 
clear that there exist AMPARs without GluR2 subu-
nits exhibiting considerable  Ca2+ permeability, but 
when they contain GluR2 subunits the permeability to 
 Ca2+ becomes very scarce [27, 29, 30]. The internaliza-
tion of GluR2 subunits may lead to the influx of  Ca2+, 
which may lead to nerve damage in the ischemic area 

[30, 31]. And the changes in the distribution of GluR2 
subunits can cause activation of a caspase-dependent 
apoptotic pathway [24]. Thus, stabilization of GluR2 
plays an important role in prevention and cure of 
neuronal injury. However, the changes to the traffick-
ing and activity of GluR2 subunits are still indetermi-
nate, as are the mechanisms responsible for upstream 
regulation.

Fig. 5 Propofol post-conditioning promoted GluR2 trafficking to the postsynaptic membrane of neurons. A Electron micrographs of ischemic 
hippocampus from rats with IR injury (b, g), propofol post-conditioning (c, h), and Sham operation (a, f), LY294002 treated (d, i). In the S Group, 
some of GluR2 subunits located on cytomembrane (a) while some of them located on other membrane structure, such as mitochondria or 
endoplasmic reticulum (f). When the brain was suffered from IR injury, the GluR2 moved to the plasma (b, g); while propofol was given, most 
of GluR2 subunits returned back to the cytomembrane and postsynaptic membrane (c, h). In the LY294002 treated tissue, the GluR2 subunits 
is rare on the postsynaptic membrane but other membrane structure (d, i). The arrows showed the positive granules of GluR2 whose diameter 
was 1.4 nm and with lower transparency. M, cytomembrane; CP, cytoplasm; PM, postsynaptic membrane. Scale bars: a, b, c, d, g = 4 nm; f, h, 
i = 40 nm. B 9 neurons and 5 synapsis around were chosen randomly and the percentages of GluR2 subunits in the postsynaptic membrane were 
calculated by counting the positive granules in both cytoplasm and plasma membrane to reflect the trafficking of GluR2 subunits. In Group P, GluR2 
located on postsynaptic membrane was more than that in Group IR (P = 0.20). S: sham-operated group; IR: P: propofol Post-cond group; L + P: 
LY294002 + propofol Post-cond group. n = 6 for each group. **P < 0.01 vs Group IR; #P < 0.05 vs Group P
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The trafficking of GluR2 subunit‑containing AMPAR
The movement of AMPAR between cell membrane 
and cytoplasm is a dynamic process and is mediated 
by a variety of proteins [32] that always bind to GluR2 
and GluR3 subunits, thereby mediating the long-term 
potentiation (LTP) and long-term depression (LTD) 
[33]. Studies by Man et  al. [12] further revealed that 
GluR2-associated PI3K activity mediated AMPAR traf-
ficking. This model showed that,  Ca2+ influx via acti-
vated NMDAR. High concentration of  Ca2+ results in 
activation of a GluR2-associated PI3K and increased 
expression of membrane bound phosphoinositide-3,4,5-
trisphosphate (PtdIns-3P), which will facilitate mem-
brane targeting of AMPARs. Investigating the changes of 
GluR2 was one of our research objectives, as the Western 
Blotting results showed that the total GluR2 subunits did 
not change much after IR injury and propofol post-con-
ditioning, while on the membrane structures the expres-
sion of GluR2 was up-regulated, the trafficking of GluR2 
deserved investigation. Eukaryotic membrane protein 
extraction kit selected the protein on membrane, but 
GluR2 might located on diverse intracellular organelles, 
such as lysosomes, mitochondria, and Golgi Complexes. 
A great deal of the subcellular structures are membra-
nous despite the protein on membrane was extracted 
by cross-linking assay, the precise location of GluR2 still 

need intuitive images to reveal. So immunogold-silver 
staining was for the further study of the GluR2 traffick-
ing on the postsynaptic membrane. At 23 h after reperfu-
sion, the expression of GluR2 subunit changed obviously 
on the membrane, so we did only one time point of elec-
tron microscopic observation, and we chose only four 
groups of animals for comparison. The rest of the time 
points and animal groups need to be discussed in fur-
ther experiments. As we showed in our current study, 
propofol post-conditioning might stabilize the GluR2 
subunits expression on postsynaptic membrane rather 
than other membrane structure, which would depress the 
 Ca2+-permeability of AMPARs with GluR2 subunits.

The phosphorylation of GluR2 subunits
AMPAR GluR2 subunits contain postsynaptic density 
protein 95/discsslarge/zon occlusens-1 (PDZ) domain, 
which can be phosphorylated at serine 880 (S880) [34] 
and is responsible for the trafficking and activity of 
AMPARs. It does so by disrupting interactions of GluR2 
subunits with its synaptic anchoring proteins, removing 
synaptic GluR2 subunits, and mediating some form of 
activity-dependent synaptic depression [35]. In addition, 
phosphorylation of S880 in synaptic GluR2 subunits can 
induce the redistribution of AMPARs away from the syn-
apses, which will cause receptor endocytosis, as during 

Fig. 6 The expression of pGluR2 during post-conditioning induced by propofol. A The phosphorylation level of GluR2 after propofol 
post-conditioning. The tissue from Ischemic hippocampus was incubated with anti-pGluR2 antibody (S880) and concentration of pGluR2 
was detected by Western Blot (100 kDa). S: sham-operated group; IR: P: propofol Post-cond group; L + S: sham-operated group; L + IR: 
LY294002 + ischemia–reperfusion injury group; L + P:LY294002 + propofol Post-cond group. B Compared with Group S, the injury brain would 
express more pGluR2;when compared with Group IR, it was at lower level in Group P; More noteworthy is that inhibitor of PI3K could up-regulate 
the level which was reduced by propofol. n = 6 for each group. **P < 0.01 vs Group IR; #P < 0.05 vs Group P; ##P < 0.05 vs Group P
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long-term depression (LTD). In this study, the major-
ity of AMPARs with phosphorylating GluR2 subunits 
remained settling on the postsynaptic membrane and did 
not co-traffick with the endocytosed receptor population. 
By contrast, the non-phosphorylated receptors co-traf-
ficked with the endocytosed receptors. Phosphorylation 
of S880 on GluR2 subunits is also closely related to brain 
degenerative diseases as well as the trafficking of GluR2 
subunits. Studies that have focused on the pathogenesis 
of Alzheimer’s disease have discovered that amyloid-β 
protein (Aβ) increases phospho-S880 on GluR2 subu-
nits in hippocampal neurons, which can remove GluR2 
from the cell surface [36]. Another study found GluR2/3 
trafficking and activity of Src kinase in the IR condition 
[37]. In the 15  min of global ischemia model followed 
by 0.5 h, 4 h, and 24 h of reperfusion, Zhang et al. found 
that Src kinase was activated as a core glutamate recep-
tor kinase after IR injury in GluR2/3 [37]. Additionally, 
GluR2/3 trafficking was related to the phosphorylation 
site S880, which was significantly up-regulated after IR 
injury. By contrast, inhibition of Src kinase protects the 
brain from ischemic injury. Such studies are few, but 
they do lend supporting evidence of changes to pGluR2 
subunits at S880 during propofol post-conditioning, and 
the trafficking of AMPARs. In our study we showed that 
S880 was phosphorylated during IR injury, while propo-
fol (20  mg/kg/h) reduced the phosphorylation level of 
GluR2, which might contribute to the stabilization of 
AMPARs on neuronal surfaces. Our results also demon-
strated that the prevention of both trafficking and phos-
phorylation of GluR2 subunits caused by propofol can 
be reversed by LY294002, which suggested that PI3K 
may be the upstream signaling pathway of GluR2 subu-
nits and responsible for the trafficking and phosphoryla-
tion of GluR2. The limitation of the current experiment 
is that we haven’t study the relationship and consequence 
between the phosphorylation of GluR2 and trafficking of 
this subunit, which means the change of GluR2 traffick-
ing when the phosphorylation of GluR2 was blocked.

PI3K and its regulating role of GluR2 subunits
In 1985, PI3 kinases were first identified by Lewis Cantley 
and his colleagues, and were shown to be capable of phos-
phorylating the 3′ hydroxyl group of the inositol ring of 
phosphatidylinositol (PtdIns) to produce the novel phos-
phoinositide PtdIns(3,4,5)P3 from PtdIns(4,5)P2 [38]. The 
PI3K/AKt pathway plays an important role in protect-
ing the brain from a lot of disorders such as ischemia, 
hypoxia, and free radical induced oxidative stress. The 
PI3K/Akt pathway is well known for its involvement in 
synaptic plasticity, and memory consolidation although 
the relationship between PI3K and long-term potentiation 
(LTP) is still debated. Among them, protein synthesis and 

AMPAR insertion in late-phase LTP requires activation of 
the PI3K pathway. And the activation of the PI3K pathway 
also takes effect for the maintenance of LTP in hippocam-
pal CA1 neurons [39]. Consistent with its important role 
in LTP, the PI3K–Akt pathway is also known to induce 
protein synthesis and AMPAR membrane translocation 
[40], and previous studies have found that the PI3K/Akt 
pathway plays a crucial role in the post-conditioning pro-
vided by propofol [3]. Other studies support the positive 
role of PI3K in the indirect trafficking of AMPARs [41], 
since inhibition of PI3K in neurons reduced the GluR2 
surface expression. Moreover, depletion of PIKE (phos-
phoinositide 3-kinase enhancer), which directly interacts 
and enhances the activity of PI3K and Akt, reduced the 
activity of GluR2-associated PI3K, and thereby reduced 
GluR2 surface retention. Arendt et al. [11] concluded that 
the continuous low expression of PIP (3), which is the 
product of PI3K at the postsynaptic terminal, is neces-
sary for the stabilization of AMPARs. Consequently, the 
activity of PI3K is vitally important to the stable expres-
sion of GluR2 at the postsynaptic terminal. In our cur-
rent research, we discovered that enhanced complexes 
between PI3K and AMPARs GluR2 subunits played a 
critical role in the post-conditioning provided by propo-
fol, and the trafficking of GluR2 to the plasma membrane 
of neurons during the protection, while the total expres-
sion of GluR2 subunits did not change a lot. The traffick-
ing of GluR2 subunits was regulated by PI3K, for which 
the addiction of LY294002 would weaken the location of 
GluR2 subunits on the cytomembrane and postsynaptic 
membrane.

Our co-immunoprecipitation results showed that 
PI3K, which consists of both a catalytic (p110) and a 
regulatory (p85) subunits [42], enabled connection of the 
GluR2 subunits via the p85 subunits, which was concord-
ant with the previous observation for LTP, wherein PI3K 
connected with GluR2 subunits by the C-terminal [12].

Conclusions
Propofol post-conditioning at 20 mg/kg/h for 2 h signifi-
cantly increases the frequency of GluR2 subunits in the 
postsynaptic membrane of neurons and reduces the lev-
els of phosphorylation. Additionally, the protection and 
changes to the status of PI3K–GluR2 can be reversed 
partly by the inhibitor of PI3K, LY294002. In considera-
tion of the trafficking and the change of pGluR2 subunits 
partly depend on the activity of PI3K, we inferred that 
the propofol post-conditioning protection may triggered 
by the activation of PI3K and achieved by the transport 
of GluR2 subunits to the postsynaptic membrane as 
well as the lower level of phosphorylation. This conclu-
sion can better guide the clinical application of propofol. 
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The limitation of the current experiment was that is did 
not study the relationship and consequence between 
the phosphorylation of GluR2 and the trafficking of this 
subunit. Furthermore, the role of AMPARs GluR2 subu-
nit which accumulated on the membrane of intracellular 
organelles, such as lysosomes, mitochondria, and Golgi 
Complexes should be addressed in our future work.
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