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Abstract  
Accumulating evidence indicates that inhalation anesthetics induce or increase the risk of cognitive impairment. GLYX-13 (rapastinel) acts 
on the glycine site of N-methyl-D-aspartate receptors (NMDARs) and has been shown to enhance hippocampus-dependent learning and 
memory function. However, the mechanisms by which GLYX-13 affects learning and memory function are still unclear. In this study, we 
investigated these mechanisms in a mouse model of long-term anesthesia exposure. Mice were intravenously administered 1 mg/kg GLYX-
13 at 2 hours before isoflurane exposure (1.5% for 6 hours). Cognitive function was assessed using the contextual fear conditioning test 
and the novel object recognition test. The mRNA expression and phosphorylated protein levels of NMDAR pathway components, N-meth-
yl-D-aspartate receptor subunit 2B(NR2B)-Ca2+/calmodulin dependent protein kinase II (CaMKII)-cyclic adenosine monophosphate 
response element binding protein (CREB), in the hippocampus were evaluated by quantitative RT-PCR and western blot assay. Pretreat-
ment with GLYX-13 ameliorated isoflurane exposure-induced cognitive impairment and restored NR2B, CaMKII and CREB mRNA and 
phosphorylated protein levels. Intracerebroventricular injection of KN93, a selective CaMKII inhibitor, significantly diminished the effect 
of GLYX-13 on cognitive function and NR2B, CaMKII and CREB levels in the hippocampus. Taken together, our findings suggest that 
GLYX-13 pretreatment alleviates isoflurane-induced cognitive dysfunction by protecting against perturbation of the NR2B/CaMKII/CREB 
signaling pathway in the hippocampus. Therefore, GLYX-13 may have therapeutic potential for the treatment of anesthesia-induced cogni-
tive dysfunction. This study was approved by the Experimental Animal Ethics Committee of Drum Tower Hospital affiliated to the Medical 
College of Nanjing University, China (approval No. 20171102) on November 20, 2017.
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Graphical Abstract   

GLYX-13 pretreatment has a protective effect on isoflurane-induced cognitive dysfunction by regulating 
the N-methyl-D-aspartate receptor subunit 2B-Ca2+/calmodulin dependent protein kinase II-cyclic 
adenosine monophos-phate response element binding protein (NR2B-CaMKII-CREB) signaling pathway
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Introduction 
N-methyl-D-aspartate receptors (NMDARs) belong to the 
ionotropic glutamate receptor family. NMDARs allow calci-
um influx, which induces Ca2+/calmodulin-dependent pro-
tein kinase II (CaMKII) phosphorylation, which in turn trig-
gers multiple downstream signaling cascades, including the 
cyclic adenosine monophosphate response element binding 
protein (CREB) pathway, which is closely related to cognitive 
processes (Greer and Greenberg, 2008; Lisman et al., 2012; 
Müller et al., 2013; Sanhueza and Lisman, 2013; Vedder et al., 
2013; Ferreira et al., 2017). Increasing evidence indicates that 
NMDAR hypofunction is a pathogenic trigger for schizo-
phrenia and plays a role in neurodegenerative diseases, such 
as Alzheimer’s disease (Hardingham and Do, 2016).

GLYX-13 (rapastinel) is a tetrapeptide (threonine-pro-
line-proline-threonine) that is a partial agonist at the glycine 
site of NMDAR subunit 2B (NR2B), increasing NR2B cur-
rents as well as protein levels (Burgdorf et al., 2013; Burgdorf 
et al., 2015). Furthermore, GLYX-13 increases the amplitude 
of long-term potentiation (Zhang et al., 2008) and improves 
spatial memory function in both young and old rodents 
(Moskal et al., 2005; Burgdorf et al., 2011).

The inhalation anesthetic isoflurane is widely used clini-
cally. However, accumulating evidence indicates that inhala-
tion anesthetics can impair cognitive function (Sen and Sen, 
2016; Kang et al., 2017; Su et al., 2017; Zhao et al., 2019), 
and isoflurane has been shown to perturb synaptic plasticity 
(Briner et al., 2010). Our previous study showed that long-
term isoflurane exposure induces cognitive impairment 
and a downregulation of NR2B expression in mice (Xia et 
al., 2016). In the present study, we investigate the effect of 
GLYX-13 on long-term isoflurane-induced cognitive dys-
function, as well as the role of the NR2B/CaMKII/CREB 
signaling pathway.
  
Materials and Methods   
Animals
A total of 300 specific-pathogen-free male C57/B6J mice 
(weight 22–25 g, 8–10 weeks of age) were provided by the 
Model Animal Research Center of Nanjing University, Nan-
jing, Jiangsu, China (license No. SYXK (Su) 2014-0052). 
Animals were housed in groups under a 12/12-hour light/
dark cycle, with controlled room temperature (23 ± 1°C) and 
humidity (50–70%). Ad libitum feeding was used through-
out the study. All protocols and procedures were performed 
in accordance with the Guide for the Care and Use of Labo-
ratory Animals, and approved by the Experimental Animal 
Ethics Committee of Drum Tower Hospital affiliated to the 
Medical College of Nanjing University, China (approval No. 
20171102) on November 20, 2017.

Experimental design
To study the effects of GLYX-13 on cognitive function in 
mice exposed to long-term isoflurane, mice were randomly 
assigned to control (Con, n = 5), isoflurane anesthesia (Anes, 
n = 5), GLYX-13 injection (GLYX-13, n = 5) and isoflurane 

anesthesia + GLYX-13 injection (Anes + GLYX-13, n = 5) 
groups. Mice in the Anes and Anes + GLYX-13 groups were 
exposed to 1.5% isoflurane for 6 hours. Mice in the GLYX-
13 and Anes + GLYX-13 groups were intravenously ad-
ministered GLYX-13 (Sigma-Aldrich, St. Louis, MO, USA) 
dissolved in 0.9% saline 2 hours before isoflurane anesthesia 
at a dose of 1 mg/kg. The other two groups of mice were ad-
ministered an equal volume of saline. Both contextual fear 
conditioning (CFC) test and novel object recognition (NOR) 
test were used to assess the cognitive function of mice 1, 
3 and 7 days after isoflurane exposure. The mRNA and 
phosphoprotein levels of NR2B, CaMKII and CREB in the 
hippocampus were assessed by quantitative real time-poly-
merase chain reaction (qRT-PCR) and western blot assay 1, 
3 and 7 days after isoflurane exposure (Figure 1).

To clarify the mechanisms by which GLYX-13 affects 
cognitive function after long-term isoflurane exposure and 
to examine the role of the NR2B/CaMKII/CREB signaling 
pathway in this process, the CaMKII inhibitor KN93 was 
used. Mice were randomly assigned to isoflurane anesthesia 
(Anes, n = 5), isoflurane anesthesia + GLYX-13 injection 
(Anes + GLYX-13, n = 5), isoflurane anesthesia + KN93 
injection (Anes + KN93, n = 5) and isoflurane anesthesia + 
GLYX-13 + KN93 injection (Anes + GLYX-13 + KN93, n 
= 5) groups. All mice were exposed to 1.5% isoflurane for 6 
hours. KN93 (Tocris Bioscience, Bristol, UK) was dissolved 
in 0.9% saline containing 1% dimethyl sulfoxide and diluted 
to a concentration of 1 mM. Mice in the Anes + KN93 and 
Anes + GLYX-13 + KN93 groups were administered 1 μL 
of 1 mM KN93 by intracerebroventricular injection 4 hours 
before isoflurane exposure. Mice in the other two groups 
were injected with an equal volume of saline. Mice in the 
Anes + GLYX-13 and Anes + GLYX-13 + KN93 groups were 

Figure 1 Schematic of the experimental design.
CFC: Contextual fear conditioning; GLYX-13: a tetrapeptide composed 
of threonine-proline-proline-threonine; i.c.v.: intracerebroventricular in-
jection; i.v.: intravenous injection; KN93: a selective Ca2+/calmodulin-de-
pendent protein kinase II inhibitor; NOR: novel object recognition; qRT-
PCR: quantitative real time-polymerase chain reaction.

1st, 3rd and 7th day after exposure

1st, 3rd and 7th day after exposure
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intravenously injected 1 mg/kg GLYX-13 2 hours before 
isoflurane anesthesia. The mRNA and phosphoprotein lev-
els of NR2B, CaMKII and CREB in the hippocampus were 
assessed by qRT-PCR and western blot assay 1, 3 and 7 days 
after isoflurane exposure. The CFC and NOR tests were used 
to evaluate cognitive function 1, 3 and 7 days after isoflurane 
exposure (Figure 1).

Isoflurane exposure
Mice were placed in a chamber with 4.2% isoflurane (license 
No. H20020267, Lunan Better Pharmaceutical Co., Ltd., 
Linyi, China) for induction and 1.5% isoflurane for main-
tenance for 6 hours. The other mice breathed air. During 
isoflurane exposure, an anesthesia monitor (Dragerwerk AG 
& Co. KGaA, Lübeck, Germany) was used to continuously 
monitor the concentration of isoflurane in the chamber, and 
respiration was observed to prevent respiratory depression. 
The chamber was placed on a heated sheet to maintain body 
temperature.

Intracerebroventricular injection
As described by Schaafsma et al. (2015), mice were anesthe-
tized with isoflurane and placed in a stereotaxic apparatus 
(Shanghai Bio-will Co., Ltd., Shanghai, China). A microsy-
ringe was used for injecting KN93 (1 µL/min) at the follow-
ing stereotaxic coordinates: (from bregma) AP –0.5 mm; ML 
+1.0 mm; DV –2.0 mm (Paxinos and Franklin, 2001). The 
mice were returned to their home cages after recovery from 
anesthesia.

CFC test
The CFC test (Panlab, Barcelona, Spain) was performed in 
this study as previously described (Strekalova et al., 2003; 
Taniguchi et al., 2017). On day 1 (training stage), mice were 
placed in the chamber and allowed to explore freely for 5 
minutes, and then exposed to a high frequency sound (4,000 
Hz, 80 dB) for 30 seconds. During the final 2 seconds, an 
0.8-mA foot shock was given. After the shock, mice were 
allowed to continue to explore the chamber for 2 minutes 
before returning to their home cages. Then, 24 hours later 
(testing stage), mice were placed into the same chamber for 
5 minutes, and memory for the context was assessed by re-
cording freezing behavior. After each test, 75% alcohol was 
used to clean the chamber to eliminate olfactory cues. Freez-
ing time was automatically recorded and analyzed. Percent 
freezing time = freezing time/phase time × 100%.

NOR test
The NOR test was performed as previously described (Bev-
ins and Besheer, 2006; Ferrante et al., 2018). Briefly, mice 
were allowed to habituate in an empty open field (25 cm × 
25 cm × 40 cm) for 15 minutes for 3 consecutive days be-
fore the test. In the training stage, two identical objects (A 
and B) were placed 10 cm apart on the same side of the test 
box. Mice were placed in the test box and allowed to freely 
explore the two objects for 10 minutes. Then, 2 hours later 
(testing stage), the trial was repeated with object B removed 

from the test box and replaced with object C, which was of a 
similar size, but different in shape and color. The cumulative 
time spent (seconds) exploring each object in the training 
and testing stages were recorded. Exploratory behavior was 
considered as pointing the nose toward the object within 
2 cm or sniffing the object, while standing, sitting or lean-
ing on the object was not. After each test, the objects were 
cleaned to reduce the impact of olfactory cues. Percent novel 
object exploration time = novel object exploration time/
total object exploration time × 100%. Discrimination index 
= (novel object exploration time-familiar object exploration 
time)/total object exploration time.

Tissue preparation
Mice were euthanized with a high concentration of isoflu-
rane. The hippocampus was removed and stored at –80°C 
until use.

qRT-PCR analysis
An RNA extraction kit (Bioteke, Beijing, China) was used 
to extract total RNA, and the concentration was measured 
on a NanoDrop (Thermo, Waltham, MA, USA). PrimeS-
cript RT master mix (RR036A; Takara Biotechnology Co., 
Ltd., Dalian, Liaoning Province, China) was used to reverse 
transcribe RNA into cDNA. SYBR Premix Ex Taq II master 
mix (Takara Biotechnology Co., Ltd.) was used for qRT-PCR 
on an ABI StepOne Plus Real-Time PCR system (Thermo). 
The primer sequences for qRT-PCR were as follows: β-actin: 
forward primer: 5′-CTG TCC CTG TAT GCC TCT G-3′; re-
verse primer: 5′-ATG TCA CGC ACG ATT TCC-3′; NR2B: 
forward primer: 5′-GGA TCT ACC AGT CTA ACA TG-3′; 
reverse primer: 5′-GAT AGT TAG TGA TCC CAC TG-3′; 
CaMKII: forward primer: 5′-TCT TAT TGA TCA GAT CCT 
TGG CTT C-3′; reverse primer: 5′-CTG GTG CCT ACG 
ATT TCC CAT-3′, CREB: forward primer: 5′-TTC TAC 
AGT ATG CAC AGA CCA CTG-3′; reverse primer: 5′-GGT 
ATG TTT GTA CAT CGC CTG A-3′. β-actin was used as a 
reference gene. The 2–∆∆Ct method was used to measure rela-
tive expression (Livak and Schmittgen, 2001).

Western blot assay
Hippocampi were sonicated in RIPA lysis buffer (Beyotime, 
Shanghai, China), and both protease and phosphatase in-
hibitors (Thermo) were used to prevent degradation. Protein 
concentrations were measured using the Bicinchoninic Acid 
Protein Assay Kit (Thermo). The proteins were resolved by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and then transferred to Immobilon polyvinylidene fluo-
ride membranes (Merck, Darmstadt, Germany). The blots 
were blocked with 5% bovine serum albumin for 2 hours 
and incubated with primary antibody (β-actin, 1:1,000, 
mouse monoclonal; p-NR2B, 1:1,000, rabbit monoclonal; 
phospho-CaMKII (p-CaMKII), 1:1,000, rabbit monoclonal; 
p-CREB, 1:1,000, rabbit monoclonal (all from Abcam, Cam-
bridge, UK)) at 4°C overnight. After washing with Tris-buff-
ered saline-Tween 20, membranes were incubated with the 
corresponding horseradish peroxidase-conjugated goat an-
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ti-rabbit secondary antibody (1:20,000; Elabscience, Wuhan, 
China) for 2 hours. The blots were visualized using enhanced 
chemiluminescence solution (Thermo). The optical density 
values of the specific bands were measured using Image J 
(National Institutes of Health, Bethesda, MD, USA). β-Actin 
was used as control.

Statistical analyses
All values are shown as the mean ± standard error of the 
mean (SEM). One-way analysis of variance and least signif-
icant difference test were performed using SPSS 19.0 (IBM, 
Armonk, NY, USA). P < 0.05 was regarded as statistically 
significant.

Results
Pretreatment with GLYX-13 ameliorates cognitive 
impairment induced by long-term isoflurane anesthesia in 
mice
The cognitive function of mice in the Con, Anes, GLYX-13 
and Anes + GLYX-13 groups was assessed using the CFC 
and NOR tests 1, 3 and 7 days after long-term isoflurane ex-
posure. In the CFC test, compared with the Con group, the 
percent freezing time was significantly reduced in the Anes 
group 1 and 3 days after isoflurane exposure (P < 0.05). Fur-
thermore, the percent freezing time in the Anes + GLYX-13 
group was significantly increased compared with the Anes 
group (P < 0.05; Figure 2A). In the NOR test, no object pref-
erence was found in any group during the training stage (P 
> 0.05). In the testing stage, compared with the Con group, 
there were significant decreases in the percent novel object 
exploration time and discrimination index in the Anes group 
1 and 3 days after isoflurane exposure (P < 0.05). Compared 
with the Anes group, the percent novel object exploration 
time and discrimination index were increased in the Anes 
+ GLYX-13 group (P < 0.05). No significant difference was 
found among the four groups at 7 days after isoflurane anes-
thesia (P > 0.05; Figure 2B & C).

GLYX-13 suppresses the changes in the NR2B/CaMKII/
CREB signaling pathway induced by isoflurane exposure
At 1 and 3 days after isoflurane anesthesia, the phosphopro-
tein levels of NR2B, CaMKII and CREB were significantly 
decreased in the Anes group compared with the Con group 
(P < 0.05). Furthermore, compared with the Anes group, the 
phosphoprotein levels of NR2B, CREB and CaMKII were 
significantly increased in the Anes + GLYX-13 group (P < 
0.05; Figure 3A & B). No significant difference was found 
among the four groups 7 days after isoflurane exposure (P > 
0.05; Figure 3C).

Compared with the Con group, NR2B, CaMKII and CREB 
gene expression levels were significantly reduced in the 
Anes group at 1 and 3 days after isoflurane exposure. NR2B, 
CaMKII and CREB gene expression levels were significantly 
increased in the Anes + GLYX-13 group compared with the 
Anes group (P < 0.05; Figure 3D & E). There was no signif-
icant difference in NR2B, CaMKII or CREB gene expression 
levels among the four groups 7 days after isoflurane exposure 

(P > 0.05; Figure 3F).

KN93 inhibits the NR2B/CaMKII/CREB signaling 
pathway
Western blot assay showed that the phosphoprotein levels 
of NR2B, CaMKII and CREB were significantly decreased 
in the Anes + GLYX-13 + KN93 group, 1 and 3 days after 
isoflurane anesthesia, compared with the Anes + GLYX-13 
group (P < 0.05; Figure 4A & B). There was no significant 
difference in the phosphoprotein levels of NR2B, CaMKII or 
CREB between the Anes + KN93 and Anes groups (P > 0.05). 
No significant difference was found among the four groups 
7 days after isoflurane anesthesia (P > 0.05; Figure 4C & F). 
The qRT-PCR results confirmed the western blot data, 1 and 
3 days after isoflurane anesthesia (Figure 4D & E).

GLYX-13 ameliorates cognitive impairment induced by 
long-term isoflurane exposure via the NR2B/CaMKII/
CREB signaling pathway
In the CFC test, the percent freezing time was significantly 
reduced in the Anes + GLYX-13 + KN93 group, 1 and 3 days 
after isoflurane exposure, compared with the Anes + GLYX-
13 group (P < 0.05; Figure 5A). In the NOR test, the percent 
novel object exploration time (Figure 5B) and discrimina-
tion index (Figure 5C) were decreased in the Anes + GLYX 
+ KN93 group, 1 and 3 days after isoflurane exposure, com-
pared with the Anes + GLYX-13 group (P < 0.05). No sig-
nificant difference was found among the four groups 7 days 
after isoflurane anesthesia (P > 0.05; Figure 5).

Discussion
There is mounting evidence that inhalation anesthetics cause 
or increase the risk of cognitive dysfunction in both humans 
and rodents (Cheng et al., 2015; Min et al., 2016; Sen and 
Sen, 2016; Kang et al., 2017; Tang et al., 2018). However, 
the underlying mechanisms are still unclear and effective 
treatments are lacking. GLYX-13 acts as a partial agonist at 
the glycine site of NR2B-containing NMDARs and enhances 
hippocampus-related cognitive function by increasing NR2B 
protein expression levels and currents (Burgdorf et al., 2011, 
2013). In the present study, GLYX-13 alleviated cognitive 
impairment induced by long-term isoflurane exposure and 
restored hippocampal memory-associated protein levels in 
mice. Furthermore, the CaMKII inhibitor KN93 blocked the 
neuroprotective effects of GLYX-13, which appear to involve 
the NR2B/CaMKII/CREB signaling pathway.

NMDARs are key targets of inhalation anesthetics. The an-
tagonistic effects of inhalation anesthetics, such as isoflurane, 
on NMDARs may lead to neuronal degeneration and apop-
tosis, in part by blocking the neurotrophic support provided 
by glutamate (Dutton et al., 2002; Jevtovic-Todorovic et al., 
2003). In this study, long-term isoflurane exposure induced 
cognitive impairment in mice, consistent with previous stud-
ies. There is considerable evidence for a central role of NR2B 
subunits in the regulation of synaptic plasticity (Murphy 
et al., 2014; Nakai et al., 2014). Accordingly, hippocampal 
NMDARs have become a key target in the development of 
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Figure 3 Effects of GLYX-13 on the phosphorylation and gene transcription levels of NR2B, CaMKII and CREB in the hippocampus of mice 
after isoflurane exposure.
(A–C) The phosphorylation levels of NR2B, CaMKII and CREB at 1 (A), 3 (B) and 7 (C) days after isoflurane anesthesia, detected by western blot 
assay. Relative protein expression is expressed as the ratio of the target protein to β-actin. (D–F) NR2B, CaMKII and CREB mRNA levels at 1 (D), 3 
(E) and 7 (F) days after isoflurane anesthesia detected by real time-polymerase chain reaction. Values are expressed as the mean ± SEM (n = 5). *P 
< 0.05, vs. Con group; #P < 0.05, vs. Anes group (one-way analysis of variance followed by post-hoc least significant difference test). CaMKII: Ca2+/
calmodulin-dependent protein kinase II; CREB: cyclic adenosine monophosphate response element binding protein; NR2B: N-methyl-D-aspartate 
receptor subunit 2B. Con: Control group; Anes: isoflurane anesthesia group, in which mice were exposed to 1.5% isoflurane for 6 hours; GLYX-13: 
GLYX-13 injection group, in which mice were intravenously administered GLYX-13 (1 mg/kg); Anes + GLYX-13: isoflurane anesthesia + GLYX-13 
injection group, in which mice were exposed to 1.5% isoflurane for 6 hours and intravenously pre-administered GLYX-13 (1 mg/kg) 2 hours earlier.

Figure 2 Effects of GLYX-13 pretreatment on 
cognitive function in mice 1, 3 and 7 days after 
isoflurane exposure.
(A) Percent freezing time in the CFC test. Per-
cent freezing time (%) = freezing time/phase 
time × 100%. (B) Percent novel object explora-
tion time in the NOR test. Percent novel object 
exploration time = novel object exploration 
time/total object exploration time × 100%. (C) 
Discrimination index in the NOR test. Dis-
crimination index = (novel object exploration 
time-familiar object exploration time)/total ob-
ject exploration time. Values are expressed as the 
mean ± SEM (n = 5). *P < 0.05, vs. Con group; 
#P < 0.05, vs. Anes group (one-way analysis of 
variance followed by the post-hoc least significant 
difference test). CFC: Contextual fear condition-
ing; NOR: novel object recognition. Con: Con-
trol group; Anes: isoflurane anesthesia group, in 
which mice were exposed to 1.5% isoflurane for 
6 hours; GLYX-13: GLYX-13 injection group, 
in which mice were intravenously administered 
GLYX-13 (1 mg/kg); Anes + GLYX-13: isoflu-
rane anesthesia + GLYX-13 injection group, in 
which mice were exposed to 1.5% isoflurane 
for 6 hours and intravenously pre-administered 
GLYX-13 (1 mg/kg) 2 hours earlier.
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Figure 4 Effects of combined administration of GLYX-13 and KN93 (a selective CaMKII inhibitor) on the phosphorylation and mRNA levels 
of NR2B, CaMKII and CREB in the hippocampus of mice after isoflurane anesthesia.
(A–C) The phosphorylation levels of NR2B, CaMKII and CREB at 1 (A), 3 (B) and 7 (C) days after isoflurane anesthesia, detected by western blot 
assay. Relative protein expression is expressed as the ratio of the target protein to β-actin. (D–F) NR2B, CaMKII and CREB mRNA levels at 1 (A), 3 
(B) and 7 (C) days after isoflurane anesthesia, detected by real time-polymerase chain reaction analysis. Values are expressed as the mean ± SEM (n 
= 5). #P < 0.05, vs. Anes group; †P < 0.05, vs. Anes + GLYX-13 group (one-way analysis of variance followed by post-hoc least significant difference 
test). CaMKII: Ca2+/calmodulin-dependent protein kinase II; CREB: cyclic adenosine monophosphate response element binding protein; NR2B: 
N-methyl-D-aspartate receptor subunit 2B. Con: Control group; Anes: isoflurane anesthesia group, in which mice were exposed to 1.5% isoflurane 
for 6 hours; GLYX-13: GLYX-13 injection group, in which mice were intravenously administered GLYX-13 (1 mg/kg); Anes + GLYX-13: isoflurane 
anesthesia + GLYX-13 injection group, in which mice were exposed to 1.5% isoflurane for 6 hours and intravenously pre-administered GLYX-13 (1 
mg/kg) 2 hours earlier.

Figure 5 Effects of GLYX-13 on the 
cognitive impairment induced by long-term 
isoflurane exposure via the NR2B/CaMKII/
CREB signaling pathway.
(A) Percent freezing time in the CFC test. Percent-
age freezing time (%) = freezing time/phase time 
× 100%. (B) Percent novel object exploration time 
in the NOR test. Percent novel object exploration 
time = novel object exploration time/total object 
exploration time × 100%. (C) Discrimination index 
in the NOR test. Discrimination index = (novel 
object exploration time-familiar object exploration 
time) /total object exploration time. Values are 
expressed as the mean ± SEM (n = 5). #P < 0.05, vs. 
Anes group; †P < 0.05, vs. Anes + GLYX-13 group 
(one-way analysis of variance followed by the post-
hoc least significant difference test). CaMKII: Ca2+/
calmodulin-dependent protein kinase II; CREB: 
cyclic adenosine monophosphate response element 
binding protein; KN93: a selective CaMKII inhibi-
tor; NR2B: N-methyl-D-aspartate receptor subunit 
2B. Con: Control group; Anes: isoflurane anes-
thesia group, in which mice were exposed to 1.5% 
isoflurane for 6 hours; GLYX-13: GLYX-13 injec-
tion group, in which mice were intravenously ad-
ministered GLYX-13 (1 mg/kg); Anes + GLYX-13: 
isoflurane anesthesia + GLYX-13 injection group, 
in which mice were exposed to 1.5% isoflurane for 
6 hours and intravenously pre-administered GLYX-
13 (1 mg/kg) 2 hours earlier.
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cognitive function-modulating drugs (Ghersi et al., 2015). In 
the present study, the NMDAR agonist GLYX-13 protected 
against cognitive functional impairment by upregulating 
NR2B expression and by activating the NR2B/CaMKII/
CREB signaling pathway.

The activity of CaMKII is largely regulated by calcium in-
flow controlled by NR2B, and the binding between CaMKII 
and calmodulin induces autophosphorylation (Molloy and 
Kennedy, 1991). In addition, there is evidence for a direct 
interaction between CaMKII and NR2B (Gambrill and Bar-
ria, 2011; Sanhueza et al., 2011), which maintains synaptic 
strength (Barcomb et al., 2016) and induces dendritogenesis 
in intermediate neurons in the hippocampus (Bustos et al., 
2017). The NR2B/CaMKII complex promotes learning and 
memory either directly or indirectly through Ca2+. Because 
CaMKII is an important downstream target of NR2B, we 
speculated that GLYX-13 may improve cognitive function in 
mice through CaMKII. Therefore, we examined whether the 
CaMKII inhibitor KN93 could block the effects of GLYX-13. 
CREB mRNA expression and phosphorylation were signifi-
cantly downregulated by the inhibitor, indicating that CREB 
is a key target of p-CaMKII.

One of the major hurdles to drug administration into the 
central nervous system is the blood-brain barrier. Therefore, 
it is noteworthy that GLYX-13 crosses this barrier effectively 
to achieve the desired concentration, as it is 80% as perme-
able as water (Moskal et al., 2005). Therefore, GLYX-13 is a 
potential drug for the treatment of cognitive impairment. 
While the plasma half-life of GLYX-13 is only several min-
utes (Moskal et al., 2014), it enhances hippocampal long-
term potentiation 24 hours and 1 week following a single 
dose (Burgdorf et al., 2015). In the present study, we found 
no difference among the groups 7 days after isoflurane expo-
sure. This suggests that cognitive function had recovered by 
this time. In the present study, GLYX-13 was administered 
2 hours before isoflurane exposure; however, in the clinic, 
it can be administered again after anesthesia to bolster the 
neuroprotective effect of the drug.

GLYX-13 facilitates learning and memory in both young 
adult and learning-impaired aged rats in hippocampal-de-
pendent trace eyeblink conditioning, alternating T-maze, 
and the MWM (Moskal et al., 2014). GLYX-13 also ame-
liorates the declarative memory impairment induced by 
phencyclidine and ketamine in the NOR test (Rajagopal et 
al., 2016). However, similar to our current findings, Lakshmi 
et al. found that GLYX-13 does not significantly enhance the 
discrimination index in mice with normal cognitive function 
in the NOR experiment (Ferreira et al., 2017). This finding 
was unexpected. We hypothesize that while GLYX-13 might 
hyperactivate NMDAR, adaptive regulation may prevent 
excessive activation of the NR2B/CAMKII/CREB signaling 
pathway.

Here, we found that pretreatment with GLYX-13 alleviated 
the cognitive impairment induced by long-term isoflurane 
exposure and restored the NR2B/CaMKII/CREB pathway in 
the hippocampus of mice. Furthermore, KN93, a selective 
CaMKII inhibitor, blocked these neuroprotective effects of 

GLYX-13. It is exciting that GLYX-13 has undergone phase 
II clinical pharmacological and toxicological trials in the 
United States. GLYX-13 was found to have satisfactory safety 
in humans.

In summary, our findings show that pretreatment with 
GLYX-13 attenuates long-term isoflurane exposure-induced 
cognitive impairment via the hippocampal NR2B/CaMKII/
CREB signaling pathway. However, further clinical trials are 
needed to assess the therapeutic effectiveness of GLYX-13 
against anesthesia-induced cognitive impairment in humans. 
There are some limitations to this study. For example, we did 
not examine the impact of surgical procedures, but will do 
so in a future study.
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