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Objective: Dexmedetomidine, an α2-adrenergic receptor agonist, mitigates cognitive dys-
function in elderly patients after surgery with general anesthesia. However, the underlying 
mechanism by which dexmedetomidine reduces cognitive dysfunction remains to be fully 
elucidated. The aim of this study was to investigate the effects of dexmedetomidine on 
lipopolysaccharide (LPS)-induced neuronal dysfunction in cultured hippocampal neurons.
Methods: LPS, in the presence and absence of dexmedetomidine, was applied to cultured 
hippocampal neurons to mimic post-surgical inflammation. Neuronal morphology, including 
neurite outgrowth and synaptic transmission, was observed, and miniature excitatory post-
synaptic currents were recorded by electrophysiological patch-clamp.
Results: LPS significantly impaired neurite outgrowth in hippocampal neurons in 
a concentration- and time-dependent manner, which was reversed by dexmedetomidine 
treatment. Electrophysiological patch-clamp results showed that LPS induced synaptic trans-
mission dysfunction, which was restored after dexmedetomidine addition. Furthermore, 
Western blotting assays showed that LPS suppressed the AKT/GSK-3β/CRMP-2 signaling 
pathway and dexmedetomidine countered the inhibitory effect of LPS by re-activating this 
pathway.
Conclusion: In general, dexmedetomidine protected against the effects of LPS-induced 
hippocampal neuron damage, including neurite outgrowth and synaptic transmission. 
Overall, dexmedetomidine modulated the AKT/GSK-3β/CRMP-2 signaling pathway to 
alleviate LPS-induced neurological dysfunction.
Keywords: dexmedetomidine, postoperative cognitive dysfunction, neurological 
impairment, AKT, GSK-3β, CRMP-2

Background
Elderly patients are susceptible to brain dysfunction after surgery, especially after 
general anesthesia; the symptoms of this dysfunction are collectively referred to as 
postoperative cognitive dysfunction (POCD).1 POCD was first observed in elderly 
patients after cardiac surgery, but more recently has been found in patients under-
going other surgical procedures.2–4 The total incidence of POCD after cardiac 
surgery can reach 51%.5 POCD is reversible for most patients, but a few patients 
suffer long-term or even permanent cognitive impairment. POCD leads to delayed 
rehabilitation, increased complications and even loss of self-care ability, prolongs 
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the length of hospital stays, increases medical costs, and 
causes a series of medical, social, and economic problems. 
The incidence of POCD is closely related to neurodegen-
erative diseases in the elderly such as Alzheimer’s disease, 
Parkinson’s disease, Huntington’s disease, and multiple 
sclerosis.6,7 Ways of reducing the occurrence of cognitive 
dysfunction after general anesthesia in the elderly remain 
largely obscure.

The inflammatory response can affect the function of 
the central nervous system (CNS), in particular CNS 
inflammation can lead to changes in cognitive function,8 

which leads to the occurrence of POCD. Both anesthesia 
and surgery can induce inflammatory responses in the 
CNS.9,10 Thus, the occurrence and development of 
POCD are closely related to the inflammatory response. 
Lipopolysaccharide (LPS; an immunostimulatory compo-
nent of the cell wall of Gram-negative bacteria) was ori-
ginally identified as a Toll-like receptor 4 (TLR-4) 
ligand.11 Once microglia are activated by LPS, they pro-
duce pro-inflammatory cytokines such as tumor necrosis 
factor-α, interleukin-1β, prostaglandin E2, and nitric 
oxide.12,13 These cytokines are key mediators that mediate 
the neuroinflammatory process. Inhibition of TLR-4 
abolishes LPS-induced inflammatory response.14 

Administration of LPS to animals induces cognitive 
impairment15,16 and other complex dysfunctions, including 
anorexia, decreased exercise, weight loss, reduced 
exploratory behavior, increased anxiety, lethargy, and 
behavioral depression. These symptoms are very similar 
to the clinical symptoms of human neurodegenerative dis-
eases. Thus, LPS-induced inflammation is a commonly 
used model for the study of POCD.17–19 However, the 
specific mechanism of LPS-induced cognitive impairment 
remains to be elucidated.

Dexmedetomidine is a highly selective α2 adrenergic 
receptor agonist, which is used in a similar manner to 
remifentanil during anesthesia20 and has anti- 
inflammatory activity.21–23 In recent years, dexmedetomi-
dine has been shown to have certain interventional effects 
on cognitive dysfunction in elderly patients after general 
anesthesia. Data show that dexmedetomidine extends 
patient survival, and that only 6% of patients undergoing 
general anesthesia who receive dexmedetomidine have 
postoperative delirium,24,25 compared with 45% of 
patients receiving general drugs such as propofol or 
midazolam.26 However, the detailed mechanism of dexme-
detomidine in reducing POCD remains unknown.

The main purpose of this study is to determine whether 
dexmedetomidine regulates LPS-induced neurological 
damage and to elucidate the underlying mechanisms in 
order to provide new approaches and intervention targets 
for the clinical prevention and treatment of POCD.

Methods
Neuron Culture and Transfection
Experiments were conducted using newborn 1-day-old 
Sprague-Dawley rats (male and female) provided by the 
Animal Center of Jinan University, as previously described 
(Zhang et al, 2007). Related animal procedures were 
strictly conducted in accordance with the guidelines by 
China Animal Protection Association. Briefly, rats were 
sacrificed using CO2 anesthesia, hippocampi were dis-
sected from the brain, and then gently homogenized hip-
pocampal tissue was placed in a 60 mm tissue culture dish. 
The hippocampal tissue was incubated with 0.25% trypsin 
(Gibco, MD, USA) at 37°C for 5 min. Neurons were 
cultured in Dulbecco’s modified Eagle’s medium 
(Gibco), supplemented with 10% fetal bovine serum 
(Gibco), and plated in a 24-well plate with coverslips at 
a density of 6 × 104 cells/well. Neurons were placed in 
a 37°C, 5% CO2 incubator. After overnight incubation, the 
medium was replaced with neurobasal feeding media (neu-
robasal medium containing 2% B27 supplement and 0.5 
mM glutamine solution; Gibco). Half the volume of media 
was replaced with the same volume of fresh neurobasal 
feeding media every 3 days. Transient transfections of 
neurons were performed with Lipofectamine 2000 
(Invitrogen Corporation, Carlsbad, CA, USA) according 
to the manufacturer’s instructions. The protocol was 
approved by the Institutional Animal Care and Use 
Committee at Jinan University.

Western Blotting
Protein samples were extracted from rat hippocampal neu-
rons, and protein concentrations were quantified using the 
BCA assay (Sigma, MO, USA). The extracted protein 
samples were separated by 10% SDS-PAGE with ~30 µg 
protein loaded per lane and transferred onto a PVDF mem-
brane (EMD Millipore, MA, USA). The membrane was 
blocked with 5% non-fat milk in TBS containing 0.1% 
tween-20 (TBST) at room temperature for 1 h and then 
incubated with antibodies against p-AKT, AKT, p-GSK- 
3β, GSK-3β, p-CRMP2, or CRMP2 (all from Abcam, MA, 
USA) in TBS buffer containing 3% BSA at 4°C overnight. 
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GAPDH was used as a loading control. After incubation 
with secondary antibodies at room temperature for 1 h, the 
blots were visualized using enhanced chemiluminescence 
reagents. The intensity of the bands was analyzed and 
quantified by densitometric analysis using Image-Pro 
Plus 7.0 (Media Cybernetics, Inc., Silver Spring, MD, 
USA). The Western blotting results are representative of 
three independent experiments.

Immunocytochemistry
Immunofluorescence assays were performed as previously 
described.27 Briefly, neurons were fixed in 4% paraformal-
dehyde supplemented with 4% sucrose for 40 min at 4°C 
and blocked with blocking buffer (3% BSA in TBS). 
Sections were then incubated with rabbit anti-GFP 
(1:1000; cat no. Ab290, Abcam) and mouse anti-tau-1 
antibody (1:500; cat no. MAB3420, EMD Millipore) over-
night at 4°C. After washing three times with TBST (0.1% 
Triton X-100 in TBS), sections were labelled with appro-
priate fluorescent-tagged secondary antibodies (goat anti- 
mouse/rabbit IgG FITC, 1:1000; cat no. ab150115, 
Abcam) for 1 h at room temperature, and then neurons 
were mounted on glass slides using Fluoro Gel II contain-
ing DAPI for confocal microscopy studies (LSM 700; 
Zeiss GmbH, Germany).

Neuronal Morphology Analysis
The total length of neurites and Sholl analysis were per-
formed to reveal neuronal development. All images were 
obtained using an ordinary fluorescence microscope or 
confocal microscope. Image-Pro Plus software with 
a neuronal tracer plug-in was used to determine neurite 
length, and ImageJ software with a Sholl plug-in was used 
for Sholl analysis of morphometric protrusions as pre-
viously described.28 Briefly, images were randomly cap-
tured from over 40 neurons per group; each image was 
processed with the neuronal tracer plug-in; and a trace of 
all neurites (based on immunocytochemical analysis of 
GFP and tau-1 staining) on a confocal image was drawn 
manually.

Whole-Cell Patch-Clamp
The whole-cell patch-clamp technique was used27 to 
record miniature excitatory postsynaptic currents 
(mEPSCs) from hippocampal neurons cultured for 11–12 
days and treated with LPS and dexmedetomidine. For 
these experiments, the external solution contained (in 
mM) the following: 1 MgCl2, 5 KCl, 128 NaCl, 20 

HEPES, 2 CaCl2, 15 glucose, 1 tetrodotoxin, and 100 
μM picrotoxin. The pH of the external solution was 
adjusted to 7.27.3 with KOH. The internal solution of the 
recording electrodes (4- to 6-MΩ tip resistance) contained 
(in mM) the following: 2 MgATP, 5 Na2-phosphocreatine, 
147 KCl, 2 EGTA, 10 HEPES, and 0.3 Na2GTP. The pH 
was adjusted to 7.2–7.3 with KOH, and the osmolarity was 
adjusted to 280 mmol/kg with sucrose. A multiclamp 700 
B amplifier (Molecular Devices, Sunnyvale, CA, USA) 
and Clampex 10.5 software (Axon Instruments, Union 
City, CA, USA) were used.

Statistical Analysis
The experimental data were presented as mean ± SD from 
at least three experiments, and SPSS 19.0 software (SPSS 
Software, Chicago, IL, USA) was used for statistical ana-
lysis. A t-test was used for comparisons between two 
groups, and a one-way ANOVA was used for multiple 
comparisons; p < 0.05 was considered significantly differ-
ent, * or # donates p < 0.05, ** donates p < 0.01, *** 
donates p < 0.001.

Results
LPS Administration Impairs Hippocampal 
Neurite Outgrowth
To clarify the effect of LPS on the morphology of hippo-
campal neurons, neurons were transfected with GFP- 
encoding plasmids and treated with different concentrations 
of LPS (0, 0.1, 0.5,1.0, and 2.0 μg/mL) for 12 h. LPS 
induced significant changes in the growth of neuronal pro-
cesses in a concentration-dependent manner (Figure 1A). 
The protrusion length of LPS-treated groups was signifi-
cantly smaller than that of the control group (p < 0.01) 
(Figure 1B). Sholl analysis, which counted the number of 
branch points in different radius ranges, showed that the 
complexity of neuronal morphology also decreased in 
a concentration-dependent manner (Figure 1C). 
A concentration of 1.0 μg/mL LPS was selected for further 
studies as this concentration produced the most significant 
effect and less toxicity. Neurons were treated with LPS for 
different times (0, 3, 6, 12, and 24 h; Figure 1D), and the 
total length (Figure 1E) and Sholl analysis (Figure 1F) of 
protrusions were calculated. The data showed that LPS 
induced morphological changes in neurons in a time- 
dependent manner. In general, these data suggest that LPS 
impairs neurite outgrowth.

Neuropsychiatric Disease and Treatment 2021:17                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
673

Dovepress                                                                                                                                                            Zeng et al

http://www.dovepress.com
http://www.dovepress.com


Figure 1 Lipopolysaccharide (LPS) treatment impairs hippocampal neurite development. Hippocampal neurons cultured in vitro were transfected with a GFP expression 
plasmid and treated with varying concentrations of LPS for 12 h. The growth of the protrusions was observed by GFP staining. (A) Typical neuron morphology; (B) Statistical 
analysis of the total length of all protrusions in each treatment group (n=3); (C) Sholl analysis counts the number of branch points in different radius ranges of each group of 
neurons. Hippocampal neurons were treated with varying concentrations of LPS, and the growth of neurons at each time-point after LPS administration was observed. (D) 
Typical cell morphology; (E) Statistic analysis of full-length protrusions in each group (n=3); (F) Sholl analysis of branch points at each time point after LPS administration. 
*Represents p < 0.05, **Represents p < 0.01, both compared with untreated (0) group. Scale bar, 20 µm.
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Dexmedetomidine Antagonizes 
LPS-Induced Impairment of Neurite 
Outgrowth
The effect of dexmedetomidine on hippocampal neuron 
development was observed in neurons treated with LPS 
in the absence or presence dexmedetomidine. As 
shown in Figure 2A, LPS significantly induced neuro-
nal morphological changes, and this damage was res-
cued by the addition of dexmedetomidine (1 μM).29 

The total length of all neurites (Figure 2B) and the 
number of intersection points (Figure 2C) in each 
group were calculated. The data suggest that dexmede-
tomidine treatment antagonizes the effects of LPS- 
induced damage on neuronal morphology.

Dexmedetomidine Rescues Synaptic 
Transmission Dysfunction Induced by LPS
To verify whether dexmedetomidine and LPS modulated 
neuronal function, electrophysiological patch-clamp 
assays were applied to cultured hippocampal neurons to 
determine the mEPSCs (Figure 3A). As shown in Figure 
3B, the results showed that LPS impaired the synaptic 
transmission of neurons; the amplitude (Figure 3C) and 
frequency (Figure 3D) of mEPSCs were significantly 
decreased, and these effects were restored after the addi-
tion of dexmedetomidine. Dexmedetomidine treatment 
alone increased mEPSC amplitude and frequency. These 
data suggest that dexmedetomidine reverses LPS-induced 
synaptic transmission dysfunction.

Figure 2 Dexmedetomidine (Dex) antagonizes lipopolysaccharide (LPS)-induced inhibition of neurite growth in hippocampal neurons. GFP-transfected neurons were 
treated with LPS, dexmedetomidine, or LPS and dexmedetomidine, and the growth of neurons was observed. (A) Typical neuron morphology. (B) The total length of all 
protrusions in each treatment group (n=3); (C) Sholl analysis and statistical analysis on the number of branch points in different radius ranges of each group of neurons. 
*Represents p < 0.05, compared with the control group. #Represents p < 0.05, compared with LPS treatment. Scale bar, 20 µm.
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Dexmedetomidine Counters the 
Inhibitory Effect of LPS by Activating the 
AKT/GSK-3β/CRMP-2 Pathway
To further explore the molecular mechanism by which dex-
medetomidine prevents LPS-induced neurodevelopmental 
impairment and defects in synaptic transmission, neuronal 
lysates were subjected to Western blotting. The results 
showed that LPS reduced the phosphorylation of AKT and 
GSK-3β, and increased CRMP-2 phosphorylation 
(Figure 4A). Application of dexmedetomidine significantly 

increased AKT and GSK-3β phosphorylation, and decreased 
CRMP-2 phosphorylation, thereby counteracting the inhibi-
tory effect of LPS (Figure 4B). These results suggest that 
dexmedetomidine antagonizes LPS-induced neuronal 
damage by activating the AKT/GSK-3β/CRMP-2 pathway.

Inhibition of AKT/GSK-3 Abolishes the 
Effect of Dexmedetomidine
A pharmacological approach was used to confirm that 
dexmedetomidine prevents LPS-induced neural damage 

Figure 3 Dexmedetomidine (Dex) antagonizes lipopolysaccharide (LPS)-induced dysfunction of synaptic transmission in hippocampal neurons. Cell patch-clamp was used to 
detect the electrophysiology of GFP-transfected hippocampal neurons treated with LPS and dexmedetomidine. Miniature excitatory postsynaptic currents (mEPSCs) were 
measured as indicators of synaptic transmission. (A) Electrophysiological performance of GFP-transfected neurons; (B) Typical mEPSCs recorded under each treatment; the 
amplitude (C) and frequency (D) of mEPSCs were counted. *Represents p < 0.05, **Represents p < 0.01, both compared with the control group (n=3).
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by activating the AKT/GSK-3β/CRMP-2 pathway. Insulin- 
like growth factor (IGF) was used to promote neuron 
development, and the AKT inhibitor LY294002 and 
GSK-3 inhibitor SB216763 were used to suppress the 
AKT/AKT/GSK-3 axis. As shown in Figure 5A, IGF 
activated the AKT pathway; AKT and GSK-3β phosphor-
ylation was increased, and CRMP-2 phosphorylation was 
decreased, consistent with the phosphorylation pattern pro-
duced by dexmedetomidine. Addition of the AKT inhibitor 
or the GSK-3 inhibitor significantly abolished dexmedeto-
midine-mediated activation of this pathway; the phosphor-
ylation of AKT, GSK-3β, and CRMP-2 was comparable to 
that observed in the LPS treatment group (Figure 5B). 

These data confirm that dexmedetomidine activates the 
AKT/GSK-3β/CRMP-2 pathway to antagonize the effects 
of LPS treatment in hippocampal neurons.

Discussion
In the current study, we demonstrated that LPS impaired 
hippocampal neuron development and disrupted synaptic 
transmission, and these effects were antagonized by 
dexmedetomidine. Dexmedetomidine antagonized LPS- 
induced nerve damage by re-activating the AKT/GSK- 
3β/CRMP-2 pathway.

POCD refers to the presence of mental disorders and 
abnormal brain function in elderly patients after surgery, 

Figure 4 Dexmedetomidine (Dex) re-activates the AKT/GSK-3β/CRMP-2 pathway. Hippocampal neurons were treated with lipopolysaccharide (LPS) in the absence or 
presence of dexmedetomidine. Cell lysates were subjected to Western blotting and immune-stained with phosphorylated and total AKT, GSK-3β, and CRMP2 antibodies to 
observe activation of this pathway. (A) Typical blots and (B) intensity measurements. *Represents p < 0.05, **Represents p < 0.01, and ***Represents p < 0.001, compared 
with the control group (n=3).

Figure 5 Pharmacological inhibition of the AKT/GSK-3 pathway abolishes the protective effects of dexmedetomidine. (A, B) Hippocampal neurons were treated as 
indicated, with or without insulin-like growth factor (IGF), the AKT inhibitor LY294002, or the GSK-3 inhibitor SB216763. Cell lysates were subjected to Western blotting 
and immune-stained with phosphorylated and total AKT, GSK-3β, and CRMP2 antibodies to observe activation of this pathway. ***Represents p < 0.001, compared with the 
control group; #Represents p < 0.05, and ###Represents p < 0.001, compared with the LPS group; $$$Represents p < 0.001, compared with the LPS+Dex group (n=3).
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which can be characterized by anxiety, personality 
changes, and memory impairment.30 General anesthesia 
combined with surgical shock can change the physiologi-
cal function of elderly patients.31 Under the stimulation of 
a stress response, a series of adverse cardiovascular and 
cerebrovascular events can easily cause cognitive dysfunc-
tion in elderly patients.32 It is generally believed that three 
factors contribute to the pathogenesis of POCD: (1) The 
influence of surgical factors on the internal environment, 
such as the size of the surgical wound, the duration of the 
operation, and patient responses related to stress, micro 
thromboembolism, blood loss, and fluid loss33; (2) The 
effects of anesthetics on the patient, such as effects of 
general anesthetics on the CNS and effects of anesthetics 
on the homeostatic processes of the body, such as hypo-
tension, hypertension, bradycardia, and hypothermia34; (3) 
The pathophysiological status and social factors of the 
patient undergoing surgery; for example, advanced age, 
combined diabetes, hypertension, and cognitive impair-
ment before surgery correlate with POCD occurrence.35 

Therefore, in-depth studies of the neuropathic mechanisms 
of POCD will be of important scientific value and signifi-
cance to determine how POCD can be prevented.

Surgery can trigger neuroinflammation and induce 
POCD.36 Surgery-induced release of inflammatory factors 
or cells in the peripheral blood enter the brain to affect the 
CNS.37 These inflammatory factors activate microglia 
cells to produce an exaggerated immune response, leading 
to the release of a large number of inflammatory factors,38 

including IL-1β and TNF-α. In addition, peripheral 
immune cells that enter the brain can amplify the inflam-
matory response.39 Accumulated inflammatory mediators 
cause reversible or irreversible damage to brain tissue, 
leading to the degeneration of neurite and cognitive dys-
function. As the memory center of the brain, the hippo-
campus is more sensitive to an overload of inflammatory 
cytokines because of widely expressed cytokine 
receptors.40 In this study, we applied LPS to induce an 
inflammatory response in cultured primary hippocampal 
neurons, and consistent with previous studies, we showed 
that LPS caused significant damage to neurite develop-
ment and synaptic transmission.41

Dexmedetomidine is an α2-agonist that is widely used 
in clinical practice.42 Studies show that dexmedetomidine 
has anti-inflammatory actions,43 but the underlying 
mechanisms have not been fully described. In a rat 
model of cerebral ischemia, dexmedetomidine decreased 
blood catecholamine content and decreased sympathetic 

nerve activity.44 Dexmedetomidine inhibits systemic 
inflammatory responses and improves survival in a rat 
model of septic shock,45 and also has anti-inflammatory 
effects in a rat model of spinal cord injury.46 In clinical 
patients, dexmedetomidine markedly reduces the expres-
sion of pro-inflammatory cytokines, such as IL-1β, TNF- 
α, and IL-6.47 In a rat model of POCD, dexmedetomidine 
protects aged rats from cognitive dysfunction by decreas-
ing hippocampal inflammation.48 In our study, we did not 
measure levels of inflammatory factors, but nevertheless 
our data showed that dexmedetomidine significantly alle-
viated LPS-induced neurite outgrowth and defects in 
synaptic transmission. Also, currently in this paper, we 
only used primary cultured hippocampal neurons to 
observe the effect, and an animal model should be applied 
to further evaluate of the role of dexmedetomidine in 
POCD and the detailed mechanism should be 
investigated.

The PI3K/AKT pathway is involved in cognitive 
function in POCD.49 Zhang et al discovered that 
ADAM2 activated the PI3K/AKT pathway to attenuate 
isoflurane-induced POCD50 and Zhou et al showed that 
dysfunction in gap junction communication during ische-
mia-reperfusion injury caused cognitive impairment via 
activation of the PI3K/AKT pathway.51 Furthermore, 
dexmedetomidine is reported to alleviate LPS-induced 
lung injury in Wistar rats via the Nrf2/Keap1 
pathway.52 Whether or not dexmedetomidine functions 
via the Nrf2/Keap1 pathway in LPS-induced neuronal 
damage should be further clarified in our future study. 
Rui et al reported that miR-410 had neuroprotective 
effects against sevoflurane-induced cognitive dysfunction 
in rats via activation of the PI3K/AKT pathway.53 In the 
current study, LPS administration significantly sup-
pressed activation of the AKT/GSK-3β/CRMP-2 path-
way in cultured hippocampal neurons, and 
dexmedetomidine re-activated this pathway, rescuing 
neurite development and defects in synaptic 
transmission.

Conclusions
We demonstrated that LPS-induced inhibition of neuronal 
outgrowth and synaptic transmission dysfunction in hippo-
campal neurons was prevented by dexmedetomidine via 
the regulation of the PI3K/AKT/GSK-3β signaling path-
way. This study provides a scientific basis for the clinical 
effects of dexmedetomidine, and could assist the clinical 
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application of dexmedetomidine for the treatment of 
POCD.
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dysfunction; TLR-4, Toll-like receptor 4.
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