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Background: Propofol is a commonly used general anesthetic for the induction and maintenance
of anesthesia and critical care sedation in children, which may add risk to poor neurodevel-
opmental outcome. We aimed to evaluate the effect of propofol toward primary hippocampal
neurons in vitro and the possibly neuroprotective effect of dexmedetomidine pretreatment, as
well as the underlying mechanism.

Materials and procedures: Primary hippocampal neurons were cultured for 8 days in vitro
and pretreated with or without dexmedetomidine or phosphorylation inhibitors prior to propofol
exposure. Cell viability was measured using cell counting kit-8 assays. Cell apoptosis was
evaluated using a transmission electron microscope and flow cytometry analyses. Levels
of mRNAs encoding signaling pathway intermediates were assessed using qRT-PCR. The
expression of signaling pathway intermediates and apoptosis-related proteins was determined
by Western blotting.

Results: Propofol significantly reduced cell viability, induced neuronal apoptosis, and down-
regulated the expression of the BDNF mRNA and the levels of the phospho-Erk1/2 (p-Erk1/2),
phospho-CREB (p-CREB), and BDNF proteins. The dexmedetomidine pretreatment increased
neuronal viability and alleviated propofol-induced neuronal apoptosis and rescued the propofol-
induced downregulation of both the BDNF mRNA and the levels of the p-Erk1/2, p-CREB,
and BDNF proteins. However, this neuroprotective effect was abolished by PD98059, H89,
and KG501, further preventing the dexmedetomidine pretreatment from rescuing the propofol-
induced downregulation of the BDNF mRNA and p-Erk1/2, p-CREB, and BDNF proteins.
Conclusion: Dexmedetomidine alleviates propofol-induced cytotoxicity toward primary
hippocampal neurons in vitro, which correlated with the activation of Erk1/2/CREB/BDNF
signaling pathways.

Keywords: hippocampus, propofol, dexmedetomidine, extracellular signal-regulated MAP
kinases, cyclic AMP response element-binding protein, brain-derived neurotrophic factor

Introduction

Substantial preclinical data suggest that general anesthesia drugs affect brain
development in young animals. More recently, increasing number of clinical research
have reported the potential neurotoxicity of anesthetics in infants and young children,
arousing widespread concern in the community.'™* Propofol is a commonly used
anesthetic for the induction and maintenance of anesthesia and critical care sedation
in children. Based on accumulating evidence, propofol may induce developmental
neurotoxicity, raising serious concerns regarding the use of propofol anesthesia in pedi-
atric patients.>”” Dexmedetomidine, a highly selective o2-adrenergic agonist, exerts a
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neuroprotective effect on propofol-induced neurotoxicity,*
but the associated mechanisms have not yet been fully
clarified. The neuroprotective effects of dexmedetomidine
are mediated by its binding to imidazoline I1 receptors and
modulating histone acetylation via Erk1/2 pathways.!"13
In addition, dexmedetomidine has been shown to preserve
neurological function by increasing the phosphorylation
of protein kinase B and cAMP response element-binding
protein (CREB) and subsequently upregulating the expres-
sion of the antiapoptotic factor Bcl-2 and BDNEF.!* Primary
rat hippocampal neurons were used in the present study to
evaluate the effect of propofol toward primary hippocampal
neurons in vitro and the possibly neuroprotective effect
of dexmedetomidine pretreatment, as well as the possible
involvement of Erk1/2/CREB/BDNF signaling pathways.

Materials and procedures

Hippocampal neuron culturing

The experimental procedure and protocols were approved
by the Animal Use and Care Committee of Guangxi
Medical University (No SCXK GUI 2004-0002) and were
performed in accordance with the Guideline for ethical
review of animal welfare (GB/T 35892-2018). Primary hip-
pocampal neurons were cultured with fetal rat hippocampi
from 16-18 days Sprague Dawley embryo according to a
previously described protocol,”® with slight modifications.
Briefly, Sprague Dawley rat pregnancy for 16—18 days, then
anesthetized with 1% isoflurane, the uterus was quickly
exposed and the fetal rats were removed to a sterile con-
tainer. The fetal rats were anesthetized and decapitated and
hippocampi were dissected in HBSS (Ca*" and Mg**-free)
under a stereo microscope in a sterile environment. The har-
vested hippocampi were treated with a 0.25% trypsin-EDTA
solution (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China, Cat#T1300) for 15 minutes at 37°C and
dissociated by repeated trituration through a fire-polished
glass pipette. The single cell suspension was seeded onto
poly-lysine-coated plates (Sigma-Aldrich Chemical Co.,
St Louis, MO, USA, Cat# P4832) at a density of 1-2x10°
cells/mL in plating medium containing 88% DMEM/F12
(Thermo Fisher Scientific Inc., Waltham, MA, USA, Cat#
11320082), 10% FBS (Gibco®; Thermo Fisher Scientific Inc.,
Cat#10099141), 1% glutamine (Sigma-Aldrich Chemical
Co., Cat# G7513) and 1% penicillin/streptomycin (Beijing
Solarbio Science & Technology Co., Cat# P1400) at 37°C
in a humidified atmosphere of 5% CO, and 95% room air.
Four hours after plating, the plating medium was changed to

serum-free maintenance medium, which is not conducive to
the growth and survival of glial cells," and thus the surviving
cell population was predominantly composed of neurons. The
maintenance medium consisted of 96% neurobasal medium
supplemented with 2% B27 (50%, Gibco®; Thermo Fisher
Scientific Inc., Cat# 21103049), 1% 200 mM glutamine
(100x%, Sigma-Aldrich Chemical Co., Cat# G7513) and 1%
penicillin/streptomycin (100x, Beijing Solarbio Science &
Technology Co., Cat# P1400), and half of the maintenance
medium was replaced twice every 7 days. All experiments
were performed at 8 days in vitro (DIV).

Immunocytochemistry

Hippocampal neurons (8 DIV) were identified with rab-
bit monoclonal antibody against neuron-specific enolase
(NSE) (Abcam, Cambridge, England, UK, Cat# ab79757).
Cells were plated on poly-lysine-coated coverslips and fixed
with 4% paraformaldehyde (Beijing Solarbio Science &
Technology Co.) for 10 minutes at room temperature. After
permeabilization with 0.1% Triton X-100 (Beijing Solarbio
Science & Technology Co.), cells were blocked with 5%
goat serum (Beijing Solarbio Science & Technology Co.)
for 10 minutes. Then, cells were incubated with a primary
antibody against NSE (dilution 1:200) overnight at 4°C, fol-
lowed by an incubation with a horseradish peroxidase-labeled
secondary antibody for 10 minutes at room temperature. The
immune reaction was visualized by incubating cells with the
chromogen 3,3’-diaminobenzidine. Cells were counterstained
with Gill-2 hematoxylin and then imaged using a Leica
(Wetzlar, Hessen, Germany) microscope.

Experiment groups and processing

The 8 DIV primary hippocampal neurons in different Petri
dishes were serially numbered and were assigned to nine groups
using a randomization table. Group C (control group), Group I
(intralipid vehicle group), Group DMSO (dimethyl sulfoxide
[DMSO] group), Group P (propofol group), Group D (dexme-
detomidine group), Group PD (dexmedetomidine + propofol
group), Group PDP (PD98059 + dexmedetomidine +
propofol group), Group HDP (H89 + dexmedetomidine +
propofol group), or Group KDP (KG501 + dexmedetomi-
dine + propofol group) (Figure 1). In Group C, the culture
medium was replaced with fresh maintenance medium. The
cells in Group PDP, HDP, and KDP were preincubated with
25 uM PD98059 (inhibitor of Erk1/2 phosphorylation),
10 uM H89 (inhibitor of CREB phosphorylation), and 25 uM
KG-501 (CREB inhibitor) for 30 minutes, respectively, and
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Figure | Experimental groups and processing.

Notes: Replace the culture medium in Group C with fresh maintenance medium. The cells in Group PDP, HDP, and KDP were preincubated with 25 uM PD98059 (inhibitor
of Erkl/2 phosphorylation), 10 uM H89 (inhibitor of CREB phosphorylation), and 25 ptM KG-501 (CREB inhibitor) for 30 minutes, respectively, and the cells in Group
DMSO were preincubated with 0.25% DMSO, which served as a vehicle control. Then, cells in Group PDP, HDP, and KDP were treated with 10 uM dexmedetomidine and
incubated for additional 30 minutes. Meanwhile, the cells in Group D and PD were pretreated with |0 tM dexmedetomidine for 30 minutes. Finally, the cells in Group P,
PD, PDP, HDP, and KDP were treated with 100 UM propofol and incubated at 37°C for 3 hours. The cells in Group | were exposed to intralipid vehicle, which also served

as a vehicle control.
Abbreviations: DMSO, dimethyl sulfoxide; 8 DIV, 8 days in vitro.

the cells in Group DMSO were preincubated with 0.25%
DMSO, which served as a vehicle control. Then, cells
in Group PDP, HDP, and KDP were treated with 10 uM
dexmedetomidine and incubated for additional 30 minutes.
Meanwhile, the cells in Group D and PD were pretreated
with 10 uM dexmedetomidine for 30 minutes. Finally, the
cells in Group P, PD, PDP, HDP, and KDP were incubated
with 100 uM propofol for 3 hours. The neuronal cell in
Group I was exposed to intralipid vehicle, which also served
as a vehicle control (Figure 1).

Neuronal cell viability was measured by cell counting
kit-8 (CCK-8), and neuronal cell death was analyzed by flow
cytometry (Annexin V/propidium iodide). The expression
of the Erki/2, CREB, and BDNF mRNAs was determined
using qRT-PCR. Additionally, we assessed the levels of total
and phosphorylated Erk1/2 and CREB proteins, the BDNF
protein, and the apoptosis-related proteins cleaved-caspase3,
Bcl-2, and Bax. Samples for detection in each group at least
repeated for three times, and each group has at least three
independent batch samples.

Neuronal cell viability evaluations

Neuronal cell viability was determined by CCK-8 (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan, Cat#
CKO04). One hundred microliters of suspended cells were
plated in a 96-well plate at a density of 5x10° cells/well and
preincubated for 7 days in a humidified incubator at 37°C
with 5% CO, atmosphere. After the experimental treatment,
the entire volume of culture medium was replaced with
200 pL of fresh maintenance medium, and 10 uL of CCK-8
solution were added to each well of the plate. Absorbance
at a 450 nm wavelength was detected by a microplate reader
(Thermo Fisher Scientific Inc.) after the 96-well plate was
incubated at 37°C for 2 hours.

Apoptosis evaluations

Transmission electron microscopy

Primary hippocampal neurons were treated as described
above, trypsinized, and collected by centrifugation at
1,000 rpm for 5 minutes. The collected neurons were
thoroughly fixed with 2.5% glutaraldehyde for 6 hours, rinsed
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with PBS (pH 7.4), dehydrated with increasing concentra-
tions of ethanol, embedded, sliced, and double stained with
uranyl acetate and lead citrate.'® Then, neuronal morphology
and apoptosis were observed using a HITACHI H-7650
transmission electron microscope.

Flow cytometry analysis

Neuronal cell was harvested, stained with Annexin V/
propidium iodide (BD Biosciences, Cat# 556547), and
analyzed by the FACSCalibur flow cytometer (BD Biosci-
ences). In present experiment, a nonstained control tube and
a single color tube were used to control the gate according
to the manufacturer’s constructions.

qRT-PCR

Total mRNA was extracted using RNAiso Plus (TaKaRa
Bio Inc., Tokyo, Japan, Cat# 9108) and was reverse-
transcribed into cDNA by PrimeScript™ RT reagent Kit
with gDNA Eraser (Perfect Real Time) (TaKaRa Bio Inc.,
Cat# RR047A). gPCR was performed with SYBR® Premix
Ex Tagq™ II (Tli RNaseH Plus) (TaKaRa Bio Inc., Cat#
RR820A). Primer sequences were as follows: MAPK3,
forward 5'-CTACACGCAGCTGCAGTACATC-3" and
reverse 5’-GTGCGCTGACAGTAGGTTTGA-3"; MAPKI1,
forward 5'-GCGTTGGTACAGAGCTCCAGAA-3" and
reverse 5’-TGCAGCCCACAGACCAAATATC-3"; CREB,
forward 5'-ACAGTTCAAGCCCAGCCACAG-3" and reverse
5-GCACTAAGGTTACAGTGGGAGCAGA-3"; BDNF, for-
ward 5-CAGCGCGAATGTGTTAGTGGTTA-3’ and reverse
5’-CAGTGGACAGCCACTTTGTTTCA-3’; and GAPDH,
forward 5-ACAGCAACAGGGTGGTGGAC-3" and reverse
5-TTTGAGGGTGCAGCGAACTT-3'. The qRT-PCR reac-
tion conditions were predenaturation at 95°C for 30 seconds and
PCR reaction at 95°C for 5 seconds and 60°C for 34 seconds
(Applied Biosystems 7500 Real-Time PCR System).

Western blotting

Neuronal cell was scraped off the dish and homogenized with
brief sonication in ice-cold lysis buffer (0.5 mL per 5x10° cells)
(Beijing Solarbio Science & Technology Co.). After brief cen-
trifugation at 12,000 rpm for 20 minutes to remove insoluble
tissues, the protein concentration of each homogenate was
determined using the BCA kit (Beijing Solarbio Science &
Technology Co.). Each cell lysate was added with loading
buffer (5%, Beijing Solarbio Science & Technology Co.) and
then boiled at 100°C for 5 minutes. Equal amounts of neuronal
cell lysate were separated on 12% SDS-PAGE gels (Beijing
Solarbio Science & Technology Co.) and immunoblotted

onto polyvinylidene fluoride membranes (0.22 wm; EMD
Millipore, Billerica, MA, USA). Membranes were blocked
with 5% BSA (Beijing Solarbio Science & Technology Co.)
for 1 hour and incubated overnight at 4°C with antibodies
against Erk1/2 (Cell Signaling Technology, Beverly, MA,
USA, Cat#4695S), p-Erkl/2 (Cell Signaling Technology,
Cat#43778S), CREB (Cell Signaling Technology, Cat#9197S),
p-CREB (Cell Signaling Technology, Cat#9198S), BDNF
(Abcam, Cat#ab108319), cleaved-caspase3 (Cell Signaling
Technology, Cat#9661), Bcl-2 (Abcam, Cat#ab196495), Bax
(Abcam, Cat#ab32503), or GAPDH (Proteintech, Chicago, IL,
USA, Cat#10494-1-AP) overnight. Membranes were rinsed
with tris buffered saline tween (TBST) (Beijing Solarbio Sci-
ence & Technology Co.) and then incubated with a fluorescent
dye-conjugated secondary antibody (LI-COR Biosciences,
Lincoln, NE, USA) for 3 hours. Images were acquired by
an Odyssey system (LI-COR Biosciences) after the mem-
branes were rinsed with TBST three times for 5 minutes each.

Statistical analysis

SPSS 22.0 (IBM Corporation, Armonk, NY, USA) and
GraphPad Prism 6.07 software (OriginLab, Northampton,
MA, USA) were used for statistical analyses. Student’s #-test
was used to compare two experimental groups and one-way
ANOVA was used to compare several treatments groups.
When appropriate, Bonferroni’s post hoc comparison test
was used. P-values <0.05 were considered as statistically
significant.

Results

Hippocampal neuron cultures

Changes in the morphology of primary hippocampal neu-
rons were recorded from 4 hours after plating to 9 DIV
(Figure 2). Additionally, primary hippocampal neurons
cultured for 8 DIV were subjected to identification and purity
analyses using immunocytochemistry with an NSE antibody.
Under the light microscope, the hippocampal neuronal cell
bodies, dendrites, and axons were stained brown, and the
purity of hippocampal neurons was 95.2%3.6% (Figure 3).

Dexmedetomidine alleviates propofol-
induced neuroapoptosis and promotes
neuronal survival

A significant increase in neuroapoptosis was observed under
the transmission electron microscope after hippocampal neu-
rons had been exposed to propofol (Figure 4A). CCK-8 assays
revealed that the treatment with 100 uM propofol markedly
reduced the neuronal viability by 32.71% compared with
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4 hours

Figure 2 Changes in the morphology of primary hippocampal neurons viewed under a light microscope.

Notes: (A) Four hours after plating, most of the hippocampal neurons were clearly adherent, and the cells were spherical, elliptical, or irregularly cone-shaped, surrounded
by obvious halos. Small dendrites of different lengths extended from some neurons, and connections were visible at the junctions. (B) After 24 hours, the cells were
completely adherent, and most of the cells extended three to four dendrites. The dendrites extended and began to produce small branches. The cell bodies were translucent,
showing a strong three dimensionality and refraction. (C, D) After 3-5 days, the hippocampal neurons exhibited various shapes, showing unipolar, bipolar, or multipolar
processes. The cell body was highly refractive and displayed pronounced halos. The dendrites had further elongated and thickened. The cell bodies began to aggregate, and
the dendrites connected to each other to form a sparse network. (E) After 7 days, the dendritic connections between hippocampal neurons were more closely linked, with
interwoven protrusions that constitute a rich and dense neural network. The aggregation of neuronal cell bodies was more obvious. (F) After the ninth day, neurons gradually
degenerated, the cell body shrunk, deformed and aggregated, the refractive index weakened, and the neural network became sparse.

Group C (Figure 4B). Furthermore, propofol significantly  the percentage of apoptotic cells (Figure 4C and D), increased
increased the percentage of apoptotic cells (Figure 4C and D),  the Bcl-2/Bax ratio, and decreased the level of the cleaved-
increased the expression of the cleaved-caspase3 protein, caspase3 protein in hippocampal neurons (Figure 4E-I).

and decreased the Bcl-2/Bax ratio in hippocampal neurons .
(Figure 4E-1). Whereas fewer neuroapoptosis was observed Dexmedetomidine rescues the pl"OpOf0|-

after dexmedetomidine pretreatment than in Group P induced down f'egU|ati0n of P-El"k 1/2,
(Figure 4A). Compared with neurons exposed to propofol, p-C REB, and BDNF

dexmedetomidine remarkably promoted neuronal viability =~ Propofol has been reported to induce significant alterations
(Figure 4B). Moreover, dexmedetomidine notably reduced  in the levels of neurotrophins and their receptors, as well as

A

Figure 3 Primary hippocampal neurons (8 DIV) were identified by anti-NSE immunocytochemical staining, and a purity analysis was performed.

Notes: (A, B) Under the light microscope, the hippocampal neuronal cell bodies, dendrites, and axons were stained brown, and the axons and dendrites formed synaptic
connections between the cells in a reticular pattern. Nuclei were stained blue with DAPI. Thus, rat hippocampal neuronal cells were successfully cultured in vitro. The
proportion of NSE-positive hippocampal neurons among the total number of cells in the visual field was counted in 10 fields of view. The purity of hippocampal neurons was
95.2%+3.6% (n=10 filed).

Abbreviation: 8 DIV, 8 days in vitro.
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Figure 4 Dexmedetomidine attenuated propofol-induced apoptosis and increased neuronal viability.

Notes: (A) The neurons displayed vacuolar degeneration, chromatin margination, cell shrinkage, and a large number of apoptotic bodies after propofol exposure. Pretreatment
with 10 UM dexmedetomidine significantly alleviated the propofol-induced neuroapoptosis, with fewer degenerating vacuoles and apoptotic bodies observed under transmission
electron microscope (TEM). (B) Propofol exposure significantly reduced the neuronal viability by 32.71% compared with Group C. Dexmedetomidine remarkably increased
neuronal viability by 20.85% compared with cells exposed to propofol without the dexmedetomidine pretreatment (one-way ANOVA, *P<<0.001, n=18). (C, D) Propofol
markedly increased the percentage of apoptotic neurons compared with Group C (one-way ANOVA, *P<<0.001, n=3). Dexmedetomidine pretreatment significantly rescued
neurons from propofol-induced apoptosis (one-way ANOVA, *P<<0.001 in comparing with Group P, n=3). (E-l) Propofol exposure significantly increased the levels of the
cleaved-caspase3 protein and decreased the Bcl-2/Bax ratio (one-way ANOVA, *P<<0.001 in comparing with Group C, n=9). The dexmedetomidine pretreatment evidently
increased the Bcl-2/Bax ratio and decreased the levels of the cleaved-caspase3 protein in hippocampal neurons (one-way ANOVA, *P<<0.001 in comparing with Group P, n=9).
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downstream effector kinases, which might occur through
Akt/Erk signaling pathways,!” after 14-day-old Wistar rats
were exposed to a single propofol dose of 25 mg/kg. In the
present study, we proposed that Erk1/2 and its related down-
stream signaling pathways play a role in propofol-induced
cytotoxicity. Therefore, we evaluated the effect of propofol
on the expression of Erk1/2, p-Erk1/2, CREB, p-CREB, and
BDNF in hippocampal neurons. The levels of the Erk1/2,
p-Erk1/2, CREB, p-CREB, and BDNF proteins and the levels
of Erkl/2, CREB, and BDNF mRNAs were determined by
Western blotting and qRT-PCR, respectively. Compared with
Group C, propofol markedly downregulated the expression
of the BDNF mRNA (Figure 5A), but the expression of the
Erk1/2 and CREB mRNAs and proteins was not significantly
altered (Figures 5A and 6B—E). However, propofol reduced
the levels of the p-Erk1/2, p-CREB, and BDNF proteins
compared with the cells in Group C (Figure 6B-E).
Dexmedetomidine exerts its neuroprotective effect by
binding to imidazoline I1 receptors and modulating histone
H3 acetylation in dopaminergic neurons in the striatum via
the Erk1/2 signaling pathways.!!'"3 In the present study,
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pretreatment with dexmedetomidine evidently rescued the
propofol-induced downregulation of both the BDNF mRNA
(Figure 5B) and reduced levels of the p-Erk1/2, p-CREB, and
BDNF proteins (Figure 6B-E). No notable difference was
observed in the expression of the Erk1/2 and CREB mRNAs
and proteins (Figures 5B and 6B-E) in cells pretreated with
or without dexmedetomidine.

The protective effect of dexmedetomidine
is partially abolished by inhibitors of

p-Erk1/2, p-CREB, and CREB

Primary hippocampal neurons in Group PDP, HDP, and
KDP were preincubated with PD98059, H89, and KG501,
respectively, before pretreatment with dexmedetomidine.
The inhibitors weakened the protective effect of dexme-
detomidine on propofol-induced neurotoxicity and apoptosis
(Figure 7C and D), leading to a significant increase in the
number of apoptotic bodies (Figure 7A) and reduction in
neuronal viability (Figure 7B), as well as the upregulation
of the cleaved-caspase3 and Bax proteins (Figure 7E-I).
Furthermore, phosphorylation inhibitors prevented the
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Figure 5 Levels of the Erk//2, CREB, and BDNF mRNAs in primary hippocampal neurons exposed to propofol with or without pretreatment with dexmedetomidine and

with inhibitors.

Notes: (A) Propofol markedly downregulated the expression of the BDNF mRNA (one-way ANOVA, *P<<0.001 in comparing with Group C, n=9). The expression of the
BDNF mRNA was notably upregulated by pretreatment with 10 UM dexmedetomidine for 30 minutes (one-way ANOVA, *P<<0.001 in comparing with Group P, n=9) (B) and
was then significantly downregulated by preincubation with inhibitors 30 minutes prior to dexmedetomidine pretreatment (one-way ANOVA, *P<<0.001 in comparing with
Group PD, n=9) (C). No significant differences were observed in the expression of the Erk//2 and CREB mRNAs between groups (one-way ANOVA, P>0.05 in comparing

with Group C, P, or PD, n=9).
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Figure 6 Levels of the Erkl/2, p-Erkl/2, CREB, p-CREB, and BDNF proteins in primary hippocampal neurons exposed to propofol following pretreatment with or without
dexmedetomidine as well as inhibitors.

Notes: (A) ERK-activated RSK phosphorylates the transcription factor CREB at serine 133 (Ser-133), which promotes the recruitment of the coactivators CBP and p300 and
strongly enhances CREB-dependent transcription. Additionally, the PKA complex is composed of two catalytic and two regulatory subunits; the dissociated catalytic subunits
are active and capable of activating CREB by phosphorylating it at Ser-133. The phosphorylation of CREB at Ser-133 (p-CREB) regulates the transcription of pro-survival
factors, including BDNF and Bcl-2. (B-E) Propofol significantly decreased levels of the p-Erk1/2, p-CREB, and BDNF proteins compared with Group C (one-way ANOVA,
*P<0.001, n=9). Pretreatment with dexmedetomidine evidently rescued the propofol-induced decrease in levels of the p-Erkl/2, p-CREB, and BDNF proteins (one-way
ANOVA, *P<<0.001 in comparing with Group P, n=9). The inhibitors prevented the dexmedetomidine pretreatment from rescuing the propofol-induced decrease in levels

of the p-Erk1/2, p-CREB, and BDNF proteins (one-way ANOVA, *P<<0.001 in comparing with Group PD, n=9).

Abbreviation: DMSO, dimethyl sulfoxide.

dexmedetomidine pretreatment from rescuing the propofol-
induced downregulation of the BDNF mRNA (Figure 5C),
decreased levels of the p-Erk1/2, p-CREB, and BDNF
proteins (Figure 6B-E), and the reduced Bcl-2/Bax ratio
(Figure 7E-I).

Discussion

The present study used primary hippocampal neurons to
evaluate the neuroprotective effect of dexmedetomidine
on propofol-induced neuroapoptosis in vitro. The 100 uM
propofol treatment markedly reduced neuronal viability,
triggered neuroapoptosis, and downregulated the levels
of p-Erk1/2, p-CREB, and BDNF. Preincubation of hip-
pocampal neurons with 10 uM dexmedetomidine before

propofol exposure significantly alleviated the propofol-
induced neuroapoptosis and decrease in neuronal viability
and upregulated the levels of p-Erk1/2, p-CREB, and
BDNF. However, the protective effect of dexmedetomidine
was eliminated by pretreatment with PD98059, H89, and
KG501 prior to dexmedetomidine exposure. Thus, dexme-
detomidine rescued propofol-induced neuroapoptosis in
primary hippocampal neurons, which was related to upregu-
lated levels of p-Erk1/2, p-CREB, and BDNF.

To date, compelling evidence from basic research, includ-
ing studies of developing rodents,'® nonhuman primates,"
human stem cell-derived neurons,? and preclinical studies,>
has raised serious concerns about the neurotoxicity of pro-
pofol and subsequent development of potential cognitive
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Figure 7 The neuroprotective effect of dexmedetomidine was partially abolished by PD98059, H89, and KG501.

Notes: (A) Primary hippocampal neurons were preincubated with 25 uM PD98059, 10 uM H89, or 25 uM KG501I for 30 minutes before pretreatment with 10 uM
dexmedetomidine. Compared with Group PD, preincubation with inhibitors significantly abolished the neuroprotective effects of dexmedetomidine, with more degenerating
vacuoles and apoptotic bodies observed in propofol-treated neurons under the TEM compared with Group PD. In addition, inhibitors markedly reduced the neuronal viability
(one-way ANOVA, *P<<0.001 in comparing with Group PD, n=18) (B) and increased the percentage of apoptotic hippocampal neurons (one-way ANOVA, *P<<0.001 in
comparing with Group PD, n=3) (C, D). (E-I) Preincubation with inhibitors significantly increased the level of the cleaved-caspase3 protein and reduced the Bcl-2/Bax ratio
in hippocampal neurons (one-way ANOVA, *P<<0.001 in comparing with Group PD, n=9).

Abbreviation: TEM, transmission electron microscope.
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impairments. In the present study, primary hippocampal
neurons at 7-8 DIV served as a model of developing brain and
are extremely sensitive to general anesthetics. Incubated with
100 uM propofol for 3 hours is sufficient enough to induce
significant neuronal apoptosis in the neonatal brain,?'? thus
establishing the developmental brain injury model. Propofol
exposure remarkably reduced viability and increased the
neuroapoptosis, as indicated by CCK-8 assays, transmis-
sion electron microscopy, flow cytometry, and Western
blot analyses, indicating that the developmental brain injury
model was successfully established. Meantime, these results
further validated previous reports revealing the neurotoxicity
of propofol in vivo® and vitro.?*

Dexmedetomidine has been reported to alleviate
propofol-induced neuroapoptosis in the neonatal brain,*>?>%"
but the underlying mechanism remains unclear. This study
reassessed the protective effect of dexmedetomidine on the
established propofol-induced developmental brain injury
model in vitro. According to previous studies,? 0.1-100 uM
dexmedetomidine attenuates cortical neuron apoptosis
induced by either wortmannin or staurosporine in vitro in a
dose-dependent manner. However, in the study by Lauden-
bach et al,”® dexmedetomidine concentrations greater than
10 uM provided less protection than lower concentrations.
Therefore, we chose to pretreat primary hippocampal neurons
with 10 uM dexmedetomidine prior to exposure to propofol
based on the effective dose of dexmedetomidine and the
possible neurotoxicity of high concentrations. An evident
increase in neuronal cell viability and a reduction in neuro-
nal cell apoptosis were observed in neurons that had been
pretreated with 10 UM dexmedetomidine, as revealed by
electron microscopy, CCK-8 assays, flow cytometry analysis,
and Western blotting. Additionally, dexmedetomidine did
not reduce neuronal viability and survival at this concentra-
tion, suggesting that 10 uM dexmedetomidine effectively
attenuated the neurotoxic effect of propofol on primary hip-
pocampal neurons without producing additional deleterious
effects. As shown in other in vivo studies, high dexmedeto-
midine concentrations completely alleviate propofol-induced
neurotoxicity,'?” but these studies lacked an investigation
of the potential neurotoxicity of high dexmedetomidine
concentrations.?® Moreover, high dexmedetomidine con-
centrations failed to attenuate isoflurane-induced cortical
neuron injury in one study.?® This difference may be due
to differences in experimental methods and agent-specific
neurotoxicity in these studies.

Although the neuroprotective effects of dexmedetomidine
on different neural injury models have been elucidated,''*

the underlying mechanism remains incompletely understood.
Previous studies reported that the protective effects of dexme-
detomidine pretreatment are associated with the activation of
o,,-adrenergic receptors,” INK, P38 MAPK ,* PKC, and the
phosphoinositide 3-kinase/Akt pathways.?>*° More recently,
dexmedetomidine was reported to exert its neuroprotective
effects partially by binding to imidazoline I1 receptors and
modulating histone acetylation via Erk1/2 pathways.!!:2
CREB is a transcription factor downstream of both Akt and
Erk1/2 signaling pathways,*' and its transcriptional products
are mainly pro-survival factors such as BDNF and Bcl-2.
The cascade activation of CREB regulates survival, differ-
entiation, synaptic plasticity, and memory maintenance.’>*
Pretreatment with dexmedetomidine was recently shown
to preserve neurological function and attenuate neuronal
injury following thoracic aortic occlusion in mice, which
was associated with an increase in the phosphorylation of
protein kinase B and CREB and the subsequent increases in
the levels of the antiapoptotic protein Bcl-2 and BDNF. 1434
In addition, neurotrophic factors and BDNF are involved in
isoflurane- and propofol-induced reductions in synapse den-
sity in the developing hippocampus.*® However, researchers
have not yet completely elucidated whether Erk1/2/CREB/
BDNF pathways are involved in the neuroprotective effects
of dexmedetomidine on propofol-induced neurotoxicity.
Erk-activated RSK phosphorylates the transcription fac-
tor CREB at serine 133 (Ser-133), which allows recruitment
of the coactivators, CREB-binding protein (CBP), and p300
and strongly enhances CREB-dependent transcription. Addi-
tionally, the PKA complex is composed of two catalytic and
two regulatory subunits; the dissociated catalytic subunits are
active and capable of activating CREB by phosphorylating it
at Ser-133. Phosphorylation of CREB at Ser-133 (p-CREB)
triggers the recruitment of the coactivator CBP and regulates
the transcription of pro-survival factors such as BDNF and
Bcl-2 (Figure 6A). In present study, we detected the levels
of Erk1/2, p-Erk1/2, CREB, p-CREB, and BDNF following
propofol administration in cells pretreated with or without
dexmedetomidine. Additionally, PD98059, H89, and KG501
were administered to further determine the roles of Erk1/2/
CREB/BDNF pathways in the protective effects of dexme-
detomidine on propofol-induced neuroapoptosis. Notably,
100 uM propofol markedly downregulated the expression
of the BDNF mRNA and levels of the p-Erk1/2, p-CREB,
Bcl-2, and BDNF proteins. After pretreatment with 10 uM
dexmedetomidine for 30 minutes, dexmedetomidine evi-
dently rescued the propofol-induced downregulation of both
the BDNF mRNA and the levels of the p-Erk1/2, p-CREB,
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Bcl-2, and BDNF proteins. However, the neuroprotective
effects of dexmedetomidine were abolished by the adminis-
tration of a p-Erk1/2 inhibitor (PD98059, 25 uM), p-CREB
inhibitor (H89, 10 uM), and CREB inhibitor (KG501, 25 uM)
30 minutes prior to dexmedetomidine pretreatment, leading
to significant increase in neuroapoptosis and a reduction in
neuronal cell viability and the Bcl-2/Bax ratio, as well as
increased levels of the cleaved-caspase3 protein. Further-
more, inhibitors prevented the dexmedetomidine pretreat-
ment from rescuing the propofol-induced downregulation
of the mRNA of BDNF, and the protein expression of
p-Erk1/2, p-CREB, BDNF, and Bcl-2 revealed by qRT-PCR
and Western blotting analyses, respectively. These findings
indicated that propofol-induced neuroapoptosis was partially
associated with the inhibition of Erk1/2/CREB/BDNF path-
ways, whereas dexmedetomidine could activate the Erk1/2/
CREB/BDNF pathways, thus providing a neuroprotective
effect on propofol-induced neurotoxicity.

Conclusion

Our study illustrated that dexmedetomidine alleviated
propofol-induced cytotoxic effect on primary hippocampal
neurons in vitro, which might be partially correlated with
the activation of Erk1/2/CREB /BDNF signaling pathways.
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