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Background: The aim of the present study was to verify whether propofol impaired learning and memory through
the interplay of N-methyl-D-aspartate (NMDA) receptor with brain-derived neurotrophic factor (BDNF)-tyrosine

kinase B (TrkB) signaling pathway.

Methods: 120 Sprague-Dawley (SD) rats were randomly assigned into eight groups. Experimental drugs including
saline, intralipid, propofol, N-methyl-D-aspartate (NMDA), 7,8-dihydroxyflavone (7,8-DHF), K252a and MK-801. Spatial
learning and memory of rats were tested by the Morris water maze (MWM) test. The mRNA and protein expression
were determined by immunohistochemistry, RT-PCR and western blot. Finally, hippocampus cells proliferation and

apoptosis were examined by PCNA immunohistochemistry and TUNEL respectively.

Results: The memory and learning was diminished in the propofol exposure group, however, the impaired
memory and learning of rats were improved with the addition of NMDA and 7,8-DHF, while the improvement of
memory and learning of rats were reversed with the addition of K252a and MK-801. In addition, the mRNA and
protein expression levels and hippocampus cells proliferation were the same trend with the results of the MWM

test, while apoptosis in hippocampus was reversed.

Conclusion: The propofol can impair memory and learning of rats and induce cognition dysfunction through the
interplay of NMDA receptor and BDNF-TrkB-CREB signaling pathway.
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Background

General anesthesia is the most common procedure for
surgery, particularly in children [1]. Previous studies sug-
gested that anesthetic exposure can lead to neurotoxicity
in the developing brain [2, 3]. Similarly, children exposed
to anesthetics have been reported to exhibit a higher inci-
dence of learning deficits [4]. The effects of general
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anesthesia on the developmental brain have drawn much
attention from society. Propofol is a commonly used intra-
venous anesthetic, which is widely used in pediatric
anesthesia [5]. However, a large number of cell experi-
ments and animal studies have found that propofol can
lead to cerebral neuronal apoptosis during development,
and cause developmental abnormalities such as long-term
learning and memory [6-8]. In addition, there are clinical
reports of propofol-induced neurological dysfunction and
behavioral abnormalities in children [9, 10]. Therefore,
looking for safe and effective measures to prevent propo-
fol-induced developmental brain damage has become a
problem to be solved. Learning and memory is a very com-
plex process, and the molecular and cellular mechanisms
are still unclear. It has been known that learning and
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memory primary happens in the hippocampus [11]. Long-
term potentiation (LTP), one of several phenomena under-
lying synaptic plasticity, is generally considered to be one of
the primary cellular mechanisms involved in hippocampus-
dependent learning and memory [12, 13]. However, activa-
tion of N-methyl-D-aspartate (NMDA) receptors at many
excitatory synapses is required for activity-dependent in-
duction of LTP [14], a cellular substrate for learning and
memory. NMDA receptors can regulate glutamate secre-
tion through elevating presynaptic Ca>* signals [15], and
subsequent the activation of CaM Kinase II, IV and MAPK
following LTP induction conditions [16, 17]. Afterwards,
CaM kinase IV and MAPK promote phosphorylation of
CREB by co-stimulating gene expression, and then play a
role in the LTP [18].

Brain-derived neurotrophic factor (BDNF), a cognate
ligand for the tyrosine kinase receptor B (TrkB) receptor,
is mainly synthesized by the brain and is distributed
throughout the central nervous system, especially the
hippocampus and cerebral cortex [19]. BDNF plays an
important role in the neuronal survival, differentiation,
synaptic plasticity and neurogenesis [20]. Mizuno et al.
have determined that the acquisition of learning and
memory is involved in an increase in BDNF mRNA ex-
pression in hippocampus [21]. Rats with BDNF defects
showed impairments both in hippocampus-dependent
learning and memory and hippocampus LTP [22].

At present, propofol is one of the most frequently used
intravenous general anesthetics and is also used for
pediatric anesthesia [23]. Some animal experiments have
indicated that propofol anesthesia could induce neuronal
apoptosis in hippocampus as well as cognitive deficits
[24]. It is also reported that the damage of cognitive
function caused by propofol in elderly patients [25].
However, the exact mechanism for the effects of propo-
fol on cognitive function still needs further clarification.

In previous study, it can be found that propofol expos-
ure impaired learning and memory of rats by disturbing
the BDNEF-TrkB signaling pathway [26], meanwhile,
axonal NMDA receptors play a significant role in LTP
induction by triggering activity-induced presynaptic se-
cretion of BDNF [27]. Thereby, in our study, we aim to
verify whether the interplay of BDNF-TrkB with NMDA
receptor is involved in the propofol-induced cognition
dysfunction in Hippocampus.

Methods

Management of experimental animals

120 Sprague-Dawley (SD) rats (Laboratory Animal Unit,
Zhengzhou university, China), weighing 14+2 g and
7 days of age were used in this study. The rats were
weight-matched and then randomly assigned into eight
groups (n=15): control group (NS group) rats were
intraperiotoneally administered with 100 mg/kg saline;
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intralipid group (I group) were given equal volumes of
10% intralipid; the other six groups: P group, PN group,
PD group, PND group, PNK group and PMD group
were intraperitoneally injected respectively with saline,
NMDA, TrkB agonist 7,8-dihydroxyflavone (7,8-DHF),
NMDA combination with 7,8-DHF, NMDA combination
with TrkB antagonist K252a and NMDA receptor antag-
onist MK-801 combination with 7,8-DHF every day be-
fore 90 mg / kg of propofol was administered [28]. All
experimental procedures in this study were approved by
the Ethics Committee of The Second Affiliated Hospital
of Zhengzhou University.

Determination of cognitive function

Six rats of each group were selected randomly and
raised to 40 days of age. Spatial learning and memory
of them were tested by the MWM test. At the start
of trial, each rat was gently put into the pool which
filled with water at 24+ 1 °C, facing the wall, at one
of three randomized start positions, and then rat was
allowed to escape onto the platform. The maze is
placed in a room with a number of extra-maze cues
and lights dimmed on the walls that the rat can use
to navigate the maze. Rats were given two times per
day for five consecutive days of training in the Morris
water maze. The time to find the platform for the rat
(which indicated learning ability) was recorded as the
escape latency. The rat was allowed 60 s to escape
onto the platform; if the rat failed to find the plat-
form within 2 min, it was guided to the platform and
remained there for 10 s. At the end of each trial, rats
were towel-dried, returned to its cage for approxi-
mately 15-20 min before its next trial. On day 7, the
platform was removed; a reversal test was performed
for 5 trials for the rats, followed by a probe trial for
120 s, in order to evaluate the capacity of the rats to
relearn a new platform location. Performance was re-
corded and analyzed with a video connected to a
computer, which allows measurements of latency of
finding the platform, path length and swimming
speed, as well as information on number of platform-
crossings and time spent in the target quadrant
(where the platform had been previously located) dur-
ing the probe trials. The mean value of the latencies,
target quadrant times or platform-crossing times of
the rats were calculated as the final results [29].

Expression of NMDA receptor, proBDNF, mBDNF, TrkB,
ERK1 and CREB in hippocampus

Rats were anaesthetized and killed by cervical disloca-
tion after the MWM test. Hippocampus tissues were
harvested and divided into several sections, afterwards,
immersed in 4% paraformaldehyde for immunohisto-
chemistry or stored at — 80 °C for RT-PCR and western
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blot analyses. A part of hippocampus tissues were em-
bedded in paraffin, and cut into 5 um thickness serial
sections [26]. After deparaffinization, rehydration and
antigen retrieval, tissue sections were incubated with the
rabbit polyclonal anti-NMDA receptor (NMDAR) anti-
body (PA1222, BosterBio) and rabbit polyclonal anti-
BDNF antibody (D121057, Sangon Biotech, China) at
37 °C for 1 h. After cultured with the relevant secondary
antibody, the results were observed by an optical micro-
scope. The mRNA expression of NMDA receptor,
proBDNEF, mBDNEF, TrkB, ERK1 and CREB were deter-
mined by RT-PCR. Total RNA was extracted from another
part of hippocampus tissues with the TRIzol kit (Takara).
¢DNA synthesis was completed according to the manufac-
turer’s instructions and Real-time PCR was conducted by
using the SYBR Green PCR Kit. Total protein lysates were
prepared by the other part of homogenizing hippocampal
tissues in lysis buffer (Thermo Scientific, USA). The
protein expression and phosphorylation of NMDA recep-
tor, proBDNE, mBDNEF, TrkB, ERK1 and CREB were deter-
mined by Western blot using specific monoclonal
antibodies as follows: rabbit anti-NMDAR (PA1222, Bos-
terBio), rabbit anti-p-NMDAR (ABN99, Millipore), mouse
anti-proBDNF  (sc-65,514, Santa Cruz), rabbit anti-
mBDNF (D160119, Sangon Biotech, China), rabbit anti-
TrkB (ab18987, Abcam), rabbit anti-p-TrkB (ABN1381,
Millipore), rabbit anti-CREB (ab32515, Abacm), rabbit
anti-p-CREB (ab32096, Abcam).

Determination of hippocampus cells proliferation and
apoptosis

The hippocampus cells proliferation were performed
by PCNA immunohistochemistry, in brief, tissue sec-
tions were incubated with PCNA mouse monoclonal
antibody (0.2 pg/ml, AF0261, Beyotime, China) for
45 min and the results were observed by an optical
microscope [30]. Meanwhile, hippocampus tissue sec-
tions were incubated with TUNEL reagent (Roche,
Germany) for 60 min at 37 °C, and then stained with
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Hoechst 33,258 (1 pg/ml, Sigma-Aldrich, USA) for
20 min [31]. Afterward, the tissue sections were
mounted with mounting medium (Applygen Tech-
nologies Inc., China) and visualized under a confocal
microscope. Five visual fields were randomly selected,
and the percentage of positive hippocampal cells was
calculated as the apoptosis index.

Results

The ameliorating effects of NMDA and DHF in impaired
learning and memory of rats

Spatial learning and memory of the rats was tested with
MWM analysis 6 h after drug treatment. Results re-
vealed that compared to the control group, there was no
significant difference of learning and memory in the 10%
intralipid group (I group). This is consistent with previ-
ous reports [26]. Compared to the NS group, the rats in
the propofol exposure group (P group) had increased la-
tencies to find the hidden platform but had shorter
platform-crossing times and shorter target travelling
time. These results suggest that exposure to propofol
impairs learning and memory in rats. Interestingly, the
results showed that the deficits were improved in the
PN, PD and PND group in comparison with those in the
P group, while the learning and memory in the PND
group was better than those in the PN and PD group.
These results indicate that the NMDA receptor agonist
NMDA and TrkB agonist 7,8-DHF can obviously im-
prove the impaired learning and memory induced by
propofol but cannot completely reverse these impair-
ments. Additionally, compared with PN group, the im-
provement effect of the PNK group was inhibited;
similarly, the improvement effect of the PMD group was
inhibited in comparison with PD group. All these results
indicated that the NMDA and DHF could ameliorate
impaired learning and memory of rats, besides, the inter-
action of BDNF-TrkB and NMDA receptor might have
effects on cognitive function (Fig. 1).
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The expression of NMDAR and BDNF in
immunohistochemistry

To determine whether NMDA receptor and BDNF are
involved in the learning and memory impairments ob-
served following rats propofol exposure, the protein
levels of NMDA receptor, and BDNF in hippocampus
tissues of the rats were detected. Immunohistochemistry
staining showed that there were no significant difference
between PN group and PD group. PNK and PMD group
also showed a similar effect. However, NMDA receptor
and BDNF were expressed abundantly both in the nu-
cleus and cytoplasm in the PND group in hippocampus.
Specifically, the protein levels of NMDA receptor and
BDNF in the P group were significant less than those in
the NS group, while up-regulated expression of NMDAR
and BDNF in the PN, PD and PND group compared to
P group. Among them, the PND group had the highest
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expression level. What's more, the improvement effects
of the PNK or PMD group were inhibited compared to
PN or PD group. These results suggest that the observed
impairments in learning and memory may be related to
the decreased protein levels of NMDAR and BDNF.

Expression of NMDAR, proBDNF, mBDNF, TrkB, ERK1 and
CREB

As shown in Fig. 2B, the mRNA levels of NMDAR,
mBDNF and TrkB were lower in the P group than those
in the NS group, while the level of proBDNF was up-
regulated in the P group compared to NS group. These
results reveal that the NMDAR agonist and TrkB agonist
(NMDA and 7,8-DHF) can reverse the down-regulation
of NMDAR, BDNF and TrkB caused by propofol expos-
ure but cannot alleviate the impaired effects completely.
As showed in Fig. 2C-F, the trend of protein expression
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Fig. 2 Immunohistochemical staining revealed that the protein levels of NMDAR and BDNF in hippocampus tissue. A. NMDAR and BDNF were
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was similar to the mRNA expression, suggesting that
down-regulated mRNA expression is involved in the de-
crease of protein abundance induced by propofol expos-
ure. Interestingly, the phosphorylation levels of NMDA
receptor, TrkB, ERK1 and CREB in the PND group were
higher than those in the other group, while the phos-
phorylation levels in the P group were lowest. These
suggested that NMDAR and BDNF-TrkB might be in-
volved in the cognition through the BDNF-ERK1-CREB
signaling pathway.

Hippocampus cells proliferation and apoptosis

To further verify whether the NMDAR and BDNF-TrkB
signaling pathway are involved in cognition (learning and
memory), PCNA immunohistochemistry and TUNEL
were performed. The results shown in Fig. 3, compared to
the NS group, the hippocampus cells proliferation were
obviously decreased in the P group, and compared to the
PN and PD group, the hippocampus cells proliferation
were significantly increased in the PND group. However,
apoptosis in hippocampus were increased in the P group
in comparison with NS group while decreased in the PND
group in comparison with compared to PN and PD group.
These results confirm that the learning and memory
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impairments induced by propofol exposure correlate with
the interplay of NMDAR and BDNEF-TrkB signaling
pathway.

Discussion

It is known that the most frequently used general anes-
thetics have either NMDA receptor blocking or y-
aminobutyric acid (GABA) receptor activating properties
in regulating neurodegeneration and cognition dys-
function in the developing brain. In particular, many intra-
venous anesthetics as well as inhalational volatile
anesthetics promote inhibitory neurotransmission by en-
hancing GABA-induced currents in neuronal tissue. For
this reason, they are often referred to as GABAergic
agents [32]. Propofol has been proved to be a more appro-
priate anaesthetic by enhancing GABAergic transmission
[33]. Previous studies also have shown that propofol may
also block NMDA receptor via an inhibitory effect on
NR1 subunit phosphorylation in neurons [34]. Another
experiment in cultured hippocampal neurones showed
that propofol causes a reversible inhibition of NMDA
receptors through reducing the frequency of NMDA-
activated single channel openings [35]. Propofol may
impair learning and memory by preventing synaptic
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plasticity (especially LTP) [36], and by inhibiting NMDA
and AMPA receptors [37], as well as by inhibiting 5-HT
receptors [38] and nicotinic acetylcholine [39]. Some stud-
ies have indicated that propofol may facilitate the main-
tenance of LTD in the hippocampus [36]. Together, these
researches suggest that propofol can impair learning and
memory by affecting the expression of multiple genes and
altering proteins interactions. Brain derived neurotrophic
factor (BDNF) was first researched by German neuro-
biologist Barde in 1982 [40]. BDNF promotes Tyrosine
kinase autophosphorylation and dimerization by binding
to the Tyrosine kinase B (TrkB) receptor and activating
intracellular signal transduction pathways. BDNF also
plays a vital role in regulating the plasticity of synapses
through activating TrkB receptor [19, 20]. Some reports
showed that activation of NMDA receptor in postsynaptic
dendrites is required for long-term potentiation (LTP) of
many excitatory synapses [14], besides, axonal NMDA re-
ceptor play an important role in LTP induction at corticos-
triatal synapses by triggering activity-induced presynaptic
secretion of BDNF [27]. In the rats experiment, the results
showed that the learning and memory was diminished in
the propofol exposure group. However, with the addition of
NMDA and 7,8-DHF (NMDA receptor agonist and TrkB
agonist), the inhibition of learning and memory of rats were
improved, suggesting that the NMDA receptor and BDNF-
TrkB signaling pathway may play a significant role in
propofol-induced learning and memory impairment.

Moreover, it can be seen that the protein expression
levels of NMDA receptor and BDNF were lower in the
propofol exposure group than control group in hippocam-
pus by immunohistochemistry, meanwhile, the mRNA
and protein expression levels of NMDA receptor, mBDNF
and TrkB were the same trend in the P group. However,
NMDA receptor and TrkB agonists could reverse the in-
hibition. These verified the previous point that the inter-
play of BDNF-TrkB with NMDA receptor was involved in
the propofol-induced cognition dysfunction in hippocam-
pus. Additionally, the results showed that phosphorylation
levels of NMDA receptor, TrkB, ERK1 and CREB were
lower in the P group while up-regulated in the PND group
with addition of NMDA receptor and TrkB agonists, sug-
gesting the propofol may impair learning and memory of
rats through inhibiting NMDA receptor and BDNF-TrkB
signaling pathway. Sung W et al. said that TrkB receptors
can activate the downstream signaling cascade by binds
with high affinity to TrkB agonist 7,8-DHF [41], thereby
improving learning and memory.

It has been found that presynaptic NMDA receptors
are found in various brain tissues, it can regulate
glutamate release and trigger presynaptic BDNF sec-
retion via elevating presynaptic Ca®* signals [42-45].
TrkB, a cognate receptor for the BDNF, mediates ne-
uronal differentiation, survival, synaptic plasticity, and
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neurogenesis [46]. However, 7,8-DHF as a bioactive high-
affinity TrkB agonist that provokes receptor dimerization
and autophosphorylation and protected neurons from
apoptosis by regulating downstream signaling including
PI3K/Akt [47] and MAPK [48], Erk1/2 and ERKB [41].
Interestingly, in our study, it can be found that phosphor-
ylation levels of ERK1 and CREB were down-regulated,
the hippocampus cells proliferation were decreased and
apoptosis were increased in the P group, indicating that
the propofol impair learning and memory of rats via inhi-
biting BDNF-TrkB-CREB signaling pathway.

Conclusion

Consequently, the propofol can impair memory and learn-
ing of rats and induce cognition dysfunction through the
interplay of NMDA receptor and BDNF-TrkB-CREB sig-
naling pathway.

Abbreviations

7,8-DHF: 7,8-dihydroxyflavone; AMPA: a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; BDNF: Brain-derived neurotrophic factor;

CREB: cAMP-response element binding protein; ERK: Extracellular regulated
protein kinases; LTP: Longterm potentiation; MAPK: Mitogen-activated
protein kinase; MWM: Morris water maze,; NMDA: N-methyl-D-aspartate.;
POCD: Postoperative cognitive dysfunction,; SD: Sprague-Dawley.;

TrkB: Tyrosine kinase receptor B.

Acknowledgements
Not applicable.

Funding
Not applicable.

Availability of data and materials
The datasets generated and analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

WF and ZJF designed the project; ZJ performed the experiments; LJF
analyzed the data; ML interpreted the data and prepared the figures; DTL
drafted the manuscript; ZZG revised the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
All experimental procedures in this study were approved by the Ethics
Committee of The Second Affiliated Hospital of Zhengzhou University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Pain, The Second Affiliated Hospital of Zhengzhou
University, College of Medicine, No. 2 Jingba Road, Zhengzhou 450003,
China. “Department of Anesthesiology, The First Affiliated Hospital of
Zhengzhou University, Zhengzhou 450003, China. *Department of
Anesthesiology, The Second Affiliated Hospital of Zhengzhou University,
College of Medicine, No. 2 Jingba Road, Zhengzhou 450003, China.



Zhou et al. BMC Anesthesiology (2018) 18:35

Received: 11 April 2017 Accepted: 13 February 2018
Published online: 05 April 2018

References

1.

20.

21.

22.

Sun LS, Li G, DiMaggio CJ, Byrne MW, Ing C, Miller TL, Bellinger DC, Han S,
McGowan FX. Feasibility and pilot study of the pediatric anesthesia
NeuroDevelopment assessment (PANDA) project. J Neurosurg Anesthesiol.
2012;24(4):382-8.

Zhu C, Gao J, Karlsson N, Li Q, Zhang Y, Huang Z, Li H, Kuhn HG, Blomgren
K. Isoflurane anesthesia induced persistent, progressive memory
impairment, caused a loss of neural stem cells, and reduced neurogenesis
in young, but not adult, rodents. Journal of cerebral blood flow and
metabolism : official journal of the International Society of Cerebral Blood
Flow and Metabolism. 2010;30(5):1017-30.

Ho AM, Fleming ML, Mizubuti GB. Anesthetic neurotoxicity and the
developing brain. CMAJ : Canadian Medical Association journal = journal de
I'Association medicale canadienne. 2017;189(32):E1028-9.

Wilder RT, Flick RP, Sprung J, Katusic SK, Barbaresi WJ, Mickelson C, Gleich
SJ, Schroeder DR, Weaver AL, Warner DO. Early exposure to anesthesia and
learning disabilities in a population-based birth cohort. Anesthesiology.
2009;110(4):796-804.

Chidambaran V, Costandi A, D'Mello A. Propofol: a review of its role in
pediatric anesthesia and sedation. CNS drugs. 2015;29(7):543-63.

Chen B, Deng X, Wang B, Liu H. Persistent neuronal apoptosis and synaptic
loss induced by multiple but not single exposure of propofol contribute to
long-term cognitive dysfunction in neonatal rats. J Toxicol Sci. 2016;41(5):
627-36.

Han D, Jin J, Fang H, Xu G. long-term action of propofol on cognitive
function and hippocampal neuroapoptosis in neonatal rats. Int J Clin Exp
Med. 2015;8(7):10696-704.

Tan S, Xu C, Zhu W, Willis J, Seubert CN, Gravenstein N, Sumners C,
Martynyuk AE. Endocrine and neurobehavioral abnormalities induced by
propofol administered to neonatal rats. Anesthesiology. 2014;121(5):1010-7.
DiMaggio C, Sun LS, Li G. Early childhood exposure to anesthesia and risk of
developmental and behavioral disorders in a sibling birth cohort. Anesth
Analg. 2011;113(5):1143-51.

Yin J, Wang SL, Liu XB. The effects of general anaesthesia on memory in
children: a comparison between propofol and sevoflurane. Anaesthesia.
2014,69(2):118-23.

Jarrard LE. On the role of the hippocampus in learning and memory in the
rat. Behavioral & Neural Biology. 1993;60(1):9-26.

Bliss TV, Collingridge GL. A synaptic model of memory: long-term
potentiation in the hippocampus. Nature. 1993,;361(6407):31-9.

Cooke SF, Bliss TV. Plasticity in the human central nervous system. Brain.
2006;129(7):1659.

Bear MF, Malenka RC. Synaptic plasticity: LTP and LTD. Curr Opin Neurobiol.
1994:4(3):389-99.

Kunz PA, Roberts AC, Philpot BD, Presynaptic NMDA. Receptor mechanisms
for enhancing spontaneous neurotransmitter release. Journal of
Neuroscience the Official Journal of the Society for Neuroscience. 2013;33(18):
7762-9.

Li Y, Holmes WR. Comparison of CaMKinase Il activation in a dendritic spine
computed with deterministic and stochastic models of the NMDA synaptic
conductance. Neurocomputing. 2000;32-33(00):1-7.

Klann E. Activation of MAPK is necessary for NMDA receptor-independent
LTP in hippocampal. Area. 1998;

Alzoubi KH, Alkadhi KA. Levothyroxin replacement therapy restores
hypothyroidism induced impairment of L-LTP induction: critical role of
CREB. Brain Res Bull. 2014;100(1):29-37.

Mcallister AK, Katz LC, Lo DC. Neurotrophins and synaptic plasticity. Annu
Rev Neurosci. 1999;22(22):295-318.

Huang SH, Wang J, Sui WH, Chen B, Zhang XY, Yan J, Geng Z, Chen ZY.
BDNF-dependent recycling facilitates TrkB translocation to postsynaptic
density during LTP via a Rab11-dependent pathway. Journal of Neuroscience
the Official Journal of the Society for Neuroscience. 2013;33(21):9214-30.
Mizuno M, Yamada K, Olariu A, Nawa H, Nabeshima T. Involvement of brain-
derived neurotrophic factor in spatial memory formation and maintenance
in a radial arm maze test in rats. Journal of Neuroscience the Official Journal
of the Society for Neuroscience. 2000;20(20):7116-21.

Meier P. Neurotrophins as synaptic modulators. Nat Rev Neurosci. 2001;
2(1):24-32.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

Page 7 of 8

Steinmetz J, Jespersgaard C, Dalhoff K, Hedley P, Abildstram H, Christiansen
M, Rasmussen LS. Cytochrome P450 polymorphism and postoperative
cognitive dysfunction. Minerva Anestesiol. 2012,78(3):303-9.

Kahraman S, Zup SL, Mccarthy MM, Fiskum G. GABAergic mechanism of
propofol toxicity in immature neurons. J Neurosurg Anesthesiol. 2008,20(4):
233-40.

Cressey DM, Claydon P, Bhaskaran NC, Reilly CS. Effect of midazolam
pretreatment on induction dose requirements of propofol in combination
with fentanyl in younger and older adults. Anaesthesia. 2001;56(2):108.
Liang Z, Luo F, Zhao W, Feng Y, Wu L, Lin J, Liu T, Wang S, You X, Wei Z.
Propofol exposure during late stages of pregnancy impairs learning and
memory in rat offspringviatheBDNF-TrkB signalling pathway. Journal of
Cellular & Molecular Medicine. 2016;20(10):1920-31.

Park H, Popescu A, Poo MM. Essential role of presynaptic NMDA receptors
in activity-dependent BDNF secretion and corticostriatal LTP. Neuron. 2014;
84(5):1009-22.

Wang Y, Wu C, Han B, Xu F, Mao M, Guo X, Wang J. Dexmedetomidine
attenuates repeated propofol exposure-induced hippocampal apoptosis,
PI3K/Akt/Gsk-3beta signaling disruption, and juvenile cognitive deficits in
neonatal rats. Mol Med Rep. 2016;14(1):769-75.

Shukitthale B, Casadesus G, Mcewen JJ, Rabin BM, Joseph JA. Spatial
learning and memory deficits induced by exposure to Iron-56-particle
radiation. Radiat Res. 2000;154(1):28-33.

Unek G, Ozmen A, Mendilcioglu |, Simsek M, Korgun ET.
Immunohistochemical distribution of cell cycle proteins p27, p57, cyclin D3,
PCNA and Ki67 in normal and diabetic human placentas. J Mol Histol. 2014;
45(1)21-34.

Chang-Mu Chen C-TW, Chiang C-K, Liao B-W, Liu S-H. C/EBP homologous
protein (CHOP) deficiency aggravates hippocampal cell apoptosis and
impairs memory performance. PLoS One. 2012;7(7):¢40801.
Jevtovic-Todorovic V. General anesthetics and neurotoxicity: how much do
we know. Anesthesiol Clin. 2016;34(3):439-51.

Kawano H, Hamaguchi E, Kawahito S, Tsutsumi YM, Tanaka K, Kitahata H,
Oshita S. Anaesthesia for a patient with paraneoplastic limbic encephalitis
with ovarian teratoma: relationship to anti-N-methyl-D-aspartate receptor
antibodies. Anaesthesia. 2011,66(6):515-8.

Kingston S, Mao L, Yang L, Arora A, Fibuch EE, Wang JQ. Propofol inhibits
phosphorylation of N-methyl-D-aspartate receptor NR1 subunits in neurons.
Anesthesiology. 2006;104(4):763-9.

Orser BA, Bertlik M, Wang LY, MacDonald JF. Inhibition by propofol (2,6 di-
isopropylphenol) of the N-methyl-D-aspartate subtype of glutamate
receptor in cultured hippocampal neurones. Br J Pharmacol. 1995;116(2):
1761-8.

Wei H: Propofol facilitates the development of long-term depression and
impairs the maintenance of long-term potentiation in the CA1 region of
the hippocampus of anesthetized rats. 2002.

Davis S, Butcher SP, Morris RG. The NMDA receptor antagonist D-2-amino-5-
phosphonopentanoate (D-AP5) impairs spatial learning and LTP in vivo at
intracerebral concentrations comparable to those that block LTP in vitro.
Journal of Neuroscience the Official Journal of the Society for Neuroscience.
1992;12(1):21-34.

Semba K, Arai T. Facilitation of serotonergic activity and amnesia in rats
caused by intravenous anesthetics. Anesthesiology. 2005;102(3):616-23.

Lin MC, Chen CL, Yang TT, Choi PC, Hsing CH, Lin CF. Anesthetic propofol
overdose causes endothelial cytotoxicity in vitro and endothelial barrier
dysfunction in vivo. Toxicology & Applied Pharmacology. 2012;265(2):253-62.
Barde YA, Edgar D, Thoenen H. Purification of a new neurotrophic factor
from mammalian brain. EMBO J. 1982;1(5):549-53.

Jang SW, Snyder S. A selective TrkB agonist with potent neurotrophic
activities by 7,8-dihydroxyflavone. Proc Natl Acad Sci U S A. 2010;107(6):
2687-92.

Brasier DJ, Feldman DE. Synapse-specific expression of functional
presynaptic NMDA receptors in rat somatosensory cortex. Journal of
Neuroscience the Official Journal of the Society for Neuroscience. 2008;
28(9):2199-211.

Larsen RS, Corlew RJ, Henson MA, Roberts AC, Mishina M, Watanabe M,
Lipton SA, Nakanishi N, Pérez-Otafio |, Weinberg RJ. NR3A-containing
NMDARs promote neurotransmitter release and spike timing-dependent
plasticity. Nat Neurosci. 2011;14(3):338-44.

Mcguinness L, Taylor C, Taylor RD, Yau C, Langenhan T, Hart ML, Christian H,
Tynan PW, Donnelly P, Emptage NJ. Presynaptic NMDARs in the



Zhou et al. BMC Anesthesiology (2018) 18:35 Page 8 of 8

hippocampus facilitate transmitter release at theta frequency. Neuron. 2010;
63(6):1109-27.

45. LiK Zhang J, Yu J, Liu B, Guo Y, Deng J, Chen S, Wang C, Guo F. MicroRNA-
214 suppresses gluconeogenesis by targeting activating transcriptional
factor 4. J Biol Chem. 2015;290(13):8185-95.

46. Jang SW, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y, Wilson WD, Xiao G,
Blanchi B, Sun YE. A selective TrkB agonist with potent neurotrophic
activities by 7,8-dihydroxyflavone. Proc Natl Acad Sci U S A. 2010;107(6):
2687-92.

47.  Vauzour D, Vafeiadou K, Rice-Evans C, Williams RJ, Spencer JP. Activation of
pro-survival Akt and ERK1/2 signalling pathways underlie the anti-apoptotic
effects of flavanones in cortical neurons. J Neurochem. 2007;103(4):1355-67.

48. Maher P, Akaishi T, Abe K. Flavonoid fisetin promotes ERK-dependent long-
term potentiation and enhances memory. Proc Natl Acad Sci U S A. 2006;
103(44):16568-73.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Management of experimental animals
	Determination of cognitive function
	Expression of NMDA receptor, proBDNF, mBDNF, TrkB, ERK1 and CREB in hippocampus
	Determination of hippocampus cells proliferation and apoptosis

	Results
	The ameliorating effects of NMDA and DHF in impaired learning and memory of rats
	The expression of NMDAR and BDNF in immunohistochemistry
	Expression of NMDAR, proBDNF, mBDNF, TrkB, ERK1 and CREB
	Hippocampus cells proliferation and apoptosis

	Discussion
	Conclusion
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

