
Am J Transl Res 2021;13(12):13452-13461
www.ajtr.org /ISSN:1943-8141/AJTR0135238

Original Article 
miR-34a overexpression protects  
against hippocampal neuron damage caused  
by ketamine-induced anesthesia in immature  
rats through the Notch-1/NF-κB signaling pathway
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Abstract: Objective: To investigate the protective effect of miR-34a overexpression on hippocampal neuron damage 
caused by ketamine-induced anesthesia in immature rats and the underlying mechanism. Methods: A total of 48 
male SD rats were divided into control group (CG, n=12), ketamine group (KG, n=12), negative control group (NCG, 
n=12), and intervention group (IG, n=12) by using the random number table method. Neurological function, cogni-
tive function, pathological changes of brain tissues, inflammatory cytokines, as well as mRNA expression levels of 
Notch-1, NICD, RBP-JK, and Hes-1 in brain tissues were detected in the four groups. Results: The scores of auricular, 
paw withdrawal, corneal reflex, and escape reflexes of IG were higher than those of KG and NCG (P<0.05). At day 3 
after intervention, the escape latency, time of staying in the quadrants of original platform, and times of crossing the 
quadrants of original platform of IG were lower than those of KG and NCG (P<0.05). HE staining results revealed that 
the morphology and structure of a few neurons and glial cells in IG were changed, and the intercellular space was 
increased. The brain tissues of NCG demonstrated marked neuron damage with unclear structure; these changes 
were less significant for KG. The levels of TNF-α, IL-1β, and IL-6 of IG were lower than those of KG and CG (P<0.05). 
Conclusions: miR-34a overexpression exhibited a potent protective effect on hippocampal neuron damage caused 
by ketamine-induced anesthesia in immature rats.
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Introduction

Ketamine is an anesthetic with low blood/air 
partition coefficient, stable hemodynamics, 
and rapid recovery [1, 2]. It is widely used in a 
variety of minor operations, clinical diagnostic 
procedures, and general anesthesia induction. 
Although ketamine is considered a weak anes-
thetic, researchers have reported that expo-
sure to ketamine in the developing brain may 
cause hippocampal neuron damage and lead 
to severe neuronal apoptosis and neurodegen-
erative changes [3, 4]. The impact is often man-
ifested through impaired development for 
learning and memorizing, cognitive function, 
and behaviors in the long run. Clinical studies 

have revealed that ketamine can cause neuro-
toxicity in immature brain tissues or brain tis-
sues with systemic infection [5]. Ketamine can 
induce long-term dysplasia of brain function, 
affect the metabolic pathway of brain tissues 
and cause neurotoxicity of the brain.

MicroRNAs (miRNAs) are endogenous non-cod-
ing RNAs that contain 22 nucleotides; they are 
widely present in cells and play multiple regula-
tory roles in cellular metabolic processes [6]. 
miR-34a is a type of miRNA that regulates pro-
tein expression through complete or partial 
complementary association with a target mRNA 
[7, 8]. Notch-1/NF-κB signaling pathway is 
known for its highly protective and critical roles 
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in evolution. It is one of the few signal transduc-
tion systems that can repeatedly regulate cell 
proliferation, apoptosis, and differentiation [9]. 
Meanwhile, Notch-1/NF-κB pathway is one of 
the key signaling pathways that regulate neuro-
nal apoptosis. Based on this, the purpose of 
this study was to investigate the protective 
effect of miR-34a overexpression on hippocam-
pal neuron damage caused by ketamine-
induced anesthesia in immature rats through 
the regulation of Notch-1/NF-κB signaling 
pathway.

Materials and methods

Animal experiment

A total of 48 clean-grade specific pathogen- 
free (SPF) male SD rats were divided into four 
groups by using the random number table 
method, including control group (CG, n=12, 
intraperitoneally injected with 75 mg/kg of  
normal saline), ketamine group (KG, n=12, 
intraperitoneally injected with 75 mg/kg ket-
amine), negative control group (NCG, n=12, 
intraperitoneally injected with 75 mg/kg ket-
amine + intrathecally injected with 5 μL/d neg-
ative control lentivirus at a titer of 5×108 TU/
mL), and intervention group (IG, n=12, intraper-
itoneally injected with 75 mg/kg ketamine + 
intrathecally injected with 5 μL miR-34a lentivi-
rus) (animal quarantine certificate number: 
SCXX-2005-0001). All rats were raised in a 
laboratory-grade animal room (temperature, 
22±2°C; humidity, 50±10%). Animals were fed 
normally in the light and had unlimited access 
to food and water. All operations in this study 
met the ethical requirements of animal experi-
ments, and were reviewed and approved by the 
Ethics Committee of Suzhou Hospital of Nanjing 
Medical University (No. KL901071).

Instruments and equipment

The following instruments and equipment  
were used: rat cages (Animal Experimental 
Center of Xi’an Jiaotong University, China); phe-
nobarbital sodium for injection (New Asiatic 
Pharmaceutical, China); RFQ-PCR detection  
kit (Beijing Guangsuo Labao Science and 
Technology Co., Ltd., China); paraformaldehyde 
(Sinopharm Chemical Reagent Co. Ltd., China); 
neutral balsam (Zsbio Commerce Store, China); 
BCM-1000A bio-clean bench (Bio-Equip, China); 
table-type high-speed and low-temperature 

centrifuge machine (Herolab, Germany); fluo-
rescent quantitative polymerase chain reac- 
tion (PCR) (Genetimes Technology Inc., China); 
enzyme-linked immunosorbent assay (ELISA) 
detector (Bio Tek, USA); vibratome (LEICA, 
Germany); miR-34a lentivirus/negative control 
lentivirus (Shanghai Genechem Co. Ltd., China); 
SYBR Green Master Mixture (TAKARA, Japan); 
ELISA kit (R&D Systems, USA); and NF-kB rabbit 
polyclonal antibody/β-actin rabbit monoclonal 
antibody (Santa Cruz, USA).

Establishment and treatment of animal mod-
els

Establishment of animal models: According  
to previously reported methods, rats were 
weighed accurately prior to the establishment 
of the immature rat models with hippocampal 
neuron damage caused by ketamine-induced 
anesthesia [10]. To this end, KG rats were intra-
peritoneally injected with 75 mg/kg ketamine 
to induce hippocampal neuron damage. Rat 
models were considered successful if they 
exhibited symptoms such as reduced activities, 
slow response, tachypnea, reduced food and 
water intake or hypouresis [11].

Intervention methods: KG rats were intraperito-
neally injected with 75 mg/kg ketamine for 3 
consecutive days. NCG rats were intraperitone-
ally injected with 75 mg/kg ketamine and intra-
thecally injected with 5 μL/d negative control 
lentivirus according to the liposome transfec-
tion instructions using Lipofectamine 3000 
(Fisher Scientific, USA) (at a titer of 5×108 TU/
mL) for 3 consecutive days. IG rats were intra-
peritoneally injected with 75 mg/kg ketamine 
and intrathecally injected with 5 μL miR-34a 
lentivirus (at a titer of 5×108 TU/mL) for 3 con-
secutive days. CG rats were intraperitoneally 
injected with the same amount of normal saline 
for three consecutive days.

Neurological function scores and cognitive 
function test

Neurological function scores: All rats were 
treated for three consecutive days. Neurological 
function was measured in terms of auricle, paw 
withdrawal, corneal and pupillary light, and 
escape reflexes. Each item was evaluated using 
a three-level scoring method (0, 1 and 2). The 
lower score represented the poorer neurologi-
cal function [12].
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Cognitive function test: Cognitive function was 
assessed at day 3 after intervention using the 
water maze and open field tests. The specific 
methods are detailed as follows.

(1) Water maze test. The Morris water maze 
was an oval maze 120 cm in diameter and 60 
cm in height, with the water temperature con-
trolled at 22-26°C. The pool consisted of four 
quadrants 5 cm below the surface of water. 
Escape latency was measured using a naviga-
tion test. Spatial probe test was used to record 
the time of staying in the quadrants of original 
platform and the times of crossing the quad-
rants from the original platform within 60 s.

(2) Open field test. A square and transparent 
top container was used as an open field test 
case (with 25 square lattices at the bottom and 
9 in the center regarded as the central zone). 
Rats were placed in the central zone for free 
moving up to 15 min to record the time of stay-
ing in the central zone [13].

Pathological changes of brain tissues

After intervention, deep anesthesia was 
induced. After the induction anesthesia took 
effect, the rats were routinely disinfected and 
prepared for surgical draping. Brain tissues 
were collected, dehydrated, paraffin-embed-
ded, and subjected to HE staining. The patho-

vibration and left to stand for 5 min, then cen-
trifuged for 15 min at 1,216 rpm. After the 
supernatant was discarded, 1 mL pre-cooled 
ethanol (concentration: 75.0%) was added and 
dried for 7 min. DNA concentration of samples 
was estimated by measuring the optical density 
at 260 nm using a UV spectrophotometer.

Detection methods: RFQ-PCR was used to 
measure the mRNA expression of Notch-1, 
NICD, RBP-JK, and Hes-1, as well as the inflam-
matory cytokines, such as NF-KB, p-NF-KB, 
iNOS, and IL-lβ in the brain tissues. PCR param-
eters were set as follows: 30°C for 10 min; 
42°C for 30 min; 99°C for 5 min; and 5°C for 5 
min, 35 cycles in succession, and an elonga-
tion step at 72°C for 10 min. The PCR products 
were separated using 1.5% agar gel electropho-
resis. β-actin was used as the internal control. 
Primers used are listed in Table 1 [16, 17].

Protein expression of brain tissues

Western blot was used to measure the protein 
expression of Notch-1, NICD, RBP-JK, and Hes-
1, as well as the inflammatory cytokines such 
as NF-κB, p-NF-κB, iNOS, and IL-lβ in brain tis-
sues. Specific steps included extraction of pro-
teins, SDS-PAGE of proteins, transfer of pro-
teins, incubation with primary and secondary 
antibodies, and image development. A small 
amount of luminous liquid was added to the 

Table 1. Primer sequence
Type Primer Length
β-actin F: 5’ CAGGATGCAGCAGGTGGAAGC 3’

R: 5’ TGCTCCAGGCTGTAGTCTGTGG 3’
132

Notch-1 F: 5’ AGGTTCCTCTCCTAGCAGATCATTCTC 3’
R: 5’ GAGCGGCAACTTCTGAGGTCTTAC 3’

99

NICD F: 5’ GCTGAGTCCTCTTGCTGTGCTC 3’
R: 5’ GTACCTGGAGGCTTGGCATGAC 3’

158

RBP-JK F: 5’-TTGGAAGGATGGCATACAC-3’
R: 5’-CAATGAAGTTGACTGGACTC-3’

84

Hes-1 F: 5’-GGAGCGAGATCCCTCCAAAAT-3’
R: 5’-GGCTGTTGTCATACTTCTCATGG-3’

79

NF-KB Forward: 5’-TGGTGGGCCGCAGAACATGTGC-3’
Reverse: 5’-GCGAGCACAGAATTAATACGAC-3’

25

iNOS Forward: 5’-TTGGAAGGATGGCATACAC-3’
Reverse: 5’-CAATGAAGTTGACTGGACTC-3’

58

IL-lβ Forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’
Reverse: 5’-GGCTGTTGTCATACTTCTCATGG-3’

41

miR-34a Forward: 5’-ATCCCTTACCAAGCTTAGGA-3’
Reverse: 5’-CCGTATTACTGTAGGTTCTC-3’

20

logical changes of brain tissues were 
observed under an inverted microscope 
[14, 15].

Levels of inflammatory cytokines

Blood (5 mL) was collected from the 
caudal vein after the completion of 
intervention. After centrifugation, the 
levels of TNF-α, IL-1β, IL-6 and IL-10 in 
brain tissues were measured using 
ELISA.

mRNA levels in brain tissues

Trizol (500 µL) was added to the brain 
tissue samples prepared in the previ-
ous step. After intensive mixing, the 
samples were transferred into centri-
fuge tubes (1.0 mL) for a 5-minute 
vibration and left to stand. Serum sam-
ples from the two groups were added 
with 200 µL chloroform for a 5-second 
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final PVDF membrane to develop the image 
under proper exposure conditions [18].

Statistical analysis

SPSS 18.0 software was used for statistical 
analysis. The data represented by n (%) were 
analyzed by χ2 test. The data represented by 

_
x

±sd were analyzed by t-test. P<0.05 implied a 
statistically significant difference.

Results

Neurological function scores

The scores of auricle, paw withdrawal, corneal, 
righting and escape reflexes in KG and NCG 
were significantly lower than those in CG 
(P<0.05). While those in IG were significantly 
higher than those in KG and NCG (P<0.05). 
These findings indicated that the up-regulation 
of miR-34a expression could significantly im- 
prove the neurological function deficit caused 
by ketamine-induced anesthesia in immature 
rats, as shown in Figure 1.

Cognitive function

The Morris water maze test at day 3 after inter-
vention showed that the escape latency of KG 
and NCG rats was notably longer than that of 

CG rats, and the indicators of KG and NCG were 
significantly lower than those of CG in terms of 
the time of staying at quadrants of original plat-
form, times of crossing quadrants of original 
platform, and open field test on the 1st, 2nd, 
and 3rd days (P<0.05). The escape latency of 
IG was markedly shorter than that of KG and 
NCG, and the indicators of IG were significantly 
higher than those of KG and NCG in terms of 
the time of staying at quadrants of original plat-
form, times of crossing quadrants of original 
platform, and open field test on the 1st, 2nd, 
and 3rd days (P<0.05). These findings implied 
that the up-regulation of miR-34a expression 
could significantly improve the cognitive impair-
ment caused by ketamine-induced anesthesia 
in immature rats, as shown in Figure 2.

Pathological changes of brain tissues

The neurons and glial cells in CG showed a 
clear morphology and structure; an increased 
intercellular space was observed in few cells in 
IG. Significant neuronal damage was observed 
in the brain tissues of NCG, and a large number 
of glial cells were lost and the structure disor-
dered. KG also showed neuronal damage, loss 
of glial cells, structural disorder and other path-
ological changes, which were slightly less than 
those of NCG. Details are shown in Figure 3.

Figure 1. Comparison of neuro-
logical function scores among 
the four groups. Note: A: Auricle 
reflex; B: Paw withdrawal reflex; 
C: Corneal reflex; D: Righting re-
flex; E: Escape reflex. *, P<0.05 
in comparison with CG; #, P<0.05 
in comparison with KG; and @, 
P<0.05 in comparison with NCG.
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Levels of inflammatory cytokines in brain tis-
sues

The levels of TNF-α, IL-1β, and IL-6 in the brain 
tissues of KG and NCG were higher than those 
of CG, while IL-10 level was lower than that of 
CG, and the difference was statistically signifi-
cant (all P<0.05). The levels of TNF-α, IL-1β, and 
IL-6 in IG were lower and IL-10 level was higher 
than those in KG and NCG after intervention 
(P<0.05). This implied that the up-regulation of 
miR-34a expression could notably alleviate the 
inflammatory injury in the brain tissues of 

immature rats with neuronal damage caused 
by ketamine-induced anesthesia, as shown in 
Figure 4.

mRNA expression level of Notch-1, NICD, RBP-
JK and Hes-1

The Notch-1 level of KG and NCG was lower 
than that of CG (P<0.05), while the levels of 
NICD, RBP-JK, and Hes-1 were higher than 
those of CG (all P<0.05). The Notch-1 level of IG 
was higher than that of KG and NCG after inter-
vention (P<0.05). The levels of NICD, RBP-JK, 

Figure 2. Comparison of cognitive function among four groups. Note: A: Escape latency; B: Residence time; C: Time 
across platform; D: Open field test on the 1st day; E: Open field test on the 2nd day; F: Open field test on the 3rd day. 
*, P<0.05 in comparison with CG; #, P<0.05 in comparison with KG; and @, P<0.05 in comparison with NCG.

Figure 3. HE staining results of four groups (×200).



Role of miR-34a overexpression in hippocampal neuron damage

13457 Am J Transl Res 2021;13(12):13452-13461

Figure 4. Comparison of inflammatory cytokine levels among four groups. 
Note: A: TNF-α; B: IL-1β; C: IL-6; D: IL-10. *, P<0.05 in comparison with CG; 
#, P<0.05 in comparison with KG; and @, P<0.05 in comparison with NCG.

and Hes-1 of IG were lower 
than those of KG and NCG 
(P<0.05). Details are shown in 
Figure 5.

mRNA levels of NF-KB, iNOS, 
and IL-lβ in brain tissues

The mRNA levels of NF-κB, 
iNOS, and IL-lβ of KG and NCG 
were significantly higher than 
those of CG (P<0.05). The 
mRNA levels of NF-κB, iNOS, 
and IL-lβ of IG were much 
lower than those of KG and 
NCG after intervention (P< 
0.05). Details are shown in 
Figure 6.

Proteins related to the 
Notch-1/NF-κB signaling 
pathway in brain tissues

Western blot results are 
shown in Figures 7, 8. Con- 
sistent with the expression 
pattern of mRNA, the protein 
expression levels of Notch-1 
of KG and NCG were lower 
than those of CG (P<0.05), 
while the protein expression 
levels of NICD, RBP-JK, and 
Hes-1 as well as the inflamm- 
atory cytokines such as p-NF-
κB, iNOS, and IL-lβ of KG and 
NCG were higher than those  
of CG (all P<0.05). After inter-
vention, the protein expres-
sion of Notch-1 of IG was  
higher than that of KG and 
NCG (P<0.05), and the protein 
expression levels of NICD, 
RBP-JK, and Hes-1 as well as 
the inflammatory cytokines 
such as p-NF-κB, iNOS, and 
IL-lβ of IG were lower than 
those of KG and NCG (P<0.05).

Discussion

Ketamine is an anesthetic 
commonly used in clinical 
practice. It has high lipophilic-
ity, which is 5-10 times greater 
than that of thiopental sodi-

Figure 5. Comparison of mRNA expression levels of Notch-1, NICD, RBP-JK 
and Hes-1 in brain tissues among four groups. Note: A: Notch-1 mRNA; B: 
NICD mRNA; C: RBP-JK mRNA; D: Hes-1 mRNA. *, P<0.05 in comparison 
with CG; #, P<0.05 in comparison with KG; and @, P<0.05 in comparison with 
NCG.
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um. After injection, ketamine can rapidly pene-
trate the central nervous system, causing the 
loss of consciousness. The drug effect lasts 
10-15 min. Clinical studies have shown that 
patients may experience frequent nystagmus 
after a light level of anesthesia induced by an 
appropriate dose of intravenous injection of 
ketamine. However, some patients may suffer 
from intensive and obvious stimuli due to 
increased muscle tension and blocked thalam-
ic and cortical pathways [19, 20]. HE staining 
results in this study showed obvious neuronal 
damage in the brain tissues of NCG and KG, 

observed as unclear morphology and structure 
in neurons and glial cells. In IG, the morphology 
and structure of a few neurons and glial cells 
were ameliorated and exhibited an increased 
intercellular space. This indicated the success-
ful establishment of immature rat models with 
hippocampal neuron damage caused by ket-
amine-induced anesthesia in this study, thus 
laying the foundation for future experiments.

At present, the pathogenesis of hippocampal 
neuron damage caused by ketamine-induced 
anesthesia in immature rats is still unclear. It 

Figure 6. Comparison of mRNA expression levels 
of NF-κB, iNOS and IL-lβ among four groups. Note: 
A: NF-κB mRNA; B: iNOS mRNA; C: IL-lβ mRNA. *, 
P<0.05 in comparison with CG; #, P<0.05 in com-
parison with KG; and @, P<0.05 in comparison with 
NCG.

Figure 7. Comparison of protein ex-
pression levels of Notch-1, NICD, 
RBP-JK and Hes-1 in brain tissues 
of four groups. Note: A: Western blot 
image (1: the protein expression 
of CG; 2: the protein expression of 
NCG; 3: the protein expression of KG; 
4: the protein expression of IG); B: 
Notch-1; C: NICD; D: RBP-JK; E: Hes-
1. *, P<0.05 in comparison with CG; 
#, P<0.05 in comparison with KG; and 
@, P<0.05 in comparison with NCG.
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may be related to the inflammatory response. A 
visceral or systemic inflammatory response is 
detected in the brain through the vagus nerve 
and the circumventricular organs based on 
changes in endorphin and autonomic nerve 
nuclei. After the activity signal is transmitted to 
the brain, large amounts of inflammatory and 
anti-inflammatory cytokines are released to 
activate endothelial cells, thereby damaging 
the blood-brain barrier and causing the central 
nervous system symptoms [21]. In this study, 
the levels of TNF-α, IL-1β, and IL-6 of IG were 
lower than those of KG and NCG, and the level 
of IL-10 of IG was higher than that of KG and CG 
after intervention. This indicated that miR-34a 
overexpression could reduce the level of inflam-
matory cytokines in the brain tissues of imma-
ture rats. The Notch-1/NF-κB signaling pathway 
is an important metabolic pathway in the 
human body. Notch-1 is a key transcription fac-
tor involved in inflammatory cytokines in the 
nucleus and is present in cells of the nervous 
system. It participates in the amplification of 
the inflammatory response and increases the 
gene expression of various factors. Besides, 
Notch-1 may be involved in the occurrence of 
an inflammatory response by extending the 
gene expression of cytokines. At the same time, 
the Notch signaling pathway is also a key link in 
the development of multiple organs and sys-
tems, including Notch receptor, Notch ligand, 
and DNA-binding protein CSL. When Notch1 is 
cleaved under signal stimulation and releases 

its activated form of N1-ICD fragment, it trans-
fers to the nucleus and binds with the nuclear 
factor RBP-JK to form an energy complex and 
initiate downstream genes of the Notch path-
way, such as Hes1 [22]. A study has indicated 
that Notch receptor can activate the NF-κB sig-
naling pathway, regulate the systemic inflam-
matory response, reduce ischemic brain injury, 
and thus up-regulate the NF-κB signaling path-
way [23]. In this study, the Notch-1 level of IG 
was higher than that of KG and NCG, and the 
levels of NICD, RBP-JK, Hes-1 mRNA, NF-KB, 
p-NF-KB, iNOS, and IL-lβ mRNA of IG were lower 
than those of KG and NCG after intervention. 
The results of Western blot were consistent 
with those of gene detection. This implied that 
miR-34a overexpression had a potent protec-
tive effect on hippocampal neuron damage 
caused by ketamine-induced anesthesia in 
immature rats, indicating the down-regulation 
of the Notch-1/NF-κB signaling pathway.

miRNA is a small non-coding RNA that plays an 
important biological role in the human body. It 
inhibits the expression of related genes through 
3’UTR in the target gene mRNA. Another study 
has demonstrated that miR-34a is one of the 
miRNAs involved in novel mechanisms of post-
transcriptional regulation of gene expression 
[24]; moreover, it plays an important role in 
immune response, development, and inflam-
matory responses [25]. A previous report has 
indicated that miR-34a plays a specific role in 

Figure 8. Comparison of protein expression levels of NF-κB, p-NF-κB, iNOS and IL-lβ among the four groups. Note: 
A: Western blot image (1: the protein expression of CG; 2: the protein expression of NCG; 3: the protein expression 
of KG; 4: the protein expression of IG); B: NF-κB; C: p-NF-κB; D: iNOS; E: IL-lβ. *, P<0.05 in comparison with CG; #, 
P<0.05 in comparison with KG; and @, P<0.05 in comparison with NCG.
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the Notch-1/NF-κB signaling pathway, directly 
regulating inflammatory and immune respons-
es and the proliferation and growth of tumor 
stem cells [26]. In this study, the escape laten-
cy of IG was shorter than that of KG and NCG. 
The indicators of IG were higher than those of 
KG and NCG in terms of the time of staying at 
the quadrants of original platform, times of 
crossing quadrants of the original platform, and 
open field test on the 1st, 2nd, and 3rd days. 
These results implied that miR-34a overexpres-
sion had a potent protective effect on hippo-
campal neuron damage caused by ketamine-
induced anesthesia in immature rats, with little 
influence on cognitive function. Therefore, the 
results provide new insights into clinical treat-
ment modalities.

In conclusion, miR-34a overexpression has a 
potent protective effect on hippocampal neu-
ron damage caused by ketamine-induced anes-
thesia in immature rats. It can reduce the level 
of inflammatory cytokines in the brain tissues, 
indicating its effect on the Notch-1/NF-κB sig-
naling pathway.
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