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Abstract: Background: Mounting evidence has shown the toxic effects of anesthesia to neonatal hippocampus. 
We used an in vivo mouse model to explore the role of microRNA 34a (miR-34a) in regulating anesthesia-induced 
hippocampal neurotoxicity. Methods: One-month old C57/BL6 mice received daily intraperitoneal injection of anes-
thesia (ketamine, 50 mg/kg) for 7 days. One day after, apoptosis was evaluated by TUNEL staining in hippocampal 
CA1 region, and expression level of miR-34a assessed by real-time quantitative PCR (qPCR). Hippocampal miR-34a 
was then down-regulated through lentivirus mediated cortical injection prior to anesthesia. The effects of inhibiting 
hippocampal miR-34a on anesthesia-induced hippocampal apoptosis and memory impairment were further investi-
gated by TUNEL staining and Morris water maze (MWM) test. The predicted molecular target of miR-34a, fibroblast 
growth factor receptor 1 (FGFR1) was down-regulated in hippocampus through siRNA-mediated cortical injection 
and its effect on hippocampal apoptosis was also examined. Results: Anesthesia caused severe apoptosis among 
hippocampal CA1 neurons and upregulated hippocampal miR-34a. On the other hand, lentivirual inhibition of 
miR-34a protected anesthesia-induced hippocampal apoptosis and memory impairment. Luciferase essay dem-
onstrated FGFR1 was directly regulated by miR-34a in hippocampus. siRNA-induced FGFR1 downregulation further 
exaggerated anesthesia-induced apoptosis in hippocampus. Conclusions: Overall, we showed that miR-34a nega-
tively modulated anesthesia-induced hippocampal neurotoxicity.
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Introduction

Clinical and laboratory studies have revealed 
that commonly used anesthetics would 
unavoidably induce neurodegeneration in neo-
natal brains, both in animals and humans [1-3]. 
Among them, ketamine is an excitatory gluta-
mate N-methyl-D-aspartate (NMDA) receptors 
antagonist [4, 5], and generally used in neona-
tal anesthesia. Emerging evidence has brought 
the attention among both physicians and 
researchers that prolonged or high dosages of 
ketamine administration would cause severe 
neurotoxicity in the neonatal hippocampus and 
induce long-term memory impairment [6-10]. 
Unfortunately, the exact mechanisms of anes-
thesia-induced hippocampal neurodegenera-
tion or memory loss are largely unknown.

MicroRNAs (miRNAs) are groups of short-
sequenced noncoding ribonucleic acids (RNAs) 
that abundantly expressed in brain and play 
essential roles in various aspects of brain 
development, including neurogenesis and mat-
uration [11, 12], regeneration [13], cortical neu-
ropathy and neurodegenerative diseases [14-
16]. Among many of the cortically expressed 
miRNAs, microRNA 34a (miR-34a) belongs to 
the family of miR-34 (miR-34 a/b/c) and played 
critical roles in many aspects of cortical devel-
opment and tumorigenesis [17-19].

In the present study, we set to examine whether 
miR-34a was involved in the process of anes-
thesia-induced neurodegeneration in hippo-
campus. We introduced prolonged administra-
tion of ketamine to induce hippocampal neural 
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apoptosis and memory impairment in young 
animals (one-month old mice). We then exam-
ined the corresponding expressional change of 
miR-34a in mouse hippocampus. Subsequently, 
we applied lentivirus-mediated miR-34a inhibi-
tion and small interfering RNA (siRNA) mediat-
ed gene knocking-down to explore the molecu-
lar role of miR-34a in ketamine-induced hippo-
campal apoptosis and memory dysfunction. 
The purpose of this study is to identify the 
molecular target to clinically intervene or pro-
tect anesthesia-induced neurodegeneration in 
neonatal cortex.

Experimental procedures

Animals

C57/BL6 mice were purchased from Shanghai 
Laboratory Animal Center, Chinese Academy of 
Sciences (Shanghai, China). All animals were 
maintained in animal facility of the Second 
Affiliated Hospital of Nantong University. The 
animal procedures were reviewed and approved 
by the Institutional Animal Care and Use 
Committee at the Second Affiliated Hospital of 
Nantong University in Nantong, Jiangsu Pro- 
vince, China.

In vivo anesthesia

At one-month age, mice received an intraperito-
neal injection of 50 mg/kg of body weight of 
ketamine hydrochloride (Shanghai Sino-west 
Pharmaceutical Company, Shanghai, China), 
once a day for seven days. The control group of 
mice received intraperitoneal injection of nor-
mal saline (N.S.).

Hippocampal terminal transferase dUTP nick 
end labeling (TUNEL) staining

Twenty-four hours after the completion of ket-
amine administration, mice were sacrificed and 
hippocampal slices (300 μm) were prepared by 
a vibratone (Leica, Germany). Terminal deoxy-
nucleotidyl transferase-mediated biotinylated 
UTP nick end labeling (TUNEL) staining was 
then performed by an In-situ cell death kit 
(Roche, USA) to examine the apoptosis in hip-
pocampal CA1 region. An antibody against neu-
ronal marker microtubule-associated protein 
MAP2 (1:100, Santa Cruz, USA) was also 
applied to identify neurons in hippocampal CA1 
region. The percentages (mean ± SEM) of neu-
rons with apoptotic nuclei (both MAP2+ and 
TUNEL+) were then quantified.

RNA isolation and real-time quantitative PCR 
(qPCR)

After mice were sacrificed, hippocampus was 
quickly extracted, frozen on dry ice and homog-
enized with a Trizol Reagent (Invitrogen, USA). 
200 μL chloroform was added. Tissue samples 
were centrifuged for 20 min and the aqueous 
tissue was isolated with RNase-free tubes 
(Solarbio, China). Total RNA was then washed 
by 75% ethanol and collected in 50 μL pure 
water. The RNA concentration was assessed by 
a nanodrop spectrophotometer (260/280 nm, 
Ocean Optics, USA) followed by 2% agarose gel 
electrophoresis. Hippocampal messenger RN- 
As, miR-34a and internal control U6, FGFR1 
and internal control GAPDH, were analyzed with 
a miRNAs qPCR Quantitation Kit (GenePharma, 
Shanghai, China) with a DNA Engine Opticon 2 
Two-color real-time PCR Detection System (Bio-
Rad, USA) according to manufacturer’s man- 
uals.

Lentivirus production

The inhibition of hippocampal miR-34a was 
performed with lentivirual conduction. The cod-
ing oligonucleotides of mouse antisense miR-
34a inhibitor, miR-34a mimics and non-specific 
control were purchased from RiboBio (Shanghai, 
China). The sequences were then cloned into 
feline immunodeficiency virus (FIV) based lenti-
virus expression vector, Pcdh-CMV-MCS-EF1-
copGFP (SBI, USA) and co-expressed with 
pPACK packaging system in 293 TN cells to pro-
duce viral particles of miR-34a antisense inhib-
itor (miR34a-I), miR-34a mimics (miR34a-mim-
ics) and non-specific control vector (miR-NC).

SiRNA production

Short interfering RNA (siRNA), including FGFR1 
siRNA (FGFR1_siRNA) and control siRNA (Ctrl_
siRNA) were purchased from Stanta Cruz (Santa 
Cruz Biotechnology, USA). The concentration of 
in vivo application was 50 uM.

In vivo hippocampal injection

Twenty-four hours prior to anesthesia, lentivi-
ruses (miR34a-I and miR-NC) or siRNAs 
(FGFR1_siRNA and Ctrl_siRNA) were delivered 
to mouse hippocampus through an injection on 
on the right side of the brain. Under a surgical 
microscope, a tiny hole (0.05 mm in diameter) 
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was drilled on the right cortex just above hip-
pocampus. A Hamilton syringe was applied to 
inject total volume of 2 μL lentiviruses or siR-
NAs into dorsal hippocampus (from bregma: 
dorso-ventral, -2.0 mm, medio-lateral, +2.4 
mm; anterio-posterior, -1.8 mm).

Luciferase reporter assays

Hippocampal cDNA was produced by regular 
PCR. The wild-type 3’-UTR and mutant 3’-UTR 
of FGFR1 were then amplified and cloned into a 
pMIR-REPORT luciferase reporter vector 
(Ambion, USA) to produce Luc- FGFR1 and Luc- 
FGFR1-mu constructs. The pMIR-REPORT con-
trol vector, and Luc- FGFR1 and Luc- FGFR1-mu 
were then co-transfected with β-galactosidase 
and lentivirus miR34a-mimics into HEK293 
cells with Lipofectamine 2000 reagent accord-
ing to manufacturer’s manual (Invitrogen, USA). 

the path length and path time to reach the plat-
form were recorded.

Statistical analysis

All data were presented as mean ± standard-
deviations (SEM). All experiments were repeat-
ed at least three times. Statistic analysis was 
conducted with a MS-Windows-based SPSS 
software (version 13.0). The statistic differenc-
es were evaluated by student’s t-test, and the 
significance was defined while P < 0.05.

Results

Anesthesia caused apoptosis in hippocampal 
CA1 neurons and upregulated miR-34a

It was shown previously in an in vivo rat experi-
ment that consecutive treatment of high con-
centrations of ketamine caused neuronal dam-

Figure 1. In vivo anesthesia lead to hippocampal apoptosis and upregula-
tion of miR-34a C57/BL6 mice were conducted with I.P. injection of 50 
mg/kg ketamine once a day for seven consecutive days. Control mice 
were injected with normal saline (N.S.). A. One day after treatment, hippo-
campal slices under both ‘ketamine’ and ‘N.S.’ conditions were prepared. 
In CA1 area, a neuronal marker of MAP2 (Blue, 1:100, Sigma-Aldrich, 
USA) was used to visualize CA1 neurons and TUNEL staining (Red) to visu-
alize apoptotic nuclei. Cells positive to both TUNEL and MAP2 signals are 
identified as apoptotic CA1 neurons (arrows); B. One day after treatment, 
hippocampal tissues under both ‘ketamine’ and ‘N.S.’ conditions were 
examined by qPCR to compare the expression levels of miR-34a. (*: P < 
0.05, as compared to N.S.).

The luciferase reporter assay 
(Promega, USA) was then con-
ducted 24 hours after transfec-
tion. The fluorescent intensities 
were measured in triplicates and 
normalized to the intensity of 
β-galactosidase of control vector.

Morris water maze (MWM) test

The MWM test was conducted 
according to previous study with 
minor modification [20]. The 
MWM was built as a circular pool 
(200 cm diameter), filled with 
warm water at 21 C. Mice, at 
2-month age, were trained to 
swim in water to a submerged 
platform (1.5 cm×1.5 cm. 1.5 cm 
beneath water surface) guided by 
distal cues attached to the walls. 
A computerized tracking/analyz-
ing video system was used to 
record all animal movements. The 
acquisition phase included four 
training sessions per day for four 
consecutive days. Mice were and 
allowed to swim freely until they 
reached the platform in 2 minutes 
and rested on it for 30 seconds. If 
mice did not locate the platform 
then, they were manually placed 
on the platform for 30 seconds. 
On 5th day, animals was conduct-
ed an examining session, in which 
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age in hippocampus in young brain [6]. In the 
present study, we used similar approach and 
successfully induced hippocampal apoptosis in 
the developing mouse brain. Yong C57/BL6 
mice (one-month old) were conducted with 
intraperitoneal (I.P.) injection of ketamine (50 
mg/kg per day) for 7 days. One day after the 
last administration of ketamine, mice were sac-

otides to specifically knock know miR-34a 
(miR34-I) and injected it into mouse hippocam-
pus. The control mice received hippocampal 
injection of non-specific lentivirual vector (miR-
NC). One day following hippocampal injection, 
two groups of mice were conducted with ket-
amine administration for 7 days, followed by 
immuno-staining of TUNEL essay in 24 hours. 

Figure 2. Knocking down miR-34a reduced hippocampal apoptosis and 
memory impairment One day before ketamine administration, C57/BL6 
mice received cortical injection of lentivirus vector of miR-34a inhibitor (mi-
R34a-I) to specifically knock down miR-34a in hippocampus. Control mice 
were injected with non-specific lentivirus (miR-NC). After ketamine adminis-
tration, hippocampal slices were examined and apoptotic CA1 neurons were 
identified as both positive to TUNEL and MAP2 immuno-stainings (arrows) 
(A). Three groups of mice received different combination of lentivirual and 
ketamine administration, including those received miR-NC hippocampal 
injection and normal saline treatment (N.S.+miR-NC), those received miR-
NC hippocampal injection and ketamine administration (Ketamine+miR-
NC) and those received miR34a-I hippocampal injection and ketamine ad-
ministration (Ketamine+miR34a-I). One day after ketamine administration, 
quantification of apoptotic CA1 neurons was performed (B) (*: P < 0.05; 
∆: P < 0.05). One month after ketamine administration, cognitive memory 
test of Morris Water Maze (MWM) test was performed to measure the path 
length (C) and path time (D) for mice to swim to the hidden platform (*: P 
< 0.05; ∆: P < 0.05).

rificed and the hippocampal slic-
es were prepared to examine the 
status of apoptosis among neu-
rons. In control group, mice were 
injected with normal saline (N.S.) 
and prepared as the same way 
as ketamine-treated mice. The 
TUNEL staining, along with 
immuno-staining of neuronal 
marker MAP2 were conducted in 
CA1 regions of the prepared hip-
pocampal slices (Figure 1A). 
Under N.S. condition, there 
seemed to be little or no apop-
totic CA1 neurons, based on dou-
ble-positive staining of TUNEL 
and MAP2. However, in hippo-
campi treated with ketamine, 
considerable amount of apoptot-
ic CA1 neurons were identified 
with double-staining of TUNEL 
and MAP2 (arrows), suggesting 
significant apoptosis induced by 
anesthesia. The qPCR was also 
conducted one day after the last 
administration of ketamine to 
compare the expression levels of 
miR-34a between ketamine-
treated and control (N.S.) hippo-
campi. It demonstrated that miR-
34a was markedly upregulated 
due to ketamine administration 
(Figure 1B, *: P < 0.05, as com-
pared to N.S.).

Inhibition of hippocampal miR-
34a reduced neuronal apoptosis 
and memory impairment

As we discovered that miR-34a 
upregulation was associated wi- 
th anesthesia-induced hippo-
campal  apoptosis, we wondered 
whether miR-34a had a function-
al role in it. For that purpose, we 
constructed lentivirual vector 
containing antisense oligonucle-
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As expected, with non-specific miR-NC treat-
ment, ketamine induced severe apoptosis in 
hippocampal CA1 regions (Figure 2A, upper 
panel, arrows). However, while mice were pre-
treated with miR34a-I to down-regulate miR-
34a in hippocampus, significantly less CA1 
neurons were dying after ketamine administra-
tion (Figure 2A, lower panel, arrows). This result 
suggested that inhibition of miR-34a had a pro-
tective effect on neuronal death in anesthesia-
induced hippocampal apoptosis.

We then gave mice combined treatment of len-
tivirus and ketamine, and conducted both in 
vitro quantitative apoptosis essay and in vivo 
memory function essay, to further verify this 
hypothesis. In one group, mice received miR-
NC hippocampal injection followed with normal 
saline administration (N.S.+miR-NC). In second 
group, mice received miR-NC hippocampal 

injection followed by ketamine administration 
(Ketamine+miR-NC). In third and final group, 
mice received miR34a-I hippocampal injection 
followed by ketamine administration (Keta- 
mine+miR34a-I).

One day after ketamine administration, hippo-
campus of three groups of mice were prepared 
in slices and examined with TUNEL staining. 
Quantitative measurement demonstrated that 
between two groups of mice received pre- hip-
pocampal injection of control siRNA (miR-NC), 
ketamine induced larger number of apoptotic 
CA1 neurons (Figure 2B, *: P < 0.05). It also 
showed that, between two groups of mice 
receiving ketamine administration, lentivirual 
inhibitor of miR-34a (miR34a-I) significantly 
reduced the number of apoptotic CA1 neurons 
(Figure 2B, ∆: P < 0.05). One month after ket-
amine administration, three groups of mice 

Figure 3. miR-34a targeted FGFR1. A. The predicted binding site between miR-34a and FGFR1 3’-UTR. Also list-
ed is the mutated sequence of 3’-UTR of FGFR1 (FGFR1-mu); B. Luciferase essay transfected HEK293 cells with 
β-galactosidase, miR34a-mimics and one of the reporter, the control construct (Luc-control), mutant 3’-UTR FGFR1 
(Luc-FGFR1-mu) or wild-type 3’-UTR FGFR1 (Luc-FGFR1). The measurments were normalized to β-galactosidase 
activity of Luc-control. (*: P < 0.05). Mouse hippocampus was injected with FGFR1-specific siRNA (FGFR1_siRNA, 
50 uM) or negative control siRNA (Ctrl_siRNA, 50 uM); C. The hippocampal expressions of FGFR1were measured by 
qPCR 24 hours after cortical injection of Ctrl_siRNA or FGFR1_siRNA (*: P < 0.05); D. Mice received cortical siRNA 
injections and then 7-day ketamine administration. One day after ketamine administration, TUNEL staining was 
performed on hippocampal slices and apoptosis of CA1 neurons were compared between mice received Ctrl_siRNA 
and FGFR_siRNA (*: P < 0.05).
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were examined with Morris Water Maze (MWM) 
test. The results demonstrated that bet- 
ween two groups of mice received pre-hippo-
campal injection of control siRNA (miR-NC), ket-
amine caused significant memory impairment 
with increased path length and path time for 
mice to reach the center platform (Figure 2C, 
2D, *: P < 0.05). It also showed that, between 
two groups of mice receiving ketamine adminis-
tration, lentivirual inhibitor of miR-34a (miR34a-
I) significantly rescued the memory impairment 
with improved path length and path time for 
mice to reach the center platform (Figure 2C, 
2D, ∆: P < 0.05).

FGFR1 was likely the target of miR-34a in pro-
tecting hippocampus from anesthesia-induced 
damage 

We then investigated the possible molecular 
pathway involved in the inhibition of miR-34a 
on protecting anesthesia-induced hippocampal 
damage. Based on some of the internet-based 
miRNA target predicting services, such as 
TargetScan (http://www.targetscan.org/) and 
miRANDA (http://www.microrna.org/microrna/
home.do ), we identified that a member of the 
fibroblast growth factor receptor (FGFR) family, 
FGFR1, was a potential target of miR-34a 
(Figure 3A). We thus used a luciferase assay, 
including the construct containing mouse hip-
pocampal FGFR1 (luc-FGFR1) and its 3’-UTR 
mutated construct (Luc-FGFR1-mu) to verify 
that it was indeed the case for FGFR1 to be tar-
geted with miR-34a in mouse hippocampus 
(Figure 3B).

Based on that result, we then conducted in vivo 
hippocampal injection of FGFR1 specific siRNA 
(FGFR1_siRNA, 50 uM) in one-month old mice 
to further examine whether FGFR1 would 
directly play a role in anesthesia associated 
hippocampal apoptosis. The negative control 
siRNA (Ctrl_siRNA, 50 uM) was also injected to 
examine the efficiency of siRNA modulation. It 
demonstrated by qPCR that the expression 
level of FGFR1 was significantly down-regulated 
by FGFR1_siRNA, but not by Ctrl_siRNA (Figure 
3C, *: P < 0.05).

Finally, one day after hippocampal injection of 
siRNA to genetically knock down FGFR1 in hip-
pocampus, mice were administrated with 7 
days of ketamine followed by TUNEL staining 
and quantitative measurement of hippocampal 
apoptosis. The result revealed that the more 

apoptotic CA1 neurons were found in mice 
received FGFR1_siRNA, as compared to mice 
just received control siRNA (Figure 3D). Thus, 
our results strongly supported the hypothesis 
that FGFR1 was directly targeted by miR-34a to 
regulate anesthesia-induced hippocampal ap- 
optosis.

Discussion

General anesthetics are extensively used in 
modern days and generally considered to be 
effectively safe. However, more and more clini-
cal or experimental studies have brought cau-
tion among the anesthetic society that, pro-
longed or high dosage application of anesthet-
ics would induce neurotoxicity or neurodegen-
eration in developing brains. In the present 
study, we used an in vivo animal model to intro-
duce prolonged and continuous administration 
of ketamine (50 mg/kg per day, seven days) in 
young mice. The induced toxic effects, includ-
ing severe apoptosis among hippocampal CA1 
neurons and long-term memory impairment are 
in line with previous studies showing similar 
neurodegenerative effects of ketamine on neo-
natal brains [6, 7], further solidify the notation 
that caution shall be taken while putting infants 
under general anesthetics.

We found that, under the condition of anesthe-
sia-induced hippocampal neurodegeneration, 
miR-34a was significantly upregulated. We then 
used lentivirual tools to genetically down-regu-
late the expression of miR-34a in hippocam-
pus, and discovered that inhibition of miR-34a 
was protective against ketamine-induced hip-
pocampal apoptosis and memory impairment. 
Previous reports showed that miR-34a was act-
ing as tumor-suppressor that commonly down-
reuglated and induced apoptosis in tumor cells 
[17, 19]. In hippocampus, miR-34 family (miR-
34a/b/c) is the targets of p53 and they are 
essential for cortical development as deficit of 
miR-34a lead to under-development of neuro-
nal differentiation and synaptogenesis [21]. 
Furthermore, hippocampal miR-34a was upreg-
ulated under pathological conditions, such as 
epilepsy or neurodegenerative disease [22, 
23]. Thus, the results of our experiment show-
ing mir-34a inhibition protected hippocampal 
apoptosis are in line with previous ones demon-
strating miR-34a downregulating reduced cas-
pase-3 and protected apoptosis in Alzheimer’s 
disease [23], suggesting a protective role of 
miR-34a in cortical development against apop-
tosis or neurodegeneration.
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Also in the present study, we showed that 
FGFR1 was very likely to be the direct modula-
tory target of miR-34a in hippocampus and 
downregulation of FGFR1 exaggerated the hip-
pocampal apoptosis induced by anesthesia. 
The fibroblast growth factor family, including 
fibroblast growth factor receptor 1 (FGFR1), is 
essential for the development of hippocampus. 
Previous reports have demonstrated that under 
the condition of social defeat, FGFs were signifi-
cantly downregulated in hippocampus [24], and 
long-term activation of FGFR1 reduced apopto-
sis in retinal pigmented epithelial cells [25]. 
Although we did not present direct evidence of 
FGFR1 activation or upregulation reduced/pro-
tected anesthesia-induced apoptosis, the 
results of our study showing knocking down 
FGFR1 facilitated apoptosis in hippocampal 
CA1 neurons would support this hypothesis 
and future experiment exploring the correlation 
between miR-34a and FGFR1, as well as the 
direct effect of FGFR1 against hippocampal 
neurodegeneration would certainly further our 
understanding on their regulation on neurode-
generation in neonatal cortex.

Overall, our study demonstrated a new mecha-
nism of miR-34a negatively regulating anesthe-
sia-induced hippocampal apoptosis and its 
regulation was very likely through FGFR1 in 
hippocampus.
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