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and neuronal apoptosis of rats via MAPK/ERK pathway
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Abstract: Objective: To observe the effect of etomidate on spatial learning and memory and neuronal apoptosis 
in rats of different ages. Methods: The rats of different ages were divided into 3 age groups: juvenile (21-day old), 
adult (~3-months old) and elderly (~19-months old). Then, rats with similar age within a group were randomly di-
vided into three subgroups, with 10 rats in each group. The experimental subgroups were intraperitoneally injected 
with etomidate (emulsion formulated, i.p. injection) at a dose of 5 mg/kg; the solvent control subgroups were given 
intraperitoneal injection of vehicle emulsion; and blank control subgroups received laparoscopic injection of normal 
saline. The rats’ learning and memory ability was tested by Morris water maze. The tissue sections of each group’s 
hippocampus were analyzed by H&E staining. The apoptosis of hippocampal cells was detected by TUNEL staining. 
MAPK expression in hippocampus was tested by Western blot. Results: Etomidate significantly extended the escape 
latency and reduced the platform crossings and the swimming time at original platform of juvenile rats, indicating 
that the spatial learning and memory function of juvenile rats can be affected by etomidate. However, etomidate had 
no effect on spatial learning and memory in adult and elderly rats. There were no obvious abnormalities in number 
of neurons and morphology of vertebral cells in the hippocampus of all experimental subgroups when compared 
with those of corresponding blank control subgroups. There was no statistically significant difference in apoptosis 
index of the hippocampal tissue between the experimental subgroups and corresponding blank control subgroups 
(P>0.05). Within juvenile group, the expression of p-ERK in the hippocampus of experimental subgroup was remark-
ably lower than that of solvent control subgroup and blank control subgroup (P<0.05), while there were no signifi-
cant differences in p-p38 and p-JNK expressions among the three subgroups of juvenile rats (P>0.05). The expres-
sions of p-ERK, p-p38 and p-JNK in adult and elderly rats were not affected by etomidate. Conclusion: Etomidate 
may have certain effects on spatial learning and memory in juvenile rats but not in adult and elderly rats. Etomidate 
affects neither the number of neurons in the CA1 area of the hippocampus nor the morphology of vertebral cells 
and did not cause the apoptosis of nerve cells. The mechanism of etomidate influence on the spatial learning and 
memory function of young rats may connect with the inhibition of MAPK/ERK pathway.
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Introduction

Postoperative cognitive dysfunction (POCD) 
refers to a reversible and fluctuating acute 
mental disorder syndrome that occurred after 
surgical anesthesia. The main manifestations 
of POCD are mental confusion, anxiety, person-
ality changes and memory impairment [1, 2]. 
Postoperative cognitive impairment can lead  
to delayed rehabilitation, prolonged hospital-
ization and increased medical expenses of 
patients, and even affect their long-term quality 
of life [3].

Etomidate, a derivative of imidazole, is a rapid 
hypnotic intravenous general anesthetic. It can 
quickly enter brain and other organs with abun-
dant blood flow after intravenous injection [4, 
5]. Etomidate induces neocortical sleep at the 
onset of hypnosis, exerts anesthesia by enhanc-
ing activity of hippocampal GABA neurons, and 
is mediated by GABAA receptors [6]. Etomidate 
has limited hemodynamic effects, and is clini-
cally advocated for neurosurgical anesthesia at 
risk of cerebral ischemia, as well as in shock 
and elderly patients [7]. At present, there is still 
controversy whether etomidate affects the cog-
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nitive function of patients after surgery. Several 
studies have found that etomidate does not 
increase the damage of hippocampal neurons 
in rats with brain injuries. However, some stud-
ies have found that intravenous application of 
etomidate (concentration 2-20 μmol/L) inhibits 
the formation of long-term potentiation in hip-
pocampus in a dose-dependent manner [8].

Accumulating evidence has shown that the hip-
pocampus plays an important role in brain 
activities including memory and behavior 
[9-11]. Recent studies indicated that the mito-
gen-activated protein kinase (MAPK) signal 
pathway was inhibited by etomidate in CHO 
cells via binding to the two-pore-domain potas-
sium channel TREK-1. Excessive activation of 
TREK-1 by etomidate can lead to cell cycle 
arrest [12]. TREK-1, a protein which controls 
potassium flux, is widely expressed on the sur-
face of neuron cells and plays important roles 
in maintaining brain function. MAPK is abun-
dant in the central nervous system and is criti-
cal for morphological differentiation and neuro-
nal viability [13]. To further understand the 
effect of etomidate on cognitive function, this 
study aimed to explore its effects on spatial 
learning and memory ability and neuronal apop-
tosis in rats of different ages, and investigate 

whether the negative effects of etomidate is 
related to MAPK pathways.

Materials and methods

Experimental animals

Thirty healthy SPF male SD rats aged 21-22 
days were selected as juvenile group, weighing 
31-40 g; 30 SPF male SD rats aged 3-4 months 
were chosen as adult group, weighing 180 to 
220 g; and 30 healthy SPF male SD rats aged 
18-20 months were enrolled as elderly group, 
weighing 450-550 g. All animal procedures 
were carried out in accordance with the guide-
lines approved by the Institutional Animal Care 
and Use Committee (IACUC) of Hainan Medical 
University.

Methods

Experimental grouping: The grouping method is 
shown in Figure 1. Rats in each of the above 3 
groups were stochastically divided into three 
subgroups, and each subgroup consisted of 10 
rats. An experimental subgroup was given intra-
peritoneal injection of etomidate (5 mg/kg). A 
solvent control subgroup was given the same 
volume of fat emulsion as the experimental 

Figure 1. Experimental grouping and schematic diagram of Morris water maze test. A: Experimental grouping and 
drug intervention. B: Morris water maze test process.
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subgroup. A blank control subgroup received 
same volume of normal saline as experimental 
subgroup.

Morris water maze: The spatial learning and 
memory functions were detected by Morris 
water maze (Shanghai Ruolong Technology 
Development Co., LTD.). The positioning naviga-
tion experiment was conducted first. Rats in 
each group were trained for 3 days without 
drug injection, once a day and once from each 
quadrant. The experimental conditions of rats 
were recorded on the third day as pre-interven-
tion results. Then, the drug was injected con-
tinuously for 5 d. During the injection period, 
the rats were still trained normally but not 
recorded. The experiments were continued and 
recorded 1 d and 2 d after the injection (record-
ed as 1 d and 2 d after intervention). The rats 
were put in the water maze facing the pool wall, 
and the time they took to find the platform was 
recorded accordingly (escape latency). If the 
rats did not reach the platform within 120 s, 
they would be guided to the platform, and the 
escape latency was recorded as 120 s. The 
space exploration experiment was conducted 
on the second day after the positioning naviga-
tion experiment. The platform in the water 
maze was removed, and the rats were put into 
the water maze facing the pool wall. The plat-
form crossings and the swimming time at origi-
nal platform within 120 s were recorded.

H&E staining: After the Morris water maze test, 
some rats were sacrificed (anesthetized with 
30 mg/kg sodium pentobarbital, sacrificed by 
cervical dislocation), and their brain tissue was 
collected and fixed with 4% paraformaldehyde 
(Biosharp, BL539A, Anhui, China). After immers-
ing in 4% paraformaldehyde for 24 h, the tissue 
was embedded with paraffin and cut into 
4-μm-thick slices by using a microtome (Leica, 
CM 2016, Germany). After dewaxing and  
dehydration in gradient ethanol, hippocampal 
tissue sections of each group were stained with 
HE Staining kits (Abcam, ab245880, US) follow-
ing the manufactory’s protocol. Pathological 
changes of hippocampal tissue were observed 
under an optical microscope (Olympus, CX43, 
Japan).

TUNEL staining: Paraffin embedded tissue sec-
tions were dewaxed, dehydrated and processed 
with Proteinase K (Biosharp, BL080, Anhui, 

China) and 3% H2O2 solution (in methanal) 
routinely.

The labeling reaction was conducted with 
TUNEL detection solution (Invitrogen™, C10617, 
USA). Ten fields were randomly selected for 
each sample to calculate the average number 
of TUNEL positive cells [11].

Western blot: RIPA lysis buffer was used to 
homogenize the samples and isolate total pro-
teins from rat hippocampal tissue (Thermo 
Scientific™, 89901, USA). The concentration 
was determined by DC assay kit (Bio-rad, 
5000112, USA), and 30 μg of total protein was 
taken for Western blot assay. Proteins were 
separated by precast gradient SDS-PAGE gels 
(4-12%, Bio-Rad, 3450123, USA) and trans-
ferred onto PVDF membrane (Millipore, ISEQ- 
00010, USA). After blocking the PVDF mem-
brane with 5% non-fat milk (Biosharp, BL102, 
Anhui, China) for 1 h at room temperature, pri-
mary antibodies including anti-p-ERK (abcam, 
ab229912, USA), anti-p-p38 (abcam, ab178- 
867, USA) and p-JNK (CST, mAb#9255, USA) 
were added to cover the PVDF membrane at 
4°C overnight, followed by incubating with per-
oxide-horseradish-labeled secondary antibody 
(Thermo Scientific™, SA5-10288, USA) for 1 h 
at room temperature. ECL kit (Invitrogen™, 
WP20005, USA) was used for development. 
The protein expression was quantified accord-
ing to the gray value of protein bands (Image J 
software V.1.52r, Bethesda, USA). β-Actin 
(Invitrogen™, AM1720, USA) was used as inter-
nal reference.

Statistical analysis

The statistical software SPSS 26.0 (IBM, USA) 
was applied to process and analyze the data  
in this study. The measurement data were 
expressed by mean ± SEM (

_
x±se) and analy- 

zed by one-way analysis of variance and LSD-T 
test. P<0.05 was considered as statistically 
significant.

Results

Etomidate prolongs escape latency in juvenile 
rats

As shown in Figure 2, no significant difference 
was found in preintervention escape latency 
within each age group (P>0.05). The escape 
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latency at 1 day and 2 days after intervention  
in juvenile-experimental subgroup was signifi-
cantly higher than that in the corresponding 
solvent-control subgroup and the blank-control 
subgroup (P<0.05, Figure 2A). However, in the 
adult or elderly groups, no significant differ-
ence was found in escape latency after inter-
vention (both day 1 and day 2) when compared 
to that before intervention (P>0.05, Figure 2).

were normal in all groups. The density of neu-
rons was uniform, and no obvious degeneration 
or necrosis of vertebral cells was observed.

Etomidate has no effect on apoptosis in hippo-
campus of rats

In juvenile group, the apoptosis index of hippo-
campal tissue in experimental subgroup, sol-

Figure 2. Etomidate prolongs escape 
latency in juvenile rats. Note: A: Juve-
nile group; B: Adult group; C: Elderly 
group. Compared with before interven-
tion, *P<0.05; compared with solvent 
control subgroup, #P<0.05; compared 
with blank control group, @P<0.05.

Figure 3. Etomidate reduces the platform crossings and swimming time at 
original platform in juvenile rats. Note: A: Platform crossings; B: Platform swim-
ming time. *P<0.05.

Etomidate reduces platform 
crossings and swimming 
time at original platform in 
juvenile rats

The swimming trajectory im- 
age of the rat is shown in 
Figures 3 and 4. Within the 
juvenile group, the platform 
crossings and swimming 
time at original platform in 
experimental subgroup were 
4.17 times and 58.49 sec-
onds, respectively, which 
were significantly reduced as 
compared with those of sol-
vent control subgroup and 
blank control subgroup (P< 
0.05). In adult and elderly 
groups, no significant differ-
ences were obtained in plat-
form crossings and the swim-
ming time among experimen-
tal subgroup, solvent control 
subgroup and blank control 
subgroup (P>0.05).

Etomidate had no effect on 
hippocampus of rats

As shown in Figure 5, no dif-
ference was found in the 
number of neurons in hippo-
campal CA1 region among 
the 3 subgroups in the juve-
nile group. Similar results 
were observed in the adult 
and elderly groups. No differ-
ence in the number of neu-
rons in hippocampal CA1 
region suggested that etomi-
date did not affect neurons 
in CA1 region. 

Moreover, the morphology of 
neurons in the CA1 area and 
morphology of vertebral cells 
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vent control subgroup and blank control sub-
group was 3.1%, 2.79% and 2.71%, respectively 
(P>0.05). Also, no significant difference in 
apoptosis index was found among the sub-
groups in adult group and elderly group. See 
Figure 6.

Etomidate inhibits MAPK signaling pathway in 
hippocampus of juvenile rats

The expression of p-ERK in hippocampus of 
juvenile experimental subgroup was less than 
that of juvenile solvent control and blank con-
trol subgroups (P<0.05), but no significant dif-
ferences were found in p-p38 and p-JNK 
expressions among the three juvenile sub-
groups (P>0.05). There was no significant dif-

activated caspase 3 level, which played an 
important role in pro-apoptosis process [21, 
22]. In this study, no significant difference in 
numbers of neuron was found between etomi-
date treated rats and DMSO treated rats, indi-
cating that etomidate anesthesia did not lead 
to neuronal cell death.

After etomidate treatment, we applied the 
Morris water maze test to evaluate the spatial 
learning and memory of rats in each group. It 
was shown that the escape latency of juvenile 
rats in the experimental subgroup was higher 
than those in solvent and blank control sub-
groups at 1 d and 2 d after intervention 
(P<0.05). But escape latency in adult and 
elderly rats was not affected by etomidate 

Figure 4. Swimming trajectories of rats in each group. A1: Swimming trajecto-
ries of juvenile-experimental subgroup; A2: Swimming trajectories of juvenile-
solvent control subgroup; A3: Swimming trajectories of juvenile-blank control 
subgroup; B1: Swimming trajectories of adult-experimental subgroup; B2: 
Swimming trajectories of adult-solvent control subgroup; B3: Swimming tra-
jectories of adult-blank control subgroup; C1: Swimming trajectories of elder-
ly-experimental subgroup; C2: Swimming trajectories of elderly-solvent control 
subgroup; C3: Swimming trajectories of elderly-blank control subgroup.

ference in the expression of 
p-ERK, p-p38 and p-JNK 
among the 3 subgroups in 
adult and elderly groups 
(P>0.05, Figure 7).

Discussion

POCD is a central nervous 
system complication of pa- 
tients undergoing anesthe-
sia surgery, and patients 
usually manifested as cogni-
tive changes in learning, 
thinking, orientation, atten-
tion and other changes in 
central nervous system [14, 
15]. Neuronal cell death is 
one of the most common 
factors which negatively in- 
fluence the learning and 
memory function [16-18]. 
Various animal studies have 
reported different results of 
etomidate effects on neuro-
nal cell viability. Some ani-
mal experiments discovered 
that etomidate could induce 
immature brain neurotoxicity 
and even brain neuron apop-
tosis, which affected the 
development of cognitive 
function [19, 20]. However, 
other studies indicated that 
etomidate in early infant 
mice at P10 (ten-day old 
mice) did not elevate the 
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treatment (P>0.05). The platform crossings 
and swimming time at original platform of juve-
nile experimental subgroup were obviously less 
than those of juvenile solvent and blank control 
groups (P<0.05). However, no significant differ-
ences were found in platform crossings and 
swimming time at original platform among the 
3 subgroups in adult and elderly groups 
(P>0.05). These indicated that etomidate may 
only affect the spatial learning and memory in 
juvenile rats. This is consistent with previous 
demonstrated results [23, 24] that etomidate 
may affect neurocognitive function of infants 
and young mice, but no damages to nerve cells 
were found.

MAPK signaling pathway plays a vital role in 
learning and memory. The phosphorylation of 
MAPK is necessary for memory formation. 
Using the small molecule MAPK inhibitor UO126 
to inhibit MAPK phosphorylation can signifi-
cantly affect memory and learning in rats. The 
rat treated with UO126 took longer time to  
find the targets when compared to the control 
group (DMSO group) [25]. Similar results were 
observed by Paul R. Benjamin group. They 
found that the long-term memory formation in 
snail was completely blocked after injection of 
UO126 to the body cavities of snails [26]. In this 
study, we investigated the expression of MAPK 
in hippocampus in each group of rats by 

Figure 5. Etomidate had no effect on hippocampus of rats. A: Histogram of number of neurons in CA1 area; B: H&E 
staining results of each group. Scale bar: 100 μm. There was no significant difference in the number of neurons in 
CA1 area among the subgroups of the same age (P>0.05).
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Western blot. The MAPK signaling pathway in 
juvenile experimental subgroup was inhibited 
by etomidate. Etomidate, however, had no 
effect on adult and elderly rats. As mentioned, 
etomidate only affected learning and memory 
behavior in juvenile rats rather than adult rats. 
Taken together, these indicated that the 
reduced level of p-ERK, a representative mem-
ber of the MAPK family, can negatively affect 
learning and memory ability in juvenile rats. 
Interestingly, no significant changes in expres-
sions of p-p38 and p-JNK were observed in  
all groups, indicating that they were not related 
to the spatial learning and memory ability in 
rats.

The ERK pathway, p38 pathway and JNK path-
way in MAPK family have all been confirmed to 
be related to apoptosis of hippocampal nerve 
cells, among which the activation of ERK path-
way can inhibit apoptosis and promote prolifer-
ation, while the activation of p38 pathway and 
JNK pathway can promote apoptosis [27-29]. 
This study suggests that the effect of etomi-
date on spatial learning and memory ability of 
juvenile rats may be related to the inhibition of 
ERK pathway, while not related to p38 and INK 
pathway. In addition, the TUNEL test results of 
hippocampal tissue in each group indicated 
that no significant differences in hippocampal 
apoptosis index was found among the sub-

Figure 6. Etomidate has no effect on apoptosis in rat hippocampus. A: Histograms of apoptosis in rat hippocampus. 
B: TUNEL detection in hippocampus of rats in each group. Scale bar: 100 μm. No significant difference in apoptosis 
index was found among the subgroups of the same age.
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groups group of the same age. Also, etomidate 
had no significant effect on hippocampal mor-
phology and brain apoptosis in rats at all ages.

Road, Gusu District, Suzhou 215008, Jiangsu, 
China. Tel: +86-13962161588; E-mail: dtxie-
hong@163.com

Figure 7. Etomidate inhibits MAPK signaling pathway in hippocampus of juve-
nile rats. A: Expression of MAPK signaling pathway in juvenile rats. B: Expres-
sion of MAPK signaling pathway in adult rats; C: Expression of MAPK signaling 
pathway in elderly rats. *P<0.05.

However, this study has 
some limitations. The effect 
of etomidate on the behavior 
of Morris water maze in  
juvenile rats might not be 
through the ERK pathway.  
To further demonstrate the 
effect of etomidate in modu-
lating spatial learning and 
memory in juvenile rats, 
more fundamental studies 
need to be carried out. For 
example, how the ERK-/- rats 
perform in Morris water 
maze is meaningful and can 
help to fill the fundamental 
gap between etomidate and 
spatial learning and memory. 
We hope to establish an 
organoid model to explore 
the underlying mechanism of 
etomidate and its effects on 
memory.

In summary, etomidate may 
have certain negative effects 
on spatial learning and mem-
ory in juvenile rats, but not  
in adult and elderly rats. 
Etomidate did not affect the 
number of neurons and the 
morphology of vertebral cells 
in CA1 area of hippocampus. 
The etomidate treatment 
does not induce neuronal 
apoptosis, but its effect in 
juvenile rats may be con-
nected to the inhibition of 
MAPK/ERK pathway.
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