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Abstract. – OBJECTIVE: Etomidate-induced 
myoclonus is common in clinical anesthesia. 
Propofol and lidocaine, as other sedative hyp-
notic and anticonvulsant drugs, rarely induce 
myoclonus. The mechanism of the myoclonus 
remains unclear.

MATERIALS AND METHODS: Eighty-four 
adult male Sprague-Dawley (SD) rats anesthe-
tized intravenously with etomidate, propofol, or 
lidocaine plus etomidate were observed of the 
behavioral changes at 0, 1, 2, 3, 4 and 5 min af-
ter anesthesia. Five minutes later, glutamate lev-
els were measured in the cerebrospinal fluid 
(CSF), neocortex and hippocampus. The mRNAs 
and proteins expression of EAAT1, EAAT2, and 
GFAP in the neocortex and hippocampus were 
analyzed by quantitative real-time polymerase 
chain reaction (qRT-PCR), Western blot and im-
munofluorescence staining.

RESULTS: Etomidate increased the mean be-
havioral scores at different time points and 
the neocortical glutamate level compared with 
the propofol (p=0.0283) and the lidocaine plus 
etomidate group (p=0.0035); The correlation 
analysis revealed a strong correlation between 
the mean behavioral score and the neocorti-
cal glutamate content (Spearman’s r=0.6638, 
p=0.0027). No significant difference was found 
in the EAAT1, EAAT2, or GFAP mRNAs in the 
neocortex and hippocampus among three 
groups; etomidate decreased EAAT1 (p=0.0416 
and p=0.0127) and EAAT2 (p=0.0363 and 
p=0.0109) proteins but increased the GFAP 
(p=0.0145 and p=0.0149) protein in the neo-
cortex compared to the propofol and lidocaine 
plus etomidate group. Furthermore, etomidate 
activated GFAP-positive cells in the neocortex, 
but conversely inhibited proteins of EAATs in 
motor cortex.

CONCLUSIONS: Etomidate-induced myoclo-
nus is associated with neocortical glutamate 
accumulation. Suppression of the astrogliosis 
in neocortex and promoting extracellular gluta-

mate uptake by regulating glutamate transport-
ers (EAATs) in the motor cortex may be the ther-
apeutic target for prevention of etomidate-in-
duced myoclonus.
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dole; PBS: phosphate buffered saline; RSA: retro sple-
nial agranular; ANOVA: analysis of variance; HRP: 
horseradish peroxidase; GABA: γ-aminobutyric acid; 
PKA: protein kinase A; PKC: protein kinase C and PI3K: 
phosphatidylinositol-3-kinase.

Introduction

Etomidate, as a sedative hypnotic anesthetic, 
is widely used in clinical anesthesia. Etomi-
date-related myoclonus with a high incidence of 
80%1 is a sudden and brief involuntary twitch-
ing or jerking of a muscle or group of muscles 
that can last from seconds to minutes during 
anesthesia induction2. The myoclonus can lead 
to serious complications, such as accidental 
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dislocation of intravenous tubes or monitor-
ing devices, difficulty in airway management 
and increased potassium blood levels3. To our 
knowledge, propofol, as another sedative hyp-
notic drug, rarely induces myoclonus (1%)4, 
while both propofol and lidocaine can prevent 
the etomidate-induced myoclonus5,6. Although 
some studies found that etomidate-induced my-
oclonus is a seizure-like activity7, the accu-
rate mechanism remains unknown. Räth et al8 
demonstrated that etomidate increased the glu-
tamate concentration by inhibiting glutamate 
uptake through the blockade of GLTs (glutamate 
transporters) in rat cultured glial cells. Extracel-
lular glutamate levels play a crucial role in mod-
ulating the extent of neuronal excitability, and 
an imbalance of glutamate release and uptake 
may be associated with seizures9. Excitatory 
amino acid transporter 1 (EAAT1) and excitato-
ry amino acid transporter 2 (EAAT2) are pre-
dominantly expressed in astroglial cells and are 
responsible for approximately 90% and 5-10% of 
glutamate uptake, respectively10,11. However, the 
effect of etomidate on the function of EAATs 
following myoclonus has not been verified. 

Astrocytes are the largest and most abundant 
glial cells, which act as a critical component 
of tripartite synapses and participate in ionic 
homeostasis, energy metabolism and the mod-
ulation of synaptic transmission12. Intermediate 
filament glial fibrillary acidic protein (GFAP) is 
often measured to observe astrocytic shape and 
function, and striking changes in reactive astro-
cytes may result in increased neuronal excitabil-
ity13. GFAP may have direct or indirect epilepto-
genic functions on astrocytes14-16. The effects on 
the function of astrocytes during anesthesia are 
rarely reported.

Except for that, etomidate-induced a sei-
zure-like activity in the neocortex, as well as in 
the hippocampus in brain slices17. However, the 
associated location of etomidate-induced myoclo-
nus remains unknown. To explore the mechanism 
of etomidate-induced myoclonus and the effect of 
etomidate on the functions of EAATs and astro-
cyte following myoclonus, we investigated the al-
terations of glutamate in the cerebrospinal fluid, 
neocortex and hippocampus, GFAP and EAATs 
in the neocortex and hippocampus through re-
al-time polymerase chain reaction (RT-PCR), 
Western blot, and immunofluorescence analysis 
in a Sprague-Dawley (SD) rat model during anes-
thesia with etomidate, propofol, or lidocaine plus 
etomidate.

Materials and Methods

Animals
All experimental animal procedures were ap-

proved by the Animal Ethics Committee of West 
China Hospital, Sichuan University (Ethical Ap-
proval No. 20211423A) and conducted in strict 
accordance with the Guide for the Care and Use 
of Laboratory Animals published by the United 
States National Institutes of Health18. Adult male 
SD rats weighing 200-340 g (6-8 weeks old) were 
purchased from Dossy Biological Technology 
Co., Ltd. (Chengdu, China). All rats were housed 
at 25 ± 1°C with 60% humidity in the Animal Ex-
perimental Centre of Sichuan University (Cheng-
du, China) on a 12-hour light/dark cycle (lights 
on at 7:00 a.m.) and provided ad libitum access to 
water and food. The rats were habituated to the 
experimental environment 1 week before testing. 
The rats were numbered, randomly assigned to 
experimental groups using a random number ta-
ble and tested in sequential order.

Anesthesia and Quantification of 
the Behavioral Activity in Rats

Adult male SD rats in the three groups received 
etomidate (1.5 mg kg-1, YT200712, Nhwa Phar-
maceutical Corporation, Xuzhou, China), propofol 
(11.824 mg kg-1, X19055B, AstraZeneca UK, Lon-
don, UK) or lidocaine (4 mg kg-1, 2105J05, Zhaohui 
Pharmaceutical Corporation, Shanghai) plus eto-
midate (1.5 mg kg-1) through the caudal vein. Then, 
the rats were placed in isolated transparent cages 
and observed at 0, 1, 2, 3, 4 and 5 min to monitor 
behavioral changes after anesthesia. The behav-
ioral activity in rats was scored using the method 
described in previous studies18-20, as follows: stage 
0, no response; stage 1, ear and facial twitching; 
stage 2: myoclonic jerks without rearing; stage 3: 
myoclonic jerks and rearing; stage 4: turning over 
onto the side and tonic-clonic seizures; and stage 
5: turning over onto the back and generalized ton-
ic-clonic seizures. 

Cerebrospinal Fluid (CSF) and Tissue 
Sample Collection

After intravenous anesthesia with etomidate, 
propofol, or lidocaine plus etomidate for 5 min, 
84 rats in the three groups were sacrificed by 
decapitation. The cerebrospinal fluid of 6 rats 
in each group was collected for glutamate mea-
surement, and the neocortical and hippocampal 
tissues of 6 rats in each group were collected in 
frozen pipes and stored at -80°C for glutamate 
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measurement and Western blotting. The neo-
cortical and hippocampal tissues of other 6 rats 
in each group were collected in frozen pipes 
with RNA preservation solution for quantitative 
real-time polymerase chain reaction (qRT-PCR). 
The whole brains of the remaining 4 rats in each 
group were collected for tissue slicing for immu-
nofluorescence tests.

Measurement of Glutamate
Adult male SD rats were fixed in a stereotactic 

frame after anesthesia with etomidate, propofol, 
or lidocaine plus etomidate. Five minutes later, 
100-150 μl of CSF21 and neocortical and hip-
pocampal tissues22 were extracted and the two 
latter were homogenized using a high-throughput 
tissue grinder (SCIENTZ-48) in ice-cold 0.9% 
normal saline at a mass-to-volume ratio of 1:10 
and then centrifuged to precipitate the proteins 
(AllegraTM 64R centrifuge, USA; 10,000×g, 10 
min, 4°C). The supernatant was collected for 
further analyses. The liquid chromatography cou-
pled with tandem mass spectrometric (LC-MS/
MS) system consisted of an Agilent 6460 triple 
quadrupole mass spectrometer equipped with an 
electrospray ionization source (Agilent Technol-
ogies, Santa Clara, CA, USA), and the ion spray 
(IS) method was used to determine the glutamate 
content. The following parameters were used: 
column temperature of 35°C, dry gas flow rate of 
5.0 L/min, dry gas temperature of 350°C, sheath 
gas flow rate of 11.0 L/min, sheath gas heater 
temperature of 350°C, nebulizer pressure of 45 
psi, capillary voltage of 3,500 V, and auxiliary 
voltage of 500 V. The data were analyzed using 
Mass Hunter software (Build 4.0.479.0, Agilent 
Technologies).

Quantitative Real-Time Polymerase 
Chain Reaction Analysis

Total RNA in the neocortex and hippocampus 
of each rat was extracted with TRIzol reagent 

(TaKaRa, Otsu, Shiga, Japan, #9109) at a low 
temperature on a clean bench (SW-CJ-1D, Chi-
na). The RNA from each sample was used to 
synthesize cDNA using a High-Capacity cD-
NA Reverse Transcription Kit (Toyobo, Tokyo, 
Japan, #FSQ-201) with the Automatic Medical 
PCR Analysis System (SCILOGEX, Shanghai, 
China). The sequences for the primers are shown 
in Table I.

The total RNA concentration was determined 
using an ultramicro spectrophotometer (Scandrop 
100, China). qRT-PCR was performed on an 
Automatic Medical PCR Analysis System with 
SYBR® Green Real-time PCR Master Mix in a 
final volume of 20 μl, with the following thermal 
cycling conditions: 95°C for 2 min, followed by 
40 cycles of 95°C for 10 s, 58°C for 30 s, and 
95°C for 15 s. A GAPDH positive control without 
template was included for each amplification. The 
above real-time fluorescence quantification was 
repeated three times to obtain three Ct values, 
and the average Ct value was calculated. The 
data module was derived by the PCR software 
system, and the expression of EAAT1, EAAT2, 
and GFAP mRNA was quantitatively analyzed 
according to the RQ=2-ΔΔCT method.

Western Blot Analysis
Protein levels of EAAT1, EAAT2 and GFAP 

were measured by Western blotting. Briefly, pro-
teins were extracted from neocortical and hip-
pocampal tissues using radioimmunoprecipita-
tion assay buffer (#P0013B, Beyotime, Shanghai, 
China) containing a protease inhibitor cocktail 
(Roche Diagnostics GmbH, Mannheim, Ger-
many), and total protein concentrations were 
measured by using a bicinchoninic acid (BCA) 
protein concentration determination kit (#P0010, 
Beyotime, Shanghai, China). Proteins were sep-
arated on 8% SDS-PAGE gels and then trans-
ferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA; #IS-

Table I. Primer sequences used for the PCR analysis.

 Gene Sequences

EAAT1 Forward 5’-TCAGAACATCACCAAGGAGGA-3’
 Reverse 5’-TACGGTCGGAGGGCAAA-3’
EAAT2 Forward 5’-AGCCAAAGCACCGAAACC-3’
 Reverse 5’-AAGCAGCCCGCCACATA-3’
GFAP Forward 5’-TGGAGATAACTTGGACAATGGA-3’
 Reverse 5’-AGACCTTCACAACTGAGACGC-3’
GAPDH Forward 5’-GGTGAAGGTCGGTGTGAACG-3’
 Reverse 5’-CTCGCTCCTGGAAGATGGTG-3’
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EQ00010). After blocking with 5% non-fat dry 
milk solution for 2 hours at room temperature, 
the membranes were incubated with primary 
antibodies at 4°C overnight (EAAT1, Cell Sig-
naling Technology, Danvers, MA, USA; #5684, 
1:1,000 dilution; EAAT2, Proteintech, #22515-1-
AP, 1:1,000 dilution; GFAP, Cell Signaling Tech-
nology, #3670, 1:1,000 dilution). After washing 
with PBST three times for 5 min each time, the 
membranes were incubated with the appropriate 
horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit secondary antibody (1:5,000, #ZB2301 
ZSGB-BIO, China) for 2 hours at room tem-
perature, developed with ClarityTM Western ECL 
Substrate (#170-5060, Bio-Rad, Hercules, CA, 
USA) or an Omni-ECLTM Femto Light Chemilu-
minescence Kit (#SQ201, Yamei, China), and im-
mediately imaged on an Amersham Imager 600 
instrument (GE, USA). The bolts were stripped 
and washed with the stripping buffer (Thermo 
Scientific, Waltham, MA, USA #21059), then 
the membranes were incubated with the primary 
antibodies at 4°C overnight (rabbit anti-alpha tu-
bulin, Proteintech, China, #11224-1-AP, 1:4,000) 
and the appropriate HRP-conjugated goat an-
ti-rabbit secondary antibody. The intensity of the 
protein bands was normalized to alpha tubulin.

Immunofluorescence Staining
Adult male SD rats were anesthetized with 

etomidate, propofol, or lidocaine plus etomidate; 
5 min later, the rats were decapitated, and the 
brains were dissected and placed in 4% para-
formaldehyde for 24 h. Fixed brains were then 
cryoprotected in a high sucrose solution until 
the tissues sank to the bottom23. The coronal 
sections were cut into 6 μm sections using a low 
temperature thermostat (Leica, Germany). For 
immunofluorescence staining, sections were first 
washed three times with PBS and then blocked 
with 10% normal goat serum for 30 min at 37°C. 
Then, the sections were incubated overnight with 
the following primary antibodies at 4°C: rabbit 
anti-EAAT1 (Cell Signaling Technology, #5684, 
1:1,000 dilution); rabbit anti-EAAT2 (Proteintech, 
#22515-1-AP, 1:1,000 dilution); mouse anti-GFAP 
(Cell Signaling Technology, #3670, 1:1,000 di-
lution). The next day, the sections were rinsed 
three times with PBS and incubated with the 
following corresponding secondary antibodies 
for 2 h at 37°C: Cy3-conjugated goat anti-mouse 
IgG (1:100, Servicebio, Cat. No. GB21301); Flu-
or 488-conjugated goat anti-rabbit IgG (1:100, 
Servicebio, Cat. No. GB22303). Then, sections 

were washed three times in phosphate buffered 
saline (PBS) and incubated with 4’,6-diamidi-
no-2-phenylindole (DAPI) (Beyotime) for nuclear 
staining at 37°C for 10 min. Negative control sec-
tions were incubated with PBS, and micrographs 
were analyzed using a fluorescence confocal mi-
croscope (Olympus, Japan). To determine the 
immunoreactivity of EAAT1, EAAT2, and GFAP 
in the neocortex, retro splenial agranular (RSA) 
cortex, motor cortex, and somatosensory cortex, 
five slices from each rat were arbitrarily selected 
(n=4 rats per group and 5 images per animal).

Statistical Analysis
Statistical analyses were performed using 

Prism 9.0.0 software (GraphPad Software, San 
Diego, CA, USA) and SPSS software, version 
19.0 (IBM Corp., Armonk, NY, USA). Paramet-
ric data were reported as the means and standard 
deviations, and nonparametric data were reported 
as percentiles. The number of animals used was 
reported as the “n”. A normal distribution was 
confirmed using the Shapiro-Wilk test. The group 
size was determined using the method described 
in previous studies24. The mean behavioral score 
at different times among the three groups were 
determined by two-way multiple comparisons 
analysis of variance (ANOVA), and the measure-
ments of glutamate in neocortex and hippocam-
pus were determined by one-way multiple com-
parisons ANOVA. Spearman correlation analysis 
was used to identify the relationship between the 
mean behavioral score and the glutamate content 
in the neocortex or hippocampus. The expression 
of EAAT1, EAAT2, and GFAP mRNAs and 
proteins in the neocortex and hippocampus, the 
mean grey value of the neocortex, and the ratio of 
GFAP-positive cells to total cells in the neocortex 
or hippocampus were analyzed by one-way mul-
tiple comparisons ANOVA or two-tailed t-test in 
groups for normally distributed data and the Kru-
skal-Wallis’ test or two-tailed Mann-Whitney U 
test for non-normally distributed data. Statistical 
significance was set at p < 0.05.

Results

Etomidate-Induced Myoclonus and 
Increased the Glutamate Level in 
the Neocortex

The behavioral scores were recorded at differ-
ent time points in the etomidate, propofol, and 
lidocaine plus etomidate groups (Figure 1A), and 
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Figure 1. Quantifications of etomidate-induced myoclonus and glutamate measurement. The trend of behavioral scores 
at different time points in the etomidate, propofol, lidocaine plus etomidate group (A), as determined by two-way multiple 
comparisons ANOVA. Glutamate content in CSF (B), neocortex and hippocampus (C) in the etomidate, propofol, and lidocaine 
plus etomidate group (n=6 rats in each group), and one-way multiple comparisons ANOVA was applied to analyze difference. 
Spearman correlation analysis of the relationship between the mean behavioral score and glutamate content in neocortex 
(r=0.6638, p=0.0027, D) and hippocampus (r=0.135, p=0.4768, E). *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001, 
compared to the propofol group; #: p<0.05; ##: p<0.01; ###: p<0.001; ####: p<0.0001, compared to the lidocaine plus etomidate the 
group. CSF: Cerebrospinal fluid; ANOVA: Analysis of variance.
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etomidate increased the mean behavioral scores 
at 1 min (1.83±1.33 vs. 0.00±0.00, n=6, p<0.0001; 
1.83±1.33 vs. 0.17±0.41, n=6, p=0.0003), 2 min 
(1.33±1.51 vs. 0.00±0.00, n=6, p=0.0048 for both), 
3 min (2.17±1.33 vs. 0.00±0.00, n=6, p<0.0001 for 
both), and 4 min (1.33±1.51 vs. 0.00±0.00, n=6, 
p<0.0048 for both) and did not affect the mean be-
havioral scores at 0 min (0.33±0.52 vs. 0.00±0.00, 
n=6, p=0.6985 for both) and 5 min (0.67±0.82 vs. 
0.00±0.00, n=6, p=0.243 for both) after admin-
istration compared to the propofol and lidocaine 
plus etomidate group, as determined by two-
way multiple comparisons ANOVA. Etomidate 
increased the glutamate level in rats’ CSF com-
pared with the propofol (10.90±4.01 vs. 3.64±0.92 
µmol/l, n=6; p=0.0003) and the lidocaine plus 
etomidate (10.90±4.01 vs. 3.39±1.03 µmol/l, n=6; 
p=0.0002) (Figure 1B). In the neocortex, eto-
midate increased the glutamate level compared 
with the propofol group (1.30±0.15 vs. 1.09±0.04 
µg/mg, n=6; p=0.0283) and the lidocaine plus 
etomidate group (1.30±0.15 vs. 1.08±0.05 µg/mg, 
n=6; p=0.0035). In the hippocampus, etomidate 
did not affect the glutamate level (1.04±0.07 vs. 
1.10±0.08 µg/mg, n=6, p=0.4157; 1.04±0.07 vs. 
1.16±0.09 µg/mg, n=6, p=0.0536) compared to 
the propofol, and lidocaine plus etomidate group, 
as determined by one-way multiple comparisons 
ANOVA (Figure 1C). The correlation analysis 
revealed a strong correlation between the mean 
behavioral score in three groups and the neocor-
tical glutamate content (Spearman’s r=0.6638, 

p=0.0027) (Figure 1D), but no relationship be-
tween the mean behavioral score and the hippo-
campal glutamate content was found (Spearman’s 
r=0.135, p=0.4768) (Figure 1E).

Etomidate Did Not Affect the mRNA
Expression of EAAT1, EAAT2, or GFAP 
in the Neocortex or Hippocampus

Etomidate did not affect the mRNA expres-
sion of EAAT1 in the neocortex (0.99±0.15 
vs. 0.91±0.08, n=6, p=0.4453; 0.99±0.15 vs. 
0.86±0.12, n=6, p=0.1511) or the hippocampus 
(0.93±0.14 vs. 0.84±0.17, n=6, p=0.6252; 0.93±0.14 
vs. 0.78±0.18, n=6, p=0.2737) compared with 
the propofol group and lidocaine plus etomidate 
group (Figure 2A). Etomidate affected neither 
the mRNA expression of EAAT2 in the neo-
cortex (1.09±0.18 vs. 1.04±0.07, n=6, p=0.7837; 
1.09±0.18 vs. 0.99±0.13, n=6, p=0.4030) and 
the hippocampus (1.05±0.10 vs. 0.96±0.08, n=6, 
p=0.3106; 1.05±0.10 vs. 0.91±0.13, n=6, p=0.0803) 
, nor the mRNA levels of GFAP in the neocortex 
(1.01±0.18 vs. 1.03±0.22, n=6, p=0.9909; 1.01±0.18 
vs. 0.88±0.24, n=6, p=0.5452) and the hippocam-
pus (2.25±0.85 vs. 2.29±0.90, n=6, p=0.9964; 
2.25±0.85 vs. 2.39±0.76, n=6, p=0.9560) com-
pared to the propofol group and lidocaine plus 
etomidate group (Figure 2B), as determined by 
one-way multiple comparisons ANOVA. How-
ever, the mRNA expression of GFAP in the 
hippocampus was significantly higher than that 
in the neocortex in the etomidate (p=0.0273), 

Figure 2. mRNA expression of EAAT1, EAAT2, GFAP in neocortex and hippocampus. Expression of EAAT1(A), EAAT2 
(B), GFAP (C) mRNA in neocortex and hippocampus in the etomidate, propofol, and lidocaine plus etomidate group. One-way 
multiple comparisons ANOVA was applied to analyze difference. *: p<0.05.
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propofol (p=0.0254), and lidocaine plus etomi-
date (p=0.0013) group, as determined by paired 
t-test (Figure 2C).

Etomidate Decreased the Expression of 
EAAT1 and EAAT2 Proteins, but Con-
versely Increased the Expression of 
GFAP Protein in the Neocortex

In the neocortex, etomidate decreased not on-
ly the EAAT1 protein expression (0.81±0.09 vs. 
1.07±0.18, n=6, p=0.0416; 0.81±0.09 vs. 1.13±0.19, 
n=6, p=0.0127) (Figure 3A and B), but also 
the EAAT2 protein expression (0.61±0.29 vs. 
1.11±0.25, n=6, p=0.0363; 0.61±0.29 vs. 1.22±0.38, 
n=6, p=0.0109) (Figure 3C and D) compared to 
the propofol group and the lidocaine plus eto-
midate group. Conversely, etomidate increased 
GFAP protein expression compared to the propo-
fol group (0.86±0.15 vs. 0.59±0.16, n=6, p=0.0145) 
and the lidocaine plus etomidate group (0.86±0.15 
vs. 0.59±0.12, n=6, p=0.0149) (Figure 3E and F). In 
the hippocampus, etomidate did not affect EAAT1 
protein expression compared to the propofol or lido-
caine plus etomidate (1.16±0.33 vs. 0.99±0.19, n=6, 
p=0.4870; 1.16±0.33 vs. 1.11±0.24, n=6, p=0.8019) 
(Figure 3A and B). As for the EAAT2 protein, eto-
midate decreased the expression compared to the 
propofol (0.68±0.26 vs. 1.04±0.16, n=6, p=0.0245), 
but no significant difference was found between 
the etomidate and the lidocaine plus etomidate 
group (0.68±0.26 vs. 0.87±0.21, n=6, p=0.2864) 
(Figure 3C and D). Additionally, etomidate did not 
affect the GFAP protein expression (1.29±0.21 vs. 
1.37±0.19, n=6, p=0.8649; 1.29±0.21 vs. 1.39±0.27, 
n=6, p=0.7857) (Figure 3E and F) compared to 
the propofol and lidocaine plus etomidate group, 
as determined by one-way multiple comparisons 
ANOVA. Furthermore, etomidate upregulated 
the expression of EAAT1 (p=0.0326) and GFAP 
(p=0.0051) in the hippocampus compared to that 
in the neocortex, and both propofol (p=0.0003) 
and lidocaine plus etomidate (p=0.0010) upregu-
lated the expression of GFAP in the hippocampus 
compared to that in the neocortex, as determined 
by paired t-test and two-tailed Mann-Whitney 
U test. In addition, double immunofluorescence 
staining revealed that EAAT1 and EAAT2 were 
mainly expressed on astrocytes (Figure 3H and G).

Etomidate Activated Astrocytes in the 
Neocortex Not Hippocampus

To investigate whether changes in the astro-
cytic response are involved in the pathogenesis 
of etomidate-induced myoclonus, a semiquantita-

tive immunofluorescence analysis of GFAP was 
performed (Figure 4 and Figure 5). In the neo-
cortex, the ratio of GFAP-positive cells to total 
cells in the etomidate group was significantly in-
creased compared to the propofol (30.80±2.53 vs. 
15.70±2.45%, n=4, p=0.0002) and lidocaine plus 
etomidate group (30.80±2.53 vs. 11.63±3.98%, 
n=4, p<0.0001) (Figure 4D). In terms of morphol-
ogy, astrocytes in the etomidate group seemed to 
be hypertrophic compared to those in the other 
two groups (Figure 4A-C and A’-C’); In the hip-
pocampus, etomidate did not affect the ratio of 
GFAP-positive cells to total cells compared to 
the propofol and lidocaine plus etomidate group 
(44.53±3.99 vs. 42.83±5.75%, n=4, p=0.8704; 
44.53±3.99 vs. 44.90±4.35%, n=4, p=0.9932) 
(Figure 5D), as determined by one-way multiple 
comparisons ANOVA. The cells in three groups 
were similar in morphology (Figure 5A-C and 
A’-C’).

Etomidate Inhibited the Expression of 
EAAT1 and EAAT2 Proteins in the 
Motor Cortex

To compare the expression of EAAT1 and 
EAAT2 in more specific regions of the neocortex 
(RSA cortex, motor cortex, and somatosensory 
cortex) and hippocampus, we used an immu-
nofluorescence approach. As shown in Figure 
6A-F and Figure 7A-F, etomidate inhibited the 
mean grey values of EAAT1 and EAAT2 in the 
motor cortex compared to propofol (42.80±3.47 
vs. 59.92±4.35, n=4; 36.93±4.45 vs. 59.11±5.63, 
n=4, p=0.0013 for both) and lidocaine plus etomi-
date (42.80±3.47 vs. 52.93±5.59, n=4, p=0.0280; 
36.93±4.45 vs. 46.09±2.98, n=4, p=0.0490). 
Etomidate did not affect the mean grey val-
ue of EAAT1 in the RSA cortex (43.58±1.44 
vs. 48.18±16.49, n=4, p=0.8000; 43.58±1.44 vs. 
51.26±5.63, n=4, p=0.5517), somatosensory cor-
tex (46.39±3.49 vs. 49.65±14.45, n=4, p=0.8707; 
46.39±3.49 vs. 56.22±5.39, n=4, p=0.3258), or 
hippocampus (33.11±6.39 vs. 34.02±13.74, n=4, 
p=0.9919; 33.11±6.39 vs. 33.10±10.42, n=4, 
p>0.9999) compared to the propofol and lido-
caine plus etomidate group. Etomidate affect the 
mean grey value of EAAT2 neither in the RSA 
cortex (47.98±8.66 vs. 56.28±6.37, n=4, p=0.7179; 
47.98±8.66 vs. 47.40±5.07, n=4, p>0.9999) nor in 
the hippocampus (32.78±12.02 vs. 30.67±10.63, 
n=4, p=0.9667; 32.78±12.02 vs. 31.81±13.16, n=4, 
p=0.9928) compared to the propofol and lidocaine 
plus etomidate group. Lidocaine plus etomidate 
(45.77±2.55 vs. 40.54±5.39, n=4, p=0.3546) did 
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Figure 3. Localization of EAAT1 and EAAT2, and the proteins expression in neocortex and hippocampus. EAAT1 protein 
expression (A and B), EAAT2 protein expression (C and D) and GFAP protein expression (E and F) in the neocortex and 
hippocampus in the etomidate, propofol, and lidocaine plus etomidate group, one-way multiple comparisons ANOVA and 
paired t test were applied to analyze difference. Double immunofluorescence staining of GFAP (red) with EAAT1 (green) or 
EAAT2 (green) in neocortex. EAAT1 (H) and EAAT2 (G) were mainly expressed on astrocytes (n=4 rats, 5 pictures per each 
rat, scale bar=20 μm). *: p<0.05; **: p<0.01.
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Figure 4. Effect of etomidate, propofol, lidocaine plus etomidate on the astrocyte response in neocortex. Etomidate group 
(A), Propofol group (B); Lidocaine plus etomidate group (C); Magnified images of A-C (A’-C’). Morphologically, astrocytes 
were observed under a 40×objective (Scale bars are 20 μm). The ratio of the number of astrocytes (labeled by GFAP) to the 
number of total cells (labeled by DAPI) was analyzed (D), as determined by one-way multiple comparisons ANOVA. Scale 
bars=100 μm (A-C), Scale bars=20 μm (A’-C’). ***: p<0.001; ****: p<0.0001.
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Figure 5. Effect of etomidate, propofol, lidocaine plus etomidate on the astrocyte response in hippocampus. Etomidate group 
(A), Propofol group (B); Lidocaine plus etomidate group (C); Magnified images of A-C (A’-C’). Morphologically, astrocytes 
were observed under a 40×objective (Scale bars are 20 μm). The ratio of the number of astrocytes (labeled by GFAP) to the 
number of total cells (labeled by DAPI) was analyzed (D), as determined by one-way multiple comparisons ANOVA. Scale 
bars=100 μm (A-C), Scale bars=20 μm (A’-C’).
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Figure 6. Immunofluorescence studies show that etomidate inhibited the expression of EAAT1 protein in motor cortex 
compared to the propofol and lidocaine plus etomidate group.  Images of representative coronal sections stained for EAAT1 
at 10 × magnification in neocortex (A) and hippocampus (B) in three groups. Quantification of EAAT1 immunoreactivity in 
RSA cortex (C), motor cortex (D), somatosensory cortex (E) and hippocampus (F). One-way multiple comparisons ANOVA 
was applied to analyze difference. Scale bars=200 μm. *: p<0.05; **: p<0.01. RSA: Retro splenial agranular.
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Figure 7. Immunofluorescence studies show that etomidate inhibited the expression of EAAT2 protein in motor cortex 
compared to the propofol and lidocaine plus etomidate group. Images of representative coronal sections stained for EAAT2 
at 10 × magnification in neocortex (A) and hippocampus (B) in three groups. Quantification of EAAT1 immunoreactivity in 
RSA cortex (C), motor cortex (D), somatosensory cortex (E) and hippocampus (F). One-way multiple comparisons ANOVA 
was applied to analyze difference. Scale bars=200 μm. *: p<0.05; **: p<0.01; ***: p<0.001. RSA: Retro splenial agranular.
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not affect but propofol (59.16±6.47 vs. 40.54±5.39, 
n=4, p=0.0015) increased the mean grey value of 
EAAT2 in the somatosensory cortex compared to 
the etomidate group, as determined by one-way 
multiple comparisons ANOVA.

Discussion

To investigate the effect of etomidate on ex-
citatory neurotransmitter glutamate and the rela-
tionship between glutamate content in neocortex 
or hippocampus and myoclonus, we recorded the 
mean behavioral scores in three groups during 
anesthesia and conducted the glutamate levels in 
the CSF, neocortex and hippocampus. We found 
that etomidate increased mean behavioral scores 
and glutamate levels in the CSF and neocortex 
during anesthesia. More importantly, we demon-
strated a strong correlation between the myoclo-
nus and neocortical glutamate accumulation. The 
increased extracellular glutamate levels result in 
the imbalance of neurotransmitters and contrib-
ute to excessive excitability25, such as seizures. 
EAAT1 and EAAT2, known to be distributed in 
astrocytes and responsible for glutamate uptake, 
play vital roles in balancing neurotransmitters26. 
Moreover, GFAP, a member of the intermediate 
filament structural protein family that is predom-
inantly expressed by astrocytes. To explore the 
effect of etomidate on the expression of EAATs 
and GFAP following myoclonus, we conducted 
the qPCR, western blot and immunofluorescence 
analysis. The results showed that etomidate did 
not affect EAAT1, EAAT2, or GFAP mRNA 
expression in the neocortex or hippocampus, but 
decreased the expression of EAAT1 and EAAT2 
proteins, conversely activated the expression of 
GFAP protein in the neocortex, when compared 
with the propofol and lidocaine plus etomidate 
group. Together, the inconsistency in EAAT1, 
EAAT2, and GFAP gene and protein expression 
might be attributed to the differential location 
and timing of gene and protein expression un-
der the action of the three anesthetic drugs27. 
Translocation of membrane protein of EAAT1 in 
cell-surface can be regulated within minutes and 
faster; according to previous research28, that can 
be possible by protein synthesis. Michaluk et al29 
also reported that EAAT2 dwells on the surface 
of rat brain astroglia, recycling with a lifetime of 
less than 1 min. Additionally, the rapid synthesis 
of GFAP intermediate filaments is typical char-
acteristic for astrogliosis, which is well estab-

lished in the genesis of epilepsy30. The decline in 
EAATs protein observed in the neocortex agrees 
with a previous study8 in which we showed that 
etomidate inhibited EAATs in cultures of corti-
cal glial cells involving protein kinase A (PKA). 
In contrast, propofol increased the expression of 
EAAT2 in a brain injury model and protected 
hippocampal neurons31. Although the effect of 
lidocaine on EAATs have not been reported at 
present, systemic administration of lidocaine can 
effectively treat glutamate excitotoxicity-related 
brains32, which indicates that etomidate inhibits 
EAATs and the uptake of glutamate into astroglia 
probably via the modulation of protein phosphor-
ylation. Recent studies33 have suggested that the 
activity of glutamate transporters is regulated by 
the phosphorylation processes of PKA, protein 
kinase C (PKC) and phosphatidylinositol-3-ki-
nase (PI3K), and these regulatory effects could be 
associated with a rapid change in the number of 
transporters within the plasma membrane.

The induction of GFAP-positive cells by etomi-
date in the neocortex in a short period may reflect 
a process in which seizures induce astrocytic 
hypertrophy and may also be related to brain dam-
age34 with stress response. The decline in GFAP 
expression observed in propofol and lidocaine plus 
etomidate in the neocortex agrees with a previous 
study in which we showed that pretreatment with 
propofol decreased the number of GFAP-positive 
cells in rat cerebrocortical slices35 and that lido-
caine had a neuroprotective effect and reduced 
astrocytic activation and inflammation by down-
regulating GFAP36. Immediate astrocyte degener-
ation and the downregulation of their expression 
in astrocytes37 and compensatory astrogliosis may 
explain the opposite changes of EAATs and GFAP 
after etomidate. In addition, in contrast with the 
RSA, somatosensory cortex and hippocampus, the 
motor cortex seemed to be the region where the 
expression levels of EAATs were declined after in-
travenous administration of etomidate, compared 
to the propofol or lidocaine plus etomidate. Since 
the sensitivity of the different regions to etomidate 
also differs due to the difference in the distribution 
of γ-aminobutyric acid (GABA) receptor subtypes 
and reactive astrogliosis, it may be part of the ear-
ly-term response triggered by etomidate treatment 
in different brain regions38,39.

Limitations 
There are some limitations of our experiment. 

First, only male rats were chosen in our study, 
since the estrogen levels of male animals are 
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more stable than those of female animals. To ex-
clude the influence of estrogen level fluctuation40, 
only male rats were included. Second, we did not 
conduct an experiment on the effects on etomi-
date-induced myoclonus by regulating the phos-
phorylation of EAATs. Adolph et al41 provided 
evidence that blockage of the PKA pathway rap-
idly upregulated glutamate uptake by mediating 
EAAT1. We will conduct relevant experiments 
to verify the effect of the PKA pathway on the 
etomidate triggering phosphorylation of EAATs 
and explore a new rapid therapeutic target for 
etomidate-induced myoclonus.

Conclusions

Etomidate-induced myoclonus is associated 
with neocortical glutamate accumulation. Sup-
pression of the astrogliosis in neocortex and 
promoting extracellular glutamate uptake by reg-
ulating glutamate transporters (EAATs) in the 
motor cortex may be the therapeutic target for 
prevention of etomidate-induced myoclonus.
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