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Abstract
Ketamine, a noncompetitive N-methyl D-aspartate (NMDA) receptor antagonist, is widely used in pediatric clinical practice. 
The neuroprotective and neurotoxic effects of ketamine on brain neurons during development remain controversial. The 
reason may be related to the different concentrations of ketamine used in practice and the small range of concentrations used 
in previous studies. In this study, cultured hippocampal neurons were treated with ketamine in a wide range of concentra-
tions to comprehensively observe the effects of different concentrations of ketamine on neurons. We demonstrated that low 
concentrations of ketamine (10 μM, 100 μM and 1000 μM) promoted neuronal survival (p < 0.05) and reduced neuronal 
apoptosis (p < 0.05) compared with those of the control group. High concentrations of ketamine (2000 μM, 2500 μM and 
3000 μM) reduced neuronal survival (p < 0.05) and promoted neuronal apoptosis (p < 0.05). The p38 MAPK inhibitor 
SB203580 reduced neuronal apoptosis induced by high concentrations of ketamine (2500 μM) (p < 0.05). Our findings 
indicate that ketamine exerts a dual effect on the apoptosis of primary cultured fetal rat hippocampal neurons in vitro and 
that the neurotoxic effects of ketamine are related to activation of the p38 MAPK signaling pathway.
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Introduction

Ketamine is a noncompetitive antagonist of the N-methyl-
D-aspartate receptor (NMDA) and has been widely used in 
pediatric patients and critically ill patients due to its advan-
tageous sedative and analgesic effects, low number of side 
effects involving hemodynamics and respiration, and short 
half-life (Fang et al. 2020; Li et al. 2021; Biliškov et al. 
2021; Pansini et al. 2021; Marinello et al. 2020). However, 
in infancy, the development of the nervous system is very 
sensitive to changes in both internal and external environ-
ments. Overexcitation or inhibition can impair the morphol-
ogy and function of neurons and affect the normal develop-
ment of neurons. Studies have shown that ketamine exhibits 
a certain level of neurotoxicity in the early developing brain 
and induces neuronal apoptosis, leading to learning, mem-
ory and cognitive defects later in brain development (Huang 
et al. 2012; Paule et al. 2011; Huang et al. 2021; Zhang et al. 
2021; Ye et al. 2018; Meng et al. 2020). The p38 MAPK 
signaling pathway is considered the possible mechanism 
of ketamine neurotoxicity (Guo et al. 2018). Other studies 
have also found that ketamine reduces neuronal apoptosis 
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and exerts a certain neuroprotective effect (Rovnaghi et al. 
2008; Anand et al. 2007; Tannich et al. 2020; Wang et al. 
2021; Yang et al. 2018). Thus, the effects of ketamine on 
early brain development remain controversial. The reason 
for these controversies may be related to the small range of 
ketamine concentrations used in previous studies. Based on 
the pharmacokinetics and pharmacodynamics of ketamine, 
the clinically relevant concentration of ketamine was 10 μM. 
After intravenous injection, the concentration in the brain 
can be 6.5 times higher than that in the plasma. The con-
centration of ketamine used by researchers may be closely 
related to the findings. Based on this information, hippocam-
pal neurons of fetal rats were used in our study to explore the 
effects of ketamine on hippocampal neuron apoptosis and 
the role of the p38 MAPK signaling pathway ; furthermore, 
these results will provide an experimental basis for further 
clinical research on the effects of ketamine on infant brain 
development.

Materials and methods

Chemicals and reagents

Ketamine hydrochloride (batch number KH080401, Fujian, 
China), MTT (Abcam, ab211091), Hoechst 33342 (Sigma, 
CAS: 875756-97-1), rabbit anti-rat phospho-p38 MAPK 
monoclonal antibody (CST, 9215s), and rabbit anti-rat p38 
MAPK polyclonal antibody (CST, 9212s) were used in this 
study. The 10 mM ketamine storage solution was prepared 
as follows: 0.274 mL of ketamine stock solution (182.36 
mmol/l) was diluted to 5 mL with Dulbecco’s modified 
Eagle's medium (DMEM), filtered, sterilized, packaged and 
stored at 4 °C. Each concentration of ketamine was prepared 
by the multiple ratio gradient dilution method. The pH of 
solutions at each concentration was measured and adjusted 
prior to application.

Experimental methods

Experimental animals

Clean grade 17–19–day pregnant Sprague–Dawley (SD) 
rats (provided by Shanghai Slack Laboratory Animal Co., 
Ltd., Production License No. SCXK (Shanghai) ) were 
bred in specific pathogen-free conditions and housed in 
air-conditioned, temperature-controlled rooms with a 12–h 
light/dark cycle (lights on, 08:00 am), 22-25 °C ambient 
temperature, and ad libitum access to food and water in the 
Laboratory Animal Center of Fujian Medical University. All 
procedures and the use of the animals were approved by 

the Institutional Animal Care and Use Committee of Fujian 
Medical University.

Harvest and culture of hippocampal neurons

According to a previously reported method (Fath et  al. 
2009), embryonic hippocampal neurons were harvested from 
embryonic/gestational day 17–19 SD rats. In brief, timed 
pregnant rats were euthanized by cervical dislocation under 
an overdose of isoflurane. The uterus was dissected, and the 
whole fetal brain was removed and placed in a large plate 
containing DMEM in an ice bath. Hippocampal tissue was 
dissected and chopped into small, 1 mm3 pieces, and 0.125% 
pancreatic enzyme was added in an equal volume. After 
trituration with Barts pipette, the samples were digested for 
15 min in a 5% CO2 incubator at 37 °C. An equal volume 
of 20% fetal bovine serum was added to stop digestion, and 
the mixture was triturated several times, filtered through 
a 200-mesh filter, and centrifuged for 3 min at a speed of 
1000 rpm. The precipitate was collected and added to the 
inoculation solution to prepare a cell suspension. After the 
cell viability was measured and the cells were counted, they 
were diluted with high-glucose medium containing 10% fetal 
calf serum (FBS) according to the results of the live cell 
count. The inoculation density was 0.5×106 cells/mL, and 
1.5 mL was seeded in each well of a 6-well plate, placed in 
an incubator containing 5% CO2 at 37 °C and incubated for 
24 h. The implant solution was completely replaced with 
maintenance medium (97% neurobasal medium, 2% B27 and 
1% glutamine). Afterward, half of the culture medium was 
changed once every two days. The neurons were observed 
under an inverted phase contrast microscope and photo-
graphed every day. After 7 days of culture, hippocampal 
neurons were removed for fluorescence staining and iden-
tification of β-tubulin III; the neurons were observed and 
photographed under a laser confocal microscope. Five fields 
were randomly selected under high magnification, and the 
number of positive cells among 100 cells was counted. The 
mean percentage of positive neurons ± standard deviation 
was reported.

MTT assay

Hippocampal neurons were collected at a final density of 
0.8×106 cells/ mL and inoculated into a 96-well culture plate 
at 200 μL per well. On the 7th day of culture, ketamine was 
added at final concentrations of 0 μM (control), 0.1 μM, 1 
μM, 10 μM, 100 μM, 1000 μM, 1500 μM, 2000 μM, 2500 
μM, or 3000 μM. Six replicate wells were utilized for each 
concentration, and the culture was continued for 24 h. Then, 
20 μL of MTT (5 mg/mL) was added to each well and the 
neurons were incubated for 4 h. Next, 150 μL of DMSO was 
added to each well, the plates were incubated for 10 min, and 
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the absorption value was measured at 570 nm with a micro-
plate reader. The results are presented as the mean of six 
well replicates of each ketamine concentration on the same 
plate. The OD result of the control without ketamine (ODC) 
was taken as 100%, and the percentages of MTT reductions 
at other concentrations were calculated as [(ODS - OD0)/
(ODC - OD0)] ×100%, where ODS is the OD result of wells 
with different ketamine concentrations, and OD0 is the OD 
result of the eight MTT blank cell wells without MTT added. 
The experiment was repeated five times.

Nuclear staining

Twenty-four hours after ketamine intervention, neurons were 
washed with PBS, fixed with 4% paraformaldehyde for 15 
min, rinsed, and labeled with 5 μg/mL Hoechst 33342 at 
room temperature for 10 min. The cells were then immersed 
in 1% PBST, fixed with anti-fluorescence quenching agent, 
excited with ultraviolet light at wavelengths of 350-460 nm, 
observed and photographed at high magnification under a 
fluorescence microscope.

Apoptosis rate based on flow cytometry (Annexin V/
PI double staining)

Twenty-four hours after the ketamine intervention, neurons 
were digested with 0.25% trypsin, washed with PBS, and 
centrifuged at 1000 rpm for 5 min. The supernatant was 
discarded, and an appropriate amount of buffer was added to 
suspend the cells such that the number of cells per tube was 
not less than 1×106/mL. Then, 100 μL of the cell suspen-
sion was placed in a 5 mL flow tube and mixed with 2 μL 
of Annexin V (20 μg/mL) and 2 μL of propidium iodide (50 
μg/mL). The reaction lasted for 15 min, and the cells were 
detected using a flow cytometer.

Western blotting

Western blotting was performed in three steps as follows.

Step1: To detect the influence of ketamine on the expres-
sion of p-p38 MAPK and t-p38 MAPK protein at differ-
ent periods of time, hippocampal neurons were obtained 
at DIV 7 and treated with ketamine. The duration of keta-
mine intervention was 0 min, 1 min, 5 min, 15 min, 30 
min and 60 min. After intervention, the protein expres-
sion levels of p-p38 MAPK and t-p38 MAPK were 
detected, and the p-p38 MAPK/t-p38 MAPK ratio was 
used to reflect phosphorylation of the p38 MAPK signal-
ing pathway.
Step2: To determine the influence of different con-
centrations of ketamine on the expression of the p-p38 
MAPK and the t-p38 MAPK protein at the same time, 

hippocampal neurons were obtained at DIV 7, and dif-
ferent concentrations of ketamine were used for inter-
vention. The ketamine concentrations were 0 μM (con-
trol), 1 μM, 10 μM, 100 μM, 1000 μM, 1500 μM, 2000 
μM and 2500 μM. The peak phosphorylation of p38 
MAPK was achieved at 15 min (based on the experi-
mental results of step 1); therefore, this was used as 
the duration to measure the action of ketamine. After 
the intervention, the protein expression levels of p-p38 
MAPK and t-p38 MAPK were detected, and the p-p38 
MAPK/t-p38 MAPK ratio reflected the phosphoryla-
tion of the p38 MAPK signaling pathway.
Step3: To investigate the relationship between the 
apoptosis of hippocampal neurons induced by high 
concentrations of ketamine and the activity of the 
p38 MAPK signaling pathway, hippocampal neurons 
were obtained at DIV 7 and randomly divided into the 
following four groups: the control group, ketamine 
group, SB203580 group and SB203580+ ketamine 
group. The SB203580+ ketamine group was pre-
treated with SB203580 (10 μM) for 30 min and then 
was treated with ketamine. Each group was treated for 
24 hours. After the intervention, the apoptosis rate of 
each group was detected by flow cytometry.

Briefly, after the intervention, neurons were washed 
with PBS twice and lysed in RIPA buffer with PMSF. 
After incubating on ice for 30 min, the lysates were cen-
trifuged at 12,000 rpm for 15 min. The protein concentra-
tion was then determined using the BCA method. After 
sample loading and resolution on gels, the membrane 
was subjected to 120 V constant voltage electrophore-
sis for 90 min and 300 mA constant current flow for 
1.5 h. The PVDF membrane was removed, placed in 20 
mL of blocking solution, and incubated for 2 h. A rab-
bit anti-rat phospho- p38 MAPK monoclonal antibody 
and rabbit anti-rat p38 MAPK polyclonal antibody were 
diluted with primary antibody diluent (1:1000). The 
mouse anti-rat GAPDH monoclonal antibody was diluted 
with primary antibody diluent (1:500). Then, the PVDF 
membrane was completely immersed in the prepared pri-
mary antibody incubation solution and incubated at 4 °C 
overnight. The PVDF membrane was washed to remove 
nonspecifically bound primary antibody, fully immersed 
in a specific secondary antibody (HRP-labeled goat anti-
rabbit IgG 1:6000; HRP-labeled sheep anti-mouse IgG 
1:3000) and incubated at room temperature for 1.5 h. 
The nonspecifically bound secondary antibody on the 
PVDF membrane was fully removed by washing with 1% 
PBST. Substrate reaction, exposure, development, fixing, 
scanning and analysis were performed. ImageJ software 
(National Institutes of Health) was used to determine the 
band intensities, which reflected the expression of each 
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protein. Data are presented as the mean ± SD. A prob-
ability of *p < 0.05 was considered significant (one-way 
ANOVA with the Holm–Sidak test). The experiment was 
repeated three times.

Statistical analysis

All experimental data were tested for homogeneity of 
variance and normality and are reported as the mean ± 
standard deviation(x ± s ). SPSS 22.0 software was used 
for statistical analyses. One-way ANOVA was used for 
comparisons between groups, and the LSD test was used 
for pairwise comparisons of means between samples. 
P<0.05 indicated that the difference was statistically 
significant.

Results

Morphological observation and determination 
of the purity of hippocampal neurons.

Under an inverted phase contrast microscope, the neurons that 
were cultured for 24 h showed a spindle shape with protru-
sions (Fig. 1a). The neurons that were cultured for 7 days 
had plump cell bodies, obvious surrounding halos and longer 
protrusions due to the formation of neural fiber networks 
(Fig. 1b). Vacuoles appeared in the cell bodies of neurons 
cultured for 14 days, and the cells were degenerated and 
deformed (Fig. 1c). The neurons that had been cultured for 
21 days displayed obvious nuclear pyknosis, nuclear fragmen-
tation and protrusion fractures (Fig. 1d). Using a β-tubulin 
III monoclonal antibody and Hoechst 33342 immunofluo-
rescence staining, the cytoplasm and neuronal processes of 
positive cells were red, and the nucleus was blue (Fig. 1e). 
The purity of the neurons was 91.5±2.8%.

Effect of ketamine on hippocampal neuron cell 
activity.

The MTT results showed that ketamine exerted bidirectional 
effects on neuronal survival. Low concentrations of ketamine 
(10 μM, 100 μM, and 1000 μM) promoted neuronal survival (p 
< 0.01), and high concentrations of ketamine (2000 μM, 2500 
μM, and 3000 μM) decreased neuronal survival (p < 0.01) 
(Fig. 2).

Effect of ketamine on hippocampal neuron 
apoptosis.

Hoechst 33342 staining showed that nuclear enrichment 
and fragmentation were reduced at low concentrations 
(10 μM, 100 μM, and 1000 μM). At high concentrations 
(2000 μM, 2500 μM, and 3000 μM), the nuclei were con-
centrated, and the number of nuclear fragments increased 
(Fig. 3). A subsequent flow cytometry analysis showed 
that low concentrations of ketamine (10 μM, 100 μM, 
and 1000 μM) inhibited neuronal apoptosis (p < 0.05). 
High concentrations of ketamine (2000 μM, 2500 μM, 
and 3000 μM) promoted neuronal apoptosis (p < 0.01) 
(Fig. 4).

High concentrations of ketamine activate the p38 
MAPK signaling pathway.

We detected and analyzed the level of phosphorylated 
p38 MAPK, a key molecule in the p38 MAPK signaling 
pathway, to further study the mechanism by which high 
ketamine concentrations induced apoptosis in hippocam-
pal neurons. The activation of the p38 MAPK signaling 
pathway was related to the duration and concentration of 
ketamine treatment. After treatment with ketamine (2500 
μM), the level of phosphorylated p38 MAPK peaked at 

Fig. 1   The morphology of hippocampal neurons in culture. (a). After 
24 hours in vitro (1 DIV), the cells acquired an evenly rounded and 
phase-bright appearance, and several neurites formed. (b). After 7 
DIV, neurons developed axons, as well as several dendrites, and a 
network of mature neurons developed. (c). After 14 DIV, neuronal 
aggregation was obvious, vacuoles began to appear in the cell body, 
and the cells began to deform. (d). After 21 DIV, the degeneration 

of neurons was obvious, there was obvious nucleolysis and nuclear 
fragmentation, neurite receding and breaking, and the halo around the 
cells became faint or disappeared. (e). Using β-tubulin III monoclo-
nal antibody and Hoechst 33342 immunofluorescence staining, the 
plasma and neurite of the positive cells were red, and the nucleus was 
blue under laser confocal microscopy. Scale bar = 50 μm.
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15 min and gradually decreased to the baseline level 
(Fig. 5a). Low concentrations of ketamine (1 μM, 10 μM, 
100 μM, and 1000 μM) did not activate the p38 MAPK 
signaling pathway, and only high concentrations of keta-
mine (1500 μM, 2000 μM, and 2500 μM) promoted p38 
MAPK phosphorylation in a concentration-dependent 
manner (Fig. 5c).

The role of the p38 MAPK signaling pathway 
in hippocampal neuron apoptosis.

The flow cytometry analysis showed that compared with 
the control group, the apoptosis rate of the group treated 
with the p38 MAPK inhibitor SB203580 was not sig-
nificantly different (p > 0.05), and the apoptosis rate 

Fig. 2   The effect of ketamine on the neuron survival rate. An MTT 
assay was used to evaluate the effect of ketamine on neuron viability. 
Compared with the control group, no significant effects were observed 
when the ketamine concentrations were 0.1 μM and 1 μM. With increas-
ing ketamine concentration, the cell survival rates increased significantly 
in the 10 μM (p < 0.01), 100 μM (p < 0.01) and 1000 μM (p < 0.05) 
ketamine-treated groups. There were no significant differences between 

the results of the 1500 μM ketamine-treated and control groups. With a 
further increase in ketamine concentration, the cell survival rates of the 
2000 μM, 2500 μM, and 3000 μM ketamine-treated groups were sig-
nificantly decreased (p < 0.01). The results are presented as the mean ± 
standard error of the mean. The experiments were repeated five times. 
*p< 0.05; **p< 0.01, n = 5.

Fig. 3   The neurons were stained with Hoechst 33342. Under fluores-
cence microscopy, the normal neurons were circular or elliptic and 
slightly blue. For apoptotic neurons, the nucleus showed a thick dense 

or fragmented dense pyknotic form or granular fluorescence. KTM = 
ketamine, Scale bar = 50 μm.
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of neurons in the ketamine (2500 μM) group and the 
SB203580+ ketamine group was significantly increased 
(p < 0.01). Compared with the ketamine (2500 μM) 
group, the apoptosis rate of the SB203580+ketamine 
(2500 μM) group was significantly decreased (p < 0.01) 
(Fig. 6).

Discussion

The aim of this study was to investigate the effects of keta-
mine on the developing brain. Our results suggest that keta-
mine has a dual effect on apoptosis in primary fetal rat hip-
pocampal neurons cultured in vitro and that activation of the 
p38 MAPK signaling pathway plays an important role in the 
neurotoxic effects of ketamine.

Currently, research on the effects of ketamine on neuronal 
development remains controversial. Dong et al. (2012) found 
that a clinical concentration of ketamine does not induce the 
death of nerve stem progenitor cells through apoptosis or 
necrosis, and ketamine can even promote the differentiation 

of nerve stem progenitor cells and alters cell proliferation. 
However, some studies have shown that ketamine is neu-
rotoxic (Yang et al. 2021; Liu et al. 2021; Fan et al. 2021). 
The reason for these controversies may be related to the 
small range of ketamine concentrations used in these stud-
ies. Therefore, in this study, we selected a wide range of 
concentrations of ketamine for administration to hippocam-
pal neurons from fetal rats and found that low concentra-
tions of ketamine inhibited neuronal apoptosis and promoted 
neuronal survival. High concentrations promoted neuronal 
apoptosis and reduced neuronal survival. Based on these 
results, different concentrations of ketamine exert different 
effects on neuronal development, which explains the contro-
versy over the effect of ketamine on neuronal development 
to a certain extent.

Ketamine is an antagonist of the NMDA receptor, and 
p38 MAPK is an important intracellular signal transduction 
protein downstream of the NMDA receptor. p38 MAPK is 
one of the important members of the MAPK family, which 
mainly mediates inflammatory signaling, stress and injury. 
It is widely believed that the p38MAPK signaling pathway 

Fig. 4   Flow cytometry was 
used to examine cell apopto-
sis. (a). Typical representative 
diagram. (b). Compared with 
the control group, no significant 
effects were observed when the 
ketamine concentrations were 
0.1 μM and 1 μM. With increas-
ing ketamine concentration, the 
cell apoptosis rates decreased 
significantly in the 10 μM (p < 
0.05) , 100 μM (p < 0.01) and 
1000 μM (p < 0.05) ketamine-
treated groups, but the rate was 
not significantly different in 
the 1500 μM ketamine-treated 
group. With a further increase 
in ketamine concentration, the 
cell apoptosis rates showed 
a concentration-dependent 
increase in the 2000 μM, 2500 
μM, and 3000 μM ketamine-
treated groups. The results 
are presented as the mean ± 
standard error of the mean. The 
experiments were repeated three 
times. *p < 0.05; **p < 0.01, 
n = 3.
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plays an important role in regulating learning memory pro-
cesses (Wang et al. 2020). Wang et al. (2014) found that 
elevated levels of peripheral blood phosphorylated p38 
MAPK expression were associated with Alzheimer's dis-
ease (AD) and Parkinson's disease (PD). Another study 
also found that activation of p38 MAPK plays a key role in 
the pathophysiology of Alzheimer's disease (AD) and that 
selective degradation of phosphorylated p38 MAPK may 
provide an attractive therapeutic option for the treatment of 
AD (Son et al. 2023). Interestingly, there is also some litera-
ture discussing the potential of ketamine for the treatment of 
Alzheimer's disease (Lozupone et al. 2018; Smalheiser et al. 
2019). Recent studies have found that activation or inhibition 
of the p38 MAPK signaling pathway affects neuronal apop-
tosis (Li et al. 2020; Zhou et al. 2020; Lyu et al. 2018). In 
the present study, the phosphorylation of p38 MAPK, a key 
molecule in the p38 MAPK signaling pathway, was signifi-
cantly increased by intervention with a high concentration 
of ketamine, and ketamine promoted the phosphorylation 
of p38 MAPK in a concentration-dependent manner when 

the concentration of ketamine was greater than 1500 μM. 
Combined with the previous results, we speculated that the 
neurotoxic effects of ketamine may be related to the activa-
tion of the p38 MAPK signaling pathway. Previous studies 
have shown that inhibiting the activation of the p38 MAPK 
signaling pathway alleviates neuronal damage caused by 
hypoxia (Lan et al. 2011; He et al. 2021). SB203580, a p38 
MAPK inhibitor, was used to further verify our hypothesis. 
SB203580 significantly reduced the rate of neuronal apopto-
sis induced by high concentrations of ketamine. This result 
confirms that the p38 MAPK signaling pathway is involved 
in the neurotoxic effects of high concentrations of ketamine. 
Liu et al. found that NMDA could mediate the apoptosis 
of primary cortical neurons by activating the p38 signaling 
pathway. SB203580 has a neuroprotective effect on NMDA-
induced apoptosis, and this finding is similar to the results 
of this study (Liu et al. 2014).

However, we found that low concentrations of ketamine 
did not cause neuronal apoptosis but instead promoted neu-
ronal survival. Further experiments showed that the p38 

Fig. 5   The influence of ketamine on the p38 MAPK pathway. (a). 
The relative p-p38 MAPK level after treatment with 2500 μM ket-
amine for different time periods (0 to 60 min); (b). Differences 
between control group values and 5, 15 and 30 min (p < 0.01); differ-
ences between 5 and 15 min (p < 0.01); differences between 15 and 
30 min (p < 0.01). The results are presented as the mean ± standard 
error of the mean. The experiments were repeated three times. **p 
< 0.01, ## p < 0.01, n = 3. (c). The relative p-p38 MAPK level after 

treatment with different concentrations of ketamine for 15 min; (d). 
Differences between the control group values and 1500 μM, 2000 
μM and 2500 μM ketamine-treated groups (p < 0.01); differences 
between 1500 and 2000 μM ketamine-treated groups (p < 0.01); dif-
ferences between 2000 and 2500 μM ketamine-treated groups (p < 
0.01). The results are presented as the mean ± standard error of the 
mean. The experiments were repeated three times. **p < 0.01, ## p 
< 0.01, n = 3.
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MAPK signaling pathway was not activated by low keta-
mine concentrations. Based on this phenomenon, we spec-
ulate that other signal transduction pathways are involved 
and exert an anti-apoptotic effect when the concentration 
of ketamine is relatively low; this finding requires further 
investigation.

On the other hand, ketamine has been used as an antide-
pressant in addition to anesthesia (Hirota and Lambert 2018). 
At subanesthetic doses, a single ketamine infusion has been 
reported to promote not only a rapid-acting antidepressant effect 
(usually within hours) but also in patients resistant to prior treat-
ment (Chang et al. 2009). The mechanisms by which ketamine 
improves depressive symptoms are not fully understood, but a 
growing body of evidence suggests that the rapid antidepres-
sant-like effects of ketamine are associated with reductions in 
pro-inflammatory cytokines (e.g., interleukin (IL)-1β, tumor 
necrosis factor (TNF)-α, IL-6) in serum and brain tissue (Yang 
et al. 2013a, 2013b; Wang et al. 2015; Tan et al. 2017; Xie et al. 
2017; Clarke et al. 2017). The optimal dose of ketamine for 
the treatment of depression is not yet clear. However, according 
to the literature, the peak blood levels of ketamine hydrochlo-
ride during surgical anesthesia are 2000 ~ 3000 ng/mL (7.29 ~ 
10.94 μM), and the peak blood levels associated with anesthetic 
awakening are 500 ~ 1000 ng/mL (1.82 ~ 3.65 μM). A typical 
antidepressant dose of 0.5 mg/kg, administered intravenously 

for 40 minutes, produces peak plasma concentrations of 70 to 
200 ng/mL (0.26 to 0.73 μM) of ketamine hydrochloride with-
out general anesthesia (Sanacora et al. 2017). Due to its high 
lipid solubility and ease of crossing the blood-brain barrier, the 
concentration of ketamine in rat cerebrospinal fluid is approxi-
mately 6.5 times higher than the blood concentration (Cohen 
et al. 1973), so that 47.41 ~ 71.12 μM in cerebrospinal fluid 
corresponds to concentrations relevant to clinical anesthesia and 
1.66 ~ 4.74 μM in cerebrospinal fluid corresponds to concentra-
tions relevant to antidepressant treatment. Previous studies have 
found that ketamine exerts antidepressant effects by inhibiting 
PC12 cell apoptosis (Zhang et al. 2021). The results of the pre-
sent study showed that 10 μM ketamine promoted neuronal cell 
survival and reduced apoptosis, whereas 1 μM ketamine had no 
effect on neuronal cell survival and apoptosis. Since 1 μM ~ 10 
μM ketamine was not used in this study, the effect of ketamine 
in this concentration range (antidepressant concentration) on 
neuronal cell survival and apoptosis is unknown and needs to 
be further investigated.

In summary, ketamine exerts a dual effect on the apop-
tosis of primary cultured fetal rat hippocampal neurons 
in vitro. It exerts neuroprotective effects at low concentra-
tions and neurotoxic effects at high concentrations. The neu-
rotoxic effects of ketamine are related to the activation of the 
p38 MAPK signaling pathway.

Fig. 6   The effect of SB203580 
on cell apoptosis induced by 
high concentrations (2500 μM) 
of ketamine. Flow cytometry 
was used to examine apoptosis 
after treatment with SB203580. 
(a). A typical representative 
diagram of cell apoptosis. (b). 
Differences between the control 
group values and the SB203580 
group (p > 0.05), the 2500 μM 
ketamine-treated group and the 
SB203580+ ketamine-treated 
group (p < 0.01); differences 
between the ketamine-treated 
group and the SB203580+ 
ketamine-treated groups (p < 
0.01). The results are presented 
as the mean ± standard error of 
the mean. The experiments were 
repeated three times. **p < 
0.01, ## p < 0.01, n = 3.
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There are also some limitations for this study. After all, 
this is just an in vitro study. Moreover, rodents and primates 
are different species, and their neurons must respond dif-
ferently to the effects of ketamine. Therefore, the results of 
this study can only provide a certain reference for clinical 
practice. The protective mechanism of low concentration 
ketamine and whether there are other signaling pathways 
involved in the neuroprotective or neurotoxic effects of keta-
mine also need to be further explored. Another limitation 
of the present study is that the experiments were performed 
on a single cell line only. Further studies, particularly ani-
mal and other cell culture models are required to obtain a 
more definite answer regarding the effects of ketamine on 
the developing brain.
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