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Blockade of the NLRP3/caspase-1 axis 
attenuates ketamine-induced hippocampus 
pyroptosis and cognitive impairment 
in neonatal rats
Zhiheng Zhang1,2†, Hui Bai1,2†, Xiangying Ma1,2, Meilun Shen1,2, Rouqian Li1,2, Di Qiu1,2, Siyao Li1,2 and 
Li Gao1,2*  

Abstract 

Background: Multiple studies have revealed that repeated or long-term exposure to ketamine causes neurodegen-
eration and cognitive dysfunction. Pyroptosis is an inflammatory form of programmed cell death that has been linked 
to various neurological diseases. However, the role of NLRP3/caspase-1 axis-related pyroptosis in ketamine-induced 
neurotoxicity and cognitive dysfunction remains uncertain.

Methods: To evaluate whether ketamine caused NLRP3/caspase1-dependent pyroptosis, flow cytometry analysis, 
western blotting, ELISA test, histopathological analysis, Morris water maze (MWM) test, cell viability assay, and lactate 
dehydrogenase release (LDH) assay were carried out on PC12 cells, HAPI cells, and 7-day-old rats. In addition, the 
NLRP3 inhibitor MCC950 or the caspase-1 inhibitor VX-765 was used to investigate the role of the NLRP3/caspase-1 
axis in ketamine-induced neurotoxicity and cognitive dysfunction.

Results: Our findings demonstrated that ketamine exposure caused cell damage and increased the levels of pyrop-
tosis in PC12 cells, HAPI cells, and the hippocampus of neonatal rats. After continuous exposure to ketamine, targeting 
NLRP3 and caspase-1 with MCC950 or VX765 improved pyroptosis, reduced neuropathological damages, and allevi-
ated cognitive dysfunction.

Conclusion: NLRP3/Caspase-1 axis-dependent pyroptosis is involved in ketamine-induced neuroinflammation and 
cognitive dysfunction, and it provides a promising strategy to treat ketamine-related neurotoxicity.
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Introduction
The developing brain is highly vulnerable to the adverse 
effects of clinically used general anesthetics (GAs), 
which include neuronal apoptosis [1–3], decreased syn-
apse formation [4, 5], impaired neurogenesis [6, 7], and 

glial cell development [8, 9]. Preclinical and population-
based retrospective studies have shown that newborns 
who received anesthetics during early childhood may 
experience long-term cognitive and behavioral impair-
ment [10–12]. Ketamine is a non-competitive blocker 
of the N-methyl-D-aspartate (NMDA) receptor that is 
commonly used in pediatric anesthesia. Previous stud-
ies have shown that ketamine disrupts normal neuro-
genesis, as well as inhibits the development of nerve cells 
and the proliferation of neural stem cells [13, 14] in the 
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developing brain. This causes apoptosis and neurotoxic-
ity, which can lead to long-term learning and memory 
impairment [15, 16]. In addition, our previous studies 
revealed that the neurotoxicity of ketamine is linked to 
increased levels of autophagy and oxidative stress in 
pregnant offspring rats [17, 18]. However, the underly-
ing mechanism by which ketamine causes neurotoxicity 
is still unclear. It is necessary to further investigate its 
mechanism and formulate strategies to identify possible 
specific adjunctive therapies aimed at attenuating the 
negative effects of ketamine.

Pyroptosis is a special form of programmed cell death 
characterized by the formation of plasma membrane 
pores, which affects membrane integrity [19]. The key 
feature of pyroptosis as a lytic and inflammatory process 
is that it relies on gasdermin proteins as the executor 
of cell death [20]. Activation of the classical pyroptosis 
pathway is triggered by inflammasomes, which are acti-
vated by acute perturbations in homeostasis (e.g., mito-
chondrial dysfunction, ion flux), and danger signals in the 
microenvironment (e.g., extracellular ATP, aberrant pro-
tein aggregates, double-stranded DNA, microbial mol-
ecules). The activation and assembly of inflammasomes 
promote the activation of caspase-1. Subsequently, the 
inflammatory caspase promotes the cleavage of the gas-
dermin family proteins, which induces pore formation in 
the plasma membrane, resulting in pyroptosis-induced 
lytic cell death and the release of cytokines [20, 21]. 
Recent studies have linked pyroptosis to neurodegen-
erative and neuroinflammatory disorders, such as sepsis 
[22], traumatic brain injury [23], stroke [24], and Alzhei-
mer’s disease [25]. Although several studies have shown 
that continuous exposure to anesthetics activates the 
NLRP3 inflammasome and caspase-1 [26–30], whether 
NLRP3/caspase-1 axis is involved in ketamine-induced 
cognitive and behavioral dysfunction remains largely 
unknown.

In this study, we hypothesize that NLRP3/caspase-1 
axis-dependent pyroptosis is involved in the mecha-
nism of ketamine-induced cognitive and behavioral dys-
function in neonatal rats and that inhibiting the NLRP3 
inflammasome with MCC950 and caspase-1 with VX765 
may ameliorate ketamine-induced hippocampus pyrop-
tosis, as well as cognitive and behavioral dysfunction. To 
validate this hypothesis, we investigated the role of the 
NLRP3/caspase-1 axis in ketamine-induced neuroinflam-
mation and cognitive dysfunction in vitro and in vivo, as 
well as the protective effects of MCC950 or VX765.

Materials and methods
Animals
Seven-day-old Sprague Dawley rats (half male and half 
female) were purchased from the Animal Center of 

Harbin Medical University (Harbin, China). All experi-
mental procedures and protocols were carried out in 
accordance with the guidelines of the Experimental 
Animal Ethics Committee of Northeast Agricultural 
University.

Ketamine‑induced neurotoxicity model and drugs 
treatment
Ketamine-induced 7-day-old neurotoxicity rats were pro-
duced according to a previously reported method [31, 
32]. All rats were randomized into six groups:

(1) Con, the normal saline control group that received 
normal saline only.

(2) Ket, continuously exposed to ketamine.
(3) MCC950, received 10 mg/kg MCC950 (MedChem-

Express, China).
(4) MCC950 + Ket, received 10 mg/kg MCC950 before 

ketamine injection.
(5) VX765, received 25  mg/kg VX765 (MedChemEx-

press, China).
(6) VX765 + Ket, received 25 mg/kg VX765 before ket-

amine injection.

Each group received five doses of ketamine (20  mg/
kg) or normal saline every 90 min (n = 25). The rats were 
administered MCC950, VX765, or normal saline intra-
peritoneally 30 min before ketamine treatment. All drugs 
were diluted in normal saline, and the volume of each 
injection was 0.1  mL. During the experiment, the rats 
were placed in an incubator with a 1.5 L/min  O2 flow rate 
to avoid hypoxia and hypothermia. Samples were col-
lected 90  min after the last dose of ketamine: nine rats 
were euthanized for protein analysis, six rats were per-
fused with 4% paraformaldehyde for Nissl staining and 
Terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) analysis, and ten 
rats were reared for 60  days for the Morris water maze 
experiment.

Nissl staining and TUNEL analysis
After being embedded in paraffin, the brain tissue sam-
ples were cut into 5-μm-thick slices, and Nissl staining 
was performed. All sections were observed under 40 × to 
200 × magnification and nine  104 μm2 visual fields from 
three rats (three fields per rats/sections) were randomly 
selected at 400 × magnification in the Cornu Ammonis 1 
(CA1), CA3, and Dentate Gyrus (DG) of the hippocam-
pus for quantitative cells assay.

For TUNEL staining, sections (n = 3) were dewaxed 
using xylene, permeabilized with proteinase K solu-
tion (Beyotime, Shanghai, China), incubated with ter-
minal deoxynucleotidyl transferase (TdT) and dUTP 
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(Beyotime) at 37  ℃, followed by nuclei staining with 
DAPI (Beyotime). The stained sections were visualized 
under a fluorescence microscope at 400× magnification.

Cell culture and drug treatment
PC12 (rat pheochromocytoma of adrenal medulla cell 
line) and HAPI (Highly Aggressive Proliferating Immor-
talized) cells were cultured in DMEM (Dulbecco’s Modi-
fied Eagle Medium, Meilunbio, Dalian, China) medium 
containing 10% fetal bovine serum (FBS, Biological 
Industries, Israel), penicillin, and streptomycin at 37℃ 
with 5%  CO2 and 95% air. The following were the experi-
mental groups:

(1) Con, the control group, where cells were cultured in 
complete medium without any treatment for 24 h.

(2) Ket, cells were cultured in complete medium with 
1.5 mM ketamine for 24 h.

(3) MCC950, cells were cultured in complete medium 
with 10 μM MCC950 for 24 h.

(4) MCC950 + Ket, cells were pretreated with 10  μM 
MCC950 for 30 min before being cultured in com-
plete medium with 1.5 mM ketamine for 24 h.

(5) VX765, the cells were cultured in complete medium 
with 10 μM VX765 for 24 h.

(6) VX765 + Ket, The cells were pretreated with 50 μM 
VX765 for 30  min before being cultured in com-
plete medium with 1.5 mM ketamine for 24 h.

Cell viability assay
Cell viability was determined using the cell counting kit 
(CCK)-8 solution (DOJINDO, Japan). To determine the 
effects of MCC950 and VX765 on ketamine-induced 
cell death, the cells were cultured in complete medium 
with different treatments, and 10 μL CCK-8 solution 
was added to 100 μL complete medium for 2 h at 37 ℃ 
in each well. The absorbance of each well was measured 
at 450  nm using a microplate reader (BioTek, Thermo 
Fisher Scientific, USA).

Lactate dehydrogenase release assay
After the cells were treated with different drugs, the cul-
ture supernatants were collected. The levels of released 
LDH in the supernatants were measured using the LDH 
Cytotoxicity Assay Kit (Beyotime) according to the man-
ufacturer’s instructions. The absorbance at 490  nm was 
measured with a microplate reader.

Caspase‑1/PI activity assay
Pyroptosis in each group was measured using the 
FAM-YVAD-FMK/PI detection kit  (Cat#97, Immuno-
Chemistry, USA). Active caspase-1 was labeled with 

FAM-YVAD-FMK, membrane pore formation was 
labeled with propidium iodide (PI), and pyroptosis was 
defined as being double positive for both caspase-1 and 
PI. A total of 1.0 ×  105–1.0 ×  106 cells (one sample was 
taken from every three bottles of cells) in suspension was 
incubated with FAM-YVAD-FMK for 1  h at 37 ℃ (pro-
tected from light). After centrifugation, the supernatant 
was removed by aspiration and the cell pellet was washed 
with wash buffer, followed by a 15  min incubation with 
5μL PI. Finally, the samples were analyzed using a BD 
FACSAria flow cytometer (Becton Dickinson and Com-
pany, USA).

Western blot analysis
The hippocampus and cells were lysed in RIPA buffer 
(Beyotime, Shanghai, China). Total protein concentra-
tions were measured using the BCA protein assay kit 
(Thermo Fisher Scientific). Lysed protein was sepa-
rated using a 10–12% SDS-PAGE gel and transferred 
to nitrocellulose membranes. The membranes were 
blocked in 5% skim milk and incubated at 4 ℃ overnight 
with primary antibodies against caspase-1 (ABclonal, 
A0964, 1: 1000), NLRP3 (ABclonal, A14223, 1: 1000), 
ASC (ABclonal, A16672, 1: 1000), GSDMD (ABclonal, 
A10164, 1: 1000), or GAPDH (ABclonal, A19056, 1: 
1000), respectively. This was followed by incubation with 
an HRP-conjugated secondary antibody for 1.5 h at room 
temperature. The densities of the protein bands were 
detected using an ECL kit, imaged using a Tanon5200 
Gel Imaging System (Tanon, China), and analyzed using 
the Image J software. One sample was taken from every 
three tissues or three bottles of cells (PC12 or HAPI), and 
measurements were performed in triplicate.

ELISA
Concentrations of IL-1β and IL-18 in the hippocam-
pus samples and cell supernatants were measured 
using specific rat enzyme-linked immunosorbent assay 
(ELISA) kits (Jiangsu Jingmei Biological Technology Co., 
Ltd, Jiangsu, China) according to the manufacturer’s 
instructions.

Morris water maze (MWM) test
The Morris water maze (MWM) test was used to assess 
the ability of spatial learning and memory in rats 60 days 
after birth, with ten rats per group [33, 34]. In brief, a 
transparent platform (12  cm diameter) was submerged 
in a circular pool (diameter: 150 cm, depth: 60 cm) and 
filled with warm (25 ± 1  °C) opaque water. The MWM 
test consisted of two phases: 5 days of training and the 
sixth day with exploratory trials. During the training 
phase, each rat was released from four random locations 
(NW, NW, SE, and SW) in the pool to find the hidden 
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platform. The experiment was terminated when the rats 
reached the hiding platform. If the rats failed to find 
the platform within 90  s, they were guided to stay in 
place for 15  s, and the delay was recorded as 90  s. The 
rats were trained four times a day. On day 6, the hidden 
platform was removed for the spatial probe test. Each rat 
was allowed to swim for 90 s to test their memory. The 
swimming speed (cm/s), escape latency, swimming path 
tracks, and the number of entries into the platform quad-
rant zone for each day during spatial training of MWM 
were recorded and analyzed with the ANYmaze video 
tracking system (Stoelting Co., IL, USA).

Statistical analysis
Data were presented as mean ± standard deviation (SD), 
and each experiment was performed at least in tripli-
cate. All statistical analyses were performed using the 
SPSS software (Version 22.0). Data were analyzed using 
one-way ANOVA followed by Tukey’s post-hoc test or 
by Dunnett’s test if data were not normally distributed. 
Behavioral data were analyzed using repeated two-way 
ANOVA followed by the LSD test. P < 0.05 was consid-
ered statistically significant.

Results
The effect of MCC950 and VX765 on the ketamine‑induced 
hippocampal loss of nerve cells in neonatal rats
To detect the neuroprotective effect of MCC950 or 
VX765 on nerve cell damage caused by ketamine, Nissl 
staining was performed on tissue sections. The hip-
pocampus plays a key role in spatial learning and episodic 
memory, with the Cortical Area 1 (CA1), CA3, and Den-
tate Gyrus (DG) regions involved in spatial navigation 
and episodic memory formation. Based on this, quan-
titative cell assay was performed in the CA1, CA3, and 
DG regions of the hippocampus. The results showed that 
pre-administration of MCC950 and VX765 decreased 
the loss and disorder of nerve cells caused by continu-
ous ketamine exposure in the hippocampus (CA1, CA3, 
and DG regions) of neonatal rats (Fig.  1A and B). This 
finding indicated that MCC950 or VX765 protected hip-
pocampal nerve cells from ketamine-induced morpho-
logical damage and that the NLRP3/Caspase-1 axis may 
be involved in the loss of hippocampal nerve cells caused 
by ketamine.

Ketamine induces hippocampal pyroptosis by activating 
the NLRP3/Caspase‑1 axis in neonatal rats
To further investigate whether the NLRP3/Caspase-1 axis 
is involved in ketamine-induced pyroptosis, a pyroptosis-
related test in the hippocampus was performed. Western 
blot analysis was used to determine the protein expres-
sion of NLRP3, ASC, cleaved caspase-1, and cleaved 

GSDMD (GSDMD-N) in the hippocampus of 7-day-old 
rats. ELISA analysis was used to detect the levels of IL-1β 
and IL-18, and a TUNEL assay was used to determine 
the number of cell deaths. The results revealed that the 
protein levels of NLRP3, cleaved caspase-1, and cleaved 
GSDMD (Fig. 2A), the number of TUNEL-positive cells 
(Fig.  2B), and the levels of IL-1β and IL-18 (Fig.  2C) 
increased after continued ketamine exposure. Nota-
bly, pretreatment with MCC950 or VX765 reduced the 
observed increases (Fig. 1A–C). There was no significant 
change in ASC for each group. These findings indicated 
that the NLRP3/Caspase-1 axis is involved in hippocam-
pal pyroptosis induced by ketamine.

The effects of NLRP3/Caspase‑1 Inflammasome inhibitors 
on cell viability induced by ketamine on PC12 or HAPI cells
To verify the connection between continuous ketamine 
exposure to and pyroptosis in  vitro, HAPI and PC12 
cells were selected for cell viability analysis. In PC12 
cells, NLRP3/Caspase-1 inhibitors (MCC950 or VX765) 
ameliorated cell death after exposure to ketamine for 24 
h (Fig. 3A). In addition, similar results were observed in 
HAPI cells treated with MCC950 or VX765 (Fig. 4A).

NLRP3/Caspase‑1 inflammasome inhibitors block 
the pyroptosis caused by ketamine in PC12 cells
To examine the role of the NLRP3/Caspase-1 axis in ket-
amine-induced pyroptosis in PC12 cells, the activation 
of NLRP3/Caspase-1 inflammasome was inhibited with 
MCC950 or VX765, respectively. As shown in Fig.  3B, 
pretreatment with MCC950 or VX765 inhibited the 
release of LDH caused by ketamine. The protein expres-
sion of NLRP3, cleaved caspase-1, and cleaved GSDMD, 
as well as the levels of inflammatory cytokines (IL-1β and 
IL-18) increased after ketamine treatment for 24 h, indi-
cating that there was an increase in the level of pyroptosis 
in PC12 cells (Fig. 3C and E). Both MCC950 and VX765 
reduced the effect of ketamine in PC12 cells. In addition, 
flow cytometry (FCM) was conducted to determine cas-
pase-1 activation and membrane pore formation. The 
amount of caspase-1/PI double-positive cells induced by 
ketamine was decreased by MCC950 or VX765 (Fig. 3D). 
These findings indicated that the NLRP3/Caspase-1 axis 
was involved in ketamine-induced pyroptosis in PC12 
cells.

NLRP3/Caspase‑1 Inflammasome inhibitors down‑regulate 
ketamine‑induced pyroptosis in HAPI cells
Glial cells account for around 70% of the total number 
of cells in the central nervous system (CNS) and play 
an important role in neuromodulation, neurotrophic, 
and neuro-immunity. The HAPI cell line is widely 
used in many studies involving glial cells [35, 36]. 
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Here, the effects of MCC950 and VX7650 on pyrop-
tosis by continuous ketamine exposure in HAPI cells 
were evaluated. After ketamine exposure, pretreatment 
with MCC950 or VX765 significantly decreased the 
level of LDH release in HAPI cells (Fig.  4B). In addi-
tion, the protein levels of NLRP3, cleaved Caspase-1, 
and cleaved GSDMD, and cytokine (IL-1β and IL-18) 
levels increased after HAPI cells were treated with 
ketamine for 24  h (Fig.  4C and E). Both  MCC950 and 
VX765  reduced the effect of ketamine in HAPI cells.  
Interestingly, caspase-1/PI staining revealed that both 
MCC950 and VX765 reduced the number of activated 
caspase-1/PI double-positive cells induced by keta-
mine in HAPI cells (Fig.  4D). These results suggested 
that NLRP3/Caspase-1 axis was involved in ketamine-
induced pyroptosis in HAPI cells.

Blockade of NLRP3/Caspase‑1 axis alleviates cognitive 
and behavioral dysfunction caused by ketamine 
in neonatal rats
To determine the effect of the NLRP3/Caspase-1 axis on 
ketamine-induced cognitive dysfunction in neonatal rats, 
MCC950 and VX765 were used and an MWM experi-
ment was performed. In the probe trial test, rats exposed 
to ketamine displayed a long escape latency (Fig. 5B) in 
the training phase, as well as a decreased target quad-
rant time (Fig. 5C) and platform-crossing times (Fig. 5D). 
Interestingly, pretreatment with MCC950 or VX765 
significantly improved the performances of the rats in 
the WMW tests. There were no significant changes in 
average swimming speed in each group (Fig. 5E). In our 
study, sex-specific differences did not affect the results of 
behavioral experiments in young rats (Additional file  1: 

Fig. 1 MCC950 or VX765 attenuates the loss of nerve cells in the hippocampus of neonatal rat exposure to ketamine. A Nissl staining hippocampus 
(CA1, CA3, and DG region). Hippocampus was viewed at a magnification of 40×; the others, at 400×. B Number of cells in CA1, CA3, DG area. 
Values are expressed as mean ± SD. *P < 0.05, **P < 0.01, compared with group C; # P < 0.05, ##P < 0.01, compared with group Ket. Con, control; Ket, 
ketamine. CA1, Cornu Ammonis 1, CA3, Cornu Ammonis 3. DG, Gentate Gyrus
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Fig. S1). These findings indicated that NLRP3/Caspase-1 
axis was related to ketamine-induced cognitive and 
behavioral dysfunction, and that intraperitoneal admin-
istration of MCC950 or VX765 was effective in treating 
ketamine-induced cognitive and behavioral dysfunction.

Discussion
This study provided novel insights into the role of the 
inflammasome pathway in the neurotoxicity mecha-
nism and treatment induced by ketamine. Our findings 
revealed the involvement of the NLRP3/caspase-1 axis 
in ketamine-induced neuroinflammation and cognitive 

Fig. 2 Effect of inhibition of NLRP3/Caspase-1 axis on ketamine-induced pyroptosis in hippocampus of neonatal rats. A Protein bands and 
quantitative analysis of NLRP3-3, ASC, cleaved Caspase-1, and cleaved GSDMD (n = 3). B TUNEL staining in hippocampus and the number of 
positive cell, Scale bar 50 μm. C Cytokines levels of IL-1β and IL-18 in hippocampus (n = 6). Values are expressed as the mean ± SD. *P < 0.05, 
**P < 0.01, compared with group C; # P < 0.05, ##P < 0.01, compared with group Ket. Con, control; Ket, ketamine
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Fig. 3 Ketamine-induced pyroptosis in PC12 cells is NLRP3/Caspase-1 inflammasome-dependent. A Cell activity analysis in PC12 cells. B 
LDH release test. C Western blotting analysis of NLRP3-3, ASC, cleaved Caspase-1, and cleaved GSDMD (n = 3) D Effects of NLRP3/Caspase-1 
Inflammasome inhibitors on ketamine-induced double-positivity for PI and activated caspase-1 flow cytometry analysis. E The cytokines levels 
of IL-1β and IL-18 in PC12 cells (n = 6). Values are expressed as the mean ± SD. *P < 0.05, **P < 0.01, compared with group C; # P < 0.05, ##P < 0.01, 
compared with group Ket. Con, control; Ket, ketamine
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Fig. 4 Ketamine-induced pyroptosis in HAPI cells is NLRP3/Caspase-1 inflammasome-dependent. A Cell activity analysis in HAPI cells. B LDH 
release Assay. C Western blotting analysis of NLRP3-3, ASC, cleaved Caspase-1, and cleaved GSDMD (n = 3) D Flow cytometry analysis for activated 
Caspase-1/PI. E The cytokines levels of IL-1β and IL-18 in HAPI cells (n = 6). Values are expressed as the mean ± SD. *P < 0.05, **P < 0.01, compared 
with group C; # P < 0.05, ##P < 0.01, compared with group Ket. Con, control; Ket, ketamine
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dysfunction and that MCC950 or VX765 provided neu-
roprotection against this.

The developing brain is particularly vulnerable to 
ketamine neurotoxicity compared to the mature adult 
brain [37]. In rodents, the critical period of brain devel-
opment is during the first 1–3 weeks of life; whereas in 
humans, this period begins during the last trimester of 
gestation and lasts until 2–3 years of age [37, 38]. Any 
interference in brain development during these critical 
periods is likely to result in long-term brain injury, and 
ultimately lead to neuro-related behavioral dysfunction 
[39]. Repeated exposure to general anesthetics before the 

age of three is believed to be harmful to the developing 
brain [40]. Ketamine is commonly used as an anesthetic 
and analgesic in pediatrics and obstetrics. High doses or 
continuous ketamine exposure have been shown to cause 
long-term-lasting cognitive dysfunction in rodents and 
primates [3, 11, 15, 16, 31]. In this study, a loss of hip-
pocampal nerve cells and long-term cognitive dysfunc-
tion were observed in 7-day-old rats after ketamine 
exposure, which was consistent with previous studies. 
It has been shown that continuous exposure to keta-
mine may compensatively up-regulate the expression of 
NMDA receptor subunits, causing endogenous glutamate 

Fig. 5 Blockade of NLRP3/Caspase-1 axis prevents ketamine-induced cognitive and behavioral dysfunction in neonatal rats. A Swimming path 
of the rats. B Escape latency to reach the platform. C Time spent in the target quadrant. D Number of hidden platform traversal times. E Mean 
swimming speed. Values are expressed as the mean ± SD (n = 10). *P < 0.05, **P < 0.01, compared with group C; #P < 0.05, ##P < 0.01, compared with 
group Ket. Con, control; Ket, ketamine
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to activate NMDA receptors, ultimately increasing intra-
cellular  Ca2+ influx [41, 42]. A prolonged presence of 
high intracellular  Ca2+ concentrations could be a trigger 
for ketamine-induced neurotoxicity [43]. Recent studies 
have demonstrated that  Ca2+ is a key molecular regula-
tor of NLRP3 inflammasomes, and an increase in cyto-
plasmic  Ca2+ promotes the assembly and activation of 
NLRP3 inflammasomes [44, 45]. High doses of ketamine 
caused neurotoxicity in the mouse hippocampus, as well 
as the activation of NLRP3 and cleavage of caspase-1 
[28], implying that the neurotoxic effect of ketamine may 
be linked to NLRP3/Caspase-1-related pyroptosis.

The NLRP3 inflammasome is a critical component of 
inflammasomes that forms a complex with the apoptosis-
associated speck-like protein (ASC) and the precursor 
form of caspase-1, resulting in the cleavage of caspase-1 
and the maturation and secretion of IL-1β and IL-18 [46, 
47]. Similar to previous studies, we demonstrated that 
clinical doses of ketamine (20  mg/kg) induced pyrop-
tosis in the hippocampus of 7-day-old rats, presenting 
several signs of pyroptosis, including increased protein 
expression of NLRP3, cleaved caspase-1, and inflamma-
tory cytokine (IL-1β and IL-18) levels. In addition, the 
activated NLRP3 inflammasome-caspase-1 can cleave 
GSDMD to yield the GSDMD-N domain. GSDMD-N, 
as the key executor of cell pyroptosis, eventually forms 
pores on the lipid membrane and induces cell lysis [20, 
21, 48]. Furthermore, we found that the cleaved GSDMD 
was upregulated in the hippocampus of 7-day-old rats 
after ketamine exposure. Meanwhile, we also found the 
same effect of ketamine on pyroptosis in different cell 
types (HAPI or PC12 cells). These preliminary findings 
indicated that the activation of the NLRP3/Caspase-1 
axis could be linked to ketamine-induced pyroptosis and 
neuroinflammation. In addition, the activation of this 
axis may be a condition of ketamine-induced neurotoxic-
ity, and alleviating this process could aid in the develop-
ment of effective treatment strategies.

NLRP3/caspase-1 axis activation and pyroptosis have 
been shown to play vital roles in neuroinflammation and 
neuronal damage in various neurological disease mod-
els [22–24, 28, 29, 49]. Based on previous research and 
our preliminary findings, we hypothesize that NLRP3/
caspase-1axis related-pyroptosis plays an important role 
in ketamine-induced hippocampus damage and cog-
nitive dysfunction. This was validated by the effects of 
MCC950 and VX765 that were observed in  vitro and 
in  vivo. MCC950 is  a highly potent inhibitor that spe-
cifically targets and inhibits the NLRP3 inflammasome 
[50], while VX765 inhibits caspase-1 activation, as well 
as reduces IL-1β and IL-18 secretion [51]. Both MCC950 
and VX765 have been shown to have neuroprotective 
properties in multiple neurological disorders [52–55]. In 

this study, we discovered that MCC950 and VX765 had 
no obvious effects on the anesthetic and analgesic prop-
erties of ketamine (Additional file 1: Fig. S2). The effects 
of inhibiting the NLRP3/caspase-1 axis with MCC950 
and VX765 on hippocampal damage caused by con-
tinuous exposure to ketamine in young rats can be sum-
marized as follows: (1) MCC950 or VX765 effectively 
alleviated the loss of hippocampal nerve cells (CA1, CA3, 
and DG areas); (2) MCC950 or VX765 downregulated 
the expression of pyroptosis-related indicators and the 
secretion of inflammatory cytokines in vivo and in vitro. 
Taken together, these findings revealed that activation of 
the NLRP3/Caspase-1 axis was involved in hippocampal 
neuronal damage and neuroinflammation induced by 
ketamine.

Both MCC950 and VX765 can freely cross the blood–
brain barrier [56, 57]. MCC950 has been shown to down-
regulate the levels of pyroptosis in the hippocampus of 
diabetic db/db mice and improve cognitive dysfunction 
[58]. On the other hand, VX765 was reported to alleviate 
cognitive damage and neuropathology in an Alzheimer’s 
disease mouse model [57]. In this study, we investigated 
whether hippocampal damage induced by the activa-
tion of the NLPR3/Caspase-1 axis was related to cogni-
tive dysfunction in this model. Pretreatment with either 
10 mg/kg MCC950 or 25 mg/kg VX765 was effective in 
ameliorating cognitive dysfunction caused by ketamine 
exposure in 7-day-old rats. In summary, our findings 
revealed that NLRP3/Caspase-1 axis-dependent pyropto-
sis had a negative role in the pathogenesis of ketamine-
induced cognitive dysfunction in neonatal rats and that 
MCC950 or VX765 could be used as a potential thera-
peutic compound for the treatment of ketamine-induced 
neurotoxicity. Future studies investigating the detailed 
mechanism by which ketamine induces the activation of 
the NLRP3/Caspase-1 axis are required.

Conclusion
This was the first study, at least to our knowledge, that 
showed the involvement of NLRP3/Caspase-1 axis-
dependent pyroptosis in ketamine-induced neurotoxic-
ity, as well as cognitive and behavioral dysfunction. This 
study demonstrated that inhibition of NLRP3/Caspase-1 
with MCC950 or VX765 could be effective in treating 
cognitive dysfunction and neuroinflammation caused by 
ketamine in developing rats.

Abbreviations
GAs: General anaesthetics; NMDA: N-Methyl-d-aspartate; CCK-8: Cell Counting 
Kit-8; CNS: Central nervous system; ELISA: Enzyme-Linked Immunosorbent 
Assay; FBS: Fetal bovine serum; NLRP3: Nod-like receptor family protein 3; IL-
1β: Interleukin 1β; IL- 18: Interleukin 18; ASC: Apoptosis-associated speck-like 
protein; GSDMD: Gasdermin D; ANOVA: Analysis of variance; SD: Standard 



Page 11 of 12Zhang et al. J Neuroinflammation          (2021) 18:239  

deviation; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; MWM: Mor-
ris water maze.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12974- 021- 02295-9.

Additional file 1: Fig. S1. Effects of sex on blocking the NLRP3/Caspase-1 
axis to prevent ketamine-induced cognitive dysfunction in neonatal rats. 
Fig. S2. Effect of VX765 and MCC950 on anesthetic effect of ketamine.

Acknowledgements
Not applicable.

Authors’ contributions
ZH, XY and ML performed the experiments and subsequent data analysis. BH, 
RQ, DQ, and SY assisted in experiments and review manuscripts. LG conceived 
and designed the experiments. ZH wrote the first draft of the manuscript. 
ZH and HB edited and refined the revised manuscript. All authors read and 
approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of 
China (31572580 and 31372491) and National Key R&D Program of China 
(2017YFD0501601-2).

Availability of data and materials
All data generated or analyzed during this study are included in the published 
article and its additional files.

Declarations

Ethics approval and consent to participate
Animal experiments were approved by the Animal Experiment Committee of 
Northeast Agricultural University (NEAUEC20203548) and were performed in 
accordance with the Guidelines for Animal Experiments at Northeast Agricul-
tural University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 College of Veterinary Medicine, Northeast Agricultural University, No. 600 
Changjiang Rd, Xiangfang District, Harbin 150030, China. 2 Heilongjiang Key 
Laboratory for Laboratory Animals and Comparative Medicine, College of Vet-
erinary Medicine, Northeast Agriculture University, Harbin, China. 

Received: 29 May 2021   Accepted: 11 October 2021

References
 1. Jevtovic-Todorovic V, Hartman R, Izumi Y, Benshoff N, Dikranian K, Zorum-

ski C, Olney J, Wozniak D. Early exposure to common anesthetic agents 
causes widespread neurodegeneration in the developing rat brain and 
persistent learning deficits. J Neurosci. 2003;23:876–82.

 2. Bo P, Huang S, Shen S, Wang T. The neuroprotective effects of remifentanil 
on isoflurane-induced apoptosis in the neonatal rat brain. Am J Transl 
Res. 2017;9:4521–33.

 3. Li W, Li H, Wei H, Lu Y, Zhang P. 17β-estradiol treatment attenuates neu-
rogenesis damage and improves behavior performance after ketamine 
exposure in neonatal rats. Front Cell Neurosci. 2019;13:251.

 4. Mintz C, Smith S, Barrett K, Benson D. Anesthetics interfere with the 
polarization of developing cortical neurons. J Neurosurg Anesthesiol. 
2012;24:368–75.

 5. Mintz C, Barrett K, Smith S, Benson D, Harrison N. Anesthetics interfere 
with axon guidance in developing mouse neocortical neurons in vitro 
via a γ-aminobutyric acid type A receptor mechanism. Anesthesiology. 
2013;118:825–33.

 6. Nie H, Peng Z, Lao N, Dong H, Xiong L. Effects of sevoflurane on 
self-renewal capacity and differentiation of cultured neural stem cells. 
Neurochem Res. 2013;38:1758–67.

 7. Dong C, Rovnaghi C, Anand K. Ketamine affects the neurogenesis of rat 
fetal neural stem progenitor cells via the PI3K/Akt-p27 signaling pathway. 
Birth Defects Res B. 2014;101:355–563.

 8. Creeley C, Dikranian K, Dissen G, Martin L, Olney J, Brambrink A. Propofol-
induced apoptosis of neurones and oligodendrocytes in fetal and 
neonatal rhesus macaque brain. Br J Anaesth. 2013;110:i29–38.

 9. Brambrink A, Back S, Riddle A, Gong X, Moravec M, Dissen G, Creeley C, 
Dikranian K, Olney J. Isoflurane-induced apoptosis of oligodendrocytes in 
the neonatal primate brain. Ann Neurol. 2012;72:525–35.

 10. Jevtovic-Todorovic V. Functional implications of an early exposure to 
general anesthesia: are we changing the behavior of our children? Mol 
Neurobiol. 2013;48:288–93.

 11 Velayudha RS. Effect of general anesthetics on the developing brain. J 
Anaesthesiol Clin Pharmacol. 2012;28:6–10.

 12. Wang R, Jin J, Womack A, Lyu D, Kokane S, Tang N, Zou X, Lin Q, Chen 
J. Neonatal ketamine exposure causes impairment of long-term 
synaptic plasticity in the anterior cingulate cortex of rats. Neuroscience. 
2014;268:309–17.

 13. Aligny C, Roux C, Dourmap N, Ramdani Y, Do-Rego JC, Jégou S, Leroux P, 
Leroux-Nicollet I, Marret S, Gonzalez BJ. Ketamine alters cortical integra-
tion of GABAergic interneurons and induces long-term sex-dependent 
impairments in transgenic Gad67-GFP mice. Cell Death Dis. 2014;5:e1311.

 14. Huang H, Liu L, Li B, Zhao PP, Xu CM, Zhu YZ, Zhou CH, Wu YQ. Ketamine 
interferes with the proliferation and differentiation of neural stem cells in 
the subventricular zone of neonatal rats. Cell Physiol Biochem Int J Exp 
Cell Physiol Biochem Pharmacol. 2015;35:315–25.

 15. Xiaowen B, Yasheng Y, Scott C, Muravyeva MY, Chika K, Ivan Z, Corbett 
JA, Bosnjak ZJ. Ketamine enhances human neural stem cell proliferation 
and induces neuronal apoptosis via reactive oxygen species-mediated 
mitochondrial pathway. Anesth Analg. 2013;116:869–80.

 16. Sabbagh J, Heaney C, Bolton M, Murtishaw A, Kinney J. Examination of 
ketamine-induced deficits in sensorimotor gating and spatial learning. 
Physiol Behav. 2012;107:355–63.

 17. Li X, Li Y, Zhao J, Li L, Wang Y, Zhang Y, Li Y, Chen Y, Liu W, Gao L. Admin-
istration of ketamine causes autophagy and apoptosis in the rat fetal 
hippocampus and in PC12 cells. Front Cell Neurosci. 2018;12:21.

 18. Li Y, Li X, Zhao J, Li L, Wang Y, Zhang Y, Chen Y, Liu W, Gao L. Midazolam 
attenuates autophagy and apoptosis caused by ketamine by decreasing 
reactive oxygen species in the hippocampus of fetal rats. Neuroscience. 
2018;388:460–71.

 19. Galluzzi L, Vitale I, Aaronson S, Abrams J, Adam D, Agostinis P, Alnemri E, 
Altucci L, Amelio I, Andrews D, et al. Molecular mechanisms of cell death: 
recommendations of the Nomenclature Committee on Cell Death 2018. 
Cell Death Differ. 2018;25:486–541.

 20. McKenzie B, Dixit V, Power C. Fiery cell death: pyroptosis in the central 
nervous system. Trends Neurosci. 2020;43:55–73.

 21. Wree A, Eguchi A, McGeough M, Pena C, Johnson C, Canbay A, Hoffman 
H, Feldstein A. NLRP3 inflammasome activation results in hepato-
cyte pyroptosis, liver inflammation, and fibrosis in mice. Hepatology. 
2014;59:898–910.

 22. Xu X-e. Liu L, Wang Y-c, Wang C-t, Liu X-h: Caspase-1 inhibitor exerts 
brain-protective effects against sepsis-associated encephalopathy and 
cognitive impairments in a mouse model of sepsis. Brain Behav Immun. 
2019;80:859–70.

 23. Adamczak SE, Pablo DRV, et al. Pyroptotic neuronal cell death mediated 
by the AIM2 inflammasome. J Cereb Blood Flow Metab. 2014;34:621–9.

 24. Abulafia D, de Rivero VJ, Lozano J, Lotocki G, Keane R, Dietrich W. Inhibi-
tion of the inflammasome complex reduces the inflammatory response 
after thromboembolic stroke in mice. J Cerebr Blood Flow Metab. 
2009;29:534–44.

https://doi.org/10.1186/s12974-021-02295-9
https://doi.org/10.1186/s12974-021-02295-9


Page 12 of 12Zhang et al. J Neuroinflammation          (2021) 18:239 

 25. Venegas C, Kumar S, Franklin BS, Dierkes T, Brinkschulte R, Tejera D, 
Vieira-Saecker A, Schwartz S, Santarelli F, Kummer MP. Microglia-derived 
ASC specks cross-seed amyloid-β in Alzheimer’s disease. Nature. 
2017;552:355–61.

 26. Grace P, Strand K, Galer E, Urban D, Wang X, Baratta M, Fabisiak T, Ander-
son N, Cheng K, Greene L, et al. Morphine paradoxically prolongs neuro-
pathic pain in rats by amplifying spinal NLRP3 inflammasome activation. 
Pro Natl Acad Sci. 2016;113:E3441-3450.

 27. Ma J, Xiao W, Wang J, Wu J, Ren J, Hou J, Gu J, Fan K, Yu B. Propofol inhibits 
NLRP3 inflammasome and attenuates blast-induced traumatic brain 
injury in rats. Inflammation. 2016;39:2094–103.

 28. Ye Z, Li Q, Guo Q, Xiong Y, Guo D, Yang H, Shu Y. Ketamine induces 
hippocampal apoptosis through a mechanism associated with the 
caspase-1 dependent pyroptosis. Neuropharmacology. 2018;128:63–75.

 29. Wang Z, Meng S, Cao L, Chen Y, Zuo Z, Peng S. Critical role of NLRP3-
caspase-1 pathway in age-dependent isoflurane-induced microglial 
inflammatory response and cognitive impairment. J Neuroinflammation. 
2018;15:109.

 30. Sun Y, Zhao H, Wang D, Ma D. Dexmedetomidine alleviates LPS-induced 
pyroptosis in astrocytes in vitro. Br J Anaesth. 2018;120:e8–9.

 31. Scallet AC, Schmued LC, Slikker W, Grunberg N, Hanig JP. Developmental 
neurotoxicity of ketamine: morphometric confirmation, exposure param-
eters, and multiple fluorescent labeling of apoptotic neurons. Toxicol Sci. 
2004;81:364–70.

 32. Zhang Z, Liu W, Shen M, Ma X, Li R, Jin X, Bai H, Gao L. Protective Effect 
of GM1 attenuates hippocampus and cortex apoptosis after ketamine 
exposure in neonatal rat via PI3K/AKT/GSK3β pathway. Mol Neurobiol. 
2021;58:3471–3348.

 33. Huang L, Liu Y, Jin W, Ji X, Dong Z. Ketamine potentiates hippocampal 
neurodegeneration and persistent learning and memory impairment 
through the PKCγ–ERK signaling pathway in the developing brain. Brain 
Res. 2012;1476:164–71.

 34. Vorhees CV, Williams MT. Morris water maze: Procedures for assess-
ing spatial and related forms of learning and memory. Nat Protocol. 
2006;1:848–58.

 35. Hanisch U, Kettenmann H. Microglia: active sensor and versatile effector 
cells in the normal and pathologic brain. Nat Neurosci. 2007;10:1387–94.

 36. Feng X, Zhao Y, Yang T, Song M, Wang C, Yao Y, Fan H. Glucocorticoid-
driven NLRP3 inflammasome activation in hippocampal microglia medi-
ates chronic stress-induced depressive-like behaviors. Front Mol Neurosci. 
2019;12:210.

 37. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. 
Brain development in rodents and humans: Identifying benchmarks of 
maturation and vulnerability to injury across species. Prog Neurobiol. 
2013;107:1–16.

 38. Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early 
Hum Dev. 1979;3:79–83.

 39. Cheung MH, Wai DT. Effects of perinatal exposure to ketamine on the 
developing brain. Front Neurosci. 2019;13:138.

 40. Hu D, Flick RP. Association between exposure of young children to 
procedures requiring general anesthesia and learning and behav-
ioral outcomes in a population-based birth cohort. Anesthesiology. 
2017;127:227–40.

 41. Wang C, Ali S, Paule MG, Liu F. Ketamine-induced neurotoxicity and 
changes in gene expression in the developing rat brain. Curr Neurophar-
macol. 2011;9:256–61.

 42. Shi Q, Guo L, Patterson TA, Dial S, Wang C. Gene expression profil-
ing in the developing rat brain exposed to ketamine. Neuroscience. 
2010;166:852–63.

 43. Clausen NG, Hansen TG, Disma N. Anesthesia neurotoxicity in the devel-
oping brain: basic studies relevant for neonatal or perinatal medicine. 
Clin Perinatol. 2019;46:647–56.

 44. Lee G, Subramanian N, Kim A, Aksentijevich I, Goldbach-Mansky R, 
Sacks D, Germain R, Kastner D, Chae J. The calcium-sensing receptor 
regulates the NLRP3 inflammasome through Ca2+ and cAMP. Nature. 
2012;492:123–7.

 45. Elliott E, Sutterwala F. Initiation and perpetuation of NLRP3 inflamma-
some activation and assembly. Immunol Rev. 2015;265:35–52.

 46. He Y, Hara H. Nú?Ez G: Mechanism and Regulation of NLRP3 Inflamma-
some Activation. Trends Biochem Sci. 2016;41:1012–21.

 47. Dempsey C, Rubio Araiz A, Bryson K, Finucane O, Larkin C, Mills E, Rob-
ertson A, Cooper M, O’Neill L, Lynch M. Inhibiting the NLRP3 inflamma-
some with MCC950 promotes non-phlogistic clearance of amyloid-β and 
cognitive function in APP/PS1 mice. Brain Behav Immun. 2017;61:306–16.

 48. Orning P, Weng D, Starheim K, Ratner D, Best Z, Lee B, Brooks A, Xia S, Wu 
H, Kelliher MA. Pathogen blockade of TAK1 triggers caspase-8-dependent 
cleavage of gasdermin D and cell death. Science. 2018;362:1064–9.

 49. Ding H, Deng Y, Yang R, Wang Q, Jiang W, Han Y, Huang L, Wen M, Zhong 
W, Li X, et al. Hypercapnia induces IL-1β overproduction via activation of 
NLRP3 inflammasome: implication in cognitive impairment in hypoxemic 
adult rats. J Neuroinflamm. 2018;15:4.

 50. Coll R, Robertson A, Chae J, Higgins S, Muñoz-Planillo R, Inserra M, Vetter I, 
Dungan L, Monks B, Stutz A, et al. A small-molecule inhibitor of the NLRP3 
inflammasome for the treatment of inflammatory diseases. Nat Med. 
2015;21:248–55.

 51. Wannamaker W, Davies R, Namchuk M, Pollard J, Ford P, Ku G, Decker C, 
Charifson P, Weber P, Germann U, et al. (S)-1-((S)-2-{[1-(4-amino-3-chloro-
phenyl)-methanoyl]-amino}-3,3-dimethyl-butanoyl)-pyrrolidine-2-carbox-
ylic acid ((2R,3S)-2-ethoxy-5-oxo-tetrahydro-furan-3-yl)-amide (VX-765), 
an orally available selective interleukin (IL)-converting enzyme/caspase-1 
inhibitor, exhibits potent anti-inflammatory activities by inhibiting the 
release of IL-1beta and IL-18. J Pharmacol Exp Ther. 2007;321:509–16.

 52. Li J, Hao J, Yao D, Li R, Wang W. Caspaseinhibition prevents neuronal 
death by targeting the canonical inflammasome pathway of pyrop-
tosis in a murine model of cerebral ischemia. CNS Neurosci Ther. 
2020;9:925–39.

 53. Sun Z, Nyanzu M, Yang S, Zhu X, Wang K, Ru J, Yu E, Zhang H, Wang Z, 
Shen J, et al. VX765 attenuates pyroptosis and HMGB1/TLR4/NF-B path-
ways to improve functional outcomes in TBI Mice. Oxid Med Cell Longev. 
2020;2020:7879629.

 54. Ye X, Shen T, Hu J, Zhang L, Zhang Y, Bao L, Cui C, Jin G, Zan K, Zhang Z, 
et al. Purinergic 2X7 receptor/NLRP3 pathway triggers neuronal apoptosis 
after ischemic stroke in the mouse. Exp Neurol. 2017;292:46–55.

 55. Qi Y, Klyubin I, Cuello A, Rowan M. NLRP3-dependent synaptic plasticity 
deficit in an Alzheimer’s disease amyloidosis model in vivo. Neurobiol Dis. 
2018;114:24–30.

 56. Chen W, Foo S, Zaid A, Teng T, Herrero L, Wolf S, Tharmarajah K, Vu L, van 
Vreden C, Taylor A, et al. Specific inhibition of NLRP3 in chikungunya 
disease reveals a role for inflammasomes in alphavirus-induced inflam-
mation. Nat Microbiol. 2017;2:1435–45.

 57. Flores J, Noël A, Foveau B, Lynham J, Lecrux C, LeBlanc A. Caspase-1 
inhibition alleviates cognitive impairment and neuropathology in an 
Alzheimer’s disease mouse model. Nat Commun. 2018;9:3916.

 58. Zhai Y, Meng X, Ye T, Xie W, Sun G, Sun X. Inhibiting the NLRP3 inflamma-
some activation with MCC950 ameliorates diabetic encephalopathy in 
db/db Mice. Molecules. 2018;23:522.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Blockade of the NLRP3caspase-1 axis attenuates ketamine-induced hippocampus pyroptosis and cognitive impairment in neonatal rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Animals
	Ketamine-induced neurotoxicity model and drugs treatment
	Nissl staining and TUNEL analysis
	Cell culture and drug treatment
	Cell viability assay
	Lactate dehydrogenase release assay
	Caspase-1PI activity assay
	Western blot analysis
	ELISA
	Morris water maze (MWM) test
	Statistical analysis

	Results
	The effect of MCC950 and VX765 on the ketamine-induced hippocampal loss of nerve cells in neonatal rats
	Ketamine induces hippocampal pyroptosis by activating the NLRP3Caspase-1 axis in neonatal rats
	The effects of NLRP3Caspase-1 Inflammasome inhibitors on cell viability induced by ketamine on PC12 or HAPI cells
	NLRP3Caspase-1 inflammasome inhibitors block the pyroptosis caused by ketamine in PC12 cells
	NLRP3Caspase-1 Inflammasome inhibitors down-regulate ketamine-induced pyroptosis in HAPI cells
	Blockade of NLRP3Caspase-1 axis alleviates cognitive and behavioral dysfunction caused by ketamine in neonatal rats

	Discussion
	Conclusion
	Acknowledgements
	References


