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Abstract

Background Sub-anesthetic ketamine has rapid-onset effects for the treatment of major depressive disorder (MDD). However, the
mechanism underlying ketamine’s antidepressant properties remains unclear. Recent studies have reported an interrelationship
between autophagy and the inflammasome, both of which are involved in the pathophysiology of MDD. In this study, we assess
whether ketamine exerts its antidepressant effects via an association with the autophagy-NLRP3 inflammasome pathway.
Methods We established a depressive-like rat model by treating Wistar Kyoto rats with chronic restraint stress (CRS) for
28 days. Microglial cells from newborn Sprague—Dawley rats were used for in vitro experiments.

Results We found sub-anesthetic ketamine treatment reversed depressive-like behavior in CRS rats. Ketamine triggered autophagy
in the microglia of prefrontal cortex (PFC) and (hippocampus) HPC, with increased levels of LC3B, decreased levels of p62
protein, and elevated autophagosomes both in vivo and in vitro. Moreover, NLRP3 inflammasome activation was also inhibited
by ketamine, with reduced expression of NLRP3-ASC-CASP1 assembly and decreased IL-1f levels in cerebrospinal fluid (CSF)
as well as in the serum. Increased BDNF levels and synaptophysin levels were detected in the ketamine-treated group. The rapid
anti-depressive effects, elevation of autophagy, reduction in NLRP3, and neuroplasticity-related factors induced by ketamine
could be significantly blocked by the autophagy inhibitor Baf A1 (0.1 mg/kg).

Conclusions Our findings demonstrate that sub-anesthetic doses of ketamine exert their antidepressant-like effects by inhibiting
inflammation and initiating neuroprotection via autophagy activation. These data might help expand future investigations on
the antidepressant properties of ketamine.
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IL-1p Interleukin 1, beta

LC3B Microtubule-associated proteins 1A/1B
light chain 3B

LPS Lipopolysaccharide

MDD Major depressive disorder

mTOR Mechanistic target of rapamycin

NF-xB Nuclear factor-xB

NLRP3 NLR family, pyrin domain-containing 3

PFC Prefrontal cortex

PYCARD/ASC PYD and CARD domain containing

Introduction

Major depressive disorder (MDD) has the highest disease bur-
den of all mental health disorders (Rehm and Shield 2019).
Therefore, the treatment of MDD is an urgent public health
problem. However, classical antidepressants require several
weeks of daily dosing to be fully effective (Witkin et al. 2019).
Patients with delayed response to treatment often have more
frequent recurrence, longer disease courses, higher rates of
comorbidity, more needs to change treatment regimens, and
higher hospitalization rates. Each of these is major contributor
to the heavy economic and social burdens of depression (Mrazek
et al. 2014). In addition to delayed effects, the existing classi-
cal antidepressants, which target monoaminergic receptors, also
have other disadvantages, including treatment resistance, high
suicidal risk, and high recurrence rates (Lepine et al. 2012; Hill-
house and Porter 2015), suggesting an urgent need to determine
new antidepressants with differing mechanisms.

In recent years, sub-anesthetic ketamine has been used
to treat MDD, and has rapid effects and a high response
rate. Ketamine is associated with significant improve-
ments in depressive symptoms within hours of adminis-
tration (Berk et al. 2018; Ramadan and Mansour 2020).
It can also effectively reduce self-injury behaviors (Vanle
et al. 2019). Further, the response rate of patients with
treatment-resistant depression to a single sub-anesthetic
dose of ketamine infusion is approximately 70% (Serafini
et al. 2014). However, ketamine’s antidepressant mecha-
nism remains unclear.

Recent evidence suggests that the inflammasome may act
as a mediator between MDD and stress. Preclinical research
has shown that the inflammasome is a promising therapeu-
tic target for depression (Alcocer-Gémez and Cordero 2014;
Kaufmann et al. 2017). The inflammasome complex typically
consists of a NOD-like receptor (NLR), a procaspase-1 pre-
cursor, and an apoptosis-associated speck-like protein contain-
ing a caspase-recruitment domain (ASC or PYCARD) adap-
tor. Within the NLR family, it has been reported that the NLR
pyrin domain-containing protein 3 (NLRP3) is increased in
both MDD patients and stress-induced depressive-like rodent
models (Alcocer-Gomez et al. 2014, 2016). The inflammatory
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marker IL-1p, as a key mediator of stress-induced depression-
like behavior, is activated by the inflammasome complex,
which also appears to be a critical factor in pro-inflammatory
responses to psychological stress (Mota et al. 2013). Multi-
ple studies have indicated that ketamine can regulate NLRP3
in a dose-dependent manner. For example, anesthetic doses
of ketamine can induce hippocampal pyroptosis in postna-
tal mice in a caspase-1 dependence manner, whose precursor
is a major component of NLRP3 (Ye et al. 2018). On the
other hand, sub-anesthetic dose of ketamine has been shown
to downregulate NLRP3 inflammasomes in a LPS-induced
rodent depressive model (Li et al. 2019). Therefore, NLRP3 is
a possible mediator between ketamine and stress, but the pre-
cise potential inhibitory mechanism has not been investigated.

Impaired autophagy within the central nervous system (CNS)
has been implicated in the pathophysiology of several neuro-
logical diseases through the formation of NLRP3 (Kesharwani
et al. 2019). Autophagy is the process of degrading impaired
intracellular contents. Previous evidence suggests that autophagy
activation can inhibit NLRP3 activation, reduce inflammatory
responses, and promote neuroplasticity (Ye et al. 2019; Geng
et al. 2019; Ali et al. 2020). Deficiencies in autophagy could
induce the activation of inflammasomes (mainly NLRP3 in the
microglia) (Kesharwani et al. 2019). In addition, ketamine might
be involved in the formation of autophagy in several disease
models. Previous reports have shown that ketamine can cause
autophagy in rodent models’” hippocampi, and that this effect can
be attenuated by autophagy inhibitors (Li et al. 2018). Ketamine
has also been shown to promote mitochondrial division and
activate autophagy in in vitro cultures of neural stem cells (Bai
et al. 2013). In a traumatic brain injury model, a sub-anesthetic
dose of ketamine exerted neuroprotective effects by attenuating
inflammation via autophagy (Wang et al. 2017).

Therefore, autophagy, as a key factor regulating NLRP3
activity, may be linked to ketamine’s pharmacological
actions, and related to its antidepressant, anti-inflammatory,
and neuroprotective effects. The purpose of this study was
to investigate the role of ketamine in the autophagy-NLRP3
inflammasome pathway, and to determine whether block-
ing autophagy would reduce ketamine’s antidepressant-like
effects.

Materials and methods

Depressive-like model and behavior tests

Animals

Our behavioral study employed 40 male Wistar-Kyoto
(WKY) rats (8-week, weighting around 180 g). All rats were

allowed 7 days of acclimatization to the environment before
the behavior study. During the acclimatization phase, rats
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were housed separately and were subjected to a 12-:12-h
light-dark cycle under a constant temperature of 22°C. Water
and food were not restricted. Procedures involving labora-
tory animals were in strict accordance with the Guide for the
China National Standards for Laboratory Animal Quality
and the Chinese Guidelines for Care and Use of Laboratory
Animals.

Chronic restraint stress-induced depression-like model

To induce depressive-like behaviors, a restraint-based
chronic stress model was adapted from previous literature
(Ampuero et al. 2015; Yang et al. 2018). A total of 32 of the
40 rats were subjected to chronic restraint treatment for 6 h
daily for 28 days. When delivering chronic restraint stress
(CRS), rats were stressed in adaptable fixers adjusted for
subjects’ body sizes, and were housed in a separate room
from the control rats. No food or water was allowed during
the CRS treatment.

Behavior essays and grouping

Behavioral essays were performed on animals before
the CRS procedures, after the CRS, and 24 h after drug
(ketamine, autophagy inhibitor bafilomycin Al, saline,
etc.) injections (see Fig. 1). The doses of sub-anesthetic
ketamine (Gutian Pharma Co., Ltd.) and bafilomycin
A1l (MedChemExpress LLC, HY 100558) were based on
previous studies (Wang et al. 2011; Yuan et al. 2015).
Intraperitoneal administration was used as the route of
injection. Behavioral analyses (a sucrose preference test
(SPT), an open field test (OFT), and a tail suspension test
(TST)) were performed by researchers blinded to experi-
mental conditions.

Sucrose preference test

Before the test, rats were acclimatized to the presence of two
bottles of water for 48 h. After 12 h acclimatization, the rats
were separated one per cage and were allowed 24 h access to
either 1% sucrose or water. Solution intake with the contain-
ers of water and sucrose was weighed every 6 h. Container
positions were switched after each weighing to reduce side
bias. The sucrose consumption index was calculated as the
sucrose consumption divided by the total consumption vol-
ume (Liu et al. 2018).

Open field test

After being acclimatized in the test environment for
1 h, rats were placed separately in the center of an arena

(100 cm X 100 cm X 50 cm) for 10 min in a dimly lit environ-
ment. A camera, which was set directly above the apparatus,
was used to record the total distance traveled by each rat
(Any-maze, Stoelting).

Tail suspension test

Rats were suspended individually from their tails using a
specialized tail suspension system (YLS-18A, Hunan Shu-
hang) for measuring behavioral despair. A 4-min test session
was recorded in total using a video camera. Immobile time
was defined as the time spent in a completely immobile pos-
ture for the last 3-min.

Sample collection

Approximately, 36 h after the final acute stress manipula-
tion, and 12 h after the last sets of behavioral tests were
completed, rats were sacrificed under anesthesia using
sodium pentobarbital (40 mg/kg, intraperitoneally). Serum
from peripheral blood samples, CSF, and the PFC and HPC
from the whole brain, was collected as described previously
(Pan et al. 2014). All samples were stored at — 80 ‘C before
analysis.

ELISA analysis

Interleukin 1 beta (IL-1f) levels in serum and CSF were
measured using a commercial Enzyme-linked immuno-
sorbent assay (ELISA) kit (KE1433, Immuno Way Biotech-
nology Co., Ltd.). The ELISA kit was used following the
manufacturer’s introductions. Each subject’s mean value was
calculated for all analyses.

Isolation, purification, and culture of microglia

Newborn Sprague—Dawley Rats rat were craniotized
in a sterile environment, and the brains were stored in
pre-chilled D-Hank’s solution. The meninges and blood
vessels were carefully separated, cut into pieces, and
digested with 0.125% trypsin for 15 min to prepare a
single-cell suspension. After that, we adjusted the cell
concentration to 108 cell/L, cultured cells in a DMEM/
F12 medium for 10 days, discarded the culture solu-
tion after the cells were fully stratified, and used 0.05%
trypsin Digest while observing (i.e., gently shook the cul-
ture flask until the microglia were separated, and stopped
the digestion of the digestion solution containing floating
microglia with a complete medium). We next centrifuged
the solution at 1000 rpm for 5 min, collected the cells,
and discarded the supernatant. Finally, a complete culture
medium was pipetted again into a cell suspension and
planted in a culture flask which had been pre-coated with
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Fig. 1 Chronic restraint stress (CRS) induced depression-like mod-
els and behavioral test results after ketamine and autophagy inhibitor
injection. A Time scheme of experimental procedures. B Grouping of
experimental animals and treatments. C Sucrose preference index of
SPT after drug injection. D Total travel distance of OFT after drug

polylysine. After 1 h, non-adherent cells were removed
by changing the medium, and a DMEM/F12 complete
medium was added for further culture for 24 h. The cells
were plated in a 96-well plate treated with polylysine
after passage. Cells were cultured with 100 ng/ml LPS
for 3 h, and were then incubated with Baf A1 (10 nM)
for 1 h, treated with 0.6 pg/ml ketamine for 3 h, and
incubated for 1 h with 5 mM ATP before undergoing
further analysis.

@ Springer

injection. E Immobility time during the TST following drug injection.
CRS, chronic restraint stress; Baf Al, bafilomycin Al. Data were
expressed as mean+s.e.m. (n=8-12). *P<0.05, * *P<0.01, ns.,
not significant

Western blot analysis

Proteins were extracted from culture of microglia cells,
separated using SDS-PAGE, and transferred onto poly-
vinylidene fluoride membranes. The membranes were
blocked with 5% non-fat milk at room temperature for 1 h.
The membranes were incubated with primary antibodies
on a shaker for gentle agitation overnight at 4°C, and then
incubated with a secondary antibody at room temperature
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for 1 h. Detection was performed using a LumiGLO
chemiluminescent substrate system (KPL). Band intensity
was quantified using BandScan software (Glyko).

Transmission electron microscopy

PFC and HPC tissues were fixed in precooled 2.5% gluta-
raldehyde in 0.1 M sodium phosphate buffer, pH 7.4, at 4
°C for 2 h. Tissues were washed in the buffer three times,
post-fixed in 1% osmium tetroxide in 0.1 M phosphate
buffer for 1 h, and dehydrated and embedded in Epon 812.
Ultrathin sections were stained with uranyl acetate and
lead citrate and observed under a Hitachi H-7100 electron
microscope.

Immunofluorescence

We used xylene and ethanol to deparaffinize and rehy-
drate the tissue paraffin sections. After microwave repair,
we blocked tissue with goat serum for 1 h, centrifuged to
separate the blocked serum, incubated it in primary antibody
overnight at 4°C, and rewarmed it for 45 min and washed
it 3 times with PBS solution. We incubated the secondary
antibody for 60 min, washed it 3 times with PBS solution,
stained it with DAPI for 10 min, and washed it 3 times with
PBS solution. Finally, we mounted the slides with an anti-
fluorescence quencher.

Immunohistochemistry

Nestin expression was analyzed using immunochemical
staining of paraffin-embedded HPC sections. The sections
were deparaffinized, rehydrated, and washed in 1% PBS-
Tween 20, and then treated with 2% hydrogen peroxide and
blocked with 3% goat serum (Life Technology, 16,210-064)
for 1 h at room temperature. Next, cells were incubated with
anti-Nestin primary antibodies (4760 T, Cell Signaling
Technology, Inc.) at room temperature overnight at 4°C. The
slides were then incubated with streptavidin-HRP (Shanghai
Gene Company, GK500705) for 40 min, then stained with
DAB (Shanghai Gene Company, GK500705) substrate and
counter-stained with hematoxylin. Images were acquired by
light microscopy (Olympus CKX31).

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software.
Data were presented as mean + standard error of the mean
(SEM) to show the accuracy of the sample mean. The sta-
tistical test used for comparison of behavioral data (before

drug injection) was unpaired t-test. The statistical test used
for comparison of behavioral data (after drug injection), as
well as relative morphological and immunochemical densi-
ties, was one-way analysis of variance (ANOVA) followed
by post hoc Turkey’s tests for multiple comparisons. The
western blot data were expressed as the ratio of gray band
intensity of the proteins to that of albumin. A probability
level of P <0.05 was accepted as significant.

Results

Rapid anti-depressive effects of ketamine were
antagonized by autophagy inhibitors in a CRS
model

To study whether blocking autophagy could attenuate
the anti-depressive effect of ketamine, forty WKY rats
were randomly subjected to CRS (n=32) or not sub-
jected to CRS (forming a control group; n = 8) for a total
of 28 days. Baseline evaluation before CRS treatment
showed no significant differences in OFT, SPT, TST,
or body weight between the CRS group and the control
group (Fig. S1). After 28 days of CRS procedures, thirty-
one of the 32 CRS rats remained alive. Behavior testing
(Fig. S2) indicated reliable depression-like phenotypes
induced by chronic restraint. The mean body weight
of CRS rats was also significantly lower than that of
controls (208.3 +£1.606 g vs. 259.6 +7.488 g, t=10.61,
P <0.0001). After a single dose of ketamine infusion,
depressive-like behaviors were reversed (i.e., there was
a significantly longer total travel length for OFT, and a
shorter period of immobile time in TST, in the ketamine
treatment group; Fig. 1C, D, E). When the autophagy
inhibitor Baf A1 was co-administered with ketamine
treatment, the reversion in behavior tests was drastically
reduced. Together, these results indicate that the rapid
antidepressant effects of ketamine were antagonized by
an autophagy inhibitor.

Autophagy activation after ketamine was blocked
by the autophagy inhibitor both in vivo and in vitro

There is a strong link between autophagy, neuroin-
flammation and depression. Therefore, we investi-
gated autophagy in LPS-induced neuroinflammation
and depression-like conditions. Western blot analysis
showed significantly increased levels of LC3B in vivo
and in vitro, suggesting increased autophagy activity
after ketamine treatment (Fig. 2A, B, C). Baf A1l sig-
nificantly reduced LC3B activity. Levels of p62 were
reduced after ketamine injection, and increased when
autophagy was inhibited by Baf Al, which further
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«Fig.2 The effects of sub-anesthetic doses of ketamine and Baf Al
autophagy. A Autophagy-related markers LC3B (F (3, 56)=1269,
P <0.0001) and p62 (F (3, 56)=68.82, P<0.0001) in the PFC of
CRS rates were reduced by ketamine. B Autophagy-related mark-
ers LC3B (F (3, 56)=303, P<0.0001) and p62 (F (3, 56)=33.87,
P <0.0001) in the HPC of CRS rats were reduced by ketamine. C
Autophagy-related markers LC3B (F (3, 8)=2626, P<0.0001) and
p62 (F (3, 8)=127.6, P<0.0001) in microglia were reduced by ket-
amine. D NLRP3 (F (3, 28)=87.95, P<0.0001) and LC3B (F (3,
28)=30.95, P<0.0001) co-location in microglia using immunofluo-
rescence. Blue-DAPI-nucleus; green-LC3-autophagy; red-NLRP3-
inflammasome. E Autophagy was increased in the PFC of ketamine-
treated CRS rats (F (3, 8)=39.92, P<0.001). F Autophagy was
increased in the HPC of ketamine-treated CRS rats (F (3, 8)=41.25,
P <0.001). Data are mean+s.e.m. *P <0.05, **P <0.01, n.s., not sig-
nificant

indicated that the activation of autophagy in microglia
might be regulated by ketamine (Fig. 2A, B, C). NLRP3
and LC3B co-localization was confirmed by immuno-
fluorescence in vitro, reinforcing the notion that keta-
mine’s autophagy effects were also related to microglia
(Fig. 2D). Figure 2E and F showed that significantly
decreased autophagy and increased morphological
manifestations of cellular damage were present in the
PFC and HPC of the CRS groups, which suggests that
chronic stress might be related to decreased autophagy
and/or structural damage to the CNS. Conversely,
increased levels of autophagosomes in the ketamine-
treated group could be found using TEM, which sug-
gests that ketamine was associated with the formation
of autophagosomes (Fig. 2E, F). Next, autophagy in
rats that were primed with the autophagy inhibitor Baf
A1 was reduced compared with the ketamine treatment
group (Fig. 2E, F), indicating that ketamine’s activa-
tion of autophagy and reduction of cell damage could
be blocked by an autophagy inhibitor. These results
strongly supported ketamine-mediated activation of
autophagy both in vivo and in vitro.

Decreased NLRP3 and downstream inflammation
after ketamine treatment was blocked

by an autophagy inhibitor in both CRS models
and microglia

In addition to the antidepressant-like effect of CRS rats,
we examined inflammation levels and inflammasome acti-
vation both in vivo and in vitro. Before ketamine treat-
ment of CRS rats, IL-1f concentrations were significantly
increased in both serum and CSF compared with non-CRS
control rats (Fig. 3A, B). After ketamine treatment, con-
centration of IL-1f in the CSF of CRS rats was signifi-
cantly decreased (Fig. 3B). Compared to rats treated with
only ketamine, rats treated with Baf A1l injections and
ketamine showed increased concentrations of IL-1p in

both serum and CSF. This suggests that ketamine’s effects
on IL-1p are reduced by previous autophagy inhibition.
Inflammasome markers NLRP3, ASC, and caspase-1, as
well as the inflammatory cytokine IL-1f in the PFC and
HPC, showed significant decreases following a single dose
of ketamine treatment, and the effects of ketamine were
attenuated by Baf A1 (Fig. 3C, D). As shown in Fig. 3E, F,
and D, NLRP3 and Ibal proteins were co-localized in both
the PFC and HPC of CRS rats, suggesting that microglia
might be the primary location for NLRP3 inflammasome
expression. NLRP3 immunofluorescence was significantly
lower with treatment of ketamine than that with co-admin-
istration with Baf Al (Fig. 3F). Next, to investigate the
effects of ketamine on microglia in vitro, a LPS plus ATP
treatment model was used as the NLRP3 inflammasome
activator. NLRP3, ASC, caspase-1 and IL-1p were sup-
pressed by ketamine, as exemplified by western blotting
(Fig. 3G). Again, it was found that ketamine-mediated
inhibition of the inflammasome was significantly blocked
by Baf Al. Hence, these data suggested that the stress-
related NLRP3 inflammasome might be reduced by keta-
mine via autophagy activation both in vitro and vivo.

Neuroplasticity improvements induced
by ketamine were blocked by autophagy inhibitors
both in the CRS model and microglia

To test whether ketamine would regulate plasticity in vivo,
neurotrophic factors were examined in the CRS group.
BDNF and Synaptophysinin expression in the CRS group
was significantly lower than that of the control group, as
assessed by western blotting (Fig. 4A, B). Further, BDNF
and Synaptophysin expression was significantly increased
after ketamine treatment. With Baf A1 co-administration,
BDNF and Synaptophysin elevation was significantly
reduced (Fig. 4A, B).

The neural stem cell marker Nestin (analyzed using IHC
staining) showed that the Nestin-positive in the CRS group
and Baf Al-treated group was significantly lower than con-
trols, and the Nestin-positive area in the ketamine group
was significantly increased compared to the CRS group
(Fig. 4C). These results suggest that ketamine can increase
the expression levels of neurotrophic-related proteins via
autophagy in vivo.

Discussion

In our study, we found that the antidepressant-like effects
of ketamine could be antagonized by autophagy inhibi-
tors. Ketamine triggered autophagy in microglia within
the PFC and HPC. NLRP3 and downstream inflammation
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Fig.3 The effects of sub-anesthetic doses of ketamine and Baf Al
on NLRP3-related inflammation levels. A Concentration of IL-1f
level in serum (F (3, 35)=8.074, P<0.001). B Concentration of
IL-1P level in CSF (F (3, 20)=12.04, P=0.007). C NLRP3 inflam-
masome-related markers NLRP3 (F (3, 56)=42.39, P<0.0001),
ASC (F (3, 56)=29.78, P<0.0001), caspasel pl0 (F (3, 56)=58.96,
P <0.0001), and IL-1p (F (3, 56)=123.9, P<0.0001) were reduced
by ketamine in the PFC of CRS rats. D NLRP3 inflammasome-
related markers NLRP3 (F (3, 56)=154.6, P<0.0001), ASC (F
(3, 56)=123.8, P<0.0001), caspasel plO (F (3, 56)=36.45,
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P <0.0001), and IL-1p (F (3, 56)=87.99, P<0.0001) were reduced
by ketamine in the HPC of CRS rats. E NLRP3 and IBA1 co-loca-
tion in the PFC using immunofluorescence. Blue-DAPI-nucleus;
green-NeuN-neuron; red-NLRP3-inflammasome; pink-IBA1-
microglia. F NLRP3 and IBA1 co-location in HPC using immuno-
fluorescence. G NLRP3 inflammasome-related markers NLRP3 (F
(3, 8)=649.2, P<0.0001), ASC (F (3, 8)=203.3, P<0.0001), cas-
pasel pl0 (F (3, 8)=389.1, P<0.0001), and IL-1f (F (3, 8)=926.2,
P <0.0001) were reduced by ketamine in microglia. Data are pre-
sented as mean +s.e.m. *P <0.05, **P <0.01, n.s., not significant
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Fig.4 The effect of sub-anesthetic doses of ketamine and Baf
Al on neuroplasticity-related factors. A Expression of BDNF (F
(3, 56)=197.4, P<0.001) and synaptophysin (F (3, 56)=291.9,
P<0.001) was increased by ketamine in the PFC of CRS rats. B
Expression of BDNF (F (3, 56)=258.1, P<0.001) and Synaptophy-

decreased after ketamine was blocked by autophagy inhib-
itors, both in CRS models and microglia. The elevation of
autophagy and neuroplasticity-related factors, and reduc-
tion in NLRP3 induced by ketamine, was blocked by an
autophagy inhibitor both in the CRS model and microglia.

The first finding of the present study is that the anti-
depressant-like effects of ketamine could be antagonized
by autophagy inhibitors. Studies have suggested that
autophagy might serve an important role in the treatment

sin (F (3, 56)=78.71, P<0.001) was increased by ketamine with in
the HPC of CRS rats. C The Nestin-positive area of [HC staining was
increased by ketamine (F (3, 8)=9.934, P=0.04). Data are presented
as mean +s.e.m. *P<0.05, **P <0.01, n.s., not significant

of depression by classical antidepressants, including
fluoxetine and venlafaxine (Zschocke et al. 2011), as
well as andrographolide, melatonin, and a-tocopherol
(Huang et al. 2018; Geng et al. 2019; Ali et al. 2020). In
the present study, ketamine effectively improved depres-
sive-like behaviors and activated autophagy in both the
PFC and HPC of CRS rats and LPS-treated microglia, as
demonstrated by changes in levels of autophagic mark-
ers and autophagosomes. Several studies have shown the
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time-course change of autophagy by ketamine in vivo
and intro could be observed within 24 h (Li et al. 2018;
Shan et al. 2019). As ketamine has also shown its fast-
acting anti-depressive actions within 24 h, it is possi-
ble that autophagy might be associated with ketamine’s
rapid onset of anti-depressive effect. The suppression
of autophagy by Baf Al reduced the improvements in
depressive-like behaviors in CRS rats with ketamine treat-
ment, suggesting that a sub-anesthetic dose of ketamine
might produce antidepressant-like effects through the
induction of autophagy. Furthermore, the antagonizing
effects of Baf Al against ketamine indicated that keta-
mine’s autophagy inducing mechanism might have links
to the degradation of autophagosomes. In short, the rapid
anti-depressive effects of ketamine were regulated by the
activation of autophagy pathway.

The second result of this study demonstrated that keta-
mine could reduce the stress-related NLRP3 inflammasome
by evoking autophagy in microglia. Previous studies have
suggested the activation of NLRP3 could be an important
sensor in stress-induced depressive behavior (Alcocer-
GOmez et al. 2016; Zhu et al. 2017), and that microglia
were the primary contributor to NLRP3 and depressive-
like behaviors. In our study, we also found that the NLRP3
assembly elevation and microglial activation in both PFC
and HPC were attributed to chronic stress. It is now widely
believed that chronic stress may promote the initiation and
development of depressive-like behaviors through inflam-
matory activation. In this study, we found that NLRP3 and
microglia elevation after CRS could be alleviated by keta-
mine. Furthermore, the alleviation of ketamine was inhib-
ited by autophagy inhibitors. Research suggests that the
anti-inflammatory and anti-depressive effects of autophagic
agonists might be related to downstream MAPK/NF-kB
and AMPK/mTOR signaling (Su et al. 2017; Huang et al.
2018). But whether ketamine’s inhibition of NLRP3 is
associated with these pathways needs further study. In
addition, co-localization experiments indicated that the
activation of NLRP3 took place within microglia, which is
consistent with other rodent depression models of chronic
stress (Pan et al. 2014; Gong et al. 2019). Therefore, keta-
mine acts as an antidepressant by activating autophagy,
which in turn inhibits NLRP3 and its subsequent inflam-
mation. Inhibition of autophagy-mediated NLRP3 develop-
ment within microglia might serve as a promising treatment
option for patients with stress-related depression.

The third result of our study shows that neuroplasticity
associated with neurochemical changes and synaptogenesis
in different regions of the brain is affected by ketamine. The
PFC was previously speculated to play a central role in the
development of depression (Pan et al. 2014). In the present
study, both PFC and HPC’s expression of NLRP3 and IL-1p
correlated with serum and CSF IL-1f levels, suggesting the
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contribution of chronic stress to CNS inflammation might
not be limited to the PFC. Some researchers have demon-
strated the importance of the HPC in hippocampal neurogen-
esis in relation to stress and depression (Mahar et al. 2014).
Our analyses on the neuroplastic effect of ketamine have
provided evidence to support the idea that the rapid anti-
depressive effects of ketamine might be associated with syn-
aptogenesis in the HPC. Moreover, the association between
anti-inflammatory response and neuroprotective effects has
been reported in a memory impairment model in vivo. The
potential neuroprotective effects of sub-anesthetic dose of
ketamine might be beneficial to alleviate the cognitive symp-
toms of major depressive disorder (Noroozi et al. 2022).
Conversely, ketamine at a larger dose significantly reduced
cell viability in vitro (Shan et al. 2019), indicating the dos-
age and frequency of administration for ketamine should be
cautiously adjusted for neuroprotection purposes.

However, some potential limitations in our study should
be noted. First, we did not assess any dose-response
effects of ketamine on autophagy. Prior evidence suggests
larger doses of ketamine significantly reduce cell viability
in vitro (Shan et al. 2019), indicating that the dosage and
frequency of administration for ketamine should be cau-
tiously adjusted for neuroprotection purposes. Second, the
long-term antidepressant-like effects of ketamine were not
examined in our study. Another study has shown that, com-
pared to a single ketamine treatment, repeated ketamine
treatments affected a few local topological properties in
models of rat brain networks, suggesting that repeated drug
administration might contribute to convergent neuroplas-
ticity (Gass et al. 2020). Third, the effects of autophagy
inhibitors without ketamine treatment were not studied.
Taken together, it is imperative to expand future investiga-
tions on effects of neuroinflammation and autophagy by
repeated administration of ketamine. In clinical settings,
autophagy and inflammasome-related markers sensitive to
ketamine’s anti-depressive effect should be explored for
personalized treatment outcome monitoring.

Conclusion

In conclusion, the present study demonstrates that the antide-
pressant-like effects, inhibition of inflammation, and neuro-
protective effects of a sub-anesthetic dose of ketamine were
mediated by autophagy activation. The mechanism under-
lying the activity of ketamine involves autophagy-depend-
ent inactivation of the NLRP3 inflammasome, leading to
decreased NLRP3-ASC-CASP1-mediated IL-f secretion
from microglia in both the PFC and HPC. Although fur-
ther research to study the effects of sub-anesthetic ketamine
doses on autophagy, inflammasome, neurons, and microglia
in a depression model is needed, our results offer primary
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evidence that autophagy may have a modulatory effect on
the anti-inflammatory properties of ketamine.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00213-022-06201-w.
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