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Methamphetamine (METH), a psychostimulant, has the potential to cause
neurodegeneration by targeting the cerebrum and cerebellum. It has been suggested
that the NLRP3 inflammasome may be responsible for the neurotoxicity caused
by METH. However, the role of NLRP3 in METH-induced cerebellar Purkinje cell
(PC) degeneration and the underlying mechanism remain elusive. This study aims to
determine the consequences of NLRP3 modulation and the underlying mechanism of
chronic METH-induced cerebellar PC degeneration. In METH mice models, increased
NLRP3 expression, PC degeneration, myelin sheath destruction, axon degeneration,
glial cell activation, and motor coordination impairment were observed. Using the
NLRP3 inhibitor MCC950, we found that inhibiting NLRP3 alleviated the above-
mentioned motor deficits and cerebellar pathologies. Furthermore, decreased mature
IL-1β expression mediated by Caspase 1 in the cerebellum may be associated with the
neuroprotective effects of NLRP3 inflammasome inhibition. Collectively, these findings
suggest that mature IL-1β secretion mediated by NLRP3-ASC-Caspase 1 may be a
critical step in METH-induced cerebellar degeneration and highlight the neuroprotective
properties of inflammasome inhibition in cerebellar degeneration.

Keywords: methamphetamine, inflammasome, cerebellum, degeneration, motor deficit

INTRODUCTION

Methamphetamine (METH), a potent psychostimulant, is widely used throughout the world and
has the potential to cause serious injury to the central nervous system, heart and liver (Li et al.,
2021). In the central nervous system, METH selectively targets dopaminergic neurons in the
substantial nigral area (Ares-Santos et al., 2014; Ding et al., 2020a). METH induces dopaminergic
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neuron degeneration through oxidative stress, inflammation
and endoplasmic reticulum stress, to name a few (Ruan et al.,
2020; Kohno et al., 2021). The cerebellum receives substantial
signals from different neuronal types including serotoninergic,
norepinephrinergic, dopaminergic and acetylcholinergic
neurons (Wagner et al., 2021). Evidence suggests that METH
could modulate neurotransmitter disorder, which leads to
cerebellar dysfunction (Eskandarian Boroujeni et al., 2020).
For instance, the serotonin transporter density in METH
user cerebellum was lower than that in healthy subject
(Sekine et al., 2006).

Methamphetamine may cause cerebellar degeneration,
characterized by motor coordination deficits and a decrease
in the number of PCs (Boroujeni et al., 2020; Ramshini et al.,
2021). However, the precise mechanism by which METH causes
cerebellar pathology is unknown.

Inflammasomes, which act as sensors in response to
environmental stress insults, are multiprotein complexes
(Rathinam and Fitzgerald, 2016; Qiu et al., 2021). Bacterial,
viral, and protein aggregates such as neurofibril tangles and
β-amyloid, as well as danger-associated molecular patterns
such as ATP and oxygen deprivation, all contribute to the
formation of the inflammasome (Schroder and Tschopp, 2010;
Lamkanfi and Dixit, 2014). Three components comprise the
canonical inflammasome complex: the nucleotide-binding
domain and leucine-rich repeat-containing protein (NLRP),
the apoptosis-associated speck-like protein containing a
CARD (ASC), and pro-caspase-1 (Strowig et al., 2012; Nabar
and Kehrl, 2019). These three components are referred
to as the cytosolic sensor, adaptor protein, and effector,
respectively (Song et al., 2017). The NLRP3 inflammasomes
may promote the maturation of interleukin-1β (IL-1β)
maturation, resulting in inflammation (Martinon et al.,
2002). Recent research established that NLRP3 is activated via
the P53-dependent apoptosis pathway in the hippocampal
regions (Du et al., 2019). However, the role of NLRP3
in mice’s cerebellar regions following METH intoxication
remains unknown.

Our previous studies have shown that METH could increase
α-synuclein (α-syn) and phosphorylated microtubule-associated
protein Tau levels in METH mice models (Ding et al.,
2020b). Moreover, α-syn could trigger NLRP3 activation
in mice Parkinson’s disease model. In addition, inhibiting
NLRP3 alleviated α-syn phosphorylation and accumulation
in the Parkinson’s disease mice model (Gordon et al.,
2018). Nevertheless, whether NLRP3 inhibition could affect
α-syn and phosphorylated Tau (p-Tau) aggregation in
mice cerebellums after METH administration has not been
investigated to this date.

To gain a thorough understanding of the function of
NLRP3 in the cerebellar region, we designed a METH-
induced mouse model. Besides, the NLRP3 level, motor
ability and cerebellar pathology of METH-induced mice
were analyzed. Moreover, an NLRP3 inhibitor, MCC950,
was utilized to observe the effect of NLRP3 inhibition
on motor impairment and cerebellar neurodegeneration in
our animal model.

MATERIALS AND METHODS

Animals
C57BL/6J mice (male 20∼24 g, 4∼8 weeks old) were purchased
from the Laboratory Animal Center of Guizhou Medical
University (Guizhou, China). Mice were kept under a controlled
environment with a 12 h light-dark cycle. All mice were housed
(four mice per cage) with ad libitum access to food and water.
All animal experiments were preapproved by the Institutional
Animal Care and Use Committee of Guizhou Medical University
and were performed according to the National Institutes
of Health guide.

Chronic Methamphetamine Exposure
and Experimental Groups
Methamphetamine administration (purity >99%, National
Institutes for Food and Drug Control, Guangzhou, China)
followed the dosing schedule of Table 1. The chronic METH
mouse models were initiated with low doses and concluded with
a large challenge dose. The increasing dose and frequency could
simulate the progressive use of METH observed in humans and
was reported in previous studies (Danaceau et al., 2007).

The mice were divided into five groups as follows:

Con: Saline was administered intraperitoneally to WT mice,
in place of METH;
Con + MCC950 (20 mg): Mice were intraperitoneally
injected with MCC950 (20 mg body weight) once daily from
day 1 to day 14 as shown in Figure 1A;
Methamphetamine: METH was administered
intraperitoneally as shown in Table 1;
Methamphetamine + MCC950 (10 mg): Both METH
(Table 1) and MCC950 (10 mg body weight, once daily)
were intraperitoneally injected for a total of 14 days;
Methamphetamine + MCC950 (20 mg): Both METH
(Table 1) and MCC950 (20 mg body weight, once daily)
were intraperitoneally injected for a total of 14 days.

Rotarod Test
The rotarod tests were carried out to evaluate the body balance
and motor coordinative abilities of experimental mice (Nobrega
et al., 2013; Zhang C. et al., 2021). The rotarod test was conducted
by placing the mice on an accelerating rod. The speed of the rod
was set from 4 to 40 rpm. The trial was performed for 5 min. And
the test lasted for 5 days (once a day). Animals were trained 3 days
before the test. Each animal was tested three times, and an average
latency to fall was recorded.

Footprint Analysis
The footprint analysis were carried out to evaluate the motor
coordinative abilities of experimental mice (Nobrega et al., 2013).
The testing apparatus is a wooden U-shaped runway that is 10 cm
in width and 40 cm in length. A piece of white paper was placed
on the bottom of the runway. Before the test, the mice had two
forepaws, and two hind paws painted red and black, respectively.
Mice were trained for 2 days before the tests. Mice were placed
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TABLE 1 | Dosing schedule of Methamphetamine (METH) treatment (mg/kg).

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14

8:00 1.0 1.0 1.0 1.0 1.5 1.5 2.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0

10:00 1.0 1.5 1.5 2.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0

12:00 1.0 1.5 1.5 2.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0

14:00 1.0 1.0 1.0 1.5 1.5 2.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0

FIGURE 1 | MCC950 ameliorated motor coordination impairment in METH mice model. (A) Experimental design of METH and MCC 950 treatment regimen.
(B) Rotarod test performance in each group mice from day 1 to day 5. (C) Latency to fall on day 5 in rotarod test. (D) Effect of MCC950 on footprint pattern of mice
treated with METH. (E) Stride length analysis in footprint test. (F) Stride width analysis in footprint test. n = 6 per group by one-way ANOVA and Bonferroni’s
post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950
(10 mg) group.

on the beginning of the runway and then allowed to move. The
footprints were taken using a camera, and the stride length and
width were measured for analysis.

Western Blot
Cerebellar tissues were homogenized in extraction buffer before
centrifugation. The protein concentration in the supernatant
was quantified. Then the samples were mixed with the loading
buffer before boiling at 99◦C for 10 min. The proteins were
separated by SDS-PAGE and transferred onto PVDF membranes
(Millipore, MA, United States). Targeted protein expression were
assessed by using antibodies to rabbit monoclonal α-synuclein
antibody (ab138501, 1:1,000 dilution, Abcam, United States),
rabbit monoclonal phosphor-Tau antibody (ab32057, 1:800
dilution, Abcam, United States), rabbit monoclonal Tau
antibody (ab254256, 1:1,000 dilution, Abcam, United States),
rabbit polyclonal NF-200 antibody (18934-1-AP, 1:1,500
dilution, Proteintech, China), rabbit monoclonal MBP antibody
(78896, 1:1,000 dilution, CST technology, United States),
rabbit monoclonal CNP antibody (5664, 1:1,000 dilution,

CST technology, United States), mouse monoclonal GFAP
antibody (3670, 1:800 dilution, CST technology, United States),
rabbit monoclonal Iba1 antibody (17198, 1:1,000 dilution, CST
technology, United States), rabbit polyclonal IL-6 antibody
(21865-1-AP, 1:2,000 dilution, Proteintech, China), mouse
monoclonal TNF-α antibody (60291-1-Ig, 1:3,000 dilution,
Proteintech, China), rabbit monoclonal NLRP3 antibody
(ab263899, 1:1,000 dilution, Abcam, United States), rabbit
monoclonal ASC antibody (ab155970, 1:5,000 dilution, Abcam,
United States), rabbit monoclonal Cleaved Caspase-1 antibody
(89332, 1:1,000 dilution, CST technology, United States),
rabbit monoclonal Caspase-1 antibody (24232, 1:1,000 dilution,
CST technology, United States), rabbit monoclonal Mature
IL-1β antibody (A1112, 1:1,000 dilution, ABclonal, China),
rabbit monoclonal IL-1β antibody (12507, 1:1,000 dilution,
CST technology, United States), mouse monoclonal β-actin
antibody (3700, 1:1,000 dilution, CST technology, United States).
Membranes were incubated overnight at 4◦C with primary
antibodies before be blocked in 5% non-fat milk for 1 h. Then the
membranes were incubated with adequate secondary antibodies
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FIGURE 2 | MCC950 alleviated PC soma number loss in chronic METH mice model. (A) HE staining, Nissl staining and Calbindin IHC staining in the cerebellar area.
(B) Comparison of PC soma number from HE staining results. (C) Comparison of PC soma number from Nissl staining results. (D) Comparison of PC soma number
from Calbindin IHC staining results. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05,
compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.

HRP conjugated goat anti-mouse IgG antibody (91196, 1:10,000
dilution, CST technology, United States) or HRP conjugated
goat anti-rabbit IgG antibody (ab6721, 1:10,000 dilution, Abcam,
United States). Electrochemiluminescence reagents were used
to visualize the blot signals. All protein expression levels were
normalized to β-actin. Three animals per group were used for
western blot analysis.

Immunohistochemistry and
Immunofluorescence Staining
Cerebellar tissues were fixed in 4% PFA for 12 h. For IHC
staining, the tissues were embedded in wax. The 3 µm
sections were conducted using a microtome (RM2235, Leica,
Germany). After antigen recovery and blocking, the sections
were incubated with antibodies mouse monoclonal Calbindin
antibody (66394-1-Ig, 1:200 dilution, Proteintech, China),
rabbit monoclonal α-synuclein antibody (ab138501, 1:200
dilution, Abcam, United States), rabbit monoclonal phosphor-
Tau antibody (ab32057, 1:500 dilution, Abcam, United States),

rabbit monoclonal CNP antibody (5664, 1:300 dilution, CST
technology, United States) and mouse monoclonal GFAP
antibody (3670, 1:500 dilution, CST technology, United States)
at 4◦C overnight. Targeted proteins were visualized using 3,
3 - diaminobenzidine (DAB) kits (CW2069, CWBio, China).
Images were acquired using a microscope (CX23, Olympus,
Japan). When both the soma and the nuclei appeared, the PC
was counted. Three mice per group and three serial sections per
mouse were conducted in the experiment.

For immunofluorescence staining, the fixed cerebellar tissues
were embedded in optimum cutting temperature compound
before sectioning. The 20 µm thickness sections were cut
using a microtome (CM 1950, Leica, Germany). Sections were
incubated in solution containing 1% Triton X-100 and 5% BSA
for 40 min. Then the sections were incubated in primary antibody
rabbit monoclonal Iba1 antibody (ab220815, 1:200 dilution,
Abcam, MA, United States) at 4◦C overnight. Then the Alexa
Fluor 488-conjugated secondary antibodies goat anti-rabbit IgG
antibody (A-11034, 1:500 dilution, Thermo Fisher Scientific, MA,
United States) were incubated for 1 h. Nuclei were stained by
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FIGURE 3 | MCC950 reversed α-syn and p-Tau level increasing. (A) Representative images of α-syn and pSer396-Tau IHC staining. (B) Relative intensity of α-syn
and pSer396-Tau in cerebellar areas. (C) Western blot and quantification for α-syn and pSer396-Tau in cerebellum. n = 6 per group by one-way ANOVA and
Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the
METH + MCC950 (10 mg) group.

mounting Medium (Cat# H-1020, Vector Lab, United States).
And when the soma and the nuclei appeared, the glial cell was
counted regardless of the projections. Images were captured using
a confocal microscope (LSM 780Zeiss, Carl Zeiss, Germany).

Hematoxylin and Eosin Staining, Luxol
Fast Blue Staining and Silver Staining
The 3 µm sections were acquired as described above. Then the
sections were dewaxed and rinsed in water. For HE staining,
the sections were stained with hematoxylin for 3 min before
being rinsed in eosin for 2 min. For LFB staining, the sections
were stained with LFB overnight before rinsing in PBS. Then
the sections were stained with eosin for 2 min. For silver
staining, the sections were rinsed in acid formaldehyde for
5 min, and the sections were then rinsed in 0.25% silver
nitrate solution at 37◦C for 3 min. After rinsing in gallic
hydroxide, the sections were washed using water. All stained
sections were dehydrated in gradient alcohol and rinsed in
dimethylbenzene before being sealed with gum. Images were
acquired using a microscope (CX23, Olympus, Japan). Three
mice per group and three serial sections per mouse were
conducted in each experiment.

Statistical Analysis
All data were expressed as mean ± standard deviation. All
analyses were analyzed using SPSS 19.0, and charts were
conducted using Graphpad prism 9.2. The one-way ANOVA with
Bonferroni’s multiple comparison post-hoc test was conducted
for the statistical analysis. Randomization and blind analyses
were used in behavioral test and pathological analysis. Statistical
significance was set at p < 0.05. The number of different
experimental groups is reported in the figure legends.

RESULTS

Restoration of Motor Performance in
Chronic Methamphetamine Mice Treated
With NLRP3 Inhibitor MCC950
The rotarod test was used to investigate motor deficits in mice
following METH intoxication and determine whether the motor
deficit was restored when the selective NLRP3 inhibitor MCC950
was used. The rotarod test revealed that the latency to fall was
significantly reduced in METH-treated mice compared to control
mice (Figure 1B). However, administration of MCC950 (10 and
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FIGURE 4 | MCC950 diminished the axon degeneration and myelin loss in cerebellum. (A) Representative images of silver staining, LFB staining, CNP IHC staining
in cerebellar areas. (B) Intensity of axons analysis. (C) Myelin sheath intensity analysis. (D) Relative intensity of CNP in cerebellar areas. (E) Western blot and
quantification for NF-200, MBP, and CNP in cerebellum. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con
group; #p < 0.05, compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.

20 mg/kg) could reverse the decline in fall latency of METH-
induced mice (Figure 1B). 20 mg/kg MCC950 normalized
the fall latency in mice treated with METH when compared
to control mice on day 5 (Figure 1C). METH-treated mice
had a shorter stride length and a wider stride width during
the gait test compared to the control mice. In contrast, the
MCC950 intervention could reverse the effect of METH in vivo
(Figures 1D–F).

Administration of MCC950 Protected
Against Purkinje Cell Soma Loss in
Methamphetamine Mice Model
Next we investigated the mechanism of action of the NLRP3
inhibitor MCC950 in METH-induced PC degeneration. HE
staining, nissl staining, Calbindin (A PC marker) and IHC

staining were used to assess the number of PC soma in cerebellar
regions. The number of PC soma was smaller in the METH mice
group than in the control group. However, MCC950 at 10 or
20 mg/kg could alleviate the loss of PC soma number caused
by METH. In this regard, no significant difference in the PC
soma number was found between the Con + MCC950 (20 mg/kg)
group and control mice (Figures 2A–D).

Treatment With MCC950 Reduced
α-Synuclein and Phosphorylated Tau
Accumulation in the Cerebellar Purkinje
Cell
Next, we assessed whether NLRP3 inhibition altered α-syn
and p-Tau levels within the cerebellar regions by α-syn and
p-Tau IHC staining. We found that α-syn and p-Tau mainly
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FIGURE 5 | MCC950 alleviated glial activation in cerebellar regions. (A) Representative images of GFAP IHC staining and Iba 1 IF staining in cerebellar regions.
(B) Quantification of GFAP and Iba 1 positive cell number in cerebellar subregions. (C,D) Western blot and quantification for GFAP, Iba 1, IL-6, and TNF-α in
cerebellum. n = 6 per group by one-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05, compared with the
METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.

accumulated in cerebellar PC soma after METH treatment from
the high magnification images (Magnified black box in the lower
panel). A decline in α-syn and p-Tau accumulation was found
in the cerebellum of METH-treated mice after administration
of MCC950. Moreover, the α-syn and p-Tau levels in the
METH + MCC950 (20 mg/kg) group mice were lower than
in METH + MCC950 (10 mg/kg) group mice (Figures 3A,B).
Consistently, the protein levels of GFAP and Iba 1 were elevated
in the METH group compared to the control group and reversed
by MCC950 administration (Figure 3C).

Pharmacological Inhibition With MCC950
Prevents Axonal Degeneration and
Myelin Sheath Destruction in the
Cerebellum
To characterize cerebellar axonal degeneration after METH-
induced injury, we conducted silver staining to examine the
axons in the cerebellar white matter. Silver staining showed a
decline in axon intensities in the white matter tracts of the
METH mice, whereas both 10 and 20 mg/kg MCC950 treatment
preserved axonal intensity assessed after METH intoxication
(Figures 4A,B). Immunofluorescence of NF200 (an axon-specific
protein) showed axonal degeneration in METH group mice.
Consistent with the silver staining results, MCC950 attenuated

the reduction in NF200 levels in the cerebellum of mice treated
with METH (Figure 4E).

To assess the protective effect of MCC950 against METH-
induced myelin loss, we conducted LFB staining and CNP
immunostaining. Prophylactic treatment with MCC950
protected the myelin sheath loss in the cerebellum of METH-
treated mice (Figures 4A,C,D). Consistent with the results of
the staining sections, myelin-specific protein CNP and MBP
immunoblotting showed that inflammasome modulation with
MCC950 reversed the myelin-specific proteins loss induced by
METH (Figure 4E).

MCC950 Attenuated Glial Cell Activation
in Methamphetamine Mice Model
To investigate the effect of MCC950 on glial activation induced
by METH, we employed GFAP and Iba 1 immunostaining to
quantify the number of astrocytes and microglia. We found that
METH increased the numbers of astrocytes and microglia within
the cerebellum. METH-treated mice that received MCC950
exhibited significantly fewer astrocytes and microglia cells in the
cerebellum than control mice (Figures 5A,B). Immunoblotting
showed a significant increase in GFAP and Iba 1 levels in METH-
treated mice compared with control mice. Inhibition of NLRP3
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FIGURE 6 | Effect of MCC950 on NLRP3 pathway in METH mice model. (A) Representative western blot bands of NLRP3, ASC, Caspase-1, Cleaved Caspase-1,
mature IL-1β, and IL-1β of mice cerebellar tissues in each group. (B–F) Quantification of NLRP3, ASC, Caspase-1, Cleaved Caspase-1, mature IL-1β, and IL-1β

protein levels of mice cerebellar tissues from western blot bands. n = 3 per group. (G) Representative images of mature IL-1β IHC staining in cerebellar areas.
(H) Relative intensity of mature IL-1β in cerebellar areas. One-way ANOVA and Bonferroni’s post-hoc analysis, *p < 0.05, compared with the Con group; #p < 0.05,
compared with the METH-treated group; §p < 0.05, compared with the METH + MCC950 (10 mg) group.

by MCC950 enhanced IL-6 and TNF-α upregulation in the
cerebellum of METH-treated mice (Figures 5C,D).

Modulating NLRP3 by MCC950
Decreased Interleukin-1β Secretion
Through Caspase-1 Dependent Pathway
in Methamphetamine Mice Model
To explore the mechanism underlying the protective effect
of MCC950 in METH-induced cerebellar degeneration, we
conducted an immunoblotting analysis of NLRP3 pathway
proteins including NLRP3, ASC, Caspase-1, Cleaved Caspase-
1 (P20), IL-1β and mature IL-1β. We found that NLRP3, ASC,
Cleaved Caspase-1 and mature IL-1β protein expression were
elevated in the cerebellum of METH-treated mice. Furthermore,
MCC950 (at 10 and 20 mg/kg) suppressed METH-induced
increases in protein levels of NLRP3, Cleaved Caspase-1 and
mature IL-1β. Moreover, the cerebellar NLRP3, Cleaved Caspase-
1 and mature IL-1β protein levels were significantly lower in the
(METH + 20 mg/kg MCC950) group than in the (METH + 10
mg/kg MCC950) group (Figures 6A–F). Finally, IHC staining
revealed that mature IL-1β intensity was significantly decreased

in the (METH + MCC950) group mice compared to METH-
treated mice (Figures 6G,H).

DISCUSSION

It has been established that the nigrostriatal dopaminergic system
is vulnerable to METH exposure since METH can be transferred
into the cytoplasm by dopamine transporters (Huang et al.,
2020). A recent study indicated that METH might lead to
electrophysiological and morphological alternations of cerebellar
PC (Ramshini et al., 2021). In the present study, we demonstrated
that chronic METH could influence behavioral performance and
cerebellar neurodegeneration involving a decrease in the number
of PC, α-syn and p-Tau accumulation, axon degeneration, myelin
sheath destruction and glial activation.

Importantly, the NLRP3-ASC-Caspase 1 pathway is activated
during this process. To the best of our knowledge, this is the
first study to expound that modulation of NLRP3 by MCC950
exerts a protective effect against motor deficits and cerebellar
degeneration in METH-treated mice. These results suggested that
NLRP3 might be a therapeutic target, and the NLRP3 pathway is
associated with METH-induced cerebellar degeneration.
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FIGURE 7 | Schematic illustration of mechanism of NLRP3–IL-1β mediating METH induced cerebellar neurodegeneration. Upon METH treatment, the α-syn and
p-Tau level was increased in PCs. The increased α-syn and p-Tau might release from neurons and be uptaken by glia cells. The activated glia could secrete
inflammatory factors IL-1β through NLRP3 activation. The excess IL-1β damage the neurons, which lead to α-syn and p-Tau level increasing. Thus the neuronal
α-syn and p-Tau accumulation and microglial NLRP3 activation form a vicious cycle.

An increasing body of evidence suggests that NLRP3
participates in the formation of inflammasomes in several
neurodegenerative diseases, such as Alzheimer’s disease and
Parkinson’s disease (Yang et al., 2020). Moreover, targeting
NLRP3 can alleviate learning and memory deficits in an
Alzheimer’s disease mice model (Lonnemann et al., 2020).
To confirm that NLRP3 inhibition alleviates the behavioral
impairment induced by METH, we conducted behavioral tests.
Indeed, we found NLRP3 inhibition exerts protective effects
on motor balance and coordination impairments induced by
METH (Figures 1B–F). Importantly, we found that 20 mg/kg
MCC950 was more effective than 10 mg/kg MCC950 in response
to METH-induced behavior impairment.

It has been established that the PC is a unique kind
of neuron that represents the only efferent neuron in the
cerebellar cortex, essential for cerebellar function (Schonewille
et al., 2021). It is well documented that the PC number
is reduced in response to METH (Ramshini et al., 2021).
Consistent with this study, we found a decline in PC number
in mice cerebellum after METH intoxication, which could
be alleviated by 10 and 20 mg/kg of MCC950. Previous
studies showed the PC loss was sufficient to drive behavioral
chanes such as the impaired coordination of limb movement
(Zhang H. et al., 2021). Since cerebellar PC dysfunction or
degeneration is frequently accompanied with cerebellar ataxia
(Aoki et al., 2022). In our study, we showed a reduction
of PC number in METH group mice, which was sufficient
to drive motor coordination deficit in rotarod test and
footprint analysis test.

The accumulation of α-syn and p-Tau are the hallmarks of
Parkinson’s disease and Alzheimer’s disease, respectively (Vasili
et al., 2019; Yin et al., 2021). It is widely acknowledged that
α-syn and p-Tau are “teammates” in neurodegenerative disease
(Moussaud et al., 2014). Our previous studies revealed that
both α-syn and p-Tau are upregulated in several brain regions
in response to METH (Ding et al., 2020b). The present study

found increased cerebellar levels of α-syn and p-Tau in METH-
treated mice, especially in the PCs (Figure 3). Furthermore, we
found that MCC950 could restore cerebellar α-syn and p-Tau
aggregation levels in chronic METH-treated mice. These findings
suggested that therapeutic NLRP3 inhibition could alleviate
pathological α-syn and p-Tau accumulations in METH-treated
mice, consistent with findings of a recent study that showed
that pharmacological inhibition of NLRP3 could protect against
α-syn pathology in a Parkinson’s disease mice model (Gordon
et al., 2018). Importantly, α-syn can trigger NLRP3 activation
in Parkinson’s disease, leading to α-syn accumulation (Codolo
et al., 2013; Zhang C. et al., 2021). We hypothesize that α-syn
accumulation and NLRP3 activation form a vicious cycle, and
disrupting this cycle by NLRP3 inhibition could alleviate α-syn
pathologies in METH-treated mice.

The PC axons are the sole efferent neuron fiber in the
cerebellum and are crucial to PC function (Falcon-Moya et al.,
2018). Besides, the myelin sheaths, formed by oligodendrocytes,
are vital for PC signal output (Bechet et al., 2020). In
the present study, we observed the cerebellar axon and
myelin sheath morphology in METH-treated mice. Silver and
LFB stainings showed reduced axon intensity, myelin sheath
destruction, respectively, and pharmacological inhibition of
NLRP3 alleviated axon and myelin sheath pathologies induced
by METH (Figure 4).

In addition to PC degeneration, glial cells activation
participates in the neurodegenerative diseases process
(Saijo et al., 2009). It has been suggested that activated glial
cells act as phagocytic cells, which can clear the abnormal protein
aggregates and cell debris and act as inflammatory factors
secreting cells (Chen et al., 2021). Our previous study showed
that METH triggered glial cell activation in the hippocampal
and substantial nigral region (Ding et al., 2020a). Accordingly,
we assessed whether METH would affect glial cell activation
in the cerebellar region. The immunolabeling of GFAP (an
astrocyte marker) and Iba 1 (a microglia marker) in mice
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cerebellar sections revealed a significant increase in astrocyte
and microglia number and inflammatory factors after 2 weeks
of METH treatment. However, glial activation was suppressed
in METH-treated mice after administration of MCC950, which
was supported by reduced inflammatory factors such as TNF-α
and IL-6 (Figure 5). Given that inflammatory factors may trigger
neuronal dysfunction, we hypothesize that NLRP3 inhibition can
alleviate cerebellar degeneration via modulation of inflammation.

To explore the mechanisms involved in the METH-
induced cerebellar degeneration, we quantified NLRP3-ASC-
Caspase 1-IL-1β pathway protein levels. Treatment with METH
triggered the NLRP3 sensor, which led to the upregulation of
downstream proteins including ASC, Caspase 1 and mature
IL-1β. Furthermore, pharmacological inhibition of NLRP3
suppressed activation of the NLRP3-ASC-Caspase 1-IL-1β

pathway. Given that mature IL-1β secretion has been shown to
be a key mediator in inflammation-induced neuronal apoptosis
in neurodegenerative disease (Rui et al., 2021), our mechanistic
finding suggests that pharmacological inhibition of NLRP3 may
alleviate inflammation through Caspase 1 dependent mature
IL-1β secretion (Figure 6). Moreover, we found mature IL-
1β accumulation in the cytoplasm of PC in METH-treated
mice, indicating that glial-derived mature IL-1β was transferred
into the PCs. In addition, the transfer could be blocked by
MCC950 (Figures 6G,H). It has been reported that NLRP3
dependent mature IL-1β secretion can induce neurodegeneration
in several mice models (Holbrook et al., 2021), consistent
with our findings.

Taking together, our study showed that METH could
upregulate the α-syn and p-Tau level in PCs. The increased α-
syn and p-Tau might release from PCs and be uptaken by glial
cells. The activated glial cells could secrete inflammatory factors
IL-1β through NLRP3 activation. The excess IL-1β damage the
neurons by inhibiting neuronal autophagy flux, which lead to
α-syn and p-Tau level increasing. Thus the neuronal α-syn and
p-Tau accumulation and microglial NLRP3 activation form a
vicious cycle (Figure 7).

Overall, we demonstrated that METH could cause cerebellar
neurodegeneration and motor coordination deficit through
NLRP3 dependent mature IL-1β secretion-induced inflammation
in METH-treated mice. Moreover, NLRP3 inhibition alleviated
cerebellar pathologies and behavior abnormalities. Our study

provided compelling evidence of the therapeutic effect
of NLRP3 inhibitor in treating METH-induced cerebellar
neurodegeneration. Nonetheless, further studies are warranted
to better understand other inflammatory pathways involved in
METH-induced cerebellar degeneration.
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