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ABSTRACT
Microglial activation-induced neuroinflammation is closely associated with the development of
Parkinson disease (PD). Macroautophagy/autophagy regulates many biological processes, but the role
of autophagy in microglial activation during PD development remains largely unclear. In this study, we
showed that deletion of microglial Atg5 caused PD-like symptoms in mice, characterized by impairment
in motor coordination and cognitive learning, loss of tyrosine hydroxylase (TH) neurons, enhancement of
neuroinflammation and reduction in dopamine levels in the striatum. Mechanistically, we found that
inhibition of autophagy led to NLRP3 (NLR family pyrin domain containing 3) inflammasome activation
via PDE10A (phosphodiesterase 10A)–cyclic adenosine monophosphate (cAMP) signaling in microglia,
and the sequential upregulation of downstream IL1B/IL-1β in turn increased the expression of MIF
(macrophage migration inhibitory factor [glycosylation-inhibiting factor]), a pro-inflammatory cytokine.
Inhibition of NLRP3 inflammasome activation by administration of MCC950, a specific inhibitor for
NLRP3, decreased MIF expression and neuroinflammatory levels, and rescued the loss of TH neurons
in the substantial nigra (SN). Interestingly, we found that serum MIF levels in PD patients were
significantly elevated. Taken together, our results reveal an important role of autophagy in microglial
activation-driven PD-like symptoms, thus providing potential targets for the clinical treatment of PD.

Abbreviations: ATG: autophagy related; cAMP: cyclic adenosine monophosphate; cKO: conditional
knockout; NOS2/INOS: nitric oxide synthase 2, inducible; IL1B: interleukin 1 beta; ITGAM/CD-11b: integrin
alpha M/cluster of differentiation molecule 11B; MAP1LC3: microtubule-associated protein 1 light chain
3; MIF: macrophage migration inhibitory factor (glycosylation-inhibiting factor); NLRP3: NLR family pyrin
domain containing 3; PBS: phosphate-buffered saline; PD: parkinson disease; PDE10A: phosphodiester-
ase 10A; SN: substantial nigra; TH: tyrosine hydroxylase; TNF: tumor necrosis factor; WT: wild type.
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Introduction

Parkinson disease (PD) is one of the most common progressive
neurodegenerative diseases and is characterized by the loss of
dopaminergic neurons in the substantia nigra (SN) and loss of
dopaminergic nerve terminals and dopamine content in the
striatum [1–5]. Multiple lines of evidence show that chronic
neuroinflammation induced by microglia is closely linked with
the progress of PD, thus representing a potential therapeutic
target [6–9]. However, whether defects in genes regulating
microglia-induced inflammation play a causative role in PD
needs to be clarified. Microglia are cells originating from the

yolk sac that populate the central nervous system (CNS) during
embryogenesis. Activated microglia are also observed in neuro-
degenerative diseases other than PD, i.e.; Alzheimer disease
(AD) and stroke [8,10–12]. The activation status of microglia
can be generally divided into 2 types: M1 andM2. M1microglial
activation leads to pro-inflammatory effects by via production of
pro-inflammatory cytokines such as TNF/TNF-α (tumor necro-
sis factor), IL6 (interleukin 6) and IL1B (interleukin 1 beta). M2
microglial activation plays anti-inflammatory roles by phagocy-
tosing cells debris or damaged neurons and secreting anti-
inflammatory cytokines such as IL4 and IL10. Notably, microglia
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can transform back and forth into each of these types. However,
until now, the regulatory mechanisms for these transformations
have remained poorly understood.

Recent studies have revealed that autophagy plays a critical
role in immunity, balancing beneficial and detrimental effects.
Autophagy dysfunction is associated with multiple inflamma-
tion-related diseases [13–18]. In the central nervous system,
autophagy defects cause neurodegeneration in mice [19–21].
However, studies have mainly focused on neuronal cells, rather
than microglia. As microglia-induced inflammation plays
a critical role in the development of neurodegenerative diseases,
the role of microglial autophagy in microglial activation has
gained increasing attention. In Drosophila, autophagy regulates
the activation of Manf (Mesencephalic astrocyte-derived neuro-
trophic factor) in immunoreactive cells, which are cells similar to
microglia in vertebrates [22]. In mammalian cells, microglial
autophagy has been demonstrated to be critical for microglial
activation in vitro, and inhibition of microglial autophagy causes
increased M1 microglial activation, leading to upregulation of
pro-inflammatory cytokines [23–25]. Our previous study
demonstrated that autophagy inhibited MAVS (mitochondrial
antiviral signaling protein) activation in microglia. Moreover,
inhibition of ABL1/c-Abl-MAVS signaling prevents 1-methyl-
4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced micro-
glial activation and dopaminergic neuron loss [26]. However,
whether defects in microglial autophagy directly induce neuro-
degenerative diseases has not been characterized.

In this study, we showed that loss of microglial Atg5 func-
tion caused impairment in motor coordination and cognitive
learning in mice. Mechanistically, defects in microglial autop-
hagy increased neuroinflammation by activating the NLRP3
inflammasome via PDE10A-cAMP signaling, suggesting that
microglial autophagy might be a potential target for the treat-
ment of microglia-driven inflammatory brain diseases.

Results

Loss of microglial Atg5 causes defects in motor
coordination and cognitive learning

Atg5 (autophagy related 5) is one of the core components of
autophagy-related machinery. However, the cellular expression
pattern of Atg5 in the central nervous system has not been
characterized due to the unavailability of ATG5 antibodies in
mouse brain tissue. To address this issue, we used the fluorescent
RNAScope probes, a sensitive in situ hybridization (ISH) tech-
nique, to analyze Atg5 expression in sectioned brain tissue. As
shown in Figure 1A, Atg5 signal could be detected in Cx3cr1 (a
specific marker for microglia)-positive cells, Gfap (a specific
marker for astrocyte) -positive cells and Rbfox3 (a specific mar-
ker for neuron)-positive cells, indicating thatAtg5 is expressed in
most cells of the adult mouse brain. Previous studies have shown
that autophagy defects in neurons are linked with the develop-
ment of neurodegeneration [19–21], but the role of microglial
autophagy has yet to be clarified. To investigate the effect of
microglial autophagy in neurological disorders, we generated
a mouse strain that had a microglia-specific deletion of the
Atg5 gene by crossing Atg5 floxed mice with Itgam/CD-11b-
Cre mice. As shown in Figure 1A,B, compared to Atg5 wild

type (WT) mice, the level of Atg5 in the microglia from Atg5
conditional knockout (cKO) mice was dramatically decreased,
with no change in astrocytes and neurons. In addition, we
cultured primary microglia, astrocytes and neurons from
Atg5 WT and Atg5 cKO mice and found that Atg5 knockout
only occurred in primary microglia, but not in primary astro-
cytes and neurons (Fig. S1A). Furthermore, we injected a pAAV-
EF1a-DIO-mCherry virus (a Cre enzyme-initiated virus) into
the substantial nigra (SN) of Itgam-Cre mice. As shown in Fig.
S1B, mCherry was only present in IBA1-positive cells, but not in
GFAP-positive cells, indicating microglial specificity of Itgam-
Cre in the mouse brain.

Next, we checked whether deletion of Atg5 in microglia
impaired development and behavior in mice. We found that
Atg5 cKO mice were fertile and developed normally (Figure 1C).
Interestingly, we found that deletion of microglial Atg5 signifi-
cantly impaired motor coordination in 3- and 8-month-old Atg5
cKOmice, but not in 2-month-oldmice (Figure 1D and S2A). The
defect in motor coordination in Atg5 cKO mice was not due to
changes in grip strength (Fig. S2B). In addition, both forced
swimming and tail suspension tests showed no difference between
Atg5 WT mice and Atg5 cKO mice (Fig. S2C and S2D). Water
maze analysis revealed that there were no differences between
Atg5 WT mice and Atg5 cKO mice with respect to velocity,
acquisition of platform location, platform zone crossing, or time
in target zone in 3-month-old mice (Fig. S2E-S2J), suggesting
deletion of microglial Atg5 only impaired motor coordination,
but not learning and memory activity in 3-month-old mice.
Interestingly, we observed a significant defect in learning and
memory activity in 8-month-old Atg5 cKO mice (Figure 1E–J),
suggesting that the learning and memory defect is age-dependent.
Additionally, we found that Atg5 cKOmice showed gait abnorm-
alities at 8 months old (Figure 1K–N), which were not observed at
3 months. Together, these data suggest that autophagy deficiency
in microglia causes age-dependent motor coordination and cog-
nitive learning defects in mice.

Deletion of Atg5 in microglia or knockdown microglial
Atg5 in the SN induces neurotoxicity and
neuroinflammation

To analyze the correlation between motor defects and loss of TH-
positive neurons in the SN, we counted TH-positive neurons in
Atg5 WT and Atg5 cKO mice in 2, 3 and 8-month-old mice. As
shown in Figure 2A,B, the microglial Atg5 defect significantly
decreased TH-positive neurons in 3- and 8-month-old Atg5
cKO mice, suggesting that impaired motor coordination contri-
butes to the degeneration of TH neurons. Since we observed
detectable PD-like behavior defects in Atg5 cKO mice from
3 months old, we then examined the levels of dopamine and its
metabolites in the striatum. As shown in Figure 2C, dopamine
(DA) levels were dramatically reduced in 3 -month-old Atg5 cKO
mice, along with a trend toward decreased levels of the metabolite
3,4-dihydroxyphenylacetic acid (DOPAC) (Fig. S3A). However,
there was no difference in the level of the metabolite homovanillic
acid (HVA) or the ratio of (DOPAC+HVA):DA (Fig. S3B and
S3C). In addition, we found that there was a significant increase in
SNCA/α-synuclein levels in 3-month-old Atg5 cKO mice, which
was further aggravated in 8-month-old mice (Fig. S3D and S3E),
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indicating an accumulation of SNCA in the brain. Furthermore,
we found that the mRNA levels of Snca in 3- and 8-month-old
Atg5 cKOmice were significantly increased (Fig. S3F and S3G). In

addition, dramatic enhancement of pro-inflammatory cytokines
including Il1b, Nos2/Inos (nitric oxide synthase 2, inducible) and
Tnf were observed in both 3- and 8-month-old Atg5 cKO mice

Figure 1. Loss of microglial Atg5 causes motor coordination and cognitive learning defects. (A) ISH analyses for Atg5 expression in the SN were performed by using
RNAScope Atg5 probe (Red) together with Cx3cr1 probe (Green), Gfap probe (Green) or Rbfox3 probe (Green) in WT and Atg5 cKO mice. The nuclei were labeled with
DAPI (Blue). Scale bar: 5 µm. (B) Quantitative data of Atg5 levels as indicated. The Atg5 density was quantified using the Image J software. N > 20. (C) The body
weight of WT (N = 12) or Atg5 cKO mice (N = 8) in different age time as shown. (D) The mean time spent on Rotarod of different month old WT (N = 10) or Atg5 cKO
mice (N = 8). *means p < 0.05. **means p < 0.01. (E) Morris water-maze analysis of 8-month-old mice on 5 consecutive days. (F) Results of the probe trial of WT
(N = 8) or Atg5 cKO mice (N = 8) at day 7. Data are shown as mean ± SEM. *means p < 0.05. (G) Data are given as the times of crossing platform, which is hidden in
this trail. **means p < 0.01. (H) Data are given as the percentage of the time of mice spent in the target quadrant, where the platform previously located. **means
p < 0.01. (I) The mean velocity of WT (N = 8) or Atg5 cKO mice (N = 8). Data are shown as mean ± SEM. *means p < 0.05. (J) Representative routes of WT or Atg5 cKO
mice from trails. (K-N) Gait analysis of 8-month-old WT (N = 6) or Atg5 cKO mice (N = 8). Data are shown as mean ± SEM. *means p < 0.05.
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Figure 2. Deletion of Atg5 in microglia or knockdown of Atg5 in the SN induces neuronal damage and neuroinflammation. (A) Immunohistochemical staining for TH
in the SN from Atg5 WT group mice and Atg5 cKO group mice at different age as indicated. (B) Quantitative data of TH-positive neurons in the SN as indicated (N = 4
for each group). (C) The levels of DA in the striatum from 3-month-old Atg5 WT and Atg5 cKO mice. *means p < 0.05. (D) Expression of Il1b, Nos2 and Tnf in the
striatum from 3-month-old Atg5 WT and Atg5 cKO mice. *means p < 0.05. (E) Expression of Il1b, Nos2 and Tnf in the striatum from 8-month-old Atg5 WT and Atg5
cKO mice. *means p < 0.05. (F) Model of knockdown microglial Atg5 in the SN by using AAV-virus. (G) ISH analyses for Atg5 expression in the microglia in the SN in
AAV-shvector and AAV-shAtg5 injection group mice. Scale bar represents 2.5 µm. (H) Quantitative data of Atg5 levels as indicated. N > 20. (I) The mean time spent on
Rotarod of AAV-shvector injection group mice (N = 8) and AAV-shAtg5 injection group mice (N = 9). *means p < 0.05. (J) Immunohistochemical staining for TH in the
SN in AAV-shvector injection group mice (N = 6) and AAV-shAtg5 injection group mice (N = 6) as indicated. (K) Quantitative data of TH-positive neurons in the SN in
AAV-shvector injection group mice (N = 6) and AAV-shAtg5 injection group mice (N = 6). *means p < 0.05. (L) Expression of Il1b, Nos2 and Tnf in the SN from 2
groups of mice as indicated. *means p < 0.05. **means p < 0.01.
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(Figure 2D,E). Taken together, these results suggest that autop-
hagy deficiency in microglia induces neurotoxicity and neuroin-
flammation in the brain.

To exclude the effect of peripheral leukocytes in Itgam-Cre
mice, we injected pAAV-EF1a-DIO-mCherry-shAtg5 virus into
the SN of Cx3cr1-CreER mice, which excludes the effect of
peripheral leukocytes [27,28]. First, 3 shRNAs targeting mouse
Atg5 were designed and tested in NIH3T3 cells, then shAtg5 #3
was chosen for the present studies (Fig. S4A). The specification
of AAV-virus was further determined in brain, and as shown in
Fig. S4B, mCherry signals were mainly present in IBA1-positive
cells, but not in GFAP-positive cells, suggesting that the AAV
virus only infected microglia in vivo.

A scramble virus or pAAV-EF1a-DIO-mCherry-shAtg5 was
injected into the SN of 3-month-old Cx3cr1-CreER mice, and
1 week later tamoxifen was injected. Three months later, behavior
and other neurological parameters were examined (Figure 2F).
Using RNAscope probes, we found that AAV-shAtg5 dramatically
decreased the expression level of Atg5 in microglia (Figure 2G,H).
As expected, we found that knockdown of microglial Atg5 signifi-
cantly impaired motor coordination (Figure 2I). Compared to the
AAV-shvector virus injection group, there was a significant
increase of protein levels and mRNA levels of Snca in AAV-sh
Atg5 virus injection group (Fig. S4H-S4J). Consistently, the num-
bers of TH-positive neurons in the SN were also significantly
reduced (Figure 2J,K). Furthermore, increased levels of pro-
inflammatory cytokines, including Il1b, Nos2, Tnf, were observed
in the SN in the AAV-shAtg5 virus injection group (Figure 2L).
Together, these results suggest that knockdown of microglialAtg5
in the SN also causes motor coordination defects, TH-positive
neuronal loss and neuroinflammation.

PDE10A is involved in the activation of NLRP3
inflammasome

To further define the underlying mechanism of autophagy defi-
ciency-induced PD-like symptoms in mice, we analyzed the pro-
tein expression profile in the striatum (Figure 3A). In 3-month-old
mice, we identified a total of 5447 and 5477 proteins in Atg5WT
and cKO mice, respectively, among which microglial Atg5 defi-
ciency resulted in 180 significantly upregulated and 39 downregu-
lated proteins (Fig. S5A). Furthermore, the significantly altered
proteins in the striatum of 3-month-old mice could be classified
into 5 functional categories, including PD, dopaminergic synapses,
amyotrophic lateral sclerosis (ALS), renin secretion and synaptic
vesicle cycle (Fig. S5B). In 8-month-old mice, we identified a total
of 5267 proteins inWTmice and 5058 proteins inAtg5 cKOmice.
Compared to theWTmice, therewere 93 significantly upregulated
and 22 downregulated genes in microglial Atg5 KO mice. In
8-month-old mice, 6 functional groups were enriched, including
cell meiosis, Hippo signaling pathway, Fc gamma R-mediated
phagocytosis, glutamatergic synapses and synaptic vesicle cycle
(Fig. S5B). Together, these proteomics profiles indicate that several
neurodegenerative-related pathways were dysregulated in Atg5
cKOmice,whichmayhave contributed to the development of PD-
like symptoms.

Multiple lines of evidence implicate dysfunction of the
immune system and neuroinflammation in the development
of PD [9,26,29,30]. Among the significantly altered proteins,

22 were increased, while 2 were downregulated in both 3- and
8-month-old Atg5 cKO mice (Figure 3B and Table S2).
Interestingly, we identified that PDE10A levels were signifi-
cantly increased in 3-month and 8-month-old Atg5 cKO mice
in the proteomic list. Additionally, we and studies conducted
by others have reported that the PDE family of proteins is
involved in microglial activation and neuroinflammation [31–
34]. As shown in Figure 3C,D, deletion of Atg5 in microglia
dramatically increased PDE10A protein levels in 3- and
8-month-old Atg5 cKO mice, with no change of its mRNA
levels (Fig. S5C). To test whether PDE10A was involved in
autophagy defect-induced microglial activation, we first mea-
sured the levels of the substrate of PDE10A, cAMP, which is
critical for microglial activation, especially activation of the
NLRP3 inflammasome [35,36]. As expected, we found that
cAMP levels were significantly reduced in Atg5 cKO mice
(Fig. S5D). Next, we sought to examine whether autophagy
regulates the degradation of PDE10A in microglia. We treated
the primary microglial cells with bafilomycin A1 (Baf A1, an
autophagy inhibitor), MG132 (a proteasome degradation inhi-
bitor) or rapamycin (an autophagy stimulator), and found
that Baf A1 treatment increased PDE10A level, while there
was no difference in PDE10A protein expression upon
MG132 treatment. In contrast, rapamycin treatment signifi-
cantly reduced PDE10a levels (Figure 3E). Furthermore, we
found that Baf A1 treatment dramatically increased the ubi-
quitination levels of PDE10A in microglial cells (Figure 3F),
suggesting that autophagy processes regulate PDE10A degra-
dation in microglia. Consistently, we found that Baf A1 treat-
ment largely decreased cAMP levels in microglia (Figure 3G,
H). To test whether PDE10A carries a direct role in microglial
activation, we treated primary microglial cells with MP-10,
a specific inhibitor for PDE10A, and found MP-10 treatment
significantly inhibited either autophagy inhibition- or niger-
icin-induced NLRP3 activation (Figure 3I, and S5E).

Importantly, we found that cleaved CASP1/caspase-1
levels were significantly increased in 3-month-old Atg5
cKO mice in vivo (Figure 3K,L). As expected, the levels of
cleaved CASP1 were dramatically increased in 8-month-old
Atg5 cKO mice (Fig. S5F and S5G), suggesting that deletion
of Atg5 in microglia caused NLRP3 inflammasome activa-
tion in vivo. Consistently, we found that there was
a significant enhancement of PDE10A levels in the SN of
the AAV-shAtg5 virus injection group, together with
increased expression of cleaved CASP1 (Figure 3M–P).
Together, these results suggest that autophagy regulates
NLRP3 inflammasome activation by modulating levels of
PDE10A in microglial cells.

Microglial Atg5 defects causes an increase of MIF in
a NLRP3 inflammasome-dependent manner

Among the 24 significantly altered proteins in both 3- and
8-month-old Atg5 cKO mice, we found that an important pro-
inflammatory cytokine, MIF, was elevated (Figure 4A–C). As
shown in Figure 4D–F, we confirmed that protein levels of MIF
were significantly elevated in the striatum of Atg5 cKO mice,
while APOE was not significantly altered.
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Figure 3. PDE10A is involved in the activation of NLRP3 inflammasome. (A) The model of LC-MS/MS analysis. (B) The data shows the numbers of upregulated and
downregulated genes in 3-month and 8-month WT and Atg5 cKO mice. (C) Immunoblotting analysis of PDE10A and GAPDH in the striatum from 3-month and
8-month-old Atg5 WT mice and Atg5 cKO mice as indicated. (D) Quantitative data of PDE10A levels in the striatum in 3-month and 8-month-old Atg5 WT and Atg5
cKO mice. (E) Immunoblotting analysis of PDE10A, LC3 and GAPDH in the primary microglial cells treated with Baf A1 (50 nM, 6 h), MG132 (10 µM, 6 h) and
Rapamycin (20 nM, 6 h). Experiments were carried out for 3 independent times. (F) Primary microglial cells were treated with Baf A1 (50 nM, 6 h). Cell lysates were
immunoprecipitated with anti-PDE10A antibody coated gel and then blotted for Ubiquitin, PDE10A, SQSTM1, LC3 and GAPDH. (G) Immunofluorescent staining of
cAMP in the primary microglial cells treated with or without Baf A1 (50 nM, 6 h). Scale bar represents 10 µM. N = 50. (H) Quantitative data of cAMP levels as
indicated. (I) Immunoblotting analysis of cleaved CASP1 and IL1B levels in the supernatant, Pro-IL1B, total CASP1 and ACTB levels in the pellets from the primary
microglial cells treated with Baf A1 (50 nM, 6 h) and MP-10 (5 µM, pre-treatment for 1 h) as indicated. Experiments were carried out 3 independent times. (J)
Quantitative data of IL1B levels as indicated. (K) Immunoblotting analysis of cleaved CASP1, total CASP1 and GAPDH in the striatum from 3-month-old Atg5 WT and
Atg5 cKO mice as shown. (L) Quantitative data of cleaved CASP1 levels in the striatum in 3-month-old Atg5 WT and Atg5 cKO mice. *means p < 0.05. (M)
Immunoblotting analysis of PDE10A, NLRP3, cleaved CASP1, total CASP1 and GAPDH in the SN from AAV-shvector injection group mice and AAV-shAtg5 injection
group mice as indicated. (N-P) Quantitative data of PDE10A, NLRP3 and cleaved CASP1 levels. *means p < 0.05. ***means p < 0.001.
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It has been reported that MIF functions as an important pro-
inflammatory cytokine in neuronal system diseases [37–40].
Recently, MIF was reported as a DNAase enzyme involved in
neurotoxicity following stroke [41]. Here, we found theMIF levels
were significantly increased in Atg5 cKO mice. We also observed
that transcriptional levels of Mif were significantly increased in
Atg5 cKO mice (Figure 4G), suggesting that autophagy might
regulate MIF levels in a transcription-dependent manner. To
confirm this, we treated the primary microglia with Baf A1 to
block the autophagy process. As shown in Figure 4H, Baf A1
treatment induced a significant increase in Mif/MIF at both
mRNA and protein levels. Since we found that autophagy

inhibition increased the expression levels of both IL1B and MIF
inmicroglia, we hypothesized that autophagy inhibition-mediated
NLRP3 inflammasome activation is important for MIF induction.
To test this, isolated nlrp3KOmicroglia were treated with Baf A1.
As shown in Figure 4I, nlrp3 KO dramatically abolished
the upregulation of Mif induced by autophagy inhibition.
Furthermore, we found that IL1B-neutralized antibody also dra-
matically reducedMif levels in microglia (Figure 4J). Consistently,
exogenous cytokine IL1B elevated Mif mRNA levels in microglia
(Figure 4K). Together, these results indicate that NLRP3 inflam-
masome activation upregulates Mif levels in a transcription-
dependent manner in microglia.

Figure 4. Microglia Atg5 defects causes an increase of MIF in a NLRP3 inflammasome dependentmanner. (A) The 24 significantly changed proteins from 3month and 8-month-
old WT or Atg5 cKO mice. (B and C) The relative levels of MIF in 3 month and 8 month WT and Atg5 cKO mice. (D and E) Immunoblotting and quantitative analysis of MIF, APOE
and GAPDH in the striatum from 3-month and 8-month-old Atg5WT and Atg5 cKOmice. *means p< 0.05. ***means p < 0.001. (F) Quantitative data of MIF levels in the striatum
in 3-month and 8-month-old Atg5WT and Atg5 cKOmice. (G) Expression ofMif in the striatum in 3-month and 8-month-old Atg5WT and Atg5 cKOmice. *means p < 0.05. Error
bars are mean ± SEM. (H) Primary microglial cells treated with Baf A1 (50 nM, 6 h), and expressions of MIF and GAPDH levels were detected (Upper). The Expression ofMif in the
primarymicroglial cells treated with Baf A1 (50 nM, 6 h) (Down). (I) Expression ofMif in the primarymicroglial cells fromWT and nlrp3 KOmice treated with Baf A1 (50 nM, 6 h) as
indicated. (J) Primary microglial cells were treated with IL1B-neutralizing antibody (1 µg), then treated with Baf A1 (50 nM, 6 h), the expressions of Mif mRNA levels were
detected. (K) The expressions of Mif mRNA levels from primary microglial cells were treated with IL1B (1 ng/mL, 6 h) and Baf A1 (50 nM, 6 h). Error bars are mean ± SEM.
Experiments were carried out in triplicate, at least 3 independent times.
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Inhibition of NLRP3 activation rescues Atg5
defect-induced microglial activation and neuronal loss

To study the regulatory mechanism in vivo, 2-month-oldWT and
Atg5 cKOmice were treated withMCC950, a specific inhibitor for
NLRP3 [42,43], every other day for 1 month (Figure 5A). As
shown in Figure 5B,C, MCC950 administration significantly

inhibited the expression level of cleaved CASP1, suggesting that
activation of the NLRP3 inflammasome was blocked byMCC950.
Furthermore, we found that inhibition of NLRP3 completely
rescued Atg5 knockout-induced enhancement of MIF levels
(Figure 5B,D), suggesting that enhancement of MIF in Atg5
cKO mice was NLRP3 inflammasome-dependent.

Figure 5. Inhibition of NLRP3 activation rescued Atg5 defect induced microglial activation and neurons loss. (A) Model of administration of MCC950 to block NLRP3
activation and check the microglial activation and neurons loss. Two-month-old Atg5 WT and cKO mice received intraperitoneal injections of sterile PBS (control) or
MCC950 (10 mg/kg in PBS) every second day for 1 month. (B) Immunoblotting analysis of MIF, NLRP3, cleaved CASP1 and GAPDH in the SN from Atg5 WT group, Atg5
cKO group, Atg5 WT with MCC950 group and Atg5 cKO with MCC950 group mice. (C and D) Quantitative data of cleaved CASP1 and MIF levels in the SN from these 4
groups of mice as indicated. (E) Immunohistochemical staining for IBA1 in the SN from these 4 groups of mice. (F) Quantitative data of IBA1 positive cells in the SN
from these 4 groups of mice as indicated (N = 6 or N = 8). (G and H) Expression of Il1b and Tnf in the SN from these 4 groups of mice as indicated. (I)
Immunohistochemical staining for TH in the SN in these 4 groups of mice as indicated. (J) Quantitative data of TH-positive neurons in the SN in these 4 groups of
mice as indicated (N = 4 for each group).

2200 J. CHENG ET AL.



To examine whether microglial activation was involved in
this process, we counted microglia stained with IBA1 in the SN.
As shown in Figure 5E,F, there was a significant increase in the
number of microglia in Atg5 cKO mice, which was inhibited by
MCC950 treatment. Accordingly, in vivo NLRP3 inhibition also
attenuated the expression of Tnf and Il1b induced by Atg5 cKO
(Figure 5G,H). Next, we tested whether inhibition of NLRP3
inflammasome activation by administration of MCC950 could
restore the loss of TH-positive neurons in Atg5 cKO mice. As
shown in Figure 5I,J, we found that there was a significant
reduction in TH-positive neurons in Atg5 cKO mice, compared
toWTmice in age matched groups. Importantly, treatment with
MCC950 rescued the loss of TH-positive neurons. Together,
these results suggest that inhibition of NLRP3 activation rescued
Atg5 defect-induced MIF enhancement, microglial activation
and neuron loss in vivo.

Serum MIF is elevated in PD patients

Although the activation of NLRP3 inflammasome was
reported to be involved in many neurodegenerative dis-
eases, the downstream cytokine IL1B is almost undetectable
in the serum of PD patients, although it can be detected in
peripheral blood mononuclear cell (PBMC) supernatants
and cerebral spinal fluid (CSF) [44]. As we found that
NLRP3/IL1B elevated MIF levels in microglia, we hypothe-
sized that serum MIF might be a clinical biomarker for PD
diseases. We collected serum samples from 92 PD patients
and 87 age/sex-matched controls. Interestingly, there was
a dramatic increase in serum MIF levels in PD patients
(Figure 6A,B). In addition, we analyzed the correlations
between MIF levels and 21 other parameters and found
that serum MIF levels were significantly correlated with
sex and age (Figure 6C,D). Together, our results suggest
that the serum MIF levels might be a potential clinical
biomarker for the diagnosis of PD.

In summary, our present work showed that microglial autop-
hagy deficiency impaired locomotion and cognition in mice
through accelerating inflammasome activation, indicating that
microglial autophagy is critical for microglial activation and
neuroinflammation in the development of PD (Figure 6E).

Discussion

Microglia activation-mediated neuroinflammation plays an
important role in PD, but the regulatory mechanism requires
clarification. In this study, we found that microglial autophagy
regulated microglial activation in the development of PD: (1)
microglial Atg5 deficiency caused dysfunction of motor coor-
dination and cognitive learning in an age-dependent manner;
(2) autophagy inhibition elevated PDE10A levels and aggra-
vated NLRP3 activation in microglia; (3) IL1B, a downstream
cytokine of the NLRP3 inflammasome, increased Mif levels in
a transcription-dependent manner in microglia; (4) inhibition
of NLRP3 activation rescued Atg5 defect-induced microglia
activation and neuronal loss; (5) serum MIF levels were sig-
nificantly increased in PD patients, suggesting a useful diag-
nostic and therapeutic target in PD.

Almost 30 years ago, activated microglia was observed in the
SN pars compacta of PD patients in a postmortem study [45].
Since then, many clinical and animal studies demonstrated that
microglial activation is critical in PD development. Recently,
Ejlerskov et al. reported that lack of neuronal IFNB-IFNAR
(interferon-α/β receptor) causes PD-like dementia [46], provid-
ing direct evidence for the initial effects of immune dysfunction
in neurological diseases. Injection of LPS (lipopolysaccharides)
in the SN induces PD-like pathogenesis and symptoms in mice
through activating neuroinflammation [47]. Similarly, injection
of poly (I:C), a TLR3 (toll-like receptor 3) agonist, renders adult
rats susceptible to low dose 6-hydroxydopamine-mediated neu-
rotoxicity, which could be effectively inhibited by systematic
administration of IL1 receptor antagonist (IL1-RA) [48].

Figure 6. Serum MIF is elevated in PD patients. (A) The ages of control people (N = 87) and PD patients (N = 92). (B) ELISA of MIF levels in the serum from control
people (N = 87) and PD patients (N = 92). ***means p < 0.001. (C) The MIF levels in the serum of control male (N = 38) and female people (N = 49). **means
p < 0.01. (D) The correlation of serum MIF levels with age in control people (N = 87). (E) Schematic model of molecular mechanisms underlying microglial autophagy
deficiency impaired locomotion and cognition in mice.
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Accordingly, here we reported a new avenue through which
microglial autophagy deficiency could trigger microglial activa-
tion and spontaneously produce a model of age-dependent mur-
ine PD. Along with others, we argue that neuroinflammation is
a critical initiation step for dopaminergic neuron degeneration
and PD development.

Autophagy is a conserved biological process in eukaryotes,
and dysfunction of autophagy has been linked with multiple
human diseases [14–16]. Defects in the autophagy-related Atg5
or Atg7 genes in neurons causes neurodegeneration in mice
[19,20], and upregulation of SQSTM1/p62 expression in brain
could mitigate cognitive deficits in AD mouse models [49].
Importantly, rapamycin-induced autophagy activation has been
shown to extend lifespan in mice [50], suggesting that autophagy
confers a protective role in aging and age-related diseases.
However, the above-mentioned studies mainly focused on neu-
rons themselves without deciphering the role of autophagy in
microglia in the development of neurological diseases. Here, we
defined the role of autophagy in microglia during the develop-
ment of PD. Targeting microglial autophagy might be an effec-
tive way to regulate neuroinflammation in the treatment of
neurodegenerative diseases.

The activation of the NLRP3 inflammasome was involved in
multiple neuronal system diseases, including PD, AD, ALS and
stroke [51–57]. However, the regulatory mechanism for activa-
tion requires further exploration. Here, we found that microglial
autophagy defects increased PDE10A levels in microglia, and
inhibition of PDE10A by MP-10 significantly decreased Baf A1-
and nigericin-induced NLRP3 activation.Therefore, besides
direct NLRP3 inhibition, specific PDE10A inhibitors could be
potential therapeutic agents in PD treatment.

To our knowledge, this is first report demonstrating that
IL1B, as the main downstream cytokine of NLRP3 inflamma-
some, increased mRNA and protein levels of MIF in brain.
Most importantly, we found that MIF levels were significantly
increased in the serum of PD patients and correlated with PD
development. IL1B could be an essential marker of neuroin-
flammation, but serum IL1B is almost undetectable due to
trace concentrations (0–0.854 pg/mL) [58]. Therefore, serum
MIF levels could be a potential biomarker for the diagnosis of
PD and may represent a therapeutic target for treatment.

In summary, our results reveal that microglial autophagy
deficiency led to increased neuroinflammation and PD-like
symptoms in mice. Furthermore, we showed that PDE10A was
involved in NLRP3 activation, which further upregulates MIF
levels, suggesting that microglial autophagy plays a protective
role in the development of microglial activation-driven PD. This
represents a potential treatment method for PD patients.

Materials and methods

Mice

Mice with microglial deletion of Atg5 were generated by
crossing the Atg5 locus floxed mice (provided by Prof.
Noboru Mizushima, The University of Tokyo, Tokyo, Japan)
[20] with Itgam/CD11b-Cre mice (purchased from the
European Mouse Mutant Archive and gifted by Dr. Hailong
Dong, The Fourth Military Medical University, Xi’an, China)

[59]. Cx3cr1-CreER mice were purchased from the Jackson
Laboratory. Mice with nlrp3 KO were provided by Prof.
Rongbin Zhou (University of Science and Technology of
China, Hefei, China) [36]. All animals were maintained in
the Animal Care Facility at our institute. All animal experi-
ments were approved by the Institutional Animal Care and
Use Committee at Beijing Institute of Basic Medical Sciences.

Tamoxifen (Sigma, T5648) was dissolved in corn oil
(Sigma, C8267). Adult mice were intragastric administrated
with a total dose of 20 mg tamoxifen in 3 consecutive days.

RNA in situ hybridization

In situ hybridization (ISH) experiments were performed on adult
mouse brain sections (15 µm). RNAscope fluorescence of Atg5
probes (469711) together with Cx3cr1 probes (314221), Gfap
(313221) or Rbfox3/Neun probes (313311) was performed accord-
ing to the manufacturer’s protocol (Advanced Cell Diagnostics).

Motor coordination test

Motor coordination tests were performed as previously described
[60]. Briefly, performance of mice was measured using an accel-
erating Rota-rod (Panlab, LE8200, Energia, Cornella, Spain). Mice
were trained on the Rota-rod at 10 rpm, 3 times per day (at 1 h
intervals) for 2 d. Then, mice were tested on the rod with speed
accelerating from 4 to 40 rpm over a period of 300 s. The average
latency to fall from the rod over 3 consecutive trials performed at
1 h intervals was analyzed.

Grip strength test

Grip strength was measured using a Grip Strength Meter
according to the manufacturer’s instructions (Bioseb).
Briefly, mice were held by the tail and put on a grid, then
brought to an almost horizontal position. The grid was
smoothly moved horizontally until mice released the grid.
The average of 3 consecutive measurements was analyzed.

Forced swim test

Mice were transferred to a clear glass cylinder (height = 45 cm,
diameter = 20 cm) filled with 2 L water (20°C). Cumulative
immobility time was recorded during the last 4 min of a 6 min
test. After the experiment, mice were dried gently using paper
towels and a heat lamp.

Tail suspension test

Mice were suspended on a bar (50 cm above the floor) by the
tail using tape for 6 min. Cumulative immobility time during
the last 4 min were recorded.

Morris water maze test

Learning and memory were measured using the Morris Water
Maze test with a tracking system as previous reported [61].
Briefly, mice were trained in the water maze (22°C) with a flag
placed on a visible platform and no spatial cues for 60 s on the
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first day. Then, mice were trained in the water maze for 90 s
with the platform hidden and spatial cues present 3 times
per day from day 2–6, with different starting locations for
each trial. The daily average latency to find the platform was
recorded for each mouse. On day 7, the platform was
removed, and mice were placed into the water maze from
the farthest distance from the previous platform zone, and
tested for 90 s. The latency to first cross the platform zone, the
cumulative times of crossing the platform zone, and the total
time in the platform zone and each quadrant were recorded.

Gait analysis

Locomotion was recorded in 3- and 8-month-old Atg5 WT
and Atg5 cKO groups using a TreadSan system (Clever Sys.
Inc), as previous reported [62].

Adeno-associated virus delivery of ShAtg5 in SN

The Atg5 knockdown fragment was ligated to a pAAV-EF1a-
DIO-mCherry plasmid (Obio Technology [Shanghai] Corp.,
Ltd., Y6122). The titers of adeno-associated virus (AAV) parti-
cles were between 1 × 1013 and 2 × 1013 units/ml (Obio
Technology [Shanghai] Corp., Ltd.). Mice were anesthetized by
intraperitoneal injection of 0.7% pentobarbital sodium and then
fixed in a stereotaxic apparatus. A total of 2 × 109 units of
scramble virus or virus targeting mouse Atg5 in a 1 µl volume
was slowly injected into the SN (AP: −3.3 mm; ML: ±1.3 mm;
DV: −4.7 mm from bregma) at a rate of 0.2 µl/min using a 5 µl
Hamilton syringe.

Stereological assessment

All procedures were performed as previously described
[26,63]. Briefly, 40 µm coronal sections were cut throughout
the entire brain, and every fourth section was analyzed using
Stereo Investigator software (MicroBrightfield).

Striatal DA and its metabolites measurement

The levels of DA and its metabolites dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in the striatum were
analyzed using high performance liquid chromatography with
an electrochemical detector (HPLC-ECD) (Model 5600A Coul
Array Detector System ESA) as previously described [64].

Cell preparation and stimulation

Microglial cells were prepared from neonatal mice (age 1–3 d)
as described previously [26,65]. For inducing immune activa-
tion, 2 × 105 cells were plated into 12-well plates and cultured
overnight, and medium was exchanged with opti-MEM
(Thermo Fisher, 31,985,070) prior to cell stimulation.

Immunohistochemistry and immunofluorescence

All procedures were performed as previously described
[26,63]. Briefly, mice were perfused with saline and brains
were fixed with 4% paraformaldehyde (w:v) for one week.

Fixed mouse brains were cryoprotected in 30% sucrose.
Coronal sections were cut throughout the whole brain and
sections were stained with TH (Pel-Freez Biologicals, P40101;
1:1000), GFAP (Sigma, G3893; 1:1000) or IBA1 (WAKO,
NCNP24; 1:500). Primary microglial cells were fixed in 4%
paraformaldehyde (w:v) for 30 min at room temperature, then
washed 3 times with phosphate-buffered saline (PBS; 8 g/l
NaCl [Sigma, 746398], 0.2 g/l KCl [Sigma, 746436], 1.44 g/l
Na2HPO4 [Sigma, 71649], 0.24 g/l KH2PO4 [Sigma, P0662])
and blocked with 10% goat serum (Abcom, ab7481) in PBS
containing 0.2% Triton X-100 (Sigma, V900502). Then, cells
were incubated with cAMP antibody (Abcam, ab134901;
1:400) overnight at 4°C. Alexa Fluor 488-conjugated second-
ary antibody (Invitrogen, A32731; 1:500) was added for 1 h at
room temperature, then cells were washed 3 times with PBS.

Immunoprecipitation and immunoblot analysis

Coimmunoprecipitation and immunoblotting were performed as
described previously [66]. Samples were fractionated by SDS-
PAGE and transferred to nitrocellulose (GE Amersham,
10600002). Immunoblots were probed with the following primary
antibodies and visualized by ECL (Thermo Fisher, 32106): NLRP3
(Adipogen, AG-20B-0014; 1:1000), CASP1/caspase-1 (Adipogen,
Ag-20B-0042; 1:1000), IL1B/IL1β (R&D, AF401; 1:1000), SNCA/
α-synuclein (Abcam, ab1903; 1:1000), PDE10A (Santa Cruz
Biotechnology, sc-515023; 1:1000), MIF (Abclonal, A1391;
1:1000), APOE (Abclonal, A10963; 1:1000), LC3 (Cell Signaling
Technology, 2775; 1:1000), SQSTM1 (MBL, PM045; 1:1000),
ATG5 (MBL, M153-3; 1:1000), Ubiquitin (Cell Signaling
Technology, 3933; 1:1000), GAPDH (Cwbiotech, CW0100A;
1:1000).

Elisa

Human MIF was measured in serum according to manufac-
turer’s instructions (R&D, DMF00B). cAMP levels in mouse
brain exactions were measured according to the manufac-
turer’s instructions (Enzo, ADI-901-066).

Quantitative RT-PCR

Total RNA was extracted from cells or brains using Trizol
reagent (Invitrogen, 15596018). cDNA synthesis was per-
formed using a one-step first strain cDNA synthesis kit
(Transgen Biotech, AT341). Quantitative Real-time PCR was
performed with primers for Tnf/Tnf-α, Nos2, Il1b/Il1β, Mif,
Snca/α-synuclein, Pde10a and Gapdh (Table. S1). RT-PCR
reactions were performed using 2× SYBR Green PCR master
mix (Transgen Biotech, AQ131) and an Agilent Mx3005P RT-
PCR system. The mRNA levels were normalized to Gapdh
expression levels.

Protein preparation, digestion, identification, abundance
level and bioinformatics analysis

All procedures for preparation, digestion, identification and
abundance were performed as previously described [67].
Briefly, the striatum from Atg5 WT (N = 3) and Atg5 cKO
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mice (N = 3) were dissected, homogenized, exacted and
digested. An LC-MS/MS system was used to analyze 3 inde-
pendently digested peptide samples from each striatum. The
protein abundance in each group (triplicates of each sample)
was analyzed by PEAKS software (version 7.5, Bioinformatics
Solutions Inc.) using a label-free strategy. The following
search parameters were chosen: precursor ion and MS/MS
tolerances: 15 ppm and 0.05 Da; enzyme specificity: trypsin;
maximum missed cleavages: 2; fixed modification: carbami-
domethyl (C, +57.02); and variable modification: oxidation
(M, + 15.99). The false discovery rate (FDR) was controlled
at ≤1% at both the peptide and protein level. A protein with at
least 1 unique peptide and at least 2 spectra was considered to
be identified. Peptide features and proteins were considered to
have significant changes if the P value was <0.05. To interpret
the biological implications of the proteins identified, the
unique identifiers were used as an input for functional cate-
gory analyzes using ClueGO v2.1.7, a Cytoscape plug-in
(http://www.ici.upmc.fr/cluego/) as previously described [67].

Statistical analysis

All values are expressed as the mean ± SEM. Statistical ana-
lysis was performed using t-tests for 2 groups, and one-way
ANOVA for multiple groups (GraphPad Software). P value <
0.05 was considered significant. Error bars represent SEM.
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