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N E U R O S C I E N C E

Antagonism of β-arrestins in IL-4–driven microglia 
reactivity via the Samd4/mTOR/OXPHOS axis in 
Parkinson’s disease
Jiaqi Liu1, Yue Liang1, Qinghao Meng1, Jiayu Chen2, Junwei Ma2, Hong Zhu1, Lei Cai2,  
Nanshan Song2, Jianhua Ding1, Yi Fan1, Ming Lu1, Guangyu Wu3, Yinquan Fang1*, Gang Hu1,2*

Interleukin-4 (IL-4)–exposed microglia acquire neuroprotective properties, but their functions and regulation in 
Parkinson’s disease (PD) are poorly understood. In this study, we demonstrate that IL-4 enhances anti-inflammatory 
microglia reactivity, ameliorates the pathological features of PD, and reciprocally affects expression of β-arrestin 1 
and β-arrestin 2 in microglia in PD mouse models. We also show that manipulation of two β-arrestins produces 
contrary effects on the anti-inflammatory states and neuroprotective action of microglia induced by IL-4 in vivo and 
in vitro. We further find that the functional antagonism of two β-arrestins is mediated through sequential activation 
of sterile alpha motif domain containing 4 (Samd4), mammalian target of rapamycin (mTOR), and mitochondrial 
oxidative phosphorylation (OXPHOS). Collectively, these data reveal opposing functions of two closely related 
β-arrestins in regulating the IL-4–induced microglia reactivity via the Samd4/mTOR/OXPHOS axis in PD mouse 
models and provide important insights into the pathogenesis and therapeutics of PD.

INTRODUCTION
Parkinson’s disease (PD) is one of the most common movement disor-
ders and the second most common neurodegenerative diseases (1). 
With the increased longevity, PD prevalence increases rapidly at a rate 
faster than other neurological disorders (1, 2). Although the etiologies 
of PD are complex involving genetic, epigenetic, and environmental 
factors (3), neuroinflammation and the degeneration of dopaminergic 
(DA) neurons in the substantia nigra pars compacta (SNc) are two of 
the pathological hallmarks of PD (2, 4).

Microglia are brain-resident immune cells that play an important 
role in the homeostasis of the central nervous system (CNS) (5). 
Emerging evidence suggests that they are the key cell types associated 
with the pathogenesis of PD (4, 6–9) and targeting their reactivity is 
regarded as a therapeutic approach of PD. However, therapeutic effects 
of general immune-suppressive drugs that control microglial activation 
are limited, especially in clinic studies (10). In addition to the neuro-
toxic effects, hyperreactive microglia may have protective actions on the 
viability and function of neurons (11–13).

Interleukin-4 (IL-4) is a multifunctional cytokine and a key regulator 
in humoral and adaptive immunity (14). It is also expressed in the brain 
and regulates the physiological functions of the CNS. Numerous studies 
have shown that IL-4 exposure induces anti-inflammatory and 
neurotrophic states of microglia (14–17) and that enhanced IL-4 
expression produces neuroprotective and neuroregenerative ben-
efits in the experimental models of CNS diseases, including depression, 
multiple sclerosis, stroke, spinal cord injury, and neuropathic pain 
(15, 18–21). IL-4 is increased in peripheral blood and ventricular cere-
brospinal fluid in patients with PD (22, 23). However, the functions and 
regulation of IL-4–induced microglia in PD remain largely undefined.

β-Arrestins (ARRBs) have two isoforms, ARRB1 and ARRB2 
(also known as arrestin-2 and arrestin-3, respectively), both are 
originally identified as key mediators for the internalization and 
trafficking of G protein–coupled receptors (GPCRs) (24–26). It is now 
well recognized that they are important signal transducers in multiple 
signaling cascades that may be independent of GPCRs (27, 28). 
Although structurally closely related, they may regulate distinct or even 
contrary cellular processes (29, 30). For example, ARRB1 knockout 
(KO) alleviates, whereas ARRB2 KO exacerbates, the symptoms of ex-
perimental autoimmune encephalomyelitis mouse models (31, 32). Our 
previous studies suggest that ARRB1 and ARRB2 play distinct roles in 
microglia-mediated inflammation (33). However, nothing is known 
about their functions in microglia-mediated neuroprotection.

In this study, we have demonstrated that IL-4 overexpression in the 
midbrain induces anti-inflammatory microglia reactivity, amelio-
rates movement impairments, DA neuron loss, and neuroinflamma-
tion, and reverses the unbalanced expression of microglial ARRB1 and 
ARRB2 in PD mouse models. We have also shown that ARRB1 and 
ARRB2 inversely affect the induction and neuroprotective effects of anti-
inflammatory microglia induced by IL-4, which is mediated through the 
sterile alpha motif domain containing 4 (Samd4), mammalian target 
of rapamycin (mTOR), and mitochondrial oxidative phosphorylation 
(OXPHOS). Our work identifies the therapeutic roles and regula-
tion of IL-4–driven microglia in PD and suggests a potential therapeutic 
strategy for PD.

RESULTS
IL-4 overexpression in the midbrain alleviates PD-like motor 
symptoms, DA neuron loss, and neuroinflammation in vivo
To define the role of IL-4 in the 1-methyl-4-phenyl-1,2,3,6-tetrahy
dropyridine (MPTP)–induced PD mouse model, we used adeno-
associated viruses (AAVs) to increase IL-4 expression specifically in the 
midbrain (Fig. 1A) as confirmed by immunoblotting (Fig. 1, B and C). 
MPTP challenge increased total time in the pole test (Fig. 1D) but de-
creased the latency time in the rotarod test (Fig. 1E) and the movement 
speed of mice in the open field test (OFT) (Fig. 1, F and G), all of which 
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Fig. 1. IL-4 overexpression in the midbrain alleviates motor impairments, DA neuron loss, and neuroinflammation in PD models. (A) Schematic diagram of AAV 
injection and MPTP subacute model preferment. Behavioral tests and biochemical analysis were then conducted. (B) IL-4 expression in the midbrain of MPTP-induced PD 
mouse models. (C) Quantitative data shown in (B) (n = 5). (D) The total time in the pole test (n = 8 to 10). (E) The latency time in the rotarod test (n = 9 to 10). (F and G) The 
circuit diagram (F) and the movement speed of mice (G) in the OFT (n = 9 to 10). (H and I) Immunohistochemistry (H) and stereological counts (I) of TH+ DA neuron in the 
SNc of MPTP-induced PD mice (n = 5). Scale bars, 200 μm (top) or 40 μm (bottom). (J) The protein levels of TH in the midbrain of mice after MPTP stimulation. (K) Quantita-
tive data shown in (J) (n = 5). (L) Correlation between the protein levels of TH and IL-4 in the midbrain of MPTP-induced PD models (n = 5). (M and N) mRNA levels of anti-
 and proinflammatory markers in the midbrain of PD mice after AAV injection (n = 4). (O and Q) Arg1 expression on Iba1+ microglia in the SNc of mice after MPTP 
stimulation (n = 6). Scale bar, 50 μm. (P) Quantitative data showing fluorescence area of Iba1+ microglia in (O) (n = 6). Quantitative data are means ± SE. *P < 0.05, 
**P < 0.01, and ***P < 0.001.
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were inhibited by IL-4 overexpression in the midbrain (Fig. 1, D to G). 
Moreover, IL-4 overexpression normalized the reduction of DA neurons 
in the SNc and tyrosine hydroxylase (TH) protein levels in the midbrain 
of mice after MPTP treatment as measured by antibody staining (Fig. 1, 
H and I) and immunoblotting (Fig. 1, J and K). Correlation analysis 
showed that IL-4 expression in the midbrain positively correlated with 
the TH concentration (Fig. 1L), suggesting that the DA neuron viability 
is associated with the expression levels of IL-4 in the midbrain.

We then determined the effects of IL-4 on neuroinflammation. AAV-
mediated IL-4 expression significantly enhanced the levels of anti-
inflammatory markers, including Arg1, Ym1, and Mrc1 genes, and 
reduced the levels of proinflammatory markers, including Il6, Il1b, Tnfa, 
and Nos2 genes, in MPTP-stimulated mouse midbrain (Fig. 1, M and 
N). As arginase 1 (Arg1) is one of the most recognized markers of anti-
inflammatory microglia (34), double immunofluorescence staining was 
used to quantify Arg1 expression and anti-inflammatory microglia reac-
tivity in the midbrain using ionized calcium-binding adapter molecule 1 
(Iba1) as a microglia marker. The expression of Iba1 was increased in the 
SNc of MPTP-induced PD mice, and this increase was attenuated by 
AAV-mediated IL-4 expression (Fig. 1, O and P). In addition, the pro-
portion of Arg1+ microglia was significantly elevated by AAV-mediated 
IL-4 expression in the SNc of mice under both saline and MPTP treat-
ments (Fig. 1, O and Q). These results suggest that IL-4 overexpression in 
the midbrain enhances anti-inflammatory microglia reactivity and alle-
viates PD-like motor impairments and DA neuron loss in vivo.

IL-4 differentially regulates the expression of two ARRBs in 
PD mouse models
As our previous study has shown that the relative expression of 
ARRB1 and ARRB2 in microglia controls the inflammatory respons-
es of microglia and the pathogenesis of PD (33), we measured their 
expression in the midbrain of PD mice after IL-4 overexpression. As 
expected, ARRB1 expression was increased, whereas ARRB2 was de-
creased, in MPTP-stimulated mouse midbrain, both of which were 
reversed by AAV-mediated IL-4 expression (Fig. 2, A and B). IL-4 
overexpression also abolished the enhancement of ARRB1 and the 
reduction of ARRB2 in microglia in the SNc of MPTP-induced PD 
mice (Fig. 2, C to F). In contrast, IL-4 overexpression and MPTP 
stimulation did not alter the expression of ARRB1 in astrocytes 
(fig. S1). Consistent with their expression in PD models in vivo, 
ARRB1 expression was attenuated, whereas ARRB2 expression was 
augmented in primary cultures of microglia after IL-4 stimulation 
(fig. S2). Correlation analysis showed that ARRB1 and IL-4 expres-
sion levels in the midbrain were negatively correlated, whereas the 
correlation between ARRB2 and IL-4 protein levels was positive 
(Fig. 2G). Similarly, opposite correlation was observed between two 
ARRBs with TH expression and the numbers of DA neurons and 
Arg1+ microglia in the midbrain and microglia (Fig. 2, H to J). These 
data suggest that the actions of IL-4 overexpression in mouse models 
of PD may be attributable to differential expression of ARRB1 
and ARRB2.

Microglial ARRBs contrarily regulate the neuroprotective 
functions of IL-4 in PD mouse models
We then determined the effects of microglial ARRBs on the func-
tions of IL-4 in the MPTP-induced PD mouse model. As our pre-
ceding data have shown that IL-4 overexpression causes ARRB1 
down-regulation and ARRB2 up-regulation in microglia, AAVs car-
rying the microglia-specific promoter F4/80 were used to deliver 

plasmids or small interfering RNA (siRNA) to manipulate the ex-
pression of ARRBs in microglia (Fig. 3A and fig. S3). As measured 
in rotarod test, pole test, and OFT, the improvement of motor be-
haviors in MPTP-stimulated mice by IL-4 treatment was blocked by 
either ARRB1 overexpression or ARRB2 knockdown in microglia 
(Fig. 3, B to E). ARRB1 overexpression or ARRB2 knockdown in 
microglia also abolished the protective effects of IL-4 on DA neuron 
loss in the midbrain of MPTP mouse models (Fig. 3, F to I) and sup-
pressed the functions of IL-4 in the induction of anti-inflammatory 
microglia reactivity and in the inhibition of proinflammatory re-
sponses in PD mice (Fig. 3, J to M).

To define whether microglial ARRBs mediated the neuroprotec-
tive effects of IL-4 in  vitro, we measured the effects of condi-
tioned medium (CM) collected from microglia with or without IL-4 
treatment on primary ventral mesencephalon (VM) neurons after 
1-methyl-4-phenylpyridinium (MPP)+ stimulation in vitro (Fig. 4A). 
The CM from microglia treated with IL-4 markedly enhanced the via-
bility of the neurons (Fig. 4B) and reduced the release of lactate dehy-
drogenase (LDH) in the supernatant of neurons (Fig. 4C) after MPP+ 
treatment for 24 hours. The neurons exhibited apoptotic features, in-
cluding chromatin condensation, nuclear fragmentation, and impaired 
neurite length upon MPP+ stimulation, which were inhibited by the 
CM from microglia treated with IL-4 (Fig. 4, D to G). All of these pro-
tective effects were potentiated by ARRB1 KO (fig. S4A) but mitigated 
by ARRB2 KO (fig. S4B) in microglia (Fig. 4, B to G). These results sug-
gest that microglial ARRB1 and ARRB2 play contradictory roles in the 
neuroprotective action of IL-4–driven microglia in PD mouse models 
in vivo and in vitro.

Two ARRBs exert opposing roles in the anti-inflammatory 
states in primary cultured cells
To further measure the effects of ARRBs in IL-4–driven microglia, 
we used the loss- and gain-of-function approaches. In the loss-of-
function studies, ARRB1 ablation significantly enhanced, whereas 
ARRB2 ablation inhibited the expression of the anti-inflammatory 
marker CD206 (encoded by Mrc1) and genes (Arg1, Ym1, and Mrc1) 
in microglia after IL-4 treatment (Fig. 5, A to C and E to G). In 
the gain-of-function studies, ARRB1 overexpression (fig. S5) sig-
nificantly reduced, whereas ARRB2 overexpression (fig. S5) pro-
moted the transcription of anti-inflammatory markers in microglia 
(Fig. 5, D and H).

As IL-4 also stimulates anti-inflammatory properties in macrophages 
(19, 35), bone marrow–derived macrophages (BMDMs) were used to 
confirm the effects of ARRBs on microglia. ARRB1 KO enhanced the 
expression of anti-inflammatory marker genes and CD206, and the 
release of anti-inflammatory cytokines (IL-10 and transforming growth 
factor–β) in BMDMs after IL-4 stimulation (fig. S6, A to D). Immu-
nofluorescence imaging showed that CD206 expression in BMDMs 
was increased by ARRB1 KO upon IL-4 stimulation (fig. S6, E and F). In 
contrast, ARRB2 KO reduced the expression and secretion of anti-
inflammatory markers in BMDMs after IL-4 treatment (fig. S6, G to L).

As the signal transducers and activators of transcription 6 (STAT6) 
pathway is important for IL-4–mediated anti-inflammatory states in 
both microglia and macrophage (19), we investigated whether ARRB1 
and ARRB2 could regulate this pathway. ARRB1 KO significantly stimu-
lated, whereas ARRB2 KO inhibited STAT6 activation (fig. S6, M to P). 
These data demonstrate that ARRB1 and ARRB2 opposingly regulate 
the IL-4–induced anti-inflammatory reactive states of microglia and 
macrophages.
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Mitochondrial OXPHOS mediates the effects of ARRBs on 
IL-4–induced microglia reactivity
As the anti-inflammatory properties of microglia rely on mitochon-
drial OXPHOS (36), we measured the oxygen consumption rate 
(OCR) in wild-type (WT) and ARRB KO microglia using the seahorse 
XF96 analyzer. IL-4 treatment slightly enhanced the basal and maximal 
respiration of OCR in microglia, and this effect was further ele-
vated by ARRB1 KO but inhibited by ARRB2 KO (Fig. 6, A to D). 

siRNA-mediated ARRB1 knockdown (fig. S7) and transient expres-
sion of ARRB2 increased the expression of anti-inflammatory markers 
at the mRNA levels (Arg1, Mrc1, and Ym1) and protein levels (Arg1 
and CD206) in microglia after IL-4 stimulation, and these effects were 
blocked by pretreatment with the mitochondrial electron chain inhibi-
tor oligomycin (Fig. 6, E to J). These results suggest an important role 
of mitochondrial OXPHOS in mediating the functions of ARRBs in 
anti-inflammatory microglia reactivity.

Fig. 2. IL-4 differentially regulates the expression of ARRB1 and ARRB2 in PD mouse models. (A) The protein levels of ARRB1 and ARRB2 in the midbrain of PD mice 
after AAV injection. (B) Quantitative data shown in (A) (n = 5). (C to F) Expression of ARRB1 [(C) and (D)] and ARRB2 [(E) and (F)] in microglia in the SNc of MPTP-induced 
PD models (n = 6). Scale bars, 50 μm. (G) Correlation between the protein levels of ARRB1 or ARRB2 and IL-4 in the midbrain (n = 5). (H) Correlation between the expression 
of TH and ARRB1 or ARRB2 in the midbrain (n = 5). (I) Correlation between the numbers of DA neuron and ARRB1+ or ARRB2+ microglia in the SNc (n = 5). (J) Correlation 
between the levels of Arg1+ and ARRB1+ or ARRB2+ microglia in the SNc (n = 6). Quantitative data are means ± SE. *P < 0.05, **P < 0.01, and ***P < 0.001.

D
ow

nloaded from
 https://w

w
w

.science.org at N
anjing M

edical U
niversity on A

ugust 25, 2024



Liu et al., Sci. Adv. 10, eadn4845 (2024)     21 August 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 15

Samd4 is a previously unknown effector of ARRBs in 
IL-4–driven microglia
To elucidate the molecular mechanisms underlying the functions of 
ARRBs, we performed RNA sequencing (RNA-seq) to identify the genes 
that were differentially expressed in WT and Arrb2−/− microglia in 
response to IL-4 (fig. S8A). This strategy identified 334 genes that 
were up-regulated and 157 genes that were down-regulated in 

Arrb2−/− microglia (fig. S8B). Analysis of the enriched Kyoto Encyclo-
pedia of Genes and Genomes pathways showed that these up-regulated 
genes were associated with inflammatory and cytokine responses 
(fig. S8C).

As compared with WT microglia, 15 inflammation-related genes 
(Cd5l, Pttg1, Samd4, Nes, Tmem100, Spp1, S100a10, Gpat3, Tom1l1, 
Serpinb2, Pml, Il12rb1, Mag, Aebp1, and Mmp3) were clearly changed in 

Fig. 3. Microglial ARRBs contrarily regulate the neuroprotective functions of IL-4 in PD mouse models. (A) Schematic diagram of AAV injection and MPTP subacute 
model preferment. Behavioral tests and biochemical analysis were then conducted. (B) The total time in the pole test (n = 9 to 10). (C) The latency time in the rotarod test 
(n = 9 to 10). (D and E) The movement speed of mice (D) and the circuit diagram (E) in the OFT (n = 9 to 10). (F and G) Immunohistochemistry (F) and stereological counts 
(G) of TH+ DA neuron in the SNc of MPTP-induced PD models (n = 5). Scale bars, 200 μm (top) or 50 μm (bottom). (H) The protein levels of TH in the midbrain of PD mice 
after AAV injection. (I) Quantitative data shown in (H) (n = 4). (J and K) mRNA levels of anti- and proinflammatory markers in the midbrain of PD mice after AAV injection 
(n = 4). (L and M) Arg1 expression in microglia in the SNc of MPTP-induced PD models (n = 5). Scale bar, 50 μm. Quantitative data are means ± SE. *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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Fig. 4. Opposing roles of microglial ARRB1 and ARRB2 in the neuroprotective functions of IL-4 in primary neurons. (A) Schematic diagram showing the treatment of 
primary neurons isolated from wild-type (WT) mice with CMs of WT, ARRB1, or ARRB2 KO microglia with or without MPP+ stimulation for 24 hours. (B) The viability of VM 
neurons. (C) The releases of LDH in the supernatants of neurons. (D and E) Nuclear morphology (D) and Hoechst-positive neurons (E). Arrowheads indicate Hoechst-positive 
nuclei. Scale bar, 20 μm. (F and G) Morphology of VM neurons (F) and MAP2+ cell neurite length (G). Scale bar, 40 μm. Quantitative data are means ± SE. (n = 3 to 4). *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Fig. 5. Two ARRBs produce opposing roles in the anti-inflammatory states in primary cultured cells. (A, B, E, and F) CD206 expression in ARRB1 [(A) and (B)] and 
ARRB2[(E) and (F)] KO primary culture microglia after IL-4 stimulation for 24 hours. (C and G) Levels of anti-inflammatory gene transcripts in ARRB1 (C) and ARRB2 (G) KO 
microglia after IL-4 treatment for 6 hours. (D and H) Anti-inflammatory gene expression in microglia transfected with ARRB1 (D) or ARRB2 (H) after IL-4 treatment for 6 
hours. Quantitative data are means ± SE (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Arrb2−/− microglia in the RNA-seq data (fig. S8D), and these changes 
were confirmed by reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) (fig. S8E). Among the 15 genes, only Samd4 was 
decreased by ARRB2 KO but increased by ARRB1 KO in microglia after 
IL-4 treatment (Fig. 7, A and B, and fig. S8, E and F). The same results 
were observed for Samd4 expression at the protein levels in ARRB1 and 

ARRB2 KO microglia (Fig. 7, C to F). Consistent with the data obtained 
from cell cultures in vitro, ARRB1 overexpression or ARRB2 knock-
down in microglia significantly reduced the mRNA level of Samd4 in the 
midbrain of MPTP-induced mice after IL-4 overexpression (fig. S9).

We next determined whether manipulation of Samd4 expression 
in ARRB1 and ARRB2 KO microglia could affect the functions of 

Fig. 6. Mitochondrial OXPHOS mediates the differential roles of ARRBs in anti-inflammatory microglia reactivity. (A to D) OCR changes in ARRB1 [(A) and (B)] and 
ARRB2 [(C) and (D)] KO microglia after IL-4 stimulation for 24 hours. [(B) and (D)] Quantification of basal and maximal respiratory capacity. (E and H) Levels of anti-
inflammatory gene transcripts in microglia transfected with Arrb1 siRNA (E) and ARRB2 plasmids (H) after IL-4 stimulation with or without oligomycin (Oligo; 2 μM) pre-
treatment. (F, G, I, and J) The protein levels of Arg1 and CD206 in ARRB1 knockdown [(F) and (G)] and ARRB2 overexpression [(I) and (J)] in microglia after IL-4 treatment 
with or without oligomycin pretreatment. Quantitative data shown in (H) and (J). Quantitative data are means ± SE (n = 3 to 4). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 7. Samd4 is a previously unknown effector of ARRBs in IL-4–driven microglia. (A and B) mRNA levels of Samd4 in ARRB1 (A) and ARRB2 (B) KO microglia after 
IL-4 stimulation for 6 hours. (C to F) The protein levels of Samd4 in ARRB1 [(C) and (D)] and ARRB2 [(E) and (F)] KO microglia after IL-4 treatment for 24 hours. Quantitative 
data shown in (D) and (F). (G) Anti-inflammatory gene expression in microglia from WT and ARRB1 KO mice after transfection with Samd4 siRNA for 48 hours. (H to J) OCR 
changes in BV-2 microglia transfected with Arrb1 and Samd4 siRNA after IL-4 stimulation for 24 hours. [(I) and (J)] Quantification of basal and maximal respiratory capac-
ity. (K) Levels of anti-inflammatory gene transcripts in microglia from WT and ARRB2 KO mice after transfection with Samd4 plasmids. (L to N) OCR changes in BV-2 
microglia transfected with Arrb2 siRNA and SAMD4 plasmids after IL-4 stimulation for 24 hours. [(M) and (N)] Quantification of basal and maximal respiratory capacity. 
Quantitative data are means ± SE (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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ARRBs in IL-4–induced microglia. Samd4 knockdown by siRNA in 
ARRB1 KO microglia (fig. S10, A and B) inhibited (Fig. 7G), where-
as Samd4 overexpression (fig. S10, C and D) in ARRB2 KO microg-
lia enhanced (Fig. 7K), the expression of anti-inflammatory marker 
genes after IL-4 treatment. ARRB1 knockdown stimulated the basal 
and maximal respiration of OCR in BV-2 microglia cells treated 
with IL-4, and this effect was reversed by Samd4 knockdown (Fig. 7, 
H to J). ARRB2 knockdown inhibited the basal and maximal respi-
ration of OCR in BV-2 microglia cells treated with IL-4, which was 
reversed by Samd4 overexpression (Fig. 7, L to N). These data sug-
gest that Samd4 is an effector, acting downstream of both ARRBs 
and mediating their differential functions in anti-inflammatory 
reactive states of microglia.

The mTOR pathway acts downstream of Samd4 in the 
functional antagonism of ARRBs in anti-inflammatory 
microglia reactivity
As Samd4 mediates the mTORC1 signaling (37), we determined 
the effects of ARRBs on the activation of mTOR and its downstream 
molecule p70 S6 kinase (p70S6k) in microglia. The activation of 
mTOR and p70S6k was not changed in ARRB1 and ARRB2 KO 
microglia as compared with WT microglia at the basal level. Howev-
er, their activation in response to IL-4 treatment was enhanced by 
ARRB1 KO but impaired by ARRB2 KO (Fig. 8, A to D). Further-
more, Samd4 knockdown in ARRB1 KO microglia inhibited, whereas 
Samd4 overexpression in ARRB2 KO microglia promoted their ac-
tivation after IL-4 treatment (Fig. 8, E to H).

We next used pharmacological inhibitors to further determine 
the role of the mTOR pathway in ARRB-mediated anti-inflammatory 
microglia reactivity. The pretreatment with the mTORC1 inhibitor 
rapamycin decreased the mRNA levels of anti-inflammatory mark-
ers, as well as the basal and maximal respiration of OCR, in ARRB1 
KO microglia after IL-4 stimulation (Fig. 8, I, K, and L), whereas the 
pretreatment with the mTOR activator MHY1485 reversed the ef-
fects of IL-4 in ARRB2 KO microglia (Fig. 8, J, M, and N). These 
results suggest that the mTOR pathway acts downstream of Samd4 
to mediate the effects of ARRBs in IL-4–induced anti-inflammatory 
microglia reactivity.

DISCUSSION
This study has revealed opposing roles of ARRB1 and ARRB2 in regu-
lating the induction and neuroprotective action of IL-4–driven 
microglia in PD mouse models (Fig. 9). We first demonstrated that 
IL-4 expression in the midbrain via AAVs induced anti-inflammatory 
reactivity of microglia and ameliorated motor dysfunction, DA neuron 
degeneration, and proinflammatory responses in PD mouse models, 
suggesting that the induction of IL-4–driven microglia is the promis-
ing treatment of PD. However, IL-4 treatment only partially protects 
against the loss of DA neurons in MPTP mouse models, which may be 
due to severe toxic effects of MPTP on neurons that could not be re-
versed by IL-4 and/or other factors involved. We further found that 
IL-4 normalized the expression of ARRB1 and ARRB2 in PD mouse 
models. Microglia-specific ARRB1 augmentation and ARRB2 deple-
tion blocked anti-inflammatory microglia reactivity and neuroprotec-
tive effects induced by IL-4 both in vivo and in vitro, implying that the 
expression of individual ARRBs, as well as their expression ratio, in 
microglia is important in regulation of the IL-4–mediated beneficial 
microglia states in PD. On the basis of the data presented here, as well 

as our previous studies (33), we can reasonably conclude that in-
hibiting the detrimental effects of ARRB1 and enhancing the bene-
ficial effects of ARRB2 simultaneously are potential therapeutic 
interventions of PD.

Our data have demonstrated that ARRB1 and ARRB2 in mi-
croglia differentially regulate mitochondrial OXPHOS to affect anti-
inflammatory microglia reactivity. Microglial programmed metabolic 
changes are involved in various cellular functions, including cytoskeletal 
changes, tissue remodeling, and cytokine synthesis in response to envi-
ronmental stresses (38–40). Previous studies have found that the induc-
tion of microglial proinflammatory states relies on glycolysis and 
glutaminolysis, whereas anti-inflammatory microglia reactivity corre-
lates with OXPHOS (41). Thus, the manipulation of metabolic repro-
gramming to alter reactive microglia states has the therapeutic potential 
for CNS diseases. Previous studies have also shown that ARRB1 medi-
ates metabolic reprogramming from mitochondrial OXPHOS to gly-
colysis in gastric cancer cell (42), without knowing the role of ARRB2. 
Our data have shown the differential effects of ARRB1 and ARRB2 on 
OXPHOS and suggest a previously unappreciated function for ARRBs 
in regulating metabolic reprogramming of microglia.

We have found that Samd4 is an important effector, acting down-
stream of ARRBs and upstream of mTOR in IL-4–driven microglia. 
RNA-seq analyses of genome-wide transcriptional profiles indicated 
that ARRBs differentially regulated Samd4 expression in IL-4–treated 
microglia. We further confirmed that Samd4 was the effector of ARRBs 
in anti-inflammatory microglia reactivity. Samd4 is an RNA binding 
protein and participates in the stabilization, degradation, and transla-
tion repression of mRNA (43). As previous studies have mainly focused 
on its biological functions, its pathophysiological functions in various 
diseases still need further exploration (44). In addition, the interaction 
between Samd4 and mTOR has been reported. For example, Samd4 
plays an important role in metabolic regulation through modulating 
mTORC1 signaling in muscle and adipose tissues (37). Samd4A 
is required for both mitochondrial respiration and morphology of 
the mitochondrial network that are also regulated by the adenosine 
5′-monophosphate kinase–mTOR pathway (45). Our results suggest an 
integrated signaling pathway in which microglial ARRBs differently 
regulate anti-inflammatory microglia reactivity through controlling the 
Samd4/mTOR pathway activation, which, in turn, affects mitochon-
drial OXPHOS.

Our data showing the distinct expression patterns and func-
tions of ARRB1 and ARRB2 in microglia are very interesting that ex-
tend our understanding on the functional antagonism of microglial 
ARRBs under the pathological and therapeutic environments. We 
have also found that ARRBs play contrary roles in both pro- and 
anti-inflammatory microglia reactivity through two different effec-
tors, nitrogen permease regulator-like 3 and Samd4. Numerous studies 
have demonstrated that ARRB1 and ARRB2 may have distinct func-
tions (29, 46). For example, selective depletion of ARRB2 in hepato-
cytes promotes hepatic glucagon receptor signaling, whereas ARRB1 
depletion has no effects (47). ARRB1 KO in agouti-related protein 
neurons significantly impairs glucose tolerance and insulin sensitivity 
that are not affected by ARRB2 KO (30). In addition, ARRB1 and 
ARRB2 play differential roles in apoptosis through different signal-
ing pathways (48, 49). Such a functional heterogeneity of the two 
ARRBs can be explained by their structural differences under dis-
tinct conditions as suggested recently (50).

Previous studies suggest that the expression levels of ARRBs are 
associated with pathology (27) and affected by different stimuli, such as 
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Fig. 8. The mTOR pathway acts downstream of Samd4 in the contrarily effects of ARRBs on anti-inflammatory states of microglia. (A to D) Activation of mTOR and 
p70S6k in ARRB1 [(A) and (B)] or ARRB2 [(C) and (D)] KO microglia with or without IL-4 stimulation. Quantitative data shown in (B) and (D). (E to H) The phosphorylation of 
mTOR and p70S6k in microglia from WT and ARRB KO mice transfected with either Samd4 siRNA for 48 hours [(E) and (F)] or SAMD4 plasmids [(G) and (H)] for 24 hours. 
Quantitative data shown in (F) and (H). (I and J) Levels of anti-inflammatory gene transcripts in microglia from WT and ARRB KO mice after IL-4 stimulation with or without 
rapamycin (Rapa) (I) or MHY1485 (MHY) (L) pretreatment. (K to N) OCR changes in ARRB1 and ARRB2 KO microglia after IL-4 stimulation with or without rapamycin [(K) and 
(L)] or MHY1485 [(M) and (N)] pretreatment. [(L) and (N)] Quantification of basal and maximal respiratory capacity. Quantitative data are means ± SE (n = 3). *P < 0.05, 
**P < 0.01, and ***P < 0.001.
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glucocorticoids (51), nuclear factor κB (52), microRNAs (53–56), 
ethanol exposure (57), and antidepressants (58). The underlying mecha-
nisms may involve transcriptional regulation, posttranslational modifi-
cations, or proteasomal degradation. Although we have demonstrated 
that IL-4 stimulation produces opposing effects on the expression of two 
ARRB in microglia, the detailed mechanisms need further investigation.

In summary, we have revealed that ARRB1 and ARRB2 play 
important, but opposite, roles in IL-4–induced anti-inflammatory 
microglia reactivity and neuroprotection in PD mouse models that 
are mediated through the Samd4/mTOR/OXPHOS axis (Fig. 9). 
Our results provide important insights into the neuroprotective 
roles of IL-4 in PD through inducing anti-inflammatory states of 
microglia and may assist in the development of potential thera-
peutics for PD by targeting ARRB-mediated functional antago-
nism in microglia.

MATERIALS AND METHODS
Antibodies and reagents
All reagents, commercial kits, and antibodies are listed in table S1.

Animals
C57BL/6J WT mice were purchased from the Animal Core Faculty 
of Nanjing Medical University. Arrb1−/− mice were purchased from the 
Jackson Laboratory (Las Vegas, NV, strain: 011131), and Arrb2−/− mice 
were provided by G. Pei (Tongji University, Shanghai, China), 
which were all with C57BL/6J genetic background. All mice were fed 
ad libitum, maintained at 22° to 24°C, and kept on a 12-hour light/dark 
cycle. All animal studies were approved by Institutional Animal Care 
and Use Committee of the Nanjing Medical University Experimental 

Animal Department (IACUC-1811049) and carried out in compliance 
with the ethical regulations.

Injection of AAVs
The AAVs, including AAV9-expressing mouse ARRB1 (AAV-ARRB1), 
mouse ARRB2 siRNA (AAV-siArrb2) under the F4/80 promoter, and 
mouse IL-4 (AAV–IL-4) or vector (AAV-NC) under the cytomegalo-
virus promoter, were microinjected bilaterally into C57BL/6J WT 
mice (male, 3 to 4 months old, n = 10 in each group) at the SNc 
(anterior-posterior, −3.0 mm; medial-lateral, ±1.3 mm; dorsal-
ventral, −4.2 mm). The speed of injection was at 0.2 μl/min using a 
stereotaxic apparatus. After 2 to 4 weeks, the mice were administered 
with MPTP to develop PD models. The mice were randomly assigned 
to each group.

MPTP subacute PD models
MPTP-induced PD models were developed as described previously 
(59). Briefly, mice were administered with MPTP (20 mg/kg, subcuta-
neously) once a day for 5 days. After the last administration for 7 days, 
the mice were transcardial perfused with cold phosphate-buffered 
saline (PBS) or PBS plus 4% paraformaldehyde, and the brain tissues 
were extracted and processed for immunoblotting, RT-qPCR, immu-
nohistochemistry, and immunofluorescence staining.

Behavioral tests
Pole test
Bradykinesia and motor performance in mice were evaluated using 
pole test (60). All mice were placed on the top of a wooden pole 
(1 cm in diameter and 50 cm in height) with a 1.2-cm ball on the 
top and conducted preexperimental training three times. After the 

Fig. 9. A schematic diagram showing the differential functions of ARRB1 and ARRB2 in the neuroprotection of IL-4–driven microglia in PD. Microglia-mediated 
inflammation and DA neuron degeneration are alleviated by IL-4–induced anti-inflammatory microglia states in PD mouse models. IL-4 treatment decreases the expres-
sion of ARRB1 but increases ARRB2 in microglia. ARRB1 inhibits, whereas ARRB2 stimulates, the Samd4/mTOR/OXPHOS axis, leading to the enhancement of anti-
inflammatory microglia reactivity. ↑, increased; ↓, decreased; +, stimulatory; −, inhibitory.
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training, the time required for the animals to descend to the base of 
the pole (total time) was counted and recorded, and 60 s was the 
maximum time in this test.
Rotarod test
The rotarod test was used to evaluate the motor coordination and 
balance of mice (60). Briefly, mice were placed on a rotating drum 
with a speed of 12 rpm within 5 min to adapt. At the experiment, 
the rotating speed of the rotating stick was increased to 20 rpm, 
and the time at which the mice fell off the drum (latency time) 
was recorded.
Open field test
The motor crawling speed and the autonomous behavior ability of 
mice were conducted using OFT (60). Mice were placed in the 
box with a size of 20 cm by 20 cm by 15 cm to adapt to exercise in 
an autonomous mobile box for 15 min before the experiment. The 
camera directly recorded spontaneous activities of mice in the box 
for a duration of 5 min, starting from the center grid. The software 
TopScan version 2.0 (CleverSys Inc., VA, USA) was used to quan-
tify average crawling speed of mice (in millimeter per second). 
Investigators were blinded to all treatment groups in behav-
ioral tests.

Cell cultures and treatments
Primary microglia were prepared from neonatal mice within 3 days 
after birth by digestion with 0.25% trypsin/EDTA as described 
previously (33). The cells were suspended in complete medium 
[Dulbecco’s modified Eagle medium (DMEM)/F-12 medium 
containing 1% penicillin/streptomycin and 10% fetal bovine se-
rum (FBS)] and cultured in poly-lysine (PLL)-coated T75 flasks. 
The medium was changed every 3 days for 10 to 14 days. When 
microglia reached maturity, the flasks were shaken gently, and the 
cells were split onto plates precoated with PLL. After incubation 
with serum-free base medium for 1 hour, the cells were treated 
with IL-4 (20 ng/ml) for Western blotting, RT-qPCR and Sea-
horse XF96. The CM was collected and centrifuged at 12,000g for 
10 min at 4°C, and the supernatant was used to treat neurons. 
Oligomycin (2 μM), rapamycin (10 nM), and MHY1485 (5 μM) 
were used to pretreat microglia for 1 hour before IL-4 administra-
tion according to the manufacturer’s instructions and previous 
reports (61, 62).

BMDMs were isolated from the femur and tibia cavities of mice 
(male, 3 months old) and cultured in DMEM supplemented with 
10% FBS, 1% streptomycin/penicillin, 1 mM sodium pyruvate, and 
granulocyte-macrophage colony-stimulating factor (10 ng/ml) as 
described (33). The medium was changed every 3 days, and the 
cells were used for further experiments after 7 days.

Primary cultured neurons were isolated from VM of mouse 
fetuses (embryonic days 15 to 16) by treatment with 0.125% trypsin/
EDTA as described previously (33). The neurons were plated on 
PLL-coated wells and cultured in DMEM/F12 medium supple-
mented with 10% FBS and 1% streptomycin/penicillin for 6 hours. 
The media were changed to neurobasal medium supplemented 
with 2% B27 and 0.5 mM glutamine and half-changed every  
3 days. After 6 days, neurons were treated with microglial CM 
(microglial CM:neurobasal = 1:2) and MPP+ (30 μM) for 24 hours.

BV-2 murine microglia cells were purchased from Cell Resource 
Center, Institute of Basic Medical Sciences, Chinese Academy of 
Medical Sciences, Beijing, China and routinely grown in DMEM 
supplemented with 10% FBS and 1% penicillin/streptomycin at 

37°C as described (63). The cells were split onto plates and treated 
with IL-4 (20 ng/ml) for Seahorse XF96.

Cell transfection
siRNAs targeting ARRB1, ARRB2, and Samd4 (GenePharma, Shanghai, 
China) (table S2) were transfected into primary microglia and BV-2 cells 
using Lipofectamine RNAiMAX in Opti-MEM medium according to 
the manufacturer’s instructions for 8 hours. After the mixture was 
removed, the cells were cultured in complete medium for an additional 
40 hours. In overexpression experiments, the cells were transfected with 
ARRB1, ARRB2, and SAMD4 plasmids using Lipofectamine 3000 in 
Opti-MEM medium according to the manufacturer’s instructions 
for 8 hours. After the medium was removed, the cells were cultured in 
complete medium for an additional 16 hours.

Immunohistochemistry
For immunohistochemical analysis (59), frozen 25-μm-thick midbrain 
sections were treated with 3% H2O2 for 30 min, blocked by 5% bovine 
serum albumin in PBS supplemented with 0.3% Triton X-100 for 
60 min, and then incubated with anti-TH antibodies (1:1000) at 4°C 
overnight. After washing, the slides were incubated with goat anti-
rabbit immunoglobulin G (H  +  L) and horseradish peroxidase–
conjugated antibodies (1:1000) for 60 min. The TH+ cells in the SNc 
were detected using 3,3′-diaminobenzidine staining system and im-
aged in a stereomicroscope (Olympus, Japan). The number of TH+ 
cells was stereologically counted by MBF Bioscience Stereo Investiga-
tor software (MBF Bioscience, USA). Investigators were blinded to the 
group allocation and treatment for animal experiments when counting 
cells in immunohistochemistry analysis.

Immunofluorescence staining
Immunofluorescence staining was carried out as described previ-
ously (64). Primary microglia, BMDMs, and neurons were fixed 
with 4% paraformaldehyde for 30 min. Frozen 25-μm-thick brain 
sections and fixed cells were blocked with 5% bovine serum albu-
min and then incubated with antibodies against CD206 (1:200), 
ARRB1 (1:50), ARRB2 (1:50), glial fibrillary acidic protein (1:500), 
Iba1 (1:500), microtubule-associated protein 2 (1:200), or Arg1 
(1:50) at 4°C overnight. After washing, the slides were incubated 
with goat anti-rabbit Alexa Fluor 488 or anti-mouse Alexa Fluor 555 
(1:500) for 1 hour and Hoechst 33324 (1:1000) for 10 min. The slides 
were visualized under fluorescence microscopes (Nikon TE2000-S, 
Melville, NY or Zeiss LSM700, Oberkochen, Germany) and ana-
lyzed by ImageJ software. Investigators were blinded to all groups in 
immunofluorescence analysis.

Western blotting
Tissues or cells were lysed in radioimmunoprecipitation assay buffer 
containing protease inhibitor cocktail. The lysates were centrifuged 
at 16,000g for 15 min at 4°C, and protein concentrations in the super-
natants were determined using bicinchoninic acid method according 
to the manufacturer’s instructions. Proteins (30 μg) were separated by 
8 to 12% SDS–polyacrylamide gel electrophoresis gels, transferred to 
polyvinylidene difluoride membranes, and detected using antibodies 
against ARRB1 (1:1000), ARRB2 (1:1000), CD206 (1:1000), Arg1 
(1:1000), Samd4 (1:500), p-STAT6 (1:1000), STAT6 (1:1000), p-
mTOR (1:1000), mTOR (1:1000), p-p70S6k (1:1000), p70S6k (1:1000), 
TH (1:2000), or β-actin (1:5000). After washing, the membranes were 
incubated with the corresponding horseradish peroxidase–conjugated 
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secondary antibody (1:5000) for 1 hour, and the blots were analyzed 
using ImageQuant LAS 4000 imaging (GE Healthcare, USA) and 
Bio-Rad Gel Doc XR documentation systems.

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)
Total RNA from tissues or cultured cells were extracted using 
TRIzol reagent, and reverse-transcribed using HiScript Q RT Super-
Mix for qPCR kit according to the manufacturer’s instructions. 
The cDNAs obtained were mixed with AceQ qPCR SYBR green 
master mix and gene-specific primers for RT-qPCR in a StepOnePlus 
instrument (Applied Biosystems, CA, USA). The cycle time values 
were standardized to glyceraldehyde-3-phosphate dehydrogenase 
of the same sample. A relative quantity was calculated using the 
2−ΔΔCT methods. The primer sequences used for qPCR were listed 
in table S3.

Enzyme-linked immunosorbent assay
The concentrations of IL-10 and transforming growth factor–β in the 
supernatant of BMDMs were measured using enzyme-linked immu-
nosorbent assay kits according to the manufacturers’ protocols.

Seahorse XF96 OCR analysis
OCR in primary microglia or BV-2 cells were performed using a Sea-
horse XF96 Extracellular Flux Analyzer instrument as described pre-
viously (60, 65). Briefly, the cells were split on a PLL-coated 96-well 
polystyrene Seahorse plate in completed medium. After transfection 
and IL-4 stimulation, the Cell Mito Stress Test Kit was used to mea-
sure the levels of OXPHOS according to the manufacturer’s instruc-
tions. Briefly, after the medium was changed to XF basal medium 
containing 11 mM glucose and 1% FBS, consecutive OCR measure-
ments were performed (5 cycles per measurement) as the baseline 
respiratory capacity. The cells were then treated with 1 μM oligomy-
cin, 2 μM carbonyl cyanide p-trifluoromethoxyphenylhydrazone 
(FCCP), 1 μM rotenone plus 2 μM antibiotic A, and OCR was mea-
sured as maximal respiratory capacity (5 cycles per measurement). 
The data were analyzed and calculated using XF Assay Result (Sea-
horse Wave Controller).

Cell viability
Neurons were incubated with Cell Counting Kit-8 solution (1:10 
in serum-free DMEM) at 37°C for 4 hours under darkness, and the 
optical absorbance at 450 nm was measured using an absorbance 
microplate reader (Varioskan Flash, Thermo Fisher Scientific).

LDH release assays
The LDH release in the supernatant of neurons was measured using 
LDH assay kits according to the manufacturer’s instructions.

RNA sequencing
Total RNA was extracted from primary microglia with TRIzol reagent. 
RNA-seq libraries were prepared and sequenced on an Illumina HiSeq 
4000 system by Novogene. Differential expression analyses were per-
formed by DESeq, and the heatmap were carried out using iDEP (66).

Statistical analysis
Statistical tests were carried out using GraphPad Prism 9.0 software. Un-
paired Student’s t test was used for comparison between two groups. 
One-way analysis of variance (ANOVA) or two-way repeated-measures 

ANOVA was used to assess differences among multiple groups. Data are 
presented as the means ± SE at least three independent experiments. 
Differences were considered statistically significant at *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Tables S1 to S3
Uncropped Western blots
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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