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Background: Activated microglia are polarized into the M1 or M2 phenotype. We previously
reported that electroacupuncture (EA) effectively prevented nuclear factor-kB (NF-kB) nuclear
translocation and improved neuronal C-X-C motif 3 chemokine ligand 1 (CX3CL1) expression,
repressing microglial activation by upregulating neuronal cylindromatosis (CYLD) expression in
the periischemic cortex. However, the potential mechanisms are unclear. Therefore, we explored
whether EA improved CYLD protein expression to regulate microglial polarization-mediated
neuroinflammation and the potential mechanisms in an ischemic stroke model.

Methods: A middle cerebral artery occlusion/reperfusion (MCAO/R) model was established
in male Sprague-Dawley (SD) rats. The rats were treated with EA at the Baihui, Hegu and
Taichong acupoints once daily beginning 2 h after focal cerebral ischemia. CYLD gene
interference was used to investigate the role of CYLD in microglial polarization. We used
neurobehavioral evaluations and TTC staining to examine the neuroprotective effect of EA
via CYLD upregulation. Immunofluorescence and RT-qPCR were used to measure NLRP3
activation, M1/M2 microglial activation, pro-/anti-inflammatory gene mRNA expression and
crosstalk (CX3CL1/CX3CR1 axis) between neurons and microglia. Western blotting was
used to assess the underlying molecular mechanism.

Results: CYLD inhibited M1 microglial activation and improved M2 microglial activation
after 72 h of reperfusion. CYLD overexpression decreased the NLRP3 mRNA level. CYLD
suppressed microglial overactivation by inhibiting NLRP3 activation. CYLD gene silencing
partially weakened EA improvement of neurological function deficits and reduction of
infarct volumes after 72 h reperfusion. In addition, EA inhibited M1-like phenotypic micro-
glial activation and promoted M2-like phenotypic microglia through upregulating CYLD
expression. Finally, EA-mediated modulation of the CX3CL1/CX3CR1 axis and NLRP3
inflammasome was reversed by CYLD gene silencing in the periischemic cortex.
Conclusion: EA-induced upregulation of neuronal CYLD expression plays anti-inflammatory
and neuroprotective roles and regulates the interaction between neurons and microglia, thereby
suppressing M1 and improving M2 microglial activation in the periischemic cortex.
Keywords: microglial polarization, cerebral ischemia, neuroinflammation, CYLD,
electroacupuncture, NLRP3 inflammasome, CX3CL1/CX3CRI1 axis
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Introduction
Under normal conditions, microglia exhibit a neural-
specific phenotype and maintain an ostensibly quiescent
surveillance  phenotype to  supervise the brain
parenchyma.'? Microglia exhibit a resting state with
a ramified morphology in the absence of stimuli.** As
resident cells of the central nervous system (CNS), micro-
glia play an important role in regulatory processes in
response to stimulation and repair.* Microglia are thought
to be the first cells that respond to various stimuli.’ To
detect alterations in CNS homeostasis induced by inflam-
matory stimuli, microglia extend and retract cellular
processes.” ™ Similar to other tissue-specific resident
macrophages, microglia induce an immune response to
pathogens, mediate exogenous injury and maintain home-
ostasis by eliminating agents, apoptotic cells, debris and
denatured proteins.®” Interestingly, stimulated neurons
activate various signaling pathways, including cytokines
and chemokines, and the receptors of these cytokines and
chemokines are exclusively expressed by microglia.
CX3CL1 is a neuroinflammatory chemokine exclu-
11 CX3CR1, which is

a unique CX3CL1 receptor, is exclusively expressed by

sively expressed in neurons.

microglia in the CNS.'""'? A recent study showed that
CX3CL1 plays a neuroprotective role after ischemic
stroke. "

CX3CL1/CX3CRI1 axis plays a crucial role in microglial-

Previous studies have suggested that the
neuronal crosstalk.'* Neuronal CX3CL1 activation leads
to microglial activation via crosstalk with CX3CR1, often

stroke.!>16

occurring within minutes after ischemic
Activated microglia polarize into classic (M1) and alter-
native (M2) phenotypes. The M1 phenotype often secretes
proinflammatory cytokines, which are harmful to neurons.
M2 microglia release anti-inflammatory cytokines to pro-
tect neurons from inflammatory injuries. Emerging evi-
dence indicates that Ml-like microglia are increased
during the first 24 h in the ischemic core.'”'® However,
during the first week, the M2 phenotype is predominant in
the ischemic core, while the M1 phenotype is predominant
in the periischemic areas.?® Thus, alleviating inflammatory
injury in the border of ischemic cortex by inhibiting M1
microglial activation and promoting the M2 phenotype
during the acute stage of the ischemic stroke is critical.

(CYLD)
involved in familial cylindromatosis.’

Cylindromatosis iS a tumor suppressor

' A recent study
showed that gadolinium chloride inhibits nuclear factor-

kB (NF-«kB) activation to ameliorate lung injury in rats

mainly by upregulating CYLD.** The function of CYLD is
related to the deubiquitination of K63-linked chains to
break RIP1 and IKKy binding, which negatively regulates
IKK activation.”>?* Nikolaou et al suggest that CYLD
gene overexpression alleviates inflammation during the
acute or chronic stage after liver injury.*** Recently,
CYLD was shown to negatively regulate oxygen-glucose
deprivation (OGD)-induced necroptosis in primary cortical
neurons.”® In our previous study, we demonstrated that
neuronal CYLD could suppress microglial activation by
negatively regulating the NF-xB signaling pathway after
focal cerebral ischemia/reperfusion.”” However, silencing
CYLD expression exacerbated ischemic stroke outcomes.
Limited studies indicate that effects of the CYLD protein
on inflammatory injury due to modulating microglial
polarization during acute focal cerebral ischemia/reperfu-
sion in rats, which may provide a potential strategy to
regulate neuroinflammatory injury in the clinic.
Electroacupuncture (EA), as a traditional and nondrug
therapy, has often been used in China. EA is often used as
an adjuvant treatment to improve stroke prognosis and
neuroinflammatory injuries in China.”*>° We reported
that EA inhibited the expression of IKKa and IKKf pro-
teins to negatively regulate activation of the NF-«xB signal-
ing pathway, increase anti-inflammatory cytokines (IL-4
and IL-10) and ameliorate neuroinflammatory injuries dur-
ing the acute stages of focal cerebral ischemia/
reperfusion.®’ Additionally, we previously demonstrated
that EA could regulate the NF-kB signaling pathway to
alleviate microglial activation-mediated neuroinflamma-
tory injury in ischemic stroke model rats by upregulating
zinc finger protein A20.>> Recently, our previous study
indicated that upregulating neuronal CYLD expression
was essential for EA-induced inhibition of microglial
overactivation and decreasing detrimental proinflamma-
tory cytokines.”” Thus, we hypothesize that EA improves
CYLD protein

polarization.

expression to regulate microglial

Materials and Methods

Ethics Statement

All studies were performed in accordance with an experi-
mental protocol approved by the Ethics Committee for
Animal

Experimentation of Chongqing Medical

University and the guidelines of the National Institutes
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for Animal Research. The experimental process followed
randomized and blinded guidelines.

Animal Model

Specific pathogen-free (SPF) male Sprague-Dawley (SD)
rats (280-300 g) were purchased from the Experimental
Animal Center of Chongqing Medical University. The rats
were anesthetized with pentobarbital sodium (60 mg/kg 1.
p.). The right common and right external carotid arteries
were exposed using a ventral midline neck incision. An
ischemic stroke model was established by inserting a 2.0
monofilament nylon suture into the right external carotid
artery (ECA) and extending it to the beginning of the
middle cerebral artery (MCA). The rats were anesthetized
with pentobarbital sodium to alleviate pain when the nylon
monofilament was removed. Reperfusion was accom-
plished by withdrawing the suture after 2 h of ischemia.
Then, the incision was sutured and sterilized. The animals
were sacrificed after 72 h of reperfusion. During the sur-
gical procedure, body temperatures were monitored rect-
ally and maintained at approximately 37.5 °C with
a thermostatic pad. A successful middle cerebral artery
occlusion (MCAQO) model was confirmed by a laser
Doppler computerized main unit (PeriFlux 5000, Perimed
AB, Sweden) when the regional cerebral blood flow
(rCBF) decreased to 20% and recovered to >80% of the
baseline (preischemic) level.

Lentivirus Production and Administration
Lentivirus administration was performed as previously
described. Lentiviruses carrying exogenous CYLD (LV-
CYLD, 2x10% transduction units, TU/mL) and CYLD
shRNA (LV-shCYLD, 3x10® transduction units, TU/
mL) to overexpress and silence CYLD, respectively,
and the control (LV-control) were purchased from
GeneChem (Shanghai, China) and stored at —80 °C
until use. Lentiviruses were immediately centrifuged
and placed on ice prior to injection. The viral dose was
determined according to an approximate 80% infection
rate in the brain. Two weeks before surgery, the rats
received an intracerebral ventricular injection of 5 pL
of LV-CYLD, LV-shCYLD, or LV-control (Figure 1A
and B). The rats were anesthetized by intraperitoneal
administration of pentobarbital sodium and placed onto
a stereotaxic frame (Stoelting, USA). According to
stereotactic parameters and the actual sizes of the rats,
a cranial hole located 1.3 mm lateral and 1.5 mm poster-
ior to the bregma was drilled in the right hemisphere, and

the right lateral ventricle was slowly exposed to a depth
of 3.8 mm beneath the dural surface. Then, the lentivirus
(LV-CYLD or LV-shCYLD) or vehicle (LV-control) was
injected into the right lateral ventricle at a rate of 0.5 puL/
min. The effects of gene interference on CYLD over-
expression or silencing were verified by real-time quan-
reaction  (RT-qPCR)

titative  polymerase  chain

(Figure 1C).

Electroacupuncture Treatment

The Baihui (GV 20) acupoint (intersection of the sagittal
midline and the line between the ears), the Hegu (LI 4)
acupoint (the radial side of the left second metacarpal
midpoint) and the Taichong (LR 3) acupoint (the dent
between the first and second left metatarsal) were selected
according to Experimental Animals Meridians Mapping
(Figure 2B). The rats were stimulated at an intensity of 1
mA and a frequency of 20 Hz for 5 min, followed by 2 Hz
for 30 min, using a G6805-2 EA instrument. The rats were
initially treated with EA when the nylon monofilament was
removed and then once daily until sacrifice (Figure 1B).
Rats in the MCAO/R+EA, MCAO/R+LV-CYLD+EA,
MCAO/R+LV-shCYLD+EA, and MCAO/R+LV-control
+EA groups but not the MCAO/R group were treated
with EA.

Neurobehavioral Evaluation

The rats underwent neurological assessment after 72 h of
reperfusion by a researcher who was blinded to the animal
treatments. The Longa score was used to detect motor
functions (Table 1).*> The higher the Longa score, the
more severe is the damage. Animals that scored 2 and 3
were included in this study, and the MCAO rats that scored
0, 1, or 4 were excluded. The Bederson score was applied to
evaluate global neurological function (Table 2).** The
higher the Bederson score, the more severe is the damage.
The Garcia score was used to evaluate the sensorimotor
function (Table 3).** The lower the Garcia score, the more
severe is the damage.

Infarct Volume Assessment

The rats were anesthetized as described and rapidly
beheaded after 72 h of reperfusion. The intact brain was
immediately frozen at —20 °C for 20 min and then sliced
into 2 mm-thick coronal sections, which were stained with
2% 2,3,5-triphenyltetrazolium chloride for 15 min at 37 ©
C. Images of the brain slices were collected using a digital
camera and uploaded for analysis. Pale brain areas were
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Figure | The timeline of experiment. The nylon monofilament was removed after 2 h of ischemia. (A) Schematic representation of part | experiment about the effect of
CYLD gene interference on microglial polarization after 72h reperfusion. (B) Schematic representation of part 2 experiment. The rats were initially treated with EA when
the nylon monofilament was withdrawn and then once daily until sacrifice. The effect of EA on neuroinflammatory injury was explored at 72 h reperfusion. (C) The
expression of CYLD mRNA before inducing MCAO/R model was clearly enhanced/decreased via lentivirus administration. The rats were randomly divided into four groups:
Normal, LV-CYLD, LV-shCYLD and LV-control group. *p<0.01 and *p<0.05 vs Normal group.

regarded as infarcts, and the corresponding volumes were
measured using imaging analysis software by a researcher
who was blinded to the animal treatment groups. The
infarction volume is shown as the percentage of intact

hemispheres.

Double-Immunofluorescent Labeling

The rats were deeply anesthetized with pentobarbital
sodium after 72 h of reperfusion. The bodies were then
perfused with saline, followed by 4% paraformaldehyde
(PFA, 4 °C). Intact brains were rapidly harvested,
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Figure 2 CYLD regulates microglial polarization after 72 h of reperfusion in ischemic stroke rats. (A) The coronal brain section stained with TTC is labeled with a box to
show the periischemic cortex analyzed. (B) Schematic representation of the Baihui (GV 20) acupoint ((A) intersection of the sagittal midline and the line between the ears),
the Hegu (LI 4) acupoint ((B) the radial side of the left second metacarpal midpoint) and the Taichong (LR 3) acupoint ((C) the dent between the first and second left
metatarsal) were selected according to Experimental Animals Meridians Mapping. The mRNA level of M| microglia related pro-inflammatory genes ((C), n=5) and M2
microglia related anti-inflammatory genes ((D), n=5) were measured with RT-qPCR at 72 h reperfusion in the border region of the ischemic cortex. The graph shows the
relative mRNA levels after normalization to the housekeeping gene B-actin. All values are presented as the means * SEMs. @@p<0.0|. @p<0.05, $p<0.05, *¥p<0.01 and ¥*

$5<0.001 vs the MCAO/R group.

postfixed in 4% PFA for 48 h, dehydrated in 30% sucrose,
and cut into 10 pm-thick coronal slices. The sections were
permeabilized with 0.3% Triton X-100 for 20 min at 37 °C
and blocked with 5% donkey serum for 1 h at 37 °C. Then,
the sections were incubated at 4 °C overnight with the
following primary antibodies: rabbit anti-CX3CL1
(ab25088, Abcam, United Kingdom, 1:100), mouse anti-

Table |1 The Longa Score for Neurological Scores

CX3CRI1 (sc-377227, Santa Cruz, United States, 1:50),
rabbit anti-NLRP3 (NBP2-12446, Novus, United States,
1:50), goat anti-Ibal (to label microglia, NB100-1028SS,
Novus, United States, 1:50), rabbit anti-iNOS (18985-
1-AP, Proteintech, China, 1:50) and rabbit anti-CD206
(18985-1-AP, Proteintech, China, 1:50). After the sections

were rewarmed at 37 °C for 1 h, each section was

Score 0 | 2 3 4
Test No Failure to fully extend | Difficulty in extending the left forelimb Failing to No spontaneous walking and
observable the left forepaw and circling to the left the left side decreased level of consciousness
deficits
Table 2 The Bederson Score for Neurological Scores
Score 0 | 2 3 4 5
Test No observable | Lost forelimb Lost forelimb flexion with lower Unidirectional Longitudinal spinning or No
deficits flexion resistance to lateral push circling seizure activity movement
Journal of Inflammation Research 2021:14 https: 2065
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incubated with the following secondary antibodies at 37 °
E > C for 1 h in the dark: Alexa Fluor 488-conjugated goat
é ? = ol o anti-mouse IgG (H+L) (SA00006-1, Proteintech, China,
T: o g é _%° § § 1:200), Alexa Fluor 594-conjugated donkey anti-rabbit
8 S| & 3 E|l 2| ¢ IgG (H+L) (SA00006-8, Proteintech, China, 1:200), and
” g :E; § E TE g g FITC-conjugated AffiniPure donkey anti-goat IgG (H+L)
§% | 5| & S| E|E (SA00003-3, Proteintech, China, 1:200). DAPI was used
2 'E gf f’? f’a‘ to stain the nuclei (C1005, Beyotime Biotechnology,
g 8 China) for 10 min at room temperature. All images were
= obtained using an immunofluorescence microscope (LSM-
9 c 800, Carl Zeiss Micro-Image Co., Germany). Cell counts
£ £ are expressed as numbers/mm? in images at 200x magni-
% g gl e fication. Five randomly acquired fields of the periischemic
E :% _g . g g cortex were analyzed in each group (Figure 2A). Imagel
g go p g s s | ¢ was used by a researcher who was blinded to the treat-
~| 5% é E 2z ; % % ments to count the positive cells.
RIS NI IR I T N
§ 5 - g 2|2 Total RNA was extracted from the periischemic cortex of brain
@ 8 ; tissue (Figure 2A) with TRIzol reagent (TaKaRa, Japan) after
b = 72 h of reperfusion. The RNA was reverse transcribed into
o cDNA with a PrimeScript RT reagent kit with gDNA FEraser.
é % T2 RT-qPCR was performed using an iQ5 Gradient Real-Time
g e E 2 5| B PCR detection system (Bio-Rad Co., city and state required)
é _: £ g S| 6|6 and SYBR Green (SYBR Premix Ex Tagll, TaKaRa, Japan) to
- ? ® 'f;o % 2 % % analyze NLRP3, proinflammatory genes (inos, il18, and tnfa)
3 § é e g g and anti-inflammatory genes (yml, argl, and fizz1) (Table 4).
§ ; 212 The following cycling conditions were used: 1) 30 s at 95 °
- C;2)5sat95°C; 3)30 s at 60 °C; 4) 30 s at 72 °C, followed
o by a plate read; 5) repeat step 2) for 39 cycles; 6) 10 s at 95 °C;
|5 .Z and 7) melt curve at 60 °C to 95 °C in increments of 0.5 °C.
£ § % o0 Then, the plates were read. The melting curve of each sample
° § E é § ANRN was analyzed to determine the primer-target specificity. The
E 5| 25 data were normalized to the mean of B-actin. Relative mRNA
8 z E § ° expression was calculated using the 27" method.
S 3¢
3 B Western Blot Analysis
50 = ~ Rats were treated as described and perfused with saline. Brain
% g . ;o é tissues were extracted from the periischemic cortex
% 0 E 5 :5, (Figure 2A). Tissues were homogenized in radioimmunopre-
‘*3 “;o Eﬁ % 2 - cipitation assay (RIPA) lysis buffer (no. P0013B, Beyotime,
mé g E 3 ggo % g China) containing phenylmethane sulfonyl fluoride (PMSF)
8 :5 % "é 2| s g (Beyotime, Shanghai, China). Total protein was extracted
g § é E ~§ '53) _é from the supernatants on ice after centrifugation at
Q 8 | % = E 5 g 12,000 rpm for 15 min. Western blotting was performed as
: % g g 'i 2l 5| 2 previously described (Bio-Rad Co., California, USA). The
% 2 E E E % E g % total protein (50-100 pg) was separated by 8-12% SDS-
e LR 2 Ol il Bl Bl PAGE (Beyotime, Shanghai, China) and then transferred to
2066 e Journal of Inflammation Research 2021:14
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Table 4 List of Primers Used for RT-qPCR

Gene Accession Number Forward Reverse

inos NC_051345 5'ACATCGACCCGTCCACAGTAT3’ 5'CAGAGGGGTAGGCTTGTCTC3’
tnfo NC_051355 5'GTGGAACTGGCAGAAGAG 3 5'CCATAGAACTGATGAGAGG3’
i18 NC_051338 5'GCAACTGTTCCTGAACTCAACT3’ 5’ACTTTTTGGGGTCCGTCAACT3’
yml NC_000069 5'CAGGTCTGGCAATTCTTCTGAAY 5'GTCTTGCTCATGTGTGTAAGTGA3
argl NC_051336 5'CTCCAAGCCAAAGTCCTTAGAG3’ 5'/AGGAGCTGTCATTAGGGACATC3’
fizz| NC_051346 5'CCAATCCAGCTAACTATCCCTCC3 5’ACCCAGTAGCAGTCATCCCAY
NLRP3 NC_051345 5'GCCTTGAAGAGGAGTGGATAG3’ 5 TGGGTGTAGCGTCTGTTGAG3’
[-actin NC_051347 5’ACGGTCAGGTCATCACTATCG3’ 5'GGCATAGAGGTCTTTACGGATG3’

Abbreviations: A20, tumor necrosis factor alpha-induced protein 3; CYLD, cylindromatosis; EA, electroacupuncture; CX3CLI, C-X-C motif 3 chemokine ligand |; CNS,
central nervous system; CX3CRI, CX3C chemokine receptor |; DUB, deubiquitinase; Iba-1, ionized calcium binding adapter molecule I; IKKB, IkB kinase beta; IL-If,
interleukin-1 beta; LUBAC, linear ubiquitin chain assembly complex; MCAO/R, middle cerebral artery occlusion/reperfusion; NF-kB, nuclear factor-kB; NLRP3, NOD-like
receptor family, pyrin domain containing 3; OGD/R, oxygen-glucose deprivation; RT-qPCR, real-time quantitative polymerase chain reaction; TNF-0, tumor necrosis factor
alpha; TTC, 2,3,5-triphenyltetrazolium chloride; USP18, ubiquitin-specific protease |8; UPS4, ubiquitin-specific protease 4.

0.46 pm polyvinylidene fluoride (PVDF) membranes
(IPVH00010, Millipore Co., Massachusetts, USA). After
blocking nonspecific epitopes, the membranes were incubated
at 4 °C overnight with the following primary antibodies:
mouse anti-B-actin (66009-1-Ig, 1:5000, Proteintech), mouse
anti-GAPDH (66009-1-Ig, 1:5000, Proteintech), rabbit anti-
CX3CL1 (ab25088, Abcam, UK, 1:1000), mouse anti-
CX3CRI (sc-377227, Santa Cruz, United State,1:500), rabbit
anti-NLRP3 (NBP2-12446, Novus, USA,1:1000) and rabbit
anti-IL-1pB (bs-0812, Bioss, China). The membranes were then
incubated with the corresponding secondary antibodies, which
were horseradish peroxidase-conjugated goat anti-rabbit
(Abclonal, 1:3000) or goat anti-mouse (Abclonal, United
State, 1:3000), for 2 h at 37 °C. A gel imaging apparatus
(Vilber Lourmat fusion FX 7 Spectra, France) was used to
scan the immunoblots. Analysis software (FUSION-CAPT,
France) was used to analyze each band.

Statistical Analysis

GraphPad Prism Version 8.0 was used for all statistical ana-
lyses. The Longa score, Bederson score, and Garcia score
were analyzed using Kruskal-Wallis tests followed by post
hoc Dunn’s multiple comparison tests. All other data are
expressed as the means £ SEM. Additional data were analyzed
by one-way ANOVA followed by LSD multiple-range test.
A value of p<0.05 was considered statistically significant.

Results
CYLD Regulates Microglial Polarization

After Focal Ischemia/Reperfusion

We previously demonstrated that the protein CYLD could
attenuate microglial overactivation after 72 h of reperfu-
sion. To examine the effect of CYLD expression on

microglial polarization in the border region of the ischemic
cortex in rats after ischemic stroke, we used RT-qPCR to
analyze anti-inflammatory and proinflammatory genes
after 72 h of reperfusion. The animals were randomly
divided into four groups: MCAO/R, MCAO/R+LV-
shCYLD, MCAO/R+LV-CYLD, and MCAO/R+LV-
control. After 72 h of reperfusion, the mRNA expression
of M1 microglia-related proinflammatory genes (inos, il15,
and tnfa) was reduced (p<0.01, p<0.01 and p<0.05,
Figure 2C) and that of M2 microglia-related anti-
inflammatory genes (yml, argl, and fizzl) was increased
(p<0.01, p<0.01 and p<0.01, Figure 2D) by CYLD over-
expression compared with that of the MCAO/R group.
However, compared with the MCAO/R group, the
MCAO/R+LV-shCYLD group showed increased mRNA
expression of proinflammatory genes and decreased
mRNA expression of anti-inflammatory genes (Figure 2C
and D). There was no significant difference in inflamma-
tory gene expression between the MCAO/R and MCAO/R
+LV-control groups (p>0.05, Figure 2C and D). These
results indicated that CYLD could change phenotypic pat-
terns by inhibiting the M 1-like phenotype and potentiating
M2-like microglia. Thus, we hypothesized that the neuro-
protective effect of CYLD was due to its ability to regulate
microglial polarization after focal cerebral ischemia/
reperfusion.

CYLD Inhibits the NLRP3 Inflammasome

and Microglial Activation

We previously indicated that neuronal CYLD could be
a negative regulator of the NF-kB signaling pathway.?’
Previous studies have shown that NLRP3 transcription was
markedly upregulated via NF-kB nuclear translocation.*® To
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examine the effect of CYLD on NLRP3 transcription in the
border region of ischemic areas in rats, we used RT-qPCR to
measure the mRNA expression of NLRP3 after 72 h of
reperfusion. The animals were also randomly divided into
four groups: MCAO/R, MCAO/R+LV-shCYLD, MCAO/R
+LV-CYLD, and MCAO/R+LV-control. Figure 3A shows
that NLRP3 mRNA expression was lower in the MCAO/R
+LV-CYLD group than in the MCAO/R group (p<0.01,
Figure 3A). Interestingly, we found that CYLD silencing
improved the mRNA expression of NLRP3 compared with
that of the MCAO/R group (p<0.01, Figure 3A). However,
there was no obvious difference in NLRP3 mRNA expres-
sion between the MCAO/R and MCAO/R+LV-control
groups (Figure 3A).

We further investigated the effect of CYLD on the inhibi-
tion of microglial activation by suppressing NLRP3 expres-
sion. The rats were randomly divided into five groups: sham,
MCAO/R, MCAO/R+LV-shCYLD, MCAO/R+LV-CYLD,
and MCAO/R+LV-control. The expression of NLRP3 in
double-
immunofluorescence labeling after 72 h of reperfusion. In
the present study, there were fewer NLRP3 and Ibal double-
labeled cells in the MCAO/R+LV-CYLD group, while there
were more activated microglia with larger cell bodies and

microglia was  investigated by  using

retracted, thickened protuberances in the ischemic border
region and an increased number of double-labeled cells in
the MCAO/R group (p<0.01, Figure 3B and C). Moreover,
an increase in double-labeled cells was observed in the
MCAO/R+LV-shCYLD group compared with the MCAO/
R group (p<0.05, Figure 3B and C). There was no obvious
difference in the number of NLRP3 and Ibal double-labeled
cells between the MCAO/R and MCAO/R+LV-control
groups (Figure 3B and C). Therefore, these data suggested
that the CYLD protein could suppress microglial overactiva-
tion by inhibiting NLRP3 activation in the periischemic
cortex.

CYLD Silencing Partially Weakens the
Neuroprotective Effects of EA After Focal

Cerebral Ischemia/Reperfusion
In a previous study, we demonstrated that CYLD could play
a neuroprotective role in ischemic stroke.”” To explore
whether CYLD is required for the neuroprotective effect
of EA, neurobehavioral evaluations and infarct volumes
were measured in the five groups (sham, MCAO/R,
MCAO/R+LV-shCYLD+EA, MCAO/R+LV-control+EA
and MCAO/R+EA) 72 h of

after reperfusion.

Neurological function improvements were observed in the
MCAO/R+EA group compared to the MCAO/R group in
terms of the Longa score (p<0.01, Figure 4C), Bederson
score (p<0.001, Figure 4D) and Garcia score (p<0.001,
Figure 4E). Moreover, rats in the MCAO/R+EA group
displayed significantly smaller infarct volumes compared
to those in the MCAO/R group (p<0.01, Figure 4A and B).
In contrast, poor neurological function and larger infarct
volumes were observed in the MCAO/R+LV-shCYLD+EA
group compared to the MCAO/R+EA group (Figure 4A—E).
There was no significant difference in neurobehavioral eva-
luations or infarct volumes between the MCAO/R+LV-
control+EA and MCAO/R+EA groups (Figure 4A-E).
These data indicated that upregulation of CYLD expression
is essential for EA-mediated improvement of neurological
function after ischemic stroke in rats.

CYLD Silencing Partially VWeakens
EA-Mediated Modulation of Microglial
Phenotypes

To investigate whether CYLD was essential for EA-
mediated modulation of microglial phenotypes, the levels
of inflammatory genes were measured by RT-qPCR, and
microglial phenotypes were investigated by double-
immunofluorescence labeling after 72 h of reperfusion.
Rats were randomly divided into four groups: MCAO/R,
MCAO/R+EA, MCAO/R+LV-shCYLD+EA, and MCAO/
R+LV-control+EA. RT-qPCR showed increased expression
of anti-inflammatory genes (yml, fizzl and argl) (p<0.01,
p<0.01 and p<0.001, Figure 5SB) and decreased expression
of proinflammatory genes (inos, tnfa and ill1f) (p<0.001,
p<0.01 and p<0.001, Figure 6B) in the MCAO/R+EA group
compared to the MCAO/R group. The expression of proin-
flammatory genes (p<0.05, p<0.05 and p<0.05, Figure 6B)
was significantly increased in the MCAO/R+LV-shCYLD
+EA group compared with the MCAO/R+EA group.
However, reduced expression of anti-inflammatory genes
was clearly observed in the MCAO/R+LV-shCYLD+EA
group compared with the MCAO/R+EA group (p<0.01,
p<0.01 and p<0.01, Figure 5B). There was no significant
difference between the MCAO/R+ LV-control+EA and
MCAO/R+EA groups (Figures 5-6B).

We further investigated the effect of EA on the regulation
of microglial phenotypes. After 72 h of reperfusion, Ibal/
M1) Ibal/CD206-
immunopositive cells (M2) in the periischemic cortex were

iNOS-immunopositive  cells and

measured by double-immunofluorescence labeling. Rats
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Figure 4 CYLD silencing partially weakens the neuroprotective effects of EA after 72 h reperfusion in ischemic stroke rats. (A) Images of cerebral infarction stained with 2%
TTC (white, infarct tissue; red, non-infarct tissue) at 72 h reperfusion. (B) Infarct volumes are percent of intact hemispheres at 72 h reperfusion (n=3). (C) Longa score for
neurological evaluation at 72 h reperfusion (n=5). (D) Bederson score for neurological evaluation at 72 h reperfusion (n=5). (E) Garcia score for neurological evaluation at
72 h reperfusion (n=5). All values are presented as the means * SEMs. *#p<0.01, @p<0.05,%p<0.01, *p<0.05, **p<0.001, *%p<0.01, *#p<0.001 and ¥*p<0.0 vs the

MCAO/R+EA group.

were randomly divided into five groups: sham, MCAO/R,
MCAO/R+EA, MCAO/R+LV-shCYLD+EA, and MCAO/R
+LV-control+EA. Ibal+/CD206+ cells (p<0.01, Figure 5A
and C) were increased in the MCAO/R+EA group, whereas
Ibal+/iNOS+ cells (p<0.01, Figure 6A and C) were
decreased compared to those in the MCAO/R group.
Moreover, CYLD silencing+EA resulted in a significant
decrease in Ibal+/CD206+ cells (M2) (p<0.05, Figure 5A
and C), whereas the number of Ibal/iNOS-immunopositive
cells (M1) (p<0.05, Figure 6A and C) significantly increased
compared with that of the MCAO/R+EA group. There was
no significant difference between the MCAO/R+ LV-control
+EA and MCAO/R+EA groups. These results indicated that

EA may induce M2-like microglial activation and inhibit
M1-like microglia by upregulating CYLD protein expression
after 72 h of reperfusion in the periischemic cortex.

CYLD Silencing Partially VWeakens
EA-Mediated Modulation of the CX3CLI/
CX3CRI Axis and NLRP3 Activation
After Focal Cerebral Ischemia/

Reperfusion

The CX3CL1/CX3CR1 axis is significantly upregulated by
activation of the NF-«kB signaling pathway, which is the
key step in the neuronal-microglial crosstalk after focal

https:
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Figure 5 CYLD silencing partially weakens EA-mediated improvement of M2 microglial phenotype in the periischemic cortex. (A) Immunofluorescence staining showed co-
expression of CD206 (red) and microglia (green, Iba 1) in the periischemic cortex (n=5, white arrows indicate M2 (»). Scale bar = 50 pym). (B) Anti-inflammatory genes
((B), n=6) mRNA expression were measured with RT-qPCR at 72 h reperfusion in the periischemic cortex. The graph shows the relative mRNA levels after normalization to
the housekeeping gene B-actin. (C) CD206"/Iba* cell counts were expressed as number/mm?. All values are presented as the means + SEMs. @@p<0.0l and @@@p<0.00I vs

the MCAO/R group. #p<0.01 and *p<0.05 vs the MCAO/R +EA group.

cerebral ischemia/reperfusion.'"® We confirmed whether
neuronal CYLD was essential for EA-mediated modula-
tion of neuronal-microglial crosstalk via the CX3CL1/
CX3CR1 axis. Rats were randomly divided into four
groups: MCAO/R, MCAO/R+LV-shCYLD+EA, MCAO/
R+EA and MCAO/R+LV-control+EA. After 72 h of reper-
fusion, Western blot analysis showed that CX3CR1 protein
expression was obviously reduced and CX3CL1 protein
expression was markedly increased in the MCAO/R+EA
group than in the MCAO/R group (p<0.001, p<0.01,
respectively; Figure 7B and C). In contrast, CX3CL1
protein expression decreased and CX3CRI1 expression
increased in the MCAO/R+LV-shCYLD+EA group com-
pared to the MCAO/R+EA group (p<0.01, p<0.05, respec-
tively; Figure 7B and C). We also found decreased NLRP3

protein expression in the MCAO/R+EA group compared
with the MCAO/R group (p<0.01, Figure 7B and C).
However, increased NLRP3 protein expression was
observed in the MCAO/R+LV-shCYLD+EA group com-
pared with the MCAO/R+EA group (p<0.01, Figure 7B
and C). Rats were randomly divided into five groups: sham
MCAO/R, MCAO/R+LV-shCYLD+EA, MCAO/R+EA
and MCAO/R+LV-control+EA. After 72 h of reperfusion,
immunofluorescence showed that CX3CLI1-positive
CX3CRI cells were markedly increased in the MCAO/R
group than in the MCAO/R+EA group (p<0.001, Figures 8
and 7A). Upon CYLD gene silencing, the decrease in
CX3CL1-positive CX3CRI1 cells were abrogated in the
MCAO/R+LV-shCYLD+EA  group compared with
MCAO/R+EA group (p<0.01, Figures 8 and 7A). Thus,

Journal of Inflammation Research 2021:14

2071

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lin et al

Dove

A

MCAO/R

MCAOQ/R+LV-

<
w
+
&=
o]
<
3
=
<
w
b g
a)
-
b
0
=
(]

MCAO/R+LV-
control+EA

= MCAO/R
Em MCAOR+EA
= 4 B3 MCAQ/R+LV-shCYLD+EA
2 = MCAOIR+LV-control+EA
£
=
EE
[
93
v 5
E
]
«
150+
=
2 E
+ E 1004
-
1]
Sa
o 2
0 £ 554
o 2
z 3

Figure 6 CYLD silencing partially weakens EA-mediated inhibition of M| microglial phenotype in the periischemic areas. (A) Immunofluorescence staining showed co-
expression of iINOS (red) and microglia (green, Iba 1) in the periischemic cortex (n=5, white arrows indicate M| (») microglia. Scale bar = 50 pm). (B) Pro-inflammatory
genes mRNA expression were measured with RT-qPCR at 72 h reperfusion in the periischemic cortex. The graph shows the relative mRNA levels after normalization to the
housekeeping gene p-actin. (C) iINOS+/Iba+cell counts were expressed as number/mm?. All values are presented as the means + SEMs. **p<0.01 and ##p<0.001 vs the

MCAOIR group. %p<0.05 and *p<0.05 vs the MCAO/R +EA group.

neuronal CYLD was essential for EA-induced modulation
of neuronal-microglial crosstalk (CX3CL1/CX3CRI1 axis)
and inhibited NLRP3 activation in the border of the
ischemic cortex after ischemic stroke.

Discussion

CYLD is a member of the deubiquitinase (DUB) family
that negatively regulates inflammatory injury.”'~">° In
our previous study, we demonstrated that CYLD was
mainly expressed in the cytoplasm of cortical neurons in
periischemic areas during the acute stage of focal cerebral
ischemia/reperfusion.”’” Moreover, we found that CYLD
overexpression inhibited microglial activation and proin-
flammatory cytokines in periischemic areas.”’ Here, we
further report that CYLD not only regulates microglial

polarization but is also essential for EA-mediated

neuroprotection and anti-inflammatory effects via the
NLRP3 inflammasome and CX3CL1/CX3CR1 axis after
focal cerebral ischemia/reperfusion in rats.
Neuroinflammation exerts beneficial or detrimental
impacts on brain tissues after ischemic stroke.**™*
Microglia play a critical role as a double-edged sword in
neurological recovery after ischemic stroke.>** M1
microglia secrete the proinflammatory cytokines TNF-a
and IL-1B, which accelerate NF-kB-induced NLRP3
inflammasome activation.*® The M2 phenotype releases
IL-4 and IL-10 to reduce inflammation. M1-type micro-
glia, which are detrimental to brain tissues, are predomi-
nant in the periischemic areas during the first week.
Therefore, it is essential to reduce inflammatory injury in
the border of ischemic areas during the acute stage. Zinc
inhibits  LPS-induced

inflammatory  responses by
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Figure 7 CYLD silencing partially weakens EA-mediated modulation of the CX3CLI/CX3CRI axis and NLRP3 activation after 72 h reperfusion. (A) CX3CLI*/CX3CRI*
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upregulating expression of A20, which also belongs to the
DUB family, in microglial BV2 cells.*’ Ubiquitin-specific
protease 18 (USP18) overexpression protects against focal
cerebral ischemia injury in mice by suppressing microglial
activation.*® A recent study demonstrated that downregu-
lation of ubiquitin-specific protease 4 (USP4) expression
could promote microglial activation and subsequent neu-
ronal inflammation in rat spinal cord injury.* A series of
studies was conducted to examine the anti-inflammatory
effects of DUBs against microglial activation after
ischemic damage. However, there have been few reports
about the effect of CYLD on microglial polarization in the
brain after ischemic stroke. We found that CYLD over-
expression may hinder microglial activation. In addition,
our results showed that CYLD overexpression not only
promoted microglial M2 polarization but also definitively
inhibited the expression of proinflammatory (M1) genes
after 72 h of reperfusion. Therefore, we suggest that neu-
ronal CYLD may be a promising potential therapeutic
target for the regulation of microglial polarization in the
acute stage of ischemic brain injury. However, the under-
lying mechanism is not clear. Emerging evidence has
suggested that NLRP3 inflammasome activation, which
is involved in microglial polarization, requires NF-
«B-mediated NLRP3 activation.’®>> In our previous
study, we demonstrated that CYLD could negatively reg-
ulate the NF-xB signaling pathway.”’ A recent report
showed that CYLD deficiency in macrophages profoundly
promoted IL-1P secretion, active caspase-1 generation,
apoptosis-associated speck-like protein containing speck
(ASC) formation, and pyroptotic cell death in response to
canonical activation of the NLRP3 inflammasome in
a peritonitis mouse model.>* Consistent with these studies,

our results showed that CYLD overexpression inhibited
NLRP3 inflammasome-induced microglia in an ischemic
stroke rat model. CYLD protein exerts its downregulating
effects through interaction with SPATA2.>> SPATA2
recruits CYLD to the linear ubiquitin chain assembly
complex (LUBAC) to deconjugate K63-linked polyubiqui-
tin chains from RIP1 and IKKY, thereby preventing phos-
phorylation of IkB and subsequent NF-«kB activation.”®’
However, it is likely that CYLD overexpression inhibits
neuroinflammation if excessively regulated.®® Thus, we
hypothesize that moderate regulation must occur, depend-
ing on the accurate recruitment of SPATA2. We first
reported the lowest expression at 24 h of reperfusion
after ischemic stroke in a previous study. It is not sufficient
to depend on endogenous CYLD protein during the acute
stage of ischemic stroke. Interestingly, we demonstrated
that EA could increase neuronal CYLD protein expression
in the ischemic cortical border region from 24 h to 72 h of
reperfusion.

EA has been reported to regulate M1/M2 microglial
polarization and decrease AP plaques to improve learning
and memory at the Shenting and Baihui acupoints in mild
Alzheimer’s disease (AD) mice.”® In addition, EA
improved learning and memory abilities and protected
neurons by upregulating Triggering receptor expressed on
myeloid cells 2 (TREM2) expression in the hippocampus,
which was essential for the anti-inflammatory effects in
an AD animal model.® EA administration at Baihui (GV
20) and Dazhui (GV 14) attenuated neuroinflammation
after ischemic stroke by inhibiting NF-kB-mediated acti-
vation of M1 microglia.®® We observed not only improved
mRNA expression of anti-inflammatory genes and num-
bers of CD206-positive microglia but also decreased
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mRNA expression of proinflammatory genes and numbers  the impact of EA on improving the M2 phenotype and
of iNOS-positive microglia after EA treatment at 72 h of  inhibiting pro-inflammatory genes (M1-like phenotype). In

reperfusion. However, CYLD silencing partially weakened  this study, we suggest that CYLD is essential for EA-
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mediated suppression of M1 microglia and a shift in M1
microglia towards the M2 anti-inflammatory phenotype.
Additionally, our data suggested that EA could inhibit
NLRP3 inflammasome activation by upregulating CYLD
after 72 h of reperfusion.

Interaction between neurons and microglia is essential
for neuroinflammation. The CX3CL1/CX3CRI1 axis is
a well-known bridge in neuron-microglia crosstalk in the
CNS.°! Recently, a number of studies have demonstrated
that CX3CL1 has dual impacts on neurons, producing
beneficial and detrimental effects.'® Liu et al established
a bilateral common carotid artery stenosis (BCAS) model
in mice and showed that exogenous CX3CLI1 increased
expression of TNF-a and IL-1B, which play detrimental
roles in the ischemic brain via the p38 MAPK/PKC sig-
naling pathway.®” More interestingly, we demonstrated
that EA increased the number of CX3CL1-positive neuro-
nal cells and CX3CL1 protein expression by upregulating
CYLD in periischemic cortices after 72 h reperfusion.
CYLD silencing partially weakened the effect of EA on
improving neuronal CX3CL1 protein expression. Joanna
et al showed that CX3CL1 administration exhibited anti-
inflammatory effects, mainly in the frontal cortex of adult
prenatally stressed rats, which was related to inhibition of
the NLRP3 inflammasome.®® He et al found that ischemia-
induced neuronal autophagy facilitated microglial inflam-
matory injury after ischemic stroke, and the efficacy of this
process may be associated with downregulated CX3CL1
expression on autophagic neurons.®* Thus, we hypothesize
that EA exerts anti-inflammatory effects on ischemic
stroke through the CYLD/CX3CL1/NLRP3 inflammasome
circuit. Emerging evidence suggests that CX3CRI1 plays
a harmful role in the ischemic brain.'""'> Recent studies
have shown that CX3CR1-deficient mice show reductions
in infarct size and neuronal death in the MCAO model.®’
CX3CRI1-deficient rats exhibit protection of neurological
function after spinal cord injury.®® We report that EA
inhibited CX3CRI1 protein expression by increasing
CYLD protein expression. Thus, we suggest that EA
may regulate the interaction between neurons and micro-
glia by modulating the CX3CL1/CX3CR1 axis. To date,
the effect of the CX3CL1/CX3CR1 signaling pathway has
been elusive.

The neuroprotective or deleterious effect of CX3CL1
depends on the activation state of microglia in the dif-
ferent stages of acute and chronic ischemic stroke.
Increasing evidence demonstrates that metabolic repro-
gramming plays an important role in the regulation of

the innate inflammatory response after the ischemic
stroke.'> A recent study indicated polarization toward
a proinflammatory phenotype microglia to change from
oxidative phosphorylation to anaerobic glycolysis, lead-
(ATP)
induces a metabolic

increased adenosine
Indeed, CX3CLI1
switch toward oxidative metabolism
the beneficial
inflammatory microglia.'> We speculate that the effect

ing to triphosphate
production.®’
in microglia,
which accommodates role of anti-
of EA on microglia polarization might be based on
modification of metabolic functions via the CYLD/
CX3CLI/CX3CR1
addressed in future studies.

How CYLD

mediated inflammatory injury at the ubiquitination level

axis, some of which could be

overexpression reduced microglia-
was not explored in the current study. K63-linked ubiqui-
tylation is a crucial posttranslational modification in
inflammation. The CYLD protein exerts its neuroprotec-
tive effects via interaction with SPATA2. SPATA2 recruits
CYLD to LUBAC to deconjugate K63-linked polyubiqui-
tin chains. The LUBAC complex is composed of longer
isoforms of heme-oxidized iron-regulatory protein 2 ubi-
quitin ligase-1 (HOIL-1), HOIL-1 interacting protein
(HOIP), and SHANK-associated RH domain-interacting
protein (SHARPIN) and is critical in the assembly of
ubiquitin chains.’®>” We hypothesize that moderate and
accurate regulation must occur based on the SPATA2/
LUBAC/CYLD circuit. Thus, some issues remain to be
could be addressed via future

elaborated and

investigations.

Conclusion

Thus, neuronal CYLD plays neuroprotective and anti-
inflammatory roles in periischemic areas during the acute
stage of focal cerebral ischemia/reperfusion in rats. In
addition, upregulating neuronal CYLD expression by EA
may increase neuronal CX3CL1 expression and decrease
microglial CX3CR1 expression and the NLRP3 inflamma-
some, thereby inhibiting M1 microglial activation and
shifting microglia towards the M2 phenotype in periis-
chemic areas.
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