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miR-223 ameliorates thalamus hemorrhage-induced central
poststroke pain via targeting NLRP3 in a mouse model
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Abstract. Central poststroke pain (CPSP) is a central neuro-
pathic pain syndrome that occurs following a stroke and
mainly manifests as pain and paresthesia in the body region
corresponding to the brain injury area. At present, due to the
lack of clinical attention given to CPSP, patients suffer from
long-term pain that seriously affects their quality of life.
Current literature indicates that microRNA (miR)-223 can
impede inflammation and prevent collateral damage. The
NLR family pyrin domain containing 3 (NLRP3) inflamma-
some induces IL-18 and IL-1f secretion and maturation and
participates in the inflammatory response. Previous evidence
has confirmed that miR-223 can negatively regulate NLRP3 in
the development of inflammatory responses. However, whether
the miR-223 targeting of NLRP3 is involved in CPSP remains
unclear. In the present study, the expression of miR-223 was
detected by reverse transcription-quantitative PCR analysis.
The expression levels of NLRP3, caspase-1, ASC, IL-18, IL-1p,
ERK1/2, p-ERK1/2 and GFAP were detected by western blot
analysis. The results demonstrated that thalamic hemorrhagic
stroke triggered by microinjection of collagenase IV (Coll IV)
into the ventral posterior lateral (VPL) nucleus results in
pain hypersensitivity. miR-223 expression level were signifi-
cantly reduced in the CPSP model. The expression levels of
NLRP3, caspase-1, ASC, IL-18 and IL-1p3 were significantly
increased in the CPSP model. The expression level of GFAP
was detected to determine astrocyte activation. The results
demonstrated that astrocyte activation induced by Coll IV
produced a CPSP model. The p-ERK1/2 expression level
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was demonstrated to be significantly increased in the CPSP
model. The introduction of an miR-223 agomir significantly
attenuated thalamic pain and significantly decreased the levels
of NLRP3, caspase-1, ASC and proinflammatory cytokines
(IL-18 and IL-1B). Furthermore, introducing a miR-223
antagomir into the VPL nucleus of naive mice mimicked
thalamic pain and significantly increased the levels of NLRP3,
caspase-1, ASC and proinflammatory cytokine levels (IL-18
and IL-1p). These results indicated that miR-223 inhibited
NLRP3 inflammasome activity (caspase-1, NLRP3 and ASC),
which ameliorated thalamus hemorrhage-induced CPSP in
mice via NLRP3 downregulation. In conclusion, these results
may determine the mechanisms underlying CPSP and facili-
tate development of targeted therapy for CPSP.

Introduction

Stroke is among the most important diseases that endanger
human life and health in the world today, which affects
15 million people per year in the world, causing 5 million
deaths and 5 million cases of disability (1). Stroke is the number
one cause of death in China, with an increasing incidence of
8.7%/year and direct economic losses of more than CN¥100
billion annually (2-4). Central poststroke pain (CPSP) occurs
after ischemic or hemorrhagic stroke and is lesion-related, with
continuous or intermittent pain accompanied by paresthesia.
CPSP is one of the central neuropathic pain syndromes and
one of the severe sequelae of stroke (5). While epidemiologic
reports have revealed that hemorrhagic strokes represent only
8-18% of all strokes, they contribute to higher mortality rates
than ischemic stroke (6). Approximately 8-14% of patients who
have experiences a stroke suffer from CPSP, particularly after
hemorrhagic stroke (7). At present, there is a significant lack of
understanding of the pathogenesis of CPSP (8). Understanding
the underlying mechanism of hemorrhagic-induced thalamic
pain could offer new approaches for managing this disorder.
The inflammasome is a complex composed of multiple
proteins, mainly consisting of caspase-1, apoptosis-associated
speck-like protein containing a CARD (ASC) and NOD-like
receptor (NLR). The inflammasome regulates the body's innate
immune system and senses microorganisms, metabolites and
stress responses (9). At present, the NLR family pyrin domain
containing 3 (NLRP3) inflammasome, which is present in the
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cytoplasm and can detect and recognize intracellular microbial
infection or sterile inflammation caused by other molecules,
is the most thoroughly studied inflammasome (10). A large
number of endogenous and exogenous substances can cause
NLRP3 inflammasome oligomerization and caspase-1 activa-
tion, which therefore stimulates the secretion and maturation
of IL-18 and IL-1f that participate in the regulation of the
body's inflammatory response (11). Over the past few years,
the association between the inflammasome and pain related
to the production of proinflammatory cytokines has received
increasing attention from the medical community. Previous
studies have suggested that inflammasome dysfunction is
closely related to complex regional pain syndromes (12),
inflammatory headaches (13), gouty arthritis (14), lumbar disc
herniation (15) and spinal cord pain (16).

MicroRNAs (miRNAs/miRs) are endogenous small
noncoding RNAs with a size of ~22 nucleotides. miRNAs serve
important roles in essential biological activities, including cell
proliferation, differentiation and apoptosis, and can be paired
with the 3'untranslated region (UTR) of mRNA target genes to
negatively regulate the transcription process (17). Cumulative
evidence suggests that the expression of a considerable number
of miRNAs in the nervous system is differentially regulated
during the development of neuropathic pain (18,19).

miR-223 is most highly expressed in bone marrow cells
and negatively expressed in several illnesses, including
inflammation, lymphoma, leukemia, influenza and hepa-
titis B (20). Previously, studies have reported that miR-223
can impede inflammation to prevent collateral impair-
ment (21,22). Moreover, NLRP3 mRNA is a confirmed target
of miR-223 (23). One study demonstrated that miR-223 can
negatively target NLRP3, which stimulates the production of
specific macrophages, and miR-223 is currently considered
a regulatory molecule that participates in the development
of inflammatory responses (24). However, none of the afore-
mentioned previous studies have discussed whether miR-223
targeting of NLRP3 is involved in CPSP.

In the present study, the function of miR-223 in thalamic
hemorrhage-induced CPSP processing in the central nervous
system (CNS) was investigated. Furthermore, to provide
innovative insight into the molecular mechanisms of CPSP,
whether miR-223 directly interacts with and regulates NLRP3
inflammasome expression was further explored.

Materials and methods

Animals. The research protocol and animal experiments
were approved by the Animal Care and Use Committee of
the Medical College of Yangzhou University (Yangzhou,
China; approval no. SYXK2017-0044) and conformed to
the standards for animal use and care formulated by the
Government of China (25). All experiments were carried out
according to the protocol of the International Association
for Pain Research (26). A total of 148 CDI1 male mice (age,
~T7-8 weeks,weight, ~25-30 g) were purchased from the
Comparative Medical Center of Yangzhou University. All
the mice were held in captivity in animal facilities and were
maintained under a basic cycle of 12-h light/dark cycles,
temperature (23+1°C) and humidity (50+5%) with free access
to food and water. Appropriate efforts were made to minimize

suffering and only a small number of animals were used.
To reduce variability within and between individuals in the
measurement of behavior outcomes, the mice were trained to
perform the behavioral test for 1-2 days before the experiment.
For the behavioral tests, the experimenter did not know the
treatment conditions. After the experiment, the animals were
euthanized. Euthanasia was performed by cervical dislocation.

Hemorrhage-induced thalamic pain model. Isoflurane
(5% induction; 2% maintenance) was administered to anesthe-
tize the mice, which were then laid in a stereotactic frame.
Collagenase IV (Coll I'V; 0.01 U/10 nl, dissolved in saline solu-
tion; Sigma-Aldrich; Merck KGaA) was injected into the right
ventral posterior medial (VPM) and ventral posterior lateral
(VPL) nuclei of the thalamus (3.01-4.25 mm on the ventral side
of the skull surface, posterior 1.30-1.95 mm on the lateral side
of the midline and anterior-posterior to bregma 0.82-2.30 mm)
under the guidance of stereotactic orientation (27) using a
glass micropipette. The sham operation cohort was injected
with 10 nl sterile physiological saline. Following administra-
tion, the glass micropipette was held in position for 10 min to
enable the Coll IV to fully disperse and then the glass micro-
pipette was gradually removed. Following microinjection,
iodophor and sterile saline were used to perfuse the surgical
area, which was later stitched with a wound clip.

NLRP3-small interfering (si)RNA microinjection. A total of
2 ul NLRP3-siRNA (160 uM; 5'-GTACTTAAATCGTGA
AACA -3'; Guangzhou RiboBio Co., Ltd.) solution was diluted
using 1 pl sterile 20% glucose solution (4X), mixed gently and
spun down briefly. Subsequently, 1 ul of TurboFect In vivo
Transfection Reagent (Thermo Fisher Scientific, Inc.) was
added to the diluted NLRP3-siRNA solution and mixed imme-
diately by pipetting. The sample was incubated for 15-20 min
at room temperature and then incubated on ice. The mixed
NLRP3-siRNA sample (500 nl; 20 #M) was microinjected
into the VPM/VPL nuclei of the thalamus with a glass micro-
pipette connected to a microsyringe pump, as aforementioned.
Sequences for NLRP3-siRNA and the corresponding negative
control are presented in Table I.

miR-223 agomir and antagomir microinjection. CY 09
(Bio-Techne), was used to determine whether thalamic pain
mimicked by the miR-223 antagomir could be rescued and
to offer a reference for the treatment of thalamic pain. CY 09
(10 mg/kg) or vehicle (equal volume of saline) was pre-admin-
istered via the tail vein 30 min before microinjection of
miR-223 antagomir into the unilateral thalamus. Subsequently,
CY 09 (10 mg/kg) or vehicle was administered via the tail vein
every day until day 7. miR-223 agomir (5'-UGUCAGUUU
GUCAAAUACCCCA-3") and its scrambled negative control
(5'-UCGUUUUUACACGAUCACGGUUU-3"), and miR-223
antagomir (5'-UGGGGUAUUUGACAAACUGACA-3') and
its scrambled negative control (5'-GAUCCUCGGUCCUAG
UAGUUA-3'") were synthesized by Shanghai GenePharma Co.,
Ltd. Prior to thalamus microinjection, the samples were mixed
with Invivofectamine® 3.0 Reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). The mixed miR-223 agomir, antagomir or
control samples (500 nl; 20 xM) were introduced into the
thalamus using a glass micropipette linked to a microsyringe
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Table I. Sequences for NLRP3-siRNA and the corresponding
negative control.
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Table II. Sequence of primers (mouse) used for reverse
transcription-quantitative PCR.

Gene Sequence (5'-3") Gene Sequence (5'-3")

NLRP3- F: CCUGGAAGACAUAGACUUUTT U6 F: GCTTCGGCAGCACATATACTAAAAT
siRNA R: AAAGUCUAUGUCUUCCAGGTT R: CGCTTCACGAATTTGCGTGTCAT
Negative F: UUCUCCGAACGUGUCACGUTT miR-223 F: CGCTCCGTGTATTTGACAAGC
control- R: ACGUGACACGUUCGGAGAATT R: AGCCACACTTGGGGTATTTGA
siRNA

NLRP3, NLR family pyrin domain containing 3; siRNA, small inter-
fering RNA; F, forward; R, reverse.

pump. The micropipette was detached 10 min after adminis-
tration. The surgical area was washed using sterile saline and
the cut was stitched.

Behavioral tests. Pain behavior tests, including cold, thermal
and mechanical tests, were performed. First, the claw with-
drawal frequency in response to mechanical stimulation was
assessed as previously described (28). In brief, the mice were
kept alone in a plexiglass compartment on a raised screen and
allowed to adapt for 30 min. Two-adjusted von Frey filaments
(calibrated at 0.07 and 0.4 g; Stoelting Co.) were utilized
to rouse the hind paw for ~1-2 sec and this was repetitively
performed 10 times at an interval of 5 min between the two
hind paws. Quick withdrawal of the claws was regarded as
a positive response. The withdrawal response of the claw
for each of the 10 stimuli was quantified as a percentage of
response frequency: (Sum of claw withdrawal times/10 trials)
x100% = response frequency.

Subsequently, an Analgesia Meter (model, 336; IITC
Life Science Inc.) was used to assess claw retraction latency
to heat as previously described (28-31). In brief, mice were
kept in a Plexiglas compartment on a glass plate. The beam
radiated from the lightbox and spread to the midpoint of the
sole surface of each of the hind paws. Rapid lifting of the rear
claw was considered a gesture for turning off the light. The
duration of illumination beam time was considered the claw
latency time. In each case, five replicates were conducted with
an interval of 5 min. A 20 sec stoppage time was utilized to
prevent tissue damage.

Finally, the claw withdrawal latency for harmful cold
(0°C) was measured utilizing a cold aluminum plate as previ-
ously described (28-31). In brief, each mouse was kept in a
Plexiglas compartment on a flat plate and the temperature
was continuously monitored using a thermometer. The time
interval between placement and the mouse jump sign was
considered to be the claw jump delay. Because over time, mice
gradually tolerate cold stimulation, each of the experiments
was replicated in triplicate at 10-min intervals, as previously
described (32). A 20 sec stoppage time was utilized to prevent
tissue damage.

At 30 min post-completion of the pain behavior tests, the
motor function test was performed, investigating placement,
grip and righting reflex, as described previously (23). For
placement reflexes, the hind legs were placed somewhat lower

miR, microRNA; F, forward; R, reverse.

than the forelimbs, while the back of the hind paws touched
the periphery of the bench. Then, whether the rear paw was
reflexively positioned on the desktop was recorded. For grip
reflex, the animal was laid on a wire grill and whether the
hind claw grasped the line was noted. The animal was laid on
his back on a horizontal plane for the righting reflex to record
whether the mouse could instantly turn to the correct upright
position. All the tests were replicated five times at 5-min inter-
vals and the results were logged by computing the number of
regular reflex actions/test.

Reverse transcription-quantitative PCR (RT-gPCR). For
RT-gPCR, total RNA was extracted from the thalamus using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,Inc.) and
RT was performed using ThermoScript Reverse Transcriptase
(Thermo Fisher Scientific, Inc.). RT was performed in accor-
dance with previously published reports (33,34). Amplification
of the template (4 pl) was performed via qPCR. Each sample
was run in triplicate in a 20 u reaction with 250 nM forward
and reverse primers, 10 ul SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad Laboratories), and 20 ng cDNA.
PCR reactions were performed with an initial 3-min incuba-
tion at 95°C, followed by 40 cycles at 95°C for 10 sec, 60°C
for 30 sec, and 72°C for 30 sec in a Bio-Rad CFX96 real-time
PCR system. The primers are presented in Table II. U6 was
employed as an internal control for normalization. Three
samples of 20 ul each were analyzed. A 7500 Fast Real-Time
PCR Detection System (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used to perform gPCR. The 2244 method
was used to quantify expression levels (35).

Western blotting. Western blotting was performed as previously
reported (33,34,36). Briefly, following protein concentration
quantification by BCA assay, tissue from the thalamus were
homogenized with ice-cold lysis buffer (10 mM Tris, 5 mM
EGTA, 0.5% Triton X-100, 2 mM benzamidine, 0.1 mM
phenylmethylsulfonyl fluoride, 40 uM leupeptin, 150 mM
NaCl). The crude homogenate was centrifuged at 4°C for
15 min at 1,000 g. The supernatants were collected for cyto-
plasmic protein detection. The pellets were further sonicated
and dissolved in nucleus-soluble ice-cold buffer (1 M Tris-HCI,
1% SDS, and 0.1% Triton X-100). After the protein concentra-
tion was measured, total protein was heated for 5 min at 99°C.
Subsequently, SDS-PAGE using a 10% gel was performed to
separate proteins, with 30 mg protein/well. Separated proteins
were transferred to a PVDF membrane via wet transfer. The
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membrane was blocked with 5% skimmed milk in TBS with
0.1% Tween-20 for 1 h. Subsequently, membranes were incu-
bated overnight at 4°C with the following primary antibodies:
rabbit anti-caspase-1 (1:1,000; Cell Signaling Technology,
Inc. cat. no. 24232), rabbit anti-ASC (1:1,000; Cell Signaling
Technology, Inc.; cat. no. 67824), rabbit anti-NLRP3 (1:1,000;
Cell Signaling Technology, Inc. cat.no. 15101), rabbit anti-IL-18
(1:1,000; Abcam; cat. no. ab243091), mouse anti-IL-1
(1:1,000; Cell Signaling Technology, Inc. cat. no. 63124),
rabbit anti-phosphorylated (p)-ERK1/2 (1:2,000; Cell
Signaling Technology, Inc. cat. no. 4370), rabbit anti-ERK1/2
(1:2,000; Cell Signaling Technology, Inc. cat. no. 4695),
rabbit anti-GAPDH (1:5,000; Cell Signaling Technology, Inc.
cat. no. 2118) and mouse anti-glial fibrillary acidic protein
(GFAP; 1:2,000; Cell Signaling Technology, Inc. cat. no. 3670).
Following the primary incubation membranes were incubated
with goat HRP-conjugated anti-rabbit or anti-mouse anti-
body (1:3,000; Jackson ImmunoResearch Laboratories, Inc.
cat.nos. 115-005-003, 111-005-003). TBS with 0.1% Tween-20
was used as washing reagent. The secondary antibody was
incubated for 1-2 h at room temperature. Proteins were visu-
alized using western peroxide reagent, Clarity Western ECL
Substrate (Bio-Rad Laboratories, Inc.) and a ChemiDoc XRS
system (Bio-Rad Laboratories, Inc.) with Image Lab 4.0 soft-
ware (Bio-rad Laboratories, Inc.). Semi-quantification of band
density was performed using ImageJ 1.8 software (National
Institutes of Health).

Dual-luciferase reporter assay. The possible binding site
between NLRP3 and miR-223 was identified using the
online forecasting software TargetScan 7.2 (http://www.
targetscan.org/mmu_72/). PC-12 cells were cultured with
high-glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.)
containing 5% FBS (Gibco; Thermo Fisher Scientific, inc.)
and 1% gentamicin (Gibco; Thermo Fisher Scientific, Inc.).
Cells were incubated at 37°C with 5% CO,. PC-12 cells with
a fusion rate of 60-70% were transfected with a luciferase
reporter plasmid and miR-223 agomir or negative control
(agomir scramble) (both Shanghai GenePharma Co., Ltd.). A
plasmid vector encoding a mutant locus of NLRP3 (NLRP3
mut) for miR-223 binding and a plasmid vector encoding the
wild-type locus of NLRP3 (NLRP3 wt) for miR-223 binding
were designed and constructed. The NLRP3-3'-UTR primer
sequences were synthesized by Shanghai GenePharma Co.,
Ltd. and are presented in Table III. Following sequence
verification by Sanger sequencing, PC-12 cells were co-trans-
fected with the NLRP3 mut plasmid (80 ng) or NLRP3 wt
plasmid and the miR-223 agomir or negative control using
Lipofectamine 2000® (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. Luciferase
activity was quantified as the ratio of firefly to Renilla lucif-
erase activity, which was evaluated using a Luciferase Assay
System (Promega Corporation) following 48 h of transfection.
The relative luciferase activity is presented as the ratio of the
assessed luciferase activity to that of the Renilla control.

Statistical analysis. The mice were randomly allocated to
different experimental cohorts. Data are presented as the
mean + SD. One-way ANOVA and two-way ANOVA were used
to statistically compare the data. If the ANOVA results revealed

Table III. Sequences of primers for NLRP3-3'UTR for the
dual-luciferase reporter assay.

Primer Sequence (5'-3")
Forward ACCTCAACAGTCGCTACACG
Reverse TAGACTCCTTGGCGTCCTGA

NLRP3, NLR family pyrin domain containing 3.

significant differences, paired comparisons between the mean
values were assessed using Tukey's post hoc test. All data were
analyzed using SigmaPlot 12.5 (Systat Software, Inc.). P<0.05
was considered to indicate a statistically significant difference.

Results

miR-223 expressionlevelsdecreaseand NLRP3/ASC/caspase-1
protein expression levels increase following Coll IV-induced
thalamic pain. Following the establishment of the hemor-
rhage-induced thalamic pain model, the results demonstrated
that the hemorrhage was localized predominantly around the
VPL and VPM of the thalamus, without extending into the
internal capsule. No bleeding was observed in other brain
regions following microinjection of Coll IV at the dose and
volume used. As expected, microinjection of saline into the
thalamus did not result in significant bleeding and a normal
thalamic structure was exhibited.

Thalamus hemorrhage mice displayed intense and persistent
abnormal mechanical pain, hyperalgesia and abnormal cold
contralateral pain. The claw retraction frequency using 0.07 g
and 0.4 g von Frey filaments (Fig. 1A and B) increased signifi-
cantly compared with the saline control. Moreover, the claw
retraction latency for heat (Fig. 1C) and cold (Fig. 1D) stimula-
tion decreased significantly on the contralateral side following
Coll IV microinjection into the thalamus compared with the
saline control. These pain reactions occurred 1 day following
microinjection and lasted for a minimum of 14 days following
Coll IV microinjection. Saline microinjection had no effect on
the frequency or latency of contralateral base claw contraction.
Furthermore, neither Coll IV nor saline microinjection changed
the frequency or latency of ipsilateral claw retraction (Fig. 1E-G).

Subsequently, whether miR-223 and NLRP3
inflammasome proteins were altered in the thalamus following
hemorrhage-induced thalamic pain was investigated. In mice,
hemorrhage-induced thalamic pain time-dependently induced
a significant reduction in miR-223 expression levels (Fig. 1H)
and a significant increase in NLRP3/ASC/caspase-1 protein
expression levels (Fig. 11I-L) in the thalamus on the ipsilateral
side of mice that received Coll IV compared with the saline
group. Therefore, miR-223 expression levels decrease and
NLRP3/ASC/caspase-1 protein expression levels increase
following Coll I'V-induced thalamic pain.

NLRP3-siRNA microinjection attenuates Coll IV-induced
thalamic pain. Subsequently, whether NLRP3-siRNA
microinjection into the ipsilateral thalamus could attenuate
thalamus hemorrhage-induced pain was investigated. siRNA
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microinjection was performed 3 days prior to saline or Coll IV
microinjection at the same coordinate points of the ipsilateral
thalamus. The results demonstrated that thermal hyperalgesia,
mechanical allodynia and cold allodynia significantly devel-
oped at day 1, 3 and 5 following Coll IV microinjection on
the contralateral side of the thalamus in Coll IV + scramble
group compared with the saline + siRNA group (Fig. 2A-D).
Pretreatment with NLRP3-siRNA via microinjection signifi-
cantly attenuated the increase in paw withdrawal frequency in
response to 0.07 g and 0.4 g von Frey filaments and reduced
the paw withdrawal latency to heat and cold at 1, 3 and 5 days
following Coll IV microinjection on the contralateral side in
the Coll IV + siRNA compared with the Coll IV + scramble
group. Moreover, microinjection of NLRP3-siRNA had no
effect on the basal PWF or PWL on the ipsilateral side in the
Coll IV + siRNA group (Fig. 2E-G) or on both the contralateral
and ipsilateral sides of the saline + siRNA group throughout
the experiment. Therefore, NLRP3-siRNA microinjection
attenuates Coll I'V-induced thalamic pain.

NLRP3-siRNA microinjection decreases NLRP3
inflammasome activation. Following the behavioral tests, brain
tissues were obtained for western blotting. The results demon-
strated that NLRP3/ASC/caspase-1 protein expression levels
in the ipsilateral thalamus were significantly elevated in the

Coll IV + scramble group compared with the saline + scramble
group (Fig. 3A). However, NLRP3/ASC/caspase-1 protein
expression levels were significantly reduced in the
Coll IV + siRNA group compared with the Coll IV + scramble
group.

Furthermore, the protein expression levels of the inflamma-
tory factors, IL-18 and IL-1f, in the ipsilateral thalamus were
investigated. The results demonstrated that IL-18 and IL-1f
protein expression levels were significantly elevated in the
Coll IV + scramble group compared with the saline + scramble
group (Fig. 3B). However, IL-1f and IL-18 protein expression
levels were significantly reduced in the Coll IV + siRNA group
compared with the Coll IV + scramble group.

The western blotting results also demonstrated that GFAP, a
marker for astrocyte hyperactivation, and p-ERK1/2, a marker
for central sensitization, were significantly elevated in the ipsi-
lateral thalamus in the Coll IV + scramble group compared
with the saline + scramble group (Fig. 3C). However, this was
significantly reversed in the Coll IV + siRNA group compared
with the Coll IV + scramble group. Therefore, NLRP3-siRNA
microinjection decreases NLRP3 inflammasome activation.

miR-223 agomir microinjection attenuates Coll IV-induced
thalamic pain. Subsequently, whether microinjection of
miR-223 agomir into the ipsilateral thalamus could attenuate
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thalamus hemorrhage-induced pain was examined. miR-223
agomir microinjection was performed 3 days prior to saline
or Coll IV microinjection at similar coordinate points of the
ipsilateral thalamus. The results demonstrated that thermal
hyperalgesia, mechanical allodynia and cold allodynia
significantly developed at day 1, 3 and 5 following Coll IV
microinjection on the contralateral side in the Coll IV + agomir
scramble group compared with the saline + agomir-scramble
group (Fig. 4A-D). Pre-administration of miR-223 agomir via
microinjection significantly attenuated the increase in PWF
in response to 0.07 g and 0.4 g von Frey filaments and the
reduction in PWL to heat and cold stimuli at day 1, 3 and 5,
in the Coll IV + miR-233 agomir group compared with the
Coll IV + agomir-scramble group. Furthermore, microinjec-
tion of the miR-223 agomir had no effect on the basal PWF and
PWL on the ipsilateral side in the Coll IV + miR-223 agomir
group (Fig. 4E-G), or on both the contralateral and ipsilateral
sides in the saline + miR-223 agomir group throughout the
experiments. Therefore, miR-223 agomir microinjection
attenuates Coll I'V-induced thalamic pain.

miR-223 reduces NLRP3 inflammasome activation by binding
to the NLRP3-3'-UTR. To examine the possible molecular
mechanism involved in miR-223 regulation of thalamic
pain, bioinformatic analysis was performed to identify
direct target genes of miR-223. The results indicated that the
NLRP3-3-UTR contained a conserved miR-223 binding site
and an RNA mutant sequence of the 3'-UTR of NLRP3 was
indicated in the alignment (Fig. 5A). The interplay between
the 3'-UTR of NLRP3 and miR-223 was confirmed by
co-transfecting PC-12 cells with the NLRP3 wt plasmid or
NLRP3 mut plasmid and miR-223 agomir or agomir scramble
using Lipofectamine 2000 transfection reagent. The results
from the dual-luciferase reporter assay indicated that miR-223

significantly reduced the luciferase activity of the wt 3'-UTR
compared with the miR-233 group but had no effect on the
mut 3'-UTR of NLRP3. These results therefore validated that
NLRP3 may be a target gene of miR-223 (Fig. 5B).
Moreover, the results demonstrated that miR-223 expression
levels were significantly lower in the agomir-scramble + Coll IV
group compared with the agomir-scramble + saline group
(Fig. 5C). Furthermore, miR-223 expression levels were
significantly elevated in the ipsilateral thalamus in both
the miR-223 agomir + Coll IV- or saline-treated cohort
compared with the agomir-scramble + Coll IV and
agomir-scramble + saline groups, respectively. Subsequently,
the protein expression levels of activated caspase-1, ASC
and NLRP3 in the thalamus of thalamic pain model mice,
pretreated with miR-223 agomir or agomir scramble on the
day 5 following surgery, were evaluated via western blotting.
The results demonstrated that caspase-1, ASC and NLRP3
protein expression levels were significantly increased in the
thalamus in the Coll IV + agomir-scramble group compared
to the saline + agomir scramble group (Fig. 5D). Moreover,
overexpression of miR-223 (Coll IV + agomir), compared
with the Coll IV + agomir-scramble group, significantly
reduced the caspase-1, ASC and NLRP3 protein expres-
sion levels in the thalamus. The IL-18 and IL-1p protein
expression levels in the thalamus were also assessed using
western blot analysis. The results demonstrated that the
protein expression levels of both cytokines were significantly
elevated in the Coll IV + agomir-scramble group compared
with the saline + agomir-scramble group (Fig. SE). However,
IL-18 and IL-1f protein expression levels were significantly
reduced in the Coll IV + agomir group compared to the
Coll IV + agomir-scramble group. These results were further
verified by the interplay between NLRP33 and miR-223,
which illustrated that miR-223 may negatively regulate
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NLRP3 expression and thereby inhibit inflammatory activity
(caspase-1, ASC and NLRP3) and cytokine maturation.

It was also demonstrated that GFAP and p-ERK1/2
protein expression levels were significantly higher in
the Coll IV + agomir-scramble group compared with
saline + agomir-scramble group (Fig. 5F). However, the high
expression levels of GFAP and p-ERK1/2 were significantly
reversed by miR-223 overexpression in the Coll IV + agomir
group compared with the Coll IV + agomir-scramble group.
These findings indicated that miR-223 may negatively regulate
central sensitization and astrocyte hyperactivation. Therefore,
miR-223 reduces NLRP3 inflammasome activation by binding
to the NLRP3-3'-UTR.

miR-223 antagomir mimics thalamic pain and activates
the NLRP3 inflammasome. It was then determined whether
mimicking thalamic pain through a decrease in miR-223 via
microinjection of the miR-223 antagomir into the unilateral
thalamus altered the nociceptive thresholds in naive mice.
The results demonstrated that miR-223 expression levels in
the microinjected thalamus from miR-223 antagomir-injected
mice were significantly decreased compared with

naive + antagomir scramble group (Fig. 6H). Microinjection
of miR-223 antagomir, but not scramble antagomir, produced
significantly augmented paw withdrawal responses to
cold, heat and mechanical stimuli on the contralateral side
compared with the naive group (Fig. 6A-D). On the ipsilateral
side, the basal paw withdrawal responses did not changed
in either the miR-223 antagomir-microinjected or scramble
antagomir-microinjected mice (Fig. 6E-G).

The results also demonstrated that the NLRP3
inflammasome was activated, with significantly elevated
NLRP3/ASC/caspase-1 protein expression levels in the
miR-223 antagomir-microinjected compared with the naive
group, but not in the antagomir scramble-microinjected
mice (Fig. 61). Furthermore, the 1L-18 and IL-1f protein
expression levels were significantly increased in the
miR-223 antagomir-microinjected mice compared with
the scramble-microinjected mice (Fig. 6J). p-ERK1/2 and
GFAP protein expression levels were also demonstrated to be
significantly upregulated following miR-223 antagomir micro-
injection into the thalamus compared with the naive group
(Fig. 6K). Therefore, miR-223 antagomir mimics thalamic
pain and activates the NLRP3 inflammasome.
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Mimicked thalamic pain induced by the miR-223 antagomir is
rescued by an NLRP3 inflammasome inhibitor. In the present
study it had been demonstrated that miR-223 targeted the
NLRP33'-UTR and negatively regulated NLRP3. To determine
whether a decrease in miR-223 expression levels produced
thalamic pain by activating the NLRP3 inflammasome, a
specific NLRP3 inflammasome inhibitor (37). Vehicle pretreat-
ment 30 min before microinjection of miR-223 antagomir still
yielded significantly increased paw withdrawal responses to
cold, heat and mechanical stimuli on the contralateral side
compared with the naive group (Fig. 7A-D). However, this
behavioral change was significantly reversed following CY 09
administration when compared with the naive + miR-223
antagomir + vehicle group. These results suggested that CY 09

pretreatment 30 min before miR-223 antagomir microinjec-
tion significantly attenuated paw withdrawal responses to cold,
heat and mechanical stimuli on the contralateral side. On the
ipsilateral side, the basal paw withdrawal responses did not
change in any cohort (Fig. 7E-G).

Subsequently, whether CY 09 could influence the IL-18,
IL-1p, GFAP and p-ERK1/2 protein expression levels was
investigated. The results first determined that miR-223 expres-
sion levels were significantly reduced in the miR-223 antagomir
microinjection groups, compared with the naive group, but not
in the antagomir scramble microinjection cohorts. Moreover,
CY 09 did not affect the expression of miR-223 (Fig. 8A). It was
demonstrated that in the miR-223 antagomir mimic thalamic
pain groups, IL-18 and IL-1f protein expression levels were
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Figure 7. NLRP3 inflammasome inhibitor rescues miR-223 antagomir-induced thalamic pain in naive mice. Tail vein injection of CY 09 (10 mg/kg) signifi-
cantly attenuated the increase in paw withdrawal frequency in response to (A) 0.07 g and (B) 0.4 g von Frey filaments and the decrease in paw withdrawal
latency to (C) thermal and (D) cold stimuli on day 3, 5 and 7 on the contralateral side. (E-G) Injection of CY 09 or vehicle did not cause behavioral changes on
the ipsilateral side. n=8 mice/group. "P<0.05 vs. naive group at the corresponding time points; “P<0.05 vs. naive + miR-223 antagomir + vehicle group at the
corresponding time points. NLRP3, NLR family pyrin domain containing 3; miR, microRNA.

significantly reduced with CY 09 pretreatment compared to
vehicle + miR-233 antagomir group (Fig. 8B). These results
suggested that CY 09 may specifically inhibit inflammasome
activity and subsequently reduce IL-18 and IL-1f protein
expression levels. Furthermore, it was determined that GFAP
and p-ERK1/2 protein expression levels were also consider-
ably reduced in the miR-223 antagomir + CY 09 pretreatment
group compared with the miR-223 antagomir + vehicle
pretreatment group (Fig. 8C). These findings indicated that
activation of the NLRP3 inflammasome may contribute to
central sensitization and astrocyte hyperactivation. Therefore,
mimicked thalamic pain induced by the miR-223 antagomir is
rescued by an NLRP3 inflammasome inhibitor.

Discussion

Thalamic hemorrhagic stroke is a common cerebrovascular
event with severe consequences for CPSP patients (38).
Evidence has confirmed that inflammation and the immune
response participate in the pathophysiology of hemorrhagic
stroke and activated glial cells accumulate at the site of bleeding
injury (39). As a severe sequela of stroke, CPSP currently lacks
effective treatments due to its unknown mechanism. Therefore,
it is important to explore the underlying mechanism of CPSP.
In the present study, a CPSP model was induced by thalamic
hemorrhage using Coll IV injection with using the research
method from a previous study as reference (27). The results
demonstrated that thalamic hemorrhagic stroke, resulting from

microinjection of Coll IV into the VPL nucleus, led to pain
hypersensitivities, such as thermal hyperalgesia, mechanical
allodynia and cold allodynia in a mouse model, which may
imitate thalamic pain arising from hemorrhagic stroke in
the clinic. Comprehension of the underlying mechanism of
hemorrhage-induced thalamic pain allows for the development
of innovative therapeutic strategies for preventing and treating
the disease. The present study also indicated that astrocyte acti-
vation (detected via GFAP) may occur in the Coll IV-induced
CPSP model. The results demonstrated that miR-223 and the
NLRP3 inflammasome participated in the development of
thalamic hemorrhagic stroke-induced pain. miR-223 expression
levels were significantly decreased in the CPSP model, and
injection of a miR-223 agomir significantly attenuated thalamic
pain (including mechanical, thermal and cold sensitivity) and
significantly lowered proinflammatory cytokine (IL-18 and
IL-1p) protein expression levels. However, microinjection with
the miR-223 antagomir into the VPL nucleus of naive mice
mimicked thalamic pain and significantly increased proinflam-
matory cytokine (IL-18 and IL-1p) protein expression levels.
The present study also indicated that miR-223 may ease CPSP
by targeting the NLRP3 inflammasome signaling cascade.
Previous studies have reported that miRNAs have a vital
function in neuropathic pain (40-42). For example, miR-195
upregulation occurs in spinal microglia of rats with spinal
nerve ligation and exacerbates neuropathic pain by impeding
autophagy following peripheral nerve injury (43). However,
the role of miRNAs in CPSP are still unknown. miR-223 has
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Figure 8. CY 09 affects IL-18, IL-1f3, p-ERK1/2 and GFAP protein expression levels. (A) CY 09 injection caused no alterations in miR-223 expression levels.
CY 09 injection (B) significantly reduced IL-18 and IL-1f protein expression levels in the naive + miR-223 antagomir cohort and (C) significantly lowered the
protein expression levels of GFAP and p-ERK1/2. n=3 mice/cohort. "P<0.05 vs. naive group; "P<0.05 vs. miR-223 antagomir + vehicle. GFAP, glial fibrillary

acidic protein; p, phosphorylated; miR, microRNA.

been extensively examined and been found to contribute to
vital functions in numerous diseases, including cancer (44,45)
and inflammatory diseases (46). Moreover, miR-223 has a
critical function in the nervous system. Cressatti et al (47)
demonstrated that the salivary miR-223 level is considerably
reduced in patients with Parkinson's disease. However, the
association between miR-223 and CPSP remains to be eluci-
dated. In the present study, it was demonstrated that miR-223
has a suppressive function by targeting NLRP3 in mice with
CPSP. The results determined that miR-223 expression levels
were significantly reduced following thalamic hemorrhage,
overexpression of miR-223 significantly ameliorated CPSP
and inhibition of miR-223 in naive mice mimicked CPSP.
These results indicated that the downregulation of miR-223
after thalamic hemorrhage may contribute to CPSP develop-
ment. These findings indicated that miR-223 may inhibit CPSP
by inhibiting NLRP3-triggered neuroinflammation, therefore
offering fresh insight into the molecular pathogenesis of CPSP.

Among all NLR inflammasomes, NLRP3 is the most
comprehensively understood because it has been widely
studied in respect to certain diseases, such as inherited
autoinflammatory syndromes (48) and certain metabolic
diseases (49). Recently, NLRP3 inflammasome function has
been studied in the CNS and the NLRP3 inflammasome has
been found to contribute to crucial functions in the develop-
ment of bacterial meningitis and Alzheimer's disease (50). In
the present study, the NLRP3 inflammasome proteins ASC
and NLRP3, as well as the downstream factors caspase-1,
IL-18 and IL-1P, were significantly elevated in the thalamus
of CPSP mice. Furthermore, the results demonstrated that
by blocking NLRP3 inflammasome activity or expression

pain hypersensitivities, such as cold allodynia, mechanical
allodynia and thermal hyperalgesia, were significantly attenu-
ated. These findings indicated that CPSP may induce NLRP3
inflammasome activation and subsequent cleavage of IL-18
and IL-1p. Thalamus injection of miR-223 agomir 3 days
before Coll IV injection significantly ameliorated thalamus
hemorrhage-induced CPSP, such as cold allodynia, mechan-
ical allodynia and thermal hyperalgesia. The analgesic effects
of overexpressed miR-223 were potentially associated with a
significant reduction in caspase-1, ASC, NLRP3, IL-18 and
IL-1p protein expression levels. Furthermore, the results of
the dual-luciferase reporter assay indicated that miR-223 may
target the 3'UTR of NLRP3 mRNA to inhibit NLRP3 expres-
sion. The rescue experiment performed in the present study
demonstrated that mimicking CPSP via miR-223 inhibition in
naive mice was significantly reversed by administration of an
NLRP3 inhibitor. These results indicated that miR-223 down-
regulation may result in CPSP via the upregulation of NLRP3.
Further, it was also demonstrated that CPSP induced the acti-
vation of astrocytes and neuronal damage. Microinjection of
the miR-223 agomir into the thalamus significantly reversed
this result, likely due to mediation of the role of the miR-223
agomir by neurons and the activation of astrocytes by injured
neurons. Together, these results suggested that miR-223 and
NLRP3 inflammasomes may participate in the pathogenesis
of CPSP.

IL-1pB is produced as an antecedent, pro-IL-1f, which
then must be cleaved by caspase-1 to become biologically
active (51). The present study demonstrated that the NLRP3
inflammasome, the best-characterized inflammasome acti-
vated by cellular stress or infection, led to CPSP development
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via induction of IL-1p cleavage. miR-223 overexpression
significantly inhibited this signaling pathway and may there-
fore serve as an efficacious analgesic in pain management.

In summary, the experimental data in the present study
demonstrated that miR-223 inhibited the activity of the
NLRP3 inflammasome (caspase-1, ASC and NLRP3), which
ameliorated thalamus hemorrhage-induced CPSP in mice via
the downregulation of NLRP3. However, the mechanisms of
NLRP3 and miR-223 in CPSP occurrence, development and
prognosis require further validation because miR-223 expres-
sion at the cellular level was not ascertained in the present study.
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