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Highlights

 Ischemic stroke is followed by a marked inflammatory response, which can be

regulated by NLRP3 (NLR family, pyrin domain containing 3) inflammasome. 

 Inflammasome NLRP3 shows a time-dependent dual effect before versus after the

ischemia onset. 

 Post-ischemic  NLRP3  inhibition  leads  to  a  significant  reduction  of  infarct

volume, neurovascular unit protection and blood–brain-barrier stabilization.

 Post-ischemic NLRP3 inhibition may be a promising therapeutical approach for

ischemic stroke.
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Abstract

Background:  Post-ischemic  inflammation  contributes  to  worsening of  ischemic  brain

injury  and  in  this  process,  the  inflammasomes  play  a  key  role.  Inflammasomes  are

cytosolic  multiprotein  complexes  which  upon  assembly  activate  the  maturation  and

secretion of the inflammatory cytokines IL-1β and IL-18. However, participation of the

NLRP3  inflammasome  in  ischemic  stroke  remains  controversial.  Our  aims  were  to

determine the role of NLRP3 in ischemia and to explore the mechanism involved in the

potential protective effect of the neurovascular unit. 

Methods:  WT  and  NLRP3  knock-out  mice  were  subjected  to  ischemia  by  middle

cerebral  artery  occlusion  (60  minutes)  with  or  without  treatment  with  MCC950  at

different time points post-stroke. Brain injury was measured histologically with 2,3,5-

triphenyltetrazolium chloride (TTC) staining. 
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Results: We identified a time-dependent dual effect of NLRP3. While neither the pre-

treatment  with  MCC950  nor  the  genetic  approach  (NLRP3  KO)  proved  to  be

neuroprotective,  post-reperfusion  treatment  with  MCC950  significantly  reduced  the

infarct volume in a dose-dependent manner. Importantly, MCC950 improved the neuro-

motor function and reduced the expression of different pro-inflammatory cytokines (IL-

1β,  TNF-α),  NLRP3  inflammasome  components  (NLRP3,  pro-caspase-1),  protease

expression (MMP9) and endothelial adhesion molecules (ICAM, VCAM). We observed a

marked protection  of  the  blood-brain  barrier  (BBB),  which  was  also  reflected  in  the

recovery  of  the  tight  junctions  proteins  (ZO-1,  Claudin-5).  Additionally,  MCC950

produced a reduction of the CCL2 chemokine in blood serum and in brain tissue, which

lead to a reduction in the immune cell infiltration. 

Conclusions: These findings suggest that post-reperfusion NLRP3 inhibition may be an

effective acute therapy for protecting the blood-brain barrier in cerebral ischemia with

potential clinical translation.

Non-standard Abbreviations and Acronyms

DAMPs: damage-associated molecular patterns

PAMPs: pathogen-associated molecular patterns

NLRC4: NACHT, LRR, CARD domain-containing protein 4

NLRP3: NACHT, LRR and PYD domains-containing protein 3

AIM2: Absent In Melanoma 2
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1. Introduction

Cerebral  ischemia  is  the  fifth  cause  of  death  and first  of  adult  disability  worldwide.

Ischemic  stroke  represents  85%  of  strokes,  and  currently,  the  only  treatments  are

pharmacological intravenous recombinant tissue plasminogen activator (rtPA) injection

within 4.5 h after stroke onset  1 and mechanical thrombectomy up to 24 h after stroke

onset 2. However, only 10% of patients with ischemic stroke receive treatment with rtPA,

due  to  numerous  contraindications  or  exclusion  criteria  including  intracranial

hemorrhage, hypertension and significant head trauma or stroke within the previous 3

months 3. Ischemic stroke is a sudden interruption of cerebral blood flow in a particular

brain region, leading to rapid neuronal death and the release of factors such as damage-

associated molecular patterns (DAMPs). These factors initiate an inflammatory process in

the surrounding area, which can increase oxidative stress, microvascular failure, blood-

brain barrier (BBB) damage and brain edema. 

Inflammation  is  a  defensive  host  response  required  for  resistance  to  infection,  or  to

resolve  tissue  injury.  When  damage  occurs  at  the  central  nervous  system  (CNS),

microglia is rapidly activated, migrates to the focus of the lesion acquiring an activated

phenotype characterized  by the release  of  pro-inflammatory  cytokines  such as  IL-1β,

TNF-α or  IL-6  4,5.  The  pathological  scenario  of  hyper-inflammation  recruits  different

blood cells that infiltrate the damaged parenchyma for the resolution of inflammation.

Evidence  from  preclinical  models  of  stroke  suggests  that  IL-1β  contributes  to  a

worsening of ischemic brain injury6.

4



Inflammasomes are cytosolic multiprotein complexes which, upon assembly, activate the

pro-inflammatory caspase-1 that is responsible for the maturation and secretion of the

inflammatory cytokines IL-1 β and IL-18, and additionally induce pyroptosis7,8. NLRP3,

abbreviation for NACHT, LRR and PYD domains-containing protein 3, also known as

cryopyrin, is the best studied inflammasome. NLRP3 inflammasome responds to a broad

spectrum of activating stimuli that include a suite of bacterial, fungal and viral pathogen-

associated  molecular  patterns  (PAMPs)  and  damage-associate  molecule  patterns

(DAMPs) such as ATP, uric acid crystals, crystalline and aggregated substances such as

asbestos, silica, and amyloid-β fibrils  9. The involvement of the inflammasome in acute

brain  injuries,  such  as  stroke  or  brain  trauma,  has  been  recently  considered  as  an

interesting  scientific  niche  with  a  promising  therapeutic  potential.  In  fact,  NLRC4

(NACHT, LRR, CARD domain-containing protein 4) and AIM2 (Absent In Melanoma 2)

inflammasomes have been recently identified as suitable therapeutic targets for stroke10.

However,  the  participation  of  the  NLRP3 inflammasome  in  ischemic  stroke  remains

controversial. Despite it has been shown that NLRP3 inflammasome does not participate

in  stroke  10,11,  there  are  several  recent  publications  suggesting  that  NLRP3 inhibition

either  improves  12,13 or  worsens  11 cerebral  ischemia/reperfusion.  Here,  we  sought  to

contribute to the understanding of NLRP3 regulation and its important role in ischemic

stroke using both genetic and pharmacological approaches to inhibit NLRP3. Our results

demonstrate  the  key  role  of  NLRP3  inflammasome  activation  after  brain  ischemia.

NLRP3 inhibition during the first hours post-ischemia induced a marked protection of the

neurovascular  unit  and may be a promising target  in cerebral  ischemia.  Nevertheless,
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NLRP3 inhibition before and during ischemia onset is deleterious and may be related

directly to animal survival after brain ischemia.

2. Materials and Methods

2.1 Study design

All  animal  experiments  were  performed  after  approval  of  the  protocol  by  the  Ethics

Committee  of  Universidad  Autónoma  de  Madrid  (Madrid,  Spain)  according  to  the

European Guidelines for the use and care of animals for research. All efforts were made

to  minimize  animal  suffering  and  to  reduce  the  number  of  animals  used  in  the

experiments. Animals were housed under controlled conditions and allowed free access

to  water  and  standard  laboratory  chow.  We  used  female  and  male  C57Bl6/J  and

NLRP3-/- (KO) (RRID: MGI:5468973), adult (3-4 months) and middle-aged (12 months)

20-25  g  or  25-30  g  respectively,  supplied  by  the  animal  facilities  of  Universidad

Autónoma  de  Madrid  (Madrid,  Spain.  IMSR  Cat#  JAX:000664,  RRID:

IMSR_JAX:000664). For the dose response curve, mice were subjected to tMCAO and

after cerebral ischemia, animals were randomly divided into the following experimental

groups: vehicle-treated and 1, 3, 10 and 50 mg/kg MCC950-treated (50% female and

50%  male  in  each  group).  MCC950  was  injected  intraperitoneally  (i.p.).  For  the

therapeutic window study, mice were treated with MCC950 (3 mg/kg) at different time

points: before transient middle cerebral artery occlusion (tMCAO) (pretreated) or treated

1 h and 2 h post-reperfusion. At the end of the experiment, animals were euthanized by

cervical dislocation.

 

2.2. In vivo transient MCAO ischemia model
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This model has previously been established in our group as described in Parada et al.,

2019 for mice  14. C57Bl6/J mice were anesthetized with isoflurane (0.8% in oxygen),

placed on a  heating-pad,  and corporal  temperature  was maintained at  37.0°C using a

servo-controlled rectal probe-heating pad (Cibertec, Spain). Transient cerebral ischemia

was  induced  using  the  intraluminal  filament  technique.  Using  a  surgical  microscope

(Tecnoscopio OPMI pico, Carl Zeiss, Meditec Iberia SA, Spain), a midline neck incision

was  made  and  the  right  common  and  external  carotid  arteries  were  isolated  and

permanently  ligated.  A microvascular  temporarily  ligature  was placed on the  internal

carotid  artery  to  non-permanently  block  the  blood  flow.  A  silicon  rubber-coated

monofilament  (6023910PK10,  Doccol  Corporation,  Sharon,  MA,  USA)  was  inserted

through a small incision into the common carotid artery and advanced into the internal

carotid artery until resistance was felt. The tip of the monofilament was precisely located

at the origin of the right middle cerebral artery and thus interrupting blood flow. The

filament was held in place by a tourniquet suture in the common carotid artery to prevent

filament  relocation  during  the  ischemia  period.  Animals  were  maintained  under

anesthesia during 1h occlusion followed by the reperfusion period which started when the

monofilament was removed. Occlusion was confirmed by a laser measurement of blood

flow (MOORFLPI-2), and animals showing less than 80% signal drop compared with

baseline were excluded. After the surgery, wounds were carefully sutured and animals

were allowed to recover from surgery in a temperature-controlled cage. Animals were

provided with postoperative analgesia (0.5% lidocaine, subcutaneously, s.c.). Operation

time  per  animal  did  not  exceed  15 minutes.  Animals  were  excluded  from the  stroke

analysis if they died within the first 24 h, if an intracerebral haemorrhage occurred or in

7



case the animal scored 0 on the Bederson score. Sham-operated animals underwent the

same surgical procedure, but the monofilament was not advanced into the internal carotid

artery. 

2.3. Neurological function assessment 

The injury severity in all mice groups was assessed by Bederson Score, Elevated Body

Swing Test and the Four-limbs Hanging Wire Test. The Bederson Score 15 is defined as

follows: Score 0, no apparent neurological deficits; 1, body torsion and forelimb flexion;

2,  right side weakness and thus decreased resistance to lateral  push;  3,  unidirectional

circling behaviour; 4, longitudinal spinning or seizure activity; 5, no movement showed.

Within the elevated body swing test, mice were held ~1 cm from the tail base and then

elevated above the surface in the vertical axis around 20 cm. A swing was considered

whenever the animal moved its head out of the vertical axis to either the left or the right

side  (more  than  10  degrees).  Ratio  of  right/left  swings  were  subsequently  analyzed.

Finally, to directly evaluate strength, the four-limbs hanging wire test was performed.

The mouse was placed on the center of the wire with a diameter of 10 cm. Later, the wire

was slowly inverted and placed at ~40 cm above a paper towel bedding. The time until

the mouse fell from the wire was recorded until a maximum time of 120 s.

2.4. Two-dimensional laser speckle imaging techniques

Cortical  cerebral  blood flow (CBF) was monitored  using the laser speckle technique.

Briefly, a CCD camera Laser Speckle Contrast Imager (MOORFLPI-2) was positioned
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above the head and a laser diode (785 nm) illuminated the intact skull surface to allow

penetration of the laser in a diffuse manner through the brain16. Speckle contrast defined

as the ratio of the standard deviation of pixel intensity to the mean pixel intensity was

used to measure CBF as it is derived from the speckle visibility relative to the velocity of

the light-scattering particles (blood). This was then converted to correlation time values,

which are inversely and linearly proportional to the mean blood velocity. Laser speckle

perfusion images were obtained 10 min before tMCAO and continuing throughout the

ischemic period until 5 min into the reperfusion. CBF was measured again in the same

animals 24 hours after reperfusion. 

2.5. Measurement of infarct volume

Following euthanasia, brains were quickly removed and cut into four 2-mm thick coronal

sections  using a  mouse brain slice matrix  (Harvard Apparatus,  Spain).  Sections  were

stained  for  15  min  at  room temperature  with  2% 2,3,5-triphenyltetrazolium  chloride

(TTC; Sigma-Aldrich, The Netherlands) in PBS to visualize infarctions17. Indirect infarct

volumes  were  calculated  by  volumetry  (ImageJ  software)  according  to  the  following

equation: Vindirect (mm3) = Vinfarct x (1-(Vih – Vch)/Vch), where the term (Vih – Vch)

represents  the  volume  difference  between  the  ischemic  hemisphere  and  the  control

hemisphere and (Vih – Vch)/Vch expresses this difference as a percentage of the control

hemisphere.

2.6. Determination of blood-brain barrier disruption and brain edema
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To determine the cerebral vasculature permeability and brain edema formation after 1h

tMCAO, 2% Evans blue tracer (Sigma Aldrich, The Netherlands) was diluted in 0.9%

NaCl and then injected intraperitoneally (i.p.) 1 hour after removing the filament. Slices

were scanned and total Evans Blue extravasation area was measured in each slice using

ImageJ. 

2.7. Determination of chemokine CCL2 levels in blood serum and brain tissue by

ELISA

Blood serum and brain tissue were obtained from all mice group 24 hours after stroke.

Serum was separated by centrifugation at 2500 rpm for 10 min at 4 °C. Brain tissue was

mechanically homogenized in cold PBS and centrifuged at 1200 rpm for 10 min at 4 °C

to collect the supernatant. The protein concentration of the supernatant was determined

using  BCA  protein  assay  kit  (Thermo  Scientific,  USA)  and  100  µg  were  loaded  to

measure CCL2 levels by a specific ELISA kit (R&D Systems).

2.8. Cerebral microvessel enrichment

Cerebral  microvessels  were isolated  from the ischemic  hemispheres  of  mice that  had

undergone  tMCAO  surgery.  Briefly,  the  hemispheric  brain  tissue  was  minced  and

homogenized in disaggregation buffer (15 mM HEPES, 150 mM NaCl, 4 mM KCl, 3

mM CaCl2, 12 mM MgCl2, 0.5% BSA and protease inhibitors). The homogenate was

centrifuged at 3200 rpm for 10 minutes. The pellet was resuspended in 20% dextran and
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centrifuged for 30 minutes at 3000 rpm and 4ºC. The pellet was resuspended in PBS and

filtered through a 100-μm nylon cell strainer (Corning® cell strainer, USA), followed by

a new filtration through a 20-μm nylon mesh (Corning® cell strainer, USA). Retained

microvessels on the mesh were washed with RIPA buffer (Abcam, UK) and stored until

further  analysis.  Protein  concentration  was  determined  using  BCA  protein  assay  kit

(Thermo Scientific, USA) and 40 μg of lysate were loaded in 15% acrylamide gels. 

2.9. Quantitative Real-time PCR 

Total RNA was extracted from brain tissue and vessel enrichment by TRIzol method

(10296-028, Invitrogen, Carlsbad, CA, USA) and cDNA was synthesized using iScript

cDNA Synthesis  Kit  (Biorad)  following  the  manufacturer’s  instructions.  Quantitative

polymerase chain reaction (qPCR) was performed using Power SYBR Green PCR Master

Mix (Thermo Fisher) in 384-well format using a QuantStudio 5 PCR system (Applied

Biosystems, USA). Data were normalized to the expression of the housekeeping gene

B2M. Specific primers were designed using the NCBI nucleotide data base and Primer 3

software  (http://biotools.umassmed.edu/bioapps/primer3_www.cgi).  Primer  sequences

(purchased  from  Sigma  or  Metabion  internacional  AG)  were  checked  with  BLAST

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).  The  comparative  CT  method  (or  the  2ΔCT

method) was used to determine differences in gene expression between B2M and control

samples. The sequences of the primers used in the study are listed in Table 1.

Gene 5´→ 3´

IL-6 Fwd TTCTCTGGGAAATCGTGGAAA
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Rv CTGCAAGTGCATCATCGTTGT

ICAM Fwd GGGCTGGCATTGTTCTCTAATG

Rv TCGAGCTTTGGGATGGTAGCT

VCAM Fwd CACTCAAAGAAAGGGAGACTGTCA

Rv GGAGGGATGTACAGAGATCGTTGT

TNF-α Fwd GACGTGGAACTGGCAGAAGA

Rv ACTGATGAGAGGGAGGCCAT

CCL2 Fwd ACAAGAGGATCACCAGCAGC

Rv GGACCCATTCCTTCTTGGGG

pro-caspase-1 Fwd GGGACATTAAACGAAGAATCC

Rv GGAAGTATTGGCTTCTTATTGG

NLRP3 Fwd TTCAATCTGTTGTTCAGCTC

Rv GTCTAATTCCAGCATCTGTAG

IL-1β Fwd GAAGAGCCCATCCTCTGTGA

Rv TTCATCTCGGAGCCTGTAG

MMP9 Fwd GCCACTACTGTGCCTTTGAGTC

Rv CCCTCAGAGAATCGCCAGTACT

Table 1. Primers used in this study

2.10. Immunohistochemistry. Immunofluorescence microscopy
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After  24 hours  of  stroke,  mice  were perfused with  PBS and brain  were excised  and

freezing  in  an  embedding  optimal  cutting  temperature  [OCT]  compound  on  dry  ice.

Coronal slices of frozen brains were cut with a cryostat  (CM 1100; Leica)  at  10 μm

thickness. Brain tissue cryosections were fixed with 4% PFA for 10 minutes at  room

temperature, washed with PBS, permeabilized in 0.3% Triton X-100/PBS for 15 min at

room temperature,  washed with PBS and blocked with 20% BSA over  night  at  4ºC.

Primary antibodies were diluted in PBS, BSA 1 % and incubated overnight at 4ºC at the

following dilutions: anti-ZO-1 (1:100, Zymed), anti-CD31 (1:100, BD Biosciences) anti-

Claudin-5 (1:100, Abcam) and Ly6G (1:100, Abcam). After gentle washing, the sections

were incubated with fluorochrome-conjugated secondary antibodies for 1 hour at room

temperature  (1:500  Alexa  Invitrogen)  and  fluorescent  DAPI  (1:1000;  ThermoFisher

Scientific).  Sections  were  washed  in  PBS  and  then  mounted  using  a  fluorescence

mounting  medium  Fluoromount-G  (SouthernBiotech,  USA).  Immunofluorescence

images  were  obtained  using  a  Leica  TCS-SP5  (Leica  Microsystems,  Madrid,  Spain)

confocal microscope.  Images were processed with the program ImageJ 1.52e (ImageJ

software, National Institutes of Health, USA).

2.11. Immunoblotting and image analysis

Twenty four hours after stroke, brain tissue was collected and lysed in lysis buffer (1%

Nonidet P-40, 10% glycerol, 137 mM NaCl, 20 mM Tris–HCl, pH 7.5, 1 g/mL leupeptin,

1 mM PMSF, 20 mM NaF, 1 mM sodium pyrophosphate, and 1 mM Na3VO4). Proteins

(30 μg) from the cell lysate were resolved by SDS–PAGE and transferred to Immobilon-

P membranes (Millipore Corp., Billerica, MA, USA). Membranes were incubated with
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anti-NLRP3 (1:1000; AdipoGene), anti-pro IL-1β (1:1000; R&D Systems), anti-Claudin-

5 (1:500, Abcam), anti-ZO-1 (1:1000, Zymed), anti-β-actin (1:50000; Sigma-Aldrich) or

anti-MMP9  (1:1000,  Santa  Cruz  Biotechnology).  Appropriate  peroxidase-conjugated

secondary  antibodies  (1:5000)  were  used  to  detect  proteins  by  enhanced

chemiluminescence. Different band intensities corresponding to immunoblot detection of

protein samples were quantified using the Scion Image program (RRID:SCR_008673). 

2.12. Dissociation of cerebral tissue into single cell suspensions

Mice  were  euthanized  by  cervical  dislocation  and  the  brain  was  quickly  and  gently

removed. The ischemic brain tissue (ipsilateral hemisphere) and the corresponding mirror

regions  of  the  non-ischemic  tissue  (contralateral  hemisphere)  were  dissected  out  and

analyzed separately. Ipsilateral and contralateral brain tissues were placed in cold Hank

balanced salt solution (HBSS + Ca/Mg; Lonza) and mechanically dissected through a 100

µm cell strainer. Tissue suspension was centrifuged at 286 g for 5min at 4ºC. Pellet was

enzymatically digested in collagenase/liberase TL (2 U/mL) (Roche Diagnostics) for 1 h

at 37 °C. The cell suspension was filtered through a 70 µm filter with DNAse (66 U/mL)

(Roche  Diagnostics).  Cell  pellet  was  resuspended  in  25%  density  gradient  and

centrifuged at 521 g for 20 min at 18º C. The myelin coat was aspirated out and cells

were collected  from the  interphase,  washed once with  HBSS and processed for  flow

cytometry. 

2.13. Flow cytometry 
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Isolated brain cells were washed with fluorescence-activated cell sorting (FACS) buffer

(phosphate-buffered saline, 2 mM EDTA, 2% FBS), incubated at 4ºC for 10 min with

mouse FcBlock (BD Bioscience), and then with primary antibody in FACS buffer for 30

min at  4ºC.  The primary antibodies  used were CD45 (Clone 30-F11, PB, 1:100,  BD

Pharmingen), CD11b (Clone M1/70, PE, 1:50, Miltenyi Biotec), Ly6G (clone 1A8, FITC,

1:100, BD Pharmingen), and Ghost viability dye (APC-H7, 1:100, Tombo Biosciences).

Data were acquired on a BD FacsCanto II cytometer (BD Biosciences) using the FACS

Diva software (BD Biosciences). Cells were morphologically identified by linear forward

scatter (FSC-A) and side scatter (SSC-A) parameters. Data analysis was carried out with

FlowJo (version 10.6.1. TreeStar Inc., Ashland, OR, USA). No less than 100,000 events

were  recorded  for  each  sample.  Cell  type-matched  fluorescence  minus  one  (FMO)

controls  were  used  to  determine  the  positivity  of  each  antibody.  The  gating  strategy

employed to quantify frequencies of infiltrating and resident immune cells is shown in

Fig. S1. Alive cells were identified based on viability dye fluorescence levels. Overall

immune  cells  were  identified  based on expression  of  the  leukocyte  common antigen

CD45  and  additionally  gated  by  CD11b  expression  to  distinguish  microglia

(CD11bHiCD45Int)  from  non-myeloid  (CD11b-CD45Hi)  18 and  myeloid

(CD11bHiCD45Hi)  infiltrating  immune  cells  19.  The  myeloid  subpopulation

(CD11b+CD45Hi)  was  further  gated  to  quantify  neutrophils  (Ly6GHi)  20.  The

frequencies of all immune cells were calculated from the alive cells.

2.14. Statistical Analysis 

15



Mice were randomly assigned to each treatment group and experiment, as well as data

analysis were performed completely blind to experimental groups. First, data were tested

with  Shapiro-Wilk  test  for  normality  and Levene’s  test  for  equality  of  variance.  Sex

differences in infarct size, brain edema and neuro-motor functional tests were analyzed

by two-way ANOVA. Since no sex difference was observed in any of these experiments,

data from both male and female mice were pooled and analyzed together. All results were

expressed as mean ± SD except for ordinal functional outcome scales that were depicted

as scatter plots. Two-tailed unpaired Student t-test (Gaussian distribution) was used to

analyze  significant  differences  between  2  groups.  Ordinary  one-way  ANOVA  with

Newman-Keuls  Multiple  Comparison  post-test  (Gaussian  distribution)  was  used  to

compare variables  among three or more groups. The number of animals necessary to

detect a standardized effect size on infarct volumes ≥ 0.2 (vehicle treated control mice vs

treated  mice)  was determined  via  a  priori  sample  size  calculation  with the  following

assumptions: α = 0.05, ß = 0.2, mean, 20% SD of the mean. The threshold for statistical

significance was p<0.05 throughout. All results were analyzed using the GraphPad Prism

6.0  software  (GraphPad  Software  Inc.,  San  Diego,  CA,  USA.  RRID:SCR_008).  All

measurements were undertaken in at least three technical replicates.
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3. Results

3.1.  Post-reperfusion  inhibition  of  NLRP3 inflammasome with  MCC950 reduces

infarct volume and neurological outcome

17



The involvement  of  the inflammasomes  in stroke has  been recently considered as an

interesting  scientific  niche  with  a  promising  therapeutic  potential.  However,  the

participation of the NLRP3 inflammasome in ischemic stroke remains controversial so

far. To evaluate the role of NLRP3 inflammasome in brain ischemia, wild type (WT) and

NLRP3 -/- (KO) mice were subjected to the transient middle cerebral artery occlusion

(tMCAO) model of brain ischemia (Fig.1A, top). To avoid any potential  confounding

effects, cerebral blood flow (CBF) was monitored by a Laser Speckle Contrast Imager

(MOORFLPI-2)  to  ensure  a  complete  cerebral  flow blockage  (Fig.  1A,  bottom).  To

measure infarct  volume, brain sections were stained 24 h post-reperfusion with 2,3,5-

triphenyltetrazolium chloride (TTC) as described in  17.  First,  we evaluated  the infarct

volume  in  WT male  and  female  mice  (3-6  months),  where  no  sex  differences  were

identified (Fig. S2). Next, we performed a dose-response curve of MCC950 (1, 3, 10, 50

mg/kg) to choose the most effective dose. A significant reduction of brain infarct volume

was shown in mice treated with MCC950 at 3 and 10 mg/kg compared with vehicle group

(Fig. 1B). However, this protective effect was lost in animals treated with MCC950 at 50

mg/kg,  which  resulted  in  an  increased  mortality  rate  (50%  vs  15.8%)  (Table  S1).

Neurofunctional outcome and life quality are key parameters to be assessed in the clinical

field. Thus, we simultaneously performed three independent neuromotor tests: Bederson

Score, Elevated Body Swing test and the Four-Limb Hanging Wire test (Fig. 1C). All

three tests were significantly improved in mice treated with MCC950 (3 mg/kg) 1 h after

reperfusion, while treated animals at 1, 10 or 50 mg/kg at the same time point, showed no

significant  neuromotor  improvement.  Finally,  we  observed  a  significant  reduction  of

infarct  volume in middle-aged mice  (12 months)  treated  with MCC950 (3 mg/kg)  in
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comparison  with  vehicle-treated  middle-aged  mice.  However,  we  did  not  notice  an

improvement of the neurofunctional outcome in middle-aged mice treated with MCC950

(3 mg/kg) (Fig. S3). 
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Once we selected the best dose of MCC950 treatment, we wanted to validate our results

in NLP3 KO mice. Despite the infarct volume remained comparable in NLRP3 KO and

vehicle WT mice (Fig. 1D), we identified a significant increase in the mortality rate of

NLRP3 KO compared to  non-genetically  modified mice (50% vs 15.8%) (Table S1),

suggesting  a  crucial  role  of  NLRP3  activation  in  brain  ischemia  development  and

survival  post-stroke.  These  results  point  to  an  important  time-dependent  NLRP3

regulation post-stroke. To evaluate a potential time-dependent role of NLRP3, both male

and female C57Bl/6J mice were subjected to tMCAO and later treated with MCC950 (3

mg/kg) at different time points: (i) 30 min before tMCAO (pre-treatment), (ii) 1h and (iii)

2h post-reperfusion. Brain sections were stained with TTC 24h post-reperfusion to assess

infarct volume (Fig. 1D). The pre-treatment with MCC950 30 min before tMCAO did not

reduce  infarct  size  but,  similarly  to  the  NLRP3  KO  approach,  mortality  rate  was

increased (15.8% vs 63.6%) (Table S1). However, MCC950 (3mg/kg) treatment 1h post-

reperfusion significantly reduced infarct volume (113 ± 6 to 43 ± 9 mm3, p<0.01) while

non-significant reduction was detected in treated animals 2h post-occlusion (113 ± 6 to

91 ± 14 mm3).  Thus,  these data  confirm the dual  role of NLRP3 activation in brain

ischemia,  being essential  for survival post-stroke in a time-dependent manner.  Hence,

selection of the most suitable post-reperfusion time-point is crucial for defining the best

pharmacological  treatment  using NLRP3 inhibitors.  Therefore,  the best  conditions  for

NLRP3 inhibition with MCC950 are 3 mg/kg 1 h post-reperfusion, which reduced infarct

volume and lead to neuromotor functioning amelioration in adult mice (3-4 months). 
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Figure 1. Effect of NLPR3 inflammasome inhibition in cerebral ischemia. (A) Adult mice were

subjected to a 1 h transient occlusion of the middle cerebral artery (tMCAO) followed by 24 h of

reperfusion, before sacrificing. Treatment was injected i.p. pre-occlusion, 1 h and 2 h after the

beginning of reperfusion. Representative images of cerebral blood flow before MCAO, during

tMCAO,  and  at  10  min  after  reperfusion  for  each  group.  (B)  Representative  images  and

quantification of infarct volume by TTC staining in adult mice treated 1h after reperfusion with

vehicle or MCC950 1, 3, 10 and 50 mg/kg. (C) Neurological outcome quantification by Bederson

Score,  elevated body swing test  and four limb hanging in adult  mice treated with vehicle or

MCC950 1, 3, 10 and 50 mg/kg. (D) Representative images and quantification of infarct volume

by TTC staining at 24 hours after 1 h of ischemia in NLRP3 -/- and wild type adult mice treated

with MCC950 3 mg/kg 30 min pre-occlusion or 1 h and 2 h after reperfusion. For all groups the

initial  n was 7-8 but due to the mortality rate of some groups (see table S1), the number of

animals was reduced. Data are normalized to vehicle. Data are mean ± SD. * p<0.05; ** p<0.01;

*** p<0.001 

3.2. MCC950 treatment prevents stroke-induced NLRP3 inflammasome activation. 

22



NLRP3 inflammasome is an important  sensor that triggers the inflammatory response

leading to the maturation and secretion of the inflammatory cytokines IL-1β and IL-18 21.

To explore the activation of NLRP3 inflammasome in the penumbra region, we analyzed

the main components of NLRP3 inflammasome assembly (NLRP3 sensor, pro-caspase-1

and pro-IL-1β) 24 hours after stroke (Fig. 2A). NLRP3 and pro-caspase 1 mRNA levels

were increased in vehicle tMCAO group compared with the sham group (20- and 25-fold,

respectively). A significant decrease in mRNA levels was observed in animals treated

with MCC950 (3mg/kg) (Fig 2B). In line with mRNA levels, NLRP3 protein expression

was  increased  in  non-treated  stroked  animals  compared  with  the  sham  group.

Nevertheless, treatment with MCC950 (3mg/kg) did not provide a marked reduction on

NLRP3 protein levels. Indeed, we measured protein levels of pro-IL-1β and its active

form IL-1β as an indicative of NLRP3 inflammasome activation.  Moreover, while the

levels of pro-IL-1β remained unaltered among the different groups, cleaved IL-1β protein

levels  were  higher  in  the  ischemic  group compared  to  sham,  and the  treatment  with

MCC950 (3mg/kg) prevented the cleavage of IL-1β to its active form (Fig. 2C). These

results demonstrate that MCC950 at 3 mg/kg effectively inhibits the activation of NLRP3

inflammasome and IL-1β cleavage after 24 hour of brain ischemia.
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Figure  2.  MCC950  at  3mg/kg  inhibits  NLRP3  inflammasome  activation  after  brain

ischemia. (A) Within the ischemic brain, there are two major areas of injury: the core ischemic

zone and the ischemic penumbra. For further analysis we extracted tissue from both areas. (B)

mRNA expression levels of  the NLRP3 and pro-caspase-1 24h after  1  hour of stroke.  Sham

(n=4), Vehicle (n=6), MCC950 3mg/kg (n= 7). (C) Western blot images show the expression of

NLRP3, inactive pro-IL-1β and active IL-1β 24h after 1 hour of stroke in the brains of indicated

groups of mice receiving sham plus vehicle, MCAO plus vehicle, or MCAO plus MCC950 at

3mg/kg. Data are normalized to sham. Data are mean ± SD. ***p<0.001

3.3.  Pharmacological  inhibition  of  inflammasome  NLRP3  reduces  cytokine

production after brain ischemia. 
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Immunity  and  inflammation  are  integral  components  of  the  pathogenic  processes

triggered by Ischemia-Reperfusion (I/R). Inflammatory signaling is responsible for early

molecular events caused by I/R leading to brain invasion by blood-borne leukocytes  22.

Hence, we examined whether NLRP3 inhibition is involved in inflammatory response

after  brain ischemia.  We evaluated  mRNA levels  of  three  different  pro-inflammatory

cytokines (TNF-α, IL-6 and IL-1β), as well as the chemokine CCL2. MCC950 (3 mg/kg)

significantly reduced IL-1β, TNF-α, and CCL2 levels in treated mice 1 h post-stroke (Fig.

3A, B, D). However,  MCC950 treatment  did not affect IL-6 mRNA levels (Fig. 3C).

High levels of CCL2 chemokine are found in the brain perivascular space in many CNS

pathologic states accompanied by inflammation and blood-brain barrier (BBB) disruption

23. To evaluate the effect of NLRP3 inhibition on the levels of CCL2 chemokine into the

blood-serum space and the brain parenchyma after ischemia, we measured CCL2 in brain

homogenates  of  sham,  vehicle-  and  MC950-treated  mice  24h  post-reperfusion.  We

detected a significant increase of CCL2 in the ipsilateral hemisphere of vehicle-treated

mice (82 ± 16 pg/mg), which was significantly reduced in the ipsilateral hemisphere of

MCC950-treated mice (40 ± 11 pg/mg). As an internal control, no changes were found in

the contralateral hemisphere of MCC950- or vehicle-treated mice (Fig. 3E). Moreover,

we detected an increase of serum levels CCL2 in non-treated mice that were significantly

decreased in mice subjected to MCC950 (Fig. 3F). Altogether, we here demonstrate that

MCC950  treatment  1  hour  after  brain  ischemia  significantly  reduces  inflammatory

cytokine production.  
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Figure 3. Inhibition of NLRP3 inflammasome affects the gene expression of different pro-

inflammatory cytokines (TNF-α, pro-IL-1β and IL-6) and the level of chemokine CCL2 in

brain tissue and blood serum after 24 hours of brain ischemia. (A, B, C) Cytokines (TNF-α,

pro-IL-1β and IL-6) and chemokine (CCL2) (D) mRNA levels after 24 hours of brain ischemia in

mice treated with MCC950 and vehicle.  Data  are  normalized to  sham.  Sham (n=4),  Vehicle

(n=6), MCC950 3mg/kg (n= 7). (E) Release of CCL2 in cerebral parenchyma after 24 hours of

brain  ischemia  in  mice  with  vehicle,  and  MCC950  treatment  in  contralateral  and  ipsilateral

hemisphere. Data are normalized to sham. (F) Release of CCL2 in blood serum after 24 hour of

brain ischemia with vehicle and MCC950 treatment. Data are normalized to sham. Data are mean

± SD. *p<0.05; **p<0.01; ***p<0.001 

3.4 NLRP3 inflammasome inhibition preserves blood-brain barrier (BBB) integrity

after brain ischemia.
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Under  ischemic  conditions,  the  BBB is  disrupted followed by extravasation  of  blood

components into the brain and therefore compromising the neuronal function. As CCL2

mediates endothelial dysfunction that may contribute to BBB disruption, we explored the

potential effect of MCC950 treatment on the BBB disruption produced in the ischemic

brain. Hence, we first analyzed BBB integrity after ischemic stroke by measuring Evans

Blue extravasation,  a vascular  tracer,  into the brain parenchyma.  MCC950 (3 mg/kg)

treatment significantly reduced the extravasation of Evans blue in stroke mice after 24 h

compared with vehicle-treated mice (Fig. 4B), suggesting that NLRP3 play a key role in

microvasculature stability post-stroke.

Tight junctions (TJ) proteins form the initial barrier at the endothelial cells between blood

and  brain  cells  24.  In  fact,  TJ  disruption  is  a  major  cause  underlying  the  increased

paracellular  permeability  of the BBB after ischemic stroke  25.  To identify the role  of

NLRP3 inflammasome inhibition in TJ proteins degradation, i.e. Claudin-5 and Zonula

Occludens-1 (ZO-1), we measured these proteins in enriched microvessels isolated from

sham,  ischemic  and  MCC950-treated  animals  (Fig.  4C).  Hence,  we  analyzed  TJs

disruption by measuring the protein levels in cerebral microvessels enriched isolated from

ischemic  hemisphere  of  the  different  experimental  groups.  The  analysis  of  cerebral

microvessel enrichment  showed a significant  decrease of ZO-1 and Claudin-5 protein

expression  in  stroked  mice,  which  correspond  to  a  disruption  of  BBB.  MCC950  (3

mg/kg) treatment partially restored TJs proteins in enriched cerebral blood microvessels

(Fig 4C). Thus, NLRP3 inhibition remains as a crucial player in BBB stability after brain

ischemia by reducing the loss of the TJ proteins Claudin-5 and ZO-1 and, ultimately BBB

disruption.
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Figure 4. MCC950 (3mg/kg) treatment preserves blood-brain barrier (BBB) integrity after

brain ischemia. (A) Principal cellular components of the neurovascular unit are represented in

the scheme. BBB is a specialized boundary that separates the blood from the central nervous

system containing TJ proteins such as Claudin-5 and ZO-1. (B) BBB permeability as assessed by

Evans blue extravasation was preserved in treated animal with MCC950 3mg/kg but not in the

vehicle-treated  mice  24  hours  after  1  hour  of  tMCAO.  Complete  set  of  brain  slices  from a

representative  animal  are  shown  above  the  graph  (Vehicle,  n=  5;  MCC950;  n=5).  (C)

Representative western blot images of ZO-1 and claudin-5 of vessel enrichment 24 hours after

stroke in  vehicle-treated and MCC950-treated mice.  β-actin  was used as  the  loading control.

Quantification of western immunoblotting for ZO-1 and claudin-5 in each group (n = 5/group).

Data are normalized to sham. Data are mean ± SD. *p<0.05; **p<0.01; ***p<0.001
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3.5.  NLRP3 inflammasome inhibition  reduces  the  expression  of  MMP9,  VCAM,

ICAM-1 after brain ischemia, which result in BBB stability

In  the  ischemic  scenario,  inflammatory  cells  release  cytotoxic  agents,  i.e.  matrix

metalloproteinases  (MMPs),  which lead  to  reversible  degradation  of  TJs  during early

stages after the onset of ischemia 26. MCC950 treatment reduced MMP9 expression in the

brain of stroked mice 24h after MCAO, both at mRNA and total protein levels (Fig. 5A).

These data correlate with the reduction of Evans blue extravasation and TJs loss observed

after  brain  ischemia.  Endothelial  adhesion  molecules  (VCAM,  ICAM-1)  mediate

interaction between leukocytes and endothelial cells during the inflammatory response 27.

To investigate the role of NLRP3 inflammasome inhibition in endothelial cells adhesion

molecules, we assessed ICAM-1 and VCAM gene expression in enriched microvessels.

We observed an increase of ICAM and VCAM mRNA levels in stroked animals after 24

h, which was significantly reduced with MCC950 (3 mg/kg) (Fig. 5B). Also, we studied

Claudin-5 and ZO-1 expression  counterstained  with  the  endothelial  marker  CD31 by

immunofluorescence.  We  identified  the  formation  of  gaps  (white  arrows)  at  the

endothelial  cell  membrane  of  blood  vessel  in  ischemic  animals  caused  by  the

rearrangement of Claudin-5 and ZO-1. The abundance of gaps in MCC950-treated mice

was significantly decreased (Fig. 5C and D). Altogether, our results suggest that MCC950

can  promote  the  protection  of  the  neurovascular  unit,  preventing  BBB  leakage  by

reducing  MMP9 total  levels,  TJs  loss  and  the  production  and  release  of  CCL2  and

endothelial adhesion molecules (ICAM-1 and VCAM) after brain ischemia.
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Figure 5. Inflammasome NLRP3 inhibition reduces the expression of different endothelial

adhesion molecules (VCAM, ICAM), MMP9 and CCL2 in brain vessel enrichment after

stroke. (A) Representative western blot images of MMP9 24 hours after 1 hour of stroke in mice

treated  with  the  vehicle  and  MCC950  (3mg/kg).  β-actin  was  used  as  the  loading  control.

Quantification of western immunoblotting for MMP9 in each group (n = 9–10/group). Data are

normalized to sham. MMP9 mRNA levels of brain vessel enrichment after 24 hours of cerebral

ischemia vehicle-treated and MCC950-treated mice. Sham (n= 4), Vehicle (n= 6), MCC950 3mg/

kg (n=7).  (B) Endothelial adhesion molecules (VCAM, ICAM) mRNA levels in brain vessel

enrichment after 24 hours cerebral ischemia mice treated with MCC950 and vehicle. Sham (n=

4),  Vehicle  (n=  6),  MCC950  3mg/kg  (n=7).  (C)  Representative  confocal  images  of

Claudin-5/CD31 (C) and ZO-1/CD31 (D) double immunostaining in the brains obtained after

tMCAO  in  sham,  vehicle-treated  and  MCC950-treated  mice.  White  arrows  point  the  gaps

junctions between adjacent tight junction proteins. Scale bar = 50µm. Data are normalized to

sham. Data are mean ± SD. *p<0.05; **p<0.01.

3.6. Peripheral  immune cells  are increased in the ipsilateral  hemisphere 24 hour

post-stroke
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Peripheral  immune  cells  access  to  the  brain  is  prevented  by  the  BBB,  but  under

pathological conditions, such as stroke, they can adhere to the activated post-capillary

venules and infiltrate the brain parenchyma across the BBB 28. For the quantification of

the peripheral immune cells infiltration into the cerebral parenchyma we performed flow

cytometry  studies  using  brain  tissue  samples  of  sham-operated  mice,  vehicle  and

MCC950 treated mice at 24 hours of reperfusion (Fig. 6A, B). FACS analysis of the

number of microglial cells (CD45int CD11b+) in the ipsilateral hemisphere showed no

significant  difference  across  the  groups  (Fig.  6C).  However,  the  number  of  total

leukocytes  (CD45HI)  and  myeloid  cells  (CD45HI  CD11b+)  were  increased  in  the

ipsilateral hemisphere of vehicle-treated mice compared to sham-operated mice 24 h after

brain ischemia (Fig. 6D, E). Interestingly, treated mice showed a decrease in the number

of  leukocytes  and  myeloid  cells  at  24  hours  of  reperfusion  (Fig.  6D,  E).  Recent

experimental studies show that neutrophils migrate to cerebral ischemic regions during

the first few hours after the onset of ischemia  29. Finally, we measured the number of

polymorphonuclear  cells  (PMN) such as neutrophils  at  24 h after brain ischemia.  We

observed an increase of PMN (CD11b+ Ly6G+) in the ipsilateral  hemisphere at 24 h

post-reperfusion  in  vehicle-treated  mice  compared  to  sham-operated  mice.  Similarly,

MCC950-treated mice showed decreased numbers of PMN (Fig. 6F). To confirm these

findings,  we  performed  immunofluorescence  labelling  of  the  PMN  marker  Ly6G.

Likewise, these results proved fewer Ly6G positive cells in the cerebral ischemic regions

in MCC950-treated mice compared to vehicle-treated mice (Fig. 6G). Altogether, these

results demonstrated that 1 h of MCAO followed by 24 h of reperfusion induced the
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recruitment of peripheral immune cells into cerebral ischemic regions and that MCC950

(3mg/kg) treatment 1 h after reperfusion had the potential to reduce recruitment.
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Figure 6. Peripheral immune cells infiltration into the brain 24 hours after brain ischemia.

Immune cells were isolated from the ipsilateral hemisphere and assessed via flow cytometry

24 hours post-stroke. A) Representative flow data plots depicting the gating strategy used to

identify brain-resident CD45INT microglia, CD45HI leukocytes, CD45HI CD11b+myeloid cells

and B) CD11b+Ly6G+ polymorphonuclear cells at 24 hours after tMCAO in mice treated with

vehicle and MCC950 (3mg/kg). (C) Quantification of brain microglia, leukocytes (D), myeloid

cells  (E)  and  polymorphonuclear  cells  (F)  24  hours  post-stroke  in  vehicle-treated  MCC950-

treated mice, expressed as a percentage over total alive cells. (G) Representative confocal images

of Ly6G in the brains obtained from tMCAO mice treated with vehicle and MCC950. Scale bar =

100µm.  For  all  experiments,  sham  (n=8),  vehicle  (n=9)  and  MCC950  (n=10).  Data  are

normalized to sham. Data are mean ± SD. **p<0.01; ***p<0.001.

4. Discussion 

Here, we report a time-dependent dual effect of NLRP3, the canonical sensor of sterile

injury, in the acute phase of ischemic stroke. We have shown that ischemic brain injury

was not reduced when NLRP3 was inhibited or absent before the ischemic onset, either

by specific inhibition with MCC950 in pre-treated mice or in NLRP3 KO mice approach.

However, post-reperfusion treatment with MCC950 (from 1 to 2 h after ischemic onset)

had a strong protective effect of the neurovascular unit.  Post-reperfusion inhibition of

NLRP3 led to a reduction of cytokine release, decreasing the levels of circulating CCL2

and  MMP9,  and  hence  protecting  the  BBB and  TJs  disruption  triggered  by cerebral

ischemia and reduces the number of infiltrating neutrophils in brain parenchyma. These

data provide evidence that NLRP3 has two roles in the acute phase of ischemic stroke.

Hence,  pharmacological  inhibition  of  NLRP3 could  break the  inflammatory  response
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produced  after  the  ischemic  onset,  leading  to  a  potent  protective  effect  of  the

neurovascular unit. 

In the last few years, numerous studies have been conducted to explore the participation

of NLRP3 in sterile brain injury and diseases, such as cerebrovascular diseases (ischemic

and  hemorrhagic  stroke),  neurodegenerative  diseases  (Alzheimer’s,  Huntington’s,  and

Parkinson’s  diseases),  multiple  sclerosis,  depression  as  well  as  other  CNS disorders.

Actually, there is some controversy over NLRP3 involvement in stroke. On the one hand,

previous studies have reported that NLRP3 inflammasome inhibition or absence plays a

vital role in the onset and progression of stroke, reducing the brain damage and protecting

the brain  12,13,  whereas  on the other  hand, it  has  been reported that  mice deficient  in

NLRP3 had no reduction in brain injury 10,11. 

In  this  study,  we  try  to  clarify  the  double-edge  sword  of  NLRP3  inflammasome

activation. First, we corroborate the data obtained with NLRP3 KO mice, where we show

no reduction in ischemic damage; however, there is an increase in the mortality rate of

this group, which indicates the importance of NLRP3 activation in the ischemia onset.

These data lead us to distinguish between NLRP3 activation prior (NLRP3 KO and pre-

treatment with MCC950) and after the ischemia onset (post-reperfusion treatment, 1 and

2 h). Taking this distinction into account, we obtained the same results; in the first group

(prior to ischemia onset), we showed a lack of reduction in the ischemic damage and an

increase in the mortality rate; in the second group (after the ischemia onset), we obtained

a  significant  protection  against  brain  ischemia  with  no  change  in  the  mortality  rate

compared to ischemic animals. These data lead us to rise the hypothesis that NLRP3 is

important following brain ischemia and needs to be activated right after  the ischemia
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onset to control the damage, but this activation needs to be controlled in the time-window

of 1 h after the ischemic onset to prevent hyperinflammation due to BBB disruption. 

IL-1β  is  one  of  the  most  extensively  studied  cytokines  in  the  context  of

neuroinflammation.  In the context of stroke,  it  has been demonstrated that IL-1β KO

mice show smaller infarcts than WT and IL-1β administration worsens the outcome of

ischemic rats 30,31. Therefore, the participation of IL-1β in stroke is clear. However, which

inflammasome is involved and what is the participation of central and/or peripheral IL-1β

is still under debate. In this work, we elucidated the participation of NLRP3 in acute brain

injury, clearly differentiating its  participation before and after the ischemic onset.  We

therefore  added new evidence  of  NLRP3 taking  part  in  brain  ischemia,  so it  can  be

included to the list of inflammasomes that have been demonstrated to participate in brain

ischemia,  such  as  NLRC4  and  AIM2  10.  However,  more  information  is  needed  to

discriminate  between  the  effect  of  central  and peripheral  IL-1β.  It  has  been  recently

shown that  systemic  inflammation,  either  produced by direct  IL-1β injection  or LPS-

induced IL-1β release, drives to BBB disruption and brain inflammation 32–34. Unilateral

overexpression of IL-1β in mouse brain leads to infiltration of immune cells  into the

hippocampus and BBB damage  35. Thus, further studies are required to figure out this

unsolved question. 

We  have  previously  shown  that  toll-like  receptor  4  (TLR4)  blockage  has  a  strong

protective effect in different models of brain ischemia, including in humans  14, and this

protective effect is mainly based on the control of the microglial inflammatory state. In

this study, we sought to deepen into the comprehensive study of the fine-tune control of

inflammation, by inhibiting NLRP3 activation to control innate immunity over-activation,
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and what we observed is that the specific inhibition of NLRP3 had a potent protective

effect on the BBB in brain ischemia/reperfusion. The opening or rupture of BBB has been

shown  to  be  biphasic  36.  In  the  first  phase,  ischemia-reperfusion  induces  subtle

cytoskeletal  changes, essentially junctional proteins redistribution in the microvascular

endothelial cells, followed by MMP9 increases, and enzymatic cleavage of TJ proteins

after  inflammatory  cell  recruitment  mediated  by chemokine  liberation  (CCL2/MCP-1,

CCL3, CXCL12/SDF-1), leading to the irreversible BBB breakdown and to secondary

expansion of tissue injury 37. Here we show that the potent protective effect of MCC950

relays on the stabilization of TJs at  endothelial  level in this  secondary phase.  Hence,

MCC950 reduces: i) MMP9 expression (Fig 5), ii) CCL2 levels in brain and in serum

(Fig 3), iii) expression of the endothelial adhesion molecules ICAM-1 and VCAM-1 (Fig

5),  iv)  inflammatory  cells  recruitment,  mainly  polymorphonuclear  cells  (Fig  6)  and,

finally, v) the enzymatic cleavage of TJ proteins, leading to strong BBB protection (Fig

4), reduction of infarct volume and neurological outcome (Fig 1). All the effects were

mediated by reduction of NLRP3-induced IL-1β liberation.

5. Conclusions

In summary, our data provide new pieces of evidence showing the crucial role of NLRP3

activation  in  the  pathophysiology  of  brain  injuries.  We  have  shown  that  NLRP3

activation is necessary for animal survival but there is a therapeutic window after the

ischemic  onset  in  which NLRP3 can be blocked to obtain  a strong protective  effect.

Overall, our data show that improvements on BBB integrity by NLRP3 inhibition during

the first few hours following an ischemic insult could be used as a target for therapeutical
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treatment  that  may  limit  neurological  damage  induced  by  pro-inflammatory

cytokine/chemokine release and inflammatory cell infiltration.

6. Acknowledgments

We are grateful with P. Pelegrín (IMIB-Arrixaca, Spain) for the Nlrp3/ mice. We also

thank Instituto/Fundación Teófilo Hernando for its continued support.

7. Sources of Funding 

This  work  was  supported  by  grants  from Fondo  de  Investigaciones  Sanitarias  (FIS)

(ISCIII/FEDER)  (Programa  Miguel  Servet  CP14/00008;  CPII19/00005;  PI16/00735;

PI19/00082) and Fundación Mutua Madrileña to JE. Kootstra Talented Fellowship (UM,

The Netherlands) to AC. Grants from the Spanish Government (co-funded by European

Regional  Development  Fund,  ERDF/FEDER);  PI16/02166  and  Red  Temática  de

Excelencia en Investigación en Hipoxia (SAF 2017-90794-REDT) to MJC.

8. Disclosures

The authors have declared that no conflict of interest exists.

9. References

1. Emberson J,  Lees  KR, Lyden P,  Blackwell  L,  Albers  G,  Bluhmki  E,  Brott  T,

Cohen G, Davis S, Donnan G, et al.  Effect of treatment delay, age, and stroke

severity  on  the  effects  of  intravenous  thrombolysis  with  alteplase  for  acute

ischaemic  stroke:  A  meta-analysis  of  individual  patient  data  from  randomised

39



trials. Lancet [Internet]. 2014 [cited 2020 Sep 8];384:1929–1935. Available from: /

pmc/articles/PMC4441266/?report=abstract

2. Bracard S, Ducrocq X, Mas JL, Soudant M, Oppenheim C, Moulin T, Guillemin F.

Mechanical thrombectomy after intravenous alteplase versus alteplase alone after

stroke (THRACE): a randomised controlled trial.  Lancet Neurol. [Internet]. 2016

[cited  2020  Sep  8];15:1138–1147.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/27567239/

3. Fugate JE, Rabinstein AA. Absolute and Relative Contraindications to IV rt-PA

for Acute Ischemic Stroke [Internet]. The Neurohospitalist. 2015 [cited 2020 Jul

24];5:110–121. Available from: https://pubmed.ncbi.nlm.nih.gov/26288669/

4. Guruswamy  R,  Elali  A.  Complex  roles  of  microglial  cells  in  ischemic  stroke

pathobiology: New insights and future directions [Internet]. Int. J. Mol. Sci. 2017

[cited  2020  Jul  13];18.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/28245599/

5. Doltra  A,  Dietrich  T,  Schneeweis  C,  Kelle  S,  Doltra  A,  Stawowy P,  Fleck  E.

Magnetic Resonance Imaging of Cardiovascular Fibrosis and Inflammation: From

Clinical Practice to Animal Studies and Back Cardiovascular MRI View project

Magnetic Resonance Imaging of Cardiovascular Fibrosis and Inflammation: From

Clinical  Practice  to  Ani.  Biomed  Res.  Int. [Internet].  2013  [cited  2020  Jul

13];676489:1–2.  Available  from:

https://www.researchgate.net/publication/256931880%0Ahttp://dx.doi.org/

10.1155/2013/676489

6. Murray  KN,  Parry-Jones  AR,  Allan  SM.  Interleukin-1  and  acute  brain  injury.

40



Front. Cell. Neurosci. [Internet]. 2015 [cited 2020 Jul 13];9. Available from: /pmc/

articles/PMC4319479/?report=abstract

7. Latz  E,  Xiao  TS,  Stutz  A.  Activation  and  regulation  of  the  inflammasomes

[Internet].  Nat.  Rev. Immunol.  2013 [cited 2020 Jul 13];13:397–411. Available

from: https://pubmed.ncbi.nlm.nih.gov/23702978/

8. Franchi  L,  Eigenbrod  T,  Muñoz-Planillo  R,  Nuñez  G.  The  inflammasome:  A

caspase-1-activation  platform  that  regulates  immune  responses  and  disease

pathogenesis  [Internet].  Nat.  Immunol.  2009  [cited  2020  Jul  13];10:241–247.

Available from: /pmc/articles/PMC2820724/?report=abstract

9. Voet S, Srinivasan S, Lamkanfi M, Loo G. Inflammasomes in neuroinflammatory

and neurodegenerative diseases. EMBO Mol. Med. [Internet]. 2019 [cited 2020 Jul

13];11:10248. Available from: /pmc/articles/PMC6554670/?report=abstract

10. Denes A, Coutts G, Lénárt N, Cruickshank SM, Pelegrin P, Skinner J, Rothwell N,

Allan SM, Brough D. AIM2 and NLRC4 inflammasomes contribute with ASC to

acute  brain  injury  independently  of  NLRP3.  Proc.  Natl.  Acad.  Sci.  U.  S.  A.

[Internet].  2015  [cited  2020  Jul  13];112:4050–4055.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/25775556/

11. Lemarchand E, Barrington J, Chenery A, Haley M, Coutts G, Allen JE, Allan SM,

Brough  D.  Extent  of  Ischemic  Brain  Injury  After  Thrombotic  Stroke  Is

Independent of the NLRP3 (NACHT, LRR and PYD Domains-Containing Protein

3)  Inflammasome.  Stroke [Internet].  2019  [cited  2020  Jul  13];50:1232–1239.

Available from: /pmc/articles/PMC6485300/?report=abstract

12. Yang F, Wang Z, Wei X, Han H, Meng X, Zhang Y, Shi W, Li F, Xin T, Pang Q,

41



et  al.  NLRP3  deficiency  ameliorates  neurovascular  damage  in  experimental

ischemic  stroke.  J.  Cereb.  Blood Flow Metab. [Internet].  2014 [cited  2020 Jul

13];34:660–667. Available from: https://pubmed.ncbi.nlm.nih.gov/24424382/

13. Guo Z, Yu S, Chen X, Zheng P, Hu T, Duan Z, Liu X, Liu Q, Ye R, Zhu W, et al.

Suppression of NLRP3 attenuates hemorrhagic transformation after delayed rtPA

treatment in thromboembolic stroke rats: Involvement of neutrophil recruitment.

Brain Res. Bull. [Internet]. 2018 [cited 2020 Jul 13];137:229–240. Available from:

https://linkinghub.elsevier.com/retrieve/pii/S0361923017304616

14. Parada E, Casas AI, Palomino-Antolin A, Gómez-Rangel V, Rubio-Navarro A,

Farré-Alins V, Narros-Fernandez P, Guerrero-Hue M, Moreno JA, Rosa JM, et al.

Early toll-like receptor 4 blockade reduces ROS and inflammation triggered by

microglial  pro-inflammatory  phenotype  in  rodent  and  human  brain  ischaemia

models.  Br.  J.  Pharmacol. [Internet].  2019 [cited  2020 Jul  13];176:2764–2779.

Available from: https://pubmed.ncbi.nlm.nih.gov/31074003/

15. Bederson JB, Pitts LH, Tsuji M, Nishimura MC, Davis RL, Bartkowski H. Rat

middle cerebral artery occlusion: Evaluation of the model and development of a

neurologic examination.  Stroke [Internet]. 1986 [cited 2020 Jul 13];17:472–476.

Available from: https://pubmed.ncbi.nlm.nih.gov/3715945/

16. Dunn AK. Laser speckle contrast imaging of cerebral blood flow.  Ann. Biomed.

Eng. [Internet].  2012  [cited  2020  Jul  13];40:367–377.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/22109805/

17. Bederson JB, Pitts LH, Germano SM, Nishimura MC, Davis RL, Bartkowski HM.

Evaluation  of  2,  3,  5-triphenyltetrazolium chloride  as  a  stain for  detection  and

42



quantification of experimental cerebral infarction in rats.  Stroke [Internet]. 1986

[cited  2020  Jul  13];17:1304–1308.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/2433817/

18. Jones KA, Maltby S, Plank MW, Kluge M, Nilsson M, Foster PS, Walker FR.

Peripheral immune cells infiltrate into sites of secondary neurodegeneration after

ischemic  stroke.  Brain.  Behav.  Immun. [Internet].  2018  [cited  2020  Jul

13];67:299–307. Available from: https://pubmed.ncbi.nlm.nih.gov/28911981/

19. Chuang TY, Guo Y, Seki SM, Rosen AM, Johanson DM, Mandell JW, Lucchinetti

CF,  Gaultier  A.  LRP1  expression  in  microglia  is  protective  during  CNS

autoimmunity.  Acta  Neuropathol.  Commun. [Internet].  2016  [cited  2020  Jul

13];4:68. Available from: https://pubmed.ncbi.nlm.nih.gov/27400748/

20. Cazareth  J,  Guyon  A,  Heurteaux  C,  Chabry  J,  Petit-Paitel  A.  Molecular  and

cellular  neuroinflammatory  status  of  mouse  brain  after  systemic

lipopolysaccharide  challenge:  Importance  of  CCR2/CCL2  signaling.  J.

Neuroinflammation [Internet]. 2014 [cited 2020 Jul 13];11. Available from: https://

pubmed.ncbi.nlm.nih.gov/25065370/

21. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: An overview of

mechanisms of activation and regulation [Internet]. Int. J. Mol. Sci. 2019 [cited

2020 Jul 23];20. Available from: /pmc/articles/PMC6651423/?report=abstract

22. Iadecola  C,  Anrather  J.  The  immunology  of  stroke:  From  mechanisms  to

translation [Internet]. Nat. Med. 2011 [cited 2020 Jul 13];17:796–808. Available

from: https://pubmed.ncbi.nlm.nih.gov/21738161/

23. Yao Y, Tsirka SE. Monocyte chemoattractant protein-1 and the blood-brain barrier

43



[Internet].  Cell.  Mol.  Life  Sci.  2014 [cited 2020 Jul 13];71:683–697.  Available

from: https://pubmed.ncbi.nlm.nih.gov/24051980/

24. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health and

disease  [Internet].  Pharmacol.  Rev.  2005  [cited  2020  Jul  13];57:173–185.

Available from: https://pubmed.ncbi.nlm.nih.gov/15914466/

25. Haseloff  RF,  Dithmer  S,  Winkler  L,  Wolburg  H,  Blasig  IE.  Transmembrane

proteins of the tight junctions at the blood-brain barrier: Structural and functional

aspects  [Internet].  Semin.  Cell  Dev.  Biol.  2015  [cited  2020  Jul  13];38:16–25.

Available from: https://pubmed.ncbi.nlm.nih.gov/25433243/

26. GH  D,  WD  D.  Inflammatory  Mechanisms  After  Ischemia  and  Stroke.  J.

Neuropathol. Exp. Neurol. [Internet]. 2003 [cited 2020 Jul 13];62. Available from:

https://pubmed.ncbi.nlm.nih.gov/12578222/

27. Ma  Q,  Chen  S,  Klebe  D,  Zhang  JH,  Tang  J.  Adhesion  Molecules  in  CNS

Disorders:  Biomarker  and  Therapeutic  Targets.  CNS  Neurol.  Disord.  -  Drug

Targets [Internet].  2013  [cited  2020  Jul  13];12:392–404.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/23469854/

28. Engelhardt B, Ransohoff RM. The ins and outs of T-lymphocyte trafficking to the

CNS: Anatomical  sites  and molecular  mechanisms [Internet].  Trends Immunol.

2005  [cited  2020  Jul  13];26:485–495.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/16039904/

29. Perez-de-Puig I, Miró-Mur F, Ferrer-Ferrer M, Gelpi E, Pedragosa J, Justicia C,

Urra X, Chamorro A, Planas AM.  Neutrophil recruitment to the brain in mouse

and human ischemic stroke.  Acta Neuropathol. [Internet].  2015 [cited 2020 Jul

44



13];129:239–257. Available from: https://pubmed.ncbi.nlm.nih.gov/25548073/

30. Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y, Rothwell NJ. Role of IL-

1α and IL-1β in ischemic brain damage. J. Neurosci. [Internet]. 2001 [cited 2020

Jul  13];21:5528–5534.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/11466424/

31. Yamasaki  Y,  Matsuura  N,  Shozuhara  H,  Onodera  H,  Itoyama  Y,  Kogure  K.

Interleukin-1 as a pathogenetic mediator of ischemic brain damage in rats. Stroke

[Internet].  1995  [cited  2020  Jul  13];26:676–680.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/7709417/

32. Haruwaka  K,  Ikegami  A,  Tachibana  Y,  Ohno  N,  Konishi  H,  Hashimoto  A,

Matsumoto M, Kato D, Ono R, Kiyama H, et al. Dual microglia effects on blood

brain  barrier  permeability  induced  by  systemic  inflammation.  Nat.  Commun.

[Internet].  2019  [cited  2020  Jul  13];10.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/31862977/

33. Wong ML, Bongiorno PB, Rettrori V, Mccann SM, Licinio J. Interleukin (IL) 1β,

IL-1 receptor antagonist, IL-10, and IL-13 gene expression in the central nervous

system and anterior  pituitary  during systemic  inflammation:  Pathophysiological

implications.  Proc.  Natl.  Acad.  Sci.  U.  S.  A. [Internet].  1997  [cited  2020  Jul

13];94:227–232. Available from: https://pubmed.ncbi.nlm.nih.gov/8990190/

34. Mastronardi  C,  Whelan  F,  Yildiz  OA, Hannestad  J,  Elashoff  D,  McCann SM,

Licinio J, Wong ML. Caspase 1 deficiency reduces inflammation-induced brain

transcription.  Proc.  Natl.  Acad.  Sci.  U.  S.  A. [Internet].  2007  [cited  2020  Jul

13];104:7205–7210. Available from: https://pubmed.ncbi.nlm.nih.gov/17409187/

45



35. Shaftel  SS, Carlson TJ, Olschowka JA, Kyrkanides S, Matousek SB, O’Banion

MK.  Chronic  interleukin-1β  expression  in  mouse  brain  leads  to  leukocyte

infiltration  and  neutrophil-independent  blood-brain  barrier  permeability  without

overt  neurodegeneration.  J.  Neurosci. [Internet].  2007  [cited  2020  Jul

13];27:9301–9309. Available from: https://pubmed.ncbi.nlm.nih.gov/17728444/

36. Prakash R, Carmichael ST. Blood-brain barrier breakdown and neovascularization

processes after stroke and traumatic  brain injury [Internet].  Curr. Opin. Neurol.

2015  [cited  2020  Jul  13];28:556–564.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/26402408/

37. Shi Y, Zhang L, Pu H, Mao L, Hu X, Jiang X, Xu N, Stetler RA, Zhang F, Liu X,

et  al.  Rapid  endothelial  cytoskeletal  reorganization  enables  early  blood-brain

barrier disruption and long-term ischaemic reperfusion brain injury. Nat. Commun.

[Internet].  2016  [cited  2020  Jul  13];7.  Available  from:

https://pubmed.ncbi.nlm.nih.gov/26813496/

46


