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ABSTRACT 

The response to ischemic injury in the brain is different to the response to ischemic injury in 

other organs and tissues. Almost exclusive to the brain, and for unknown reasons, dead tissue 

liquefies in response to ischemia by the process of liquefactive necrosis. However, the data we 

present here indicate that at the macroscopic, microscopic, and molecular level, liquefactive 

necrosis strongly resembles atherosclerosis. We show that chronic stroke infarcts contain foamy 

macrophages, cholesterol crystals, high levels of osteopontin and matrix metalloproteases, and 

a similar cytokine profile to atherosclerosis. Crystalline cholesterol is a principal driver of 

atherosclerosis, and because cholesterol is an important structural component of myelin, we 

propose that liquefactive necrosis in response to stroke is caused by an inflammatory response 

to myelin debris, and is exacerbated by the formation of cholesterol crystals within 

macrophages. We propose that this leads to the chronic production of high levels of proteases, 

which in a partially osteopontin-dependent mechanism, causes secondary neurodegeneration 

and encephalomalacia of the surrounding tissue. In support of this, we show that genetically 

ablating osteopontin substantially reduces the production of degradative enzymes following 

stroke, reduces secondary neurodegeneration, and improves recovery. These findings suggest 

that treatments that prevent or target the regression of atherosclerosis may also be useful for 

mitigating the harmful effects of liquefactive necrosis following stroke.  
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INTRODUCTION 

 Stroke is currently the fifth leading cause of death and a leading cause of long-term 

disability in the United States. Approximately 800,000 individuals have a stroke every year and 

nearly a quarter of these stroke cases occur in people who have previously experienced a 

stroke 1. More than one third of stroke survivors will develop dementia within five years of having 

their stroke, and many more will live with long-term disabilities 2,3.  

 

Ischemic strokes account for approximately 87% of all stroke cases. Ischemia occurs 

when blood flow to the brain is obstructed, often by a clot. Consequently, surrounding tissue 

cannot receive sufficient oxygen and nutrients. This can result in cellular death via excitotoxicity, 

ion imbalance, oxidative and nitrative stress, and inflammation 1,4. As few as five minutes of 

ischemia and hypoxia can cause neuronal death 5. Hemorrhagic strokes, characterized by 

rupture of a blood vessel in the brain, account for the remainder of stroke cases. Following 

hemorrhagic stroke, secondary damage occurs via cytotoxicity, excitotoxicity, oxidative stress, 

and inflammation 6. 

  

Cellular death in response to ischemia 

The initial insult of hypoxia due to ischemia results in a dramatic decrease in oxygen and 

glucose levels in the affected tissue, leading to an imbalance in cellular homeostasis. Oxidative 

phosphorylation, the main cellular pathway that produces ATP, requires oxygen as the last 

electron acceptor in the electron transport chain to produce a hydrogen gradient. Loss of the 

hydrogen gradient due to hypoxia will stall ATP synthesis, and the cell’s ATP levels will drop 

dramatically. Na+/K+-ATPase pumps, which utilize a large pool of the ATP produced by oxidative 

phosphorylation, will not be able to function, resulting in a buildup of sodium and water within 

the cell and potassium in the extracellular space. The loss of an ion gradient results in 
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depolarization of neurons. If oxygen is not restored to the tissue, cells begin to swell, and the 

plasma membrane will begin to break 7. Ultimately, cell death occurs and the cellular contents 

spill into the surrounding tissue. When molecules normally confined within the cell are released, 

toll-like receptors (TLRs) will recognize these molecules as damage-associated molecular 

patterns (DAMPs), consequently leading to an inflammatory response in the ischemic tissue 8. 

Some of the cellular contents that leak from the infarct core can also cause excitotoxicity to the 

surrounding tissue, which can further exacerbate the injury.  

 

Another form of cell death, apoptosis, also occurs in the hours and days following 

cerebral ischemia. This occurs more predominantly in the peri-infarct region because it is farther 

away from the infarct core and therefore has not been directly affected by ischemia, but has still 

been exposed to the toxins of the infarcted area 9–11,4. Some mechanisms that promote 

apoptosis include damaged DNA, ATP in the extracellular space, reactive oxygen species, and 

free radicals, and the release of proapoptotic molecules from the mitochondria, such as 

cytochrome c, among others 11. This mechanism of programmed cell death does not elicit the 

same inflammatory response as necrosis, but still contributes to neurodegeneration and cellular 

loss following stroke. Therefore, targeting mechanisms to minimize apoptosis of the ischemic 

penumbra can provide a useful therapeutic. 

 

Tissue recovery following ischemia 

Ischemic tissue undergoes sterile inflammation, which is an inflammatory response that 

occurs in the absence of infection. Sterile inflammation occurs in conditions such as stroke, 

atherosclerosis, particle-induced lung disease, and crystal-induced arthritis. There are a 

multitude of triggers of sterile inflammation, including intracellular molecules (nuclear proteins, 

mitochondrial DNA and peptides, etc.), extracellular matrix components, and cholesterol 12.  
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After the initial ischemic event in the brain, continued cell death occurs within the infarct 

and in the penumbra due to inflammation. An acute surge of leukocytes, including neutrophils, 

monocytes, and lymphocytes, to the infarcted area occurs 30 minutes to 24 hours following 

stroke 13. Neutrophils are the first responders that migrate into the injured area via extravasation 

from the circulating blood. Their job in innate immunity is to phagocytose foreign material and 

debris and recruit additional immune cells by secreting cytokines and chemokines. Neutrophils 

can cause cellular damage via release of free radicals, cytokines, and proteolytic enzymes. 

They can also obstruct microcirculation during recruitment, further heightening tissue damage 

13,14. Lymphocytes, which are normally excluded from the central nervous system, migrate to the 

infarct approximately 24 hours post-stroke due to disruption of the blood brain barrier (BBB). 

Once there, they persist for weeks following stroke 15. They play both beneficial and detrimental 

roles to the recovery of stroke. Lymphocytes promote glial scarring, which acts to isolate the 

ischemic core from surrounding tissue 14. They can also produce a large amount of cytokines, 

chemokines, and antibodies that cause additional damage to the tissue.  

 

In response to ischemia, tissue will undergo different forms of necrosis depending on the 

tissue and injury type. The brain is unique in that, in response to ischemia, it undergoes 

liquefactive necrosis rather than coagulative necrosis, which is more common in tissues such as 

the heart and kidney 7. Liquefactive necrosis is also seen with infections or an intense 

inflammatory response. It is characterized by the transformation of normal tissue into a viscous 

mass due to the presence of proteinases and other enzymes that degrade the tissue. 

Microscopically, tissue architecture is lost and inflammatory cell debris is seen during 

liquefactive necrosis 7. In the brain, liquefactive necrosis is a chronic inflammatory response to 

stroke that intensifies post-stroke injury 15–17 that occurs for unknown reasons. The final stage of 
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recovery is cystic encephalomalacia 17. This is characterized by cystic cavities filled 

predominantly with cerebrospinal fluid, and the tissue that remains is softer than normal.  

 

In the C57Bl/6 mouse model, the infarcted area is impacted by inflammation for 

approximately two weeks, at which time inflammation declines and a glial scar begins to form. 

This acts to separate the infarcted tissue from the surrounding tissue 14. By seven weeks, the 

glial scar has matured but cytokine and chemokine levels are still elevated, indicating that the 

wound is still not fully healed 16. Compared to the acute timeline of stroke recovery, the chronic 

progression of stroke recovery is not as well defined, with some sources stating that strokes 

resolve as early as 2 weeks, to other sources showing a continued pro-inflammatory profile in 

the lesion up to 14 weeks following stroke 7,17. It is currently unknown why the inflammatory 

response continues for so long. Thus, it is imperative to study the multitude of factors that can 

contribute to the prolonged inflammatory response following stroke in order to provide better 

treatments for stroke patients. 

 

Atherosclerosis and stroke 

 Cholesterol is a driving force for the progression of atherosclerosis. Atherosclerotic 

plaques develop within arteries when macrophages ingest excessive cholesterol in the form of 

oxidized low-density lipoprotein (oxLDL) 18. Macrophages slowly develop into large 

proinflammatory foam cells that contain numerous lipid-laden cytoplasmic vesicles. The 

formation of foam cells is dictated by the balance between extracellular lipid uptake and reverse 

lipid transport from the intracellular compartment to extracellular lipid acceptors, such as high-

density lipoprotein (HDL) and apolipoprotein E (apoE). If cholesterol accumulation within a foam 

cell exceeds the solubility limit of the cell, cholesterol crystals will form 18. Intracellular 

cholesterol crystals can cause both physical damage to organelles by destabilization of the 
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lysosomal compartment and rupturing the plasma membrane 19 They can also activate the Nod-

like receptor family pyrin domain containing 3 (NLRP3) inflammasome and the Syk and PI3 

kinase pathway, resulting in the production of proinflammatory cytokines and degradative 

enzymes 18,20,21. Extracellular cholesterol crystals can also activate the foreign body response, 

which likewise leads to the production of degradative enzymes 22,23. 

 

Oxidized LDL also initiates pro-inflammatory Toll-like receptor 4 (TLR4) signaling 

through a complex composed of CD36, TLR4, and TLR6 24. The net effect of the convergence 

of inflammasome and TLR signaling is activation of nuclear factor-κB (NF-κB). This leads to T-

lymphocyte recruitment, the production of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS), and the production of proinflammatory cytokines 21 and degradative enzymes 20. 

Therefore the goal of this study was to test if this mechanism that causes atheromas in 

cardiovascular disease is also the reason why dead brain tissue liquefies following stroke due to 

the fact that the brain is the most cholesterol-rich organ, containing approximately 20% of the 

body’s total cholesterol 25.  

 

In support of this hypothesis, Cantuti-Castelvetri et al recently demonstrated that in a 

toxin-induced model of demyelination, myelin debris can overwhelm the efflux capacity of 

microglia/macrophages, resulting in the formation of cholesterol crystals and a chronic 

inflammatory response in aged mice 26. Furthermore, transcriptional profiling of macrophages at 

7 days after spinal cord injury reveals that they closely resemble foam cells, with lipid 

catabolism representing their main biological process 27.  
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Molecular targets to decrease cytotoxic environment of liquefactive necrosis 

To further elucidate similarities between atherosclerosis and stroke, we aimed to test if 

targeting pathways involved in the pathophysiology of atherosclerosis also modulate the 

damaging effects of liquefactive necrosis following stroke. The molecules we selected to target 

are osteopontin (OPN), CD36, and NLRP3.  

 

Osteopontin 

 OPN is a secreted extracellular matrix protein that is involved in many processes, such 

as tissue repair, remodeling, and inflammation 28. In inflammation, OPN acts as a 

proinflammatory or chemotactic cytokine 28,29. OPN is one of the most abundant cytokines found 

in atherosclerotic lesions and it is involved in macrophage retention at sites of chronic 

inflammation 29. OPN is also known to regulate chronic inflammatory responses to foreign 

bodies such as cholesterol crystals as evidenced by the fact that there are deficits in 

macrophage accumulation in OPN deficient mice in models of atherosclerosis and biomaterial 

implantation 29. Bruemmer et al showed that OPN-deficient mice had slower progression of 

atherosclerotic lesions compared to their wildtype counterparts 30. For these reasons, we chose 

to test if knocking out OPN would speed up recovery following stroke.  

 

CD36 and NLRP3 

CD36 and NLRP3 are both involved in the production of pro-inflammatory cytokines in 

atherosclerotic lesions and contribute to the progression of atherosclerosis. CD36 is a pathogen 

recognition receptor (PRR), specifically a scavenger receptor expressed on various cell types, 

including monocytes, macrophages, and endothelial cells. Macrophage CD36 is involved in 

atheroma formation by binding to oxidized low-density lipoprotein (oxLDL), thereby facilitating 

the formation of foam cells 31. One specific signal cascade that is activated in response to 
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uptake of oxLDL by CD36 is the NLRP3 inflammasome. If the amount of oxLDL exceeds its 

solubility limit within lysosomal compartments, it precipitates into cholesterol crystals 18. This 

crystallization destabilizes the lysosomal compartment, and a second signal is produced to 

induce inflammasome activation 32. Once activated, the NLRP3 inflammasome leads to the 

secretion of IL-1 and IL-18. The NLRP3 inflammasome can also become activated in response 

to extracellular cholesterol crystals found in atherosclerotic lesions 18. Genetic ablation of both 

CD36 and NLRP3 have been shown to reduce atherosclerotic lesion formation and progression 

18,32.  

 

Study objectives  

 The three main objectives of this thesis were 1) to compare the kinetics and 

characteristics of the inflammatory response to ischemia in the heart, a protein rich organ, to the 

inflammatory response to ischemia in the brain, a cholesterol rich organ, 2) to provide evidence 

of overlap in the molecular profile of the chronic inflammatory response to stroke and 

atherosclerosis, and 3) to test if targeting pathways involved in the pathophysiology of 

atherosclerosis also modulate the damaging effects of liquefactive necrosis following stroke.  

 

Summary of Findings 

 We show that the brain takes substantially longer than the heart to heal from ischemia, 

with the induction of a second wave of inflammation that coincides with the formation of 

intracellular and extracellular cholesterol crystals within the infarct in the weeks following stroke. 

This second wave of inflammation could further aggravate and prolong the healing process. The 

second wave notably includes the expression of many of the same pro-inflammatory cytokines 

and proteolytic enzymes associated with atherosclerosis. We then show that the expression of 

these pro-inflammatory cytokines and proteolytic enzymes is profoundly reduced in OPN-
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deficient mice, which correlates with an accelerated recovery of motor function and reduction in 

secondary neurodegeneration compared to wildtype mice. Surprisingly, we did not find a similar 

phenotype in CD36- or NLRP3- deficient mice. Nevertheless, these findings provide a 

compelling explanation for why the brain liquefies following stroke. Namely, that cholesterol 

derived from myelin debris overwhelms the processing capability of phagocytic cells in the brain, 

leading to the overproduction of degradative enzymes, and secondary neurodegeneration in an 

OPN dependent mechanism. Importantly, they are also a starting point for testing if treatments 

that target atherosclerosis and the chronic production of degradative enzymes are also useful 

for mitigating the damaging effects of liquefactive necrosis in recovering stroke patients. 
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MATERIALS AND METHODS 

Mice 

Adult 10-12 week male C57Bl/6J (Stock No: 000664), BALB/c (Stock No: 000651), 

NLRP3 knockout (Stock No: 021302), CD36 knockout (Stock No: 019006), and OPN knockout 

mice (Stock No: 025378) were purchased from the Jackson Laboratory (Bay Harbor, ME). All 

animals were housed under a 12-h light/dark schedule with ad libitum access to food and water. 

All animal manipulations were performed in accordance with National Institutes of Health 

guidelines and the University of Arizona IACUC procedures.  

 

Stroke surgeries 

C57BL/6 mice, NLRP3 KO mice, CD36 KO mice, and OPN KO mice underwent distal 

middle cerebral artery occlusion (DMCAO) on the mice as described previously in 33. Briefly, 

mice were anesthetized by isoflurane inhalation core body temperature was maintained at 37ºC, 

and the skull exposed by creating an incision in the skin and temporalis muscle. The right 

middle cerebral artery (MCA) was identified and a microdrill was used to penetrate the skull to 

expose the underlying MCA. The meninges were cut and the vessel cauterized using a small 

vessel cauterizer (Bovie Medical Corporation). Surgical wounds were closed using Surgi-lock 

2oc (Meridian Animal Health). Mice were then immediately transferred to a hypoxia chamber 

containing 9% oxygen and 91% nitrogen for 45 minutes. Sham surgeries were performed 

identically to stroke surgeries, except for cauterization of the DMCA. BALB/c mice underwent 

DMCAO without hypoxia. All mice received one dose of buprenorphine (0.1 mg/kg) via 

subcutaneous injection prior to surgery. Cefazolin antibiotics (25 mg/kg) and slow-release 

buprenorphine (1 mg/kg) were subcutaneously administered immediately following surgery.  

 
Myocardial infarction 
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C57BL/6 mice were placed in the supine position, and a light was shone onto the neck 

region for transesophageal illumination, enabling the larynx to be visualized through the mouth 

opening. The tongue was retracted and a guide wire is inserted into the trachea. A 20G IV 

catheter was then laced over the guide wire and advanced into the trachea but not past the 

trachea bifurcation. The intubation tubing was then connected to the rodent ventilator. A left 

thoracotomy was then performed by a left lateral incision and transection of the third rib using 

dissecting scissors. An 8-0 polyethylene suture was threaded underneath the left coronary 

artery, perpendicular to the long axis of the heart. The ligature was tied and blanching of the 

myocardium was visually verified. The thoracotomy was closed in 3 layers: (1) the intercostal 

ribs and muscle, (2) the pectoral muscle and (3) the skin layers using 7-0 nylon absorbable 

suture. After each surgery was complete, the expiration line of ventilator was briefly occluded in 

order to evacuate the pleural space and establish proper intrapleural pressure. Mice were 

extubated and recovered on a heating pad. Total time under anesthesia: < 30 minutes. 

 

Tissue processing 

C57BL/6 mice were euthanized 24 hours, 1 week, 4 weeks, 8 weeks, and 6 months after 

stroke by deep isoflurane anesthesia followed by intracardial perfusion with 0.9% saline. 

BALB/c, NLRP3 knockout, CD36 knockout, and OPN knockout mice were euthanized at 7 

weeks following stroke by the same methods. Brains and hearts were extracted and either snap 

frozen in liquid nitrogen for biochemical assays or fixed in 4% PFA and transferred to 30% 

sucrose for cryoprotection for immunohistochemistry, or placed in 2.5% glutaraldehyde and 2% 

PFA for electron microscopy. Coronal sections were obtained using a Microm HM 450 sliding 

microtome (Thermo Fisher Scientific) and stored in cryoprotectant solution containing 30% 

sucrose at -20º C.  
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Immunohistochemistry 

 Immunostaining was performed on free-floating 40 µm coronal brain sections and 6 µm 

coronal heart sections using standard techniques. Primary antibodies against neuronal nuclei 

(NeuN; 1:500; Millipore Sigma, Cat. No. MAB377, RRID: AB2298772), CD3e (1:1000; BD 

Biosciences, Cat. No. 550277, RRID: AB393573), CD68 (1:1000; Bio-Rad, Cat. No. 

MCA1957GA RRID: AB324217), and B220 (1:500; BD Biosciences, Cat. No. 553085, RRID: 

AB394615) were used in conjunction with the appropriate secondary antibody and ABC Vector 

Elite and 3,3’-diaminobenzidine kits (Vector Laboratories). Samples were visualized under light 

microscopy using a Keyence BZ-X700 microscope.  

 

Nissl staining 

 Brain and heart sections were mounted and dehydrated. Slides were then cleared in 

xylene, rehydrated, immersed in 0.5% cresyl violet acetate (Sigma-Aldrich) solution for 1 

minute, rinsed with distilled water, and differentiated in 0.25% acetic alcohol. Slides were then 

dehydrated through a graded ethanol series, cleared by xylene, and coverslipped using Entellan 

(Electron Microscopy Sciences). Samples were visualized under light microscopy using a 

Keyence BZ-X700 microscope. 

 

Trichrome staining 

Trichrome staining was performed on both 40 µm coronal brain sections and 6 µm 

coronal heart sections to determine formation of a collagen network in the infarcted tissue. 

Staining was performed according to AbCam trichrome stain (ab150686) protocol. Briefly, the 

heart sections were deparaffinized and hydrated to distilled water and brain sections were 

mounted and hydrated to distilled water. Bouin’s fluid was preheated in a water bath to 56-64º C 

in a fume hood and slides were incubated in Bouin’s fluid for 1 hour followed by 10 minutes of 
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cooling. The slides were rinsed in tap water for 5 minutes and rinsed once in distilled water. 

Slides were stained with Weigert’s Iron Hematoxylin for 5 minutes and rinsed in running tap 

water for 2 minutes. Slides were placed in Briebirch Scarlet/Acid Fuchin solution for 15 minutes 

and subsequently rinsed in distilled water. Slides were then differentiated in 

Phosphomolybdic/Phosphotungstic acid solution for 10-15 minutes followed by application of 

Aniline Blue solution for another 5-10 minutes and rinsed in distilled water. Acetic acid solution 

(1%) was applied to the slides for 3-5 minutes, followed by dehydration in 95% alcohol twice 

and absolute alcohol twice. Finally, slides were cleared in xylene and mounted in Entellan.  

 

Multiplex immunoassay 

Snap-frozen brain tissue samples were sonicated in ice-cold 0.1 M PBS containing 1% 

triton-X and 0.1% sodium deoxycholate, Protease Inhibitor Cocktail (1:100; Millipore Sigma), 

and Phosphatase Inhibitor Cocktail 2 (1:100; Millipore Sigma). Following centrifugation, the total 

protein concentration of each supernatant was measured using a Direct Detect Infrared 

Spectrometer (Millipore Sigma). Total matrix metalloproteinases (MMPs), osteopontin (OPN), 

and cytokines and chemokines were then quantified using mouse multiplex magnetic bead kits 

purchased from Millipore Sigma, and used according to the manufacturer’s recommendations. 

Each lysate sample, standard, and quality control was measured in duplicate. Plates were read 

using a MAGPIX instrument (Luminex), and results were analyzed using MILLIPLEX Analyst 5.1 

software (Millipore Sigma).  

 

Electron microscopy 

Brains used for transmission and scanning electron microscopy (EM) were fixed in 2.5% 

glutaraldehyde + 2% PFA in 0.1 M Pipes buffer for 1 hour at room temperature or overnight at 

4oC. Following washes in 0.05 M Pipes buffer/0.05 M glycine and washes in 0.1 M Pipes buffer, 
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dissected stroke regions from each brain were then post-fixed in 1% osmium tetroxide for 1 

hour. After fixation, samples underwent washes in deionized water (DIW). Samples for 

transmission EM were then block stained in 2% aqueous uranyl acetate, washed in DIW, 

dehydrated through a graded series of alcohols, infiltrated with 1:1 alcohol/Spurr’s resin 

overnight, and embedded in 100% Spurr’s resin overnight at 60oC. Samples for scanning EM 

were dehydrated, incubated in hexamethyldisilazan, and then air dried. Sections for 

transmission EM were viewed under an FEI Tecnai Spirit microscope (Arizona Health Science 

Center Core Imaging Facility) operated at 100 kV. Eight-bit TIFF images were captured using an 

AMT 4 Mpixel camera. Sections for scanning EM were gold coated, and viewed under a FEI 

Company Inspect S microscope operated at 30 kV. 

 

Cholesterol crystal imaging 

 Slides were prepared by washing 40 µm coronal brain sections in 1x PBS for 5 minutes 

three times. The sections were then mounted and dried on a slide warmer at 40º C for 1 hour, or 

until completely dried. Slides were washed three times in ddH2O for two minutes and dried on a 

slide warmer at 40º C for 1 hour. Slides were cover slipped using glycerol and the edges were 

sealed with clear nail polish. The cholesterol crystals in the infarct were visualized using 

polarized light microscopy. Two polarized filters, the polarizer and analyzer, were adapted onto 

a Keyence BZ-X700 microscope. The filters were adjusted until maximum extinction was 

achieved. Images of the infarct that contained cholesterol crystals were captured using a 20x air 

objective. Lipofuscin autofluorescence was also captured as an overlay using a TexasRed filter 

cube (Keyence) to localize the lesion. 

 

Cholesterol crystal isolation and verification 
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 To confirm the presence of cholesterol crystals, sucrose density gradient centrifugation 

was performed to confirm that the crystals seen in the lesion have the same density as 

cholesterol crystals. Stroked mice were euthanized 7 weeks following DH stroke as described 

above. The infarct from C57BL/6 mice (n=5-10) were dissected and pooled. The same was 

performed with the equivalent area of contralateral cortex. Tissue was placed into two sterile 15 

mL conical centrifuge tubes containing 750 µL of media (serum-free Neurobasal media, 1× B27 

supplement, L-glutamine, and penicillin/streptomycin, without protease/phosphatase inhibitors; 

Thermo Fisher Scientific). Pooled tissue was gently triturated by passage through a sterile 

P1000 pipet. Dissociated cells were centrifuged at 300 rpm for 10 minutes at 4º C. The 

supernatant was removed, the pellet was re-suspended in 750 µL of fresh media followed by 

gentle trituration with a P1000 pipet, and the sample re-centrifuged at 300 rpm for 10 minutes at 

4º C. Again, the supernatant was removed, the pellet was re-suspended in fresh media, and 

samples were stored at -80º C. Prior to pouring the sucrose density gradient, infarct samples 

were spun at 4,000 rpm for 15 minutes at 4º C. The supernatant was extracted and placed in a 

2 mL screw cap micro tube. 1 mL of lysis buffer with added protease inhibitor and phosphatase 

inhibitors was added to the pellet and the sample was sonicated in bursts. Following sonication, 

samples were spun at 13,000 rpm for 15 minutes at 4º C. The supernatant was extracted and 

placed in a 2 mL screw cap micro tube and the pellet was resuspended in 200 µL of lysis buffer 

and triturated. This was repeated using the equivalent amount of the contralateral cortex. Each 

sample was poured into a linear sucrose gradient (0-2 M sucrose). Gradients were then 

centrifuged at 38,000 x g for 3 hours in an ultracentrifuge. Fractions were removed in 200 µL 

aliquots from the top of the gradient and analyzed for sucrose content with a refractometer. 

Using polarized microscopy, 10 µL of each fraction was placed onto a slide and the number of 

cholesterol crystals present in each fraction was counted. This experiment was repeated in 

triplicate. 
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Cholesterol assay 

 A cholesterol assay was also performed on the purified cholesterol crystal samples to 

validate that the crystals were cholesterol. Each fraction that we obtained from the sucrose 

density gradient centrifugation experiment was analyzed using the Amplex Red Cholesterol 

Assay Kit (Invitrogen). Briefly, samples were diluted in 1X reaction buffer and 50 µL of each 

sample was pipetted into separate wells of a microplate, along with controls. 50 µL of a solution 

of Amplex Red reagent, HRP, cholesterol oxidase, and cholesterol esterase was added to each 

well, followed by an incubation in the dark for 30 minutes at 37º C. Following incubation, 

fluorescence was measured using a fluorescent microplate reader using excitation between 

530-560 nm and emission detection ~590 nm.  

 

Ladder test 

 Ladder testing was performed on osteopontin wildtype and knockout mice to look at 

changes in motor recovery following stroke as described 34. The test was performed at baseline, 

twice a week for the first 4 weeks post-surgery, and once a week between 5 and 7 weeks post-

surgery. Mice were recorded from below with a handheld camcorder and the footage was 

analyzed frame-by-frame using standard film editing software (iMovie for Mac OSX 10.4). A 

correct step was defined as a limb placed on a rung without being removed. A missed step was 

defined as a limb placed between rungs. If a limb was placed on a rung and subsequently 

placed on the same rung again, this counted as two correct steps. If a limb was placed on a 

rung and subsequently slipped off the rung, a correct step and incorrect step were both 

recorded. Percent error was calculated as: 100 x [missed step/(missed + correct + correction 

step)]. 
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Quantification of neuronal degeneration 

Neurodegeneration in osteopontin deficient mice was measured by quantifying changes 

in percent area stained by NeuN in the peri-infarct striatum. NIH Image J analysis software was 

used to perform global thresholding in conjunction with a watershed algorithm on both the 

ipsilateral and equivalent location on the contralateral striatum. The peri-infarct striatum was 

measured at bregma 0.02 (n=5-6 per experimental group). Data was presented as ratio of 

percentage stained by NeuN in the ipsilateral/contralateral hemisphere.  

 

Statistical analysis 

 Multiplex immunoassays were performed with blinding to experimental condition. 

However, blinding was not possible for immunostaining experiments because of the infarct 

being visible in stroked mice. Data are expressed as mean ± standard error of the mean (SEM). 

Statistical analyses were performed with Prism 6.0 software (GraphPad), with the level of 

significance set at p < 0.05. For multiplex immunoassay experiments, differences in protein 

concentrations in experiments with two experimental groups were analyzed by a Student’s t-

test. Differences in protein concentrations in experiments with three or more experimental 

groups were analyzed by one-way ANOVA. NeuN immunohistochemistry and cholesterol crystal 

data were analyzed using one-way ANOVA. 
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RESULTS 

The brain heals much slower compared to the heart following ischemia 

 The brain is unique in that it undergoes liquefactive necrosis following ischemia, 

whereas the heart and other tissues will undergo coagulative necrosis following ischemia 7. We 

have previously demonstrated that the liquefactive brain is imperfectly segregated form infarcted 

brain tissue by glial scars, and this liquefactive state intensifies post-stroke injury in the weeks 

following stroke 15. The reason why the brain undergoes liquefactive necrosis in response to 

ischemia, and why the infarct remains in a liquefactive state for weeks following stroke is 

unknown. Therefore, in order to improve our understanding of why the brain responds to 

ischemia by liquefactive necrosis rather than coagulative necrosis, we first compared the 

kinetics and characteristics of the inflammatory response to ischemia in both the brain and the 

heart. Mice underwent experimentally induced stroke or myocardial infarction and were 

sacrificed 24 hours, 1 week, 4 weeks, and 8 weeks later (Fig 1A). Tissue was processed for 

either multiplex immunoassay or immunohistochemistry.  

 

Cresyl violet acetate (Nissl) staining showed that each model of ischemia produced a 

large infarct of comparable size, and as expected, there was extensive tissue remodeling in 

both organs in the weeks following ischemia (Fig 1B). The brain is edematous 24 hours post-

stroke compared to a naïve brain. Swelling is attenuated at 1 week, and by 4 weeks, the 

ipsilateral hemisphere begins to atrophy. By 8 weeks, atrophy is still present and ventricular 

enlargement is notable. Comparatively, the infarcted tissue in the heart begins to atrophy as 

early as 1 week following myocardial infarction, at which time ventricle enlargement is also 

present (Fig 1B).  
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There is a similar cytokine response in infarcted brain and heart acutely. However, there 

was a considerable divergence in the chronic inflammatory response. In both tissues, the initial 

cytokine response subsided within 4 weeks. There were no significant changes in the cytokine 

expression in the heart at 8 weeks. In the brain, a second wave of pro-inflammatory cytokine 

expression appeared between weeks 4 and 8. This was evidenced by a significant increase in 

the levels of IP-10, KC, MCP-1, MIP-1α, MIP-1β, MIP-2, RANTES, IL-9, IL-4, and IL-12(p70) 

within the infarct at 8 weeks post stroke compared to naïve brain tissue (Fig 1C).  

 

 Furthermore, although there was substantial immune cell infiltration in both the brain 

and heart at 1 week following ischemia, by 4 weeks following ischemia, there was a clear 

discrepancy in the amount of immune cell infiltration and fibrosis present within each type of 

infarct (Fig 1D). In comparison to the brain, the heart infarcts contained markedly more collagen 

and substantially fewer T-lymphocytes, B-lymphocytes, and CD68+ macrophages at 4 weeks 

following ischemia. This difference was also evident at 8 weeks following ischemia (Fig 1E). 

There was also no apparent reduction in immune cell infiltration or any apparent increase in 

collagen deposition in the brain infarcts between 4 weeks and 8 weeks following ischemia. 

These data indicate that liquefaction of the brain following stroke correlates with a second wave 

of cytokine expression, scant collagen deposition, and more extensive chronic immune cell 

infiltration than occurs in the heart following a myocardial infarction.  

 

 In order to understand why the second wave of cytokine expression develops in the 

infarct in the weeks following stroke, and why the chronic immune cell infiltrate is more 

substantial and sustained, we looked closely at the configuration of cytokines that were 

significantly elevated at the 8-week time point. This revealed a molecular fingerprint reminiscent 

of the cytokine profile present in atheroma. Specifically, IP-10, KC, MCP-1, MIP-1α, MIP-1β, 
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MIP-2, RANTES, IL-9, IL-4, and IL-12(p70) have all been found in atherosclerotic plaques 35,36 

Significantly, blocking IP-10 and MCP-1 results in atherosclerosis regression in mice 35. Our 

previous data demonstrate that the human brain at the stage of liquefactive necrosis also 

contains increased levels of IP-10, MCP-1, MIP-1α, MIP-1β, and IL12(p70) 17. Therefore, 

liquefaction of the brain following stroke shares several cytokine characteristics with 

atherosclerosis.  

 

Characterization of liquefactive necrosis  

 Following stroke, infarcted tissue will undergo liquefactive necrosis, which is a unique 

response to hypoxia that occurs in the brain 37. More typically, infarcted tissue undergoes 

coagulative necrosis, as seen in the heart. Coagulative necrosis occurs when hypoxia leads to 

an imbalance in the cell resulting in protein denaturation and cell death. In contrast, liquefactive 

necrosis is characterized by the enzymatic degradation of cellular debris and surrounding tissue 

by digestive enzymes that have been released from injured cells or inflammatory cells 37. 

 

In light of this overlap in the cytokine profile between liquefactive necrosis of the brain 

following stroke and atherosclerosis, we hypothesized that the sustained state of liquefactive 

necrosis in response to stroke may be due to cholesterol crystal formation within macrophages 

that engulf cholesterol-rich myelin debris. Therefore, we evaluated the macroscopic (Fig 2A) 

and microscopic (Fig 2B-C) features of liquefactive necrosis and looked for the presence of 

cholesterol crystals (Fig 2D-I). As expected, scanning electron microscopy revealed that 

liquefactive necrosis is predominantly comprised of a sea of foamy macrophages, also known 

as gitter cells, that closely resemble foam cells, which are found predominantly in 

atherosclerotic lesions (Fig 2B-C). Transmission electron microscopy revealed that each 

macrophage contains an abundance of lipid droplets (Fig 2D). Importantly, transmission 
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electron microscopy also provided evidence that many of these macrophages contain 

cholesterol crystals, as evident by the clefts in the cytoplasm (Fig 2E). These findings of lipid 

droplets and cholesterol crystals within macrophages in the brain infarct further show the 

similarities between the cellular and molecular characteristics of atherosclerotic lesions and 

liquefactive necrosis following stroke. 

 

 Cholesterol crystals are birefringent and change the polarization of transmitted light 38. 

Therefore, to validate that macrophages in areas of liquefactive necrosis indeed contain 

cholesterol crystals, we imaged the 24 hour, 1 week, 4 week and 8 week-old stroke infarcts 

using polarized light microscopy. This revealed that birefringent crystals appear within stroke 

infarcts between weeks 1 and 4 following stroke, and are even more abundant at 8 weeks 

following stroke (Fig 2F-G). This timeline of appearance of crystals correlates with the second 

wave of cytokine expression within the infarct and the failure of the immune cell infiltrate to 

resolve between 4 and 8 weeks following stroke. 

 

 Although transmission electron microscopy and polarized light microscopy are gold 

standard techniques for the identification of cholesterol crystals 38, we further tested if these 

crystals were comprised of cholesterol by performing sucrose density gradient centrifugation. 

Cholesterol crystals have a reported density of 1.04 g/ml 39. Crystals isolated from cells 

extracted from areas of liquefactive necrosis 7 weeks following stroke had heterogeneous 

needle-like and plate-like morphologies, which matches the physical description of cholesterol 

crystals 39 (Fig 2H), and they had densities that ranged between 1.030-1.059g/ml, thus closely 

matching the reported density of cholesterol crystals (Fig 2I). These experiments provide 

evidence that chronic liquefactive necrosis of the brain in response to stroke is associated with 

the accumulation of cholesterol crystals within macrophages.  
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Shared characteristics between atherosclerosis and liquefactive necrosis 

 To determine if liquefaction of the brain following stroke shares other characteristics with 

atherosclerosis we measured the levels of osteopontin (OPN), IL-18, MMP-2, MMP-3, and 

MMP-8. OPN is one of the most abundant proteins present within atheroma and is expressed at 

high levels in other crystallopathies 40. IL-18, a cytokine secreted following activation of the 

NLRP3 inflammasome complex, contributes to the progression of atherosclerosis 41. 

Importantly, cholesterol crystals have been shown to activate the NLRP3 inflammasome in 

atheroma 18. Furthermore, cholesterol crystals induce MMP expression in macrophages, and 

MMPs are abundant in atheroma 20,42. We therefore chose to measure the levels of OPN, IL-18, 

MMP-2, MMP-3, and MMP-8 to further determine overlap between atherosclerosis and 

liquefactive necrosis. Multiplex immunoassay revealed that OPN is present at markedly high 

levels in areas of liquefactive necrosis 7 weeks following stroke (Fig 3A). IL-18 is also present 

(Fig 3B) and there are also strikingly high levels of MMP-2, MMP-3, and MMP-8 (Fig 3C-E) at 

up to 8 weeks following stroke compared to myocardial infarction. This chronic elevation of 

degradative enzymes indicates that could be continuous degradation of any matrix that may be 

laid down in the stroke lesion. This could account for the stark contrast between the collagen 

network in the heart and the sparse collagen present in the brain at 8 weeks following ischemia.  

 

Cholesterol crystals and MMPs are present in the area of liquefactive necrosis in BALB/c 

mice 

 We next tested if the formation of cholesterol crystals and the high expression of 

MMPs in areas of liquefactive necrosis is specific to C57BL/6 mice, or specific to DH stroke. 

BALB/c mice underwent DMCAO without hypoxia and were sacrificed 7 weeks later. These 

mice also developed birefringent crystals in the infarct in the weeks after stroke (Fig 4A), and 
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had abundant expression of MMP-2, MMP-3, and MMP-8 (Fig 4B) in the area of liquefaction 7 

weeks following stroke.  

 

Liquefactive necrosis is resolved by 24 weeks 

 Our next step in characterizing the progression of stroke recovery was to determine how 

long it takes for liquefaction to resolve. Therefore, we stroked mice and euthanized them 6 

months following stroke to assess for resolution of liquefactive necrosis. At 6 months following 

stroke, we observed a decrease in inflammatory cells (T-cells, macrophages, and B-cells) within 

the infarct (Fig 5A). There was also a concomitant decrease in cytokine, chemokine, and MMP 

levels in the lesion 6 months post-stroke (Fig 5B-C). This decrease in MMPs compared to the 8-

week time point was concordant with the formation of collagen in the lesion. This suggests that 

a decrease in proteinase and collagenase levels at this time point allows for the formation of a 

collagen scar, similar to the collagen scar that is present in the heart at 8 weeks post-ischemia. 

 

Targeting OPN attenuates the chronic inflammatory response following stroke 

 We then tested if targeting mediators that contribute to the pathophysiology of 

atherosclerosis using genetically modified mice could mitigate the production of cytokines and 

proteases within chronic stroke infarcts and improve stroke outcome. The three molecular 

targets were NLRP3 using NLRP3-deficient mice, CD36 using CD36-deficient mice, and OPN 

using OPN-deficient mice. NLRP3 is a key component of the inflammasome complex, which 

produces IL-1β and IL-18 once activated by crystalline structures 18. We hypothesized that the 

genetic ablation of NLRP3 would prevent the activation of the NLRP3 inflammasome by 

cholesterol crystals. CD36 is a cell surface scavenger receptor involved in both cholesterol 

uptake by macrophages and NLRP3 inflammasome activation in atherosclerosis 24,31. OPN 
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regulates macrophage chemotaxis 43 as well as production of MMPs by macrophages in 

atherosclerotic lesions 44 (Fig 6A).  

 

NLRP3-, CD36-, and OPN- deficient mice underwent DH stroke and were sacrificed 7 

weeks later. The levels of cytokines and MMPs in the area of liquefaction were then analyzed by 

multiplex immunoassay and compared to wildtype mice. Levels of and IL-1β were significantly 

reduced in the NLRP3-deficient mice (Fig 6B), however other cytokine levels and MMP levels 

were unchanged (Fig 6C). There were no changes in cytokine or MMP levels in the CD36-

deficient mice except for a reduction in TNF-α (Fig 6B-C). The biggest change in the levels of 

cytokines and MMP levels was evident in the OPN-deficient mice. G-CSF, IL-12(p70), IP-10, 

MCP-1, MIP-1α, MIP-1β, RANTES, TNF-α, MMP-2, and MMP-8 were all significantly and 

substantially reduced (Fig 6B-C). 

 

Genetic ablation of OPN improves recovery and reduces secondary neurodegeneration 

 Based on the considerable reduction in cytokine and protease expression present in the 

area of liquefaction in the OPN-deficient mice, we next determined if this correlated with an 

improvement in recovery and a reduction in secondary neurodegeneration. We subjected the 

mice to a ladder rung test to examine motor recovery. Compared to wildtype mice, OPN-

deficient mice recovered motor function significantly faster following DH stroke (Fig 7A) than 

wildtype mice. OPN-deficient mice also exhibited a greater preservation of neurons in the peri-

infarct location as evinced by increased NeuN immunoreactivity (Fig 7B-D). 

  



 29 

DISCUSSION 

Using mouse models of ischemic stroke and myocardial infarction, we tested whether 

the brain takes longer to heal from an ischemic injury than the heart. We demonstrated that the 

inflammatory response to ischemic injury in the brain takes longer to resolve than the 

inflammatory response to ischemic injury in the heart. Indeed, in the brain there is a biphasic 

elevation of cytokines in the area of liquefactive necrosis, with the second phase initiated 

between weeks 4 and 8 after ischemic injury. This second phase coincided with the 

accumulation of intracellular and extracellular cholesterol crystals within the infarct.  

 

This second wave of cytokines closely resembles the cytokine profile present in 

atherosclerotic plaques 36. For example, there was significant elevation of the expression of 

MCP-1, IP10, and RANTES in the area of liquefactive necrosis. These cytokines are found to be 

upregulated in atheroma, and contribute to disease progression 45–48. Our previous data 

demonstrate that the human brain at the stage of liquefactive necrosis contains many of the 

cytokines found in atheroma 17. There is also a predominance of foamy macrophages and T-

lymphocytes in the stroke infarct during the second elevation of cytokine expression, in common 

with the pathogenesis of atheroma.  

 

Atherosclerosis progression is driven by macrophages that are unable to properly control 

cholesterol efflux, leading to the formation of foam cells 39. Excessive cholesterol uptake can 

also result in the accumulation of free cholesterol in the lipid droplets, which can be toxic to 

cells. Free cholesterol that has deposited in cell membranes can create lipid rafts, which are 

denser than normal plasma membranes. The formation of lipid rafts in the membrane can 

further augment the inflammatory response by TLR signaling 21,27. Furthermore, previous 

studies have shown that unresolved inflammation secondary to defective cholesterol efflux can 
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lead to a prolongation of the pro-inflammatory state, where macrophages are unable to switch 

from a pro-inflammatory to anti-inflammatory phenotype 49,50. One moderator of a pro-

inflammatory state in atherosclerosis is oxysterol, which is a product of cholesterol metabolism. 

Oxysterol is a derivative of cholesterol that is more polar and biochemically reactive, and is 

involved in both the expression and synthesis of pro-inflammatory cytokines in atherosclerotic 

lesions 51.  

 

When the cholesterol concentration exceeds the solubility limit in foam cells, cholesterol 

crystals form within lysosomes 18,39. Accumulation of cholesterol crystals can destabilize the 

lysosomal compartments, leading to the activation of the NLRP3 inflammasome. Activation of 

the NLRP3 inflammasome initiates a strong immune response in atherosclerosis by activating 

IL-1 and IL-18 18. Congruently, we found evidence of NLRP3 inflammasome activity within 

ischemic stroke infarcts during the chronic stage of liquefactive necrosis, as supported by a 

sustained elevation of IL-18 at 8 weeks following stroke. Comparatively, IL-18 was not detected 

to be elevated in the heart following myocardial infarction. 

 

With regard to other cytokines found in the area of liquefactive necrosis, of the cytokines 

we analyzed, osteopontin was the most notably elevated. This molecule is unique in that it acts 

as both an immobilized extracellular matrix protein as well as a cytokine that is upregulated 

following myocardial infarction 42,52 . Osteopontin is one of the most abundant cytokines 

overexpressed in atheroma, is suggested to be an enhancer of atherosclerosis 29,52, and is also 

a key mediator in macrophage recruitment 53. This provides another link between 

atherosclerosis and the area of liquefactive necrosis.  
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We also examined MMP expression given the known association of MMPs 

with atherosclerotic plaque. Under normal homeostatic conditions, MMPs are involved in 

developmental and physiological activities such as myelin formation, axonal growth, 

angiogenesis, and regeneration 54–56. However, an abnormal ratio of MMP to their tissue 

inhibitors (TIMPs) in adult brains may contribute to pathologies such as Alzheimer’s disease, 

ischemia, malignant glioma, and Parkinson’s disease 55.  

 

In the area of liquefactive necrosis, there was chronic and abundant expression of MMP-

2, MMP-3, and MMP-8 following stroke compared to the equivalent area of infarction in the 

heart. Expression of MMP-2 was 100-fold higher (4,273 pg/mg), expression of MMP-3 was 

almost 3000-fold higher (15,059 pg/mg), and expression of MMP-8 was 500-fold higher (15,059 

pg/mg) at 8 weeks post stroke compared to näive tissue. Interestingly, out of the total proteins 

we identified in this study, approximately 90% was comprised of MMPs. This chronically high 

expression of MMPs is a probable explanation for why the brain liquefies and remains 

liquefactive for months following stroke, and why brain infarcts present with less collagen 

deposition at 4 weeks and 8 weeks following ischemia when compared to the heart. MMPs can 

degrade myelin and so the initial high production of MMP-2, MMP-3, and MMP-8 at 24 hours 

following stroke likely occurs as a response to damaged myelin 57,58. However, the 

overproduction of MMPs in the CNS is neurotoxic due to their capacity to disrupt tight junctions 

and degrade intact myelin on healthy neurons. Furthermore, MMP-2 converts stromal cell 

derived factor 1 (SDF-1), which is produced by reactive astrocytes, into a highly neurotoxic 

fragment 59–61. Other degradative enzymes such as lipases are also likely to be substantially 

elevated in areas of liquefactive necrosis following stroke. The full characterization of this 

repertoire is likely to reveal important new targets for reducing secondary neurodegeneration. 
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Macrophages produce MMPs not only in response to damaged myelin, but also in 

response to cholesterol crystals 20. This is surprising because MMPs target proteins rather than 

lipids. Nonetheless, Corr et al have shown that the treatment of primary macrophages with 

cholesterol crystals leads to crystal ingestion and activation of Syk and PI3K within minutes, 

followed by an over 500-fold increase in MMP-1 production. This may be because extracellular 

cholesterol crystals are able to activate the foreign body response. The foreign body response 

leads to the formation of multinucleated giant cells that generate large amounts of MMPs and 

other proteolytic enzymes 62,63. Giant cells can engulf and digest large particles, or if the 

particles are too large for engulfment, they mediate bulk digestion via the extracellular 

release of degradative enzymes 23. In the 1970s, Bayliss performed a time course study in 

which he demonstrated that giant cells can convert cholesterol crystals injected subcutaneously 

into Wistar rats into droplets of esterified cholesterol over a period of 3 months 22. This provides 

a link between the presence of myelin debris and cholesterol crystals in chronic stroke infarcts, 

the sustained production of MMPs, and ultimately the clearance of cholesterol crystals and the 

resolution of liquefactive necrosis. 

 

There is also a direct link between OPN and MMP expression. Extracellular matrix 

metalloproteinase inducer (EMMPRIN) is an upstream inducer of several MMPs and is a master 

regulator of MMP production 64. OPN is linked to MMP production because the COOH-terminus 

of OPN, which is released upon thrombin cleavage and contains a cryptic SLAYGLR motif, is an 

EMMPRIN agonist. Specifically, the thrombin cleaved COOH-terminal fragment of OPN forms a 

complex with cyclophilin C, which upon engagement of EMMPRIN has been shown in murine 

mammary epithelial tumor cell lines to lead to phosphorylation of Akt and MMP-2 activation and 

secretion 44. Cyclophilin C and cyclophilin-C-associated protein (CyCap) are expressed by 

macrophages in response to tissue damage 65 and in the brain, cyclophilin C complexes with 
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CyCap to activate microglia via the calcineurin/NFAT pathway 66. We demonstrated that 

osteopontin deficient mice had a significant decrease in MMP expression in the stroke infarct. 

Osteopontin is a known substrate for several MMPs, including MMP-2, -3, -7, and -9 67. 

Elevation of osteopontin is also thought to drive MMP production via CD44 binding and the NF-

kB pathway.  

 

Further supporting the importance of OPN in the mechanism of liquefactive necrosis, 

OPN is known to regulate chronic inflammatory responses to foreign bodies such as cholesterol 

crystals as evidenced by the fact that there are deficits in macrophage accumulation in OPN-

deficient mice in models of atherosclerosis and biomaterial implantation 29. Furthermore, in 

response to exposure to calcium oxalate crystals, renal epithelial cells increase the production 

of OPN 40. These data are interpreted as indicating that OPN is important in promoting the 

retention of macrophages at sites of chronic inflammation 29. With regard to therapeutic 

intervention, G-CSF, IL-12, IP-10, MCP-1, MIP-1α, MIP-1β, RANTES, TNF-α, MMP-2, and 

MMP-8 were substantially reduced in OPN knock-out mice seven weeks following stroke, and 

these mice exhibited less secondary neurodegeneration in the peri-infarct location. These data 

suggest that OPN is a promising target for therapeutic intervention in chronic stroke. 

 

Surprisingly, genetically ablating the NLRP3 inflammasome, which is activated by 

intracellular cholesterol crystals, had little impact on cytokine production or the MMP response 

to stroke. Although IL-1 levels were reduced in the area of liquefaction as expected, no other 

protein measured in this study was altered. This unexpected result suggests that the NLRP3 

inflammasome may be less integral to the pathophysiology of liquefactive necrosis than OPN. A 

potential explanation for this result is that NLRP3 is not required for the full development of the 

foreign body response 68. Therefore, a NLRP3-independent foreign body response to 
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extracellular cholesterol crystals may be a greater driver of chronic cytokine and degradative 

enzyme production following stroke than the activation of the NLRP3 inflammasome by 

intracellular cholesterol crystals.  

 

An additional explanation is that there may be another consequence of myelin debris 

clearance other than the formation of cholesterol crystals that prevents the inflammatory 

response to stroke from resolving as efficiently as the inflammatory response to myocardial 

infarction. A possible example is the formation of oxysterols. Oxysterols are one of the products 

of cholesterol processing in foam cells and are a pro-inflammatory mediator in atherosclerotic 

lesions51,69. More research is needed to determine the relative contributions of myelin debris 

metabolites such as oxysterols, and cholesterol crystals, to the pathogenicity of liquefactive 

necrosis within chronic stroke infarcts. This should be prioritized because although it has yet to 

be fully characterized the extent to which humans form cholesterol crystals in the brain following 

stroke, in 1987 Miklossy and Van der Loos reported that crystals of cholesterol esters are 

present for at least 20 months in the human brain after stroke, both within the area of infarction, 

as well as the tracts originating in, and passing through the region of infarction 70,71. 

  

Cholesterol esters and triglycerides are not present to a significant degree in the normal 

adult brain 72. However, when macrophages and microglia are cultured with myelin, within 30 

hours, 35% of the myelin cholesterol is converted to cholesterol esters and triglycerides and 

stored within lipid droplets 72. CD36 is a key regulator of lipid droplet formation during 

atherogenesis due to its ability to bind to lipoproteins, oxidized phospholipids, fatty acids, and 

oxidized low density lipoprotein. However, the genetic ablation of CD36 had little impact on 

chronic cytokine production and MMP expression after stroke. This may be due to redundancy 

in scavenger receptor expression on the surface of microglia and macrophages. Nonetheless, 
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the targeting of alternative scavenger receptors and multiple scavenger receptors 

simultaneously should still be explored. 

 

Concluding remarks and future directions 

The similarities, revealed by this study, between atherosclerosis and liquefactive 

necrosis of the brain following stroke, provide new drug targets to mitigate the negative effects 

of the prolonged inflammatory response to stroke. For example, a pharmacological treatment 

that decreases the number of extracellular and intracellular cholesterol crystals that accumulate 

in chronic stroke infarcts could be a therapeutic strategy. One such treatment is to use the drug 

cyclodextrin. Cyclodextrin has been used to solubilize hydrophobic drugs to facilitate drug 

delivery. It has also been tested as a potential treatment for atherosclerosis as well as other 

CNS diseases such as Alzheimer’s, multiple sclerosis, and spinal cord injuries 73,74. Based on 

positive results from these studies there is a strong likelihood that cyclodextrin could reduce the 

cholesterol crystal burden in the area of liquefactive necrosis, and thereby lead to a better 

outcome in patients that have suffered a stroke. A future direction includes administering 

cyclodextrin to mice that have been subjected to a stroke to determine if cyclodextrin treatment 

lessens the cholesterol crystal burden following stroke. We will also test for behavioral changes, 

including motor recovery and cognition, as well as analyze secondary neurodegeneration to 

determine if cyclodextrin is a viable treatment.   

 

In conclusion, a major function of lipids in myelin is to pack the membrane into a stable, 

long-lived insulating sheath. A consequence of this is that it is difficult to degrade, and the 

release of myelin following stroke appears to overwhelm the cholesterol degradation capacities 

of phagocytosing microglia and macrophages 75. Thus, liquefaction of the brain following stroke 

shares multiple characteristics with atherosclerosis, the implication of which is that treatments 
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that target cholesterol loading within macrophages and the sustained production of degradative 

enzymes, such as neutralization of OPN, may help to prevent the damaging effects of 

liquefactive necrosis following stroke. 
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FIGURES 

 

Fig. 1. The inflammatory response to ischemic injury is slower to resolve in the brain 

compared to the heart. (A) Experimental design. Mice were either given a stroke or myocardial 

infarction and were euthanized 24 hours, 1 week, 4 weeks, or 8 weeks following surgery. 

Infarcted tissue was dissected and processed for analysis by either immunohistochemistry or 

multiplex immunoassay. (B) Nissl staining demonstrates tissue morphology following the 

respective models of ischemia in the brain and heart. (C) Heat map of inflammatory marker 

expression detected by multiplex immunoassay in the brain and heart at 24 hours, 1 week, 4 

weeks, and 8 weeks following ischemia. Values are expressed as fold change relative to naïve 

heart and brain controls. *p<0.05. (D) Comparison of immune cells present in the infarct in the 

brain and heart at 4 weeks following ischemic injury. There is more extensive infiltration of T-
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lymphocytes (CD3e; top panel), microglia/macrophages (CD68; middle first panel), and B-

lymphocytes (B220; middle second panel) in the brain compared to the heart. Conversely, there 

is a much more collagen deposition (blue staining; bottom panel) in the heart, compared to the 

brain. (E) Comparison of immune cells present in the infarct in the brain and heart at 8 weeks 

following ischemic injury. Scale bar, 500 µm for low (4x) magnification images, and 50 µm for 

high (20x) magnification images. n=5-7 mice per time point and assay. (1A-E courtesy of 

Jennifer Frye). 
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Fig. 2. Foamy macrophages within areas of liquefactive necrosis contain cholesterol 

crystals.  (A) Gross pathology of a lesion (delineated) 7 weeks following stroke. The infarcted 
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area is in a liquefactive state. (B) Original (left image) scanning EM image of a 7-week infarct 

with a dense population of cells (pseudocolored yellow; right image) and glial scar 

(pseudocolored purple; right image). Scale bar, 100 µm. The infarct is filled with foamy 

macrophages (arrow), as seen magnified in (C). Scale bar, 50 µm. (D) Transmission EM of a 

macrophage in the infarct at 7 weeks following stroke. There is an accumulation of lipid droplets 

(arrow), providing the macrophage with its characteristic foamy appearance. Scale bar, 10 µm. 

(E) Transmission EM of a foamy macrophage in the infarct at 7 weeks following stroke with 

putative cholesterol crystal clefts in the cytoplasm (arrow). Scale bar, 2 µm. (F) Confirmation of 

the presence of extracellular cholesterol crystals (white) in the infarct by overlaying images 

taken with polarized and fluorescent microscopy. Lipofuscin autofluorescence (red) demarcates 

the area of infarction. Scale bar, 100 µm. Inset scale bars, 25 µm. (G) Quantification of 

cholesterol crystals in the lesion at 24 hours, 1 week, 4 weeks, and 8 weeks following stroke. 

Data represents mean ± SEM from n=4-5 mice per experimental group. **p<0.01 and **** 

p<0.0001. (H) Cholesterol crystals, purified from 7-week infarcted brains using sucrose density 

gradient centrifugation, and visualized under polarized microscopy. Cholesterol crystals were 

identified by the presence of light refraction. Scale bar, 50 µm. (I) The number of cholesterol 

crystals present in fractionated densities from chronic stroke infarcts or the equivalent area on 

the contralateral hemisphere (control cortex). Data represent mean ± SEM from n=3 sucrose 

density gradient centrifugation runs with n=5-10 mice per experiment. **p<0.01. (2A courtesy of 

Kristian P. Doyle, 2B-E courtesy of Antony Day, 2H-I data without analysis provided by Brian S. 

McKay and Anna Figueroa). 
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Fig. 3. Liquefaction of the brain following stroke shares multiple characteristics with 

atherosclerosis. (A) There is a significant elevation of OPN in the area of liquefactive necrosis 

at 7 weeks following stroke compared to the equivalent area in the cortex from sham mice. Data 

represent mean ± SEM from n=6 mice per experimental group. (B) There is significant elevation 

of IL-18 in the brain infarct at 1 week, 4 weeks, and 8 weeks following ischemic injury compared 

to the heart infarct. A biphasic elevation of IL-18 is seen in brain infarcts which peaks at 1 week 

and 8 weeks following stroke. Fold change compared to naïve tissue controls. (C) MMP-2 levels 

are significantly elevated within the brain infarct at 24 hours, 1 week, and 8 weeks following 
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ischemic injury compared to the heart infarct. MMP-3 levels are significantly elevated within the 

brain infarct at 24 hours, 1 week, 4 weeks, and 8 weeks following ischemic injury compared to 

the heart infarct. MMP-8 levels are significantly elevated within the brain infarct at 1 week, 4 

weeks, and 8 weeks following ischemic injury compared to the heart infarct. Fold change 

compared to naïve tissue controls. *p<0.05. (D) Pie chart illustrating the relative percentage of 

total identified protein, cytokines, antibodies, OPN, and MMPs in 1mg of liquefactive necrosis. 

Antibody concentrations were taken from our previously published work 16 (E) Pie chart 

illustrating the dominance of MMP expression, by percentage, amongst the inflammatory 

molecules we have measured in areas of liquefactive necrosis. (3A-C courtesy of Jennifer Frye, 

3D pie charts courtesy of Kristian P. Doyle). 
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Fig. 4. Cholesterol crystals and MMPs also accumulate in the area of liquefactive 

necrosis following stroke in BALB/c mice. (A) Cholesterol crystals present in the infarct 

(delineated) at 7 weeks following stroke, visualized by overalaying images taken with polarized 

and fluorescent microscopy. Lipofuscin autofluorescence (red) denotes the lesion. Scale bar, 50 

µm. Inset scale bar, 25 µm. (B) Cholesterol crystals appear in the infarct between 1 week and 7 

weeks following stroke. (C) Levels of MMP-2, MMP-3, and MMP-4 are significantly in the infarct 

of stroked BALB/c mice compared to an equivalent area of the cortex in sham mice. *p<0.05. 

(4A-C courtesy of Megan Hayes). 
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Fig. 5. Liquefactive necrosis subsides and a collagen scar is formed at 24 weeks 

following stroke in C57BL/6 mice. (A) Top panels show representative images of immune cell 

infiltration and collagen deposition in brain infarcts at 24 weeks post-stroke. Scale bar, 500 µm. 

Bottom panels show higher magnification images. Scale bar, 50 µm. There is a decrease in the 
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number of T-lymphocytes (CD3e; left panel), microglia/macrophages (CD68; first middle panel), 

and B-lymphocytes (B220; second middle panel) in the infarct 24 weeks following stroke 

compared to 8 weeks. There is also a marked increase in collagen (Trichrome; blue) staining at 

24 weeks following stroke compared to 8 weeks. (B) Multiplex immunoassays demonstrate a 

concomitant decrease in cytokines/chemokines within the infarct at 24 weeks following stroke 

compared to 8 weeks following stroke. (C) Multiplex immunoassays indicate that MMP levels 

within the infarct have also returned to baseline levels at 24 weeks following stroke. Data 

represents mean ± SEM from n=5-6 mice per experimental group. Fold change compared to 

naïve tissue controls. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. (5A-C courtesy of 

Jennifer Frye). 
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Fig. 6. Molecular targets for reducing the cytotoxic milieu in chronic stroke infarcts. (A) 

Rationale for targeting OPN, CD36, and NLRP3 as a means of curtailing the inflammatory 

response in areas of liquefactive necrosis following stroke. (B) Heat map of inflammatory 

marker levels in infarcted brain obtained by multiplex immunoassays demonstrates that the 

chronic inflammatory response was attenuated the most in OPN -/- mice. NLRP3 -/- mice 

showed a significant reduction in the chronic levels of IL-1β. CD36 -/- mice only showed a 

significant reduction in chronic levels of TNF-α. Data represents mean from n=6 mice per 

experimental group. (C) Multiplex immunoassays of MMPs show no significant changes in MMP 

levels in the chronic infarcts of NLRP3 -/- (left graph) and CD36 -/- (middle graph) mice 
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compared to wildtype mice. MMP levels are significantly and substantially lower in the chronic 

infarct of OPN -/- (right graph) mice when compared to wildtype. Data represents mean ± SEM 

from n=6 mice per experimental group. *p<0.05. (6A provided by Kristian P. Doyle, 6B-C 

courtesy of Jennifer Frye). 
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Fig. 7: Genetic ablation of OPN improves recovery and reduces secondary 

neurodegeneration following stroke. (A) Ladder rung tests were scored twice per week for 

the first 4 weeks following stroke and weekly thereafter. OPN -/- mice were able to recover 

faster on the ladder rung test compared to wildtype mice. *p<0.05 and **p<0.01 (B) 

Representative images showing preservation of NeuN immunoreactivity in chronic peri-infarct 

striatum of OPN -/-  mice compared to wt mice. Scale bar, 250 µm. (C) Representative images 

showing preservation of NeuN immunoreactivity in chronic peri-infarct striatum of OPN -/- mice. 

Scale bar, 50 µm. (D) Quantitation of NeuN immunoreactivity in the peri-infarct striatum shows a 

significant increase in OPN -/- mice. Data represents mean ± SEM. *p<0.05. (7A courtesy of 

Jacob Zbesko). 
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