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Abstract  

 The pannexin-1 (panx1) hemichannel may be associated with the Nod-Like Receptor 

Protein-1 (NLRP1) inflammasome in stroke, but in vivo evidence of this association is currently 

lacking.  We investigated how blocking panx1 using probenecid affects post-stroke 

neuroinflammation and the formation of the NLRP1 inflammasome complex.  We first 

investigated the expression levels of panx1, NLRP1 and interleukin-1β (IL-1β) using semi-

quantitative Western blotting of brain tissue lysates.  We investigated the presence of a spatial 

distribution overlap between NLRP1 and panx1 using confocal microscopy on acute brain slices 

taken from the brains of mice that had had strokes.  To determine whether or not NLRP1 and 

panx1 for a direct protein-protein interaction, we also performed co-immunoprecipitation on 

brain tissue lysates collected from mice that had been given strokes.   

 We made several findings which pointed to an interaction between pannexin 1 and 

NLRP1 as contributors to post-stroke neuroinflammation.  The first is that the normalized optical 

density of IL-1β Western blot bands were increased in the ipsilateral hemisphere of the post-

stroke brain relative to the contralateral one (n=6; meanODipsilateral=0.94±0.1; 

meanODcontralateral=0.81±0.1; p=0.04).  Further, we found that the normalized OD of NLRP1 

Western blot bands was also increased in the ipsilateral hemisphere relative to the non-ischaemic 

hemisphere (n=6 per hemisphere; meanODipsilateral=0.27±0.05; meanODcontralateral =0.21±0.04; 

p=0.04).  Band optical densities for panx1 protein did not differ between hemispheres of mice 

given strokes. Importantly, probenecid attenuated the interhemispheric difference between IL-1β 

and NLRP1 levels after stroke, displaying an anti-inflammatory effect in the post-stroke brain.  

We performed co-immunoprecipitation on brain tissue lysates from mice that had strokes and 

found that NLRP1 did not coimmunoprecipitate with panx1 indicating that they do not form a 
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direct protein-protein interaction in acute stroke.  Confocal imaging revealed demonstrated an 

overlap in the spatial distribution patterns of pannexin-1 and NLRP1 that occurred after stroke, 

but only in ischaemic tissue.   

These findings show that NLRP1 and IL-1β are increased as a component of the 

neuroinflammatory response in post-ischemic brain tissue within 24 hours of transient middle 

cerebral artery occlusion. The results of Western blot protein quantification studies, co-

immunoprecipitation and confocal imaging together suggest that panx1 and NLRP1 are related 

by function but do not physically bond to each other. We also found that probenecid at a 

relatively low dose of 5 mg/kg may possess anti-inflammatory properties in the post-stroke brain. 

Further studies examining the interactions between NLRP1, pannexin 1, P2X7 receptors, and 

caspase 3 may be helpful in clarifying this post-stroke neuroinflammatory pathway. Probenecid 

may serve as a potential lead compound in the design of drugs which attenuate post-stroke 

neuroinflammation. 
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Chapter 1.  Introduction  

A.  The importance of studying stroke 

 Stroke is the second-leading cause of death worldwide
1
.  It is a condition that is 

correlated with diet and exercise patterns
2
 as well as increasing age.  With an ever-ageing 

population, the impact of stroke is predicted to increase in the future
3
, which will place a heavy 

burden upon affected families, our current healthcare infrastructure, and will lead to a significant 

loss of economic productivity if left unchecked.  Therefore, understanding the epidemiology and 

underlying pathophysiology of stroke will be key in mitigating its impact upon society. 

 Types of stroke can be categorized based on their pathophysiological roots.  There is 

considerable variability in the ways that stroke and cerebral infarction can occur.  An ischaemic 

infarct is a cessation of blood flow to a region of the brain that results in cells (not limited to 

neurons) becoming unable to maintain their transmembrane ionic gradients, leading to the 

silencing of activity either temporarily or permanently.  Stroke can also result from haemorrhagic 

infarction caused by the rupture of a cerebral vessel.  These two paths produce different forms of 

brain injury.  Haemorrhagic strokes often cause extensive compression of the brain due to large-

scale bleeding within the confined space of the cranium.  The bleeding must be halted with the 

use of clotting agents or surgical intervention must be taken to prevent a lethal increase in 

intracranial pressure
4
. In contrast to haemorrhagic strokes, ischaemic strokes are caused by the 

cessation of blood flow to the brain due to a blockage in a cerebral vessel.  Ischaemic stroke is by 

far the more common of the two, with an 87% prevalence
5
.
 
 

 Neuronal damage following stroke occurs as a result of impaired cellular metabolism, 

due to an inadequate supply of oxygen and nutrients to the affected area
6
.  It is imperative to re-

establish perfusion to the brain in the clinical setting to keep damage from becoming too severe.  
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The longer the affected brain regions remain ischaemic, the greater the damage that results
6
.  The 

only presently approved intervention for ischaemic stroke is thrombolysis using recombinant 

tissue plasminogen activator (rTPA)
7
. 

B. Modelling stroke 

 A wide array of models have been developed to probe the mechanisms leading to post-

stroke tissue death.  Simulated ischemia in individual cells, acute brain slices, and in-vivo 

experiments on live animals have all been employed.  Each approach has strengths and 

weaknesses. 

 i.  Simulated ischemia 

 Simulated ischemia using neuronal cultures is the most fundamental method of studying 

stroke.  Neurons used in simulated ischaemia experiments can be derived from cortex
8
.  They 

can be maintained in medium in which the amount of oxygen is decreased and glucose is 

removed, which is referred to as oxygen-glucose deprivation (OGD).  It is a relatively quick and 

inexpensive method, allowing for control over a wide range of variables. OGD involves 

perfusing the medium of single cells, tissue cultures, or brain slices with artificial cerebrospinal 

fluid (aCSF) that has been depleted of oxygen and glucose
9
.  The partial pressure of oxygen in 

the solution is replaced with that of an inert gas, and the osmolarity of the missing glucose is 

replaced with another substance
9
.  This is considered to be the closest model to stroke as can be 

obtained using isolated cells or brain slices, allowing for control of many variables such as 

extracellular and intracellular ion concentrations.  The process of perfusing nutrients at a 

constant rate also causes the removal of substances from the extracellular space that play major 

roles in neuronal function such as glutamate and lactate
10, 11

.   

 However, while OGD is an excellent model for investigating specific cellular pathways 

in a controlled manner, it does not provide a comprehensive replacement for stroke.  There is no 
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potential for interaction with other cell types that play a significant role in post-stroke damage 

such as glia
12

.   OGD for cultured cells is unable to replicate many of the relevant clinical factors 

that occur in ischaemic stroke such as oedema, haemorrhagic transformation.  The use of 

individual cells also presents the problem of resilience in the cultured cells; in primary cultures, 

neurons which get used were dissociated from tissue and are therefore subject to harsh 

conditions
13

.  These would damage many neurons in the donor tissue and the ones that survive to 

be studied are exceptionally robust, able to withstand periods of OGD which are considerably 

longer than a 30 minute stroke in vivo
14

.  They are often derived from neonates and therefore 

have protein expression patterns that are not representative of those in the adult animal
15

. 

 Organotypic tissue cultures and live whole-tissue samples such as brain slices are also 

used as ways of investigating neuronal damage following ischaemia.  They provide a better 

representation of how tissue behaves under ischaemic conditions.  For example, tissue slices 

provide diversity in the types of cells that are present
16

.  Slices allow for neuronal networks to 

remain intact, including regulatory cells such as astrocytes.  However, stroke also induces a 

systemic response
17

 and this cannot be represented using tissue samples.    

 ii.  Animal models of stroke 

 Animals provide the most comprehensive investigative tools for probing clinically-

relevant stroke phenomena and potential treatments.  Animal models used to study stroke are 

diverse: mammalian species are frequently employed and include cats
18

, non-human primates
19

 

and rodents
20

.  Rodent models are particularly attractive for a number of reasons.  They are 

relatively inexpensive, they have a rapid rate of reproduction, and they are comparatively easy to 

manipulate genetically.  Together, these factors make them ideal for most laboratory settings, 

prompting the development of several rodent models of ischaemic stroke
21

.  However, using 

rodents  as a model presents the issue of variability. Mice and rats both display variability in 



 

4 
 

infarct volume, which can be attenuated using coatings of silicone or poly-L-lysine
22, 23

.  Rodent 

models are still subject to deficiencies when modelling stroke in humans.  Human stroke tends to 

have a very small penumbral region
24

 which differs from the typical observation in rodent 

models of a relatively extensive penumbra
23

.  Therefore, drugs that serve to salvage penumbral 

tissue may be more effective in rodents than in humans thus explaining the repeated failure of 

such compounds in human trials
25

.  This highlights the need to understand not only behavioural 

outcomes but also the basic mechanisms that occur in post-stroke tissue damage. 

 a.  Global ischaemia 

 Different techniques are used  to mimic global and focal ischaemic events
26

.  Global 

ischaemia simulates cardiac arrest more than stroke.  It involves the reduction of bloodflow to 

the entire head and as a result tends to induce forebrain ischaemia, causing delayed neuronal 

death which takes place over the course of several days
27

.  This type of ischaemia is commonly 

investigated in rats using the 4-vessel occlusion (4VO) model.  4VO is performed by cauterizing 

the bilateral vertebral arteries, waiting one day, then occluding the two common carotid 

arteries
28

.  

 b.  Focal ischaemia (stroke)  

 Focal ischaemia is defined as a drop in blood flow that occurs in a localized area of the 

brain as a result of the occlusion of a single/few cerebral vessels.  In contrast to global ischaemia, 

focal ischemia models cause region-specific tissue damage
20

.  A common vessel to target in 

rodent models of stroke is the middle cerebral artery (MCA), which branches off of the common 

carotid.  MCA occlusion (MCAO) produces less-severe, more region-specific damage in the 

striatum and lateral parietal/temporal cortex
29

 due to the partial perfusion of areas surrounding 

the affected zones.  Because of its highly specific and predictable neurological insult, the MCAO 

focal ischaemia model is ideal for use in animal ischaemic stroke models.  The intraluminal-
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suture method of MCAO produces reliable infarction in a time-dependent fashion, making it a 

preferred method
30

.  An occlusion time of 30 minutes followed by a reperfusion time of 24 hours 

allows for good development of the stroke lesion in mouse
31

.  Mice that have had strokes display 

several types of neurological behavioural deficits including poor performances on visual placing 

tests (the mouse moving its forelimbs to specified targets upon visual cues) and the postural 

reflex test (suspending the animal by the tail observing if it extends one, both, or neither of its 

forelimbs towards the floor)
32

.     

C.  Post-stroke neurodegeneration 

 The variety of stroke models that exist are diverse in their effect on the organism, and all 

produce different types of tissue damage.  This can be confounding when trying to generalize the 

results obtained from studies using different models.  A focal ischaemic stroke induced by 

MCAO in a rodent or other model organism produces essentially two dominant forms of tissue 

damage, as is observed clinically in humans.  These are apoptosis and necrosis.   

 i.  Peri-infarct depolarizations 

 The loss of neuronal membrane potential that occurs during stroke leads eventually to 

necrosis, which is the process of unregulated cell death.  In more severe ischaemia, there is an 

increase in the extent of necrosis that occurs
33

.  The mechanism behind the progressive increase 

in the amount of necrosis and the expansion of the infarct core is referred to as peri-infarct 

depolarization (PID).  Neurons that are on the edge of the core in the penumbral territory exist on 

the brink of energetic failure due to low blood flow.  Neurons will depolarize because of an 

accumulation of extracellular potassium.  In the area immediately surrounding the core, there is 

insufficient blood flow to repolarize neurons and they die, contributing to core expansion
33

.  

Glutamate is also released after neuronal depolarization and it contributes to the expansion of 

dead tissue through excitotoxicity
34

.  However, closer to the core, the buildup of potassium likely 
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depolarizes multiple neurons independently of glutamate-mediated signaling
34

.  Glutamate 

release further from the core causes neurons to depolarize and repolarize cyclically, and the rate 

at which they cycle through this is dependent on the amount of residual blood flow in the 

region
35

.  Eventually, even neurons in the peri-infarct region farther from the core are no longer 

able to maintain any level of polarization and die due to energetic failure. 

 ATP levels in the peri-infarct region reduce drastically during ischaemia and show a 

strong relationship to blood flow and blood glucose levels
36

.  Reductions in ATP follow 

reductions in regional blood flow and lowered levels of glucose, reflecting a metabolic 

impairment in ischaemic neurons.  Several compounds have been tested to prevent recurrent 

peri-infarct depolarizations and excitotoxicity as a result of extracellular glutamate accumulation.  

NMDA antagonists have been tested clinically for treating stroke, although they failed repeatedly 

possibly as a result of their wide-ranging side-effects and the need for glutamate function in 

normal physiological contexts.  Other drugs such as ketamine have shown promise in inhibiting 

spreading depolarizations/peri-infarct depolarizations as well as providing neuroprotection
37

.  

The exact mechanism remains to be elucidated although it is possible that the effects of ketamine 

arise as a result of specificity for inhibition of synaptic glutamate receptors
38

.  

 ii.  Necrosis  

 Irreversible tissue death is referred to as necrosis.  It occurs where there is insufficient 

blood supply to maintain energy homeostasis in cells in the affected area, leading to rapid cell 

death.  The extent of collateral inflow greatly impacts the expansion of necrotic tissue.  Greater 

collateral input preserves the surrounding region for longer until blood flow can be restored
39

.  

These areas of irreversible and reversible injury are referred to as, respectively, the ischemic core 

and the ischemic penumbra.   
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 Electroencephalogram (EEG) shows a cessation of synaptic activity and a loss of spiking 

activity in neurons that are dying
40, 41

.  The ischemic core is characterized by the necrosis of 

neurons, indicated by nuclear membrane disruption, the fragmentation of DNA
42 

and the loss of 

cytoplasmic membrane integrity
43

.    In contrast, the penumbra also involves apoptotic processes, 

in which neurons break themselves down into smaller components for easier removal by immune 

cells
44

.  This self-destruction is an energy-dependent process
45 

and is more likely to occur where 

ATP levels fall under 10% of the normal value
46

.  A phenomenon referred to as ischemia-

reperfusion injury (I/R injury) occurs when new supplies of oxygen are made available to 

produce ATP again. The oxygen-dependent injury of cells after reperfusion occurs as a result of 

the restarting of mitochondrial respiration, leading to the formation of oxygen radical 

products
47,48

.  The partial ability of the remaining circulation in the penumbra to supply oxygen 

and nutrients means that basic cellular metabolic processes can restart and may even be 

upregulated after energy deprivation, as in the case of anaerobic glycolysis
49

.  The upregulation 

of anaerobic metabolism also produces a collection of harmful products, which go on to further 

promote mitochondrial degradation and thereby kill cells
50

. 

 iii.  Apoptosis 

 Apoptosis is the process of programmed cell death
42

.  It occurs during neuroinflammation 

and is the result of environmental stimuli which engage the innate immune system
51, 52

.  Acute 

threats that require an immediate response such as traumatic injury or infection require rapid 

responses, and therefore it may be in the best interest of the organism to have a ready response to 

deal with the threat.  The detection of these stimuli is the responsibility of pattern-recognition 

receptors (PRRs), which are several classes of cytosolic proteins that detect intracellular stimuli 

that are either exogenous or endogenous in nature
53

.   
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 These danger signals possibly indicate that the cell is under some sort of threat that must 

be dealt with immediately.  Upon activation, PRRs initiate a cascade of cysteine-aspartyl 

proteases, also known as caspases.  They are sequentially activated and cause the controlled 

degradation of genetic material, the disassembly of the cytoskeleton, and the release of warning 

signals to neighbouring cells
53, 54

. 

 Caspases are present in a proenzymatic form prior to their activation.  ATP levels 

decrease following ischemia to the point that the translation of new proteins is inhibited
55

 and 

thus it would be extremely difficult for the cell to create any enzymes that it needs in the absence 

of existing translated copies.  The first caspase to be activated in a cascade is referred to as an 

"initiator", and can be activated by interaction with a scaffold complex
56

 as occurs with caspase-

9 or through a change in the intracellular environment that favours autoproteolysis of the inactive 

caspase zymogen.  Stimuli that promote the activation of caspases include the release of 

mitochondrial cytochrome C
57

 and cytoplasmic lipopolysaccharide
58

 derived from bacteria.   

 Two multifunctional caspases involved in the induction of inflammation are caspases 1 

and 11.    They are able to promote the maturation of the proinflammatory cytokine interleukin-

1β (IL-1β) and cause the activation of other "executioner" caspases downstream. The 

executioners of cell death include caspases 3 and 7, which play a direct role in apoptosis by 

cleaving further downstream substrates
59

 which are involved in the eventual dismantling of the 

cell.  It is the activation of inflammation by maturing IL-1β that is most relevant to the 

generation of post-ischaemic neuroinflammatory damage. 

D.  Interleukin-1β 

 Cytokines are small proteins that serve both pro-inflammatory and anti-inflammatory 

roles
60

.  IL-1β is a small protein with an MW of approximately 17 kDa in its mature form
61

, and 

it is an extremely potent proinflammatory cytokine.  IL-1β has far-reaching actions both centrally 
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and peripherally
62

.  However, IL-1β is also labile and is rapidly degraded by the proteasome (a 

cytosolic protein complex that serves to destroy unneeded proteins)
63

.  Therefore, its maturation 

and release must be tightly regulated.  As with the caspases, this is achieved by maintaining an 

immature form within the cytosol until it is ready to be released.  IL-1β is translated as a 31 kDa 

protein called pro-IL-1β from the IL-1B gene
64

 and is produced in cortical neurons following 

MCAO
65

.  IL-1β acts by binding to the interleukin-1 receptor type 1 (IL1-R1) on a variety of cell 

types, and it is the diversity of the cell types that it affects that leads to its profound biological 

impact.  When administered to the CNS into the cerebral ventricles (intra-cerebral ventricular 

administration), IL-1β causes vasogenic edema, apoptosis and general inflammation
66

.  Upon the 

binding of IL-1β to the IL-1R1 receptor, multiple downstream pathways are activated.  They 

work independently of the other IL-1 receptor, the IL-1 receptor type 2 (IL-1R2).  IL-1R2 is a 

decoy receptor, likely functioning to modulate the activity of IL-1β by sequestering it away from 

the type 1 IL-1 receptor
67, 68

.  Signalling processes initiated by IL-1R1 activation govern the 

cellular response to IL-1β in a cell type-specific manner
69

.  This is an important way of ensuring 

that immune and regulatory cells respond differently to brain injury than neurons.  In astrocytes, 

there is an upregulation of the nuclear factor κ B (NF-κB) which is responsible for the 

transcription of the IL-1B gene
70

.  This regulatory loop is absent in neurons which produce IL-1β 

under control of the transcription factor SP1, differentiating the two cell types
71

.  The presence of 

different adaptor proteins for IL-1R1 present in neurons and astrocytes may be responsible for 

the difference between IL-1β feedback loops in different cell types
69

.   

 Caspase-1 is ultimately responsible for the maturation of IL-1β, but it does not act alone; 

it acts as a part of a multi-component scaffold.  This molecular complex is referred to as the 
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"inflammasome", a platform whose sole purpose is to respond to immediate threats to the health 

of the cell.   

E.  NLRP1 

 i.  Structure of NLRP1 

 Generally, inflammasomes are composed of a PRR that combines with an 

oligomerization domain and an adaptor protein to facilitate the recruitment of more caspases per 

inflammasome complex
72

.  PRRs are sensors that are adapted for detecting exogenous pathogen-

associated molecular patterns (PAMPs).  After cellular trauma such as ischaemia, damage-

associated molecular patterns (DAMPs) are produced
73

.  The molecules released or the stimulus 

being detected by the PRR in the case of PAMPs and DAMPs can be similar, and therefore 

DAMPs can activate a cellular response system that is meant for dealing with exogenous threats 

such as PAMPs
74

.   

 One class of inflammasomes is the NOD-like receptor proteins (NLRPs).  When an NLR 

(a type of PRR) combines with the aforementioned other components of an inflammasome, it 

forms a [Neuronal Apoptosis Inhibitor Protein (NAIP), MHC Class II Transcription Activator 

(CIITA), incompatibility locus protein from Podospora anserina (HET-E), Telomerase-

associated Protein 1(TP1; NACHT)
75

, Leucine-Rich Repeat (LRR) and Pyrin Domain (PyD) 

containing complex.  This is also referred to as "NLRP".  The first of the NLRP complexes to be 

described was termed NLRP1.  This complex was initially characterized by its similarity to the 

Apoptosis Protease Activating Factor (APAF)-1 "apoptosome", with a crucial distinction being 

the presence of a unique N-terminal region
76

.  It was later determined that LRR binding in this 

complex induces a self-assembly into a pentamer or heptamer via direct interactions between 

individual NLRP1 molecules
77

.  NLRP1 expression has been found to play an important part in 
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mediating brain damage following modeled ischemia, and is important for initiating 

inflammation after ischaemia
78

.  

 NLRP1 is a large protein with multiple subunits.  Common amongst human and mouse 

variants of NLRP1 are the NACHT, LRR, Function-to-Find (FIIND) and C-terminal Caspase 

Activation and Recruitment Domain (CARD).  CARD allows for the attachment of procaspase-1 

to the NLRP1 scaffold prior to its activation.  Mouse and human NLRP1 differ in their N-

terminal regions (see Figure 1).  Human NLRP1 has a domain called the Pyrin Domain (PYD) 

which facilitates that attachment of the Apoptotic Speck containing a CARD (ASC) protein.  

ASC in turn allows for the attachment of a second procaspase-1 molecule, giving a final molar 

ratio of 2:1 for procaspase-1:NLRP1 in humans.   

 In mice, NLRP1 is highly polymorphic.  The C57BL6 strain of mice that is frequently 

used in laboratory studies expresses 3 paralogs of NLRP1, which have been identified by their 

unique amino acid sequences.  Of these, Nlrp1a and Nlrp1b are both expressed widely, while 

Nlrp1c is not expressed to a significant extent except in macrophages
79

.  Nlrp1b is functionally 

similar to the variant of NLRP1 that is found in humans, although it contains a "100 amino acid 

N-terminal Region" (NR100) in place of the human PYD
80

 that does not facilitate the binding of 

a second molecule of procaspase-1.  Within the Nlrp1b gene, there are 5 alleles which confer 

differential susceptibility to specific stimuli, such as pathogens and energy deprivation
81

.   

 ii.  Function of NLRP1 

 In mouse, Nlrp1b contains NR100, NACHT, LRR, FIIND and the CARD at the C-

terminal end. The NACHT domain is used for nucleotide triphosphate hydrolysis and works in 

concert with the FIIND domain to facilitate both the oligomerization of Nlrp1b subunits and 

also, via the FIIND domain, autoproteolysis.  FIIND autoproteolytic cleavage promotes the 

activation of procaspase-1 to caspase-1, and therefore IL-1β maturation and release
82

.  This 
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mechanism has been tested using site-directed mutation within the FIIND-CARD bridge region 

(valine 988 changed to an aspartic acid; V988D) and it demonstrated that the FIIND is the part of 

the Nlrp1b platform which is involved in activating bound procaspase-1.  Mutation in this 

domain has no effect on the recruitment of inactive procaspase-1 to the complex though, and 

therefore procaspase-1 binds to NLRP1 in a FIIND-independent manner.  It is implied from this 

that inflammasome activation in mouse macrophages by B. anthracis lethal toxin requires a 

wholly-assembled, multimeric, inflammasome complex.  Inflammasome assembly is dependent 

upon the nucleotide-binding ability of Nlrp1b, as Nlrp1b-transfected human HT1080 fibroblasts 

show an increase in inflammasome activity as a result of ATP depletion
83

.  Conversely, lethal 

toxin- and muramyl dipeptide-induced activation of the Nlrp1b inflammasome requires there to 

be ATP present in the cytosol.   

 This raises a question over the true role of ATP elevation and depletion in the activation 

of the inflammasome.  Recent work has provided a tentative solution to this problem, by 

describing a mechanism in which anthrax lethal toxin and metabolic inhibition (i.e. lowered ATP 

levels) activate the Nlrp1b inflammasome in different ways.  It was found that deletions of a 61 

amino acid repeat in the FIIND of Nlrp1b decreased the sensitivity of the inflammasome lowered 

ATP levels, but had no effect on its sensitivity to lethal toxin.  This occurs potentially by 

removing an auto-inhibitory effect of the repeat regions within the FIIND, and crucially 

implicates the FIIND region as an important part of the Nlrp1b inflammasome involved in its 

sensitivity to depleted ATP
81

.  Depleted cellular ATP would occur in cases of energy deprivation 

such as stroke-induced ischaemia. 

F.  Gap Junctions and hemichannels 

 Gap junctions are a conduit for intercellular communication between some types of 

mammalian cells.  A gap junction is composed of a "plaque" of gap junction proteins, called 
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connexins, that form pores in the membranes of two conjoined cells and allow for the direct 

exchange of solutes and metabolites up to around 1 kDa in size
84

.  In neurons and cardiac tissue 

this provides a pathway for the conduction of electrical activity, allowing neighbouring cells to 

monitor each other's behaviour and respond appropriately.  In insects, the roles of gap junctions 

are played by the structural analogues of the connexins, the innexins.  These proteins are similar 

in membrane topology to connexins but they share very little sequence homology.  Interestingly, 

they have closer relatives from chordates in the recently discovered "pannexin" family of 

proteins.  The pannexin family was discovered due to its similarity to the invertebrate innexins
85

. 

 i.  Pannexins  

 There are 3 members of the pannexin (panx) family
86

: panx1, panx2 and panx3.  Of these, 

panx1 is almost ubiquitously expressed throughout the body, while panx2 is predominantly 

found in the CNS and panx3 is located in the periphery
87

.  Panx1 is by far the most-studied of the 

three, due to its recently-discovered role in forming open cellular membrane pores in response to 

both physiological and pathological stimuli.  These include increases in intracellular calcium 

concentrations
88

, caspase-3-mediated cleavage
89

 and stimulation of the cell by ATP.  The exact 

effects of open panx1 pores are cell-type-specific. 

 Given the resemblance of panx1 pores to undocked connexin pores, openings in the 

cellular membrane formed of panx1 are known as "hemichannels" (HCs).  A panx1 hemichannel 

is a homohexamer of panx1 proteins known as a pannexon
90

, that comes together to form a 

single hole although heteromultimers of panx1/panx2 have been shown to assemble in vitro
86

.  

Many studies investigating panx1 function  have used oocyte transfection systems, which may 

not accurately reflect the in vivo state of panx1 processing. 
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 ii. Pannexin-1 

 Panx1 is a transmembrane protein that crosses the membrane four times under normal 

conditions.  It contains an intracellular N-terminal tail, four transmembrane domains, two 

extracellular loops, an intracellular joiner region between transmembrane domains 2 and 3, and 

finally a long intracellular C-terminal tail (see figure 2).  Of these, the extracellular second loop 

(E2) is of particular importance due to the presence of a glycosylation site at arginine 254 

(N254)
91

.  At this specific site, panx1 is recipient to different stages of glycosylation as it passes 

through the endoplasmic reticulum (ER)-Golgi system, and the level of glycosylation relates 

directly to the final cellular location of the panx1 protein.  It exists in three variants, which have 

been identified based upon their different molecular weights: Gly0 (unglycosylated core protein; 

~38 kDa), Gly1 (high-mannose; ~40 kDa) and Gly2 (complex glycosylation; ~47 kDa)
92

.  Gly0 

is strictly cytosolic, Gly1 is often localized to intracellular membrane compartments such as the 

ER, and Gly2 is presented on the cell surface
91

.  The presence of the complex glycosylation on 

the panx1 proteins which are displayed on the cell surface is crucial to their function as strictly 

HCs, as the bulky glycosyl groups prevent the docking of apposed panx1 hemichannels on 

neighbouring cells.  This has been confirmed by a study that demonstrated the formation of 

functional panx1 intercellular channels when isolated cells expressing panx1 were treated with 

an agent to strip off glycosyl groups, the glycosidase PNGase F
93

.  Inhibiting the N-glycosylation 

of panx1 to the Gly2 state using tunicamycin caused an overall reduction in the trafficking of 

panx1 to the surface and therefore no formation of either gap junction channels or HCs.  This 

demonstrated both that highly glycosylated (Gly2) panx1 is the only form that will localize to the 

surface and that, upon surface expression, the ability of panx1 to form intercellular channels is 

inhibited by the same glycosylation.  Therefore, when expressed endogenously on the cell 

surface, panx1 acts exclusively as a HC. 
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 iii.  Pannexin-1 as a hemichannel 

 Once it presents as an undocked HC at the cell surface, panx1 becomes important in 

cellular responses to a wide range of stimuli although its exact role in normal cellular function is 

unclear.  Panx1 is permeable to ions and allows electrical current passage
95

 which can facilitate 

the disruption of cellular membrane potential and exacerbate the burden of metabolic stress.  

During ischaemia, the disruption of sodium and potassium gradients occurs due to ATP depletion 

within the cell because Na
+
/K

+
-ATPase is unable to function properly.  ATP loss during 

ischaemia is partially due to its release into the extracellular space through pores in the cell 

membrane
94

 consisting of panx1.  ATP and glutamate are released through open panx1 HCs 

which stimulate nearby cells or even the same cell that released them, via activation of the P2X 

class of purinergic receptors.  In the case of autocrine stimulation, activated P2X receptors cause 

an intake of calcium ions, further increasing the sensitivity of panx1 to stimulation
95, 96

.  This 

perpetuates a positive feedback cycle of ATP-mediated ATP release.  Paracrine stimulation of 

ATP release from immune cells may also act as a sort of weapon against dying neurons, to 

hasten their demise, by promoting the chemotaxis of more immune cells to the site of injury as a 

sort of "find me" signal
97

.  

 The mechanism behind the opening of panx1 HCs is unclear. The voltage-gated 

potassium channel subunit KVβ3 may be involved in opening panx1 by interacting with its C-

terminal domain
98

.  Panx1 may also be opened by mechanical stretch
99

.  Caspase-3 cleavage may 

remove the C-terminal region of the protein after the 371st amino acid
89

.  In spite of the variation 

in the way that it is posited to happen, panx1-activation seems to be dependent upon its C-

terminal tail region.  The C-terminal of panx1 is a relatively long intracellular domain that acts to 

block the HC tonically and thereby prevent the passage of larger substances or electrical 

currents. 
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 iv.  Pannexin-1 electrophysiology  

 Panx1 has been characterized for its ability to pass electrical currents in response to 

various stimuli, with an exceptionally high single-membrane conductance of >500 

picosiemens
9,100,101

.  In contrast, the stimulation of neuronal ATP receptors (P2X type) at 

polarized membrane potentials causes large inward currents
102

.  This indicates that panx1 is 

chiefly activated under conditions of cellular energy crisis, as would occur during anoxic 

depolarizations following ischaemia
103

. 

 v.  Dye uptake through pannexin-1 membrane pores  

 In addition to its effects on the release of intracellular substances and its electrical 

conductivity, panx1 forms an experimentally convenient uptake pathway for fluorescent dyes.  

Cationic dyes such as the sulforhodamine (SR) derivatives are taken up into cortical neurons, and 

negatively charged dyes such as Calcein AM are released from hippocampal neurons following 

OGD
103

.  SR dyes are preferred for labelling live tissue, as they are taken up readily into living 

cells.  Under normal conditions in vivo, SR101 is taken up almost exclusively by astrocytes 

through their connexin-43 HCs
104

, which also form intercellular gap junctions that facilitate the 

passage of the dye between conjoined cells.  In contrast, healthy neurons are not known to take 

up SR dyes in vivo.  Damaged neurons are able to take up SR dyes and therefore this method can 

be used to label neurons that have undergone ischaemia-induced membrane damage
105

.  

 vi.  Pannexin-1 pharmacology 

 In addition to inhibition by its own intracellular tail domain, panx1 is also susceptible to 

several pharmacological inhibitors.  Potential blockers investigated have included the malaria 

remedy mefloquine (MFQ)
106

 and the chloride channel blocker flufenamic acid (FFA)
86

.  These 

were assumed to work, as with the alcohols, due to their efficacy at blocking gap junctions and 

the assumed similarity between panx1 and connexin-based hemichannels.  Later studies revealed 
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that there were problems with the specificity of these agents as panx1 blockers.  The panx1-

inhibitory effect of MFQ is highly stereospecific, with a difference in potency of as much as 

1000 fold between enantiomers
106

.  This makes the use of MFQ a questionable choice when 

precise analysis of panx1 activity is desired.  FFA was found to be much more effective at 

inhibiting connexin gap junction channels and anion channels than panx1, ruling it out as a 

useful in vivo tool for studying panx1 function
86

.   

 There have been attempts to inhibit panx1 with peptide blockers.  
10

panx1 is a mimetic 

peptide consisting of a 10 amino acid sequence derived from the first extracellular loop region of 

panx1.  When it was first developed, it was found to block ATP-mediated dye uptake (via the 

P2X7 ATP receptor)  that had been attributed
107

 to panx1.  However, it was later discovered that 

10
panx1 is relatively non-specific for panx1 and also blocks connexins

84
.    

 A slightly-more effective agent is carbenoxolone (CBX); it reversibly inhibits panx1 HCs 

but still shows activity at blocking connexin channels at higher concentrations.  The difference in 

sensitivity is approximately fivefold; in an oocyte expression system, CBX blocked panx1 HCs 

with an IC50 of 5 M, while it had an IC50 value of between 10-100 M at Cx46 HCs
86

.   

 By comparison, the gout remedy probenecid is able to block panx1 with a substantial 

specificity over connexins.  Its IC50 is 150 m for panx1, but at Cx46 it has an IC50 of ~ 

1millimolar
107

.  The combination of probenecid's high degree of selectivity towards panx1 HCs 

and its ability to cross the blood-brain barrier
108

 shows promise as a possible pre- or post-

treatment strategy against ischaemic neuronal damage
109

, although it has not yet demonstrated 

this ability in the context of in vivo ischaemic stroke.  

 Panx1 genetic knockouts have been investigated in mice given strokes and initial results 

showed that panx1 knockout mice did not display deficits either in electrophysiology or on 
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behavioural outcomes
110

.  However, it was recently determined that mice which had had panx1 

knocked out genetically did not have a complete reduction in panx1 mRNA or protein with a 

substantial amount remaining
111

.  "Conditional knockout", also known as "pharmacological 

knockout", has been tested with more success.  In this process, panx1 is flanked by gene 

insertions that facilitate the removal of panx1-coding regions when a specific drug is 

administered (e.g. Tamoxifen, a breast cancer treatment)
103

. 

 vii. Pannexin-1 and the inflammasome 

 IL-1β is released in association with panx1 activity and IL-1β has a considerable impact 

on brain tissue survival
102, 112.

  A reduction in the amount of IL-1β released following panx1 

blockade with probenecid implies that there is a close functional relationship between panx1 

HCs and the inflammasome.  An in vitro study of cortical neurons in culture demonstrated the 

coimmunoprecipitation of panx1 and components of the NLRP1 inflammasome, which provides 

evidence for an association between them
113

.   

 There is also indirect evidence for the association of panx1 with the inflammasome due to 

its activity being associated with IL-1β release and caspase-1 activation
102

.  Panx1 has been 

proposed to mediate the formation of a large pore pathway relating to the efflux of IL-1β in 

response to P2X7 receptor activation
102

.  A more recent study investigated the effects of 

inhibiting the ASC adaptor protein on inflammasome assembly, using an anti-ASC neutralizing 

antibody.  Blocking panx1 prevented the uptake of neutralizing antibody
114

.  The combination of 

direct and indirect evidence for an association of panx1 with the inflammasome makes a strong 

case for investigating their interaction in a previously unexplored context, that of ischaemic 

stroke. 
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Chapter 2.  Hypothesis and research objectives 

 We sought to investigate inflammation in mouse brain following MCAO ischaemic 

stroke.  We hypothesize that panx1 and NLRP1 interact in vivo to form an inflammasome 

complex in the brain after acute ischaemic stroke.  We also hypothesize that the panx1 blocker 

probenecid will attenuate the production of IL-1β after stroke.  (Figure 3).   

We will answer the following research questions: 

1.  Does stroke promote the formation of an NLRP1-panx1 inflammasome complex in brain that 

can be detected using co-immunoprecipitation? 

2.  Can a spatial overlap between panx1 and NLRP1 at the neuronal cytoplasmic membrane be 

detected using confocal microscopy? 

3.  Does the panx1 blocker probenecid attenuate the production of IL-1β in brain after acute 

ischaemic stroke?   
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Figure 1.  Human NLRP1 (top) and mouse Nlrp1b (bottom) molecules.  Human NLRP1 consists 

of pyrin (PYD), NACHT,LRR, FIIND and CARD.  Both PYD and CARD allow for homotypic 

interactions between PYD-PYD and CARD-CARD motifs.  Mouse Nlrp1b lacks the N-terminal 

PYD, although it is still able to recruit procaspase-1 (PC1). 
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Figure 2.  Panx1 is a hemichannel protein consisting of an intracellular N-terminal tail, four 

transmembrane domains (red), two extracellular loops, one intracellular loop, and a long 

intracellular C-terminal tail. 
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Figure 3.  The proposed mechanism of NLRP1 and panx1 interaction.  It is hypothesized that 

NLRP1 and panx1 form an association following MCAO that facilitates the release of IL-1β in 

neurons.  Potentially blocking panx1 with probenecid may inhibit IL-1β release and therefore 

reduce post-stroke neuroinflammation by preventing IL-1β efflux.  
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Chapter 3.  Methods and materials 

A.  Animals 

 i. Mice used for brain lysates 

 Mice used in this project were male C57 BL/6 sourced from Charles River (Sherbrooke, 

QC) weighing 20-25 grams.  Mice were housed in the Queen's University Animal Care Facility 

between ordering and use, with food and water provided ad libitum.  All animals were cared for 

and housed in accordance with the guidelines set out by the Queen's University Animal Care 

Committee (UACC) and the Canadian Council on Animal Care (CCAC).   

 Six mice underwent sham surgery to control for the effects on inflammation induced by 

the surgery itself.  They were anesthetized using 2% isoflurane carried in 70% N2/30% O2 and 

were assessed for depth of anesthesia by pinch the rear toes.  The anesthesia was complete when 

the mouse became unresponsive to this stimulus.  After 30 minutes, their necks were sealed and 

the animals were allowed to recover 24 hours prior to sacrifice by scissor decapitation.   

 Twelve mice underwent middle cerebral artery occlusion (MCAO) for MCAO+saline 

(n=6) and MCAO+probenecid (n=6) treatments.  All were anesthetized using 2% isoflurane 

carried in 70% N2/30% O2 and were assessed for anesthesia using the toe-pinch reflex test.  The 

left common carotid artery was exposed and a silicon-coated nylon filament was fed up to the 

middle cerebral artery to occlude it
115

.  See Figure 6 for a schematic of the MCAO procedure.  

Cerebral blood flow (CBF) was monitored with a laser Doppler flow meter (Perimed).  Once 

CBF dropped to approximately 30% of the baseline level, it was maintained for 30 minutes after 

which the suture was removed, the vessel cauterized and the neck incision resealed.  Post-

operatively, mice were immediately intraperitoneally injected with either 0.5mL of normal saline 

vehicle or 0.5mL of probenecid at room temperature (Sigma-Aldrich) to a final in-animal 

concentration of 5 mg/kg.  The dosage was determined based on the expected dosage that a 
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human would be administered in a clinical setting.  A human given oral probenecid would be 

given a maximum of 2g/day
116

 which equates to a 1.5mM blood concentration.  Our mouse 

dosage of 5mg/kg is approximately 9mM and therefore approximates a therapeutic dosage in a 

human once the greater drug metabolism of a mouse is accounted for.  Mice were allowed to 

recover for 24 hours before sacrifice, which was performed using scissor decapitation after they 

were fully anaesthetized.   

 ii. Mice used for confocal microscopy  

 Confocal fluorescence microscopy was used for the analysis of the spatial interaction 

between NLRP1 and panx1.  Three C57BL/6 mice (Charles River Labs) weighing approximately 

25g underwent MCAO as described previously followed immediately by 0.5mL post-operative 

normal saline.  After surgery, they recovered for 24 hours before sacrifice, which was done by 

scissor decapitation following full anaesthesia.  The brains were cut into five micrometre 

sections for imaging as described in detail below.  

B. Sample preparation for Western blotting and immunoprecipitation 

 i. Lysate preparation 

 Mice were treated in three separate groups for Western blot and co-immunoprecipitation 

(co-IP, also referred to as IP) analysis.  One wildtype mouse brain was used as a positive control 

specimen when performing Western blots to ensure that proteins were detected at accurate MWs 

in the experimental samples (having validated that the wildtype controls express the target 

proteins at the desired MWs already).  Sham surgery was conducted as described above for n=6 

animals, as was surgery for MCAO+saline (n=6) and MCAO+probenecid (n=6) animals.  All 

brains were removed after decapitation, divided into left and right hemispheres, and snap-frozen 

in methylbutane at -80
o
C.  Individual hemispheres were placed into 1.7 mL Eppendorf tubes and 

stored at -80
o
C until ready for use. 
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 Each hemisphere was lysed in 1.0 mL of lysis buffer, using a Kimble-Chase manual 

tissue grinder.  Lysis buffer consisted of (concentrations in mM where appropriate) Tris-HCl at 

pH 7.5 (50), 0.25% SDS, MgCl2 (10), PMSF (0.29) and Roche Complete protease inhibitor 

cocktail (one 7x tablet diluted to a final concentration of 1x).  Each crude lysate was incubated 

for 1 hour on ice to further solubilise the protein in the samples, after which each was spun in a 

microcentrifuge (AccuSpin Micro-17; Fisher Scientific) for 10 minutes at 15000x g.  The 

supernatant was collected and analyzed for total protein concentration by Bradford assay.    

 ii. Bradford Assay 

 Samples were assessed for total protein concentration by the Bradford method using the 

BioRad DC protein assay kit (BioRad).  Protein standards were prepared from a stock solution of 

2mg/mL BSA in double-distilled H2O and lysate samples were assessed as 'neat' (undiluted), 

10% (1/10) and 5% (1/20) dilutions (all prepared in ddH2O). Briefly, 5L of each standard or 

sample was loaded into a well on a 96-well microarray plate, followed by 25L of "reagent A" 

(copper tartrate solution mixed with 2% v/v surfactant) and 200 L of "reagent B" (Folin's 

reagent).  Each mixture was allowed to sit at room temperature for 15 minutes prior to optical 

absorbance reading at 750 nm.  After determining the optical density of each respective dilution 

of protein, an X-Y scatterplot was prepared in Microsoft Office Excel 2007 and the 

concentration of the protein sample was determined using the linear-fit trendline function.  

Determination of the unknown concentration of the sample at a given absorbance was performed 

using the following equation: 
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Where 'k' is a y-intercept value corresponding to the baseline absorbance of each sample due to 

the solvent in each sample (the "blank" absorbance value).  The final concentration of each 

sample was determined by multiplying the OD value provided by the product of the (slope times 

absorbance plus intercept) by either 10 (1/10 dilution) or 20 (1/20 dilution) to obtain a final 

protein concentration in g/L.  Due to the tendency of the absorbance to saturate for the 'neat' 

protein concentration, this value was ignored.  The arithmetic mean between the concentration 

values for the 1/10 and 1/20 dilutions was used as the total protein concentration for all 

subsequent experiments using the tissue samples. After determining the total protein levels in 

each, samples were stored at -80
o
C.  The WT control sample was divided into aliquots such that 

one volume of lysate would be used per experiment.   

C. Western Blotting 

 Samples for Western blotting were prepared using a reducing and denaturing protocol.  

100 g of each sample to be analyzed was diluted to a final concentration of 1g/L in 20% 5x 

loading buffer (recipe below) and SDS lysis buffer (the amount of which varied, depending on 

the amount of lysate required to achieve 1 g/L).  After heating samples for 5 minutes at 95-

100
o
C and cooling, each was loaded into an SDS gel.  5x loading buffer consisted of (all 

concentrations are final) 0.3M tris (pH 6.8), 10% SDS (v/v), 50% glycerol (v/v) and 0.0004% 

bromophenol blue (w/w). 

 i. SDS-PAGE 

 The SDS gels consisted of a 4% stacking gel overlaying a 12% running gel.  Gels were 

run in a BioRad Miniprotean assay system in running buffer which consisted of 192 mM glycine, 

0.1% SDS w/w and 25 mM tris.  Voltage was initially set at 60V for 15 minutes to allow the 

samples to clear the stacking gel, and then increased to 1 hour at 120V.  Protein from the gels 
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was transferred to a PVDF membrane with 0.2m pores (Thermo Scientific) using a BioRad 

TransBlot SD semi-dry transfer apparatus.  Transfer was achieved by setting the current at a 

constant value and adjusting it to attain a running voltage between 12 and 16V to provide enough 

electromotive force to push the proteins through the gel without overheating the apparatus and 

damaging the gel/membrane (current was started at 0.4A for each full-sized gel and adjusted 

from there).  Blocking of the membrane was done for 1 hour at room temperature using 5% skim 

milk/tris-buffered saline-Tween20 (TBS-T; pH 7.5), after which the primary antibody of interest 

was applied, diluted in blocking solution overnight at 4
o
C.  Rabbit-anti-NLRP1 (Sigma, 

SAB2900390; 155-160 kDa target) was diluted at 1:1000, rabbit-anti-panx1 (Invitrogen #48800; 

45-50 kDa target; midregion epitope) was diluted at 1:1000 and rabbit-anti-IL-1β (Thermo 

Scientific, P420B; 31 kDa target) was diluted 1:250.  The next day after primary antibody 

incubation, membranes were washed 3x 10 minutes with TBS-T (pH 7.5) and secondary 

antibody solution [10 mL TBS-T (pH 7.5), 0.5g skim milk powder and 1:10000 goat-anti-rabbit-

HRP (Jackson Immuno Labs)] was incubated for 30 minutes at room temperature with gentle 

rocking.  After 3x 10 min washes using TBS-T and 1x10 min wash using TBS (pH 7.5), ECL 

reagents were applied.  Membranes used for panx1 and IL-1β expression analyses were covered 

with 1.5 mL (per each full-size membrane) of EMD Millipore ECL solutions (750L of 

hydrogen peroxide and 750L of luminol) and incubated for 5 minutes at room temperature.  

Membranes that were used in IP studies and NLRP1 expression analysis were incubated for 5 

minutes at room temperature as well, but using Fisher Scientific SuperSignal West "Femto" 

ECL.  X-ray film was exposed in a developing cassette and prepared in a Kodak film developer.  

Images were digitized with a Canon LIDE 600F desktop scanner, cropped and edited in 

paint.NET, and analyzed using NIH Image J software
117

. 
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 ii. Strip and reprobe 

 In order to normalize the expression of each protein of interest across samplings, a 

loading control was employed.  β-tubulin is a widely-used loading control, and it is assumed that 

the relative expression of β-tubulin in all samples should be proportionately equal.  Therefore, 

any change in the expression of a given protein of interest was not due to changes in the amount 

of protein loaded between different lanes. 

 To probe appropriate membrane segments (those containing the expected MW for β-

tubulin of 54 kDa), 200 mM glycine (pH 2.6) was applied for 10 minutes at room temperature.  

Stripped membranes were then washed 5x 7 minutes with TBS-T (pH 7.5) prior to the 

application of rabbit-anti-mouse β-tubulin (Sigma T8578) diluted 1:1000 in blocking buffer.  

Probing for β-tubulin was completed as for the other proteins of interest (washing, secondary 

antibody, washing and ECL).   

 iii. Protein expression semi-quantification 

 Semi-quantitative densitometry was used to investigate any changes in expression levels 

of NLRP1, panx1 and IL-1β between different experimental conditions. This technique 

normalizes the optical densities of the bands for proteins of interest to those of a loading control 

protein.  This is a surrogate for protein expression level
118

.   

 The determination of normalized band ODs (hereafter referred to interchangeably with 

'expression') was done by first cropping the image of each Western blot in paint.NET, and then 

opening the cropped image in Image J.  The area of interest around one lane was selected.  The 

'densitometry' plugin in ImageJ was used to remove background noise by manually selecting a 

dark pixel and adjusting the threshold of inclusion for pixels within the selection area, such that 

the area of the image corresponding to the band would be darkened.  This allowed us to highlight 

the area of the band and therefore remove hazy background by steepening the slope of the 
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histogram corresponding to each band.  Once this was done, a box was drawn around an initial 

lane and copied to all of the lanes on a given blot image.  The 'plot lanes' key was pressed to 

show optical density histograms.  The areas corresponding to the lanes on each histogram were 

identified as peaks on the histogram and were selected using a single horizontal line to cut off 

remaining background.  The 'magic wand' tool was used to select each peak in sequence, and the 

labeled peaks were analyzed based on the relative integrated area that they covered.  To 

normalize the relative intensities of the protein bands, their optical densities were divided by that 

of the loading control OD corresponding to the same lane.  

 To assess the expression of proteins of interest in stroke vs non-stroke tissues, samples 

were compared that represented the ipsilateral (left) and contralateral (right) hemispheres of each 

brain.  Differences between ipsilateral and contralateral hemispheres were assessed for all 

samples.  

 Statistical analysis was performed using Student's t-test for paired data assuming unequal 

variances, in Microsoft Excel 2007.  Results for protein expressions are reported in mean, 

normalized OD units (arbitrary units) ±SD.  Comparisons were performed between hemispheres 

in individual mice and so a two-sample t-test was considered to be sufficient.  Not all data 

comparisons could be assumed to have equal variances (p<0.05 in Fisher's F-test) and so all data 

were analyzed equally using an unequal variances t-test to maintain consistency.  Additionally, 

the inability to assume equal variances arises from the practical consideration that it is very 

unrealistic to assume individual animals will display equal variability in responses to 

environmental stimuli. 
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D. Immunoprecipitation 

 To begin immunoprecipitation, 50 L of paramagnetic beads (PureProteome, EMD 

Millipore) were pipetted into 1.7 mL Eppendorf tubes and the storage buffer was removed.  To 

these, 500g of IP lysate was added, diluted to 1g/L.  During this preclearing step, the tubes 

were kept in a cold room for 4 hours and rotated using a Fisher Scientific tube rotator.  

Following the preclear, samples were placed in a magnetic rack (EMD Millipore), and the 

supernatants were retained (the beads were discarded).  Precleared lysates were incubated with 

panx1-N-terminal antibody (Life Technologies) at a 1:100 dilution in a cold room overnight, on 

a tube rotator.  The next morning, another 50L of Pure Proteome paramagnetic bead slurry was 

pipetted into a 1.7 mL tube and placed on the magnetic rack for the removal of the storage 

buffer.  The beads were then washed once with 500 L of wash buffer to remove any residual 

storage buffer.  Wash buffer contained (in mM unless otherwise noted): Tris-HCl at pH 7.4 (10), 

EDTA at pH 8.0 (1), Nonidet P40 (0.5%), Triton X100 (1%), sodium fluoride (1), sodium 

orthovanadate (1), NaCl (150) and 1x Roche Complete protease inhibitor cocktail.  Precleared-

lysate/antibody mixtures were added to the beads and the entire mixture was incubated overnight 

in the cold room on the rotator.  The supernatants were removed and discarded.  To elute, 25 L 

of SDS lysis buffer was added to the beads, as well as 25 L of 2x loading buffer.  2x loading 

buffer consisted of 0.5M Tris pH 6.8, glycerol (20% v/v), SDS (4% v/v) and bromophenol blue 

(0.004% v/v).  The mixture of lysis buffer, loading buffer and beads was heated for 5 minutes at 

95-99
o
C, the supernatant was collected, and 1% v/v β-mercaptoethanol was added before heating 

again for 5 minutes at 95-99
o
C.  Samples were cooled and loaded into an SDS gel (40 L per 

well).  See Figure 4 for a visual depiction of the IP procedure. 
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E.  Confocal imaging 

 i. Brain slices 

 The whole heads of three mice given strokes as described previously were removed and 

fixed in 4% paraformaldehyde for 72 hours at room temperature, after which the brains were 

removed and stored in 4% paraformaldehyde at 4
o
C until they were needed.  The 

contralateral/right hemispheres of the brains (relative to the stroke lesion) were nicked on their 

inferior-lateral aspects as a landmark for subsequent investigations.  The nicked brains were 

divided into three pieces longitudinally using a mouse brain matrix, corresponding to the anterior 

third, +/-1mm of bregma, and a posterior third.  Brain pieces were dehydrated in escalating 

concentrations of ethanol (70%, 85%, 100%) and embedded in paraffin wax using a paraffin wax 

embedder, onto Histocette tissue embedding cassettes (Simport).  Cassettes with embedded 

tissue were stored at -20
o
C prior to use.   

 Five micrometre-thick sections from the middle third of each brain were cut using a Leica 

RM2235 microtome.  Slices were floated in a water bath at 45
o
C until they could be mounted on 

Fisher Superfrost slides, at three slices per slide.  Slides were incubated at 55
o
C for 3 hours in a 

VWR tissue incubator prior to deparaffinization and rehydration.  Deparaffinization was 

performed by dipping the slides into Coplin jars filled with xylene-based mounting medium 

(Triangle Biomedical Sciences) for 4 minutes, with 3 total repetitions.  Following xylene dips, 

slides were rehydrated by slowly dipping them 7 times in each of 100% ethanol, 85% ethanol 

and 70% ethanol, followed by a 4 minute wash in double-distilled H2O.  Rehydrated slides were 

heated at 95-99
o
C in 0.001M citrate (buffered at pH 6.0) for 20 minutes.  Slides were allowed to 

cool to room temperature before trypsinization (using 300L of trypsin for 20 min at room 

temperature), which was followed by 45 min of blocking at room temperature [blocking solution 

consisted of 1% Triton X-100 and 5% normal goat serum (NGS) in 1x PBS (Thermo-Fisher 
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Scientific)].  Primary antibodies were applied overnight, diluted by the manufacturer-

recommended amount in blocking solution.  Rabbit-anti-mouse NLRP1 was prepared at 1:200 

dilution (SAB2900390; Sigma-Aldrich), rabbit-anti-mouse panx1 was prepared at 1:50 dilution 

(cat. #48800; Invitrogen) and mouse-anti-mouse NeuN was applied at 1:200 (MAB377; 

Millipore).  Secondary antibodies were applied for 45 minutes at room temperature and were 

prepared at 1:200 dilution, either goat-anti-rabbit CY3 or goat-anti-mouse FITC (both Sigma-

Aldrich).  Slides were coverslipped using mounting medium containing TES (Electron 

Microscopy Sciences) and were stored at 4
o
C in the dark until ready to be imaged for labelling.  

See Figure 5 for a depiction of an idealized confocal microscope. 

 ii. Image collection 

 The analysis of labeled slides was performed qualitatively by investigating the relative 

expression of NLRP1 and panx1 in cells co-labeled with NeuN (designating them as neurons).  

Using a confocal microscope, images were collected from layers II/III-V of cortex surrounding 

the lateral parietal area +/-1mm of bregma.  The region immediately surrounding bregma is 

where there is expected to be a greater amount of stroke-related damage.  Images were collected 

using a spinning-disc confocal microscope (maintained by the Queen's University Cancer 

Research Centre).  Images were supplied in raw TIFF format and required re-colouring to 

display the appropriate labeling for each image.  Re-colouring was performed using ImageJ's 

'lookup tables' function.  Each colour was selected from the available list corresponding to each 

fluorescent label ('green' for FITC and 'red' for CY3).  Editing and labeling were done in 

paint.NET (dotPDN, LLC).  
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Figure 4. A schematic representation of the immunoprecipitation procedure.  In step 1, an 

antibody against panx1 is incubated with the protein lysate sample.  This facilitates it binding to 

panx1 in the sample which is proposed to form a protein-protein interaction with NLRP1.  In the 

second step, the antibody-antigen complex is incubated with a bead that binds to the antibody-

antigen complex.  In the third step, excess contaminants are removed.  Finally, an elution is 

performed prior to analysis on SDS-PAGE/Western blot to remove the antibody from the bead 

and the antigen from the antibody.  The image is modified from the Fisher Scientific 

immunoprecipitation website
119

. 
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Figure 5.  A schematic of an idealized confocal microscope. Excitation laser light from a pinhole 

source is reflected onto a sample through an objective lens.  Light is emitted by the sample at a 

specific wavelength due to excitation of the sample by the light source at the original (higher) 

wavelength.  Passing the emitted light through a pinhole aperture allows for the removal of out-

of-focus light rays, reducing blur.  The image is modified from Paddock et al (2000)
120

.   
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Figure 6.  A schematic depiction of the middle cerebral artery occlusion (MCAO) model that we 

used.  We followed the Koizumi model that was first used in rats115 modified with the use of a 

silicone-coated nylon suture.  Arteries are labelled: VA (vertebral arteries), BA (basilar artery), 

CCA (common carotid artery), ECA (external carotid artery), ICA (internal carotid artery), PCA 

(posterior cerebral artery), MCA (middle cerebral artery) and ACA (anterior cerebral artery).  To 

perform the surgery, the ECA was cauterized and the suture was fed up through the CCA to the 

MCA where blood flow was occluded for 30 min.    
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Chapter 4.  Results 

A. Panx1 expression does not change after stroke 

 We investigated the effects of each experimental condition (sham surgery, MCAO+saline 

and MCAO+probenecid) on the expression levels of panx1.  In sham mice, there was no 

difference in panx1 expression levels between left and right hemispheres (n=6 per hemisphere; 

meanleft = 0.41±0.08 relative OD units; meanright = 0.47±0.04; p=0.09).  In mice given stroke 

followed by post-operative saline, the expression of panx1 in the ipsilateral and contralateral 

hemispheres was no different (n=6 per hemisphere; meanipsilateral = 0.36±0.04; meancontralateral = 

0.33±0.05; p=0.15).  The administration of probenecid after stroke had no effect on the 

expression of panx1 (n=6 per hemisphere; meanipsilateral = 0.40±0.08; meancontralateral = 0.40±0.07; 

p=0.50).  Figures 7-9 depict quantification results for panx1 from each of the three experimental 

groups. 

B. NLRP1 expression increases after stroke 

 Given that the NLRP1 inflammasome is proposed to be important in mediating post-

ischaemic damage both in vivo and in vitro, we tested for differences in the expression of NLRP1 

from each of our three groups.   

 There was no difference in NLRP1 expression between left and right hemispheres in 

mice given sham surgery (n=6 per hemisphere; meanleft=0.25±0.07; meanright=0.25±0.05 p=0.48).  

However, the difference between ipsilateral and contralateral MCAO+saline hemispheres was 

significant (n=6 per hemisphere; meanipsilateral=0.27±0.05; meancontralateral=0.21±0.04; p=0.04).  

There was also no difference between NLRP1 levels in the ipsilateral and contralateral 

hemispheres of MCAO+probenecid mice (n=6 per hemisphere; meanipsilateral=0.22±0.03; 

meancontralateral=0.23±0.02; p= 0.32).   See figures 10-12 for NLRP1 quantification data. 
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C. IL-1β expression is increased by stroke 

 One of the more important mediators of inflammatory neuronal damage is the potent 

cytokine IL-1β.  We compared IL-1β expression levels between the ipsilateral and contralateral 

hemispheres of mice in each of our three groups.  Importantly, we found that mice that had 

strokes showed a significant increase in IL-1β band OD (n=6; meanipsilateral=0.94±0.1; 

meancontralateral=0.81±0.1; p=0.04) but in those given probenecid after stroke this difference in was 

attenuated (n=6; meanipsilateral=0.84±0.14; meancontralateral=0.87±0.09; p=0.31). In the sham group, 

there was no difference in IL-1β expression between the left and right hemispheres (n=6; 

meanleft=0.83±0.06; meanright=0.74±0.15; p=0.09).  See figures 13-15. 

D. Confocal microscopy 

 i. Panx1 is localized to the membrane of neurons 

 We used confocal microscopy to assess the spatial interaction between NLRP1 and panx1 

in thin cortical tissue sections from mice that had strokes.  Samples were double-labelled for 

either panx1 (Cy3, red) and NeuN (FITC, green) or NLRP1 (Cy3, red) and NeuN.  Our first 

observation was that panx1 in both ipsilateral and contralateral hemispheres localized to the 

perinuclear area of neurons.  Panx1 was found in the cytosol as well as the peripheral/membrane 

region.  Figure 16 depicts panx1 and NeuN expression patterns in ipsilateral and contralateral 

hemispheres. 

 ii. Stroke alters NLRP1 distribution and expression  

 In sections taken from tissue contralateral to the stroke, we observed NLRP1 labelling 

scattered throughout the cytosol of neurons, showing no apparent pattern to its distribution.  

Ipsilaterally, NLRP1 consistently showed localization the periphery of neurons that was not 

present in the control sections.  NLRP1 expression qualitatively appeared to be increased in the 
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ipsilateral hemisphere.  NLRP1 and NeuN labelling is shown in both ipsilateral and contralateral 

hemispheres in Figure 17.   

 E. Panx1 and NLRP1 do not co-immunoprecipitate after stroke 

 Previous studies using different techniques
107

 have demonstrated that panx1 and NLRP1 

can be coimmunoprecipitated with each other.  We sought to further investigate our initial 

findings from confocal microscopy to determine if spatial distribution similarity between NLRP1 

and panx1also manifests as a direct physical interaction between them.   

 Our co-IP assay was performed using tissue lysates from animals administered MCAO 

strokes only.  An inflammasome complex would manifest as the presence of an NLRP1 band 

detectable in samples that had been extracted using an anti-panx1 antibody. 

 Figure 18 depicts the results of this IP experiment.  We compared samples that had been 

immunoprecipitated to those that were prepared for SDS-PAGE following our standard 

procedure (the same as used for Western blot protein expression analyses).  Our primary 

observation was that, when our lysates were incubated with an anti-panx1 antibody, NLRP1 and 

panx1 did not form a complex detectable using an antibody against NLRP1, nor was NLRP1 

detectable on its own.  We were able to detect NLRP1 on its own in samples prepared normally 

for SDS-PAGE/Western blot and we were also able to detect panx1 in both cases.  Panx1 

presented as doublets and multiplets in normal Western blot samples (as has been previously 

shown in the literature
91

) and as single band in the IP lane as expected based on the antibody 

used for detection.   
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Chapter 5. Results figures 

 

 

Figure 7.  A histogram depicting the normalized optical densities (ODs) of panx1 protein bands 

in the ipsilateral and contralateral hemispheres of mice that had sham surgery performed.  There 

was no difference between panx1 levels in the hemisphere ipsilateral to the surgery and the one 

contralateral (LH; left hemisphere and RH; right hemisphere).  Means are presented in 

normalized OD units (arbitrary) +/- SD. 
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Figure 8.  A histogram depicting the normalized ODs of panx1 protein bands in the ipsilateral 

and contralateral hemispheres of mice that had strokes and were given post-operative saline 

(0.5mL).  There was no statistically significant difference in panx1 expression between 

ipsilateral and contralateral samples.   Means are presented as +/- SD. 
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Figure 9.  A histogram depicting the normalized ODs of panx1 protein bands in the ipsilateral 

and contralateral hemispheres of mice that were given strokes and post-operative probenecid 

(0.5mL, 5mg/kg in-animal concentration).  There was no significant difference between levels of 

panx1 expression levels in the ipsilateral hemisphere compared to the contralateral hemisphere.  

Means are presented as +/- SD. 
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Figure 10.  There was no difference in normalized NLRP1 band optical densities (surrogate for 

protein expression) between the ipsilateral (left, denoted "LH") and contralateral (right, denoted 

"RH") hemispheres of n=6 mice that had sham surgery.  Means are presented +/- SD. 
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Figure 11.  A histogram depicting the normalized ODs of NLRP1 protein bands in the ipsilateral 

and contralateral hemispheres of mice that had strokes and were given post-operative saline 

(0.5mL).  There was a significant difference observed in NLRP1 expression between ipsilateral 

and contralateral hemispheres in n=6 animals (p=0.04).  Means are presented +/-SD. 
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Figure 12.  A histogram depicting the normalized ODs of NLRP1 protein bands in the ipsilateral 

and contralateral hemispheres of mice that had strokes and were given post-operative probenecid 

(0.5mL, final in-animal concentration of 5mg/kg).  There was no significant difference observed 

in NLRP1 expression between ipsilateral and contralateral hemispheres in n=6 animals.  Means 

are presented +/-SD. 
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Figure 13.  There was no difference in the normalized ODs of IL-1β protein bands between 

ipsilateral and contralateral hemispheres in n=6 samples (from each).  Samples are labeled as LH 

for left hemisphere and RH for right hemisphere.  Means are presented as +/- SD. 

 

 

 

 

 



 

46 
 

 

 

 

 

 

Figure 14.  A histogram depicting the normalized ODs of IL-1β protein bands in the ipsilateral 

and contralateral hemispheres of mice that had strokes and were given 0.5mL post-operative 

saline.  There was a significant difference in the levels of IL-1β detected in the ipsilateral and 

contralateral hemispheres of n=6 stroke-treated animals given saline vehicle (p=0.02)).  Means 

are presented as +/- SD. 
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Figure 15.  A histogram depicting the normalized ODs of IL-1β protein bands in the ipsilateral 

and contralateral hemispheres of mice given stroke and 0.5mL of 5mg/kg probenecid (final in-

animal concentration).  There was not a difference in IL-1β expression between the ipsilateral 

hemisphere and contralateral hemisphere in n=6 samples.  Means are presented as +/- SD. 
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Figure 16.  Antibody to Panx1 shows consistent membrane-association labelling intensity in 

stroked and un-stroked tissue.  Neurons were located in approximately layer II/III of lateral 

parietal cortex within +1/-1mm of bregma. Images from the ipsilateral and contralateral 

hemispheres of n=3 brains given stroke are labelled with panx1 in red and NeuN in green.  
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Figure 17.  Labelled antibody to NLRP1 is distributed in the periphery of neurons following 

stroke.  Images were taken from the lateral parietal cortex in approximately layers II/III within 

+1/-1mm of bregma.  Images depict NLRP1 (red) co-labelled with NeuN (green) taken from the 

ipsilateral and contralateral hemispheres of n=3 brains given strokes.  NLRP1 appears to create a 

ring of labelling around the neurons and the expression is increased ipsilaterally.     
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Figure 18.  The results of our coimmunoprecipitation experiment.  Samples in "control" 

preparation were prepared following standard Western blot sample prep as was used in baseline 

protein expression studies.  Samples prepared for IP were subjected to an immunoaffinity assay 

using an antibody against the N-terminal region of panx1.  In the control lane (right) we 

observed NLRP1 and panx1 at their expected MWs.  We were unable to immunoprecipitate 

NLRP1 using an antibody against the N-terminal region of panx1 (left lanes).  The entire lane 

includes the expected MW of NLRP1 to the top of the gel.   

Panx1 and NLRP1 do not co-
immunoprecipitate after stroke 
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Chapter 6. Discussion 

 Stroke patients in the clinical setting have a limited access to treatments that target the 

underlying cause of ischaemic stroke-related brain damage.  Present therapy is focused on 

treating the occlusion in blood flow using recombinant tissue plasminogen activator (r-tPA), but 

there is nothing specifically available to prevent the underlying inflammatory process from 

occurring.  Therefore, targeting components of the delayed cellular response to stroke that lead to 

tissue damage, such as panx1, may provide the potential for future therapeutic strategies.   

 Panx1 has been widely studied for its ability to form open membrane pores in a variety of 

cell types.  Panx1 pores are permeable to an array of substances, ranging from small ions to 

cellular metabolites up to approximately 1 kDa such as ATP
89,94,95,97,100

.  Because of this, it has 

attracted attention as a possible contributor to the inflammatory process and, given its prominent 

expression in brain, there is the potential for panx1 to mediate post-ischaemic brain damage
72

.  

However, panx1 is not likely to directly cause neuroinflammation and therefore should work 

with other molecules that directly mediate tissue damage, such as IL-1β.  IL-1β is an important 

factor in post-stroke brain damage, and it is associated with panx1 and NLRP1 inflammasome 

activity
65,66,72,77,78,102,107

.  There is presently no literature describing a protein-protein interaction 

between NLRP1 and panx1 in vivo pertaining to inflammasome activation.  Therefore, we 

explored the nature of the interaction between panx1 and NLRP1, which represents the first 

investigation of this relationship in acute stroke.  

 It has been previously determined that NLRP1 is a contributor to the neuroinflammatory 

process after different types of simulated ischaemia
113,124

. NLRP1 has also been found to form a 

direct protein-protein interaction with panx1 under specific simulation circumstances
107

.  

However, we have found no evidence in the current study to support a specific protein-protein 
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interaction between panx1 and NLRP1 after stroke in vivo.  A surprising finding of ours was that 

probenecid, the putative panx1 blocker, showed an anti-neuroinflammatory role in spite of a lack 

of a direct interaction between panx1 and the NLRP1 inflammasome.  The accumulated evidence 

presented here points to the possibility of an indirect interaction between panx1 and NLRP1.  

This proposal is reinforced by our observation that NLRP1 and panx1 show an overlap in the 

spatial distribution in our model of ischaemic stroke.  

 We are the first to investigate the expression levels of panx1 protein in the brain after 

acute MCAO stroke in mouse and have found that its expression does not change after 30 min 

MCAO and 24 hour reperfusion.  Combined with our observations that probenecid, a panx1 

hemichannel blocker, attenuates both NLRP1 and IL-1β increases after stroke, we can imply that 

panx1 activity is its most relevant characteristic in stroke and not its expression level. 

A.  Probenecid prevents an increase in IL-1β expression after stroke  

 We consistently detected IL-1β at 30-31 kDa region, the target MW indicated by the 

manufacturer.  We demonstrated that IL-1β protein expression was significantly increased 

ipsilaterally after stroke, which was absent in sham-operated tissue samples.  This is in 

agreement with the prevailing view in the literature
78,121

 that IL-1β expression is increased by 

stroke, although the magnitude of the increase that we observed was not as great as in other 

studies.  This may be because we compared whole hemispheres in our Western blot studies and 

therefore increases in IL-1β production by a subset of cells within the affected area may have 

been overwhelmed by the amount of uninvolved tissue.  In this context, it is very surprising 

perhaps that we would be able to detect changes in IL-1β levels.  Interestingly, we found that 

probenecid attenuated the increase in IL-1β after stroke.  This points to a possible anti-

inflammatory role for probenecid in the brain after stroke.  Administering probenecid and 
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assessing behaviour would be an important extension of this work to determine the relevance of 

anti-inflammatory properties to any future therapeutic use.  

B.  Panx1 expression does not change after stroke nor is it affected by probenecid 

 We have been the first to determine that there is no detected change in the levels of panx1 

in brain after in vivo ischaemic stroke.  Panx1 was detectable using an antibody raised against an 

epitope in the middle region of the protein, and we were able to see bands at the MW specified 

by the antibody manufacturer at 45 kDa. This detection pattern is consistent with what others 

have found
63

.  We also observed that there was no change in panx1 expression induced by the 

administration of probenecid after stroke.  Probenecid would not be expected to impact the 

expression of panx1, as it is a panx1 blocker
107

, so this result makes sense.  There is little 

comparable work in the literature on the topic of post-stroke panx1 expression, however an 

investigation using a global ischemia model
123

 found that panx1 protein showed biphasic 

increases and decreases after ischaemia. In this model it was found that panx1 acutely increased 

followed by a slow return to baseline.  The global ischaemia model produces a delayed neuronal 

injury which manifests as CA1 hippocampal neuron death at 7 days post-ischaemia.  This differs 

from our model of focal ischaemia in which neuronal injury manifests within hours.  Therefore, 

the different profiles of panx1 expression between these two models may reflect different roles 

for panx1.  

C. NLRP1 increases after stroke 

 We performed the same analyses for NLRP1 as we did for IL-1β and panx1 mentioned 

above.  Specifically, we compared expression levels of NLRP1 in the ipsilateral and contralateral 

hemispheres of MCAO+saline, MCAO+probenecid and sham-operated mice.  We were able to 

detect NLRP1 at 160 kDa, which has been found previously for both human NLRP1 and mouse 

Nlrp1b
123,124

.    
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 We observed a significant difference in NLRP1 expression between the ipsilateral and 

contralateral hemispheres of the stroke and saline-treated group.  Importantly, this increase was 

attenuated by the administration of probenecid after stroke.  The amount of NLRP1 in the 

ipsilateral hemispheres of the probenecid-treated mice was similar to the probenecid contralateral 

and saline contralateral hemispheres.  This is consistent with our findings regarding IL-1β 

expression (being highest in saline ipsilateral hemispheres), pointing again to an anti-

inflammatory role for probenecid in the brain after stroke.  It is important to consider that 

NLRP1 levels in sham tissue were similar to the unaffected stroke tissue samples and so the 

increase in NLRP1 seen in the ipsilateral hemispheres of the saline mice was likely due to the 

stroke itself and not an inherent difference between left and right hemispheres. 

D. Implications for neuroinflammation after stroke 

 NLRP1 is a component of the innate immune system and although it does exist in 

neurons, it is overwhelmingly expressed in immune cells such as neutrophils and microglia, as 

well as astrocytes
125

.  Together, these non-neuronal cell types vastly outnumber neurons in the 

brain.  We analyzed whole-hemisphere brain lysate samples, and so all cell types in each 

hemisphere would have been represented.  Therefore, the contribution of astrocytes and other 

glia to IL-1β levels and NLRP1 levels cannot be ignored.  Local activated microglia and newly 

arrived peripheral immune cells could have contributed to the observed upregulation of NLRP1 

and IL-1β in the ipsilateral hemispheres of animals given strokes.  An increase in immune cell 

activity and presence after stroke in the affected area could occur as a result of several factors.     

 The first to consider is ATP, which acts as a chemoattractive "find-me" signal to immune 

cells
97

 and is released through open panx1 hemichannels
100

.  Immune cells may be drawn 

towards the injury by ATP, gaining access to the area of the lesion because of a disruption in the 

blood brain barrier that occurs primarily ipsilateral to the injury.  A weakening of the blood-brain 
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barrier has been demonstrated recently in a rat model of transient focal cerebral ischaemia, which 

led to an increase in the permeability of cerebral vessels.   The infiltration of immune cells from 

the peripheral circulation could occur through this pathway
126

.  In such a manner, immune cells 

could be recruited to the site of the injury by ATP released from the stroke wound where, upon 

arrival, they would release proinflammatory mediators such as IL-1β.   

 It is thought that ATP acts locally to promote the activation of microglia.  ATP is known 

to act as a damage-associated molecular pattern (DAMP) that binds to the P2X4 and P2X7 

purinergic receptors leading to the opening of panx1 HCs
105,107,127,9128

.  Microglial activation due 

to ATP would promote the release of IL-1β
129

.  This may be an underlying mechanism for the 

increases in NLRP1 and IL-1β that we observed following stroke and saline vehicle 

administration.   

 The opening of panx1 hemichannels during ischaemia could also lead to a caspase-

mediated positive feedback loop.  Panx1 efflux of potassium could activate the NLRP1 

inflammasome and caspase-1
130

.  The NLRP1 inflammasome produces IL-1β and caspase-1 

causes caspase-3 to also become activity
131

.  This would then cleave panx1 to its open 

conformation
97

, demonstrating a positive feedback loop.  

 IL-1β produced from ipsilateral cells (such as microglia) containing active 

inflammasomes could stimulate the positive feedback production of more pro-IL-1β and increase 

its expression in a paracrine fashion.  IL-1β released in the vicinity of the lesion could activate 

IL-1R1 on various cell types, providing a priming signal for the production of pro-IL1β
132

.  

When converted to its active form by inflammasomes, possibly induced by K
+
 efflux

130
, a 

positive feedback loop of IL-1β production and panx1 activation could occur.   
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 Probenecid acts to block panx1 hemichannels as shown by others
107

 and our lab 

previously in dye uptake studies
133

.  We chose a dosage of 5mg/kg intraperitoneal for 

probenecid, which is higher than it would need to be for a human based off of differences in the 

surface area to volume ratio between organisms and the effect that this has on drug excretion
134

.   

Panx1 blockade in our study, using probenecid, may reduce release of ATP such that immune 

cells were not attracted to the site of the injury or microglia in the vicinity of the stroke injury 

were not activated.  This may prevent an increase in NLRP1 and IL-1β levels.  The idea that 

peripheral immune cells and microglia contribute to the production of inflammatory factors after 

stroke is bolstered by the observation that these cells are predominantly activated ipsilateral to 

the lesion and not contralaterally
135

.   

 Neurons in the area also produce IL-1β, as do microglia and astrocytes.  Neuronal 

depolarization as a result IL1-R1 activation by IL-1β may lead to increased K
+
 efflux, causing 

tissue damage and inflammation.  Depolarization can result in cortical metabolic alterations after 

stroke, with a decrease in glucose utilization and glutamate levels
136

.  Neuronal activity and 

hyperexcitability also increase 24 hours to a week after injury
137, 138

.  This could lead to lowered 

levels of intracellular potassium, which promotes inflammasome activity
103, 139

.  

 Therefore, there are several possible mechanisms by which NLRP1 and IL-1β expression 

could be upregulated ipsilateral to the stroke lesion in relation to panx1 opening.  Potassium 

efflux and caspase activity could lead to panx1 opening (Figure 19).  As well, ATP release could 

lead to a positive-feedback loop of panx1 activity via P2X receptors
128

 (Figure 20).  ATP-

released through panx1 could also attract immune cells to the region
97

.   

E. Confocal microscopy interpretation 

 Having found an increase in the ipsilateral expression of inflammasome components in 

the brain, we next investigated the possible interaction between panx1 and NLRP1 in the 
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formation of a panx1-NLRP1 inflammasome complex in neurons specifically.  We looked at the 

spatial distribution of NLRP1 and panx1 using confocal imaging.  We observed that panx1 

tended to localize to the cytoplasmic membrane of neurons of both the ipsilateral and 

contralateral hemispheres with relatively less intracellular labelling evident.  Labelling intensity 

not vary subjectively between different tissue samples.  The patterns of distribution that we 

observed are comparable to what others have seen in neurons
140

.  This is expected, given that 

panx1 is a transmembrane hemichannel protein with little change in expression between 

ipsilateral and contralateral sides after stroke, which we found in brain tissue lysates using 

Western blotting. 

 i. Panx1 

 Panx1 exists in multiple glycosylation states within a given cell.  We observed 

considerably more membrane/periphery-associated labelling, although some intracellular 

staining is evident.  This may be because the movement of panx1 within the cytoplasm is 

governed by this processing state
91

, and so we would have expected to see intracellular labelling 

for less-processed copies of it.  Only in its fully-glycosylated form is panx1 targeted to the 

membrane.  Copies with less processing are located in other structures such as the ER and the 

Golgi system.   

 It is possible that fully-glycosylated (Gly2) panx1 induces the transport of less-processed 

(Gly1 and Gly0) copies of itself to the surface.  This "rescuing" of surface expression has been 

shown previously in studies using glycosylation-deficient mutant versions of panx1
93

.  Under 

conditions of ischemic stress, panx1 undergoes an increase in glycosylation
94

, which may 

contribute to some of it being moved to the cytoplasmic membrane from intracellular 

compartments.  These two previously published findings from others may explain why we saw 

minor intracellular labelling for panx1 in addition to the cytoplasmic membrane.  We used the 
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same antibody for confocal imaging as for Western blotting, and therefore the panx1 that we 

could see using microscopy was also that which we were quantifying.  Thus, our observation of 

minimal qualitative change in panx1 labelling intensity is quantitatively reinforced with our 

Western blot result.   

 ii. NLRP1  

 NLRP1 displayed more variable patterns of expression than panx1.  In the hemisphere 

contralateral to the stroke, NLRP1 was found to largely remain near the centre of neurons and 

after stroke, it shifted markedly to the periphery of neurons creating a 'halo' of sorts (Figure 14).  

Therefore, NLRP1 and panx1 show similar distribution patterns in neurons following stroke.  It 

is also noteworthy that we saw a subjective increase in NLRP1 expression in neurons, which 

parallels our findings of increased ipsilateral NLRP1 expression using Western blot.   

 NLRP1 has already been shown to localize near the cytoplasmic membranes of neurons 

after TBI
113

 and shows increased expression after simulated ischaemia in cultured neurons
78

.  

However, this combination has not been demonstrated in vivo.  It may be that NLRP1 

distribution shifts to the membrane due to an indirect interaction between it and panx1 by way of 

other proteins.  These could include caspases 1 and 3 that are thought to act upon each other 

during ischaemia and eventually lead to the activation of panx1
131

.   

F. Coimmunoprecipitation 

 To follow up on our preliminary studies investigating protein expression and protein 

spatial distribution after stroke in the brain, we set out to determine whether the apparent 

colocalization of panx1 and NLRP1 could be detected as a formation of a panx1-NLRP1 

inflammasome complex.  We performed coimmunoprecipitation of brain tissue lysates of 

animals that had strokes and were given post-operative saline. 
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 We observed that in whole-brain lysates, there was a lack of a direct protein-protein 

interaction between NLRP1 and panx1 following stroke.  To validate our technique, we also 

assessed samples prepared normally for WB analysis under the same running conditions as the 

immunoprecipitated samples.  We saw no evidence of NLRP1 when testing samples that had 

been immunoprecipitated with an anti-panx1 antibody, but we were able to readily detect panx1 

at its expected MW as a single, very intense, band.  In the control samples, we were able to 

detect NLRP1 at its expected MW of 160 kDa and panx1 at 45-50 kDa.  If NLRP1 

coimmunoprecipitated with panx1, we would have expected to see at least a band corresponding 

to NLRP1 on its own between 150 and 160 kDa, if not a molecular complex of panx1 and 

NLRP1 at some higher MW.  Coimmunoprecipitation of NLRP1 with panx1 has been observed 

using elevated K
+
 and isolated neurons in culture

107
, although the nature of the interaction 

(electrostatic or covalent) is not described.     

 The issue of cell type specificity should be considered.  Our confocal imaging studies 

investigated neurons specifically, whereas Western blotting and co-immunoprecipitation made 

use of whole-brain lysates that would have included all cell types.  Therefore, a functional 

interaction between panx1 and NLRP1 (blocking panx1 with probenecid attenuated NLRP1 

expression increase) may still manifest as the formation of an inflammasome complex in a subset 

of cells.  The small amount of interaction between NLRP1 and panx1, if this were the case, 

might prevent the detection of the inflammasome complex due to a sensitivity limit on our 

technique.  Perhaps NLRP1 was still present in our coimmunoprecipitates, but we were unable to 

detect it.  Experiments using mass-spectrometry may be more informative in this regard.   

 The penumbral area in our stroke model, while not small, is still a minority volume of the 

affected hemisphere.  It may be that isolating the affected part of the hemisphere would increase 
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the amount of any inflammasome complex that is present and allow for easier detection.  

Additionally, it is unlikely that all neurons in the area of the injury express inflammasome 

complexes to a great degree.  Therefore, it is possible that we were simply unable to detect 

neuronal inflammasome complexes due to low expression or insufficiently sensitive detection 

apparatus. 

 It is worthwhile to consider our sample preparation technique.  We used a lysis buffer 

containing SDS, which is an ionic detergent that disrupts protein-protein interactions to 

maximize solubility.  We initially attempted lysate preparation using a less-harsh non-ionic 

detergent (Triton X-100) but our Western blots showed nonspecific smears, possible as a result 

of interactions between panx1 and cytoskeletal elements
141

.  Our sample preparation technique 

may have been too harsh and therefore other detergents such as NP-40 or some combination of 

Triton X-100 and SDS could be tried in future attempts to optimize the signal-noise ratio for 

NLRP1 following coimmunoprecipitation. 

 A final possibility is that panx1 and NLRP1 do not form an interaction mediated by direct 

contact between the proteins.  Instead, NLRP1 and panx1 may be associated indirectly by way of 

other interceding proteins.  NLRP1 is a platform for caspase-1 activation and it is this that leads 

to the subsequent cleavage of IL-1β to its mature form.  However, caspase-1 has many known 

substrates with many likely as-yet to be discovered.  One protein that is known to be a direct 

target of caspase-1 is caspase-3
131

, which is a member of the executioner caspase family that 

cleaves multiple substrates in a 'caspase cascade'.  Caspase-3 is also known to cleave
97

 panx1.  

This provides a tantalizing possibility for an interaction between NLRP1 and panx1 by way of an 

enzymatic activity cascade involving caspases. Potentially, caspase-1 bound to NLRP1 via its C-

terminal CARD could be localized at the cytoplasmic membrane to activate caspase-3, which 
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would in turn open panx1 and lead to the release of inflammatory factors.  Although it has been 

found that caspase inhibitors do not prevent to opening of panx1 HCs
103

, it must be borne in 

mind that this was determined in a hippocampal brain slice model of anoxia with intact glucose 

levels which has a substantial impact on stroke injury in humans
142

.    
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Figure 19.  A possible mechanism for the activation of the inflammasome by panx1 opening.  In 

this instance, panx1 is opened by stroke or ischaemia.  This allows for the efflux of potassium 

ions through the panx1 pore.  The efflux of potassium activates the NLRP1 inflammasome and 

caspase-1, which promote the production of IL-1β as well as the activation of caspase-3.  

Caspase-3 cleaves panx1 to an open conformation and perpetuates a positive feedback cycle.  

"+++" labels indicate activating stimuli. 
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Figure 20.  A second possible mechanism for the activation of the NLRP1 inflammasome by 

panx1.  In this model, panx1 is opened by stroke or ischaemia.  This allows for the efflux of ATP 

which binds to P2X receptors that allow for the influx of calcium and the efflux of potassium.  

Potassium efflux activates the NLRP1 inflammasome and caspase-1, which causes the 

production of IL-1β.  Calcium influx activates panx1 which causes the release of more potassium 

and ATP, demonstrating another positive feedback loop.  "+++" symbols indicate activating 

stimuli.  
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Chapter 7.  Conclusions 

 We demonstrated in this work that stroke impacts neuroinflammation and that probenecid 

may be able to counteract this by providing an anti-inflammatory effect.  We have found that 

panx1 and NLRP1 do not directly interact after stroke, which differs from their relationship in 

other neuroinflammatory conditions.   

 We have reached four main findings.  We are the first group to show that panx1 did not 

show a change in expression following in vivo ischaemic stroke. Second, panx1 and NLRP1 did 

not coimmunoprecipitate with each other although they showed overlapping spatial distributions 

using confocal microscopy.  Third, probenecid displays an anti-inflammatory effect in brain after 

acute stroke.  Finally, IL-1β and NLRP1 levels both increased in post-ischemic brain tissue after 

stroke.   

 Future studies may build from our findings.  NLRP1 expression and IL-1β production 

could be investigated alongside caspase-3 or P2X7 expression to identify if they are involved in 

inflammasome protein expression.  P2X7 blockade or caspase-3 inhibition may be useful tools to 

probe any interaction between them and the NLRP1 inflammasome.  Other time points for 

assessing NLRP1 and IL-1β expression after stroke may prove to be informative of their role in 

neuroinflammation.  Different time points for the administration of probenecid should be 

considered to further explore its role as an anti-inflammatory agent in the brain, with the hopes 

that it may possibly be used for future preventative treatment.  Quantification of our confocal 

microscopy results could be informative for determining the number of neurons that display 

NLRP1-panx1 spatial distribution overlap relative to those that do not.  Other cell types (e.g. 

microglia) could also be investigated to see if NLRP1 shows a similar stroke-induced change of 

labelling pattern to neurons.  Finally, before probenecid can be considered as a therapy for future 

human use, it must demonstrate an effect on behaviour after stroke.  Neurological scoring of 
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mice given strokes and probenecid would be a useful demonstration of the relevance of pursuing 

probenecid as a future therapeutic agent.   
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