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ABSTRACT 

 

The pro-inflammatory microglial response is widely believed to exacerbate brain injury 

following ischemia-reperfusion, whereas the anti-inflammatory microglial response is 

reported to improve neurological outcome. Because brain levels of reactive oxygen 

species (ROS) and the transcription factor p53 are known to increase following ischemia-

reperfusion, and these molecules have been shown to bias microglia towards the pro-

inflammatory response following other insults, ROS and p53 are prime candidates in the 

search for molecules that promote transcription of pro-inflammatory factors such as 

interleukin-1Beta (IL-1Beta) in response to ischemia-reperfusion. Importantly, ROS are 

known to activate p53 and are known to result from p53 activation in various cell types, 

but the existence of this positive feedback loop and its influence on microglial 

transcription have not been examined. By utilizing the redox-sensitive dye 2’,7’-

dichlorodihydrofluorescein, this thesis demonstrates that murine and BV-2 cell line 

microglia subjected to oxygen-glucose deprivation (OGD) exhibit ~30% greater ROS 

production upon reperfusion as compared to microglia maintained in normoxic-

normoglycemic media. The same OGD-reperfusion paradigm elicited an increase in p53 

activity in earlier studies, meaning that increased ROS production possibly contributed to 

the previously-observed increase in p53 activity.  No significant differences in ROS 

production were observed in microglia harvested from p53 knockout mice, suggesting 
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that ROS produced upon reperfusion are not a result of p53 activity. Pre-treating cells 

with the radical scavenger N-acetylcysteine (NAC) abrogated ROS production in all 

conditions. The amount of IL-1Beta transcript measured by quantitative PCR was 

approximately 1500-fold higher in microglia subjected to OGD-reperfusion when 

compared to controls, an effect that was greatly inhibited by NAC, indicating that ROS 

are largely responsible for the observed increase in IL-1Beta transcription after OGD-

reperfusion. Transcription of the pro-inflammatory marker macrophage receptor with 

collagenous structure (MARCO) showed similar trends, but with much less robust 

differences between groups. These findings extend the role of ROS in activating the pro-

inflammatory microglial phenotype to the context of ischemia-reperfusion. Future studies 

are needed to confirm the role of ROS in activating p53, and to examine if p53 activity 

mediates the ROS-induced increases in pro-inflammatory transcription. 

 

                                                                   Dr. Alfred Beulig       

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Abbreviations: 
ABeta-amyloid beta 

AD-Alzheimer’s Disease 

ATP-adenosine triphosphate 

BDNF-brain-derived neurotrophic factor 

cDNA-complementary DNA 

CNS- central nervous system 

DAMP-damage-associated molecular 

pattern 

GDNF-glia-derived neurotrophic factor 

HAND- HIV-associated neurocognitive 

disorder 

ICAM-1-intercellular adhesion 

molecule-1 

IFN-gamma-interferon gamma 

IGF-1-insulin growth factor-1 

IL-1Beta-interleukin-1 beta, a pro-

inflammatory cytokine 

IL-4-interleukin-4, anti-inflammatory 

cytokine 

IL-6-interleukin-6, pro-inflammatory 

cytokine 

iNOS-inducible nitric oxide synthase-

normally at very low levels but can be 

upregulated in response to certain 

stressors 

LPS-lipopolysaccharide, a cell-wall 

component of gram-negative bacteria. 

Triggers extensive M1 activation in 

microglia. 

M1-classical, pro-inflammatory 

activation profile of microglia 

M2-alternative, anti-inflammatory 

profile of microglia 

MARCO- macrophage receptor with 

collagenous structure 

MCAO-middle cerebral artery occlusion 

MCP-1-monocyte chemoattractant 

protein-1 

MDM2- murine double minute 2, an 

enzyme that links ubiquitin to p53, 

promoting p53 degradation 

NCX3-sodium-calcium exchanger 

isoform 3 

NGF-nerve growth factor 

NMDA-N-methyl-D-aspartate, an 

agonist of a particular glutamate receptor 



x 
 

on neurons--this receptor was then 

named after this specific agonist 

nNOS-neuron-specific nitric oxide 

synthase 

NO-nitric oxide 

NOS-nitric oxide synthase 

OGD-oxygen-glucose deprivation 

(defined here as 1% O2 instead of the 

ambient 22%, and 250uM glucose in 

OGD instead of 25mM glucose in 

controls) 

 

 

 

 

 

 

 

 

 

 

 

 

p53KO-p53 knockout (or p53-/-) 

PAMP-Pathogen-associated molecular 

pattern 

PHOX-NADPH oxidase enzyme 

primarily present in phagocytic cells 

PUMA-p53-upregulated mediator of 

apoptosis 

ROS-reactive oxygen species (primarily 

H2O2, superoxide, peroxynitrite, 

hydroxyl radical) 

SOD- superoxide dismutase



1 
 

Chapter 1: Introduction 

1.1: Microglia 

1.1.1: Glia--More Than Brain Glue 

Homeostasis and maturation of the central nervous system (CNS) requires 

synergistic and delicately-balanced chemical and electrical dialogue between myriad cell 

types. Although inter-neuronal communication has been established as the biological 

substrate for memory and other mental processes, communication between neuronal and 

non-neuronal cells greatly contributes to the development and function of the CNS. Chief 

among these vital non-neuronal cells is a class of cells known as glia, which were 

recently reported to be approximately equal in number to neurons in the primate brain 

(Azevedo, et al. 2009). Because glia are unable to generate the electrical impulses 

observed in neurons, it was initially believed that glial cells serve a passive, structural 

role in the CNS, hence the name glia, meaning “glue” in Greek. However, a corpus of 

literature has emerged that supports an active and essential role of glia in the function, 

and dysfunction, of nervous systems in organisms ranging from Caenorhabditis elegans 

to humans (Oikonomou & Shaham 2010). 

Of the four known types of glia--polydendrocytes, oligodendrocytes, microglia, 

and astrocytes--microglia are unique in that their differentiation and development occur 

outside of the neuroectoderm, the embryonic cell layer that develops into the central 

nervous system (Saijo & Glass 2011). Microglia are instead derived from hematopoietic 

stem cells in the yolk sac that surrounds the embryo. Early in development, these 

microglial precursors then migrate from the yolk sac into the CNS, where they fully 

differentiate into microglia (Ginhoux, et al. 2010) and subsequently proliferate to become 
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approximately 12% of the total number of cells in the mature brain (del Rio-Hortega 

1932). Many of the transcription factors and cell-surface receptors that are involved in 

differentiation and proliferation of microglia play similar roles in the development of 

tissue macrophages--peripheral cells that are also derived from hematopoietic stem cells 

and are responsible for the phagocytosis of pathogens, and the activation of the immune 

response (Saijo & Glass 2011; Unanue & Allen 1987). Thus, when looking at embryonic 

lineage and the molecules involved in development, we see that microglia and tissue 

macrophages are very similar, while neurons and other types of glia share little besides 

residency in the CNS with microglia. Although the other glial cell types are critical for 

CNS function, this thesis is focused on microglia and their impact on neuronal 

environment. 

 

1.1.2: Microglia: Sentinels of the CNS 

The functional roles of mature microglia are logical extensions from their 

developmental similarities to macrophages and their anatomical proximity to neurons and 

astrocytes: microglia function as the primary phagocytic immune cells of the CNS. As 

such, microglia detect and respond to pathological events in the brain. Detection of 

insults occurs via various pattern recognition receptors on the cell surface which enable 

microglia to identify pathogen-associated molecular patterns (PAMPs) like bacterial cell 

wall components or viral DNA/RNA (Block, et al 2007). There are also pattern 

recognition receptors capable of identifying damage-associated molecular patterns 

(DAMPs) such as adenosine triphosphate (ATP), amyloid beta fibrils (ABeta), heat shock 

proteins (HSPs), and other molecular indicators of stress or damage to nearby host cell 
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populations (Brown & Neher 2010). Real-time in vivo imaging revealed that microglia 

actively scan their environment for signs of stress by extending and retracting their 

outermost branches, though it was previously believed that microglia detected insults by 

passively awaiting the arrival of signaling factors to their microenvironment 

(Nimmerjahn, et al. 2005; Davalos, et al. 2005). Recent evidence even suggests that 

surveying microglia frequently make physical contact with synapses, and the extent of 

this interaction is increased in response to neuronal activity as well as ischemic insult--

further evidence that microglia actively seek and detect changes in their environment 

(Wake, et al. 2009). 

The stereotypical microglial response following detection of CNS insult is the 

conversion of cell morphology from “quiescent” (highly-branched with slender cell body) 

to “activated” (few, stout branches with enlarged cell body, see. Fig 1), a drastic 

transformation that can be completed in a little as two hours (Stence, et al. 2001). This 

stimulus-induced morphological transition represents an abrupt change in functional 

state, as microglia switch roles from surveillants to modulators of the cellular 

environment. An investigation of ~19,000 gene transcripts indicated that microglia 

activated by lipopolysaccharide (LPS), a component of gram-negative bacterial cell 

walls, actually bear more transcriptional resemblance to peripheral macrophages than to 

quiescent microglia, exemplifying the drastic chemical changes underlying microglial 

activation (Schmid, et al. 2009). The transcriptional profile resulting from microglial 

activation is highly dependent upon the activating stimulus. The changes observed in 

gene expression after ABeta activation (Walker, et al. 2006) were markedly different than 

those seen following LPS treatment (Schmid, et al. 2009; Walker, et al. 1995), or spinal 
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cord injury (Byrnes, et al. 2006). Although the expression levels of specific genes depend 

upon the type and severity of CNS insult, all genes transcribed by activated microglia 

typically serve one of two functional purposes: pro-inflammatory (resulting in the 

recruitment of local and peripheral immune cells to a site of injury; associated with tissue 

damage), or anti-inflammatory (resulting in reduction of the immune defense response 

and the enhancement of the growth of host cells; associated with tissue regeneration). 

Numerous injuries to the CNS, such as ischemic stroke, elicit simultaneous activation of 

pro- and anti-inflammatory genes, making microglia a “double-edged sword” in the CNS 

response to injury (Wang, et al. 2007). These different phenotypes of microglia elicit 

vastly different effects on neighboring cells, and much research is currently being done to 

find therapies that harness the anti-inflammatory, neuroprotective capacities of microglia 

which suppress the neurodegenerative, pro-inflammatory tendencies (Block, et al. 2007). 

 

1.1.3: Reactive Oxygen Species and p53: Putative Promoters of a Pro-Inflammatory 

Response 

Evidence is emerging that reactive oxygen species (ROS) are initiators of the pro-

inflammatory microglial response (Block & Hong, 2005). Microglia produce ROS and 

transcribe pro-inflammatory proteins after treatment with LPS: if ROS are inhibited, then 

so too are the pro-inflammatory transcriptional changes, suggesting that ROS transmit an 

early pro-inflammatory signal to the nucleus (Pawate, et al. 2004). Considering that the 

pro-inflammatory microglial reaction to ischemic stroke is widely believed to exacerbate 

cell death in the brain (Dirnagl, et al. 1999), and that ROS production is increased 

following an ischemic stroke (Peters, et al. 1998), one would anticipate that ROS 
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Figure 1: Three different activation states of microglia. A: “Ramified” morphology 

showing a slender cell body and long, branched processes. B: “Hypertrophied” 

morphology showing a thicker cell body and processes, with fewer branches on 

processes. C: “Amoeboid” morphology, displaying a rounded, thick cell body with 

stout processes. Taken from Ayoub and Salm (2003). 

  

signaling contributes to pro-inflammatory transcriptional changes in microglia following 

ischemic stroke. Indeed, based on results from whole-brain studies using ischemia 

models, it is often proposed that microglia produce ROS, and these ROS then promote 

pro-inflammatory transcription in microglia (Chen, et al. 2011; Genovese, et al. 2011). 

However, there is little cell-type-specific evidence to show that microglia produce ROS 
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following ischemia, or that these microglia-specific ROS promote pro-inflammatory 

signaling. 

Like ROS, the transcription factor p53 has also been shown to push microglia 

towards pro-inflammatory transcription following several different stimuli (Garden, et al. 

2004; Jayadev, et al. 2011).  Interestingly, p53 knock-out (p53KO) microglia not only 

show a suppressed pro-inflammatory response to insults, but they also show a boosted 

anti-inflammatory response that is neuroprotective (Garden, et al. 2004; Jayadev, et al. 

2011). This makes microglial p53 an interesting therapeutic target for the treatment of 

post-ischemic inflammation. There is currently only indirect evidence suggesting that 

microglial p53 contributes to inflammation following ischemia: p53KO mice show 

significantly less severe injury following stroke (Crumrine, et al. 1994; Leker, et al. 2004; 

Enzo, et al. 2006; Culmsee, et al. 2001). p53KO mice showed a larger amount of 

microglia with anti-inflammatory markers following stroke (Jayadev, et al. 2011), and 

there are unpublished results showing that oxygen-glucose deprivation (OGD) followed 

by reperfusion activates p53 transcription in microglial cultures (Gwenn Garden, personal 

communication). However, the mechanisms underlying this observed p53 activation, or 

the downstream effects of p53 activation, are unknown. ROS are well-known activators 

of p53 (Achanta & Huang 2004), and ROS are known to transmit pro-inflammatory 

signals in microglia (Block and Hong, 2005). If microglia do indeed produce ROS 

following ischemia-reperfusion as is often proposed, it would therefore be plausible that 

ROS were the cause for the OGD-reperfusion-induced p53 activation, which would 

consequently promote transcription of pro-inflammatory genes. If this were true, this 
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would provide a mechanism by which ROS production can elicit pro-inflammatory 

transcription. 

1.1.4: Thesis Goals 

The goal of this thesis is to determine if ROS contribute to pro-inflammatory 

transcriptional changes in microglia subjected to oxygen-glucose deprivation (OGD) with 

reperfusion. A component of this goal is to discern if ROS are possibly upstream and/or 

downstream of the activation of p53 that was previously observed (unpublished) in OGD-

reperfusion (Gwenn Garden, personal communication). 

 

Figure 2: Visual overview of the process of microglial activation, showing the 

involvement of p53 in promoting the pro-inflammatory response. Please see 

Abbreviations page for clarification. 

 

1.1.5: Downstream of Microglial Activation: Blades of the Double-Edged Sword 

Critical among the myriad transcriptional changes in microglial activation is the 

upregulation of cytokines (cell signaling molecules, usually proteins, that are released 

from glia and immune cells), and cytokine receptors (Lee, et al. 2002; Hanish 2002). Via 
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the production and release of cytokines, microglia can communicate the perturbations 

detected in their environment, and effect a response from nearby cells. Specific CNS 

perturbations yield specific cytokine signaling. For example, microglia were shown to 

release neurotrophic cytokines following exposure to mild, moderate, and severe hypoxic 

neuronal injury, but released the pro-inflammatory cytokines interleukin-1Beta (IL-

1Beta) and tumor necrosis factor-alpha (TNF-alpha) only following mild neuronal injury 

(Lai & Todd 2008). A tightly-regulated microglial response such as this is essential for 

physiological function: it was shown that low doses of TNF-alpha were neuroprotective 

against excitotoxic injury, while larger doses of TNF-alpha potentiated excitotoxic 

neuron death; the converse was true for IL-1Beta (Benardino, et al. 2005). The net effect 

of cytokines on cells in the CNS is thus dependent upon the identity of the signaling 

molecule (Allan & Rothwell 2001), its concentration (Benardino, et al. 2005; Li, et al. 

2007), and the presence of other molecules in the environment that may have synergistic 

or inhibitory contributions (He, et al. 2002). Considering that microglia are one of the 

main sources of pro-inflammatory cytokines in the brain (Hanish 2002), and that there are 

so many factors deciding between a protective or deleterious outcome of cytokine 

signaling, tight regulation of the microglial response to perturbations in the CNS is vital. 

Indeed, dysregulation of microglial output--“over-activation”--is characterized by 

excessive production of pro-inflammatory cytokines and other potentially cytotoxic 

molecules, and is now known to contribute to neurodegeneration in many types of CNS 

injury (Giulian, et al. 1995). The injurious role of microglia was proposed after high 

numbers of activated microglia were seen localized to sites of injury in the brains of 

patients afflicted with ischemic stroke, as well as neurodegenerative diseases such as 
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Prion Protein disorders, Parkinson’s Disease, Alzheimer’s Disease (AD), Huntington’s 

Disease, and HIV-associated neurocognitive disorder (HAND) (reviewed in Block, et al. 

2007). Further investigation revealed that extensive microglial activation and 

proliferation is more than just a consequence of neuronal injury in these pathologies. It 

has been convincingly demonstrated that excessive microglial release of pro-

inflammatory molecules such as IL-1Beta, interleukin-6 (IL-6), TNF-alpha, interferon-

gamma (IFN-gamma), and reactive oxygen species (ROS) contribute to CNS injury in 

these and many other neuropathologies (e.g.: Lull & Block 2005; Lorton 1997; Combs, et 

al. 1999; Kaushal & Schlichter 2008).  

Although the pro-inflammatory response of microglia can contribute to 

neuropathogenesis, microglia are capable of promoting a regenerative, anti-inflammatory 

environment in the CNS as well. Microglial phagocytosis of apoptotic neurons decreases 

the production of pro-inflammatory molecules like TNF-alpha and nitric oxide synthase 

(NOS) (Takahashi, et al. 2005), and microglial phagocytosis of harmful plaques in Prion 

protein disorders and AD (Kranich, et al. 2010; El Khoury, et al. 2007) has been 

associated with positive behavioral outcomes in mice, in part due to clearance of debris 

and the release of trophic factors like nerve growth factor (NGF) (Heese, et al. 1998) and 

insulin growth factor-1 (IGF-1) (Lalancette-Hebert, et al. 2007). Proliferation of 

microglia, a hallmark of the activation cascade, was important in the recovery from 

cerebral ischemia in mice: ablating the capacity of microglia to proliferate resulted in 

nearly 3-fold higher cell death than controls in an in vivo model of stroke (Lalancette-

Hebert, et al. 2007). Therefore, activated microglia are capable of creating an 

environment that promotes recovery and/or degeneration in the CNS. This two-faced 
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nature of microglial activation has driven efforts to develop therapies that simultaneously 

suppress the harmful inflammatory response (classical, “M1” activation), and promote 

the beneficial anti-inflammatory response (alternative, “M2” activation) (Koloski, et al. 

2010;  Lakhan, et al. 2009). Certain stimuli such as interleukin-4 (IL-4) or apoptotic host 

cells reliably induce M2 activation, whereas M1 activation consistently follows 

microglial detection of IFN-gamma or pathogen-associated molecules like bacterial cell 

wall components (Neumann, et al. 2009). A primary goal of modern translational 

microglia research is to promote M2 but suppress M1 microglial activation. This goal has 

been met with limited success (Ohtaki, et al. 2008;  Yrjanheikki, et al. 1999). We will 

now discuss p53 in more detail, a transcription factor that was recently discovered to 

regulate the microglial activation phenotype. This discovery has opened new therapeutic 

avenues, but more work must be done before its therapeutic potential can be realized. 

 

1.1.6: p53 in Microglial Activation 

While the stimuli and effects of M1 and M2 activation profiles have been well-

classified, the transcription factors that mediate a shift towards M1 or M2 are largely 

unknown. The transcription factor p53, widely known for its role as a tumor suppressor in 

cancer research, has emerged as one important contributor to the microglial activation 

phenotype. Microglia harvested from p53 knock-out (p53KO) mice show greater 

expression of M2-associated gene transcripts following treatment with the HIV-envelope 

protein gp120 when compared to p53
+
/
+
 microglia  in a model of HAND (Jayadev, et al. 

2011). Interestingly, gp120-induced neuronal death only occurred when p53
+
/
+
 neurons 

were co-cultured with p53
+
/
+
 microglia; p53KO microglia treated with gp120 actually 
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brought apoptosis of p53
+
/
+
 neurons to below baseline levels, suggesting that stimulation 

of p53KO microglia actually induces a neuroprotective M2 activation response (Garden, 

et al. 2004). When looking at whole brain, p53 has been implicated in cell death 

following a number of CNS insults, with cerebral ischemia being among the most 

studied. In general, inhibiting or deleting p53 is associated with less cell death in 

experimental models of stroke (Leker, et al. 2004; Endo, et al. 2006; Culmsee, et al. 

2001; Crumrine, et al. 1994; but see Maeda, et al. 2001). It was found that p53KO 

microglia, significantly more than wild-type, expressed molecular markers of  M2 

activation in a middle cerebral artery occlusion (MCAO) mouse model of stroke 

(Jayadev, et al. 2011), possibly one reason why p53KO mice show less cell death in the 

brain following ischemic insult (Crumrine, et al. 1994; Yonekura, et al. 2006). Although 

the presence of p53 was shown to affect microglial phenotype following MCAO, it is not 

known if microglial p53 is activated in ischemia, or how p53 affects the microglial 

inflammatory response to ischemia. It would be of great clinical interest to ascertain ways 

to manipulate p53 in hopes of tipping the microglial response towards the beneficial M2 

phenotype. However, the mechanisms of p53 activation in microglia, in any pathological 

context, are unknown. We will now look into previous research on p53 in other cell types 

to attain clues on how p53 may be regulated in microglia, and how it might affect 

transcription of inflammatory factors. Additionally, an investigation of p53 action in 

other cells will help to parse out the reasons why p53 inhibition is beneficial following 

stroke (e.g: Leker, et al. 2004). 

 

1.2: p53 
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1.2.1: p53: A Complex Regulator of Cell Death & Growth Arrest 

In its role as a tumor suppressor, p53 responds to cellular stress, particularly DNA 

damage, by arresting cell growth and division, initiating DNA repair, or promoting 

apoptosis of damaged cells to avoid aberrant growth of potentially mutated cells 

(reviewed in Levine & Oren, 2009). The extent of cell damage, the type of cellular insult, 

the cellular environment, and the cell type are the principal factors that decide the fate of 

p53 activity. For instance, thymocytes exposed to ionizing radiation tend to undergo p53-

dependent apoptosis whereas fibroblasts exposed to a similar dose of radiation undergo 

p53-dependent growth arrest (reviewed in Amundson, et al. 1998). Following radiation 

exposure, a murine leukemia cell line will undergo p53-dependent cell cycle arrest in the 

presence of the cytokine interleukin-3, but p53-dependent apoptosis in the absence of 

interleukin-3, illustrating the influence of cellular environment on p53 function 

(Amundson, et al. 1998). Specificity in the p53-mediated effects on the cell are generated 

via differential activation of particular molecular cascades, or activation of identical 

cascades to a different extent (Vousden & Lane 2007). In general, p53 responds to insult 

in a graded fashion--the amount of p53 activity, and the resultant effects on the cell, 

depend on the degree of cell stress (see Fig. 3; Vousden & Lane 2007).  

In the absence of cellular stress, p53 is present at low levels in the cell because of 

post-translational degradation mechanisms. A substantial percentage of the small amount 

of p53 that is present in basal conditions is bound, via a deep hydrophobic pocket, to the 

murine double minute 2 (MDM2) protein (Vassilev 2007). The MDM2-p53 binding site 

overlaps with the transactivation domain of p53, prohibiting transcriptional activity of  
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Figure 3: The graded response of p53, with the possible effects on the cell, are 

displayed. The result of p53 activation is dependent upon the severity of insult, cell 

type, and cellular environment. Different molecular cascades are initiated to 

produce a specific effect on the cell. From Vousden & Lane (2007). 

 

p53. MDM2 also ubiquitinates p53 at several amino acid residues, setting p53 up for 

degradation by the proteasome (Kubbutat, et al. 1997). Stabilization, and therefore  

accumulation and activation of p53 occurs when the p53-MDM2 association is inhibited. 

The mechanism of p53-MDM2 binding inhibition is specific to the type of cellular stress, 

but phosphorylation of p53 is a very common mechanism for the liberation of p53. As an 

example, pharmacological DNA damaging agents caused the phosphorylation of Ser15 

and Ser20, whereas a hypoxia-mimicking molecule elicited only phosphorylation at 

Ser15 (Ashcroft, et al. 2000). The mechanisms allowing for the activation of p53 in 

microglia have yet to be determined.  
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The consequences of p53 accumulation stem largely from the transcription of 

p53-responsive genes, though p53 can effect apoptosis via transcription-independent 

mechanisms as well (Amundson, et al. 1998; Culmsee & Mattson 2005; Vousden & Lane 

2007). Microglia in HAND-affected human brains showed accumulated p53 with 

increased levels of p21 and Bax, suggesting that pro-apoptotic and growth-arrest genes 

are transcribed by p53 in microglia (Jayadev, et al. 2007). The roles of these transcribed 

genes in promoting a pro-inflammatory response are undetermined. 

 

1.2.2: p53 and Reactive Oxygen Species (ROS) 

High concentrations of reactive oxygen species, small unstable molecules with 

high-energy electrons localized to an oxygen atom, lead to the accumulation and/or 

activation of p53. After adding exogenous H2O2 to glioma cells (Datta, et al. 2002), or 

inhibiting the endogenous ROS scavenger superoxide dismutase (SOD) in colon 

carcinoma cells, p53 protein levels increased (Achanta & Huang 2004). During hypoxia 

in a breast cancer cell line, increased production of ROS by mitochondria was required 

for the accumulation of p53 (Chandel, et al. 2000). In response to transient global 

cerebral ischemia, a mouse model of stroke that is known to elicit increased levels of 

ROS, p53 transcriptional activity was increased, as evidenced by high levels of PUMA 

protein (Niizuma, et al. 2009). The p53 transcriptional activity in the aforementioned 

study was inhibited when SOD was overexpressed, confirming that ROS production was 

upstream of p53 transcriptional activity. The mechanisms by which p53 is stabilized were 

not determined in the above studies, but one investigation showed that Ser15 of p53 was 

phosphorylated by Jun kinase 1 or 2 as a result of glutamate-induced ROS production in 
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neurons (Choi, et al. 2011). Many propose that ROS induce DNA damage, which is 

detected by proteins like Jun kinase 1, and is then signalled to p53 by way of 

phosphorylation or other protein modifications (Culmsee & Mattson 2005).  

Many studies show that ROS are also downstream of p53, and that ROS are an 

essential effector of p53 growth arrest or apoptosis. In carcinoma cell lines, higher levels 

of p53 protein were associated with higher levels of intracellular ROS in a PUMA- and 

Bax-dependent manner, suggesting that p53 effected the production of ROS by 

mechanisms at the mitochondria—an important locus for cellular ROS production 

(Macip, et al. 2003). Bax, PUMA, and two other p53-induced genes named PIG3 and 

PIG6, increase ROS by permeabilizing the mitochondrial membrane and disrupting the 

electron transport chain (Liu, et al. 2008, Culmsee & Mattson 2005). Studies are scarce 

on ROS downstream of p53 activity in brain cell types. One investigation showed that 

ROS were upstream and downstream of p53 in the synaptosome (the proteins that 

comprise a synapse) when treated with glutamate or DNA-damaging molecules (Gilman, 

et al. 2003). In this study, blocking p53 with pifithrin-alpha or using synaptosomes from 

p53KO mice reduced the amount of ROS after administration of the stimulus. 

Mitochondrial membrane disruption was essential in generating ROS downstream of p53 

(Gilman, et al. 2003).  

With ROS being upstream and downstream of p53, a positive feedback loop is 

plausible, in which ROS produce p53, and p53 produce ROS. This positive feedback loop 

has not been investigated, but would be extremely harmful if it existed in microglia, 

considering that higher amounts of ROS correspond to greater pro-inflammatory gene 

transcription (Block, et al. 2007). 
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1.2.3: p53 Relevance in the CNS 

In replicating cells, functional p53 is essential in cancer prevention, but in non-

replicating cell types such as mature neurons, activation of p53 can lead to apoptosis and 

a permanent decrease in cell number. Thus, loss of p53 function is a major risk factor for 

uncontrolled cell growth and tumorigenesis, but in the CNS it is the overactivation of p53 

that is more of a concern: p53 can directly lead to neuronal death via activation of p53-

mediated apoptotic mechanisms (see Culmsee & Mattson 2005 for review), and p53 can 

kill neurons indirectly by promoting microglial production of harmful cytokines 

(Jayadev, et al. 2011; Garden, et al. 2004). Indeed, p53 protein appears to promote cell 

death in models of neurodegenerative disorders such as AD (de la Monte, et al. 1997; 

Hooper, et al. 2007), Parkinson’s Disease (Biswas, et al. 2005; Bernstein, et al. 2011), 

ischemic stroke (see below), HAND (Garden, et al. 2004), and others. Additionally, it is 

possible that sub-lethal activation of p53 can instigate degeneration of neurites by p53-

mediated destruction of synaptic mitochondria (Gilman, et al. 2003). Inhibiting p53 or 

genetically removing the p53 gene is typically found to reduce CNS cell damage in the 

aforementioned pathological contexts, supporting the hypothesis that p53 activation in 

the CNS is deleterious (reviewed in Culmsee & Mattson 2005).  

 

1.2.4: p53 in Ischemic Brain Injury 

P53 was first implicated as a contributor to ischemic brain injury for the following 

reasons (Crumrine, et al. 1994): protein synthesis-dependent programmed cell death 

(apoptosis) was observed following transient cerebral ischemia (Shigeno, et al. 1990); 

p53 was identified as a transcriptional mediator of apoptosis in multiple cell types 
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(Yonish-rouach, et al. 1991); levels of p53 protein and mRNA increased following 

transient cerebral ischemia in rats, and only in the hemisphere that was ipsilateral to 

artery occlusion (Li, et al. 1994). Further investigations confirmed the involvement of 

p53 in ischemic injury: upregulation of p53 protein occurred specifically within apoptotic 

neurons following ischemic insult (Li, et al. 1997), and blocking the upregulation of p53 

via antisense oligonucleotides prevented hypoxia-induced neuronal apoptosis in culture 

(Banasiak & Haddad 1998). It was recently shown that the extent of hippocampal cell 

death was about six-fold greater in p53
+
/
+
 mice subjected to transient global ischemia, 

when compared to p53KO hippocampi, validating the older studies that hinted towards 

the importance of p53 in ischemic injury (Yonekura, et al. 2006). Even when 

administered 1-6h after the ischemic insult, pharmacological inhibition of p53 also 

resulted in reduced cell death (Leker, et al. 2004; Endo, et al. 2006; Culmsee, et al. 2001). 

Inhibition of cell death during this protracted time course supports the hypothesis that 

p53 contributes to apoptosis, a type of cell death that requires several hours to complete 

after ischemia. Another study found that administering a p53 inhibitor 6-9 days after 

ischemia improved neurological outcome and increased maturation of newborn neurons 

(Luo, et al. 2009). Because p53 deficiency leads to alternative activation in microglia, 

and alternatively-activated microglia promote neurogenesis, an attractive hypothesis 

would be that the neurological benefits reaped by the p53 inhibitor are mediated by 

microglia (Jayadev, et al. 2011; Ekdahl, et al. 2009; Luo, et al. 2009). 

Activation of p53 in ischemic injury is possibly mediated by upstream ROS. 

Hypoxia, especially when coupled with hypoglycemia, is well known to induce 

intracellular ROS generation in many cells types, including primary astrocytes and 
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neurons (Abramov, et al. 2007), and immortal cell lines of microglia (Hur, et al. 2010). 

Mice subjected to global cerebral ischemia showed an increase in PUMA, which was 

blocked by SOD overexpression (Niizuma, et al. 2007), evidence that p53 is activated by 

ischemia-induced ROS. Sources of increased ROS in ischemia are numerous, with 

xanthine oxidase, NADPH oxidase, and mitochondria (Brennan, et al. 2009; Piantadosi & 

Zhang 1996) being prominent sources. With mitochondria being a target of p53 and a 

well-known contributor to ROS after ischemia (Piantadosi & Zhang 1996), it is quite 

possible that stabilization of p53 plays a role in ROS production following ischemia. In 

support of p53-dependent ROS production following ischemia, ROS were shown to be 

downstream of p53 stabilization in synaptosomes in response to oxidative stress; p53-

mitochondrion interactions were cited as the source of this increased ROS (Gilman, et al. 

2003). Downstream production of ROS following p53 upregulation has not yet been 

investigated in any CNS-related paradigm except for synaptosomes, which are extracted 

and homogenized components of the neuronal synapse. It would be of particular interest 

to investigate the feedback between ROS and p53 in microglia in ischemia, given that 

ROS production by microglia is deleterious to surrounding neurons (discussed in later 

sections), and p53 promotes a pro-inflammatory microglial response. Thus, p53 may lead 

to neuronal damage via two mechanisms in microglia--induction of ROS and of the pro-

inflammatory response. 

With known roles in mitochondrial viability, ROS production, neuronal apoptosis, 

and microglial inflammation, p53 has the potential to influence almost every phase of 

ischemic brain injury. To look into the potential ways in which p53 becomes activated 
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and the role of p53 in ischemic injury, one must consider some of the established 

mechanisms of brain ischemia-reperfusion injury.  

 

1.3: Ischemia-Reperfusion Brain Injury 

1.3.1: Stroke Has Many Untreatable Stages of Cell Death 

Stroke is the third-leading cause of death in industrialized countries, and there are 

around four million stroke survivors in the United States coping with its debilitating 

effects (Dirnagl, et al. 1999). The pathological effects are a result of extensive neuronal 

death, though glia are also affected and can contribute to neurological deficits 

(Nedergaard & Dirnagl 2005). In middle cerebral artery occlusion (MCAO), a common 

type of stroke in humans and a very widely-used experimental model of focal stroke, 

blockage of blood flow to the brain depletes oxygen and glucose in specific regions, 

triggering multiple cytotoxic cascades that can lead to the formation of dead brain tissue 

(infarct). During MCAO, there is a “core” region surrounding the artery blockage that 

receives less than 15% of normal blood flow; in MCAO, the core mostly comprises the 

lateral striatum and parts of the overlying parietal and somatosensory cortices (Lipton 

1999). Peripheral to the core, more distal to the blockage, is an area named the 

“penumbra” that receives less than 40% of normal blood flow; the medial striatum, 

entorhinal cortex, and other parts of neocortex generally classify as penumbral tissue in 

MCAO. The penumbra is classified as an area of brain that can make a full recovery, but 

is at risk of dying and adding to the infarct volume if pharmacological intervention or 

resumption of blood flow do not occur. The size of the core or penumbra depends largely 

on the intensity of the injury. Longer, more intense ischemic insults produce a larger core 
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and smaller penumbra, while the opposite is true of brief insults. Because the extent of 

oxygen and glucose deprivation is different between core and penumbra, the cell death 

mechanisms differ between the two regions (see Fig. 4) (Lipton 1999). Necrotic (or 

passive) cell death predominates in the core, whereas apoptosis (programmed cell death) 

predominates in the penumbra (Doyle, et al. 2008; Charriaut-Marlangue, et al. 1996). 

There is overlap in cell death mechanisms between the two regions, however. Microglial 

inflammation is most evident and plays the most substantial role in the ischemic 

penumbra (see Fig. 4; Dirngal, et al. 1999), and we will therefore primarily focus on the 

penumbra.  

 

 

Figure 4: This is a visual representation of the ischemic core and penumbra 

following middle cerebral artery occlusion (MCAO).There is a spectrum of oxygen 

and glucose deprivation; it is most severe in the ischemic core (red), and becomes 

less severe as one goes farther from the artery blockage towards the penumbra (blue 

through yellow). Accompanying the differential severity of ischemic insult in the 

various brain regions are different cell morphologies and biochemical events. 
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1.3.2: Injury in the ischemic core 

Though cell death in core regions has been shown to continue for weeks after ischemic 

insult (Lipton 1999), the ischemic core suffers extensive metabolic stress, leading to a 

loss of ion homeostasis and necrotic or excitotoxic death that can occur  

within minutes (Doyle, et al. 2008). With low levels of oxygen and glucose, cells are 

unable to generate ATP via oxidative phosphorylation. Brain tissue is then quickly 

depleted of its ATP stores, rendering neurons unable to maintain activity of the ATPase 

Na
+
/K

+
 ionic pump, creating an increase in extracellular K

+
. A higher extracellular 

concentration of K
+
 causes an increase in resting potential of the neuron, which facilitates 

release of Ca
2+

 from intracellular stores, and can open voltage-sensitive ion channels, 

allowing the neuron to become more depolarized. The intracellular Ca
2+

 increase leads to 

spontaneous vesicular release of glutamate from excitatory neurons. With a more positive 

resting potential, and an increased concentration of excitatory neurotransmitters in the 

extracellular space, neurons are liable to undergo rapid depolarization, termed “anoxic 

depolarization” (see Fig 4,5). Typically, rapid depolarization occurs 3-5 min after onset 

of ischemia, and large changes in the composition of the ionic environment ensue: Na
+
, 

Cl
-
, and Ca

2+
 rush into cells, while K

+
 efflux continues. The cell cannot re-polarize 

because of the lack of ATP necessary to pump ions out of the cell, against their 

electrochemical gradient. With an overall increase in intracellular ion concentration, 

water enters the cell because of an osmotic obligation, and the plasma membrane can 

rupture and cause edematous cell death (Lipton 1999). If the cell survives beyond the 

influx of water, the influx of Ca
2+

 triggers extensive glutamate release, leading to a 10-60 

fold increase in extracellular glutamate concentration (see Fig 5). Binding of glutamate to  
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Figure 5: A timeline of the chemical events that induce cell death, predominately in 

the ischemic core. Briefly after oxygen and/or glucose deprivation, the ATPase 

Na
+
/K

+
 can no longer pump ions due to insufficient ATP. Changes in ion 

concentrations across cell membranes partially depolarize neurons, which then 

release small amounts of glutamate into the extracellular milieu. This will prompt 

the neuron to fully depolarize, releasing large amounts of glutamate and skewing 

the ionic concentrations greatly. If ATP is not restored, the cell will not restore ion 

concentrations, setting the stage for cell death. From Martin, et al. 1994. 

 

the neuronal NMDA receptor then allows further intracellular Ca
2+

 increase. Meanwhile, 

the altered ionic concentration gradients disrupt astrocytic glutamate and K
+
 clearance, 

thus increasing the rapid depolarization of neighboring neurons and the release of 
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glutamate, creating a positive feedback loop that culminates in a severe imbalance in ion 

and glutamate concentrations (reviewed in Martin, et al. 1994). 

Once intracellular Ca
2+

 levels are increased, a number of mechanisms promoting 

necrosis can be initiated. Increases in Ca
2+

 promote the activation of phospholipase A2, 

an enzyme that catalyzes the hydrolysis of phospholipids, and is associated with  

membrane rupture and cell death following ischemia (Bonventre, et al. 1997). Calpains, a 

family of calcium-responsive proteases, also become activated during ischemia and 

proteolyze proteins such as the cytoskeletal protein spectrin, which leads to loss of cell 

membrane integrity (Bevers & Neumar 2008). Calpains also cleave isoform 3 of the 

intramembrane sodium-calcium exhanger channel (NCX3), thereby reducing neuronal 

ability to rid the cell of excess Ca
2+

 (Bano & Nicotera 2007). Increased neuronal Ca
2+

 can 

activate the neuron-specific subtype of nitric oxide synthase (nNOS) only minutes after 

onset of ischemia, causing production of nitric oxide (NO), a free radical that has been 

shown to inhibit the electron transport chain and cause DNA damage (Matsui, et al. 

1999). Importantly, Ca
2+

 can be taken up by the negatively-charged matrix of 

mitochondria via transfer through the energy-independent uniporter channel. Because 

Ca
2+

 entry into the mitochondrion generates a more positively-charged matrix, protons 

that rest outside of the matrix experience an attenuated electrochemical drive to enter the 

matrix. Under physiological conditions, mitochondria utilize this electrochemical 

gradient to generate ATP via the FoF1ATP synthase enzyme (Dong, et al. 2006). Thus, 

Ca
2+

 entry into the mitochondrial matrix leads to depolarization of mitochondria (Lipton 

1999), and a decrease in ATP production because of the reduced protonmotive force 

across the inner mitochondrial membrane. 
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The excessive production of reactive oxygen species (ROS) is widely believed to 

be a major contributor to ischemic injury. Under physiological conditions, free radical 

scavengers such as glutathione, superoxide dismutase (SOD), and catalase work to 

neutralize these highly reactive molecules and prevent them from chemically modifying 

membrane lipids or cellular proteins. During ischemia, and especially during reperfusion 

when O2 is available for superoxide production (Broughton, et al. 2009, see Fig. 6), levels 

of ROS are elevated as a result of several purported mechanisms. Calcium influx through 

NMDA receptors, as occurs extensively in ischemia, leads to the activation of NADPH 

oxidase, an enzyme that transfers an electron from NADPH to O2, yielding superoxide 

(Abramov, et al. 2007; Brennan, et al. 2009). Phospholipase A2, an enzyme activated 

during ischemia-induced Ca
2+

 increases, cleaves membrane lipids to yield arachidonic 

acid, which is then metabolized by cyclooxygenase 2 to give superoxide as a byproduct 

(Bonventre, et al. 1997). Meanwhile, there also exist Ca
2+

-independent sources of ROS 

such as xanthine oxidase (Abramov, et al. 2007). While the sources of ROS and the 

reasons for their overproduction during ischemia are debated, it is known that the 

downstream actions of ROS serve to exacerbate ischemic brain injury. One particularly 

harmful product of ROS generation is peroxynitrite (ONOO
-
), a molecule that is formed 

in a reaction between NO and superoxide, and is known to damage membranes and alter 

protein function by nitrosylating tyrosine residues (Eliasson, et al. 1999). 

Neurons release glutamate and ATP in the ischemic core, both of which have 

been recently shown to induce the microglial production of ROS (Mead, et al. 2012), 

TNFalpha, IL-1Beta, and a number of other cytokines that exacerbate ongoing changes in 

cells in the core (Kaushal & Schlichter 2008; Melani, et al. 2006). IL-1Beta, for instance, 
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can increase the amount of Ca
2+

 influx through NMDA receptors, promoting cell death 

by the necrotic mechanisms discussed above (Huang, et al. 2011). 

 

Figure 6: Reactive oxygen species (ROS) are slightly increased throughout this 3 h 

middle cerebral artery occlusion (MCAO). When the artery was re-opened at 60 

min after MCAO onset, a substantial increase in ROS is evident. This is in vivo 

evidence for a burst of ROS upon reperfusion. From Peters, et al. (1998). 

 

1.3.3: Injury in the ischemic penumbra 

In the ischemic core, ATP levels quickly drop to ~25% of normal, whereas the 

ATP levels in the penumbra range from ~50-70% of normal during ischemia (Lipton 

1999). Upon reperfusion, Ca
2+

 distribution returns to pre-ischemic levels in the 

penumbra, but ATP levels are permanently decreased (~70% of normal) even after 
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reperfusion (Sims & Anderson 2002). As a result of these differences between the core 

and the penumbra, the penumbra generally does not undergo immediate necrotic death 

due to metabolic failure. Instead, cells in the penumbra continue to slowly die off, up to 

weeks after the insult, due to cell death resulting from inflammation and apoptosis 

(Dirnagl, et al. 1999). Because the penumbra comprises cells that are not immediately 

committed to cell death, there is a chance for recovery, and it is thus extensively studied 

as a therapeutic target. Microglia are considered an especially important aspect of 

progression of penumbral damage, because they release potentially harmful cytokines 

onto a population of vulnerable neurons (Lipton 1999). The therapeutic potential of 

rescuing cells in the penumbra is supported by the positive correlation between the 

volume of salvaged penumbra and the neurological improvement following stroke in 

humans (Furlan, et al. 1996). 

 

1.3.4: Inflammation in Ischemia: Role of Microglia 

Within 30 min after MCAO, microglia in the penumbra extended their processes 

around pre-synaptic boutons for a much longer duration of time than in non-ischemia 

controls in vivo (Wake, et al. 2009). With such extensive exposure to neurons, toxic or 

beneficial factors released by microglia can have a major impact on ischemic brain 

injury. Microglia are less likely to die during the ischemic insult than are neurons because 

of higher levels of antioxidant molecules such as glutathione (Hirrlinger, et al. 2000), but 

some death of microglia is observed in the ischemic core (Kato, et al. 1996). Because 

microglia are capable of proliferating, it is not the death of microglia that is of therapeutic 

concern, but rather neurodegenerative microglial M1 activation that occurs in response to 
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ischemic injury. Indeed, activated microglia appear in the penumbra prior to neuronal 

death, implicating them in the progression of penumbral cell death (Rupalla, et al. 1998). 

Glutamate (Kaushal & Schlichter 2008), ATP (Melani, et al. 2006), K
+
 (Abraham, et al. 

2001), and ROS are all known to induce M1 activation in microglia (Roy, et al. 2008).  

These activators diffuse from the ischemic core to the penumbra, where microglial 

activation appears to be the strongest (Zhang, et al. 1997) and the earliest, occurring in as 

little as 30 min after MCAO (Rupalla, et al. 1998). Upon activation, microglia proliferate 

and change morphology and gene expression patterns drastically. The number of 

microglia doubles in the brain hemisphere that is ipsilateral to an ischemic insult, peaking 

at 24h following 1h of MCAO, and slowly decreasing over the course of weeks 

(Gelderblom, et al. 2009). Microglia mostly accumulate in areas of ischemia-induced 

neuronal damage, suggesting that microglia migrate to areas of injury (Morioka, et al. 

1993). A high density of microglia in injured areas does not mean that microglia 

necessarily induce damage; some regions show microglia accumulation but not neuronal 

death (Abraham, et al. 2000). Indeed, some studies have even shown that a higher 

number of microglia results in better neurological outcome: injecting cell culture-derived 

microglia into rats 48h after transient MCAO decreased infarct volume when infarct was 

measured 1 week after artery occlusion (Narantuya, et al. 2010). Nonetheless, there is 

substantial evidence suggesting that microglia exacerbate neuronal injury following 

ischemia by adopting an M1 phenotype and promoting inflammation. Indeed, therapies 

that reduce microglial activation confer neuroprotection following transient MCAO 

(Yrjanheikki, et al. 1999).  
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Microglia are the first immune cells to arrive at the site of injury. They 

accumulate prior to the infiltration of peripheral immune cell types, such as dendritic 

cells, neutrophils, macrophages, and lymphocytes (Gelderblom, et al. 2009). Neurons 

subjected to ischemia release complement proteins C3 and C9, as well as chemokines 

such as monocyte chemoattractant protein-1(MCP-1) that cooperate to recruit microglia 

to sites of neuronal damage (Lai & Todd 2006).  Once recruited and activated following 

ischemia, microglia release cytokines and chemokines that assist in breaking down the 

blood-brain barrier and recruiting cells from the periphery. While accumulation of 

microglia appears to have beneficial as well as detrimental effects, the accumulation of 

peripheral immune cells, which occurs around 3d after stroke, is widely believed to be 

entirely detrimental (Weinstein, et al. 2010). IL-1beta is produced almost exclusively by 

microglia after ischemia and disrupts the blood-brain barrier, recruits peripheral 

neutrophils into the brain, and stimulates production of other pro-inflammatory cytokines 

(Bhat, et al. 1996 and discussed therein). IL-1alpha and IL-1beta double knockout mouse 

models showed a 70% reduction in infarct volume following 30 min MCAO and 

reperfusion (Boutin, et al. 2001). This reduction in infarct volume in IL-1KO mice is 

likely due in part to the decreased recruitment of peripheral immune cells (Huang, et al. 

2006). New evidence shows that IL-1Beta treatment potentiates Ca
2+

 influx through 

NMDA receptors in neurons, meaning that direct action of IL-1Beta on neurons could 

also contribute to the deleterious effects of IL-1Beta after ischemia (Huang, et al. 2011). 

In vivo and in vitro experiments have therefore revealed a predominately harmful role of 

IL-1Beta production following stroke. 
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1.3.5: Microglia and ROS in the Ischemic Context 

The release of ROS from activated microglia, particularly from different forms of 

NADPH oxidase, is believed to be a major source of neuronal injury following ischemia 

and reperfusion. However, very few studies have shown ROS production in microglia by 

direct methods such as spin-trapping or fluorescent probes. Still, experiments in cell 

culture provide mechanisms of microglial NADPH oxidase activation that might occur in 

ischemia in vivo. Administration of glutamate, ATP, or GABA triggered superoxide 

production by stimulating microglial neurotransmitter receptors and subsequently 

activating microglial NADPH oxidase; glutamate-induced NADPH oxidase activation 

was found to be particularly neurotoxic (Mead, et al. 2012). Hypoxia without 

reoxygenation did not increase ROS production in cultured microglia, while hypoxia with 

reoxygenation showed a marked increase in NADPH oxidase-derived extracellular ROS 

(Spranger, et al. 1998). Such an increase in extracellular ROS has been shown to be 

harmful in in vivo studies of ischemia. Microglia possess a form of NADPH oxidase that 

exists predominately in phagocytes (PHOX) that produces extracellular superoxide 

designed to neutralize invading pathogens. Mice lacking the gene encoding a necessary 

subunit of PHOX, gp91-phox, showed a decrease in infarct volume after transient 

cerebral artery occlusion (Walder, et al. 1997). In this study, blocking microglial PHOX 

was necessary but not sufficient for neuroprotection; PHOX from both invading 

peripheral immune cells and microglia had to be eliminated in order for protective 

benefits to be observed (Walder, et al. 1997). Another study illustrates the benefits of 

PHOX inhibition in an ischemic context. After administration of ischemia-mimicking 

drugs, PHOX became expressed in microglia, ROS production was increased, and 



30 
 

neurons exposed to microglia-conditioned medium underwent apoptosis. Inhibiting the 

expression of PHOX by siRNA abrogated ROS production in microglia, and neurons 

exposed to the media from these siRNA-treated microglia did not undergo apoptosis 

(Hur, et al. 2010).  

New research indicates that protective effects of PHOX inhibition are not only a 

result of reduced extracellular ROS. Intracellular ROS signalling, mediated by PHOX 

and other types of NADPH oxidase enzymes, has recently emerged as an important 

component of the pro-inflammatory microglial phenotype. The activation of PHOX, 

followed by the conversion of superoxide to H2O2, has been shown to induce 

transcription of pro-inflammatory genes in microglia (Block, et al. 2007). The 

transcription of TNFalpha, iNOS, IL-1Beta and IL-6 in response to the bacterial cell wall 

component lipopolysaccharide (LPS), or the cytokine interferon-gamma, was 

significantly reduced when PHOX was inhibited (Pawate, et al. 2004). Importantly, there 

exists a positive feedback loop in microglia between pro-inflammatory cytokine 

production and ROS generation; IL-1Beta and TNF-alpha were shown to activate 

microglial NADPH oxidase in cell culture, yielding hydrogen peroxide (Mander, et al. 

2006). Thus, IL1-Beta and TNFalpha induce ROS, and ROS can upregulate these and 

other cytokines. Interestingly, the NADPH oxidase-derived H2O2 was required for the 

proliferation of microglial cells in response to IL-1Beta and TNF-alpha administration 

(Mander, et al. 2006). This shows that IL-1Beta and TNF-alpha promote ROS formation 

via NADPH oxidase in cultured microglia, and that this increase in ROS is largely 

responsible for the proliferation of microglia. When combining this finding with others 

showing that ROS upregulate IL-1Beta, one can see how ROS production in microglia is 
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a central component of the microglial pro-inflammatory response. Indeed, although the 

source of ROS was uncertain, scavenging intracellular ROS with the antioxidant N-

acetylcysteine was shown to prevent microglia from expressing a marker of M1 

activation (Roy, et al. 2008).  

 

1.3.6: Unanswered Questions about ROS, Microglia, and Inflammation in Ischemia 

Paradigms 

Unfortunately, the importance of ROS-mediated intracellular signaling in eliciting 

the microglial pro-inflammatory response has been little-studied in the context of 

ischemia. Two studies found that inhibiting or genetically knocking out PHOX reduced 

whole-brain transcription of IL-1Beta following ischemia, but the microglia-specific 

contribution to these effects is uncertain (Chen, et al. 2011, Genovese, et al. 2011). Other 

potential sources of ROS, such as mitochondria, have not been investigated as mediators 

of pro-inflammatory transcription, though suppressing ROS by overexpressing SOD1 has 

been shown to reduce post-ischemia inflammation (Chen, et al. 2009), and mitochondria 

produce ROS following ischemia-reperfusion (Piantadosi & Zhang 1996). Finally, 

because p53 is known to be induced by ROS (Niizuma, et al. 2009), and is known to 

regulate transcription of pro-inflammatory genes (Jayadev, et al. 2011), it would be 

interesting to see if activation of p53 is a connection between intracellular ROS and 

transcription of pro-inflammatory genes. Thesis work in the Garden laboratory helps 

elucidate the role of ROS signalling in the transcription of pro-inflammatory genes in an 

ischemia-reperfusion context, with consideration of the contributions that p53 can make 

to this ROS signaling. 
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Figure 7: An overview of the inflammatory processes that are initiated by oxidative 

stress and/or excitotoxicity following stroke. Microglia and astrocytes transduce the 

stroke insult into chemical signals that exert many different effects: breakdown of 

the blood-brain barrier, recruitment of neutrophils, and direct damage to neurons. 

Astrocytes play a much less pronounced role in the formulation of an immune 

response, but they too generate cytokines and control extracelluar glutamate 

concentrations, which will both modulate the microglial response.  

 

1.4: Research in the Garden Laboratory 

1.4.1: Context of Thesis Research 

p53 has emerged as an important contributor to neuronal injury in several 

neuropathologies, ischemic stroke important among them (Culmsee & Mattson 2005). 
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Many studies have shown that inhibition or absence of p53 is neuroprotective following 

experimental models of stroke, making p53 a promising therapeutic target. However, one 

study has also shown that the absence of p53 exacerbates brain damage following 

transient ischemia (Maeda, et al. 2001). Therefore, the mechanisms by which p53 

aggravates or prevents ischemia-induced brain injury must be elucidated before therapies 

can be developed.  

Microglia, via the production of pro-inflammatory molecules, are believed to play 

a critical role in brain injury following an ischemic insult (Lakhan, et al. 2009). Because 

p53 activation has been shown to bias microglia towards the inflammatory phenotype 

(Garden, et al. 2004; Jayadev, et al. 2011), perhaps the action of p53 within microglia 

contributes to ischemic injury. Indirect evidence that inhibiting p53 in microglia is 

neuroprotective showed that microglia from p53KO mice were much more likely to 

express markers of anti-inflammatory microglia (Jayadev, et al. 2011). Thus, p53 

deficiency promotes alternative activation following transient MCAO. But, conversely, 

does the activation of p53 promote pro-inflammatory microglial activation in ischemia? 

Unpublished research from the Garden lab attempts to answer this question. The first step 

was to show that p53 is indeed activated in an ischemia paradigm.  

The Garden lab showed that p53 transcription is activated in microglial cultures in 

response to an in vitro paradigm of ischemia-reperfusion called oxygen-glucose 

deprivation-reperfusion (OGD-reperfusion) (see Fig. 8). Interestingly, the reperfusion 

step was essential; p53 was not activated in response to OGD alone (data not shown). 

Because previous studies have shown that ROS are generated in microglia only if this 

reperfusion step occurs (Spranger, et al. 1998), it was proposed that OGD-reperfusion  
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Figure 8: A luciferase reporter assay showed increased transcription of p53 

response elements upon subjecting microglia to an in vitro ischemia and reperfusion 

paradigm. Nutlin is an MDM2 blocker that causes accumulation of p53. Reprinted 

with permission of Dr. Gwenn Garden. 

 

leads to ROS production, which then activates p53. This proposal is in accordance with a 

study in neurons that showed ROS to be an upstream requirement of p53 accumulation 

(Choi, et al. 2011). However, it was not known if this OGD-reperfusion paradigm in 

microglia caused an increase in ROS production, nor was it confirmed that microglia 

adopt a pro-inflammatory phenotype when subjected to OGD-reperfusion. 

The aim of this thesis is to show that ROS are indeed increased following OGD-

reperfusion in p53KO and wild-type microglia, giving credence to the hypothesis that 

ROS contribute to the induction of p53 shown in Fig. 8. Additionally, I aim to show that 
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ROS production following OGD-reperfusion is an important step in mounting a pro-

inflammatory response in microglia. This research can provide important links between 

microglial ROS production, p53, and pro-inflammatory gene transcription, which can 

help to guide the design of anti-inflammatory therapies in ischemic stroke. 
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Chapter 2: Experimental 

2.1: Acquiring and Maintaining Cells 

2.1.1: Cell Culture Media and Chemical Solutions 

Normoglycemic, serum free medium was made by adding, to high-glucose 

DMEM, insulin transferrin selenium (1% final concentration) and 1mg/mL Albumax. 

Hypoglycemic, serum free medium was created by adding, to glucose-free DMEM, 

insulin transferrin selenium (1% final concentration), 1mg/mL Albumax, 250µM glucose, 

and 25mM endotoxin-free sucrose. Solid 2’,7’-dichlorodihydrofluorescein diacetate 

(DCFH2-DA) (Cayman Chemical) was dissolved in dimethylformamide (Acros Organics) 

to achieve a 500µM stock solution, which was stored wrapped in aluminum foil at -20
o
C 

to inhibit photoxidation and/or hydrolysis. Solid N-acetylcysteine (NAC) (Sigma) was 

dissolved in distilled water (0.5M stock), sterilized with a syringe-operated filter (0.2µM 

mesh), and stored at -20
o
C until use. See Appendix for other cell culture media. 

 

2.1.2: Mice 

Wild-type and p53KO mice of the C57/36BL6 strain were maintained in a 

pathogen-free environment under the guidance of the University of Washington 

Institutional Animal Care and Use Committee (IACUC) standards. p53KO mice were 

developmentally normal, but were prone to develop tumors, as initially characterized by 

Donehower, et al. (1992). Mouse pups at postnatal day 3 or 4, determined by their 

appearance, were collected for the production of microglial cultures.  
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2.1.3: Making Primary Microglial Cultures 

Mixed glial cultures (astrocytes and microglia) were made from postnatal day 3 or 

4, according to established protocols (as in Garden, et al. 2004). The making of cultures 

is reviewed in the Appendix.  

 

2.1.4: Maintaining Mixed Cultures and Harvesting Microglia 

Culture medium, with 20% L929-conditioned medium in D10C in order to 

provide essential growth factors, was changed once every 6-8 days for up to one month, 

after which time the culture flask was discarded. Over the course of 6-8 d, mature 

microglia would detach from the cell culture flask and become suspended, leaving 

astrocytes adhered to the flask. These mature microglia were harvested by gently shaking 

cell culture flasks, and collecting the supernatant. The supernatant was centrifuged at 

1100 RPM for 5 min. The resulting pellet was resuspended in D10C so as to achieve a 

cell density of 50,000 to 200,000 cells/mL. To determine cell density of the resuspension, 

a random sample of the resuspension was added to a hemacytometer (Bright Line by 

American Optical) that provided a regimented, reproducible method of hand-counting 

cells. Microglia on the hemacytometer were viewed and counted under a 100X light 

microscope. Less than 5% of cells viewed at this magnification were a different cell type 

than microglia, indicating that the cells used in experiments were almost exclusively 

microglia. 
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2.1.5: BV-2 Cell Cultures 

BV-2 cells, an immortal cell line of microglia, were grown in BV-2 medium. 

Because BV-2 clones proliferate rapidly, cells were harvested every 2-5 days. See 

Appendix for details on maintaining and harvesting BV-2 cells 

 

2.2: Detecting ROS Production in Cells 

2.2.1: Detecting ROS Stimulated by Hydrogen Peroxide 

At a density of 10,000 per well, primary microglia were added to a poly-D-lysine-

coated (to make cells adhere) 96-well plate at the time of harvesting. The day after cells 

were plated, the culture medium was changed to warm macrophage serum-free medium 

(MSFM, Invitrogen). In selected wells, NAC stock was added at this stage (5mM final 

concentration). Twenty-three hours afterwards, DCFH2-DA stock solution was added to 

achieve a final concentration of 50µM in each well, unless noted otherwise in Results. 

Cells were incubated 60 min with DCFH2-DA, and media were removed from each well. 

Wells were rinsed once with 50µL PBS, and 50µL of MSFM was added to each well. 

Approximately one minute following the application of fresh MSFM, cells were imaged 

in the chamber of an automated plate reader (Packard Fusion Universal Microplate 

Analyzer) that was heated to 37
o
C. DCFH2-DA fluorescence was measured at 485 

+
 10 

nm excitation and 535 
+
 13 nm emission for all experiments hereafter. Following this 

baseline reading, selected cells were stimulated with hydrogen peroxide (500µM unless 

noted otherwise), and the fluorescence was measured periodically afterwards, for a 

minimum of 90 min.  
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Hydrogen-peroxide-stimulated ROS in BV-2 cells were detected in a similar 

manner with the following modifications. BV-2 were plated at a density of only 5,000 

cells per well, because of the rapid proliferation that occurs in these cells within two 

days. The 96-well plates used for BV-2 cells were not coated with poly-D-lysine.  

 

2.2.2: Detecting ROS Stimulated by Oxygen-Glucose Deprivation (OGD)-Reperfusion 

At a density of 10,000 per well, primary microglia were added to two poly-D-

lysine-coated, transparent 96-well plates at the time of harvesting. The day after cells 

were plated, cell media of both plates were replaced with normoglycemic, serum-free 

media (see Fig. 9). In order to pre-equilibrate the gas mixture within cell media, an 

aliquot of fresh normoglycemic medium was placed into a normoxic cell culture chamber 

for at least 24 h. Likewise, an aliquot of hypoglycemic serum-free medium was placed 

into a hypoxia incubator (ThermoScientific) that automatically injects nitrogen to attain a 

1% oxygen, 5% CO2, and 94% nitrogen environment. Following 24h of serum-starvation 

in normoglycemic media, media in the control plate were replaced with pre-equilibrated 

normoglycemic serum-free media. Hypoxic, hypoglycemic serum-free media were added 

to wells in the plate that will undergo OGD-reperfusion. At this point, a subset of the 

wells from each plate was treated with NAC (5mM).  After 23h of normoxia/OGD, plates 

were incubated for 60 min each with DCFH2-DA in their respective oxygen 

environments. The media were removed and the cells were washed with 50µL PBS, then 

50µL of normoxic, normoglycemic, serum free media were added to the rinsed wells, 

initiating the “reperfusion” period. Fluorescence was recorded by the automated plate 

reader at 10 minute intervals for 60 min, and then every 30 minutes thereafter (>120 min 
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total). For the most part, cells were maintained at 37
o
C and were protected from ambient 

light. After detecting fluorescence for at least two hours, half of the wells from each 

condition were treated with H2O2 (500µM) under ambient light to test if all of the 

DCFH2-DA had been oxidized. Fluorescence was read for at least 1 h following treatment 

with H2O2. Once all fluorescence imaging was complete, cells were viewed under the 

light microscope to observe cell morphology.  

OGD-reperfusion stimulated ROS in BV-2 cells were detected in a similar 

manner with the following modifications. BV-2 were plated a density of only 5,000 cells 

per well, and the 96-well plates used for BV-2 cells were not coated with poly-D-lysine. 

 

 

Figure 9: A schematic of the experimental paradigm that applies to primary 

microglia and BV-2 cells. The red bar indicates the fluorescence of the 96-well plates 

is being detected. Not depicted is the induction of ROS by hydrogen peroxide after 

the 2h fluorescence detection period. NAC = N-acetylcysteine, DCFH2-DA = 2’,7’-

dichlorodihydrofluorescein diacetate. 

 

2.2.3: Theory behind DCFH2-DA ROS Detection: 

DCFH2-DA enters the cell via passive transport because it is relatively 

membrane-soluble with its acetate moieties. Once inside the cell, DCFH2-DA has its 
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acetate groups cleaved by intracellular esterases, leaving DCFH2 with fairly acidic 

phenolic groups (pKa 7.9 and 9.2) that can become phenolates inside the pH neutral cell 

environment (Wardman 2007). Because the DCFH2 molecule now has a net charge with 

hydrophilic phenolate groups, it cannot leave the cell via passive transport, and DCFH2 

remains inside the cell (see Fig. 10) (Halliwell & Whiteman 2004). The applied 

concentration of DCFH2-DA was 50µM in this study, but when this concentration was 

added to a well without cells, the fluorescence detector was saturated. Therefore, the 

amount of DCFH2 that permeated cells is far less than 50µM, as DCF fluorescence in 

cell-based experiments, following a change of media, was ~5% the fluorescence 

saturation point. 

Although thousands of studies have used DCFH2-DA to detect intracellular 

reactive oxygen species, it is not certain which ROS oxidize this probe in times of 

cellular oxidative stress. It is unreactive to superoxide, and is only reactive to hydrogen 

peroxide in the presence of Fe
2+

, by way of the Fenton reaction :   

Fe (II) + H2O2  OH
-
 + •OH + Fe (III) 

Recent research suggests that DCFH2 oxidation to DCF during cellular stress is a result of 

translocation of Fe
2+

 ions from mitochondria or lysosomes into the cytosol, where Fe
2+

 

can react with H2O2 (Karlsson, et al. 2010). Studies have also shown that DCFH2 can be 

oxidized by heme proteins without the need for reactive oxygen species, providing 

another mechanism by which Fe
2+

 translocation could oxidize DCFH2 (Ohashi, et al.  

2002). Hydroxyl radicals react with DCFH2 at the rate of diffusion, but this is true for the 

reaction of •OH with many aromatic molecules, and scavenging •OH only decreased 

DCF fluorescence slightly in a purely chemical array (Wardman 2007, LeBel et al. 1992).  
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Figure 10: A proposed mechanism showing the critical steps that lead to formation 

of the fluorescent product dichlorofluorescein (DCF) from 2’,7’-

dichlorodihydrofluorescein (DCFH2-DA). ROS = reactive oxygen species, RNS= 

reactive nitrogen species. Adapted from Halliwell & Whiteman, 2004.  

 

In the proposed mechanism shown in Fig. 10, a reactive species such as •OH 

would abstract the H at the sp
3
 carbon, producing a resonance-stabilized radical with a 

singly-occupied p orbital. Another species, likely oxygen (Wardman 2007), would 

oxidize the intermediate radical, allowing DCFH• to become DCF. The oxidation of the 

DCFH• radical by O2 would thus create superoxide, which could then be dismutated into 

H2O2—two of the very same species that DCFH2 is purported to be detecting (Bonini, et 

al. 2006). Additionally, wavelengths of light greater than 300nm have been shown to 

initiate the reduction of DCF back to DCF•, which can then promote oxidation of DCFH2 
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(Bilski, et al. 2002). Experimental artifacts such as these, which would overestimate DCF 

fluorescence, are expected to occur equally in all conditions of this study. This 

assumption is valid because the detection of DCF fluorescence is occurring in the same 

media, with equal levels of O2, and the exposure to light is equal across cell treatment 

groups. Therefore, comparing amounts of DCF fluorescence between groups can provide 

a valid measure of relative ROS production, despite the aforementioned artifacts.  

Figure 10 shows that it is possible that the free radical scavenger used in this 

study, NAC, is scavenging the DCFH• radical rather than physiologically-relevant 

radicals and that this is responsible for the inhibition of fluorescence produced by NAC. 

However, data show that NAC does not inhibit H2O2-stimulated increases in DCF 

fluorescence (Fig. 13), suggesting that NAC does not scavenge the DCF• radical in this 

paradigm. 

 

2.3: Gene Transcript Experiments 

2.3.1:Extraction of RNA and Reverse-Transcriptase Reaction 

Primary microglia were plated at a density of 500,000 cells per poly-D-lysine-

coated 35 mm culture dish. From one microglia harvest, four such dishes were plated for 

the following conditions: normoxia-normoglycemia, normoxia-normoglycemia with 

5mM NAC, OGD-reperfusion, OGD-reperfusion with 5mM NAC. Cells in culture dishes 

underwent the same OGD or normoxia-normoglycemia paradigm as discussed above for 

cells in 96 well plates. Reperfusion, however, was different. Normoglycemic media was 

added to all dishes after 24 h of OGD or normoxia-normoglycemia. All dishes were then 

placed into normoxic incubators and allowed to “reperfuse” for 24 h. Following the 
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reperfusion period, all cells were lysed. Total RNA was extracted from all cells using the 

Roche High Pure miRNA Isolation kit according to the manufacturer’s instructions in an 

RNAse-free environment. Following isolation, RNA was kept at -80
o
C. The 

concentration of RNA for all four conditions was determined, with a range of 10-22 

ng/µL. The same mass of RNA underwent reverse transcription for each sample. DNA 

complementary to the isolated RNA was created using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) according to the manufacturer’s protocol on a 

Bio-Rad thermal cycler. This kit utilized random primers for complementary DNA 

(cDNA) synthesis.  

 

2.3.2: Quantitative Polymerase Chain Reaction (qPCR) 

The cDNA produced by reverse transcription was used in a quantitative PCR 

(qPCR) reaction that probed the expression of mouse genes for interleukin-1Beta (IL-

1Beta) and macrophage receptor with collagenous structure (MARCO), with TATA-

binding protein (TBP) serving as the housekeeping gene. All reactions were loaded in 

triplicate. The qPCR reaction was run using a StepOne qPCR machine and the 

accompanying software (Applied Biosystems) for 40 cycles. The relative quantity of gene 

transcripts (RQ) was quantified using the comparative threshold cycle (CT) method 

established by Pfaffl (2001) in StepOne software. Results are expressed as a fold 

difference in gene expression above the normoxia-normoglycemia condition. See 

Appendix for details on reagents and reaction setup. 

A positive control was used to ensure that the qPCR construct effectively 

determined differences in transcription of TBP, IL-1Beta, and MARCO. Our positive 
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control was cDNA from BV-2 cells treated with lipopolysaccharide (LPS) for 24 h. This 

treatment is known to induce pro-inflammatory microglial activation and transcription of 

IL-1Beta and MARCO. LPS-treated BV-2 cDNA was serially diluted 1:10 to provide 

concentrations of 1:1, 1:10, 1:100, 1:1000, and 1:10,000. Each dilution was run in 

duplicate. With the average CT values for each dilution, the efficiency of each qPCR 

reaction was calculated by StepOne software and was used to calculate the RQ value as 

in Pfaffl (2001). 

 

2.4: Justifying the OGD-Reperfusion Paradigm 

The oxygen-glucose deprivation paradigm was previously confirmed by 

Weinstein, et al. (2010) to upregulate hypoxia-inducible factor 1 (HIF1), a protein that 

accumulates only in hypoxic conditions. The Weinstein study established that 250µM 

glucose and 1% oxygen for 24 h did not elicit widespread death of primary microglia, but 

did initiate a molecular response that is known to accompany ischemic cell stress. 

Weinstein, et al. also observed transcriptional changes induced by our paradigm of OGD 

with reperfusion, many of which involved upregulation of pro-inflammatory cytokines 

(2010). Thus, our paradigm, adopted from Weinstein, is known to activate ischemia-

associated cell signaling and has been shown to induce pro-inflammatory transcriptional 

changes in microglia. This is particularly interesting when considering that the same 

paradigm showed an induction of p53 (Fig. 8), opening the possibility that p53 is 

responsible for transcription of pro-inflammatory genes. The paradigm used by Weinstein 

was followed exactly in the investigation of gene transcripts, but modifications had to be 

made for imaging ROS production. This is because a burst of ROS is associated with the 
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initial stages of reperfusion (Fabian, et al. 1995; Yamaguchi, et al. 2002; Watanabe 1998; 

Peters, et al. 1998), so that ROS had to be imaged at the start of reperfusion, rather than at 

the end of 24 h of reperfusion.  

 

2.5: Statistics 

A two-way analysis of variance (ANOVA) with repeated measures test was 

performed in time course studies (fluorescence x time) with a Bonferroni post-test. When 

the fluorescence at one time point was examined, a one-way ANOVA with a Tukey post-

test was utilized. GraphPad Prism software was used for statistical analysis and the 

plotting of graphs using raw fluorescence data, and Microsoft Excel was used to plot 

graphs for which data were expressed in percentages or increases. Because no replicates 

were performed for the gene expression experiment, statistical tests cannot be performed. 

To compare the results as best we could, the maximum and minimum possible fold 

changes (range), given the acquired Ct values, were calculated with StepOne software 

(Applied Biosystems), and plotted with Microsoft Excel. 
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Chapter 3: Results 

3.1: Characterizing the ROS Detection and Inhibition Paradigm 

To confirm that the amount of oxidized DCF was proportional to the amount of 

fluorescence detected by the plate reader, the concentration of incubated DCF was varied 

from 0-100µM and the fluorescence was observed after treatment with 500µM H2O2. As 

the incubation concentration of DCFH2 was increased in BV-2 cells, the amount of 

fluorescence above baseline increased linearly, as indicated by an R
2
 value of 0.9914 

(Fig. 11). To establish that DCF fluorescence was proportional to the concentration of 

ROS, the amount of H2O2 added to cells was varied from 0-1000µM. DCF fluorescence 

was linearly (R
2
=0.9516) dependent upon the dose of H2O2 (Fig. 11). Note that cells not 

treated with DCFH2 or H2O2 showed very minimal fluorescence increase over time; both 

were required for a substantial increase in fluorescence to be detected. These linear 

relationships recapitulate characteristics of DCFH2 in previous studies (LeBel, et al. 

1992). These data support the reaction mechanism for the oxidation of DCFH2 (Fig. 10) 

is valid, as the reaction between ROS and DCFH2 is first order with respect to each 

molecule.  

To investigate the lag time between the introduction of ROS and the detection of 

ROS by DCFH2, fluorescence readings were taken periodically following treatment with 

H2O2. Fluorescence values plateau at 90 min, indicating that production of ROS has 

leveled off by this time (Fig, 12). Cells not treated with DCFH2-DA fluoresced at the 

same levels as cell media alone (~4000 RFU, Fig. 12). This is likely due to phenol red or 

other components in the cell media that may exhibit fluorescence.  
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Figure 11: BV-2 cells, plated at a density of 5000/well, were grown for two days, and 

then their response to H2O2 was investigated in the presence or absence of DCFH2. 

Average fluorescence values before H2O2 treatment were subtracted from average 

fluorescence values 90 min after H2O2 treatment (n=6 wells/condition). Top: BV-2 

cells treated with 0, 10, 50, or 100 µM DCFH2 for 60 min were exposed to 500 µM 

H2O2. Bottom: BV-2 cells treated with 50 µM DCFH2 were exposed to 0, 250, 500, or 

1000 µM of H2O2.  
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Figure 12: Time course of fluorescence increase. Average raw fluorescence values 

(n=6/condition) of BV-2 cells were plotted over time, with the baseline reading being 

0 min.  

Because DCF has been reported to be mildly cytotoxic, most studies use DCFH2 

concentrations below 100µM (Wardman 2007). As seen in Figs. 11 and 12, incubation 

with 50µM, but not 10µM of DCFH2 detected a substantial increase in DCF fluorescence 

upon treatment with H2O2. Therefore, cells were incubated in 50µM DCFH2 for the 

remaining experiments. To confirm that our ROS detection assay was effective in 

primary microglia, harvested microglia were subjected to DCFH2 incubation and H2O2 

treatment. We also wanted to test the ability of N-acetylcysteine (NAC) to block the 

H2O2-induced increase in DCF fluorescence. NAC is reported to scavenge ROS itself 

(Benrahmoune, et al. 2000), and is reported to be metabolized over time to the 

endogenous antioxidant glutathione, which will also scavenge ROS (Banks & Stipanuk 

1994). However, NAC did not significantly inhibit H2O2 induced increase in fluorescence 

0

2000

4000

6000

8000

10000

12000

14000

0 50 100 150 200

Fl
u

o
re

sc
e

n
ce

 (
R

FU
) 

Time (min. after H2O2 addition) 

Increase in Fluorescence Over Time 

100uM DCF, 500uM H2O2

50uM DCF, 500uM H2O2

50uM DCF, 1000uM H2O2

50uM DCF, no H2O2

10uM DCF, 500uM H2O2

MSFM only

Cells with no DCF, 1000uM
H2O2



50 
 

in primary microglia when incubated for 1h or 24h prior to H2O2 treatment  (Fig. 13). 

This could be because the H2O2 insult overpowered NAC. Lower doses of H2O2 were not 

robust enough to induce a significant change in fluorescence, and 10mM doses of NAC 

were harmful to cells. Experiments were thus moved to OGD-reperfusion with the hope 

that NAC could inhibit production of a milder, intracellular form of ROS. 

 

Figure 13: Hydrogen peroxide (500µM)-treated cells showed a significantly higher 

DCF fluorescence when compared to cells treated with DCF and not H2O2 (* 

indicates significant difference from cells treated with only DCF p<0.05). NAC 

(5mM, 1 or 24h incubation) did not make a significant difference when compared to 

H2O2 treatment without NAC. The fluorescence of each well at 90 min after 

treatment was divided by the baseline value for that same well, giving each 

individual well a percentage of baseline. The percent of baseline values of the same 

treatment condition were averaged together and the averages are shown above (n=6 

wells/condition). Error bars are + S.D. 
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3.2: Oxygen-Glucose Deprivation-Reperfusion Experiments  

3.2.1: BV-2 Cells 

After confirming that the experimental paradigm can detect ROS, BV-2 cells were 

subjected to 24 h oxygen glucose deprivation (OGD) and their production of ROS was 

detected via DCF fluorescence for the first 3 h of reperfusion. Cells subjected to OGD-

reperfusion showed significantly (p<0.05) higher DCF fluorescence than normoxia-

normoglycemia (control) cells, starting at 10 min after reperfusion (Fig. 14). NAC 

treatment (5mM) for 1 h or 24 h abrogated DCF fluorescence for both conditions, 

confirming that ROS were the cause of the increase in fluorescence that occurred, and 

showing that NAC is an effective inhibitor of endogenous ROS production. The kinetics 

of DCF fluorescence increase appear very similar to what was seen with acute H2O2 

application (as in Fig. 12). The amount of DCF fluorescence is dependent upon the 

number of cells within each well. Therefore, following reperfusion, cells were observed 

under light microscope to examine differences in cell density. When viewing the cells 

subjected to OGD-reperfusion, there were substantially fewer cells than seen in the 

control conditions. No differences in cell density were observed within the conditions of 

the OGD-reperfusion or control plates. Even with much fewer cells, the OGD-reperfusion 

condition produced more ROS than normoxia-normoglycemia controls. A high amount of 

cells along with the volatile, constitutively-activated nature of the BV-2 cell line likely 

contributed to the high amount of ROS production that is seen in data collected from the 

“Control” condition. 
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Figure 14: BV-2 cells were subjected to OGD-reperfusion (labeled OGD) or  

equivalent periods of normoxia-normoglycemia (labeled control). DCFH2 was 

oxidized to DCF to a significantly greater extent in the OGD-reperfusion condition, 

suggesting higher amounts of ROS are produced in these cells. No significant 

differences between any NAC-treated conditions. Error bars are + S.D. (n= 6 

wells/condition). 

 

3.2.2: Primary Microglia 

The results from BV-2 cells were recapitulated in primary microglia. Cells 

subjected to OGD-reperfusion showed a significantly higher amount of ROS production 

during reperfusion, beginning at 20 min of reperfusion (Fig. 15). All ROS were inhibited 
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Figure 15: In primary microglia, OGD-reperfusion elicits a significantly higher 

amount of ROS production than normoxia-normoglycemia, beginning at 20 min of 

reperfusion (p< 0.05). NAC treatment for 24 h abrogates ROS production; there is 

no significant difference between OGD-reperfusion and control conditions treated 

with NAC. N=6 wells/condition. Error bars + S.D. 

 

 by 24 h NAC treatment. Because ROS are known to be downstream of p53, we 

investigated if the presence of p53 influenced the amount of ROS production. Wild-type 

and p53KO cells showed no significant differences in ROS production for OGD-

reperfusion or control conditions, and the effects of NAC were not genotype-dependent 

(Fig. 16). Cells treated with NAC and DCFH2 showed fluorescence values very similar to 

cells not exposed to DCFH2 (data not shown for clarity), representing suppression of 

DCFH2 oxidation—and presumably ROS production--by NAC. 
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Figure 16: Deficiency in p53 does not affect the production of ROS following OGD-

reperfusion (top) or normoxia-normoglycemia-reperfusion (bottom), nor does it 

affect the ability of NAC to inhibit ROS (n=6 wells/condition, p> 0.05). 
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Figure 17: The data shown in Fig 15 and 16 are shown here at 90 min after 

reperfusion to highlight differences between groups. There is a statistically 

significant difference between OGD and normoxia-normoglycemia-treated cells 

(marked by #). Pre-treatment with 5mM NAC for 24h significantly suppressed DCF 

fluorescence in all conditions (p < 0.05). p53 knockout (p53KO) cells showed no 

significant differences from their wild-type counterparts. N=6 wells/condition, error 

bars are +  S.D.  

 

In order to investigate why DCF fluorescence stopped increasing at approximately 

60 min, one half of the wells for each condition was treated with 500 µM H2O2 after 180 

min of reperfusion. After 1h, H2O2 -treated cells showed a noticeable but statistically 

insignificant increase in fluorescence while nontreated cells did not (Fig. 18). This 
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suggests that the cessation of DCF fluorescence increase occurred because ROS are no 

longer being produced, and not that all DCFH2 had been oxidized to DCF. 

Following reperfusion and treatment with H2O2, cells were viewed under the light 

microscope. Unlike in BV-2 cells, there were no observable differences in cell density 

between any of the conditions. Besides obvious H2O2-induced damage to cells, there 

were no other  detectable differences in morphology between any of the groups. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Following 150 min of reperfusion, one half of the wells shown in Fig 15-

17 were treated with 500 µM H2O2. There is a visible, but statistically insignificant 

increase in fluorescence only in cells treated with H2O2 (n=3, p> 0.05). Error bars + 

S.D. 
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3.3: Effects of ROS on Transcription of IL-1Beta and MARCO 

3.3.1: Qualitative Observations of Cells Prior to RNA Extraction 

The OGD-reperfusion experimental paradigm utilized in this study had been 

previously shown to elicit increases in transcription of pro-inflammatory cytokines 

(Weinstein, et al. 2010), but the role of ROS was not investigated. Therefore, we next 

investigated the effects that ROS generated in our OGD-reperfusion paradigm might have 

on pro-inflammatory gene transcription. Cells were subjected to the same OGD paradigm 

as in DCF assays, but with a 24 h reperfusion period. When viewed under the light 

microscope, the normoxia-normoglycemia condition showed ramified, elongated 

processes throughout the entire experiment.  The OGD cells were elongated and ramified 

after OGD and before reperfusion, indicating that OGD did not elicit microglial 

activation. However, after 24h reperfusion, cells adopted an amoeboid phenotype with 

stout processes and enlarged cell bodies, indicating activation of these microglia. Fewer 

cells were adhered to the culture dish than cells in the normoxia-normoglycemia 

condition, and OGD-reperfusion dishes had clusters of unidentified floating detritus. In 

contrast, OGD-reperfusion cells treated with NAC showed the same morphology as 

controls. Thus, in these culture dishes, the amount of ROS exposure affected the 

morphology of the microglia.  

 

3.3.2: qPCR Reactions 

To validate the qPCR construct, cDNA from a positive control, BV-2 cells treated 

with LPS for 24 h, was reacted with probes for TATA-binding protein (TBP) the 

housekeeping gene and our genes of interest (IL-1Beta and MARCO). These genes were 
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chosen because they are well-known markers of M1 activation, and have been shown to 

be transcribed in a p53-dependent manner in microglia exposed to LPS and IFN-gamma, 

which will be relevant for future studies (Jayadev, et al. 2011). As seen in Fig. 19, the 

threshold cycle (CT) value was responsive to the amount of cDNA present in the reaction 

well (R
2
>0.99). Our qPCR construct was able to effectively discern differences in gene 

expression levels for all of our genes studied, and differences in gene expression did not 

appear to be due to artifacts of the qPCR reaction. 

 

Figure 19: The average threshold cycle (CT) value (n=2 per dilution) for each 

dilution of positive control cDNA was plotted against the log10 of the BV-2 cDNA 

dilution factor. These data show that for each gene of interest, the qPCR output is 

logarithmically proportional to the amount of gene transcript present in the 

reaction well, as is expected for qPCR reactions. Please see Appendix for slopes. 

 

The increases in gene expression relative to the normoxia-normoglycemia 

condition (control) show that OGD-reperfusion induced a 1521-fold average increase in 

IL1-Beta transcript, with a range of 244 fold (control CT =28.2). When treated with 5mM 
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NAC just prior to OGD, IL-1Beta transcript was markedly reduced to 6.4 fold above 

normoxia-normoglycemia controls (range = 3.0 fold). The normoxia-normoglycemia 

condition treated with NAC showed an average 1.6 fold increase over control (range= 0.3 

fold). All OGD-reperfusion conditions therefore showed an increase in IL-1Beta gene 

transcription that extended beyond the statistical range of the control (0.5 fold), but the 

range of the normoxia-normoglycemia with NAC condition overlapped with the range of 

the control indicating that NAC did not itself have an effect on gene transcription (Fig. 

20). 

 

Figure 20: IL-1Beta transcript averages (n=3) relative to normoxia-normoglycemia 

control. The OGD-reperfusion without NAC condition is not shown here because its 

transcript levels were at approximately 1500 fold above control. The top of the error 

bar represents the maximum fold change expected using the experimental CT 

values, and the bottom of the error bar represents the minimum expected value.  

Average gene expression differences of another M1 activation marker, 
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IL-1Beta, but with much less robust differences between conditions. Additionally, the CT 

values obtained were fairly scattered, leading to the large ranges seen in Figure 21. 

 Because gene expression values are relative to the control, perhaps the large 

range of the control values overshadowed a more substantial difference that might exist 

between cells subjected to OGD-reperfusion with and without NAC. Relative to OGD-

reperfusion with NAC, OGD-reperfusion without NAC showed a fold increase average of 

2.7 with a range of 0.8 to 5.5, indicating that the variability of CT values is too high to 

declare that NAC inhibits transcription of MARCO. 

 

Figure 21: MARCO transcript averages (n=3) relative to normoxia-normoglycemia 

control MARCO expression. The top of the error bar represents the maximum fold 

change calculable using the experimental CT values, and the bottom of the error bar 

represents the minimum value. The ranges overlap when comparing the control to 

all conditions.The averages do show the same trends as what was observed for IL-

1Beta, however. 
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Chapter 4: Discussion 

4.1: Restatement of Goals and Findings 

The goal of this thesis was to determine if ROS contribute to pro-inflammatory 

transcriptional changes in microglia subjected to oxygen-glucose deprivation (OGD) with 

reperfusion. A component of this goal was to discern if ROS are possibly upstream 

and/or downstream of the activation of p53 that was previously observed in an identical 

experimental paradigm (Fig. 8). The results of this study show that OGD with reperfusion 

increased DCF fluorescence ~30% more than did normoxia-normoglycemia controls in 

BV-2 cells (Fig. 14) and primary microglia (Fig. 17). These increases in DCF 

fluorescence were abrogated by incubation of cells with NAC, an established ROS 

scavenger, confirming that production of ROS was reponsible for increases in DCF 

fluorescence. p53KO and wild-type microglia showed no significant difference in ROS 

production in response to OGD-reperfusion, indicating that ROS are likely not 

downstream of p53 action in this paradigm. Finally, it was shown that ROS induced by 

OGD-reperfusion were largely responsible for a substantial (~1500 fold) increase in 

transcription of the pro-inflammatory cytokine IL-1Beta (Fig. 20). These findings give 

credence to the hypothesis that ROS generated by OGD-reperfusion activate p53, which 

then promotes transcription of pro-inflammatory genes in microglia. 

 

4.2: Direct Evidence of ROS Production in Microglia Following OGD-Reperfusion 

Our finding that OGD-reperfusion in microglia elicits a burst of ROS is in 

accordance with a corpus of literature that has established ischemia-reperfusion as an 

inducer of a temporary burst of ROS in the brain (Peters, et al. 1998).  Spranger, et al. 
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(1998) incubated microglia in hypoxia for 24 h without hypoglycemia, and found that 

reperfusion was necessary for a burst of ROS from cultured microglia. However, in their 

paradigm, microglia in all conditions were stimulated with phorbol-12 myristate 13-

acetate (PMA), an activator of the superoxide-generating enzyme NADPH oxidase 

(Spranger, et al. 1998). Their results do not show the effects of hypoxia-reoxygenation 

without PMA stimulation. Additionally, hypoglycemia in combination with hypoxia has 

vastly different effects on microglia than hypoxia alone (Lyons & Kettenmann, 1998, 

described below). Thus, our finding that OGD-reperfusion produces ROS is corroborated 

by findings from Spranger, et al. (1998), but consideration must be given to the 

differences in experimental paradigms.  

There is other evidence that hypoxia-reoxygenation induces ROS production in 

microglia, though ROS were never directly detected in these studies. Following 4h 

hypoxia and 24 h reoxygenation, Lai and Todd (2006) observed substantial increases in 

microglial activation and production of inducible nitric oxide synthase (iNOS) and IL-

1Beta. There are two lines of evidence that implicate ROS in this observed response: 

iNOS and IL-1Beta are known to be downstream of ROS (Roy, et al. 2008; Cheret, et al. 

2008), and the application of phenolic radical scavengers abrogated the increases in 

expression that were induced by hypoxia-reoxygenation (Lai & Todd 2006; Kraus, et al. 

2005).  In another study, upregulation of FasL, ligand to the Fas death receptor, was 

observed following both hypoxia-reoxygenation and application of H2O2, implicating 

ROS as the mediating factor in the induction of FasL by hypoxia-reoxygenation (Vogt, et 

al. 1998). It is unknown if the combination of hypoglycemia and hypoxia will affect ROS 

differently than hypoxia alone. This uncertainty again makes it difficult to interpret the 
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results of this thesis in terms of previous work, especially considering the vastly different 

effects between hypoxia alone and hypoxia with hypoglycemia. One study observed little 

cell death in microglia exposed to 6h or 42h hypoxia (0.3%) with reperfusion, but over 

80% of microglia died when glucose was replaced by 2-deoxyglucose during 6h of 

hypoxia (Lyons & Kettenmann, 1998). Interestingly, when mannitol was used as a 

replacement for glucose rather than 2-deoxyglucose, approximately only 50% of cells 

died during this insult (Lyons & Kettenmann, 1998). The authors attribute this increased 

survival to the radical-scavenging ability of mannitol, suggesting that the combination of 

hypoxia with aglycemia is more likely to produce cytotoxic ROS than hypoxia alone 

(Lyons & Kettenmann, 1998). Our paradigm did not produce cell death during hypoxia 

and hypoglycemia, possibly because both the hypoxic and hypoglycemic insults were less 

severe in our experimental paradigm as compared to that of Lyons and Kettenmann 

(1998). However, we did observe that OGD with reperfusion elicited cell death in culture 

dishes, and that this was inhibitable by NAC, recapitulating aspects of the Lyons and 

Kettenmann study (1998). 

 

4.3: ROS Influenced Gene Transcription Greatly  

The increase in ROS production that we observed following OGD-reperfusion 

was followed by an approximately 1500-fold increase in the transcription of IL-1Beta, 

which was greatly inhibited by incubation with NAC. This result suggests that ROS are 

vital in the upregulation of pro-inflammatory factors in ischemia-reperfusion. Our results 

therefore highlight the two-pronged mechanism by which microglial ROS can be harmful 

to surrounding cells: ROS generated by microglia can directly damage nearby cells via 
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peroxidation of lipid membranes or other mechanisms, and ROS can promote 

transcription of pro-inflammatory cytokines.  

The direct cytotoxic action of ROS is illustrated by the lipid peroxidation and 

oxidative DNA damage that were observed following ischemia-reperfusion, both of 

which were prevented with a phagocytic NADPH oxidase (PHOX) inhibitor (Wang, et al. 

2006; Chen, et al. 2009). Indirect cytotoxicity of ROS is exemplified by PHOX-

dependent upregulation of IL-1Beta and a number of other pro-inflammatory cytokines 

and chemokines such as intercellular adhesion molecule-1 (Genovese, et al. 2011; Chen, 

et al. 2011; Chen, et al. 2009). Because PHOX is more highly expressed in microglia than 

other brain cell types (Kahles, et al. 2010), it can be inferred that it is microglial PHOX, 

and therefore microglial ROS, that are predominately responsible for the increase in 

oxidative damage and pro-inflammatory transcription. However, some of the effects of 

PHOX inhibition or gene knockout could be due to events occurring in astrocytes or 

peripheral immune cells that infiltrated the brain (Green, et al. 2001).  A study in BV-2 

cultures provides microglia-specific data that also link ROS, pro-inflammatory cytokine 

transcription, and cytotoxicity. Hur, et al. (2010) found that chemical simulation of 

ischemia elicited increases in ROS, iNOS, and IL-1Beta production in BV-2 cells. 

Extensive neuron death was observed when cultured neurons were incubated with the 

media in which the BV-2 cells underwent ischemia (Hur, et al. 2010). Small inhibitory 

RNA (siRNA) knockdown of PHOX abrogated the neurotoxicity of the microglia-

conditioned media (Hur, et al. 2010). This result suggests that PHOX-induced ROS  

during ischemia were responsible for the neurotoxicity of ischemia-treated microglia. 
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However, Hur, et al. (2010) did not prove that ROS or cytokine production were reduced 

following siRNA knockdown.  

This thesis contributes to the literature described above by directly showing for 

the first time that primary microglia produce ROS in a model of ischemia-reperfusion, 

and that this ROS production can be critical for transcription of pro-inflammatory genes. 

This study therefore strengthens the possibility of a two-pronged mechanism by which 

ROS can contribute to cytotoxic actions of microglia in ischemia-reperfusion. However, 

this study does not provide evidence that ROS or ROS-induced changes in transcription 

that we observed following OGD-reperfusion are cytotoxic to neighboring cells. It would 

be of great interest to investigate the effects of NAC pre-treatment on the neurotoxicity of 

the media in which microglia were subjected to OGD-reperfusion.  

 

4.4: Attempting to Localize the Source of Detected ROS 

The production of both intracellular and extracellular ROS is central to the idea of 

a two-pronged mechanism of microglia-mediated neurotoxicity. Extracellular ROS would 

directly damage nearby cells, while intracellular ROS signaling would promote 

transcription of pro-inflammatory factors (Chen, et al. 2011). Our ROS detection 

paradigm operates on intracellular DCF, but this does not ensure that ROS is produced 

intracellularly. Indeed, Fig. 11 shows that application of H2O2 elicited an increase in DCF 

fluorescence, indicating that extracellular sources of ROS will be detected by this 

intracellular probe. Although DCF fluorescence was not specific to extra- or intra-cellular 

sources of ROS, the antioxidant NAC provides evidence that OGD-reperfusion elicited 

intracellular ROS. Incubation of NAC for 24 h did not reduce fluorescence induced by 
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exogenous H2O2, suggesting that NAC incubation does not reduce DCF fluorescence 

caused by extracellular ROS. Incubation with NAC, which must be intracellular because 

of cell media changes, did reduce fluorescence induced by OGD-reperfusion, implicating 

an intracellular mechanism of ROS production. However, several other studies have 

investigated ROS production with intracellular probes like DCF in activated microglia, 

and have found that application of extracellular ROS scavengers greatly reduced the 

downstream effects of ROS (Roy, et al. 2008; Pawate, et al. 2004). Our data support 

intracelluar ROS production, but there is only suggestive evidence to exclude 

extracellular sources.  

Mitochondria are widely implicated as an intracellular source of ROS following 

ischemia-reperfusion (Piantadosi & Zhang 1996; Chan 2001). One study showed that 

treating microglia with the hypoximimetic drug sodium azide increased mitochondrial 

ROS production, but literature is otherwise scarce (Park, et al. 1999). Given that drastic 

changes in intracellular Ca
2+

 occur in microglia following hypoxia-reoxygenation 

(Spranger, et al. 1998), and that Ca
2+ 

initiates mitochondrial ROS in ischemia of other 

cell types (Dong, et al. 2006), one might expect mitochondrial ROS to contribute to the 

intracellular ROS that we observed following OGD-reperfusion. Our finding that p53KO 

mice elicited similar amounts of ROS as did wild-type cells somewhat discourages the 

possibility that the ROS we observed are derived from mitochondria. P53 negatively 

regulates mitochondrial SOD (Holley, et al. 2010), promotes ROS formation by protein-

protein interactions at the mitochondrial membrane (Endo, et al. 2006), and transcribes 

proteins that promote ROS at the mitochondrial membrane (Culmsee & Mattson, 2005). 

In light of our findings in p53KO microglia, and the numerous studies that implicate 
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different forms of NADPH oxidase in ischemia-induced ROS and inflammation 

(Spranger, et al. 1998; Chen, et al. 2009, 2011; Hur, et al. 2010), it seems most plausible 

that the ROS we observed were derived from the NADPH oxidase enzyme. Studies using 

NADPH-oxidase or mitochondria-specific inhibitors would greatly help in elucidating the 

source of ROS in microglia following OGD-reperfusion. Knowing the source of ROS in 

microglia would enable therapies to be designed that could abrogate the harmful direct 

and indirect effects of ROS signaling in microglia. This is clinically critical because 

NADPH oxidase is a critical mediator of vasodilation in cerebral arteries, and a non-cell-

specific inhibition of NADPH oxidase could have detrimental effects on stroke outcome 

(Paravicini, et al. 2004). 

 

4.5: Qualitative Observations about OGD-Reperfusion Effects on Morphology 

Qualitative observations are in support of our quantiative results. Incubating cells 

with NAC during OGD prevented the widespread activation of microglia that occurred 

after reperfusion, suggesting that it is the formation of ROS that leads to microglial 

activation in this paradigm. Changes in microglial activation were only observable in 

response to OGD-reperfusion when cells were cultured in a 35 mm culture dish, and not 

in a 96 well plate. This is possibly because cells in the 35 mm dish were plated at 1.6x 

higher density than in the 96-well plate (for the sake of extracting sufficient amounts of 

RNA), and the effects of pro-inflammatory intercellular signalling were magnified as a 

result. The higher cell density in 35 mm culture dishes as compared to 96 well plates may 

also help to explain how a seemingly minor ~ 30% increase in ROS production following 

OGD-reperfusion elicited a ~1500-fold increase in IL-1Beta gene transcription in the 



68 
 

present study. In light of previous studies, it is very plausible that an increase in cell 

density is responsible for amplifying microglial activation. Through cytokine signaling 

and the release of ROS, activated microglia are known to promote activation of nearby 

microglia, causing a positive feedback loop that amounts to widespread activation (Block 

and Hong, 2005). Results in our study provide evidence of ROS and IL-1Beta production 

in microglia exposed to OGD-reperfusion, supporting the possibility that a positive 

feedback loop of microglial activation exists in our cell cultures. With a higher density of 

cells, the effects of such a pro-inflammatory cascade are expected to be amplified 

because this will equate to a higher concentration of activating signals such as ROS or 

IL-1Beta. Thus, differences in cell density might explain how a minor increase in ROS 

production could plausibly lead to a 1500-fold increase in transcription of IL-1Beta. Cell 

density differences may also explain why very distinct, NAC-inhibitable morphological 

differences were only observed in microglia subjected to OGD-reperfusion in 35 mm 

dishes, and not in 96-well plates.  

 

4.6: Support for ROS as Initiators of a Pro-Inflammatory Response 

The drastic effects of NAC on morphology and IL-1Beta transcription following 

OGD-reperfusion (Fig. 20) are in accordance with the hypothesis that ROS are initiators 

of pro-inflammatory microglial activation (Block and Hong, 2005; Block, et al. 2007).  

There is a cadre of supporting evidence for this hypothesis in other stimulation 

paradigms. The production of ROS was the first detectable event after stimulating 

microglia with LPS, IFNγ, or Aβ and was followed by ROS-dependent transcription of 

pro-inflammatory cytokines and subsequent neurotoxicity (Qin, et al. 2004; Gao, et al. 
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2002; Pawate, et al. 2004; Kang, et al. 2001). By inhibiting ROS in these studies, 

microglial activation was greatly suppressed, as was transcription of pro-inflammatory 

cytokines such as IL-1Beta and TNF-α (Kang, et al. 2001; Pawate, et al. 2004). 

Considering that these cytokines are important signals for activating nearby microglia, 

one could assert that inhibiting ROS will prevent the positive feedback loop of microglial 

activation from ever occurring, and a severe reduction in pro-inflammatory activity is 

expected. The drastic effects we observed following incubation with NAC corroborate 

these previous studies and extend the role of ROS as an initiator of microglial activation 

to the context of ischemia-reperfusion. 

 

4.7: Quantitative Differences between In Vitro and In Vivo 

Results of ischemia-reperfusion in vivo are qualitatively similar to those of this 

thesis, but the studies presented here are quantitatively very different. After 60 min 

MCAO, and 1 d of reperfusion, IL-1Beta transcription was increased by 20-fold in MCA 

territory; PHOX-KO mice showed an 8-fold increase (Chen, et al. 2011). Our study 

showed an approximately 1500-fold increase in IL-1Beta transcription, brought to about 

6 fold when cells were incubated with NAC (Fig. 20). Firstly, more biological replicates 

are needed to confirm these drastic changes, but even the lowest of three values we 

attained showed over a 1200-fold increase in transcription. If this finding is indeed 

replicated in our paradigm, then the greater severity of the insult in our paradigm may be 

responsible for the large differences between our results and those found in vivo. MCAO 

was found to bring O2 in the ischemic core down to about 4 % of pre-ischemic values, 

rising to near pre-ischemic levels upon reperfusion (Liu, et al. 2004). Our paradigm 
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utilized 1% partial pressure O2 for hypoxia, which is also about 4% of the pre-ischemic 

value (21%, atmospheric). Glucose levels have been shown to decrease by a factor of 10 

during ischemia in vivo (Langemann, et al. 1995), but our paradigm reduced glucose 

levels by a factor of 100. The greater effects of NAC on IL-1Beta transcription in our 

paradigm, as compared to those seen by knocking out PHOX, are likely a result of the 

total abrogation of ROS by NAC that we observed, whereas knocking out PHOX allows 

ROS production from other sources (Chen, et al. 2011). Another likely contributor to the 

inflated effects of OGD-reperfusion that we observed is the greater density of microglia 

in culture than what is seen in vivo (Gwenn Garden, personal communication). 

Additionally, our cultures did not contain neurons or astrocytes, cell types that are known 

to inhibit pro-inflammatory signaling (Block, et al. 2007). Thus, our in vitro paradigm is 

somewhat of clinical relevance in that it simulates the lack of oxygen and glucose that 

would be experienced by microglia in the ischemic core in vivo. Future attempts should 

be made to model the penumbra in culture, where microglia mostly accumulate in stroke 

patients (Price, et al. 2006). The lack of other cell types in culture, the high microglial 

density, and the severe insult likely conspire to amplify effects that are qualitatively 

similar in vivo (Chen, et al. 2011).  

 

4.8: Equivocal Results about MARCO Transcription 

Although we saw an unequivocal increase in the transcription of IL-1Beta, our 

qPCR results were less definitive about MARCO (Fig. 21). MARCO is an inducible cell 

surface scavenger receptor that detects invading pathogens (Milne, et al. 2005). MARCO 

initiates differentiation of microglia into antigen-presenting cells and is therefore a 



71 
 

marker of a pro-inflammatory response (Milne, et al. 2005). Interestingly, although qPCR 

detected that MARCO mRNA is upregulated in response to 24 h permanent MCAO, 

transient MCAO of shorter duration followed by reperfusion showed no induction of 

MARCO mRNA (Milne, et al. 2005). In our study, qPCR reactions conducted in 

triplicate showed increases in average MARCO gene expression following OGD-

reperfusion and OGD-reperfusion with NAC as compared to normoxia-normoglycemia 

controls (Fig. 22). This shows the same trend as IL-1Beta, and is in accordance with 

previous findings showing that ischemia induces MARCO mRNA production (Milne, et 

al. 2005). However, the threshold cycle values produced by the qPCR reactions were 

inconsistent, and the validity of these results is questionable. The poor precision suggests 

experimental errors rather than a lack of MARCO induction following OGD-reperfusion. 

 

4.9: Implications for p53  

Garden, et al. showed that transcriptional activity of p53 is increased following 

OGD-reperfusion, but not OGD alone (Fig. 8, unpublished results). The work of this 

thesis showed that ROS are produced following OGD-reperfusion, and that p53 is not 

required for this increase in ROS production (Fig. 17). These findings together support 

the hypothesis that ROS are the cause of the observed p53 induction. However, Hur, et al. 

(2010) found an increase in ROS production during chemically-simulated ischemia in 

microglia, without the requirement for reperfusion. If the increase in p53 activity is to be 

attributed to microglial ROS, it is a wonder why p53 activity was not also increased 

during OGD, given the findings by Hur, et al (2010). Other studies in whole brain have 

also found increased ROS production during ischemia without reperfusion (Peters, et al. 
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1998; Fabian, et al. 1995; Solenski, et al. 1997). Additionally, hypoxia without 

reoxygenation has been shown to elicit p53 accumulation in neuron cultures (Banasiak & 

Haddad, 1998), and MCAO without reperfusion revealed a p53-dependent mode of cell 

death (Crumrine, et al., 1994). Because p53 activity is highly specific to the extent of 

oxidative stress, it is possible that, in our paradigm, a threshold of oxidative stress was 

not reached until after reperfusion. In response to mild oxidative stress, p53 will 

transcribe stress response genes that assist in protecting against damage; severe insults 

instead elicit transcription of pro-oxidants Bax and PUMA (Sablina, et al. 2005). The 

reporter assay that revealed p53 transactivation following our OGD-reperfusion paradigm 

utilizes a promoter for PUMA to drive transcription of luciferase, indicating that the 

assay is only capable of detecting p53 transcription of high-stress genes. However, if p53 

transcribed antioxidant enzymes as in Sablina, et al. (2005),  one would expect an 

increase in ROS production in p53KO cells, which we did not find (Fig. 17). Thus, 

because of the pro- or anti-oxidant roles that p53 plays in controlling oxidative stress, one 

might have expected either higher or lower ROS produced by p53KO cells if p53 had 

accumulated in wild-type cells by the end of OGD. Our finding that ROS production did 

not depend on the presence of p53 supports the idea that p53 is not present at significant 

levels during OGD, and that reperfusion is required for its activation. Because p53 plays 

a significant role in classical microglial activation and therefore neurotoxicity (Garden, et 

al. 2004; Jayadev, et al. 2011), future studies should be conducted to elucidate the 

mechanisms responsible for p53 activation in microglia. In proving that ROS activate p53 

in microglia, it would be helpful to show that our paradigm of OGD alone does not 

produce as much ROS as OGD-reperfusion, but for our assay this would require a 
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hypoxic environment in the fluorescence microplate reader. Future studies should also 

investigate ROS levels after reperfusion, when p53 is known to have accumulated in 

microglia (Fig. 8), to test if ROS are downstream of p53 activity. It would be interesting 

to see if p53 generate ROS that serve to sustain p53 activation and pro-inflammatory 

action. 

The increase in ROS, p53 transcriptional activity, and pro-inflammatory 

transcription following OGD-reperfusion lead to the attractive hypothesis that p53 is 

involved in the neurotoxic inflammatory response commonly observed following stroke. 

This hypothesis is strengthened by previous studies. It was found that p53 was required 

for the upregulation of IL-1Beta and MARCO following stimulation with IFNγ, and that 

p53KO mice showed enhanced alternative activation of microglia following IFNγ and 

MCAO (Jayadev, et al. 2011). Another study showed significant neurological 

improvements in rats treated with a p53-specific inhibitor 6-9 days after the start of 

reperfusion (Luo, et al. 2009). The authors attributed this improvement to an increase in 

neurogenesis in the p53-inhibited condition (Luo, et al. 2009). Considering that 

neurogenesis is believed to be hindered by classically activated microglia, but promoted 

by alternatively activated microglia (Ekdahl, et al. 2009), the inhibition of p53 may have 

inhibited pro-inflammatory microglial activity, decreasing inflammation and offering a 

facilitative environment for neurogenesis (Luo, et al. 2009).  Many other studies have 

found protective benefits of p53 inhibition or knockout, but none have investigated the 

contribution made by microglial p53 to ischemia-induced damage (Culmsee, et al. 2001; 

Crumrine, et al. 1994; Endo, et al. 2006; Leker, et al. 2004). These studies typically show 

a reduction in neuronal apoptosis resulting from p53 inhibition, but inflammatory 



74 
 

cytokines like IL-1Beta have been shown to promote apoptosis in neurons (Holmin & 

Mathiesen, 2000). This means that the inhibition of p53 during stroke can reduce 

extrinsic apoptosis by reducing inflammation and activation of death receptors, and p53 

inhibition can inhibit intrinsic apoptosis because of the actions of p53 at the 

mitochondrial membrane. The work presented in this thesis is therefore consistent with 

findings from previous studies that show p53 exacerbates ischemia-reperfusion injury, 

though the role of p53 in microglia in ischemia-reperfusion has not been specifically 

investigated. Results presented here provide clues for a mechanism of microglia-

mediated neuroprotection following p53 inhibition, but it is still unclear exactly how to 

connect the increases in ROS, p53 activity, and transcription of pro-inflammatory genes 

that we observed. 

 

4.10: Conclusion 

Although many studies reference microglial capacity for ROS production in the 

context of ischemia-reperfusion brain injury, there has been very little direct evidence 

that ischemia-reperfusion causes an increase in ROS production in microglia. This thesis 

directly showed that microglia do indeed increase their production of ROS following an 

in vitro paradigm of ischemia-reperfusion named oxygen-glucose deprivation-reperfusion 

(Fig. 17). The detected ROS were intracellular, but the sources of ROS remain to be 

elucidated. These intracellular ROS had downstream effects on pro-inflammatory gene 

transcription, eliciting an approximately 1500-fold increase above normoxia-

normoglycemia controls in IL-1Beta gene expression, as determined by qPCR. Inhibiting 

ROS with the radical scavenger NAC reduced IL-1Beta transcription to approximately 6 



75 
 

fold, providing further evidence that ROS were responsible for the increase in IL-1Beta 

transcript observed. Gene expression of MARCO showed similar trends, but these 

experiments must be replicated before making conclusions on the effects of OGD-

reperfusion on MARCO transcription (Fig. 21). Thus, this study provides evidence that 

the ROS produced by OGD-reperfusion can create a cytotoxic environment through 

direct action as highly reactive oxidants, and through indirect action as inducers of pro-

inflammatory transcription. 

P53 is a critical mediator of the pro-inflammatory phenotype in microglia 

(Garden, et al. 2004; Jayadev, et al. 2011). It was recently found that reperfusion was 

required  for an increase in transcriptional activity following OGD, suggesting ROS to be 

important in microglial p53 activation (Garden, et al. unpublished results). This thesis 

showed that the same paradigm of OGD-reperfusion elicited an increase in ROS, 

providing support for the possibility that ROS activated p53. Additionally, p53KO 

microglia produced similar ROS to wild-type microglia, somewhat supporting the claim 

that p53 is silent shortly following OGD (Fig. 17). Our qPCR results also support the 

hypothesis that ROS are responsible for the increase in p53 activity. The upregulation of 

IL-1Beta and MARCO transcripts in microglia is known to require p53 in response to 

IFNγ (Jayadev, et al. 2011). This thesis therefore provides indirect evidence in favor of 

the hypothesis that ROS upregulate p53 following OGD-reperfusion, pushing microglia 

towards a pro-inflammatory phenotype. To prove the involvement of ROS in microglial 

p53 activity would be of great clinical relevance for ischemia-induced brain injury, which 

is known to have an important inflammatory component (Dirnagl, et al. 1999). 

 



76 
 

References 

1. Abraham H, Lazar G (2000) Early microglial reaction following mild forebrain ischemia 

in common carotid artery occlusion in rats. Brain Res 862:63-73. 

2. Abraham H, Losonczy A, Czeh G, Lazar G (2001) Rapid activation of microglial cells by 

hypoxia, kainic acid, and potassium ions in slice preparations of the rat hippocampus. 

Brain Res 906:115-126. 

3. Abramov AY, Scorziello A, Duchen MR (2007) Three distinct mechanisms generate 

oxygen free radicals in neurons and contribute to cell death during anoxia and 

reoxygenation. J Neurosci 27:1129-1138. 

4. Achanta G, Huang P (2004) Role of p53 in sensing oxidative DNA damage in response to 

reactive oxygen species-generating agents. Cancer Res 64:6233-6239. 

5. Allan SM, Rothwell NJ (2001) Cytokines and acute neurodegeneration. Nat Rev 

Neurosci 2:734-744. 

6. Amundson SA, Myers TG, Fornace AJ Jr. (1998) Roles for p53 in growth arrest and 

apoptosis: putting on the brakes after genotoxic stress. Oncogene 17:3287-3299. 

7. Ashcroft M, Taya Y, Vousden KH (2000) Stress signals utilize multiple pathways to 

stabilize p53. Mol Cell Biol 20:3224-3333. 

8. Ayoub AE, Salm AK (2003) Increased morphological diversity of microglia in the 

activated hypothalamic supraoptic nucleus. J Neurosci 23:7759-7766. 

9. Azevedo FAC, Carvalho LRB, Grinberg LT, Marcelo Farfel J, Ferretti REL, Leite REP, 

Filho WJ, Lent R, Herculano-Houzel S (2009) Equal numbers of neuronal and 

nonneuronal cells make the human brain an isometrically scaled-up primate brain. J 

Comp Neurol. 513:532–541. 

 



77 
 

10. Banasiak KJ, Haddad GG (1998) Hypoxia-induced apoptosis: effect of hypoxic severity 

and role of p53 in neuronal cell death. Brain Res 797:295-305. 

11. Banks MF, Stipanuk MH (1994) The utilization of N-acetylcysteine and 2-

oxothiazolidine-4-carboxylate by rat hepatocytes is limited by their rate of uptake and 

conversion to cysteine. J. Nutr. 124: 378-387 

12. Bano D, Nicotera P (2007) Ca
2+

 signals and neuronal death in brain ischemia. Stroke 

38:674-676. 

13. Barone FC, Arvin B, White RF, Miller A, Webb CL, Willette RN, Lysko PG, Feuerstein 

GZ (1997) Tumor necrosis factor-alpha. A mediator of focal ischemic brain injury. 

Stroke 28:1233-1244. 

14. Benardino L, Xapelli S, Silva AP, Jakobsen B, Poulsen FR, Oliveira CR, Vezzani A, 

Malva JO, Zimmer J (2005) Modulator effects of interleukin-1beta and tumor necrosis 

factor-alpha on AMPA-induced excitotoxicity in mouse organotypic hippocampal slice 

cultures. J Neurosci 25:6734-6744. 

15. Benrahmoune M, Therond P, Abedinzadeh Z (2000) The reaction of superoxide radical 

with N-acetylcysteine. Free Rad Biol Med 29:775-782. 

16. Bernstein AI, Garrison SP, Zambetti GP, O’Malley KL (2011) 6-OHDA generated ROS 

induces DNA damage and p53- and PUMA-dependent cell death. Mol Neurodegener 6:2 

17. Bevers MB, Neumar RW (2008) Mechanistic role of calpains in postischemic 

neurodegeneration. J Cereb Blood Flow Metab 28:655-673.  

18. Bhat RV, DiRocco R, Marcy VR, Flood DG, Zhu Y, Dobrzanski P, Siman R, Scott R, 

Contreras PC, Miller M (1996) Increased expression of IL-1beta converting enzyme in 

hippocampus after ischemia: selective localization in microglia. J Neurosci 16:4146-

4154. 



78 
 

19. Bilski P, Belanger AG, Chignell CF (2002) Photosensitized oxidation of 2’,7’-

dichlorofluorescin: singlet oxygen does not contribute to the formation of fluorescent 

oxidation product 2’,7’-dichlorofluorescein. Free Radic Biol Med 33:938-946. 

20. Biswas SC, Ryu E, Park C, Malagelada C, Greene LA (2005) Puma and p53 play 

required roles in death evoked in a cellular model of Parkinson disease. Neurochem Res 

30:839-845. 

21. Block ML, Hong JS (2005) Microglia and inflammation-mediated neurodegeneration: 

multiple triggers with a common mechanism. Prog Neurobiol 76:77-98. 

22. Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: uncovering the 

molecular mechanisms. Nat Rev Neurosci 8:57-69. 

23. Bonini MG, Rota C, Tomasi A, Mason RP (2006) The oxidation of 2’,7’-

dichlorofluorescin to reactive oxygen species: a self-fulfilling prophesy? Free Radic Biol 

Med 40:968-975. 

24. Bonventre JV, Huang Z, Taheri MR, O’Leary E, Li E, Moskowitz MA, Sapirstein A 

(1997) Reduced fertility and postischaemic brain injury in mice deficient in cytosolic 

phospholipase A2. Nature 390:622-625. 

25. Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y, Rothwell NJ (2001) Role of IL-

1alpha and IL-1Beta in ischemic brain damage. J Neurosci 21:5528-5534. 

26. Brennan AM, Suh SW, Won SJ, Narasimhan P, Kauppinen TM, Lee H, Edling Y, Chan 

PH, Swanson RA (2009) NADPH oxidase is the primary source of superoxide induced by 

NMDA receptor activation. Nat Neurosci 12:857-863. 

27. Broughton BRS, Reutens DC, Sobey CG (2009) Apoptotic mechanisms after cerebral 

ischemia. Stroke 40:331-339. 

28. Brown GC, Neher JJ (2010) Inflammatory neurodegeneration and mechanisms of 

microglial killing of neurons. Mol Neurobiol 41:242-247. 



79 
 

29. Bruce AJ, Boling W, Kindy MS, Peschon J, Kraemer PJ, Carpenter MK, Holtsberg FW, 

Mattson MP (1996) Altered neuronal and microglial responses to excitotoxic and 

ischemic brain injury in mice lacking TNF receptors. Nat Med 2:788-794. 

30. Brustovetsky J, Brustovestsky T, Jemmerson R, Dubinsky JM (2002) Calcium-induced 

cytochrome c release from CNS mitochondria is associated with the permeability 

transition and rupture of the outer membrane. J Neurochem 80:207-218. 

31. Byrnes KR, Garay J, Di Giovanni S, De Biase A, Knoblach SM, Hoffman EP, 

Movsesyan V, Faden AI (2006) Expression of two temporally distinct microglia-related 

gene clusters after spinal cord injury. Glia 53:420-433. 

32. Carrier F, Smith ML, Bae I, Kilpatrick KE, Lansing TJ, Chen CY, Engelstein M, Friend 

SH, Henner WD, Gilmer TM, et al. (1994) Characterization of human Gadd45, a p53-

regulated protein. J Biol Chem 269:32672-32677. 

33. Chan PH (2001) Reactive oxygen radicals in signaling and damage in the ischemic brain. 

J Cereb Blood Flow Metab 21:2-14. 

34. Chandel NS, Vander Heiden MG, Thompson CB, Schumacker PT (2000) Redox 

regulation of p53 during hypoxia. Oncogene 19:3840-3848.   

35. Charriaut-Marlangue C, Margaill I, Represa A, Popovici T, Plotkine M, Ben-Ari Y 

(1996) Apoptosis and necrosis after reversible focal ischemia: an in situ DNA 

fragmentation analysis. J Cereb Blood Flow Metab 16:186-194. 

36. Chen H, Song YS, Chan PH (2009) Inhibition of NADPH oxidase is neuroprotective 

after ischemia-reperfusion. J Cereb Blood Flow Metab 29:1262-1272. 

37. Chen H, Kim GS, Okami N, Narasimhan P, Chan PH (2011) NADPH oxidase is involved 

in post-ischemic brain inflammation. Neurobiol Dis 42:341-348. 

38. Cheret C, Gervais A, Lelli A, Colin C, Amar L, Ravassard P, Mallet J, Cumano A, 

Krause K-H, Mallat M (2008) Neurotoxic activation of microglia is promoted by a Nox1-

dependent NADPH oxidase. J Neurosci 28:12039-12051. 



80 
 

39. Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, Green DR (2010) The Bcl-2 family 

reunion. Mol Cell 37:299-310. 

40. Choi HJ, Kang KS, Fukui M, Zhu BT (2011) Critical role of the JNK-p53-GADD45alpha 

cascade in mediating oxidative cytotoxicity in hippocampal neurons. Br J Pharmacol 

162:175-192. 

41. Combs CK, Johnson DE, Cannady SB, Lehman TM, Landreth GE (1999) Identification 

of microglial signal transduction pathways mediating a neurotoxic response to 

amyloidogenic fragments of beta-amyloid and prion proteins. J Neurosci 19:928-939. 

42. Crumrine RC, Thomas AL, Morgan PF (1994) Attenuation of p53 expression protects 

against focal ischemic damage in transgenic mice. J Cereb Blood Flow Metab 14:887-

891. 

43. Culmsee C, Zhu X, Yu Q-S, Chan SL, Camandola S, Guo Z, Greig NH, Mattson MP 

(2001) A synthetic inhibitor of p53 protects neurons against death induced by ischemic 

and excitotoxic insults, and amyloid beta-peptide. J Neurochem 77:220-228. 

44. Culmsee C, Mattson MP (2005) P53 in neuronal apoptosis. Biochem Biophy Res 

Commun 331:761-777. 

45. Datta K, Babbar P, Srivastava T, Sinha S, Chattopadhyay P (2002) p53 dependent 

apoptosis in glioma cell lines in response to hydrogen peroxide induced oxidative stress. 

Int J Biochem Cell Biol 34:148-157. 

46. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR, Dustin ML, 

Wen-Biao G (2005) ATP mediates rapid microglial response to local brain injury in vivo. 

Nat Neurosci 8:752-758. 

47. de la Monte SM, Sohn YK, Wands JR (1997) Correlates of p53- and Fas (CD95)-

mediated apoptosis in Alzheimer’s disease. J Neurol Sci 152:73-83. 

48. del Rio-Hortega P (1932) Cytology and Cellular Pathology of the Nervous System (ed. 

Hocker, P. P.) (Penfeild Wed, New York) 



81 
 

49. Dijkhuizen RM, Beekwilder JP, van der Worp HB, Berkelbach van der Sprenkel JW, 

Tulleken KA, Nicolay K (1999) Correlation between tissue depolarization and damage in 

focal ischemic rat brain. Brain Res 840:194-205. 

50. Dirnagl U, Iadecola C, Moskowitz MA (1999) Pathobiology of ischaemic stroke: an 

integrated view. Trends Neurosci 22:391-397. 

51. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr, Butel JS, 

Bradley A (1992) Mice deficient for p53 are developmentally normal but susceptible to 

spontaneous tumors. Nature 356:215-221. 

52. Dong Z, Saikumar P, Weinberg JM, Venkatachalam MA (2006) Calcium in cell injury 

and death. Annu Rev Pathol 1:405-434. 

53. Doyle KP, Simon RP, Stenzel-Poore MP (2008) Mechanisms of ischemic brain damage. 

Neuropharmacol 55:310-318. 

54. Ekdahl CT, Kokaia Z, Lindvall O (2009) Brain inflammation and adult neurogenesis: the 

dual role of microglia. Neuroscience 158:1021-1029. 

55. Eliasson MJ, Huang Z, Ferrante RJ, Sasamata M, Molliver ME, Snyder SH, Moskowitz 

MA (1999) Neuronal nitric oxide synthase activation and peroxynitrite formation in 

ischemic stroke linked to neural damage. J Neurosci 19:5910-5918. 

56. El Khoury J, Toft M, Hickman SE, Means TK, Terada K, Geula C, Luster AD (2007) 

Ccr2 deficiency impairs microglial accumulation and accelerates progression of 

Alzherimer-like disease. Nat Med 13:432-438. 

57. Endo H, Kamada H, Nito C, Nishi T, Chan PH (2006) Mitochondrial translocation of p53 

mediates release of cytochrome c and hippocampal CA1 neuronal death after transient 

global cerebral ischemia in rats (2006) J Neurosci 26:7974-7983. 

58. Fabian RH, DeWitt DS, Kent TA (1995) In vivo detection of superoxide anion 

production by the brain using a cytochrome c electrode. J Cereb Blood Flow Metab 

15:242-247. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Donehower%20LA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Donehower%20LA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Donehower%20LA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harvey%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harvey%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harvey%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harvey%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Slagle%20BL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Slagle%20BL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Slagle%20BL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Slagle%20BL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McArthur%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McArthur%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McArthur%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McArthur%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montgomery%20CA%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montgomery%20CA%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montgomery%20CA%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montgomery%20CA%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montgomery%20CA%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montgomery%20CA%20Jr%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butel%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butel%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butel%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butel%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bradley%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bradley%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bradley%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bradley%20A%22%5BAuthor%5D


82 
 

59. Fortin A, Cregan SP, MacLaurin JG, Kushwaha N, Hickman ES, Thompson CS, Hakim 

A, Alpert PR, Cecconi F, Helin K, Park DS, Slack RS (2001) APAF1 is a key 

transcriptional target for p53 in the regulation of neuronal cell death. J Cell Biol 155:207-

216. 

60. Frantseva, MV, Carlen PL, Perez-Velazquez JL (2001) Dynamics of intracellular calcium 

and free radical production during ischemia in pyramidal neurons. Free Rad Biol Med 

10:1216-1227. 

61. Fujimura M, Morita-Fujimura Y, Murakami K, Kawase M, Chan PH (1998) Cytosolic 

redistribution of cytochrome c after transient focal cerebral ischemia in rats. J Cereb 

Blood Flow Metab 18:1239-1247. 

62. Furlan M, Marchal G, Viader F, Derlon JM, Baron JC (1996) Spontaneous neurological 

recovery after stroke and the fate of the ischemic penumbra. Ann Neurol 40:216-226. 

63. Galluzzi L, Blomgren K, Kroemer G (2009) Mitochondrial membrane permeabilization 

in neuronal injury. Nat Rev Neurosci 10:481-494. 

64. Gao HM, Jiang J, Wilson B, Zhang W, Hong JS, Liu B (2002) Microglial activation-

mediated delayed and progressive degeneration of rat nigral dopaminergic neurons: 

relevance to Parkinson’s disease. J Neurochem 81: 1285-1297 

65. Garden GA, Guo W, Jayadev S, Tun C, Balcaitis S, Choi J, Montine TJ, Moller T, 

Morrison RS (2004) HIV associated neurodegeneration requires p53 in neurons and 

microglia. FASEB J 18:1141-1143. 

66. Gelderblom M, Leypoldt F, Steinback K, Behrens D, Chloe C-U, Siler DA, Arumugam 

TV, Orthey E, Gerloff C, Tolosa E, Magnus T (2009) Temporal and spatial dynamics of 

cerebral immune cells accumulation in stroke. Stroke 40:1849-1857. 

67. Geng Y, Akhtar RS, Shacka JJ, Klocke BJ, Zhang J, Chen X, Roth KA (2007) p53 

transcription-dependent and –independent regulation of cerebellar neural precursor cell 

apoptosis. J Neuropathol Exp Neurol 66:66-74. 



83 
 

68. Geng Y, Walls KC, Ghosh AP, Akhtar RS, Klocke BJ, Roth KA (2010) Cytoplasmic p53 

and activated Bax regulate p53-dependent, transcription-independent neural precursor 

cell apoptosis. J Histochem Cytochem 58:265-275. 

69. Genovese T, Mazzon E, Paterniti I, Esposito E, Bramanti P, Cuzzocrea S (2011) 

Modulation of NADPH oxidase activation in cerebral ischemia/reperfusion injury in rats. 

Brain Res 1372:92-102. 

70. Gilman CP, Chan SL, Guo Z, Greig N, Mattson MP (2003) p53 is present in synapses 

where it mediates mitochondrial dysfunction and synaptic degeneration in response to 

DNA damage, and oxidative and excitotoxic insults. Neuromolecular Med 3:159-172. 

71. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway SJ, 

Ng LG, Stanley ER, Samokhalov IM, Merad M (2010) Fate mapping analysis reveals that 

adult microglia derive from primitive macrophages. Science 330: 841-845. 

72. Giulian D, Haverkamp LJ, Li J, Karshin WL, Yu J, tom D, Li X, Kirkpatrick JB (1995) 

Senile plaques stimulate microglia to release a neurotoxin found in Alzheimer brain. 

Neurochem Int 27:119-137. 

73. Gomez-Sanchez JC, Delgado-Esteban M, Rodriguez-Hernandez I, Sobrino T, Perez de la 

Ossa N, Reverte S, Bolanos JP, Gonzalez-Sarmiento R, Castillo J, Almeida A (2011) The 

human Tp53 Arg72Pro polymorphism explains different functional prognosis in stroke. J 

Exp Med 208:429-437. 

74. Green SP, Cairns B, Rae J, Errett-Baroncini C, Hongo JA, Erickson RW, Curnutte JT 

(2001) Induction of gp91-phox, a component of the phagocyte NADPH oxidase, in 

microglial cells during central nervous system inflammation. J Cereb Blood Flow Metab 

21:374-384. 

75. Halliwell B, Whiteman M (2004) Measuring reactive species in vivo and in cell culture: 

how should you do it and what do the results mean? Brit J Pharmacol 142: 231–255.  

76. Hanish UK (2002) Microglia as a source and target of cytokines. Glia 40:140-155. 



84 
 

77. Haupt Y, Rowan S, Shaulian E, Vousden KH, Oren M (1995) Induction of apoptosis in 

HeLa cells by transactivation-deficient p53. Genes & Dev 9:2170-2183. 

78. He BP, Wen W, Strong MJ (2002) Activated microglia (BV-2) facilitation of TNF-alpha-

mediated motor neuron death in vitro. J Neuroimmunol 128:31-38. 

79. Heese K, Hock C, Otten U (1998) Inflammatory signals induce neurotrophin expression 

in human microglial cells. J Neurochem 70:699-707. 

80. Hirrlinger J, Gutterer JM, Kussmaul L, Hamprecht B, Dringen R (2000) Microglial cells 

in culture express a prominent glutathione system for the defense against reactive oxygen 

species. Dev Neurosci 22:384-392. 

81. Holley AK, Dhar SK, St. Clair DK (2010) Manganese superoxide dismutase vs. p53: 

regulation of mitochondrial ROS. Mitochondrion 10:649-661. 

82. Holmin S, Mathiesen T (2000) Intracerebral administration of interleukin-1beta and 

induction of inflammation, apoptosis, and vasogenic edema. J Neurosurg 92:108-120. 

83. Hooper C, Meimaridou E, Tavassoli M, Melino G, Lovestone S, Killick R (2007) p53 is 

upregulated in Alzheimer’s disease and induces tau phosphorylation in HEK293a cells. 

Neurosci Lett 418:34-37. 

84. Huang J, Upadhyay UM, Tamargo RJ (2006). Inflammation in stroke and focal cerebral 

ischemia. Surg Neurol 66:232-245. 

85. Huang Y, Smith DE, Ibanex-Sandoval O, Sims JE, Friedman WJ (2011) Neuron-specific 

effects of interleukin-1beta are mediated by a novel isoform of the IL-1 receptor 

accessory protein. J Neurosci 31:18048-18059. 

86. Hur J, Lee P, Kim MJ, Kim Y, Cho YW (2010) Ischemia-activated microglia induces 

neuronal injury via activation of gp91phox NADPH oxidase. Biochem Biophys Res 

Commun 391:1526-1530. 



85 
 

87. Jayadev S, Yun B, Nguyen H, Yokoo H, Morrison RS, Garden GA (2007) The glial 

response to CNS HIV infection includes p53 activation and increased expression of p53 

target genes. J Neuroimmune Pharmacol 2:359-370. 

88. Jayadev S, Nesser NK, Hopkins S, Myers SJ, Case A, Lee RJ, Seaburg LA, Uo T, 

Murphy SP, Morrison RS, Garden GA (2011) Transcription factor p53 influences 

microglial activation phenotype. Glia 59:1402-1413. 

89. Kahles T, Kohnen A, Heumueller S, Rapper A, Bechmann I, Liebner S, Wittko IM, 

Neumann-Haefelin T, Steinmetz H, Shroeder K, Brandes RP (2010) NADPH oxidase 

Nox1 contributes to ischemic injury in experimental stroke in mice. Neurobiol Dis 

40:185-192. 

90. Kang J, Park EJ, Jou I, Kim JH, Joe EH (2001) Reactive oxygen species mediate A 

beta(25-35)-induced activation of BV-2 microglia. Neuroreport 12:1449-1452. 

91. Kato H, Kogure K, Liu XH, Araki T, Itoyama Y (1996) Progressive expression of 

immunomolecules on activated microglia and invading leukocytes following focal 

cerebral ischemia in the rat. Brain Res 734:203-212. 

92. Kaushal V, Schlichter LC (2008) Mechanisms of microglia-mediated neurotoxicity in a 

new model of the stroke penumbra. J Neurosci 27:2221-2230. 

93. Koloski LM, Ha DM, Hutter JA, Stone DK, Pichler MR, Reynolds AD, Gendelman HE, 

Mosley RL (2010) Adaptive immunity regulation of glial homeostasis as an 

immunization strategy for neurodegenerative diseases. J Neurochem 114:1261-1276. 

94. Kranich J, Krautler NJ, Falsig J, Ballmer B, Li S, Hutter G, Schwarz P, Moos R, Julius C, 

Miele G, Aguzzi A (2010) Engulfment of cerebral apoptotic bodies control the course of 

prion disease in a mouse strain-dependent manner. J Exp Med 297:2271-2281. 

95. Kraus RL, Pasieczny R, Lariosa-Willingham K, Turner MS, Jiang A, Trauger JW (2005) 

Antioxidant properties of minocycline: neuroprotection in an oxidative stress assay and 

direct radical-scavenging activity. J Neurochem:819-827. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kang%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Park%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jou%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Joe%20EH%22%5BAuthor%5D


86 
 

96. Kristian T, Gido G, Kuroda S, Schutz A, Siesjo BK (1998) Calcium metabolism of focal 

and penumbral tissues in rats subjected to transient middle cerebral artery  occlusion. Exp 

Brain Res 120:503-509. 

97. Kristian T (2004) Metabolic stages, mitochondria and calcium in hypoxic/ischemic brain 

damage. Cell Calcium 36:221-233. 

98. Kubbutat MH, Jones SN, Vousden KH (1997) Regulation of p53 stability by Mdm2. 

Nature 387:299-303. 

99. Lai AY, Todd KG (2006) Hypoxia-activated microglial mediators of neuronal survival 

are differentially regulated by tetracyclines. Glia 53:809-816. 

100. Lai AY, Todd KG (2006) Microglia in cerebral ischemia: molecular actions and 

interactions. Can J Physhiol Pharmacol 84:49-59. 

101. Lai AY, Todd KG (2008) Differential regulation of trophic and proinflammatory 

microglial effectors is dependent on severity of neuronal injury. Glia 56:259-270. 

102. Lakhan SE, Kirchgessner A, Hofer M (2009) Inflammatory mechanisms in ischemic 

stroke: therapeutic approaches. J Transl Med 7:97-107. 

103.  Lalancette-Hebert M, Gowing G, Simard A, WEng YC, Kriz J (2007) Selective ablation 

of proligerating microglial cells exacerbates ischemic injury in the brain. J Neurosci 

27:2596-2605. 

104. Lambertsen KL, Clausen BH, Babcock AA, Gregersen R, FEnger C, Nielsen HH, 

Haugaard LS, Wirenfeldt M, Nielsen M, Dagnaes-Hansen F, Bluethmann H, Faergeman 

NJ, Meldgaard M, Deierborg T, Finsen B (2009) Microglia protect neurons against 

ischemia by synthesis of tumor necrosis factor. J Neurosci 29:1319-1330. 

105. Langemann H, Mendelowitsch A, Landolt H, Alessandri B, Gratzl O (1995) 

Experimental and clinical monitoring of glucose by microdialysis. Clin Neurol Neurosurg 

97:149-155. 



87 
 

106. LeBel CP, Ischiropoulos H, Bondy SC (1992) Evaluation of the probe 2’,7’-

dichlorofluorescein as an indicator of reactive oxygen species formation and oxidative 

stress. Chem Res Toxicol 5:227-231 

107. Lee YB, Nagai A, Kim SU (2002) Cytokines, chemokines, and cytokine receptors in 

human microglia. J Neurosci Res 69:94-103. 

108. Leker RR, Aharonowiz M, Greig NH, Ovadia H (2004) The role of p53-induced 

apoptosis in cerebral ischemia: effects of the p53 inhibitor pifithrin alpha. Exp Neurol 

187:478-486. 

109. Levine AJ, Oren M (2009) The first 30 years of p53: growing ever more complex. Nat 

Rev Cancer 9:749-758. 

110. Li Y, Chopp M, Zhang ZG, Zaloga C, Niewenhuis L, Gautam S (1994) p53-

immunoreactive protein and p53 mRNA expression after transient middle cerebral artery 

occlusion in rats. Stroke 24:849-855. 

111. Li Y, Chopp M, Powers C, Jiang N (1997) Apoptosis and protein expression after focal 

cerebral ischemia in rat. Brain Res 765:301-312. 

112. Lipton P (1999) Ischemic cell death in brain neurons. Physiol Rev 79:1431-1568. 

113. Liu B, Chen Y, St. Clair DK (2008) ROS and p53: versatile partnership. Free Radic Biol 

Med 44:1529-1535. 

114. Liu S, Shi H, Liu W, Furuichi T, Timmins GS, Liu KJ (2004) Interstitial pO2 in ischemic 

penumbra and core are differentially affected following transient focal cerebral ischemia 

in rats. J Cereb Blood Flow Metab 24:343-349. 

115. Lorton D (1997) beta-Amyloid-induced IL-1beta release from an activated human 

monocyte cell line is calcium- and G-protein-dependent. Mech Ageing Dev 94:199-211. 

116. Lull ME, Block ML (2010) Microglial activation and chronic neurodegeneration. 

Neurotherapeutics 7:354-365. 



88 
 

117. Luo Y, Kuo CC, Shen H, Chou J, Greig NH, Hoffer BJ, Wang Y (2009) Delayed 

treatment with a p53 inhibitor enhances recovery in stroke brain. Ann Neurol 65:520-530. 

118. Lyons SA & Kettenmann H (1998) Oligodendrocytes and microglia are selectively 

vulnerable to combined hypoxia and hypoglycemia injury in vitro. J Cereb Blood Flow 

Metab 18:521-530. 

119. Macip S, Igarashi M, Berggren P, Yu J, Lee SW, Aaronson SA (2003) Influence of 

induced reactive oxygen species in p53-mediated cell fate decisions. Mol Cell Biol 

23:8576-8585. 

120. Maeda K, Hata R, Gillardon F, Hossmann KA (2001) Aggravation of brain injury after 

transient focal ischemia in p53-deficient mice. Brain Res Mol Brain Res 88:54-61. 

121. Mander PK, Jekabsone A, Brown CG (2006) Microglia proliferation is regulated by 

hydrogen peroxide from NADPH oxidase. J Immunol 176:1046-1052. 

122. Martin RL, Lloyd HGE, Cowan AI (1994) The early events of oxygen and glucose 

deprivation: setting the scene for neuronal death? Trends in Neurosci 17:251-257. 

123. Martin-Villalba A, Herr I, Jeremias I, Hahne M, Brandt R, Vogel J, Schenkel J, Herdegen 

T, Debatin KM (1999) CD95 ligand (FasL/APO-1L) and tumor necrosis factor-related 

apoptosis-inducing ligand mediate ischemia-induced apoptosis in neurons. J Neurosci 

19:3809-3817. 

124. Matsui T, Nagafuji T, Kumanishi T, Asano T (1999) Role of nitric oxide in pathogenesis 

underlying ischemic cerebral damage. Cell Mol Neurobiol 19:177-189. 

125. Mead EL, Mosley A, Eaton S, Dobson L, Heales SJ, Pocock JM (2012) Microglial 

neurotransmitter receptors trigger superoxide production in microglia; consequences for 

microglial-neuronal interactions. J Neurochem 10.1111/j.1471-4159.2012.07659.x. [Epub 

ahead of print] 

126. Melani A, Amadio S, Gianfriddo M, Vannucchi MG, Volonte C, Bernardi G, Pedata F, 

Sancesario G (2006) P2X7 receptor modulation on microglial cells and reduction of brain 



89 
 

infarct caused by middle cerebral artery occlusion in rat. J Cereb Blood Flow Metab 

26:974-982. 

127. Milne SA, McGregor AL, McCulloch J, Sharkey J (2005) Increased expression of 

macrophage receptor with collagenous structure (MARCO) in mouse cortex following 

middle cerebral artery occlusion. Neurosci Lett 383:58-62. 

128. Morioka T, Kalehua AN, Streit WJ (1993) Characterization of microglial reaction after 

middle cerebral artery occlusion in rat brain. J Comp Neurol 327:123-132. 

129. Mouw G, Zechel JL, Zhou Y, Lust WD, Selman WR, Ratcheson RA (2002) Caspase-9 

inhibition after focal cerebral ischemia improves outcome following reversible focal 

ischemia. Metab Brain Dis 17:143-151. 

130. Murphy AN, Bredesen DE, Cortopassi G, Wang E, Fiskum G (1996) Bcl-2 potentiates 

the maximal calcium uptake capacity of neural cell mitochondria. Proc Natl Acad Sci 

USA 93:9893-9898. 

131. Narantuya D, Nagai A, Sheikh AM, Masuda J, Kobayashi S, Yamaguchi S, Kim SU 

(2010) Human microglia transplanted in rat focal ischemia brain induce neuroprotection 

and behavioral improvement. PLoS One 5:e11746. 

132. Nedergaard M, Dirnagl U (2005) Role of glial cells in cerebral ischemia. Glia 50:281-

286. 

133. Neumann H, Kotter MR, Franklin RJM (2009) Debris clearance by microglia: an 

essential link between degeneration and regeneration. Brain 132:288-295. 

134. Nicotera P, Lipton SA (1999) Excitotoxins in neuronal apoptosis and necrosis. J Cereb 

Blood Flow Metab 19:583-591. 

135. Niimura M, Takagi N, Takagi K, Mizutani R, Ishihara N, Matsumoto K, Funakoshi H, 

Nakamura T, Takeo S (2006) Prevention of apoptosis-inducing factor translocation is a 

possible mechanism for protective effects of hepatocyte growth factor against neuronal 



90 
 

cell death in the hippocampus after transient forebrain ischemia. J Cereb Blood Flow 

Metab 26:1354-1365. 

136. Niizuma K, Endo H, Nito C, Myer DJ, Chan PH (2009) Potential role of PUMA in 

delayed death of hippocampal CA1 neurons after transient global cerebral ischemia. 

Stroke 40:618-625. 

137. Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells are highly 

dynamic surveillants of brain parenchyma in vivo. Science 308:1314-1318. 

138. Ohashi T, Mizutani A, Murakami A, Kojo S, Ishii T, Taketani S (2002) Rapid oxidation 

of dichlorodihydrofluorescin with heme and hemoproteins: formation of the fluorescence 

is independent of the generation of reactive oxygen species. FEBS Lett 511:21-7. 

139. Ohtaki H, Ylostalo JH, Foraker JE, Robinson AP, Reger RL, Shioda S, Prockop DJ 

(2008) Stem/progenitor cells from bone marrow decrease neuronal death in global 

ischemia by modulation of inflammatory/immune responses. Proc Natl Acad Sci USA 

105:14638-14643. 

140. Oikonomou G, Shaham S (2010) The glia of Caenorhabditis elegans. Glia 59: 1253-1263. 

141. Paravicini TM, Chrissobolis S, Drummond GR, Sobey CG (2004) Increased NADPH 

oxidase activity and Nox4 expression during chronic hypertension is associated with 

enhanced cerebral vasodilation to NADPH in vivo. Stroke 35:584-589. 

142. Park LC, Zhang H, Sheu KF, Calingasan NY, Kristal BS, Lindsay JG, Gibson GE (1999) 

Metabolic impairment induces oxidative stress, compromises inflammatory responses, 

and inactivates a key mitochondrial enzyme in microglia. J Neurochem 72:1948-1958. 

143. Pawate S, Shen Q, Fan F, Bhat NR (2004) Redox regulation of glial inflammatory 

response to lipopolysaccharide and interferonγ. J Neurosci Res 77:540-551. 

144. Peters O, Back T, Lindauer U, Busch C, Megow D, Dreier J, Dirnagl U (1998) Increased 

formation of reactive oxygen species after permanent and reversible middle cerebral 

artery occlusion in the rat. J Cereb Blood Flow Metab 18:196-205. 



91 
 

145. Pettigrew LC, Kindy MS, Scheff S, Springer JE, Kryscio RJ, Li Y, Grass DS (2008) 

Focal cerebral ischemia in the TNFalpha-transgenic rat. J Neuroinflammation 5:47. 

146. Pffafl MW (2001) A new mathematical model for quantification in real-time RT-PCR. 

Nucl. Acids Res. 29:2002-2007. 

147. Piantadosi CA, Zhang J (1996) Mitochondrial generation of reactive oxygen species after 

brain ischemia in the rat. Stroke 27:327-332. 

148. Polster BM, Basanez G, Etxebarria A, Hardwick JM, Nicholls DG (2005) Calpain I 

induces cleavage and release of apoptosis-inducing factor from isolated mitochondria. J 

Biol Chem 280:6447-6454. 

149. Price CJ, Wang D, Menon DK, Guadagno JV, Cleij M, Fryer T, Aigbirhio F, Baron JC, 

Warburton EA (2006) Intrinsice activated microglia map to the peri-infarct zone in the 

subacute phase of ischemic stroke. Stroke 37:1749-1753. 

150. Qin L, Liu Y, Wang T, Wei SJ, Block ML, Wilson B, Liu B, Hong JS (2004) NADPH 

oxidase mediates lipopolysaccharise-induced neurotoxicity and proinflammatory gene 

expression in activated microglia. J Biol Chem 279:1415-1421. 

151. Ren D, Tu HC, Kim H, Wang GX, Bean GR, Takeuchi O, Jeffers JR, Zambetti GP, Hsieh 

JJ, Cheng EH (2010) BID, BIM, and PUMA are essential for activation of the BAX- and 

BAK-dependent cell death program. Science 330:1390-1393. 

152. Roy A, Jana A, Yatish K, Freidt MB, Fung YK, Martinson JA, Pahan K (2008) Reactive 

oxygen species upregulate CD11b in microglia via nitric oxide: implications for 

neurodegenerative diseases. Free Radic Biol Med 45:686-699. 

153. Rupalla K, Allegrini PR, Sauer D, Wiessner C (1998) Time course of microglia 

activation and apoptosis in various brain regions after permanent focal ischemia in mice. 

Acta Neurophathol 96:172-178. 

154. Sablina AA, Budanov AV, Ilyinskaya GV, Agapova LS, Kravchenko JE, Chumakov PM 

(2005) The antioxidant function of the p53 tumor suppressor. Nat Med 11:1306-1313. 



92 
 

155. Saijo K, Glass CK (2011) Microglial cell origin and phenotypes in health and disease. 

Nat Rev Immunol 11:775-787. 

156. Schmid CD, Melchoir B, Masek K, Puntambekar SS, Danielson PE, Lo DD, Sutcliffe JG, 

Caron MJ (2009) Differential gene expression in LPS/IFN activated microglia and 

macrophages: in vitro versus in vivo. J Neurochem 109:117-125. 

157. Shigeno T, Yamasaki Y, Kato G, Kusaka K, Mima T, Takakura K, Graham DI, 

Furukawa S (1990) Reduction of delayed neuronal death by inhibition of protein 

synthesis. Neurosci Lett 120:117-119. 

158. Simon HU, Haj-Yehia A, Levi-Schaffer F (2000) Role of reactive oxygen species (ROS) 

in apoptosis induction. Apoptosis 5:415-418. 

159. Sims NR, Anderson MF (2002) Mitochondrial contributions to tissue damage in stroke. 

Neurochem Int 40:511-526. 

160. Smith ML, Ford JM, Hollander MC, Bortnick RA, Amundson SA, Seo YR, Deng C-X, 

Hanawalt PC, Fornace AJ Jr. (2000) p53-mediated DNA repair responses to UV 

radiation: studies of mouse cells lacking p53, p21, and/or gadd45 genes. Mol Cell Biol 

20:3705-3714. 

161. Solenski NJ, Kwan A-L, Yanamoto H, Bennett JP, Kassell NF, Lee KS (1997) 

Differential hydroxylation of salicylate in core and penumbral regions during focal 

reversible cerebral ischemia. Stroke 28: 2545-2552. 

162. Solenski NJ, diPierro CG, Trimmer PA, Kwan A-L, Helms GA (2002) Ultrastructural 

changes of neuronal mitochondria after transient and permanent cerebral ischemia. Stroke 

33:816-824. 

163. Spranger M, Kiprianova I, Krempien S, Schwab S (1998) Reoxygenation increases the 

release of reactive oxygen intermediates in murine microglia. J Cereb Blood Flow Metab 

18:670-674. 



93 
 

164. Starkov AA, Chinopoulos C, Fiskum G (2004) Mitochondrial calcium and oxidative 

stress as mediators of ischemic brain injury. Cell Calcium 36:257-264. 

165. Stence N, Waite M, Dailey ME (2001) Dynamics of microglial activation: a confocal 

time-lapse analysis in hippocampal slices. Glia 33:256-266. 

166. Stennicke HR, Salvesen GS (1999) Catalytic properties of the caspases. Cell Death Differ 

6:1054-1059. 

167. Takahashi K, Rochford CDP, Neumann H (2005) Clearance of apoptotic neurons without 

inflammation by microglial triggering receptor expressed on myeloid cells-2. J Exp Med 

201:647-657. 

168. Unanue ER, Allen PM (1987) The basis for the immunoregulatory role of macrophages 

and other accessory cells. Science 236: 551-557. 

169. Uo T, Kinoshita Y, Morrison RS (2007) Apoptotic actions of p53 require transcriptional 

activation of PUMA and do not involve a direct mitochondrial/cytoplasmic site of action 

in postnatal cortical neurons. J Neurosci 27:12198-12210. 

170. Vassilev LT (2007) MDM2 Inhibitors for cancer therapy. Trends Mol Med 13:23-31. 

171. Vogt M, Bauer MKA, Ferrar D, Schulze-Osthoff K (1998) Oxidative stress and 

hypoxia/reoxygenation trigger CD95 (APO/1Fas) ligand expression in microglial cells. 

FEBS Letters 429:67-72. 

172. Vousden KH, Lane DP (2007) P53 in health and disease. Nat Rev Mol Cell Biol 8:275-

283. 

173. Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J (2009) Resting microglia 

directly monitor the functional state of synapses in vivo and determine the fate of 

ischemic terminals. J Neurosci 29:3974-3980. 

174. Walder CE, Green SP, Darbonne WC, Mathias J, Rae J, Dinauer MC, Curnutte JT, 

Thomas GR (1997) Ischemic stroke injury is reduced in mice lacking a functional 

NADPH oxidase. Stroke 28:2252-2258. 



94 
 

175. Waldman T, Kinzler KW, Vogelstein B (1995) p21 is necessary for the p53-mediated G1 

arrest in human cancer cells. Cancer Res 55:5187-5190. 

176. Walker DG, Kim Su, McGeer PL (1995) Complement and cytokine gene expression in 

cultured microglial derived from postmortem human brains. J Neurosci Res 40:478-493. 

177. Walker DG, Link J, Lue LF, Dalsing-Hernandez JE, Boyes BE (2006) Gene expression 

changes by amyloid beta peptide-stimulated human postmortem brain microglia identify 

activation of multiple inflammatory processes. J Leukoc Biol 79:596-610. 

178. Wang Q, Tompkins KD, Simonyi A, Korthuis RJ, Sun AY, Sun GY (2006) Apopcynin 

protects against global cerebral ischemia-reperfusion-induced oxidative stress and injury 

in the gerbil hippocampus. Brain Res 1090:182-189. 

179. Wang Q, Tang XN, Yenari MA (2007) The inflammatory response in stroke. J 

Neuroimmunol 184:53-68. 

180. Wang XW, Yeh H, Schaeffer L, Roy R, Moncollin V, Egly JM, Wang Z, Freidberg EC, 

Evans MK, Taffe BG, et al. (1995) p53 modulation of TFIIH-associated nucleotide 

excision repair activity. Nat Genet 10:188-195. 

181. Wardman P (2007) Fluorescent and luminescent probes for measurement of oxidative 

and nitrosative species in cells and tissues: progress, pitfalls, and prospects. Free Rad 

Biol Med 43:995-1022.  

182. Watanabe S (1998) In vivo fluorometric measurement of cerebral oxidative stress using 

2’-7’-dichlorofluorescein (DCF). Keio J Med 47:92–98. 

183. Weinstein JR, Koerner IP, Moller T (2010) Microglia in ischemic brain injury. Future 

Neurol 5:227-246. 

184. Xiang H, Kinoshita Y, Knudson CM, Korsmeyer SJ, Schwartzkoin PA, Morrison RS 

(1998) Bax involvement in p53-mediated neuronal cell death. J Neurosci 18:1363-1373. 



95 
 

185. Yamaguchi K, Uematsu D, Itoh Y, Watanabe S, Fukuuchi Y (2002) In vivo measurement 

of superoxide in the cerebral cortex during anoxia-reoxygenation and ischemia-

reperfusion. Keio J Med 51:201–207. 

186. Yonekura I, Takai K, Asai A, Kawahara N, Kirino T (2006) p53 potentiates hippocampal 

neuronal death caused by global ischemia. J Cereb Blood Flow Metab 26:1332-1340.] 

187. Yonish-Rouach E, Resnftzky D, Lotem J, Sachs L, Kimchi A, Oren M (1991) Wild-type 

p53 induces apoptosis of myeloid leukaemic cells that is inhibited by interleukin-6. 

Nature 352:345-347. 

188. Yrjanheikki J, Tikka T, Reinanen R, Goldsteins G, Chan PH, Koistinaho J (1999) A 

tetracycline derivative, minocycline, reduces inflammation and protects against focal 

cerebral ischemia with a wide therapeutic window. Proc Natl Acad Sci USA 96:13496-

13500. 

189. Yu J, Wang Z, Kinzler KW, Vogelstein B, Zhang L (2003) PUMA mediates the apoptotic 

response to p53 in colorectal cancer cells. Proc Natl Acad Sci USA 100:1931-1936. 

190. Zhang Z, Chopp M, Powers C (1997) Temporal profile of microglial response following 

transient (2h) middle cerebral artery occlusion. Brain Res 744:189-198. 

191. Zhao H, Yenari MA, Cheng D, Sapolsky RM, Steinberg GK (2003) Bcl-2 overexpression 

protects against neuron loss within the ischemic margin following experimental stroke 

and inhibits cytochrome c translocation and caspase-3 activity. J Neurochem 85:1026-

1036. 

192. Zhao H, Yenari MA, Cheng D, Barreto-Chang OL, Sapolsky RM, Steinberg GK (2004) 

Bcl-2 transfection via herpes simplex virus blocks apoptosis-inducing factor translocation 

after focal ischemia in the rat. J Cereb Blood Flow Metab 24:681-692. 

 

 



96 
 

Appendix 
2.1.1: Cell Culture Media and Chemical Solutions 

All culture medium products are purchased from Invitrogen. Stored at 4
o
C in 

sterile conditions unless otherwise noted. Media for BV-2 culture was Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 25U/mL penicillin, 25mg/mL 

streptomycin, 10% Fetal Bovine Serum (FBS), and 0.2mM L-glutamine. To make D10C 

media, DMEM was supplemented with 10% heat-inactivated horse serum, 10% Ham's F-

12 medium, 2mM L-glutamine, 10mM% HEPES, 25U/mL penicillin, and 25mg/mL 

streptomycin. L929 murine fibroblast cell lines, growing on a 175cm
2
 tissue culture flask, 

were incubated in D10C, and the supernatant was extracted and frozen at -20
o
C weekly. 

This medium provides macrophage colony stimulating factor (MCSF), a cytokine that is 

important for culture microglia viability. 

2.1.3: Making Primary Microglial Cultures 

Under sterile conditions, the cortices from mouse pups were separated from the 

cerebellum and hippocampus and were then placed into cold Neurobasal A (Invitrogen) 

buffered with HEPES to pH 7.4. The meninges were removed. Cortices, grouped into a 

centrifuge tube by genotype, were homogenized in a solution of ~0.6% trypsin 

(Invitrogen) in Hank’s Balanced Salt Solution without Mg
2+

 or Ca
2+

 (Invitrogen). DNAse 

(at 0.008% v/v, Invitrogen) was then added to prevent clumping. Trypsin inhibitor was 

added (0.13% w/v, Invitrogen), and the liquid above the settled tissue (“supernatant”) 

was removed after a short incubation. The settled tissue (“pellet”) was rinsed with 

Neurobasal A buffered with HEPES and was then pipetted numerous times until a 

homogeneous suspension was achieved. The suspension volume was about 6mL for less 

than 8 homogenized brains. The centrifuge tube was centrifuged at 1100 RPM for 5 min, 
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and the supernatant was removed. Pellet was rinsed and resuspended in D10C. The 

resuspension was added to poly-D-lysine-coated plastic tissue culture flasks that 

contained enough warm D10C to amply cover the bottom of the flask. After 1-3 days of 

incubation at 37
o
C, 5% CO2, cell medium was exchanged for fresh D10C. Once cells 

were confluent, L929-conditioned medium was added to achieve 20% of the total 

volume. It is important to note that the cells within the same flask were of the same p53 

genotype, but were taken from any available litter of mouse pups, ensuring high genetic 

variability from one cell to the next within the same flask. Adding to the variability 

between cells used for experiments, cells from different flasks were typically combined 

prior to plating cells for experimentation. 

2.1.5: BV-2 cell cultures 

BV-2 were harvested by first aspirating the supernatant, and rinsing cells in sterile 

phosphate-buffered saline (PBS). A small volume of 0.125% trypsin was added, and the 

flask was manipulated until most cells no longer adhered to the culture flask. Fresh BV-2 

medium was added to the cell-trypsin mixture, and then was collected and centrifuged for 

5 min at 1100 RPM. The supernatant was aspirated, and cells were resuspended and 

counted in the same way as primary microglia. To propagate the cell line, approximately 

1 mL of the resuspension was added to a new flask, not coated with poly-D-lysine, 

containing warm BV-2 media. 

2.3.2: Quantitative Polymerase Chain Reaction (qPCR) 

Each qPCR reaction that occurred in one well of a 96 well reaction plate used 10µL 

Taqman Universal PCR Master Mix (Applied Biosystems), 4µL distilled water, 5µL 

experimental cDNA, and 1µL of a DNA primer/Taqman probe mixture. A 
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primer/Taqman probe mixture kit was purchased for the three genes being investigated 

(gene- catalog no.: TBP - Mm01277042_m1, IL-1Beta - Mm00434228_m1, MARCO - 

Mm00440265_m1, Applied Biosystems). 

3.3.2: qPCR Reactions 
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Raw qPCR Data: 

 
TBP MARCO IL1Beta 

Efficiency 
(%) 93.7532578 91.933052 89.16782 

 
CT value CT value CT value 

Normo 22.7751637 28.930744 28.16246 

 
22.6322517 20.703897 28.02245 

 
22.4001236 21.140728 27.92674 

AVG 22.602513 23.59179 28.03721 

SD 0.18928036 4.628826 0.118555 

    

    Normo NAC 22.5608749 22.45705 27.36386 

 
22.6003036 22.432314 27.29004 

 
22.7330132 22.982143 27.3902 

AVG 22.6313972 22.623836 27.34804 

SD 0.09018315 0.3105498 0.051921 

    OGD 22.6139278 17.320274 16.55221 

 
22.5509224 15.594255 16.55869 

 
22.6996136 15.412047 16.57715 

AVG 22.6214879 16.108859 16.56269 

SD 0.07463332 1.0530647 0.012942 

    OGD NAC 22.8095226 17.621782 25.55166 

 
23.1171627 18.448118 25.61892 

 
23.223505 18.190357 25.6027 

AVG 23.0500635 18.086753 25.59109 

SD 0.21499323 0.4227981 0.035098 
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