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ABSTRACT 
 

Ethanol (EtOH) abuse is the third leading cause of preventable death in the United 

States.  Mounting evidence indicates that EtOH-induced neuropathology may result from 

multicellular responses in which microglia cells play a prominent role. Purinergic 

receptor signaling plays a key role in regulating microglial function and, more 

importantly, mediates EtOH-induced effects.  In our current study we sought to determine 

the effects of EtOH on microglial cell function, specifically the role of purinergic 

receptor X4 (P2X4) in EtOH-mediated microglial responses.  Our results show a 

significant up-regulation of P2X4 gene expression as analyzed by real-time qPCR and 

protein expression as analyzed by flow cytometry in embryonic stem cell-derived 

microglial cells (ESdM) after 48 hours of EtOH treatment, as compared to untreated 

controls. Calcium mobilization in EtOH treated ESdM cells was found to be P2X4R- 

dependent using 5-BDBD, a selective P2X4R antagonist. Blocking P2X4R signaling with 

5-BDBD decreased the level of calcium mobilization compared to EtOH treatment alone. 

EtOH decreased migration of microglia towards fractalkine (CX3CL1) by 75% following 

48 hours of treatment compared to control. CX3CL1-dependent migration was confirmed 

to be P2X4 receptor-dependent using the antagonist 5-BDBD, which reversed the effects 

as compared to EtOH alone. Similarly, 48 hours of EtOH treatment significantly 

decreased phagocytosis of microglia by 15% compared to control. 5-BDBD pre-treatment 

prior to EtOH treatment significantly increased microglial phagocytosis. These findings 

demonstrate that P2X4 receptor may play a role in modulating important regulatory 

functions in microglia in the context of EtOH abuse.  
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P2X4R plays an important regulatory function in microglia. P2X4 is involved in a 

myriad of molecular signaling such as proliferation, activation of transcription factors, 

specifically through the MAPK pathway, and ATP signaling. Here, we also investigated 

the intracellular signal transduction pathway that influences P2X4R expression in 

microglia in response to EtOH. We found EtOH (100 mM) decreased phosphorylated 

AKT and extracellular signal-regulated kinase (ERK) cascades in ESdM cells. EtOH 

effect on ERK phosphorylation was completely inhibited by U0126, an inhibitor of MEK 

1 and 2. However, PD98095, a potent inhibitor of MEK1 but a weak inhibitor of MEK2,  

had modest effect on phosphorylated ERK1/2 suggesting a possible role of MEK2-

dependent ERK signaling in modulating EtOH induced effects on microglia. Utilization 

of 5-BDBD, a selective P2X4R antagonist, reversed the EtOH-induced effect on 

phosphorylated AKT and ERK. Next we wanted to examine the effects of EtOH on 

transcription factor activity to determine the signaling mediators, which may play a role 

in EtOH-induced increase of P2X4R in microglia.  EtOH increased transcriptional 

activity of NFκB, NFAT, and CREB,, however 5-BDBD blocked the effect on CREB 

transcriptional activity alone, suggesting a specific role of CREB in EtOH-induced 

expression of P2X4R in microglia.  

In summary, EtOH affects the expression of P2X4R in microglial cells and 

contributes to aberrant microglial effector function including phagocytosis and migration, 

as well as alterations in calcium mobilization.  Furthermore, pharmacological blockade 

with a selective P2X4R antagonist reversed the action, suggesting that P2X4R may play a 

role in mediating EtOH-induced effects on microglia. EtOH decreased expression of 

ERK and AKT, which was blocked with the P2X4R antagonist, suggesting EtOH effect 
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may contribute to irregular microglial signaling. Investigations regarding transcription 

factor NF-κB, NFAT and CREB activity in response to EtOH, all showed an increase 

after EtOH treatment, however P2X4R antagonist only had an effect on CREB, blocking 

the effect of EtOH on its activity. Determining the mechanism underlying EtOH-induced 

increase in P2X4R expression still remains unclear. This research was conducted to 

investigate the importance of P2X4R signaling in EtOH-mediated microglial function.  

Although many more questions remain unanswered, these experiments have provided 

evidence to target purinergic receptor X4 as a potential mediator of EtOH-induced effects 

in microglia.   
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CHAPTER 1 

GENERAL INTRODUCTION 

Microglia 
 

The Central Nervous System (CNS) is comprised of two main cell types: neurons 

and glial cells. Neurons are responsible for transmission of electrical and chemical 

signals, while glial cells, provide support and protection for neurons. The ratio of glial 

cells to neurons is 50:1 (Herculano-Houzel 2014). Glial cells, also known as the 

"supporting cells" of the nervous system have four main functions: to support neuronal 

function; to supply nutrients and oxygen to neurons; to insulate neurons; and to destroy 

and remove dead neurons (Barres 2008). Initially neurons were thought to be the sole 

important entity of the brain, however the role of glial cells, including astrocytes, 

oligodendrocytes, ependymal cells, and microglia have been shown to provide much of 

the foundation and support needed for neurons to function properly(Herculano-Houzel 

2014). 

Microglial cells, the smallest glial cells, are distinguished from the other supporting cells: 

1) microglia enter the brain early in development, 2) the invading cells have amoeboid 

morphology and are of mesodermal origin, 3) they use vessels and white matter tracts as 

guiding structures for migration to enter all brain regions, 4) in the mature brain, they are 

found almost evenly dispersed throughout the CNS and display little variation, and 5) 

once mature, these cells have the capacity to migrate, proliferate and 

phagocytose(Kettenmann, Hanisch et al. 2011). Known as the immune cells of the CNS 

(Streit 2002), microglial cells are important mediators of pathophysiological function in 
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the brain. The role of microglia in CNS maintenance is crucial, especially in disease, 

injury, and trauma. 

Origin of Microglia 

Microglial cells were first discovered in 1920 by a Spanish neuroanatomist, Pio 

del Rio-Hortega(Kettenmann, Hanisch et al. 2011).  Using silver-staining methods and 

light microscopy, he was able to characterize a population of cells, known today as 

microglia.  The origin of microglial cells has always been a controversial 

debate(Kettenmann, Hanisch et al. 2011, Saijo and Glass 2011, Kierdorf, Erny et al. 

2013); in the past two years over 200 papers were published on the topic of microglia.  

Today, there is a general consensus, unlike astrocytes and oligodendrocytes which are 

derived from the neuroectoderm, microglial cells are derived from mesenchymal origin 

that have migrated from the periphery and infiltrated the brain early in 

development(Chan, Kohsaka et al. 2007). They originate from bone marrow during 

postnatal development, there is an embryonic invasion of cells that give rise to a 

microglial population from the middle of the first trimester and through the early part of 

the second trimester (between embryonic day 10 and 19 in rodents)(Chan, Kohsaka et al. 

2007).  There is evidence for at least two separate populations of microglial cells. One 

population is derived from progenitors that are of myeloid/mesenchymal origin (not 

necessarily derived from monocytes). The second population represents a developmental 

and transitory form of fetal macrophage, and this cell is related to amoeboid microglial 

populations described in the postnatal brain of rodents (Rezaie, Dean et al. 2005). 

The origin of microglia from the yolk sac was proposed in 1999(Alliot, Godin et 
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al. 1999), and in a more recent study, microglia are derived from macrophage colony 

stimulating factor receptor (MCSF-R) expressing yolk sac precursors(Kierdorf, Erny et 

al. 2013). Many studies to date have investigated the markers and cell surface receptors 

that progenitor microglial cells express in order to invade the brain early in development. 

One group confirmed that microglia originate from uncommitted c-Kit+ stem 

cells(Kierdorf, Erny et al. 2013), which later developed into CD45+/c-Kit- /CX3CR1+ 

cells that are able to migrate to the CNS under the expression of Pu.1 and IRF-8 

transcription factors, as well as colony stimulating factor 1 (CSF1)(Kierdorf, Erny et al. 

2013, Elmore, Najafi et al. 2014). In the developing brain, the appearance of microglial 

cells before vascularization(Wang, Wu et al. 1996) and the lack of circulating monocytes 

support progenitor cells to be the source of microglia(Tambuyzer, Ponsaerts et al. 2009). 

Once the blood brain barrier has formed, infiltration of macrophages and monocytes does 

not occur. This creates a specific microglial population in the CNS that is separate from 

the periphery. 

Microglial cells constitute 5-20% of all the brain cells(Lawson, Perry et al. 1990, 

Lawson, Perry et al. 1992, Benveniste 1997, Ransohoff and Perry 2009)and are classified 

as macrophages of the CNS because of their close relationship to myeloid-lineage cells 

(Figure 1).  Once microglial progenitor cells have taken residence in the CNS, they 

undergo a sequence of steps to become differentiated microglial cells: proliferation from 

a precursor group, migration of the cells in order to populate and expand to other brain 

regions (the mechanisms regulating microglia to populate are poorly understood), and 

finally differentiation from the amoeboid phenotype to the ramified “resting” 
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phenotype(Tambuyzer, Ponsaerts et al. 2009).  As the immune effector cells of the CNS, 

microglia are vital for surveillance, maintenance and clearance of foreign material and 

debris(Kettenmann, Hanisch et al. 2011). Microglial cells transform into a “resting” 

ramified phenotype, described as a cell with a small soma and long thin-branched 

processes(Kettenmann, Hanisch et al. 2011). Microglial cells, while in their “resting” 

state, are efficient at sampling and surveying the microenvironment. Their long processes 

can reach far within regions of the brain to sample and maintain checks and balances in 

the CNS.  It is upon a pathological insult or damage when microglial cells transform from 

their “resting” state to an “activated” state characterized by an amoeboid phenotype with 

short fat processes which are efficient for microglial motility and phagocytic function.   
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Figure 1. Relationship of microglia to myeloid-lineage cells. Schematic 

representation of the developmental relationship between microglia and macrophages. 

Microglia are derived from primitive hematopoiesis in the fetal yolk sac and take up 

residence in the brain during early fetal development. Microglia differentiation and 

proliferation requires colony-stimulating factor 1 (CSF1), the CSF1 receptor (CSF1R), 

and the transcription factor PU.1(Saijo and Glass 2011). Adaped from “Microglia cell 

origin and phenotypes in health and disease” by Kaoru Saijo and Christopher K. Glass, 

2011, Nature Reviews, 11, 775-787. 
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Microglial Markers 

Microglial cells, similar to macrophages express many macrophage-associated 

markers. A comprehensive list of microglial markers is shown in Table 1(Tambuyzer, 

Ponsaerts et al. 2009). During the process of differentiation in the CNS, microglial cells 

start to express CD11b, MHC I and MHC II, lectin with the accompaniment of decreased 

CD45 immunoreactivity(Wang, Wu et al. 1996).  Complete uniformity among microglial 

markers is unattainable due to their highly interchangeable phenotype. Therefore, 

characterization of microglial cells under homeostasis and pathological conditions are 

important. For example, when microglial cells are at their “resting” state they express 

CD11b, low CD45, and undectable levels of MHC class II along with costimulatory 

molecules CD40 and CD 86(Sedgwick, Schwender et al. 1991, Ponomarev, Shriver et al. 

2005). In vitro the process of microglial cell activation has been characterized by the up 

regulation of CD45, MHC class II, CD40 and CD68(Matyszak, Denis-Donini et al. 1999, 

Ponomarev, Shriver et al. 2005). Characterization of microglial markers is a useful tool in 

understanding microglia’s role in disease pathology. Boyadjieva and Sarkar found that 

EtOH treatment of microglia led to significant increase in IBA-1, CCL3, CXCL2, TNF-α, 

and IL-6(Boyadjieva and Sarkar 2010), which are important for mounting an immune 

response. He and Crews demonstrated increased MCP-1 and GLUT-5 expression in 

alcoholic brains(He and Crews 2008). Microglia have the capacity not only to 

dramatically change their morphology and up-regulate a large number of receptor types, 

but they are able to secreate a broad range of cytokines and chemokines. These secretory 

products are thought to contribute to the defense of potential damage in the infected 
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brain(Rock, Gekker et al. 2004).  The importance in identification of pathological 

markers is critical in prevention and detection of disease.  Since microglia have been 

implicated in disease progression including Parkinson's disease, Alzheimer's disease, 

prion diseases, multiple sclerosis and HIV-dementia(Dheen, Kaur et al. 2007), it is 

important to understand microglia’s role in alcohol abuse disorders, by determining the 

specific markers they express, we may be able to determine which phenotype they 

maintain during the progression of the disease.  

Microglial Function 

Microglial cells in the CNS during their “resting” state are able to sample the 

environment due to their highly ramified and branched processes which are extremely 

motile in order to maintain homeostasis(Barron 1995). Microglial cells have two main 

functions: 1) to phagocytose debris of dead or dying cells, and 2) migration towards sites 

of injury or damage in the CNS.  In response to injury or pathogen, microglia transform 

into their “activated” state, making them highly phagocytic and motile(Kettenmann, 

Hanisch et al. 2011). During their response they become highly motile to sites of damage 

or injury where they become neuroprotective by phagocytosing damaged cells and 

debris(Giordana, Attanasio et al. 1994, Eugenin, Eckardt et al. 2001). These two 

functions are important in maintenance of healthy brain pathology.  Alterations or a 

disturbance in their ability to perform these functions properly is involved in many 

neurodegenerative disease pathologies(Fu, Shen et al. 2014), including Parkinson's 

disease, Alzheimer's disease, prion diseases, multiple sclerosis and HIV-dementia(Dheen, 

Kaur et al. 2007). 
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Table 1. Microglial Markers. The table summarizes a large number of common 

membrane and intracellular proteins expressed by primary cells in vivo and in vitro; 

proteins expressed constitutively during all differentiation stages are printed in bold, and 

the other proteins are associated with microglial activation(Tambuyzer, Ponsaerts et al. 

2009). This table was adapted from “Microglia: gatekeepers of the central nervous 

system” by Bart R. Tambuyzer et al., 2009, Journal of Leukocyte Biology, 85, 352-370.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Non-enzymatic membrane markers 

CD4  F4/80 

CD11a   CD40 (TNFR)  
CD11b  CD44  
CD11c  CD45  
CD13  CD54  
CD14  CD58  
CD16  
       (FcγRIII)  CD64 (FcγRI)  
CD18  CD80 (B7-1)  
CD24  CD86 (B7-2)  
CD32  
CD34  CD95/CD95L  
CD36  CD106  
CD107a  EP2 receptor  
CD163  opioid receptors 
CD200R   acetylated LDL 

receptor  
MHC I cytokine/chemokine     

receptors  
MHC II  cannabinoid receptors  
lectins  CRC5a  
F4/80  CRC1q  
TLR1–9a  purinogenic receptors  
LN-1  benzodiazepine 

receptors  
LN-3  mannose receptors  
GLUT-1  vitronectin receptor  
GLUT-5  PPAR-γ 
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Phagocytosis 

Microglial cells, otherwise known as professional phagocytes of the CNS(Stokes 

and Surprenant 2009, Kettenmann, Hanisch et al. 2011), utilize this function not only for 

cleaning up debris of apoptotic cells, but also during development and regeneration.  

Microglial cells are inactive under physiological conditions, refered to as “resting” state. 

In response to an invading pathogen or injury however, microglia cells activate into the 

“activated” phenotype ready for phagocytic function.  The activation of microglial 

phagocytosis is dependent upon specific receptors expressed on the cell surface as well as 

the recruitment of downstream pathways that control actin protein reorganization leading 

to the engulfment of harmful particles(Tambuyzer, Ponsaerts et al. 2009, Kettenmann, 

Hanisch et al. 2011, Fu, Shen et al. 2014). Once activated microglial cells have finished 

their job, it is important for the maintenance of the CNS, that microglia retrun to their 

native “resting” state. Prolonged microglial activation is a main contributor to 

neurodegenerative disease pathology, including Parkinson’s Disease, Alzheimer’s 

Disease and Mutliple Sclerosis and progression due to the constant “activated” state, 

characterized by the release of cytokines and chemokines that foster pro-inflammatory 

mediators(Takeshita and Ransohoff 2012, Ramesh, MacLean et al. 2013). Microglial 

phagocytosis requires different receptors in order to initiate phagocytic function.  There 

are two main receptors that are involved in the initiation of microglial phagocytosis. The 

first are the Toll-like receptors (TLRs), which are able to bind microbial pathogens, and 

the second is triggering receptor expressed on myeloid cell 2 (TREM-2), which is able to 

recognize apoptotic cellular substances(Fu, Shen et al. 2014). Apart from these receptors, 

there are many other receptors, such as Fc receptors and complement receptors(Veerhuis, 

Nielsen et al. 2011), scavenger receptors, purinergic (P2Y6) receptors as well as evidence 
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suggesting P2X4R in phagocytic activity(Stokes and Surprenant 2009), macrophage 

antigen complex 2 (MAC-2), mannose receptors(Lucin and Wyss-Coray 2009) and low-

density lipoprotein receptor-related protein (LRP) which are able to participate in 

phagocytosis activation of microglia(Smith 1999, Fu, Shen et al. 2014).  Functional 

regulation of microglial phagocytosis is important and has been linked to many 

neurodegenerative disease pathologies such as Alzheimer’s Disease, trauma, Parkinson’s 

Disease, and Amyotrophic lateral sclerosis(Fu, Shen et al. 2014). 

Migration 

 The second important function microglial cells provide is their ability to migrate 

towards sites of injury and damage in the CNS.  Cell migration plays a central role in 

both physiological and pathological processes(Kettenmann, Hanisch et al. 2011). 

Microglial cells exhibit two forms of movement, the first is in their ramified form, where 

they are able to move their processes without translocation of their soma(Barron 1995). 

The second is in the activated state in which the phenotype of the cell changes from the 

ramified “resting” state to an “activated” amoeboid state characterized by a large cell 

body and thick short processes, which allows for the cell to migrate towards signaling 

chemokines and cytokines(Kettenmann, Hanisch et al. 2011). Microglial immune 

response in the CNS is vital for proper pathophysiological clearance of debris and 

infection.  Small molecules, known as chemokines are expressed in the CNS(Noda and 

Suzumura 2012). The expression of these chemokines is influenced by pathological 

insults, which facilitate the recruitment of microglial cells to damaged areas(Cartier, 

Hartley et al. 2005).  A major chemokine family the CX3C chemokine CX3CL1 

(fractalkine) that has been identified as two forms, soluble or membrane-anchored, plays 

a pivotal role in signaling between degenerating neurons and microglia(Desforges, 
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Hebron et al. 2012). CX3CL1 and its receptor CX3CR1 are highly expressed in brain 

tissue, particularly in neurons and microglia(Harrison, Jiang et al. 1998, Mizuno, 

Kawanokuchi et al. 2003). CXCR3 knockout mice reveal impairment of microglial 

migration(Rappert, Biber et al. 2002). The sequence and orchestration of chemokine 

expression in CNS pathology is important for the proper function of microglia. For 

example, chemokines may induce neuronal death directly through the activation of 

neuronal chemokine receptors or indirectly through microglia(Ramesh, MacLean et al. 

2013).  In states of prolonged microglial activation and recruitment of effector cells, 

microglia can establish a feedback loop that perpetuates the release of cytokines and 

chemokines leading to continual activation(Gendelman 2002). Therefore it is imperative 

that chemokine expression is regulated in the CNS..  

Activated microglia act primarily in the defense of the brain, as brain scavengers, 

and in tissue remodeling. Microglia activation has been implicated in pathogenesis and 

inflammation. Microglial cells secrete an array of cytokines and chemokines, alerting the 

brain that there is a pathogen or injury in the CNS. Cytokines and Chemokines, increase 

the duration of microglial activation which contributes to many disease pathology. 

However neurotrophic factors are also released by microglial cells, which are known to 

facilitate and remodel neurons(Mizoguchi, Monji et al. 2009, Magarinos, Li et al. 2011). 

Altogether the activation of microglial cells is crucial to maintenance of CNS and plays a 

role in pathological and regenerative states(Nakajima and Kohsaka 2001).  
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Alcohol Abuse 

Statistics and Financial Burden 

In 2012 NIAAA conducted a survey to determine the prevalence of drinking in 

the United States. Their results demonstrated that 87.6 percent of people ages 18 or older 

reported they drank alcohol at some point in their lifetime; 71 percent reported they drank 

in the past year; and 56.3 percent reported they drank in the past month(NIAAA,2012).  

Approximately 17 million adults ages 18 and older have had an alcohol use disorder 

(AUD) in 2012; from those people about 1.4 million adults received treatment for an 

AUD at a specialized facility in 2012(NIAAA, 2012).  Not only is AUD a burden to our 

health, nearly 88,000 people (approximately 62,000 men and 26,000 women) die from 

alcohol related causes annually in the United States, making it the third leading 

preventable cause of death. The financial burden due to alcohol misuse problems in the 

US in 2006 has been estimated to be $223.5 billion (NIAAA, 2014).  

Neuropathological Aspects of Alcohol Abuse 

Alcohol abuse and alcoholism represent substantial problems that affect a large 

portion of the general public(Deehan, Brodie et al. 2013). While the effects of alcohol 

exposure on liver function and organ injury are well documented, the significant 

association between alcohol and CNS neurodegeneration is less established. It has been 

reported that the number of risk factors associated with chronic alcohol abuse has 

significantly increased, especially in disorders of the CNS(Nelson and Kolls 2002). 

Alcohol is known to cause structural and functional abnormalities to the brain(Szabo 

1997, Suk 2007, Nixon, Kim et al. 2008, Harper 2009, Karavitis, Murdoch et al. 2012, 
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Deehan, Brodie et al. 2013).  Pathological changes have been described in alcoholic 

brains including cortical atrophy and cerebroventricular enlargement(Syapin, Hickey et 

al. 2005), reduced numbers of neurons (Kril and Harper 1989, Syapin, Hickey et al. 

2005), and reduced numbers of astrocytes, oligodendrocytes and microglia in the 

hippocampus(Korbo 1999, Syapin, Hickey et al. 2005). Other brain regions are also 

affected by chronic alcoholic use, including the cerebellum(Phillips 1990, Sullivan, 

Deshmukh et al. 2000)and hypothalamus(Harding, Halliday et al. 1996). These regions of 

the brain are vulnerable to ethanol and lead to damage in the cerebral cortex and 

subcortical areas(Gansler, Harris et al. 2000). 

 Newer brain-imaging techniques have shown significant alterations of brain 

structure, including atrophy of subcortical and cortical areas, thalamus, corpus callosum 

and cerebellum(Zahr, Kaufman et al. 2011). Substantial progress has been made in brain 

imaging in chronic alcoholics, indicating global reduction in gray matter and white 

matter, an increase in cerebral spinal fluid volume, and diffusional abnormalities among 

alcoholics(Pfefferbaum, Rosenbloom et al. 2009). Rodent models have also demonstrated 

in vivo pathologies including neuronal loss and alterations to the hypothalamus, 

hippocampus, and other brain regions(Walker, Barnes et al. 1980, Lescaudron and Verna 

1985, Arendt, Bruckner et al. 1995, Silva, Madeira et al. 2002), decrease in numbers of 

glial cells(Rintala, Jaatinen et al. 2001, Riikonen, Jaatinen et al. 2002), microglial 

activation(Syapin and Alkana 1988, Obernier, Bouldin et al. 2002) and function(Arendt, 

Bruckner et al. 1995). Together these data suggest that glial cells are a main target of 

EtOH abuse, and may contribute to EtOH-induced brain damage.   
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Effects of EtOH on Microglia and Implication for EtOH-induced Neurodegeneration 

Microglial cells as previously mentioned are a target for EtOH-induced effects. 

EtOH is known to attenuate phagocytosis(Rimland and Hand 1980, Aroor and Baker 

1998, Sabino, Petroianu et al. 2011, Karavitis, Murdoch et al. 2012) proliferation(Nixon, 

Kim et al. 2008), expression of neurotrophic factor brain-derived neurotrophic factor 

(BDNF) in hippocampus(Hauser, Getachew et al. 2011) and induces neuronal death by an 

apoptotic process (Boyadjieva and Sarkar 2010, Gofman, Cenna et al. 2014). Recent 

studies have enumerated the deleterious effects of EtOH on the brain, including the 

immune cells found within the CNS (He and Crews 2008, Karavitis, Murdoch et al. 2012, 

Deehan, Brodie et al. 2013).  

Maintaining the integrity of neurons and neuronal circuits in the CNS is 

imperative for proper signaling and communication. Neurodegeneration is characterized 

by the loss of structure or function of brain cells, and comprises assembly of 

pathophysiological events that include cellular damage, disease development and cellular 

death(Jaskova, Pavlovicova et al. 2012). Glial cells, including astrocytes, microglia and 

oligodendrocytes, are important for neuronal function as both supporting cells for proper 

neural circuit transmission and an alert mechanism during injury or infection. Glial cells 

have been implicated in modulating and influencing neuronal health. Microglia, the 

immunocompetent cells of the CNS, respond to any homeostatic modification and play a 

pivotal role in regulation of neuroinflammatory processes, including in the presence of 

neurodegenerative disease(Zhao, Wang et al. 2013). Although, they are historically 

considered to be quiescent in the healthy brain and active only during brain injury or 
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disease, recent literature has demonstrated microglia as a dynamic entity undergoing 

morphological changes to maintain healthy brain function(Kettenmann, Hanisch et al. 

2011). As the primary effector cells of the brain, microglia are indispensable for 

maintenance and clearance of foreign material and debris(Kettenmann, Hanisch et al. 

2011). Importantly, microglia play a role in both neuroprotection and neurodegeneration 

in the CNS. Most of the known functions of microglia, including neurotoxic and 

neuroprotective properties, are attributed to morphologically activated microglia(Vinet, 

Weering et al. 2012). 

Microglial cell dysfunction plays an important role in pathogenesis of many 

neurodegenerative and neuroinflammatory diseases(Rock, Gekker et al. 2004). Constant 

alterations in the CNS, such as concentrations of cytokines/chemokines and the types of  

microglial markers expressed lead to dynamic changes in microglial activation, 

contributing to inflammation and consequently leading to neurodegenerative outcomes.  

Prolonged microglial cell activation due to aberrant signaling alters the function of 

microglia in neurocognitive disorders, including Alzheimer’s Disease and Parkinson’s 

Disease(Lindl, Marks et al. 2010).  

When microglia are activated due to brain injury or immunological stimuli, they 

undergo dramatic morphologic alterations, from a ramified cell with a small soma and 

long processes to an activated amoeboid cell with a large soma and shorter processes. 

Microglia activation can be differentiated based on morphology, marker expression and 

cytokine secretion(Marshall, McClain et al. 2013).  Microglia phenotype varies with the 

type of insult, the extent of damage, and the time of recovery post-injury. Addressing the 
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effects of EtOH on microglia-mediated neurodegeneration is of great importance. In the 

healthy brain, microglial cells are highly sensitive to changes in their microenvironment 

and readily become activated in response to infection or injury. Activated microglia up-

regulate a variety of surface receptors, including the major histocompatibility complex 

(MHC-II), CD11b, Iba-1, and 18 kDa mitochondrial translocator protein(Marshall, 

McClain et al. 2013). Expression of these surface molecules is one component of 

microglial cell activation associated with release of factors that are important for 

signaling in the brain during injury, including the release of pro-inflammatory cytokines.  

Pro-inflammatory cytokine release is a hallmark of activated microglia and 

contributes to chronic neuroinflammation(He and Crews 2008).  Studies by many groups 

have shown a significant increase in the release of these factors in EtOH models, both in 

vitro and in vivo, and excessive quantities of these individual factors produced by 

activated microglia can be deleterious to neurons(Chao, Byron et al. 1992, He and Crews 

2008, Fernandez-Lizarbe, Pascual et al. 2009).  EtOH studies on microglia conclude that 

these surface receptors are up regulated in EtOH exposed brains as compared to normal 

non-treated brains (Marshall, McClain et al. 2013). EtOH associated pathologies 

demonstrate microglia with increased phagocytic activity as seen in post mortem 

alcoholic brains stained for ED-1, used to detect phagocytic microglia(Graeber and Streit 

2010). The levels of activation achieved and cytokines released influence whether 

microglia exacerbate injury or promote recovery. The mechanism of EtOH effects on 

microglia are poorly understood; however, there are two potential molecules by which 

EtOH may influence microglia: toll-like receptors (TLRs) and purinergic receptors. 
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TLRs are a family of pattern-recognition receptors that enable the recognition of 

conserved structural motifs in a wide array of pathogens. TLRs recognize components 

released from stressed or damaged host cells including ATP, aggregated β-amyloid, and 

heat shock proteins(Brown and Neher 2010). Activation of TLRs triggers the downstream 

stimulation of nuclear factor-κB (NF-κB), which is associated with 

inflammation(Alfonso-Loeches, Pascual-Lucas et al. 2010). Multiple studies have shown 

that EtOH induces microglial cell activation in vitro by stimulating TLR4 enhancing 

phagocytosis and leading to neuronal death, indicating that activation of the TLR4 

response by EtOH can be an important mechanism of EtOH-induced neuroinflammation 

and neurodegeneration(Fernandez-Lizarbe, Pascual et al. 2009, Alfonso-Loeches, 

Pascual-Lucas et al. 2010, Fernandez-Lizarbe, Montesinos et al. 2013).  

Purinergic receptors (P2R), also known as purinoceptors, play a unique role in 

integrating neuronal and glial cellular circuits, as virtually every type of glial cell 

possesses receptors for purines and pyrimidines(Verkhratsky, Krishtal et al. 2009). These 

receptors are ubiquitously expressed and mediate a remarkable variety of physiological 

and pathophysiological reactions(James and Butt 2002, Potucek, Crain et al. 2006, 

Burnstock 2008, Verkhratsky, Krishtal et al. 2009, Dooley, Mashukova et al. 2011, Inoue 

and Tsuda 2012, Tsuda, Tozaki-Saitoh et al. 2012).  Several signaling pathways are 

coupled to P2R in the CNS, including the MAPK/ERK pathway, nerve growth factor 

(NGF) expression, and calcium mobilization (Guthrie, Knappenberger et al. 1999, James 

and Butt 1999, Koshimizu, Van Goor et al. 2000, Ko, Au et al. 2003, Potucek, Crain et al. 

2006, Majumder, Trujillo et al. 2007, Mei, Du et al. 2010).  P2R have been implicated in 
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EtOH abuse disorders and shown to affect signaling in the CNS(Asatryan, Nam et al. 

2011, Ostrovskaya, Asatryan et al. 2011). Recent literature has shown the involvement of 

P2X4R in the action of EtOH on microglia(Ostrovskaya, Asatryan et al. 2011, Gofman, 

Cenna et al. 2014).  It is now generally accepted that microglia contribute to the 

neurodegenerative process through the release of a variety of neurotoxic factors that 

exacerbate the degeneration of neurons. It remains to be determined, however, how EtOH 

triggers microglial activation and the role of P2X4 in regulating microglial activity. 

EtOH and Neuroinflammation 
 

Inflammation is a common denominator among the diverse list of 

neurodegenerative diseases.  Previously, inflammation was considered to be a passive 

response to neuronal damage(Peterson, Toborek et al. 2014); however, an increasing 

number of reports demonstrate that prolonged inflammation in the CNS contributes to 

neuronal death(Brown and Neher 2010, Ramesh, MacLean et al. 2013, Peterson, Toborek 

et al. 2014).  Neuroinflammation has been described as the upregulation of a variety of 

proinflammatory genes and cytokines involved in the innate immune response(Crews, 

Nixon et al. 2006, Crews, Mdzinarishvili et al. 2006, Nixon, Kim et al. 2008, Marshall, 

McClain et al. 2013).  For example, EtOH exposure induces innate immune signaling 

cascade through activation of the proinflammatory transcription factor NFκB(Marshall, 

McClain et al. 2013).  Others have shown that a variety of proinflammatory signals 

associated with increased EtOH drinking(Blednov, Ponomarev et al. 2012).  However, 

little is known abuout the effect of EtOH on microglia. 
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The hallmark of brain inflammation is the activation of glial cells, especially 

microglia which produce a variety of proinflammatory and neurotoxic factors, including 

cytokines, chemokines and reactive oxygen species (ROS), like superoxide and nitric 

oxide (NO)(Hirsch, Breidert et al. 2003).  Microglia partake in neuroinflammation in 

response to various intrinsic or extrinsic stimuli. It has been suggested that microglial 

signal transduction is one of the main targets of EtOH action in the brain.  EtOH 

exposure selectively modulates intracellular signal transduction in microglia, rather than 

globally inhibiting signaling pathways in a nonspecific manner. Dysregulation of the 

inflammatory activation signaling of microglia by EtOH may contribute to the 

derangement of CNS immune and inflammatory responses(Suk 2007). 

Microglia possess a myriad of functions within the CNS and the role of microglia 

in health and disease has become of interest in studying neurodegenerative diseases.  

Rather than classifying microglia as exclusively beneficial or deleterious, it is more likely 

that microglia function in both roles.  New data have emerged suggesting a relationship 

between chronic inflammation as an underlying theme for EtOH-associated 

neurodegeneration(Wu, Lousberg et al. 2011). Since EtOH dependence and abuse are 

important health problems, therapeutic strategies to overcome this addiction are urgently 

required to reduce the burden of such conditions on society. 

An ongoing controversy exists regarding whether microglia are neuroprotective or 

neurotoxic when activated. Neuroinflammation is an important pathological feature 

involving microglial cells in the CNS. Microglial cells play a prominent role in 

inflammatory processes in many neurodegenerative diseases including Parkinson’s 
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Disease and Amyolateral Sclerosis (ALS)(Sawada, Suzuki et al. 2010, Liao, Zhao et al. 

2012).  Some neurotoxic and neuroprotective events were characterized and elucidated in 

a hippocampal slice model(Biber, Neumann et al. 2007).  Results indicated that the 

neurotoxic microglia response was exacerbated by lipopolysaccharides (LPS), however 

interleukin (IL)-4 induced a neuroprotective phenotype(Butovsky, Talpalar et al. 2005, 

Biber, Neumann et al. 2007).  Also, numerous neuroprotective effects of activated 

microglia have been demonstrated in vivo. Microglia are beneficial in a model of nitric 

oxide (NO)-dependent excitotoxicity(Turrin and Rivest 2006) and in animal models of 

stroke(Lalancette-Hebert, Gowing et al. 2007), and ALS(Boillee, Yamanaka et al. 

2006)and of Alzheimer's Disease(El Khoury, Toft et al. 2007). 

  In regard to microglial neuroinflammation and EtOH, EtOH has been shown to 

modulate the activation of microglia and affect their normal function. It has been shown 

that local EtOH injections in the striatum of a rodent produced severe neuronal 

damage(Sawada, Suzuki et al. 2010).  The effects of EtOH injection included 

hemorrhage, infection and other effects such as cytokine/chemokine network 

alterations(Sawada, Suzuki et al. 2010). These alterations in cytokine and chemokine 

influence the function of microglia further contributing to neuroinflammation in the CNS. 

The exact mechanisms by which EtOH influences microglial cell activation is currently 

unknown; however, studies(Vallés, Blanco et al. 2004, Fernandez-Lizarbe, Pascual et al. 

2009, Fernandez-Lizarbe, Montesinos et al. 2013) have shown evidence to support 

EtOH’s effect on microglia-mediated neuroinflammation.  Understanding the balance 
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between neuroprotection and neurodegeneration is important in understanding diseases of 

the CNS.  

Purinergic Receptors 

Family of Purinergic Receptors 

In 1972, Burnstock pushed the importance of extracellular ATP in synaptic 

transmission(Burnstock 1972); not until 1993 when the first receptor was cloned(Webb, 

Simon et al. 1993),did this idea become a reality.  Evidence has fostered the notion of 

ATP acting as neurotransmitter regulating both peripheral and central nervous 

system(Guthrie, Knappenberger et al. 1999, Bo, Schoepfer et al. 2000, Inoue, Tsuda et al. 

2005, Burnstock 2006, Haas, Schipke et al. 2006, Jarvis and Khakh 2009, Coddou, 

Stojilkovic et al. 2011, Hattori and Gouaux 2012, Cortes, Becerra et al. 2013).  To date 

there are two families of receptors activated by these extracellular nucleotides: P2X 

receptors (P2XRs) and P2Y receptors (P2YRs)(Coddou, Yan et al. 2011). These 

receptors, also known as purinergic receptors, are implicated in mechanisms involving 

neuronal and non-neuronal circuits(Abbracchio and Burnstock 1998), including exocrine 

and endocrine secretion, immune response, inflammation, pain, and endothelial-mediated 

vasodilation(Burnstock and Knight 2004). 

Purinergic Receptors P2X is a family of ionotropic cation-conducting channels. 

To date there are seven P2X receptors denoted P2X1-7. The receptors exhibit a subunit 

topology of intracellular N- and C-termini possessing extracellular binding motifs.  There 

are two transmembrane spanning regions, the first TM1 is responsible for gating, and the 

second TM2 is responsible for lining the pore.  The receptor contains a large extracellular 
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loop with 10 conserved cysteine residues forming two disulfide bridges (Figure 

2)(Burnstock and Knight 2004).  These receptors show thirty to fifty percent sequence 

homology between family members, and vary considerably in size (mP2X3:40kb; 

hP2X6: 12kb)(Burnstock and Knight 2004, Burnstock 2007).  The receptors are present 

in many species, from unicellular organisms to humans, however the exact phylogeny is 

not completely known.  Interestingly enough these receptors can form homomultimers 

and heteromultimers with each other to form pores in the plasma membrane(North and 

Surprenant 2000). The endogenous agonist for the P2XR’s is ATP; other nucleotides 

such as UTP and UDP have no activity on these receptors(Burnstock and Knight 2004).  

Localization of these receptors are described in Table 2(Burnstock 2007).  Investigation 

of the role of purinergic receptors and their regulatory mechanism in the CNS is of 

critical importance. A better understanding of their role in disease, traumatic brain injury, 

drug abuse could she light understanding some of the mechansims they may be involved 

in.  
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Figure 2. Purinergic Receptor (P2XR). Diagram depicting the topology of P2X 

receptor protein showing both amino and carboxyl termini in the cytoplasm.  P2XR have 

two membrane spanning segments within the lipid bilayer of the plasma membrane, 

which is connected by a hydrophilic segment of 270 amino acids.  The extracellular 

domain is shown containing two disulfide-bonded loops and three N-linked glycosyl 

chains(triangles)(Brake, Wagenbach et al. 1994).  Reprinted by permission from 

Macmillan Publishers Ltd: Nature Publishing, (Brake, Wagenbach et al. 1994), 1994. 
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Table 2. Distribution of P2X and P2Y purinergic receptors. This table shows the 

localization of P2X and P2Y mRNA. Figure adapted from “Purine and Pyrimidine 

Receptors” by Geoffrey Burnstock, 2007, Cellular and Molecular Life Science, 64, 1471-

1483,(Burnstock 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
P2X 

Receptor Localization 
P2X1 smooth muscle, platelets, cerebellum, 

dorsal horn spinal neurons 
P2X2 smooth muscle, CNS retina, chromaffin 

cells, autonomic and sensory ganglia 
P2X3 sensory neurons, NTS, some synaptic 

neurons 
P2X4 CNS, testis, colon 
P2X5 proliferating cells in skin, gut, bladder, 

thymus, spinal cord 
P2X6 CNS, motor neurons in spinal cord 
P2X7 immune cells, pancreas and skin 

 
 
 
 
 
P2Y 

P2Y1 epithelial and endothelial cells, immune 
cells 

P2Y2 immune cells, epithelial and endothelial 
cells 

P2Y4 Endothelial cells 
P2Y6 Epithelial cells, t cells thymus 
P2Y11 Spleen, intestine 
P2Y12 Platelets, glial cells 
P2Y13 Spleen, brain, lymph, bone marrow 
P2Y14 Placenta, adipose tissue 
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Purinergic receptor P2Y is a family of metabotrophic seven transmembrane 

receptors P2Y1-14. The receptor topology consists of an extracellular N-terminus and an 

intracellular C-terminus, which contains consensus binding motifs for protein kinases. 

The transmembrane proteins among the different orthologs of receptors show a high level  

of sequence homology, specifically TM3, TM6 and TM7(Burnstock and Knight 2004).  

The P2Y family of receptors binds to a single heterotrimeric G protein (typically Gq) to 

induce signaling(Burnstock and Knight 2004).  Unlike the P2X receptors these receptors 

are activated by both purine and pyrimidine nucleotides. These receptors are structurally 

and functionally different from the P2X receptor family. For the remainder of this 

dissertation I will only focus on the P2X family of purinergic receptors. 

P2X Expression on Microglial Cells 

Multiple P2X receptors are expressed in the glial cells including astrocytes, 

oligodendrocytes, and microglia(Burnstock and Knight 2004).  Microglia express various 

cell surface ionotropic P2X purinergic receptors that are known to modulate microglial 

function(Farber and Kettenmann 2006, Inoue 2008) and to play a unique role in 

integrating neuronal and glial cellular circuits(Verkhratsky, Krishtal et al. 2009). 

Microglial cells utilize the purinergic receptor system as a regulatory sensory tool. In 

2005 Xiang and Burnstock(Xiang and Burnstock 2005) using immunofluorescence and 

RT-PCR characterized the expression of P2X receptors in microglia during development. 

Purinergic receptors X1, and X4 are abundantly expressed on microglia, more so than the 

other purinergic receptors(Farber and Kettenmann 2006), while P2X7 is expressed in 

epithelial cells and the lateral ventricular choroid plexus(Xiang and Burnstock 2005, 
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Farber and Kettenmann 2006). Expression of purinergic receptors was also determined by 

employing the patch-clamp technique, an electrophysiological study(Farber and 

Kettenmann 2006, Verkhratsky, Krishtal et al. 2009). These data demonstrated the ability 

for microglial cells expressing purinergic receptors to trigger non-selective cationic and 

K+ currents(Farber and Kettenmann 2006).  ATP, the primary agonist for P2X purinergic 

receptor is necessary in regulating many of the microglial functions and initiating 

microglial immune response.  ATP is a widespread cell-to-cell signaling molecule in the 

brain, where it activates cell surface P2X receptors.  Purinergic receptor signaling is now 

recognized to be involved in a wide range of activities of the CNS(Burnstock 2006).  

There is clear evidence for excytotoxicvesicular release of ATP from nerves.  It is now 

recognized that ATP release from many cells is a physiological or pathophysiological 

response to mechanical stress, hypoxia and inflammation(Bodin and Burnstock 2001).  

The action of adenosine has been investigated for many years, however the role(s) of 

ATP in CNS have only been of interest in the last several years(Bo, Schoepfer et al. 

2000, Inoue, Tsuda et al. 2005, Sim, Chaumont et al. 2006, Fang, Yang et al. 2009, Jarvis 

and Khakh 2009, Stokes and Surprenant 2009, Coddou, Stojilkovic et al. 2011, Hattori 

and Gouaux 2012).  

Purinergic Receptors and Microglial Signaling 

P2X receptors in recent years have emerged in the spotlight and have been shown 

to play a pivotal role in regulating neuro-inflammatory and degenerative processes(James 

and Butt 2002, Potucek, Crain et al. 2006, Burnstock 2008, Verkhratsky, Krishtal et al. 

2009, Dooley, Mashukova et al. 2011, Inoue and Tsuda 2012). Several signaling 
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pathways and soluble molecules are coupled to P2 receptors in the CNS including the 

MAPK/ERK pathway, NGF, and calcium mobilization(Guthrie, Knappenberger et al. 

1999, Koshimizu, Van Goor et al. 2000, Ko, Au et al. 2003, Potucek, Crain et al. 2006, 

Majumder, Trujillo et al. 2007, Mei, Du et al. 2010). P2X receptors are ubiquitously 

expressed ligand-gated cation channels that mediate a remarkable variety of physiological 

and pathophysiological reactions, especially in microglia(James and Butt 2002, Potucek, 

Crain et al. 2006, Burnstock 2008, Verkhratsky, Krishtal et al. 2009, Dooley, Mashukova 

et al. 2011, Inoue and Tsuda 2012). More recently, purinergic receptors have been 

implicated in EtOH abuse disorders, affecting signaling in the CNS(Asatryan, Nam et al. 

2011, Ostrovskaya, Asatryan et al. 2011). Purinergic receptor signaling is implicated in 

the pathophysiology of many CNS diseases including sleep disorders, anxiety, and 

alcoholism. The striking similarity between the pharmacology of adenosine and ethanol 

provided strong circumstantial evidence for an adenosinergic modulation of CNS effects 

of ethanol(Asatryan, Nam et al. 2011). 

EtOH effects on Purinergic Receptor X4 

Studies have shown that EtOH acts as an allosteric regulator inhibiting P2X4R 

function most likely operating through interactions with the TM domains or hydrophobic 

regions within the channel structure(Asatryan, Popova et al. 2010).  Several animal 

studies have demonstrated a link between EtOH and P2X4R. Rat self administration 

studies, demonstrated EtOH dependence through P2X4R, which was blocked by 

ivermectin, a P2X4R agonist(Kosten 2011). Patch clamp experiments demonstrate EtOH 

inhibition of ATP-activated currents in rat and mouse neurons, suggesting a role for 
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P2X4R in EtOH-related behaviors. While evidence supports a role for P2X4R in the 

action of EtOH(Ostrovskaya, Asatryan et al. 2011), their role in modulating the 

functional activities of microglia is unknown. Acute EtOH treatment increases the 

expression of P2X4R expression in microglial cells(Gofman, Cenna et al. 2014). 

In the present studies, we sought to determine the role of the P2X4 receptor in 

mediating EtOH-induced effects on microglial function.  
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Rational/Specific Aims 

A wealth of scientific evidence underscores the deleterious effects of EtOH abuse 

on the microglia and its physiological and pathophysiological processes. However, the 

mechanism by which EtOH modulates microglia function remains elusive. In recent years 

purinergic receptors and the associated signaling cascades have emerged as pivotal 

regulators of immune cell inflammatory responses in the central nervous system (CNS). 

Microglia, the resident immune cells of the brain, express various cell surface ionotropic 

P2X purinergic receptors, and these receptors have shown to be important mediators of 

EtOH (EtOH)-induced effects. Consequently, the work proposed herein is directed 

towards exploring the role of purinergic signaling in mediating EtOH-induced effects on 

microglial immunoregulatory processes. Using mouse primary microglia and embryonic 

stem (ES) cell-derived microglial precursor (ESdM), the proposed studies investigated 

the role of purinoceptors in pathophysiology of EtOH-induced microglia dysfunction. 

The overarching hypothesis is EtOH modulates microglia P2X purinergic receptor 

leading to altered microglial effector function thus contributing to microglial 

immune dysfunction.  

Aim 1: To characterize the effects of EtOH on microglia P2X4 receptors. P2 

receptors are widely expressed on all CNS cells including resident microglia, which are 

directly involved in inflammatory and immune reactions. First, I  determined the effects 

of EtOH on P2X4 receptors activity, mRNA and protein expression. Second, I 
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characterized the effect of EtOH on microglial neurotropic factors BDNF, NGF, NT3 

and NT4/5. 

Aim 2: To elucidate the cellular and molecular mechanisms that regulates 

microglia P2X4 purinergic receptors expression in context of EtOH.  

First, I explored the mechanisms underlying how EtOH exposure alters P2X4 expression 

by investigating the role of NF-kB and NFAT transcription factors. Second, I determined 

if EtOH-induced microglia P2X4 receptor aberrant expression affects microglial effector 

functions including migration and phagocytosis. Thirdly, I explored the calcium 

dependent mechanism and MAPK-ERK signaling pathway via P2X4 in mediating EtOH 

induced microglial dysfunction. 
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CHAPTER 2 

METHODS AND MATERIALS 

Cell culture  

Embryonic stem cell derived microglia (ESdM), were a generous gift from Dr. 

Harald Neumann (University of Bonn Germany; Bonn, Germany). In brief, ESdM cells 

were cultured in DMEM F12 50:50 (Cellgro; Manassas, VA) containing N2 supplement 

(Invitrogen; Carlsbad, CA) with 0.048 mM L-glutamine (Cellgro; Manassas, VA), 1% D-

glucose (Sigma; St. Louis, MO) and 1% Penicillin/Streptomycin (Cellgro). The ESdM 

are stable proliferating cells with most characteristics of primary microglia and are a 

suitable tool to study microglial function in vitro (Figure 4) (Napoli, Kierdorf et al. 2009, 

Beutner, Roy et al. 2010). 

Murine primary microglial cells (MPM) were harvested from dissociated tissue 

growing on a monolayer of astrocytes on PLL coated flasks.  Cells were kept in DMEM 

media(Cellgro) containing 10% FBS (Hyclone), 0.048 mM L-glutamine (Cellgro; 

Manassas, VA), and 1% Penicillin/Streptomycin (Cellgro).  MPM were used for 

experiments within two weeks of harvesting. 
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Figure 3. Embryonic Stem Cell Derived Microglia cells and Primary Microglial 

cells.  a. brightfield images at 10X and zoomed at 40X to show the phenotype of the 

ESdM cells, demonstrating a small soma with many ramified branched processes. b. 

brightfield images of primary microglial. Image was taken at 20X magnification. 
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Antibodies and Reagents 

Antibodies were purchased from the following sources: P2X4 antibody 

(Alomone, (Cat # APR-002); Jerusalem, Israel), CD11b (Abcam, (Cat # Ab8878); 

Cambridge, England), 7-AAD (BioLegend, (Cat # 420403); San Diego, CA), Fluo4 (Cat 

# F14201), pHrodo (Cat #  P35366), and Calcein AM (Cat # C1430) were purchased 

from (Life Technologies; Carlsbad, CA). EtOH 200 proof (Pharmaco-Aaper), ATP (Cat # 

FL-AA), Poly-L-lysine (PLL) (Cat # P1274), Lipopolysaccharide (LPS) (Cat # L5886), 

and cytochalasin D (Cyto D) (Cat # C6637) were purchased from Sigma Aldrich; St. 

Louis, MO, USA, 5-BDBD (Cat # 3579) was purchased from Tocris (Bristol, UK). 

Optimal concentrations of ATP (25 mM), cytocholasin D (5 µM), fractalkine 

(CX3CL1)(10 ng/mL), LPS (1 µg/ml), pHrodo (40 µg/ml), Fluo-4 (10 mM), Calcein (5 

µM), 5-BDBD (1 nM/ml) were determined from dose and time dependent response 

studies. Antibodies were purchased from the following sources: pMEK(Cat #9154), 

MEK(Cat #9122), pERK(Cat #4370), ERK(Cat #9102), pAKT(Cat #4060), and AKT(Cat 

#9272) (Cell Signaling Technologies (CST), Danvers, MA), inhibitors for signaling 

experiments U0126 (Cat #9903) and PD9895 (Cat #9900) (CST, Danvers, MA), β-actin 

(Santa Cruz Biotechnology, (Cat # Sc47778), Santa Cruz, CA), EtOH 200 proof 

(Pharmaco-Aaper), Lipopolysaccharide (LPS) was purchased from Sigma Aldrich (St. 

Louis, MO, USA). BCA protein assay reagent, Precast SDS protein gels 4-20%, and 

Super Signal West Femto, and Pico Chemiluminescent Substrate were purchased from 

Thermo Scientific (Hudson, NH), CelLytic-M Reagent (Sigma, St. Louis, MO), 6x SDS 

loading buffer (Morganville Scientific, Morganville, NJ), BSA (US Biologicals), 
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TransAMTM NFkB, TransAMTM CREB, TransAMTM NFATc1 and the nuclear extract kit 

were purchased from Active Motif (Carlsbad, CA). 

Cell Viability 

Cell viability was determined by LIVE/DEAD (Molecular Probes) assay, and 

showed that EtOH (EtOH) 5-500 mM concentration had no toxic effects on microglia 

after 48 h of exposure (data not shown).  ESdM cells were seeded into a 96-well plate and 

treated with EtOH (5-500mM) for 48 h. Cell viability was tested by exclusion of vital 

dyes using the Live/Dead, viability/cytotoxicity assay as per manufacturers instructions 

(Molecular Probes, Eugene, OR). 

RNA extraction and Real-Time qPCR   

Real-Time PCR was performed to determine the gene expression profile for 

purinergic receptor P2X4 in ESdM cells. ESdM cells were seeded at a density of 2x105 

cells per well in 6 well plates following treatment with 100 mM EtOH for 48 hours.  

Total RNA was isolated using the RNeasy Mini Kit as per manufacturer’s instructions 

(Qiagen; Valencia, CA).  RNA purity and concentration was determined using a 

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Fair Lawn, NJ). 

Conversion to cDNA was performed by reverse transcription using [1 µg of total RNA] 

the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, 

CA). Primers were designed for P2X4 forward primer 5’ TCA TCC TGG CTT ACG 

TCA TTG GGT-3’, reverse primer 5'-CCA CAC CTT TGG CTT TGG TTG TCA-3', 

GAPDH forward primer 5’CAT GGC CTT CCG TGT TCC TA-3’, reverse primer 5’-

ACC TGG TCC TCA GTG TAG CCC-3’. cDNA (diluted 1:20) along with forward and 
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reverse primers were mixed with SYBRgreen Mastermix (Fermentas; Hanover, MD).  

qPCR was performed on an Applied Biosystems StepOnePlus Real-Time PCR System 

(Applied Biosystems).   The PCR conditions consisted of an initial melting cycle at 95°C 

for 15 minutes, followed by 40 cycles of amplification at 95°C for 15 s (denaturation), 

60°C for 30 s (annealing), and 72°C for 30 s (extension). Raw data were analyzed using 

the ΔΔCt method (relative quantification). Results were expressed in relative gene 

expression levels (fold change) compared to the untreated control. 

Animals and Breeding 

 Eight-week-old sex-matched (sibling pairs) C57BL/6 mice (Charles River 

Laboratories, Wilmington, MA) weighing 19-32g upon arrival were used to establish our 

mouse colony.  Mice were housed two per cage (1 male and 1 female) until female was 

visibly pregnant.  Pregnant animals were caged separately until birth of their pups. 

Newborn pups were sacrificed by decapitation using sharp double edge scissors and the 

brain tissue harvested immediately. 

Primary Microglial Isolation 

 Neonatal mouse brains were extracted from postnatal day 1 C57Bl/6 pups. 

Meninges were removed from brain, tissue was then minced with a glass pipette. Brain 

tissue was further trypisinized in PBS containing 0.25% trypsin at 37°C for 30 min. After 

the thirty minute incubation, 10% FBS was added to the cells to inactivate the digestion 

of the tissue. Tissue was transferred into a 50mL conical tube and placed on ice for 5 

minutes. A glass Pasteur pipette was used to break down the tissue further.  Conical tubes 

were spun at 400xg for 20 minutes, twice.  Between each spin, the tissue was broken 
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down with HBSS and a Pasteur pipette. The tissue was filtered and maintained in PLL- 

coated flasks for 14 days undisturbed in DMEM containing 10% fetal bovine serum. 

Immediately before experiments, microglia cells were harvested by agitation on a shaker 

250 rpm for 5 h, floating cells were collected and plated on PLL-coated plates and flasks 

for subsequent experiments(Masuda, Iwamoto et al. 2014).  

Flow Cytometric analysis  

Analysis of P2X4 expression in ESdM was determined by flow cytometry. 

Briefly, following treatment with 100 mM EtOH, cells were washed and stained in 2% 

BSA buffer containing fluorochrome-conjugated antibody CD11b (Alexa Fluor [AF]-

647), anti rabbit polyclonal P2X4, conjugated to Alexa Fluor [AF]-488 (Life 

Technologies and Alomone Lab, Jerusalem, Israel) and fixed in 2% paraformaldehyde 

prior to analysis. Isotype-matched antibodies were used as negative controls. A total of 

10,000 events were acquired on a BD FACS LSR II with Diva Software (version 6.1.3; 

BD Biosciences, San Jose, CA, USA). Percentage of cells expressing P2X4R and Median 

Fluorescence Intensity (MdFI) were analyzed using FlowJo Software v 8.7. 

Immunofluorescent staining  

ESdM and primary microglial cells (250,000 cells/well) were plated on coverslips 

coated with 0.01% PLL in a 6-well dish. Cells were fixed in 4% paraformaldehyde for 30 

min followed by staining for purinergic receptor P2X4 (AB-1:200; Alomone,) overnight 

at 4oC. Secondary staining with anti-rabbit Alexa 488 IgG (1:800) (Life Technologies) 

was used to determine expression. Samples were washed and mounted on glass slides 

using ProLong Gold+Dapi reagent (Life Technologies, Carlsbad, CA). 



 

 

 

37 

Immunofluorescence labeled ESdM cells were imaged at 40X. Immunostained cells were 

observed with an Eclipse I-80 Microscope (Nikon, Melville, NY) fitted with a CoolSnap-

EZ digital camera (Photometrics, Tucson, AZ). Image acquisition analysis was performed 

using NIS Elements R (Nikon) imaging software.  

Calcium Mobilization 

ESdM cells (200,000 cells/well) were affixed to 0.01% PLL  (Sigma) coated 1.5 

mm MatTek (Ashland, MA) cell culture dishes.  ESdM cells were loaded with 10 mM 

Fluo-4/AM (Life Technologies, Carlsbad, CA) in extracellular medium (ECM) 

containing 2.0% BSA at 37°C for 30 min on a shaker.  Cells were washed and 0.25% 

BSA running buffer was added to each dish. After 1 min of baseline recording, an image 

was acquired every 2.5 s using the Carl Zeiss 510 Meta confocal microscopy system 

(Carl Zeiss Microimaging; Thornwood, NY) at 488nm excitation. Concentrations of ATP 

(25 mM) and EtOH (100 mM) were used to examine calcium mobilization. Treatment 

with 5-BDBD (20 µM) and EGTA (5 mM) were used to reverse EtOH effect on calcium 

mobilization.  The images were analyzed with AxioVision version 4.7 software and with 

National Institutes of Health Image J version 1.42 software 

(http://rsbweb.nih.gov/ij/)(Potula, Hawkins et al. 2010). 

Phagocytosis Assay   

To assess phagocytosis, ESdM cells (250,000 cells per well in 6-well dishes) were 

incubated with pH-sensitive pHrodo-conjugated E. coli bioparticles (Life Technologies). 

Appropriate wells were treated for 48 h with EtOH (100 mM) either alone or in the 

presence of 5-BDBD (1nM/ml).  LPS (1 µg/ml) treated for 24 h, and Cyto D (5 µM) 
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treated for 1 hour were used as controls in separate wells. Briefly, following treatment, 

cells were incubated for 1.5 h with pHrodo green bioparticles (40 µg/ml) at 37°C in 5% 

CO2.  Immediately after incubation, cells were rinsed with cold phosphate buffered saline, 

scraped, and washed with FACS buffer (2% BSA in PBS) before being re-suspended in 

2% paraformaldehyde and subjected to flow cytometric analysis by BD Canto II (BD 

Biosciences). Phagocytosis by microglia  (FITC+) was quantified and cell viability was 

determined by 7-AAD staining. Analysis was carried out using FACS DiVa software 

(Becton Dickinson; Franklin Lake, NJ) and FlowJo Software v 8.7.  

Migration assay 

Quantitative migration assays were carried out using 8 micron pore Fluoroblock 

migration plates (Calbiochem; Darmstadt, Germany) as described previously (Ramirez, 

Fan et al. 2010).  ESdM cells were loaded with 5 mM Calcein (Life Technologies) for 45 

minutes at 37 °C, washed prior to seeding at 50,000 cells/well in the upper chamber of 

the tissue culture insert. CX3CL1 (10 ng/ml) was added to the lower chamber to 

stimulate migration.  The optimal concentration of CX3CL1 was established via dose 

response of CX3CL1 to microglial migration(Beutner, Roy et al. 2010).  The number of 

migrated cells were counted using an inverted fluorescence live cell imaging system (Carl 

Zeiss MicroImaging, Thornwood, NY). Each experiment was performed in triplicate and 

each experimental well was imaged 5 times in different locations, and the results were 

expressed as an average of the total number of migrated cells in response to 

chemoattractant under each experimental condition. The images were analyzed with 

AxioVision version 4.7software (Carl Zeiss Microimaging) and with National Institutes 
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of Health ImageJ version 1.42 software (http://rsbweb.nih.gov/ij/) as 

described(Schneider, Rasband et al. 2012)  

Detection of NT factors via Meso Scale Discovery Elisa 

A blank custom MSD 96-well plate was used for the detection of Neurotrophic 

(NT) factors secreted from microglia in media. Media was collected and concentrated 

using a 3K-amicon filter (use as manufacturers instructions). Samples and standards were 

diluted in PBS containing 0.03% Triton and added to each well in a 96-well plate and 

allowed to dry overnight at room temperature. On day 2 plates were washed in 

200µL/well of PBST. Then primary antibody was added (1:1000) anti-BNDF (Cat # 

ANT010), (1:1000) anti-NT3 (Cat # ANT003), and (1:000) anti-NT4/5 (Cat #ANT004) 

were all purchased from Alamone (Jerusalem, Israel) 25µL/well in PBST, 1% (w/v) BSA 

and rotate on an orbital shaker for 1 h at room temperature.  Plates were again washed 

with 200µL/well of PBST. Secondary MSD SULFO-TAG antibody goat anti-rabbit was 

prepared in PBS and 25µL was added to each well. The plate is sealed and rotated on an 

orbital shaker for 1 h at room temperature. Plate was washed one final time with 

200µL/well of PBST, then 150µL of 2X MSD Read Buffer was added to each well (4X 

MSD Reader Buffer diluted two-fold with distilled water), the plates were read on the 

SECTOR® Imager 2400 plate reader.  

Western blotting 

ESdM cells (250,000 cells/flask) were treated with EtOH (100 mM) for 

5,10,15,30,45 and 60 minutes prior to cell lysis. Several studies have demonstrated the 

use of 100 mM EtOH for protein work, and its physiological relevance (Sanna, Simpson 
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et al. 2002, Gofman, Cenna et al. 2014). For kinase work U0126 (10µM; Cat # 9903, 

CST) was used to pretreat micrgolia 30 min prior to EtOH treatment, PD98095 (20µM; 

Cat # 9900, CST) was used to pretreat microglia for 1 h prior to EtOH treatment. For 

antagonist studies, cells were pretreated with P2X4 antagonist 5-BDBD (Tocris) (10µM) 

for 30 min prior to EtOH treatment. For signaling studies ESdM whole cell lysates were 

prepared using CelLytic-M reagent (Sigma, St. Louis, MO) with a 1X dilution of a broad 

specific protease/phosphatase inhibitor cocktail (Thermo Scientific, Hudson, NH). 

Cellular lysates were vortexed on high and spun in a 4°C tabletop centrifuge 13,000 rpm 

for 15 minutes. Protein concentrations were estimated using the BCA method (Thermo 

Scientific, Husdon, NH)(Ramirez, Fan et al. 2013). Lysates were mixed with 6X loading 

buffer containing β-ME, then boiled for 10 min at 95°C.  Samples (20 µg) were loaded 

and resolved by precast SDS-PAGE 4-20% gradient gels (Thermo Scientific, Hudson, 

NH). Proteins were transferred onto a nitrocellulose membrane by electrophoretic 

transfer, then blocked in 5% BSA in 1X TBS/0.1% Tween 20 for 1 hr.  Primary 

antibodies were diluted in 5% BSA in 1X TBS/0.1% Tween 20. Membranes were 

incubated overnight with polyclonal antibodies anti pMEK (1:500), MEK (1:1000), 

pERK (1:1000), ERK (1:1000), pAKT (1:1000), AKT (1:1000) (Cell Signaling 

Technology), and β-actin (1:2000) protein loading control (Santa Cruz Biotechnology, 

Santa Cruz, CA) were used to detect target proteins. All primary antibodies were 

incubated with the membranes overnight at 4°C with gentle shaking. Species-specific 

peroxidase-conjugated secondary antibodies (diluted 1:1000) (Thermo Scientific, 

Hudson, NH) were incubated with the membranes for 1 hr at room temperature. Species-
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specific secondary antibodies conjugated to Horseradish peroxidase (HRP) (Thermo 

Scientific) were then added for 1h at room temperature, and detected using Supersignal 

West Femto or Pico chemiluminescence substrate (Thermo Scientific). 

Chemiluminescence signal detection was performed with the gel documentation system 

G:Box Chemi HR16 (Syngene). Densitometry ratiometrics for phosphorylated protein 

was normalized to total protein, then normalized to actin for each time point. 

Densitometry analysis was performed with the GeneTools software package (Syngene).    

Evaluation of Transcription Factor Activity 

ESdM cells were seeded at a density of 600,000 cells and allowed to reach 

confluence over four days. ESdM cells were treated with EtOH (100 mM) over the 

course of 24 hours to determine initial transcription factor activity for NF-κB p50, CREB, 

and NFATc1 (data not shown). Nuclear extracts were isolated using the nuclear extract 

kit as per manufactures instructions (Active motif, Carlsbad, CA). Transcription activity 

was measured in nuclear protein extracts (20 µg) by the TransAMTM NF-κB p50, (10 µg) 

by the TransAMTM CREB, and (10 µg) by the TransAMTM NFATc1 protein assay 

(Active Motif, Carlsbad, CA, USA), an ELISA-based method designed to specifically 

detect and quantify transcription factor activation with high sensitivity and 

reproducibility. The assay was performed according to the manufacturer's protocol and 

analyzed using a microplate absorbance reader M5 at an absorbance of 450nm. Data were 

represented as fold change. 

Statistical analysis 

Data were analyzed using either the Student’s t-test for independent means,  a 
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one-way analysis of variance (ANOVA) followed by post hoc Bonferonni to determine 

which conditions were significantly different from each other, or a two-way ANOVA 

followed by a Tukey post-test for multiple comparisons. Results were expressed as mean 

values (±SEM), with standard errors and deemed statistically significant when p<0.05 

(marked in the figures as *p<0.05; **p<0.01; and *** p<0.001). 
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CHAPTER 3 

RESULTS 

Acute EtOH treatment does not affect ESdM cell viability 

To determine whether our ESdM cell line would be affected by acute EtOH 

treatment, we conducted a preliminary study to determine cell viability. ESdM cells were 

treated with EtOH (5-200mM) for 48 h. Data are represented as percent viable cells 

normalized to control (100%) (Figure 4). Viability for each group was analyzed by one-

way ANOVA with a Bonferroni Post Hoc comparison to control, data demonstrated  no 

statistical significant differences in the EtOH treated cells as compared to control 

[F(5,26)=3.971, p=.8649). These data suggest that the range of EtOH (5-500mM) used 

has no negative effect on cell viability, and we used EtOH (100mM) as the standard dose 

for the rest of the experiments I conducted. This dose was chosen, not soley by our 

preliminary study, but based on  previous studies conducted using both in vitro and in 

vivo models, demonstrating a physiological clinical relevance(Nixon, Kim et al. 2008, 

Popp and Dertien 2008, Asatryan, Popova et al. 2010, Boyadjieva and Sarkar 2010, Zou 

and Crews 2014).  

EtOH increases P2X4R mRNA and protein expression in ESdM 

Purinergic receptors widely expressed in the brain are important mediators of 

many cellular functions (Burnstock 2008, Burnstock 2013). P2X4 receptors (P2X4Rs), 

the most abundantly expressed purinergic receptor, are markedly up-regulated in dorsal 

horn microglia and critical for the pathogenesis of pain hypersensitivity caused by injury 

to peripheral nerves (Burnstock and Williams 2000). Interestingly, the ATP-gated 
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purinergic P2X4R is the most EtOH-sensitive P2XR subtype, determined by mutation of 

Tryptophan 46, demonstrating reduced activity of the receptor upon EtOH 

treatment(Popova, Trudell et al. 2013). To evaluate the effects of EtOH on P2X4R in 

microglial cells, we examined the mRNA and protein expression in the ESdM cells 

exposed to EtOH (100 mM) for 48 hr. A two-tailed t-test revealed a statistically 

significant increase in P2X4R mRNA expression of ESdM cells treated with EtOH 

(Figure 5a) as compared to control [t(9)=3.741, p<0.0046]. Flow cytometric analysis 

showed up-regulation of P2X4R expression in EtOH-treated microglia. as compared to 

control. Data were analyzed by a two-tailed t-test [t(4)=7.249, p<0.0019]  (Figure 5b), 

the median fluorescent intensity (MedF) demonstrated a dramatic increase in FITC 

labeled cells treated with EtOH as compared to control, a two-tailed t-test was also used 

to analyze the data [t(2)=15.76, p<0.004] (**p<0.004) (Figure 5c).  Similarly, 

immunocytochemistry revealed up-regulation of P2X4R expression, based on 

flueorescent intensity, (Figure 5d) in the cell membrane when exposed to EtOH, similar 

to previous studies shown in vivo(Toulme and Khakh 2012). Together, these results 

suggested that EtOH modulates expression of P2X4R in microglial cells. 

P2X4R antagonist reverses EtOH-triggered calcium mobilization in ESdM cells  

Second messenger calcium is important for many cellular responses, including 

signaling of immune response (Moller 2002). Since P2X4 receptors are known to display 

dynamic regulation of calcium, we sought to estimate the changes in calcium levels 

trigged by EtOH. After an initial 1 min baseline reading, changes in calcium [Ca2+] 

levels were monitored by the calcium indicator dye, Fluo-4. We used ATP (25 mM) as a 
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positive experimental control (Figure 6a-c). Stimulation of microglial cells with 100 mM 

EtOH induced a rapid increase in [Ca2+]  (Figure 6d-f). One-way ANOVA of P2X4R 

selective antagonist, 5-BDBD (20 µM), prior to EtOH treatment revealed significant 

decrease the [Ca2+] level as compared to EtOH alone, detected by Fluo4 calcium 

indicator dye [F(2,258)=2.771, p<0.01] (Figure 6g-i). These data suggesting possible 

involvement of P2X4 receptor in EtOH-induced calcium mobilization. To determine if 

P2X4R is primarily involved in EtOH-induced calcium affects, we treated the cells with 

EGTA (5 mM), a calcium chelating agent, to determine that no extracellular calcium had 

an additive effect with EtOH (Figure 6j-l). One-way ANOVA determined pretreatment 

with P2X4 antagonist and EGTA in combination prior to EtOH treatment significantly 

decreased calcium mobilization as compared to EtOH pretreated with EGTA alone by 

detection of Fluo-4 [F(3,329)=46.57, p<0.001) (Figure 6m-o).  

Inhibition of P2X4R reverses EtOH effect on ESdM phagocytosis  

EtOH is known to impair macrophage and microglial phagocytosis(Karavitis, 

Murdoch et al. 2012). Since P2X4 receptors have a dynamic role in regulation of 

macrophage and microglial function, we investigated the possibility that P2X4R plays a 

role in altered microglial phagocytic function after EtOH treatment. Microglial 

phagocytic function was determined using pHrodo green E.coli bioparticles conjugates. 

pHrodo green-conjugated E. coli bioparticles are nonfluorescent outside the microglia at 

neutral pH, but fluoresce bright green at acidic pH such as in phagosomes. Experimental 

controls including activation of microglia by inflammatory stimulus, LPS (1 µg/ml) or 

treatment with Cyto D (5 µM), an inhibitor of cytoskeletal rearrangement, showed 
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increased and inhibition of microglia phagocytosis respectively. Results of a two-tailed t-

test revealed treatment of ESdM cells with EtOH (100 mM) markedly decreased 

microglial phagocytic function compared to control when examined either by fluorescent 

microscopy (Figures 7a and 7c) or flow cytometry [t(6)=4.545, p< 0.0039] (Figure 7b). 

Next, we addressed whether P2X4R plays a role in EtOH-induced suppression of 

microglial phagocytic function. As shown in the Figures 7d and 7e, as determined by a 

one-way ANOVA, microglia pretreated with 5-BDBD (1 nM) prior to EtOH treatment 

significantly reversed the EtOH effect on microglial phagocytosis [F(3,13)=0.6828), 

p<.0001]. Taken together, these data provide evidence of the involvement of P2X4R in 

EtOH induced suppression of microglial phagocytosis.  

EtOH effects on ESdM migration towards CX3CL1 are reversed with a P2X4 selective 

antagonist.  

As the innate immune cell of the CNS, microglia constantly survey CNS 

parenchyma for pathogens and cellular stress signals. Hence, to explore the role P2X4R 

as a mediator of EtOH-induced effects on microglial migration, we used the transwell 

migration assay as described earlier(Ramirez, Fan et al. 2010) and calculated microglial 

migration in response to the chemokine attractant, CX3CL1. Optimal concentration of 

CX3CL1 (10ng/mL) was determined by dose response experiments (Figure 8)(Beutner, 

Roy et al. 2010). ESdM cells were loaded with 5 µM Calcein AM, seeded into the top 

chamber of the transwell, then exposed to EtOH for 48 hr. The migration of microglial 

cells towards CX3CL1 was evaluated in presence or absence of the P2X4R antagonist, 5-

BDBD. Migrated cells were imaged using an inverted fluorescent microscope (Zeiss) 
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10X zoom, and analyzed using Image J particle analysis to determine the exact number of 

migrated cells. A two-way ANOVA with Bonferroni post-hoc analysis indicated a 

decrease in microglial migration towards CX3CL1 and a significant effect of antagonist 

pretreatment prior to EtOH [interaction F(1,8)=372.6, p<0.001;EtOH:F(1,8)=6.124, 

p<0.02; antagonist: F(1,8)=1.086, p<0.001]. (Figure 9a and 9b). These results suggest 

that EtOH decresed microglial migration towards CX3CL1 as compated to control, 

demonstrated by transwell migration assay. 5-BDBD was able to reverse the effects of 

EtOH on microglial migration towards CX3CL1. These results suggesting that P2X4R 

critically contributes to EtOH-induced modulation of microglial migration.  

Increased P2X4 expression induced by EtOH in primary microglial cells  

 To confirm the increase in P2X4R protein expression seen in ESdM cells (Figure 

5) in the presence of EtOH, we isolated primary microglial cells from postnatal day 1 

pups. Cells were isolated, processed, filtered and allowed to grow for two weeks 

undisturbed on PLL coated flasks. Cells were harvested and seeded at a density of 

250,000 cells on a glass coverslip coated with PLL in primary microglia media.  Wells 

were treated with EtOH (100mM) for 48 h, cells were fixed in 4% PFA and stained with 

CD11b (1:1000) and P2X4 (1:1000) DAPI was used to detect cellular nucleus.  A two-

tailed t-test revealed a statistically significant increase of P2X4R protein in EtOH treated 

primary microglial cells  based on the fluorescent intensity [t(8)=4.998, p<0.001] (Figure 

10) as compared to control.  Together, these results confirm our initial findings in ESdM 

cells. We were able to produce similar results in the primary microglial cells, 

demonstrating  an EtOH-induced increase in P2X4R expression. 
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Inhibition of P2X4R reverses EtOH effect on primary microglial phagocytosis  

To investigate the effect of EtOH on phagocytosis in primary microglia, function 

was determined using pHrodo green E.coli bioparticle conjugates. pHrodo green-

conjugated E. coli bioparticles are nonfluorescent outside the microglia at neutral pH, but 

fluoresce bright green at acidic pH such as in phagosomes. A two-way ANOVA with 

Bonferroni post-hoc analysis indicated EtOH treated primary cells decreased 

phagocytosis compared to untreated controls [F(1,8)=24.33, p<0.0011] (Figure 11), 

significant effects of 5-BDBD pretreatement and EtOH reversed EtOH effect on 

phagocytosis [F(1,8)=8.7, p<0.0184] (Figure 11). These results confirm the role of 

P2X4R in microglial phagocytic function in both primary and ESdM cell lines. 

EtOH effects on primary microglial migration towards CX3CL1 are reversed with a 

P2X4 selective antagonist.  

To determine the effect of EtOH on primary microglial cells towards CX3CL1 we 

used a transwell assay. Migrated cells were imaged using an inverted fluorescent 

microscope (Zeiss) 10X zoom, and analyzed using Image J particle analysis to determine 

the exact number of migrated cells.   A two-way ANOVA determined EtOH decreased 

microglial migraton towards CX3CL1 [interaction: F(1,8)=296.5, p<0.0001; 

EtOH:F(1,8)=9.090, P<0.02; Antagoinst: F(1,8)=67.95, p<0.001]. In presence of the 

P2X4R antagonist, 5-BDBD, following EtOH treatment, the 5-BDBD was able to reverse 

the effect of EtOH on migraton (Figure 12).  These results demonstrate the effect of 

EtOH statistically decreased microglial migration. These data suggest that P2X4R 

critically contributes to EtOH-induced modulation of microglial migration. 
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EtOH induced alterations in NT factor expression. 

Neurotrophic factors (NT) are growth factors that belong to a family of nerve 

growth factors, and support development, survival and function of neurons(Huang and 

Reichardt 2001).  Brain derived neurotrophic factor (BDNF) is among the most 

abundantly expressed NT factor in the CNS(Katoh-Semba, Takeuchi et al. 1997). BDNF 

expression has been shown to be increased in pain after peripheral nerve injury, 

implicated through P2X4(Beggs and Salter 2010). Given these finding along with our 

results demonstrating EtOH-induced increase in P2X4R in microglia, we wanted to 

determine the level of BDNF, NT3 and NT4/5 factors which are secreated from 

microglial cells for the protection and nurturing of neurons in the CNS. Our ESdM cell 

line was used to determine the expression of these NT factors via MSD technology.  

Medium collected from ESdM treated cells EtOH (100mM) for 48 h was collected and 

concentrated using an amicon 3K cut-off centrifugation filter. Supernatants  were then 

analyzed for the detection of BDNF, NT3 and NT4/5 levels.  

 A two-tailed t-test was used to assess the effect of EtOH on BDNF, NT3 and 

NT4/5 levels. Results indicated a statistically significant increase in BDNF level after 

EtOH treatment [t(2)=5.075, p<0.03], decreased NT 3 levels [t(4)=7.028, p<0.0022], and 

decreased NT4/5 levels [t(4)=6.223, p<0.0034] as compared to control (Figure 13). 

These preliminary results determine EtOH effect on NT levels in microglial supernatants.  
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5-BDBD blocks EtOH induced alterations in NT factor expression 

To determine the role of P2X4R we utilized 5-BDBD, a P2X4 selective 

antagonist. ESdM cells were pretreated with 5-BDBD prior to EtOH treatment. 

Supernatants were collected and analyzed (Figure 14 b). A two-way ANOVA 

determined  treatment with 5-BDBD blocked EtOH effect on BDNF levels [interaction: 

F(1,8)=7.814, p<0.0234; EtOH: F(1,8)=8.496, p< 0.0194; antagonist: F(1,8)=26.13, 

p<0.0009] (Figure 14 a),  NT3 levels [interaction: F(1,7)=30.46, p<0.0009; EtOH: 

F(1,7); 203.5, p< 0.0001; antagonist: F(1,7)=110.4, p<0.0001)(Figure 14 b), however 

had no effect on NT4/5 levels [interaction:F(1,8)=3.232, p=.1099; EtOH: F(1,8)=39.92, 

P<0.002] (Figure 14 c).  

EtOH decreases pAKT and pERK in microglial cells. 

 P2X4 signaling is crucially important for microglial function. P2X4R act as 

pathological sensors, and regulate microglial phagocytosis(Stokes and Surprenant 2009), 

migration(Ohsawa and Kohsaka 2011), and proliferation(Nixon, Kim et al. 2008). 

Several signaling pathways including MAPK/ERK and AKT are coupled to P2 receptors, 

which are important for microglial function. Since our data showed that EtOH increases 

expression of P2X4R in microglia(Gofman, Cenna et al. 2014). We sought to determine 

the signaling mediators, which may play a role in EtOH-induced increased P2X4R 

expression in microglial cells. Thus, we first tested the effect of EtOH on the levels of 

phosphorylated MEK, ERK and AKT via western blot. Changes in protein levels was 

analyzed by one-way ANOVA and a Bonferroni post hoc test for multiple comparison.  

ESdM cells were treated with EtOH (100mM) for 5-60 min, then whole cell lysates were 
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used to assess phosphorylated and total protein levels for MEK, ERK, and AKT. Results 

demonstrated EtOH (100 mM) rapidly decreased pERK protein level [F(7,8)=87.16, 

p<0.0001] (Figure 15c and d) as compared to control and continued to decrease 

phosphorylated protein levels in a time dependent manner. Interestingly enough, EtOH 

did not affect the protein level of pMEK [F(7,8)=0.7196, p=0.6612] (Figure 15a and 

15b).  These data suggests EtOH may modulate ERK in a MEK-independent manner. We 

then determined EtOH effect on pAKT protein levels, (Figure 15e and f), EtOH 

treatment dramatically decreased pAKT in a time dependent manner as compared to the 

control [F(7,8)=9.257, p<0.0027] (Figure 15e). All together these data suggests that 

EtOH regulates phosphorylation ERK and AKT protein levels, and the effects of EtOH 

on ERK may not involve MEK. 

Suppression of ERK phosphorylation by EtOH in ESdM cells is MEK 2 dependent. 

Next we wanted to determine which kinases are involved in EtOH-induced MEK 

independent ERK phosphorylation in microglia cells. First we tested U0126, a highly 

selective inhibitor of both MEK1 and MEK2(Tsuda, Toyomitsu et al. 2009), and 

PD98095 an inhibitor against MEK 1 activity, where PD98059 inhibits activation of 

MEK1/MEK2 with EC50 values of 4µM and 50µM respectively. ESdM cells were 

seeded at a density of 2x105 in 6 well dishes. ESdM cell monolayers were pretreated with 

U0126 (10µM; Cell Signaling Technologies) for 30 min, or PD98059 (20µM; Cell 

signaling Technologies) for 1 h prior to EtOH treatment (100mM) for 5-60 minutes.  A 

one-way ANOVA determined U0126 pretreatment inhibited the EtOH induced 

phosphorylation of ERK completely [F(7,8)=249, p<0.0001] (Figure 16 a and b).  
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PD98095, however was not able to inhibit pERK in the presence of EtOH [F(7,8)=4.350, 

p=0.3491]suggesting that MEK 2 may play a role in the pERK in the presence of EtOH. 

Graphical representation of relative protein levels as a ratio of phosphorylated ERK and 

AKT to their respective total proteins normalized to an internal standard actin. The results 

are shown as the mean ±SEM fold regulation from three different experiments.  Taken 

together these data suggest that EtOH regulates ERK phosphorylation through a MEK 2 

dependent pathway. 

P2X4 receptor antagonist reverses the effect of EtOH on AKT and ERK 

Based on our findings, EtOH decreased the phosphorylation of ERK and AKT, of 

which ERK phosphorylation is dependent upon MEK2 activity. To determine the role of 

P2X4 in EtOH-induced decrease of ERK and AKT phosphorylation, we utilized a 

selective P2X4 antagonist 5-BDBD(Fischer, Grützmann et al. 2005, Balazs, Danko et al. 

2013). P2X4R is an EtOH sensitive receptor(Ostrovskaya, Asatryan et al. 2011) and we 

have demonstrated its potential role in EtOH-induced microglial dysfunction including 

migration and phagocytosis(Gofman, Cenna et al. 2014).  Microglial cells were pretreated 

with 5-BDBD (10 µM) for 30 min prior to EtOH (100 mM). Using a one-way ANOVA 

demonstrated microglia pretreatment with 5-BDBD prior to EtOH treatment block the 

effect of EtOH on phosphorylated ERK [F(8,14)=1.914, p<0.0001](Figure 17 c and d). 

Pretreatment with 5-BDBD increased the expression of phosphorylated AKT 

[F(9,10)=3.267, p< 0.0395] (Figure 17 a and b). These data demonstrates EtOH critical 

role in modulating downstream signaling targets, specifically pERK and pAKT via P2X4.  
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EtOH increases transcriptional binding of NFκB, NFAT and CREB 

To study the effect EtOH has on activity of these transcription factors we utilized 

the Trans AM transcription assay.  First we determined time kinetics. EsdM cells were 

seeded at (6x105 cells) and allowed to grow to confluence, then microglia were treated 

with EtOH (100mM) for 30min to 24 hours to determine at which time transcriptional 

activity occurred (Figure 18).  Transcriptional activity started to decrease and was 

completely diminished after 12 h (Figure 18).  Our results suggest that treatment with 

EtOH (100 mM) showed a significant peak activity as quick as two hours after treatment.   

Using a two-tailed t-test, EtOH treated cells demonstrated a statistically 

significant increase in NFκB p50 [t(2)=8.465, p<0.0137], NFATc1 [t(4)=6.120, 

p,0.0036], and CREB [f(4)=5.279, p<0.0062]. Transcriptional binding activity of NFκB 

p50 showed a 15-fold increase as compared to control, NFATc1 activity in EtOH treated 

cells showed a moderate 1.5-fold increase as compared to control, and CREB showed a 

robust 24-fold increase in EtOH treated cells as compared to control. These data 

demonstrate that EtOH affects the transcriptional binding activity of NFκB and CREB 

more robustly than NFATc1(Figure 19). 

P2X4 antagonist selectively decreases EtOH-induced transcription activity  

To determine the role of P2X4 in EtOH induced increased transcription factor 

activity we pretreated ESdM cells with a P2X4 selective antagonist, 5-BDBD (5µM) 

prior to EtOH treatment. A two-way ANOVA revealed significant decrease in NFκB 

binding [interaction: F(1,8)=36.00, p<0.0003; EtOH:F(1,8)=11.53, p<0.0094; antagonist: 

F(1,8)=22.35, p<0.0013] and CREB binding [interaction: F(1,6)=38.94, 
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p<0.0008)increase; EtOH: F(1,6)=355.2, p<0.0001; antagonist: F(1,6)= 35.14, p<0.001] 

(Figure 20 a and c). Although our results demonstrated significance in transcriptional 

and NFAT [F(1,5)=8.924, p<0.0305], we did not see any significane in NFAT antagonist 

interaction [F(1,5)=0.9139, p=0.3830] with EtOH (Figure 20b). Our results determined 

pretreatment with 5-BDBD prior to EtOH had a slight decrease effect on NFκB activity 

as compared to EtOH alone (Figure 20a). NFAT binding activity in the 5-BDBD 

pretreated group showed no effect (Figure 20b) compared to EtOH alone. These data 

suggest a possible role for CREB transcriptional activity, and regulating EtOH-induced 

increase of P2X4 receptors expression in microglial cells, since CREB is known to 

promote P2X4R expression(Impey, McCorkle et al. 2004, Brautigam, Frasier et al. 2005). 

Model: Proposed EtOH-induced P2X4R regulation in Microglia 

In Figure 21, we propose a model for the effect of EtOH on P2X4 expression, 

and its role in microglial induced effects involved in calcium mobilization, phagocytosis 

and migration. We also incorporated some the possible mechanisms by which EtOH 

increases P2X4R expression, involving CREB as a possible transcription factor. 
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Figure 4. EtOH does not affect ESdM cell viability.  ESdM cells were treated with 

EtOH (5-200 mM) for 48 h. Cell viability was determined, and data were normalized to 

control.  These data determined EtOH did not affect cell viability. Data were analyzed by 

one-way ANOVA (no significant effect of EtOH on cell viability, p=.8649). Data points 

represent the mean ± SEM (n=6).  
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Figure 5.  EtOH increases P2X4 purinergic receptor mRNA and protein expression 

in microglia.  a. mRNA expression of P2X4 receptor after 48 h EtOH (100 mM) 

treatment in microglial cells as compared to control. Results are expressed as mean 

values ± SEM (n=6); **p<0.0046 compared with control.  b. Microglia were treated with 

100 mM EtOH for 48 h and then co-stained with P2X4 (1:200) and anti-rabbit 488 

secondary and CD11b-APC conjugated antibody. Dot plot represents P2X4 and CD11b 

positive cells, and an increase of P2X4 receptor in microglia as depicted by the double 

positive cells after treatment of EtOH for 48 hr. c. Median fluorescent intensity of FITC 

in ESdM cells treated with EtOH as compared to control. Results are expressed as 

median fluorescent values (n=3) **p<0.004. d. Immunofluorescent staining of ESdM 

cells show a difference in protein expression of P2X4 receptor after 48 h of EtOH (100 

mM) treatment as compared to control cells without EtOH treatment. Data were analyzed 

by two-tailed t-test. Data poinst representthe mean ± SEM (n=6). 
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Figure 6.  Increased calcium mobilization in microglia exposed to EtOH can be 

reversed with P2X4R antagonist. ESdM cells were affixed to PLL-coated MatTek 1.5 

mm cell culture dishes loaded with the cytosolic calcium indicator Fluo-4/AM (10 

mM)(Potula, Hawkins et al. 2010). After 1 min of baseline recording, microglia cells 

were treated with ATP (25 mM), EtOH (100 mM), and P2X4 antagonist (20 µM) or in 

combination with EGTA (5 mM) and the P2X4R antagonist and EtOH. a. Microglia cells 

pre-treatment; baseline. b. Microglia cells treated with 25 mM ATP. c. Graphical 

representation of Fluo4 fluorescent intensity of ATP treated cells.  d. Microglia cells pre-

treatment; baseline e. Microglia cells treated with 100 mM EtOH.   f.  Graphical 

representation of Fluo4 fluorescent intensity of EtOH-treated cells. g. Microglia cells pre-

treatment P2X4 antagonist (20 µM) for 30 min; baseline h. Microglia cells treated with 

EtOH (100 mM). i.  Graphical representation of Fluo4 fluorescent intensity of treated 

cells.  j. Microglia cells pre-treatment with EGTA (5 mM) for 5 min; baseline. h. 

Microglia cells treated with EtOH (100 mM). i.  Graphical representation of Fluo4 

fluorescent intensity of treated cells. m. Microglia cells pre-treatment with P2X4 

antagonist (20 µM) for 30minutes and EGTA (5 mM) for 5min; baseline. n. Microglia 

cells treated with EtOH (100mM). Graphical representation of Fluo4 fluorescent intensity 

of ESdM treated cells.  Microglia cells treated with P2X4 antagonist prior to EtOH 

treatment were found to have a statistically significant decrease in calcium mobilization 

as compared to cells treated with EtOH alone..  Data were analyzed by two-way repeated 

measures ANOVA. Data points represent the mean ± SEM (n=3) , (*p<0.01)(Gofman, 

Cenna et al. 2014). 
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Figure 7: P2X4R antagonist reverses the effects of EtOH on microglial phagocytosis.   

a. Representative images of microglial phagocytosis via pHrodo bioparticles after 

treatment with LPS (1 µg/ml), Cyto D (5 µM) or EtOH (100 mM). b. Representative 

histograms of microglia treatments compared to pHrodo control.  c. Graphical 

representation of microglia phagocytosis after treatments. EtOH treated cells show a 

statistically significant decrease in phagocytosis as compared to the control, (*p<0.05). d. 

Representative histogram of microglia phagocytosis with P2X4 antagonist pretreatment 

(1 nM/mL) prior to EtOH treatment. Microglia cells treated with antagonist show an 

increase in phagocytosis (blue) as compared to EtOH treated (black) cells. e. Graphical 

representation of microglia phagocytosis of microglia pretreated with P2X4 antagonist 

prior to EtOH-treatment. Cells treated with antagonist show a 10% increase in 

phagocytosis as compared to EtOH treated cells alone, a one-way ANOVA was used to 

compare the two groups (***p<0.0001)(Gofman, Cenna et al. 2014).  
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Figure 8. Determination of CX3CL1  for migration experiments. Concentrations of 

CX3CL1 ranging from 0-20ng/mL were tested to determine peak chemoattractant activity 

for our microglial cell line (ESdM) and primary microglial cells. Values are represented 

as the mean  of four experimental values. 
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Figure 9: P2X4R antagonist reverses EtOH effect on microglia migration towards 

CX3CL1. In vitro migration was performed using the transwell migration assay. ESdM 

cells (5x104) were loaded with 5 mM Calcein AM. In the lower chamber of the transwell 

plate, 10 ng/mL of (CX3CL1) was added to determine the number of migrating cells.  a. 

Microglial cells after migration as seen under the microscope (40X magnification). 

Microglia treated with EtOH demonstrated a decrease in migration towards CX3CL1 as 

compared to control based on the fluorescent intensity. b. Graphical representation of the 

numbers of cells migrated in response to EtOH treatment was analyzed using Image J 

software.  The data represents a statistically significant decrease in migration towards 

CX3CL1 in EtOH-treated cells as compared to control, (**p<0.02) two-way ANOVA . c. 

Graphical representation of microglia pretreated with 5-BDBD (1 nM) prior to EtOH 

treatment. Pretreatment with 5-BDBD increased migration towards CX3CL1 as 

compared to EtOH-treatment alone, (***p<0.001) two-way ANOVA. 
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Figure 10. Immunofluorescent staining of P2X4R in primary microglial cells.  

Primary microglial cells affixed to PLL coated coverslip were treated with EtOH for 48 h 

to determine P2X4R expression. Staining confirms EtOH increased P2X4R expression, 

consistent with our ESdM immunofluorescent data. Images were quantified using Image 

J software to measure fluorescent intensity. A two-tailed t-test was used to determine 

statistical significance (p<0.001).  
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Figure 11. P2X4 antagonist reverses EtOH-induced phagocytosis decrease in 

primary microglia cells. Graphical representation of primary microglia phagocytosis 

after treatments. EtOH alone demonstrated a statistically significant decrease in 

phagocytosis in primary microglial cells as compared to pHrodo control alone (**p< 

0.0011).  Primary cells pretreated with 5-BDBD, a P2X4 selective antagonist, show a 

statistically significant increase in phagocytosis as compared to the EtOH treated cells, 

(*p<0.01).  Data were analyzed by two-way ANOVA, data points represent the mean ± 

SEM (n=3).. 
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Figure 12.  P2X4 antagonist reverses EtOH-induced decrease migration towards 

CX3CL1 in primary microglia cells.  In vitro migration was performed using the 

transwell migration assay. Primary microglial cells (5x104) were loaded with 5 mM 

Calcein AM. In the lower chamber of the transwell plate, 10 ng/mL of CX3CL1 was 

added and the number of migrating cells was determined. EtOH treatment had a 

statistically significant decrease on microglial migration as compared to CX3CL1 control 

alone (*p<0.02) two-way ANOVA. Graphical representation of microglia pretreated with 

P2X4R antagonist (1 nM) prior to EtOH treatment. Pretreatment of microglia with 5-

BDBD increased migration towards CX3CL1 as compared to EtOH-treatment alone, 

(***p<0.001). Data were analyzed by two-way ANOVA, data points represent the mean 

± SEM (n=3)... 
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Figure 13. EtOH induced alterations in NT factor expression  a. ESdM cells treated 

with EtOH for 48 hours, demonstrated a statistically significant increase in BDNF level 

(* p<0.05). b. NT3 showed a decrease in protein level when treated with EtOH for 48 

hrs. The use of the P2X4 antagonist was able to reverse the EtOH effect (** p< 0.0022). 

c.  Similar to NT3, NT4/5 protein expression also decreased upon EtOH exposure 

(**p<0.0034). Data was analyzed with a two-tailed t-test (n=3). 
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Figure 14. 5-BDBD blocks EtOH induced alterations in NT factor expression  a. 

Pretreatment of ESdM cells with 5-BDBD, a P2X4 selective antagonist blocked EtOH 

effect on BDNF levels (**p < 0.0009). b. The use of the P2X4 antagonist was able to 

reverse the EtOH effect of NT3 protein level (*** p< 0.0001). c. Pretreatment of 5-

BDBD did not block EtOH effect on NT4/5 protien level.   Data were analyzed with a 

two-way ANOVA with a Bonferonni post hoc test, data points represent the mean ± SEM 

(n=3).. 
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Figure 15. EtOH decreases pERK and pAKT in microglial cells.  

a, c, and e. Representative immunoblot images of pMEK and MEK or, pERK and ERK 

or pAKT and AKT proteins in whole cell lysates from ESdM cells treated with EtOH 

(100mM) for 5-60 minutes, subjected to western blot analysis and probed with anti-

pMEK, anti-MEK, or anti-pERK, anti-ERK or, anti-pAKT, anti-AKT, and then anti-β-

actin antibody. b, d, and f. Graphical representation of fold change ratio of pMEK, 

pERK, and pAKT total MEK,ERK, and AKT respectively, then normalized to β-actin 

loading control ± SEM. foldresults (are expressed as a ratio of phosphorylated MEK, 

ERK or AKT to their respective total proteins, and normalized to the internal standard 

actin. Note: actin was used as a loading control. Data were analyzed by one-way 

ANOVA, data points represent the mean ± SEM (n=3). 
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Figure 16. Suppression of ERK phosphorylation by ETOH in ESdM cells is MEK 2 

dependent.  a. Representative western blot images of pERK and total ERK protein level 

in whole cell lysates from ESdM cells pretreated with U0126 (10 µM) for 30 minutes 

prior to treatment with EtOH (100mM) for 5-60 minutes, subjected to western blot 

analysis and probed with anti-ERK, anti-ERK, then anti-β-actin antibody. b. UO126 

blocked phosphorylated ERK(**p<0.001) Graph indicates fold change of ERK level as 

compared to total ERK control normalized to β-actin loading control ± SEM. c. 

Representative western blot images of pERK and total ERK protein in whole cell lysates 

from ESdM cells pretreated with PD98095 (20 µM) for 1 h prior to EtOH (100 mM) 

treatment for 5-60 minutes, subjected to western blot analysis and probed with anti-ERK, 

anti-ERK, then anti-β-actin antibody. d. Graph indicates fold change of pERK expression 

as compared total ERK normalized to β-actin loading control ± SEM. Data were analyzed 

by one-way ANOVA, data points represent the mean ± SEM (n=3).. 
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Figure 17. P2X4 receptor antagonist reverses the effect of EtOH on AKT and ERK. 

In vitro protein levels of phosphorylated ERK and AKT was assessed after pretreatment 

of 5-BDBD, a P2X4 selective antagonist before EtOH treatment. ESdM cells (5x105) 

were pretreated with P2X4 antagonist (10 µM) then treated with EtOH (100 mM) for 5-

60 minutes. Whole cell lysates were used to assess phosphorylated and total ERK and 

AKT. a. Pretreatment of P2X4 antagonist was able to reverse EtOH effect on AKT 

phosphorylation at 5 minutes, shown to be statistically significant (*p <0.05). b. Graph 

indicates fold change of pAKT expression as compared to total AKT normalized to β-

actin loading control ± SEM. c. Pretreatment with 5-BDBD was able to reverse EtOH 

effect on ERK phosphorylation and showed a statistically significant increase after 10 

minutes of EtOH treatment as compared to EtOH treatment alone (***p <0.0001). d. 

Graph indicates fold change of pERK as compared to total ERK normalized to β-actin 

loading control ± SEM. Data were analyzed with a one-way ANOVA, data represents 

mean ± SEM (n=3). 
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18. Time course of EtOH on NFκB, NFAT and CREB transcriptional activity. ESdM 

cells treated with EtOH for a 1-24 h to determine the time of peak transcriptional activity. 

Representative data demonstrates peak activity at 2 h (n=1). 
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19. EtOH increases transcriptional binding of NFκB, NFAT and CREB.  ESdM cells 

(6x105) were grown for 4 days to confluence and treated with EtOH (100 mM) for 2 hrs.  

Nuclear protein extracts were harvested and NF-κB, NFATc1 and CREB activities were 

measured by TransAMTM NF-κB p50, TransAMTM CREB, and TransAMTM NFATc1 

protein assay kits. Microglial cells treated with EtOH for 2 h showed a statistically 

significant increase for NFκB (*p <0.05), NFATc1 (*p <0.001) and CREB (*p <0.001) 

as compared to control.  Data are represented as fold change compared to untreated 

control. Data analyzed using a two-tailed t-test.  Data points represent mean ± SEM 

(n=3).  
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Figure 20. 5-BDBD blocks the effect of transcriptional binding of CREB and NFκB.   

ESdM cells (6x105) were grown for 4 days to confluence and pretreated with 5-BDBD 

with or with EtOH (100 mM) for 2 hrs.  Nuclear protein extracts were harvested and NF-

κB, NFATc1 and CREB activities were measured by TransAMTM NF-κB p50, 

TransAMTM CREB, and TransAMTM NFATc1 protein assay kits.  a. NFκB activity 

showed mild change with the use of the P2X4 antagonist prior to EtOH treatment 

(**p<0.0003). b. NFATc1 activity showed no change with the use of the 5-BDBD prior 

to EtOH treatment. c. Pretreatment with 5-BDBD significantly blocked CREB activity 

compared to EtOH treatment alone (***p<0.0001). Data are represented as fold change 

compared to control. Results were determined using a two-way ANOVA with Bonferroni 

post hoc for multiple comparison. Data points represent mean ± SEM (n=3). 
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Figure 21. Schematic representation: potential mechanism for EtOH-induced 

P2X4 receptor regulation in microglia. EtOH treatment increases P2X4 receptor 

expression in microglial cells. To determine the possible mechanisms involved in P2X4R 

expression, the effects of EtOH on calcium, pERK, pAKT and NT factors were 

evaluated. EtOH (red arrow) increased calcium mobilization, decreased pERK and pAKT 

and increases BDNF levels. EtOH did not affect MEK expression and inhibitors U0126 

and PD98095 completely blocked EtOH effect and partically blocked pERK expression 

respectively.  To determine the role of P2X4 in regulating EtOH-induced effects, we 

utilized a P2X4 selective antagonist (green arrow), 5-BDBD prior to EtOH treatment. 
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Pretreatment with 5-BDBD was able to reverse the effects of EtOH. As with purinergic 

receptor activity, EtOH is able to mobilize calcium where by modulating CREB and 

NFκB transcription factor binding, where CREB is able to translocate to the nucleus of 

the cell and bind to regions that promote P2X4 gene expression, which maybe 

responsible for the increase of P2X4R upon EtOH treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

76 

CHAPTER 4 

DISCUSSION 

As immune sentinels of the CNS, microglia respond to homeostatic changes and 

play a pivotal role in regulation of neuroinflammatory processes including 

neurodegenerative disease (Zhao, Wang et al. 2013). Amongst the plethora of well-

described subsets of immune receptors a growing body of evidence now points to 

purinergic receptors on microglia as contributing to various neuropathologies (Inoue and 

Tsuda 2012, Trang and Salter 2012). Notably, ionotropic P2X receptor subtype P2X4R 

has emerged as a key regulator of microglial functions and has been implicated in 

neurodegenerative and neuroimmune disorders (Burnstock 2013). While the deleterious 

effects of alcohol on the brain,(Szabo 1997, Suk 2007, Nixon, Kim et al. 2008, Karavitis, 

Murdoch et al. 2012, Deehan, Brodie et al. 2013), are well enumerated, much remains to 

be known about factors that operate in regulating microglial functional responses induced 

by EtOH. In light of the importance of P2X receptor in regulating microglia functions 

(Potucek, Crain et al. 2006), the present study explored the functional relevance of the 

P2X4 receptor on microglia associated with EtOH-related immune dysfunction.     

Recent evidence demonstrates that P2X4 is an EtOH sensitive receptor (Popova, 

Trudell et al. 2013). Popova et al., have demonstrated site-directed mutagenesis of 

residue 46 in P2X4R protein reduces EtOH effect as measured by whole cell voltage 

patch clamp experiments (Popova, Trudell et al. 2013).  These results demonstrate 

P2X4R as a target for EtOH effects. In our studies we demonstrate  expression of P2X4R 

mRNA (Figure 5) and protein (Figure 5b and c) in the microglia was up-regulated in 
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response to EtOH, although the increase in mRNA was modest (Figure 5a), even small 

alterations in P2X4R expression can have negative effects.  Since these receptors are 

activated by ATP, the slightest alteration in ATP concentrations can initiate their 

activation. As demonstrated by Inoue et al., the slight increase in P2X4R expression in 

neurons is implicated in neuropathic pain, suggesting that purinergic signaling may be 

involved in modulating microglial responses(Toyomitsu, Tsuda et al. 2012).. 

 Induction of P2X4 receptor expression in microglia has been demonstrated in 

several in vitro studies(Raouf, Chabot-Dore et al. 2007, Toulme and Khakh 2012). 

Activation of P2X4 is involved in downstream signaling mechanisms that have not been 

fully elucidated. However, P2X4R are involved in neuropathic pain, one group 

demonstrated an increase in P2X4R leads to a role in inflammatory cascades(Raouf, 

Chabot-Dore et al. 2007).  Another group proposed the idea that P2X4R reside in the 

lysosomal compartments of the cell and are shuttled to the plasma membrane(Toulme and 

Khakh 2012).  Similarly up-regulation of ionotropic P2X4R in activated microglia is 

evident from various animal models of microglia-mediated disorders(de Rivero Vaccari, 

Bastien et al. 2012, Vazquez-Villoldo, Domercq et al. 2014).  P2X4R are expressed in 

microglia(Inoue, Tsuda et al. 2005, Inoue 2006, Masuda, Iwamoto et al. 2014),  de novo 

P2X4R expression is known to be stable in the lysosomes, and trafficking of P2X4R 

protein to the cell surface occurs upon stimulation (Toulme and Khakh 2012). More over, 

activation of P2X4 receptor has been linked to PI3K-AKT, MAPK, MAPK/ERK kinase, 

and MEK signaling cascades (Tsuda, Tozaki-Saitoh et al. 2010). These molecules are 

important in downstream signaling including proliferation, phagocytosis, chemotaxis and 



 

 

 

78 

calcium mobilization (Guthrie, Knappenberger et al. 1999, Koshimizu, Van Goor et al. 

2000, Ko, Au et al. 2003, Potucek, Crain et al. 2006, Majumder, Trujillo et al. 2007, Mei, 

Du et al. 2010).  Alterations in the expression of P2X4 may lead to unfavorable 

consequences including microglial immune dysfunction, and the release of cytokines and 

chemokines, which leads to neuroinflammation (Block and Hong 2005, Cartier, Hartley 

et al. 2005, Ramesh, MacLean et al. 2013). Whether EtOH-induced P2X4R up-regulation 

is at the transcriptional and translational levels or due to trafficking of P2X4R to the cell 

surface of microglia with vesicular trafficking (Qureshi, Paramasivam et al. 2007) 

without changing the total cellular level of P2X4R protein remains to be determined.  

The role of P2X4 has been proposed in neuropathic pain (Tsuda, Shigemoto-

Mogami et al. 2003), endothelial NO production (Yamamoto, Korenaga et al. 2000), and 

regulation of airway ciliary epithelia (Ma, Korngreen et al. 2006). However, validation of 

the involvement of P2X4R in disease and pathology has been a set back by the lack of 

specific inhibitors. Some of the antagonist used for P2X4R are insensitive, including 

suramin and PPADS (Gum, Wakefield et al. 2012).  TNP-ATP is a putative antagonist of 

P2X4R, however, it also blocks other purinergic receptors including P2X1, P2X2 and 

P2X3(Virginio, Robertson et al. 1998). To investigate the role of P2XR in EtOH induced 

effects on microglia; we utilized a selective P2X4R antagonist. The Benzodiazepine 

derivative 5-[3-bromophenyl]-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-Diazepin-2-one (5-

BDBD), which is shown to selectively inhibit P2X4 receptors with IC50 values 

~0.5µM(Fischer, Grützmann et al. 2005, Balazs, Danko et al. 2013).  
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Stimulation of P2X4 mediates [Ca2+] influx in the cell. Calcium is a second 

messenger that activates many transcription factors and mediates cell signaling. Given 

that P2X4R are known to mobilize calcium(James and Butt 2002), we hypothesized that 

EtOH may affect calcium mobilization, based on the receptors sensitivity to 

EtOH(Ostrovskaya, Asatryan et al. 2011). EtOH evoked a rapid increase in [Ca2+] levels 

similar to the trend with ATP (Figure 6).  A similar increase in [Ca2+] levels has been 

noted in gastric cells, where EtOH in a dose-dependent manner has been shown to 

modulate calcium(Kokoska, Smith et al. 1999).  Inhibition of P2X4R activation by 5-

BDBD, a specific P2X4 antagonist, suppressed (Figure 6 i) the EtOH-induced [Ca2+] 

response.  These results support a role for P2X4R in EtOH-induced calcium mobilization, 

and EtOH role in calcium mobilization are consistent with previously published 

data(Hoek, Thomas et al. 1987).  Additionally, when P2X4R antagonist was applied in 

the extracellular [Ca2+] free environment, the EtOH-induced [Ca2+] levels were also 

decreased (Figure 6 o) indicating that EtOH via the ionotropic P2X4R, increases [Ca2+] 

levels, probably by a mechanism independent of extracellular [Ca2+] influx (Inoue et al., 

1998; Tsuda et al., 2003).  Purinergic receptors are sensitive to calcium release and can 

activate other P2XR on microglia as well as other surrounding glia(Glaser, Resende et al. 

2013). These data collectively suggest the role of P2X4R in EtOH-induced changes in 

[Ca2+] levels and downstream effector functions such as phagocytosis and migration.  

Since purinergic receptors are known to be involved in chemotaxis, phagocytosis 

and other cellular functions, we wanted to investigate some of the effector functions 

associated with EtOH-induced P2X4R expression. In the present study, EtOH decreased 
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microglial phagocytosis and migration towards CX3CL1. Regulation of microglia via 

P2XR serves as a modulatory factor in shaping cellular responses(Ohsawa and Kohsaka 

2011). Hence, we investigated the effects of EtOH on phagocytic activity of microglia, 

since it is an important functional characteristic of microglia and necessary for CNS 

maintenance and clearance of debris. We utilized a pHrodo-conjugated E. coli 

bioparticles to establish functional phagocytic activity in ESdM cells, which has been 

documented in literature(Maneu, Yanez et al. 2011, Neaga, Lefor et al. 2013, Hendrickx, 

Schuurman et al. 2014). Compared to control microglia, EtOH-treated microglia engulfed 

fewer E. coli particles, indicated by the leftward shift of the fluorescent spectrum (Figure 

7 b) and decreased mean fluorescence intensity in these cells (Figure 7 d). Our data are 

similar to previous studies where macrophages treated with EtOH exhibit a decrease in 

phagocytosis(Aroor and Baker 1998, Karavitis, Murdoch et al. 2012). Microglial cells 

pretreated with 5-BDBD before EtOH treatment, followed by the addition of pHrodo-

conjugated E. coli bioparticles, blocked EtOH effect on phagocytosis (Figure 7d and e).  

Pretreatment with 5-BDBD alone had similar effects to control (Figure 7e) suggesting 

the antagonist alone had no alterations in mediating phagocytosis.  

Understanding the effects of EtOH on P2X4R activity is important, specifically at 

which region of the receptor EtOH has an affect. Ostrovskaya et al., showed evidence to 

suggest P2X4 has a possible binding pocket in one of the transmembrane domains, 

mutation of this region decreases sensitivity of P2X4 to EtOH(Ostrovskaya, Asatryan et 

al. 2011, Popova, Trudell et al. 2013). Since the exact mechanism of 5-BDBD is 

unknown(Balazs, Danko et al. 2013), it may be possible that the antagonist is interacting 
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with this particular region, which is blocking the effects of EtOH on phagocytosis. To 

propose a potential mechanism by which EtOH alters microglial phagocytosis through 

P2X4, Stokes and Suprenant, demonstrated P2X4 functionality in response to initial 

phagocytic stimuli but return to a non-functional state during sustained activation by 

classical macrophage activation(Stokes and Surprenant 2009). Applying this to our 

findings, we suggest EtOH effect on P2X4R is altering its activation state, thereby 

affecting the effector function phagocytosis in microglia. Another potential mechanism 

may include work by Chimini and Chavrier demonstrating small GTPase Rho and 

downstream effectors such as Rho-effector kinases (ROCKs), which mediate 

reorganization of actin cytoskeleton during phagocytosis(Chimini and Chavrier 2000). 

Purinergic signaling can activate Rho to induce microglial cytoskeleton 

reorganization(Chimini and Chavrier 2000), EtOH-induced overexpression of P2X4 may 

dampen this rearrangement.   

  In our studies, P2X4 antagonist, 5-BDBD was able to reverse the effects of EtOH 

on microglial migration. Contrary to our data, Kossover and Kane, demonstrate increased 

chemokine levels in activated microglia upon EtOH treatment, enhancing migration. This 

study was conducted using LPS as the stimulus for activation of N9 microglial cells, 

similar to our experiments were the dose of EtOH (110 mM)(Kossover 2004).  However, 

we examined the effects of EtOH on resting microglia, which revealed a significant 

decrease in microglial migration towards CX3CL1 (Figure 8). 5-BDBD was able to 

block EtOH effect on microglial migration towards CX3CL1 (Figure 8 c). One group has 

shown EtOH effect on migration of peripheral blood mononuclear cells (PBMC) across 
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brain endothelial cell monolayer. They, demonstrated a lack of transmigration with 

ethanol treatment as supported by a failure to see increases in supportive 

mechanisms(Hudson, Colby et al. 2010). These findings support our observation of EtOH 

effects on microglial migration. Conditions known to support immune cell trafficking 

such as exposure to cytokines will upregulate adhesion molecules, such as VCAM, 

ICAM1, and E-selectin in endothelial cells, EtOH did not affect alterations in these 

molecules(Wong and Dorovini-Zis 1992, Wong and Dorovini-Zis 1995, Wong and 

Dorovini-Zis 1996). Microglial processes such as polarization and convergence at the site 

of injury, are mediated via purinoceptors P2X4R(Neumann, Kotter et al. 2009).  These 

data supports, the notion that, EtOH effects on microglial migration, and a role for P2X4 

modulation on EtOH-induced microglial function.  

The ESdM cells were used because they are stable proliferating cells substantially having 

most characteristics of primary microglia and therefore being a suitable tool to study 

microglial function in vitro and in vivo(Napoli, Kierdorf et al. 2009).  Unlike other cell 

lines like BV-2, which are generated by infecting primary microglial cells with a v-raf/v-

myc oncogene carrying retrovirus(Blasi, Radzioch et al. 1987, Blasi, Barluzzi et al. 

1990), ESdM cells are differentiated from embryonic stem cells towards microglia 

phenotype. Therefore ESdM cells do not contain any viral proteins or plasmids that may 

alter their functional profile. To confirm our findings in ESdM cells we isolated primary 

microglial cells from neonatal mice, and investigated the expression of P2X4R protein in 

response to EtOH (Figure 10). We showed an increase in P2X4R expression after 48 h of 

EtOH treatment, consistent with our ESdM data. We further explored some of the 



 

 

 

83 

functional assays that were developed using primary microglial cells, again our 

phagocytosis (Figure 11) and migration (Figure 12) data showed similar effects in the 

context of EtOH. To determine the role of P2X4 receptor in EtOH-induced microglial 

dysfunction in our primary microglial cells we utilized our P2X4R selective antagonist, 

5-BDBD. As we hypothesized we were able to confirm our results in our primary cell 

line demonstrating that antagonism of P2X4R in the presence of EtOH blocks the EtOH 

effect on microglial phagocytosis and migration; figures 11 and 12 respectively.  

Evidence demonstrates the importance of microglial cells in CNS pathology; 

released from microglia, neurotrophic Factors (NT) are important secretory molecules 

that provide neuroprotection. Next to further characterize the effects of EtOH on 

microglia, we investigated the levels of NT Factors released into the supernatant. We 

hypothesized that EtOH may decease the levels of NT factors that are released by 

microglial cells. These NT factors included brain derived neurotrophic factor (BDNF), 

Neurotrophin 3 (NT3) and Neurotrophin 4/5 (NT4/5). Using an ELISA based method of 

detection we determined EtOH increased BDNF levels (Figure 13a), and reduced NT3 

and NT4/5 levels (Figures 13 b and c).  NT factors play vital roles during development, 

as they are essential for cell proliferation and survival mechanisms. Neurotrophins initiate 

their signal transduction by interacting with the Trk receptors: NGF with TrkA, brain-

derived neurotrophic factor (BDNF) and NT4 with TrkB, and NT3 with TrkC.  BDNF in 

the CNS has been involved in increased neuronal excitability and upregulated in areas 

implicated in epileptogensis as well as inflammation(Binder, Croll et al. 2001). BDNF 

has various important roles in cell survival, apoptosis, gene expression, neurite 
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outgrowth, cellular morphology, synaptic plasticity, and neurotransmitter release in the 

CNS(Poo 2001, Mizoguchi, Kanematsu et al. 2003, Lu, Pang et al. 2005, Mizoguchi, 

Kitamura et al. 2006, Mizoguchi, Monji et al. 2009).  Our findings that EtOH increases 

BDNF levels is surprising, although EtOH may be affecting microglial function, it is 

possible that BDNF may serve as a compensatory mechanisms to prevent initial CNS 

damage. Alternatively, overexpression of BDNF has also been linked to learning deficits 

and short-term memory impairments, both in spatial and instrumental learning 

tasks(Cunha, Angelucci et al. 2009). These results indicate that the concentration of 

BDNF is crucial for determining its role in neuroprotection and neurotoxicity. 

NT levels were investigated by collecting supernatants from microglial cells 

grown in vitro. The lack of astrocytes, ependymal cells and endothelial cells, which 

provide buffering mechanisms(Abbott, Ronnback et al. 2006, Cipolla 2009), may be 

involving in monitoring concentrations of NT molecules, since astrocytes also participate 

in release of BDNF promoting neuronal myelination(Fulmer, VonDran et al. 2014). Also 

microglial cells do not have TrkB receptors, and PCR detection confirmed no presence of 

TrkB mRNA(Frisen, Verge et al. 1993), suggesting autocrine activation of TrkB 

receptors may not be involved. These results suggest that EtOH has a direct effect on 

microglial BDNF levels, however co-culture or in vivo experiments may give more 

insight into possible protective mechanisms involving increased BDNF. 

Microglial cells may be providing a level of protection against EtOH 

neurotoxicity, which has been elucidated in both in vivo and in vitro studies(Bradley, 

Beaman et al. 1999, Mitchell, Paiva et al. 1999, Heaton, Kim et al. 2000, McAlhany, 
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West et al. 2000).  Characterizing microglia is important, since they are the innate 

immune responders in the CNS. An overwhelming amount of evidence reveals that both 

acute and chronic alcohol exposure suppresses all branches of the immune system, 

including early responses to infection and the tumor surveillance system(Cook 1998, 

Nelson and Kolls 2002). However, for those who engage in persistent alcohol abuse, the 

long-term microglial regulation of BDNF has not been fully investigated.  

 Interestingly, BDNF is implicated in pain pathology, increases in P2X4R leads to 

an increase in BDNF from microglia, which is necessary for maintaining pain 

hypersensitivity after nerve injury(Tsuda, Shigemoto-Mogami et al. 2003, Trang, Beggs 

et al. 2009). In our studies we demonstrated the use of 5-BDBD was able to decrease the 

level of EtOH-induced BDNF levels in microglia (Figure 15a). These data suggest a role 

for P2X4R in mediating EtOH-induced BDNF levels in microglia, since we have 

previously shown EtOH ability to increase P2X4R expression(Gofman, Cenna et al. 

2014). 

In regard to the decrease of NT3 and NT4/5, they are not expressed in CNS as 

much as BDNF(Lessmann, Gottmann et al. 2003), and this may be a reason why we 

didn’t see such a robust increase in those NT factors (Figure 13 b and c).  Another group 

also showed a decrease in NT3 and NT4/5, decreased neurotrophic activity might be 

involved in ethanol-induced neurodegeneration in the adult brain and in the etiology of 

alcohol-related neurodevelopmental disorders. This can occur through decreased 

expression of BDNF or through inability of the receptor to transduce signals in the 

presence of ethanol(Davis 2008). To determine the role of P2X4 in modulating NT factor 
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levels we utilized 5-BDBD, our P2X4 selective antagonist. Our results showed the use of 

the antagonist alone, increased the level of both NT3 and NT4/5, which showed an 

additive effect with EtOH treatment (Figure 14b and c). Since there is a lack of data 

characterizing 5-BDBD(Balazs, Danko et al. 2013) and its interaction with P2X4, not 

much can be said regarding the effect of the antagonist on NT levels. However, this does 

give us insight into the possibility of targeting P2X4 receptors as therapeutic targets in 

pathologies that have a decrease in NT factor levels. 

EtOH is known to increase calcium mobilization in cells of the CNS including 

microglia(Gonzalez, Pariente et al. 2007, Gofman, Cenna et al. 2014).  A possible 

mechanism associated with EtOH-induced BDNF levels may involve [Ca2+] 

regulation(Mizoguchi, Monji et al. 2009). BDNF resides in vesicles in the cell, upon 

calcium mobilization from extracellular or intracellular calcium stores these vesicles 

containing BDNF are released extracellularly. We demonstrated EtOH effect on calcium 

mobilization (Figure 6).  This insult may have affected the release of BDNF, resulting in 

increased levels in the supernatant (Figure 13a). The use of 5-BDBD was able to reverse 

calcium mobilization in EtOH treated microglia, similarly 5-BDBD blocked EtOH effect 

on BDNF levels (Figure 14a), suggesting a role for calcium-induced BDNF release upon 

EtOH treatment. These findings are preliminary and further questions need to be 

addressed, such as the involvement of these NT factors in long-term EtOH abuse and 

their involvement in neurodegeneration and neuroinflammation. 

To investigate the mechanisms by which EtOH increases P2X4R expression in 

microglia, we first explored the downstream signaling proteins AKT, MEK and ERK in 
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P2X4R signaling.  EtOH (100 mM) treated microglial cells, demonstrated a decrease in 

phosphorylated ERK and AKT (Figure 15 b. and c.), and western blots demonstrated by 

60 min both ERK and AKT returned to basal levels compared to control. These data 

suggest EtOH has a transient effect on both ERK and AKT protein targets.   Our data, 

similar to previous experiments, have also demonstrated EtOH ability to decrease ERK 

and AKT phosphorylation(Sanna, Simpson et al. 2002, He, Simmen et al. 2006). 

Decreased phosphorylation of ERK and AKT in response to EtOH has been demonstrated 

in in vitro and in vivo studies, suggesting phosphorylation changes of these proteins 

depends on duration and dose of EtOH(Kalluri and Ticku 2002, Sanna, Simpson et al. 

2002, Chandler and Sutton 2005, Sampey, Stewart et al. 2007, Mazei-Robison, Appasani 

et al. 2014).  Surprisingly ERK phosphorylation may possibly be independent of MEK 

phosphorylation as the phosphorylated MEK protein expression was not affected by 

EtOH (Figure 15 a).  

 Since EtOH had no effect on pMEK levels, we wanted to determine which 

kinases are involved in EtOH-induced decrease of pERK. First we tested U0126, a highly 

selective inhibitor of both MEK1 and MEK2 (inhibits activation of MEK1/MEK2 with 

EC50 value of 0.7µM and 0.6µM respectively)(Tsuda, Toyomitsu et al. 2009), and 

PD98095 an inhibitor against MEK 1 activity, where PD98095 inhibits MEK1 more 

potently than MEK2 (inhibits activation of MEK1/MEK2 with EC50 values of 4µM and 

50µM respectively)(Cowley, Paterson et al. 1994).  Our results demonstrated the use of 

U0126 prior to EtOH treatment completely blocked the phosphorylation of ERK protein 

expression (Figure 16 a and b) in ESdM cells. PD98095, a potent inhibitor of MEK1 but 
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a weak inhibitor of MEK2, had a modest effect on phosphorylated ERK1/2 (Figure 16 c 

and d) suggesting a possible role of MEK2-dependent ERK signaling in modulating 

EtOH induced effects on microglia.  Taken together these data suggest that EtOH 

regulates ERK phosphorylation through a MEK 2 dependent pathway. Literature has also 

reported other pathways involving ERK activation. One group demonstrated MEK 

independent ERK activation through ATP coupled to PI-PLC/calcium(Neary, Kang et al. 

1999). These results suggest that signaling to ERK involves a calcium dependent 

pathway. Purinergic receptors are known to mobilize calcium and are activated via ATP. 

We showed EtOH has similar effects in calcium mobilization (Figure 6), suggesting a 

role for EtOH-induced [Ca2+] activity in modulation of phosphorylated ERK.  

 Purinergic receptors regulate downstream signals regulating microglial activation, 

phagocytosis, and immune response. To determine the role of P2X4R in EtOH-induced 

decrease phosphorylation of ERK and AKT we utilized a P2X4 selective antagonist, 5-

BDBD. Microglial cells were pretreated with 5-BDBD prior to EtOH treatment for 30 

min, and then treated with EtOH (100 mM). Results revealed pretreatment with 5-BDBD 

was able to block EtOH effect pAKT (Figure 17 a and b) and pERK (Figure 17 c and 

d). Tsuda et al., demonstrated increases in microglial P2X4R requires activity of 

downstream activation of intracellular signaling pathways involving phosphatidylinositol 

3-kinase (PI3K)-Akt and mitogen-activated protein kinase kinase (MAPK kinase, MEK)-

extracellular signal-regulated kinase (ERK), which have distinct roles in the up-

regulation of P2X4R expression in microglia at the transcriptional and post-

transcriptional levels, respectively(Tsuda, Toyomitsu et al. 2009).  These findings 
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demonstrate the importance of P2X4 role in EtOH-induced ERK and AKT levels. These 

data demonstrates a potential involvement of P2X4R in downstream signaling 

mechanisms in the context of EtOH in microglial cells. Although we do not know the 

direct link between EtOH decrease in ERK and AKT and P2X4R expression, the 

decrease in phosphorylated ERK and AKT may be involved some of the microglial 

effector functions.  Increased levels of pAKT have been shown to increase microglial 

phagocytosis(Song, Zhou et al. 2012). Our data demonstrate EtOH-induced decrease in 

pAKT suggesting the level of pAKT could be involved in EtOH decreased microglial 

phagocytosis (Figure 7).  The use of 5-BDBD, a selective P2X4 antagonist was able to 

block the effect of EtOH on phosphorylated protein levels, suggesting that P2X4 

regulates EtOH-induced effects on down-stream ERK-MAPK and AKT pathways. 

To further investigate mechanisms involved in EtOH induced P2X4R expression, 

we focused on transcription factors that are known to regulate P2X4; NFκB(Jonsson and 

Palmblad 2001), CREB(Impey, McCorkle et al. 2004, Wand 2005) and NFAT(Woehrle, 

Yip et al. 2010). To determine EtOH effect on these transcription factors, microglial cells 

were treated with EtOH (100 mM) for two hours, as determined by our time course 

(Figure 18). Our results demonstrated a robust increase in NFκB, NFAT and CREB 

(Figure 19) binding as compared to untreated control.  Our results are similar with other 

studies demonstrating EtOH activation of transcription factors CREB(Yang, Horn et al. 

1998, Acquaah-Mensah, Misra et al. 2006)NFκB (Mustonen, Puolakkainen et al. 2009), 

and NFAT(Woehrle, Yip et al. 2010). 
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Changes in transcription factor activity can cause microglial cells to activate and 

participate in neuroinflammatory pathologies of disease.  NFκB increases activation of 

microglia and causes the production of proinflammatory factors and upregulation of 

NADPH oxidase (NOX) that form reactive oxygen species (ROS) that lead to 

neurodegeneration(Lee, Jeong et al. 2004). Qin and Crews demonstrate ethanol activation 

of microglia results in production of ROS contribute to chronic ethanol-induced 

neurotoxicity. NOX-ROS and NF-κB signaling pathways play important roles in chronic 

ethanol-induced neuroinflammation and neurodegeneration(Qin and Crews 2012). We 

demonstrated EtOH rapid effect on [Ca2+] mobilization in microglia (Figure 6), 

supporting our results for increased NFAT binding upon EtOH treatment (Figure 19), 

one study has reported that sustained [Ca2+] elevation leads to activation and 

translocation of NFAT into the nucleus(Bootman, Fearnley et al. 2009). The transcription 

factors CREB and NFκB were demonstrated to mediate the effect of inflammation and 

oxidative stress, which leads to neuronal damage(Wen, Sakamoto et al. 2010). This leads 

to activation of microglial cells, and the release of proinflammatory cytokines and 

chemokines(Cartier, Hartley et al. 2005, Ramesh, MacLean et al. 2013). Transcriptional 

activity of NFκB is increased in a variety of tissues with aging and is associated with 

numerous age related degenerative diseases including Alzheimer’s(Tilstra, Clauson et al. 

2011). CREB plays an important role in the expression of neurotrophins(Mellstrom, 

Torres et al. 2004, Tardito, Perez et al. 2006).  Roy et al., demonstrated activation of 

CREB by the expression of luciferase from a CREB-dependent reporter construct, further 

they we employed antisense oligonucleotides (siRNA or dominant-negative construct), 
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and they demonstrated BDNF expression is dependent upon CREB activity(Roy, Liu et 

al. 2007). Consistent with our findings CREB may be regulated via EtOH-induced 

calcium mobilization, as we already demonstrated in our microglial cells, which is also 

consistence with increased BDNF levels (Figure 19). Changes in NFκB, CREB, and 

NFAT lead to activation of microglial cells have been implicated in the pathogenesis of a 

variety of neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s 

disease (PD), stroke, Creutzfeld-Jacob disease, HIV-dementia, and multiple sclerosis 

(MS)(Gonzalez-Scarano and Baltuch 1999). 

Previous work has elucidated the involvement of NFκB, NFAT and CREB 

translocation and modulation by purinergic receptor activity(Brautigam, Frasier et al. 

2005, Raouf, Chabot-Dore et al. 2007, Degagne, Grbic et al. 2009, Woehrle, Yip et al. 

2010).  To determine the role of P2X4R in EtOH-induced transcriptional activity we 

utilized the P2X4R selective antagonist, 5-BDBD. ESdM cells were pretreated with 5-

BDBD prior to EtOH (100 mM) treatment. Our results demonstrate that pretreatment 

with 5-BDBD; prior to EtOH treatment had no effect on NFκB and NFAT activity 

respectively as compared to EtOH alone (Figure 20 a and b). Interestingly, pretreatment 

with 5-BDBD prior to EtOH treatment showed a statistically significant decrease in 

CREB activity as compared to EtOH alone (Figure 20 c). The antagonist treatment group 

showed an increase in NFκB and NFAT binding. These data demonstrate the antagonist 

5-BDBD may not be very specific, and its pharmacological properties have an effect on 

these transcription factors. Utilizing a siRNA lentiviral vector specific for P2X4, could be 

an alternative method to study the role of P2X4 in EtOH-induced effects.  
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These data suggests a direct interaction between EtOH-induced P2X4R activities 

linked to CREB transcription factor binding (Figure 20c). These data also suggest the 

possibility of CREB transcriptional role in regulating EtOH-induced increase of P2X4 

receptors expression in microglial cells. In our previous work(Gofman, Cenna et al. 

2014) we demonstrated the effect EtOH has on calcium mobilization in microglial cells.  

Calcium is a major signaling molecule that activates many transcription factors.  Calcium 

activity has been shown to be directly linked to CREB activation(Sun, Enslen et al. 1994, 

West, Chen et al. 2001). We along with others have demonstrated the increased effect 

EtOH has on NFκB, NFATc1 and CREB activity(Yang, Horn et al. 1998, Acquaah-

Mensah, Misra et al. 2006). BDNF and multiple G protein-coupled and ionotropic 

receptors signal to CREB to modulate gene transcription and late phase synaptic 

plasticity. CREB is also a target of ethanol and multiple studies implicate CREB in 

ethanol-mediated changes in gene expression(Davis 2008). An analysis of promoter 

elements in ethanol responsive genes has identified CREB as a potential mediator of 

ethanol effects on gene expression (Uddin and Singh 2007). The role of P2X4 in EtOH-

induced microglial effector function is important in CNS disease pathology, since proper 

microglial function is necessary for maintenance and clearance of debris. Insight into the 

cellular mechanisms involved in EtOH-induced P2X4R expression may shed light on 

some of the important pathways involved in neuroinflammation and protection. 

Figure 21 is a proposed model of EtOH induced effects on P2X4R in microglial 

cells.  These results give a possible mechanism to EtOH increased P2X4 receptor 

expression in microglial cells, as well as microglial effector function including 
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phagocytosis and migration. Exploring these mechanisms further can shed light on the 

role P2X4 has on microglial function and EtOH mediated immune dysfunction. EtOH 

treatment increases P2X4R in microglia, which decreases phagocytosis and migration, 

while inducing a rapid increase in calcium mobilization.  The increased [Ca2+] levels 

may regulate CREB activity or through calmodulin(Sun, Enslen et al. 1994).  Changes in 

transcription factor CREB can lead to induction of [Ca2+] dependent BDNF levels in 

microglia, and potentially regulate the transcription of P2X4. EtOH effect on ERK and 

AKT may be involved in microglial effector function, since decreased levels of AKT are 

consistent with decrease phagocytic activity in microglia(Irino, Nakamura et al. 2008, 

Yang, Liu et al. 2010). The effects of EtOH on phosphorylated ERK, has yet to be 

determined, but other pathways such as p38 maybe involved in regulation of downstream 

signaling involving P2X4R(Brautigam, Frasier et al. 2005, Trang, Beggs et al. 2009). 
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CHAPTER 5 

SUMMARY  

Traditionally, identification of CNS diseases involved the integrity of the neurons. 

Today, we know the importance of glial cells in progression of CNS diseases. Many 

studies have shown the direct effects of EtOH on neurons, however only recently have 

glial cells become of interest in their involvement in disease. Microglial cells in 

particular, are important mediators of CNS immunity. Microglial cell function is 

important to study, since their prolonged activation can lead to negative consequences. 

Much of the literature has enumerated on the effects of EtOH on microglial cell function, 

however the exact mechanisms have not been elucidated. In this study, we provide 

supportive evidence for the involvement of purinergic receptors in EtOH mediated 

microglial immune dysfunction. 

Purinergic receptors have been overlooked as mediators of cellular functions. 

Purinergic receptor X4; abundantly expressed in the CNS, are involved in many 

intercellular signaling processes, in both neurons and glia.  In the CNS, ATP signals their 

activity leading to a myriad of signaling responses. Due to their expression in the CNS, 

several groups have provided evidence for the role of P2X4 in neuropathic pain. 

However, the role P2X4 on glial cells has not been enumerated. The novelty of this work 

characterized and demonstrated a direct role for P2X4R in EtOH-induced microglial 

dysfunction.  

We showed EtOH-induced expression of P2X4R in microglia. These data suggest 

a regulatory role for P2X4 in EtOH induced effects. In addition, our results are consistent 
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with in vitro/in vivo findings, specifically in microglial effector function demonstrating 

EtOH decreased effect on microglial phagocytosis and migration. Inhibition of P2X4 

using a selective antagonist, 5-BDBD, reversed the effects of EtOH on microglial 

phagocytosis, migration and calcium mobilization, suggesting a direct role of P2X4 in 

modulating microglial effector functions. Investigation of the mechanism regulating 

EtOH-induced expression of P2X4 implicated an increase in CREB binding, a known 

transcription factor for P2X4 gene expression. This research provides insight into the role 

of P2X4R in microglial function. Understanding how P2X4R participates in microglial 

activation, EtOH-induced microglial neuroinflammation and disease pathology is 

important, since microglial cells are the immune cells of the CNS.   

Further investigation of P2X4R expression in microglia could elucidate on 

microglial function, such as activation, release and regulation of cytokines/chemokines 

expressed during inflammation, and its role in disease progression. Future investigation 

of P2X4R in in vivo animal models and knock down experiments may confirm our in 

vitro findings.   Our data has provided insight into alcohol abuse research, and a potential 

role for therapy. Targeting P2X4 receptors in alcoholic patients may help mediate 

microglial dysfunction. If there were a drug targeted to prevent P2X4R expression in 

alcoholic patients, we may see an improvement in microglial function as well as signaling 

of neuronal circuits. However, P2X4R are also expressed on other cell types, and the 

implications of a drug may have side effects on other organs.  Again, the importance of 

purinergic signaling in microglia immune response is crucial for maintenance of the 

CNS. Purinergic receptors and their downstream effectors modulate microglial 
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phagocytosis, migration, proliferation and activation. The role of P2X4 in EtOH induced 

microglial dysfunction, should be further investigated, since P2X4R are known to be 

sensitive to EtOH.  

Aside from their role in EtOH-induced microglial dysfunction, P2X4R are also 

involved in other diseases, for example Alzheimer’s disease. P2X4 receptors are 

decreased in Alzheimer’s disease and increased by Aβ prior to neuronal death(Varma, 

Chai et al. 2009). Since this receptor are sensitive to changes in the environment due to 

EtOH, alterations due to disease progression may alter P2X4R activity and potentially be 

involved in progression of disease.  This research has provided a platform for further 

investigation for the role of P2X4 receptors in EtOH pathology as well as other disease 

pathology.  
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