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ABSTRACT 

 Methamphetamine (METH) is a powerful psychostimulant with a high 

abuse liability. Due to its potent and long lasting effects in the central nervous 

system (CNS), METH addiction is a major and growing public health concern. 

Dextro-METH or the racemic mixture of the two isomers can be consumed 

through oral, nasal, and anal administrations, or injected intravenously or 

subcutaneously, and there is no FDA approved therapeutic for the treatment of 

METH addiction. METH abuse causes many deleterious physiological effects, 

such as anxiety, mood disturbances, and visual and auditory hallucinations. In 

addition, neuroimaging studies have demonstrated altered structural and 

functional changes in the brain associated with emotion and memory, as well as 

reduced motor speed and impaired verbal learning. Current literature implicates 

microglia, the resident macrophages of the CNS, as major mediators of the 

neurological side effects. Upon activation, microglia undergo a morphological 

change to an amoeboid shape with increased capacity for migration, 

phagocytosis and cytokine production. Although the initial microglial activation is 

poorly understood, METH-induced microgliosis precedes dopaminergic 

neurotoxicity, and drugs that prevent glial activation are candidate therapies for 

METH addiction.  

Microglia express purinergic receptors, ligand-gated ion channels, which 

have been implicated in a variety of chronic inflammatory and neurodegenerative 

processes. In particular, P2X7R is activated by pathological concentrations of 

ATP. I show the concurrent increases in P2X7R expression with Iba-1, a marker 
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of microglial activation after chronic METH treatment in vivo. I confirmed the 

METH-induced increases in P2X7R protein and mRNA expression in the 

Embryonic Stem cell derived microglia (ESdM) cell line. siRNA knockdown of 

P2X7R in ESdM significantly reduced the METH-induced TNF-α secretion, 

compared to scrambled siRNA. Furthermore, I demonstrated METH-induced 

microglial migration and phagocytosis is blocked by pretreatment with a P2X7R 

antagonist, A-438079.  

 When administered in vivo, the P2X7R antagonist A-438079 did not 

affect the locomotor activity of mice, as determined by ambulation, stereotypy 

and total activity at lower doses (5, 10 mg/kg) but it did decrease METH-induced 

stereotypy and ambulation at the higher dose tested (50mg/kg). The 10mg/kg 

dose of A-438079 was effective at blocking METH-induced expression of 

conditioned place preference, a behavioral assay that measures the appetitive 

value of a compound. This data suggests that P2X7R antagonism may be useful 

as a therapy for METH addiction.  

 P2X7R activation is known to activate the inflammasome complex and 

lead to the generation and shedding of extracellular vesicles (EVs). EVs are 

classified as exosomes or microvesicles, and contain protein, mRNA and miRNA 

that alter the biological activity of target cells. I used electron microscopy, 

NanoSight quantification, and confocal imaging techniques to confirm that METH 

causes the increase in primary human microglia-derived exosomes, which are 

around 100nm in size. Compared to control exosomes, METH causes significant 

decreases in packaged miR-124, mir-186 and miR-9, as analyzed by qPCR. 
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These miRNAs are associated with many neuroimmune and neurodegenerative 

disorders, and indicate a possible mechanism for METH-dependent increased 

P2X7R expression seen in previous analyses.  

 Taken together, these studies highlight the importance of P2X7R in 

METH-induced microgliosis. Our findings indicate that purinergic mechanisms 

contribute to altered microglia effector functions during stimulant abuse, and that 

modulating the glial response during addiction may have potential therapeutic 

implications.  

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

DEDICATIONS 

To my parents, Hubert and Anita, 

Thank you for providing me with the best life and opportunities.  

You have been the perfect example of the hard work and determination needed to attain 

success, and I try to emulate your traits in all aspects of my life.  

Your constant love, encouragement, and confidence in my abilities give me the 

conviction to pursue my dreams everyday.   

I hope that my accomplishments make you proud. 

 

To my sister, Rhea, thank you for always believing in me, and for making me laugh when 

I need it the most.   



 vii 

ACKNOWLEGEMENTS 

I would like to express my sincere gratitude to Dr. Potula for his patience and 

guidance throughout the completion of my dissertation. I also thank the members of my  

doctoral advisory committee, Drs. Marc Monestier, Scott Rawls, and Çagla Tükel for 

their support and suggestions in preparing this thesis, as well as Dr. James Haorah for 

his time and input as my outside examiner.  

I would also like to thank my former labmates, the Potula penguins, for their continued 

support and friendship: to Dr. Larisa Gofman, thank you for all the laughs, adventures, 

life discussions; I would not have enjoyed by first few years as much without you. 

 To Jonathan Cenna, thank you for all the encouragement and cartoons, and for 

teaching me the ropes! I would like to express my gratitude to Dr. Uma Sriram for all the 

support and lengthy scientific discussions. Having your insight strengthened my project 

immensely and I have learned so much from your dedication and experience.  

 Additionally, I wish to express my sincere appreciation to Dr. Slava Rom, thank 

you for all your advice, friendship, and for always being there to impart your wealth of 

knowledge and experience whenever I hit a stumbling block. To Dr. Viviana Zuluaga-

Ramirez, thank you for teaching me your mouse-whisperer techniques and surgeries 

that enabled me to complete some very challenging experiments. To Nancy 

Reichenbach, thank you for you guidance, the numerous political discussions, and for 

bringing in those delicious tomatoes during the summer. To Malika Winfield, thank you 

for the many laughs and technical assistance during development of this project.  

I would also like to thank the members of the department of pathology, past and 

present, who made my time at Temple unforgettable: Dr. Steven Merkel, Jeremy Hill, 

Lee Anne Cannella, Dr. Allison Andrews, Holly Dykstra, Sachin Gajghate, Alecia Seliga, 

and Nathan Heldt. 



 viii

TABLE OF CONTENTS 

Page 

ABSTRACT……………………………………………………………………………………... iii 

DEDICATIONS…………………………………………………………………………………..vi 

ACKNOWLEDGEMENTS………………………………………………………………..........vii 

LIST OF TABLES……………………………………………………………………………….xii 

LIST OF FIGURES………………....………………………………………………………....xiii 

LIST OF ABBREVIATIONS…..…………….......………………………………………….....xv 

 

CHAPTER  
1. GENERAL INTRODUCTION……………………………………………………………... 1 

Background…………………………………………………………………………….. 1 
 

Microglia Function………………………………………………………………………2 

Microglia Activation……………………..………………………………………………4 

Chronic Activation……………………………………………………………………....6 

Aging Microglia………………………………………………………………………….7 

Purinergic Signaling…………………………………………………………………….8 

P2X7 Receptors………………………………………………………………………..10 

Extracellular Vesicles………………………………………………………………….15 

Methamphetamine………………………………………………………………….....17 

Scientific Rationale and Specific Aims………………..……..………………......... 24 

 
2. METHODS ……………………………………............................................................ 26 

 
Antibodies and Reagents…………..................................................................... 26 



 ix

 
Live/Dead Viability/Cytotoxicity Assay……......................................................... 27 
 
Cell Culture…….............……………………………………………………………...27 
 
Immunohistochemistry……................................................................................. 28 
 
Immunocytochemistry…….................................................................................. 29 
 
Western Blot Analysis…….................................................................................. 30 
 
Phagocytosis Assay……………………………………………….…………............ 31 
 
Migration Assay……............................................................................................31 
 
siRNA Knockdown of P2X7R…………………………...…………………...............32 
 
MSD Proinflammatory Cytokine Panel…….........................................................33 
 
Fetal Brain Isolation of Microglia, Astrocytes and Neurons……..........................33 

 
Microglia Isolation ……........................................................................... 34 
 
Astrocyte Isolation……….…………………………………………............. 35 
 
Neuron isolation …….........……………………………………………….... 36 

 
3D-coculture of Microglia, Astrocytes and Neurons……………………............... 36 
 
Isolation of Extracellular Vesicles from Microglia…………….…...………..…...... 37 

 
Ultracentrifugation Protocol…………………..…………………………………....... 37 
 
ExoQuick TC Protocol……………………………………………………………...... 38 
 
NanoSight analysis of Microglia-Derived Extracellular Vesicles…..…..……........38 
 
Electron Microscopy of Extracellular Vesicles………………………….................39 
 
Fluorescence Activated Cell Sorting of Extracellular Vesicles……….………......39 
 
Isolation of Microglia-derived Exosomal RNA.………………..…………………... 40 
 
Exosomal miRNA Analysis.………………………………………………………..... 40 
 
Poly[A]Tailing, Adapter Ligation, Reverse Transcription, miR-Amp Reaction…..41 
 
Conditioned Place Preference………...…………………………………………......41 
 
CPP Expression Assay.…………….………………………………………….…......43 

 



 x 

Locomotor Activity Monitoring Assay……………….……..……………………......44 
 
3. RESULTS……...……………………………………………………………………………46 
 

METH Treatment Does Not Affect ESdM Cell Viability...…..……………………….....46 

METH Increases Gene and Protein Expression of P2X7R in Microglia.….….………46 

P2X7R Antagonist Reverses METH Induced Microglial Migration............................47 

Blockade of P2X7R Exposure Decreases METH Induced Microglial Phagocytosis..48 

P2X7R Silencing Decreases METH-Induced Microglial Proinflammatory Cytokine 

Production…………………………………………………………...…………………….. 48 

Chronic METH Decreases Tyrosine Hydroxylase Expression In Vivo ……...…........49 

Chronic METH Increases P2X7R Expression on Murine Microglia In Vivo…...…….50 

The Effects of P2X7R Antagonism on METH-Induced Hyperlocomotion……………50 

P2X7R Antagonism Blocks the Expression of Conditioned Place Preference………52 

Isolation and 3D Co-Culture of Microglia, Astrocytes and Neurons from Human Fetal 

Brain Tissue...………………………………………………………………………………53 

Transmission Electron Microscopy Imaging of Extracellular Vesicles Released From 

Primary Human Microglia.……………..…………………….……………………………50 

Exosome Release is Significantly Increased with METH Treatment.........................51 

Microglia-Derived Exosomes and Microvesicles Express CD63, ALIX, Flotillin-1, 

HSP70, CD11b, Iba-1, and P2X7R.…………………………………………….………. 52 

Microglia-Derived Exosomal miRNAs Are Altered with METH Treatment..………….53 

Microglia-Derived Extracellular Vesicles Are Internalized by Cells of the CNS……..57 

4. GENERAL DISCUSSION …..................................................................................... 74 
 

Summary of Conclusions……………………………………………………………. 94  
 
Future Directions……………………………………………………………………....96 

 



 xi

REFERENCES………………………………………………………………………………....98 
 

 

 

 

 

 



xii 

LIST OF TABLES 

Table              Page 

1. List of Antibodies used for IHC, ICC, Western Blot and FACS analysis…………...27 



xiii 

LIST OF FIGURES 

Figure                                                                                                                          Page 

1. Activation of P2X7R…………………………………………………………………………12 

2. METH Treatment Does Not Affect ESdM Cell Viability……….…………………………58 

3. METH Increases Gene and Protein Expression of P2X7R in Microglia.……………...59 

4. P2X7R Antagonist Reverses METH Induced Microglial Migration..............................60 

5. Blockade of P2X7R Exposure Decreases METH Induced Microglial Phagocytosis....61 

6. P2X7R Silencing Decreases METH-Induced Microglial Proinflammatory Cytokine 

Production………………………………………………………………………..……………..62 

7. Chronic METH Decreases Tyrosine Hydroxylase Expression In Vivo.………….…....63 

8. Chronic METH increases P2X7R expression on murine microglia in vivo………...… 64 

9. The Effects of P2X7R Antagonism on METH-Induced Hyperlocomotion.……..……..65  

10.  P2X7R antagonism Blocks the Expression of Conditioned Place Preference……..66 

11. Isolation of Microglia, Astrocytes and Neurons From Human Fetal Brain Tissue…..67 

12. Coculture of Microglia, Astrocytes, and Neurons Using the Alvetex 3-D Scaffold….68 

13. Transmission electron microscopy imaging of extracellular vesicles released from 

primary human microglia.……………………………………….…………………….…. 69 

14. Exosome release is significantly increased with METH treatment............................70 

15. Microglia-derived exosomes and microvesicles express CD63, ALIX, Flotillin-1, 

HSP70, CD11b, Iba-1, and P2X7R.…………………………………………….………..71 

16. Microglia-derived exosomal miRNAs are altered with METH Treatment ……………72



xiv 

 

17. Microglia-derived extracellular vesicles are internalized by cells of the CNS……….73 

  



 xv

LIST OF ABBREVIATIONS 

 
 
 

  a.k.a. Also known as 

ANOVA Analysis of variance 

CNS Central nervous system 

CPP     Conditioned Place Preference 

DAT Dopamine transporter 

FACS   Fluorescence activated cell sorting 

GFAP Glial fibrillary acidic acid 

GLT-1 Glutamate transporter 1 

IBA-1 Ionized calcium binding adaptor molecule 1 

IL-1β               Interleukin 1 beta 

i.p. Intraperitoneal 

miRNA microRNA 

mRNA messenger RNA 

METH             Methamphetamine 

P2X7R  P2X purinoceptor 7 

PBS Phosphate buffered saline 

PFA                Paraformaldehyde 

s.c.                  subcutaneous 

Tuj-1 Class III β-tubulin 

TNF-α              Tumor necrosis factor α 

 

 

 

 

 

 



 1

CHAPTER 1 

INTRODUCTION 

Background 

Microglia are the tissue-resident macrophages of the central nervous system 

(CNS) and serve as the major mediator of homeostasis. In 1919, Pio del Rio Hortega 

described the third element of the CNS, microglia, as cells with mesodermal origin that 

display a capacity for translocation and phagocytosis (Hanisch and Kettenmann 2007, 

Sierra, de Castro et al. 2016).  Microglia represent between 5-20% of the cells in the 

CNS, and differ from neurons and other glial cells by origin, morphology, gene 

expression pattern and functions (Kershman 1939, Prinz and Priller 2014). Microglia are 

present through out the brain parenchyma, but studies in murine models show that they 

populate the grey matter regions, such as the substantia nigra and hippocampus, at 

much higher densities than white matter (Lawson, Perry et al. 1990).  

Microglia arise from yolk sac hematopoietic stem cells that colonize the CNS 

early during gestation, during the formation of the vasculature and before the formation 

of the blood-brain barrier (BBB), and are fully differentiated into microglia around the 

time of birth (Chan, Kohsaka et al. 2007, Ginhoux, Greter et al. 2010, Harry and Kraft 

2012, Prinz and Priller 2014, Tsuda and Inoue 2016). In humans, the colonization of 

microglial precursors occurs during the latter half of the first trimester into the beginning 

of the second trimester, typically between days 70-120, and in rodents during embryonic 

days 9-19 (Kershman 1939, Hutchins, Dickson et al. 1990, Chan, Kohsaka et al. 2007, 

Ginhoux, Greter et al. 2010, Kettenmann, Hanisch et al. 2011, Prinz and Priller 2014, 

Wu and Gorantla 2014). Once migrating, amoeboid, microglial precursors reach their 

target territory, they elongate and assume the highly ramified morphology typically seen 

in vivo (Kershman 1939, Prinz and Priller 2014, Tremblay, Lecours et al. 2015). Several 
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recent experiments highlight that, unlike other myeloid cells, the differentiation of 

microglia, particularly in the hippocampus and striatum, depend on the expression of the 

colony stimulating factor 1 receptor (CSF-1R) and its ligand, interleukin 34 (Wang, 

Szretter et al. 2012, Wang and Colonna 2014). In addition, studies confirm that 

transcription factors Runx1, PU.1 and IRF8 are critical for the development of microglia, 

and that myeloid progenitors from the blood do not significantly contribute to the mature 

microglial population found in the brain after birth (Ginhoux, Greter et al. 2010, Prinz and 

Priller 2014, Tremblay, Lecours et al. 2015, Tsuda and Inoue 2016). Thus, microglia are 

not only distinct from other cells that constitute the CNS, but they also differ from other 

tissue-specific macrophages (Ginhoux, Greter et al. 2010, Kettenmann, Hanisch et al. 

2011, Prinz and Priller 2014).  

Microglia Function 

In the adult brain, microglia display slow turnover and steady-state numbers, but 

are capable of proliferation and self-renewal to replenish depleted cell numbers when 

necessary (Ginhoux, Greter et al. 2010). Microglia display markers such as CD3, CD45, 

CD11b, MHC II, and Iba-1, and are generally described as having two phenotypes: 

“resting” and “activated” (Kettenmann, Hanisch et al. 2011, Harry and Kraft 2012, Boche, 

Perry et al. 2013). Microglia play important roles in neurogenesis and developmental cell 

death, synaptic pruning and plasticity, angiogenesis, neuronal circuit remodeling, 

providing trophic support, and protecting the CNS from damage during trauma, disease, 

and from pathogenic invaders by active surveillance, migration and phagocytosis 

(Hanisch and Kettenmann 2007, Rasmussen, Wang et al. 2007, Kettenmann, Hanisch et 

al. 2011, Harry and Kraft 2012, Prinz and Priller 2014, Zhan, Paolicelli et al. 2014).  

Under homeostatic conditions, microglia in the resting phenotype are 

characterized by small soma and elongated processes (Kershman 1939, Nimmerjahn, 
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Kirchhoff et al. 2005, Kettenmann, Hanisch et al. 2011, Ohsawa and Kohsaka 2011, 

Prinz and Priller 2014). Resting microglia retain a stationary soma but have extremely 

motile processes that constantly sample the microenvironment at rapid rates in 

randomized directions (Davalos, Grutzendler et al. 2005, Nimmerjahn, Kirchhoff et al. 

2005, Hanisch and Kettenmann 2007, Kettenmann, Hanisch et al. 2011, Ohsawa and 

Kohsaka 2011, Boche, Perry et al. 2013, Saijo, Crotti et al. 2013, Prinz and Priller 2014, 

Sierra, de Castro et al. 2016). Based on the active surveillance rates, it is estimated that 

microglia can sample the entire brain parenchyma within a few hours (Hanisch and 

Kettenmann 2007). Microglia shield the local disruption of blood vessels by having 

physical contact with the perivascular astroglial sheath surrounding the endothelium and, 

therefore, serve to maintain the BBB integrity (Mathiisen, Lehre et al. 2010, Ohsawa and 

Kohsaka 2011). Imaging of microglia juxtaposed to the brain vasculature shows that they 

may function as antigen presenting cells in this context (Hanisch and Kettenmann 2007, 

Mathiisen, Lehre et al. 2010, Kettenmann, Hanisch et al. 2011). 

Microglial activation is tightly regulated under homeostatic conditions by soluble 

mediators produced or receptors expressed by neurons and astrocytes (Hanisch and 

Kettenmann 2007, Ohsawa and Kohsaka 2011, Saijo, Crotti et al. 2013, Eyo, Peng et al. 

2016). Resting microglia, in turn, provide trophic support to cells of the CNS, are very 

active in regulating neurotransmitter levels, and serve to integrate neuro-glia 

communication during physiological and pathological conditions (Hanisch and 

Kettenmann 2007, Zhan, Paolicelli et al. 2014, Tsuda and Inoue 2016). In fact, microglial 

processes make direct contact with synapses as frequently as once per hour with 

durations of 4-5 minutes per contact (Wake, Moorhouse et al. 2009, Ohsawa and 

Kohsaka 2011). Microglia display a variety of purinergic receptors, toll-like receptors, 

such as TLR2 and TLR4, and nuclear receptors (estrogen receptor α, peroxisome 
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proliferator-activated receptors α, γ, δ, retinoid X receptors, and vitamin D receptors) that 

regulate the transition between resting and activation state, and influence the resolution 

of activation (Davalos, Grutzendler et al. 2005, Kettenmann, Hanisch et al. 2011, Saijo, 

Crotti et al. 2013).  

Microglia Activation 

Although resting microglia respond to, and repair, subclinical abnormalities of the 

brain certain stimuli necessitate complete microglial activation (Hanisch and Kettenmann 

2007, Wake, Moorhouse et al. 2009). Microglia monitor changes in their environment 

through various receptors including those for purine and pyrimidine analogs, 

complement factors, cytokines and chemokines (Inoue 2002, Davalos, Grutzendler et al. 

2005, Hanisch and Kettenmann 2007, Kettenmann, Hanisch et al. 2011, Saijo, Crotti et 

al. 2013).  During this sampling process, any alteration to their microenvironment, such 

as tissue damage, inflammation or infection, microglia undergo a series of steps to 

transform into the activated, motile phenotype (Bianco, Fumagalli et al. 2005, Davalos, 

Grutzendler et al. 2005, Nimmerjahn, Kirchhoff et al. 2005, Hanisch and Kettenmann 

2007, Lull and Block 2010, Saijo, Crotti et al. 2013, Prinz and Priller 2014, Tremblay, 

Lecours et al. 2015, Sierra, de Castro et al. 2016, Tsuda and Inoue 2016). Microglial 

activation, also known as microgliosis, can occur as a consequence of a single stimulus 

or multiple stimuli. In response to pathological events, microglia retract their processes, 

transition to a hypertrophic state with shorter, thicker processes, before assuming an 

amoeboid phenotype that is capable of migration at speeds as fast as 7µm/min (Inoue 

2002, Davalos, Grutzendler et al. 2005, Nimmerjahn, Kirchhoff et al. 2005, Kettenmann, 

Hanisch et al. 2011, Saijo, Crotti et al. 2013, Prinz and Priller 2014, Sierra, de Castro et 

al. 2016). During this process, there is an upregulation of phenotypic markers such as 

CD11b and Iba-1, compared to the resting phenotype (Tsuda and Inoue 2016). Activated 
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microglia migrate along a chemotactic gradient to the site of damage and contain cell 

debris, damaged cells, and invading microbes by phagocytosis (Inoue 2002, Davalos, 

Grutzendler et al. 2005, Hanisch and Kettenmann 2007, Kettenmann, Hanisch et al. 

2011, Prinz and Priller 2014). These proinflammatory microglia respond to pathogenic 

stimuli, such as ATP, by producing a milieu of cytokines (IL-1β, IL-6 and TNF-α), nitric 

oxide, and reactive oxygen species subsequent to purinergic receptor activation (Inoue 

2002, Davalos, Grutzendler et al. 2005, Hanisch and Kettenmann 2007, Tsuda and 

Inoue 2016). Several reports indicated that proinflammatory microglia might be less 

capable of phagocytosis than anti-inflammatory microglia (Kettenmann, Hanisch et al. 

2011, Cherry, Olschowka et al. 2014).  Proinflammatory microglia also actively recruit 

leukocytes to the CNS to resolve pathological occurrences and promote repair through 

nonredundant mechanisms (Harry and Kraft 2012, Raposo and Schwartz 2014).  

Microglial activation also produces an anti-inflammatory phenotype that is 

characterized by the release of interleukin 10, insulin-like growth factor 1 and 

transforming growth factor β (Walker and Lue 2015). This polarization is generally 

associated with enhanced tissue repair, resolution of inflammation, and remyelination 

after the pathological damages are resolved (Kettenmann, Hanisch et al. 2011, Prinz 

and Priller 2014, Walker and Lue 2015). Anti-inflammatory microglia can become 

activated at the same time as the proinflammatory microglia (Kettenmann, Hanisch et al. 

2011). However, recent studies suggest that the proinflammatory microglia are capable 

of adopting the anti-inflammatory phenotype or vice versa (Boche, Perry et al. 2013, 

Prinz and Priller 2014). Therefore, the activation states of microglia may be more plastic 

than concretely defined (Kettenmann, Hanisch et al. 2011, Prinz and Priller 2014). In 

vivo, microglia proliferate subsequent to activation, beginning around 2-3 days after 
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injury and expansion usually reaches its maximal state by day 7 (Streit, Walter et al. 

1999).  

Chronic Activation 

Many groups in recent literature have likened microglial activation states to those 

described for macrophages, namely M1 and M2, but the complexity of microglial 

activation and context-driven responses have proposed further, new subclassifications, 

such as M2a, M2b, M2c, and even M3 (Boche, Perry et al. 2013, Mosher and Wyss-

Coray 2014, Walker and Lue 2015). Acute microglial activation is transient, and in vivo 

studies indicate that it is quite often resolved within one month after the initial activation 

(Ivacko, Sun et al. 1996, Streit, Walter et al. 1999). Chronic microgliosis, however, 

occurs when hyperactive microglia create a continuous, self-propagating feedback loop 

in response to certain stimuli (James and Butt 2002). Chronic microglial activation leads 

to sustained neuroinflammation and accumulation of neurotoxic inflammatory mediators 

(Hanisch and Kettenmann 2007, Rasmussen, Wang et al. 2007, Goncalves, Baptista et 

al. 2010, Saijo, Crotti et al. 2013, Cherry, Olschowka et al. 2014, Walker and Lue 2015). 

Chronic neuroinflammation can result in synapse loss, neurotoxicity, and cognitive 

impairments (Hanisch and Kettenmann 2007, Hu, Zhang et al. 2008, Boche, Perry et al. 

2013, Cherry, Olschowka et al. 2014). Moreover, the loss of neuronal and astrocytic 

regulatory mechanisms on microglial activation promotes aberrant microglial activity, 

exacerbating the microglia-induced damage via proinflammatory cytokines and oxidative 

stress (Mosher and Wyss-Coray 2014, Prinz and Priller 2014). Sustained microglial 

activation is a major feature of neuropathologies seen in neurodegenerative conditions 

and is also described in psychostimulant drug abuse (James and Butt 2002, Lull and 

Block 2010, Atallah, Vasiu et al. 2014). However, reports confirm that during various 

inflammatory conditions, microglial activation can precede and contribute to 
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dopaminergic neuron loss (Hanisch and Kettenmann 2007, Hu, Zhang et al. 2008). 

These features of prolonged microglial activation underscore the importance of finding 

novel strategies to modulate neuroinflammation in the effort to reduce neurotoxicity.  

Aging Microglia 

Because microglia are long-lived cells, able to survive longer than 70-80 years in 

humans, ageing and priming can be an additional factor to a heightened state of 

increased inflammation (Boche, Perry et al. 2013, Norden and Godbout 2013). Ageing of 

microglia can result in senescence, dystrophy, impaired movement, altered signaling, 

and impaired proteostasis (Harry and Kraft 2012, Boche, Perry et al. 2013, Prinz and 

Priller 2014). Some studies also reported that aged microglia may have an impaired 

ability for phagocytosis and to promote regeneration, which, taken together, contribute to 

the degeneration of neurons and further drive neuroinflammation (Mosher and Wyss-

Coray 2014, Prinz and Priller 2014). Aged microglia are also shown to have a higher 

surface expression of markers seen commonly during microglial activation, such as 

CD11b, Iba-1, CD68, MHC II and toll-like receptors, which suggests that these microglia 

are more readily activated (Boche, Perry et al. 2013, Mosher and Wyss-Coray 2014). 

However, whether the aged microglia are the cause or the result of other pathological 

occurrences remains to be confirmed. The duality of microglia in neuroprotection and 

neurodegeneration, especially during chronic inflammatory conditions, highlights the 

importance of understanding microglial function (Hanisch and Kettenmann 2007, 

Kettenmann, Hanisch et al. 2011). 

Microglia research has several limitations. The primary impediment to studying 

the development, characteristic, and functions under various conditions is that microglia 

are notoriously difficult to culture and maintain for experiments (Boche, Perry et al. 

2013). Adult microglia are a poor source for cells, so much of the rodent-derived primary 
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microglia come from isolations from neonatal pups. Primary human microglia, are 

derived from embryonic tissue from aborted fetuses (Mattson 2005, Wu and Gorantla 

2014). Isolations from both sources of tissue are lengthy processes and can take up to 

two or three weeks before cells are ready for harvesting and seeding for experiments 

(Wu and Gorantla 2014). The microglia yields from these sources are finite, because 

microglia do not proliferate readily in ex vivo cultures, nor can they be frozen well for 

future experiments (Mattson 2005). In addition, it is difficult to differentiate microglia from 

other cells infiltrating into the CNS from the periphery, such as monocytes and 

macrophages (Boche, Perry et al. 2013, Walker and Lue 2015). However, these cells 

are generally only present at very low numbers in the CNS unless the BBB is 

compromised (Ginhoux, Greter et al. 2010). The use of human primary cells addresses a 

major need in the field of neurocognitive research. The rise in neurocognitive disorders, 

particularly due to increased longevity, emphasizes the need to understand the 

molecular mechanisms that drive the process of neurodegeneration in vivo (Hugo and 

Ganguli 2014, Deibel, Zelinski et al. 2015). The use of ex vivo microglia, astrocyte, and 

neuron in monocultures or cocultures is a necessary tool to elucidate the initiation and 

progression of neuropathology. Improvements to previous protocols have simplified the 

isolation of specific cell types from the CNS (Wu and Gorantla 2014). I further refined 

published protocols to optimize growth conditions of highly enriched neuronal, astrocytic, 

and microglial cultures. 

Purinergic Signaling 

Purinergic signaling is an extracellular form of communication ubiquitously 

employed by cell types, but especially by the cells of the nervous system (Kettenmann, 

Hanisch et al. 2011). ATP is used extensively as a signaling molecule during neuronal 

development, regulation of axonal pathfinding, dendrite morphogenesis, and segregation 
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of axonal terminal arbors (Del Puerto, Wandosell et al. 2013). Because ATP is involved 

in a variety of functions, its levels are tightly regulated within the CNS. During 

physiological conditions, ATP is present in the extracellular compartment at nanomolar 

concentrations, compared to the millimolar range within the cytoplasm of cell (Baudelet, 

Lipka et al. 2015). Under homeostatic conditions, astrocytes can release ATP to activate 

microglial purinergic receptors and mediate neuronal function by propagating glial 

calcium waves (James and Butt 2002, Del Puerto, Wandosell et al. 2013). Neurons 

release ATP from synapses and along axons, and since ATP is able to depolarize 

neurons resulting in the opening of single ion channels, this process mediates synaptic 

transmission (James and Butt 2002, Del Puerto, Wandosell et al. 2013). In addition, 

microglia themselves are capable of release ATP upon activation. Several recent studies 

have characterized the microglial release of ATP through vesicular nucleotide 

transporter -dependent exocytosis, establishing a positive feedback mechanism that 

extends the extracellular signal towards distant microglia and attracts their migration and 

accumulation at sites of injury (Dou, Wu et al. 2012, Imura, Morizawa et al. 2013, 

Shinozaki, Nomura et al. 2014)  

Release of pathological concentrations of ATP can be a result of cell lysis, 

transmembrane proteins such as pannexins and connexins, or cell activation, and by 

fusion of intercellular vesicles or lysosomes with the plasma membrane (Baudelet, Lipka 

et al. 2015). The dysregulation of ATP can result in excitotoxic effects within the brain 

parenchyma. For instance, excess extracellular ATP and adenosine has been implicated 

as a cause for epileptic seizures (Del Puerto, Wandosell et al. 2013). In addition, ATP 

release from the damaged tissue triggers a greater release of astrocytic ATP through 

connexin channels, leading to the activation of microglial purinergic receptors (Davalos, 

Grutzendler et al. 2005). This ATP-triggered ATP release from the surrounding 
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astrocytes is a key step in microglial activation (Davalos, Grutzendler et al. 2005). Thus, 

ATP released from apoptotic cells is used as a danger signal within the CNS, and if 

unchecked, leads to neurotoxicity.  

P2X7 Receptors 

ATP and its derivatives can bind to and activate a host of receptors in the CNS. 

Purinergic receptors are classified as metabotropic P1 adenosine receptors, 

metabotropic P2Y purinoceptors, and ionotropic P2X purinoceptors (Kershman 1939, 

Surprenant, Rassendren et al. 1996). The P2X receptors are a family of ligand-gated ion 

channels, gated by ATP, and feature seven isoforms, P2X1-P2X7 receptors, encoded by 

distinct genes (Surprenant, Rassendren et al. 1996). P2X7Rs are ubiquitously present 

but they have a higher concentration on lymphocytes, monocytes, mast cells, 

macrophages, microglia, astrocytes, and neurons (Kettenmann, Hanisch et al. 2011, 

Prinz and Priller 2014, Baudelet, Lipka et al. 2015). Although the molecular mechanisms 

of microglial activation remain to be fully characterized, the ATP-sensitive P2 

purinoceptors are implicated as the primary factor in initiating microgliosis (James and 

Butt 2002). Microglial P2X7Rs came to the forefront of neuropathic pain research after 

studies using antagonism and ablation of the gene determined that they play a major 

role in the occurrences of epileptic seizure and mechanical allodynia, and mediate the 

release of proinflammatory cytokine release and hyperexcitability of neurons 

(McGaraughty, Chu et al. 2007, Baudelet, Lipka et al. 2015, Tsuda and Inoue 2016). The 

concurrent increased expression of P2X7R protein and mRNA in activated microglia 

suggests that P2X7R-induced microglial activation influences microglial migration, 

phagocytosis and cytokine release during neuroinflammation (Fernandes, Sriram et al. 

2016).  
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  Unique among the isoforms, the P2X7R was first cloned by Surprenant et. al in 

1996 (Surprenant, Rassendren et al. 1996, Inoue 2002, Kettenmann, Hanisch et al. 

2011, Del Puerto, Wandosell et al. 2013). The P2X7R protein is located at position 

12q24, and contains 13 exons and is composed of 595 amino acids (Surprenant, 

Rassendren et al. 1996, Ferrari, Pizzirani et al. 2006, Baudelet, Lipka et al. 2015). The 

first 395 animo acids are around 40% identical to the composition of the P2X1-6 

isoforms (Surprenant, Rassendren et al. 1996). The C terminus is highly variable 

between the different P2X isoforms, and its 242 amino acid long sequence is a proposed 

explanation for the differences in activation and sensitization of the P2X7R (Ferrari, 

Pizzirani et al. 2006, Baudelet, Lipka et al. 2015). Functional P2X7 receptors are 

composed of homotrimers or heterotrimers with P2X4Rs that self-assemble into chalice 

shaped structures in vivo and primarily traffic to the plasma membrane (Ferrari, Pizzirani 

et al. 2006, Kettenmann, Hanisch et al. 2011, Dubyak 2012, Baudelet, Lipka et al. 2015).  

The P2X7Rs, like the other P2X receptors, feature amino- and carboxy-termini 

on the cytoplasmic side of the plasma membrane, two α-helical transmembrane regions, 

and a bulky extracellular loop with ten similarly spaced cysteines and glycosylation sites 

(Ferrari, Pizzirani et al. 2006, Dubyak 2012). The cysteine residues of the extracellular 

loop may form disulfide bonds, and a sequence stretch (aa 170–330) containing six-

stranded β-pleated sheets region hosts the ATP binding site (Ferrari, Pizzirani et al. 

2006, Baudelet, Lipka et al. 2015). The primary function of the first transmembrane 

domain is the regulation of ion flux, while the second transmembrane domain is involved 

in the formation of the transmembrane pore, assembly of subunits, degree of 

desensitization, ion flux and targeting the receptor the membrane surface (Ferrari, 

Pizzirani et al. 2006, Baudelet, Lipka et al. 2015). Loss of function studies confirm that 
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the C terminus is essential for receptor-mediated pore formation (Donnelly-Roberts, 

Namovic et al. 2009, Sluyter and Stokes 2011).  

 

In comparison to the P2X1-6 isoforms, which are activated by ATP 

concentrations between 0.1µM-10µM, P2X7Rs are activated by pathological 

concentrations of ATP between 1 mM-4mM (North 2002, Bianco, Pravettoni et al. 2005, 

Davalos, Grutzendler et al. 2005, Donnelly-Roberts, Namovic et al. 2009, Coddou, Yan 

et al. 2011, Yamamoto, Kamatsuka et al. 2013). Three ATP molecules are necessary for 

activation of each P2X7R (Baudelet, Lipka et al. 2015). ATP-induced activation of the 

P2X7Rs occurs in milliseconds and results in the influx of calcium, sodium, and efflux of 

potassium (Surprenant, Rassendren et al. 1996, Ferrari, Pizzirani et al. 2006, Baudelet, 

Lipka et al. 2015). P2X7R activation causes actin and tubulin rearrangement, 

phosphatidylserine translocation, mitochondrial swelling, and membrane blebbing 

(Donnelly-Roberts, Namovic et al. 2009, Sluyter and Stokes 2011). Repeated application 

with low concentrations of agonist primes the P2X7R to remain activated longer each 
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time, especially in conditions with low extracellular calcium and magnesium levels, 

eventually leading to sustained activation of the receptor (Surprenant, Rassendren et al. 

1996, North 2002, Coddou, Yan et al. 2011). Whole-cell patch-clamp experiments using 

the J774.2 cell line show that agonist-induced currents take more than 20 minutes to 

fully resolve (Buisman, Steinberg et al. 1988, Surprenant, Rassendren et al. 1996, North 

2002). In addition, P2X7Rs show little to no desensitization to ATP, and have a biphasic 

response when exposed to higher concentrations of agonist (Buisman, Steinberg et al. 

1988, North 2002, Coddou, Yan et al. 2011).  

In their original characterization of the receptor, Surprenant et al. demonstrated 

that after 3-5 minutes of continued stimulation, the P2X7R ion channel allows the entry 

of large molecules, as visualized by uptake of the dye YO-PRO-1 (Buisman, Steinberg et 

al. 1988, Surprenant, Rassendren et al. 1996, North 2002). Theories to explain this 

phenomenon suggest that either the P2X7R channel dilates into plasmalemal pore, or 

that the close interactions between P2X7Rs and pannexin-1 channels allow the entry of 

large molecules permeable to large molecules up to 900kDa in size (Surprenant, 

Rassendren et al. 1996, Ferrari, Pizzirani et al. 2006, Coddou, Yan et al. 2011, 

Kettenmann, Hanisch et al. 2011, Dubyak 2012). To further explain the dual function and 

biphasic response of this receptor, Yan et al. propose that the binding of one or two ATP 

molecules to the P2X7R can cause activation of the ion channel, but three ATP 

molecules are necessary for the opening of the plasmalemal pore (Yan, Khadra et al. 

2010, Alves, de Melo Reis et al. 2014). In addition to the rapid recruitment of pannexin-1 

hemichannels, P2X7-mediated pore formation also involves multiple proinflammatory 

signaling pathways, such as phosphorylation of the transcription factor CREB, positive 

modulation of IFN-γ induced upregulation of iNOS production, interleukin 18, and 
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reactive oxygen species, and nitric oxide synthesis (Donnelly-Roberts, Namovic et al. 

2009, Kettenmann, Hanisch et al. 2011).  

Activation of P2X7 receptors with 1mM ATP or the agonist BzATP can trigger the 

release of TNF-α through the ERK/p38 signaling pathway from primary cultured rat 

microglia and in vivo in mice (McGaraughty, Chu et al. 2007, Goncalves, Baptista et al. 

2010, Kettenmann, Hanisch et al. 2011). Importantly, P2X7R activation is linked to IL-1β 

processing through the NLRP3 inflammasome complex and caspase-1 activation 

(Donnelly-Roberts, Namovic et al. 2009, Kettenmann, Hanisch et al. 2011). The release 

of mature IL-1β occurs at close to maximum levels within 20 minutes highlighting its role 

in proinflammatory conditions (Kettenmann, Hanisch et al. 2011, Chen, Ma et al. 2013). 

P2X7R activation also features neuroprotective mechanisms. For instance, stimulation of 

microglial P2X7 receptors can protect neurons against glutamate-induced neurotoxicity 

and their function is necessary to aid in Aβ clearance (Kettenmann, Hanisch et al. 2011). 

P2X7R activation is also directly involved in the calcium-dependent activation of 

diacylglycerol lipase necessary to produce the endocannabinoid 2-arachidonoylglycerol 

(Kettenmann, Hanisch et al. 2011). 

There are more than 686 known single nucleotide polymorphisms of the P2X7R 

in humans, but only a handful have been functionally characterized (Ferrari, Pizzirani et 

al. 2006, Sluyter and Stokes 2011). Apart from the original full length P2X7A protein, ten 

alternately spliced variants, designated P2X7B-P2X7J, have also been identified as well 

as P2X7K which is only described in rodents (Sluyter and Stokes 2011). Target sites for 

negative regulation by miR-150 and miR-186 have been identified within the P2RX7 3'-

untranslated region, and future studies will confirm the proposed potential sites of 

regulation by miR-625, miR-1275, miR-491-5p and miR-1302 (Sluyter and Stokes 2011). 
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The occurrence of so many polymorphisms and splice variants, as well as regulatory 

sites, is interesting because this receptor regulates many aspects of microglial function. 

P2X7R antagonism is also able to negatively regulate tumor proliferation by 

inhibiting the secretion of proinflammatory cytokines that have an angiogenic role 

(Baudelet, Lipka et al. 2015). Blocking the expression of P2X7Rs in the substantia nigra 

in Parkinson’s disease rats also conferred protection of dopaminergic neurons 

(Baudelet, Lipka et al. 2015). In microglia, P2X7Rs play a major role in the initiation of 

microglial activation, and can be further upregulated by pathological stimuli (James and 

Butt 2002, Fernandes, Sriram et al. 2016). A more comprehensive understanding its role 

in microgliosis during various contexts would vastly improve therapeutic applications. 

Extracellular Vesicles 

Extracellular vesicles, once considered cellular waste products or an artifact of in 

vitro culture, are now accepted as a new form of intercellular communication and are 

found in blood, urine, saliva, breast milk, amniotic fluid, ascites, cerebrospinal fluid, bile, 

and semen (Turola, Furlan et al. 2012, Colombo, Raposo et al. 2014, Budnik, Ruiz-

Canada et al. 2016). Extracellular vesicles are defined on the basis of origin and release, 

by size, and by protein expression on their surface. Exosomes are typically between 

30nm and 150nm in size, and are generated in multivesicular endosomal compartments 

(Valadi, Ekstrom et al. 2007, Budnik, Ruiz-Canada et al. 2016). Exosomes are 

generated by the inward budding of the endomembrane compartment, and released to 

the extracellular space when the multivesicular endosomes traffic to the plasma 

membrane, fuse, and are then expel their cargo (Budnik, Ruiz-Canada et al. 2016). 

Microvesicles, on the other hand, are generated at the plasma membrane by outward 

budding and vesicle shedding, and are typically between 100 nm and 1 µm in size. In the 

current literature, there is no general consensus on specific markers to distinguish 
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exosomes from microvesicles, but common reported markers include CD63, Hsp70, 

Flotillin-1, and ALIX (Budnik, Ruiz-Canada et al. 2016). 

First identified from tumor cells, these vesicles are released by all cell types, and 

contain protein, mRNA, and miRNA and can link organ systems far removed from each 

other (Colombo, Raposo et al. 2014, Budnik, Ruiz-Canada et al. 2016).  In 2007, Valadi 

et. al elegantly described for the first time that exosomes contain a significant amount of 

miRNA, and that exosomal mRNA could be translated into protein within target cells 

(Valadi, Ekstrom et al. 2007). The discovery that mRNA can affect the protein 

expression and miRNA can alter gene expression, and therefore function of target cells, 

suggested a novel method of cellular adaptation and communication (Valadi, Ekstrom et 

al. 2007, Colombo, Raposo et al. 2014).  Additional studies evaluating microglial 

extracellular vesicle release assert that microglia-derived microvesicles and exosomes 

can influence homeostatic neuronal function by: regulating neuronal excitability, 

suppressing spontaneous inhibitory transmission, and providing neurons with an 

auxiliary source of lactate for energy during synaptic activity (Turola, Furlan et al. 2012, 

Fruhbeis, Frohlich et al. 2013, Budnik, Ruiz-Canada et al. 2016). Microglia-derived 

extracellular vesicles contribute to neuroprotection by releasing exosomes carrying 

insulin-degrading enzyme that is capable of degrading the neurotoxic protein amyloid-β 

(Budnik, Ruiz-Canada et al. 2016).  

  Recent reports describing the generation of P2X7R-dependent microglia-derived 

vesicles generated much interest in understanding how neuroinflammation is initiated 

and propagated (Bianco, Pravettoni et al. 2005, Gulinelli, Salaro et al. 2012). These 

studies confirmed that P2X7R activation initiates the biogenesis of microvesicles that 

contain pro-IL-1β (Bianco, Pravettoni et al. 2005). When released the pro-IL-1β 

containing vesicles can secrete the mature cytokine in an ATP-dependent activation of 
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P2X7R, can contribute to neuroinflammatory consequences (Bianco, Pravettoni et al. 

2005, Turola, Furlan et al. 2012, Fruhbeis, Frohlich et al. 2013). These initial reports 

indicate an additional layer of complexity to microglial function, and much remains to be 

elucidated about the activation context and cargo of microglia-derived exosomes and 

microvesicles. Thus, the contribution of microglia-derived extracellular vesicles in the 

context of neuroinflammation warrants further consideration (Bianco, Pravettoni et al. 

2005, Ferrari, Pizzirani et al. 2006).  

Methamphetamine 

Methamphetamine (METH) is a widely-used, potent psychoactive stimulant 

belonging to the phenethylamine and amphetamine class of psychoactive drugs (Yu, 

Zhu et al. 2015). METH exists in two stereoisomers, dextrorotary-METH (d-METH) or 

levorotary-METH, and is commonly abused as d-METH or a racemic mixture of the two 

stereoisomers. Both stereoisomers are able to modulate the release of dopamine in the 

CNS, but of the two, d-METH is around five times the potency of levorotary-METH in the 

CNS (Cho 1990, Courtney and Ray 2014). Levorotary-METH, marketed under the brand 

name Desoxyn, or a combination of amphetamine and d-METH, Adderal, is used to treat 

patients with ADHD, narcolepsy, and refractory weight loss, and because of these 

limited therapeutic uses, it is scheduled as a Class II stimulant by the Drug Enforcement 

Administration (Volkow, Fowler et al. 2010, Callaghan, Cunningham et al. 2012). In its 

highly pure form, d-METH is referred to as “ice” or “crystal meth,” and is commonly 

snorted, smoked, injected, ingested, dissolved sublingually, taken rectally, or consumed 

as a solubilized liquid (Callaghan, Cunningham et al. 2012, Courtney and Ray 2014).  

In the US alone, the most recent U.S. surveys suggest that around 5% of the 

population over the age of twelve, over 12 million individuals have used METH at least 

once in their lifetime (Courtney and Ray 2014). The widespread use of METH is in part 
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due to its availability and ease of synthesis, which uses either a one-step reduction of 

ephedrine or pseudoephedrine, or a condensation of phenylacetone and methylamine 

(Cho 1990, Sulzer, Sonders et al. 2005). In 2011 there were an estimated 1,116, illicit 

METH manufacturers and a staggering 23 tons of the substance was seized by the US 

government, an increase by 8 tons from the year before (Courtney and Ray 2014).  

METH is a cationic, lipophilic molecule that rapidly stimulates the release, and 

partially blocks the reuptake, of catecholamines in the CNS (Courtney and Ray 2014, 

Yu, Zhu et al. 2015). Smoking, in particular, allows rapid absorption into the 

bloodstream, peaking at 50 seconds, and then movement to the brain, bypassing the 

liver (Cho 1990, Volkow, Fowler et al. 2010). Neuroimaging studies by Volkow et. al 

demonstrate that in as little as ten minutes, ten percent of the METH dose smoked 

becomes biologically active in the CNS, but its clearance rate was among the slowest of 

all organ systems evaluated (Volkow, Fowler et al. 2010). Chronic METH abusers 

typically use doses between 5 to 1000 mg within a 24 hr period, and studies in rhesus 

monkeys estimate that even low, single doses of METH (0.10–1.00 mg/kg) are capable 

of inducing significant release of dopamine from the striatum (Tsukada, Miyasato et al. 

2002, Madden, Flynn et al. 2005) 

Due to its structural similarity to endogenous catecholamines, METH is able to 

bind the dopamine transporter, noradrenaline transporter, serotonin transporter, and 

vesicular monoamine transporter-2 (Cho 1990, Sulzer, Sonders et al. 2005). Binding of 

METH to the transporters reverses their endogenous function, causing the redistribution 

of dopamine, norepinephrine, and epinephrine from storage vesicles into the cytosol 

(Sulzer, Sonders et al. 2005, Yu, Zhu et al. 2015). In addition, methamphetamine also 

inhibits monoamine oxidase which attenuates the metabolism of dopamine (Cho 1990). 

This mechanism of action enables the buildup of cytoplasmic concentration of the 
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monoamine that is transported into the synaptic cleft by the dopamine transporter, 

causing the accumulation of monoamines in the synapse (Cho 1990, Sulzer, Sonders et 

al. 2005, Courtney and Ray 2014). 

The cumulative effects of the release of dopamine, noradrenaline, and serotonin 

into the synapse, stimulate postsynaptic monoamine receptors and producing intense 

euphoria followed by hours of stimulation, excitation, and alertness (Cruickshank and 

Dyer 2009, Courtney and Ray 2014). Acute effects of METH consumption also include 

arousal, positive mood, behavioral disinhibition, and short-term improvement in cognition 

(Sulzer, Sonders et al. 2005, Chang, Alicata et al. 2007, Cruickshank and Dyer 2009, 

Volkow, Fowler et al. 2010, Yu, Zhu et al. 2015). The euphoric effects are a result of 

dopaminergic activation of the mesolimbic and mesocortical circuits, and the nigrostriatal 

pathways (Cho 1990). Because METH functions as an additive pharmacological 

psychostimulant, subsequent administrations of the compound stimulates excessive 

dopaminergic transmission in the CNS (Yu, Zhu et al. 2015). This multipronged 

approach to preserve the excitatory activity of dopamine underlies its potent and long 

lasting rewarding effects (Volkow, Fowler et al. 2010).  

As the drug effects begin to wane, negative feelings of anxiety, confusion, and 

paranoia are common (Sulzer, Sonders et al. 2005, Chang, Alicata et al. 2007, 

Cruickshank and Dyer 2009, Volkow, Fowler et al. 2010). METH abusers go through 

several rounds of binge doses to alleviate these side effects. The release of dopamine, 

serotonin, norepinephrine, and even endogenous opioids in response to chronic METH 

consumption leads to numerous structural abnormalities, such as white matter 

hypertrophy, grey matter deficits in the mesocorticolimbic circuit, medial temporal lobe 

damage, reduced hippocampal volumes, and striatal enlargement (Karila, Weinstein et 

al. 2010, Courtney and Ray 2014). In light of these anatomical changes, it is 
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unsurprising that depression, anhedonia, hypersomnolence, anxiety, aggression are 

especially common during early and protracted abstinence from METH (Chang, Alicata 

et al. 2007, Sekine, Ouchi et al. 2008, Cruickshank and Dyer 2009, Courtney and Ray 

2014, Yu, Zhu et al. 2015). There are no FDA-approved therapeutics to treat METH 

addiction, and the only option for detoxification includes: complete weaning from the 

drug, which may take weeks; some treatments to help with symptoms of withdrawal; and 

therapy support (Loftis, Choi et al. 2011, Courtney and Ray 2014). The severity of the 

physical side effects in combination with severe depression contributes to the high 

relapse rate of METH addicts and constitutes a major barrier in the recovery from METH 

addiction (Courtney and Ray 2014). Moreover, although withdrawal symptoms last 

several weeks, the cognitive defects can persist for longer than six months (Cruickshank 

and Dyer 2009, Courtney and Ray 2014). Unsurprisingly, because of the associated 

neuropsychiatric disorders and lack of therapeutic options, METH abusers have a high 

rate of relapse (Loftis, Choi et al. 2011). The gross economic burden of 

methamphetamine use in the U.S. was approximately $23.4 billion for the year 2005, 

and includes the cost of long-term rehabilitation and residential treatment, crime and 

criminal justice costs, and child endangerment (Courtney and Ray 2014). Thus, a search 

for more effective therapeutics is necessary to improve the personal and economic 

burden associated with methamphetamine addiction. 

Long-term METH abuse affects multiple organ systems: serious peripheral 

effects include, tachycardia, pupil dilation, peripheral hyperthermia, reduced appetite, 

arrhythmias, cardiomyopathy, ventricular hypertrophy, myocardial infarction, pulmonary 

edema and hypertension, and acute renal failure. Although METH toxicity damages 

multiple organ systems, METH-induced pathologies are particularly prominent in the 

brain (Thomas, Francescutti-Verbeem et al. 2008, Chang, Munsaka et al. 2013). 
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METH’s long half-life, 12 hours, its extended duration of action, and slow clearance rate 

not only contributes to its abuse liability, but it also results in oxidative stress, 

neuroinflammation, and excitatory neurotoxicity (Volkow, Fowler et al. 2010, Friend and 

Keefe 2013, Rusyniak 2013). Collectively, pathological consequences of METH abuse 

include cerebral stroke, hemorrhage, psychoses, ischemia, necrosis of the brain 

parenchyma, and seizures (Volkow, Fowler et al. 2010). 

Chronic METH usage has numerous deleterious effects, but the most striking pathology 

is the typical and widespread dopaminergic neuron loss in the substantia nigra. The 

striatum contains a significant number of dopaminergic neurons in comparison to other 

brain regions, and is therefore more susceptible to rampant dopamine excitotoxicity 

(Sulzer, Sonders et al. 2005, Volkow, Fowler et al. 2010, Yu, Zhu et al. 2015). 

Summation of acute administrations of METH can gradually cause extensive depletion of 

presynaptic monoamine stores, down-regulation of receptors, and neurotoxicity as a 

result of accumulated oxidative stress by reactive oxygen species on neurons (Courtney 

and Ray 2014). Alterations in metabolism and neurotransmitter levels, compounded with 

physical changes incurred as a consequence of METH abuse, underlie the reinforcing 

properties of drugs of abuse. Destruction of dopaminergic neurons contributes to the 

tolerance seen in abusers (Cho 1990, Harvey, Lacan et al. 2000). Studies in alcohol and 

opiate addiction confirm that the activation of NF-κB by drugs of abuse is a common 

molecular mechanism involving innate immune gene induction of proinflammatory 

cytokines and oxides that contribute to progressive loss of behavioral control and 

increased addiction (Crews and Vetreno 2011). The resultant neurological changes are 

long lasting, and can persist even years after METH administrations have ceased 

(Chang, Alicata et al. 2007). Evaluation of recovering addicts show that it can take more 

than two years for activated microglia to resolve after the cessation of METH abuse, but 
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the recovery of dopaminergic transporters are inconsistent and depend on the degree of 

gliosis resolution (Chang, Alicata et al. 2007, Sekine, Ouchi et al. 2008). METH-induced 

neurodegeneration can be so pervasive that MRI studies of METH abusers brains reveal 

phenotypical and cognitive similarities to, and an increased risk of, Parkinson’s disease 

(Volkow, Fowler et al. 2010, Callaghan, Cunningham et al. 2012, Friend and Keefe 

2013).  

One major pitfall of proposed neurotransmitter-based therapies is that they fail to 

engage recovery mechanisms for the stimulant-induced neuronal injury (Loftis, Choi et 

al. 2011). In the search for novel therapeutic strategies to prevent the devastating 

neuronal loss subsequent to METH, a closer examination of the degeneration sequela 

revealed obvious neuroinflammation (Chang, Alicata et al. 2007, Loftis, Choi et al. 2011). 

In vivo human imaging experiments have confirmed that METH exposure promotes 

microglial activation, and production of pro-inflammatory cytokines and chemokines 

(Thomas, Francescutti-Verbeem et al. 2008, Loftis, Choi et al. 2011, Kita, Asanuma et 

al. 2014). METH demonstratively affects peripheral and central immune responses in a 

similar fashion to multiple sclerosis, stroke, and other drugs of abuse (Loftis, Choi et al. 

2011). Moreover, in vitro and in vivo studies confirm that METH-induced microgliosis 

appears to precede METH-induced neurotoxicity (Thomas, Francescutti-Verbeem et al. 

2008, Goncalves, Baptista et al. 2010, Friend and Keefe 2013, Tong, Fitzmaurice et al. 

2014). While the potent effects of METH are known to initiate and promote neurotoxicity, 

the direct effect of METH on microglia is less defined (McGaraughty, Chu et al. 2007, 

Sekine, Ouchi et al. 2008). Examining the involvement of purinergic receptors, 

particularly P2X7R, in METH-induced microglial activation and aberrant function will 

deepen our understanding of microgliosis during neuroinflammation and reveal 

additional strategies for potential therapeutic interventions. Moreover, it may also be 
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possible to extrapolate the neuroinflammatory mechanisms driving METH addiction as a 

predictor of mechanisms that drive Parkinson’s and Alzheimer’s disease because the 

etiology of METH-induced neuropathology greatly resembles other neurodegenerative 

diseases (Thomas, Francescutti-Verbeem et al. 2008). 
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Scientific Rationale and Specific Aims 

Methamphetamine (METH) is a powerful psychostimulant with a high abuse liability. Due 

to its potent and long-lasting effects in the CNS, METH abuse and addiction are a major 

and growing public health concern. METH abuse causes several deleterious 

physiological effects and has a prominent role neuropathology. Neuroimaging studies 

have demonstrated altered structural and functional changes in the brain associated with 

emotion, memory, reduced motor speed, impaired verbal learning. The lack of an FDA 

approved therapeutic for the treatment of METH addiction highlights the urgent need to 

understand the mechanisms of METH-associated neuropathology. Current literature 

implicates microglia, the resident macrophages of the CNS, as major mediators of the 

neurological side effects. Upon activation, microglia undergo a morphological change to 

an amoeboid shape with increased capacity for migration, phagocytosis and cytokine 

production. Although the initial steps leading to microglial activation is poorly defined, 

METH-induced microgliosis precedes dopaminergic neurotoxicity, and drugs that 

prevent glial activation are candidate therapies for METH addiction.  

Current literature implicates the resident macrophages of the central nervous system 

(CNS), microglia, as mediators of the neurological side effects. Microglial purinergic 

receptors, specifically the ionotropic P2X7 receptor, are known to be involved in chronic 

inflammatory and neurodegenerative processes. Recent evidence suggests that 

microglial cells use extracellular vesicles, containing various protein, mRNA, and 

miRNA, to mediate intercellular signaling and alter the biological activity of neighboring 

cells. My hypothesis is that methamphetamine has a direct role in microglial activation 

through the P2X7 receptor, and that METH-induced microglial activation contributes to 

an increased neuroinflammatory state by affecting microglial effector functions.  
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Aim 1: To characterize the effects of METH on microglial P2X7 receptors. P2X7 

receptors are present on neurons, glia and microglia in the CNS, plays a major role in 

inflammatory and immune reactions. First, I determined the direct effect of METH on the 

mRNA and protein expression. Second, I characterized METH-induced, P2X7R-

dependent effects on microglial migration, phagocytosis and cytokine production.  

 

Aim 2: To determine if the modulation of the P2X7R signaling may alter METH-induced 

behaviors in vivo. First, I confirmed the ability of METH to induce a shift in conditioned 

place preference. Second, I analyzed the dose effects of a selective P2X7R antagonist 

on the locomotor activity in vivo. Third, I evaluated the ability of P2X7R antagonism to 

prevent the METH-induced shift in place preference.  

 

Aim 3: To determine if METH induces the generation and shedding of extracellular 

vesicles from microglia and potential downstream effects. Previous reports indicate that 

P2X7Rs are present on microglia-derived extracellular vesicles. First, I standardized a 

method to isolate extracellular vesicles based on size through a combination of 

ultracentrifugation and ExoQuick TC precipitation. Second, I characterized the two 

populations of extracellular vesicles by protein analysis, and determined the expression 

of P2X7R on exosomes and microvesicles. Third, I isolated microglia-derived exosomal 

miRNAs in order to project potential downstream effects on target cell functions. 
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CHAPTER 2 

METHODS AND MATERIALS 

Antibodies and Reagents 

Antibodies and reagents were purchased from the following sources: P2X7R 

antibody (Alomone, Jerusalem, Israel), CD11b (Abcam, Cambridge, England), Tyrosine 

Hydroxylase (TH) (Abcam), Tuj-1 (Thermo Fisher Scientific; Cambridge, England), 

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

Technologies; Carlsbad, CA). Methamphetamine hydrochloride (METH) (Sigma-Aldrich, 

St. Louis, MO), 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). 

Concentrations of cytochalasin D (5 μM), fractalkine (CX3CL1)(10 ng/mL), pHrodo (40 

μg/ml), and Calcein (5μM for migration and 1µM for EV internalization) were determined 

from dose and time dependent response studies. BCA protein assay reagent, Precast 

SDS protein gels 4-20%, and Super Signal West Femto, and Pico Chemiluminescent 

Substrate were purchased from Thermo Fisher Scientific, CelLytic-M Reagent (Sigma-

Aldrich), 6x SDS loading buffer (Morganville Scientific, Morganville, NJ), BSA (US 

Biologicals). 
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Live/Dead Viability/Cytotoxicity Assay 

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

showed that METH 100-1000 mM concentration had no toxic effects on microglia 

after 48 h of exposure. ESdM cells were seeded into a 96-well plate and 

treated with METH 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). 

Cell Culture 

 ESdM cells, a generous gift from Dr. Harald Neumann (University of Bonn 

Germany; Bonn, Germany), were cultured in N2-supplemented media. N2 media was 

made using 500 mls of Gibco™ Dulbecco's Modified Eagle Medium: Nutrient Mixture F-

12 (DMEM/F-12) (Thermo Fisher Scientific; Waltham, MA) containing 5 mls of N2 

Table 1: List of Antibodies used for IHC, ICC, Western Blot and FACS analysis 

  Dilutions per technique 

Antigen Antibody Catalog number IHC ICC Western 
Blot 

FACS 

P2X7R Alomone: APR-004 1:100  1:100 1:1000 1:100 

GAPDH Millipore: MAB374   1:20,000  

Iba-1 Wako:016-20001; 019-19741 1:100 1:100 1:100 1:100 

GFAP Thermo Fisher: MA5-15086  1:500 1:500  
Tuj-1 Sigma-Aldrich: T3952  1:200 1:200  

Tyrosine 
Hydroxylase 

Abcam: ab6211 1:1000    

CD11b Abcam: ab52478   1:100 1:50 

Flotillin-1 BD: 610820    1:50 

Hsp-70 BD: 610607    1:50 
CD81  Abcam: Ab109201    1:50 

CD63 Abcam: Ab59479    1:50 

ALIX (3A9) Santa Cruz: Sc-53538    1:50 

BV421 Jackson: 715675150  1:50   
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supplement (Invitrogen; Waltham, MA) with 0.048 mM L-glutamine (Thermo Fisher 

Scientific), 1% D-glucose (Sigma Aldrich; St. Louis, MO) and 1% penicillin/streptomycin 

(Thermo Fisher Scientific). Cells were revived from liquid nitrogen and used for 

experiments up to passage 16.  

Microglia isolated from fetal brain tissue were cultured in Microglia media. 

Microglia media was made using 500 mls of DMEM (Thermo Fisher Scientific) 

containing 10% Fetal Bovine Serum, 2 mM L-glutamine (Thermo Fisher Scientific), 1% 

penicillin/streptomycin (Thermo Fisher Scientific), and 2.5µg/ml Gibco Amphotericin B 

(Thermo Fisher Scientific). This media was used to culture microglia and the culture of 

the glial-neuronal monolayer from which the microglia were harvested.  

Astrocytes isolated from fetal brain tissue were cultured in Astrocyte media. Astrocyte 

media was composed of 500 mls DMEM/F12 with glucose (Thermo Fisher Scientific) 

containing 10% Fetal Bovine Serum, 2 mM L-glutamine (Thermo Fisher Scientific), and 

1% penicillin/streptomycin (Thermo Fisher Scientific). Astrocyte freezing media was 

composed of 70% DMEM, 20% BSA, and 10% DMSO.  

Neurons isolated from fetal brain tissue were cultured in Neurobasal media. 

500mls of Neurobasal medium (Thermo Fisher Scientific) was supplemented with 1x 

B27 supplement (Thermo Fisher Scientific), I% penicillin/streptomycin (Thermo Fisher 

Scientific), and 1% Gibco® GlutaMAX™ Supplement. 

Immunohistochemistry (IHC) 

Brains of mice administered with escalating non-toxic doses of METH were 

harvested, fixed in 4% paraformaldehyde, embedded in paraffin and sectioned coronally 

at 5 µm. Following deparaffinization and dehydration, antigen retrieval was performed 

using Citrate Buffer reagent (Sigma Aldrich).  Sections were blocked with 4% BSA and 
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incubated with antibodies specific for P2X7R and Iba-1 or TH (Table 1).  Antibodies were 

detected using Alexafluor conjugates (1:500 for P2X7R and Iba-1 or 1:1500 for TH). 

DAPI was used for nuclear stain. The immunostained cells were observed using 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.  

Immunocytochemistry (ICC) 

Cells cultured for immunocytochemistry were plated on sterile 25mm glass 

coverslips in a 6-well plate, and were washed with 1XPBS before fixation in 4% 

paraformaldehyde. The 1% and 4% BSA solutions used for the immunocytochemistry 

steps below were diluted in 1XPBST. Coverslips were washed three times in 1XPBST 

and blocked in 4% BSA on a shaker at room temperature (RT) for one hour. Coverslips 

were washed three times with 1XPBST for five minutes each before the addition of 

primary antibodies diluted in 1% BSA (Table 1). Primary antibodies were incubated for 

two hours on the shaker at RT for most antibodies, but some antibodies were incubated 

at a high dilution overnight to improve staining. After removing the primary antibody, 

coverslips were washed again three times with 1XPBST for five minutes per wash. 

Antibodies were detected using Alexafluor (Thermo A21202, A21207) conjugates (1:500 

for P2X7R and Iba-1, 1:200 for Tuj-1 or 1:1500 for TH). Secondary antibody, diluted in 

1% BSA, was then added to the coverslips for one hour on the shaker in the dark at RT. 

After the secondary antibody incubation, coverslips were washed for the last three times 

with 1XPBST for five minutes each. Coverslips were mounted using ProLong® Gold 

Antifade mountant with or without DAPI (Thermo Fisher Scientific) and dried in the dark 

at RT before imaging using an Eclipse I-80 Microscope (Nikon, Melville, NY) fitted with a 
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CoolSnap-EZ digital camera (Photometrics, Tucson, AZ). Image acquisition analysis was 

performed using NIS Elements R (Nikon) imaging software. 

Western Blot Analysis 

To assess the change in protein expression of the receptor P2X7, ESdM cells 

(500,000 per T75 flask in 10 ml N2 medium) were incubated with 100 µM METH for 24, 

48 and 72 hr. IL-1β was used as a positive control. The cells were washed with PBS 

before protein was isolated for whole cell lysate using Cell Lytic Reagent and Protease 

Phosphatase Inhibitor Cocktail or protein fractionation using mammalian Protein 

Extraction Kit (Thermo Fisher Scientific).  Cells were lysed per manufacturer’s 

instructions and protein concentration was determined using the BCA assay method. 30 

μg of protein per lane was separated by SDS-gel electrophoresis using 10% Tris-Glycine 

gels at 80V. After gel electrophoresis, the whole cell lysate, membrane fraction and 

cytoplasmic fraction proteins were transferred to nitrocellulose membranes overnight at 

4˚C. Membranes with whole cell lysates and cytoplasmic fractions were blocked with 5% 

milk before being immunostained overnight for rabbit anti-P2X7R or mouse anti-GAPDH 

as a loading control (Table 1). Secondary HRP-linked polyclonal anti-rabbit or anti-

mouse antibody (1:2000, Cell Signaling Technology; Danvers, MA) was incubated for 1 

hour at room temperature in 5% milk before developing with SuperSignal West Femto 

Chemiluminescent Substrate (Thermo Fisher Scientific).  

Membranes with membrane fractions were first rinsed briefly in distilled water 

and stained with Ponceau S solution (Po-S) (0.5 [w/v] in 1% [v/v] acetic acid) for 2 min, 

rinsed in distilled water to remove excess stain, and imaged using a G:Box Chemi HR16 

(Syngene, Fredrick, MD) gel documentation system [21]. Protein levels were normalized 

to Ponceau-S used as loading control (70kD-100kD) [20, 21]. Membranes were then 

blocked in 5% milk for 1 hr at room temperature followed by an overnight incubation with 
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rabbit anti-P2X7R (Table 1).  Secondary HRP-linked polyclonal anti-rabbit (1:2000, Cell 

Signaling) was incubated for 1 hr at room temperature in 5% milk before developing with 

SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher Scientific). 

Membranes were imaged via GelBox. Band intensities were measured and normalized 

density values (OD) from the control were plotted.  

Phagocytosis Assay   

To assess phagocytosis, ESdM cells (50,000 cells per T25 flask in 5 ml N2 

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

Technologies). Appropriate flasks were first treated for 48 hr with either METH (100 µM) 

alone or with 1 hr pretreatment of P2X7R antagonist A 438079 (10µM). Cytochalasin D 

(5 µM) treated for 1 hr was used as a negative control in separate flasks. Briefly, 

following treatment, cells were incubated for 1.5 hr 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; Franklin Lake, NJ). Phagocytosis by microglia  

(FITC+) was quantified (to 10,000 events) and analysis was carried out using FACS 

DiVa software (Becton Dickinson) and FlowJo Software v 8.7 [22].  

Migration Assay 

Quantitative migration assays were carried out using 8 micron pore Fluoroblock 

migration plates (Calbiochem; Darmstadt, Germany) as described previously [22, 23].  

ESdM cells were loaded with 5 mM Calcein-AM (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 
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migration. The number of migrated cells was 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 4.7 software (Carl Zeiss Microimaging) and with 

National Institutes of Health ImageJ version 1.42 software (http://rsbweb.nih.gov/ij/) as 

described [24]. 

  Data were compared statistically using the one sample unpaired t test or a one-

way analysis of variance (ANOVA) followed by post hoc Student Newman Keuls test to 

determine which conditions were significantly different from each other, and a Tukey 

post-test for multiple comparisons. Results were expressed as mean values (±SD), with 

values deemed statistically significant when p<0.05 (marked in the figures as *p, 0.0336; 

*** p, 0.001). 

siRNA Knockdown of P2X7R 

P2X7R expression in ESdM cells was silenced by siRNA transfection for about 

48 hr. P2rx7 Trilencer-27 Mouse siRNA (OriGene Technologies; Rockville, MD) was 

used in conjunction with the jetPRIME transfection reagent (Polypus transfection™; 

Bioparc, France) to directly transfect the siRNA in N2 medium according to the 

transfection protocol. Briefly, ESdM cells were seeded at a density between 1-2X105 in a 

T25 flask in N2 media. 5 nM P2X7R siRNA or scrambled siRNA were allowed to form 

duplexes with 8µl jetPRIME transfection reagent in 400µl jetPRIME buffer. Cells were 

transfected and incubated at 37oC, 5% CO2 for 24 hr before 2ml of N2 media was added 

to each flask. Cells were incubated for up to 48 hr and then tested for other functional 
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readouts. Cells in medium alone served as controls. P2X7R-specific siRNA selectively 

knocked down the target as assessed by qPCR using GAPDH control.  

MSD Proinflammatory Cytokine Panel 

To further assess METH-induced changes in microglial function I analyzed 

proinflammatory cytokine production using the Mouse ProInflammatory 7-Plex Tissue 

Culture Kit (MSD; Rockville MD) according to the manufacturer’s instructions. Briefly, 

P2X7R expression was silenced by siRNA transfection for about 48 hr in ESdM cells, 

1.5-2X105 per T25 flask, as described above. 48 hr after transfection appropriate flasks 

were treated for 24 hr, 48 hr, or 72 hr with METH (100 µM). Supernatants were 

collected, centrifuged to remove cellular debris, and concentrated using the Amicon 

Ultra-15 Centrifugal Filter Units (EMD Millipore; Darmstadt, Germany). 25µl of undiluted 

supernatants were added to wells of the MSD plate in biological triplicates and incubated 

for 2 hr with vigorous shaking at room temperature. Detection antibody solution was 

added to the wells, followed by further incubation for 1.5 hr with vigorous shaking at 

room temperature. The plate was washed 3X with PBS+ 0.05% Tween-20 and 150µl of 

2X Read Buffer T was added to each well. Cytokine levels were estimated using 

provided standards and calculated by the SECTOR®Imager 2400A and MSD reader 

software (Meso Scale Discoveries, Rockville, MD, USA). 

Fetal Brain Isolation of Microglia, Astrocytes, and Neurons 

Fetal tissue between 70-129 days of age was obtained from Laboratory of 

Developmental Biology at University of Washington by elective abortions in full 

compliance with National Institutes of Health (NIH) guidelines and institutional ethical 

codes of conduct. Tissue was collected and shipped overnight in HBSS with calcium and 

magnesium. Under appropriate sterile conditions, tissue was cleaned of meninges and 



 34

washed three times with cold HBSS without calcium and magnesium. Tissue was evenly 

distributed among three 100 mm petri dishes and incubated for 60 minutes at 37˚C with 

30 mls of 0.25% trypsin diluted with HBSS and 0.1mg/ml DNase I. Prepare nine conical 

tubes containing 5 mls of FBS in a bucket of ice. After the incubation time, transfer 10 

mls of tissue into each 50 ml conical tube, and gently titurate the tissue with a 5 ml 

pipette 15-20 times. If the tissue continues to be sticky, add more DNase I to the sample 

until the sample dissociates and turns the supernatant cloudy. Add 20 mls of cold HBSS 

into each tube and further titurate the tissue until a single cell suspension is achieved. 

Allow any undissociated pieces of tissue to sediment at the bottom for five minutes and 

then transfer the single cell suspension to a new 50 ml conical tube. Combine the any 

larger pieces of tissue from the remaining tubes, add more HBSS and titurate the tissue 

again until a single cell suspension is achieved. Centrifuge the conical tubes at 1200 rpm 

for 10 minutes. Aspirate the supernatants from the tubes and resuspend them in HBSS. 

If possible, combine several tubes during this step to make up two tubes of 50 mls. Filter 

the single cell suspension through 70µm cell strainers, and take 10µl of filtrate from each 

tube for cell counting via the hemocytometer. Centrifuge the tubes at 1200 rpm for 5 

minutes and resuspend the pellets in DMEM media. The isolation steps until this point is 

the same for all cell types isolated from fetal brain tissue.  

Microglia Isolation 

Once the cells from the steps above have been counted, plate a monolayer of 

cells into Poly-L-Lysine (PLL)-coated flasks in DMEM media. The seeding density for a 

75cm2 flask is approximately 5X107 cells in 15-20 mls of media, and for a 125 cm2 flask 

approximately 1.2X108 cells in 30-40 mls of media. Transfer the flasks to the incubator 

and leave undisturbed for about two weeks. This step is essential because the 
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monolayer of glial and neuronal cells needs time to establish, and microglia will grow on 

top of the monolayer.  

After two weeks, harvest microglia by shaking the flasks by hand for 5 minutes in 

the tissue culture hood. Microglia are easily detached in this manner while the other cells 

of the monolayer are more adhered to the flask. Filter the supernatants through a 70µm 

filter and then count the cells before seeding them in 25cm2 flasks at a density of 

500,000 cells, in 6-well dishes at 120,000 cells per well, or in the 6-well Alvetex scaffold 

insert (ReproCELL Europe) at 300,000 cells. This protocol yields greater than 95% pure 

microglia cultures. Most brains can yield a second harvest after one week, and some 

can even yield a third harvest, depending on confluency. However, the number of 

microglia harvested decreases dramatically after the first harvest, and it is possible to 

have come astrocyte contamination in the third harvest. Microglia are best to use for 

experiments four days after seeding.  

Astrocyte Isolation 

Cells for the astrocyte harvest can be seeded in the same way as for microglia, 

and can be cultured in astrocyte media on PLL-coated flasks from the day of isolation. 

After two weeks of incubation to allow the monolayer to form, passage the cells by using 

Trypsin-EDTA. First remove the old media and wash the cells with warm 1XPBS to 

remove any remaining FBS. Next, add 5 mls of 1X solution to the 75cm2 flask and 

incubate at 37˚C for 5 minutes. Deactivate trypsin by adding 10 mls of astrocyte media 

to the flask and pipet several times to detach the cells from the bottom of the PLL-coated 

flask. Centrifuge cells at 1200 rpm for 5 minutes, aspirate supernatants and resuspend 

the pellet in 10mls of astrocyte media. Count cells and passage them or freeze them at 

2X107 cells in astrocyte freezing media for future use. It is also possible to maintain the 

astrocyte cultures after the microglia are all harvested by passaging the cells. After the 
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first passage, most cells should be astrocytes because the other cell types do not readily 

proliferate in culture.  

Neuron Isolation 

The single cell suspension filtered through 70µm cell strainers was used to 

culture primary neurons in Neurobasal media. The cells were plated on PLL-coated 

flasks and cultured for two weeks before use for experiments. Half the media was 

changed every two or three days for the duration of culture. Although some protocols 

recommend using 40µm cell strainers for the isolation of human primary neurons, this 

process dramatically decreased cell numbers and viability. Astrocytes prefer a high 

glutamine media, and decreasing the quantity of the amino acid in the Neurobasal media 

limited astrocyte growth in culture. Neurons were plated in 6-well plates or on 25 mm 

coverslips at a density of 1X106/well, and in the Alvetex 6-well insert scaffolds at a 

density of 300,000 cells/scaffold.  

Coculture of Microglia, Astrocytes, and Neurons Using the Alvetex 3-D Scaffold 

To prepare the Alvetex 6-well inserts for cell culture, 70% ethanol was first added 

to the scaffolds, aspirated, and washed three times with 1XPBS. Scaffolds were coated 

with Poly-L-Lysine by incubation at 37˚C for 1 hour, and were washed three times to 

remove excess coating reagent. Scaffolds were then used directly to begin the coculture 

or were stored in microglia media until use.  

Neurons were seeded at a density of 300,000 cells in 100µl at 37˚C for one hour. Then, 

8 mls of neurobasal media was added to the scaffold and the cells were cultured for two 

weeks, according to the culture protocol. Two weeks later, when microglia and 

astrocytes were ready for harvesting, 300,000 microglia in 50µl and 300,000 astrocytes 

in 50µl were added to the scaffold and incubated at 37˚C for one hour. Then, microglia 
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media was added to the coculture and the cells were allowed to integrate into the 

neuronal culture for up to two weeks. For imaging, scaffolds were then fixed and 

processed for staining according to the recommended Alvetex protocols.  

Isolation of Extracellular Vesicles From Microglia 

 Microglia were harvested from the glial monolayer two weeks after the initial 

isolation and were plated at a density of 500,000 cells/ 25cm2 flask or 100,000 cell/well 

of a 6-well plate. Cells were cultured in DMEM media for four days after the initial plating 

to allow the microglia to recover from the isolation procedure, extend processes, and 

assume the typical elongated phenotype in culture. To isolate microglia-derived 

extracellular vesicles, microglia media was made using exosome-depleted FBS. 

Microglia were then washed with warm 1XPBS before incubation in 2 mls of either 

untreated media or media containing 100µM methamphetamine for 48 hours. After the 

48-hour incubation, the media was harvested and processed for exosome or 

microvesicle isolation.  

Ultracentrifuge Protocol 

Extracellular vesicles were harvested from supernatants after 48 hours of culture. 

Supernatants were cleared of cells, apoptotic bodies and cell debris by centrifuging at 

2000xg for 30 minutes at 4˚C. Supernatants were transferred to ultracentrifuge tubes 

and ultracentrifuged at 10,000xg for 70 minutes at 4˚C to isolate the microvesicle fraction 

of extracellular vesicles. To isolate the exosome fraction of extracellular vesicles, the 

supernatants from the previous spin were transferred to new tubes and were further 

ultracentrifuged at 100,000xg for 70 minutes at 4˚C. Extracellular vesicles pelleted from 

both spins were resuspended in 200µl 1XPBS and either used for experiments 

immediately or stored at -80˚C until use.  
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ExoQuick-TC Protocol 

Exosomes were harvested from supernatants after 48 hours of culture from cells. 

Supernatants were cleared of cells, apoptotic bodies and cell debris by centrifuging at 

2000xg for 30 minutes at 4˚C. Supernatants were transferred to ultracentrifuge tubes 

and ultracentrifuged at 10,000xg for 70 minutes at 4˚C to remove the microvesicle 

fraction of extracellular vesicles. The supernatant was then combined with the ExoQuick-

TC (System Biosciences Inc; Palo Alto, CA) solution at a ratio of 5 parts media to 1 part 

ExoQuick-TC. Pipet up and down to mix the solution well, and then store it at 4˚C 

overnight. Centrifuge the supernatant at 1500xg for 30 minutes at 4˚C and aspirate the 

supernatant until there is about 1ml left in the tube. Centrifuge again at 1500xg for 4 

minutes at 4˚C to spin down residual ExoQuick-TC and aspirate the remaining liquid 

volume without touching the pellet. The remaining pellet is the exosome fraction. Either 

resuspend the pellet in 1XPBS and store at -80˚C or proceed directly into downstream 

analysis.  

NanoSight Analysis of Extracellular Vesicles 

Extracellular vesicles, isolated by ultracentrifugation or ExoQuick-TC, were 

resuspended in 1XPBS for analysis by the NanoSight NS300 (Malvern; Worchestershire, 

UK). EVs from five donors were used for quantification analysis. Samples for analysis 

were diluted (1:10) to be in the range of 5X105 – 5X109 particles/ml, and 1ml of total 

sample was used for analysis. Samples were injected into the 405 nm chamber, and 

three captures, each with a duration of 30 seconds, were recorded for analysis. Videos 

were recorded between camera levels 12-15 and post acquisition threshold limits were 

selected to include the smallest vesicles per field of view with a threshold of 3. 

Nanoparticle Tracking Analysis (NTA) 3.2 software was used to measure the size and 

the concentration of nanoparticles by tracking each of the particles moving under 
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Brownian motion and using the Stokes-Einstein equation to calculate their hydrodynamic 

diameters. The first round of analysis included all the extracellular vesicles in the 

sample. The same file was then used to exclude particles larger than 120nm to quantify 

the exosome population within the samples. An unpaired t test used to determine 

statistical significance (p<0.05) between groups. Data in the figure is marked as *p, 

0.0142 and *p, 0.0129.  

Electron Microscopy of Microglia-Derived Extracellular Vesicles 

Microvesicles isolated by ultracentrifugation or exosomes isolated via 

ultracentrifugation and ExoQuick-TC protocols were isolated from primary microglia 

supernatants, as described previously. EVs were visualized via negative contrast 

staining and imaged using an AMT Camera System with 105,000X direct zoom and 

102,000X print zoom at the Fox Chase Cancer Center Imaging Core Facility.  

Fluorescence-Activated Cell Sorting of Extracellular Vesicles (FACS) 

Extracellular vesicles were isolated according to the protocols described above. 

The total number of exosomes and microvesicles were transferred to round bottom, 

polystyrene tubes and incubated with 1µM Calcein-AM (Thermo Fisher Scientific) for 30 

minutes at 37˚C in the dark. After this procedure, exosomes and microvesicles were 

aliquoted into polystyrene tubes for the required staining conditions. Primary antibodies 

were used at a 1:50 dilution for purified antibodies and conjugated antibodies for 1 hour 

at RT, and the secondary antibodies were incubated at a 1:100 dilution at RT in the dark 

for 30 minutes. Exosome and microvesicle samples were then diluted with 1% BSA in 

1XPBS before FACS analysis.  
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Isolation of Microglia-derived Exosomal RNA 

After exosomes were isolated from supernatants, 1 ml Invitrogen™ Ambion™ 

TRIzol™ (Thermo Fisher Scientific) reagent was added directly to the ExoQuick™ pellet 

or the invisible pellet on the ultracentrifuge tube. The tubes were vortexed before 

transferring the TRIzol solution to a 1.5 ml RNase-free PCR tube. 0.2ml chloroform was 

added (Thermo Fisher Scientific) to the TRIzol solution and vortex the sample for 15 

seconds and incubate at RT for 3 minutes. Sample was centrifuged at 12,000xg for 15 

minutes at 4˚C, to separate the solution into a lower red, phenol-chloroform phase, an 

interphase, and a colorless upper aqueous phase.  

To maximize the RNA precipitated, 0.5ml isopropyl alcohol was combined with 

0.4µg/µl of UltraPure Glycogen (Thermo Fisher Scientific), and added to the aqueous 

phase. Samples were incubated at -80˚c overnight. Aqueous phase and isopropanol 

solution were centrifuged at 12,000 x g for 10 minutes at 4˚C.  

RNA pellet was washed with 1 ml of 75% ethanol to remove the supernatant 

completely. Samples were mixed by vortexing and centrifuging at 7,500xg for 5 minutes 

at 4˚C. The wash procedure repeated again. RNA pellet was dried, dissolved in 

nuclease-free water and incubated at 70˚C. RNA was quantified using the NanoDrop 

before proceeding to PCR for miRNA analysis.  

Exosomal miRNA Analysis 

The TaqMan® Fast Advanced miRNA PCR Assay system was used to quantify 

exosomal-miRNA. After the initial RNA isolation, proceed to the steps required for cDNA 

synthesis using the TaqMan® Advanced miRNA cDNA Synthesis Kit, which is designed 

to be compatible with the TaqMan® Fast Advanced miRNA PCR Assay technology. 
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Using the RNA, proceed to Poly[A] tailing, adapter ligation, RT reaction, and miRAMP 

reaction before performing the miRNA PCRs.  

Poly[A]Tailing, Adapter Ligation, Reverse Transcription, miR-Amp Reaction 

Poly[A]tailing was performed to extend the 3' end of the mature miRNA transcript 

through poly(A) addition according to the protocol recommended by the TaqMan® 

Advanced miRNA cDNA Synthesis Kit. The adapter ligation reaction conditions 

consisted of polyadenylation at 37˚C for 45 minutes, followed by a Stop Reaction at 65˚C 

for 10 minutes, and a Hold at 4˚C. Next, the adapter ligaton was used to lengthen the 5’ 

end of the mature miRNAs. The adapter ligation was performed at 16˚C for 60 minutes, 

followed by a hold at 4˚C. The modified miRNAs then undergo universal reverse 

transcription at 42˚C for 15 minutes, stop reaction at 85˚C for 5 minutes and a hold step 

at 4˚C. The cDNA was then amplified to uniformly increase the amount of cDNA for all 

miRNAs through the miR-AMP reaction. The miR-Amp reaction conditions consisted of a 

single cycle of UNG hold at 50˚C for 2 minutes to eliminate amplicon carryover, and 

enzyme activation at 95°C for 5 minutes. These steps were followed by 14 cycles of 

denaturation at 95°C for 3 seconds, and annealing/extending at 60°C for 30 seconds. 

Finally, the stop reaction was performed at 99°C for 10 minutes and the amplification 

product was held at 4˚C.  

Conditioned Place Preference Assay 

The conditioned place preference assay (CPP) is used to measure the appetitive 

value of a substance. 6-week male C57BL/6 mice were purchased from Jackson 

Laboratories (Bar Harbor, ME) and were housed in specific pathogen free conditions. 

Animals were given unlimited access to food and water, and all protocols for the use of 

animals were in accordance with the guidelines of the Institutional Animal Care and Use 
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Committees of Temple University, an American Association for the Accreditation of 

Laboratory Animal Care accredited facility. Three versions of the CPP assay were 

performed: one to establish a shift in CPP with METH to confirm that the dose of 5mg/kg 

was able to influence the behavior of the mice, the second to test if the expression of the 

METH-induced shift in CPP was blocked by using a P2X7R antagonist, and the third to 

test if the P2X7R was able to block the development of the METH-induced shift in CPP. 

The CPP test was conducted using a two compartment chamber in which one 

compartment, the dark side, was covered in dark paper and a sand paper floor, and the 

other compartment, the light side, was covered in white paper and had a smooth floor. 

The CPP assay consisted of three phases, the pre-testing phase, the conditioning 

phase, and the post-testing phase over the course of 13 days. Mice were divided in to 

two groups, METH and saline, with an n=8/group.  

The pre-testing phase was used to establish baseline preference of the mice to 

either of the two compartments. On day 1 of the pre-testing phase, mice were given free 

access to both compartments of the chamber for acclimation. On day 2 of the pre-testing 

phase, mice were again given free access to both chambers for 30 minutes and time 

spent on the light side for the testing duration was recorded. To calculate baseline 

preference times, the number of seconds spent on the light side was recorded, and mice 

that spent less than 900 seconds in the light chamber were assigned a dark preference. 

Mice who spent 900 seconds or greater in the light chamber were assigned a light 

preference. All mice received subcutaneous (s.c.) injections of saline on the preferred 

compartment during the conditioning sessions.  

During the conditioning phase, mice were confined to a particular chamber for 30 

minutes after injection with METH or saline. Because the half-life of METH is 12 hours, it 

was necessary to condition the mice only once a day. There were a total of 10 days of 
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the conditioning phase during assay. For the mice in the METH group, 5mg/kg METH 

(Sigma-Aldrich; St. Louis, MO) dissolved in 0.9% saline was injected subcutaneously 

into the scruff of the mice every odd day, days 3,5,7,9, and 11, before confinement in the 

non-preferred compartment for 30 minutes. Saline was injected (s.c.) on every even day 

between METH injections, days 4,6,8,10, and 12, before confinement to the preferred 

compartment. Mice in the saline group received only saline once a day and were 

confined to alternate compartments every day for the duration of the 10 day conditioning 

phase. 

On day 13, for the post-testing phase, mice did not receive any injections and 

were given free access to both compartments of the chamber for 30 minutes to 

determine if the mice changed their preference from the preferred compartment to the 

METH-paired, non-preferred compartment. The time spent on the light side was again 

recorded. To determine if there was any shift in preference, the number of seconds 

spent in the light compartment during the pre-test was subtracted from the total number 

of seconds spent in the light compartment during the post-test.  The numbers from each 

animal were analyzed in Prism 6.0 software (GraphPad Software, Inc.; La Jolla, CA) 

using the Student’s T-test, where significance was determined by p<0.05.  

CPP Expression Assays 

For the CPP expression assay, mice were divided into 4 groups: Saline + Saline, 

METH + Saline, Saline + P2X7R antagonist, and METH + P2X7R antagonist. The CPP 

assay was performed according to the schedule described above for the first 12 days. 

On day 13, mice in the Saline + Saline and METH + Saline groups were injected with 

0.9% saline 30 minutes prior to the post-test, and were evaluated for the 30 minute post-

test as described above. Mice in the Saline + P2X7R antagonist and METH + P2X7R 

antagonist groups were injected intraperitoneally (i.p.) with P2X7R antagonist A 438079 
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30 minutes prior to the post-test, followed by the post-testing session for 30 minutes, as 

described previously. The data for each group was analyzed using Prism 6.0 software 

(GraphPad Software, Inc.) using a 2-way ANOVA with Bonferroni’s multiple comparisons 

test to determine significance by p<0.05.  

For the evaluation of the development of the METH-induced CPP shift in mice, 

mice were again divided into 4 groups: Saline + Saline, METH + Saline, Saline + P2X7R 

antagonist, and METH + P2X7R antagonist. The development assay followed the 

protocol described above for days 1 and 2. On conditioning days 3,5,7,9, and 11, mice 

were pretreated with an i.p. injection of P2X7R antagonist for 30 minutes before the s.c. 

injection of saline or METH. Mice were then confined to the non-preferred compartment 

for 30 minutes. On days 4,6,8,10, and 12, mice were s.c. injected with saline and were 

confined to the preferred compartment for 30 minutes. On day 13, mice did not receive 

any injection and were post-tested as described previously, with the data analyzed using 

a 2-way ANOVA with Bonferroni’s multiple comparisons test to determine significance by 

p<0.05 (Prism 6.0 software; GraphPad Software, Inc).  

Locomotor Assay 

The locomotor assay was used to determine the effects of the P2X7R 

antagonists and METH on the mobility of the mice. Mice were divided into eight groups 

(n=8/group): saline + saline, saline + METH, antagonist (5, 10, 50 mg/kg) + saline, and 

antagonist (5, 10, 50mg/kg) + METH. The chambers used to assess locomotor activity 

were transparent plastic boxes (45 cm × 20 cm × 20 cm) set inside metal frames 

equipped with 16 infrared light emitters and detectors. The beam height for the 

chambers was 4.5 cm, and the space between beams was 2.5 cm. The number of 

photocell beam breaks was recorded every 5 minutes for 4 hours by a computer 

interface using the Digiscan DMicro system (Accuscan, Inc., Columbus, OH) as 
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described (Schroeder et al., 2014; Tallarida et al., 2013; Lisek et al., 2012; Rasmussen 

et al., 2011). For assessment of locomotor activity, mice were placed individually into 

activity chambers and allowed to acclimate for 60 min. Mice were injected (i.p.) with 

P2X7R antagonist (5, 10, 50 mg/kg) or saline, and locomotor activity was recorded for 

60 minutes. Mice were then subcutaneously injected at the nape of the neck with 5mg/kg 

METH or physiological saline and locomotor activity was further recorded for another 3 

hours. The locomotor activity data were analyzed by two-way ANOVA (treatment×time) 

followed by the Bonferroni test, with values of p< 0.05 considered statistically significant 

(Prism 6.0 software; GraphPad Software, Inc). 
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CHAPTER 3 

RESULTS 

METH treatment Does Not Affect ESdM Cell Viability 

To determine whether our ESdM cell line would be affected by METH treatment, I 

conducted a preliminary study to determine cell viability. ESdM cells were treated with 

METH (100µM-1000µM) up to 72 hours. Data from three experimental replicates are 

represented as percent viable cells normalized to control (100%) after METH treatment 

for 72 hours (Figure 2). 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 METH treated cells as compared to control. These data suggest that 

the range of METH (100µM-1000µM) used has no negative effect on cell viability, and I 

used 100µM METH as the standard dose for all of the in vitro experiments conducted. 

This dose was chosen based on previous studies conducted using both in vitro and in 

vivo models suggesting that concentrations in this range can be reached in the brain 

during METH binges and our preliminary study (Riviere, Gentry et al. 2000, Toussi, 

Joseph et al. 2009, Berry 2013, Salamanca, Sorrentino et al. 2014, Sanchez, Varano et 

al. 2015).  

METH increases Gene and Protein Expression of P2X7R in Microglia  

Several animal (Thomas, Francescutti-Verbeem et al. 2008, Robson, Turner et 

al. 2013, Snider, Hendrick et al. 2013) and human studies (Thomas, Dowgiert et al. 

2004, Sekine, Ouchi et al. 2008) have elucidated microglial involvement in METH 

neurotoxicity. Building evidence supports the notion that P2X7R are regulators of 

neuroinflammatory processes (Lister, Sharkey et al. 2007) and are upregulated on 

microglia (Parvathenani, Tertyshnikova et al. 2003, Franke, Gunther et al. 2004) in 
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several different pathologies. To characterize P2X7 expression in the context of METH-

induced microglia activation, I analyzed the gene and protein expression of P2X7R in the 

ESdM cells (Fernandes, Sriram et al. 2016). Changes in the mRNA expression at the 48 

hr time point presented the most consistent and significant fold increase (p<0.0336, 

Figure 3A) (Fernandes, Sriram et al. 2016). Our analysis of P2X7R protein from total cell 

lysate by western blotting showed increased expression in a time-dependent manner 

after METH treatment (Figures 3B and 3C). Interestingly, the P2X7R protein 

concentration in the cytoplasmic fraction (Figures 3B and 3C) was reduced in 

comparison to the membrane fraction after METH treatment (48-72 hr).  These results 

are consistent with previously published reports that whole cell lysates and membrane 

fractions of the P2X7R protein (75 kD) also show a proteolytic product of the P2X7R 

around 60kD (Gonnord, Delarasse et al. 2009). These data suggest that not only is the 

P2X7R protein increased at 48 hr and later time points, but there may also be trafficking 

of P2X7 from the cytosol to the membrane.  

P2X7R Antagonist Reverses METH-Induced Microglial Migration  

Microglial activation and subsequent migration is important to maintain CNS 

homeostasis in response to injury (Figuera-Losada, Rojas et al. 2014). During the 

activation process, microglia switch from a ramified resting state to an amoeboid, motile 

phenotype capable of migration (Kettenmann, Hanisch et al. 2011, Harry 2013, Figuera-

Losada, Rojas et al. 2014). To determine the role of P2X7R in the effects of METH on 

microglial migration, ESdM cells were incubated with METH for 48 hr and microglial 

migration was evaluated in response to the chemokine attractant, CX3CL1 using 

transwell migration assay (Gofman, Cenna et al. 2014) in the absence or presence of 

P2X7R competitive antagonist A 438079. As represented in Figure 4, microglia migration 

was significantly (p<0.0001) increased following METH treatment. This increase was 
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significantly attenuated with a 1 hr pretreatment with A 438079 (p<0.0001) (Figure 4) 

suggesting that P2X7R plays an important role in METH-induced modulation of 

microglial migration.  

Blockade of P2X7R Exposure Decreases METH-Induced Microglial Phagocytosis  

Microglial activation is characterized by a morphological change to an amoeboid 

phenotype capable of phagocytosis (Kettenmann, Hanisch et al. 2011, Harry 2013, 

Figuera-Losada, Rojas et al. 2014). Since purinergic signaling is known to regulate 

microglial dynamics (Wollmer, Lucius et al. 2001, Davalos, Grutzendler et al. 2005) and 

facilitate microglial phagocytosis, I investigated the possibility that P2X7R plays a role in 

altered microglial phagocytic function following METH treatment. Microglial phagocytic 

activity was determined by quantifying fluorescence bright green E. coli bioparticle 

conjugates by flow cytometry (Gofman, Cenna et al. 2014). The phagocytic activity 

represents the fold change of the percentage of the phagocytic cells in comparison with 

that of the control culture (Figure 5). Cells treated with Cyto D (5 μM), an inhibitor of 

cytoskeletal rearrangement, served as the experimental negative control. METH-treated 

microglia showed a statistically significant increase in phagocytosis (p<0.0001) when 

compared to control. Pretreatment for 1 hr with the P2X7R antagonist A 438079 prior to 

METH treatment prevented the METH-induced increase in phagocytosis compared to 

METH alone (p<0.0001) (Figure 5). These results suggest that P2X7R may play a role in 

modulating METH induced microglial activation.   

P2X7R Silencing Decreases METH-induced Microglial Proinflammatory Cytokine 

Production  

METH-induced microglial activation is known to promote the release of 

proinflammatory cytokines, such as IL-1ß, TNF-α (Sriram, Miller et al. 2006, Lull and 
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Block 2010, Coelho-Santos, Goncalves et al. 2012). To evaluate the role of METH in 

microglial activation, I analyzed markers of inflammation subsequent to P2X7R silencing 

(Figure 6A). P2X7R gene expression was silenced for about 48 hr continued with METH 

treatment for up to 48 hr. Evaluation of proinflammatory cytokines in ESdM cells 

following METH treatment for 48 hr showed increased production of TNF-a and IL-10. 

TNF-α expression was significantly (p<0.0363) reduced in cells transfected with P2X7R 

siRNA when compared to cells transfected with scrambled siRNA (Figure 6B). A similar 

trend of decreased IL-10 expression (Figure 6B) in METH treated ESdM cells was 

observed in P2X7R siRNA transfected cells when compared to cells transfected with 

scrambled siRNA P2X7R, suggesting that P2X7R regulates METH induced production 

of these two cytokines.  

Chronic METH Decreases Tyrosine Hydroxylase Expression In Vivo 

Most recreational METH abusers initially use lower doses, progressively 

increasing to higher doses and eventually engaging in increased amount and frequency 

of drug intake (Sonsalla and Heikkila 1988, Segal, Kuczenski et al. 2003, Graham, 

Noailles et al. 2008). In this current study to simulate a similar pattern, I used an 

escalating METH dose schedule for our in vivo mouse experiments to investigate the 

deleterious effects of METH (Sonsalla and Heikkila 1988, Segal, Kuczenski et al. 2003, 

Graham, Noailles et al. 2008, Sriram, Haldar et al. 2015). Male C57BL/6 mice were 

subjected to an escalating non-toxic dose of METH up to 10 mg/kg over a 7-day period 

(Figure 7A) and immunohistochemical analysis of Tyrosine Hydroxylase (TH) was 

performed to evaluate dopaminergic depletion (Figure 7B) (Segal, Kuczenski et al. 2003, 

Clark, Kuczenski et al. 2007, Martinez, Mihu et al. 2009). In accordance with post-

mortem evaluation of its expression in humans and in vivo data from rodents, there was 

a dramatic depletion (*p<0.0001) (Figure 7C) in TH within the striatum of METH treated 
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animals in comparison to control (Gibb and Kogan 1979, Trulson, Cannon et al. 1987, 

Wilson, Kalasinsky et al. 1996).  

Chronic METH Increases P2X7R Expression on Murine Microglia In Vivo 

To evaluate the association between the microglial P2X7R and METH-induced 

neuroinflammation by immunohistochemistry was performed for markers of purinergic 

receptor (P2X7R) and reactive microglia (Iba-1). In the control group, only a few 

microglia with thin and long processes were stained positive for P2X7R. However, a 

robust increase in Iba-1 immunoreactivity and hypertrophic cellular morphology of 

microglia was observed in the METH group that was particularly pronounced in the 

striatum in comparison to other regions of the brain.  An increase in P2X7R 

immunoreactivity was observed in METH-treated mice compared to the saline group 

(Figure 8). P2X7R expression (green) was observed in neurons, and was increased 

concurrent with Iba-1 expression in microglia (Figure 8). These results are consistent 

with reports of increases in P2X7R in patients suffering from neurodegenerative 

diseases and neuropathic pain (McGaraughty, Chu et al. 2007). This suggests that 

P2X7R may play a role in modulating METH induced microglial activation.  

The Effects of P2X7R Antagonism on METH-Induced Hyperlocomotion  

METH is a psychoactive stimulant that is known to induce hyperlocomotion, 

locomotor sensitization, and conditioned place preference (Miyamoto, Iida et al. 2014). 

Based on prior studies evaluating METH behaviors in mice, I chose the dose of 5mg/kg 

of METH to analyze stimulant effects in our locomotor studies (Acevedo, Pfankuch et al. 

2008, Toussi, Joseph et al. 2009, Achat-Mendes, Lynch et al. 2012). Modulators of 

gliosis are currently under investigation as treatments for METH addiction (Thomas and 

Kuhn 2005, Karila, Weinstein et al. 2010, Snider, Hendrick et al. 2013, Worley, 
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Heinzerling et al. 2016). However, despite the established role of P2X7Rs in 

neuroinflammation and its increased expression in substance abuse disorders, relatively 

few studies have evaluated the modulation of this receptor in the context of addiction 

behavior (Zhou, Chen et al. 2010, Yamamoto, Kamatsuka et al. 2013, Tsuda and Inoue 

2016). 3-[[5-(2,3-Dichlorophenyl)-1H-tetrazol-1-yl]methyl]pyridine hydrochloride, better 

known by the name A-438079, is a selective, competitive antagonist for P2X7 receptors 

(McGaraughty, Chu et al. 2007, Donnelly-Roberts, Namovic et al. 2009). The acute, 

peripheral administration A438079 has shown success in modulating neuropathic pain, 

but its use in addiction studies has not been established. Based on our findings in vitro 

and in vivo of increased microglial P2X7R expression with METH-treatment, I evaluated 

the effect of P2X7R antagonism on METH-induced behaviors. Figure 9 presents the 

effects locomotor activity induced by acute exposure to 5mg/kg, 10mg/kg, and 50 mg/kg 

of P2X7R antagonist A438079 alone or in the context of METH. METH induced a 

significant increase in ambulation and stereotypy beginning around 10 minutes after 

subcutaneous treatment. Two-way ANOVA analysis of the data confirmed the significant 

METH-induced increase in stereotypy, ambulation and total activity (F(1,56=92.33), 

p<0.00001) and did not reveal any significant differences between doses of antagonist 

compared to saline alone or antagonist pretreatment with METH and METH alone. 

However, while the 50mg/kg pretreatment alone did not affect locomotor activity, the 

dose of 50mg/kg antagonist with METH treatment significantly reduced METH-induced 

stereotypy (p<0.0009) and total activity (p<0.0055) (Figure 9A and D). This analysis 

revealed that at the highest dose of 50mg/kg, the antagonist A438079 did affect METH-

induced hyperlocomotion, while the lower doses did not.  
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P2X7R Antagonism Blocks the Expression of Conditioned Place Preference 

Conditioned place preference is a behavior assay commonly used to evaluate 

the addictive properties of substances. As described extensively in epidemiological 

studies and animal models of addiction, METH has a high liability for abuse (Courtney 

and Ray 2014). METH abuse remains a significant public health and economic problem 

in the U.S, and the lack of pharmacological reagents to treat craving represents a major 

gap in strategies to combat METH addiction. Based the successful induction of METH-

induced hyperlocomotion in our studies and prior in vivo analyses, I used the same dose 

of METH to establish our model of METH addiction (Acevedo, Pfankuch et al. 2008, 

Toussi, Joseph et al. 2009, Achat-Mendes, Lynch et al. 2012). I confirmed (Figure 10A) 

that 5mg/kg METH induces a significant shift in the place preference of mice (p<0.0013, 

Student’s t-test). Two-way ANOVA with Bonferroni post-hoc analysis of the place 

preference data (10B) revealed a statistically significant METH-induced shift (p<0.05) 

place preference in mice compared to saline (n=8). Based on the locomotor activity 

assay data suggesting that the dose of 10mg/kg does not inhibit the locomotor activity of 

mice, I chose this dose to evaluate the effects of P2X7R antagonism on METH-induced 

shift in place preference. P2X7R antagonism blocks the expression of the METH-

induced shift in conditioned place preference. Pretreatment with P2X7R antagonist 

A438079 (10mg/kg) in combination with saline did not produce any difference, but the 

pretreatment with A438079 thirty minutes prior to METH treatment did prevent the 

expression of the METH-induced shift compared to the saline-METH group (p<0.015). 

There was no statistical difference between the saline-saline and antagonist-METH 

groups. 
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Isolation and 3D Co-Culture of Microglia, Astrocytes and Neurons from Human 

Fetal Brain Tissue  

The use of primary human cells is essential to confirm results derived from 

experimental studies using animal models or cell lines. However, use of human neurons, 

microglia and astrocytes poses many challenges, the acquisition of fetal brain tissue, 

difficulty of cell culture, and time constraints for use, to name a few (Wu and Gorantla 

2014). Recent protocols have simplified the isolation and culture procedures of primary 

cells, making experiments utilizing fetal brain tissue more accessible (Wu and Gorantla 

2014).  Here I demonstrate the successful culture of primary human neurons, astrocytes 

and microglia isolated from fetal tissue in a 3D coculture scaffold (Figures 11 and 12). 

Neurons (C) were stained for neuron-specific Class III β-tubulin, TuJ1 (red), microglia (B) 

were visualized via Iba-1 staining (green), and astrocytes (A) were stained for GFAP 

(red), confirming the isolation protocol yielded pure populations of the intended cell types 

and that co-culturing of the cells yields interactions similar to those in vivo.  

Transmission Electron Microscopy Imaging of Extracellular Vesicles Released 

from Primary Human Microglia 

In the past, many studies failed to appropriately discriminate between what 

recently have been classified as exosomes and microvesicles based on size and 

biogenesis, leading to much obfuscation of the literature (Lotvall, Hill et al. 2014, 

Baranyai, Herczeg et al. 2015). Electron microscopy is a commonly used technique to 

visualize nano-sized particles, and I employed this technique to confirm that our isolation 

technique was able to properly discriminate between the exosome-sized (30nm-100nm) 

population and the microvesicle (100nm-1000nm) population (Witwer, Buzas et al. 2013, 

Colombo, Raposo et al. 2014, Brites and Fernandes 2015). To elucidate if a particular 

population of extracellular vesicles was induced by the METH treatment, it was 



 54

necessary to thoroughly separate the two populations during the isolation procedure in 

order to prevent inaccuracies in our downstream analysis. Therefore, I used 

transmission electron microscopy to confirm by size that the isolation procedures, using 

a combination of ultracentrifugation and ExoQuick TC™ solutions, provide a decent 

separation of the two vesicle populations (Figure 13). Exosomes isolated from untreated 

and METH-treated culture conditions were subjected to negative contrast staining. 

Transmission election microscopy of the negatively stained particles (Figure 13) showed 

a pure population of a large number of exosomes in the exosome size range, around 

100 nm. Analysis of the negatively stained microvesicle samples showed that under 

homeostatic conditions, primary microglia did not shed a sizable number of 

microvesicles, and METH treatment generates a limited amount of microvesicles (Figure 

13).  

Exosome Release is Significantly Increased with METH Treatment 

While the use of electron microscopy is a useful tool to aid in characterization of 

extracellular vesicles it does not provide a true quantification of the number of particles 

in the samples analyzed. Nano Tracking Analysis (NTA) employs the Stokes-Einstein 

equation to estimate the size of a particle based on its Brownian motion (Filipe, Hawe et 

al. 2010, Baranyai, Herczeg et al. 2015). NTA has emerged as a useful, user-friendly 

tool to efficiently and accurately quantify extracellular vesicles (Filipe, Hawe et al. 2010, 

Hole, Sillence et al. 2013, Baranyai, Herczeg et al. 2015). In order to determine if there 

was any influence of METH on the size and number of particles released by primary 

microglia, microglia-derived extracellular vesicles isolated only by ExoQuick TC were 

quantified using the NanoSight N300 and were analyzed Nano Tracking Analysis 

software. Representative images of the NTA analysis of one of five donors are displayed 

as panels A-F. Video recordings of Untreated and METH-treated samples used for NTA 



 55

analysis (Figure 14A and 14B) were used to determine the size and number of particles 

in the sample. Quantification of the Untreated and METH-treated samples (Figure 14C, 

14D, and 14G) show that METH treatment causes a significant increase in the total 

number of released extracellular vesicles (n=5; p<0.0142). After exclusion of particles 

larger than 120 nm, reanalysis of the particles (Figure 14E, 14F, and 14H) show that 

METH treatment causes a significant increase in the number of exosomes released 

(n=5; p<0.0129).  

Microglia-Derived Exosomes and Microvesicles Express CD63, ALIX, Flotillin-1, 

HSP70, CD11b, Iba-1, and P2X7R  

According to the International Society for Extracellular Vesicles, three or more 

proteins should be reported when describing a population of extracellular vesicles 

(Lotvall, Hill et al. 2014). Thus far, reports of exosome or microvesicle markers are 

inconclusive as to the ability to distinguish one population from another (Lotvall, Hill et al. 

2014). In addition, all known markers of microglia-derived exosomes and microvesicles 

derive from rodent studies, and may not accurately reflect the phenotypes of primary 

human microglia-derived extracellular vesicles. In order to analyze the proteins 

expressed on the primary human microglia, exosomes and microvesicles isolated from 

supernatants and were stained for common markers described for exosomes and 

microvesicles: CD63, ALIX, Flotillin-1, HSP70, CD9, TSG101, and CD81 (Budnik, Ruiz-

Canada et al. 2016). In addition, microglial markers Iba-1 and CD11b were analyzed to 

confirm cell origin, as well as the P2X7R, which was previously found on microvesicles 

in the N9 microglial cell line (Bianco, Pravettoni et al. 2005). EVs were stained with 

Calcein AM to visualize intact vesicles, were washed and ultracentrifuged, and stained 

for the selected EV and microglia markers. Using this strategy, 71.4% of sampled EVs 

were positive for calcein (Figure 15). Calcein-labeled were incubated with purified 
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primary antibodies against CD63, ALIX, Flotillin-1, HSP70, CD81, TSG101, and CD9, 

CD11b, Iba-1 and P2X7R and labeled with secondary PE for FACS analysis (Figure 15).  

Microglia-Derived Exosomal miRNAs Are Altered with METH Treatment 

 Extracellular vesicles are capable of transferring proteins, mRNA and miRNA to 

and altering the function of their target cells. Studies in tumor cells, such as in the case 

of glioblastoma-derived EVs, describe the extracellular vesicle-mediated proteins 

transfer of RNA and miRNA in initiating the transformation of normal cells (Fruhbeis, 

Frohlich et al. 2013, Budnik, Ruiz-Canada et al. 2016). EVs are emerging as major 

influencers of the pathogenesis and dissemination of inflammatory diseases, I 

hypothesized that METH treatment would alter microglia-derived extravesicular miRNA. 

Due to the significant increase in the release of exosomes from microglia cells upon 

stimulation with METH, I focused on this population for miRNA analysis. RNA isolation 

via TRIzol® was followed by miRNA expression analysis using the TaqMan® Fast 

Advanced miRNA PCR assays. I analyzed expression levels of several miRNAs 

implicated in inflammation, particularly miR‐124, miR‐126, miR‐150, and miR‐155, miR-

186, and miR-26 (Brites and Fernandes 2015). miR-92a was used as a control for 

normalization (Mao, Zhang et al. 2016, Sirker, Fimmers et al. 2017). Analysis of the EV‐

associated miRNAs (Figure 16) showed METH‐dependent down regulation of miR‐124, 

miR‐186, and miR‐9. miR-126, miR-150, miR-155, and miR-26 did not show significant 

(greater than 1.5-fold regulation) difference from untreated exosome-derived miRNAs. 

Importantly, of the miRNAs analyzed, miRNA-186 is known to target instability regions 

within the 3’-UTR of the P2X7R mRNA and decrease P2X7R levels by degradation 

(Zhou, Qi et al. 2008). The decrease of this miRNA upon METH stimulation suggests a 

possible mechanism that would contribute to increased P2X7R mRNA and protein within 
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cells. Therefore it is possible that the decrease the transfer of exosomal miR-186 to 

other cells may further influence in the inflammatory environment of the CNS.  

Microglia-Derived Extracellular Vesicles Are Internalized by Cells of the CNS 

EVs actively participate in integrating neuroimmune communication, and are 

implicated in the pathogenesis and dissemination of inflammatory consequences. Based 

on our previous electron microscopy and nano-particle quantification experiments 

showing that microglia release extracellular vesicles, I hypothesized that microglia-

derived extracellular vesicles may be internalized may be internalized by astrocytes and 

neurons. I visualized internalization of extracellular vesicles by primary neurons, 

astrocytes and microglia by staining cells with the live cell dye CMTPX and then 

incubated cells with calcein-stained microglia-derived extracellular vesicles for 4 hours. 

Confocal and multiphoton microscopy revealed that neurons, astrocytes, and microglia 

are capable of internalizing microglia-derived extracellular vesicles (Figure 17). Neurons 

incubated with extracellular vesicles showed internalization within the cell bodies as well 

as the axons (Figure 17 A and B). Astrocytes were diffusely stained with CMTPX, and 

thus, to aid visualization of the cells, they were pseudo-colored  (Figure 17 C and D). 

Astrocytes and microglia also demonstrated internalization of extracellular vesicles. 

Several reports suggest that extracellular vesicles are internalized by endocytosis or 

deliver their cargo by binding and fusion of EVs to the plasma membrane of target cells 

(Robbins and Morelli 2014, Prada and Meldolesi 2016). However, I did not find any 

evidence of vesicle fusion to the plasma membranes of the cell types I examined. It is 

possible that the intact internalized vesicles entered the cells through phagocytosis, but 

due to the incubation period of several hours I failed to visualize this process. In addition, 

extracellular vesicles may have also entered the cells through an uncharacterized 

passive entry.  
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CHAPTER 4 

GENERAL DISCUSSION 

Microglial activation is well documented in humans and animal models of METH 

addiction, and numerous studies have implicated microgliosis in the progression of 

METH-induced neuroinflammation (Chang, Alicata et al. 2007, Sekine, Ouchi et al. 2008, 

Cruickshank and Dyer 2009, Friend and Keefe 2013, Robson, Turner et al. 2013). The 

activation of P2X7Rs have been indicated as a primary factor in microglial activation and 

response (Bianco, Fumagalli et al. 2005, Donnelly-Roberts and Jarvis 2007) and 

highlighted as a major contributor to microgliosis (Monif, Burnstock et al. 2010). In 

addition, many neurodegenerative conditions, including multiple sclerosis, Parkinson’s 

disease, Alzheimer’s disease, and substance abuse disorders, exhibit enhanced P2X7R 

expression in the neuroinflammatory foci where the presence of activated microglia is a 

concurrent feature (Ferrari, Pizzirani et al. 2006, Burnstock 2008, Monif, Reid et al. 

2009, Qu, Ramachandra et al. 2009, Monif, Burnstock et al. 2010, Skaper, Debetto et al. 

2010, Callaghan, Cunningham et al. 2012).  

Therefore, I examined the role of P2X7R in METH-induced microgliosis and 

aberrant function, in vivo and in vitro using stably proliferating ESdM cells that are 

morphologically and functionally similar to primary microglia (Tsuchiya, Park et al. 2005, 

Beutner, Roy et al. 2010, Roy, Beutner et al. 2011, Beutner, Linnartz-Gerlach et al. 

2013) and have been used to examine the role of purinergic receptors in microglia 

(Gofman, Cenna et al. 2014).  I first assessed METH toxicity in microglia using the 

Live/Dead Viability/Toxicity assay in the ESdM cell line by treating cells with varying 

doses of METH (Figure 2) for 72 hours to represent chronic treatment. METH-treated 

cells did not display significant toxicity in response to METH treatment up to 1mM, and I 
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chose a dose (100µM) that was physiologically relevant and used previously in the 

literature to evaluate changes in microglial function (Fernandes, Sriram et al. 2016).  

Next, I evaluated the METH-induced changes in expression of P2X7R mRNA 

and protein in microglia. As seen in Figure 3A, P2X7R mRNA and protein (Figures 3B 

and 3C) was increased upon METH treatments, confirming our observations in vivo 

(Figure 8) (Fernandes, Sriram et al. 2016). The increased P2X7R mRNA and protein can 

be explained in several ways. First, a regulatory site for miR-186 has been identified 

within the 3'-untranslated region of the P2RX7 mRNA. Studies have shown that miR-186 

can negatively regulate the expression of P2X7R by destabilizing the mRNA (Sluyter 

and Stokes 2011). Therefore, a decrease in the cellular levels of this miRNA can 

contribute to the increased mRNA and protein levels seen in response to METH 

treatment for 48 hours (Figure 12).  

Interestingly, in this study I observed increased expression of P2X7R in the 

membranous fraction compared to the cytoplasmic fraction in ESdM exposed to METH 

(Figures 3B and 3C) (Fernandes, Sriram et al. 2016). The translation of the increased 

P2X7R mRNA could contribute to the significant increase in membranous P2X7R. In 

addition, it is well known that P2X7R expression is post-transcriptionally controlled in 

response to varying stimuli (Bianco, Fumagalli et al. 2005). A recent report demonstrates 

that posttranslational modification of P2X7R by palmitic acid on carboxyterminal 

cysteines, in particular, is required for its association with membranous lipid rafts 

(Gonnord, Delarasse et al. 2009). P2X7R that are not palmitoylated are retained within 

the endoplasmic reticulum and are degraded by proteasomes (Gonnord, Delarasse et al. 

2009).   

It is plausible that P2X7Rs are increasingly palmitoylated with METH exposure, 

leading to the release of the protein from cytoplasmic vesicular stores, and causing the 
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protein to shuttle from the cytoplasm to the membrane (Gonnord, Delarasse et al. 2009). 

Moreover, vesicular trafficking regulates the expression of another purinergic receptor 

isoform, P2X4R, which forms dimers with P2X7R, and a similar mechanism may control 

the expression of P2X7R (Planells-Cases and Ferrer-Montiel 2007, Gutierrez-Martin, 

Bustillo et al. 2011).  

Neuronal damage does not have to be lethal to initiate microglial activation, and 

viable, injured neurons can induce the production of trophic factors from activated 

microglia (Streit, Walter et al. 1999). Therefore, as a potentially neuroprotective 

response, microglia are rapidly activated upon sensing damage, confirming observations 

that METH-induced chronic microgliosis precedes damage to dopaminergic terminals 

(Streit, Walter et al. 1999, Nimmerjahn, Kirchhoff et al. 2005, Sekine, Ouchi et al. 2008, 

Kiyatkin and Sharma 2009, Wisor, Schmidt et al. 2011, Friend and Keefe 2013). 

Engagement of P2X7R activates several secondary messengers and numerous 

intracellular signaling cascades downstream, thereby controlling trophic behaviors such 

as activation and proliferation (McGaraughty, Chu et al. 2007, Monif, Reid et al. 2009, 

Monif, Burnstock et al. 2010, Skaper, Debetto et al. 2010, Miller, Boulter et al. 2011). 

Activation of P2X7R has been shown to induce microglial migration to the sites of injury 

and promote phagocytosis (Friend and Keefe 2013, Audinat and Arnoux 2014). 

Consistent with these reports, our studies show that P2X7R is an important regulator of 

microglial effector functions in response to stimulant abuse.  

CX3CL1, also known as fractalkine, is a chemokine that is produced by neurons 

and is integral for maintaining neuron-microglia communication (Paolicelli, Bisht et al. 

2014). Extracellular CX3CL1 can influence a variety of microglial functions under 

physiological and pathological conditions, such as microglial synapse pruning during 

neuronal plasticity (Zhang, Xu et al. 2012, Paolicelli, Bisht et al. 2014, Thome, Standaert 
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et al. 2015). In the CNS, CX3CL1 functions as a chemoattractant and signals through 

the microglial CX3CR1 receptor to facilitate microglial migration along a concentration 

gradient (Zhang, Xu et al. 2012). Based on this phenomenon, I assessed microglial 

migration in response to METH using a CX3CL1 gradient using a previously established 

protocol (Gofman, Cenna et al. 2014). In Figure 4, I show that METH significantly 

increases microglial migration toward CX3CL1, compared to untreated cells, in a 

P2X7R-dependent manner (Figure 4A and 4B) (Fernandes, Sriram et al. 2016). The 

increased migration of METH treated microglia towards CX3CL1, which was blocked by 

pretreatment of the competitive P2X7R antagonist A438079, is an indicator of METH 

induced, P2X7R-dependent microglial activation (Figure 4A and 4B) (Fernandes, Sriram 

et al. 2016). Another facet of microglial function, phagocytosis, is also necessary to 

maintain homeostasis. We show in Figure 5, that METH increases microglial 

phagocytosis, and that pharmacological inhibition of P2X7R reversed the METH-induced 

effect (Fernandes, Sriram et al. 2016). 

METH-induced microgliosis involves the release of proinflammatory cytokines 

(Shin, Shin et al. 2014). The release of neurotoxic factors serves to recruit other cells 

into the area and enhances clearance of cells irreparably damaged by dopamine 

excitotoxicity (Streit, Walter et al. 1999, Thomas and Kuhn 2005, Yu, Zhu et al. 2015). 

Reports have shown that activation of P2X7 receptors during CNS pathology initiates the 

generation and release of inflammatory mediators, which may contribute to the 

progression of neurotoxic pathologies (Rothwell and Luheshi 2000, Kim and Joh 2006, 

Bernardino, Balosso et al. 2008, O'Callaghan, Sriram et al. 2008, Monif, Burnstock et al. 

2010). TNF-α is an important proinflammatory cytokine that can propagate 

neuroinflammation by initiating the production of other cytokines but may also act in a 

neuroprotective manner (Arvin, Neville et al. 1995, Shin, Shin et al. 2014). In this study, I 
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provide evidence of METH-induced P2X7R-dependent induction of TNF-α that may 

contribute to neuroinflammation (Figure 6B) (Fernandes, Sriram et al. 2016). siRNA 

knockdown of P2X7R in ESdM cells (Figure 6A) significantly reduced the METH-induced 

TNF-α secretion, compared to scrambled siRNA (Figure 6B) (Fernandes, Sriram et al. 

2016). siRNA knockdown of P2X7R in microglia showed a decreased trend in secretion 

of IL-10 that was not significant (Figure 6B). Because microglial activation also has a 

role in neuroprotection, the influence of P2X7R silencing on the anti-inflammatory 

cytokine highlights the dual role of this cell type within the CNS (Song, Cheon et al. 

2014, Fernandes, Sriram et al. 2016). 

METH can diffuse into cells due to its lipophilic properties, and may cause the 

release of ATP through other mechanisms within microglia. For instance, microglia are 

known to release basal levels of ATP through vesicular nucleotide transporters, 

pannexin 1 channels, connexin channels, and P2X7R itself (Corriden and Insel 2010, 

Lazarowski 2012, Zimmermann 2016). ATP release from cells can also occur if there is 

an imbalance in the intracellular ion concentrations of sodium, calcium, and potassium 

that trigger compensatory mechanisms to restore homeostasis. Moreover, previous 

studies have shown that METH can impair the function of voltage-gated K+ channels, 

possibly through disrupting zinc chelation within the cell, that results in a disruption in the 

intracellular ion concentrations (Aizenman, McCord et al. 2010, Wang, Qian et al. 2014). 

Together, the ion imbalance, oxidative stress, and ATP release from microglia could 

serve to activate purinergic receptors, such as P2X7R, in order to reestablish 

homeostasis. METH may cause the release of ATP from microglia through these 

mechanisms. Moreover, since METH has been implicated in triggering oxidative stress 

and ATP release in a number of immune cell types, it is probable that the same 

phenomenon is occurring in microglia (Potula, Hawkins et al. 2010, Coddou, Yan et al. 
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2011, Salamanca, Sorrentino et al. 2014). Due to its dissimilarity to the structure of ATP, 

it is unlikely that METH itself directly binds P2X7Rs.  

Neuroimaging studies in METH abusers and children with prenatal METH 

exposure demonstrate abnormalities in brain structure and chemistry, especially in the 

striatum, which contains a significant number of dopaminergic neurons (Chang, Alicata 

et al. 2007). Chronic METH models recapitulate decreased dopamine concurrently with 

decreases in tyrosine hydroxylase similar to METH-induced neuropathological changes 

in humans (Iwashita, Mihara et al. 2004, Krasnova and Cadet 2009, Krasnova, 

Ladenheim et al. 2011). To examine the pathological effects of METH in mice, I 

employed an escalating dose paradigm that accurately simulates the chronic drug abuse 

patterns in human METH abusers, while preventing the severe physiological 

consequences, such as hyperthermia (Harvey, Lacan et al. 2000, Segal, Kuczenski et al. 

2003, Clark, Kuczenski et al. 2007). Previous studies have established that tyrosine 

hydroxylase, the rate-limiting enzyme in dopamine synthesis, is depleted with chronic 

METH administration (Fibiger and Mogeer 1971). Therefore, the METH-induced 

reduction of this important enzyme in dopaminergic neurons can contribute to decreased 

dopamine, and quantification of tyrosine hydroxylase can be used to estimate dopamine 

depletion and neuronal loss [48, 49, 76]. Using the escalating METH dose model (Figure 

7A), I found significant deficits in tyrosine hydroxylase immunoreactivity in mice (Figure 

7B and 7C), as reported in other chronic and acute binge models of METH (Krasnova, 

Ladenheim et al. 2011).  

Pharmacological agents that modulate gliosis are gaining traction as therapeutic 

strategies to combat METH addiction (Thomas and Kuhn 2005, Crews and Vetreno 

2011, Kita, Asanuma et al. 2014, Worley, Heinzerling et al. 2016). Anti-inflammatory 

compounds tested as candidate modulators of addiction, such as Indomethacin show 
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dramatic reduction in cell death and behavioral dysfunction in rodents (Pascual, Blanco 

et al. 2007, Crews and Vetreno 2011, Kita, Asanuma et al. 2014). Moreover, Ibudilast, a 

non-selective phosphodiesterase inhibitor, showed promising results in altering the 

decreasing the effects of METH in preclinical trials and one small human clinical trial 

(Beardsley, Shelton et al. 2010, Snider, Hendrick et al. 2013, Kita, Asanuma et al. 2014, 

Worley, Heinzerling et al. 2016). Immunohistochemistry for reactive microglia (Iba-1) and 

P2X7R were particularly pronounced in the striatum of METH-treated animals (Thomas 

and Kuhn 2005, Friend and Keefe 2013, Yu, Zhu et al. 2015). 

Studies examining the consequences of substance abuse disorders detail 

increased P2X7R concurrent with microglial activation in vivo (Thomas and Kuhn 2005, 

Zhou, Chen et al. 2010, Yamamoto, Kamatsuka et al. 2013, Tsuda and Inoue 2016). In 

addition, magnetic resonance spectroscopy studies performed in stimulant abuse 

patients (including METH and cocaine) also show enlarged striata due to glial activation 

(Kuczenski, Everall et al. 2007, Thomas, Francescutti-Verbeem et al. 2008, Chang, 

Munsaka et al. 2013). Furthermore, reactive microgliosis is observed in animal models of 

METH exposure and in the brains of human METH abusers in a process that is inversely 

correlated with the duration of METH abstinence (Sekine, Ouchi et al. 2008). Upon 

comparing the striata of METH-treated mice, I detected increased P2X7R expression in 

neurons as well as expression concurrent with Iba-1 staining for microgliosis (Figure 8).  

The proposed use of glial modulators as candidates for addiction therapies lead 

us to consider targeting purinergic signaling in the context of METH (Thomas and Kuhn 

2005, Zhou, Chen et al. 2010, Chen, Cao et al. 2012, Ikeda, Tsuno et al. 2013, 

Yamamoto, Kamatsuka et al. 2013, Kita, Asanuma et al. 2014, Tsuda and Inoue 2016, 

Worley, Heinzerling et al. 2016). Based on current literature and our own observations, 

an antagonist of the purinergic receptor P2X7 known to modulate microglial activation in 
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neuropathic pain, A438079, was evaluated as a candidate therapeutic for METH 

addiction.  

Behavioral studies have established a correlation between higher locomotor 

activity to an increased vulnerability to psychostimulant self-administration in animal 

models of addiction (Mitchell, Cunningham et al. 2005). The locomotor activity assay is 

commonly used to measure behaviors, such as stereotypy, ambulation, that may be an 

analog of the rewarding effects of a substance, in this instance METH (Singh, Kosten et 

al. 2012). I chose the dose of 5mg/kg METH in our behavior assays based on prior 

studies using this dose to establish METH-induced CPP (Acevedo, Pfankuch et al. 2008, 

Toussi, Joseph et al. 2009, Achat-Mendes, Lynch et al. 2012). 3-[[5-(2,3-

Dichlorophenyl)-1H-tetrazol-1-yl]methyl]pyridine hydrochloride, also known as A-438079, 

is a selective, competitive antagonist for P2X7 receptors (McGaraughty, Chu et al. 2007, 

Donnelly-Roberts, Namovic et al. 2009). A-438079 is used extensively in neuropathic 

pain studies and mounting evidence indicates that glial modulators may be useful to 

treat alcohol, opiate and stimulant addiction (Thomas and Kuhn 2005, Zhou, Chen et al. 

2010, Chen, Cao et al. 2012, Ikeda, Tsuno et al. 2013, Snider, Hendrick et al. 2013, 

Yamamoto, Kamatsuka et al. 2013, Tsuda and Inoue 2016, Worley, Heinzerling et al. 

2016). However, a major obstacle in testing this compound was that none of the 

published in vivo studies have analyzed the effects of A438079 within behavioral 

paradigms testing stimulant-reward. I used the locomotor activity assay to determine the 

acute effects of P2X7R antagonism by several doses of A-438079 used in neuropathic 

pain studies (5, 10, and 50 mg/kg) on the motility of mice (McGaraughty, Chu et al. 

2007, Donnelly-Roberts, Namovic et al. 2009).  

As seen in previous analyses, I confirmed that 5mg/kg METH induces a 

significant increase in hyperlocomotion compared to Saline, beginning around 10 
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minutes after treatment and peaks around 30 minutes after subcutaneous injection 

(Figure 9B). This spike in ambulatory activity counts decreased slightly around 70 

minutes after injection and then plateaued for the rest of the recording time while still 

being significantly elevated when compared to control. P2X7R antagonism did not show 

any differences in comparison to the Saline control group (Figure 9B and 9E). In 

addition, the pretreatment of P2X7R antagonist before METH administration did not 

affect the METH-induced hyperlocomotion, and any differences between groups were 

not statistically significant (Figure 9B and 9E).  

Differences between Saline and METH administration on stereotypy were not 

apparent until around 40 minutes after METH treatment (Figure 9A), a delayed effect 

that is corroborated by Singh et. al (Singh, Kosten et al. 2012). The elevation in METH-

induced stereotypy reached a peak at to 60 minutes and was sustained for the duration 

of the locomotor activity assay (Figure 9A). P2X7R antagonism did not affect the METH-

induced stereotypy at any dose (Figure 9A and 9D). The different onset of METH-

induced elevation in stereotypy compared to ambulation can be attributed to METH-

induced dopamine release affecting different regions of the brain, with the ventral 

striatum regulating psychostimulant-induced locomotion, while the dorsal striatum 

modulates stereotypy (Singh, Kosten et al. 2012).  

The total activity counts was derived from the summation of stereotypy and 

ambulatory activity counts for each timepoint evaluated. METH treatment significantly 

increased total activity in comparison to Saline, and P2X7R antagonist pretreatment 

groups were not different from control (Figure 9C and 9F). P2X7R antagonism at 5mg/kg 

and 10mg/kg did not alter METH-induced total activity (Figure 9C and 9F). However, at 

50mg/kg P2X7R pretreatment significantly reduced total activity in response to METH 

(Figure 9F). This effect could either suggest that A438079 reduces the susceptibility of 
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mice to the rewarding properties of METH or it could suggest that the high dose of 

antagonist could have sedative effects. In addition, acute injections of METH have been 

described to produce anxiogenic-like behavior in rats, with anxiolytic effects of METH 

having a delayed reaction (Miladi-Gorji, Fadaei et al. 2015). In this scenario, it is further 

possible that P2X7R antagonism may produce an anxiolytic effect by reducing the 

METH-induced stereotypy and total activity in mice at the 50mg/kg dose when combined 

with METH administration, as seen in Figure 9F. Based on these results, the 10mg/kg 

dose of antagonist was used to further evaluate the efficacy of P2X7R antagonism in 

METH-induced behaviors.  

The conditioned place preference assay is a standard preclinical behavioral 

model used to study the appetitive value of substances. CPP has been established with 

rewarding stimuli such as food and copulation, and is used commonly to examine the 

rewarding and aversive effects of drugs (Prus, James et al. 2009). A two-compartment 

chamber with different environmental characteristics, in our studies a light chamber and 

a dark chamber, is commonly used to assess CPP. The experimental design of the 

assay assesses the formation of a preference for the chamber that is paired with a 

certain stimulus based on the principles of classical conditioning (Prus, James et al. 

2009). To establish the stimulus-compartment pairing, mice are first tested for 

preference for either chamber, and the least preferred chamber is paired with the drug 

METH. This preference evaluation is used in the biased design of CPP assays, unlike in 

the unbiased design were investigators assign the pairing of the stimulus and 

compartment regardless of the environment preference of the subjects. The biased 

design is the better alternative to the unbiased design because randomly assigning drug-

compartment pairing without assessing baseline preferences may not result in a CPP 

shift (Prus, James et al. 2009).  
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Psychostimulants are known to produce a robust shift in CPP, most likely through 

the release of dopamine into the nucleus accumbens by the limbic system (Kuczenski, 

Everall et al. 2007, Miyamoto, Iida et al. 2014). Our design paradigm confirmed that 

METH induces a significant shift in place preference in mice (Figure 10A) (Miyamoto, 

Iida et al. 2014). In order to test the ability of P2X7R antagonism to modulate the 

expression of the METH-induced CPP shift, I conditioned the mice using the biased CPP 

design. On the day of post-testing, I pretreated the mice with saline or 10 mg/kg P2X7R 

antagonist A438079 for 30 minutes prior to assessing preference. While the antagonist 

pretreatment had no effect on the place preference of saline conditioned mice, A438079 

significantly reduced the expression of CPP in METH-conditioned mice (Figure 10B). 

This phenomenon is very interesting because the expression assay evaluates the ability 

of a compound to prevent the established rewarding effects of a stimulus, and the CPP 

data suggests that P2X7R antagonism may be useful as a therapy for METH addiction.  

While METH-associated effects are most commonly associated with dopamine, it 

is also possible for serotonin to influence the expression of the METH-induced place 

preference (Itzhak, Martin et al. 2002, Achat-Mendes, Ali et al. 2005). For example, 

Itzhak et al observed that serotonin can inhibit drug reward, and that serotonin depletion 

increases METH CPP (Itzhak, Martin et al. 2002, Achat-Mendes, Ali et al. 2005). In a 

similar manner, it is possible that P2X7R antagonism may increase the levels of 

serotonin and thereby prevent the expression of METH CPP. In addition, glutamate 

levels are also correlated with METH preference. METH is known to increase glutamate 

levels in the striatum, and hyperglutamatergic states in the nucleus accumbens can 

increase METH preference and taking (Hsieh, Stein et al. 2014, Szumlinski, Lominac et 

al. 2017). It is possible that P2X7R antagonism is able to block METH CPP by 

decreasing glutamate levels Future studies using a dopamine-deficient mouse model 
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may be useful in discriminating behaviors driven by dopamine from the other 

monoamines (Hnasko, Sotak et al. 2007).  

Our studies involving METH-induced neuroinflammatory effects were conducted 

in mice or the murine ESdM cell line. In order to better understand the METH-induced 

effects on human microglia, I first standardized a protocol for isolation and culture of 

microglia from fetal brain tissue based on previously published protocols (Mattson 2005, 

Wu and Gorantla 2014). In Figure 11, I demonstrate the isolation and culture of primary 

human neurons, astrocytes, and microglia. Cell cultures were greater than 90% enriched 

for the individual cell types. Primary microglia cultures were used for extracellular vesicle 

isolation and characterization, exosomal miRNA analysis and 3D cocultures (Figures 8-

11, 14, 15). 3D-cocultures of neurons, astrocytes and microglia (Figure 12), revealed 

cellular interactions manner that closely mimic in vivo contact in comparison to 2D 

cultures between microglia and neurons (Figure 12B), and between astrocytes and 

microglia (Figure 12C). Therefore, the use of this 3D-coculture system may be a useful 

tool to accurately model in vivo interactions of human primary cells. 

Extracellular vesicles (EVs) are emerging as major mediators in cell 

communication and their influence on neuropathology is not well characterized. P2X7R 

activation is known to activate the inflammasome complex and lead to the generation 

and shedding of extracellular vesicles. The initial report of the involvement of P2X7Rs in 

the generation of microglia-derived extracellular vesicles and IL-1ß secretion by Bianco 

et al. highlights how incomplete our understanding of microglial activation during 

physiology and pathology, and initiated exploration into this new form of microglia-

mediated neuroinflammation is propagated (Bianco, Pravettoni et al. 2005, Gulinelli, 

Salaro et al. 2012). However, there is much is unknown about the characteristic, 

activation context, and cargo of microglia-derived exosomes and microvesicles. 
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Exosomes are generated in multivesicular endosomes by the inward budding of 

the endomembrane compartment, and are released to the extracellular space when the 

multivesicular endosomes fuse to the plasma membrane (Valadi, Ekstrom et al. 2007, 

Budnik, Ruiz-Canada et al. 2016). Microvesicles, on the other hand, are generated at the 

plasma membrane by outward budding and vesicle shedding (Budnik, Ruiz-Canada et 

al. 2016). Exosomes have diameters between 30nm and 150nm in size, while 

microvesicles are usually between 100 nm and 1 µm in size. Current protocols for 

isolation of exosomes and microvesicles are time consuming or nonspecific for 

separation by vesicle size. The challenges of isolation and the lack of distinct markers 

have contributed to the confusion in the literature to accurately discriminate between the 

populations.  

In order to ascertain the role of exosomes or microvesicles in propagating METH-

induced neuroinflammation it was prudent to properly characterize each population. 

Therefore, it was necessary to develop a protocol to efficiently separate exosomes from 

microvesicles present in microglia media during the isolation. Using a combination of 

ultracentrifugation and ExoQuick precipitation, I was able to separate the larger 

microvesicles from microglia-derived exosomes. I confirmed that primary human 

microglia release exosomes during homeostasis and METH-treatment by transmission 

electron microscopy (Figure 13). Upon examination of the larger size particles, far fewer 

microvesicles were isolated from untreated or METH-treated microglia (Figure 13). I 

utilized the NanoSight N300 in order to confirm the electron microscopy results and 

further quantify microglia-derived exosomes and microvesicles (Filipe, Hawe et al. 

2010).  

Nano Tracking Analysis (Figure 14A and 14B) confirmed that microglia release a 

large number of extracellular vesicles (Figure 14C, 14D, 14G), and that METH treatment 
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significantly increases exosomal generation and shedding from microglia (Figure 14E, 

14F, 14H). Based on these results, I focused on microglia-derived exosomes for the 

miRNA analysis. EVs are secreted by neurons and glia, and are capable of transferring 

protein, mRNA, and miRNA to target cells (Fruhbeis, Frohlich et al. 2013, Brites and 

Fernandes 2015). The discovery that mRNA can affect the protein expression and 

miRNA can alter gene expression, and therefore function of target cells, suggested a 

novel method of cellular adaptation and communication (Valadi, Ekstrom et al. 2007, 

Colombo, Raposo et al. 2014). Therefore, as integrators of communication between 

astrocytes and neurons, microglia-derived exosomes can significantly influence the 

function of these cell types during homeostasis and tissue damage (Soreq and Wolf 

2011). Recent work in multiple sclerosis and experimental autoimmune 

encephalomyelitis show demonstrate the ability of microvesicles to influence 

neuroinflammation and progression of disease pathology (Fruhbeis, Frohlich et al. 

2013). For example, acid sphingomyelinase deficient mice are unable to generate 

microvesicles, and are protected from developing EAE (Fruhbeis, Frohlich et al. 2013). 

Another report described the increase in endothelium-derived microvesicles following 

acute ischemic strokes and in cerebrospinal fluid of patients from Alzheimer’s disease, 

glioblastoma, and traumatic brain injury (Colombo, Raposo et al. 2014). Importantly, a 

therapeutic for treatment of multiple sclerosis has been shown to reduce the number of 

microglia-derived microvesicles (Fruhbeis, Frohlich et al. 2013). These studies hint at the 

importance of extracellular vesicles in mediating neurodegenerative conditions, and may 

also be relevant to the etiology of pathological changes as a consequence of stimulant 

abuse disorders.  

The International Society for Extracellular Vesicles recommends confirming the 

presence of three or more protein markers in order to fully characterize the isolated 
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vesicles as microvesicles or exosomes (Lotvall, Hill et al. 2014). In the current literature, 

there are no specific markers to distinguish exosomes from microvesicles, but common 

reported surface proteins include CD63, Hsp70, Flotillin-1, and ALIX (Budnik, Ruiz-

Canada et al. 2016). The markers were only confirmed in rodent microglia-derived 

exosomes, however, and there is no description of the characteristics of human 

microglia-derived exosomes. While other reports commonly use western blot analysis to 

detect exosomal proteins, the amount of extracellular vesicles generated by microglial 

cultures is dramatically less than comparable isolations from urine or plasma, making 

identification and quantification of exosomal proteins very difficult. Therefore, I used 

fluorescence-activated cell sorting to confirm the presence of markers associated with 

extracellular vesicles.  

EVs contain esterases that are capable of hydrolyzing the acetoxymethyl ester 

moieties on calcein AM, making the dye fluorescent and membrane impermeable (Gray, 

Mitchell et al. 2015). Utilizing this quality of exosomes and microvesicles, EVs were 

stained with Calcein AM for visualization via flow cytometry. I used these calcein-labeled 

EVs for analysis of the presence of CD63, ALIX, Flotillin-1, HSP70, CD81, TSG101, and 

CD9, CD11b, Iba-1 and P2X7R on only intact vesicles (Figure 15). In corroboration with 

other reports, I show that exosomes express of CD63 (Colombo, Raposo et al. 2014). I 

show that exosomes and microvesicles have comparable expression of CD63 and 

Hsp70 (Figure 15). Microvesicles clearly displayed a greater expression of ALIX, Flotillin-

1, as well as a slightly higher expression of Iba-1 in comparison to the exosome fractions 

(Figure 15). Exosomes had a higher expression of the microglial marker CD11b and 

P2X7R when compared to microvesicles (Figure 15). The strong expression of CD11b 

confirms that the analyzed calcein-labeled EVs are derived from microglia. The presence 

of P2X7R expression on microglia-derived exosomes suggests that these vesicles may 
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also release their cargo in ATP-P2X7R dependent manner as described previously by 

Bianco et. al in microglia-derived microvesicles (Bianco, Pravettoni et al. 2005, Fruhbeis, 

Frohlich et al. 2013). The presence of CD81, TSG101, and CD9 was either unconfirmed 

or negligible in both vesicle fractions. This report is the first to describe the 

characteristics of primary human microglia-derived extracellular vesicles.  

Based on our previous finding that METH induces the generation and secretion 

of microglia-derived exosomes, I chose to analyze the miRNA content within the smaller-

sized population. However, the ubiquitous secretion and lack of cell-specific markers on 

exosomes pose a significant obstacle in evaluating METH effects on microglia-derived 

exosomal miRNA in vivo (Turola, Furlan et al. 2012, Colombo, Raposo et al. 2014, 

Budnik, Ruiz-Canada et al. 2016). Therefore, I employed the use of a highly enriched 

human primary microglia cell cultures for isolating microglia-derived exosomes.  

I chose to examine exosomal miRNAs because they are generally stable against 

degradation and can regulate gene expression at the post-transcriptional level by 

sequence-specific base pairing to target mRNAs, leading to mRNA cleavage or 

translational repression (Soreq and Wolf 2011, Mondanizadeh, Arefian et al. 2015). 

miRNAs are 22 nucleotide-long double-stranded, non-coding RNAs that regulate genes 

by binding target mRNAs through incomplete base pairing, therefore enabling each 

miRNA to target hundreds of transcripts (Soreq and Wolf 2011). In the CNS, miRNAs 

are able to reduce oxidative stress and improve remyelination, and some reports 

indicate that they are able to directly bind to TLRs and alter signaling function (Pegtel, 

Peferoen et al. 2014). Characterizing the alterations of these small RNAs within the 

context of substance abuse and neuroinflammation is critical to understand the 

progression neurodegeneration and develop effective therapies to combat neuronal loss. 

Exosomes are also known to cross the blood brain barrier and enter peripheral 
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circulation, and exosomes containing brain-specific miRNAs may potentially serve as 

biomarkers for neuronal damage as well as recruit of peripheral immune cells to the 

CNS (Pegtel, Peferoen et al. 2014). 

As mentioned previously, the yield of exosomes and the amount of microglia-

derived exosomal RNA is far less than isolations of exosomes from biological fluids, and 

was a challenge in the assessment of microglia-derived miRNAs in the context of 

substance abuse. Nevertheless, I was able to standardize the RNA isolation, and 

analyses of the exosomal miRNAs showed significant alterations in three miRNAs 

implicated in a variety of neuroimmune and neurodegenerative disorders. Compared to 

control exosomes, METH causes significant decreased in packaged miR-124, mir-186 

and miR-9, as analyzed by qPCR (Figure 16). miR-124 is the most abundant CNS-

specific miRNA, and is highly expressed in neurons and microglia (Ponomarev, 

Veremeyko et al. 2011). Murine studies show that microglial activation inversely 

correlates with cellular levels of miR-124. Ponomarev et. al describe 60% lower level of 

miR-124 within activated microglia versus quiescent microglia, suggesting that activated 

microglia down regulate miR-124 to mediate the switch from a proinflammatory to anti-

inflammatory phenotype (Ponomarev, Veremeyko et al. 2011, Soreq and Wolf 2011). 

Knowing the close interaction of microglia with astrocytes and neurons and their 

influence on the function of the others, it is unsurprising that in vitro cocultures of 

microglia or macrophages with neuronal or astrocytic cell lines further demonstrate that 

the resting phenotype of microglia is dependent upon miR-124 from local stromal cells 

(Ponomarev, Veremeyko et al. 2011, Soreq and Wolf 2011). In addition, miR-124 is able 

to inhibit the expression of TNF-α in macrophages, and poses another mechanism of 

regulating microglial activation and cytokine production during METH-induced 

neuroinflammation (Figure 6B) (Ponomarev, Veremeyko et al. 2011).  
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Exosome-mediated transfer of miR-124a from neurons to astrocytes increases 

the protein expression of the glutamate transporter GLT1, suggesting that the decreases 

in microglia-derived exosomal miR-124 may have the opposite effect (Pegtel, Peferoen 

et al. 2014). The implications of this phenomenon would be decreased astrocytic GLT1 

and reduced glutamate uptake, either as a compensatory mechanism for METH-induced 

neurotoxicity and neurotransmitter deficits or as a neuroprotective mechanism to trigger 

apoptosis and phagocytosis of damaged neurons (Fujio, Nakagawa et al. 2005). 

Moreover, miR-124 is reported to increase neuronal differentiation, and the decrease in 

miR-124 offers an explanation for reduced neurogenesis during METH-induced 

neuroinflammation (Soreq and Wolf 2011, Mondanizadeh, Arefian et al. 2015).  

Like miR-124, miR-9 influences neuronal differentiation, and is implicated in the 

motor neuron diseases and susceptibility of neurons to degeneration (Haramati, Chapnik 

et al. 2010, Soreq and Wolf 2011). Examination of patients with Alzheimer’s or 

Huntington’s disease showed marked decreases in miR-9 (Haramati, Chapnik et al. 

2010, Soreq and Wolf 2011). Specifically, miR-9 targets a heavy neurofilament subunit 

and regulates neurofilament stoichiometry (Haramati, Chapnik et al. 2010). The loss of 

miR-9 leads to aberrant aggregation and defects in intermediate filaments, driving motor 

neuron degeneration (Haramati, Chapnik et al. 2010, Soreq and Wolf 2011). Thus the 

decrease in miR-9 during METH abuse may play a similar role in neurodegeneration.  

In microglia, the role of miR-9 is not well described; there are only two published 

reports examining this miRNA in inflammation. Both reports suggest that LPS-mediated 

induction of miR-9 can influence the activation of NF-κB-dependent proinflammatory 

cytokines, such as TNF-α (Liu, Zhang et al. 2013). These reports differ from our data of 

METH-dependent decreases miR-9 in activated microglia (Figure 16). The difference in 

the mechanisms of microglial activation between METH and LPS could indicate that 
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effects of miR-9 are context dependent. Future studies evaluating miR-9 expression in 

microglia will shed better light on the role of this important CNS miRNA. 

Evaluation of the differences between untreated and METH-treated microglia-

derived exosomal miRNA also reveal a significant decrease in miR-186 (Figure 16). As 

mentioned previously, miR-186 has been reported to destabilize the P2X7R mRNA, and 

so the decreased expression of miR-186 prevents degradation of the P2X7R mRNA, 

contributing to increased P2X7R expression during METH-induced microglial activation. 

This phenomenon of an inverse correlation between P2X7R expression and miR-186 

was confirmed in patients with membranous nephropathy, suggesting a possible 

mechanism for METH-dependent increased P2X7R expression (Zhou, Qi et al. 2008). 

To our knowledge, this is the first report presenting METH effects on the generation of 

microglia-derived exosomes.  

Exosomes, like microvesicles, contain protein, mRNA and miRNA that can be 

transferred to other cells and alter the biological activity of target cells (Brites and 

Fernandes 2015). In order to determine if microglia-derived extracellular vesicles can be 

internalized by other microglia, astrocytes and neurons, I isolated exosomes and 

microvesicles from primary human microglia. Exosomes were labeled with calcein for 

visualization and incubated with CMTPX-stained cells. Excess vesicles were washed 

away and live cells with internalized vesicles were visualized via multiphoton or confocal 

microscopy. Primary neurons internalize microglia-derived extracellular vesicles within 

axons (Figure 17A) as well as their cell bodies (Figure 17B). In a similar manner, primary 

astrocytes also are capable of internalizing microglia-derived extracellular vesicles within 

their cytoplasm (Figure 17C and 17D). Interestingly, primary microglia internalize 

microglia-derived extracellular vesicles within their somas (Figure 17E), but extracellular 

vesicle staining also seems to be present within the nucleus of the cell (Figure 17F) in 

confirmation with a previous report (Prada and Meldolesi 2016). Here I show that 
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microglia-derived extracellular vesicles can be internalized by other cell types in the 

CNS, increasing the probability of the transfer of EV cargo to these cells.  
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Summary of Conclusions 

The proper function of microglia is necessary to maintain homeostasis of the 

CNS. Analyses in human METH abusers and rodent models of METH abuse detail 

numerous structural abnormalities, widespread inflammation within the brain, and 

display a variety of behavior alterations as a result of pathological changes of the CNS. 

Neuroinflammation is a complex disruption of CNS homeostasis, and the multicellular 

response to danger signals reflects a systematic process to eliminate pathogenic stimuli, 

repair damaged tissue, and shift the CNS microenvironment back to homeostasis 

(Baudelet, Lipka et al. 2015). Chronic METH abuse incurs severe neuroinflammation as 

a result of neuronal excitotoxicity, particularly within the striatum. Dopaminergic neurons 

are present at a high density within the striatum and are particularly vulnerable to 

damage by neuronal death and microglial activation. I confirmed METH-dependent 

dopaminergic toxicity by evaluating tyrosine hydroxylase levels within the striata of a 

mouse model of METH addiction. I also corroborated METH-induced increases in 

P2X7R concurrent with microglial activation in METH-treated mice. I further confirmed 

that mice display elevated stereotypy, ambulation, and total activity with METH 

treatment. Further, I describe a novel use of P2X7R antagonism in modulating METH-

induced reward, as represented by conditioned place preference.  

I investigated METH-induced, P2X7R-dependent alterations to microglia 

physiology in order to elucidate activation responses. I confirm that microglia activation 

involves P2X7R-dependent functional alterations that include increased migration, 

phagocytosis, cytokine production, and generation of exosomes. While the field of 

extracellular vesicles is still in its infancy, I report the first observations of METH-induced 

biogenesis and release of microglia-derived exosomes. In addition, I have characterized, 

for the first time, exosomal and microvesicular protein expression of CD63, Hsp70, 
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Flotillin-1, ALIX, CD11b, P2X7R, and Iba-1. I demonstrate that microglia, astrocytes, and 

neurons naturally try to recapitulate in vivo interactions within a 3D-coculture system, 

and that this type of coculture is beneficial to approximate in vivo conditions for tissue, 

such as primary human neurons, microglia and astrocytes, that is difficult to procure and 

manipulate in vivo. This type of culture is vital for a better understanding of cellular 

interactions in vivo because of the established cross talk and influence of neurons, 

microglia and astrocytes on one another. Lastly, I demonstrate that other cells in the 

CNS internalize microglia-derived EVs. Importantly, a thorough evaluation of the 

contents of the microglia derived extracellular vesicles in the context of 

methamphetamine abuse is nonexistent, and our report is the first to determine METH-

induced miRNA alterations in microglia-derived exosomes. Because METH treatment 

altered miRNA signature contained within microglia-derived exosomes, METH-induced 

exosomes may propagate neuroinflammation by activating other microglia through 

decreased levels of miR-124, miR-186, and miR-9. The altered miRNA cargo may also 

affect astrocytes and neurons by decreasing proliferation and increasing neuronal and 

astrocytic expression of P2X7R.  

Taken together, these studies highlight the importance of P2X7R in METH-

induced microgliosis. Our findings indicate that purinergic mechanisms contribute to 

altered microglia effector functions during stimulant abuse, and that these altered 

functions may exacerbate neuroinflammation within the context of METH. The studies 

herein underscore the potential therapeutic value of modulating the glial response 

through purinergic signaling during stimulant abuse. 
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Future Directions 

Further investigation of P2X7R expression in microglia will broaden our 

understanding of microglial activation in the METH-induced neuroinflammation. To date, 

there is no confirmed binding site for METH on microglia. However, microglial activation 

in response to METH treatment hints at the possibility of an uncharacterized receptor. 

Future studies may confirm the receptor for METH on microglia and elucidate the 

mechanisms that regulate vesicular nucleotide transporter release of ATP that activate 

microglia in the context of METH. In addition, although there is no confirmed binding site 

for METH on microglia, I have confirmed P2X7R-dependent activation. Several studies 

indicate that inflammasome activation downstream of P2X7R signaling may contribute to 

the microvesicle-mediated release of IL-1β. Future in vitro analysis using P2X7R 

ablation and in vivo studies in P2X7R -/- mice may shed light on and confirm a similar link 

to the METH-mediated, P2X7R-dependent biogenesis of exosomes. 

In addition, I have confirmed that several important microglial miRNAs are altered 

in the context of METH. Further in vitro analysis unraveling the transfer of exosomal 

miRNA to neurons, astrocytes, and microglia will confirm the mechanism of miRNA 

transmission from microglia-derived exosomes. In addition, in vitro studies evaluating 

targets of miR-124, miR-9, and miR-186 in astrocytes and neurons will establish the 

direct effects of microglia-derived exosomal miRNAs in modulating astrocyte and neuron 

responses during METH addiction.  

 My locomotor activity and CPP studies highlight the potential therapeutic role of 

P2X7R antagonism in METH addiction. Additional in vivo studies evaluating the effects 

of P2X7R antagonism using an intracranial self-stimulation and self-administration 

models may further validate the potential for the use of A-438079 to treat METH 

addiction. In addition, analysis of dopamine or glutamate levels within brain regions 

commonly associated with reward may confirm mechanisms that mediate P2X7R-
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modulation of neurotransmitters leading to decreased reward with METH. As mentioned 

previously, METH abuse is associated with a number of neurocognitive deficits. Future 

studies evaluating A-438079 may also uncover improvements in cognition using P2X7R 

antagonism.   

Our data has provided valuable insight into several aspects of METH abuse 

research, and has identified a potential candidate to treat METH addiction. Targeting 

P2X7 receptors in METH-dependent patients may help mediate microglial dysfunction, 

control neuroinflammation, and prevent neurodegeneration associated with METH 

abuse. Microglial dysfunction is a facet of many neurodegenerative diseases, and further 

characterization of purinergic signaling in microglia immune response during METH-

addiction will be applicable to neurodegeneration seen in conditions such as Alzheimer’s 

and Parkinson’s disease.  
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