UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
The Rise and Fall of the Stars in the Brain: Astroglia in Disease and Inflammation

Permalink
https://escholarship.org/uc/item/21t1t389

Author
David, Clement Nicolas

Publication Date
2015

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/21t1t389
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

The Rise and Fall of the Stars in the Brain: Astroglia in Disease and Inflammation

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Neuroscience
by

Clément David

March 2015

Dissertation Committee:

Dr. Emma H. Wilson, Chairperson
Dr. Monica J. Carson

Dr. Todd A. Fiacco



Copyright by
Clément David
2015



The Dissertation by Clément David is approved:

Committee Chairperson

University of California, Riverside



ACKOWLEGDMENTS

I cannot thank my friend and mentor Dr. Emma Wilson enough for the incredible
experience I had in her lab over the last 4 years. Dr. Wilson has been an amazing mentor,
allowing me to explore my own ideas and execute my own experiments while giving
valuable and precise input. She has always encouraged me to present my work at various
national and international conferences, greatly contributing to my scientific networking.
Furthermore, my research has benefited tremendously from her collaborative spirit and
has helped me develop as a scientist. On a personal level, Dr. Wilson has been a great
friend, and it was a real pleasure for me to see her family grow as I started mine. I will
always cherish the many memories created in her lab.

Although not official, I consider Dr. Monica Carson my co-mentor. She has been
extremely generous in her time and resources in helping me develop as a scientist. As the
director of our Center for Glial-Neuronal Interactions, Dr. Carson offered me a very
fruitful opportunity in helping organize our annual meeting. This resulted in valuable
networking exposure and greater involvement in the scientific community. I truly
appreciate the constant guidance from this jovial advisor.

Undeniably, my qualification exam and guidance committee members—Dr.
Ameae Walker, Dr. Todd Fiacco, Dr. Devin Binder, Dr. Monica Carson and Dr. Peter
Hickmott—have contributed greatly to my progress in thinking like a scientist and
connecting the dots properly. These advisors have closely mentored me during and after
my qualification exam, expanding my knowledge and giving me the tools needed to

succeed on my own. I am forever grateful for their time and honest input.

v



None of this work would have been possible without the daily support of my
labmates, both current and past. My initial student mentor, Phil Nance, has been a
continuing friend whom I know I can always count on both personally and professionally.
I would have never made it through without our occasional “beer lunches”. I want to
thank Shahani Noor, Kathryn McGovern, Danielle Worth and Tyler Landrith for all the
help, input and support throughout my stay in the Wilson lab. Friends from other labs—
Charles Abbott, Matt Valdez, Jacqueline Hubbard, and Jenny Szu have also been the best
colleagues one could ask for. Thank you all for the beer, the venting and the support as
we all progressed through this journey.

To the most dedicated undergraduate student I know—FEIma Frias—you have
been a pleasure to work with over the last few years. What started as my mentoring and
teaching you basic science techniques ended in a collaborative, exciting and work-filled
bond. I truly appreciate your dedication and passion for science and your insatiable thirst
for knowledge and work. Your work ethic has helped us finish two wonderful projects
and collect novel, exciting data. I will always remember the 2 months we came in on each
weekend at 4:00 AM to collect our microdialysis. I see an exciting future for you in
science and am eager to work with you again.

To my Mom, Dad and Step-Dad: You guys are to blame for this! I appreciate your
high expectations and am grateful for always being held to the highest degree of quality
in everything that I do. Having always been there for me, and pushing me to be the best
that I could be has defined me and has enabled me to excel personally and professionally:

Thank you so very much.



Everyone knows a PhD is hard, and even harder when you have a family. What is
often not spoken of is that it is also hard on the family. My wonderful fiancée, Meredith
and my children—Victoria, Christian, and Everest have had to sacrifice so much for me
to succeed. I could have not done any of this without their support. Meredith has been by
my side for every high and low, being a steady rock in my emotional and stress roller
coaster. The kids have been tremendously helpful, around the house, with the pregnancy
and with their new baby sister, taking stress off of my shoulders on work-filled
weekends. I cannot express how lucky and grateful I am to have had such an
understanding, patient and supportive family as we adventured through this journey.

Chapter 2 and 3 of this dissertation, in part or in full, are reprints of material as it
appears in Brain Research, 1481:71-78, 2012, and ASN Neuro (In press) respectively and

are used here with permission of the publishers.

vi



DEDICATION

To
My Father,

Thierry André David

vii



ABSTRACT OF THE DISSERTATION

The Rise and Fall of the Stars in the Brain: Astroglia in Disease and Inflammation

by

Clément David
Doctor of Philosophy, Graduate Program in Neuroscience
University of California, Riverside, March 2015
Dr. Emma H. Wilson, Chairperson

The brain is an extremely complex organ composed of neuronal and non-neuronal
cells working en concerto to maintain what we perceive as emotions, thoughts,
memories, speech, movement, and much more. Although neurons, and their networks, are
the cells responsible for the functional outcome of the brain; glial cells play a crucial role
in maintaining homeostasis and are increasingly thought of as active modulators of
neuronal function. Astrocytes are large, star shaped glial cells responsible for a multitude
of functions including glutamate homeostasis, potassium buffering, metabolic support
and some immune functions. Because astrocytes are so critical for normal brain
functioning, a loss of function or a gain of deleterious function can severely alter brain
chemistry, cause neurodegeneration or worsen an underlying disease. In this thesis,
Chapter 2 and 3 discuss potential therapeutics for glioblastoma multiforme (GBM).
GBMs usually occur spontaneously, following severe genetic mutations in astrocytes,
which then proliferate uncontrollably and cause large, metastasizing tumors and

eventually death. GBMs modify their environment, causing neighboring astrocytes and
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other cells to create a permissive environment for tumor growth. Chapter 2 investigates
the changing immune environment in GBMs while Chapter 3 focuses on a direct
chemical therapeutic. Chapter 4 of this thesis examines the extent of neuropathology
associated with a loss in astrocytes’ primary function: the control of extracellular
glutamate. Although losing a degree of this critical function is associated with many
diseases such as Alzheimer’s, amyotrophic lateral sclerosis, epilepsy and more; here, we
will investigate it in the context of a prevalent chronic infection with the protozoan
parasite Toxoplasma gondii. Whether gaining a deleterious genetic mutation, or losing a
critical homeostatic function; disruption of astrocyte functioning in the brain has

profound detrimental effects and should be considered as therapeutic targets.
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CHAPTER ONE

Introduction



1.1 The Anatomy and Function of Astrocytes:

The early, neurocentric notion that all brain function such as speech, motor
control, emotions, and decision-making was all attributed to neurons and their
electrochemical properties has been widely dismissed. Although neurons are obviously
an essential component of the brain, an increasingly large amount of studies demonstrate
the role of glia in not only supporting neurons, but actively modulating the central
nervous system (CNS). Initially termed glia to refer to their postulated role as the “glue of
the brain”, glia have shown to be much more complex than simply a scaffold for neurons
to operate on. The term glia encompasses both macroglia (oligodendrocites, astrocytes,
ependymal cells, and radial glia) and microglia, which are the resident macrophages of
the CNS. Though the maintenance of myelin by oligodendrocytes and the creation and
secretion of cerebrospinal fluid by ependymal cells is clearly vital in the CNS, this
dissertation thesis will focus on the function of astrocytes in the CNS in health and
disease.

Astrocytes are, as their name implies, star-like cells whose processes cover the
entire brain without overlapping their functional domains. They are histologically
identified primarily by their positive expression of the cytoskeletal protein glial fibrillary
acidic protein (GFAP), although not all populations of astrocytes are GFAP positive
(Hertz et al., 1999; Hatton, 2002; Lin and Bergles, 2004; Sofroniew and Vinters, 2010).
Astrocytes extend their processes to a multitude of targets: 1) Intimately wrapping around
blood vessels in the CNS, thus creating an additional physical obstacle in the blood brain

barrier and controlling blood flow (Metea and Newman, 2006; Attwell et al., 2010;



Sofroniew and Vinters, 2010). 2) Astrocyte processes are interconnected via gap
junctions composed of connexin-43 and connexin-30 (Ogata and Kosaka, 2002; Nagy et
al., 2004) allowing for small molecules such as potassium and glutamate in their
cytoplasm to diffuse rapidly from one area of the CNS. This adaptation is critical when
considering the role astrocytes play in potassium buffering during heavy neuronal firing
(Nedergaard et al., 2003; Nicchia et al., 2005; Ball et al., 2007; Wetherington et al., 2008;
Strohschein et al., 2011). 3) Processes also envelop synapses, thus creating a close
contact between the astrocyte and neuronal communication (Bergles et al., 1999;
Bushong et al., 2002; Ogata and Kosaka, 2002; Lin and Bergles, 2004; Halassa et al.,
2007). Furthermore, a recent study has shown evidence for the existence of sandwich
synapses, where astrocytic processes are wedged in between the pre and post synaptic
neurons and serve as an intermediate in communication (Rozanski et al., 2013a; Rozanski
etal., 2013b).

Astrocytes perform many complex functions, which cannot be all described here
in detail. Here, we will review a few key functions, mainly pertaining to their capability
and critical role in buffering and maintenance of extracellular molecules. Many studies
have demonstrated the critical role of astrocytes in buffering potassium following intense
neuronal firing, with important implications for seizures and epilepsy (Wetherington et
al., 2008; Strohschein et al., 2011; Jin et al., 2013). Astrocytic processes enveloping
synapses express at high density the potassium channel Kir 4.1 (Nagelhus et al., 2004)
along with the bi-directional water channel AQP-4 (Neely et al., 2001; Amiry-

Moghaddam et al., 2003; Furman et al., 2003; Noell et al., 2007; Wolburg et al., 2009;



Nicchia et al., 2010). The co-expression of these channels and transporters, along with
others such as the sodium/bicarbonate co-transporter (NBC) (Nagelhus et al., 2004)
allows for clearance of the accumulating potassium and CO2 following neuronal firing
events (Nagelhus et al., 2004; Eid et al., 2005; Binder et al., 2006; Djukic et al., 2007,
Hsu et al., 2007; Strohschein et al., 2011; Binder et al., 2012; Lee et al., 2012; Jin et al.,
2013). The increasing intracellular concentration of potassium in astrocytes can then be
quickly diffused by the network of gap junction coupled astrocytes (Nagelhus et al.,
2004; Nicchia et al., 2005; Strohschein et al., 2011). Another molecule which is critical to
remove during neuronal activity is the major excitatory neurotransmitter, glutamate.
Glutamate is also taken up by astrocytes following its release at the synaptic level.
Astrocytes maintain a tight control on glutamate uptake and are able to efficiently remove
excess extracellular glutamate mainly through the activity of the glutamate transporters
GLT-1 and GLAST (Rothstein et al., 1996; Bergles et al., 1999; Daikhin and Yudkoff,
2000; Gegelashvili et al., 2000; Danbolt, 2001) . The detailed mechanism of glutamate

synthesis and uptake by astrocytes will be discussed in section 1.7.

1.2 Astrocytes and Gliomas:

Glioblastoma multiforme (GBM) is the most common form of CNS tumors.
Current therapies include a combination of chemotherapy, radiotherapy and surgical
removal (Stupp et al., 2002; Stupp et al., 2005; Mutter and Stupp, 2006; Furnari et al.,
2007; Ajaz et al., 2014). However, unless treated in the early stages, GBMs are incurable

and have a median survival of less than 1 year (Friedman et al., 2000; Furnari et al.,



2007). In recent years, increase understanding of the molecular and biological
mechanisms of GBMs as well as advances in technological genetic tools allows for
greater hope in developing therapies to slow or eradicate these fast growing tumors.
GBMs are classified histologically as actrocytomas, oligodendrogliomas or
oligoastrocytomas (Louis et al., 2007). GBMs arise most commonly from astrocytes and
are defined by the very features that make them so deadly: uncontrolled proliferation,
resistance to apoptosis, tendency to be necrotic, prolific angiogenesis, and diffuse
infiltration. GBMs are classified into different progressive WHO derived scale of I-1V
(Louis et al., 2007). Grade I tumors are the only tumors considered to be curable if they
can be surgically removed. Grade II tumors are categorized by moderate proliferation and
invasion, which may progress slowly but are incurable by surgery. Grade III and IV
tumors are rapidly proliferating, increasingly invasive and exhibit increased necrosis and
angiogenesis (Louis et al., 2007).

An additional sub-classification has been created for GBMs to differentiate
between primary GBMs which appear as grade IV tumors de-novo, with no prior
indication of lower grade tumors and secondary GBMs which progress through the 4
stages of malignancy (Louis et al., 2007). Primary GBMs are unfortunately more
common and appear in older patients while secondary GBMs are rare and are more
commonly found in patients under 45 years old (Furnari et al., 2007; Louis et al., 2007).
Although the exact etiology of the disease is unknown, recent genetic advances have
helped us understand what specific genes are altered in astrocytes and how those are

associated with the different stages of the disease. Interestingly, although histologically



indistinguishable, primary and secondary GBMs are characterized by different genetic
mutations reviewed in Furnari et al (Furnari et al., 2007).

In addition to being the main cause of CNS tumors, non-tumorigenic astrocytes
are also thought to play a role in inadvertently aiding tumor progression and invasiveness.
Astrocytes near the GBM display a reactive phenotype, with increased expression of
GFAP and are thought to aid in tumor invasiveness, and proliferation (Charles et al.,
2011). It has been shown that gliomas directly exploit their neighboring astrocytes to
activate MMP-2 and increase their invasive phenotype (Le et al., 2003). Another recent
study demonstrated in-vitro that glioma contact with non-tumorigenic astrocytes caused a
change in the astrocytes’ phenotype which resulted in a more permissive environment to
glioma invasion with marked increases in extracellular remodeling proteins MMP-2 and
SPARC (Gagliano et al., 2009). Furthermore, a study measuring expression of genes
associated with movement and migration demonstrated that astrocytes significantly
increase the invasion ability of GBM stem-like cells (Rath et al., 2013) in culture. In
addition to using astrocytes to increase their proliferative and invasive potential, gliomas
can also inactivate astrocyte expression of p53, even in the presence of DNA damage
(Biasoli et al., 2014). Although, classically, p53 is thought as having cell-autonomous
function, recent evidence suggests that p53 can exert a non-cell autonomous function,
mainly through the regulation of secreted factor (Khwaja et al., 2006; Rangel et al.,
2014). These studies, and many more, suggest that gliomas actively modify their
environment to promote their growth and inhibit their death, making it extremely difficult

to eradicate them.



1.3 SPARC, Stabilin-1 and Astroglia:

Secreted protein acidic and rich in cysteine (SPARC), also known as Osteonectin,
is an extracellular matrix (ECM) remodeling protein and is highly expressed during
development, tissue remodeling and repair (Bradshaw, 2009). SPARC facilitates ECM
remodeling by acting as an anti-adhesive and modulating collagen assembly (Motamed
and Sage, 1998). Increases in SPARC during GBMs are associated with increased
metastasis (Golembieski et al., 1999; Golembieski et al., 2008; Yunker et al., 2008).
SPARC can be produced by a variety of cell types including fibroblasts, endothelial cells,
vascular smooth muscle cells, macrophages and astrocytes (Brekken and Sage, 2001).
During GBM, SPARC released by astrocytes could contribute to increased tumor
invasiveness by decreasing cell adhesion. The mechanism by which SPARC decreases
cell adhesion is not fully understood; however, it is thought that SPARC disrupts local
adhesion and actin fibers (Murphy-Ullrich et al., 1995; Bradshaw et al., 1999). Indeed,
early studies have shown that fibroblasts treated with SPARC do not spread and attach
incorrectly (Lane and Sage, 1990).

The only known receptor for SPARC is stabilin-1, expressed on macrophages and
endothelial cells (Kzhyshkowska, 2006; Kzhyshkowska et al., 2006; Park et al., 2009;
Palani et al., 2011; Workman and Sage, 2011). As a scavenger receptor, stabilin-1 binds,
internalizes and degrades SPARC through the endosomal pathway (Kzhyshkowska et al.,
2004; Kzhyshkowska, 2006; Kzhyshkowska et al., 2006; Kzhyshkowska and Krusell,
2009; Park et al., 2009; Palani et al., 2011). Although SPARC is present in the tumor

environment, not much is known about the distribution, expression pattern and density of



its receptor stabilin-1. Infiltrating alternatively activated macrophages expressing
stabilin-1 might have the potential of reducing extracellular SPARC concentration and
slowing tumor progression. With their proximity within and around the glioma, tumor
associated macrophages (TAMs) have the potential of slowing or even killing the glioma.
However, TAMs, which comprise up to 50% of the tumor mass (Solinas et al., 2009),
create a permissive environment for tumor invasion and proliferation (Talmadge et al.,
2007; Mantovani et al., 2011) and are usually associated with a poorer prognosis (Bingle
et al., 2002; Zhang et al., 2011). One study confirmed ex-vivo, that stabilin-1 is present on
alternatively activated infiltrating TAMs early in disease (David et al., 2012). However,
as the tumor progresses, stabilin-1 expression decreases and the proportion of
alternatively activated macrophages significantly decreases (David et al., 2012). It
appears that GBMs modify infiltrating macrophages such that stabilin-1 expression is
significantly decreased and a tumor permissive phenotype is produced (Vasievich and
Huang, 2011; David et al., 2012). The potential benefit of chronic stabilin-1 expression in

GBM remains to be elucidated.

1.4 Astrocytes in Injury, Infection and Immunity:

Far from their passive supportive role initially proposed by early glia research,
astrocytes perform not only complex homeostatic functions, but also mount significant
immune responses in the CNS. With the presence of the blood brain barrier and low
MHCII expression, the CNS has long been regarded as an immune privileged site, with

circulating T-cells, B-cells and other leukocytes not actively crossing into the brain



without specific signals (Ransohoff et al., 2003; Carson et al., 2006; Wilson et al., 2010).
As cortical neurons do not regenerate (Fitzgerald and Fawcett, 2007), severe
inflammation in the CNS can be devastating for the host, as evidenced by CNS
autoimmune diseases such as multiple sclerosis (Baxter, 2007; Gonsette, 2008; Giraudon
and Bernard, 2009; Bilbo et al., 2012). Although circulating leukocytes do not freely
enter the brain without a stimulus (Ransohoff et al., 2003; Wilson et al., 2010), the brain
is not left defenseless. Indeed, microglia—the brain’s resident macrophage—are
constantly surveilling the environment in the brain by extending and retracting their fine
processes (Nimmerjahn et al., 2005). Microglia become activated and can mount rapid
and powerful immune responses to injury, disease, and infection. Additionally, the
phagocytic microglia are key in clearing debris and dead cells (Fischer et al., 1997;
Carson et al., 1998; Strack et al., 2002; Carson et al., 2007).

Astrocytes also play a critical role in CNS immunity: they can upregulate and
secrete critical cytokines and chemokines, present antigen, modify blood brain barrier
permeability and their gap-junction interconnection allows for fast transmission of
noxious signals. When reactive, astrocytes undergo profound changes in their
morphology, significantly upregulating GFAP and, depending on the insult, swell
dramatically (Stenzel et al., 2004; Wilson et al., 2009; Sofroniew and Vinters, 2010;
Hyzinski-Garcia et al., 2011). Due to their presence throughout the entire brain, and their
intimate relationship with synapses, the blood brain barrier, and each other; reactive
astrocytes have the potential to exacerbate the underlying pathology through loss of

essential functions or gain of damaging effects (Sofroniew and Vinters, 2010). As briefly



discussed previously, astrocytes have essential functions in ion regulation, glutamate
uptake, blood brain barrier maintenance, regulation of synapses, and metabolic support.
During a reactive state, the disruption or failure of these functions can exacerbate the
existing pathology of various diseases such as infections, trauma, neurodegenerative
diseases and others. For example, studies have demonstrated that the loss or disruption in
glutamate uptake by reactive astrocytes can lead to neurodegeneration through
excitotoxicity in ischemia, amyolotrophic lateral sclerosis, multiple sclerosis, trauma, and
others (Rothstein et al., 1996; Obrenovitch and Urenjak, 1997; Danbolt, 2001; Swanson
et al., 2004; Yi and Hazell, 2006; Gonsette, 2008; Foran and Trotti, 2009; Lau and
Tymianski, 2010). Although losing an essential function can be extremely damaging to
the CNS, reactive astrocytes can also gain detrimental functions in response to an insult.
Although sometimes undeniably necessary, secretion of cytokines (Fischer et al., 1997,
Swanson et al., 2004; Wilson and Hunter, 2004; Ploix et al., 2011; Rath et al., 2013),
active release of excitotoxic glutamate (Takano et al., 2005; Bowens et al., 2013; Lee et
al., 2013), and production of high levels of reactive oxygen species (Lee et al., 2013) all
have the potential to worsen the underlying pathology.

While reactive astrocytes can be damaging in their response to injury,
degeneration or pathogens, they are usually necessary in controlling further damage by
the underlying disease (Stenzel et al., 2004; Wilson and Hunter, 2004; Drogemuller et al.,
2008; Promeneur et al., 2013). For example, in Toxoplasma infection, astrocytic release
of cytokines such as TNF-a and IL-6, chemokines such as IP-10 and CCL2, and

expression of IFN-y are critical in controlling parasite burden and inflammation (Suzuki
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et al., 1989; Gazzinelli et al., 1993; Fischer et al., 1997; Suzuki et al., 1997; Halonen et
al., 1998; Halonen and Weiss, 2000; Halonen and Taylor, 2001; Strack et al., 2002;
Schliiter et al., 2003; Wilson and Hunter, 2004; Drogemuller et al., 2008; Ploix et al.,
2011). Additionally, in a model of traumatic brain injury, ablation of reactive astrocytes
caused a substantial increase in neuronal death and inflammation suggesting a protective
role for reative astrocytes (Myer et al., 2006).

In healthy CNS tissue, astrocytes perform many homeostatic functions, regulate
synapse development, and maintain the blood brain barrier. Following an insult to the
brain such as infection, injury, or ischemia, astrocytes respond by becoming reactive and
altering their morphology and expression phenotype. These alterations can include loss of
function or gain in function, both of which can be detrimental to neurons and can
exacerbate the disease. However, these responses are an effort to protect the CNS and are

sometimes critical in preventing further damage.

1.5 Chronic Infection with Toxoplasma:

Toxoplasma gondii is an obligate intracellular protozoan parasite capable of
infecting any nucleated cell in mammals and birds. The stomach of its definitive host—
the feline—is where sexual replication of the parasite occurs and results in the highly
resistant oocysts secreted in feces. These oocysts can persist in the environment and
contaminate soil and water supply (Dabritz et al., 2007). Once ingested, by grazing cattle
for example, oocysts convert to fast-replicating tachyzoites, which can infect any

nucleated cell and spread through the body quickly (Dubey, 1986a, b; Dubey and Fayer,
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1986). The infection is quickly controlled by Th-1 cells producing IFN-y thus driving the
parasite into conversion to slow replicating bradyzoites which can then encyst in any
tissue type (Denkers and Gazzinelli, 1998). Although tissue cysts are present in most
tissues, they are predominantly found in the brain where they remain for the life of the
infected host (Ferguson and Hutchison, 1987; Lambert and Barragan, 2010). The
resulting CNS infection requires a delicate balance between an immune response robust
enough to control parasite burden but sufficiently restricted to avoid severe CNS damage
(Gazzinelli et al., 1992; Suzuki et al., 1997; Denkers and Gazzinelli, 1998; Strack et al.,
2002; Schliiter et al., 2003; Wilson and Hunter, 2004; Ploix et al., 2011; Nance et al.,
2012). In humans, infection commonly occurs from the consumption of meats infected
with tissue cysts or from oocysts contracted while changing cat litter boxes. Toxoplasma
is considered one of the most successful parasites with seroprevalence rates of 10-20% in
the US and upwards of 80% in parts of Europe and South America (Pappas et al., 2009).
In the immunocompetent individual, the resulting Th-1 response prevents
uncontrolled parasite replication and the infection usually progresses unnoticed. In
immunocompromised individuals however, the lack of an effective Th-1 response results
in Toxoplasmosis, the disease state associated with Toxoplasma infection. This disease
came to the public eye largely in the 1980s with the increase in immunocompromised
patients due to the HIV epidemic (Contini, 2008). Toxoplasmosis is characterized by
massive parasite replication resulting in large brain ring-enhancing lesions visible by
MRI (Antinori et al., 1997), profound neurological symptoms and is often fatal if

untreated (Antinori et al., 1997; Contini, 2008).
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The CNS Th-1 immune response to 7Toxoplasma has been extensively studied in
mice, and it is now understood that successful resistance to toxoplasmosis is a result of a
complex and coordinated effort from multiple cell types. Astrocytes play several central
roles in this multi-faceted concert: first, astrocyte activation and upregulation of IGTP,
and subsequently IFN-y, is critical for the control of Toxoplasma in the CNS (Halonen
and Taylor, 2001; Drogemuller et al., 2008). Next, the secretion of chemokines such as
IP-10 and CCL2 by astrocytes are vital and ensure entry of T-cells and macrophages,
respectively, into the CNS (Halonen et al., 1998; Khan et al., 2000; Strack et al., 2002).
The continuous entry into the CNS of activated CD4 and CD8 T-cells is required to
protect against parasite reactivation (Gazzinelli et al., 1992).

While around 30% of the world human population is infected with Toxoplasma,
and thus live with persistent CNS infection and inflammation, no overt signs of pathology
or neurodegeneration have been reported in immunocompetent individuals. Considering
the strong Th-1 response elicited by Toxoplasma, it is surprising that a pronounced

phenotype resulting from chronic infection has not yet been apparent.

1.6 Behavior and Infection:

Although Toxoplasma infection has not yet been causally linked to any disease or
psychiatric disorders in humans, accumulating correlative evidence appears to suggest the
involvement of Toxoplasma in a wide range of neurodegenerative disease, psychiatric
disorders, and behavioral abnormalities. Indeed, Toxoplasma is a significant risk factor in

Parkinson’s (PD) (Miman et al., 2010), Alzheimer’s (AD) (Kusbeci et al., 2011), bipolar
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disorder (Dickerson et al., 2014) and Schizophrenia (Yolken et al., 2001; Conejero-
Goldberg et al., 2003; Torrey and Yolken, 2003; Webster et al., 2006; Torrey et al., 2007,
Torrey et al., 2012). Interestingly, the seropositivity rate for anti-7.gondii IgG antibodies
were 44.1% among AD patients (Kusbeci et al., 2011), 42.3% among PD patients
(Miman et al., 2010), and an average of 23.4% for the age-matched control group in both
studies. These studies demonstrate that AD and PD patients are twice as likely to be
infected with Toxoplasma than age-matched individuals without the disease. Although
this does not by any means prove causation, it raises an interesting question as to whether
Toxoplasma infection could act as a trigger for certain neurodegenerative disorders.
Furthermore, extensive work has demonstrated another correlation between infection
with Toxoplasma and the development of Schizophrenia. Reviewed in (Torrey and
Yolken, 2003), a number of studies between 1953 and 1979 have consistently shown
increased seropositivity for Toxoplasma in Schizophrenia and other severe psychiatric
disorders using a variety of immunological assays. Although some of these early studies
were flawed in lacking to describe the clinical parameters used to define Schizophrenia,
or the origin and composition of their control groups; the consistency in their findings is
striking. Since that time, Yolken and Torrey have replicated and expanded these studies
and confirmed Toxoplasma infection as a significant risk factor in Schizophrenia and that
Schizophrenics had significantly higher antibodies to Toxoplasma than age-matched
controls (Yolken et al., 2001; Torrey and Yolken, 2003; Leweke et al., 2004; Torrey et

al., 2007; Torrey et al., 2012). Furthermore, higher IgM antibodies to Toxoplasma are
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also associated with mania (Dickerson et al., 2014), suggesting that infection isn’t
specific to one disease but rather may act as a trigger for a variety of disorders.

In line with Toxoplasma infection correlating to neurodegenerative and
psychiatric disorders, it appears to be associated with a variety of behavioral and mood
abnormalities as well. For the past 2 decades, studies of human behavior in Toxoplasma
infected individuals have largely been led by Professor Flegr by using a combination of
retrospective studies and administration of psychological exams reviewed in (Flegr,
2013a), (Flegr, 2013b) and (Flegr, 2007). Dr. Flegr has shown that individuals infected
with Toxoplasma exhibit behavioral changes which increase with time since onset of
infection (Flegr et al., 2000; Flegr et al., 2003; Flegr et al., 2011), display increase
reaction time resulting in more automobile accidents (Flegr et al., 2009) and that sex-
differences were present in psychological alterations as measured by Catell’s
questionnaire (Flegr et al., 1996).

While Dr. Jaroslav Flegr is the leading researcher in Toxoplasma induced
behavioral changes in humans, many studies have investigated the effects of this
infection on behavior in rodents. Analogous to the behavior changes observed in humans,
rodents also display dramatic changes in behavior following infection with Toxoplasma
(Gonzalez et al., 2007; Vyas et al., 2007; Hermes et al., 2008; Afonso et al., 2012; Vyas,
2013; Hari Dass and Vyas, 2014). Indeed, mice chronically infected with Toxoplasma,
have a reduction in innate fear as evidenced by an increased amount of time spent in the
open arms of an elevated plus maze (Gonzalez et al., 2007; Afonso et al., 2012).

Strikingly, and in contrast to the human data, infection with Toxoplasma in rodents
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causes very specific changes in behavior; most interesting is a study conducted by Vyas
in 2007 demonstrating specific loss of aversion to cat odors following infection with
Toxoplasma (Vyas et al., 2007). A follow up study proposed that loss of innate fear was
occurring through epigenetic modulation in the amygdala (Hari Dass and Vyas, 2014). To
attempt to tease out a mechanism for these prominent behavioral changes, other groups
have looked extensively in the CNS, measuring subtle changes in anatomy, neurons
complexity and general inflammation (Hermes et al., 2008; Cekanaviciute et al., 2014;
Parlog et al., 2014). These neurological defects might contribute to the behavioral
changes observed in infected animals. This is explored in greater detail in Chapter 4 of

this dissertation.

1.7 The Regulation of Glutamate by Astrocytes:

As glutamate is the major excitatory neurotransmitter in the CNS, the implications
of glutamate excitotoxicity are broad. Traditionally, elevated extracellular glutamate
concentrations have been observed under acute CNS insults such as ischemia (Zhang et
al., 2008) and traumatic brain injury (Obrenovitch and Urenjak, 1997; Werner and
Engelhard, 2007). However, many studies have associated elevated ECS glutamate
concentrations with neurodegenerative disorders such as amyotrophic lateral sclerosis
(Foran and Trotti, 2009), multiple sclerosis (MS) (Gonsette, 2008), Alzheimer’s disease
(AD) (Schallier et al., 2011) and with CNS infections such as cerebral malaria (Miranda
et al., 2010). Understanding the mechanisms that underlie elevated ECS concentrations of

glutamate following CNS insults is critical in developing preventative measures to avoid
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neuronal death. Any changes in extracellular glutamate concentrations could lead to
major changes in neuronal biology in the brain. As discussed previously, this may
support correlative studies suggesting Toxoplasma infection as a causative agent in a
number of behavioral and psychological changes (Flegr et al., 1996; Flegr et al., 2000;
Yolken et al., 2001; Torrey and Yolken, 2003; Webster et al., 2006; Flegr, 2007; Torrey
et al., 2007; Flegr et al., 2009; Miranda et al., 2010; Flegr et al.; Torrey et al., 2012;
Flegr, 2013a). These studies, coupled with behavioral studies done on mice which
demonstrate increased risk seeking behavior and marked behavioral changes (Conejero-
Goldberg et al., 2003; Vyas et al.,, 2007; Vyas, 2013), suggest that infection with
Toxoplasma gondii alters brain chemistry, a focus of Chapter 4 of this thesis.

Although glutamate is readily available in the periphery, it does not cross the
BBB and is thus virtually completely synthesized within the CNS, primarily by
astrocytes. Astrocytes have the important job of regulating CNS glutamate levels by
adjusting uptake, release, synthesis into glutamine and synthesis from a-ketoglutarate or
lactate/alanine (Hertz et al., 1999; Danbolt, 2001; Hertz and Zielke, 2004). Although
neurons can synthesize glutamate from glutamine through the enzymatic actions of
glutaminase, they are unable to sustain glutamate production in the CNS without
exhausting their carbon skeleton supply. Indeed, two key enzymes (pyruvate carboxylase
and cytosolic malic enzyme) are restricted to astrocytes and are involved in: 1) de-novo
synthesis (from glucose and pyruvate) of the carbon skeleton of glutamate, and 2) the
return of the carbon skeleton of excess glutamate to the metabolic pathway for glucose

oxidation, respectively. As a consequence, neurons constantly require new carbon
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skeletons from glial cells to sustain their TCA cycle. When these supplies are withdrawn
or slow down, neurons are unable to generate amino acid transmitters such as glutamate
and their rate of oxidative metabolism is impaired. These processes are reviewed
extensively here: (Hertz et al., 1999; Danbolt, 2001).

Following neuronal activity, the astrocytic glutamate transporters GLT-1 and
GLAST are responsible for the large majority of the uptake of glutamate into astrocytes
(Danbolt, 2001; Hertz and Zielke, 2004). Although both are expressed throughout the
CNS, glutamate uptake is mediated predominantly by GLAST in the cerebellum and by
GLT-1 in the cerebrum (Gegelashvili et al., 2000; Danbolt, 2001). Both transporters
utilize ionic gradient to transport glutamate inside astrocytes: co-transporting three Na+
and one H+ cations and exporting one K+ ion (Owe et al., 2006); consequently, this
process is very energy demanding as the Na+/K+ ATP pump must constantly work to
restore ionic gradients (Rothstein et al., 1996; Gegelashvili et al., 2000; Danbolt, 2001).
These transporters are extremely efficient as extracellular levels of glutamate would
reach levels near 2nM in the absence of glutamate release (Levy et al., 1998). A decrease
in GLT-1/GLAST transporters would cause a rapid rise in extracellular concentrations of
glutamate. Furthermore, about 75% of glutamate taken up by astrocytes is converted to
glutamine by glutamine synthetase (Hertz et al., 1999; Gegelashvili et al., 2000; Danbolt,
2001; Hertz and Zielke, 2004). This process allows transport of the amino acid back to
neurons where it will be converted into glutamate by neuronal glutaminase for excitatory
signaling. Glutamine synthetase activity along with glutamate transporters keeps

astrocytic intracellular concentrations of glutamate between 500 and 3000uM; however,
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during astrocyte activation, published data has demonstrated a reduction in glutamine

synthetase and thus an increase in intracellular glutamate concentrations (Bristot

Silvestrin et al., 2012).
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Fig 1. Regulation of Glutamate:
Glutamate uptake by GLT-1 on synaptic astrocytic processes (red) is dependent on Na*/K*
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dependent intracellular signaling. Chronic stimulation of mGlurs can lead to excitotoxicity.

Astrocytes are undeniably the main regulators of extracellular levels of glutamate
in the CNS. To prevent neuroexcitotoxicity related pathology, astrocytes must maintain
healthy expression of glutamate transporters and glutamine synthetase. Chapter 4
discusses in detail our latest unpublished findings highlighting the loss of GLT-1 during

infection with Toxoplasma gondii and the resulting neurophatology.
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2.1 Abstract:

Glioblastoma multiforme is a very aggressive and common form of brain tumor.
Current therapies consist of a combination of surgical removal, chemotherapy and
radiation therapy. These drastic treatments still leave a current prognosis of median
survival of less than 1 year. Lack of effectiveness of these treatments has left researchers
looking for alternative forms of treatment. A significant alternative currently being
investigated is the use of the immune system to potentially target and eliminate tumor
cells directly. Stabilin-1, a scavenger receptor expressed by macrophages, has the
potential in inhibiting tumor growth by binding and internalizing secreted protein acidic
and rich in cysteine (SPARC). SPARC is known to be upregulated in the tumor
microenvironment and is involved in extracellular matrix remodeling, cell proliferation
and migration. Decreasing SPARC expression using siRNA has been shown to decrease
tumor invasiveness and survival. We investigated the phenotype of stabilin-1 expressing
immune cells in the tumor environment and demonstrated a transient population of
alternatively activated macrophages expressing stabilin-1 in the tumor environment and

the disappearance of that population as the tumor progresses.
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2.2 Introduction:

Glioblastoma multiforme is the most common and aggressive form of CNS
tumors. Though current therapies including surgical removal, chemotherapy and radiation
seem to extend the survival of the affected patients, the current prognosis still has a
median survival of less than 1 year. Surgical removal and radiation therapy crudely target
large regions of the brain while chemotherapy targets all dividing cells of the body, thus
these methods tend to leave the patient with considerable side effects (Sughrue et al.,
2009). Moreover, the lack of effectiveness of these treatments has left researchers looking
for alternative forms of treatment. One significant alternative is the use of the immune
system, with its high specificity, it has the potential to target and eliminate the tumor cells
directly; though knowledge of the immune environment within and around gliomas is
lacking. Furthermore, the markers unique to glioma cells and the extent of
immunosuppression in the glioma milieu remain largely unknown.

Matricellular proteins are secreted into the extracellular space and interact with
cell surface receptors, proteases and structural proteins such as collagen (Bornstein and
Sage, 2002). SPARC (secreted protein acidic and rich in cysteine, osteonectin) is a
matricellular protein which promotes cell migration as it facilitates an intermediate stage
of adhesion as opposed to the strong adhesion of most matricellular proteins (Bornstein
and Sage, 2002). The role of SPARC in cell migration makes it an important factor
during normal development, wound healing and tissue remodeling (Brekken and Sage,
2001; Framson and Sage, 2004; Workman and Sage, 2011). SPARC is upregulated by

glioma cells, and is associated with increased tumor metastasis and proliferation
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(Golembieski et al., 1999; Schultz et al., 2002; Rich et al., 2003; Schittenhelm et al.,
2006). This may be partially due to the increase of several proteases, which leads to
tissue degradation and allows room for infiltrative tumor cells to migrate (Golembieski et
al., 2008). Targeting and decreasing SPARC expression with siRNA has proven to
decrease tumor invasiveness and tumor cell survival (Shi et al., 2007; Seno et al., 2009).

Recently, the scavenger receptor stabilin-1 was identified as the first known
receptor for SPARC. When bound, SPARC is internalized by stabilin-1 and rendered to
the endosomal pathway where it is subsequently degraded (Kzhyshkowska, 2006;
Kzhyshkowska et al., 2006). Stabilin-1 is expressed on the surface of alternatively
activated macrophages (AAMg) which participate in wound healing and in the anti-
inflammatory process (Kzhyshkowska et al., 2004; Mosser and Edwards, 2009; Park et
al., 2009; Palani et al., 2011). Although SPARC is known to exist in the tumor
environment, the presence or location of its receptors are not yet known. The capacity of
stabilin-1 expressing macrophages to clear SPARC has the potential to be significant in
the control of glioma growth and proliferation.

Macrophages display a wide spectrum of activation states which are generalized
as either classically activated (M1) or alternatively activated (M2) (Mosser and Edwards,
2009). In contrast to the microbicidal, inflammatory classically activated macrophages;
M2 macrophages are anti-inflammatory and are involved in tissue repair through
upregulation of CXCR3, IL-10, arginase-1, the mannose receptor MMR and the
scavenger receptor stabilin-1 (Kzhyshkowska et al., 2006; Mosser and Edwards, 2009).

During glioblastomas, a population of macrophages associates with the tumor: tumor
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associated macrophages (TAMs). This population of macrophages comprises a
significant proportion of the tumor, accounting for up to 50% of the tumor mass (Solinas
et al., 2009). The phenotype of TAMs is not yet well defined, though it is generally
accepted that TAMs are primarily M2 activated. Furthermore, TAMs display pro-tumor
functions: promoting tumor cell survival, proliferation and metastasis (Mantovani et al.,
2002; Luo et al., 2006; Talmadge et al., 2007; Solinas et al., 2009; Gordon and Martinez,
2010; Zhang et al., 2011). Indeed, high levels of TAMs are often associated with a worse
prognosis (Bingle et al., 2002; Zhang et al., 2011).

In this study, we investigated the phenotype of tumor associated macrophages in
an attempt to clarify their activation status and whether or not they expressed stabilin-1.
Here we demonstrate a significant increase of total lymphocyte and macrophage
infiltration in the glioma injected hemisphere (GL) two weeks post injection, a two fold
increase in stabilin-1 and MMR expression compared to the naive hemisphere at day 7
post injection and reduction of stabilin-1 expression in the glioma hemisphere by day 14
post injection.

These data demonstrate the presence of stabilin-1 at the site of initial glioma
growth but then a downregulation of stabilin-1 as the tumor progresses. It is well known
that tumors can cause phenotypic changes in infiltrating immune cells and thus may be
responsible for the change in stabilin-1 expression. Increasing this receptor expression on

infiltrating macrophages may help in the control of glioma growth.
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23 Materials and Methods:

Mice and Injections: Female C57BL/6 were obtained from Jackson Laboratories
and maintained in a pathogen free environment under IACUC established protocols at the
University of California Riverside. The murine (C57BL/6) glioma cell line, GL-26,
which is highly tumorigenic in the C57BL/6 mice, was obtained as a generous gift from
Dr. Pedro Lowenstein. GL26 cells were cultured in DMEM/F12 supplemented with 10%
FCS, 1% penicillin/ streptomycin, 1% L-glutamine and 1% non-essential amino acids.
Cultured GL-26 cells were then harvested by trypsinization and 90,000 GL-26 cells in
3uL of sterile PBS was injected intracranially Imm anterior and 2 mm lateral to the
junction of the coronal and sagittal sutures (bregma) at a depth of 2mm using a
stereotactic mouse frame. Mice were anesthetized with ketamine (1:5) and xylazine
(1:50) in sterile PBS with volume injected determined by individual mouse weight.

Histology: Mice were perfused intracardially with 4% paraforlmaldehyde (PFA)
in PBS and brains were extracted, incubated in 4% PFA overnight and then 30% sucrose
in PBS until brains equalized. Next, brains were flash frozen in isopentane, embedded in
OCT and cryosectioned in coronal sections (12 pm). Sections were stained with eosin
and haematoxylin.

Real Time  PCR: Stabilin-1 specific ~ primers  (forward  5'-
GCTTTGAACCTCAGCCACTC-3' and reverse 5'-GGCAATTACACTGCCCACTT-3")
and macrophage mannose receptor specific primers (forward5'-
CTCTGTTCAGCTATTGGACGC-3" and reverse 5'- TGGCACTCCCAAACATAATTT-

3) for Real Time PCR were purchased from IDT's primer Quest
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(http://www.idtdna.com/Scitools/ Applications/Primerquest/). cDNA synthesis and Real-
time PCR was performed using the Bioline One-step Kit with the CFX-96 real-time PCR
Detection System (Bio-Rad). The reaction total was a 20ul mixture with 10ul SYBR
Green/SensiFAST qPCR Master Mix (2x) and 400nM primer. The reaction conditions
were as follows: 10 min at 45°C, followed by 2 min at 95°C and then 40 cycles of 5s at
95°C and 20s at 60°C. The HPRT (Hypoxine Phosphoribosyl- Transferase) forward
primer (5'-CCCTCTGGTAGATTGTCGCTTA-3") and reverse primer
(5’AGATGCTGTTACTGATAGGAAATTGA -3") were used as an endogenous control.
Quantified results represent the fold induction of target gene expression using the
differential CT method. NTC, no-template control (reagent alone without template) was
included in each assay to detect any possible contamination of the PCR reagents.
Preparation of Brain Mononuclear Cells (BMNCs) suspension: For BMNCs,
harvested brain tissues were minced with a razor blade and passed multiple times through
an 18-gauge needle. The suspension was then incubated with 100ul of
collagenase/dispase (1mg/ml) (Roche Diagnostics, Indianapolis, IN) for 45 min at 37°C
and then a further 45 min at 37°C with 300ul DNAse (10 mg/ml) (Sigma). Following
enzymatic digestion, the cell suspension was passed through a 70um cell strainer,
resuspended in 40 ml of RPMI complete and centrifuged at 1200rpm for 10 min at 4°C.
The pellet was resuspended in 60% isotonic Percoll (GE Healthcare Bioscience, Uppsala,
Sweden) solution (in RPMI complete) and overlaid with 30% percoll solution made in 1x
sterile PBS. The Percoll gradient was centrifuged at 2000rpm for 25 min at 25°C without

brakes. After centrifugation, the myelin layer on top of the gradient was removed.
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BMNCs (lymphocytes, macrophages, dendritic cells and microglia) were harvested from
the 30%-60% percoll interphase and washed twice in complete RPMI medium for further
analysis.

Immunofluorescent staining: Brains from C57BL/6 mice injected with gliomas
were extracted 7 days post injection and frozen in OCT. Serial section (18 microns) were
cut and incubated with primary antibodies for stabilin-1 (Santa Cruz antibodies) and
biotinylated tomato lectin for 3 hours at room temperature. Secondary antibodies
(streptavidin 488 and donkey anti goat 568) were incubated for 2 hours in room
temperature. Slides were then mounted with ProLong Gold anti fade reagent with DAPI
(Life Technologies).

Flow Cytometry: 1x10°6 BMNCs were placed in FACS tubes (BD Falcon™,
MA, USA), centrifuged at 1200 rpm for 5 minutes at 4°C and resuspended in FACS
buffer (1X PBS containing 4%BSA, 0.01%EDTA). After a further round of
centrifugation the cells were pre-incubated with a saturating solution of FC block
(eBioscience, San Diego, USA) for 5 minutes on ice and stained with various conjugated
antibodies against CD11b, CD45, and CD40 (purchased from eBioscience)) MMR
(biolegend, San Diego, CA) as well as a non-conjugated antibody against rabbit anti
Stabilin-1 (Santa Cruz antibodies, Santa Cruz, CA) for 30min on ice. Samples stained
with Stabilin-1 went through a secondary incubation with anti-rabbit Alexa Fluor 647 for
30 minutes on ice. Cells were washed with FACS buffer and analyzed using the BD

FACSCantoTM II flow cytometer and FlowJo analysis software v.8.7.3.
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24 Results:
2.4.1 Scavenger receptor stabilin-1 is expressed in early glioma:

A model of glioma was used in this study where GL-26 cells were injected intra-
cranially and allowed to grow for either 7, 14 or 21 days (Fig. 2-1A, B). Injection of
90,000 GL-26 cells in the caudate putamen (CPu) leads to a stable tumor which initially
grows in the needle tract before expanding in the border between the striatum and the
external capsule (ec). By day 14, the needle tract is mostly closed and the tumor expands
from the dorsal portion of the caudate putamen to the exterior of the cortex (Fig. 2-1A)
and by day 21, the tumor has expanded to both hemispheres (Fig. 2-1B).

To determine if stabilin-1 is present in the tumor environment, expression of
stabilin-1 was measured using RT-qPCR at day 7 post injection in the right striatum.
Furthermore, as stabilin-1 has been shown to be predominantly expressed on AAMg,
expression of MMR was also measured to test if AAMg were present in our tumor model.
Both stabilin-1 and MMR transcripts are up-regulated 1.912 + 0.6391 and 1.881 + 0.5023
times (Fig. 2-1C) respectively in the injected hemisphere (GL) when compared to the
non-injected hemisphere (NI).

At day 14, although high levels of MMR are maintained on the injected
hemisphere, the expression of stabilin-1 was reduced (Fig. 2-1C). Indeed, at day 14 post
glioma injection, MMR expression increased 3.265 + 1.423 fold higher in the injected
hemisphere whereas stabilin-1 expression was reduced to equal levels in both
hemispheres (1.031 £ 0.4456 fold higher in the injected hemisphere compared to non-

injected hemisphere).
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Immunofluorescent staining at day 7 post injection for stabilin-1 and tomato lectin
at the site of the tumor reveals both membrane and cytoplasmic stabilin-1 within the
tumor tissue (Fig. 2-1D). Tomato lectin is known to stain for macrophages, blood vessels
and microglia. These images suggest a small population of infiltrating macrophages
which express stabilin-1 within gliomas.

These data demonstrate the presence of a growing glioma at day 7 and 14 post
injection which is associated with increased MMR expression and early (day 7) stabilin-1

upregulation in the injected hemisphere.

2.4.2 Stabilin-1 expression on macrophages decreases with tumor growth:

To determine the cell types which express stabilin-1 in the tumor environment,
infiltrating macrophages, lymphocytes and local microglial populations were analyzed at
day 7 and 14 post glioma injection by flow cytometry. At day 7 post injection, there were
no differences in total mononuclear cell numbers between the non-injected and injected
hemisphere (Fig. 2-2A). Furthermore, no differences in macrophage, lymphocyte or
microglial populations either in composition or cell numbers between the non-injected
hemisphere and the injected hemisphere were apparent (Fig. 2-2A). Of the cells analyzed,
stabilin-1 expression was detected on macrophages and microglia but not lymphocytes
(Fig. 2-2B). The proportion of stabilin-1 expressing macrophages (Fig. 2-2C) and the
levels of expression (Fig. 2-2D) were not significantly different between the injected and
the non-injected hemisphere at day 7 post injection.

By day 14, although there were no significant differences observed in the total
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number of mononuclear cells recovered from the injected and non-injected hemisphere,
the increase in glioma size was accompanied by an increase in infiltrating macrophage
(p= 0.0371) and lymphocyte (p= 0.0056) numbers in the injected hemisphere (Fig. 2-
2A). This indicates a growing adaptive T-cell associated response. The proportion of
stabilin-1 expressing macrophages were significantly lower (p= 0.0322) in the injected
compared to the non-injected hemisphere (Fig. 2-2C). Experiments were conducted on
separate days and thus a direct comparison cannot be made between expression levels
(MFI) between day 7 and day 14. However, the level of stabilin-1 expression on
infiltrating macrophages at day 14 was significantly lower (p=0.0329) in the tumor
associated hemisphere when compared to the non-injected hemisphere (Fig. 2-2D).

These data suggest that stabilin-1 is expressed on AAMg and that this expression is

less likely to be associated with the tumor environment as the glioma progresses.

2.4.3 Stabilin-1 expressing macrophages also express CD40, MMR:

In order to define the phenotype of stabilin-1 expressing macrophages, CD40 and
MMR expression was measured as representation of classical and alternative activation
respectively. At day 7, stabilin-1 was present on both alternative and CD40+
macrophages (Fig. 2-3A). As the tumor progresses, there is a loss of stabilin-1 expression
on AAMp in the injected compared to the non-injected hemisphere by day 14 (p=0.0443)
(Fig. 2-3B). Proportions of CD40 expressing macrophages also expressing stabilin-1 are
not significantly different between hemispheres.

A group analysis at day 7 post injection reveals no differences in stabilin-1
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expression on AAMg population and MMR- macrophages. As the tumor progresses,
stabilin-1 is preferentially expressed on AAMg by day 14 (Fig. 2-3C) (two-way ANOVA
p=0.0192). Furthermore, there is a significantly larger population of CD40+ macrophages
expressing stabilin-1 at day 7 (two-way ANOVA p=0.0312) compared to CD40-
macrophages. This expression dramatically shifts at day 14 resulting in preferential
stabilin-1 expression on CD40- macrophage populations as opposed to M1 (Fig. 2-3D)
(two-way ANOVA p=0.0279).

These data suggest a shift in the cell phenotype which expresses stabilin-1 between
day 7 and 14 post injection. Initially, stabilin-1 is expressed on both CD40+ and MMR+
macrophage phenotypes. However, as the tumor progresses and stabilin-1 is
downregulated, it is mostly expressed on the MMR+ macrophages and is dramatically

reduced on CD40+ macrophages.
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2.5 Discussion:

In this report, we stereotactically injected GL-26 tumor cells in the right
hemisphere of mice brains to determine the phenotype and progression of the
macrophage response during the first two weeks of tumor growth. GL-26 cells are very
invasive, proliferate fast and form a glioblastoma in the mouse with similar properties to
the glioblastomas seen in humans.

The role of SPARC in tumor proliferation and metastasis has been described since
the late 1990’s, but besides recent siRNA gene silencing of SPARC, no study has
addressed a mechanism for blocking or degrading SPARC as a potentially therapeutic
target in the control of gliomas (Golembieski et al., 1999; Schultz et al., 2002; Rich et
al., 2003; Shi et al., 2007; Seno et al., 2009). stabilin-1 is the only known receptor of
SPARC and works as a scavenger receptor, internalizing and degrading bound SPARC
(Kzhyshkowska, 2006; Kzhyshkowska et al., 2006; Kzhyshkowska et al., 2012). Being
expressed on macrophages, stabilin-1 has the potential of being expressed in the tumor
microenvironment and slow the tumor proliferation by decreasing local SPARC levels.

It is well known, however, that TAMs change phenotypes with the progression of
the tumor (Mantovani et al., 2002; Luo et al., 2006; Talmadge et al., 2007; Solinas et al.,
2009; Gordon and Martinez, 2010; Zhang et al., 2011; Ruffell et al., 2012). Indeed, as the
tumor progresses, factors that promote the pro-tumorigenic polarization of TAMs can be
divided into those derived from the immune system, from the tumor cells or from tissue
stress. TAMs receive IL-10, IL-4 and IL-13 signaling from T-regs and Th2 cells, IL-10

and CCL2 signals from the tumor cells and sense hypoxia and ECM degradation in the
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tumor microenvironment. These signals cause the TAMs to in turn suppress the immune
system with CCL22 and ROS secretion, promote tumor invasion through ECM
remodeling and EGF secretion and finally, promote angiogenesis at the tumor site via
VEGFA secretion (Mantovani et al., 2011; Ruffell et al., 2012). Though macrophages
have the potential of expressing the SPARC scavenger receptor stabilin-1, it is unknown
whether TAMs express stabilin-1 and whether this expression is maintained when TAMs
become pro-tumorigenic. It should be noted that TAMS are known to also secrete
SPARC. Whether SPARC expressing TAMS are also expressing stabilin-1 in a self-
regulatory process or whether these are two distinct macrophage populations is not
known and warrants further investigation. Our studies show a time dependent shift in the
stabilin-1 expressing population. The disappearance of this phenotype as the tumor
progresses may be due to tumor derived signals or intrinsic to the function of these
macrophages leading to the dominant presence of SPARC.

In this report, we examined the macrophages in the tumor microenvironment for
stabilin-1 expression during the initial progression of the tumor. We show an initial
upregulation of stabilin-1 transcripts in the hemisphere injected with GL-26 cells which is
not maintained two weeks post injection. Furthermore, we show an initial population of
stabilin-1 expressing macrophages which is significantly reduced at day 14 post injection.
At day 7, the stabilin-1 expressing macrophages are activated as demonstrated by their
high co-expression of CD40. At day 14 however, the macrophages still expressing
stabilin-1 are more polarized towards the M2 phenotype, as seen by the co-expression of

MMR. These results suggest an initial anti-tumor attempt by the activated macrophage to
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express stabilin-1 in the tumor environment. Possibly due to signals from the tumor cells
and tissue disruption, TAMs stop expressing stabilin-1 as they switch phenotypes to one
that promotes tissue remodeling and angiogenesis.

The question that remains is obviously whether or not stabilin-1 expressing TAMs
could possibly slow tumor progression or change the tumor microenvironment. Though
we have not conducted these studies, overexpressing stabilin-1 in macrophages in glioma
bearing mice would be a crucial next step in characterizing the role of this subset of
macrophages in the tumor environment. In addition, although our model uses the GL-26
line due to its similarity in aggressiveness and proliferative capabilities to human
glioblastomas, the tumor in human glioblastomas differs from the mouse GL-26 line.
Indeed, human glioblastomas arise from several diverse cell types which can arise from
neural, myeloid and glial origins (Seyfried, 2001; Yuan et al., 2004; Huysentruyt et al.,
2011). What role stabilin-1 could play in this situation remains to be investigated.

It has been shown through siRNA targeting of SPARC that depletion of SPARC
slows tumor progression and metastasis (Shi et al., 2007; Seno et al., 2009). Though these
results are exciting, they are not therapeutically relevant to humans. However,
degradation of SPARC through stabilin-1 in our own macrophages deserves more

attention as a potential target for glioblastoma therapy.
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2.6 Figures and Legends:

Figure 2-1.  Stabilin-1 expression in the tumor environment.

12 um brain coronal sections of day 7 or 14 post injection with GL-26 were stained with
haematoxylin followed by eosin to confirm tumor presence and growth (A). Naive, day 7,
14 and 21 post GL-26 injected brains are photographed prior to sectioning (B). Brains
were taken at day 7 or 14 post injection with GL-26 and separated by hemisphere (GL-26
injected and non-injected). RNA was extracted for real time PCR analysis and the
differential CT method was used to plot stabilin-1 (STB1) and MMR expression in the
injected hemisphere relative to the naive hemisphere (NI) (C). Immunofluorescent
staining for tomato lectin (green) and stabilin-1 (red) was performed on 18 pum thick

section from brains extracted 7 days post glioma injection (D). Scale bar is 170 um
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Figure 2-2.  Stabilin-1 expression on macrophages.

Brain mononuclear cells were extracted, counted and stained for CD45 and CDI11b
allowing for differentiation of lymphocyte, macrophage and microglial populations (A).
Cells were also stained for stabilin-1, and cells expressing stabilin-1 were identified (B).
Proportion of total macrophages at day 7 and 14 post injection which are positive for
stabilin-1(C), and expression levels measured with mean fluorescent intensity for
stabilin-1 at day 7 and day 14 post injection (D) were determined. NI: Non-injected

hemisphere, GL: glioma injected hemisphere.
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Figure 2-3.  Stabilin-1 expressing macrophages change as the tumor progresses.

Stabilin-1 expressing macrophage populations were analyzed for co-expression of MMR
and CD40 at day 7 post injection (A). Analysis of proportions of stabilin-1 (STB1+)
macrophages for co-expression of MMR at day 14 (B). Macrophage populations in
glioma brains at day 7 and 14 post injection were analyzed for M1 and M2 phenotypes

using MMR+/STB1+ or MMR-/STB1+ (C) and CD40+/STB1+ or CD40-/STB1+ (D).
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CHAPTER THREE

Antitumor activity of a polypyridyl chelating ligand: in-vitro and in-vivo

inhibition of glioma
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3.1 Abstract:

Glioblastoma multiforme is an extremely aggressive and invasive form of central
nervous system (CNS) tumor commonly treated with the chemotherapeutic drug
Temozolomide (TMZ). Unfortunately, even with treatment the median survival time is
less than 12 months. SBP, a phenanthroline-based ligand originally developed to deliver
gold based anti-cancer drugs, has recently been shown to have significant anti-tumor
activity in its own right. SBP is hypothesized to initiate tumor cell death via interaction
with non-DNA targets, and considering most glioblastoma drugs kill tumors through
DNA damage processes, SBP was tested as a potential novel drug candidate against glial
based tumors. /n-vitro studies demonstrated that SBP significantly inhibited the growth of
rodent GL-26 and C6 glioma cells, as well as human U-87, and SWI1088
glioblastomas/astrocytomas. Furthermore, using a syngeneic glioma model in mice, in-
vivo administration of SBP significantly reduced tumor volume and increased survival
time. There was no significant toxicity towards non-tumorigenic primary murine and
human astrocytes in vitro, and limited toxicity was observed in ex-vivo tissues obtained
from non-cancerous mice. TUNEL staining and recovery assays suggest that SBP induces
apoptosis in gliomas. This exploratory study suggests SBP is effective in slowing the
growth of tumorigenic cells in the brain while exhibiting limited toxicity to normal cells
and tissues, and should therefore be further investigated for its potential in glioblastoma

treatment.
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3.2 Introduction:

Glioblastoma multiforme is an extremely aggressive and invasive form of central
nervous system (CNS) tumor with a survival prognosis of less than one year (Stupp et al.,
2002; Hegi et al., 2004; Safdie et al., 2012; Poteet et al., 2013). Current therapies employ
surgical removal in combination with radiation therapy and chemotherapy (Stupp et al.,
2005). Though this removes a large part of the tumor, it often does not eliminate all
tumor cells and relapses generally occur quickly. Furthermore, current chemotherapy and
radiation therapy can leave patients with substantial deleterious side effects (Sughrue et
al., 2009). Temozolomide (TMZ; see Scheme 3-1) is a chemotherapeutic drug that has
been in use since 1999 to treat advanced glioblastomas and melanomas. Its anti-tumor
effects stem from its capability to methylate DNA at the N-7 or O-6 position of guanine,
thereby damaging the DNA and causing cell death (Srivastava et al., 1998; Hegi et al.,
2004; Mutter and Stupp, 2006; Kim et al., 2010; Poteet et al., 2013). Unfortunately,
virtually all patients relapse with TMZ-resistant disease and many patients do not respond
to TMZ (Hegi et al., 2005). The resistance to current chemotherapies, limited success of
treatment, and poor long term prognosis warrants the search for and creation of new
drugs, which alone or in combination with other forms of therapy could target and
eradicate tumor cells more efficiently (Hegi et al., 2004; Chamberlain et al., 2007).

Gold compounds have been long thought to possess strong anti-tumor activity,
stemming from the fact that initial studies found some gold compounds were able to
inhibit HeLa cell growth (Thang et al., 1976). Unfortunately, gold-based drugs were

found to be unstable in-vivo and had no therapeutic advantage over established
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chemotherapeutics (Thang et al., 1976; Wein et al., 2011). However, the subsequent
development of coordinating ligands designed to stabilize gold complexes resulted in the
discovery of the anticancer activities of gold(IIl) polypyridyl complexes, prompting a
renewed interest in this area of drug design (Messori et al., 2000; Shi et al., 2006; Wein et
al., 2011; Palanichamy et al., 2012). While the development of gold(III) drugs possessing
polypyridyl ligand architectures has been progressing, some reports have indicated the
polypyridyl ligands themselves exhibit antitumor activity similar to that of the parent
gold complex, suggesting that the free ligand may play a role in the activity of this class
of gold therapeutics. In a recent study of a gold(IIl) complex bearing the 2,9-di-sec-butyl-
1,10-phenanthroline (SBP; see Scheme 3-1) polypyridyl ligand, control experiments
found that the free SBP ligand exhibited remarkable in-vitro activity against a variety of
head-neck and lung (A549 and H1703 lung, and 886LN, Tu212, and Tu686 head/neck)
cancer lines. In particular, the study revealed that SBP had in-vitro 1Csy values in the
nanomolar concentration range, which were 20-100 times lower than the commonly used
chemotherapy cisplatin (See Scheme 3-1) and 4-14 times lower than the parent gold(III)
complex (Sanghvi et al., 2013). Thus although metals complexed to phenanthroline-based
ligands continue to be investigated for their anti-tumor properties (Narla et al., 2001;
Scharwitz et al., 2008; Bieda et al., 2009a; Bieda et al., 2009b; Dobroschke et al., 2009;
Tan et al., 2010; Komor and Barton, 2013), our understanding of the properties and
potential chemotherapeutic action of the ligands themselves remains an unexplored area
of research.

One important finding in regards to the antitumor efficacy of SBP was that it had
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significant activity against the cisplatin-resistant H1703 lung tumor cell line, suggesting
that SBP likely initiates tumor cell death via a mechanism involving a non-DNA target
(Sanghvi et al., 2013). To date, the most successful drugs for treatment of glioblastoma,
including TMZ, have been lipophilic alkylating agents that disrupt tumor cell growth
through processes that initiate DNA damage (Ajaz et al., 2014). Cisplatin and other
platinum-based drugs, which initiate tumor cell death by forming intrastrand crosslinks
with DNA guanine base pairs, have also been found to demonstrate in-vitro activity
against glioblastoma tumors (Wolff et al., 1999). Though platinum-based drugs have had
more limited success in-vivo, novel drug delivery approaches for glioblastoma treatment
are being pursued (Charest et al., 2013; Miura et al., 2013). Given the aforementioned
activity of SBP against cisplatin-resistant tumor cells, and the fact SBP is hypothesized to
have non-DNA intracellular targets (Sanghvi et al., 2013), it was of interest to determine
if this drug might have potential as a new lead compound for glioblastoma treatment. In
particular, it was desired to determine if a compound with a potentially different
mechanism of antitumor activity might show promise as a therapeutic against
glioblastoma tumors. Prior to carrying out detailed mechanistic studies on the antitumor
activity of SBP, it was first desired to characterize the general in-vitro efficacy of this
drug against a panel of glioblastoma tumor cell lines and to determine if SBP has in-vivo
activity on an implanted murine glioma brain tumor model.

In the current study, a panel of rodent and human glioma cell lines was used for in-
vitro efficacy and toxicity assays. In addition, a syngeneic mouse model that recapitulates

several aspects of human glioblastoma was used to investigate the anti-tumor capabilities
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of SBP in vivo. We report that SBP has significant in-vitro activity against rodent (GL-
26, C6) and human (U-87 and SW1088) glioblastoma/astrocytoma tumor cells, and in-
vivo activity against implanted murine brain tumors. Finally, we provide preliminary

studies on whether SBP limits tumor cell growth via cell cycle arrest or apoptosis.
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3.3 Materials and Methods:

Compound  Synthesis:  2,9-di-sec-butyl-1,10-phenanthroline  (SBP) was
synthesized and purified according to previously reported protocols (Pallenberg et al.,
1995; Jakobsen and Tilset, 2011).

Cell Lines: The murine (C57BL/6) glioma cell line, GL-26, which is highly
tumorigenic in C57BL/6 mice, was obtained as a generous gift from Dr. Pedro
Lowenstein, University of Michigan, Ann Arbor (Candolfi et al., 2007; David et al.,
2012). GL-26 cells were cultured in DMEM/F12 supplemented with 10% FCS, 1%
penicillin/ streptomycin, 1% L-glutamine, and 1% non-essential amino acids. Primary
murine astrocytes were purified from C57BL/6 neonate brains and cultured in
DMEM/F12 supplemented with 10% FCS, 1% non-essential amino acids, 1% L-
glutamine, 50IU/ml penicillin, 50mg/ml streptomycin, and 10mM Hepes buffer. U-87
(human glioblastoma), SW1088 (human astrocytoma) and C6 (rat glioma) were
purchased from ATCC (cat# HTB-14, HTB-12 and CCL-107) and cultured following the
ATCC’s guidelines. Primary human astrocytes were purchased from Sciencell (cat# HA-
1800) and cultured following Sciencell’s recommendations. Human foreskin fibroblasts
(HFFs) were cultured in DMEM/F12 supplemented with 10% FCS and 1% penicillin/
streptomycin.

Growth Assay: The sulforhodamine B (SRB) cytotoxicity assays were adapted
from Skehan et al (Skehan et al., 1990). Briefly, cells were plated at a density of 4,000
cells/well of a 96 well plate in a volume of 100uL overnight at 37°C and cultured in a

humidified atmosphere of 5% CO,. Cells were exposed to SBP or TMZ at 0-25 uM for
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48 hr before the culture supernatant was discarded and the cells fixed for 1 hr with 10%
cold trichloroacetic acid (100 puL per well). Cells used in recovery assay received fresh
media for 48hrs following the 48hr drug incubation before fixation. Fixed cells were then
washed 5 times with de-ionized water, air dried, and stained with 0.4% SRB for 10 min
(50 pL per well). After washing 5 times in 1% acetic acid and air-drying, bound SRB was
dissolved in 10 mM unbuffered Tris base (pH 10.5; 100 uL per well). Bound SRB was
then quantified by absorbance at 492 nm on a SpectraMax plate reader (Molecular
Devices). The percent survival was then calculated based upon the absorbance values
relative to control wells (0 uM SBP in 0.1% DMSO). All cell growth assays were done
such that each drug concentration was tested in triplicate, and each of these independent
experiments was done three times.

Propidium Iodide: GL-26 cells were plated at 4000 cells/well in a 96 well plate in
GL-26 media. The cells were treated 1 day post-plating with 0-25uM SBP for 48 hours.
The cells were then detached with Trypsin/EDTA (Cellgro), washed and resuspended at
500,000 cells/ml in ice cold Na'/K" balanced PBS and fixed by gently adding 70%
ethanol and incubating for 2hrs at 4°C. GL-26 cells were then resuspended in 300 — 500
pl PI/Triton X-100 staining solution: 10 ml of 0. 1 % (v/v) Triton X-100 (Sigma) in
Na'/K" balanced PBS with 2 mg DNAse-free RNAse A (Sigma) and 0.40 ml of 500
pg/ml PI (Roche). The stain was allowed to incubate at 37°C for 15 minutes before data
acquisition on a BD FacsCanto II flow cytometer. Independent experiments were carried
out where only adherent cells were tested, as well as a combination of both adherent and

detached cells were tested. Each of these experiments was repeated three times.
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In-Vivo Experiments: All animal research was performed in accordance with the
Animal Welfare Act. All protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of California, Riverside. Female C57BL/6
mice were obtained from Jackson Laboratories and maintained in a specific pathogen free
environment. Mice were anesthetized with continuous administration of 2.5%
isofluorane. Cultured GL-26 cells were harvested by trypsinization and 90,000 GL-26
cells in 3pL of sterile Na'/K™ balanced PBS were injected intracranially. A stereotactic
mouse frame was used to carry out the injection 1.0 mm anterior and 2.0 mm lateral to
the junction of the coronal and sagittal sutures (bregma), and at a depth of 2.0 mm. Care
was taken to alternate injection order and group assignment (treated vs. non-treated) to
assure equal GL-26 cell viability between the two treatment groups. SBP was
administered intravenously through the retro-orbital route at a concentration of 10 mg/kg
in 200 uL sterile Na'/K" balanced PBS. Drug was administered one, seven, and 13 days
after tumor implantation and sacrificed at day 19 post implantation for tumor size
analysis. A separate cohort was treated with Smg/kg SBP every 6 days and allowed to
progress until moribund for a survival analysis (Untreated, N=5; SBP-Treated, N=5).

Histology: For brain tumor histology, mice were perfused intracardially with 4%
formaldehyde in Na'/K" balanced PBS and brains were incubated in 4% formaldehyde
overnight followed by 30% sucrose in Na'/K" balanced PBS. Brains were flash frozen in
isopentane, embedded in optimal cutting temperature compound (OCT), coronally
cryosectioned (12 pum) and stained with hematoxylin and eosin. Another cohort of

equivalently drug-treated mice without tumors was used for liver, lung and gut histology.
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In this instance, mice were sacrificed on day 19, and the liver, lung and gut tissues
collected and placed in 4% formaldehyde in Na'/K" balanced PBS overnight. The organs
were then placed for 48hrs in 70% EtOH before further dehydrating, paraffin embedding
and sectioning at 6 um. Sections were then stained with hematoxylin and eosin and
pathology was assessed blindly and independently by a trained pathologist. A TUNEL
staining kit was obtained from TREVIGEN (NeuroTACS II In Situ Apoptosis Detection
Kit, Cat#4823-30-K) and used for both ex-vivo slices and in-vitro staining according to
manufacturers instructions.

Liver Toxicity: Intra-cardial blood was collected from the non-tumor bearing
mice, allowed to clot and then subjected to centrifugation for 10 minutes to collect serum.
Aspartate transaminase and Alanine transaminase levels were measured in the serum
using Bio Scientific (3913 Todd Lane Suite 312 Austin, TX) colorimetric kits (Cat#5605-
01 and 3460-08 respectively).

Statistical Analysis: All statistical analyses were done using GraphPad Prism
software. Statistics on growth assays, tumor area and AST/ALT concentrations were
done using an unpaired two-tailed Student’s T-Test. A best-fit line was applied to the
weights of tumor-bearing treated and not-treated mice. If the line deviates from a slope of
0, it indicates a change in the mouse weight over the recorded time. The survival curve
was analyzed using a Mantel-Cox and a Gehan-Breslow-Wilcoxon Test using GraphPad

Prism software.
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34 Results:
3.4.1 SBP inhibits glioma cell growth in-vitro:

To determine if SBP had the capacity to inhibit the growth of glioma cell lines,
GL-26 and C6 cells were cultured in-vitro and incubated with concentrations of SBP and
TMZ from 0.1 uM to 25 uM for 48 hours. The drug was then removed and the effect of
SBP on cell growth was assessed. A dose-related decrease in cell growth between 0.8 and
6 uM was observed in cells treated with SBP, whereas TMZ did not affect cell viability at
any tested concentrations. At the IC50 value observed for SBP (1.63 uM)(Fig. 3-1A, E),
GL-26 growth was significantly reduced when compared to GL-26 treated with TMZ (no
IC50 observed; p=0.03) (Fig. 3-1A). Similarly, at the IC50 for SBP (0.19 uM) (Fig. 3-
1E), C6 cell growth was significantly lower than in C6 cells treated with TMZ (no IC50
observed; p=0.0112) (Fig. 3-1A).

In order to assess the toxicity of the drug on normal cells, murine primary
astrocytes were treated with SBP (0.1-25 yM) for 48 hours and toxicity was quantified
using an SRB assay. At the observed SBP IC50 of GL-26 cells (1.63 M), primary
murine astrocyte growth was inhibited by only 14% and no cell growth inhibition was

observed at the IC50 of C6 cells (0.19 uM) treated with SBP (Fig. 3-1B). This suggests

that SBP has a therapeutic window of between 0.19 uM and 1.63 uM for the murine cells
tested.

In an effort to assess the translational efficacy of SBP, the drug was tested against
two human glioma lines. U-87 (human glioblastoma) and SW1088 (human astrocytoma)

cells were incubated with the same concentration regime of SBP described above. At the
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IC50 of U-87 treated with SBP (3.04 uM) (Fig. 3-1E), glioma growth is significantly
reduced when compared to U-87 treated with TMZ (no IC50 observed; p=0.0102) (Fig.
3-1C). At the IC50 of SW1088 cells treated with SBP (0.33 uM) (Fig. 3-1E), cell growth
is significantly lower than in SW1088 cells treated with TMZ (no IC50 observed;
p=0.0005) (Fig. 3-1C). To determine whether there was any toxicity of SBP on non-
cancerous human cells, primary human astrocytes and human foreskin fibroblasts (HFF)
were treated with SBP. At the IC50 of SW1088 cells (0.33 uM)(Fig. 3-1E), HFF cell
growth and primary human astrocyte growth were unaffected (Fig. 3-1D). This suggests
the therapeutic window for SBP in human cells is between 0.33 uM and 3.04 uM.

In total, these results suggest SBP is significantly more effective at inhibiting the
growth of these specific mouse and human tumor cells than the currently used glioma
chemotherapy, TMZ. The concentration of SBP with the greatest efficacy against tumor
cells and least toxicity in normal astrocytes was 3.2 uM for rodent cells and 0.4 uM for

human cells (Fig. 3-1F) in vitro.

3.4.2 SBP induces GL-26 apoptosis:

An important consideration is whether chemotherapeutics kill off and remove
cancer cells or simply inhibit their growth. If cell growth is inhibited by the drug,
continuous treatment is required to prevent regrowth. Therefore, preliminary studies were
carried out in an effort to determine if SBP induces tumor cell death or if the drug simply
disrupts cell growth. First, to test if constant SBP administration is necessary to maintain

growth inhibition, an SRB recovery assay was performed. Allowing the glioma cells to
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recover for 48hrs in fresh medium did not rescue cell growth. Instead significantly greater
cell death was observed in the ‘recovered’ versus acutely treated cells (p=0.002) (Fig. 3-
2A). These data demonstrate that GL-26 cells continue dying after the removal of SBP
and suggested that SBP targeted and disrupted cell survival rather than cell proliferation
mechanisms.

To assess the effects of SBP on cell proliferation versus apoptosis, cell cycle
analysis was performed using propidium iodide. Figure 2B demonstrates that SBP-treated
cells were still capable of advancing to the S, G2 and mitotic phases, and were thus not
arrested in the G1 phase. However, the proportion of cells in these phases was reduced
and treated cells had a significantly larger population of dead cells compared to untreated
controls. To confirm if cell death was the result of apoptosis, cultured GL-26 cells treated
with SBP were subjected to TUNEL staining (Fig. 3-2C). No positive staining was
detected in the untreated sample, suggesting that no apoptosis occurred during the
culturing of GL-26 cells in media alone (Fig. 3-2C). The nuclease-treated positive control
was uniformly TUNEL positive and the dark staining in the SBP-treated GL-26 cells
indicates that these cells are also undergoing apoptosis. These results demonstrate that
SBP does not affect cell cycle progression, but rather kills GL-26 cells by inducing

apoptosis.

3.4.3 SBP inhibits in-vivo glioma growth:

Although no mouse model accurately mimics the generation of human

glioblastoma multiforme (GBM), intracranial injection of the GL-26 cell line leads to a
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morphologically similar and syngeneic tumor. It is also highly aggressive and invasive
making it a valuable test for potential therapeutics. The tumors are extremely
proliferative and mice routinely die within 30 days following intracranial injection. This
type of tumor implantation has been shown to lead to a robust tumor within a week
(Candolfi et al., 2007; David et al., 2012; Safdie et al., 2012). After implanting the
tumors, treatment mice were treated intravenously with SBP and control mice were
treated intravenously with saline solution on 1, 7 and 13 days post GL-26 cell injection.
All treatment and control mice were sacrificed at day 19, and serial brain sections were
stained with hematoxylin and eosin to reveal general morphology. In untreated mice,
tumors were extensive. Glioma growth expanded from the striatum to most of the cortex
of the injected hemisphere (Fig. 3-3A). In contrast, mice treated with SBP had markedly
smaller tumors (Fig. 3-3B). Indeed, tumors in the SBP group were largely restricted to
areas directly adjacent to the needle tract, and constrained to small areas of the striatum,
although sometimes they expanded minimally to the cortex. In some cases, the untreated
tumors expanded to the contralateral hemisphere, whereas the treated tumors never
penetrated this region (Fig. 3-3A). For each animal, tumor size was quantified by pixel
area starting at the largest tumor cross-section (position 0) and measuring the tumor area
in 100 um intervals (rostral and caudal). Untreated animals were found to possess
significantly larger tumors than the SBP treated group (Not treated: 48187 + 7736, SBP
treated: 5489 + 1369, p=0.0056, measured at the largest tumor cross-section) (Fig. 3-3B).
Body weights were recorded for 19 days after tumor implantation, and as

expected, a decrease in weight was observed in both treated and non-treated groups
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during the first week post tumor implantation (Fig. 3-3C) (Safdie et al., 2012). However,
whereas mice treated with SBP regained nearly all their initial weight (>98%), mice left
untreated exhibited continued weight loss (Fig. 3-3C). A best-fit line (not shown)
revealed that the non-treated group significantly deviated from zero (p=0.0261) whereas
the SBP treated mice weights did not (p=0.8792).

The in-vitro assays demonstrated that SBP inhibited GL-26 cell growth via the
induction of apoptosis. To determine if apoptosis of GL-26 cells was a potential cause of
the reduced tumor size in-vivo, in situ TUNEL staining was conducted on serial brain
sections from treated and untreated mice (Fig. 3-3D). The untreated tumor displays faint
positive TUNEL stain consistent with tumor growth and destruction of normal tissue
(Kim et al., 2010). In contrast, SBP treated tumors revealed dark brown cytoplasmic and
nuclear staining indicative of cell necrosis and increased DNA fragmentation,
respectively (Fig. 3-3D). This data is consistent with SBP causing cell death via
apoptosis as seen in vitro.

To test if decreased tumor size and increased tumor cell apoptosis translates to an
increase in survival time, mice were allowed to progress to moribund state and survival
monitored. Mice treated with SBP survived significantly longer than untreated mice
(Mantel-Cox test p=0.0384; and Gehan-Breslow-Wilcoxon test p=0.0472) with untreated
mice living a median of 35 days and SBP treated mice living a median of 46 days (Fig. 3-
3E). In combination with the ex-vivo TUNEL, this data suggests that SBP treatment

slows tumor growth, likely via apoptosis, and leads to improved survival.
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3.4.4 SBP does not cause overt peripheral pathology:

Even though minimal inhibition of primary astrocytes was observed in both
murine and human cells, in vivo administration can cause accumulation and breakdown
products not observed in vitro. To determine the in-vivo toxicity of SBP, non-tumor
bearing mice were treated with either saline or 10 mg/kg SBP. After administering these
treatments on days 1, 7, and 13, the same regime for tumor inhibition, both the untreated
control mice and SBP-treated mice were euthanized on day 19. The liver, lungs, and
proximal small intestines were subsequently collected for histopathological analysis. In
the duodenum, no general pathology that might have resulted from inhibition of cell
division was detected, as there were no differences in crypt or villus architecture, or
goblet cell density between treated and untreated mice. Analysis of lung tissue also
revealed no overt pathology. Treated liver sections revealed minor endothelial damage,
but no overt hepatocyte damage (Fig. 3-4A). Serum concentrations of liver enzymes were
also measured to provide an indication of potential toxicity (Danan and Benichou, 1993;
Amacher, 1998). Neither aspartate transaminase (AST) nor alanine transaminase (ALT)
concentrations, early indicators of toxicity caused by an intravenously administrated drug
(Danan and Benichou, 1993; Scheig, 1996; Amacher, 1998), were significantly different
between treated and non-treated mice (Fig. 3-4B). These results reveal that SBP results in
negligible in-vivo toxicity when 10 mg/kg SBP is administered to mice over a 19 day

period.
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3.5 Discussion:

With current combination therapies extending the survival rate of patients with
gliomas by a mean of 8-18 months (Chamberlain et al., 2007; Poteet et al., 2013), more
potent compounds are desperately needed to control tumor growth. In this study, we used
the GL-26 cell line as a model for glioblastoma. The GL-26 cells exhibit similar
aggressive, proliferative and tumorigenic properties as gliomas seen in humans and
express the mouse version of CD133, associated with tumor stem cells (Candolfi et al.,
2007; Golebiewska et al., 2013). Although implantation of GL-26 cells has limitations
compared to a xenotransplant that enables in-vivo testing on human tumor cells or a
genetic model that enables the evaluation of cancer-initiating events (Chen et al., 2012),
these cells, when injected into the mouse striatum establish a large and rapidly growing
tumor that is morphologically similar to GBM (Stupp et al., 2002; Candolfi et al., 2007,
Smith et al., 2009; Sughrue et al., 2009; David et al., 2012; Golebiewska et al., 2013). It
also allows analysis in an immunologically intact animal where the tumor is tolerated in
the murine brain. The resulting highly invasive tumor makes it a strong and therefore
valuable test for potential therapies (Candolfi et al., 2007; Smith et al., 2009; Safdie et al.,
2012).

Previously, SBP was found to have remarkable in-vitro activity against a panel of
three head-neck and two lung tumor lines, and when tested against a cisplatin-resistant
tumor was found to have an ICsy value approximately 100 times lower than cisplatin
(Sanghvi et al., 2013). The prime mechanism of cisplatin is thought to be intercalation of

DNA (Komor and Barton, 2013). Such a significant reduction in ICsy by SBP could
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therefore point to a novel mechanism not dependent on DNA interactions. Glioma
treatment is notoriously difficult and the limitations are often due to tumor resistance to
typical DNA targeting antiglioma drugs. Thus, we sought to test the in-vitro anticancer
activity of SBP against the rodent C6 and GL-26, and the human U-87 and SW1088 cell
lines and compare it to the clinically used glioblastoma drug TMZ. Even though previous
reports have shown the in-vitro activity of polypyridyl ligands (Thang et al., 1976;
Chamberlain et al., 2007; Roy et al., 2008; Wesselinova et al., 2009; Wein et al., 2011;
Palanichamy et al., 2012), this report is to our knowledge the first study on the in-vitro
and in-vivo anticancer activity of this class of compounds against glioblastoma tumors.
The data reported here demonstrate strong in-vitro toxicity of SBP against glioma cell
lines at low micromolar concentrations, with significantly diminished toxicity to both
non-cancerous human fibroblasts and non-cancerous primary human and murine
astrocytes. In addition, we demonstrate that intravenously administered SBP can
significantly reduce the growth of an intracranially implanted murine brain tumor
resulting in an increase in survival similar to the TMZ murine glioma model (Kim et al.,
2010).

A major concern in new drug development is the side effects associated with the
drug. We have demonstrated high levels of cytotoxicity against GL-26, C6 and SW1088
at low micromolar concentrations, with minimal toxicity towards primary murine and
human astrocytes and the non-cancerous HFF cell line. AST and ALT are often used as
markers for liver health during chemotherapy, where elevated levels indicate liver

damage and the AST/ALT ratio can further be used to differentiate between the causes of
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liver damage (Danan and Benichou, 1993; Scheig, 1996; Amacher, 1998). Following
treatment with SBP, AST and ALT levels were similar to untreated mice and fell well
within their respective normal physiological ranges. Furthermore, histopathalogical
analysis of the proximal gut, lung and liver only revealed minor damage to liver
endothelial cells. These results mirror the low toxicity observed in TMZ-treated patients
(Friedman et al., 2000; Su et al., 2004; Pouratian et al., 2007; Niewald et al., 2011).
Perhaps more importantly, SBP treatment resulted in smaller, more contained tumors.
This is especially relevant, as contained tumors are easier to remove surgically (Duffau,
2009). Thus, the route of administration, the strong anti-tumor properties and the low
toxicity to normal cells suggest SBP has potential for future anti-cancer development.
Even though in-vivo experiments corroborated the in-vitro data that demonstrated
increased apoptosis in SBP treated groups compared to non-treated controls, the obvious
question remains: what is the mechanism by which SBP induces apoptosis? More
specifically, i1s SBP-induced apoptosis a result of a similar mechanism as TMZ, which is
thought to methylate guanine residues in the DNA (Srivastava et al., 1998; Hegi et al.,
2004; Mutter and Stupp, 2006; Chamberlain et al., 2007; Kim et al., 2010; Poteet et al.,
2013). At first glance, it might be expected that SBP acts as a DNA intercalator, as the
compound has significant aromatic character. This class of compounds is known to have
significant interactions with DNA, which can result in disruption of DNA replication and
induction of cell death in a similar fashion to the commonly used chemotherapy cisplatin
(Kelland, 2006). However, as previously stated, SBP has enhanced anti-proliferative

effects on cisplatin-resistant cell lines. This suggests that the drug likely initiates tumor
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cell death via a mechanism not related to DNA interactions (Sanghvi et al., 2013).
Additionally, the fact that TMZ exhibits no inhibition of tumor cell growth at any of the
concentrations tested for SBP further corroborates the notion that SBP likely has a
distinct DNA-independent mechanism. All of the tumor cell lines used in this study were
desensitized to TMZ, a known DNA methylating agent, whereas all of the tumor cell
lines were sensitive to SBP further suggesting that SBP acts differently than TMZ to
inhibit growth. Finally, SBP has significantly reduced cytotoxicity toward non-cancerous
cells. Since DNA repair mechanisms are more vital to tumor cell proliferation compared
to normal cell division, the observation that SBP has significantly stronger anti-
proliferative activity against tumor cell lines versus normal cells could point to SBP
targeting enzymes involved in DNA repair. A report from Mendes, et al. describes the
PARP-1 inhibition of gold(IIl) complexes possessing phenanthroline ligands that are in
the same family as SBP (Mendes et al., 2011). The gold(Ill) complex bearing the
unsubstituted 1,10-phenanthroline was found in particular to be a potent PARP-1
inhibitor, involved in DNA repair mechanisms, and the authors attribute the gold
complex’s activity to binding with the zinc finger motif in the enzyme. Given that SBP
can act as a potent metal chelator, inhibition of DNA repair via binding to the zinc finger
domain of PARP-1 is a plausible antitumor mechanism for this drug. Future research
efforts in our lab will focus on testing this hypothesis.

In this report, the anti-tumor activity of SBP on glioblastomas was tested both in-
vitro and in-vivo. The data demonstrate the potent anti-tumor activity of SBP in-vitro

with minimal toxicity to normal cells. The anti-tumor activity of SBP does not appear to
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be mediated by cell cycle disruption, but rather by inducing cell death as demonstrated by
propidium iodide and TUNEL staining. SBP also reduced tumor size in an intracranial
murine brain tumor without causing apparent pathology to normal tissues. Finally, SBP
significantly increased survival time of mice intracranially injected with the GL-26 cell
lines. Though further research should focus on the capability of SBP to stop or eradicate
well-established tumors and the mechanism of action, the results described here clearly
demonstrate that SBP has significant anti-glioma activity, making it an important

chemotherapy candidate for this aggressive, invasive and difficult to treat class of tumor.
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3.6 Figures and Legends:

Scheme 3-1. Molecular structure of 2,9-di-sec-butyl-1,10-phenanthroline (SBP).
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Figure 3-1.  In-vitro GL-26 inhibition with SBP.

GL-26 and C6 cells were grown in a 96 well plate and treated with SBP or TMZ at 0.1 to
25uM (A). To test SBP toxicity on non-tumor cells, primary murine astrocytes were
plated and treated as above (B). U-87 and SW1088 cells were grown in a 96 well plate
and treated with SBP or TMZ at 0.1 to 25uM (C). To test SBP toxicity on non-tumor
cells, primary human astrocytes and human foreskin fibroblasts (HFF) were plated and
treated as above (D). ICsop (uM) displayed for each cell line tested (F). The largest
toxicity window between normal and glioma cells plotted for both murine and human
cells. (Student’s T-test, primary murine astrocytes vs GL-26 and C6 p<0.0001; primary
human astrocytes and HFF vs SW1088 p=0.0006 and p=0.0007 respectively) (F). The
Sulforhodamine B colorimetric assay (SRB) was used to measure and plot fraction of
growth of treated wells compared to a non-treated controls. All cell growth assays were

done in a minimum of triplicates and repeated a minimum of 9 times.
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Figure 3-2. The compound SBP induces apoptosis.

GL-26 cells were grown in a 96 well plate and treated with 0.4 to 25uM SBP. After 48hr
incubation, the drug was removed and cells cultured for an additional 48hrs in fresh
media. SRB was used to measure and plot fraction of growth of treated wells compared to
a non-treated control. Non-recovered GL-26 cells are plotted for reference (A).
Propidium iodide staining intensity was measured by flow cytometry and plotted vs. cell
number to identify cell cycle stages (S: Synthesis, M: Mitotic) (B). SBP treated and
untreated cultured GL-26 cells were stained for apoptosis (TUNEL). The positive control
was treated with the kit’s nuclease to generate DNA breaks in every cell (C). Both
recovery and propidium iodide experiments were independently repeated a minimum of 3

times.
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Figure 3-3.  SBP inhibits in-vivo glioma growth.

Hematoxylin and eosin stained ex-vivo coronal slices were taken from SBP treated mice
and non-treated mice (N=3 for each group) (A) and tumor section areas quantified
(Student’s T-test, not-treated: 48187 + 7736, SBP treated: 5489 + 1369 p=0.0056).
T=tumor (B). Tumor bearing mice were treated on day 1, 7 and 13 post injection and
sacrificed on day 19. Mouse weights were recorded during the 19-day trial. A best-fit line
(not shown) reveals a significant weight decrease in not-treated animals (p=0.0261) but
not in SBP treated animals (p=0.8792) (C). Ex-vivo slices were stained for apoptosis
(TUNEL) in SBP treated (middle panel) and non-treated mice (right panel). Positive
control was treated with the kit’s nuclease to generate DNA breaks in every cell (left
panel) (D). For all experiments above, N=4 for both treated and non-treated mice. GL-26
implanted mice were either left untreated (N=5) or treated every 6 days with 10mg/kg
SBP (N=5) and allowed to progress to moribund. Both a Mantel-Cox test p=0.0384; and
Gehan-Breslow-Wilcoxon test p=0.0472 reveal a significant increase in survival time in

SBP treated animals (E).
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Figure 3-4. SBP does not cause peripheral pathology.

6um sections from the liver, lung and gut were obtained from SBP treated and non-
treated mice, stained with hematoxylin and eosin and assessed blindly by a trained
pathologist (A) (N=4 for both treated and non-treated mice). Blood samples from both
treated and untreated mice were tested for levels of alanine aminotransferase and
aspartate aminotransferase (Student’s T-test, ALT: p=0.2596 and AST p=0.3982) (B)

(N=4 for both treated and non-treated mice).
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CHAPTER FOUR

Toxoplasma gondii infection disrupts CNS glutamate homeostasis and

neuronal connectivity: implications for behavioral abnormality
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4.1 Abstract:

Chronic immune responses are often necessary to control infection but can be
highly problematic especially in neurologically sensitive areas like the brain. Toxoplasma
gondii 1s a protozoan parasite which can infect any mammalian nucleated cell. It is an
extremely successful parasite, infecting about 10-15% of Americans and as much as 80%
of people in parts of South America and Europe. Infection by Toxoplasma 1is
characterized by the lifelong presence of parasitic cysts in the brain, requiring a
competent immune system to prevent parasite reactivation and massive neuronal death. In
the immunocompetent individual, Toxoplasma infection is largely asymptomatic, though
many recent studies suggest that Toxoplasma infection strongly correlates to certain
neurodegenerative and psychiatric disorders. Little is known about the effects of lifelong
brain infections, and thus inflammation, on the psychological health of the host. During
Toxoplasma infection CNS resident astrocytes become reactive. Astrocytes are critical in
regulating levels of the neurotransmitter glutamate. Here we present data demonstrating a
significant reduction of the primary glutamate transporter GLT-1 and the enzyme
glutamine synthetase following infection. Using microdialysis, we demonstrate a
significant increase in glutamate extracellular concentrations, rising over the course of
infection. Consistent with this dysregulation of glutamate, analysis of neurons in
chronically infected mice reveal fewer dendritic spines in the frontal cortex and areas
with decreased NeuN immunoreactivity. EEG recordings and behavioral testing suggest
specific changes in brain activity and behavior following infection. Finally, this profound

defect in neuronal pathology and host behavior can be rescued by treatment with the 8-
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lactam antibiotic Ceftriaxone which specifically induces the expression of GLT-I.
Altogether, these data demonstrate that following an infection with 7. gondii, the delicate
regulation of glutamate by astrocytes is disrupted and accounts for a range of deficits

observed in chronic infection.
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4.2 Introduction:

The balancing act required to fight infection while maintaining tissue homeostasis
is perhaps no more critical than in the CNS. Here, the physical restraints imposed by the
skull and blood brain barrier alongside low MHC expression and a lack of circulating
lymphocytes can delay and limit the immune response. However, perhaps due to these
properties, many infectious agents target or localize to the brain (Lafferty and Shaw,
2013). These include bacterial, viral and parasitic pathogens. In many cases, such
infections including Herpes virus and Toxoplasma are chronic and require immune
competency to remain latent (Fagard et al., 1999; Giraudon and Bernard, 2009; Honjo et
al., 2009). Our understanding of the effects of continuous immune reactivity, in a tissue
that is designed to keep such responses to a minimum, is perfunctory.

Recently, the concept that infections can have a profound and lasting effect on
brain function and even host behavior has gained momentum (Giraudon and Bernard,
2009; Honjo et al., 2009; Lafferty and Shaw, 2013). In the case of the protozoan parasite
Toxoplasma gondii, this lifelong infection resides predominantly as latent cysts inside
neurons and requires continuous infiltration of lymphocytes to the brain to prevent
parasite reactivation and fatal encephalitis (Fagard et al., 1999). Furthermore, this is not a
selective parasite. Toxoplasma is one of the most successful pathogens on the planet
infecting approximately a third of the world’s population with prevalence rates in Europe
and the USA between 15-80% (Pappas et al., 2009). Although infection is common,
disease induced by Toxoplasma is rare and with few exceptions has only been associated

with individuals that have profound defects in their immune system. However, in recent
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years, interest has focused on the potential relationship of infection with Toxoplasma on
neurodegenerative and psychiatric disorders. Infection with Toxoplasma is a significant
risk factor in Parkinson’s (Miman et al., 2010), Alzheimer’s (AD) (Kusbeci et al., 2011),
mania (Dickerson et al., 2014) and Schizophrenia (Yolken et al., 2001; Conejero-
Goldberg et al., 2003; Torrey and Yolken, 2003; Webster et al., 2006; Torrey et al., 2007,
Torrey et al., 2012) and is correlated with specific changes in murine (Gonzalez et al.,
2007; Afonso et al., 2012) and human behavior (Flegr et al., 2000; Flegr, 2007; Flegr et
al., 2009; Flegr, 2013b, a). The range of severity and the variety of disease associated
with Toxoplasma infection suggest the potential for global, as well as specific, alterations
in neuronal networks and signaling.

Glutamate is arguably the most important excitatory neurotransmitter in the brain
and unregulated levels can cause neuroexcitotoxicity; therefore, CNS glutamate is strictly
controlled. Although glutamate is readily available in the periphery, it does not cross the
BBB and is thus virtually completely synthesized de-novo within the CNS, primarily by
astrocytes (Hertz et al., 1999; Danbolt, 2001; Hertz and Zielke, 2004), with neurons able
to catalyze glutamine to glutamate through glutaminase. Astrocytes have the important
job of regulating CNS glutamate levels by adjusting uptake, release, synthesis into
glutamine, and synthesis from a-ketoglutarate or lactate/alanine (Rothstein et al., 1996;
Hertz et al., 1999; Danbolt, 2001; Hertz and Zielke, 2004). These cells play an active
role in controlling Toxoplasma infection with the ability to up-regulate pro-inflammatory
cytokines, secrete chemoattractants and internally kill parasites via IGTP (Halonen and

Taylor, 2001; Strack et al., 2002; Wilson and Hunter, 2004). However, observations of
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astrocytic swelling during infection (Wilson et al., 2009) may point to significant changes
in astrocyte physiology. Astrocytic swelling has been linked to the trans-membrane water
permeable channel aquaporin-4 (AQP-4) which is highly polarized to astrocytic endfeet
surrounding blood vessels (Neely et al., 2001; Amiry-Moghaddam et al., 2004; Nagelhus
et al.,, 2004). Such changes in astrocyte activation and morphology have been linked to
dysregulation in glutamate metabolism either via slowing glutamate clearance or
dumping of glutamate into the extracellular space (Kimelberg et al., 1995; Feustel et al.,
2004; Parpura et al., 2004; Kimelberg et al., 2006; Hyzinski-Garcia et al., 2011; Takaki et
al., 2012; Lee et al., 2013).

As glutamate is the major excitatory neurotransmitter in the CNS, the implications
of glutamate excitotoxicity are broad. Traditionally, elevated extracellular glutamate
concentrations have been observed under acute CNS insults such as ischemia (Zhang et
al., 2008) and traumatic brain injury (Obrenovitch and Urenjak, 1997; Werner and
Engelhard, 2007). However, many studies have associated elevated ECS glutamate
concentrations with neurodegenerative disorders such as amyotrophic lateral sclerosis
(ALS) (Foran and Trotti, 2009), multiple sclerosis (MS) (Gonsette, 2008), Alzheimer’s
disease (Lau and Tymianski, 2010; Schallier et al., 2011) and with CNS infections such
as cerebral malaria (CM) (Miranda et al., 2010). Understanding the mechanisms that
underlie elevated ECS concentrations of glutamate following CNS insults is critical in
developing preventative measures to avoid neuronal death. If there are changes in
glutamate concentrations then this could lead to major changes in neuronal biology in the

brain.
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In these studies we demonstrate that during infection with Toxoplasma, astrocyte
glutamate regulation is disrupted and CNS extracellular levels of glutamate reach non-
homeostatic ranges. Consistent with a dysregulation of glutamate we demonstrate a
pattern of neurological damage including decreases in B-III tubulin, V-Glutl expression,
numbers of dendritic spines and functional output as measured by EEG analysis. Thus,
this infection, and the resulting inflammation, leads to dysregulation of glutamate control
by astrocytes resulting in neuronal pathology and previously undocumented loss of
electroencephalogram power. Finally, damage to neuronal health can be rescued by
upregulation of the glutamate transporter GLT-1. The significance of these results
suggest that in contrast to treating chronic 7Toxoplasma infection as quiescent and benign,
we should be aware of the significant risk to normal neurological pathways and changes
in brain chemistry, supported by many correlative studies suggesting Toxoplasma
infection as a causative agent in a broad range of neurological disease (Flegr et al.; Flegr
et al., 1996; Flegr et al., 2000; Yolken et al., 2001; Conejero-Goldberg et al., 2003; Flegr
et al., 2003; Torrey and Yolken, 2003; Webster et al., 2006; Flegr, 2007; Torrey et al.,
2007; Flegr et al., 2009; Torrey et al., 2012; Flegr, 2013b, a) (Vyas et al., 2007; Hermes
et al., 2008; Vyas, 2013). These studies have potential implications for the etiology of a
vast range of neuronal disorders in a significant proportion of the world’s population.
Further, we show that although the source of such dysregulation, namely the parasite,
cannot yet be removed pharmaceutically, we may be able to treat many of the resulting

symptoms with an approved antibiotic.
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4.3 Materials and Methods:

Animals: All animal research has been done in accordance to the Animal Welfare
Act. All protocols were approved by the Institutional Animal Care and Use Committee
(TACUC) of the University of California, Riverside. All surgery was performed under
isofluorane anesthesia, and all efforts were made to minimize suffering. Female C57BL/6
mice were obtained from Jackson Laboratories and maintained in a pathogen free
environment under [IACUC established protocols at the University of California
Riverside.

Infections and treatments: Female C57BL/6 or BALB/c mice were infected
intraperitoneally with 20 cysts of the Me49 strain in 200ul of sterile Na+/K+ balanced
PBS. Ceftriaxone (TCI, cat# C2226) was administered at 200mg/kg intraperitoneally for
7 days starting at day 35-post infection (day 21-post infection for EEG/microdialysis
experiments). Care was taken in alternating sides each day to administer drug. Untreated
animals received saline injections.

Anesthesia and Surgery: Mice were anesthetized in an induction box with 3.5%
isofluorane and maintained with continuous administration of 2.5% isofluorane through a
nose cone.

Microdialysis: For microdialysis experiments, mice were placed in a stereotaxic frame
and a 1.5 cm incision was made in order to expose the junction of the coronal and sagittal
sutures (bregma). A burr hole was made with a Imm drill bit 2.58mm rostral and 1.5mm
lateral from bregma using a stereotaxic mouse atlas (Franklin and Paxinos, 2008). A

CMA 7 guide cannula (CMA P000137) was then lowered 0.5mm ventrally and held in
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place with glass ionomer cement (CMA-72-9168). Two additional holes were made on
each lateral side of bregma using an anchor screw drill bit (CMA 8003264) to place 2
anchor screws (CMA 7431021) into the skull. The skull was then roughened to allow
optimal ionomer bonding by using a Imm drill bit and gently scraping the entire skull
surface around the anchor screws and the guide cannula. Finally, a tether bolt (CMA 61-
0037) was held in place while the ionomer cement was applied over the anchor screws,
tether bolt and guide cannula. The skin was then gently lifted over the cement and the
mouse was allowed to recover on a 38°C mat.
Electroencephalography: For electroencephalography (EEG) experiments, a burr hole
was made as described above at the same stereotaxic coordinates. A twisted bipolar
stainless steel bipolar electrode (Plastics One) was inserted 1mm under the dura mater
and grounded to the dura. The EEG implant was held in place with glass ionomer cement.
Electron Microscopy: Female C57BL/6 mice infected with Me49 were sacrificed
at 3, 6 and 12 weeks post infection and perfused intra-cardiacally with 2.5%
gluteraldehyde (Alta Aesar, Cat# 111-30-8), 4% paraformaldehyde (PFA) (Electron
Microscopy Sciences, Cat# 19208) in 0.1M sodium cacodylate buffer (Pfaltz & Bauer,
Cat# 124-65-2). Brains were removed and post-fixed in the same buffer. Electron
microscopy of the frontal cortex of the brain was performed by Renovo Neural inc,
10000 Cedar Avenue, Cleveland, Ohio, 44106. 6-10 Z stacks containing blood vessels 5-
6um wide were selected per group and average astrocyte endfeet width was quantified by

measuring perivascular astrocyte area and dividing by the blood vessel circumference.
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Real Time PCR: Female C57BL/6 mice infected with Me49 were sacrificed at
day 7, 14, 21, 28, 35, 42 and 56 post infection (N=3 per timepoint), and perfused intra-
cardically with sterile PBS. Brains were removed and homogenized in TRIzol (Ambion,
Cat#t 15596026). RNA was extracted using the TRIzol/ chloroform method and
concentrations of nucleic acids were determined on a nanodrop 2000. GLT-1 specific
primers  (forward  5-ACCTTGCAATCCCTCTTCGG-3" and  reverse  5'-
AGACCGGTACCAGGAGTGG-3'), GLAST specific primers (forward 5'-
CTGGTAACCCGGAAGAACCC-3" and reverse 5-GGGGAGCACAAATCTGGTGA-
3", and  Glutamine synthetase specific ~ primers (forward 5! -
ACCCCTATGCGGTGACAGAA-3" and reverse 5-CGTCGCCTGTTTCGTTGAG-3')
for  Real Time PCR were purchased from IDT's primer Quest
(http://www.idtdna.com/Scitools/ Applications/Primerquest/). cDNA synthesis and Real-
time PCR were performed using the Bioline One-step Kit with the CFX-96 real-time
PCR Detection System (Bio-Rad). The reaction total was a 20ul mixture with 10ul SYBR
Green/SensiFAST qPCR Master Mix (2x) and 400nM primer. The reaction conditions
were as follows: 10 min at 45°C, followed by 2 min at 95°C and then 40 cycles of 5s at
95°C and 20s at 60°C. The GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)
forward primer (5'-AGGCCGGTGCTGAGTATGTC-3') and reverse primer (5'-
TGCCTGCTTCACCACCTTCT-3") were used as an endogenous control. Quantified
results represent the fold induction of target gene expression using the differential CT
method. NTC, no-template control (reagent alone without template) was included in each

assay to detect any possible contamination of the PCR reagents.
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Western Blots: Brains from naive and 6-week infected C57BL/6 mice were
homogenized in protein lysis buffer with DTT and protease inhibitors using the Bullet
Blender (Next Advance). Protein concentrations were determined using a BCA protein
assay kit from Thermo Scientific (Cat# 23252). 2ug (for GLT-1) or Sug (for GS) was
denatured at 95°C for 5 minutes in 2ul 10% SDS, 5ul loading buffer, and topped off to
20ul with RIPA buffer. A 10% Tris-HCL gel (BIO-RAD, Cat# 161-1101), was loaded
and run at 50-100V in running buffer. The gel was transferred to a nitrocellulose
membrane using the semi-dry method in blotting buffer. The membrane was blocked for
1 hour in blocking buffer (5%w/vol BSA, 1X TBST), washed in TBST and incubated
with primary antibodies (Rabbit anti Glutamine Synthetase, Sigma Cat# G2781; Rabbit
anti GLT-1, Thermo Scientific Cat# PA5-17099) overnight at 4°C. The membrane was
then washed in TBST and incubated in secondary antibodies and imaged on a fluorescent
imager (Odyssey, LI-COR Biosciences).

Immunohistochemistry: 6 week infected mice were sacrificed and perfused intra-
cardically with PBS followed by 4% PFA. Brains were extracted, post-fixed overnight in
4% PFA followed by a 3 day 30% sucrose equilibration. Brains were frozen at -80°C in
optimal cutting temperature compound (OCT). 10-15um cryostat sections were then
blocked with 10% donkey serum in PBS for 1 hour at room temperature. Primary
antibodies against GLT-1, Glutamine synthetase, GFAP, B-III-Tubulin, Iba-1, NeuN and
Vglut-1 (Rat anti GFAP, Invitrogen Cat#130300; Rabbit anti Glutamine Synthetase,
Sigma Cat# G2781; Rabbit anti GLT-1, Thermo Scientific Cat# PA5-17099; Rabbit anti

Vglut-1, Invitrogen Cat# 48-2400; Chicke anti B-III-Tubulin, Chemicon Cat# AB9354;
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Anti NeuN, Abcam Cat# ab177487; Anti Iba-1, Abcam Cat# ab15690) were incubated
overnight at 4°C in 10% donkey serum and 0.5% Tween-20 in PBS. After several washes
in PBST, the slices were incubated 3 hours at room temperature with Alexa Fluor
fluorescent secondary antibodies. Slices were then washed and mounted with ProLong
Gold (Molecular Probes, Cat# P36935).
Vglut-1 puncta quantification: Serial 10-micron coronal pre-frontal cortex sections
stained for Vglut-1 were imaged at 63X using a Zeiss 510 confocal microscope. 8 Micron
thick Z-stacks were imaged and analyzed for punta density using Volocity image analysis
software.
Nissl Staining: 40um sections were cut and stained with Cresyl Violet Solution
(IHCWORLD, Cat#IW-3007A) as follows. Rehydrate slices in 1 min in 100% EtOH, 1
min in 95% EtOH, and 1 min in distilled water. Stain with Cresyl Violet Solution for 6
min at room temperature then rinse in distilled water. Differentiate stain in 95% EtOH for
2 min and dehydrate slices in 2 changes of 100% EtOH for 5 min each. The slices were
then cleared in 2 changes of CitriSolv (Fisher) for 5 min each and mounted.
Neuronal counts: Nissl stained sections were imaged under 400X total magnification and
images of layer 2/3 of the prefrontal cortex (Franklin and Paxinos, 2008) were taken from
serial sections. Neurons from Naive (N=35 ROIs each 150um by 200um, 1982 neurons)
and Infected (N=34 ROIs each150pum by 200um, 2073 neurons) sections were counted
manually using strict morphological guidelines.

Microdialysis: Microdialysis was performed on uninfected and day 3, 7, 10, 14,

21, 28, 35, 42 post-infection C57BL/6 mice. Mice were placed in microdialysis cages
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which allowed free movement and access to food and water. Imm CMA 7 probes (CMA
000082) were implanted through the guide cannula and hooked to a microdialysis syringe
pump. Artificial cerebral spinal fluid (CMA P000151) was perfused at a flow rate of 0.6
ul/min and collected in a 1.5ml eppendorf tube. Mice were perfused for 5 hours prior to
sample collection to allow for equilibration of the CNS. Samples were then collected over
a 3 hour period and placed on dry ice. Samples were sent to Sussex Research
Laboratories for amino acid analysis via LC-MS. Data was then analyzed using a one-
way ANOVA followed by a Dunnett’s post test for each timepoint against naive
concentrations of each amino acid. Results reported as p-values for ANOVA and
asterisks for the Dunnett’s multiple comparison tests.

Dendritic Spine Analysis: 6 week infected C57BL/6 mice were sacrificed and
perfused intracardically with PBS followed by 4% PFA. Brains were then extracted and
post-fixed 2 hours in 4%PFA, then stored in PBS. 100um coronal section were sliced
using a vibratome and labeled using Dil coated tungsten particles administered through a
gene gun. Dendritic spines in layer 2/3 of the prefrontal cortex were imaged using a Zeiss
510 confocal microscope at a magnification of 63X. 15um Z-stacks were obtained and
dendritic spine counts measured on Volocity 3D imager (Perkin Elmer).

Electroencephalography Recording and Analysis: Mice were connected to the
MP150 EEG recording module (Biopac Systems inc.) and EEG traces recorded for 24
hours at a sampling rate of 4000 samples/ second using the AcqKnowledge 4.4 software.
Raw EEG traces were filtered using a digital FIR band pass filter between 0.8hz and

30Hz. A fast Fourier transform followed by a power spectrum density analysis was
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performed to measure power over the set frequency range of 8-10 30-minute traces for
each experimental group. Percent power was calculated by dividing power at each
frequency by total power (area under curve) and multiplying by 100. Data was then
analyzed using a one-way ANOVA followed by a Bonferroni’s multiple comparison’s
test. For entropy analysis, 7 filtered 2min traces for each group were analyzed for
approximate entropy using the following parameters: epoch: 2s; order (m): 2 and filtering
level (r): 0.2. All analysis was performed on AcqKnowledge 4.4 software.

Behavioral experiments: Naive (N=13), 6 week infected (N=11) and 6 week
infected and treated with Ceftriaxone for 1 week (N=11) C57B/6 mice were placed at the
center of a standard elevated plus maze and recorded with an overhead camera for 5
minutes. The following day, the same cohort was placed at the center of an open field
maze (22cm x 22cm) and recorded for 30 minutes. Videos were analyzed blindly with
EthoWatcher software; distance travelled and velocity was measured for both the
elevated plus maze and open field. Additionally, number of open arm entries and time

spent in the open arms of the elevated plus maze was measured.
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4.4 Results:
4.4.1 Infection induces profound and chronic astrocytic morphological and
molecular changes:

In the brain, all glutamate is synthesized de-novo as no transporters exist on the
BBB (Hertz et al., 1999); glutamate is then released at presynaptic sites during synaptic
transmission. This extracellular glutamate is then carefully regulated by the actions of
specific transporters present on astrocytes. Astrocyte activation and swelling has been
previously observed following Toxoplasma infection (Wilson et al., 2009). To further
assess astrocytic health during chronic infection, a series of morphological and molecular
analyses were performed. Although we have previously observed astrocytic swelling
during the chronic phase of infection (Wilson et al., 2009), to quantify the degree of
morphological change in astrocytes in the prefrontal cortex, astrocytic endfeet were
analyzed from serial transmission electron microscopy images from mice infected with
Toxoplasma over the course of chronic infection. The beginning of the chronic stage of
infection is characterized by an increase in cyst burden, CNS inflammation, and a
decrease in the free tachyzoite form of the parasite and occurs around the third week post
infection. Brain slices from naive and infected mice were compared and astrocyte endfeet
measured by electron microscopy. Due to the nature of this sampling it is not always
clear if the astrocytes are juxtaposed to sites of infection although the tissue around cysts
is clearly distorted (Fig. 4-1A). For consistent measurements, only astrocytic processes
enveloping small blood vessels (about 5 pm in diameter) were sampled. In the naive

brain, astrocytic endfeet are on average less than 0.5um wide. By 3 weeks post-infection,
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astrocytic endfeet are already significantly swollen. At 6 weeks post infection, well into
the chronic phase, cyst burden has reached a plateau, and the immune response and
parasite reactivation have reached a stable balance. Here, astrocytic endfeet width peaks
to almost 6 fold higher than naive (2.606+ 0.1021pum; p<0.0001) (Fig. 4-1A). The
balance between cyst burden and the immune response is maintained for the remainder of
the host’s life. To test if astrocytic endfeet remain swollen after peak inflammation,
endfeet were measured at 12 weeks post infection, late in the chronic phase. Although the
endfeet width decreases to 1.562+ 0.08404um, they remain significantly swollen
compared to naive animals (P<0.0001) (Fig. 4-1A).

This type of morphological change is frequently indicative of significant changes
in the molecular and functional role of these cells. One of the major roles of astrocytes is
to remove extracellular glutamate to prevent neuroexcitotoxicity (Rothstein et al., 1996).
The main astrocytic glutamate transporter in the forebrain is GLT-1, with GLAST
playing a smaller role (Danbolt, 2001). Once glutamate is taken up by the astrocyte, GS
converts a portion to glutamine, which can then be safely released back to neurons for
conversion to glutamate. Although profound peripheral inflammatory events including
the circulation of high levels of the cytokines IFN-y and TNF-a are occurring one-week
post infection, GLT-1, GS and GLAST transcripts are not significantly different than
naive levels (Fig. 4-1B). At 2 weeks post infection, coincident with parasites entering the
CNS, a decrease in GS transcripts is observed. This reduction is maintained throughout
the chronic and late chronic stages of infection. In contrast, GLT-1 transcripts are

significantly reduced and continue to decline over the course of infection (Fig. 4-1B).
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Although GLT-1 is responsible for over 90% of glutamate uptake by astrocytes we also
measured GLAST. This transporter showed no indication of reduction from naive levels
at any point during infection, remaining constant through the acute inflammation and the

establishment of the CNS chronic phase (Fig. 4-1B).

4.4.2 Infection with Toxoplasma causes profound neuronal pathology:

The prefrontal cortex plays a large role in innate fear, anxiety and decision-
making and is also the area of the brain most densely infected with Toxoplasma
(Dellacasa-Lindberg et al., 2007). To understand the root of behavioral changes induced
by infection, the prefrontal cortex was examined at 6 weeks post infection, well into the
chronic phase, for changes in neuronal morphology (Conejero-Goldberg et al., 2003;
Hermes et al., 2008). Immunohistochemistry staining for B-III tubulin, a cytoskeleton
component of neurons, reveals a profound disruption in neuronal structure. Indeed, mice
infected with Toxoplasma exhibit significantly fewer B-III tubulin positive cells
(p=0.0012) (Fig. 4-2A). To test if this lack of B-III tubulin was due to the absence of
neurons and therefore neuronal death or merely an indicator of poor neuronal health, nissl
staining was performed. Neuronal counts in layer II/IIl of the prefrontal cortex of naive
(n=1982 neurons) and infected (n=2073 neurons) reveal no significant differences in
neuron density, suggesting that no neuronal death is occurring (p=0.132)(Fig. 4-2B). To
test if synaptic changes in the frontal cortex are occurring during infection with
Toxoplasma, labeling of dendritic spines, postsynaptic sites of excitatory synapses, was

performed using Dil delivered on tungsten particles by gene gun. Secondary dendrites in
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layers II/III and IV were randomly selected from serial sections of the frontal cortex and
spines counted blindly. Infection with Toxoplasma significantly reduces spine density in
6 week infected C57BL/6 mice compared to naive (I=5.5104+0.2474 spines per 10 um and
N=6.456+0.2122 spines per 10 um; p=0.0046) (Fig. 4-2C). To further test the extent of
synaptic loss, IHC staining for the excitatory presynaptic marker Vglut-1 was conducted
and reveals a dramatic loss of Vglut-1 positive presynaptic boutons in the brains of
chronically infected animals (scale bar: 33 pum, insert scale bar: 10 um) (Fig. 4-2D).
These data demonstrate that although the infection is categorized as asymptomatic, with
no neuronal death observed, significant disruption in neuronal cytoskeleton and
significant decreases in excitatory synapses occur during the chronic phase of the

infection.

4.4.3 Glutamate extracellular concentrations increase during infection:

Global disruption of the cytoskeletal component B-III-tubulin and loss of dendritic
spines may be a result of glutamate excitotoxicity. Interestingly, previous studies in
Toxoplasma infected mice have also demonstrated a decrease in neuronal branching
(Parlog et al., 2014), decreases in the dendritic marker MAP2 (Cekanaviciute et al., 2014)
and the excitatory postsynaptic density marker PSD95 (Parlog et al., 2014).
Excitotoxicity occurs when extracellular levels of glutamate increase to a pathological
level; this is often measured in animal models of highly pathological and
neurodegenerating diseases such as multiple sclerosis, Alzheimer’s disease, Parkinson’s

disease, amyotrophic lateral sclerosis (ALS) and cerebral malaria (Gonsette, 2008; Foran
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and Trotti, 2009; Lau and Tymianski, 2010; Miranda et al., 2010; Schallier et al., 2011).
To measure extracellular levels of glutamate in the prefrontal cortex during infection with
Toxoplasma, 1mm long microdialysis probes were positioned in the frontal cortex of
C57BL/6 mice and the dialysate was collected over the course of infection. At the
conclusion of the experiment, brains were harvested and histologically assessed for
appropriate probe positioning and signs of necrotic tissue (Fig. 4-3A). Using LC-MS, the
extracellular concentration of all 20 amino acids was measured. As a positive control, a
separate cohort was injected intraperitoneally with pentylenetetrazol (PTZ) (60mg/kg)
and the dialysate collected. PTZ induces the depolarization of neurons and can cause
seizures at high doses; therefore, a spike in extracellular glutamate is expected. Indeed,
PTZ administration produced a large spike in both glutamate (E) and its analogue aspartic
acid (D) within 5 minutes of administration (Fig. 4-3B, arrows) with little to no changes
in other amino acids demonstrating successful microdialysis and measurement of
glutamate in the murine frontal cortex.

Extracellular concentrations of amino acids were then measured at days 3, 7, 10,
14, 21, 28, 35 and 42-post infection with Toxoplasma. Extracellular glutamate levels
remain low and constant during the first 3 weeks of infection however, consistent with
our observations of astrocyte and neuronal morphologies, a significant increase is
observed at and after 5 weeks and continues to increase over the course of infection (Fig.
4-3C)(one way ANOVA; p=0.0003).

The dysregulation of glutamate can occur through a number of mechanisms. As

we have documented extreme swelling of astrocytes, one these mechanisms could be via
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volume regulated anion channels (VRAC). However measurement of aspartate and
glutamine did not exhibit the same pattern of increasing concentrations and therefore
suggest that the non-specific dumping of amino acids as would occur through VRACs is
a less likely mechanism. Further, glutamine is the most prevalent amino acid in the CNS
and its extracellular concentration is not directly regulated by GLT-1, GS or GLAST.
Although aspartate is co-transported with glutamate, its extracellular levels can be
maintained independently of GLT-1 and GLAST. Both glutamine and aspartate exhibit
non significant changes during the course of infection indicating that changes observed in
glutamate are not due to an experimental artifact (p=0.2023, p=0.2227 respectively).
Most of the essential amino acids (besides glutamate, aspartate and glutamine) exhibited
a U-shaped curve, with extracellular levels sharply increasing in early acute infection,
then decreasing back to naive levels between days 10 and 28 only to increase again
during the chronic stage (Fig. 4-3D, S1). Using a one-way ANOVA, significant changes
in extracellular levels of Tryptophan (p=0.0071), Histidine (p=0.0403), Lysine
(p=0.0243), Phenylalanine (p=0.0229), Proline (p=0.0168), Serine (p=0.04), Threonine
(p=0.0052) and Tyrosine (p=0.0149) were measured during the course of infection. A
Dunnett’s post-test was performed for all timepoints against naive concentrations and
significance shown as asterisks on Figure 3 and Supplemental Figure 1. One notable
change is in arginine, which continuously decreases during the course of infection (Fig.
4-3D) (p<0.0001). Arginine is an important substrate for anti-microbial factors including
nitric oxide, which is readily made during infection with Toxoplasma. Non-essential

amino acids show a similar U-shaped response (S1), which suggest a global disruption of
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brain metabolism during the course of infection. Thus, during Toxoplasma infection we
can measure a specific and sustained dysregulation of glutamate over the course of

infection.

4.4.4 Ceftriaxone does not alter the immune response to Toxoplasma infection:

The antibiotic Ceftriaxone has previously been reported to up-regulate GLT-1 in
mouse models of ALS (Rothstein et al., 2005) and shown to be neuroprotective in a
variety of CNS injury where increases in extracellular glutamate are also observed
(Lipski et al., 2007; Verma et al., 2010). Ensuring that treatment with Ceftriaxone in this
model is neuroprotective via an increase in GLT-1 and not a reduction in inflammation or
parasite burden is critical. To address this potential caveat, we measured the immune
response and parasite burden in Ceftriaxone treated and untreated infected mice 6 weeks
post infection. Mice treated with Ceftriaxone had similar weights compared to untreated
mice (Fig. 4-4A), and exhibited similar inflammation in the meninges and in the
perivascular space of the prefrontal cortex (Fig. 4-4B). To test if Ceftriaxone altered
immune cell infiltration, brain mononuclear cell extraction was performed at 6 weeks
post infection and immune cells were counted; these typically include T-cells,
macrophages and resident microglia. Mice treated with Ceftriaxone did not display a
significantly different number of total immune cells when compared to untreated mice
(Fig. 4-4C). This indicates that treatment with Ceftriaxone does not impair or enhance
immune cell infiltration in the CNS. Furthermore, flow cytometry reveals that the

proportions of infiltrating CD8 and CD4 T-cells did not significantly differ from
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Ceftriaxone treated and untreated mice (Fig. 4-4D). To test whether Ceftriaxone can
directly or indirectly kill Toxoplasma; parasite DNA was quantified from the frontal
cortex of 6 week infected treated and untreated animals and revealed no significant
differences between the two groups (Fig. 4-4E). Finally, to test if Ceftriaxone inhibited
the global astrocyte and microglial activation typically seen in Toxoplasma infections,
brain slices were stained for the microglial marker Iba-1 and the astrocyte marker GFAP.
Both the Ceftriaxone treated and the untreated infected mice exhibited widespread

microglial and astrocytic activation (Fig. 4-4F).

4.4.5 Ceftriaxone specifically rescues glutamate transporter GLT-1:

To determine if Ceftriaxone could rescue GLT-1 expression in Toxoplasma
infected mice, chronically infected C57BL/6 mice were treated with 200mg/kg i.p for one
week starting at 5 weeks post infection. At 6 weeks post infection, brains were harvested
to measure RNA and protein expression of GLT-1. This treatment paradigm did not
induce any significant changes in the transcript expression of GLT-1, GS or GLAST
compared to untreated mice (Fig. 4-5A). Mice infected with Toxoplasma exhibited a
significant decrease in GLT-1 and GS protein compared to naive mice (Fig. 4-5B, Fig. 4-
5C). These data corroborate the decrease in GS and GLT-1 transcripts over the course of
infection (Fig. 4-1B). When treated with Ceftriaxone for one week, GLT-1 protein, but
not GS, is partially rescued (Fig. 4-5B, Fig. 4-5C), confirming the specificity of
Ceftriaxone in regulating GLT-1 expression(Rothstein et al., 2005). Finally,

immunohistochemistry for GLT-1 on serial sagittal sections reveals large areas negative
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for GLT-1 staining in the pre-frontal cortex of the untreated but not the Ceftriaxone
treated mice (Fig. 4-5D).

These data suggest that infection with Toxoplasma significantly decreases GLT-1
and GS protein levels and that Ceftriaxone treatment for one week partially rescue GLT-1
protein and prevent the formation of large GLT-1 negative patches in the cortex. These
experiments were repeated on the BALB/C strain to test whether the dramatic loss of
GLT-1 is specific to the susceptible C57BL/6. BALB/C mice infected with Toxoplasma
suffer a significant loss in GLT-1 protein (S2) suggesting that GLT-1 loss is a global and

common mechanism between mouse strains.

4.4.6 Ceftriaxone is neuroprotective during infection with Toxoplasma:

The elevated levels of ECS glutamate observed in infection could possibly offer
one explanation for the profound neuronal damage observed. Treatment with Ceftriaxone
and subsequent protection of GLT-1 loss is expected to have a protective effect on
neurons. To assess the protective effects of Ceftriaxone on neuronal health during chronic
infection with Toxoplasma, immunohistochemistry was performed for the neuronal
nucleic marker NeuN. A marked decrease in staining intensity was observed in
chronically infected mice when compared to naive. Some areas of the cortex were devoid
of NeuN staining, suggesting poor neuronal health (Fig. 4-6A). Remarkably, mice treated
with Ceftriaxone did not exhibit reduced NeuN staining in any cortical areas (Fig. 4-6A).
Higher magnification confocal imaging reveal dramatic differences in the pattern of

NeuN staining between naive and infected animals. While NeuN is strongly positive in
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the nucleus of naive neurons, it appears cytoplasmic in the infected animals. Treatment
with Ceftriaxone protects the loss of nuclear NeuN (Fig. 4-6A). These data suggest that
infection with Toxoplasma is damaging to neurons and that treatment with Ceftriaxone is
effective in preventing areas of neuronal damage.

Western blot for Vglut-1 in naive, chronically infected and Ceftriaxone treated
animals demonstrates a striking loss in excitatory synapses during infection (p<0.0001),
which is not quantitatively rescued by a 7-day Ceftriaxone treatment (p=0.0725) (Fig. 4-
6B). This data suggest a loss of excitatory synapses during infection with Toxoplasma,
possibly due to increased levels of extracellular glutamate. Although the 7-day
Ceftriaxone treatment does not rescue Vglut-1 levels, the low p-value suggests that a
longer treatment might allow greater time for recovery to occur.

To test if Ceftriaxone can protect total synaptic loss in the frontal cortex that are
occurring during infection with Toxoplasma, dendritic spine labeling was performed
using Dil and spines were blindly counted in naive, infected and treated mice.
Corroborating our previous experiment (Fig. 4-2C), infection with Toxoplasma
significantly reduces spine density in 6 week infected C57BL/6 mice compared to naive
(I=5.573+0.2288 spines per 10 pm and N=6.724+0.2572 spines per 10 um; p=0.0052)
(Fig. 4-6C). Ceftriaxone treated mice did not exhibit any significant change in spine
density when compared to naive (C=6.922+0.2904 spines per 10 pum and
N=6.724+0.2572 spines per 10 um; p=0.2026) (Fig. 4-6C), but did have significantly
more spines than untreated infected mice (C=6.922+0.2904 spines per 10 um and

[=5.573+0.2288 spines per 10 um; p=0.0004) (Fig. 4-6C). These findings demonstrate
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that during infection with Toxoplasma, neurons of the frontal cortex lose a significant

number of spines, which can be rescued by treatment with Ceftriaxone.

4.4.7 Infection with Toxoplasma disrupts neuronal networks and changes
behavior:

There are numerous correlations with Toxoplasma infection, human behavior and
disease including an increase in risk seeking behavior, schizophrenia and Alzheimer’s
disease (Flegr et al., 2000; Yolken et al., 2001; Conejero-Goldberg et al., 2003; Torrey
and Yolken, 2003; Webster et al., 2006; Flegr, 2007; Torrey et al., 2007; Flegr et al.,
2009; Kusbeci et al., 2011; Torrey et al., 2012; Flegr, 2013b, a). Experiments in mice
have demonstrated a highly specific effect of infection on olfaction and behavior towards
bobcat urine (Vyas et al., 2007), postulated to relate to the need of the parasite to return to
the definitive host, the cat. The mechanism, of what must be a highly specific modulation
of neuronal activity has recently been described as epigenetic control of the arginine
vasopressin promoter of the amygdala (Hari Dass and Vyas, 2014). However such
specific alterations are less likely to lead to the wide range of human disorders correlated
with infection. Other studies have described widespread changes in neuronal connectivity
(Parlog et al., 2014), pathology, and behavior (Hermes et al., 2008). Our data
demonstrates a significant and global dysregulation of the main excitatory
neurotransmitter in the brain, which could translate to functional and behavioral

abnormalities in infected mice.
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To further test if and what neuronal changes are induced by chronic Toxoplasma
infection, mice were subjected to the elevated plus maze anxiety tests (Gonzalez et al.,
2007; Walf and Frye, 2007; Afonso et al., 2012) (Fig. 4-7A). Following six weeks of
infection, the time mice spent in the open arm of the elevated maze was assessed and
compared to uninfected naive, and Ceftriaxone treated mice. Consistent with
experiments conducted in rats (Gonzalez et al., 2007) and mice (Afonso et al., 2012),
mice placed on an elevated plus maze spent significantly more time in the open arms of
the maze (p=0.0002) (Fig. 4-7B) and entered the open arms more frequently (p=0.0005)
(Fig. 4-7C) when infected with Toxoplasma. Ceftriaxone treatment for one week does not
rescue either phenotype. The observed increase in open arm activity is not due to an
increase in the general activity of infected mice as there were no differences in the
distance travelled or velocity compared to naive mice (p=0.9569 and p=0.9561
respectively) (Fig. 4-7D). In the open field test, performed to measure differences in
activity between naive, infected and Ceftriaxone treated mice, no significant differences
were observed in both velocity and distance traveled over a 30min test (S3). This
confirms that the chronic stage of Toxoplasma infection causes profound and persistent
behavioral changes in the mouse.

To test if Ceftriaxone treatment rescued extracellular levels of glutamate,
microdialysis was performed on naive, 6-week infected and ceftriaxone treated mice.
Ceftriaxone treatment selectively rescues glutamate levels (N vs I: p=0.0003; I vs C:

p=0.0072) (Fig. 4-7E), with no significant changes in other amino acids (Fig. 4-7E, S4).
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If glutamate is dysregulated on a global scale, then we would expect to see
abnormalities in the collective firing of neurons. To test if the changes in behavior are
paralleled by changes in normal electrical activity of the brain, EEGs were performed on
uninfected, chronically infected and Ceftriaxone treated mice. Ceftriaxone treatment
began at 3 weeks post infection and continued throughout the experiments. The EEG
probes, placed in the frontal cortex, measured brain activity for 24-hour periods and
allowed for a detailed analysis of EEG waveform and power. Following 6 weeks post
infection; the thalamo-cortical rhythmic waves (Fig. 4-7F, arrows) observed in naive
mice are disrupted in infected mice (Fig. 4-7F) suggesting a reduction or perturbation in
synchronous neuronal firing. The degree of pattern in an EEG trace can be quantitatively
measured using approximate entropy; this technique can quantify the level of
unpredictability in a time series, with larger values representing less regularity. In line
with Ceftriaxone’s neuroprotective qualities and its rescue of dendritic spine density,
treatment partially rescues these rhythms as measure by approximate entropy (Naive vs
Infected, p<0.0001; Infected vs Ceftriaxone, p=0.0057; Naive vs Ceftriaxone, p=0.0138)
(Fig. 4-7F). EEG power over the entire physiological frequency range was then
quantified as a measure of neuronal synchrony and normal brain functioning. A dramatic
loss in EEG power over all frequencies is observed at 4, 5 and 6 weeks post infection
compared to naive (One way ANOVA: p<0.0001 Bonferroni’s post test: p<0.001
between Naive and Infected for week 4, 5 and 6) (Fig. 4-7G) and is not rescued by a one-
week treatment with ceftriaxone (One way ANOVA: week 4, p<0.0001 Bonferroni’s post

test not significant between Infected vs Ceftriaxone). However, continued treatment with
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ceftriaxone partially rescues EEG power at 5 (One way ANOVA: week 5, p<0.0001
Bonferroni’s post test (I vs C): p<0.001) and 6 weeks (One way ANOVA: week 6,
p<0.0001 Bonferroni’s post test (I vs C): p<0.05) post infection (Fig. 4-7G). To test
whether the EEG power is allocated differentially across frequencies between the naive,
infected and treated groups, percent power was calculated (Fig. 4-7H). Although the
ceftriaxone treated group is particularly variable, no significant differences in power
allocation was observed between all 3 groups across weeks 4, 5 and 6 post infection (One
way ANOVA). These data suggest that a loss in signal, rather than a redistribution is
occurring during the course of infection. These data demonstrate that infection with

Toxoplasma alters neuron biology, electrical physiology and ultimately, behavior.
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4.5 Discussion:

To this day, scientists are still unsure on the etiology of a variety of common
neurodegenerative diseases. Although AD, dementia, cognitive impairment and some
neuropsychiatric disorders all have genetic components, these are often not sufficient to
explain the disease in all patients. It is now appreciated that epigenetic factors and insults
acquired during the lifespan of the patient play an important role in predisposing humans
to certain diseases (Masliah et al., 2013; Pezzi et al., 2014). An example examining early
life infections with a variety of viruses report that CNS or systemic infections are a
significant risk factor in the pathogenesis and pathophysiology of AD. Furthermore, the
same study reports that chronic CNS infections are a significant risk factor of sporadic
AD (Honjo et al., 2009). Although infection with Toxoplasma is largely asymptomatic,
the chronicity and CNS localization of the parasitic infection warrants investigation of its
effects on brain function. In light of the recent animal studies demonstrating the profound
behavioral changes Toxoplasma infection induces in rodents, (Vyas et al., 2007; Vyas,
2013; Hari Dass and Vyas, 2014) as well as the many human studies suggesting infection
with Toxoplasma being a significant risk factor in a variety of diseases (Torrey and
Yolken, 2003; Miman et al., 2010; Kusbeci et al., 2011; Dickerson et al., 2014) and is
correlated with risk-seeking behavior (Flegr et al., 1996; Flegr, 2007; Flegr et al., 2009;
Flegr, 2013a), we suggest that treatment of CNS infections must be considered as an
option when treating for these diseases.

In this report, we set out to characterize the CNS pathology and its effect on

normal brain function during the chronic phase of infection. We have demonstrated that
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infection with Toxoplasma causes profound changes in behavior and brain wave activity
suggesting a significant modification of neuronal networks. We further show significant
neuronal pathology in the pre-frontal cortex including decreases in dendritic spine density
and disruption in a variety of neuronal proteins consistent with neuronal damage as a
result of glutamate excitotoxicity. Microdialysis experiments then confirmed a robust
increase in ECS glutamate and revealed dynamic changes in ECS amino acids during the
course of infection. We also demonstrate a clear defect in glutamate regulation by
astrocytes, which is rescued by the beta-lactam antibiotic Ceftriaxone. Restoring
glutamate regulation rescues the neuronal pathology observed and some homeostatic
brain function. These data suggest that although infected mice are nearly
indistinguishable from their naive counterparts, severe and chronic CNS pathology is
occurring which could contribute to neurodegenerative disorders or to mental illness.

We have shown that infection with Toxoplasma specifically changes glutamate
homeostasis in the brain. With no transporters for glutamate on the blood brain barrier, all
CNS glutamate carbon skeletons are synthesized de novo from astrocytes. This specificity
is due to the key astrocyte specific enzymes pyruvate decarboxylase and cytosolic malic
enzymes responsible for glutamate carbon skeleton production and recycling of excess
glutamate into the metabolic pathway (Hertz et al., 1999). Astrocytes are not only the
only CNS cell type able to sustain de-novo production of glutamate; they also are critical
in regulating its extracellular levels. The astrocytic glutamate transporters GLT-1 and
GLAST are present at high densities in the forebrain and cerebellum respectively, and are

responsible for over 90% of ECS glutamate uptake (Hertz et al., 1999; Danbolt, 2001;
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Hertz and Zielke, 2004). These glutamate transporters use the sodium/ potassium
gradients to co-transport glutamate into the astrocytic compartment against its
concentration gradient. Indeed, glutamate is present in the astrocyte at an estimated 100-
1000 times the concentration in the ECS (Hertz et al., 1999; Danbolt, 2001; Hertz and
Zielke, 2004). Another astrocyte specific enzyme, glutamine synthetase, converts
intracellular astrocytic glutamate to glutamine, thus stabilizing the intracellular glutamate
concentrations. The specificity of glutamate synthesis and regulation by astrocytes leaves
the CNS vulnerable to excitotoxicity by lack of compensatory mechanisms to regulate
glutamate should astrocytes fail. This evidently occurs in most CNS injuries, infections
and neurodegenerative diseases as many are characterized by an increase in CNS
extracellular glutamate and an astrocytic dysregulation of glutamate (Obrenovitch and
Urenjak, 1997; Werner and Engelhard, 2007; Gonsette, 2008; Zhang et al., 2008; Foran
and Trotti, 2009; Lau and Tymianski, 2010; Miranda et al., 2010; Schallier et al., 2011).
ECS glutamate can reach excitotoxic levels either by decreased glutamate uptake,
increased secretion during neuronal transmission, or both. In Toxoplasma infection, we
demonstrate a decrease uptake by GLT-1 leading to an increase in ECS glutamate most
likely exacerbated by increased glutamate release through the glutamate/cysteine
antiporter xc  system expressed by microglia and other cells in the CNS during
inflammatory events. Massive glutamate release has also been reported to occur through
the astrocyte specific volume regulated anion channels (VRACs) during cell swelling
(Feustel et al., 2004; Kimelberg et al., 2006; Haskew-Layton et al., 2008). Although we

observe significant astrocytic swelling during the course of infection, it is unlikely that
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glutamate is being released through VRACs as a parallel ECS increase in aspartic acid
would be expected and is not observed (Feustel et al., 2004; Bowens et al., 2013). The
sustained increase in ECS glutamate is associated with profound neuronal damage
including decreased synaptic density and altered neuronal signaling as evidenced by
EEG. These changes result in very specific behavioral modifications in rodents (Vyas et
al., 2007; Vyas, 2013; Hari Dass and Vyas, 2014). However, Toxoplasma infection in
humans is associated with a wide range of pathologies (Torrey and Yolken, 2003; Miman
et al., 2010; Kusbeci et al., 2011; Dickerson et al., 2014) suggesting a possible disruption
a basic mechanism affecting multiple parts of the brain.

Understanding the multifactorial etiology of neurodegenerative diseases is critical
in our approach in developing therapeutics. To date, there are no comprehensive studies
on the CNS pathology of Toxoplasma infection in humans. The CNS localization and the
life-long presence of the parasite make it a good candidate as a risk factor for
neurodegenerative diseases and with a global infection rate of 30%, the potential
population at risk could be significant. As increasing numbers of publications report
Toxoplasma infection as a risk factor in a multitude of diseases (Yolken et al., 2001;
Miman et al., 2010; Kusbeci et al., 2011; Dickerson et al., 2014), we suggest that
infection could act as a trigger for the observed pathology, possibly by dysregulation of

glutamate homeostasis.
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4.6 Figures and Legends:

Figure 4-1. Infection induces profound and chronic astrocytic morphological and
molecular changes.

A) Scanning serial electron microscopy images (Renovo) were analyzed for astrocytic
endfeet width (highlighted in yellow). A significant increase in endfoot width is observed
during the course of infection (scale bar: Sum, BV: blood vessel). The first panel depicts
a Toxoplasma cyst inside a neuron (red) within the frontal cortex. B) Whole forebrain
RNA RT-qPCR for GLT-1 and glutamine synthetase demonstrates a reduction in both

transcripts over the course of infection with no changes in GLAST transcripts.
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Figure 4-2. Infection with Toxoplasma causes profound neuronal pathology.

A) Immunohistochemistry staining was performed on 12-micron sections of naive and 6
week infected mice for B-IIT Tubulin. A significant (p=0.0012) reduction in B-III Tubulin
positive cell count is present in the infected animals compared to naive (scale bar: 90um).
B) Nissl stain of 40um 6 week infected and naive brain sections. Cortical layers labeled
with roman numerals and representative ROI shown (square). No significant difference in
neuronal counts between infected and naive groups (Naive: 34 ROIls, 1982 neurons;
Infected: 35 ROIs, 2073 neurons; p=0.132) (scale bar 70um and 18um). C) Dil labeling
of dendritic spines in the pre-frontal cortex of naive and 6 week infected animals reveals
a significant decrease in dendritic spine density in the infected mice (p=0.0046) (scale
bar: 7um). D) Immunohistochemistry for Vglut-1 in the pre-frontal cortex of naive,
chronically infected and Ceftriaxone treated mice. (Scale bar: 33um; insert scale bar:

10um).
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Figure 4-3. Glutamate extracellular concentrations increase during infection.

A) Hematoxylin and eosin staining was performed to confirm microdialysis probe
placement in the frontal cortex. B) Intraperitoneal injections of pentylenetetrazol were
completed to confirm detection and changes in concentration of each amino acid. C,D)
LC-MS analysis (Sussex) on microdialysis samples over the course of infection reveal
dynamic changes in non-essential extracellular amino acid concentration in the CNS. A
one-way ANOVA reveals significant changes in Glutamate (p=0.0003), Arginine
(p<0.0001), Proline (p=0.0168), Serine (p=0.04), and Tyrosine (p=0.0149). A Dunnett’s
post-test was performed for all timepoints against naive concentrations and significance

shown as asterisks. Amino acids not listed did not change significantly.
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Figure 4-4. Ceftriaxone does not alter the immune response to Toxoplasma
infection.

A) Infected mice treated and not treated with Ceftriaxone were weighed everyday
between week 5 and 6 post-infection. No significant differences were observed between
infected groups. B) Hematoxylin and eosin staining was performed and images of the
prefrontal cortex (10X) and blood vessels (25X) within the prefrontal cortex were taken.
Infiltrating cells are observed in both the treated and untreated infected animals. C) No
significant difference was found in total brain mononuclear cell counts following
treatment with Ceftriaxone. D) Flow cytometry reveals no differences in the composition
and proportions of CD8 and CD4 T-cells infiltrating the CNS in infected and treated
mice. D) Parasite DNA was amplified using qPCR in infected and Ceftriaxone treated
mice. No significant difference in parasite burden was observed. E)
Immunohistochemistry for the microglial marker Iba-1 and the astrocytic marker GFAP
was performed on 12 micron thick frozen sections. Global microglial and astrocytic
activation can be observed in both treated and untreated infected groups (scale bar:

80pum).
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Figure 4-5. Ceftriaxone specifically rescues glutamate transporter GLT-1.

A) RT-gqPCR was performed on whole forebrain RNA on naive, infected and Ceftriaxone
treated animals. No significant difference in transcripts of GLT-1, GS or GLAST was
observed following treatment with Ceftriaxone. B) Whole forebrain western blots were
conducted for GLT-1 and C) GS on naive, infected and Ceftriaxone treated animals.
Infection with Toxoplasma causes a significant decrease in GLT-1 and GS (p=0.0144 and
p=0.0002 respectively). Treatment with Ceftriaxone significantly increases GLT-1
protein compared to infected group (p=0.0172). D) Immunohistochemistry for GLT-1
and GFAP demonstrates areas negative for GLT-1 but positive for GFAP. No such

patches are observed in animals treated with Ceftriaxone for one week (scale bar: 80pum).
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Figure 4-6. Ceftriaxone is neuroprotective during infection with Toxoplasma.

A) Immunohistochemistry for NeuN reveals patchy staining in the infected group with
overall decreased staining intensity. These patches are not visible in mice treated with
Ceftriaxone for one week (scale bar: 80um). Higher magnification of NeuN
immunohistochemistry (scale bar: 54um) reveal intracellular localization of NeuN. B)
Western blot analysis for Vglut-1 in naive, chronically infected and Ceftriaxone treated
mouse cerebrums (Naive vs. Infected, p<0.0001; Infected vs. Ceftriaxone, p=0.0725;
Student T-Test) C) Dil labeling of dendritic spines was quantified and reveals a
significant increase (p=0.0004) in dendritic spine density following Ceftriaxone treatment

when compared to the infected group (scale bars: 9um).
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Figure 4-7. Infection with Toxoplasma disrupts neuronal networks and changes
behavior.

A) Naive (N=13), 6 week infected (N=11) and ceftriaxone treated (N=11) mice were
placed in the center of an elevated plus maze and recorded for 5 minutes. B) Infected
mice spend significantly (p=0.0002) more time in the open arms (arrows) of the maze. C)
Frequency of open arm entry was measured between naive and infected animals
(p=0.0005). D) Velocity and total distance traveled were also measured to assess overall
activity. E) Glutamate and glutamine concentrations in the extracellular space of naive,
infected and ceftriaxone treated mice as measured by microdialysis (Student’s T-test: N
vs I: p=0.0003; I vs C: p=0.0072). F) EEG raw traces for naive, 6 week infected and
Ceftriaxone treated animals (scale bar: 1sec; arrows point to one full rhythmic cycle).
Approximate entropies were measured and a student’s T-test performed between all
groups (Naive vs Infected, p<0.0001; Infected vs Ceftriaxone, p=0.0057; Naive vs
Ceftriaxone, p=0.0138) G) EEG power density spectrum for naive, 4, 5 and 6-week
infected and ceftriaxone treated animals. Asterisks represented are Bonferonni’s multiple
comparison test (I vs N) and (C vs I) H) EEG percent power calculated from power

density spectral analysis in G.
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Supplemental Figure 4-1: Infection with Toxoplasma induces dynamic changes in
essential amino acids.

LC-MS analysis (Sussex) on microdialysis samples over the course of infection reveal
dynamic changes in extracellular essential amino acid concentration in the CNS. A one-
way ANOVA reveals significant changes in Tryptophan (p=0.0071), Histidine
(p=0.0403), Lysine (p=0.0243), Phenylalanine (p=0.0229) and Threonine (p=0.0052). A
Dunnett’s post-test was performed for all timepoints against naive concentrations and

significance shown as asterisks. Amino acids not listed did not change significantly.
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Supplemental Figure 4-2: Infection with Toxoplasma induces a loss in GLT-1 in the
resistant BALB/c mouse.

A) 6 week Me49 infected BALB/c mice show significant weight loss compared to naive
mice (student’s T test: p=0.0112). B) Whole forebrain western blots were conducted and

quantified for GLT-1 (Student’s T test: p=0.0081).
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Supplemental Figure 4-3: Infection with Toxoplasma does not affect motility.
A) Naive (N=13), 6 week infected (N=11) and ceftriaxone treated (N=11) mice were
placed in the center of an open field arena and recorded for 30 minutes. No significant

changes were measured in velocity or distance traveled.
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Supplemental Figure 4-4: Treatment with Ceftriaxone does not alter extracellular

amino acid concentrations.
A) Microdialysis of naive, 6-week Me49 infected and Ceftriaxone treated mice reveals no

significant changes in extracellular amino acids following treatment with ceftriaxone.
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Conclusions and Perspectives.

154



5.1 Conclusion and Future Directions:

Far from being limited to the passive, structural role they were initially labeled
with; glial cells have emerged as complex, active, and essential components of the CNS.
From the small, spatially tiled microglia, which constantly sample their environment for
signs of damage (Nimmerjahn et al., 2005), to the large, interconnected astrocytes which
maintain ion and neurotransmitter homeostasis while guarding the brain’s vasculature
(Attwell et al., 2010; Sofroniew and Vinters, 2010); glial cells are truly multifunctional
units of the CNS. The true significance of these cells is evidenced by the
neuropathological consequences of a deleterious gain or loss of their function; such as by
DNA mutation, a lack of glutamate homeostasis, or deficient ion buffering during disease
(Hertz and Zielke, 2004; Sofroniew and Vinters, 2010). In the context of glioma, genetic
mutations in astrocytes are primarily responsible for the characteristic uncontrolled
growth and capacity for profound invasion, resulting in rapid degeneration and low
survival rates (Friedman et al., 2000; Furnari et al., 2007). Non-glioma astrocytes
exacerbate the inherent properties of gliomas by altering the environment through
increases in extracellular matrix remodeling, a decrease paracrine apoptotic factors and
an increase in all survival and angiogenic factors (Le et al., 2003; Charles et al., 2011;
Biasoli et al., 2014). Traditional chemotherapy with Temozolomide continues to be the
most commonly used method for GBM treatment, yet is largely ineffective. Indeed, only
50% of GBM npatients respond to Temozolomide treatment at all, and those who do
respond are graced with an increase in survival of only 18 months (Friedman et al., 2000;

Stupp et al., 2002; Hegi et al., 2005; Stupp et al., 2005; Mutter and Stupp, 2006; Ajaz et
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al., 2014). Until a more potent chemotherapeutic is discovered, the exploration of new
types of therapies remains a high priority.

One avenue currently being investigated is the modulation of the immune system
to combat gliomablastomas. As discussed previously, GBMs have a large immune
component, with up to 50% of some tumors being comprised of alternatively activated
macrophages (Solinas et al., 2009). The presence and density of alternatively activated
macrophages in tumors is positively correlated with poorer prognosis (Bingle et al., 2002;
Zhang et al., 2011). Targeted destruction of alternatively activated macrophages in GBMs
would be an exciting avenue for future GBM treatments. Within the same concept,
targeting the permissive tumor environment would be an interesting and potentially
effective way of cutting off a tumor’s energy supply, stinting its growth, and finally
killing it. Such a therapy has been briefly touched on in Chapter 2: using Stabilin-1
positive macrophages to remove the extracellular SPARC and decrease tumor infiltration.
SPARC levels are normally low in the cerebrum, but significantly increased during
GBMs (Framson and Sage, 2004). SPARC is abnormally expressed in all grades of
GBMs but particularly localized at the sites of tumor proliferation (Rempel et al., 1998).
Some studies have already demonstrated that a decrease in SPARC expression using
siRNA has significantly reduced tumor proliferative capabilities (Shi et al., 2007). This
study, however, focuses solely on an in-vitro approach, and the treatment of cells with
siRNA is not easily applicable to the human patient population. An elegant solution
would be to use Stabilin-1 positive macrophages to remove extracellular SPARC in and

around the tumor in an effort to stop its proliferation and survival. Such an approach
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would be possible if: 1) we could successfully modify the phenotype of TAMs to induce
Stabilin-1 expression, 2) such expression proved not only functional, but sustainable and
3) we could demonstrate that no other extracellular matrix remodeling protein
compensates for the loss of SPARC. An alternative, already under investigation by
several research groups, demonstrates great potential by targeting the cytokine milieu and
increasing the proportion of Th-1 response. Since the tumors induce a strong M2
phenotype to promote survival and growth, the induction of a strong Th-1 response by
INF-y has the potential to decrease the effects of M2 cells. A study by Fritzell et al. has
demonstrated that in a rat model of GBM, a steady increase in INF-y, along with an
increase in proliferating CD8+ T-cells during GBM, results in a dramatic increase in
survival, with 85% of the treated mice not succumbing to GBM (Smith et al., 2009;
Fritzell et al., 2013). Although any one therapy has its advantages and disadvantages, it is
critical to remember that combination therapies tend to be most successful in treating
brain gliomas. Surgical removal of the bulk of the tumor combined with
chemotherapy/radiotherapy (Friedman et al., 2000; Stupp et al., 2002), dietary restriction
(Safdie et al., 2012) and immune therapy is likely to be more effective than any one
alone.

As discussed previously, astrocytes are responsible for maintaining a multitude of
homeostatic functions. For example, they provide metabolic support, clear excess
potassium from areas of high neuronal activity and maintain low extracellular levels of
glutamate in the CNS (Danbolt, 2001; Dienel and Cruz, 2006; Sofroniew and Vinters,

2010). The loss of any of these functions can be extremely detrimental to the brain. As
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discussed in detail in Chapter 4, the disruption in glutamate homeostasis through the loss
of the transporter GLT-1, results in widespread neuropathology characterized by
decreases in NeuN, B-III Tubulin, and synaptic density in the pre-frontal cortex as well as
abnormal electrophysiological recordings. Although no neuronal death is observed,
profound changes in neuronal cytoskeletal components, morphology and electrical
signaling suggests poor health. While not all of these changes can be directly linked to
the loss of GLT-1, treatment with Ceftriaxone—an antibiotic which upregulates GLT-1—
has rescued most of the observed pathological phenotypes. Because the loss of GLT-1
and the resulting increase in extracellular glutamate is associated with multiple
neurodegenerative and psychiatric disorders (see Ch.4), the ability to increase its
expression gives hope to relieving the symptoms associated with these diseases. This
hope is exactly what drove researchers to conduct clinical trials with Ceftriaxone as a
treatment for ALS patients (Cudkowicz et al., 2014). Based on exhaustive and successful
mouse studies, it was hypothesized that treatment with Ceftriaxone could decrease
extracellular levels of glutamate through an increase in GLT-1 expression and relieve
patients of the severe symptoms associated with ALS (Rothstein et al., 2005).
Unfortunately, although very successful in mouse models, the human clinical trials were
a failure. Future studies should focus on the benefits of the rescue of extracellular
glutamate homeostasis on not only the morphological and molecular health of neurons
but also of the restoration of their network. Extensive EEG, slice electrophysiology, and
behavioral studies could aid in modulating the length and intensity of Ceftriaxone

treatment until the restoration of the normal electrical signature can be achieved.
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As the human population grows exponentially and ages older with each
generation, it is critical to find treatments for disorders of the CNS. Identifying the
molecular catalysts of disease will allow direct targeting of the cause, as opposed to a
simple treatment of symptoms. Within the CNS, it is vital that we consider the important
functions of glial cells as extensive contributors to disease; they should be seen as

integral components of any new therapeutic targets.
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