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Abstract

Adenosine is an essential purine nucleoside of particular importance within heart and brain.
The widespread and diverse actions of adenosine, driven by activation of cell surface re-
ceptors, include regulation of sleep/arousal and neuroprotective properties. The mecha-
nisms involved in regulating adenosine concentrations remain poorly understood but are
critical to signaling pathways as they determine the availability of adenosine at correspond-
ing receptors within the extracellular space. The equilibrative nucleoside transporter (ENT)
family, bi-directional, Na*-independent nucleoside transporters, are key components in
both the release and uptake of adenosine. This study has been conducted to investigate
ENT3, a novel member of the ENT family. Our work has demonstrated ENT3 to be ex-
pressed throughout brain, located in cortex, cerebellum, striatum and hippocampus, at sim-
ilar levels. Neurons and astrocytes, but not microglia, showed intracellular ENT3 localisa-
tion. This was confirmed by differential centrifugation, of cortex and cerebellum, which

suggests ENT3 to be found within the cytoplasm.
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Chapter 1

Introduction

1.1 Adenosine and the CNS

Purines are essential constituents of all living cells and important molecules not only in-
volved in purinergic signaling pathways but are essential components to cellular function
(Haystead, 2006). Also referred to as the purinome, purinergic signaling involves purine
nucleotides and nucleosides, corresponding receptors, enzymes, channels and transporters
that all work cooperatively to modulate cellular function, homeostasis and responses
(Volonte and D'Ambrosi, 2009). One such purine nucleoside is adenosine; found through-
out the body, along with its corresponding receptors, adenosine is of particular importance
in the heart and brain (Burnstock, 1972; Drury and Szent-Gyorgyi, 1929).

Over the years studies have demonstrated the direct involvement of adenosine in vital
CNS processes (Phillis and Wu, 1981) including, but not limited to, modulating cellular
metabolism, anticonvulsant actions (Dunwiddie, 1999), regulation of sleep and arousal

(Huston et al., 1996; Landolt, 2008) and regulation of pain signal transmission (DeLander
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and Hopkins, 1986; Post, 1984). All physiological actions of adenosine rely on the activa-
tion of specific adenosine receptors (Sebastiao and Ribeiro, 2000). Classified as P1 pu-
rinergic receptors, four distinct adenosine receptors have been identified to date; A1, Aza,
Azg and As, all of which are seven-transmembrane domain G-protein coupled receptors
(GPCR) (Fredholm et al., 2001; Lefkowitz, 2004). Adenosine, binding to the extracellular
site of the adenosine receptor, activates the guanine nucleotide exchange factor of the as-
sociated G-protein resulting in the release of a GDP molecule and the binding of a GTP
molecule to the G, subunit. The presence of a GTP molecule induces a conformational
change in the G, subunit, which then dissociates from the Gg, subunits and activates further
downstream pathways.

Although each adenosine receptor shares a common structure, their downstream effects
within the cell can be very different and are determined, in part, by the type of associated
G-proteins. The two main effects of adenosine signaling can be classified as inhibitory and
excitatory (Correia-de-Sa et al., 1996; Cunha et al., 1994). A1 and Az receptors, considered
to primarily induce inhibitory actions (Brand et al., 2001), are predominantly linked to Gij
proteins which act by inhibiting adenylyl cyclase thereby decreasing cAMP concentration.
In contrast, A2a and Az receptors, largely considered excitatory, are associated primarily
to Gs proteins, which activate adenylyl cyclase resulting in increased concentration of
cAMP. Although both are involved in excitatory signaling, A2a and Azg receptors differ in
that Aza is found primarily expressed in the CNS and A2g within the PNS (Svenningsson
etal., 1999). The presence of multiple distinct adenosine receptors, linked to both stimula-
tory and inhibitory signaling pathways, is a good indicator as to adenosines’ enormous

signaling potential.
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One of the most compelling signaling properties of adenosine within the CNS, in terms
of its therapeutic potential, is its neuroprotective actions (Cunha, 2005). It has been many
years since it was first demonstrated that extracellular adenosine concentrations rise dras-
tically in unfavorable and stressful conditions such as during hypoxia (deprivation of oxy-
gen) and ischemia (deprivation of oxygen and glucose) (Safran et al., 2001). Observations
of increased extracellular adenosine, and resulting neuromodulatory effect in neighbouring
cells, in such conditions have led to the use of the term ‘retaliatory metabolite’ when de-

scribing adenosine (Newby, 1984).

1.2  Regulation of Adenosine Concentration

For many years, adenosine was thought to only be released by cells under pathological
conditions. As science and laboratory techniques have advanced, continued and in-depth
studies have demonstrated clearly that adenosine is released as a result of normal physio-
logical activity as well as during pathophysiological states. Although understanding of the
signaling pathways and receptors of adenosine have been well documented, the mecha-
nisms involved in regulating extracellular adenosine concentration remain poorly under-
stood. As each signaling cascade is initiated by adenosine binding to the extracellular bind-
ing site of corresponding receptors and ends by clearing adenosine from the extracellular
matrix, the importance of regulating extracellular adenosine concentrations should not be

underestimated. The difficulty in studying these mechanisms is due primarily to the num-
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ber of intersecting pathways of adenosine formation and release; altering activity, expres-
sion or localisation of one component results in compensatory responses in another making
it difficult to assess individual roles of enzymes and transporters.

Below offers the most current descriptions of known mechanisms by which adenosine
is produced and extracellular concentrations are regulated within cells; they have been clas-

sified as intracellular pathways and extracellular pathways.

1.2.1  Intracellular Pathways

There exist a number of nucleotides, found within the intracellular space, that are adenosine
precursor molecules and as such, they can be metabolized to form adenosine. It was previ-
ously believed that direct adenosine release was only as a result of pathophysiological con-
ditions but more recent studies have demonstrated adenosine to be released in physiological
conditions. The direct release of adenosine is dependent on the intracellular production
pathways and therefore, the factors and conditions that influence intracellular adenosine
concentration are of great importance to understanding adenosine signaling (Brundege and
Dunwiddie, 1998).

There are currently two general mechanisms of direct adenosine release; intracellularly
formed adenosine can accumulate and be released via facilitated nucleoside transporters
(NTSs) expressed at the cell membrane that transport adenosine in a concentration gradient
dependent manner or alternatively, evidence is accumulating demonstrating direct adeno-
sine release via exocytosis in a variety of brain structures.

The production of intracellular adenosine is due in part to the activity level of the cell

through the simple consideration that an increase in activity would result in an increased
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consumption of ATP resulting in the formation of adenosine via intracellular enzymatic
activity. As adenosine is unable to cross cell membranes nucleoside transporters facilitate
the direct release of adenosine as intracellular concentrations increase. Two families of
nucleoside transporters have been identified to date, the concentrative nucleoside trans-
porter family (CNT) and the equilibrative nucleoside transporter family (ENT). Although
both CNTs and ENTSs are considered important components in nucleoside salvage path-
ways, the ENT family plays critical roles in physiological processes within brain by mod-
ulating extracellular adenosine concentrations (Baldwin et al., 1999). Due to the neuro-
modulatory effects of adenosine, the link between neural activity and the production of
intracellular adenosine for release into the extracellular space, holds great interest.

Although defined simply as a chemical signal that is released into the synaptic cleft
which separates two neurons, any substance that is classified as a neurotransmitter must
fulfil the following three criteria; the substance must be found within the presynaptic neu-
ron (presence), the release of the substance must be Ca*?-dependent and directly linked to
presynaptic depolarization (the release) and finally, the postsynaptic cell must be found to
express the receptors corresponding to the substance (postsynaptic effects). Currently
adenosine is not considered a true neurotransmitter as previous studies were not able to
demonstrate adenosine release from presynaptic neurons was the result of depolarization,
although more recent evidence opposes this classification (Corti et al., 2013; Song et al.,
2014; Wall and Dale, 2013).

In a number of studies, adenosine has now been demonstrated to be released directly
through exocytosis. Electrical stimulation of cerebellar slices and area CA1 of hippocampal

slices showed adenosine release to be both sensitive to Ca*2 and action potential dependent
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using tetrodotoxin, a neurotoxin that inhibits action potential (Wall and Dale, 2007, 2013).
A study at the calyx of Held within the brainstem demonstrated adenosine release to be
independent of ectonucleotidases, which when inhibited did not have an effect on measured
excitatory postsynaptic currents (EPSC) (Wong et al., 2006).

In addition, preferences as to the primary mechanism of adenosine release have been
found to differ between cell types. For example, it has been previously demonstrated that
astrocytes express much higher levels of adenosine kinase (AK) as compared to neurons
(Gouder et al., 2004). This is of importance as AK is responsible for the phosphorylation
of intracellular adenosine to form AMP whereby AK activity maintains very low intracel-
lular concentrations of adenosine. Due to high AK expression, direct adenosine release by
astrocytes has not been found to be an important source of extracellular adenosine. In con-
trast, intracellular adenosine levels within neurons can increase due to high metabolic de-
mand and low AK expression whereby adenosine is released by ENT isoforms, directing
adenosine efflux following the concentration gradient (Brundege and Dunwiddie, 1998).

Studies of tissues have also shown that multiple intersecting pathways can be involved
in adenosine regulation and preference can vary in different tissues throughout the brain.
For example, two separate studies were performed on cerebellar slices and hippocampal
slices and although both were found to release adenosine by exocytosis, further studies
were performed to determine the role of ENTs in adenosine release; inhibiting cerebellar
slices with ENT1 and ENT?2 inhibitors had no effect on adenosine release indicating a dis-
tinct mechanism of release (Wall et al., 2007) whereas blocking ENT1 and 2 in hippocam-
pal slices significantly reduced the amount of adenosine release, indicating ENTSs are in-

volved in adenosine release from hippocampal cells (Wall and Dale, 2013).
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Although this is just one example in which distinct mechanisms of adenosine regulation
can be present simultaneously, it is certainly not the only case and as such studies on aden-
osine release remain unresolved. It is clear that tissue, cell type and stimulus are all factors
that influence adenosine release (Latini and Pedata, 2001). NTs have garnered much atten-
tion over the years. Although expression studies of NTs show widespread distribution
throughout the CNS, a direct link between NT isoforms and adenosine signaling has yet to
be identified. Currently, NTs are considered primarily responsible for adenosine reuptake
rather than a mechanism of adenosine release albeit NTs are still important components in
adenosine signaling (Stone et al., 2007). There are two known NT families, classified as
CNT and ENT, which will be further examined as they differ by their localisation, abun-
dance and substrate specificity. Consequently, the impact of each NT isoform on adenosine

signaling is determined by such properties.

1.2.2  Extracellular Pathways

Adenosine can also be released indirectly through the metabolism of released ATP or ADP
by enzymes found within the extracellular space. Classified as ectoenzymes, a number of
extracellular enzymes have been found to be expressed within the CNS; nucleoside tri-
phosphate diphosphohydrolases (NTPDases), ectonucleotide pyrophosphatase/phos-
phodiesterases and ecto-5’-nucleotidase, which together contribute to the formation of
adenosine, through sequential hydrolysis (Langer et al., 2008; Zimmermann, 1996). Jointly
these enzymes act to control and regulate the availability of adenosine at the corresponding
receptors and contribute to the salvage and recycling processes as the final metabolites can

then be transported back into the cell by specific transporters (Langer et al., 2008). Not
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surprisingly, the hydrolysis pathways in the catabolism of extracellular nucleotides is com-
plex as the multiple enzyme families have different functional and molecular properties
and expression profiles.

Even though the presence of ectoenzymes, responsible for the degradation of ATP,
within the CNS has been previously demonstrated, this does not directly indicate that the
formation of adenosine from released ATP is a critical route of adenosine production in
physiological signaling pathways (Lovatt et al., 2012). Studies have been conducted in
hopes of separating NT activity from ectoenzymatic activity to identify the predominant
source of adenosine, be it the direct release or through enzymatic action, but this has proven
difficult for a number of reasons. For example, amounts of ATP released into the extracel-
lular space are small and extremely difficult, if not impossible, to detect with current tech-
niques (Frenguelli et al., 2007).

Although ATP is a known neurotransmitter, initiating a cellular response at distinct
receptors, it has also been considered an important source of extracellular adenosine alt-
hough this may not be accurate in all cell type. A recent study has demonstrated that ATP
is not a true source of extracellular adenosine in neurons, under physiological conditions,
as released ATP is not degraded to produce adenosine in high enough concentrations to
induce a receptor mediated response (Lovatt et al., 2012). It is suggested that previous
studies had inundated the extracellular space with exogenous ATP which would saturate
the normal adenosine uptake and clearance mechanisms resulting in activation of signaling
pathways that are not normally active (Lovatt et al., 2012). This group has used multiple

alternative approaches to further explore the source of adenosine in synaptic depression,
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and consistently, in numerous situations showed that degradation of ATP in the extracel-
lular space was not responsible for adenosine receptor activation and that neurons release

adenosine directly through ENT isoforms (Lovatt et al., 2012).

1.3  Nucleoside Transporters

Any signaling pathway can be broken down simply into three distinct parts; signal initia-
tion where by the ligand is formed or released to the site of its receptors, activation of the
corresponding receptor resulting in transmission of a signal within the target cell and ter-
mination of signal at which point the ligand is metabolized or removed from the receptor
which returns to an inactive state. With ample research over the last eighty years, adenosine
signaling within the CNS has been well characterized in terms of receptors involved and
their effects following activation by adenosine. In contrast, the mechanisms involved in
releasing and removing extracellular adenosine in signaling pathways are far less known.
Although attempts have been made to investigate these processes, studies are difficult to
conduct for a variety of reasons. The mechanisms involved are complex, involving numer-
ous enzymes, substrates and transporters and the mechanisms of release seem to be stimu-
lus, cell- and tissue-type dependent. Furthermore, as multiple intersecting pathways have
been identified, attempts to study one specific method often results in compensatory re-
sponses from another release method, making it extremely difficult to assess the activity of
a particular mechanism. As laboratory techniques and tools improve studies will become

more specific and sensitive enabling more precise studies.
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One known mechanism of regulating extracellular adenosine concentrations is via the
action of NTs, as mentioned previously. All nucleosides, composed of a nitrogenous base
attached to a five-carbon sugar, are hydrophilic compounds and as a result they are unable
to cross plasma membranes without an appropriate transporter protein. There are two
known, evolutionarily unrelated, families of NTs; CNTs and ENTs which are encoded by
the SLC28 gene family and the SLC29 gene family, respectively, and which differ by their
mechanism of substrate translocation. The ENT and CNT families are evolutionarily an-
cient and no sequence or structural similarities exist between these two families. Both NT
subtypes are widely expressed and in many instances, a single cell has been found to co-
express multiple ENT and CNT isoforms. It is interesting to note that in comparison of
either hENTs and hCNTSs to other known transporter proteins, both NT subtypes are sub-
jected to very infrequent genetic variations (Osato et al., 2003; Young et al., 2013).

Currently, the principal physiological role of all NTs is thought to be in nucleoside
salvage pathways. Although the majority of cells are capable of de novo synthesis to form
nucleosides as required by the cell, recycling nucleosides by salvage pathways using NTs
requires far less energy and therefore recycling processes are favored by cells. In contrast,
some cells do not express the necessary enzymes required for de novo synthesis and as
such they are completely reliant on salvage pathways as their source of nucleosides, the
vital building blocks of numerous cellular components and critical signaling molecules in
many cellular processes. The CNS is known to have limited capacity for de novo biosyn-
thesis of purines and pyrimidines and consequently NTs are especially important to main-

tain proper cell function within the brain (Griffith and Jarvis, 1996).
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More recently, the role of certain NT subtypes in processes other than nucleoside sal-
vaging has become important, in particular the contribution of NTs in signaling pathways.
Studies of the mechanisms of regulating signaling have shown, if nothing else, that they
are complex and involve numerous components and intersecting pathways which work to-
gether to maintain strict control of nucleoside signaling molecules, such as adenosine. Un-
derstanding the localisation, abundance, specificity and activity of each NT subtype will
help determine their specific contributions to signaling pathways, with an emphasis on the

impact of such properties to adenosine signaling within brain.

1.3.1  Concentrative Nucleoside Transporter (CNT) Family

Encoded by the SLC28 gene family, there are currently three known members of the CNT
family identified as CNT1-3. CNT isoforms have been found to be expressed in eukaroytes
and eubacteria but not in plants. The CNT family shares certain common characteristics;
first of all, CNTs are Na*-dependent transporters, which means that the accepted permeants
are transported in a unidirectional manner, coupled to the sodium concentration gradient.
Although substrate specificity of each CNT isoform will vary, all nucleoside permeants
will be transported into the cell, together with sodium, as extracellular sodium concentra-
tions are higher than intracellular concentrations. Secondly, topology has been proposed
based on comparisons to known proteins with similar amino acid sequences and is sug-
gested to be conserved between the three isoforms to contain 13 transmembrane domains,
an extracellular C terminus and a cytoplasmic N terminus (Kong et al., 2004). Current

consensus suggests CNTSs to be primarily involved in nucleoside salvage pathways and are
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highly expressed in a tissue-specific fashion, primarily rapidly growing cells, such as can-
cer cells, suggesting an important role in contributing to and maintaining nucleoside pools
for various processes of cell growth, such as DNA replication (Gray et al., 2004; Valdes et
al., 2002).

Further studies of CNTs have found little evidence of their involvement in adenosine
signaling within brain. Although adenosine is a known substrate of CNT isoforms, in par-
ticular CNT2, their physiological function may be quite different to that of the ENT family.
CNT2 expression and activity has been demonstrated within the blood brain barrier (BBB)
and is considered the principle mechanism of BBB adenosine transport, enabling the Na*-
dependent influx of adenosine to brain (Li et al., 2001). Due to the rapid inactivation of
blood-borne adenosine by circulating enzymes, no signaling effects are observed as a result
of CNT2 activity at the BBB (Li et al., 2001). Regional differences in distribution and
expression profile of NTs are a good indication of their physiological functions. Compari-
sons of CNT and ENT distributions show ENT isoforms to be much more broadly distrib-
uted within brain suggesting ENTSs to be essential in regulating various signaling cascades

and physiological responses and CNTSs to play a functionally distinct role (Lu et al., 2004).

1.3.2  Equilibrative Nucleoside Transporter (ENT) Family

The SLC29 gene family, an evolutionarily old family, is found to be expressed only within
eukaroytes, encoding the ENT family of transporters comprised of 4 known isoforms iden-
tified as ENT1-4. In contrast to the previously mentioned CNT family, ENT isoforms are
widely expressed, bi-directional, Na*-independent transporters although more recent stud-

ies suggest newly identified ENT isoforms may be proton gradient-driven transporters. All
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four members of the ENT family have been found within brain; as ENT3 and 4 have been
far less studied, their functional and tissue distribution profile is less well-known. The crys-
tallographic structure of the ENT family has yet to be determined however comparisons of
the amino acid sequence with other known proteins predicts a topology of 11 transmem-
brane domains with an extracellular C terminus and a cytoplasmic N terminus (Sundaram
etal., 2001).

ENTs are thought to be involved in nucleoside salvage pathways and have important
therapeutic implications in the transport of nucleoside and nucleobase analogs that are cur-
rently used as anticancer and antiviral agents. Although the substrate specificity of each
ENT isoform is slightly different, they have each been shown to transport adenosine in
some capacity. In part due to the bidirectional, facilitated transport properties of the ENT
family, they are considered key components in adenosine signaling pathways. Unlike the
CNT family, ENT isoforms do not require energy but instead transport their permeants
based solely on their individual concentration gradient across the cell membranes whereby
permeants are moved from the side of higher concentration to lower. As such ENTSs par-
ticipate in both the influx and efflux of nucleosides and depending on their abundance and
localisation, are directly linked to adenosine signaling. The role of each ENT isoform in
adenosine signaling should be assessed individually.

As ENTL1 and 2 were the first ENT isoforms to be identified, the majority of studies
have focused on them. ENT1 and 2 have been best characterized in part due to their local-
isation on the plasma membrane and the identification of vital biological tools that enable
specific studies. Discovered within the past 15 years, once the human genome project was

completed, ENT3 and 4 remain poorly understood. In comparison to ENT1 and 2, they are
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harder to study; there are no known inhibitors to enable studies of their functional roles and
there is a lack of commercial antibodies with evidence of target specificity. Additionally,
according to some reports (Baldwin et al., 2005; Barnes et al., 2006; Govindarajan et al.,
2009; Hsu et al., 2012), they are thought to be intracellular transporters and as such deter-
mining both their function and substrate specificity is difficult.

To further understand adenosine signaling, attention has turned to investigating the
mechanisms involved in regulating extracellular adenosine concentrations and the impact

on signaling cascades.

1.3.2.1. ENT1

hENT1 (SLC29A1), the first member of the ENT family to be identified, is composed of
456 amino acid residues. Initial studies identified a nucleoside transporter that was potently
inhibited by nitrobenzylthioinosine (NBMPR) (Crawford et al., 1998). Distribution studies
of human brain determined hENT1 to be most highly expressed in cerebral cortex, followed
by temporal and occipital brain regions with lowest expression in hippocampus, medulla,
pons and cerebellum (Jennings et al., 2001). Although ENT1 is considered to be primarily
expressed on the plasma membrane, ENT1 has also been found intracellularly localised on
nuclear membranes, endoplasmic reticulum and mitochondrial membranes (Lai et al.,
2004; Mani et al., 1998).

Due to the availability of pharmacological and molecular tools, ENT1 remains the best
characterized member of the ENT family and is considered the primary cellular mechanism

responsible for nucleoside uptake both in terms of physiological processes and therapeutic
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agents. Ubiquitously expressed, hENT1 is permeable to a wide range of purine and pyrim-
idine nucleosides while direct studies of transport kinetics have measured a Kn value for
adenosine of 0.05mM (Ward et al., 2000). Studies to assess the role of hENT1 in adenosine
signaling in brain have been attempted through co-localisation studies with A receptors.
A similar distribution pattern was revealed, suggesting hENT1 is directly involved in reg-
ulating the neuromodulatory actions of adenosine linked to A; receptor activity (Jennings

etal., 2001).

1.3.2.2. ENT2

The second member of the ENT family to be identified, hENT2 (SLC29A2), a 456-residue
protein, was discovered based on the insensitivity of hENT2 to inhibition by NBMPR
(Crawford et al., 1998). Initial studies identified two similar transporters that were differ-
entiated by their sensitivity to NBMPR; at this time the transporters were classified as “es”
for equilibrative sensitive and “ei” for equilibrative insensitive (Crawford et al., 1998). It
was not until after sequencing that these transporters were discovered to be coded by the
SLC29 gene family and were renamed ENT1 and ENT2 respectively. Despite differences
in NBMPR sensitivity, hENT1 and hENT2 share many common properties; both are pre-
dominately expressed at the cell surface, have similar substrate selectivity and similar tis-
sue distribution profile, although skeletal muscle has been shown to have the highest level
of hENT2 expression (Crawford et al., 1998; Jennings et al., 2001). Distribution studies of

hENT2 within brain have determined cerebellum and brainstem to express the highest lev-
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els of hENT?2 followed by the medulla and thalamus and finally cerebral cortex, hippocam-
pus and basal ganglia were found to have the lowest levels of expression (Jennings et al.,
2001).

The overlap in both substrate specificity and expression profiles have made studies
separating the functional role of hRENT1 and 2 difficult. In comparison to hENT1, hENT2
is classified as a low affinity nucleoside transporter as kinetic studies have determined
hENT?2 to have generally lower affinities for endogenous nucleosides than hENT1. An ex-
ception is inosine, for which hENT2 has a 4-fold higher affinity (Ward et al., 2000). This
functional difference could be one possible explanation for why these two closely related
isoforms are often found to be co-expressed in many cell types. It also suggests an im-
portant role of hENT2 in the uptake of adenosine metabolites in muscle cells in energy
depleting conditions (Ward et al., 2000). Similarly to hENTL1, co-localisation studies were
performed comparing the expression profiles of hENT2 to A; receptors within brain to
assess the role of hENT2 in adenosine signaling; results from this study did not show a

correlation in expression profiles between hENT2 and A receptor (Jennings et al., 2001).

1.3.2.3. ENT3

Also known as SLC29A3, hENT3 was first identified by BLAST algorithm GenBank se-
guence databank search in 2001, after completion of the human genome project (Hyde et
al., 2001). Classified as the third member of the ENT family based on sequence homology
and composed of 475 amino acid residues, hENT3 differs from the previously character-
ized ENT members by three unique properties. First of all, initial studies of the hENT3

amino acid sequence revealed a 51-residue, N-terminal hydrophilic region that is not found
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within the amino acid sequence of other ENT isoforms (Hyde et al., 2001). Secondly, alt-
hough the precise localisation of ENT3 has not yet been conclusively confirmed, current
studies suggest it to be an intracellular transporter (Baldwin et al., 2005; Govindarajan et
al., 2009; Hsu et al., 2012). Lastly, although all members of the ENT family are Na*-inde-
pendent transporters, recent findings suggest ENT3 transport activity to have a strong pH
dependence (Baldwin et al., 2005).

Tissue distribution studies of hENT3, based on RNA expression, have indicated a wide-
spread distribution pattern with highest expression in placenta, uterus, ovary, spleen, lymph
node and bone marrow, and lowest expression in both the brain and heart (Baldwin et al.,
2005). Preliminary studies of subcellular distribution of ENT3 suggests localisation to be
cell-type dependent, observed expression patterns include cell surface, cytoplasmic distri-
bution and seemingly vesicular staining (Govindarajan et al., 2009). The N-terminal region
of ENT3 contains motifs similar to that of known endosomal/lysosomal targeting motifs
(Bonifacino and Traub, 2003). Site specific mutations within the N-terminal region were
performed to assess the importance of this unique region in cellular trafficking processes;
such mutations resulted in the abnormal expression of hENT3 at cell surface. Based on
such experiments the N-terminal region is considered critical in proper trafficking of
hENT3 (Baldwin et al., 2005).

Due in part to the lack of molecular and pharmacological tools, such as antibodies and
inhibitors, studies of ENT3 are rare. Furthermore, as initial studies of hRENT3 have demon-
strated it to be predominantly an intracellular transporter, found on the mitochondrial, ly-
sosomal and endosomal membranes, ENT3 was not previously thought to significantly

contribute to signaling pathways as opposed to ENT1 and 2, which have been found to be
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predominantly expressed on the cell surface. In addition, the pH dependent transport by
ENT3 is thought to reflect the intracellular localisation, for example within lysosomes that
have a low pH, in salvage pathways rather than a functional role in signaling under physi-
ological conditions (Baldwin et al., 2005).

Although studies of the mechanisms involved in regulating extracellular adenosine
continue to accumulate, questions remain that better understood enzymes and proteins, in-
cluding ENT1 and 2, are not able to fully answer. As such, alternative and initially ignored
proteins, such as ENT3, may be more involved than first thought. Expression on the lyso-
somal and mitochondrial membranes would enable ENT3 to directly modulate cytosolic
adenosine concentrations; degradation processes within lysosomes are a potential source
of adenosine, which could then be released to the cytosol. These direct sources of intracel-
lular adenosine, transported by hENT3, may become available for release to the extracel-
lular matrix, via plasma membrane-located ENT1 and 2.

Alternatively, in some cell types, hENT3 may be expressed on the cell membrane and
therefore could play roles similar to that of ENT1 and 2 in regulating extracellular adeno-
sine. Additionally, as hENT3 has been demonstrated to have optimal activity at pH between
5.5 and 6.5 (Baldwin et al., 2005; Govindarajan et al., 2009), hENT3 expressed on the cell
surface could be highly active in pathophysiological conditions, such as ischemia, in which
extracellular pH decreases. Under such conditions, hENT3 could potentially contribute to
the influx of extracellular adenosine, which would have two effects. First of all, the up-
take of adenosine by ENT3 would terminate adenosine signaling; although the neuropro-

tective actions of adenosine via A receptors contribute to cell survival in such conditions,
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over activation of the same receptors could have detrimental effects and as such extracel-
lular adenosine concentrations need to be strictly regulated (Dunwiddie and Masino, 2001;
Picano and Abbracchio, 2000). Secondly, under such pathophysiological conditions, con-
trolled ATP release may be compromised resulting in excessive ATP loss from cells; under
such circumstances adenosine salvage via ENT3 may become important.

As mentioned previously, accumulating evidence has demonstrated adenosine can be
released directly by exocytosis, a mechanism dependent both on action potentials and Ca*?
(Wall and Dale, 2008; Wall and Dale, 2013). Such a release mechanism indicates the need
for adenosine to be stored, at least in part, in vesicles or granules within the cell until a
specific stimulus provokes their fusion with the plasma membrane and subsequent release
of adenosine into the extracellular space. Although such release mechanisms have been
demonstrated using microelectrode biosensors, it remains unclear how adenosine is packed
within vesicular carriers for storage; hENT3 could potentially be this missing link and

should be explored further.

1.3.2.4. ENT4

hENT4, a 530-residue protein, was discovered by genome database analysis, as ENT3 was,
after completion of the human genome project (Acimovic and Coe, 2002). Although ENT4
exhibits low sequence homology to the other ENT isoforms, preliminary studies have pre-
dicted ENT4 topology to be characteristic of other ENT members and Na*-independent
(Acimovic and Coe, 2002). In comparison to ENT1 and 2, ENT4 presents some unique

properties.
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Initially classified as a low-affinity adenosine transporter of the ENT family (Baldwin
et al., 2004), a separate study identified it as plasma membrane monoamine transporter
(PMAT) that was demonstrated to efficiently transport serotonin and dopamine and was
found to have no interaction with nucleosides or nucleobases (Engel et al., 2004). These
conflicting reports were later resolved as ENT4 nucleoside transport activity was discov-
ered to be pH dependent; similarly to ENT3, adenosine transport was optimal at an acidic
pH (Barnes et al., 2006). The effect of pH on transport of monoamines and other organic
cations is still debated (Barnes et al., 2006; Zhou et al., 2010). Currently, ENT4 is classified
as a dual nucleoside/organic cation transporter.

Tissue distribution studies of hRENT4 have found it to be widely expressed with highest
levels of expression in brain, skeletal muscle and heart, which in conjunction with the ob-
served pH-dependent adenosine transport suggests ENT4 to be critical in pathophysiolog-
ical conditions that alter the environmental pH, such as ischemia of the brain or heart
(Barnes et al., 2006).

To date, very little is known about ENT4, in terms of both localisation and function.
Although classified as a member of the ENT family, the low sequence homology (=20%)
and stark differences between ENT4 and the other ENT isoforms, including substrate spec-
ificity, may be good indicators that ENT4 is more involved in monoamine than purinergic
signaling, however, adenosine influx by ENT4 may be important in pathophysiological

conditions of low pH (e.g. stroke) (Zhou et al., 2010).
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1.4 ENTs and Human Disorders

Studies have been conducted to identify links between ENTs and human diseases and alt-
hough changes in ENT expression profile or protein level are suggested to be contributing
factors to certain disease states only mutations of the hENT3 gene have been found directly
responsible for human disorders. ENT1 and 2 have overlapping characteristics, both in
terms of expression profile and activity, whereby a mutation in one could potentially be
silenced by the other. As ENT3 does not share many of the same transporter properties as
ENT1 and 2, it is possible that mutations within the ENT3 gene resulting in altered locali-
sation or function would not be overcome by the presence of other ENT isoforms.

Recently, mutations in the SLC29A3 gene have been linked to autosomal-recessive
genetic disorders in humans, such as H syndrome and pigmentary hypertrichosis and insu-
lin-dependent diabetes mellitus (PHID), which will be described in detail below. It is in-
teresting to note that these disorders are not due to one specific mutation of the SLC29A3
gene but multiple mutations have been identified as causal factors, with varying degrees of
severity, suggesting a pleiotropic nature of such disorders. H syndrome and PHID syn-
drome are the most well-known syndromes associated with SLC29A3 mutations in humans
although others have been identified including Faisalabad Histocytosis, Familial Rosai-
Dorfman disease and dysosteosclerosis.

Alterations of the ENT3 gene sequence can elicit a variety of effects at the cellular level
including changes to adenosine transport kinetics, mistrafficking and increased degradation
and turnover rates (Kang et al., 2010). As a result of such gene mutations, patients often

present with multiple clinical phenotypes, and varying degrees of severity. This is perhaps
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not surprising as hENTS3, considered a mitochondrial and lysosomal transporter, is involved
in nucleoside salvaging pathways and

as such, gene mutations that alter endogenous hENT3 would have a systemic effect
(Spiegel et al., 2010). Due to the lack of knowledge of hENT3, both the basis of develop-

ment and the pathogenesis of such syndromes remains unknown.

1.4.1 H Syndrome

H syndrome is an autosomal recessive disorder that has been recently linked to mutations
of the SLC29A3 gene encoding the previously described hENT3 protein, a poorly under-
stood nucleoside transporter. In terms of clinical phenotype, H syndrome, also identified
as OMIN 612391, is primarily characterized by cutaneous hyperpigmentation (darkening
of an area of skin), hypertrichosis (abnormal hair growth), histiocytosis (excessive number
of histiocytes or macrophages), hearing loss and short stature (Huber-Ruano et al., 2012;
Priya et al., 2010). This syndrome was identified by studying collections of case reports
compiled from patients with similar, although not identical, symptoms; genotyping deter-
mined that all patients share the same multisystemic disorder. “H syndrome” was suggested
to name the previously unnamed disorder as the majority of the principle defining charac-
teristics begin with the letter ‘h’ (Molho-Pessach et al., 2008a).

As has been previously stated, the precise localisation of hENT3 remains undeter-
mined. This being said, studies of patients with H syndrome may offer vital information to
determine hENT3 localisation based on the effects of mutated and malfunctioning hENT3
protein. A number of the more common symptoms associated with H syndrome are linked

to malfunction of the mitochondrial respiratory-chain, such as short stature, which supports
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the current findings suggesting ENT3 to be a mitochondrial transporter (Govindarajan et
al., 2009; Priya et al., 2010). Others reflect known lysosomal disorders which supports
findings indicating ENT3 to be a lysosomal transporter involved in nucleoside salvaging
pathways (Baldwin et al., 2005). However, as H syndrome is not characterized by the
buildup of storage material, which would be highly indicative of lysosomal dysfunction,
one could argue that lysosomes are not affected by SLC29A3 mutations that would dis-
prove such studies (Kang et al., 2010)

Although multiple studies of H syndrome have been performed (de Jesus et al., 2013,
Elbarbary et al., 2013; Farooq et al., 2012; Hiller et al., 2013; Kang et al., 2010; Molho-
Pessach et al., 2008a; Priya et al., 2010), comparisons between them are difficult as there
is not one sole mutation in the hENT3 gene that is responsible but numerous individual
mutations have been identified that may be the causal factor of H syndrome. Of 11 families
of Arab and Bulgarian origin, three SLC29A3 gene mutations were identified, two missense
mutations (c.1279G>A and ¢.1309G>A) and one deletion mutation (c.1045del) (Molho-
Pessach et al., 2008b) but others have been identified including additional missense muta-
tions (c.347T>G and ¢.1309G>A) and deletion mutation (c.940delT) (Cliffe et al., 2009).
It is possible that the localisation of each mutation, and certainly more than those identified
above may exist, dictates the clinical outcome by differently impacting the function, sta-
bility and/or localisation of hENT3. Due to the enormous variation in both symptoms and
severity of symptoms in patients with H syndrome, it is evident that further studies of ENT3
are needed in order to fully understand the pathogenesis of such human disorders and both
the physiological and pathophysiological roles of ENT3, although it should be noted that

H syndrome may not be the best model for such studies due to the pleiotropic nature of
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SLC29A3 mutations. The variety of hENT3 mutations contributes to misdiagnosis and un-

der diagnosis of H syndrome.

1.4.2  PHID Syndrome

Recently described PHID syndrome is an autosomal, recessive genetic disorder identified
in humans to be due to mutations within the SLC29A3 gene (Cliffe et al., 2009). Although
PHID syndrome and H syndrome are allelic, often presenting overlapping clinical symp-
toms, there are some important differences (Cliffe et al., 2009). Primarily, PHID syndrome
differs by the development of a syndromic form of insulin-dependent diabetes within the
second or third decade of life which has not been found to develop in patients with H syn-
drome (Cliffe et al., 2009). PHID syndrome was determined to be caused by mutations in
the SLC29A3 gene, encoding the hENT3 protein, a still poorly understood NT which is
thought to be vital to nucleoside salvage pathways and perhaps other physiological pro-
cesses.

Currently, five different mutations have been identified and linked to PHID syndrome,
two encoding a truncated protein (c.940del, ¢.1330G>T) and three missense mutations
(c.347T>G, ¢.1309G>A and ¢.1346C>G) and although these mutations have been clearly
established as the causal factors in PHID syndrome the mechanism of development and the
link to insulin signaling remains unknown (Cliffe et al., 2009; Kang et al., 2010). Although
PHID syndrome and H syndrome share similar dermatological features, including areas of
hyperpigmentation and hypertrichotic skin, there are important differences depending on
the type of mutation, in-frame, out-of-frame, point mutations or multi-exon deletions, alt-

hough it has been suggested that poorly understood differences in genetic background or
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environmental effects could contribute to identical mutations resulting in different ob-
served phenotypes (Cliffe et al., 2009).

Type 1 diabetes, characterized by the loss of insulin-producing pancreatic B-cells, can
occur in conjunction with other syndromes. Studies have been conducted to elucidate the
connection between ENT3 and the insulin signaling pathway; as insulin signaling regulates
growth and proliferation pathways, ENT3 could potentially contribute to maintaining ap-
propriate nucleoside levels required for cell growth (Cliffe et al., 2009). One group used
Drosophila melanogaster as animal model to study the effects of ENT3 knockdown on the
well characterized insulin signaling pathways within Drosophila and were the first to

demonstrate the link between hENT3 mutations and diabetes mellitus (Cliffe et al., 2009).

1.5  Pharmacological Implications of ENTs

Nucleoside analog drugs (NADs) represent an important drug class that is used to treat
human diseases such as cancers as well as viral and parasitic infections. NADs are predom-
inantly hydrophilic in nature and as a result are unable to cross cell membranes without
membrane transporter proteins, such as CNT and ENT isoforms, as they are nucleoside
analogs and therefore closely resemble the endogenous substrates. Although NTs vary in
their substrate selectivity and their activity in transporting such therapeutic agents. Once
incorporated into the cell, NADs are subjected to metabolism by cell enzymes to form their
active triphosphate derivatives, which may then be incorporated in place of endogenous
nucleotides into DNA, inducing DNA chain termination and apoptosis. It is important to

note that NAD activity and consequently the therapeutic benefit of NADs, is completely
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dependent on the initial uptake by NTs. Further knowledge of the endogenous expression
profile, in addition to changes to expression in disease states, of specific NT subtypes will
greatly impact the therapeutic outcome.

It has been previously demonstrated that metabolic and physiological conditions of
stress stimulate increased extracellular adenosine concentrations. The resulting activation
of corresponding adenosine receptors initiates the neuromodulatory actions and neuropro-
tective effects of adenosine within the CNS which have been well documented. Such sig-
naling pathways are dependent on those mechanisms that regulate extracellular adenosine
concentration, which includes the ENT family of bidirectional adenosine transporters. As
such, therapeutic agents that target ENT isoforms represent important novel strategies by
which adenosine concentrations could be modulated. Furthermore, the identification and
impact of single nucleotide polymorphisms (SNPs) within the ENT family coding se-
quences could improve drug dosing and individual therapeutic benefit (Damaraju et al.,

2003).

1.5.1 NADs- Anticancer Agents

The majority of studies on NTs have focused on the better known ENT family members,
ENTL1 and 2, to explore the roles of such transporters in NAD efficacy. As hENT1 is the
best characterized ENT isoform, the majority of studies have been performed investigating
the link between hENT1 expression variations and patient response to anticancer agents.
For example, one group studied the link between hENT1 in primary breast cancer and
concluded that hENTL1 protein deficiency conferred a high-level of resistance to drug cy-

totoxicity, which resulted in ineffective treatment (Mackey et al., 2002). Based on their
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findings, they suggested immunodetection of hENT1 in biopsy samples could prove a use-
ful predictive tool enabling improved drug dosing (Mackey et al., 2002). A similar study
was conducted by a second group, Nishio et al, which looked at the direct effects of hRENT2
on a widely used nucleoside pyrimidine analog, gemcitabine (Nishio et al., 2011). Gem-
citabine is considered to be one of the most effective therapeutic agents in advanced stages
of pancreatic cancer, however, cellular resistance is known to develop. The disruption of
ENT2 localisation on the plasma membrane, and the resulting decreased uptake and acti-
vation of gemcitabine, contributed to resistance (Nishio et al., 2011).

Numerous studies of anticancer and antiviral agents have been conducted and treatment
with such therapeutics, including zidovudine, fialuridine and gemcitabine, often induced
mitochondrial toxicity in various tissues such as liver and pancreas (Kohler and Lewis,
2007; McKenzie et al., 1995). Evidence of mitochondrial toxicity suggests an endogenous
mechanism by which NADs are taken-up into the mitochondria; as ENT3 is thought to be
expressed on mitochondrial membranes, it could represent a potential mechanism by which
NADs accumulate within mitochondria disrupting normal organelle function
(Govindarajan et al., 2009). Alternatively, ENT3 is thought to be a lysosomal transporter,
which could potentially result in the accumulation and increased degradation of NADs
within lysosomes; increased ENT3 activity would alter drug properties (Zhang et al., 2007).
Subcellular localisation and substrate specificity of ENT3 will directly impact NAD ther-
apy, in terms of effectiveness and potential toxic effects, although it may remain difficult
to assess the effects of ENT3 in terms of NAD therapy as localisation has been suggested
to be cell-type dependent and therefore would affect cells differently (Govindarajan et al.,

2009).
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1.5.2  NADs- Antiviral Agents

Viruses infect millions of people worldwide. For many viruses no vaccines are currently
available and treatment regimens that have been established to treat viral infections are met
with mixed success. Many questions remain as to the factors that determine treatment re-
sponse.

Although the precise antiviral mechanism is unknown, ribavirin is currently used to
treat hepatitis C (Ibarra and Pfeiffer, 2009). Ribavirin is a NAD and therefore is dependent
on cellular uptake by NTs; within the cytosol ribavirin is activated by host enzymes and
disrupts viral mechanisms. Known to be an effective antiviral in many patients, drug re-
sistance has developed in numerous cases although no clear mutations have been identified
to cause this resistance (Ibarra and Pfeiffer, 2009). In light of this, studies of the ENT and
CNT families have been performed to assess what, if any, effect NTs had in drug resistance
of ribavirin. It was demonstrated that ENT1 was critical in ribavirin uptake and by blocking
ENT1 activity by NBMPR, ribavirin resistance developed suggesting cellular response
mechanisms, which down regulate ENT1 under prolonged ribavirin exposure and thereby
limit amount of active intracellular ribavirin (Ibarra and Pfeiffer, 2009). This illustrates the
importance of NTs in terms of therapeutics and the challenges associated with resistance
mechanisms.

There are a number of known antiviral agents that are ENT substrates, such as zidovu-

dine which is used in HIV infections. The therapeutic outcome of such NADs will be in-
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fluenced by the localisation and abundance of ENT isoforms. Treatment strategies and pa-
tient outcomes could be improved by further understanding of the ENT family, which

would enable optimal dosing.

1.5.3 ENT Inhibitors

Over the years, many attempts have been made to develop adenosine analogs. This is in
response to studies demonstrating the signaling properties of adenosine, including anticon-
vulsant effects and neuroprotective properties. Unfortunately attempts to mimic a particu-
lar effect of adenosine, in a specific manner, have been met with little success for a variety
of reasons. Adenosine is rapidly cleared from the extracellular space either through the
action of uptake transporters or, in some cases, is quickly broken down by extracellular
enzymes to terminate signaling cascades. Utilizing synthetic adenosine receptor agonists
is not ideal as they can have serious, widespread negative side effects due to the ubiquitous
expression of adenosine receptors these include hypotension, bradycardia and sedation. As
an alternative strategy, there exists high potential therapeutic implications in targeting the
ENT family (Chen et al., 2007; Choi et al., 2004; Keil and Delander, 1995; Parkinson et
al., 2000) as inhibition of ENTs would maintain a high extracellular adenosine concentra-
tion for an extended period of time, resulting in increased adenosine signaling.

A number of ENT inhibitors are currently approved for clinical use, including dilazep
and dipyridamole, two coronary vasodilators, which are perhaps the most well-known ENT
inhibitors. They have been shown to induce vasodilatory actions in multiple mammalian

species although the potencies for ENT1 and 2 vary among species (Griffith and Jarvis,
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1996). A novel study has characterized ticagrelor, a known P2Y 12 receptor antagonist, cur-
rently approved as a prophylactic therapy to reduce the rate of mortality from vascular
causes (Armstrong et al., 2014). Surprisingly, ticagrelor was found to have effects on ex-
tracellular adenosine concentrations by inhibiting adenosine uptake via inhibition of ENTZ,
it was proposed that the resulting increased signaling via adenosine receptors could explain
P2Y 12 independent beneficial effects of this drug (Armstrong et al., 2014).

Similarly to concerns that were first observed with adenosine analogs

Although the therapeutic potential of ENTs are of great interest concerns, similar to
those surrounding the use of adenosine analogs, remain. As ENTs are found to be expressed
in numerous tissues and cell types throughout the body therapeutic agents designed to tar-
get members of the ENT family could induce widespread undesirable systemic effects. In
order to overcome these concerns, further studies are needed as subtle differences in ex-
pression profiles, localisation and substrate selectivity could contribute to improve drug

design and improve patient outcomes.



Chapter 2

Rationale & Objectives

2.1 Rationale

By activating cell surface GPCR, adenosine initiates intracellular signaling cascades within
brain that have been well characterized. Depending on the type of adenosine receptor and
the associated G-protein adenosine can induce a variety of effects within the CNS including
anticonvulsant actions, regulation of sleep/arousal states, regulation of pain signal trans-
mission and neuroprotection. Although these signaling pathways have been well charac-
terized, the mechanisms that govern extracellular adenosine concentrations are far less un-
derstood. As all known adenosine receptors are cell surface receptors, activation of any
signaling cascade depends on the availability of adenosine within the extracellular space
to bind to corresponding receptors. The balance between adenosine uptake and release is
critical to normal cellular processes and must be strictly controlled.

Nucleoside transporters are a family of membrane bound transporters that enable hy-
drophilic nucleosides and nucleobases, such as adenosine, to cross cell membranes, which

they otherwise could not do. One family of NTs are the ENT family, comprised of four



2.2 Objectives 45

subtypes (ENT1-4). ENT1 and 2 were first discovered and, due to the availability of ap-
propriate molecular tools, they have been best characterized to date whereas ENT3 and
ENT4, almost 15 years after their discovery, remain poorly understood.

Although ENT1 and 2 are currently considered to be the primary mechanisms regulat-
ing extracellular adenosine concentration (Baldwin et al., 2004; Griffiths et al., 1997;
Jennings et al., 2001; Ward et al., 2000) they are unable to fully explain observed release
phenomenon in vivo. In order to further our understanding of adenosine signalling cas-
cades, attention has turned to lesser known proteins, such as ENT3 and 4, to determine
what role, if any, such proteins play in regulating adenosine concentrations.

As studies of ENT3 are limited (Baldwin et al., 2005; Govindarajan et al., 2009; Hsu
et al., 2012; Kang et al., 2010), and studies of ENT3 within brain are even more so (Li et
al., 2013; Lu et al., 2004), this project consists of investigating ENT3 expression and abun-
dance within brain and confirming intracellular localisation, as has been suggested in cur-
rent studies (Baldwin et al., 2005; Govindarajan et al., 2009; Hsu et al., 2012). Furthermore,
we hope to elucidate the functional role of ENT3, specifically in terms of adenosine

transport and potential involvement in signaling pathways.

2.2 Objectives

2.2.1  Validate Commercial AntiENT3 Antibody

Due to the lack of experimental data verifying commercial antiENT3 antibodies, we will

create a flag-tagged mENT3 protein using recombinant technology that will be transfected
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into cells enabling us to test any commercial antibody, compared to an antibody specific to

the flag epitope, for specificity to the ENT3 protein.

2.2.2 Determine ENT3 localisation within brain

To assess localisation and expression of MENT3 within brain, mice will be dissected and
the cortex, cerebellum, striatum and hippocampus will be harvested. To determine mENT3
MRNA expression, mRNA will be isolated from each brain region to synthesize cDNA and
probed with a primer targeting the mENT3 gene sequence. In addition, tissue protein will
be homogenized and subjected to western blot analysis to assess relative protein expression
throughout brain. Furthermore, primary cell cultures, neurons, astrocytes and microglia,

will be assessed for both mENT3 mRNA expression and protein expression similarly.

2.2.3 Determine subcellular ENT3 localisation

To determine subcellular localisation of MENT3, primary cell cultures of neurons and as-
trocytes will be costained with an antibody targeting ENT3 and a cellular marker, NeuN or
GFAP respectively; cells will be imaged by fluorescence microscopy. In addition, differ-
ential centrifugation will be performed using mouse brain tissue samples, by which four
fractions will be collected, nuclear, mitochondrial, plasma membrane and cytoplasmic, and

tested for ENT3 expression by western blot analysis.
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2.2.4  Determine ENT3 activity in nucleoside transport

To investigate ENT3 function, a stable transfected cell line overexpressing ENT3 protein
will be created. By initially incubating cells with [*H]adenine, to tritiate intracellular ATP,
purine release from WT and transfected cells activity will be compared under a number of
experimental conditions. Total purine release will be counted by measuring total extracel-
lular and intracellular purines by scintillation spectroscopy and release of the individual
purines adenosine, inosine and hypoxanthine will be determined following a thin layer

chromatography (TLC) separation procedure.



Chapter 3

Methods

Unless otherwise indicated, tissues and cultured cells were homogenized in NP-40
buffer containing 150 mM sodium chloride, 1% NP-40 (Sigma-Aldrich), 50mM Tris
(Fisher Scientific). A pH of 8.0 was achieved with addition of HCIl. NP-40 buffer was
stored at 4°C for up to 8 weeks. Immediately prior to using, PMSF (Sigma-Aldrich; P-
7626) was added for a final concentration of 0.3 mM and a protease inhibitor cocktail tab-
let, a complete mini tablet from Roche Applied Science (1836153) was added to 10 mL

NP-40 buffer.

3.1  Creation of pIRES-puro-Flag-mENTS3 plas-
mid
The pIRES-puro-Flag plasmid, containing the gene sequences conferring resistance to am-

picillin and puromycin, was generously donated by Dr. Mike Jackson (University of Man-

itoba, Winnipeg, Manitoba).
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3.1.1  Selection of source of mouse ENT3 cDNA template

To verify astrocytes as an acceptable template source of the mouse ENT3 sequence, previ-
ously prepared cDNA from mouse cortical astrocytes was assessed for the presence of
MENT3 cDNA, using a primer pair targeting the ENT3 gene, designed to amplify a band
size of 1.4Kb. In addition, template cDNA was probed with a control primer targeting the
mouse GAPDH gene designed to amplify a band size of 188bp. PCR was performed using
PuReTaq Ready-To-Go beads (GE Healthcare Illustra; 27-9557-02) in a 25 pL reaction
consisting of template cDNA and 5uM of appropriate forward and reverse primers, com-
pleted with water. mENT3 primers were designed containing the appropriate restriction
sites, Ascl and Not1, to enable insertion of the gene sequence into pIRES-puro-Flag plas-
mid.
MENT3- NM_023596.3 (1.4Kb):
Ascl-Fw: AGGCGCGCCAGCCTTTGCCTCTGAGGACAATGTATA
NotlRv: ATTAGCGGCCGCCTAGATAAAGTGTTCAAGCAGGGC

All PCR reactions were performed using a PTC-100 Programmable Thermal Controller
(MJ Research, Inc) and the following parameters: initial denaturation was performed at
95°C for 45 sec followed by 30 cycles consisting of denaturation at 95°C for 45 sec, an-
nealing at 70°C for 45 sec and elongation at 72°C for 2 mins with a final elongation step
at 72°C for 10 mins. Samples were held at 4°C until collected.

PCR products were analyzed by electrophoresis; samples were run on a 1% agarose gel
(Promega; VV3121) containing 0.001% v/v ethidium bromide (Sigma-Aldrich; E-1510) en-

abling visualization of DNA bands under exposure to UV light using Kodak Gel Logic 100
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Imaging System. Images were captured using Kodak ID v.3.6.3 (Scientific Imaging Sys-

tems; New Haven, CT, US).

3.1.2  Cloning of mENT3 PCR Product

To ensure sufficient mENT3 cDNA would be harvested, multiple PCR reactions were per-
formed using previously verified mouse cortical astrocyte cDNA as the template source for
the MENT3 cDNA sequence. PCR reactions were performed as previously described, in
section 3.1.1.

To harvest mENT3 cDNA, samples were separated on an agarose gel, using fresh TAE
buffer to maximize purity of cDNA samples. Bands of the appropriate size of 1.4Kb, were
excised from the agarose gel using a sharp knife and were purified using GenElute Gel
Extraction Kit (Sigma-Aldrich; Nal111-1KT) and following the manufacturer’s protocol.
To ensure correct mMENT3 gene insertion with the pIRES-puro-Flag plasmid, appropriate
primers were designed including complimentary restriction enzyme sites of Ascl and Not1,
to align the gene of interest with the flag-tag sequence. This enabled correct ligation result-
ing in a fusion protein of MENT3 protein with flag epitope and no shift in codons. Primer
sequences are provided below, with the restriction enzyme sequence indicated underlined
and the precise site of cut between the two bases indicated in bold.

MENT3- NM_023596.3
MENT3-Ascl-Fw: AGGCGCGCCAGCCTTTGCCTCTGAGGACAATGTATA

MENT3-Notl-Rv: ATTAGCGGCCGCCTAGATAAAGTGTTCAAGCAGGGC
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3.1.3  Ligation

Ligation was performed in two steps. To begin with, harvested PCR products and pIRES-
puro-Flag plasmid were digested in separate reactions using Ascl and Not1 restriction en-
zymes (New England Biolabs) for 3 hours at 37°C. Ascl digestion was completed using
NE CutSmart buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium
acetate and 100 pg/mL BSA); Notl digestion required NE buffer 3.1 (100 mM NaCl
(Fisher Scientific), 50 mM Tris-HCI, 10 mM MgCl; (Fisher Scientific) and 100 pg/mL
BSA). In addition the pIRES-puro-Flag plasmid was treated with calf intestinal alkaline
phosphatase (CIP) (New England Biolabs; M0290), to minimize spontaneous religation of
the plasmid. CIP was added to the plasmid solution for the final hour of incubation at 37°C.
Both the digested PCR products, known as the insert, and the digested plasmid were sepa-
rately purified using GenElute Gel Extraction Kit (Sigma-Aldrich) following the manufac-
turer’s protocol. To determine DNA concentrations, samples were exposed to UV light at
260 nm using an Eppendorf Biophotometer Plus spectrophotometer which detects the
amount of light passing through the sample; DNA concentration was determined based on
the conversion factor of an optical density of 1 corresponds to 50 pg of DNA.

The second step of ligation consisted of combining the DNA insert with the digested
plasmid DNA in appropriate conditions. Ligation was performed at a molar ratio of 3 insert
to 1 plasmid as determined with Promega Biomath calculator using the following formula:

(Kb of insert) X 100ng of plasmid = ng of insert
(Kb of plasmid)
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This formula gives the amount of insert required for a 1:1 ratio; this was multiplied by
three to calculate the amount of insert needed for a 3:1 ratio. The ligation mixture consisted
of the digested insert and the digested plasmid combined with 1x ligase buffer and T4 DNA
ligase (New England Biolabs; M0202), selected due to its high fidelity, completed to a final
volume of 10uL with water. The total mixture was incubated for one hour at RT. Following
ligation, pIRES-puro-Flag-mENT3 plasmid, known as the ligate, was used for transfor-

mation and the excess was stored at -80°C.

3.1.4  Transformation

All agitation was maintained at 225 rpm using a Max® Mini 4450 shaker (Barnstead Lab-
Line) unless otherwise indicated.

50 puL XL10 Gold Ultracompetent Escherichia coli (Strategene; 200314) was
thawed on ice and allocated to a prechilled BD Falcon polypropylene round-bottom trans-
formation tube and combined with 2 uLL B-mercaptoethanol, known to improve transfor-
mation efficiency. The reaction was incubated on ice for 10 mins, during which the solution
was mixed by hand every two mins. 3 pL of ligate was added to the E.coli mixture and
incubated for 30 mins. Cells were heat-shocked at 42°C for exactly 30 sec and put directly
on ice for 2 mins. Prewarmed SOC medium (2% w/v tryptone, 0.5% yeast, 8.56 mM NaCl,
1 M MgCl,, 1 M MgSO4 and 2 M glucose) was added to the cell solution and cells recov-
ered at 37°C for one hour with constant shaking.

Transformants, E.coli cells that had incorporated the plasmid DNA during trans-
fection, were selected using LB agar plates containing 100 mg/mL ampicillin (Bioshop

Canada). LB plates were prepared by combining 171 mM NaCl 1% w/v tryptone, 0.5%
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wi/v yeast, 2% wi/v agar. A pH of 7 was obtained using NaOH. The mixture was autoclaved
and allowed to cool to RT before adding ampicillin to a final concentration of 100 mg/mL.
Approximately 30 mL of LB agar medium was immediately added to 100 mm dishes and
allowed to set; LB agar plates were used directly or were sealed and stored at 4°C for up
to two weeks. 50 pL of bacterial suspension was plated and allowed to dry before placing
plates in a 37°C incubator overnight. Colonies that grew on the LB plates were expected
to have successfully acquired the plasmid DNA which contains an ampicillin-resistance
gene; bacteria that did not incorporate the plasmid would not be able to survive in the
presence of ampicillin.

Individual transformed E.coli colonies from LB plates were transferred to separate
BD Falcon tubes containing 2 mL LB broth with ampicillin. Selected transformants were
grown overnight at 37°C with agitation, these cultures are known as starter cultures. The
following day plasmid DNA from the E.coli cultures was harvested using Gibco Concert
Rapid Plasmid Maxiprep kit (Qiagen; 12162) altered slightly to accommodate the smaller
volume of the starter cultures. The modified protocol is detailed below.

1 mL of LB medium from each starter culture was transferred to an Eppendorf tube and
centrifuged for 5 mins at 12,600 rpm (14,800xg) at 4°C. The supernatant was removed and
200 pL resuspension buffer (50 mM Tris pH 8, 10 mM EDTA and 100 pg/mL RNase A)
was added and the sample was vortexed to completely resuspend the pellet. 200 pL lysis
buffer (200 MM NaOH, 1% wi/v SDS purchased from Bio-Rad; 161-0301) was added and
the sample was mixed by hand and incubated for 5 mins at RT. 200 pL neutralization buffer
(3 M potassium acetate, pH 5.5) was added and mixed thoroughly. Samples were incubated

for 15 mins on ice and centrifuged for 10 mins at 12,600 rpm at 4°C. The supernatant was
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transferred to a fresh Eppendorf tube and 900 pL 95% cold ethanol was added. The solution
was incubated on ice for an additional 10 mins before samples were centrifuged for 20
mins at 12,600 rpm at 4°C. The supernatant was discarded and the pellet was washed once
by centrifuging samples with 70% ethanol for 10 mins at 12,600 rpm at 4°C. The wash
supernatant was removed and the pellet was left to air dry for approximately 10 mins before
resuspending the pellet in DNAse and RNAse free water (Invitrogen; 10977-015). The
collected pellet contained the pIRES-puro-Flag-mENT3 plasmid.

As an initial means of verifying the incorporated plasmid in transformants for the
MENT3 gene insert, collected plasmid DNA was subjected to a diagnostic digestion. Nhel
was chosen based on the restriction enzyme sites of pIRES-puro-Flag-mENT3; ligation of
MENT3 gene insert within the plasmid contains three digestion sites resulting in three dis-
tinct bands of 226bp, 771bp and 5.6Kb following digestion whereby an empty plasmid
would contain only one Nhel site resulting in linearization of the plasmid and one sole
band. Digestion by Nhel (New England Biolabs) was performed for one hour at 37°C in
20 pL reactions containing NE buffer #4, 1x BSA, 5 uL ligate and Nhel, completed in
water. Following incubation, the digested ligate was analyzed by electrophoresis on an
agarose gel and visualized as previously described.

A midi prep, consisting of 50 mL of LB broth containing ampicillin, was inoculated
with 50 pL of starter culture selected based on the success of the previously described
digestion of Nhel. The midi prep was grown overnight at 37°C with shaking. The follow-
ing day total bacterial suspension was centrifuged at 4,500 rpm for 10 mins at 4°C to collect

all E.coli cells; plasmid DNA was harvested and purified using GenElute HP Plasmid Mi-
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diprep Kit (Sigma-Aldrich; Na0200-1KT) following the manufacturer’s protocol. To con-
firm plasmid samples were sequenced at the Manitoba Institute of Cell Biology using the
primers shown below.

CMV-F: FP 5> TATTAGGACAAGGCTGGTGGGCAC
MENT3 (419-F): FP 5 GTGTTCTGGCCTCACTGTCC
MENT3 (911-F): FP 5 TGGACCCATCCTGAAGAAG

3.2  Transfection of pIRES-puro-Flag-mENTS3

Plasmid

3.2.1 Culture of HEK293T Cells

HEK 293T cells were a generous gift from Dr. Mike Jackson (University of Manitoba,
Winnipeg, Manitoba).

Cells were grown in high glucose DMEM (Invitrogen) containing 10% FBS (Life
Technologies; 26140079) and maintained in a humidified 37°C incubator aerated with 95%
air/5% COa. Cells were passaged at 90% confluence and were used until passage number
50.

One day prior to transfection cell media was removed and cells were washed with ster-
ile PBS buffer (145 mM NaCl, 3.8 mM NaH2POys, 6.7 mM NazHPO4). Cells were detached
with trypsin-EDTA (0.25%; 1 mM) (Life Technologies; 25200-056) at RT for 1 min and
subcultured in fresh DMEM (10% FBS) in 100 mm culture dishes allowing cells to be 60-

70% confluent on day of transfection.
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3.2.2  Transfection

Stable transfections were performed using jetPRIME DNA and siRNA transfection reagent
(VWR International; CA89129-922). 5 ug of plasmid DNA was combined with 500 pL
JetPRIME buffer and vortexed to mix completely. 12.5 pL jetPRIME reagent was added
to the solution, mixed thoroughly and incubated for 10 mins at RT. The transfection solu-
tion was added in drops to culture dish and mixed by gently rocking the culture dish by
hand. Cells were returned to the incubator. Four hours following transfection, total cell
media was removed and fresh media was added. Two days following transfection, success-
fully transformed cells were selected with puromycin (InvivoGen; ant-pr-1) which was
added to fresh media and maintained at 2 pug/mL. Cells were allowed to grow for a mini-
mum of fourteen days before being lysed and harvested for experiments. Transfected cells

were cultured continually in media containing 2 pg/mL of puromycin.

3.2.3  Validation of AntiENT3 Antibody

WT and transfected HEK293T cells were grown until 90% confluent in T-75 flasks. Work-
ing on ice, cell media was removed and cells were washed gently with 5 mL PBS to remove
any remaining media. 600 pL of prechilled NP-40 lysis buffer was added directly to the
culture dish and cells were harvested. Total cell suspension was incubated for 30 mins at
4°C with constant agitation and centrifuged at 13,000 rpm for 30 mins at 4°C. The super-
natant was collected and the pellet was discarded. Protein concentration was measured as

described in section 2.6.2.
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To prepare samples for electrophoresis, Laemmli loading buffer (Sigma Aldrich; S-
3401) was added to 40 pg of cell protein and samples were denatured by heating for 15
mins at 42°C before loading onto a 10% polyacrylamide gel and run at 150V. Separated
protein samples were transferred to Immuno-blot PVDF membrane (Bio-Rad Laboratories;
162-0177) using Bio-Rad Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad
Laboratories, Mississauga, Ontario); transfer was maintained at 15V for 2 h.

Following transfer, the gel was stained with approximately 20 mL Bio-Safe Coomassie
Blue (Bio-Rad; 161-0786) for one hour at RT to evaluate the electrophoresis. The mem-
brane was incubated in 10 mL blocking buffer consisting of 5% wi/v skim milk in Tris-
buffered saline with tween (TBS-T) (50 mM Tris-HCI, 150 mM NaCl pH 7.5, 0.05%
Tween-20 purchased from Fisher Scientific; BP-337) for 60 mins at RT with constant agi-
tation. Membranes were incubated in primary antibody, diluted in blocking buffer, over-
night at 4°C with constant shaking. The primary antibodies used were 1:200 dilution of
ENT3(N-20) (Santa Cruz Biotechnology; sc-48150) and 1:1,000 ANTI-FLAG M2-Perox-
idase (Sigma-Aldrich; A8592). The following day membranes were washed three times for
10 mins each at RT in TBS-T before incubating the membrane for 60 mins at RT in the
appropriate secondary antibody. The secondary antibody corresponding to ENT3(N-20)
was donkey anti-goat 1gG-HRP (Santa Cruz Biotechnologies; sc-2020) diluted to 1:5,000
in blocking buffer. ANTI-FLAG M2 Peroxidase is conjugated to HRP and does not require
a secondary antibody for visualization.

Following incubation in appropriate secondary antibody, membranes were washed as
previously described and bands were visualized by incubating membranes for 60 sec in

Clarity Western Blot Substrate (Bio-Rad; 170-5060). The excess Clarity Blot Substrate
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was removed and membranes were immediately visualized using Bio-Rad ChemiDoc MP.
Images were captured using ImageLab 5.1 Beta Build 1 software. To determine specificity
of commercial antibody, band sizes of samples using ENT3(N-20) were compared to those

as identified using ANTI-FLAG M2 peroxidase, which is specific to the plasmid flag-tag.

3.3 Characterization of HEK293T Cells

3.3.1 Reverse Transcriptase Polymerase Chain Reaction (Rt-

PCR)

3.3.1.1. RNA Isolation

To minimize the risk of contamination of samples, sterilized pipet tips, microcentrifuge
tubes, cell scrapers, needles and syringes were used.

WT and transfected HEK 293T cells were grown to 90% confluent on T-75 flasks.
Working on ice, cell media was removed and cells were washed gently with PBS. TRIzol
reagent (Invitrogen Life Technologies; 15596026) was added directly to flask, cells were
harvested and the total cell lysate was transferred to Eppendorf tubes. Cell lysate was in-
cubated in TRIzol reagent for 5 mins at RT to ensure the complete dissociation of nucleo-
protein complexes. 0.2 mL of chloroform was added per 1 mL of TRIzol reagent and sam-
ples were mixed by hand, Samples were incubated for 2 mins at RT and centrifuged at
12,000 rpm (14,800 x g) for 15 mins at 4°C. After the initial spin, the total cell lysate

separates into three phases, for RNA isolation the top aqueous phase is transferred to a new
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Eppendorf without disturbing the interphase. 0.5 mL isopropyl alcohol was added per 1
mL of TRIzol reagent, to precipitate RNA, samples were mixed by hand and incubated for
10 mins at RT. Samples were centrifuged at 12,000 rpm (14,800 x g) for 15 mins at 4°C
and the supernatant was discarded. The RNA pellet was washed with 1 mL 75% ethanol
per 1 mL of TRIzol reagent and vortexed. Samples were centrifuged a final time at 7,500
rpm (8,800 x g) for 10 mins at 4°C and the supernatant was discarded; samples were al-
lowed to air dry for approximately 10 mins. Pelleted RNA samples were resuspended in
ultrapure distilled water (Invitrogen; 10977-015) and heated for 10 mins at 55°C to max-
imize RNA resuspension. The concentrations of RNA samples were determined using Ep-
pendorf BioPhotometer Plus spectophotometer to measure the absorbance at 260 nm; based
on the optical density, RNA sample concentration was calculated using a conversion factor
of 1:40 pg/mL of RNA.

Isolated RNA was immediately subjected to Rt to preserve the integrity of samples.

3.3.1.2. Rt: Reverse Transcription

All work was performed in a PCR workstation (Fisher Scientific) and required lab equip-
ment was sterilized and sterile filter pipet tips were used to minimize contamination of
samples. Water used for all reactions was ultrapure distilled DNAse and RNAse free water
(Invitrogen; 10977-015).

Rt reactions were performed in two steps, using a Minicycler (MJ Research; Fisher
Scientific). To begin, each Rt reaction combined 2 pg of total RNA with 50 uM Ol-

1go(dT)12-18 primer (Invitrogen; 18418-012) in a final volume of 12 pL in water. Samples
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were heated to 70°C for 3 mins to denature the RNA and then placed directly on ice. The
second step consisted of combining the remaining Rt reaction components, First Strand
Synthesis Buffer, 2.5 mM dNTP mix and M-MLV Reverse Transcriptase (Ambion Life
Technologies; AM2043), to a final volume of 20 pL. The solution was incubated for 60
mins at 42°C followed by 10 mins incubation at 92°C to inactivate the M-MLV Reverse
Transcriptase. The completed Rt reaction, synthesized sample cDNA, was stored at -20°C

until needed.

3.3.1.3. PCR: Polymerase Chain Reaction

All PCR reactions were performed using PuReTaq Ready-To-Go Beads whereby 1 pL
previously prepared cDNA, protocol described above, was used for each PCR reaction
combined with 200 nM primers and water for a final reaction volume of 25 L. To char-
acterize HEK293T cells, WT and transfected, sample cDNA was combined with the fol-
lowing primers:

Human ENT1- NM_001078176.2 (1227/1453): 227bp
FP 5° TAT TCA TGT GGC CTG GGA AG
RP 5° AGC TGG CTT CAC TTT CTT GG
Human ENT2- NM_006718528.1 (479/674): 196bp
FP 5° CCT ACA GCA CCC TCT TCC TC
RP 5° AGG TAG TAG CGG GCA AAC TT
Human ENT3- NM_018344.5 (542/730): 188bp
FP 5° TCT TCA GCA GCA GCA TCT ACG
RP 5> AGA GCA CGA GGA AGA CAG TGG
Human ENT4- NM_001040661.1 (241/444): 203bp
FP 5 TCACCTTCGACAGTCACCAG
RP 5> AGTCCACGTCCGTGATGAAG
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Mouse ENT3- NM_023596.3: 245bp
FP 5 CCC TCC CTG CTG TTC CTG GT
RP 5’ CAT GGG GAA GGA GCC TGT GA

PCR reactions were placed in a PTC-100 Programmable Thermal Controller (Fisher
Scientific) and a PCR program with progressively decreasing annealing temperatures,
identified as Slow-down, was used (Bachmann et al., 2003). Slow-down consists of 48
cycles with 30 sec at 94°C, 30 sec at temperatures that gradually decrease from 70°C to
53°C by lowering the temperature by 1°C every three cycles and 40 sec at 72°C. Once
attaining 53°C annealing temperature, the reaction is subjected to 15 additional cycles of
30 sec at 94°C, 30 sec at 58°C and 40 sec at 72°C. A final elongation step consists of 10
mins at 72°C after which samples were maintained at -9°C (Bachmann et al., 2003).

PCR products were analyzed as previously described in Section 3.1.1.

3.3.2  Real Time Polymerase Chain Reaction (qPCR)

LuminoCt SYBR Green gPCR ReadyMix (Sigma-Aldrich; 060M6173) was used to per-
form all gPCR reactions using previously prepared cDNA. Individual qPCR reaction mix
contained 2X LuminoCt SYBR Green gPCR ReadyMix, 25 uM forward primer, 25 uM
reverse primer and the template cDNA; the reaction was completed with water to a final
volume of 25 pL per reaction. The final reaction mix was loaded into a 96 well plate and
reactions were performed in triplicate. As described by the manufacturer’s protocol, the
following cycling parameters were used: initial denaturation at 95°C for 20 sec and 40
cycles of denaturation at 95°C for 3 sec and lastly an annealing/extension phase at 60°C

for 15 sec this was followed by 5 mins at 68°C, 15 sec at 95°C and 15 sec at 60°C before
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samples were slowly brought to 95°C over 20 mins and then held at this final temperature
for 15 sec. All gPCR reactions were performed using a Mastercycler RealPlex? (Eppendorf)
and results were analysed using the Mastercycler Ep RealPlex version 1.5.

To characterize and compare WT and transfected HEK293T cells, sample cDNA was
amplified with the human ENT3 and ENT4 and mouse ENT3 primers listed in Section
2.3.1.3. Additional primers were:

Human ENT1- NM_001078176.2 (312/488): 177bp
FP 5 TGT CCC AGA ATG TGT CCT TG
RP 5° GAT GCA GGA AGG AGT TGA GG
Human ENT2- NM_006718528.1 (663/768): 106bp
FP 5’ CCG CTA CTA CCT GGC CAA TA
RP 5’ CTG GGG ACT ACT GGG AAT CC

3.4  Primary Cell Culture

Mouse astrocytes and microglia were generously donated by Dr. Tiina Kauppinen (Uni-
versity of Manitoba, Winnipeg, Manitoba). Dissection of pups and preparation of enriched
astrocyte cultures and microglia cultures were performed by Gary Odero. Subsequent
maintenance of astrocyte cultures was a cooperative effort between Gary and me.

Mouse cortical neurons were generously donated by Dr. Chris Anderson (University of
Manitoba, Winnipeg, Manitoba). Culture dishes, mouse dissections and initial neuron prep-
arations were performed by Dr. Ping Lu. Subsequent maintenance of neuronal cultures was
my responsibility. Mouse hippocampal neurons were generously donated by Dr. Mike
Jackson (University of Manitoba, Winnipeg, Manitoba). Dissections were performed by

Dr. Yu-Feng Xie and neurons were maintained in culture by Natalie Lavine.
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3.4.1  Astrocytes

24-72 hours after birth, CD1 mice pups were euthanized, brains were removed, cerebral
cortex was dissected and mixed cell populations were maintained in culture. Dissection
media contained HEPES (Fisher Scientific), 1% penicillin (Fisher Scientific; BP914-100)
and 1% streptomycin (Fisher Scientific; BP910-50) in HBSS. Cells were cultured in T75
flasks, in media consisting of MEM, 10% FBS, 2mM L-glutamine (Life Technologies;
21051-024) and 1% streptomycin. When cultures achieved 90-95% confluence, approxi-
mately 5-7 days in vitro, microglial cells were removed by vigorously shaking the flask
horizontally by hand (for 5-10 sec) and immediately transferring the cell medium contain-
ing dislodged microglia to a new flask. Cells in the original flask were considered an en-
riched astrocyte culture and washed with fresh MEM medium then treated with 0.5% tryp-
sin for 6 mins at 37°C. Prewarmed cell media was added to resuspend the cells and the cell
suspension was replated on flasks or multi-well culture plates. Enriched astrocyte cultures
were treated with 25 pM CA (Sigma-Aldrich; C1768) 5-7 days following dissection to
inhibit microglia growth; CA kills dividing cells by forming complexes with topoisomerase
| resulting in DNA fragmentation and cell death (Azuma et al., 2001). The following day
total cell media was removed and replaced with MEM media containing 3% FBS. Astro-

cytes were maintained as confluent cultures containing CA for up to a month until use.

3.4.2  Microglia

24-72 hours after birth, CD1 mice pups were euthanized, brains were removed, cerebral

cortex was dissected and mixed cell populations were maintained in culture. Dissection
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media contained HEPES (Fisher Scientific), 1% penicillin (Fisher Scientific; BP914-100)
and 1% streptomycin (Fisher Scientific; BP910-50) in HBSS. Cells were cultured in T75
flasks, in media consisting of MEM, 10% FBS, 2 mM L-glutamine (Life Technologies;
21051-024) and 1% streptomycin. When cultures achieved 90-95% confluence, approxi-
mately 5-7 days in vitro, microglial cells were removed by vigorously shaking the flask
horizontally by hand (for 5-10 sec) and immediately transferring the cell medium contain-
ing dislodged microglia to a new flask. Microglia were maintained in supplemented MEM

media for up to one month or until needed.

3.4.3 Neurons

3.4.3.1. Cortical Neurons

Prior to dissection, 24 well culture plates were pretreated to make the environment more
conducive to neuronal attachment and growth. 0.5 mL of Poly-D-lysine was added to each
well and incubated for 30 mins at RT. Poly-D-lysine solution was removed and plates were
washed twice with sterile PBS and allowed to air dry. Plates were used directly or stored
at 4°C for up to two weeks.

Neurons were harvested from CD1 mice, at E14 or E15, and suspended in neuronal
basal media (Life Technologies; 21103-049) (5% FBS, streptomycin and L-glutamine).
Cells were plated on pretreated 24 well plates. The following day all media was gently
removed and replaced with fresh neurobasal media without FBS. The third day CA was

added to each well to a final concentration of 2 uM. On the fourth day total cell media was
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gently removed and replaced with fresh neurobasal media without FBS. On the seventh

day following cell harvest, neurons were used for subsequent experiments.

3.4.3.2. Hippocampal Neurons

Prior to dissection MatTek coverslip dishes (MatTek Corporation; P35G-1.5-14C) were
prepared for neuronal cultures by pretreating with 50ug/mL poly-D-Lysine (Sigma;
P0899). 200uL of poly-D-lysine was added directly to the coverslip and incubated for 45
mins at RT before removing the poly-D-lysine solution and washing the coverslip twice
with PBS. Coverslip dishes were then ready for neurons; coverslip dishes were always
prepared fresh on day of dissection and used directly.

Time-pregnant CD1 mice were dissected at E17-18 and the hippocampi were removed
and kept in PBS buffer on ice. Isolated hippocampi were broken down into smaller pieces
using a scalpel at which point the PBS was removed and tissue samples were washed once
with fresh PBS. The wash buffer was removed directly and samples were incubated with
trypsin for 15 mins at 37°C before adding 1 mg/mL DNAsel and incubating for another 15
mins at 37°C. The total trypsin solution was then gently removed and replaced with
MEM/20%FBS media and tissue samples were allowed to settle to the bottom of the tube
after which the supernatant was removed gently without disturbing the pellet. To wash the
settled tissue, fresh MEM/20%FBS media was added and once again the supernatant was
removed. Tissue samples were titrated eight times in filter-sterile neurobasal media (Life
Technologies; 21103-049) supplemented with B27 (Life Technologies; 17504-044) and L-
glutamine (Life Technologies, GlutaMax; 35050-061) which was added to the tube. The

samples were then left, allowing time for the larger tissue pieces to settle at the bottom of



3.4 Primary Cell Culture 66

the tube; the supernatant was transferred to a new tube containing fresh B27 supplemented
neurobasal media, without disturbing any tissue which had settled at the bottom. The larger,
left over pieces were resuspended in fresh B27 supplemented neurobasal by titrating gently
eight more times. The larger pieces that had not been broken up were again allowed to
settle at the bottom of the tube at which point the supernatant was added to the first collec-
tion. 250uL of the harvested cells was then seeded directly on to prepared coverslips and
incubated for 30 mins before adding 2mL fresh supplemented neurobasal media to each
dish.

Every 3-4 days approximately 1mL of cell media was removed and replaced with 1mL
fresh B27 supplemented neurobasal media. By only removing half the cell media at each
media change, neurons were minimally disturbed and the neurotrophic factors and other
compounds released by the neuronal cultures were not completely eliminated. This is fa-
vorable to preserve neuronal cultures as the supportive environment is maintained. Neurons
were cultured for 19 days post dissection before they were used for subsequent experi-

ments.

3.44 Rt-PCR

Rt-PCR of mouse astrocytes and neurons was performed as previously described in section
3.3.1.1-3.3.1.3 using the following primers.

Mouse-g-actin- NM_007393.3: 228bp
FP 5 CAT GGC TGG GGT GTT GAA GGT TCT
RP 5 CGA GCC CCA GAG CAAGAGAGGT
Mouse ENT1- NM_001199116.1: 196bp
FP 5’-CAAGTATTT CAC AAACCGCCTGGAC
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RP 5’-GAA ACG AGT TGA GGC AGG TGAAGAC
Mouse ENT2- NM_007854.3: 288bp

FP 5> GAC CTC TGC TCT TGG ATA CTT CAT

RP 5’GAC AAC AAA GAC TGA AGGTTT TCC
Mouse ENT3- NM_ 023596.3: 245bp
Mouse ENT4- NM_146257.2: 279bp

FP 5 ATT GGC GGC TGT GCT CCT AAA

RP 5° TGC CGT GCT CTC TCC AGT CAT

3.4.5  Western Blot Analysis

Mouse cortical neurons were harvested from 24 well plates, seven days after dissection, by
lysing directly in Laemmli loading buffer (Sigma Aldrich; S-3401) and mouse hippocam-
pal neurons were harvested 19 days after dissection by lysing directing in SDS-loading
buffer (1 M Tris-Cl, pH 6.8, glycerol, 1% SDS, 0.5% BromoPhenol Blue, mercaptoetha-
nol). Mouse astrocytes were grown in T-75 flask until 80% confluent at which point cell
media was removed and cells were washed in PBS. Fresh NP-40 buffer was added to cell
flask and cells were harvested; protein concentration was measured prior to using samples.
Mouse microglial and bEND3 cells were grown in T-75 flasks and harvested by lysing
cells directly in Laemmli buffer (Sigma Aldrich; S-3401).

Western Blot analysis was performed as previously described in Section 3.2.3;
ENT3(N-20) diluted to 1:200 was used as the primary antibody and the corresponding sec-
ondary antibody, donkey anti-goat, was diluted to 1:5,000.

To verify consistency in amount of total protein loaded, membranes were stripped by
incubating membranes in Re-Blot Plus Strong Solution (Chemicon International;

CA92590) for 15 mins at RT with constant shaking. The strip solution was removed and
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the membrane was incubated twice in fresh blocking buffer for 5 mins each at RT with
constant shaking. Blocking buffer was removed and membranes were incubated in the con-
trol antibody, actin (Sigma-Aldrich; A5441) diluted to 1:1,000 for 1h at RT with constant
shaking. The membranes were then treated as a typical western blot; membranes were
washed, three times in TBS-T buffer for 10 mins each at RT with constant shaking and
incubated in the appropriate secondary antibody, rabbit anti-mouse diluted to 1:20,000, for
1h at RT with constant shaking. The excess secondary antibody was removed by washing
three times in TBS-T for 10 mins each at RT with constant shaking and the membrane was

visualized as described in Section 3.2.3.

3.4.6 Immunocytochemistry (ICC)

3.4.6.1. Astrocytes

Mouse cortical astrocytes were grown on four chamber BD Falcon culture slides (BD Bi-
osciences; 354104) until approximately 60% confluent. Cell media was removed and cells
were washed with PBS for 5 mins at RT and incubated for 20 mins at RT in cold methanol
as fixative. Methanol was removed and cells were washed three times, 5 mins each, with
PBS at RT. Cells were incubated for 60 mins at RT in blocking buffer (3% normal goat
serum, 0.1% triton X-100, 1% BSA in PBS). Blocking buffer was removed and cells were
incubated overnight at 4°C in either blocking buffer containing no antibodies (negative
control), ENT3(N-20) diluted to 1:50 in blocking buffer (Santa Cruz Biotechnologies; sc-
48150), anti-glial fibrillary acidic protein (GFAP) raised in rabbit (Millipore; AB5804)

diluted to 1:1,000 or a combination of the two antibodies. The following day cells were
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washed five times, for 5 mins each wash, with PBS at RT. Cells were incubated with the
corresponding secondary antibodies; donkey anti-goat 1gG-FITC (Santa Cruz Biotechnol-
ogy; sc-2024) diluted 1:200 and goat anti-rabbit IgG (H+L) 594 conjugated (Thermoscien-
tific; 35560) diluted 1:500. Cells were incubated for 2h at RT keeping cells concealed from
the light to protect the secondary antibodies. Cells were washed twice with PBS for 5 mins
at RT and then twice with double distilled water for 5 mins at RT. Chamber walls of culture
slides were removed and cells were allowed to air dry before mounting coverslides with
Vectashield mounting medium H-1000 containing DAPI (Vector Laboratories; CA94010).

Cells were visualized using an Olympus 1X51 microscope and images were captured

using ImagePro Express 6.3.

3.4.6.2. Neurons

After 19 days in culture, immunostaining was performed on mouse hippocampal neurons
grown on 35 mm glass bottom culture dishes (MatTek Corporation; P35G-1.5-14-C) fol-
lowing the protocol as previously described in Section 3.4.6.1.

Neurons were incubated overnight at 4°C in blocking buffer alone containing no anti-
bodies, Santa Cruz ENT3(N-20) diluted to 1:50, anti-neuronal nuclei, NeuN (Chemicon
International, MAB377), diluted to 1:50 or 1:100 or a combination of the two antibodies.
The corresponding secondary antibodies were Donkey Antigoat IgG-FITC (Santa Cruz Bi-
otechnology; sc-2024) diluted 1:200 and Goat Antimouse (H+L) 594 (Thermoscientific;

35501) diluted 1:500.
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3.5  Mouse Brain Tissue

3.5.1 Dissections

Dissections of CD1 mice were performed graciously by Dali Zhang. Brain regions of in-
terest, cortex, cerebellum, striatum and hippocampus, were harvested and stored immedi-
ately at -80°C until needed. Tissue was homogenized on ice, using a sonic dismembrator
system 117V, 50/60Hz (Fisher Scientific), in fresh NP-40 buffer and samples were centri-
fuged at 12,600 rpm (14,800 x g) for 5 mins at 4°C. The supernatant was collected and the
pellet (P1) was resuspended in the same lysis buffer. Protein concentration of both the
supernatant and the resuspended pellet was measured as described in section 3.6.2. using

diluted NP-40 buffer to prepare protein standard.

3.5.2 Rt-PCR

RNA from tissue samples was isolated using TRIzol, as previously described in section
3.3.1.1. Rt-PCR was performed immediately as described in section 3.3.1.2 and 3.3.1.3,
using the slow-down program. PCR reactions were conducted using primers targeting a
228bp sequence of mouse f-actin as a positive control and a 245bp sequence of mouse
ENT3. The corresponding sequences for the primers are found below. Unused sample
cDNA was stored at -80°C.

Mouse-p-actin- NM_007393.3: 228bp
Mouse-ENT3- NM_023596.3: 245bp
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3.5.3  Western Blot Analysis

Mouse tissue protein was prepared as previously described in section 3.5.1 and 80 pg of
sample protein was separated by electrophoresis and western blot analysis was performed

as previously described in section 3.2.3.

3.5.4  Differential Centrifugation

Cortex and cerebellum from CD1 mice were homogenized on ice in subcellular fractiona-
tion buffer (250 mM sucrose, 20 mM HEPES pH 7.4, 10 mM KCI, 1.5 mM MgClz, 1 mM
EDTAand 1 mM EGTA) containing 1 mM DTT and a cOmplete protease inhibitor cocktail
tablet. Using a sonic dismembrator system, samples were homogenized on ice and passed
10 times through a 25G needle with a ImL syringe.

Total cell lysate was incubated for 20 mins on ice and spun at 3,000 rpm (720 x g) for
5 mins at 4°C producing P1, a pellet expected to contain the nuclear fragments, and the
supernatant, which was transferred to a new Eppendorf tube. P1 was washed once by re-
suspending the pellet in the subcellular fractionation buffer using a 25G needle and then
centrifuged again at 3,000 rpm for 10 mins at 4°C. The wash supernatant was removed
completely and P1 was resuspended in Laemmli buffer containing 10% glycerol and 0.1%
SDS. The collected supernatant was centrifuged at 8,000 rpm (10,000 x g) for 5 mins at
4°C producing P2, a pellet expected to contain mitochondria, and the supernatant, which
was transferred to a new tube. P2 was washed in the same manner as P1, at a speed of 8,000

rpm for 10 mins at 4°C and then resuspended in the above Laemmli buffer. The collected
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supernatant from the second spin was centrifuged using a Sorval WV Ultra 90 Series cen-
trifuge, T-1250 rotor (Thermo Electron Corporation) at 40,000 rpm (100,000 x g) for 60
mins at 4°C. A third pellet, P3, expected to contain plasma membranes was collected. The
final supernatant containing cytosolic proteins was transferred to a new tube; as the final
supernatant was already suspended in fractionation buffer, sample was added directly to
Laemmli loading buffer at a 1:1 ratio. P3 was washed identically to P1, centrifuged at a

speed of 40,000 rpm for 45 mins at 4°C and then resuspended in the above Laemmli.

3.6  Functional Studies of mENTS3

3.6.1 Release Assay

WT and transfected HEK 293T cells were plated on 12 well plates at a density to allow 80-
90% confluency on the day of assay.

All buffers were prepared fresh on the day of the assay. Two buffers were prepared,
one contained 11 mM glucose (Acros Organics) (+) and one with glucose replaced with 10
mM 2-deoxyglucose (2-DG) (-); both buffers contained a final concentration of 25 mM
HEPES, 4.9 mM KCI, 1.2 mM MgCly, 1.4 mM KH2PO4 (Fisher Scientific), 1 mM CaCl;
(Mallinckrodt), 118 mM NaCl. Buffers were made to a final pH of 7.4 (Accumet Basic
AB15 pH Meter; Fisher Scientific) and an osmolarity of 300+/-10 mOsm as determined by
VAPRO Vapor Pressure Osmometer 5520 (Vescor). [*H]adenine solution (250 MBq)

(PerkinElmer; NET053) was made in buffer (+) whereas 10 mM 2-DG and a third solution
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containing 10 mM 2-DG and 30 uM DPR (Sigma-Aldrich) were prepared in buffer (-). All
buffers and solutions were prewarmed to 37°C.

To tritiate cellular ATP, cell media was removed and cells were washed twice with
physiological buffer containing glucose then incubated with [*H]adenine solution for 30
mins at 37°C. To remove extracellular [*H]adenine,the solution was removed and cells
were washed twice with physiological buffer without glucose. Cells received one of three
possible treatments (0.5 mL per well) and were incubated for 30 mins at 37°C; physiolog-
ical buffer containing glucose, subjected to glucose deprivation using 2-DG solution or a
combination of glucose deprivation, 2-DG, in presence of DPR. The supernatant was col-
lected from each treatment group following incubation and 0.35 mL of the supernatant was
used to determine extracellular radioactivity by scintillation spectroscopy using Beckman
Coulter LS 6000TA. Cells were dissolved overnight in 0.5 mL of 1M NaOH at 37°C; 0.35
mL used to determine intracellular radioactivity and the remainder was used to measure
protein content of each well. To neutralize the NaOH of the intracellular components, 28
pL of HCI was added prior to counting samples; 28 pL of HCI was previously determined

as sufficient to bring the samples to neutral pH.

3.6.2  Protein Assay

Using a 96 well plate the protein content of each well was determined with the collected
intracellular contents compared to a protein standard using BSA (Sigma; A-7906) in 1 M
NaOH buffer diluted to 1:20. Preparation of the standard had an initial well concentration

of 0.5 mg/mL, by mixing 160 pL of diluted NaOH (1:20) and 160 pL of BSA protein (1
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mg/mL), and a final well concentration of 0.00781 mg/mL. A blank, containing only di-
luted NaOH was also prepared. Intracellular samples were diluted to 1:20 in double dis-
tilled water and protein content was measured in duplicate. 40 uL of BioRad dye was added
to each well and mixed completely. Plates were read using SynergyHT (Biotek Instru-
ments, Inc.) a wavelength of 595 nm. Optical density values of samples were converted to

mg/ml using the BSA standard curve using Gen5 software v.1.01.14.

3.6.3  Quantification of Purines

Thin-layer chromatography (TLC), as described by Schrader and Gerlach (1976), was per-
formed to identify purines released from WT and transfected HEK293T cells during the
release assay described in section 2.6.1. Extracellular supernantants (20 puL) were com-
bined with a cold carrier (5 pL) containing AMP, inosine, xanthine, hypoxanthine and
adenosine, each at 15 mM, and spotted on Uniplate gel-silica plates (Fisher Scientific;
05719803). Solvent containing n-butanol, ethyl acetate, methanol and ammonium hydrox-
ide (7: 4: 3: 4) was used for purine separation. From the bottom of the plate, purines sepa-
rated in the following order: AMP, INO, Xa, HX and ADO and spots were visualized under
UV light and marked. Spots of interest were removed from the plates and dissolved in 500
pL 0.2M HCI for 20 mins before adding scintillation fluid to the samples. Radioactivity
was determined by scintillation spectroscopy. Purines were quantified using the specific

activity of the [*H]adenine loading solution.
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Chapter 4

Results

4.1 The pIRES-puro-Flag-mENTS3 Plasmid

Commercial antibodies are valuable tools that can be used to visualize, quantify and isolate
specific endogenous proteins. However, antibodies for the subtypes of ENTs have been
problematic as many commercial antibodies are of low affinity and low specificity. For
this reason, experiments were performed to confirm that the commercial antibody for
ENT3 was of high specificity.

An important control for the use of an antibody is to show that the antibody recognizes
a protein of the expected molecular weight in cells or tissues known to express the protein
and not in cells or tissues that do not express the protein. A common strategy is to transfect
cultured cells with an expression plasmid that contains the coding sequence for the target
protein, in this case a pIRES-puro-Flag-mENT3 plasmid.

Prior to testing the commercial ENT3 antibody, the mENT3 gene insert had to be de-
signed and correctly ligated within the plasmid. Cultured astrocytes, tested by RT-PCR,
were found to express the mouse ENT3 gene; cDNA template was probed with a primer

pair targeting the mouse GAPDH gene, as a template control, or a primer pair targeting the
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mouse ENT3 gene sequence (Figure 1). Presence of a band at the expected size indicates
mouse astrocyte cDNA as an acceptable source for the mouse ENT3 gene sequence.

To ensure sufficient MENT3 DNA for plasmid insert design, multiple PCR reactions
were performed using mouse cortical astrocyte cDNA as the template source (Figure 2).
The primers were modified to include the restriction sites corresponding to Ascl and Not1;
to facilitate ligation with the plasmid, pIRES-puro-Flag. Bands of the expected size were
excised from the gel and harvested cDNA was purified.

Collected PCR product was subjected to restriction digestion to create sticky ends. Re-
striction digestion of the pIRES-puro-Flag plasmid was also performed and then ligation
of the PCR product and the plasmid was completed. E. coli was transformed with the re-
sulting recombinant plasmid and grown on LB plates containing ampicillin overnight.
Twelve individual transformants were selected from the LB plates and plasmid DNA was
isolated and subjected to diagnostic restriction digestion using Nhel (Figure 3). Of these
12, two were found to have the expected fragment sizes; the corresponding transformant
of #11 was further cultured in LB broth to increase the amount of total plasmid yield. Pu-
rified plasmid DNA was sequenced by MICB to determine the precise insert sequence
(Figure 4) and the corresponding amino acid sequence (Figure 5). All changes in gene
insert sequence are identified in italics/boxes and were found to be declared SNPs on
NCBI.

The complete pIRES-puro-Flag-mENT3 plasmid contains a CMV-promoter, two cod-
ing genes conferring resistance to ampicillin and puromycin, the mENT3 gene insert and a

flag-tag found at the N-terminus of the insert (Figure 6).
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Following confirmation of the pIRES-puro-Flag-mENT3 gene sequence, HEK293T
were transfected using jetPRIME transfection reagent. A stable transfected cell line was
established using puromycin antibiotic due to plasmid-mediated resistance conferred with
successful incorporation of the pIRES-puro-Flag plasmid. WT and transfected cells were
harvested and western blot analysis was performed comparing identical samples probed
with an antibody targeting the Flag epitope, Anti-Flag M2 Peroxidase, or with a commer-
cial antibody targeting the ENT3 protein (Figure 7). Although not of the expected size,
reported by the manufacturer to be 52kD, both the Anti-Flag M2 and the ENT3 antibody
showed identical band sizes in the transfected cell line. Based on the consistency of band
sizes, it was concluded that the commercial ENT3 antibody was specific to the ENT3 pro-

tein.
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Figure 1 Verification of ENT3 expression in Mouse Cortical Astrocytes by RT-PCR

Total RNA isolated from cultured mouse cortical astrocytes was reverse transcribed
then used in a PCR reaction to confirm the expression of the ENT3 gene. cDNA template
was probed with a mouse GAPDH primer pair, designed to amplify a sequence of 228bp,
or with a mouse ENT3 primer pair designed to amplify the entire open reading frame of
1.4Kb. PCR products were subjected to electrophoresis and bands were visualized un-

der UV light.

Lane 1 no template control; lane 2 mouse cortical astrocyte cDNA.
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Figure 2 Collection of Mouse ENT3 cDNA from Mouse Cortical Astrocytes by PCR

Total RNA samples from cultured mouse cortical astrocytes were subjected to RT-PCR.
Using modified mENT3 primer pairs containing Ascl and Notl restriction sites, astro-
cyte cDNA template was assessed for mENT3 expression. Modified primer pairs target
a gene sequence of 1.4Kb. Electrophoresis was performed with PCR products and bands
were visualized under UV light. The bands of the expected size were excised from the

agarose gel and collected.

Red box indicates bands of interest (1.4Kb).
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Nhex Digestion

Figure 3 Verification of Plasmid Inserts Collected from Transformed E. coli Starter Cul-
tures

Transformed E. coli cultures were grown overnight and plasmid DNA was collected the fol-
lowing day. Samples were digested using Nhel restriction enzyme as an initial diagnostic of
plasmid insert, pIRES-puro-Flag-mENT3. Following digestion, electrophoresis was per-
formed with all samples whereby successful ligation was expected to present three fragments
of the following sizes: 226bp, 771bp and 5.6Kb. Restriction enzyme digestion was intended as
an initial means of plasmid insert verification; the insert sequence was confirmed by the Man-

itoba Institute of Cell Biology.
Lanes 1-12 contain plasmid DNA isolated from twelve individual starter colonies.

Red boxes indicate samples with the correct band sizes indicative of successful ligation. The

culture corresponding to lane 11 was used for all further experiments.
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941 atggactaca aggacgacga
961 cgacaagggc ggcgcgccag cctttgeccte tgaggacaat gtataccaca gctccaatge

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
lesl
1741
1801
1861
1921
1981
2041
2101
216l
2221
2281
2341
2401

tgtctacaga
actagactac
catcttctte
ggagtactgg
ggacatggac
cctgectgtte
tctggectea
ggatacttcc
tagcagctcc
gaggaatflc
cttgctggtg
catggcagca
gtatgccagg
cccatcccag
accgcccctt
ctactttgtc
aggcaccgge
caactttgcet
gagcaagctg
ctgtaactac
agtgctttte
ctatgggcce
ctatatgtct
ctag

gccccgagta
ccagccccgg
tgcctgggaa
gcatataaac
atcctgaact
ctggtggcta
ctgtececgtgt
tcctggaccee
tccaccatcet
cgbgcactga
gacctggcag
gtcttcecttg

tactacatga
gatgctccca
ggacccatce
acggccttca
tctecatgga
gacctctgeg
ctcececcggac
cagccgeget
acctgectfe
aagattgtge
gtgokkttoa

accatcaaga
gcctgcagag
ttgggggecet
tccgaaactg
actttgagag
acttcctget
ccctggecat
gaggcttectt
tcaatagcag
tatdghgagy
catccagtga
ggctctgtat
ggccagttge
gcgectecte
tgaagaagac
tcatccecge
cctccaagtt
gccgacaggt
tggtggtete
cacacttgac
tggggctcag
cccgggaget
tgctgggete

agctgaccag
gccagaggat
actgccctgg
ctccagecca
ctacctggca
tgtcaacagg
cttcgtggtt
cagcctcacc
cgtttacgge
agccatggga
tgtgcgggac
gggactctat
cccagttcga
tgtggccect
ggctageccte
catctccacc
cttecgtgece
cacagcctgyg
tcggttetge
caaggtgcectt
caacggctac
ggctgaggee
agcectgegey

gaagccctge
cgcttcaatg
aacttctttg
geddecgggy
gttgccteca
gtccaggtgce
atgattgtgce
atcgcgtgceca
ctcacaggct
gggacagtca
agcacgctag
ctattgctgt
gtgttttectyg
gcatccagag
gggttctgcg
aatatccagt
ctcaccgtcet
atccaggtge
cttgtgccte
ttccagtcgyg
ctcagcacgc
accagtgttg
gcecectgettyg

tggggaaact
gtgcctacat
tcactgctaa
aggaccctga
ctgtgceccte
acgtccgtgt
tggtgaaggt
tggccatcat
cctteecccat
gtgccgtgge
ccttecttect
cccaactgga
gtgaagacaa
tgatgcacac
cagtttceect
ccatgcacaa
tcectectett
caggtcctag
tcttcttget
acatctaccc
tggtgctcat
tgatgttgtt
aacactttat

Figure 4 Sequencing Results for pIRES-puro-Flag-mENT3 plasmid DNA

Plasmid DNA was collected from transformed E.coli cultures and subjected to diagnos-

tic restriction digestion with Nhel. The E. coli culture corresponding to a successful

digestion was further grown to increase plasmid yield. Purified plasmid DNA was com-

bined with primers designed for mENT3 gene sequencing, identified as CMV-F,

MENT3-419-F and mENT3-911-F. Samples were sent for sequencing at MICB. Com-

plete sequencing allows for identification of any errors within the insert sequence in-

cluding insertions, deletions and mismatches.

Red boxes indicate single-base variations (SNPs) from the Genbank sequence:

1244T 2C, 1568G A, 1572A G, 1585A G, 2239C 2T and 2355G 2T.
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EYKDDDDKG
RENGAYIIFF
VASTVPSLLF
IACMATISSS
STLAFFLMAA
ASRVMHTPPL
LTVFLLENFA
FOSDIYPVLF
ALLEHFI

GAPAFASEDN
CLGIGGLLPW
LVANFLLVNR
STIFNSSVYG
VFLGLCMGLY
GPILKKTASL
DLCGRQVTAW
TCLLGLSNGY

VYHSSNAVYR
NFFVTAKEYW
VQVHVRVLAS
LTGSFPMRNT
LLLSQLEYAR
GFCAVSLYFV
IQVPGPRSKL
LSTLVLIYGP

APSNHQEADQ
AYKLRNCSSP
LSVSLAIFVV
RALISGGAMG
YYMRPVAPVR
TAFIIPAIST
LPGLVVSRFC
KIVPRELAEA

EATLLGKLLDY
APGEDPEDMD
MIVLVEKVDTS
GTVSAVALLV
VFSGEDNPSQ
NIQSMHEGTG
LVPLFLLCNY
TSVVMLFYMS

PAPGLQORPED
ILNYFESYLA
SWTRGFFSLT
DLAASSDVRD
DAPSASSVAP
SPWTSKFFVP
QPRSHLTEKVL
VVLMLGSACA

Figure 5 Translated Amino Sequence for pIRES-puro-Flag-mENT3 plasmid DNA

Plasmid DNA was harvested and then purified from transformed E. coli cultures that

had initially been tested by diagnostic restriction digestion using Nhel. Plasmid DNA

was combined with primers CMV-F, mENT3-419F and mENT3-911F and sequenced at

MICB.

Blue box indicates initiator; red box indicates flag-tag epitope.
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Ampicillin Resistance CMV Promoter

Nhel (896)

Flag tag

Ascl (973)
SNP S0P
SNP A198T

| SNP Q199R

ya / SNP S203S (silent)
N\ Nhel (1667)

el \ . Nhel (1893)
Puromycin Resistance =~ " SNP L421L (silent)
SNP G460V

Notl (2407)

PIRESpuro-Flag-mENT3}.
6643 bp

Figure 6 Plasmid Map of pIRES-puro-Flag-mENT3

Mouse ENT3 gene sequence was inserted into the pIRES-puro-Flag plasmid; plasmid

insert sequence was confirmed by the MICB. Key sites within the plasmid sequence

have been indicated on the plasmid map. The location of the CMV promoter and Flag-

tag can be found at the N terminus of the mENT3 insert. Six SNPs within the insert

sequence were identified and are labeled on the plasmid map. Digestion sites of Not1

and Ascl, the restriction enzymes used to perform ligation by which the mENT3 gene

was incorporated into the pIRES-puro-Flag plasmid, are indicated. In addition, the

digestion sites of Nhel, the RE used as an initial means of confirming plasmid insert,

have been labeled. The position of all RE digestion sites has been included in paren-

thesis next to each RE.
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A. ANTI-FLAG M2-Peroxidase (HRP) B. ENT3(N-20); Donkey Anti-Goat
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Figure 7 Western Blot Analysis to Confirm Specificity of Commercial ENT3 Anti-
body

HEK293T cells were transfected using jetPRIME transfection reagent and stable trans-
fected cells were established by puromycin selection. WT and transfected HEK293T
cells were harvested and western blot analysis was performed using 40ug of cell pro-
tein. Identical samples were probed with (A) Anti-Flag M2-Peroxidase (HRP), an an-
tibody specific for the Flag epitope, diluted to 1:1,000 and (B) with a commercial anti-
body targeting ENT3(N-20) diluted to 1:200 with the corresponding secondary anti-
body, donkey anti-goat diluted to 1:5,000.

Lane 1 WT HEK293T cells; lane 2 transfected HEK293T cells

Red arrows indicate identical sized bands (ENT3); purple arrow indicates endogenous

protein (hRENT3).
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4.2 Characterization of HEK293T Cells

As HEK?293T cells had not previously been characterized for endogenous ENT family ex-
pression (ENT1-4), RNA was isolated from WT as well as from transfected cells and re-
verse transcription was performed. PCR was completed using primer pairs targeting the
human subtypes of ENT (ENT1-4), in addition to a primer pair targeting the mouse ENT3
gene. Electrophoresis was performed with all PCR products whereby a band of the ex-
pected size, specific to each primer pair, indicated endogenous mRNA expression in
HEK293T cells (Figure 8). cDNA of WT and transfected cells was probed with the mouse
ENT3 primer pair for two reasons, as an initial means of verifying success of transfection
and to investigate the possibility of cross-reactivity between human and mouse ENT3 se-
quences.

gPCR was performed comparing WT and transfected HEK293T cells. Although Rt-
PCR was an initial means of determining RNA expression, gPCR offers more detailed in-
formation including relative levels of ENT subtypes and is a measure of transfection effi-
ciency. cDNA derived from WT and transfected cells was combined with LuminoCt Ready
Mix and individual reactions were made up of a primer pair targeting each of the four ENT
subtypes and a primer pair targeting the mouse ENT3 gene (Figure 9). A primer pair tar-
geting the human B-actin gene was used as a template control.

Transfection of HEK293T cells was not found to affect endogenous ENT family ex-
pression; ENT2 was discovered to be most highly expressed followed by ENT1, ENT4 and
ENT3. The mENT3 primer pair showed no cross reactivity with hENT3 gene and transfec-

tion was determined to be successful.
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A.Wild Type HEK293T B. Transfected HEK293T
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Figure 8 Characterization of WT and Transfected HEK293T Cells

cDNA of WT and transfected HEK293T cells was prepared and PCR was performed to
determine endogenous expression of the four members of the ENT family (ENT1-4).
c¢DNA was probed with a primer pair targeting the -actin gene, designed to amplify a
gene sequence of 116bp or with primer pairs targeting hENT1, amplifying a gene se-
quence of 227bp, hENT2 amplifying a gene sequence of 196bp, hENT3 amplifying a
gene sequence of 188bp or hENT4 amplifying a gene sequence of 203bp. In addition,
both WT and transfected cells were probed with a primer pair targeting the mENT3

gene, designed to amplify a band of 245bp.

Lane 1 p-actin; lane 2 hENTL; lane 3 hENT2; lane 4 hENT3; lane 5 hENT4; lane 6

MENT3
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A Ct(hp-actin-ENT)

E3 WT HEK293T
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Figure 9 Comparison of Expression Levels of WT and Transfected HEK293T Cells

by gPCR

HEK293T cells were transfected with pIRES-puro-Flag-mENT3 plasmid using

JetPRIME reagent and stable transfected colonies were established with puromycin se-

lection. RNA was isolated from both WT and transfected HEK293T cells and reverse

transcription was performed. Using LuminoCt ReadyMix protocol, prepared cDNA

template was combined with primer pairs targeting the four human ENT subtypes as

well as with a primer pair targeting the mENT3 gene. Relative expression levels of WT

and transfected cells were assessed by two-way ANOVA.

ACt was calculated based on the expression level of h--actin, a known housekeeping

gene used as a positive control.
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4.3  Assessment of ENT3 Localisation

Determination of the localisation of ENT3 could indicate possible functions of this trans-
porter. CD1 mice were dissected and the cortex, cerebellum, striatum and hippocampus
were harvested. Reverse transcriptase was performed with each brain region and prepared
cDNA was used for PCR. cDNA template was probed with a primer pair targeting the
mouse f-actin gene or with a primer pair targeting the mouse ENT3 gene sequence. PCR
products were separated by electrophoresis and bands were visualized by UV light; positive
bands confirm endogenous mMRNA of ENT3 within each particular brain region (Figure
10).

As mRNA expression does not necessarily correlate with the level of protein expres-
sion, western blot was performed to assess the presence of ENT3 protein. Brain regions of
interest, cortex, cerebellum, striatum and hippocampus, were harvested from CD1 mice.
Protein samples were probed with the ENT3(N-20) antibody, with an expected band size
of 52 kD (Figure 11A). Subsequently, membranes were stripped of initial antibodies and
probed with an antibody targeting actin, as a loading control (Figure 11B). Of the four brain
regions tested, all showed bands at the expected size of 52 kD, in addition to a second band
at approximately 30 kD.

To further examine the localisation of ENT3, primary cell cultures of mouse cortical
neurons and astrocytes were tested for endogenous mRNA and protein expression. RNA
was isolated from cell cultures and reverse transcription was performed. cDNA template
from mouse neurons or astrocytes was combined with primer pairs designed to target the

mouse [-actin gene, as a template control, and each of the four mouse ENT subtypes
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(mENT1-4). PCR products were subjected to electrophoresis and bands were visualized
under UV light (Figure 12). Presence of a band at the expected size, as determined by the
primer pair, indicates endogenous mRNA expression of the four ENT subtypes within neu-
rons (Figure 12.A) and within astrocytes (Figure 12.B).

Western blot analysis was completed to examine ENT3 protein expression within
mouse cortical neurons, mouse cortical astrocytes, mouse cortical microglia and bEND3
cells. Total astrocyte protein was harvested in lysis buffer and protein concentration was
measured, all other samples were harvested directly in loading buffer to maximize protein
concentrations. Western blot analysis was performed and samples were probed with the
ENT3(N-20) antibody targeting ENT3 (Figure 13.A). Subsequently, membranes were
stripped and samples were reprobed with an antibody targeting actin to determine total
protein loaded (Figure 13.B).

Based on the expected size of 52 kD, both hippocampal neurons and astrocytes were
found to express ENT3, although astrocytes showed a second band at 30 kD. Microglia
and bEND3 cells were negative for ENT3 protein expression (Figure 13A). In contrast to
hippocampal neurons, cortical neurons showed a much larger than expected band size, of
approximately 125 kD which could indicate ENT3 protein interactions or aggregates.

Following positive western blot results, immunocytochemistry of cultured cortical as-
trocytes was performed. Astrocytes were costained with the ENT3(N-20) antibody specific
for ENT3 and an antibody targeting GFAP, a known astrocyte marker (Figure 14).

Fluorescent images indicated ENT3 was expressed within astrocytes, primarily located

within the cytosol surrounding the nucleus, and was not found to be directly colocalised
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with GFAP. There was no staining when the primary antibodies were omitted, indicating
that there was very little nonspecific binding of secondary antibodies.

Immunocytochemistry was also performed with hippocampal neurons based on posi-
tive results with western blot (Figure 13). Cells were costained with DAPI, a nuclear
marker, an antibody targeting NeuN, a known neuronal marker found within the cytosol of
neurons and the ENT3(N-20) antibody specific for ENT3 (Figure 15). A no primary control
was performed to verify specificity of secondary antibodies.

The no primary control images showed high background of FITC Donkey anti-goat,
but background was found to be nonspecific. Comparison of both secondary antibodies
indicates distinct wavelengths as images were not superimposable confirming staining with
primary antibodies. Fluorescent images of neurons indicate intracellular localisation of
ENT3, primarily located surrounding the nucleus although staining throughout the cytosol
and along dendrites is also visible.

To further characterize the subcellular localisation of ENT3 in vivo, cortex and cere-
bellum from CD1 mice were harvested and subjected to subcellular fractionation. This en-
abled separation of the brain tissue samples into four distinct fractions: nuclear, mitochon-
drial, membrane and cytosolic. Western blot analysis was performed with the isolated sub-
cellular fractions and protein samples were probed with the ENT3(N-20) antibody, with an
expected band size of 52 kD (Figure 16).

The final fraction, containing the cytosolic components, was positive for a band of 52
kD whereas the nuclear, mitochondrial and plasma membrane fractions showed a single,

smaller band of 30 kD. This procedure was repeated with identical results.
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Figure 10 Endogenous Expression of ENT3 in Isolated Brain Regions

CD57 mice were dissected and cortex, cerebellum, hippocampus and striatum were har-
vested. cDNA was prepared from tissue samples and probed with a primer pair target-
ing mouse B-actin, as a positive control, designed to amplify a sequence of 228bp or a
primer targeting the mouse ENT3 gene, designed to amplify a sequence of 245bp. PCR
products were run on an agarose gel and bands were visualized under UV light expo-

sure.

Lane 1 mouse cortex; lane 2 mouse cerebellum; lane 3 mouse striatum; lane 4 hippo-

campus.
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Figure 11 Verification of ENT3 Protein Expression in Brain Regions by Western Blot
Analysis

CD57 mice were dissected and cortex, cerebellum, hippocampus and striatum were
harvested. Samples were homogenized and centrifuged at 12,600 rpm for 5 mins at 4°C.
Western blot analysis was performed using both the supernatant and the resuspended
pellet; 80 pg of protein for each sample was loaded excluding mouse striatum which
only contained 45ug. The membrane was incubated with the ENT3(N-20) antibody (A)
with an expected band size of 52 kD, diluted to 1:200, with the appropriate secondary
antibody, donkey anti-goat diluted to 1:5,000. Bands were visualized before the mem-
brane was stripped and reprobed for actin, as a loading control (B), diluted to 1:1,000,

with the appropriate secondary antibody, rabbit anti-mouse diluted to 1:10,000.

Lane 1 supernatant; lane 2 resuspended P;.
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Figure 12 Characterization of Primary Mouse Neurons and Astrocytes

RNA from mouse cortical neurons and astrocytes was isolated and reverse transcription
was performed. PCR was completed using cDNA templates combined with primer pairs
targeting the four subtypes of ENT family; mENT1 designed to amplify a gene sequence
of 196bp, MENT2 designed to amplify a gene sequence of 288bp, mENT3 designed to
amplify a gene sequence of 245bp and mENT4 designed to amplify a gene sequence of
279bp. In addition, cDNA templates were tested with a primer pair targeting the mouse
[-actin gene, designed to amplify a gene sequence of 188bp, as a positive control. Elec-
trophoresis was performed with PCR products and bands were visualized under UV

light.

Lane 1 B-Actin (228bp); lane 2 mENT1 (196bp); lane 3 MENT2 (288bp); lane 4 mMENT3

(245bp); lane 5 MENT4 (279bp).
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Figure 13 ENT3 Found to be expressed in Mouse Neurons and Astrocytes but not in
Microglial or bEND3 cells

Protein was harvested from mouse cortical and hippocampal neurons, mouse cortical
astrocytes, mouse cortical microglia and bEND3 cells and samples were subjected to
western blot analysis to assess ENT3 protein expression. Protein concentration of
mouse astrocytes was determined and 80pg was loaded. Protein samples were probed
with a commercial ENT3(N-20) antibody, diluted to 1:200, and bands were visualized
(A). As indicated by the manufacturer, the expected band size of ENT3 was 52 kD. Re-
peated western blots show neurons to have one clean band at about 52 kD and astro-
cytes to have a primary band at about 30kD but further secondary banding is also seen.
Microglia and bEND3 cells show no bands. Membranes were stripped and reprobed

with an antibody targeting actin as a loading control (B).

Lane 1 mouse cortical neurons; lane 2 mouse cortical astrocytes; lane 3 mouse cortical

microglia; lane 4 bENDS3 total cell lysate; lane 5 mouse hippocampal neurons.
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Figure 14 Immuncytochemistry of Mouse Cortical Astrocytes Indicates Localisation

of ENT3 within Astrocytes in Proximinity to the Nucleus

Cortical astrocytes were harvested from CD1 mice and grown on four chamber culture slides
until 60% confluent. Astrocytes were incubated overnight with an antibody specific for ENT3
(1:50), an antiGFAP antibody (1:200) or costained with both ENT3 and GFAP antibodies sim-
ultaneously. Cultures were incubated in the corresponding fluorescent secondary antibodies.
In addition, a no primary control was performed in which cultured astrocytes were incubated
in buffer alone, containing no primary antibodies, and subsequently incubated in both second-

ary antibodies. This allowed assessment of secondary antibody specificity.

FITC Donkey antigoat (1:200) corresponded to the ENT3 antibody and AlexaFluor 594 Donkey

antirabbit (1:500) corresponded to GFAP antibody.

Vectashield mounting medium containing DAPI was used to mount cover slides and enabled

visualization of the nucleus.

A- Dapi; B- GFAP; C-ENT3; D- Composite image
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Figure 15 Immuncytochemistry of Mouse Hippocampal Neurons Indicates Intracel-
lular Localisation of ENT3

Hippocampal neurons were harvested from CD1 mice and grown on 35 mm glass bottom cul-
ture dishes for 19 days after dissection. Neurons were incubated overnight with an antibody
specific for ENT3 (1:50), an antiNeuN antibody (1:25) or costained with both ENT3 and GFAP
antibodies simultaneously. Cultures were incubated in the corresponding fluorescent second-
ary antibodies. In addition, a no primary control was performed in which cultured astrocytes
were incubated in buffer alone, containing no primary antibodies, and subsequently incubated
in both secondary antibodies. This allowed assessment of secondary antibody specificity. Cell
nuclei were stained using Dapi (1:1,000) for 5 mins prior to visualizing.

FITC Donkey AntiGoat (1:200) corresponded to the ENT3 antibody and AlexaFluor 594 Don-

key AntiRabbit (1:500) corresponded to NeuN antibody.

A- Dapi; B- ENT3; C- NeuN; D- Composite image
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Figure 16 Differential Centrifugation of Mouse Brain Indicates Cytoplasmic Local-

isation of ENT3

CD1 mice were dissected and cortex and cerebellum were harvested and homogenized.
Subcellular fractionation protocol was performed with both tissue samples to isolate
four distinct fractions: nuclear, mitochondrial, plasma membrane and cytosolic com-
ponents. Isolated fractions were subjected to western blot analysis and probed with the

ENT3(N-20) antibody, with an expected band size of 52kD.

Lane 1 nuclear fraction (P1); lane 2 mitochondrial fraction (P2); lane 3 plasma mem-

brane fraction (P3); lane 4 cytosolic fraction (S)
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4.4  Functional Studies of mENTS3

As an initial test of ENT3 function in adenosine signalling pathways, purine release assays
were performed. WT and transfected HEK293T cells were incubated with tritiated adenine
to radiolabel intracellular ATP. Cells were then treated with 2-DG to induce ATP-deple-
tion and cellular release of purine nucleosides (Figure 17). 2-DG produced a similar in-
crease in purine release from WT and transfected HEK293T cells. DPR, an inhibitor of
ENT1 and ENT2, was similarly effective at inhibiting purine release from the two cell
types. Following TLC separation, it was found that inosine was the primary nucleoside

released by 2-DG treatment and no cell-type difference was observed (Figure 18).
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Figure 17 Transfected HEK293T cells are More Susceptible to DPR Inhibition Re-

sulting in a Decrease in Purine Release

WT (A) and transfected HEK293T (B) cells were grown to 80% confluence in 12 well
culture plates and pretreated with - [?H]adenine for 30 min at 37°C. Cells were sub-
jected to one of three treatments: control (sodium buffer), 2-DG or 2-DG in combina-
tion with DPR. The radioactivity of samples was determined by scintillation spectrom-
etry. Data expressed as N of 6 with experiments performed in quadruplicate. Results
were assessed by one-way ANOVA with Tukey’s post-test whereby *** indicates signif-

icance p < 0.001.
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Figure 18 DPR Inhibits Purine Release as provoked by 2-DG Treatment and Inosine
is the Primary Released Nucleoside

WT and transfected HEK293T cells were grown to 80% confluence in 12 well culture
plates and pretreated with [*H]adenine for 30 min at 37°C. Cells were treated with 2-
DG to induce cellular purine nucleoside release in comparison to DPR treated cells.
Collected extracellular samples were combined with a cold carrier to assess nucleoside
release by TLC separation on gel-silica plates. Individual purines were collected and
radioactivity was measured by scintillation spectrometry. Data expressed as N of 2 with
experiments performed in quadruplicate and results were assessed by t-test whereby *
indicates significance p < 0.05. It was found that inosine was the primary nucleoside
released by 2-DG (A and B) and no cell-type difference was observed.

WT cells: A-inosine release; C-adenosine release; E-hypoxanthine release

Transfected cells: B-inosine release; D-adenosine release; F-hypoxanthine release
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Chapter 5

Discussion & Future Directions

5.1 Restatement of research question

Both in terms of function and expression, ENT3 remains a poorly understood transporter.
Current consensus suggests ENT3 to be a pH-dependent, intracellular transporter, localised
primarily on lysosomal and mitochondrial membranes. Although substrate specificity of
ENT3 remains to be determined it is thought to be a broad spectrum transporter mainly
involved in nucleoside salvage pathways. Tissue distribution studies, based solely on
MRNA levels, have shown ENT3 to be ubiquitously expressed throughout the body.

The present study was conducted to investigate ENT3 within brain with an emphasis
on the role of ENT3 in adenosine signaling pathways. Although the signaling properties of
adenosine have been well characterized, demonstrating numerous and diverse processes
within the CNS that are regulated via adenosine, the mechanisms involved in regulating
adenosine concentrations remain poorly understood. Until recently ENT1, ENT2 and ecto-
5’-nucleotidases were thought to be the most important components in regulating extracel-

lular adenosine concentrations however, it is now accepted that the activity of these three
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proteins does not fully explain our observations of adenosine regulation. As a result, re-
searchers have turned their attention to the more recently identified and less known ENT
isoforms, ENT3 and ENT4, as they may play a yet unexplored role in adenosine signaling.

In hopes of determining the functional role of ENT3 we first sought to determine in
vivo localisation. Studies of the brain were conducted using numerous methods including
RT-PCR, western blot analysis and immunocytochemistry (ICC). By using a combination
of techniques, rather than relying on one, we were able to confirm our findings and increase
confidence in our findings. Studies were conducted with isolated brain regions from CD1
mice, primary cell cultures harvested from mouse brain and cellular components isolated
from mice cortex and cerebellum by differential centrifugation to present a complete pic-
ture of the in vivo localisation of ENT3.

As ENT3 is a novel transporter, studies were initially problematic as there are very few
antibodies targeting ENT3 and those that are commercially available lack experimental
data validating antibody specificity. Despite this, we were able to assess and select a highly
specific commercial antiENT3 antibody by creating a flag-tagged mENT3 protein; com-
mercial antibody specificity was confirmed by comparing band sizes to that of an antibody
specific to the flag epitope by western blot analysis. This antibody was then used for all
subsequent experiments as our data indicated that it was specific for ENT3.

By isolating brain regions, cortex, cerebellum, striatum and hippocampus, from CD1
mice we have shown ENT3 to be ubiquitously expressed throughout brain by both Rt-PCR
and western blot analysis. Rt-PCR of primary neurons and astrocytes showed ENT3 ex-
pression and western blot analysis confirmed ENT3 in neurons and astrocytes but not in

microglia. ICC of neurons and astrocytes indicate ENT3 to be intracellularly localised. To
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confirm cellular localisation of ENT3, isolated cortex and cerebellum were subjected to
differential centrifugation, which separated tissue samples into fractions dependent on their
size and density. Our western blot analysis of isolated fractions indicated ENT3 protein

was found within the cytosolic fraction.

5.2  Comparison to the current literature

Conducting a simple search of ENT3 in the current literature will quickly reveal that there
are very few papers available on ENT3 specifically and those that have been published
remain incomplete for a variety of reasons. Our work was not intended to complete previ-
ously conducted studies but to stand as an independent study, presenting the most complete
picture of ENT3 localisation in brain as possible.

The majority of studies rely solely on Rt-PCR whereby ENT3 expression is determined
by isolating RNA from specific samples. Although Rt-PCR is a widely used technique,
RNA levels do not necessary reflect protein abundance and therefore Rt-PCR should al-
ways be complimented with other means of detection. Isolated neurons and astrocytes have
previously been shown to express ENT3 by Rt-PCR only (Li et al., 2013). Albeit, an im-
portant first step, Rt-PCR offers little to no information on the protein abundance or local-
isation nor insight as to the activity level of ENT3.

Accordingly, we sought to characterize ENT3 expression of both neurons and astro-
cytes, in addition to microglia cells and bEND3 cells, but by using multiple techniques to
collect as much information as possible. Neurons and astrocytes were initially tested by

Rt-PCR, and were determined to be positive for ENT3 mRNA expression as a single PCR
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product was obtained of the expected size of 245bp. To compliment Rt-PCR experiments,
western blot analysis was performed using protein collected from primary cells: neurons,
astrocytes and microglia. As well protein was harvested from bEND3 cells, an immortal-
ized mouse endothelial cell line, as a means of assessing endothelial cells for ENT3 ex-
pression. Endothelial cells were assessed for ENT3 expression as they are considered the
principal barrier separating microcirculation and surrounding tissue. The expression of
NTs is of utmost importance to permit the uptake and release of nucleosides to maintain
normal physiological processes. Western blot analysis confirmed ENT3 protein expression
in both neurons and astrocytes but not in microglia or bEND3 cells.

ICC was performed as an additional means of examining ENT3 expression and locali-
sation in neurons and astrocytes. Cells were stained with ENT3(N-20) antibody and the
corresponding fluorescent conjugated secondary antibody and images were visualized us-
ing a fluorescence microscope. ICC results confirmed intracellular localisation of ENT3
protein, as fluorescence of both neurons and astrocytes was found contained within the
cytoplasm of both cell types. Although previous studies have demonstrated neurons and
astrocytes to express ENT3, by using a combination of methods as described here briefly,
our studies have gone beyond those of other groups to demonstrate with conviction that
neurons and astrocytes express ENT3 protein. It should be noted that although cells were
primary cell cultures, harvested from CD1 mice, culturing cells in vitro could induce un-
known and unexpected changes in protein expression and therefore our findings may not
reflect in vivo cells.

Previously, male and female mice and rats were assessed for tissue distribution of

ENT3 by Rt-PCR; using whole brain homogenates and both species were determined to be
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positive for ENT3 expression (Lu et al., 2004). For our studies we chose to use male mouse
brain only whereby CD1 mice were dissected to isolate brain regions of interest, cortex,
cerebellum, striatum and hippocampus, and analysed by Rt-PCR and western blot to deter-
mine endogenous ENT3 expression more accurately. Each region was found to test positive
for both ENT3 mRNA, indicated by the presence of a single PCR product at the expected
band size, and protein, by the presence of a band at 52 kD. Comparing protein expression
of each brain region by western blot analysis suggests ENT3 to be expressed at relatively
equal levels throughout brain.

Recent studies have indicated ENT3 to be primarily an intracellular transporter, local-
ised on lysosomes, endosomes and mitochondrial membranes (Baldwin et al., 2005;
Govindarajan et al., 2009; Hsu et al., 2012). In stark contrast to other members of the ENT
family, ENT3 gene sequence was found to possess a 51-residue hydrophilic N-terminal
region, which contains motifs similar to those known to be involved in intracellular traf-
ficking processes (Hyde et al., 2001). The discovery of this N-terminal region was the first
indication that ENT3 could be an intracellular transporter but since its discovery studies
have been published confirming hENT3 to be localised to intracellular membranes
(Baldwin et al., 2005), within mitochondria (Govindarajan et al., 2009) and vital to lyso-
somal function within macrophages (Hsu et al., 2012).

To complicate matters further, localisation of ENT3 has been suggested to be cell type
dependent by multiple sources. The Govindarajan group published a study in 2008 which
examined multiple human cell lines to assess the expression and the localisation of hENT3
by western blot analysis and immunostaining. The cell lines included in the study origi-

nated from a variety of human tissues including placenta (JAR, BeWo and JEG3), cervical
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epithelium (HeLa), breast (MDA-MB-231, Mcf-10A), ovary (Sk-0v-3) and liver (HepG2),
all of which showed similar levels of expression of hENT3 protein (Govindarajan et al.,
2009). Western blot analysis was combined with immunolocalisation studies of the same
human cell lines which showed distinct distribution patterns of hENT3 that varied between
different cell lines. Staining, using an in-house generated rabbit polyclonal antibody, was
found to be primarily cell surface in placenta, cytosolic in breast and cervical cells and a
combination of vesicular and mixed patterns were seen in ovarian and liver cells
(Govindarajan et al., 2009).

Although our findings have confirmed ENT3 to be primarily an intracellular trans-
porter, neither immunostaining of brain cells nor differential centrifugation of brain tissues
have been indicative of mitochondrial localisation of ENT3. ICC of both astrocytes and
neurons suggests intracellular localisation, which was further explored by separating cell
components by differential centrifugation based on density and size, into four separate
fractions; nuclear, mitochondrial, plasma membrane and cytosolic. These samples were
then separated and probed for ENT3 expression by western blot analysis which found high
abundance of ENT3 within the cytosolic fraction and not the mitochondrial fraction as was
expected.

This is not to say that ENT3 cannot be localised to such intracellular organelles as the
mitochondria or lysosomes but that further studies, specific to brain, are needed to deter-
mine the precise localisation of ENT3. The most complete study of ENT3 localisation to
date did not include any human brain cell lines but as distribution of ENT3 was shown to

vary among those cell lines tested, it is reasonable to assume that hENT3 localisation within
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brain could be different from that seen in cells of tissues outside the CNS and as such
should be assessed specifically (Govindarajan et al., 2009).

Furthermore, western blot analysis of the subcellular fractions isolated from brain tis-
sue using the ENT3(N-20) antibody revealed a smaller than expected band, of 30kD, within
the mitochondrial fraction. It is possible that this smaller protein could be a yet unidentified
functional splice variant of ENT3 localised to the mitochondrial membrane. In addition,
the cytosolic fraction contains all cellular components that were not pelleted by previous
spin cycles, which may include small lysosomes or vesicular carriers. These cellular com-
ponents could be the source of ENT3 and therefore further characterization of the cytosolic
fraction is warranted.

To assess ENT3 activity, functional assays were performed using WT and mENT3-
Flag transfected HEK293T cells. Cells were treated with 2-DG to provoke purine release
and compared to DPR, an inhibitor of ENT1 and ENT2, treated cells. No cell-type differ-
ences were observed as DPR was demonstrated to be similarly effective at inhibiting purine
release and inosine, identified by TLC separation, was the primary nucleoside released by
2-DG treatment in both cell types. Our functional assays were performed at physiological
pH and as current literature suggests ENT3 activity to be pH dependent, with optimal ac-
tivity at pH 5.5-6.5 (Baldwin et al., 2005; Govindarajan et al., 2009), the lack of cell-type
difference in such conditions could be due to minimal ENT3 activity at the higher pH.
Repeating similar functional assays while varying the pH conditions may result in widely

different outcomes.



5.3 Explanation of unexpected findings 109

5.3  Explanation of unexpected findings

As ENT3 is an understudied transporter there is much need for in-depth studies, such as
ours, to elucidate the localisation, function and substrate specificity of this novel ENT sub-
type. These studies were limited by the paucity of tools, such as specific commercial anti-
bodies, which are required to study ENT3.

In the present study we first sought to assess available commercial antibodies targeting
ENT3. To do so, the mouse ENT3 cDNA sequence was inserted into a pIRES-puro-Flag
plasmid and transfected into HEK293T cells, to express the mENT3 protein with a flag
epitope located on the N-terminus. AntiENT3 antibodies were compared to an antibody
targeting the flag epitope by western blot analysis to evaluate specificity; these results were
not as expected. Using the ENT3(N-20) antibody, transfected HEK293T cells showed three
bands of 40, 75 and 150 kD which is in contrast to expected results of a single band of 52
kD as indicated by the company, Santa Cruz Biotechnologies, and based on the size pre-
dicted by the sequence.

There are a number of hypotheses to explain why the transfected HEK293T cells are
not expressing MENTS3 at the expected size. One possibility is that the flag-tag sequence,
attached to the N-terminus of the mENT3 gene disrupts the normal trafficking processes;
the endogenous N-terminal region is thought to direct the ENT3 protein to the lysosomes,
based on sequence comparisons to other known proteins (Bonifacino and Traub, 2003).
Alterations in protein trafficking could result in abnormal protein processing or aggrega-
tion that could explain the unanticipated band sizes. A study was performed in which the

hENT1 and mENT1 cDNA was inserted into the p3xFLAG-CMV-7.1 plasmid to evaluate
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ENT1 function; western blot analysis of transfected cells demonstrated larger than ex-
pected bands indicating a greater tendency of transfected proteins to aggregate as well as
their resistance to denaturing conditions (Reyes et al., 2010). This could also be the case
for our pIRES-puro-flag-mENT3 plasmid.

Another possibility is that the transfected HEK293T cells are not able to correctly pro-
cess the mouse ENT3 protein encoded by the transfected pIRES-puro-Flag-mENT3 plas-
mid. Western blot analysis revealing proteins that are larger than anticipated can be due to
various protein modifications, such as glycosylation, which would increase their molecular
weight. Proteins that are smaller than expected could be due to activation of degradation
pathways that do not recognize the exogenous protein. Although the observed band sizes
of the ENT3-flag protein expressed in transfected HEK293T cells were abnormal, the
40kDa band is perhaps not entirely unexpected as another group that had created a N-ter-
minal YFP-tagged hENT3 protein transfected into HeLa cells also showed a secondary
band of approximately 40kDa (Govindarajan et al., 2009). While the multiple bands and
unexpected band sizes were of interest, the primary ENT3 antibody validation rested on
western blot analysis that showed that there were protein bands labelled by both an anti-
body targeting the flag epitope and the ENT3(N-20) commercial antibody.

In addition to using transfected HEK293T cells for assessing commercial ENT3 anti-
bodies, we had hoped an established stable transfected HEK293T cell line could be used
for functional assays. As transfected cells would have an increased expression of ENT3,
assays comparing transfected to WT cells could be conducted offering insight as to the role
of ENT3 in adenosine transport. Although we were skeptical to conduct functional assays

using the transfected HEK cells based on the unexpected western blot results described
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above, one assay was designed in which control cells were compared to cells deprived of
glucose, by substituting glucose with 2-DG, and those deprived of glucose in combination
with DPR. Total purine release was measured by scintillation spectrometry and results were
assessed by one-way ANOVA indicating a significant difference in total purine release in
control groups as compared to 2-DG treated in both WT and transfected cells. Contrary to
our initial hypothesis, that the transfected cells would be less affected by DPR treatment,
WT cells showed greater total purine release. TLC separation was subsequently performed
to determine the specific effect of DPR treatment on purines released. Results were as-
sessed by t-test and indicated inosine to be the most abundantly released purine as provoked
by 2-DG and release was significantly inhibited by DPR, as has been previously demon-
strated (Phillis et al., 1989). Subsequent functional assays using the mMENT3-Flag trans-
fected HEK293T cells were not performed as we were not confident that the transfected
MENT3 protein retained its physiological function and would be representative of endog-
enous ENT3 within brain.

As we had demonstrated that the chosen commercial ENT3(N-20) antibody was of high
specificity, western blot analysis was then performed using isolated mouse brain regions.
Repeated experiments consistently showed two bands for each brain region tested. One
band was of the expected size of 52 kD confirming ENT3 protein expression throughout
brain and a second, the unexpected band, was found at 30 kD. A similar band of 30 kD was
also found by western blot analysis of mouse cortical astrocytes and was in fact stronger
than that of the expected 52 kD band. It may be that the 30 kD protein consistently identi-
fied by western blot is an ENT3 variant, primarily expressed within astrocytes, which

would explain its presence within total brain homogenants. It is worth noting that mouse



5.3 Explanation of unexpected findings 112

hippocampal neurons were also probed for ENT3 expression by western blot analysis and
consistently showed one sole band of 52 kD. This indicates that the ENT3(N-20) antibody
is not recognizing a 30 kD protein in all samples.

Western blot analysis of subcellular fractionation samples, separated from mouse cor-
tex and cerebellum into nuclear, mitochondrial, plasma membrane and cytosolic fractions,
showed a strong signal for ENT3 within the cytosolic fraction only at the expected size of
52 kD. As it has already been stated, ENT3 is currently thought to be expressed on the
mitochondrial or lysosomal membranes (Baldwin et al., 2005; Govindarajan et al., 2009).
It should be noted that both the mitochondrial and plasma membrane fraction showed no
band at 52 kD but had a weak band at 30 kD. The persistence of a band for ENT3 at 30 kD
is intriguing; further studies are needed to assess this smaller protein recognized by the
ENT3 antibody. Our conclusion that full length ENT3 is largely restricted to cytosol, would
benefit from additional western blotting studies to identify proteins, and by extension, cel-
lular components included in this final fraction, which could indicate the subcellular local-
isation of ENTS3.

It should be noted that although the differential centrifugation protocol was followed
closely, several factors could influence the outcome. The composition of the subcellular
fractionation buffer plays a key role in the fractionation of cellular components. Biological
detergents, also known as surfactants, act by solubilizing cell membranes to release intra-
cellular components. There are two principal types of detergents: ionic detergents, which
are harsher detergents that denature proteins and disrupt molecular interactions, such as
protein-protein and protein-lipid and milder, non-ionic detergents, which do not denature

proteins or disrupt protein-protein interactions. Our buffer, composed of sucrose, HEPES,
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KCI, MgCl; (Fisher Scientific), EDTA and EGTA, should not affect protein structure or
protein interactions and the combined action of EDTA and EGTA, two chelating agents,
should be sufficient to sequester any ions present.

Our studies have primarily concentrated on investigating ENT3 expression within neu-
rons and astrocytes although microglia and bEND3 cell lysate was harvested and subjected
to western blot analysis, along with neurons and astrocytes, as a preliminary assessment of
ENT3 protein expression. Neither microglia nor bEND3 cells were found to express ENTS3.
It is important to note that lack of a positive result from western blot analysis could be due
to insufficient protein loaded or due to ENT3 not being fully extracted from cells, which
could be the case for cells homogenized directly in loading buffer rather than a lysis buffer.
There are a number of lysis buffers that can be used to prepare samples for running on a
gel. These buffers differ in their ability to disrupt cell membranes, solubilize intracellular
components and release proteins of interest. Lysis buffers containing ionic detergents are
the harshest buffers and usually yield the highest protein levels. Optimization, to determine
the most effective lysis buffer and the ideal temperature to denature our protein of interest
was assessed by repeating western blots under various conditions. As such it was deter-
mined that NP-40 buffer enabled sufficient protein yield and was used to prepare and lyse
cell and tissue samples. However, microglia and bEND3 cells were lysed in gel loading
buffer and not in NP-40 buffer because this two-step procedure would have diluted our
protein samples beyond a workable concentration.

Previous studies have demonstrated ENT3 to have an important role in maintaining
lysosome function within macrophages (Hsu et al., 2012). Macrophages are the phagocytic

cells of the immune system meaning they are responsible for the uptake and breakdown of
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unwanted, circulating cells and particles. The majority of degradation by macrophages is
performed within lysosomes and consequently represents a major source of nucleoside re-
cycling from the breakdown of nucleic acids of phagocytosed cells. Characterization of
macrophages has found ENT3 to be the highest expressed of all ENT isoforms (Hsu et al.,
2012). As a result of this initial observation, an ENT3 knockout mouse model was gener-
ated by Hsu et al and used to investigate the functional in vivo role of ENT3 which was
found to be a vital lysosomal transporter, regulating nucleoside trafficking and maintaining
lysosomal integrity (Hsu et al., 2012). Further studies exploring ENT3 expression within
microglia are of interest as microglia cells are the immune cells of the CNS and could
therefore, like macrophages, rely similarly on ENT3 to maintain lysosome integrity.

ICC was performed with hippocampal neurons and cortical astrocytes harvested from
CD1 mice and we were able to detect a fluorescent signal in both cell types indicating
intracellular expression of ENT3. The ENT3(N-20) antibody used for all ICC experiments
was found to have a relatively low signal for ICC, which required a high working concen-
tration of both primary and secondary antibodies. As a result, there was a high background
signal, however, specificity was confirmed through the use of no primary control slides.

It is possible that ICC studies may be improved by further optimization of the experimental
procedure. Cold methanol was chosen as fixative but other options are available and could
be tried such as 4% paraformaldehyde or acetone. As some epitope structures are altered
upon exposure to methanol, antibody affinity may be compromised and could influence
results. Including an additional amplification step may also be beneficial; as ENT3 may

not be abundantly expressed in certain cell types, an amplification procedure, such as the
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use of a biotinylated secondary antibody and streptavidin-conjugated to a fluorophor, may
improve the detection of ENT3.

ICC images were collected using an Olympus IX51 fluorescent microscope, generously
donated by Dr. Don Miller (University of Manitoba, Winnipeg, Manitoba) and although
this system allowed us to have some success in visualizing stained cells ideally we would
like to revisit cell staining using a confocal microscope that could generate images of
higher resolution and quality by collecting a plane of focus and do to lasers of precise

excitations lines, which would eliminate overlap in fluorescent emissions.

5.4  Major conclusions from study

Our main findings indicate ENT3 to be ubiquitously expressed throughout brain. Using a
number of methods, we identified ENT3 within cortex, cerebellum, striatum and hippo-
campus of mouse brain. To our knowledge, ENT3 expression within brain regions by west-
ern blot analysis has not been previously demonstrated. In addition, ENT3 was found ex-
pressed in neurons as well as in astrocytes but not in microglia cultures and based on both
ICC of primary cell and subcellular fractionation, ENT3 was determined to be localised
primarily within the cytosol. Although we have not yet been able to elucidate the functional
activity of ENT3, our findings of the localisation of ENT3 within brain are the first step in
understanding this transporter.

As a member of the ENT family, researchers may be interested in the capacity of ENT3
to transport adenosine and the role of ENT3 in adenosine signaling within brain. To date

ENT1 and ENT2 have been best characterized. As they are abundantly expressed on
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plasma membranes, ENT 1 and 2 are considered the principal transporters involved in
adenosine signaling. By regulating extracellular adenosine concentration they control the
availability of adenosine to act on corresponding cell surface receptors. In contrast, ENT3
is not considered directly responsible for adenosine signalling pathways as it is found pri-
marily within cells. However, ENT3 may still play important roles in regulating adenosine
signaling by influencing the intracellular nucleoside pools; ENT3 activity could dictate the
amount of adenosine available for release by ENT1 and 2. In addition, ENT3 could have a
novel function in adenosine signaling. Although previously discounted, recent studies have
indicated adenosine can be stored in synaptic vesicles and secretory granules and can be
released by exocytosis (Corti et al., 2013; Klyuch et al., 2012). Although questions still
remain, ENT3 could be responsible for transporting adenosine across vesicle or granule
membranes, using the proton gradient, where it could be stored until needed for release and
initiation of signaling cascades.

ENT3 is the only subtype of the ENT family found to be associated with human disor-
ders. Mutations in the SLC29A3 gene have been linked to syndromes including H syn-
drome, familial histiocytosis syndrome and familial Rosai-Dorfman disease (Cliffe et al.,
2009; Huber-Ruano et al., 2012; Morgan et al., 2010). The four subtypes of the ENT family
have been shown to overlap, in terms of substrate specificity and cell-type distribution, yet
only mutations within the ENT3 gene have been identified to result in human disorders,
which suggests ENT3 has a unique role in vivo.

Studies of individuals who possess at least one mutation within the hENT3 gene se-
guence were compiled to assess the physiological function of hRENT3 (Hiller et al., 2013;

Kang et al., 2010). Unfortunately, such studies are complex as multiple mutations have
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been identified and the human disorders are of varying severity and a variety of clinical
phenotypes. Nevertheless, many of the symptoms of disorders related to SLC29A3 gene
mutations have been linked to mitochondrial malfunctions including short stature and hear-
ing loss (Kang et al., 2010). In some cases, ENT3 gene mutations were associated with
changes in mitochondrial nucleotide pools, altered mitochondrial DNA synthesis and al-
tered oxidative phosphorylation, indicating an important role of ENT3 in mitochondrial
function (DiMauro and Schon, 2001; Kang et al., 2010). Other common symptoms include
histiocytosis, an excessive number of tissue macrophages, and enlarged or abnormal lymph
nodes (Huber-Ruano et al., 2012); as histiocytes are incapable of de novo nucleotide syn-
thesis, salvage pathways that rely on ENT3 to retain nucleosides produced by degradation
processes, are of critical importance and indicate an important role of ENT3 localised on
lysosomes. Although hENT3 mutations are multisystemic, the majority of symptoms are
concentrated to the trunk and lower limbs and function of the CNS seems to be less af-
fected. However in some cases mental retardation can develop due to SLC29A3 mutations
and is thought to be caused by mitochondrial respiratory chain defects, again supporting
hENT3 localisation within mitochondria.

There are a number of therapeutic implications related to the ENT family, and in par-
ticular ENTS3, as they are responsible for the flux of therapeutic agents such as NADs. To
enter the target cell, where they are phosphorylated to their active nucleotide derivatives,
NADs must first be transported across the cell membrane. This is particularly true of ENT1
and 2, which are located on plasma membranes. ENT3 present on mitochondrial mem-
branes could contribute to the accumulation of antiviral and anticancer therapeutic agents

within the mitochondria and could result in cytotoxicity, a side effect often associated with
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NADs (Govindarajan et al., 2009). A more complete understanding of localisation and
function of ENT3 would allow us to understand the toxicities of certain drugs and even
potentially modulate the activity of ENT3; co-administration of an ENT3 inhibitor could
allow patients to benefit from therapy for longer as toxic accumulation of these therapeutic

agents would be minimized.

5.5 Future Directions

Current literature has demonstrated ENT3 to be an intracellular transporter, with a few
unique properties as compared to other members of the ENT family. Although we have
attempted to identify localisation of ENT3 within brain, further studies are needed. As
mentioned previously, studies of ENT3 are limited. Until recently, the role of ENT3 in
signaling pathways was thought to be insubstantial, given its intracellular localisation.
However as the mechanisms involved in regulating extracellular adenosine concentrations
remain incompletely characterized, researchers have sought out ENT3 as a potential an-
swer to lingering questions. As more labs become interested in ENT3 research the availa-
bility of appropriate and high quality tools, such as commercial antibodies, selective inhib-
itors and characteristic permeants, will improve.

For our studies we created a pIRES-puro-Flag plasmid containing the mENT3 gene
sequence to allow validation of commercial antiENT3 antibodies that currently lack exper-

imental data. It was important to assess and confirm all commercial antibodies prior to
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conducting any experiments. This information will benefit future researchers that can de-
sign and conduct further studies of ENT3, using the same commercial antibody we have
validated, with the knowledge that it is of high specificity for the ENT3 protein.

Although we have attempted to assess localisation of ENT3 within brain, further stud-
ies should be conducted to replicate and extend our findings. Our work has demonstrated
ENT3 to be ubiquitously expressed through brain but attempts to investigate the intracel-
lular localisation, using both tissue samples and primary cell cultures, have confirmed only
that ENT3 is found within the cytosol. Other groups have attempted to determine localisa-
tion of ENT3 with mixed success (Govindarajan et al., 2009). Current literature indicates
ENT3 to be expressed primarily in mitochondrial and lysosomal membranes and involved
in nucleoside salvage pathways (Baldwin et al., 2005; Govindarajan et al., 2009; Hsu et al.,
2012). Reported differences in ENT3 localisation may indicate cell-type dependent local-
isation or may be a consequence of the use of fusion proteins (Baldwin et al., 2005;
Govindarajan et al., 2009). In the present study, we were unable to isolate ENT3 within
mitochondria of brain samples. Improving subcellular isolation techniques, perhaps per-
forming differential centrifugation with density gradients or further ICC studies with a
three step protocol could improve upon our current findings and offer information as to the
endogenous function of ENT3 within brain.

The functional role of ENT3 in terms of its contribution to adenosine signaling needs
further characterization. A cell line stably transfected with a native form of ENT3 (lacking
any additional tags or epitopes or fusion proteins) may be an appropriate tool. A high level
of expression may allow improved localisation by ICC and/or cell fractionation. Alterna-

tively, using siRNA to knockdown endogenous ENT3 expression in HEK293T cells, or
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another cell line, may offer a good cell model system to assess ENT3 function. in compar-
ison to WT cells.

As ENT3 is an intracellular transporter, establishing functional assays of adenosine
translocation is difficult. Although ENT3 has been suggested to be pH dependent, with
greatest activity demonstrated between pH 6.5-5.5 (Baldwin et al., 2005; Govindarajan et
al., 2009), alterations to the extracellular pH would mostly likely not influence the activity
of ENT3. An alternative would be to disrupt the normal pH of organelles, such as mito-
chondria or lysosomes specifically, to assess the effects of such alterations on ENT3 activ-
ity. Functional assays could also be conducted in the presence of ENT1 and ENT2 inhibi-
tors in order to demonstrate the specific activity of ENT3, in addition under the same cir-
cumstances we could investigate the possibility of a compensatory response by ENT3 when
ENT1 and 2 are blocked. Finally, assays with certain NADs, in transfected cell lines over-
expressing ENT3 could indicate if ENT3 is involved in cytotoxicity following drug admin-
istration; this could demonstrate ENT3 localisation and also offer insight to substrate se-
lectivity.

Although discovered almost fifteen years ago (Hyde et al., 2001), studies on ENT3
remain limited due primarily to the lack of appropriate and selective tools. Furthermore,
ENT3 has been suggested to be an intracellular transporter and was thought to not be di-
rectly involved in adenosine signaling pathways. However understanding adenosine sig-
naling requires studies of both extracellular and intracellular pathways. ENT3, ubiquitously
expressed throughout brain, has the potential to be a vital component in regulating adeno-

sine levels in both physiological and pathophysiological conditions.
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