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ABSTRACT

In rabbit and quinea pig cortical synaptosomes, the
nucleoside transport inhibitors nitrobenzylthioinosine and
dipyridamole were used to test the hypotheses that the
nitrobenzylthioinosine-sensitive and -resistant
{*H)dipyridamole binding sites are associated with the es and
ei nucleoside transporters, respectively. In addition, the
hypothesis that the es and ei nucleoside transporters in
1abbit cortical synaptosomes differ in their selectivity for
compounds besides nitrobenzylthioinosine was tested.
Nitrobenzylthioinosine-sensitive [’H)}dipyridamole binding and
[*H]nitrobenzylthioinosine binding involved the same site on
the es transporter. The relative proportions and inhibitor
sensitivities of nitrobenzylthioinosine-resistant
(*H]}dipyridamole binding could not be correlated with
nitrobenzylthioinosine-resistant nucleoside transport. This,
and other data, suggested that the nitrobenzylthioinosine-
resistant [’H)dipyridamole binding site(s) involved membrane
components distinct from those assocjated with functional, ei
nucleoside trar;sporters. In addition, none of the substrates
examined in the rabbit were selective for one transporter
subtype over the other.

R75231 is a newly developed mioflazine derivative which
has extremely tight binding characteristics in vitro and in
vivo. The hypothesis that R75231 bound to the es nucleoside
transporter in an irreversible manner was tested. In rabbit
synaptosomes, R75231 was shown to bind extremely tightly and
to be a "mixed" inhibitor of ([’H)nitrobenzylthioinosine
binding. Binding of [’H)R75231 to human erythrocyte ghost
membranes was reversible, but the rate of dissociation
depended upon the displacer used. ~75231 and nmioflazine
slowed the rate of dissociation of [’H]R75231, and caused an
initial increase of site-bound {’H]R75231. These and other
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results, indicate that R75231 binding to the nucleoside
transporter is a reversible, complex reaction involving
multiple interacting sites exhibiting positive cooperativity.

The hypothesis that the nucleoside transporter
characteristics changed upon the differentiation of LA-N-2
cells was tested. Undifferentiated cells accumulated
[(*H)formycin B by the es nucleoside transport system
exclusively. Cell differentiation, induced by growth in
serum-free medium, increased the initial rate of [’H]formycin
B transport 25%. However, there was no concomitant change in
the number of (*H]NBMPR binding sites. The enhanced uptake in
the differentiated cells appeared to be due to an increased
expression of ei nucleoside transporters.
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CHAPTER ONE: REVIEW

The nucleoside adenosine has been shown to produce a wide
range of physiological activities. As well as being a
reactant/product in the metabolism of adennsine triphosphate
(ATP) and nucleic acids (Arch and Newsholv :, 1978), adenosine
is important in the regulation of blood flow, bronchial airway
tone, and central nervous system (CNS) activity (Williams,
1987; Phillis, 1991). Adenosine produces these effects via
interactions with cell surface receptors (Londos and Wolff,
1977; Van Calker et al., 1979). Tramrsport proteins, located
ii. the plasma membrane, play an important role in the control
of extracellular adenosine concentration. These nucleoside
transporters can release adenosine into the extracellular
milieu (Fredholm et al., 1980, 1983; Jonzon and Fredholnm,
1985) or transport adenosine out of the extracellular space
and into the cell, where it is subsequently metabolized (Arch
and Newsholme, 1973; Wu and Phillis, 1984). In addition, some
animal cells that are deficient in de novo purine synthesis
use nucleoside transporters to acquire purines which have been
formed in other tissues (Plagemann et al., 1988). Factors
which affect the nucleoside transporter will modulate both
extracellular and intracellular nucleoside concentrations, and
therefore, could be expected to have a significant
physiological impact (Wu and Phillis, 1984; Decker. et al.,
1988; Plagemann et al., 1988).

The overall objective of this thesis is the examination
of nucleoside transporters in the mammalian nervous systenm.
A review of nucleoside transport follows. It includes
descriptions of the transporter subtypes, the probes for the
transporter, the regulation of transporters, and the
therapeutic potential of transport substrates and inhibitors.
Because adenosine is the most important physiological
substrate of the nucleoside transporter, a description of
adenosine, including its receptor subtypes and physiological
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effects, is also included.

1.1 Adenosine
1.1.1 Biosynthesis and Degradation

There are two primary mechanisms responsible for the
formation of adenosine: dephosphorylation of adenosine
monophosphate (AMP) and hydrolysis of S-adenosylhomocysteine
(Geiger and Nagy, 1990, Meghji, 1991). The relative
importance of each mechanism appears to depend on the
circumstances, for example, tissues undergoing hypoxia, and
the type of tissue (Ohisalo, 1987). See Fig 1.1 for adenosine
formation and metabolic pathways.

AMP is dephosphorylated by the enzyme 5’~nucleotidase (EC
3.1.3.5) which exists as both an ecto-5’~-nucleotidase, linked
to the plasma membrane with its catalytic site located outside
the cell, and a cytosolic enzyme (Stanley et al., 1980; Misumi
et al., 1990). Under hypoxic conditions, ATP is degraded and
adenosine levels increase. It appears that in many cases the
ecto-5’'-nucleotidase is not responsible for this increase
(Pons et al., 1980; Daval and Barberis, 1981; Schutz et al.,
1981; Maire et al., 1984; Meghji et al., 1985; Rubio et al.,
1988; Meghji et al., 1989). Since the active site of this
enzyme is extracellular, these studies provide evidence for
the importance of intracellular adenosine production by
cytesolic S5/-nucleotidase and/or S-adenosylhomocysteine
hydrolase (EC 3.3.1.1) (Meghji, 1991). The ecto-5’'-~
nucleotidase appears to produce adenosine primarily as part of
an ecto-enzyme cascade which rapidly hydrolyses ATP to
adenosine (Stefanovic et al., 1976; Pearson et al., 1980;
Maire et al., 1984; Meghji, 1991). The source of
extracellular ATP for this cascade includes release from nerve
terminals (Silinksky, 1975; Potter and White, 1980; Lew and
White, 1987) and damaged cells (Meghji, 1991).

The first step in the inactivation of adenosine’s
extracellular effects is the transport of adenosine from the
extracellular fluid into the cell (Arch and Newsholme, 1978;




3

Wu and Phillis, 1984;). This transport is primarily via a
nucleoside transporter and will be discussed in more detajl
later. Once inside the cell, adenosine may be phosphorylated
by adenosine kinase (EC 2.7.1.20) or deaminated by adenosine
deaminase (ADA) (EC 3.5.4.4). The K, values for adenosine
kinase range from <0.4 to 10 uM (Arch and Newsholme, 1978;
Phillips and Newsholne, 1979; Brosh et al., 1990) and in most
preparations the K_ values of ADA are 10-100 fold higher (Arch
and Newsholme, 1978). Metabolism of adenosine to S-
adenosylhomocysteine by S-adenosylhomocysteine hydrolase is
another possiple, although minor, inactivation pathway
(Reddington and Pusch, 1983).

In brain tissue, adenosine (0.3-i6 uM) appears to
metabolized primarily via phosporylation rather than
deamination (Santos et al., 1968; Shimizu et al., 1972; Bender
et al., 1981; Reddington and Pusch, 1983; Lee and Jarvis,
1988b). However, the dominant pathway in the brain may vary
according to brain tissue cell type. For example, the most
prominent pathway of adenosine metabolism (10 uM) in mouse
astrocyte primary cultures was the synthesis of nucleotides,
whereas the production of deaminated metabolites dominated in
cultured neurons (Matz and Hertz, 1989).
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Figure 1.1 Pathways of adenosine formation and metabolism.

ADO, adenosine; ADP, adenosine diphosphate; AMP, adenosine
monophosphate, ATP, adenosine triphosphate; INO, inosine; N,
nucleoside transporter, SAH, S-adenosylhomocysteine (adapted
from Meghji, 1991).




1.1.2 Adenosine Receptor Subtypes

Purinoceptors were initially classified into receptors
sensitive to adenosine (P,) and those sensitive to ATP (P,)
(Burnstock, 1¢83). The P, receptors were further subdivided
into A, (or R) and A, (or R,) receptors, which were associated
with the inhibition and activation of adenylate cyclase
activity, respectively (Londos and Wolff, 1977; Van Calker et
al., 1979). Because effector systems other than adenylate
cyclase, such as potassium channels, calcium channels, and
phosphatidyl inositol phosphate turnover, can be affected by
adenosine (Riberio et al., 1986; Cooper and Caldwell, 1990;
Olsson and Pearson, 1990; Olah and Stiles, 1992), A, and A,
receptors are currently classified based on their structural
and pharmacological profiles (Hamprecht and Van Calker, 1985;
Kenakin et al., 1992; Fredholm et al., 1994). Receptors of
the A, subtype are preferentially activated by adenosine
analogues with N®-substitutions such as N®-cyclopentyladenosine
(CPA) (Bruns et al., 1986, Williams et al., 1986). A,
receptors are activated by analogues with 5’-substitutions
such as 5’'N-ethylcarboxamido adenosine (NECA) which is not A,
selective (Bruns et al., 1986), and 2-[p-(2-carboxyethyl)-
phenethylamino)~5’N-ethylcarboxamido adenosine (CGS 216(9)
which is highl'- A, selective (Jarvis et al., 1989). In
general, the pharmacological profile of the A, and A, receptor
can be defined by the agonist potency order CPA > NECA > CGS
21680 and CGS 21680 > NECA > CPA, respectively (adapted from
Schwabe, 1991). These profiles are only a generalization,
which varies depending on species and the subtypes of A, and
A; receptors that are involved. For a more detailed summary
of adenosine receptor pharmacology, including subtypes of A,
and A, receptors, see Fredholm et al., 1994.

An A, receptor, which affects calcium channels in cardiac
and nervous tissues, has also been proposed (Ribeiro and
Sebastiao, 1986). However, the existence of the A, receptor,
as designated by Ribeiro and Sebastiao, has not been accepted.
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It is further complicated by the proposal of a different A,
receptor which has been cloned recently (Meyerhof et al.,
1991; Zhou et al., 1992; Linden et al., 1993; Salvatore et
al., 1993). This later A, receptor, which has a widespread
distribution is humans, is the official A, receptor as
sanctioned by the IUPHAR Committee on Receptor Nomenclature
and Drug Classification (Fredholm et al., 1994). Finally a
non cell-surface, adenosine binding site (P-site), which is
activated by high adenosine concentrations, is located on the
catalytic subunit of adenylate cyclase (Daly, 1982). The
physiological importance of the P-site is uncertain (Johnson
et al., 1990).

As has been the case with other receptor families, the
adenosine receptors are being subcatagorized. Proposed
subtypes of the A, receptor (A, and A,) (Gustafs a et al.,
1990; Linden, 1991) and A, receptor (A, and A,) (Bruns et al.,
1986; Lupica et al., 1990) have been described. Molecular
cloning of adenosine receptors has begun (Maenhaut et al.,
1990; Libert et al., 1991, Reppert et al., 1991; Mahan et al.,
1991; Meyerhof et al., 1991; Stehle et al., 1992; Zhou et al.,
1992; Linden et al., 1993; Salvatore et al., 1993) and may
resolve some of the confusion over adenosine receptor subtype
designations, as well as add a few (several?) more subtypes to
the 1list.

1.1.3 Physiological Effects

The study of adenosine as an endogenous regulator of
physiological processes has its origin in 1929, when Drury and
Szent-Gyorgyi demonstrated that adenosine injected into
mammals could produce a variety of effects. These effects
included bradycardia, impaired conduction from auricle to
ventricle, inhibited auricular fibrillation, shortened
absolute refractory period in the atrium, dilation of coronary
vessels, inhibition of intestinal movement, and sedation
(Drury and Szent-Gyorgyi, 1929). Since this first work, which
focused on the cardiovascular system, the investigation of
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adenosine’s physiological effects has expagdqg;to include
virtually every major system in the body including
respiratory, renal, gastrointestinal, immunological, and CNS
(0hisalo, 1987; Williams, 1987; Belardinelli et al., 1989;
Jarvis and Williams, 1990; Cook, 1991; Spielman, 1991). Some
of the effects of adenosine on the systems of the body will be
described briefly, with the effects on the CNS being
emphasized.

In the heart, as in all tissues except kidney and liver
(Osswald, 1983; Buxton, 1988), adenosine is a vasodilator
(Berne, 1963; Williams, 1987; Collis, 1989; Collis, 1991a).
It also has negative chronotropic, dromotropic, and ionotropic
effects on the heart (Belardinelli et al., 1983; Fredholm and
Sollevi, 1986; Belardinelli et al., 1989; Collis, 1991b). The
vasodilation effects of adenosine appear to be due primarily
to interaction with A, receptors on the vascular smooth muscle
(Ramagopal et al., 1988; King et al., 1990; Collis, 1991a).
However, there is some suggestion that part of the
vasodilation is due to adenosine mediated release of
endothelium derived relaxing factor (Nees et al., 1985),
possibly via A, receptors (Kurtz, 1987).

Adenosine, in rat, causes respiratory depression when
given centrally or peripherally (Wessberg, 1985). Adenosine
has also been shown to cause bronchoconstriction when
administered to asthmatics, but not in non-asthmatics (Church
and Holgate, 1986). This induced bronchoconstriction may be
due to release of histamine from mast cells via an adenosine
receptor which does not appear to be A, or A, (Church and
Hughes, 1985).

Adenosine has many effects in the kidney including
regulation of blood flow, hormone release, and tubular
reabsorption (Spielman, 1991). Infusion of adenosine into the
renal artery of dogs causes a decrease in glomerular
filtration rate via afferent arteriolar vasocontriction and
efferent arteriolar vasodilation (Osswald et al., 1978)
apparently mediated by A, and A, receptors, respectively
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(Murray and Churchill, 1985; Rossi et al., 1988). Adenosine
has also been shown to inhibit and stimulate renin release via
A, and A, receptors, respectively (Williams, 1987).

1.1.4 CNS Effects of Adenosine

The mammalian CNS has the highest concentration of
adenosine receptors of any tissue studied (Jarvis and
Williams, 1990). Using radiolabelled adenosine analogues, a
heterogeneous localization of adenosine receptors in the CNS
has been found (Bruns et al., 1986; Fastbom et al., 1986; Lee
and Reddington, 1986; Reddington et al, 1986; Tetzlaff et al.,
1987; Weber et al., 1988; Jarvis and Williams, 1989, Fastborn
and Fredholm, 1990). The highest density of A, receptors is
in the molecular layer of the cerebellum, the hippocampus,
medial genicul te, and superior colliculus; whereas, the A,
receptors are localized to the striatum, nucleus accumbens,
and olfactory tubercle.

It is widely accepted that adenosine acts as an
inhibitory neuromodulator in the CNS (Phillis and Wu, 1981;
Stone, 1981; Dunwiddie, 1985; Williams, 1989). This action of
adenosine is a result of its ability to inhibit evoked
electrical potentials and spontaneous firing in neurons
(Phillis et al., 1974; Kostopoulos and Phillis, 1977; Siggins
and Schubert, 1981; Segal, 1982; Stone, 1982; DiCori and
Henry, 1984; Dunwiddie et al., 1984), and inhibit the release
of various neurotransmitters, including acetylcholine (Harms
et al., 1979; Jackisch et al., 1984; Richardson et al., 1987),
noradrenaline (Jonzon and Fredholm, 1984; Jackisch et al.,
1985), dopamine (Harms et al., 1979; Michaelis et al., 1979),
serotonin (Harms et al., 1979; Feuerstein, et al., 1985),
glutamate (Corradetti et al., 1984), and aspartate (Corradetti
et al., 1984; Bowker and Chapman, 1986). The depression of
synaptic transmission by adenosine appears to be mediated
primarily by A, receptors at both pre- and post-synaptic sites
(Reddington et al, 1982; Fredholm et al., 1983; Dunwiddie and
Fredholm, 1984; Snyder, 1985; Fredholm and Dunwiddie, 1988;




Ribeiro, 1991; Stone and Bartrup, 1991). Proposed mechanisms
by which adenosine acts as an inhibitory neuromodulator
include decreasing calcium flux into the cell (Wu et al.,
1982; Macdonald et al., 1986; Schubert et al., 1986; Madison
et al., 1987; Gross et al., 1989) and increasing potassium
channel conductance (Tussell and Jackson, 1985; Macdonald et
al., 1986; Madison et al., 1987; Scholfield and Steel, 1988;
Gerber et al., 1989). Recent work has suggested that
activation of A, receptors may also be involved in inhibition
of neurotransmitter release (Phillis, 1990). However, in most
cases, A, receptor activation promotes release (Dolphin and
Archer, 1983; Spignoli et al., 1984; Stone and Bartrup, 19.,1).

Because of the ubiquitous distribution of adenosine and
its receptors (Goodman and Snyder, 1982; Snowhill and
williams, 1986), and the lack of understanding regarding the
mechanisms of many CNS drugs, the elucidation of adenosine’s
pathophysiological role in the CNS has been difficult
(williams, 1987). Nonetheless, there are several C(dS
activities in which adenosine has been implicated. These
include, antiepileptic (Burley and Ferrendelli, 1984; Dragunow
and Goddard, 1984; Rosen and Berman, 1985; Dragunow and Faull,
1988; Chin, 1989; Dragunow, 1991), antianxiety (Phillis and
Wu, 1981; Phillis and O‘Regan, 1988), hypnotic/sedative
(Proctor and Dunwiddie, 1984; Radulovacki et al., 1984),
antinociceptive (Ho et al., 1973; Yarbrough and McGuffin-
Clineschmidt, 1981; Jurna, 1984) antidepressant (Sattin et
al., 1978; Newman et al, 1984; Ahlijanian and Takemori, 1986),
and antipsychotic (Heffner et al., 1985; Holloway and Thor,
1985) activities.

Perhaps the most interesting of adenosine’s activities is
its role as a retaliatory metabolite (Newby, 1984). Under
conditions of energy demand, such as seizures, hypoxia, and
ischaemia, adenosine is formed as a result of ATP catabolism
(Newby, 1984; Dragunow, 1988). The increased adenosine has a
number of neuroprotective effects: 1/ 1Inhibition of
excitatory amino acid release which, at the elevated levels
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found during a metabolic insult, can lead to cell damage or
death as a result of massive calcium influx. Adenosine can
also act at excitatory amino acid receptors to directly
inhibit the calcium influx due to activation by excitatory
amino acids (Phillis and Wu, 1981; Dragunow, 1988); 2/
Increased glycogenolysis in astrocytes (Magistretti et al.,
1986) ; 3/ Increased cerebral blood flow through local
vasodilation and inhibition of clot formation (Phillis et al.,
1984); 4/ Decreased neuronal activity (Dragunow, 1988;
Dragunow, 1991). These combined effects may help to regain
cell homeostasis and reduce cell death following a metabolic
insult (Dragunow and Faull, 1988; Dragunow, 1991).

The receptor mediated effects of adenosine will be
greatly influenced by the magnitude and duration of receptor
activation. This, in turn, is directly influenced by the
extracellular adenosine concentration. The extracellular
adenosine levels can rise up to 200-fold from resting levels
of 0.1-1 uM during periods of ischemia or hypoxia. (Winn et
al., 1981; Zetterstrom et al., 1982, Newman, 1983; Park et
al., 1987; Phillis et al., 1987; Rudolphi, 1991). Control of
the extracellular adenosine concentration involves the release
and the reuptake of the nucleoside. Possible mechanisms of
adenosine release include: 1/ calcium-dependent release of
ATP, which is subsequently metabolized to adenosine; 2/
calciun-dependent adenosine release; 3/ calcium-independent
adenosine release; 4/ release of adenosine and ATP as a result
of cell lysis (Shimizu et al., 1974; Fredholm and Vernet,
1979; Fredholm et al., 1980, 1983; Jhamandas and Dumbrille,
1980; MacDonald and White, 1985; Hoehn and White, 1990a,
1990b; Meghji, 1991; Shank, 1992; Craig and White, 1993). The
relative importance of neurons and glia to the extracellular
adenosine levels is still unresolved (Stone et al., 1990).

1.2 Nucleoside Transport
1.2.1 Introduction

Nucleoside transporters play a major vole in the control
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of extracellular adenosine levels. These transporters can
facilitate the release of adenosine produced in the cell,
thereby increasing the extracellular adenosine concentration
(Fredholm et al., 1980, 1983; Jonzon and Fredholm, 1985).
Conversely, when adenosine is produced outside the cell, by
ATP degradation for example, the action of nucleoside
transport decreases the extracellular adenosine concentration
by transporting the adenosine into the cell (Phillis and Wu,
1981; Morgan and Marangos, 1987; Geiger and Fyda, 1991).
Therefore, substances which modify the function of these
transporters, for example transport inhibitors, will alter the
extracellular adenosine concentration and, consequently,
adenosine receptor mediated events will be affected (Wu and
Phillis, 1984; Deckert et al., 1988).

1.2.2 Adenosine Transport and Uptake

Functional characteristics of nucleoside transporters can
be studied directly by examining the transport of
radiolabelled nucleosides across the cell membrane. once
across the cell membrane, the nucleoside can then be
metabolized by intracellular enzymes, as described earlier.
This metabolism can be problematic when trying to measure the
kinetics of adenosine transport (Paterson et al., 1981;
Deckert et al., 1988; Plagemann et al., 1988, Geiger and Nagy,
1990). For example, when measuring the accumulation of
adenosine in a cell, the rate limiting step may be the
phosphorylation of adenosine to AMP by adenosine kinase.
Therefors, the kinetic values obtained will reflect those of
adenosine kinase rather than the nucleoside transporter
(Deckert et al., 1988; Paterson et al., 1988; Geiger and Nagy,
1990). As a result, it is important to distinguish between
the processes of "transport® and "uptake”. Transport is the
translocation of unmodified substrate across a cell membrane
via a selective saturable carrier, whereas uptake is the
accunulation of substrate and metabolized substrate inside a

cell regardless of mode of entry and metabolism of the
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substrate (Paterson et al., 1981; Paterson et al., 1987;
Plagemann et al., 1988).

In order to accurately measure the kinetics of nucleoside
transporters, the influence of nucleoside metabolism must be
minimized. This can be achieved by using short incubation
times or cells which are deficient in intracellular nucleoside
metabolisa. Some cell types lack the necessary aucleoside
metabolizing enzymes; alternatively, metabolism may be
inhibited as a result of ATP depletion or the use of
inhibitors of metabolizing enzymes such as 5’-iodotubercidin
and 2’-deoxycoformycin, for adenosine kinase and adenosine
deaminase, respectively (Paterson et al., 1985; Deckert et
al., 1988; Plagemann et al., 1988; Geiger and Fyda, 1991). 1In
addition, nucleosides which are not metabolized as rapidly as
adenosine can also be used for transporter characterization.
Examples of these substrates include: uridine, a pyrimidine
nucleoside (Plagemann et al., 1988; Geiger and Fyda, 1991);
formycin B, an analogue of inosine (Vijayalakshmi and Belt,
1988; Plagemann and Woffendin, 1989; Crawford et al., 1990a;
Crawford and Belt, 1991); and L-adenosine, the stereo~
enantiomer of the physiological D-adenosine (Gati et al.,
1989; Gu et al., 1991; Gu and Geiger, 1992; Casillas et al.,

1993).

1.2.3 Transporter Heterogeneity

Adenosine flux across the cell membrane occurs primarily
by three processes: 1/ passive diffusion; 2/ non-
concentrative, facilitated diffusion (Paterson et .l., 1987;
Plagemann et al., 1988); 3/ concentrative, ion-dependent
transport (Vijayalakshmi and Belt, 1988; Jarvis et al., 1989;
Johnston and Geiger, 1989; Plagemann et al., 1990, Williams
and Jarvis, 1991, Dagino et al., 1991a, 1991b). At
physiological adenosine concentrations, the rate of passive
diffusion is slow and of minor importance compared to
nucleoside transporter mediated translocation (Plagemann et
al, 1988; Geiger and Nagy, 1990). The term nucleoside
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transport will be used here to describe nucleoside flux across
a membrane which is mediated by the facilitated and/or active
trangsport systens.

1.2.3.1 Facilitated Transporters
1.2.3.1.1 Kinetic Properties

The valid analysis of a transporter’s kinetic properties
requires the measurement of initial transport rates (Paterson
et al., 1981; Plagemann et al., 1988). This is crucial when
measuring nucleoside transport because of the rapid rate of
transport in many cells, and the bidirectional and non-
concentrative nature of facilitated nucleoside transport.
Zero trans entry describes the transport of substrate from one
side of the membrane to the other where its concentration is
zero. In an experiment of this type, the substrate level into
the cell begins at zero, but soon rises due to influx of
substrate. Under these conditions, the apparent rate of
accumulation decreases over time due to substrate backflow,
making it difficult to measure initial transport rates.
However, initial velocities can be calculated by measuring a
time course of substrate transport into . cell and then
fitting an integrated rate equation to the data. From this
analysis, the initial rate of transport at time = 0 can be
calculated (Plagemann et al., 1988). Using kinetic analyses
which measured initial transport rates in metabolically
challenged (kinase-deficient or ATP-depleted) mammalian cells,
the affinity of natural nucleosides for the facilitated
nucleoside <transporter follows a trend of adenosine »>
thymidine > uridine > cytidine (Plagemann et al., 1988).

1.2.3.1.2 NBMPR sensitivity

Major progress in the characterization of the facilitated
nucleoside transporter has been made largely due to the
development of selective, high-affinity inhibitors of
nucleoside transport. Amongst the first of these were the N'-

thiopurines such as NBMPR (nitrobenzylthioinosine; 6-(4-~




14

nitrobenzylmercapto) purine ribonucleoside) (Pickard et al.,
1973; Cass et al., 1974; Plagemann and Wohlheuter, 1980;
Paterson et al., 1981, 1987, Plagemann et al., 1988). NBMPR
has been shown to potently inhibit nucleoside transport (K
0.1-10 nM) in many cell types as a result of its binding to
proteins associated with the nucleoside transporter (Plagemann
and Wohlheuter, 1980; Paterson et al., 1987; Deckert et al.,
1988; Plagemann et al, 1988). However, it became apparent
that many types of cells possessed nucleoside transport that
could only be inhibited by pM concentrations of NBMPR
(Wohlhueter et al., 1979; Paterson et al., 1980; Jarvis and
Young, 1982; Belt, 1983a, 1983b; Plagemann and Wohlhueter,
1984, 1985; Belt and Noel, 1985). These two equilibrative
systems will be distinguished here as NBMPR-sensitive (es) and
NBMPR-resistant (ei) (Vijayalakshmi and Belt, 1988). Cell
types may exhibit only es transport (Jarvis and Young, 1982,
1986; Plagemann and Wohlhueter, 1985), only ei transport
(Wohlhueter et al., 1979; Belt, 1983; Belt and Noel, 1985;
Plagemann and Wohlhueter, 1985), or both systems (Plagemann
and Wohlhueter, 1984, 1985; Aronow et al., 1985; Jarvis and
Young, 1986; Lee and Jarvis, 1988; Parkinson and Clanachan,
1989). In most systems studied, the es and ei transporters
have a broad nucleoside substrate specificity (Plagemann and
Wohlhueter, 1980, 1985; Belt, 1983a, b; Belt and Noel, 1985;
Jarvis and Young, 1986). As well, both es and ei transporters
have been reported to have similar substrate affinities (Lee
and Jarvis, 1988a; Plagemann and Wohlhueter, 1984; Belt,
1983). An exception to this occurs in at least one systenm,
where significant differences in substrate selectivity were
found, with guanosine, 2’-deoxyguanosine, cytidine, and 2/~
deoxycytidine having a higher affinity for the es transporter
(Hammond, 1991a, 1992). There are also some reports that the
el transporter is more scnsitive to inhibition by sulfhydryl-
reactive reagents such as p-mercuribenzenesulfonate (Belt and
Noel, 1985; Tse et al., 1985b; Jarvis and Young, 1986).
There are rethodological difficulties in directly
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measuring transport. These include, rapid separation of cells
from incubation medium, intracellular metabolisr, and efflux
of substrate (Paterson et al., 1981; Plagemann et al., 1988).
Consequently, the use of high-affinity radioligands to study
the nucleoside transporter has gained popularity. [*H]NBEMPR
has proven to be a useful tool for predicting the capacity of
compounds to inhibit nucleoside transport (Cass et al., 1974;
Jarvis and Young, 1980), for quantifying the numbers of
transporters per cell (Plagemann et al., 1988; Cass, 1994),
for localizing transporters in tissue sections (Geiger and
Nagy, 1984, 1985; Bisserbe et al., 1985), ard for
photoaffinity labelling a protein which is the aucleoside
transporter or one which is tightly coupled to the traasporter
(Young et al., 1984; Hammond and Johnstone, 1989: l1Jzerman et
al., 1989).

The binding site for NBMPR is located on the external
side of the membrane (Young and Jarvis, 1983; Jaxrvis, 1986;
Jarvis and Young, 1986). The NBMPR binding site and the
substrate binding site seem to overlap (Jarvis an? Young,
1980; Jarvis et al., 1982, 1983; Koren et al., 1983;
Wohlhueter et al., 1983). However, the binding of NBMPR also
appears to involve an interaction between the nitrobenzyl
group and a hydrophobic domain of the transporter, or a
closely associated molecule (Jarvis et al., 1983; Wohlhueter
et al., 1983; Young and Jarvis, 1983b). 1In fact, it is the
lipophilic nitrobenzyl group of NBMPR that is believed to be
responsible for its approximately 10°-fold higher affini.y for
the nucleoside transporter, when compared to natural
nucleosides (Jarvis et al., 1983; Wohlhueter et al., 1983;
Young and Jarvis, 1983b). Since the NBMPR-binding site does
not separate from the transporter upon solubilization in
detergent (Tse et al., 1985a; Hammond and Johnston, 1989), the
hydrophobic domain of the (’H]JNBMPR binding site is likely
part of the transporter protein itself, or a covalently bound
molecule.

Based on the finding that the nucleoside transporter fits
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a simple carrier model with a single, apparently non-
cooperative, substrate binding site, it has been assumed that
NBMPR binds to the nucleoside transporter with a simple 1:1
relationship (Plagemann et al., 1988). However, it is
becoming evident that in some systems the interaction of
NBMPR, and other inhibitors, with the nucleoside transporter
is not a simple one but involves more complex interactions,
such as multiple binding sites and allosteric interactions.
Specifically, pseudo-Hill coefficients greater than or less
than one were found for inhibition of [*H]NBMPR binding by
lidoflazine analogues and dipyridamole, respectively (Wu and
Phillis, 1982b; Hammond and Clanachan, 1985; Plagemann and
Wohlhueter, 1985; IJzermann et al., 1989). In addition,
various agents, including nucleosides and nucleoside transport
inhibitors, have been shown to modify the rate of dissociation
of [’H)NBMPR from its binding sites (Jarvis et al., 1983;
Koren et al., 1983; Wohlhueter et al., 1983; Hammond and
Clanachan, 1985; Ogbunude and Baer, 1989; Hammond, 1991b).

1.2.3.1.3 Dipyridamole sensitivity

Dipyridamole (DPR), an inhibitor of facilitated
nucleoside transport, does not distinguish between the es and
ei transporters in most cell types and species (Deckert et
al., 1988; Plagemann et al., 1988). However, as was the case
with NBMPR, both DPR-sensitive and DPR-resistant nucleoside
transporters have been observed (Hammond and Clanachan, 1985;
Jarvis, 1986; Marangos and Deckert, 1987; Woffendin and
Plagemann, 1987). Transporter sensitivity to DPR appears to
be primarily species dependent, with rats, mice, and hamsters
possessing DPR-resistant transporters (ICy, for inhibition of
transport = 100-1000 nM), and humans, pigs, and guinea pigs
possessing DPR-sensitive transporters (ICy, = 10-100 nM)
(Jarvis, 1986; Shi and Young, 1986; Woffendin and Plagemann,
1987; Deckert et al., 1988; Plagemann et al., 1988). Examples
of tissue dependence have also been demonstrated (Plagemann et
al., 1988).
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[CH]DPR has been shown to bind, with high affinity, to
the nucleoside transport protein (Deckert et al., 1988;
Plagemann et al., 1988). Since DPR could inhibit both the es
and ei transporters of many species (except rat, mouse and
hamsters) at low concentrations (Plagemann and Wohlhueter,
1984; Deckert et al., 1988), it was hoped [*H]DPR would be a
more general probe for the nucleoside trausporter. As
expected, [’H)DPR (K, ® 10 nM) labelled two- to ten-fold as
many sites as [H)JNBMPR in guinea pig, and human tissues
(Bisserbe et al., 1986; Marangos and Deckert, 1987; Woffendin
and Plagemann, 1987a; Jones-Humble and Morgan, 1994), with a
portion of these sites being resistant to inhibition by NBMPR.

Despite the apparent usefulness of (*H]DPR as a probe for
the ei transporter, [*H)JDPR is not without problems. As
discussed earlier, there are DPR-resistant nucleoside
transporters which will not be labelled by [*H]DPR due to
their low affinity for this ligand. In addition, it has never
been demonstrated definitively, that the NBMPR-resistant
(*H)DPR binding site is directly associated with the ei
nucleoside transporter. This fact becomes more important in
light of the ability of [’H]JDPR to bind to 3-5 times as many
sites as [*HJNBMPR in human erythrocytes (Woffendin and
Plagemann, 1987a), cells with no ei transporters (Plagemann et
al., 1988). These results and others, such as discrepancies
in the calculation of K, for [*H)DPR binding depending on the
method used to calculate it (Woffendin and Plagemann, 1987a),
may be due to technical difficulties including high non-
specific tissue binding (Jarvis, 1986; Woffendin and
Plagemann, 1987a), binding to glass and plastic assay tubes
(shi and Young, 1986; Marangos and Deckert, 1987), and
chemical instability of [H)DPR (Woffendin and Plagemann,
1987a).

1.2.3.1.4 Other Inhibitors
Many substances have been found to have some inhibitory
effect on the nucleoside transporter. These substances often
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bear no obvious structural similarities, but are usually
lipophilic (Plagemann et al., 1988). Groups of substances
with members which have been shown to inhibit nucleoside
transport include calcium channel blockers, benzodiazepines,
epipodophyllotoxins, substituted piperazines, and adenosine
receptor agonists and antagonists (Phillis and Wu, 1982;
Deckert et al., 1988; Plagemann et al., 1988; Wright et al.,
1990; Geiger and Fyda, 1991; Marangos and Miller, 1991; Van
Belle and Janssen, 1991). As was the case with NBMPR and DPR,
the sensitivity of nucleoside transport to inhibition by
various other transport inhibitors tends to be dependent on
species and cell type (Plagemann et al., 1988).

In addition to [*H)NBMPR and [*H)DPR, two more probes for
the nucleoside transporter have been produced, {*H)dilazep and
(*H)R75231. {’H)Dilazep, whose affinity for the es transporter
is similar to that of NBMPR, may prove to be a useful ligand
for examining this transporter (Plagemann et al., 1988; Gati
and Paterson, 1989). {H)Dilazep binding to S49 mouse
lymphoma cells has been resolved into two populations of
binding sites, which are associated with the nucleoside
transporter (Gati and Paterson, 1989). Both of these sites
may be located on a single membrane protein (Gati and
Paterson, 1989).

Finally, [’H]R75231, a lidoflazine derivative, has unique
binding characteristics, potentially making it useful both as
a probe for the nucleoside transporter, and clinically.
Studies have shown that R75231 binds to the nucleoside
transporter extremely tightly in vitro (Masuda et al., 1991;
Van Belle and Janssen, 1991; IJzerman et al., 1992), and has
long-lasting inhibitory effects in vivo (Baer et al., 1991;
van Belle et al., 1991). In addition, R75231 and other
lidoflazine derivatives inhibit [*H)}NBMPR binding with pseudo-
Hill coefficients greater than one (IJzerman et al., 1989).
These results suggest that [*H]R75231 binds to the nucleoside
transporter in a different manner than any of the other
available probes.
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Table 1.1 Summary of radioligand probes used for the

facilitated nucleoside transporters.
Radioligand Transporter Subtype
Probe

es el

(*H]NBMPR + - 0.1-1*

[(*H)DPR

(H)dilazep

[*H)R75231 + - 0.3°

* summarized from Deckert et al., 1988; Plagemann et al.,
1988; Geiger and Nagy, 1990

® the ability of [*H]DPR to label the ei transporter is not
certain (see section 1.2.3.1.3)

¢ from Jarvis, 1986; Shi and Young, 1986; Marangos and
Deckert, 1987; Woffendin and Plagemann, 1987. However,
Kp values which were higher (114 nM) and lower (0.2 nM)
than this range have been observed (Woffendin and
Plagemann, 1987; Jones-Humble and Morgan, 1994).

¢ high and low affinity binding sites were found (Gati and
Paterson, 1989)

¢ from IJzerman et al., 1992
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1.2.3.1.5 Molecular Properties

The es transporter has been examined in more detail than
the other nucleoside transporters due to the high affinity
probe NBMPR. The [H]JNBMPR binding protein of human
erythrocytes (es) is an integral membrane glycoprotein with a
molecular weight of 50-60 kD. This protein is either the
transport protein itself or a protein which is tightly coupled
to the transport protein (Wu et al., 1983; Young et al., 1984;
Tse et al., 1985a; Kwong et al., 1988). [*H]DPR can also be
used to photolabel a protein (molecular weight 50-60 kD) which
appears to be involved in nucleoside transport (Woffendin and
Plagemann, 1987a).

Structural conservation of the es transporter has been
demonstrated between human, pig, rabbit and rat using
polyclonal antibodies (Kwong et al., 1992) and between human,
pig, rat and guinea pig using peptide mapping (Kwong et al.,
1993). This later study also showed structural conservation
between es transporters in erythrocytes, liver, and lung of
these species (Kwong et al., 1993). Nonetheless, there are es
structural differences between species as a result of
glycosylation (Crawford et al., 1950c; Kwong et al., 1993;
Cass, 1994). In the case of pig vs. human erythrocytes, there
are also structural differences in the form of an additional
protein domain in the pig transporter (Kwong et al., 1993).
Although the es transporter has not been sequenced yet, cDNA
fragments encoding polypeptides which are recognized by
polyclonal antibodies for the human es transporter, have been
isolated from cultured human choriocarcinoma BeWo cells (Cass,
1994). Confirmation of the es-related identity of these cDNA
fragments is being pursued (Cass, 1994).

Purification of the equilibrative nucleoside transporter
has proven difficult. Most purification attempts have used
erythrocytes as the source and have involved strategies such
as ion-exchange chromatography (Jarvis and Young, 1981; Tse et
al., 1985a; Kwong et al., 1987), immunocaffinity chromatography
(Kvong et al., 1988; Kwong et al., 1992), and affinity columns
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(Agbanmyo et al., 1990). A major problem in purification
attempts, except those using pig erythrocytes which 1lack
glucose transporters, is contamination with glucose transport
proteins. In human erythrocytes, the glucose transporters are
approximately 25-fold more numerous than the nucleoside
transporter and have a similar molecular weight (Plagemann et
al., 1988; Cass, 1994). Properties including, functioning as
facilitated transporters, similar molecular weights before and
after glycosylation, and similar location of trypsin cleavage
sites (Plagemann et al., 1988), suggest that the glucose
transporter (GLUT1) and nucleoside transporter of human
erythrocytes (es) are structurally related. Despite this,
both transporters differ substantially in their substrate
selectivity. In human erythrocytes, sugars at concentrations
greater than 100 mM have no effect on uridine transport and 50
mM uridine has no effect on 3-O-methylglucose transport
(Plagemann and Woffendin, 1987).

The structural aspects required for the binding of the
substrate to the es transporter have not been studied in
detail; however, some generalizations can be made. The ribose
moiety of nucleosides seems to be important for substrate
recognition as nucleobases are usually not recognized by the
transporter (Plagemann et al., 1988). In contrast, the
nucleobase moiety seems to be less important for substrate
recognition, since all natural purine and pyrimidine
nucleosides, as well as many nucleoside analogues, are
transported (Plagemann and Wohlhueter, 1980; Paterson et al.,
1981; Zimmerman et al., 1989; Belt et al., 1993; Cass, 1994).
The affinity of nucleosides generally increases with their
lipophilicity, suggesting that a hydrophobic domain on the
transporter is involved in substrate binding (Plagemann et
al., 1988). Finally, the nucleoside transporter does not
accept ionized substrates (Plagemann et al., 1988).

Due to the lack of a specific probe for the ei
transporter, very 1little is known about ¢this protein.
Functional similarities between es and ei transporters,
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discussed previously, suggest they may Lke structurally
related; however, cell mutation studies have suggested that
these transporter proteins may be genetically distinct (Belt
and Noel, 1988; Crawford et al., 1990b). It is not known if
differences between es and ei transporters are a result of the
transporters being different gene products or due to a
differential expression of modifier proteins.

1.2.3.2 Ion-dependent transport

As is the case for other compounds such as amino acids,
glucose, and succinate, adenosine can be transported across
the cell membrane by active transport systems as well as by
facilitated transport systems (Geiger and Fyda, 1991).
Sodium-dependent, concentrative nucleoside transport systems
have been described in lymphocytes (Plagemann and Aran, 1990;
Plagemuann et al., 1990), transformed cell lines (Crawford and
Belt, 1991; Dagnino et al., 1991a, 1991b), neuronal systems
(Spector and Huntoon, 1984; Hertz and Matz, 1989; Johnston and
Geiger, 1989, 1990; Wu et al., 1992; Wu et al., 1994),
fibroblasts and macrophages (Plagemann and Aran, 1990) and
epithelial tissues (Williams et al., 1989; Franco et al.,
1990; Jakobs et al., 1990; Williams and Jarvis, 1991).

To date, five subtypes of concentrative nucleoside
transporters have been proposed based on substrate
specificity. The first, designated N1 or cif, is selective
for purine nucleosides and uridine as substrates and the
second, designated N2 or cit, is selective for pyrimidine
nucleosides and adenosine as substrates (Vijayalakshmi and
Belt, 1988; Vijayalakshmi et al., 1992; williams and Jarvis,
1991; Plagemann et al., 1990). Both of these systems have a
coupli j stoichiometry of 1:1 (sodium: nucleoside) (Franco et
al., 1990; Dagnino et al., 1991b; Williams and Jarvis, 1991).
In tissues that possess both sodium-~dependent and facilitated
transporters, the sodium~dependent transporter tends to have
an approximately 10-fold higher affinity for its nucleoside
substrate than the facilitated transporter (Jarvis et al.,
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1989; Williams and Jarvis, 1991).

Although the N1 and N2 transporters have been studied in
the most detail, neither have been found in human tissues.
Three sodium-dependent nucleoside transporters have been
described in human tissues. The N3, or cib, transporter,
found in the choroid plexus of rabbit (Wu et al., 1992, 1994),
«nd human colorectal and leukaemia cells (Belt et al., 1993;
Lee et al., 1991), accepts both purine and pyrimidine
nucleosides and has a coupling stoichiometry of 2:1
(sodium:nucleoside). An N4 transporter, found in brush border
membranes of human kidneys, has also been proposed (Gutierrez
et al., 1992; Gutierrez and Giacomini, 1993). It has a 1:1
stoichiometry and a substrate specificity similar to N2,
except it transports guanosine. Finally, a sodium-dependent
transporter designated N5, or cs, has been described in human
leukaemic cells (Paterson et al., 1993). Although, the
stoichiometry and substrate specificity have not yet been
determined, this transporter can be distinguished by its
sensitivity to inhibition by NBMPR and DPR (<10 nM) (Paterson
et al., 1993). All of the other sodium-dependent transporters
are resistant to inhibition by high concentrations (>10 uM) of
NBMPR or DPR (Cass, 1994).

Putative clones for both the N2 (Young e% al., 1994) and
N3 (Pajor and Wright, 1992; Pajor, 1994) transporters have
been producec¢. The N2 transporter, a 648 amino acid protein,
was cloned from rat jejunum (Young et al., 1994). The N3
transporter, cloned from rabbit renal tissue (Pajor and
Wright, 1992; Pajor, 1994), is a 672 amino acid protein
related to the rabbit intestinal sodium-dependent glucose
cotransporter, SGLT1. However, it is interesting to note that
the cloned N2 and N3 transporters do not appear to be within
the same gene family (Young et al., 1994).

In addition to sodium-dependent transporters, potassium-
dependent transporters have been observed in renal brush
border (Lee et al., 1988; Jarvis et al., 1989; Williams et
al., 1989). Like their scdium~dependent counterparts, the
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potassium-dependent transporters are electrogenic, coupled
transporters (Lee et al., 1988; Jarvis et al., 1989); however,
the reported stoichiometry is different, 3:2 (potassium:
nucleoside) (Jarvis et al., 1989; Williams et al., 1989).
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Table 1.2t Summary of nucleoside transporter subtypes and
their functional properties (adapted from Cass, 199%4).

Equilibrative

Subtype Concentrative

es oi NI N2 N3 N4 NS N

Ion-dependence - - Na* Na* Na® Na* Na* Kx*

Inhibitor
Sensitivity:

NBMPR + - - - - - + ND*
DPR + + - - - - + ND
dilazep + +/~ - - - - + ND
Substrates:
adenosine + + + + + + + ND
uridine + + + + + + D +
guanosine + + + - + + N ND

formycin B

¢ potassium dependent transporter as described in Lee et al., 1988
* ND, not determined
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1.2.4 Nucleoside Transport in the CNS
1.2.4.1 Transporter Localization

The distribution of nucleoside transporters in the CNS
has been examined wusing [*H]JNBMPR and ['H]JDPR with
autoradiography and microdissection techniques. High
densities of [*HJNBMPR binding sites in rat and guinea pig
brain were found in the choro’d plexus, hypothalamus,
thalamus, and superficial layers of the superior colliculus,
whereas relatively lower densities were observed in cerebral
corcex, hippocampus, and cerebellar cortex (Marangos et al.,
1982; Hammond and Clanachan, 1983; Geiger and Nagy, 1984,
1985; Bisserbe et al., 1985). In rat brain, the density of
(*H)NBMPR binding coincides well with the density of ADA (Nagy
et al., 1985; Geiger and Nagy, 1986). It was hypothesized
that nucleoside transporters would be found in highest density
at sites where adenosine receptors were in highest density.
This arrangeament would result in the most rapid removal of
adenosine from the receptor sites, and therefore, rapid
receptor inactivation. However, in rat brain, the [*H]NBMPR
binding distribution did not correlate well with the profiles
for either the adenosine A, receptor (Goodman et al., 1983;
Bisserbe et al., 1985; Geiger, 1986), or the A, receptor (Lee
and Reddington, 1986; Jarvis et al., 1989). A possible
explanation for this result was the presence of nucleoside
transporter subtypes which were not labelled by [*H]NBMPR.

With the hope of 1labelling more of the nucleoside
transporters than was possible with [*H)NBMPR, [’H)DPR was used
in autoradiographic examinations of guinea pig brain. As was
the case with [*H]NBMPR, high levels of [’H)}DPR binding were
observed in the choroid plexus, hypothalamus, and superficial
layers of the superior colliculus (Bisserbe et al., 1986;
Deckert et al., 1987). However, unlike [*H]NBMPR, the density
of (*H)DPR binding was also high in the cerebral cortex, the
central grey matter, and the interpeduncular nucleus (Deckert
et al., 1987). In spite of ([*H)DPR’s ability to 1label
approximately 2.5 times as many sites in guinea pig brain as




27

(*H]NBMPR (Deckert et al., 1987), again, there was no
discernable relationship between adenosine receptor density
and nucleoside transporter density.

1.2.4.2 Substrate Transport Studies

In comparison to erythrocytes and tumour cells, there has
been comparatively little examination of nucleoside transport
in the CNS. Preparations used include synaptosomes from rat
(Bender et al., 1980, 1981; Lee and Jarvis, 1988a; Shank and
Baldy, 1990; Sweeney et al., 1993) and guinea pig (Barberis et
al., 1981; Lee and Jarvis, 1988b; Shank and Baldy, 1990),
synaptoneurosomes from rat (Morgan and Marangos, 1987; Gu et
al., 1991; Gu and Geiger, 1992) guinea pig (Morgan and
Marangos, 1987) and human (Gu et al., 1993), brain tissue
slices from guinea pig (Shimizu et al., 1972; Davies and
Hambley, 1986) and mouse (Banay-Schwartz et al., 1980),
cultured astrocytes (Hertz, 1978; Thampy and Barnes, 1983;
Bender and Hertz, 1986) and neurons (Bender and Hertz, 1986;
Hertz and Matz, 1989; Ohkubo et al., 1991), astrocytoma cells
(Lewin and Bleck, 1979), rat brain capillaries (Wu and
Phillis, 1982a), choroid plexus (Spector, 1982; Spector and
Huntoon, 1984; Wu et al., 1992, 1994), and dissociated brain
cell bodies (Geiger, 1987, 1988; Geiger et al., 1988; Johnston
and Geiger, 1989, 1990; Gu et al, 1991; Gu and Geiger, 1992).
Unfortunately, much of the early research on nucleoside
transport (before late 1980’s) was complicated by the presence
of nucleoside substrate metabolism; therefore, uptake was
examined rather than transport. Because of this and other
methodological, tissue, and species differences, it is
difficult to make generalizations about kinetic and inhibition
data for the CNS nucleoside transporters. For example, the
reported K, (or K) for adenosine transport in CNS tissues has
varied from 0.9 uM to 313 uM (Bender et al., 1981; Johnston
and Geiger, 1989).

In spite of these problems, there are some consistent
gualitative results. Nucleoside flux studies have been able
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to discern multiple transporter subtypes, and generalizations
about the inhibitor sensitivity of some species can be made.
Both es and el facilitated nucleoside transporters have been
well characterized in rat and guinea pig CNS tissues (Davies
and Hambley, 1986; Morgan and Marangos, 1987; Geiger et al.,
1988; Lee and Jarvis, 1988a, 1988b; Shank and Baldy, 1990).
Species dependence of DPR-sensitivity has also been well
established, with rat having primarily DPR-resistant
transport, whereas guinea pig has both DPR-sensitive and -~
resistant transport (Davies and Hambley, 19£6; Geiger et al.,
1988; Lee and Jarvis, 1988a, 1988b; Shank and Baldy, 1990).

In the CNS, active nucleoside transport has been observed
in choroid plexus (Spector, 1982; Spector and Huntoon, 1984;
Wwu et al., 1992, 1994), and dissociated brain cell bodies
(Johnston and Geiger, 1989, 1990). In both instances, the
nucleoside transporters were high-affinity, inward-directed,
sodium-dependent, co-transporters. The sodium dependent
transporter in‘choroid plexus has been defined as N3 (Wu et
al., 1992, 1994). The transporter in dissociated brain cell
bodies has not been sufficiently characterized to determine
its subtype (Johnston and Geiger, 1989). As yet, there have
been no reports of active nucleoside transport in
synaptosones.

1.2.4.3 Radioligand Binding Studies

{*1]NBMPR hag been used extensively to examine nucleoside
transporters in the CNS (Deckert et al., 1988; Plagemann et
al., 1988; Geiger and Nagy, 1990; Geiger and Fyda, 1991). 1In
the majority of cases, [*H]JNBMPR has been demonstrated to bind
to homogeneous, high affinity (K, < 1nM), low capacity, (B,
< 200 fmol/mg protein) sites which are associated with the es
transporter (Morgan and Marangos, 1987; Geiger et al., 1988;
Lee and Jarvis, 1988b). Consistent with findings in non-CNS
tissues, [‘H)NBMPR binding in rat and mouse CNS preparations
(Marangos et al., 1982; Hammond and Clanachan, 1984; Marangos,
1984; Geiger et al., 1985; Verma and Marangos, 1985; Lee and
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to guinea pig and human (Hammond and Clanachan, 1984;
Marangos, 1984; Verma and Marangos, 1985; Lee and Jarvis,
1988b) . Another species dependent difference is the biphasic
competition curves found for the inhibition of [’H]NBMPR
binding by DPR in rabbit and dog cerebral cortical membranes
(Hammond and Clanachan, 1985). This indicates DPR-sensitive
and -resistant [*H)NBMPR binding sites in the same species.
These sites may represent DPR-sensitive and -resistant
nucleoside transporters which are both sensitive to inhibition
by NBMPR.

Although most studies report a single class of [*H]NBMPR
binding sites in CNS tissues, there have been reports of both
high and low affinity [*H)JNBMPR binding sites. 1In rabbit
cerebral cortical membranes, the K, and B_, were 0.4 nM and 72
fmol/mg protein and 13.8 nM and 981 fmol/mg protein,
respectively (Hammond and Clanachan, 1985).

(*H)DPR binds with high affinity to guinea pig brain (X,
from 3.5-10 nM) to about 2.5 times as many sites as labelled
by [’H]NBMPR (Marangos et al., 1985; Bisserbe et al., 1986;
Deckert et al., 1987; Marangos and Deckert, 1987). These
additional sites may represent ei nucleoside transporters, but
as stated above, this has not yet been demonstrated. In
contrast to guinea pig, binding of {*H)DPR to the nucleoside
transporter could not be observed in rat brain, presumably as
a result of the low affinity of DPR for the transporters in
this species (Marangos and Deckert, 1987).

1.2.5 Requlation of Transport

From research focused on the regulation of nucleoside
transport, it is apparent that the rate of cellular growth and
division is linked to changes in transporter numbers and/or
activity. The number of es transporters has been shown to
increase during the S~-phase of human HelLa carcinoma cells and
S1 macrophages (Cass et al., 1979; Meckling-Gill et al.,
1993), as well as during periods of rapid proliferation of
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human thymocytes and lymphocytes (Smith et al., 1989), and
lymphoma and leukaemic blast cells (Wiley et al., 1989).
Logarithmically growing S1 macrophages exhibited an increased
ratio of es to ei nucleoside transport when compared to
quiescent S1 macrophages (Meckling-Gill et al., 1993). 1In
guinea pig and rat, high levels of [’H]NBMPR binding were
apparent during times of neurogenesis (Geiger, 1987; Deckert
et al., 1988D). In sheep reticulocytes, NBEMPR-sensitive
transport decreased during maturation into erythrocytes
(Johnstone et al., 1987).

Regulation of nucleoside transport is also linked to
cellular differentiation. Transformation of rat-2 fibrohlasts
by v-fps, a transforming protein-tyrosine kinase, resulted in
an increase in es transporter activity without an increase in
[(*H]JNBMPR binding sites (Meckling-Gill and Cass, 1992).
Induction of differentiation of HL-60 human promyelocytic
cells by N,N-dimethylformamide (Chen et al., 1986),
dimethylsulfoxide (DMSO) (Lee et al., 1990; Sokaloski et al.,
1991), or phorbol 12-myristate 13-acetate (PMA) (Lee et al.,
1991; Sokaloski et al., 1991; Lee, 1994), resulted in a
decrease in NBMPR-sensitive transport. DMSO and PMA induced
cells also showed an increase in sodium-dependent nucleoside
transport (Lee et al., 1990, 1991; Sokaloski et al., 1991).
Finally, an increase in sodium~dependent transport was seen in
IEC-6 rat intestinal epithelial cells differentiated by low
serum content (Jakobs et al., 1990).

Second messengers implicated in the regulation of
nucleoside transport include protein kinase A which decreases
es mediated transport (Sen et al., 1990; Miras-Portugal et al,
1991b; Nagy et al., 1991), and protein kinase ¢ which
increases sodium-dependent transport and decreases es and ei
mediated transﬁort (Lee et al., 1991; Miras-Portugal et al.,
1991a, 1991b; Sen et al., 1993; Lee, 199%94). Exactly how
these, or other, second messengers regulate nucleoside

transport levels and activity is not known. However, there is
evidence for movement of plasma membrane nucleoside
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transporters to and from cytoplasmic pools of transporters
{Blostein and Grafova, 1987; Liang and Johnstone, 1992; Torres
et al., 1992), and for increased transporter synthesis (Fideu
and Miras-Portugal, 1992).

1.2.6 Therapeutic Potentjal

Due to the numerous effects of adenosine in the body,
there are various potential therapeutic uses of nucleoside
analogues and nucleoside transport inhibitors. It should be
noted that the effectiveness of the transport inhibitors will
depend on whether the transporters in question are
symmetrical, bi-directional, and whether adenosine is formed
intracellularly or extracelluarly.

Adenosine itself is used for the treatment of supra-
ventricular tachycardia (Dimarco et al., 1983). DPR and other
nucleoside inhibitors, including NBMPR, dilazep, etoposide,
and BIBW 22, have been investigated, and in some cases used
clinically in combination with inhibitors of de novo
nucleotide synthesis, for cancer and viral chemotherapy
(Weinstein et al., 1989; Keane et al., 1990; Lokich, et al.,
1991; Cass et al., 1992; Chen et al., 1993; Sato et al.,
1993). Some cytotoxic nucleoside analogues used as
chemotherapeutic agents, for example chlorodeoxyadenosine and
cytosine arabinoside, gain entry into the cell largely by
nucleoside transport (Zimmerman et al., 1989; Jamieson et al.,
1993; Cass, 1994). When considering a therapy which uses
drugs such as these, assessing the quantity of nucleoside
transport that a particular tumour possesses is extremely
important, because the presence of nucleoside transport is
necessary for the drug to have access to the tumour cells
(Jamieson et al., 1993). In some cases it may also be
possible to use nucleoside transport inhibitors to selectively
block the transporters of the host cells, but not the tumour
cells, thereby increasing the maximum tolerated drug dosage.
This strategy requires that the nucleoside transporters of the
host cells have different inhibitor sensitivities than those
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of the cancer cells (Kolassa et al., 1982; el Kouni, 1991;
Belt et al., 1993). With the knowledge that 3’-azido-3’-
deoxythymidine (AZT) and 2’,3’-dideoxycytidine (ddC) are
substrates for N2 transporter, strategies of this type may
become useful in the treatment of AIDS (Young et al., 1994).
Combinations of nucleoside transport inhibitors and cytotoxic
nucleoside analogues can also be used when the analogue is not
transported by the nucleoside transporter (Zimmerman et al.,
1989; Weinstein et al., 1990). The objective in this case
being to interfere with both de novo nucleoside synthesis and
the "salvage” of nucleosides by the nucleoside transporter,
thereby increasing the therapeutic potential.

Other therapeutic uses of nucleoside transport inhibitors
stem from adenosine’s physiological role as a retaliatory
metabolite (Newby, 1984; see section 1.1.4.1). That is, under
conditions of physiological stress such as ischemia, increased
adenosine levels help target cells to adjust their energy
supplies and retaliate against the stress. Nucleoside
transport inhibitors, by blocking the uptake of extracellular
adenosine, can increase and prolong the effects of endogenous
adenosine. The cardioprotective effects (antiarrhythmic
effects, arterial dilation, cardiopreservation, inhibition of
platelet aggregation, protection from catecholamine stress and
ischemia) of nucleoside transport inhibitors, such as dilazep,
lidoflazine, and R75231, are being investigated (Haga et al.,
1986; Geiger and Fyda, 1991; Masuda et al., 1991, 1992; Chang-
Chun et al., 1992; de Haan et al., 1993; Van Belle et al.,
1993; Wainwright et al., 1993; Beukers et al., 1994; Bohm et
al., 1994). In fact, DPR has been used clinically as a
vasodilator and inhibitor of platelet aggregation (Geiger and
Fyda, 1991), dilazep has been used as a vasodilator (Geiger
and Fyda, 1991), and draflazine, which is the (~)-enantiomer
of R75231, is currently undergoing clinical trials as a
cardioprotective drug (H. Van Belle, personal
communication).

In keeping with its role as a retaliatory metabolite,
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adenosine has been proposed as an endogenous neuroprotective
agent under ischemic conditions such as stroke (Deckert et
al., 1988; Dragunow, 1988; Geiger and Fyda, 1991; Marangos,
1991; Marangos and Miller, 1991). Evidence to support this
includes the observations that adenosine is released by trauma
such as ischemia (Hagberg et al., 1987; Dux et al., 1990) and
that adenosine analogues can prevent ischemia-related neuronal
death (Goldberg et al., 1988; Von Lubitz et al., 1988). 1In
addition, the use of adenosine receptor antagonists during
ischemia increases the neuronal injury (Rudolphi et al., 1987;
Dux et al., 1990; Boissard et al., 1992). Specific mechanisms
of neuronal protection by adenosine were discussed in section
1.1.4.1. Adenosine has also been suggested to have endogenous
antiepileptic activities (Dragunow, 1988, 1991; Chin, 1991),
including the inhibition of the spread of seizures and the
termination of seizures (Chin, 1989; Dragunow, 1991). The
exact mechanism of anticonvulsant activities has not been
determined, but appears to be largely due to activation of A,
receptors (Dragunow, 1991). The nucleoside transport
inhibitors soluflazine and propentofylline have shown
neuroprotective effects (Andiné et al., 1990; Dux et al.,
1990; Boissard and Gribkoff, 1993; Parkinson et al., 1993),
and soluflazine, dilazep, papaverine, and NBMPR 5'-
monophosphate have shown anticonvulsant effects (Ashton et
al., 1987, 1988; Geiger and Fyda, 1991; Zhang et al., 1993),
presumably as a result of increased extracellular adenosine
levels.

There is also increasing research, in vivo and in vitro,
into the development and wuse of nucleoside transport
inhibitors such as DPR, NBMPR, papaverine, mioflazine, and
dilazep, as antinociception, antianxiety, and sedative drugs
(Wauguier et al., 1987; Deckert et al., 1988; Daval et al.,
1991; Marangos, 1991; Marangos and Miller, 1991). For
example, adenosine A, agonists can cause sedation that
resembles natural sleep (Radulovacki et al., 1982). 1In fact,
adenosine may be very important as a natural sleep
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facilitating agent (Marangos, 1991). The nucleoside transport
inhibitors soluflazine and mioflazine have been demonstrated
to increase sleep activity in dogs (Wauquier et al., 1987).
In addition, the therapeutic action of a number of drugs has
been suggested to be mediated, in part, through inhikition of
nucleoside transport. These drugs include benzodiazepines,
barbiturates, phenothiazines, tricyclic antidepressants, and
others (Phillis and Wu, 1982; Deckert et al., 1988, Phillis
and O’Regan, 1988; Daval et al., 1991).

Although nucleoside transport inhibitors show great
potential as clinically useful drugs, they are not without
potential problenms. For example, nucleoside transporter
blockade will increase the overall adenosine concentrations
resulting in general vasodilation. As a result, during a
stress such as ischemia much of the increased blood flow that
would be diverted to the ischemic area, due to a local
increase in adenosine concentrations, will be less as a result
of the generalized vasodilation (Braunwald and Sabel, 1988).
In addition, increased adenosine levels could result in an
increase in the levels of xanthine and hypoxanthine which are
products of adenosine metabolism. The increased free radical
production from the xanthine and hypoxanthine would exacerbate
the damage that was trying to be protected against.

A major barrier to the development of therapeutically
useful adenosergic drugs is making them selective, both for
the CNS and within the CNS. The objective of this research is
to decrease the side effects by increasing the drug’s
selectivity. The heterogeneity of nucleoside transporters
within the mammalian brain may make it possible for drugs to
be developed which selectively inhibit a particular nucleoside
transporter subtype, and therefore, selectively affect a
particular brain region.

Nucleoside transport inhibitors may also have an
advantage over adenosine receptor agonists, especially if the
drug is to be taken chronically. Transport inhibitors can act
to poteitiate the effects of endogenous adenosine release.
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Therefore, their effect is localized to the release area, and
is temporary. That is, the adenosine receptor stimulation
will increase upon adenosine release and decrease when
adenosine release is terminated. This contrasts with
adenosine receptor agonists, which may not be as localized and
will stimulate the receptor at a constant level.

1.2.7 Objectives

As discussed, drugs which act by interacting with the
nucleoside transport system have great therapeutic potential.
However, the full realization of this potential requires a
thorough understanding of nucleoside transporters. This will
include: developing probes for the transporters, examining
transporter subtypes and the effects of inhibitors on each
subtype, and studying regulation of transporter numbers and
characteristics. This thesis reports work which was divided
into 3 phases, all ultimately 1leading to a better
understanding of the nucleoside transport system in neuronal
tissues. The first phase examined the assertion that [*H]DPR
binds to both es and ei nucleoside transporters. This study
also included a kinetic and pharmacological characterization
of nucleoside transport in rabbit cortical synaptosomes. The
second phase investigated the interaction of R75231 (and the
recently synthesized [’H)R75231) with the nucleoside
transporters of rabbit cortical synaptosomes and human
erythrocytes. R75231 binds to nucleoside transporters in a
unique manner, potentially making it useful both clinically,
and as a probe for the nucleoside transporter. The third, and
final, phase used a human neuroblastoma cell line to examine
changes in nucleoside transport characteristics as a result of
cellular differentiation. The results were used to examine
the suitability of this cell line as a model to study the
mechanisms of nucleoside transporter regulation. In addition,
the results may aid in the selection and development of
treatment strategies involving cytotoxic nucleoside analogues.




CHAPTER TWO: CHARACTERIZATION CF (*H)DPR BINDING AND
NUCLEOSIDE TRANSPORT IN MAMMALIAN CORTICAL

SYNAPTOSOMES

2.1 Introduction

Adenosine is an important neuromodulator in the CNS with
sedative, antianxiety, anticonvulsant, and antidepressant
activities (see section 1.1.4). Inhibition of nucleoside
transpor{ can result in increased extracellular adenosine
concentrations and, consequently, the potentiation of
adenosine receptor mediated events (Wu and Phillis, 1984;
Deckert. et al., 1988). As a result, there is a growing
interest in the use of nucleoside transport inhibitors,
including' propentofylline, dilazep, and soluflazine, as
therapeutic agents in the CNS (see section 1.2.6).

NBMPR (see section 1.2.3.1.2) and DPR (see section
1.2.3.1.3) are both potent inhibitors of facilitated
nucleoside transport and have been used as radioligand probes
([*H)NBMPR and [’H)DPR) for nucleoside transport. [?H)DPR and
(*HINBMPR bind to the external side of the es nucleoside
transporter (Plagemann et al., 1988), and both can be used to
photolabel a protein (molecular weight 50-60 kD) which appears
to be involved in nucleoside transport (Woffendin and
Plagemann, 1987a; Plagemann et al., 1988; Cass, 1994).
However, the interactions of DPR and NBMPR with nucleoside
transporters are different. The affinity of DPR for
nucleoside transporters is species dependent (see section
1.2.3.1.3), whereas that of NBMPR is approximately the same,
regardless of species (Plagemann et al., 1988). 1In additjon,
es and el transporters, which differ >1000-fold in affinity
for NBMPR, are inhibited about equally by DPR in many systems
(Deckert et al., 1988; Plagemann et al., 1988). 1In some cell
lines, DPR inhibition of (’H]NBMPR bindi, is not strictly
competitive (Plagemann and Wohlhueter, 1985). As well, DPR
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has been shown to slow the rate of [*H)NBMPR dissocjation from
the nucleoside transporter (Jarvis et al., 1983; Wohlhueter et
al., :483; Hammond and Clanachan, 1985; shi and Young, 1986;
Hammond, 1991). Therefore, it appears that although the
binding sites for NBMPR and DPR probably overlap (Plagemann et
al., 1988), they are not identical.

NBMPR-sensitive and -resistant, as well as DPR-sensitive
and -resistant, facilitated nucleoside transport has been
identified in the CNS (see section 1.2.4). Because [‘H]NBMPR
does not 1label all facilitated nucleoside transporter
subtypes, its usefulness as a probe for the nucleoside
transport system has been questioned (see section 1.2.3.1.3).
DPR does not distinguish between es and ei transporters of
many systems (Plagemann and Wohlheuter, 1984; Deckert et al.,
1988; Plagemann et al., 1988); therefore, it was hoped that
[*H)DPR would prove to be a more generally applicable probe
for the nucleoside transporter (Marangos et al., 1985).
Subsequent studies have shown that [*H]DPR labels two- to ten-
fold as many sites as [H]NBMPR in guinea pig brain, human
erythrocytes, HelLa cells, and human ependymal tissue, with a
portion of these sites being resistant to inhibition by NBMPR
(Bisserbe et al., 1586; Marangos and Deckert, 1987; Woffendin
and Plagemann, 1987a; Jones-Humble and Morgan, 1994).
However, it has never been demonstrated definitively, that the
NBMPR-resistant [*H]DPR binding site is associated with the ei
nucleoside transporter (see section 1.2.3.1.3).

The present study was conducted to better characterize
the two [’H)DPR binding components (NBMPR-sensitive and -
resistant) in mammalian CNS. Two species, with different
proportions of NBMPR-sensitive and -resistant (*H]}DPR binding,
were used. The NBMPR-sensitive [?H]DPR binding site was
examined in rabbit cerebral cortical membranes due to the low
proportion of NBMPR-resistant [’H]DPR binding sites. These
studies were correlated ~ith [*H)NBMPR binding studies to test
the hypothesis that both radioligands were binding to the es
nucleoside transporter. Guinea pig cerebral cortical
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membranes were used to examine the effect of transport
inhibitors and substrates on NBMPR-resistant [’H])DPR binding,
due to the relatively high proportion of this site in guinea
pig. If the NBMPR-resistant ('H)DPR binding was associated
with the ei transporter, then it was expected that inhibitors
of ei-mediated transport would inhibit the NBMPR-resistant
{(H]DPR binding at similar concentrations. This type of
correlation has been shown for [*H]NBMPR binding to the es
transporter {(Plagemann et al., 1988). In addition, if the
NBMPR-resistant [*H)DPR binding was associated with the ei
transporter, then it was expected that a species with a high
proportion of NBMPR-resistant [‘H]DPR binding (i.e. guinea
pig) would have a greater proportion of NBMPR-resistant
transport than a species with a low proportion of NBMPR-
resistant (*H]JDPR binding (i.e. rabbit). Therefore,
(*H)uridine transport studies, examining the functional
activities of both the es and ei transporters, were conducted
using synaptosomes prepared from either rabbit or guinea pig
cortex. These results were compared with the radioligand
binding studies.

Finally, a substrate which is subtype selective (for
either the es or ei nucleoside transporter) would be extremely
useful for selectively examining transporter subtypes. 1In
Ehrlich ascites-tumour cells, there have been reports of
significant differences in substrate selectivity, with
guanosine, 2’-deoxyguanosine, cytidine, and 2’-deoxycytidine,
having a higher affinity for the es transporter (Hammond,
1991, 1992). However, studies with P388 mouse leukaemia cells
and rat cerebral cortical synaptosomes, showed that cytidine
and guanosine did not distinguish between es and ei nucleoside
transporters (Plagemann and Wohlhueter, 1984; Lee and Jarvis,
1988). This indicates that the characteristics of transporter
subtypes may be cell line/species specific. Therefore, a
pharmacological profile of the inhibitory effects of various
compounds (inhibitors and substrates) on es and ei nucleoside
transporters was conducted in rabbit cortical synaptosomes.
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2.1.1 Hypotheses

The NBMPR-sensitive [’H)DPR binding site is associated
with the es nucleoside transporter.

The NBMPR-resistant [*H)DPR binding site is associated
with the ei nucleoside transporter.

The es and ei nucleoside transporters in rabbit cortical
synaptosomes differ in their selectivity for compounds besides
NBMPR.

2.2 Methods
2.2.1 Materials

[(*H)NBMPR (30 Ci/mmol) and [*H)DPR (40 Ci/mmol) were from
Moravek Biochemicals, Inc. (Brea, CA). {*H]Uridine (35-50
Ci/mmol) was purchased from ICN Biochemicals (Costa Mesa, CA).
Dilazep was generously provided by Asta Werke (Frankfurt,
Germany). Mioflazine, soluflazine, and R75231 were gifts from
Dr. H. VanBelle, Janssen Research Foundation (Beerse,
Belgium). Diazepam (Hoffmann La Roche, Toronto, Canada) and
w-conotoxin (Research Biochemicals Inc., Natick, MA) were
obtained from Drs. J.T. Hamilton and R.J. Rylett respectively,
University of Western Ontario. 8-Cyclopentyl-1,3-
dipropylxanthine (Research Biochemicals Inc., Natick, MA) and
nifedipine (Sigma, St. Louis, MO) were obtained from Dr. M.A.
Cook, University of Western Ontario. Adenine, 3-[(3-
cholamidopropyl)dimethylammonioj~-1-propanesulfonate (CHAPS),
DPR, NBMPR, nitrobenzylthioguanosine (NBTGR) and uridine were
supplied by Sigma (St. Louis, MO). All other compounds were
of reagent grade.

2.2.2 Synaptosome Preparation

When neural tissue is homogenized, the cell bodies are
sheared from their processes which break up into discrete
fragments. The plasma membranes of the cell fragments can
reseal to form osmotically active vesicles containing the
organelles of the synapse. These vesicles, called
synaptosomes, are useful for examining physiological and
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pharmacological aspects of synaptic function. Subcellular
fractions can be obtained, through centrifugation and density
gradients, that have an increased concentration of
synaptosomes (Gordon-Weeks, 1987). After the crude
synaptosonal fraction (P,) has been isolated, the synaptosomes
can be concentrated using density gradients. The fractions
obtained from this process are referred to as myelin (a myelin
enriched fraction), P, (a synaptosome enriched fraction), and
mitochondria (a mitochondria enriched fraction).

Rabbits (New Zealand White, male and female, 1-3 kg) and
guinea pigs (albino, male, 250-300 g) were killed by
decapitation, or sodium pentabarbitol injection (50 mg/kg,
some rabbits). The brains were removed, and the cortices were
dissected on ice. There was no significant difference in
[(’H]NBMPR binding characteristics between rabbits injected
with sodium pentabarbitol (K,=0.26%0.04 nM, B,,=11519 fmol/mg,
n=3) and those killed by decapitation (K,=0.3010.01,
B,,=130%30, n=5). Synaptosomes were prepared (at 4°C) by a
method described by Gray and Whittaker (1962), as modified by
White (1975). The cerebral cortex was minced and homogenized
in approximately 10 volumes of ice cold sucrose solution (0.32
M sucrose, 0.1 mM EDTA, 5 mM Hepes, pH 7.4). The homogenate
was centrifuged at 1000 g for 10 min. The pellet was washed
once and the pooled supernates were centrifuged at 13 000 g
for 20 min. For binding assays, the pellet (P;) was
resuspended in sucrose solution and kept at 4°C for use within
24 h, or was frozen at -70°C for use within four weeks. There
was no significant difference in ([’H]JNBMPR binding
characteristics between rabbit synaptosomes which had been
frozen and then thawed (Kp,=0.2710.01 nM, B,,=9815 fmol/mg,
n=5) and those used the same day (Kp=0.3010.01, B,,=130130,
n=5). For the [*H)uridine uptake studies, the P, fraction was
further purified on discontinuous sucrose gradients (0.8 M and
1.2 M sucrose with 0.1 mM EDTA, 5 mM Hepes, pH 7.4) (80 000 g,
30 min). The 0.8/1.2 M interface was collected and diluted
slowly with an equal volume of incubation medium containing
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130 mM NaCl, 5 mM KCl, 1 mM MgSo,, 1 mM CaCl,, and 4 mM HEPES,
pH 7.4. This dilution was centrifuged (11 000 g, 10 min) and
the pellet (P,) was gently resuspended in incubation medium.
This suspension was kept on jice for 2 hours before use in
uptake studies.

The activity of the enzyme lactate dehydrogenase (LDH)
was assessed in the synaptosomal fractions. This cytoplasnic
enzyme, when membrane bound in vesicles, serves as a marker
for intact synaptosomes (Johnson and Whittaker, 1963). Non-
vesicular LDH was determined by adding a 10 ul aliquot of
tissue sample to a semi-micro cuvette containing 0.067 mg/wl
NADH, 0.038 mg/ml sodium pyruvate in 50 mM Tris-HCL (pH 7.4).
LDH activity was assessed by measuring the changes in
absorbance (340 nm) every 10 s for a 2 min period. Total LDH
was determined in the same manner but the vesicles in the
tissue samples were 1lysed with 1% Triton X-100 (final
concentration). Intravesicular LDH (representing intact
synaptosomes) was calculated as: total LDH - non-vesicular
LDH.

2.2.3 Radioligand binding

All [*H)NBMPR and [’H)DPR binding studies were conducted
at room temperature (®22°C), using the P, fraction resuspended
in 50 mM Tris (pH 7.1). 1In experiments with [‘H]DPR, this
buffer was supplemented with 3-((3~cholamidopropyl)-
dimethylammonio]~-1-propanesulfonate (CHAPS) to a final
concentration of 0.01% (w/v), unless otherwise indicated.
Incubations (final volume of 1 ml) were initiated by the
addition of a 50 pl aliquot of the P, fraction (0.4-0.6 mg
prot:~in) to a glass tube containing the appropriate
concentration of radioligand (t inhibitors). In all
equilibrium binding experiments, incubations were terminated
after 45 min by the addition of 4-5 ml of ice-cold 10 mM Tris
(pH 7.1), followed by rapid filtration through a Wwhatman GF/B
filter. Filters were washed once with 5 ml ([’H)NBMPR
binding), or 4 times with ¢ ml ([*H)DPR binding), of ice-cold
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10 mM Tris (pH 7.1). The washes with ice-cold 10 mM Tris did
not affect the specific (H)DPR binding (that which was
inhibited by 10 uM dilazep), but reduced the remaining
background [*H)DPR binding by =4-fold. The radioactivity on
the filters was counted by liquia scintillation
spectrophotometry. For [*H]NBMPR assays, non-specific binding
was determined in the presence of 10 uM
nitrobenzylthioguanosine (NBTGR) or 10 uM dilazep (both
yielded similar results; see Figure 2.9). [*H)JDPR binding
assays were conducted in the presence of 1 uM NBMPR (or 10 uM
dilazep in rabbit, both yielded similar results; see Figure
2.5) to determine NBMPR-sensitive bindinn. Non-specific
(*H)DPR binding was determined in the presence of 10 uM DPR.
NBMPR-resistant ([’H)DPR binding was defined as that which
could be inhibited by 10 uM DPR, but not 1 uM NBMPR.

2.2.4 (*H)]Uridine Uptake

All assays were conducted as described by Lee and Jarvis
(1988a) in incubation medium at room temperature (x22°C). The
P, fraction was used because it contained the greatest
concentration of intact synaptosomes (Table 2.5). Briefly, a
10 pl portion of synaptosomes (approx. 200 ug of protein) and
20 pl of [‘H]uridine (final concentration 10 uM, 10 uCi/ml)
were added separately to opposite sides of a plastic tube and
uptake was initiated by vortex mixing. Synaptosomes were
preincubated with inhibitors for 30 s prior to initiation of
uptake, and non-mediated uptake was determined using
synaptosomes preincubated with 100 uM dilazep. The uptake
process was terminated by the addition of 1 ml of stop
solution (ice cold incubation buffer with 25 uM DPR and 25 uM
NBTGR). The shspension was immediately filtered through a
Whatman GF/B filter and washed twice with 5 ml ‘aliquots of ice
cold stop solution. The radioactivity on the filters was
counted by 1ligquid scintillation spectrophotometry. Blank
values for non-specific [*Hjuridine binding to the filters,
found by conducting the assay in the absence of synaptosomes,
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were subtracted from the uridine uptake measurements.

The potential contribution of ion-dependent nucleoside
transporters to the accumulation of [‘H)uridine by
synaptosomes was assessed. The synaptosomes were prepared and
uptake of 10 uM [H)uridine was measured as described above,
with the following changes. The 0.8/1.2 M interface was
diluted slowly with either the usual incubation media (130 mM
NaCl), or "sodium-free" incubation media with isosmotic
replacement of sodium chloride by lithium chloride. These
dilutions were kept for 30 min on ice to allow the
intrasynaptosomal Na* concentration to equilibrate with the
Na* concentration of the media. The dilutions were then
centrifuged (11 000 g, 10 min) and the pellets (P,) were
gently resuspended in the appropriate incubation medium
(iNa*). Nucleoside uptake was measured using synaptosomes
(tNa*) and [‘HJuridine (%Na*), such that the desired Na*
gradient was produced.

Volume estimates for synaptosomes were found by
incubating an aliquot of synaptosomes with a combination of
{“C]dextran-carboxyl (cell-impermeant) and H,0 layered over a
200 pl cushion of silicone oil/mineral oil (21:4, v/v) in
microcentrifuge tubes. At the end of a 3 min incubation, the
synaptosomes were pelleted through the oil (60 sec, 12 000 g).
A portion of the supernatant was removed for scintillation
counting and the remaining supernatant and oil were removed.
The pellets were digested in 1 M NaOH, and the radioactivity
of the pellet digest was then counted by liquid scintillation
spectrophotometry. The intracellular water space (V;,) was
determined as:

vV, = Total i dpm in pellet - Total “C dpm in pellet
’H dpm/ul in supernatant “c dpm/pul in supernatant

2.2.5 Uridine Metabolism
Uridine metabolism was measured using a methodology
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similar to that described by Lee and Jarvis (1988a). Briefly,
synaptosomes were incubated for 60 s with 10 uM {’H]uridine at
room temperature. The incubation was terminated with 1 ml of
ice cold stop solution and the synaptosomes were centrifuged
at 12,000 g for 30 sec. The supernate was removed and 50 ul
of ice cold 7% HCl0, was added to extract the uridine
metabolites. The precipitate was removed by centrifugation
(12 000 g, 60 s), and an aliquot of the acid extract was
neutralized with NaHCO, and centrifuged (12 000 g, 60 s) to
remove further precipitate. The supernates vere
chromatographed on silica-gel-coated plates impregnated with
fluorescent indicator, using butan-l1-ol/acetone/acetic
acid/ammonium hydroxide/water (7:5:3:3:2 by volume) .
Standards (uridine, uracil, uridine monophosphate, uridine
diphosphate, uridine triphosphate), co-chromatographed with
the samples, were localized under ultra-violet light and the
corresponding regions on the sample lanes were isolated.
Radioactivity was extracted from the plates with water (1 ml)
for 1 h before the addition of scintillation fluid (Ready
Protein, Beckman Canada).

2.2.6 Data Analysis

Protein concentrations were determined as described by
Lowry et al. (1951) using bovine serum albumin as the
standard. Dimethyl sulfoxide, used as a solvent in some
cases, did not significantly affect binding or uptake at the
concentrations used (< 0.1% and 0.33% for binding and uptake,
respectively). (’H}JNBMPR saturation binding assays were
analyzed by the curve fitting program LIGAND (Munson and
Rodbard, 1980) to determine the probability of a single-site
or two-site binding model (F-test). For radioligand
association, the observed rate constant (kx,) was found using
the relationshi'p 1n(B,/B,~B)=k,t, where B, was bound radioligand
at equilibrium, and B was bound radioligand at time t. The
association rate constant (k,,) was then calculated using the
relationship k,;=(k,-k,)/[{L), where k, was the dissociation
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rate constant, and (L] was the concentration of radioligand.
All K; values, except those obtained from double reciprocal
plot analysis were found using the relationship
K=1Csy/ (1+[L]/Kp), where IC,, was interpolated from best fit
sigmoid curves of percentage inhibition versus log inhibitor
concentration, [L] was the concentration of radioligand, and
K, was the equilibrium dissociation constant for the
radioligand used. Other values reported were derived from
computer-generated algebraic relationships obtained via
nonlinear regression analysis (GraphPAD 1Inplot) of non-
transformed experimental data.

The statistical analysis of data was completed as
follows.
Unpaired Data:
For a single comparison, a Student’s t-test was used. For
multiple comparisons, a one~way ANOVA was used followed by
Bonferroni t-tests of selected data if significant differences
were indicated by the ANOVA.
Paired Data:
For a single comparison, a paired Student’s t-test was used.
For a multiple comparisons, a repeated measures ANOVA was used
followed by Student-Newman-Keuls analysis of selected data if
significant differences were indicated by the ANOVA.
Lines of Best Fit:
When the lines of best fit were determined for linear versus
hyperbolic and one component versus two component hyperbolic
fits. An P-test was completed based on the differences of the
sum of squares and degrees of freedom for the two possible
curves fits. From the corresponding P value, the line which
best fit the data was determined.
In all cases, significance was zonsidered at P<0.05 unless
otherwise noted.

2.3 Results
2.3.1 (*1)DPR Binding
2 . 3 ' 1 . 1 NOﬂ'spCcific
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(*H)DPR was observed to bind to glass, including the
glass fibre filters used in the binding assays, and could be
displaced from these filters by the structurally dissimilar
nucleoside transport inhibitor dilazep (Figure 2.1). The
inclusion of 0.01% CHAPS in the assay medium, along with
presoaking the filters in 0.01% CHAPS, reduced the filter
associated [*H]DPR by =15-fold, and eliminated the dilazep
displaceable, [H]JDPR filter binding (Figure 2.1). The final
assay concentrations of (*H)DPR were determined by taking
aliquots from incubation mixtures immediately prior to
filtration. In the presence of 0.01% CHAPS, the final [°H)DPR
concentration was significantly higher (Student’s paired t-
test, P<0.05) in the assay medium, than that found in the
absence of 0.01% CHAPS (0.54%0.06 and 0.49%0.07 nM,
respectively; n=5). This was likely due to CHAPS decreasing
the binding of [*H]DPR to the glass culture tubes used for the
incubations. The presence of 0.01% CHAPS was not high enough
to solubilize the membranes and, in a previous study, a 25-
fold higher concentration of CHAPS did not affect [*H]NBMPR
binding to the nucleoside transporter (Agbanyo et al., 1990).
Consequently, all subsequent [’H]DPR binding assays were
conducted in the presence of 0.01% CHAPS with prior incubation
of the filters in 0.01% CHAPS.

2.3.1.2 Kinetic Analysis

The reversibility of NBMPR-sensitive [*H]DPR binding to
rabbit cortical merbranes, which possessed primarily NBMPR-
sensitive [*H)DPR binding (®90%; Table 2.1, Figure 2.4), was
examined. As shown in Figure 2.2, equilibrium for NBMPR-
sensitive [’H)DPR binding was achieved by 20 min and
dissociation, after addition of NBTGR (1 uM final,
approximately 1000 x K;), was complete within 15 min. In order
to obtain an accurate dissociation constant for [’H]DPR bound
to the NBMPR-sensitive site, it was desirable to prevent
reassociation of ([H]JDPR with a compound which bound
competitively with (’H)DPR. Compounds which bind to the
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(*H]JDPR site in a non-competitive manner could alter the
observed dissociation rate. In rabbit cortical synaptosomes,
NBMPR appears to be a competitive inhibitor of NBMPR-sensitive
(*H)DPR binding (see section 2.4.1). Therefore, NBTGR, whc-_
binding characteristics are virtually identical to NBMPR in a
variety of systems (Plagemann et al., 1988; Hammond, 1991) was
used to prevent [’H]DPR reassociation. From these experiments
(using 1 uM NBTGR to prevent reassociation), dissociation rate
(k,=0.24+0.03 min') and association rate (k,,=0.28t0.06 min'nM
) constants were found, as described in section 2.2.6. This
allowed the calculation of a K, of 1.1%0.5 nM.

The dissociation rate was dependent on the inhibitor used
to prevent reassociation of [*H)DPR. When dilazep or R75231
(0.1 uM or 1 uM final concentration, respectively;
approximately 1000 x K;) were used instead of NBTGR to prevent
the reassociation of ([’H]DPR (Figure 2.3), significantly
slower dissociation rates were found; 0.189%0.009 min' and
0.1820.01 min' for dilazep and R75231 respectively (Student-
Newman-Keuls, P<0.05).

2.3.1.3 Saturation Analysis

The results of [’H]DPR saturation binding exper’aents are
summarized in Table 2.1. Total specific [’H)JDPR binding was
defined as [*H)DPR binding which was inhibited by 1u uM DPR.
NBMPR-sensitive (*H]JDPR binding was defined as that which was
inhibited by 1 uM NBMPR. NBMPR-resistant (’H)DPR binding was
defined as that which could be inhibited by 10 uyM DPR, but not
by 1 uM NBMPR (i.e. total specific binding -~ NBMPR-sensitive
binding) . Both NBMPR-sensitive and -resistant [*H]DPR binding
were observed in rabbit and guinea pig membranes.

RABBIT: In rabbit, mass law analysis of NBMPR~sensitive
[*H)DPR binding gave rise to linear Scatchard plots (Figure
2.4, Table 2.1), with a B_,, value of 150 fmol/mg and Hill
coefficients not significantly different from unity (n, =
0.99010.003, Student’s t-test). The K, value derived by mass




48

law analysis (1.4 & 0.2 nM) was not significantly different
from the K, value found by kinetic analysis (1.1:0.5 nM; see
section 2.3.1.2, Student’s t-test). The total specific (i.e.
DPR-sensitive) binding (Figure 2.4) also satisfied a one-site
model better than a two-site model (P<0.0l1), even in
preliminary experiments using [’H)DPR concentrations up to 25
nM. Analysis of the total specific [*H)DPR binding yielded a
Kp = 1.4 £ 0.3 nM and B, = 170 * 10 fmol/mg. Approximately
20 fmol/mg of this total specific [*H)DPR binding represents
NBMPP-resistant [H]DPR binding (total (*H}DPR binding B, -
NBMPR-sensitive [*H]DPR binding B_,).

GUINEA PIG: In contrast to rabbit, mass law analysis
of the total specific [’H)DPR binding component (i.e. DPR-
sensitive) in guinea pig membranes resulted in curvilinear
Scatchard plots (Figure 2.4), which «could be split
experimentally into two linear components; one was inhibited
by 1 uM NBMPR (NBMPR-sensitive) and the other inhibited by 10
uM DPR but not 1 uM NBMPR (NBMPR-resistant). Corresponding K,
and B, values are shown in Table 2.1. The total specific
(*1)DPR binding component (i.e. DPR-sensitive) could also be
split mathematically by fitting the data to a double-
rectangular hyperbola (a two-site model gave a significantly
better fit than a one-site model; P<0.01; Figure 2.4). This
computer-generated curve split resulted in estimated K, and
B.. values similar to those for the experimentally derived
NBMPR-sensitive and -resistant components (Table 2.1).

2.3.1.4 Inhibition Analysis

Figure 2.5 shows the profiles for NBMPR, DPR, dilazep,
and adenosine inhibition of [’H]DPR binding .0 both rabbit and
guinea pig membranes. The final [’H)DPR concentrations were
0.5 nM and 1 nM for rabbit and guinea pig, respectively. As
predicted from the saturation binding analysis (section
2.3.1.3), approximately 40% of the binding of (’H)DPR was
relatively resistant to inhibition by NBMPR in guinea pig
membranes. A %ower percentage (®10%) was resistant to NBMPR
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in rabbit, again as predicted from the saturation binding
analysis. Therefore, rabbit membranes were used for the
pharmacological characterization of the NBMPR-sensitive
(*H]DPR binding site (Figures 2.5, 2.6; Table 2.2). For all
inhibitors tested inhibition was dose-dependent and, with the
exception of dilazep, monophasic. For dilazep, which showed
a biphasic inhibition profile, only the high-affinity
component (90% of total) of the inhibition curve was
considered when calculating the 1IC, value for dilazep
inhibition of NBMPR-sensitive [*H)DPR binding. Dilazep was
the most potent inhibitor of NBMPR-sensitive [H]DPR binding,
followed by NBMPR, R75231, NBTGR, diazepam, adenosine, and
uridine. K, values were calculated as described in Methods
using the K, for NBMPR-sensitive {H]DPR binding. Only R75231
had a pseudo-Hill coefficient significantly different from
unity (n,>1, Student’s t-test).

Guinea pig membranes were used for pharmacological
characterization of the NBMPR-resistant component of [’H)DPR
binding (Table 2.3). Thes2 assays used 1 uM NBMPR to block
(*H]DPR binding to the NBMPR-sensitive site. Even very high
concentrations of the potent nucleoside transport inhibitors
mioflazine (10 pM final) and dilazep (100 uM), and the
nucleoside transporter substrates adenosine and uridine (10 mM
final), did not inhibit more than 45% of the NBMPP-
resistant/DPR-sensitive (*H)DPR binding. Since DPR has been
reported to interfere with transporters and enzymes other than
the nucleoside transporter (Gerlach et al., 1964; Plagemann
and Richey, 1974; Asano et al., 1977; Deckert et al., 1988;
Plagemann et al., 1987, 1988), inhibitors/substrates of cCa*
channels, adenosine receptors, phosphodiesterase, and glucose
transporters were tested for their effects on the NBMPR-
resistant (*H)DPR binding component; none inhibited the
binding by more than 45% (Table 2.3). The only potent
inhibitor of NBMPR-resistant (’H]DPR binding was non-
radiolabelled DPR (Figure 2.7), which had a 1C, value of 9%2
nM and pseudo-Hill coefficient of 0.341+0.03.




2.3.2 (*H)NBMPR Binding to Synaptosomal Membranes

Results presented in the previous sections suggest that
the NBMPR-sensitive [H]DPR binding sites may be associated
with the es nucleoside transporter. Since the es transporter
can also be labelled by [H]NBMPR (see section 1.2.3.1.2),
[*H]JNBMPR binding studies were conducted for comparison with
the (H)DPR binding studies. Mass law analysis of the
specific binding of (H]JNBMPR to rabbit and guinea pig
membranes (Figure 2.£) indicated a single class of binding
sites for both species with Hill coefficients not different
from unity (Table 2.4). Guinea pig membranes had a higher
affinity and a larger number of binding sites for [’H]NBMPR
than did rabbit membranes (Table 2.4).

Inhibition of specific [H]JNBMPR binding to rabbit
membranes was observed to be dose-dependent and monophasic in
nature for all inhibitors tested (Figure 2.9, Table 2.2). The
order of inhibitor potency was the same as that observed for
inhibition of NBMPR-sensitive [’H]DPR binding to rabbit
cortical membranes (dilazep > R75231 > NBTGR > DPR), and both
dilazep and R75231 had pseudo-H" 11 coefficients significantly
greater than unity. Double reciprocal plct analysis showed
DPR to be a competitive inhibitor of [?H]NBMPR binding to
rabbit wmembranes, in both the presence (Figure 2.10) and
absence of 0.0i% CHAPS. Likewise, the presence of 0.01% CHAPS
had no significant effect on the B_, and K, values obtained
for [’H]NBMPR binding (K, values of 0.271+0.005 and 0.291+0.009
nM, B_., values of 101+7 and 96%7 fmol/mg protein found in the
absence and presence of 0.01% CHAPS respectively, ANOVA).
However, the K; value obtained for DPR inhibition of [*H)NBMPR
binding in the presence of CHAPS was significantly lower than
that found in its absence (K=0.52$0.02 nM and 0.78+0.07 nM,
respectively). This may have been due to reduced binding of
DPR to non-specific sites resulting in higher "free"
concentrations in the presence of 0.01% CHAPS (see section
2.3.1.1).

Two specific high-affinity binding sites for [’H]NBMPR
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(DPR-sensitive and -resistant) were characterized previously
in rabbit cortical membranes (Hammond and Clanachan, 1985).
Rowever, in the present study, only a single specific binding
component for ([*H]JNBMPR was observed (Figures 2.8, 2.9).
Since Dutch rabbits were used in the previous study and New
Zealand White rabbits were used in this study, the disparity
may have been due to differences in animal strain. However,
when experiments were repeated for the present study (Figure
2.11), both strains of rabbit had similar DPR inhibition
profiles for [H]NBMPR binding. As well, no evidence of DPR~
sensitive and -resistant [*H]NBMPR binding (biphasic
inhibition profile) sites was found in either strain. The
reason for the discrepancy between this study and the previous
study by Hammond and Clanachan (1985) has yet to be resolved
but may be due to uncontrolled factors such as different
feeding condition or animal age.

2.3.3 (*H]}Uridine Uptake

Examination of the functional activity of nucleoside
transporters, through substrate influx studies, requires
intact vesicles such as synaptosomes. Therefore, the presence
of intact synaptosomes, as isolated from rabbit cerebral
cortex (see section 2.2.2), was verified by examining the
activity of occluded LDH in the various fractions (Table 2.5).
This cytoplasmic enzyme serves .3 a marker for synaptosomes
(Johnson and Whittaker, 1963). As shown in Table 2.5, the P,
fraction had the greatest concentration of intact
synaptosomes. Therefore, the P, fraction was used for the
nucleoside uptake studies.

This study involved comparing the results using the P,

fraction (binding studies) with those using the P, fraction
(uptake studies). To make these comparisons valid, the
characteristics of the nucleoside transporters in the two
fractions should be similar. Therefore, the binding
characteristics of both fractions were compared (Table 2.6).
{’H]DPR binding constant. (K, and B_,) were not significantly
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different between the fractions (ANOVA) ; therefore,
comparisons between the binding studies and the uptake studies
were made. [‘H]NBMPR binding (K, and B,, values) in guinea pig
cortex has also been shown to be similar for the P, and P,
synaptosomal fractions (Hammond and Clanachan, 1984).

Uridine uptake was examined using a stop solution (ice-
cold incubation buffer containing 25 uM DPR and 25 uM NBTGR)
to terminate all incubations. Since this method is only valid
if the stop solution terminates influx immediately and
prevents subsequent efflux of the substrate from the
synaptosomes, the effectiveness of the stop solution was
examined. Rabbit cortical synaptosomes were incubated in 10
UM (’H)Juridine for 30 s, and then 1 ml of either room
temperature buffer or ice cold stop solution was added to the
incubation tube. The contents of the tube were filtered
immediately, or after a known time interval, to examine the
amount of entrapped uridine that remained (Figure 2.12).
There was a large (>50% of total) and immediate uridine efflux
with the room temperature buffer; however, there was no
significant efflux with the stop solution even after 90 s
(Student’s t-test). Therefore, the stop solution was used in
subsequent assays to terminate (*H]uridine uptake.

The metabolism of ([’HJuridine by rabbit cortical
synaptosomes was also examined to ensure that it was not
interfering with the measurement of nucleoside transport (see
section 1.2.2). After a 60 s incubation, 98% of the
intracellular radioactivity co-chromatographed with uridine,
indicating minimal metabolism of uridine by the synaptosomes.
Similar results, showing the effectiveness of ice cold stop
solution and the lack of nucleoside metabolism have been
observed in both guinea pig and rat cortical synaptosomes (Lee
and Jarvis, 1988a,b).

2.3.3.1 Uridine Uptake in Rabbit Synaptosomes
2.3.3.1.1 Kinetic Characterization
To establish the contribution of the NBMPR-resistant
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transport system to the cellular accumulation of [*H]uridine,
synaptosomes were incubated with a range of concentration of
NBMPR, and then exposed to 10 uM (*H)uridine for 30 s. The
resulting biphasic inhibition profile is shown in Figure 2.16.
The NBMPR-resistant component comprised 37:4% of the total
transporter-mediated uptake. The 1C,, values calculated from
the biphasic inhibition curves were 2.5%1.1 nM and 76126 uM,
for the NBMPR-sensitive and ~-resistant components,
respectively (the ICy,, for the NBMPR-resistant component is
extrapolated from data shown in Figure 2.16). From this
inhibition profile, it was concluded that 330 nM to 1 uM NBMPR
blocked uridine uptake via the NBMPR-sensitive system without
affecting uptake via the NBMPR-resistant system; this range is
= 100-fold greater than, and 100-fold less than, the 1ICy,
values for NBMPR-sensitive and -resistant [’H]Juridine uptake
(10 uM), respectively. Therefore, each sy=tem could be
studied selectively. This range of F®BMPR concentrations has
been used in previous studies to sel. :tively inhibit NBMPR-
sensitive transport in rat and guinea pig synaptosomes (Lee
and Jarvis, 1988a,b).

The time course of [’H)uridine uptake (10 uM) by rabbit
cortical synaptosomes is shown in Figure 2.13. Total
transporter-mediated uptake was defined as the difference
between total uptake and that in the presence of 100 uM
dilazep (non-mediated uptake). NBMPR-resistant uptake was
defined as mediated uptake that was not inhibited by 1 uM
NBMPR. Finally, NBMPR-sensitive uptake was defined as the
difference between total uptake and NBMPR-resistant uptake.
The initial rate of total (’Hjuridine (10 uM) uptake was
0.63$0.07 pmol/s per mg protein. This rate was decreased in
the presence of 1 uM NBMPR, by about half, to 0.31$0.08 pmol/s
per mg protein. The initial rate of ron-mediated uptake was
0.14$0.04 pmol/s per mg protein. Total 10 uM [*Hjuridine
uptake reached an equilibrium of 17.2 pmol/mg (as predicted by
computer generated hyperbolic fit to data). Using an intra-
synaptosomal water space estimate of 7.010.5 ul (n=7), found
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as described in section 2.2.4, the equilibrium ([’H]uridine
concentration in the synaptosomes was approximately 2.5 uM.
This value is lower than the expected 10 uM at equilibrium,
but is similar to that observed previously for ([*H]uridine
uptake (100 uM final) in guinea pig synaptosomes where the
equilibrium concentration was 15-25% uM (Lee and Jarvis,
1988Db) . This might have been due to the presence of
compartments within the synaptosome, such as synaptic
vesicles, which may not be accessible to [H)}uridine.

Time courses of [’H)Juridine uptake, similar to those
shown in Figure 2.13, were constructed using a range of
[*H)uridine concentrations (1-500 uM). In each case, the
initial rate of [’Hjuridine influx was determined for the
total uptake, the uptake in the presence of 1 uM NBMPR, and
the uptake in the presence of 100 puM dilazep. The average
initial rates of [’H]uridine influx were plotted against the
{*H)juridine concentration to determine kinetic constants for
both the NBMPR-sensitive and -resistant components (Figure
2.14). Non-mediated ([*H)uridine influx, found in the presence
of 100 uM dilazep, increased 1linearly (rather than
curvilinearly; F-test, P<0.01), with [*H]uridine concentration
(Figure 2.14). This is as expected if all mediated
(*Hjuridine transport was inhibited by this concentration of
dilazep. Total mediated {’HJuridine transp-ct, defined as the
difference between total uptake and that in the presence of
100 uM dilazep, was saturable (K,=172 uM, V_.=7 pmol/s per mg
protein) and could be resolved into two components (Figure
2.14). The NBMPR-sensitive component, defined as the
difference between the total uptake and that in the presence
of 1 uM NBMPR (Figure 2.14), had a K, of 320 uM and V,, of 4.9
pmol/s per mg protein. The NBMPR-resistant component, defined
as the difference between the uptake in the presence of 1 uM
NBMPR and that in the presence of 100 uM dilazep (Figure
2.14), had a K, of 94 uM and B, of 2.7 pmol/s per mg protein.

Experiments were conducted, as described in section
2.2.4, to test for the presence of Na'-dependent transport in
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the synaptosones (Figure 2.15). Synaptosomes were
equilibrated in medium which contained Na‘, or one in which
Na* was replaced iso-osmotically with Li*. Li*' does not drive
the Na*-dependent nucleoside transporter (Williams et al.,
1989; Plagemann and Aran, 1990). {(*H)}Uridine (10 uM), in
buffer + Na‘*, was then added to the synaptosomes such that a
inward Na* gradient was produced. The initial rate of influx
found in the presence of an inward Na‘* gradient (0.53+0.06
pmol/s per mg protein) was not higher than the initial rate
found in the absence of a Na' gradient (0.6%0.1 pmol/s per mg
protein). The initial rate of influx found with an inward Na‘
gradient in the presence of 330 nM NBMPR was also measured.
NBMPR was included in the assay because inhibition of
facilitated transport sometimes allows Na*-dependent transport
to be observed more clearly (Dagnino et al., 1991a,b;
Vijayalakshmi et al., 1992). The initial rate of influx found
with an inward Na* gradient in the presence of 330 nM NBMPR
(0.31%0.1 pmol/s per mg protein) was not higher than that found
in the absence of a Na‘* gradient (0.31%0.08 pmol/s per mg
protein). Therefore, as in other studies with mammalian
cortical synaptosomes (see section 1.2.4.2), no Na‘*-dependent
nucleoside transport was detected (Figure 2.15).

2.3.3.1.2 Pharmacological Characterization

A variety of nucleoside transport inhibitors and
substrates were tested for their abilities to inhibit both the
total transporter-mediated uptake, and the NBMPR-sensitive
uptake of 10 uM [’HJuridine by rabbit cortical synaptosomes.
Dilazep, like NBMPR, had a biphasic inhibition profile which,
when fit to a two-site competition model, resulted in ICy,
values of 3.9$0.6 nM and 1718 uM for the NBMPR-sensitive and -
resistant components, respectively (Figure 2.16). The
proportion of dilazep-resistant (*Hluridine uptake was 3915%
of total mediated uptake which is similar to the percentage of
NBMPR-resistant uptake (37:4%; Figure 2.16). None of the
other inhibitors or substrates tested distinguished between
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the two systems to a degree that resulted in biphasic curves.
In these cases, selectivity was determined by comparing
inhibition profiles in the absence and presence of 330 nM
NBMPR, which blocked the NBMPR-sensitive uptake component
(Figures 2.17 to 2.20). Of the compounds tested,
dipyridamole, R75231, soluflazine, and mioflazine had
significantly higher 1IC, valuec for inhibition of NBMPR-
resistant [*H)uridine uptake when compared with inhibition of
total transporter-mediated uptake (Table 2.8, Student’s t-
test). The other compounds, including the substrates
adenosine, guanosine, and cytidine, showed no significant

selectivity.

2.3.3.2 (*H)Uridine Uptake by Guinea Pig Synaptosomes

The time course of 10 pM [*HJuridine uptake by guinea pig
cortical synaptosomes is shown in Fiqure 2.21. The initial
rate of total [*H)uridine uptake was 0.8710.07 pmol/s per mg
protein and the initial rate of non-mediated uptake was
0.1140.03 pmol/s per mg protein. These values are similar to
those observed in rabbit (0.63 and 0.14 pmol/mg for total and
non-mediated uptake, respectively). Inhibition of
transporter-mediated, 10 uM (’HJuridine uptake by DPR was
monophasic with an ICy, of 29+4 nM (Figure 2.22). 1Inhibition
of transporter-mediated, [’HJuridine uptake by NBMPR was
biphasic (Figure 2.22) with approximately 25% of the total
mediated uptake relatively resistant to inhibition by NBMPR
(Figure 2.22), IC, values calculated from the biphasic
inhibition curves were 1.1+0.4 nM and 10¢3 uM for the NBMPR~
sensitive and -resistant components respectively (the 1Cy for
the NBMPR-resistant compcnent was extrapolated from data shown
in Figure 2.22).

2.4 piscussion
2.4.1 (*H]DPR Binding

The use of ['H)DPR as a specific probe for the nucleoside
transport system has been hampered in past studies by its




57

tendency to bind to glass and plastic assay tubes and filters
(Shi and Young, 1986; Marangos and Deckert, 1987). 1In the
present study, it was found that the [’H}DPR (0.5 nM) which
was bound to the glass fibre filters was displaceable by
dilazep, a structurally dissimilar nucleoside transport
inhibitor, with an ICy, of =1 uM. Since the filter associated
{*H)DPR could be displaced with dilazep, at concentrations
within the range used to study (’H]DPR binding to the
nucleoside transporter (up to 10 uM), and possibly by other
nucleoside transport inhibitors, the filter associated [*H])DPR
could potentially be misinterpreted as binding to specific
tissue located sites, such as nucleoside transporters. This
problem was eliminated by including 0.01% CHAPS, a
zwitterionic detergent, in the assay medium and presoaking the
filters in 0.01% CHAPS. This methodological refinement also
reduced the binding of [’H]DPR to glass tubes, and allowed the
assay concentrations of [’H)DPR to be determined accurately.
The reduction in non-specific binding of (*H]DPR and the use
of a wide range of [*H)DPR concentrations enabled the
resolution, directly from mass law analysis data, of the
specific (DFR-sensitive) binding of (*H)DPR into two
components, which was not possible in a previous study on the
binding of [*H]}DPR to guinea pig brain membranes (Marangos and
Deckert, 1987).

One objective of the present study was to determine if
the NBEMPR-sensitive and -resistant [’H)DPR binding sites in
brain represented es and ei nucleoside transporters,
respectively. Rabbits were chosen for the detailed
pharmacological and kinetic examination of the NBMPR-sensitive
(*H)DPR binding site, due to the relative lack of NBMPR-
resistant (’H)DPR binding in this species. The NBMPR-
sencitive [*H)DPR binding and the [’H]NBMPR binding results cin
be compared to test the hypothesis that, in rabbit, they were
both binding to the same site on the es nucleoside
transporter. These results showed that: 1/ there were a
similar number of [*H)NBMPR binding sites and NBMPR-sensitive
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[(*H)DPR binding sites (13030 and 150+20 fmol/mg,
respectively); 2/ there were similar K; (or ICy,) values for
NBTGR, dilazep, and R75231 inhibition of both [‘H]NBMPR
binding and NBMPR-sensitive [*H]DPR binding (Table 2.2); 3/
there was a similarity between the K, value for DPR inhibition
of [H)NBMPR binding and the K, value for NBMPR-sensitive
(H)DPR binding (0.9510.08 and 1.410.2 nM, respectively); and
4/ DPR was a competitive inhibitor of ([H)NBMPR binding
(Figure 2.10). These similarities in binding characteristics
demonstrate that [’H)NBMPR binding and NBMPR-sensitive [’H)}DPR
binding is to the same site or, at least, to overlapping sites
on the same membrane component. A similar conclusion was
attained in studies on [*H]DPR binding to guinea pig and human
erythrocytes (Jarvis, 1986) and guinea pig lung membranes (Shi
and Young, 1986).

Both R75231 and dilazep were extremely potent inhibitnrs
of [’H)NBMPR binding and NBMPR-sensitive (’H)}DPR binding in
rabbit (K; < 1 nM). These inhibitors were unique, amongst
those tested, in that they had pseudo-Hill coefficients
greater than 1. When used as displacing agents, they also
resulted in dissociation rates, for NBMPR-sensitive [’H]DPR
binding, that were slower than that found using the refere=nce
compound NBTGR. These results, and those of others (see
section 1.2.3.1.2), are not compatible with a simple, non-
cooperative, binding site model but rather suggest a model
involving multiple, interacting, binding sites. In this more
complex model of ligand binding to the nucleoside transporter,
the binding of a compound to one site (eg. R75231) could
affect the binding of another compound to a second site (eq.
(*H]NBMPR) . This model is examined in more detail in Chapter
3 using the radioligand [’H)R75231.

It has been asserted that the NBMPR-resistant [’H]DPR
binding sites in guinea pig brain are associated with ei
nucleoside transporters (Marangos and Deckert, 1987). The
main evidence for this is the similar percentages of NBMPR-
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resistant [*H)DPR binding (Marangos and Deckert, 1987) and
NBMPR-resistant nucleoside transport in guinea pig brain
(Davies and Hambley, 1986), and the high potencies (low K,
values) of recognized nucleoside transport blockers as
inhibitors of [*H]DPR binding (Marangos and Deckert, 1987).
However, these K; values were determined for inhibition of DPR-
sensitive [’H]DPR binding, which includes both the NBMPR-
sensitive and -resistant components. Therefore, these K,
values may not give a true indication of the affinity of these
compounds for the NBMPR-resistant [*H]DPR binding site. 1In
addition, endogenous nucleosides were shown to be relatively
poor inhibitors of [’H]DPR binding (K; values > 1 mM) (Marangos
and Deckert, 1987). These K, values for inhibition of [’H}DPR
binding are >10 fold lower than the affinity (K, values) of
these same nucleosides for the ei transporter (Lee and Jarvis,
1988a,b; Plagemann et al., 1988). Therefore, it can not be
concluded, from these results, that the NBMPR-resistant
{*H)DPR binding site is on the ei transporter. In fact, the
lack of correlation between the K, values for inhibition of
(*H)DPR binding by nucleosides and the affinity of these same
nucleosides for the ei transporter, suggests that the NBMPR-
resistant [*H]JDPR binding may be, at 1least in part, to
membrane components distinct from the permeant site of the
nucleoside transporter.

This study examined the NBMPR-resistant ([’H]DPR binding
component, in more detail, to test the hypothesis that this
component represents binding to the ei transporter. If this
hypothesis is correct, a correlation (i.e. similar potencies)
between NBMPR-resistant [*H)DPR binding and NBMPR-resistant
nucleoside transport is expected. Guinea pig cortical
synaptosomes were chosen for examination of NBMPR-resistant
{*H)DPR binding, as they possessed a large proportion of this
binding component (=90% of DPR-sensitive [*H]DPR binding). To
examine only the NBMPR-resistant [*H)DPR binding, assays were
conducted in the presence of 1 uM NBMPR to inhibit binding of
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(*H)DPR to NBMPR-sensitive sites. With the exception of non-
radiolabelled DPR, none of the nucleoside transport substrates
or inhibitors tested were able to inhibit more than 45% of the
NBMPR-resistant [*H]DPR binding. For example, uridine (10 mM)
had no effect on the NBMPR-resistant binding component, even
though the X, of uridine for the NBMPR-resistant nucleoside
transport sy:tem was 100-fold lower (=100 uM). Dilazep (100
pM) inhibited the NBMPR-resistant [*H]DPR binding component by
only 20%, even though this concentration of dilazep blocked
NBMPR-resistant [*H)uridine influx completely. This analysis
shows that the NBMPR-resistant [H)DPR binding and the NBMPR-
resistant transport were not affected similarly by nucleoside
substrates and inhibitors. Furthermore, the proportion of
NBMPR-resistant (*H)DPR binding (NBMPR-resistant B,, : NBMPR-
resistant B,,, + NBMPR-sensitive B,,) in guinea pig was =7
times that found in rabbit. If NBMPR-resistant [>H]DPR
binding and NBMPR-resistant transport are related, it is
expected that the proportion of NBMPR-resistant nucleoside
transport (NBMPR-resistant V,, : NBMPR-resistant V,, + NBMPR-
sensitive Vv_,) in guinea pig vs. rabbit would also be =7.
This ratio was actually only 2. These results all suggest
that NBMPR-resistant {’H)DPR binding sites are not associated
with the ei nucleoside transporter.

This assertion is further supported by the relatively
high 1ICy, (>1 uM) reported for DPR inhibition of NBMPR-
resistant adenosine transport in guinea pig synaptosomes (Lee
and Jarvis, 1988b); in the present study, specific binding of
(H]JDPR to this site was unlikely to be observed at the
radioligand concentration (1 nM) used to examine NBMPR-
resistant (*H]DPR binding in guinea pig. A lower ICy (120 uM)
for DPR inhibition of NBMPR-resistant adenosine uptake was
reported by Shank and Baldy (1990) but this value was found
using incubation times of up to 6 minutes. Under such
conditions, inhibitor effects reflect interactions with both
meambrane transport and metabolism (see section 1.2.2). The
ICy reported by Lee and Jarvis (1988b) determined using
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incubation times of 5 seconds is 1likely to be more
representative of the effect of DPR on membrane transport
processes. Because of the lack of correlation between NBMPR-
resistant [*H]DPR binding and NBMPR-resistant transport, it is
unlikely that ([’H]JDPR is binding to a site on the ei
nucleoside transporter, or, if it is, then [’H}JDPR must be
binding in such a way as to be virtually independent of the
nucleoside permeant site and other inhibitor binding sites.
It is more likely that NBMPR-resistant [*H)DPR binding is to
sites not associated with the ei transporter. This is
supported by the observations that [H]DPR binds to 5 times as
many sites as ({*H)NBMPR in human erythrocytes (Woffendin and
Plagemann, 1987), a cell which does not possess el
transporters (Cass et al., 1974; Jarvis and Young, 1980). As
well, only 50% of the nucleoside transport in HelLa cells is
NBMPR-resistant (Paterson et al., 1985), but [’H]DPR labelled
10 times as many sites as did [*H]JNBMPR (Woffendin and
Plagemann, 1987).

It is unknown at this time what the NBMPR-resistant
{*H]DPR binding sites are associated with. DPR has been
demonstrated to inhibit cAMP phosphodiesterase (Asano et al.,
1977; Deckert et al., 1988), adenosine kinase (Deckert et al.,
1988; Plagemann et al., 1988), glucose transport (Plagemann et
al., 1987a), and phosphate transport (Gerlach et al., 1964),
at concentrations =100-fold higher than that required to
inhibit nucleoside transport. As well, DPR binds to proteins
such as a,-acid glycoprotein and albumin (MacGregor and Sardi,
1991). Some of these potential binding sites for [*H]DPR were
investigated experimentally. Based on the lack of inhibition
of NBMPR-resistant {*H)DPR binding by nifedipine, w-conotoxin,
DPCPX, and D-glucose, it is unlikely that [’H)DPR was binding
to ca?* channels, adenosine receptors, prosphodiesterase, or
glucose transporters. It may be that the NBMPR-resistant
[(H)DPR binding site was not located in the membrane but was
associated with cytoplasmic components. Support for this
conjecture comes from the fact that the 5-fold difference in
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(CH)DPR and [‘H]NBMPR B_, values in whole erythrocytes
(Woffendin and Plagemann, 1987a) was not observed in
erythrocyte membrane preparations (Jarvis, 1986; Woffendin and
Plagemann, 1987a). Due to the low pseudo-Hill coefficient
found for DPR inhibition of NBMPR-resistant [’H)DPR binding
(n,=0.34), it is also probable that this component represents
more than one class of binding site.

In conclusion, [*H)DPR is able to bind with high affinity
to at least two sites in guinea pig and rabbit cortical
synaptosomes. One site appears to be the same as the
(*H)NBMPR binding site on the es nuclecside transporter. The
other site or sites are as yet unidentified but do not appear
to be to functional, membrane-located, nucleoside

transporters.

2.4.2 Kinetics and Pharmacological Profile of Nucleoside
Transport in Rabbit Cortical Synaptosomes

{(*H)Uridine transport into rabbit cortical synaptosomes
was found to be mediated by two saturable, facilitated,
transport systems. As was the case with other cortical
synaptosome preparations, no Na*-dependent transport was
detected (Shank and Baldy, 1990; Lee and Jarvis, 1988a; Lee
and Jarvis, 1988b). Because, Na*-dependent, concentrative
transport can be masked, sometimes, by the efflux of substrate
via the equilibrative transporter, NBMPR was included in the
assay to block this efflux without affecting the Na*~-dependent
transporter (Dagnino et al., 1991a,b; Vijayalakshmi et al.,
1992). However, it should be noted that the bluck of
equilibrative transport was incomplete, due to the presence of
NBMPR-resistant transport. As well, although most Na*-
4Aependent transporters are insensitive to NBMPR (>10 uM), a
Na‘-dependent transporter, which can be inhibited by 1low
concentrations of NBMPR and DPR (<10 nM), has recently been
found (N5) in human leukemic cells (see section 1.2.3.2).
Nonetheless, in the absence of NBMPR, no Na*-dependent
transport was detected in synaptosomes with an inward Na*
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gradient when compared to those without a Na' gradient. It
should be noted that the "Na‘-free" buffer, used in these
assays, likely contained a 1low (<200 uM), residual,
concentration of Na* due to contaminants in the other salts
used to prepare the buffers. However, it is unlikely that
this low concentration of residual Na* would be sufficient to
drive a Na*-dependent transporter as it has been determined in
other systems that the Na‘'-dependent transporters have a K,
of about 10 mM (Jarvis, 1989; Jarvis et al., 1989; Williams et
al., 1989; Dagnino et al., 1991b; Plagemann, 1991; Williams
and Jarvis, 1991).

The two systems found in rabbit could be distinguished by
their sensitivity to the nucleoside transport inhibitor NBMPR.
Table 2.7 shows the K, and B,,, values for NBMPR-sensitive and
~-resistant nucleoside transport in rabbit, rat, and guinea pig
cortical synaptosomes. Even though these studies were all
done in the same anatomical system and in rodents, there were
distinct differences between the species. Rabbit differed
from both rat and guinea pig as it had a relatively high
proportion of NBMPR-sensitive transport. In additicn, the
relative substrate affinity of the transporters (i.e. K,
values) differed. In rat and rabbit, ei transporters had a
higher substrate affinity than es transporters did, which was
opposite to that seen in guinea pigqg. As well, the
translocation rate for the es transporter in gquinea pig was
much lower than that found in rat or rabbit.

Differences in nucleoside transport characteristics
between species are not unexpected. The number of
transporters per cell, as well as the subtypes of transporters
found in cells, often differs between species (Deckert et al.,
1988; Plagemann et al., 1988; see section 1.2.3). For
example, the number of es transporters per erythrocyte, as
measured by [*H]JNBMPR binding, is about 1.5x10* for human,
5x10° for pig, 200 for rat, and none for sheep (Plagemann et
al., 1988). As well, the effect of many inhibitors, such as
dilazep, DPR and 1lidoflazine, on transport is spec’es
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dependent (Plagemann et al., 1988; see section 1.2.3). These
species dependent differences may be due to structural
differences in the nucleoside transporter. For example, the
degree of glycosylation of the es nucleoside transporter
differs between species (Crawford et al., 1990c; Kwong et al.,
1993; Cass, 1994). Pig and human erythrocytes differ as a
result of an additional protein domazin in the pig transporter

(Kwong et al., 1993). As well, nucleoside ¢transport
characteristics can be regulated through various second
messengers (see section 1.2.5). .¢ is not clear how this

regulation differs from species to species.

What is clear, is that the effects produced by a
particular transport blocker could be species dependent, as a
result of the types and proportions of nucleoside transporters
present. For example, in the CNS, a inhibitor selective for
the es transporter will 1likely have a greater effect on
adenosine mediated events in rabbit than in guinea pig. This
is due to the greater proportion of NBMPR-sensitive {rarsport
in rabbit (65%) when compared to guinea pig (30%) (Table 2.7).
In addition, within a single species, radioligand binding and
nucleoside transport studies have demonstrated that the
subtypes, densities, and inhibitor sensitivities of nucleoside
transporters, vary within different regions of the brain
(Morgan and Marangos, 1987; Deckert et al., 1988; sShank and
Baldy, 1990; see section 1.2.4.1). Therefore, the development
of nucleoside transport inhibitors, to be used c¢linically in
the CNS, should include a detailed characterization of
nucleoside transport kinetics and transporter subtvpe
sensitivities. 17T, date, the types of nucleoside transporters
and their 1localization, in the human CNS, has not been
established.

In rabbit cortical synaptosones, anhibition of
cransporter-mediated [’Hjuridine uptake by NBMPR and dilazep
both resulted in two components with approximately 60% being
inhibitor-sensitive. Similar profiles, representing the
inhibition of NBMPR/dilazep-sensitive and NBMPR/di.azep-
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insensitive transporters, have been seen in other systems (Lee
and Jarvis, 1988a; Lee and Jarvis, 1988b; Plagemann et al.,
1988; Hammond, 1991). None of the other inhibitors or
substrates tested could distinguish between the two
transporters to this extent; however, many did show
transporter selectivity. These included dipyridamole, R75231,
mioflazine, and soluflazine, which all had a significantly
higher affinity for the es transporter. This differs somewhat
from studies in Ehrlich cells and rat erythrocytes vhere
mioflazine showed no transporter selectivity and soluflazine
was selective for the ei transporter (Griffith et al., 1990;
Hammond, 1991). None of the substrates tested showed a
significant selectivity for either of the transporter
subtypes, which is common to that seen in other studies in
rat, and mouse (Lee and Jarvis, 1988a; Plagemann and
Wohlhueter, 1984). However, these results again differ from
a study in Ehrlich cells (of murine origin) which demonstrated
a selectivity for the NBMPR-sensitive system by cytidine and
guanosine (Hammond, 1991). These differences may be
attributable to species, or tissue, dependent variability in
nucleoside transport characteristics. Finding a substrate
which is selective for the es or ei nucleosid: transporter of
all species will be difficult. However, detailed structure-
activity studies may lead to the design of substrates that
have a significant selectivity for one of the facilitated
nucleoside transporters.

In conclusion, rabbit cortical synaptosomes possess both
es and ei nucleoside transporters. The relative proportions
and kinetic characteristics of these transporters differ from
that found in other species. As well, the es nucleoside
transporter did not show selectivity for any of the substrates
examined when compared to the ei transporter. The subtypes,
quantities, and kinetic and pharmacological characteristics of
nucleoside transporters, may all be, at least in part, species
dependent. Since nucleoside transport inhibitors are being
developed for clinical use in the CN3, these results emphasis
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the importance of fully characterizing the nucleoside
transport system of human CNS tissue.
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Figure 2.1: The effect of dilazep on [‘H]DPR binding to
glass fibre filters in the absence (a) and presence (a) of
0.01% CHAPS in the incubation medium was assessed. Filters
were also presoaked (a only) for 10 min in a buffer solution
containing 0.01% CHAPS. Assays were conducted as described in
section 2.2.3, except that no synaptosomal membranes were
added to the incubation tubes. The final [‘H]DPR
concentration was 0.5 nM. Each point represents the mean h.S

SEM from at least three experiments performed in duplicate.
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Piaure 2.2: Reversibility of NBMPR-sensitive [’H)DPR

binding to rabbit cortical synaptosomal membranes. The rate
of association (M) of 0.5 nM [’H)DPR with the membranes was
observed by filtering the membrane/(’H)DPR suspension after
various incubation times (0.5 and 120 min). The inset graph
shows the linear transformation of the association data. The
slope of these data gave an observed rate constant (k,) of
0.3710.01 min', Tc measure the rate of dissociation of [*H]DPR

from its specific sites, NBTGR (1 uM, final) was added (V)

after a 45 min incubation and the samples were filtered at
various times thereafter ([J). Each point represents the mean
+ SEM from four experiments.
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Pigure 2.3: Dissociation of NBMPR-sensitive [’H]}DPR binding
from rabbit cortical synaptosomal membranes. Membranes were
incubated with 0.5 nM [’H)DPR for 45 min. To measure the rate
of dissociation of [’H]DPR from its specific sites, NBTGR ([,

colid line; 1 uM final), dilazep (4, dotted line; 0.1 uM

final), or R75231 (0O, dashed line; 1 uM final) were added and
the samples were filtered at various times thereafter.
Control binding was defined as NBMPR-sensitive [’H)DPR binding
observed before the addition of a dissociating agent. For
clarity, only the first 8 min of dissociation are shown;
however, all inhibitors resulted in 1i00% dissociation of
NBMPR-sensitive [’H]DPR within 30 minutes. Each point
represents the mean * SEM from four experiments.




Pigure 2.4: Saturation analyecis of [’H)DPR binding to
rakvit and guinea pig synaptosomal membranes (upper panels)
and the corresponding Scatchard transformations (lower
panels). Total binding (M) and binding in the presence of 1
uM NBMPR (0), or 10 uM DPR (¢, nonspecific) was measured as
descrihed in the text. NBMPR-sensitive [‘H]DPR binding was
calculated as the difference between the total specific
binding and the specific binding observed in the presence of
1 uM NBMPR. NBMPR-resistant binding of [’H)DPR was defined as
that which could be inhibited by 10 gM DPR but not 1 uM NBMPR,
The Scatchard plots show the NBMPR-sensitive [*H)DPR binding

(0), NBMPR-resistant binding (A), and the total specific

binding of (H]DPR (@). To enhance the graphical clarity of
the saturation data for guinea pig, the entire range of
{(*H)DPR concentrations is not shown in the top panel; however,
the full range of ['H]DPR concentrations (0. 85 nM) was used
to construct the Scatchard plot. These are representative
plots from at least four experiments of a similar type done in
duplicate. The hp and B,,, values derived from these studies

are compiled in Table 2.1i.
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rigure 2.5 Inhibition of (’H]DPR binding to rabbit and
guinea pig membranes by dilazep, NBMPR, DPR, or adenosine.
Cortical membranes were incubated with 0.5 nM (rabbit) or 1 nM
[*H)DPR (guinea pig) in the presence and absence of a range of
concentrations of dilazep (¢), NBMPR (a), DPR (0), and
adenosine (@). Control binding was that observed in the
absence of inhibitor, and 0% of control (dashed line) was
defined as the binding obtained in the presence of 1 uM NBMPR,
determined as described in the text. Each point represents
the mean * SEM from at least four experiments conducted in
duplicate.
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Pigure 2.6: Inhibition of ([H]JDPR binding to rabbit
membranes by R75231, NBTGR, diazepam, or uridine. Cortical
membranes were incubated with 0.5 nM [H)DPR in the presence
and absence of a range of concentraticns of R75231 (0), NBTGR
(¢), diazepam (a), or uridine (M). Control binding was that
observed in the absence of inhibitor, and 0% of control
(dashed line) was defined as the binding obtained in the
presance of 1 uM NBMPR, determined as described in the text.
Each point represents the mean * SEM from at least four
experiments conducted in duplicate.
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Pigure 2.7: Inhibition of the NBMPR-resistant binding of

{H)DPR to guinea pig cortical membranes by DPR. Control
binding of [*H]DPR was defined as the DPR-sensitive (10 uM)
binding of [H]DPR (1 nM) which was resistant to inhibition by
1 uM NBMPR. Please note that 100% of control for this figure
is equivalent to 0% control in Figures 2.5 and 2.6. Values
shown are the means * SEM from three experiments done in

duplicate.
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Pigure 2.8: Saturation analysis of ([’H]JNBMPR binding to
rabbit and guinea pig synaptosomal membranes (upper panels)
and the corresponding Scatchard transformations of the
specific binding derived from these data (lower panels).
Specific binding (@) was defined as the total binding (a)
minus the binding observed in the presence of 10 uM dilazep
(O, nonspecific), determined as described in the text. These
are representative plots from at least four experiments
conducted in duplicate.
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Figure 2.9: Inhibition of [*H]JNBMPR binding to rabbit
membranes by a series of nucleoside transport inhibitors.
Cortic?l membranes were incubated with 0.4 nM [*H)NBMPR in the
presence and absence of a range of concentrations of dilazep
(¢), R75231 (O), NBTGR (¢), and DPR ((I). Control binding was
that observed in the absence of inhibitor, and 0% of control
was defined as the binding obtained in the presence of 10 uM
dilazep, determined as described in the text. Each point
represents the mean + SEM from three or four experiments
conducted in duplicate.
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Figure 2.10: Double reciprocal plot analysis of DPFR
inhibition of the specific binding of ([’H]NBMPR to rabbit
cortical membranes in the presence of 0.01% CHAPS. The
specific binding of 6 concentrations (0.1 - 1.8 nM) of
[(*H]NBMPR was measured in the presence of 0 nM (@), 1 nM (),
or 3.3 nM (W) DPR. This is a represrntative plot from four
experiments of a similar type done in duplicate.
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Figure 2.11: Inhibition of [’HJNBMPR binding to cortical
membranes of New Zealand White or Dutch rabbits by DPR.
Cortical membranes from New Zealand White (a) or Dutch (*)
rabbits, were incubated with 2 nM [’H]NBMPR in the presence
and absence of a range of concentrations of DPR. Control
bi..ding was that observed in the absence of inhibitor, and u%
of control was defined as the binding obtained in the presence
of 10 uM dilazep, determined as described in the text. The
experiment was conducted twice in duplicate. Each point shown

is the average of a duplica*e.
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Pigure 2.12: The capacity of the stop solution (ice-cold
incubation buffer with 25 uM DPR and 25 uM NBTGR) to prevent
efflux of uridine from rabbit cortical synaptosomes. After 30
s of [*H)Juridine uptake (final concentration, 10 pgM), 1 wnl of
either room temperature Luffer (a) or stop solution ([J was
added to the incubation tube. This mixture was then filtered
immediately or after a known time interval to examine the
efflux of uridine. The uridine retained in the synaptosomes
is expressed as a percentage of the uridine retained when the
stop solution was used and the synaptosomes were filtered
immediately. Each point represents the mean + SEM from four
experiments.
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Figure 2.13. Time courses of [’HJuridine uptake by rabbit
cortical synaptosomes. Synaptosomes were preincubated in
buffer (W), 1 uM NBMPR (a), or 100 uM dilazep (®) before
initiation of (*H]uridine uptake (final concentration, 10 uM).
Each point represents mean * SEM from four experiments
performed in duplicate.
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Figure 2.14: Relationship between substrate concentration
and the initial rate of [*H]Juridine uptake by rabbit cortical
synaptosomes. The initial rate of total uptake (M), and that
in the presence of 1 uM NBMPR (a) or 100 uM dilazep (non-
mediated, @) was examined at various uridine concentrations.
Each of these initial rates were derived from at least three
experiments conducted in duplicate, wherein the total uptake
and that in the presence of 1 uM NBMPR or 100 uM dilazep was
examined at 5 time points (see Figure 2.13). The results from
these experiments were averaged and an initial rate of uptake
was found for each uridine concentration. F-tests determined
that the line of best fit was linear for non-mediated uptake
and curvilinear for total uptake and that in the presence of
NBMPR (P<0.01). Kinetic constants were determined by non-
linear least-squares fit to the averaged data and are shown in
Table 2.7.
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Pigure 2.15: Examination of the sodium dependence of uridine
(10 uM, final concentration) uptake by rabbit cortical
synaptosomes. Synaptosomes were either incubated in +Na‘
medium and then transferred to +Na* medium containing
(*H)uridine (®, no gradient), incubated in ~Na' medium and
then transferred to +Na* medium containing [’Hjuridine ((J,
inward Na* gradient), or incubated in -Na* medium with 330 nM
NBMPR and then transferred to +Na* medium countaining

{(*H]uridine with 330 nM NBMPR (A, inward Na‘' ¢ -:i1eat +
NBMPR). Na* was replaced iso-osmotically with liths » in each
case, Each point represents the mean % SEM from four
experiments performed in duplicate.




FPigure 2.16: Inhibition of transporter-mediated [’H)uridine
uptake into rabbit cortical synaptosomes by NBMPR and dilazep.
Synaptosomes were preincubated with various concentrations of

NBMPR (A) or dilazep (M,J) and the mediated influx of

[*H)uridine (final concentration, 10 uM) during a 30 s
incubation was determined. The transporter mediated uptake in
the presence of dilazep was found i1n the absence (closed
symbols) or presence (open symbols) of 333 nM KRBMPR. Control
uptake was the amount of transporter-mediated accumulation of
(’H]uridine observed in the absence of inhibitors (closed
symbols) or in the presence of 333 nM NBMPR alone (open
symbols). Each point represents the mean + SEM from four

experiments performed in duplicate.
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Pigure 2.17: Inhibition of transporter-mediated {’Hjuridine
uptakxe into rabbit cortical synaptosomes by soluflazine and
mioflazine. Synaptosomes were preincubated with various
concentrations of soluflazine (a,a) or mioflazine (¢,0) in the
absence (closed symbols) or presence (open symbols) of 333 nM
NBMPR. All other conditions are as described for Figure 2.16.
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Figure 2.18: Inhibition of transporter-mediated [’Hjuridine
uptake into rabbit cortical synaptosomes by cytidine and
adenosine. The capacity of various concentrations of cytidine
(@,0) or adenosine (B,[J), in the absence (closed symbols) or
presence (open symbols) of 333 nM NBMPR, to inhibit 10 uM
{*H]uridine uptake into synaptosomes was assessed. All other
conditions are as described for Figure 2.16.
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Figure 2.19: Inhibition of transporter-mediated [*Hjuridine
uptake into rabbit cortical synaptosomes by DPR and R75231,.
Synaptosomes were preincubated with various concentrations of
DPR (a,a) or R75231 (¢,0) in the absence (closed symbols) or
presence (open symbols) of 333 nM NBMPR. All other conditions
are as described for Figure 2.16.
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Pigure 2.20: Inhibition of transporter-mediated {*H]Juridine
uptake into rabbit cortical synaptosomes by guanosine. The
capacity of various concentrations guanosine (M,(]), in the
absence (closed symbols) or presence (open symbols) of 333 nM
NBMPR, to inhibit 10 uM (’H]uridine uptake was assessed. All
other conditions are as described for Figure 2.16.
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Figure 2.21: Uptake of [’Hjuridine by guinea pig cortical
synaptosomes. Synaptosomal accumulation of 10 uM [’H)uridine
was measured in the absence (total uptake, ®) and presence
(non-mediated uptake, ©O) of 100 uM dilazep. Each point
represents the mean * SEM from four experiments conducted in

duplicate.
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Pigure 2.22: Inhibition of transporter-mediated [*H)uridine
uptake into gulnea pig cortical synaptosomes by NBMPR and DPR,
Synaptosomes were preincubated with various concentrations of
NBMPR (a) or DPR (¢) and the mediated influx of [’HJuridine
(final concentration ‘10 uM) during a 30 s incubation was
determined. Control uptake was the amount of transporter-
mediated accumulation of [*H)Juridine observed in the absence
of inhibitors. Each point represents the mean * SEM from four
experiments conducted in duplicate.
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Table 2.1 Comparison of [’H]JDPR bindirj constants in
rabbit and guinea pig cortical membranes. Binding parameters
vere determined by mass law analysis of specific binding data
similar to that shown in Figure 2.4. 1In rabbit, K, and B,
values for NBMPR-resistant [*H)DPR binding could not be
determined in an independent experiment due t. the small
quantity of this component. However, a B,, for NBMPR-
resistant [*H)DPR binding was estimated at 20 fmol/mg (total
{*H)DPR binding B, -NBMPR-sensitive [’H)DPR binding B_).
Values shown are the means * SEM from at 1least four

experiments done in duplicate.

s — e et ————e ettt
— —

NBMPR-Resistant NBMPR~-Sensitive
Kp B, . Kp Boax
Species (nM) (fmol/mg) (nM) (fmol/mg)
Rabbit N.D. 20° 1.4%0.2 150+20
Guinea Pig® 60120 840+40 2.8%0.5 110+30

o —

* calculated from: total (*H)DPR binding B,, (170 fmol/mg) =~
NBMPR-sensitive (*H)DPR binding B_,, (150 fmol/mg)

* A computer-generated curve split of the total specific
[(*H)DPR binding (DPR-sensitive) into two components resulted
in the following K, and B,,, values (high~affinity site, K, =
1.3710.06 nM and B,, = 10011 fmol/mg; low affinity site K, =
96t6 nM and B,,, = 920%+120 fmol/mg) which are similar to the
values for NBMPR-sensitive and -resistant ([’H)DPR binding

given in Table 2.1.
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Table 2.2 Comparison of the inhibition of [*H)NBMPR binding
and NBMPR-sensitive [’H)DPR binding to rabbit cortical
membranes by various substrates and inhibitors. Compounds
were tested over a range of 8-11 concentrations (Figures 2.5,
2.6) to determine their capacity to inhibit the specific
binding of [’H]NBMPR (0.4 nM) or the NBMPR-sensitive binding
of ([*H)DPR (0.5 nM). NBMPR-sensitive [’H}DPR binding was
defined as that which could be inhibited by 1 uM NBMPR (or 10
uM dilazep, both yielded similar results).
the means t+ SEM from three-five experiments done in duplicate.

Values shown are

Inhibitor [*H)DPR Binding [PHINBMPR Binding
K Ny K ny
NBTGR (nM) 0.820.2 0.820.1 0.610.1 0.9210.06
DILAZEP (nM) 0.10:0.04* - 0.09+0.03 | 1.4410.1
DPR (nM) 0.9+0.1% 0.95:0.04 0.95+0.08 1.0410.02
R75231 (nM) 0.720.2 1.48:0.08 | 0.4420.02 1.46:0.09
NBMPR (nM) 0.56+0.03 0.95$0.03 ~ -
DIAZEPAM (uM) 3.5$0.5 0.8210.08 - -
ADENOSINE (uM) 7015 1.02$0.05 - -
URIDINE (uM) 270220 0.920.1 - ~

% 1Cy value.
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Table 2.3 Inhibition of the NBMPR-resistant [‘H]DPR binding
component in guinea pig cortical membranes by various agents.
Assays were conducted in the presence of 1 uM NBMPR to inhibit
the NBMPR-sensitive ([’H)DPR binding. Control binding of
(’H]DPR was defined as the DPR (10 fiM)-scnsitive binding of
(*H}JOPR (1 nM) which was resistant to inhibition by 1 uM
NBMPR. Final assay concentrations of inhibitors are shown in
parentheses. Values shown are the means * SEM from three
experiments done in duplicate.

Inhibitor % Control Binding

Adenosine (10 mM) 73%1
Uridine (10 mM)
Thymidine (10 mM)
Adenine (10 mM)
Soluflazine (10 uM)
Mioflazine (10 uM)
Dilazep (170 uM)
Nifedipine (10 uM)
w-Conotoxin (500 nM)
DPCPX (10 uM)
D-Glucose (333 mh)

——— ——
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Table 2.4 Comparison of [’H)NBMPR binding constants in rabbit
and guinea pig cortical membranes. Binding parameters were
determined by mass law analysis of specific binding data as

shown in Figure 2.8. Values shown are the means + SEM from at
least four experiments done in duplicate.

KD Bm n“
(nM) (fmol/mg)
Rabbit 0.30%0.01 130%30 1.05%%+0.02

Guinea Pig 0.097%0.007 1744 0.9610.03

)
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Table 2.5 LDH activity in the synaptosomal fractions isolated
from rabbit cerebral cortex. The synaptosomal fractions were
isolated, as described in section 2.2.2, and the total and
extravesicular LDH activity was determined. Intravesicular
LDH activity was found by subtracting the extravesicular LDH
activity from the total. The experiment was conducted twice
and the average result is shown.

o — — —— 4
Synaptoscmal |Total Extra-vesicular Intra-vesjcular : Intravesicular

Fraction

(absorbance/min/ug protein) (¥ of total)
P, 0.109 0.060 0.049 45%
Myelin 0.123 0.068 0.055 45%
P 0.59 0.071 0.52 88%

v

Mitochondria | 0.075 0.074 0.001 13
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Table 2.6 Comparison of {’H\DPR binding constants in P, and P,
synaptosomal fractions of guinea pig cortex. Binding
parameters were determined by mass law analysis of specific
binding data. NBMPR-sensitive [’H)DPR binding was defined as
the specific binding that was sensitive to inhibition by 1 uM
NBMPR. NBMPR-resistant binding of [’H)DPR was defined as the
binding that could be inhibited by 10 uM DPR but not by 1 uM
NBMPR. No significant differences were found in the K, or B_,
values of the two fractions. Values shown are the means * SEM
from four experiments done in duplicate.

NBMPR-resistant NBMPR-Sensitive
KD Bm l(l.': Bm.u
Fraction (nM) (fmol/mg) (nM) (fwmol/mg)
P, 60+20 840140 2.8%*0.5 110%30

P, 8115 1060+280 2.5%1.2 140160
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Table 2.7 Comparison of nucleoside transport and [*H)NBMPR
binding characteristics of mammalian cortical synaptosomes.
Kinetic constants for [*H)nucleoside transport via es and ei
transporters, and B, values ( {*H]NBMPR binding) for rat,
guinea pig, and rabbit cortical synaptosomes are shown.
(’H)Uridine transport and (’K]NBMPR binding constants for
rabbit were determined as described in the text. All other
values were taken from the indicated source. Substrate
translocation rates were calculated based on the V_, for
NBMPR-sensitive [*H]uridine transport and the B, for
(*H]NBMPR binding, assuming that one [*H]NBMPR binding site
represents one NBMPR-sensitive nucleoside transporter
(Plagemann et al., 1988).

e — —
Species (*H]Nucleoside Transport [*H]NBMPR
NBMPR-Sensitive NBMPR-Resistant
K. Vs Translocation K. Voux | .

(M) (pmol/s/mg) (molecules/s) (uM) (pmol/s/mg) (fmol/mg)

Rat® 300 12 21 214 16 580
Guinea Pig*® 13 2.9 3 73 6.9 620
Rabbit* 320 4.9 a8 94 2.7 130

. ——— —  _— __———

*from Lee and Jarvis, 1988a using uridine as the substrate
*from Lee and Jarvis, 1988b using adenosine as the substrate
‘using uridine as the substrate




Table 2.8 Inhibition of total transporter-mu:diated, and

NBMPR-resistant, [*H]Juridine uptake in rabbit cortical
synaptosomes. Compounds were tested over a range of
concentrations to determine their caracities to inhibit the
transporter-mediated uptake of 10 ':* [*H)uridine (Figures
2.16 to 2.20). The ratio represents the relative affinity
of the inhibitor for the ei transporter (Total IC,,/NBMPR-
resistant ICy,). Values shown are the means *+ SEM from at

least four experiments.

e —— e ———— oy

Inhibitor or Total Influx NBMPR-Resistant Ratio*
Substrate ICqy Influx

ICy,
Dipyridamole 11040 nM 640+180 nM° 0.17
R75231 3101450 nM >3 uM>™ <0.1
Soluflazine 526 nM 850+290 nM* 0.08+0.03
Mioflazine 7402180 nM 2017 puM™ 0.0840.06
Adenosine 100420 uM 60+20 uM 1.6
Guanosine 450490 uM 370+160 uM 1.2
Cytidine 390450 uM 360+70 uM 1.310.3

. SEM for ratios are shown only if data were paired such

that the ratio could be calculated for each individual
experiment.

b Extrapolated ICs;,. Mioflazine (9 pwM) and R75231 (3 pM)
produced 30:+4% and 0% inhibition of NBMPR-resistant uptake,
respectively.

¢ Significantly different from the Icio value cbtained for
inhibition of total mediated uptake of [’H}uridine

(Student’s t-test, paired where appropriate, P<0.05).




CHAPTER 3: INTERACTION OF R75231 WITH THE NUCLEOSIDE
TRANSPORTER

3.1 Introductjon
The radiolabelled inhibitors {*H]NBMPR (Cass et al.,

1974; Jarvis and Young, i980; Hammond, 1991), [*H]DPR
(Marangos et al., 1985; Marangos and Deckert, 1987;
woffendin and Plagemann, 1987; Jones and Hammond, 1992), and
(*H)dilazep (Gati and Paterson, 1589) have all been used as
specific high-affinity probes for proteins associated with
nucleoside transport. There is growing evidence that
inhibitor binding to the transporter is not a simple 1:1
relationship but involves a complex model, possibly
involving multiple inhibitor binding sites and allosteric
interactions. In this manner, inhibitor binding to one site
can effect the binding of inhibitors to a different binding
site(s). The evidence for a complex model includes pseudo-
Hill coefficients of less than and greater than unity for
inhibition of [’H]NBMPR binding by DPR or lidoflazine
analogues, respectively (Wu and Phillis, 1982b; Hammond and
Clanachan, 1985; IJzerman et al., 1989; Jones and Hammond,
1992). Various agents have also been shown to modify the
rate of dissociation of [*H]NBMPR from its binding sites
(Jarvis et al., 1983; Koren et al., 1983; Wohlhueter et al.,
1983; Hammond, 1991). As well, saturable and reversible
(*H]dilazep binding to two distinct sites, as demonstrated
by kinetic data, including a 50-fold difference in K,
values, was observed in S49 mouse lymphoma cells (Gati and
Paterson, 1989). Both of these sites may be located on a
single nucleoside transporter protein, as neither binding
component was detected in AE, cells, a nucleoside transport
deficient S49 mutant (Gati and Paterson, 1989). Due to the
growing interest in nucleoside transport inhibitors as
cardioprotective (Haga et al., 1986; Van Belle et al., 1989,

99
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1991, 1992; Geiger and Fyda, 1991; Masuda et al., 1991,
1992; Chang-Chun et al., 1992; de Haan et al., 1993;
Wainwright et al., 1993; Beukers et al., 1994; Bohm et al.,
1994; Yang et al., 1994) and neuroprotective agents (Deckert
et al., 1988; Dragunow, 1988; Daval et al., 1991; Geiger and
Fyda, 1991; Marangos. 1991; Marangos and Miller, 1991), it
is critical that their interactions with the transporter be
understood thoroughly.

The present study used the newly developed mioflazine
derivative from the Janssen Research Foundation, R75231 (2-
(aminocarbonyl)-4-amino-2, 6-dichlorophenyl)-4-(5,5-bis (4~
fluorophenyl) -pentyl]-l-piperazineacetamide-2HCl), as a
probe to study inhibitor interactions at the nucleoside
transporter. R75231, a substituted piperazine, has unique
and interesting binding properties, giving it great
potential both as a probe for the nucleoside transporter,
and clinically. Studies, in vitro, have shown that R75231
binds to the transporter extremely tightly (Masuda et al.,
1991; Van Belle and Janssen, 1991), perhaps irreversibly
(I1Jzerman et al., 1992). Compatible with these observations
is the finding that R75231 has long-lasting inhibitory
effects in vivo (Baer et al., 1991; Van Belle et al., 1991).
This, and the finding that R75231, and congeners, inhibit
(*H]NBMPR binding with pseudo-Hill coefficients greater than
one (IJzernan et al., 1989; Jones and Hammond, 1992),
suggest that R75231 binds to the nucleoside transporter in a
different manner than does [‘H]NBMPR. Because of this
extremely tight binding, specificity for the nucleoside
transporter, long duration of action, and very good
absorption when given orally to rabbits (Baer et al., 1991;
Van Belle and Janssen, 1991; Van Belle et al., 1991;
IJzerman et al., 1992), the clinical potential of R75231 may
be greater than that of any of "he other nucleoside
transport inhibitors tested, so far. However, it should be
noted that the tignt binding of R75231 could also prove to
be a deleterious characteristic for clinical use.




101

Specifically, if the negative chronotropic effects of
adenosine were to produce a complete conduction block in the
heart, the tight binding of R75231 might make this condition
extremely difficult to reverse. Currently, R75231 is being
examined for its cardioprotective effects which include:
inhibition of platelet aggregation, antiarrhythmic effects,
arterial dilation, cardiopreservation for transplantation,
protection from ischemia and from stress due to a high
concentration of catecholamines (Masuia et al., 1991, 1992;
Van Belle and Janssen, 1991; Mollhoff et al., 1992; de Haan
et al., 1993; Van Belle et al., 1993; w:inwright et al.,
1993; Beukers et al., 1994; Bohm et al., 1994).

In the present study, the nature of R75231 binding to
nucleoside transporters was examined. The interaction of
R75221 with nucleoside transporters in rabbit cortical
synaptosomes was examined based on its capacity to inhibit
the binding of [*H]JNBMPR and the uptake of [’HJuridine. 1In
addition, binding assays with the recently synthesized
[*H)R75231 were performed using human erythrocyte ghost
membranes, as they possess a larger number of nucleoside
transporters than do rabbit cortical synaptosomes.

3.1.1 Hypothesis
R75231 binds to the es nucleoside transporter in an
irreversible manner.

3.2 Methods
3.2.1 Materials

(*H)NBMPR, 26-36 Ci/mmol, was purchased from Moravek
Biochemicals, Inc. (Brea, CA) and [*H]uridine, 60 Ci/mmol, was
purchased from ICN Canada. The R75231 and iiaflazine were
generously provided by Dr. H. Van Belle, Janssen Research
Foundation (Beerse, Belgium). [’H]JR75231 (5 Ci/mmol) was
obtained from Dr. A.P. IJzerman, Center for Bio-Pharmaceutical
Sciences (Leiden, The Netherlands), and dilazep was a gift
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from Asta Werke (Frankfurt, Germany). NBTGR, DPR, NBMPR,
CHAPS, trypsin (EC 3.4.21.4, 10,200 units/mg), adenosine and
uridine were supplied by Sigma (St. Louis, MO). All other
compounds were of reagent grade.

3.2,2 Membrane Preparation

Cortical membranes (P, fraction) and a partially purified
synaptosomal preparation (P, fraction) were prepared as
described previously (see section 2.2.2). All [’H)NBMPR
binding assays were Jdone using the P, fraction. (’H}Uridine
uptake studies utilized the partially purified P, preparation,
as this preparation had the greatest concentration of intact
synaptosomes (see section 2.3.3). Binding characteristics for
the P, and P, fractions were not significantly different (see
section 2.3.3).

Human erythrocyte ghosts were prepared as described by
Dodge et al. (1963), except that membranes were resuspended
ultimately in 5 mM sodium phosphate (pH 8.0 at 22 °C) and
stored at -70 °C.

3.2.3 {*H)NBMPR Binding

(*H)NBMPR binding was performed at room temperature
(=22¢C) in 50 mM Tris (pH 7.1). 1Incubations (final volume of
1 ml) were initiated by adding an aliquot of the P, fraction
(approx. 0.5 mg protein), or erythrocyte ghost membranes
(approx. 3 ug protein), to a glass tube containing the
appropriate concentration of radioligand (¢ inhibitors). 1In
some cases, as indicated in Results, membranes were incubated
with inhibitors for 30 min prior to the (H]NBMPR binding
assays. Incubations were terminated after 45 min, unless
otherwise noted, by dilution with 5 ml of ice-cold 10 mM Tris
(PH 7.1). This was followed by rapid filtration through
Whatman GF/B filters, which were then washed once with 5 ml of
ice-cold 10 mM Tris (pH 7.1). Non-specific binding of
(*H]NBMPR was determined in the presence of 10 uM dilazep. 1In
cases +here membranes were washed after incubation with
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inhibitor, each wash consisted of a centrifugation (40,000 g,
10 min), followed by resuspension in 10 ml of buffer (unless
otherwise noted), and incubation at room temperature for 30

nin.

3.2.4 (*H])R75231 Binding

(*H)R75231 was found to be >95% pure when tested by thin
layer chromatography as described in IJzerman et al. (1992).
In preliminary experiments with synaptosomal menmnbranes,
specific binding of [’H]R75231 was not detected; this was
likely due to the relatively 1low number of nucleoside
transporters in this preparation and the high nonspecific
binding observed with [’H]R75231. Therefore, human
erythrocyte ghosts, a more homogeneous membrane preparation
with a large number of nucleoside transpor .cs, were used for
all {’H)R75231 binding studies. Incubations (final volume of
1 ml) were conducted at room temperature in 50 mM Tris (pH
7.1), containing 0.01% CHAPS (w/v) to reduce non-specific
binding (see section 2.3.1.1). The incubations were initiated
by adding an aliquot of membrane suspension (approx. 3 ug
protein) to a glass tube containing the appropriate
concentration of radioligand (t+ inhibitors). Incubations were
terminated after 2 h, unless otherwise noted, by dilution with
5 ml of ice~cold 10 mM Tris (pH 7.1). This was followed by
rapid filtration through Whatman GF/B filters and four washes
with 5 ml of ice-cold 10 mM Tris (pH 7.1). The filters were
presocaked in 0.1% Dbovine serum albumin for 2 h at room
temperature to reduce the non-specific binding of ['H)R75231
to the filters. Non-specific binding of [H]R75231 to the
erythrocyte membranes was determined by preincubating
membranes with 10 uM NBMPR and 10 uM dilazep for 30 minutes
prior to the assay and then conducting the assay in the
presence of these inhibitors. [’H)R75231 concentrations were
determined from aliquots of incubation mixtures removed
immediately prior to filtration.

To assess the reversibility of [*H]R75231 binding (0.3
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nM), ligand dissociation was initiated, after a 2 h
association period, by the addition of 1 ml of buffer
containing displacing agent(s) or by 100-fold dilution in
incubation buffer. The effects of relatively weak inhibitors
on the dissociation of [’H]R75231 (e.g. adenosine, diazepam)
were determined in the presence of a supramaximal inhibitory
concentration of NBMPR (5 pM); this ensured a complete block
of [*H]R75231 reassociation and allowed the study of potential
allosteric interactions as described by Hammond (1991). For
some dissociation agents, similar experiments were conducted
in the presence of 0.005% saponin to eliminate the possibility
of intravesicular {’H)JR75231 trapping.

3.2.5 (*H}Uridine Uptake

Assays were conducted as described in section 2.2.4, with
the following modifications. Synaptosomes were incubated with
inhibitors for 30 min prior to exposure to 10 uM [*H)uridine.
In cases wvhere synaptosomes were washed after exposure to
inhibitors, each wash consisted of a centrifugation (16,000 g,
2 min), resuspension in 1 ml buffer, and a 15 min incubation.
Following the 5 washes (which in binding studies was shown to
be sufficient to eliminate the inhibitory effect of NBMPR, see
Figure 3.1), the synaptosomes were resuspended (approx. 200 ug
protein/10 ul) in buffer or 100 uM dilazep (to quantify non-
mediated uptake) and the uptake assay was conducted.

3.2.6 Dat; Analysis

Protein concentrations were determined as described by
Lowry et al. (1951) using bovine serum albumin as the
standard. Dimethyl sulfoxide, used as a solvent in some
cases, did not have a significant effect on binding ([’H]NBMPR
or [*H)R75231) or [’H)uridine uptake at the concentrations
used; up to 0.1 and 0.33% respectively. K,, B,.,, and ¢t,,
values were derived by nonlinear regression analysis (GraphPAD
Inplot, version 4.03) of non-transformed experimental data.
Dissociation rate constants (k;) were found by linear
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regression using the relationship 1n(B/B,)=k,t, where B, is the
bound ligand at time 0, and B is the bound ligand at specific
times (t) after initiation of ligand dissociation. Statistics
were completed as described in section 2.2.6.

3.3 Results
3.3.1 (*H]NBMPR Binding

The interaction of R75231 with the nucleoside transporter
was first analyzed by examining its capacity to interfere with
the binding of [*H]NBMPR. R75231 is a potent inhibitor of
(*H}NBMPR binding in rabbit cortical synaptosomes, K=0.4410.02
nM, (see section 2.3.2). The reversibility of R75231 binding
was examined by incubating synaptosomes with 3.75 nM R75231 or
3.75 nM NBTGR for 30 min and then washing the membranes
repeatedly, with aliquots being removed after each wash for
assay f ['H)NBMPR binding (Figure 3.1). Even after 5 washes
there was no significant change in the degree of R75231
inhibition of [H]JNBMPR binding (Student’s t-test), whereas
NBTGR inhibition of [*H}NBMPR binding was eliminated after the
second wash. In a set of similar experiments, synaptosomes
were washed once with 1 uM NBTGR or 10 mM adenosine in an
attempt to displace the R75231. This was followed by 5 washes
with buffer. These washes were effective in eliminating all
of the inhibitory activity of NBTGR and adenosine (i.e. not
significantly different from the binding observed in the
absence of inhibitor; ANOVA). However, the majority of R75231
inhibition of ([’H]JNBMPR binding still remained after the
washes. The washing with adenosine or NBTGR resulted in a
decrease of R75231 inhibition of [>H]NBMPR binding of 9% (from
90.9 £ 0.4 to 81.8 £ 0.4%), and 5% (from 88.6 + 1.3 to 83,7 ¢
0.4%), respectively (ANUVA; Bonferroni, n=3).

To better understand the nature of R75231 interaction
with the ([’H]NBMPR binding site (competitive or non-
competitive), the binding of a range of concentrations of
(*H)NBMPR was examined using synaptosomes pre-incubated (30
min) with 0 nM (control), 1.5 nM, or 3.75 nM R75231 (Figure




106

3.2). R75231 caused a significant (repeated measures ANOVA,
P<0.01), concentration dependent increase in apparent K, and
a decrease in apparent B_, values (Table 3.1). A similar
shift in kinetic constants remained after 5 washes, although
the differences in B, were no longer statistically
significant (Table 2.1).

3.3.2 (*H)Uridine Uptake

R75231 selectively inhibited NBMPR-sensitive {*HJuridine
uptake in rabbit cortical synaptosomes without affecting
NBMPR-resistant [‘H]uridine uptake, even at concentrations up
to 10 uM (see section 2.3.3.1.2). Since R75231 was observed
to inhibit [H)NBMPR binding even after repeated washing, the
ability of R75231 to inhibit transporter-mediated [’Hjuridine
uptake after repeated washing of synaptosomes preincubated
with R75231 was investigated. As shown in Figure 3.3, the
inhibition of transporter-mediated [’H}uridine uptake by 100
nM R75231 (54i5% before washing) was not decreased
significantly (30+10%), by the wash procedure (ANOVA;
Bonferroni). In parallel experiments, a comparable inhibition
produced by 10 nM NBMPR (43%2% before washing) was decreased
significantly (5%1t9) (ANOVA; Bonferroni) by the same wash
prctocol (n=4).

3.3.3 (3H]R75231 Binding
3.3.3.1 Binding Kinetics

The time course for specific binding of 0.3 nM (’H]R75231
to human erythrocyte ghost membranes (Figure 3.4) fit a single
component model (correlation coefficient = 0.99) and was
rapid, with a half-time of 1.6%+0.4 min. Because of the
unusual binding characteristics of [*H]R75231, the association
kinetics of [*H]JR75231 were also examined in the presence of
3 nM NBMPR or 10 nM DPR (Figure 3.4). From this it was
determined that ([’H)R75231 binding in the presence of
inhibitors reached equilibrium within 90 min.

In all cases, dissociation of [H]R75231 from the
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menmbranes conformed to a single component (correlation
coefficient for the data graphed according to the equation
1n(B/B,)=k,t was 0.99, regardless of method of dissociation).
However, the rate of dissociation of [*H]R75231 was relatively
slow and depended on the compound used to prevent its
reassociation (Figures 3.5, Table 3.2). The addition of S5 uM
NBMPR, 5 uM DPR, or 5 uM diazepam (+ NBMPR), each induced a
complete dissociation of site-bound [’H]R75231 ($10%) with
rates (50.01 min!, see Table 3.2) not significantly different
from those observed using a protocol involving a 100-fold
dilution in the absence of displacer (0.007+0.002 min?,
Student-Newman-Keuls). However, the dissociation of
{*H)R75231 obtained with 100-fold dilution was incomplete
(75%). In comparison, the dissociation rates observed using
S uM R75231 or 5 uM mioflazine (+ NBMPR) as the displacing
ayents were significantly slower (x0.0025 min'; see Table 3.2,
Student-Newman-Keuls) than those obtained using 5 uM NBMPR
alone, and the use of 6 mM adenosine (+ NBMPR) resulted in a
faster rate of dissociation (0.020+0.005 min').

In contrast to any of the other compounds used to prevent
[*H)R75231 reassociation, 5 uM R75231 or 5 uM mioflazine (+
NBMPR) resulted in an initial transient increase in [’H)R75231
binding to the membranes (Figure 3.5). In order to eliminate
experimental artifact as an explanation, the possibility that
these displacers were causing an increased free [’H]R75231
concentration, by displacing [’H)R75231 bound to the glass

tubes, was examined. In control experiments with no
membranes, neither R75231 nor NBMPR crused an increase in free
[*H)R75231.

Different dissociation rates observed with different
displacing agents could be a result of these agents altering
the permeability of membrane vesicles which had trapped
(*H1R75231. Therefore, dissociation experiments were repeated
for some inhibitors in the presence of 0.005% saponin to
eliminate the possibility of intravesicular ([’H)R75231
trapping. The effectiveness of saponin in permeabilizing the
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vesicles was demonstrated in control experiments with trypsin
which cleaves the nucleoside transport protein on a site on
the cytoplasmic side of the membrane (Plagemann et al., 1988).
In the presence of trypsin (10 ug/ml) and 0.005% saponin,
843'5% of the [’H]R75231 binding was eliminated compared to
only 27+14% in the presence of trypsin alcne. Therefore, the
saponin was effectively permeabilizing the cells under these
experimental conditions. The dissociation profile obtained in
the presence of saponin (Figure 3.6) was similar to that
obtained in its absence. The dissociation rates in the
presence of 5 uM R75231, S uM NBMPR, or 6 mM adenosine (+
NBMPR) were 0.002310.0001, 0.0052%0.0004, 0.011%0.001 min’
respectively, which are not significantly different from chose
obtained in the absence of saponin (ANOVA; Bonferroni).

3.3.3.2 Equilibrium Binding

Mass law analysis of ([’H]R75231 binding to erythrocyte
ghost membranes resulted in K, and B,,, values of 0.35 nM and
44.1 pmol/mg protein, respectively (Figure 3.7). This B_,
value is not significantly different from that found using
[*H)NBMPR (Figure 3.8, 41.3%4.1 pmol/mg protein, Student’s t-
test).

Results frorm studies on the inhibition of [*H]R75231 (0.3
nM) binding to erythrocyte ghost membranes by a variety of
transport inhibitors and substrates can be se.n in Figure 3.9,
with the corresponding IC,, values compiled in Table 3.3. The
order of potency of these agents for inhibition of [*H]R75231
binding (dilazep>mioflazine>DPR>adenosine>uridine) is the same
as that found for inhibition of (’H]NBMPR binding (Figure
3.10, Table 3.3). However, the IC,, values for inhibition of
[(*H]JR75231 binding obtained in the present study were all 15
to 25-fold higher than those obtained for inhibition of
[(*H)NBMPR binding. Since both the inhibition of ('H]R75231 and
(*H)NBMPR binding experiments were done at radioligand
concentrations approximately equal to their respective X,
values, these differences are probably due to the unique,
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tight-binding characteristics of (*H)R75231. Finally, R75231
inhibition of {’H)NBMPR gave a pseudo-Hill coefficient
significantly greater than unity (Student’s t-test).

3.4 Discussion
R75231 has been shown to be a potent inhibitor of

nucleoside transport in a variety of systems (Van Belle and
Janssen, 1991; Van Belle et al., 1991; Baer et al., 1991;
Masuda et al., 1991, 1992; IJzerman et al., 1992; Wainwright
et al., 1993; Beukers et al., 1994; Bohm et al., 1994). As a
result, the potential of R75231 and other related compounds,
such as lidoflazine, mioflazine, and draflazine, to become
clinically useful drugs, is being investigated (see section
1.2.6). The mode of action of R75231 is believed to be
blockade of nucleoside transport which results in increased
adenosine interaction with its receptors; however, a recent
study has proposed that some of R75231 protective
characteristics may be due to calcium channel blockade (Grover
and Sleph, 1994). This proposal cannot be discounted;
however, it should be noted that the R75231 concentration used
in this study was =10 fold higher than that used in other
studies due to the relative insensitivity of rat nucleoside
transporters to inhibition by flazines (Masuda et al., 1991,
1992; Van Belle and Janssen, 1991; Mollhoff et al., 1992; de
Haan et al., 1993; Van Belle et al., 1993; wWainwright et al.,
1993; Beukers et al., 1994; Bohm et al., 1994; Grover and
Sleph, 1994;. This high concentration and species differences
may explain the different results observed. The property of
R75231 as a calcium channel blocker remains to be tested.
R75231 is of specific interest because of its unique
tight,binding'pfoperties to the nucleoside transporter and its
long-lasting effects in vivo. Van Belle and Janssen (1991)
demonstrated this tight binding when they showed that R75231-
mediated inhibition of incsine transport in erythrocytes was
not reversed by washing the erythrocytes. Similarly, the
present study showed that in synaptosomal membranes
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preincubated with R75231, repeated washing with buffer, even
with the initial wash containing a known displacer such as
adenosine or NBTGR, had little or no effect on the degree of
inhibition of [*H]NBMPR binding by R75231. Likewise, the
inhibitory effect of R75231 on transporter-mediated
(*Hjuridine uptake by synaptosomes was resistant to wash-out,
whereas NBTGR was removed completely using the same
experimental protocol. The complex interactions of R75231
with the NBMPR binding site on the nucleoside transporter were
also reflected in the "mixed" type kinetics observed for
R75231 inhibition of {’H]NBMPR binding to rabbit cortical
synaptosomes (dose dependent shift in apparent K, and B,,,
Table 3.1). This "mixed" inhibition, neither exclusively
competitive or non-competitive, suggests that R75231 may bind
to the NBMPR-binding site as well as another site on the
nucleoside transporter. Once again, repeated washing of the
synaptosomes did not eliminate the inhibitory effect of R75231
on [H]NBMPR binding (Table 3.1), demonstrating the extremely
tight binding characteristics of this inhibitor.

Further detailed investigation of these interactions has
been made possible by the availability of [’H]JR75231.
IJzerman et al. (1992) reported that [’H)R75231 dissociated
from its binding sites in calf lung membranes extremely slowly
(t,»>24 h), leading these authors to suggest that R75231 bound
"pseudo-irreversibly®. However, the results of the present
study show that the nature of [’H]JR75231 binding to the
nucleoside transporter, 1like that of other transport
inhibitors (see section 1.2.3.1), may be dependent upon the
species or tissue used. [’H]R75231 bound to human erythrocyte
ghost membranes could be displaced entirely by the transport
inhibitors NBMPR and DPR. Furthermore, 100-fold dilution with
buffer also led to the dissociation of the majority (74+6%) of
the bound [*H]R75231 within 5 h. Therefore, the site specific
binding of [*H]R75231 to human erythrocyte ghost membranes is
reversible, albeit slowly when compared to other nucleoside
transport probes such as (*H]NBMPR. This slow dissociation
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was not due to intravesicular trapping of [*H]R75231 as
similar dissociation profiles and rates were observed in the
presence of a membrane permeabilizing concentration of
saponin. The initial increase of [’H]R75231 binding when
R75231 was used as a dissociating agent was also present, but
smaller, in the presence of saponin. This may be due to the
membrane disrupting effects of saponin.

Not all displacers resulted in the same rate of
(*H]R75231 dissociation. Specifically, adenosine enhanced the
rate of dissociation, while the addition of R75231 or
mioflazine slowed the rate of dissociation significantly and
actually resulted in a transient increase in [’H]R75231
binding to the membranes (Figure 3.5a). Other examples of
complex binding interactions with the nucleoside transporter
have been observed using ([*H]NBMPR. As was the case with
(*H)R75231 dissociation (Table 3.2), substrates such as
adenosine increased the rate of [’H)NBMPR dissociation (Jarvis
et al., 1983; Koren et al., 1983; Hammond and Clanachan, 1985;
Hammond, 1991). DPR, which had no significant effect on
(*H]R75231 dissociation (Table 2.3), slowed the rate of
{*H)NBMPR dissociation (Jarvis et al., 1983; Wohlhueter et
al., 1983; Hammond and Clanachan, 1985; Shi and Young, 1986;
Hammond, 1991). R75231 slowed the rate of [H]R75231
dissociation (Table 2.3), but R75231 and the related compound
R57974 had no effect on [*H]NBMPR dissociation (Ogbunude and
Baer, 1989; Hammond, 1991).

The ability of nucleoside transport inhibitors and
substrates to alter the rate of [’H]R75231 (and (’H]NBMPR)
dissociation can be explained by the presence of multiple
interacting inhibitor binding sites on the nucleoside
transporter, as proposed by Hammond, 1991. In this model, the
first site is the (*HJNBMPR binding site to which many other
inhibitors and substrates also bind as evidenced by
competition studies (Hammond and Clanachan, 1984; Jarvis,
1986; Jones and Hammond, 1992). The second site binds certain
transport inhibitors, such as R75231 and mioflazine, as well




112

as some nucleos.ide substrates, and interactions with this site
affect the affirity of the first site for its ligands. This
model is suppor”ed by results from several other studies
where: a) two {*H)dilazep binding components were observed to
be associated with the nucleoside transporter in S49 mouse
lymphoma cells, with only the high affinity component being
inhibited by NBMPR (Gati and Paterson, 1989); b) approximately
twice as many {’H]R75231 binding sites were found on calf lung
membrane as [H]NBMPR binding sites (IJzerman et al., 1992);
and ¢) transport inhibitors and substrates were demonstrited
to modify the rate of dissociation of site-bound [*HNBMPX
(Koren et al., 1983; Jarvis et al., 1983; Wohlhueter et al.,
1983; Hammond and Clanachan, 1985; Hammond, 1991).
Relatively high concentrations of R75231 may inateract
with the second, allosteric, site on the transporter leading
to an increase in the affinity of the first site for R/5231,
in effect, "locking" R75231 onto this binding site (pos.tive
cooperativity). This hypothesis is supported by the following
observations: a) approximately twice as many (’H]JR75231
binding sites were found on calf lung membrane as (’H)NBMPR
binding sites (IJzerman et al., 1992); b) [’H)R75231
displacement by mioflazine (+NBMPR) or R75231  was
significantly slower than that produced by the other transport
inhibitors tested (Figure 3.5). In fact, both R75231 and
mioflazine resulted in an initial increase in [’H]R75231
binding prior to inducing dissociation; presumably, as a
result of interactions with the "“allosteric” site which
increased the affinity of the first site for [*H])R75231; ¢)
IJzerman et al. (1992) could not displace more than 35% of the
pre-bound [?H]JR75231 with inhibitors; however, complete
inhibition was observed if [’H)R75231 was not given prior
access to the binding site; and 4) pseudo-Hill coefficients
greater than unity have been found for R75231 (and related
compounds) inhibition of (*H]NBMPR binding in this study and
others (IJzerman et al., 1989; Jones and Hammond, 1992).
IJzerman et al. (1989) postulated that these high pseudo-Hill
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coefficients may be due to each R75231 molecule displacing 2
or more bound [*H]NBMPR molecules, but these results can also
be interpreted as positive cooperativity.

It should be noted that although approximately twice as
many [’H)R75231 binding sites were found on calf lung membrane
as [*H)NBMPR binding sites (IJzerman et al., 1992), this study
found the two radioligands, at the concentrations used, to
label approximately the same number of sites in human
erythrocyte ghost membranes. This discrepancy may be due to
species differences, with the second ([’H]R75231 binding site
in human erythrocyte ghost membranes having a lower affinity
for ('H}R75231 than that in calf 1lung membranes.
Unfortunately, it was not possible to confirm the proposed
second (’H]JR75231 binding site in human erythrocyte ghost
membranes using saturation binding experiments because of the
high background binding present when high concentrations of
[HJR75231 were used (Figure 3.7). The higher affinity for
the second [’H)JR75231 binding site in calf lung membranes may
also be connected to the apparent "irreversible" binding seen
in this preparation (IJzerman et al., 1992), as opposed to the
reversible binding observed in human erythrocyte ghost
membranes.

(*H]R75231 is a racemate, with the (-)-isomer of R75231
being a more potent inhibitor of ({’M]NBMPR binding (25-30
fold) than the (+)-isomer (IJzerman et al.,, 1992). In
addition, the pseudo-Hill coefficient for (~)-R75231
inhibition of [*H)NBMPR binding was 2.0, whereas that for (+)-
R75231 was unity (IJzerman et al., 1992). Therefore, (-)-
R75231 is 1likely responsible for the unique binding
characteristics of [*HJR75231. As a result, (-)-R75231, or
draflazine, is being focused on for ciinical application
(Beukers et al., 1994; Bohm et al., 1994).

In conclusion, [*H)R75231 binds tightly, but reversibly,
to components of the human erythrocyte nucleo ide transporter.
Data obtained from ([’H]R75231 dissociation studies and
analysis of inhibition of (’H)NBMPR binding by R75231 suggest
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the presence of multiple interacting binding sites on the
nucleoside transport complex for R75231 and congeners. The
observed kinetics of ligand interactions with the transporter
will, therefore, be dependent on the relative affinities of
the compounds for these interacting binding sites.
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rigure 3.1: The effect of repeated washes on 3.75 nM R75231
(M) and 3.75 nM NBTGR ([J) inhibition of 0.4 nM (’H)NBMPR
binding in rabbit cortical synaptosomes. Inhibition is
expressed as a percentage of the maximum inhibition of
(H)NBMPR binding as determined in the presence of 10 uM
dilazep (control). Each point represents the mean + S.E.M.
from three experiments conducted in duplicate.




116

020

-

[

0}
T

BOUND/FREE [3HINBMPR
(fmol/pM/mg protein)
o o
S o

. j - -
0 25 50 75 100
BOUND [3HINBMPR (fmol/mg protein)

Figure 3.2: Mass law analysis of R75231 inhibition of
(*HINBMPR binding in rabbit cortical synaptosomes. The
specific binding of 10 concentrations (0.1~10 nM) of [’H)NBMPR
was measured in the presence of O nM (0), 1.5 nM (), or 3.75
nM (O) R75231. This is a representative Scatchard plot from
five experiments. Average K, and B_, values derived from
these experiments are shown in Table 3.1.
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Figure 3.3: The effect of repeated washes on 100 nM R75231
and 10 nM NBTGR inhibition of mediated 10 uM [*H)uridine
uptake in rabbit cortical synaptosomes. Inhibition is

expressed as a percentage of the maximum inhibition of
transporter-mediated [’H)uridine uptake as determined in the
presence of 100 uM dilazep (control). Bars with horizontal
lines and vertical lines represent inhibition before washing
(0 washes) and after 5 washes, respectively. Each bar
represents the mean + S.E.M. from four experiments conducted
in triplicate.

* = significant difference between 0 wash and 5 wash results
(ANOVA; Bonferroni, P<0.05).

a = inhibition not significantly different from 0
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Pigure 3.4: Time course of 0.3 nM (*H)]R75231 binding in
human erythrocyte ghost membranes. Specific binding was
observed in the absence of inhibitors (W), and in the presence
of 3 nM NBMPR (a) or 10 nM DPR (0). Each point represents the
mean + S.E.M. from three experiments.




rigure 3.5: Time course of dissociation of 0.3 nM
(*H]R75231 binding in human erythrocyte ghost membranes.
Dissociation was initiated, after a 2 h association period, by
the addition of: Panel (a), S uM R75231 (0}, S5 uM NBMPR (a),.
S uM diazepam + 5 uM NBMPR (a), or 6 mM adenosine + 5 uM NBMPR
(¢); Panel (b), 5 uM mioflazine + S uM NBMPR (@), 5 uM DPR
(¢), or 100-fold dilution ([J). Results are expressed as a
percentage of the maximum binding (control) obtained prior to
the addition of displacers. Each point represents the mean +
S.E.M. from at least three experiments.

* = gsignificant increase in binding over control (Student-
Newman-Keuls, P<0.05).
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Figure 3.6: Time course of dissociation of 0.3 nM

(*H)]R75231 binding in the presence of 0.005% saponin in human
erythrocyte ghost membranes. Dissociation was initiated,
after a 2 h association period, by the addition of 5 uM R75231
(0), 5 uM NBMPR (a), 6 mM adenosine + 5 uyM NBMPR (¢). Results
are expressed as a percentage of the maximum binding (control)
obtained prior to the addition of displacers. Each point
represents the mean + S.E.M. from four experiments.
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Figure 3.7: Mass law analysis of [’H)R75231 binding to

human erythrocyte ghost membranes. The binding of a range of
concentrations of [’H]R75231 were tested in the absence
(total, ¢) and presence (non-specific, ) of 10 uM NBMPR/10 uM

dilazep. Specific binding (0) was calculated as the
difference between the total and nonspecific binding
components. These are representative data from four

experiments conducted in duplicate. Average ($S.E.M.) K, =
0.35 £ 0.07” nM and B, = 44.1 * 6.2 pmol/mg protein.
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Figure 3.8: Mass law analysis of [’H]NBMPR binding to human
erythrocyte ghost membranes. The binding of a range of
concentrations of [*H)NBMPR were tested in the absence (total,
¢) and presence (non-specific, O) of 10 uM dilazep. Specific
binding (@) was calculated as the difference between the total
and nonspecific binding components. These are representative
data from four experiments conducted in duplicate. Average
(tS.E.M.) K, = 0.09 ¢+ 0.005 nM and B, = 41.3 * 4.1 pmol/mg
protein.
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Figure 3.9: Inhibition of 0.3 nM [*H)JR75231 binding to

human erythrocyte membranes in the presence of a range of
concentrations of dilazep (a), NBMPR (@), mioflazine (¢), DPR
(M), uridine (a), or adenosine (0J). Control binding was
defined as the specific binding observed in the absence of
inhibitor. Membranes were exposed to inhibitor and [*H)R75231
concurrently and incubated for 5 h to ensure that binding
equilibrium was attained. Each point represents the mean %
S.E.M. from three experiments conducted in duplicate. The
corresponding IC,, values and pseudo-Hill coefficients are

shown in Table 3.3.
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Pigure 3.10: Inhibition of 0.08 nM (’H)]NBMPR binding to

human erythrocyte membranes in the presence of a range of
concentrations of dilazep (a), R75231 (¢), mioflazine (¢), DPR
(B), uridine (a), or adenosine (J). Control binding was
defined as the specific binding observed in the absence of
inhibitor. Membranes were exposed to inhibitor and (*H]NBMPR
concurrently and incubated for 5 h. Each point represents the
mean t S.E.M. from three experiments conducted in duplicate.
The corresponding 1C,, values and pseudo-Hill coefficients are
shown in Table 3.3.
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Table 3.1 Binding of ([‘H)NBMPR to rabbit cortical
synaptosomes preincubated with O nM (control), 1.5 nM, or 3.75
nM R75231. Binding constants (X,, B,,) were derived from
nonlinear regression analyses of site-specific binding data
(0.1 nM to 10 nM [’H]NBMPR), both before (UNWASHED) and after
(WASHED) washing the preparations 5 times. Each value is
expressed as the mean t S.E.M. from five experiments.

UNWASHED WASHED
Kp B, Kp B,
(nM) (fmol /mg) (nM) (fmol/mg)
CONTROL 0.41%40.03 129+14 0.42+0.03  140%20
1.5 nM R75231 1.740.2* 106+13* 1.940.4* 12626
3.75 nM R75231  4.0%0.5" 93+17* 2.6%0.5* 104t16

* significantly different from the corresponding 0 wash
CONTROL, repeated measures ANOVA, P<0.01
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Takle 3.2 Effects of nucleoside transport inhibitors and
substrates on 0.3 nM [*H]R75231 dissociation from human
erythrocyte membranes. The final concentration of displacer
wags 5 uM for all compounds tested except adenosine which was
6 mM (also see Figure 3.5). The rate of [H)R75231
dissociation found using R75231 or mioflazine (+NBMPR) as the
displacer was calculated starting at the point of maximum
(*H}R75231 binding (see Figure 3.5). Each point represents
the mean + S.E.M. from at least three experiments conducted in

duplicate.

[3H}R75231

k, (min)
R75231 0.0026%0.0004
NBMPR 0.00910.002
mioflazine® 0.002410.0007
DPR 0.011+0.002
adenosine® 0.020+0.005
diazepan® 0.010%0.002

* 5 uM NBMPR was included with the displacer to ensure full
dissociation
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Table 3.3: Effects of nucleoside transport inhibitors and
substrates on 0.3 nM [*H)R75231 and 0.08 nM [’H]NBMPR binding
to human erythrocyte membranes. Membranes were exposed to
inhibitor and radioligand concurrently and incubated for 5 h
(also see Figure 3.9, 3.10). Each point represents the mean
+ S.E.M. from at 1least three experiments conducted in

duplicate.

[(*H]R75231 [*H)NBMPR

ICy ny ICy n,
dilazep 1.7240.3 nM 0.82:.08 0.11$#0.01 nM 1.00t0.04
R75231 - - 0.1840.03 nM  1.91:0.06
NBMPR 8.241 nM 0.87:0.07 - -
mioflazine 40:10 nM 0.98£0.05 1.7¢0.2 nM 1.02:0.04
DPR 5715 nM 0.7810.01 3.1¢0.6 nM 0.92:0.07
adenosine 4.010.3 mM 1.2£0.1 160£30 uM 1.0:0.2
uridine >10 mM - 520270 uM 1.0:0.2

—— s e

——




CHAPTER 4: CHANGES IN NUCLEOSIDE TRANSPORT
CHARACTERISTICS AS A RESULT OF CELLULAR
DIFFERENTIATION IN HUMAN NEUROBLASTOMA (LA-~N-
2) CELLS

4.1 Introduction

This study involved examining changes in nucleoside
transport characteristics (number and types of transporters)
as a result of cellular differentiation. Cellular
differentiation of neuroblastoma cells includes the formation
of neurites, increase in size of soma, inhibition of cell
division, and increased activities of neural enzymes such as
tyrosine hydroxylase, choline acetyltransferase and
acetylcholinesterase (Prasad, 1975; Seeger et al., 1977;
Sidell et al., 1983; Singh et al., 1990; Rylett et al., 1993).
The rationale for this work is two-fold: 1/ Knowledge of the
nucleoside transport characteristics of a neuroblastoma cell
line may aid in the selection and development of treatment
strategies involving cytotoxic nucleoside analogues; 2/ To
evaluate the suitability of a human, neuronal, tumour cell
line as a model for studying the mechanisms of cellular
regulation of nucleoside transporter activity.

Neuroblastoma, a neural crest tumour, originates from the
autoncemic nervous system and is most commonly associated with
mutations on the short arm of chromosome 1 (Siegal and Sato,
1986; Schwab, 1988; Sreedhar, 1991). It is one of the most
common childhood cancers, accounting for 5-7% of all childhood
malignancies (Siegal and sato, 1986; Sreedhar, 1991) and
approximately 15% of cancer deaths in childhood (Siegel and
Sato, 1986). Neurobliastoma is also one of the most difficult
tumours to treat with a 2-year survival rate of =25% (Siegel
et al., 1986; Sreedhar, 1991). Therefore, alternative
therapeutic strategies are being examined (Mirkin and Fink,
1988; Rosenthal, 1991). One of these strategies involves
inducing terminal differentiation of the tumour (in vivo) with

129
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low doses of cytotoxic nucleoside analogues (Prasad, 1975;
Rosenthal, 1991). This strategy stems from the idea that
malignant cells represent a blockade in cell maturation which
may be reversible. This is supported by reports of
spontaneous differentiation of malignant neuroblastoma tumours
into a benign state, in 1-2% of all cases (Siegel et al.,
1986; Mirkin and Fink, 1988; Prasad, 1991; Rao, 1991).
Cytosine arabinoside and 5-azacytidine were able to induce
differentiation in human leukaemic cells (Rosenthal, 1991).
As well, cytosine arabinoside and S-bromodeoxyuridine induced
differentiation in mouse and human neuroblastoma cells
(Prasad, 1975; Ponzoni et al., 1991; Lanciotti et al., 1992).
Since these cytotoxic nucleoside analogues are substrates for
the nucleoside transporter (Paterson et al., 1981; Zimmerman
et al., 1989; Cass, 1994), delineation of the pattern of
expression of transporter subtypes in undifferentiated and
differentiated neuroblastoma cells may allow for a more
precise clinical application of the pharmacological tools
currently available, as well as aid in the development of
alternative therapeutic strategies.

Treatment for neuroblastoma can involve a combination of
surgery, radiation therapy, and chemotherapy (Siegel et al.,
1985; Sreedhar, 1991). Cytotoxic compounds which are
transported by nucleoside transporters are not currently part
of the clinical treatment for neuroblastoma. However, due to
their success for treatment of other cancers (Plunkett and
Saunders, 1991; Perigaud et al, 1992; cCass, 1994), and the
relative ineffectiveness of current treatments for
neuroblastoma (Siegel et al., 1986; Sreedhar, 1991), they may
soon be evaluated for use as single agents or in combination
with other agents. As discussed in section 1.2.6, knowledge
of the quantity and type of nucleoside transport present in
tumour cells i's extremely important for the selection of
appropriate drug combinations to apply clinically.

There has been little research into the regulation of
nucleoside transport; it is apparent, howvever, that growth and
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differentiation are linked to changes in transporter numbers
and/or activity (see section 1.2.5). Due to the importance of
adenosine in the nervous system (see section 1.2.4), the
suitability of a human tumour cell line of neuronal origins as
a model to study the mechanisms of nucleoside transporter
regulation, was evaluated.

LA-N-2 cells are a cholinergic, human neuroblastoma line
derived from the primary tumour, clinical Stage 1V
neuroblastoma, of a 3-year old female (Seeger et al., 1977).
LA~-N-2 cells can undergo differentiation in response to
transfer of the cells from a basal, serum-containing medium to
an enriched serum-free medium (Rylett et al., 1993).
Undifferentiated LA-N-2 cells grew in clumps with peripheral
cells having short cytoplasmic processes. Cells grown in
serum free medium changed, with the cells tending to grow
individually, the cell bodies becoming more rounded, and the
extending of neurite-like processes with lengths of 2300 uM
(Rylett et al., 1993). This morphological differentiation was
also accompanied by biochemical changes. These included
changes in the metabolism of choline as well as an
approximately 7-fold increase in the number and activity of
hemicholinium-sensitive cholinergic transporters (Rylett et
al., 1993). Since differentiation in various cell types has
resulted in modified numbers and activities of nucleoside
transporter subtypes (see section 1.2.5), it is possible that
differentiation of LA~-N-2 cells, which resulted in increased
choline transport (Rylett et al., 1993), could also induce
changes in nucleoside transport characteristics. Therefore,
this study characterized nucleoside transport in the human
neuroblastoma LA-N-2 cell line before and after
differentiation.

4.1.1 Hypothesis
Nucleoside transporter subtype expression and activity changes
upon the differentiation of LA-N~2 cells.
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4.2 Methods
4.2.1 Materials

The neuroblastoma cell 1line LA-N-2 was generously
provided by Dr. R. J. Rylett, University of Western Ontario,
Canada (originally obtained from Dr. R.C. Seeger of Children’s
Hospital, Los Angeles, CA, U.S.A.). Leibovitz’s L-15 medium,
Dulbecco’s-Hams F12 (1:1) medium, and gentamicin were obtained
from Gibco (Oakville, Ontario). Transferrin, progesterone,
insulin, sodium selenite, putrescine, adenosine, uridine,
uridine monophosphate, uridine diphosphate, uridine
triphosphate, uracil, DPR, NBMPR, and
nitrobenzylthioguanosine, were supplied by Sigma (St. Louis,
MO) . Fetal bovine serum was obtained from Hyclone
Laboratories (Logan, UT) and formycin B from Calbiochem (La
Jolla, CA). ([*H)NBMPR (30 Ci/mmol) and [’H]formycin B (14
Ci/mmol) were from Moravek Biochemicals, Inc. (Brea, CA).
(*H)Uridine (35-50 Ci/mmol) was ©purchased from ICN
Biochemicals (Costa Mesa, CA). ’H,0 (1 mCi/g) and (carboxyl-
“c)-dextran-carboxyl (0.58 mCi/g) were purchased from Du Pont
Canada (Markham, ON). Dilazep was provided by Asta Werke

(Frankfurt, Germany). All other compounds were of reagent
grade.
4.2.2 Cell Culture

Human neuroblastoma cells LA-N-2 (passage # 77-97) were
grown in Corning flasks (25 cm?) in Leibovitz’s L-15 medium
containing 10% fetal bovine serum and 50 ug/ml gentamicin in
humidified air at 37°C. Cells were passaged weekly and medium
replaced every three to four days. For assays, the cells were
plated onto culture plates at a density of = 50,000 cells/cm’
and maintained for three days with L-15/serum. Cells were
then divided into groups and were grown in either L-15/serum
(undifferentiated cells) or serum-free defined medium (SF-N2)
comprised of Dulbecco’s-Hams Fiz (1:1) containing transferrin
(100 ug/ml), sodium seleriite (30 nM), prrgesterone (20 nM),
bovine insulin (5 ug/ml), putrescine hydrochloride (100 uM),
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HEPES~-NaOH, pH 7.4 (15 mM) and gentamicin (50 ug/ml)
(differentiated cells). The medium was changed after two days
and all assays were conducted four days after the cells were

diviaded into groups.

4.2.3 (*H]Nucleoside Uptake

Uptake assays were conducted on monolayer cultures in 35
mm culture dishes at room temperature, unless otherwise noted.
Cultures were washed 3 times with 1.5 ml of incubation medium
{130 mM NaCl, 5 mM KC1l, 1 mM MgSO,, 1 mM CaCl,, 3 mM glucose,
and 4 mM HEPES, pH 7.4). For inhibition studies, substrates
(adenosine, formycin B) and (’H)formycin B were added
simultaneously, whereas inhibitors (NBMPR, dilazep, DPR) were
incubated for 20 min with the cells prior to initiation of the
assay. Nucleoside uptake was initiated by the addition of 1
ml of either 10 uM (*H)uridine (0.25 ucCi/ml) or 25 uM
(*H)formycin B (0.5 uCi/ml), with appropriate inhibitors, in
incubation medium. Assays were terminated by the addition of
4 ml of stop solution (25 uM DPR in ice-cold incubation
medium) which was subsequently aspirated. Plates were then
washed rapidly with two, 4 ml aliquots of stop solution. Non-
mediated uptake was determined using plates preincubated with
10 uM NBMPR and 10 uM DPR. Uptake at time 0 s was calculated
by adding stop solution immediately to an assay conducted with
ice cold [*H)uridine solution using plates preincubated with
10 M NBMPR and 10 uM DPR. Cells were digested with 500 ul of
1 M NaoH and aliquots were taken for gquantization of
radioactivity (liquid scintillation spectrometry) and protein
content.

The potential contribution of ion-dependent nucleoside
transporters to the accumulation of ([H)formycin B by LA-N-2
cells was assessed. Uptake of 25 uM [’H)formycin B was
measured as described above using the usual incubation media
(130 mM NacCl), and "sodium-free" i .ubation media with iso-
osmotic replacement of sodium chloride by lithium chloride or
N-methylglucamine chloride. The effect of iso-osmotic
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replacement of potassium chloride was examined similarly. It
should be noted that the "sodium-free" and "potassium-free"
buffer likely contained a low (<200 uM) concentration of the
replaced ion due to contaminants in the other salts used to
prepare the buffers. However, it is unlikely that the
residual sodium or potassium would be sufficient to drive an
ion-dependent transporter as it has been determined in other
systems that the sodium-dependent and potassium-dependent
transporters have a K,, of about 10 mM (Jarvis, 1989; Jarvis
et al., 1989; Williams et al., 1989; Dagnino et al., 1991b;
Plagemann, 1991; Williams and Jarvis, 1991) and 300 mM (Lee et
al., 1988), respectively.

Both cell volume and cell number estimates were found
using plates (4 per cell type) which had undergone a "mock"
assay (ie. initial washes in buffer, incubation in the absence
of [*H]substrate, and final washes in ice-cold buffer). The
cells were then removed from the plates following a 2 min
incubation in buffer containing trypsin (0.5 mg/ml, EC
3.4.21.4, 10 200 units/mg) and EDTA (0.5 mM). Intracellular
and extracellular water volumes were determined by incubating
the suspended cells for 3 min with a combination of
(“c)dextran-carboxyl (cell-impermeant) and *H,0 layered over a
200 ul cushion of silicone oil/mineral oil (21:4, v/v) in
microcentrifuge tubes. At the end of the incubation, cells
were pelleted (60 s, 12 000 g). The supernatant and oil were
removed, the pellets were digested in 1 M NaOH, and the ’H and
“c were counted by liquid scintillation spectrometry. The
number of intact cells was found using a Neubauer type counter
and trypan blue exclusion (0.01%). The percentage of intact
cells was 8314 and 80+2 for differentiated and
vndifferentiated cells, respectively (n=10).

4.2.4 DNA Assay

Cell DNA content was found using a method described by
Setaro and More.y (1976). 1In brief, cells were scraped from
plates which had undergone "mock" assays. Cells were washed




135

twice in ice-cold 0.6 N trichloroacetic acid and once in
potassium zcetate/absolute alcohol (9.8 g/L) (760 g, 20 min,
4°C). The pellet was incubated in absolute alcohol for 15 min
at 60°C, centrifuged (760 g, 20 min), and dried. DNA was
extracted from the pellets in 1 N perchloric acid for 30 min
at 75°C. Diaminobenzioc acid dihydrochloride (100 ul of 1.32
M) was added to 100 ul of samples and standards (Herring sperm
DNA) and incubated at 60°C for 30 min. Perchloric acid (0.6
N, 2.3 ml) was added to each tube and the fluorescence was
measured (420 nM excitation, 520 nM emission).

4.2.5 Nucleoside Metabolism

Uptake assays were conducted as above for [*H]uridine (10
M, 10 uCi/ml, 15 s incubation) or ([*H]formycin B (25 uM, 6
pCi/ml, 60 s incubation). After the stop solution had been
aspirated, 50 pul of ice cold perchloric acid (7% w/v) was
added and the precipitate was removed by centrifugation (12
000 g, 60 s). An aliquot of the acid extract was neutralized
with NaHCO, and centrifuged (12 000 g, 60 s) to remove the
precipitate. Samples were chromatographed as described
previously for uridine (Jones and Hammond, 1992) or on
polyethyleneimine cellulose paper using water for formycin B
(Crawford et al., 1990). Radioactivity was extracted with
water (1 ml) for 1 hour before the addition of scintillation

fluid.

4.2.6 (*H)NBMPR Binding

(*HINBMPR binding studies were conducted at room
temperature, in Hank’s Balanced Salt solution without Ca?* and
Mg?* (138 mM NaCl, 5 mM KCl, 4 mM NaHCO;, 0.3 mM KH,PO,, 0.3 mM
Na,HPO,, 6 mM glucose). LA-N-2 cells were removed from the
plates by a 2 min incubation in 1 ml of buffer containing
trypsin (0.5 mg/ml, EC 3.4.21.4, 10 200 units/mg) and EDTA
(0.5 mM), after which trypsin inhibitor was added (1.5 mg of
Type I-S). Incubations (final volume of 1 ml) were initiated
by the addition of a 200 ul aliguot of LA-N-2 cells (= 60,000
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cells) to a glass culture tube containing the appropriate
concentration of [*H)NBMPR (% inhibitors). Incubations were
terminated after 30 min by dilution with 5 ml of ice-cold 10
mM Tris (pH 7.1) followed by rapid filtration through Whatman
GF/B filters. Filters were washed once with 5 ml of ice-cold
10 mM Tris (pH 7.1). The radioactivity on the filters was
counted by liquid scintillation spectrometry. Non-specific
binding of [*H]NBMPR was determined in the presence of 10 uM
NBTGR.

4.2.7 Data Analysis

Protein concentrations were determined as described by
Lowry et al. (1951) using bovine serum albumin as the
standard. Dim'ethyl sulfoxide, used as a solvent in some
cases, did not influence uptake at the concentrations used (up
to 0.1%). K, values were found using the relationship
K=ICsy%/ (1+[L}/Kp), where ICs, was interpolated from best fit
sigmoid curves of percentage of inhibition versus log
inhibitor concentration, (L) is the concentration of
radioligand, and K, is the equilibrium dissociation constant
for the radioligand used. All other values reported were
derived from computer-generated algebraic relationships
obtained via nonlinear regression analysis (GraphPAD Inplot,
version 4.03) of experimental data. Statistics were completed
as described in section 2.2.6.

4.3 Results
4.3.1 Cell Differentiation

As described by Rylett et al. (1993), undifferentiated
LA-N-2 cells can be induced to undergo morphological and
biochemical differentiation by transfer to the SF-N2 medium of
Bottenstein and Sato (1979). The cells in SF-N2 medium
continue to differentiate for at least six days. Cells
maintained beyond six days became only loosely adherent to the
culture plate surface and began to degenerate (Rylett et al.,
1993). For this reason, assays were conducted after four days
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of differentiation.
(*H]Nucleoside uptake results are expressed as pmol of

nucleoside influx per intact cell. The accuracy of the cell
counting for both differentiated and undifferentiated cells
was confirmed by DNA assays. The DNA content per cell was not
significantly different between the cell types (Table 4.1,
Student’s paired t-test), suggesting that the counting
procedure was equally accurate for both undifferentiated and
differentiated cells. In comparison, the protein per cell and
cell volume was significantly higher in the differentiated
cells (Table 4.1; Student’s paired t-test). These changes are
as expected for differentiated neuroblastoma cells (Prasad,

1975) .

4.3.2 [(*H]Nucleoside Uptake

All nucleoside uptake assays were terminated by the
addition of ice cold stop solution. This method was only
valid if the stop solution terminated uptake immediately and
prevented efflux of the substrate from the cells. Cells were
incubated with 25 uM {*H)formycin B for 60 s, after which 4 ml
of ice cold stop solution was added to the plate. The stop
solution was removed immediately (control) or after a defined
interval to examine the efflux of uridine. This was followed
by 2 more rapid washes in ice cold stop solution (as usual).
This stop procedure was found to be effective in terminating
(*H)formycin B influx and subsequent efflux (Figure 4.1).

To assess potential changes in nucleoside transport
characteristics due to differentiation of LA-N-2 cells,
(*H)nucleoside uptake assays were conducted using formycin B.
Formycin B is a poorly metabolized nucleoside analogue which
is a substrate for all known nucleoside transporters, except
the N2 and N4 subtypes (Vijayalakshmi and Belt, 1988;
Plagemann and Woffendin, 1989; Crawford et al., 1990; Crawford
and Belt, 1991; Cass, 1994). As was the case in other cell
types (Vijayalakshmi and Belt, 1988; Plagemann and Woffendin,
1989; Cravwford et al., 1990; Crawford and Belt, 1991), LA-N-2
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cells did not metabolize [H)formycin B significantly, whereas
{’Hluridine was metabolized extensively to nucleotides (Table
4.2, Students t-test).

Both undifferentiated and differentiated LA-N-2 cells
accumulated [‘H)formycin B rapidly via a transporter-mediated
process. The initial rate of transporter-mediated uptake of
25 uM [‘H)formycin B by the differentiated cells (3.2%0.4
pmol/10* cells/s) was significantly less (Student’s paired t-
test, P<0.05) than that by the undifferentiated cells (4.0%0.5
pmol/10° cell/s) (Figure 4.2). At equilibrium (extrapolated
from the total uptake data), intracellular [’H)formycip B was
364 and 406 uM for undifferentiated and differentiated
cells, respectively. This intracellular [’H}formycin B
concentration is higher than expected (25 uM), if only a
facilitated diffusion system is operating. However, no Na‘ or
K*-dependent transport of [*H]formycin could be detected by
iso-osmotic ion replacement with Li* or N-methylglucamonium®
(Figure 4.3).

The sensitivity of undifferentiated and differentiated
cells to nucleoside transport inhibitors and substrates was
examined by comparing concentration-effect curves for their
inhibition of transporter-mediated ([*H)}formycin B uptake
(Figures 4.4 and 4.5, Table 4.3). Of the agents tested, only
the inhibition profile for NBMPR was significantly different
in the two cell populations (Figure 4.4). In undifferentiated
cells, NBMPR completely inhibited transporter-mediated
(*H)formycin B uptake in a monophasic manner with an ICy, value
of 0.5+0.2 nM and a pseudo~Hill coefficient not significantly
different from unity (Students’s t-test). In contrast,
differentiated cells fit a two-component model significantly
better than a one-component model (F-test, P<0.05). Based on
the two component model, the ICy, values for NBMPR inhibition
were 0.9t0.2 nM and 72 uM for the NBMPR-sensitive and -
resistant components, respectively. The NBMPR-insensitive
component accounted for 17:5% of the total mediated uptake.
The NBMPR-sensitive component of (*H]formycin B uptake in the
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differentiated cells had an ICy,, for NBMPR (0.9%0.2 nM) that
was not significantly different from that seen in the
undifferentiated cells (0.50.2 nM, Students t-test).

The ICyqy obtained for formycin B inhibition of
transporter-mediated {3H)}formycin B uptake (=280 uM, Table
4.3) provides an indication of its X, for the nucleoside
transporter, and is similar to that seen in other cell lines
(Zimmerman et al., 1989; Plagemann and Woffendin, 1989;
Vijayalakshmi et al., 1992). Likewise the potencies of DPR,
dilazep and adenosine for inhibition of nucleoside transport
in LA-N-2 cells are similar to those reported for other
systems (Plagemann et al., 1988).

4.3.3 {*H)NBMPR Binding

Specific binding of [*HJNBMPR (0.4 nM) was measured in
LA-N-2 cells that had been exposed to trypsin and trypsin
inhibitor (as described in section 4.2.6) and those which had
not been exposed to trypsin and trypsin inhibitor, so that the
effect of removing cells from the plates with trypsin on the
number of ([*HJNBMPR binding sites could be assessed (Table
4.4). The removal of the cells from the plates without
trypsin was done mechanically (via rubber policeman) rather
than enzymatically. There was no significant difference in
specific (H]NBMPR binding as a result of being removed from
the plates with trypsin (Student-Newman~Keuls, P<0.05). This
is as expected due to the ¢trypsin cleavage site on the
transporter being located on the cytoplasmic side of the
membrane (Plagemann, 1988).

Mass law analysis of the specific binding of [*H]NBMPR to
undifferentiated and differentiated cells (Figqure 4.6)
indicated a single class of binding sites for both cell
populations (one-site model provided better fit than two site
model; F-test, P<0.05). For undifferentiated and
differentiated cells respectively, the K, values of 0.14+0.02
and 0.1410.03 nM, and B_, values of 220430 and 23030 fmol/10%
cells, were not significantly different (Student’s t-test).
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Similarly, there was no difference between undifferentiated
and differentiated cells for inhibition of 0.4 nM [*H)NBMPR
binding by dilazep or DPR (Figure 4.7, Table 4.5). All
inhibition profiles had pseudo-Hill coefficients that were not
significantly different from unity (ANOVA). Assuming that
each [’H]NBMPR binding site represents one functional
nucleoside transporter (see section 1.2.3.1.2), there is an
estimated 1.4 X 10° es transporters per cell. This value is
within the range of 2 x 10* and 6 X 10* es transporters per
cell reported for other cultured cell lines (Plagemann et al.,
1988) .

4.4 Discussion

This study is the first report to characterize the
nucleoside transport system in a human neuroblastoma cell
line. Undifferentiated LA-N-2 human neuroblastoma cells
accumulate nucleosides via es nucleoside transporters.
Differentiation of the LA-N-2 cells in serum-free media
induced a change in nucleoside transport characteristics;
specifically, the initial rate of transporter-mediated
(*H)formycin B accumulation by the cells was increased. This
increase was not due to an increase in the number of es
transporters as there was no significant change in the number
of [*H)NBMPR binding sites (which represent es transporters).
This enhanced rate of transport (=25%) was likely due to the
functional expression of an ei transporter in the
differentiated cells (17% of total transporter-mediated
(*H)formycin B uptake) that was not present in the
undifferentiated cells.

The nucleoside transport characteristics of LA-N-2 cells
were similar to those of other neuronal cells and cultured
tumour cell 1lines. Both es (undifferentiated and
differentiated cells) and ei transporters (differentiated
cells) have been found in other neuronal preparations (see
section 1.2.4). As well, both the K, and B,, values for
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(*H)NBMPR binding were within the range of values observed in
other neuronal preparations and cultured cell lines (Plagemann
et al., 1988; Geiger and Nagy, 1990). Although NBMPR
inhibition of transporter-mediated (['H]formycin B uptake
showed NBMPR-sensitive and -resistant uptake components (ie.
a biphasic inhibition profile), dilazep did not. There have
been reports of dilazep distinguishing between es and ei
transporters, resulting in biphasic inhibition profiles for
nucleoside uptake (Plagemann and Woffendin, 1987b; Geiger et
al., 1988; Lee and Jarvis, 1988a,b; Hammond, 1991; section
2.3.3.1.2). However, these inhibition profiles for dilazep
are often not as clearly biphasic as those of NBMPR (Plagemann
and Woffendin, 1987b; Geiger et al., 1988; Lee and Jarvis,
1988a; KRammond, 1991; section 2.3.3.1.2). This is due to
dilazep having a relatively similar affinity for es and ei
transporters, as opposed to NBMPR which displays a >1000-fold
difference in affinity for es and ei transporters. There are
also instances where dilazep has demonstrated high affinity
for both ei and es transporters (Cass, 1994) and where dilazep
inhibition of mediated uptake could not be distinguished as
biphasic in a system possessing both es and ei transporters
(Plagemann et al., 1988; Johnston and Geiger, 1989).
Therefore, although NBMPR could distinguis’ [?H]formycin B
uptake by LA-N-2 cells into two components (biphasic
inhibition profile), a similar affinity of dilazep for es and
ei nucleoside transporters and the low proportion of ei
transport (<20%) in differentiated LA-N-2 cells may have
resulted in the monophasic inhibition profile for dilazep
inhibition of [’H)formycin B uptake.

At equilibrium, the estimated intracellular concentration
of [’H)formycin B in both undifferentiated and differentiated
cells (36 and 40 uM, respectively) was higher than the
extracellular media concentration of 25 uM. This
concentrative effect was not due to formycin B metabolism
(Table 4.2), nor can it be attributed to ion-dependent
nucleoside transport, as none was detected. A similar,
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sodium-independent, concentrative accumulation of [*H)formycin
B has been observed previously (Plagemann and Woffendin, 1989)
in mouse P388 leukaemia cells, and was speculated to be due to
binding to intracellular components.

It is not known if the increase in NBMPR-resistant
nucleoside transport in the differentiated cells was due to
enhanced activity of existing membrane-located transporters,
translocation from intracellular compartments, or increased
transcription. However, increased choline uptake into serum-
free differentiated LA-N-2 cells, due to an increased number
of transporters, appeared to be under transcriptional control
as the increase in uptake was largely blocked (>80%) by the
RNA polymerase inhibitor, a-amanitin (Rylett et al., 1993).
It should be noted, that the control of nucleoside transporter
expression may be regulated by a different mechanism than that
of choline transport. First, the increase in choline
transport was much larger than the corresponding increase in
nucleoside transport (600% vs. 25%) (Rylett et al., 1993).
Second, the affected choline transporters are ion-dependent
whereas the nucleoside transporters operate via facilitated
diffusion. Third, the control of expression of cellular
functions by differentiation of LA-N-2 cells appears to be
regulated by multiple mechanisms, possibly involving different
cell signalling pathways. This is suggested by the increase
in the activity of choline acetyltransferase in response to
differentiation of LA-N-2 cells by retinoic acid (Singh et
al., 1990); whereas, choline transport was increased in
response to differentiation by serum-free medium (Rylett et
al., 1993).

This present report is the first to demonstrate cellular
differentiation resulting in an increase in ei nucleoside
transporter activity. Changes in nucleoside transport
characteristics, including the number of transporters, the
presence of transporter subtypes, and transporter activity,
have been linked to cellular differentiation (see section
1.2.5). Differentiation of HL-60 human promyelocytic cells by
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N,N-dimethylformamide (Chen et al., 1986), DMSO (Lee et al.,
1990; Sokaloski et al., 1991), or phorbol 12-myristate 13-
acetate (PMA) (Lee et al., 1991; Sokaloski et al., 1991; Lee,
1994), resulted in a decrease in es mediated transport. Cells
differentiated by DMSO and PMA also showed an increase in
sodium-dependent nucleoside transport (Lee et al., 1990, 1991;
Sokaloski et al., 1991). An increase in sodium-dependent
transport was seen in IEC-6 rat intestinal epithelial cells
differentiated by low serum content (Jakobs et al., 1990).
Transformation of rat-2 fibroblasts, by protein-tyrosine
kinase, resulted in an increase in es mediated transport
activity without an increase in the number of (’H]NBMPR
binding sites (Meckling-Gill and Cass, 1992). Treatment of S1
macrophages with colony-stimulating factor 1 resulted in an
increased ratio of es to ei mediated transport with a
corresponding increase in the number of [*H]JNBMPR binding
sites (Meckling~Gill et al., 1993). From these studies it is
apparent that cells are capable of regulating both the
quantity of nucleoside transporters =nd the relative
expression of transporter subtypes. In addition, these
changes in nucleoside transport, as a result of
differentiation, vary considerably depending on cell type and
agent used to induce differentiation.

The intracellular mechanisms involved in nucleoside
transport regulation are not clear. However, second
messengers have been implicated in the regulation of
nucleoside transport. These include protein kinase A (Sen et
al., 1990; Miras-Portugal et al, 1991b; Nagy et al., 1991) and
protein kinase C (Lee, 1994; Lee et al., 1991; Miras-Portugal
et al., 1991a, 1991b; Sen et al., 1993). There is also
evidence for cell membrane located nucleoside transporter
movement to and from cytoplasmic pools of transporters
(Blostein and Grafova, 1987; Liang and Johnstone, 1992; Torres
et al., 1992), and for hormonal-mediated (triiodo-L-thyronine)
increased transporter synthesis (Fideu and Miras-pPortugal,
1992).
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One of the cbjectives of this study was to assess the
suitability of this cell 1line for examining nucleoside
transporter regulation. Differentiation of the LA-N-2 cells
did result in a change in nucleoside transport characte~stics
in the form of an increase in NBMPR-resistant transport.
However, a larger change might be necessary to study,
effectively, the mechanisms of transporter regulation. The
degree of morphological differentiation, observed under serum-
free conditions, was not as extensive as that seen by others
using different conditions; consequently, a more complete
differentiation, using inducing agents such as DMSO, retinoic
acid, phorbol esters or nerve growth factors, may result in a
larger change in nucleoside transport characteristics (Sidell
et al., 1983; Singh et al, 1990; Prasad, 1975; Mirkin and
Fink, 1988; Rosenthal, 1991; R.J. Rylett, Depts. of Physiology
and Pharmacology, University of Western Ontario, personal
communication). Also of interest are low doses of cytotoxic
nucleoside analogues such as cytosine arabinoside, 5-
bromodeoxyuridine, and S-azacytidine which may be used as part
of an alternative therapeutic strategy (Mirkin and Fink, 1988;
Rosenthal, %991) involving induction of terminal
differentiation of the tumour (see section 4.1).

In conclusion, differentiation of LA-N-2 cells in serum-
free media results in the enhanced functional xpression of an
ei nucleoside transporter. Further study of nucleoside
transport in human neuroblastoma LA-N-2 cells is important
both as a potential model for examining nucleoside transporter
regulation and for the possible clinical applications. This
should involve the examination of other differentiating
agents, including low doses of cytotoxic nucleoside analogues,
for their capacity to induce differentiation in this cell
line.
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Figure 4.1: The effectiveness of the stop solution was

assessed in undifferentiated and differentiated LA-N-2 cells.
Undifferentiated (®) and differentiated (0) cells were
incubated with 25 uM [*H)formycin B for 60 s, after which 4 ml
of ice cold stop solution was added to the plate. The stop
solution was removed immediately (control) or after 10, 30, or
60 s. This was followed by 2 more rapid washes in ice cold
stop solution (as usual). Each point represents the mean *
SEM from three experiments conducted in at least duplicate.
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Figure 4.2: Uptake of [‘H]formycin B by undifferentiated

and differentiated LA-N-2 cells. Accumulation of 25 uM
(*H)}formycin B was measured in the absence (total; (], M) and

presence of 10 uM NBMPR and 10 uM DPR (non-mediated; a, &) for

both undifferentiated (closed symbols) and differentiatead
cells (open symbols). Transporter-mediated uptake (o, ®) was
defined as the difference between the total and non-mediated
uptake components. Each point represents the mean:SEM from
four experiments conducted in duplicate.
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Figure 4.3 Ion dependence of [’H]}formycin B uptake by

undifferentiated and differentiated LA-N-2 cells.
Transporter-mediated accumulation of 25 uM [*H)formycin B was
measured after 30 s in normal incubation media (A; see section
4.2.3 for composition), or in incubation media with iso-
osmotic replacement of Na* by Li* (B) or N-methylglucamine*
(C), or iso-osmotic replacement of K' by N-wmethylglucamine*
(D). Ncne of these ion replacements had a significant =ffect
on [‘H]formycin B uptake (ANOVA, P<0.05). Each point
represents the mean:SEM from four experiments conducted in

triplicate.
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Figure 4.4: Inhibition of transporter-mediated [*H)formycin
B uptake by NBMPR. Both undifferentiated (@) and

differentiated cells ([J) were incubated with a range of
concentrations of NBEMPR and then the mediated influx of 25 uM
(*H}formycin B (15 s incubation) was determined. Control
uptake was the amount of transporter-mediated accumulation of
{*H)formycin B observed in the absence of inhibitors. Each
point represents the mean * SLM from at least four experiments
conducted in duplicate.




FPigure 4.5: Inhibition of transporter-nediated [*H]formycin
B uptake by selected inhibitors and substrates.
Undifferentiated (closed symbols) and differentiated (open
symbols) LA~N-2 cells were incubated with a range of
concentrations of DPR (¢, ¢), adenosine (A, a), dilazep (@,

0), and formycin B (B,0J), and the mediated influx of 25 uM
{’H}formycin B (15 s incubation) was determined. Control
uptake was the amount of transporter-mediated accumulation cf
(H]formycin B observed in the absence of inhibitors. Each
point represents the mean * SEM from at least four experiments

conducted in duplicate.
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rigure 4.6: Saturation analysis of [’H]NBMPR binding to

undifferentiated and differentiated LA-N-2 cells (A.) and the
corresponding Scatchard transformations of the specific
binding derived from these data (B.). Specific binding (@, 0)
was defined as the total binding (B, (0) minus the binding

observed in the presence of 10 uM NBTGR (non-specific; a, A)
for both undifferentiated (closed symbols) and differentiated
(open symbols) cells. These are representative plots from six

experiments.
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Figure 4.7: Inhibition of [*H]NBMPR binding to
undifferentiated and differentiated LA-N-2 cells ky dilazep
and DPR. Both undifferentiated (closed symbols) and

differentiated (open symbols) cells were incubated with 0.4 nM
[(HINBMPR in the presence and absence of a range of
concentrations of dilazep (®, ©) and DPR (¢, ¢). Control
binding was defined as specific binding in the absence of
inhibitor. Each point represents the mean * SEM from four

experiments.




154

Table 4.1: Protein content, DNA content, and cell volume
of undifferentiated and differentiated LA-N-2 cells. After
undergoing a "mock" assay, the number of cells, protein
content, DNA content and cell volume were determined using
replicate plates from the same passage. Each value represents
the mean + SEM from 4 separate experiments.

Parameter (/10° cells) | Undifferentiated Differentiated]

DNA (ug) | 19%5 1843
Protein (ug) | 200%40 29045
Cell volume (pl) | 2.6+0.3 3.410.5*

——

. significantly different from the value obtained using

vndifferentiated cells (Student’: paired t-test, P<0.05)
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Table 4.2: Metabolism of formycin B and uridine by LA-N-2
cells. [’H]Formycin B and [’H]uridine (final concentration, 25
uM and 10 uM, respectively) were incubated with cells for 60
and 15 s, respectively. The products of metabolism were
extracted and then identified by thin layer chromatography.
Values are given as a percentage of the total radioactivity
recovered. Values are the average of 2 experiments done in

duplicate.
Substrate ¥ of Total Radicactivity
Recuvered
Nucleoside Nucleotides Nucleobase
Formycin B undifferentiated 99 1 -
i differentiated 99 1 -
Uridine undifferentiated 7 92

differentiated 11 89 0
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Table 4.3: Inhibition of transporter-mediated [’H]formycin
B uptake in undifferentiated and differentiated LA-N-2 cells.
Compounds were tested over a range of concentrations to
determine their capacity to inhibit the transporter-mediated
accumulation of [*H]formycin B (25 uM; Figures 4.4 and 4.5).
Values shown are the means:SEM from at least 4 experiments.

INHIBITOR [*H)}Formycin B Uptake
(ICs)
undifferentiated differentiated

NBMPR

"sensitive" (nM) 0.5%0.2 0.9%0.2

"resistant" (uM) _ 7+2
DPR (nM) 2.9%0.2 2.640.9
Dilazep (nM) 1.2%0.3 0.9%0.3
Adenosine (uM) 11020 80+10

Formycin B (uM) 280160 270+80
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Table 4.4: Binding of [’H]JNBMPR (0.4 nM) was conducted
with undifferentiated and differentiated LA-N-2 cells that had
been exposed to trypsin and trypsin inhibitor ("with
Trypsin®), as described in section 4.2.6, and those which had
not been exposed to trypsin and trypsin inhibitor ("No
Trypsin®). "No Trypsin" cells were removed from the plates
mec ‘.nically (via rubber policeman) rather than enzymatically.
In eac: case, cells removed from the plates were diluted
equally for use in the assay. Values given below are for
specific binding of ['H]NBMPR (fmol per assay tube of cells).
There was no significant difference in [’H]NBMPR binding as a
result of method of cell removal from the plates (Student-
Newman-Keuls, P<0.05). Each point represents the mean * SEM
from four experiments conducted in duplicate.

{’H]1NBMPR Bound (fmol/assay tube)

LA-N-2 cells No Trypsin With Trypsin

undifferentiated 1243 10+3

differentiated 10+2 9+2
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Table 4.5: Inhibition of {*H}NBMPR binding in
undifferentiated and differentiated LA-N-2 cells. Compounds
were tested over a range of concentrations to determine their
capacity to inhibit the specific binding of [H]NBMPR (0.4 nM)
as shown in Figure 4.7. Values shown are the means:SEM from
4 experiments.

INHIBITOR {*H)NBMPR Binding
(X;, nM)

undifferentiated differentiated

NBMPR 0.14+0.02° 0.14%0.03°
DPR 0.9%0.1 0.8%0.1
Dilazep 0.11#0.01 0.08+0.01

* Kp for [*H)NBMPR binding




CHAPTER F1IVE: CONCLUSIONS AND QUESTIONS FOR FURTHER STUDY

This thesis examined the heterogeneity of nucleoside
transport in mammalian neuronal tissues. For greater clarity,
the results were presented as three separate chapters. A
brief description of where these results fit into the field of
nucleoside transport, as well as a summary of results and
questions for further study, follows.

A single system for mediated nucleoside transport was
first characterized in the early 1970’s. Since then at least
seven functionally distinct nucleoside transporter subtypes
have been described and, with the aid of molecular biology, it
is likely that the discovery of other subtypes will follow.
In order to gain a better understanding of nucleoside
transport, characterization of each subtype is being pursued.
Key to this are the many probes, such as ([*H]NBMPR, [’H)DFR,
and [’H]R75231, which have been synthesized for the study of
nucleoside transporters. These probes can be used to obtain
information about nucleoside transporters including, the
number of binding sites, interactions of inhibitors with
binding sites, and interaction of binding sites with each
other (Chapters 2, 3, and 4). However, the only transporter
subtype that can be effectively examined by these probes is
the es transporter (Chapters 2 and 3). Fortunately, the
concentrative transporters can be examined selectively based
on their substrate selectivity. This leaves the ei
transporter for which no selective substrate or probe has yet
been found (Chapter 2). As a result, detailed ~xamination of
this transporter has proven difficult (Chapter 2). In
addition to the transporter heterogeneity, the study of
nucleoside transporters has Fr2:en complicated by species
dependent differences in nucleoside transporter
characteristics (number of transporters, transporter subtypes,
kinetic characteristics, and inhibitor sensitivities)
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(Chapters 2 and 3).

Regulation of nucleoside transporter numbers and subtypes
is poorly understood. However, it is apparent that changes in
transporter numbers and subtypes are linked to cellular
differentiation (Chapter 4). Further study in this area may
establish the factors that regulate nucleoside transporters
under both physiological and pathological conditions.

Perhaps the most interesting area of future research
involving nucleoside transport is in the clinical field.
Current areas of research include using nucleoside substrates
or inhibitors in <cancer and viral (including AIDS)
chemotherapy, for cardioprotection including the preservation
of organs for transplant, and for neuroprotection under
conditions such as stoke or seizure (Chapters 3 and 4).
Because of these practical implications, it is likely that
both basic and clinical research in the area of nucleoside
transport will continue to increase.

The studies reported in this thesis have examined
radioligand binding to, the functioning of, and the regulation
of, nucleoside transporters in mammalian nervous systems.
Several conclusions can be made based on these results.

The relationship between the nucleoside transport system
and NBMPR-sensitive and -resistant ([’H]JDPR binding was
examined in rabbit and guinea pig cortical synaptosomes. As
well, a pharmacological profile of the inhibitory effects of
various compounds on nucleoside transport was conducted in
rabbit cortical synaptosomes.

1. In agreement with previous studies, NBMPR-sensitive
(*H]DPR binding and [*H)NBMPR binding involved the same, or
overlapping, m ibrane sites associated with the es nucleoside
transporter. Therefore, [’H]DPR could be a useful prok: for
this transporter.

2. This study showed that CHAPS could be used to decrease
[*H)DPR binding to glass tubes and filters. This methodology
also prevented the filter associated [’H)}DPR whirh could
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potentially be misinterpreted as binding to specific tissue
located sites.

3. This stud, proposed that the NBMPR-resistant [’H]DPR
binding site(s) involved membrane components distinct from
those associated with functinnal, ei nucleoside transporters.
As a result, past and future binding studies with [’H]DPR mu.*
be interpreted with caution.

4. Nucleoside transport characteristics were examined in
rabbit cortical synaptosomes. Thes~ results, when compared to
studies involving other species agree with vrevious findings
of ospecies dependent differe’ ies in nucleoside transport

characteristics. The effects produced by a particular
transport blocker in the CNS are 1likely to be species
dependent.

The interaction of the mioflazine derivative R75231 with
the nucleoside transport system was investigated.

5. R75231 bound extremely tightly to nucleoside transporters
of rabbit cortical synaptosomes. This tight binding, which
has been observed in other systems, may be responsihle for the
long lasting inhibitory effects of R75231, in vivo.

6. This study was the first to detail many of the binding
characteristics of R75231, which may be responsible for its
tight binding and long-lasting effects, to the nucleoside
transporter. ror example: R75231 was a "mixed" type
inhibitor of {*H]NBMPR binding in rabbit cortical
synaptosomes; [(*H]R75231 binding to the nucleoside transporter
of human erythrocyte ghost membranes was reversible; the rate
of (’H)R75231 dissociation depended on the agent used to
prevent its reassociation.

7. [(*H]R75251 binding characteristics support - nucleoside
transporter model which has multiple, interacting binding
sites. Specifically, this present s:1dy proposes that
relatively high concentrations of R75231 may interact with the
second, allosteric, site on the transporter leading to an
increase in the affinity of the first site for R75231. This,
in eftfect, "locks"™ R75231 onto this binding site (positive
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cooperativity).

The nucleoside transport characteristics of
undifferentiated and differentiated LA-N-2 human neuroblastoma
cells were compared.

8. This study is the first report to characterize the
nucleoside transport system in a human neuroblastoma cell
line. Undifferentiated LA-N-2 human neuroblastoma cells
accumulate nucleosides via es nucleoside transporters. The
enhanced nucleoside transport in differentiated LA-N-2 cells
appeared to be due to an increased expression of ei
transporters. The mechanism which resulted in the change of
transport characteristics is not yet known.

9. This present report is the first to demonstrate cellular
differentiation resulting in an increase in ei nucleoside
transporter activity. From this study and others, it is
apparent that cells are capable of regulating both the number
of nucleoside transporters and the relative expression of
transporter subtypes. In addition, these changes in
nucleoside transport, &zs a result of differentiation, vary
considerably depending on cell type and agent used to induce
differentiac..on.

The studies repor“ed in this thesis have examined aspects
of nucleoside transport in the mammalian nervous system.
Still, many questions in these areas remain unanswered. Some
potential avenues of further research include the following:
1. Does a strongly selective subs’rate/inhibitor for the ei
transporter exist or could one ve developed? Extensive
examination of the structure-activity relationship of a
variety of nucleosides and nucleoside derivatives may lead to
the development of a substrate/inhibitor selective for the ei
transporter.

2. Many of the characteristics of nucleoside transporters,
are, at least in part, species dependent. Since nucleoside
transport inhibitors may prove to be clinically useful in the
CNS, the full characterization of the nucleoside transport
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system of human CNS tissue could prove extremely beneficial.
In order to examine the kinetics and pharmacology of all
possible transporter subtypes, substrate influx studies should
be performed using fresh brain tissue. Examination of
heterogeneity of transport characteristics within the
different areas of the brain may also prove to be useful.

3. There is considerable evidence for multiple, interacting,
inhibitor binding sites on the es nucleoside transporter.
There is also some evidence that suggests that individual
nucleoside transporters may form complexes of 2 or more, which
can result in allosteric regqulation of adenosine transport
(Casillas et al., 1993). Therefore, are the interacting
inhibitor binding sites on the same individual transporter
protein or are they actually on different transporter proteins
within a complex? Analysis of cloned and sequenced es
nucleoside transporters and information from subsequent
mutation studies may clarify the number and location of
inhibitor binding sites and possible transporter-transporter
interactions.

4, Was the increase in ei-mediated nucleoside transport
observed in the differentiated LA-N-2 neuroblastoma cells due
to increase. transcription or increased translation? This
question could be addressed using inhibitors of protein
synthesis (i.e. cycloheximide) and RNA polymerase inhibitors
(i.e. a-amanitin). Increased ei-mediated nucleoside transport
may also be due to enhanced activity of existing membrane-
located transporters or translocation from intracellular
compartments. Examination of this possibility would require
a probe for the ei transporter, which is not yet available, so
that the number of transporters could be estimated. The
movement of transporters from intracellular sources could then
be observed by separating cell membranes and intracellular
vesicles through differential centrifugation or by using
saponin to permeabilize the cell membranes and allow the
labelling of intracellular transporters.

5. Differentiation of the LA-N-2 neuroblastoma cells, as a
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result of growing in the absence of serum, did result in a
change in nucleoside transport characteristics. However, a
larger change might be necessary to study, effectively, the
mechanisms of transporter regulation. Since the morphological
differentiation observed in the absence of serum was not
complete, would other differentiating agents, such as DMSO,
retinoic acid, phorbol esters, or nerve growth factors,
produce a more complete differentiation of LA-N-2 cells with
a larger change in nucleoside transport characteristics?




REFERENCES

Agbanyo, F.R., Vijayalakshmi, D., Craik, J.D., Gati, W.P.,
McAdams, D.P., Asakura, J., Robins, M.J., Paterson,
A.R.P., and Cass, C.E. (1990) 5’/~S-(2-aminocethyl)-N®-(4-
nitrobenzyl)-5’-thioadenosine (SAENTA), a novel ligand
with high affinity for polypeptides associated with
nucleoside transport. Biochem. J. 270, 605-14.

Ahlijanian, M.K. and Takemori, A.E. (1986) Changes in
adenosine receptor sensitivity in morphine-tolerant and -
dependent mice. J. Pharmacol. Exp. Ther. 236, 615-20.

Andiné, P., Rudolphi, K.A., Fredholm, B.B., and Hagberg, H.
(1990) Effect of propentofylline (HWA 285) on
extracellular purines and excitatory amino acids in CA1l
of rat hippocampus during transient ischaemia. Br. J.
Pharmacol. 100, 814-18.

Arch J.R.S., Newsholme E.A. (1978) The control of the
metabolism and the hormonal role of adenosine. Essays
Biochem. 14: 82-123,

Aronow, B., Allen, k., Patrick, J., and Ullman, B. (1985)
Altered nucleoside transporters in mammalian cells
selected for resistance to the physiological effects of
inhibitors of nucleoside transport. J. Biol. Chem. 260,
6226-33.

Asano, T., Ochiani, T., and Hidak, H. (1977) Selective
inhibition of separate forms of platelet cyclic
nucleotide phosphodiesterase by platelet aggregation
inhibitors. Mol. Pharm. 13, 400-6.

Ashton, D., De Prins, E., Willems, R., Van Belle, H., and
Wauguier, A. (1988) Anticonvulsant action of the
nucleoside transporter inhibitor soluflazine, on synaptic
and non-synaptic epileptogenesis in the guinea-pig
hippocampus. Epilepsy Res. 2, 65-71.

Ashton, D., Willems, R., De Prins, E., Van Belle, H., and
Wauquier, A. (1987) The nucleoside-transport inhibitor
soluflazine (R64719) increases the effects of adencsine,
and is antagonized by adenosine deaminase in the guinea-
pig hippocampal slize. Eur. J. Pharacol. 142, 403-8.

Baer, H.P., El-Soofi, A., and Selim,. A. (1988) Treatment of
Schistosoma mansoni- and Schistosoma haematobium-infected
mice with a combination of tubercidin and nucleonside
transport inhibitor. Med. Sci. Res. 16, 919,

165




166

Baer H.P., Serignese, V., Moorji, A., and Van Belle, H. (1991)
In vivo effectiveness of several nucloside transport
inhibitors in mice and hamsters. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 343, 365-9.

Banay-Schwartz, M., Guzman, T., and Lajtha, A. (1980)
Nucleoside uptake by slices from mouse brain. J.
Neurochem. 35, 544-51.

Barberis, C., Minn, A., and Gayet, J. (1981) Adenosine
transport into guinea pig synaptosomes. J. Neurochem. 36,
347-54,

Belardinelli, L., Giles, W.R., and West, A. (1988) Ionic
mechanisms of adenosine actions in pacemaker cells from
rabbit heart J. Physiol. 405: 615-33.

Belardinelli, L., Linden, J., and Berne, R.M. (1989) The
cardiac effects of adenosine. Prog. Card. Dis. 32: 73-97.

Belardinelli, L., West, A., Crampton, R., and Berne, R.M.
Chronotropic and dromotropic effects of adenosine, In
Regulatory function of adenosine. (Berne, R.M., Rall,
T.W., Rubio, R., eds) Nijhoff, Boston, 1983, 377-398.

Belt, J.A. (1983a) Nitrobenzylthioinosine~-insensitive uridine
transport in human lymphoblastoid and murine leukemia
cells. Biochem. Biophys. Res. Commun. 110, 417-23.

Belt, J.A. (1983b) Heterogeneity of nucleoside transport in
mammalian cells, Two tvpes of transport activity in L1210
and other cultured neoplastic cells. Mol. Pharmacol. 24,
479-840

Belt, J.A., Marina, N.M., Phelps, D.A., and Crawford, C.R.
(1993) Nucleoside transport in normal and neoplastic
cells, Advan. Enzyme Regul. 33, 235-52.

Belt, J.A. and Noel, L.D. (1985) Nucleoside transport in
Walkerr 256 rat carcinosarcoma and S49 mouse lymphoma
cells. J. Biochem. 232, 681-688.

Belt, J.A. and Noel, D. (1988) Isolation and characterization
of a mutant of L1210 murine leukemia deficient in
nitrobenzylthioinosine-insensitive nucleoside transport.
J. Biol. Chem. 263, 13819-22.

Bender, A.S. and Hertz, L. (1986) Similarities of adenosine
uptake systems in astrocytes and neurons in primary
cultures. Neurochem. Res. 11, 1507-24.

Bender, #.S., Wu, P.H., and Phillis, J.W. (1980) The
characterization of [’H}adenosine uptake into rat




167

cerebral cortical synaptosomes. J. Neurochem. 35, 629-40.

Bender, A.S., Wu, P.H., and Phillis, J.W. (1981) The rapid
uptake and release of [’H]adenosine by cerebral cortical
synaptosomes. J. Neurochem. 36, 651-60.

Berne, R.M. (1963) Cardiac nucleotides in hypox.a: Possible
role in regulation of coronary blood flow. Am. J.
Physiol. 204: 317-322,

Beukers, M.W., Kerkhof, C.J.M., IJzermann, A.P., and Soudijn,
W. (1994) Nucleoside transport inhibition and platelet
aggregation in human blood: R75231 and its enantiomers,
draflazine and R88016. Eur. J. Pharm. 266, 57-62.

Bisserbe, J.C., Deckert, J., and Marangos, P.J. (1986)
Autoradiographic localization of adenosine uptake sites
in gqguinea pig brain using [’H)dipyridamole. Neurosci.

Letta 66, 341-5.

Bisserbe, J.C., Patel, J., and Marangos, P.J. (1985)
Autoradiographic localization of adenosine uptake sites
in rat brain wusing [’H} itrobenzylthioinosine. J.

Neurosci. 5, 544-50.

Blostein, R., and Grafova., E. (1987) Characteristics of
membrane transport losses during reticulocyte maturation.
Biochem. Cell. Biol. 65, 869-75.

Bohm, M., Weinhold, <., Schwinger, R.H.G., Muller-Ehmsen, J.,
Bohm, D., Reichenspurner, H., Teichart, B., Erdmann, E.
(1994) sStudies ol the nucleoside trasnporter inhibitor,
draflazine, in tte human myocardium. Br. J. Pharmacol.
112, 137-42,

Boissard, C.G., Lindner, M.D., and Gribkoff, V.K. (1992)
Hypoxia produces cell death in the rat hippocampus in the
presence of an A, adenosine receptor antagonist.
Neurosci. 48, 807-12.

Boissard, C.G. and Gribkoff, V.K. (1993) The effects cf the
adenosine reuptake inhibitor soluflazine on synaptic
potentials and population hypoxic depolarizations in are
CAl of rat hippocampus in vitro. Neuropharacol. 32, 149~
55,

Boker, H.M., and Cahpman, A.G., Adenosine analogues. The
temperature-dependence of the anticonvulsant effect and
inhibition of [’H)-D-aspartate release. Biochen.
Pharmacol. 35, 2949-53.

Bottenstein, J.E. and Sato, G.H. (1979) Growth of a rat




168

neuroblastoma cell 1line in serum-free supplemented
medium. Proc. Nat. Acad. Sci., 76, 51¢-17.

Braunwald, E. and Sabel, B.E. Coronary blood flow and
myocardial ischemia, In: Heart Disease, 3rd edition, (ed.
E. Braunwald), W.B. Saunders Co., Philadelphia, 1988, pp.
1191-221.

Brosh, S., Sperling, 0., Bromberyg, Y., and Sidi, Y. (1990)
Developmental changes in the activity of enzymes of
purine metabolism in rat neuronal cells in culture and in
whole brain. J. Neurochem. 54, 1776-81.

Bruns R.P., Lu G.H., Pugsley T.A. (19(8) Characterization of
the A, adenosine receptor labeled by ([HJNECA in rat
striatal membranes. Mol. Pharm. 29, 331-46.

Burley, E.S. ard Ferrendelli, J.A. (1984) Regulatory effects
of neurotransmitter on electroshock and pentylenetetrazol
seizures. Fed. Proc. 43, 2521-24.

Burnstock G. A comparison of receptors for adenosine and
adenine nucleotides, 1In: Regulatory Function of
Adenosine, (ed. R.M. Berne, T.W. Rall, R. Rubio),
Nijhoff, Boston, 1983, pp. 49-62.

Buxton, D.B. (1988) Potentiation of the glycogenolytic aid
haemodynamic action of adenovsine in the perfused rat
liver by verapamil. Eur. J. Pharmacol. 146: 121-127.

Casillas, T., Delicado, E.G., Garcia-Carmona, F., and Miras-
Portugal, M.T. (1993) Kinetic and allosteric
cooperativity in L-adenosine transport in chromaffin
cells. A mnemonical transporter. Biochemistry, 32, 14203-
90

Cass, C.E. Nucleoside transport, 1In: Drug .ransport in
Antimicrobial and Anticancer Chemotherapy, (ed. N.H.
Georgopapadakou), 1994, in press.

Cass, C.E., Dahlig, E., Lau, E.Y., Lynch, T.P. and Paterson,
A.R.P. (1979) Fluctuations of nucleosidr uptake and
binding of the inhibitor of nucleoside transport,
nitrobenzylthioinosine, during the replication cycle of
Hela cells. Canc. Res, 39, 1245-52.

Cass, C.E., Gaudette, L.A., and Paterson, A.R.P. (1974)
Mediated transport of nucleosides in human erythrocytes.
Specific binding of the inhibitor nitrobenzylthioinosine
to nucleoside transport sites in the erythrocyte
membrane. Biochim. Biophys. Acta. 345, 1-10.




169

Cass, C.E., King K.M., Montano, J.T., and Wieczorek,
A.J. (1992) A comparison of the abilities of
nitrobenzylthioinosine, dilazep, and dipyridamole
to protect human hematopoietic cells from 7-
deazaadenosine (tubercidin). Canc. Res. 52, 5879-
86.

Chang-Chun, C., Masuda, M., Szabo, 2., Szerafin, T., Szecsi,
J., Van Belle, H., Flameng, W. (1992) Nucleoside
transport inhibition mediates 1lidoflazine-induced
cardioprotection during intermittent aortic
crossclamping. J. Thorac. Cardiovasc. Suvg. 104, 1602-9.

Chen, H., Bamberger, U., Heckel, A., Guo, X., and Cheng, Y.
(1€93) BIBW 22, a dipyridamole analogue, acts as a
bifunctional modulator on tumor cells by influencing both
P-glycoprotein and nucleoside transport, Cancer Res., 53,
1974-~7.

Chen, S.-F., Cleaveland, J.S., Hollmann, A.B., Wiemann, M.C.,
Parks, Jr. R.E., and Stoeckler, J.D. (1986) Changes in
nucleoside transport of HL-60 human promyelocytic cells
during N,N-dimethylformamide induced differentiation.
Canc. Res. 46, 3449-55,

Chin, J.H. (1989) Adenosine receptors in brain:
neuromodulation and role in epilepsy. Ann. Neurol. 26,
695_8 .

Church, M.K., and Holgate, S.T. (1986) Adenosine and asthma.
Trends Pharmacol. Sci. 7: 49-50.

Church, M.K., and Hughes, P.J. (1985) Adenosine potentiates
immunological histamine release from rat mast cells by a
novel cyclic AMP-independent cell-surface action. Br. J.
Pharmacol. 85: 3-5.

Collis, M.G. (1989) The vasodilator role of adenosine.
Pharmac. Ther. 41: 143-162.

Collis, M.G. Effect of adenosine on the coronary circulation,
In: Adenosine and adenine nucleotides as regqulators of
cellular function. (Phillis J.W., ed.) CRC Press, Ann
Arbor, 1991a, 171-180.

Collis, M.G. Influence of adenosine on cardiac activity, In:
Adenosine and adenine nucleotides as regulators of
cellular function. (Phillis J.W., ed.) CRC Press, Ann
Arbor, 1991b, 249-257.

Cook, M.A. Purinergic regulation of gastrointestinal motility
and secretion, In: Adenosine and .denine nucleotides as
regulators of cellular function. (Phillis J.W., ed.) CRC




Press, Ann Arbor, 1991, 267-82.

Cooper D.M.F. and Caldwell K.K. Signal transduction mechanisms
for adenosine, In Adenosine and Adenosine Receptors (ed.
M. Williams), 1990, Humana Press, New Jersey, pp. 105-
142.

Corradetti, R., Conte, G.L., Moroni, F., Passani, M.B., and
Pepeu, G. (1984) Adenosine decreases aspartate and
glutamate release from rat hippocampal slices. Eur. J.
Pharmacol. 104, 19-26.

Craig, C.G., and White, T.D. (1993) N-Methyl-D-aspartate- and
non-N-methyl-D-aspartate-evoked adenosine release from
rate cortical slices: distinct purinergic sources and
mechanisms of release. J. Neurochem. 69, 1073-80.

Crawford, C.R. and Belt, J.A. (1991) Sodium-dependent,
concentrative nucleoside transport in Walker 256 rat
carcinosarcoma cells, Biochem. Biophys. Res. 175, 846-
851.

Crawford, C.R., Ng C.Y.C., Noel L.D., and Belt J.A. (1990a)
Nucleoside transport in L1210 murine leukemia cells,
evidence for three transporters, J. Biol. Chem. 265,
9732-9736.

Crawford, C.R., Ng, C.Y.C., and Belt, L.D. (1990b) Isnlation
and characterization of an L1210 cell line retairing the
sodium-dependent carrier cif as its sole nucleoside
transport activity. J. Biol. Chem. 265, 13730-4.

Crawford, C.R., Ng, C.Y.C., Ullman, B. (1990c) Identification
and reconstitution of the nucleoside transport of CEM
human leukemia cells. Biochim. Biophys. Acta, 1024, 289~
97.

Dagnino, L., Bennett, Jr., L.L., and Paterson, A.R.P. (1991a)
Sodium-dependent nucleoside transport in mouse leukemia
L1210 cells. J. Biol. Chem. 266, 6308-11.

Dagnino, L., Bennett, Jr L.L., and Paterson, A.R.P. (1991b)
Substrate specificity, kinetics, and stoichiometry of
sodium~-dependent adenosine transport in L1210/AM mouse
leukemia cells. J. Biol. Chem. 266, 6312-17.

Daly, J.W. (1982) Adenosine receptors: target sites for drugs.
J. Med. Chem. 25: 197-297.

Daval, J.-L. and Barberis, C. (1981) Release of radiolabeled
adenosine from perfused synaptosome beds. Biochenm.
Pharmacol. 30, 2559-67.




171

Daval, J.-L., Nehlig, A., and Nicolas, F. (1991) Physiological
and pharacological properties of adenosine: therapeutic
implications. Life Sci. 49, 1435-53.

Davies, L.P. and Hambley, J.W. (1986) Regional distribution of
adenosine uptake in guinea pig brain slices and the
effect of sonme inhibitors: evidence for
nitrobenzylthioinosine-sensitive and insensitive sites?
Neurochem. Int. 8, 103-8.

Deckert, J., Bisserbe, J.C., and Marangos, P.J. (1987)
Heterogeneity of adenosine transporters in guinea pig
brain as visualized by quantitative [’H}dipyridamole
autoradiography. Naunyn Schmiedebergs Arch. Pharacol.
335, 660-6.

Deckert, J., Morgan, P.J., Daval, J-L, Nakajima, T., and
Marangos, P.J. (1988b) Ontogeny of adenosine uptake sites
in guinea pig Dbrain: differential profile of
(*H]nitrobenzylthioinosine and [’H)dipyridamole binding
sites. Develop. Brain Res. 42, 313-6.

Deckert, J., Morgan, P.F., and Marangos, P.J. (1988) Adenosine
uptake site heterogeniety in the mammalian CNS? Uptake
inhibitors as probes and potential neuropharmaceuticals.
Life Sci., 42: 1331-1345,

de Haan, H.H., de Han, J., Van Reempts, J.L., Van Belle, H.,
and Hasaart, T.H. (1993) The effect of adenosine
transport inhibition on cardiovascular function and
survival after severe asphyxia in fetal 1lambs.
Pediatr.Res. 185-9.

Di~Cori, S., and Henry, J.L. (1984) Effects of ATP and AMP on
hippocampal neurons of the rat in vitro. Brain Res. Bull.
13, 199-201.

Dimarco, J.P., Sellers, T.D., Berne, R.M,, West, G.A., and
Belardinelli, L. (1983) Adenosine: electrophysiologic
effectts and therapeutic use for terminating paroxmal
supraventricular tachycardia. Circulation, 68, 1254-1263.

Dodge, J.T., Mitchell. C., and Hanahan, D. (1963) The
preparation and chemical characteristics of haemoglobin-
free ghosts of human erythrocytes. Arch. Biochemn.
Biophys. 100, 119-30.

Dolphin, A.C., and Archer, E.R. (1983) An adenosine agonist
inhibits and a cyclic AMP analogue enhances the release
of glutamate but not GABA from slices of rat dentate
gyrus. Neurosci. Lett., 43, 49-54.

Dragunow, M. (1988) Purinergic mechanisms in epilepsy. Prog.




Neurobiol. 31, 85-108.

Dragunow, M. Adenosine and epileptic seizures, In: Adenosine
and adenine nucleotides as regulators of cellular
function. (Phillis J.W., ed.) CRC Press, Ann Arbor, 1991,
367-379.

Dragunow, M. and Faull, R.L.M. (1988) Neuroprotective effects
of adenosine. Trends Pharmacol. Sci. 9, 193-4.

Dragunow, M. and Goddard, G.V. (1984) Adenosine modulation of
amygdala kindling. Exp. Neurol. 84, 654-65.

Drury, A.N. and Szent-Gyorgyi, A. (1929) The physiological
activity of adenine compounds with especial reference to
their action upon the mammalian heart, J. Physiol., 68:
213-237.

Dunwiddie, T.V. (1985) The physiological roles of adenosine in
the central nervous system. Int. Rev. Neurobiol. 27, 63-
139.

Dunwiddie, T.V., Basile, A.S., and Palmer, M.R. (1984)
Electrophysiological responses to adenosine analogs in
rat hippocampus and cerebellum: evidencc for mediation by
adenosine receptors of the A, subtypes. Life Sci. 34, 37-
47.

Dunwiddie, T.V., and Fredholm, B.B. (1984) Adenosine receptors
mediating inhibitory electtrophysiological responses in
rat hippocampus are different from receptors mediating
cyclic AMP accumulation. Naunyn-Schmiedeburg’s Arch.
Pharacol. 326, 294-301.

pux, E., Fastbom, J., Ungerstedt, U., Rudolphi, K., and
Fredholm, B. (1990) Protective effect of adenosine and
novel xanthine derivative propentophylline on the cell
damage after bilateral carotid occlusion in the gerbil
hippocampus. Brain Res. 516, 248-56.

el Kouni, M.H. (1991) Efficacy of combination therapy with
tubercidin and nitrobenzylthioinosine 5’-monphosphate
against chronic and advanced stages of schistosomiasis.
Biochem. Pharm. 41, 815-20.

Fastbom, J. and Fredholm, B.B. (1990) Effects of loung-term
theophylline treatment on adenosine A,~receptors in rat
bra’n: autoradiographic evidence for increased receptor
number and altered coupling to G-proteins. Brain Res,
507, 195-199,

Fastbom, J., Pazos, A., Probst, A., and Palacios, J.M. (1986)
Adenosine A, receptors in human brain: characterization




173

and autoradiographic visualization. Neurosci Lett. 65:
127-32.

Feuerstein, T.J., Hertting, G., and Jackisch, R. (1985)
Modulation of hippocampal serotonin (5-HT) release by
endogenous adenosine. Eur. J. Pharmacol. 107, 233-42.

Fideu, M.D. and Miras-Portugal, M.T. (1992) Long term
regulation of nucleoside transport by thyroid hormone
(T;) in cultured chromaffin cells. Neurochem. Res. 17,

1099-104.

Franco, R., Centelles, J.J., and Kinne, R.K.H. (1990) Further
characterization of adenosine transport in renal brush-
border membranes. Biochim. Biophys. Acta, 1024, 241-8.

Fredholm, B.B, Abbracchio, M.P., Burnstock, G., Daly, J.W.,
Harden, T.K., Jacobson, K.A., Leff, P., and Williams, M.
(1994) Nomenclature and Classification of Purinoceptors.
Pharmacol. Rev. 46, 143-56.

Fredholm, B.B. and Dunwiddie, T.V. (1988) How does adenosine
inhibit transmitter release? Trends Pharmacol. Sci. 9,
130-134.

Fredholm, B.B., Gustafsson, L.E., Hedgvist, P., and Sollevi,
A. Adenosine in the regulation of neurotransmitter
release in the peripheral nervous system, In Regulatory
function of adenosine. (Berne, R.M., Rall, T.W., Rubio,
R., eds) Nijhoff, Boston, 1983, 479-495.

Fredholm, B.B., Lindgren, E., Lindstrom, K., and Vernet, L.
(1983) The effect of some drugs with puported antianoxic
effect on veratridine-induced purine release from
isolated rat hypothalmic synaptosomes. Acta Pharmacol.
Toxicol. 53, 236-44.

Fredholm, B.B., and Sollevi, A. (1986) Cardiovascular effects
of adenosine. Clin. Physiol. 6: 1-21.

Fredholm, B.B., Sollevi, A., Vernet, L., and Hedqvist, P.
(1980) Inhibition by dipyridamole of stimulated purine
release. Naunyn-Schmiedeberg’s Arch. Pharmacol. 313, R18.

Fredholm, Bb.3. and Vernet, L. (1979) Morphine increases
depolarization induced purine release from rat cortical
slices. Acta Physiol. Scand. 104, 502-4.

cati, W.P., Dagnino, L., and Paterson, A.R.P. (1989)
Enantiomeric selectivity of adenosine transport systems
in mouse erythrocytes and L1210 cells. Biochem. J. 263,
957-60.



174

Gati, W.P. and Pat:-uson, A.R.P. (1989) Interaction of
(*H)dilazep at nucleoside transporter-associated binding
sites on S49 mouse lymphoma cells. Mol. Pharm. 36, 134-
41.

Geiger, J.D. (1986) Localization of [’H]cyclohexyladenosine
and [H)nitrobenzylthioinosine binding sites in rat
striatum and superior colliculus. Brain Res. 363, 404-8.

Geiger, J.D. (1987) Adenosine uptake and
(*H)}nitrobenzylthioinosine binding in developing rat
brain. Brain Res. 436, 265-72.

Geiger, J.D. (1988) Pharmacological characterization of
rapidly accumulated adenosine by dissociated brain cells
from adult rat. J. Neurochem. 51, 283-91.

Geiger, J.D. and Fyda, D.M. Adenosine transport in nervous
tissues, In: Adenosine in the Nervous System (ed. T.W.
Stone), 1991, Academic Press, London, pp. 1-23.

Geiger, J.D., Johnston, M.E., and Yago, V. (1988)
Pharmacological ch racterization of rapidly accumulated
adenosine by dissociated brain cells from adult rat. J.
Neurochem. 51, 283-91.

Geiger, J.D., LaBella, F.S., and Nagy, J.I. (1985)
Characteri.ation of nitrobenzylthioinosine binding to
nucleoside transort sites selective for adenosine in rat
brain. J. Neurosci. 5, 735-40.

Geiger, J.D. and Nagy, J.I. (1984) Heterogenous distribution
of adenosine transport sites labeled by
(*H)nitrobenzylthioinosine in rat brain: An
autoradiographic and membrane binding study. Brain Res.
Bull. 13, 657-66.

Geiger{ J.D. . and Nagy, J.I. (1985) Localization of
(*Hlnitrobenzylthioinosine binding sites in rat spinal
cord and primary afferer.c neurons. Brain Res. 347, 321-7.

Geiger; J.D. and Nagy, J.I. Adenosine deaminase and
{’H)nitrobenzylthioinosine as markers of adenosine
metabolism and transport in central purinergic systems.
In: Adenosine and Adenosin: Receptors (ed. M. Williams),
1990, Humana Press, Now Jersey, pp. 225-88.

Gerber, U., Greene, R.W., Haas, H.L., and Stevens, D.R. (1989)
Characterization of inhibition mediated by adenosine in
the hippocampus of the rat in vitro. J. Physiol. 417,
567-78.

Gerlach, E., TC.aticke, B., Duhm, J. (1964) Inhibition of




175

pnosphate uptake by dipyridamole-efflux greater reduced
than influx. Adenosine, inosine, guanosine have no e¢£fect
on influx but reduce efflux. Pflueger’s Arch. Ges.
Physiol. 280, 243-74.

Goldberg, M., Monyer, ., Weiss, J., and Choi, D. (1988)
Adenosine reduces cortical neuropnal injury induced by
oxygen or glucose deprivation in vitro. Neurosci. Lett.
89, 323-7.

Goodman, R.R. and Snyder, S.H. (1982) Autoradiographic
localization of adenosine receptors in rat brain using
[*H])cyclohexyladenosine. J. Neurosci. 2, 1230-41.

Goodman, R.R., Kuhar, M.J., Hester, L.L., and Snyder, S.H.
(1983) Adenosine receptors: Autoradiographic evidence for
their 1localization on axon terminals of excitatory
neurons. Science, 220, 967-9.

Gordon-Weeks, P.R. Isolation of synaptosomes, growth cones and
their subcellular components, In Neurochemistry: a
practical approach. (A.J. Tuner and H.S. Bachelard, eds.)
IRL Press, Oxford, 1987, 1-25.

Gray, E.G. and Whittaker, V.P. (1962) The isolation of nerve
endings from the brain: an electron-microscopic study of
cell fragments derived by homogenization and
centrifugation. J. Anat. 96, 79-87.

Griffith, D.A., Conant, A.R., and Jarvis, S.M. (1990)
Differential inhibition of nucleoside transport systems
in mammalian cells by a new series of compounds related
to lidoflazine and mioflazine. Biochem. Pharmacol. 40,
2297-303.

Gross, R.A., MacDonald, R.L., and Ryan-Jastrow, T. (1989) 2-
Chloroadenosine reduces the N calcium current of cultured
mouse sensory neurones in a pertusis toxin-sensitive
manner. J. Physiol. 411, 585-95,

Grover, G.J., and Sleph, P.G. (1994) The cardioprotective
effects of R75231 and lidoflazine are not caused by
adenosine Al receptor activation. J. Pharmacol. Exp.
Ther. 268, 90-~6.

Gu, J.G., Delaney, S., Sawka, A.N., and Geiger, J.D. (1991) L-
(*H]Adenosine, a new metabolically stable enantiomeric
probe for adenosine transport systems in rat brain
synaptoneurosomes. J. Neurochem. 56, 548-52.

Gu, J.G. and Geiger, J.D. (1992) Transport and metabolism of
D-{’H)adenosine and L-{’H)adenosine in rat cerebral
cortical synaptoneurosomes. J. Neurochem. 58, 1699-05.




176

Gu, J.G., Kala, G., and Jeiger, J.D. (1993) (’H]Adenosine
transport in synaptosneurosomes of postmortem huinan
brain. J. Neurochem. 60, 2232-7.

Gustafsson, L.E., Wiklund, C.U., Wiklund, N.P., and Stelius,
L. (1990) Subclassification of neuronal adenosine
receptors, In Purines in cellular signaling: targets for
new drugs (Jacobson, K.A., Daly, J.W., and Manganiello,
V., eds) Springer-Verlag, New York, 1990, 200-205.

Gutierrez, M.M., Brett, C.M., Ott, R.J., Hui, A.C., and
Giacomini, K.M. (1992) Nucleoside transport in brush
border membrane vesicles from human kidney. Biochim.
Biophys. Acta, 1105, 1-9.

Gutierrez, M.M. and Giacomini, K.M. (1993) Substrate
selectivity, potential sensitivity and stoichiometry of
Na‘*t-nucleoside transport in brush border membrane
vesicles from human kidney. Biochim. Biophys. Acta, 1149,

202-8 .

Haga, N., Miura, I., Fujisawa, Y., and Abiko, Y. (1986) Effect
of dilazep on decrease in myocardial pH during ischemia
in dogs. Drug Res. 36, 913-6.

Hagberg, H., Andersson, P., Kacarewicz, J., Jacobson, 1I.,
Butcher, S., and Sandverg, M. (1987) Extracellular
adenosine, inosine, hypoxanthine, and xanthine in
relation to tissue nucleotides and purines in rat
striatum curing transient ischemia. J. Neurochem. 49,
227-~31.

Hammond, J.R. (1991a) Comparitive pharmacology of the
nitrobenzylthioguannsine-sensitive and -resistant
nucleoside transport mechanisms of Ehrlich ascites tumor
cells. J. Pharmacol. Exp. Ther. 259, 799-807.

Hammond, J.R. (1991b) Kinetic analysis of ligand binding to
the Ehrlich cell nucleoside transporter: pharmacological
characterization of allosteric interactions with the
(*Hinitrobenzylthioinosine binding site. Mol. Pharmacol.
39, 771-9.

Hammond, J.R. (1992) Differential uptake of [’H)guanosine by
nucleoside transporter subtypes in Ehrlich ascites tumour
cells., Biochem. J. 287, 431-6.

Hammond, J.R. and Clanchan, A.S. (1983) Distribution of
nucleoside transport sites in guinea-pig brain. J. Pharm.
Pharmacol. 35, 117-8.

Hammond, J.R. and Clanachan, A.S. (1984)
(*H)NitrobenzyltlLioinosine binding to the guinea pig CNS




177

nucleoside transport system: a pharmacological
characterization. J. Neurochem. 43, 1582-92.

Hammond J.R. and Clanachan A.S. (1985) Species differences in
the binding of ([’H]lnitrobenzylthioinosine to the
nucleoside transport system in mammalian central nervous
system membranes: evidence for interconvertible
conformations of the binding site/transporter complex. J.
Neurochem. 4%, 527-35.

Hammond, J.R. and Johnstone, R.M. (1989) Characterization,
solubilization, and reconstitution of a nucleoside
transport system from Ehrlich ascites tumour cells.
Biochem. J. 262, 109-118.

Hamprecht B. and Van Calker D. (1i985) Nomenclature of
adenosine receptors. Trends Pharmacol. Sci. 6, 153-154,

Harms, H.H., Wardeh, G., and Mulder, A.H. (1979) Effects of
adenosine on depolarization-induced release of various
radiolabelled neurotransmitters from slices of rat corpus
striatum. Neuropharmacology. 18, 577-80.

Heffner, T.G., Downs, D.A., Bristol, J.A., and Bruns, R.F.
(1985) Antipsychotic-like effects of adenosine receptor
agonists. Pharmacologist 27, 293.

Hertz, L. (1978) Kinetics of adenosine uptake into astrocytes.
J. Neurochem. 31, 55-62.

Hertz, L. and Matz, H. (1989) Inhibition of adenosine
deaminase activity reveals an intense active transport of
adenosine into neurons in primary cultures. Neurochen.
Res. 14, 755-60.

Ho, I.X., Lo, H.H., and Way, E.L. (1973) Cyclic adensoine
monophosphate antagonism of morphine analgesia. J.
Pharmacol. Exp. Ther. 185, 336-46.

Hoehn K. and White, T.D. (1990a2) Role of excitatory amino acid
receptors in K*'- and glutamate-evoked release of
endogenous adenosine form rat cortical slices. J.
Neurochem. 54, 256-65.

Hoehn K. and white, T.D. (1990b) Glutamate-evoked release of
endogenous adenosine from rat cortical synaptosomes is
mediated by glutamate uptake and not by receptors. J.
Neurochem. 54, 1716-24.

Hollingsworth, E.B., De La Cruz, R.A., Daly, J.W. (1986)
Accumulations of inositol phosphates and cyclic AMP in
brain slices: synergistic interactions of histamine and
2-chloroadenosine. Eur. J. Pharmacol. 122: 45-50.




178

Holloway, W.R.Jr., and Thor, D.H. (1985) Inter.ctive effects
of caffeine, 2-chloroadenosine and haloperidol on
activity, social investigation and play fighting in
juvenile rats. Pharmacol. Biochem. Behav. 22, 421-6.

IJzerman, A.P., Kruidering, M., Van Weert, A., Van Belle, H.,
and Janssen, C. (1992) ([’H]R75231 - a new radioligand for
the nitrobenzylthioinosine sensitive nucleoside transport
proteins. Naunyn-Schmiedeberg’s Arch. Pharmacol. 345,
558-613.

IJzerman, A.P., Menkveld, G.J., and Thedinga, K.H. (1989) A
refined method for the photoaffinity labelling of the
nitrobenzylthioinosine-sensitive nucleisde transport
protein: application to cell membranes of calf 1lung
tissue. Biochim. Biophys. Acta, 979, 153-156.

1Jzerman, A.P., Thedinga, K.H., Custers, A.F.C.M., Hoos, B.,
and Van Belle, H. (1989) Inhibition of nucleoside
transport by a new series of compounds related to
lidoflazine and mioflazine. Eur. J. Pharmacol. 172, 273-
81.

Jackisch, R., Fehr, R., and Hertting, G. (1985) Adenosine: an
endogenous modulator of hippocampal noradrenaline
release. Neuropharmacology, 24, 499-507.

Jackisch, R., Strittmatter, H., Kasakov, L., and Hertting, G.
(1984) Endogenous adenosine as a modulator of hippocampal
acetylcholine release. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 327, 319-25.

Jakobs, E.S., Van Os-Corby, D.J., and Paterson, A.R.P. (1990)
Expression of sodium-linked nucleoside transport activity
in monolayer cultures of IEC-6 intestinal epithelial
cells. J. Biol. Chem. 265, 22210-6.

Jamieson, G.P., Brocklebank, A.M., Snook, M.B., Sawyer, W.H.,
Buolamwini, J.K., Paterson, A.R.P., Wiley, J.S. (1993)
Flow cytometric gquantitation of nucleoside transporter
sites on human leukemic cells. Cytometry, 14, 32-8.

Jarvis, M.F., Jackson, R.H., and Williams, M. (1989)
Autoradjiographic characterization of high affinity A,
receptors in the rat brain. Brain Res. 484, 111-18.

Jarvis, M.F., Schulz, R., Hutchison5 A.J., Do, U.H., Sills,
M.A., and Williams, M. (1989) [‘H}CGS 21680, a selective
A, adenosine receptor agonist directly labels A, receptors
in rat brain. J. Pharmacol. Exp. Ther. 251: 888-893,

Jarvis, M.F., and Williams, M. (1989) Direct autoradiographic
localization of adenosine A, receptors in the rat brain




179

using the A, selective agonist, ([’H)CGS 21680. Eur. J.
Pharmacol. 168, 243-246.

Jarvis, M.F., and Williams M. (1990) Adenosine in central
nervous system function, In Adenosine and Adenosine
Receptors (ed. M. Williams), 1990, Humana Press, New
Jersey, pp. 423-476.

Jarvis, S.M. (1986) Nitrobenzylthioinosine-sensitive
nucleoside transport system: mechanism of inhibition by
dipyridamole. Mol. Pharmacol. 30, 659-65.

Jarvig, S.M. (1989) Characterization of sodium-dependent
nucleoside transport in rabbit intestinal brush-border
membrane vesicles. Biochem. Biophys. Acta, 979, 132-8.

Jarvis, S.M., Janmohamed, S.N., and Young, J.D. (1983)
Kinetics of nitrobenzylthioinosine binding to the human
erythrocyte transporter. Biochem. J. 216, 661-7,

Jarvis, S.M., McBride, D., and Young, J.D. (1982) Erythrocyte
nucleoside transport: asymmetrical binding of
nitrobenzylthioinosine to nucleoside permeation sites. J.
Physiol. (Lond.) 324, 31-46.

Jarvis, S.M., Williams, T.C., Lee, C.-W., Cheeseman, C.I.
(1989) Active transport of nucleosides and nucleoside
drugs. Biochem. Soc. Trans. 17, 448-50.

Jarvis, S.M. and Young, J.D. (1980) Nucleoside transport in
human and sheep erythrocytes: evidence that
nitrobenzylthioinosine binds specifica'ly to functional
nucleoside-transport sites Biochem J 190, 377-83.

Jarvis, S.M. and Young, J.D. (1981) Extraction and partial
purification of the nucleoside-trams.port system from
human erythrocytes based on the assay of
nitrobenzylthioinoine binding activity. Biochem. J. 194,
331-339.

Jarvis, S.M. and Young, J.D. (1982) Nucleoside translocation
in sheep reticulocytes and fetal erythrocytes: a proposed
model for the nucleoside transporter. J. Physiol. 324,
47-66.

Jarvis, S.M. and Young, J.D. (1986) Nucleoside transport in
rat erythrocytes of man, rat and guinea-pig and its
inhibition by hexobendine and dipyridamole. J. Membr.
Biol. 93, 1-10.

Jhamandas, K. and Dumbrille, A. (1980) Regional release of
{*H)~adenosire derivatives from rat brain in vivo: effect
of excitatory amino acids, opiate agonists, and




180
benzodiazepines. Can. J. Physiol. Pharmacol. 58, 1262-78.

Johnson, R.A., Yeung, S.-M. H., Bushfield, M., Stubner, D. and
Shoshani, I. Physiogical and biochemical aspects of "p"-
site-mediated inhibition of adenylyl cyclase, In: Purines
in cellular signa’’ng, targets for new drugs, (Jacobson,
X.A., Daly, J.W., and Manganiello, V., eds) Springer-
Verlag, New York, 1980, 158-6S.

Johnston, M.E. and Geiger, J.D. (1989) Sodium-dependent uptake
of nucleosides by dissociated brain cells from the rat.
J. Neurochem. 52, 75-81.

Johnston, M.E., and Geiger, J.D. (1990) Adenosine transport
systems on dissociated brain cells from mouse, guinea-
pig, and rat. Neurochem. Res. 15, 911-5.

Johnston, M.K. and Whittaker, V.P. (1963) Lactate
dehydrogenase as a cytoplasmic marker in brain. Biochem.
J. 88, 404-9,

Johnstone, R.M., Adam, M., Hammond, J.R., Orr, L., and
Turbide, C. (1987) Vesicle formation during reticulocyte
maturation: association of plasma membrane activities
with released vesicles (exosomes). J. Biol. Chem. 262,
9412-20.

Jones, K.W. and Hammond, J.R. (1992) Heterogeneity of
[’H]dipsyridanole binding to CNS membranes: correlation
with [*Hinitrobenzylthioinosine binding and (’HJuridine
influx studies. J. Neurochem. 59, 1363-71.

Jones~Humble, S.A. and Morgan, P.F. (1994) High expression of
nitrobenzylthioinosine-insensitive dipyridamole binding
sites in postmortem human ependymal tissue. Eur. J.
Pharm. 257, 311-4.

Jonzon, B., and Fredholm, B.B. (1984) Adenosine receptor
mediated inhibition nof noradrenaline release from slices
of the rat hippocampus. Life Sci. 35, 1971-9.

Jonzon, B. and Fredholm, B.B. (1985) Release of purines,
noradrenaline and GABA from rat hippocampal slices by
field stimulation. J. Neurochem. 44, 217-24.

Jurna, I. (1984) Cyclic nucleotides and aminophylline produce
different effects on nociceptive motor and sensory
responses in the rat spinal cord. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 327, 23-30.

Keane, T.E., Rosner, G., Donaldson, J.T., Norwood, D.L.,
Poulton, S.H., and Walther, P.J. (1990) Dipyridamole-
cisplatin potentiation: enhanced in vivo cytotoxicity in




181

xenograft models of human testicular and bladder cancers.
J. Urol. 144, 1004-9.

Kenakin, T.P., Bond, R.A., and Bonner, T.I. (1992) Definition
of pharmacological receptors. Pharmacol. Rev. 44, 351-61.

King, A.D., Milavec, C., Krizman, M., and Muller-Schweiniter,
E. (1990) Characterization of the adenosine receptor in
murine coronary arteries. Br. J. Pharmacol. 100: 483-6.

Kolassa N., Jakobs, E.S., Buzzell, G.R. and Paterson, A.R.P.
(1982) Manipulation of toxicity and tissue distribution
of tubercidin ir mice by nitrobenzylthioinosine 5’-
monophosphate. Biochem. Pharmacol. 31, 1863-74.

Koren R., Cass, C.E., and Paterson, A.R.P. (1983) The kinetics
of dissociation of the inhibitor of nucleoside transport,
nitrobenzylthioinosine, from the high-affinity binding
sites of cultured hamster cells. Biochem. J. 216, 299-
308,

Kostopoulos, G.K. and Phillis, J.W. (1977) Purinergic
depression of neurons in different areas of the rat
brain. Exp. Neurol. 55, 719-24.

Kurtz, A. (1987) Adenosine stimulates guanylate cyclase
activity in vascular smooth muscle cells. J. Biol. Chen.
262: 6296-300.

Kwong, F.Y.P., Baldwin, S.A., Scudder, P.R., Jarvis, S.M.,
Choy, M.Y.M., and Young, J.D. (1986) Erythrocyte
nucleoside and sugar transport. Endo-B-galactosidase and
endogiycosidase~F digestion of partially purified human
and pig transporter proteins. Biochem. J. 240, 349-56.

Kwong, F.Y.P., Davies, A., Tse, C.M., Young, J.D., Henderson,
P.J.F., and Baldwin, S.A. ,1988) Purification of the
human erythrocyte nucleoside transporter by
immunocaffinity chromatography. Biochem. J., 255, 243-9.

Kwong, F.Y.P., Fincham, H.E., Davies,A., Beaumont, N.,
Henderson, P.J.F., Young, J.D., and Baldwin, S.A. (1992)
Mammalian nitrobenzylthioinosine-sensitive nucleoside
transport proteins. Immunological evidence that
transporters differing in size and inhibitor specificity
share sequence homology. J. Bicl. Chem. 267, 21954-60.

Kwong, F.Y.P., Tse, C.M., Jarvis, S.M., Choy, M.Y.M., and
Young, J.D. (1987) Purification and reconstitution
gstudies of the nucleoside transporter from pig
erythrocytes. Biochim. Biophys. Acta. 904, 105-16.

Kwong, P.Y.P., Wu, J.S., Shi, M.M., Fincham, H.E., Davies, A.,




182

Henderson, P.J.F., Baldwin, S.A., and Young, J.D. (1993)
Enzymatic cleavage as a probe of the molecular structures
of mammalian equiolibrative nucleoside transporters. J.
Biol. Chem. 268, 22127-34.

Lanciotti, M., Montaldo, P.G., Folghera, S., Lucarelli, E.,
Cornaglia-Ferraris, P., and Ponzoni, M. (1992) A combined
evaluation of biochemical and morphological changes
during human neuroblastoma differentiation. Cell. Mol.

Neurobiol. 12, 225-40.

Lee, C.W. (1994) Decrease in equilibrative uridine transport
during monocytic differentiation of HL~60 leukaemia:
involvement of protein kinase C. Biochem. J. 300, 407-12.

Lee, C.W., Cheeseman, C.I., and Jarvis, S.M. (1988) Na'- and
K*-dependent uridine transport in rat renal brush-border
membrane vesicles. Biochim. Biophys. Acta, 942, 139-49.

Lee, C.W. and Jarvis, S.M. (1988a) Nucleoside transport in rat
cerebral-cortical synaptosomes. Biochem. J. 249, 557-64.

Lee, ~.W. and Jarvis, S.M. (1988b) Kinetic and inhibitor
specificity of adenosine transport in guinea pig cerebral
corticl synaptosomes: evidence for two nucleoside
transporters. Neurochem. Int. 12, 483-92.

Lee, C.-W., Sokaloski, J.A., and Sartorelli, A.cC.,
Handschumacher R.E. (1990) Activation of a Na*-~dependent
uridine transport system in HL-60 cells precedes DMSO-
induced differentiation. Proc. Amer. Assoc. Canc. Res.
31, 10.

Lee, C.-W., Sokoloski, J.A., Sartorelli, A.C., and
Handschumacher, R.E. (1991) Induction of the
differentiation of HL-60 cells by phorbol 12-myristate
13-acetate activates a Na*-dependent uridine-transport
system: Involvement of protein kinase C. Biochem. J. 274,
85-900

Lee, K.S. and Reddington, M. (1986) Autoradiographic evidence
for multiple CNS binding sites for adenosine derivatives.
Neurosci. 19, 535-49.

Lew, M.J. and White, T.D. (1987) Release of endogenous ATP
during sympathetic nerve stimulation. Br. J. Pharmacol.
92, 349-55,

Lewin, E. and Bleck, V. (1979) Uptake and release of adenosine
by cultured astrocytoma cells. J. Neurochem. 33, 365-367.

Liang, L.L. and Johnstone, R.M. (1992) Evidence for an
internal pool of nucleoside transporters in mammalian




183

reticulocytes. Biochim. Biophys. Acta, 1106, 189-96.

Libert, F., Schiffmann, S.N., Lefort, A., Parmentier, M.,
Gerard, C., Dumont, J.E., Vanderhaegen, J.-J., and
Vassart, G. (1991) The orphan receptor CDNA RCD7 encodes
for an A, adensosine receptor. EMBO J. 10. 1677-1682.

Linden, J. (1991) Structure and function of A, adenosine
receptors. FASEB J. 5: 2668-2676.

Linden, J., Taylor, H.E., Robeva, A.S., Tucker, A.L., Stehle,
J.H., Rivkees, S.A., Fink, J.S., and Reppert, S.M. (1993)
Molecular cloning and function expression of a sheep A,
adenosine receptor with widespread tissue distribution.
Mol. Phram. 44, 524-32,

Lokich, J., Moore, C., Anderson, N., and Berne, M. (1991)
Infusion of floxuridine plus etoposide plus cisplatin in
human malignancies. Eur. J. Cancer, 27, 1593-6.

Londos C., Wolff T. (1977) Two distinct adenosine-sensitive
sites on ad-enylate cyclase. Proc. Natl. Acad. Sci. 74:
5482-5486f

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randell, R.J.
(1951) Protein measurement with the Folin phenol reagent,
J. Biol. Chem. 193, 265-75.

Lupica, C.R., Cass, W.A., Zahniser, N.R., and Dunwiddie, T.V.
(1990) Effects of the selective adenosine A, receptor
agonist CGS 2168¢ on in vitro electrophyciology, CcAMP
formation and dopamine release in rat hippocampus and
striatum. J. Pharmacol. Exp. Ther. 252: 1134-1141.

MacDonald, R,.L., Skerritt, J.H., and Werz, M.A. (1986)
Adenosine agonists reduce voltage-dependent calcium
conductance of mouse sensory neurones in cell culture. J.
Physiol. 370, 75-90.

MacDonald, W.F., and White, T.D. (1985) Nature of
extrasynaptosomal accumulation of endogenous adenosine
evoked by K* and veratridine. J. Keurochem. 45, 791-7.

MacGregor, T.R. and Sardi, E.D. (1991) In vitro protein
binding behavior of dipyridamole. J. Pharm, Sci. 80, 119-
20.

Madison, D.V., Fox, A.P., and Tsien, R.W. (1987) Adenosine
reduces an inactivating component of calcium current in
hippocampal CA3 neurons. Proc. Biophys. Soc. 51, 30.

Maenhaut, C., Van Sande, J., Liebert, F. Abramowitz, M.,
Parmentier, M., Vanderhaegen, J.-J., Dumont, J.E.,




184

vassart, G., and Schi;fmann, S. (1990) RDC8 codes for an
adenosine A, receptor with physiological constitutive
activity. Biochem. Biophys. Res. Commun. 173: 1169-1178.

Magistretti, P.J., Hof, P.R., and Martin, J.L. (1986)
Adenosine stimulates glycogenolysis in mouse cerebral
cortex: a possible coupling mechanism between neuronal
activity and energy metabolism. J. Neurosci. 6, 2558-62.

Mahan, J.C., McVittie, L.D., Smyk-Randell, E.M., Nakata, H.,
Monsma, Jr. F.J., Gerfen, C.R., and Sibley, R.R. (1991)
Cloning and expression of an A, adenosine receptor from
rat brain. Mol. Pharm. 40: 1-7.

Maire, J.C., Medilanski, J., and Straub, R.W. (1984) Release
of adenosine, inosine and hypoxanthine from rabbit non-
myelinated nerve fibres at rest and during activity. J.
Physiol. 357, 67-77.

Marangos, P.J. (1984) Differentiating adenosine receptors and
adenosine uptake sites in brain. J. Recept. Res. 4, 231-
44.

Marangos, P.J. Potential therapeutic roles for adenosine in
neurologic disease, In: Adenosine in the Nervous System
(ed. T.W. Stone), 1991, Academic Press, London, pp. 217-
27.

Marangos P.J. and Deckert J. (1987) [’H]Dipyridamole binding
to guinea pig brain membranes: possible heterogeneity of
central adenosine uptake sites. J. Neurochem. 48, 1231-6.

Marangos, P.J., Houston, M., and Montgomery, P. (1985)
(*HjDipyridamole: a new ligand probe for brain adenosine
uptake sites. Eur. J. Pharmacol. 117, 393-4.

Marangos, P.J. and Miller, L. Adenosine-based therapeutics in
neurologic disease, In: Adenosine and adenine nucleotides
as regulators of cellular function. (ed. J.W. Phillis),
1991, CRC Press, Ann Arbor, pp. 413-22,

Marangos, P.J., Patel, J., Clark-Rosenberg, R., and Martina,
A.M. (1982) [*H)Nitrobenzylthioinosine binding as a probe
for the study of adenosine uptake sites in brain. J.
Neurochem. 39, 183-91,.

Masuda M., Demeulemeester, A., Chang~Chen, C., Hendrikx, M.,
Van Belle, H., and Flameng, W. (1991) Cardioprotective
effects of nucleoside transport inhibition in rabbit
hearts, Ann. Thorac. Surg. 52, 1300-5.

Hﬂ’“dﬂ, "o’ Chang"Chun, c., H°11h°ff' T., Van Belle' H-' and
Flameng, W. (1992) Effects of nucleoside transport




185

inhibition on long-term ex vivo preservation of canine
hearts. J. Thorac. Cardiovasc. Surg. 104, 1610-7.

Matz, H. and Hertz, L. (1989) Adenosine metabolism in neurons
and astrocytes in primary cultures. J. Neurosci. Res. 24,
260-7.

Meckling-Gill, K.A. and Cass, C.E. (1992) Effects of
transformation by v-fps on nucleoside transport in Rat-2
fibroblasts. Biochem. J. 282, 147-54.

Meckling-Gill, K.A., Guilbert, L., and Cass, C.E. (1993) CSF-1
stimulates nucleoside transport in S1 macrophages. J.
Cell Physiol. 155, 530-8.

Meghji, P. Adenosine production and metabolism, In Adenosine
in the nervous system. (Stone, T.W., ed.) Toronto, 1991,
197-216.

Meghji, P., Holmgvist, C., and Newby, A.C. (1985) Adenosine
formation and release from neonatal rat heart in culture.

Meghji, P., Tuttle, J.B., and Rubio, R. (1989) J. Neurochenm.
53, 1852-60.

Meyerhof, W., Wuller-Brechlin, R., and Richter, D. (1991)
Molecular cloning of a novel putative G-protein coupled
receptor expressed during rat spermiogenesis. FEBS Lett.
284, 155-60.

Michaelis, M.L., Michaelis, E.K., and Myers, S.L. (1979)
Adenosine modulation of synaptosomal dopamine release.
Life. Sci. 24, 2083-92.

Miras-Portugal, M.T., Delicado, E.G., Casillas, T., and Sen,
R.P. Control of nucleoside transport in neural cells.
Effect of protein kinase C activation, In: Purine and
Pyrimidine Metabolism in Man VII, (eds.. R.A. Harkness et
al.), 1991a, Plenum Press, New York, pp. 435-8.

Miras-Portugal, M.T., Sen, R.P., and Delicado, E.G. (1991b)
Nucleoside transport in neurons. Regulation by
secretagogues and effectors of protein kinase C.
Nucleosides and Nucleotides, 10, 965-73.

Mirkin, B. and Fink, D.W. Modulation of neuroblastoma growth
by biological factors and pharmacological agents, In:
Molecular biology and genetics of childhood cancers:
approaches to neuroblastoma (Sluyser, M. and Voute, A.,
eds.) Halsted Press, Toronto, 1988, pp. 72-95.

Misumi, Y., Ogata, 8., Hirose, S., and Ikehara, Y. (1990)




186

Primary structure of rat liver 5’-nucleotidase deduced
from the cDNA. J. Biol. Chem. 265, 2178-83.

Miyashita, K., Nakajima, T., Ishikawa, A., and, Miyatake, T.
(1992) An adenosine uptake blocker, propentofylline,
reduces glutamate release in gerbil hippocampus following
transient forebrain ischemia. Neurchem. Res. 17, 147-50.

Mollhoff, T., Sukehiro, S., Van Belle, H., Van Aken, H.,
Flameng, W. (1992) Successful transplantation agter lon-
term preservation of dog hearts. Anesthesiology, 77, 291-
300.

Morgan, P.F., and Marangos, P.J. (1987) Comparitive aspects of
nitrobenzylthioinosine and dipyridamole inhibition of
adenosine accumulation in rat and guinea pig
synaptoneurosomes. Neurochem. Int. 11, 339-46.

Murray, R.D., and Churchill, P.C. (1985) The concentration-
dependency of the renal vascular and renin sectretory
responses to adenosine receptor agonists. J. Pharmacol.

Munson, P.J. and Rodbard, D. (1980) Ligand: a versatile
computerized approach for characterization of ligand-
binding systems. Anal. Biochem. 197, 220-39.

Nagy, L.E., Diamond, I., and Gordon, A.S. (1991) CcAMP-
dependent protein kinase regulates inhibition of
adenosine transport by ethanol. Mol. Pharm. 40, 812-7.

Nagy, J.I., Geiger, J.D., and Daddona, P.E. (1985) Adenosine
uptake sites in rate brain: Indentification using
[’Hlnitrobenzylthioinosine and colocalization with
adenosine deaminase. Neurosci. Lett. 55, 47-53.

Nees, S, Herzog, V., and Becker, B.F. (1985) The coronary
endothelium: A highly active wetabolic barrier for
adenosine. Basic. Res. Cardiol. 80: 515-529.

Newby, A.C. (1984) Adenosine and the concept of "retaliatory
metabolite”. Trends Biochem. Sci. 9, 42-44,

Newman, M.E. (1983) Adenosine binding sites in brain;
relationship to endogenous levels of adenosine and to its
physiological and regualtory roles. Neurochem. Int. 5,
21-25,

Newman, M., Zohar, J., Kalian, M., and Belmaker, R.H. (1984)
The effect of chronic 1lithium and ECT on A, and
adenosine receptor systems in rat brain. Brain Res. 291,
188-92,




187

Oogbunude, P.0.J. and Baer, H.P. (1989) Binding of [G-'H)6-(4-
nitrobenzylmercapto)purine ribonucleoside to isolated
membranes: inhibitory effect of mioflazine and
derivatives. Biochem. Pharmacol. 38, 3011-S.

Ohisalo, J.J. (1987) Regulatory functions of adenosine. Med.
Bio. 65, 181-91.

Ohkubo, T., Mitsumoto, Y., and Mohri, T. (1991)
Characterization of the uptake of 2denosine by cultured
rat hippocampal cells and inhibition of the uptake by
xanthine derivatives. Neurosci. Lett. 133, 275-78.

Olah, M.E., and Stiles, G.L. {1992) Adenosine receptors. Annu.
Rev. Physiol. 54: 211-25,

Olsson, R.A., and Pearson, J.D. (1990) cCardiovascular
purinoceptors. Physiol. Rev. 70: 761-845.

Osswald, H. Adenosine and renal function, In Regulatory
function of adenosine. (Berne, R.M., Ri.ll, T.W., Rubio,
R., eds) Nijhoff, Boston, 1983, 399-415.

Osswald, H., Spielman, W.S., and Knox, F.G. (1978) Mechauism
of adenosine-mediated decreases in glomerular filtration
rate in dogs, Circ. Res. 43: 465-69.

Pajor, A.M. (1994) Molecular cloning and expression of SNST1,
a renal sodium/nuleoside cotransporter. Drug Devel. Res.
31, 305.

Pajor, A.M. and Wright, E.M. (1992) Cloning and functional
expression of a mammalian Na*/nucleoside cotransporter.
J. Biol. Chem. 267, 3557-3560.

Park, T.S., Van Wyler, D.G.L., Rubio, R., and Berne, R.M.
(1987) 1Increased brain interstitial fluid adenosine
concentration during hypoxia in newborn piglet. J.
Cerebral Blood Flow Metab. 7, 178-83.

Parkinson, F.E. and Clanachan, A.S. (1989) Subtypes of
nucleoside transport inhibitory sites in heart: a
quantitative autoradiographical analysis. Eur. J.
Pharmacol. 163: G9-~75. (Noie- you could add2 more ref.
for P&C, see Parkinson and Clanachan, Br. J. Pharm, 1991)

Parkinson, F.E., Paterson, A.R.P., Young, J.D., and Cass, C.E.
(1993) Inhibitory effects of propentofylline on
(*H]adenosine influx. Biochem. Pharm. 46, 891-6.

Paterson, A.R.P., Gati, W.P., Vijayalakshmi, D. (1993)
Inhibitor-sensitive, Na‘*~linked transport of nucleoside
analogs in leukemia cells from patients. Proc. Amer.




188

Assoc. Cancer Res. 34, 14.

‘aterson, A.R.P., Harley, E.R., and Cass, C.E. Measurement and
inhibition of membrane transport of adenosine, In:
Methods in Pharmacology (ed., D.M. Paton), 1985, P" num
Press, New York, pp. 165-80.

Paterson, A.R.P., Kolassa, N., and Cass, C.E. (1981) Transport
of nucleoside drugs ia animal cells. Pharmacol. Therapy,
12, 515-36.

Paterson, A.R.P., Jakobs, E.S., Ng, C.Y.C., Odegard, R.D. and
Adjei, A.A. Nucleoside transport inhibition in vitro and
in vivo, In: Topics and Perspectives in Adenosine
Research. (Gerlach, E., and Becker, B.F., eds), Springer-
Verlag, New York, 1987, pp 89-101.

Paterson, A.R.P., Lau, E.Y., Dahlig, E., and Cass, C.E. (1980)
A common basis for inhibition of nucleoside transport by
dipyridamole and nitrobenzylthioinosine? Mol. Pharmacol.
18, 40-4.

Pearson, J.D., Carleton, J.S., and Gordon, J.L. (1980)
Metabolism of adenine nucleotides by ecto-enzyme of
vascular endcthelial and smooth muscle cells in culture.
Bicchem. J. 190, 421-9.

Perigaud, C., Gosselin, G., Imbach, J.L. (1992) Nu.:leoside
analogues as chemotherapeutic agents: a review.
Nucleosides and Nucleotides, 11, 903-45.

Phillips, E. and Newsholme, E.A. (1979) Maximum activities
properties and distribution of 5"-nucleotidase, adenosine
kinase and adenosine deaminase in rat and human brain. J.
Neurochem. 33, 553-8.

Phillis, J.W. (1990) The selective adenosine A, receptor
agonist, CGS 21680, is a potent depressant of cortical
neuronal activity. Brain Res. 509, 328-30.

Phillis J.W. (ed.) Adenosine and adenine nucleotides as
regulators of cellular function. CRC Press, Ann Arbor,
1991.

Phillis, J.W., Kostopoulos, G.K., and Limacher, J.J. (1974)
Depression of corticospinal cells by various purines and
Opyrimidines. Can J. Physiol. Pharmacol. 52, 1226-9.

Phillis, J.W. and O’Regan, M. (1988) The role of adenosine in
the central actions of the benzodiazepines. Prog. Neuro-
Psychopharmacol, Biol. Psychiatry 12, 389-404.

Phillis, J.W., Preston, G., and Delong, R.E. (1984) Effects of




189

anoxia on cerebral blood flow in the rat brain: evidence
for a role of adenosine in autoregulation. J. Cereb.
Blood Flow Metab. 4, 586-92.

Phillis, J.W., Walter, G.A., O’Regan, M.H., and Stair, R.E.
(1987) Increases in cerebral cortical perfusate adenosine
and inosine concentrations during hypoxia and ischemia.
J. Cereb. Blood Flow Mteab. 7, 679-7.

Phillis, J.W., and Wu, P.H. (1981) The rcle of adenosine and
its nucleotides in central synaptic transmission. Prog.
Neurobiol. 16, 187-239.

Phillis, J.W. and Wu, P.H. (1982) The effect of various
centrally active drugs on adenosine uptake by the central
nervous system. Comp. Biochem. Physiol. 72, 179-87.

Pickard, M.A., Brown, R.R.0, Paul, B., and Paterson, A.R.P.
(1973) Binding of the nucleoside transport inhibitor 4-
nitrobenzylthioinosine to erythrocyte membranes. Can J.
Biochem. 51, 666-72.

Plagemann, P.G.W. (1991) Na‘*-dependent, concentrative
nucleoside transport in rat macrophages: specificity for
natural nucleosides and nucleoside analogs, including
dideoxynucleosides, and comparison of nucleoside
transport in rat, mouse, and human macrophages, Biochen.
Pharmacol. 42, 247-52.

Plagemann, P.G.W. and Aran, J.M. (1990) Na*-dependent, active
nucleoside transport in mouse spleen lymphocytes,
leukemia cells, fibroblasts and macrophages, but not in
equivalent human or pig cells; dipyridamole enhances
nucleoside salvage by cells with both active and
facilitated transport. Biochim. Biophys. Acta, 1025, 32-
42.

Plagemann, P.G.W., Aran, J.M., and Woffendin, C. (1990) Na‘-
dependent, active and Na*-independent, facilitated
transport of formycin B in mouse spleen lymphocytes.
Biochim. Biophys. Acta, 1022, 93-102.

Plagemana P.G.W. and Richey D.P. (1974) Transport of
nucleosides, nucleic acid bases, choline and glucose by
animal cells in culture. Biochim. Biophys. Acta. 344,
263-305,

Plagemann, P.G.W. and Woffendin, C. (1987) Comparision of the
equilibrium exchange of nucleosides and 3-0O-methylglucose
in human erythrocytes and of the effects of cytocholasin
B, phloretin, and dipyridamole on their transport.
Biochim. Biophys. Acta, 89%, 295-301.




190

Plagemann, P.G.W. and Woffendin, C. (1989) Use of formycin B
as a general substrate for measuring facilitated
nucleoside <transport in mammalian cells, Biochim.
Biophys. Acta, 1010, 7-15.

Plagemann, P.G.W. and Wohlhueter, R.M. (1980) Permeation of
nucleosides, nucleic acid bases, and nucleotides in
animal cells. Curr. Top. Membr. Transp. 14, 225-329.

Plagemann, P.G.W. and Wohlhueter, R.M. (1984) Nucleoside
transport in cultured mammalian cells. Multiple forms
with different sensitivity to inhibition Dby
nitrobenzylthioinosine or hypoxanthine. Biochim. Biophys.
Acta, 773, 39-52.

Plagemann, P.G.W. and Wohlhueter, R.M. (1985)
Nitrobenzylthioinosine-sensitive and -resistant
nucleoside transport in normal and transformed rat cells.
Biochim. Biophys. Acta, 816, 387-395.

Plagemann, P.G.W., Wohlhueter, R.M., and Woffendin, C. (1988)
Nucleoside and nucleobase transport in animal cells.
Biochim. Biophys. Acta., 947: 405-443.

Plunkett, W., Saunders, P.P. (1991) Metabolism and action of
purine nucleoside analogues. Pharmacol. Ther. 49, 239-68.

Pons, F., Bruns, R.F., and Daly, J.W. (1980) Depolarization-
evoked accumulation of cyclic AMP iun brain slices: the
requisite intermediate adenosine is not derived from
hydrolysis of released ATP. J. Neurochem. 34, 1319-23,

Ponzoni, M., Lanciotti, M., Montaldo, P.G., and Cornaglia-
Ferraris, P. (1991) Gamma-interferon, retinoic acid, and
cytosine arabinoside induce neuroblastoma differentiation
by different mechanisms. Cell. Mol. Neurobiol. 11, 397-
413.

Potter, P., and White, T.D. (1980) Release of adenosine 5'~
triphosphate from synaptosomes from different regions of
rat brain. Neuroscience 5, 1351-6.

Prasad, K.N, (1975) Differentiation of neuroblastoma cells in
C\llture. 31010 ReV., 50, 129"650

Prasad, K.N. (1991) Differentiation of neuroblastoma cells: a
useful model for neurobiology and cancer. Biol. Rev. 66,
431-51.

Proctor, W.R. and Dunwiddie, T.V. (1984) Behavioral
sensitivity to purinergic drugs parallel ethanol
sensitivity in selectively bred mice. Science 224, 519-
21.




191

Radulovacki, M., Vvirus, R.M., Djuricic-Nedelson, M., Green,
R.D. (1984) Adenosine analogs and slesp in rats. J.
Pharmacol. Exp. Ther. 228, 268-74.

Ramagopal, M.V., Chitwood, J.R.W., and Mustafa, S.J. (1988)
Evidence for an A, adenosine receptor in human coronary
arteries. Eur. J. Pharmacol. 151: 483-6.

Rao, S.P., Pediatric Malignancies, In: Neoplastic diseases,
fundamental of clinical oncology (Rosenthal. C.J., ed),
Precept Press, Chicago, 1991, pp. 810-40.

Reddington, M., Erfurth, A., and Lee, K.S., (1986)
Heterogeneity of binding sites for N-ethylcarboxamido
[(*H)adenosine in rat brain. Effects of N-ethylmaleimide.
Brain Res. 399, 232-239.

Reddington, M., Lee, K.S., and Schubert, P. (1982) An A~
adenosine receptor, characterized by
[*H]cyclohexyladenosine binding, mediates the depression
of evoked potentials in a rat hippocampal slice
preparation. Neurosci. Lett. 28, 275-279.

Reddington, M. and Pusch, R. (1983) Adenosine metabolism in a
rat hippocampal slice poreparation: incorporation into S-
adenosylhomocyteine. J. Neurochem. 40, 285-90.

Reppert, S.M., Weaver, D.A., Stehle, J.H., and Rivkees, S.A.
(1991) Mulecular cloning anbd characterization of a rat
A, adenosine receptor that is widely expressed in brain
and spinal cord. Mol. Endocrinol. 5: 1037-1048.

Ribeiro, J.A. Purinergic regulation of transmitter release,
In: Adenosine and adenine nucleotides as regulators of
cellular function. (Phillis J.W., ed.) CRC Press, Ann

Riberio, J.A., Sa-Almedia, A.M., Namordo, J.M. (1979)
Adenosine and adenosine triphosphates decrease *ca?*
uptake by synaptosomes stimulated by potassium. Biochenm.
Pharmacol. 28: 1297-1300.

Riberio J.A. and Sebastiao A.M. (1986) Adenosine receptors and
calcium: basis for proposing a third (A,) adenosine
receptor. Prog. Neurobiol. 26, 179-209.

Richardson, P.J., Brown, S.J., Bailes, E.M., and Luzio, J.P.
(1987) Ectoenzymes control adenosine modulation of
immunoisolated cholinergic synapses. Nature, 327, 232-4.

Riveiro, J.A. Adenosine and the central nervous system control
of autonomic funcition, In Adenosine in the nervous
system. (Stone, T.W., ed.) Toronto, 1991, 229-46.




192

Rosen, J.B. and Bergman, R.F. (1985) Prolonged postictal
depression in amygdaloid kindled rats by the adenosine
analogue, L-PIA. Exp. Neurol. 90, 549-57.

Rosenthal, C.J. Biologic response modification in cancer, In:
Neoplastic diseases, fundamental of clinical oncology
(Rosenthal. C.J., ed), Precept Press, Chicago, 1991, pp.
81-930

Rossi, N.F., Churchill, P.C., and Amore, B. (1988) Mechanism
of adenosine receptor induced renal vasoconstriction in
the rat. Am. J. Physiol. 255, H885-90.

Rubio, R., Bencherif, M., and Berne, R.M. (1988) Release of
purines from postsynaptic structures of amphibian
ganglia. J. Neurochem. 51, 1717-23.

Rudolphi, K.A. Effect of adenosine on the coronary
circulation, In: Adenosine and adenine nucleotides as
regulators of cellular function. (Phillis J.W., ed.) CRC
Press, Ann Arbor, 1991, 423-36.

Rudolphi, K., Keil, M., and Hinze, H. (1987) Effect of
theophylline on ischemically induced hippncampal damage
in mongolian gerbils: a behavioral and histopathological
study. J. Cereb. Blood Flow Metab. 7, 74-81.

Rylett, R.J., Goddard, S., and Lambros, A. (1993) Regulation
of expression of cholinergic neuronal phenotypic markers
in neuroblastoma LA-N-2. J. Neurochem. 61, 1388-97.

Salvatore, C.A., Jacobson, M.A., Taylor, H.E., Linden, J., and
Johnson, R.G. (1993) Molecular cloning and
characterization of the human A, adenosine receptor.
Proc. Natl. Acad. Sci. 90, 10365-9.

Santos, J.N., Hemstead, K.W., Kopp, L.E., and Miech, R.P.
(1968) Nucleotide metabolism in rat rat. J. Neurochen.
15, 367-76.

Sato, S., Kohno, K., Hidaka, K., Hisatsugu, T., Kuwano, M.,
and Komiyama, S. (1993) Differentially potentiating
effects by dipyridamole on cytotoxicity of 5-fluorouracil
against three human maxillary cancer cell lines derived
from a single tumor. Anticancer. Drug. Res. 8, 289-97.

Sattin, A., Stone, T.W., and Taylor, D.A. (1978) Biochemical
and electropharmaceutical studies with tricyclic anti
depr.ssants in rat and guinea pig cetebral cortex. Life
Sci. 23, 2621-6.

Schwab, M., Molecular genetics of human neuroblastoma, In,
Molecular Biology and genetics of childhood cancers:




193

approaches to neuroblasoma (Sluyser, M. and Voute, A.,
eds.), Halsted Press, Toronto, 1988, pp. 26-37.

Scholfield, C.N. and Steel, L. (1988) Presynaptic K-channel
blockade counteracts the depressent effect of adenosine
in olfactory cortex. Neuroscience, 24, 81-92,

Schubert, P., Heinemann, U., and Kolb, R. (1986) Differential
effect of adenosine on pre- and postsynaptic calcium
fluxes. Brain Res. 376, 382-386.

Schutz, W., Schrader, J., and Gerlach, E. (1981) Different
sites of adenosine formation in the heart. Am. J.
Physiol. 240, H963-70.

Schwabe, U. Adenosine receptors: ligand-binding studies. In:
Adenosine and adenine nucleotides as regulators of
cellular function. (Phillis J.W., ed.) CRC Press, Ann
Arbor, 1991, 35-44.

Segal, M. (1982) Intracellular analysis of a postsynaptic
action of adenosine in the rat hippocampus. Eur. J.
Pharmacol. 79, 193-9.

Seeger, R.C., Rayner, S.A., Banerjee, A., Chung, H., Laug,
W.E., Neustein, H.B., and Benedict, W.F. (1977)
Morphology, growth, chromosomal pattern, and fibrinolytic
activity of two human neuroblastoma cell lines. Canc.
Res- 37' 1364-71'

sen, R.P., Delicado, E.G., Miras-Portugal, M.T. (1990) Effect
of forskolin and cyclic AMP analogs on adenosine
transport in cultured chromaffin cells. Neurochem. Int.
17, 523-8.

Sen, R.P., Delicado, E.G., Castro, E., and Miras-Portugal,
M.T. (1993) Effect of P2Y agonist on adenosine transport
in cultured chromaffin cells. J. Neurochem. 60, 613-9.

Setaro, F. and Morely, C.D.G. (1976) A modified fluorometric
method for the determination of microgram quantities of
DNA from cell or tissue cultures. Anal. Biochem. 71, 313~
17.

Setterstrom, T., Vernet, L., Ungerstedt, U., Tossman, U.,
Jonzon, B., and Fredholm, B.B. (1982) Purine levels in
the intact rat brain. studies with an implanted perfused
hollow fibre. Neurosci. Letts. 29, 111-5.

Shank, R.P. (1992) Adenosine 5"-monophosphate transport across
the membrane of synaptosomes and myelin. Neurochem. Res,
17 ’ ‘23-300




194

Shank, R.P. and Baldy, W.J. (1990) Adenosine transport by rat
and guinea pig synaptosomes: basis for differential
sensitivity to transport inhibitors. J. Neurochem. 55,

541-50.

Shi M.M. and Young, J.D. (1986) [’H]Dipyridamole binding to
nucleoside transporters from guinea-pig and rat lung.
Biochem. J. 240, 879-83.

Shimizu, H., Ichishita, H., and Odagiri, H. (1974) Stimulated
formation of cyclic adenosine 3’/:5"-monophosphate by
aspartate and glutamate in cerebral cortical slices of
guinea pig. J. Biol. Chem. 249, 5955-62.

Shimizu, H., Tanaka, S., and Kodama, T. (1972) Adenosine
kinase in mammalian brain: partial purification and its
role for the uptake of adenosine. J. Neurochem. 19, 687-

98.

Sidell, N., Altman, A., Haussler, M.R., and Seeger, R.C.
(1983) Effects of retinoic acid (RA) on the growth and
phenotypic expression of several human neuroblastoma cell
lines. Exp. Cell Res., 148, 21-30.

Siegel, S.E., and Sato, J.K., Neuroblastoma, In: Comprehensive
textbook of oncology (Moossa, A.R., Robson, M.C., and
Schimpff, S.C., eds), Williams and Wilkins, Baltimore,
1986, pp. 1211-31.

Siggins, G.R., and Schubert, P. (1981) Adenosine depression of
hippocampal neurons in vitro: an intracellular study of
dose-dependent actions on synaptic and membrane
potentials. Neurosci. Lett. 23, 55-60.

Silinksky, E.M. (1975) On the association between transmitter
secretion and the release of adenine nucleotides from
mammalian motor nerve terminals. J. Physiol. (Lond.) 247,
145-62.

Silinsky, E.M. (1984) On the mechanism by which adenosine
receptor activation inhibits the release of acetylcholine
form motor nerve endings. J. Physiol. 346, 243-256.

Singh, I.N., Sorrentino, G., McCartney, D.G., Massarelli, R.,
and Kanfer, J.N. (1990) Enzymatic activities during
differentiation of the human neuroblastoma cells, LA-N-1
and LA-N-2. J. Neuro. Res., 25, 476-85.

Smith, C.L., Pilarshi, L.M., Egerton, M.L., and Wiley, J.S.
(1989) Nucleoside transport and proliferative rate in
husan thymocytes and lymphocytes. Blood, 74, 2038-2042.

Snowhill, E.A. and Williams, M. (1986) Autoradiographic




195

evaluation of the binding of [’*H]cyclohexyladenosine to
adenosine A, receptor in rat tissues. Neurusci. Lett. 68,
‘1‘60

Snyder, S.H. (1985) Adenos:!e as a neuromodulator. Annual
Review of Neurosci. 8, 1u3-124.

Sokaloski, J.A., Sartorelli, A.C., Handschumacher, R.E., Lee,
C.-W. (1991) Inhibition by pertussis toxin of the
activation of Na‘'-dependent wuridine transport in
dimethyl-suphoxide induced HL-60 cells. Biochem. J. 280,
515-9.

Spector, R. (1982) Nucleoside transport in choroid plexus:
mechanism and specificity. Arch. Biochem. Biophys. 216,
693-703.

Spector, R. and Huntoon, S. (1984) Specificity and sodium
dependence of the active nucleoside transport system in
choroid plexus. J. Neurochem. 42, 1048-52.

Spielman, W.S. Adenosine receptor activation and renal
function, in: Adenosine and adenine nucleotides as
regulators of cellular function. (Phillis J.W., ed.) CRC
Press, Ann Arbor, 1991, 35-44.

Spignoli, G., Pedata, F., Pepeu, G. (1984) A, and A, adenosine
receptors modulate acetylcholine release from brain
slices. Eur. J. Pharmacol. 97, 341-2.

Sreedhar, P., Pediatric malignancies, In, Neoplastic diseases,
fundamental of clinical oncology (Rosenthal. C.J., ed),
Precept Prers, Chicago, 1991, pr. 810-21.

Stanley, X.K., Edwards, M.R., and Luzio, J.P. (1980)
Subcellular distrubution and movement of 5’-nucleotidase.
Biochem. J. 186, 59-69.

Stefanovic, V., Ledig, M., and Mandel, P. (1976) J. Neurochem.
27, 799-805.

Stehle, J.H..Rivkees, S.A., Lee, J.J., Weaver, D.R., Deeds,
J.D., and Reppert, S.M. (1992) Molecular cloning and
expression of the cDNA for a novel A,-adenosine receptor
subtype. Mol. Endocrinol. 6: 384-393.

Stone, T.W. (1981b) Physiological roles for adenosine and ATP
in the nervous system. Neurosci. 6, 523-55S.

Stone, T.W. (1982) Purine receptors involved in the depression
of neuronal firing in cerebral cortex. Brain Res. 248,
367-70.




196

Stone, T.W. and Bartrup, J.T. Electropharmacology of
adenosine, In Adenosine in the nervous system. (Stone,
T‘wo ? edo) TOIOHtO, 1991' 197-2160

Stone, T.W., Newby, A.C., and LLoyd, G.E. (1990) Adenosine
release. In Adenosine and Adenosine Recaptors (ed. M.
Williams), Humana Press, New Jersey, pp. 173-223.

Sweeny, M.I., White, T.D., and Sawynok, J. (1993) Morphine-
evoked release of adenosine from the spinal cord occurs
via a nucleoside carrier with differential sensitivity to
dipyridamole and nitrobenzylthioinosine. Brain Res. 614,

301-7.

Tetzlaff, W., Schubert, P., and Kreutzberg, G. (1987) Synaptic
ana extrasynaptic localization of adenosine binding sites
in the rat hippocampus. Neurosci. 21, 869-875.

Thampy, K.G. and Barnes, E.M. Jr. (1983) Adenosine transport
by primary cultures of neurons from chick embryo brain.
J. Neurochem. 40, 874-9.

Torres, M., Delicado, E.G., Fideu, M.D., and Miras-Portugal,
M.T. (1992) Down-regulation and recycling of thje
nitrobenzylthioinosine-sensitive nucleoside transporter
in cultured chromoffin cells. Biochim. Biophys. Acta,
1105, 291-9.

Trussell, L.0O., and Jackson, M.B. (1985) Proc. Natl. Acad.

Tse, C.M., Belt, J.A., Jarvis, S.M., Paterso, A.R.P., Wu, J.-
S., and Young, J.D. (1985a) Reconstitution studies of the
human erythrocyte nucleoside transporter. 260, 3506-11.

Tse, C.M., Wu, J.S.R., and Young, J.D. (1985b) Evidence for
the asymmetrical binding of p-chloromercuriphenyl
sulphonate to the human erythrocyte nucleoside
transporter. Biochim. Biophys. Acta, 818, 316-24.

Van Belle, H., Goossens, F., and Wynants, J. (1989)
Biochemical and functiocnal effects of nucleoside
transport inhibition in the isolated cat heart. J. Mol.
Cell. Cardiol. 21, 797-805.

Van Belle, H. and Janssen, P.A.J. (1991) Comparative
pharmacology of nucleoside transport inhibitors.
Nucleosides and Nucleotides, 10, $75-82.

Van Belle, H., VerDonck, K., Verheyen, W. (1993) Role of
nuclcoeide transport inhibition and endogenous adenosine
in prevention of catecholamine induced death in rabbits.
Cardiovasc. Res. 27, 111-5.




197

Van Belle, H., Verheyen, W., VerDonck, K., Janssen, P.A.J.,
and Robertson, J.I.S. (1992) Prevention of catecholanine-
induced cardiac damage and death with a nucleoside
transport inhibitor. J. Cardiovasc. Pharmacol. 20, 173-8.

Van Calker D., Muller M., and Hamprecht, B. (1979) Adenosine
regulates via two different types of receptors, the
accumulation of cyclic AMP in cultured brain cells. J.
Neurochem. 33: 999-100S.

Verma, A., and Marangos, P.J. (1985) Nitrobenzylthioinosine
binding in brain: an interspecies study. Life Sci. 36,
282-90.

Vijayalakshmi, D., and Belt, J.A. (1988) Sodium-dependent
nucleoside transport in mouse intestinal epithelial
cells. J. Biol. Chem. 263, 19419-23.

Vijayalakshmi, D., Dagnino, L., Belt, J.A., Gati, W.P. Cass,
C.E., and Paterson, A.R.P. (1992) L1210/B23.1 cells
express equilibrative, inhibitor-sensitive nucleoside
transport activity and lack two parental nucleoside
transport activities. J. Biol. Chem. 267, 16951-6.

Von Lubitz, D., Dambrosia, J., Kempski, 0., and Redmond, D.
(1988) Cyclohexyl adenosine protects against neuronal
death following ischemia in the CA, region of gerbll
hippocampus. Stroke, 19 1133-9.

Wainwright, C.L., Parratt, J.R., and Van Belle, H. (1993) The
antiarrhythmic effects of the nucleoside transport
inhibitor, R75231, in anaesthetized pigs. Br. J.
Pharmacol. 109, 592-9.

Wauquier, A., Van Belle, H., Van den Broeck, W.E.A., and
Janssen, P.A.J. (1987) Sleep improvement in dogs after
oral administration of mioflazine, a nucleoside transport
inhibitor. Psychopharmacology, 91, 434-439.

Weber, R.G., Jones, C.R., Palacios, J.M., and Lohse, M.J.
(1988) Neurosci. Lett. 87, 215-20.

Weinstein, J.N., Bunow, B., Weislow, 0.S., Schinazi, R.F.,
Wahl, s.M., Wahl, L.M., and Szebeni, J. (1990) Synegistic
drug combinations in AIDS therapy. Ann. New York Acad.
Sci., 616, 367-384.

Wessburg, P., Hedner, J., Hedner, T., Persson, B, and Jonason,
J. (1985) Adenosine mnechanisms in the regulation of
breathing in the rat. Pur. J. Pharm. 106: 59-67.

white, T.D. (1975) A role for divalent cations in the uptake
of noradrenaline by synaptosomes. J. Neurochem. 24, 1037~




198

42.

Wiley, J.S., Snook, M.B., Jamieson, G.P. (1989) Nucleoside
transport in acute leukemia and lymphoma: close relation
to proliferative rate. Brit. J. Haematol. 71, 203-7.

Williams M. (1987) Purine Receptors in mammalian tissues:
pharmacology and functional significance. Ann. Rev.
Pharmacol. Toxicol. 27: 315-345.

Williams, M. (1989) Adenosine: The prototypic neuromodulator.
Neurochem. Int. 14, 249-264.

o

Williams, M., Braunwalder, A., Erickson, T.E. (1986) Evalution
of the binding of the A, selective radioligand,
cyclopentyladenosine (CPA), to rat brain tissue. Naunyn
Schmiedebergs Arch. Pharmacol. 332: 179-183.

Williams M. and Jacobson K.A. (1990) Radioligand binding
assays for adenosine receptors, In Adenosine and
Adenosine Receptors (ed. M. Williams), 1990, Humana
Press, New Jersey, pp. 57-104.

Williams, T.C., Doherty, A.J., Griffith D.A., and Jarvis, S.M.
(1989) Characterization of sodium-dependent and sodium-
independent nucleoside transport systems in rabbit brush-
border and basolateral plasra-membrane vesicles from the
renal outer cortex. Biochem. J. 264, 223-31.

Williams, T.C. and Jarvis, S.M. (1991) Multiple sodium-~
dependent nucleoside transport systemns in bovine renal
brush-border membrane vesicles. Biochem. J. 274, 27-33.

Winn, H.R., Rubio, R., and Berne, R.M. (1981) Brain adenosine
concentration during hypoxia in rats. Am. J. Physiol.
241, H235-H242.

Woffendin C. and Plagemann, P.G.W. (1987a) Interaction of
(*H)dipyridamole with the nucleoside transporter of human
erythrocytes and cultured animal cells. J. Membrane.

Woffendin, C. and Plagemann, P.G.W (1987b) Nucleoside
transporter of pig erythrocytes. Kinetic properties,
isolation and reaction with nitrobenzylthioinosine and
dipyridamole. Biochim. Biophys. Acta, %03, 18-30.

Wohlhueter, R.M., Brown, W.E., and Plagemann, P.G.W. (1983)
Kinetic and thermodynamic studies on
nitrobenzylthioinosine binding to the nucleoside
transporter of Chinese hamster ovary cells. Biochinm.
Biophys. Acta, 731, 168-76.




199

Wohlhueter, R.M., Marz, R., and Plagemann, A.R.P. (1979)
Thymidine transport in cultured mamalian cells. Kinetic
analysis, temperature dependence and specificity of the
trasnport system. Biochim. Biophys. Acta, 553, 262-283.

Wright, S.E., Hines, L.H., and White, J.C. (1990) Effects of
the 1lipophillic anticancer drug teniposide (VM-26) on
membrane transport. Chem. Biol. Int. 75, 31-48.

Wu, Jo-s.' KWOng, F.YCP.' JarViB, S.H., and Young, J.D. (1983)
Identification of the erythrocyte nucleoside transporter
as a band 4.5 polypeptide. J. Biol. Chem. 258, 13745-51,

Wu, P.H. and Phillis, J.W. (1982a) Uptake of adenosine by
isolated rat brain capillaries. J. Neurochem. 38, 687-90.

Wu, P.H. and Phillis, J.W. (1982b) Nucleoside transport in rat
cerebral cortical synaptosomal membrane: a high affinity
probe study. Int. J. Biochem. 14, 1101-5.

Wu, P.H., Phillis, J.W., and Thierry, D.L. (1982) Adenosine
receptor agonists inhibit K'-evoked Ca'*' uptake by rat
brain cortical synaptosomes. J. Neurochem. 39, 700-708.

Wu P.H., and Phillis J.W. (1984) Uptake by central nervous
tissues as a mechanism for the regulation of
extracellular adenosine concentrations. Neurochem. Int.
6: 613-632.

Wu, X., Gutierrez, M.M., and Giacomini, ¥.M. (1994) Further
characterization of the sodium-dependent nucleoside
transporter (N3) in choroid plexus from rabbit. Biochim.
Biophys. Acta, 1191, 190-6.

Wu, X., Yvan, G., Breet, C.M., Hui, A.C., and Giacomini, K.M.
(1992) Sodium-dependent nucleoside transport in choroid
plexus form rabbit. Evidence for a single transporter
for purine and pyrimidine nucleosides. J. Biol. Chenm.
267, 8813-6.

Yang, X., Zhu, Q., Claydon, M.A., Hicks, G.L., and wang, T.
(1994) Enhanced functional preservation of cold-stored
rat heart by a nucleoside transport inhibitor.
Transplantation, 58, 28-34.

Yarbrough, B.V., and McGuffin-Clineschmidt,J. (1981) In vivo
behavioral assessment of central nervous system
purinergic receptor. Eur. J. Pharmacol. 76, 137-44.

Young, J.D., Huang, Q.Q., Yao, S.Y.M., Ritzel, M.W.L.,
Paterson, A.R.P., and Cass, C.E. (1994) Cloning and
functional expression of a cDNA encoding a mammalian
sodiun-dependent nucleoside transporter selective for




200

adenosine, pyrimidine nucleosides and anti-viral
pyrimidine nucleoside analogs. Drug Devel. Res. 31, 335.

Young, J.D. and Jarvis, S.M. (1983) Nucleoside transport in
animal cells. Review. Biosci. Rep. 3, 309-22.

Young, J.D., Jarvis, S.M., Robins, M.J., and Paterson, A.R.P.
(1984) Photoaffinity labeling of the human erythrocyte
nucleoside transporter by N°-(p-azidobenzyl)adenosine and
nitrobenzylthioinosine. J. Biol. Chem. 258, 2202-8.

Zimmerman, T.P., Domin, B.A., Mahony, W.B., and Prus, K.L.
(1989) Membrane transport of nucleoside analogues in
mammalian cells. Nucleosides and Nucletides, 8, 765-74.

Zhang, G., Franklin, P.H., Murray, T.F. (1993) Manipulation of
endogenous adenosine in the rat prepiriform cortex
modulates seizure susceptibility. J. Pharmacol. Exp.
Ther. 264, 1415-24.

Zhou, Q.Y., Li, C.L., Olah, M.E., Johnson, R.A., Stiles, G.L.,
Civelli, 0. (1992) Molecular cloning and characterization
of an adenosine receptor: the A; adenosine receptor.
Proc. Natl. Acad. Sci. 89: 7432-7436.




	Western University
	Scholarship@Western
	1995

	Examination Of Nucleoside Transport In The Mammalian Nervous System
	Kenneth William Jones
	Recommended Citation


	tmp.1410235293.pdf.mm4Gf

