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Abstract

Adenosine receptor signal transduction mechanisms have previously been characterized in Syrian hamster smooth muscle DDT, MF-2
cells but adenosine transport in these cells has not. DDT, MF-2 cells possess a high density (370000 sites /cell) of high affinity (K,
value of 0.26 nM) binding sites for [*H]nitrobenzylthioinosine, a marker for the equilibrative and inhibitor-sensitive subtype of nucleoside
transporters. Transport of [*Hladenosine was insensitive to Na* and was inhibited by the nucleoside transport inhibitors nitrobenzyl-
thioinosine, dilazep and dipyridamole with IC, values of 1, 13 and 270 nM, respectively. Propentofylline, a neuroprotective compound
that can inhibit nucleoside transporters, is rapidly metabolized in vivo to the racemate (1 )-A720287. Based on recent findings that some
transport inhibitors exhibit marked stereoselectivity, we tested the degree to which individual stereoisomers of (+)-A720287 affect
adenosine transport. Propentofylline inhibited [>H]adenosine transport in DDT, MF-2 cells with an ICs, value of 24 pM. (+)-A720287
and the individual stereoisomers (+)-833791 and (—)-844261 had similar potency to propentofylline for inhibition of [*H]adenosine
transport in DDT,; MF-2 cells as well as in clonal mouse leukemia L1210/B23.1 cells, cells which possess only the equilibrative and
inhibitor-sensitive subtype of nucleoside transporters. Thus, the neuroprotective effects of propentofylline may be due, in part, to the

primary metabolites of propentofylline.
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1. Introduction

Adenosine is a product of ATP metabolism that can
bind to and stimulate a family of cell surface receptors and
produce a wide range of physiological effects. The concen-
tration of adenosine in the extracellular space available to
interact with its receptors is regulated by nucleoside trans-
porters that catalyze the movement of nucleosides across
plasma membranes. At least seven functionally distinct
nucleoside transport processes have been characterized
from various cell types and species (Cass, 1995) and these
processes are broadly classified into two groups: Na*-de-
pendent and Na*-independent. Na*-dependent nucleoside
transport processes are coupled to movements of Na™
across cell membranes and are capable of concentrating
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nucleosides intracellularly while the Na*-independent
transporters are equilibrative processes that can move nu-
cleosides in either direction across cell membranes.

The best-characterized nucleoside transporter is the
equilibrative process that is sensitive to inhibition by low
nanomolar concentrations of the nucleoside analogue ni-
trobenzylthioinosine; this widely distributed transporter has
been termed es (equilibrative, sensitive) (Cass et al., 1974;
Belt, 1983; Vijayalakshmi and Belt, 1988). In many cell
types, binding of [*H]nitrobenzylthioinosine corresponds
stoichiometrically to inhibition of nucleoside transport,
thus [*H]nitrobenzylthioinosine is a high affinity and selec-
tive marker for es transporters (Cass et al., 1974). In-
hibitors of equilibrative transporters, such as nitrobenzyl-
thioinosine, dipyridamole and dilazep, block the carrier-
mediated transfer of adenosine across cell membranes. By
inhibiting the removal of adenosine from the interstitium,
where adenosine has access to its specific receptors, trans-
port inhibitors have been proposed to enhance and/or
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prolong ‘the receptor-mediated effects of endogenous
adenosine (Van Belle, 1988; Geiger and Fyda, 1991;
Marangos et al., 1990; Jacobson et al., 1991). In support of
this, propentofylline inhibits nucleoside transport processes
at concentrations that are associated with neuroprotection
in vivo (Parkinson et al., 1993) and it has been proposed
that the elevation of endogenous adenosine levels produce,
or at least contribute to, the neuroprotective effects of
propentofylline (Parkinson et al., 1994). However,
propentofylline is rapidly reduced in vivo to the racemic
mixture (4 )-A720287 (Macdonald et al., 1986) and other
nucleoside transport inhibitors like draflazine and R88016,
the enantiomers of (4 )-R75231, have been shown to be
stereoselective in blocking adenosine transport (Beukers et
al., 1994; Van Belle et al., 1993).

Clonal Syrian hamster DDT, MF-2 smooth muscle cells
have been used extensively to investigate signal transduc-
tion pathways for adenosine A, and A, receptors
(Ramkumar et al., 1990; Gerwins and Fredholm, 1992;
Gerwins et al., 1990). The purpose of this study was to
characterize the nucleoside transport processes in these
cells and evaluate the inhibitory effects of propentofylline
and its hydroxy-metabolites. We found that DDT, MF-2
cells possess a high density of low capacity es transporters
that are inhibited with nearly equal potency by low micro-
molar concentrations of propentofylline, (+)-A720287,
(+)-A833791 and (—)-A844261.

2. Materials and methods
2.1. Materials

[*H]Adenosine, [*H]nitrobenzylthioinosine, *H,0 (5
mCi/ml) and [" Clpolyethylene glycol (20 mCi/g) were
from DuPont Canada (Mississauga, Ontario). Dipyri-
damole, adenosine, uridine, thymidine, N-methyi-D-
glucammonium and Triton X-100 were purchased from the
Sigma Chemical Co. (St. Louis, MO). Nitrobenzylthioino-
sine was purchased from Research Biochemicals Interna-
tional (Natick, MA). Dulbecco’s modified Eagle’s medium
and fetal bovine serum were obtained from Gibco BRL
(Burlington, Ontario). Dilazep was provided by F. Hoff-
mann-La Roche (Basel, Switzerland). Propentofylline,
(+)-A720287, (+)-A833791 and (—)-A844261 were
provided by Dr. K.A. Rudolphi, Hoechst (Frankfurt, Ger-
many).

2.2. Cell culture

DDT, MF-2 smooth muscle cells, originally isolated
from a steroid-induced leiomyosarcoma of Syrian hamster
vas deferens (Norris et al., 1974), were obtained from the
American Type Culture Collection. Cells were grown in
suspension at 37°C in 5% CO,/95% humidified air and
maintained as exponentially proliferating cultures at cell

densities of 3 X 10* to 3 X 10° cells/ml in Dulbecco’s
modified Eagle’s medium supplemented with 4.5 g /1 glu-
cose, supplemented with 10% fetal calf serum, and 2 mM
L-glutamine (Gerwins et al., 1990).

2.3. [*H|Nitrobenzylthioinosine binding

Cells were harvested, washed twice (100 X g, 5 min)
and resuspended in physiological buffer (Na® buffer; in
mM: Tris, 20; K, HPO,, 3: NaCl, 120; MgCl,, 1.0; CaCl,,
1.2; glucose, 10; to pH 7.4 with HCI). Saturation binding
experiments were performed using [*Hlnitroben-
zylthioinosine at concentrations of 0.01-5 nM and using
25000 cells per ml assay volume. Site-specific binding of
[*Hlnitrobenzylthioinosine was the difference between
binding in the absence and presence of dilazep (100 wM)
or unlabelled nitrobenzylthioinosine (1 wM). Cells were
incubated (22°C) with radioligand for 1 h, a time period
that allowed equilibrium binding to be achieved (data not
shown), and reactions were terminated by filtration through
Whatman GF/B filters using a Brandel cell harvester.
[3H]Nitrobenzylthioinosine concentrations were corrected
for ligand depletion. [*HINitrobenzylthioinosine binding
constants (K, and B, ) were obtained using nonlinear
regression analysis.

Inhibition of [*HInitrobenzylthioinosine binding was de-
termined using 0.5 nM [ H]nitrobenzylthioinosine and
8—10 concentrations of the nucleoside transport inhibitors
nitrobenzylthioinosine, dipyridamole or dilazep. Inhibition
constants (K, values) for inhibition of [*H]nitroben-
zylthioinosine binding were obtained by nonlinear regres-
sion analysis and application of the Cheng and Prusoff
equat)ion, K,=1C,,/(0 +[L]/K,) (Cheng and Prusoff,
1973).

max

2.4. [*H]Adenosine accumulation measurements

Cells were harvested by centrifugation (100 X g for 10
min), washed twice and resuspended (10° cells/ml) in
either Na* buffer or N-methyl-D-glucammonium buffer
(NMG™ buffer) containing (in mM) Tris, 20; K,HPO,, 3;
N-methyl-D-glucamine, 120; glucose, 10; MgCl,, 1.0;
CaCl,, 1.2; to pH 7.4 with HCl. Osmolarity of the buffers
was adjusted, as necessary, to 300 + 10 mosM.

[*H]Adenosine uptake was determined by an oil-stop
centrifugation method (Harley et al., 1982). Briefly, a
reaction mixture (100 1) containing 1 WM [*HJadenosine
(2.5 uCi/ml) in either Na* or NMG™* buffer was layered
over 200 pl oil (85 parts silicon oil: 15 parts paraffin oil)
in a microcentrifuge tube. Uptake was initiated by rapid
addition of cell suspensions (100 w1} to reaction mixtures
and was terminated by centrifugation of cells through oil
(16000 X g, 30 s). Supernatant fractions were aspirated,
tubes were washed three times with water, oil was re-
moved, and pellets were dissolved in 5% Triton X-100 for
determination of radioactivity. Intracellular water volume
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was the difference between the total water space of cell
pellets, determined with "H,O (1 p.Ci/ml) and the extra-
cellular space, determined with ['*Clpolyethylene glycol (2
uCi/ml), and was (mean + SEM.) 1.24 + 0.08 pl/cell
(n = 65). Linear regression was used to calculate the initial
rates of [*Hladenosine uptake.

2.5. Adenosine transport kinetics

The concentration dependence of adenosine uptake was
determined by incubating cells with graded concentrations
of [*H]adenosine (0.5-100 wM; 2.5 p.Ci/ml) for 1 s or 15
s. Comparisons were made between cells in Na*- or
NMG *-containing buffer. The differences between the 1 s
(linear with concentration of [*HJadenosine, data not
shown) and the 15 s values were analyzed by nonlinear
regression to obtain kinetic constants (K, and V,,,, val-
ues) for [*Hladenosine influx.

2.6. Inhibition of [?H]adenosine transport

Inhibition of [*HJadenosine transport was determined
using 1 M [*Hladenosine and 8-10 concentrations of the
nucleoside transport inhibitors, nitrobenzylthioinosine,
dipyridamole, dilazep, propentofylline, (+)-A72 0287,
(+)-A833791 or (—)-844261. Cells were preincubated
(15 min) with inhibitor prior to initiation of transport
assays, which were 15 s. Inhibition of [*HJadenosine trans-
port by the nonisotopic nucleoside permeants adenosine,
uridine and thymidine was also evaluated. Cells were not
preincubated with nucleoside to avoid intracellular accu-
mulation prior to initiation of uptake. Uptake intervals of
15 s were used. ICy, values for inhibition of [*HJadenosine
transport were obtained using nonlinear regression analy-
sis.

2.7. Mouse leukemia L1210/ B23.1 cells

Clonal mouse leukemia L1210/B23.1 cells were main-
tained as exponentially proliferating cultures at cell densi-
ties of 0.5—5 X 10° cells /ml in RPMI 1640 culture medium
supplemented with 10% heat-inactivated horse serum. The
nucleoside transport properties of these cells have been
described previously (Vijayalakshmi et al., 1992; Parkin-
son et al., 1993).

[*H]Nitrobenzylthioinosine binding assays were per-
formed as described above using 1 X 10° cells per assay
and 8-10 concentrations of the inhibitors propentofylline,
(+)-A720287, (+)-A833791 and (—)-A844261. Inhibi-
tion of [*H]adenosine transport was performed as de-
scribed for DDT, MF-2 cells except that 6 s uptake
intervals were used.

2.8. Data analysis

[*H]Adenosine transport measurements were in tripli-
cate and [*H]nitrobenzylthioinosine binding measurements
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Fig. 1. Concentration dependence of the binding of [?Hlnitroben-

zylthioinosine to DDT, MF-2 cells. The difference between the total (@)
and non-specific (¥, determined in the presence of dilazep, 100 uM) is
the specific binding component ( ®). Points are means of two determina-
tions; data are from one experiment representative of five.

were in duplicate. Each experiment was performed at least
three times and all values are reported as mean + S.EM.
unless otherwise indicated. Nonlinear regression was per-
formed using the software package GraphPad PRISM.

3. Results

The binding of [*Hlnitrobenzylthioinosine to DDT,
MF-2 cells was saturable, with a K value of 0.26 + 0.06
nM and a B,,, value of 370000 + 38000 sites per cell
(n =5) (Fig. 1). Concentration-dependent inhibition of the
binding of [*H]nitrobenzylthioinosine by nucleoside trans-
port inhibitors resulted in a rank order of potency of
nitrobenzylthioinosine > dilazep > dipyridamole (Table 1).

Initial rates of uptake were determined following expo-
sure of cells to 1 wM [*Hladenosine for time intervals of
up to 30 s (Fig. 2). Accumulation of [*Hladenosine was
found to be linear, with initial rates of uptake for cells in
Na* buffer of 0.59 + 0.16 pmol /ui cell water/s (n =17).
A similar rate of uptake, 0.63 + 0.11 pmol /1 cell water /s
(n = 6), was apparent for cells in NMG™ buffer. Accumu-
lation of [*HJadenosine in either buffer was abolished by 1
WM nitrobenzylthioinosine (Fig. 2), 10 uM dipyridamole
or 10 uM dilazep (data not shown). To test further for
Na*-dependent transport, the concentration dependence of
[*Hladenosine influx was compared between cells in Na*
and NMG* buffer and the kinetic constants, K and V.
were not significantly different (Table 2).

Table |
Inhibition constants for inhibition of [*H]nitrobenzylthioinosine binding
to DDT, MF-2 cells by nucleoside transporter inhibitors

K, + SEM. (n)

0.6+0.3nM (3)
46+1.9nM(3)
153+25nM (3)

Inhibitor

Nitrobenzylthioinosine
Dilazep
Dipyridamole

Inhibition of site-specific [*H]nitrobenzylthioinosine binding was deter-
mined using 0.5 nM [*H]nitrobenzylthioinosine and and 8-10 concentra-
tions of nucleoside transport inhibitors. K; values were obtained using
nonlinear regression and application of the Cheng and Prusoff equation.
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Fig. 2. Time course of uptake of [*HJadenosine {1 wM) using rapid time
intervals. DDT; MF-2 cells were prepared in Na* buffer (0O, ®) or
NMG™* buffer (O, @) and incubated for 15 min in the absence (M, @)
or presence (3, O) of nitrobenzylthioinosine (10 wM). Cells were then
added to [*Hladenosine to initiate uptake. Symbols are means of tripli-
cates; S.E.M. bars are shown unless obscured by the symbols. Data are
from one experiment representative of at least six.
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Fig. 3. Concentration-dependent inhibition of cellular accumulation of
[*Hladenosine by nucleoside transport inhibitors. DDT, MF-2 cells were
incubated for 15 min in the absence (control) or presence of graded
concentrations of nitrobenzylthioinosine (a), dilazep (O) or dipyri-
damole (M) then exposed for 15 s to [*Hladenosine (1 wM) in the
continued presence of inhibitors, as described in the text. Points are
means of triplicates from one experiment representative of at least four.

Since [*HJadenosine uptake was linear for at least 30 s,
a time interval of 15 s was used to evaluate concentration-
dependent inhibition of [*HJadenosine (1 wM) accumula-
tion into DDT, MF-2 cells by nucleoside transport in-
hibitors and permeants. Nitrobenzylthioinosine, dilazep and
dipyridamole, inhibited [*Hladenosine uptake with ICy,
values of 1+02 nM (n=4), 13+7 nM (n=4) and
270 + 111 nM (n ="7), respectively (Fig. 3). Concentra-
tion-dependent inhibition of [*HJadenosine accumulation

Table 2
Kinetic constants for [>HJadenosine uptake into DDT, MF-2 cells
Cell treatment (n) K., +SEM. Vinax £S-EM.

(LM) (pmol / 1 cell water/s)
Na* buffer (3) 12.0+1.7 46+1.1
NMG™* buffer (3) 9.5+0.8 34114

Cells were harvested and resuspended in Na* or NMG™ buffer. Uptake
of [*Hladenosine during 14 s intervals was determined using [*HJadeno-
sine concentrations of 0.5-100 pM. K, and V,_,  values were deter-
mined using nonlinear regression analysis.

[2H]Adenosine Accumulation

6543 65432 65432

Adenosine Uridine Thymidine

(-log M)

Fig. 4. Concentration-dependent inhibition of cellular accumulation of
[*Hladenosine. DDT, MF-2 cells were incubated for 15 s with
[*Hladenosine (1 wM) in the absence (control) or presence of graded
concentrations of unlabelled adenosine, thymidine or uridine as described
in the text. The data are means+S.EM. of 3-7 experiments, each
performed in triplicate.

was also observed with the nonisotopic nucleosides adeno-
sine, uridine and thymidine; IC,, values were 4 + 1.7 uM
(n=4),93+34 puM (n=17) and 170 + 20 pM (n = 3),
respectively (Fig. 4).

Propentofylline was shown previously to inhibit ni-
trobenzylthioinosine-sensitive adenosine transport in cells
derived from the mouse leukemia L1210 cell line (Parkin-
son et al., 1993) and this finding was confirmed in the
DDT, MF-2 cells (Fig. 5). In vivo, propentofylline is
metabolized to the racemic compound (+)-A720287
(Macdonald et al., 1986) which consists of the (+) isomer
833791 and the (—) isomer 84 4261. All three compounds
were equally potent to propentofylline as inhibitors of
[*H]adenosine transport (Fig. 5). The ICs, values obtained
were 24+ 5 puM, 224+ 7 pM, 27+ 11 pM and 26 + 12
M for propentofylline, ( +)-A72 0287, (+)-A83 3791 and
(—)-A844261, respectively. To confirm our finding that
the hydroxy-metabolites of propentofylline are equally po-
tent to propentofylline, we used another cell line, mouse
leukemia 1.1210/B23.1, which has only nucleoside trans-
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Fig. 5. Concentration-dependent inhibition of cellular accumulation of
[*H]adenosine. DDT, MF-2 cells were incubated for 15 min in the
absence (control) or presence of graded concentrations of propentofylline
(m), (+)-A72 0287 (), (+)-A83 3791 (@) or (—)-A84 4261 (O) then
exposed for 15 s to [*Hladenosine (I wM) in the continued presence of
inhibitors, as described in the text. The data are means + S.EM. of 3-4
experiments, each performed in triplicate.



F.E. Parkinson et al. / European Journal of Pharmacology 308 (1996) 97-102 101

Table 3
Inhibition of [*Hlnitrobenzylthioinosine binding and [*HJadenosine trans-
port in clonal mouse leukemia L1210,/B23.1 cells

Compound {*HINitrobenzylthioinosine [ *H]Adenosine
binding transport
K, +S.EM. (uM) IC5y £S.EM. (uM)
Propentofylline  14+0.3 14£8
(+)-A72 0287 12+6 943
(+)-A83 3791 813 8+3
(—)-A84 4261 10+2 742

Inhibition of site-specific [3H]nitrobenzylthioinosine binding was deter-
mined using 0.5 nM [*Hlnitrobenzylthioinosine and 8—10 concentrations
of inhibitors. K, values were obtained using nonlinear regression analysis
and application of the Cheng and Prusoff equation. Inhibition of
[*Hladenosine transport was determined using 6 s uptake intervals, | uM
[}H]adenosine and 8-10 concentrations of inhibitors. IC5, values were
obtained using nonlinear regression analysis.

porters of the es subtype (Vijayalakshmi et al., 1992).
Each of the compounds tested, propentofylline, (+)-
AT720287, (+)-A833791 and (—)-A844261, had similar
potency for inhibition of [*H]nitrobenzylthioinosine bind-
ing and inhibition of [*HJadenosine transport (Table 3). In
L1210/B23.1 cells, as in DDT, MF-2 cells, the reduced
forms (+)A720287, (+)-A833791 and (—)A844261
were of similar potency to the parent compound propento-
fylline (Table 3).

4. Discussion

As many as seven functionally distinct nucleoside trans-
port processes have been described in cells from a variety
of species and tissues. These transporters fall into two
broad categories: Na*-dependent and -independent pro-
cesses (Cass, 1995). [*Hlnitrobenzylthioinosine binds with
high affinity and selectivity to one subtype that is Na*-in-
dependent and is termed the es transporter (Vijayalakshmi
and Belt, 1988). Binding studies with this radioligand
indicated that DDT, MF-2 cells have a high abundance of
es transporters. The identification of these binding sites as
functional transporters is supported by the finding that the
structurally dissimilar transport inhibitors dipyridamole and
dilazep inhibited [*Hlnitrobenzylthioinosine binding.

Dipyridamole exhibits species differences in affinity for
nucleoside transporters with high affinity (1-10 nM) for
human, dog and guinea pig, moderate affinity (100-500
nM) for mouse and relatively low affinity (1-5 wM) for
rat tissues (Hammond and Clanachan, 1985; Lee and Jarvis,
1988a,b). It is not known whether the heterogeneity in
affinity for transporters by dipyridamole is due to differ-
ences in the primary structure of the es transporters among
these species. The affinity of dipyridamole for [*H]nitro-
benzylthioinosine binding sites in DDT, MF-2 cells sug-
gests that the es transporters in hamster are similar to
those in mouse.

Initial rates and Kkinetic constants for uptake of
[*Hladenosine for DDT, MF-2 cells in Na™-containing and
Na*-replacement buffer were compared and found to be
similar. Thus, our data do not provide evidence for the
presence of Na*-dependent transport in these cells, al-
though the presence of a small component that was not
detectable with our assays cannot be ruled out.

Assuming each high affinity [*H]nitrobenzylthioinosine
binding site corresponds to a functional transporter, the
translocation capacity for each transporter was 9.3
molecules /s. This value is approximately 14-20-fold lower
than the values reported for [*Hluridine uptake into
erythrocytes from several species (Jarvis et al., 1982),
32-fold lower than the value reported for [*HJadenosine
uptake into cultured human umbilical vein endothelial cells
(Sobrevia et al., 1994) but similar to the values (7.3-14.1
molecules /transporter /s) reported for [*H]uridine uptake
into rat erythrocytes, hepatocytes and kidney cells (Plage-
mann and Wohlhueter, 1985).

[*H]Adenosine accumulation was completely inhibited
by the transport inhibitors nitrobenzylthioinosine, dilazep
and dipyridamole with similar inhibition constants to those
obtained for inhibition of [3H]nitrobenzylthioinosine bind-
ing. To date, two forms of equilibrative nucleoside trans-
porters have been characterized which are distinguished
based on their sensitivity to inhibition by nitrobenzyl-
thioinosine. The es (equilibrative, sensitive) process is
inhibited by low nanomolar concentrations and the ei
(equilibrative, insensitive) process is either not inhibited or
requires micromolar concentrations of nitrobenzylthioino-
sine (Cass, 1995; Vijayalakshmi and Belt, 1988). In our
studies, nitrobenzylthioinosine completely inhibited
[*HJadenosine transport with nanomolar affinity, thus the
presence of an ei transporter was not apparent.

Propentofylline is a xanthine compound that reduces
neuronal damage following cerebral ischemia (DeLeo et
al.. 1987). Although its precise mechanism of action is not
completely understood, it is able to inhibit cellular uptake
of adenosine (Ohkubo et al., 1991; Parkinson et al., 1993),
elevate interstitial concentrations of adenosine (Andiné et
al., 1990) and decrease extracellular glutamate levels
(Hagberg et al., 1990). These effects are consistent with
potentiation of the receptor-mediated effects of adenosine.
However, propentofylline undergoes rapid chemical reduc-
tion in vivo to the racemic mixture (+)-A720287 (Mac-
donald et al., 1986), thus it is important to examine the
effects of the resulting stereoisomers in addition to the
parent compound especially in light of the stereoselectivity
exhibited by the enantiomers of (+)-R75231 (Van Belle
et al., 1993; Beukers et al., 1994). Previously, we reported
that (+)-A720287 inhibited [?HInitrobenzylthioinosine
binding in rat brain with similar affinity to propentofylline
(Parkinson and Fredholm, 1991). In this study we found
that the racemic mixture, (4 )-A72 0287, and the stereoiso-
mers, (+)-833791 and (—)-844261, inhibit [*H]adeno-
sine uptake by es transporters as effectively as propento-
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fylline, thus stereoselective inhibition of nucleoside trans-
port varies among inhibitory compounds. Since inhibition
of adenosine transport appears to be important for the
neuroprotective effects of propentofylline, the hydroxy-
metabolites may also provide neuroprotection.

Acknowledgements

We thank Ms. L. Mclntyre for technical assistance. This
work was supported by operating grants from the Medical
Research Council of Canada (MRC) and Hoechst AG.
Equipment and establishment grants from the Manitoba
Health Research Council (MHRC) and MRC and MHRC
Scholarship awards to FEP and an MRC Scientist award to
JDG are gratefully acknowledged.

References

Andiné, P., K.A. Rudolphi, B.B. Fredholm and H. Hagberg, 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.

Belt, J.A. 1983, Heterogeneity of nucleoside transport in mammalian
cells. Two types of transport activity in L1210 and other cultured
neoplastic cells, Mol. Pharmacol. 24, 479.

Beukers, M.W., C.J.M. Kerkhof, A.P. lJzerman and W. Soudijn, 1994,
Nucleoside transport inhibition and platelet aggregation in human
blood: R75231 and its enantiomers, draflazine and R88016, Eur. J.
Pharmacol. Mol. Pharmacol. Sec. 266, 57.

Cass, C.E. 1995, Nucleoside transport, in: Drug Transport in Antimicro-
bial and Anticancer Chemotherapy, ed. N.H. Georgopapadakou
(Marcel Dekker, New York) p. 403.

Cass, C.E., L.A. Gaudette and A.R.P. Paterson, 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.

Cheng, Y. and W.H. Prusoff, 1973, Relationship between the inhibition
constant (K;) and the concentration of inhibitor which causes 50 per
cent inhibition (/) of an enzymatic reaction, Biochem. Pharmacol.
22, 3099.

DeLeo, J., L. Toth, P. Schubert, K. Rudolphi and G.W. Kreutzberg, 1987,
Ischemia-induced neuronal cell death, calcium accumulation, and glial
response in the hippocampus of the Mongolian gerbil and protection
by propentofylline (HWA 285), J. Cereb. Blood Flow Metab. 7, 745.

Geiger, J.D. and D.M. Fyda, 1991, Adenosine transport in nervous
system tissues, in: Adenosine in the Nervous System, ed. T. Stone
(Academic Press, London) p. 1.

Gerwins, P. and B.B. Fredholm, 1992, Stimulation of adenosine A,
receptors and bradykinin receptors, which act via different G proteins,
synergistically raises inositol 1,4,5-trisphosphate and intracellular free
calcium in DDT,; MF-2 smooth muscle cells, Proc. Natl. Acad. Sci.
USA 89, 7330.

Gerwins, P., C. Nordstedt and B.B. Fredholm, 1990, Characterization of
adenosine A, receptors in intact DDT, MF-2 smooth muscle cells,
Mol. Pharmacol. 38, 660.

Hagberg, H., P. Andiné, B. Fredholm and K. Rudolphi, 1990, Effect of
the adenosine uptake inhibitor propentofylline on extracellular adeno-
sine and glutamate and evaluation of its neuroprotective efficacy after
ischemia in neonatal and adult rats, in: Pharmacology of Cerebral

Ischemia, eds. J. Krieglstein and H. Oberpichler (Wissenschaftliche
Verlagsgesellschaft, Stuttgart) p. 427.

Hammond, JR. and A.S. Clanachan, 1985, Species differences in the
binding of [*Hlnitrobenzylthioinosine to the nucleoside transport sys-
tem in mammalian central nervous system membranes: evidence for
interconvertible conformations of the binding site /transporter com-
plex, J. Neurochem. 45, 527.

Harley, E.R., A.R.P. Paterson and C.E. Cass, 1982, Initial rate kinetics of
the transport of adenosine and 4-amino-7-(b-D-ribofuranosyl)pyrrolo
[2,3-d]pyrimidine (tubercidin) in cultured cells, Can. Res. 42, 1289.

Jacobson, K.A., B.K. Trivedi, P.C. Churchill and M. Williams, 1991,
Novel therapeutics acting via purine receptors, Biochem. Pharmacol.
41, 1399,

Jarvis, S.M., J.R. Hammond, A.R.P. Paterson and A.S. Clanachan, 1982,
Species differences in nucleoside transport: a study of uridine trans-
port and nitrobenzylthioinosine binding by mammalian erythrocyes,
Biochem. J. 208, 83.

Lee, C.W. and S.M. Jarvis, 1988a, Kinetic and inhibitor specificity of
adenosine transport in guinea pig cerebral cortical synaptosomes:
evidence for two nucleoside transporters, Neurochem. Int. 12, 483.

Lee, C.W. and S.M. Jarvis, 1988b, Nucleoside transport in rat cerebral-
cortical synaptosomes. Evidence for two types of nucleoside trans-
porters, Biochem. J. 249, 557.

Macdonald, C.M., U. Gebert, K. Watson, T.A. Bryce and M. Omosu,
1986, The excretion and metabolism of '*C-HWA 285 in rat and dog,
Jpn. Pharmacol. Ther. 14, 37.

Marangos, P.J., D. Von Lubitz, J.L. Daval and J. Deckert, 1990, Adeno-
sine: its relevance to the treatment of brain ischemia and trauma,
Prog. Clin. Biol. Res. 361, 331.

Norris, J.S., J. Gorski and P.O. Kohler, 1974, Androgen receptors in a
Syrian hamster ductus deferens tumour cell, Nature 248, 422.

Ohkubo, T., Y. Mitsumoto and T. Mohri, 1991, Characterization of the
uptake of adenosine by cultured rat hippocampal cells and inhibition
of the uptake by xanthine derivatives, Neurosci. Lett. 133, 275.

Parkinson, F.E. and B.B. Fredholm, 1991, Effects of propentofylline on
adenosine A, and A, receptors and nitrobenzylthioinosine-sensitive
nucleoside transporters: quantitative autoradiographic analysis, Eur. J.
Pharmacol. 202, 361.

Parkinson, F.E., A.R.P. Paterson, J.D. Young and C.E. Cass, 1993,
Inhibitor effects of propentofylline on [*H]adenosine influx: a study
of three nucleoside transport systems, Biochem. Pharmacol. 46, 891.

Parkinson, F.E., K.A. Rudolphi and B.B. Fredholm, 1994, Propento-
fylline: a nucleoside transport inhibitor with neuroprotective effects in
cerebral ischemia, Gen. Pharmacol. 25, 1053.

Plagemann, P.G. and R.M. Wohlhueter, 1985, Nitrobenzylthioinosine-
sensitive and -resistant nucleoside transport in normal and trans-
formed rat cells, Biochim. Biophys. Acta 816, 387.

Ramkumar, V., W.W. Barrington, K.A. Jacobson and G.L. Stiles, 1990,
Demonstration of both A, and A, adenosine receptors in DDT; MF-2
smooth muscle cells, Mol. Pharmacol. 37, 149.

Sobrevia, L., S.M. Jarvis and D.L. Yudilevich, 1994, Adenosine transport
in cultured human umbilical vein endothelial cells is reduced in
diabetes, Am. J. Physiol. Cell Physiol. 267, C39.

Van Belle, H. 1988, In vivo effects of inhibitors of adenosine uptake, in:
Adenosine and Adenine Nucleotides: Physiology and Pharmacology,
ed. D.M. Paton (Taylor and Francis, London) p. 251.

Van Belle, H., K. Ver Donck and W. Verheyen, 1993, Role of nucleoside
transport inhibition and endogenous adenosine in prevention of cate-
cholamine induced death in rabbits, Cardiovasc. Res. 27, 111.

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

Vijayalakshmi, D. and J.A. Belt, 1988, Sodium-dependent nucleoside
transport in mouse intestinal epithelial cells. Two transport systems
with differing substrate specificities, J. Biol. Chem. 263, 19419,



