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ABSTRACT

Adenosine is. an important regulatory compound'in‘:hé

. »~
heart. 1Its actions are mediated via receptors on :the
e*tracellular surface ‘of cells andlare terminaéed by'its
transport into cells and Subsequent Metabolism. ' The
‘nﬁcleoside tfansport system bl&ys a key role in the

Eerﬁination‘of ‘the actions of adenosine and therefore,
drug-induced inhibition of transport pdﬁentiates adenogifé
actions. Dissociated ventricular myocytes from gﬁinea pxg
ahd' rat were 5§ed for the present study of the nuc%sosxdq
transport system. The binding of the hxgh affzn;;y‘ probe,.
(*H)nitrobenzylthioinosine ([’HINBMPR), was comparea with
measurements of initial rates of nucleoside influx to. (a)
characterize the transport process,@(b) determine if NBMPR
£may be a u§eful high affinity probe for {studying é&e\
nucleosxde transport system h“ cardiac cells and (c) explore‘
species dxﬁferences in the nucleoside transport system of
myocytes. |
In guiné; pxg and rag, myocytes, ~l\\’H]NBMPR :was bound
:;thh h1gh af£1n1ty to a single class of sxtes with Kd values
(95% confidence limits) of 0.76 (0.58 - 1;00) nM and 0.40
(0;29 —0.56) ‘nM, respectxvely and which had*maxlmum bxndxng
capacxtxes (+ S E.) of 826 000 90,000 and 437,000 + 45,000
molecules per Acell, respectivély. B Adenos1ne .'and
2-chloroadeﬁosin§»‘eﬁtgred cells by a saturable ‘and.

,inhibitable' process,. The Km (95% confidence limits) and

Vmax (¢ S.E.) values for adenosine transport into quinea pig

. ':'vy ., ' -~

iv . : : e
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myocytes were }46‘ (101 - 210)° «M and 24.2 L by .-1t4
pmoi/lO‘eells/s, respectiveiyq The Vnaximum velopity,‘of‘
adenosine transport into rat myocytes (Vmax = 7.1 t  0.2
"pmol/loﬂdells/s), was l10wer ‘than that with ~guinea pig,
however, adenosine posSessed a nigher "affipity for the
ytransport process dn rat cells (Km ='50.(38'—'67) uM),
compared to those in guxnea pxg.‘ The, Km and“Vmax Qalues for
2 chloroadenos;ne tranSport into guinea pig, myocytes vere 36
(34 - 39) uM and 11.7 2 0.1 pmol/10 cells/s,~respect1ve1y
Dipyridamole 'was a more potent 1nh1b1tor of [ H]NBMPR‘
".bxndxng 1n guinea Ppig myocytes (Ki = 75 (44 - 132) nM) thanv,
in rat myocytes (Ki = 1700 (1100 H.ZSQO)ﬂnM). ;n addition’
dipyridanole was a more potent ;nhibicor of‘ adenosxne
transport, ‘intoi gu?nea‘pig myoqytesﬁ(ki ='78 (60 -~ 101) nM)"j
than into rat myocytes (K1 = 3600 (}600‘— 8500) nM). ,The.

affinities"of other drugs'(dilazep,‘diazepam,;adenoane and
Z;Ch}oroadenosinef"for' the transport systemd;were "alsox‘
examinedt H - SR

‘.Jn myocytes the‘ makimun ﬁBﬁPR‘:site‘ density"‘ﬁas
predxctxve " of nucleosxde transport capacxty._ The reSults
dxndxcate that NBMPR s a useful hzgh aff1n1ty probe for the-
nucleos1de transport system in card1ac cells because drug
potencxes for the 1nh1b1t10n of NBMPR/b1nd1ng were"s1m1larvp

}

to potencxes for ‘the .1nh1b1t10n of’ nucle051de transport
_ L |
This study also demonstrated ;n card1ac cells spec1es

: heterogeneity of thé nucleosxde transport system Gu1nea

‘pxg and rat . myocytes are dlfferent 1n transport 51te densxty

s



and transport capacity, as well as differences in drug

affinities for /the transport system. If these differences
could be found in the same spgcies, or ‘the. same tissue,

N

transport inhibitors might be designéd to modify sélectiQely

\

the actions bf adenosine. B
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I. INTRODUCTION
:

Adenosine is an endégenous nucleoside, comprised of the
purine base adenine linked to ribose, It is an extremely
ubiquitous metabolic intermediate which may be involved in
nucleic acid biosynthesis, ATP formation and methylation
reactions jinvolving the methyl donor S"adenosylmethionine,
The  hypotensive, cardiac  depressive, sedative and
antispasmodic effects of aBenosine were first described in
1929 (Drury and Szent—éyoréi 1929) ., Receﬁtly, adenosine has
come .to be known for its many regulatory functions in the
body (for reviews see Stone 1981; Daly 1982; Stone 1983;
Snyder 1985). Some of the regulatory functiohs attributed
to the nucleoside Lﬁqlude the autoregqgulation of organ blood
flow, regulation 6f cardiac muscle excitability, control of

;

neuronal excitability, ‘presynaptic neuromodulation,
regqulation of postsynaptic receptor «sensitivity, central
regulation of breatﬁing and possibly, the regulation of
sleep and wakeleness. The physioloéical actions of
adenosine are believed to be mtdiated through a number of
extracellular receptors. It crosses cell mémbranes by
me&brane*located facilitated diffusion systems that possess
a broad specifiéity for nucleosides. Nucleosides have also
been shown to cross 5rush border membranes in tﬂe kidheys
and the intestines by sodium-dependent, active transport
systems. The removal of adenosiné from the vicinity of its

extracellular receptors by transport systems, and subsequent

intracellular metabolism, is implicated as 1its principal
L



2

mechanism of clearance., Agents that block the transport of
adenosine jinto cells, and thﬁs prevent its inactivation,
would be expected to potentiate the effects of adenosine at
its extraceilu&ar receptor sites.
This introductory‘chapper begins with a brief overview
of the biological actions of adenosine, followed by u;
aescription of ‘adenosine receptor classification. This will
be followed by a review of the enzymatic metabolism and
release of adenosine in cardiac tjssue. The nucleoside
transport system and drug-induced inhibition of this . system
will be described, includingl a review of the evidence
stpporting the use of nitrobenzylthioinosine (NEMPR) as a
high affinit} probe for studying the nucleoside transport
syétem, Eviaence will be presented for the exiscencé of
leoside transport system heterogeneity. Finally, the

ationale for.investigating the nucleoside transport system

in cardiac tissue will be discussed.

A. Actions of Adenosine

Adenosine is recognized as a regulagzr of ~many
physiological functions in the body. It is known to. ﬁave
profound effects on the cardiovqscular system involving both
cardiac function and vascglar . resistance. Adenosine has
"been shown to (1) depress ‘poth the, raté and force of
éoﬁtraction of the hearf (Urthaler et al. 1981; Evans et aI;

1982), (2) depress atrioventricular nodal conduction

(Bellardinelli et al. 1980; Dimarco et al. 1983;



NN

”-fékhese are periods of decréased oxygen supply or incréased

Ty

Bellardinelli et al. 1983), apd (3) " inhibit atrial and
ventricular automaticity -(Szentmiklosi et al. 1980; Rosen‘et
al. 1983). Adenosine has been proposéd as a diagnostie
tool, as well ' as a treatment, Fffor paroxysmal
supraventricular tachycardias that involve the A~V node in
the ré—entry pathway (Dimarco-et al. 1983). An-advantagé to
using adenosine is that it s short~lived; and thus,
produces limited side~effects. One of the most documénted
funtions of adenosine concerns iﬁs role in the regulation of
coronary blood flow (Berne 1963; Berne 1980; Mustafa 1980).

Under conditions of myocardial hypoxia, adenosine is

released from myocardial cells (Su 1975; Dewitt et al. 1983)

- resulting in coronary vasodilation and consequently, an

increase in blood flow to hypox{c'pegioné of the heart.

The adenosine hypotﬁesis for regulation of blood flow
may also apply in other organg (Berne etlal. 1983; Schutz ét
al. 1983). In brain‘tissue, adenosine is reiéased‘ dur?ng

! ' »
periods of ‘ischemia (Winn et al. 1979), hypoxia (Winn et &7.

1981; Hoffman ét al. 1984) or seizures (wié% et  aI./ 1980);
oxygen aem?nd and represent times when,K increased :cerébpal
blood flow would~ be beneficial. Adenosine is involved in
the regulation of blood flow to skeletal muscle “(Berne et
al. 1983), édipose tissué (Sollevi and Fredholm 1981),
intestine (Graﬁger and No?ris 1980){ spleen (Schutz ‘eT al\

1983), and kidneys (Spielman and Thompson 1982; Kassell et

al. 1983; Osswald 1983; Schutz et al. 1983).
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Adenosine also exerts actions on aponvascular smooth

~

muscle. It relaxes ileum (Davies et al. 1982; Baer et al.
1984), as well as trachea and bronchiﬁ& preéarétidﬁs in
vitro (Coleman 1976; Farmer and Farrar 1976; Karls§on‘et'al,

1982). contrast; contraction of guineé~p' trach}a ‘with
; ' inea® pig

intrinsic tone (Fredholm 1980 ; Advenier«,ét<~a7Q . 1982),

bronchoconstriction in the anaesthetised rat (Pauwels and

Van der Straeten 1983), and contraction of human bronchial

smooth, muscle in vitro (Davis et al. 1982; 5ahleﬁ’ et al.
1983) have been reported. In human ésthmsticﬁgubjects,
adenosine caused a concéntration~reléted
bronchoconstriction, with no significant effect on control
subjects (Cushley et al. 1983), eviderice that implies a
mediatory role of the nucleoside in asthma (Chu:éh éf;al.
1985). There has also.been proposedla‘modulatory role for

N

adenosine in mediator release from mast cells and‘basobhils

(Marquardt et al. 1978; Marone ‘et al. 1979; Church et al.

IS

1985).
Recently, the 3;le of adenosine as a neuromodulator has
been considered (Fredholm and Hedgvist 1980; Gustafsson

1980; Phillis and Wu 1983; Stone 1983: Williams 1984; Snyder

1985). ATP has  been shown to  be 'fgleaSéd with’

- catecholamines following sympathetic nerve stimulation

(Fredholm 1976; Fredholm and:Hedqust i980). In addition,

Morel and Meunier (1981) obtained a simultaneous release of.

ATP and acetylcholine from synaptosomes from stimulated

cholinergic nerved. ATP is believed to .be converted tbﬁ

e



aderjosine by phosphohydrolaseén .which are located

1

extraxellularly (Schrader 1983). Adenosxne has been shown

to modulate otransmitter activity . both pre- and’

postsynaptlcally ($nyder 1985' Stjarne and Astrand 1985).

A . .
ly, adenosine has been found to 1nh1b1t

Presynapti
both - the -release of noradrenalin; (Cianachan et al. 1977;
Phillis and Wu 1981; Fredholm et al. 1983; Jonzon and
‘Fredhblm 1984) and acatylcholine (Ginsborg and Hirst 1972;
Phillis  and " Wu 1981)  from - nerve terminals.
Postsynaptically, a@enosine has been-shown to fegulate the
sensitivity of postsynaptic receptors (Sattin and Rall 1970;
Daly 1976; Fredholm and Hedqvxst 1980) .

Adenosxne may functxon as an 1nh1b1tory neuromodulator

in the CNS (Phillis . and wU 1981; Williams 1984; Snyder
bv *

4

1985). Reports of inhibition of neurotransmztter release by

N

" nucleosides in the CNS have been made for Ach, dopad?he,

noradrenaline, y-aminobutyric acid . (GABA), glutamate and .

-

serotoninh (Williams 1984) Adenosine and related analogues

have been shown to be potent depressants of neuronal ~firing

in rat cerebral cortex (Phillis et aJ. 1979b), gu1nea pig

‘ Y
olfactory ,cortex (Okada and Kuroda, 1980), .and rat
hippoéampUS» (siggins and Schhbert 1981; Lee and Schubert
1982). 1In general they have an 1nh1b1tory actlon on nerve

transmission in- the CNS (Snyder 1985)

-

A wide variaty of behavioral effecté have been reported -

for adenosine (Yarbfough and McGuffin-Clineschmidt 1981;

Barraco 1985). Adenosine and its analogues produce profound

».
S
-
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effects on arousal levels (Crawley et al.  1981; Dunwviddie
and Worth 1982; Barraco 1985) and it .has been proposesthaty'

the nucleosxde plays a role in sleep and wakefulness cycles

(erus et al. ‘,1983). In add1txon to its sedative

properties, parental .injections of adenosine produce.

antinocisponsive " effects (Crawley et al 1981), hypothermia

(Baird-Lambert et al. 1980; Wager-Srdar et al. 1983),
L]

ahypnogenic ‘activity ' (Radulovacki et al. 1982), muscle
1 » . ~ . «

telaxation‘LBairdeambe:t et al. 1980) and anciconvulsant
action (Dunwiddie and‘Worth'1982). " The aaenosine ancagOnist
cheophylline p:oducea marked convulsant effects in guinea
pigs (Persson and Erjefalt 1981) and nucleosldes,antagonized
seizures - produced by caffeine, | another methylxanthine

(Marangos et al. 1981). Much of the behavioral effects of

4 adenoslﬁq and‘related nucleoside analogues have been linked

to their 1nh1b1tory neuromodulatory role in the CNS (Barracol!
1985). | o .\,;‘j o
Additional biological effects of adenosxne ‘includej

: e

antg lypolysis’ (Fredholm and "Sollevi’, 1985) 1ncreased

scecoidogenesis' in‘ adrenals and Leyd1g cells (Londos etal .

/

1980) - and 1nh1b1tzon of platelet aggregatxon (Houran1' and;

‘-Cusack 1985) Also it’fis poss1ble that‘the bu1ld up ofgl

l

aden051ne fcllowlng cardiac ischemia could have a benefxczalﬂ
effect on blood clott1ng- during this ' condition (Snyder l

1985). . TR T



B. Adenbsine Receptors

‘Much"work .has' gone into Zthe Characterizat{on‘ and
‘claSsificetiop Af the receptors ' through which adenosine -
exerts lits actxons. Sattin and Rall (1970) were the first
to show that exogenously applled adenosxne and some vadenine
nucleotides were potent stimulants of cAMP accumulation xn
brain ' slices, and that this effect was 1nh1b;ted by‘

v

“methylxanthines. They proposed the existence of externai\

receptors for adenosine that ~mediate stimulation of

adenylate cyclase.

Londos and Wolff (1977) © ficst ciassifiedl adenosine
recepters"1n various. t;seﬁes and cell types on the ba51s of
adenylate cyc;ase actxvxty and stereochemical specxfxcxty of |

'agonists.‘e * They proposed tﬁe existence of adenosine
feceptors of "'two types:‘thea R-site- and the Pes§Ee} ‘fhe
eitraceliuler‘ R—eite does not tolerate'substitutions on the
ribose moiety og‘the adeBOSine'moleeule and was believed ‘tov
‘mediate “an ,ectiQation‘ of - adenylate cyclase. The P-site

required an intact purine ring and was believed to be

[ -

‘intimately eSSOCiated 'with‘;he adenylate eYClase catalytic
‘subhnit; 1nd1cat1ng acce551b111ty only from the interior of
the .cell ’ (Van, Calker et‘. al. 1979' Daly 1982).
Methylxanthxnes, such as theophyll1ne, 1nh1b1ted the actlons
. of adenoszne at the extraeellular R-s;te but_not at the
1ntrace11ular Pﬂslte.' | | )
Subsequently, two laboratorles developed 1ndependently'
- an adenos1ne receptor class1f1c t1on based on ﬁhe effects

\ . .
N e



-
and rank ~order of potencies of adenosine and )related
_analqgues on adenylate cyclase actxvxty (Van Calker et al.
1979; Londos et al. 1980). Van Calker and hxs collegues
(1579) designated receptors with inhibitory and stimuiatory
efieets, respectively, on adenylate cyq}ase activity, as -~ A,
and A, receptors. Londos afid assosiates (Londos etal. 1980)
called tﬂeser sites Ra (causing activatiohwxof adenylatel
cyclase) and Ri (causing xnhxbltxon of aéenylate cyclase)
Working " with three adenylate cyclase systems, where
adgbosine either stimulated cAMP accumulation (liver and
Leydig cells) or inhibited cAMP _accumulation (edipocxtes)f
Londos and his co~workers (1930) investigated the rank order
of potency of adenosine and 'éi number, of analogues on
adeny}ate ~'t?clbse. ‘ The N‘?substituted enalogbé;.
é‘—phenylisopropyladenosine (PIA) was more potent: than‘
<hadenosine; whxch was more potent than the am1de substituted
'S'4carboxyl analogue’, 5'-N- ethylcarboxamldeadenos1ne (NECA),
at ihﬁibiting cytlese act1v1ty in fat cells. Liver cell
enzyme and Leydxg cell enzyme shoﬁed the reverse order of
(potenc1es~ NECA > adenos1ne > PIA. The L stere01somer‘of
PIA has been shown to be . 30- to 500-fold more potent than
the D- stere01spmer‘ for tthe A, ;eceptor, whefeas,? they
disélay'on}y e 1- ‘tO‘.IO*fold 'potency' éifference at“A;l
receptors (Daly iSBZ;_Patoh ehd Olsson 1985). Both NECA and .

PIA show only weak act1v1ty at ‘the intracellular P-site

o

' (Daly 1982; Londos et_al 1980)



——

A éhared characteristic of A, and A, receptors is their
éusceptibility to inhibition by“mqﬁhylxanthines.f However,
the antagonists develobed to date show no specificity.fgr
these two types‘Of receptoréf The :ahk‘ordeé‘ of potencies
| of some  xanthines fof both A, and A, adenbsing
receptor~meéiated effects on adenylate cyclase are:
.8—pheny}theophylliqe\‘ > ; 1‘31di§utylxanthine | >
aéisobutyl~1—methyl£;nthine > theophylline > Faffeine .
theobtaﬁine (Daly 1982). The xanthines‘dq‘not'affeck P-site

ihhibition'of adenylate cyclase activity (Londos et al.
. ' . . N " ~

1980; Daly 1982). o ' ‘ R
There are a ‘number of problems associated with the
present adenosine receptor classification. Historically,

»

these have been based on agonist‘binding bofencieé and their
order of pot;ncy ei;hér to stimulate or thibié cAMP
‘production (Céllis 1985). HoQEver}fit is unlikely that all
of tﬁe actions - of tﬁese compounds‘ are mediated through

interactions with adenylate cyclase (McKenzie et al. 1977;

”

rF:edholﬁ 1982).. ~In some ‘smooth muscle‘p:éparations (for.

'.example; }ongitudinél muscle of tﬁe-rabbit intestine); there
i#. evidence:vthat‘ the smootﬁ"muséle' relaxanf action of
adedpsine is‘ﬁot meéiated b& inhibition bé‘adenylate cyclase
dr‘chanées in‘cAnP‘lgvelsL(Mckgnzie et al. 1977;;Baét et al..

1983) .. Inxaddi;jon,“antaanists,héve not" yet been developed

v

-

which show selectivity for either receptor, under the*

present classification. Based on these observations, some

- researchers believe that tﬁé”present receptor'subdivision

N
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R
must be treated with caution (Collis 1985)
A workxng hypothesis for adenosxne receptor
classification w?swﬁzbroposed (Stone. 11985) based 'uood
‘adenosine analogue afflnlty and‘botency, ‘with no Jmpllcatxon
for the xnvolvementf/of adenylate cyclase. A, receptors
possess a higHer.sensithity to N‘-substituted purines, such
ae,PIA, than' to S'HCarboxamide ahalog%es} such as NECA. The'
re;arive potency of L-PIA to D-PIA at A, sites‘éhouldnbe no
- Jless ‘then 10~fold. A, receptors were defined as those‘theg
possess ‘a . higher sensitivgtf to ?carboiamides thao
N‘~substit§ted anelOgues, and where there is iess than
10-fold stereoselectiviry for isomers of PIA. This thesis

4

will continue with the A,/A; convention as outlined by Stone

N

(1985).

Aaenosine _receptors have been‘identified'in cobbnaf§‘
smooth muscle, atr1al and ventrlcular cardlac muscle and
sympathetlc nerve'termxnals.; Relatlve potenc1es of agonlsts
demons:rate_that the vasodilatory action of adenosxne on
coronary - smooth 'muscleﬁ,is,_mediated ;hrouéh 'a; receptor
resembllng the A, subtyoe (Collis and Brown '1983; &usaéhi‘ef‘
alr 1983) _The rank order‘of pofehéy for aaenoeine and soﬁe
of its' aoelogues‘vwes found to be NECA > cyoiopropil
"adeﬁosine~52-dronamide (NCPCA) >> Zrchloroadenosihe‘> LjPIA.
>‘CﬁA'> adenoeine > D-PIA; eCollis ano'Brown (1983f'f§howed
,.no' correllatxon between coronary vasodzlatlon and adenylate

cyclase actxvxty, while other workers showed a ,st1mu1atxon-

of cAMP accumulat1on (Kusachi ‘et al. 1983). Adenosiﬁe'
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, receptors in atrial, heartﬁcissue have been fouhd to resemble
‘the A, subtype (Collxs 1983) 'since the potency of L-PIA was

;Some 100~ fold greater than that of D-PIA. Studies of
‘ ) ) ‘ ‘ !

adenosine‘receptor bindingwdn ventrichlar‘tissue have been

"undertaken with adenbsihe énalogues (Linden 1984; Linden et

al. 1985), and these sxtes appear to resemble the A, .

aaenosine receptoi, In addxcxon, presynaptic adenosine
2
receptors %ssoc;ated with reductxon of n0padrenalxne reiease

' from stxmulated sympachetac nerves have been classifled as
A, receptors (Brown - and Gpll;s 1983), based on the followxng

agonist potenc;es~ L-PIA >= NECA = ~chloroadenosxne > D~P1A

(L~ PIA was 60~fold more potent than D-PIA). It is clear

that,,much work"ﬁs .needed, including the development of,

selective adenosine ‘receptor antagonists, in order to

elassify further  adenosine .receptors in heart. The

functional interaction of adenosine receptors in the heart

~and the nucleoside transport system will be discussed later

( .

in' this thesis.

JC.'ﬁetabolism of Adenosine in Heart

v As"uill' become clea: later in this thesis, the

’

metabolism of ‘adenosine influences greatly‘fhe nucleoside

ttanspo:ter#mediated‘ accﬁmulation» of  this, nucleoside ' in

cells; The‘lreghlatibn"of the syntheSis'and catabolism of

‘adenosine in theﬂ heart is very .complex. A number of

enzYmatic pathways in cardlac myocytes, smooth musclé “and

aendothel1al cells are respon51b1e for . the - maintenance of
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adenosine concentrations according - to the metabolic

:equirements pf the organ (Daly 1982; Schrader 1983)

. There" a:e two major path;ays through which adenosine 1i's
formed: .the adenosine phosphate pathway or the methylatxon
pethway'-(Daly 1982; Schrader 1983) The relative
significance of each seems  %0 depend upon the metabolxc\
demand of ~the heart celle A third pathﬁay, for the
formation. of edenosxne ‘is . through CAMP; however, the
. significance of this pathway'is unknown (Schraderil983)ﬁ

‘The hTP‘ pathway s >‘-resp6nsible - for Lthe
dephOSphorylatxon‘of nucleotxdes, £o . 5'AMP' ana sdbSeduent
dephOSphorylatxon to adenosine b} ,5'~nucleotidese ot
valkaline phosphatase (Daly f982; FSchyader 1983}; . These
enzymes - are . located *both_ ‘ ihtracellulariy ~.and
extracellulafly However, the majerp site  of "adenqsine
“productxon is intracellplar‘ by 'théiendo-eniyme iSchrader :
1983). Since‘ ththMichaelis constant _(Km) . for <alkaline
vahosphatase iel‘vefy high ( >°250 uM),:it is Unlikely thet
‘.this ‘enzyme,"aetivity‘ hasf any 'eignificance ‘uhder
’iphysioloéicai‘“ cond1t1ons (Archyf ané,.'Newshblme 1978) .
5"NucleotLdase is strongly inhibited by ATP, ADP, ‘and
‘creat1ne phosphate (Rubio ‘ét al. '1979) therefote, this
enzyme is normally almost fully 1nh1b1ted An inéreasee'in*‘f
Iheart work .would lead to an increase in the‘utxlxzatxon of.
energy\QATP, AD97 creatine ~phoSphate), with a resultant

ihcrease‘ in S5'-AMP levels, The increase in substrate and

‘ 1ncreased act1v1ty of 5'-nucleot1dase would lead to elevated
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~

: enosine production (Rubio et al. 1979; Berpe et al. 1983;

‘Sgﬁfqdef‘.”}983), +Thus, it is evident that adenosine

2 i
ﬂ' » , " g .
P .' : . - . Lo e
féé%a&;on via the adenosine phosphate pathway is significant

during times ot‘eﬁe:gy deficit,

As stated previously, adenosine formation from S'-~AMP

|
~ly

‘most likely occurs within the myocardial cell. The function
of - the ecto~nuqfé6tidases seem to vh‘ for the
ééphosphbryla;iqﬁq of’adenine,nucleotides which are released.
iﬁto thepextfacelldlar‘Spgce‘(Schrader 1983). ATP has been
: repdrt;d 'Eq‘be‘releésed from skeletal.muécle,‘neupohdscular‘
jUﬂEtiOdSplendeherfalfCélls and as'pogéransmitﬁers at nerve
synapses (Burnstock '1983; Schrader  1983; Snydér 1985), Ecto
S‘~nuc}eotidésé serves as a fapfé means of  degrading
biologicaily ~active  adenine nucleotideé to adenosine
(Scbi§ggf 1983), which then may be ﬁaken up by cells through
the %uélgoside transéort system (Paterson‘et,NI&JIQBI).
Another ‘'enzymatic pathway leading to the Eformatibn of
adenosine in :heart ‘cells 1is the méthylatioﬁ pathway (SAM
_pathway) (baly 54282; Schrader 1983). Biological
methylatigns by. s—adenosylmethionine (SAM) 1lead tg the
production. of Siadénosylhomocysteine (SAH), - which is
converted to 'Adehoéine and ~homocysteine by the enzyme
.Sfadendsylhpyq¢§stéinase (SAH hydrolase). The SAM pathway,
in the érééence of homocysteine, can serve to maintain low
lévei;ﬁ?ﬁ,éﬂéfacellula;»adenosine.' Although the eéuilibrium
ggen o ’

constaht .for this reaction favours the formation of SAH,

gndegw physiological conditions it functions in  the

S|

.
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hydcrolytic .direction, and is not greatly inhibited by the
cyto&olic environment (De La Haba and Cantoni 1959; Schrader
1983[/ Under physiologiéél conditions (low adenosine and
homocysteine levels), adenosine is continuously formed by
the hydrolysis .of SAH, ‘at a rate of gfeater than 600
pmol/min/gm in guinea pig heart (Schrade€/1983).l However,
since the‘basal release of adenosine jinto the coronary
effluent perfusate of these hearts was only found to be
30-50 pmol/min/gm, it i; obvious that substantial
transformation of adenosine was occuring, |
This metabolism of adenosine is catalysed by two
enzymes in the ‘cytosol of cblls, Adenosine is
phosphorylated to 5-'AMP b;_aaenosine kinase, or deaminated
to jimosine by adenosine deaminase. Adenosine kinase has
been observed to be inhibited by adenosine concentrations
‘greater than 2.5 uM (Palella et al. 1980). 1In addition, it
is inhibited by‘free ATé, free magnesium, ADP,'ARP and SAH.
The Km values for vadenogine kinase in gqguinea pig and rat
hearis are quite'ibw (.9 uM and 0.25 uM, respectively;
Schrader 1983; * Bowéitch et al. 1985a), therefore it is

~.

R ) .
be&ieved that under physiological conditions the enzyme is

fﬁnctioning gt saturation (Arch and Newsholme 1978; Séhrader
1983). The Km value for adenosine deamin;sé (90uM) is much
higher than that of adenosine kinase; therefore, under
,phySkblogical conditions ‘(low adenosine levels)

phosphorylation will be favoured over deamination (Schrader

1983).
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There is evidence that as much as 37 &% of total
myocardial adenosine is bound to SAH hydrolase (Schrader
1983; Ueland 1983). However, the major phisiological " fate
of adenosine seems to be a recycl%pg througﬂ 5'~AMP to ADP
to ATP to SAM to SAH te adenosine. Adenosine kinase and
adenosine deaminase serve to maintain 1ew adegosine levels
inside cells andv to regulate the sife of the cellular
nucleotide pool (Plunkett and Cohen 1977; DaI; 1982):
Inhibition of adenosine kinase (with 5’~io§otubercidin)
and/or adenosine deaminase (with deoxycoformycinf would lead
to an increase in intracellular adenosine. Likewise,
doubling the rates of adenosine formation by 5'-nucleotidase
and SAH hydrolase would‘result in an 12-fold increase in
adenosine  levels (Schrader 1983). 2

The metabolic conversion of nucleosides inside cells is
of significaﬁt importance in studies measuring nucleoside
fluxes. Adenosine is ”said to be metabolically trapped
within cells when iﬁ is converted by adenoeine kinase to
nucleotides (Plunkett and Cohen 1977; Plagemann  and
Wohlhueter 1980; Plagemann and Wohlhueter 1983). ATP is
evidently impermeable to 6embranes (Plunkettfand Cohen 1977;
Bowditch et al. 1985b); however,' .some have presented
evidence to the conirary (Chaudry ét al. 1985) .
Nevertheless, the 'conversion to nucleotides inside cells
tends to draw nucleosides into cells to levels above those

expected if equilibration of unchanged nucleoside with

extracellular concentrations were reached. In addition, as
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intracellular adenosine concentrations increase, adenosine
deaminase becomes more active. Conversion of adenosine to
inosine may also increase the rate at which adenosine is

taken up by preventing the ' buildup ~ of adenosine

concentrations inside cells. Inosine, which is also a

substrate for the nucleoside transport system, may also be
:effluxing from Cells. as its concentration gradient
increases, It ris \ therefore obvious that metabolic
conversion must be considered when nucleoside fluxes are

being measured.

D. Nucleoside Transport

N
Vs ,

Since adenosine metabolism . occurs mainly
intracellularly, adenosine must be removed from its

A}

extracellular site of action 1in order to be inactivated.’

Conversely, the uptake of cytotoxic nucleoside analogues is
necessary for “toxification", if the biological effects of
these drugs or their metabolites occur within cells. This

is accomplishéd by a membrane-located nucleoside specific

transport system (Paterson et al. 1981; Paterson et al.

1983).

{ Many studies claiming to mgasure nucleoside transﬁort

=

(Bowditch et al.. 1985a) have not measured flux rates of the

transport process itself, but rather, the net accumulation
and retention of nucleosides and their metabolic products.
By definition, "uptake" studies measure the net cellular

accumulation of nucleosides and their metabolites. It

Y
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includfs both "transport”™ and intracellula; metabolism.,
Transport is the initial step in the UPnake%process, before
metabolism of .Ehe permeant and counter fluxes become
involved. Estimates of the raté of nucleoside "transport"

require the measurement of the, "initial rate"” of nucleoside

. flux -(Plagemann and Wohlhueter 1980; Paterson et al.“1981;

Paterson et al. 1983; Plagemann and Wohlhueter 198?). This

thesis will be consistent ;ith the uée of»;he terms "uptake"
and "transport” as desecribed above.: ’

The transport of nbcleosides is often véry' rapid %pd
equiiibration of. the intracellular and extracelléiar
permeant concentrations may occur within a few seconds
(Paterson et al. 1981; Plagemann and wbhlhu?ter11983). As

Co {
equilibration is reached, the rate of nucleoside uptake

" becomes equal to the rate of intracellular,metébolism of the

permeant (Plagemané and Wohlhueter 1980). Therefore, it is
often necessary to measure ﬁucleosiderfiuxA;atgs~after very
short incuSation .intervals, utilizing rapid sampling
techniques (Paterson et'al..ﬁ983; Plagemann and Wohlhueter
1983), to ensure that initial rates aré defined, 1i.e. an
approximation of the.fate 6f'nucleosidé flux at zero seconds
of incubation (Patérson et al; 1981). Many studies“have
chqseﬁ time intervals wheni intracellular permeant
concen;rétiqn is less ‘than’ 20 % of extracellular

concentration to ensure that initial rates of uptake are

: , . , .
measured. (Paterson et al. 1981; Jarvis et al. 1982a; Jarvis

\

et al. 1983a). In addition, because short incubation -
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'intervéls are often needed for initial .rate transport
studies, 1isolated cell ‘preparations ‘deyoid of tissue
structure are ‘necessary to ensure Ehat difﬁusion of the

', permeant to its site of entry is not rate~limiting in the
inﬁluk process. Another ﬁethodological approach to
separating tranepoft eveﬁts from metabolic events has been

}ehe measurement of nucleoside fluxes 'in cells intrinsiEally.l
iacking approé}iate‘permeant kiﬁase,activity)' for example,
uridine and thymidine fluxes in human erythrocytes (Oliver

4 . i

and Patecson 1971),. of in cells :endefed incapable - of
permeant  phosphorylation by‘ mutational 'deletioﬂv of
appropriate "kinases or by ATP-depletion (ﬁohlhueter et al.
1979; - ?aterson et al. 1981). In vaddition to wusing
nonbhosphorylating cell systems to separate the transpgrt
and »metabolic components of nucleoside Uptakej‘researthers
have ‘utilizedl,.nonphosphorylated’ permeanés A‘such . as.
'5'~deoxyadenosine (Kessel, 19?8). - |

Nucleosident;ansgort has been studied in a number of
isolated cell  systems %Hcluding. erytbrocytes;(oiiver‘end

Patereon ib?I;‘Cass et ali 1974; Jarvis et al. 1982a;)Jarvis

s ‘ P . E
et al. 1983a' Plégemann' and wOHIhueter 1984a), various

@

‘cultured cells (Kessel 1978 Cass et al. 1981‘ Harley et al.

-1982; Belt 1983- Chello et ai. 1983- Paterson et al. 1984;‘

-

Plagemann and thlhueter 1984b) and lymphocytes (W1erda -and
'Pazdernik 1981)u/ In several systems where ;nltxal rates of

’nucleosxde uptake could ‘be’ measﬁ}ed//ih ‘the absence of

metabolzc 1nteractxons, nucleos1de pLgmeat1on was found to
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be nonconcentrative and‘ saturable; Ithat is, nucleoside
transport'occured by a facilitated diffusion system‘ (Oliver

"and Paterson 1971; Paterson ét al. 1981° Plagemann and
WOhlhueter‘19831., It has been shown to be 1nhxb1table by ‘a
wide variety of compounds,'.such ‘as.NBMPR, dxpyrldamole,

dilazep and some benzodiaaepines, sucn as’diazebam'(ﬁaterson‘
et al.{f980-‘Paterson et al. 1983). Nudiébside‘t;ansporg by
erythrocytes and varxous cultured’cells has been| described
'by a simple carrier model (Plagemann and Wohlhueter 1980

Jarvis:et al. 1983a; Plagemann and WOhIhueter 1983) mediated‘
by a Single tfpe ~9f{ carrler which possesses a broad
specificity. The transporter accepts as substrates a »wiée
: variety of purine and pyrlmxdxne nucle051des, although with
differing. aff1n1t1es (011ver and Paterson 1971- ‘Berlin 'and
llever 1975; Plageman and Wohlhueter 1980) | |
| Three exper1menta1 protocols have been. utilizea_ to

.8tudy the transport. of nucleos1des?

and the funttional
symmetryv‘of the' transport process' ~zero- trans l‘influx,
?éro—fnans;'effluk~ and equ111br1um exchange (Plagemann and‘
‘thlhueter£1983); In zero tPans entry, the flux of‘ various
coneentrations,‘.of rad1olabe11ed substrate by cells is
‘measured when the 1ntracellular concentratlon of. permeant is
1n1t1ally zero._.eln zero-trans efflux protocols, cells are
;;preioaded with various. concentratiens of - radiolabelied-
Asubstrate;"and its “flux into vthet extraeellular medium
<‘iﬁifi511y’ free ,of substrate s -measureé; ‘*éinarly, in

-

equilibrium = exchange experimgnts, the movement of
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radiolaselled edbsfrate‘in either dﬁrection‘is measuredﬂwhen
the ini;ial'incraﬂ and extracellular concentrations are',the
sane. “In both ‘fresh erythrocytes "and varxqus culcured
cells, rates of zero trans 1nflux and zero trans efflux have
been found 'to be similar, 1nd1cat1ng that the nucleoside
carrier‘ exhibitsl‘directional symmetry . (WOhlhueter and
Plagemanhi 1982; ' Jarvis cef al. 1983a; Plagemana and

"wWohlhueter 1963; Plagemann and thlhueter, 1984a). However,
nucleoside traﬁspcrters oplerythrccytes<from oufdated blood
possess vdirectional asymmetry, wlth- - zero~trans efflux
‘velocities .greater .tha% ‘zero-trans influx (Jargia et al.
19é3a). In addition, the_mob&lify of the empty and loa;eé
ﬁbcleoside carrlers are equal in most cultured cells, since

: the rate of. zero- trans flux is 'equal to the rate of

lequilibrium exchange flux KWohlhueter and Plaéemann 1982;

'vPlageﬁann.’ and fwc%lhueterf 1983). aIa“‘contrast,‘ in

erythrocytes the ' rate of eQuilibrium'exchanée islgreater_

‘“than the rate of zero- tPans flux, indicating'that'the loaded
carrler .moves - faster than thebunloaded carrier (Wohlhueter
and Plagemann 1982~ Jaryls- Qt al. 1983a-‘ Plagemann and
WOhlhueter 1983) .The ‘ terh . "tPans stlmulatzon (6;‘
accelerated exchange d1ffus1on) has been used to descr1be
the effectw of subatra;e on bothvsldee of che membrane on

‘permeant flgx in erythrocytéS'(Pickard"ahév‘Paterson ,1§72;
Cass and Paterson 1972; JPaterson et al. 1981; Plagemahn‘and

: Wohlhueter 1983).
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' The nucleoside .transport system is dependent~ on a
number of bhysielogicai variables. It has been shown to be
temperature debehdent, sinee‘the Km.and Vmaa valpes for the
‘transport process jincrease as temperature is increased
(Berlin 1973; Kolassa et al. 1978; Wohlhueter et al. 1979;
Plagamann ana‘ Wohlhueter 1984a). Kolassa and associates

¢

(1978) observed a 3~ to 5- fold variation i Km and  Vmax

ues for adenosxne 1nf1ux ih humah erythroeytes\with
ch ges in pH from 7 to 8. Fihally,"ealcium, magnesium,
sodiu and pdtassium ions had  no apparent effect woa‘
adenGSine transport in human erythrocytes, whlle .the absence
of chlorxde .ions decreased the rate of adenosxne influx
almost 2-fold in the same system (Ford et al. 1985).

Rates of nucleos1de~transport have not been measured in
heartvtlssue. One group of researchers H%ve cla1med to have
‘measured rates of: aden951ne transport‘ in frat,.card1ac
myocytes (Bowdxtch et al 1985a}. ~However, the use of‘ long
1ncubat10n : 1ntervals, the, 'absencev of measurement'jof
_non-med1ated“inf1ux‘in‘the preSence ef avspecfficl transport‘h

e ihhibitor,‘ andy’the ‘faet that" the Km values for aden051ne
Atransportvand adehosine k1nase‘vact1V1ty d1d ndt‘ dlffer‘
sxgn1f1cantly, would 1nd1cate that they were measurlng total

'accumulatxon rates. Nuc1e051de "uptake”. has been studled in

A various heart preparat1ons (Hopkins and Gold1e 1971- Olsson

] o : ,
Letial. r1972;v‘Mustafa 1979; Barker ‘and Clanachan 1982;
Wwilliams et al. {984).:quthough initial ratesrofﬂnUQIepside

transﬁprt have nbt‘been measured'directiy in cardiac‘tissue('
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the nucleoside transport system has been studied xndxrectLy
in‘ heart thh the use of nxtrobenzylthxoxnosxne (NBMPR), a
high affinity binding probe (Williams et'al.-1984).

’

E. Inhibition of Nucleoside Transport W

x

NBMPR as a High Affinity Binding Probe

The search for combounds whicn could”affeet nucleoside
metabolism, and haye ‘potential therapeutic‘ usefulness in
, cancer chemotherapy, lead .to the deve}opment of the
St —substltuted ‘ . 6-thiopurine : .derivative
nitrobenzylthioinosine‘ (NBMPR; Henderson‘et‘al. 1?72; Paul
‘et’afr‘1975). - NBMPR and other S*‘-6-thiopurine derivatives
protect Qarious cultured‘Eelis against‘the cytotoxiC‘actions‘
’of several nucle051de analogues which produce thelr‘ effeots
1ntracellu1arly (Henderson et al 1972~ Paterson et al.
1979a; Paterson et al., 1979b). Therefore, 1n'many sYstems,‘
nuoleosides enter cells 'viax an NBMPR sens1t13”\transport

system (exceptlons will be dxscd%ﬁed 'inb the heterogeneity
~section of thxs Introduct1on) ~ NBMPR does, not apbear‘to
‘inhibit intracellular‘metabollsm ofnnUCleoSides since it had
no, ‘effeCt on aden051ne | kinaée‘ ;actiVity dp to  uM

'concentratzons (Olsson et al 1972; Cass and Paterson 1977;
Paterson’ et al. 1977) and 1¢ inhibits the transport of the -
:nonmetabolizable permeants i ur1d1ne and thym1d1ne,‘ 1ntoi

human erythrocyteS‘A@Cass‘ and Paterson 1972) in sjstems

where 1n1t4al rates of nuc1e051de flux -could. be measured,
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NBMPR and ' several  5‘~6~thi0purine' derivatives have ~been

found to be 'poteht selective inhibitors 'of nucleoside

transport (Oliver and Paterson 1971; Paul et al. 1975;

Rogler Brown and Parkﬁ 1980) .

In systems where nucleosxde transport cannot yet be

measured, such as intact heart tissue and braxn, tritiated

NBMPR ([’HINBMPR) has been wused as a binding probe for .

'studying ‘the‘ nucleoside transport complex. This ligand

 binds with high affxnxty (K4 between 0. 01 . and  1 nM), but

reversxblyt to speczfic sxtes in most tissues, ihc}uding;
membrane preparatfons from,,heart ;(W111Jams‘,and dianachan
.f983' ‘Willaams et al. 1984) CNS (Hammood and Clanacﬁan
1983; Gexger and Nagy 1984; Hammond and‘ Clanachan 1984a,

Hammond and Clanachan 1984b* 'Hammond and Clanachan 1985°

_Nagy'et al. 1985° Verma and Marangos 1985) various cultured .

c€lls (Lauzon and Paterson 1977 Wohlhueter et al 1978;

Paterson et al. 1980; Dahlig-Harley et al. 1981; Koren et -

al. 1983) and erYthrbcyte membranes (Cass'et}al. 1985)}‘as

1well as 1ntact erythrocytes (Hammond et al. ]983; Jarvis et

al. 1982a; Jarv1s et al 1983a; Jarv1s et al..1983b),

“There is very.strong’evidence that‘NBMPR'binéing' sites '

. are 1nh1b1tory sxtes on (or assocxated wrth) the nucleoside .

:,transport complex. Much of thxs comes from work using
1ntact cell preparations (such as erfthrocytes and various
kcultomed‘ceii lines) where both NBMPR ‘bindiné'-and 'initial
rate transport velocxtles may be measured -

~(1) Cass‘ and assoc1ates (1974) showed" that

-
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o

inhibition of uridine transpont ‘into’ human
erythrocytes was proportional to the number of high

affinity sites occupied by‘NBMPR

s o B

(2) In erythrocytes from many species, the maximum

. NBMPR sxte density (Bmax) was ﬁound - to be

proportional to the maximum velocity of uridine:

A
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transport (Jarvis et al . 1982b). Assuming that one .

molecule of NBMPR binds to one high affinity site,
the ‘translocation capacity for uridine (140 -~ ' 180

molecules/site/sec at 25°C' Jarvis and Young 1982)

was found io be sxmllar for transporters from “ali-

) ]
specxes of.erythrocytes. That is, in erythrOcytes’

the ability of cells to transport nucleosxdes is a
functxon of the number of functional transporters,

as indicated by the number of NBMPR sites (Jarvis

o gind Y

.and . Young 1982)v_ Nucleoside-impermeable sheep

erythrocytes possess \‘no deteftable uridine“

.transport " or NBMPR b1nd1ng capac1ty (Jarvxs et al.

1982; Jarvis and Young, 1982). ‘S1m11arly, the AE,

clone of 549 mouse lymphoma cells in which the

ab111ty to transport nucleos1des has been‘ lost byy

mutatxon »(and thus, become re51stant to cytotoxzc

nucleosxdes) .also no’ longer' possess demonstrable[

high affznlty NBMPR bxndzng ‘sites (Cass et al

’1981)

LU : ef‘ - .

(3)-“ The: inhibition “‘constant . obtained for-

NBM?R—mediated'inhibition‘of.ﬁridine transport ' in
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types of cultured cells, and

"leads to 1nhxb1t10n ‘of nucleosxde transport.

“human erythrocytes was the same as the Kd for NBMPR,

gxndxng to xts high affxnxty sites (Jarv:s et al.

-

‘1982a). S;mxlarly, ;nhlbxtxon constants obtaxned‘

for benzodiazepine- mediated xnhxbxtxon of NBMPR

,binding and xnhxbltxon of nucleosxde transport in-

‘human erythrocytes were similar (Hammond et al.

1983),

&) : ‘ P
(4) Photoaffinity labelling of [’HINBMPR binding

s;tes in erythrocytes (Jarvxs et al. 1983c; Wu et

al. 1983; Young et al. 1983) guinea pig brain.

(Jarvis‘and Ng 1985), rat and guinea pig liver (Wu

K4 ) i
and Young 1984), guinea pig heart (Kwan ‘and Jarvis

1994) and cultured mouse lymphoma cells (Almeida et“

al, 1984° Young et al. 1984) indicate that NBMPR is

‘ b1nd1ng to a band 4. 5 polypeptlde associated' with‘

" the nucleoside transporter with an apparent

molecular wexbht of 45,000-66,000. Also it is

poss1ble 'to reconstitute inhibitable nucleosiae‘

r
I

transport act1v1ty 1nto liposomes wusing either a

,crude human erythrocyte membrane extract or the

'

partzally pur1f1ed band 4. 5 preparatlon whxch blnds-

NBMPR (Belt et al. 1984;‘Tse et al 1985) .

Q op

The‘ results presented 'aboye .provide overwhelming‘

[
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‘nucleosidevtransport 'system in erythrocytes, and several
/ ‘

that NBMPR b1nds rto sites assoc1ated with the

that occupat1on of these 51tesA,

!

Thxs is notitov
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‘deny the existence of nucleoside transporters that ' are of .
low sensxtxvxty to inhibition by NBMPR (as wxll be dxscussed
s
subsequently) However, NBMPR b;ndxng could be a, useful
probe‘ for studyzng the nucleosxde transport system in most
tissues preparations (for example, heart and braxn? where
transport‘rates‘are”difficult‘to measnre. | |
There is much controversy as to how high‘affinity‘hB&PR\_
binding sites and . the ‘permeation site of the nucleoside
transporter interact. It is still unknown vhether NBM?é
binds to the.permeation‘sgte itself, or to a separate site
ljnked'in some way to the" transporterx‘hy an allosteric
interaction. \Reconstitution experlments ‘with partiailf:'
purlfxed NBMPR bvndxoq prote;ns (Belt et al 1984) 1nd1cates\
”ﬁczose ‘association between these 51tes. Many nucle051desi
are also compet1t1ve 1nh1b1tors of NBMPR b1nd1ng _(Cass and

‘Paterson 1976; Paterson et a]. 1983);‘_Severa;‘nucléosides,

including adenosine ‘inosine; thymidine, guanosine; uridine

\

and cytxdlne, possessed xnhxbltxon constants (Kx values) for' -

{‘1nh1b1t10n of NBMPR b1nd1ng _that arep similar 'to thezr_.,
- e
Mlchaelxsr Menten constants (Km values) for transport 1nto‘j
cultured cells and human and sheep erythrocytes (Berlin 'and‘
. lever 1975; Jargzs et al.‘1982a‘and 1982b; Plagemannyand‘
' chhey 1974- Paterson 19%9; Che;lo et‘aft_1983) ,fhis¢ can‘

“be. 1nterpreted as‘ evidence that NBMPR causes nucle051de

tranSport 1nh1b1tzon by b1nd1ng to the nucleos1de permeatxon,',

's1te.d Although NBMPR xs structurally related to nucleosxde

permeants, many agents fhown to 1nh1b1t compet1t1ve1y NBMPR o

\ a TN
B " -
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ibinding (such as dipyridamole, dilazep and diazepam) are
structurally uncelated to nucleébides (Paterson et al.

:1983). However, recent structural analysis ' (Codding and

Jakana, . personal communjcation) has 'Trevealed that the

spatial orientation of functional groups on dipyridamole and
adenosine are quite similar.

- Recent studies have investigated the effects of various

’

tgansport inhibitors and nucleoside permeants on the

kineticslof dissociation of [ ’HINBMPR from its high affinity

sites on humap erythrocyte membranes (Jarvis et al. 19834)

A
and cultured hamster fibroblasts (Koren et al. 1983). Whep

dissociation assays were conducted in the presence of ‘a high =
g e

T

capcentration of unlabelled NBMPR (1000~fold greateryffhan

its Kd to ensure .that binding site "reassociation" was

;o

negligible,. it was assumed that rates of dissociat}gqﬁpof
i

[>HINBMPR would be unaltered in the presence of agenﬁ% th@t

bound only to the same site as [’HINBMPR (Koren et al.
1983). It was found that d%§§ociation rates were inqreased

in the presence of adenosine or uridine and decrkased ‘in the

prgséncél of | dipxridamole and. diiazep: Although the
possibvgdfy was not rhlgd ‘out tha; NBMFR siteﬁg and. the
permeaﬁt _Sites weréﬂ’thg' same, these resultsv have been
intérpieted as evidence that thg"nucleoside permeints bind

\ K

to a site separate from the NBMPR site, indicating that the

-

nucleoside ' permeant site and the'.inhibitory site are
. A - ‘ -
sepa;a@ﬁ» . but somehow allosterically connected. In

. ' : D
addition, it was proposed that dilazep and dipyridamole “do

=

>



28

not bind to the same site as NBMPR, but rather to chSely
associated sites on the transporter. waevef, iﬂ should be
noted that at their Ki doncentrations . for competit{ve
inhibition of NBMPR binding neither adenosine, uridine,
dipyridamole nor dilazep significantly altered the [ ’H]INBMPR
dissociation rate (Jarvis et al. 1983b; Koren et al. 1983).
Furthermore, decreases in dissociat;on rates by dipyridamole
were only observed at concentrations 100-fold greater than
its apparent Ki value for competitive inhibition of NBMPR
binding. It 1s possible that the high concentrations
neqess§ry to elicit changes in dissociation ratesncqgld have
uncovered nonspecific effects of these agents which have
overshadowed the competitive nature of . their binding to
NBMPR sites, Nevertheless, the quegtion of .whether NBMPR
binding sites and the nucleoside permeation site are
éimilar, with a secoﬁd hydrophobic binding %ite to
accommodate the nitrobenzyl ringvof NBMPR (Japvis and Young
1982), or distinct, but fuﬁctionally associated sites,
Eemains to be answered.. o

It is believed that NBMPR binds to the external surface
of cell membranes (Jarvis et al. 1982b; Jarvis and | Young
i982). NBMPR inhibited =zero-trans. uridine influx into
ndcleoside—permeant sheep erythrocytes in a competitive
manner (apparent Ki; 1 nM). However, NBMPR was a
noncompetitive inhibitor of zero-trans efflux of uridine

(apparent Ki of 1.5 nM) from the same cells (Jarvis et al.

1982b). Possibly the hydrophobic binding site for the
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nitrobenzyl ring of NBMPR is only present on the external’

~membrane - -{Jarvis and Young '1982). " In addition, the

nucieosidé - transporter is believed to eﬁbibit chemical
asymmetry since p—chloromercuriphenylsdlphonéte and trypsin
disrypted NBMPR binding and uridine transport only when the
inner membrane Qas exposed (Jarvis and Young 1982). With
these facts in mind, a modél has been proposed for the
nucleoside transporter (Jarvis and Young 1982), consisting
of a substrate binding‘site and two conformations of free

carrier: one exposed to the external surface of the membrane

"and the other exposed to the internal surface. Transport

depends on the interconversion of the two conformational
forms (Jarvis and Young 1982). Irrespective of how NBMPR
sites are physically associated With the nucleoside tranport '
system, this compound may be a useful probe for‘studying the

transport mechanism and potential heterogeneity of transport

systems.

Coronary Vasodilators

A number of so-called "coronary vasodilators" have been

i

found" to be | inhibitors of nucleoside transport.
Dipyridamole was introduced clinically for the treatment of
angina (Charlier 1966). It has bé;ﬁ shown to dilate both
the coronary resistance vessels: (Afonso 197b)' and large
coronary var£erfes (Hintze et al. 1983). Dilazep has also
been shown to possess coronary vasodilatory activity (Sano

et al. 1972).  The vasoactivity of the: coronary
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*vasodilators, such as dipyridamole and dilazep is attributed
to the pétentiation of adenosine-induced vasodilation,
following ;nhmbxtlon of nucleoside cransport by these agents
(Kalsher 197S~ Berne et al. 1983). However, these drugs are
no longer used for their coronary vasodxlatory properties
because of the\phenomenon of "coronary steal“

Both dipy idamole‘ and dilaiepAinhibited‘nge uptake of
adénosiq@ into quinea pig heart (Hopkins and Goldie 1971;
Hopkins 1973; wikliams et al. 1984), canine heart (Olsson et
al. 1972) and'Culéured chick 1embryo - heart «cel}s (Mustafa
1979). Although "inhibition of the nucieoside transport
process has not yet\been measured directly xn heart it has -
been studied rndzreétly usxng (2 H]NBMPR bindng techniques.
A number of cpronary\ vasodilators such as dxpyrxdamole,
-~ dilazep and héxobendink (which are structurally uhreléted to
nucleosides) are compegitive inhibitors of “[ *H)JNBMPR binding
(Williams et al. 1984). \Studiés using erythrocftes indicate

that the coronary vasodilators inhibit nucleoside transport

by‘iaterécting with NBMPR gites (Paterson et al. 1980).
Benzddiéggbines

A number of benzodiazepines, including diazepam, are
tnhibitors of nucleoside transpért. . Benzodiazepihes
inhibited the transpoft of utidine into human erythrocytes
(Hammond et al. 1983). 1In addition, these agents inhibited

., N l‘ . .
the accumulation of adenosine shto tissue preparations from

,éu&nea pig heart (Barker and Clagkchan 1982; Williams et al.

\
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1984) and brain (Davies and Hambley 1983). Benzodiazepines

inhibi£ed NBMPR - binding | in a competitive manner in
preparations from heart (Wil}iams et 1al. 1984) .and brain
(Hammond et al. 1981). Some researchers have proposed that
benzodiaiépines produce their central depressant effects via '
inhibition of adenosine transport, thereby potentiating‘theJ
| Aepressant effects of édenosine (Phillis“et‘ al. 1981).
'AHowéver, the concentraéions at which Senzodiazepines which
produée ntheir anxiolytic, anticonvul;ant and sedétive
effecfsgﬁare much® lower than those that inhibit nucleoéidé
| . ,
transport.(Hammond and Clanachan 1984a; Mohler and ‘Okaka
1978). In addition, the order of - affinity‘ of
benzodiazepines for NBMPR sites in guinea pig cﬁs membranesi
(Hammond and Clanachan 1984a) differ significantly from
their order of affinity for "high éffiﬁity" ‘beqzodiazepine

recognition sites (Mohler and Okada 1978).

,Pofgntiation‘of Nuqleoside Action

Since adenosine. is AremOQed from tﬁe extracellular
| compartment bylthe nucleoside transpért systém; ageqﬁs‘ that
“block its ttansport‘ would. be. expected toﬂgbteniiate the
effects of adenosine at its‘ extratellqla;T receptqrs.'
Potentiation of exogénouslf‘appliéd-or«endogenously released
adenosine by nucleoside‘transpoft inhibitors such as'-ﬁBMPR;
hydroxynitrobenzylthioguanosine (HNBTC), d/ﬂipyridémole;

dilazep; hexobendine or ‘diazepam have peen’ reported in

preparations of guinea pig right. atria (Hopkins 1973),
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lguinea pig’left atria (Clanachan and Mershall 1980; Moritoki

et al. 1985),.guiuea pié taenia Eaeci (Baer‘1983; Tonini eté
al. 1983),lguiﬁee pig taenia coli (Moriebki et afl. 1985)‘aua

rat vas deferens (Muller and Paton, Il979; Clanachan and

Maféhell>1980;‘Clanachan and Muller'1980).

NBMPR siﬁes are distinct from adenosine recepto;e;
~since the adehosine‘receptor ahtagenlst, ;heophylline, diad .
not_iuhibit'MBMPR binding. (Hammond and."c1a5achan 1984a) .
Inhibitors ‘of\ nucleoside tuanspdrt de ‘not inﬁibit the
blnding' of adenosine to ite receptors ‘(Mustefa 1980;
Mafangos ‘1984; Verma and'Ma:angos 1985).' In.addition, the
regional distribution of NBMPR sites in the CNS (Hammond and
Clanachan J983) differs from that of adenosine receptors
(Williams and Risley 1980). Therefore, ' it is clear that
inhibitors  of nucleoside transpo:; do not po;ehtiage?
nucleoside actxons by 1nteract1ng dlrectly wlqh adenoslne

_receptors.: |

L

N The adenosine analogue, 2~ chloroadenosxne, has been’
found to ‘be a more’ potent agon1st at aden051ne receptors
,than"adeuosiue' (Muller fand ‘Paton 1979; Clanachan and'
Marshall 1980; Clanachan and Miller’ 1980; Baer 1983).
Howéver, nucleoside transport inhibitofs have not lueen
‘demoustrated wig potent1ate the effects of 2—chlofoa§enosine
in preparatlons in whlch the effects of :qgenoeine are
potent1ated (Muller \and Paton 1979; Clahaehau and Mershall
1980 Clanachan and Muller 1980 ‘Baer 1983; Moritoki et al.

1985). This has led ‘some to conclude that 2- chloroadenos1ne



' 33

in not a substrétb éér"tns nucleoside transportlsysteﬁ
(Mﬁiler‘ and Patén 11979), without ever having directly‘
~meas'ured the transport capacity of cells for ;his'anAIOQUe;
Recently, 2~chloroédenosine has been found to be a substrate
. for the nucleoside t:ansport sygtem in ery&hrocytes (Jarvis
et al. 1985). This finding would appear to raise doubts
concerning _the mechanism  of nuclegsidel' transport

inhibitor-induced potentiation of adenosine actions.

F. Nucleoside_T;ansportvSystem‘Heterogeneify
‘'There has been increééing evidence. for theAexistence‘oﬁ
nucléoSide. transport heterogeneity. These differences take
" a number of forms, including, speciéé ;nd'tissue vériability
" with respect to nucleéside transport site density, as well
as differing susceptibilities to inhibition by varibus khowﬁ
‘hucleosidé transport ihhibitﬁrs. NBMPR binding‘stuaies in a
number of tissues have shown that species'différeﬁces ;egisf
‘for the affinity of various inh?bitors for these:sites‘(with
. much of this,work‘éoncent;atiﬁéfon the differences between
guinéa pig and ra;:‘pissue), and this‘ﬁay be interpféte@
within the édptexfuof\fransport inhibition{t‘ In‘laddition,
there ' is :ah .ihcreasing - volume of iiterature‘which gives
evidénée for L NﬁMéR—insenéitive'; tfanspbtfets‘, ‘and,
NB&ER-iﬁsghgitive ‘cbmpohents. of - nqéleosidg transportk fn:
Qarioug cultuted'cells.‘ Thése are éharacteriSticéﬂwhich ﬁay

be exbloited in cancer chemotherapy. -

-



NBMPR Site Density
~In a thorougn investigation 'Bf- nucleoside transport
activity Cin erythrocytes from a varxety of specxes, Jarvxs,
and ‘associates (1982a) have shown that species dxfferences
exist with respect to high affxnxty NBMPR bxndxng site
density. For example, Bmax values in dog, guxnea pig, ‘rat,
rabb;t,. and human erythrocytes were 0, 27, 300, 9,000 and
1,000 molecules/cell, respectively. 'These differences -in
NBMPR site . density directl} mcorrelated withlthe maximum,
| velocities of uridine transport in these cells f(Jarvis et
.‘al. 1982a). | . -
In txssues where 1n1t1al rates of nucleosxde flux have
not been measured, such as heart (Williams et al 1984),
hraln (Hammond‘and'Clanachan 1984b; Hammond and Clanachan
1985; .Verma and Marangos' 1985) and lung (Shi et al. 1984)
species dlfferences in NBMPR sxte den51ty have also heen
‘ found, In memhrane preparatlons from ventricular heart
tiSsue;-the NBMPR site vdensity' varies ﬁ;om 195 fmol/mg
protexn in rat to 1700 fmol/mg protexn 1n gu1nea pig, and as
h1gh as 2036 fmol/mg prote1n in membranes from -bovine left
.yentr;cle (Wlll1ams et al. 1984) add1t10n,‘1n guinea
pig (hammond and‘Clanachan 1983) and rat ‘(Geiger)'and‘vNagy
1984) hbrain)t;NBMPRl binding has been shown to possesSV
differences iﬁf regional‘ distrihution. Sinoe. nucleoside'
transport .has not"yet been‘:measured'in,heart, brain and
lung,-itiis'_unknown whether ZNEMPR Site densitf“may- be

predictive of nucleoside transport - capacity (a. question
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addressed in thls thesxs) as has been.shown in erythrocytes

(Jarvxs et al. 1982a)~"

Drnngfrinity for nsupn‘Sites_ o ﬂ
Species differences‘exist with respect to‘drug affinity
for- NBMPR sitesf in a number of tissues, inEluding'brain
(Hammond and Clanatnan 1985; Verma and Marangosk1985), heart
(Williams et al. 1984)‘and lung (Shi et al. 1984). ‘Cortical
membranes from rat and mouse possess only one'type of .NBMéR“
b1ndxng site, whxch. shows a low afflnlty for d1pyrxdamole
(Hammond and -Clanacnan 1985). | szyrxdamole was a more;‘
.potent inhibitor of NBMPR bzndxng to cort1cal membranes from
guinea pig (Ki '= 11 'nM), than rat C(Ki % 404 nM). In
'contrast to NBMPR, dipyridamole produced a biphasic profile
.of :inhibit}onk of ‘NBMPR. binding to cortica; membrane
prébarations from rabbLt. and dog (Hammond and Clanachan
1985). ,Tnese-species possess sites. nith\ a high  affinity
(IC,. 1es§‘ than 29 nM)"and‘ sites .with "ratelike"‘low
afflnlty ‘for d1pyr1damole (IC,. greater than 5 uM) . Rabbit ‘

{cortzcal membranes possess h1gh “and 1 Vi affznzty,NBMPR_

~gs1tes, with Kd values of 0.4 nM and 13 8 nM, 'respectiveIY'

‘;The”blnd1ng s1tes for NBMPR in guxnea pig cOrt1ca1 membranest
appear to be s1m11ar ‘to those: s1tes on human erythrocytes
(Hammond _and- Clanachan 1982 Hammond and Clanachan 1984a;
ﬁammond'and CIanachan ‘1985) since both possess 51m11ar
affxnltxes ‘for var1ous known transport 1nh1b1tors, such as .

: dxpyrxdamole, dllazep and hexobendlne (Hammond 1983 Hammondrfl
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and Clanechan, in press). These”‘resukts point to the -

existence of heterogeneous NBMPR sites in brain?ti§sue~g? #é
‘ There is also enidenee'that heterogeneous NBMPR sites -

aJZ‘ present in heart (lelxams et al. 19643'and lung tissue

(shi et al. 1984) Dlpyrldamole drlazeﬁ, hexobendxne .and,

.lldofla21ne inhibited competltxvely the' bxnd1ng of NBMPR to

——

s

ventricular membranes‘from_guxnea pig (Kx values of 9. 83
0.66, ;1i;96; and 606 nM, resbectively) with,hiéher éotency(
‘tnan to rat (Ki values of 276, 3.49, ‘129,'.and v5745‘lnM,
respectively). . A similar»lowef‘effinity of dipyridemole for
NBMPR sites in rat, as eompared to guinea pig;‘ was' also -
+ oberved ]{h membranes ‘from lung tissue (Shi et al. 1984).
Conversely, aden051ne had a hxgher affinity for NBMPR sites
in rat cardiac membranes (K1 of 63.7 uM) as cpmpared‘to‘
guinea pig (Kihef 200.9 uM),;yhlle other 'nngleosides,. such
..as uridine and 2~cnlbroedenosine, did not show spec1es
"differences with respect to. compet1t1ve 1nh1b1txon of NBMPR '
b1nd1ng (W1111ams et al. 1984) The ev1dence presented
‘shows the exlstence of heterogeneous NBMPR s1tes, w1th srtes
. in ret braln heart‘ and - lung possess;ng a’ much lower
aff1n1ty for various 1nh1b1tors, as eompared ‘to 51tes - in
these t1ssues: from gu1nea plg. éUinea p1g NBMPR s1tes
aemonstrate‘ similarities .to NBMPR sites ..on human
'efyth;oéytes _KHammend ~end"Clanachan, ]9545}“ Hanmqnd.‘and
Clanaéhan‘1985)u In eddit§on; membrane 'pfeparatione from ,.113
‘gu1nea pig and numan ‘brain .shéw similaf NBMPR b1nd1ng -

:characterxst1cs (Marangos 1984' Verma and Marangos 1985)



“The questxon remains as to how dxfferences in the affinity
ot_/v’rxous agents for NBMPR binding sxtes relate to thexr"
ability to 1nh1b1t nucleosxde transport 1§ these txssues

There 1is prelimlnary evidence that the nucleos;de

.‘ftransport system in rat possesses a 1ower suscept;bllity to

inhibition by a number of recognized 1nh1bitors of

nucleoside transport' than guxnea p;g In guxnea pig’ heart
the transport 1nh1b1tors had an order of affxnxty (d11azep >
hydroxyn1trobenzylthio1nosxne > dxpyrxdamole > ~hexobend1ne.
' >> lldoflazxne > dzazepam _)kvfor NBMPR sites whxch was
s;mxlar to the;r order of potency as 1nhibxtors of. adén051ne .
accumulation " and as:potentxators of ‘the negative Jnotroplc
‘actionsj_of %denosiné (lellams et . a7xre 1984). Thxs
constitutes pre11m1nary evxdence that NBMPR bxndxng results
in. inhibition ,ofuinucle051de transport in . heart In
contraSt vaﬁlous 1nh1b1tors, 1nc1ud1ng d1pyr1damole, showed'
-a much lower potency ‘in rat heart to produce \these effects
'(W1111ams -;fétVAT“aI.ﬂ 1984) 7f§he ,IC,.‘ valuesu for
ﬁ d1pyr1damo1e med1ated 1nh1b1t10n of adenosxne uptakef into-
frat and §u1nea p1g ventr1cular txssue were > 10 uM and

0 l uM respect1ve1y (W1111ams et al 1984) | ‘In ‘add1t1on
uM d1pyr1damole produced no-. s1gn1f1cant potentzatlon of
;dthe negatlve 1notrop1c actxons of aden051ne on‘ electrlcally'

u’dr1ven left atrla, whlle O 1 uM d1pyr1damole had a

’*’sxgn1f1cant potent1at1ng effect 1n gu1nea ng (W1111ams et

‘ ﬁ£557,j 1984) lower potency of d1pyr1damole to 1nh1b1t

'~fgadenosxne uptake 1nto rat 1n compar;sonl w1th—,gu1nea pig



‘38

tissue has been“well‘documented (see'Hanmond and Clanachan
1985) in‘ heart (nopkins and Goldie 1971; Kolassa et‘al.
1971; Williams et al. 1984), brain (Davies and Hambley
1983), lung (Bakhle and Chelliah 1983) and e:ythrocytes<
(Kolassa dhd Pfleger 1975). | ‘
 Guinea pxg left ventrxcular exssue possesses a 6 fold
greeper. nucleoside transport dependent accumulatxon of
[’H)adenosine  tnan ‘rat heart.(willtams et.él.’1984); which
is consistent‘with the larger NBMPR site‘densfty (Bmax) in
guinea 'pigl hearé, Although nucleesiée transporters in rat
heart, brain‘and lung‘appear to be different frqm'nthose in
guinee pié, it \;s .not xﬁawn whetherlfhe lowef potency of
‘agents, such as dipyridamole; in rat is due to trénsportef‘
Iheterogene1ty or @he inability to  detect: small
inhibitor-induced changes“in tfanspert because of the
apperenf.lower trénspert-activity in rat.

-’

~ NBMPR- Insensitive Nucleoside Tranéss;t//
- Heterogenelty ex}sts.. amongst nuc;eoside transport
syéfems from a variety of cultnred  mamndlian‘ neopiéstie

eeilé.. While 49 monse ‘T‘ iynphdme"celis. have only

transpo;ters‘thetnare sensiéive to inhibition by NBMPR a
Jnnnber of 'eell lides, ‘including ‘ Walker "256 rat
carc1nosarcoma and Novxkoff - rat ‘hepatonae:cells,‘.posseSS’
‘fac1l1tatea. fransporn Syseems for nucleosides“that.are'not'

51nh1b1ted by low concentratlons of NBMPR since these cells

lack h1gh aff1n1ty NBMPR b1nd1ng s1tes (Belt 1983; Patersone g
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et al.‘1963;'Plagemenn end,thlhueter‘ 984c). ‘FUrehepmore;
~cell lines,‘soch.as LlZ]O mouse leukemi:>oells; P388 cells‘
'and‘l‘HeLa oells, possess vbotn‘ NBMPR-sensitlve and. .
NBMPRfinSensitive'nucleoside transport (Lauzon and Paterson
1977; <Belt‘ l983~‘ Plagemann and‘Wohlhueter 1984c). Lauzon
. -and Paterson (1977) found that Ain HeLa cells approximately‘u
25-30 % of the total "uptake” capacxty was not, xnhxbxted by
5 nM NBMPR, 'a concentration that saturated high affxnxty
C)ﬁBMPR Q}tes in: these‘cells This remaxn;ng component . was
1nhib1ted bf e higher concentration of NBMPR (5 ‘“M;l Leuzen-
~and ~Paterson ‘1977). In P388 oells, > 7 % ofbunldlne
transport was reslstant to 100 nM NBMPR, but  was -inhibiﬁed
by further addition of 20'pM‘dipyridamole (Plagemann and
Wohlnnete; 1984c). In L1210 cells, 20 % of transport‘,wes“
'EQSistant”to 1 uM NBMPR,Ybutknas still distingulshable f:om
pessive ditfusion or a ‘second"transport mechanism (Belt .
198%). The size of*this‘coﬁponent in L1210 cells was la;ge

-

.enough to render tne‘ "upﬁake" of - nucleosides virtually

n‘xnsensztxve to NBMPR over prolonged perlods‘of tlme (10 min;
Belt 1983) ,

| Two' seleofed clones of S49 cells, KAB1. and KABS, have

been’found to possess NBMPR- 1nsensxt1ve nucleosxde transport‘

(Atonow et al 1985) >lThe- KABS cell line is 70-75 %

a deflcxent in NBMPR b1nd1ng sites, wh1tb is con51stent with’

lits loss in sen51t1v1ty to NBMPR. However, KAB! cells

' possess hlgh aff1nxty NBMPR bxndxng comparable ‘£§ that‘lin“

‘i the wild _type . S49 cells, but thxs does not appeat to be

4
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"

linked to inhibition of nucleoside transport, Thls is"

evxdence that NBMPR bxndxng sxtes and the . nucleosxde carrler,,

51tes' are ggnetically dxstxnguxshable,\ and therefore,

possibly‘seoarate'sites‘(nronow et al. 1985).

~Another form of nuCIeosxdewtransport has been tpund to
-
exzst.xn brush border membranes of epxthelxal cells of the

i A

~kidney. and.r the - xntestxnes. . A sodium-dependent transport

system has been found which_-is not inhibited .by NBMPR

(Jarvis personal communication). -

The above mentioned studies' have . demonstrated . the

n

~ existence , of heterogeneous types of nucleosxde transport

systems which have dlfferxng susceptxbzllty to xnhxbxtxon by

NBMPR. Since many  cancer cells may  possess

»

' NBMPR-insené%tive ~nucleoside transport, NBMPR may = have
therapeutic potential as .a pre-treatment to protect host

cellsAfrom the effects of . cytotoxic nucleoside analoguesn

used 1in cancer chemotherapeutic‘regimens (Paterson et al.
» R : . ;

1983) ‘The' Significance _of heterogeneous nucleosjdé

V*transport in heart will by dxscussed subsequently

G. Rationale

- The introduction deseribed ‘the 1mportant regulatory

functlons of adenos1ne in the heart and other txssues.”- It,‘

- [
\

is known that ‘aden051ne acts at, receptors located on the
extracellular surface of cells. ‘The nucle051de transport.
'system is v1ta1 in_ the regulation of aden051ne concentratzon

in the v1c1n1ty of these receptors, . Thls transport.*system‘

' “ N {J
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permits the release of adenosine from cells, and  also
controls . the rate of removal of adenosine from the
extracellular space. ' Furthermore, drug-induced inhibition

of 'nucleoside transport may infiuence extracellular
. “ . .

adenosine ‘levels.

Studies hitherto performed on the fluxes of nucleosides

{ -~

across cardiac membranes and on drug-induced inhibition of

these fluxes have ‘failed to distinguish between transport
per se. and fhe accumulation  of permeant . Although
sign{ficant' idtorhahion* about the nucleoside transport
process comes from studies using erytArocytes or cultured
gells,' to';aate no study has investigated the transport of
adenosine‘of other nucleosides into cardiac cells. Attempts a3
to study’ the transporter by indirect means have utilized
NBMPR aé;a high affinity binding probe, but"thesé have been

based on the assumption that the nucleoside transport

BT Y

complex in heart is similar to that in erythrocytes (ie.

R 13N

NBMPR 'bindfné site 6ccupancy results in inhibition of
A Y - - ‘ '

. a s ‘ .
nucleoside transport). In order to measure the transport of

nucleosides into .‘cirdiac - cells, a dissociated cell”

preparation is required. Dissociated ventricular myocytes .

from gquinea pig and rat heart were prepared and used for the

..présent.study.‘ With this preparation, the following topics

.,

could be'ﬁnveStigated:
(1) [°HINBMPR binding characteristics,
(2) drug-induced inhibition of [*HINBMPR binding,

i

(3) nucleoside uptéké and transporﬁ, and
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(4)  drug-induced : inhibition of nucleoside
- transport.,
These studies were designed to answer the following

questions regarding the myocyte nucleoside transport system:

/
/

/

(1) does NBMPR bind to inhibitory sites associated
with the npucleoside tranéport system? This was'
determined by comparing ‘dpﬁg potencies forv
inhibition  of NBMPR‘ binding and nucleoside

 transport,

-

"

(2) do species differences exist with respect to
drug*induéed inhibition of Sbth‘NBMPR binding and
nucleosidg transport? Comparisons were made
ﬁetween guinea pig and rat myocyte preparations,
(3) do‘nucleSSidés display similar affinities for
NBMPR sites and the transport process? The
affinities of adenosine and 2-chloroadenosine for
high affinity NBMPR sites were compared with ﬁheir
affinitiés for the transport process.

The ansQers to these’questiohs will indicate whether
NBMPR is a wuseful, high affinity probe for the cardiac
nucleoside -transport system and will explore potential
heterogeneities among transporters. Heterogeneitf would
indicate that diffe;enées in susceptibility tog nucleoside

y -

transport inhibitors  exist. This may lead to the

development of drugs that may modify selectively the cardiac

. : . TR
actions of adenosine.



1I. METHODS

A. Tissue Preparation
" N
Preparation of Cardiac Membranes
This method was used for both gquinea pig and rat

cardiac membrane'p:eparations. Animgls (200-250 g) were

killed by .decapitation and their hearts were removed rapidly

and placed in ice-cold 0.32 M sucrose Ventricular tissue

was chopped into small (10 mg) sedments, hbmogenized id@éo

volumes (w/v) of ice-cold 0,52 M sucrose (Polytron, typé“ PT

1020 350D, setting 5 fg ) and centrifuged at 1000 g for

10 min. The superngtant action was recentr}fuged at
L20,000 g for 20 min t.4°c producing a crude (P,) membrane
pellet. The P, membrane pellet was resuspended in 20-50
volumes of 50 mM Tris-HC1l buffer, ph 7.4, to a protein
‘concgntration of 0.5 mg/ml. Protein ,céncentration were
determined by the Lowry method (Lowry et al. .1951).
Experiments were performed uginé freshly prepared cardiac

membranes.

Preparation of Ventricular.ﬂyocyfes

This method was wused for both gﬁinea pig and rat
yen;ricular myocyte preparation. Male animals (200—250 g)
were heparinised (2.5 wu/g, body weight) and killed by

decapitation. Hearts - were removed- and placed in

43



'.\}

S , | a4
carbogepated (95% CO,, 5% 0,) Joklik medium (Appendix 1), pH
7.4, }7;6., The hearts were then perfused ‘rétrogradely via
~their éortas with Joklik medium, 37°C, 3-5 ml/min, for 2-4
min in order to wash out blood remaining in the coronary
circulation. Perfusion (3-5 ml/min, at.37°C5 was'éoﬁtinued
for 30 to 40 min with a collagenase enzyme mi#ture
(Digegtion medium, Appendix 1) containing 300 u/ml Sigma
collagenaég type V, 150 u/ml Sigma'collagenase type f&T and
0.1 % .bovine serum albumin, prepared in Joklik‘ﬁedium.
After removing the hearts from the perfusion apparatus, the
‘ventricles were aggitated in disruption mediumf(Appendix 1),
to allow the myocytes to dissociate from the femaining heart
"chunk”. Following mechanical dissociation, the ventricular
myocytes were washed twice and resuspended in assay medium
(modified Dulbecco's phosphate buffered saline, Appendix 1).
Bindiné assays were conducted with 30,000 to,60,060 myocyteé
ber assay and transport assays.were conducted with 200,000
‘to 500,000 myocytes per assay. Cells were counted by
Coultet Cduntér methodology. All experiment; were performed
using freshly prepared cardiac myocytes. | |
Cell  viability was determined by the rod-shaped .
appearance and trypan blue (0.3 mM) exclusion of .viable
éells.' Assays were conducted:with p}eparations containing
in exéess of 70% viable cells. Mortality rates were
,determined by  measuring cell viability at 30 min intervais
over a period of 3 'hours. Cell mortaLity rateé‘ were fqund ‘

to be < 5% per hour for both species (with data frdm 3 and 4 . .
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separate vmyocyté preparations from guinea .pig and rat,
respectively). Intracellular volumes were determined 'by .
subtracting\ the ["C]éqcrosé space of the myocyte.pellets
(representing the extracellular spéce of ‘the pellet) from
the . [’H]Qétér space of the pellets (representing the total
space of the myocyte pellets). Intracellular space of both.
guinea pig and rétA myocyte peliets were ~found_%to ‘be

approximately 10 ul per million CéllSa

B. [’H]NBMPR Binding Assays with Cardiac Membranes

L}

General Methodology

[{*HINBMPR binding to cardiac membranes was evaluated és
previously described by Williams et al. 1983. Equiliprium
binding assays were initiated with the addit@dn of 0.4 m;
catdiac membrane suspension (containing 0.2 mg of protein)
to mixtﬁres" containing . appropriate 'concentrations of
[?H]NBM?R in the presence or absence of a specific inhibitor
of nucleoside trénépdrt. All aésays were conducted in-a
total v§luﬁe of 1 ml‘in polypropylene microcentrifuge tubes
(1.5 mif af.22°c.‘ Assay ﬁixtufes were incubated 20 mird to
.obggin.equiliLrium.binding of [’H]NBMPR;' The reaction was
stopped: by cen;?ifugafion' (Eppendorf‘5412 hicrocentr;fﬁgé
for 2 min) to separéter'the free -liéand Erom -thel
membrane-associated’ LfH]ﬁBMPR. | The ﬁembrané pelletSVQere
thgn.washed_once with ad@itional ice-cold 50_'mM ‘Tfis-HCl

(1 ml). . Membrane pelietsi were digested overnight with
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250 ul of 0.5 N KOH and neutralized with 100 x1 1.25 N HC.
Aliquots (200 uM) were transfered to mini-scintillation

vials (5 ml) and 5 ml of tritisol scintillant (Appendix 1)

was added. The samples were counted for (*H]radiocactivity .

- by 1liquid - scintillation - Spectrometry (Beckmaq 6800).
Nonspeéific‘hBMPR binding ‘was 'aefined as the amount of
[ H]NBMPR which remained membrane~ assocxated when the assays
were conducted in the presence of a high concentration of a
‘specific iﬁhibitof of nucleosiée transport such as NBTGR

-y

(10 uM), dilazep (200 uM) or dipyricamole (50 uM).

Site-specific NBMPR binding was obtdined by subtracting

nonspecific binding from total binding.

Determ1natxon of [ H]NBMPR andxng Constants

Cardlac membranes were 1ncubated .for 20“min with a

range of concentrations of [ >HINBMPR (0.02,-0.05;‘0.1, 0.15,°

0.2, 0.25, 0.4, 0.5, 0.75, 1.0, 2.0, 3.0 nM). Total,

nonspecific and specific binding was determined for each

concgntratioh of [‘H]NBMPR The dissociatidn constant (Kd)

and the maximum b1nd1ng s1te density’ (Bmax) for [’H]NBMPR

b1nd1ng were - determlned by lxnear regressxon ana1y51s of-

U‘

Scatchard 'plots; (bound/free . &s bound) . - Free 1ligand

concentration'wés"éalculatéd- by. subtracting ;btal bound

[(*HINBMPR from the initial l&gand concentration.

Prs S



. Effect of‘éollagenase Treatment on [’H]NPMPR Binding

[’H]NBMPRﬂbinding constants were determined for both
‘rat and guinea“pig cardiac membranes in the presence and
absence‘of‘collagenase. This procedure ﬁash desxgned to
simdlate' then conditions under whlch cardlac myocytes were
prepared Membrane'snspensxons were d1v1ded into two 20 'ml
allquots. S1gma ﬁype IA collagena}e (150 u/ml), and Sigma
type V collagenase (300 u/ml) , were added to one of »the
membrane suspen51ons, and 1ncubated for 40 minnat 37°C. The
control suspension was also 1ncubated for 40 min . at 37°C.
Membrane sqspensxons were then centrxfuged at 20,000 g for
20 min. at 46C and supernatants were removed. Treated
membrane ;ellets .were resnspended in 20 ml/of disruption
‘medium (Appendix ;1);“and control‘ membrane' pelletsa were
vresuspended in 26 ml of 50 mM Tris-HCl. Following‘zp min

incubation ~at ' 37° C both 'treated andv.controi membrane
suspensions 'were recentrlfuged (as above) and washed tw1ce
iwith 50 mM Tris—HCl , and f1na11y resuspended 1nb 20 ml of-
350 mM Tris-HCI buffer. [ *HINBMPR b1nd1ng assays were then
' »conducted to determlne the [’H]NBMPR b1nd1ng constants ‘for

: both treated ' and control cardxac membrane suspensions, as

previously deScribed. ' | P

C. [°HINBMPR Binding Assays with Myocytes



General Methodology

'
4

Equxl;brxum blndxng assays wére initiated with the
add1txon of myocyte suspensions (0.4 ml containing
“3Q,QOO~§0,00Q cells) to mixtures containing approprlate

concentrations of [° H]NBMPR in the absence or presence of a-
specific inhibitor of - nucleoside transport.‘ Assays ‘were
‘conducted in a total volume of 1 ml in polypropylene
microcentrifuoe tubes (1.5 ml) at 22°C. Tissue  was
incubated for 40 min to obtain equilibrium ibinding‘of
‘['HfNBMPR..‘At this point, the reaction was stopped by
centrifugation (Eppendorf 5412 mxcrocentrxfuge for 15 s) to
separate the free 1ligand from ,cell-assoc1ated_ t’H]NBMPR.
Cell pellets were washed once' wrth 1 ml of additional
ice-cold assay medium. The myocyte pellets vere digested
with 0.25 ml 0.5 N KOH overnlght. " Following neutrallzation
with 0.1 ml 1.25 N HCl al0.2 ml aliquot was transfered to a
mini-scintillat1on . (5 ml) Avial;‘and Sf ml of Itritisol
scintillant (Appendix 1) was added. ‘This. was 7countéd for.
[?H]radioactivity ' by'; liquid »scintlllatiOn' spectrometry~
_(Beckman‘GBOO). Nonspecific NBMPR blnding was. defxned as
lthe' amount of . [’H]NBMPR whlch rema1ned cell assocxated when'
thei‘assays"were conducted in 'the‘ presence of a hxgh
concentratlon of a spec1f1c‘ inhibitor 'of“nucleOSide
"transport such as nxtrobenzylthloguan051ne (NBTGR 10 uM) or
fdllazep (100 gM) Spec1f1c NBMPR b1nd1ng was calculated as
thew difference~ between total b1nd1ng ‘and nonspec1f1cl’

binding;' All druos and cell suspensxons were prepared in.
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AR o o - l‘ o e
odified Dulbecco's phosphate bnffered_éaline‘(Ap endix 1).
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Determination of [ *H)NBMPR Binding Constants

~ < N
"4. . The dissociation constant (Kd) and the maxtmum bxndxng '
sxte densxty (Bmax) for [° H]NBMPR binding vere determined by
l1near regressxon ana1y51s of Scatchard plots (bound/free vs
.:bound) Cardxac‘myocytes were 1ncubated for“40 hin‘ with
varying iconcentrations of [’EJNBMPR,(0.0Z, 0.05, 0.1, 0.15,
0.2, 0.25, 0.4, 0.5, 0. 75, 1.0, 2.0, 3.0 nM).  Free
[ H]NBMPR concentratlon was calculated by subtract1ng total

bound from the 1n1t1a1 llgand concentratxon.

[ *H]NBMPR Binding inﬂthe‘Presence of Adenosine Deaminase
| [‘H]NBMPR binding\COnstantsﬁwere detetmined‘ fcr; both
rat and guinea' p1g myocytes in the’ presence and absence of
adenos1ne deamxnase.‘ Myocyte suspens1ons were d1v1ded into
‘two 20 ml allquots. F1ve unlts of aden051ne deam1nase was
‘added to one. anc 1ncubated for 15 'min at - room temperature..
One unit of‘ adenos1ne deamlnase deaminates 10 umoles bfwﬁ
adendSine tc inosine per‘mxn at‘pH 7.5, at 25°C. [ *HINBMPR
.binding asSays were then conducted wlth both treated and

control myocyte suspen51ons, as prevxously descrzbed

D. Inhibition of [’H]NBMPR Binding to Myocytes
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Determination of lﬁhibition Constants

The binding of a range of [ *>HINBMPR- concehtraticnsu
(0.1, 0.12, 0.17, 0.25, 0.5, i.O nM) was deteruﬁned ih'qhe
presence of twc' or three concentratxons of iuh;bitot;e
Inhibition coustauts (Ki values) were determxned for.a
varxety of dxfferent agents’1nclud1ng dxpyrldamole dilazep, .
dlazepam ' adenosine ‘and 2—chloroadenosxne, The inhibitioh
df'the site~specific' compohent of [’H]NBMPR' binding was
evaluated by’ mass law.’ analys1s using a double recxprocal‘
plot (I/bound vs 1/free) The free ligand concentration was
calculated by subtracting total bound ‘from: the initial -

fq‘

llxgand concentratﬂ?n
Effect of Deoxycoformycin

Inhibition constahts‘jKi valuesf; vere detefmined ~fot
adenosihe*med;ated" inuibition of [‘HJNBMPR' bindiug‘ (as
‘pceviously describedf in the ’presence or absence of° the
adenosine - deam1nase 1nh1b1tor 2" deoxycoformyc1n (100 nM) .
Three concentratlon of adenos1ne ‘were used for both rat. (30,
50 and 100 M) and gu1nea pig (300 800 and 1000 uM)
myocyte prepatat1ons.

. - | . |
E. [ ’H]Nucleoside -Influx Assays with Cardiac Myocytes:

) ,ii" - . v
‘General_Methodology
All,‘assays of [°® H]nucleos1de 1nflux 1nto rat or gu1nea

,'pig ‘card1ac  myocytes were conducted o in polyp:opylene
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d‘m;crocentr1fuge tubes (1 5 ml) at 22°C."UUptake xntervals

i 5 bt

‘,were ‘1n1t1ated by the addxtxon of 50 gl of an approprxate

KT

rxnxtxal;ﬁoncentratzon of permeant to myocyte .suspensions

(200 oob to 500,000 , cells/450 4l assay), with subsequent

'rapud mixing. ‘ Uptake Aintervals were. termxnated by an

1nh1b1tor stop method by addltlon of an 1ce cold solutxon (1
ml) contalnxng dxlazep (200 uM), NBMPR (4 Q uMl. and 1 M
unlabelled substrate (elther adenosine or 2—chloroadenosine)
. to assayfmixtures. ‘Myocytes‘vere pelleted by Centrlngation
{15 s in a Eppendorf 5412'microcentrifu§e) and washed once
with‘additionalhice+cold inhlbitor solutlon. t Tips of the
‘microcentrifuge tubes ‘were cut ‘otf‘ and placed in
polypropylene scintillation mini vials (5 ml). The cell
pellets were d1gested overn1ght with NCS tissue. solubxl1zer
(0.3 ml). The followlng day, glac1al acet1c acid (9 ul) was . -

yadded | ‘the vials ’ to. neutrallze the‘ tissue d1gests,

Toluene sc1nt1llant (5 ml Append1x 1) was added to the m1n1

-v1als and the contents were counted for [ H]radzoactlvxty by
l1qu1q" sc1nt1llat10n spectrometry ‘ (Beckman'. 6800)'
'Non-medxated, nucleos1de 1nflux was deflned as’ the 1nflux of

e

'permeant*when the assays-were conducted‘ln the presence of a

. high- concentrat1on of a nucle051de transport 1nh1b1tor such

as NBMPR . (20  uM) - or dllazep (100 . uM). Med1ated

[(1nh£b1table) j nucleoside‘_ ;nflux uas' defined as -the

- ‘

_d1fference between total influx‘ and non-mediated lnflux.

vAll drugs and myocyte suspensxons were prepared in mod1f1eds

g;fbecco s phosphate buffered salxne (Appendlx 1)

el
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JTime‘CourSes of [éH]Adenosine:Optake
Myodyges ;efe‘_incubatéd with a fi*ed coﬁqeh;ration of
:[;H]adédosine over a raﬁgg sf time intervals between zero
‘and 10 min. Time courses bf [’H]adenééine'hptake‘wgre
uhde:taken for 1, 10, 30, 50} 75 and 100 uM concentrations
with rat myocytes © and 1, 30, so,: 100, 150 and 300 uM
concentratlons with guinea pig myocytes. Influx ati time
=2ero was -detérmined by the addition of permeant tb’%sgaYS’
containing high concentratxon\zqf nucleoside transport
ihhibitor (such as 20 uM NBMPR or 100 uM dilazep), followed

'imquiately with the_addigggn of:stOpping solution.

Deferminatioﬁ‘of [’Hladenosine Tréﬂsport Kinetic Cénsfants
ﬂ' .Rates of zgro;tfaﬁ§ influxl of‘,[sHjédenosiné ’Qere
determined"by incubating myocytés in grgded concehtra&ions"
of [ H]adenos1ne (1 sM to 400 M . final ‘codcéntfatibn)

' -Incubafzonfulntervals"were determined from the txme courses“
}of [ H]adgnos1ne uptake, and  were chosen‘ in ordg;, that
.1n1£1ﬁé¥§fates of permeant flox were measured In additidﬁ,
aﬁ‘ J;me ;ntervéls used -  (15 o s),. the intracelihla:
tboncentration‘»df [;H]adenOSiﬁe ~did fnd£ éx¢éed ZoxﬂQf'the‘ 
corréspoﬁdihg_ex;raéellulér' cbnéentration?'l The Michaelis
i cohstanf (Km) and the"max1mum vélocity‘-¥Vﬁ5#) of the
‘f}ansport' pfécéss were der1ved ffqm '1;near rgg;ession -

analysis of v/s vs v plots.  °



F. lnﬁiﬁiéion of [?H)Adenosine frénsport
Determination oi Inhibition Constants
" Cardiac  ‘myocytes vere ipcubated. with ‘a fixed
concentr;tionAof‘[?ﬁjadenégine in the presence of varxing
gconéenirations of 'inhibitor,” Concén;ration dependence
curvesvﬁere‘donst:uctéd in thisumanner fop‘ NBMPR '16.1 tb
‘ JO"hM), dipyfidamolej(loo nM to 300 u«uM for rat. and 3 nﬁ\to
30 AM for ghinea pig), dilazep‘(1b nM to’lOO'uﬁ fop‘rat ~and
0.3 nM JtO"16 uM  to guinea pig) gnd diazepém (3 M to

300 xM). The concentrations of [’H}adenosine used were

)

30 AM for'rat myocytes and 100 xM for gu@neé pilg myocytes.

IC,, values were defined as the concentration of inhibitor‘

"

necessary to inhibit 50 % of the mediated zero-trans influx
of [*H)adenosine. Inhibition constants (Ki values)".were

Ki = 1C,, / (1« [S])/Km)

calculated from the equatidn’

(Marangos et al. 1984) .

'G.‘.[‘le-Chlbroadenosine Influx Assays with Guinea Pig

| Myocytes | v | |  ¥ S :
. : NN . .
,Tihe-CoQtses of Z;Chioroadenosihe,uptake'

' Gh{nea:_pig ﬁjocytes,'were.vihcybéted"Qith ga"ffixeé

gpncedtfat?on‘ ofI5H]2-chlotoadenosipe“over ; radéé_of Eihe
_intervals between zeéo and I20_'minl‘ Time - courses wére
. > - P oo .
‘fandertaﬁéﬁ“th"l‘ and 100 uM 2fchlo;oédendSine."Ihfiux at

time 2gro.wgs determined by the vaddition - of- permeant  to
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assays containing a high concentration of = nucleoside

transport xnhxbxtor (such as 20 uM NBMPR or 100 MM dxlazep)

followed Ammedxately by the addition of stoppAng solutxon

. | . N

Determination of [’H]Z—Chlonoadenosinq Transport Kinetic

A .
[

Constants | - B -

'Rates of zero~trans ‘infiux' of [ H]Z chloroadenosxne
were determ1ned by 1ncubatxng guxnea pig myocytes. in graded'
concentrétlons " of [?H]2-chloroadenosine (1‘t0‘200 sM final
concentrsticn);' Incnbation intervals Qere detsrmined from
. the time courses of [? H]2~chloroadenos1ne uptake and were
chosen in order that 1n1t1al rates of permeant fluxcs were
measured. Incubatlon 1ntervals oﬁ- 15 s wete“lused for
cornicentrations equal to or less than 30 uM, ‘and dld ‘s for‘
Iconcentratxons exceed1ng 30 uM The Mlchaells constant (Km)
and the maximum velocxty (Vmax) ©of the Wransport process
were ' derived from linear regrcssion analysis ofwv/S'vs v

plots. . - . - . oo
'H. Inhibition of [’H]Z—Chlcroadenosine Transport

Determ1natton of Inhxbxtxon Constants S ‘<~

Gu1nea ptg cardlac myocytes wcre 1ncubated wgth a flxed,l,
concentratlon ‘of' (2 H]Z chloroaden051ne (35 uM) 'in "thé
presence R dff"vary1ng- ‘concentratxons - of | inhipitors}
CoﬁcentratiOn” dependenCelAcﬁtées ‘were . conducted in' this

manner for NBMPR (0 1 to 10 nM) and dxpyrldamole (I nM to 30.
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ey

uM) . Time intervals of permeant incubation were chosen to

ensure that initial rates of permeant influx were measured.

An incubation intervals of 15 s was chosen for all asg of
the inhibition of 35 uxM [?H)2-chloroadenosine port
IC, valués were defined as the concentration “inhibitor

necessary'to inhibit by 50 % the mediated zero~-trans influx
of [’Hl2ﬂchloroadenosfhe. Inhibition constants (Ki values)

vere calculated from the equat

A

ﬂgn Ki = IC,o / (1 + [S]/Km).

i

1. Data Analysis

The data presenﬁed represents mean valuég of between 3
and 7 observatioﬁs; as 'indichﬁed. K4 and Km values are
‘ geometric means (with 95% confideﬁce limits), and all:’ other
félues represent arithmetic: @eans KﬁS.E.)f Significance

flevels wvere determined by Student's t-test for paired or

unpaired data, and diffgrencés were judged to be signififant

when p < 0.05.

4 . "

-

J. Radiochemicals and Drugs

““‘ [G-’H]Nitrobethlthioinosiné .(specific activity . 37
jici;%mol), [’H]adquéiﬁe (specifié‘acﬁivaty 17.8'Cd/ﬁmbl) and
[°H)2-chloroadenosine (sbécific activigy 9 Ci/mmol) were
jqbtained‘ frém 3orévek Biochemigals{ﬁCaliforn}a. UnlaPelled
_adenosine, '}—chloroédeposiné, ‘dipyridamole,'~ ';denosine

deaminase, collagenase IA and collagenase V were pufchésed
‘t;om Sigma Chemical Co. Dilazep and diazepam were donated

by Hof fman-La Roche. - Nitrobenzylthioinosine and
| '| 1 |
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ﬂitsébenzylthioguanosine were generously provided by Dr.
A.R.P. Paterson, Cancer Research Unit .{McEachern
Laboratory), University of ‘Alberta. N.C.S. Tissue
.Salubilizer was pdrchased from  Amersham  Corporation.
Deoxycoformycin was generously donated by the Natural
Products Branch, Division of Cancer Treatment, National

Cancer Institute,



II1lI.  RESULTS

A. [(?H]NBMPR Binding, with Cardiac Membranes
Determination of [>H]NBMPR Binding Constants

" The "total"” amount of f*H]NBMPR that became associated
at equilibrium with P, meﬁbra&e preparations from guinea pig
and rat ventricles (Fig 1) consisted of two components, one
vhich was proportional to tge "free" [?H]JNBMPR concentration.
(nonspecific 'binding), whereas, the other was site-specific
(inhibited by nucleoside transport inhibjtors) 'and
saturable. The nonspecifié compoqent‘was approximately 5 %
and 15 % of total [*H)NBMPR binding at Kd'céncentrations in
guinea 'pig ‘and rat ventricular membranes, respectively.
Binding constants, derived from mass law Tanalysis’ of
- site-specific [>H]NBMPR bindingl.to ‘guihea pig and rat
ventricular membranes (Table 1), demonstrated that [ >H]NBMPR
bound with high affinity to a singie class of sites in both
guinea pig and rat membranes. [*H]JNBMPR possessed. slightly
higher affinity'for these sites in rat membranes (Kd = 0.05
(0.02 - 0.09)nM) as compared'toyguine; pig membranes (K@ =
0.75 (0.36 - 1.62) nM). Guinea pig possessed a much lafger
NBMPR site density (Bmax) than rat. ~ The Bmax vdlueg for
guinéa pig and rat  ventricular membranes wereb171§ + 96
fmol/mg protein and 178 * 22 fmol/mg protein, réspectively.
Hill coefficients (nH; Table 1) did not d%%}Qte from unity,

indicating that [’H]NBMPR binding to membranes from guinea

Y
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BOUND NBMPR (fmol/mg protein)
(Thousands) --

BOUND NBMPR (fmoIQ/qu proteln)

-
-

- -

Fig 1. Concentration dependence of [ ’H]NBMPR binding to

guinea pig (upper panel)’ and rat (lower panel) ventricular
membranes. These are representative plots and do not differ .
from 5 others with guinea Pig and 2 others with rat. Total -
binding (0); nonspecific binding (Q); specific binding (4).



Table 1. [°H]NBMPR binding constants in guinea pig and rat
ventricular membranes. .. b '

Bmax Kd (nM) nH
(fmol/mg (95% confidence
Species (n) protein) limits)
Guinea Pig (6) 1715 + 96 | 0.75 1.06 + 0.01

(0.36-1.62)

Rat (3) 178 + 22 0.05  1.02 + 0.01
(0.62-0.09) '

Values were obtained from the number of experiments in_
parenthesis (n). ! : . . :

»
"
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pig and rat ventricles displayed 'no apparent bindigg
caqpssativity; |
Effect of Collagenhsé'Treatment

Paired [*H]NBMPR biﬁding‘aSsays were conductedlwith rét ‘
"and guinea pig ﬁémbranes that were preincﬁbated in the
presence or absence of collagenaée (see Methods). 1In guinea
pig meﬁbnanes, the éffinity of [?H]JNBMPR was not affected by
collagengse‘ treatment (P > . 0.05; Fig' 2); however,
collagenaée tr?athent lowered NBMPR site density (Bﬁax) by
approximately 50 % (P < 0.05).: Collagenase:treatment of rat
ventricuiqt membranes . significantly (P < 0.05) 1lowered
[’HiNBMPﬁ affinity compared to baired contfols. [ *H]INBMPR
binding site density in rat membranes was not significantly
(P > 0.05) altered by collagenase treatment. h

_ J’ , ‘ N

B. [>H]NBMPR ‘Bindin‘g‘ Qith Card‘iac Myocytes

-
'

Determination of [’H]NBMPR Binding Constants
The total amount.of [*HINBMPR that became associated at

[y

equiiibrium with wventricular. myocytes from gu1nea pig and’
rat (Fxg 3) cqp51sted of two components, aonspec1f1c b1nd1ng‘.
and 51te-spec;fxc binding. Nonspecific binding of [*H]NBMPR
was proportional to the "free" [*H]JNBMPR concentration which.
'reﬁained in ~the assay medlum Atfka concentrations this

component was approx1mately 15 % of total b1nd1ng 1n guineav:

pig myocytes and 20 "% of total binding in rat myocytes.
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do.not differ from 5 others with guinea pig and 2 others o
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Fig 3. Concentration dependence of [?H]NBMPR binding to.
‘guinea pig (upper panel) and rat (lower: panel) ventt1cpla;
myocytes. .These are rep;eséntative-plgts;and'do not differ
from 5 other experiments with guigea-pl? and 6 other
experiments with rat. Total binding (0); nonspecific .-

——binding (Q);—specific-binding—(4a):
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Fig 4 Scatchard (upper panel) and H111 (lower panel) plots
" of [ *H]NBMPR binding to ventricular myocytes. These are .

representative plots vhich do not differ from 5 others w1th
‘gumea plg and others wu:h rat. : :

9
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v

Table 2. [’H]NBMPR bxndlng constants in guinea pig and rat‘
ventricular myocytes

' Bhax Kd.(nM) nH
Species (n) v (molec /cell) (95% confidence :
: limits)
Guinea Pig (6) .870 36 K . . 0.76  ° 1.00 % 0.02.

- (0.58-1.00) "

Rat (7) . 437 $45 K~ 0.40  .0.99 t 0.01
SR e T | (0.29-0.56) ' . .

‘ Values‘weregcéldulatéd from the number of experiment in. -
.parenthesis (n)." Bmax values are represented’'in thousands
(K). ' ' ‘ : - R s
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\ [

<5indiqg' coé;tants,‘ derived from mass law ana%ysis' of
nsite-soecific >[’H]NBMPR: binding to guinea pig ana rat
ventricular myocytes, demonstrate that [’H]NBMPR bound in - a
 saturabier‘manner"tor’a single class of sites (Fig 4, Table
:2’ ‘-Mean Kd. values '(95 % confidence‘ intervals) “for

[’H]NBMPR b1nd1ng to guznea pig and rat ventrlcular myocytes

were 0.76 (0:58 - 1.00). nM. and 0.40 (0.29 -~ 0.56) nM,

respectively (Table 2). Guinea pig ' myocytes ‘poSSessed
approximately twide‘as_bmany‘ high'laffinity NBMPR ‘binding

sites per cell as rat myocytes (Fxg 4; Table 2). The mean

" Bmax values (t S.E. ) for gu1nea pig and rat ventricular.

myocytes were 870,000 +, 36, 000 molecules/cell and 437,000 +

'45,000 moleculeS/cell, respect1vely. [® H]NBMPR b1ndxng to

fvguinea' ng and rat myocytes did 'not_ dzsplay b1nd1ng

_,,_‘__

. cooperat;v;ty, as Hxll coeff1c1ents (nH- Table 2) did not

deviate from‘unlty.

¢ . “, ‘.”“. 3 . .

A

=_E£fect‘of‘Adenosine Deaﬁinase on [5H]NBMPR Binding Constants
Tné' equ111br1um b1nd1ng of [’H]NBMPR to gu1nea p1g and

rat Ventrlcular myocytes was determzned in- the presence or

absence ‘of, adenosxne deam1nase (Flg 5) ’['H]NBMPR bound to -

'?‘aden051ne deam1nase treated myocytes in a 51m11ar manner as-

3

Ito paxred controls.‘ Adenosxne deamlnase treatment did not"

v

i‘alter 51gn1flcantly the afflnlty (Kd fvalues) of' [’H]NBMPRfv

3

‘ for 1ts hxgh aff1n1ty 51tes on’ gu1nea p1g (P > 0.05) and ratu

myocytes (P > 0 05) ' In addlt1on, oszgnlflcant d1fferences_

"(from paxred controls) in NBMPR szte densxty (Bmax) were not
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obtained for either guinea pig (P > 0.05) or rat myocytes (P

> 0;05) with adenosine deaminase treatment.
C. Inhibition of [’H]NBMPR Binding to Myocytes

ﬂ-Determtnatxon of Inhibition Constants

Competztxon experiments were performed in drde: to
determine the 1nh1b1t10n constants (Ki values) of a'variety
‘of drugsfor 1nhxb1t10n of site~ specxfxc [ H]NBMPR b;ndxng
to gu1‘§5 pig and rat ventrxcular myocytes (Table 3) The
drugs tested (dxpyrldamole, dxlazep, diazepam, adenosine and
2—chloroaden051ne) all * inhibited [ H)NBMPR binding in an
~apparently compétiti&e mante:,. as indicated by ~,a0451e”
reciprocal plot Venaiysis (Figs 6, 7, 8, '9,,;and '19);
Dipynidamolelpéssessed gfeater than 20-foldjhigher a£f1n1tyL
for NBMPR s1tes on guinea pig myocjtes ‘(Ki = 75 (44 -
132) nM), as comparedvto’rat ‘myecytes (Ri = 1.7 ‘(1.1_‘?
2. 5) 'uM). *Siﬁilariiy} dilazep .shéwed' a slightly hzgher
‘affxnxty for NBMPR binding sites on guinea pig cells (K1 =
6.7 (3.0 - 15. 0 nM) than rat (Ki = 3¢ (21 - 54) nM). The '
‘benzodlazep1ne, d1azepam bound w1th similar low. aff1n1ty in
both species, w1th Ki values 1n guznea pig and rat’ myocytes‘
”‘of 36 (19 - 70) uM and. 43 (13 - 146) uM vrespectlvely  The |
nucleos1des , aden051ne‘. an&?" 2- chloroadenos1ne . ~also
.competxtxvely 1nh1b1ted [? H]NBMPR b1nd1ng 1n both specieé,
‘hog__gr, ylth_differ1ng aff1n1t1es. 2- Chloroadenos1ne bound

to mvocytes from both specxes._wzth_ws1m11arm»aff1n1ty, Klwm“
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1A duplxcate.w~-p~-‘ PR T T



{\ T . 69

»
20 -

.

®

e

)
c

y(Mmes IE+&

»
-
=

e LS EN S i W I U N N

-1/ BOUND (moles./a

)
Oonu‘\

L

1/FREE RBAVPR (i)
’ . » ' K2

S c e e .

Fig 7. "Dilazep-mediated {nhibition bf [*HINBMPR binding to

guinea pig (uppecg.panel) and rat (lower panel).ventricular

myocytes. These' are represéﬂtd@iﬁegﬂgable:reciproqpl plots

obtained from single experiments performed in duplicate.*
o i HRE AT N : 1nc e

¥ o. . . - ~ -



70

1]
090 ~
T
* ~
= 7o
. 8 ". 4 [
Y
$ L
sa
£l ¢
o
z 2 *
- E
E . 1
° )
@® 3 A
~
— 2 A
1 -
° T T
-2 e "
.
1
1 * '
4 -
e '
°
3 -
]
0
o ¥
3 - |
_'r\ ' ’
00 s
L o
- 3 -
Q.
ze :
D‘ )
2 ’
OE g )
@ K .
4 ' \ i
|
-
-
" : 2 -9 P T ~T T T T Fal Y R 7
. . [+ . [ 2 L [ I %
- S -
. ) . h
o A A - - ’
i SV/FREE NBNPR (M)
vl E £
2 e .
A
' . , X
il H

+ Fig 8. Diazepam-mediated inhiBition of [*HINBMPR binding to
, guinea pig (upper panel) and“rat (lower panel) ventricular
.myocytes.  'These are reprgsentative double-reciprocal plots.

‘\;qbtgin963§x$m“single experni performed. in duplicate.
e T IS ‘ . R NP L

.

“.Mxv'
. ! Lamed .



71

1/ BOVUND (moleo,/oeh)
(Mmee 1E-B)

i )

molec./ocelf)
-8)

(
E

1/BOUND
. (Mmes 1

G 1/rketuaugahmh

‘Fig 9. Adenosme medlated inhibition of [H]NBMPR bmdmg
:to\gumea pig (upper panel) and rat (lower panel) ~
ventncular myocytes.. These are representatwe double
. Feciprocal plots obtained from single experxments performed
'm duphcate. v , “@ « .

' IR )



72

@

L]
o 8
g’\ ""‘
©
[}
~o las
Q 3
zé
2
o 2 ~ ‘
[
~
L a) 1 A
] | Ll T
vy 16
1/FREE NBWMPR(n)
0'. ‘- -
[}
, .
e -
1 ‘7
N
.{h 5 .
.l, ‘
vtl 4
o
b 4 ' '
o 3 .
‘o .
© 2 A -
N I
- 1~
o -
Rl

. . " 1/FREE N8B MNP R (nk)

Fig 10°. 2- Chloroadenosine- medxated 1nh1bxt10n of [*HINBMPR
binding to guinea pig.(upper panel) and rat .(lower. panel)
ventricular. myocytes. Thesé& are representatxve double
‘teciprocal plots obtained from sxngle expe:zmgnts performed
in duplxcate. - :



\

i

73

Table 3. Inh1b1t10n of site-specific bxndxng of [°HINBMPR
to ventricular myocytes.

Guinea Pig (n) Rat (n)
. R ‘M '\
Drug ~ Ki (nM) ‘ Ki (nM)
. (95% confidence (95% confidence
limits) ~ Pimits)
‘,Qipyridamoie! . 75 v 1700
C ' (44 - 132) (6) (1100-2500) (6)
Dilazep ;7 - 6.8 : 34
- (3.0 - 15.0) (6) (21 - 54) (7)
o CtLRE (M) Ri (uM)
_ % ! ) . oL A - . .
. Diazepam“ . - 36 . ’ 43 )
% v : “e 0 (19 - 70) (3) (13 - 65) (3),
~n e N . ) ‘ . e .
2=Chloroadenosine . - 22 N T a
- ‘ (4 - 42) (3)' (10 -.19) (3)
Adeno§iné B 318 o 35

e 284 - 353 3) {16 - 77 (3)';
v X JCHE )

Se

‘InhiRjtion constants were. calculated from ‘values dbtained
fromiéhe number. of exper1ments 1n parenthes1s. ' ' .
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~values of”227(4'~ 52) uM fbr guinea pig-and 14 (10 - 19) uM

for rat. However, adenosine was a’ more potent 1nh1b1tor of
site spec1f1c [ H]NBMPR D&ndlng to rat myocytes (Ki = '35 (16’

=77 «M) than to guinea pig myocytes (Ki- = 318 ‘(284 ~

(W3

353) pM) . ) iy
. ) ' N - ) * ? v i e .
. T . r . , . o A D
Effect of DeoxycoformYcinﬁﬁ. Lo ‘ L *'u.} A

Adenosine-mediated lnhlbxtxon of [‘glNBMPR bxndxng ‘was
)

measured in the presence or the ‘absence of the adenosine: .

4 3

deaminase inhibitor deoxycoformycin. The inhibifion y

constants (Ki values) for ° deoxycoformyc1n treated myocytes

¢

were. not sxgnxfxcantly different from. palred untreated . e

controls in both gulnea pig (pP.> 0.05). and rat (p >‘ 0.05) .

: ' A

preparations.

D. Nucleoside Influx -

& T
. "‘4(.]" . - o ' .
Time—Courgés of Adenosine Uptake

“Time- courses of 1 uM aden051ne uptake were lxnear up to .

~‘90 'S. for_ gu1nea plg and 2 m1n for rat myocytes (F1g 11).

i

‘T1me couggfs of 100 eM adenosxne uptake 1nto gu1nea pxg d
I N

rat,‘myocytes ’were 11near up to 30 s and" 0 s, respectlvely

‘(Fxg 12) ; Substrate that .became cell*assoczated in the
presence Iof.4ﬁhbiéosiae7“efan§p6rt 1nh1b1tor (most lxkely
frrepresentxng pa551ve dlffu51on and equ111brat1on wrthh;the o

-

| extracellular o space 7iofﬁ; tne pellet) h' \lxnear ahdf;‘

-

prcpor%ﬁnnal to 1ncubatxon t1me for 1ntervals up to about
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2 mxn, and declxned thereafter. After 4inin of uptake, the

radzoactxvxty derived from [’H]adenosine (1 . and 100 uM)

' concentrated app:oxlmately 6- fold and 2-fold, respectively,
in guxnea pxg myocytes, and 2-fold for both concentrations

" in rat myocytes.

Adenosine Transport | o | ; C
Care was taKen to . ensure that  initial rates ofi
nhsledside uptake, fepresentative of transport‘rates,'were'“

measured., The zero-trans 1n£lux of adenosine into ‘guinea
ah

pig and rat ventrlcular myocytes was found to be saturable.

and 1nh1b1table by nucleos1de transport 1nh1b1tors3 such as

»

NBMPR and dilazep (Flg 13; Table s).  The km (95 %

1Jqpn£§dence"limits) ‘and Vmax (mean 1‘;;13.)“vaihes ‘for
rdadendsiné 1nflux 1nto gu1nea pxg myocytes were 146 (101 -
‘210) uM and 24 2 % 1.4 ‘pmol/lecells/s;' respect1vely.‘
~'Adenos1ne possessed ‘a lower maxlmum veloc1ty of tr nsport 9‘”
'v1nto rat myocytes (Vmax 7 lff; 0 2 pmol/10 cells/s? | bq§1 '
fpossessed a hlgher}aff1n1ty for ttansporters in rat (Km'; ébx'jf

i

f:(38--‘67) uM) as cpmpared to gu1nea plg.'-

.Txme-Courses of 2 Chloroaden051ne Uptake |

Txme-aourses of A and'100 7M;:2—chloroadenos1ne uptaked“f

1:1nto gu1nea p1g myocytes we?e l1near for 1ntervals of up to'?ﬁ”

'L L

_':ransport' inh;bltor ?an; _‘lanear and proportlonal Tto,-

‘6.

'[}1ncubat1on tzme up to about,z'mxn, and decl1ned thereafter;

60 s., The uptakq of substrate 1n the resence of nuc1e051deﬁid‘

N ‘ \' :‘"’-.



'flower panel)“plots ‘of adenosxne transport into guinea
.and; rat ventrlcular myOcytes. ~The lihes:in each’ panel

‘represent computer generated values detegmlned from the,n.?u

ﬁ”average klnetxc constants“from 3. separate experxments
' performed in duplxcate.r The po1nts ‘on. each line are the
’dmean values obtalned from representatxve experxments.u N
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 The cell-associated ' radioactivity "derived‘ ffom 100 M.

. 2= Ch}oroadenosxne zransportf;mto Guinea ng Hyocytes

[*H)2-chloroadenosine * did not ' significantly exceed a
tissue/medium ratio of unity after '4 min  of incubation.
. N " ’ o ’,

However, ..radioactivity derived o from 1 uM

' [’H]Z-chloroadenosfne‘ eontentrated 'approtxmately 1.5-fold

after 4 min of incubation.‘ oA o T e
al ' Co . ‘ ‘ }'- . ,"_ ' . )

. \ \s 4 ;

W

,”2 Chloroadenosxne was‘~found to be a substrate for the

‘c\r ' -
nucleosxde s(ansport process 1n dhlnea pig myocytes.ﬁ The

zero tPané 1n£lux of 2-chloroadenosine into guxnea pig

"‘myocytes was saturable (Fxg 15 Table 4) and 1nh1b1table; by'

o varlousu known nuc1e051de transporf 1nh1b1tor5‘such'as NBMPR

and dilaiep.‘[’HJZ Chloroadens1ne had a hxgher affxnxty than
adenosine ,f | the transport process, with a Km: value of 36‘

(34 -‘39) uM However, 2- chloroadenos1ne possessed a 1ower

1 ?

- * i
Shepdon

ﬂ{conoentrat;on ﬂdependent manner (Flg 16; \Table 6) The .

';.‘i‘ A number T“orn agents :1nc1ud1n

jf[‘H]adeﬂOSIHEfm

‘ fof}"transport-  (Vmax ﬂ=“l]rl‘ £:'0.i '
;1jpmol/10 cells/s) o A
lnhxbxtxon of Aden051ne Transport [ €r4fi p‘f‘ :';fﬁd

A

N3

NBMBR . &1 lazep, .,

2

‘rdlpyrldamole‘ffand dzazepam {1nh1b1tea the transport of“

winto gu1nea: plg and rat‘ myocytes jin - a

RN R

lpiﬁznhlbxtable component of adenos1ne 1nflux 1nto ‘gu1nea plg‘

r~fcells (100 uM) and rat cells (30 uM) was approx1mately 50 %“

“fgand 30 % of the total 1nfrux,‘ respectxvely.; NBM&R was a
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pontent inhibitor of adenosine tfénsport into guinea pig and
rat ' myocytes with Ki values of 2.8 (1.0 - 7.6) nM and 2.4
(0,2 -~ 14.4) pM, respectively. Dipyridamole was a much more
potent inhibitor of adenosine transport in guinea pig (Ki =
78 (60 ~ 101) M) than in rat (Ki = 3.6 (1.6 ~ 8.5) M),
Similarily, dilazep was a more poteng.fnﬁibitbr of adenosine

transport in g@inea pié than rat with Ki value; of 8.8 (5.9
~ 13.2) oM and 260 (109 ~ 579) nM, respectively. Finally,
thg.benzodiazepine diazepam inhibited adenosine transport

iqto both species with similar low potency, having Ki valuesv
of 27 (11 ~ 68) uM with guinea pig cells and S2 (20 -

)

141) uM with rat cells,

Inhibition of 2-Chloroadenosine Transport into Guinea Pig

Myocytes ’

“NBMPR and dipyridamole inhibited the transport of
[ *H]2-chloroadenosine into guinea piq myocytes in a
concentration—depeédent manner (Fig IB,Table 5). The
inhibitable component of Z—éhloroaaenosine (35uM) influx was
approximately 55% of total influx. NBMPR was a potent
inhibi&or' of 2-chloroadenosine tEanébort into guinea pig
myocytes, with a Ki wvalue of 3.4' (2.2 ~ 6.9) nM.
Dipyridamole inhibited 2-chloroadenosine transport ‘into
gyinea pig myocytes with an inhibition constant of 70 (58 -

94) nM.
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Fig 16. Drug-induced ighibition of 100 uM adenosine .

transport into guinea pig myocytes (upper panel) and 30 uM
adenosine transport into rat myocytes (lower panel). IC,,
_values were obtained from 3 separate experiments performed

in quadruplicaté. NBMPR (0); dipyridamole (8); dilazep (O);
diazepam (V). - '
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Fig 17. 1Inhibitable component of 100 u«M adenosine transport
into quinea pig myocytes (upper .panel) and 30 «M adenosine
transport into rat myocytes (lower panel). 1C,, values were
obtained from 3 separate experiments performed in A
quadruplicate. NBMPR (0); dipyridamole (8); dilazep (O);
diazepam (V). This fiqure is from the same data as in

 figure 16.
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Fig 18. Inhibition of 2- chloroadenosxne transport into
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component of 35 uM 2-chloroadenesine transport (lower

panel). NBMPR (0); dipyridamole (Q).
prepared using the same data.
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Table 5, Inhibition of adenosine and 2-chloroadenosine

transport into ventricular myocytes. ' '

. P
‘.‘\Z -
. .o \\ ,
Guipea pig -+ Rat
;o ‘ , Kg
ADENOSINE ' - Ki (nM) - - Kij (nM)
' ' ‘3’1 | '
NBMPR | ‘ 2.8 . 2.4 .
‘ (1.0 ~ 7.6)", (0.2 + 14.4)
Dipyridamole .78 13600 _
(60 - 101) (1600 ~ 8500)
Dilazep . 8.8 . 260
(5.9 ~ 13.2) (109 - 579) .,
Ki (uM) = - KD (M)
Diazepam 27, : . 52 BN
’ (11 ~.68) - (20 - 1471)
2-CHLOROADENOSINE : - Ki (angf'
NBMPR o ’ 3.4
. (2.2 - 6.9)
bibyridamole | 70
’ (58 - 94)

"Inhibition constants are the ‘geometric . means (95 . %
confidence 1limits) of Ki values obtained obtained from 3.
separate experiments performed in quadruplicate.



IV. DISCUSSION

Although many studies have measured huclgoside "uptake"
in heart; the 'pfesent study is the firsc tg%e*éming the
'transport of nucleosides 1nto ¢ardiac cells. Tnt‘studies
that fail to measure initial rates of nucleosxde uptake, the
measurements 6f permeant {nflux cam be'44nflqenced by
permeant metabolism,"_c0untérflﬁxes : of pe:meant on
. metabolites, or diffusion 'of the pe:meant through ths
sextracellulas compartméﬁts of VthesltiSSUe -to the séte of.
transport. The usé of a dissociated ventricular xmyocyte
preparation ™ for the present ‘study aliowed. (a)'iditsct
measurements of nucleosiae transport using ;inigﬁgl uétake
"rafe" methodology, and  (b) indirect_kséudy; using’vNBMPR
‘binding techniéues. , I . \ B

A compafison of drug- 1nduced 1nhibition of NBMPR
‘bxndxng end nucleoside transport valxdated the use ofg NBMPR
as a hxgh affxnxty b1nd1ng probe to study the nucleosxde

txansport system in heart The affinity iof' a number'-df

drugs.ifof NBMPR s1tes vas found to be'pfedictiye,of‘;heir‘
xabxlxtles to’ 1nh1b1t nucleosxde tra sport 1nd1cat1ng that

-

NBMPR b1nd1ng sites are 1nh1b1tory s1tes assocxated with the~
npcleoszde.transport system. 2

;Sbecigsf diffsfehces-'in both.npcléqside-tfansport ana‘
NBMPR&bingﬁng were fouhé. Rat m§GEYtés,  fn Csﬁparison ﬁo
guihea(p;g myosytes‘ had a signikﬁcantly iower maximai-NBMPR
' binding capacity and also possessed a lower maxlmal rate of

_nucleosxde ' transport. In ra£' myocytes, dxpyrldamole“

88
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possessed a lower affinity for both NBMPR sites and the

transéort brocgss as compéred to 'gpinea .519 mydcytég.

: Convérsely, adenogiﬁé posséssed'a higher ?ffini£y for NBMPR

sites and ;thé .transport proééss in rat myocytes than in-

guinea pig myocytes. The present study indicaﬁes that in

IS
heart ' tissue heterogeneous transporters exist. Further,

2~chloyoddenosine was found to be a substrate for the
nucleoside transport process.

|

A._Tiésue Preparationé and Methods

\

Ventricular MyoéytevPreparatioq , Ly

| The ,method chosen for the pfepa%étioh of both guinea‘
big and  rat myocytés was a cdllaéenaée digestion’procédure
bsing 'the_jnangendo;f perfusion - technique,l foliowed . by‘
mechAhicaIVI agéitation. 'ﬁnfortunatély! thére_hafe many
qunown féctprs involved in thév‘préparation of'ﬂmfoqytés.

For example, it has been shown that contaminants in crude -

COllagenasg,‘con;;ibufehAto ;ﬁe diéruption ‘of }gdnﬁective
‘éissﬁe# ?dﬁrihg] myoéYte preparation (ﬁond }969;-Dow et al;
v1§81),;,§oilagehase. COnéentrations,'jﬁedia‘ and ‘inéqbationv.
\ timeé< were ‘éhosep for ;this"stﬁdy _sélely ta prééﬁée she‘
:highes§ prssiblef1QUaliFy of :qé;is. - The' final )‘methoé"

'proqﬁced-‘relativelyl'high' cgl;.fyiglds (app:oximately 10

million cells per heart) and‘befween 70 and 85% ’éiébilify
o ) , , , : S \
| (as ‘determined by the rod-shaped appearance and trypan blue

o o o R . S
exclusion of viable cells).. 'Within experiments that
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employed myocytes in replicate assay mixtures, the order in

whic those mixtures were assembled was‘randomized in order

to avoid a bias due to the time-dependent loss of viability
f [ 5 s

(< 5% per hour) in the myocyte preparatxo S. . .

A possxble dxsadvantage of the: pro edure' chosen for

myocyte preparatxon - is the lack of tolLrance of the cells ~

obtained to physxolngcal calcium 1on concentratxons. This

phengmenon‘ is known as the calcxum paradox Thxs occurs

"‘when cells are exposed to calc;um free medxum and followirg

‘the rexntroductxon of calcium," substantxal\damage to cell,

membranes occurs (Dow et al. 1981). It is Vimportant to

——

note, showever, that the absence of calcium does\not seem to

' A [}

- A3
influence [’>H])NBMPR b;ndxng (Hammond 1983) or nucleosxde

-transport (Ford et al. 1985) . High yields |, of

calcium-tolerant ventricular myocytes would have  been

T . : | ‘ |
diffiCult to obtain. Many of the studies reporting the

preparatxon of calcium- tolerant myocytes (a) often do not

» | —

A ‘
require h1gh percent cell viability (as in the use of

2
&

myocytes for electrothsiological studies) or (b) produce

v1able cells in too few a number to be useful in biochemical
L
assays. In light of more recent reports of ca1c1um tolerant

preparat1ons (Lundgren g{ngf 1984), it may be advantageousg

vfto pursue such methods in the futurk,

+

1

Collagenase Treatment

~

Collagenase dzssoc1at1on procedures are commonly used

“in the ‘.preparation VOf cells~ for electrophysiologicai.
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(Belardinéili“and Isenberg 1983) ané bigchemical (Capps‘et'

al. 1985; Wong and 0Ooi 1985) measurements. It has been
‘peportea that cells prepared with lrude ) érotease
p;epapa;ioﬁs méy lose their glycqcalix'layer nd often their
surface proteins (Ryan et al. 1980). Theretore it is
conceivable that the use of crude collagenase prepacations
to dissociate myocytes froﬁ the connective tissue and other
cells of the heart may degrade cell’ surfacé ﬁ:oteins
‘ ;ssociated ‘with NBMPR binding sites and/or the-nucl@oside
transport  system. | Lowered ‘ NBMPR site density‘ in

collagenase-treated guinea pig membranes and lowered NBMPR

affxnzty in collagenase treated rat membranes 'as compared

to pal:ed .control preparatxons,’

would indicate that
' collagenase treatment may p have gffected NBMPR  binding
proteins. Although ‘it is conceivable that proteolytié
déma?é durihg collagenése‘tréatment could have reduced the
afffdiﬁy of dipyridamole for the nucleoside transport systeé
in F;t myocytés,‘this is unlikely for the Eollowing reasoms:
| (1) The’ ¢ondi€ions to ﬂwhich the collagenase
.treated membranes were exposed in this study - were
iprobably much hafsher than the myocyte preparatlon
cond1t1ons~ | I
(2) while antriculéf myocyte prepérationﬁ‘contain
only. One. type of cell, -véntricular membrane
preparations contain frégments -bf a Qariety of -
cells including smooﬂh muscle aﬁa ehdothelium."lt

is pdssible that collagenase treatmént‘may not

)

]

f

r



‘haQe a similar effect on all cellular components;
«(3) a .previous report of expéfimenté,with ‘équiaq
membrane preparatiofs (Williamé‘ et aj. 1984) in
the ébsence of collageﬁase treatment has indicated
.that (a ‘specieS'diffErendeslexisp with respect to
dipyridamole affinity for NBMPR sites, (a lower
affinity for sites in rat membranes as compared to
those in guinea pig membpéhes was observédi, and
(b) specieé differences ' exist with"respect to
adenosine-~affinity for‘NBMPR sites. The higher

affinity of adenosine for - NBMPR sites on rat

a
[

myocytes as compared to guinea pig‘ myocytes is
also consistent with previous‘findings in heart
(Williams et al. 1984). ‘ ' A

In addition, as both NBMPR binding and adenBsine transport

' can be examined using ventricular myocytes, - comparisons of .

these processes,iirrespective of the effects af collagenase,

. A

may still be made, and thus, provid useful knowledge of the

functional characteristi¢cs of 'NBMPR sites and nucleoside

-~

transport in cardiac cells,.

NBMPR Binding Techniques‘

~

. Although lfgand-binding‘éxpgriments a;e,'morei commogly

performed .using c;udea“mgmbrane préparatipns,‘the stbdy‘of

" 'NBMPR binding to intact cardiac cells;didi not pfeseht any

appatenf difficultieé.‘ An additional benefit of using

myocytes was that bound ligand - could be répidly removed from
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fﬁree ligand by rapid (.15s) ?ehtrifugation."sinee the use of

viable = dissociated myobytes * was  mandatory for the

measurement of nUClECSA?ﬂ influx rates this ‘tissue was also
used to study NBMPR bxnding so .that these processes could be

directly compared in/the same preparation, _— co

L]

Free [? HJNBMPR was calculated "by subtraCting total

binding (aftér one’ wash of  the pellet) from the initial
‘ e : - ,

amount of 1igand added to the assay. This value may be an
' Y /,’ . “ - '

,overestimation/of the actual free ligand concentration at

/

7
LY

‘equlllbrium,JfSince the washing ‘step may remove nonspecific
binding, and thus, decrease total pinding. A better Amethod
for determinxng‘ free '1igand concentration at equilibrxum

b

would be to assay the supernatant concentration of llgand

\ ' t

fOLlow;ng Centrifugation but, prror’to washing the pellet.

n

Nucleoside Influx Studies
L/ \

; iime‘ courses. of nucleosxde uptake represent the‘
aceumulation of radiolabelled subsﬁrate over relatxvely long
/ (several min) incubation 1ntervals. These measurements are
‘pften 1nfluenced by other processes be51des the faeilitated.
transport of. . nucleosxdes, as has been descriped in the‘
fintrodUdtion section of this thesis. For ‘this ‘reason;
radioactivity derived from radiolagelied nUcleosgdes:often .
oonCentrates.inside cells during long incUbation intervals.'
_Time-course experiments vere USed to determine the time

k1ntervals which permitted the measurement of .initial rates

of nucleosxde 1nf1ux. A 155 incubatiqn interval, chosen for
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- \ @
the transport .studies, - ensured that’ 1n1t1al velocltxes of

! gl '
xnflux for each"substrate concentratxon were measured and
that nucleosxde ptake ‘Qas less than 20% of'cne value at‘

' n

whth the intra- and extracellular substrate concenprations

would have been-at equxllbrlum \h; 8 .

v
N 1 J

The cold lnh*hxtor ~stop” used to termlnate nucleosgde‘
influx intervals 'was effective andlxmmedxate; as xndxdated
| by . the fact that time-courses pﬁ ‘nucleoside uptake
extrapolatedvvﬁhrodghj time ' zero. High 'concentpatiyns of
nucleoside transport inhlbitors have been shown to stop the
influx of nucleosldes, rapidly‘(Patersop,ef‘al. 1983). In
the présenf experimehtsh in addition to NBMPR. and . dilazep, a
high concentratjon of un%abelled permeant was used in the
stopping mixture Thxs reduced the specific radxoactxvxty
’of the ext:acellular labelled permeant and thus, minimized
inward diffusion of radxolabel.

The 'component of nucleoside. influx that was not

-inhibited by high concentratjons of nucleoside transport

s
pa—

inhlbitbr"(SUChl as 20 uﬁ NBMPR:or 100 uM dilazep) is most
1i§ely due to the passive diffusion‘ of the nucleoside.
Tﬂerefore, trensporter—mediatea entry was deﬁermined as the
‘dxfference in the uptake of radlolabel in the absence (total
uptake) or presence (nonmediated uptake) of nucle051de

transport inhibitor.
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B, EEMPRiBindﬂhg Consfahts'in Cardiac Héﬁbranes‘and ﬁyocytes
The ‘bindiné copstants obtained in. the present study
indicate that NBMPR binds wzth high affxnxty to an apparent
sxngle class of sites, on: both ventrxcular membranes and
ventrxcula: myocytes from guxnea pig and rat,. The product
of adenosine deamxnat;ongmlnosan, has been shown tglpg§séss

)

a lower (3~ 'to 4~fold) .affinity for NBMPR sites than

adenosine in guinea pig brain (Hammond .1983). NBMPR binding‘

was unaffected by adenosine déamindse indicating that

'

‘ adenosxne was not bexng released from cells 1n the assays in

concentratxons sufficient to compete with" NBMPR for its

binding sites. ' The K4 and Bmax values for [’HdNBMﬁﬁ‘binding'

to guinea pig and rat ventricular membranes were sfmila;y\to
those of Williams et aj. (1984). However, these species

exhibit'differences in maxxmum bxndxng capacity in. both

membrane and myocyte preparatxons Wh11e ~an 8-fold greater

maximum [°? H]NBMPR bxndxng capac1ty (Bmax) was obtained -in

——

gu1nea pxg membranes, as compared to rat membranes, only a

2 fold dxfference was obsgnved thh myocyte preparat1ons

.
f%@? these  species. <§his may be explalned by the.

dxfferences in\,cOmpogition_ of 'these  two - p:eparat;bns.

Cardiac membranes (P, fraction) are 'a crude preparation

composed of f}éghéﬁfs of ‘hany~ cell types; while the

[
»

'ygntriéﬁlér 'myocyte"prepafation‘contains cells of only ore

ﬁjpe; It is important that this distinction Qe made when

cdmparing results -obtained with crude heart membranes or .

intact heart and those obtained with ventricular myocytes.

N-
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C. Nucleoside Transporter and NBMPR Binding Sites

Adenosine and 2-chloroadenosine are substrates for the
hucleoside tranSp6rt system in ﬁxocftes and enter cells via
a saturable and inhibitable pgocess. These nucleosides bind
in an apparent competjitive manner to NBMPR sites on these
cells and on membranes, indicatih§ indirectly that they have
affinity for the transporter in cardiac tissue, Definjtive
evidence that both adenosine and 2-chloroadenosine are
substrates for the cardiac gucleoside transporter  was
obtained by measuring’ nucleoside ‘fluxes directly in
myocytes, The result showing that ~NBMPR  or dipyridamole
possessed a similar potency to, inhibit adenosine‘ and
' 2-chloroadenosine transport into guinea pig myocytes is
evidence that both pucleosides ére substrates for the same
transport précess; A | recent 'study has shown that
2-chloroadenosine is a supstfate for the nucléoside
£ranspo;t s}gtem in human e}ythrocytes (Jarvis et al. i985).
It waé éhowh.that the Kﬁ for42—chlopoadenosine transport was
similar to the Ki for 2-chloroadenosine-mediated inhibition
of uridine transport (Jarvis et al. 1985). This is further
‘ evidenceAthat 725¢hloroaaenésine is. a substrate for the
‘facilitatgd H'diffusién‘i nuclqoéide " transport system in
ﬁémmaliaé ti§$uéi"The demonstration that 2-chloroadenosine
binds . to NBMPR sites (Ki= 14.M) on guinea pig CNS membranes
'"(Haméa%a and Clanachan 1984a) would suégest that it may also

be  a ‘substrate for the nucleoside transport process in

brain. It is clear that the failure of nucleoside transport

O
A
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inhibitors to potentjate adgnosing receptor~mediated'effects
of -é"chloroadenosine may no Jlonger be attfibuted to
2~chloro§denosine's inabili§y to be carried by the
nucleoside ' transpor£era This will . be .discussed
subsequently.

2~Chloroadenosin§ possesses a higher affinity than
adenosine for the transport process in guinea pig myocytes
and its Km (36uM) for transport is similar to its Ki (22uM)
for inhibition of (*HINBMPR binding. These values are in
close agreemenﬁ with those obtained by Jarvis and associates
(1985) with human erythrocytes. The affinities of adenosine
for the transport processes in guinea pig (Km = 146xM) and
rat (Km =+50uM) m;;qytes are in a similar, range to values
reported in .recent studies of adenosine transport in a
variety of cell types (Lum et al. 1979), but also of lower‘
affinity than yalues reported in other studies (Paterson et
al. 1985). A number of other studies qsing heart tissue
(Hopkins andvGoldie 1951; Olsson et al. 1972; Mustafa 19797
Bowditch et al. 1985a5 have reported higher \affinities (Km
values of 1 to 10uM) for adenosine. Howe?er, these studies
employed long incubation intervals and thus Qerg most likely
measuring the’'total intracellular accumulation of substrate

and metabolites rather than 1initial rates of adenosine

influx. The Km values reported for adenosine accumulation

.

in those studies are in close agreement with the Km of
adenosine for adenosine kinase (0.5 to S5uM).

~
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Adenosine kinase was most likely responsible for the
apparent concentratjon of radiolapelled permeant seen at
longer” incubacion' intervals (greater than 60s) used during

/nime~coﬁrse p;otocols in the present experiments with
myocytes.  This 'may have been due to the intracellular
‘conQersion of adenosine to impermeable lnucleotides. The
role of adenosine kinase is confirmed by the demonstration
that in guinea pig myocytes the radiolabel derived from low
concentrations of adeposine (such as 1uM) close to the Km
for adenosine kidefe éoncentrated to a greater degree than
higher concentrations (100uxM) which would have saturated the
enzyme. It is unclear whether 2-chloroadenosine is subject
to phosphorylation in guinea pig lcardiac myocytes. We
failed to shb? any concentrating effect with 100uM
2~chloroadenésine, while 1uM 2-chloroadenosine concentréﬁed
slightly (I.S-fola). However, it 1is unclear whether the
latter was. due to kinase activity or~erro; in es£imatihg
intra- and extracellular substrate concentrations. Other

?orkers (Yamanakas et al. 1984) have shown that it is a
substrate for adenosine kinase (and other kinases) in
cultured human splenic B lymphoid cells. ;t is clear,
however, that initial rate methodology is.necessary to make
ldirect measurements | of: nucleoside transport without
.interférence of other metabolic procésses. .
The maximum velocity of - adenosine transport 1is a

function of the carrying capacity of each individual
ﬂ .

transporter as well as the total number of transport sites.
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The current finding that guinea pig myocytes possess a

2~fold.greater maximum [‘H]NBMPR binding capacity 'and a

3-fold greater maximum velocity of [’H)adenosine transport,

as compared to rat myocytes, indicates that [ *H]}NBMPR

binding 'site density should be predictive of the density of

tranSport.s{tes\ This is ev;dence thatd in these cells,

NBMPR si#es afe closely associated with the nucleoside

transpopt'éystem, as has been previously démonstrated fof
some other cells, such as erythrocytes, . ~Preliminary

evidence that NBMPR sites are closely associated w}th
functional nucleoside transporters in heart has previously
been reported (Williams et al. 1984). The finding that

guineal pig membranes possésSed an 8~fold greater [’H]NBMéR.
- binding capacity, as compared to rat membranes, was
consistent  with - the 6-fold difference in ”nucleosidg
transport-dependent accumulation™ of [*H]adenosine into
intact ventricular "chunks“‘from these species.

The adenésine translocation capacities for guinea ‘pig
and rat- myocytes, calculated by dividing the maximum
velocity of nucledéiqg transpo;; by the maximum NBMPR "site
density (assuming .a oﬁe-to—one relationship between NBMPR
sites and functional transporters), are approximatély 17.
molecules of adenosine per site per é and 16 moleculég of
‘adeﬁésine per site pef s, éespectivelym The values obtained

with myocytes are lower than those obtained for the

A

translocation capacity of adenosine in human erythrocytes

—~

(approximately 60 molecules adenosine. per site per s; Jarvis:

N



capacity of cardiac transporters is Jlower than those in
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et‘ al. 1982a; Jarvis et‘al, 1985). The 2-chloroadenosine
translocation capacity im guinea pig ventricular myocyges is
approximatelyNB molecules ber site per s; which is‘élso less

than that obtaéned (Jacvis et al. '1935) for  human
erythrocytes (33 molecules per site per-s8). Thus it can be
concluded that cardiac myocytes, like many species of
erythrocytes (such as human), posséss high affinity NBMPR

sites that are closely and functionally associated with the

nucleoside transport system, However, the translocation

" erythrocytes.

D. Drug Affinites for NBMPR Binding Si&es and the Nucleoside
Transport Process | |
Species differences exist wiﬁhfﬁgspect to the affinity

of various' known nucleos}de' transport inhibitors and

nucleosides for NBMPR sites in heart. While diazepam bound

with similar affinity to NBMPR sites in both guinea pig and

rat myocytes, dipyridamole, and to a lesser extent, dilazep

possessed‘ a ' higher affinity for NBMPR sites in guinea pig,

as compared to rat. This indicates that heterogeneous NBMPR

sites may exist in cardiac cells. Dipfridamo}e has §150'
been ;hown to possess a lower affinity for NBMPR sites in
cardiac membanes (Williams et al. 1984), brain'(Hammond"and
Clanachan 1985) and luﬁg (Shi et al. 1984) from rat, ‘a§

cqmparéd‘ to guinea pig. Previous studies have shown that

- - ' . » . s : g \ 3
dipyridamole is also a much weaker inhibitor of adenosine
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"uptake”™ into rat erythrocytes (KOIéssa .and Pfleger 19785)
and rat ventricular "phunks“ (w{lliamslef al. f984) than
into similar preparagioné f com guinéa‘pig. _
Drug affinity for NBMPR biq&@ng simes~bé,ventricular,
myocytes has beenxfoupd to be predictive of the agensz
ab\iity to inhibit nucleoside fransgort in these gells;  Pn

guinea pig myocytes, the Ki ’%a%ueS'

»

fopl dipyridamole~, :

dilazep~ and diazepam-mediated inhibition of [’H]Nﬁ?PR4'

binding and [?H])adenosine transpbrt are similar. In rat-,

“a
—

myocytes, this'was also the case 'fbnA dipyrida@ole and.‘,
diazepam. However, in rat, dilazep péssessed a greater
potency to inhibit NBMPR binding than to inhibit .adenosine
transport. A possible explanation for this may $e that ~
dilazep‘Qas partially metabolized by eStetases released f?bm
cells in the transport assays (which pqssessed'a‘huch‘largér
cell density than NBMPRF binding assayg). However,‘it is
unknown why rétiéstérase activity would differ from tpat‘ in
guinea pig 'myécytes. Dipyridamblé is not a spbstra£e¢fof
ésterases‘ and did not gshow 'aiffefing Tpétencies for
inhibition ofy NBMPR binding‘ and adenosine transport iﬁ
either sbecies. ’;The fesults' indicate that . good
correllations ‘Exist between‘the drug affinities determined
from'NfMPR binding;and“ducleosidé transport méthodologieé
(Table 6). This /would indicate that, in myocytes; NBMPR
binding Ei;és ‘are Einhibgtory sites associated with the
ﬁuéleoside traqspoﬁt systém. and thé; NBMPR site occUpahcyf

results in‘inhibitioh of nucleoside transport. Preliminary

|
1
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i

- Table 6. omparison »+ of the. affinities of  NBMPR,
- -dipyridamole, dilazep, . "diazepam," adenosine and
2-chloroadenosine for the nucleoside transport systems of
guinea pig and rat myocytes derived from [*HIJNBMPR binding
studies and from transport studies utilizing [’H]}substrates.

\

Drug ‘ -’ Guinea pig Rat

N - ' Binding Transport Binding Transport
'NBMPR 5 0.76 nM' 2.8 nM  0.40 nM' ¢ 2.4 nM
Dipyridamole 75 nM 78 nM " 1700 nMV 3600 'nM
Dilazep 6.8 nM 8.8 nM 34 nM 260 nM
Diazepam - 36 uM 27 uM. .43 uM 52 uM
‘Adenosine o 318 uM 146 uM? 35 uM 50 uM? .

" 2—Chloroaden‘ine 22 .4M © 36 uM?

!

- . . . L .
Values are geometric means of 3 to 6 separate experiments éz
duplicate. Drug -affinities for the nucleoside transporter
are represented by Kd', Km? or Ki values as appropriate.

&
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evidence for this observation has previously been presented
for heart by Williams and associates (1§84), who found tnat
. \ ; \

the affinities of .various transport - inhibitors for NBMPR

l

sites ' on guinea pig cardiac tissue were sxmxlar to those

obtaxned for xnh;bxt;on of. "nucleoside transport~dependent
* accumulation” of adenosine . The results _obtained with
ventricular myocytes argue that NBMPR sxtes in heart tissue

are functionally coupled to the nuoleos;de transport system

. LY

"

" in an inhibitory' manner.

M

fnhibitor ldepletion'was not accounted for in transport

inhibition assays. Depletion due to specific binding to

NBMPR sites in assays containing ' 500,000 cells can be
calculated to be as much as 0.7 pmoles and' 0.4 pmoles  with

guinea pig and rat myocytes respectivelf NonSpecific
bxndxng of inhibitors may result 1n addxtzonal Beplet1onl'in

i#thaf assays. Taking into account this, logs af free

inhibitor, ‘the inhibition constants for NBMPR-mediated

inhibition ‘of nucleoside transport would be’much closer to
the Kd values for NBMPR binding. /;‘?;

i

Speczes dxfferences exist wzthrrespect to the affznzty

1

of adenosxne for the nucleos1de transport system.f‘Adenos1ne
possessed a hxgher‘afflnxty for NBMPR s1tes on rat,myocytes,
as compared to guznea pig myocyt:es,‘| and also‘ possessed a

.'higher aff1n1ty for the nucleosxde transport process in rat
; [, ‘
chan'gulnea‘pxg. Aden051ne-mediated inhibition of NBMPR
' . . .’ '

_fbindiqg was not affected by deoxycoformyc1n (an adenosxne

deaminase 1nh1b1tor) in e;therv.specxes of myocytes, . and®
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therefore, it is wunlikely that adenosine  was being
metabol;sed by endogenoﬁs adenosine deam}&ase in q&Fse
.assays. In addxtxon, intfacellular 'metabolism of . the
permeant was avoxded in transport assays by usxng "initial
rate” methodology (paterson et al. 1981) The s;mglar Ki
and Km values obtalnqd §95_adenosxne in both species‘ﬁould
indicate that the inhibitory site and the permeation site of
the ‘nucle§side transport complex A:e simitar. This is

further substantiated by the finding that 2-chloroadenosine

also possessed a similar affinity fot NBMPR sites as for'the

[ ' )
4

transport process.

E. Potehtiatipp of Nucleoside Actioﬁs
| The demonstrggioﬁ that‘zéchloroadenoginq and adenosine

~ both enteg " heart ‘célls by a“saturable process, which is J
1nh1b1ted by agents such as NBMPR or dipyrﬁdamgle ‘hheféggj

only the actzons of aden051ne are' potentxated by nucle051de

»‘»‘

t;insport 1nh1b1tors, would: appear to ~raise °~ doubts
concerning the’ mechahism of transport inhibiterinduced
potentiation of adenosiné vactions.. ‘However, using the'”
| transport kinetic \constants obta1ned for 2- chloroaden051ne
"and adenosxne and thelr ICS ., concentrat1ons (Clanachan and
Marshall ‘1980) for .the reduction of 1somefrié.tehsion 6£"
‘électricaliy driven guineé pig left atria.(0.0SuM and 191uM,‘
i_réSpectiQely),v,phe Velociﬁies of inhibiéable transport of‘f

these sdbstrates can be calculated to be' 0.016 pmbles

‘Z-ChloroadenOSing/IO‘ cells/s and‘13;6 pmoles adénqéihe/lO‘
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cells/s. ' This indicates that at their Equifeffective

concentrations in heart'tissuev the velocity of adenosine
trensport would  be apprqx;maCely 850- ~fold greater than that
of 2~ Chloroadenoslne. This difference may be further
augmented et prolonged jincubation intervals (greater than
605) used in contractxlxty studies, where total- inh;bitable
entry of adenosine may be additionally enhanced .bj
'concentrationl effects due to intraceilnlar metabolic

conversion- to .impermeable nucleotides, Therefore, in

experimental systems where 2-chloroadenosine possesses a

¢ ‘higher potency than adenosine (such as in heart), the

removal of nucleoside from the ‘vicinitY' of adenosine
receptors by transport and '~subséquent intracellular
metabolism would be lower for 2-chloroadenosine than for

\

adenosine. Therefore, ¥ should not be unexpected that

“nucleosxde transport 1nh1b1tors exert a greater potentiation

of the effects of adenosine than those. of 2 chloroadenosxne.
Interestlngly, calculat1on of the transport 'veloc;txes 'of
" these two substrates at comparablelconcentrations‘lesslthan"
70uM reveels that the influx velocity of 2—chloroadenosine
is . sligntly greater.than'thet of»adenosine. Therefore; in

systems where adenosine and 2—chloroadenosine posseSs

.

‘equivalent‘ potencies at . aden051ne receptors, 1t should be

expected that both agents would ‘be potentlated by nucleosxde

transport 1nhxbxtors in a similar manner.
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F. C&ncluéions
Dissociated ventrichqr myocytes from guinea pig .and
rat were used to examine [’HJNBMPR binding and initial rates
of nucleoside uptake. [’H]NBMPR'onnd with high affinity ‘to
a single ‘class of. sites in both species. Adenosine and
“2~chloroadéndsine‘ were foﬁhd to be ‘sﬁbstrates for the
cardiac nucleoside transport bfocéss, entéring cells in a
saturable and inhibitable mannef} Following;long incubation
i&teryals, the radioactiv;ty dégi{ed from radiolabelled
adenésine'concentfated within ﬁfdcytes, indicaging‘ that it
may haveﬂ been phospﬁorylated.‘ For gquinea 'pig’ and rat
myocytes, the‘maximum NBMPRIbindihg site densities1 {Bmax )
were about prbpqrtional‘to the maximum adenosiné transport

capacity (Vmax), suggesting that NBMPR sites are closely

associated ' with the nucleosidé transport. system. The

similar drug potencies for inhibition of NBMPR binding and
inhibition of nucleoside . transport demonstrate that NBMPR
sites are transport inhibitory sites in  ventricular:

myocytes, 1i.e. ~ NBMPR binding site océupancy results in
‘ - i

inhibition of ‘nuclebéide transport in these cells., In
aﬂaitian,"the“isiﬁilér aﬁfinities of substrates (adenésine
'and:2-chloroaden§sine)”for NBMPR sités and -theg transport -
\prdcésé f indicate ;hét NBMPR sites aﬁé. the,'traﬂsport
permeation site may be similat (or closelyAféssociétep).
This\stuﬁ§ demonstr;tes that ﬁBMPR is a useﬁul,ﬁigh éffiqity
binding ’p;obe for the .nucleoside ‘transport system6 in

ventridular_myocytes¢
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Ihitial rate measurements of 2- chloroadenosxne uptake
confxrmed that lt is substrate for the transporter in guinea
p;g‘ myocytesr T@xs was predicted 'by the finding that
’2~chloroadehosine possessed affinity for NBMPR sites in .
ventricular myocytes. JThe  lack .g?/'potentiation“of |
sthloroadenosine,.actions at  adenosine receptors 5} '
nucleoside transport inhibitors may be explained by its low
transpért velocity at concentretions which would cause
receptor stimulation. | |

This study has not examined symmetry of the nucleoside
transporter actiVﬁty with respect. to substrates or
inhibitors. ' However, ventricular myocytes mey be " a ‘good
' preparation to examine these characteristics,. With. this
preparatjon, it may be pessible to 'study inﬂibitorsinduéq33
modification of the,‘releése and actions of eqdogenous
' adeﬁosine (such as during hypoxia—induced hfperem%e),

This study has demonstrated the existence Qﬁgspeeies
‘differences' with respect to nucleoside traﬁsédrt , site
density and transport capacity (Bmax éndlﬂvmex) between

' guihea‘pig and _rat mydCytes. In addition, ‘Significaht
differences”'in drug affinity for the transport system were
obtalned between these 'Species. . Should heterogeneity of

. transport ex1st w1th1n a spec1es or w1th1n an organ, it may 'ﬂ
be possrgle to modify selectxvely the actions of adeposzne.

If d1fferences in transporter site den51ty exzst transport_

1nh1b1tors may be utzllzed to produce greater potentlatxpn\}L\
re

in areas where site den51ty is greater  and theref

ro
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1

0

b

»

t;gﬁsport éabacity is also g:eatérn\‘ The discovery of
differences in drug affinity for transporters within a
spééies or organ, as determined by the use of binding btopes
such as NBMPR, may lead to the development . of sélective
' potenﬁiators of , adenosine ' action through selective

inhibition of adenosine transport.

:
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APPENDIX 1

“A. Composition of Buffers and Liquid Scintillation Fluors

(1) Composition of Assay Medium (Modified Dulbecco's PBS)

\

NaCl . (137 ) | 8 g/1
Na,HPO,.7H,0 . 2 (6.3 mM) 790
KClL » o (2.3m0) 7 200 mg/1
KH,?Q\ , | (j.s'mm) | ‘ -/200'mg/1
MgCl,.6H,0 A (0.5 mM) /100 'mg/1
Glucose’ ' , (10 mM) | ‘//, '128‘g/l
PVP-40 | | . (5% . . 5049/
~Adjust to pH 7.4.with NaOH. PVP-40 = polyvihylpyrolidoée.

~ (from Dulbecco & Vogt 1954)

-

e

(2) Composition of Joklik Medium

Mng;.7H,0 - '\ (1.2 mM) | 0.296 g/1
D-L Carniting - (1.0 mM) 0.198 g/1
Na Bicarbonate =~ . (23.8 mM) 270 g/1
Adenosine o ' (0.1 mM) ' 27 ‘mg/1
'Tadfine- L "‘ " (GQ'mM) D © 7.5 g/1
_Giuco;e . " C _ | (50 mM) ‘ ‘9.0 g/1

Include 1 package of MEM Culture Medium (Joklik-Modified),
gfrom Gibco Laboratories, .im 1 litre of medium. Carbogenate
“and adjust pH to 7.4 with aOH. o

132
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. (3) Composition of Digestion Medium

To 50 ml of Joklik médium'add: v

a) 300 u/m; Sigma type V collégenaSe -

b) 150 u/ml Sigma type IA‘cqllagenase

c) 50 mg (0.1 %) BOViAe Serum Albumin (BSA)

X ". ' ‘ "/f

(4) c9mpo;i£ion of KB Medium

KC1 o o : (85 mM) 6.4 g'/i

K.HPO, / - (30 mﬁ) o 5.25 g/1

Mg30, .7H,0 f ' | (5 ) , * 1.29/1"

Taurine - . (60 mM) | 7.5 g/l‘

Glucose ‘ o ‘ (50 mM)" ~ 9.0 g/1
: ‘ - . o

Adjust pH to 7.4 with KOH. _

J

(5) Disruption Mediﬁm )

To 98 ml KB medium &dd: | |

PVP-40 | ; | (5" %0 | 5.0 g.

ATP ‘ : I | (5 hM) 1 2 0.2S‘§
:éyrUQat¢ : o : (S‘mM? S fu 55 mg”

" EGTA . o . (40 xM) 2 ml of 2 mM stock .
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(6) Tritisol Scintillant (4 litres)

PPO I , 12q
poPOP . o | 800 mg
Xylenes | o ,§§ 2300 m1
Triton xaydo 1000 ' ml

' Ethanol’(SB'%) | v I’ : 560 ml
140 'ml

‘Ethylene glycol.

o iy C \'

PPO = 2,5-Diphenyloxazole .
POPOP = 1,4-Bis(5-Phenyloxazol-2-yl)~Benzene

(7) Toluene Scihéillant (2w1ifres) , ,

, 4 | . i ‘ v‘

PPO. \ . ) o | 10 g
POPOP 4 | " o © 400 mg
Ethylene glycbl MME . | ‘ 600 ﬁl‘
Toluene | 1200 mi

MME = monometﬁyl ether



