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The nucleoside transport system plays a key role in the cellular ‘e

‘ action of many physiological and synthetic nucleosides and inhibition

‘ )
of nucleoside transport has been invoked in postulates concerning the

X I - o
-mechanism of action of several drugs. el e P
e Characteristics of the nucleoside transport syatem of erythrOcytes

° and CNS membranes have been explored in the present study through an '

' 'yexamination of the siterspecific binding of a potent and selective

:'inhibitor of nucleoside transport nitrobenzylthioinosine (NBMPR)

'-f This high affinity probe has been shown to bind to transport inhibitoty

- sites of functional nucleoside transporters&in erythrocyte~membranes, 3

-1ef0ccupancy.-

e ,v-, . L

pfliand inhibition of nucleoside transport was proportional to site)'»

R

. , . L . i . B i’a'! ,'__\;-
In fresh human erythrocytes, and those of rabbit,‘monse, rat, and”"

/,

'?17;gu1nea pig, NBMPR bound with high affinity to a siﬂsle class °f SitES-
- i .

. HPThe maximal binding capacity, which was species dependent was

'fiimeasurenent of the inhibition of uridine transport;i

'¥

”’gjproportional to the maximal velocity of/zero-trans ipflux of uridine. fy
Inhibition constants for severél agents, derived from competitiona

,glfpexperiments with NBMPR, were similar to those obtained from the direct,f

hTherefore,‘]?}i"

‘?i:inhibition of the bindinz of NBMPR by a test C°“P°“nd is Pfedi°tive of

":f?the ability of that pound to inhibit nucleoside transport. géffl]§5f~

As measurement of nucleoside transport rates in CNS structures
R L B e
"Qc*presents several methodolOgical difficulties, the utility of NBMPR as f{

y”“;a probe for the CNS nucleoside transport system was inVestigated




, N . _ ' -
. 4 N . . P

NBMPR-bound with high affinity to sites in guinea pig CNS'
membrahes{. Regional differences in site density were apparent, but
subcellular distribution of the.sites was relatively uniform. _'J, ,

: Charscteristics of these sites, inclnding (l) the affinities of .

reoognized and putative nucleoside transport inhibitors, ‘such as

a

6athiopurine nucleosides, coronary vasodilators, benzodiazepines,;
b T ~

phenothiazines, and B-carbolines, (2) rates of association and drng* :

inducedechanges in rates of - dissociation of NBMPR, and (3)'ihhibitor-

and permeant-induced enthalpy and entropy changes of the binding site‘
S L

complex, were similar to the characteristiés of the NBMPR binding sites

located on transport inhibitory elements of the nucleoside transport |

" -~ "

‘ ﬁ'system in erythrocytes. The order of affinity of agents for\ybuPR

v v
sites indicated that these sites are’ unrelated to adenosine receptors ,
and high affinity neuronal' and non-neuronal' benzodiszepine
recognition sites. ff"
Membrane located high affinity sites for NBMPR were also detected
v . o
in rat dog, rabbit, and mouse brain.’ Kinetic and mass law analysis, \

: and competition experiments with dipyridamole, revealed multiple forms ~

ot' high affinity sites for mmrs m several species"" LA

ciass of site o

'ikv was identified in rat rabbit, and dog brain which displayed a low

fil nucleoside transport systemsr ;f:ai“”

affinity for dipyridamole. TR e ,.1

'h Zzhese results suggest that _”i;R is a useful probe for the ?,n

nucleoside transport system of erythrocytes and CNS membranes. oi,,v_q

Multiple forms of NBMPR sites may indicate the existence of multiple

. _\-b,’-..,

T
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I. INTRODUCTION | ’ . ¢

A. GENERAL

Adenosine,‘a physiological nucleoside has been attributed a wide

variety of regulatory functions both in peripheral and central

neuroeffector systems (see reviews by Stone 1981, and Daly, 1982)

(

‘,These functions include autoregulation of organ blood flow, presynaptic

neuromodulation'of transmitter release, regulation of cardiac muscle

‘

excitability, control of neuronal excitability and regulation of

‘

a

post—synaptic receptor sensitivity. Adenosine appears to producenmost “

. of its‘effects through sbecific extraCellular'adenosine receptors.

.(see review~by.5tone, lQéZ)land it is removed from the ektracellular

. ;media by transport into cells followed by enzymatic metabolism (see

v»review by Fox & Kelly, 1978) Inhibition of the nucleoside transport

a

system would, therefore be expected to potentiate the biological

: 'effects‘of.adenosine. Many structurally unrelated, pharmacologically

¢

'active compounds share the ability to inhibit cellular accumulation of ‘
: adenosiue and potentiate adenosine effects. These compounds include

w16 thiopurine nucleosides, coronary vasodilators and benzodiazepines.-

e

| .Inhibitors of the nucleoside transport system would also prevent the

7

'-cytotoxic effects of various nucleoside analogues which require

'V.transport to gain access to their intracellular sites of action.,

This introduction commences with a brief review of the biological

: effects of adeaOsine and the role of adenosine receptOrs. This will

be followed by an overview of the enzymatic metabolism of adenosine \

-

{

:hexamination of the pharmacology of ‘gome’ recognized and putative

fﬂiﬂUC1B°Side transport inhibitqrs will then be undertaken., The final

75*\4 |

;;fand a detailed descgiption of the nucleoside transport system._ Aﬁ;;}--‘;



’
section of this introduction W1l deal with the problems associated

’ ’ »
“with conventional nucleoside transport studies. In order to "tircum-

vent these problems, nitrobenzylth101nosine (NBMPR), a nucleoside

w’

transport inhibitor' has been advocatedras a high-affinity probe. for ~

the study of. the nucleoside transport system. Evidence in support of

[

this use of NBMPR will be reviewed.
%

B. Biological Effects of Adenosine

One of the first regulatory functions of aden031ne to be

¢

rezognized and the one which has been the most eﬁten31vely studied

is the metabolic regulation of coronary blood‘flow (see reviews by

Mustafa,rl980 and Berne, 1980) . Adenosine is released under conditions'
of hypoﬁia .and produces‘a relaxation of vascular smooth muscle (Su, |
‘ 1975 Schrader & Bardenheuer, 1981) . This results in vasodilation and
therefore, increased blood flow to the hypoxic region Recent reports
u:;suggest that prostaglandins may - also be involved in the autbregulation
of coronary blood flow. Some of these effects of prostaglandins may
| ~be mediated through an adenosine mechanism. For instance,‘the vaso-
E constricting effect of the prostaglandin PGF2 is inhibited by A.

'adenosine (Karmazyn & Dhalla 1982) Also, prostacyclin (PGI ), which |

is known to produce vasodilation (Moncada, 1982), c'uses the release

'i of adena/ine from cardiac tissue (Blass et aZ., l9u0) ".fi
Adenosine—Fediated control of blood flow is not only confined to
b the-coronisy vasculature. It may play a similar role in the regulation
| of blood flow in ren&l tissue (Spielman & Thompson,,1982), adipose ;, o
tissue (Sollevi & Fredholm 1981), skeletal muscie (Proctor & Duling; |

1982) and in the brain (Winn et aZ., 1981a, Berne et aZ 981)



: ‘;1n the CNS (vzde tnf?a) i ;i“ﬂ?.' ¥ lj’ - R ?’%'

: periods of ischemia (W1nn et aZ 1979), Seizures (Winn et al. 1980)

' )‘ ' “‘, .
and atrioventricular ‘conduction (Belardinéllivet al., 1980).

: ¥

Release of adenosine from brain-tissue has been demonstrated during

or hypoxia (Winn-et al., l981b), conditions in. Wthh 1ncréased cerebral

blOod'flow would be beneficial. - A.smooth muscle relaxart effectrof '
: . .

;aden051ne has also been demonstrated in non-vascular smooth m écle,

including that of ileum (Dav1es et ‘al.,y 1982) and trachea (Colman, 1976)*‘

Adenosine has a potent depressant action on cardiac functlon \
= , — o
Negative chronotropic and inotropic effectS‘oﬂ,adenosine have begen

LN

vreported (Evans‘et‘al.,.19§2), asvhas‘anladenosine%induced_depression

i

of atrial and ventricular autematicity (Szemtmiklosi et al., 1980)

o

~.Adenosine also depresses the release gﬁ;neurotransmitters from
both cholinergic and adrenergic nerves (see reviews by_Stbne{ 1981,
and‘FredhOlm & Hedqvist,'1980)§ vThis»prESynaptic-actidn of'adenosine_ _

was first describedvby Ginsborg and Hirst (1972) nho7showed‘6hate

vadenosine was able toddepress~the spontaneous»and nerve-evoked release.~
‘of acetylcholine at the rat phrenic nerve—diaphragm Junctlon. '
_ Inhibition of neurotransmitter relegse byhadenosine and related com-

r‘pounds has since been described in a variety of - peripheral tissues _

(Sawynok & Jhamandas, 1976 Clanachan et aZ., 1977 Clanachan, 1979

,ﬁFredholm & Hedqv1st 11980; Stone,»l981 Gustafsson et aZ., 1981

’:{fEﬂas et aZ., 1981 Hom & Lokhandwala, 1981 Wakade & Wakade, 1982) and :

. :A.
It is will known that ATP is released along with catecholamines

S -

'bupon sympathetlc nerve stimulation and 1t has been suggested that

T'i.ATP and/or its metabolites, such as adenosine may function as f_f G

“,co—neurotransmltters (Burnstock 1976 Fredholm & Hedqvist 1980) or t

- Al N
-



modulators of adfenergic neurotransmission (Fredholm & Hedqvist, 1980;
Katsuragi & Su, 1982a). ATP itself may function as a neurotransmitter
in nonadrenergic-noncholinergic nerves ('purinergic Aerves'?)(Burnstock,
1975; Burnstock, L2?9af, although the evidence for this is as. yet
inconclusive (see reviews by Ffesholm & Hedqvist, 1980, and Stone,

. §

1981).

Adenosine may not only influence the release of neurotransmitters

but may also regulate the sensitivity of postsynaptic receptors (see
review‘by Fredholm & Hedqvist, 1989). éolck and Marks (1978) suggested
that the release of purines from nerve terminals might be important

for thé maintenance of postsynaptic alpha—aérenoceptor sensitivity.
Simiiarly, histamine receptbr sensitivity may also be regulated by
adenasine. 4-Methylhistamine, which normally acts selectively on

histamine H, receptors, also acts on histamine H, receptors in the

2 1

presence of -adenosine (Daly, 1976).

Substantial evidence has been compiled in support of the hypothésis

that adenosine also functions as a inhibif%ry neuromodulator 13 the
CNS (see review by Phillis & Wu, 1981c). As in periphéral neuro-
effector systems, adenosine appears to inhibit the release of neﬁro—
transmitters in the CNS (Harms et ail€:§g79; Michaelis et al., 1979).
Adenosine and related ‘adenine nucleoﬁides have been shown to be
potent depressants ofAneuronaP‘firing in, fof example, rat cerebral
cortex (Phillis et aZ;; 1979b), guinea pig olfactory cortex (Okada &
Kuroda, 1980) and rat hippocampus (Siggins & Schubert, 1981; Lee &
Schubeft; 1982).

Adenosine and adenosine analogues produce a variety of behavioural
: pa

effects in laboratory animals (Phillis & Wu, 1981lc; Yarbrough &

-y



v

McGuffin;Clineschmidt, 1981). Sedation is the most common ‘observation
(Crawley et al., 1981b; Dunwiddie &‘Worth, 19825. An anticonvulsant
effect of adenosine has also Been described (Mai&re et al., 1974) and
various adenosine analogues antagonize seizures produced by several
agents in mice and rats (Dunwiddie & Worth, 1982). These behavioural
effects of adenosine are compatible with the inhibitory neuromodulatory
role of adenosine described above. Additionaluevidence for.é behaviour
_modifyiﬁg role of endogenous adenosine comes from interactions between
adenosine and various behaviour modifying drugs such as opiates,
benzodiazepines;lantidepreséants and methylxanthines (see review by
Phillis & Wu, 1981c). _The behavioural/stimulant effects of methyl-
xanthines have been attributed to a blockade of adenosine-induced
neuronal dep;%ssion in the CNS (see reviews by Snydgj et1al.,.l981,
and Daly &t aZ;, 1981) and high concentrations of some methylxanthines
can broduce convulsions (Ritchie, '1975). Opiatés appear to enhance
the release of adenosiie from neuroneé and it has been proposed that
adenosine may‘mediate the ?guronallﬁePressant effects of opiate drugs

. i 3
(Perkins & Stone, 1980b; Wu et al., 1982). Potentiation of the extra-
céllular effects 6f adenosine due to an inhibiglon of adenosine uptaké

may be a factor in the therapeutic actions of antidepressants and

benzodiazepines (see review by Phillis & Wu, 1982). /

1

'S



C. Adenosine Receptors

Magy of the actions of adenosine appear to be mediated through
~specific exgracellular receptors (see review by Stone, 1982b). These
'receptdrs have affinity. for adenosige and various adenosine analogues
and for xanthines such as theophylline (seé reviewlby Daly, 1582).

Using gadiolabelled adenosine, or one of several radiolabeiled adenosinél
analogues, specifjic receptors for these ligands have been characterized.
+in membranes prepared from dog ventricles (Dutta & Mustafa, 1979), dog
coronary arterigs (Dutta & Mustafa, 1980), hoé carotid arteries

(Schutz & Brugger, 1982), rabbit aorta (Gha% & Mustafa, 1982), rét
adipose tissue (Malbon etval., l978),,capiliaries and pia-arachnoid
of rat cerebral cortex (Palmer & Ghai, 1982), and membranes prepared
from'guinea'pig, rat, ox, and bovine brainA(Schwage et al., 1979;
Bruns.ét al ., l980; Williams & Risley, 1980; Newmag et aZ.; 1981).
, The distribution of adenosine receptors in rat.brain has been visual-
ized autoradiographically using Né—cyclohexyi[BH]adenosine (Léwis |
et al., 1981). Stimulation of adegosine receptors, in general, seems

to result in a reduction in intr§q§llular Ealcium ion availabilit&,
ossibly mediated through a modulation of cyclic-AMP levels within the
cell (Seé reQiewlby Stong, 1982b, and references therein). Activation
of adenosine receétors in CNS neurones appears to result ultimately

in a hyperpolarization_of the cell membrane'(Michaélis & Michaelis,
1981). |

: ~

Adenosine and various adenosine analogues have been shown to

. increase both cyclic AMP (Sattin & Rall, 197Q; Davies et al., 1980b;

.vNimit'et al., 1981) and cyclic GMP-(Saito, 1977) lévels in brain slices.



Other cells also appeaf to havé adenosine receptors which mediate
cyclic AMP gccumulation. These include cardiac ceEIS-(Huéng &
Drummond, 1976), platelets (Mills & Smith, 1971) and YariouS'
cultured cells (Blume et al., 1973; Clark et al., '1974). Regulation
"of intracellular cyclic AMP levels méy be a ﬁeans through which
adenosine producés many of 'its effects. For instance, adenosiﬁe may
regulate fat cell metabolism by reducing cyclic AMP'accumulation,
théreby‘inhibiting lipolysis (Schwabe et al., 1975; Hjemdahl &
Fredholm, 1976)

These stimulatory and inhibitory effects of adenosine on cyclic
AMP levels described above indicate that adenos}ne may proéuce its
effects throuéh at leaép two distinct mechanisms. In this regard,
two‘distinct tybes;of extracellularladenOSine receptors have been
characterizgd.L These receptors have been désignated as Al and A2
receptors by Van‘Calker et al.,(1979), or és»Ri and Ra receptors by
Londos et al.,(1980). Ay (R;% receptors have & high affinity'for
adenosine and have been ‘shown to mediateﬁan inhibition_éf.adenylate
cyclase; whereas A2 (Ra)‘receptors have"; relétively lower affinity
for adenosine and séan to stimulate adenylate cyclase. These two
receptor tyﬁes exhibit a different o;dér of affinity for vafious
adenosine analogues (Londos eﬁ al., 1980, and see review by Daly,
- 1982), and atfenpts have been‘made‘to classify other adenoéine receptors
as Ay (Ri) or AZ (Ra) according to their order of affinity forbtheSe
' various compodnds. For example, the adenosine receptors mediating
pres&naptic inhi?ition of neurotransmission have been*repo;ted gp be

variety (Paton, 1981) and A, receptors, mediating neuronal

1 2

depression, have been characterized, on cerebral cortical neurones
@ o E

of the A



(Newman et al., 1981; Phillis, 1982),

An intracellular adenosineAreceptortitermed the P-site, h;s also
been described (see review. by Daly; 1982). The interaction of adeno-
sine or some adgnosine analogues with this P-site appearS’ta'féSui£>in
an inhibition of adenylate cyclase (see review by Daly, 1982).

Xanthines, such as theophylline, antagonize the effects of

adenosine which are produced through extracellular adenosine reééptors.

N Theophylling, however, does not biock the actions of adenosine on tﬁe
intfacellularvP-s%;e (see review by Daly, 1982). The presynaptic
inhibitory effects of adenbsing§on acetylthﬁline and noradrenaline
release can.be antagonized by-theophylline (Sawynok & Jhamandas,‘l976;
1Clanachan‘et al., 1977; Fredholm & Hédqvist, 1986;‘Gustafsson et al.,
19815. Adenosine-induced depréssion of neufonél.firing in the CNS éan
also be blocked byvtheophylliﬁe (Phillis et al., 1979a; Perkins &

" Stone, 1980a). Furthermore, theOphylline\and ofher xaﬁtﬁ&nes can
et : - :

themselves lower the firing‘thféshold of hippocampal neurones
(Dunwiddie et al., 19Bi)vpresﬁﬁably by'ﬁirtue of.their abiliﬁy to
block extracellular adenosine receptdrS‘(Dunwidaie, 1980} Dunwiddié 
et él., 198l)f This further supports the propOSal‘that éndogénbus‘
adenosine may play a'role.iﬁ the'reguléﬁion of.ne;ronal'e#citability-

(vide supra).



D. Metabolism of Adenosine

Since adenosine appears to produce many of its physiological
regulatory effects at extrecellular loci, factors which modulate
'extracellular;adenosine concentfations would be expected to mcdulate’
these effects. The’enzymetic tragsformations of adenesine occur
1ntracellulerly,vtherefore, inhibition of the nuc&eoside transport,
syétem involved in tbe}cellqlar'accumulatioﬁ of edehosine_may have f

N

a major effect on extracellular‘adencsine ccncentretioﬁs,- However ;
inhibition of'intracelicler‘edenosine;breakdown or poteﬁtietion of
.aden051ne synthesis would, 1n‘theory, also lead- to an increase in
4extracellular adenosine concentratidn duetto-adenosine efflux through
the ﬁucleoside transport‘system. |
Qne.possible sathwev fcr the5preduct on of adenosine is thex
“metaboliss of ATP tc ADP and AMP. AMP is’ subse;:ently converted to
adenosine by endo- and ecto-S'-nucleotidases (EC 3 l 3. 5)(see reviews
i by Arch‘&.Newsholme, 1978, and Dal_yg 1982).‘ Adenosine production via
this'pathway ocCurs5at‘a_much Higﬁersrate under‘conditions'of ceileiar ‘
high energy deﬁand (ArchT& Newshe;@e,'l9f8)g Another possibie.rbute
of adenosine formatienvinvclves the eazyse SfedehosvlﬁdmocysteinaSei
(EC 3.3.1.1) which cleaves S;aden68y1h0h0cysteine:to ﬁomocysteiﬁe'and

N adenosine (see reviews by Arch & Newsholme, 1978 and Daly, 1982)

Two enzymes involVed in the inactivation of adenosine are adenosine o

deaminase (EC 3.5. 4.4) and adenosine kinase (EC 2.7.1. 20). Both .
'enzyme systems are 1ocated intracellularly and therefore, adenosine
-‘mqst gainfaccessrto the cytoplasm'for,enzymatic.inactivation‘to qccurii»
Adenesine‘deaminase«coﬁverts adeﬁdsiﬁeﬁtc'}qcsinetené adeqesihetkrpese'
"‘cataiyses the4pﬁ08shoryletron effedencsine*;;fAMP_(Arch'&LNeﬁshq;me};:s'f

\
b
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1978; Daly, 1982). Since the piasma membrane is relatively impermeable
to nucleotides, phosphorylation effectively traps nucleosides within

) -
cells (see Elunkett & Cohen, 1977). Many_studies of adenosine '
metabolism have been conducted using human erythrocytes as these cells
have a rather simple internal endﬁronment due to the absence of
mitochondrial and nuclear compartments. In human eryfizocytes, it-‘has
been‘determined that adenosineAdeaminase.metabolizes»adenosinetat
‘a maximal rate (Vmax) ofiZOO to 4D0 nmol/min/ml packed cells‘(Argarwal
et al., 1976) and has a Michaelis Menten:cOnstant-(Km) for adenosine '
of 30 uM (Osborne:&‘Spencer l973); adenosine'kinaSe has av ‘of
30 to 50 nmol/min/ml packed cells and a K for adenosine of 0.7 uM

(Kyd & Bagnara, 1980) Using the above ‘values, it can be calculated

N
©

 that adenosine at concentrations greater than 5 uM would preferentially"

' be deaminated to inosine, whereas phosphorylation would predominate at

adenosine cOncentrations-less than 3 uM (Hawkins et al., 1979).

4

Therefore, in general phoaphorylation of adenosine predominates at

'_‘low adenosine concentrations whereas deamination occurs predominantly

at higher adenosine concentrations. These two’ inactivation pathways'
: appear to function together to influence both intracellular adenosine
”concentrations and the size of the cellular adenine nucleotide pool

4

‘f(see review by Daly, 1982)

The concentration-dependent metabolic fate of adenosine described -

‘fabove has led -some investigators to suggest that adenosine kinase may

be coupled to the nucleoside transporter in that. intracellular phos—

B /

:phorylation facilitates.the diffusion of adenosine across,plasma

-b’membranes (Shimizu et aZ . 1972) However, the presence of a rapid

‘nucleoside transport mechanism in cells which are deficient in

-

- 10
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nucleoside hinases (Green, l980; Plagemann et al., 1981) and the
kinetic properties of the‘enzyme itself (deFazio et al., 1980), suggest
that the nucleoside transport system 1is 1ndependent of adenosine kinase
and other nucleoside kinases. Similatly, adenosine deaminase has -
been~propose¢fby Agarwal and Parks (1975) to be closely associated with
the'nucleoside transporter of erythrocytes;. Recent experiments do not
.support this association‘and show that thebresults ofaAgarwal and
Parks (1975) may be explained solely by changes in intracellular
adenosine concentration which were produced by their experimental
methodologies'and tl*xe,r:ela't:iv_e?i.m and Vmax values of adenosine kinase

.

and“adenosine deaminase (deFazio et al., 1980).

E. ~Nucleoside Transport

B l‘ .
\./ o
The intracellular location of the enzymes (adenosine deaminase and

~ adenosiné kinase) involved in the breakdOWn of nucleosides suggests '
'that nucleosides must first permeate the cell membrane prior to

1metabolism. This permeation step is accomplished by a nucleoside
o

.specific transport system.

A problem with some studies which attempted to measure. rates of

o

c nucleoside flux across cell membranes is that they failed “to- distinguish

hfbetween nucleoside uptake and nucleoside trdnsport' In this thesis,c

hpthe term uptake will be used to describe studies which measure
ﬂcellular accumulation of‘nucleosides and’ their metabolic products;‘
B *This process involves both nucleoside transport and intracellular
‘.7.metabolism pf nucleosides._ 'Transport may be considered as the |

Vvinitiating step in the process of nucleoside uptake . The'term

,'transport' will only be used in this thesis to describe studies which.\

'\'ﬂ
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" measure 'initial' rates of nucleoside flux...In many cell types,'the

"transport of nucleosides is an extremely rapidlprocess and a steady
state of nucleoside flux is attained across the cell membrane within
a few seconds (Paterson et al., 1981; Plagemann et al., l978)-and,

~as .a steady state is approached, the‘rate of nucleoside uptake into;%s
the cell becomes similar to the rate of metabolism of 'free' iﬁtfa;
cellular nucleoside (see Lnn et aZ;,‘1979). Furthermore; as the intra-
cellular concentrations of influent nucleoside become Significant,
transporter—nediated back flux of nucleoside must be taken into -
consideration. Therefore, in order to study nucleoside 'transport’

'laccprately,in cells which have a high transport capacity,_nncleoside

nermeation rates must be-measured'during-the first‘few seconds after

adding‘the perneant to the systen; these time-courses define initial.

Lrates, which‘approximate~the rate\of nucleoside nptake at 'timefzero' ' .

upon the‘additipn or nncleoside permeant (Paterson et.al., 1981).

v The'driving force for nucleoside transport is the nucleoside concentra-
tion gradient across the membrane. This concentration gradient-begins
to decline immediately upon addition (i e. ,.'time zero') of a permeant
;o.the extracellular media- The difficulties associated:with the“

'measurement of the extremely rapid rates of adenosine'transport‘may

‘contribute to the*discrepanciesyin the'literature regarding‘the. -
characteriStics of'adenosine transport. For instance, Lum et aZ N

A(l979) described a transport system in P388 cells with a K for adeno—.

‘sine of 150 uM whereas Harley et aZ.,(l982), showed that adenosine has

. a kK of 15 to 30 uM for the tranSport systems of a variety of cell

’ types. 'It should be noted that .the methodology used by Lum et aZ

.(1979), in contrast to: that used by Harley et aZ., (1982) did not

‘.



allow the reliable measurement of transport rates at times of less;
than 2 seconds which may have resulted in a substantial underestimation
of adenosine flux, due to the influence of rapid.intracellular
adenosine metabolism. Similarly, a recent study by Chello et'aZ.,
.(1983), described two transport necnanisms for adenosine (xm values of
13 UM and 188 pM at 25°C) in L1210 cells and, as in the study by Lum
et al., (1979), these investigators were unable to measure transport
rates at times of less than 2 seconds. This limitation could nave.
resulted in artifacts due to raoid adenosine metabolism which may have

led Chello et al.,(1983), to suggest the presence of 2 distinct adeno-

&

| sine tranqurt systems in L1210 cells.. Only those studies which
measure'rates of adenosine flun using time?cOurses of less than 2
seconds_(see Harley et al., 1982) can be considered. as reliable
estimations of the characteristics of "adenosine transoort. The same -
holds true for transport studies using other nucleosides besides
adenosine as well. Relatively-non~metabolizable nucleoside permeants '
such as uridine or thymidine (Oliver & Paterson 1971 Ungemach &
Hegner l978 Kessel 1978) or. non-phosphorylating cells (Green, 1980
Plagemann et al., 1981) are often used in these studies in order to
eliminate the contribution of intracellular metabolism to the A |
apparent intracellular accumulation of nucleosxdes

Nucleoside uptake‘*has been studied in many different biological
systems including, among others, cardiac tissue (Olsson et aZ., 1972),.
’ platelets (Sixma et al. 1976), erythrocytes (Schrader et aZ s 1972
Roos & Pfleger, 1972), pancreatic islets (Welsh & Andersson, 1981),
3 astrocytes (Hertz,.l978), isolated fat cells (Fredholm & Hedqv1st
l979),caortic endothelial and smootn muscle cells‘(Pearson at‘al;,'1978L

4’,
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retinal cells (Schaeffer & Anderson, 1981) and chelinergic'synapses
prepared from Torpedo” electric organ ( ier & Morel, 1978). Due _,
to the proposed roles o; adenosine in the CNS as a neuromodulator and

a regulator of cerebral blood flow, there has been considerable
‘interest in the uptake of adenosine andlother nucleosides by CNs |
tissugs. Thymidine uptake has been‘demenstrated in bovine brain
microvessels (Spector & Berlinger;vl9§é)"and a variety of'nneleosides
are taken up in a carrier—dependent manner by meuse cortical slices
(Banay-Schwartz et al., 1980)'. Adenosine uptake by CNS tissue was
first demonstrated by Shimizu et aZ;,(1972), and has since been studied

~

"in rat cerebral cortical synaptpsomes (Bender et al., 1980; Bender

* _ .
et al., 1981) and isolated rat brain capillaries (Wu & Phillis, 1982b) .

Many'of the ‘above 'uptake' studies have indicated the presence of

more than one uptake system for nucleosides (Sixma et aZ.,vl976
T

Banay—Schwartz et al., 1980; Bender et aZ R 1980, ‘Welsh & Andersson,

1981;,Schaeffer & Anderson,.lQBl). For example, two uptake systems

\

forvadenosine.have been'described in° human platelets, one with’a Ki

ofv9.8iuM and a 'loy—affinity' system with-a K@ of 9.4 mM (Sixma et al.,
1976). In rat‘retinal cells, separateAuptakedsystems have been"

reperted for adenosine and guanosine (Schaeffer S Anderson; 1981).

These studiesﬂmust'be intetpreted with caution-as the contributions of

passiye diffuslnn and intracellular'metabdllsm tolthe_uptake~proeessesz %5
‘haQe'notubeen'entireiy delineatedbin'manyAcases;A Adenosine.also |
appears to adcumulate in rat cortical membranes by way of two.indepene
dent processes with K values for adenosine of 1 UM and 5 uM (Bender
et aZ 1980).. However,_in this study it was suggested that the lower‘

f-affinity system may be. located in glial cell membranes

-9



Initiai rate nucleoside~'transport' studies, as'defined above,
have been performed using mostly isolated cell preparations including
various cultured celfs (Harley et al., 1982), erythrocytes (Oliver &

" Paterson, l97l$,_lymphocytes (wierda &fPazdernik, 1981), and mouse;
leukemias (Kessel, 1978; Lum et aZ{; 1979; Chello et al., 1983).
However, a recent study has investigated adenosine transport into
guinea pig cortical synaptosomes using’nethodologies approachinglthose
suitable for the measurdient of initiai rates (Barberis et aii, 1981)
and these investigators‘described_one high affinityAtransport system
for adenosine with a K, of 21 uM and_a vmax of 257 pmol/min/mg'protein;
Many studies of'nucleoside transport have involved the use of erythro—
cytes which arekeasiiytobtained and prepared as homogeneous cell

preparations" The transport of nucleosides by human erythrocytes

displaysxkinetic characteristics which are compatible with a simple
B iated system (wubnlnd; & Rosenberg, 1961; Oliver &
f1971 Cabantchik & Ginsburg, 1977 Paterson et al., 1981).
:{e transport is reversible, saturable non—concentrative
& Paterson'i 1971 -Cass & Paterson, 1972 Cabantchik & Ginsburg,
;Plagemann et aZ s 1978) and can be inhibited by a varlety of
}nds such as dipyridamole and NBMPR (Paterson et aZ., 1980
;;uann;et al., 1981) The transport system displays a broad
;ificity in that it accepts as substrates a variety of purine and
| i'nucleosides (Oliver & Paterson, 1971‘-Berlin & Oliver, l975);nw
Adenosina appears to be the preferred substrate wit ‘a K value of
1. 4 uM for the nucleoside transpo;t system of human erythrocytes
(Kolassa et aZ., l978a) | | ’

Recent studies have indicated that two distinct types of nucleo- -d'ﬁ

e . . . 23




si&e ffansport systems may coexist in human erythrocytes (Kolassa e%

al., 1978a), mouée iymphocytes (Strauss et al., l977),,rét,hepatocytes
(Ungeﬁaqh & Hegner, 1978), and,@ouse LlZlO-céllsv(Chgllo et'ql*, 1983}.
In LlZ%Q cells in'culture3 ﬁhe 'high‘affingéy' tfansport systém has

a kK for adenosine of 13.9.uM and the 'low affini;y' system displays

B a K; qf 199 yM (Chello et al., 1983); ?oth systems are inhibitabie by
'NBMPR or dipyridamole (Cass et aZ.,r1§7h; Pgterson\et al., 1977y,

Kolassa et al., 1978a; .Chello et al., 1983).

| The transport of nucleosides is temperature dependent in that the
Kmrand Vméx'of'adenosinezfransport (both the 'high' and 'low' affinity
syéfems in human erythrocytes) increase with ;éﬁ?erature (Berlin, 1973; '
Kalaésa eﬁ aZ.,'i9785), as does:thévKm énd‘Vgai of thymidine ﬁranspor;

in cultured cells (Wéhlhueter et.aZ., 1979). Also, ﬁhé Km and Vmax 
'of.adeposine transpdrtvin human erythroeYtes‘decfease‘%; to.S—foldlwifhv
an increase‘in pH:frbm 7‘tq 8. Hbﬁever, when using adeﬁosine concen-
‘.tratidns le$§ thén.Z UH, the decfegse.inkvmax of tﬁe ;high affinity|
transpoft_System (wiﬁh‘inéreaéingfbﬂ) offsets the cbhéo@ifant‘ingxeasé.
in transporter affinity for adenosine and no overall chénge‘insadéHOSi;ev
' uptake'océurs'(Kolassa et al.; 197855.. At Higﬁer:adenosing,conéen—‘ |
trgtiOns,ra significantlyigreaterfraﬁe of adéﬁdsiné uétéké was ot;grved- ”

ﬁwh¢n~¢he'pH‘was‘raiéed fro¢'7,4 to 8 due to: 1) an‘inérease,inlvmax
of the"low;affinity? transport system, and ii) an:iﬁérEaée in
transporter affinity_for adenosine (Koldssa et al., 1978a).

F



F. Effect of Nucleoside Transport on the Apparent Potency of

Adenosine Receptor Agonists and Antagonists

The presence of a specific uptaké system wﬁ;ch'rem;ves an agonist
from the vicinit; of its feceptors m;; complicate the interbretation°
of studies involving receptor agonisté and antagonsits (Furchgott,
1972; Kenakin, 1980; Kenakin & Beek, 1981). This point is exemplifie@_
in a study\;§ Muller and Paton (19795 whq showed that 2-chloroadenosine
apﬁearéd to be a much more poéeﬁt adenosine receptor agonist than
‘adenosine. As the inclusion of a nucleoside transport -inhibitor
(hydroxynitrobenzylthioguanosine) and én adenosine deaminase inhibitdr
(2'-de6xycoformycin) in tﬂé‘aséay system decreased‘thé pdtgn;y’
difference, they‘hyﬁotheéized that some of g%is.poténqy<diffgréncg was
dug to the rapid uptéke and subséquent deamination of é nosine,_bu;
‘nPtfof 2—cﬁibroadénosiﬁe. Furtherﬁdre;.in accqrdancéléfih_proposa;s of‘

“Furchgott (1972) concerning the potency of antagonists for adreno-

ceptors, theophylline, an adenosine receptor antagonist, had a lover

R}

apparenﬁ,potency as éh-antagonisq.of'the,effects of adenosine than of L,

. 2—chldroadenosine“(Clanachan &'Mullef,:l980). ‘This-poténcy difference .

[y

. was reduced in the presence of the nucleOSide,t:ahSport inhibitor,

hydrbxynitrobenzylthioguanésine,_?uggesting(that'the difference was-
. . ) ., . & . .'. - l o .' ‘f_-‘ ) ‘.
¢ . at ledst pértly'due to tﬁe influence of cellular uptake of adenosine-

: \(Clangghan & Muller, 1980) o l _ : ’ : o .
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G. Inhibitors of Nucleoside Transport

As uptake into cells is considered to be an important initial
step in the inactivation of adenosine, agents which inhibit the
transport mechanism would be expected to potentiate the extraéelldlar
actions of both exogenous and endogenous adenosine. Many cytotoxic
nucleoside analogues have been synthesized which must enter the cell
'prio} to exerting their biological activity. As with physiological
nucleosideé, these nucleoside énalégues appear to gain access to the
cytoplasm via the nucleoside transport system(s). Cells which lack
functional nucleoside transportersaére resistant to the cytotoxic ‘ e
effects of many of these agents (Cohen et al., 1979; Sherwood &

Stollar, 1982). Similarly, inhibitors of nucleoside ‘transport protect
cells from the cytdtoxic'effects of these nucleoside analogueé
(P;terson et al., 1979a; Uehara & Rabinovitz, 1981).

A novel series of coﬁpounds, found to be épecific nuc}eoside N
transport~inhibi£ors, have been synthesized; thesge include the
6~thiopurine nucleosidg derivatives such as NBMPR (see review by
Henderson et aZl, 1972; Paul et al., 1975). On the other hand,
there are agenté such as gipyridamole, which were %ﬁ%{o&uced as
. coronary vasodilators (Kinsella et al., 1962), that have subsequently
had their effects attributed to an inhibio&on of nucleoside transport
(Kolassa et al., 1970; gano, 1974).

Many other pharmacologically active coméoundé, although having
their primary effects on other systems, may also préduce some of their
effects via an inhibition of nucleoside tfa%sport, These agents
inclqde prostaglandins (Bender et al., 1982), methylxanthine deriva-

. | ) ' _
tives (Porsghe, 1982), non-steroidal anti-inflammatory drugs (Phillis &
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Wu, 198la), some antibiotics (Choudhury et al., 1982), phenothiazines
(Phillis & Wu, 1981b) and benzodiazepines (Phillis et al., 1981).
0f these compouﬁds, the benzodiazepines have been the most extensively

o

- studied with respect to their influence on adenosine accumulation
¢

into cells.

1) 6~Thiopurine nﬁcleoside derivativés:

Analogues of 6-thiopur}nes'were-developed during an extensive
search for compounds which affect nucleoside metabolism in the hope
that some would be useful in‘the chemotherapy of cancer, or would
provide cellular protection against cytotoxic nucleoside analogues
(Henderson et al., 1972). Several were fo;;d to be potenthinhibitors
of nucleoside‘transport (Paterson & Oliver, 1971; Paul et al., 1975;
Rogler-Brown & Parks, 1980), the structures of which are shown in
Appendix 1.- NBMPR, and its water-soluble derivative, nitrobenzylthio-
inosine 5'-monophosphate, have been the most extensively studied of“this
group of compouﬂds. NBMPR protects various cultured cells against the’
cytdtoxic effects of. several nucleoside analogueg including cytoéine
arabinoside, trifliorothymidine, and 6—azau£idine'(Paterson et aZ.;
1979b). Similarly, nitrobenzylthioinosine 5'-monophosphate protects
mice from potentially lethal doses of tubercidin (Kolassa et al.,

1982) and nebularine (Paterson et al., 1979a). Another 6-thiopurine
derivative, hydroxynitrobenzylthioguanosiné, protects murine L1210
cells from the cytotoxic effects of showdomycin (Uehara & Rabinovitz,
1981). NBMPR and -cogeners do n;t appedr to interfere with intra-
cellular <;:;;oside metabolism since: (i) the transport'of non-

metabolizable permeants, such as uridine and thymidine, ‘by human

erythrocytes is inhibited by NBMPR (Cass & Paterson, 1972), and



(ii) NBMPR. and cogeners have no effect on nucleoside phosphorylation
reactions (Oisson et al., 1972; Cass & Paterson, 1977; Paterson etAaZ.,
N\
1977b). Both the 'high' and 'low' affinity nucleoside transport
systems apéear to be inhibired by NBMPR (Kolassa et al., 1978a; Chello
et al., 1983). The high potency of NBMPR as a nucleoside transport
inhibi&or and the rapidity with which it produces this effect has |
made NBMPR, and cogeners, very useful as 'stopping reagents' id=
initial rate studies of nucleosidé transport (Pickard & Paterson,
1972). Radiolabelled NBMPR has also .been used as a high affinity

‘probe for the study of the nucleoside transport system(vide infra).

K

2) Coronary vasodilators:

The development of agents with the ability to increase coronary
blood flow has been of primary concern to many investigaﬁors
interested in the treatmeht of ischaemic heart diseases. Several
long-acting vasoactive drugs including di;;ridamole, dilaze;,'
hexobendine, lidoflazine, and papaverine, which are st:u€Eur;lly

‘ PR
unrelated to purines (See Appendix 1), have been reported to potent-
iate the actions of adenbéiné and to inhibit the cellular accumulation

of adenosine in various experimental preparations.

Dipyridamole, the most extensively studied coronmary vasodilator,

potentiates adenosine-induced increases in coronary blood flow in

A dogs (Afonso, 1970; Sano, 1974), cats (Stafford, 19665, and man
(Kinsella et al., 1962; Feldman et al., 1981). Dipyridamole-alone
also produces an increase in cofonary blood floﬁ probably by
pqtentiating_thé vasodilatory effect of endogénous adenosine (Feldman
et alﬂ? 1981). Adenosine-induced relaxation of bovine éoronary

arteries could be potentiated by'dipyridamole (Kalsner, 1975), as could

20



Q

theknegative chronotropic and inotropic effects of adenosine in guinea
pig heart (Stafford, 1966; Hopkins, 1973; Kucukhuseyin & Kéysalp, 1974).
Othef pharmacological responses to adenosine which are potentiated by
dipyridamole include relaxation of the smooth mﬁscle of ileum and
trachea (Stafford, 1966; Coleman, 1976; Da;ies‘et al., 1982), depression
of neéerve cellAfiring'rates (Phillis et al., 1979b), and adenosine-
elicited accumulation of cyclic AMP in guinea pig ventricular muscle
strips (Huang & Drummond, 1976) and brain slices (Huang & Daly, 1974;
Nimit et ql., 1981; Davies et al., 1982). - All these effects of dipyrid-
amole cén be abolished by adenoéine receptor antagonists (Afomso, 1970; -
Huang & Drummond, 1976; Nimit et ai., 1981) which supports the theory
that dipyridamole may be producing an increase in the extracellular
conZentragion of adenosine available to interact with adenosine
receptors by inhibiting adenosine uptake into cells.

As dipyridamole is a poor inhibitor (Ki >10Q uM) of adenosine
deaminase-(Kubler et al., 1970; Schrader et al., 1972) and adenosinev
kinase (Schrader et al., 1972), the adenosine-potentiating action of
dipyridamole was attributed to an inhibition of the cellular uptake
of "adenosine (Stafford, 1966; Hopkins, 1973; Colman, 1976; Huang‘&
IDrummond, 1976). Inhibition of nucleo;ide uptake by dipyridamole
has Been aescribed in a variety of cell types including erythrocytes
(Roos & Pfleger, 1972; Turnheim et aZ.,-l978; Rogler-Brown & Parks,
1980; Jarvis ét‘al., l982b),'lymp£ocytes (Pazdur et éZ., 1980), plate-
lets (Lips et al., 1980), chick fibroblasts (Scholtissek, 1968),
-cardiac fissue (Kolassa et al., 1970; Olssqﬁ et al., 1972; Mustafa,
1979), Nofikoff rat hepaéoma cells (Plagemann, 1971),.gninea pig

smooth muscle (Kolassa et al., 1978b), cholinergié synaptosomes from
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Torpedo elect;ic organ (Meunier & Morel, 1978), guinea pig and rat
cortical synaptosomes (Beﬁder et al., 1980; Barberis et al., 1981),
and rat brain capillaries (Wu & Phillis, i982b).

The mechanism éy which dipyridamole produces its inhibition of
nucleoside uptake is a matter of some dispute. Strictly‘competitiVe
inhibition has béen'observed in nucleéside—permeable sheep erythrocytes
(Jarvis et al., 1982b), platelets (Lips et al., 1980), gbick fibro-
blasts (Scholtissek, 1968), and rat Novikdff hepatoma cells (Plagepann, ’

.121}).. However, other investigators found either a mixed'(Turnheim
et al., 1978), or non-competitive (Meunier & Morel, 1978; Rogler-
Brown & Parks, 1980) type of inhibition. F;rthermore, a wide range of
inhibition.constants (Ki values of 0.02 uM to 47 uM). for dipyridamole
have been reported (Scholtissek, 1968; Plagemann, 1971; Meunier & Morel,
1978; Tufnheim et al., 1978; Rogler-Brown & Parks, 1980; Lips eﬁ al.,
'1980; Jarvis et al., 1982b). Some of these discrepancies may be due
to methodological differences among the studies.

Dipyridamole appears to be a relatively non—épecific inhibitor -
‘of membrane transport processes because it also inhibits‘the transport
of anions, purine bases, 2-deoxy-D-glucose, and D-glucosamine
(Plagemann & Richey, 1974). 'Binding,of dipyridamoie to sites relevant
to these latter processes may result in a significant reduction in the
amount of_dipyridamole available to interact with thé nucleoside
transport system in test';§stems and this depletion effect may explain
some of the confusion over the nature and potency of nuclgoside_trans-”
port inhibiti;n produced by dipyridaméle; However,vinymany cases, no
adequate explanation'has_been proposed for the wide variafion in the

nature of inhibition (competitive; noncompetitive, mixed) by
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dipytidamole nor the wide range of Ki values observed. ‘Several
studies also suggest that there may be significant‘species variatioq‘
in the potency of dipyridemole as an inhibitor ef nucleoside transpott'
- (Kolassa et al., 1971; Hotkins & Goldie, 1%71; Sakai et al., 1981;
Wu et al., 1981; Barker & Clanachen, 1982); |

Dilaeeg and the structurally related compound hexobendine (ses/(
- Appendix 1) haveAbees shown to increase coronary (Buyniski et al.,
' 1272; Sano, l9f4; Marshali & Y®rratt, 1974; Fujii et al., 1981) and' ’
cerebrai (prniSki et'az.,_1972) blood fie& in dogs. ~ Both enhance |
the cotonary vasedilator effect of adenosine in'dogsf(Raberger &
Kraupp, 1971). He#ebendine also potentiates'adenosine-induted |
accumulation of cyclic AMP in ventriculer myocardium (Huang & Drummond,
1976) and in brain siices (Huang & Dali, 1974). Both be#dbendine and
-dilazep heVe beeﬁ shown totaugment the negative inotropic and chrono-

tropic effects of adenosine (Hopkins, 1973; Fujita et al., 1980).

Q

IheSe-coronary Qasodilators'are also potent -inhibitors of adenosine .
uptake (Ki values less than 0.1 uM) in human erythrdeytes (Turnheim et
,al.,vl978); cardiac cells (Mustafa, 1979), guineaipig epithilium
(Kolassa et al., 1978b), ehd rat brain capillaries (Wu & Phillis,
.1982b) In many of these studfgs; the potencies of.dilazep and hexo- -
bendine. may have been underestimated as both of these compounds are
cleaved quite rapidly by ester hydrolases (Schriewer & Rauen, 1972,
Schaumloffel & Clausnitzer 1972 Kolassa et al., 1977; Kolasseget
aZ,,~l978c) which may be presenttin'isolated tissue an& membrane
preparations. t T ‘_ | | t.;‘
»’Lidoflezine is a long;actlﬂg coronatry vasedilator (Schaper et al.,

1966) which acts both directly onbthe smooth muscle of coronary



vessels'(Schaper et aZ » 1966; VanNeuten & Wellens, 1979; VanNeuten &
: Vanhoutte 1980) ag@ indirectly via a potentiation of adenosine-
induced vasodilation (Afonso et al., 1968; Jageneau & Schaper, 1969;
Van Belle, 1970a) The direct effect of lidofla21ne appears to be
due 03 an 1nhibition of calecium influx (VanNeuten & Wellens, 1979;
VanNeuten & Vanhoutte, 1980) thereby inhibiting smooth muscle
contraction. Adenosinefinduced vasodilationvin dogs is significantly
potentiated by 1idoflazine (Afonso et al. 1968'-Jageneaﬁ & Schaper,

, 1969) as are the negative inotropic and chronotropic effects of
adenosine (Kucukhuseyln & Kaysalp, 1974). Lidof1321ne decreases the
rate of disappearance of adenosine from whole blood of various |
species (Van Belle, 1970a; Van Belle, l970b), and these effects were
' attributed to an 1nhibition of adenosine uptake (Van Belle, l970a,

Kucukhuseyin & Kaysalp, 1974). Lidoflazine also inhibits the uptake

of adenosine by cardiac cells (Mustafa, lQ?é) and‘guinea pig epithelial:..

cells (Kolassa et al., 1978b). However, lidoflazine was generally 10—

"fold less potent than dipyridamole as an inhibitor of adenosine
ptake (Mustafa, 1979). ..
Papaverine a naturally occurring alkaloid isolated g%om the

opium poppy (Papaver somtfbrum),‘cau;es smooth muscle relaxation by
a mechanism which is generally considered to involve an inhibition of
| cyclic AMP phosphodiesterases thereby resulting in®elevated 1ntra—
cellular cyclic AMP levels (Kukovetz & Poch, 1970 Poch & Kukovetz,
1971). It also potentiates adenosine—elicited accumulation of cyclic

0

AMP in brain slices (Huang & Daly, 1974) Recent reports,.however,;
4

indicate that papaverine is also a weak inhibitor (relative to

dipyridamole, dilazep and hexobendine) of adenosine uptake 1nto‘astroe

24
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cytes (Hertz, 1978), rabbit pulmonary arterial tissue (Katsuragi & Su,
,1982b), cardiac cells (Mustafa, 1979), and rat brain capillaries (Wu

& Phillis, 1982b). Therefore, it is possible that potentiation of
adenosine effects may contribute'to snooth muscle relaxation‘produced

by high concentrations of papaverine.

In general, the order of potency of the above mentioned coronary
vasodilatorsias adenosine uptake inhibitors is dipyridamole > dilazep
>hexobendine>'lidoflazine2>papaverine»with.ICSO values for inhibition
of adenosine uptake by cardiac cells ranging from 40 oM for dipyrid—
amole to 20 uM for papaverine (Mustafa, 1975).

| | AN
3) Bengodiazepines:

~a) ?harnacological effects and‘mode;ofvaction:, Diazepam and

other benzodiazepines (see‘Appendix l'for-representative‘structures)
have wide therapeutic*application asvanxiolytics, anticonvulsants,
and muscle relaxants. DiaZepam 15,3159 commonly used in anaesthetic
practice and_has.beensadvocated for-the induction of anaesthesia.

—~ , ‘ . N o .
The e#aqt node of action of the benzodiazepinesdremains obscure;
fHowever; at’ least some of their effects may be explained by a potent-
iation’ of gwnmz—aminobutyric acid inhibitory neurotransmission in the
'CNS (see review by Gallager, 1982) Several different types of
;benzodiazepine recognition sites have been characterizéd in both
g neuronal and non-neuronal tissues. It has been proposed that the
benzodiazepines are producing their effects via interactions with some
or all of these sites (see reviews by Tallman et al. 1980 and | |

Gallager, 1982). L -

s : )
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b) Characteristics of’benzodiazepine recognition sites:

(1) 'Nenronal' ben;ediazepine rECoénition sites: High—affinif?
'neuronal’ benzodiazepine recognition sites were characterized using
[3H]diazepam or [3H]€lunitrazepam in membranes prepared from rat
brain (Braestrup & Squires, 1977; Mehler & bkade, 1977a; Mohler &
Okada, 1977b; Squires & Braeserup, 1977). Subsequently,'[3H]diazepam |
was found to bind in a similar manner to memb;anes prepared from
.human brain tiseue (Mohler & Okada,.l978). The nenronal localizatinn
of these benzodiazepine sites (Mohler & Okada, 1577b; Bosmann et al.,
%?78) supports.the proposal that benzodiazepines act as modulaﬁors
of neuronal activ1ty (Gallager, 1982). ‘furthermore, the order of
afflnlty of a series of benzodiazepines for the hlgh affinity
"neuronal' ‘benzodiazepine recognf%ion sites closely correlates with o
their. order of potency ;; anxiolytics (Monler & Okada, 19l8) and .
muscleirelaxants {Mohler & Okada, 1977b). Beneodiazepine fecognition
sites can be 1abelled in vivo“follewing parenteral administration
of either [ H]diazepam or [ H]flunitrazepam Studies of this type
indicate an excellent correlation between benzodiazepine recognition
site oceupancy invvivo,and'the'degrée of»protection against‘pentyl— : | .
»enetetrazol— Qr picrotoxin—induced ;eizures (Duka et aZ ’ 1979; Paul

;et_al., 1979) : Therefore, since binding can be directly correlated

) with a‘pharmecological effect, these high affinity ~neuronal'
benzodiezepine recegnition eites hane been-elassified as ben;ddieze- )
| pine freceptorsf;_ngither.evidencé foi‘;he‘pharnaCOIOgical relevance
‘of ehese~eiees eomes‘fnem;the'existence oi épecific benzodiazepine |
J.antagdniets'(seeifeview by Mohlerﬁ&'Richarde, l98l);’ Ro"15fll88 and

- CGS-8216 are potent antagonists bf'many.centrallyfmediated.benzodiaze-
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pine‘effe¢ts (Hunkeler et al., 1981; Mohler et aZf, 1981; Polc et al.,
1981b; Czernik et a?., 1982) and these compounds are potent inhibitors
of [3H]diazepam ahdj[3ijlunitrazepam binding to high affinity
"neuronal' benzodiazepine recognition sites (Mohler et gl., 1981;
Mohler & Richards, 1981; Czernik et al., 1982). Ro 15-1788 will also
precipitate a benzodiazepine withdrawal feéction in baboons after

long-term (45 days) administration of diazepam (Lukas & Griffiths,

1982), as would be expected from a specific receptor antagoﬁist.

The existence of these*high'affinity, specific recognition sites \
~for benzodiazepines has suggested the existence of eﬁdogenous

benzodiazégine-like-1igands. This situation is analogous to the

characterization of an opiate recognition site and the sgbsequent
search for the endogenous opié;e-like compounds (see>review by Séara,
1982). Many different subs:ances have béén reported, by various
research groups, to represent Eggueﬁdogeﬁéus ligand for the 'neuronal'
benzodiazepine sités in the CNS (see review By_Mohler, 1981). The 1isi
of ‘proposed endogenous ligands inclu&es purines (Damm et al., 1979;
"Marangos et.aZw; 1979); nicotiﬁamidg (Mohler et aZ.,_l979), thrﬁmboxane
A, (Aila§ et al., 1978),'§;hy1B-carboliﬁe—B-carbq#ylate (Braestrup

et &Z . i980),,various peptidés, and’bfoteins (Davis & Cohen, 1980;
Chiu>& Rosenberg, 1981; Kénessey et al., 1981; Woolf & Nikon, 1981);
of‘these, ethyl B-carboline—3-carboXylate displayed the highest
affinity fof the 'neuronal‘ benzodiazepine site (Braestrup et aZ,;

. 1980). It has sin;é been show?; however37that ethyl chafbéline;3;a
carboxylaté was probablyfgenefatedduriné,the\isglatibp procedure

and is”:ot an eﬁdogénous compbund/(Nielsen et al., 1981). ' This,

'

however, does not negate the proposal that an endogenous. compound



| cootaining a B-carboline nucleus may exist as a oenzodiazepine
receotor ligand. In support of this ptoposal are studies which show
that a-wide variety of B-carboline derivatives have affinity for the
ﬁigh affinity 'neuronal'’ benzodiazepine site (Robertson et al., 1981;
Cain et al., 1982):

(ii) Heterogeneity of 'neuronal' benzodiazepine recognition
sites: It seems unli;ely.that the benzodiazepines are producing
their multiple pharmacological effects through a single receptot

mechanism although it is possiple that one receptor type mediates

AREL
L

' A : .
different responses in different brain areds (Robertson, 1980) .
Structure-activity studies with benzodiazepines show that the

structural requirements for sedative effects differ from those

necessary for anxiolytlc effects, suggesting that different receptors-
’ . .

mediat%&%hese two actions of'the benzodiazepines (Babbini et al.,
1979). A substantial amount of pharmacological and biochemical
evidence has been compiled in support of the existence of oultiple

types of benzodiazepine recognition sites located on neural elements

in CNS‘membranes (Hirsch et al., 1982; Hunt, 1982; Lippa et al., 1982;

Vollcer & Biagioni, 1982). For example, one type of benzodiazepine
‘51te dlsplays a high affinity for both benzodiazepines and trlazolo—
yridazines, is not coupled to gamma~aminoq‘tyric ac1d receptors or
chloride ionophores, and appears to be involvedvin the anxiolytic,
effectSaof'benﬂsﬁiaaepines. Another type of site has ‘high affinity.
for benzodiazepines, but low affinity for triazolopyridazines, is
coupled to gamma—aminobutyrlc acid receptors and/or chloride iono-

phores and mediates sedation and ataxia (Klepner et al., 1979).

These two receptor types have different regional distributions

C
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- (Klepner et al., 1979) and can be isolated as different-proteins by

pretic techniques (Sieghart & Karobath, 1980).

,:nvoking 1ndependent binding sites, is two 1nterconvert—
fnations of a single_site. Evidence for multiple conform-
»?fjbenzodiazepine binding sites comes from the demnnstration
flunitrazepam‘exhibits biphasic association andfdissociation
?ics with its~bindiné sites and that the-dissociatidn rates vary
'ifincubation time, temperature and gamma—amlnobutyric acid -

i entration (Chiu et al., 1982 Quast et al., 1982). Quast and
;Gann’(l982) have recentlyrreported that flunitrazepam can innuce
‘}iormatinn change in the benzodiaaepine receptbr complex and
T"-;ath andASupavilai»(1982)'have suggested that the benzodiazepine
kﬁr complex consists of four bena;diazepine binding sites where
d'ible binding of flunitrazepam to one of "the sites affects the

‘ y‘of the three remaining sites for benzodiazepine agonists

but not for benzodiazepine antagonists.

Other types of benzodiazepineé recognition sites which are distinct

from the 'neuronal' sites described above also exist in CNS and

peripheral tissues.

(fii) 'Non-neuronal"benzodiazepine&reCognition siteS'

Benzodiazepine recognition sites, which are distinct from neuronal'

‘e

’benzodiazepine binding sites, ex1st in non—neuronal' elements of CNS

membrane preparations (Gallager et al. 1981), as well as in various

peripheral membranes such as platelets (Wang et al.,. 1980), mast cells

(Taniguchi et al., l9§0), and membraneSﬂprepared«fromgthe:heaft and ‘

- ' \

‘tp0551b1e explanat}on for apparent receptor heterogeneity,‘

29
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\

‘kidney (Syapin & Skolnick, 1979; Davies & Huston, 1981; Taniguchi et
al., 1982). These 'non-neuronal' benzodiazepine sites have a high

af finity for the benzodiazepine derivative Ro 5-4864 and a low

afflnltypfor clonazepam This ligand specificity is opposite to that

determlned for the neuronal benzodiazeplne sites (Gallager et al.

1981). Furthermore, radlation—inactivation analysis indicated thit/pﬁg/ﬂj\\\S\\

'non-neuronal’ beénzodiazepine site has a molecular weight significantly

-

different from that of the 'neuronal’ benzodiazepine siteb(PaUI et al;;
1981). A biological effect has yet to be associated with benzodiaze-

pine occupation of this 'non-neuronal' benzodiazepine recognition site.

(iv) 'Léw affinity' benzodiazepine recognition sites: Still .

another type of benzodiazepine recognition site has been identified in

i}

rat brain membrenes. ﬁThis site dieplays micromoiar affinities (1000
times 10wer~effinity then the’;nehronalY and 'mon-neuronal' benzo-
diazepine'eites) for benzodiezepines and appears to‘have charaeter—
istics'dietinct ttom both the fheuronal' and the 'hou-neurdnalf -

begzodiazepine sites[(Bowling‘& DeLorenzp, 1982).

¥

From the preceding account, it is apparent that many dlfferent
&

types of benzodiazepine recognition\gites are present in both

peripheral,and central mammallan'tissues,some of whlch have yet to
o . , Y Lo B

be linked to a pharmacological effect of. the benzodiazepines. It iS'

¢

unlikely that all of these sites are 1nvolved 1n a potentiatlon of

gamma-amlnobutyric acid inhibltory neurotransmission
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c) Benzodiazepine-nucleoside lnteractiohs: Several lines of
evidence have suggested a relationship between the actions of
benzodlazeplnes and purine nucleosides.

(1) Compounds of both classes produce slmllar behav1oural
effects including sedatlon, hypnosis, and antlconvulsant act1v1ty
(Crawley et al., 198lb; Yatbfough & McGuffin-Clineschmidt, 19813
Dunwiddie & Worth, 1982). o

»(ii) The purines lnoslne and hypoxanthine havelbeen proposed
as endogenous ligands for the benzodiezepine“receptor (Skolnick'et.
aZi, 1978; Skolnick et aZ.,:l980c). ‘Inosine and hypoxanthioe;
although displaying very low affinity for the.'neuronal' benzodiazepine
site kzl mM), gaynreach sufficient concentrations in the CNS, at times
of higb neuronal activity,'to produce‘effects via benzodlazepine site

interaetionS‘(Skolnick et dl., 1980c). .
l(lii) Inosine antagonizes pentylenetetrazole-evoked seizuree;
a model system for aSsessinévbenzodiaiepihe—like activity (Skolqick ,
et al., l9l9), and inosine, like adenosine and adeﬁoelne'enalogues,
reverses diazepam—induced stimulation of ekploratoty behaviour in
mice (Crawley et aZ., l981a, Crawley et aZ., 1981b) The lattef
result suggests an antagonlstlc 1nteract10n between purlnes and

' ‘. 8
R
'benzodlazeplnes with respect to thelr effect on experlmental models

of anx1ety (Crawley et aZ., 19813)
(iv) Electroshockfeeiiores inrmice'tesultv£!Zad,iocreese’in -'
inosine and hypoianthlneiconcentretions in theibraln'and these hlgh
purine levels are believed to terminate the seizure activity p0551b1y
by interacting with benzodlazeplne receptors‘(Lew1n & Bleck 1981),.

1t was proposed from these studles that 1n051ne and hypoxanthine L
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may function as endogenous antiepileptic agents (Lewin & Bleck, 1981).
(v) Various purine analogues, synthetic or isolated from
natufal sodrces, have a&finity fof the 'neurconal’' benzodiazepine
recognition sites, as shown by inhibition of [3H]diazépam binding
(Davies et al., 1980a; Sung & Sanéyoshi, 1982). The most potent of
these are the naturally occuring purine, l-methylisoguanosine, with a
Ki of 15 uM (Dévies eﬁfll., l980a) and the synthetic purine, 6-methyl-
thioguanine, with a Ki‘;}\l6 pM (Sungﬂ& Saneyoshi, 1982); both of v
these agents are about 30-fold mére éOCent thén inosine and
hypoxanthine.
! (vi) Several purine-like compounds have been developed which
“show high.affinity (ICSO‘ilOO nM) for the 'neurénal' benzodiazepine
binding site; these include triazolopyridazines (Squires et al., 1979),
imidazolopyrimidines, pyrrolopyrizine, and zopiclone (Marangos et al.,
1979). EMD-28422, a purine derivative with pharmacological effects
sfmilar to the benzodiazepines (Skolnick et al., 1980a), appears to

cause an increase in the number of 'neuronal' benzodiazepine binding

sites without altering the affii;fy of diazepam for the sites (Skolnick

et al., 1980b). ég}}
(vii) Nucleoside transpoﬁgﬁinhibitors such as dipyridamole

also inhibit theé binding of [3H]diazepam to both 'neuronal' (Davies

et al., 1980a; Wu et al., 1980) andn'non—neuronal' (Davies & Huston,

I981) benzodiazepine binding sites. However, transport inhibitors are

effective in this’réégrd only at concentrations:which are higher than

‘those required for the inhibition of nucleoside zfanspgrt.

(viii) Caffeine, which is a phosphodiesterase inhibitor and an

adenosine receptor antagonist, produces characteristic CNS-mediated

N
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stimulant effects and, in high doses, has bgen reported to cause
geizures in experimental animals (Ritchie, 1975). ’Benzqdiazepines
reverse these actions of caffeine(Marangos et ai., 1981; DeAngelis
et al., 1982), which suggests Fhat caffeine may cause selzures$ by
interacting with a benzodiazepine recognition site at which the
benzodiazepines act as antagonists. In support of this hypothesis,
caffeine and various other mefhylxanchines inhibit the binding of
[3H]diazepam to the 'neuronal' benzodiazepine recognition sites
(Marangos et al., 1979). Caffeine reverses’the effects of diazep?m
in cats (Polc et al., 198la) and in man (Mattila et al., 1982).
Aminophylliné, also an adenosine receptor antagonist, reverses the
sedative effects of diazepam in man (Stirt, 1981). It should be
noted that the doses of caffeine and aminophylline used in many of
these studies result iﬁ blood concentrations which ;re higher than
those produced b§ average coffee consumption or normal clinical doses.
Since these agents are CNS stimulants, the interaction with benzo-
diazepines may simply represent physiological antagonism.
Nevertheless, the extensive evidence supporting benzodiazepine-
‘purine interactions in the CNS strongly suggests that some of the
effects of the benzodiazepines may involve purinergic mechanisms.
ko

| d) Effect of benzodiazepines on adenosine uptake: A benzo-

diazepine—bufine intefaccioﬁ which has recently received considerable
-

attention has been the ability of benzodiazepines to inhibit the
cellular accumulation of adenosine. Indeed, potentiation of the
effects of adenosine via an inhibition of adenoéine.uptake has been

‘proposed as a means by which benzodiazepines may produce some of their

clinic3l effects (Wu et al., 1981).



34

Cardiovascular depression has long Been recognized as a signif{-
cant side-effect of di;zepam administration (Rolly, 1976). Diazepam
causes vasodilation of coronary and systemic blood ‘vessels in dogs
(Abel et a.., 1970), and increases coronary blood flow in dogs
(Daniell, 1975), and in man (Ikram et al., 1973). These effects of
diazepam are possibly mediated through a potentiation of endogenous
adenosine since adenosihejinduced coronary vasodilation in anaesthe-
tized dogs and adenosine-induced depression of guinea-pig left atria
contractions are potentiated by diazepam (Clanachan & Marshall, 1980a;
Clanachan & Marshall, 1980b; Kenakin, 1982). Diazepam also potent-
iates the effects of adenosine on various smooth muscle preparations
(Clanachan & Marshall, 1980b; Clanachan & Deboer, 1980; Slater &
Bennett, 1982) as well as adenbsiﬁe—mediated neuron31 depression in
the CNS (Phillis, 1979). Furthermore, theophylline, an adenosine
receptor antagonist, blocks flurazepam-induced depression of the firing
of cerebral cortica; neurones (Phillis et al., 1979a). The inability
of diazepam to enhance the effects of 2-chloroadenosine (Clanachan &
Marshall, 1980b), an adenosine‘analogue,‘the effects of which are not
potentiated by the recognized nuclepside trangport inhibitor Jiydroxy-
nitgobenzylthioguanosine and, therefore, is not considered to be a
permeant of the transport system (Muller & Paton, 1979), suggests that
potentiétioﬁ of adenosine effects by diazepam agd other benzodiazepines
may be attributed to inhibition of the nucleoside transport system
with a consequent decrease in cellular uptake and metabolism of
adenosine.

Inhibition of adénosine uptake gy benzodiazepines H;é~been demon-

(i
strated in guinea pig brain slices (Mah & Daly, 1976; Traversa &

o

Catb
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Newman, 1979; York & Davies, 1982), rat cortical synaptosome; (Phillis
et al., 1981), guinea pig cardiac muscle (Barker &‘Clanachan, 1982),
and rabbit pulmonary arterial tissue (Katsur;gi & Su, 1982b). The
order of potency of the benzodiazepines as adenosine uptake inhibitors
idetermined as ICZO values = concentracion required to inhi?it uptake
by 20%Z) in rat cortical synaptosomes is similar to their anxiolytic
order of potency (Phillis et al., 1981). Howevef, in all systems
studied; benzodiazepine concentrations greater than lOQuM were
required to broduce a 507 inhibition of adenosine uptake (Mah & Daly,
1976; Traversa & Newman, 1979; Phillis et aql., 1981; Barker &
Clanacﬁan,ll982; York & Davies, 1982). 1In rabbit pulmonary arterial
segments, diazepam was a weaker inhibitor of adenosi*e uptéke than
papaverine, the least potent of the adenosine uptake inhibitors
described in previous sections (Katsuragi & Su, 1982b).

The close correlation between the abiiity of benzodiazepines to
inhibit adenosine uptake and their anxiolytic order of potency, and
the'find%sg that nucleoside transport inhibitors, such as hexobendine,
inhibit the binding of [3H]diazepam to rat brain cortical membranes
(Wu et al., 1980), has led ghiliis“and coworkers to suggest that the
'neuronal' benzodiazepine recognition sites and the CNS nucleoside
transport System(s) are functionally coupled (Wu et al., 1981).
However, dge to the relatively long incubation times used (> 25:;9/
in all of the uptake studies (Mah & Daly, 1976; Traversa & Newman,
1979; Phillis et al., 1981; Barker & Clanachan, 1982; Katsuragi & Su,
1982b; York & Davies, 1982), aderiosine 'uptake' and not adenosine
'transport' was measﬁred. Therefore, it cannot be stated conclusively

that the benzodiazepines are producing effects via an.inhibition of




nucleoside transport, rather than affecting ‘'some other aspect of

nucleoside metabolism.
t

X
H. Use of lBHlNitrobenzylggiginosine as a Probe for the Nucleoside

Transport System

A major problem associated with nucleoside flux studies has been

the development of technologies required to measure the extremely

\

. rapid rates of nucleoside transport. Changes with time in the cell

content of isotope derived from exposure to radiolabeélled adenosine may

-

" reflect entry by passive diffusion, metabolic trapping by conversion

of adenosihe to impermeable phosphate esters, and efflux of adenosine,
inosine, and hypoxanthine. Initial rstes of permeant influx represent'
unidirectional influx and are those of the first step (transport) in
the multistep process of adenosine uptake. Thus, it is critical in

the interpretation of permeant uptake rates in terms of transport that
\
|
Measurement of initjal rates often requires experimental time- |

those rates be initial rates.

courses of less than 5 s. These studies also requife intact cells or
vesi®les which means that harsh separation procedures which may
disrupt biological membranes cannot be used to achieve rapid termin-
ation of the assays. To circ]mvent these problems, 'transport'
methodologies are necessarily complex and true initial rate transport
studies have yet td be performed in fragile systems such és synapto-
somes. . . )

An alternate way of studying the nucleoside transport'system is

with the use of [3H]nitrdbenzylthioinosine ([BH]NBMPR) as a ligand.

Radiolabelled NBMPR binds tightly, but reversibly to.specific sites in

\

36
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membranes of various cultured cells (Lauzon & Paterson, 1977;
Wohlhueter et al., 1978; Paterson et aZ.,‘l980; Dahlig-Harley et al.,
1981) and erythrocytes (Pickard et al., l97§; Cass et al., 1974;

Cass & Paterson, 1976; Jarvis et al., 1982b). More recently, NBMPR
binding sites have been demonstrated in rat CNS membranes (Marangos
et al., 1982a; Wu & Phillis, 1982a). The affinity  of NBMPR for these
sites ranges from 0.1 to 1 nﬁ although the number of binding sitss
(pér cell, or per mg protein) varies widely among cell types.

The binding of NBMPR to specific sites in erythrocyte membranes
has been directiy correlated with inhibition of nuciéoside transport
in thesé cells, suggesting thac NBM?R ipteracts specifically with
components ;f the erythroé?ie nucleoside transport system (Cass et
al., 1974). Bindipg of NBMPR to specif%c sites in Hela cells has also
been correlated with inhibition of uridineVand thymidine uptake.‘
’However, in these cel;s, a sybstantial proportion of thé total tnags-
port capability ( = 30%) was not inhibited.by 5 nM NBMPR, a concentra-
tion which saturates the high affinity ﬁBMPR binding sites (Lauzon &
Paterson, 1977). A much higher concentration of NBMPR was required to
inhibit the remaining transport component (Lauzon & Paterson, 1977;
Dahlig-Harley et al., 1981). These latter results suggest the
- presence of two nucleoside transport systems in Hela cells Vhich
differ in their semsitivity to inhibition by NEMPR. This hypothesis
is éupported by recentlresults which déSCfibe'biphasic éoncentration—
effgct\relationships for the inhibition of nucleoside transport in
HeLa. cells by NBMPR-(Paterson»et aZ.,,l980;'Dahlig—Harley et al., 1981).
Similarly, a component of ﬁucleoside transport which is relatig@iy '

insensitive to NBMPR has been demonstrated in several other types of

PN



cultured cells including‘moﬁse leukemia L1210 céils (Belt, 1983),
Novikoff hepatoma cells (Wohlhugter et al., 1979), and avling of
cultured cells derived from the Qalker 256 carcino-sarcoma (Paterson
et al., 1983). The Walker 256 cells also appear to lack specific
high affinity binding sites for [?H]NBMPR (Pa;ersqn ét ai., 1983).
Therefore, a type of nucleoside transport system seems to exist which
does not have nucleoside transpart inhibitory [BH]NBMPR binding sites.
However, with one exception kno@n to date (Dr A.R,P. Paterson,
personal communication), all high‘affinity (KD< 5 nM) [?H]NBMPR binding
sites so far charac£erized appear to be associatéd with functional
nucleoside transport systems; Nuc;eoside-impermeable sheep erythro-
éytes (Jarvis & Young, 1980) and nucleoside transport=deficient mouse
lymphoma ée;ls‘(CaSS'ét al., 1981) do not possess high affinity
[3H]NBMP§ binding.éites.‘ Furthermore, reticulocytes from a strain of
sheep which have nﬁcleosidefimpermeable mature erythrocytes, transport
nucleosides rapidly and the loss of this transport capability upon
matﬁration cor;elates with the loss in high affinity [3H]NBMPR binding
sites. (Jarvis & Young, 1982). A similar situation was observed during
the replication cycle of Hela cells where [3H]NBMPR Site density

L)

parél%els the fluctuations in nucleqside uptake tﬁat oceur during the
cell cycle (Cass et al., 1979). ‘fhe exceppion to this direct relatioﬁ;
ship between NBMPR and func;ional nucleoﬁide transporters'has been
found iq,cells of‘a'virus-transformed clone (Nil SV) dgrived from

Nil 8 hamster figroblasts. Nil Sv cells-have gbout 1065binding sites
(Bmax) for [3H]NBMfR, but épparently have the éame uridine transport

capability (influx V__ ) as Nil 8 cells which display 10-fold fewer’

(105) binding sites for [3H]NBMPR.- This study indicated that Nil SV

" 38



o

cells may have specific [3H]NBMPR binding gites which are not
associated with functaonal nucleoside transporters (Dr. A.R.P.
SN

PaterSOn, personal communication).

[3H]NBMPR has recently been used as a tool to investigate the
characteristics 'of the nucleoside transport system of erythrocytes
from various species (Jarvis & Young, 1980; Jarvis et al., 1982a).
Assuming that, in erythrocytes, each NBMPR molecule binds only to one
functional transporter (Jarvis & Young,il980), it can be determined,
from [3H1NBMPR binding constants (Bmax) and the kinetic constants
(Vmax) of uridine transpert, that the apparent'translocatipn capacity
of the nucleoside transporter (140 to 180 molecules of uridine/site/s
at.ZSQC; Jarvis et al., 1982a) is similar in erythrocytes from all
species so far tested. Therefore, although erythrocytes from different
spec1es vary widely in their ability to transport uridine, the
capabllity of a cell to transport uridine is a function of the number
 of operational nucleoside transporters rather ‘than changes in
individual transporter activity (Jarvis et al., 1982a).

.The binding of [3H]NBMPR to high affinity sites is inhibited by
a Jvariety of strncturally unrelated compounds nhichrare~also inhibitors
of nucleoside transport. Recent.reports describe the inhibition by
dipyridamole of site-specific binding of | H]NBMPR to erythrocyte
membranes and Hela cells (Cass & Paterson, 1976; Jarvis & Young, 1980;
- Paterson et qZ., 1980). In Hela cells, it was suggested that dipyrid-
amole may inhibit nucleoside transpbrtvby interaéting with the-same
. site as NBMPR and has an apparent K, at this site of 30 nM (Patéreon,
et‘aZ,, 1980). Similarly, the nucleoeide'transpnrt inhibitor,

. } ]
lidoflazine, inhibited the site-specific binding of [BH]NBMPR to Hela
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cells (Paterson et al., 1980). The appareﬁ:&y competitive inhibition
of the binding of [3H]NBMPR by dipytidamole was unexpected conside;;ng,
the obvious structural differences between dipyridamole and NBMPR
(Paterson et al., 1980)?

Tﬁe mode of inhibition of nucleoside transport by NBMPR and
cogeners is a matter of some controversy. Competitive, partially
competitive (mixed), and non-competitive inhibigion kinetics have been
observed depending on the particular methodology‘('uptake' or 'trans-
port'), and the cell type used (Cass~& Paterson, 1977; Paterson et al;,
1977a; Eilam & Bibi, 1977; Turnheim et al., 13;8; Wohlhueter et al.,
1978; Cass et al., 1979).

Another matter of confusion is whether or not [3HINBMPR binds to

+
the permeant site or a separate transport inhibitdfy site of the
nucleoside transport system. A number of nucleosides are competitive
inhibitors of the binding ofu{3H]NBMPR to human erythrocytes (Cass &
Patérson, 1976; Paterson, 1979). VHowé;er, deoxycytidine, also a
substrate for the transport system (Cass & Paterson, 1972; Jarvis et
al., 1982a),.wés shown_in dne stu&y (Cass & Paterson, 1976) to be an
ineffective inhibitor of the binding of [3H]NBMPR which suggested that
[3H]NBMPR did not bind to the per@eant site by instead, bound to a
distinct transport in#ibitory site. In contrast, a recent stud&!ﬁ& .
Jarvis et al., (1982b), showed that deoxycytidine,.like other nucleo-
side permeants,'does, indeed; inhibit the binding of [3H]NBMPR in an
apparently competitive manner. Furthermoré, ;he Ki values for
| inhibitioh of the binding of [3H]NBMPR by Qridine are similar to the

K values for uridine equilibrium exchaﬁgé influx in erytrocytes

(Jarvis et al., 1982a & b). These results are consistent with the



view that [BH]NBMPR binds to the permeant site of the ﬁucléﬁside‘V
transport system. Arguements against the proposal that [BH}NBMPR.
binds to the permeant site of the nucleoside transport system include:
1) the apparent structural disparities between some competitive
iphibitors of the binding of [3H]NBMPR (e.g., dipyridamole) and )
nucleosides, and 2) the demonstration of nucleoside transport in c;&;s
which lack [3H]NBMPR binding sites (vide Supra, and see Paterson et
al., 1983). Further experiments need to be performed in order to
resolve the exact identity of fhe [3H]NBMPR binding site.

Detailed studies of uridine influx and efflux in erythrocytes
showed that NBMPR was a competitive inhibitor of uridine influx but
was a non-competitive inhibitor of uri&gne efflux from erythrocytes
é&arvis et al., 1982b); These results indicate that NBMPR binding to
an'external site of the nucleoside¥transpdrt syétem inhibits uridine
translocation (Deves & Krupta, 1978; Jarvis et al., 1982b).

The nucleoside transport system aléo exhibits chemical asymmetry
in that p—chlorometc&%iphenylsulbhonate and trypsin only disrupted

nucleoside transport and high affinity binding of [3H]NBMPR if the

inner membrane was exposed to these agents (garvis & Young,'l982).

The results outlined above (Jarvis & Young, 1982;'Jérvis et al., 1982b),

along with the finding Fhat uridine can protect the nucleoside trans-
port éystem against the effects of-p;chiorome;curiphenylsulphonate
(Jarvis & Young, 1982), led thesé’investigators to propose a model of
the guclebsidectransporter consisting of one substrate binding site
and twd interconvertible carrier conformations. It was'suggésted that
transport (influx or'efflux) depends‘upon a conformational change in
the carrier and’that tﬁis_process occurs hofe'rapidly'in~thé presence
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of substrate than in its absence. _In this mo@el, [3H]NBMPR'binds to
both the permeaﬁt site and a hydrophobic site located only£on the
external surface of the carrier.
| The apparent molecular weight of the [3H]NBMPR Binding gomplex
of human eryth;ocytes was estimated by radiation-inactivation analysis,
to be 122,000 (Jarvis et al., 1980). A partial purification (13-fold)
" of this bindiné complex has been achieved (Jarvis & Young, l981§.
Recent studies have shown that NBMPﬁ can befpsed as a photo-
affinity label (Marangos et al., 1982a; Young et al., 1983) thus
providiné a ﬁeans of irreversibly labelling the nucleoside transport

complex. This development should greatly facilitate further ﬁurifi-

cation of the NBMPR binding complex and should alsc lead to a more

1 -

b $<g M :
detailed characterization of the nucleoside transport system.
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I. Rationale

The foregoing account has outlined the significance of the nuéleo—
side transport system, and its inhibition by several classes of
drugs, in the actions of physiological and‘synchetic nucleosides in
the body. Adenosine, a physiological nucleoside, has been attributed
a wide variety 6f regulatory fJnctions which are mediated Ehrough
stimulation of eitracellular adenosine receptors. These actions of
adenosine may be terminated by its uptake into cells followed by '
enzymatic metabolism.

lf has beeﬁ proposed that several classes of pharmacologically
active compoun&s owe some of their effecté to an inhibition of the'
cellula£ métabolism of adenosine, possibly due to an inhibition of tbe
membrane transport of adenosine. These drugs include 6-thiopurine
nucleosidg derivatives (e.g., nitrobegzylthioinosine), coronary vaso-
dilators (e.g., dipyridamole), and benzodiazepines (e.g., diazepam). -

Many experimental investigations assessing interactions of drugs
with the nucleoside transport system have suffered certain inherent
lﬂmitations. Observed values of cellular or veéicular‘uptaké‘éﬁﬁw
nucléosides have probably represented the net effects of sevefai
mgtabolic processes, in addition to that of membrane transport.
Consequentlﬁ?yzzug—i&duced changes in.nucleoside;u§Cake ha&e not
necé;sgrily been due to changes in ﬁucleoside transporter acFiQity;
These -problems have p;obabl&lcontributedbto the degree of confusion in
the litgrgture concerning the nature and éoténcy of transport
inhibi;ors in variouSvexperimental systems.
" &}gral objective of‘the preséhtvsthdy ié to’pfovidé é/‘

rstanding of drug interactions with the nucleoside
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transport system. In order to avoid the problems associated with
nucleoside.flux studies, the current experiments utiliée the probe,
NBMPR. |

From the review of previoué experimental stydies with [BH]NBMPR,
it is apparemt that. the most extensive information has been obtained
with erythrocytes or éultured cells: In human erythrocytes, nucleo-
side transporter activity ceases when specific membrane sites are
occupied- by NBMPR, or certain cogéﬁers. [3H]NBMPR binds tightly,
but reverSiB;y, tq these trénsport inhibitory sites, and inhibition
of transport is réiated t; site occupancf. Furthermore, [3H]NBMPR
binding sites appear to bé present only on elements of functiomal
nucleoside transporters iﬁ erythrocytes. ib

Consequently, erfthrocytes appear to pfovide a convenient s&stem

for the characterization of drug interactions with the ﬁﬁcleoside
transport system. Such a characterization might 1nvolve:‘

1) measurement of the affinities of several classes of nucleoside
transport inhibitors.for.[3H]NBMPR sites under various assay
conditions, and comparison of these values;with those obtained
by the direct measurement of drug-induced inhibition of
initial rateS'oé nucleoside flu§ (representatiye of- transport

~

rates), and o /

2)vdefailéd gnalysis'of tﬁe‘physiochemical (ggg., thermodynamic)
changes associated with drug interaction; with [3H]NBMPK?sites.
As spécieé—related différences exist in the rate of nucleosidé
'disappearance-from the circulation, valuable information concerning
the_relaiépﬁship of the\[3H]NBMPR bin@;ng sites to‘tbe’efythrdcy:e'
nucleosidé franspoFt systeméfmay be_Obtained from a gbmparison of

' e

g
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[BH]NBMPR binding site characteristics with the kinetics of nucleo-

side transport among erythrocyfes from a variety of species.

iEvidence for the in;eraétion of sevexral classes of CNS-active
drugs with the nucleoside transport syscem\éf CNS membranes Has béen
reviewed. However, few qf the stddies investigating nucleoside uptake
in CNS structures (usuallylsynaptosome pfeparaﬁiéns), ;nd its
inhibition by drugs, have measured-initial raﬁes of nucleoside flux.
In fact, Such‘studiés may be technically impossible due to the rapid .
nature of the trénsport process, its lack of concentrative abili;y,
and the fragile and often 'leaky' nature of synabtosomal prepa?ations.

Study of the site-specific binding of the probe’[3HiNBMPR in CNS
‘membranes is an alternaté method by which to study the CNS‘nucleOSidé
transport systgm.r The objéctives of this part of the étudy areg

1) to determine binding parameters of [Bﬁ]NBMPR; N

2) to compare the characteristics of [3H]NBMPR binding sites in

‘brain with those previously determined in human erythrocytes,

:

3) to determine the regional and subgellular distribution of
these sités iﬁ brain, and

4) to investigate the possibility of'species v;riations in the
binding of [3H1NBMPR to CNS membranes.

' The relationship of [3H]NBMPR binding sites to other sites, including

\

' adenosine receptors, and benzodiazépine recognition sites, can thus

v

be investigated.

s

These studies provide information on the‘idéntity of CNS-located
[ "H]NBMPR binding sites in severalyspecles, and permit an evaluation
of the utility of [3H]NBMPR as a probe of the nucleoside Eranspo%:t

system, both in erythrocytes, and in CNS membranes.’
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II. MATERIALS AND METHODS

A. Collection and Preparation of Erythrocytes

8]
1) Collection of erythrocytes: Human blood, stored at 4°C as packed
* }
erythrocytes in citrate-phosphate-dextrose solution for 22 to 35 days,
was obtained from the Blood Transfusion Service of the Canadian Red

Cross Society. Fresh whole blood (5 to 10 ml) from healthy human
)

{
volunteers was collected by venipuncture into h*arinized (VacutainerR)
tubes. Whole blood was also collected from rats (Sprague-Dawley, male,

150-250 g) and mice (BIOD2F, adult male) after decapitation, and from

{ I
o2
dogs (mongrels, adults of either gender) and rabbits (Dutch, male 1 to 2

kg) via a peripheral vein. All blood samples were then centrifuged at
1000 g for 10 min and the plasma 4dnd buffy coat discarded. Packed

erythrocytes were stored at 4°C and used within 24 h.

© 2) Preparation of erythrocyte suspensions: Erythrocytes were washed
three times in 20 vol. of Dulbecco's Phosphate Buffered Saf&ne (PBS,
Appendix 2) and centrifugss at 1000g for 10 min. Approximately eight
drops (= 400 ul) of the washed, packed erythrocytes were diluted with 70
to 100 ml1 of PBS to obtain a final'suspension containing 3 to 4 X iO7
cells/ml. A 1:1000 dilution‘of this cell suspension was prepared, from
which the number of cells/ml was determined with the use of a Coulter
Counter (counting parameters: 1l/amplification, 1l;1/aperture current, 1/4

(2 mA); threshold, 10).

B. [3H]NBMPR Binding Assays with Erythrocytes

1) General methodology: Agsays of the site-specific binding of

[3H]NBMPR to erythrocytes were conducted in polypropylene microcentrifuge
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tubes (1.5 ml) at 22°C.» Assay mixtures were completed by the addition
of cell suspension (0.5 ml) to approﬁfia%é:poncentrations of [BH]NBMPR
(in the absence or presence of potential inhibitors) to obtain 1.5 to
2.5 X 107 cells in a final volume of 1.0 ml. Cells were allowed to
incubate with [BH]NBMPR for 20 min (unless otherwise specified) to
attain equilibrium. Equilibrium conditions occur when the rate of
[BH]NBMPR dissociation from its binding sites equals the rate of
[BH]NBMPR association and, therefore, the binding of a particular
concentration of [BHLNBMPR {s maximal under these conditions. The

et

reaction was terminated by separating the free from the cell-associat-

ed [BH]NBMPR by centrifugation in an Eppendorf 5412 microcentrifuge

‘
(12000g for 10 s). The surface of the cell pellet was washed once
with ice—éold PBS (1.0 ml) prior to preparation for liquid scintilla-
tion counting (Appendix 3). Nonspecific binding of‘[BH]NBMPR was
defined as NBMPR molecules which became cell-associated when the assay
mixtures contained high concentrations of nitrobenzflthioguanosine

(10 uM) or dipyridamole (10 uM), both of which are tight;y bound
inhibito;s of nucleoside tramsport. Under these conditions, the
transport inhibitors eliminated the site-specific bindiné of [3H]NBMPR.

Specific binding was defined as the total bound minus the nonspecifi-

cally bound component.

2) Individual assay procedures:

a) Determinagtion of [3H]NBMPR binding constants: [3H]NBMPR bind-
| : .

| ,
ing constants, i.é., dissociation constant (KD) and maximum number of
I .

binding sites (BJax)’ were determined by mass law analysis. Cells

|
were incubated with a range of concentrations of [3H]NBMPR (fresh
J .

cells, 0.04 nM tL 1.5 nM; stored cells, 0.25 oM to 5.0 nM) and the

|



3H]NBMPR

total, nonspecific, and specific components of the binding of |
were determined for each [BH]NBMPR concentratiﬁn used in the assav.
b) InhiBition of the site-specific binding of [BH]NBMPR;

(i) Determination of ICSO values: Each proposed inhibitor
of the binding of [BH}NBMPR was initiallv tésted at a concentration of
300 uM for its a&ility to inhibit the site-specific binding of a KD
concentration of [BH]NBMPR (fresh cells, 0.35 nM; stored cells,1.0
nM). If the test compound, at a concentration of 300 UM, produced
greater than 50% inhibition of the binding of IBHJNBMPR then a range
of 6 to 12 concentrations of the inhibitor was tested in order to
determine a complete concentration-response curve, including the

minimum effective concentration and the concentration needed for 100%

inhibition. IC values were determined as the concentration of

50 -
; . .
inhibitor which produced a 507 inhibition of the site-specific binding
of [3H]NBMPR. Triplicate determinations were made of total binding

O

(no inhi£itor present) and nonspecific binding of [BH}NBMPR (usually
at a KD concentra;ion) in each assay.

(ii) Detgrmination of inhibition constants (Ki values): The
site-specific binding of [BH]NBMPR was determined for a range of
[BH]NBMPR concentrations (fresh cells,, 0.2, 0.25, 0.33, 0.5, 0.67, 0.8
nM; stored cells, 0.5, 0.67, 0.8, 1.0, 2.0 nM) in the preseénce and
absence of two or three concentrations of each inhibitor. The‘inhibi-
tor concentrations were chosen in order to achieve approximately 30%,
50%, and 707 inhibition of the binding of a KD concentration of
[BH]NBMPR. The nonspecific binding component associated with each
[ TH]NBMPR concentration was also determined and subsequently subtracted

- I

from the total binding estimates prior to evaluation of the data by
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mass law Enalysis using a double reciprocal plot (Section F.2.d).
c) Tﬁermodynamic and kinetic analvsis of the site-specific
binding of {BH]NBMPR:

(i) Temperature dependence of the site-specific binding of
[3H]NBMPR: Binding congrants for the site-specific binding of IBH]—
NBMPR to human erythrocytes were estimated at various temperatures,
at pH 7.4. This was accomplished by incubatiég cells with a range of
[BH]NBMPR concentrations (O:OA nM fo 1.5 oM) in the aSSence (total
binding) and presence (nonspecific binding) of 10 uM dipyridamole as
described in Section B.1. The iﬁcubation times used were determined

previously to be sufficient for the attaimment of equilibrium at each

temperature (60 min at 1° to 3°C, 30 min at 10° to 15°Cf 20 min at

22°C, 15 min at 28° to 30°C, and 10 min at 37°C). Data were analysed

according to tﬁe van't Hoff equation (Segel, 1976) to determine
changes in enthalpy (2AH) and entropy (AS) associated wiFh the binding
reaction (Section F.2.g).

(ii) TemperaCUre-dependence oflinhibitor interactions Qith the -«
[3H]NBMPR binding site: Inhibition constants (Ki) for inhibiﬁors of
the site-specific binding of [BH]NBMPR were determined, as described
above, at various assay temperatures. However, since the affinity of
[BH]NBMPR for its,sites'in erythrocytes varies wifh incubation temp-
erature, a different range of [3H]NBMPR concentrations had to be used
for the detérﬁiﬁéﬁidn of inhibitor Ki values at different tempe;;tufes.
The concentrations of [3H]NBMPR used were: 0.08, 0.1, 0.12, 0.17;
0.25, and 0.5 nM at incubation temperatures less thén‘25°C, and 0.15,
0.2, 0.25; 0.33, 0.5, and 0.67 oM at incubation temperatures greater
than 25°C. ' The resulting data were Q?alysed: y the van't Hoff plot

. N

N : ;
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method (Segel, 1976) to determine AH and the AS values resulting from
the interaction of inhibitors with the [3H]NBMPR bidding sites
(Section F.Z2.g).

(iii) Dissociation rates of [BH]NBMPR: Fresh human etrythro-
cytes were incubated at 22?C with 0.35 oM [Bﬁ]NBMPR for a time neces-
sary to attain binding equilibrium (10 min). At equilibrium, the
cells were sedimented by centrifugation for 10 s in an Eppendorf 5412
microcentrifuge and then resuspended in 1.0 ml of PES, at vé?ious
temperatures (4° to 37°C), containing inhibitors of the site-specific
binding of [3H]NBMPR. These inhibitors were present at concentrations
sufficient to preyent reassociation of free [3H]NBMPR (100 to- 1000
times the Ki val&e). Assays were terminated by centrifugation (as
described above) at various times after the -addition Qf'inhibitor(s)
and the remaining site-bound t3H]NBMPR was detérmined; this pfocedure
allowed the construction of time-courses fbr the dissociation of
[BH]NBMPR from its binding sites. Dissociation rate constants (k2)

for [3H]NBMPR were estimated at each temper3ture and for each displac-

L4
L4

ing agent (Section F.2.f). These data were plotted in the form of an

Arrhénaus plot to determine the activation energy for the dissociation

13

of [3H]NBMPR from {ts sites (Section F.2.g).

¢

C.. Collection and Preparatien of CNS Membranes

4 .
2

1) Tissue collection: Healthy mice (BIOD2F, male adult), rats
(Sprague-Dawley, male, 150 to 250 g), guinea pigsv(aibino, female, 200
to 300 g), and;rabbité (Dutch, male, 1 to 2 kg) were sacrificed by
decapitation. Dogs (mongrels, adults of either gender) were anaesthe-

tized with sodium pentobarbital prior to sacrifice. Whole brains were

-
N
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removed and placed in ice-cold 0.32 M sucrose (pH 7.5).° ‘ﬁfb

2) Dissection techniques: Cortical tissue was separated by blunt
dissection in ice-cold 0.32 M sucroée (pH 7.5) and as much white
matter as poss}ble was removed. Several guinea pig brains were fur-
ther subdivided, by blunt dissection, to obtain the hippocampus,
cerebellum, olfactory lobé, caudate nuclei, and lower brain stem
(Glowinski & Iversen, 1966). Tissue was also obtained froﬁ the pons/
medulla and the thalamus/hypothalamus regions. These tissues were
washed in ice-cold 0.32 M sucrose (pH 7.5) to remove as much blood:as
possible, blotted dry with filter paper, and transferred to a pre-

weighed , chilled, 10 ml beaker to\determine tissue wet weight.‘

)

3) Preparation of P2 membrane fraction: Membranes were prepared by
a method modified from that of Gray and Whittaker (1962):and is des-

cribed schematically in Figure 1. All steps involved in the procedure

were performed at 4°C. Tissue was manually minced and then homogenized

(S passes at 600 rev/min in a teflon—gléss homogenizer with a clear-

ance of 0.15 to 0.23 mm) in approximately 10 vol of 0.32 M sucrose

(pH 7.5). Homogenacas‘were centrifuged at lOOOg for 10 min and the
supérna;ant was collected. The pellet (Pl) was washéd twice by re-
suspension in 10 vol of 0.32 M sucrose and recentrifuged at 1000g for

10 min with collection of superdatént. - These supernatan;s (Sl) were

'tﬁen pooled and centrifuged at 20000g for 30 min and the supernatant

(SZ) from.chis ceqtrifugation step was carefully‘dgcanted and disqard— 4
ed. The resulting peilet (P2) was resuspended in the minimum possible

volume of ice-cold 0.32 M sucrose (pH 7.5) with genﬁle vortexing. If

this fraction was to be used for binding assays, it was further



52

10% (w/v) Homogenate of brain tissue in 0.32 M sucrose(A)
Centrifuged at 1000g for 10 min

Precipitate
Washed twice by resuspension
in 0.32 M sucrose and

recentrifuging as above

Washings
r
l added to supernatant
PI(B) Supernatant(Sl)
centrifuged at 20000g for 30 min
J |
P2(C) Supernatant(sz) discarded

Separated in a density gradient
to give three fractions
(130000g for 60 min)

|

1

Layer ‘between
0.32 M 4nd 0.8 M sucrose
centrifuged at
20000g for 40 min

!

(D)

¢ ‘ . ‘
FIGURE 1. Scheme summarizing

0.8 M and 1.2 M sucrose

Layer between Pellet below‘
. 1.2 M sucrose
diluted 1:3 . diluted 1:5 with

with 0.2 M sucrdéé‘ 0.2 M sucrose

and centrifuged
at 20000g for
40 min

and centrifuged at
20000g for 40 min
l
() o y
(F)

the breparation of subcellular fractions.

The letters invpatenthéses(A, B,'C, D, E, and F) refer to the samples

Y IS

used for the studies gf-the subcellular distribution of the binding of

{3H]NBMPR(Section D.l.c). Adapted from Gray & Whittaker(1962).
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diluted with 0.32 M sucrose (pH 7.5) to obtain a 10 to 20 mg/ml .
prbtein suspension (see Appendix &4 for protein determinations) which

was stored at 4°C and used within 24 h.

4) Preparation of éynaptosomes: Partially purified svnaptosomes
were prepared from the P2 fraction by sucrose ?easicy gradient centri-
fugation (Figure 1). The concentrated P2 fraction (2.5 ml/gradient)
was layered on sucrose density gradients consisting of 5 ml of 0.8 M
sucrose (pH 7.5) laféred over 5 ml of 1.2 M sucrose (pH 7.5) in 13 ml,
th%ﬁ—walled polyallomer. ultracentrifuge tubes (Beckman, Palo Alto, Ca.,
USA).I These tubes were then centrifuged at 130000g for 60 min in a
swinging bucket rotor (Beckman, SW 41). This procedure resulted in the

separation of the P, fraction into three distinct bands: myelin (0.32

2
/0.8 M sucrose fntérfaée), synaptosomes @O'S/ITZ‘ﬁiﬁrcrose interface),

and mitochondria (pellet). The material above the synaptosome band
was carefully removed with a pasteur pipette and thé synaptosomes were
collected using a curved, large bore needle and syringéi The total
volume of synaﬁtosome suspension'collecied waé nofed and the suspen-
sion was diluted slowly, with constaht mixing, with ice-cold 0.2 M
sucrose (pH 7.5) to achieve a final sucrose concentratibn of approx-
imately 0.4 M (note: the synaptosome fraction collected from the
sucrose gradient concainedvabp;oximately 1 M sucrose). This solution
wés centrifdged at ZOOOOg for‘AQ ﬁin, the supernatant disca;ded,.and
the synaptosomal pellet gently resuspended in ice-cold 0.32 M sucrose

(pH 7.5) to obtain a final suspension of 10 to 25 mg protein/ml, which

was stored at 4°C and used within 24 h.
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D. [3H}NBMPR Binding Assays with CNS Membranes

1) Centrifugation assay:

a) General methodology: Assays of the site-specific binding of

{3

H]NBMPR to CNS membranes were conducted in’polypropylene micro-
centrifuge tubes (1.5 ml). Aésay mixtures were completed by the |
addition of membrane suspension (20 to 40 ul) to 1.0 ml of the appro-
priate concentration of [3H]NBMPR (in the presence and absence of
proposed Lnﬁibitors) to obtain a final protein concentration of 0.25
to 0.50 mg/ml. The binding reaction was allowed to éoncinue to equil-
ibrium (26 min at 22°C) and was then terminated by centrifugation in
an EppendorfﬂSAlZ microcentrifuge (12000g for 2 min). The surface of
the membrane pellet was washed once yith 1.0 ml of ice~cold$Krebs-
Tris buffer (Appendix 2) prior to preparation for liquid scintillation
countlng (Appendix 3). Nonépecific Binding of [BH]NBMPR was defined

as the | H]NBMPR which became membrane—associated when the assay

’ ¢

mixtures Coétained.nitfobenzyltﬁioguanosine (10 uM) or dipyridamole
(100 uM), both'of which are tightly bound inhibit6r5~of nuc leoside
transport. Under ghese conditions, the transport inhibitorg\{ﬁhib%jkd
all site-bouné [BH]NBMPR. Specific binding was defined as the\€5fél
bindi#ng minus the nénspecific component.

The amount of membrane protein asso;iated with the pellet, which
was obtained upon termination of a binding assay, was estimated for
each membrane preparation. A 'mock' binding assay (no [3H]NBMPR) was
- performed in triplica"& using the same volume of membreine suspension
(20 to &0?11) dlluted into ‘the same final volume (1.0 ml) of buffer
that would subsequently be used in all tﬂggilnaing assays. This

protein gﬂspen51on‘was centrifuged as for the binding assays .and the
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protein asgociated with the resulting pellet was determined (Appendix
4).

b) Characterization of the binding of TBH]NB¥PR to guinea pig
CNS membranes:

(i) Determination of optihmal assay conditions: Centrifugation
procedure: Experiments were conducted in order to determine the
minimum centrifugation time (at'l2000g) required to pellet the maximum
amount of membrane protein contained in 1.0 ml of the binding assay
incubation medium. A known amount of membrane suspension (0.96 mg/ml)
was centrifuged at 12000g for 1, 2, 3, or 5 min aﬁd the amount of
protein associated with 0.5 ml of the resulting supernatant was deter-
mided. Approximatelv 80% of the protein added to the assay was
pelleted within 1 min and another 5% sedimented during the next wminute.
Further centrifugation, up to 5 min, did_ﬁot improve the protein
recovery. Therefore, the optimum centrifugation time for pelleting
protein from these binding assays was 2 min.

Wash procedure: The total, nonspecific, and specific binding of

3

["H]NBMPR (1.0 n}§ and 5.0 nM) to guinea pig cortical membranes at 22°C

were determined as described in Section D.l.a. Six different wash
procedures were compared using ice-cold Krebs-Tris buffer; these
included: (a) no wasﬁ, (b) one 0.5 ml wash, (c) two.-0.5 ml washes,
(d) one 1.0 ml wash, (e) two 1.0 ml washes, and (f) three 1.0 ml
washes: In each case, the membrane pellet Qas disgurbed as lit;le as
" possible. The wash procedure which resulted in the lowest nonspecific

binding without a reduction in-siﬁe-specific binding of [BH]NBMPR‘was
Q e

a single 1.0 ml wash with ice-cold buffer.
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(i) Effeét of varying protein concentration: The site-
Specific binding of [BH]NBMPR (1.0 nM) to synaptosomal membranes was
determined at 22°C, as described in Section D.l.a, us}ng assay protein
concentrations which raﬁged from 0.04 mg/ml to 0.85 mg/ml (maintaining
the assay volumes at 1.0 ml).

(iii) Effect of pH: Synaptosomal membranes were incubated
with an initial concentration of 0.}5 nM [BH]NBMPR at 22°C in Krebs-
Tris buffers adjusted to various pH value§ (4 to 12) and site-specific
binding of [3H]NBMf§ was estimated as described in Section'D.l.a, 7
Membrane, pellets were washed with ice-cold buffer of the same pH as
that used for the incubation medium.

(iv) Association rate of [BH]NE%PR: Svnaptosomal membranes
were incubated with an initial concentration of 0.35 nM or 1.0 nM
[3H]NBMPR at 22°C and at a pH of 7.4 as_éescribed in Section D.l.a.
At various times after the addition of protein ¢1 to 30 min), the
assays were terminatéd by centrifugation and the pellet was assayed ©
for‘site—bound [3H]NBMPR. The association rate of [BH]NBMPR (0.35 nM,

¥

initial concentration) to synaptosomal membranes was also determined

& G

(v) Effect of temperaturé: Binding constants for the site-

at 4°C using a'l to 60 min time-course.

specific binding of [BH]NBMPR to guinea pig synaptosomal membranes
[ » .
w@ estimated at various ‘incubation temperatures. This was accom-

-plished .by incubating membranes with a range of concentrations of

(3HINBMPR (0.04 m¥ to 1.5 mM) in' the absence (total binding) and
presence (nonspecific binding) of 100 uM dipyridamole as describéd in®

Section D.l.a.” The incubation times used were determined previgusly P

to'be sufficient for the attainment of equiiibrium at each temperature



(20 min at 55°C, 37°C, and 22°C; 60 min at 4°C). All assay wash prér
cedures were conducted using ice-cold buffer (pH 7.4). ‘

(vi) Effect of ions: An estimation of the ion dependence of
the binding of {BH]NBNPR to guinea pig svnaptosomal membranes was
determined by comparing [3H]NBMPR binding constants derived from
assays conducted at 22°C in: (a) Krebs-Tris buffer, prepared as
described in Append;x 2, (b) 15 mM Tris + 155 mM NaCl + 10 mM NaZEDTA,
(¢) 50 mM Tris + 10 mM Na2EDTA, or (d) 50 mM Tris only. ‘All buffers

were adjusted to pH 7.4 prior to use. The wash procedure was perform-

D
*

ed with the same buffer, at 0°C to 4°C, as that used for the incuba-
tion ﬁedium.

(vii) Effect of treatment‘of membranes with adenosine deamin-
ase (EC 3.5.4;4): Synaptosomal membranes were preincubated at 4°C
with adenosine deaminase (9 X lO_Zlunits/ml, final concencration) for
at least lé h in order to metabolize endogenous adenosine in the mem-
brane preparation. Binding constants for [3H]NBMPR in these membranes

were then determined and compared to those determined simultaneoysly

in untreated membranes.

" ¢) Subcellular distribution of the binding of [H] NBMPR:
Cortical tissue was homogenized and fractionated as described in
Section Cul Measured aliquots of membrane suspension_from each step
in the fractionation procedure (Figure l)vwefe removed and prepared as
described below: Sample A - crudg bomogenate; S§mple B - yashed Pl
pellet resuSpended in 6.327M sucrose; Sample C,F P2 membrane’ suspen- -
~ sion; Sample D - ﬁaterial'at the 0.32/0.8 M.sucfose interface of the
. sucrose gradient, removed withAé pasteur pipétte; Sample E - synapto-

somes removed from the 0.8/1.2 M sucrose interface of the sucrose
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gradient, prepargd as described in Section C.4; Sample F - pelleted
material from the sucrose gradient, resuspended and diluted 1:5 with
ice-cold 0.2 M sucrose (pH 7.5)." Each of the samples (A - F) were
centrifuged at‘ZOOOOg“for 40 min, the supernatanturemovéd, and the
pellets resuspenaed in 2 ml of ice-cold 0.32 M sucrose (pH 7.5). A
sqfficient volume of membrane suspensigp (20 to 40 ul) was‘added to
the bindiug assay (final vol 1.0 ml) to achieve approximately 0.2 to
0.5 mg protein/asfiynﬂffBH]NBMPR binding constants were determfhgd,
for each membrane fraction-(A - F), using concentratiéns of [BH]NBMPR
ranging from 0.04 nM to 1.5 nM. i ’
d) Regiomal distribution of the binding of [3H]NBMPR: P2 mem-

branes were prepared (Section C.3) from eéch of the foliowing brain
regions; ‘cortex, cerebellu@é&olfactory lobe, hippocdmpus, caudate
nuclei, thalamus/hypothalamus, pons/meduila,.and iower brain stem. A
sufficient volume of each membrane suspension (20 to 40 pl)vwas added
"to the binding assays to aé%;éve 0.2 to 0.5 mg protéin/assay (1.0 ml).
[BH]NBMPR binding constantsgbere determined, in each brain region, as
‘described previously (Section D@%;é) using concentrations of [3H]NBMPR
ranging from 0.04 nM to 1.5 nM!l-inhibition,cpnstants (Ki vaiués)
weréﬁdetermined for selected inhibitors of the si;e-speqific~binding
of [3H]NBMPR (sée.below)'to membrane§4prepared'from ;egidns'of high

and low‘[3H]NBMPR'binding site dens%Fy. S

e) Inhibition of«thﬁybinding of [3H]NBMPR: »2;hibitors were eval-

nated in the-same manner as that described for erythrocytes (Section

<

B.2.b). Concentration-inhibition curves (percent inhibition of the

“site-specific bindingkof [?H]NBMPR against inhibitor concentratioh)

o



. 3
were obtained using 0.35 nM [ “H]NBMPR and Ki values werbt ascertained
’ »
by double reciprocal plot analvsis using initial con®entrations of

[3H]NBMPR ranging from 0.2 nM to 0.8 nM.

t) Species differences in the binding ot [}H]NBMPR to (NS
membranes: P, membranes were prepared from cortical tissue-of each
species as described previously for guinea pig corticai tissue
(Section C.3). Binding constants for the interaction of [3H]NBMPR
with its binding sites in each species were determined as described
~above and in Section F.2.a. The ;ange of concentrations of [3H]NBMPR
usgd’in theselaséays varied depending. on the source ot thé tissue:
guinea pig, rat, and mouse, 0.04 to 1.5 nM; rabbit, 0.08 to 5.0 nM;
dog, 0.25 to lB.O\nM. The ability of dipvridamole and diazepdﬁ Lo,
inhibit the specific binding of [BH]NQFPR to membranes derived from
each species was determined as follows. A range ot 10 to 16 concen-
trations of these inhibitors was tested agaiﬁst-the binding of a KD
concentration of [BH]NBMPR (rat, 0.15 nM; mouse,s0.15 nM; guinea pig,
0.35 nM; dog, b.b ). If cortical membranes from a particular
species appeared to display more th%n one binding site for [BH]NBMPR

s -

(curvilinear Scatchard plots) then the above experiment wés performed
using both Fhe 'average"KD coﬁcentration of"[3H]NBMPR (see Section
F.2.a.ii) and a concentration of [BH]NBMPR which was 5 to 12 fold
lower than the '§veragef KD concentration. In rat CNS membranes, Ki
values were determined for dipyridamole and several benzodiazepines

using initial assay concentratiqes of [BH]NBMPR of 0.2, 0.25, 0.33,

0.5, 0:67, and 0.8 nM.
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2) Filtration assav:

a) General methodologv: A concentrated cortical membrane (P3 or
svnaptosomal) suspension was prepared as described in Section C, and
diluted with ice-cold 0.32 M sucrose (pH 7.5) to obtain a final protein
concentration of 8 mg/ml to 12 mg/ml. The exact protein concentration

i -

of a 1:80 dilution (in 50 mM Tris buffer) of this membrane\SUSpension
was determined as described in Appendix 4, using 50 mM Tris (pH 7.4)
as the butfer. Immediately prior to the binding assay, the concen-
trated cortdical membrane suspension in 0.32 M sucrose was diluted
'1:12.5 with ice-cold buffer (50 mM Tris, pH 7.4) to obtain a protein
concentration of 0.64 mg/ml to 0.96 mg/ml, and was then kept on ice.

Filtration assays of the site-specific binding of [BH]NBMPR to
cortical membranes were conducted, at 22°C, in 5 ml sample vials using
50 mM Tris buffer (pH 7.4). Assay mixtures were completed by the
addition of 0.5 ml of membrane suspension to 0.5 ml of the appropriate
concentration of f3H]NBMPR (in the presence and absence of inhibitors)
to obtain a final protein concentration of 0.32 mg/ml to 0.48 mg/ml in
the incubation mixture. The binding reactioﬁ was allowed to continue
to equilibriuﬁ (20 min at 22°C) and then rapidly terminated by pouring
the incubation mixture through Whatman GF/B (2.4 cm) glass fibre
filters (presoaked yith SO mM Tris), under vacuum. The incubation
vials, and subsequently the filters, were rinsed twice with 4 ml
aliquots of ice-cold 50 mM Tris buffer and the washed filters were
then transferred to the aépropriate liquid écintillation vials.
Nonspecific binding was definéd as the amount of membrane-associated

[3H]NBMPR when binding assays were conducted in the presence of 100 uM

dipyridamole. The filtration apparatus was washed thoroughly between

i
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with distilled water.

b) Cbﬁparison of the binding of [JHJNBMPR to intact svnaptosomes
with its binding to lvsed svnaptosomes: Binding constants for the
site-specific binding of [jH]NBMPR to intact and lvsed svnaptosomes
were determined by incubating the membrdnes with a range of concentra-
tions of [BH]NBMPR (0.06 nM to 1.5 nM). Intact svnaptosomes were
prepared as described in Section C.4. Lysed synaptosomes were prepared
by diluting copcentrated svnaptosomal suspension (8 to 12 mg/ml
protein in 0.32 M sucrose) 1:12.5 with ice-cold water (pH = 7.4) and
mixing vigorously. The binding assays werd then conducted in the same
manner as those utilizing intact synaptosomes (Section D.Z.a)/with the
exception that 5 mM Tris buffer (pH 7.4) was used in the lysgd synap- .

tosome assays.

c) Inactivation of [BH]NBMPR binding sites:

(i) Trypsin inactivation: Concentrated synaptosomal membrane

suspension (8 to lZ(mg/ml protein in 0.32 M sucrose) was diluted
:

1:12.5 with a trypsin solution (2 uﬂits/mlf prepared in 50 mM Tris
buffer (pH 7.4). S;naptosomal membranes were incubated with trypsin
for a ieast 16 h at 4°C prior to determination of the [BH]NBMPR |
binding constants using concentrations of [3H]NBMPR of 0.04 nM to
1.5 oM. |

(ii) Thermal inactivation: Synaptosomal membrane suspension
was heated to 60°C for 1 h, then cooled to 4°C prior to the determin-

3

ation of the ["H]NBMPR binding constants using concentrations of

3

[TH]NBMPR of 0.04 nM to 1.5 nM.
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d) Determination of the dissociation rate of [BH]NBMPR from its
sites 1n cortical membranes: P2 membranes were prepared from cortical ,
tissue as described in Section C.3.' Binding assavs were initiated bv
the addition of 40 ul of concentrated membrane suspension (8 to 12 mg/
ml protein in 0.32 M sucrose) to 1.0 ml‘of incubation medium go obtain
a final'protein concentration of 0.32 mg/ml to 0.48 mg/ml in the
incubation mixture. The incubation medium eontained [BH]NBMPR, at an
initial concentration of approximately 3 times the KD concentration
(rat, 0.35 oM; rabbit, 2.0 nM; guinea pig, 0.8 nM) in 50 mM Tris
buffer (22°C, pH 7.4). Dipyridamolg (100 uM) was included in three
assav mixturés in order to estimate the nonspecific binding component
for experiments with each species. Incubations were allowed to con-
tinue until equilibrium was attained. At this time, a known inhibitor
(40 ul to 100 ul) ?f the binding of [3H]NBMPR was added to the incu-
bation medium te attain a final concentration sufficient to inhibit

all site-bound [BH]NBMPR (> 100 times its Ki concentration for the

inhibition‘of th; site-specific binding of [BE]NBMPR). Assays were
then terminated by filtration (as Jéscribed in Sectién D.2.a).a§ var-
ious times after the addition of inhibitér, and the amqunt of siée—
bound [BHJNBMPR remaining was determined; this procedd;e allowed the

3

construction of time-courses for the dissociation of [ H]NBMPR from

its binding sites.
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E. Adenosine Deaminase Assays
e

The rate of conversion of adenosine to inosine by adenosine
deaminase (from calf intestinal mucosa) (EC 3.9.4.4) was determined
spectrophotometrically at 22°C by recording the decrease in absorbance
at 260 m (see Appendix 5—}or spectral data) over a period of 3 min
using a Gilford speétrophotomete; and chart recorder. Assays were
conducted in u.v. absorption celis and incubations were initiated by
the addition of 25 ul of adenosine deaminase (3 X lO"“-2 units) to 2 ml
of incubation medium containing adenosine (45 uM) in the presence.and
absence of the appropriate gpncentration of potential adeﬁosine
deaminase inhibitor;. Sevef;l benzodiazepines (at 100 uM), dipyrid-
amole (at 100 uM), hydroxynitrobenzylthioguanosine (at 12 uM), and the
soivent, dimethylsulfoxide'(I.ZSZ v/v in'PBS), were compared with

deoxycoformycin, a recognized adenosine deaminase inhibitor, for their

ability to inhibit the activity of adenosine deaminase.

F. Data Analysis

”

1) Computer analysis: D;ta on Punched tape, obtained from a tele-
type printer of a liquid scintiliation counting system, was entered
1Fto a computer (Amdahl 470 V/8, The Unlver51ty of Alberta), via a
teletype tape reader, using a 'READTAPE' program éaﬁ was then analysed

“by one of two data analysis prdgrams; 'JIMlK or 'JIMZ' (Appendix 6).
JIM1 prbvided only quench correction. JIMZ was used to calculate,

(a) site-specific binding of [3H]NBMPR at various inhibitor concentra-

tlons,'and (b) [ H]NBMPR d1ssoc1ation rates. It provided ba@kground .

and ' quench correctlon, and conver31on of dpm to elther, (a) molecules

«
1



of” [’H]NBMPR bound per cell, or (b) fmol of [ HJNBMPR bound per mg
protein. Also, it related the amount of [BH]NBMPR bound;in each
sample to a 1007 control sample {no inhibitor present) %ﬁdﬁexp;essed
this information as % binding\of LBH]NBMPR at each inhigbéér concen-
tration (for inhibition studies) or at ea&h time after the addition of

. -
inhibitor (for dissociation rate studies).

2) Graphical analysis:.
a) Determination of the binding parameters of [3H]NBMPR: Data
obtained from studies of the binding of a range of concentrations of

‘[BH]NBMPR to cells or membranes were analysed by two procedures:

(i) The amounts of cell— or membrane-associated [%B]NBMPR (total, non-

specific, -and specific components) were blotted againét'the final

concentrations of [3H]NBMPR present in the assay medium (determined as

~

Tge initial concentration ofv[3H]NBMPR minus the concentration bound
to‘the cells or membranes) ‘in order to examine the concentration

dependence of the total, specific, and{/gnspec1f1c components.
. 4

(ii) Site-specific binding was also anal$§ed¢2y mass law analysis
o

(Scatchard plot) by plottlng the ratio of site-bound | H]NBMPR to
final; free [ H]NBMPR concentrations (B/F) ‘against the site-bound

[3H}NBMPR (B). A line was fitted to the data by linear regression
v \
(leastvsquares method) from which the maximum number of binding sites

dlssoc1atlon constant (KD) could be determined as the nega
]

cal'of the slope. For biphasic Scatchard plots, the dat
ated into' two independent linear fuﬁctions.by.subtraétiﬁ;
affinity component from the curvilinear function (Figure 2). The Ky

for each component. and the respective Bmex values were then estimated

.i‘ .

(B nax ) could be determlned from the 1ntercept on the absc1ssa and %?e‘

64
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Ahaiysis of biphasic Scatchard plots.

a) The 'average' slope was calculated by simple linear
S

regression analysis using all experimental data points.

b) Slope 2 was fitted as the tanggnt to t;; "low-affinity'

pOftion of the curve, as shown. - ' C - .
¢) Slope 1 waé determined by éubtracting the 1;52 of

Slope 2 from the curvilinear function.

d) Bmax_'tota;j and Bmax 1 (maximum number of 'high-affinity’

. | ] 4
sites) were determined as the abcissa intercepts of Slope 2

“and Slope l,'fespeétively.

e) Bmak 2 (maximum number of 'low—affiniﬁy' sites) could

then be calculated as B 'total' - B 1.
max max
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" as shown in Figure 2.

- b) Determihation of ICSO values: ICSO values (concentration of
inhibitor required to inhibit site-specific binding.of [BH]NBMPR by
50%) of various compounds were determined from plots of sice—specifii
bipding of [BH]NBMPR against a range of inhibitor concentrations by
fitting simple linear regression liﬁes to déta between 207 and 807
inhibitionHof the contrpl bin&ing of.[3HJNBMPR. Biphasic inhibition

plots were analysed as two separate inhibition curves, with ICSO

values for each phase determined directly from the g;aph, as outlined

in Figure 3.

¢) Determination of Hill coefficients: Hiil coefficieﬁps (nH)
were calcula:;d:forbthe site-specific binding of [3H]NBMPR aé the
‘slopes of simple linear regression lines fitted to plots of

log[B/(Bmax —‘B)]‘fgainst the§concentfation of [3H]NBMPR, where B =

©
site-bound [3H]NBMPR at a particular concentration of [3H]NBMPR, and

Bmax = the maximum number of binding sites fo [BH]NEMPR. ‘Similarly,‘
Hill coefficients were calculated for inhibitors of the binding_of?
[3H]NBMPR from plots of 1Og[é/(Bmax - B)] against inhibitor concen-
tration, where B, in this case, equals the site-bound [3H]NBMPR at a
~pérticular.concentration of inhibitor.

d) Deterpination of Ki values: Inﬁibition constants kKi values)
and the nature of the inhibition (i.e., competitive,'noncompetitive,
or uncompetitive) for ;ﬁhibitors of the biﬁdiné'bf‘[BH]NBMPR were
determined using dogble'reciprocal plot analysis; The reciprocals of
‘the site-Specific'binding ofv[3H]NBMPR (1/B),- in the preseﬁéé and
absence of-2 or 3 coﬁcentfaﬁions’of each iﬁhibitor,‘wéré plotted

1

against the reciprocélé of the final concentrations_of [3H]NBMPR (1/F).

e

{4
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Slopes of these plots were determined and Ki values were calculated

for each inhibitor concentration according to the following equation:

K = slope with inhibitor 1

i i inhibi inhibitor conc
1 slope without inhibitor (C()ntrol) [ 1ibito J

which is derived from the Michaelis Menten equation (Lehninger, 1975).
~ N a
e) Determination of association rate constants: Observed associ-

L .
abion rate constants (kob) of the binding of [BH]NBMPR to its sites

Ny

were calculated as the slopes of simple linear regression lines fitted
to data plotted as ln[Be/(Be - B)] agaiﬁst association time, where

B = site—bog@d [BH]NBMPR‘at a time after initiagiqn of the binding
reaction, and Be = the amount of site-bound [3H]NBMPR at equilibrium.

£) Determiqgtion of dissociation rate constants: Rate constants

for dissociation (kz) of [BH]NBMPR from its binding sites were calcus

lated as the negative slopes of simple linear regression lines fitted

to data plotted as ln[B/BO] against dissociation time, where B = site-

bound [3H]NBMPR at various times, and BO = site—boundj{BH]NBMPR at
p:d o :
time zero. Biphasic dissociation plots wer%;resolved'into linear

components in the same manner as that described for biphasic -Scatchard

plots (Section F.2.a), and k2 values were calculated for each

component. : ' o

. /{‘ﬂ RO 'IJ !
'ﬂ a€{§wﬁbf theﬁ?odynamlc constants: AH and AS values

o 1,oﬁ' ‘
associated w1ch [ H]NEMPR and anhlbltor lnteractﬁons with the NBMPR

,.«"‘,f .

;ite were determlned from plots of ln-KA against 1/T, where KAvls the

“&\‘

association constant (l/kD, or _l/Ki for imhibitors) of a compound for

_ R |
the [3H]NBMPR binding site, and T is ' the” temperature (°K). The equa- -
A ’

tion of the linear function (fitted by simple linear regressidn) is”

In KA = AH/RT + AS/R, where R is the gas constant (8.314 J°K_l); this



is known as the van't Hoff equation (Segel, 1976). Gibbs free energy
changes (AG) were calculated according to the equationPAG = -RT anA.
Independent estimaﬁes of AS could then be obtafned at each incubation
temperature from the relationship TAS = “H - AG .

Dissociatibn rate constants (kz) for [BH]NBMPR were caICulated at

different incubation temperatures as described in Section F.2.f. A

2

plot of 1ln k, against 1/T°K (Arrhenius plot) resulted in a linear

2

function, the slope of which equals Ea(~)/R, where R is the gas

constant, and E (-) is the activation energy for the dissociation of
a :

[%H]NBMPR from_the binding sites.

\,t'\ ?

All data are reported as .umean t s.e.mean which is some@times followed
- ¢

by a,number in parentheses that represents the number of replicate

<

determinations.

G. Chemicals and Drugs

[C—BH]Nitrobenzylthioinosine (sﬁ. act. 33_16‘Ci/mmol) was pur--
chased fromlMo;avek Biochemicals Inc.., and repurified‘(by Dr. .RfP.
Paterson, Cancer Research Unit, University of Alberta), if néfé;sary,
td greapef'than 987% radiochemical purity by‘higﬁ performance liquid
chromatography using a C18 thédapak golumn (Waters) eluted with
methanol-water solutions. Nitrobeggylthioindsiné, ﬁitroben;ylfhio-
inosine.phoqﬁhate, nitrﬁbehzylthioguanosinel hydfbxyﬁitrobéniyl;hiq— .o
guanosiﬁe, guanoéiné, cytidine, and thymidine weré kindly pr&vided by
Dr. A.R.P. fatérson, Cancer Rﬁéearch Unit (McEachern LaQorétory),r
.vUniversity of Alberta. Lorazepaﬁ\ana 6xazepam-§ére doné#ed by Wyeth .

“Ltd., and all other benzodiazepines were supplied by Hoffmann-La Roche

[}

&
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Ltd. B-Carbolines and phenothiazines were donated by Dr. G. Baker,
Neurochemical Research tnit,-University of Albertd. Mbrphine sulphate
was obtained from Dr. G. Frank, Department of Pharmacology, gniversity
of Alberta. bther compounds, Qonéted bv their ﬁanufacturers were,
dipyridamole (Boehringer Ingelheim Ltd.), hexobendine (Chemie Liﬁz
AG), dilazep (Hof fmann-La Roche Ltd.), lidoflazine (Janssen Pharma- . . .
ceutica), and papaverine (Eli Lilly & Co.). " All other reagents,

chemicals, and enzymes used were purchased from their respective

suppliers.

Preparation of drug sélutions: Most drug solutions were prepared
on the day of use with the buffer which was appropriate for each bind-
ing aséay.’ The exact concentration of all sélugions of nucleosides
and ﬁucleo;ide derivatives were‘determined specFrophotometrically
(Appgndix 5). Drugs which were not soluble in buffer were prepared (in

dimethylsulfoxide (DMSO), and diluted with buffer so that less than \

§

3% DMSO'wag present in assay media. The 6-thiopurine nucleoside der%-
vatives (with the exception of nitrobenzylthioinosine phosphate which

is readily soluble in buffer) were prepared in either DMSO, just prior’

3

to use, or buffer, with stirring for 12 h at 22°C.. A | HINBMPR stock ‘i

’

solution (=31 uM) was preparéd in 50% methanol, and stored at 420°C.

-
-

with‘further dilutions in buffer (22°C) being performed only aé

+

necessary. - . - . = ' , . N
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III. RESULTS ' . : C

A. Binding of [BH]NBMPR to Human Erythrocytes

.

i) [3H]NBMPR binding constants: . The [BH]NBMPR, which was associated

at equilibrium with fresh and stored human erythrocytes, consisted of . .
S o ‘ ‘

two components, one of which Was site-specific and saturable; thed cell . s
- e . . )

. _ & .
content of the other [BH]NBMPR component (nonspecific) was proportional
to free [3H]NBMPR7concentration remaining in the assay medium and con- ‘ Y

stituted less than 107 of the total cell-associated [3H]NBMBR at the 4 ) 5

hd Lo »

concentrations used (Ffure 4). Mass law analysis of site~specific.

binding data (Figure 5A) indicated the existence of a single'class of -

oS

sites for [3H] NBMPR in erythrocytes from both fresh and stored blood.

These sites displayed no apparent binding cooperat1v1ty as 1ndicated by
_— =

‘Hill coefficients which Were not different.from unity (Figﬂre 5B, Table,

1). Observed densities of [ H]NBMPR binding sites on erythrocytes from
e .

fresh and stored blovod weﬁg similar (Figure 54, ble 1). However, the
apparent affinlty for [ H]NBMPR of the binding Jites on erythrocytes ST i

: l
from fresh blood was approximately three-fold higher than that,df}the

sites on stored cells (Table 1).
o ’

i N i .
. . [

| 2) Inhibition of the binding of [ H]NBMPR' Several recog ized in-

;'cytes. The affinity »f each of these compounds for the V H]NBMPR site’

\

' of stored erythrocytes was-s1milar to their affinity fnt‘the [ H]NBMPR

i .
/

site in fresh cells (Table 2); dilazep was the most potent 1nh1b1tor

‘with a Ki value of 0.29 oM in fresh erythrocytes (Figure 6) followed b 5

-

in decreasing order.of affinity,-hexobendine, dipyridamole, lid?fla21ne, :

.
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of [3H]NBMPR to human erythrocytes. These pioté were

" obtained using data for fresh(®) and sﬁored(.) human

erythrocytes which is shown in Figure 4.
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TABLE 1  Comparison of the binding parameters of [BH]NBMPR in

fresh and stored human erythrocytes at 22°C.

Bmax ) l(D . nH

(molecules/cell) (nM)

Stored hRBC 12000 *1100(6) 0.97 £0.13(6) 1.02 £0.02(6)

Fresh hRBC /11000 + 600(9)  0.31 +0.02(9) 0.98 £0.01(3)
' / N .
/ . . ‘
Results are the means ¢ s.e.mean from the number of experiments

-

.

indicated in parentheses.’

(%
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TABLE 2 Comperison of the inhibition constants(Ki) of various

agents fo; the inhibition of the site~specific binding
) of/[JH}NBMPﬁ to'bo;h fresn_and stored ﬂnman erythtocytes”
! inhibitor ’ Fresh hRBC Stored hRBC -
‘ “ | ]
. K, (n) K, (nM)

' Dilazep £ 0.29%0.05(8)  0.85%0.12(6)
Hexobendine 1.9:0.2 (6) 1 8£0.1 (12)
Digyridamole l:9:t0.4 (6)‘ 4 5‘*0 2 (9)
Lidoflazine 42tL§ (6)" | 354-4 , (s)e’

1 'Panaverine 3500r 600 (6). . 4200\ 1500(6)
| RoGa) Ry (ut)

Ro 5-4864 2.240.6 (8) -

' Diazepam 6.841.1 (7 91.8z1:.'.~7l_f(»_6). '

. Clonazepam 242‘5» - (6) .;Slt 5 iz(ﬁ)*
Chiordiaiepoxide - 595 (6)

‘t;razepam nKSt 7

i ' >

8469  (6)

. * This Ky value was calculated from the corresponding IC valu

according to the equetion Ki = ICSO/[l + (NBMPR Qonc/KD)] where
'NBMPR.conc
determination and KD is the dissociation constant of [ H]NBMPR.

All other Ki values were determined directly by double reciprocal

°

e

50

is the concentration of [ HINBMPR used for the Ic,

. /‘
/

plot analysis.
Results are the means-*s .e.mean’ from the number .of. experiuents

indicated in parentheses_,

A

e

50’

‘
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iand papaverine (Table 2). Nitrobenzylthioguanosine and hydroxynitro-
" benzylthioguanosine. cogenerb bf NBMPR and themﬁelvea potent inhibitors

of nucleoeide transport, were also verﬁ effective inhibitors of the

A :binding of [ H}N§HPR to human.erythtocytes (Table 3). Each of the above

. mentioned compounds,inhibited the sﬁte-epecific binding of [QH]NBMPR in

.'l'a concentration—dependent menner (Figu;e 7A) and, With the exception of
ilidofIazine and pepeverine (nn velues of 0. 70 end~:i:;\\{espectively),-
each of these inhibitors exhibited Hill coefficients for the inhibition

*of the bi;ding of [ H]NBMPR which were not different from unity (Table

3), Due - to lergg errors eesociated with the experimental determination

. of Hill coefficients, only those valueﬂﬂ which were less than 0 7ﬂre

- considered to be different ftom unity, Hi1l" coefficients which are not

different from unity indicate the absence of cooperatdve site intet-

o

' actions.

R . . ' o S e

Benzodinzepinee aleo inhibited the site-specific binding of

‘[ H]NBMPR 1in a concentration-dependent manner (Figure 7B). However, the

‘ affinities of the benzodiazepinee “for the [ H]NBHPR site in human

erythrocytee were generelly mote then IOQrfold lower than the effinitiee

-hof the nucleoeide ttenlport inhibitore, dipyridamole and dilezep (Teble o

26 3) None of the benzodil!epinee teeted inhibited the binding of

r R]NBMPR at concentrations leea thnn l uM (Figure 7B) Flunitrazepam, :

‘bnitrazepen, diezepen, deemethyldiezepen, the unter eolubIe benzodiaze- a2

"hpine, midezolan, end the non-neuronel' benzodiezepine eite ligend, t"

hﬁo 5-4864 were the moot potent benzodiazepines at the [ H]NBHPR site,vxfin

'1ifollowed by clonazepem, oxnzepem end chlordiezepoxide (Tnble 3& 6)

JfLorazepem, which ie S timee ae effective en enxiolytic as diazepan, wee 1}‘

‘ about 6wfold ueeker than Qiazepem el an- inhibitor of the binding of

[
T

v
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TABLE 3 * Inhibition of ‘th‘e site—-specific binding of [3H]NBMPR to
stored human erythrocytes by various recognized nucleoside
. v
transport inhibitors and benzodiazepines o - ‘
S - . x : .
Inhibitor %s:sol . ay
. N@cl“eoside Transport Inhibitors . -i(nM) .
‘Dilazep R 2.0£0.2  0.90%0.06,
. Nitrobenzylthioguanosine - 2.5+0.,2 - 0.97%0.02
 Hexobendine 3.4£0.6  0.75£0.08
 Dipyridamole 101 0+93 £ 0.05 7
. Hyd;‘bxyﬁltroben?.ylt_hioguanosine 231 0.89+0.04 - J’ ;

0.70%0.0L ~

| Lidofla‘sine T 72*;:;15- .
'V‘Papa\)erin'e; . 9500;: 600 0.48+ 0.01 )
' Be‘fnzetl_iaz‘eplnes’ uM)
Flunitrazepam 262 0.75+ 0.06
’ Nitr’azepaﬁx' P o 274 | 0.97%0.12
‘ Diazepém “s R 27t & | 0.83¢ 0, 15
Diazepam Injection Soluti,«gn USP: : ; 29+ 2 " Y'O 944‘ 0. 04 . - '
Desmethyldiazepam o | | “331" 4 | 0 98+ 0. 1(&
| Clon.az_epemo L 104; 11 ’, VjO 91+ 0. oz\
,’vdxva"ze.p‘ém’ " | o 117%6 0.76%0.11 -
' Chlordiazepoxidé" 151 t‘4(l L 0791002
: Lorazepam ’ . : ,.‘ : 176t 41 100t %03 |
50 values were determined using l 0 nM [ H]NBMPR(stored blood)
| Results a}'e the means * s.e. mean fl('om at least three experiments |
bPerfomed in. duplicate. ‘.}:" '. '~ -
:"j,‘

F.Y
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diazepam( A ) - B. diazepam( A); clonazepam( 0); lorazepam

A ®); flurazepam( B) ‘Eath 'p_oint represents mean :s.&.mean.
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TABLE 4 Inhibition of the site-specific binding of.[BH]NBMPR to

fresh human erythrocytes by various benzodiazepine

"derivatives. o -
- . ‘ . v . ' 1]
Inhibitor ' ' % Inhibition ICSO* L
at 300 LM M) L

. . . ~ . ’ " \ )

Ro 5-4864 .10 14.3£0.3  0.98:0.01
~ Ro 11-6893(-) : 95%1 o -38+3 }.07:&0;03
. Midazolam 90+1 51+2 . 1.01£0.02

Ro 11-6896(+) ' ° 3R 2 27749 1 0.77:0.02
' Flurazepam BT 27 % ” -

Didesethylflurazepam 22+2

Ro 15-1788 L 20%s.

i

* IcsO values were deternined using 0.35 nHi[sﬂlNBMPR(fresh‘blbod). '
Résults are the means * s.e.mfean from at least three experiménts
pérformed in duplicate.

«
i
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[3H]NBMPR.(Tab1e 3, Figure 7B). Double-reciprocal plot analysis of the
i;hibition'of the binding‘df [3H]NBMPR by Ro 5-4864, diazepam
clonazepan, chIordiazepoxide, and lorazepam indicated that the inhibit-

?o
ion was apparently competi%ive in nature (Figure 6). The'affinities of

. >

the benzodiazepines for the [ H]NBMPR site were similar in erythrocjtes
isolated from both fresh and stored blood (Table 2). The benzodiaze:
pines also appeared to interact with the [ H]NBMPR site in an apparently

/
non-cooperative manner since all benzodiazepine Hill coefficients wvere

-
.

fgreeter than 0. 75 (Table 3 & 4) Flurazepam and its active metaboiéte,
didesethylflurazepam, were very weak inhibitors of the site-speciﬁgc
binding of [ H]NEMPR as was the potent benzodiazepine antagonist Ro 15~
1788; each produced approximately 257 in ‘“hibition at a concentration of
300 uM (Table 4). . The interaction of’benzodiazepines'with the [ H}NBMPR
site appenrs tg be influenced by the conformation at one benzodiazepine
chiral centre because the affinity for the site of the (-) isomer, Ro
<
11-6893'(1050 = 38 uM), waS'found‘to be 7—fold“3£3ier then»thag;bf the
(+) isomer, Ro 11-6896 (IC - 277 3 uM). (Teble 4). Seversl'B-cﬁrboline
derivatives were also very weak inhibitors of the binding of [ H]NBMPR
(Table 5). . e o |
Specificity of the inhi 1¢ion of the binding of [33]ma was
- tested by*examinfngkthe effect of 300 uM concentrations of verious |
compounda (agonists and antagonists for other biological receptor

n

systems and agents which produce nonspecific membrane effects) on the .

’binding of [ H]NBMPR to human erythrocytes. These included acetylsali- <

cylic acid, 2-chloroedenosine, cimetidine, cocaine, corticosterone,V
: fentanyl flurbiprofen, hnloperidol histamine, h}drocortisone, imipr -

' mine, ketamine, mepyramine, morphine, ouabain, pancuronium, pento-

Y .

?
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TABLE 5 Inhibihon of the site-speeific inding of [ H]NBMPR to
, human er)throcytes by B»carbollnes and miscellanequs
\&mypouedf» ‘:'j% o P
. R ‘ ° . ‘f _j g -y
Compound -° % Inhibition |
SR a x,
' LY at 300 u& = »
B—Cafbolines i ,
" ‘ ’
Norharmane-B-carboxylic acid _
ethyl ester T ' 532
Harminé S . L 4T =4
D 1, 2 3 4- Tetrahydro-norharmane ,
carboxylic acid ethyl ester o . 451
. L—l,2;3,4-Tetrahydro-norharmane . :
carboxylic acid ethyl ester - 40+ 2
rmaline o ‘ | . 394
Harmal N 36+ 1
/ c- ‘ S
.chers ’
s/Corticosterone, R o , 68 + 2
F'/’l A - . . ’ <
/. 2-Chloroadenosine _ . © 48 %2
, Quinidine | co 396
J Haloperidol .'_ﬁ _ S < 34rl
’Pentobarbitol o 29+3
; T Flurhiprbfen : S - 2343
Lo DT . ,
\‘ . : R E N ' . . « T :
) A : T
- Phemytoin . e 16;3
oA Pancdrenium.: 15-+6

* i Inhibicion values were determined using 0. 35 aM | H]NBMPR in.
fresh human erythrocytes or 1. .0 ‘M [ H]NBMPR in stored human
erythrocytes. : ‘ ‘ ' ' -

Results are the means f.s;e,ﬁeaﬁjfrém three ererimen;s‘perfofﬁe&i

.

in~duplicate.='

Ev) T - ::'“1f- B
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barbitol, phentolamine, phenytoin, proprariglol, quinidine, theéophylline,

thiopental, dnd tubocurarine. Of‘these} only corticosterone, 2-chloro--
4 . \ X

adenosine, quinidine, haloperidol, 'pentobarbitoll flurbiprofen,

phenytoin, and pancuronium inhibited the site-~specific binding of

+
{ H]NBMPR (Table 5). Similarly, adr line, gammaeaminobutyric acid

glucose, glycine, proline, and tryptophan did not ‘affect the binding of:

nH]NBMPR,at concentratigﬁs up to 10 me . The solvent, dimethyl
gulfoxide (DMSO), at concentrations present.in assay mixtunes (not
greater than 3%), did not influence th; site-specific binding of
HINEvER. |
3) Effect of ligand (I H]NBMPR{ depletion
a) General- comments: Data obtained from [ H]NBMPR binding assays

%7¥e analysed using two procedures, onezof which used the. in%tial assay

concentrations of [ H]NBMPR in all calculations and the other used the

final, free concentrations of [ H]NBMPR remaining following the attain-

)
ment of gquilibrium. . Final, free concentrations\of [ H]NBMPR{yere de-

e

termined by subtracting the concéntratidné of site-bound [3H}NBMPR from
the corresponding initial (prior to initiation of binding assays)
concentrations of: [ H]NBMPR. These final free co%Fentrations are the

'depletion corrected’ concentrations of ['H]NBMPR., Depletion ‘of

2

[3H]NBMPR was‘considered to. be significant when more than 101 of the
" »

initial concentration of [~ H]NBMPR became site-bound at equildhrium.

Doubling the’ number Jof cells used in the binding assays would be expect-‘

o 4 ,
. ed to double the degree of [ H]NBMPR depletion. Similarly, the con- :
centration of inhibitor present in competition experiments would also

'be subject to depletion via inhibitor binding to both specific and non-



¢ '
. °. .
. ’ . : * ‘ .
specific sites. In order to determine the influence of depletion on o
L3 - 7"-
apparent [ H]NBMPR binding constants and apparent dipyridamole: inhibi- iy

tion constants, binding assays were conducted using either 1.5 X lO ' j
cells/ml or 3.0 X 107 cells/nl, and with or-without corrxection for- .~ i /

[3H]NBMPR depletion. . | L
'b) Influence of [BH]NBMPR depletion on [3H]NBMPR binding constants: A;_

With correction for [3HjNBMPR:depletion, _doubling the cell concentration

" used in the assays did not significantly affect the apparent [ H]NBMPR

kbinding’constants. However without correction for | H]NBMPR depletion,

Kﬁ values for [ H]NBMPR were 2 fold higher when using l ) X 107 cells/ml

" and almost 5-fold higher when using 3.0 X’lO cells/ml than the_cor_ N

3

responding values obtained from 'depletion corrected' data. Similarly,,

t

the B nax Values for [ H]NBMPR were overestimated by almost 2-fold if data”
"

obtained using 3.0 X 107 cells/ml were used without first being correct-

\ v ~.

ed for [ H]NBMPR depletion (Table 6)

2

¢) Influence of ['H]NBMPR depletionion‘di yridamole inhibitionb

‘constantsf‘ With correction for [ H]NBMPR deplet on, dipyridamole ap- B

-

peared to be about twice as effective as inhibitor of the binding of
I H]NBMPR when binding assays Were conducted using 1.5 X 107 cells/ml

" than when 3.0 X 107 cells/ml vere used Furthermore,'the apparent

e

- nature of the inhipition of the binding of [ H]NBMPR by dipyridamole

s

_changed ftom apparently competitive when using 1.5:X 107 cells/ml‘to

S8

'“apparently noncompetitive when using 3. 0 X 107 cells/ml in the binding Y

.assays (Table 6,
k

dipyridamolenfrom

“ gure 8). These results may be due to depletion of |
e assay medium, a phenomenon which could not’be‘. ; o
corrected for in the- present experbments." ‘

‘ WithOut correction for [3H]NBME& depletion, dipyridamole inhibition

¢




n

L |
TABLE 6 Effect of IBH]NBMPR and dipyri&amole depletion on the,
3
. % . d
[ "H]NBMPR binding parameters(\D and Bmax) and dipyridamole

inhibition paraméters(Ki an%kéype of inhibition) in fresh

human erythrocytes

/ ,
# of cells Corrected for NOT corrected for
per assay [BH]NBMPR depleyion [3H]NBMPR depletion
- /// ‘
¢ * ’ '
KD 0.24 +0.04 (3) 0.51 #0,01 (3)
B 11800 = 400 (3) % 13800%400 (3)
7 max
1.5 X 10 .
K, 1.9:0.4 (9) . 3.3+0.6 (9)
Type Competitive Competitive/Mixed
K 0.37£0.3 (3) 1.75+0.28 (3)
7 nax 15600 + 2200 (3) 25400 £ 3300 (3)
3.0X 10
. K, 3.6£0.3 (6) | 10.5+1.7 (6)
Type Nodbgmpetitive . 'Noncompeﬁitive/

Uncompetitive

t

Reésults are the means * s.e.mean from the number of experiments

indicated in parentheses.

* ' . C
All KD-and K, values shpwn are nM concentrations.

-1.

[}

Bméx values are giwen as molecules oi [3H]NBMPR site-bound per cell.
. 1
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FIGURE 8 Double reciprocal plot analysis of the inhibiton of the
| site-specific binding of [3H]NBMPR in fresh human

erythrocytes gy dipyridamole: Effect of [3H]NBMP§Tand
dipyridamole depletion froﬁ the éssay mediuﬁ. Ass;ys‘
were conducted at 22°C using concentratiOns}of dipyrid-
amole of 0 ni(®), 1 wi(0) and 3 nM(@). Either 1.5 X
lO7 cells/ml(A,B) or 3..O»XA107 eelli/ml(C,D) were used in
the binding assays, with(A,C,yand withéut(B,D5 correction

for [3H]NBMFR depletion.



constants were 2-fold and 3-fold higher wheﬁ'using 1.5 X% IOiwcells/ml
and 3.0 X 107 cells/ml in the assay, respectively, compa;egrgﬂ the
corresponding values obtained with 'depletion corrected' dé£é; Also,
without correction for [3H]NBMPR‘depletion,.the nature of éhé inhibition
of the binding of [BH]NBMPR by dipyridamole appeared to be of a mixed
type (i.e., decreased Bmax values and increased KD values for [3H]NBMPR
in the presence of dipyridamole) when using 1.5 X 107 cells/ml in the
assay. On the other hand, when uéing 3.0 X 10’ cglls/ml withOuf
'depletion correctio;', dipyridamole appeared to inhibit the binding of
[3H]NBMPR in an ﬁncompetitive manner (decreased Bm;x values for
[3H]NBMPR with no change in K, in the presence of dipyridamole) (Table
6, Figure 8). ‘

Note: Data présented in Table 6 and Figufe 8 were obtained using

erythrocytes from fresh blood, but compérable data were obtained when

erythrocytes from stored blood were used.

* 4) Thermodynamic and kinetic anaiysis of [3H]NBMPR and inhibitor

interactions with ape [3H]NBMPR binding si&ec
a) Thermodynamic analysis: Measurement of the equilibrium

dissociation constant of [3H]NBMPk for its sites in human erythrocytes,
revealed that the affinity of [3H]NBMPR increased as the incwbation
temperature was reduced from 37° to 4°C (Table 7). This may be due to
the slower dissdéiation rate of [3H]N£MPR from its sites at the lower
temperaéures (vide infra). Changing the incubation temperature did not
affect tﬁe maximum nuﬁber of'[3H]NBMPR binding sites. The interaction

of adénosiné with these sites showed a’aimilar‘tempeféture dependence ;

to that for the binding of [3H}NBﬁPR (Table 7). Conversly, the affinity

-
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TABLE 7 Effect of incubation temperature on the dissociation constant
(KD) of [BH]NBMPR and the inhibition constants(Ki) of
several inhibitors of the site—specifié binding of [3H]NBMPR

in fresh human erythrocytes

Compound _ Incubation Temperatdre(°C)

‘3-4 10 15-16  22-23  29-30 35-39
(3u)NmeER KD(nl‘{) 0.08 .0.10 0.12 0.24 0.39  0.62
.Dipyridamole gi(nﬁ) 9.4 14 ?.0 4.7 5.1 3.0
Adenosine Ki (uM) | 14 - 57 | 115 197 154
Diazepam Ki (uM) 31 40 5.2 8.5 | 13 5.4.

Results are the means from at least four experimental determinations..

e
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of dipyridamole and diazepam for the'[3H]NBMPR sife decreased as the
témperature was reduced (Table 7). Plots of 1n K, against 1/T°K (van'f
Hoff plots) were linear (Figure 9) and TAS values ﬁérived frpmfthese
plots (Table 8) were similar to those calculaﬁed'ffpm the felationship
AG = AH - TAS. The interaction of ‘[3‘;]NMR or adex\xosine'with [3u]NBMPR
sites resulted in a decrease in enthalpy (AH negéEiVe), whereas |
dipyridaﬁole or diazepam interaction with these sites produced an in-
cfease,in enthalpy (AH positive) (Table 8). The dipyfidamole and diaze-
pam binding reactions élso significant%y increased entrogy within fhe

| system (AS positive). f3H]NBMPR, howevér, produced a much smaller
changé in entropy‘Chén did dipyridamole and diazepém'(T;ble 8). The
badenos;ne site-interaction resulfed in an‘agtual decrease in entropy
(AS negative). All interactions with the [3H}NBMPR binding complex re-
sulted in"a decrease in Gibbs free energy (AG negative) (Table 8).

b) kinetic analysis; The r#te of dissociati;n'bf site-bound
[3H]NBMP£?in human erythrocytgs was measured'utilizing‘nonradioactive
NBMPR (300 nM)\%o prevent reasébciaFion of free [3ﬁjNBMPg.('ai§placer').
Several other inhiﬁitors,,or combinat;ong of inhibitofs, ﬁeré-alﬁo used:
as 'displacérs;. Thése included, dipyridamole (2 uM), uridin?i(ldbfmu),
adenbsine (10 mM), and diazépam.(l mM) 1n‘the ﬁresence and absence of
no§F§diogctive'NBMPR (300 nM). ;;semilogarithmic plot of’the site-~
_bound'[3H]NBMPR which remained at.variqus times after the addition of
'displacer',indicgted that the diésopiétion of [3H]NﬁMPR.folloyed fifét‘*
‘order kinetics (Figurg 10). Tﬁe tafe constan;, héwever, dgpeﬁdéd.upon
.the 'displaéer"used (Figdre 10, Table 9)§‘ The raﬁe.of dissoéiation of -
[3H]NBMPR'iﬁduced.by each ;di§placef'-ét 22°C was independent of the

‘ S e L .
presence of 300 nM nonradiocactive NBMPR (compare rate constants in

N

oL

~
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TABLE 8 Thermodynamic cdnstaﬁts for thé interéctions of [3H]NBMPR,
dipyr:_tdamolé%diazepam, a'nd adetiosineg “wilth the {3H]NBMPR 1
. binding sites in fresh humaﬁ'érythrocytes at 37°C
- _ s
L ms'
. (kJ/mole)  (kJ/mole) (kJ/molé)’
[ulveMPR 4.7 -45.3 -0.2
Dipyridamole =~ =-50.7. . +28.0 = +66.7
Diazepam - | -28.1 T 4341 +53.3
B \ ' ) . ] . . . - ) ) . . ' - )
Adenosine L =22.6 =54.7 ’ -45.3. c

AG values were calculated according to the relationship AG = RT _].nl‘__(i

-t

AH and AS values were detemined from van t Hoff plocs (Figure 9)
as described in Section F. 2 g of Met:hods. e B \ o
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Figure 10 to those in Table 9). Dipyridamole produced the slowest rate

of diesdciation (t1/2 = 9 min et 22°C)> followed by nonieotopdc hBMPR,

and then adenosine and.diazepam. Uridinevproduced the most rapid rate of

dissociation of [ H]NBMPR (tll2 0.35 min at 22°G) which was 25 times

faster than that produced by dipyridamole. - ‘ ?
The dissociation rate of | H]NBMPR from its sites in human erythro-

cytes was‘teﬁﬁerature depehdent; the diesociation rate at 37°C was 70 to

200 times faster than that observed at 4°C, irrespective of the

"displacer' used (Figure 11, Table 9). Therefore, although each
'dispiacer' gave a different dissociation rate, the activation ede%gy
(Ea(—)) for the dissociation of [BH]NBMPR from its_sites;dn human

‘erythrocytes, determiﬁed from the slope of the‘Afrhenius plotv(Figure

' 12) was similar in each case ( = 97 kJ/mole, Table 9).

B. Species Differences in the Binding of [3H]NB§PR to Erythrocytes

Site-specifié binding of [;H]NBMPR was demonstrated
in rabbit, mouse, and rat erythrocytes (Table 10). ,RAbbit"erythrocytes

appeared to be similar to human erythrocytes with respedt: to the number
L EK AU S

o of [ H]NEMPR binding sites per cell, butothe affinity ofv[3H}NBMPR for
mo-

ite sitee\in rabbit erythro tes was almost 5 times lower thap that "in

human erythrocytes‘ixabié/io Figure 134). .On.the cher-h&nd,4%9uee
'_and rat erythrocytes possessed sites which bound [3H]NBHPR°ﬁith an af-

finity sﬁmilar to that determined in fresh human erythrocytes but the

\

densities of these sites in mouse and rat cells were 3OZ and 2 7%,
'respectively, of that of human cells (Table 10).

Diazepam and dipyridamole inhibited the site-specific bind'ng ofe
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FIGURE 11 Effect of incubation temperature On,the'dissociétion of

~site-bound [3H]NBMPR from fresh human erythrocytes.

'D1330ciationAof>Site-bound»[3H]NBMPR was initiated by the

~addition of ndnisoﬁopic NﬁMPR(BbO nM) to the assay medium.



‘FIGURE'IZ ”%ffect of incubation temperature on thé dissociatioﬁ rate_'
cdnstants of [3H]NBMPR determined gsihg fresh human o
erythrocytes -- Arrhen;ué pldt.‘.Dgga were obtained using
nd;f;aioéétive NBM?R, aloné,vand in combination with one of

~several other 'displacers', as indicated. Each point is

‘the mean of at least four experiments.
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TABLE 10 _Species diffgrences in the site-specific binding of

) [3H]NBMPR to ‘mammalian erythrocytes

) ~
Slpecies Bmax ’ ‘ K.D )
(molecules/cell.) (nM)
2 .
. fuman (9) 110004600 . 0.31:0%2

Rabbit (8) 9500 + 800 1.4+0.1

" Mouse (4) . 3300 %500 0.14 +0.02 -

Rat (6) . 300%£30 0.28 £0.11
Dog (4) S S‘%not:;“';.i‘zvig'tec:f:able

Results are the means * s.‘e.mean" from 't‘he number of experiments

' _"indicated in parentheses."

12

98



FIGURE 13

Site-specific binding of [3H]NBMPR to fresh rabbit

eryth-l;ocytes and its inhibition by diazepam and dipyrida-
mole. A. Representati&‘é Scatchard plot comparing the
binding of [3H]NBMPR to fres_h rabbit and fresh human
erythrocytes. B. Double reciprocal plot analysis of the
inhibition of the site-specific binding of -[BH]NBMX’R to
rabbit erythrocytes by diazepam(0 uM, e ; 30 ®, 0 ;

100 uM, 0) and dipyridamole(O nM, ®; 10 nM, O ; 30 nM, Q)
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'[3H]NEMPR to rabbit erythrocytes in an apparently competitive manner
. (Figure 13B) with K; values of 8.9 * 2.0 M(4) and 4.6 *+ 0.9 nM(4),
respectivély. These were similar to their affinities for the [BH]NBMPR

binding sites in human erythrocytes (Table 2).

C. Characterization of the Binding of [3H]NBMPR to Guinea Pig CNS

Membranes:

N

1) Characteristics of membrane preparations: The protein yield (mg
protein/g wet weight tissue) and the 7 of total)protein of each membrane
fraction was determined (Table 11). The amount of protein associated
with the microsomal fraction (supernatant of P2 fractibn) was estimated
by subtracting the summed protein associated with Pl and P2 fractions
from the-brotein content of the crude homogénate.’ This constituted
about 327 of the total protein in the homogenate (Table 11). Most of
the ?rbtein appeared to be associated with the P2 fraction (417), and
357 of the P2 fraction was estimated to be synaptosomal-like materiaf
(collected froﬁ the 0.8/1.2 M interface of the sucrose gradient). The
reméin?er of the P2 fraction cSnBiSCed of myelin and mitochondria.
Approximate}y 77% of the protein associated“with the P2 fractioﬁ was
recovered from the sucrgse gradient as three distinct bands. Another
157 of the protein was recovered from the interband areaé and the re-
maining 87 was proSably lost during transfer and subsequent centrifugaf'

tion steps (See Methods, Section C.4). The protein yields shown in

- Table 11 agree well with data obtained by Marchbanks (1975), using‘a

. similar procedure.

2) Properties of the binding of [3H]NBMPR to CNS membranes:- The



TABLE 11 Proteigl\{eld of each membrane fraction prepéred from
guinea pig cortical membrane homogenates by differential
céntrifugation and sucrose density centrifugation, as

describ;ed in Methods.
N

T e e

Membrane Fraction mg protein per % of homogenate

g wet wt. cortex

Homogenate o .,  83:8 . 100

' Pl : 22+1 27+3
P, 34+ 3 4144
Subfractionation of P2 % of F‘2
Myelin 101 29+1
Synaptosomes 12; 1 35+2
Mitochondria ' 4.3+0.4 13+2

=

Each value represents the mean * s.e.mean from three cortical

,membrane preparations.

ﬁ\\7
P
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site-specific binding of [3H]NBA§R t; guinea pig cortical membranes was
proportional to the protein concentration in the assay mixtures over the
range of 0.05 to 0.50 mg protein/ml (Figure 144). F;nal protein con-
centrations in all binding assays ranged between 0.20 and 0.45 mg/ml,
Site-specific binding of [3H]NBM2R possessed a broad pH optimum with
peak biﬁding occurring in the raﬁge of 6.5 to 10 (Figure 14B).

Figure 15A shows the time-course of the binding of [BH]NBMPR to ,
cortiéal synaptosomes at 22°C. The specific binding of 0.35 nM
[3H]NﬁMPR occurred rapidly, was 507 complete after approxiﬁately 1:5
min, and binding reaction equilibriudiwas attained by 10 min. In-
creasing the concentration of [BH]NBMPR to 1.0 nM resulted in an
association rate which was-significantly higher thén that of 0.35 nM
[BHINEMPR; the binding was 507 comb}ete after approxiﬂately 1.2 min with
equilibrium being a;t;ined by 10 min.. The observed ﬁorward‘rate con-
st;nts (kéb), calculated from the slope’ of the lines in Figure l§B, were
10.29 £ 0.06 min™! for 0.35 mM [HINBMPR, and 0.66 £ 0.12 min™* for 1.0
nM [3H]NBMPR. This allows calcuiation of the association (kl) and
dissociation (kz) rate constants from fhe relationship
-kob = kl[BH-NBMPR] + kz; values qf 0.56 and 0,09, fespectively, were
obtainéd. An estimate of the eqﬁilibrium dissociation constant'(KD),
obtained as the ratio kzlkl, was 0.16 uM.” When binding assays were
conducted at 4°C, [3H]NBMPR associated withiits specifié sites in guinea °
pig cortical membfanes at a much sléwer ;ate than that observed at 22°C.
| At 4°C,lsitéLspecific binding of [3H]NBMPR (0.35 nM) was 50% éOmp}éte
after apﬁrokimately'S'mip.and equilibrium was attained by 60 mih (Figure
16). The observed forward rate constant (kobs at 4°C was 0.052 ¢ 0.003{

min-;. | !
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: “pe'r-formed*'in. duplicate.~ ' ' -‘ '

1.0 oM, O, initial concen;fa’tidns) to guinea pig-cortical

~ membranes at 22°C. B. is a psuedo 'first—ordei:_‘ plot of

the data shown in ’A.",~ the ‘sIOpé\_ of which pr9vides an-

estimate of the observed forward fate const’ﬁht (_kob)' .

‘Each. point is the mean * s.e.mean of three experiments’
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The 'total' amount of [3H]NBMPR that became associated at equil-~
ibrium with cortical synaptosomes under'standard aseay conditions (pH .
7.4, 22°C, 20 min incubation) consisted of two components (Figure 17),
one of which was site-specific (displaceable by non$adlolabelled NBMPR, or
other transport inhibitors) and saturable, whereas the other was pro-
pqttional to free [3H]NBMPR concentration in the assay medium. Masgs law
enalysis (Scatchard plot) of such binding data (Figure 18A) yielded
straight line plots which indicated that blnding sites were of an ap~-
parent single tyue with a meximum binding cepaclty‘(Bmax)‘for [3H]NBMP3
of apptoximately 300 fmol/mg protein. The apparent KD of [3H]NBMPR at
these sites varied depending on the'type.of assay procedure employed:
0.25 nM when assays were terminated by centrlfugation, or 0.10 nM when
assays were terminated-by filtration (fable 12, Figure 18A). These
values are in agreement with that (0.16 nM) calculated from the kinetic
experiments described above. . Hill plots of the saturation data were
llnear (Fi§ure 18B) with Hill coefficients which were not different from
unity (Tehle 12). Storage of the membrane preparation for 24 h at 4°C re-
sulted in | H]NBMPR binding constants (at 22°C) which were not signifi-
‘cantly different from thosa obtained using freshly prepared membranes.

Preincubation of cortical synaptosomes with adenosine deaminase

4}70.ug/ml, final concentration) did not 1nfluence [3H]NBMfR'binddng
constants, suggesting that levels ef extracellular{adenosiue in the in-.
,cubatlbn-mixture did nqt'ihfluence>the~bindlng reection. Also, the
absence of eodium; potassium, magneslum,vor calcium 1ons from the in-
B cubation medium did not affect the binding of [ H]NBMPR

Exposure of the synaptosomal suspension to-a hypotonic medium

(distilled water) apparently destroyed BBZ of the specific [ H]NBMPR' '

107
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TABLE 12 [3H]NBMPR binding to specific sites in guinea pig

cortical membranes: Effect of the assay termination

procédure on the apparent binding parameters of

1] NBMER.
Assay Methodology \ Bmax ‘ KD n,
(fmol/mg protein) ~ (nM)
&
300+10 - 0.25£0.01  1.04£0.02
259 +15 0.10+0.01  0.99 +0.03

“~

' the means * s.e.mean from three experiments performed

;>e.
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‘binding sites (determined by filtration assay) in_these membranes with-
out significantly affecting the affinity of the remaining sites for
[3H]NBMPR (Table 13, Figure i9).

Incubation of the cortical synaptosomes.af 60°C for 1 h abolished
77%Z of the site—specific binding of [BH]NBMPR and similarly, pre-
incubation with trypsin (10 ug/ml, final ccncentration) destroyed 847

" of the specific binding sites for tBH]NBMPRr(Table 13, Figure 19). Hil

coefficiencs for the binding of»[BH]NBMPR to its sites remaining after

heating, or treatment with trypsin wereinot different from unity and the
~affinity of [3H]NBMPR for the renaining sites was similar to that for

~ untreated eynaptosomes (Table 13).

Analysis of the temperature dependence-of the.binding reaction
revealed that the KD of [3H]NBMPR for its binding‘eites increased as the
temperature of the incubation medium was raised (Table 14). This was
probably due cc an acceleration of the dissociation rate at the higher
temperetures. The'enthalpy (AH) and entropy (TAS at 37°C) changes
associated with the binding reaction were determine&ffrom the van't Hoff
equation to be 43 kJ/mole and 11 kJ/mole, respectively. These values
are similar to those determined in human erythrocytes. The apparent

|

maximum number of specific binding sites (Bmax) for [3H]NBMPR in guinea
pig cortical synaptosomes Increased slightly from 4°C to'37°C, and then
feli sharply at 5§°C, possibly due'to proteinbdenaturacion (Table 14).

A temperature of 22°C was cOnsidérbd“bptimal for binding assays as ‘the
‘:gytio of specific to nonspecific binding was maximal at this temperature.
) Estimates of the subcellulax distribution of - [ H]NBMPR binding

sites in guinea pig cortex homOgenates indicated tha; sites poseessed

similar affinities and were present in similar densities in each fract- . -
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Bound/Free (fmol/mg protein/pM)
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Bound (fmol/mg pfotein)

FIGURE 19 gﬁ&é&t of trypsin, high temperature(60°C) and osmotic

-

shock on the site-specific binding of [BH]NBMPR to guinea

pig cortical membranes; .Normal cortical membranes(intact
syn#ptosomes)(i. ); osmotically shocked cortical membranes
(lysed syn;btosomes)(o); membranes heate&_at 60°C for -

1 h(®m); membranes preindubaéed with trypsin(10 ug/ml)(n}.
Data were obtained using a fitﬁfﬁtion“é;say procedure. ‘

Thé Scatchard plots shownrgre representative qf tﬂose e

:obtained from 3 similar experiments.
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TABLE 13 Effect of various membrane treatments on the site-specific

biﬁding of [3H]NBMPR to guinea pig cortical membranes.

’

Membrane Treatment. Bmax KD oy,
(fmol/mg protein);. (nM)
*

Intact Synaptosomes 259+ 15 0.10+0.01 0.99 +0.03
Lysed Synaptosomes T 165+ 16 0.15+0.02 0.98+0.04
60°C for 1 hour 59+ 10 0.08  0.01 0.82+0.06
Trypsin (2 units/ml) . 42 +7 0.18+0.02 0.94+0.09
*

Intact synaptosomes as used in this context indicates that the

membranes have not been subjected to any disruptive tredtment;

these are not necessarily intact vesicles.
: ’ -~
-

’ l} N
B o ‘ o A
&

Lysed synaptosomes were prepared by vortexing 'intact synaptosomes'
. L ]

in water adjusted to a pH of 7.4.

Values shown are the means * s.e.mean from three experiments performed

-

in duplicate using filtration to terminate the binding assay.
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TABLE 14 Effect of incubation temperature on the site-specific

binding of [3H]NBMPR to guinea pig cortical membranes.

I

Temperature Bmax KD

(°C) - (fmolﬂmg protein) (M)

| ,
4 257 + 12 0.10 + 0.01
22 -, 316 +8 0.22+0.02
37 399 '+ 19 0.77 +0.14
55 185 +3 1.20+0.11

A

Results are the means * s.e.mean from three experiments performed

in duplicate using centrifugation to terminate the binding assay.

2
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lion, and that éhis binding was not significantly different from that
seen in the crude, homogenate (Table 15). The site-specific binding of
[3H]NBMPR to the microsomal (PB) fraction could not be determined by the
centrifugation assay ;sed here. Subfractionation of the crude synap-
tosomal fraction revealed that [3H]NBMPR bound to similar numbers of

sites in both myelin and purified synaptosomes. However, the mito-

~

chondrial fraction had a significantly lower density of sites (Table 15).

3) Inhibition of the binding of [3H]NBMPR: Several nucleoside
derivatives inhibited the binding of [3H]NBMPR in an apparently com-
petitive manner (Figure 20). Nonradioactive NBMPR inhibited the site-

specific binding of [BH]NBMPR with a K, value of 0.22 nM, as determined

i
by mass law analysis using the double reciprocal plot method (Table 16).
This value is similar to the KD (0.23 nM) of [BH]NBMPR as determined by
Scatchard analysis of the site-specific binding of [3H]NBMPR. -
Nitrobenzylthioinosine phosphate (cleaved to NBMPR by 5‘-nucleotidase),
hydroxynitrobenzylthioguanosine and nitrobenzylthioguanosine, congeners
of NBMPR and potent inhibitors-of nucleoside transport, were also potent
inhibitors of the binding of I3H]NBMPR with Ki values less than 12 nM

(Figure 20 & 21, Table 16).

Other inhibitors of nucleoside transport which also inhibited the

site-specific binding of [3H]NBMPR to cortical synaptosomes in an ap-
paregtly competitive manner were (in decreasing orde; of potency):
dilazep, hexodendine, dipyridamole, lidoflazine, and papéverin; (Figure
21, Table 16); this is similar to their order of effectiveness for in-
hibiting the binding of [BH]NBMPR to human erythrocytes (Table 16).
Preiﬂcubation of éhe synaptosomes witg physostigmine (10 uMi, which did

not affect the binding of [3H]NBMPR per se, more than doubled the

)
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TABLE 15

of guinea pig cortical membranes. -

Maximal specific binding (Bmax) and apparent dissociation

constant (KD) of [3H]NBMPR in various subcellular fractions

Membrane Fraction

Homogenate

F1

)

Subfractionation of P2

Myelin

Synaptosomes

Mitochondria

B
max

(fmol/mg protein)

363+ 19

355 # 37

343 £ 16

310+ 24

316 + 28

185+7

(nM)

0.28+0.03
0.31+0.03

0.23+0.01

0.29+0.04

0.24+0.02

0.24+0.01

Each value represents the mean* s.e.mean from three experiments

performed in duplicate using centrifugation to terminate the binding

assays.
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TABLE 16 Comparison of the inhibition constants (Ki) of recognized ‘

nucleoside transport inhibitors for the inhibition of the

site-specific binding of [3H]NBMPR to b?t? guinea pig CNS

membranes and human erythrocytes

Inhibitor

Nitrobenzylthioinosine
Nitrobenzylthioinosine pﬁosphate
Nitrobenzylthioguanosine |
Dilazep + Physostigmine

Dilazep - Physostigmine
Hexobendine +.Physostigmine‘
Hexobendiné - Physosﬁigmine
Hydroxynitrobenzylthioguanosine
~.Dipyridamole )
/iidoflazine

Papaverine

according to the equation Ki

Guinea Pig Human
CNS Membranes Erythrocytes
K, (at) K, (M)
0.22+0.03 - -
0.29 +0.01 -
* v
0.36 +0.03 1.2
0.42+0.03 . -
1.1+0.2 0.29-
3.2+0.4 -
6.7+ 1.4 1.9
x
11+1 11
11+ 2 1.9
100+ 13 42

15100 + 800 3500

These KiAvalues were calculatédrfromdﬁhe.corresponding IC50 values

= ICSO/[l + (NBMPR‘conc/KD)] whefe

'NBMPR conc' is the concentration of [3H]NBMPR used for the IC50

determination and 'KD' is the dissociation constant of [3H]NBMPR.

All‘othgt Ki values were determined directly by double reciproqal

plot analysrs(see Section F.2.d. of Methods).

Results are the means * s.e.mean from at least three experiments

performed in duplicate.
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" FIGURE 21 ' Inhibition of the site-specific binding of [ HJNBMPR

(0.35 nM, initial concen_tration) to gurineva pig cortical

" membranes: Concentration-inhibition pllqts. Inhibitors:
: nitrobenzylbt\‘ioguano.Sine( ®); dilazep(0); dip%vrvidamole('l );
‘ lidof_laiine'( B); Ro 5-4866( A); adenosine(a).

_ Each point represents the mean *s.e.mean, n = 6.
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apparent affinity of dilazep and hexobendine for the [3H]NBMPR site

(Table 16).

Several purine and pyrimidine nucleosides which are substrates for
the nucleoside transport éystem were §pparent1y competitive inhibitors
of the aite-specif;c binding of [3H]NBMPR (Figure 20). Of the nucleo-
sideé tested (Table 17), adenosine was the most potent permeant w{th a

: Ki value of 123 uM. Preincubation of cortical synaptosomes with the

-

adenosine deaminase inhibitor, deoxycéformycin, significantly increased
the apparent affinity (Ki) Qf adenosine to 76 uM. 2-Chloroadenosine, a
potént\agonist at adenosine receptors, was also an>effective inhibitor
Qf ﬁhe'binding of [BH]NBMPR with a Ki value of 14 uM (Table 17). i
Nucleotides, on the other hand,_wefe poor inhibitors of the site-specific
binding éf [3H]NBMP§? ATP produced 8.3 * 2.47 and 78 * 27 inhibition at

1 mM and 10 mM, respectively. Similarly, GTP produced a 19 * 3% and

49 + 107 inhibition at 1 mM and 3 mM, respectively.

Benzodlazepines iﬁhibited the site~specific binding of [3H]NBMPR to
: guineg pig corticai synaptosomes with poteﬁgies similar to those deter-
: ﬁiqed for the inhibition of the binding of [3H]NBMPR to human erythro-
cytes (Table 18). Ro'5-4864} ﬁidazplam,rdiazepam, clonazepam, and

lorazepam were apparently competitive inhibitors,'with K, values ranging

i
from 5.4yﬁh for Ro 5-4864'to,52 uM‘for loraéepam (Figure 20 & 21, Table
18). Flurazepam and its ac:ivevmétabolite, didesethylflurézeéam;_were
very weak iﬁhibitors of site-specific binding 6f [3H;NBMPR, ;é was the
potent benzodiazepine antagonist Ro 15—1788 each produced approx-
imately 502 inhibition at a’ concentration of 300 uM (Table 19)
interaction of the benzodiazepines with the [ H]NBMPR binding site in

guinea pig cortical synaptosomes,” as inrhuman erythrocytes, appears to



TABLE 17 Comparison of the inhibition constants (Ki)'bf nucleosides

121

for the inhibition of the site-specific binding of‘[BH]NBMPR

to guinea pig CNS membranes

& Inhibitor

2-Chloroadenosine
Adenosine + d%pxycofofmycin
Adenosine - deoxycoformycin
Inosine
Thymidine

" Guanosine
Uridine

\

Cytidine %
‘ [

(uM)

14641
76+ 6
123+ 17
325432
398 + 68
425+ 32

940 + 165

3000 + 300 .

Results are the means * s.e.mean from at least three experiments

performed in duplicate.  All Ky

reciprocal plot analysis.

values were determined by double
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TABLE 18 Comparison of the inhibition constants (Ki) of.benzédiazepines

-

’ !
for the inhibition of the site-specific binding of [3H]NBMPR

to both guinea pig CNS membranes and human erythrocytes

Inhibitor * Guinea Pig Human
CNS Membranes Erythrocytes

K, (uM) K, (M)

Ro 5-4864 5.4+0.6 o 2.2
. ) . *
Ro 11-6893(-) 6.9+0.5 18
. *
Midazolam : 8.5+0.5 o 24
Diazepam 16 +2 6.8
Clonazepam 34 +5 24
: *

Ro 11-6896(+) ) 413 : 130
Lorazepam ’ _ . 52+14 45

* ' :
See Table 16 for explanation.
Results are the means + s.e.mean from at least three experiments

performed in duplicate.
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TABLE 19 Inhibition of the site-specific binding of [3H]NBMPR to

guinea pig CNS membranes by miscellaneous compounds

Compound ' % Inhibition
’ *
at 300 uM
l Benzodiazepines
Flurazepam ] 56 3
" Didesethylflurazepam 50 + 2
/

'Ro 15-1788 ~ , 47 £ 2

B-Carbolines

Ethyl B-carboline-3-carboxylate (BCCE) 76 + 3

Ethyl B-carboline-3-carboxamide "62+2
p .

(-)*#hy1 1,2,3,4-tetrahydro~B- 55 1 3

carboline~3-carboxylate

Phenothiazi&gs

Flpphenaziné ‘ 66 +3

Thiothixene-cis 64 *.2

Trifluoperazine | 62 2 , .
- Thiothixene- trans 56 +3

Thioridazine A 37 £2

Chlorprﬁmazine . 365 .

L8 | o

Corticosterone ‘ : ;586

Hydrocéptisone 535

Indomethacin 43 +3

Physostigmine‘ ' 41 *1
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TABLE 19 con;

7% Inhibition
*
at 300 uM

366
324
206

203

1




&

L d

be influenced by the conformation at onevbenzodiazepine chir;l center
because the (-) isomer, Ro 11-6893, had approximately a 6-~fold higher
affinif& for the‘site than the (+) benzodiazepine isomer, Ro 11-6896
(Table 18). Thsggite-specific binding of [3H]NBMPR was not influenced
by benzodiazepines at concentrations of less than 300 nM (Figure 21).

Hill coefficients ca}culatéd from the data shown in Figure 21 for
the inhibition of the binding of‘[BH]NBMPR by adenosine; Ro 5—4864, and
diazepam indicﬁted a non-cooperative type of interaction (nH valﬁes
greater thanAO.75). However, lidoflazine, dipyridamole, dilazep, and
nitrobenzylthioguanosine had Hill coefficients significantly less than’v
0.75 (Table 20). Dipyridamole and dilazep also displayed biphasic

competition curves (Figure 21) with a plateau occuring at inhibitor

concentrations of 0.3 uM to 1.0 uM.

Phenothi%zines and ethyl B;carboline;B—carbggylate (BCCE) and
cogeners were weak inhibitors of the.binding of [3H]NBMPk (Table. 19).
In addition,”a ;ide variety of other compounds were tested.for their
abilities't? inhibit the binding of [3H]NBMPR (Tables 19 & 21). of
these, only corticosterone, hydrocortisone, indomethacin, haloperidol,
phenytoin, morphine, physostigmine, and thiogéntal produced a signifi--

\
cant inhibition at a concentration of 300 uM (Table 19).

4)'Rate.of dissociation of [3H]NBMPR from CNS membranes: The rate of

dissociation of H]NBMPR from its specific sites in cortical membranes

(Figure 22) was measured, using a g@%t:a;ion’procedure,,in the presence

of nonradioactive 'displacers’ (dipyridamoie, 100 uM; nitro-

) benzylthioinosinephosphate,12'uM; diazepam,'625 uM; adenoéine,,S.mM).

These inhibitor concentrations are at least 100~ fold higher than their.

reSpective Ki values for inhibition of the site—specific binding of

~
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TABLE 20 Inhibition of the site-specific binding of [3H]NBMPR to

guinea pig CNS membranes: ICSO. values and Hill coefficients
(rLH values) for various inhibitors ‘

Inhibitor ICSO* oy
(i)
Nitrobenzylthioguanosine 0.93+0.06 0.64 +0.01
Dilazep 4.6+0.1 0.65%0.03 L
Dipyridamole ) 488 0.52+0.02 |
Lidoflazine 360£73 0.71+0.01
| (uM)
Ro 5-4864 | 21+ 4 : 0.97 +0.06
Diazepam ‘ 43 £ 2 0.77:0.03
© Adenosine - . 266:47 h 0.88+0.02

o &

\ o ’

x o 3 L
IC50 values were determined using 0.35 nM [ H]NBMPR&*

Results are the means* s.e.‘meanb from at least three experiﬁts -
performed in duplicate. - o . A
: 'z . ) : ) o

) . . a .
: "’J\'. L : : . ®
: N 0 . # :
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TABLE 21 Agents which do not inhibit the site-specific binding of

[3H]NBMPR to guinea pig CNS membranes or human erythrocytes

Inactive at 300 uM

Guinea Pig CNS Membranes: . - _ v

Acetylsalicylic acid, cimetidine, cocaine, deoxycoformycin,
. adrenaline, fentanyl, histamine, desimipramine, meperidine, ouabain,

pancuronium, phentolamine, propranolol, theophylline, tubocurarine.

-

Human Erythrocytes:

Acetylsalicylic acid, cimetidine, cocaine, fentanyl, histamine,
hydrocortisone, imipramine, ketamine, mepyramine, morphine, ouabain,

phentolamine,Vproprénolol, theophylline, thiopental, tubocurarine.

lngztive at 10 mM

I
G
&l

Guinea Pig CNS Membranes:

Acetylcholine, dopamine, gamma-aminobutyric acid, glucose,

serotonin.

[

Human Erythrocytes:

Adrenaline, gamma-aminobutyric acid, glucose, glycine, proline

tryptophan.
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Dissociation rate constants(kz) may be calculated as the

slopes of the lines in B. Each point is the mean, n = 4.
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[3H]NBMPR and are sufficient to displace all site-bound [BH]NBMPR. A
semilogarithmic plot (Figure 22B) of the site-bound [BH]NBMPR remaining
at various times after the addition of 'displacer' indicated that the
dissociation of [BH]NBMPR.from its sites was biphasic and the rates

varied depending on the 'displacer' used. The use of dipyridamole as

the 'displacer' resulted in the slowest rate of dissociation (tl/Z = 24
min) followed by nitrobenzylthioinosine phosphate and then diazepam
(Table 22). Adenosiné produced the most rapid réte of dissociation of
[3H]NBMPR, 28 times faster than that produced by dipyridamole (Table 22).
The equilibrium dissociation constant for [3H]NBMPR, obtained as the

ratio of kz/k1 (where kl = 0.56 min_l, derived from association ex-

per iments, and kz is the rate of the 'fast' dissociating component),

was 0.30 nM when dissociation was initiated by nitrobenzylthioinosine

~

phosphate. Apparent K, values obtained when dissociation was initiated
by dipyridamole, diazepam, or adenosine were 0.04 nM, 0.86 aM, and 1.05

nM, respectively. The KD value of 0.30 nM determined using

1

nitrobenzylthioinosine phosphate to obtain the dissociation constant (k2)

is similar to the KD for the binding of [3H]NBMPR determined by mass

&

law analysis (0.25 nM).

5) Regional distribution of [BH]NBMPR binding sites in guinea pig
brain: Guinea pig brain exhibited a marked regional heterogeneity in

the density of membrane binding sites of [BH]NBMPR. The highest density

of sites was found in lower brain areas such as the pons/medulla and
lower brain stem. Membranes from hippdcampus had the lowest density of
these sites and cortex was intermediate in this respect (Tablé 23,

Figure 23). In each brain region examined, [3H]NBMPR bound, in an

apparently non-cooperative manner, to a single class of sites, and

A}



TABLE 22  Rate constants for the dissociation of site-bound
[3H]NBMPR induced by various 'displacers' in guinea pig

CNS membranes

&

'Displacer’ ' Dissociation rate

constant(kz)

(min~ 1)
Dipyridamole (100 uM) \ 40.021:;0.001
*®
Nitrobenzylthioinosine phosphate(1l2 uM) a) 0.167 +0.005

b) 0.055+0.012

Diazepam (625 uM) . a) 0.481+0.021

. b) 0.093+0.002

| .
Adenosine(8 mM) 0.588 + 0.044

*

This is the 'fast' dissociation rate of a biphasic dissociation plot.

.f-

N

3
Results are the means * s.e.mean of four experiments.

This is the 'slow' dissociation rate of a biphasic dissociation plot.
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TABLE 23 Binding constants for the site-specific binding of [BH]NBMPR

to membranes prepared from various regions of guinea pig

brain
Brain region o Bmax KD Ny
(fmol/mg protein) (nM)
Pons)Medulla 644 * 12 .38 £ 0.04 .98 2 0.02
Lower brain stem 623 =22 .34 £0.02 .95+0.02
Thalamus/Hypothalamus 440+ 6 28-0.01 .04 - 0.02
Cortex 433 £ 15 .31+0.02 .01+0.03
Olfactory lobe 353 + 14 .15+ 0.02 .08 +0.04
Caudate nucleus 310+ 7 .22 +0.02 .96 £ 0,02
Cerebellum 299 * 18 .31+0.03 .01 :b.O3
Hippocampus 201 + 10 .20+0.02 .00+ (.07
® .
5 0r 6

Each experiment was performrd using pooled brain regions from

guinea pigs.

Results are the means * s.e.mean from three experiments conducted

in duplicate.
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FIGURE 23 Regional differences in the site-specific binding of
[3H]NBMPR to guinea pig brain membranes. These are
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dissociation constants for [3H]NBMPR at these sites, ranged from 0.15
nM in the olfactory lobe to 0.38 nM in the pons/medulla. There were no
marked regional variations in the affinity of dipyridémole or diazepam
for the [3H]NBMPR site. These agents competitively inhibited the bind-
ji;g of [3H]NBMPR to membranes prepared from areas of high (pons/medulla)
énd low (hippocampus) binding site densities; observed were K1 values

of 6 nM and 7 oM respectivély; for dipyfidaﬁole, and 13 pM and 21 uM

respectively, for diazepam.

D. Species Differences in the Binding of [ H]NBMPR to CNS Membranes

1) [BH]NBMPR binding constants: Scatchard analysis of the site-
specific component of the binding of [3H]NBMPR indicated an apparent
single class of binding sites for [BH]NBMPR in rat, mouse, dog, and
guinea pig cortical membfénes (Figure 24). Thé affinity of these sites
for [3H]NBMPR ranged frém 0.11 nM in rat and mouse cortex to 4.9 nM in
dog cortex. [3H]NBMPR binding site demsity also varied widely among
those species (Table 24). Hill coefficients calculated from these data
were greater than 0.75 in each species indicating that the interaction
of [3H]NBMPR with its sites was apparently non-cooperative (Table 24).
Analysis of the site-specific binding of'IBH]ﬁBMPR to rabbit cortical
membranes yielded non-linear Scatéhard plots (Figure 24B) which were
reéolved into two linear components.  This indicated the possible
existence of two distinct binding sites for [3H]NBMPR in rabbit cortical

membranes with KD values of 4.1 nM and 0.32 aM (Table 24).

2) Inhibition of the binding of {BH]NBMPR: Diazepam inhibited, in a-

concentration-dependent manner, the site-specific binding of [BH]NBMPR
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from those obtained from at least 5 other experiments

of a similar type.



9 -
T
TABLE 24 Species differences in the site-specific binding of fjH}NBMPR
to mammalian cortical membranes
‘ W
Species Bmax KD ny
(fmol/mg protein) (aM)
Rat (12) 172+ 9 0.11:0.01 - C 1.03:0.02
Mouse (6) 210 + 14 0.11 = 0.02 0.95+0.02
Guinea pig(5) 433 - 15 0.31:0.02 1.01-0.03
e ¢ ‘
Dog (8) 638 + 44 4.9+0.5 1.08 - 0.03
. .
Rabbit (6) a) 79+11 a) 0.32:0.06 .
0.83:0.03
b) 520 * 98 by 4.1-0.6

Rabbit cortical membranes contained two distinct binding sites for
[3H]NBMER which are represented in the table as a) aqd b) for the
;high' affinity and 'low' affinity sites, respectively.

Hill coefficients(nH values) were calculated for the bipding of
[BH]NBMPR to rabbiJ cortical membranes using data obtained for

all concentrations of [3H]NBMPR.

Results are the means *s.e.mean from the number of experiments

‘indicated in parentheses,
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to cortical membranes prepared from each species with ICSO values
ranging from 8.8 uM to 82 uM depending upon the species and the initial
concentration of [BH]NBMPR used in each assay (TaSle 25, Figure 25 & 26).
Hill coefficients calculated for diazepam inhibition of the binding of
[BH]NBMPR Qere not different from unity (nH values greater than 0.75) in
rat, mouse, and guinea pig cortical membranes indicating a non-coopera-
tive type of site interaction. On the other hand, in dog and rabbit
cortical membranes, Hill coefficients of less than 0.75 were obtained
for the inhibition of the binding of [BH]NBﬁPR by diazepam whi¢h suggests
either negativefc00perativity or binding site heterogeneity (Table 25).
Furthermore, in these membranes, increasing the’concentration of
[BH]NBMPRhin the assays resulted in a parallel shift of the diazepam
concentration-inhibition plots to the right (Figure 26), which indicates
'

an apparently competitive type of inhibition.

Several benzodiazepines including diazepam, Ro 5-4864, clonazepam,
and the benzodiazepine stereoisomer pair, Ro 11-6893(-) and Ro 11-6896
(+), inhibited the binding of [3H]NBMPR to rat cortical membranes in an
apparently competitive manner (as determined by double rééiprocal plot
analysis) with Ki values similar to those determined for the inhibition

of the binding of [3H]NBMPR to guinea pig cortical membranes (Table 26).

Dipyridamole, in contrast to diazepam, displayed a biphaéic in-

hibition plot for the inhibition of the binding of [3H]NBMPR to rabbit,
dog, and guinea pig cortical membranes (F;gure 25 & 26). For instance,
in rabbit cortical membrgnes, using an initial concentration of 2.0 dM
[3H]NBMPR to label the sites, 60Z of the biﬂding was inhibited by 100 oM
dipyridamole, whereas 100 uM dipyridamole was required to inhibit the
rmﬁhﬂngbhm_

values calculated for each

. component (407). ICq,
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TABLE 25 Species differences in the inhibition of the site-specific
binding of [{H]NBMPR to mammalian cortical membranes by
diazepan

. 3 * .
Species [ "H]NBMPR _ Cs | oy
(1) (=) . ’
Rat 0.15 30-6 - 0.93 +0.07
Mouse 0.15 o 63:5 ©0.99:0.10
. Guinea Pig 0.35 ' 43 =2 0.77 =+ 0.03
Rabbit 0.35 §.8+1.1 0.80*0.05
2.0 - 254 0.53+0.01
Dog 0.35 16 =5 0.63+0.03
4.0 82 * 16 | 0.73 +0.09

. .
The initial concentration of [BH]NBMPR used in the inhibition assays.

Results are the means * s.e.mean from three experiments performed in

duplicate.
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TABLE 26 Comparisoﬁ of the inhibition constants(Ki) of dipyridamole

and several benzodiazepines for the inhibition of the site-

Vs specific binding of [3H]NBMPR to. rat and guinea pig cortical
membranes
Inhibitor, Rat Cortex . Guinea Pig Cortex
K. (uM) - K (M)
i i
Dipyridamole 0.404 £ 0.044 . 0.011:0.02
. Ro 5-4864 5.1%0.8 5.4+0.6
Diazepam 14 +2 4 16¢ 2
Ro 11-6893(-) 20*3 6.9+0.5
Clonazepanm 46 £ 5 | : 34 5
Ro 11-6896(+) 64 13 41 +3
a

‘\\ . 3 . Ty
Results are the means * s.e.mean from three experiments .performed

& . <
v

in duplicate.



phase are shown in Table 27. In these rabbit membranes, the ratio of
[BH]NBMPR sites displaying 'high' and 'low' affinity for dipyvridamole
is approximately 60/40. Tt is of interest to note that this ratio is

t

the same as that obtained for the sites with 'high' and 'low' affinity
for 2.0 oM [3H]NBMPR (i.e., 200 fmol of 2.0 nM [BH]NBMPR was bound/mg
protein, in total, of which 105 fmol/mg were bound to 'high' affinity
[}H]NBMPR sites, calculated from data shown in Figure 24). 1If a
relatively lower concentration‘of [BH]NBMPR was used in the inhibition
assays (e.g., 0.35 nM [3H]NBMPR with rabbit cortical membranes), there-
by decreasing the number of 'low' affinity (Figure 24) [BH]NBMPR sites
labelled, the proportion of sites displaying 'high' affinity for
diéyridamole incEeased (Figure 26, Table 27). This again suggests that
the sites displaying 'high' aftinity for dipyridamole correspond to the
sites displaying 'high' affinity for [3H]NBMPR in rabbit cortical mem-
branes. A similar relationship between [BH]NBMPR concentration and the
ratio of sites displaying 'high' and 'low' affinity for dipyridamole was
observed using dog cortical membranes (Figure 26, Table 27) although, in
these membranes, Scatchard analysis had indicated that [BH]NBMPR bound
to an apparent single class of sites (Figure 24). Dibyridamole display-
ed approximately a 10000-fold lower affinity for 'low' affinity

N

3 .
(TH]NBMPR sites (IC5 = 40 uM) than for 'high' affinity [3H]NBMPR sites

0

( = 4 nM) in rabbit and dog cortical membranes (Table 27). IJ

ICSO

guinea'pig cortical membranesy, however, the affinities of Lhese sites
for dipyridamole only differed by approximately 300-fold (Table 27).

In contrast, all of the specific binding sites for [3H]NBQPR iﬁ rat
cortical membranes displayed a low affinity for dipyridamole (Ki = 0.404

uM); a similar, apparently homogeneous, population of sites exist: in
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TABLE 27

binding of [3H}NBM?R to mammalian cortical membranes

dipy ridamole

*
species [}H]NBMPR ICSO . ICS()
Site A‘ Site 8-
(aM) (aM) (uM)
Rat 0.15 - 1.23+0.07
Mouse 0.15 - 0.36 + 0.07
Guinea Pig 0.35 20 3 65§. 1.1
Rabbit Q.35 3.8 V.9 3175
2.0 4.2 0.8 48 12
Dog 0.35 2.2-0.4 38 - 4
4.0 7.5:1.6 45+ 8
* 3

The concentration of |

exhibited biphasic inhibition.plots. 'Site A’

and

O/l*

0/100

75/25

65/35

32/68

'Site :

H]%BMPR used in the inhibition assavs.

In guinea pig, rabbit.and dog cortical amembranes,dipvridamcle

Species differences in the ifihibition of the site-specitic

O N

.80 - 0011
.80 - 0.05
-~

repre-

sent the sites which displav high and low affinity for dipvridamole,

respectively.

This value represents the rario of EBH}NBMPR sites displaying high

and low affinity for dipvridamole when using the indicated concen-

.

.3

tration of { H]NBMPR.

monophiisic dipyridamole inhibition plots.

Hill coefficients(nH) values were calculated using data only from

Results.are the means * s.e.dean from three experiments performed in

duplicate.
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mouse cortical membranes which display an apparent Ki value for

\
\

dipyridamole of 0.152 uM (Table 27, Figure 25).

3) Dissociation rates of [BH]NBMPR: In each species testred (rat,
guinea pig, rabbit) the rate of dissociation of [BH]NBMPR from its
sites in cortical membranes was dependent upon the 'displacer' used
(Figure 27). Dipyridamole induced the slowest dissoclation rate of
[BH]NBMPR in each species (Figure 27, Table 28). It was an‘ext}emely
weak displacer of LBH]NBMPR from the sites in rat cortical membranas
(k2 = 0.002 min_l) even though the dipyridamole concentration used
(100 uM) was sufficient to inhibit all the site-specific binding of
[BH]NBMPR to rat cortical membranes in competition experiments. In
each species, nitrobenzylthioinosine phosphate induced a 3- to 15-fold
faster rate of dissociation of [BH]NBMPR from its sites than®did
dipyridamole (Table 28, Figure 27). Adenosine induced the fastest rate
of dissociation of [BH]NBMPR from its sites in rat and guineg pig
cortical membranes, approximately 1.2 times and 40 times faster than
that induced by diazepam and dipyridamole, respectively. On the other
hand diazepam produced the fastest rate of dissociation of site;bound
[BH]NBMPR in rabbit cortical membranes (Table 28, Figure 27). The
rate of dissociation of [3H]NBMPR from rat cortical membranes was
monophasic with all 'displacers'; this is in contrast to data derived
from a) guinea pig cortical membranes where nitrobenzylthioinosine éhos—
phate or diazep%m induced biphasic rates of dissociation of [BH]NBMPR,
and b) rabbit cortical membranes where nitrobenzylthioinosine phosphate,
diazepam,yaden%sine, and dipyridamole induced biphasic rates of dis-
sociation of [jH]NBMPR (Figure 27). 1In general, the rates of dissocia-
tion of [BH]NBLP

R from its sites in rat cortical membranes were about

J
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IGURE 27 Species differences in the rate of dissociation of site-

bound [BH]NBMPR from mammalian cortical membranes at 22°C.
'Displacers': dipyridamole(®), nitrobenzylthioinosine
phosphate(n ), diazepam( ®), adenosine(O). Each point
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is the mean of 4 experiments.
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TABLE 28 Species differences in the rate of dissociation of T“H]NBMPR

from its sites in mammalian cortical membranes

'Displacer’ Dissociation Rate Constant-k., (min )
Guinea Pig Rabbit Rat
1
*

Dipvridamole - a) - . 0.166 + 0.024 -
b) 0.021:0.001  0.019: 0.006 0.002 - 0.001

Nitrobenzylthio- a) 0.167 = 0.005 0.526 2 0,047 -
lnosine phosphate ) , 55 .9 012 0.047 - 0.005 0.030 - 0.002

Diazepam a) 0.481:0.021 2.33+:0.18 -
b) 0.093 +0.002 0.056 = 0.011 0.077 +0.006

Adenosine a) 0.588 + 0.044 0.989 - 0.137 -
gy b) - 0.041 = 0.011 0.100 - 0.003

a) and b) represent the 'fast' and 'slow' dissociation rates,
respectivefy, of biphasic [BH]NBMPR dissociation plots.

The reporting of only one dissociatrion rate constant indicates that
the dissociation of [3H]NBMPR from its sites was monophasic in this
case. The claésificapion of this rate as a) or b) depended on
whether the rate most closely resembled the 'fast' or 'slow' rates,
respectively, of biphasic dissociation plots.

Results are the means * s.e.mean from four experiments.



S times slower than the corresponding 'fast' dissociation rates of

[
\

IBH]NBMPR from its sites in guinea pig cortical membranes: For in-
dividual 'displacers', the most rapid rate of [BH]NBMPR dissociation
was observed when using rabbit cortical membranes (Table 28). |

The rates of dissociation of [BH]NBMPR during the 'slow' dis-
sociation phase in both rabbit and guinea pig cortical membranes were
similar (k2 = 0.05 min_l). In contrast to the 'fast' dissociation rates,
the 'slow' rates were relatively independent of the 'displacer' used
(Table 28). However, the amount of [3H]NBﬂPR remaining bound follow-
ing completion of the 'fast' dissociation phase was dependent on the
'displacer' used and, in rabbit membranes in particular,.the conversion
between the 'fast' and 'slow' dissociation rates occurred at approx-
imately the same time (= 2 min) after the addition of each 'displacer’
(Figure 27). The association rates (kl) for the binding of [3H]NBMPR
to its two classes of sites in rabbit cortical membranes, calculated as
kleD using nitrobenzylthioinosine phosphate to obtain kZ’ were similar;
these rates were 0.128 min-l and 0.147 min_l for the 'low' affinity and
fhigh' aff%ﬂ}ty [BHINBMPR sites,‘respectively.

hd

E. Inhibition of Adenosine Deaminase

Deoxycoformycin inhibited adenosine deaminase (from calf intestinal
micosa) aétivity in a concentration-dependent manner with an IC'50 value
of 5.8 + 2.1 nM(4) (Figure 28). Of the other compounds tested (Table
29), dipyridamole, although significantly less potent than deoxycofor-
mycin, was the most potent inhibitor of adenosine deaminase (247
inhibition at 10Q uM, final concentration). Benzodiazepines were also

very weak'inhibitors of adenosine deaminase producing less than 207%
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FIGURE 28 Inhibition of adenosine deaminase by deoxycoformycin.
Each point represents mean ts.e.ﬁean, a=4. The ICSO
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TABLE 29 Inhibition of adenosine deaminase activity by several

benzodiazepines and nucleoside tramsport inhibitors

*
Adenosine Deaminase % Inhibition
Activity

(mmol adenosine/min)

Control(no inhibitor) 8.38 +0.22

Dimethyl Sulfoxide(1l.25%) 8.12+0.04 0
Flunitrazepam(100 LM) 7.67 +0.45 ' 6
Hydroxynitrobenzylthio- 7.33+0.11 ' 10

guanosine(1l2 uM)

Diazepam (100 uM) 7.11+0.19 12

Clonazepam (100 uM) 6.77+0.34 17
Dipyridamole(100 uM) 6.21+0.22 > 24
*

Dimethyl sulfoxide(l.ZSZ).was present in each of’the4ggst compound
solutions. ATherefore, the ratevof adenosine deaminafion in thg .
presence of dimethyl sulfoxide was used as the control (0% inhibition)
vaiue for the calculation of % inhibition of adenosine deaminase

activity by the test compounds. | -

Results are the means * s.e.mean from four experiments. .
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inhibition at concentrations of 100 uM (Table 29). Similarly,
hydroxynitrobenzylthioguanosine (12 uM) did not significantly inhibit

the activity of adenosine deaminase (Table 29).
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IV. DISCUSSION

High affinitv, saturable binding sites for the nucleoside trans-
port inhibitor NBMPR have been demonstrated on cells of various
types (Lauzon & Paterson, 1977; Wohlhueter e: ;.., 1978; Paterson .::
al., 1980; Dahlig—Harley et al., 198l), including human ervthrocytes
(Pickard et al., 1973; Cass et ai., 1574; Cass & Paterson, 1976;
Jarvis et al., 1982b). Occupation of these sites by NBMPR has been
correlated with the inhibition of nucleoside transport (Cass ez : .,
1974; Lauzon & Paterson, 1977), and other recognized nucleoside trans-
port inhibitors such as dipvridamole have been reported‘to competitive-
ly inhibit the site-specific binding of .NBMPR to Hela cells, and
ervthrocytes (Cass & Paterson, 1976; Jarvis & Young, 1980; Paterson
et al., 1980).

The présent study furgher explores the characteristics of the
NBMPR binding site in erythrocytes, and describes the characteristics
of a similar high affinity NBMPR binding site in mammalian CNS
membranes. The demonstgation that many-nucleqside transport inhibitors
inhibit the binding of NBMPR to both human erythrocytes; and CNS menm-
branes further supports the suggestion that NBMPR binds to transport
inhibitory sites 6n nucleoside transporters (Jarvis & Young, 1980).
Furthermore, inhibition comnstants for seQeral agents derived from the
o \ .
measurement of the inhibition of uridine influx‘ and from competition
experiments with NBMPR binding in erythrocytes, are similar. This
indicates that inhibition of the biﬁding of NBMPR by a te;t compound

is predictive of the ability of that compound to inhibit nucleoside

transport in human erythrocytes (Hammond et al., 1983).
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A. Nucleoside Transport in Fresh and Stored Human Ervthrocvtes

The equilibrium dissociation constant (KD) of 0.31 nM déftermined
in the present study for the binding of NBMPR to fresh human ervthro-
cvtes compares well zith the affinitv of NBMPR for i&s sites in other
-cell types (Lauzon & Paterson, 1977; Pate;son et al., 1980; Dahlig-
Harley =2t u!., 19815, and with previously reported values for human
erythrocytes (Pickard ¢ 2I., 1973; Cass eg al., 1974; Cass &
éaterson, 1976; Jarvis et al., 1982b).‘ Erythrocytes obtained ftom ¢
stored blood (3 weeks at 4°C in citrate-phosphate-dextrose solution)

had sites with an affinity for NBMPR which was 3J-fold lower than those

in fresh ervthrocvtes; the number of binding siteL per cell, however,

was simiiar in both fresh and stored cells.

R Zero-trans uridiné influx, and uridine equilibrium exchanée influx
studies in erythrocytes (Jarvis et al:, 1983) indicated that the Vmax

of uridine influx was 3-fold lower in stored erythrocytes relative to
fresh er?throcytes; and these studies also impliedAthat the mobility
oE the loaded énd empty nucleoside carriers differed by about 6- and
12-fold in fresh and stored‘blood, respectively. 9@%%2 é%th stored
agd fresh erythrocytes have similar numbers of NBMPR binding sites,
the decrease in the vmax value-%or zero~-trans influx in stored erythro-
cytes, re%&?&ve to that'in fFesh cells, may be due to a decreased
mobility of the unloaded nucleoside carrier rather than to a decrease
in the number of functional n;cleoside transporters (sée Table 30).
These results suggest that cellular nucleoside‘transport activity
might be regulated, in some instances, by Qarying the mobility of the

loaded and}ynloaded carriers. The lower mobility of the unloaded’

nucleoside carrier in stored erythrocytes may be associated with a
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© TABLE 30 Comparison of NBMPR binding constants and kinetic data
for uridine zero-trans and equilibrium éxchange influx in

human erythrocytes from fresh and stored blood

Fresh hRBC Stored hRBC
NBMPR Bmax(molecules/cell) 11000 * 600 12000 + 1100
binding
KD(dM) 0.31+0.02 0.97+0.13
* g
Uridine Y (mmol/1 H.O per h) 116 * 14 35+ 4
max 2 .
zero-trans )
influx Km(mM) 0.17 £ 0.02 0.13+0.03
*
Uridine \Y (mmol/1 H,O per h) 462 + 60 355+ 41
max 2
equilibrium
exchange influx K (mM) 0.76 + 0.07 1.10+0.10

- Taken from Jarvis et al.,(1983).
~: » Results are the means * s.e.mean from at least 3 experiments.
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conformation change in the transporter complex. This change may also

affect the NBMPR binding site, leading to the observed decrease in

;affinity of this site in stored cells for NBMPR and other nucleoside

transport inhibitors (as in Table 2).

B. Species Pifferences in Erythrocyte Nucleoside Transport

It has previously been determined that nucleoside tramsport
capability in sheep, human, and pig erythrocytes depends upon the

number of functional transporters in the cell membrane rather than
S
on changes in transport capacity of individual carriers; each

transporter has a constant translocation capacity of 140 to 180

~

molecules of uridine/site/s (Jarvis & Young, 1982).

*.

The present results along with @bncurrently determined uridine

influx kinet}cs (Jarvis et al., 1982a), extend these studies to common

laboratory animals including dog, rat, mouse, and rabbit erythrocytes

(see Table 31). Both V values far uridine influx, and B values
max . 3 max

for the binding of NBMPR differed by‘as much as 40-fold among erythro-

cytes of the various species, although é&g apparent affinity of

ey .

similar in each case (approximately 0.2 mM for uridine énp;y"at 22°¢C,

uridine (K ), and NBMPR (KD) for the nucleoside traggporter were

«

“and 0.1 to 1 oM for NBMPR, respectively). Assuming that each NBMPR

molecule binds to a single_hucleoside transpprter, translocation capa-
cities calculate& fqr the nuciegéide'transporter of human, rabbit, rat,
and mouse efythrocytes were similar, and rénged from 123 toy 190
moiecules of uridine/site/s. ‘These values compare favourably with

the translocation capacities calculated previously for the nucleoside

transport systém of pig, sheep, and human erythrocytes (Jarvis & Yéung,



TABLE 31

v

from various species

Species

Human
Rabbit

Pig

Mouse

Rat
Gulnea pig

Dog

*
Taken from Jarvis et al., (1982a).

Comparison of B
max

154

values tor the binding of NBMPR with

values for zero-truns uridine influx in erythrocytes

NBMPR B
max

(molecules/cell)

11000 t 609

9500 t 800

Ing

*
5100 t 400

3300 + 500
300 + 30

*

274

not detectable

*
Uridine Vv
max

(1019 X mol/
cell per s)

26+ 3
29+ 2

111+ 2

0.7+0.1

0.07+0.01

not detectable

Translocation

capacityv

(molecules/

sites per
; Per

142+ 28
190 + 22
128
123 + 48
140 + 29

155+ 12

Results are the means * s.e.mean from at least 3 experiments.
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1982, and see Table 31). A similar relationship between the binding

of NBMPR and uridine transport capability has been observed in gulnea
pig ervthrocvtes (Jarvis o¢ z., 1982a) although, due to a low trans-
port capability, and therefore a low number of transport sites In

these cells, NBMPR binding parameters had to be determined using
erythrocyte membranes rather than intact cellsi(nonspecific binding of
NBMPR is lower in haemoglobin-tree ervthrocyte membranes relat}ve to
intact cells). Dog ervthrocytes do not possess high éffinity binding
sites for NBMPR, nmor do they display saturable uridine or adenosine
transport capability. This finding supports a previous conclusion

that high affinity NBMPR binding to erythrocyvte membranes is a specitic
association of NBMPR with functional nucleoside transport sites (Jarvis
& Young, 1980).

Tﬁe low transport and NBMPR binding capacity of dog and guinea pig
erythrocytes is consistent with data obtained by Van Belle (1969a & b)
who showed that, unlike many other species, guinea pig and dog erythro-
cytes were not involved in the metabolism of circulating adenosiné.

~y

Similarly, adenosine uptake (combined passive diff&gion and carrier-
mediated transport) by dog erythrocytes was unaffected by the nucleo-
side transport inhibitor lidoflazine (Van Belle, 1970b), which suggests
that adenosine gccumulation by dog erythrocytes in that study was due
only to passive diffusion. e

This demonstration of substantial differences in nucleoside
transport rates among\erythrocytes from commonly used laboratory
animals bears significantly on attempts to understand the influence

of erythrocytes on nucleoside concentrations in the circulation.

Thus, in biological systems where the erythrocyte transport system



can infldence blood concentrations of adenosine and other nucleosides.
signific;n( species differences should be expected in the metabolism

of these agents, and in thelir abilitv’to produce effects via inter-
actions‘with extracellular receptors (for example, see Van Belle,
1969b). Similarly, the apparent potency of the adenosine receptor
antagoni€t theophvlline may also be influenced by the removal of adeno-
sine from the vicinitv of its receptors by the nucleoside transport
mechanism (Clanachan & Muller, 1980).

The efficacy of nucleoside transport inhibitors as modulators of
adenosine concentration in the extracellular space is also dependent
upon the quantitative importance of the nutleosi&é’transport svstem as
a means of nucleoside removal. 1f, as has been‘suggested/by Roos and
Pfleger (1972), ervthrocytes inactivate adenosine released into the
coronary circulation, then the effects of the vasocactive inhibitors of
nucleoside transport (such as dipyridamole or dilazep) 'should be
expected to be significantiy greater in humans than in dogs, guinea
pigs, or ratsL' The rabbit would appear to possess an erythrocytic
nucleoside transporter density éhat is more comparable to that of man
than would the dog, guineaKpig, or rat. In the dog, commonly used in
coronary circulation studies, adenosine is not transported i?to
erythrocytes, but may be inactivated by other cellular elements of
blood. Van Belle (1969a & b) has proposed that platelets may perform
this function in dog and guinea pig blood.

These findings demonstrate that the higher nucleoside transport
capacity of rabbit, human, mouse, rat, and guinea pig erythrocytes

relative to dog erythrocytes is related to the cell surface density‘bf

high affinity NBMPR binding sites (see Table 31). Species differences
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in the nucleoside transport capacity of erythrocvtes are therefore due
to differences in the cellular number of functional nucleoside trans-
port sites, rather than to differences in the kinetic properties ot
the transport svstem.

Species differences in nucleoside uptake have also been observed
in other cells. For instance, rat heart tissue accumulates adenosine
bv a transport-dependent mechanism at a much slowef rate than does
guinea pig heart tissue (Barker & Clanachan, 1982), and the rate of
~adenosine uptake by platelets is also species dependent (Van Belle,
1969a & b; Doni, 1981).

-

C. NBMPR Binding Sites in Guinea Pig CNS Membranes

Saturable, high affinity binding sites for the nucleoside trans-
port inhibitor NBMPR also exist on membranes p;epared from guinea pig
brain. These sites appear to possess characteristics similar to the
NBMPR binding sites on plasma membranes of human erythrocytes.
Occupation of the latter sites by NBMPR has been correlated with
inhibition of nucleoside transport (Cass et al., 1974). Binding of
NBMPR to cortical membrane sites was rapid, reversible, and gépendent
upon the pH and temperature of the incubation mixtures. Tﬁe binding
of NBMPR to guinea pig cortjcal membranes was linear with protein con-
centration“up to 0.5 mg/ml protein, and no specific binding of NBMPR
was observed in the ab;ence of protein indicating tha; the binding was
to the membrane protein, and not to assay tubes, or filters. The

’deviapion from linearity oﬁsérved when Qsing greater than 0.5 mg/ml
protein could be due to: 1) an endogenous.inhibitor of the binding of

EY

NBMPR, possibly.a purine, 2) aggregation of the synaptosomes, which is

r
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known to occur in media of high ionic strquth (Gray & Whittaker, 1962),
therefore phvsically occluding some of the binding sites, or 3)
depletion of [BH]NBMPR from the assay medium. The latter is the most
likely case since 0.8 mg protein bound 160 fmol of [}H]NBMPR in these
experiments which reduced the initial [BH]NBMPR concentration of 1.0
M to a final free (3H]NBMPR‘cmnqentration of 0.84 nM. This was
considered to be a significant degree af depletion.

Mass law analysis (Scatchard plot) of the site-specific binding
data indicated that NBMPR bound to a single class of high affinity
sites in guinea pig CNS membranes. The dissociation constant for NBMPR
at these sites, calculated indepedaently from saturation, competition,
and kinetic experiments, ranged from 0.10 to 0.25 mM. These values
are similar to those obtained for the site-specific binding of NBMPR
in a variety of cell types, including erythrocytes from humans, and
several other mammalian species. The ;pparént affinity of NBMPR for
this site was dependent, to a minor degree, upon the termination pro-
cedure used in .the bindihg assay. Qhen centrifugatioh was used, NBMPR
displayed a 0.25 nM affinity,foﬁ the site, a 2.5-fold iower affinity
than that observed when the assay was terminated by filtration; the
total number of binding sites, however, was similar in each case

+

(gpprox. 300 fmol/mg protein). Centrifugation for 4 min at 12,000
g
*

in an Eppendorf microcentrifuge at room temperature, as performed in

these experiments, produced a transient increase in the temperature of
the assay mixture, and since NBMPR binding is temperature sensitive;
this temperature increase may be sufficient to slightly decrease the

affinity of the site for NBMPR. A filtration procéﬂure, on the other

hand, would not be expected to change the assay temperature.
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Therefore, for binding systems which are extremely temperature
sensitive, filtration, rather than centrifugation, may be the bgtter

means by which to separate the 'bound' from the "free' radioliggnd.

Most of the NBMPR binding- complexes in the CNS appear Yo be” 7

protein in nature as heating, trypsin, and alkaline pH eliminated

-

807 of the site-specific binding of NBMPR. Incaréstingly, neither
the heat nor the trypsin inactivation procedures (which should have
been of a sufficient durativn to produce a maximum effect’) eliminated
all binding. These treatments di@ not affect 20% of the NBMPR binding
sites whi;h indicated that these sites were either not prote?n, or

. @ . o
were in a relatively more stable conformation within the membrane.
M
. . .

These results suggest heterogeneity of NBMPR binding sites in guinea
pig CNS membranes, an hypothesis which will be discussed in greater
detail ir'a subsequent section.

Subjecting the membrane preparation to a hypotonic medium reduced

14 .

the site-spdcific binding of NBMPR by 36%, a iroportion too large to

be attripwted solely to transport-mediated intféﬁéfldiar,trapping of
- - : . . . A P
NBMPR. A 0.5 mg synaptosomal membrane protein pelTet corresponds to

>
approximately 20 ul aqueous volume, and assuming that 50% of this is

intracellular space (lO ul, as a high eétimate), thé intracellular
concentration of NBMPR would have to be 5.4 nM‘in order to account for
: ) i

the increased binding of NBMPR_to inﬁaCt membrane vesicles (synapto-

somes). This is much higher than the concentrations of NBMPR used in o

“ -

]

these binding asgays; so, NBMPR is not éonsi@ered to interfer "~

phosphorylation reactions (Cass &’?ézzrgon,-1977; Paterson et a

N _— g
1977b), and as the nucledside-transport system is nomconcentrative,-
. A\ .

it is unlikely that NBMPR%DS being 'trapped' within the synaptosomes.
B .1\ '*
BN

- - -

»

/
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B $
Indeed, thepe is no réason fo believe that NBMPR is even a substrate
for the nucleoside transport system. An alternate possibility is that
the lipid enviromment of the NBMPR binding complex in guinea pig CNS &
membranes is critical to binding activity and lysing the membranes

causes local disruptions in the lipid bilayer structure.

Subcellular distribution: High affinity binding sites for NBMPR
are uniformly distributed (per mg protein) throughout all subcellular
membrane fractions with the exception of the mitochondrial fraction

‘which had a low number of sites. This distribution is similar to that

o

reported in rat brain subfractionation studies (Marangos et al.,
1982b). The lower density of binding sites (per mg protein) for NBMPR

observed in the mitochondrial fraction may be attributable to synapto-

27
somal contamination which is %ﬁﬁwn to occur in this fraction with the
e

preparation method used in these experiments (Marchbanks, 1975). NBMPR *
. Y

sites are therefore unlike many other CNS drug recognition sites as

they are not necessarily localized close to synaptic junctions. This
e A

is not surprising as nucleosides are present in all types of c?lls and

therefore a membrane-located nucleoside transport system would be

expected to be ubiquitous.

o

Regional distribution: A marked regional heterogeneity in the

distribution of NBMPR sites was found in guinea pig brain. As these
sites appéar to be similar to those in er&throcytes,‘where NBMPR binding,
sites represent functional nucleoside transportérs, their non-uniform |
distribution\in.guinea pig‘brain suggests that differencé; may exist

in ﬁhe capacity of,membfanes in various.brain areas to transport

‘ nucleosides. The highest density of sites was found in the brain stem

£
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regions, and the lowest density was located in the hippocampus. The
discribution of the NBMPR binding sites appears unrelated to that for
adenosine réceptors. The latter, identified by the site-speciftic
binding of 2-chloroadenosine, have a low density in spinal cord, -
hypothalamus, and pons/medulla, and a high density in hippocampus
_(Williams & Risley, 1980) . TheAdiStribu;ion of nucleoside transport
sites; identified by the site—specifi; binding of NBMPR, also differs
from that of the 'neuronal' benzodiazepine recognition sites (Mohler
& Okada, 1978) which suggests that the 'neuronal’ benzodiaz%Pine
" recognition sites and the nucleoside transport sites are distinct
entiﬁies. These results do not suppor£ the hypothésis of Phillis and
coworkers (Phillis e:‘al., 1980; Wu et al., 1981) that the 'neuronal’
benzodiazepine'binding sites ére part of the nucleoside transport
complex in the CNS and ;qic benzodiazepines are producing their anxio-
lytic actions through an.inhibition of the nucleoside transport system.
Inhibitors of the binding of NBMPR, such as dipyrida@ble and diazepan,
displayed no marked regional differences in their affinities for the F
NBMPR binding sites.

Assuming that NBMPR'does bind specifically to the CNS nucleoside
pranSpoft system (vide infra), this demonstration of régional'differ—
ences in nucleoside tranﬁporter density may have important consequences
in the measuremén; of drug éction in the CNS. Significant regional
differences should be expected in the dpparent potency of: adenosine
jrebeptor agoniéts and antagoﬁists (Clanachan & Muller, 1980) as the

concentration of agonist in the viéinity of its extracellular receptors
may be influenced by its rate of femova} By‘the transpor; sysfem. f
Similarly, regignal variations should be expected in thgleﬁficécyjdf

i

]



162

nucleoside transport inhibitors as modulators of extracellular nucleo-
side concentrations. For instance, papaverine, a nucleoside transport
inhibitor, has been shown to have its greatest effect on CNS blood
tflow in lower brain areas (pons and medulla) of the rat (Conwayv &
Weiss, 1980). These results suggest that nucleoside tramnsport inhibi-
tion has a greater effect on.extracellular adenosine concentrations. in
the pons and medulla than in, for example, cerebellum. Therefore, a
relapively higher density of nucleoside transporters may be present

in the lower brain stem areas of rat brain. These results are consis-
tent with the distribution of NBMPR bigding sites in both rat brain

(Marangos et al., 1982b), and guinea pig brain.

D. Inhibitors of NBMPR Binding g

%
1) General comments: Inhibitors of NBMPR binding display the same

affinity for the NBMPR site in guinea pig brain as they do for the
NBMPR site in human erythrog?tes; in the latter system, NBMPR binds
only to. functional nucleosiJ: transporters (Jarvis & You;g, 1980), and
inhibition of NBMPR binding reflects theApotehcy of a comp;und as an
inhibitor of nﬁcleoside transport (Hammpnd et al., 1983). Therefore,
in the followipg section, fnhib%tois of the binding éf NBMPR will often
be discussed without teference to the'particular.binding system used
(human erythrocytes or guinea pig CNS membranes). All compounds which
:iﬁhibited’the binding of NBMPR did so in an épparently competitive
mgnner, and the'Ki Values.determined dgrectlf by double reciprocal
piwt analysis were simila}' to the \correcsponding K, :'lues célculgtéd

from inhibitor IC50 values (see Table 32); slight differences between

these two Ki estimates may be attributed to depletien of [3H]NBMPR in

. PO
’ . ‘
f



TABLE 132 Comparison of Ki values derived from double reciprocal

plots with those calculated from ICS() values

K, K.
1 1 x
double reciprocal calculated from
plot analysis ICSO value
(M) (uM)
‘Lorazepam 84 +9 87 20
Chlordiazepoxide 59 +5 74 + 20
Diazepam ] 9.8+1.7 <142
Papaverine 4.2+1%S 4.9 :0.3
)] | (n2)
Lidoflazine ; 35+ 4 i35 +5
Dipyridamole ‘ 4.5£0.2 5.2+0.4
Hexobendine | 1.8+0.1 1.7:0.3
Dilazep ‘ 0.9+0.1 ‘fl.Ot O.Ll

All experiments were performed using stored human erythrocytes

IC

Ki values calculated accordlgg tofghe equation K. =
\ 47 .

S
r T :'l ,/ ”ﬁ’ ‘;}

3 -

50
1+ (L/KD)

4

where L is the concehtration Qf NBMPR(I 0 nM) used in these experi-

ments to determine 1nh1b1tor IC 0 values and-KD,is the equilibrium

20

dissociation constant for NBMPR in stored human®erythrocytes.

- A <. ! 28 &

Results are the:'means * s.e.mean from at léas% 6 experiments.
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the experiments determining inhibitor IQSO values.

Z) Coronary vasodilators: Several coronary vasod{lators are
believed to produce relaxation of coronarv vascular smooth musc e
through an inhibition of nucleoside transport and consequently the
potentiation of endogenous adenosine. These agents were potent inhi-
bitors of the binding of NEMPR. Dipyridamole and lidoflazine inhibited
the binding of NBMPR té\HeLa cells in an apparently competitive
manner with Ki values of 30 nM and 300 oM, respectively (Paterson e+
2l., 1980). These results are corisistent with those valubks obtained
in the pré@ent stuéy Eith erythrocytes and CNS membranes. Competitive
inhibi;ion of the binding of NBMPR by these agents is surprisin% con-

-

sidering the structural dissimilarity between them and NBMPR (see
Appendix 1).

The order of potency of these compounds és inh#Bitors of NBMPR
binding (dilazep > hexobendine > dipyridamole > lidoflazine > papaverine)
is similar to their order of potency for potentiation of“adenosine—
elicited accumulation of cyclic AMP (Huang & Daly, %?74), and their
grder of potency a; é&enosine uptake inhibitérs (Kolassa et al., 1978b;
Mustafa, 1979) (see Table 33). However, contrary to the latte% studies
(Kolassa et al., 1978b; Mustafa, 1979), in the present study, dilazep
ahq hexobendine were slightly more pogent than dipyridamole as
iphibitors‘of the binding of NBMPR. This diScrepanéy méy be due to ¥ .
the rapid.degradation of dilazep and hexobendine by estér hydrolasés
(Schriewer & Réuen, 1972;.Schaumloffel & Clausnitzer, 1972; Kolassa di£;><;
et al., 1977; Kolassa et al., l978é),whi¢h'may ‘be present in the <ii
experimental assay systems used by Kolassa et al., (l9f3b), and |

#

&
Mustafa (1979). . This would result in an underestimation of the Y |
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TABLE 33 Comparison of the inhibition of the binding of NBMPR in

fresh human erythrocytes with the inhibition of adenosine

uptake in cardiac cells and the inhibition of uridine

! .
transport imhibitors.

influx in fresh human’erythrbcytes by recognized nucleoside

Inhibition of

NBMPR binding

*
Inhibition of

adenosine uptake

_Inhibition of’
uridine influx
in hRBC

Ky (nt)

0.13 \

Y

\ “to hRBC in cardiac cells
. K, (1) ICs, (aM)-
Dilazep g 0.29t0.05 45
Hexobendine 1.9+0.2 100
» Dipyridamole 1.9£0.4 40
Lidoflazine 4256 450
Papaverine 3500 * 600 2000
. v P
*
From Mustafa(1979)
+ : _ , . ’
' Jarvis, Hammond, Paterson & Elanachan, unpublished.
'NBMPR binding results are the means * s.e.mean from 6 experiments.
L]
®
‘ ’;’:/’ . ' o
PR _T"I ’
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apparent potencies of dilazep and hexobendine. Significant metabolism
of dilazep and hexobendine by ester hydrolases probably occurs in the
present study, though possibly not to-the same degree as in the assav
systems described abové, since inclusion of physostigmine, an ester
hydrolase inhibitor, in the binding assay significantly increased the
apparent affinities of dilazep and héxoﬁendine for the NBMPR binding

sites.

Verapamil,“a coronary vasodilator which 1is believed to act

independently of an inhibition of .nucleoside transport, does not

s

inhibit the binding of NBMPR.

o p

The high dﬁgree of correlation between the inhibition of the bind-

) : % B
ing of NBMPR by these coronary vasodilators, and thelr potency as Jﬁé
. k . o
' k.

adenosine uptake inhibitors supports pfeViousasuggestions that NBMPR

binds to transport inhibitory sites of the nucleoside transport system

(Jarvis & Young, 1980), and that inhibition of the binding of NBMPR

‘ : e
reflects the ability of a compound to inhibit nu®leoside transport
.(Hammond et al., 1983). " Recent dataiby Barker and Clanachan (1982)
L ' '
and Williams and Clanachan (1983) have shown that orders of potency
. )' \YS

for inhibition of the bindi%g ;f‘NBMPR, inhibitidn of édenosihé
accumulation,. and potenﬁiation of adenosine actipn in guinea pig
heart, are similar. The ability of these coronary v;soailators to
compete with NBMPR for binding sites suggests that these agents are
érodﬁcing thei§ inhibitiondoﬁ'nuéleoside transport in a manner whiéh

is similar to that of NBMPR.

The mechanism by which dipyridamole inhibits nuclesoide uptake -
| | | : RS
has\Peen a matter ‘of dispute. Competitive (Scholtissek, 1968;

A ry

Plagemann, 1971; Lips et al., 1980; Jarvis et al., 1982b), mixed

»
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‘(qunheim et ul., 1978), and non-competitive (Meunier & Morel, 1978;

Rogler-Brown & Parks, 1980) dipyridamole inhibition kinetics have
3

bedn reported. Dipyrfdamole compeiitively inhibits the bindi?g of
NBMPR ;nd, thcféfuré, may inhibit nucleoside transport in the same
manner as NgMPR, but NBMPK itselﬁQQas been described as a competitive o
partially compétitive, and non¥competitive ihﬁibitor of nucleosige
uptéke«(Cass & Patersog, 1977; Eilam & Bibi, 1977; Eilam & Cabantchik,
1977; Paterson et al., 1977a & b; Turnheim et al., 1978; Wohlhueter et
al., 1978). A common assumption in the kinetic analysis of both~
inhibition of nucleuside transport and NBMPR binding by dipyridamolen‘
;nd transport inhibition by NBMPR, has been Lhét»the concentration of
frée inhibitor in the medium is»the same as the total (free + bdund)
inhibitor concéntration of the.cell suspension. However, recenéq; |
experiments have demonstrated this not to be the case for NBMPR

N J b

inhibition of nucleogtde transport in erythrocytes (Jarvis et'aZ., | .
. - »r | y .
, . | .
1982b). Furthermore,’ dipyridamole can inﬁibit the transport of anions,

~ purine bases, and sugars in various cell ?ystéms (Plagemdann & Richey,

1974), and these sites offer the botentia; for further dépletioh of‘

‘dipyr&daméle‘from.incubat}on media. .
The influenée of radiéligand apd iﬁhibitor deplét on on radio-
-ligandAbinding parameters and inﬁiﬁition kinetics“;; xgmplified in K
the present sﬁudy using human- eryt'hlroc.ytes. Fai |
:NBMiR dEpietion fesulted n an Undergstimation ofm%hé éppérent

P

‘affini;y of NBMPR for the high affinity b}nding sites. This disérep—

(-

- ancy was more pronounced when a higher number,éf ligand biﬁdind sites:
were present in the assay system‘(iue.,‘ihcreasiﬁg'cell number grom
1.5 to 3 X 107 cells/ml doubled ligand depletion). Dipyr}damole

|
I

» .
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depletion could not be correctéd for inm this study, but the'influence
ofcthis dépletién on the kinetics of dipyridamole inhibition of the .
binding of NBM%R can be observed upon increasing the numSer'of cells
used in the assay. At 'low' cell ;oncentrationé (1.5 X lO7 cells/
assay), dipyridamole sas ah apparent competitive inhibifor of the ~
bind;ng of NBMPR, whereas, if twice the number of cells Qeré useg
(resultiné in twice as mu;h dipy}idamole depletion), dipyridamole

displayed apparently non-competitive inhibition kinetics. All

inhibition experiments performed in the current study used a low num- .

x

N a

ber of cells thereby minimizing inhibitor depletion. Hopefully, this
allowed an accurate determination.bf the affinities of drugs for™the
NBMPR binding sites. | . _ : N

|

\
a

3) Nuqleosides:. Several nucleosides’, yhich are sqsstrates for the
nucleoside transport system, also competitively inhibited the binding
of:NBMPR‘with the following order of potency: adenosine > inosine >
_thymidine3>g;§nosine3>uridinei>cytidine.' Although thes; agents.

appeared to be relatively weak inhibitors of the binding ef NBMPR,

their inhibition constants are similar to their Michaelis Menten con-

stangs (Km) for transport in cultured cells and human erythrocytes
(Berlin & Ol;ger; 1975; Plagemann & Richey, 1974; Paterson, 1979;
Chello et al., l983)(se Table 34). Furthermore, as has.been repgrted
previously (J'arvis et al., 1982), the Ki for inhibition of the ‘binéing,
of NBMPR by uridine is similar to the—Km value for uridiné,equilibrium
exchange influx in erythrocytes.

It is not yet established whether inhibition of nucleoside trans-
port by NBMPR de;iQes from the latter bindiné&at the permeation site,

or at some other site on the transporter. The finding that several

©
-
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('TABLE 34 Comparison of inhibithbn constants(Ki) for inhibition of

e

NBMPR binding and iphibition of adenosine transport by

nucleosides _ .
*
Inhibition of Inhibition of
( NBMPR binding - " adenosine transport
to CNS membranes ' in L1210 cells
K. (uM) ’ K, (uM)
. . 1 1 K
Adenosine . 123 +17 . . 209 +37
Inosine 325+ 32 566 * 63
Thymidine 398 + 68 605t 92
Guanosine 425 + 32 i 958 + 110
Uridine "’ 940 + 165 . 1106+ 150
Cytidine | 13000 + 300 \,\ 1449 + 394

.. <
From Chello et al.,(1983); data shown is for the 'low-affinity'’
nucleoside transport system in L1210 cells. A 'high-affinity'

: transpért system was also reported which had substantially different

“affinities for various nucleosides

Results are the means + s.e.mean of at least 4 determinationms. N

Y
e

Ki values for the inhibition of nucleoside transport by nucleosides,
which are substrates for théhtransporter, approximate their Michaelis-

Menten® constants (Km) for the transport system.
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qucleosides were c0mnetitive inhibjtors of the binding of NBMPR is*
consistent with the notion that N?MPR nay bind at or near the penmeant
" site of the nucleoside cransporé §ystem. However,,ig is also possible
thnf inhibitof—induced conformation changes in the tfanSportet,may
have resulted in 'competitive' inhibition-plots‘(vide,infn&).
2-Chloroadenosine, a potent adenosine receptnr agonist, also competi-
tively inhibited the binding of NEMER.with a potency (Ry = 14 M)
which was nine times greater than that of adenosine (Table 17). This
1ndica;es that 2-chloroadengsine has affinity for the nucleoside
transport system, but, as its pharmacological actions are not potent-
iated by nucleoside cnanéport inhibitors (Muller & Paton; 1979), it
may not be a substrate for the transporter, although this hypothesis
has not been nested directly. 2—Chlonoaden§sine inhibits the transporg
of adenosine in L12]0 célls with a K, value of 24 uM (Sirotnak ei al.,

i
1983). This provides further evidence that inhibition of the binding

of NBMPR by a tes; compqund is predictive of that compounds ability to

inhibit nncleosiié transport. (Hammond et al., 1983). |
Rec?gnition”sites for NBMPF.are distinnt ffom extracellular

adenbsine receptors as the adenosine receptor antagonist, theophylline,

| did not' inhibit the binding of NBMPR. Also, thé affinity of é—chloro-

~ adenosine at the NBMPR'sites (14 uM) is significantly 1owgr than that

reported previously (KD_‘ 2.6 nM) for extracellular'adenosine receptors

(W;lliamé S Risley; 1980) . Fnrthermore, as discussed earlier, the CNS

“distribution7of.NBMPR binding sites d%ffers ffom that of adenosine

receptors. The purine nucleotides;‘ATP and GTP, were.poor‘inhibitors

of the binding of NBMPR and tRke small degree of inhibition observed may ,

AN

have been due to their conversion to the corresponding nucleosides
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4) Benzodiazepines: Inhibition of nucleoside transport, which might

be expected to potentiate the extracellular effects of adenosine and

N
L

other nuclevsides, has been invokedvinxpostulates about the central
(Phillis et aZ., 1980), and peripheral (Clanachan & Marshall 1980b)
actions of the benzodiazepiﬁts. The: present\study demonstrated that
benzodiazepines do inﬁ?bit ‘the binding of NBMPR to human erythrocytesj
and guinea pig CNS membranes. K values for benzodiazepine inhibition
‘ of the‘hinding oerBMPRAin erythrbcytesiwere similar toythose deter-
* mined for benzodiazepine inhibition of zero-trans influx, zero~t;ans

\
efflux, and equilibrium exchdnge influx of uridine in hunan erythro-
cytes (Hammond et al., 1983) (see Table 35) indicating that inhibition
of the hihding\of‘NBMPR by benzqdiazepines is predictive of ‘their

*
13

abilities to inhibitunucleeside transport.. The affinities of benzo-

- diazepines for the NBMPR sites also correlate with their abilities to

inhibit.nucleoside uptake in guinea pig cardiac muscle (Barker &
Clanachan, 1982) and rahhit'vascular smooth muscle (Katsuragi & Su,
1982b), and to potentiate the effects of adenosine in cardiac

o

(Clanachan & Marshall, 1980a; Kenakin, 1982) and smooth muscle
(Clanachan & Marshall 1980b) .- o . v. |
Uridine transport studies (Hammond et al., 1983) indicate that
although henzodiazepines are‘competitive‘inhibitors of equilibriuma
exchange influx of uridine, they are non—conpetitive inhihitors of

zero-trans uridine ihflux and efflux. These results are consistent -

with the notion that benzodiazepines, like.nucleoside permeants; are

capable of’binding to‘both‘the inward and eutward~facing cenformationsn-

of the transport mechanism (Peves & Krupka, 1978) This is in con-

trast ‘to NBMPR, which;has been shown to bind»preferentially to,theﬁ

171
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TABLE 35 Comparison of inhibltion ‘constants(l(i) for inhibition of O
- NBMPR binding» and inhibition of equilibrium excha,nge. .
uridine influx in fresh human erythrocytes by benzodi‘ézepineé.‘ &
Inhibition of Inhibition of equilibrium ~ - '~
NBMPR binding exchange uridine 4influx
to hRBC ~ in hRBC o
K3 (u) o Ifi (uM) - _ :
} A . L.
Ro 5-4864 C 2.2:0.6 e 8 |
-Dia'zepam v - 6.8+1.1 S 11 V
Clonazepam . 24.1%4.8 . - 40
Lorazepam 45.1%6.9 B ‘ 83 o
- . X
* A .o :
From Hammond et al.,(1983),
Results are the means t s,e.mean from ‘at least 6 détefmigi’éfions_'. /
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? outward facing conformation,df the nucleoside transport system o
uarag' ét az., l982b) i , 0 . - ‘ i'.':?__“ R

Benzoaiazepines have~a>19w affinity for the hBhPR site and are’ |

7 weak inhipitors of nucleoside transport relétive to nucleoside trans» .

port inhibitors such as dipyrigamole. .Therefore, it is-unlikely that /f\/

significantrinhibition of nucleoside transpoxt woufd“occur following

the administration of anxiolytic doses of benzod zepines. For eXample,
an adult anxiolytic‘dose of diazepam (5 mg, p.o. ) would result in a \
'serum concentration of 0.1 to'1 uM (Hillestad et aZ., 1974) | In'this
range of concentrations, diazepam had np effect on the site—specific
binding of NBMPR. Inhibition~o£m&ucleoside transport by sgme\benzo-
diazepines at the higher plasmahconcentrations associatedfwithdthe |
‘induction of anaesthsia (Rolly, l976)(approximately 20 uM following

diazepam 0 8 mg/kg, i V. ) may . explain the well—documented coronary

fn‘vasodilatiOn observed following diazepam administration (Ikram et al.y .

‘1973"Daniell, 1975). Diazepam also potentiates adenosine-induced

N \

coronary vasodilation in vtvo (Clanachan & Marshall 19808) However,

the ability to potentiate adenosine effects in tissues is nwt shared

a

by all benzodiazepines. Diazepam potentiates adenosine effects-on:

2

cardiac and smooth muscle tn vzgro (Clanachan & Marshall 1980b),

-

o whereas 1orazepam, which is approximately S times more potent than _

diazepam as an anxiolytic agent was much weaker in its ability to v’
potentiate adenosine effects in these experimental systems._ The latter :
: results correlate with NBMPR binding studies in which lorazepam was

6. 5 times less potent than diazepsm as an inhibitor of site-specific
binding of NBMPR in human erythrocytes. CardiOVascular depression has fh

long been recognized as‘a significant peripheral side effect of

*
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N . : . . .

anaesthesia induction doses of diazepam, whereas this side effect is
not associated with lorazepam administration.(Rollv,‘1976). This
finding 1is understandable in light of the present results since . ;,

lo;azepam would be less effective than,diazepam in potentiating the

¢

cardiovascular depressant effects of adenosine.

These findings may be particularly relevant for patients with
.
ischaemic heart disease. Coron%ry vasodilators, such as dipyridamole,

P

have been reported to produce coronary steali in dogs (Wilcken et al.,

‘1971 Marshd&l & Parratt, 1973; Becker, 1978). ' Coronary steal' is

defined>as awdiversion of blood'flow away froq a poorly perfused, but w

.

. ischaemic areas of the heart (Rowe, 1970).. This situation is deleter;f%
. "~

ious to the ischaemic regions of the heart. Diszepam, which is used. -

maximally dilated,,area caused by generaipvasodilationvof,the‘non-

as an anxiolytic and preanaesthetic medication, may produce coronary
steal in patients with ischaemic heart diseaae via a potentiation of
adenosine-induced vqsodilation. Lorazepam, however, which is 5 ‘times

~ more potent an anxiolytic as diazepam, appears to be about 6 times |
less potent than diazepam in inhibiting nucleoside cransport in .
~erythrocytes and therefore, lorazepam has a lower potential for

; producing,significant coronary vasodilation. This,means that 1orazepam,‘
",AE anv §iven ansidlytic dose,ivouldthave_less potential'to produce |
‘coronary‘stealiin.patients:with ischaenic heart disease. - -i

| Several’studiesfhave.1ndicatedithat‘benaodiazepines inhibit‘the

‘accumulation of adenosine in ‘brain tissue (Mah & Daly,dl976 Traversa i
*" & Newman, 1979 Phillis et aZ., 1981; York & Davies, 1982) and potent- °
fiate adenosine-mediated effects in the CNS (Phillis, 1979) Inhibition

of adenosine uptake in rat cortical synaptosomes by benzodiazepines

. 2,
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was shown to Correlate with their clinical effectiveness as anxiolytics,
and with their order of affinity for the 'neuronal’ benzodiazepine
recognition ‘sites (Phillis,et_al., 1981);'these authors proposed that
the 'neuronal’ benzodiazepine receptors may actually be part of the
CNS nucleoside lransport system; and that nucleoside transport
inhibition may play a role in the clinical effectswof the benzodiaze-
Apines (Wu et QZ., 1981). The order of affinity of the benzodiazepines
for the‘nucleoside transport‘system of erythrocytes'and.éﬁé meﬁhranes
(Ro 5—6\864 > diaaepam > clonazepam > oxazepam > lorazepan > flurazepam) , as

: determined by inhibition of, (a) uridine transport in erythrocytes

-~

(Hammond et aZ., 1983), and (b) binding of NBMPR in erythrocytes and
CNS membranes, is signifitantly different from the order of a{finity
of thes: compounds for both- the 'neuronal' and non—neuronal ‘bénzo-
diazepine recognition sites (see Table 36). Therefore, the neuronal'

Ve
benzodiazepine binding sites, which are assumed to be the receptors at

which the benzodiazepines act to produce their CNS effeFts, are
unrelated to the'NBJZR sites associated with -the, nucleoside transport \’
’ A

system. The benzodiazepines possess high affinity for the former-

(K for diazepam is 7.4 nM)(Mohler & Okada, 1978) but 1ow affinity for -

the latter €K1 for-diazepam is approx. Lp uM) . Furthermore, the pro- ‘4.‘

posed endogenous ligand for the. 'neuronal;vbenzodiazepine recognitionn .
| sites, B?CE (Braestrup et aZ., l980)b,and the potent benzodiazepine :

receptor antagonist Ro 15-1788 (Hunkler et aZ., 1981) had low -

affinities for the NBHPR sites, suggesting that these compOunds are

very weak inhibitors of nucleoside transport; these results find o

support in a recent study by Morgan et aZ., (1983), who showed that

Ro l5-1788 did not prevent benzohiazepine inhibition of adenosine
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- From Speth et al.,(1978) -
.r

- From Davies’ and Huston(l981),-

-

ﬂFrom Davies et aZ.,(l980) using rat CNS membranes

b S
, »
R )‘
v { .
. o \ ' L
' ~
TABLE 36 Comparison of inhibition tonstants(K,) for imhibition of
L : -
NBMPR binding to guinea pig CNS membranes, inhibition of
flunitrazepam binding to human CNS membranes, and inhibition
of diazepam binding to guinea pig heart tissue by
dipyridamole and several benzodiazepines
\ ’ ‘* .f.
Inhibition of Inhibition of Inhibition of
NBMPR binding flunitrazepam diazepam binding
to guinea pig . binding to human to guinea 'pig
S ) : CNS membranes . CNS membranes heart tissue
Ky (uM) Ki‘(uM) }Ki (uM)
Dipyridamote 0.011 £ 0.002 (0.230)" 0.026 A
3 - N .
- Ro 5-4864 5.6+0.6 100 * . 0.0022,
L ¢ ' .
Diazepam 16 + 2 0.027 0.048
. Clonazepan 34¢5 0.0013 2.3 -,
Lorazepam 52+ 14 0.0010 -

'neutonal'nbenzodiazepinenrecognition site.

"non-neuronal’ benzodieZepine site.

Results for the inhibition of NBMPR binding ‘are means t s.e.mean, n = 6.

176

¢



. o

) | . » | " Soan

A} > . -
f

uptake into rat cerebral cortex synaptosomes. A further distinction
between the NBMPR binding sites,and the 'neuronal"benzodiagzpine
binding sites comes from the observation that the NBMPR site on
erythrocytes and CNS mgmbranes digplayed a selectivity for: the ( =)
isomer of the bénzodiazepiné stereqisomeric pair Ro ll—6896(+) and

Ro 11-6893(-), whereas the 'neuronal’ benzodiazepine site prefers the
“(%) isomer (Mohler & Okada, 1978). 1In addition,_the 'neuroﬁal' benzo—

diazepine binding sites and the NBMPR sites exhibit different regional

-
- [} .

distributions’ in the CNS.
NBMPR sites ‘are also unrelated to the ‘non-neuronal' beﬁ?%?iaze-

pineirecognition sites. Ro 5-4864, which is 1000~fold, more potent
X . . .

than clonazepam at the 'non~neu§onél' benzodiazepine site, 1is only
: ‘ . . A

6- to 10-fold more potent than clonazepam at the NBMPR binding site.

¢

As well, Ro 5-4864 displays a 1000-fold lower affinity for the NBMPR

site than for the 'non-neuronal benzodiazepine'sité (see Table 36).

The NEMPR binding sites nay be reiate&~£§>thé-'hicromq r" benzo-
diazepine recognition siteé‘rgported to ekiéc in rat brain (Bowling &
DeLorenzo, 1982). Benzodiazepines diSpiéf compérable affinities (uM) .
for each site, and the Qrder of gffinity fo theseiagents for the NBMPR
site and‘for the 'micromolar' bén;odiazepité'site~aré‘sﬁmilar (see
Table 37); ofity Ro 5-4864 displayg significantl&cdiffereﬁt potencies
for each site, and this may be due to methodological differences..
Binding of benzodiazepines to the micromolar benzodiazepine sites
has been correlatgd with their ability to inhibit maximum electric

~

ghpck-induced\convulsiohs‘and from this ithas suggestéd that these

. sites may be involved in theamodulgtion of neuronalﬁexcitability' nd 3

antiéonvulsant‘acfiﬁity: These aré!functions which have also been

.
JRS
4



TABLE 37 Comparison of ;he inhjbuion of the binding of NBMPR in

i -
stored human erythrocytes with the inhibition of diazepam
- 4
. xbinding to the ‘m{\romolar" benzodiazepine recognition
N

s\%te in rat CNS membrane,s, by. several benzodiazepines

- -

- [

| Inhibition of . @ Inhibition of’r
’ NEMPR binding diazepam binding
‘to hRBC ‘ to "micromolar" sites
R, G K, (u0)
Ro 5-4864 .. 2.2%0.6 491,

' 3 ¢ . . :
Flunit azepam 13+#1 . .42
Diazepam' e 132 85
Clonpzepam ' o 51+5 ' 182
Oxdzepam , ‘ ~ s8+3 243
- Chlordiazepoxide =, 75 + 20 s 393
/Flurazepam' . >300 112p

Obtained using fresh human erythrocytes

?rom Bowling and DeLorenzo(1982) . K é .
K values for the inhibition of the\binding of NBMPR were calculated
values- and represent mean t s.e.mean of

50
"3 experiments performed in dupl’i,catpe.-

. fr‘om the cqrrespondi.ng IC

O
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© attributed to adenosine in the CNs. Thgrefore, these authors may have
been looking at diazepam binding td;the NBMPR recognition sités in rat
CNS membranes (see Table 37) which may be loeated on transport
inhibitory elements of the nucleoside transport system.

Since the binding of NBMPR hjg been correlated in some systems,

A3

with inhibition\of nucleoside transport (Cass et aZ,, 1974; Lauzon &
‘Paterson; 1?77),’the‘§resent demonstrdtion thatbseyeral benzodiazepines A
competitively inhibit NBMPR binding, indicates that benzodiazepines may,
indeed,-inhibit‘nncleoside.transport;‘ Howeyer, the apparent low |

¢ c i Co -

affinity of the benzodiazepines for transport inhibitory sites, and

. R o L\ | | )
the lack of correlation between their affinities for the nucleoside

3

transport inhibitory sites and their clinical potency as. anxiolytics,
indicates that inhibition of nucleoside transport is unlikely to. be

jrkinvolved in the central amxiolytic mechanism of action ¢ the'benzofT

\
. .

diazepines. | v

The %pparent discrepancy‘between the results of the present study

and Ehose of Phillis and coworkers-(Phillis et al., 1981; Wu et aZ:4“
1981) may be due to their.difficulty in measuring-initial{rates of
the‘uptake of adenosine in rathOrtical synaptosomés. -As long

incubation times were used (30 8), lapparent uptake rate’ may" have been
. influeuced by intracellular enzymatic reactions (adengsine’ kinase :

-and/or adenosine-desminase),vor by nucle031deientry by~paSsive L
Subsequent‘metabolic’trapping; .Because,ratés of

diffusion followed

_ nucleoside transport :
1 ] : e

nalized nucleoside molecules are enzymatically transformed, time—'

n some instances, exceed rates at which inter-

;.courses for cellular uptake of nucleosides are complex. This has -

necessitated*use of'rapid sampling techniques to’ obtain the definitive-



v

® pines. Since benzodiazepines do not appear to affect aden

& ";
)
S
e

—an

A

-

4 .

Py

time-courses of cellular nucleoside uptake which are needed to obtain --

4

initial rates of nucleoside uptake.” The latter measure'transport.

r

€ . . .
Thus, interpretation of ‘cellular nucleoside uptake rdtes as transport

¢

\

requires that the uptake rates be demonstrably 1nitial rates

Therefore, the results of Phillis and coworkers could be explained by
an inhibition of intracellular adenosine metabolism by the benzodiaze—

%i}ne

deaminase activity, the effect of low concentrations of the benzo-

-

diazepines (<1 uM) on adenosine uptake may be medjated through an

. : l
inhibition of adenosine kinase. -~ . y

°
-

5) Phenothiazines The.phenothiazines.are another class of drugs
.which have been proposed to produce some - of rheir central effectsa
through an inhibition of the cellular accumulation of adenosine

: (Phillis & Wu, l9hlb) However, these agents were also weak 1nh1bitors_w

of the site—spec1fic binding of NBMPR, indicating that they may haVe

: i
low affinity for the nucleoside tranSport system

[ .

.»J

The specificity of the 1nhibition of the binding of NBMPR by :
these high eoncentrations of benzodiazepines and phenothiazines wasf‘
confirmed by the observation that a variety of putative neurotrans—

'mitters, neurotransmitter antagonists, and CNS—active agents were

[

. without significant effects on, the binding of NBMPR.
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rates (and of inhibition of nucleoside uptake as transport'inhibition) .
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E. Thermodynamic Analysis of NBMPR Binding and Inhibitor Interactions

The ,interaction of compouﬁds with theirt specific binding sites

:
produces characteristic perturbaL;Zns in the thermodvnamic parameters
of the assay systems. A study of the magnitude andidirection of these
changes may provide insights ingg\the conforh§Zional changes associated
with ligand-binding site interactions. In the current study, the
thermodynamic constants ‘associated with drfig interactions with the
NBMPR binding site-COmplex\WQfe measured. These experiments provided

P P T
sanother point of comparison between t?e erythrocytic NBMPR site and the

-
P4

NBMPR binding site in°CNS membranes.

The binding of NBMPR is driven‘by a large loss in enthalpy. The
free enefgy of binding (AG) is dominatzﬁ by AH and the entropic term -
(TAS), which is subject to considerable estimétion error, makes a
small contribution to AG.  The thermodyﬁamic characteristics of the
binding ;f dipyridamole and diazepam are quite different’from those
of NBMPR. ‘Although AG 1is similar, the binding relction appears to be
driven by an increase in entropy which overcomes the gain in enthalpy.

- Similar thermodynamic differebces have been observed for agonist
and antagonist bindiqg at B-adrenggeptors (Weiland et al., 1980),
and 'similar arguments may be used to interprét the .binding interactions

Q

at the NBMPR binding site of the nucleoside transporter. The thermo-

s

dynamic parameters for NBMPR binding, which reflect only net changes
¢ ‘
of the complex system, indicate that an increase in entropy, resulting

from the hydrophobﬂc association step, may be followed by a large
decrease in enchalpy due to NBMﬁZ induced conformational changes in

the transporter system. The loss in enthalpy effectively reverses the

‘gain in entropy. The binding of dipyridamole or diazepam, on the other



hand, may not induce such conformational changes in the drug-

<a .
R

transporter complex.

The temperature dependence of adenosine binding to transport
inhibitory sites was similar to that of NBMPR‘in that its interaction
with the transport system resulted in -a large loss in enthalpy énd,
therefore, iike NBMPR, adenosine may induce a conformational change
in the transport complex. This was not unexpected since -adenosine is-
a substrate for the nucleoside transport System. However, unlike
NBMPR, adenosine interaction with the transport complex also caused a,
large decrease in entropy. These results suggest that 'loading' the
carrier with a substrate increases the 'order' within the nucleoside
transport system. ' This conclusion is éupported by urgjdine influx
and efflux studies which indicated that the 'loaded' carrier ;s 6 o
times more mobile, and tﬂerefore more functionally organized, than the
'unloaded' carrier in fresh human erythrocytes (Jarvis et al., 1983).

-~

F. Kinetic Analysis of Dissociation of the NBMPR-Binding Site Complex

-

Another means by which to characterize a binding site is to

study the rates at which agents dissociate from the site under various
assay conditions.

Semi-log plots of the dissociation of NBMPR from its sites in
huban erythrocytgg were monophasic, which indicated that NBMPRSbbu;d
to an apparent single class of sites in these cells. In guinea pig
CNS membranes, on the other hand, where the NBMPR dissociation was‘
biphasic, NBMPR may have been dissociating from two different tyﬁes

(or conformations) of binding sites. NBMPR sitg'heterogeneity in the

CNS will be further discussed in a subsequent section. The rate of

182



éissociation of NBMPR from its high affinity sites was dependent upon .

the displacing agent %jed. Uridine and adenosine, whic%ﬁére both
substrates for the nucleoside transporter, prbduced thg E;\stest
dissociation rates, and dipyridamole, a compound structurally dis-
similar to nucleoside permeants, produced the slﬁwest rate of NBMPR
dissociation. Large concentrations of nqn—radiolabelled NBMPR

produced an intermediate rate of [3H]NBMPR dissociation. These results
are consistenﬁ with a model in which the NBMPR-transporter complex
exists in two interconvertible conformations which differ with respect
to their rates of dissociation. In this model, dipyridamole stabilizes
the complex in the slow dissociation state, whereas uridine and‘
adenosine stimulate the conversion to a fast dissociation state. The
fact that adeﬁosine and uridine are substrates for the tramsporter
suggest that the dissociation of NBMPR from the transporter complex
occurs at a higher rate when the transpori site is occupied by a
permeant molecule; the 'loaded' nucleoside carrier is more mobile

than the 'unloadeé' carrier (Jarvis‘et al., 1983).' If one considers
the NBMPR-trani?orter complex to be an‘equilibrium between two conform-
ations, then agents‘which interact with the transport system, bﬁt do
not significaq;ly'affect this equilibrium,hmay produce a dissociation
rate of NBMPR which is intermediate between that pro&uced by dipyfid—
amole (which changes the equilibrium in favour of the slow dissociation
state) and that produced by nucleoside substrates (which change the
quZIibrium:in favour of the fast dissociatidn st#te)g This may be

tﬂé explanation for ﬁhé‘intermediate [3H]NBMPR dissociation rate

induced by/non—radiolabelled NBMPR and cogeners; Since the dissocia-

tion rate constant'(kz).of NBMPR varies with the displacer used, the -
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equilibrium dissociation constant (KD) of NBMPR in guinea pig cortical
membranes calculated from kinetic experiments as k2/kl also varies

with the compound used to obtain k Nitrobenzylthioinosine 5'-mono-

2
phosphate (cleaved to NBMPR by ecto 5'-nucle;tidase) induces an initial
‘ dissociation of NBMPR of 0.167 min—l in guinea pié cortical memb;anes;-
using this value, a KD J% 0.30 nM may be calculated. This valge is
similar to the KD determined f;om mass law aﬂalysis of equilibrium
binding data (0.25 nM). As the determinaiion of KD by mass law
analysis does not require the presence of high concentrations of a
compound which has the potential to induce a conformation.change in
the N%?PR binding site complex, this K, would.reflect the dissociation
rate‘ofaNBMfR resulting from the spontaneous-rate of conversion between
the 'faét' and 'slow; dissociation states of the NBMPR-binding site
complex at equilibrium. Therefore, the rate at which non-radiolabelled
NBMPR induces the dissociation of [3H]NBMPR appears to be dependent
upon the spontaﬁeons rate of conversion between the 'fast' and 'slow'
dissbciating conformations, NBMPR itself does not affect this equili-
brium. This model, of course, is only one of many which could be
_devised given the available information.
It is not yet known whether NBMPR binds to_the permeant site of
the transport complex or a distinct, traﬁsport r;gulatory site (see L
Introduction). However, the model outlined above does not necessitate /
that NBMPR binds to the permeant site, but only requires that changeg//
in traﬁSporﬁer activity affect the NBMPR binding site complex which /
els a component of the nucleoside transport system.

The fast NBMPR dissociation rate induced by diazepam is not

consistent with this model. Diazepam induced a NBMPR dissociation



|
a

ation changes in many other systems (Burgen, 1981) inclgding B-recep-
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raee similar to that caused by adenosine, yet diazepam interacts with
the NBMPR binding site.complek‘in a manner which 1§ thermoeynamically
similar to that of transport inhibitors such as dipyridamole and
oppoeite to that of nucleos%de transporter substrates such as adenosine
(vide supra). Therefore, therpqﬁsibility that the aﬁfinity of the
NBMPR binding site is being regulated by one, or more allosteric sites,
which are independent from the permeant s;te,vmust be considered. An
allosteric site would have affinity for dipyridamole,‘diazepamt and
nucleosides. These agents may eer be producing their apparent
'competitiven inhibition of’the binding of NBMPR through interactions

with this allosteric 'site. Alternatively, the disgociation rate of:

NBMPR may depend on membrane fluidity and, therefore, the ability of

‘an agent to induce theéﬂissociation of NBMPR\ffom its specific high

affigity sites may depend on a nonspecific effect on membrane lipids.

- Regardless of which' model, if any, is correct, NBMPR appeared to

alwgys dissociate from the same type of site conformation irrespeetive
) I's

of the displacing agent used since the activation energy (E;(—)) for
NBMPR dissociation, de;g;mined‘from-thé temperature dependence of the

dissociation rate (Arrhenius Plot), is independent of the actual

w—

dieplacing agent. : - R

Evidence has been obtained for ligand-induced receptor conform-~

¢

tors (Weiland et aZ., 1980), and benzodiazepine receptors (Quast &:

L3

Mahlmann, 1982; Quast et al., 1982). It has even been suggested that -

these conformational changes may provide a mechanism for modulation of

receptor effinity (Burgen, 1981). A situation analogous to that seen

./ 1in the present study with NEMPR' has been described for the diazepam



binding site in rat cortical membranes where the rate of dissociation of
t3u]diqzepam from its high affinity binding sites was dependent upon

) 4
the benzodiazepine used as the "displacer" (Chiu & Rosenberg, 1982).

These investigators also invoked a ligand-induced conformation chenge

- as a possible interpretation of their data.

G. Does NBMPR Bind to the Nucleoside.Transporter in Guinea Pig Brain?

The bindiogrof NBMPR to speciﬁic; high affinity eites in erythro—
cyte membranes has been d;reequ correlated with the inhibition of
nucleoside transport in these cells, suggesting that NBMPR interacts
specifically with components of the. erythrocyte nucleoside transport

’

system (Cass et al., D74). In many cell types,,NBMPR seems to bind
only to’funetional‘nucleoside transoorters. Nucleoside-i@perm;able
dog and sheep erythrocytes (Jervié § Young;“l980; Jarvis‘et aZ", 19823);
and nucleoside‘trensport deficient mouse lymphoma celLs (Cass et ai'\l{
1981) do not possess high affinity'NBMPR binding sites. Various
nucleoside transport inhibitors inhibit the binding of NBMPR to human
erythrocytes. The ability of'these oomooonds to inhibit binding hes
been directly correlated with their ability to inhibit uridine influx
and to potentiate the effects of adenosine in many different systems.
hLNBM?R binding sites in guinea pigbcortiCaléembranes display‘the
'same affinity’for'nucleoside ‘transport inhibitors as‘doeé'the NBMPR
binding site in human‘erythrocytes, and rhe oroer of poteocy of rhese
compounds for each site is similar to their order of potencyias
adenosine potentiators. Agents which are permeants of the nucleoside
T—

transport system, inhibit the binding of NBMPR ‘to CNS membranes with_

‘Ki values which are similar to'rheir Kmavalues for»transport in

.’-’\
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various cell types. These results suggest that the binding site for
' . [

NBMPR in guinea pig CNS membranes has the'same\characteristics as the

site in human erythrocytes*which has been sho to be part of the

nucleoside transport complexr Indeed, a similar type of analysis has

and H and H”

been used to distinguish B' and B adrenoceptors 5

histamine receptors, that is, receptors were identdfied according to

the order of aﬂfinity of agonists and antagonists fbr the sites (Lands
{ _

et al., 1967; Blacg et al., 1972). Furthermore,’tqe interactionxof

NBMPR with its'bindinguaites in guinea pig brain displays the same

ghermodynamic‘properties as the interaction of NBMPR with the;erythro-

-

cyte nucleoside transport complex.~ Similatly, the NBMPR dissociation

kinetics ane the same in both guinea pig cortical membranes and human

erythrocytes. The rate of disgociation of NBMPR from'its high affinity

sites ia'dependent upon the displacing agent used and this relationship

between dissociation rate and ‘displacer' is identical inrboth_erythro-

' o b}

cytes and guinea pig CNS membranes., Therefore, the characteristics of

the NBMPR binding sites in'guinea pig braindire essentially identical
to the characteristics of the NBMPR_binding sites on tgevnucleoside
transport_complexes-in erythrooytee. The numerous'pieces of evidence

presemted here strongly suggest that NBMPR is binding to CNSnnucleoside

transport complexes.

Definitive evidence for NBMPR binding to the CNS nucleoside trans-
-,porter can only be obtained through nucleoside transport studies

similar to those previously performed using human erythrocytes, where

T

the binding of NBMPR has been correlated with NBMPR—mediated inhibition

of nucleoside transport, and inhibitors of the binding of NBMPR have

been shown to have similar potencies as inhibitors of nucleoside '
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transport (Cass et al., 1974; Hamﬁond et aZ;,v1983)..\In order to

distinguish nuclE?sid? tfanspdrf from intracellular métanngE of

nucleosides,-initial rates of nucleoside flux must be measured which
f — e

often requires time-courses of a few chonds.- This makes transport’
studies rather complex in that a rapid ‘stopping' method is needed
. . ': \ )
. which does not disrupt thé intact cell. Transport studies in erythro-

cytes and cultured cells are often terminated by the addition of a
. o\ , .
potent transport inhibitor (such as NBMPR)Jand'sedimentation<of the

cells through an oil layer 1in order to separate the intracellular from
the”extracellulgr radiolabelléd’nudleoside (Paterson et al., 1981).

CNS synaptosomes, unfortunately, are much more ffagile than erythro-~
; A X .

[

c?Eés and cultured cells, and tend to lyse when sedimented'through oil.

‘Filtration may also be used to 'stop’vthe transport éxpérimehts, but
o N ~ . LT - _
this method does not prevent rapid efflux of tha nucleoside during the

LY

washing of the filter. The filter must be washed in these expériments

. since the radiolabelled nuéléoside assbciated with tg; Jﬁwashed fiiter
.céﬁ'ofté5~greatly:exceed thaf asgéciaﬁéd Qith the cellular materiéi,
which makes analysis of this data‘impossiblé. Furthermore, vacuum .
: filtrati§ﬁvha§ been observed to éause lysing of e;ythrocyfes and may.
" therefore also lead to rupture of'the synéptosqmal membrane. Since
nucleoside pranaport isig‘nog-concentrative.ﬁroééss,.the 1ntrac¢llul;r
vblumejwiil dicfate'the max imum intrécélluiat”cohsent of nuéiéoside‘

z

: accpmulated during ‘a transport eiperimenf. 'Synaptosaﬁes have very

—~_.small intraCellular'VOlumés, therefg}e,-upless large assayﬁv&lumes are.

. S o : _ oo
used, minute changes in the amount of nucleoside accumulated within
the°synaptosomes Qould be diffi¢ult E§ détect with any accuracy by

traditional detectibn‘methods (i.e.,, liquid;SEintillation’gpectrometry)w'

+
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The present skudies on the binding of NBMPR in the CNS must be
correlated with CNS nucleoside transport studies before it could be
said with absolute conviction that NBMPR binds to, and consequently
~inhibi;s, the CNS nétieqside transport system. However, this inform-
ation cannot be ‘obtained unt?l significant methodology problems are

<

/ I
overcome for the measurement of inittal/ﬁates of nucleoside flux

in synapfbsomes.

H. Species Differences in the Binding of NBMPR to CNS Membfanes:.

Evidence for Binding Site Heterogeneity

-

- ’ R /
There appear to be two forms of high affinity NBMPR binding sites‘\\\ui .

in ﬁammalian corticalAmémbranes whiéﬁ_differ with respect to their
; o
affinity for NBMPR a;d dipyridamole. .Botﬁ forms of NBMPR sites were
apparent in rabbit cortical membranes where mass law analysis of Ehe
site-specific NBMPR binding data reéulted in non-linear Scatchard
.plots§ ¢ne site had én-affinity (KD) for NBMPR of 4.1 nM, wgkch was
similar to the affinity of,the NBMPﬁisite in dog cortical membranes,
and the»other NBMPR site in rabbit cortex displayed a Kﬁ of 0.32 nM,
ThiCh was- similar to that observed for NBMPR binding to guinea pig
cortical»membranes. These sites in rabbit cortex can be further
"distinguished‘with the use of dipyridamole. Dipyridamole exhibited
Biphééic coucénﬁra;%on*inhibition plots for thé inhibition bf‘the
binding "ofNBMPR 1n' rabbit 'éorticai membranes. IOne NBMPR siteé dis—
played an affinity for dipyridamole which was approximately 10,000
times higher (1c, *~a nM) than the affinity of the other NEMPR site

for dipyridamole (IC = 40 uM). ‘Diazepam, howeyer, displayed mono-

50
phasic‘concenqration-inhibition plots and ;herefoge,“unlike‘dibyridae



mole, cannot be used to dlstinguish between the two types of sites.
Biphasic plots for the lnhibition of .NBMPR binding by dipyridamole
~were also obtained when using dog and guinea pig eortical ;emgrenes,
These findings are not consistent with the apparently linear
Scatchard plots (indicating a single class of sites) obtained for-the
. binding of NBMPR to these membranes. Problems with the interpretation
of Scatchard plot$ may account for these discrepancies. For instenee,
liheat Scatchard plots, normally interpreted as a single class of
sites, may also(be obtéieed if the radioligand binde't; two distinct
sites with similar effinlties. ‘This, however, does not appég%'to be
a problem in the present study as the affinity of.the:tes NBMPR sites
in rabbit cortex“differed by more than 40-fold. A eecohd possible
reason for misinterpretation of Scatchard plots would arise if one of
the two binding sites constituted a small proportion (i.e., less than
202) of the.total number of sites. Under Bhese circumstancee, a
curvilinear Scatchard plot would not be readily apparent. This latter

possibility may be the explanation for the dfecrepanciee seen in the

present studies. Data obtained fromicompetitiou experiments measuring

d1pyridamole-mediated inhibition of the binding of;@ﬁpx"”cq dog and

x:r&bbit cortical membranes at different NBMPR* conceﬂtratiOnSw;ndicated

* 3 ;f:

 that the “high' affinity dipyridamole site corresponds=tb the 'high'
affinity NBMER site in these membranes.' When half oflthe NBMPR bind-

ing sites (=300 fmol/mg) in dog cortical membranes (Figure 24, Table

24) were labelled with an 'average' KD concentration of 'NBMPR (4 0 nM),

dipyridamole displayed an IC50 of 7.5 nM at 324 of these sites (Figure"

26, Table 27); therefote, 322 represents the proportlon of 'high'

affinity NBMPR binding sites labelled4ln these experiments. Since
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'high' affinity NBMPR sites wouldee saturated by 4.0 nM NBMPR: ic
may be calculated that these sites only make up 16% of the total
numoer of NBMPR binding sites ;n dog cortical membrahes;‘a proportion
which den be easily 'masked' by experimental error in a Scatchard
»analysis (see Figure 24).

The dissociation of NBMPR from its sites in guinea pig and rabbit
cor;ical”membranes occurs in a biphasic manner providing further
evidence for the existence of two populations.of NBMPR binding sites
in CNS membranes. These latter resolts also indicate that the fslow'
dissociating NBMPR binding site copplexes generally constitute less
than 20% of the total.number of NBMPR site complexes in rabbit cortical
membranes, a value woich is»comparaole to the oroportion of 'high;

. affiniﬁy NBMPR sites io'rabbit cortex.de;ermined by mass law analysis
Qf NBMPR equilibrium binding data. Therefore, the difference in
‘affinity of NEMPR for the two sites may be due, in part, to differences
in the rate of dissociation of NBMPR from each binding site complex.

Hill eOefficients of less than 0.75 obtaioed"for‘dia pam
inhibition of the binding of NBMPR to dog .and rabbit corticil membranes
(TableAZS) are also'indicative'of‘multiple NBMPR bin&ing sites.

Treatment of guinea pig'cortical synaptosomes with trypsio,‘of
.inoubetion of these membranes'for'one_houriét 60°C, elhninated 80%
vof the site-specific binding of NBMPR.: Tﬁe remaining 20%Z may repre-
sent the 'high"affiﬁity type of NBMPR bindingjsite discussed ébove
which is either not protein in oetu:e,’or is inva relatively more
seebie conformation within the membrane. | |

Binding site heterogeneity impliés either two or more distinct

~ types of sites or two or more . conformations of the same site. . '

N
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Definitive evidence for the existence of two conformations of a single

site, rather than distinct sites, can be obtained’from experiments

which measure the relative numbers of each type of binding site in’
one particular assay system under various conditions. If the relative
proportions of tﬁeee sites cllange with a particular membrane treat-
ment, Without a change be{ng onered fh the total number of sites or
in the;distribution of sites, then the possibility of two intercon-

vertible binding site conformations may be indicated. A;thOUghtsuch
- v . N\

experiments were not undertaken in the present study, other evidence

suggestive of‘multipfe confqrﬁations of the NBMPR binding site was

<

obtaihed. The rate of NBMPR dissociation from its sites in cottical
membranes was biphasic and was also dependent upon the displacing

agent used, which suggests that each 'displacer' differed in its

ability to induce a conformation change in the NBMPR binding site

o

complex to a state from which NBMPR is able to dissociate at a faster

rate (vide supra). Furthermore, the proportion of the "slow’. disso-

ciating to'ffast‘ dissociating NBMPR binding site complexes in rabbit

cortical membranes was dependent upon the egent used teuQieplace site~

4

bound NBMPR. Even though each fdisplacet',indueed a different initial

rate ef NBMPR dissociation, the disseciation rate elways decteased to
a sﬁmilar, ‘but much slower, rate after 2 to 3 min of exposure to the
-high concentration of 'displacer’, regardless of the quantity of -
site-bound NBMPR remegning at that time These lattervresults provide
' sttong evidence for the existence of two interconvertible NBMPR site

'conformations in rabbit cortical membranes; o ;

The association rates (kl) calcﬁlated for the binding of NBMPR'tou,

_each class of sites in rabbit”cortieal membranes were similar, which

[
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further indicates that these sites are the same. The results obtained

with Tabbit cortical membranes suggest that the interaction of;a
ligand with a ciass of NBMPR sites causes a subsequent conformation
change in the sites resulting in a change in dissociation rate' afd,
therefore, a change in the appﬁrent KD of the interacting ligand for
these sites: o
It is not yet known whether NBMPR binds to the nucleoside trans-

port system in CNS membranes. However, the NBMPR binding sites in

-guinea pig cortical membranes; which display high affinity for dipyrid- -

amole, have characteristies which are identical toithose of the NBMPR
binding sites: in human erythrocytes_where NBMPB‘binds only to a
functional nucleoside transport system (vide supra). These results
therefore suggest that the NBMPR binding sites in cortical membranes,
which have high affinity for: dipyridamole, are. components of a
nucleoside transport system similar,to that in erythrocytes. In
‘human erythrocytes, inhibition of the binding of NBMPR by a test
compound is prediétiye'ofithe ability of that compound to inhibit.
nncleoside.transport (Hammond et al., 1983). o

| Rat and mouse cortical membranes appear to contain.only one class
ofihigh affinity NBMPR‘binding site and'these sites‘dispiay a low

3 affinity for dipyridamole (Figure 25, Table 27). f-this NBMPﬁ binding

site with low affinity for dipyridamole is simply a different conform-

“nation of the same site which can also display high affinity for
dipyridamoleﬁathen a nucleoside transport system may exist in some
mammalian cortical membranesqwhich is less susceptible to inhibition
by dipyridamole. y Vb:“. - g j f'." ,i j |

Other investigators have:- described a similar binding site for
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i“NBMPR with low affinity for d1pyr1damole in rat ‘cortical membranes |
(Marangos et al., 1982b; Wu & Phillis, 1982a). The results .of

,
Marangos et al., (1982b) irdicated that dipyridamole had a Ki value
of 283 nM for the inhibitioh of the binding of NﬁMPR to rat cortical
membranes, a value'which:is similar to?that ;etermined in the present
study for dipyridamole inhibition of the binding‘oéiNBMPR to rat
cortical membranes (K; = 404 nM). These values are much higher than
the Ki value for dipyridamole -induced inhlbitlon of the blndlng of
NBMPK to guinea pig cortical membranes (K = 11 nM) and human erythro—
cytes gKi = l.9 nM). In‘another study, by ?atel ep al., (1982), the )
nucleoside transport inhibitbr herobendine nas also found to be a
weak‘inhibitor of the binding of NBMPR to rat cortical membranes .
(Ki’f 880‘hM); 130 times veaker than as an inhibitor of the binding.

of NBMPR to guinea pig cortical membranes (Ki = 6.7 nM). ‘Wu and -

Phillis (1982a) also described dipyridamole and hexobendine as bein§\§¥

weak inhibitors (< 50% inhibition at ‘10 uM) of the binding of NBMPR

. ' . - ‘

(10 oM) to rat cortical membranes. _
The low’potency of dipyridamole as an inhibitor of the binding

. of NBMPR in rat does not appear to be restricted to brain tissue’ as

the high- affinity bindlng sites for NBMPR in rat heart have also been

shown to have a low affinity for dipyrldamole (K = 276 nM)(Williams &

Clanachan, personal communlcation) Therefore dipyridamoleﬁand

hexobendine may be poor 1nhib1tors of nucleos1de transport in the rht,

This hypothesis flnds considerable support in the llterature  For
example, in contrast to results obtained u31ng guinea pig tlssues, s
dipyridamoie and hexobendine did not potentiate the negative chrono-
‘p trOpicLéffects of;adenosine in rat.heartf(Stafford,.1562;'Kolassa et

g
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A

al., 1971; Sakai et al., 198i§§!'8imilarly, dipvridamole did not
enhance adenosine-induced renal vasoconstriction in rats but
significantly potentiated this effect of adenosine in pig, dog, and
rabbit kidnev (Sakai et a?., 1981). Furthermore, adenosine uptake by
rat lungs and erytﬁrocytes was only inhibited by dipyridamole and
hexobendine at‘concentrations'which were 100-fold higher than these
reéuired to inhibit adenosine uptake by guinea pig lungs and erythro-
cytes (Ko}assa et al., 1971; Kolassa & Pfleger, 1975). Dipyridamole
and hexobendine were very weak inhibitors of adenosine uptake by rat
heart, but were potent inhibitors of adenosine uptake by guinea pig
heart (Hopkins & Goldie, 1971; Kolassa et al., 1971; Barker & Clanachan,
1982). These agents were also poor inhibitors ;f adenosine uptake by
rat brain synaptosomes (Wyget al., 1981). These results suggest that
the nucleoside transport -system in rat tissues is much less susceptible
to inhibition by dipyridamole'and hexobendine than is the nucleoside
transporter in other specie; such as guinea pig. Therefore, the
present finding that dipyridamole was a weaker inhibitor of the
binding of NBMPR in rat brain than it was in guinea pig brain is

further evidence that NBMPR binds to the nucleoside transport system

in the CNS, and that inhibition of the %g of NBMPR by a test

3
~

compound is predictive of fhe ability of that ;ompound to inhibit
nucleoside transport. |

It is of iqterest to ﬁote that a nucleoside transport system which
is i?éensitive to inhibition by NBMPR has recently been described in
some celd types (Lauzon & Paterson, 1977; Wohlhueter et al., 1979;
Paterson et al., 1983; Belt, 1983). One of these cell types, Walker

256 cells (Paterson et aql., 1983), has normal transport capability,
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but possesses few, if any, high affinity binding sites for NBMPR.
Therefore, at‘least three types of nucleoside transporters may coexist
in mammalian cells: 1) a type which is sensitive to inhibition by
low concentfationg (<10 nM) of NBMPR and dipy;idamole, 2) another
which has transport inhibitory sites wigh high affinitye€for NBMPR but
low affinity for dipyridamole, and 3) a type ?f transporter which is
not inhibitable by low concenfrations of NBMPR.
The results of the present study and thosé in the literature
provide céﬁclusiﬁe evidence that NBMPR bindg'specifically to functional
nucleoside transporters in erythrocytes. A type of NBMPR binding site
exists in mammalian CNS membranes which displays characteristics

identical to thgse of the erythrocyte NBMPR site. NBMPR, therefore,

probably also binds to nucleoside transpof& inhibitory sites in the

D -

CNS. However, in the present experiments, multiple forms of NBMPR

binding sites have been characterized in these membranes. This

indicates that different types of nucleoside tramsporters may coexist
LY N

in mammalian CNS membranes .’
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I. Summary

The nucleoside transport system of erythrocytes and CNS membranes
=3

has been studied with the high affinity probe NBMPR.

1) NBMPR bound with high affinity to a single class of sites in
EN
human, tabbit, mouse, rat, and guinea pig erythrocytes. The maximal.

binding capacity was species dependent, and was proportional to. the

mg«imal velocity of zero-trans uridine influx. Assuming that each

NBMPR molecule bound to a single nucleoside transporter, translocation

capacities, calculated for the transporter in e?ch species, were
similar (approximately 150 molecules of uridine/site per s, at 22°C).
Theréfore, species differences in the nucleoside transport capacity
of erythrocytes among the species tested were~due to differences in

the cellular number of functional transporters, rather than to differ-

-ences in-the kinetic properties of the transport system.

In dog erythrocytes;ﬁwhich do not transport uridine or adenosine,

y

high affinity NBMPR Binding sites were not demonstrable. This supports

the hypothesis that NBMPR b%inds only to functional nucleoside

transporters in erythrocytes.

2) Constants for the inhibition of the binding of NBMPR by several
agents, derived from competition experiments with NBMPR, were similar
to those obtained from the direct measurement of the inhibition of
uridine transport in human erythrocytes. Theréfore, inhibition of

the binding of NBMPR in this system by a test compound is predictive

of the ability of that compound to inhibit nucleoside transport.

~ ‘\\\
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3) NBMPR also binds to high affinity sites in guinea pig CNS

membranes. Regional differences in site density werejapparent, but

subcellular distribution of the sites was relatively uniform.

The binding of NBMPR to these CNS sites was dependent upon the

pH and temperature of the incubation media.

4) NBMPR binding sites in guinea pig CNS membranes, and those in

human erythrocytes, were compared.

a)

b)

c)

S

Affinities for various drugs from several classes of nucleo-
side transpo;t inhibitors (6-thiopurine nucleoside_derivatiyes,
coronary vasodilators, benzodiazepines, phenothiazines,
B-carbolines) were similar in pofﬁ systéms.

.
Rates of asgsociation off the site-specific binding of NBMPR

were rapid ahd dependent upon tempergture in both systems.
Dissociation of NBMPR from its sites, measured in the presence
of non-radiolabelled NBMPR, was temperature dependent
(activation energy of dissociation was approximately 98 kJ/
mole); Also, in both systems, rates of dissociation of NBMPR,
relative to those obtaingd using non-radiolabelled NBMPR, were
slowed by dipyridamole and accelerated by adenosine; uridine,
or diazepam. |

The tempe;gture depen&ence of the affinities of NBMPR,
dipyridam&le, adenosine, and diazepam for the NBMPR binding
site in both human eryéhrocytes and guinea pig CNS membranes
was determined. These studies revealed that the binding of
NBMPR or ;denosine was driven byba large loss in enthalpy,

whereas the binding of dipyridamole or diazepam was driven by

an increase in entropy@which overcame a gain in enthalpy.
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These latter studies (b and ¢) idaicafed that drugs differed in
their abilities to {nduce conformational changes in the NBMPR site
complex. Dipyridamole, for instance, ténded to 'stabilize' the NBMPR
binding site complex. Nucleoside tranéporcer substrates, on the other

(

hand, seemed to induce a conformational change in the site complex,

possibly due to their ability to stimulate the nucleoside carrier.

The many similarities which were found between the characteristics’
of CNS NBMPR binding sites and those of the erythrocyte NBMPR sites,
suggest that NBMPR binds to the nucleoside transport system in guinea

pig CNS membranes in the same manner as in erythrocytes.
|
5) NBMPR binding sites appear. to be distinct from adenosine
receptors and 'neuronal' and 'non-neuronal' benzodiazepine sites.

. ) /—\ ] s
Adenosine receptors and NBMPR sites displayed different regional N,

distributions in the CNS, and the potent adenosine receptor agonist,

2-chloroadenosine, had @ much lower affinity for the NBMPR site.

>

The order of affinity of benzodiazepines for the 'neuronal'

(;benzodiazepine recognition site, which may be involved in the
anxiolytic actions of benzodiazepines, is totally different from the

order of affinity of these agents for the NBMPR site. Furthermore,

v

most of the be%zodiazepines tested displayed about 1000-fold lower:

affinity for the NBMPR site than for the 'meuronal' benzodiazepine

A

site.

The NBMPR binding site is unlikely to'be the 'non-neuronal' typé

\ gf_henzodiazepine recognition site‘due to, a) the low affinities of
the benzodiazepines, and ﬂ) the relative lack of discrimination

between Ro 5-4864 and clonazepam, for the NBMPR binding site.

.
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6) The NBMPR binding sites may be related to thé "micromolar"

benzodiazepire recognition sites which have recently been characterized.

“

7) Several coronary vasodilator agents (dilazep, hexobendine,
dipyridamole), which have been proposed to act by potenﬁiatfn%/
adenosine-mediated vasodilation, displayeJ high affinigy (Ki< 10 oM)
for transport inhibitory NBMPR sites in human and rabbit erythrocytes,

and in guinea pig CNS membranes. . »

8) Several benzodiazepines, as mentioned above, al;o inhibited the
binding of NBMPR. However, they were much less potent in’that respect
than nucleosid; transport inhibitors such as dipyridamole.

This; and the fact that the order of potency of the bénzodiaée—

" pines for the NBMPR site dpes not correlate with their order of
potency as anxiolytic agents, suggests ;hat nucleggide transport
inhibition may not play a major role in the central anxiolytic
ﬁechanism of action éfhbehzodiazepines.l .

Howéver, higher concentrations‘of some benzodiazepines, such as | \
those associated with the induction bf\anaestﬁesia, have the pptential
to éroducé éffects, such as coronary vasodilation, via nucleoside
transport inhibition.

! This may explaiaéthé‘well documented coronary vasodilation tﬁat
has be;n observed updn theigdmfﬁistration of lgrge doses of d;azépam.
This indicates that.some, but ﬁot all, benzqdi#zepines have the

" potential to produce 'coronary steal' when used in patients with

ischaemic heart disease.



[

’syscem,'inhibited the'bidding of NBMPR in an*appérently}competiti?e

-4manner, with K

* ¢

, /. T
9) Nucleosides, which are substrates for the nucleoside transport

o

N

; values similar to their K values for the transport

sYstem. These results indicated that NBMPR may bind at or near the
. .

. permeant site of the nucleoside tfansport system.

N

-

10) The density of NBMPR sites within guinea pig brain displayed
marked regional heterogeneity. Aléo, the mgmbrane density of these
sites Vafied among erythrocytes and CNS membrangsvof several commonly
used léboratory animals (rat, mouse,‘guinea pig, rabbit, dog).
Therefore, differences in the nucleoside transport capacity_of these
membranes may exist. This would be expected to influence the rate of
nucleoside inactivation in tﬁé,g;rculétion and brain, leading to .
variations in the apparent pétency.of adenosine receptor agonists and
antagonists. >Similarly, differences should be expectéd in the

efficacy of transport inhibitors as modulators of extracelfular, and

intracellular, nucleoside concentrations.

11) Multiple forms.of NBMPR binding sites were demonstrated in
mammalian CNS membranes. Each had high affinity for NBMPR (KD< 5 oaM). ~

However; one class of NBMPR site displayed an-affinity for dipyfidamole

‘which was 10000 - fold higher than that of another class of sites.

The relative proportion of these two classes of NEMPR sites in.

'CNS membranes varied among species. Rabbit and dog CNS membranes

contained both forms, whereas rat CNS.membranes oﬁly contained a
single ciass of sites which had low affinity for dipyridamole. These
results may explain the relatively low potency of dipyridamole as an

adénosine 'uptaké' inhibitor, and as a potentiator of adenosine

-
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effects, in rat tissues.

Evidence obtained from aﬁaiysis of drug-induced dissociation of

o

NBMPR from its sites in several species, indicated -that two inter-
cqnvertible forms of a single class of NBMPR sitesAmay exist, rather
“than two distinfi types of b{hding‘sites. Therefore, both types of
NBMPR binding sites m#y be associated with the nucleoside transport

syétem of CNS membranes.

wt
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APPENDIX 1

Chemical Structures

a) 6-Thiopurine nucleoside derivatives

OZN@CH?S
N)\[N
|
§L§N/' N
Nitrobenzylthioinosine R =H

Nitrobenzylthioguanosiﬁ% R = NH

HOCH2 0
OH OH
NO2
CH,—-S
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HOCH2 0O ‘ o~
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b) Nucleosides i
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¢) Coronary vasodilator agents
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d) Benzodiazepines
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APPENDIX 2

Composition of Buffers and Liquid Scintillation Fluor

a) Composition of ‘Dulbecco's Phosphate Buffered-' Saline (PBS)

NaCl

A
L Na2

KC1

KHQPOA

MgC12‘6H20

- CaCl,-2H,0

_—

2 2

(137 mM)

HPOA-7H20 (6.3 mM)

(2.7 mM)
(1.5 mM)
(0.5 mM)

(0.9 mM)

Adjusted to pH 7.4 with KOH

8 g/1

1.7 g/1

200 mg/1

- 200 mg/1
100 mg/ T

135 mg/1

(from Dulbecco & Vogt, 1954)

b) Composition of Krebs-Tris buffer

L Y
Nacl

*
' TRIS
KC1
MgC12'6H20

CaClZ'ZHZO

(118umM)
(15 mM)
(4.8 mM)
(1.2 mM)

(1.2 mM)

6.9 g/l
1.8 g/1
358 mg/1
243 mg/l

N 176 mg/1

\

. . !
TRIS (Hydroxymethyl)Aminomethane

Adjusted to pH 7.4 with HCl ' (from Mohler-& Okada, 1977)

T
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¢) Composition of liquid scintillation fluor--Tritisol(4 litres)

Benzoyl peroxide ‘ 13.3 g
*
PPO 12 g
Ak )
POPOP ( 800 mg
i
\
Xylene ’ 2300 ml
Triton X-100 1000 ml
Ethanol (987) 560 ml
Ethylene glycol 140 ml
A

*
PPO = %,5-Diphenyloxazole

A%
POPOP = 1,4-Bis(5-phenyloxazol-2-yl)-benzene



APPENDIX 3

Liquid Scintillation Spectrometry

a) Sample preparation:

i) Centrifugation assays: Cell, or membrane, pellets were digested
in 250 ul of 0.5 N KOH for a minimum of 5 h. The digested material
was then transfered to a 6 ml scintillation vial(MiniViaJR) with a
pasteur pipette and neutralized with 100 ul of 1.25 J'%Cl. Tritisol
(5 ml), prepared as described in Appendix 2, was added to the scintil-
lation vial and, after 5 h(to decrease Chemikﬁginescence and allow
time for benzovl peroxide in the Tritisol to bleach the ervthrocvte
samples), the samples were assayed for 3H—radioactivity by liquid
scintillation spéctrometrv in a Beckman LS230 liquid scintillation
counter.

i{) Filtration assays: Filters were placed in 6 ml scintillation
vials and dried at 55°C for greater than 12 h. They were then
dissolved, by vigorous shaking, in 5 ml of Tritisol. These samples
were allowed to sit for 12 h in order to minimize the amount of
chemiluminescence and were then assayed for 3H—radioacti;/itity by
liquid scintillation spectrometry using a Beckman LS230 liquid

scintillation counter.

b) Liquid scintillation counting parameters: - &

All samples were countedifor a time sufficient to achieve a 1.5%
counting error or for a maximum of 10 min. The degree of quenching
%n each sample was estimated by the sample channels ratio technique
(B/A ratio). Data were obtained both on paper and punched tape via

a teletype connection.

238



¢) Preparation of quench torrection curve:

-

A new quench correction curve was obtained every six months using

tritiated water of known specific activity(corrected for isotope decay)

"as the standard radiation source. A known amount of tritiated water
(=20 pl) was added to each liquid scintillation vial and acetone,
used as a quenching agent, was then added to the vials(10 to 250
ul/vial) followed by 5.0 ml of Tritisol. Samples were allowed to
stand for 5 h and were then assayed in a Beckman LS230 fiquid
scintillation counter, using the counting parameters outlined above.
Sample counting efficiency was then plotted against the respective
B/A ratio to obtain a linear function as shown in Figure 29. The
equation of this line was incorporated into a computer program
(See Section F.l and Appendix 6) to provide a means for rapid quench

»
correction of data.
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FIGURE 29 Representative quench correction curve.
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APPENDIX &

Determination of Protein Concentrations

This protein determination w&% based on the method of Lowrv s i71.(1951).

P

a) Reagents: 27 Na,CO, in 0.1 N NaOH

3

\

B. 0.57 CuS0,-5H,0
C. 1% NaK Tartrate
. Folin~Ciocalteu reagent(2 N) diluted 1:2.5
with distilled water
E. A S0:1:1 solution of A:B:(C made up as required
b) Method: Tﬁe samples were prepared in @{volume of 1;6 ml
Krebs-Tris buffer(Appendix 2). Assays were initiated by the addition
of 2.0 ml of reagent E. immediately mixed, and inlubated at room
temperature for 17.5 min. At the end of this time, 0.2 ml of reagent
EVQas added? mixed immediatelv and incubated at room temperature for ¢
;O min. The optical densitv.of the sample was then determined at
550 mu in a Gilford spectrophotometer with subtraction of a 'blank'
{(no proteih) value.
<) Preparation of standard curve: Bovine serum albumin(BSA)
was used as a standard. A stock solution of 2 mg BSA/ml was prepared
in Krebs-Tris buffer and a 1:10 dilution of this stock was made at time

»

of the assay. A 9 point standard curve(40 to 200 ug/ml BSA in a final

volume of 1 ml) was constructed each time a membrane protein sample
L4

was to be determined(See Figure 30 for example standard curve). The

BSA equivalent concentration of the sample solution could then be
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determined from the standard curve, and since the crystalline B3SA was
6% water(i.e. 94% protein), the protein concentration equals 0.94 rimes

the BSA equivalent cencentration.



APPENBIX 5

Spectral Data

Compound (in H20) A € X 10_4
max
(nm) _ (Molar abéorbance)
7 *
Nucleosides
" Adenosine 260 1.51
Cytidine 271 0.91
Guanosine : 252.5 1.37
Inosine ‘ 248.5 1.22
Thymidine 267 Q.97
Uridine 261 ' 1.01
)
Purine Nucleoside ,
Derivatives
+ .

Nitrobenzylthioinosine , 290 s 2.51
Nitrobenzylthioguanosineﬂ 283 2.88

. +
Hydroxyn4trobenzylthioguanosine’ 314 1.90
Nucleotides !

. [
ATP 259 1.54 7
cTP® : " 252 1.37

* ) > '
From the Merck Index(1976) T From Lynch et al. (1981)
f From Noell and Robins(1962) 3 From Volkin and Cohn(1954)

All Spect;al data shown were obtained at a pH of between 7 and 8§,
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APPENDIX 6

Computer Programs

a) Data analysis program--JiMl

C kAR
C * kK

C k%%

C LR £

C AkR

. CNUMB~= 1

C KRR

C X&%

C *kk

C *k*%

999

—

For Jim Hammond - May lst, 1980 *#**

Calculate DPMs from CPMs using quench correction ***
INTEGER*2 LENHF

LOGICAL*1 LINE(B0)

REAL CPM, DPM, X, Y

INTECER CNUMB, DNUMB, ICPMI, ICPM2, IX1, IX2

CALL FTNCMD( ASSIGN O=TAPE.JIM1”,18)

N =T

WRITE(6,1Q0)

Read next line in O0=TAPE.JIMl & scan for (7 in A=999999.9( **x*
CALL READ(LINE, LENHF,0, LNUM,0,&999)

CALL FINDST(LINE,80,7(",1,1,1,&5)

I1=1-28

“(” shouldn”t be close to the end of the line ***

IF (I .GE. LENHF) GOTO S ¢

CNUMB = 6

Convert A=999999.9 to binary (999999 fixst, then .9) ***
CALL DTB(LINE(I),ICPMI,CNUMB,DNUMB,"',&S)

I =1+7 :

CALL Dfﬁ(LINE(I),ICPHZ,CNUMB,DNUMB,’-',&5)

Add 999999 and .9 to get CPM ***

CpM = ICPM1 + O.1*I1CPM2

Back up from end of line to convert $=0.999 similarly ***

I = LENHF - 4 f
CNUMB = 1 .

CALL DTB(LINE(I),IX1,CNUMB,DNUMB, =",&6)
I =142

CNUMB = 3

CALL DTB(LINE(I),IX2 CNUMB,DNUMB,”.”,&6)

Add the 0. and the .999 together to get X (the ESR) *#**
X = IX1 + 0.001*IX2

Y = -1.030*X + 1.040

Calcutate DPM <--~ CPM / Y and print DPM and its no. ***
DPM = CPM / Y '
WRITE(6,101) N, DPM

GOoTO 7

WRITE(6,102) N

GOTO 7. !

WRITE(6,103) N

N=N+1

GoTO 1

WRITE(6,104)
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100
101
102
103

1Q4

STOP
FORMAT(//” DPM7/)

FORMAT(~ ~,13,64X,F10.1)
FORMAT(” ~,13,4X,” (Cannot
FORMAT(” ~,13,%4X,” (Caanot
TORMAT(/” *** DONE ***7//)
END

" CALL CMD(UIST TAPE.JIML™ 14)

find CPM)™)
find R)7)
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b) Data analvsis program--JIMZ

C *** Tor Jim Hammond - August 1, 1980 **%
C *** Calculate DPMs using quench correction {subr. CLCDPM),
r *k** N5 other calculations & save % control values for APL t-tests.
C
LOGICAL*1 NAME(H4), LETTER

LOGICAL EQUC \
LOG ICAL*1 PCLN(12) /7P7,7C7,%97, 797,797 ~=" "R” "E”,
xcat Dt c o

INTEGER*2 LENHF /12/

INTEGER EXPNO, CNUMB /3/, DNUMB
REAL CELINO, DPM(20), SA, FACTOR, BKG, TOTBND, NSBND, SPBND ‘

REAL MLCELL, PCNTRL(200), AVGPC, TBCPM(3), CPM, TBX(3), X
COMMON /C1/ CPM, X

CALL FINCMD( ASSIGN O0=TAPE.JIMZ™ ,18)
CALL FREAD(-2,"PREFIX",” 7)
CALL FREAD(-2,"ENDLINE™, STREAM )

C *** Cet input and calculate background, SA, factor, bound values

[

WRITE(6,100)
"READ(5,10Q2 ,END=99) (NAME(J), J=1,64)
WRITE(6,104)
CALL FREAD(S5, “1:7, EXPNO)
WRITE(6,106)
CALL FREAD(S, “R:”, CELLNO)
DO 10 J=1,20
10 CALL CLCDPM(DPM(J),0,8999,89999)
SAa = 1.0/ ( (DPM(1)+DPM(2)+DPM(3)) / 3.0 )
FACTOR = (6.025E11/CELLNO) * SA
BKG = (DPM(4)+DPM(5)+DPM(6)+DPM(17)+DPM(18)+DPM(19)+DPM(20)) / 7.0
TOTBND = ( -( (DEM(11)+DPM(12)+DPM(13)) / 3.0 ) - BKG ) * FACTOR
WRITE(6,108) TOTBND
READ(5,110) LETTER -
IF (EQUC(LETTER, N”) .OR. EQUC(LETTER, n”)) GOTO 30

C *** GCet new CPM and X .values from user (to calculate TOTBND)

WRITE(6,112)
CALL FREAD(S, “2R V:~, TBCPM,3, TBX,3)
DO 20 J=1, 3
CPM = TBCPM(J)
X = TBX(J) , .
K=J+ 10
20 CALL CLCDPM(DPM(K),1,6999,59999)
TOTBND = ( ( (DPW(Il)+DPM(12)+DPW(13)) / 3.0 ) - BKG ) * FACTOR
30 NSBND = (.( (DPM(14)+DPM(15)+DPM(16)) / 3.0 ) - BKG ) * FACTOR
SPBND = TOTBND - NSBND

C *** Qutput global stuff

WRITE(6,200) EXPNO, (NAME(J), J=1,64)
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C Axn
EOQF

40

999

oNeoNe!
»
»
»

99
9999

100

102

104
106

WRITE{6,202) CELLNO, SA

WRITE(6,204) FACTOR, BKG

WRITE(6,206) TOTBND, NSBND t
WRITE(6,208) SPBND

po 35 J=1,19 x

WRITE(6,210) J, DPM(J)

J =20 |

WRITE(6,212) J, DPM(J)

Calculate molecules/cell, percent control & avg. % control

I =21

CALL CLCDPM(DPM(1),0,&999,89999)

MLCELL = ( (DPM(1) - BKG) * FACTOR ) - NSBND
PCNTRL(I) = (MLCELL/SPBND) * 100.0

AVGPC = PCNTRL(I) /
WRITE(6,214) I, DPM(1), MLCELL, PCNTRL(I)
I=1+1

CALL CLCDPM(DPM(1),0,8999,89999)

MLCELL = ( (DPM(1) - BKG) * FACTOR ) - NSBND
PCNTRL(I) = (MLCELL/SPBND) * 100.0

AVGPC = (AVGPC + PCNTRL(I)) / 2.0

WRITE(6,216) I, DPM(1), MLCELL, PCNTRL(I1), AVGPC
I =1+1

GOTO 40

WRITE(6,500)
CALL CMD('LIST TAPE.JIM27 14)

Write expt.jnumber & % control values for input tojAPL

cALY FTNCMD("ASSIGN 7=PC.JIM27,16)

CALL EMPTYF(7) -
WRITE(7,300) | & ©
I=1-1 »

WRITE(7,302) (PCNTRL(J), J=21,1)

CALL FTNCMD( “ASSIGN 8=APL.JIM27,17)

CALL BTD(EXPNO,PCLN(3);CNUMB,DNUMB,” 7)

IF (EQUC(PCLN(4),” 7)) CALL MOVEC(4,” PC”,PCLN)
IF UC(PCLN(3),” “)) CALL MOVEC(3,” PC”,PCLN)
CABE WRITE(PCLN, LENHF,2,3000,8) »
CALL CMD("SOU APL.JIM2”,12)

STOP ‘

WRITE(6,900) - ‘

STOP '

FORMAT(// “Enter experiment name ("|" shows maximum length)”

£ 71

FORMAT(64A1)

FORMAT( &Enter experiment number: 7)
FORMAT( “&Enter cell number: 7)
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BRI

OO OO0

108

110
112
200
202
204
206
208
210
212

214

216
300
302
500
900

k k%
Ak*k
AAX

C kA%

O

kX

— OO0

(@]

k%%

(@]

kkk

an

FORMAT(/ Total bound = ~ F8.0,~ molecules/cell.”/
* “&Do you wish to substitute? 7) '
FORMAT(AL)

FORMAT(/ Enter three CPM""s then three X “s, spaces between:”)

FORMAT( 1Expt. No.”,I13,” - - 64al)
FORMAT("0 Cell No. = 7,G9.3/70 S.A. = 7,G9.3)
FORMAT("0 Factor = " ,F4.2/70 BKG = ~,F4.0)

FORMAT("0 Total Bound = 7 F6.0/70 N.S. Bound = 7 ,F6.0)
FORMAT("0 Specific Bound = ~,F6.0/"~ DPM"/)

FORMAT( ~ ~,I3,F12.0) oL
FORMAT(™ “,13,F12.0,” Molecules/Cell % Control 7,

* “Avg. % Control”)

FORMAT(” ~,13,F12.0,8X F8.0,8X,F5.0)

FORMAT(” ~,13,F12.0,8X F8.0 8X F5.0,8X,F5.0)
FORMAT(” 0 0 0 0 07)

FORMAT (10F5.0) \

FORMAT(//~ *** End of paper tape file ***7//)
FORMAT(//~ *** ERROR! Can”“t read paper tape file ***7)
END

Find CPM and ESR on next line of TAPE.JIM2. ¢
Calculate DPM using quench correction, then RETURN.
.RETURN 1 if EOF, RETURN 2 if error in finding CPM or ESR.

SUBROUTINE CLCDPM(DPM, IFLAG)
LOGICAL*1 LINE(80)

INTEGER*2 LENHF

REAL CPM, DPM, X, Y

INTEGER CNUMB, DNUMB, ICPM1, ICPM2, IX1, IX2
COMMON /C1/ CPM, X

If TFLAG = 1, already have CPM and X values

IF (IFLAG .EQ. 1) GOTO 10

Reaa next line in TAPE.JIM2 & scan for “(° in §=999999.9( *hA
CALD READ( LINE, LENHF,0, LNUM,0,&999)
iAELIFENgsr(LINE,so,’(',1,1§1,&9999)

"(' shouldn™t be close to the end of the line ***

"IF (I .GE. LENHF) GOTO 9999
CNUMB = 6

Convert A=999999.9 to binary (999999 first, then .9) ***

CALL DTB(LINE(I),ICPMl,CNUMB,DNUMB, =",&9999)
I=1+7 :
CNUMB = 1
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CALL DTB(LINE(I),ICPMZ,CNUMB,DNUMB,'.’,&9999)

C
C *** Add 999999 and .9 to get CPM ***
c ~
CPM = ICPM1 + 0.1*ICPM2
C :
C *** Back up from end of line to convert $=0.999 similarly
C
1 = LENHF - 4
CNUMB = 1 , |
CALL DTB(LINE(I),IX1,CNUMB,DNUMB, =",&9999)
I1=1+2
CNUMB = 3
CALL DTB(LINE(I), IX2,CNUMB,DNUMB,”.”,89999)
C

C *** add the 0. and the .999 together to get X (the ESR) ***

C
X = IX1 + 0.001*IX2
10 Y = -1.030*X + 1.040

C

C Calculate DPM

c , A

40 DPM = CPM / Y

'

-
q- N,
g

RETURN |
999 RETURN 1
9999 RETURN 2
END

-
e
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