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/ ' ABSTRACT o

Adenosine amd %xs derivatives decrease.the spontaneous activity
of fsolated sﬁallxlﬁtestine from rabbit. FJhe role of cyciic AMP as a
mediator of.thls'rplixa‘nt effect is controvetal;l. The rank order of
poﬁency of relaxants is net correlﬁted with that for agonists at the
Azlreéep-or that stimulates i}{snylate cyclase to produce chP, nor is
thiastlrl;ulatién demonst;rable 1n‘\ mgmbrane preparations ‘from intestinal
.muscles. }t has'now been recognized that the adenosine receptors ;:;
diverse and may not be linked to adenylate‘ cyg}age in all cell
_systems.‘ ‘ i

: L S ‘
To further investigate the reckptor in intestinal smooth mﬁsclg.

radioligand binding studies were undert ak®h using longitudiﬁgl-

muscle membranes and a newly developed 1ligand of high specific

radloactivity, ([ 12"SI]—N 6-R-—(S-io;‘lo,lo-h)y"droxyphenyl)1.s;>‘p1'opylac‘l.enosine
(llzsllﬁ-IHPiA). Initial characterlization of thetradioligand receptor
interactions using adenosine -recgptors\from rat. brain revealed tHat
the binding of [!25[)R-IHPIA was sqcu:w?bfe and specific, and sati§fied
most criteria for radioligand binding to adenoée receptors. | |

However, [1251]R—IHPiA binding¢ to rabbit fongitudinal-muscle
tﬁembranes revealed features not consistent with binding to f,unc’tional'
adenosine receptors; It exhibvited a high nonspecific-component and
could be displaced by compounds that are not .,l\(nown to have an affinity-
for tﬁ_e receptors.. Use of another radlougan:, [3H]-N6—R—(2-pheny\l)—
isopropyladenosine revealed similar characte(rlstics of binding. The
problem of anomalous specificity in ligand-site vint’eracti.‘bnsyas also

s

evld‘ent‘ vhen (3Hl-1abg11edS'-NJethylca}»boxamidoadenosine (ﬁECA) vas

\_A T g
.
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used to tnves:iqite the longitudinal-muscle membrane teceptors. The .
specific binaiqg of all three radioligands was not displaced by
s—g—aulphophe ‘ylthevophylline (SPT), which antagonizes the relaxant

act/ion of these compounds on the {solated intestinal ti{ssue. Studies

— -

of dissociation of the boun.d radioligand a&eqﬁillbrlum revealed that

-

these rgdiou’;ands dissociated very rapidly thus not allowing
4 . "]

measurement of the receptor specific bindjdg either in a filtration or
a centrifugation assay. These results show that tNére are

difficulties with using these radioligands to characterize adenosine

o

receptors in some systems. ¢ ! \ \

‘ 5'-Deoxy-5"-methylthioadenosinﬁ(H'I‘A) was found to be an agonist.
. ’ \
- of tHﬁ intestinal receptor_and its relaxant -@Ffect was competitively
\ ' ! :

. / .
antagonized by SPT. However, MTA )tompetltlvely ar{tagonlzed NECA-

stimulated adenylate cyclése activity in mur)ne neuroblastoma cell

]

membranes. Our rgsu&s ‘with MTA provide strong evidence that the
receptor in 1ntest1né1 muscle is different from an A, receptor that

stimulates adenylate cyclase.
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1.  INTRODUCTION | :
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1

1.1 Overview

This dissertation -seponad"attenptn to lnvsgzignte the receptor
that mediates the relaxant action of ademosine on smooth muscle by
.e.&. of radioligand binding. A radioligand with . high specific
rndloactlvtgy vas dcvelop;d with. the hope that its use would provide
further insight into the molecular nechaniu;c underlying adenosine-
induced smooth muscle relaxation.

In the first part of the introduction the current knowledge of
the pharmacological effects of adenosine is reviewed with special

wwn-phasly on l.poth;nhicle systemg. The remainder of the introduction

discusses the various radioligands that have been used in adenosine-
receptor studies and the characteristics of their binding to adenosine
receptors in various systems. A statement of the research objectives
concludes this sectfon.

v

1.2. Cellular metabolism of adenosine

The most obvious pathway for both the extracellular and intra-
cellular formation of adenosine is the ;ATP Pathway"-(ATP+ADP+ AMP) .
The AMP thus formed is hydrolyzed to adenosine by endo-5'-nucleotidase
intracellularly and b; ecto-S'-nu;leotidase éxtracellularly. The ATP
pathway for adenosine formation appears to be operative in ;any cell
nylte-? during energy deficit (Arch and Newsholme, 1978). The sourct

of' extracellular adenosine {s either f;;;l_ATP (released as a

- co-transmitter along with acetylcholine or norepinephrine) or from
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¢
“intracellular aedenocsine that crosses the cell u-buu’o either
pﬁotvcly or actfvely:(c.f. Daly, 1980).

The second pathway for the torutfon kof intracellular adenoetne
is the “Methylatioan Pathway.” S-Adenosylhomocysteine (SAM), .fomd
intracellularly by biological -methylation unctténl iavolving
S-adenosylmethionine (SAM), is Je;uded by Sm-hydyoluc Lo dcno.to’
sad homacysteine. ‘This hydrolytic reaction ts eul;atcd to praguce t'b‘

t
to 23 mmoles of ‘adenosife daily in adults and may be a ma jor metabolic

source of denooihe (Msdd and Pool.: . ’

A variety of ioteu for (fuctivatton. of adenosine by intra-
cellular enzymes sueh as edencsine deasinase, adeno’lne kinase and
SAH-hydrolase are present in cells. The function of these pathwvays
appears to be the maintenance of low levels of endogenous adenosine.
The first two inactivation pathways appear to operate together to
influence the {intracelliular ,d;noolne concentrations (see teviev) by
Daly, 1982). .Further, in the preu\nce of homocysteiney SAH-hydrolase
can serve to t‘rup' adenosine as SAH, further wmodulating the

intracellular adenosine levels. \‘

¥

1.2.1. Adenosine transport
Adenosine, as a hydrophllic\:o}ecule. would be expected to cross
cell membrangs only slowly by siample diffusion and indeed, it is now

clear tha st of the .ccmﬁhtlon of adenosine in cells occurs by

-,

vay ™ of nuc

de-specific transport sgchanises (Plagemann and

N -
Hohlhueter,\_lﬁo; Pabevson et al., 1981). The w=most extensively

studied nucleoside transport systea 1s the reversible, saturable,

\

-

rs/q
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‘nucleos}des (cf. Paterson et al., 1985).

non-coﬁcencrative, ‘ficilitatéd diffusioh ' procéss which catalyses

n&ﬁleoside fluxes that are many times larger than those attributable
t; siaple diffusion.‘ The driving force“.r this mode of nucleoside
ttaﬁsport is the concentration gradient‘across the membrane. Although
adenosine appears to ;be the preferred endogenoué substra;e for the
transborter, the. transport system has a fairly broad specificity
allowing the transport of various physiological purine and pyrimidine

Various coﬁpounds are‘knoun‘to inhibit this nééleoside transport
process and heterogeneity 1in nucleoside transport system‘witﬁvrgspect

o 1
to different susceptibilities to inhibition by these comopunds has

been reported.* For efample, a number of cultured cell lines such as
KABL and KABS (both mutant clones from lymphoma 549) and Walker 256

rat carcinosarcoma and Novikoff rat hepatoma cells possess nucleoside

transport systems that are either not 1nh1pfted or inhibited only by
*

/high concentrations of the, . nucleoside transport 3- inhibitor

’Nb-(a-nitro)benzylthioinosine (NBMPR) (Belt, '1983; Aronow et al.,

1985). Furthermore, both NBMPR-sensitive am?kinsensitive traansport

N

systems have beeﬂ reported to be present in L1210 mouse leukemia cells

and HeLa cells (Dahlig-Harley et al., 19381; Belt, 1983). Species
LY

differences in the.4rhilbition sensitivity of nucleoside transport
<« :
systems have also been reported. Cardiac and CNS membranes prepared

’
from rat tissues have a forﬁ of WBMPR binding site that has a much
lower affinity for dtﬁytidamole than sites in the guinea-pig tissues
(Hammond and Clanachan, 1984; Hillians et ral., 1984).

| In ad#ition, a difﬂﬂbgnt ford of nucleoside transport hasualso

Vo)
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been reported in renal and intestinal brush border vesicles. This is

“an active, sodium gradient-dependent, concentrative transport systenm

uhich is not 1inhibited by NBMPR (S.M. Jarvis, personal cohmunication;

R
Le Hir and Dubach, 1984).
: )

Vasodilation by the nucleoside transport inhibitor, dlpyridamole,

&
has been linked repeatedly to the ability of this compound to inhibit

trangport off'adenosine (Olsson et al., 1972). An important determinant
of bilological activity of many other compounds such as NBMPR and
related b6-thiopurine :{snnucleosides, hexobendine, lidoflazine and
dilaiep 1s the suscrorips ity of nucleoside transport mechanisms to
inhibition by these c.:munds. Nucleoside transport inhibitors have

3
been shown, for example, to protect various neoplastic cells against
the_antiproliférativg effects of a varlety of eytotoxip nucleosides
(Paterson, 1979). Tﬁeqe inhibitors also potentiate the effects of
adenosine in a wide Qariety of tissues. Dipyridaﬁole, which increases
coronary biood flow, (Feldman et al., };81) also potentiates
ad%pyd\ee-induced increases 1in coronary blood flow. Similaf effects
have . been observed Yith dilazep, 1its structural analog hexobendine

(Marshall and Parratt, 1974; Fujii et al., 198l1), and lidoflazine

(Schaper et al., 1966; Van Neuten and Vanhoutte, 1980; Van Belle,

1970). Dipyridamole (Stafford, 1966; Hopkins, 1973), shexobendine,

dilazep (Hopkins, 1973; Fujita et al., 1980), lidoflazine
. 14

(Kucokhuseyin and Kaysalp, 1974) and diazepam (Clanachan and Marshall,

1980) have been shown to potentiate adenosine-induced negative

chronotropic and/or inotropic effects.

Many other pharmacologically active compounds may produce at
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least some of their effects through inhibition of nucleoside

trangport- Predominant aﬁong these are papaverine (Mustafa, 1979; Wu
and Phillisv, 1982), phenothiazines (Phillis and Wu, 198la) and
benzodiazeélnes‘(?hillis et al., 1981). The last group of compounds
has béen extensively studied with respect to their influence on
adenosine accumulation in cells (Moritoki et al., 1985).

Adenosine derivative; uch as cyclohexyladenosine (CHA) and
phenylisopropyladenosine (PIA:E which are highly lipophilic compounds,
are nof significantly tr;nsported by the carrier. These compounds,
however, inhibit uridine influx in Novikoff rat trepatoma cells in a
noncompetitive manner and in direct relation to their lipid solubility
(élggémann and WOhlhueter,gi98b). This»is a nonspecific effect and is

’

not carrier mediated. On the other hand, the adenosine receptor

. . ,
agonist, 2-chloroadenosine, 1is a permeant for the nucleoside

transporter in human erythrocytes (Jarvis et al., 1985) and guinea-pig
cardi&myocytes (A:g; Clanachan, personal communléatién) a;d in each
case, the transport of 2-chloroadenosine is inhibited by N%ka in a
competitive manner .

1.3 Pharmacology of adenosine and its deérivatives

The pharmacological effects of adenosine were first described by
Drury and Szent-Gyorgi (1929) 1in isolated frog hearts. Three decades
1ater,’Berne (1963) suggested a physiologicaljrole for adenosine in
the control of coronary flow. Adenosine is now recognized as a

ubiquitous hormone with no ceilvsystem uniquely responsible for its

formation. '



Although adenosine effects may resulg from altered purine
wetabolism (Arch and Newsholme, 1978; -Fox sand .Kelly, 1978), soume
effects persist or are enhanced under conditions where the nucleoside
Ia prevented from entering cells, |wusing nucleosideA transpott
Inhibitors such as dipyridamole and NBDAPR. Moreover, conjug‘ates( of
adenosine with large molecules that are thought not\A) ;nter cells-
mimic the actions of fr;ée adeno;me (Olsson et al., 1977; Fain and
Malbon, 1979). Such findings suggested that cells contain-surface
receptors for adepq;éing. .

Extracelluiar adenosilne receptors have now been identified. This
becaﬁe poésible when a variety of adenosine derivatives were developed
‘ agonists, a\nd alkylxanthines were recognized as antagonists/at
adetiosine receptors. In the following sectic;n, varlo.us agonists and
antagonists at adenosine receptors will be reviewed togethler with the

¢
CAMP generating system that has been implicated in adenosine receptor-

mediated biological responses, and a classificdtion of adenosine

receptors based on structure activity studies will be presented. This

will bé followed by a discussion of the physiological leffects ‘of
‘gnosine. ‘
' ’

1.3.1 Agonists of adenosine receptors

¢

The adenosine molecule comprises 2 moieties, purine and ribose.
Although numerous derivatfves have been synthesized by various substi-
tutions at C or N atoms, only a concise list o‘f purine- and ribose-
modified derivatives will be presented here based mainly on the

utility of these compounds in adenosine receptor studies. Among the



purine modified derivatives are 2-chloroadenosine and various
N‘-subscituted compounds such as Ns-methylgdenos}ne.' Ns-phenyl-
adenosine, Ns-benzyladenosiné,’ NG-(2—pﬁeny1)1sobropyladenosine (PIA,
R-  and SLdiasggreomers), N6—[2-(A-hydoxy)pheny11soprogy1Iadenosiné
(HPIA, R- and S-diestereomers)«fynd Ns-cyclohexyladenosine (CHA).
Among «the ribose-modified derivatives are: 2'-, 3'-° 5;-. and
2;,5'-deoxyadenosine; T}Ee ribose-modified S5'-derivatives such as
5'-N-ethylcarboxamidoadenosine (NECA) and 5'-N—’cy’clopropyﬁlcarboxa-

midoadenosine (NCPCA) have proved extremely useful 1in adenosine

receptor ;;tudies (Appendix I; see review b)s Bruns, 1980; Daly, 1982).

"~ 1.3.2 Antagonists of adenosine receptor

e

Alkylxanthines sw ' as theophylline and caff;eine Qérbe the first
known antagonists at adenosine receptors (Fredholm, 1980). Althougl('—.
these compounds aﬁso inhibit the e:nzyme, phosphvodiesterase~ (Berthet et
al., 1957), and mobilize Caz"’ ions (Johnsoq and Inesi, 1969), the
latter effects are seen only at concentrations about iOO-fold high(_er
than that required for the receptor antagonlAs'm. Thus, theophylline
and caffeine probably owe many of their pharwmacological effects to
blockade of adenosine-mediated functions. Both fheophyllihe and
caffeine\‘are relatively weak adenosine antagonists (affinity constants
10 - 50 uM, see Daly, 1982). Other substituted alkylxanthines with
higher affinlty have been synthesized. These are 1,3 diefhyl-S-
phenylxanthine (DPX), 8—phe:y1theoph;'111ne, and 1its water-soluble

analog 8-(B—su1bho)phenylthe«”&y,lline (SPT) which 1{s now wused '

extensively as “an antagonist for adenosine receptors (Daly et al.,“‘
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1985). It has been suggested that SPT acts sele:t:tively on e;(tra-
cellular adenosine recept;)rs. ‘and does not 1nhfbit' phosphodiesterase,
becausé owing to its charge in aqueous solution it penetrates cells to
a negligible extent. As yet, no selective xanthinwtagonists for
adenosine receptor- - subtypes have been develo;ed (see Bruns,‘ 1981)".
although 1,3-d1propy1-8-(%-amino-l&- chlorophenyl )xanthin '(PA.CPX) is
70,000-fold more pptent‘ than theophylline in bovine brain (Bruns et
-al., 1983), and is at least 1,000 fold more potent than theophyfline
in rat fat cells, rat brain, and human platelets (Schwabe et al.,
1985). Recently, the synthesis of a series bf 8-phenyl-],3,dialkyl
xanthines hés been re;;orted. These compounds have high affinity
(KD<100 nM) at brain adenosine receptors, can be radioiodinated and
may also be useful in' the preparation of affinity columns. (see
Jacobso_n et al., 1985). Although adenosine-receptor agonists tﬁat are
.nucleosides,have a strict requit;emeﬁt for the ribose moiety and must
exist in a stable anticonfiguration, addition of a ribose moiety to
theophyliine at Cg (theophylline 9-B-D-riboside) in a similar
conformation to that. in the adenpsine molecule abolishes the
antagonistic activ"ity of theophylline (Clanéchan, 1981).

Certain 5'-modified adenosine‘delt"ivatives have 3en shown to be
competitive antégonists at adlenosine receptors (Burns, 1980).
Predominant compounds among these are S'-deoxy-S'-methylthioadenosine
(M'!\\) (Appendix I) and 5'-deoxy- 5'-carboxyadenosine methylester.\ of

these, MTA {s an endogenous  product of polyamine blosynthesis,

generated from S-adenosylmethionine (Pegg and Williams-Ashman, .1969;
bl
]

1970). MTA can also be formed directly from S-adenosylmethionine

4



(Swiatek et al., 1973; Wilson et al., “1979). Both xanthine and
nqcleoside antagonists have | been uséd 18 the present study of smooth

muscle adenosine receptors. '

. : ‘ ‘ " .\
*3:3 Gyclic AMP-generating systems ““
enylate cyclasé is a ubiquitous enzyme that catalyses the

conversion of ATP to cy.clic AMP (cAMP) and PPi. Various hormones can

either stimulate or {inhibit the activity of this enzym# in various
cell types (see review by Cooper, 1982), thereby effécting the
transmission of messages through 'control of intracellular cAMP
levels. The message-transmission system is composed of .;s hormone (H),
\its receptor (R), the‘regulatory proteins Ns and Ni, which bind the

guanide nucleotide and the catalytic unit (C). Both Ns-'and Ni save
L 4 B . 4
N . ‘ .
inherent GTPase activity. The binding of hormone to its adenylate

-

cyclase-associated receptor initiates the exchange of fnéctive GDP for
LY

active GTP at Ns or Ni.‘ The activated Ns or Ni now activateé C,
which, in turn, utilizes the;A'TP - Mgz"'/an"' complex to alter
intrac‘ellular cAMP levels. GTP is quickly hydrolyzed to inactive GDP
by GTPase and the sy&;tem retur;ns_to the baé&l level. Both stimulation
and inhibition of adenylate cyclase by ho—rﬁropes are GTP-dependent. 1In
addition, Nat (20 - 140 =M) has t;een shown to increase hormonal

inhibition of .ad‘enylate cyclase (see review by Jakobs et al., 1981),

although this 1is not true for ever)t system. " Sodiunm 1is thoughtf to

affect adenylate cyclase fnhibition by reversing the GTP-induced
. ;

inhibition of the activity and thus potentiating, the hormone-induced

-«

inhibition (Cooper, 1982). .*wflarmone-induced inhibition versus
. R Y : .

1
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stimulat.ion of adenylate cyclu\e is greiter at lower tcnpeutu\rn‘c
(ZO'VC cviupared with’37’C), lower ltz* ‘cohcentraﬁo‘m ¢l - 2 aM
compared wiﬁh' S mH or more), higher GTP concenita;lonc (0.2 -6 uM or
more compared to 0.0l - 1 yM). Inhibition 1is al#o more sensitive to

AY

‘N-ethylmaleiaide (NEM. °

Adenylate cyclase can also be stimulated digectly by GTP and its
nonhydrolyzable derivatives such as S'.vguaninylinidodiphésphate
(Gpp(NH) p) and gua‘noCine—S;-:(3-0.-thio)tt1phosphate (GTPyS)
(Hil%’g{brandt, 1983). quéver, low concentrations of GTPyS inhibit thé&
enzyme's activity through Ni and this effect can be used to determime
.the presence of Ni in cells.

Cr can be -directly activgted by a plant diterpiane, fote‘kolin, in
most cell systems (Seamon et al., 1981; Seamon and Daly, 198la).-
Furthermore, forskolin enhances the ability of stimulatory as well as
inhibitory hormones to affect enzyme activity. Although forskolin

does not require GTP for 1its action (Seamon and "Valy, 1981b), an

interaction of forskolin with N proteins cannot be ruled out (Barovsky-

et al., 1984). " {/”

1.3.4 P gsite for Adenosine —
»

Londos and Wolff-"(1977) ' e - enosine inhibits adipocyte

adenylate cyclase not only th ptors (see below) but also

through the intracellular P site. ‘yignificance of the latter 1is
unclear since adenosine concentrations in various types of cell\are

not thought to 1increase above 1 - 2 .M whereas the affinity of

adenosine for this site is about lO-fold higher. The P site is

-
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generally resistant to modifications in the purine ring (hedce its

¢ e,

| nase) with the result that 2-chloroadenosine has very ‘low: affinicy
(<2-fluoroadenosine) (nu this site and N6-der}vat1ve; are totally
inactive (see review by Daly, 1982). Some riboae-nodifled derivatives
such as 2'-deoxyadenosine, 3'-deoxyadenosine, 5'-deoxyadenosine,
‘2',5'-d£déoxyadenosine and . adenine arabipos#de are active at the
Psite, whereas others, for example, NECA, NCPCA, and MTA are inactive

.

(Bruns, 1980). Adenine and inosine are also inactive at this site.
Theophylline has no effect on the P site inhibition of adenylate
cyclase (see -review by Bruﬂs, 1980).

~
. .
XY V)

1.3.5 Adenosine Receptors

' It,'gis observed for the first time in 1970 that adenosine
increased the lfvels of cAHP_in brain slice preparations (Sattin ;nd
R;ll, 1976; shimizy and Da%y, 1970). A key to confi;ming the
ekistencé 6f adenosine receptors -was the discovery that adenosine at
lovlconcentrationa ;tinulatéd adenylate cyclase from a particulate
tractldn,of platelets, whereas, at higher concentrations, it inhibited
the enzyme (Haglam and Lynham, 1972). In similar experiments,
2fbﬂlor;gdeﬁosine was found to be at least as potent an activator‘of
the enzyme as adgﬁggine, but a weaker 1nhibitor. This suggesfed that
the two actioﬁs églﬁggnosine might have different structural deter-
uinants. Adenosine-mediated stimulation and inhibition of adenylate
cycl‘se was_ subseque;lly reported for Numerous types of cells. Tw;

fungtionally and pharn&cologically distinct” extracellular adenosine

reggptors have now been identified as being associlated with adenylate
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cyclgse (Van Calker et al., 1979; Londos et al., 1980), one mediateing
stimulation of its activity, the other inhibition. These are 1in
addition to the intracellular P site for adenosine (Londos and Wolff,

1977).

1.3.5.1 Nomenclature of Adenosine Receptors

Several forms of nomenclature have been proposed for different

sites of adenosine action. Burnstock (1978) 'suggested Py for

adenosine receptors and P, for purine nucleotide receptors. Londos et
al. (1880), proposed Ri and Ra for the adenosine receptoés that
medié?e inhibition and activation of adenylate cyclase respectively.
In 1979 Van Calker et al. proposed A; (inhibitory) and A,
(stimulatory) for these same receptors. Since adenosine receptors in
all cell systems may not be linked to adenylate cyclase, the
terminology kx and A; will be used throughout this text to 1nd1§ate

‘ ¥
.-receptors with high affinity (also #nhibitory to adenylate cyclase)

and low affinity (also stimulatory to adenylate cyclase), respectively

<

(see Stone, 1984, 1985; Hamprecht and Van Calker, 1985).

1.3.5.2 Adenosine Receptor Subtypes a

Although A, and‘Az adenosine receptors are undoubtedly discrete
proteins, the first. interacting with the Ni-subunit and the other with
the N;-subhnit of adenylate cyclase, their recognition sites for
agonists and antagonists show only quantitative differences. Thus,
there are no truly specific agonists and most antagonists of the

/ »
xanthine class are reldtively nonselective.



- xanthine class are relatively nonselective.

103050201 Al ‘.C.Etor

Mcnoo}ne and most of 1its actlv.eA d\erlvatlve.‘have higher off
at this cla'n of reccptori than at the A, receptors. Amonyg
various deriyatfves, N‘-lubltltuted compounds such as PIA and CH
the most potent. This class of receptors is further characteriz
at least & 10-fold difference in the afflnitles of R-
S-dinlteéeonetl of FIA. 2-Chloroadenosine has the wame affini!
b)‘ﬂ' A} and A, receptors. 'l;he affinity of .adenoslne derivatfves
receptors is usually decreased by .substitutl:‘s at 5'-posit1;ns.
receptors have been demonstrated in purified fat-cell }nb
(Lon‘dos et al., 1978), 1in- .crude membrane pellets from brain c
(Cooper et al., 1980), and in purified striatal and hippoc
membranes (Yeung and Green, 1?83;, 1984). The inhibitory aden
receptor-adenylate &yclase system requires higher concentratiorn
GTP than the stimulatory action. The presence of Gpp(NH)p,
concentrations of ng* and low comcentrations of Hn“', and h
assay teamperatures amask inhibition mediated by A receptors (C?bp
al., 1980). Sodium ions in the n;nge of 100 mM enhance A, rece,
mediated inhibitton. Thus, {n :all respects, the 1inhibitio
adenylate cyclase -mediated by A adenosine recep& !
characteristics identical to those seen with other receptor sy:
inhibitory to adenylate cyclase from a variety of cells. Be«
"adenosine is formed from ATP in the incubations, labelled deoxyA!

a preferred substrate; as well the presence of adenosine deam:
Y )
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(which {nactivates adenosine) greatly facilitates the detection of

) .
inhibition through A) receptors (Cooper et al., 1980).

Recently, brain A, receptor has beed photolabelled using various

. radioligands such as [lzslI-Azidobenzyladenoslne (Choca et al., 1985)

['2%1)-Amtnophenylethyladenodine  (Stiles et . al., “1985)  and
1285 6 Rnvl teonre.
{ V-2-Azido N -p-hydroxyp nylisopropyladenosine (R-AHPIA) (Klotz

et al., 1985). The reported molecular weight of A, receptor or a

~subunit of it is between 35,000-38,000 D.

Y . -

1.3.5.2.2 A, Receptor

Among the wvarious derivatives of adenosine, S5'-substituted
compounds such as NECA and NCPCA are the most potent at A, receptors.
Nﬁ-substitutions decrease ‘the affinity at A, receptors and the
stereoselectivitiy of the diastereomers of PIA is only of the order of
3 - 5 fold. The presence of a group with relatively high
lipophilicity at the 5'-position of adenosine derivatives (as, for
exampll, in MTA) results in potent antagonist activity at A, (see
réview by Daly, 1985). A, receptors have been demonstrated 1in
purified membranes from liver cells (Coopef and Londos, 1979; Schutz
et al., 1982), human platelets (Huttermann et al., 1984), Leydigq cell
gumor (Londos et al., 1980), rat striatum (Yeung and vCre;n, 1983,
1984), and in other tissues. Lower concentrations of GTP are fédﬁf};d
for A receptor!ediated adenylate cyclase stimulation than for {ts

inhibition through A| receptors. The presence of Gpp(NH)p, higher.

concentrations of ng+, and higher temperatures facilitate stimulation
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of the enzyme through A2 F®Ceptors. - Sodium fons do not affect A,

stimulation of adenyjste cyclase activyry. ' .

1.3.6 Central Effeccs o >

1.3.6.1 Behavioral Responses

Adenosine and geversl of its metabolically stable derivatives are
potent m\oduintof. of qehcl’fl Nervous system (CNS) function. Behavio-
rally, adenosine‘cnd its derivative- produce sedation, anticonvulsant
effects (::itre et al., 1974)‘ anxiety (Barraco et al., 1984),
.hypothemia and ant ynociception’ (Vaplatalo et al., 1975), analgesia
(Stone and Perkins, 1979)»' Sleep 8“d\depression (Williams, 1983a),
nuocle relaxation and at8X1¢ (Baird- -Lanbert et ‘al., 1980; Buckle and‘
Spence, 1981), depregsed respiration (LagerCrantz et al., 1984), and
inhibition of apomorphine-induced rotatfon behavior (Fredhojm et al.,
l983n).‘ In genera), cthese effects can be antagonized by alkyl
xanthines such as caffeine and theophylline (which themselves are -
central stimulants) gt do%e8 3 ~ 300 times lower than those- causing
phosphodiesterase inhibition and calciym mobiiizacibn (see réviews by
Daly et al., 198]; williams, 1984; Barraco, 1985). Besides
methylxanthines, the action of other Central stimulant and depressant
' agents such as ethanol, moTPhine, diphenylhydantOIn; weprobamate,
' benzodiazepines, barbiturates and tricyclic agents  (with sedative

properties) may involve sdenosine (Phillys, 1985).

- ~
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1.3.6.2 Biechemical Responses (lb‘ulgttoa o’t Adenylate Cyclese)
Adenosine has been shown to ot;lulatc cAMP production in brain
-uci/u from virtually all spegcies and regions studied (Stolntc} and
Daly, 1977; Fredholm et al., 1982). A4 least two subclasses of swch
“atl-ulatory adenosine ret':eptor.. appear to 'bo_ present in b:un tissue
.(D.ly et al., 1983): a ubiquitous lov-affinity receptor (EC.,=10 - 20
uM) detected only in slices (ffon all brain regions) and not in assays
of adenylate cyclase using brain ‘uenbranea. and a reiativol'y high~-
affinity receptor (.BCSO-O.S uM) detectable only in membranes fros

o

striatal .and other 11-§‘1c areas (Premont et al., 1979). X
. Decreases in the basal cAMP level' in brain slices induced by -
adenosine derivatives were not denonsﬁ“ab}e (Fredholm’ et al., 1982),
. although the same authors have shown a PIA-induced small decrease 1n.
forskolin-stimulated acchmulation of CAMP 19 rat hippocampal slices

1
(Fredholm et al., 1983b). Furthermore, A, receptor-msediated

inhibition of adenylate cyclase activity is deaonstrable in cell-free
systeas from most brain regions (Londos et ‘al., 1980; Yeung and Creen,

1984) and in cultured glial cells (Van Calker et al., 1979).

1.3.6.3 Electrophysiblogical Responses

'At the electrophysiological level, adenosine causes hyperpolari-
zation of central neurons coacomitant with depression of both
spontaneous and evoked‘ neuronal activity (Phillis and Wu, 1981b;
Stone, 1981). These findiags have been generally attributed to a
reduction in the release of excitatory synaptic transaitter (Phillis

and Wu, 198la), the nucleoside (adenosine) having been shown to .
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. prevent the release of agftylcholine, dopamine, norepinephrine,

gamma-amino butyric acid,b.glutamate apd ‘serotonin (see Williams,
1984). - . "

In view of the available evidence that, if cAMP has any effect,
it ts to facilitate transmitter releaée-(Drummond, 1983), adenobine-
1ndJcEq accumulation of cAMP in sliég§ is not consonant with

inhibition of transmitter release (Smellie et al., 1979; Dunwiddie and

Hoffer, 1980). The potent cAMP derivative, B—B—Chlorophenzlthio‘

<
w v

cyclic AMP, npeither mimicked nor antagopizgd ébe depressant effect of

adenosine on synaptic transmissidﬁ. Furfhermore, heavy metals
such as lead that are known to disruﬁt the hormonal rggulziion of
adenylate cyclase (Tayibf;et al., 1978) have nq;significant effect on
depreséant responses to adenosine in hippocampus (Dunwiddie and
Fredholm, 1985). Adenosiﬁe and‘isoprOCerenol have been reported to
have marked synergistic effects on brain-slice cAMP levels (Codper et
al.{\1980; Huang et al., 1971). However, isoprdterenol has no effect
on the magnitude of adenosine-mediated depressant respdnses in brain
slices {Dunwiddie anderedholm, 1985). Thus, adenosine-mediated cAMP
acéumulation can be.either 1inhibited or stimulated without markedly
affecting electr;phy51ological responses to adenosine (Punwiddie and
Fredholm, 1984). These findings suggest that adenosing may elicit

9

some types of response through mechanisms other than cﬁanges in
.

adenylate pyclase activity (see below).

13
Q;@?
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1.3.7 Effects on Smooth Muscle

1.3.7.1 Excitation-Contraction Coupling in Smooth Muscle

All smooth muscle cells contain the contractile proteins actin,
:yosin, and tropomyosin (Stull, 1980). An increase in the {intra-
cellular C32+ concentration acti‘es the calciur;i-bi,nding protein,
calmodulin (Chegng, 1980). The active myosin light-chain kinase
(MLCK) 1is activated by the Ca2+ - calmodulin complex and subsequently
phosphorylates the myosin light chain (MLC). In the presence of the
contractile protein actin, phosphorylated-MLC activates .tAhe Mg2+ -

ATPase activity of myosin. The subsequent cleavage of ATP ylelds
- ' "

energy which is utilized in muscle shortening according to the sliding

\;_/filament theory (see $tull and Sanford, 1981; fRasmussen and Barret,
1984). The biochemical events that are thouth to take place during
smooth-muscle relaxation mediated by'beta—adreneggic receptors éfe
giagrammatically represented in Figure 1.

L a ' -

1.3.7.2 Possible Mechanisms of Smooth Muscle Relaxation
*

Sutherland and Rall (1960) first suggested that hormone induced

relaxation of smooth muscle may result from an increase in {ntra-

cellular levels of cAMP. Catecholamines, neurotransmitters and many

peptide hormones increase cAM&l formation in smooth-muscle tissues by

‘

stimulating specific membrane receptors (Kamm and Stull, 1985). The
question of cAMP involvement in smooth-muscle relaxation mediated by
beta adrenergic agonists has been extensively reviewed over the past

decade (Baer, 1974; Anderson et al., 1975; Namm and Leader, 1976;

-5
Yoo %
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Schemattic representation of beta-ad-renoéeptor—st imul ated
adenylate cyclase activity and subsequent events leading to

smooth muscle relaxation. This {s a composite diagram of

mnodels proposed by Rodbell (1980), Adelstein et al. (1978)

and Scheid et al. (1979).
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Anderson and Nilsson, 1977; Hardman et al., 1977? Diamond; 19<§;
Kramer and Hardman, 1980; Adelstefn et al., 1978; Kamm and Stull,
1985) and in general, a~corre1atlon Aas been foun& between elevated
cAMP content and smooth-muscle relaxation induced by. beta-adrenergic
agonists. »

All known effects of cAMP‘ in mammalian biological kystems are
thought to be 3ue to the GCAMP activatien of cAMP-dependent protein
kinase (Krebs and Beavo,‘1979). It is, therefo( » logical to suppoéh.
that the relaxation of smooth muscle by beta-adrenerglc-receptbr sti-
mulation tay be mediated thYoqgh the cAMP activation of cAMP-~dependent
protein kinase as well as the phosphorylatidn . 6f key protein(s)

involved in the contractile ‘process. The phosphorylation of purified

smooth-musc CK by cAMP-dependent protein kinase causes a change 1in

sﬁt;lin concentrations required for activity. This basic observati9n
provides strong support for an ilmportant role for cAMP in medfating
smooth-muscle relaxation (cf. Kamm and Stull, 1985 and see Figure 1).
biven the central role that Ca?+ plays in eliciting contractions
in smooth muscle; it has been proposed thatvéAMP forpation may lead to
a decrease in Calt availability to éont;actlléA proteins (Kroeger,
1983). A decrease 1in sarcoplasmic 6;2+ ;onCentrations mediated by
beta-adrenergiq .receptors has been demonstrated. ~ The 'primary
mech:ﬁfsms for~ this are fncreased calt sequestration {into intra-
cellular storage sites (Casteels ané Raeymaekers, l97§; Mueller and
~

Van Breeman, 1979; Itoh et al., 1982), decreased ca?* influx into

oL
smooth-muscle cells (Meisher! and Van Breeman, 1982) and 1increased

the enzymatic roperties of MLCK with an, increase in the Calt - calgo-

4
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ca?* efflux from them (Bulbring and den Hertog, 1980; Scheid and Fay,
1984); Furthermore, isoproterenol fas béen shown to activate Nat - kKt
pymping in isolated-l-ooth-muscle cells (increased calt efflux) and
‘cAMP-dependent proté1n kinase stimula&es the Nat - K*t-dependent ATPase
activity in membrane fragments - from these cells (Scheld et al.,
: s

1979). These datg as well as the recent demongtratioq of beta-
ad;energic slimulation of ¥t 1nf1ux and Cal* efflux (Scheid and Fay,
1984) indicatef@hat 1sbproterenol-1nduced relaxation may b? mediated
in part‘ by 1increasing Nat - K* pump activity, with a concomitant
decrease in contractility via 1nc"ased cat extrusioq by the Nat -
C62+»exchaﬁge mechagism. The relationship, 1f any,obebween cAMP and
intracellular Ca?* levels rémains unclear.

During the past decade, an association has also been found
between smooth-muscle contractility and the metabolism o} certain
membrane phospholipids such as phosphatidylinositol (PI) (Lapetina eé
al., 1976; Villalobos-Molina and Garcia-Sainz, 1983; Holzer and Lippe,
1985) ‘and thus interference with PI metabolism and a consequent
'lowering.of cytosolic.calcium may account for hormonal relaxation of
'smoéth muscles. Due to the extensive physiological and
pharmécological diversity of smooth-muscle cells, it seems likely that
the relative {mportance of these mechanisms may vary from one‘type bf‘
smooth muscle to another.

Recent evidence suggests that agonist-activated PI turno;er is
inftiated by polyphosphoinositides, which are very rapidly hydrolyzed
in resonse to agonists (Berridge, 1§83; greba et al., 1983; :uchell,

1983). The § enzyme catalyzing this hydrolysis {is phospholipase-C
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resulting in the generation of two qggoﬁd messengers, namely inositol-
1,4,5-triphosphate (IP3) and dl;cylglycerol (DAG) (Glli, 1985),. 1Py
increases cyt&oolic Ca2+ by releasing calt from sarcoplaswmic
reticulum. DAG :can activate the enzyme; protein kinase-c which
subsequently ghosphorylates certain: membréne pro{elns (Berridge and
Irvine, 1984). Similarities in'the‘signal transuction mechanisms of
adenylate cyclase and polyphosphoinositides have ercently becone
gvident. It has been sh;wn thaﬁ islet activating ‘protein (IAP,
pertussis tdxin)' suppresseé leukotriene B“‘;/fand the qhemotactlc
peptide, formylmethionylleucyl-phenyla1an1ne-, evoked [3Hlinositol—
triphosphate a;cumdlation‘in rabbit neutrophils- (Bradford and Rubin,
1983). This suggests that guanthe nucleotide binding protein (Ni),
which 1s ADP-ribosylated and inactivated by IAP, may mediate c&hpling
Qetween both ‘an adenylate cyclase-linked receptor and calcium

mobilizing receptors that are linked to the metabolism of

polyphosphoinositides.

£

1.3.7.3 Effect of adenosine derivatives on the vasculature

“

Adenosine ha3 been- shown to relax many anatomically different
vascular smooth muscles such as tanine:coronary artery (Schnaar and
Sparks, 1972), hog carotid artery (Herlihy et al., 1976), ;abbit
‘coronary artery (Gellai et al.: 1973), rat aorta (Cohen and Berkowitz,

1974), guinea-pig aorta (Collis and Brgwn, 1983), bovine coronary
1

artery, rabbit aorta, rabbit carotid artery (Baer and Vriend, 1985;

Mustafa and Askar, 1985), rat brain microvessels (Schutz et al., 1982;

Huang and Rorstad, 1982). and cat cerebral artery (Edvinsson and

Fredholm, 1983). 1In all those systems where rank order of potency of

\

\
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adenosine derivatives has been studied, NECA 1is more potent than

R-ﬁIA, and thus relaxatfon ‘has been tentatively attributed to A

!
L}

receptﬂrs (Kusachi et al., 1983). The relaxatfon of rabbit renal

artery seems to be mediated through an A;-type receptor (R-PIADNECA)

4
(Baer and Vriend, 1985). Furthermore, adenosine has been reported to

contract 1isolated tall artery of rat and this effect is J’probab'ly
indirectly mediated through the release of serotonin (Brown and

Collis, 1981). . -

: . ¥ ’
1.3.7.4 Effect of adenosine derivatives on non-vascular smooth muscle

A variety of non-vascular smooth muscl# systems relax in response
to adenosine and its ﬁé- and 5'-substituted derivatives. On the’basis
of the agonist rank order potency, the receptofs in these &1ssues have
been typified as A} or A,. The various sys;emg studied are rabﬁit
small intestine (A;; Baer and Vriend, 1985), guinea-pig ileum (Ays
Gastafsson et al., 1985), rabbit taenia coli (A,; Baer and Vriend,
’i985), géinea—pig taenia caeci (A,; Batr and Muller, 1983; Burnstgck
et al., 1984) and guinea-pig trachea (A;; Brown and Collis, 1982).
Thus, on the basis of the rank aqrder potency, there segms to be no
consistency to the type of adenosine receptor mediating relaxation of
various vascular and non-vascular smooth-muscle systems. However,

irrespective of the type of receptor involved, the relaxation response

i§ blocked by methylxanthines. In isolated small 1intestine of

>

rabbit Ns—derivatives of adenosine such as PIA and HPIA are the most™

°
potent relaxants (EDgy=37 and 64 nM, respectively) and R-PIA is about

27-fold more potent than S-PIA. 2-Chloroadenosine and NECA have
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lower potencies; 8050-510 aédvllo nM, respectively (Baer and Vrieand,
1985). This rank order of ﬁotency fs typical of that seen at A
(adenylate cyclase—inhlbitory) teceptors in systems such as brain.
How;0er, aﬁ effect of these compounds on adenylate cyclase activity in.
{he particulate fraction from these tissues fis n;t demonstrable
(Muller, 1985). These relaxations aré..howeverj sensitive to blockade
by theophylline, 8-SPT and 8-phenyltheophylline in that order of
ihcreasing potency (Baer; unpublished data).
¥

Y

1.3.7.5 ,Mechanism of adenosine-induced smooth muscle relaxation

1.3.7.5.1 Involvement of cAMP

The cAMP hypothesis described in section 1.3.7.2 {s based on the
observation that adenosine-induced relaxation parallels cAMP accumu-

1qt18n +in bovine coronary artery (Kukovetz, 1978; Muller, 1985).

Furtﬁe:more, Jongon et al. (1985) have reported adenosine-mediated

-

increases in cAMP levels in cUWTtured arterial smoé!k;ﬁuscle cells and
the observed rank order potency of agonists (NECA)adeﬁosine)R-PIA) 1s
Lonsé}ant with an A2 receptor-mediated effect. On the other hand,
dissociaﬁion between adenosine-mediated relaxation and cAMP content in
. coronary arteries (Herlihy‘et al. 1976; Verhaeghe, 1977) and in rabbit
1;£§;ti;e (McKenzie et'al;,xl977a,b) has:also been repofted. However,
since then severai reports of adenosine-sensitive adenylate cyclase
)

activity have appeared. Adenosine-stimulated adenylate cyclase

activity has been demonstrated 1in membranes from primary myocyte
) 7 .

N

-

cultures of rat aorta (Anqnd-Srivastava et al., 1983), cultured .

/

g
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-gooth-ugcle cells from mesenteric artery (Ananq:Srivaatava and
Franks, 1985), and rat cerebral-cortical microvessels (Schutz et al.,
. 1982; Huang and Rorstad, 1983). . In all these systems, the rank order
potency for stimulation of the adenylate cyclase conforms to that seen
at an A, recepfor.

In this cohtext, it 1is of {anterest that forskolin acts as an
effective relaxant in a number of smooth muscle preparations, e.g., -
beef corpnary artery and isolated small intestine from rabbit (Muller
and Baer, 1983a,b). Potentiation of the vasoactivity of adenosgine by
forskolin has also b;en demonstrated 1n open-chest dogs (Kusachi et
al., 198z). If forskolin does not affect membrane potential énd ca’+
fluxes, thia observation would support the hypothesis that cAMP is a
rel;xant stimulus, at least in yascular smooth muscle. Furtherumore,
adenosine-induced stimulationr—;Qf cAMP-dependent protein kinase
a?tlvitx has now been wmeasured 1in - coronary arterial_ smooth muscle
(Silver et al., 1984) and this lends further support to the involve-

¢
muscle.

ment of cAMP in adenosine-induced relaxation of vascular smoot’

Although adenosine-induced smooth-muscle relaxation may appear
to be mediated P?\ﬁrough A, recepto:;o (cyclase stimulating), the rank
order potency vof adenosi;e analogs in all 1isolated smooth-muscle
preparations does not conform to that for A, receptors. Besides A,
receptors and P-site, smooth-muscle cells may possess A| receptors
(cyclase inhibiting). In this respect, it 1is interesting that R-PIA
inhibits fo;skolin-stinulated cAMP accumulatrbn in cultured arterial

smooth muscle cells (Jonzon et al., 1985). 1In the same system, NECA
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failed to decrease forskolin-stimulated cAHé"levgls Jlthough both NECA
and R-PIA stimulated the accumulation of cAMP compared with basal
levels (in the ab;ence of forskolin).  This suggests th;.prelcnce of
both A; and A, receptors on smooth wmuscle cells and glaJ an
interesting possibility that the A, receptor in smooth-muscle cells
may be different from that present in brain and fat cells.

Collis and Brown (1983) have considered the involvement of the P
site in adenosine-mediated relaxation of guinea-pig aorta. This 1:
further supported by observatlons; that 6-hydroxylamino-purine
riboside, an effective relaxant of saooth muscle, also causes
inhibition of adenylate cyclase activity in smooth muscle (McKenzle et
al., 1977b) and cardiac membranes (Baer and McKenzie, 1973),
presumably vié'the P site. Houevér, implications of the P site 15
relaxation, would contradict the basic hypothesis of the involvement
of cAMP in relaxation. .

.Aléhough increaqes in cAMP levels mediated by adenosine agounists
and in adenylate cyclase activity have been reported 1in various
vascular smooth-muscle systems, there is little evidence for these in
nonvascular smooth muscle such as intestinal muscle. The adenosine
receptor in rabbit {intestinal smooth muscle appears to be different
from an A, receptor. There are five reasons for this conclusion. 1)
The rank order of relaxgnt potency of various adenosine derivatives

.<conforms to that at an A, receptor (Baer and Vriend, 1985;. rather
than at A,. However, inhibition of adenylate cyclaée wpuld coantradict
“the basic hypothesis of cAMP {involvement {in relaxation (section

1.3.9.2). 2) There is lack of correlation between cAMP concentrations

\
-«
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and intestinal smooth-muscle relaxation (McKenzie et al., 1977b; Baer

‘and Paton, 1978). 3) The phosphodiesterase inhibitor, io-zb-172a.
does not potentiate 2-chloroadenosine-induced., relaxation, although
isoproterenol responses are potentiated (Muller and Baer, 1983b). 4)
Adenylate cyclase actlviﬁy is not stimulated Sy adenosine derivatives
(Muller, 1985). 5? Differential effects of certain adenosine
derivatives on smooth muscle and on the classical ad;nylate cyclase-
coupled A, receptor system present' in wurine neuroblastoma cell
aembranes haye been observed. For éxanple. Ns-ganna-triuethylaunonio-
propyladenosine stimulates neuroblastoma adenylate cyclase activlgy
but it does not cause smooth muscle relaxation (Baer et al., 1983).

In guinea-pig ileum, adenosine derivatives 16h1b1t the contrac-
tions induced by direct (eleéttical) muscle stimulation with an order
of potency NECADR-PIA>S-PIA (Gustafsson et al., 1985). This rank order
is prigal of that seen at an A, receptori‘ However, only NECA-induced
inhibition of coantractions 1is enhanced by the phosphodiesterase
inhibiior K62.711. Thus, there is no direct, evidence to implicate

~ T .
cAMP in adenosine receptor-mediated relaxﬁ;}eﬁi‘pf the 1intestinal
smooth auscle, although it has been prop&éﬁa: that catecholamine-
mediated relaxation of rabbit intestine is nediat;d by cAMP (Anderson,
1972). On the other hand, forskolin which also relaxes intestinal
glaaue stimulates adenylate cyclase activity 1in the particulate
f;actlon (Muller and Baer, 1983b). The question of the involvement of

.ﬂenylate cyclase {n adenosine-mediated intestinal smooth amuscle

relaxation therefore remains controversial.
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1.3.7.5.2 Involvement of Calcium

Lik‘ beta-adrenergic agonists,  adenosine hag peen shown to
sodulate Ca’+ fluxes f{n samocoth muscles. From F‘P‘ri;en[. with high/K+
solutions and various Ca?* concentrations, Schunar and Spetks (1972)
concluded that relaxation of coronary<arter1eo by adenosine oCZurrcd
without changes in the electrical state of the aembrane and that the
nucleoside acted by altering Calt auxes. Both adenosine and vera-
padil have been shown to lnhib&t the slovw Iinward ca?* current 1in
coronary artetleg (Harder et al., 1979). Furthermore, adgnocine
inhibits Kt d@polaZization-induced 45ca2t uptake by cultured
saooth-muscle cells from rat aorta and porcine carotid artery (Fent&n
et al., 1982). "

IA guinea-pig taenia coli, adenosine hyperpolarizes the‘
smooth-amuscle membranes (Axelsson and Holmberg, 1969; Ferrero and
Frischknecht, 1983), which inactivates the 8pike mechanism and
consequently produces relaxation. Recently, adenosine has been shown
to increase the fractional rate of “°Ca?t efflux frog ““Ca’*hlabelled
guinea-pig taenia coli strips (Frischknecht and Ferrero, 1984).

Thus, stimulation of Ca’*t extrusion and/or inhibicion qf Calt
influx may take part in the mechanism of smooth-mugcle relaxation by
adenosine. Furthermore, an increase {n an internal store of ca’t may
contribute to relaxation of the taenia (Frischknecht and Ferrero;
1985), as has been shown with beta-adrenergic agonigrg (Casteels and
Raeymaekers, 1979).

Changes in Ca’* fluxes in response to adenosine have also been

reported in systems other than smooth amuscle. Adenosine has been shown



e depress Caz*-dopcndqnt potcgtt;z:1ytn rat hippocampal pyramidal
cells (Proctorhand Dunvlddlc, 1983) and reduce the influx of “Sca?t -
tato K*-depolarized brain synaptosomes (Ribeiro et al., 1979). In
view of the fact that the eatry of Ca?* {nto the axon terminal is an
sssential ucp for release of the neurotransmitter (Katz and luledi
1968), it 1is possible that adenosine may inhibit transmitter release
by dcéuuing the‘avcunblli,ty of Ca’t.. Furthermore, adenosine
teceptor agonists exhibited different abilities to inhibit K":-evoked
Ca* uptake in rat brain cortical synapi'uz-u. which were correlated
vith their affinities for adenosine receptors 1in brain, and this
effect 1o unolttvevto blockade by theophylline (Wu et al., 1982).

‘e

That adegosine may act by modulating Ca?* fluxes 1is further
supported by observations froa peripheral nerve terminals. Besides its
effect on the release of neurotransaitters ln\ brain: adenosine also
depresses peripheral neurotransaission from autonoaic and motor nerve
terminals. Adenosine depresses presynaptically the release of
norepinephrine from rabbit, guinea~pig and rat heart (Wakade and
Wakade, 1978; Hedqvist and Predhomn; Khan and Malik, 1980), dog
bclual“&rtery (Muramatsu et al., 198l), rabbit phlnonary\ artery
(Husted and Nedergaard, 1981), dog s;phgnous vein (Verhaege et al.,
1977), rat portal vein (Wakade and Wakade, 1978), fat and guinei&:pi-g
vas deferemn(CIanachd\ et al., 1977; Paton et al., 1978; Hedqvirt—-%d
Fredhola, 1976) and rat anococcygeus muscle {Stone, 1983). .Adénosine
8180 depresses the release of acetylcholine from parasympathetic nerve

teruinals of guinea-pig ileum (Sawynok and Jhamandas, 1976; Vizi and

Knoll, 1976; Paton, 1981), and froam motor nerve terainals such as rat

W ?
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diaphraga phreaic nerve (Ginsborg and Hiret, 1972) and frog pectorts /..1.";
‘wuscle nerve (Silinsky, 1984). The presynaptic effect of sdenosine ll,,‘ju?;

-

depcndent on thf level of extrlcellul;} Calt (Ginshorg and Rterf
1972:, Dowdle and Maske, 1980; Hedqvist and Fredholm, 1979; Vizt and
Knoll, 1976) which is taken as evidence for a Caz*;d.pcnde;:'-ochanto;
(Westfall, 1977).

In suﬁnry. aiteutlon of Ca?t fluxes by adensine in vu’loulv
systens has been reported. Uhether' these otfect; are direct or ’

secondary to an increase in. the cAlP lévels s oot yet clear. [t f1s ¢

linked to different effector systems.

’

l.4 Radioligand binding to adenosine receptors N
l.4.1 General

The conc‘épt of the existence of adenosine - receptors has been
developed from several independent - lines of research. ‘l'he 1n1t1Jal
study of the molecular mechanisms of ddenosine action in relstion tov
cAM® generating systems has been followed by the use, during the last
decade, of radioligand binding techniques to further characterize the.
recept;oth In most studies performed using membrane preparations
containing adenosine-;;ensii:ive adenylate cyclase, A; receptors have
been labelled. ’;l'he earliest attempts to identify adenosine reupt{)rc
by radiolig'qnd binding stu&iec were perforwed with tritium labelled

adenosine using fat-cell ameambranes (Malbon et al., '1978), rat brain

\ o
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membranes (Schwabe et al., 1979), dand l4co1abelled adenosine in dog
_coronary and carotid arteries (Dutta aund Nustafa,'1§80). Becauge of
the extensive metabolism of adeno;ine (under the conditiond of
teceptor binding assays) and its affinity for the intracellular P site
and the nucleoside transporter, several drawbacks of labelled-~
adenosine binding became apparent ‘(see review by Schwabe, 1983). The
adv;nt of metabolically -stable derivatives of adenosine thqa.t also have
much ‘lowei' affinity' at cthe P site ‘and nucleoside transporter oaite,
a.llovlved the direct. ‘atudy of physiologically 'mportant adenosine
reéeptots. Agonist radioligands such as [3H]—2-chloroadeqosine
A Williams " and ‘Risley, 1980; Wu and Phillis, 1982), [3H])-N®-k-
'(2-pheny1)1sopr0pyladenosine ([’H]R—PIA; Schwabe & Frost; 1980),

[3H]-Nf’-cyclohexyladenosine ([..3H]bHA' Burns et  al., 1980) and
\.

[QH]—S'-N-ethylcarbox%oadenosine ([3H]NECA) (Yeung and Green, 1983) : '

were introduced and ased successfully * in - the identffication .T-o'ff'f

adenosine receptors. .g

The binding of these radioligands in she presetiée of "‘z"fdenosiﬁe

deaminase  appears to. satisfy all the c'riteria for ligand binding to

adenosine receptora. The specific binding of all neq radioligands in

membranes trelted’ with adenone deaminase' was  two- to four-tféld'.

higher &han in untreated membr!nes, whereas nonspecific binding was‘

not changed (Daly, 1983). Furthermore, it le clear that treatment
e

with adenosine deaminase increases binding’ spgc}ﬁficity., This is

supported by the er‘on that in untreated rat bl:d'in membranes,

[ H]-chloroadenosine binding was diSpLaced by 1nosine, hypoxanthine

and adenine (Wu et al. ,1980), wheress these compounds were not active

!

4
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at [3H]—chlorohdenosine binding sites in the treated membranes (c.f.
Dély, 1980). | The binding of ;hese radoligands . {s sensitive to
alkylxanthines like theophylline, caffelmb and IBMX. In addition, the
P site agonist 2',5'-dideoxyadénosine does not substantially {inhibit
the binding of the radioligands (see reviews by Schwabe, 1981 and

Daly, 1985). -

1.4.2 Subtype specificity

Londos et al.'(1980) classified R-PIA as subtype selective for Ai
receptors and NECA as subtype selective for A,y fécepgg:f. However,
Yeung and Green (1984) have recently shown that,[aH]N€CA binds to A
receptors with high affinif& in rat hippocampus membranes. Using:
NEM-pretreated striatal membranes, these authors al&a‘%ﬁmonstrated
that [JH]NECA bound to two different (high and low affinity) sites in
untreated membranes (shallow displacement curves for CHA, R-PIA and
2-ch1;roadenosine), whereas the binding using NEM-pretreated membranes
revealed a single pbpulation of sites with the characteristics of an

A, receptor. These authors have also reported both {nhibition and

stimulation of adenylate cyclase activity by CHA and NECA in striatal

- membranes, under different assay condittdns. Thus, NECA, PIA and CHA

appear to be only relatively selective at the two types of adenosine

receptors.
E.S - ) . LY

1.4.3 A)-Receptor hinding o ’

. e ’ s 4

¢ - . - i ";.v . ‘9 o ’
First reports of successfga“al receptol -vinding came ff&u_squdies
utilizing labelled purine-modified. §ompound£\\such as [SHJR-PIA,
» . .

2
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[3H]CHA, and [3H]2—chloroadehdsine as radioligands in brain from
various species‘(see reviews by Daly, k982, 1983, and Schwabe, 1981,
1983; Williams, 1983b). Binding.afflnity was high (Kp=0.3 - 6 nM).
Thé order of potency af agonists in displacement studies was R-PIAD
NECA)Z-chlorgadenosine)é-PIA and, 1in géneral, at least a 10-fold
difference in the affinity oé the enantiomers of PIA was observed.
Th}s order of potency is similar to that seen in A receptor-mediated
inhibition of adenylate cyclase. The Bhax value ranged between 200
- 800 fmols/mg protein (Table 1). The Byyx values in "rat brain

membranes were high using [3H]RfPIA probably because binding was

performed at 37°C compared with [ °H|CHA binding in other speciésfir’f”l

- 25°C. The difference in Bpszx values may thgrefore pe‘-
temperature dependence of [3H]RTBIA binding an& not to ¢
different population of adenosine receptors (Murphy:
1982). The order of potency of ant;gonists was 8—pheny1th;o§ﬁ§111ne>
IBMX)SPT)theopd;liine$caffeine)theobromine (Bruns et al., '1980). The
binding of these radioligands to brain A; receptors, thus, meets the
requirement fo; ébf specificty of binding to adenosine ;eceptots.
Other radiolabelled ligands used in A, feceptor studies are
[3H]NECA and the antagonist radioligand [3H]—1,3-diethyl-8-
phenylxanthine ([3H]DPX). (3H]NECA binds to A, receptors in rat
hippoéampus with lower affinity than bfher radioligands such as

[ 34)R-PIA and [>H]CHA, which is consistent with the lower potency of

 NECA than PIA or CHA at A, recepéors mediating inhibition of adenylate

cyclase (‘Egaos et al., 1980). v
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[3H]DPX binds to brain adenosine receptors with still lower
affinity and exhibits considerable species difference (Table 1).
Although all Né-substituted adenosine rivatives exhibit
similar affinity in brain from various species Ich as rat, rabbit,
guinea pig, c.alt‘, and humg:, the antagonist UPX manitests considerable
ditference in aftinity (Ki) tor [3H]CHA—labelled A| receptors in these
species. . DPX has. decreasing‘ ‘af_finity 'for A} receptors in this order
in brain cortex of the following species: calt, rat, rabbit, human and
guinea pig, with affinity in the last”\.2300-fold less than 1in calf
cortex. Furthermore, very little specific [3H]DPX binding is detected
ina human and‘guinea-ipig brain and this limited amount {is inhibited
- poorly py R-PIA and xanthines. Adenosine~insensitive binding‘ sites
for [3H]DPX‘haye also been reported in membranes from cultured glia
B . L J
and neurons of chick embryo brain (Barnes and Thanpy, 1982). As the
affinity of adenosine antagonists decreases at higher temperatures,
variatic;n in t‘emperat;xre may explain the lower affinities of DPX
compared with the agonists at A, receptors. However, it does not
account for the failure of [3H]DPX to label A receptors in human and
guinea-pig "brain, even at 0°C (Murphy and Sndyer, 1982; Maraﬁgos et
al., 1983). 1t thus appears that, at least tor DPX, Al receptors 1in
the brain of various species may be heterogengous.
['3H]R—PIA and‘ [3H]CH.A have since proven extremely useful 1in
binding studies witl; adenosiné receptors and these radioligands have
also been used to characterizg A| receptors in systems other than

brain. Their affinity in some peripheral systems such as heart and

testis 1is” similar to .that in brain (Table 2). However, in certain

-
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other periph%ral systems such as rat liver, kidney, pancreas, and

stomach, no specific binding. was detectable with [3H]CHA (Murphy and
. - > '

»

Snyder, 1981). This could reflect either an absence of high-affinity

receptors in these systems or'a low density of receptors that would
not be measurable with the relatively low specific radioactivity of a
tritium-Yabelled radioligand. In these systems, therefore,

development of radioligands with high specific activity such as

[lzsll-labelled'compounds'could prqove useful for the measurement of
J

"

adenosine receptors (Baer and Paton, 1978).

1.4.4 A, Receptor binding

. Most A; receptor binding has been performed utilizing [3H]NECA.
Ay receptors have 'been satisfactorily characterized with [3H]NECA in
NEM:pretpeated membranes from rat striatum (Yeung and Gfeen, 1983,
1984). Various agonists displace [3H]NECA binding with the rank order
potency, NECA>R-PIADCHA>S-PIA, as would be expected for binding to an
Azireceptor. However,v[aﬂlNECA binding in other systems such as rat
liver membranesLQSchufz et al., 1982), calf thymocytes (Ukena et al.,
1982) and human platelets (Hutterman;- et al., 1984), reveals
characteristics not consonant with binding to A, receptors (Table 10).
In all of these systems, including rat striatum, adenosine derivatives
stimulate the &tivity of adenylate cyclase 1n$ the particulate
fractions a;a NECA is more potent in this respect than PIA or CHA..
Thus, [3H]NECA ﬁay not be a suitable ligand for binding studies in

some peripheral systems that possess an A,-receptor.

Other radioligands such as [’H]JR-PIA used in human platelet
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membranes (Huttermann et al., 1984), and [3H]CHA in  rat liver

.
meabranes (Schutz et al., 1982) also failed to bind A, receptors with
the required specificity. Thus, characterization of A, receptors in

‘ ’
some peripheral systms by binding studies must await the development

of new radioligands.

1.4.5 Modulation of radioligand binding to adenosine receptors

Guanine nucleotides decrease the affinity of agopist binding rc
béth A, and A, receptors (Limbird, 198l1; Cooper, ‘1982)) wh;le not
affecting antagonist binding to them (Gdodman et, al>\ 1982). This
effect resembles the actions of numérous neurotransmitter and horqpne
recéptors that are associated with Qﬁgﬁyfate cyclase activity such as
alphaj,-adrenergic (U'Prichard and Snyder, 1978), Dz‘dopaminel(Creese
et al., 1979), serotonin (Peroutka et al., 1979), H,-histamine (Chang
and Snyder, 1980), and opiate receptors (Childers and Snyder, 1980).
As well, physiologicaf concentrations of sodium decrease the affinity
of agonists without affecting -antagonist affinity (Goodman et
al.,1982) just as at histamine H, (Chang and Snyder, 1980), opiage
(Pert and Snyder, 1974) and alphaz—adgenergic (Greenberg et al., 1978)
receptors. The effect of Nat is seen only at A| and not A, adenosine
receptors (Limbird, 198l; Cooper, 1982) and its physiological
relevance is not clear. By contrast, divalent cations such as Mh2+,
Mg2+, and Calt (at egdogenous concentrations in brain) increase the
affinity and B,  of agonist binding at A; receptors (Goodman _et
al., 1982), without atffecting antagonist binding and this effect is

Q
seen with other receptor :ystems too such as opiate (Pasternak et al.,



a1,

1975), alphaz-adrenergic (U'Prichard and Snyder, 1978) and Dz-dopgligg
(Usdin et al., 1980). ' h
On the basis of the differential influence of guanine nucleotides
on agonist and antagonist binding, Lohse et al. (1984) have proposed
that the A receptor in rat brain membranes exists In two dlffergn;
affinity states that are distinguishable by agonists, but not by
antagonists. The relative proportions of receptor in the two affinit;
- -
states also depends upon temperature; at lower temperatures fewer
receptors are in the high affinity state. Further differences between
the two states are revealed by thermodynamic analysis of the bln&lng
of agonists to them. Thus, agonist binding to the high affinity étate
a } a
is associated with an 1increase in enthalpy and is entropy~-driven
(1.e. affinity is higher at higher temperatures) whereas agonist
binding to the low affinity state, like the antagonist binding is
largely enthalpy driven‘uith an additional entropy component that also
characterizes the binding of antagonists (Lohse et al., 1984; Murphy

and Snyder, 1982). Similar observations have been made with opiate

receptors (Simantov et al., 1977).

1.4.6 Radioligand binding to smooth muscle adenosine receptors

The 1initial studies of radioligand binding to smooth-muscle
adenosine receptors utilized labelled adenosine and were mostly

performed in the presence of an inhibitor of adenosine deaminase

(Table 3).

[3H]NECA. and '[3H]2-chlotoadenosine have now been used to

characterize the receptors from the smooth muscle of rat brain
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microvessels and humsan placen”? res
el 3
once again the specificity of the bind

yly (Table 3). However,
f&s ameasured by rank order of
potency of varigus agonists does not conform to what 1s observed at
classical A, or Aé receptors, such as those in bfaln. The most
striking feature of nonspeclficity is the effective displacement of
[3H]NECA binding by 2',5'-dideoxyadenosine. Furthermore,
v
N~derivatives of adenosine such as R-PIA and CHA are about 1000-fold
less potent than 2-chloroadenosine at ‘[3H]2-chloroadenosine binding

v

sites. Autoradiographic localization of (JH]NECA binding sites 1in

-

guinea-pig small intestine reveal spe sites on both longitudinal
and circular muscle (Buckley and Burnst 1983). However, 8-phenyl-
theophylline does not displace [3WINECA binding. In systems such as

hog carotid artery and bovine coronary artery,2-chloroadenosine,

R-PIA, and theophylline were weaker competitors of binding than

"~ adenosine, which disagrees with the pharmacologikal findings (Ollinger

and Kukovetz, 1983; Schutz and Brugger, 1982). No detailed studies ot
specificity were performed in dog carotid and coronary arteries kDutta
and Mustafa, 1980).

In summary, the known radioligands for adenosine receptors such
as [H])AR, [’H]R-PIA, [’H]CHA, [’H]2-chloroadenosine,and [’HINECA have
proven not useful in characterization ot A, receptors in some systems
such as various vascular smooth muscles, platelqts, liver, and
thymocytes, although in most of these systems adenylate cyclase
activity that can 2? stimulated by adenésine has bzen demonstrated

with the characteristics of an A, receptor. However, binding studies

Utilizing these radioligands have not been reported in certain other

*
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peripheral systeas such as shall intestinal muscle vhere the reccptdr

aay notid of the typical A, type (i.e., where adenylate cyclase

stimulation was not demonstrable). Such studies constitute the lujor'

part of the work presented in this thesis. .

1.5 Research Ob jective

As stated earlier, adenosine d~rivatives are potent relaxants of
isolated small intestine from rabbit (Baer and Vriend, 1985). Smooth-
muscle relaxation 1is thought to be mediated through 1increases in

intracellular cyclic AMP levels and there is good evidence for this
from studies of betaqadrenergi.c agonists (Kamm and Stull, 1985).

i

Since adenosine deriv%&\(es.ttimulate ade.aftatk‘cyclase activity

-

through A, receptors in y&‘iq& !‘gsteg%ﬂm }h s&' Fug,« Q.ﬁelets,
and liver, and ‘1 c ebt ,‘ sinoa scle a8 i/ §us c‘ted ’hpt’
: Q ? &‘ ;ﬂ e, ’J. :\{‘?U g?' R I

smooth~mus ltm telaxation fﬁ. respd‘\sé to t , '_}_;miig’ht ﬁwolvéf
; . O 4 WX % i - -
‘adeﬂ&iue stimﬁa&"’ ﬁ&nyl.ate cyclase

Aj

e : v

& b <

?’Y . ».L

activity in the snoothvmqacle membraae.s o% g 3
not dgmonstrab ller, L98§) 'ﬂ«i'l'h:ls ;uggesés i‘.‘hat the adenosine
.receptor in inﬂ"e al- smooth nuscle na;' be diff’erent from the well
characterized q,ieryl‘zte cxclale-“toupled @-2 receptor. |
¢ R
As we CQ.' .\“draw no’ definite conélusions from the structure-

" S
'ﬂnylate cyclage assayi about the type of adenosine

»

activity data ‘

receptor in 4 ‘muscle, we decided to try another possible route
. » ®

[y

direct' measurement by a radioligand binding

¥, ;
guanine nucleotides are known to modulate the

of enquiry:
reaction.

'binding of ‘ ;liig'gnds to the’ir'._ rretep\cors (section 1.3.5)u -Bf
. R '1
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g_unntne nucleotiﬁes did affect the binding of these r.dlo.:ﬂtgandu to |
the receptors, it would provide 1indirect evidence that adenosing
receptors in smooth muscle are linked to the adenyfatb cyclase gystea.

Two radioligands that are relatively specific for A; and A,
r'eceptors, ([JH]R—PIA) and [JH)NECA), respec'tl\'uely. were employed as

probes. A new radioligand with an’ [12511 label, [1251]N°-R—(3—1odo,6—

hydro&’phenyl)1sopropyladenosine ([”51]R-IHPIA), was developed and

Y
. Wy

then used to investigate the receptors in rabbit pt after initial
characterization of this radioligand in rat braC branes. \LIn

addition, two relatively little studied 5'-d Qés of adenoslné.

S-deoxy-S'—chloroadenosfne (CDA) and 5'-deoxy- -\methylthloadenosine

. .
2 &PTA), were employed to 1nvestig"e the receptors in rabbit gut.

¢

+ ]
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2.  METHOD RERIALS.

' v

2.1 Chemical Synthesis

P
-

2.1.1 Synthesis of R-HPIA and S-HPIA

Isomers of gfhydrokyamphétamine (11 mg of the (+) form and 7 mg
of the (-) form, free bases, Appendix 11) were each reacted with 40 mg
6-chloropurine riboside in 0.2 ml anhydrous dimethylsulfoxide at 70°C
for about 4 h. Th;'solvent was removed overnight under vacuum (oil
pump) and th?' residue dissolved in 1 ml of . ethanol with heating.
After geoling, excess 6—ch10robuffne riboside crystallized and was
removed by filtration. The filtrate was subjecﬁed to tﬁln*laygr
chromatography‘ (TLC)A on silica g?l (10 x 20 cm, 0.2 mm thickness)
using et%ylacetaze: acetone (A:f ;}v) as the solvent. Separated,bands
representing the. respective HPIA isomers were located under UVulight
and‘each was straped ofg\the plate an& eluted with methanol. After

‘ 3 .
removal of methanol on a rotary evaporator, the residue was dissolved

, ' .
in ethanol and stored at 4°C. The UV spectrum and chromatographic

behaviour of each enantiomers were identical to those of an authentic .

fiixture of HPIA enantiomers. The yields were calculated on thevbasiQ

of UV absorption at 270 mnm (e270=16800 M~} cm™!) to be 8.6 mg (30%)
S-HPIA and 4.6 mg (24%) R-HPIA. The ethanol solution of each tsomer

was then evaporated and the residue dissolved in dimethyl sulfoxide to

obtaint stdck.pbncentrations 02‘20 mM which were stored at 4°C.

‘

N

»



2.1.2 Synthesis aﬁd Purification of IHPIA

HPTA (40 ng, 0.1\:}.01) was dissolved in 1 ml dimethylformamide
aqd diluted with 2 ml of 0.5 M potassium phosphate (pH 7.5) and 5 ml
H0.Nal (28 mg, 0.1 mmol) {n 0.5 ml H,0 was added followed by dropwise

addition of 15 mg (0.1 mmol) chloramine-T in 0.5 ml H,0 over a 1 - 2

)

9 ' X
min ‘period. The solution was concentrated on a rotary evaporator at

30°C, frozen, and freeze-dried overnight.’ " .

.

~

The sirupy residue was dissolved in methanol and separatéd&.n’g 2

+}

, ’ : ' \
mm layer of silica gel PF-254 (20 x 40 cm, E. Merck AG). The first

development was carried out with chloroform, a second. with chloroform/
§

methanol (8:1), ,&th increasing Rf values separating HPIA from IHPIA
' ¢

)
and the diiodo derivative. Elution of the respective UV-active bands
ylelded 10 mg €19%) IHPIA and 5 mg (8%) of the presumed diiodo

derivative after evaporation. Mass spectrum calculated for

C o g NOsI} 66 found 527.0663. The .presumed diiodo  derivative

did not yield a mags spectrum and appeared to %e ﬁpstable, showing

brown discoloratioa within days.

@

R-THPIA was synth iz%ﬂ in the same manner, but using only 10 mg

R-HPIA and the read&ion m e scaled down to one quarter. After

TLC, the separated band containing IHPIA was scraped off the pléte”énd

eluted with methanol. The concentration of the methanol ~solution
Ay >
obtained (500 pM) was calculated on the basis of UV absorption at 271

~

"

nm ( gg7¢=20600 M 1 ca~!).  The yield, however, was very low.
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2.1.3 Radio-iodinatfion of HPIA ,

.

HPIA was rhdio-iodinated by the procedure of Hunter and Greenybod -
(1962) a‘s follows: 5 pl of 10 mM HPIA (50' nmoles) in methanol wa%
evapprated under vacul;:n in a gléss tube and 40 pul of 0.3 M. potassium

‘ pho;phate (pH 7.5) added to dissolve the residue. One millicurie of
carrier-free Na'?% (0.5 nmoles; 1 Ci=37‘ IGBq) was added followed by 5
ul of freshly prepared "chloramine—T (0.17 mg/m_l in B 0)( ‘After 1.5
min the reaction was stopped by the addition of 500 ul of sodiurﬁ
metabis‘glphite (1 mg/ml_in 1 M acetic acid). The mixture was extracted
yith 2 ml and then 1 ml of ethylacetate, and the combined extracts’

were reduced to about 0.1 ml under vacuum and stored at -20°C.

-

v

2.1.3.1 1Identification of the product of radio-iodination
Aliquots of the extracts were chromatographed on (1), a 2 mm

layer of silica gel PF-254 and gdeveloped with methylene chlorid_e and

methanol (9:1) and (2), polyethylenimine-impregnated cellulose’ thin
S 1 . ' .

layers (PEI, Macherey-Nagel Company) and. deteloped with 0.25 M LiCl

for a length of 10 cm. THPIA, ‘lzﬂl’-lﬁ, and HPIA were used as markers.

The platés.were subsequently auioradiographeq (Fig. 2).

Ve

L2

2.3.3.2 Purification and storage of ['2°I]-labelled IHPIA

. |
# " About 100 ul of the ethylacete/;:tract was applied as a thin
§Vstreak DQ’ a PEI plate (about 4" lorng)) allowed to dry and developed

with 0.35 M LiCl.; After autoradiography, the radioactive band
co:resp‘pﬁdﬁwg to the monoiodoproduct was spotted and cut into small

[ 4

parts and the radioactivity eluted with 95% ethanol (2+1+1 ml). The
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4 ml extract was'conéentrated to 0.5 ml, stored at -20°C -and used for

>

about 10 days when solutlons were evaporated and again subijected to

purification by PEl TLC.

2.2 Adenylate cyclase activity in rat cerebellar membranes

-

2.2.1 Preparation of a 15,800-xg membrane pellet

Sprague-Dawley rats of" both sexes wéighing 180-220 g were

decapitated and the brains removed. After the cerebellum had been

PR 3.4

dissected out, the membranes were prepared as described by Schwabe and

Trost (1980). %he cerebelli were homogeniééd in 8 volumes of a buffer
containing 0.25 M sucrose, 50 mM Tris HC1 (pH 7.4) an& 1 mM MgCl,,
using a Potter Elvehjem homogenizer wiFh teflon pest}e. Tﬁe bestle
was electrically driven uslng a Caframo stirrer at a setting of 175

o

&
and 12 strokes were applied.-. The {iomogenate was centrifuged at 1,500

X8 for 20 min (2°C). The pellet (P;) {;és discarded and the

supernatant recgntrifuged at 15,000 xg for 15 min (isb). The pellet
(P2) thus obtained was washed twice using the same buffer but withqut
sutrose and MgCl,. The final washed pellet was redispersed in tﬂe
sucrose- and MgCl ;~-free buffer to a concentration of 0.7 - 1.0 mg
protein/ml, and the solution divided into aliquots and stoféd frozen
under liquid-nitrogen. Protein was determined by the method of Lowry
et al.‘(1951). » 5

2.2.2 Assay of inhibitory adenylate cyclase activity .

Adenylate cyclase activity was measured according to ihe'method
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-y

, %
of Baer (1975), with certain modifications. a—32P—deoxyA ‘wapused

v Rl -

as substrate and PEI TLC to separateg the formed .ilaléac}}ve -J‘
deoxycyclic AMP. The reaetion mixture containeQ‘ 0.1 .ﬁﬁfng’zP-" ] :
deoxyATP, 50 mM Tris HCL (pH 7.4), 2 mM MgCl,, 1 mM deoxycyclic AMP,
10 mM creatine phosphate, 72 U/ml creatine phosphokinase, 19 uM GTP, 5
U/ml adenosine deéminase, 0.42 bovine serum albumin anq‘7 ;g'of the
membrane protein which had been preincubated with adenosine deamignse
(5 U/ml) ;t 30°C for 10 min before its immediate use in the assa;.
Incubation was stopped, after 20 min, by adding 10 ul of a solutibn
containing 30 mM each -of deoxycyclic AMP, deoxyATP, deoxyAMP and
EDTA. Ab;ut 5 ul of each incubation mixtur; was abplied to PEL;plateb
and then developed with 0.25 M LiCl. After chromatographic separation
by PEI TLC, the deoxycyclic AMP and deoxy-ATP/AMP spots were
visualized under UV, cut ;nd transferred into vials containing 10 ml
‘of Toluene Scintillant (0.4 g PPO and 4 g’POPOP per litre of Toluene),
and counted in a Beckman 330 Beta counter. The ratio of counts per
minute in the two spots (calculated by computer) provided a measure of

the percentage conversion of ATP to cyclic AMP.

2.3 LJZSI]R—IHPIA bindingvassays with rat brain membranes’

2.3.1 Preparation of a 15,000 xg membrane pellet

+

Sprague-Dawley rats of both sexes weighing between 180 - 220 g

were, decapitated and the brains were removed. Membranes were prepared

ction’ 2.2.1) for rat cerebelium. . The final

g
S r

édiéﬁbrsed in the sucrose-free buffer (containing 1

T ) N . 1

of
>
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mM MgCl ;) to a concentration of 6‘- 6 mg protein/ml, and the solution
divided 1into aliquots andv storgd frozen under liquid nitrogen;
Membranes were used for binding assafs uith&n ten days; longer storage
tended to reduce their binding capacity. PrOCein wag determined by

the method of Lowry et al. (1951).. ¢

2.3.2 Standard assay protocol

The‘kmembrane protein (100 240‘ pg/tubé) was {incubated with
radioligand and other drugs as indicated, in a final volume c;f 0.5 ml,
containing 50 mM Tris-HCl (pH 7.4) and 1 mM MgClz.’ The nembranes,
which had been preincubated with adenosine deaminase (0.4 U for eve
2.5 mg/ml membrane suspension) at 30°C for 10 min just before usp,
were added last to initiate binding' reactions. These were perforped
at 30°C for 2 h and terminated when 450 pt of‘ the incubations were
removed and filtered through wetted, precooled glass fibre filters
(Whatman GF)B,‘ZS mm).followed by two rapid ;ashes each with 5 ml of
ice-cold buff:r. The filters were counted in a Beckman 8000
gaﬁa-counter which had been pre—-calibrated with an 1291 probe to
yie\.d 732 effic;iency. “The portion of the binding displaced by 10, pM

i O
R-PIA 1s defined as the specific binding.

2.3.2.1 Effect of varying protein concentt’.artion

. 30°C for 2.h in the

. - @

eési-ng amounts of the
N g

and the reaction

v
€

The radioligand (250 pM) was E
ab:ence ‘and presence of 10 ;M R~
’ % ; i ¥
membr*:e proteﬁ’ (100 - IQ?“\ ”

termina;ed afte h by filtration.',w Al
» . —
) H, Sl o [ . R '. . h 0

e S .
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2;3.2.2 Effect of temperature v

The membrane protein (210 pg/tube) was incubated with 170 pM
radioligand for 2 h, in the absence and pregence of 10 M R-PlA, at

various temperatures ranging between 20 and 45°C.

2.3.2.3 Effect of pH
The membrane protein (100 pg/tube) was incubated with 330 pM

radioligand‘ at 30°C for 2 h, in the absence and presence of 10 puM

N s . « . *
R-PIA, and with Tris buffer of pH ranging between 7.0 and 9.0.

\

-

2.3.2.4 Kinetics analysis

The assay vélume, 1nc1ud§ng the amount of protein and radio-
ligand, was scaled up‘;AQeral—fold in order to deCermine‘the rate of
specific assoc¢iation of the radioligand yith its receptor and the
diséociation rate of the specifically bound radioligand from the

receptor.

2

2.3 .2‘4 .1 Association kinetics

*

The membrane suspension was added to the incubation mixture
(30°C) containing either 140 or 480 pM radioligand at time zero. The

rateuof association-éf the radioligand was followed by withdrawing 450
wl of the incubatigp. and filtering it as above, at various time
1n£ervals up to at };ust 2 h. The nonspecific binding component waé
determined simulfahéouély in the presence of 10 uM R-PIA using

separate; incubations.” Similar assays were performed ‘iing 140 . pM

radioligand at 20°C to establish the time of equilibrium.

¥

1



2.3.2.4.2 Dissociation kinetics

The radioligand ((480 ‘pM) was 1incubated with the nembrane
suspension at 30°C in the presence;and absence of 10 pM R-PIA and
allowed to equilibrate for 2 h. At 122 min, either R-PIA (10 uM) or a
mixture of R-PIA and Gpp(NH)p'(IO and 100 pM, respectively) was added

to the 1{incubation mixtures. The rate of dissociation of the

radioligand was followed with time by withdrawing 450 ul from each ser?

of incubations and filtering as above, at various time intervals.

2.3.2.5 Saturation analysis

Since the Kp of '[1251]R-IHPIA binding is in the nM tange,

L.

unlaPelled-IHPIA was used to dilute the specific activity of the
radioligand. The radioligand (12.4 pmols) was dried under vacuum and
the residue diluted about 35-fold witt{ unlabelled-R-IHPIA to a
specific activity of 56.7 Ci/mmole. Various quantities of this
radioligand solution were 1ncubatfé§“;itﬁ" a fixed amount of the

) ¢ B
membrane protein (100 pg/tube) at 30°C for 2 h, both in the absence

and presence of 10 uM R-PIA.

.

2.3.2.6 Displacement ag¥lysis

. ”&

The membranes (}{{6@?‘ 240 pug/tube) were incubated with 170 pM

i '

radioligand for 2 h, ?uh fncreasing concentrations of the inhibitor,

in a standard bigﬁng assay. In each assay, 10 pM R-PIA was used to
& ’

define the nonspecific binding. The displacement curves were

s RS .
generated using 4 - 6 different concentxag$pns of various inhibitors.
* .

-In some assays, a single concentration (100 pM, final) of various

»
~



55

inhibitors was used. ~

+2.4 Preparation of membranes from longitudinal “muscle of rabbit small

intestine

2.4.1 Tissue preparations

New Zealand Whit? rabbits of both sexés weighing between 2.5 and
4 kg wéke killed by exsanguination. The small i{ntestine extending
from about 5 cm be{ow the stomach ‘to about 5 cm above the large
intestine was removed. It was immersed in and gently flushed out with
freshly prepared and aerated Krebs buffer of composition: 116 mM NaCl,
5.4 mM KC1, 2.5 mM CaCljy, 1.2 mM MgCly, 1.2 mM NaH2PO'1,, 22 mM NaHCO,
and 11 mM D-glucose, maintained at pH 7.4 by continuously gassing with
95% 0,/5% CO 3 at 3712. The intestine was cut into small segments (5 -
8 cm) aAd maintained aerated throughout.

v

2.4.2 Fractionation of the longitudinal muscle

Each tissue segment was mounted individually on a glass pipette
and the mesentety along wiﬁh its underlying layer of longitudinal
muscle was gently removed. Using a scalpel, a fine, superftcial
longitudinal slit wés made alongA the entire length of the tigsue
segment. The longitudinal-muscle layer was then pulled off the entire
letgth of the tissue segment using "wet cotton tips and a palr of

forceps, and kept aerated in Krebs solution.

O
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2.4.3 Preparation of a 114,000 xg membrane pellet

The membranes were prepared using the general method for
smooth-muscle memhrane preparation described by Kidwai (1975). After
the Krebs buffer had been draiged, the longitudinal-muscle striés vere
cut into small pieces on an ice-cold petri dish. The tissue was now
homogenized in 5 volumes of a buff;r of 0.25 M sucrose, 50 mM ris HCl
(pH 7.4), and 2 mM H;Clg using a polytron homogenizer nt the setting
of six, with four pulses each of 5 sec duration. Betwenn each pulse,
the éube containing the homogenate was maintained nn ice. The
nomogenate was then centrifuged at 1,000 xg in a Sorval SW centrifuge
for 10 min (2°C), when the peliet (P)) was discarded and the
‘supernatant recentrifuged at 10.000vxg for 10 min (2°C) in the same
centrifuge. The pellet (P,) obtained from this run was also discarded
and the supernatant recentrifuged at 114,000 xg for 40 min (2°C) in a
Beckman LS-40 ultracentrifuge. The resulting pellet (P3) was washed
once in the same buffer but without the sucrose at 114,000 xg for 40
min. The final washed pellet was redispersed in the sucrose-free
buffer to a concentration of 2 - 4 mg protein/ml, and the solution
divided into aliquots, stored frozen under liquid nitrogen :Ealused in
binding assays within two weeks. Protein was determined by the method
of Lowry et al. (1951). In our early experiments with the
smooth-muscle membranes, the pellets P) and P, were pet—discarded but

each was washed once in sucrose- free buffer, redispersed in the same

buffer, divided into aliquots and stored frozen under liquid nitrogen.
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2.4.4 Assay of adenylate cyclase as the longitudinal-muscle membrane

magker

Adenylate cyclase activity was measured according to the me;hod
of Baer (1975). The reaction mixture contained 0.1 mM ¢-32P-ATP, 50
mM Tris HCL (pH 7.4), 5 mM MgCl,, 20 mM creatine phosphate, 0.2 mg/ml
creatine phosphoklnage, 0.04% bovine serum albumin, and 9 ug protein
from the homogenate or froh each pellet P;, P,, or Pj3, in a total
volume of 50 ul. Chromatographic separation of the formed 32p_caMp
and subsequent radioactive counting was done as described under

section 2.2.2.

2.5 Radioligand binding assays with the longitudinal muscle membranes

of rabbit small intestine

2.5.1 Standard assay protocol <;~\

Binding assays were performed using three differént ﬁ‘ploltgands

([125

I]-labelled-R-IHPIA, [ 3H]-labelled R-PIA, ang  WECA). The
%,
standard protocol of binding assays with each radioligand was similar,

and was as follows.

'2.5.1.1 Filtration-binding assay

The meﬁﬁranes were thawed and incubated with the radioligand and
otﬁer drugs as indicated, in a final volume of 0.5 ml, containing Sp
mM Tris HCL (pH 7.4) and 2 mM MgClZ. . The binding reactions were
1n1t1a£ed by adding membranes and terminated by removing 450 ul of the

incubations and filtering through wetted, precooled glass-fibre

3
-
%



ml of ice cold buffer. When radioiodine-labelled ligand +
binding assays, the filter pApera were counted in A Gamma

described ‘under section 2.3.2. When tritium-labelled 11
used, the filter papers were transferred tg! gscintilla
containing 10 ml of the scintillation floid (ACS, Amershs
radioactivity counted 1in a Beckman LS-7500 Beta counter
precalibrated for quench correction using a set of trit
standards (Amersham). ,The nonspecific binding was defi

1250 |R-1HPIA), 5OC

binding displaced by 100 M R-PIA ({
([ *M)R-PIA), and 500 M _NECA ([ JH)NECA). Irrespective of

specificity, the radioligand binding displaceable in the |
an éxcess oflthe cold ligand (R-PIA or NECA, as the case

referred to as specific binding;

2.5.1.2 dzentrifugation-hinding_pssay

The membrane suspension (the pelle: P3y) was centrif
Eppendorff microcentrifuge at gbouthZ,SOO xg for 2 wmin.
was resuspended in sucrose-free buffer. This membrane sus
used to initiate binding reactions in a standard incubati
and the rea;tion was terminated by centrifugation in a micr
as above. The supernatant did not contain any detectabl:
proFeIn. No correction for the trapped space in the pelle
When radiociodinated ligand was used, the pellets were cc

Gamma counter as described under section 2.3.2. " Whe

labelled ligands were used, the pellets‘uere‘solubllizéd by

"
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section 2.5.1. I

»
[ 4

¢

overnight with 100 pul of ncs 1;1ubillzer (Amershaa) at as'c. The

solubilisate's pH was neutralized: vith glacial acetic actd before it

was transferred to scintillation vials contatining 10 ml of. ACS
. ' ’ °

scintillation fluid, and radioactivity was counted as described under

1

2.5.2 ['23|R-THPIA bimding assays with the longitudinal muscle

membranes
The membrane protein (80 - !00 ug) was incubated with the
radidligand in a standard binding assay at 20°C for 10 min (with some
egfeptions; which are lndicaféd) ngfxthe nonspecific binding was

defined as the binding displaced by lqp uM R-PIA. ¢

t
. 4 . _
2.5.2.1 Effect of pretreatment of the membranes with _adenosine

.' deaminase

The membranes were pretreated with 1 - 4 International Units
a‘lnosine deaminase per ml of protein suspension at 37°C for 30 min
and used with 190 pM radioligand in a standard bin1{ngﬁassay at 20°C.

The reaction was terminated after 10 min by flltratla

2.5.2.2 Effect of varying protein coqcentration f!'

fhe radioligand (400 pM) was {mcubated with lnc;eaélng amounts of
membrane protein (62 - 256 ug/tuﬁe) at 20°C for 10 min, {n the absence
and presence of 100 pM R-PIA. The reaction was terminated by

fi{ltration. 5

-
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2.5.2.3 Effect of temperature /
The membrane protein (80 pg/tube) was incubated with 190 pM
'radiol}gahd‘r 60 min, in the absence and ‘gresence\)f 100 uM R-PIA,

at various temparatures ranging between 10 and 37°C. The reaction was

terminated by f'i}t ration.

. - ' /
2.5.2.4 1Ion concentration effect - £

]

The membrane pr&tein (100 ug/tube) was incubated at 20°C, with -
: e
330 pM [leI]R-IHPIA and increasing concentrations of Nat, Mgz"”, and.

]
Ca?*t in a st‘ands:rd binding assay, and ‘the reaction vteqinated ay

-

~ filtration at the end of 10 min. .
: ’ &
v ‘ ‘
2.5.2.5 Kinetic analysis »
. ’ _ N P
>  The assay volume, including amounts of protein and radioligand,
A . .

.

‘was scaled up several fold. The membrane  protetn (84 pg/5Q0 ul) was

i

- added at time zero to the incubations conta&ning 190 pM radioligand. at

20°C, and-the rate of association w;'as followed by withdrawing 450:pl ‘

-

of the ifcubation and filtering it as previouP/ly described at various

— N -

time intervals. Thé nonspec™ic binding component was determined
a : " - '

‘using -100 M R-PIA in separate incubations. In ord¥r to induce

-

. ‘ . ' ’ . '
«dissoctation, R-PIA )as added to the incubation to a final

concentration of 100 M and the rate \of 'dissociatlion followed with

7 . : i ‘ ,
t'ime as described above, for up to 10 min- © ; "
,‘-’ ’ . +
\/-- ‘ ) . N A
, . o .
.‘\ -
- .

& B

-
.
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. 2.5.2.6 Digplacement analysis

-

' -

The membrane protein (100 pg/tube) was incubated with 252 pM
radioligand and a single concentration (100 M) of e;ch 1nhi\‘bttor“5’ai
20°C for 10 min béfore the reaction was terminated by filtration. No

displacement curves were generated. °

'R

“ ’
'l oo ' ’ ' “ = ‘ VI ’
‘ ., . N 0 '
. 2.5.3 jo]R—PIA binding as,sw%ulo\\gitudinal mugcle membranes
- »
The membrane protein (90 - 160 ‘ug) was 1ncubat>d with the
: "¢

radioligand in ‘a standard binding assay at either 2°C or 20°C for 10

min and the nonspecific b{.hding was defined as the binding displaced
: ' ’ \‘\ a. .

by 500 M R-PIA.
_2.5.3.1 Effect of varying the protein concentfation e
a . )

The radioligand (20 nM) was gmcubated ‘with increasing amounts of
- L 8

anbrane protei\‘f(62 - 326 ug/tub!) at 20°C for 10 min, 1n the

ahsence and presence of 500 puM R-PIA. The reaction was terminared by

€
filteggion.

[3

N ’ - .

2.5.3.2 Effect of temperature. : .

“»

The m.vbfr'ane protein (160 pg/gu_be) was . incubated ‘with 0 ’mM

-radioligand for 10 m’in, in the absence and presenée‘ of 500 M R-PIA’,,'

[y . ' ' *

]

.

terminated by flltration.

&

-~

2.5.3.3 Effect of pH

. ‘ ' - ) N e
The membrane protein (112 #ig/tube) Sas ‘A cq;bhted with 20 nM
- - - . ‘

J’"

: - ’ N Ed .
T N R
. 'y -
L : ;

3 . -
| at various temperatures ranging, between 2 apd 37°C. The reaction wad ‘-

v

7

..
.



radioligand at 20°C for 10 min in the absence and pxesence of 500 .uM

R-PIA, and with Tris buffer of pH ranging between 7 and 9. The

L]

reaction was terminated by filtration.

. -

’

*

2.5.3.4 Kinetic analysis

The association and dissoclation kinetic reactions were performed

similarly to those described under section 2.5.2.6 for [IZSI]R—IHPIA

binding. ‘The kinetics was studied using 140 g protein/500 ul a\j/d 20

nM radioligand at 2°C. The nomspecific bindi.ng was determined
u'sving separate incubations in the presence of 500 pyM R-PIA. The

dissociagon was induced with R-PIA- at a final {ncubation

»

concentration of 100 M. (\s‘

’ ’ “-‘

. «‘..\\ . -
2.5.3.5 Displatemént analysis . -

The menbrane protein (132 pg/_tube,) w;s 1ncul§iated with 30 aM
: »
radioligand and 'a single cé)ncentration (100 pM,',final) of the
inhibitor at’ 20°C for 10 mir‘l before the .reaction waé terminated t’;y
. &
filtration. No\d1Spiacement curve.ébwere generatéd. v B

| .
~ . . r

2.5.4 [3H]NECA binding assays with the longitudinal muscle membranes
. - \ .

The membrane protein (100-160 pg/tube) :v‘as incubated with the -

radioligand in a standard binding assa)_'j at 2°C for 20 min and the

nonsbecific binding\was defined as the binding displaced by 500 pM
y E - e '\

o~ 33 ) J
NECA. : _ ‘ : "
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2.5.4.1 Effect of pretreatment of the membranes with adenosine)ﬁ
. deaminase - Gy »
' ', The membranes were pretreated with 0.1 - 5 U adenosine deaminase

per ml of protein suspension (96 pg/tube) at 37°C for 30 min and used
with 20 nM radioligand in a standard binding assay at 2°C. The
reaction was terminated after 20 min by filtration. _’?;"7

2.5.,4.2 Effect of varying prote‘lﬁ concentration

1

. s
The radioligand (10 nK) was incubated with increasing amounts of
»

+ the memBrane protein at 2°C for 20 min, in the absence and presence of

500 M NECA. The reactipn was terminated by filtration.

2.5.4.3 Effect of temperature

\a The membrane protein (1&* ug/tube) was 1ncubated\ witl;' 30 hM
radioligand for‘20 min in the presence and absence of 500 pyM NECA, at - ;'
< vari'?us temperécures ranging between 2°C and 37°C. The i'egg:tion"\vas '\
| terminated by filtrgtt’i)n.
. - ’ ' A/ 1-"' 1
2.5.4.4 Effect of. pH - -
' The\ membrane protein (200 pg/tube) was -dncubated with 20 nM A
‘
' ~radif)ligand at 2°C for 20 min in the absenc\e’{nd présen,ce of 500 ;}I\ “

NECA and with the Tris buffer (pH ranging betwéen 7 and 9). The ‘\

reaction was terminated by filtration. . . n .
/., '

| RS S
Lot "%’
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2.5.4.5 Kinetic analysie

{ The association and. the dissociation kinetic .reactions were
performed s‘imilarly to thogse described under sec’tlion 2.5.2.6 for
[lzsl]R-IHPIA binding. The klngtics of the reaction was ’studiled with
20*nM radioligand at 2°C.: Nonspecific binding was de;crmined using
separate incubations in the presence of 500 M NECA. D s;ociation w’as

indyced h‘ NECA at a final incubatfon concentration of 100 M.
' ~ ’ 14

: A 4
2.5.4.6 Saturation analysis )

. Since the Kp of [3H]NECA dldl{/is/in the M range, unlabelled

NECA wag tsed to dilute the specific a%ivity of . the radioligand.

-
-

" Radio‘)}gand\.(l .6 nmols) was diluted 10-fold with unlabelled NECA to a -

L 4

specific activity of Z.&.Cilmmw VarMus quantiﬁies of this radio-

ligand solution (to act\ieve final incubation Qoncenttation of 0 1 -2

“’

A\
WM) were incubated with a fixed amount o£~t§e membrane'protein (132
\ J

e /tube) at 2°C for 20 min, in the absence and‘ pres'nce of 500 g NECA

before the binding reaction was terminated by thration. *The lowest

concentration point corresponding to 0.02 M concentration was used a‘

' . o . ‘
the original specific activity of 22 Ci/mmole.

-

1

2.5.4.7 Displacement analysis

+The radid%igand (20 nM) and membrane protein (LOO - 140 ug/tube)

were incubated at\ 2°C for 20 min with different concentrations of

't

varfous inhibitors iM*standard binding assays.. 'tn each assay, 500 uM,

\

’ . 4 - . '
NES‘.A was used to define th/e nonspecific *binding. The displacement

3

curves were generated 'uslhg 4 - 7 difg‘erent",cohcentratlons of the

3

»

. ’ *
- : ’ .
o - -

I
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various inhibitors. Compounds _that were weak inhibitors of binding:

-

were used at a single concentration (100 “w'd.'finol).

»

,A 2.6 Smooth muscle contractility studies

R

-

. Portioms testing (jejunum, 2-cm lem'f‘were

excised aé des 2.4,1, and mounted longitudinally in

~organ U‘aths,

kt* 37°C, under an initial tension' of 1 g; the

L T
itric force was measured’ by means of Grass %‘[03C force BT
[}

sducers. Following a 30 - 60 min period, increasing concentrations

- o
f ¢he nucleosides were added to the baths noncumulatively.( The

)

concentration: response curves for a gtven nucleoside were generated in
o

palred strips in the absence and presencq of 105 uM 8—p-su1fopheny].-

theophyl‘ (SPT)‘ which .was. added 15 min before nucleoside

_additions W ‘ o T
. ’ ) / - ) \
- &
2.7 Adenylate cyclase activity in murine neuroblastoma cell y
[ ] .
_ . : !
. . ¢mbranes . . . ; .
| / L. ‘
Bl ‘ * ' ' s ' ‘ ’ ‘
- 2.7.1 Preparation of a 10,000 xg membrane pellet , -
N - - -
The cells were grown in monolayer using petri dishes. Gibco F-16 '

cb'n\taining 10% fe'tal calfy serum' and 7;52 g'é‘ntamycfn su}phate.w'as used
as- the growth smedium. “The cells were scraped off the petf'i ﬂs@
using a rubber policeman and‘/’TE cell suspension centtifuged fn"9n -
international clinical centrifuge at maximum .speed for ZQ min. The

pelleted cells were washed three ti'me; in a buffer contalnﬂing 0.25 M

. oae
£

' ] o ot ° ‘ \‘ ‘,jv’.@‘ N
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?

A |
of Baer (1975) usin -
. seplrate the fox{gied t_;‘

sucrose, ’lqhinﬂr'rris HC1 (pH ‘7-‘5)/ and 1 mM MgCl,- The packed ‘ce* were
‘homogenized in 10 volumes. of tﬁe,gsame buffer using Q‘P_ot:teryvehjein

¢ N e

b
homogenizer with teflon pestle 15 ‘strE) 'and the‘ homogenate
1] “ -
0

(o WQ’M’&! ,w

centrlfuge. The pellet was washed t"‘l'ee thes and muspended 1n tﬁe

centrifuged at 10,000 xg for 20\m1n
M

D . ‘ | 2 \

2.7.2 irsfa of the s‘timulato;y adenylate cyclase activity

Adenylate cyclase activity vaé Measured according to the method

[ g
32P—ATP 86 the substrate and PEI TLC to

0 - .
desctibed under section 2.5.3 for adenylate cyclase from rabbit

1nteet1nal-musc1e. 16 - 20 ne protein was used in a total volume of

J hd

50 ul. . . ”

3

2.8 'Data analysis

'J'@sf' ‘ -~ Aﬁ

)

., 2.8.1 Ligand binding data ' 1 ":‘ )

L)

The "amo,unt_ of thewradioligand bound (cpm) was converted into
H N M ‘

.. e ' U -
fmols bound per mg of protein using 38 Plramevers radioligand specific

activity, counter efficiency and the 1‘\cubatlon protein concentration,

on a computer srog%mme. In the case of binding aés#ys using tritium
. : v

) ) .
labelled ltgands; tritium -quench standards were used to, calculate the

coun}iﬁg efficiency. The precedur® may .be summarized as. follows.:

Using the dpm present in-the quench Standards (corrected for radio-

N .

L

Protein was determiﬂed by the method of Lour} e’;%al.wj

q
active cAMP- The assay protocol was same as .

«c-',,,
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active decay). the; rAtio of cpm to dpm (counting efficiency) was
plotted oh thé ordin{ate against the corresponding H-numbers on 'the'

re !bscissa. fhe ﬁope of the line (-m) and 4ts intercept on the

. k]
ordin (c) were nsed along with the values for the radioligand

specific activlty and the protein concentration in the incubation in"a

-+

computer—programméd equation, to obtain fmols or pmols of ‘the bhound
. .

‘ “
vradioligand per uﬁx of protei’l (Appendix IT1). For the bhinding é&saysf;

4 i VR Py e
utilizing rgbbit amall inteatinal membfanes. because 202 of the total

-‘proteih in the incubation passed th;‘oggh G/F filters, the pmols bound )

were calculated as the amount of protein retained on the filter paper

hd [

that is, 80% of the incubation’ protein amount. ‘ e

2.8.1.1 Estimation of the binding constants | , : ¥

the data from various receptor binding assays were expressed ag

parameters such’ as. dissocg:tion constant, rate constants and the

: ? . .
receptor densities. - ~

! : *
. -
»

+2.8.1.1.1 Analysds of saturation data - -
b - — e

3 Since the relatYonship between 1ligand concentration and th@

. ‘ ¢ .
receptor occupancy is Hyperbolic, the values for disseciationiconstant

-

('IZD) and the recepto;' densit‘)ﬂ "(Bmaxe) were obtained by a non-linear

.' curve fitting approach, based on '1igand binding models and equations
L 3

developed by Feldman (1972), using an iterration pro‘gra:ﬂmel(GIP) on a-

-l-fewlett—?ackardg cquputer HP9825. “THe ?aturation binding data were
? . .
also transformed graphically to give a linear feelationship on two

.different plots: (1) Scatctu\rd '1969) using thé “equation B/F = -B/Kp
. L ‘ ’
- b , S ) .
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- - . »
4+ Bpax/Kp (where B represents fmols/mg boun’specifically at

various radioligand Yconcentrations and F {s the incubation concentra-

tion of the free radloligandy, and (2) Hill (1910) usjng the equation
L \

log(B/(Byax-B)] = nfl.logF, where B, Bgax and F‘ave .’;“the same
' »

connotation ae .above, and nH re”esent*he Hill ¢ figient given

PR

by the slope of the linear plot. v
, ~. 3"’5
\ . R . kl

.

B

2.8.1.1.2 Analysis of kinetic data

As the concentrations . of the radioligand®and Qgeptor in the

»

incubations (rat braim’ membré_nes) were similar, the specific binding
data from the‘ forward reaction of [17SI]R-IHPIA with brain adenosine
.

receptors was linearized using the second order equation (Weiland and

.

Molinoff, 1981):
e L
k,.t = (ln[Be(L-B.Be/R)/(L.(Be5B)]]/(L.RT/Be-Be) (1)
|

" where B is the‘ fncubation concyntration of the specifically bound

-

radio'ligand at different time (t), Be is the concentrétion/ of

the ;ame at equil'ibrium,"L is thé initial concentration of " free
radioltgand whilh was’ assumed to be'egual to the radioligand cond®n-
-tration of the f:ota} 1ncui>atioh and k’l‘ is the concentratior.x of the
receptor in the 1ncubgtion which was determined using the Bgax value
obtained from saturation'analysis. The slope  of \the plor,'provide'é'the
estimate for 'tvt‘\e 4second—order forward-ra:e constant (kl)" The forwvard
rate constant for [3H]‘NECA bir’l;ng with QE(EA—, displaceable binding
sites ?n‘,smooth muscle membraner_s was determined using the pseudo f‘irst

order equation since the rec‘eptor concentration in the incubation is

much lower than the Kp. Equation 1 then reduces to:’

<
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k.t = Ln(Be/Be-B)Be/L.Ry

‘ (2)
The slope of the plot {8 equal to k,.L.Rp/Be; from which k, can be
: '
¢ .-lculat.ed. .rR; was calculated from saturation analysis of the
binding (Pig. 27). , 2

The specific binding data obtained fror: the dissociation _‘vrenftto'n‘
was linearized wusing the equation k.t . In (¥/Be), wwt;ere ‘e
represents fmols/mg protein houn‘d per incubation at 'equiilbri_\mw"( just
before addition of the unlabelled 11.gand) and B reprééents the same atf
differe“nt time point.;; (t) after dissociation ha&s‘begun. The first
order rate constant for the dissoclation reactign (k.2). was calculated

from a similar plot but usingcthei"Specific blr&ng meapOred 3 min ' -

after the addition of wthe unlabelled ligand as(Be. T_I:e‘\ slope of the

.
-

plot ;;rovided the value for k,.

| ‘
1

2.8.1.1.3 Analysis 'of displacement data

\
, Concentration response curves for each indivtdual {nhibitor were
Y _ /\\

drawn. IHC50 (::oncentration of.the inhibitor required for 50X
inhibition\\of thé speclfic.bindinif and\ Hi11. doefficient (n")i values
were estimated from Hill plots using ghe equation log (P/100-P) =
n“.log D, where P represents pe.rcentage" tnhrbit}‘o,, of' specific

bénding. at variousd concentrations (D) of the inhibitar. The ICgg

values obtained! as above from [3H]NECA binding data with small-

,itﬁestillal membranes, were ;ransfom’ed into Ki (inhibitory constant)

using the equation provided by Cheng and Prusoff (1973); Ki = ICSO/.('l
~ »

+ F/Kp), where F is the concentration of the free radioligand (taken
' 4

as equal to the total radioligand concentration) ind Kp was obtained

[y
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.
from the saturation analygis. For displacement binding data using rat
brain membranes, the ICsp values were transformed fnto Ki wusing
nodiftcatiom of the equation of Cheng and Prusoff made by Linden
(1902).#:0 account for the higher concentratfon of receptors in the

{ncubations (clese to Kp). The equations used are:

Fl4 r.(nr?-b'fKn) - Kp.L = Q (3)
g = I{s0 - R'r'* (RT/2) <[ Fd(Kp+F)+Kp/ (Kp+F+R1/2) ] (4)
Kt e If/(1+F/KD+RT/KD((KD+F/2)/KQ )N - (5) )
where L is the cgnttation of the radioligand in the abgence of -
‘an inhibitor, I i he free cot'\'éentration of fthe“.ir}hibitor, and F,
?(;‘. and Rt have the same cohnotations ;s befote .
’ G e \\\

2.8.2 Analysis of adenylate cyclase data
L 4

The ratio of cpm in tHe ATP/deoxyATP to cyclic AMP/ deoxycjclic
AMP spots provided ; measure of‘the perce~ntage conversion @f the
nucleotfde to the cyclic mnucleotide. The values for the percg&tage
conversion were transformed ipto pmols of cyclic nucleotide- formed per
ng r min on &8 Corlpu}é)r using incubation pro{ein concentrati'on and
timg as parametérs. To estimate EDSE) values_"wi,h 95X confidence
limfgs and tesi fg} statistical significqgce for plired data, the fhame

procedure aé’de“l"ibed below under section 2.8.3&f6r. contdactility

studieés was used. ‘ !

tractility data
v . s

Semi-logarithmic  goncentration-response cufyeg for  each
, -\‘,

2.8.3 Analysis of ¢

’

fndividual strip were drawn, log EDgg values were ntérpo}ated, and

- ~

. ' ° 2
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(‘Irvine, CA, USA).- .

>
o ' v

A

geometric means of EDgy values (with Q5% confidence limits) were

. \ ’
calculated. Values of log EDg, obtained in.the absence and presence
of 100 uM SPT were compared by StudLnt's t-test ‘for paired data (Hill,

.

1971), and the differences were considered significant when p<0.05.
i’ : :
t

2.8.4 Presentation of the data ) -

Most data are presented as tribu.cates of s.single detcmlngtloe g

unless stated otherwise in the varii)us figure legendg. ‘.'l'he ranges of

- standard deviation or standard error of the mean (S.w +) also app’elr’

in the figure legends. The brain membranes were prepere& using at

: 4 .
Jeast 3 Tats each time and the intestinal membrangs using between 2" \ _

*

. ' .
4 (usually 3) rabbits each time. .

NPE D " ’
2.9 Materials .
- e . .
[ ; NS

2.9.1 Radiochemicals

- »

Carrier-free Na-12°] (2Q00 Ci/mmol) was obtained from

Radiopharmaceutical Centre, Universiuy of Alberta, [3H]R—PIA (Jo' PN

a-32p-ATP (25 Ci/mmdl) and ta-

D

2.9.2 Chemicals, drugs, and other materials | '~",( . e N,

Silica-gel .TLC plates wege obtained from Merck Aé ‘¢Darmstadt,’

~

f.R.G.); PEI TLC plates from Macherey-Nagel Brlnkman Instruments,
Canada; X-Ray films ﬁi:nat AR, and PPO and POPOP from Eastman



(2N
.

Kodak, Rochester, NY, USA. The fol were purchased from Sigma

Co. (St Louis, MO, USA): adenosi minase §Type I111), creatine

nmc; nosine, 5'~-deoxy-5'-methylthio- | -

phosphokinase, trypsin,

adenosine, 2-chloroadenos . S’-deofty-S'-chloroadenoodde,—" and D v

1somers of S-adenosylhomocysteine, dipyridamole, and dithiothrieotol.

B

NECA, R-PIA, CHA, 2'-deoxyadenosine, 3'-d‘.o:ya'denoslne. GTP, Gpp(NH)p,
] ]

creatine phOophn\t:, cyclic AMP, deoxycyélic AMP, AMP, deoxyAMP, ATP,

deoxyATP, and inosine were purchased from Boehringer Mannhein

(Hannheim. FiR.G.); S-PIA and B-B-nulfophenyl‘theOphyiltne froa_}l!l
. p . P

Chemicals (Hayfand,. MA, USA); 2':5'-dideoxyadenosine from P.L*?
v "

Biochemicals (Mi lwvaukee, WI, USA): 8-phehyltheophylline from

%4 )
Calbiochem-Behringer (La* Jolla, C‘lt, USA); and IBMX from Aldrich
& .

Chenical Co. (Milwaukee, WI, USA). o N

L4

NBMPR wu.. kindly supplied by Dr. A.R.P. Paterson (McEachern.
- § R B

Laboratory, Un}v,ersity of Alberta, Edinontop). L- and D-enantiomers of

.p-hydroxyamphetamine by Mr. H.A. Shepard (SKF Canada Ltd.,

. .
P ]
.

-

!

. (Mley. ‘NJ, USA).

i, o ALl other:hemicals u‘ad vewe from gtandard sources. R ’ & :
y ’ PR RS P

' \
© mM for,;mpyrtduole and 1 m( for R0O-20-1724), such that the maximum

. : - s -
‘Mississauga, ON), and R/S-IHPIA by Dr. Weiman (Boehringer Mannheim, ;

' )

thn‘h‘eim, F.R.G.). RO-20-1724 was received from Hoffman L;\ Roche
o,
)

+

-

e

2.9.3. Preparation of drug‘holutiohs \__/

»
All nucleosides and other water-insoluble drugs were dissolved in

DMSO, unless othervise stated, to a stock concentration ‘of 50 mM (10

- $

DMSO g&&&ratlon- per incubation ranged between 0.2 - 2% in various
' ‘a:r‘."ca « . ’ - . .

.o . o SRS

AR IS ' ' > -
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assays of ligand binding and adenylate cyclase. The maximal pthanol

-

*

concentration {in cerebellar adenylate cyclase assays was 2%,

. N

Theophylline, O-E-lqlfophdnyltheophylltnn. cyclic AMP and deoxycyclic

L

. AMP were dissolved in buffer. "Nitrendipine was dissolved in €thanol

at a stock concentration of 10 mM and care was taken not to expose the '

r

H ]

solutions of nitrendi}lne and verapamil to light. All dr’u& solutions

were stored either at 4°C or -20°C. Buffers of varifous pH for

studies of pH effect were made using a stock Tris buffer of pH 9.0 and

titrating it against HCl. Phe pH ‘of all buf fers Qas ad justed at

ambient temperature. ' ,

. . .
- A1l tissue contractility studies were performed by Mr. Richard

Vriend from Dr. H.P. Baer's labhoratory. |
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3. RESULTS

.
)

3.1 Identification of the product of radioiodination of R-HPIA
ey
The radioiodination-~ product of HPIA showed a single radioactive

spoi on autoradiograms, using both silica gel and PEI TLC systems.
This radioio&ination product co-chromatographed with the unlabelled
R/S-IHPIA thus validating the identity of the radioligand (Fig. -2)-
Thus 1n:ou; ra&ioiodination reaction there was no detectable diiodo-
. derivativ; formed. Although the incorporation of 125; was >90%, the
final yleld of [12511R-1HPIA was only about 32%. This is due to lpw

recovery of the radioligand from PEI plates.

&

-

3.2 Biological activity of R-IHPIA

The basal adenylate cyclase activity in\ferebellum (IOf - 114
pmols/mg/min) was 1nh1Lited by a low concentration of GTPyS (nM f;nge,
Fié. 3), suggesting that the ﬁi unit in the membrane preparation is
intact and functiQpal. In a preliminary assay, both R-PIA and R-IHPIA
inhipited the basal enzyme activity 11 a dose—dependent‘fashion (Fig.
4). The maximall inhibition 4obtaineq'1was 392 (R-PIA) and 367%

(R4IHPIA), each at 10 (M concentration. The concentratioh for half

‘maximal fnhibition was 35 nM for R-PIA and 100 nM for R-IHPIA. |

°

3.3 Measurement ofngZSI]R-IHPIA bindihg in brain membranes

3.3.1 Duration df and temperature stability of lhe radioligand

Radioligand 0(0.26 nM) was {incubated under standard binding

t
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Fig. 3. Effect of CTPyS on the basal adenylate cyclaée activity in
rat cerebellar membranes.  Adenylate cyclase activity was
measured at 20°C for 20 min. Values are a mean of triplicate
determinations with standard deviations at most points

“between 5 - l1Z. /
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Effect of K-PIA and K-IHPIA on basal adenylate cyclase
activity - in rat cerebellar weuabranes. Inhibition of
adenylate cyclase activity by k-PIA (m) and R-IHPLIA (@) was
measured at <JU°C tor 20 ain, in the presence of 11U pM GTP.
Values are a mean of triplicate determinations with standard

deviations at most Points between 6 - lé4«.

Fig. 4.
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»

conditions in the presence and absence of membranes (200 .g) at

tenperétures of 30°C and 37°C. Aliquots (3 ul) were removed every 10

.

min from the “incubation mixtures up to 2 h, ont’ted on PEI TLC and

‘ L N
- 4
.

developed using 0.25 M LiCl. At botﬁ temperatures, a single" o~
L) . A4 »

~active spot _was obgserved on {he autoradioqram of the developed TLC
whic

o-chromatogtaphed “with the radio-
' f <
ligand. This {indicates A‘ft the radioligand is stable under standard

sheet for gach time point,

incubation conditions and e; these temperatures up to at least 2 h.
- Y

i y 4
. /

3.3.2 1Identiftcation of bound radioactivity

Rat bfain membranes (600 pg protein) were incubated with 300 pM
radioligand undekNStandard assay conditi?ns and fll\sred ag described
-under section 2.1,}.1. The filter paper was rapidly transferred to,a
glass tube containing 175 .u. of ethylaceiake andllet stand for 10
min. After removalyof the filter pégper, the ethylacetate extract was
concentrated under vacuum and part of the concentrate was applied to
PEI ‘¢LC for chromatographic visualization (autoradiography); the
remaining mateérial was reused in‘ a binding assay under standard
conditions. _" The ethylacetate extract of the filter paper-bound
radioactivity, co-chromatographed with the radloligan&. Also, the
extracted radioligand. showed specific binding identical fo that

obtainedj}rom the stock ligand preparation with the same amount of

radio%étivity.

3.3.3 Effect of washing

The spegific binding was similar when the filter papers were
4 N

.



AR . .
washed efther 2 or 3 times. If the filter papers were given a single
.

5-ml wldh. the nonspecific binding was much higher and the specific

.

binding slightly Jower than that after 2 or 3/ washes. Two volumes of

5 ml each were used to wash each filter paper in wll subsequent‘assays

[(data not shown). !

rying the protein conte&?fation

N\

Both the total and nonspecific binding was linear'up to 300 ug

protein per incubation (0.6 mg/ml, Fig. 5). Therefore, 100 - 240 ug

membrane protein was used per incubation in various binding assays.

3.3.5 Effect of temperature

Fig, 6 showg‘the temperature dependencé of the bind{ng reac;lon.
Although the nonspecific binding changed only marginally as
temperature was lncréascd from 20 to 45°C, the observed specific
binding was maximum between 20 - 30°C. On the basis of these

preliminary observations a temperature of 30°C was chosen for all

subsequent studies.

o \

-

3.3.6 Effect of pH

Nonspecific binding decreased p;:;::;;:::Tx‘ as the pH was

increased from 7 to 9 (Fig. 7A). . Specific binding was maximal between

pH 7 and 8 and decreased sharply as the pH was increased from 8 to 9
(Fig. 7A). A pH of 7.4 was chosen for all subsequent assays. Fig. 7B

shows that the specific 'binding of [3H]R—PIA does not change

appreciably betyeen the pH of 7 and 9.

8o ™

/"\ -



”

['251JR-IHPIA bound (fmols /tube)

Fig. 5.

\\ al

1 1 J

0 ‘ 100 200 300
Protein (ug ‘tube)

!

Ef fect ot variation in protein concentra[ian on [ubl]K-IHPIA
binding to rat braia meabranes. [lzbl]K-lHPlA (25 phM)
binding was measured in the absence ( @ ) and presence ( O )
of 10 pM R-PIA at 3IVU°C for ¢ h. Values dre a mean of
triplicate determinations with standard deviations of less
than 7%. ;
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Fig. 6. Effect of temperature variation on (12°1)R-IHPIA binding to

rat brain meabranes. [!2%1)R-IHPIA (170 pM) binding was
measured "for 2 h 3t various temperatures as shown on the
abscissa. Values are a mean of triplicate determinations
with standard deviations ot less t:\an 1Lx.
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3.3.7 Determination of binding constants

Lt

- "

» "
3.3.7.1 Kinetic analysis - -

LY

“An Q\_ghbl\ion thee of . 2 N vas required at both 140 and 480 pM

concentrations of radioligand, for the system to attain equilfibrius

at 30°C (Fig. 8). The binding reactfon at 20°C also equilibrated at

{n 2:h. The second-order rate comstant for the association reaction

(k)) as obtalned from the slope of the p‘!ot (shown in the inset to
.@ng. 8) vas 7.5 «x 10 M ! atn-!l, Upon addition of a high
. concentration of th‘e unlabelled 1igand R-PIA, \the bound radioligand at
equilibrium dissociated rather slowly with a ty/2 (=ln 2/k,) of '41.8
n;n. Mdttit;n of Gopi(NH)p along with R-PIA accelerated the rate of
dissociation (Fig. 9). The nonspecific binding, both in the absence
and pros.encé of Gpp.(«NH)p, did not change appreciably up to at least
the first 2 h of dissociation. *

Log transformation of the specific binding" da\ta revealed a
biphasic nature of dissociation both in the absence ‘and presence of
Gpp(NH)p. Abou: 202 of the specifically bound radioligand hn the
absence of Gpp(NH)p) dissociated within the first 3 min followed by a
more gradual dissocl&tlon rate (F}g. 9, 1nset' 1). The first order
dissociation plot using the speclfic binding data (in the absence of
Gpp(NH)p) up to the first 60 min of dissociation (Fig. 9, inset . 2)
provided the estimate for the dissociation rate constant, k, (=0.018
v;ln’l). Using these values of the rate constants k, and k,, the

-dissociation constant (Kp=k,/k ) was estimated to be 2.4 nM.
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3.3.7.2 Saturation analysis , “ : \

Fig. 10 shows that the nonspecific binding was linear up to a

.rudioligand concentration’ in the incubation of at least 35 nM. The

»

specific binding component was saturable with a Kp of 2.1_pM and
Bpax of 1080 fmols/mg aé estldﬁted by the nonlinear curve-fitting
approach. Scatehard analysis of the specific binding data revealed a-
linear plot (Fig. 10, 1pset 1) suggesting the presence of, a single'
population of binding sitebs with a Kp = 1.85 nM and Iax = 1060
fmols/mg, both values being ‘Dbry' similar to those obtained by the
nonlinear curve fitting approach. For Scatchdard analysis, the frée

concentration of the'radioligand was corrected for depletion by ligand

bound to the membrane. The slﬂEZJ:; the Hill plot (Fig. 10, inset 2)

was 0.9, suggesting the absence of co-opeyativity.

*

3.3.7.3 Displacement analysis

_Varilous agonists with; low to high nanomolar affinities for
adenosine receptors displaced the specific binding of [1ZSI]R~IHPIA
(Fig. 11). TH? rank order Qf potency in this set of experiments was
R-PIA)R—HPIA)NECA)R-IHPIA)Z-ch1oroadenosipe)S—PIA)S-HPIA)MECA, which
{s typical of binding at adenylate cyclasefcouplmi A, receptors. In
the same set of experiments, the R-enantiomers of PIA and HPIA were
about 10—fo!d more potent than the corresponding S-enadtiomers.
Theophylline (10 mM) d;splaced the bfﬁding to the same exten; as 10 uﬁ
R-PIA. Adenosine veceptor antagonists such as theophylline and SPT
displaced the binding with‘ lower affinities than the agonists, as

would be expected for binding at adenosine receptors (Fig. 12). Table
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Displacement of ecifically bound [1251]K-1ﬂP1A by various
agonists of adenofine receptors in rat brain membranes. Kat
brain membranes re incubated with [12511K—[HPIA (170 pM)
at 30°C for 2 h An the presence of various concentrations ot
ditferent agonists. K-=PIA (O ); K-HPIA (&), NECA (Q),
2-chloroadenosine ( ®m ), k-IHPIA (O), S-PIA (@ ), S-UPIA
3 A ), MECA (@ )- Values are a mean of triplicate
determinations with standard deviations at most points
between 5 - 14%. '
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Displacement of specifically bound [125I]R—IRPIA (170 pM) by
antagonists at adenosine receptors in rat brain membranes.
The protocol for the binding was as described in Fig. 1l.
SPT ( @ ), theophylline ( O )- Values are a mean of
triplicate determinations with maximum standard deviations

of 12%.
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. Table 4. Comparison of the inhibitory constant (Ki)* of wvarious

inhibitors of [!?5I|R-IHPIA binding in rat brain membranes

t

Inhibitor ) Ki (nM) nH

1.58 _ 0.92
1.@5 > 0.98

¢ 3.9 0.77

4.9 0.78

2-chloroadenosine 5.8 ‘ 0.86
S-PIA 18.5 ~ o0.78
S-HPIA - 21.6 ' 0.79
MECA | \1.4 0.92
SPT 5,200 0.98
Theophylline 14,000 0.99

#

*The Ki values were est‘mated using the equations provided by Linden
(1982; see section 2.8.1.1.3). Each value is from a single assay
performed in triplicate. The value of the regression coefficient r

(Hill plots) ranged between 0.93 and 0.998.
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" 4 summarizes the values for the inhibitory constant (Ki) and the Hill
-. :

slopes (n“_).. (*111 plots of the displacement data for various

compounds tested had slopes near one (usually about 0.8).

3.4 Radioligand binding using small-intestinal membranes from rabbit

3.4.1 General comments

When vigualized under a light microscope, a thin sectioh of the
longitudinal muscle relvealed that the muscle strip was contaminated
with a certain mass of circular muscle and myenteric ganglia (Fig.

.13). Thus the membrane preparation contained plasma membranes from
the longitudinal mhsc,le cells, the circular muscle cells and the
neuronal cells of the myenteric ganglia. In a preliminary experiment
it was observed that the basal, GTP—A and forskolin-stimulated
adenylate cyclase activity (plasma-membrane marker) was highest in the
P3 pellet; the P) pellet showed the least penayme activity (Fig. 14).
Therefore, the lf,’pellet was ueed in all binding assays except for the.
comparison of the filtration and centrifugation assays, where the
particulate fraction corresponding to the P, pellet was used. This
was deemed necessary since the Bound and the free radioligand were
separated in a centrtfugation. assay at a g-force corresponding to that
for the P;Vpellet. Preliminary experiments using D¥F (1 mM) in the
buffer during membrane preparation revealed that DTT did not modify
the specific binding of either [’2°I|R-IHPIA or [ H|NECA. Also, when

DTT (1 mM, final) was included in the binding incubations, the

specific binding of both radioligands was slightly lower. DTT was
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.consequently, om{tted in subsequent binding assays.

3.4.2 Measurement of *( !2°I]R-IHPIA and [ >H]R-PIA binding
' ]

3.4.2.1 Identification of the bound radioactivity (['2°IJR-IHPIA),

Rabbit intestinal membranes (500 ug) were incubated with SOO pM

4

125I]R—IHPIA under standard. assay conditions and the bound

|

raéiogctivity ‘extracted as described under secfibn 3.3.2. The
ethyL;getate extraét of the,fflter paper-bound radioactivity revealed
a,singlé spot on the aut&gadiogram which co-chromatographed with the
radioligand from the stock ligand preparation.

a

3.4.2.2 COmbarison of the filtration and centrifugation assays

Table 5 compares ,the total and nonspecific binding to the pellet

P, at 20%C for both radioligands. 1In both cases, thg spécific binding
as obse§9éd in a §ihg1e assay was higper when a filtration assay w;s

_ used{ éleherefore, in all subsqhuent assays the bound and free

radioligand were separated by the filtration method. ‘\\~

3.4.2.3 Effect of washing
At the end of the incubation time, the incubations wyere filtered
and the filters wera washed 1 to 5 times with 5 ml of ice-cold buffer

i

each time. When [125

I|R-THPIA was used as the radioligand, the
specffic inding was similar after 1 or 2 washes but decreased consi-
"~/ derably when the number of washes was higher than this. When [3H]R—PIA

was used as the radioligand, the sPecific binding’was highest after a
o~ £ - Hap’" o
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' s
single wash and decreased as the numbér of washes was increased to 5.
The filter papers were therefore washed oncé only with 5 ml of the

ice~cold buffer in all subsequent experiments using bothj;;#ioligands.

“~

3.4.2.4 Effect of pretreatment with adenosine deaminase

Fig. 15 shows that pretreatment of the membranes with 1 to 4
International Units of adenosine deaminase per ml of membrane
suspension (to deaminateendogenous adenosine) did not affect the level

P

of - specific binding of (125

IJR-THPIA. The membranes were therefore

used in binding assays without pretreatment with adenosine deaminase.

\3.1..2.5

Both the total and nonspecific binding was linear up to 260 g

Effect of varying the protein concentration

”~

125

(1 IJR-IHPIA) and 316 ug ([3H]R-PIA) of protein per incubation

\ v
(Fig. 16A,B). Eighty to 120 pg of membrane protein per fincubation was
{ .
used in (!?°I|R-IHPIA binding assays and 100 - 140 pg in [H]R-PIA

binding assays.

3.4.2.6 Effect of temperature .

- In a preliminéry assay.it was observed that the specific binding
of (1251 |R-IHPIA jhinding {s higher at 20°C than at 10°C and 37°C
(Fié. IfA). In a similar assay the specificlbinding of [3H]R-PIA was
maximum between 2 and 20°C and declined at higéer temperatures (Fig.
17B). A temperature of 20°C was chosen for all subsééuent Assays

using both radioligands, uﬁless stated otherwise 1in the figure

legends. < ' a
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-
Effect of pretreatment with adenosine deaminase on
[ *231)R-1HPIA binding to longitudinal-muscle membranes of
rabbit small intestine. Membranes, ~ preincubated with

various concentrations of adenosine deaminase at 37°C for 30
min, were used in a standard assay with 190 pM radioligand
at 20°C for 10 wmin. Values are¢ means ot triplicate
determinationf. Standard deviations were below 127.
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3.4.2.7 FEffect of pH

No appreciable change in |3ﬂ|R‘PIA binding (both specific and
nonsﬁecif!c) was evident over the pH range (7 - 9) of Tris-buffer
(Fig. 18). The binding ;ssays were performed using Tris buffer of' pH

7.4,

i
\
3.6.2.4 Effect o{ fon concentrations
'Final fncubation concentratfons of 1 - 10 mM Ca?*, Mg?* and Na*
did not _affect the specific binding of [!2°I)R-IHPIA as the
radioligand (Fig. 19). However, in the same experiment, Mg2+ and Nat
at higher concentrations (50 mM) each decreased the total binding by

37%.

3.4.2.9 Kinetics of hinding of the radioligands

125

Specific binding of | I]R-THPIA equilibrated within less than 5

min and, remained stable up to at least 15 min at 20°C. Upon addition
«
®f unlabelled R-PIA (100 uM),/the site bound ['2°1|R-IHPIA was rapidly
displaced by nonisotopic R-PNA with half ' maximal dissociation of
binding in about 3 min (Fig. 20A). Both the association of [ H|R-PIA
and {its dissociatlon from the specific binding sites at 2°C was very
rapid. The specific binding of [3H]R;PIA equilibrated within less
than 3 min and remained stable for up to at least 25 min. The
dissociation of the radioligand was very rapid with half maximal
dissociation time of less than 20 sec (Fig. 20B). Approximately 18%

of the specifically bound radioligand did not dissociate in the

presence of 100 M R-PIA. Since nonspecific binding was estimated
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Effect of pH variation on [BH]RiPIA oinding to longftudinal-
auscle meabranes of grabbit small intestine. Membranes were
incubated with 20 nM radioligand at 20°C for 10 wmin. The
nonspecific binding was estimated in the presence of 500 _ M

R-PIA. Values are mean of triplicate determinations with
standard deviations of less than l5X.
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Effect of ion concentrations on [‘?°I)R-IHPIA “binding to
lodgitudinal-muscle membranes of rabbit small {ntestine.
Membranes were incubated with 330 pM [‘2°I)R-IHPIA at 20°C
for 10 min.: Values are n of triplicate determinations
with standard deviations o’;.zess than 16%.
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-

using 500 M R-PIA, it 1is possible that the use of S5-fold lower
concentration of R-PIA lnv the dissociation asssay, did not allow
complete dissociation of the specifically bound radioligand. No
kinetic constants were derived from these data using eltker
radioligand.

3.4.2.10 Displacement analysis
¢

J
Fig. 21 compares the effect of yarious known agonists ‘and anta-

gonists of adenosine receptors on the total binding of [leIIR—IHPIA
" and [3H|R-PIA to rabbit small-intestinal membranes with that ot
[leIIR—IHPIA bir@ing to rat brain membranes. Among the varfous
c%mpounds fused. each at 100 M 1in a single assay perfortl;ed in

triplicate, only }—PIA appreciably displaced the total bdbinding to

small-intestinal membranes by 50X for (leIIR—IHPIA and 45% “for

fﬁi]R-PfA.“‘ Other compounds such as NECA, 2-chloroadenosine, and SPT

were either only weakly effective or totally inactive on (leI]R-IHPIA

<

and [3H]R—PIA binding sites. On the other hand, these compounds
displaced [leI]R—IHPIA binding to rat brain membranes very
effectively (by 76 - 88%). The lack of specificity of the binding of

('2°1)R-IHPIA and [ M]R-PIA to the small-intestinal membranes 1s

i

further demonstrated by the use of égr;pc;bnd-s, each at 100 M, which:

are known antagonists at other receptor systems. Compounds such as

haloperidol (dopamine receptor antagonist), methysergide (serotonin

-

receptor antagonist) and cimetidine (histamine-H, receptor antagonist)

reduced the binding of [!23|R-THPIA (by 20 - S57%) and [ H|R-PIA
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(by 23 - 27%) to the small-intestinal membranes. Furthermore,

compounds such as mepyramine (histamihe—Hl receptor antagonist),

°

atropine (muscarinic ' receptor antagonist) and hexamethonium

(ganglionic nicotinic receptor blocker) reduced the binding of

-

[ﬁHR—PIA by 35 - S50%. By contrast, none of these compoupds (100 puM

1257 |R-IHPIA binding to rat brain’

'
membranes. The binding sites for both [!2°I)R-IHPIA and [ 3HJR-PIA in

each) was effective against [

the small intestinal membranes therefore appear to be nonreceptor
sites not ‘fnvolved In adenosine-induced relaxation of the small

intestine.

3.4.3 Measurement of [3H]NECA binding

3.4.3.1 Comparison of the filtration and centrifugation assays

The specific binding was about 2.7 fold bigher when th® bound and'
free radioactivity was separated by filtration as opposed to
centrifugation (Table 6). Filtration binding was therefore used in

O
all subsequent assays.

3.4.3.2 Effect of washing |

The filter papers were washed 1 to 5 times with 5 ml of ice-cold

buffer each time. The specific binding was maximal after a single
. waL

wash and declined with increase in the number of washes. The ndfiber

of washes had only a marginal effect on the nonspecific binding. The

filter papers were washed once with 5 ml of ice cold buffer in all

subsequent experiments (data not shown).



. 108

Table 6. Comparlus'on of laH]NECA binding to rabbit intestimal nlembmnes
in filtration and centrifugation assays. ' ‘ ‘

I

fmols bound per incubation protein

-

Filtration assay Centrifugation assay

¢ 4 .
Total Nonspecific Specific Total Wonspecific |k pecific

154.7 + 5.9} 25.0 + 2.6 129.7 197 + 10.1|148.7 + 13.9 48.3

Concentration of [3H]NECA = 30 nM

The values represent a mean of three experiments each performed in,

' triplicate. . r
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3.4.3.) Effect of.prEtreatment with adenosine deaminase

Pretreatment of the membrane preparation with up to 5 U of
adenosine dggm;nése per ml of the membrane suspension for, 30 min at
37°C did not increase the specific binding (Fig. 22). Adenosine

deaninase was therefore omitted in subsequent assays.

3.4.3.4 FEffect' of varying the protein concentration

Both the total and nonspecific binding was linear up to 316 ug

protein per incubation (Fii.*Z}). One hundred to 150 pg protein per

incubation was used in all subsequent assays.

. 1
3.4.3.5 Effect of temperature - ¢

The specific binding of [3H]NEGA'declined progressively as the
temperature was increased from 2 to 37°C, with half maximal specific
binding at about 10°C (Fig. 24). In all subsequent assays a

W

temperature of 2°C was used.

3.4.3.6 Effect of pH

There was no effect on either the nonspecific binding (measured
in the presence of 500 uM NECA) or the specific binding of [3H]NECA to
the longitudinal-muscle membrane when the pH of the Incubation buffer

varied between 7 and 9 (Fig. 25).

3.4.3.7 Kinetics of the binding
The specific binding of {3H]NECA equilibrated within 15 min and

remained stable for up to at least 30 min (Fig. 26). The forward rate

~
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Effect of pretreatment with adenosine deaminase on [3H]NECA
binding to longitudinal muscle membranes of rabbit small
intestine. The membranes, preincubated with wvarious
concentrations of adenosine’ deaminase at 37°C for 30 ain,
were used in a standard binding assay with 20 nM radioligand
at 2°C for 20 wmin. Values are means of tripl e

- determinations with standard deviations of less than 16%.
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Fig. 23.
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Eftect of variation in the protein conceatratiovn on [3H]NECA2

binding to longitudinal-muscle membranes of rabbit small
intestine. Membranes (62 - 326 pg proteins per incubation)
were used in a standard binding assay with 'l0 nM radioligand

. at 2°C for 20 min in the presence (O ) and absence ( @ ) of

500 pM NECA. Values are means of duplicate determinations.
Standard deviations .were in the range of 8 ~ 14%.
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Effect of temperature on the specific binding of [JH]NECA to
longitudinal-muscle membranes of rabbit small intestine.
Membranes were incubated with 30 nM radioligand for 20 min
at varfous temperatures as indicated. Values are nmeans of
triplicate determinations with standard deviations of less
than L11X. ' '
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Effect of pH variation on the specific bklnding of [3H]NECA
longitudinal-muscle membranes of rabbit small intestine.
The membranes were incubated with 26 M radioligand at 2°C
for 20 ain. The nonspecitic binding was estimated in the
presence ( O ) of 500 pM NECA. Values are means ot
triplicate determinations. Standard deviations were less

than 14%.
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constant as estimated by the pseudo first order was equation 6.3 x 10°
M‘l min‘l. Upon addi;‘lon‘ of unlabelled NECA (100 yM), the spec}fic
binding dissociated very rapidly with the loss of half maximal binding
in less than 20 sec and almost all the specifically bound radioligand
dissociated within 10 min of the addition of cold NECA. No kinetic

constants were derived from these.data.

3.4.3.8 Determination of the binding constants

3.4.3.8.1 Saturation analysis

/'
The nonspecific binding was considerably lower than the total

binding (24X of totgl binding at the Kp, Fig. 27). The binding
constants as derived from the nonlinear curve fit_ting approach are:
Bnax = 16.9 pmols/mg protein retained on the filters and Kp = 0.55
M. The graphical Scatchard anaiysis 'of the specific binding data was
consistent with binding to a single class of sites and provided'
essentially similar .parameters (Bﬁ,ax = 15.7 pmols/mg and Kp = 0.45
WM, Fig. 27, inset 1). The Hill plot of the specific binding data

provided an estimation of the Hill coefficient, nH = 1.05 (Fig. 27,

inset 2) suggesting a lack of co-operétivity.

3.4.3.8.2 Displacement analysis

Various S'-modified derivatives of adenosine that decrease the
spontanequs contractility of rabbit gut (Table 8) were among the most

effective (low micromolar Ki) f{nhibitors of [3H]NECA binding (Fig.

28). 2-Choroadenosine was about 2-fold less potent than NFCA.
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NECA (I00uM)
720!— .
g |
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Fig. 26. Time course of as‘a‘!:.kation and dissociation ot the specific
binding of [Jl m-:qa to longitudinal-muscle membranes ot
tabbit small in gs'ti\pa&. Membranes were incubated with 20 nM
radioligand at \23}Cs  450-ul aliquots were withdrawn at
various times (?ﬁgcissa) up to 30 min and fiitered as
described under section 2.5.4.6. Dissociation was induced
by adding NECA to the incubation at a final concentration of
100 puM. The inset shows a pseudo-first order plot of the
association reaction which revealed a forward rate constant,
ky = 6.3 x 10° M~! qin-t, Values are mean of duplicate
determinations with standard deviations of S5 - 1ll%Z at most
points. Simflar results were obtained in another assay.
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respectively. On the other hand; the ll‘-‘odifhdrfﬁ:’v:’ms suc
. ’ D '

R-PIA, S-PIA, OHA were poor inhibitors of [’n_m;aca"'ﬁifadfn; (18 -
with the inhibithcn; at 200 M concentratoioﬁi); Both IBMX
iheoph‘line disbl‘aced the specific binding: IBPO( (1 nM) by 92!
theophylline (5 mM) by 95%. By contrast, SPT was a very
inhibitor (less than 40% inhibition at 5 mM). The ribose-mod
aﬂenoﬂne derivatives which ar: known agonists at the it:tr;c:llu
site also displaced [3H]NECA binding effectively (Fig. 29).

{ ) . ‘
binding was aYso sensitive to displacement by adenir:e.

‘oth L~ and D-isomers of Sﬁﬁ{splaced the sp ' Fic blnd‘
a Ki of 26.1 and 31.8 uM, resin,yely, as observed in ‘a.?s‘
assay. ’A‘I’P also inhibited the specific bindlng off(aH]NECA and'
" inhibition was sensnitive Jo adenosine deémin;se (Fig. 130).
compounds such as inosine and Ro-20-1724 and calcium channel blc
such as nitrendipine and verapar;lil were weak i{nhibitors and di
achieve half makimal inhibition at the maximum concentration used
;M); Compounds 1like GTP and Gpp(NH)p and adenosine uptake blc
like dipyridamole and NBMPR were not effective at
B—Bioﬁ\oadenosine. was also not active at these sites (Table 7).
compounds which are antagonists at other receptor types Ssu

haloperidol, methysergide, cimetidine, mepyramine, atropine

. hexamethonium (all 100 M) were finactive at [ HINECA binding

Y,

(data not shown). <
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Diqplacemeﬁt of  specifically bound [3H|NECA by various™

agonists ' of adenosine receptors in longitudinal- muscle
membranes of rabblt small intestine. The membranes®' were

incubated with 20. nM radioligand at 2°C for.20 min in the.

presence of varidus’ concentrations (abgg;ssx) ot agonists:
NECA (O ), 2- chloroadenosine (‘& )y MA (@), CbLA (O),

Y. adenosine (A ), S-PIA (@), R-PIA (&) and CHA (A). Values

are means of erpllcaCe deferminations. . Standard deviations
at most poin%slranged petween 5 =

3
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Effect of adenosine deaminase on the displacement of
[3H]NECA binding by ATP in longitudinal-muscle membranes ot
rabbit small intestine. The membranes were first incubated
at 37°C for 20 min in the absence and presence (shaded) of
10 U/ml adenosine deaminase. The incubatious were
subsequently transferred to 2°C for 5 min and filtered.

Values are mean of triplicate determinations, with standard
11%2 (T 1is Tqtal bound; AR is

adenosine).
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Table 7. Comparison of the inhibitory constant (Ki)* of various
inhibitors of [3H|NECA binding to rabbit intestinal

membranes W
Inhibitor Ki (M) nf n
NECA 0.48+ 0.04 120 t 0.2 3
2-chloroadenosine 0.91¢+ 0.02 1.09 + 0.12 3
MTA 1.9 + 0.13 1.05 ¢+ 0.18 2
CDA 2.0 : 0.98 1
3'-Deoxyadenosine 3.7 0.93 1
2',5'-Dideoxyadenosine 4.4 + 0.9 0.98 + 0.05 2
2'-Deoxyadenosine 7.7 -0.97 1
Adenosine 17.0 + 5.3 0.85 + 0.09 3
ATP N 19.3 1.2 1
SAL-H ‘i 26.1 1.49 1
1BMX B 5.1 + 3.3 0.98 '+ 0.02 2
SAD-H 31.8 1.35 1
Adenine 109.0 0.42 . 1
Theophylline 232.0 + 48 0.51 + 0.01 2
Inhibitor ‘Percent Inhibition** n
CHA 24.7 + 6.0 (100) 3
R-PIA 26.7 + 2.9 (100) ’ 3
S-PIA 23.0 + 2.0 (100) 2
SPT 19.0 + 0.9 (100) 3
Inosine . 28.4 + 3.0 (100) 2
RO-20-1724 15.0 (50) 1
Dipyridamole - (100) 1
NBMPR ' - (100) 1
Nitrendipine 29.1 £ 9.7 (100) ‘ 2
Verapamil 4.0 +1.2 (100) 2
GTP - (100) 2
Gpp(NH)p : - (100) s 2

“/

The value of the regression coefficient r (Hill plots) ranged between
0.97 and 0.997. , :

*The Ki values were estimated using the equation provided by Cheng
and Prusoff (1973), as described under sec. 2.8.1.1.3.

**Numbers in parentheses represent the concentrations in (M at which
the corresponding percent inhibition was -observed.
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The Hill coefficlients estimated for all agonists used as
fnhibitors of binding were close to unity (0.85 ~ 1.2). On the other

hand, theophylline displaced the binding with a considerably lower

‘H111 coefficient value (nH-O.Sl).

3.5 Effect of nucleosides on the spontanec;us contractility of

rabbit small intestine

NECA, CDA :and MTA produced dose-dependent t:elaxation of the
i1sol ated 1:tést1na1 tissue. NECA h;as the most po.tent‘ relaxant
(EDgg=0.11 nM) foliowed by CDA (ED50=1.1;. uM). MTA ;vas .a weak but full
agonist with an EDgg = 110 M (Fig. 31, Table 8). The relaxations
were competitvely antagonized by SPT and the EDgg values 1in the

«
presence of SPT were 3.1 M fér NECA, 77 M for CDA and 225 uM for MTA
(Tablé 8). These values of EDgy for all three agonists were found
significantly different (Student's t-test for paired data) at p<0.05).
i

3.6 Effect of NECA and MTA on the adenylate cyclase activity in mouse

neuroblastoma cell membranes.

: .
NECA stimulated the basal adenylate cyclase activity (8.5 - 10
pmols/mg/min) by 134% at a 10 M concentration, with an EDgg of 0.5 pM

(0.14 - 1.4, 952 confidence limits). By contrast, MTA did not affect

the basal enzyme activity up to a concentration of 100 pM tested..

However, at the same concentration, MTA shifted the dose response
curve for NECA to the right, in a competitive fashion, with an EDgg
for NECA = 12.0° M (1.3 - 112, 95% confidence limits, Fig. 32). 1In a

Student's t-test for paired data, these values of EDg, were found to
Y

AA

-
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Effect of some S'-derivatives

spontaneous contractility of isolated small
rabbit. Tissues were isolated and tested as described under

section 2.6. 1U0 M SPT was used to study the antagonism of
responses. ( @ ) NECA alone and in the presence (
SPT. ( A ) CbA alone and in the presence
( @ ) MTA alone and in the presence

represents medans * S.E.M.

adenosine
intestine

) ot
O ) of SPT. Each curve

trom 4 ditPereat experiments.
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Table 8. FEffect of adenosine derivatives on the inhibition of

spontaneous contractility of isolated small intestine from

rabbit } '
Compounds EDggq 95% Confidence Antagonism
Lgnit by 100 M SPT’
[}
o
L4 w
Adenosinel:2 5.5 2.3-14 +
2-Chloroadenosine ! 0.51 0.08-3.6 + .
A '
R-PIA' 0.023 0.15-0.035 +
R-HPIA ! ~ 0.064 0.024-0.18 +
S-PIA} 1.0 . 0.12-8.5 +
NECA ! 0.11 0.06-0.21 +
CDA 1.2 0.9-1.5 + )
MTA 110.0 52-230 +
Adenine >300
Inosinel . >300
3'-Déoxyadenosine“ ~100 M +)
2'-Deoxyadenosine“ ' NA

2',5'-Dideoxyadenosine“ NA

SAL-H" NA

lata partly from Baer and Vriend (1985)

1n the presence of 1 M HNBTG

“significant difference in:ECg, values (at p<0.05)
tested at a single concentration of 100 pM
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NECA-induced stimulation of the basal adenylate cyclase
activity in neuroblastoma cell membranes and its antagonism
by MTA. Adenylate cyclase activity was measured at 37°C for .
20 min.. ( ® ) NECA alone and in the présence (g ) ot 1OV
uM  MTA. Values are means from 3 different assays each
pertormed in triplicate. The S.E.M.s were below 15%. The
bar represents the mean of stimulation of the basal enzyme
activity by 100 uM CDA from two assays each performed in
triplicate. The standard deviation was 9%.
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Q
be significantly different at p<0.05. 5'-chloro-5'~ deoxyadenosine
(CDA), which was tested at a single concentration of 100 M, produced

.

a 144 increase in the enzyme activity over basal (Fig. 32). (
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4. DISCUSSION

4.1 Development of the radioligand of high specific activity

Adenosine réceptors in various systems such as brain, fat cells)
liver, heart, platelets and some “smooth muscles have beeﬁ identified
using tritlum-labeb‘ed adenosine gkonists suglk as 2-chloroadenosine,
R-PIA, CHA, aqd NECA and the antagonist DPX (Daly, 1982; 1983; 1985;
Williams, 1983; Schwabe, 1981, 1983, 1985). Tritium-labelled ligands
suffer from the inherent problem of low specific radioactivity.
Identification of receptors by radioligand binding is much fac}TTtated
by the use of labels such as 1251 which ogfer the advantage of high
specific radioactivity. This 1s particularly true for systems where
the density of receptors may be low or where the availability'of the-
tissue material 1{s limited as 1in the case of cultured cells.
Furthermore, owing to their low specific radioactivity, the use of
[3H]-1abe11ed iigands is limited to systems with high receptor density
and with a dissociation constant of ligand-receptor complex of about
0.1 nM or more. For these reasons, [1251]—labe11ed ligands with high
specific radloactivity have been developed for various receptor
systems: for example, {1251]iodohydroxybenzylpindololv for

125I]bungarotoxin

beta-adrenergic receptors(Aurbach et al., 1974), |
for nicotinic cholinergic receptors (Conti-Tronconi and Raftery,
1982), and (lzsll-labelled peptides for certain peptide receptors such
as [leI]—labelled vasoactive intestinal polypeptide (Suzuki et al.,

125
[

1985). Development of an I]-labelled adenosine derivative was

therefore undertaken to investigate the receptors in rabbit gut. It
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was assumed that the new radioligand would allow measurement of

denosine e
a @s ptoﬂven if the density of the receptors in the
system was very 1 e,

It had been shown earlier that R/S-HPIA stimulated adenvlate
cyclase activity in murfne neuroblastoma cell membranes and
decreased the spontaneous activity of isolated small {ntestine from
rabbit thh about a 10-fold 1lower potency than R-PIA (Baer,
unpublished resulfs). The phenolic hydroxy group 16 HPIA renders the
compound amenable to iodination. Preliminary data using the iodinated
~ompound R/S-IHPIA r;vealed that 1its potency was similar to that of
R/S-HPIA in aden M@-cyclase systems in neuroblastoma and isolated
rabbit small in\ (data not shown). Furthermore, when R/S-HPIA
was radiolodinated, the preliminary data from binding sfudleq
utilizing [12511R/S-IHP}A and rat brain menbr;nes seemed to satisfy
the criteria expected for 1ligand binding to adenosine receptors
(Munshi and Baer, 1982; ;%hwabe et al., 19R2). Since HPIA 1{is an
N6-substituted derivative with a structure similag'to that of PIA, it
was expected that both HPIA and IHPIA would have high affinity at the
classical A| receptors, such as occur in brain and fat cells: It was
also expected by analogy with results obtained with the enant;omers of
PIA that IHPIA would show steroselective binding characteristics, with
the R-enantiomer of IHPIA having higher affinity at adenosine
receptors.

Accordingly, R-HPIA was synthesized and radioiodinated. The

125

interaction of the new radioligand, | 1)R-IHPIA, with rat brain

¢ )
adenosine receptors was studied. The use of PEI TLC was particularly
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effective in separating carrier-free [lzsI]R-IHPIA from the unlabelled
R-HPIA, ylelding & pure ligand. PEI TLC is an anion-exchange
chromatographic system that makes use of the fact that the acidity of
the phenolic hydroxy group is increased by mono- and di-iodination.
It ia applicable to other {odinated derivatives of compounds of small
molecular weight, as has been recently shown in this laboratory with
the radio-iodination of cyclic nucleotide derivatives (Schmidt and

Baer, 1984).

4.2 Characteristics of the {Interaction of R-IHPIA with brain

adenosine receptors

°
Since adenosine derivatives 1nh1b1t the activity of the enzyme

}adqﬂlate cyclano in vajkoug regions of brain, the similar effect
., ¥ o
. pro‘q;ed bxu R—IHP* wqg a&ﬁmed u';),izing cerebellar adenylate
{:4 Fa

U c&cfii'e-' ? actiﬂt? va"‘the

ea.z%e 1q“:at cerebellar membranes

A 45,

fip ' .
R : u htgh (J’reﬁnt et Q},% FIY; o g
. aodg othpr ttﬁons“o“ Qi'ai% Pp(s elanple, adenosine receptor—mediated

ik ;t tl., 1‘9‘&5), exceeding that in

' tlhlbition of tft! e

eyclase has been reported in cortex

(Coober et al. ,\‘ 1980), striatum and hippocampus (Yeung and Green,
_1383).‘ ﬂPyS‘induced inhirbition of cerebellar adenylate cyclase

(Fig; 3) vas ‘:d to dempnstrate that the cerebellar membrane Ni unit

r +

was fpnctional undéx the assay conditions. Cooper and Londos (1979)
: ‘ i ~
showed that measurement of the effects of adenosine and its

the concentr-ation of endogenous adenosine, formed from ATP, in the

' _,»&;, ~assay mdiun ’by substituting dATP for ATP as the substrate. A dATP

2R DR ' : oo
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assay system was th_erefbre used. . . \

Adenosine receptor-mediated inhibition of adenylate cyclase
activity {s strietly dependent on the presence of GTP (Londés et al.,
1978). GTP concentrations of 4 - 100 M have.been used in various
systems (Londos et al., 1978; Cooper et al., 1980\;th||: and Green,
1984). Furthermore, Na* has been shown to increase adenost‘n'e receptor
mediated {nhibition of .adenylate cyclase activity ig various systems
such as brain (Cooper et al., 1979; Yeung and Gl;een, 1984) and fat
cells (Londos et al., 1981). The precise mechanisn 6f the Nat effect

2
18 not known. Cooper et "-!":'01980) sugyiested that Na‘t, which

=3

-3

i
stimulates basal enzwgﬁﬂ;‘ﬁm its own; amplifies the horm%halg

‘lnhtbition by reversin P;induced inhibition of the enzyme
activity. ‘gur preliminary results (.data not shown) revealed that GTP
(0.1 - 100 M) and Nat (20 - }60 mM) both inhibitéed basal enzyme
acdvi’ty in the c¢erebellar ‘membranes. Althougt fnhibition by Na‘ was
less in the presence of GTP (0.1 - 100 M), Na* did ‘not reverl;,lthé
. )
GTP-induced 1inhibition as was the case 1in rat cerebral :ortlcal
membranes A(Cooper et al., 19R0). This lack of effect of Nat on
GTP-induced inhibition of adenltylate cyclase activity {s not unique to
the rat cerebellar membrane sys‘t,fm. since 1t has also been
demonstrated with adenylate cyclase’%‘)j@n&n platelet membranes (Steer
and Wood, 81). Sodium was, therefore, ()’v'nltted from the assay for

the stuéy of the inhibitory effects of R-PTA and R-IHPIA on cerebellar.

adenylgte cyclase.

In a single assay, the potency of R-THPIA in the cerebral
L S

adenylate cyclase system was found quite similar to that of R-PIA and

’
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. both had comparabhle efficacies. Recently, the activity of R-IHPIA as
an agonist 11§ag9 “for A receptors has been demonstrated. Linden

-(198&) demonstrated similar potency (about. 10 oM) and efficacy of

® . .
‘R-PIA and R-IHPIA for the inhibition of isoproterencl-stimulated cAMP

accumulation in ratjfat-qell ghosts. This author also demdnstrated

comparable affinites of'R—PfA and R~IHPIA on 1isolated elecfrically

W

ériQen left atria of rat; in that study, the inhibition of developed

’

- -hension was competifively antagonized by theophylline< Ukena et al.
. , Y

(1984a) have démonstrated a 4- to 6-fold lower potency of R-IHPIA

~

’ - .\ ® p - .
(ICq =60 nM) relative to R-PIA (ICg;=16 nM) in (i) the inhibition
of the adedy;ate cyclase system of fat cells from rat and (ii)

inhibition of adenosine deaminase-stimulated lipolysis. Thus, the

3 - '

biological activity of R-IHPIA on A)-receptors is demonstrable in a

variety of systems, with potency comparable to that of R-PIA.

125

Characterization of binding sites of [ I]JR-IHPIA was attempted

to étudy the latter's utility as a radioligand for adenosine receptors

using rat brain membranés as the model system. [3H)R-PIA had earlier

been used to characterize adenosine receptors in rat brain membranes

(Schwabe .and Trost, 1980) and a similar membrane preparation was used

to characterize binding of [1251]R—IHPIA. The initial experiments
. AN _ ]

» -

revealed that [1251]R7IHPIA was not metabolized under the conditions

of incubation (section 3.3.1) and that the radioactivity bound Eo the

brain mémbranes was completely recovered as (lZSI]R—IHPIA (section:

3.3.2). Furthermore, the radioligand binding +to the glass-fibrg
filter papers was less than O.L} and not displaceable with the excess

unlabelled ligand (R-PIA). ‘
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[1

ZSI]R-IHPIA binding to rat brain membranes was dependent on the
-protein concen:ra‘tlon (Fig. 5) and temperature (F'ig. 6). The effect
of pH on the binding (Fig. 7) may possibly be explained as follows.
The acidity of> the ph;nolic hydroxy group 1s increased upon Lodination
such as in the case of tyrosine (Bolton, 1§7%). This couid be
N
pfesumed to lower the pKa of IHPIA Vrel'ative to HPIA and permit “IHP!A
to ionize {n a medium witv‘h a basic pH. As [3H]R—PIA binding: to the
same membrane preparation appears not to differ ower a range of pH
(Fig. 7B), the loss of specifi. binding of [‘251]R-THPIA at pH 8 may
be due to a signtficént ionization of the molecule at higher pH.
Since pH‘and temperature dependence of the binding- were studied at

[125

concentrations of I]R-IHPIA much below its Xp, the lower binding

of the radibligand at higher pH ‘SJr ‘at higher temperature may be a

result of decreased affinity and/or decreased number of sites for the -
radioligand. P

We found the kinetics of the assoclation reaction to be slow

(Fig. 8). : The value of the forward rate constant (k;=7.5 x 10® M—l
min"l) is similar to that reported for [3H]R—PIA binding (k;=6.58. x

)
106 M‘l min"l, at 37°C) to rat brain membranes (Scrtwabe and Trost,

‘-‘;'

-

e

1980) and rat fat-cell membranes (k;=2.6 x 107 M-l min~!, ac 37°C)

(Ukena et al., 1984aband for [125

I}R-IHPIA binding (k;=2.55 x 107 M~}
min"l, at 21°C) also to rat brain membranes .(LinAen, 1984). The
relatively slow association kinetics may be due to physiéo-chemical
properties of these '11gands that cause their interaction with the

recegiors to be slow. Alternatively, the slow association méy be due

,to a slow interaction between the ligand bound recepto&and Ni.

: !
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The kinetics of dissociation of the bound radioligand was
biphasic (Fig. 9). A similar dissociation pattern has been reported'
using other ra@ioligands for adenosine receptors such as (3H]R-PIA
/blindir.xg to rat brain mlembranes‘ ‘(Schwabe and Trost,’1980), [3H]CHA
binding to guinea—pig' brain me@branes (Goodman et al., 1982) and
[3HLNECA binding to Az receptors {n rat striatal membranes (Yeung and
Green, 1984). Non-linear first-order qiuociationﬂplots could result
either from the'preéenCe of het;rogenéus binding sites (or ligands) or

from co-operative site-site interactions.f“‘ : e

’

Biphasic dissociation curves have been demonstrated for radio-
ligand binding to other receptor systems such as [3H]CABA binding to
mammalian brains (Olson et 51., 1981) and [3Hlna1tréxone binding'to
raE brain membranes (fiscbél and gedzihradgky, 1981)., In each case,

the Scatchard analysis also revealed the presence of two sites

differing in affinity by at least 20-fold.. Although both A} and A,

adenosine receptors havye reported in brain, the high affinity
(Kp around 2 nM) of [1*251] -IHPIA (Fig. 10) coupled to the
IA and HPTIA (Fig. 1ll1) indicate that

A
o, the Scatchard analysis revealed

stereospecific displaéément by
the binding is to A, receptots.
a linear plot suggestive of binding to" a sin;Le population of sites
(Fig. 10). Fﬁrthermore, the Hill élofs froq ksaturation and

displecement (R-IHPIA) binding data did” not reveal co—operativity in
- * '

the interaction (Fig. 10 and Table 4). A linear Scatchard plot could
resulkt either from a less than 10-fold difference in the Kp value

for the two sites or fromg a small proportion of one of the sites

3
S, . . ‘/
relative to the total number of sites. However, there would probably
o
¢
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be no appreciable binding of [;ZSI]R-IHPIA to A; sites at the maximum
concentration of 35 nM used in the gaturation assayt and particularly

. . Ly
in dissociation assays where a low radioligand iconcentration of

.
0.48 nM was used. Thus the biphasic dissociation &f [ '251|R-IHPIA
. Ry

does not appear to result from binding to both A, and ﬁ; receptors or
»

from co-operative site-site interaétions in binding to A receptors.

Using low concentrations (up to 5 nM) of [ ?5I|R-IHPIA in

saturation assays, Stiles (198§) has demonstrated high-affinity
$

binding of the radioligand to cerebral cortical membranes from ratsﬂfw

‘(‘15’_‘

both in the absence and presenée of Gpp(NH)p (Bpax 50% of .that im

-~

the absence of Gpp(NH)p,» but& the same Kp). This suggests that the
adenosine A| receptor 1is more tightl} coupled to Ni, at least in this
system, than are other receptor typeshin various systems guc% as the
alpha ,-adrenergic (Smith et al., 1981; Michel et al., 19?1), beta-
adrenergic (Limbird and Lefkowitz, 1978), or dopamine D, receﬁ%ors (De

Lean et al., 1982), where no high-affintty binding of the ligands is

observed 1in thélpreseﬁce of guanine nucleotides. A tight coupling of
) [

Ay - Ni 1s‘ further demonstrated by fhe observation that guanine
. nucleotfdé' séhsifiVity is retained in solubilized brain adenosine
recegtor preparations (Gavish et al., i982; Stiles, 1985; unpublished
data from oﬁt léb). Furtﬁermore, the sedimengation propertiés of the
guanine nucleotide-sensitive A; - Ni complex are the same f%;ardless
of whether the receptor is prelabelled or not. On the basfs of ;his
evidence, Stiles (1985) has suggested that a cértain éroportion of the
A,y recébtgrs\'mﬁst be {intimately assoclated with Ni even wlthoﬁt

agonist Aocéupaiipn of the receptor and would therefore be less

-
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sensitive to dissociation by guanine nucleotides in membranes, thus

125()R-IHPIA 1n the

accounting for the high affinity binding of [
presence of Gpp(NH)p. Because in Stiles' experiments about 50X of the
high-affinity binding was insensitive to Gpp(NH)p, about half of the

population of A| receptors may be intimately associated with Ni under’

!
v

‘the {ncubation conditions.

In the light of Stiles' observations, it is conceivable that the
siswer phase of the dissociation of [12$I]R-IHPIA (Fig. 9) corresponds
to A; sites of very high affinity, which results from 'aA tig;}er
coupling of a proportion of A, receptors witd Ni, which would remain
undetected in saturation assays for the reasons discusggd above. The
persistence of a slower phase of dissociation in the presence of
Gpp(NH)p (Fig. 9) substantiates this idea. “Goodman et al. (1982) have
also reported -two phases of dissociation of radioligand‘specifically
bound to p’fain adenosine recéptors in the presence of guanine
nucleotidgs.

The value of the disigcfation rate constant (k=0.018 ;min'l)
obtained is similar to that reported by Linden (1984) (k,=0.024
min’l), using [1251]R-IHPIA and rat brain membranes. The line in the’
inset 2 (Fig. 9) does not pass through zero én the y-axis. This is
because of a quick, initial dissociation of about 20% of the specifi-
cally bound radioligand during the first 3 min. It was,'however, ndt
possible to quantitate this phase of dissociafion bec ause fil;ration
assay would ﬁot allow measurement of* dissociation at 1owe; tim;.

intervals. It is possible that this initial rapid .phase of dissocia-

tion is due to the presence of some endogenous GTP in the -membrane

4
s
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preparation which would conuvert a pﬂpportion of ihe high affinity

receptors in the low affinity &at}‘v(see 1.4.5).  The bous
radioligand would then dissociate’ rlpidly frem jtiese 1ogsr affln(ty
sites.  The dissociation éonsta;t )EKD) of ‘the R-IHPIA- receptor
complex as derived from the kinetic ;nd saturation analyses, 2.4 nM
(Fig. 9) and 1.85 nM (Fig. 10), respectively, are in good agreement.
Similar Kp values'(Table 9) f;r [IZSI]R—IRFIAIin at brain membranes
have been reported by.Lfnden (1984) and Stiles (1985). |
Diéplacement binding data from a single assa; showed that
addition of a hydroxy group at carbon 4 1n.the phenyl ring of PIA does
not change the affinity of.the compound for the rece;tors (Fig. 11).
Further addition of an iodo-group (at carbon 3 or S inAthe phenyl
ring) apparently decreases the affinity slightly; R-IHPIA being
siightly less potent than R-PIA in our assay (Fig. 11 and Table 4).

Speciftcallyvbound [1251]R-IHPIA i{s also displaced by other agonists

and antagonists of adenosine receptors. Although these results were

obtained in single assays, the Ki values for various agonists (Tabie

4) are comparable to those repor;ed for [IZSI]R—IHPIA binding to rat
brain membranes (Linden, 1984), rat fatvceli membranes (diena et al.,
1984a) and solubilized rat brain receptors (Stiles, 1§§5). Stﬁila(ly,

a 12-fold differeqce in the affinity of stereoisomers of PIA in our
assay 1is mparable to what has been reported in systems described. ¢
above. .

As previously discussed (Introduction), the rank order of potency

of various agonists is displacement of bound llzsl]R—IHPIA from the

P 2
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rat brain receptor preparation (Fig. 11), thgether with a more than
lQ—fold difference in the potency of R- and S-PIA, suggests that
[12511R-[HPIA was ;bindtﬁﬁ to Aj-receptors (sec. 1.3.6.1%). The
sbserved 1l-fold higher Ki for NECA as compared to that for |
5'-N-methylcarboxamidoadenosine (MECA) is si?ilar to the difference in
their Ki values reported in rat fat cell membranes for j3H|R—PIA
binding (Ukena et al., 1984b) and is éonsistent with binding fo.Al
receptcrs. For most of the agonjsts tested in the present study, . the

Hill coéfficient values were around 0.8 (Table 4).’ Although this does

3
2

not represent a significant deviation from a slope of unity, the
\ E
existence of more than one affinity state (see ahove) may account for

the relatively low values of the Hill coefficient for ;éonist
displacement curves.

Bound IIZSI]R—IHPIA is displaced from rat brain adenosine
receﬁtors Sy compounds that are known agonists _or, antagonists at
adenosine receﬁiors (Fig. 11, 12). Several compéu@ds that are not
known to have an affinity for adenosine recepto?s ‘diqt‘ v.not compete Or
the binding of [ 'Z°I|R-IHPIA (Fig. 22). Thus, the characteristics of
[1ZSI]R-IHPIA binding to braié adenosine receptors éee@ ro satisfy
most criteria for radioligand binding ﬁx) high affini;y adenosine
receptors. The binding 1is dependent upon protein concentration
(Fig. 5) and temperature (Fig. 6) and meets the specﬁfictsy ¢triteria
reqﬁired for binding to A)] adenosine receptors as:fwell as beling

‘sensitive to displacement by the xanthine antagonists. Fﬁ}thermore,

the influence of Gpp(NH)p on the dissociation reactiop'(fasier phase)

suggests that the displaceable ®inding is related to adenylate cyclase
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suggests that the displaceable binding 1is r:!ated ,to adenylate
cyclase~coupled receptors. V However, the slow establishment’}of .
equilibrium in the binding of [!23I)R-IHPIA may be a potential prdﬁiem
in some systems. A 2-h long incubation may entail losg”of receptor
f;nctions because of proteolytic enzyme action. On the other hand,
slow digsociation rates minimize artefacts in binding assay? caused by

dfssociation of the ligand~receptor complex during the processes of

)
separation and washing.

125I]R-IHPIA has already been used to characterize adenosine

(

receptors in systems other than braim. Ukena et al. (1984a) have
demonstrated the presence of high affinity binding sites (Kp=0.7 nM)
in rat fat-cell membranes, although such siteg were ﬁot evident in an
identical membrane prepJ‘ation using [3H]R;PIA as the radioliga;d

(Trost and Schwabe, 1981). However, Linden (1984) reported problems

125

with the use of | I|R-IHPIA in rat heart ventricular membranes

.

particulafly with respect to a high ratio of nonspecific te specific
binding of this rgdioligand. It therefore remained to be seen whether
[1251]R-Iﬂa%gru§pu!d prove a useful radioligand for characterizing
adenosine receptér in systems other than brain and fat cells. Our

experiments have shown that, contrary to what is observed in brain

125

membranes, | IJR-IHPIA binds to small-intestinal membranes from

; @érabbit with a high component. of nonspecific binding, with very rapid

Y

*:'&inetics and without specificities that define classical adenosine

Al

o

“

=%

J

receptors.
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4.3 Characteristics of adenosine receptor in intestinal smooth muscle

from rabbit
The potency of R-HPIA for the relaxation of {solated rabbit small

intestine is similar to that of R-PIA (Baer and Vriend, 1985; Table

D ~»

8). Preliminéry data revealed that R/S-IHPIA produced the intestinal
relaxation with approximately 30—fold.1ess potency than R-HPIA (data
not shown). Given an approximately 40-fold d{fference in the potenéy
of thé stereoisomers of PIA in this system (Table 8), one would expect,
R-IHPIA to approximate the potency of R-PIA and R-HPIA. Characteri-
zation of adenosine regeptors from rabbit 1ntes£ine was therefo}e
attempted using [IZSI]R-IHPIA and, as a means “of comparison, using

[ H]R-PIA.

4.3.1 ['®1)R-THPIA-  and [ M|R-PIA-binding  sites  in  the

intestinal membranes

As described above, the nonspecific binding of both radioligands
was very high and accounted for 50 - 70% of the total bknding of

125[)R-THPTA and 40 - 65% of the total binding of [ °H|R-PIA In

(
various experiments. Preliminary data revealed that the binding of
each radioligand was displaceable only by N6—d‘rivat1ves such as PIA
and CHA. Compoundé such as NECA and 2-chloroadenosine were not
effective at these sites. ‘ Furthefmore SPT, which antagonizes the
' relaxant response of PIA, NECA, and 2-chloroadenosine in the isolated
intestinal preparatioﬁ (Table 8), did not displace the binding of
either radioligénd. Further studies of the binding specificity

L]

revealed that certain compounds that are known antagonists -of other
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receptor types lq‘b as dopamine, se;otonin. and histamine-H, and -H,
displaced the bound radioligands from intestinal membranes (Fig. 21).
However, these compounds had no appreciable effecg on [lZSI]R-IHPIA
binding to rat brain membranes (Fig. 21).

One of the reasons for the anomalous nature of radioligand
binding to functional receptor sitestay be degradation or enzymatic '’
modification of the radioligand Qnger the conditions of incubation.
However, extraction of the bound radioactivity and subgequent
autoradiography (sec. 3.4.2.1) revealed that this was not the case
with llzsl]R—IHPIA. Radioligand binding to adenasine receptors 1in
variops systems 1s known to be dependent on pretreatment of the
membranes with adenogine deaminase (see  review byDaly, 1982)v to
deplete endogenous adenosine. However, pretreatment of the
intestinal membranes with the enzyme did not increase the amount of
the bound radioligand (Fig. 15). Preliminary experiments that were
performed {n the presence of - adenosine deaminase (5 U/ml) also
revealed poor affinity of NECA at ['25I|R-IHPIA and { H]R-PIA binding
sites and vice versa (see also below). ’

A clue to the problem with the use of these radioligands was
provided by our studies of the kinetics of their _binding to the
intestinal muscle membranes. The rapid dissociation of the bound
radioligand :is an {indication that the receptor—specific binding 1is
lost during separation of the bound and free radioligand by
filtration.

Anomalous specificity of radioligand binding to adenosine

receptors has also been reported in other systems. [3H|R~PIA
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(10 nM) binds to human platelet membranes wltﬁ a 45% nonspecific
binding compbnent (in the presence of 1 mM R-PIA) and the binding 1;
not displaced by NECA (Huttermann et al., 1984), nlthoggh both P.IA and
NECA stimulate the adenylate cyclase activity of platelets with only a,
5-fold different potency. [3H]CHA binding to rat 1liver plasma
membranes is poorly displaced by NECA, although CHA {s only about 10-
fold less potent than NECA In adenylate cyclase assays in similar
membrane preparations (Schutz et al,, 1982). [3H]CHA binding 1In %;is
system (liver) is sensitive to displacement by 2'.S'fd1deoxyadenosine
which is about 5-fold more potent than NECA. Furthermore, in a recent
report, no detect;ble [3H]CHA binding was observéd in ﬁembranes from
human uterus (Ronca—Testoni et al., 1984). It thus appears that,
unlike as in brain membranes, radiolabelled-NG—derlvatlves of
adenosine may not allow measurement of adenosine receptors 1in some

systems such as platelet and liver membranes.

4.3.2 LaﬁjNECA binding sites in the intestinal membranes

[ Z

NECA decreases the spoqﬂ}neous activity of isolated small

intestine from rabbit (rab1:;?§ Baer and Vriend, 1985) with an EDg, of
110 nM, about 3-fold less potent than R-PIA. After this unsuccessful
attempt to label the smooth muscle adenosine receptor with radio-
labelled N6—derivaties of adenosine, [3H|NECA was used to further the
investigation. (3H|NECA binding to intestinal memhranes was rapid and
rapidly reversible (Fiz. 26). Nonspecific binding of this radioligand
was low (24% of the total binding, aé Kp) " and there was no

-

detectable binding to the glass-fibre filters. As obseryed with
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labelled N{,—derivat#-, the binding of [ H]NECA was not sensitive todf
U .
o r ) O
pretreatment with adenosine deaminase (Fig. 22). )

»

[3H|NBCA binding was membrane concentration (Fig. 23) and
temperature dependent (Fig. 24). The finding that measureable binding
fs highest at low temperature (2°C) rw be explainedaby fhe|h1gh rate
of dissociation of the bound ligand (“u. 26). The decrease 1{in
specific binding with 'higher temperatures does not result from

metabolism of the radioligand to products with lower b?ding

Fi3y

affinity, as incubation at 37°C for the standard lncubation l:in\e of 30

¢

min ‘and subsequent cooling of samples to 2°C before flltracion did aot "
- L]

appreciably reduce the amount of ( H]NECA bind“\g (data oot showrf).

.

[3H]NECA bound to human platelet membranes (Hutt*marm et al.,

1984), and to membranes from rat brain mlcrovéssels (Schut‘z ét al.,

U‘

"

1982), and [JHIZ-chloroadenoslne bound to human p‘Laceﬂtgl membrangs
. ’ s

(Fox and Kurpis, 1983) exhibit similar .rdpid dissb‘clulot‘; ki'xnvtica;

in those studies, the bound and free radio{lig'and vere separated in a

filtration assays using 2 washes of 4 or S5 ml each., .Hpv.evér, the

—_— Al
e —

rapid dissociation of the bound radioligand at equilibr."i.um' would not
Y

allow measurement o} the receptor-specific binding’. .

¥

Mass law analysis of the equilibrium binding data févealed thét,
[3H]NECA binds a single class of saturable sites (ED-0;45 uM, Fig.
27), the maximum number of sites bound was very high (16.9 pmols/mg
protein retained on the filter paper) relative to that reported in
brain (Yeung and Green, 19_8{:). [3H]NECA binding sites 1in the
intestinal membrgnes differ from those in striatél membranes for both

Kp and By,x (Table 10), affinity in the {ntestinal membranes being
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.

'more than 25-fold lower ,than 1in the ' brain menmbranes, although
»

c@pa'rable to that at the .hlghfaﬂlnlty sites, in other systems, such.
as l.n iembianes from liver, platelets and uterus (Table m.n).’ 1t
appears,'therevfore, that (3HINECA binding sites in fhese systems are
different from those in striatum which are known to he functional
receptor sites. ~However, the apparent lack of adenosti receptor
sites in some systems ma)f be an artefact of the .bindlng assay due to
loss of thg site specific binding during separa(lon of the bound and
free radioligand. >

This inference 1is further substantiated by findings on the
speetficty of [ 'H|NECA binding sites. Table 11 shows tirat there is
only about a 5-fold difference in the potency of NECA and R-PIA at
[3H]NECA binding sites'in rat stria:um, although in the peripheral
systems this difference {s more than a 1000-fold. However, adenosine
receptors in striat'u'n, as well a;; in other systems, such as liver and
pla~te1ets, are known to be linkéd to adenylate cyclase activity (Yeung
and Green, 1984; Schutz et al., 1@82; Huttermann et al., 1984). The
difference in the potency of NECA and R-PIA for stimul‘ating the enzy'né

*

is only about 5 - 10 .fold ‘in all three systems. his suggests’ that {n

the, these systems '[}H]Nﬁcming sites ‘may be different from those

mediati.ng adenyl_ate -cyclé‘ stimt-Jlation. " Effective displacement of

[;H]NECA from its binding - sites by compounds such as aderllne and

2',5'-d1deo‘kyadenosine fdﬁher substantiates this td'ea(Table . In

intestinal smooth-muscle pre’parations, compound\’ﬁ\\su&;y as adenine,
_ { -

2'-deoxyadenosine, 3'-deoxyadenosine, 2'.5'-d1dexoyadenosiné and SAH

were fnactive (Table R), although each displacecl\,[ 3H|’NECA binding in

) 7
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the particulate fraction (Table 7). In a recent report of k 3H]NECA

ung membranes, Ukena and Schirren (1985) have

demonstrated sults similar to.those observed in @abbig lntestinal

membranes. The Kp was 0.25 uM, the Kj values -for NECA and

2-chloroadenosine were similar and R-PIA was more than 1000-fold less
. .

potent than NECA at II3H]NECA binding sites. Furthernore.
8>-'pheny1theophy111ne did not displace the binding, although it
competitively antagonized NECA—indpced accumulation of ‘cAMP in the

‘

lung slices. . A

Adenosine.receptor agonists exhibit higher affinities at higher

s

temperatures (Murphy and Snyder, 1982; Lohse et al., 1984). Although

assay temperature of 0-4°C may explain 1n part the low nity of
. T

IB}Q&GA binding sites in these systems compared to that in striftyg -
- - ‘//

(37°C), this factor.does not account for the anomalous specifieity of

X
, L 4

the binding (Table 10). . ,
The lack 'of effect of nucleoside transport inhibitors such as

dipyridamole and NBHPR suqqests that . [ 3H]NECA does not bind to ‘ne

transporter sites. Ca 2"—channel antagonists such as‘ttendipine and
verapamil have heen shownto affect radioligand binding to aderwsine

receptors in brain (Murphy and Sny5er, 1983). However, neither

‘ -

compound was effective at .[3H]NECA binding sites in the intestinal

. membranes (Table 6).- Although ATP displaced the binding of [ 3H]N‘ECA,

its effect was evidently mediated through 1its breakdown product,

adenosine, as it was not sepn'in the ggesence of adenosine deaminase
: . o . . 3 >

S (FigB0). g o T /

'l'l}é‘/Hill cfoeff,ic'ient for most compOunds were close to unity

v

“q-ﬁ}”

-
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/
except ‘ar theophyiline and adenine, which were significantly lower
than one. This may suggest that (3H]NF.CA bind“s to two dift'érent sites
fn the mem;ranes tﬁat; aré differentiated by theOphyllllne and adenine*
only. The apparently linear Scatchard plot of the [3H]NECA binding

data may be due to a less than 10-fold difference in the affinity of

[3H]NECA at the two possible sites. Alternatively, the density of one

R0 .
of the sites may be mych lower relative to the total number of bindinm

V. . -
rs
Ly’

The absence of effect of GTP or épp(NH)p (Table 7)" ndicgte

sites. ~
-

r
that the [3H]NEQA binding sites are not coupled to adenylate cyclase.

to be the

n
| r -
*physiologically relevant sites through which NECA produces smooth

However, as [3H]NECA binding sites do not appea

muscle relaxation, one would not expect to see an influence of guanine

nucleotides on the binding. Thus, no conclusions can be drawn from
& o ‘
these cﬁata, on whether or not the receptor couples with the enzyme

g

a

adenylate cyélase in the.intestinai smooth muscle.
'R
Tt 1is,- therefore, not possible to do more than spegulate on the

nature of the binding sites for [3H]NECA in the intestinal gembranes
that th4is study has demonstrated. A large ‘humber of ﬁorts on

[3H]adenosin¢; binding ’sites in-var'ious membrane pr:.parations ~a'ls;
describe properties inggnsistent with those- expected_' for adenosine
receptors (Téblpé 3). J)al)’ et éfl. (1981) reponsd that binding_ of
radioactive NCPCA (a é"—derivative of ‘adenosind with struc,ture.- and
properties similar-to that of NECA) ‘*{;, brain me'mbra:nes was displaced
. by ;denpsine derivatives and thebp&lline in a manner that differs

\ .
~furthermore, the, binding of

from pharmacological findings'.! :

- - . v

il

e

’
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*
)

[’]2',5"—d1deoxyadenosine to putative P sites in rat brain membranes

" exhibits properties uncharacteristic of binding to the P site. Fdsf
example, MTA has high potency at [3H]2',5':dideoxyadenosine bind®hg

sites, although 1t has wvirtually no effect on the activity of

adenylate cyclase (Nimit et al., 1982).

In Summary, our atte* to label receptors that mediate

~

relaxation of isoMed intestinal muscle by adenosine were futile.

- ., ’ .
Neither the widely used radioligands ,such as | 3H]R-PIA am?
e N

125

@
{ 3INECA,nor  the neyly developed | I]labelled R-IHPIA, pr®ved

useful. Ra;liolabelling of c}'adenosine receptors . in 1ncest1nal’

membrahes ,¢ a8 well as fn other systems, such as liver, platelets,

thymocytes and 1@29 must thet‘éfore,'avait de\‘nént‘.of radio-
¥

- ligands that ‘are characterizedt by “high affinitg ow .dissociation .

%1 d’ 1 i indi ) th
neti®d, and Pexclusive Mptor binding, as' is the’ case wi
! [‘H]R—PIA, [ 3H)CHA, ahd [12511R -THPI4; the tadioligands for brain and
fat cell adét\os#ne r_&:eptors. Linden et al. (1984) developed a new
Ay I" ‘\' . | '

' 4 : "
251—‘labg11ed ligamd Ngdnobenzyladenosine ([‘251]IABA) and Stiles

12511

et al.. (198%5) have rgported the use' of | ‘-I{belled N6-2-(4- mino-

phenyl)ethyladenosine ([ l251],IAPNEA*) as a radiolig;n&mo;“ &osine
‘ receptors. [126I]IABA exhibits much 1ower nonspecific binding “in
myocardial and brain membranes com ared with [12511R-IHPIA. ~ The

utllity of these radioligands as a probes for adenosine receptors in
st L)
s the intestine and otheQ‘ peri"bheral systems remains to be evaluated i

[ : ~ L.

} \ : .

1

4.4 ' Delineecion of the’ receptor subtype in the 1ntest1nal’ muscle

It has already been stated that adenosine receptors in rabbit

rd
-



151

v

intestinal smégth muscle seem atypicaf. Althoéah the rank order ,of

potency 'fo.r the,” ,rglaxant action of vaﬂous agonists conforms ¢5” that

seen at A) receptors soth as in brain (Baer and Vriend, 1985), neithef
“r -

inhibition nor stimulation of adenylate dyclase activity of the;e

agents is demonstrable 1in the intestinal muscle NGMbr;hel (Muller,

However, that components of the adenytate cyclaoe syutem such

N protein (s) and .the cataferle unit (c) are lndeed functional

Chese membranes is indicated by the ability of GTP and of forskolin

to stimulate the adenylate cyclase activiey (Fig. 14). Furthermore,

Il . q * . o
if the smooth-muscle relaxant action of adenosine ahd its™ dbrivatives

was mediated through A} receptors (adenylate cyclase inhibitory), this

> h

would contradict the basic hypothesis‘of,the involvement of cAMP {n

smooth-muscle relaxation (see sec. 1.3.7:3)), ‘ -

' . -
Although it« i{s interesting and expetimentally convenielt thag

some A receptors inhibit adenylate cyclase, while sohe A, receptors

stimulate it, 1t is u'nlil;eil‘y.that all the effects of ade“081\'\e at cell
' - - '

i

— membrane receptors are mediated through interaction withlthe adenylate

cyclase system (Fredholm, 1982). It 1is now becoming inmcreasingly
B 4 :

"clear that there are biological actions of adenosine that may net be
related to -CcAMP. For example, although the adenosine receptors

regulating transmiti:er release can apparently 'be.cllassi‘fied as the A,

-

subtype, and  depression of cAMP tontent could concetva'bly; cause a

“~

decrease 'in transmatter réleasé. a di}ect role. for cAMP {n adrenergic

ngurotransmission has been que.stiio'nea?"ﬁ(@"Gubéﬂdu‘"'éli’-&l., 1975;
'Clanachan, 1978; Fredholm, 1982). “Stmilarly, 'the 1nh1b1tory effect of
adenosine on neurotraqpmission In hippocampal slices is unlikely tq be

> K)



(pl)-metabolism. A decrease ‘in the" phpry\gtioigof PI by‘*&ﬁeno‘sine
. P

asdfated via cAMP (Dunwiddie and Fredholm, 1985). 1In both of these

cases, lnterference with {inward transport of Ca?* would adequatoly

‘

explain tl‘effects.

¢
Vodulation of Ct\’. fl'.uxes in !mooth muscles by-adenosine hag also

been reported (s“f&' 2) Furtherpore, ad“lne 1ndu<
Q’”' .
&q 1

}
nmooth-m'c‘h relanaion hu been linkql 'tp phpsphlt.gyl,mou&

f Py

-

“has heen reported in a subcellular fraction concainint membranes and

contractile proteins prepared frdn smooth guscle of cdlf aorta

(Doctrow and Lowenstein, 1985). Besides adenosine, 5'~déoxy-5"'-
i :

v 3

chloroadenosine (CDA), which has a vasodilatory action in 1isolated
[3 » :

perfused rat heart (cf. Doctrow and-Lowenstein, 1985), also decr*

‘iesphoryfar;on of PI 1in the aortic smooth musc}e preparat¥y

. GDA—mediated inhibition of the eni}me ghosphat idylinositol kinase in a

’,

o smooth-musble preparation from calf aorta ig competitive 'for ATP,

A% -

e*stinx that the dec;reaso& tW‘Ylation of PI is due to a
L 144 internct’ion of the nucleosi es with eﬂe kinase.O This effect of

adenosine and CDA must, therefore, !be mediated intracellularly.

Various agonists at other .rece"w‘ “$idch as the alphal-*édrenergic
'.‘ .

‘ receptor, are known to affect, céatractiliry of \&scular,\smooth

muscle by increasing the phosphorylation of PI (Lapetina et al. 976; .
an -

!

Villalobos-*Molim et al., 1982, Villalobos Molina and Carc nz,
1983; 'Takhar and Kirk, 198l1). = There is thus a correlasion between
contraction and metabolism of phosphatidylinositol in th_is‘t'iegue.

. . . : M ) ..’ . .‘.

i#

CDA produced a dose—-dependent rélaxtion of 1solated small

intestine from rabbit (Fig." 31) and the'relaxant action. was

)
»



»

] * -
: metabolism has also been implicated in contraction of guineadpE

#
ade,ylate cyclase 1in murine neuroblas&gma cen‘ﬂt:embranes (Fi;, g) o

153
co;épetitively antagonized by -SPT. GWen the' effect of adenosine and
CDA on PI kinase 1in the aortic muscle, it willfbe of interest to

determine if adenosine, acting via the extracellular receptors in the

.intestinal. muscle, can use PI: metabolism as ’tﬁe effector syste \Pf

i h
intestinal muscle induced by substance P (Holzer and Lippe, .19R5). ':'.

Furthermore, CDA (100 uM) .also increased the actlv@ty o)m

bt 0 g am

Various adenosine derivatives stimulate the actlvity of neuroblas

adenylate cyqlase with an order of potency (l(ECA)R PIA>S-PIA) whig £

consonant with the presence of Aj receptors (Blyme and ﬁntet.'t%“}
’ d . R "' ‘o ;

Baer’, 'unpublished data). - ‘lf.:, . 7(~.",‘.’_...!

. d k)
In the absence of demonstrable stimul*nn‘of a&nfl;u cycl’ase

-
.

-

L d

[

in 1ntest1na1 muscle by adenosine agonists, fit s posstble that the ’ ’

. K »
adenosine receptor in smooth muscle is different"fxgitf th;q,lagslcal A,

. ‘e 1_. ’ "
regptora such as in neuroblastoma cells. Historically,, ,Cfe‘
O . ‘\ 'y
claSSification of receptors hag been based on the structure-activity
. 'q

relationshipq of a series of agonists and %agonists (Purchgott,
1972) Various adenosine derivatives thar have Welaxant ffect on
F & . .

isolated intestinal muscle (Table 8) also stimulate - neuroblastoma

0
. * .

adenylate cyclase, but the rank ofder of potency in the two. systems isg

different. :I‘hus, based on the agonists' order of poteney, adenogine

. \ r
receptors in ‘the two systems appear different. This is corroborated

by our data obtained using 3 nucleoside antagonist of adenosine

receptors. '/ ¢

T . . € (
Bruns (1980)" showe%hat certain 5'-derivatives of adenosine such

¢

\
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as 5'—deoxy-5'mthythioade qglne (MTA), are comp‘getltive antagonists .of
adenylate cyclase activi in VAL3 fibroblast cell membranes (#h A,
receptor syst'em .stimylated by adenosine). We hav ‘flepon;t.rated
si‘slar results using MTA ip -murine neuroblastoma cell membranes.. In

v 4
this system, NECA-inducedq  stimulation of adenylate cycly

e s

y ' o .
competi&ely aagonized M’Q (Fig. 32). ‘However, unlik@® the

xanthine antagonist, SPT, MTA did not antagohlze the agonist-induced
'

rela'xation o\f the 1§olated Airﬁélsiinal preparation. On tl{e contrary,
MTA caused felaxatién of the 1isolated tissue and this effect was
competitively an;agonifed b’w‘l”l‘:_(i‘ig. 31). MTA {s a weak, but full,
agonist in the intestine. Thus, by using thls relatively less studied
nucleoside ‘antagonis“t, it h:vas‘ been possible to diffe;entiate -the

adenosine receptor in intestinal smooth muscle from the classical A,

[}

receptor.

N

In conclugion, our effortd to characterize the adenosine receptor

of .intédytinal smooth-muscle by megans of radioliéand‘ binding studies

were nef} successful. However, thro

use of MTA, strong evidence'
%

intestinal muscle receptor is

-~

has been adduced to show that

different frqm the classical adenosine A ®receptor. It is, therefore,

?

possible that the intestinal smooth-muscle receptor is not coupled to

- )

adenylate cyclase® although as ‘yet- there is no directi evidence for
’ ot \ e
. » [

this conclusion,.
®’

4
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Appendix I - B. S5'-derivatives of adenosine

OH OH

o

COMPOUNDS K
Adenosine | | - CH ,UH
5';N—eth;lcarboxamidoadcnosine (NECA) - %-H&-CM/-CM*
’ 0

5'—deoxy45'-chloroadenosine (CDhA) - CH)?Cl
S'-deoxy—§f-methylthioadenosine (MTA) - CH.-S-CH ,

.

-



Appendix I - A. Ns-derlvatives of adenosine

R,

\
-’
COMPOUNDS
A Ry
Nb-(2-pheny1)1sopropy1adenosine (P1A) . H
}b-[2—(4-hydroxy)phenylisopropyl]adenOSine (HPLA) ‘ OH

Nb-[2-(3-1odo,a—hydroxy)pheny1isopropyljadenosine (IHPIA)  OH
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‘ Appendix - I1

The bases were supplied with their optical rotation designated.

assumption 1is made that Pp-OH substitution of amphetamine <has no

. k4
gnce on the diregtion of - optical rotation ot the molecule and

.
.:accordingly the (+)/(-) enantiomers correspond to the

enantiomers and the derived diastereomers of PIA.
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