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ABSTRACT

Adenosine and adenine nucleotides have been shown to inhibit
noradrenergic transmission in various tissues including the rat vas

@

deferens (C]énachan et al. 1977) Struttura] requirements for adeno-
sine activity appear to be s1m11ar for pre- and postsynapt1c reteptors
in smooth muscle (cf. Paton et al., 1978). The present study compares
the presyhaptie effects of 2-sub§t1tuted adenosine derivatives with
those of adenosine.and dee1s with possible’reasons for differences of
potency and duration of action.

Adenosine‘ahd‘2—substitdted adenosine derivétives‘inhibited sub-
maxwma] twitch and sustained responses of rat vas deferens to electrical
f1e1d st1mu1at10n s1gn1f1cant1y more than submax1ma1 responses to exoge-

nous noradrena11ne, suggest1ng-a predominately presynaptic site of

action. Further, since - 1nh1b1t10n by adenosine derivatives was antago- .

nized by 2heophy1]1ne but not by phenoxybenzamine, atropine or 1ndome-

thac1n, these compounds probably act via spec1f1c receptors.

‘The order of inhibitory potency was as follows: .2-Ch1oroadenosiqe

> 2- hydroxyadenos1ne > 2-bromoadenosine > 2-fluoroadenosine > 2-amino-

a adenog?ne = adenosine. Further, the more potent derivatives were also

longer acting than adenosine. A comparison of our structure-activity

data on presynaptic action of adenosine and derivatives with tﬁbse‘on ’

'postsynaptic direct smooth muscle stimulation in the 11teratdre shows

much similarity.
HNBTG or dipyridamole and 2'-deoxycoformycin, inhibitors of adeno-
sine Uptake and deamination respectively, potentiated the inhibitory

activity of adenosine on nerve-mediated responses of rat vas deferens

In contrast, 1nhib1t1on by 2- ch]oroadenos1ne was unaltered by these

/
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N aéents. Similar resu]ts were obtained with other ﬁisubstituted aéeno-
sine.derivatives. These results suggest that the 1nhibitory act1v1ty

”of adenosine is masked by both uptake and deamination in this tissue
Further experiments invo]ving inhibition of beth uptake %nd deamination
of adenosine indicated that\aden051n% and(Z-ch]droadenosine were equi-
'potent.: However, the 1onguduratidh oF“actien‘of 2-ch16roadenosihe still -
is not:exp]aihed by these processes Therefore caution is requ1red 1n .
‘;interpreting the re]ative potencies and dose -response curves of adeno-

‘51ne and aden051ne derivatives which are subJect to- uptake and deamina- i

tion. .

Inhibitors of adenosine ubtake-and deamination did not‘significantiy'
alter frequehcy-response determihatiohsuof rat vas deferens,.thus adeno-
sine may.not normally moduiate-nQradrenergic‘trangmiSSion in this
tissue. The possibility that adenosine 1is dfifunctional imbortance in
'this respect at low frequencies of stimulation or under anoxic condi-
‘tions has not been examined. The observation that 1nhib1tors of
aden051ne uptake and deamination fac111tated antagonism by theophylline i

of adenosine action warrants further 1nvestigat10n.

[}



h

ACKNOWLEGEMENTS \

I sincerely thank both Drf‘D.Mf Paton a;d Dr. H.P. Baer
for their patient supervision of the experimentation and WritingL
Of this thesis. Also, I thank;Mfs.,Maureen Blair for the graphics
and photography, and Miés-Betty Archer for the typing of the manu-
script. -

This work was supported by a~gfant from the.A]berta'Heart' ;
Foundation (Dr. D M. Paton) and by a Graduate Teach1ng Ass1stantsh1p -
from the Department of Pharmaco]ogy, The Un1vers1ty“\?‘A1berta

(M. J Mu11er) "

vii



y TABLE-OF CONTENTS -
 §
INTRODUCTION  vren it iiee e e o S
General ....... I O

Presynaptic modulation of horadrenefgip transmission.
ATP and its metabolites ............................
Inhibition of transmitter release by adenosine .....

' Ev1dence for a presynaptic s1te of action of
AAENOSTNE v vvvee ittt e

Evidence for the presynaptic location of adenosine
receptors located extracellularly ..................

Mechanism of action ....... e e, . el

Sources of purinergic modu]afor(s) ;..,.....;. ......
Phys%o]bgical significance. .........................
Structure-activity relationship studies ............
Effects of 2-chloroadenésine -...... i ..

Uptake of adenosine .............o.iuiiinii

viii

10
12
13
14

18
16

18
18
19

21

22
22
24
25



'PBQE/

. Inhibition by adenosine and 2- subst1tuted adenosine

derivatives ...t 25
Evaluation of drug effects ............. I 26
Evaluation of results, :

' (a) Frequency- response determinations ...... - _26
(b) Electrical field stimulation ........... 27
(c);'Exogenous noradrenaline ................ 27

. A |
Statistical analysis of data B « e e e . 29

RESULTS vvvivinrnnnnn ., RO o 30

Responses of rat vas deferens to electrical f1e1d

stimulation ... ... il RN e 31
Frequency response determinations ' ‘
(a) Middle portion of rat vas deferens ..... 31
(b) Separate portions of the rat vas
deferens ........ fe et 34
Frequency-dependence of inhibition by adenosine ... - 34

Effects of adenosine and 2- substituted adenos1ne
derivatives. on contractility

- éa) Effects on muscle tension .............. 40
) ‘Effects on responses to electrical field
stimulation ..........ioiiii 40
(c) Effects on responses to exogenous nor-
adrenaline. ......... ... o, 40

Effects of theophy111ne on contract111ty of rat vas
deferens Ceesaea ettt ettt 44

Antagon1sm by theophy111ne of effects of -2- subst1-
tuted adenosine derivatives .,.;............f ...... 46

Effects of a1pha -adrenoceptor or muscarinic receptor

b]ockade on inhibition by 2- chloroadenosine ....... . 46' -
Effect of indomethacin on inhibition by 2- ch]oro-
adenos1ne et ittt reeaa e e ¢ 49
: Inh1b1t1on of adenosine uptake - - .
(a) Effect of dipyridamole .......... PP 49

- (b) Effect of HNBTG ........................ 52

ix



Inh1b1t1on of adenos1ne deam1nase by 2'- deoxy— »
‘coformycin et resaeiiasienienas

\~Comb1nat1on of adenosine uptake b]ockade and
deaminase ‘inhibition. ................ e .

Duration of act1on of adenosine and the 2- sub—
st1tuted adenos1ne derivatives ...ttt iiiiieen.,

fStatement of the problem ................. ,;..;..[.

Responses of rat vas deferens to e]ectr1ca] f1e]d
.st1mu1at1on .u............, ...... R P

Presynaptic 1nh1b1t1on by adenosine and 2- sub- :
st1tuted adenosine der1vat1ves ....................

‘Differential sensrt1v1t1es of tw1tch and susta1ned

responses Ceieseneeaas e s
Adenosine receptor-mediated inhibition ............ o
Potency of adenosine and derivatives .......;.5.;{."

" ‘Duration of act1on of adenos1ne and derivatives
Antagon1sm by theophy111ne of adenos1ne act1on

.Phys1o1og1ca1 s1gn1f1cance of presynapt1c adenos1ne
receptors. ....... B R R E e ERRT T

© Future Work .i.......... S PO

BIBLIOGRAPHY .......... RO U SO

59

64

67

‘7]'-'

72
72

75

75

76
78

83 -
- 84

85

87

90

N e e S

Tt



'LIST OF TABLES

TABLE

1. Relative potencies:of, adenosine and 2-sub-
. stituted adenosine derivatives ................n
3
ey

L xi

43



FIGURE

1.

2.

10.
1.

12.
13,

14,

.]5; -

16.

7.

ider1vat1ves on responses of vas deferens .......

R4

. " LIST OF FIGURES

\..,,.‘

, Contract111ty apparatus ..: ...... ’..,:J..,u.;h;i.'

Effect of adenosine on responses of the rat vas

1deferens ..... e PR e PR REAE
Responses of d1fferent port1ons of vas deferens

’ Frequency-response curves 'of m1dd1e portion of ,
vas deferens  .......oooiiiiiiill, e eis e iy

Frequéncy-response curves of urethral and test-
jcular portions of vas deferens ........ weeaaane

Effectfof'adenosine on fredUency-nesponse curves
from‘the middle portion of the vas deferens ’

‘Effect of adenos1ne on frequency-response curves
_ from urethral and test1cu1ar port1ons of the vas
deferens PR e EEET T PRRTSP

) Frequency dependence of 1nh1b1t1on by adenos1ne .

Effects of adenos1ne ‘and 2- subst1tuted adenos1ne

.

Direct effects of theophy111ne ..... ‘.;;..:.ﬁ...;

'vAntagon1sm by theophy]lwne of effects of adenos-

ine der1vat1ves it ed A ettt e e

‘Effects of phenoxybenzam1ne, atropine or 1ndo-
‘_methac1n on 1nh1b1t1on by 2-chloroadenosine ....

“Effect of- d1pyr1damo]e or HNBTG ‘on 1nh1b1t1on by
adenos1ne or 2- ch]oroadenos1ne et esaeas :

Effect of HNBTG on 1nh1b1t1on by 2- hydroxyaden~

. osine, 2- bromoadenos1he or 2- f]uoroadenos1ne

Effect of 2'- deoxycoformycin on 1nh1b1t1on by
adenos1ne or 2- ch]oroadenos1ne ......... RN .

Dose dependence of’pretreatment of rat- vas def-
-erens w1th 2'- deoxycoformyc1n ................. .

Inhibition by, adenos1ne after pretreat1ng t1ssues

with 2'- deoxycoformyc1n then HNBTG or in the re-
L verse order Cereeeaes it eiiarr i

33
35

36

38

-39

42

.. 45_

48

51

B4

57

58
60

61

x

23
SEtH



FIGURE

18.

19.

20.

. 21.

22.

Effects of 2'—deoxycoformycip and/or HNBTé

on inhibition by adenosine ....................

.Inhibition by adenosine and 2-chloroadgqnosine

in tissues pretreated with 2'-deoxycoformycin

and HNBTQ' ..................................... \

Effects of 2'-deoxycoformycin and HNBTE on fre-
quency-response curves from the middle portion

of the vas deferens .........co i ernnnnnn

Effect of theophylline on inhibition by aden- n
OSTME ittt ittt tenee ittt

Effect of theophylline on inhibition by aden-
osine in vas deferens pretreated with 2'-deoxy-

coformycin and HNBTG ........... e e

Xiii

Page

63

65

- 66

68

70



INTRODUCTIOVW

\

o



GENERAL \\

The noradrenergic nerve terminal is the site of noradrenaline
synthesis, storage, release, uptake and 1nact1vation Transmitter
release from the nerves 1s regulated by the f]ow of e]ectr1ca1 pulses,
which themse]ves are controlled by the action of various agents on
somatic-dentritic sites. This classical understanding has recently
been expanded by the realization that noradrenaline release can also
be mbdu]ated by endogenous factors interactihg with receptors presum-
abiy located on the extracellular surface of noradrenergic nerve termi-
nals. These facfors’inc]ude noradrenaline, dopamine, acetyTcho s
prostaglandins, angiotensin and enkephalins. More récent]y, adenosine
and the adenine nucleotides (ATP, XDP and AMP) have also been considered
to play such a role. |

In the course of 1nve$tigat1ng various aspects of presynaptic
action of adenosine modulating transmitter release, structure-activity
requirements for bresynaptic inhibition by adenosine have been studied
in the rat vas deferens by Paton et al.. (1978). In many other adenosine
sensitive systems, 2-substituted adenoéine derivatives have been shown
to be more potent and 1ohger acting than the parent compound, without
adequate exp]anatidn‘for these differences. We have theréfore expanded
structure-activity studies: with the aim of_understanding why 2—substitg-
tion of adenosine should result in a more potent compound. In the
introduction of this dissertation, the presynaptic 1nh?bitioh by adeno-
sine of noradrenergié transmission and processes which may 1imit the
- potency of adenosine (i.e., uptake and metaboliém) are reviéwed,and

discussed.



PRESYNAPTIC MODULATION OF NORADRENERGIC TRANSMISSION T~

Brown and Gillespie (1957) observéd that nerve stimulated overflow
of noradrenaline from the perfused cat spleen was increased by phenoxy-
benzamine, an alpha-adrenoceptor antagonist, and explained this finding
by hypofhesising that the alpha-adrenoceptor, located postsynaptically,

‘was an important site of loss of noradrenaline. It is now clear that,
in fact, this result Was based on presynaptic feedback. Attempts by
many ‘investigators to explain th1§ finding eventually lead to the dis-
covery of presynaptic a%pha—adrenoceptors.

It is now generally accepted that noradrenaline has a feedback
action on alpha-adrenoceptors located on the noradrenefgic nerve termi-
na{ tb inhibit its own release. Phenoxybenzamine then increases nor-
adrenaline release by inhibiting this feedback mechanism (cf. Langer,
1977; Starke, 1977; Westfall, 1977).

Besides the noradrenaline-mediated feedback system,-a number of
other presynaptic. receptor systems have been found. In various systems,
the following agents facilitate noradrenaline release fnduced by nerve
stimu]ationf beta-Adrenergic agents, nicotine, prostaglandins (PGFZ;B
and angioténsjn. On the othef hand, stimulation of other presynaptic
Feceptﬁrs by the following agents inhibits noradrenaline release induced
by nerve stimu]ation{ afpha-Adrenergic agents, dopamine, muscarinic
drugs, prostaglandin (PGEZ), enkephaiine‘and adenosine. For comprehen-
sive reviews of presynaptic modulation of noradrenergic transmission

see Starke (1977) or Westfall (1977).

ATP. AND ITS METABOLITES

Since ATP is a major intracellular energy source in mammals, it is



found ubiquitously and in abundant amounts. Apaft from this function,
ATP and its metabolites (ADP, AMP and adenosine) have been shown to
have variable actions in many biological systems (cf. Burnstock, 1972).
Phys1o]og1ca]1y, it has been suggested that pur1ne nucleotides and/or
adenosine may reéu]ate blood f]ow in the heart (Berne, 1963), skeletal
musc]e (Boyd and Forrester, 1968), and brain (Rub1o et al., 1975). ATP
may also release active amines from mast cells (e¢f. Kierman, 1972) and
from adrenal chromaffin)granu]es (Smith and Winkier, 1972). Further, the
possibi1ity'of a third compbnent in the autonomic nerVohs system, which
releases ATP or ne1ated-eompound as ifs neurotransmitteri(Burnstock

et al., 1970) has been reviewed (cf. Burnstock, 1972, 1975). These
nerves were termed "purinergfc" nerves‘by Burnstock (1971). This hybo-
thesis of ATP es a direct neurotranSmitter_substance remains to be’
proven. However, the presence of ATP in various nerve granules and its:
co-release upon stimulation of adrenergic nerves or cholinergic nerves
raises the question of a physio]déica] role of ATP in this connection,
possibly as a co-transmitter or modulator. The term purihergic will be

used in this d1ssertat1on to genera]]y refer to adenosine receptors or

adenosine- re1ated funct1ons

INHIBITION OF TRANSMITTER RELEASE BY ADENOSINE

~ Adenosine and the adenine nuc]eotides have been- shown to inhibit
sympathetic neurotransm1ss1on in numerous t1ssues, both 1n vivo and

in vitro. In vivo studies- have demonstrated a presynapt1c 1nh1b1tory

action on noradrenaline release in rabbit kidney, canine subcutaneous

adipose tissue (Hedqvist and Fredholm, 1976; Fredholm, 1974) and saphe-
’ - .

nous vein (Verhaeghe et al., 1977). 1In vitro studies have yielded

—
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similar results in canine (Verhaeghe et al., 1977) and rabbit (Su, 1978)‘€;
_ saphenous vein, rat (Enero and Saidman, 1977) and rabbit (Su, 1974, -
1978), portal vein, canine tibial artery (Verhaeghe et al., 1977),
rabbit pulmonary and ear arteries (Su, 1978), rabbit kidney and guinea-
pig vas deferenskaedqvist aﬁd Fredholm, 1976) and rat vas deferens
(Clanachan et al., 1977).

Inhibition of transmifter ré]ease,by.adenosine and the adenine

) _
nucleotides has also been shown at parasympathetic nerve terminals

\ (Sawynok and Jhamandas, 1976; Vizi and Knoll, 1976; Leighton and S

Parmeter, 1977), skeletal motor nerve terminals (Ginsborg and Hirst,
1972; Ribeiro and Walker, 1975) and ‘perhaps autonomic ganglia (Theobald
and de Groat, 1977). Furthermore, adenoéﬁne is released in the brain
a:d modiffes central neuronal activity (éd]akhe and Phillis, 1976).

Su (1978) has éuggested tﬁat such "purinergic" feedback regulation
may occur at.all néuroeffector syﬁ@pses. In this dissertation, discus-
sfon ﬂjl] be 1imited po the presynaptic inhibitory action of adenosine
and the adéniné‘nqcleotides on noradrenergic transmission invthe~peri—

pheral nervous systehm.

2

EVIDENCE‘FOR A ‘PRESYNAPTIC SITE OF ACTION OF ADENOSINE

A presyﬁaptic site of action of adenbsine and the adenine nucleo-
tidesvhgs been demonstrated both'indirectly andbdiréctly in a number of
noradrenergically innervated tissues. The eridehée includes the demon-
stration that adenosine and tﬁe adenine nucleotides inhibit responses .
due fo electrical nervé stimulation while_the responses to exogehous
noradrenaline are'either not affected, as in the rat vaé deferens

(Clanachan et al., 1977), or much less 1nhibited,'as in rabbif and



canine blood vessels (Su, 1978' Verhaeghe et al., 1976) Further, more

direct evidence for a presynaptic site of action of adenosine and the

adenine nucleotides results from the dbservation.that adenosine and ATP

decrease the amount of [3H]-noradrena1ine re1easeJ\by nerve stimulation

in a number of tissues.(C1ana han et al., 1577; Engro and Saidman, 1977;
' Hedqvist and Fredholm, 1976; jxk"

$

1978; Verhaeghe et 'al., 1977).

.\__

EVIDENCE FOR THE PRESYNAPTIC LOCATION OF ADENOSINE RECEPTORS LOCATED
EXTRACELLULARLY » J

Theophylline, a commonly used adenosine ahtagonisf (cf. Burnstock,
-.1975), appears‘ég competitively antagonize the direct postsynaptic
actions of adenosiné’(BUngerﬂgg_gl,, 1975, Osswald, 1975; Ally and
Nakatsu,‘19763. Furthermore, the presynaptic inhibitionAofiacetylﬁho—
line release by adenosine has also beénvshown to be competitive]y
inhibited by theophy]]ine (Sawynok and Jhamandas, 1976; Vizi and Knoll,
1976; Okwuasaba et al. 1977) In addition, the presynapt1c inhibitory
actions of adenos1ne on noradrenerg1c transm1ss1on have been shown to
:f be antagonized by theophylline (Clanachan et al., 1977;.Verhaeghe gg;gl;
%1977 Su, 1978). This suggests.thé; a simf]ar purinergic receptor
sys%émﬁis present in these tissues. '
In some ;ysgséég‘édenssine and fhe adenine nﬁc]éotides seem to act
via a common'réceﬁtbr.klThése.ﬁompounds areﬁequipotent presynaptic
- inhibitors in the rat vas deferens and rat portal vein (Clanachan et al.
1977; Engro ‘and Saidman, 1977); while ATP appears to be STightly more
:‘ pOtent'thaﬁ adenosine in the rabbit:portal Vein (Su, 1978). | In the rat

vas deferens the presynaptic act10n of. both adenos1ne and adenine

nucleot1des were potent1ated (C]anachan et a] 1977) by the adenoéihé*’:'“.

St
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uptake inhibitors Z;amino-s-[(2-hydroxy-5-nitro)benzy]th10]-9-8-D-
ribofuranosylpurine (HNBTG) and dipyridamole (Paterson et al., 1975;
Stafford, 1966). Since the adenine nucleotides do not readf]y tj;jerse
cell membranes (Hattori et al., 1969), these compounds may first be
hydrolysed by extracellular phosphohy]ytic enzymes to form adenosine
which then inhibits noradrenergic transmission (C]énachan et al., 1977).
Potent1at1on of the presynapt1c 1nh1b1tory act1on of adenosine with
'1nh1b1€6rs of its uptake also. suggested at least in the rat vas deferens,
that extrace11u1ar receptors were studied (C]anachan et al., 1977).
More conv1nc1ng ev1dence has been found to suggest the existence of a
cell surface adenosine receptor on can1ne and guinea-pig myocytes
(O1sson et.al., 1976; Schrader et al., 1977) as well as on atrial muscle
ce1ls:(Schrader et al. 1977) Olsson et a1 (1976) have c0va1ent1y
linked adenosine via Ng of the pur1ne ring to periodate-oxidized stachy-
iose wh1ch has a mo]eCU1ar weight of about 1000 daltons. Schrader et al.
(1977) have coupled AMP to carbonic anhydrase form1ng a protein-AMP
conJugate with a molecular weight of 30,000 daltons.. The experimentors
'suggested that, since these adenos1ne derivatives are too 1arge to enter
ce]]s but st111 show agonist activity, the adenos1ne receptor must be
>1ocated extracellularly. \

4 Ev1dence has accumu]ated, us1ng receptor blocking drugs, to suggest
that the 1nh1b1tory action of adenosine and the adenine nucleotides ‘
1nvo]ves a»spec1f1c receptor. These compounds appear not to stimulate
beta~adrehoceptors, dopaminergic receptors (Su, 1978) or muscarinic

reeeptorS'(Clanachan'et al., 1977- Su, 1978). In the rat (C]anachan

| etal. s 1977) and gu1nea Pig vas deferens and in rabbit kidney (Hedqv1st

-and Fredholm 1976) phenoxybenzamine d1d not a]ter the 1nhib1t1on of

A



‘noradrenaline release by adenosine; however, the inhibitory efféct of
ATP was increased by phenoxybenzamine in the rat poﬁpa1 vein (Enero and
Saidman, 1977). Therefore, a]thongh there appears ﬁo be no interaction
 between adenosine and a]pha adrenoceptors in some systems, in the rat

‘ portal vein this does ﬂbt seem to be the case.

Although ATP and ADP are potent stimulators of the synthesis of
-prnstag1andins (Need1emanng§;gl,,'1974), which also inhibit noradrener-
- gic transmission (Hedqviét, 1974), the adenine nuc]eotides probabiy do

not act by prostag]andin synthesis (HeddVist and Fredholm, 1976;

‘Clanachan et al., 1977). However, limited synthesis of'prostag1and1ns

by ATP may occur in rabbit blood vessels (Su, 1978).“
: {

" MECHANISM OF ACTION

Little is known concerning the mechanism-of actjon by which adeno-
~sine and the adenine nucleotides inhibit noradrenergic transmission.
Baséd»on histof]uorescence:studiég in the rat rétina, Angelakos (1964)
has suggested that ATP may enhance noradrenaline uptake. However, ‘Su
(1978) has found no supportive evidence for this in the rabb1t portal
vein. Furthermore, this author demonstrated that in the presencevof
desipramine and hydrocortisone, 1;e., inhibitors of noradrena]ine P‘
‘uptake, the neurogénic constriction of the ear arterj.Wés sti1i inhibited
" by ATP. ‘In addition, ATP did not alter either the initial rate or net
accumulation of [3H]-noradrena1ine in fhe portal vein (Su; 1978) o
increase the level of metabolites in blood vessels (Verhaeghe 9___1;:
1977). Therefore, ATP and adenosine probab]y_do'not alter noradrenaline

uptake or metabolism. However, high adenosine concentrations may

increase the intra-neuronal leakage of'nonadrénaline.from“storage



vesicles (Verhaeghe et al., 1977). |
'Adenosine_has beenvshnwn'to effectively increase cAMP content in

brafn slices (Mah and Daly, 1976), heart slices (Huang and Drummond,
1976) and in the rabbit vagu5‘nervé (Roch and Salamin, 19%6).( Howéver,
CAMP may %aci]itate rather than inhibit noradrenergic tran;mission in
the perfused cat spleen (Cubeddu et al., 1975)‘and‘d1fferences hare
been found between structural requfrements necessary for'presynaptic
adenos1ne effects and its- interaction with adeny]ate cyclase (Paton
et al., 1978). Thus, Baer and Paton (1978) have concluded that avail-
able evidence suggests that CAMP is not involved in the présynapth'
inhibitory action of adenosine, a]thongh this question h;s not been
investigated directly. |

" While the mechanism of action of the presynaptic inhibition of
noradrenergic transmission by adenos1ne and the aden1ne nuc]eot1des

J
remains obscure, it is Tikely that contro1 of ca1c1um fluxes or bind-

-

ing is 1nvo]ved. Adenosine (Verhaeghe et

al., 1977) and ATP (Su, . —
. 1978) inhibited [3H]—noradrena]ine re]eéﬁg due to nerve stimulation in
b1qod‘vésse1s and reduced the re]eaée‘of [3H]-norédrené1ine due to
high'K+.‘ Conversely, tyramine-induced release of [3H]enoradrena11ne
was not altered. Both nerve stimu]ation and“high K+-induced release
have an absoTute’ requirement for external ca1c1um (Kirpekar and Wakade,
1968) wh1]e rele;se by tyramine, an 1nd1rectTy acting sympathom1met1c,
occurs in the absence of extrace]lu]ar calcium (Thoenen et al., 1969;
Westfall and Brasted, 1972) Furthermore, the demonstration that adeno- .
'sine .and the adenine nuc]eot1des have a greater inhibitory effect at Tow

frequencies of stimulation than at higher frequencies (Verhaeghe et al.,

| 1977; Su, 1978) is conéistent W1th-fhe'concépt that fhese compounds .act



'byllimiting the emount of avai1ab1e cé]cium. Presumab]y,.et_higher
“frequencies of stimulation enough calcﬁym,is available for secretion
to overcome the‘inhibition‘by'adenosfnei* Mdre support for tnis hypo-
,thesis would.come from experiments in which the external caicium tdne

centration were either raiséd or lowered. In. this respect, it has been |

shown that noradrenaline is > more effective at 1nh1b1t1ng its own release

when the external ca1c1um concentrat1on 1s Tow (cf Starke, 1977)

Thus, the exact mechanism of act1on of the. presynapt1c 1nh1b1t1on
by adenos1ne is not known, but it appears that the mechan1sm is probab]y
similar to that of the other presynaptic inhibitors andﬁ1nvo1ves modu]a-
tion of cellular calcium 1nf1ux or efflux. A]tefnatively;”depoTarizd-
tion or hyperpolarization of the'neurona].membrane cQu]d_exp]aingfaci]i-

tation or inhibition of noradrenaline release. It is also possible”

‘that the presynaptic modh]ators,may interfere‘With a further step in the

. excitation-secretion coUp1ing'proCess (cf. Starke, 1977; Westfall, 1977).

as

SOURCES OF PURINERGIC MODULATOR(S)

The,pharmacological effects of purines in many systems are undisput-

able; however, their physiological regulatory functions remain to be
established and_proven. An endogenous saurce of purines would be

" ‘required if a physiological role eXists, and it is of interest to dis-

cuss this possibility. ?our possible sources of the purine modulator(s)

,of noradrenerg1c transmission are enumerated and d1scussed below:
(1) Pur1nerg1c nerves;
(2) Noradrenergic nerves,
. (3) Chol1nerg1c nerves; - -

(4) Postsynaptic neuroeffector tissues.

-
L
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~ Stimulation of. purinergic fibres_1n the vagus nerves to the stomach
increases’ the venous efflux of adenosine éﬁd inosine, breakdown product§
of ATP, in both guinea-pigs and toads (Burnstock et al., 1970; Satchell
- and Eurnétock, 1971). More direct evidence of the release of ATP from
. purinérgic nerves in the taenia coli have-resulted using the_high]yvA'
sensitf?é11uciferin-1uciferasé.firefly'assay teéhnfque (cf. Burhsto;k,
978). s o N |
ATP is 2leased together wfth‘catechoiaques frbm,adrenal medullary
vesicles and whole glands (Douglas, 1968; Stevens et al., 1912)}fahd.1t!
| seems possible that some ATP %s released with noradrenaline‘from nof—
E adrenergic_nerves.(Geffeh and Livette, 1971; Su et al., 1971) since ATP
is ﬁresent in the noradfena]ine storage vesicle. Laﬁgér and Pinto -
(1976) have suggested that ATP may be releaﬁe@vwith noradrené]iné from
noradrenergic‘nervés'iﬁ.the cat nictitating membréﬁe;:
Synaptic Vesic]és of chb]inergic nerves in the eTectric orgén of
tdrpedine rays have an ATP fo acétyicho]iﬁe ratio of'about 1 : 11
(whittaker gg_gl,,ll972; Bohan»ég_gl.,;j§73).ngowever,“therebfs n5 

evidence that ATP is released in association withvaéetylcho1ine;from”

\

. autonomic nervesv(Cf; Burnstock et al., 1978). It has been sUggestedll"'

that ATP is released with acetylcholine ffom phfenic nerves supp1yih§ :
the rat diaphragm (Silinsky and Hubbard, 1973). However, Zimmerman

and Whittaker (1974) are-concerned that the.fall;in vesicular ATP by

- nerve étimu1ation_may be simply due to,hydro1ysis; Recently, coenéyme -

A;_which cdntafns the adenosiﬁé mbiety'ih its'Strﬁtﬁure,‘also has been
considered as a possib]é.modulator of acety]choliné output (Cook et atl.,
ae78). o e

"l;'It is prébaﬁ]e;that ATP and metabo]ite(é) may be re1eased.jn

- N
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response to’ hypoxia and exercise, not necessar11y from neurona1 sites,
“into the c1rcu1at1on of fhe brain, ske]eta] musc]e and myocardium

'(Berne et al., 1974 Bockman et al. 1976 Padd]e and Burnstock 1974).

Therefore, a postsynapt1c site of reiease of purinerg1c modu]ator(s)

"»Z,

 is also possible.

| PHYSIOLOGICAL-SIGNIFICANCE

Pur1nerg1c modu]at1on ot transm1tter release may be w1despread '
(Su,‘1978). As discussed above, ATP may be stored and’ re]eased from a
vartety of neUrona] and extraneurona1 sites A phys1o]og1ca1 role for
. pur1nerg1c modu]ation of noradrenerg1c transmlss1on would however,
requ1re suff1c1ent1y h1gh concentrations of ATP or’ metabo11tes to reach |
_the presynapt1c receptor A]though the concentration of active com-
pounds around. ‘the receptor cannot yet be measured Su (1978) has
suggested that suff1c1ent concentrations may be achieved in many b1ood
vessels. Based on pharmaco]ogica] data, dt appears that adenos1ne
'_concentrat1ons above 10 uM are often requ1red for presynapt1c 1nh1b1-
~tion of noradrenerg1c transm1ss1onv ; , o o ' . N

Inh1b1tors of adenos1ne uptake and deam1nat1on, such as d11azep

:'nand erythro -9- (2 hydroxy -3- nonyl)adenine respect1ve1y, reduced the.

__.mechanical act1v1ty and the nerve stimu]at1on induced overf]ow of [ H]-,

- noradrena11ne from the rat portal vein (Enero and Sa1dman, 1977) _It
. was suggested that th1s was due to the raising of the e£fect1ve concen-

"trat1on of adenos1ne released from the nerve However, a cr1t1ca1 ‘

’ 4'experiment that was not carr1ed out was. to 1nvest1gate whether a puri-

‘nergic receptor b1ocker wou]d reverse this effect of: 1nh1b1t1ng adeno-

sine uptake and deaminat1on. Furthermore, 1f pur1nergic transm1tter



'modu]at1on were of phys1o]og1cal sign1f1cance one wou]d expect that

, theophy11ine ‘alone’ would 1ncrease noradrena]1ne and dopam1ne B- hydroxy-‘

‘lase re]ease This has been demonstrated w1th alpha-adrenoceptor anta- :

dgon1sts (cf Starke, 1977 westfa11 1977) but not as yet'w1th a

pur1nerg1c receptor antagon1st A prob]em might arise in. th1s exper1-':

d.'mentat1on, since theophy]]ine, bes1des b1ock1ng pur1nerg1c receptors,

1

--at high concentratjons also acts‘asla phosphod1esterase inhibitor

‘ (Butcher‘and.Suthenl@nd, 1962) and causeS"mobTTTEatdon of intracellular

calcium poo]s (Ra]T andJWest 19634
/

pur1nerg1c presynaptic modu]at1on probab]y must-await the- deve]opment

of a more spec1f1c purinergic receptor antagon1st.

. ” ' °

/.

A
/

”

D1fferences betweenwﬁresynapt1c and postsynaptac a]pha-adrenocep-
/
tors have been found in a number of t1ssues Preferent1a] st1mu1at1on
S/
of pre or postsynaptic receptors may be- of c11n1ca1 1mportance (cf.

: STRUCTURE—ACTiVITY'RELATIONSHIP STUDIES‘

Starke, 1977, Westfa11 1977) To date, one structure-act1v1ty rela-
tionship study of presynapt1c pur1nerg1c receptors has been attempteds~
‘ Paton et a1 (1978) have stud1ed the structure-act1V1ty requ1re—
_ments for presynapt1c pur1nerg1c act1V1ty in the rat vas deferens, 1n’
-‘v1tro The presynapt1c structura] requ1rements 1nc1uded a pr1mary or
‘_'secondary amine function at\C5 of the pur1ne ring and there was found
‘to be 11tt1e to]erance for maJor ster1c changes or substitut1ons on the
“sugar moiety (Paton _t_ 1 1978)- ‘When these authors compared the

_ presynapt1c requ1rements with those of adenos1ne act1v1ty on coronary

lflow (Augers et a] 1971, Cobbin gt_gl,,'1974, Olsson and Patterson,

McNeil et a1 1969) Tlmw%ﬁ%ﬁﬁﬂi"

\
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1976) and on relaxation of the isolated longitudinal muscle of the

rabbit small intestine (McKenzie et al., 1977), they were found to be

very similar. However, notable differences were seen with adenosine-

NTFox1de,And 6-A2—1sopenteny]aminopurine riboside which weré inactive

as coron&ry dilators but Qere active in the other systems (cf. Paton
t a].,’1978).

EFFECTS OF 2-CHLOROADENOSINE

- Subsequent to the structural requirement study for presynaptic
inhibition by adenosine (Paton gg_gi,, 1978), it was observed in this
laboratory that 2-ch10roadenosine was more potent and longer acting in
inhibiting noradrenergic transmission.than adenosine in the rat vas
deférens. A high apparen;_potency and long duration of action of
2-ch1oroadeno?1ne is founa fn many adenosinevsensitive systems, for
example: Depression of intestinal activity (Mihich g£ gl,, 1954,
satchell and Maguire, 1975); relaxation of blood vessels (Clarke et al.,
1952; Gough et al., 1969; Angus et al., 1971) as well as other actions
in various systems (Born, 19%4;Constantine, 1965; Michal and Thorp,
1966; Gilman, 1974; Huang and Daly, 1974; Blume and Foster, 1975;
Phillis and Kostopbu]os, 1975; Huang and Drummond, 1976). It has been
suggested that 2-chloroadenosine has a longer duration of action than
adenosine because the formgr 15 resistant to enzymatic degradation by
adenosine peaminase (Clarke gﬁ_gl:, 1952); however, the high apparent
potency of 2-chloroadenosine compared to adenosine has not been ade-

1 qﬁétefy exPiqﬁngdi _Ne.haVe considered the possibility that uptake and

metabo]ismAofvadenoéiqe,_whiéh:octurs'in~many orraTi‘gé11'tjpe§, may

&

" 14mit thé potency of adenosine while not interfering with the action of .

14
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-

2-chloroadenosine.

UPTAKE OF ADENOSINE

Nucleoside transport mechanisms have generally been found to have

~ the characterfstics of faci]itated diffusion, i.e., a carrier-mediated
process with the fo]lowﬁng characteristics: Saturability, competition
between related compounds and high temperature dependence. Furthermore,
facilitated transport must be driven by the concentration gradient of
the permeant and does not require metabolic energy. “"Counter-flow"
involves the uphill movement of_a,sdbstrate for the same carrier, and
this is the only time when movement of substrate occurs against a
concentration gradient (cf. Stein, 1967).

The existence of a saturable uptake mechanism for adenosine in
many cell types has been demonstrated by studying adenosine uptake
kinetics as we]] as uptake inhibition by related permeants and specific
inhibitors (Steck et al., 1969; Lieu et al., 197]; Oliver and Paterson,
1971; Plagemann, 1971; Mizel and Wilson, 1972; 0Tsson et al., 1972; v
Roos and Pfleger, 1972; Schrader et al., 1972; Taube and Berlin, 1972
- Cass and Paterson, 1973; Olsson and Paterson, 1976). In some ce]]s the o
uptake carrler has been shown to be spec1f1c for adenos1ne (P]agemann, L
197] P]agemann and Rlchey, 1974 Cass and Paterson, ]977 _Paterson

et _l,, 1977a; Paterson et a] ) 1977b), wh1]e 1n other ce]]s the
carrier is less se]ectwve and accepts a var1ety of pur1nes and pyrimi- .
dines (0liver and Paterson, 1971, Taube and Berlin, 1972; Cass and
Paterson, 1973). At high concentrations, adenosine may also enter
cells by passive diffusion (Roos and Pfleger, 1972; Schrader et al., ©

' 19723 Paterson gt al., 1977a).
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INHIBITORS OF ADENOSINE UPTAKE

Many adenosine analogs inhibit adenosine transport into cells in
a reversible, competitive manner. Long acting, competitive antagonists
of adenosine.trensport have also been found in the form of thioethers
of purine or of 2-aminopurine ribosides (Paterson and Simpson, 1965,

1966, 1967). Paterson and Oliver (1971) showed that p-nitrobenzyl-
thioguanosine (NBTG) caused a competitiye, long lasting inhibition of
carrier-mediated uptake and efflux of uridine in red cells, where
uridine and adenosine utilize the same transport carrier (Oliver and
Paterson, 1971; Cass aﬁd Paterson, 1973). HNBTG also has been shown to
inhibit adenosine uptake in the heart (Olsson et al., 1972).

Dipyridamole is well known as an inhibitor of adenosine uptake.
Nucleoside transport has been shown to be inhibited by thjs’égentiin
various cells (Bunag et al., 1964; Scholtissek, 19683 Piagemann,v1971;
Roos and P]feger; 1972; Schrader et al., 1972) including the heart
(Kolassa et al., 1970; Olsson et al., 1972; Hopkins, 1973) and the
guinea-pig taenia coli. (Satchell et al., 1972). The actionvofbadehosine
has been shown to be poteht{eted'by dip&ridaﬁdﬁé iﬁ a_nd@beﬁiéfiprgbgraf':~“'
tions (Stafford 19663 éatche11 et al., 1972; Be11 1974; Satchell ‘and™
B :Burnstock 1975 Ka]sner, 1975 Colman, 1976)

N Low concentrat1ons of d1pyr1damo1e were c1a1med ‘to potentiate the
vresponses of the guinea-pig taenia coli to both pur1nerg1c nerve st1mu-A'
1at1on and ATP while not a]ter1ng the 1nh1b1tory responses to sympathe-

tic nerve st1mu1at1on and noradrena]ine (Satchell et al., 1972). In

, th1s study it was presumed that dipyridamole acted by dinhibition of . .~
adenosine uptake, thus effed//be1y 1ncreas1ng its- extrace]]u]ar concen- e

tration and perhaps reduce the breakdown of ATP, the presumed transm1tter,



by a feedback mechanism. This has been taken as evidence supporting
the purinergic nerve hypothesis."Jager (1976) studied the effects of
dipyridamole on the guinea-pig taenia coli using single and double
sucrose gap methods to measure membrane potential and membrane resis-
tance and concluded that dipyridamole does not potentiate nonadrenergic
re1axat1ons by interfering w1th the neuromuscular transmission, which
has been assumed to be purinergic. Furthermore, Baer et al. (1977)
have re-investigated the above claims by Satchell et al. (1972) quanti-
tative]y and found that dipyridamole did not affect the frequencye
response curve in ‘the guinea-pig taenia coli, concluding therefore that
neither dipyhidamole nor HNBTG have any use in the study of non-adrener-
gic inhibitory nerves in smooth mUsc]e.

Problems arise when us1ng a drug which has other non- spec1f1c
actions. It has been suggested that dipyridamole may-inhibit adenosine
deaminase (Bunag et_al,, 1964) and phosphod1esterase (Sneft, 1968). At

the concentrat1ons used by others (Hopk1ns and Go1d1e, 1971 d]ssdnb

t 1 , 19725 Schrader et a] s 1972) d1pyr1damo1e did not alter e1ther

. adenos1ne k1nase or adenos1ne deam1nase act1v1ty D1pyr1dam01e has

' a]so been shown to 1nh1b1t uptake of. phosphates, certa1n sugars and o
" choline in var1ous ce]]s (P]agemann and Roth 19695 Renner et al.
1972) Recent]y, it has been suggested that d1pyr1dam01e re]eases
noradrena}1ne from noradrenergic nerves by a mechanism which differs
from stimulation of nerves or from the action of tyramine (Himari and
Taira, 1976).

At present no non spec1f1c effects of HNBTG have been reported
and th1s ‘class of compound may prove to be a more useful tool and

preferable to djpyr1damo]e‘in functions;involving.adenosine uptake.

17
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FATE OF ADENOSINE FOLLOWING UPTAKE
§
Generally, mgtabo]ism of adenosine subsequent to uptake results

in either phosphorylated or deaminated products. Adenosine kinases
phosphorylate adenosine to AMP which may then be further phosphorylated
to ATP. For example, in the heart (Jacob and Berne, 1960; Liu and
Feinbérg, 1971;,Olsson et al., 1972) and in the guinea-pig vas deferens
(Rowe et al., 1975) incubation of_tissués-with radioactive adenosine '
mainly results in labelling of the adenine nucleotide pools. Alterna-
tively, adenosine can be deaminated to inosine by adenosine deaminase.
Both inosine and hypoxanthine, which is formed from inosine by nucleo-
side phosphorylase, are generally pharmacologically inactive. The Km
for adenosine-kinasg has been found to be less than the Km for adeno-
“sine deaminase; fhu;,‘SChrader et al. (1972) have suggested that phos-
phorylation of adenosine norma;q; occurs at lower substrate céncentra-
tions thén deam{natiOn. 'Adénosine, as such, normally does not appear
in cells (cf. Schrader‘gg_gl,; 1972), indicating that metabolism is
cgﬁp]ete.‘

It has been suggested that adenosine entry and deamination afe
Sepérate events (Taube and Berlin, 1972) on the basis of the following.
The-Km for.adénosine uptaké (O;OllmM) aﬁd-deamination (0.073 mM) were
| different. Also, the specificities of the transport system and of
adenosine deaminase were not the same (i.e;, pyrimidine nucleosides
were poor substrates for adehosine deaminase but good ones for the

transport carrier).

INHIBITORS OF ADENOSINE DEAMiNASE

Recently, vefy effective inhibitors of mammalian adenosine deaminase



“‘l
have become available. Erythro-9-(2-hydroxy¥3-nony1)adenine (EHNA) is
a revers1b1e 1nh1b1tor with a Kj of about 10° M (Schaeffer and

Schwender, 1974). An even more potent, tight binding inhibitor of
4
mammalian adenosine deaminase is 2'-deoxycoformycin with a Ky of Tless

than 10’]0

M (Woo et al., 1974; Cha et al., 1975). Both, EHNA (Cohen
and Plunkett, 1975; P1Unkett and Cohen, 1975) and 2'-deoxycoformycin

(Cass and AuYeung, 1976;'Johns and Adamson, 1976; LePage ot al., 1976)

have been shown to potentiate the cytotoxfc effects and antitumor

activity of several adenosine analogs which are metabolized by adeno- . -

sine deaminase.

Whether the actions of adenosine oh an extracel]ulef adenosine
receptor are potentiated by adenosine deaminase 1nhibitors has net been
»examined Such a potent1at1on wou]d provide ev1dence support1ng the
hypothesis that the action of adenosine is masked by metabo11sm |

(Satchell and Burnstock 1975);

_ From the 1ntroduction it is evident-thet adenosine inhibits nor-
‘adrenergic transmission and that this inhibition fs mediated spectfi-
ea11y via adenesjne-receptors. ‘These‘reeeptors appear to be lTocated on
the eXtrace11u1ar surface of the_noradfenergic nerve termina]. |

‘Subsequent to a study'by“Patoh et al. (1978) of the structure-
activity requirements for presynaptic inhibition by adenosine, it was

observed in this 1aboratory that 2-ch10roadenos1ne was more potent and

19

longer acting than adenosine in inhibiting: nerve-mediated responses of'i;j;ﬁ ’

. rat vas’defenens?.ig_v1tro..XIn?add1t1op;.a,number.of.other_2-substiri/Q R

.. tuted adenosine derivatives have:been shown to possess these properties, |
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in other adenosine sensitide'systems - There was no exp]anation for the :

h1gh apparent potenc1es of these compounds aé‘the onset of th1s study
~ We have compared the effects of various 2- substltuted adenos1ne deriva-
. tives. to those of adenos1ne in rat vas deferens . - ‘

The fo]low1ng quest1ons were asked

(1) Do 2- subst1tuted adenosine der1vat1ves 1nh1b1t noradrenerg1c' o

transmission presynapt1ca11y? -
(2) If so, .do these compounds act via specific adenosine receptors7
(3) What is the ro]e of uptake and deamination in determ1n1ng -

apparent potenc1es of adenos1ne and 2 ch]oroadenos1ne?

20+ -
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ANIMALS °

~ Male Wistar rats weighing 150 to 250 g were employed in all experi-
ments;,.No.more than 6 rats were'housed in one cage. Two rats were
chosen atrranddm'on each experimental day. ‘EnvironmentaT condittons
1 were kept constant. The temperature was’ ma1ntaJned at 21°C and the
s11ght1ng cyc]e was 12 h Tight and 12 h darkness Commerc1a1 rat food

ﬁand water were supp11ed ad Jibitum.

,¢MEASUR£MENT~0F_ISOMETRIC CQNTﬁACTTONs ;..;T

| The’rats mere:kTTTed?b}-cervTeaT disloéat?on»and“eXSahguination, !
The abdomens were opened and the vasa deferent1a were excised and
placed in Krebs~so]utwon; Vasa deferent1a were then carefuTTy d1ssected
: free from adhering'tissue The'm1dd1e portion of the rat vas deferens
was used cons1st1ng of equal Tengths of urethral (think) and testicular
(th1n) port1ons. The urethral end of the tissue was attached to a
platinum hook electrode at the bottom of the t1ssue bath The test1cu—
Tar end was attached to a transducer The t1ssues were: mounted in a’
5 ml -tissue bath containing Krebs solution (pH 7.4) wh1ch was aerated
with 95% 0,/5% €O, and maintained at 37°C (Fig. 1). The rat vas
deferens was maintained under 0.5 g resting tension throughout all
experiments. There was a stabj]iZation period of at least 30 minutes
befdre'the start of each procedure.

Contraction of the muscle in response to electrip fier stimula-

_tion or td drugs. uere measured as changes in isometric tension with
" :Grass - (FTOBC) force d1sp1acement transducers and d1sp1ayed on a Grass
(ModeT SD) Polygraph or a Beckman (Type RB) Dynograph ETectricaT

; fie]d stimu]at1on of the preparation was e11c1ted w1th'a Grass (Mode]



Isometric . -

- Transducer
| e

"GO

FIG. 1 ‘Schematic 1'1‘1L_Jstrat1'on of contractith'fapparat'us.

&

95%02, _ ’ Prewarmed |
5%C0 /"ﬁé_—l_ Krebs In. o o
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2

SM6C) st1mu]ator by pass1ng b1phas1c pu]ses of 1.ms. durat1on and a
ﬂsopramax1ma1 vo]tage (100 vo]ts) between p]at1num e1ectrodes 1ocated at

the top and bottom’ of the tissue bath.

| SOLUTIONS AND DRUGS

- The. Krebs so]ut1on cons1sted of analytical grade chem1ca1s obta1ned
from F1sher Sc1ent1f1c Company It had the fo]]ow1ng compos1t1on : c
‘”‘NaC1 116 mM KC] 5.4 mM; CaC]2 2. %{mwﬁ MgC]z, 1.2 mM; NaHpPOy, 1.2 mM;
NaHC03, 22.0 mM; D- g]ucose 11.2 mM.  The sqution was made in distilled
defonized water, equ111brated'nifh 95% Oé)S% bdzMand mainta{ned at 37°C .

Drugs andvtheir SOurces were: Adenosine, atropine‘su1phate,_
42-ch1oroadenosfne, indomethacin, (-)-noradrena]ine.bitartarate-and
theophy]]ine (Sigma Chemical Co. ); 2vbromoadenosine*, 2= f]uoroadenosine*
(Southern Research Institute);q ~amino -6-[(2- hydroxy 5-n1tro)benzy1th1o]-

9-8-D- r1bofuranosy1pur1ne . (HNBTG; Dr A. R P. Paterson Un1vers1ty of

' ATberta Cancer Research Un1t) 2 -deoxycoformyc1n i(Dr G.A. LePage,

......

' -,fUn1vers1ty of A]berta Cancer Research Un1t) d1pyr1damo]e (Boehr1nger-

»_Ingelhe1m) 2= hydroxyadenos1ne .(Dr J.F; Henderson, Un1vers1ty of -
' A]berta-Qancer Research-Unxt), phenoxybenzam1ne HC] (Sm1th, Kline and
French)‘and dimethy]sU]foXﬁde (DMSO F1sher Scient1f1c Co ). Compounds 1
-1nd1cated by an aster1sk were kindly donated by the 1nd1v1duals or
f1rms shown A
 Stock so]utions (10'2M) of 2 bromoadenos1ne,H2-ch1oroadenos1ne,
152 f]uoroadenos1ne and 2 hydroxyadenos1ne and (10 M) adenos1ne and
“_2 am1noadenos1ne, were made in dimethy]su]fox1de (DMSO) and stored

frozen. DMSO was used because of the 1ow solub111ty of the 2 substitu-

ted‘adenos1ne derivatives in water. DMSO (1% v/v) alone did not;alter .



. \\
significantly the twitch or sustained responses-of_rat vas deferens to

field stinulatfon.u@Furthermore; inhﬁbition of tissue responses to field

o st1mu1at1on by adenos1ne (10 M) were the same when adenos1ne was d1s-

’so1ved in DMSO 2 -Deoxycoformyc1n (60 ug/m]) stock so]ut1on was

obta1ned 1n sa11ne solut1on from Dr G.A. LePage A11quots of 0.2 ml of -

these drugs were stored frozen. .

A stock so]ut1on of noradrena]ine (10 2M) in 0 1 mM\HCl wa's stbred
_frozen D1pyr1damo1e was. d1sso1ved in the m1n1mum vo]ume of 1M HC1
’Indomethac1n was prepared in equ1m01ar sod1um carbonate so]ut1on and was

“made.up fresh every 3 h.

FREQUENCY-RESPONSE DETERMINATIONS

Frequency response curves were determ1ned from the urethra] port1on,'

test1cu]ar port1on and m1dd1e port1dn (cons1st1ng of equa] 1engths of
.urethral -and test1cu1ar'port10ns) of rat vas deferens in the absence and
~in the presence of adenosine These exper1ments 1nd1cated wh1ch por-

f»ft1on(s) of the t1ssue and what frequency of st1mu1at1on were to- be

- ,Tut111zed 1n the present study

SR L U T e

INHIBITION BY ADENOSINE AND 2-SUBSTITUTED ADENOSINE DERIVATIVES -

' The effects of increasing concentrations of 2- ch]oroadenosine,

2~ hydroxyadenos1ne, 2 bromoadenos1ne, 2 f]uoroadenos1ne, 2- am1noadenos1ne

-and- adenos1ne on tw1tch and susta1ned responses of rat vas deferens to -

ve]ectr1ca} f1e]d st1mu1at1on were compared to the effects of these com-

pounds on submax1ma1 responses to exogenous noradrenaITne Th1s 1nd1ca-'

ted whether these drugs were acting pre— and/or postsyantica]]y
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EVALUATION OF DRUG EFFECTS

¢

'Dose response curves of inhibition by the 2-substituted adenos1ne :
der1vat1ves of responses of rat vas deferens to nerve st1mu1at1on were
y compared on a pa1red basis w1th the 1nh1b1t1on'caused by adenosine

Q%Q%us, relat1ve potenc1es and durat1ons of action of the drugs were
determ1ned _

Dose-response curves of the inhibition by adenosine and various

| 2-subst1tuted adenosine derivatives of nerve-mediated responses of rat
vas deferens were done on-a paired basis in the absence and in the pre-
' sence of theophy1]1ne, phenoxybenzam1ne atrop1ne, 1ndomethac1n or
d1pyr1damo1e In other experlments, the effects of adenos1ne and 2-
substituted adenosine der1vat1ves were. compared on a pa1red bas1s in
normal t1ssues and t1ssues pretreated w1th HNBTG and/or 2 —deoxycofor-

: myc1n or with both of these drugs and: theophy1]1ne | | .

.' On a pa1red bas1s w1th norma] t1ssues, the effects of var1ous
drugs (HNBTG d1pyr1damole, theophy111ne and 2" deoxycoformyc1n)
frequency response curves of rat vas deferens were determ1ned to check
for non- spec1f1c effects of these agents Further, frequency response.

'i curves from normaT rat vas deferens were compared on a pa1red basis w1th
t1ssues pretreated with both HNBTG and 2* deoxycoformyc1ﬁ to determlne

, whether adenos1ne has a phys1o1og1ca1 modu]atory role on noradrenerg1c

transm1ss1on in this tissue.

"EVALUATION OF RESULTS‘

(') Frequency -response determ1nat1ons
Frequency -response curves were c0nstructed by st1mu1at1ng the rat

“vas deferens w1th biphasic pu]ses.of constant duratton and vo]tage



(1 ms duration and 100 vo1ts) while increasing'the frequency of stimila-
t1on until. atta1nment of maximum responses for both twitch and sustained
responses A 5 m1nute time cycle was fo]]owed, st1mu1at%ng the tissue
until ach1evement of the full response (which took about 30 s) Resu1ts
were expressed as a percentage of the max1mum for both the tw1tch and

. susta1ned responses of rat vas deferens to field st1mu]at1on._ Also,

control maximum responses were compared to experimental max imum’ responses. -

(b) Electrical field stimulation
" Reproducible, submaXima]“contractions'offrat vas~deferens.were .

- e]icited’every 5 minutes for 30 seconds to e1ectr1ca1 fie]d stimulation

"--(b1phas1c pu]ses of 1 ms.duration at supramax1ma1 vo]tage and 5 Hz)

“The response obta1ned 60 seconds fo1low1ng ‘the add1t1on of adenos1ne or

‘the 2- subst1tuted adenosine der1vat1ves was expressed as a percentage

u;.of ‘the preceding contro] response'(F1g 2) The percenitage 1nh1b1t1on

~

~_

was ca]cu]ated for both the tw1tch and sustained responses and pTotted
"against increasing concentrat1ons of drug ‘Following wash1ng the ’
/y'

,,tlssue, the stimulation was repeated, unt11 reproduc1b1e responses

similar to the 1n1t1a1 contro]s were obta1ned

"(c)_;EXogenoGs.noradrenaline . ‘_.: -~ e
Reproducible contraotiOns ofgrat vas deferens'were'e1icited every
5 minutes‘for,30 seconds to exogenous_noradrenaline'{5 x'10'6M).wh1eh
gave responses of about 50% of the maximon Only sustained eontractions
resul ted from noradrena1tne-app11cat1on at th1s concentrat1qn Experi- .
.ments were performed and eva]uated in the same manner as descr1bed for

e1ectr1ca1 f1e1d st1mu]at1on
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FIG. 2 Effect of adenosine (10°'M) on responses of rat vas deferens

to exogenous noradrenaline (5 x ]0'6M) (A), and on responses

to. electrical field stimulation (5 Hz, 30 s) (B).

28




.29

STATISTICAL ANALYSIS QF DATA

Results are expressed as mean *+ standard error of the mean (S.E.M.).
Significance.levels for the difference between groups oF?§1opes were
"est1mated using Student S paired ‘t' test and the d1fference was Judged
to be s1gn1f1cant when P < O 05. 1050 va]ues and slopes were extrapo- L

lated by computer regress1on analysis of responses obtatned between

20-80% inhibition on the log concentration vs response curves.
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RESPONSES OF RAT VAS DEFERENS TO ELECTRICAL FIELD STIMULATION

Electrical #ﬁe1d stimulation of the urethral portion of rat vas
deferens mainly resulted in twitch responses at all frequencies of stim-
ulation (Fig. 3a); therefore, twitch responses appear to originate from
this portion of the tissue. On the other hand, electrical field stimu-
lation of the testicular portion of the rat vas deferens mainly resulted
in sustained responses at all frequencies of stihu]ation (Fig. 3b);
thereforé, sustainéd resbﬁnses appear to orig%nate from this portion of
the tissue. As expected, electrical field stimulation of the middle
portion of the vas deferens which consisted of equal lengths of urethral
and festicu]ar portions of the tissue resulted in both twitch and sus-
tained responses at higher frequehcies of stimulation. However, at tow
frequencies of stimulation, only twitch responses were elicited from the
middle portion of the vas deferens (Fig. 3c). This may be a result of
‘the morphology of innervation of the tissue, sustained responggé béing

elicited by stimulation of extrajunctional alpha-adrenoceptors.

FREQUENCY-RESPONSE DETERMINATIONS

(A) Middle portion of rat vas deferens

The log frequency-response curves for both the twitch ahd sustained
responses of the middie portion of the rat vas deferens to electrical
field stimulation are shown in Figure 4. The slope of the twitch
frequenéy-response curve decreased from 5 to 20 Hz but increased again
from 20 to 100 Hz. Thus, the frequency-response curve appeaf% biphasic
in shape. The shape of the frequency-response curve for the sustained

contraction was also biphasic in nature; however, the maximum occurred

at 50 Hz.
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‘5

FIG. 3 Twitch and sustained responses to field stimu]atjon‘(O.S, 5.0
and 20.0 Hz, 30 s) from urethral (A), testicular (B), and

middle (C) portions of rat vas deferens.:

i
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FIG. 4 Plot of frequency-response curves of twitch ( ) and
sustained (- - - -) responses of the middle bortion of the
rat vas deferens. Results are expressed as mean % maximum

.+ S,E.M., n= 6.‘
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The secondary 1ncrease in the frequency response curves: may have ,'Jiﬁﬂ,f
4been due to d1rect muscle st1mu]ation, therefore, the effect of TTX, a
fb]ocker of action potent1a1s in neurons, was determined on responses of

- the.rat vas deferens to e1ectr1ca1 f1e]d st1mu1at1on TTX abo11shed

: .a11 responses of the t1ssue to e1ectr1ca1 f1e1d st1mu1at1on up to

100 Hz, however, at 200 Hz susta1ned responses were. e]1c1ted which weres
probably due to direct muscle stimulation. These resu]ts 1nd1cate that
;;Lthe,secondary increase in the slope of'the frequency—response curves
was not.duedto direct'muscle'stimulation.

(B) Separate.portions of the rat vas deferens

_ The.frequency-response determinations from.thehurethra1 portion of
'the rat vas deferens is shown in Figure 5, and the frequency-response.
determ1nat1on from the testicular. portion of this t1ssue in Figure 5.

' aA 11near relationship resu]ted from p1ott1ng the frequency vs % max1mum
: tw1tch response of the urethra1 portion of the vas deferens with a maxi-
- mum occurr1ng at 100 Hz. On the other hand, an S-shaped curve of'fre-
"rquency vs % maximum susta1ned responses with @ maximum occurring at
20 Hz was e11c1ted from the testicular portjon. These results suggest‘
that the biphasic shape of the frequency-response curves from the middle

’portion.Of,the.vas‘deferens.may be due to an»interaction:between“the two

portions of this tissue.

© FREQUENCY-DEPENDENCE.OF INHIBITION OF ADENOSINE -

The effect of adenosine (10‘4M)”on the frequency-response curves of
both the twitch and sustained responses of the middle portion of the rat

vas deferens is shown in Figure 6 a and b. Three observations can be
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FIG. 6
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3
Effect of adenosine (0; 10'4M)‘on frequency-response curves
of twitch (a) and sustained (b) responses of the middle

portion of the rat vas deferens. Results are expressed as

. mean % maximum * S.E.M.; h = 6. Asterisks represent the

significance of the difference from normal tissues; *0.05 >

P>0.01; * 0.01 >P > 0.001; ** P < 0.001.
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- made from this exper1ment Adenos1ne 1nh1b1ted both twitch and Sus-
ta1ned responses of the tissue to electrical’ Field st1mu1at1on w1th the
former being more sensitive to the 1nh1b1t1on byvaden051ne-than-the
latter. Also, both in the case of the tw1tch responses and of the sus-
tained responses, adenos1ne 1nh1b1ted these to a greater extent at Tower
frequencies than at higher frequencies of st1mu1at1on.. In this respect,
adenosine had no 1nh1b1tory activity at frequenc1es above 20 Hz for the
tw1tch or above 5 Hz for the susta1ned responses ) |
Twitch responses from the urethral portion and susta1ned responses |
from the testicular portion of rat vas deferens were also 1nh1b1ted by
adenos1ne (10 M) in a similar manner (Fig. 7 a and b). Once aga1n,
both of these responses were 1nth1ted to a greater extent at 1ower than
at higher frequenc1es of stimulation and tw1tch responses were more sen-
sitive than susta1ned responses to the 1nh1b1t1on by adenosine. Twitch
responses from the urethral portion were inhibited at a11 frequencies of
stimu]ation;'however, sqstained responses trom the testicular portion

‘were not inhibited at frequencies above 10 Hz. Therefore, the inhibitory

activity of adenosine was not obscured by utilizing the middle portion

effects of increasing concentrations of adeno-
sine on twitch responses of the rat vas deferens due to electrical field
stimulation at 5 Hz (30 s stimulation every 5 min) or at 0.0B-HZ'(COH-

. stant stimulation) (Fig. 8. It can be seen that the inhibition of
twitch responses by adenosine4was;frequency-depehdent, with low frequency
twitch responses being more sensitive to the inhjbitory action of adeno-

sine than higher frequency twitch responses.



FIG. 7

EffectAof’adenosiné (0; 107
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4M) on frequency-response curves

of twitch (a) responses from the urethral portion and
sustained (b) responses from the testicular portion of the
rat vas deferens. Results are‘expressed_as mean % maximum

+ S.E.M., n = 6. Asterisks represent the significance of the

‘difference from normal tissues; *0.05 > P > 0.01; **0.01 >

P> 0.001; *** P < 0.001."
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FIG. 8

% Inhibition (Twitch Response)

100

10 107 1074 1073
Adenosine (M)

Inhibition by adenosine of twitch responses of rat vas
deferens to field stimu1ation at 1wafrequency (0.03 Hz, 30 s)
(0) or at higher frequency. (5 Hz, 30s) ( @ ) of stimulation

Results are,expfessed as mean inhibition = S.E.M., n = 6.
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EFFECTS OF ADENOSINE AND 2- SUBSTITUTED ADENOS INE DERIVATIVES ON

CONTRACTILITY

(A)' Effects/on muscle tension

. - v o
The rat vas deferens in vitro is a quiescent muscle exhibiting no

‘spontaneous activity. Aden051ne and the 2~ substituted adenOSine deriva-
tives had no effect on the resting tenSion of the tissue per-se in any
of the concentrations tested.

¥

o g \ - |
(B) Effects on responses to electrical field stimulation

,Adenosine (3-1000 uM)bandlthe 2-substitUted.adenosine derivatives
g Ti-iOQiuM) inhibited both twitch and sustainedvresponses of the rat vas
deferens to electrical field stinuTation (5 Hz, 30 s every 5 min) in a
.‘concentration dependent manner (Fig. 9 a and b) -The order. of potency
of these compounds 1in 1nhib1ting responses to fieid stimulation was as
follows: .2-Chloroadenosine >-2-hydroxyaden6sine p 2—hromoadenosine >
2-f1uoroedenosine > 2-aminoadenosine = adendsine, A1 of the 2-substi-
tuted adenosine derivatives tested»excethZ-eninoadenosine were more |
potent than adenosine. The twitch response exhibited greater sensi-
tivity.to the inhibitory action of these compounds than‘did the secon-

dary sustained response.

(C) Effects on responses to_exogenous noradrenaTine

Motor responses of the rat vas deferens e]ic1ted by exogenous

noradrenal ine (5 x 10 6M for 30 s every 5 min) were oniy slightly 1nh1-
- bited by adenosine and the 2-substituted adenosine derivatives (Fig.

9¢c). Further, the effects of adeﬁ%sine and the 2-substituted adenosine



G. 9 Effect on twitéh (a) and sustéined (b)\responges'of réf-vas>
deferens to field stimulation (5 Hz, 30 s) and tovekbgenbus

noradfena]ine (5 x 10'6M) (c) of 2-cﬁ1oroadenosihe ( !:),
2-hydroxyédenosine (¢ ),~2—bromoadenosine_(’v ), 2-fluoro-
adendsine ( A ), 2-aminoadenosine ( @ ). and adeﬁosine (®).
Results aré_expressed as mean inhibition + S.E.M., n=6,
except adenosine,vn¥30. Asterisks.represent-the signifi-
cance of the differenée of effeqfs on the sUstajned respoﬁses
and on responses to exogenous noradrena]jne; * 0;05'> P1> |

B

0.01; ** 0.01 » P > 0.00T; *** p < 0.001.
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TABLE I Relative potencies of adenosine and 2-substituted adenosine

derivatives. . Experiments done on a paired basis within

tissues with adenosine dose-response curve done before that

of the derivative; n=6, except adenosine n=30.

DRUG TWITCH

Adenosine
2-Aminoadenosine
2-F1uoroadeno§ine
2-Bromoadenosine
2-Hydroxyadenosine

2-Chloroadenosine

| +

(S.E.M.)



derivatives on responses of the rat vas deferens to exogenously applied
noradrenaline were significantly different from the inhibitory effect§
of these compounds on either twitch or sustained responses of tissues
to electrical field stimulation. Therefore, if noradrenaline is the
functionally important neurotransmitter in the rat vas deferens then
adenosine and its derivatives appear to have a predominately presynap-

3
tic site of action, although these compounds also act postsynaptically.

EFFECTS OF THEOPHYLLINE ON CONTRACTILITY OF RAT VAS DEFERENS

Theophylline is a commonly used antagonist of purinergic receptors,
inspite of its nonspecific actions at high concentrations. In order to
find an effective dose of theophylline with minimal direct effects the
inhibition by increasing concentrations of theophylline app]iéd 60
seconds prior to electrical field stimulation (5 Hz for 30 s every 5
min) of rat vas deferens was studied (Fig. 10). The threshold concen-
tration of inhibitory activity of thedphy]]ine was found to be about
10'4M. At higher concentrations, theophylline inhibited both twitch
and sustained responses ip a concentration dependent manner, as did
-adenosine and the 2-substituted adenosine derivatives with the twitch
responses being mdfe sensitive than the secondary sustained responses.

3

- There was no difference in inhibitory activity of theophylline (107 °M)

on responses of tissues to electrical field stimulation and on responses

of {issues tb exogenously applied noradrenaline (5 x 10'6

M for 30 s
every 5 min), therefore, unlike the inhibition by adenosine and deriva-
tives, this effect of theophylline appeared to be mediated postsynap-
tically. ' J

The IDgy for adenosine inhibitory activity in the rat vas deferens

44
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.O/o Inhibition

| Theophylline (M)

FIG. 10 Inhibition by theophylline of twitch (—-) and sustafned
(---) responses of rat vas deferens to field stimulation
(5 Hz, 30 s) and to exogenous noradrenaline (5 x 10'6M)

(%). Results are expressed as mean inhibition + S.E.M.,

A

N

- n=6.
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was found to be about 3 x 10—4

M. Therefore, a high concentfation of
theophylline was required for competition with adenosine. Although
10'4M theophy]line was the threshold concentration :for inhibitory
activity, this4concentration did not significantly alter frequency-
fesponse det;rminations of twitch or sustained Eesponses. Therefore,
~ this concentration of theophy]]iné was utilized in subsequent studies

with this purinergic receptor antagonist.

ANTAGONISM BY THEOPHYLLINE OF EFFECTS OF 2-SUBSTITUTED ADENOSINE

DERIVATIVES -

The inhibition by 2-chloroadenosine, 2—hydroxyadenosine; 2-bromo-
adenosine and 2-f1uoroadenosiné of twitch and sustained responses of
rat vas deferens to electrical field stimulation were significantly
antagonized by theophylline (10_4M) (Fig. 11 a, b, ¢ and d). Further-
more, theophylline caused a parallel shift to the'right of the dose-
response curves of these compounds. Since maximum inhibition was not
achieved, because of solubility characteristics of the 2-substituted
adenosine derivatives, it was not possible to determine whether theo-
phylline also depressed thekﬁaximum inhibition by these compounds.
These results suggest that the 2-substituted adenosine derivatives act

via a purinergic receptor.

The effect of theophylline on the inhibitory activity of adenosine

in the rat vas deferens is discussed later.

12

EFFECTS OF ALPHA-ADRENOCEPTOR OR MUSCARINIC RECEPTOR BLOCKADE ON
INHIBITION BY 2-CHLOROADENOSINE

Presynaptic a]pha-adrenoceptdrs and muscarinic receptors are

»
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‘6. 11 Inhibition by 2-chloroadenosine (a), 2-hydroxyadenosine (b),
2-bromoadenosine (c) and 2-fluoroadenosine (d) of twitch

(—) and sustained (---) responses of rat vas deferens

3

to field stimulation (5 Hz, 30 s) in normal Krebs ( ® , ¢ s
v , o) and in the presence df theophylline (100 wM; O,

O,v,os ). Results -are expressed as mean inhibition +
: C NS

P
S.E.M., n=6. Asterisks represent the significance of the

difference of inhibition from normal Krebs; * 0.05 > P >

v

0.01; ** 0.01 > P > 0.001; **xx P < (0.001.
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present and may be of functional significance in the vas deferens.

6

'Since neither phenoxybenzamine (5 x 10" M) (Fig. 12a) nor atropine

(5 x 10’§M) (Fig. TZb) significantly altered the inhibition by 2=chloro-

adenosine of nerVe-mediated responses of rat vas deferens, the 2-$ubsti-
‘luted adenosine derivatives appeared not to act on these receptors.
‘Phenoxybenzamine per se did not effect the magnitude of the twitch
response but abolished the secondary sustained responses of the rat vas

deferens to electrical field stimulation.

EFFECT OF INDOMETHACIN ON iNHIBITION BY 2-CHLOROADENOSINE

ATP and ADP stimulate thé synthesis of prostaglandins and prosta-

glandins have been shown to inhibit noradrenergic transmission in the

5

vas deferens presynaptically. Indomethacin (5 x 10°°M for 60 min), at

a concentration which is greater than the IDgg for inhibition of
_prostag]andin synthesis in many tissues, didnot significantly alter
the inhibition by 2-chloroadenosine of twitch or sustained responses of
the rat vas deferens'to e]éctricaT field stimulation (Fig. 12c).
Therefore, the 2-substituted adenosine derivatives were probably not

acting through the stimulation of prostaglahdin synthesis.

INHIBITION OF ADENOSINE UPTAKE

(A) Effect of dipyridamole : -

Adenosine is taken up in many tissues and this uptake o% adenosine
may Timit its potency ét éxtrace11u1ar receptor sites. In the presence
of dipyridamole (10'5M), an inhibitor of adenosine uptake, the inhibi-
tion by adenosine of twitch and sustained 'respohses of rat vaé deferens

\ .
to electrical field stimulation was potentiated. This is shown in



FIG.

12

'phenoxybenzamine (5 uM; O ; a) or atrop1ne CS HM m ﬁ¢b) or

&)

°
v

e o L, <
‘Inhibition by 2-ch1proadénosine of tWitch (~——) and sustained

(---) responses of rat vas deferens to fie]d stimu]ation'

(5 Hz,+ 30 s) in normal Krebs ( m ) and 1n the presence of

of tissues pretreated with indomethacin {50 uM for«i hn o ;

. &‘
c). Results are expressed as mean inhibition i_S.E.M., n=4. ;
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\

Figure 13 a and b as a parallel shift to the Teft of the dose-response
cﬁrve,of adenosine and suggested that 1in thiS tissue the inhibitofy
action of adenosine is 11mited_byNits rdpid uptake into cells. In con-
trast, the inhibitioﬁjby’2-ch10§oadenosine of'feSponses of this tissue
to electricé] field-stimulation was not potentiated by‘dibyridamole

(10'5M); hawever, as shown in Figure 13 a and b, a trend towards antago-
' ’a}.l‘

Y
nism of the inhibition by 2-chloroadenosine of sustatined responses was

apparent. These results suggested tﬁa£ uptake does not Timit the inhibi-
tory activity of 2-chloroadenosine.

The concentration of dipykidamo]e used in the present stqdy probabl;
did not have non-specific effects, since 107%m dipyridamole per se did
not significantly alter the . twitch or sustained frequency responsé curves

-

of the‘rat vas deferens.

'(B) Effect of HNBTG - =

The above results were confirmed and extended with another inhibitor
of adenosine uptake. Pretreatment of rat vas deferens with HNBTG K]O—SM
for 30 min) caused a potentiation of the inhigition.by adenosine of
vresponses to electrical field stimulation. This is shown in Figure 13-~
c and d, as a pa> el shift to the left of the dose-response curves of
adenosine. / with dipyridamole, .. inhibition by‘2-ch]oroadenqsine of
responses o7 this tissue to electrical field stimulation was not poten-

tiated ', HNBTG (107

M for 30 min). Fowever, as shown in Figure 13 c and
d, the nhibitory action of 2-chloroz. :nosine on sustained responses
appeéred to be antagonizedﬁby pretrea tment of tissues with HNBTG.

Pre reatment of rat vas defer s with HNBTG (10°°M for 30 min) did

not alter the inhibiticn by ?-'\. roxyadenosine or 2-bromoadenosine of



&4@gﬂ

FIG. 13 Effect on twitch (é,c) and sustained (b,d) responses of rat
vas deferens to field stimulation (5 Hz, 30 s) of adénosine
( ®) and 2-chioroadeno;ine (m )'fn normal Krebs, and of
adenosine ( O ) and‘chh1oroadeho§ine (o) in the presence
of 10'5M dipyridamole (a,b) or after pretreatment of tissues

5

with HNBTG (10™°M f-r 0 min) (c,d). Results are expressed

as mean ighibition + >.E.M., n=6. Asterisks represent the

»

/ significance of the difference from the inhibition in normal

'~ Krebs of untreated tissues; * 0.05 > P> 0.01; ** 0.01 > P \
> 0.001; *** p < (0.001.
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‘responses'to electrical field stimulation. However, HNBTG caused a small

. LI ) \ - B
-but significant potentiation of the inhibitory action of 2-fluoroadenosine :

. (Fig 14 a, b and.c). These stud1es w1fh HNBTG suggest that 2-hydroxy- °

adenosine and 2 bromoadenos1ne are not taken up into the vas deferens,

CPe

however, 2- f]uoroadenos1ne appears to -be taken up 1nto the tissue to ~some
Q .

extent and th1s uptake 1; 11m1t1ng to the 1nh1b1tory act1v1ty of 2- f]uoro—
'adenos1ne .

Pretreatment of,rat vas deferens with 10'5M~HNBTG for 30 minutesldidA
not significantly alter the frequency-response determinations for twitch
and sustained responses. - Therefore," pretreatment of tissues ‘with the
adenosine uptake 1nh1b1tor did not appear to resu]t in non spec1f1c
depress1on or augmentat1on of nerve-mediated responses

INHIBITION OF ADENOSINE DEAMINASE BY 2'-DE0XYC0FORMYCINQ

| 2' -Deoxycoformycin, an 1nh1b1tor of adenos1ne deam1nase; signifi-
cant]y potentiated the 1nh1b1t1on by adenos1ne of. twitch and susta1ned
responses of rat vas deferens to eTectr1ca1 field st1mu1at1on while
having no effect on the 1nh1b1t1on by 2- chJoroadenos1ne (Fig. 15 a and b).
This suggests that adenos1ne is deaminated 1n.this tissue and that deami—
nation is Timiting to its inhibitory activity. However, 2-chloroadenos1ne
does not seem to be deaminated in the vas deferens The potent1at1on of
the effects of adenosine occurred only at adenosine concentrations above
107 M and resulted in a shift to the left of the adenosvne dose-response
‘curve. The potent1ation of the inhibition by adenosine with 2'-deoxy-
coformxsln/igﬂx/10 M for 30 min) was less than the potentiation caused
by pretreatment of. tissues with HNBTG (107 M for 30 min).

Pretreatment of tissues with 2 x 10 6M 2'-deoxycoformyc1n for 30

55. .



G. 14 Inhibitibn by 2-hydroxyadenosine (a), 2-bromoadenosine (b)l
and 2-fluoroadenosine (c) of»twitch (—) and sustained
(---) responses of rat vas deferens to field stimulation
(5 Hz, 30 s)‘in.norma1 tissues ( ¢ , v, 4 ) and in tissues
pretreated with HNBTG (]O'SM for 30 min; O, v , & ).
Results are expressed as mean inhibition + S.E.M., n=6.
Asterisks represent the significance of the difference from
normal tissues; * 0.05 > P > 0.01;‘** 0.01 > P > 0.001;

*** p < 0.001.
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FIG. 15 Effect of twitch (a) and sustained (b) responses of rat vas

deferens to field stimulation (5 Hz, 30 s) of adenosine ( 0 )

and 2-chloroadenosine ( ® ) in normal Krebs and of tissues

pretreated with 2'-deoxycoformycin (2 x 10f6M for 30 min)

(0; O ). Results are expressed as mean inhibition + S.E.M.,
n = 6. ._Asterisks represent the significance of the difference
from untreated tissues; * 0.05 > P > 0.01; ™ 0.01 > P > 0.001;

*** p < 0.001. ' ,
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~ minutes appeared to cause total inhibition of adenosine deahinase,
since 10'5M 2'-deoxycoformycin for 30 minutes did notdcause a further
potentiation of the effects of adenosine (Fig. 16).

The pretreatment of rat vas deferens with 2'—deoxyc6formycin (2 x

1076

M for 30 min) did not appear to result in non-specifsic depreséion
or augmentation of responses, since the frequency-response determina-

2 .
tions for twitch and sustained responses of this tissue were not signi-

f
ficantly altered by pretreatment with 2'-deoxycoformycin per se. - PS

COMBINATION OF ADENOSINE UPTAKE BLOCKADE AND DEAMINASE INHIBITION

There was no difference between dose-response curves of the inhibi-
tion by adenosine of responses of rat vas deferens to electrical field
stimulation when tissues were pretreated with 2'-deoxycoformycin (2 x
10"6M for 30 min) and then HNBTG (10'5M for 30 min) or when tissues were
pretreated with these drugs in the reverse order (Fig. 17). This
suggests that 2'-deoxycoformyt1n does not utilize the adenosine uptake
‘carrier to enter cells and that either pretreatment procedure can be
used. |

Pretreatment ofﬁthe rat vas deferens with 2'-deoxycoformycin (2 x

6M for 30 min) as well as with HNBTG (10-5M for 30 min) caused a

10°
rgreater potentiation of the inhibitory action of adenosine on responses
of tissues to electrical field stimulation than seen with pretreatment
of tissues with only HNBTG (Fi§. 18). Thérefore, this suggests that
both upt;ke and deamination of adenosine are limiting to the inhibitory
activity of adenosine and that these 1imftations occur by different

mechanisms.

The inhibitory potency on responses to electrical field stimulation.

3
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(2 x 10°% for 30 min) ( ® ) or with 2'-deoxycoformycin
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FIG. 18 ‘Tnhibition by adenosine of twitch (—) and sus-
tained (---) responses of rat vas deferens to field

stimulation (5_Hz, 30 s) in tissues pretreated with

5

HNBTG (10™°M for 30 min) ( ® ), or in tissues pre-

-5

treated with both HNBTG (10"~ M for 30 min) and

M for 30 min) (O ).

2'-deoxycoformycin (2 x 10;
Results are expressed as mean inhibition + S.E.M.,
n=6. bAsterisks represent the significance of the

difference from tissues pretreated Qith only HNBTG;

* 0.05 > P > 0.01; ** 0.01 > P > 0.001; ***P < 0.001.

N



100

80 |

% Inhibition

20 +

|
106 1075 104

Adenosine (M)

FIG. 18

J
1073

63



64

of 2_chloroadenosine was not significantly different from that of adeno-

sine when the rat vas deferens was pretreated with both 2'-deoxycoformy-

5

cin (2 x 10" for 30 min) and HNBTG (107°M for 30 min) (Fig. 19).

Therefore, 2-chloroadenosine and adenosine appear to be equally potent

at the reéeptor Tevel.

Pretreatment of rat vas defere$?\~ith both HNBTG (10'5

6

M for 30 min)
and 2'-deoxycoformycin (2 x 10 "M for 30 min) per se did not signifi-
cantly alter the frequency-response curves of the twitch or sustained
responses of this tissue to electrical field stimulation (Fig. 20).

~ Therefore, a physio]ogiéq] significance for adenosine on these responses
~in this tissue is ques;ionab]e.

\

DURATION OF ACTION OF ADENOSINE AND THE 2-SUBSTITUTED ADENOSINE DERIVA-

TIVES

Adenosine and'2-amihoadenosine were short acting, w{th responses
returning to normal within the five minute time cycle of the experiments
after washing. "2-Fluoroadenosine was slightly longer acting and 1nhibi¥
ted responses of rat vas deferens for at least 5 minutes following the'
beginning of washout of drug by overflow. The other 2-substituted
adenosine derivatives (2—ch10roadenosine, 2-hydroxyadenosine and 2-
bromoadenosine) caused a prolonged inhibition of nerve-mediated'responses
of tissues. Reproducible responses similar to the initial cohtrbTEvWere
obtained about 30 minutes following administration of the IDgg dose of
these compounds and subsequent washout by overflow, furthermore, higher
concentrations of these 2-substituted adenosine derivatives réquired\
T ger periods of washout. Washout times were not limited by washout of

drug from the organ bath, since increasing the flow of Krebs solution
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FIG. 20
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2'-deoxycoformycin (2 x 10~y for 30 min)"( 0 ). Results
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did not decrease the time required to obtain reproducible contractions.
The difference {n time required to oStain reproducible contractions
fo]]owing.adenosine and 2-chloroadenosine administration was not elimi-
nated'by pretreatment of tissues with HNBTG and 2'-deoxycoformycin.
However, the duration of action of adenosine was prolonged to the equi-
valent to that of Z;fluoroadenosine by pretreatment of rat'Vas deferens

with these inhibitors of adenosine uptake and deamination.

EFFECT OF THEOPHYLLINE ON INHIBITION BY ADENQSINE

Theophylline (10'4M) appeared to antagonize the inhibition by
adenosine of twitch and sustained responses of raty&as'defefeﬁs to
electrical field stimu]atioh (Fig. 21). Howévér, contrary to similar
experiments with 2-substituted adenosine derivatives, this antagonism
by theophylline was not significant. But when tissues were pretreéted »

with both 2'-deoxycoformycin (2 x 10°6 5

M for 30 min) and HNBTG (107 °M
for 30 min), drugs which shift the adenosine doseFresponse curve to the
left, the ahtagonism by theophylline of the inhibitory action of adeno-
sine on twitch and sustained responseé to electrical field stimu]atioq
was significqnt. This is shown in Figure'22 as a parallel shift to the
right of the dose-fesponse curves of adenosine. Therefore, although
there was a trend towards antagonism By theophylline of the jnhibitory
action of adenosine, this antagonism only became significant when both

uptake and deamination of adenosine were inhibited.
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FIG. 22 Inhibition by adenosine of twitch (—) and sus-
 tained (---) responses of rat vas deferens to field

stimulation (5 Hz, 30 s) of tissues pretreated with -

M for 30 min) in normal Krebs ( @ ) or
in the presence of .théophylline (10'4

HNBTG (10~
M for 30 min)
( O). Results are expressed as mean inhibition +
S.E.M., n=6. esterisks repfesent the significance

of the difference from normal Krebs: * 0.05 > P >

0.013 ** 0.01 > P > 0.001; *** p < 0.007.
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STATEMENT OF THE PROBLEM

An aim of the present investigation was to compare the effects of
2-substituted adenosine derivatives with those of adenosine on noradre-
nergic transmission in the rat vas deferens in vitro, a tissue which
possesses presynaptic adenosine receptors (Clanachan et al., 1977).

The study began{with‘the observation in this laboratory, subsequent to
a structure-activity study with adénosine derivatives on presynaptic E
inhibition by Paton et al. (1978), that 2-chloroadenosine was more
potent and longer acting than adenosine in inhibiting responses of this
tissue due to electrical field stimulation. Although these observations
have been made in many adenosine sensitive systems (Clarke et al., 1952;
Mihich et al., 1954; Born, 1964; Constantine, 1965; Michal and Thorp,
1966; Gough et al., 1969; Angus et al., 1971; Gilman, 1974; Huang and
Daly, 1974; Blume and Foster, 1975; ?Qi]lis'and Kostopoulos, 1975;
Satchell and Maguirg, 1975; Huang and Drummond, 1976), there was no
. adequate explanation for the high dpparent potency of 2-chloroadenosine
compared to adenosine. Therefore, the major question was as fo]]bws:
Why does 2-substitution of adenosine result in a drug which is more

potent than the parént'compound?

RESPONSES OF RAT VAS DEFERENS TO ELECTRICAL FIELD STIMULATION

: E]ectrica] field stimulation of thesrat vas deferens elicits a
rapid initial twitch response lasting about five seconds, immediately
followed by a slower secondary sustained contraction (cf. Swedin, 1971,
Clanachan et al., 1977). Further, field stimﬁ]ation of the urethral
portion of this tissue results mainly in twitch responses while sus-

taihed responses are mainly elicited from the testicular portion



(Duncan an¢ McGrath, 1976). These observations have been confirmed in
the : ‘esent investigation and indicated that in drder to study the
effec-s of drugs on both twitch and sustained responses, the middle
portion of the vas deferens must be utilized which consisted of both
urethral and testicular portions of the tissue.

An unusual observation arose from using both urethral and testicu-
lar portions of the rat vas deferens. The frequency-response curves of
the twitch and sustained responses appeared biphasic in shape, with a
second increase in slope occurring at frequencies above 20 Hz. Direct
muscle stimulation could not explain the secondar} rise in these curves,
since TTX, a blocker of action potentials in neurones, eliminated all
responses of the tissue to field stimulation. Therefore, the responses

were nerve-mediated. There are two other possib1exsxﬁ1anations for the

oy

secondary increase in the freguency-response cupgiﬁ?”“#*ﬁpéets of fibers

. may innervate the tissue, with one set of fibers firing preferentially

at low frequencies of stimulation while the other set of fibers may fire

preferentially at high frequencies of stimulation. Alternatively, an

interaction between two somewhat different portions which are joined to

make one tissue may explain this biphasic phenomenon. Therefore,
frequency-response curves were determined for _the twitch response from
the urethral portion of the rat vas deferens and for the sustained
response from the testicular portion of this tissue. The frequency-
response curve for the twitch response was 1inear‘w1th a maximum »
occurring at 100 Hz. On the other hand, an S-shaped curve of sustained
responses with a maximum occurring at 20 Hz resulted from the testicular
portion 6f the vas deferens. These results suggest that the biphasic

shape of the freqdenéy—response curves from the middle portion of the

/3



rat vas deferens may be due to a physicaT'interaction of the urethral
and testicular portions of this tissue, however, the possibi]ity’of dual
innervation has not been exc1uded.' Furthermore, these results indicate
that although the biphasic shape of the frequency-response curves from
the middle portion of the vas deferens are atypical, this should not
1imit the use of both portions of the tissue at once. Thgrefore, the
effects of drugs on the twitch and sustained responses of rat vas
deferens were studied simultaneously in the present investigation.

There were two reasons for studying effects of drugs on both twitch
and sustained responses of rat vas deferens to electrical field séimu]a-
tion. First, twitch responses have been shown to be more sensitive than
'sustained responses to the inhibitory actions of adenosine (Clanachan
. et al., 1977); and second, both of these responses may be due to nor-
adrenaline. Although there is no doubt that sustained responses of vas
deferens are noradrenergic in nature (cf. Swedin, 1971), there has been
some concern as to the nature of the twitch response of the tissué to
e]ectriéal field stimulation (Ambache and Zar,v1971;'Eu1er’and Hedqvist,
1975; Simon énd Van Maanen, 1976). iHowever; tke bulk o% the evidence
suggests that noradrenaline does mediate twitch responses as well és
sustained responses (cf. Swedin, 1971; Furness, 1971 Furnesé and
Iwayama, 1972; Furness, 1974; Jones and Spriggs, 1975). Therefore, if a
drug alters responses due to nerve stimulation differently than responses
vdue'to exogenous noradrena]ﬁné which acts so1e1y postsynaptically, then

the drug probab]y has a presynaptic site of action.
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PRESYNAPTIC INHIBITION BY ADENOSINE AND 2-SUBSTITUTED ADENOSINE

DERIVATIVES

Adenosine and the 2-substituted adenosine derivatives (2-chloro-
adenosine, 2-hydroxyadenosine, 2—br9moadénosine, 2-fluoroadenosine and
2-aminoadenosine) inhibited bothuéubmaximal twitch and sustained
responses of the rat vas deferens to electrical field stimulation.
However, these compounds hdd very much Tess inhibitory activity on sub-
maximal responses to exogenous noradrenaline. Therefore, the 2-substi-
tuted adenosine deriv§t1ves appear to hgﬁéka predomina}ely presynap;ic
site of action as has been shown for adenbéine (cf. Clanachan et al.,
1977). Adenosine and the adenine nucleotides have beer. shown to inhibit
responses of the rat Vas deferens by decreasing the amount of [3H]-
noradrenaline released by nerve stimulation. ProBab]y the 2-substituted
adenosine derivatives also inhibft'noradrenaline release due to nerve
stimulation and thereby deérease responses to electrical field stimula-
tion; however, this has not been demonstrated by monitoring [3H]- *
noradrenaline re]ease.in the present study. At high concentrations,
adenosine and the 2-substituted adenosine derivatives inhibited responses
due to exogenous ndradrena]ine; therefore, these compounds also have some
postsynaptic action. This was not reported for adenosine in thg earlier
study by Clanachan et al. (1977). |

¥

DIFFERENTIAL.SENSITIVITIES OF TWITCH AND SUSTAINED RESPONSES

| / R . |
Twitch responses of the ratfvas'deferen§ were significantly more Qii 3
inhibiped than .sustained responses by adenosine and the 2-substituted A

o i v . T
adgn3§§§§;derivat1ves. This observation has also been made by

C]anacﬁéﬁf__gal, (1977), but no exp]énation was forwarded. ,Oqe, 4

Syt



explanation for this differential sensitivity may be derived from
morphological considerations in this tissue. The vas deferéns is very
densely innervated with each smooth muscle cell receiving individual
1nnervatioq (Richardsqn, 1962). Nerve terminals synapse in shallow
depressions or may even be enclosed with smooth muscle cells (FUﬁness
and Iwayama; 1971). The/}euromuscu]ar\junctions of the rat vas deferens
are narrow (about 200 z; (chhapdsqn, 1962), thus implying a high effi-
ciency of transmission and uptake of transmitter (cf. Holman, 1970;
Swedin, 1971; Furness and IWayaﬁa, 1971). Swedin (19A) has suggested
an explanation for the twitch and sustained responses of the vas deferens
to electrical {je]d stimulation based on the morphology of innervation

of this tissue. The suggestion was that-a rapid release of noradrenaline

which would thap stimulate alpha-adrenoceptors located in-a narrow
. :

synapsé, together with efficient noradrenaline uptake, forms the physio-

E

Togical basis of the twitch response. The sustéined responses would

occur after sufficient noradrenaline spilled out of the neuromuscular

»

junction to stimy#ate extrajunctional a]pha-adrenocebtors. There appears
to be no difference between junctional.énd extrajunctional alpha-
adrenoceptors otﬁer than location (Hotté; 1969). Therefore, differential
sensttivity of twitch and sqstained responééskto adenosine and related
compounds may result from a fine; ntrd] of the céhcentration of nor-
adrenaline iﬁ a narrow synapée than on extrajun?fﬁona] sites.

. o - | t .«\.\

ADENOSINE RECEPTOR-MEDIATED INHIBITION - \\

Theophy]]iné, a commonly used postsynaptic adenosine\receptor

antagonitst’ (cf. Burnstock, 1975), antagonized the inhibition by the

© 2-substituted adenosine derivatives of twitch and sustained responses of
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the rat vas deferens to electrical field stimulation. This inhibition
was expressed as a parallel shift to the right of the dose-response
curves of these compounds. Only one dose of theophy11ine'was testeé
and the maximum inhibition by the 2-substituted adenosine derivatives
was not achieved in the presence of antagonist; therefore, no conclu- \n\
sions can be drawn with respect to whether the antagonism by theophyl- ij“\-
line was compétitive. These experiménts-suggest that in the rat vas
deferens the 2-substituted adenosine derivatives, 1ike adenosine, pro-
bably act via a purinergic receptor to inhibit noradrenergic transmis-
sion. However, from these experiments nothing can be said about the
specificity of action of the 2-substituted adenoéine derivatives.
A]pha-agonpst (Vizi et al., 1973) and muscarinic-agonists (Stjarne,
1975; Leighton ;Bd-ﬁestfa11, 1976) have been shown to inhibit noradrener-
gic transmission in the vas deferens and these presynaptic inhibitors
may be of physiological importance in this tissue“(cf. Starke, 1977; |
MWestfall, 1977). Therefare, an interaction of the 2-substituted adeno-
sine derivatives with the alpha-adrenoceptor or muscarinic-receptor was
possible. Furthermore, since adenine nuc]eotidesbhave been shown tc
stimulate the synthesis of prostaglandins (Need1eman et al , 1974), and
pro;tag]andins in turn inhibit noradrenergic transmission in the vas |
deferens (Hedqviét, 1974), the 2-substituted adenosine derivatives ;;y
have actec paréia]ly via a prostaglandin mechanism. Phénoxybenzamine,
atropine or indomefhatin did not alter the inhibition of responses of
re* vas defrrens to nerve stimulation by 2-chloroadenosine, suggesting:
no interaction of 2-chloroadenosine with the above-mentioned mechanism,
Therefore, in. this tissue, the 2-substituted adenosine dér{vatives

probably decrease noradrenaline release by nerve stimulation specifica]]f

4



by an action on the same presynaptic receptor system as adenosine.

POTENCY OF ADENOSINE AND DERIVATIVES

Some of the 2-substituted adenosine derivatives were more potent

,and longer acting than adeﬁosine in inhibiting responses of the rat vas
deferens to electrical field‘stimu1ation. 2-Chloroadenosine was the
most potent and longest acting. ‘2-Hydroxyadenosine and 2-bromoadenosine
were almost as potent and long acting as 2-chloroadenosine. Although
2-fluoroadenosine was more potent than adenosine, it was relatively
short acting. 2-Substitution per se was not sufficient to result in a
compound which was more potent and longer acting than adenosine, since
2-aminoadenosine had the same potency and duration of action as adeno-
sine on nerve-mediated responses in this tisise. Results obtained in
the rat vas deferens are in agreement with observations by’other inves-
tigators. A high apparent potency and long duration of actioh of
vafious 2-substituted adenosine derivatives have been demonstrated in
numerous systems inc]uding»other smooth muscles: FOY example, blood
vessels (Clarke et ali, 1952; Gough et aly, 1969; Angus et al., 1971;
Cobbin gﬁ_gl,, 1974) and guinea-pig taenia coli (Satchell and Maguire,
1975). Z;Fluoroadenosine hgs alsovbeen:ShoWn to be more potent than
- adenosine in relaxing smooté muscle (Cobbin et al., 1974) and this com-
-pound ‘was also more potent than_adenosine‘in inhibiting nerve-mediated

responses of vas deferens. On the other hand, 2-f1uoroadenosihe does
not activate adeﬁy]a}e cyclase (Huang and Drummond, 1978). These

results suggest.that structural requifemehts are similar for pre- and

postsynaptic adenosine activity in smooth muscle, but differenceé_exist

between these structural requirements and those necessary for stimulation

&
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of adenylate qygfgie.

Although 2-chloroadenosine has been found to be more potent than

adenosine in many systems, this observation has not been explained

adequately. Several actions of 2-chloroadenosine could conceivably

result in a compound with a high apparent potency: For example, 2-
chloroadenosine has been shown to inhibit adenosine uptake in guinea-
pig brain and ventricular slices (Huang and Daly, 1974; Huang and
Drummond, 1976) as well as to-inhibit adénosine deaminase (Rockwell and
Maguire, 1966; Magufré and Sim, 1971) and cyclic AMP phosphodiesterase
(Wilkening and Makman, 1975). Rockwell and ﬁaguire (1966) found that
there was no correlation between potehcy of the compound and its inhi-

bitory activity on adenosine deaminase. When comparing the actions of

~ 2-chloroadenosine and d1pyr1damo1e, Angus et al. (1971) concluded that

. these two compounds did not act by the same mechanism.  Wilkenihg and

Makman (1975) found that the cyclic AMP phosphodiesterase inhibitory
property of 2-chloroadenosine could not explain its effect of increasing
cyclic AMP levels. Therefore, these properties of 2-chloroadenosine
cannot explain its h1gh apparent potency compared to that of adenosine.
Prevfﬂ!% work from th1s laboratory suggested that a carr1er—med1ated
uptake process for adenosine exvsts in rat vas deferens (Clanachan et al.

1977). ~The present study is in agreement with this suggestion, d1pyr1da-

mole and HNBTG potentiated the inhibition by adenosine of tw1tch and

~ sustained responses of the rat vas deferens to electrical field stimula-

tion. -Dipyridamole has been shown to inhibit nucleoside transport in
various cells (Buang et a1 ; 1964; Scholtissek, 1968; Plagemann, 1971;
Roos and Pfleger, 1972; Schrader g}_a] 1972; Kotassa et al. 1970;

Olsson et al., 1972; Hopkins, 1973; Stachell g}_ al. 1972), however,
‘ .

4
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dipyridamole has also been shown to possess a variety of non-specific
actions (Bunag et al., 1964; Sneft, 1968; Plagemann and Roth, 1969;
Renner et al., 1972; Himari and Taira, 1976). On the other hand, HNBTG
may be quite specific in its action as an inhibitor of nucleoside trans-
port (cf. Baer et al., 1978). Since results obtained with these two
inhibitors of adenosine uptakevwere identical, phe potentiation of the
inhibitory actions of adenosine.indeed appeared to be due to an inhibi-
tion of its uptake. These results indicate that the poteney of adeno-
sine is normally limited by the uptake process in rat vas deferens.
Contrary to these results, the inhibitory actions of 2-chloro-
adenosine, 2-hydroxyadenosine and 2-bromoadenosine on responses of the
rat vas deferens to e1ecte2?é?/fie1d stimulation were not altered by
HNBTG. ‘Furthermore, dipyridamole did not alter the nhibitory action‘
of 2-chloroadenosine in the present study. However, HNBTG did cause a
small potentiation in the inhibitory activity of 2-fluoroadenosine.
The compounds which were not potentiated by inhibitors of adenbsine .
uptake are probably not taken up by the adenosine carrier in this
tissue and therefore, the poEency.of these compounds is ne‘ ]imited.by
the uptake erdcess,via the adenosine carrier. It is unlikely that 2-
_ch]oroggeposinf'uti]izes another efficient uptake system,
Pfé%;d%s,éeports with fespect to the uptake of 2-Ch10rpadenosine

have been'cohtfoversia] In the guinea-pig brain slice preparation,

3

—ch]aroadenosaﬂe may 'be taken up.by an adenos1ne uptake process, since,
i

-t g
hexobendwne potentiated the accumulat1on of cyc11c AMP caused by 2-

ch]oroadenosine (Huang and gi;f, 1974) Cobbin et al. 11974), when

‘ study1ﬁgpthg coronary vasoditator effects of 2- subst1tuted -adenosine

deravat1ves 1n“dags in v1vo have suggested that adenosine der1vat1ves
P

~ with subst1tut1ons 1arger thaﬂ f]uorlne in the 2- pos1t1on may not be

Ve g ‘}.u
T «
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accepted by an adenosine carrier. These authors found that the action

of adenosine was potentiated by various adenosine derivatives and con-

cluded that structural modification which resulted in an increased
dilator potency was different from that of clearance from the vascular
system. Furthermore, it was implied that the high apparent potency of
these compounds was due to an enhanced actftity at a vascular smooth’
muscle receptor (Cobbin et al., 1974). Therefone, the results and
bconclus1ons of the present study differ from those of both groups. In
the rat vasaggferens, the 1nh1b1tory potency of adenos1ne appears to be
limited by uptake; however, the potency of 2-chloroadenosine and some
other 2-substituted adenos1ne derivatives does not appear tobe 1imited

by uptake, and this partially explains the differences in inhibitory
T

" potency between adenosine and 2-chloroadenosine.

R

7 The observat1on that adenos1ne ‘but not 2- ch]oroadenos1ne was taken

up by the rat vas deferens and that adenos1ne uptake 11m1ted ﬂts‘1nh1b1-_

tory activity does not completely exp]a1n the difference in potency of
these compounds. It has recently been suggested that metabolism of
adenosine, subsequent to uptake, may 1imit 1ts potency (cf. Satchell and
Burnstock, 197§). Genera]]y, metabolism of adenosine resu]ts in either
phosphory]ated or deam1nated products. Although at this t1me there are
no specific 1nh1b1tors of adenosine kinases, recently effective inhibi-
tors of mamma11an adenosine deaminase are available. Therefore, the

question of 11m1tat1on of adenos12§ potency by deam1nation could be

tested exper1menta1]y

Pretreatment of the rat vas deferens w1th 2' '-deoxycoformycin, a
t1ght1y b1nding 1nh4b1tor of adenosine deam1nase (Woo et a] . ]974

Cha et a1 s 1975), resu]ted in a potent1ation of the inhibitory activity =

|
\

y
|

1

-~
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of ddenosine. ’This suggests that adenosine is deaminated in the vds
deferens 1imiting its dnhibitory actfvity. Other 1nvestigator§ (Cass
~ and AuYeung, 1976; Johns and Adamson, 1976; LePage et al., 1976) have
shown that the cytotoxic effects and antitupo; activity of severé]
adenosine analogs which are metabolized by adenosine deamination are
increased by 2'-deoxycof6rmycin} The present study is the first demon-
stration of a poténtiation of the effects-of adenosine by inhibitfon of '
adenosine déaminase with 2'-deoxycoformycin; ’
Contrary to these results, the.inhibitory activity of 2-chloro-
adenosine ;n responses of tﬁe rat vas deferens to electrical field
stimulation was not altered by prétreatment\of tigsués With ?ilgsgﬁx;/
coformycin. Thus 2'-deoxycoformycin showed a specific poté;;iating
éffect on adenosiné action, 2-chloroadenosine not being metabolised by
adenosine deaminase as has bé;n eéfab1ishedeith mammalian deamihases
generally (Clarke et al., 1952; Rockwell and Maéuire, 1966; Maguire and *
Sim, 1971). The possibility that 2-§h1oroadenosine is degraded by, o
1 adenosine deaminasiﬁjn,vas defereﬁs and that fhe inhibitory action of
2-ch]oroadenosine Qég not potentiated by 2'~deoxycof9rmycin because the
former is not taken up into fhis_tiséde islunlikely,but has not been
exc]u@ed. RN |
~ To this point, both uptake and deaminatiop-éeparate]y H@Ve.beéh
shown to 11mitithe inhibitbfy acf?Vity of adenosine in rat vas deferens.
Taube and Berlin (19??);have:suggested'tﬁgt adenosine entry and deamina-
tion are independent. “We have found?%he'%éfiowing iﬁ the rat,vas
deferens;§'First, pretreatment of rat vas defefens'witn,both HNBTG and
: 2'-deoxycoforﬁycin_resu1ted'Tn a greater potentiation of the ihhibitory

. activity of»adenoSine than pretreafment of tissues with either uptake

L i



inhibitor or adenosine deaminase inhibitor alone. Secend, the order of
pretreatment with the two drugs was not a determinent of their combined
- effect.. Since these prqcesses 1imit the inhibitory,activity of adeno-
sine independently, these results support the suggestion of Taube and
Berlin (1972) that uptake and deamination of adenosine are 1ndependent
The combined potentiation of adenosine action 1h the rat vas defer-
ens by simultaneous inhibition of uptake and deamination virtually
eliminated the differenee in the inhibitory potency between adenesine
and 2-chloroadenosine. -Therefore, it appears that adenostne and 2-
chloroadenosine are, in fact, equipotent at the receptor level and the

n

apparent difference in potency.in untreated tissues abbeérs to be a
' , ' &
result df adenosine uptake and metabo]ism. Although our experiments

v e v1ng both 1nh1b1t1on of uptake and deamination of adenosine. pro-
dured dose-response curves for adenosine stat1st1ca11y not d1fferent
from those for 2- ch]oroadenos1ne, the dose- respone :qprves were never

7

superimposable but a]ways showed a@sma;WHﬁﬁﬁgeY nte. of about 0.1 to 0.2
. . N r\

£ sma]l, and thus diffiéult to mea-

stencies for the two drugs at the

5

. action of adenos1ne kinase or to differences in pass1ve d1ffu§hon ofv

adenosine Vs 2- ch]oroadenosﬁne or comb1nat1ons of such effect

!
v / . I

DURATION OF ACTION OF ADENOSINE AND'DERIVATIVES '

I
/
0 /

While the above experiments showed stY1k1ng effects of HNBTG and
2' —deoxycoformycin on the potency of adenos1ne, the d1fference in the

duration of action betweemr adenosine and 2-ch10noadenosine,1n ‘the rat
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vas deferens was not eliminated by inhibition of uptake and deam1nat1on

of adenosine. In vivo studies of cardiovascular effects of adenos1ne

and 2-chloroadenosine suggested that the 1ong duration of action OZ?
2-substituted adenosine derivatives is a result ofvresistance_to enzy-
matic-degradation (Clarke et al., 1952) or a result of not being taken
up (Cobbin et al., 1974). In our experiments in the rat vas deferens
jg_yj;gg,»where the drug pan be washed from the system, it appears that
the duration pf action of 2-chloroadenosine cannot be explajned by
either of these suggestions. Aithough there is no gxperimenta] evidence,
h2-ch]oroadenosine may bind more tightly'to the receptor or to ether -

sites and thereby be harder to wash out of the tissue than adenosine.

ANTAGONISM BY THEOPHYLLINE OF ADENOSINE ACTION

L

Antagonism of 2-substituted ademosine derivatives inhibitory

activity by'theophy111ne in rat vas deferens has already been discussed,
but alteration of adenosineveffects by theophylline was not mentioned at
that time. Theophylline has been shown to anpaQOnize.the,effects of
adenosine in many systems including the rat vas deferens (C]anachan

et al., 1977). Contrary to this finding, although a trend was apparent
in the présgnt study, the antagonism by theophylline of the inhibitory
activity of adenosine on nerve-med1atéd responseé in rat vas deferens
was not significant. However, when rat vasa were pretraated with iphi-
bitors of.adenosine uptake and deamination, using HNBTG and 2;-deoxy-
coformycin respegtive]y, antagonism byvtheopﬁylline was siénificant.
There are several possible explanations for the increase in theophylline

effectiveness when tissues were pretreated with inhibitors of adenosine

uptake and deamination. Two possible explanations are as follows:

f
/
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(1) HNBT%ﬁéould boténtiate theophy]]ﬁne-induced_antagonism by
decreasing the’uptake of theophylline into cells;

(2) 'Prefreatment of tissues with these drugs could directly or
indirectly dlter adenosine }eceptérs, and thus increase.
receptor affiﬁity for theophylline.

MA]though‘the reason for the increésed'effectiveness of theophy11ine in
rat vas deferens bretreated with inhibitors of édendéine'uptake.and
deamination was not further investigated in the present study, this
observation suggests that uptake and/or deamihation processes may -
obscure true antagonist pffectiveness.. If so, these processes should

be eliminated whens attempting to ¢lassify adenosine receptors in djffer—'
ent test systems. In this;regard, cocaine has been shdwn to pofentiate
the effectiveness of a]pha-adrenoceptor antagonists and of beta-adreno-
ceptor antagonists (cf. Furchgott, 1972). : ' . ‘ .

r

t 4 ' )
PHYSIOLOGICAL SIGNIFICANCE OF PRESYNAPTIC. ADENOSINE RECEPTORS

Pretreatment of rat-vas deferenszhith HNBTG and 2'-deoxycofor@ycin
did not significantly alter frequency-fesponse curves suggesting that
the inhibition of noradrenergic transmi§§ion by adenosine may not nor-
mally be of physiologica1 significaﬁce in this tissue. If adenosine
did play a physiological role in this’regard, pretreatment of rat vas
deferens with these inhibitors of adenosine uptake and deamination
should effectively increase the endoéenous concentration of purine in

M

the neuromuscular junctlen and thus depress frequgcy-response curves:

The possibility that adenosine does have a physiplogical-role in modu-
lating noradrenergic transmission in the rat vas/deferens at low fre?w~

quencies of stimulation has not been excluded

Y

n the present study.
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Nith respect to'this;possibiljty,,responses of rat vas deferens to Tow
frequency stimulation are more sensitive to inhibition by adenosine
than are responses to high frequency stimulation. Alternatively, since
adenos1ne-med1ated relaxation of coronary, smooth muscle appears to be
of phys1o]og1ca1 significance under anOXfc conditlgns (cf. Berne, 1963),
this may also be the case ih the vas deferens. Therefore, the possi-
. bi]ity‘that'sufficient quantities of-adenosine are released under anoxic
conditions in vas deferens to inhibit noradrena]ine're1ease also remains
to be 1nvestlgated L R s

Other investigators -have also utilized inhibitors of adenosine
‘uptake and deamination when studying presynaptic adenos1pe-med1ated
feedback,on poradrenetgic~transmission. Enero and Saidman (1977) found

that dfiazep and erythro-9-(2-hydr0xy—3-nony1)adenine (EHNA), 1nh1b1tors

of adenos1ne uptake and deamination respect1ve1y, reduced the mechani- -

cal activity and nerve st1mu1atﬁon-1nduced overf]ow of [ H]-noradrena-
line from the rat porta1 vein. These authorsusuggeéted that this
reSu]ted fro; raising\the effective concentration of adenosine released
by nerve st1mu1at1on and that adenosine plays a physiological role in
this t1ssue Further support for this concept would result from block--
ing the effect of the 1nh1b1tors of adenosine uptake and deamination
wfth\an auenosine—receptor antagonist. However, to date, this is the
pest evidence that edenosine modu1ate5‘noradrenergic transmissiou

physiOIGgica11y. § | G

.86



o

' . . o e L 87

~

FUTURE WORK , N

&
Presynaptic aden051ne%med1ated inhibition of noradrenergic trans-

mission is a re]atively new concept As such many avenueS'of resqgrch
concerning this: phenomenon remain to be explored. Discussion w111
therefore be Timited exc]usive]y to future work in-the fie]d stemming
from the present study.

The maJor observation in the present study is that uptake and
deamination of adenosine in the rat vas deferens mask its true potency
to the extent that relative potenc1es and dose- response reiatnonships
are meaningless unless these processes are controlled. This result

could be supported by similar experiments utilizing other inhibitors of

Aaden051ne uptake and deamination, i.e., dipyridamoie and EHNA respec-

tively. Further, the present study utilized various drugs as tools
assuming that the drug mechanism of action was the same as that found
in other systems. More direct experimentation utilizing radioactive

adenosine and radioactive adenosine derivatives would substantiate the.

: . . N -
conclusions drawn in this study. i
. M : : /

Having established more direct]y the importance of adenosine uptake

and deamination, similar experiments cou]d be done 1in other tissues in
which these processes may be more or: 1ess important w1th respect to ‘the

fpotency of aden051ne and related compounds. One can predict from the

present 1nvestigation that inhibitors of adenOSine uptake and deamina-

tion shou]d potentﬁate purine riboside potency in tissues where these

- processes. exist

¢ From the present study, inactivation mechanisms appear to cause
the difference between potenc1es of adenosine and an apparent]y more

potent adenosine derivative, 2 -chionoadenOSine It is interesting to
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speculate that an adehQ@ine re]ated compound may be; 1ess potent than
.adenosine because uptake and/or deaminat1on are more’ 11mit1ng to the
,potency of th rmer compound. than to adenosine potency This poss1-
bi]ity ééﬁ b;%iEZted experimenta1]y Shou]d this, 1n fact be the
cas e{/the conclusion that uptake and deamwnat1on shou]d be control1ed
h during structure-activity relationship studies of aderosine wouid be
further sufported. q ' ‘ | | |
o The 1nit1a1 observation‘that:theophj11tne antagonist activity
appears to: be potentiated by 1nh1b1tors of adenos1ne uptake and deamina-

tion aTso Tends ?%se]f to further 1nvest1gat1on Some questions that

shou]d be asked ane as follows: What is the mechanism of the potentia-”'

o

5»tion of theophylline-mediated antagonism by these agents? Some_possible'

‘mechanisms have a]ready‘been discuSsed. ‘Are other purinergic-receptors
" antagonists, i.e., caffeine, quinidine, etc., also.potentiated by inhi-.
- bitors of adenosine uptake and deamination7 If 1n fact 1nhibitors of -

",adenos1ne uptake and deam1nat1on potent1ate adenos1ne¢antagon1st effec-

¥ -)

_t1veness spec1f1ca11y then perhaps these proces?es should also be e11m1~'

nated in experiments which c]assify adenosine-receptorS'us1ng adenos1ne

[}
s

antagon1sts

F1na11y, ‘the . phys1ologica1 s1gn1f1cance ‘of adenos1ne med1ated

1nh1b1t1on -of noradrenergic transmtss1on remains to be“hoven In the -

rat vas deferens, exper1ments w1th 1nhib1tors of adenos1ne uptake and

deam1nat1on have fa11ed to demonstrate such a physiological role for,.

{ .
wadenos1ne However the possibility that adenos1ne-med1ated Tnh1b1t1on‘

; of nerve st1mu1at1on 1nduced noradrena11ne re]ease in vas deferens
becomes sig jcant under anoxic cond1t1ons or at 10w frequenc1e§ of

- st1mu1ation r to&§e studied Hav1ng est b11shed a phys1ologlca{

.-Fw , . : T : /
hi R . e L ¢
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sign{fiéance for :adenosine in this respect in the rat vas defefens

-

¢

% which is deybid of purinergic. nerves, the sourée of purine riboside
< remains ‘to be elucidated. \As'd1$CUSSed previously, adendsiﬁe aﬁd/o%
:'~.' related compound(s) may also be released from noradrenergic orﬁfholiner}

gic nerves or from postsynaptic neuroeffector sites.

]
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